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Abstract  The intestinal absorption of a-esters of carbenicillin diso- 
dium, carbenicillin phenyl sodium, and carbenicillin indanyl sodium was 
investigated using the in situ rat intestinal recirculating method. In the 
in situ intestinal lumen a t  pH 7, two prodrugs were rapidly converted 
to poorly absorbable carbenicillin, possibly by the action of intestinal 
nonspecific esterase in competition with the slow absorption of prodrugs. 
At pH 5, the reduced action of esterase and the increased absorption rate 
after 3 hr resulted in 50 and 60% absorption of carbenicillin phenyl so- 
dium and carbenicillin indanyl sodium, respectively. The absorption rate 
constants determined for both prodrugs were in good agreement with the 
prediction from the quantitative structure-absorption rate relationship 
derived from the two-compartment aqueous diffusion model. 
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Carbenicillin (11) is very acid unstable and has low lipid 
solubility; thus, it is poorly absorbed by the GI tract after 
oral administration and its use is limited to parenteral 
administration. A series of a-carboxyl esters (I) of car- 
benicillin was synthesized in an attempt to overcome these 
disadvantages in the physicochemical properties of I1 and 
to increase oral bioavailability. These esters are designed 
to hydrolyze in the body to liberate I1 (1). The in uitro 
degradation kinetics of therapeutically useful derivatives 
of I, phenyl ester (carfecillin, Ia) and indanyl ester (car- 
indacillin, Ib), in a wide pH range at 35" and ionic strength 
of 0.5 were reported previously (2). Bundgaard (3) 
showed the acid degradation kinetics of the same com- 
pounds at  60". These kinetic data predicted that the 
P-lactam moiety of both prodrugs is six times more stable 
than that of I1 at pH 2.0 and the half-lives of the ester hy- 
drolysis in oitro are 8.5 hr for Ia and 17 hr for Ib at pH 7.0 
and 37" (2). 

The present study was undertaken to evaluate the rel- 
ative importance of parallel rate processes, absorption, and 
both chemical and enzymatic degradations (possibly 
proceeding at the absorption sites after oral administration 
of these esters) by utilizing the in situ rat intestinal re- 
circulating method. The physicochemical properties of 
carbenicillin prodrugs were also evaluated in order to im- 
prove the GI absorption rate of the parent antibiotic by 
application of the structure-absorption rate relationship 
established previously for 0-lactam antibiotics (4). 

EXPERIMENTAL 

Materials and Reagents-The materials, reagents, and equipment 
used in this study were, unless otherwise stated, the same as those used 

Table I-Percentage Residue of Carfecillin ( Ia)  and 
Carbenicillin (11) in t he  In Situ R a t  Small Intestinal Loopa 

Residual Residual Disappearance of 
Ia , 11, Total Antibiotics, 

Rat No. % % 9% 

1 38.6 
2 0.0 
3 28.8 
Mean 22.5 
SD 20.1 

38.2 
80.4 
47.6 
55.4 
22.2 

22.2 
19.6 
23.6 
21.8 
2.0 

(I All experiments were over 1 hr. Ia was dissolved in isotonic phosphate buffer 
(pH 7) and injected in a volume of 1 m l ( 1  mg/ml) into a 5-cm intestinal loop (du- 
odenum). 

previously (2, 4). All isotonic buffer solutions were prepared with the 
highest reagent grade chemicals available. 

Intestinal Absorption Experiments-Male albino rats (Wistar 
strain) weighing -200 g, were fasted over a 20-hr period prior to the ex- 
periments, but water was given freely. The rats were anesthetized with 
urethan, 1.3 g/kg ip. 

The intestinal recirculating absorption procedure was reported pre- 
viously (4). The in situ loop absorption method was essentially the same 
as that of Perrier and Gibaldi (5) except for the use of the duodenum and 
for the ligation of the bile duct. 

Each antibiotic solution was prepared with an isotonic buffer of pH 
5 or 7 to make a final concentration of 1 4  mg/ml. Aliquots (0.1 ml) of the 
samples were withdrawn a t  appropriate intervals, diluted with distilled 
water, filtered through a 0.45-pm filter' to remove any solid materials, 
and analyzed. 

Analytical Procedure-Samples were analyzed by UV spectrometry 
developed previously to quantify I and I1 simultaneously in a solution 
(2). 

RESULTS AND DISCUSSION 

Disappearance of Prodrugs from In  Situ R a t  Intestinal Loop-It 
was suggested that Ia and Ib are both well absorbed by the GI tract and 
can be converted rapidly to I1 during absorption through the mucous 
membrane and/or in the blood by a nonspecific esterase (1). 

The percentage of the residual Ia and I1 produced after 1 hr in the in 
situ rat intestinal loop a t  pH 7 is shown in Table I. From previous kinetic 
data (21, the rate constant for the ester hydrolysis of Ia was evaluated a t  
1.5 X min-' for the isotonic and 0.066 M phosphate buffer solution 
(pH 7.0) used in this study. The 55.4 f 22.2% of in situ formation of I1 
a t  the end of 1 hr was about six times greater than that predicted from 
the chemical hydrolysis rate of the phenyl ester. Because the percentage 
disappearance of the total antibiotics (Ia + 11) was 21.8 f 2.0%, the result 
suggests that the prodrug Ia may be absorbed as well as converted to I1 
by the chemical hydrolysis and enzymatic action of nonspecific esterase 
in the intestinal fluid and/or mucosal surface of the intestine. 

Kinetics of Absorption and Metabolism of Prodrugs by the In Situ 
R a t  Intestine-To clarify the GI absorption of I from its kinetics, the 
intestinal absorption experiments were performed using the recirculating 
perfusion technique. The pH of the perfusion solution was maintained 
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Figure 1-Time course of absorption and metabolism of carfecillin (la) ( A  and B) and carindacillin (Ib) (C and D )  during in situ recirculation 
through the  rat small intestine at p H  7.0 ( A  and C) and p H  5.0 (B and 0). Perfusion uolume, 15 ml; initial concentration, 4 mg/ml ( A  and B) ,  2 
mglml (C), and I mglml  (D); flow rate, 2 mllmin.  Key: 0,  total antibiotics; 0, prodrug (I); and 0,  carbenicillin ( I ) .  T h e  symbol (x) shows the  ex-  
p&mental points f i r  I I  under the  same conditions 
at a constant of pH 5.0 or 7.0 by use of a pH-stat during the absorption 
experiments. 

Results of the lumen content analysis are shown in Fig. 1, indicating 
that disappearance of I a t  pH 7.0 proceeds to a similar extent for Ia and 
Ib ,  accompanying an increase of I1 up to -50-60% after 3 hr in 15-ml of 
lumen perfusion solution (Figs. 1A and 1C). Interestingly the rates for 
total loss of I and the formation of I1 depend markedly on the volume of 
the perfusion solution. The loss of total antibiotic from 15-ml lumen so- 
lution was about 20% for Ib after 3 hr. The disappearance of I 1  was only 
-6% after 3 hr under the same condition (Fig. 1A and 1C). The decrease 
in the total antibiotic may be attributed mostly to the absorption of intact 
I. However, in the experiments with 40-50 ml of lumen solution, about 
35-40% of I loss corresponded to the formation of 11; the absorption of 
the antibiotics was negligible. 

At pH 5,  on the other hand, absorption was 50% for la  and 60% for Ib 
but only 20% for the parent antibiotic I 1  after 3 hr for the 15-ml solution 
(Figs. 1B and 1D). Under this condition, a relatively small amount 
(10-2070) of I 1  was produced, probably due to the reduced action of 
nonspecific esterase. 

From these results, the kinetic model for the absorption and metabo- 
lism of I may be derived as reported previously (6). I is absorbed by the 
intestine in an intact form but is partially degraded by two possible 
processes as shown in Scheme I. One process is a nonenzymatic degra- 
dation of 0-lactam moiety to produce the penicilloic acid (111) of I and 
the other is both a nonenzymatic and enzymatic hydrolysis of ester 
linkage to form the poorly absorbable 11. Compound I 1  is also degraded 
to its penicilloic acid (IV) similarly to form I11 from I along with the slow 
absorption by the intestine. 

If it is assumed (not being influenced by the volume change of the 

perfusion solution) that the absorption kinetics obey Fick's law, that 
enzymatic ester hydrolysis is described by Michaelis-Menten kinetics, 
and that all 0-lactam cleavages obey apparent first-order kinetics, then 
the rate of each species can be written: 

where [ I ]  and [11] represent the concentration of I and 11, respectively, 
at time t ,  K ,  is the Michaelis constant, A, represents the amount of 
enzyme, k ,  is the degradation rate constant for the formation of I1 from 
the drug-enzyme complex, ( k d ) l  is the first-order rate constant for the 
nonenzymatic ester hydrolysis to produce 11, (kd)2 and (kd)3 are the 
first-order rate constants for the nonenzymatic P-lactam cleavage reac- 
tions of I and 11, respectively, ka  and kb are the absorption clearance 
(ml/time) of I and 11, and V is the volume of perfusion solution. From Eqs. 
1 and 2, Eqs. 3 and 4 can easily be derived (6): 

(Eq. 3 )  k a p p  = kalV + ( k d ) 2  

[ I l t ,  - [ I l t ,  + [I%, - [ I I l t ,  - [kblV+ (kdh]  I,fz [IIldt 
k a p p  = 1," IIIdt 

(Eq. 4) 

where subscripts t l  and t 2  represent the sampling times. The values of 
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Table 11-Absorption Clearance Determined at pH 5 and 7 in the In Situ Absorption Experiments through the  R a t  Small  Intestine and 
the Related Physicochemical Parameters  for  Carbenicillin Prodrugs ( I )  and  Carbenicillin (11) 

Ia Ib I1 
PH PH 

5 7 5 7 5 7 
PH 

Molecular weight" 454.5 494.6 378.4 
pKa 2.91 2.94 3.06" 
Log P, (octanol-water) 2.96 3.77 1.95* 
P a  

1O2ktheorg, ml/min 4.83 1.20 13.32 1.44 1.52 1.15 
102koh,h, ml/min 6.6 1.7 13.5 2.3 1.5 0.45' 

7.35 0.0741 50.8 0.512 0.207 0.00549 
108iR,, (theor)/, ml/min 3.68 0.05 12.17 0.29 0.37 0.00 

As free acid. * Determined a t  37" and ionic strength 0.15, from Ref. 8. Determined a t  37' and ionic strength 0.5, from Ref. 9. Reference 13. Defined by Eq. 7. 
Observed value. ' Total disappearance including possible / Calculated from the first term of the richt side in Eq. 5. Calculated from Eq. 5 where k ,  = 0.0115 ml/min. 

degradation. 

the integrals, which should be equal to the areas under the respective 
concentration-time curves of I and 11, were calculated by the trapezoidal 
rule. 

As shown in Fig. 2, the plots of kapp versus 1 /V for both prodrugs gave 
reasonably straight lines2. Absorption clearances a t  pH 7.0 calculated 
from the slopes were 0.017 and 0.023 ml/min for Ia and Ib, respectively. 
Despite the 50-fold difference a t  maximum in the oil-water partition 
coefficient of the ionized species of I and the other 8-lactam antibiotics 
(7,8), the absorption clearance of I was very close to that (average 0.012 
ml/min) of other monobasic penicillins (4). This supports the fact that 
the intestinal absorption rate of ionic species of monobasic /I-lactam 
antibiotics is almost independent of their lipophilicity (4). 

At pH 5, the absorption clearances were calculated to be 0.066 and 0.135 
ml/min for Ia and Ib,  respectively, according to Eqs. 3 and 4. I n  uitro 
degradation rate constants of (kd)2 = 9.7 X 
min-' for Ia and Ib and (kd)z = 4.3 X min-', which were evaluated 
a t  37O and pH 5.0 from the kinetic data (2,3,9,10) were used in the cal- 
culations. The absorption clearance of 11, k,,, was determined to be 0.015 
ml/min (Fig. 1). The prodrug absorbabilities were -4 times larger for Ia 
and 9 times larger for Ib than that of the parent drug, 11. The increased 
absorption rate a t  pH 5 with the increased lipophilicity of I may be due 
to the enhanced lipoidal membrane transport of undissociated species 

min-' and 8.9 X 

I11 

0-R 
I 

[y enzyme 

6- 
I1 GI 1 Tract 

Carindacillin ( I b ) :  R = 

Scheme I-Pathways of simultaneous absorption and degradation of 
carbenicillin prodrug ( I )  i n  the GI .  

2 For Ib,  /zmp,, was reevaluated accordmg to Eqs. 3 and 4 because the calculation 
in the previous paper (5) neglected the absorption rate of 11. 

of I across the aqueous diffusion layer adjacent t o  the mucosal surface 
(11). 

Prediction of Penicillin Prodrug Absorbability from Quantitative 
Structure-Absorption Rate  Relationship-A previous report (4) 
established that the theoretical absorption clearance, ktheor, for mono- 
basic B-lactam antibiotics was generalized by the sum of the absorption 
clearances, k, + k,, for the undissociated and ionized species of the drug 
as: 

ktheor (ml/min) = - a ( ~ ) + h ,  (Eq. 5 )  m w  B + fuPu 
where MW is the molecular weight of the undissociated form of antibi- 
otics, P, is the partition coefficient of the undissociated drug between 
oil (e.g., octanol) and water, a, and 0 are constants, and f ,  is the fraction 
of undissociated species as a function of pH expressed as: 

(Eq. 6) 

where a: is the hydrogen-ion activity of perfusion solution and K ,  is the 
dissociation constant of drug. Thus, f,PU represents the apparent par- 
tition coefficient, Pappr as a function of the solution pH: 

Papp = f u P u  (Eq. 7) 

The first term in Eq. 5 was derived for k, from the kinetic model of 
membrane permeation across the lipoidal barrier for the undissociated 
penicillin species transported through the aqueous diffusion layer ad- 
jacent to the GI membrane surface (1 1). With the parameters3 N (4.62), 
8 (35.9), and ki (0.0115) evaluated from the absorption rates (three 
phenoxy derivatives and four isoxazole derivatives of penicillins) in the 
same experiments (4), the theoretical absorption clearances of Ia, Ib, and 
I 1  were calculated according to Eqs. 5 and 6 as a function of lumen solu- 
tion pH4. The results are shown in Fig. 3. 

In Fig. 3, the k,-pH profiles for penicillin V, propicillin, and dicloxa- 
cillin (4) are redrawn by conversion of the first-order absorption rate 
constant to its clearance using the volume (9 ml) of the perfusion solution 
used. The predicted values are in fairly good agreement with the exper- 
imental data for carbenicillin prodrugs and the parent drug, as well as pc 

w x  2 k .f 

1/v,  m1-l x l o *  

Figure 2-Effect of the uolurne of perfusion solution on the absorption 
rates of carfecillin (la, A) and carindacillin (Ib, 0) from the in situ rat 
intestine at p H  7.0 under the same conditions as in Fig. I .  

These values were evaluated from Eqs. 6,12,14 in Ref. 4 by changing the per- 

The parameters based on these calculations are listed in Table 11. 
fusion solution volume to 9 ml. 
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PH 
Figure 3-Plots of the in situ rat intestinal absorption clearance, kobs. 
ojpenici11in.s versus pH of the perfusion solution a t  37". The curues were 
generated from Eq. 5 with the corresponding parameters listed in Table 
I1 and from Ref. 4. Key: 8, carindacillin (Ib); @, carfecillin (la); 0, di- 
cloxacillin; A, propicillin; 0, penicillin V; and A, carbenicillin (II). Data 
for dicloxacillin, propicillin, and penicillin V were taken from Ref. 4.  
for other antibiotics. The results indicate that the prodrugs, Ia and Ib, 
are sufficiently lipophilic to be absorbed rapidly from the GI tract by 
crossing the first barrier of the aqueous diffusion layer in front of the GI 
membrane surface and the second barrier of the lipid membrane. 

The two prodrug chemical modifications of carbenicillin increase both 
the GI absorption rate and the acid-stability and exhibit sufficient 
chemical stability of the ester bond in the GI lumen. However, the results 
suggest that since the ester moieties of Ia and Ib are easily subject to the 
intestinal enzymatic metabolism, both ester prodrugs may liberate the 
poorly absorbable I1 as a result of nonspecific esterase action accompanied 
by absorption to reduce both bioavailabilities. After oral dosage in hu- 
mans, 15-30% for Ia and 35-40% for Ib are recovered as I1 in urine com- 

pared with 75-100% after I1 intravenously (12). The relatively low re- 
covery for I may be attributed to incomplete absorption and/or a first- 
pass effect. But I1 itself can not achieve a large urinary recovery after an 
oral dose. 
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Abstract 0 Data are presented showing that the anomalous dissolution 
behavior of ticrynafen in simulated intestinal fluid without enzyme is 
due to the presence of potassium ions in the dissolution medium. Solu- 
bility studies indicate that an insoluble 1:l complex is formed between 
ticrynafen and its potassium salt. This complex apparently creates an 
insoluble barrier that prevents complete dissolution of ticrynafen. T o  
determine whether this might also occur in clinical use, a three-way 
cross-over study in 12 subjects was done. Data from this investigation 
show that concomitant administration of ticrynafen tablets and potas- 
sium in the form of a commercial supplement does not adversely affect 
bioavailability. 

Keyphrases 0 Ticrynafen-dissolution anomaly in simulated intestinal 
fluid without enzyme, potassium ions 0 Potassium ions-complex with 
ticrynafen, dissolution anomaly in simulated intestinal fluid without 
enzyme 0 Dissolution-anomaly, ticrynafen in simulated intestinal fluid 
without enzyme 

Considerable effort has been devoted to the develop- 
ment of in uitro dissolution test methods that attempt to 
characterize the in uitro dissolution rate-controlled ab- 

sorption of drugs administered in solid dosage forms. 
Unfortunately, the lack of understanding surrounding the 
many variables that can influence the in uiuo dissolution, 
and possibly the subsequent absorption, make predictions 
based on in uitro data alone extremely difficult. The nature 
of the dissolution media can sometimes influence in uitro 
dissolution behavior dramatically and be misleading with 
regard to in uivo performance. The present study shows 
how the presence of potassium ions in simulated intestinal 
fluid without enzyme retarded drug dissolution without 
affecting the in uiuo performance of ticrynafen'. 

EXPERIMENTAL 
Materials-Ticrynafen', potassium ticrynafen2, and 500-mg ticry- 

nafen tablets1 were obtained. All other chemicals were reagent grade and 
were used without further purification. 

'Selacryn', Smith, Kline & French Laboratorles. 
Smith, Kline & French Laboratories. 
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