
cap~op~~ tr3i-3-mer~~~r5-2-m~~~~~-~~~~~~5~~-L-~~~ 

fine [cf)“] is a specific and potent inhibitor of ACE 
[l? 21, used in the treatment of various forms of 
hypertension and congestive heart failure [3, 41. A 
number of adverse reactions to the drug have been 
reported, including skin rash, fever, loss of taste, 
prateimzia, ulcers, feucopenia, agra~~~~cyt~sis arad 
nephrotic s~dr~rnc [3,5-l@], AIth~~gh the mech- 
a~~srn~s~ c?f such adverse reactions remain to be 
estabI~shed~ the ~ncjde~~ of certain side-effects 
appears to increase in patients with renal impairment 
and in patients receiving high doses [ll]. Further- 
more, the inhibitory effect of CP on ACE is sub- 
stan~aII~ prolonged in patients with renat insuffi- 
ciency, indicating a reduced rate of clsarance of CP 
from its site of action [G?], The major route of 
efiminatian of CP and its meta~~~t~s is renal eiim- 
ination f13! H]. We have therefore investigated the 
effect of e~~rimenta~y induced ARF on the dis- 
position of CP in &e rat in c&o. The glycerol modef 
of ARF was used in this study because it has been 
found to be superior to other models of uraemia in 
drug metabolism studies [15,16]. Intramuscular 
administratian of glycerol produces myohaemoglo- 
binuria which Ieads to renal ischaemia and thus 
resembles the “crush syndrome” in man fl5]. In 
addition, the effect of uraemia on the interaction af 
CP with rat and human plasma proteins was studied 
in U&O. 

The [‘“C]CP used was labelled in the ami& car” 
bony1 group (sp. act. 4.66@img-I) and was ;1 gift 
from Dr B. H. Migdalof of the Squibb Institute, 
BLew 3~~~ck~ NJ, who also supplied authentic 
samples of CP d~~uI~h~de~ and CP mixed d~suI~hides 
of cysteine and ~ntathi~nc, Silica geel thin-fayer chro- 
mat~graph~c pIates (20 x ZQ x 02cm) were 
obtained from British Drug House (Fooie, UK) 
and scintiflant (NE 260) and NCS tissue solubiliser 
from Nuclear Enterprises. The radioactive content 
af a11 samples was dere~~~ed using an Interrech- 
nique SL30 Iiquid sc~ntiI~~ti#n spcctr~mcter; coimt- 
ing efficiency was determined with automatic exter- 
ni~l standardisation and previously prepared quench 
curves. Qther reagents were obtained from British 
Drug Z&use and Sigma Chemicai Cu. (London, 
U.K.)+ Afl solvents were r~d~st~~jed before use, 

~t~c~r~t-~~~~~~~ ARF, ARF was pr~~nce~ ‘by 
i~t~amuscuiar injection of glycerol [I?]. Male Wistar 
rats ~2~~3~~g, from ~~~t~~ & Kingman~ U.K.) 
were deprived of drinking water for 24 hr while food 
was allowed ad lifr. Fifty per cent (v/v) glycer~~water 
was injected iutramuscu~~~r~~ (10 ml kg-‘) under 
ether anaesthesia, in divided doses ta ~-SO sites in 
each af the hind limbs. The drinking water was 
immediately restored. Control rats received sham 
injections into the hind limbs, 
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creatinine concentration by reaction with alkaline 
picrate solution [ 191. 

Determination of [14C]CP metabolites and 
[14C]CP-PP conjugates in plasma. Plasma from in 
viuo and in vitro experiments was mixed immediately 
with NEM (3 mg ml-‘) at room temperature to 
derivatise free CP [14]. Plasma was obtained by 
centrifugation and then extracted with 3 vol. of meth- 
anol. The protein precipitate was further extracted 
(twice) with methanol (3 vol.) and the extracts com- 
bined. An aliquot of the pooled extract was taken 
to determine total methanol extractable radioactiv- 
ity; the remainder was concentrated under a stream 
of nitrogen and then separated by TLC together with 
authentic standards of CP-NEM, CP disulphide and 
CP mixed disulphides with cysteine and glutathione. 
The relative proportions of CP and its metabolites 
were determined essentially as previously described 
[14,20]. The amount of [“C]CP covalently bound 
to PP was assessed by the method of Sun and Dent 
[21] with some modifications as previously described 

P21. 
The effect of ARF on the metabolism of [14C]CP 

with human and rat plasma in vitro. Human blood 
was obtained from normal volunteers and patients 
with renal failure from the Royal Liverpool Hospital. 
Blood was drawn from the antecubital vein into 
heparinised containers. Plasma was then obtained 
by centrifugation and stored at w prior to use. Rat 
blood was obtained by heart puncture while under 
ether anaesthesia. 

Incubation of [14C]CP with plasma (human or rat) 
was carried out as previously described [22]. Briefly, 
a 0.2 mg ml-’ stock solution of [14C]CP in methanol 
was prepared, 0.05ml (ca. 0.05&i) of the stock 

100 (a) 

1 
nP 

solution was evaporated under a stream of nitrogen. 
Plasma (1 ml) was added and incubated at 37”. 
Immediately after mixing (0 min), and after 15,30 
and 60 min NEM (3 mg ml-‘) was added. [14C]CP 
metabolites and CP covalently bound to PP were 
then determined as described earlier. 

The effect of glycerol-induced ARF on [i4C]CP 
disposition in the rat. This part of the experiment 
was carried out 24 hr after the glycerol injection. 
Male Wistar rats (200-300 g) were anaesthetised with 
urethane [14% (w/v) in saline, 10 ml kg-’ i.p.1. The 
jugular vein, carotid artery and the trachea were 
cannulated with cannuli of the appropriate sizes. A 
small aliquot of blood (0.5 ml) was obtained before 
dosing, to determine PP, urea and creatinine con- 
centrations. After heparin (100 units) was given, 
4 mg kg-’ of [14C]CP (4.66 &i mg-*) in saline was 
administered via the jugular vein. Blood samples 
(0.5 ml) were collected at 5,30,60, 120 and 180 min, 
centrifuged (1 min) and then added immediately to 
NEM (3 mg ml-‘). The volume of blood taken out 
was replaced by an equal volume of saline. [‘4C]CP 
metabolites and [14C]CP covalently bound to PP were 
determined as described earlier. 

At 3 hr, the rats were killed and the liver, kidneys, 
lung and spleen removed to determine radioactive 
content as previously described [22]. All the urine 
in the bladder was aspirated at 3 hr into tubes con- 
taining NEM. The relative amounts of [14C]CP 
metabolites in 0.1 ml aliquots were determined by 
liquid scintillation spectrometry after separation by 
TLC, as described for the plasma samples. 

Biliary excretion of [‘4C]CP metabolites in ruts with 
glycerol-induced ARF. This experiment was also car- 
ried out 24 hr after glycerol injection. Male Wistar 

loo (b) 

I 

0 
Time (min) 

Fig. 1. The relative concentrations of [r4C]CP (A) [%]CP disulphide (0), [‘%]CP covalently bound 
to plasma proteins (W), and polar metabolites of [W]CP (A), after incubation of [‘4C]CP with: (a) 
normal human plasma (N = 4), and (b) uraemic human plasma (N = 6) in uifro. The results are 

means f S.D. *P < 0.05 between control and uraemic plasma using Student’s f-test. 
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rats (200-300 g) were anaesthetised with urethane 
[14% (w/v) saline, 10 ml kg-’ i.p.1. The jugular vein, 
carotid artery and the bile duct were cannulated with 
a cannula of the appropriate size. An aliquot of 
blood was taken before dosing to determine PP, urea 
and creatinine concentrations. [14C]CP (4 mg kg-‘) 
in saline was administered via the jugular vein. Bile 
was collected into pre-weighed vials for 180 min at 
30-min intervals. The amount of bile for each interval 
was recorded and aliquots of the bile samples were 
taken for quantitation of radioactivity. Aliquots of 
the remainder were separated by TLC to determine 
the relative amounts of [14C]CP metabolites present 
in bile. 

RESULTS 

The effect of uraemia on the metabolism of [14C]CP 
with human and rat plasma in vitro 

The time-courses for the reactions of [14C]CP with 
control and uraemic human plasma are shown in Fig. 
l(a) and (b) respectively. The patients showed vary- 
ing degrees of uraemia, with creatinine concentra- 
tions in plasma ranging from 146 to 1334 moles 
1.-l (normal range 60-110 moles 1.-l). In both sets 
of incubations the major products were polar metab- 
olites of CP [predominantly CP-CYS (54.657.5%) 
and a smaller amount of CP-GSH (O-29%)]. The 
amount of [14C]CP covalently bound to PP at 60 min 
was significantly less (P < 0.05) in the incubations 
with uraemic plasma (18.1 + 1.81%) compared to 
controls (24.1 5 1.90%). The results obtained with 
control plasma are similar to those reported pre- 
viously [22]. 

100 r (a) 
. 

0- 30 60 120 

Time (min) 

The time-courses for the reactions of [14C]CP with 
control and uraemic rat plasma are shown in Fig. 
2(a) and (b) respectively. As reported previously 
[22], the amount of [‘4C]CP which binds covalently 
to PP is greater with rat plasma than with human 
plasma. The amount of [14C]CP covalently bound to 
PP was significantly less (P < 0.02) with uraemic rat 
plasma (36.3 + 2.3%) than for control plasma 
(42.5 5 2.9%). Uraemia had no effect on the rate 
of disappearance of CP. Polar metabolites achieved 
maximum concentration after 30min, and then 
declined. 

Glycerol-induced ARF 

Plasma urea and creatinine concentrations were 
used to measure the degree of ARF induced by 
glycerol injection [16]. The total PP, urea and 
creatinine concentrations are shown in Table 1. 
Glycerol-induced ARF resulted in significant 
increases in urea and creatinine concentrations but 
no significant difference in PP concentrations, results 
which are similar to those reported previously for 
glycerol-induced ARF [ 161. The radioactivity 
recovered in urine may slightly underestimate renal 
excretion of radioactivity because urine was obtained 
simply by terminal aspiration of the bladder. How- 
ever, urine collected from uraemic rats [0.3 * 0.13 ml 
(mean + S.D.)] was less (P < 0.005) than from the 
controls (0.43 f 0.16 ml). 

The effect of glycerol-induced ARF on [14C]CP dis- 
position in the rat 

The excretion in urine of total radioactivity over 

b' 

30 60 120 

Time (min) 

Fig. 2. The relative concentrations of [W]CP (A), [“‘C]CP disulphide (0), [14C]CP covalently bound 
to PP (a) and polar metabolites of [14C]CP (A), after incubation of [14C]CP with rat plasma in vitro 
(a) control and (b) glycerol-induced ARF. The results are means of three individual experiments. 

S.D. < 10%. *P < 0.05 between control and uraemic plasma using Student’s t-test. 
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Table 1. The plasma, creatinine, urea and protein con~ntrations of rats 24 hr after 
intram~cular a~inistration of glycerol/water [50% (w/v)] and immediately before 

(i4C]CP was given 

Control 
(sham injection) 

Glycerol/water 
treated 

Creatinine Urea 
@moles I.-‘) (mg/100 ml) 

79.3 t 29.8 52.9 2 13.7 

407.4 + 80.2* 325.3 2 27.0; 

PP 
(mg ml-‘) 

64.1 -t 4.6 

67.8 + 8.4 

Results are means rf: SD. of at least eight determinations. 
* P < 0.001 relative to control. 

Table 2. Meta~lites of [*‘C]CP present in urine 3 hr after [‘“C]CP was ad~nistered (iv.) to male 
Wistar rats with ~ycerol-indu~d ARF 

% relative distribution of radioactivity 

% of dose in 
urine CP CPD 

CP-CYS 
CP-GSH 

Control 
(sham injection) 

Glycerol-induced ARP 
25.63 ” 2.5 79.97 t 1.89 7.31 * 1.7 12.30 rt 3.4 

1.12 + 0.04* 76.99 f 13.9 0.02 -+ 0.02t 23.03 rt 13.9 

N = three or four determinations 2 SD. 
* P < 0.01. 
t P < 0.05. 

3 hr was reduced by 95% in rats with ARF compared 
with control rats. In both groups, unchanged [r”C]CP 
was the major radioactive component in urine (Table 
2). However, there was no significant difference in 
the amount of radioactivity excreted into bile over 
3 hr between uraemic (7.1 +- 2.5% of dose) and con- 
trol rats (9.6 + 4.2% of dose). The amount of bile 
excreted by uraemic rats (1.69 + 0.48 g) was signifi- 
cantly (P < 0.05) less than that excreted by control 
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Fig. 3. Tissue dist~bution of radioa~tivi~ 3 hr after admin- 
istration of [‘4C]CP to control rats (0) and rats with 
glycerol-induced ARF (m). The results are means ?z SD. 

of four animals. *P < 0.05 using Student’s t-test. 

rats (2.77 2 0.37 g). The major radioactive compo- 
nents in bile were [14Cc]CP disulphide and [‘“C]CP 
mixed disulphides with cysteine and glutathione. 

There was no significant difference in the accu- 
mulation of radioactivity 3 hr after administration of 
[14C]CP in the liver, kidney or spleen between control 
and uraemic rats (Fig. 3), while there was a sig- 
nificant difference of radioactivity in the lung. The 
plasma concentration of radioactivity was signifi- 
cantly greater (P < 0.05) from 5 to 180 min after 
administration of [14C]CP in uraemic rats compared 
to the controls [Fig. 4(a) and (b)] respectively. Thus, 
at 180 min, plasma from uraemic rats contained 1.5% 
of dose ml-’ compared to 1.05% of dose ml-’ in 
control rats. The increase in tota plasma radio- 
activity in uraemic rats represented a two-fold 
increase in [14C]CP covalently bound to PP and a 
one-and-a-half-fold increase in the amount of polar 
metabolites of [l‘C]CP [Fig. 4(a) and (b)]. However, 
there was no difference between the plasma 
concentration-time curves of [14C]CP for control and 
uraemic rats. The proportion of [14C]CP covalently 
bound to PP at 180 min was not significantly different 
(30.09 2 4.90% in uraemic rats and 23.59 * 6.03% 
in the controls). However, the amount of [14C]CP- 
GSH present in plasma in uivo (24.S35.8%) was 
greater than that present in vitro (O-2.9%) while the 
amounts of [14C]CP-CYS were 31.1-42.2% in uivo 
and 54.6-57.7% in vitro. 

DISCUSSION 

The influence of renal failure on the disposition 
of a wide range of drugs has been studied [Z-26]. 
It is usually necessary to reduce the doses of drugs 
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Pig. 4. Concentrations in plasma of [%]CP (A). polar metabolites of [14C]CP (A), [%]CP covalently 
bound to PP (m). and total radioactivity (@), after i.v. administration of [W]CP to: (a) control rats 
and (b) rats with glycerol-induced ARP. Results are means ? SD. of four experiments. *P < 0.05 

between control and rat with glycerol-induced ARF by Student’s r-test. 

which are excreted predominantly unchanged by the 
kidney in order to avoid excessive accumulation. It 
was found in this, and previous studies, that CP is 
eliminated mainly by direct renal excretion in man, 
the rat and the dog [14,22,27]. 

The urinary excretion of [i4C]CP was markedly 
reduced in rats with experimentally induced ARF 
compared to controls. This, however, did not lead 
to an increased plasma concentration of free [14C]CP, 
but did produce a two-fold increase in [14C]CP cov- 
alently bound to PP and a one-and-a-half-fold 
increase in [14C]CP mixed disulphides with cysteine 
and glutathione. However, the increased concentra- 
tion of [‘4C]CP mixed disulphides in plasma did not 
appear to alter either the disposition or route of 
excretion of CP and its metabolites. There was no 
signi~~ant increase in the radioactive content of liver, 
kidney or spleen, the tissues in which [“C]CP mixed 
disulphides accumulate 114,221, nor was there any 
increase in the radioactivity excreted in bile in this 
srudy. 

The mixed disulphides of CP with endogenous 
thiols may be formed by either spontaneous thiol- 
disulphide interchange in blood, or by interaction 
with glutathione and hepatic thioltransferase [28]. 
To distinguish the role of those processes, we inves- 
tigated the reaction of [14C]CP with rat and human 
plasma in vitro. 

CP reacted rapidly with control and uraemic 
plasma to form mixed disulphides. With both human 
and rat plasma, there was a small but significant 
decrease in the propo~ion of CP-PP mixed disul- 
phides. This may reflect a reduction in the affinity 
of uraemic plasma proteins for CP, or the presence 
of drug binding inhibitors, as has been reported for 
a number of drugs [29]. 

BP 32:17-n 

In vitro mixed disulphide fo~ation with cysteine 
preceded mixed disulphide formation with PP. Cir- 
culating cysteine (220 and 186 @vf in human and rat 
plasma, respectively} is known to be 50% covalently 
bound to PP via a disulphide linkage [30]. It is, 
therefore, possible that CP forms a mixed disulphide 
with cysteine via the following equilibrium reactions 
in plasma: 

CP-SH + PP-S-S-CYS = PP-SW + CP-S-S-CYS 

CP-S-S-CYS + PP-SH = CYS-SH + CP-S-S-PP 

In viuo, it was found that there was a significantly 
greater amount of CP-GSH formed than in vitro. 
The plasma concentration of glutathione in the rat 
is 5 _@vl compared to 186 @f for cysteine. Therefore, 
CP-GSH is probably formed mainly in the liver as 
suggested previously by in vitro work [28], while 
CP-CYS may be derived from plasma as described, 
and as a hydrolytic product of CP-GSH in the kid- 
ney. Thus, this may explain why there is a different 
proportion of CP mixed sulphides of cysteine and 
glutathione present in plasma from in vioo and in 
vitro experiments. 

The accumulation of mixed disulphides (with PP, 
cysteine and glutathione) that occurs in ARF may 
provide a source of free captopril in vivo [22]. This 
may explain why renal failure is associated with an 
increased duration, but not necessarily amplitude, 
of action of the drug [12]. Therefore, the 
increased incidence of CP toxicity in patients with 
renal failure would be due to an accumulation of the 
drug secondary to diminished renal clearance. It is 
unlikely that thiol-disulphide reactions of CP with 
albumin produce toxicity directly, because this pro- 
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cess occurs in plasma with endogenous thiols such mata and E. Kameyama, J. Phurmucobio-dynum. 3, 
as cysteine [30]. 59 (1980). 
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