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ABSTRACT

Variation in the structure of the side-chain of penicillins
has been shown to be associated with changes in the physicochemical
properties of the substances,

Values obtained for ionization constants, oleyl alcohol/water
partition coefficients and binding to serum albumin in a series of ten
semi-synthetic penicillins varied from 2.78 to 5.41, from 0.87 to > 800,
and from 29 per cent to 100 per cent respectively.

The partition coefficient appears to be the most important of
these parameters. Decrease in acid strength is due probably to the
formation of dimers by highly non-polar penicillins. Increase in extent
of binding to albumin is due probably to increase in hydrophobic
bonding between highly non-polar penicillins and the protein surface.
In certain cases, the formation of re-inforced ionic bonds may
supplement non-ionic bonding.

Two phenoxy penicillins and one phenylthio penicillin were
selected for a study of physiological disposition. Phenylthiodiphenyl
penicillin was, however, rejected because it underwent complete bio—
transformation. The resultant substance retained antibacterial activity
but lost its resistance to the enzyme B-lactamase.

The rate of absorption of phenoxymethyl and phenoxybenzyl
penicillins from rat small intestine was at variance with the
properties of the substances and the concept of passive, non-ionic

diffusion. A more detailed study excluded possibility that some form



of specialized transport was involved. The data are consistent with a
delay in absorption caused by an interaction between penicillin and
some component of intestinal epithelium. Absorption may be further
hindered by the formation of penicillin micelles. The relatively polar
nature of such micelles would tend to reduce the ability of the parent
substance to penetrate lipid-like membranes.

Maintenance of high concentrations in the blood is favoured
by a numerically large partition coefficient, and the associated high
degree of binding to albumin and decrease in acidity. It appears that
differences in both biliary and renal tubular secretion also play an

important part.
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The microbe is so very small

You cannot make him out at all,

But many sanguine people hope

To see him through the microscope
His jointed tongue that lies beneath
A hundred curious rows of teeth;

His seven tufted tails with lots

Of lovely pink and purple spots

On each of which a pattern stands,
Composed of forty separate bands;
His eyebrows of a tender green;

All these have never yet been seen -
But Scientists who ought to know,
Assure us that they might be so --~--
Oh! let us never, never doubt

What nobody is sure about.

H. Belloc



1. INTRODUCTION



This study was started because we did doubt what everybody
was sure‘about, or, at least, appeared to be sure about. TFor example,
Weinstein (1965) stated, "it (the phenoxymethyl analogue of benzyl
pénicillin) is more stable in an acidic medium and, therefore; is better
absorbed from the gastrointestinal tract", and further, "Ampicilliﬁ is
acid stable and therefore, as expected, it is well absorbed after oral
administration;”.

It appeared to us that very marked differences in apparent
degree of absorption occcurred with penicillins whose acid stability was
of the same order (Rollo, Somers and Burley, 1962), and that even benzyl
penicillin, which has some degree of acid lability, should be little
affected by its brief stay in the fasting stomach. Also, it appeared to
us that the application of some well-established principles of physio-
logical disposition, and the parameters on which they‘depend, had been
lacking in the study of semi-synthetic penicillins.

The concept that there is some relation between structural
variation in a series of related chemical substances and tﬁe phérmaco—
logical actions of those substances, arose soon after it was determined
that substances of known chemical structure could be used profitably in
the treatment of disease. This realization is of comparatively recent
date. Ehrlich's work on the chemotherapy of protozoal‘infections, his
realization that "the ways and means by which drugs are distributed over
the body must be of the greatest importance to the rational development
of therapeutics” (Ehrlich & Hata, 1911), and the work in Abel's laboratory
leading to the isolation of adrenaline and acetylcholine (EEE Krantz &
Carr, 1951), must be regarded as the birth of the scientific'pharmacology

we know today. Before this, effective chemical treatment of disease was



to a very large extent limited to the use of a few traditional herbal
remedies such as extract of ipecachuana for dysentery, cinchona bark for
'the ague' and foxglove leaf for 'dropsy'.

Ehrlich's early ideas of 'receptors' on the surface of patho-
genic protozoa to which were attached the *haptophore' groups of effective
antiprotozoal agents, are ideas which persist in modified form today to
explain the specificity of diverse types of pharmacologically active
agents. Indeed, contemporary thought envisages the action of a drug as
being dependent on both an affinity of the drug for a specific receptor
and an intrinsic activity once attachment to the receptor has taken
place.

So far we have only vague concepts of what factors determine
these parameters. Close examination of earlier studies on relation
between structure and activity shows how little has the complex inter-
relation between the drug and all the factors interposed between the drug
in the surrounding medium and its site in the tissue been understood.
Even less reliance can be placed on deductions from data obtained from
responses in intact animals to whom drugs had been administered. 1In
these cases, to the uncertainties inherent in in vitro experiments were
compounded unknown differences in physiological disposition.

Of more practical importance, perhaps, would be the ability to
determine from previous knowledge what particular molecular structure
should possess certain pharmacological properties. Ideally, it should
be possible to predict what structural parameters were important for any
desired pharmacological effect. Subsequent development should then

permit of additions to, or subtractions from, the parent substance to



regulate its physiological disposition.

Little can be said of the requirement for specific pharmaco-
logical activity because we know very little of specific drug-receptor
relations, however, the same cannot be said of the requirements for
variations in physiological disposition. Only too often, however, are
new drugs designed on the flimsiest of premises and on the basis of
empirical trial.

The importance of physiological disposition in structure/
activity studies and on the proper design and use of drugs is obvious
when given some consideration. However, scant attention is often paid
to this aspect of pharmacology. It is important to know whether the
establishment of a rapidly attained and prolonged 'therapeutic' concen-
tration in the blood is a result of ready absorption from the gastro-
intestinal tract with subsequent binding to plasma proteins; or wﬁether
it is a result of recycling via renal tubular reabsorption or biliary
secretion. It is important to know to what extent the drug can penetrate
into various tissues, and in the case of antibacterial agents and
centrally acting drugs, to know how readily it can traverse the blood-
brain barrier. It is important to know to what extent biotransformation
can account not only for the 'detoxification' of the drug by converting
it into a more polar, more readily excreted, substance but, in some cases,
for its conversion to the active form of the drug (see Harper, 1964).

It is now quite certain that the various structures inside a
cell are separated from the outside environment by an integument, the
plasma membrane, which has lipid-like characteristics. The early work
of Meyer (1899) and Overton (1901, 1902) established that the rate of

diffusion of organic non-electrolytes into the intact cell depended upon



the lipid-water distribution coefficient of the substances. However,
the existence of lipid-insoluble substances which penetrate into cells
readily, and the marked differences in permeability shown by cells of
different species, has tended to obscure the straightforward picture
presented by Overton and Meyer. These facts have necessitated the
introduction of a pore theory as a supplement to the original lipid
theory (Davson and Danielli, 1952). In addition, the absorption from
the gastrointestinal tract of glucose (Cori, 1925 and Verszar, 1935)
and amino acids (HOber and Hober, 1937), indicated that at least some
substances are absorbed by specific metabolic mechanisms.

'Up until 1938, data on the rate of absorption of drugs was
virtually non-existent. In that year Ellisor and Richardson showed that
the penetration of nicotine into goldfish was dependent on the pH of the
surrounding medium. Travell (1940), using tﬁe isolated loop technique,
studied the effect of pH on the rate of absorption of alkaloids in the
cat, and came to the conclusion that when the reaction of the gastric
juice was strongly acid there was no gastric absorption. The rate of
absorption was closely related to the concentration of free undissociated
base, so thaf, as the pH was raised, the rate of absorption was increased.
These data were made good use of by Poth, et al. (1942) and Poth and
Knotts (1942). They realized that éuccinylsulphathiazole, although
readily soluble in water, was a fairly strong acid and therefore diffused
very slowly across cell membranes. Its usefulness as a non-absorbable
sulphonamiée depends on these properties. Shortly afterwards, Fisher,
gi al. (1943) carried out a most important study on the effect of change

in structure among sulphonamides on the rate of renal excretion. At the



same time, they studied overall distribution, binding to plasma protein,
and conjugation and metabolism of the drugs within the animal. Their
studies were fundamental to subsequent studies on the physiological
disposition of drugs, and confirmed the importance of the dissociation
(ionization) constant. However, it was difficult to formulate a coherent
theory based on their data to explain the relation between structure,
ionization constant, and renal excretion. HOber (1940, 1945) drew
attention to the importance of a hydrophobic-hydrophilic structure and
lipid solubility in the disposition of a drug in the kidney. Despite
this, the exact relation of chemical structure and physicochemical
characteristics with the various mechanisms within the kidney was far
from clear.

The rapid rate of excretion of benzyl penicillin, at that time
a scarce and expensive material, led to the realization that it partici-
pated in a proximal tubular secretory mechanism common to a number of
organic acids. Beyer and his co-workers (1944) then demonstrated that
its rate of excretion could be decreased by the simultaneous administra-
tion of sodium p-aminohippurate, a substance which competed for the same
secretory pathway. Subsequently, caronamide (Strauss, et al., 1947,
Crosson,et al.,1947) and later, probenecid (Beyer, et al., 1951) were
introduced into clinical practice to conserve this expensive antibiotiec.
Alteration of the pH of urine by the administration of acid or alkali
was also shown to alter fhe extent of tubular reabsorption and, hence,
the overall rate of excretion of drugs. (Andrews and Cornatier, 1944;

Beyer, et al., 1944).



Up until this time there had been little systematic study of
the absorption of drugs from the gastrointestinal tract, at least not
enough to lay down guidelines that might predict the behaviour of a series
of drugs. More often than not the studies concerned themselves with the
absorption of single substances (see Schanker, et al., 1958). In 1957
studies of the distribution of drugs between plasma and gastric lumen
confirmed the hypothesis that simple diffusion of the lipid soluble
unionized molecule occurred across the equivalent of a lipid membrane
(Shore, et al., Hogben, et al., Schanker, et al.). The charged, lipid-
insoluble ion could not pass from one side to the other. Of considerable
importance was the finding that quite strong organic acids were absorbed
to an appreciable extent from the stomach even if the contents were made
basic. From such data it was concluded that the continuous secretion
of hydrogen ions would maintain the absorbing surface in an acidic state
despite the basic mileau.

The passage of most drugs from the intestinal lumen to the
blood is also governed by the lipid-solubility of the unionized molecule.
The non-polar solvent/water partition coefficients of the unionized form
have been shown to be good guides to rates of intestinal absorption
(Hogben, et al., 1959; Schanker, 1960; Schedl and Cliifton, 1961). However,
as for the stomach, evidence has been presented that the distribution of
organic electrolytes between plasma and intestinal lumen is a function,
not of plasma pH and intestinal lumen pH, but rather of plasma pH and
an 'effective' pH probably zoned at the surface of the intestinal
epithelial boundary. From such studies it appears that this effective
PH is 5.3, a figure appreciably lower than the nearly neutral value of

normal luminal contents (Hogben, et al., 1959; Hogben, 1960, Schanker,



1960). This value is consistent with a previous finding that the
intestinal mucosa secretes hydrogen ions (Bucher, Flynn and Robinson,
1944).

In addition to passage by simple diffusion, specialized trans-
port systems with some specificity have been sho@n to exist for several
different types of substances. Thié will be discussed later.

In any study on physiological disposition of drugs, therefore,
account must be taken, not only of those factors which regulate passive
diffusion but also of the presence in mammals of mechanisms of specialized
transport. 1In this study we have examined some physicochemical properties
of a series of penicillins and attempted to relate these to some of the
parameters which are important in their physiological disposition.

The substances we used were representative of the many
penicillins that are available now for the treatment of bacterial infec-
tions. Their history is long and fascinating. Even before Fleming's
original observation in 1929 that a contaminating mould lysed colonies

of Staphlococcus aureus, many workers had shown that substances produced

by one micro-organism could inhibit the growth of another. The first
such observation was probably that of Pasteur and Joubert in 1877. They
observed the antagonistic effect of aerobic bacteria on the growth of

Bacillus antracis, and even found that death of animals from antrax could

sometimes be prevented by including some of these aerobic bacteria in the
infective dose of the bacillus. Pasteur ascribed the efféct to the
consumption of oxygen by the aerobic organisms, but Babets (1885)
interpreted experiments on growth inhibition of one organism by another
as due to a chemical substance produced by the antagonistic organism.

Many subsequent workers isolated substances from bacteria which inhibited



the growth of other bacteria, among them Emmerich and Low (1899) -

pyocyanase from Pseudomonas pyocyanea, and Nicolle (1907) - a thermostable

substance with lytic action against many bacterial pathogens. However,
all the substances isolated were useless clinically because of their
toxicity towards the mammalian hosts.

Perhaps the first successful therapeutic use of an antibiotic
was reported by Vandremer in 1913. He found that filtrates from cultures

of Aspergillus fumigatus could attenuate Mycobacterium tuberculosis, and

that their use in the treatment of human tuberculosis was attended by
some success. Much later work by Jennings (1945) showed that this mould
produces four antibiotic substances, one of which, helvolic acid, has
some action against the tubercle bacillus in vitro. Gosio in 1896
produced from a Penicillium, a crystalline substance which inhibited the
growth of antrax bacilli. He was unable to carry out tests on infecfion
of experimental animals owing to lack of material. However, the
sulstance has since been reisolated under the name mycophenolic acid and
found to be useless as a chemotherapeutic agent although quite active
in vitro (Florey, et al., 1946).

Subsequent to Fleming's discovery of the antibacterial substance
penicillin, so named because the contaminating mould belonged to the
genus Penicillium, attempts were made to concentrate the active substance
by Clutterbuck, Lovell and Raistrick (1932). These attempts were made
because Fleming had shown the substance to be almost completely non-toxic
to animals and man, and to leucocytés, and had suggested that it would
be a useful antiseptic for infected wounds. However, its instability

and low concentration resulted in both poor clinical response and lack



of success in purifying the active substance. The advent of World War II
spurred the search for improved methods of growing the mould and of
harvesting the penicillin in high yield. These efforts in large scale
surface culture and improvement in techniques of chemical separation
proved successful, and enough material, crude by present-day standards,
was prepared to enable investigators to treat infections in experimental
animals and man (Chain, et al., 1940 and Abraham, et al., 1941). Despite
this success, the material was stilil crude, containing about 10 per cent
active material, and present only in small concentration in the culture
medium.

While Fleming's original strain of P. notatum was used in the
early production of penicillin it was soon found that other penicillia
produced the substance, some in much higher yields. By selection of

mutants from one such strain of P. chrysogenum was derived the strain

used today. Of considerably greater significance was the development
of the submerged culture, or deep fermentation, procedure whereby the
mould could be grown in vast tanks of liquid culture medium with proper
attention to control of temperature, pH and day-to-day assay of penicillin-
content. By the use of these techniques the overall production of the
antibiotic was increased by several orders of magnitude (Hirsch and
Putnam, 1958). Another considerable step forward was made when it was
found that the yield of the antibiotic could be increased further by
growth of the mould in a medium containing optimal concentration of phenyl-~
acetic acid.

In the meantime considerable efforts were being made to eluci-

date the structure of penicillin, a task in which conventional methods
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of organic chemistry proved inadequate because of two equally possible
structures for the hitherto unknown type of compound. Eventually the
structure shown below was established by x-ray crytallographic analysis

(Crowfoot, et al., 1949).

Benzyl Penicillin, 6-(phenylacetamido) penicillanic acid.

The penicillin nucleus, the 6-aminopenicillanic acid moiety,
is the chief structural requirement for antibacterial activity. Modifica~-
tions in the sidechain are consistent with maintenance of activity but
any alteration to the nucleus results in a very marked decrease in
activity.

After the structure had been elucidated it became clear that
the increased yield of benzyl penicillin following the addition of phenyl-
acetic acid to the culture medium, was due to the incorporation of the
exogenous substance by the mould into the final product. Following this,
workers in many laboratories tried to produce novel penicillins by
incorporating various carboxylic acids into the medium of experimental

fermentations. It was hoped that the mould would utilize these to
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synthesize usable amounts of substances with properties different from
those of the natural penicillins. These attempts were prompted by the
following shortcomings of benzyl penicillin. Benzyl penicillin is
unstable at pH 2, and has a half-life of ca. 6 minutes at 37°C. This
observation led to the conclusion that since benzyl penicillin is poorly
absorbed from the gastrointestinal tract much of the administered dose

is degraded in the stomach. Benzyl penicillin is excreted very rapidly
by the kidney. This is due largely to its secretion by the acid secretory
mechanism of the proximal tubules and, probably, to a very limited degree
of distal tubular reabsorption. Benzyl penicillin is susceptible to the
action of the enzyme PB-lactamase produced by certain strains of S. aureus,
and, hence, is ineffective in the treatment of staphylococcal disease
caused by such strains. Benzyl penicillin is effective against only a
limited number of different organisms. Many gram-negative bacilli are
insusceptible to concentrations readily attainable in treated patients.

It is regarded, therefore, as being a 'narrow spectrum' antibiotic.

Benzyl penicillin doesn't penetrate readily into the éerebrospinal fluid.
However, in this respect, measurements in normal experimental animals

and man have been misleading. The clinical usefulness of benzyl penicil-
lin in, for example, pnéumococcal and streptococcal meningitis demonstrates
that the inflamed meninges offer much‘less resistance to the passage of
benzyl penicillin than do the normal tissues. This has been confirmed
for several penicillins in experimental infections in animals (Ruedy,
1965). Benzyl penicillin is a potent sensitizing agent. Because of
indiscriminate, and often unnecessary, use of benzyl penicillin, an
appreciably large proportion of the population have been sensitized to

the drug. The usefulness of the antibiotic has, therefore, been seriously
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compromised (see Rollo, 1966).

Attempts at producing useful novel penicillins by 'semi-
artificial biosynthesis' have been remarkably unsuccessful. Although
many hundreds, possibly thousands, of new substances have been produced
in this way (e.g., Rollo and Somers, 1961), few have possessed beneficial
properties. Only three have been introduced into clinical practice.

The first of these was phenoxymethyl penicillin, produced in
1953 by Brandl, Giovannini and Margreiter. It is much more stable in
acidic media than benzyl penicillin, half-life 210 minutes at pH 2, 37°C,
and is much more readily absorbed'from the gastrointestinal tract. It
is commonly supposed that the absorption of a larger proportion of the
administered dose is a result of a smaller proportion being destroyed in
the stomach (Weinstein, 1965), but this is unlikely to be the case. This
penicillin has little advantage to offer over benzyl penicillin. In fact,
the minimal inhibitory concentration of this penicillin is appreciably
greater than that of benzyl penicillin against many pathogenic bacteria
(see Barber and Garrod, 1963). The other two which are used clinically
are 6-(0-phenoxyphenylacetamido) penicillanic acid (Rollo, Somers and
Burley, 1962) and 6-(0-phenoxybutyramido) penicillanic acid (Williamson,
Morrison and Stevens, 1961). These two penicillins have similar
properties to the one previously mentioned.

The difficulties involved in this method of preparation were
twofold. First, the successful isolation of a novel penicillin was
dependent on the incorporations of the added side-chain by thé mould.
Second, to be commercially feasible, the extraction and purification had
to be simple and cheap. The isolation of the penicillin nucleus, 6-amino-

penicillanic acid opened up a new approach to the problem.
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This compound had previously been synthesized and described by
Sheehan in 1958. Although it represented a considerable achievement in
terms of chemical synthesis, the overall yields were very small. A more
practical approach had been described by Sakaguchi and Murao in 1950,

They described the hydrolysis of benzyl penicillin by amidases, elaborated
by various micro-organisms, with the resultant splitting off of the side-
chain from the 6-amino group. This method of producing 6-~aminopenicil-
lanic acid was subsequently used by Rolinson and co-workers, .and
Gourevitch, Hunt and Lein in 1960 for the production of semi-synthetic
penicillins. Previous to this, Batchelor, et al. (1959) descfibed the
isolation of 6-aminopenicillanic acid in moderate yield from fermenta-
tions in which side~chain precursor were delibgrately wifhheld.

The value of having the free nucleus as a starting material
is obvious. The primary amino group in the 6-position can be reacted
with virtually any organic acid chloride which the investigator cares to
use. The use of this method has resulted in the introduction into
clinical practice of many semi-synthetic penicillins which overcome
several of the disadvantages of benzyl penicillin (see Weinstein, 1965
and Rollo, 1966).

Of the penicillins used in this study, four, 6-(phenoxyacetamido)

penicillanic acid, phenoxymethyl penicillin; 6-(0-phenoxybutyramido)

penicillanic acid, phenoxypropyl penicillin; 6-(0-phenoxyphenylacetamido)

penicillanic acid, phenoxybenzyl penicillin; and 6-(C-phenylthiodiphenyl-

acetamido) penicillanic acid, phenylthiodiphenyl penicillin were prepared
by the addition of suitable precursors into the fermentation medium. The
remainder were prepared as semi-synthetic penicillins by the reaction of

suitable acid chlorides with 6-aminopenicllanic acid.



2. PENICILLINS USED IN THIS STUDY
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Table 1 identifies the penicillins used in this study. The
first four represent successively increasing substitution on the O-carbon
atom of phenoxy-terminated side-chains. The fifth is assumed to belong
to the same series since the phenylthio- termination probably confers no
different physicochemical properties on the molecule as a whole than does
the phenoxy- termination. Attempts made to induce the biosynthesis of
phenoxydiphenyl penicillin by introducing the appropriate precursor into
the fermentation medium resulted in yields so small as to be practically
worthless. The remaining five are representative of the various types
of penicillins which have been introduced as semi-synthetic penicillins
with novel properties. All the penicillins were used as either their

sodium or potassium salts.



Table 1. The series of penicillins used in this study.
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Chemical Name Structural Formula
Phenoxymethyl penicillin @—O- CH,- R
Phenoxyethyl penicillin @O CH(CH ) R
. 3 ).
Phenoxypropyl penicillin @-O—CH(C H ) R
2's /-
Phenoxybenzyl penicillin @O CH(C H ) R
- 6¢''s /-
Phenylthiodiphenyl penicillin @ S- C(C(, H;) R
X
4/
3,4-Dichloro-0/-methoxybenzyl penicillin @ CH(OCH3). Q
&
5-Methyl-3-phenyl-4-isoxazolyl penicillin @, c-c-R
" 113
N C.CH
ke 3
5-Methyl-3-(2-chlorophenyl)-4-isoxazolyl &L
penicillin @'C, -c. R
N C-CH;
tor
OCH;
Dimethoxyphenyl penicillin R
OCH,
O~Aminophenyl penicillin @' ?H- R
NHo
©



3. DISC-PLATE ASSAY FOR PENICILLINS
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The method depends on diffusion of penicillin from standard
filter paper discs (Schleicher & Schuell Co., No. 740-E) placed on the
surface of a thin-layer of nutrient agar seeded with the assay organism
(Vincent and Vincent, 1944). 1In this case the organism used was Sarcina
lutea, ATCC 9341. The material diffusing into the agar inhibits the
growth of the organism so that, after incubation, clear circular zones
surround the disc (Figure 1).

The aésay plates were constructed for the application of thirty-
six sample discs in a six by six array. Each consisted of a base of
1/8 inch-thick glass cemented into walls of 1 inch X 1/4 inch aluminum
strip, grooved 1/8 inch from the bottom, and made into a square with
internal dimensions of 8 1/4 inches X 8 1/4 inches. Covers were made
from 20 gauge aluminum sheet.

Before placing on the agar, the discs were arranged on the
surface of a plate-glass sheet measuring 8 inches X 8 inches. To the
underside of this glass sheet was pasted a card on which were printed
thirty-six numbered spots as a guide for the placing of the discs and
samples. The numbers were distributed randomly, as dictated by a table
of random numbérs, and indicated the position for each sample in tripli-
cate, and for each of four penicillin standards in triplicate. The glass
plate was raised off the bench by three rubber bungs (Figure 2).

After 'filling' each disc with 0.05 ml of the appropriate sample
or standard, the assay plate was inverted and lowered over the discs until
each adhered to the surface of the agar. The plates were then covered
and incubated upside-down for 18 hours at 37°C. At the end of this period,
the diameter of each zone was measured and the data tabulated. The

arithmetical mean values for each standard concentration were plotted
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against the logarithm of the concentration to give a straight regression
line (Figure 3). The concentrations present in the experimental samples
could then be determined by applying the observed data to the standard

graph. The accuracy of this method is such that check samples of known

concentration can be assayed to within +5 per cent of the actual figure.



Figure 1. Appearance of assay plate after application

of samples and subsequent incubation.






Figure 2. Arrangement of assay-discs for sample placement.
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Figure 3.

Regression line from disc-plate assay. Each point
represents the arithmetical mean of 3 zone diameters.
Ordinate - Jlogarithm of concentrations applied to
discs. Abscissa - diameter of zone of inhibition
about each disc. Vertical bars represent largest

and smallest zone diameters in each group.



- 20 -

1.8+
I
A"
11
1.6k
|
| %
1.4}
|
_ X
1.2k I
:l-.O- lxl
Il
15 20 25 30

ZONE DIAMETER (mm)



4. PHYSICOCHEMICAL PROPERTIES OF THE PENICILLINS
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(A) IONIZATION CONSTANTS

The term 'ionization constant' is used here rather than the
more commonly used 'dissociation constant'. By ionization constant is
meant that constant which gives numerical expression to the strength of
acids and bases. Hence 'ionization' is to be preferred, since
‘dissociation' covers such widely differing phenomena as molecules dis-
sociating into atoms, Iz to 2I at > 700°C, micelles dissociating into
monomers, drugs dissociating from cellular receptors, and so on.

The term 'Ka' will be used throughout although, in the past,

Kb has been used to designate the strength of bases. It might be objected

that the use of Ka for ammonia, for example, represents an equilibrium

in which one ion gives rise to another,

(],

a=———-——-
-+
i, |
[

but this objection can be overcome if we define the constants as referring

K

to hydrogen ions only. In fact the more general equation,

introduced by Bronsted in 1923 allowed the use of acidic constants for

the ionization of bases as well as of acids. The formal similarity
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between this last equation and that for acids,

shows that the species on the bottom line, in each case, loses a hydrogen
ion to furnish a new species which is the original substance minus the
hydrogen ion. Consequently, the use of the acidic constant, Ka’ relates
solely to the affinity of the substance for the hydrogen ion.

It is much more customary now to refer to the negative logarithm
of the ionization constant because the constant is numerically very small
and hence inconvenient to use. This is termed 'pKa' and its use provides
a very convenient way of assessing the comparative strengths of acids
and bases. The stronger an acid is, the lower its pKa; the stronger a
base is, the higher its pKa. It also provides for the simple estimation
of what proportion of an acid or base is ionized in solution of kﬁown pH.

Thus, from the equation,

L] -

K, = (where A is any anion)

a D v——

[+]
can be obtained the Henderson-Hasselbalch equation,

pKa = pH + log [HI.\] - log [A]

(where p means the negative logarithm).



- 23 -

Hence, when pH equals pKa, the substance is 50 per "cent ionized,
and, further, when an acid is 10 per cent ionized the pPH is one unit less
than the pKa, when 1 per cent ionized the pH is two units less than the
pKa, and so on. The estimation of pKa values for drugs, which are in the
main organic acids or bases, thereby enables a fairly accurate assessment
to be made of their state of ionization in any body compartment.
Consequently, from the Henderson-Hasselbalch equation, if the pH on both
sides of a membrane are known then the ratio of concentrations on both
sides at equilibrium is known. Conversely, if the pH on one side of
the membrane and the concentration ratio are known, the pH on the other

side can be calculated readily.
(i) Methods.

The method used was essentially that described by Albert and
Serjeant (1962) as a semi-micro potentiometric titration. Briefly,
solutions of the sodium or potassium salts of the penicillins in distilled,
de-ionized water were titrated with 0.10 N hydrochloric acid. In order
to prevent errors due to the presence of carbonic acid, the water was
boiled vigorously for 15 minutes, then cooled to laboratory temperature
in a 'carbosorb' -guarded erlenmeyer flask. The titrant was added in
0.05 ml aliquots from a micro-syringe of 0.5 ml capacity, to 10 ml of
an 0,005 M solut;on of the penicillin.

Prior to weighing, the penicillins were dried overnight in a
vacuum desiccator over concentrated sulfuric acid. This concentration
was deemed adequate since accurate results can be expected if the log-

arithm of the dilution, in this case 2.3, is not equal to or greater than

the expected pK . Since the pK for benzyl penicillin is known to be
a a
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about 2.8, the concentration was thus chosen to conserve material and
to avoid problems of precipitation as the ion was converted to the free
base.

The mixture was stirred during the addition of titrant and for
1 minute longer, by a slow stream of nitrogen bubbles. The gas was
supplied from a glass reservoir of about 500 ml capacity and passed
through polyethylene tubing to a glass stirring capillary. There was.no
need to control the temperature of the solution since the constancy of
ambient temperature was quite adequate to maintain the contents of the
titration vessel within 0.5C°., The pH values were measured within
0.01 pH unit at the beginning and after each addition of titrant. The
electrodes were silver/silver chloride (reference electrode) and glass
(measuring electrode) included in a single unit (Beckman combination
electrode). The indicating device was a Beckman Model 76 Expanded
Scale pH meter.

The meter and electrodes were standarized inmediately before
and immediately after each titration with Beckman standard buffer
solutions. In no case had data to be rejected because of unsatisfactory
standardization. The constants were calculated according to the method
of Albert and SerjJeant for monobasic acids, In those cases where the pH
range of the titration fell under pH 4.0, due allowance was made in the
calculations for the concentration of hydrogen ions. No 'activity'
corrections were necessary since the concentration of penicillin was less
than 0.01 M. A value could not be obtained for dimethoxyphenyl penicillin

because of its acid lability.



—25_
(ii) Results.

These are shown in Table 2. Each result in the table is the
arithmetical mean of a set of pKa values calculated at each pH value
measured during the titration. All sets contained 9 values. The figures
quoted are the mean values together with the maximum deviations of each
set.

The spread about the mean for each determination would not com-
mend our work to the physical chemist. Finer values quoted as absolute
measurements for a large number of substances have been obtained using
as pure material as could in practice be prépared. In our work no effort
was made to purify those substances known to be impure. It was also to
be expected that those penicillins supplied as commercial samples would
not be completely pure. However, no claim for precision is made for
these data nor was this aimed for. The object was to detect gross
differences if these were present. Nevertheless, our data are quite
consistent with the results published by Rapson and Bird (1963) for the
five penicillins common to both studies.

One may conclude that the structure of the side-chain can be
altered quite appreciably without having very much effect on the
ionization of the carboxylic acid group of the penicillin. Successive
substitution on the (~carbon of the phenoxy penicillins from H to CH3 to
CZHS results in substances with virtually the same pKa. Even quite
drastic changes from the usual straight side-chains to cyclic side-chains,
as in the isoxazolyl penicillins, result in penicillins with pKa values
essentially the same as those for more conventional penicillins. Such

results are to be expected because of the electronic and spatial isolation



Table 2. Ionization constants of nine penicillins.
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Penicillin

Phenoxymethyl

Phenoxyethyl

Phenoxypropyl

Phenoxybenzyl

Phenylthiodiphenyl

3,4-Dichloro-C-methoxybenzyl

5-Methyl-3-phenyl-4-isoxazolyl

5-Methyl-3-(2-chlorophenyl)-4-isoxazolyl

O~Aminophenyl

X
PuritX

Comm.

Comm.

88.4%

94.7%

79.5%

Comm.

85.5%

Comm.

Comm.

2.88

* Comm. (supplied as commercial sample, purity not specified)

1+

I+

I+

1+

1+

+

1+

~COOH, pK,

0.47

0.53

0.12

¥ The initial concentration of 0.005 M was corrected for purity where

this was known. Commercial samples were assumed to be 100 per cent

pure,
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of the carboxylic acid group from the side-chain.

When the side-chain is markedly increased in bulk as in phenoxy-
benzyl and phenylthiodiphenyl penicillins, however, there is an appreciable
decrease in the acid strength of the carboxyl group. This is surprising
in the light of the carboxylic acid group's relative isolation from the
side-chain. Most probably the increase in pK values is due to the

a
formation of dimers, as -

F?.fi?d' «:%43)2 ((:Fizg)z P4F4 F?
_..N O----HO

S O

Attempts to demonstrate dimerization by infra-red spectrophoto-
metry have been frustrated by the insolubility of the penicillins in all

solvents lacking absorption in the dimer~-indicating region of the spectrum.
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(B) PARTITION COEFFICIENTS.

If to a system of two liquid layers made up of two immiscible
components is added a third substance which is soluble in both layers,
then the substance will distribute or partition itself between the two
layers in a definite manner. This property of‘a substance is its
distribution or partition coefficient which is constant for any two
solvent system as long as the temperature at which the determination is
being made is constant. The coefficient is given numerical value by
dividing the concentration present in one layer at equilibrium by the
concentration in the otﬁer layer. The distribution of a substance
between a non-polar solvent and water is usually of greatest interest in

biological work, and in this situation the following formula applies:

Partition coefficient = Concentration in non~polar solvent

Concentration in water.

It is important in the case of organic electrolytes to adjust
the pH of water so that all, or a very large proportion, of the substance
is present ag the unionized molecule. Ionized, and hence charged,
molecules will not leave readily the water, or polar, phase. It is
important also, in biological work, to determine partition coefficients
using several non-polar solvents. The prime interest is how a substance
will distribute itself between extracellular water and intracellular
water, the two being separated by the lipid-like cell membrane. The use
of only one non-polar solvent of low molecular weight might give a mis-

leading picture of the substance's solubility in the lipids of cell
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membrane. These consist of fatty acids, triglycerides, lecithin,

cholesterol, and related compounds (Davson and Danielli, 1952).
(i) Methods.

Solutions of either the sodium or potassium salt of the
penicillins at a concentration of 0.2 mM in distilled water were brought
to pH 2.0 by the addition of 1.0 N HCl. At this pH all, or a very large
proportion, of each penicillin was present in the unionized form.
Ideally the pH should have been reduced even further to reduce the
proportion of ionized molecules present in solutions of the penicillins
with low pKa valués, but, when this was tried, some of the penicillins
decomposed to an appreciable extent. However, the movement of some
proportion of unionized substance into the non-polar phase would result
in an overall shift in equilibrium towards unionized molecules so that
the small proportion of the total present as ionized moleculesvwould be
reduced. Thé error would, therefore, be quife small.

One ounce capped botfles containing the solutions were shaken
vigorously in a shaking machine for 15 minutes at laboratory temperature,
22°C. Each bottle contained 10 ml of the penicillin solution and an
equal volume of n-heptane, petroleum ether (fraction 60-80°C), or oleyl
alcohol. At the end of this time, which had been determined previously
as adequate for equilibration, the bottles were centrifuged and the
water layer pipetted off. The aqueous solution was then brought to
pH 7.0 by the addition of 1.0 N NaOH solution. After appropriate
dilution with distilled water, the concentration of penicillin remaining
in the water phase was determined by the disc-plate assay described

above. 1In each experiment, identical solutions of the penicillins were
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subjected to the same procedure, with the omission of the non-polar
phase, so that due allowance could be made for errors caused by the
addition of the small volumes of acid and alkali. The assayed concen-
trations of these penicillins were regarded as the ‘control’ concentra-
tions.

The partition-coefficient is expressed as:

( 'Control' concentration) - (Conc. remaining in water phase)
(Conc. remaining in water phase)

In a further series of experiments using oleyl alcohol as the
non-polar phase, the pH was adjusted to 5.3 to mimic conditions pertain-
ing at the absorbing surface of the small intestine. It was thought
that data from these experiments should give a better indication than an
absolute, or near-absolute, partition coefficient of the ability of the
penicillins to pass from intestinal lumen to the general circulation.

The non-polar solvents were chosen for the following reasons.
N-heptane is a solvent commonly used in studies on partition-coefficients
of drugs. Petroleum ether was selected arbitrarily as a mixture of
hydrocarbons of different chain lengths. Oleyl alcohol is thought to be
representative of the fatty alcohols found in cytoplasmic membranes

(Albert et al., 1954).

(ii) Results.

These are shown in Table 3.

All the penicillins were virtually insoluble in n-~heptane.



Table 3. Partition coefficients of ten penicillins

between water and three non-polar solvents.



_31_

Partition Coefficient

Oleyl alc. Oleyl alc.

Penicillin N-heptane Pet.Ethexr pH 2.0 pH 5.3
Phenoxymethyl O * 0.035 48 2.8
Phenoxyethyl " 0.11 81 4.6
Phenoxypropyl " not done > 800 5.9
Phenoxybenzyl " 0.074 > 800 15
Phenylthiodiphenyl " 0.36 > 800 800
3,4-Dichloro-Q-methoxybenzyl " 0.35 > 800 13.3
5-Methyl-3-phenyl-4-isoxazolyl " 0.12 63 1.5

5-Methyl-3-(2~chlorophenyl)-4-

isoxazolyl " 0.15 > 800 1.8
Dimethoxyphenyl " 0.043 11.6 0.19
Q~Aminophenyl " 0.048 0.87 0.08

* All the penicillins were virtually insoluble in this solvent
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With the procedure used, there was no difference detectable in the
concentrations in the water phase whether or not n-heptane was present.
The partition-coefficients for this series of substances between n-heptane
and water must therefore be vanishingly small.

The petroleum-ether/water partition coefficients of the
penicillins are all numerically low. These data are inconsistent with
the readiness with which most of these penicillins are absorbed from
the gastrointestinal tract (e.g. see Bond et al., 1963).

The values obtained at pH 2.0 using oleyl alcéhol as the non-
polar phase, were all numerically much greater than 1, with the exception
of that for (~aminophenyl penicillin which was 0.87. These data indicate
that all these penicillins in the unionized state, possess an appreciable
degree of lipid solubility. The data in the final column of Table 3
show that, at pH 5.3, marked changes have occurred in the distribution
of the penicillins. The partition coefficients are now a function not
only of the solubility in oleyl alcohol but also of the pKa values of
the different substances. All values haQe decreased. This was to be
expected since very much greater proportions of the molecules of each

penicillin were present in ionized form.
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(C) BINDING TO SERUM ALBUMIN

A very large number of substances foreign to the body, whether
endowed with pharmacological activity or not, interact with piasma
proteins. Almost all of those which have been studied adequately have
been found to combine with plasma albumin. In most of the cases studied
closely it has been found that the drug-protein interaction can be shown
to follow an adsorption isotherm. However, in the case of a reversible
reaction, which is the case of most drug-protein combinations in which
an equilibrium is set up between free and bound drug, the finding of
close adherance to the adsorption isotherm does not mean that the forces
are physical rather than chemical in nature. In fact Langmuir's
adsorption isotherm is simply an extension of the law of mass action, as
shown below.

In the equilibrium, X + Rf;i XP:f where X is the concentration
of unbound drug, P:f is the concentration of free binding sites
(? receptors), XPf is the concentration of combined sites, and X is the

dissociation constant, then

(X) (P;)

(XPf)

Now let n be the total number of sites carried by each protein
molecule and P be the molar concentration of total protein. Then nP
represents the total concentration of sites, i.e. (Pf) + (XPf).

Substituting (Pf) = nP - (XPf),
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nP(X)-(XP )(X) = K(XP )
f £

or nP(X) = [k + (Xﬂ (pr)

Now let r be the moles of drug bound per mole of total protein, or (XPf)/P,

then,

r = (XPf) = n{X)

P K + (X)

which is identical in form with the Langmuir adsorption isotherm =

bec
1/a + ¢

Hence any reversible reaction, whether physical or chemical, will follow
a curve represented by the isotherm as long as the following criteria
are observed:

(a) the interaction must be reversible and the data must be
obtained at complete equilibrium.

(b) all groups, or sites, must have the same affinity for the
drug,

(c) there must be no reduction in binding by electrostatic
repulsion due to the approach of subsequent ions of the same -charge as
that of initially bound drug, and

(d) quantitation is only applicable to interactions of pure

drug with pure and homogeneous protein of known molecular weight.
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In the light of these requirements it would seem, therefore,
to be to little effect to study quantitatively the number of binding
sites and the tightness of binding of albumin to the penicillins used in
this study. There may be several interactions involving different
equilibrium constants, and there may be appreciable effects due to
repulsion of 'free' molecules by those already bound. Moreover, the
penicillins contained impurities.

It would be useful at this point to examine the various types
of bonds possible between albumin and drugs. Briefly, they are as
follows; (a) van der Waals' attractive forces with a bond strength of
approximately 0.5 kcal/mole but strongly dependent on close approximation
of the two molecules, (b) hydrogen bonds with bond strength of from 2 to
5 kcal/mole, (c) ionic bonds with bond strength of 5 kcal/mole, (d) re-
inforced ionic bonds with bond strength of 10 kcal/mole, (e) covalent
bonds with bond strength of from 40 to 140 kcal/mole, and (f) hydrophobic
bonds with bond strengths as yet inadequately defined, but.implicated as
the major force in maintaining the conformation of proteins, for example,
(see, West, et al., 1966).

Little is known about the rate constants for association and
dissociation between drugs and albumin. However, an indication of their
magnitude was given by Froese, Sehon and Eigen (1962). They shifted the
equilibrium between an acidic azo dye and bovine albumin by suddenly
decreasing the temperature 10C° within 1 usec. Their calculation of the
rate constant showed that dissociation occurs with a 'half-life' of 20 msec.
Since the values for K and n for this acid were similér to those of other
organic anions biunding to bovine albumin, it seems likely that the rate

constants for other organic acids will be of a similar order of magnitude.
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Because of this short 'half—life', and because of the known
ready reversibility of the penicillin-albumin complex, covalent bonding
can be excluded from consideration. It is well known that, at body
temperature, the greatest strength of bond that can be broken readily is
about 10 kcal.

The isoelectric point of albumin is at pH 4.9 so that at

-pH 7.4 the molecule carries a net negative charge. It was early supposed
that only cations would interact under these circumstances but this was
soon shown to be incorrect. Ionic combination between groupsoi opposite
charge occurs irrespective of the net charge on the protein, and a great
many more anions than cations have actually been shown to interact at
physiological pH. For example, Klotz and Walker (1947) have shown that
the binding of methyl orange, a sulfonated azo dye, is constant as the
pH is varied between 5 and 9, but that complete dissociation occurs
between pH 9 and 11.5. This corresponds very closely with the dissocia-
tion range of theé-ﬁmﬁno group of lysine. Since there is an abundance
of the groups in serum albumin, it was concluded that the dye probably
combines with them.

However, the properties of individ&al amino acids may play an
unimportant part. The general surface pattern of the protein may be of
more account."Binding sites probably depend not only upon individual
ionic groupsbut also upon the properties of nearby non-ionic residues,
upon steric hindrance to approaching molecules, and upon surface
configurations affecting the strength of van der Waals' and lipophobic
forces.

Hence, for binding of penicillins to serum albumin, all the

remaining bond types will have to be considered.




- 37 -

(i) Methods.

The apparatus depicted in Figure 4 was used in this series of
experiments. Before assembly, the sac prepared from Visking tubing and
tied to a short length of glass tubing, was tested for leaks by applying
compressed air to the open end and immersing the sac in water. Any
allowing bubbles to form were rejected. After assembly in the 1 oz
bottle, the whole was autoclaved at 15 1lb/sq in for 20 minutes.

Batches of these assemblies were set aside to dry at laboratory temperature
until a sample, subsequently discarded, felt dry to touch. Hence, errors
introduced'by water contained within the membrane were minimal. All
manipulations from this point on were carried out using aseptic technique
and sterile solutions to obviate any possibility of'penicillin hydrolysis
by penicillinase-producing contaminants. Three millilitres of Krebs-
Ringer-Phosphate solution (pH 7.4) were pipetted into the distended sac
and allowed to permeate the dry membrane for 15 minutes. After loosening
the rubber stopper, 15 ml of the same solution containing the albumin/
penicillin mixture were pipetted into the free space of the bottle. The
albumin was diluted from a concentrated solution (25 gm/100 ml) of human
serum albumin prepared by Connaught Laboratories. Bottles containing no
albumin were included in each batch. The stopper was replaced so that
the levels of solution within and without the sac were the same.

Groups of bottles were then immersed in a water bath at 37°C
and shaken gently. Control bottles containing only penicillin-Krebs-
Ringer-Phosphate solution were also included in each group. These
solutions were used at the end of the experiment in the prebaration of

standards for the pad-plate assay. After 1/2, 1, 2, 4 and 6 hours of



Figure 4. Apparatus used in dialysing penicillin-albumin solutions.
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incubation, 0.05 ml aliquots were removed from the solution inside the
sac by means of a calibrated Pasteur pipette and deposited on standard
filter paper assay discs. These were stored in the refrigerator until
required for assay. A further two 0.05 ml aliquots were taken from the
solution at 6 hours so that the estimated figure for the final concentra
tion was based on three samples from each of three bottles. Standards
for assay were prepared by dilution from the control solution.

The time of attaining equilibraium could be assessed from the
slope of the concentration versus time curve pertaining to each bottle.
It always occurred between 4 and 6 hours after the start of the experiment
(ggg Figure 5), All dialysates were tested for the presence of protein
by adding ninhydrin reagent at the end of each experiment. In no case

did penetration of the membrane by albumin occur.

(ii) Results.

The results obtained are shown in Table 4.
Each figure, representing the percentage of free, or unbound

penicillin, was calculated from the formula,

Concentration in dialysate from protein solution x 100%
Concentration in dialysate from protein-free solution

The initial concentrations of the penicillins were not
equivalent; they were chosen for convenience of assay. Other workers
have shown that the proportion of several penicilliins bound to plasma

proteins varies little, if at all, over a wide range of penicillin

concentrations (see Keen, 1965). Indeed, if only one binding site were



Figure 5. Rate of appearance of penicillin in dialysate from a
solution containing both penicillin and serum albumin.

Ordinate - concentration of penicillin in dialysate.

Abscissa - time in hours.
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Table 4. The binding of ten penicillins to human serum albumin.
Each figure represents the percentage of unbound sub-

stance (arithmetical mean of three experiments).
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% Albumin
Penicillin 0.25 1.0 4,
Phenoxymethyl (2) * 50 31
Phenoxyethyl (8) 89 54
Phenoxypropyl (8) 62 28
Phenoxybenzyl (8) 39 18
Phenylthiodiphenyl (80) 87 12 ¢}
3,4-Dichloro-C-methoxybenzyl (2) 44 21
5-Methyl-3-phenyl-4-isoxazolyl (20) 31 20
5-Methyl~3-(2-chlorophenyl)-4-
isoxazolyl (12) 71 30
Dimethoxyphenyl (100) 87 71
O~-Aminophenyl (10) 100 54

* Figures in parentheses are initial concentrations in pg/ml

(corrected for purity)
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present on the albumin molecule, so that 1ts carrying capacity were one
molar equivalent, the limiting concentration above which the fraction of
unbound drug would begin to increase greatly would be about 170 ug/ml.
Even the highest concentration in these experiments, 100 pg/ml of
dimethoxyphenyl penicillin, is appreciably lower than this.

Human serum albumin only has been used in these experiments.
The reasons are two-fold. First, the penicillins are bound almost
exclusively to albumin. Thompsett, Schultz and McDermott (1947) have
shown this for the early natural penicillins. We have extended this
work for several of the semi-synthetic penicillins (Rollo, unpublished).
Second, because virtually pure human serum albumin was available from
pooled stocks, and because great variation in albumin content appears
in serum from even healthy donors.

It is obvious from examination of the data that there are
marked differences in the degree of binding of the various penicillins
at any one albumin concentration. Further experiments, not reported here,
in which smaller concentrations of some of the penicillins were used,
show no appreciable differences in the proportions bound. The data also
show that, as expected, the degree of binding decreases as the concentra
tion of albumin is decreased. Phenylthiodiphenyl penicillin is, of all
the penicillins, the most highly bound. Even at a low concentration of
albumin of 1 per cent, only 12 per cent remains unbound. The degree of
binding becomes small only when the concentration of albumin is further

reduced.
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(D) DISCUSSION

It is difficult to delineate what physical properties of the
‘bulky' penicillins (see above) cause a decrease in their ac1d.strength.
We have assumed, for want of other explanation, that the observed increase
in pKa values is due to a greater propensity for the formation of dimers.
The question then arises, why do these penicillins form dimers more
readily than their congeners, when it is unlikely that intramolecular
changes due to changes in the side-chain could affect a distant cafboxylic
acid group? One physical difference that has been observed is the very
high value obtained for the oleyl alcohol/water partition coefficients
of both penicillins.

High values were also obtained for phenoxypropyl, 3,4-dichlioro-
G-methoxybenzyl, and 5-methyl-3-(2-chlorophenyl)-4-isoxazolyl penicillins.
This is associated with a decrease in acid strength for 3,4-dichloro-Ci-
methoxybenzyl penicillin, although this may not be significant because
of the large possible error in the estimation. It seems likely that,
next to the two phenoxy penicillins already mentioned, this dichloro-
substituted penicillin possesses the highest partition coefficient by
virtue of the strongly lipophilic-promoting properties of the halogen
atoms.

If indeed the tendency to dimer formation is increased by
increasing lipid solubility of the side-chain, it could be imagined that
an increase in the non-polar characteristics would tend strongly to the
squeezing out of those molecules from solution due to the high internal
pressure of the water molecules. This squeezing out might result in

greater opportunity for association between molecules, rather as fat
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droplets in water tend to coalesce to form globules, and hence for the
formation of hydrogen-bonded dimers.

In addition to the strongly lipophilic penicillins mentioned
above, phenoxymethyl, phenoxyethyl, and S5-methyl-3-phenyl-4-isoxazolyl
penicillins also pass quite readily intoe the non-polar phase. This
correlates well with the lipophilic nature of their side-chains. Indeed,

the lengthening of the substitution on the O~carbon atom from H-évCHs-? C

275

which might be expected to increase the lipophilic nature of the
substances, results in increases in the oleyl alcohol/water partition
coef{icients from 48 = 81 — > 800.

The relatively low value obtained for C-aminophenyl penicillin
probably reflects the amphoteric nature of the compound. The pKa value
for the primary amino group has been found to be 7.24 by Rapson and Bird
(1963). At pH 2, therefore, virtually all the molecules would be ionized
and would tend to stay in the polar phase. Dimethoxyphenyl peniciliin
also has a relatively low oleyl alcohol/water par.ition coefficent.

This is due probably to a shortening of the side-chain and to the presence
of two methoxy groups which have slight hydrophilic-promoting properties.

If the value ten is selected arbitrarily as indicating a high
value for the partition coefficient, then only three of the penicillins
appear to be highly lipid soluble at pH 5.3. For two of these, phenoxy-
benzyl and phenylthiodiphenyl penicillins, the high values result from
the combination of two factors. These are, (a) the high degree of lipid
solupility of the unionized molecule, and (b) the pPK, values, 5.41 and
5.15 respectively, both of which are close to the pH of the water phase.
For the third, although only a small proportion of the substance was

present in the unionized form, the high degree of lipid solubility‘
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probably results from.the sfrongly lipophilic halogen substitution in
positions 3 and 4 of the terminal phenyl ring.

Since the values for partition coefficients obtained at pH 5.3
are all greater than unity, with the exception of the final two in
Table 3, it might be expected that all penicillins showing this distribu-
tion would be well absorbed from the small intestine. Such is indeed
the case. Various published data include all of these substances in the
group of ‘oral' penicillins (see Weinstein, 1965). The low value
obtained for dimethoxyphenyl penicillin is consistent with the low degree
of absorption from the small intestine (Pindell, Tisch and Reiffenstein,
1961).

The low value obtained for C-aminophenyl penicillin is incon-
sistent, however, with its apparently ready absorption after oral admini-
stration (Acred, et al., 1962). It might be suspected, therefore, that
concentrations appearing in the blood do not reflect only the extent of
absorption from the gastrointestinal tract. Since little or no tissue
storage or formation of metabolites occurs, most of the penicillin's
elimination is dependent on biliary or urinary excretion (Acred, et al.,
1962).

High concentrations have been found i1n the bile of treated
animals (Stewart and Harrison, 1961), hence the cycle of absorption-
excretion-reabsorption and so on, would tend to augment whatever
concentration appeared in the blood. Furthermore, this penicillin is
relatively slowly excreted in the kidney (Barber and Garrod, 1963;

Kirby and Kind, 1966), and only a small fraction is recovered after
oral administration compared to the fraction recovered after parenteral

administration (Acred, et al., 1962).
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The extent of intestinal absorption, therefore, is probably
not great. This conclusion is supported by the fact that peak blood
concentrations occur much later than do those of the other 'oral'
penicillins (Lynn, 1965). Nevertheless, well controlled comparative
studies are required, and these have not been reported.

Binding of benzyl penicillin to serum albumin has been
extensively studied since its initial demonstration by Chow and McKee
in 1945. The availability of many other penicillins with differing side-
chains, and comparison of the various proportions bound, has led to the
conclusion that the side-chain is the major determinant of binding
(Kunin, 1965). This is supported by the finding that the carboxylic
acids of the side-chains showed greater activity as displacing agents
than did the parent compound or the 6-aminopenicillanic acid nucleus.

In addition, Steinman and Denny (1963) showed.that esterfication and
amidation of the terminal carboxyl group, produced few changes in binding,
an indication that this group is of little importance as a binding site.

Differences in degree of binding have been explained on the
basis of steric hindrance (Brandl, Brenner and Knauseder, 1964), and
on the basis of reinforcement of van der Waals' forces by increase in
molecular weight (Keen, 1965). However, recent data obtained by Fischer
and Jarditzky (1965) from a nuclear magnetic relaxation study of inter-
molecular complexes have shown that, for benzyl and phenoxymethyl
penicillins, the penicillin-albumin interaction is hydrophobic in nature.
Their findings ruled against ionic bonds being of any great significance.

Our data confirm that there are very marked differences in
degree of binding from penicillin to penicillin. Meaningful comparison

of these with previously reported results is difficult. Various
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investigators have reported quite widely divergent data on binding to
serum proteins. This is scarcely surprising since several different
methods have been used for evaluating the degree of binding, e.g., gel
filtration, static and continuous dialysis, ultrafiltration and cup-plate
assay. Test conditions and interpretation of results have also varied.

Nevertheless, if listed according to degree of binding, our
data shows quite good correlation with a.summary of data acquired from
ten different reports (see Warren, (1965); (Table 5). The only real
difference is in the relative positions of the two penicillins first on
each list. The figures for percentage binding quoted by Warren for
G~aminophenyl penicillin range from 10.2‘to 21 per cent while our figure
is 46 per cent. The respective figures for dimethoxyphenyl are from 28
to 49.3 per cent and 29 per cent. Obviouély our data are consistent
for dimethoxyphenyl penicillin but not for the ®-aminophenyl compound.
We are unable to explain this difference whichis outside the range of
probable error.

Differences also appear in the ranking of the peniciliins
fifth, sixth and seventh on the list. These differences are more

apparent than real, since the appropriate percentages (with ranges) are,

phenoxypropyl penicillin 88.6 (88-89.3)
5—CH3—3—pheny1—4—isoxazoly1 penicillin 89.1 (86-93.1)

" 5-CH_-3-(2-chlorophenyl)-4-isoxazolyl
3 penicillin 91.4 (88-94.6)

hence any one ranking is probably as good as another.



Table 5. Penicillins listed according to increase

in binding to plasma proteins.



- 48

Listed according to data
summarized by Warren (1965)%

Listed according to
data presented here

O~Aminophenyl penicillin+
Dimethoxyphenyl penicillin®
Phenoxyethyl penicillin
Phenoxymethyl penicillin

Phenoxypropyl penicillint

5-CH

3-3—pheny1-4—isoxazoly1

penicillin+

5—CH3—3—(2—chlorophenyl)—4— +

isoxazolyl penicillin

Phenoxybenzyl penicillin

Dimethoxyphenyl penicillin
O-Aminophenyl penicillin
Phenoxyethyl penicillin
Phenoxymethyl penicillin

5—CH3—3—(2-chlorophenyl)—4—
isoxazolyl penicillin

Phenoxypropyl penicillin

5—CH3-3-phenyl—4—isoxazoly1
penicillin

Phenoxybenzyl penicillin

* Ranked according to arithmetic mean of data grouped for each substance.

Order differs from ours.
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The data pertaining to the phenoxy-penicillins and the closely
related phenylthio-penicillin are are especially interesting because the
five substances are members of an essentially homologous series. Since
the experiments were carried out at pH 7.4, all the penicillins were
wholly, or almost wholly, present in the ionized form. Hence, any
effect on binding due to ionic bonding between the carboxyl anion of the
penicillins and oppositely charged groups on the surface of the protein
molecule would have been constant. It seems unlikely, however, in
light of Fiséher and Jarditsky's data, that any penicillin with an
ionization constant similar to that of phenoxymethyl penicillin would be
bound to any appreciable degree by such bonds. The same is not necessarily
true for the 'bulky' penicillins. We have determined that the acid
strengths of these two substances are considerably less than the acid
strengths of other members of the series, and have postulated that
hydrogen bonding with dimer formation may account for this. If such is
the case, we may postulate further that any short-acting ionic bond formed
between tsz{—amino groups in the abundant lysine residues of albumin,
and carboxyl groups of the penicillins, would become much stronger and
more long-lasting due to the simultaneous formation of hydrogen bonds,
the so-called 're-inforced ionic bond' (Figure 6). Such binding could,
of course, be supplemented by short range van der Waals attraction and
hydrophobic bonding. This is discussed below.

In this series which represents successive substitution on

di-C_H

the O-carbon atom of the side-chain by - H, CH_, C2H5, CGHB' 6lg

3

(assuming that in the last case phenylthio- is equivalent to phenoxy-),

it might be assumed that increase in molecular size would result in an



Figure 6. Formation of re-inforced ionic bonds between certain

penicillins andé-amino groups of albumin lysine.
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increase in affinity to the protein surface due to an increase in non-
specific van der Waals forces. This explanation has been invoked by
Keen (1965) for a limited series of three penicillins differing little
in molecular weight on the basis of data for barbiturates (Goldbaum
and Smith, 1954), fatty acids (Teresi and Luck, 1952), and the early
penicillins (Thompsett, Schulz and McDermott, 1947).

However, such forces vary inversely as the seventh power of
the distance between attracting groups and are, therefore, significant
only over a very short range. Furthermore, since the terminal aromatic
ring would probably make the most sizable contribution to the bonding
energy, only those substances in which the ring could be oriented in a
position planar to the protein surface would be bound to equivalent
degrees. Examination of models constructed from Courtauld space-filling
units (Plates 1 to 3) reveals that in no case is an orientation of the
terminal phenyl group flush with a flat surface possible. With phenoxy-
methyl penicillin, the angle of incidence between the plane of the phenyl
group and a nearest possible flat plane is quite small. However, succes-
sive substitution, as in phenoxyethyl and phenoxypropyl penicillins,
results in a nearly regular increase in the angle of incidence between
the two planes. With the mono- and di-phenyl substituted substances,
the angle of incidence becomes even greater.

If van der Waals forces make an appreciable contribution to the
degree of binding, it might be expected, therefore, that increasing sub-
stitution on the O-carbon atom would result in a decrease in the pfopor—
tion of penicillin bound. Such is indeed the case when phenoxymethyl and

phenoxyethyl penicillins are compared. It appears, therefore, that



Plates 1, 2 & 3. Courtauld models of phenoxymethyl,

phenoxypropyl and phenoxybenzyl

penicillins (in that order).
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van der Waals bonding plays an appreciable part in the overall Tforces
holding these penicillins to the albumin molecule.

There is, however, a marked increase in the degree of binding
of phenoxypropyl penicillin when compared with its nearest neighbour,
phenoxyethyl penicillin. This marked increase, instead of a decrease
expected on the above basis, is most probably associated with the hizh
value observed for the oleyl alcohol/water partition coefficient. Any
decrease in binding due to weakening of van der Waals bonding forces
might be more than compensated for by an orientation of the molecule close
to the protein surface. This might be expected to occur because of the
strongly non-polar nature of the molecule and the all-surrounding
presence of the strongly polar water molecules.

Previousiy to the recent, more definitive, work by Fischer andg
Jarditsky (1965), hydrophobic bonding had been proposed as being
responsiole for the binding of several types of substances to serun
albumin (see Goldstein, 1949). The interaction of the lower fatty zcids
(02_010)’ for example, is clearly favored by increasing length of the
hydrophobic chain. It has been proposed that penicillin interactions
allow an extension of the same principle. These substances can be
regarded as modified fatty acids containing a peculiar cyclic dipeptide
as part of the long chain. In the early penicillins, penicillin K with
the longest aliphatic chain (n-heptyl) shows the greatest affinity,
followed, in turn, by dihydro-F (n-amyl), G (Benzyl), and X (p-hydroxy-
benzyl). The difference between X and G has been attributed to the polar
hydroxy group of the former which is presumably attracted away from the
protein towards the polar phase. Recent thermodynamic data on the binding

of a sulfonamide to albumin showed that changes in standard free energy
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and entropy occurred which were consistent with the active involvement
of van der Waals or hydrophobic binding forces (Clausen, 1966).

The strongly non-polar nature of the side chains of phenoxy-
benzyi, phenylthiodiphenyl, 3,4-dichloro~O-methoxybenzyl, and S-methyl-3-
(2—chloropheny1)—4—isoxazoly1 penicillins probably accounts for their
high aifinity to albumin. This, together with the postulated occurrence
of re-inforced ionic bonds between the first two named and the 6 —amino
groups of albumin lysine, would be consistent with the fact that they are,
of all, the most highly bound penicillins.

Dimethoxyphenyl penicillin is little bound. This is probably
a function of steric hindrance to close approximation of molecule and
surface, and of its relatively low lipid solubility in comparison to
other, more highly bound, penicillins. (-Aminophenyl penicillin is
aberrant in that, while it is appreciably bound, it is only very slightly
lipid soluble. The insertion of the amino group would be expected to
have an additional, sterically hindering, effect. Since the substance
is amphoteric, a possible explanation might involve ionic bonding
between the two ionized sites and complementary sites on the surface of
the protein. We have no data to support such an explanation.

5-Methyl-3~phenyl-4-isoxazolyl penicillin is completely
aberrant. It is highly bound to albumin, yet it is not highly lipid
soluble, its spatial structure does not suggest any undue peculiarity
that might suit it for a close fit to the protein surface, and it is
neither more nor less strongly acidic than the majority of ifs congeners,
Obviously, a more extended study is required to elucidate the nature of

the binding of these last two substances to aslbumin.




- 57 -

Our data also show that, as might be expected, the degree of
protein binding decreases as the concentration of albumin is decreased.
Phenylthiodiphenyl penicillin is, of all the penicillins, the most highly
bound. Even a fourfold decrease in albumin concentration results in

only 12 per cent remaining unbound. Only when the concentration is

reduced a further fourfold does the degree of binding become small.

Our data were not corrected for Donnan distribution nor for
the space occupied by albumin since, at any one albumin concentration,
these factors would have been identical. Correction of our data would
involve multiplying the concentrations in Table 4 by a factor of 1.036,
and multiplying the concentration on the numerator of the quation by
a factor of 0.9 (McLean and Hastings, 1935; Keen, 1965). Since we were
interested in comparative values for binding rather than absolute figure

we have quoted, and used, the uncorrected data.




5. CHOICE OF PENICILLINS FOR FURTHER STUDY
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(A) METABOLIC CHANGES

Before going on to study the physiological disposition of at
least some of the penicillins and attempt a correlation with fheir
physicochemical properties, it was obvious that a selection had to be
made from those in which the properties differed appreciably. The choice
was restricted to the phenoxy-penicillins as members of a homologous
series. The physicochemical properties of these five penicillins are
summarized in Table 6.

Because of differences in ionization constants it is obvious
that one or other of the first three should be matched against one or
other of the last two. It is also obvious that of the first three,
phenoxymethyl penicillin should be chosen because it has the lowest oleyl
alcohol/water partition coefficient. It is also appreciably less bound
to albumin than are the last two. Phenoxymethyl, phenoxybenzyl and
phenylthiodiphenyl penicillins were selected, therefore, for further
study. Preliminary experiments, however, showed that phenylthiodiphenyl
penicillin was extensively metabolized in the body. It was, therefore,
rejected from the group.

Historically, knowledge of biotransformation of drugs dates
to the early days of chemotherapy. Ehrlich (1909) had postulated that
the trypanocidal activity of atoxyl in vivo was due to reduction of
arsenic to-the trivalent form, despite this, he did not realize that
arsenobenzene derivatives as such have little antimicrobial activity
(Ehrlich and Bertheim, 1912). It was not until Voegtlin, Dyer and
Leonard showed in 1923 that there was a latent period of several hours

after the administration of salvarsan before the parasites disappeared,




Table 6. The physicochemical properiies of

five ciosely related peniciliins.



- 59 -

Penicillin -COOH pK, Oleyl alcohol/water % bound to
partition coefficient serum albumin

Phenoxymethyl 2.88 48 69
Phenoxyethyl 2.78 81 46
Phenoxypropyl 2.88 > 800 72
Phenoxybenzyl 5.41 > 800 82

Phenylthiodiphenyl 5.15 > 800 100
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while the trivalent form was imﬁediately trypanocidal, that it became
clear that the parent compound had little activity. Voegtlin and his
co-workers concluded that organic arsenicals are immediately toxic only
in the arsenoxidé form. During the considerable latent period before
development of trypanocidal activity, atoxyl and arsphenamine are

slowly converted in the tissues of the host to the trivalent form,

OH
7

R-As = 0= R-As = O ¢ R-As = As-R
\"OH
More than twenty years elapsed, however, before careful analytical work
showed that a trivalent arsenical was present in the urine of animals
treated with a pentavalent compound (Crawford and Levvy, 1947). Sub-
sequently, several examples have come to light of pharmacologically
effective substances being produced from apparently ineffective parents
by biotransformation‘(Egg Harper, 1959 & 1962). Perhaps the best known
is the hydrolysis of prontosil to the bacteriostatic agent sulfanilamide.
Shortly after it had been shown that prontosil could be used
effectively in the treatment of certain bacterial infections (Foerster,
1933; Domagk, 1935), Tréfou€l and co-workers (1935) suggested that it was
split in the host tissues at the azolinkage t6 yield p-aminobenzene-
sulfonamide, the active principle. The basis for this suggeétion was
that diazotized benzenesulfonamide derivates, quite different .from

prontosil, still possessed antibacterial properties, but derivatives in

which p-aminobenzenesulfonamide was replaced by other groups were inactive.

Two years later, Fuller (1937) confirmed the earlier suggestion that the

drug was split in the host to the active compound.,
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Although there are numerous examples of biotransformation
converting an inactive or only slightly active substance into a potent
derivative, a greater proportion of drugs are transformed into inactive
or less active compounds. The reason is not hard to find. The mechanisms
of biotransformation (detoxification) most probably were evolutionary
developments to assist the organism to rid itself of harmful substances
injested with food. Such substances would of necessity be lipid~soluble,
otherwise little or none would have passed across the gastrointestinal
epithelium. In order to get rid of these rapidly through the excretory
system and prevent their penetration into cells, conversion to more polar
substances would be required.

The first observation that penicillins are subject to biotrans-
formation was made by Rowlands, Rowley and Stewart in 1948. 1In treated
cats, 358—1abe11ed benzyl penicillin was wholly excreted in the urine but
only about half as the parent material. It appeared that the thiazolidine
ring was quite stable since most of the metabolized material appearing
as penicilloic acid. A small amount of phenaceturic acid was also formed
indicating that penicilloic acid is further split at its peptide linkage
(Figure 7) (Walkenstein, Chumakow and Seifter, 1954). Neither penicilloic
acid nor phenaceturic acid have antibacterial properties at low concentra-
tions.

Penicillins may also undergo change into substances which
retain antibacterial activity, and, in fact, with the exception of
dimethoxyphenyl and (—aminophenyl penicillins, this appears to be a
fairly general property of penicillins when passed through man. Little
is known, however, of the structural changes involved, nor of the dif-

ferences occurring between species. Vanderbraeghe and co-workers



Figure 7. Biotransformation of benzyl penicillin,
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reported in 1962 that 3,4-dichloro-Ci-methoxybenzyl penicillin was
excreted in the urine partly in the form of an active metabolite. 1In
the case of phenoxymethyl penicillin some 10 to 15 per cent of the
penicillin in the urine was found to be in the form of the p-hydroxy
derivative. Phenoxybenzyl penicillin has been reported to give rise
to active metabolites (Rollo, Somers and Burley, 1962), and this has also
been shown for some isoxazolyl penicillins (Nayler, et al., 1962).
Rolinson and Batchelor (1963) confirmed and extended this work when they
showed that phenoxymethyl, phenoxyethyl, phenoxypropyl, phenoxybenzyl,
3,4-dichloro-C-methoxybenzyl, 5-methyl-3-phenyl-4-isoxazolyl, and
5-methyl-3-(2~chlorophenyl)-4-isoxazolyl penicillins all appeared as
both parent substance and antibacterial metabolites in the urine of
treated human volunteers. Dimethoxyphenyl and ({~aminophenyl penicillins
did not seem to be converted to active metabolites.

Before going on to examine the physiological disposition of the
three penicillins selected, it was necessary, therefore, to examine
their fate and reject for in vivo study any that showed more than a

minor degree of transformation into active metabolites.
(i) Methods.

White rats, the animals chosen for the remainder of these
studies, were treated by stomach tube with aqueous solutions of each
of the three penicillins, after overnight fasting. Each animal was
given a dose equivalent to 100 mg/kg. One to one and a half hours
later, the animals were killed by a blow on the head, and samples of
blood were obtained by heart puncture. At the same time, the bladder

was washed out with 0.5 ml of 0.85 per cent sodium chloride solution.
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Each sample was brought to pH 2.0 with phosphoric acid and shaken we.l
with a small volume of butyl acetate.

Aliquots of the butyl acetate extracts were spotted on to
strips of Whatman No. 1 chromatography paper previously impregnated
with phosphate buffer at pH 6.2 and dried. After humidification for
15 minutes, the strips were equilibrated in a chromatography tank
containing a layer of water-saturated ether for 1 hour, and then developed
at laboratory temperature for 2 1/2 to 3 héurs.

The chromatographic method is essentially that described by
Karnovsky and Johnson (1949). Solutions of the penicillins prepared in
water, blood and urine at a concentration of 4 pg/ml were treated in an
identical manner and served as standards for comparison.

After drying, the strips were laid carefully on the surface
of a nutrient agar suspension of S. lutea, prepared in the same way as
described previously. The plates used were similar to the assay plates
described, but constructed with 18" x 18" sides. Each plate contained
a uniform layer of inoculated agar about‘l mm thick. The strips weré
left in contact with the agar for 20 minutes to allow diffusion of the
penicillins into the agar, then carefully stripped off and discarded.
After overnight incubation at 37°C, the clear zones in the agar indicated

positions of the penicillins on the original chromatographic strip.

(ii) Results.

The results obtained from such bioautographs are shown on

Table 7.

These show that, in the rat, phenoxymethyl and phenoxybenzyl



Table 7. Rf values of three penicillins and a metabolite.
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Penicillin Sample Rf Values

Standard 0.56
Phenoxymethyl Blood) from 0.56
Urine) treated 0.56

rats
Standard 0.79
Phenoxybenzyl Blood) from 0.79
Urine) treated 0.79

rats

_ Standard 0.87 (+ impurity at 0.72)

Phenylthiodiphenyl Blood) from 0.76
Urine) treated 0.76

rats
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penicillins undergo no, or an undetectable, change into other antibac-
terial substances. Undoubtedly the corresponding penicilloic acids are
formed but the rate of hydrolysis is probably similar for each penicillin.
Phenylthiodiphenyl penicillin, however, underwent extensive
biotransformation. Chromatographic separation showed that none of the
original material remained. A large proportion appeared in both blood
and urine as another antibacterial substance. These data were of
particular interest since this penicillin was known to be insensitive
to P-lactamase and yet provided no protection when administered to groups
of mice infected with a P-lactamase-producing strain of staphylocci
(Rollo and Somers, unpublished).
Bioautographs were prepared as before but with two different

strains of Staphylococcus aureus as the indicator organism. .One strain

was a penicillin-sensitive strain, the other a strain producing the
enzyme B-lactamase and hence penicillin-resistant. A tracing of these
bioautographs is shown in Figure 8,

These tracings show that phenylthiodiphenyl penicillin was
. transformed into another antibacterial substance which, while retaining
activity against normally sensitive strains of organisms (S. lutea and
8. aureus), had lost completely its resistance to staphylococcal

f-lactamase,.




Figure 8.

Tracings from bioautographs of phenylthiodiphenyl
penicillin (standard) and of a butyl acetate extract

of urine from rats treated with the same penicillin.
Left: indicator organism, penicillin-sensitive S.aureus.

Right: indicator organism, PB-lactamase-producing S.aureus.
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(B) DISCUSSION

Other workers have noted that commercially produced phenoxy-
methyl penicillin often contains traces of a chromatographically slower
moving penicillin which is probably the p-hydroxy derivative (Stephens
and Grainger, 1955). It is unlikely that our sample contained this
impurity, since, being less lipid soluble, it would have been concentrated
to a relatively greater extent in the urine of the treated rats. As it
did not appear on the bioautograph it must have been present in the
original material in extremely small proportions or not at all.

While both phenoxymethyl and phenoxybenzyl penicillins have
been reported to undergo biotransformation into other antibacterial
substances in the human, our data indicate that, in rats, no such
metabolic change takes place. If it does take place, the process is so
slow as to be undetectable within the one to one and a half hours of our
experiments. Such species specificity both as to type and rate of bio-
transformation is well recognized (Williams, 1959). Phenylthiodiphenyl
penicillin, however, was completely transformed and could not be
considered for experiments in vivo. Phenoxymethyl and phenoxybenzyl

penicillins were chosen, therefore, for the next part of the study.



6. PHYSIOLOGICAL DISPOSITION OF PHENOXYMETHYL AND PHENOXYBENZYL

PENICILLINS AFTER ABSORPTION FROM THE GASTROINTESTINAL TRACT
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It is well known that the resultant concentration of a drug
in the blood after oral administration depends not only on its rate and
degree of absorption from the gastrointestinal tract, but on its partici-
pation in several regulatory functions. The effective concentration of
any drug present in the plasma may be decreased by binding to plasma
proteins, binding to tissue components, secretion in the bile, biotrans-
formafion into more polar substances, and filtration, and possibly active
secretion, in the kidney. On the other hand effective coqcentrations
may be augmented by release of material bound reversibly fo plasma
protein and tissues, reabsorption of material secreted in the bile, and
reabsorption from the tubular epithelium of the kidney. These factors
and their inter-relationship are summarized in Figure 9.

No serious consideration has been given in the past to the
part played by these factors in the physiological disposition of
penicillins. Previously, we have described how some physicochemical
properties relate to gastrointestinal absorption and binding to serum
albumin. Now let us examine in some detail the behaviour of the two
selected penicillins in the body. Previous data on their behaviour in
human volunteers have been reported by Rollo, Somers, and Burley (1962)

and Bond, et al., (1963).



Figure 9. Factors influencing the physiological disposition of drugs.
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(A) ORAL ADMINISTRATION OF PENICILLINS TO INTACT ANIMALS

(i) Methods.

Young adult rats of either sex, weighing from 250 to 300 gm
were segregated in wire bottom cages to prevent coprophagy, and fasted
for 24 hours. Water was available ad libitum. Aqueous solutions of the
potassium salts of either phenoxymethyl or phenoxybenzyl penicillins,
prepared freshly for each experiment, were administered to each animal
by stomach tube. The concentration was adjusted so that each rat
received a dose equivalent to 50 mg/kg (0.25 ml/250 gm body weight).
Tail blood samples were taken at 1/2, 1, 2 and 4 hours after administering
the dose and heparinized. The total penicillin content of each sample
was determined by bio-assay as described above. Standards were made by
serially diluting solutions of the appropriate penicillin in heparinized

rabbit blood.

(ii) Results.

The results obtained are shown in Figure 10.

These data show that both penicillins attain approximately
the same concentration in the blood although earlier sampling might
have shown a higher peak concentration for phenoxymethyl penicillin.
Two points are notable however.. The peak concentration for phenoxybenzyl
penicillin was reached appreciably later than that for phenoxymethyl
penicillin, and a much higher concentration of phenoxybenzyl penicillin
was maintained for the last three hours of the experimental period.
At each of the four sampling times the differences between mean values

were significant at the < 0.01 level as determined by Student's t test.



Figure 10.

Concentrations of phenoxymethyl and phenoxybenzyl
penicillins in the blood of intact rats after single
oral doses of 50 mg/kg. Each indicated point is the
arithmetical mean value from a group of ten animals.
The vertical lines signify * standard error.
Ordinate - concentration of penicillin (ug/ml).

Abscissa - time in hours.
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There seems little doubt, therefore, that differences in the
properties of the two substances have resulted in changes in the inter-
play of those factors upon which physiological disposition depends. In

the next series of experiments some of those factors were eliminated.
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(B) INTRADUODENAL ADMINISTRATION OF PENICILLINS TO 'ANURIC' ANIMALS
(i) Methods.

Young adult rats were prepared preoperatively as described in
the previous section. The animals were lightly anaesthetized with ether.
The abdomen was opened through a mid-line incision. The small intestine
was ligatéd so as to form a sac which extended from the pylorus to 20 cm
along its length. Both renal pedicles and the bile duct were ligated.
Aqueous solutions of the potassium salts of phenoxymethyl and phenoxy-
benzyl penicillins were introduced into the sac near the pylorus by means
of a fine gauge needle. The dose used was.50 mg/kg, and the concentra-
tion was such that 0.1 ml was given for each 100 gm body weight. Tail-
blood samples were taken at 1/2, 1, 2 and 4 hours after the start of
the experiment and heparinized. The assay procedure was identical with

that described in the previous section.
(ii) Results.

The results obtained are shown in Figure 11.

At each of the first three sampling times the differences
between mean values were significant at the < 0.01 level as determined
by Student's t test.

In this series the marked differences between the blood levels
of the penicillins that were observed after the peak concentrations had
been achieved in the previous experiments, did not occur. The decrease
that did occur may be due to redistribution to tissues and/or to bio-

transformation to inactive metabolites. The levelling out of the curve



Figure 11.

Concentrations of phenoxymethyl and phenoxybenzyl
penicillins in the blood of 'anuric' rats after
intraduodenal administration4of 50 mg/kg. Each
indicated point is t£e arithmetical mean value
from a group of ten animals. The vertical lines
signify f standard error.

Ordinate - concentration of penicillin (pg/ml).

Abscissa - time in hours.
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for phenoxymethyl penicillin would, however, tend to counter this latter
explanation.
Of particular interest are the first parts of both curves.
Until peak concentrations are attained, the rate of rise of the curve
for phenoxymethyl penicillin is appreciably greater than that for phenoxy-
benzyl penicillin. The peak concentration for phenoxymethyl penicillin
is also much greater than that for phenoxybenzyl penicillin. These
facts would suggest that phenoxymethyl penicillin is absorbed more rapidly

and more completely than is phenoxybenzyl penicillin.
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(C) DISCUSSION

Comparison of Figures 10 and 11 shows that after 2 hours,
when presumably virtually all intestinal absorption had ceased,
differences in blood concentrations of the two penicillins were much
less in the 'anuric' animals than in the intact animals. The data also
show that differences in the time required to attain peak concentrations
were appreciably greater in the second series of experiments,

In interpreting these results we must make the following
assumptions; despite changes in concentration, the equilibrium between
tissue depots and unbound penicillin in the blood did not change, and,
the rate of biotransformation into inactive metabolites remained the
same. These appear to be reasonable assumptions.

If this is the case, then the only difference from one set of
experiments to the other is the part played by biliary secretion and
renal excretion. Biliary secretion with subsequent reabsorption would
tend to maintain the blood concentration. Decrease in proximal tubular
transport in the kidney and/or increase in tubular reabsorption would
also tend to maintain the blood concentration.

Secretion of substances from blood to bile has many similarities
to the secretion of substances by the proximal tubule of the kidney.
There appear to be two separate processes; the one concerned with the
transfer of organic acids such as phenol red, bromsulphalein and
penicillins (see Sperber, 1959), the other concerned with organic bases
(Schanker, 1962; Solomon and Schanker, 1962). Both processes have the
characteristics of active transport in that transfer occurs agains a

concentration gradient, the mechanism is saturable, and competition
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between substances transferred by the common system occurs.

Some comparative studies on the biliary secretion of several
penicillins have been carried out by Harrison and Stewart (1961). of
those common to this study, there were marked differences in the con-
centrations appearing in the bile. O-Aminobenzyl penicillin appeared in
high concentration (1,385 pg/ml); the concentration of dimethoxyphenyl
penicillin was much lower (377 pg/ml). This ratio of approximately 7.2:1
is inversely related to the oleyl alcohol/water partition coefficients
of the two substances. These data might suggest that appreciable amounts
of more lipid-soluble penicillin, dimethoxyphenyl, were being reabsorbed
in passage down the bile duct. However, this seems unlikely‘since at
the pH of bile, 5.7 to 8.6 (Popper and Schaffner, 1957), very little of
the penicillin would be unionized. The inverse correspondence of the
two ratios is, therefore, probably fortuitous. A more.ready acceptance
of O-aminophenyl penicillin into a transport system would be a more
likely explanation. In fact, Harrison and Stewart have shown that a
marked specificity does exist. The I (+) isomer of O~aminobenzyl
penicillin appears in the bile at only one quarter the concentration of
its stereoisomer.

It seems quite likely, therefore, that differences in molecular
structure and properties of the two penicillins would result in differences
in rate of biliary secretion. Stewart and Harrison (1961) have shown
that one fifteenth of an oral dose of (X~aminobenzyl penicillin is
secreted by this route within a few hours. This represented a large
proportion of the amount actually absorbed from the gut. Hence, biliary
secretion with subsequent reabsorption could make an appreciable

contribution to the maintenance of penicillin concentration in the blood.
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The magnitude of its contribution would depend on the extent to which
the different substances participated in the active process.

There is no queétion that variations in the handling of drugs
by the kidney have a very marked effect on the stay of drugs in the
body. Indeed Brodie and Hogben (1957) have estimated that excluding
extrarenal factors, the half-life of a drug in the extracellular fluid
would be 70 minutes if excreted solely by glomerular filtration, 7
minutes if secreted by the tubules and limited by only renal blood flow,
and 7 days if the drug were reabsorbed by the tubules to the extent that
its concentration in the urine is no greater than in the plasma.
Penicillins are both filtered at the glomerulus and secreted by the
proximal tubule. Presumably, some degree of tubular reabsorption also
occurs (see Weinstein, 1965).

While glomerular filtration and tubular reabsorption of
organic electrolytes are passive, non-specific processes dependent on
degree of plasma protein-binding for the first process (see Beyer, 1950),
and lipid solubility of unionized substance for the second (see Brodie
and Hogben, 1957), tubular secretion is an active and much more specific
process. Different processes account for acids and bases but we shall
confine our discussion to the secretion of organic acids,

The structural requirements of organic acids undergoing active
secretion have been examined extensively, and it is now apparent that a
wide variety of compounds may be transported by this common mechanism.
Indeed, work on aliphatic acylglycines (Schachter, Manis and Taggart,
1955) and oxalic acid (Cattell, et al., 1962) which suggested that these

substances also undergo transport, would tend to show that neither
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aromatic nor heterocyclic ring structures are absolute prerequisites,
Other postulates that, for example, transported molecules must possess
both polar and non-polar ends, or that the presence of both an anionic
site and a carbonyl (or equivalent) group is a requirement, have not been
substantiated. To guote Weiner and Mudge (1964), "at present, for the
acid secretory system it is not possible to define a minimal structural
requirement other than the compound be an acid”. Even this criterion
may be inadequate since the secretion of creatinine in, for example, the
dog is inhibited by secreted organic acids (O'Connell, Romeo and Mudge,
1962). However, this particular picture is complicated since the secre-
tion of creatinine in the dog is influenced not only by organic acids but
also by organic bases and mercurials.

Nevertheless, a degree of structural specificity does exist.
In sdme series of substances the extent of participation can be correlated
with increase in molecular size, or size of alkyl substituent. The
introduction of hydrophilic groups can interfere with participation
(Essig and Taggart, 1960; Volle, et al., 1959; Green, et al., 1959; and
Despopoulos, Pendergrass and Stoechkinger, 1963). Moreover, what little
data are available suggest that a considerable degree of structural
specificity exists in the transport of penicililins. Valentine, Simon and
Rantz (1964) have shown that renal clearance of S5-methyl-3~phenyl-4-isoxa-~
zolyl penicillin is only 45 per cent that of benzyl penicillin despite
a low degree of binding to plasma protein and probably little tubular
reabsorption. The secretion of dimethoxyphenyl penicillin is inhibited
completely by concentrations of proﬁenecid which do not completely block
the secretion of (~aminophenyl penicillin (Acred, et al., 1961; Acred,

et al., 1962). However, no really comparative studies have been carried out.
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Despopoulos (1965) has suggested that transported substances
have a three-point contact with the 'receptor' which involve the two
oxygens of the carboxyl group in a reinforcedionic bond and one oxygen
of the carbonyl group in a supporting hydrogen bond. He described two
classes of 'substrates' corresponding spatially to either the folded or
the fully extended state of the 4-aminohippurate side-~chain. However, in
" this thesis which was based on data from a large number of compounds, he
did not consider how differences in physicochemical properties could
account for substances either fitting or not fitting the general theory.
Huang and Lin (1965) have shown that a strong correlation exists between
the partition coefficients of substances and the ability of those
substances to inhibit cdmpetitively the tubular transport of PAH in an
isolated kidney tubule preparation. While by no means conclusive these
data suggest a connection between this, and possibly other physicochemical
parameters, and the affinity of organic acids for the carrier.

The regulation of non-ionic diffusion by changes in pH along the
lumen of the tubule is also important. , Appreciable reabsorption of the
more acidic penicillins could occur only at quite low pH values. Extremes
of acidification occur only in the most distal regions of the tubular
system (Goltschalk, Lassiter, and Mylle, 1960) which, in the mammalian
kidney receive a meagre blood supply (Ullrich, Kramer and Boylan, 1961).
Therefore, low-pH~dependent diffusion of a substance out of the nephron
in this region may be limited.

The handling of phenoxymethyl penicillin by the kidney may,
therefore, be very different from that of phenoxybenzyl penicillin.

Differences in protein-binding would alter the proportion of unbound
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substance presented to the glomerular membrane, favouring the filtration
of phenoxymethyl penicillin. The specificity of the proximal tubular
secretory mechanism might favour the secretion of one or other of the
substances. We have no evidence on this point. Tubular reabsorption
would favour the passage back into the blood stream of the more lipid
soluble less ionized substance, hence promoting the reabsofption of
phenoxybenzyl rather than phenoxymethyl penicillin.

The net effect of differences in renal, and possibly biliary,
handling on the disposition of phenoxymethyl and phenoxybenzyl penicillins
becomes very apparent if the differences between the appropriate curves
in Figures 10 and 11 are expressed numerically. In Figure 12 we have
plotted the ratio of ‘anuric' to 'intact' penicillin concentrations
against time of sampling. A comparison of the slopes of the two lines
reveals that phenoxymethyl penicillin is eliminated from the body more
than three and a half times faster than phenoxybenzyl penicillin.

Our data are consistent with data obtained after the administra-
tion of the two penicillins to human volunteers (Rollo, Somers and Burley,
1962). These authors commented that the urinary excretion of phenoxybenzyl
penicillin followed a similar pattern to that of phenoxymethyl penicillin
but was rather slower. No attempt Was made, however, to compare the rate
of urinary excretion with the concentrations attained in the blood. These
data are summarized in Figures 13 and 14. It is obvious from comparison
of these figures that, indeed, the rate of urinary excretion is‘very much
less for phenoxybenzyl penicillin than for phenoxymethyl penicilliin. Our
expression of 'excretion rate' , Table 8, shows that during the first six
hours after administering the dose, phenoxymethyl penicillin is excreted

from two and a half to six times faster than phenoxybenzyl penicillin,



Figure 12. A graphical representation of the differences in rates of
elimination of phenoxymethyl and phenoxybenzyl penicillins
from the body.

Ordinate - ratio of 'anuric' to 'intact' mean blood con-
centrations of the penicillins (data frém Figures 10 & 1i).
Abscissa - time in hours.

(The lines were fitted by eye).
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Figure 13. Mean blood concentrations after the oral administration of
150 mg phenoxymethyl penicillin and phenoxybenzyl penicillin

to human volunteers (after Rollo, Somers and Burley, 1962).
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Figure 14. Urinary excretion of phenoxymethyl and phenoxybenzyl
penicillins after oral administration of 150 mg to

human volunteers (after Rollo, Somers and Burley,1962).
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Table 8. Excretion of phenoxymethyl and phenoxybenzyl penicillins as

function of blood concentrations. (Data from Figures 13 & 14).
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. . . t . 1 . . .
Penicillin Excretion Rate = (mg in urine over period
area* under conc/time
curve over same period)

O to 3 hours 3 to 6 hours
36.18 2.55
s 36.18 _ g 2.99 _
Phenoxymethyl penicillin 1.94 1 018 14
4 28.24 6.07
Phenoxybenzyl penicillin 9,16 = 3.1 1.10 = 5.5

(* expressed in arbitrary units as measured by planimetry from Figure 13).



- 87 -

Interpretation of these figures is complicéted by the fact
that active metabolites of phenoxybenzyl penicillin appeared 'in the
urine. The parent substance, however, accounted for over 80 per cent of
the activity.

So far we have compared and discussed differences in the
disposition of the penicillins during the latter part of the experimental
periods. Comparison of the rate of rise of the curves during the early
part of the experiments depicted in Figure 11 would suggest that phenoxy-
methyl penicillin is more rapidly and more completely absorbed than
phenoxybenzyl penicillin. If the pH at the absorbing surface of the
intestinal mucosa is 5.3, it might be expected that the reverse would
occur. Indeed when méasured at pH 5.3, the oleyl alcohol/water partition
coefficients would give to phenoxybenzyl penicillin a five-fold advantage.

These observations suggested to us that the passage of
penicillins, and probably other organic acids, may be dependent on some
mechanism other than simple diffusion of the unionized, lipid-soluble
molecule. This hypothesis is tempting because organic acid transport
systems occur in at least three sites in mammals, one in the kidney
tubule, a second involving biliary secretion, the third shifting organic
acids such as benzyl penicillin from the cerebrospinal fluid back into
the bloodstream (Dixon and Rall, 1964). In teleological terms, however,
it would seem undesirable to oppose mechanisms serving the removal of
particular substances, with a further mechanism promoting their entry.
Nevertheless, our data seemed interesting enough to explore this

possibility further.



7. MECHANISMS OF INTESTINAL ABSORPTION OF PENICILLINS
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Several separate mechanisms account for the active transport
of substances from the intestine iﬁto the blood. One transports mono-
saccharides (Hober, 1945), another L-amino acids (Wiseman, 1953), and a
third, pyrimidines (Schanker and Tocco, 1960). In addition, the mechanism
for the transport of L-amino acids has been subdivided into mechanisﬁs
specific for neutral amino acids, basic amino acids, and a group consist-
ing of L-proline, sarcosine, N,N-dimethylglycine, and betaine (Lin, Hagihira
and Wilson, 1962). Moreover Newey and Smyth (1963) have suggested that
there may be more than one carrier site for neutral amino acids with
Aifferent specificities. Other processes may facilitate the diffusion
of substances through the intestinal epithelium; for example 'solvent
drag' may accelerate the movement of urea and other solutes (Fisher, 1955).
Despite the presence of these several mechanisms nearly all drugs appear
to cross the boundary by simple diffusion of the lipid-soluble, unionized
molecule. In only one case, that of the foreign pyrimidines 5-fluorouracil
and 5-bromouracil, have drugs been shown to share a system with naturally
occuring substances (Schanker and Jeffrey, 1961).

In general, several criteria must be satisfied before active
transfer of a substance can be implicated. The transport mechanism
becomes saturated when the concentration of the substance transported is
increased sufficiently. The substance moves across the membrane against
a concentration gradient. The transport mechanism is inhibited non-
competitively by interference with cell metabolism, either by the use
of metabolic inhibitors or, by decreasing the temperature at which the
experiment is carried out. The process shows some degreé of chemical
specificity. If two substances are transported by the same mechanism,

one will inhibit competitively the transport of the other,
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(A) RATE OF PASSAGE OF PHENOXYMETHYL AND PHENOXYBENZYI, PENICILLINS

ACROSS RAT INTESTINE IN VITRO

The following experiments were carried out to determine whether
or not there was a saturable component in the mechanism of transfer of
the two penicillins from mucosal to serosal side of the rat small

intestine.
(i) Methods.

Adult rats, fasted for 24 hours, were killed by a blow on the
head, and a 20 cm length of upper small intestine removed with a minimum
of handling. Each end was tied to form a sac which was filled with 2 mi
of solutions of the penicillins in Krebs bicarbonate saline. No glucose
was added to the medium since Smyth and Taylor (1958) had shown that
its presence promoted the transfer of fluids across the intestinal wall,
and, associated with this, the transfer of short-chain fatty acids.

The sacs were placed in 50 ml erlenmeyer flasks containing 10 ml of the
same saline, and were shaken in a Dubnoff metabolic shaker, 90 oscillations
per minute, at 37°C in an atmosphere of 95 per cent oxygen - 5 per cent
carbon dioxide. Previously a bubble of the same gas mixture was added

to each sac.

Aliquots of 0.1 ml were removed from the suspending medium at
20, 40, 80 and 160 minutes after starting incubation, aﬁd their content
of penicillin assayed as previously described. The rate of abpearance
of penicillin on the serosal side was estimated by measuring the slope

of the line formed from a semi-log plot of concentration versus time.
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(ii) Results.

The results obtained are shown in Table 9. A graph of these
data is shown in Figure 15.

The shape of these curves suggests that two processes are
taking place. At the lower concentrations of both penicillins there is
a sharp increase in rate as the concentration is increased. As the
concentration is increased further, the increase-in rate falls off quite
markedly.

These results suggest that the penicillins may cross the
intestinal epithelium by a combination of two.processes: (1) A special-
ized transport system, evident at the lower concentrations, thch becomes
saturated when the concentration is increased sufficiently (2) A passive
process, probably simple diffusion, which is evident at the higher con-
centrations.

This evidence was sufficiently encouraging to warrant looking
for further evidence of a specialized transport mechanism. The next
series of experiments was carried out, therefore, to determine whether
or not transporﬁ of the two penicillins was effected against a concentra-

tion gradient.



Table 9. Rate of passage of penicillins through the wall of

isolated, uneverted, sacs of rat small intestine.

s
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Conc. in Mean Rate
lumen No. of (degrees of arc)
Peniciliin {ug/ml1) Preparations + S.D.
12.5 S 5.8 ¥ 1.7
25 10 19.8 * 3.5
Phenoxymethyl 50 8 26.8 T 6.2
100 9 40.8 T 5.2
200 5 47.4 T 3.8
12.5 11 8.36 £ 1.8
25 12 17.2 + 2.4
Phenoxybenzyl 50 10 22.6 + 3.7
100 11 32.4 + 2.8

200 13 . 42.6 = 2.7




Figure 15. Rate of passage of penicillins through the wall of isolated,

uneverted, sacs of rat small intestine. (Graphical rep-

resentation of data presented in Table 9.)
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(B) DISTRIBUTION OF PHENOXYMETHYIL, PENICILLIN BETWEEN MUCOSAL AND

SEROSAL SIDES OF SACS OF EVERTED RAT SMALL INTESTINE
(i) Methods.

For this series of experiments the technique of Wilson and
Wiseman (1954) was used. 20 cm Lengths of rat upper small intestine
were carefully everted before the ends were tied so that mucosa formed
the outside of the sac, serosa the inside. The sac was filled with
peniciliin solution and immersed in a solution of the same penicillin
at the same concentration. The object of using such everted sacs is
twofold. Eversion, with slight distension of the sac, stretches the
mucosa and improves its oxygenation. The small volume within the sac,
2 ml as against 10 ml on the mucosal side, causes transport of any solute
from the mucosal to the serosal side to produce a relatively 1arge.
increase in its concentration in the serosal fluid. This, of course,
facilitates the detection of transport against a concentration gradient.
Otherwise the preparation, shaking, temperature of incubation
and so on were identical with the previous series of experiments. After
30 minutes incubation, the sacs were removed from the flasks, rinsed with
saline and aliquots of the contents taken. At the same time aliquots
were taken from the suspending solution and the penicillin content of

all samples determined by bioassay as before.
(ii) Results.

The results are shown in Table 10.
These results show that at all concentrations tested the ratio

of serosal to mucosal final concentrations was less than unity. The



Table 10. Distribution of phenoxymethyl penicillin between mucosal and
serosal sides of everted sacs of rat small intestine incubated
at 37°C for 30 minutes. Each value is the arithmetical mean

+ standard error of a group of 6 experiments.
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Concentration of phenoxymethyl penicillin (ug/ml)

Initial mucosal Final mucosal Final serosal Ratio of serosal
and serosal solution solutions to mucosal final
solutions concentrations

0.2 0.19 + 0.03 0.18 + 0.02 0.95

0.8 0.78 + 0.09 0.62 + 0.12 0.80

3.2 3.07 + 0.19 2.65 + 0.15 0.86
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decrease in numerical value of the ratio from an initial value of unity
to less than unity, was due to a slight decrease in concentration on

the serosal side rather than an increase on the mucosal side. The dif-
ferences are, however, small and in the case of the two lower concentra-—
tions, statistically insignificant.

These data fitted neither our previous results nor our working
hypothesis, therefore an explanation had to be found. It was suspected
that, despite the care taken in everting the intestine, some damage to
the mucosa might have occurred. Therefore, in a dummy experiment,
sections were taken for histological examination from a piece of everted

intestine after 30 minutes incubation. Figure 16 is a photomicrograph

of a transverse section of one such preparation. Obviously the epithelium

had stripped off and dissolution of the mucosa had occurred until little
of the normal morphology remained. Only the musculature and a small
proportion of the mucosa remained intact. The rest of the tissue had
broken down.

This rapid disintegration of the metabolically active layers
of the intestine offered good reason why the experiments involving
evertion of the sac were unsuccessful. For this reason, subsequent
experiments were carried out using normal, non-everted sacs. Sections
taken from such preparations up to one hour after starting incubation

showed that the integrity of the various layers was well maintained.



Figure 16. Photomicrograph of a transverse section of rat small intesiine

after eversion and incubation in vitro at 37°C for 30 minutes.

»
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(C) DISTRIBUTION OF PHENOXYMETHYL AND PHENOXYBENZYL PENICILLINS
BETWEEN MUCOSAL AND SEROSAL SIDES OF SACS OF NONEVERTED RAT

SMALL INTESTINE
(i) Methods.

The preparation used was identical with that described in
the previous section except that the isolated lengths of intestine were
not everted before being tied off into a sac. Immediately after removal
from the animal, the intestinal segment was rinsed through with the
saline solution while immersed in the same saline solution at 37°C.
This was continued until the rinsings were clear. At the end of 30
minutes incubation, aliquots were taken from both mucosal and serosal

solutions, and assayed for penicillin content as before,
(ii) Resulzs.

The results obtained are shown in Table 11.

In every case a serosal:mucosal ratio of greater than unizy
was obtained after 30 minutes incubation. However, without exception,
the final concentration on the serosal side remained essentially
unchanged from the initial concentration. The increase in serosal imucosal
ratios over unity was caused by a decrease in the mucosal concentration.

In order to exclude the possibility that some energy-dependent
mechanism might have been responsible for the observed data, a series
of experiments were carried out at different temperatures. If active
transport was taking place, changes in %he metabolic rate of the tissue
corresponding to changes in temperature should be reflected in changes

in the final serosal:mucosal ratios.



Table 11.

Distribution of phenoxymethyl and phenoxybenzyl penicillins
between mucosal and serosal sides 6f noneverted sacs of rat
small intestine incubated at 37°C for 30 minutes. Each value
is the arithmetical mean i+ standard error of a group of six.

experiments.
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Concentration of penicillin (ug/ml)

Initial
Peniciilin mucosal Final mucosal Final serosal Ratio of serosal
& serosal solution solution to mucosal final
solutions concentration
0.05 0.03 1+ 0.01 0.06 + 0.01 2.0
0.2 0.13 + 0.03 0.23 + 0.05 1.77
Phenoxymethyl 0.8 0.59 1 0,12 0.86 £ 0.10 1.46
3.2 2.31 + 0.16 3.72 + 0.47 1.61
12.8 8.82 + 0.36 14.9 + 1.5 1.69
0.2 0.09 + 0.02 0.23 + 0.06 2.56
Phenoxybenzyl 0.8 0.52 + 0.10 0.88 + 0.08 1.69
3.2 2.42 ¢ 0.17 4.06 + 0.75 1.66
12.8 7.96 + 0.28 13.8 + 0.90 1.73




- 99 -

(D) DISTRIBUTION OF PHENOXYMETHYL PENICILLIN BETWEEN MUCOSAL AND
SEROSAL SIDES OF SACS OF NONEVERTED RAT SMALL INTESTINE AT

DIFFERENT TEMPERATURES

Since mechanisms of active transport have many of the
characteristics of enzyme reactions (see above - criteria for active
transport) it is obvious that a change in temperature of the systenm
would have quite a marked effect on the rate at which a substance is

transported. Hence, the temperature coefficient, Q would probably

10’
have a similar numerical value to that of many enzyme reactions (West
et al., 1966). Reduction in temperature of our experimental system by
10, 20 or more centigrade degrees should result in significant decreases

in the serosal:mucosal ratios if active transport were responsible for

at least part of the differences observed so far.

(i) Methods.

The preparation used was identical with that described in the
previous section except that different groups of experiments were

carried out at temperatures of 37, 23 and 10°C.

(ii) Results.

The résults obtained are shown in Table 12.

These data show that over a range of temperature of 27 centi-~
grade degrees there was no significant differences in serosal:mucosal
ratios. It is, therefore, unlikely that the passage of, at least, this
penicillin is dependent on any metabolic process occurring in the

intestinal epithelium.



Table 12.

Serosal:mucosal concentration ratios of phenoxymethyl

penicillin (3.2 pg/ml) after 30 minutes incubation in

vitro at various temperatures in noneverted sacs of

rat small intestine.
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Temperature of Serosal concentration .
. . - ratios
incubation Mucosal concentration
37°C 1.33%
23°C 1.32
10°C 1.31

* Each value is the arithmetical mean of
8 determinations.
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Our data so far have shown that the decrease in final mucoszi
concentration caused the imbalancenbetween final serosal and mucosal
concentrations. It seemed worthwhile, therefore, fo determine whether
or not there was any relation between the tendency of a penicillin to
bind to serum albumin and this imbalance. Two other penicillins were
chosen, therefore, so that the total of four represented a wide range
of binding to serum albumin. The two chosen were O~aminobenzyl
peniciliin (46 per cent bound) and dimethoxyphenyl penicillin (29 per

cent bound).
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(E) DETERMINATION OF FINAL SEROSAL :MUCOSAL CONCENTRATION RATIOS OF FOUR
PENICILLINS REPRESENTING DIFFERENT DEGREES OF BINDING TO SERUM

ALBUMIN

(1) Methods.
The preparation used was identical to that described in the
previous section. The sacs were incubated for 30 minutes at 37°C. Data

for the degree of protein binding to albumin have been presented previously

(Table 4).

(ii) Results.

The results obtained are shown in Table 13.

The increase over unity in all ratios was due to a decrease in
concentration on the mucosal side. The concentration on the serosal side
remainéd essentially constant.

These data show clearly that there is some relation between the
decrease in concentration on the mucosal side and the tendency of penicil-
lins to bind to serum albumin. Hence, the magnitude of the serosal :mucosal
concentration ratios appears to be dependent on an interaction between
the penicillin the lumen of the intestine and some component of the

mucosal epithelium.

Indeed preliminary investigation showed this to be thé case and

led to the following series of experiments.



Table 13.

Comparison of percentage binding to serum albumin of four
penicillins with the final serosal:mucosal concentration

ratios'attained after incubation in uneverted sacs of rat
small intestine. IKach penicillin was used at a concentra-

tion of 3.2 pg/ml in the intestinal sac experiments.
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s % binding to Serosal concentration .
Penicillin . - ratio
plasma albumin Mucosal concentration
Phenoxybenzyl 82 1.72 %
Phenoxymethyl 69 1.33
O—~Aminobenzyl 46 1.21
Dimethoxyphenyl 29 1.04

* Each value is the arithmetical mean of 8 determinations.
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(F) DETERMINATION OF BINDING OF PENICILLINS TO RAT INTESTINAI, MUCOSA

(1) Methods.

The penicillins used were those listed in Table 13. 20 cm
Lengths of upper small intestine from fasting rats were opened lengthwise
and carefully rinsed with sterile saline. The mucosa from each was scraped
off with a microécope slide and transferred to flasks containing the
penicillins dissolved in sterile Krebs bicarbonate saline. The contents
were briefly homogenized to disperse the mucosa and then incubated at
37°C in a shaking incubator. The concentration of each penicillin was
chosen for convenience of assay. As a result of preliminary experiments
it was found that consistent data could be obtained when in each flask
the mucosa from eight intestinal segments was suspended in a total volume
of 15 ml. After six hours incubation the contents of each flask were
centrifuged at 1,500 G for 30 minutes. Aliquots were removed from each

supernatant solution and assayed for penicillin content as before.

(ii) Results.
In the case of a—aminobenz§l penicillin no precise data could
be obtained because of the instability of the penicillih in this preparation.
The results obtained for the other three penicillins are'shown
in Table 14.
While these data have no absolute value due to the empirical
nature of the experiments, there is a direct relation between the‘degree
of binding to intestinal mucosa, the degree of binding to plésma albumin
and the decrease in concentration on the mucosal side of isolated intestinal

sacs. There is also a direct relation between the degree of mucosal binding



and the oleyl alcohol/water partition coefficients of the penicillins.

The mucoéal suspension may be regarded to some extent, therefore, aé a
non-miscible lipid-containing phase analogous to the non-polar solvent,
oleyl alcohol, used in our earlier experiments. In one aspect, therefore,
our work has come full circle.

Because of the unphysiological nature of the in vitro, intestinal
sac preparations described above, the presence of a system other than
simple diffusion which might account for the rapid passage of penicillins
across the intestinal epithelium could have been missed. For this reason
a series of experiments were carried out in Zixg.in‘which rat small

intestine was perfused with solutions of phenoxymethyl penicillin.



Table 14. The binding of three penicillins to rat intestinal
mucosa. (The data in parentheses to the right of

the table are from Table 13 and are included for

comparison).
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Penicillin (conc™ % binding to
in pg/ml) mucosa
%
Phenoxybenzyl (0.5) 30.9 i 2.9 (% protein binding, 82;
S/M ratio 1.72)
Phenoxymethyl (0.15) 16.9 £ 1.2 (% protein binding, 69;
S/M ratio 1.33)
Dimethoxyphenyl (3.0) 1.18 £ 1.03 (% protein binding, 29;
S/M ratio 1.04)

* Each value is the arithmetical mean
5 determinations.

I+

standard error of
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(G) THE ABSORPTION OF PHENOXYMETHYL PENICILLIN FROM THE PERFUSED SMALL

INTESTINE OF THE RAT IN VIVO

Investigations on the kinetics of absorption of substances
from the intestine have been carried out previously by perfusing a length
of gut in situ and measuring the proportion absorbed from various con-
centrations. Thus Jervis and Smyth (1955) demonstrated active transport
of amino acids from the lumen of the perfused intestine to the blood-
stream. Care must be exercised, however, in the interpretation of such
data because substances may be metabolized, or taken up and retained,
before passing through to the circulating blood. For example, glutamic
acid is transaminated during absorption, and appears in the blood largely
as alanine (Matthews and Wiseman, 1953; Neame and Wiseman, 1957); small
peptides enter the mucosal cells as such but are hydroly%ed and enter
the blood as amino acids (Newey and Smith, 1960); cyanocobalamin,
complexed to intrinsic factor, is transported to the bloodstream only
after a delay of several hours at, and within, the mucosa where it may
have arrived by pinocytosis (EEE Herbert, 1965). Direct measurements
‘of the rate of entry of suﬁstances into the venous drainage from a loop
of intestine may also be made.- Hence, Matthews and Smyth (1954) have
compared this rate for amino acids with their rate of disappearance
from the intestine.

Even without the elaboration of this last technique, the
demonstration of the presence or absence of a rate-limiting mechanism
is strongly suggestive of the presence or absence'éf some system other

than simple diffusion.
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(i) Methods.

Adult rats of either sex, weighing from 250 to 300 gm were
‘fasted overnight and anaesthetized with chloralose/urethane. The abdomen
was opened through a mid~line incision and the bile duct cannulated to
prevent recycling of absorbed penicillin. The intestine was tied Just
distal to the pylorus and a glass cannula inserted to permit introduction
of the perfusing solution. A second cannula was tied into the intestine
at the ileo-caecal junction. The outflow from this was collected for
analysis.

A Harvard infusion pump was used to pump the solution through
the intestine at a rate of 1.23 ml per minute. Just before entering the
intestine the solution was warmed to 37°C by circulation through a
thermostatically controlled heat exchangér. The potassium salt of
phenoxymethyl penicillin was dissolved in 0.85 per cent NaCl solution
containing 0.014 mMol/litre phenolvred. .This dye is not absorbed by the
intestine, so that estimation of its concentration in the outflow permitted
a correction to be made for any gain or loss of fluid.

The cannulated intestine was first flushed. through with 0.85 per
cent NaCl solution until the outflow appeared cléar. The saline so}ution
was then replaced by penicillin-phenol red-saline solution, and perfusion
continued for a further SOiminutes. At the end of this period, the out-
flow was collected for 4 ten-minute periods. These four samples, together
with an aliquot of the Qriginai'penicillin—solution, were adjusted to
pH 6.0 by the careful addition of 0.1 N HClL. The absorption due to‘the
phenol red in each sampie was measured at 435 mL by means of a ﬂnicam

. SP600 spectrophotometer. A correction factor could then be applied to
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tﬁe concentration of penicillin in each sample.

The penicillin content of original solution and samples were
determined by the pad-plate method described previously. The proportion
absorbed was then calculated by dividing the difference bhetween the
concentration of penicillin in the original perfusing solution and sample
(correctéd), by the concentration in the original solution, and expressed
as a percentage. The perfusing solutions contained phenoxymethyl

penicillin in concentrations of from 0.6 to 160 pg/ml.
(ii) Results.

The results obtained are shown in Table 15.

These results show two things. First, precision is not a
characteristic of this technique. Second, over the very wide range of
concentrations used, there was no significant decrease in the proportion
absorbed as the concentration was increased. It may be assumed, there-
fore, that for phenoxymethyl penicillin at least, and probably also for
its congeners, absorption from the small intestine is dependent solely

on passive diffusion.




Table 15. The proportions of phenoxymethyl penicillin zbsorbed
from solutions perfusing rat small intestine in vivo.
Each value is the arithmetical mean of a number of

observations + standard deviation.
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Concentration of penicillin in
perfusing solution (pg/ml)

Percentage
absorbed

160 17.4 + 3.7 (4)*

40 19.0 + 5.0 (9)

10 19.4 + 4.6 (9)

2.5 18.1 + 1.3 (5)

0.6 16.6 + 2.8 (5)
* Numbers in parentheses represent the number
of individual perfusions carried out in each

concentration.
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(H) DISCUSSION

Briefly our experiments have shown the following. Phenoxybenzyl
penicillin is absorbed from the rat intestine in vivo at a slower rate
than phenoxymethyl penicillin. In isolated intestinal sacs; the rate at
which both penicillins traverse the intestinal wall decreases with
increase in concentration of penicillin in the lumen. Both these observa-
tions point to the participation of some mechanism of transfer other
than simple diffusion of the unionized, lipid-soluble molecule. The
reasons are as follows. (a) Phenoxybenzyl penicillin has an oleyl
alcohol/water partition coefficieﬂt and an ionization constant which are
more advantageous for passage across the intestinal epithelium than the
equivalent properties of phenoxymethyl penicillin, and (b) if simple
diffusion only were involved, the rate of passage would havé shown a
uniform increase as the concentration in the lumen was increased in the
in vitro experiments.

Despite these indications, subsequent experiments both in vitro
and in vivo showed that transfer against a concentration gradient could
not be achieved, nor was there any evidence that the process could be
saturated. Indeed, in experiments where initial concentrations on both
mucosal and serosal sides of intestinal sacs were the same, the concentra-
tion on the mucosal side always decreased without any correspoﬁding
increase on the serosal side. Furthermore,‘the process was not temperature-
dependent.

Further investigation showed that decreases in mucosal cohcentra—
tions were related to the ability of particular penicillins to bind to

serum albumin. From this it is concluded that the passage of penicillins
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through the epithelium of the intestine may be impeded by interaction
with some component of the epithelium in a manner analagous to the
interaction between penicillin and albumin. Hence, since lipophilic
properties are important both in the readiness with thch substances

may traverse the intestinal epithelium, and are important in the readiness
with which substances may bind to serum albumin, it appears that the rate
of passage is the resultant of the two opposing functions! From this it
would appear that optimal rate of passage would depend on a nice balance
between too little lipid-solubility and too much.

This still leaves unexplained, however, the observation that
the rate of passage of penicillins in the in vitro preparation decreased
as the luminal concentration increased. At first sight such a change
might be ascribed to the participation of some specialized transport
mechanism at low concentrations, with subsequent saturation, and decrease
in rate, at high councentrations. No evidence was found, however, that
such a mechanism existed in our preparations.

The curves depicted in Figure 15 may be regarded in another
light. The lower part may représent normal passive diffusion. The
decrease in rate at higher concentrations must then represent participa-
tion of some inhibitory process. Such a concentration - dependent
change can be explained by an alteration in the physical state of the
penicillin in solution. If the alteration resulted in a decrease in
lipid solubility, increase in concentration would cause a decrease in the
ability of the penicillin to cross from one side of the intestine to
the other. The result would be an apparent decrgasé inbthe permeability

of the tissue.
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The ability of certain substances to form micelles in agueous
solution is such a concentration-dependent change. In this respect we
may regard some of the penicillins as modified fatty acids with a strongly
polar group at one end of the molecule attached to the physicochemical
equivalent of a lipophilic fatty acid chain.

All fatty acids with chain lengths greater than seven carbon
atoms show evidence of colloidal aggregation (micelle formation) above
certain concentrations. As the chain length is increased above seven,
the tendency to micelle formation increases and becomes evident at

progressively lower concentrations. Various forms of micelles have been

postulated, for example the 'laminar' micelle of McBain and the 'spherical'

micelle of Hartley, (see, Paﬁkhurst, 1953). All, however, envisége a-
central core of lipophilic groups surrounded on the outside by a layer
of hydrophilic groups.

The concentration at which micelles start to form, the critical
micelle concentration, differs for each substance, and, in general,
decreéses as the hydrocarbon chain increases. The addition of neutral
ﬁon—colloidal elecfrélytes further reduces the critical micelle concentra-
tion of individual substances.b For example, the addition of 0.032 M
sodium chioride to cetyl pyridinium bromide solution has been shown to
reduce its critical micelle concentration from about 0.0009 M to about
0.0001 M. The latter concentration is close to the concentrations shown
on Figure 15 where a chénge in slope of the curve occurred (0.C001 M

phenoxymethyl penicillin = 35 pg/ml, and 0.0001 M phenoxybenzyl penicillin

43 pg/ml.)
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We may envisage, therefore, an increasing proportion of
micelles being formed once the concentration passed the critical micelle
concentration. Such micelles would not pass readily into, and through,
the intestinal epithelium because of their polar nature. The net result
would be an increasing degree of inhibition to passage and a slowing in
the rate of appearance of penicillin on the serosal side of the intestinal
sac.

In our in vivo experiments the same conditions did not pertain.
The rapid removal and distribution of absorbed penicillin by the blood
resulted in the maintenance of a large concentration gradient between
mucosal and serosal sides. Any differences in degree of absorption
would therefore be small and obscured in the large spread about each

mean inherent in the technique.



8. SUMMARY AND CONCLUSIONS
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Our study has shown that variation in the structure of the
side-chain of penicillins is associated with changes in the physico-
chemical properties of the substances. Most of the penicillins studied
possess ionization constants that would class them as fairly strong
organic acids, however, two members of the group are much less strongly
acidic., The decrease in acid strength is associated with an increase
in ‘bulkiness' of the side-chain. Assuming that electronic and |
structural configurations are unlikely to influence directly the
ionization of the relatively remote carboxyl group, it is proposed that
dimerization accounts for the change in this property.

Gross differences were observed in oleyl alcohol/water
partition coefficients for the series of substances. Some of the
penicillins passed readily into the non-polar phase. Others possess
much stronger polar characteristics. These differences are associated
with the presence or absence of lipophilic substituents on the Q-carbon
atom of the side-chain. The use of oleyl aclohol in obtaining these
- data is noteworthy; the penicillins were all.relatively insoluble in
non-polar solvents of lower molecular weight. Partitiqn coefficients
determined in the oleyl alcohol/water system at a pH of 5.3, the pH
at the absorbing surface of intestinal epithelium, were nearly all
greater than unity. This property is consistent with the ready
absorption of such penicillins from the gastrointestinal tractf-Those
shown to be much more polar, are very much less readily absorbed from
the gastrointestinal tract.

Great variation was shown to occur in the extent to which the

various penicillins were bound to serum albumin. The 'bulky' penicillins
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were bound to the greatest extent. Although ionic binding has been
thought to play little or no part in the binding of penicillins to
albumin, we suggest that in these latter cases, other binding
components may be supplemented by re-inforced ionic bonds formed between
the carboxyl groups of the penicillins and the €—amino groups of
lysine. There is some evidence for the participation of van der Waals
forces in the binding of lower molecular weight penicillins, but, in the
main; binding to albumin is directly associated with bartition coefficients.
Therefore, our data confirm previous observations that hydrophobic |
bonding is a major component in the binding of most penicillins. Inv
the case of one amphoteric penicillin this relationship does not hold.
The presence of complementary ionized sites on the protein surface may
explain its aberrant behaviour.

In selecting penicillins for further study, one of the group
was found to undergo extensive biotransformation in the body. = The
resultant substance was quite different from its parent in that resistance
"to B-lactamase was lost. Activity against normally penicillin-sensitive
strains of organisms‘was retained.

Experimenls in vivo and in vitro with two selected penicillins
showed that persistence in the body could, to some extent, be related
to the physicochemical properties of the substances. It seems probable
that, in terms of active transport, differences invbcth biliary and
renal tubular secretion play an important part in the maintenance of
concentrations of the penicillins in the blood. In terms of passive
behaviour in the kidney, differenceé in physicochemical properties are

such as to markedly affect glomerular filtration and tubular reabsorption.
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The more highly protein bound of the two penicillins studied is also
the more 1lipid soluble and the less acidic. The association between
these parameters has been alluded to above.

The rate and degree of absorption of the two penicillins from
the intestine were not in accord with what might have been predicted
from their physical chemistry. Our data show that absorption may be
delayed by an interaction between the penicillin and some component of
the intestinal epithelium. There is some relation between this inter-
actioﬁ and the degree of binding to albumin. Because of the associétion
of 1lipid solubility with protein binding on the one hand, and readiness
to penetrate lipid-like membranes on the other, we propose that optimal
absorption from the gastrointestinalltract depends on a nice balance
between too much 1lipid solubility and too little.

Some data obtained from in vitro experiments on absorption
from intestinal sacs could be interpreted as showiﬁg the presence of
some system other than passive diffusion. This interpretation could not
"be supported by further work. Our observations are consistent with the
formation of micelles at low concentration. The relatively polar ﬁature
of these micelles would tend to reduce the ability of the parent

substance to penetrate lipid-like membranes.
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