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Summary

Factors influencing the gastrointestinal absorption of penicillins were char-
acterized in order to rationally design orally active penicillins. Acid stability in the
gastric juice was correlated with sum of the Taft's inductive substituent constants (o,
values) of the side-chain at the 6-amino group, and a 3o, value of equal or greater
than 0.34 was found necessary for orally active penicillins. A good relation between
the hipophilicity, log P and the peak plasma level or the relative bioavailability after
oral administration of penicillins was observed in mice and rats, and the penicillin
having a log P value between 1.9 and 3.3 showed a relatively higher plasma level or
relative bioavailability. From these results, it is suggested that a 2o, value of the
side-chain of equal or greater than 0.34 and a log P value between 1.9 and 3.3 are
necessary for penicillins to be absorbed well from the gastrointestinal tract after oral
administration.

Introduction

A number of penicillins have been synthesized by chemical modification of
6-aminopenicillanic acid (6-APA) and some have been used perorally in clinical
_practice. These orally active penicillins (Bergan, 1978; Nayler. 1973), have two types
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of side-chains attached to the amino group of 6-APA: (a) a phenylglycine analog
(e.g. ampicillin (D(—)-a-aminobenzylpenicillin, AB-PC, XIV) and amoxicillin
(D( ~ )-a-amino-p-hydroxybenzylpenicillin, AM-PC)); and (b) acyl analog (e.g. pro-
picillin, p,L-a-phenoxypropylpenicillin, PP-PC, V) and dicloxacillin (5-methyl-3-(2,
6-dichlorophenyl)-4-isoxazolyl-penicillin, MDI-PC)). Recently, the ester prodrugs,
e.g. carfecillin (a-phenoxycarbonylbenzylpenicillin, CF-PC) (Clayton et al., 1975;
Wilkinson et al., 1975) have been used clinically as orally active penicillins.

For the oral absorption of penicillins, except the phenylglycine analog, stability in
the gastrointestinal tract (GI tract) and lipophilicity are well known important
factors (Bergan, 1978; Hou and Poole, 1971; Bird and Bayler, 1971; Nayler, 1973).
However, these physicochemica! properties have not been characterized quantita-
tively for the purpose of rational design of orally active penicillins including a
prodrug such as CF-PC.

In order to design orally active penicillins, characterization of physicochemical
properties such as stability and lipophilicity was attempted by investigating the
structure-gastrointestinal absorption relation of penicillins in mice and rats.

Materials and Methods

Materials

The following penicillins were used. Dihydropenicillin-F (dihydro PC-F: 1),
penicillin-K (PC-K; 1I), penicillin-G (PC-G; 1iI), sulbenicillin (SB-PC: IV). propicil-
lin (PP-PC; V), bD.L-a-hydroxybenzylpenicillin (VH). N-acetylampicillin (VII).
penicillin-V (PC-V; IX), 2.4-dichlorobenzylpenicillin (X), N-methansulfonylampicil-
lin (X1I), cyclacillin (AC-PC; XII), p.L-a-chlorobenzylpenicillin (X1I1) and ampicillin
(AB-PC; XI1V) were prepared at Takeda Chemical Industries and phenethicillin
(PE-PC: VI) (Banyu Pharmaceuticals) was obtained commercially.

Methods

Acid stability

Each penicillin (50 mg) was added to a mixture of 0.2 N aqueous hydrochloric
acid (25 ml) and ethanol (25 ml) maintained at 35°C; aliquot portions of each
solution were withdrawn at appropriate intervals and the penicillin contents were
determined by iodometry (Mundell et al., 1946).

Lipophilicity
Log P values between 1-octanol and water of 11, 111, V. VL, VII and X were used
from literature values (Bird and Marshall, 1967). Log P of IV was calculated {rom

the following equation.

log P=1.253R,, + 0.854 (1)

n=7r=0.945
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In this equation, R, value was measured according to the procedure by Biagi et
al. (1969 and 1970) using silica impregnated with silicone oil and aqueous acetone as
the mobile phase. This equation was obtained through the least-squares analysis
from R,, values and log P values of 111, IX, VI, methicillin (2,6-dimethoxyphenyl-
penicillin), cloxacillin (5-methyl-3-o-chlorophenyl-4-isoxazolylpenicillin). oxacillin
(5-methyl-3-phenyl-4-isoxazolylpenicillin) and dicloxacillin. I, X and XIV were
calculated from Hansch-Fujita method (Hansch, 1971; Tute, 1971).

Log P value of other penicillin was measured by the following method. The
solution of 0.2 and 1 mmol of a penicillin was prepared using an isotonic buffer of
pH 3.7, 5.0 and 7.4 (0.1 M) and 15 ml of the solution was put into a test tube with
glass stopper containing an equal volume of 1-octanol. The test tubes were shaken
vigorously at 25°C. When an equilibrium was achieved, the aqueous layer was
separated by centrifugation and the concentration of penicillin in it was measured by
cylinder-plate method using B. subtilis PCI 219P as the test organism. Log P value
was calculated from the observed partition coefficient P’ at various pHs following
Eqn. 2 and averaged.

log P = log P’ + log(10PH?K. + 1) (2)

pK , value of VIII, IX and XIII measured by the titration method was 2.71, 2.73 and
2.70, respectively.

Absorption studies

A penicillin, at a dose of 100 mg/kg was administered orally or subcutaneously te
a group of 3 male SLC-ICR mice (4 weeks old), starved overnight. Blood was taken
from the inferior vena cava at 0.25, 0.5, 1 and 2 h after dosing. The relative
bioavailability was calculated from the area under the plasma level-time curve
(AUC,,,) after oral administration and that (AUC,,) after subcutaneous administra-
tion. AUC value was calculated by trapezoidal method.

A group of 3 male Sprague-Dawley rats (5 weeks old). starved overnight. were
also given the same dose orally. Blood was taken from the inferior vena cava at 0.5.
1, and 2 h after dosing.

Assay

The blood specimens were centrifuged at 3000 rpm for 10 min. The plasma
penicillin levels were assayed by the cylinder-plate method using B. subtilis PCI 219P
as the test organism.

Results and Discussion

Acid stability

The B-lactam ring of a penicillin is known to be highly reactive and very sensitive
to electrophiles or nucleophiles. Thus, stability of a penicillin in the gastric juice is a
prerequisite for its GI absorption. The acid stability, the degradation rate constants
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constants (k), and half-lives (t, ;) of 14 penicillins determined in 50% aqueous

ethanol at pH 1.3 and 35°C are shown in Table 1.
The reaction took place follow:1g pseudo-first-order kinetics. The half-lives of

TABLE ]
So,;-VALUES AND ACID STABILITY OF PENICILLIN

s
[R,- CH}CO-NH
‘ N
R, o COOH

No. R' RZ Gl(R‘)a 0|(R2) Eol k(min.")c l|/2 (min)"‘
I n-C,H, H —004 00  -004 0462 15
I nCHy, H ~0.04 00  -004 0578 1.2
i O- H 0.10 0.0 610 0138 50
v O— SO, 0.10 013 023 00224 3
v @—0 C,H, 039  -005 034 000385 180
vi o CH, 039  -005 034 00033 210
vl Q- OH 0.10 025 035 00082 84
Vil Q NHCOCH,  0.10 028 038 000495 140
1X O—O H 0.33 0.0 039 0.00552 126
ci
X C‘Q H 0.00155 446
X1 @— NHSO,CH, 010 032 042 000212 326
x| O\— ] —007°% 060 053 000108 638
NH;

X1l Q— cl 0.10 047 057 000212 326
X1V Q NH! 0.10 0.60 070 0.00059 1160

* See Charton (1964).

" Estimated from o(C,H,) = ~0.05 and o(C Hyn) = —0.02

* Pseudo-first-order rate constant for the acid hydrolysis of peneillin in S0% agueous ethanol at pH 1.3
and 35°C.

¢ Half-life
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dihydrcpenicillin-F (pentylpenicillin, dihydro PC-F; I), penicillin-K (heptylpenicil-
lin, PC-K; II) and that of parenteral penicillins, such as penicillin-G (benzylpenicil-
lin, PC-G; III) and IV were 1.5, 1.2, 5 and 31 min, respectively, whereas those of
orally active penicillins such as V and XIV was 180 and 1160 min, respectively.

S
[R,—(l?H}CO-NH—

R, V4 ,
O/ COOH

Scheme 1

As the structural differences among these penicillins are only the substituents (R,
and R,) in the side-chain, the decomposition rate constants, k, must depend on the
physicochemical properties of this substituents. Doyle et al. (1961, 1963) pointed out
that substitution with a strong electron-withdrawing group in the side-chain, particu-
larly in the a-position of III, could stabilize the penicillin markedly in an acid
solution. Bird and Nayler (1971) found a linear relation between pK, value of a
carboxylic acid moiety of the side-chain measured in 50% aqueous ethanol at pH 1.3
and 35°C and the half-life observed under the same conditions.

In Fig. 1, the sum of the Taft’s inductive substituent constant (o) (Charton,
1964) of R, and R, in the side-chain, 2o, values, are plotted against half-life; a gocd
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Fig. 1. Relation between inductive effects, o, of acyl moiety. R of penicillin and half-life (t, ) in 50%
aqueous ethanol at 35°C and pH 1.3

Fig. 2. Relation between log P and peak plasma level after oral administration of penicillins to mice at a
dose of 100 mg/kg.
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linear relation following Eqn. 3 derived by least-squares analysis was observed.

log t, ,, = 4.22330, + 0.465 (3)
n=13, r=0.966,s=0.249,

Fy 1, =153.56 (F, 1100005 = 12.2)

where n = number of studies; r = correlation coefficient; s = standard deviation:
F = F-statistic

TABLE 2

PEAK PLASMA LEVEL AND RELATIVE BIOAVAILABILITY AFTER ORAL ADMINIS-
TRATION OF PENICILLINS TO MICE AND RATS

No. R, R, log P* Mice Rats
Cmux " BA € Cl“&\ *
(pg/ml) (%) {(pg/ml)
I n-C,H, H 2.37 50 (0.4
I n-C.H,, H 3.37 3.2(0.3)
1 Q H 1.76 5.0(1.0)
v O_ SO; —0.22 2.3 1.9 0.2 (0.0)

v @_0 C,H, 258 624 62.6 161 (13)
vi @._0 CH, 150 (1.2)
VIl Q_ OH 1.3 8.0 84 3704

VIII ©~ NHCOCH, 0.90 21 6.1 0.7 (0.0)

IX Q() H 2.01 17.6 60.0 13.8 (1.0)

[
[ ]
(=)

X (‘IO»_ H 3.30 79 215 109 (0.9)
X1 7N\ _  NHSO,CH, 0.95 120.2)
X1 Q _ o« 230 352 56.7 15.3 (0.8)
XIV Q NH] 0.57 4.6(0.3)

* P = partition coefficient of penicillin between [-octanol and water.

" Cpan = peak plasma level after oral administration of various penicillins at a dose of 100 mg kg,
* See Table 3.

¢S$.E. in parentheses.
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R,) in the side-chain is more stable under acidic conditions. Orally active penicillins,
e.g. V, VI and X1V, have Zo, values of equal or greater than 0.34 and this seems to
be prerequisite for penicillin stability in the GI tract.

Oral absorption

Peak plasma level (C,,,,) after oral administration of various penicillins at a dose
of 100 mg/kg to mice and rats are shown in Table 2. The area under the plasma
level-time curve for 0-2 h (AUC oral) after oral administration and that (AUC s.c.)
value after subcutaneous administration at the same dose to mice are also shown in
Table 3. The ratio (AUC oral /AUC s.¢.) is used as relative bioavailability (BA).

Peak plasma levels in the range of 2--60 pg/ml were observed in mice. A typically
orally active penicillin, V, gave a higher peak plasma level. 60 ug/ml. whereas a
parenteral penicillin such as IV had levels of only 2.3 pg/ml. In addition, V and
penicillin V (6-phenoxyacetamidopenicillanic acid, PC-V; X) showed higher bio-
availability than 1V alter oral administration.

In rats, peak plasma levels were found in the range of 0.2-16.1 pg/ml. Here
again, the orally active penicilling, such as IX, phenethicillin (Du-a-phenoxyethyl-
penicilling PE-PC; V1) and V. had higher levels, whereas parenteral penicillins, such
as HE and IV, had lower values,

It has been well established that absorption of a drug through the GI tract is
correlated to the parttion coefficient P ol the drug molecule (Lien, 1975). Log P
values of penicithing are plotted against peak plasma level or relative bioavailability
alter oral adnumistration 1o mice and rats as shown in Fig. 3, 4 and 5.
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Through least-squares analysis good parabolic correlations following Eqns. 4. S

nnd & wasa ahcacuad |
anug v wiie OusCivel.

In mice:
log C,.(pg/ml) = —0.612(log P)’ + 2.865(log P) — 1.802 (4)
N=6r=0946.5=0.22 F,=12.77(F ;.00 = 9.55)

log BA(%) = ~0.488(log P)’ + 2.350(log P) — 1.072 (5)
n=6.r=0954.5=0.176 F,, =152

In rats:

log C,.,.(#g/ml) = —0.464(log P)* + 2.393(log P) — 1.834 (5)

26.a=0.00s = 14.5)

cattrmc

nc Gpiiul € IC Of )0, sCuing U\ Og Cmax )/ uuus )= 0 and d(}\’)g
BA)/d(log P)= 0. are 2.34 and 2.4]1 in mice; the value in rats is 2.58. Lien (1975)
found that (log P), values giving the maximum absorption from the GI tract of rats

were near 2 in several series of drugs. However, he did not find good correlations
between log P and the intestinal absorption for acid drugs. Our results indicate a
good relation between log P and the intestinal absorption of an acid drug, penicillins
having approximately the same pK, values at 2.7 (Bergan, 1978; Hou and Poole.
1971: Tsuji and Yamana, 1981). Log P values of orally active penicillins, e.g. IX and
V ar¢e more than 2.0. Log P values of penicillins giving a relatively higher peak
plasma level (more than 10 ug/ml) by oral administration are found between 1.40
and 3.29 in mice and 1.84 and 3.31 in rats. In addition. the penicillins having log P
values between 1.65 and 3.17 show a relatively good bioavailability of more than
30% in m:ce.

As shown in Fig. 4, 1. 1I and ill, in spite of having sufficient log P values had
lower peak plasma levels; this can be explained by the fact that these drugs are quite
unstable in Gl fluid. In addition, X1V with a low | 10 P value, showed a luy"iﬁf peak

plasma level in comparison with penicillins having the same log P value. Phenyl-

n!\".‘;nc “l‘.l‘.lm“ eo XIV. AM.PC and cvclacillin (a-amino cvclohexvinenicillin,

BB eme 28 ¥V, fwiveTE N s J U EIINIE | TR vy WiV R Y iRl

AC-PC; XII) are known to be absorbed from the GI tract by a special mechamsm

' If the plasmia level is expressed as pmol/ml, the following equations were obtained.
log C  Lumol /ml) = -061 1o !)\ +2 R'”“nn P) -4 388 (4)
AL T VTR I of = e 4 T/
n=6.r~0947 v =0.219 F, =129
g C e ( Hmol/mi) = - 0.864(I0g P)’ + 2.395(log P) - 4.399 (6)
n=8 70995 5s=0086 F=2296

Egns. 4" and 6’ are similar to Eqns. 4 and 6 except for the constant term.
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(Bergan, 1978; Nayler, 1972; Tsuji and Yamana, 1981).

Frora these results, the optimal log P values producing a high plasma level or
bioavzilability by oral administration are in the range of 1.9-3.3; the phenylglycine
analog and XII are exceptions to this rule.

Corclusion

Acid stability in GI fluid and lipophilicity are important factors influencing the
oral absorption of all penicillins except for the a-aminopenicillins, e.g. XIV and XII.
The results of the present study indicate that an orally active penicillin should be
designed to have a Zo;-value of the side-chain equal to or greater than 0.34 for acid
stability and a log P value between 1.9 and 3.3 for Gl absorption. These values
should be used as a guide to design the orally active penicillins.
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