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van der Waals bonding pì-ays an appreciable part in the overal-l forces

holding these penicitLins to the albumin moLecule.

There is, however, a marked increase in the degree of bincìing

of phenoxypropyl peniciì,lin when compared with its nearest neighbour,

phenoxyethyl peniciLlin. This marked increase, insteaci of a dccrease

expectecì on the above basls, is most probabì-y associated with rhe hrsh

value observed for the oteyl 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 night be expected to occur because of ihe

strongiy non-po).ar nature of the mol-ecul-e and the al-L-surroundì-ng

presence of the strongly polar water molecul-es.

Previousìy to the recent, more definitive, work by Fischer. anc

Jarditsky (1965), hydrophorric bonding had been proposed as beiirg

responsrole for the binding of several types of substances to seruriì

al-bumin (see Goldstein, 1949). The interaction of the lower fatty ¿c:.ds

(c2-cro), for exampì-e, is clearly favored by increasing length of the

hydrophobic chain. It has been proposed that peniciì-lin interactions

arlow 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. rn the earì.y penJ-cilrins, penlciì_lin K with

the ì.ongest aliphatic chain (n-heptyl) shows the greatest affinity,

followed, in turn, by dihydro-F (n-amyì.), G (Benzyì.), 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 towareis tho polar phrìBe, Reeent tliormoelynamle data on the ¡inding

of a sul-fonamide to albumin showed that changes in standard free energy
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and eniropy occurred which were consistent rvith the active involvement

of van der waals or hydrophobic binding forces (crausen, l_966).

The strongì-y non-pol-ar nature of the side chains of phenoxy-

benzyì , phenylthiodiphenyì , 3,4-clichLoro-.cx-methoxybenzyì- , and 5-methyl-3-

(2-chlorophenyl)-4-isoxazol-yl- penicillins probably accounts for their

high arfinity to al-bumin. This, together with the postulated occurrence

of re-inforced ionic bonds between the first two named and the ( -amino

groups of albumin lysine, would be consistent with the fact that they are,

of aLl, the most highly bounct penicill-ins.

Dimethoxyphenyl peniciì.lin is little bound. This i-s probably

a function of steric hindrance to close approximation of molecuLe and

surface, and of its rel-atively Low lipi<i sol-ubil-ity in comparison to

other, more highly bound, penicillins. cl-Aminophenyì- penicj-llin is

aberrant in that, while it is appreciabry bound, it is onì-y very slightìy

ripid soruble. The insertion of the amÍno group woul-d be expected to

have an additional, stericalry hindering, effect. since the substance

Ís amphoteric, a possibÌe explanation might invol-ve ionic bonding

between the two ionized sites and compl-ementary sites on the surface of

the protein. We have no data to support such an explanatÍon.

5-Methyl-3-phenyì_-4-j-soxazoì_yl_ penicill_in is compl_eteIy

aberrant. It is highì-y bound to aLbumin, yet it is not highl-y lipid

soruble, ì,ts spatial structure does not suggest any undue pecutiarity

that might suit Ít for a close fit to the protein surface, and it is

neither more nor less strongì"y acidic than the maJority of its congeners.

Sbviously, a more extended study is required to elucidate the'nature of

the binding of these last two substances to albumin.
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our data arso show that, as might be expected, the degree of

protein binding decreases as the concentration of al-bumin is decreased.

Phenyltltiodiphenyl penì-citl-in is, of aIì- the penicil-1ins, the most highly

bound. Even a fourfoLd decrease in albumin concentration results in

on)-y 12 per cent remaining unbound. only when the concentration is

reduced a further fourfol-d does the degree of binding become small-.

Our data were not corrected for Donnan distribution nor for

the space occupied by aì.bumin since, at any one albumin concentration,

these factors would have been identical. Correction of our data woul-d

invol-ve muì-tiplying the concentrations in Table 4 by a factor of 1.036,

and mul-tiplying the concentration on the numerator of the equation by

a factor of o.9 (Mclean and Hastings, 1-935; Keen, 1965). sÍnce r,{/e were

interested j,n comparative values for binding rather than absoiute 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 stucly the physio).ogicaJ- dì-sposition of at

Least some of the penicilLins and attempt a correìation with their

physicochemical properties, it was obvious that a selection had to be

made from those in which the properties differed appreciably. The choice

was restri-cted to the phenoxy-penicil-l-ins as members of a homo)_ogous

series. The physicochemical properties of these five peniciì.1ins are

surrunarized in Table 6.

Because of differences in ionization constants it is obvious

that one or other of the fÍrst three shoul-d be matched agai.nst one or

other of the Last two. rt is also obvious that of the first three.

phenoxymethyì. peniciLlin shoul"d be chosen because it has the l"owest ol-evl_

alcohol/water partition coefficient. It is also appreciably Less bound

to al-bumin than are the last two. Phenoxymethyl, phenoxybenzy)- and

phenylthiodiphenyl peniciì.tins were sel-ected, therefore, for further

study. frel-irninary experiments, however, showed that pheny)"thiodiphenyl

penici)-li.n was extensively metaboLized in the body. rt was, therefore,

rejected from the group.

HistoricaLì.y, knowledge of biotransformation of drugs dates

to the earì-y days of chemotherapy. EhrLich (l-9O9) had postuLated that

the trypanocidal- activity of atoxyl in vivo was due to reduction of

arsenic to the trival-ent form, despite this, he did not real-ize t]r¡at

arsenobenzene derivatives as such have littLe antimicrobial activitv

(Ehrlich and Bertheim, 1912). It was not until Voegt.lin, Dyer and

Leonard showed in 1923 that there was a l-atent period of several hours

after the administration of salvarsan before the parasites disappeared,



'I'aD.te fr. The ph¡rsrcoúherûicai prope:'-iie; cf

f ive ciosuìy re-a;eci pen,c-Ii,--,-,
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PeniciLlin -COOH pK" Oleyl alcohoL,/water % bound to
partition coefficient serum al-bumrn

Phenoxymethyl 2.8g

Phenoxyethyì. 2.78

69

tt)

48

Phenoxypropyl_

Phenoxybenzyl

2.Aa

5 .4I

8t

> 800

> 800

> 800

72

82

LooPhenylthÍodiphenyt 5. L5
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while the trival-ent form was immediateì.y trypanocidal-, that it became

cl-ear that the parent compound had littl-e activity. voegt)_in and his
co-workers concLuded that organic arsenicals are immediately toxic onl_y

in the arsenoxide form. During the considerabl-e latent period before

deveropment of trypanocidar activity, atoxyl- and arsphenamine are

srowly converted in the tissues of the host to the trivalent form.

OH

R-As = O-+ R-As = O+R-As = As-R
\oH

More than twenty years e).apsed, however, before careful- analyticaL work

showed that a trival.ent arsenical was present in the urine of animaLs

treated with a pentavaì-ent compound (crawford and Levvy, Lg47). sub-

sequentLy, several exampì-es have come to light of pharmacoì-ogicaÌì.y

effective substances being produced from apparentì-y ineffective parents

by biotransformation (see Harper, 1959 a l.962). perhaps the best known

is the hydroì-ysis of prontosiL to the bacteriostatic agent sul-faniLamide.

Shortly after it had been shown that prontosil- coul-d be used

effectively in the treatment of certain bacterial- infections (Foersrer,

1933; Domagk, 1935), Tréfouêl and co-workers (1935) suggested that it was

spì.it in the host tissues at the azolinkage to yield p_aminobenzene_

sulfonamide, the active principle. The basis for this suggestion was

that diazotized benzenesurfonamide derivates, quite different .from

prontosil-, stil-L possessed antibacterial properties, but derivatives in

which p-aminobenzenesulfonamide was repl-aced by other groups were inactive.

TVo years later, FuÌì.er (1932) confirmed the earlier suggestion that the

drug was spl-it in the host to the active compound.
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Although there are numerous examples of biotransformation

converting an inactive or only sl.ightì.y active substance into a poteni

derivative, a greater proportion of drugs are transformed into inactive

or less active compounds. The reason is not hard to find. The mechanisms

of bj-otransformation (detoxification) most probably were evolutionary

developments to assist the organism to rid itsel-f of harmful substances

inJested with food. Such substances would of necessity be ìipid-sol-ubì.e,

otherwise littl-e or none woul-d have passed across the gastrointestinal

epithelium. In order to get rid of these rapidly through the excreiory

system and prevent their penetration into cell-s, conversion to more po1ar

substances would be reouired.

The first observation that penicill-ins are subject to biorrans-

formation was made by Rowlands, Rowì-ey and Stewart in 1948. In treated
eÃ

cats, ""S-labe1led benzyl- peni-cil-lin was whol-ly excreted in the urine but

only about half as the parent materj-al. It appeared that the thiazolidine

ring was quite stable since most of the metabol-ized material- appearing

as penicill-oic acid. A smal-l amount of phenaceturic acid was also formed

indicating that penicill-oic acid is further split at its peptide ì-inkage

(Figure 7) (Walkenstein, Chumal<ow and Seifter, L954). Neither penicil"ì-oic

acÍd nor phenaceturic acid have antibacterial properties at low concentra-

tions.

Penicillins may al-so undergo change into substances which

retain antÍbacterial- actj-vity, and, in fact, with the exception of

dimethoxyphenyl and Cl-aminophenyl peniciì-1ins, this appears to be a

fairly general property of peniciLlins when passed through man. Littte

is known, however, of the structurat changes invol_ved, 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-dichÌoro-c-methoxybenzyr penicil-rin was

excreted in the urine partly in the form of an active metabol_ite. rn

the case of phenoxSnnethyl penicill-in some ro to 15 per cent of the

penicillin in the urine was found to be 1n the form of the p-hydroxy

derivative. Phenoxybenzyr penici.lLin has been reported to give rise

to active metabolites (Ro1lo, somers and Burley, Ì962), and this has also

been shown for some isoxazolyl peniciLlins (Nayler, et al. , l-962).

Rolinson and Batchelor (1963) confirmed and extended this work when thev

showed that phenox¡rmethyl, phenoxyethyl, phenoxypropyì-, phenoxybenzyl-,

3 , 4-dichì-oro-C)-methoxybenzyl_ , 5-methyl-3-phenyl--4-i soxazolyl , and

5-methyl-3-(2-chrorophenyì-)-4-isoxazoì-yl- peniciì.tins al-l appeared as

both parent substance and antibacterial metabolites in the urine of

treated human volunteers. Dimethoxyphenyl and d-aminophenyl- penicil-lins

did not seem to be converted to active metabol"ites.

Before going on to examine the physiol-ogical 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 sorutions of each

of the three penicillins, after overnight fasting. Each animaL was

given a dose equivalent to 1OO mg/kg. One to one and a half hours

Iater, the animals were killed by a blow on the head, and sampì.es of

blood were obtained by heart puncture. At the same time, the bladder

was washed out with O.5 ml of O.85 per cent sodium chloride solution.
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Each sample was brought to pH 2.O with phosphoric acid and shaken weil:

with a small volume of butyl acetate.

Ali.quots of the butyì- acetate extracts were spotted on to

strips of Whatman No. I chromatography paper previously impregnated

with phosphate buffer at pH 6.2 and dried. After humidification for

l5 minutes, the strips were equiì-ibrated in a chromatography tank

containing a layer of water-saturated ether for i hour, and then devel-oped

at laboratory temperature fot 2 I/2 to 3 hours.

The chromatographic method is essential-ì.y that described by

Karnovsky and Johnson (1949). SoLutions of the penicillins prepared in

water, blood and urine at a concentration of 411,g/m1 rvere treated in an

identical- manner and served as standards for comparison.

After drying, the strips were l_aid carefully on the surface

of a nutrient agar suspension of S. l-utea, prepared in the same way as

described previously. The plates used were similar to the assay plaies

described, but constructed with l-8tt x l-8" sj-des. Bach pì-ate contained

a uniform layer of inoculated agar about I mm thick. The strips were

left rn 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 37oC, the clear zones in the agar indicated

positions of the peni-ci11-ins on the original chromatographlc strip"

(ii) Results.

The results obtained from such bioautographs are shown on

Table 7.

These show that, in the rat, phenox¡rmethyl and phenoxybenzyl



Tabre 7. Rf values of three penicirllns and a metabolite.
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Penici I 1 in Sample Rf Va1ues

Phenoxymethyl

PhenoxybenzyL

Phenylthiodiphenyì.

Standard
Blood) from
Urine) treated

rats

Standard
Blood) from
Urine) treated

rats

Standard
Blood) from
Urine) treated.

rats

(+ impurity at O.72)

o.56
o.56
o.56

o.79
o.79
o.79

u.ö/
o.76
o.76



-66-

penicilLins undergo no, or an undetectable, change into other antibac-

terj-al- substances. Undoubted)-y the corresponding penicill-oj,c acids are

formed but the rate of hydrolysis is probabì.y similar for each penicillin.

Phenylthiodi.phenyl- penicilì. j-n, however, underwent extensive

biotransformation. Chromatographic separation showecl that none of, the

originaì- material- remained. A large proportion appeared in both blood

and urine as another antibacterial" substance. These data were of

particuì.ar interest since this penicillin was known to be insensitive

to p-Iactamase and yet provided no protection when administered. to groups

of mice infected with a p-lactamase-producing strain of staphylocci

(RolIo and Somers, unpubl-ished).

Bioautographs were prepared as before but with two different

strai-ns of Staphylococcus aureus as the indicator organj-sm. One strain

was a penicilì.in-sensitive strain, the other a strain producing the

enzlrme p-lactamase and hence penicillin-resistant. A tracing of these

bioautographs is shown in Figure 8,

These tracings show that phenylthiodiphenyl peniciÌIin was

transformed into another antibacterial suþstance which, while retaining

activity against normally sensitive strains of organisms (S. lutea and

s. aureus), had lost completely its resistance to staphy)-ococcal

p-lactamase.



Figure 8. Tracings from bioautographs of phenylthiodiphenyì-

peniciltin (standard) and of a butyl acetate extract

of urine from rats treated wi-th the same penicil-l-in.

Left: indicator organism, penicilì-in-sensj.tive S.aureus.

Right : i-ndicator organism, Ê-lactamase-producing S. aureus.
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( B) DISCT]SS rON

Other workers have noted that commerciaJ-ì-y produced phenoxy-

methyl penicillin often contains traces of a chromatographicalì-y slower

moving penicillin which is probably the p-hydroxy derivative (Stephens

and Gralnger, 1955). It is unlikely that our sample contained this

impurity, since, being less Iipid soluble, i-t wouJ.d 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 sma1l proportions or not at al-l-.

WhiIe both phenox¡rmethyl and phenoxybenzyl penicillins have

been reported to undergo biotransformation into other antibacterial

substances in the human, our data indicate that, in rats, no such

metabol-ic 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 specifj.city both as to type and rate of bio-

transformation is well recognized (Will-iams, 1959). Phenylthiodiphenyl

penicillin, however, was completely transformed and could not be

considered for experiments in vivo. Phenox¡rmethyl and phenoxybenzyl

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



6. P¡ryS IOLOGICAL DISPOSITION OF

PENICILLINS AI'TM ABSORPTION

PHBNOXYMETHIrL AND PHENOXYBENZYL

FROM THE GAS]ROINTESTINAL TRACT
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It is well known that the resul-tant concentration of a drug

i-n 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 pì-asma may be decreased by binding to plasma

proteins, binding to tissue components, secretion in the biì.e, biotrans-

formation into more polar substances, and filtration, and possibLy active

secretion, i-n the kidney. On the other hand effective concentrations

may be augmented by reLease of material- bound reversibly to plasma

protein and tissues, reabsorption of material secreted in the biLe, and

reabsorption from the tubular epithelium of the kidney. These factors

and thej-r inter-relati-onship are sunmarized 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. Previousl-y, we have described how some physicochemi_cal

properties relate to gastrointestinaL absorption and binding to serum

albumin. Now l-et us examine i-n some detail- the behaviour of the two

selected penicillins i-n the body. Previous data on their behaviour in

human volunteers have been reported by Rollo, Somers, and Burley (]-962)

and Bond, et al., (L963).



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

(i) Methods.

Young adult rats of ej-ther sex, weighing fro¡n 25O to 3OO grn

were segregated in wire bottom cages to prevent coprophagy, and fasted

for 24 hours. Water ',vas avaiLable ad libitum. Aqueous solutions of the

potassium salts of either phenox¡rmethyl or phenoxybenzyl peniciì-)-ins,

prepared freshì-y 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 ng/kC (O.25 mL/25O gm body weÍght).

Tail blood samples were taken àt I/2, I,2 and 4 hours after administering

the dose and heparinized. The total penlcillin content of each sample

was determined by bio-assay as described above. Standards were made by

serialÌy diì-uting solutions of the appropriate penicilLin in heparinized

rabbit blood.

( ii ) Results.

The results obtained are shown Ín Figure lO.

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 phenoxSrmethyl penicillin.

Two points are notable however. The peak concentration for phenoxybenzyl

penicil-lin was reached appreciabì-y ì-ater than that for phenoxymethyl

penicil-lin, and a much higher concentratj-on of phenoxybenzyl penlcillin

was maintained for the last three hours of the experj-mental- period.

At each of the four sampling times the differences between mean values

were significant at the< O.Ot level as determined by Studentrs t test.



Figure IO. Concentrations of phenoxymethyl and phenoxybenzyì_

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 signj-fy j standard error.

Ordinate - concentration of penicilLin (¡rglm1) 
"

Abscissa - time in hours.
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There seems litt1e doubt, therefore, that differences rn the

properties of the two substances have resuÌted in changes in the int,er-

play of those factors upon which physiologicar disposition depends. rn

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 preoperativel-y as described in
the previous section. The animals were f-ightl-y anaesthetized with ether.

The abdomen was opened through a mid-line incision. The sma1I intestine

was ligated so as to form a sac which extended from the pyì-orus to 20 cm

aì.ong its length. Both renal pedicles and the bil-e duct were ì-igated.

Aqueous solutions of the potassium sarts of phenoxynethyl and phenoxy-

benzyl peniciì"lins were introduced into the sac near the pylorus by means

of a fine gauge needÌe. The dose used was 50 mdkg, and the concentra-

tion was such that o. I mr was given for each ì_oo gm body weight. Tail-

blood samples were taken at I/2, lr 2 ar'd 4 hours after the start of

the experiment and heparinized. The assay procedure was identical_ with

fhat described in the previous section.

(ii) Resul-ts.

The results obtained are shown in Figure Il.

At each of the first three sampling times the differences

between mean val-ues were significant at the ( O.Ol l-evel- as determined

by Studentrs t test.

In this series the marked differences between the blood tevel_s

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 rnay be due to redistribution to tissues and,/or to bio-

transformation to inactive metabolites. The tevelling out of the curve



Figure 11. Concentrations of phenox¡rmethyl and phenoxybenzyl

peniciì-lins in the blood of 'anuric' rats after

intraduodenaL administration of 50 ng/kg. Each

indicated point is the arithmetical mean value

from a group of ten animals. The vertical lines
+signify - standard error

Ordinate - concentration of peniciÌfin (¡rglml).

Abscissa - time in hours.
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for phenoxymethyl penicillin woul-d, however, tend to counter this l"atter

expì-anation.

Of partieular interest are the first parts of both curves.

Until peak concentrati.ons are attained, the rate of rise of the curve

for phenox¡rmethyì- penicillin is appreciably greater than that for phenoxy-

benzyl penicillin. The peak concentration for phenox5rmethyl penicillin

is also much greater than that for phenoxybenzyl penicillin. These

facts would suggest that phenoxymethyl penicillin is absorbed rnore rapidLy

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

comparison of Figures l-o and 1l- shows that after 2 hours.

when presumably virtuarì.y arl- intestinaL absorption had ceased,

differences in bLood concentrations of the two penicillins were much

less in the 'anuric' animals than in the intact animats. The data al-so

show that differences in the time required to attain peak concentrations

were appreciably greater in the second series of experiments.

rn interpretJ-ng these resurts we must make the forì-owing

assumptions; despite changes j-n concentration, the equilÍbrium between

tissue depots and unbound penicillin in the bl"ood did not change, and,

the rate of biotransformation into inactive metabol-ites 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 prayed by biì_iary secretion and

renal excretion. Biliary secretion with subsequent reabsorption woul_d

tend to maintain the bLood concentration. Decrease in proximal tubular

transport in the kidney and/or increase in tubular reabsorption woul-d

also tend to maintain the blood concentration.

Secretion of substances from bLood to bil-e has many sj.milarities

to the secretion of substances by the proximaL tubuLe of the kidney.

There appear to be two separate processes; the one conserned with the

transfer of organic acids such as phenol red, bromsulphal-ein and

penicillins (see Sperber, 1959), the other concerned with organic bases

(schanker, 1962; solomon and schanker, Lg62). Both processes have the

characteristics of active transport in that transfer occurs agains a

concentration gradient, the mechanism is saturable, and competition



-78-

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 conmon to this study, there were marked differences in the con-

centrations appearing in the biIe, CY-Aminobenzyl penicillin appeared in

high concentration (t,3gS ¡tg/nl); the concentration of dimethoxyphenyt

penicil. lin was much Ìower (377 ¡¡g'/nl-). This ratio of approximateì-y Z.2zL

is inverseLy reì-ated to the oleyì. alcohol,/water partition coefficients

of the two substances. These data might suggest that appreciable amounts

of more lipid-solubì-e peniciÌl"in, dimethoxyphenyl-, were being reabsorbed

in passage down the bile duct. However, this seems unlikery since at

the pH of biLe, 5.7 to 8.6 (Popper and Schaffner, l-gST), very littl_e of

the peni.cillin would be unionized. The inverse correspondence of the

two ratios is, therefore, probably fortuitous. A more. ready acceprance

of d-aminophenyl penicilì-in into a transport system would be a more

ì-1kely explanation. rn fact, Harrison and stewart have shown that a

marked specificity does exlst. The L (+) isomer of cy-aminobenzvt

peniciì.Iin appears in the bile at onl-y one quarter the concentration of

its stereoisomer.

It seems quite ì-ikely, therefore, that differences in molecular

structure and properties of the two penicillins would result in differences

in rate of biliary secretion. Stewart and Harrison (196l_) have shown

that one fifteenth of an oral dose of cl-aminobenzyl- penicilLin is

secreted by this route within a few hours. This represented a rarge

proportion of the amount actually absorbed from the gut. Hence, biliary

secretion with subsequent reabsorption could make an appreciable

contribution to the maintenance of penicillln concentration in the bl-ood.
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The magnitude of its contribution would depend on the extent to which

the different substances participated in the acti-ve process.

There is no question that varj.ations 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 (fgSZ) have estimated that exel-uding

extrarenal factors, the half-Iife of a drug in the extracellular f1uid

would be 70 minutes if excreted solery by gì_omerular firtration, T

minutes if secreted by the tubuLes and Limited by onì-y renal blood fì-ow,

and 7 ciays if the drug were reabsorbed by the tubules to the extent that

its concentration in the urine is no greater than in the pl_asma.

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 glomeruÌar filtration and tubular reabsorption of

organic electrolytes are passive, non-specific processes ciependent on

degree of pì.asma protei_n-binding for the first process (see Beyer, lgSO),

and lipid solubiLity of unionized substance for the second (see Brodie

and Hogben, L957), tubular secretion is an active and much more specific

process. Different processes account for acids and bases but we shal1

confine our discussion to the secretíon 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.

rndeed, work on ariphatic acylgì-ycines (schachter, Manis and Taggart,

l9õ5) and oxal-ic aeid (catterl-, et ar., 1962) which suggested that these

substances arso undergo transport, wourd tend to show that neither
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aromatic nor heterocycl-Ìc ring structures are absol-ute prerequisites,

Other postulates that, for example, transported molecules must possess

both polar and non-polar ends, or that the presence of both an aniouj-c

site and a carbonyl (or equivalent) group is a requirement, have not been

sul¡stantÍatecl . To quot,e Weiner and lfudge (]-964), "rt present, for the

acid secretory system it is not possibl,e to define a minimaL structural

requirement other.than the compound be an acid". Even this criterÍon

may be inadequate sÍnce the secretion of creatinine in, for exampì-e, the

dog is inhibited by secreted organic acids (O'ConnelI, 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

aì-so by organic bases and mercurials.

NevertheÌess, a degree of structural specificj-ty does exist.

In some series of substances the extent of participation can be correlated

with increase in molecuLar size, or size of aì_kyr substituent. The

introduction of hydrophiì-ic groups can interfere with participation

(Essig and Taggart, ì-960; Votl_e, et al-., IgSg; Green, et al-., l_g5g; and

Despopouì.os, Pendergrass and Stoechkinger, l-963). Moreover, what l-ittle

data are availabLe suggest that a considerable degree of structural

specificÍty exists in the transport of penici-L1ins. Valentine, Simon and

Rantz (1964) have shown that renal clearance of 5-methyL-3-phenyì.-4-isoxa-

zoì-yl peni-ciì-lin is only 45 per cent that of benzyì penicillin despite

a Ìow degree of binding to plasma protein and probabì-y little tubuLar

reabsorption. The secretion of dimethoxyphenyl peniciì-l-in is inhibited

completely by concentrations of probenecid which do not compl-etety bì.ock

the secretion of o-aminophenyr peniciltin (Acred, et aL., 196l; Acred,

et al. , l-962). However, no rea)-Ìy 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 reinforced ionic bond and one oxygen

of the carbonyr group in a supporting hydrogen bond. He described two

cl,asses of 'substrates' corresponding spatiaJ-ly to either the fol-ded or

the fully extended state of the 4-aminohippurate side-chain. However. in

this thesis which was based on data from a ì.arge 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 abiritv of those

substances to inhibit competitively the tubular transport of PAH in an

isolated kidney tubule preparation. While by no means conclusive these

data suggest a connection between this, and possÍbly 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 tubul-e is also important. . Appreciable reabsorption of the

more acidic penicillins coul-d occur only at quite low pH val-ues- Extremes

of acÍdification occur only in the most distat regions of the tubul-ar

system (Goltschalk, Lassiter, and Mylle, 1960) which, in the mammalian

kidney receive a meagre blood suppl-y (ul-lrich, Kramer and Boyl-an, ]96l-).

Therefore, low-pH-dependent diffusion of a substance out of the nephron

in this region may be limited.

The handLi-ng of phenox¡rmethyl peniciLl-in by the kidney may,

therefore, be very different from that of phenoxybenzyr penici).1-in.

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 tubul-ar

secretory mechanism might favour the secretion of one or other of the

substances. We have no evidence on this point. Tubular reabsorption

wot¡ld f,avour the passage back into the blood stream of the more lipid

sotuble less ionized substance, hence promoting the reabsorption of

phenoxybenzyl rather than phenoxymethyl penj_ci11in.

The net effect of differences in renal, and possibl-y biliary,

handling on the disposition of phenox¡rmethyl and phenoxybenzyl penicillins

becomes very apparent if the differences between the appropriate curves

in Figures l-O and lL are expressed numerically. fn Figure 12 we have

plotted the ratio of 'anuric' to 'intact' penicillin concentrations

against ti-me of sampling. A comparison of the slopes of the two l-ines

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 (Ro11o, Somers and Burley,

1962). These authors commented that the urinary excretion of phenoxybenzyì.

peniciì-lin followed a similar pattern to that of phenoxSrmethyl peniciLì.in

but was rather slower. No attempt was made, however, to compare the rate

of urinary excretion with the concentrations attained j-n the blood. These

data are summarized in Figures l-3 and 14. It is obvious from comparison

of these figures that, j-ndeed, the rate of urinary excretion is very much

less for phenoxybenzyl penicilLin than for phenox¡rmethyl penicillin. Our

expression of 'excretion rate' , Table 8, shows that during the first six

hours after administering the close, phenoxl.methyì- 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

el-imination of phenox¡rmethyl and phenoxybenzyì. penicill_ius

from the body.

Ordinate - r:atio of 'anuric' to 'intact' mean bLood con-

centrations of the peniciLlins (data from Figures 1O & Lì).

Abscissa - time in hours.

(The lines were fitted by eye).
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Figure 13. Mean blood concentrations after the orat administratÍon of

ì-5O mg phenox¡rmethyl- peni-cilLin aud phenoxybenzyl penicilì_in

to human volunteers (after Rol1o, Somers and Burley, 1962).
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Figure l-4. Urinary excretion

penicillins after

human volunteers

of phenoxSrmethyì_ and

oral- administration

(after Rolì.o, Somers

phenoxybenzyl

of 15O mg to

and Burley,1962) .
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TabIe 8. Excretion of phenoxyrnethyl and phenoxybenzyl penicillins as

function of blood concentrations. (Data from Figures 13 8t l-4).
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PeniciLlin 'Excretion Rate' = (mg in urine over period
area* under conc,/time
curve over same period)

O to 3 hours 3 to 6 hours

Phenoxsrmethyl penicilrin T# = tt ä# = tn

PhenoxybenzyL peni-clLlin +:# = 3.1 *# = t.u

(* expressed in arbitrary unj-ts as measured by planimetry from Figure 13).
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rnterpretation of these figures is complicated by the fact

that active metabol,ites of phenoxybenzyr penicirlin appeared in the

urine. The parent substance, however, accounted for over 80 per cent of

the activitv.

So far we have compared and discussed differences in the

disposition of the penicil-lins during the Iatter part of.the experimental

periods. Comparison of the rate of rise of the curves during the earì.y

part of the experiments depicted in Figure 11 would suggest that phenoxy-

methyL penicirlln is more rapidly and more compretely absorbed than

phenoxybenzyì. penicillin. rf the pH at the absorbing surface of the

intestinal- mucosa is 5.3, it might be expected that the reverse wourd

occur. Indeed when measured 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, ilây be dependent on some

mechanism other than simple diffusion of the unionl-zed, ì-ipid-sotuble

moIecule. This hypothesis is tempting because organic acid transport

systems occur in at l-east three sites in mammaì.s, one in the kidney

tubule, a second invol-ving biliary secretion, the third shifting organic

acids such as benzyì- penicillin from the cerebrospinal fluid back into

the bl-oodstream (Dixon and Rall , L964). In teleoLogicat terms, hor,vever,

it would seem undesirable to oppose mechanisms serving the removal of

particular substances, with a further mechanism promoting their entry,

Nevertheì-ess, our data seemed interesting enough to explore this

possibility further.



7. MECHANISMS OF IMESTINAL ABSORPTION OF PENICILLINS
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Several separate mechanisms account for the active transoort

of substances from the intestine into the blood. One transports mono-

saccharides (Hðber , Ig45) , another L-amino acids (Wiseman, l-953), and a

third, pyrimJ-dines (Schanker and Toceo, l-960). In addition, the mechanism

for the transport of L-amino acids has been subdivided into mechanisms

speclfic for neutral amino acids, basic amino acids, and a group consist-

ing of L-proì-ine, sarcosine, N,N-dimethytgrycine, and betaÍne (Lin, Hagihira

and Wiì-son, L962). Moreover Newey and Srnyth (1963) have suggested that

there may be more than one carrier site for neutral amino acids with

different specificj-ties. Other processes may facil-itate the diffusion

of substances through the intestinal- epithelium; for example 'sol-vent

drag' may accelerate the movement of urea and other sol-utes (Fisher, 1955).

Despite the presence of these severaL mechanisms nearly all drugs appear

to cross the boundary by simpì-e diffusion of the tipid-soì-ubl-e, unionized

mol-ecuLe. In onì-y one case, that of the foreign pyrimidines 5-fluorouracil

and S-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 impì-i-cated. The transport mechanism

becomes saturated when the concentration of the substance transported is

increased sufficientì.y. The substance moves across the membrane against

a concentration gradient. The transport mechanism- is inhibited non-

competitively by interference with cell metaboì-ism, either by the use

of metabolic inhibitors or, by decreasing the temperature at which the

experiment is carried out. The process shows some degree of chemical

specificity. If two substances are transported by the same mechanism,

one will inhlbit competitively the transport of the other
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(A) RATB OF PASSAGE OF PI{ENOXYX/IBTH\T, AND PTMNOXYBENZYL PENICILLINS

ACROSS RAT INTESTINE TN VITRO

The foll-owing experiments were carried out to determine whether

or not there was a saturable component in the mechanism of transfer of

the two peniciì-IÍns from mucosal to serosar 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 handl-ing. Each end was tied to form a sac which was fÍIled with 2 m1

of solutions of the penicillins in Krebs bicarbonate saline. No glucose

was added to the medium since Smyth and Taylor (L958) fra¿ shown that

its presence promoted the transfer of fluids across the intestinal wa11,

and, associated with this, the transfer of short-chain fatty acids.

The sacs were placed in 5O mL erlenmeyer flasks containing 1O mI of the

same sali-ne, and were shaken in a Dubnoff metabolic shaker, 90 oscillations

per minute, at 37oc in an atmosphere of 95 per cent oxygen - b per cent

carbon dioxide. Previously a bubble of the same gas mixture was added

to each sac.

Aliquots of O.1 ml were removed from the suspending medium at

20, 40,80 and 16O minutes after starting incubation, and their content

of peniciLlin assayed as previously described. The rate of appearance

of penicillin on the serosat side was estimated by measuring the slope

of the line formed from a semi-1og plot of concentration versus time.



-90-

(ii) Resul-ts.

The results obtained are shown in Tabl-e 9. A graph of these

data j-s shown in Figure ì-5.

The shape of these curves suggests that two processes are

taking place. At the lower concentrations of both penicilì-ins there is

a sharp increase in rate as the concentration is increased. As the

concentration is increased further, the increase in rate fal1s off quite

markedly.

These results suggest that the penicilrins may cross the

intestinaì- epithelium by a combination of two processes: (l) A special-

ized transport system, evident at the lower concentrations, which becomes

saturated when the concentration is increased suff icientLy e) A passj.ve

process' probably simple dj-ffusion, which j-s evident at the higher con-

centrations.

This evideuce was sufficiently encouraging to warrant looking

for further evidence of a speciali-zed transport mechanism. The next

series of experiments was carried out, therefore, to determine whether

or not transport of the two penicil-lins was effected against a concentra-

tion gradient.



Tabl-e 9. Rate of passage of penicillins through the walL of

isolated, uneverted, sacs of rat small intestine.



Penici I 1 in

Conc. in
Lumen

(pslmr.)

-9r-

No. of
Preparations

Mean Rate
(degrees of ar:c)

t S.D.

L2.5 5.8 J Ì.7

Lo25 Ie.8 I 3.5

Phenox5rmethyl 50 26.8 + 5.2

100 4C^.8 ! 5.2

200 47.4 : 3.8

t2. 5 1l- 8.36 * 1.8

I225 17.2 + 2.4

Phenoxybenzyl 1050 22.6 t 3.7

100 IT 32.4 t 2.8

20o 13 42-6 * 2.7



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

uneverted, sacs of rat smal1 intestine. (Graphical rep-

resentation of data presented in Table 9' )
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(B) DISTRIBUTION OF PTTONOX}'N{ETTTYL PBNICILLIN BETWEEN MUCOSAL AND

SEROSAL SIDES OF SACS OF BVER.TED RAT SMALL INIESTINE

( i ) Ì\[ethods.

For this series of experiments the technique of Wilson and

IViseman (1954) was used. 20 cm Lengths of rat upper small- intestine

were carefuì.ly everted before the ends were tied so that mucosa formed

the outside of the sac, serosa the inside. The sac was filred with

peniciliin solution and immersed in a solution of the same penicilì,in

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 mI as against 10 ml on the mucosal- side, causes transport of any sol-ute

from the mucosal to the serosar side to produce a rerativery large

increase in its concentration in the serosal fl-uid. 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

sal-ine and aliquots of the contents taken. At the same time aì-iquots

were tal<en from the suspending solution and the penicillin content of

aIJ. samples determined by bioassay as before.

( j,i ) Resul-ts.

The resul-ts are shown in Table 1O.

These resul-ts show that at al-L concentrations tested the ratio

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



Tabl"e l-O. Distribution of phenox¡rmethyl

serosal- sides of everted sacs

at 37oC for 30 minutes. Each

t standard error of a group of

peni-ciJ-lin between mucosal_ and

of rat small intestine incubated

val-ue is the arithmeticaL mean

6 experiments"
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Concentration of phenoxymethyl penicill,in (pg/ml)

Initial mucosal Final- mucosal Fina1 serosal Ratio of serosaL
and serosal sol-ution sol-utions to mucosal final
solutions concentrations

o.2 O.l9 r O.O3 O.l8 + O.O2 o.95

o.8 o.78 * o.o9 0.62 i O.Lz o.80

3.2 3.O7 + O.19 2.65 + O.15 o.86
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decrease in numerical- value of the ratio from an initial value of unitv

to ]ess 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, smalì- and in the case of the two l-ower concentra-

tions, statisticatly insi"gnùficant.

These data fitted neither our previous results nor our working

hypothesis, therefore an expì-anation had to be found. It was suspected

that, despite the care taken in everting the intestine, some damage to

the mucosa mÍght 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. Obvious).y the epithel-ium

had stripped off and dissolution of the mucosa had occurred until Iittl_e

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 metaboÌicalì-y active J-ayers

of the i-ntestine offered good reason why the experiments invoì_ving

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 wel-l maintained.



Figure 16. Photomì-crograph of

after eversion and

a transverse section

incubation in vitro a

of rat smalI intesiine

t 37oC for 30 minutes.





(C) DISTR IBLITION OjT

BBTIVBEN I\{UCOSAL

SMALL INTESTINE

(i) Methods.
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PHENOXYI\,IETHYL AND PHENOXYBBNZYL PENICILLTNS

AND SBROSAL SIDES OF SACS OF NONEVMTED RAT

The preparation used was identical with that describeo in
ihe prevj.ous sectlon except that the isolated l-engths of intestine were

not everted before being tied off into a sac. Immediatel-y after removal

from the animal-, the intestinal segment was rinsed through with the

saline solr.iiion whiLe immersed in the same sal-ine solution at s7oc.

This was continued untiL the rinsings were cl-ear. At the eno of 30

minutes incubatíon, aì.iquots were taken from both mucosaÌ and serosal

sol-utions, and assayed for penicilrin content as before.

(ii) Resul- ¡s.

The results obtained are shown i.n Tabte Ir.

rn every case a serosar:mucosal ratio of greater than uni;y

was obtained after 30 minutes incubation. However, without exception,

the final concentration on the serosal- side remained essential_lv

unchanged from the initlal- concentration. The increase in serosal:mucosaÌ

ratios over unity was caused by a decrease in the mucosal concentration.

In order to excl-ucie the possibi),ity that some energy-dependent

mechanism might have been responsible for the observeci data, a series

of experiments were carrj-ed oui at di-fferent temperatures. If active

transport was taking place, changes in the metabolic rate of the tissue

corresponding to changes irr temperature should be reflected in changes

in the final serosal_:mucosal ratios.



TabIe Il-. Distribution of phenoxymethyì. and phenoxybenzyl- penicilLins

between mucosaL and serosal sldes of oo.rarrarted sacs of rat

small intestine incubated at 37oC for 30 minutes. Each value

is the arithmetical mean t standard error of a group of six

exDeriments.
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Concentratj-on of penicilì-in (pLglml)

Peniciilin
Initi_ al_

mucosal-
& serosaL
solut ions

Final, mucosal
solution

Final serosaÌ
sol-ut i on

Ratio of serosaL
to mucosal finaL
concentration

o. 05 O.O3 r O.Ol 0.06 * O.Ot 2.O

o.2 O.13 + O.03 O.23 r o. 05 t.77

Phenoxymethyl o.8 O.59 * O. 12 O.86 1 O. ÌO t.46

3.2 2.31 + O.Ì6 3.72 ¡ O.47 r. 61

\2.8 8.82 * O.36 L4.9 t l. 5 1. 69

o.2 O.O9 1 O.O2 O.23 + 0.06 2.56

Phenoxybenzyl o.8 O.52 + O.1O O.88 1 o.08 i. 69

3.2 2.42 * O.I7 4.06 t O.75 l_. 66

r_2.8 7.96 + O.28 l-3.8 + O.90 1. 73
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(D) DISTTTIBUTION OF PHENOXYA4ETTTYL PENICILLIN BETITEEN MUCOSAL AND

SEROSAL SIDBS OF SACS OF NONEVMTED RAT SMALL INTESTINE AT

DIFFBRENT TEIVIPM,ATURES

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 system

would have quite a marked effect on the rate at which a substance is

transported. Hence, the temperature coefficient, QlO, would probabl_y

have a similar numerical- value to that of many enzJrme reactions (West

et al-., 1966). Reduction in temperature of our experimental- system by

lO, 20 or more centigrade degrees shoul-d result in significant decreases

in the serosal-:mucosal ratios if active transport were responsibl-e 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 ÌOoC.

(ii) Resul-ts.

The resul-ts obtained are shown in Tabl-e 12.

These data show that over a range of temperature of 27 centi-

grade degrees there was no significant dlfferences in serosal:mucosal

ratios. It is, therefore, unlikeì-y that the passage of, at least, this

penicilì-in is dependent on any metabolic process occurring in the

intest inaì. epithel- j-um.



Table 12 Serosal :mucosal concentration

penicillin (3.2 Vg/ml) after

vitro at various temperatures

rat smal-1 intestine.

ratios of phenoxymethyl

30 minutes incubation in

in noneverted sacs of
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Temperature of Serosal concentration
incubation Mffi raÏl-os

370c l. 33x

230C r.32

l-ooc t. 3Ì

* Each value is the arithmetical mean of
8 determinations.
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Our data so far have shown that the decrease i.n final mucosal

concentration caused the imbaLance between finaL serosaÌ and mucosal

concentrations. It seemed worthwhile, therefore, to determine whether

or not there was any relation between the tendency of a penicillin to

bind ';o serum a.lbumin and this imbalance. Two other penicill_ins were

chosen, iherefore, so that the total- of four represented a wide range

of bindi-ng to serum atbumÍn. The two chosen were cy-aminobenzvl-

penicillin (46 per cent bound) and dimethoxyphenyl penicÍì-lin (2g per

cent bound).
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(E) DETERXIIIi-ATION OF FINAL SBIìOSAI,:ì\'ruCOSAL CO¡{CEì{TRATIO¡I RATIOS oF FOUR

PENICILI,I¡TS RBPRESEI{II}i'G D]FFEREI'IT DEGP"EES OF BINDING TO SEIìUI{

ALBtiI,{IN

(i) Methocls.

The preparation useci rvas identical to that describecl in the

prevlotrs section. The sacs were incubated for 30 minutes at 37oC. Data

for the degree of protein binding to albumin have been pr:esented previously

(Table 4).

(ii-) Results.

The results obtained are shown in Table l_3.

The increase over unity in all ratios rvas due to a decrease in

concentration on the mucosal side. The concentrati-on on the serosal side

remairred essentiallv constant.

These data show clearly that there is some relation betrveen the

decrease in concentrati-on on the mucosal sj-de and the tend.ency of penicj_1-

lins to bind to serum atbumin. Hence, the magnitude of the serosaL:mucosaL

concentration ratios appears to be dependent on atl interaction berrveen

the penicil-1in the lumen of the intestine and some component of the

mucosal epithelj_um.

Indeed preì.imj-nary investigation showecl this to be the case ancl

Led to the followì-ng series of experi_ments.



Tabl-e 13. Comparison of percentage bj-nding to serum albumin of four

penicilì-ins with the final serosal- :mucosaL concentration

ratios attained after incubation in uneverted sacs of rat

smaLL intestine. Each penicillin was used at a concentra-

tion of 3.2 Vg/^t in the intestinal sac experiments.
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Penici l- I in % binding to
pl-asma albumin

Serosal- concentration ratioMucosaL concentration

Phenoxybenzyì. a2 r.72 *

Phenox¡rmethyl- 69 1. 33

CX-Aminobenzyl 46 L.2T

Dimethoxyphenyl 29 I. 04

x Each val-ue is the arithmetical mean of 8 determinations.
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(F) DETERXiINATION OF BINDING OF PENICILLINS TO RAT INTESTI}IAL i\UCOSA

( i ) X'iethocls.

The penicj.Ll_ins uscd were those listed in Table 13. 20 cm

Leng'chs of upper srtall intesti-ne from fasti-ng rats were opened lengthrvise

and carefully rinsed rvith sterile saline. The mucosa from each rvas scraped

off with a microscope slide ancl transferred to flasks containing the

penicillins dissolved in sterj-Ie Krebs bicarbonate saline. The contents

were brj-efì,y honogenizecl to disperse the mLlcosa and then incubatecl at

37oC in a shaking i-ncubator. The concentration of each peniciltin was

chosen for conveni-ence of assay. As a result of prel-iminary experiments

it was found that consistent clata could be obtainecl when Ín each flask

the inucosa 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 1,5OO G for 30 minutes. AÌiquots lvere renoved from each

supernatant solution and assayed for penicillin content as before.

(ii) Resu1ts.

In the case of CY-aminobenzyl penicillin no precise data eould

be obtained because of the instability of the penici-11in in thÍs preparaiion.

Tb.e results obtai-ned for the other three penicillins are shovm

in Table L4.

Whil-e these data have no absoÌute 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 plasma atbumin

and the decrease in concentration on the .mucosal side of isolated intestinal-

sacs. There is also a direct relation between the degree of muÇosal binding
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a-nd the o1eyl alcohol/rvater partition coefficients of the penj-cil1ins.

The mucosaL suspension may be regarcled to sorrre extent, theyefore, as a

non-niiscible lipid-containj-ng phase anaì-ogous to the non.polar solvent,

o1eyl alcohol, used j-n our earÌier experiments. fn one aspect, therefore,

our rvork has cone fu1I circle.

Because of the unpli.ysiological nature of the i-n vitro, intestj-na1

sac preparations dcscribed above, the presence of a syst.en other than

simpì-e diffusion rvhich might account for the rapid passage of penicillins

across the intestinal epithelium cou-Id have been missecl. For this reasotl

a series of experiments were carl:ied out in vi_vg in rvhich rat small

intestine rvas perfused rviih sol-utions of phenoxymethyl penicÍl_1in.



r".Þl5_13. The binding of

mucosa. (Ttre

the table are

comparison).

three peniciLJ.ins to rat intestinal

data in parentheses to the riglrt of

from Table 13 and are incl-uded for



Penicill-ín (conc
in pglnt)
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% binding to
mucosa

Phenoxybenzyl (O.5) gO.g 1 e.g* (7o protein binding, 82i
SrlM ratio I.72)

Phenoxymethyl (O.15) L6.9 I l-.2 (% protein binding, 69;
S/M ratio 1.33)

Dimethoxyphenyl (s.o) I.l-8 t l-.o3 (% protetn binding, 29;
SrlM rat io I . 04 )

* Each value is the arithmetical mean t standard error of
5 determinations.
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( G) THE ABSORPTIOI{ OF PHIINOX\1\{ETHYL PENICILLIN FROi\f THE PERFUSED S]\,IALL

INTESTINE O}- TTIE RAT IN VIVO

fnvestigatj-ons on the kinetics of absorption of substances

from the intestine have been carri-ed out previously by perfusing a length

of gut in situ and nleasuring the proportion absorbed from various con-

centrations. Thus Jervis and Smyth (1955) demonstrated active transport

of amino acids from the lumen of the perfusecl intestine to the bl-ood-

stïean. Care must be exercised, horvever, in the interpretation of such

data because substances may be metabolized, or taken up ancl retainecl,

before passing throtigh to the circulating b1ood. For example, glutamic

acid is transaminated during absorption, ancl appears in the bloocl largely

as alanine (Matthervs ancl lViseman, 1953; Neame ancl Wiseman, l-7ST); sma1l

peptides enter the mucosal cells as such but are hyclrolyzed and enter

the blood as amlno acids (Nervey and Smith, 1960); cyanocobalamin,

complexed to intrinsic factor, i-s transported to the bloodstream onì.y

after a deì-ay of several hours at, and rvithin, the mucosa where it may

b.ave arrived by pinocytosis (see Herbert, l-965). Direct measurements

of the rate of entry of substances into the venous drainage from a ì-oop

of íntestine may also be made.. Hence, IVlatthervs and Smyth (1954) have

compared this rate for amino acids rvith 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 of some systen other

than simple diffusion.
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(i) Nfcthocìs.

Adult rats of either: sex, rveighing fronr 2so to 3oo gm were

fasted overnj-gh'c ancl anaesthetized rvith chloralose/ut:ethane. The abclomen

was openecl throtr.gh a niid-l-ine inci-sion ancl the bile cluct cannulated to

prevent :r'ecycling of aT¡sorbed penicillin. The in-cestine rvas tied just

distal to the pylorus and a glass cannula i-nsertecl to perrrrit int::oductj_on

of the perfusing solution. A second cannula v¡as tied into the intestine

at the ileo-caecal Junction. The outflorv from this ivas collected for

analysi s.

Â llarvard infusion pump rr/as used to pump the solution through

the intesti.ne at a rate of 1.23 ml per minute. Just before enterinq fhe

intestine the solu-tion r'¡as rvarmed to 37ôc by circulation through a

thermosiatically controllect heat exchanger. The potassium salt of

phenoxymethyì- penicillin ivas dissolved j-n O.85 per cent NaCI solution

containing O.O14 nìlWol/litre phenol recl. This dye is not absorbed by the

intestine, so that estimation of its concentration in the outfloiv pernitted

a correction to be made for any gain or loss of fluid.

The cannulated intestine was first flushed through with O.85 per

cent NaCl solution until the outflow appeared clear. The saline soluti-on

was then replaced by penicillin-phenol- red-saline solutiop, and perfusion

contiEued for a further 30 minutes. At the end of this period, the out-

flow v¡as collected for 4 ten-minute periods. These four samples, together

with an aliquot of the orÍgina1'penicilliu-solution, were aclJusted to

pH 6.0 by the careful addition of O.1 N HCI. The absorptíon due to the

phenol red in each sample was measured at, 43,5 mp by means of a unicam

SP6OO spectrophotometer. A correction factor could then be applied to
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the concen'uration of penicillin in each sample.

The penicillin content of original so1ution and santples rvere

determined by the pacl-p1ate method describecl previously. The proportion

absorbecl \vas then calculated by dividing the difference betrveen the

concentration of penicilÌin in the originai- perfusing soÌution anci sample

(correctecl), by the concentration in the original solntion, ancl expressed

as a percentage. The perfusing solutions contained phenoxyniethyl

penicillin in concentrations of fron O.6 to 160 ¡rglml.

(ii) Results.

The results obtained are sho\./n in TabLe 15.

These results shorv two things. First, preci.sion is not a

characteristic of this technique. Second, over the very vride range of

concentratj-ons used, there was no signifÍcant decrease in the proportion

absorbed as the concentration rvas increased. It may be assumed, there-

fore, that for phenox¡rmethyl peni-cillin at l-east, and probabì.y also for

its congeners, absorption from the small intestj-ne is dependent sole1y

on passive di-ffusion.



Table 1_5_. The proportions of prrenoxymethyl penlcillin absorbecl

fronr soiutions perfusing rat small íntesti-ne in vivo.

Each value is the arithmetical- mean of a number of

observations J standard deviation.
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Concentration of penicillin in
perfusing solution (pS,/mI)

Percentage
absorbecl

r.60 17.4 + 3.7 (4)*

40 19.o + 5.o (9)

10 a9.4 + 4.6 (e)

2.5 18.1 + 1.3 (5)

o.6 L6.6 + 2.8 (5)

Numbers in parentheses represent the number
of individual perfusions carried out in each
concentration.
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(FI ) DISCUSS IOI{

Briefly oulr experiments have shov¿n the folloiving. PhenoxybenzyÌ.

penì-cili-in is absorbed from the rat intestine in vivo at a sloiver rate

than phenoxyrüethyl penicilì"in. fn isolated intestinal sacs, the rate at

whi-ch both penicillins traverse the intestinal- wa11 dec::eases with

increase in concentration of penrcillin in the lumen. Both these observa-

tions point to the participation of some mechanisil of transfer other

than simpl-e diffusion of the unionízed, lipid-soltible molecul-e. The

reasons are as follorvs. (a) Phenoxybenzyl penicillin has an oì.eyl

atcohol/v¡ater partition coefficient ancl an ionizatioir constant rvhich are

more advantageor.rs for passage across the intesiinal epithelium than the

eqnivalent properties of phenoxymethyl penicillin, and (b) if simple

diffusion only were involved, the .rate of passage would have shorvn 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 coul-d

not be achieved, rror ,.vas there any evidence that the process could be

saturated. fndeed, in experlments where initial concentrations on both

mucosal and serosal sides of intestinal sacs were the same, the concentra-

tion on the mucosat side ahvays decreased rvithout any corresponding

i-ncrease on the serosal side. Furthermore, the process was not temperature-

dependent.

Further investigation showed that decreases in mucosal concentra-

tions were related to the ability of particular penicillins to.bind to

serum- albumin. r}om thj.s 1t is concLuded that the passage of penicillins
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through the epithclium of the intestine may be irnpeded by interaction

with some component of the epithelium in a manrier analagous to the

interaction between penicillin and albumin. Hence, since lipophil_ic

properties are important both in the readiness rvith v¡hich substances

may traverse the intestinal epithelium, and are important in the readiness

with which substances may bind to serum aì-bumin, it appears that the rate

of passage is the resul-tant of the tvro opposing functj^ons. From thÍs it

would appear that optimal rate of passage rvoulcl depend on a nice balance

between too 1itt1e l-ipÍd-solubility and too much.

This still leaves unexplainecl, horvever, the observation that

the rate of passage of penicillins in the in vitro preparation decreased

as the luminaL conceniration i-ncreased. At first sight such a change

might be ascribed to the participation of some specialized transport

mechanism at low concentrations, rvith subsequent saturation, and decrease

in rate, at high concentrations. No evidence rvas found, hoivever, that

such a mechanism existed in our preparations.

The curves depicted in Figure 15 may be regarded in another

light. The lower part may represent 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

Iipid sotubi-1ity, increase in concentration would cause a decrease in the

ability of the peni.cillin to cross from one side of the intestine to

the other. The result would be an apparent decrease in the permeability

of the tissue.
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The ability of certain substances to forni micetles in aqueous

solution is such a concentration-depencìent change. fn this respect rve

may regarcì some of the penicitlins as modified fatty acicis with a strorrgly

poLar group at one end of the molecule attachecl to the physicochemical

equivalent of a ì.ipophilic fatty acid chain.

Al1 fatty acj-cls r'¡ith chain Lengths greater than seven carbon

atonts shorv eviclence of colloiclal aggrega'uion (mice11e formation) above

certain concentrations. .A.s the chain length is increased above seven,

the tendency to micelle fornation increases and becomes evi.dent at

progressively lower concentrations. Various forms of micelles have been

postulated, for exampl-e the 'laminar' micelle of McBain and the 'spherical'

mice-lle of Hartley, (see, Pankhurst, 1953). A1t, hon,ever, envisage a.

centraÌ core of lipophili-c groups surrounded ou the outside by a layer

of hydrophilic groups.

The concentration at which micelÌes start to form. the criticat

micelle concentration, differs for each substance, and, in general,

decreases as the hydrocarbon chain increases. The addition of neutral

non-colloidat electrolytes further reduces the critical micelle concentra-

tion of individual substances. For example, the addition of O.O32 M

sodium chloride to cetyl pyridiniun bromide sol-ution has been shoryn to

reduce its critical micelle concentration from about O.OOO9 M to about

O.OOO1 M. The latter concentration is close to the concentrations shown

on Figure 15 where a change in stope of the curve occurred (O.OOOI M

phenox¡rmethyl penicillj-n - 35 pg/mt, and O.OOOI M phenoxybenzyl penicillin

43 1t"g/n1-.)
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We may envisage, therefore, an increasing proportion of

micelles being forrried once the concentration passecl the critical micelle

concentration. Such micelles rvould not pass readily into, ancl through,

the intestinal epitheli-r-rm beca.use of their pola.r nature. The net result

wotrld be an increasing degree of inhibition to passage and a sloi'ring in

the rate of appearance of penicíI1in on the serosal- sicle of the intestinal

sac.

In our j.n vivo experiments the same conditions did not pertain.

Tb.e rapid removal ancl distribution of absorbecl penicillin by the blood

resu-lted in the mai-ntenance of a large concentration gradient betrveen

mucosal and serosal sides. Any differences ia degree of absorption

wouLd tlrerefore be smaIl and ot¡scurecl in the large spread about each

mean íntrerent in the technicrue.



8. ST]-M\4ARY AND CONCLUSTONS
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Our stttdy has sho','.tt that variation in the structure of the

side-chain of penicillins is assocj-ated rvith changes in the pìrysico-

chemical properties of ihe substances. Most of the penicilli-ns studiect

possess ionization constants that wolrld class them as fairly strong

organic acids, holcver, two members of the group are much less strongly

acidic. The decrease in acid strength is associated rvith an increase

in tbulkinesst of the side-chain. Assuming that electronic ancl

struc'cural configurations are unlikely to influence directly the

ionizatj-on of the relatively remote carboxyl group, it is proposed that

dimerization accounts for the charrge in this property.

Gross differences ïJere observed in oleyl alcohol/rvater

partition coefficients for the series of substances. Some of the

penicillins passed readily into the non-polar phase. Others possess

much sironger polar characteristics. These differences are associated

with the presence or absence of lipophilic substituents on the CY-carbon

atom of the side-chaiÐ. The use of oleyl acl-ohol in obtaining these

data is notervorthy; the penicillins were all relatively insoluble in

non-polar solvents of Lorver molecular weight. Pariition coefficients

determined in the oleyl alco\toL/water system at a pll of 5.3, the pH

at the absorbing surface of intestinal epithelium, lvere nealily aì-l

greater than unity. T?ris property is consistent with the ready

absorpti-on of such penicillins from the gastrointestinal tract- Those

shown to be much more polar, are very much less readily absorbed from

the gastrointestinal tract.

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

various penicillins wel!'e bound to serum albumin. The 'bulky' penicillins
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weie botlllci to tli.c greatest extent. Although ionic bincling has bee¿

thou-glrt to play little or no pari in the bi_nciing of peni_cil1ins to

arbumin, rve suggest that in these latter cases, other binding

compon'enis nìay be su-pplen1ei1ted by re-inforcecl ionic boncls forntecl betrveen

the carboxyl groups of the penicillins ancl the ( -anrino groups of

lysine. There is some evicience for the par.bicipation of van der Waals

forces in the bindi-ng of lorver molecu-lar rveÍght penicillins, but, in the

main, bincilng to albumin is clirec'cl-y associated u,ith partition coefficients.

Ther'ef<-¡r'c, ollr data confírur previous observations that hvctro¡rhobjc

boncling is a maJor compouent in the bincìing of most penicillins. rn

the case of one arrlphoterie penicillin this relationship does not ho1d.

The presence of cornplementary ionized. sites on the protein surface may

explain its aberrant behaviour.

rn selecting penicillins for further sttrdy, one of the group

was fotrnd to undergo extensive biotransfornration in the bocly. The

resultant substance tvas quite different from its parent in that resista-nce

to þ-lactamase was lost. Activity against normally penicillin-seusitive

strains of organisms was retained.

Expel'irlterlLs in vivo and i"n vitro with two selectert penicillius

showed that persistence in the body couId, to some extent, be related.

to the physicochemical properties of the substances. It seems r¡robable

tb,at, in terms of active transport, di.ffere¡rces in both biriary and

renal tubular secretion pì-ay an important part in the maintenance of

concentrations of the penicillÍns in the b1ood. rn terms of passive

behaviotrr in the kidney, d.ifferences in physicochemical properties are

such as to markedly affect glomerular filtration and tubul-ar reabsorption.
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The more highly protein bound of the trvo penicillins stucliecl is also

the more lipid solul¡le ancl the less acidi-c. The association betrveen

these parameters has been allucled to above.

The rate anci degree of absorption of the ttvo penicillins from

the j-ntestine were not in accorci rvith wha-u night have been predictecl

from their physical chemistry. our data shory that absorption may be

delayed by an interaction between the penicillin and some component of

the intestinal epithelium. There is some relation betrveen this inter-

action ancl the degree of bincling to albumin. Because of the associatj-on

of lipid solubility rvith protein binding on the one hand, and readiness

to penetrate ì-ipi-d-like membranes on the other, ive propose that optinat

absorption from the gastrointestin a! tract depends on a nice balance

between too niuch lipid solutriliiy and too líttLe.

Some data obtained from in vitro experiments on absorption

from intestinal sacs could be interpreted as sholving the presence of

some system other than passive diffusion. This interpretation could not

be supported by further v¡ork. Our observations are consistent with the

formation of micelles at lorv concentration. The relatively polar nature

of these micelles would tend to reduce the ability of the parent

substance to penetrate lipid-like membranes.
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