@ Pergamon

Biochemical Pharmacology, Vol. 47, No. 7, pp. 1121-1126, 1994.
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0006-2952/94 $6.00 + 0.00

0006-2952(94)E0019-H

STABILITY AND IN VITRO ABSORPTION OF CAPTOPRIL,
ENALAPRIL AND LISINOPRIL ACROSS THE RAT
INTESTINE

X. H. ZHoU and A. L1 WAN Po*

Drug Delivery Research Group, School of Pharmacy, The Queen’s University of Belfast, 97 Lisburn
Road, Belfast BT9 7BL, U.K.

(Received 23 September 1993; accepted 5 January 1994)

Abstract—In vitro absorption of three angiotensin converting enzyme (ACE) inhibitors, captopril,
enalapril and lisinopril, and their stabilities in aqueous buffer as well as their resistance to intestinal and
dermal tissue homogenates were investigated. The results demonstrate that the spontaneous oxidation
of captopril, enalapril and lisinopril followed first-order degradation kinetics in Mcllvaine’s citrate—
phosphate buffer. The degradation rates for enalapril and lisinopril were much slower than that for
captopril. With the former two ACE inhibitors, the first-order rate constants of breakdown in the
presence of dermal homogenate were not significantly different from the control values. Intestinal
homogenate increased the decomposition of both of these inhibitors when compared to the enzyme-free
control systems. On the other hand, the first-order rates of disappearance of captopril in the presence
of both dermal and intestinal homogenates were lower than in the enzyme-free system. The extent of
reduction was proportional to the amount of homogenate added. This suggests that tissue homogenates
prevent the oxidation of captopril to its disulphide dimer. Transport experiments show that the amounts
of ACE inhibitors transferred from solution on the mucosal side increased linearly with incubation time
over the 2 hr of study. The rates of transfer from the mucosal side to the serosal side had the following
rank order: captopril > enalapril > lisinopril roughly in the ratio 1:1.13:1.27. Addition of harmaline
caused a significant reduction in the transfer rate of captopril compared to the control system, which
strongly suggests that captopril is transported by a sodium-dependent carrier-mediated process across

intestinal tissue.
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ACEfY is a dipeptidyl depeptidase caj able of cleaving
the decapeptide angiotensin I to produce the potent,
pressor octapeptide angiotensin II [1}. Angiotensin
converting enzyme inhibitors have been developed
to prevent the in vivo generation of angiotensin II
and thereby reduce peripheral vasoconstriction.

In this study, we report on the in vitro absorption
of three ACE inhibitors, captopril, enalapril and
lisinopril, and on their stabilities in both the presence
and absence of intestinal and dermal tissue
homogenates. The skin was investigated because of
the possible development of transdermal delivery
systems for the ACE inhibitors.

MATERIALS AND METHODS

Materials. Captopril and captopril disulphide were
provided by Squibb & Sons (Princeton, NJ, U.S.A.);
enalapril maleate by Merck & Co., Inc. (Enfield,
U.K.) and lisinopril provided by Imperial Chemical
Industries plc (Macclesfield, U.K.). Butyl-p-
hydroxylbenzoate, ethyl-p-hydroxylbenzoate, har-
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+ Abbreviations: ACE, angiotensin converting enzyme;
Acetyl-Pro, acetyl-proline; AUFS, absorbance units full
scale; Ca**-Mg**-ATPase, calcium magnesium adenosine
triphosphatase; Gly-Pro, glycyl-proline; GSH, glutathione;
Na*-K*-ATPase, sodium potassium adenosine tri-
phosphatase; 2,4-DNP, 2,4-dinitrophenol.

maline and ouabain octahydrate were purchased
from the Sigma Chemical Co. (St Louis, MO,
U.S.A.). Ibuprofen was provided by Gibco Limited
(Paisley, U.K.). Acetonitrile for HPLC was
purchased from Lab-Scan Ltd (Dublin, Ireland).
Orthophosphoric acid (A.R. grade) and perchloric
acid (60-62% HCIO,) were obtained from BDH Ltd
(Poole, U.K.). All chemicals used were of analytical
reagent grade or the highest purity available.

Preparation of tissue homogenate. The Wistar rats
weighing 250-320 g were allowed free access to water
prior to the experiments. Dermal (dorsal) and
intestinal (distal ileum) tissues were isolated from
the freshly-killed animals and underlying muscles
and fat were carefully removed where appropriate.
The resulting tissues were used without further
dissection of layers.

The tissues were dried using tissue paper, weighed
and placed in a ground-glass homogenizing tube with
an appropriate volume of ice-cold physiological
saline to produce a 10% (w/v) tissue homogenate
suspension. Homogenization was done at 10,000 rpm
and at 4-8°. The homogenate was centrifuged at 5°
for 15 min. The supernatant was stored at —18° until
required for analysis. The protein content of the
intestinal homogenate was diluted to the same level
with that of dermal homogenate determined by the
method described by Lowry et al. [3].

Preparation of Krebs-Ringer solution. Krebs—
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Fig. 1. A line diagram of the device used for continuous absorption studies: a, peristaltic pump; b,
water bath; ¢, drug reservoir; d, everted intestinal tissue; e, sampling reservoir; f, Teflon tubing.

Ringer solution was prepared by the method of
Kojima et al. [2].

Resistance of captopril, enalapril maleate and
lisinopril to intestinal and dermal tissue homogenates
and their stabilities in aqueous buffer. One millilitre
of supernatant from fresh rat dermal or intestinal
homogenate (1 mL) was incubated at 37° with 50 mL
of ACE inhibitor solution (1.5mM for enalapril
maleate and lisinopril and 0.4 mM for captopril) in
0.2 M citrate-phosphate buffer with a pH of 7.4 in
a shaking water bath. Triplicate aliquots (1000 uL)
were withdrawn at various time intervals and added
to glass tubes containing 1 mL of acidic internal
standard solution.

The stability of the three ACE inhibitors, in the
absence of enzymes was monitored at 37° and pH 7.4
using Mcllvaine’s citrate—phosphate buffer. One
millilitre of saline was added to S50mL of
1.5 mM ACE inhibitor (captopril, enalapril maleate,
lisinopril) and the residual concentrations of the
three ACE inhibitors were measured.

Continuous flow transport system. Everted seg-
ments of ileum, isolated from adult rats, were used
in all absorption experiments. Male Wistar rats
weighing 250-320 g were starved for 16 hr prior to
initiation of the experiments. In each experiment,
the distal portion of the ileum, about 13 cm long,
was excised from the freshly killed rat and the
connecting fat and mesentery were carefully
removed. The isolated tissues were blotted dry on
tissue paper and weighed. Each segment was everted
with a glass rod (250 mm long, 2.5 mm diameter) by
pushing the ileal end of the gut into the lumen.
Mucosal fat and fluid were washed away with saline.
The everted intestines were slipped off the glass rod
and placed in Krebs—Ringer solution at room
temperature.

A multichannel peristaltic pump was connected to
Teflon tubings (1.5mm outer diameter, 0.8 mm
inner diameter) and a segment of everted intestine
as shown in Fig. 1. Five millilitres of Krebs~Ringer

buffer were added to the inner compartment of the
intestinal loop which was then placed in a sealed
wide-necked glass jar containing 100 mL of a solution
of the appropriate drug in Krebs-Ringer solution.
Both the sampling reservoir and the drug reservoir
were maintained at 37° in a thermostatic water bath.

The transport rates were determined by recir-
culation for at least 2hr after initiation of the
experiment, taking care that sink conditions still
prevailed.

At predetermined time intervals 500 L. samples
were withdrawn from the sampling reservoir and
added to glass tubes containing 0.5mlL of acidic
internal standard solution, for analysis by HPLC.
At the same time, an equal volume of buffer at the
same temperature was added to the reservoir to
keep the solution volume constant. During the
experimental runs the sample ports were covered to
prevent any evaporation of the solvent. Appropriate
concentration corrections were made for the volume
discarded at each sampling point.

Determination of intestinal transfer rate of captopril,
enalapril and lisinopril using the continuous flow
transport system. The initial concentration of
captopril, enalapril maleate or lisinopril used in each
case was 1.5 mM in Krebs—Ringer buffer with a pH
of 7.0. For captopril, a 100 uL. solution was also
sampled from the donor reservoir at time intervals
to monitor the disappearance of drug and check
mass balance.

HPLC analysis. Captopril, enalapril and lisinopril
as well as the disulphide captopril dimer were
measured by HPLC. The HPLC system consisted of
a reciprocating pump (LKB, 2150 HPLC pump,
Bromma, Sweden), a 1Scm X 4.6 mm C;g column
(85 ODS2, Phase Separation Ltd, U.K.), a 20 uL
sample loop with conventional injection valve and a
UV  variable-wavelength detector (LKB, 2151
variable wavelength monitor, Bromma, Sweden).
Data acquisition and integration were performed
with an integration software package (Data trans-
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lation with integration software, softron, Kontron
Instruments, Grafelfing, Germany).

For assaying captopril and its oxidation dimer,
chromatography was performed at a wavelength of
210nm with a sensitivity of 0.16-0.32 AUFS and
pre-filtered (0.45 yum) mobile phase consisting
of acetonitrile/water/phosphoric acid (30:70:0.1)
delivered at a flow rate of 1mL/min. Ethyl-p-
hydroxylbenzoate was chosen as an internal standard.
The internal standard solution contained 0.163 mmol
of ethyl-p-hydroxylbenzoate and 0.3 M perchloric
acid (an enzyme reaction stopper). The resulting
solution with a pH of 0.96 prevented further
oxidation of captopril for at least 2 days.

For analysis of enalapril, the eluate was monitored
at 220nm with an AUFS of 0.08-0.16. The pre-
filtered mobile phase consisted of acetonitrile/water/
phosphoric acid (40:60:2.0) and was delivered at a
flow rate of 1mL/min. Mobile phase containing
0.185 mM of butyl-p-hydroxylbenzoate and 0.3M
perchloric acid, was used as the internal standard
solution. The pH of the resulting solution was 0.88.

For determination of lisinopril, the mobile phase
consisted of acetonitrile/water/phosphoric  acid
(40:60:1.5) delivered at 1mL}1)nin. The peak
detection was at 220 nm with sensitivity settings
ranging from 0.08 to 0.16 AUFS. Ibuprofen
(0.032 mg/mL) dissolved in mobile phase solution,
pH 0.90, containing 0.3 M perchloric acid, was used
as the internal standard.

Inhibition of transport of captopril by harmaline
and ouabain. After the intestinal tissues have been
incubated in 1.5 mM of captopril in Krebs—-Ringer
buffer at pH 7.0 for 1 hr, the tissues were removed
and placed in a fresh captopril solution (1.44 mM)
which also contained 1 mM of harmaline or 1 mM
of ouabain. Further samples were taken at intervals
from the receiver compartment and analysed by
HPLC. The experiment was repeated three times
with each inhibitor.

Statistical analysis. Rate constants were calculated
by linear regression and differences assessed by
Analysis of Variance followed by Neuman-Keul’s
multiple range test if appropriate [4]. A P value
=<0.05 is taken as being significant.

RESULTS

Stability of the ACE inhibitors

With the HPLC assay, captopril (retention time,
Rt = 2.66 min) was resolved from its oxidation dimer
(Rt = 3.75 min) and ethyl-p-hydroxylbenzoate (Rt =
9.35min). For enalapril assay, the retention times
were enalapril (4.40min), enalapril breakdown
product (2.25min) and butyl-p-hydroxybenzoate,
the internal standard (3.60 min). For lisinopril, the
retention times were lisinopril (3.50 min), lisinopril
breakdown product (2.25min) and ibuprofen
(4.50 min).

The uncatalysed oxidation of captopril followed
first-order degradation kinetics in the buffered
solution. The disulphide oxidation product was the
only detectable decomposition product indicating
that the amide linkage of captopril was stable in the
pH 7.4 buffer at 37° over the study period.

Enalapril and lisinopril also showed first-order
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Fig. 2. Effect of inhibitors on captopril transport across

the rat intestine wall. Each point was mean * SD of three

experiments with two injections. O, control*; ¢, ouabain*;

<>, harmaline*. Star means the total amount of captopril
and its disulphide.

degradation kinetics in a citric acid-phosphate buffer
at pH 7.4 and 37° (Fig. 2). The degradation rate for
lisinopril was smaller than that of enalapril which in
turn degraded much more slowly than captopril
(Table 1).

Resistance of three ACE inhibitors to tissue enzymes

Lisinopril and enalapril both showed first-order
decomposition in the presence of both dermal and
intestinal tissue homogenates but not significantly
different from the control values. Intestinal
homogenate, on the other hand, increased the
decomposition of both of those inhibitors when
compared to the enzyme-free control systems (Table
1).

The captopril data is particularly interesting in
that the first-order rates of disappearance in the
presence of both dermal and intestinal homogenates
were actually lower than in the enzyme-free system
and the decrease in rate became significantly more
pronounced with increasing amount of tissue
homogenate (Table 1).

Kinetics of transfer of captopril, enalapril and
lisinopril across the everted rat intestine

The amounts of ACE inhibitors transferred from
donor mucosal solution increased linearly with
incubation time over the 2 hr of study. Table 2 lists
the apparent zero-order transfer rate constants for
captopril, enalapril and lisinopril across the everted
tissues. The rates of transfer from the mucosal side
to the serosal side was found to have the following
rank order: captopril > enalapril > lisinopril roughly
in the ratio 1:1.13:1.27. The rate constants were
normalised per unit weight on the assumption that
weight and surface area are linearly related.
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Table 1. A comparison of the rate constants for oxidation of captopril in homogenate-free
Mcllvaine's citrate—phosphate buffer and in the buffer containing tissue homogenates (pH 7.4
and 37°) (N = 6)

Rate constant (hr')

Medium Captopril Enalapril Lisinopril
Buffer 37.243 x 1073 2.822 x 1073 1.013 x 1073
Intestinal homogenate (1 mL) 29.929 x 1073 3.333 x 1073 1.555 x 1073
Intestinal homogenate (2 mL) 22.437 x 1073
Dermal homogenate (1 mL) 27.276 x 1073 2.916 x 107° 1.145 x 1072
Dermal homogenate (2 mL) 19.993 x 1073

Table 2. The rate constants for transport of captopril,
enalapril and lisinopril from mucosal to serosal com-
partments in Krebs-Ringer solution at pH 7.4 and at 37°

ACE Rate constant
inhibitor (uM/g tissue/hr) SD
Captopril 2.45 0.01 (N = 6)
+Ouabain 2.45 0.05 (N = 3)
+Harmaline 1.51 0.09 (N =3)
Enalapril 217 0.08 (N =6)
Lisinopril 1.92 0.09 (N = 6)

Mechanisms of absorption of ACE inhibitors

To investigate further the absorption of ACE
inhibitors, the possibility of carrier-mediated absorp-
tion of captopril was studied. In the present study,
ouabain and harmaline were utilized to identify
possible carrier-mediated transport of captopril.

As Fig. 2 shows, addition of harmaline caused a
significant reduction in the transfer rate of captopril
compared to the control system. Ouabain, on the
other hand, produced no detectable change. Both
ouabain and harmaline were added to the captopril-
containing solution after a 1 hr incubation. Table 2
lists the rate constants for captopril transfer in all
three systems.

DISCUSSION

Our observations on the breakdown of the ACE
inhibitors are consistent with the results reported
earlier by Timmins et al. [5], Lee and Notari [6] and
Ip and Brenner [7].

Lisinopril is much more stable in the buffer
solution than captopril and enalapril (Table 1). This
is not surprising since lisinopril, unlike enalapril, is
not an ester prodrug and is indeed excreted entirely
unchanged in the urine [8].

Larmour et al. [9] reported significant conversion
of enalapril to enalaprilic acid (enalaprilat) by human
liver homogenates but relatively little conversion by
lung, spleen, heart, brain or kidney homogenates
and serum. Ulm ef al. [8], on the other hand,
reported that 94% of an orally administered dose of
enalapril maleate was recovered in urine and faeces
with a bioavailability, based on urinary recovery of

61%. The enalaprilic acid to enalapril concentration
ratio in urine was 0.70. Enalapril activation to
enalaprilat by human enzymes is therefore by no
means complete in vivo. This is consistent with the
modest increased rate of hydrolysis found in the
presence of rat intestinal enzymes in the present
study. The data would suggest that absorption rates
through the intestinal tract is fast enough to ensure
that enzymic hydrolysis is incomplete.

The bioavailability of lisinopril is of the order of
26-27% [8, 10, 11]. Using a radioimmunoassay, Ulm
et al. [8] reported essentially quantitative recovery
when urinary and faecal lisinopril were pooled. This
is different from our data using rat enzymes.
Significant decomposition was found with intestinal
enzymes. With the slow achievement of maximum
plasma concentration in vivo (6-8 hr), one would
have expected significant lisinopril metabolism in
humans [10, 11]. That this was not so, would suggest
possible differences in selectivity of rat and human
enzymes thereby making prediction in humans, from
animal data, difficult. The differences could, of
course, also be attributed to difficulties in scaling
[12].

In whole blood or plasma of rats, dogs and humans
captopril is primarily oxidized to its dimer or to form
disulphide bonds with other substances such as
glutathione, cysteine, peptides and proteins [13, 14].
Following administration of [**C]captopril to mildly
hypertensive patients, 46% unchanged captopril,
45% captopril-L-cysteine mixed disulphide and a
small amount of captopril dimer (about 6%) were
observed in urine of man [15, 16]. In the present
study, intestinal or dermal homogenate leads to the
formation of only the disulphide oxidation dimer.

The results would indicate that the susceptibility
of captopril to auto-oxidation to disulphides is similar
to exogenous thiols such as pencillamine and
endogenous thiols such as cysteine and glutathione.
In biological systems, disulphides can be reduced to
thiols either by thiol disulphide interchange or by
reduction, catalysed by a reductase requiring NADH
or NADPH [17]. In vitro studies have shown that
thiols such as glutathione and cysteine release
protein-bound captopril by displacement with
formation of glutathione and cysteine mixed
disulphides with captopril [18]. Dithiothreitol, on
the other hand, releases protein-bound captopril by
reduction of disulphide bonds and the subsequent
liberation of captopril [18]. Other reports indicate
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that the mechanism of this reduction involved both
enzymic and nonenzymatic processes [19,20].
Intravenous administration of cysteine-captopril
disulphide to spontaneously hypertensive rats and
beagle dogs [21], or oral administration of captopril
disulphide dimer to rats [22] leads to extensive
conversion to captopril and consequent inhibition of
ACE. Those authors concluded that captopril
disulphide conjugates may act as prodrugs. More
recent data shows that, at pH 7.4, the initial rate of
reduction and the equilibrium constant for reduction
of captopril disulphide are, respectively, 267 times
larger and 875 times larger than those for
penicillamine (a thiol drug) [23].

Intestinal (small and large intestines) homogenates
have been reported to be less effective in converting
captopril disulphide to captopril, compared with
liver and lung tissue preparations [19]. In the present
study, intestinal homogenates were also less active
in preventing oxidation of captopril to its dimer than
dermal homogenates. This is probably because
intestinal tissues are maintained to a lesser extent in
the reduced form (GSH, NADH and NADPH)
intracellularly than dermal, hepatic and lung tissues.

Two widely-used probes, ouabain and harmaline
[27-34], were used to investigate the mechanisms of
absorption of the ACE inhibitors. Ouabain is a
potent inhibitor of active cation transport and
Na*-K*-ATPase [24] and inhibits binding of ATP
and dephosphorylation of the phospho-intermediate
by reacting with Na*-K*-ATPase on the outer
membrane. It does not inhibit other ATPases such
as Ca’*-Mg?*-ATPase, anion-sensitive ATPase and
K*-H*-ATPase [25]. Harmaline interacts with the
sodium-binding site of Na*-K*-ATPase and blocks
the formation of the phosphorylated intermediate
by competition with sodium ions in this enzyme [26].

Inhibition of captopril transfer by harmaline was
demonstrated in this study. This strongly suggests
that captopril is transported by a sodium-dependent
carrier-mediated process across intestinal tissue.
Quabain, on the other hand, failed to block the
transport of captopril probably due to its weak effect
on Na*-K*-ATPase in the membrane, compared to
harmaline {26,28]. The difference in inhibitory
behaviour of the two compounds may be due to the
fact that harmaline inhibits intestinal active transport
in two ways: irreversibly binding Na*-K*-ATPase,
a mechanism shared by ouabain; and reversibly
binding Na*-binding sites competitively, a mech-
anism which is not shared by ouabain [28].

The intestinal carrier-mediated mode of captopril
absorption identified in this study is in agreement
with a recent finding by Hu e al. [34]. In their
studies, captopril was found to compete with its
analogues, Gly-Pro and Acetyl-Pro, for absorption
using a single-pass perfusion method. Moreover,
the metabolic inhibitor 2,4-DNP was found to
significantly decrease the absorption of captopril
suggesting that captopril absorption requires energy.
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