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The diester of 9-[(1,3-d~ydroxy-2-propoxy)-me~yl]gua~ne (DHPG) undergoes enzymatic hydrolysis in the presence of rat and 

monkey intestinal homogenate forming the more polar compound DHPG which has diminished membrane permeability. The effects 

of various complexing agents on the enzymatic hydrolysis of the diester in the presence of rat and monkey intestinal homogenate 

were evaluated. Benzyl alcohol and salicylic acid derivatives caused a 2%7.2-fold enhancement in the stability of the diester. 

Solubility studies in the presence of these ligands indicated formation of 1 : 1 and 1 : 2 complexes with improved solubilities. 

Inhibition kinetic experiments were conducted using purified porcine liver esterase. The inhibition type, and the values of the kinetic 

parameters for benzyl alcohol and gentisic acid were determined from Lineweaver-Burk plots. These plots indicated competitive and 

mixed (combination of competitive and non competitive) inhibition for gentisic acid and benzyl alcohol, respectively. The competitive 

inhibition has been explained as complex formation between the inhibitor and the substrate. Thus co-administration of the diester 

and the complexing agent would protect the diester against enzymatic degradation during its residence time in GI tract. 

Inaction 

Many medicinal agents such as penicillins, 
peptides and nucleoside derivatives undergo a cer- 
tain degree of chemical or enzymatic degradation 
in the gastrointestinal (GI) tract, which may result 
in partial or complete loss of biological activity. 
Water-soluble and polar compounds are often de- 
rivatized with bioreversible lipophilic groups in 
order to improve their transport across the intesti- 
nal membrane (Hoeksema et al., 1961; Glayton et 
al., 1976). The majority of these derivatives are 
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ester type. Once in the general circulation these 
derivatives undergo chemical or enzymatic conver- 
sion to the biolo~~~ly active parent molecule. 
However, during their transit through the GI tract 
the derivatives are exposed to the hostile environ- 
ment of enzymes and chemical catalysts. A rapid 
conversion to the polar parent drug would result 
in diminished permeability. Therefore, increasing 
the stability of the derivative or labile drug sub- 
stances towards enzymatic degradation in the GI 
tract would allow more of the intact molecule, 
with superior permeability or activity, to be ab- 
sorbed. 

Various metabolic inhibitors have been used to 
stabilize insulin against enzymatic degradation in 
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the GI tract. These include the inhibitor diisopro- 
pylfluorophosphate (Danforth and Moore, 1959) 
and specific proteolytic enzyme inhibitors, 
chymostatin and FK-448 (Fujii et al., 1985). Hori 
et al. (1983) found that certain peptides inhibited 

insulin degradation in percutaneous tissue after 
injection. 

Alternative approaches are to protect the drug 
substance by entrapment within a bilayer or by 
complexation with a suitable ligand. The liposome 
entrapment has been used for the protection of 
insulin during oral absorption (Weingarten et al., 
1981) and for nitrocefin and cephaloridine against 
in vitro hydrolysis by P-lactamase (Pourkavoos et 
al., 1984). However, the use of complexation to 
protect the drug against enzymatic degradation 
has not been explored in drug delivery. 

The present study was undertaken to evaluate 
the feasibility of complexation as a means for 
stabilization of a susceptible molecule against en- 

zymatic degradation. The diproprionate ester (I) 
of an antiviral agent DHPG (II) was selected as 
the model compound. From studies described pre- 
viously (Benjamin et al., 1986) it was known that 
the diester I undergoes enzymatic hydrolysis to 
mono ester and DHPG in the presence of intesti- 
nal and liver homogenates. 

6R 

II R=li DHPG 

I R=CH$H$O DIPROPIONYL OHPG 

Experimental 

Materials 
The dipropionate ester of DHPG (Martin et al., 

1986) was obtained from the Institute of Organic 
Chemistry (Syntex Research). The partially puri- 
fied porcine liver esterase (1500 units/ml in 3.2 M 
ammonium sulfate buffer), gentisic acid 
ethanolamide, 5-methoxysalicylic acid, sodium 

glycocholate, gentisic acid and cyclodextrins were 
purchased from Sigma Chemical Co. (St. Louis, 
MO). Other compounds or reagents were obtained 
from J.T. Baker Chemical Co. (Phillipsberg, NJ). 

Analytical methodology 

A previously described (Benjamin et al., 1985) 

cation exchange reverse-phase dual-column HPLC 
method capable of simultaneous quantitation of 
Compound I and its hydrolysis products was used 
for all analyses. 

Solubility studies 

Excess Compound I was suspended in 2 ml of 
aqueous solution containing various amounts of 
the ligands in 2 ml glass vials. The pH of the 
solution was adjusted to 5.5 with sodium hydrox- 
ide or hydrochloric acid. The vials were stoppered 
with rubber closures and sealed with aluminum 
caps. The vials were rotated in a water bath at 

25°C for 70 h. At the end of the equilibrium time, 
the suspension was filtered using syringe filter 
fitted with a 2 pm polyvic filter membrane (Milli- 
pore Corp., Bedford, MA). An aliquot of the 
filtrate was diluted with the mobile phase and 
injected onto the HPLC for quantitation. 

The solubility data obtained were curve-fitted 
according to the method of Higuchi and Kris- 
tiansen (1970) to obtain the formation constants. 

Intestinal homogenate stability studies 

Preparation of rat and monkey intestinal homo- 
genate and the incubation studies were carried out 
as previously described (Benjamin et al., 1986) 
except that the various additives were added to the 
incubation mixtures as aqueous solutions in 
buffered saline (0.5 M phosphate, 0.15 M sodium 
chloride pH 7.4). The rat intestinal homogenate 
incubations contained 4 ml of methanolic solution 
of Compound I (120 pg/ml), with 1, 3 or 5 ml of 
10% w/v homogenate stock solution (to get 0.55%, 
1.7% or 2.7% w/v, respectively, homogenate in- 
cubations). The volume was made up to 24 ml 
with the buffer containing the appropriate ad- 
ditive. The monkey intestinal homogenate incuba- 
tions contained 4 ml of methanolic solution of 
Compound I (80 pg/ml), 4 ml of 10% w/v homo- 
genate and 16 ml of buffered saline containing the 



additive. The final homogenate concentration was 
1.7% w/v. 

Kinetics of inhibition using purified esterase 
An enzyme stock solution was prepared accord- 

ing to literature references (Kawaguchi et al., 
1985). An aliquot of the porcine liver esterase 
suspension was diluted to 35 units/ml in 0.025 M 
potassium phosphate pH 7.4 buffer. The solution 
was then filtered through a 0.8 pm membrane 
filter (polycarbonate Nuclepore, Pleasanton, CA) 
and stored at 4°C before use. The stock solution 
was used within 48 h. Solutions of Compound I in 
0.025 M potassium phosphate pH 7.4 buffer were 
prepared to obtain 1.0, 1.3, 2.0, 2.5 and 5.0 mM 
drug solutions. Ten ml aliquots of drug solutions 
with and without inhibitor were equilibrated at 
37°C in a water bath. The reaction was initiated 
by addition of 100 1.11 of the enzyme stock solution 
into the drug solution using a glass syringe. The 
solutions were mixed by agitation and im- 
mediately returned to the water bath. The reaction 
mixture was sampled at 0.5, 1, 1.5, 2, 3 and 4 min 
intervals. At each time point 375-625 ~1 aliquots 
of the reaction mixture were pipetted out using a 
micropipetter (Gilson Pipetman, Renin, Emmery- 
ville, CA) and diluted with ice-cold mobile phase 
(methanol/O.001 M ammonium phosphate, pH 
2.5, 30 : 70) to a final concentration of 0.05 mM. 
The samples were quantified using HPLC. For the 
inhibition kinetics experiments the final inhibitor 
concentration was 5 mM. The concentration of 
Compound I was plotted against time and the 
initial velocities were obtained by the slope of the 
least-squares fitted lines. 

Results and Discussion 

Stability in the intestinal homogenate 
It has been shown previously (Benjamin et al., 

1986) that the diester I undergoes enzymatic hy- 
drolysis in the presence of intestinal homogenates. 
The additives which were initially screened for the 
stabilization of I against enzymatic hydrolysis are 
listed in Table 1. Except trichlorfon, (2,2,2-n+ 
chloro-1-hydroxyethyl)phosphonic acid dimethyl 
ester), these ligands are known to form complexes 

TABLE 1 

Additives wed in stability screening studies in the presence of 

mtestinal homogenates 

Additive Cont. in incubation mixture 

Rhesus monkey Rat 

PVP (K90) 

a-Cyclodextrin 

P-Cyclodextrin 

y-Cyclodextrin 

Benzyl alcohol 

PEG 6000 

PEG 400 

Disodium EDTA 

Gentisic acid 

Gentisic acid ethanolamide 

Dextran T70 

Trichlorfon 

Dimethylacetamide 

5Methoxysalicylic acid 

Sodium glycocholate 

Sol ketal 

Propylene glycol 

5% 

5% 

1% 

1% 

2% 

5% 

0.5% 

5% 

1% 

5% 

1% 
_ 

_ 
1% 
_ 

1% 

1% 

_ 
1% 

1% 

1% 

1% 

1% 

with certain compounds. Trichlorfon is a known 
cholinesterase inhibitor, which was included as a 
positive control. Each additive was initially 
screened at the two intestinal homogenate con- 
centrations of 0.55% w/v (rat) and 1.7% w/v 
(monkey). The additives which appeared to pro- 
duce the greatest stabilization of I at these homo- 
genate concentrations were then challenged at a 
higher rat intestinal homogenate concentration of 
2.7% w/v. 

Table 2 and Figs. 1 and 2 show the effect of 
those additives which provided stabilization 
against enzymatic hydrolysis in rat and monkey 
intestinal homogenates compared to the reaction 
without additive (control). These results indicate 
that the rate of enzymatic hydrolysis is reduced 
significantly in the presence of benzyl alcohol, 
gentisic acid, gentisic acid ethanolamide and 5- 
methoxysalicylic acid compared with the control. 
At the highest rat intestinal homogenate con- 
centration of 2.7% w/v, the increase in stabiliza- 
tion of Compound I over that of control is 7.2-fold 
for benzyl alcohol, 2.8-fold for gentisic acid and 
5.8-fold for gentisic acid ethanolamide. The quan- 
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TABLE 2 

The effect of camplexing agents on the stability of dipropionyl 

DHPG in 2.7% w/u rat intestinal homogenate nt 37OC 

Additive Cone. in 

incubation 

mixture 

Rate constant 11/z 
@tin-‘) (mm) 

Control 

Sol ketal 18 

Gent&c acid 1x 

Gentisic acid 

ethanolamide 1% 

Benzyl alcohol 1% 

Methoxysalicylic 

acid 1% 

3.25 x lo-* 

1.91 x10-2 

1.12X10~2 

5.46 x lo- 3 

4.44x10-3 

a 

21 

36 

62 

12-l 

IS6 

a Essentially no reaction 

titation of I in the presence of 5-methoxy-salicylic 
acid was complicated by the coelution of both 
compounds. However, the rate of appearance of 
the degradation products peaks was very slow, 
indicating essentially no reaction. Other additives 
included in Table 1 do not show any significant 
stabilizing effect. 

The additives that have been identified as pro- 
viding the greatest stabilizing effect on I, benzyl 
alcohol, gentisic acid, gentisic acid ethanola~de 
and methoxy-salicylic acid, have similar structural 

10 j t I I L I L & 
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Time (mfn) COMPLEXING hGENT (Ml 

Fig. 1. First-order plots for the hydrolysis of dipropionyl Fig. 3. Increase in solubility of dipropionyl DHPG (I) pro- 

DHPG (I) in 1.7% w/v rat intestinal homogenate at 37°C in duced by addition of gentisic acid (O), gentisic acid ethanola- 

the absence (e) and presence of benzyl alcohol (A), gentisic mide (A) and benzyl alcohol (m) in aqueous solution at pH 5.5 

acid ethanolamide (T), trichlorfon (W) and PVP (+). and 2S°C. 

10 

Time (mtn) 

Fig. 2. First-order plots for the hydrolysis of dipropionyl 

DHPG (I) in 2.7% w/v rat intestinal homogenate at 37OC in 

the absence (0) and presence of benzyl alcohol (A), gentisic 

acid ethanolamide (+), gentisic acid (m) and sol ketal (T). 

features. They each contain an aryl ring with one 
or more hydroxy groups attached directly or a to 
the ring. 

Solubility studies (Fig. 3) indicate that these 
additives increase the solubility of I by complex 

7 
I 



formation. The non-linearity of the plot of solubil- 

ity of I versus ligand concentration indicate for- 
mation of 1 : 1 and 1: 2 complexes. The data in 
Fig. 3 were curve-fitted according to Higuchi and 
Kristiansen (1970) to obtain the formation con- 

stants K, : 1 and K, : 2 (Table 3). The solid lines in 
Fig. 3 are the theoretical lines and fit the experi- 
mental data very well. 

Salicylic acid derivatives have been known to 
form similar molecular complexes with chartreusin 

(Pooch&an and Cradock, 1979), acronine (Repta 
and Hincal, 1980), benzodiazepine (Badwan et al., 
1983) and caffeine (Reuning and Levy, 1968). 
Although nature of such interactions has not been 
established, it is suggested that combination of 

electrostatic force of the donor-acceptor type (for 
gentisic acid) and hydrophobic forces play an 
important role in the stabilization of these com- 

plexes (Badwan et al., 1983; Pooch&an and 
Cradock, 1979). 

Mechanism of stabilization 
Based on the solubility studies and the stability 

data in the presence of intestinal homogenate it is 
concluded that those ligands which stabilize Com- 
pound I against enzymatic hydrolysis form com- 

plexes with it. This suggests that the formation of 
a complex between the substrate (I) and the in- 
hibitor (ligand) is an important step in the inhibi- 
tion of the enzyme. To elucidate the nature of the 

inhibition, enzyme kinetic experiments were con- 
ducted using purified porcine liver esterase. These 
experiments were initiated with rat intestinal ho- 

mogenate. However, measurements of the initial 
velocities requires use of very dilute homogenate 
suspension and it was not possible to keep various 

TABLE 3 

Association constants for formation of complexes between dipro- 

pionate ester of DHPG (I) and uariour ligands in aqueous 

solution at pH 5.5 and 25’C 

Determined by the solubility method. 

Ligand Kl:, (M-l) K,.z (M-l) 

Benzyl alcohol 3.49 1.37 

Gentisic acid 6.29 2.41 

Gentisic acid ethanolamide 9.98 2.51 

71 

factors, effecting the esterase activity, constant 
during different experiments resulting in large 
scatter in the data. Use of purified esterase en- 
zyme proved to be very convenient and the data 
was very reproducible. The initial velocities for 
various substrate concentrations, with and without 
inhibitors are listed in Table 4. The relationship of 
substrate concentration and initial velocity is 

non-linear and follows Michaelis-Menten kinetics. 
The double reciprocal plots of the data according 
to Lineweaver-Burk method (1934) are shown in 

Fig. 4. The solid lines are the best least-square 
fitted lines. The shapes of the lines indicate (Webb, 
1963) that inhibition by gentisic acid is essentially 
a competitive inhibition (increase in K,, decrease 

in affinity for the enzyme) and that by benzyl 
alcohol is a mixed inhibition (increase in K, and 
decrease in V,), a combination of competitive and 
non-competitive inhibition. 

22 

T 
20 -- 

18 -- 

-0.8 -0.4 0.0 0.4 0.8 

l/S (l/mM) 

Fig. 4. Lineweaver-Burk plots for the inhibition of porcine liver 

esterase hydrolysis of dipropionyl DHPG in 0.025 M phos- 

phate buffer pH 7.4 at 37OC: (0) no inhibitor, (A) gentisic acid 

5 mM, (m) benzyl alcohol 5 mM. Each point is an average of 

3-4 experiments. 
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TABLE 4 

The effect of gent& aad and benzyyl alcohol (inhibitors) on the kinetics of the hydrolysis of dqwopionyf DHFG (substrate) by porcine iiL)er 

&erase in 0.025 M potassium phosphate buffer pH 7.4 at 37°C 

Inhibitor Substrate 

cont. 

(mM) 

Initial velocities a 

(mM, mm’) 

Inhibitor type b Kinetic parameters ’ 

None 5.0 

2.5 

2.0 

1.3 

1.0 

Benzyl alcohol (5 mM) 5.0 

2.5 

2.0 

1.3 

1.0 

Gentisic acid (5 mM) 5.0 

2.5 

2.0 

1.3 

1.0 

0.301 & 0.015 

0.216 i. 0.010 

0.199 * 0.019 

0.151 & 0.012 

0.131 k 0.006 

0.122 + 0.017 

0.093 f 0.009 

0.080 f 0.003 

0.061 + 0.004 

0.050 &- 0.006 

0.241 + 0.025 

0.166 * 0.008 

0.135 * 0.005 

0.109 * 0.008 

0.082 + 0.005 

K, = 2.32 mM 

V, = 0.427 mM min - ’ 

Mixed i~ibition K, = 2.94 mM 

VP = 0.198 mM. min- ’ 
K, = 2.84 mM 

Competitive inhibition K, = 4.56 mM 

VP = 0.462 mM . min-’ 

Ki = 7.12 mM 

a Average k SD. of 3-4 experiments. 

b From the pattern of Lineweaver-Burk plots. 

’ Calculated from the Lineweaver-Burk plots. 

K, = Michaelis constant; V, = maximum rate of hydrolysis in the absence of inhibitor; VP = maximum rate of hydrolysis in the 

presence of inhibitor; I(, = effective Michaelis constant in the presence of inhibitor; and K, = inhibition constant. 

The kinetic parameters were calculated from 
these plots and are included in Table 4. The 
Michaelis and apparent Michaelis constants K, 
and K, are obtained from the X-intercept, while 
the maximum velocities I$, and VP are obtained 
from the Y-intercept. The in~bition constants K, 
are calculated from the ratio of the slopes of the 
lines with and without inhibitor (Webb, 1963). 

Generally, the competition between the sub- 
strate and the inhibitor for the enzyme results in 
competitive inhibition. However, it has been sug- 
gested (Cavanaugh et al., 1955; Segal, 1975; 
Sluyterman and Wijdenes, 1973; Webb, 1963) that 
complexation between substrate and inhibitor 
yields plots that superficially resemble competitive 
inhibition. In this case, the inhibition is due either 
to competition of enzyme and substrate for the 
inhibitor (Eqns. l-3) or competition between the 
substrate-inhibitor complex and the substrate for 

the enzyme (Eqns. 1, 2 and 4). 

E+S+ES-+E+P 

S+I+SI (2) 

E+I+EI 

E + SI r?l ES1 (4) 

We have not established which of the above mech- 
anisms is applicable here. In either case, complex 
formation between the substrate and inhibitor is 
the primary reason for the inhibition by gentisic 
acid. The value of formation constant (Table 3) 
for the complexation of gentisic acid and com- 
pound I indicates strong interaction between the 
two compounds and supports complexation as a 
probable explanation for the i~bition by gentisic 
acid. Although salicylates have been reported 
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(Smith and Dawkins, 1970) to competitively in- 
hibit the activities of certain enzymes, these do not 
include esterases. Therefore it is unlikely that part 
of inhibition in the present study is due to classi- 
cal competitive inhibition. 

The mixed inhibition by benzyl alcohol de- 
scribed here is a combination of competitive and 
non-competitive inhibition. The complexation be- 
tween benzyl alcohol and the diester could be 
responsible for the competitive inhibition. In 
non-competitive inhibition, the substrate and in- 
hibitor bind to the enzyme, at different sites, 
independent of each other. However, the resulting 
ESI complex is inactive. The binding of benzyl 
alcohol to any other site on esterase could induce 
changes in the catalytic site and result in non- 
competitive inhibition. Benzyl alcohol is reported 
to inhibit the activity of monoamine oxidase 
(Fowler and Callingham, 1980; McEwen et al., 
1968) and esterase activity of carboxypeptidase A 
(Davies et al., 1968) enzymes. 

The complexation and kinetic data suggest that 
the mixed inhibition by benzyl alcohol is predomi- 
nantly non-competitive. The value of fo~ation 
constant (Table 3) is small, indicating weak inter- 
action between benzyl alcohol and the diester I. 
On the other hand, the small value of Ki (2.84 
mM) means that benzyl alcohol has strong affinity 
for the enzyme. The affinity of the diester for the 
enzyme is also strong (K, = 2.32 mM). Thus, 
binding of both benzyl alcohol and diester to 
different sites on the enzyme and formation of 
small amount of complex results in predominantly 
non-competitive, mixed ambition. 

Conclusion 

The work presented here illustrates that com- 
plexation can be effectively utilized to enhance the 
stability of appropriate drug substances against 
enzymatic hydrolysis. This could be a useful tool 
in optimization of oral delivery of labile drug 
molecules or their lipophilic prodrugs. The sali- 
cylic acid derivatives are of particular interest 
since they appear to act predo~nantly by com- 
plexation with the substrate without direct interac- 
tion with the enzyme. The optimum dosage form 

should be designed to deliver the complex directly 
in small intestine avoiding its dissolution and ex- 
tensive dilution by the stomach contents. The 
dilution in stomach contents would tend to disso- 
ciate the complex and diminish protection against 
enzymes. An Enteric coated dosage form, capsule 
or tablet could be the most effective means of 
delivering high local concentrations of drug and 
complexing agents in the small intestine, where 
the dilution is moderate. The transport properties 
of the complexed drug, such as dissolution rate 
and permeab~ty would also be important in over- 
all absorption of the drug from the GI tract. The 
complexes described in the present study are ex- 
pected to show faster dissolution rates due to 
higher solubility. Salicylic acid derivatives are 
especially useful because of their ability to en- 
hance the intestinal absorption of antibiotics and 
other polar compounds (Nishihata et al., 1982; 
Suzuka et al., 1985). The combined effect of rapid 
dissolution rate, improved stability in the GI tract 
and enhanced permeability could result in a 
marked e~~cement in oral absorption of the 
diester. Studies are in progress to formulate and 
test this delivery system in in vivo absorption 
studies. 
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