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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.
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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.



- 75 -

SH

NOH

x—TAZNIGAXONIH

e—TAHLIWAXONIHI

—XX—

F—x< - —

©
qu/8dy ONOOD

o)

¢l



_76_

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).
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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
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(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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