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Abstract 3 The intestinal absorption mechanism of two nonsulfhydril 
I!jsyl-proline angiotensin converting enzyme (ACE) inhibitors, lisinopril 
(1) and SQ 29,852 (2; ((S)-l-[6-amino-2-[[hydroxy(4-phenylbutyl)- 
phosphinyl]oxy[-1 -oxohexyl]-  prol line) were investigated in rats using a 
single-pass perfusion method. Compound 2 is well absorbed from rat 
jejunum, whereas lisinopril absorption is relatively low. The permeability 
of both ACE inhibitors is concentration dependent and is decreased by 
the dipeptide Tyr-Gly and by cephradine, indicating a nonpassive 
absorption mechanism via the peptide carrier-mediated transport sys- 
tlem. Compound 2 is well absorbed by a nonpassive mechanism, in 
parallel with a small passive component. The estimated dimensionless 
carrier parameters for 2 are J;, = 0.16, K,,, = 0.08 mM, P,* = 2.0, and 
1'; = 0.25; for lisinopril, passive absorption is not significant and its 
absorption is nonpassive: JGax = 0.032, K,,, = 0.082 mM, and P,' = 0.39 
(where JGaX is the maximal flux, K,,, is the Michaelis constant, P,' is the 
carrier permeability, and PG is the passive permeability). These results 
offer a mechanistic explanation for the prolonged ACE inhibition and the 
low oral bioavailability of lisinopril, and for the nonlinear pharmacokinet- 
ics of 2. 

The two angiotensin converting enzyme (ACE) inhibitors 
currently marketed, captopril and enalapril maleate, have 
been shown to be nonpassively absorbed by the peptide 
carrier-mediated transport system in rats.1.2 Captopril is a 
sulfhydril proline derivative, whereas enalapril is a nonsulf- 
liydryl ester prodrug which has been shown to be equipotent 
to  captopril in controlling hypertension.3 The prodrug strat- 
egy of esterifying enalaprilat t o  enalapril is required in order 
to obtain good oral absorption, in this case, via the peptide 
carrier system. 

Lisinophil (N-alpha[(Sj-l-carboxy-3-phenylpropyl]-~-lysil- 
 prolin line; 1) and SQ 29,852 [(S)-l-[6-amino-2-[[hydroxy(4- 
phenylbutyl) phosphinyl]oxy[-1-oxohexyll- proli line; 214 are 
iionsulfhydril lysyl-proline derivatives. Lisinopril, which is 
the third orally active ACE inhibitor approved for treatment 
of hypertension, is a homologue of enalaprilat, differing only 
m the second amino acid side chain, whereas 2 is a phosphonic 
acid isostere of the lysyl-proline. 

Lisinopril inhibits ACE in vitro, parenterally, and orally. 
Its oral bioavailability is 25-29%, but it has a longer duration 
of action than captopril and enalapril. Compound 2 is an  
orally potent ACE inhibitor;e its iv:po ED,, ratio is similar to 
that of captopril and its PO ED,, in normotensive rats is very 
close to that of enalapril, 0.53 and 0.46 pmolikg, respectively.7 
Serum ACE inhibition persists many hours after PO admin- 
istration.6 

Since captopril and enalapril are nonpassively absorbed 
from the gastrointestinal tractl.2 and since 2 and lisinopril are 
dipeptide derivatives, they may also share the same carrier- 
mediated transport system of the short peptides. 

Compound 2 and lisinipril differ from the many recently 
synthesized ACE inhibitors which are mainly sulfhydril 

Lis-Pro 

OH 

H,N 
0 

prodrugs or esterified diacid prodrugs, such as enalapril.8 This 
divergence of chemical structures within the same pharma- 
cological class of drugs may provide insight into the SAR for 
ACE inhibition versus the structural requirements for non- 
passive absorption by the short peptide carrier system. 

In this paper the mechanism of absorption of two nonsulf- 
hydryl, lysyl-proline ACE inhibitors, one with an  a-amino 
group, lisinopril, and the other with an  a-phosphonic group, 
2, is investigated using the perfused rat intestinal method. 
The results are analyzed according to the modified boundary 
layer approach published previouslyg~'0 to describe carrier- 
mediated transport. 

Experimental Section 
Materials-Compound 2 CSQ 29,852; batch # NNOlONA) and 

cephradine (batch # 3146412167629) were generously provided by 
E.R. Squibb & ;Sons (Princeton, NJ), and lisinopril (batch # L- 
154,826-OOOTO81) was kindly supplied by Merck Sharp and Dohme 
Research Laboratories (Rahway, NJ) .  The following chemicals were 
purchased: [14Clpolyethylene-glycol 4000 (Du Pont-NEN, Boston, 
MA), and Tyr-Clly, L-leucine, L-phenylalanine, and polyethylene 
glycol 4000 (Sigma Chemical, St. Louis, MO). All buffer and mobile 
phase components were analytical or  HPLC grade and used as 
received. 
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Perfusate Solution-The perfusion solution consisted of Sorensen 
phosphate or citrate buffers of pH 6.0 and 5.0, respectively, 0.01% 
PEG-4000 with a trace amount of its 14C-labeled isotope, 2, lisinopril, 
and NaCl to adjust the final solution osmolality to 290 (210) 
mOsm/kg. 

Rat Perfusion-The method used has been described previously 
and was used without modifications.1-10 Throughout the inhibition 
experiments, two adjacent segments of the jejunum of the same rat 
were perfused (one segment was perfused with the tested drug and the 
other with the drug and the inhibitor) so that each animal served as 
its own control. 

Assay Methods-Radioactivity-A 0.4-mL amount of sample was 
mixed with 10 mL of scintillation cocktail (Bio-Safe, RPI, Mount 
Prospect, IL) and counted using a Beckman LS-9000 counter (Beck- 
man Instruments, Fullerton, CAI. Readings were introduced directly 
into the data analysis. 

High-Performance Liquid Chromatography-The instrumentation 
(from Waters, Milford, MA) consisted of two pumps (model 510), 
WISP automatic sampler (model 712) and a UV detector (model 481). 
Data acquisition and integration was performed with a Waters 
Baseline 810 software package. Lisinopril and 2 were separated on a 
reversed-phase column (Ultrasphere ODS 5p; Beckman, San Ramon, 
CAI. The mobile phase for 2 consisted of 25% acetonitrile, 25% 
methanol, and 0.2% tetrabutylamonium phosphate in 0.05 M potas- 
sium dihydrogen phosphate buffer. That for lisinopril consisted of 
16% acetonitrile in 0.05 M phosphate buffer acidified to pH 3.2. 
Samples were eluted a t  flow rates of 1.0 and 0.8 mL/min, respectively. 

Data Analysis-Water transport, estimated membrane permeabil- 
ity, and the presence of nonpassive transport were determined as 
described before.9.10 Equation 1 was used to described a Michaelis- 
Menten carrier-mediated transport process. 

where P:,,, is the jejunal wall permeability, smax is the 
maximal flux, K ,  is the Michaelis constant, Cwall is the drug 
concentration at  the jejunal wall, and P& is the passive 
permeabjlity . 

The Pwall values a t  the different concentrations were fitted 
to eq 1 using a PCNONLIN software package (Statistical 
Consultants, Edgewood, KY). Statistical differences between 
PGal1 determined at  the various experiments (high versus low 
concentration, with and without inhibitor) were calculated 
using the t test. 

Results and Discussion 
The jejunal wall permeability of the two ACE 

inhibitors, lisinopril and 2, was determined over a wide 
concentration range and with competitive inhibitors, since a 
concentration-dependent permeability and competitive inhi- 
bition are characteristic properties of carrier-mediated, or 
nonpassive transport. Both drugs, 2 and lisinopril, were found 
to be stable for 24 h in the buffer solution and in perfusate 
(<2% loss in 24 h); therefore, loss of compound as detected by 
HPLC is attributed to intestinal transport. The permeability 
of the two compounds in fasted rat jejunum was found to be 
concentration dependent (Figure 1). The wall permeability 
(Pf,,,) at high concentration (1.00 mM) was significantly 
smaller than at  low concentration (0.01 mM; p < 0.001) for 
both drugs. In addition, the permeability of 2 was consider- 
ably larger than that of lisinopril, both in the high and low 
concentrations. Figures 2 and 3 show the complete perme- 
ability profiles for 2 and lisinopril. The experimental data 
were fitted to a Michaelis-Menten function (eq 1) and the 
dimensionless carrier-mediated and passive transport param- 
eters are summarized in Table I. 

The competitive inhibition studies of 2 and lisinopril ab- 
sorption at  low concentrations (0.015 mM) are shown in 
Figure 4. The wall permeability of 2 and lisinopril are both 
decreased when coperfused with 10 mM Tyr-Gly (p < 0.001) 
and 5 mM or 10 mM of cephradine (p < 0.001), providing 

31 

0.01 mM 1.0 rnM 

Figure l-Calculated dimensionless wall permeability (P;,,,) versus high 
and low wall concentration (C,,,,) for 2 (0) and lisinopril (El); mean of 
4-10 rats f SD. 

2.2 2'45 T 

0.24 
0.001 0.010 0.100 1.000 

Flgure 2-Comparison of the calculated (open circles) and the simulated 
(continuous line) dimensionless wall permeability (P:,,,) of 2 as a function 
of wall concentration (Cwall); mean of 4-10 rats * SD. 

Wall concentration, (mM) 

0.50 

0.451 

0.40 T 

1 0.00 
0.001 0.010 0.100 1.000 

Wall concentration, Log rnM 

Figure 3-Comparison of the calculated (open circles) and the simulated 
(continuous line) dimensionless wall permeability (P:,,,) of lisinopril as a 
function of wall concentration (C,,,,); mean of 4-10 rats * SD. 

further evidence for transport by the peptide carrier system in 
rat jejunum.10 Coperfusion of low concentration (0.010 mM) of 
2 or lisinopril with 25 mM amino acids L-Leu and L-Phe did 
not reduce their wall permeability, which indicates that these 
two ACE inhibitors are absorbed via the peptide carrier- 
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Table I-Lisinopril and Compound 2 (SQ 29,852) Calculated 
Absorption Parameters' 

Compound J r L b  K,,,, mMC P:d P;e 
~ 

2 (SQ 29,852) 0.160 0.080 2.00 0.25 
(0.040) (0.010) (0.20) (0.07) 

Lisinopril 0.032 0.082 0.39 0.00 
(0.004) (0.003) (0.03) (0.00) 

a Values in parentheses are standard deviations; parameters are 
based on eight points of different concentration, each point comprises 
results from 4-1 0 rats; parameters were calculated by eq 1. Maximal 
flux. Michaelis constant. Carrier permeability. Passive permeability. 

1 

- - 
* a 

0 

B 

T 

1 
Figure &(A) Influence of Tyr-Gly (10 mM; D) and cephradine (10 mM; 
B) on the dimensionless wall permeability (PGa,,) of 2 (0.01 5 mM; 0). (6) 
Influence of Tyr-Gly (10 mM; D) and cephradine (5 mM; a) on the 
dimensionless wall permeability (PGa,,) of lisinopril (0.15 mM; 0). Values 
are the mean of the 4-10 rats -t SD. 

mediated transport system and not by the amino acids 
permeases. 

These results also indicate that the mechanism of absorp- 
tion of 2 is composed of a passive and a nonpassive component, 
where nonpassive transport is the dominant mechanism 
(85%) for absorption a t  low concentrations and passive ab- 
sorption dominates at high concentrations. The lisinopril 
absorption mechanism is mainly nonpassive. Lisinopril low 
passive transport at high concentration P A  = 0.06 does not 
differ statistically from zero; therefore its passive permeabil- 
ity was set to  zero while calculating the permeability param- 
eters as seen in Figure 3 and Table I. 

The carrier-mediated and passive absorption parameters 
presented here for 2 and lisinopril are sufficient to predict or 
explain their oral bioavailability in humans. These results 
may be extrapolated to predict oral bioavailability by fitting 

the permeability parameters to  the model which relates wall 
permeability (F":,,,) values measured in rats with the fraction 
of drug absorbed in humans (8'111 The high nonpassive 
transport of 2, together with a considerable passive absorp- 
tion, is in agreement with high oral potency. Furthemore, the 
saturable Michaelis-Menten-like absorption profile could be 
one of the reasons for the nonlinearity in the oral drug 
bioavailability observed in humans.6 It is interesting to note 
that cefatrizine, which is a nonpassively absorbed anti- 
biotic,lo also shows nonlinear oral pharmacokinetics.12 Since 
the K,,, of cefatrizine is higher than that of 2, 0.60 and 0.06 
mM, respectively, its nonlinear oral absorption is observed at  
higher doses than that of 2 (1000 and 200 mg, respectively). 
The low nonpassive absorption of lisinorpil, with apparently 
no passive absorption, results in a slow but steady absorption 
in the jejunum, which is manifested by its delayed onset of 
action, prolonged blood levels, and low oral bioavailability in 
humans (less than 30%). 

Intestinal brush border metabolism or  adsorption to mucus 
can not be the cause of this nonlinear phenomenon since 2 is 
well absorbed in the rat7 and lisinopril is not significantly 
metabolized.5 Adsorption or other nonlinear binding can also 
be ruled out since the perfusion system, as employed in this 
study, is in a steady state when the permeability parameters 
are determined; hence, the binding, if its exists, is also in 
quasi equilibrium and does not contribute to the net flux. 

We have proposed that there are different structural re- 
quirements for the binding of drugs to the peptide carrier 
transport system and to the final site of biological activity, in 
this case the ACE.2 The oral bioavailability of lisinopril is 
higher than that of enalaprilate (the parent drug of enalapril; 
30% versus lo%), while the in vitro activity is similar.13 This 
suggests that while a polar group (the chain carboxylic acid) 
is important for the interaction with the zinc moiety of the 
ACE,14 it hinders the interactions of the drug with the carrier 
transport system for small peptides. Finally, a low but 
substantial carrier-mediated transport is promoted by the 
introduction of the lysyl residue. Substitution of the alanyl 
residue with lysyl does not promote passive diffusion since 
passive diffusion is a function of polarity and both derivatives 
are diacids and highly charged at  jejunal pH. The affinity of 
a drug to  the carrier transport system is the result of 
interactions of various functional groups of the drug with 
appropriate receptor site components. Although the carbox- 
ylic acid residue does not favor carrier-mediated transport, as 
can be concluded from the wall permeability difference be- 
tween enalapril and enalaprilat,2 the lysyl derivative appears 
to possess some affinity towards the carrier site. The greater 
ability of the lysyl residue to interact with the carrier system 
in comparison to the alanyl residue derivatives is also dem- 
onstrated by the reduced oral ED,, of 2 over its alanyl 
analogue.7 

The peptide carrier system which transports nutrients and 
some drugs has not yet been well defined. Description of this 
carrier-mediated transport system will benefit future peptide- 
like drug design. The results presented here for 2 and 
lisinopril add to the existing information on this transport 
system and will contribute to the further description of the 
structural requirements of the intestinal peptide carrier 
system. 

Conclusions 
Compound 2 (SQ 29,852) and lisinopril are transported in 

rat jejunum by the carrier system for peptides. Compound 2 
is well absorbed with both a passive and nonpassive compo- 
nent, while lisinopril is absorbed only nonpassively and to a 
very low extent. Substitution of the alanyl with a lysyl 
residue results in an elevated oral absorption due to carrier- 
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mediated transport. Lysinopril is a diacid which is highly 
charged at the jejunal pH and therefore is not absorbed 
passively. Compound 2, which is a phosphonic ester lysyl- 
proline derivative, is less hydrophilic a t  jejunal pH and 
therefore has a small but significant passive component (15%) 
to its absorption. 
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