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Abstract 00 Both ester and $-lactam degradations of «-esters of car-
benicillin disodium, carbenicillin indanyl sodium, and carbenicillin
phenyl sodium in aqueous solution at 35° and at 0.5 ionic strength were
investigated. The reactions were followed by spectrophotometric assay,
reversed-phase high-pressure liquid chromatography, and colorimetric
assay. The degradation pathways were established, and the rate-pH
profiles for ester and -lactam cleavage reactions are given for pH 1-11.
Below pH 3, the 8-lactam degradation of the prodrugs proceeded ex-
clusively. Above pH 7, the degradation was superseded by the ester hy-
drolysis to carbenicillin. 3-Lactams of both prodrugs are around three
times more stable than carbenicillin disodium at pH 1, six times at pH
2, and 17 times at pH 3. The half-lives for carbenicillin production were
predicted to be 17 hr for carbenicillin indanyl sodium and 8.5 hr for car-
benicillin phenyl sodium at pH 7.0 and 37°.
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Intravenous or intramuscular carbenicillin is effective
against serious infections caused by Pseudomonas aeru-
ginosa and other Gram-negative bacteria (1). This anti-
biotic is unstable in acidic solutions (2, 3) and gastric juice
(4, 5) and is poorly absorbed from the GI tract after oral
administration (1).

Several a-carboxyl esters of carbenicillin were synthe-
sized to increase its oral bioavailability (5, 6). Carbenicillin
indanyl sodium (carindacillin) and carbenicillin phenyl
sodium {carfecillin) have been marketed as oral carbeni-
cillin prodrugs.

This paper describes the kinetics of carbenicillin indanyl
sodium and carbenicillin phenyl sodium in aqueous solu-
tion at various pH values. Their good stability at pH 2 in
gastric juice has been well known, but complete kinetics
for 8-lactam cleavage and hydrolysis of the ester moiety
to produce carbenicillin have not been reported.

EXPERIMENTAL

Materials—Carbenicillin disodium?! (799 ug/mg), carbenicillin indanyl
sodium?! (704 ug/mg as carbenicillin free acid), and carbenicillin phenyl
sodium? (979 ug/mg) were used as received.

All other chemicals were analytical grade and were used without further
purification except imidazole, which was purified as described in the
literature (7).

Reagents—The imidazole reagent was prepared according to the lit-
erature (7). The acidic reagent was 0.2 M acetate buffer solution adjusted
to pH 4.

Prodrug Hydrolysis—Kinetic studies were carried out, unless oth-
erwise stated, at 35° and an ionic strength of 0.5. Each antibiotic was
dissolved in the buffer or in 0.5 M KCl, maintained at the desired pH by

1 Taito Pfizer Co., Tokyo, Japan.
2 Beecham Yakuhin Co., Tokyo, Japan.
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a pH-stat3, to the final concentration of 5 X 10~5-5 X 10~3 M, depending
on the solubility. At appropriate intervals, aliquots were withdrawn,
cooled, and analyzed. The pseudo-first-order rate constants, kps, Were
calculated by the least-squares analysis of the slopes of starting antibiotic
concentration logarithm versus time plots.

Analytical Procedure—Simultaneous Determination of Carbeni-
cillin and Its Prodrug—Carbenicillin and its prodrug were determined
simultaneously by a spectrophotometric assay. This analytical method,
utilizing the difference in the acid stability between carbenicillin and the
prodrug, is based on the imidazole method (7).

If necessary, the sample was diluted with distilled water. Four equal
samples of 1 m} each, Ay, Ag, By, and By, of the test solution were pipetted
into separate test tubes. Five milliliters of imidazole reagent was added
to A; and 5 ml of distilled water was added to B, followed by incubation
at 60° for 25 min. After cooling, absorbances, E5; and Eg;, were mea-
sured? at 325 nm. To samples of Az and By, 1 ml of acidic reagent was
added, and the samples were incubated in a water bath at 60° for exactly
25 min and cooled. After addition of 5 ml of the imidazole reagent to A
and 5 ml of distilled water to By, these samples were incubated in a water
bath at 60° for 25 min and cooled; their absorbances, E 59 and Egg, were
measured at the same wavelength.

The concentrations of each compound can be calculated from Eqgs. 1
and 2 using the difference in absorbance between A and B; i.e., Ey (= Ea;
— Epi1) and E3 (= Epg ~ Epy):

E] = Sp]Cp + Schc
E2 = szcp + Sczcc

(Eq. 1)
(Eq. 2)

where subscripts ¢ and p refer to carbenicillin and its prodrug, respec-
tively; C is the concentration of the antibiotic in sample solution, and S
is the slope of the calibration curve of the antibiotics for respective re-
action periods of 0 and 25 min with the acidic reagent.

A good straight-line relation between the absorbance and the con-
centration of each antibiotic was obtained within 0-3 X 1074 M of the
antibiotic in a sample solution. Both S.; and S; were 3.95 X 103, and S
was 3.19 X 103 and 1.83 X 103 for two prodrugs and carbenicillin, re-
spectively. The carbenicillin molar absorptivity, which could be calculated
from S, and the final concentration in the analytical solution, was 2.37
X 104, comparable to the 2.67 X 104 reported previously (7). Synthetic
mixtures of carbenicillin and its prodrug were analyzed in this way, and
entirely satisfactory results were obtained (Table I).

High-Pressure Liquid Chromatography (HPLC)—To ensure the ac-
curacy of the spectrophotometric method, the same samples in some
reactions were determined also by reversed-phase HPLC. The liquid

Table I—Recovery of Carbenicillin Phenyl Sodium (I) and
Carbenicillin Disodium (II) from a Synthetic Mixture in 0.1 M
Phosphate Buffer at pH 6.54 and Ionic Strength 0.5 2

Added (10% M) Found (10° M) Recovery, %

I II 1 i I il
1.00 0.00 1.01 0.00 101.1 100.0
0.80 0.20 0.78 0.21 97.5 105.0
0.40 0.60 0.38 0.59 95.0 98.3
0.20 0.80 0.20 0.78 100.0 97.5
0.00 1.00 0.00 0.99 100.0 99.0

a The mixture was diluted fivefold with distilled water and analyzed according
to the described procedure.

3 pH-Stat titrator assembly consisting of TTT2 titrator and ABU12b autoburet,
Radiometer, Copenhagen, Denmark.
4 Double-beam spectrophotometer, UV-2008, Shimadzu, Kyoto, Japan.

Journal of Pharmaceutical Sciences / 1259
Vol. 68, No. 10, October 1979



COOH

Hy
@—CHCON H
I N—\
AN

OR

k H,
: @——-CHCONH
\ N\

C. COOH
o ou

II

ROH

m

k,

> IV

k,

Scheme I—Prodrug degradation pathway in aqueous solution

chromatograph® was equipped with a UV detector® set at 254 nm. The
stationary phase was octadecylsilane chemically bonded on totally porous
silica gel, prepacked into a 300-mm stainless steel column? (4-mmi.d.).
The mobile phase was 20% acetonitrile-0.01 M ammonium acetate. The
instrument was operated at ambient temperature at a flow rate of 2
ml/min to produce the pressure of 110 kg/cm?. Samples were injected
through a 100-ul loop injector on flow. Peak heights were used for
quantification.

Colorimetric Determination of Phenol-—Phenol liberated from car-
benicillin phenyl sodium was measured by the colorimetric method (8).
The sample was diluted with distilled water, if necessary, and placed in
a 20-ml volumetric flask. Then 1 ml of 0.3% 4-aminoantipyrine, 2 ml of
1% ferricyanide, and 5 ml of 0.2 M borate buffer (pH 9.2) were added
consecutively, and the absorbance of the solution, adjusted to 20 ml with
distilled water, was measured at 510 nm. The calibration curve was pre-
pared with the standard phenol solution, and the concentration of phenol
liberated was calculated.

RESULTS

Prodrug Degradation Pathway—Degradation of carbenicillin esters
may proceed as depicted in Scheme I. In this scheme, I represents car-
benicillin indanyl sodium and carbenicillin phenyl sodium, II represents
carbenicillin, Il represents 3-lactam-cleaved products of I, IV represents
the sum of products resulting from §-lactam cleavage of II and from ester
hydrolysis of II1, and V represents indanol or phenol.

Figures 1-3 show time courses of molar fractions of I-V during I deg-
radation. Compounds I and II were determined by the UV spectrometric
method developed in this study. As seen in Fig. 1, these concentrations
were in good agreement with those determined by HPLC. Phenol (V)
liberated from carbenicillin phenyl sodium (I} and III was determined
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Figure 1—Time course for carbeniciliin phenyl sodium (O, separation
assay, +, HPLC) and carbenicillin (®, separation assay; X, HPLC)
during degradation at pH 6.35 (0.2 M phosphate buffer), 60°, and ionic
strength 0.5. The lines are the least-squares fits of the experimental
points consistent with Scheme I on the assumption of ki = ky (k; = ky
=428 X 1072 hr=1, ko = 5.58 X 10~2 hr~1, and ks = 6.38 X 1072
hr—3).

5 Model FLC-A700, Japan Spectroscopic Co., Tokyo, Japan.
6 Model UVIDEC-100, Japan Spectroscopic Co., Tokyo, Japan.
7 uBondapak Cg, Waters Associates, Milford, Mass.
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by colorimetry. Concentrations of Il and IV, therefore, were calculated
from Eqgs. 3 and 4 for carbenicillin phenyl sodium degradation:

(] = [Tlo — [T} - [V] (Eq. 3)
(1v]=[v] - [1] (Eq. 4)

where the molar concentration of all species is expressed with brackets
and [I]o is the initial I concentration.

By solving the differential equation for Scheme I, the rate expression
for the molar fraction of each species may be written as:

[1}/[[]o = e~ (krtkar (Eq.5)

[11j/[to = ;ﬁ_—ks (e ket — g—(kithakt) (Eq. 6)

M/l = pp i (e™h = e~tsthoty  (Eq.)
= e s h

TET :Z 5 TR :; ;¢ B

[VWlllo = 1 = g2 Bm emburia — ook (q.9)

To evaluate k3, degradation of I was performed under similar condi-
tions (Fig. 3). The rate constants k1, ko, k3, and k4 to best fit all experi-
mental points were obtained by the nonlinear least-squares regression
analysis according to Egs. 5-9. The resulting rate constants are listed in
Table 11, providing calculated curves fitting the observed values (Figs.
1-3).

In most cases, rate constants k; and k4 for the ester hydrolysis of both
I and III were almost identical, suggesting that 8-lactam cleavage had
no effect on the rate for a-ester hydrolysis.

Kinetics of Apparent First-Order Rate Constants—By plotting
the logarithm of [1}/[I]p against time, the apparent first-order rate con-
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Figure 2—Time course for carbenicillin phenyl sodium (I) (0), I (a),
HI(v),1V (+),and V (@) during degradation at pH 6.60 (0.1 M phos-
phate buffer), 60°, and ionic strength 0.5. The lines are the least-squares
best fits to the experimental points consistent with Scheme I on the
assumption of ky = kg (ky = kg = 539 X 10~ 2 hr—1, ko = 2.05 X 1072
hr—!, and ks = 3.88 X 10~2hr=1), The compound numbers are defined
in the text.



Table II—Rate Constants # for Carbenicillin Phenyl Sodium Degradation at pH 6.60 (60°, 0.1 M Phosphate Buffer), pH 6.35 (60°, 0.2 M
Phosphate Buffer), and pH 4.60 (35°, 0.2 M Acetate Buffer) and Ionic Strength 0.5

ky +£ 8D, ko + SD, ks + SD, ky £ 8D,
pH 102 hr! 102 hr-! 102 hr! 102 hr—1
6.60 53.9 + 1.27 2.05%+1.16 3.88 + 0.31 53.9 & 1.27%
6.35 42.8 + 0.78 5.58 £+ 0.89 6.38 £ 0.96 42.8 & 0.78°
4.60 0.84 + 0.05 0.50 + 0.05 512+ 0.20 0.66 £+ 0.17

2 The values were evaluated by the nonlinear least-squares analysis of experimental points in Figs. 1-3. ® The calculation was carried out on the assumption of k;

= ky.

Table III—Various Rate Constants 2 for the Degradation of Prodrugs at 35° and Ionic Strength 0.5

102(k2)o, 102(k 1)y, 103(k1)o, 1075(k1)oH,
Antibiotic (ko)y, M~1hr? hr-! M-1hr! hr! M-1hr-!
Carbenicillin disodium 52,26 183% — —_ —
Carbenicillin phenyl sodium 179+ 1.1 9.79 £ 1.12 4.98 + 1.40 3.72 £ 0.48 3.09 +£0.35
Carbenicillin indanyl sodium 244+ 03 8.22 + 0.22 — 3.53 £ 0.49 1.46 £+ 0.08

2 Rate constants are defined in Eqs. 15 and 16, and they were calculated using the nonlinear regression analysis of the experimental points in Fig. 7. ® Reference 15.

stants Rops for overall degradation of I was obtained from the slopes,
ie.:

kobs = Ry t+ ko (Eq. 10)

The typical first-order plots obtained from the UV spectrophotometric
separation assay are given in Fig. 4 for both prodrugs.

On the assumption that k; = ky, as verified for carbenicillin phenyl
sodium, Eq. 9 may be simplified to:

VI/Hjo=1—e*t

Good first-order plots were obtained for carbenicillin phenyl sodium,
consistent with the prediction of Eq. 11 when log (1 — [V]/[I]o) was plotted
against time (Fig. 4).

During the kinetic runs above pH 7, the degradation of both prodrugs
resulted in a gradual increase of the characteristic UV absorbance at
270-290 nm. Plots of log (E. — E;) at Apax (268 nm for carbenicillin
pheny! sodium and 280 nm for carbenicillin indanyl sodium) versus t
become reasonably linear according to the first-order expression:

(Eq. 11)

kobs

log (Ex~ — E;) = log (E« — Eo) 2,308 t
where E,, Eg, and E .. are the absorbances at times ¢, zero, and infinity,
respectively. All reactions were followed for one to three half-lives, and
values for the pseudo-first-order rate constant ks were obtained by plots
of Eq. 12 or by the method of Guggenheim (9). Figure 4 shows typical
plots of the logarithm of (E= — E;}/(E«. — Eg). The kb, values obtained
by UV spectrophotometry were equal to (k; + k2) determined by the
separation assay. For carbenicillin phenyl sodium, the rate constants
above pH 7 were almost in agreement with the k; values determined by
the colorimetric method.

(Eq. 12)
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Figure 3—Time course for carbenicillin phenyl sodium (I) (0), 11 (A),
HI (v), IV (+), and V (@) during degradation at pH 4.60 (0.2 M acetate
buffer), 35°, and ionic strength 0.5. The lines are the least-squares best
fits to the experimental points consistent with Scheme I (k; = 0.84 X
1072hr=1 ke =050 X 10~2hr-1, k3 =5.12 X 10~2hr=1, and k, = 0.66
X 10-2 hr—1). Carbenicillin (A) on the broken line was determined by
degradation of Il under the same conditions. The compound numbers

are defined in the text.

100

Buffer Concentration Effect on Degradation Rates—At constant
pH and in the presence of excess buffer, the rate constants kgps for the
total loss of I and &; for the ester hydrolysis were affected by general
acid-base catalysis by buffer components. Typical plots for the catalytic
effect of various buffers on ko and k) are shown in Figs. 5 and 6, re-
spectively, giving a reasonably straight line at constant pH in all cases.
Extrapolation of such plots to zero buffer concentration provides, as in-
tercepts, the values of the pseudo-first-order rate constants (kobs)py and
(k1)pH, corresponding to the non-buffer-catalyzed degradation of the
B-lactam and of the ester bond of the prodrug nucleus. For ester linkage
hydrolysis, the rate constant may be defined in the phosphate buffer
system as:

k1 = (k1)pn + kuopo;[H2PO7] + kupoy-[HPOST]  (Eq. 13)

Equation 13 can be written in terms of the total buffer concentration,
Bl

k1= (kDpH + [kRpo; + (RHPOY- — RHp0; M HPOL-|[Bl7
(Eq. 14)

where fupoz- is the fraction of monohydrogen phosphate ion. By
employing pKa = 6.59 at 35° and ionic strength 0.5 for phosphate (10),
plots of the slopes at pH 6.93, 6.38, and 5.87 against fupos- provided the
catalytic constant of kypos- = 0.240 M~ hr~! for the HPOJ~ buffer
component. No significant catalytic effect could be assigned to the HoPOy
buffer component,

Log kpu-pH Profiles—The &y values were obtained by extrapola-
tion of kqns to zero buffer concentration. These values also were deter-
mined by the pH-stat.
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Figure 4—Apparent first-order plots followed by spectrophotometric
assay for degradation of carbenicillin indanyl sodium (@, separation
assay; ©, UV method) and carbenicillin phenyl sodium (O, separation
assay; ©, colorimetric method; a, UV method) at various pH values,
35°, and ionic strength 0.5. The 0.5 M KCl solution was maintained at
each pH (8.98, 8.00, 7.50, 7.30, 7.00, 2.80, and 1.41) by means of a pH-stat;
the 0.2 M borate buffer was at pH 8.32, and the 0.2 M phosphate buffer
was at pH 6.35.
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Figure 5—Pseudo-first-order rate constants, k; + ko, versus total buffer
concentration for degradation of carbenicillin indenyl sodium (@) and
carbenicillin phenyl sodium (0O) in various buffer systems at 35° and
ionic strength 0.5. The rate constants were determined from the spec-
trophotometric assay. The phosphate buffer was at pH 2.49 and 6.35;
the acetate buffer was at pH 4.60.

In Fig. 7 is plotted log (kobs)pn and log (k1)pu versus pH for carbeni-
cillin phenyl sodium degradation at 35° and ionic strength 0.5. The pH
dependency of the ester hydrolysis indicated a simple and U-shaped curve
fitted by:

(R1)pu = (k)uau+ + (k1)o + (k)onKu/on+ (Eq. 15)

where ay+ is the hydrogen-ion activity as determined by glass electrodes;
K, is the autoprotolytic constant for water; (k1)y and (k;)oy are the
second-order rate constants for the hydrogen-ion catalyzed- and hy-
droxide-ion-catalyzed ester hydrolysis, respectively; and (k;)o is the
first-order rate constant for spontaneous or water-catalyzed hydrol-
ysis.

At pH >86, (kobs)pn wWas almost identical with (ky)pH, indicating that
ester hydrolysis to produce carbenicillin proceeds exclusively in this pH
region. Below pH 3, (kobs)pH Was 10-100 times larger than (k1)pn. This
finding suggests that 8-lactam degradation rather than ester hydrolysis
proceeds predominantly in carbenicillin phenyl sodium. It is obvious,
therefare, that the rate constant (kobs)pu below pH 3 is approximately
equal to (kg)pH.

For the acid degradation of the 8-lactam of penicillin, (k2),H obeys the
general rate law (10):

ay+

(k2)pn = [(k2)nau+ + (k2)o] Kotam (Eq. 16)

where K|, is the dissociation constant of I, and (k2)px and (k2)o represent
hydrogen-ion-catalyzed and spontaneous or water-catalyzed degradation
rates, respectively, of undissociated 1.

0.08} 693
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0..05 0.110 0.16 0.50
TOTAL PHOSPHATE CONCENTRATION, M

Figure 6—Pseudo-first-order rate constants k; for the liberation of
phenol from carbenicillin phenyl sodium versus total phosphate con-
centration at 35° and ionic strength 0.5. The rate constants were de-
termined by colorimetry.
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Figure 7—Log (kops)p—pH profiles for the degradation and log
(k1)pr—pH profiles for the ester hydrolysis of carbenicillin indanyl so-
dium (0) and carbenicillin phenyl sodium (A) at 35° and ionic strength
0.5. The lines represent the curves calculated from Eqs. 15-17 and the
constants in Table I11; the points are experimental values. Open sym-
bols are data determined by the separation assay, and closed ones are
data determined by the colorimetric and/or UV method. The degra-
dation of carbenicillin phenyl sodium (@) was determined at 60° in 0.2
M phosphate buffer. The broken line represents the log (ks)py—pH
profile of carbenicillin (2).

Log (kobs) p—PH profiles for carbenicillin indanyl sodium degradation
are shown in Fig. 7, providing a similar shape to those for carbenicillin
phenyl sodium. Therefore, Eqs. 15 and 16 apply to both compounds.

By employing the pKa values (11) of 2.94 for carbenicillin indanyl so-
dium and 2.91 for carbenicillin phenyl sodium and K, = 2.09 X 10~14 (12),
these specific rate constants that produced the best fits of the observed
points above pH 7 and below pH 3 are listed in Table III. The calculated
curves for (kobe)pH Were generated from Eq. 17, corresponding to the sum
of Eqs. 15 and 16 by the use of appropriate parameters, and were in rea-
sonable agreement with all experimental values:

aQy+
K, +ap+
+ (kpouKu/an+ (Eq.17)

To compare the $-lactam stability between the prodrugs and carbeni-
cillin, the log (k3)pn-pH profiles for carbenicillin degradation under the
same conditions are redrawn in Fig. 7 from the literature (2). It can be
seen that the B-lactam of both carbenicillin indanyl sodium and car-
benicillin phenyl sodium is more stable than that in carbenicillin by about
three times at pH 1, six times at pH 2, and 17 times at pH 3. The half-lives
at 35° and ionic strength of 0.5 were ~20 min, 2.6 hr,and 13 hrat pH 1,
2, and 3, respectively.

Temperature Effect on Degradation Rate—Arrhenius plots of the
observed first-order rate constants kqhs for I degradation in buffer solu-
tions of two different pH values are illustrated in Fig. 8. The enthalpies
of activation, AH >, calculated from the slope of the line at pH 3.87 (in
0.2 M acetate buffer), were 17.7 and 18.1 kcal/mole for carbenicillin
indanyl sodium and carbenicillin phenyl sodium, respectively; the en-
thalpy of activation at pH 6.98 (in 0.2 M phosphate buffer) was 16.6
kcal/mole for carbenicillin phenyl sodium. Because of the small catalytic
effect of acetate buffer, activation enthalpy at pH 3.87 may be regarded

(kobs)pH = (R)Hap+ + (k1o + [(k2)nan+ + (ko))
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Figure 8—Arrhenius plots for the apparent first-order rate constants
kobs for carbenicillin indanyl sodium (X) and carbenicillin phenyl so-
dium (O) at pH 6.98 (0.2 M phosphate buffer) and pH 3.87 (0.2 M ace-
tate buffer) and ionic strength 0.5.

as that of spontaneous degradation of the 3-lactam of undissociated I,
comparable with enthalpies in the 18-21-kcal/mole range for other
penicillin antibiotics (2).

The apparent activation energy of 17.2 kcal/mole at pH 6.98 may in-
clude the energies for hydroxide-ion-catalyzed and diphosphate-ion-
catalyzed hydrolysis and also for heat of jonization of water. If this energy
were to be employed to predict the hydrolysis rate of the I ester linkage
at constant pH in nonbuffered solution, half-lives at 37° for production
of H from carbenicillin indanyl sodium and carbenicillin phenyl sodium

“would be 17 and 8.5 hr, respectively, at the small intestinal pH of 7.0 and
7 and 3.5 hr, respectively, at the body fluid pH of 7.4.

DISCUSSION

The degradation of the two prodrugs of II proceeds through a total
cleavage of the B-lactam ring and of the ester bond. In acidic media below
pH 3, the B-lactam degradation pathway contributes >92%, and ester
hydrolysis contributes <8%. Susceptibility of the 8-lactam of penicillins
to acid-catalyzed degradation is attributed not only to the strained ring
(13) but also to the intramolecular attack of the side-chain amide on the
B-lactam carbonyl (14). The intramolecular reaction results in the ac-
celeration of the rates by electron-donating substituents, while elec-
tron-withdrawing substituents reduce the -lactam cleavage rate. En-
hanced stability of I compared to Il may be due to the increased inductive
effect of indany! and phenyl esters compared to the carboxylate anion.
The magnitude of the corresponding reaction rate constants (k) and
(k2)o for both prodrugs was similar to those of phenoxy and isoxazolyl
derivatives of orally effective penicillins (2, 15).

Previous studies {16) clarified that, in an environment below pH 5, G1
absorption of penicillins, excluding amphoteric derivatives such as am-
picillin, follows the common lipoidal membrane transport mechanism
of the undissociated species permeating through the aqueous diffusion
layer barrier. This mechanism predicts that the increased lipophilicity
of the undissociated penicillin molecules enhances the GI absorption rate
according the quantitative relationship described previously (17). The
. partition coefficient of the undissociated species, P,,, of orally effective
penicillins in an octanol-water system as the lipophilic index is above 90
(11, 18). The corresponding values of carbenicillin indanyl sodium and
carbenicillin phenyl sodium are 5300 and 910, respectively (11),
suggesting that these prodrugs would be absorbed well from the GI
membrane. In fact, this possibility was substantiated previously; intes-
tinal absorption of carbenicillin indanyl sodium at pH 4.0 is 4.7 and 2.2
times faster than absorption of penicillin V and propicillin, respectively
(19).

Above pH 7, on the other hand, I degradation is superseded in impor-
tance by ester hydrolysis to produce II. The second-order rate constant
of the B-lactam hydrolysis by nucleophilic hydroxide-ion attack is ~10°
M-1hr~1at 35° and g = 0.5, independent of the electronic nature of the

side chain at position 6 (2, 10, 20, 21). The present kinetic data indicate
that the ester hydrolysis of I by the nucleophilic hydrozide-ion attack
is ~100 times faster than the B-lactam hydrolysis. However, such
chemical degradation of I ester bonds is almost negligible, as predicted,
under intestinal pH conditions between pH 5 and 7.

A nonspecific esterase present on the GI lumen surface and/or in so-
lution may facilitate ester hydrolysis producing 11, as verified previously
in recirculating intestinal perfusion experiments in rats (19). Intestinal
absorption of ionized penicillins follows the transport mechanism almost
independently of the lipoidal nature of penicillin molecules above pH
6 and is very slow (17). These results suggest that a slow prodrug release
above pH 5-6 from oral tablets may result in the significant bioavail-
ability reduction because of the decreased concentration of well-absorbed
undissociated prodrug species and the rapid yield of poorly absorbed II
by the possible action of intestinal esterase rather than by the chemical
hydrolysis before I absorption.

In summary, the two prodrugs investigated have appropriate acid
stability and lipoidal solubility to serve as oral dosage forms. The two
prodrugs are well designed, from the pharmaceutical viewpoint, to im-

- prove 1I absorption and acid lability, to exhibit sufficient ester bond

chemical stability before absorption, and to yield II rapidly by the action
of tissue and serum esterase after absorption (6). If the two prodrugs were
to be controlled for sufficient dissolution below pH 4 by a suitable
pharmaceutical technique, the dissolved prodrugs might be absorbed
rapidly both in the stomach, to a small extent, and in the upper small
intestine, which has relatively low pH values and a large surface area, to
a larger extent.

REFERENCES

(1) L. Weinstein, in “The Pharmacological Basis of Therapeutics,”
5th ed., L. S. Goodman and A. Gilman, Eds., Macmillan, New York, N.Y.,
1975, chap. 57.

(2) T. Yamana, A. Tsuji, and Y. Mizukami, Chem. Pharm. Bull., 22,
1186 (1974).

(3) H. Zia, M. Tehrani, and R. Zargarbashi, Can. J. Pharm. Sci., 9,
112 (1974).

(4) A. R. English, J. A. Retsema, V. A. Ray, and J. E. Lynch, An-
timicrob. Agents Chemother., 1, 185 (1972).

(5) K.Butler, A. R. English, B. Briggs, E. Gralla, R. B. Stebbins, and
D. C. Hobbs, J. Infect. Dis., Suppl., 127, S97 (1973).

(6) J. P. Clayton, M. Cole, S. W. Elson, K. D. Hardy, L. W. Mizen,
and R. Surtherland, J. Med. Chem., 18, 172 (1975).

(7) H. Bundgaard and K. Iiver, J. Pharm. Pharmacol., 24, 790
(1972).

(8) R.J. Lacoste, S. H. Venable, and J. C. Stone, Anal. Chem., 31,
1246 (1959).

(9) E. A. Guggenheim, Phil. Mag., 2, 538 (1926).

(10) T. Yamana, A. Tsuji, E. Kiya, and E. Miyamoto, J. Pharm. Sci.,
66, 861 (1977).

(11) A. Tsuji, O. Kubo, E. Miyamoto, and T. Yamana, ibid., 66, 1675
(1977).

(12) H. S. Harned and W. J. Hamer, J. Am. Chem. Soc., 55, 2194
(1933).

(13) M. S. Manhas and A. K. Bose, “beta-Lactams: Natural and
Synthetic,” part I, Wiley, New York, N.Y., 1971, chap. 2.

(14) J. P. Hou and J. W. Poole, J. Pharm. Sci., 60, 503 (1971).

(15) T. Yamana and A. Tsuji, ibid., 65, 1563 (1976}.

(16) A. Tsuji, E. Miyamoto, N. Hashimoto, and T. Yamana, ibid., 67,
1705 (1978).

(17) A. Tsuji, E. Miyamoto, O. Kubo, and T. Yamana, ibid., 68, 812
(1979).

(18) A.E.Bird and A. C. Marshall, J. Chromatogr., 63, 313 (1971).

(19) A. Tsuji, E. Miyamoto, I. Kagami, H, Sakaguchi, and T'. Yamana,
J. Pharm. Sci., 67,1701 (1978).

(20) M. A. Schwartz and G.-M. W, ibid., 55, 550 (1966).

(21) H. Bundgaard, Dan. Tidsskr. Farm., 46, 85 (1972).

ACKNOWLEDGMENTS

The authors thank Taito Pfizer Co. and Beecham Yakuhin Co. for their
gifts of carbenicillin indanyl sodium, carbenicillin phenyl sodium, and
carbenicillin disodium. They also acknowledge the excellent technical
assistance of Miss N. Honjo and Miss S. Nishikawa. The computer
analysis was carried out with a FACOM M-160 digital computer at the
Data Processing Center, Kanazawa University.

Journal of Pharmaceutical Sclences / 1283
Vol. 68, No. 10, October 1979





