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The Binding of Metal Ions by Captopril (SQ 14225).
Part I. Complexation of Zinc(II), Cadmium(II) and Lead(II)
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of captopril with Zn(II), Cd(IT) and Pb(II) ijons are
carried out using glass electrode potentiometry under
conditions of 37 °C, 150 mmol dm™3 NaCl. The
formation constant data are then used in computer
simulation models to investigate the mobilisation of
these metal ions by captopril in normal plasma. It
is shown that mobilisation is unlikely at pharma-
cological levels of the drugs, and therefore side effects
are probably not directly dependent on mobilisation
of these metals.

Introduction

It has been known for many years that the venoms
from several species of snake have an effect on blood
pressure, in most cases reducing it. In the late 1960s,
researchers were successful in fractionating the vaso-
dilating components of the venom of the South
American snake, Bothrops Jararaca [1]. The most
active component was a nonapeptide, teprotide,
SQ 20881, which proved to be very effective in
the treatment of hypertension in man [2]. However,
teprotide had the disadvantages of beinb costly
to synthesise and not orally active.

Work on determining which fragments of the
nonapeptide were important for activity, and trying
out many modifications eventually led to the
development of captopril, 1-[2(S)-3-mercapto-2-
methylpropionyl]-L-proline, SQ 14225, first synthe-
sised in 1975 [3—6] (Scheme 1).

Captopril can be economically produced, is orally
active, and is an effective hypotensive agent, reducing
blood pressure in many patients whose hypertension
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could not be controlled by other available drugs
[7-10]. It has also been successful in the treatment
of chronic congestive heart failure including many
cases resistant to conventional therapy [11-13],
and has led to dramatic reversal of vascular and renal
crises of scleroderma [14]. More recently captopril
has been used with some success to treat rheumatoid
arthritis [15] and migraine [16].

Captopril may succeed in lowering blood pressure
in cases where other drugs have failed because, like
teprotide, its mode of action is different from that
of earlier antihypertensive agents. Captopril was
specifically designed to inhibit the enzyme that con-
verts angiotensin I to angiotensin II, a potent
vasoconstrictor. The plasma levels of the latter are
often elevated in hypertensives, and inhibition of
its formation is one of the principal ways in which
captopril reduces blood pressure [6, 8].

Side Effects

As clinical trials and subsequent use of capto-
pril progressed, it became evident that there were
side effects associated with the larger doses of
drug (>450 mg day™') [17, 8]. The dose required
for treating patients with congestive heart failure
(C.H.F.) was considerably lower and the frequency of
side effects was half that among hypertensives receiv-
ing captopril [13].-It was later found that reduction of
the dose to 150 mg or less per day often allowed
adequate blood pressure control [18, 19]. These
lower doses diminished the frequency of side effects
from 10% to 5% for rash, and from 7% to 4% for
dysgeusia [20]. Neutropenia, the most serious,
though not the most frequent, adverse effect occur-
red in 0.04% of patients on the higher dose. These
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clinical effects were particularly prevalent in patients
with both impaired renal function and collagen
vascular disease (C.V.D.) where the frequency was
7.2% [21]. Even in these patients the occurrence of
neutropenia was reduced to 0.3% on the low dose of
150 mg (max) per day. Among a group of 1720
patients with neither renal disease nor C.V.D. who
were kept on low dose there were no cases of neutro-
penia. As captopril is excreted exclusively via the
kidneys it is possible that renal impairment leads
to some accumulation of the drug [22].

The side effects of early therapy were similar to
those reported for D-penicillamine [23--25] and
other thiols such as thiopyridoxine and tiopronin
(alpha-mercaptopropionylglycine, MPG) [26, 27],
although the incidence of side effects was consider-
ably higher with penicillamine [23, 25, 28] than
with captopril. There are distinct structural similari-
ties between captopril, penicillamine and tiopronin,
all having basically similar complexing groups, includ-
ing a sulphydryl group, though their amine groups
are tertiary, primary and secondary, respectively.

It has been suggested that interaction of these
drugs with trace metal ions might be involved in the
production of side effects, particularly as zinc
deficiency has been shown to cause taste dysfunction
[29—35]. Copper depletion has also been considered
[24, 28], and Knudson and Weismann suggested that
involvement of copper is more certain than that of
zinc when taste dysfunction is induced by
penicillamine therapy [24]. Clinical studies have
shown that only 4% of patients with Wilson’s disease
exhibited hypogeusia following D-penicillamine treat-
ment, in contrast to an incidence of 32% in patients
receiving the drug for other diseases [28]. Some stu-
dies have suggested that hypogeusia may be related
to an elevated level of thiols with no demonstrable
change in metal levels in the body [36] . Of the other
side effects neutropenia has been associated with
copper deficiency [37] and skin rash with zinc deple-
tion [38, 39].

As in the case of penicillamine [40], it has been
suggested that the nature and time course of adverse
reactions to captopril are consistent with dysregula-
tion of the immune system, the drug acting either as
a hapten or by pharmacological modulation [41, 42].
Other researchers consider that a pharmacological
mechanism is more likely than an immunological
one, particularly as adverse reactions often resolve
at lower dosage schedules [43, 44]. An immuno-
logical mechanism would not necessarily exclude
the involvement of metal ions, several thiols acting
with copper, for example, being known to reduce T
cell function in vitro [45—47]. There is also evid-
ence for zinc involvement in the integrity of the
immune system [38].

As captopril is known to interact with zinc in
the active site of angiotensin converting enzyme
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(ACE) [5, 65], it was decided to determine the
metal binding properties of captopril in vitro by
potentiometry, and to predict them in vivo in normal
blood plasma by computer simulation.

Experimental

Materials

Analytical grade reagents were used throughout.
All solutions were prepared using distilled, doubly
deionised, degassed water. Solutions of captopril
were freshly prepared each day.

Reagents

Solutions were prepared by direct weighing.
Captopril, (Squibb), was used without further purifi-
cation. (4nal. Found: C, 49.9; H, 7.0; N, 6.5. Calcd.
for CoH,;s03NS: C, 49.7; H, 6.9; N, 6.5%). Stock
solutions of metal ions were prepared from their
chloride salt and determined volumetrically against
EDTA [48]. Their mineral acid content was deter-
mined by titration with standard alkali and the con-
centration optimised by use of the MAGEC program
[49]. Sodium hydroxide solutions (100 mmol dm™)
and hydrochloric acid solutions were prepared from
ampoules (BDH concentrated volumetric solutions).

Methods

Potentiometric titrations were performed as
described in ref. [50] except that sodium chloride
150 mmol dm™ was used as the background
electrolyte instead of sodium perchlorate. Total
ligand concentrations generally ranged from 3 to 15
mmol dm™3.

The estimated protonation and metal ligand
formation constants were optimised using the MINI-
QUAD program [51] and the parameters for ligand
protonation titrations, generally E .., were opti-
mised using the MAGEC program. For the ligand
protonation and metal ligand systems, curves were
plotted using the ZPLOT program [52, 53] and
ESTA* program [54]. The search for species, and
optimisation of their formation constants were car-
ried out using MINIQUAD. /n vitro species distribu-
tion curves were generated using these constants in
ESTA. The plasma mobilisation of metal ions by
captopril was simulated using the ECCLES**
program [55]. The program calculates a Plasma
Mobilising Index (PMTI) for each metal ion, and for
a range of drug concentrations from 107> to 1073

mol dm™3,

*Equilibrium Simulation for Titration Analysis.
**Evaluation of Constituent Concentrations in Large
Equilibrium Systems.
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TABLE 1. Thermodynamic Formation Constants for Captopril. 37.0 °C and 150 mmol dm 3 Sodium Chloride Bpgr = [LpMg-

H1/[L1PM1?(H]"

Species Ig 8 (sd) Sum of squared residuals R factor Number Number
p q r of points of titrations
Protonation

1 0 1 9.681(0.001) 2.83x 1076 0.002 285 6
1 0o 2 13.150(0.002)

Zinc

1 1 0 5.38(0.03) 2.03 x 1076 0.004 401 7
2 1 0 11.66(0.01)

3 1 0 15.30(0.03)

1 1 -1 —2.14(0.11)

2 1 -1 1.65(0.05)

Cadmium

1 1 0 6.26(0.08) 2.25x 1078 0.006 377 9
2 1 0 13.13(0.02)

3 1 0 17.47(0.03)

3 2 0 23.33(0.02)

4 4 0 35.90(0.03)

2 1 -1 3.45(0.11)

Lead

1 1 0 9.53(0.10) 4.58 x 1077 0.003 316 8
3 1 0 16.49(0.02)

3 2 0 23.73(0.01)

4 2 0 28.58(0.03)

3 1 -1 5.40(0.08)

total concentration of low molecular weight
metal complexes in presence of drug

PMI =
total concentration of low molecular weight
metal complexes in normal blood plasma

Results and Discussion

Formation Constants

The thermodynamic formation constants for the
protonation of captoprit and for its interactions with
Zn(1I), Cd(IT) and Pb(Il) ions are shown in Table L.
There was no significant binding of captopril to
magnesium, calcium, manganese or iron(II).

In the captopril—zinc system, only mononuclear
species were found, the most stable complex being
the ML, which complexes > 50% of zinc from pH 6
to 8.2 at ligand to metal ratios greater than 3:1.

In the captopril-cadmium system the formation
curve is a function of the metal concentration, as
well as of the ligand concentration, in the lower pH
range from pH 3.5 to 6.0. This indicates the presence
of complexes containing more than one metal ion.
It is known that ligands containing RS- groups readily

form metal complexes in which sulphur bridges link
two or more metal ions [56, 57]. At a ligand to
metal ratio of 14.7:7.0 mmol dm™ the M,L,
complex accounts for 44% of metal complexes at
pH 5.0. The M,L; species then becomes predomi-
nant, complexing 67% of the metal at pH 6.0. Above
pH 7.0 the formation curves become superimposable
indicating that mononuclear species are the predo-
minating complexes in this region.

Polynuclear species were found in the captopril—
lead system, although it was only possible to vary
metal concentrations from 1.3 to 3.4 mmol dm™>,
due to the low solubility of the lead chloride (stock
solution 5 mmol dm™). A point of inflexion in the
metal—ligand formation curve at Zbar = 1.5 indi-
cates a stable M,L; type of polynuclear species.
Analysis of data showed M,L; formation accounts
for 70% of the metal complexed at pH 6, with the
M,L, accounting for up to 70% at pH 8. The mono-
nuclear species ML complexed 46% of the metal at
pH S and the ML; accounted for up to 87% at pH
>9.

Titrations were also carried out with the capto-
pril-nickel system but drifting of electrode poten-
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tial in the pH range 6.5 to 8.0 was a problem. This
may have been due to the system being slow to reach
equilibrium in this region.

In Vivo

Captopril is rapidly absorbed from the gastro-
intestinal tract, (about 70% or the oral dose being
absorbed in fasting subjects), and soon becomes
about 30% bound to plasma proteins [41, 58].
Pharmacokinetic studies on captopril have consid-
ered single oral formulation in normotensive patients
[59], low doses to congestive heart failure patients
[60], and acute and chronic administration to hyper-
tensive patients [61, 62]. Peak plasma levels of capto-
pril are three times higher in patients who have been
on captopril for some time than after single dosage
[63], and the highest peak plasma level reported
is 2X10° mol dm™® [61]. Captopril is usually
rapidly metabolised so such levels are only transient,
the concentration of unchanged captopril falling
quickly towards zero within three hours.

At a concentration of 107 mol dm™ the ECCLES
simulation shows only 0.4% of zinc bound. This
would rise to 33.2% at a captopril concentration of
107 mol dm™3, 23% of zinc being bound in a ternary
complex CapCysZn®*~, and smaller fractions in a
ternary complex with histidine and in the captopril
zinc bis species. However such a concentration of
captopril is much higher than would normally be
found in vivo. The PMI curves for the mobilisation
of zinc and cadmium by captopril are shown in Fig.
1, and the computed distributions of captopril species
in Table II. The PMI curve of penicillamine for zinc
is shown for comparison.
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Fig. 1. PMI curves for the mobilisation of zinc and cadmium

by captopril, compared with that of zinc by penicillamine.
For abbreviations see footnote ? Table II.

The PMI for lead is zero even at the highest scan-
ned concentration of 107 mol dm™ captopril.

The peak ratio of total captopril to unchanged
captopril is generally 2:1 [59]. However, in renal
failure hypertensive patients [62] and in CHF patients
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TABLE II. Computed Low Molecular Weight Complexes of
Captopril in Human Blood Plasma 2

Species % Metal bound
Drug concentration (mol dm™3)
1078 1074 1073
Zinc(II)
ZnCapCys>~ 0.4 3.6 23.4
ZnCapHis™ 0.0 0.8 5.1
ZnCapy*~ 0.0 0.0 4.7
Cadmium(II)
CdCap,*~ 0.0 0.0 33.6
CdCapCys®~ 0.3 2.5 11.9
CdCapCysH ™ 0.1 1.0 4.8

8 Abbreviations: Cap = Captopril, Cys = Cysteine, Pen =
Penicillamine, His = Histidine.

[60] it can be as high as 6:1. This suggests accumula-
tion of the drug, and a study to determine the kinetic
parameters of captopril indicated extensive parti-
tioning into the deep tissues [64].

It is suggested that the disulphide metabolites
(mixed disulphides of cysteine, glutathione, albumin
and a small amount of captopril disulphide) may act
as a reservoir of pharmacologically active drug. This
would explain in part why the half life of pharma-
cological activity is greater than the apparent half
life of captopril in blood [63]. In vitro studies
on the biotransformation of captopril disulphide
showed that it was transformed almost exclusively
to free captopril in the rat liver, and extensively so
in the lung preparations, but mainly to mixed di-
sulphides in the kidney [64]. A study on the disposi-
tion of captopril in rats [67] indicated that half
lives for total captopril in tissues decreased in the
order:

skin > other tissues > plasma

Metal Supplementation

Because of the possible involvement of metal—
drug interactions in side effects, metal supplementa-
tion has been considered. Some of the available
reports on oral administration of zinc or copper in
cases of thiol-related hypogeusia seem to be incon-
sistent with regard to their effect on taste function,
and the number of cases where details are to hand are
comparatively few [28, 68, 69, 42]. In one case,
four days of nickel supplementation effected a
cure of hypogeusia, in another case zinc supplemen-
tation was effective, but only after it had been given
for two months [26]. Henkin now considers that
no more than 25% of patients with taste and smell
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dysfunction would be expected to exhibit zinc
deficiency [39]. Jaffe gave daily copper supplement
to all patients on commencing penicillamine therapy
in an attempt to prevent renal lesion and/or impaired
taste function from developing [70]. Two years
later he reported that data were still insufficient to
permit a conclusion {71]. High dose copper supple-
mentation has also brought about reversal of gross
changes of skin, bone and cartilage to normal in
penicillamine-treated rats [72].

There is comparatively little reported on measure-
ment of trace metal levels in, or metal supplementa-
tion for, patients on Captopril. McNeil had three
of sixteen patients develop taste loss, two of whom
received zinc supplements without apparent effect
[73] but no indication was given of the dosage or
duration of the zinc supplementation. MacGregor
et al. reported taste loss in six out of forty seven
patients, but they have been unable to show any
change in plasma zinc or copper levels with capto-
pril, and did not report any attempt at copper or
zinc supplementation [74].

Smit et al. reported one case of a sixty-year old
man with polycystic kidney disease who suffered
ageusia, skin rash and baldness on captopril treat-
ment although serum zinc was in the normal range.
The conditions were almost completely reversed
after three months of zinc supplementation [75].

Captopril-Copper Interactions

Formation constants for captopril-copper(Il)
interactions could not be obtained from a study of
the binary system, solutions at pH < 4 yielding a
precipitate, while at pH > 4 the formation curves
were not superimposable. This was probably because
redoxing was taking place as is common in copper-
(IT)—thiol reactions [76, 77].

It has been suggested that the redoxing process
in such systems could be reversed or inhibited to
some extent in the presence of imidazole or peptide
ligands [78], and several studies have been made
using this concept [79, 80, 81]. It was therefore
decided to use this approach to investigate the
captopril—copper interactions. These investiga-
tions are currently under way and will be report-
ed in a subsequent communication. Preliminary
analysis indicated that captopril could possibly
mobilise copper in plasma, and in vivo studies on
urinary excretion of copper and zinc in hypertensive
patients being treated with captopril are to be under-
taken.
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