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The authors have compared the ability of two non-SH-containing angiotensin converting enzyme (ACE) 
inhibitors (enalaprilat and lisinopril) with an -SH containing ACE inhibitor (captopril) to scavenge the 
hydroxyl radical (.OH). All three compounds were able to scavenge .OH radicals generated in free solu- 
tion at approximately diffusion-controled rates (10" M- Is- I )  as established by the deoxyribose assay 
in the presence of EDTA. The compounds also inhibited deoxyribose degradation in reaction mixtures 
which did not contain EDTA but not so effectively. This later finding also suggests that they have some 
degree of metal-binding capability. Chemiluminescence assays of oxidation of hypoxanthine by xanthine 
oxidase in the presence of luminol, confirm that the three ACE inhibitors are oxygen free radical 
scavengers. Our results indicate that the presence of a sulphydryl group in the chemical structure of ACE 
inhibitors is not relevant for their oxygen free radical scavenging ability. 

KEY WORDS: angiotensin converting enzyme inhibitors, oxygen free radicals, hydroxyl radical? 
oxygen free radical scavengers, chemiluminescence 

1. INTRODUCTION 

Some angiotensin-converting enzyme (ACE) inhibitors have a number of properties 
which are independent from specific enzyme inhibition. They exhibit anti-inflamma- 
tory properties, and protect the ischemic myocardium against reperfusion injury. 
A pathogenic role for oxygen free radicals has been ascribed in both these situations. 
A possible explanation for alternative actions of ACE inhibitors may be attributed, 
at  least in some degree, to the ability of ACE inhibitors to  scavenge deleterious free 
radicals 

The superoxide anion radical (02-) scavenging capability of some ACE inhibi- 
tors like captopril (an SH-containing ACE inhibitor) and enalaprilat (a non- 
SH-containing ACE inhibitor) has already been reported, although for captopril, 
contradictory results have appeared'". 

When assessing the antioxidant properties of such drugs, it is perhaps more 
important to evaluate if they scavenge, or prevent, the generation of more reactive 
oxygen species which, unlike 02-, are probably the direct agents of damage. 

It is now well established that much of the damage done by 0,- and H,02 in 
vivo can be attributed to their conversion into highly-reactive oxidants, such as the 
hydroxyl radical ( *  The hydroxyl radical reacts with almost all biological 

*Supported by Merck, Sharp & Dohme and Instituto Nacional de InvestigaqBo Cientifica 
+ +To whom correspondence should be addressed 
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molecules in its vicinity; thus it will damage proteins, cause breakage of DNA 
strands, and initiate lipid peroxidation"*". 

The generation of oxygen free radicals by the xanthine oxidase system has been 
proposed as one of the important mechanisms involved in reperfusion injury after 
myocardial and electronparamagnetic resonance (EPR) studies have 
demonstrated that *OH is an important mediator of such reperfusion injuryI4-I6. 

The ability of captopril to  scavenge the -OH radical was already examined2v7. 
The free radical scavenging action of captopril is believed to be due to  the presence 
of an -SH group in its structure. In this study, using the deoxyribose two 
non-SH-containing ACE inhibitors, enalaprilat and lisinopril, were compared with 
captopril concerning the ability to effectively scavenge the .OH radical. 

The deoxyribose assay enables one to measure the second-order rate constants 
of these drugs for reaction with -OH, as well as to evaluate their potential ability 
to chelate iron ions and interfere with "site-specific" generating of .OH9*'*. We 
have also examined the ability of ACE inhibitors to inhibit the luminol-enhanced 
luminescence, produced during the enzymatic reaction of xanthine oxidase on its 
substrate hypoxanthine". 

2. MATERIAL AND METHODS 

2.1. Chemicals and Enzymes 

Reagents of the highest purity available were purchased and used without further 
purification. 2-Deoxy-D-ribose, L-ascorbic acid, N-ethylmaleimide, hypoxanthine, 
luminol, xanthine oxidase (Grade 111 from buttermilk), superoxide dismutase (bovine 
erythrocytes), catalase (bovine liver) and D-mannitol were obtained from Sigma 
Chemical Co. (St. Louis, MO, USA) and ferric chloride from Fluka (Buchs, 
Switzerland). Enalaprilat and lisinopril were kindly supplied by Merck Sharp & 
Dohme (Hoddeston, Herts, UK) and captopril by BristoI-Myers Squibb (Moreton, 
Merseyside, UK). All the other reagents were obtained from Merck (Darmstadt, 
Germany). 

2.2. Deoxyribose Degradation by Fe'+ (& EDTA), Ascorbic Acid and H,O, 

The experimental procedure was essentially as described by Halliwell et aI.l7 with 
a few modifications as described. Each assay contained, in a final volume of 1 ml, 
the following reagents at the final concentrations stated: KH2P0,-KOH buffer, 
pH 7.4 (20mM), deoxyribose (2.8mM), FeCI, ( lWpM), EDTA when added 
(104 pM), H 2 0 2  (300pM), one of drugs (enalaprilat, lisinopril or captopril) at con- 
centrations shown in appropriate figures or tables and ascorbic acid (100 pM). 

FeCI, and EDTA (if added) were pre-mixed just before addition to the reaction 
mixture. Solutions of FeCI, and ascorbate were made-up immediatelly before use. 
Ascorbic acid was added to start the reaction. The final concentration of the drug 
in the reaction mixtures ranged from 1 to 10 mM. Reaction mixtures were incubated 
at 37" for 1 h. Colour was developed by adding 1 ml of 2-thiobarbituric acid (TBA) 
1 Yo (w/v) in 0.05 M NaOH and 1 ml of trichloroacetic acid (TCA) 2.8% (w/v). The 
mixture was heated at 100" for 15 min. After cooling, the pink chromogen, which 
was formed, was measured at 532 nm. 

For all concentrations of enalaprilat and lisinopril assayed, controls in which 
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ACE INHIBITORS AS RADICAL SCAVENGERS 175 

deoxyribose is omitted from the reaction mixture, were performed. The three drugs 
released TBA-reactive material when attacked by -OH, and the absorbance values 
(A5,,) obtained for these controls were subtracted from the values of complete 
assays plus the drugs. The control TBA values ranged between 5 1 5 %  of the absor- 
bance measured for the complete system, without EDTA, and in the presence of 
EDTA, the control values ranged between 15-25%. It was also found that the three 
drugs did not interfere with subsequent measurement of deoxyribose degradation 
products, since they had no effect, when they were added to the reaction mixture 
at the end of the incubation, just before addition of TCA and TBA. 

2.3. Luminol-Enhanced Chemiluminescence Method to Detect Oxygen 
Radical Scavengers 

This study was carried out as described by Betts” with minor modifications as 
described below. Experimental solutions contained, in a final volume of 1 ml, 
EDTA (100 pM), hypoxanthine (600 pM), luminol (20 pM), FeCl, when added 
( 5  pM), test drug at concentrations shown in appropriate figures or tables, xanthine 
oxidase (3 x 10-2U/ml) in phosphate buffer, pH 7.4 (50mM). The addition of 
EDTA was essential in order to get reproducible results. However, it was confirmed 
that the yield of chemiluminescence was dependent upon EDTA concentration. 
Above l00pM EDTA there was an increasing inhibition, and for the 10-100pM 
range there was no significant change in the chemiluminescence results (data not 
shown). All reactions were incubated at 37’. The xanthine oxidase was added during 
vortex mixing, and the samples were quickly introduced into the luminometer (LKB 
1250) for counting. The luminometer was set to integrate for 20 intervals of 10s 
each. The results were expressed as light intensity (LI) in mV and represent the out- 
put accumulated after each integration period of 10 s. For each assay, three to five 
replicates were done. The chemiluminescence profiles were selected according to the 
median of maximal light intensity (LImaX) values obtained in each experiment. It 
was carefully checked that none of the drugs studied inhibited xanthine oxidase, 
and did not act as light quenchers in the luminol (A,,, ”,,,) assay. 

3. RESULTS 

In the deoxyribose method *OH radicals are generated by a mixture of ascorbic 
acid, H202  and FeCI,. It was observed that -OH generation is greatly stimulated 
if iron is complexed with EDTA, in a equimolar ratio. This is because the Fe3’- 
EDTA chelate reacts promptly with 0,-20~2’ and with ascorbate”. 

Figure 1 shows the ability of enalaprilat, lisinopril and captopril to inhibit deox- 
yribose degradation in reaction mixtures, with or without EDTA. From the slope 
of the competition plots which were obtained in the presence of EDTA, the second- 
order rate constants were calculated (Table 1). 

In Figure 1 it can be seen that the three ACE inhibitors have a very similar 
behaviour. They inhibit deoxyribose degradation in the system without EDTA, but 
more efficiently when it is present. This suggests that the three drugs are interfering 
with “site-specific” .OH generation, i.e., they probably remove iron ions from deox- 
yribose and form complexes less reactive in generating *OH9. However, all three 
drugs appear to be better scavengers of .OH radicals, when .OH is generated in 
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FIGURE 1 Inhibition of deoxyribose degradation by enalaprilat, lisinopril and captopril. Each assay 
contained, in a final volume of 1 ml, the following reagents: 20 mM KHzP04-KOH buffer (pH 7.4). 
2.8 mM deoxyribose, 100 pM FeCI, and 104 pM EDTA (when added), 300 pM HzO2, drug and 100 pM 
ascorbic acid. The reaction mixtures were incubated at 37” for 1 h and the colour was developed by 
the TBA method”. 0 with EDTA; without EDTA. (a) Enalaprilat, (b) lisinopril, (c) captopril. Data 
represent the means of at least Four experiments done in triplicate that differed by no more than 10%. 
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free solution (i.e., in reaction mixtures containing EDTA). These results are in 
agreement with those obtained with captopril by Aruoma et al.'. 

The ability of captopril to scavenge -OH may be due to  its -SH group. To confirm 
this possibility, experiments were carried out with the -SH group of captopril 
blocked by N-ethylmaleimide (NEM). Under these conditions captopril loses its 
ability to inhibit deoxyribose degradation in reaction mixtures which do  not contain 
EDTA. However, in assays with EDTA, captopril still inhibits deoxyribose degrada- 
tion (Table 2). 

Chemiluminescence generated during the oxidation of hypoxanthine by xanthine 
oxidase, in the presence of luminol, was used to study the scavenging action of the 
three drugs. 

Figure 2 shows the chemiluminescence profiles in the presence of increasing 
amounts of enalaprilat, lisinopril or captopril. The concentrations required to cause 
an IC,, are 700pM for enalaprilat and lisinopril and 190pM for captopril. 

In order to confirm the oxygen free radical scavenging actions of the three ACE 
inhibitors, the effect of known free radical scavengers such as superoxide dismutase 
(SOD), catalase, dimethyl sulfoxide (DMSO), thiourea and mannitol were deter- 
mined. These scavengers produced a similar set of chemiluminescence profiles. The 
chemiluminescence assay was highly sensitive to SOD, with an IC,, of 0.25 U/ml. 
The IC,, for catalase, DMSO, thiourea and mannitol were 13 U/ml, 725 pM, 3.1, 
and 3 mM, respectively. 

177 

TABLE 1 
Rate constants for reactions of drugs with .OH obtained by the deoxyribose method 

Second-order rate constant 
for reaction with .OH 

Drugs (M-ls-') 

Enalaprilat 
Lisinopril 
Captopril 

(7.8 - 8.8) x lo9 
(9.8 - 10.2) x 109 
(8.1 - 9.2) x 109 

The rate constants were determined from the slopes of the lines obtained in the presence of EDTA 
(K = slope x KDR x [DR] x A",,,, where KDR = 3.1 x lo9 M-'s-l , [DR] = 2.8 mM and A',,, is 
the absorbance measured in the absence of drug"). Values given are the range from at least four 
separate experiments done in triplicate that differed by no more than 10%. 

TABLE 2 
Effect of N-ethylmaleimide on the capacity of captopril to inhibit the deoxyribose degradation 

TBA reactivity AS)* nrn 

Assay with 
Additions to the reaction mixtures Fe' + Fe' + -EDT A 

None 
Captopril (4 mM) 
Captopril - NEM (4 mM) 
Captopril (8 mMb 
Captopril - NEM (8 mM) 

0.964 (-) 
0.61 1 (37) 
0.986 (0) 
0.470 (51) 
0.834 (13) 

2.591 (-) 
0.565 (78) 
0.599 (77) 
0.333 (87) 
0.357 186) 

~ ~ ~~ ~ ~ 

Assays were performed essentially as described in the legend of Figure I .  In the assays with NEM, this 
alkylating reagent is pre-mixed and stays in contact with captopril, for at least 15 min, before being added 
to the reaction mixture. The values in parenthesis are the percentage inhibition of deoxyribose degrada- 
tion. The results shown are those from a representative of three to five experiments done in triplicate 
that differed by no more than 10%. 
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178 M.L. MlRA ET AL. 

The effect of iron on chemiluminescence was also studied, using a constant con- 
centration of EDTA (lOOpM) and concentrations of ferric chloride from 1 to 
10 pM. Chemiluminescence was maximal with 5 pM ferric chloride. At this concen- 
tration of FeCI, the drug concentrations required to inhibit chemiluminescence by 
50% were 510 pM for enalaprilat and lisinopril and 150 pM for captopril (Table 3). 
This assay was less sensitive to SOD and catalase but more sensitive to  .OH radical 
scavengers (Table 3). 

4. DISCUSSION 

This study shows that the ACE inhibitors, enalaprilat, lisinopril and captopril, are 
effective scavengers of *OH when the radical is generated in free solution. Rate con- 
stants of around 10" M-ls-l were established by using the deoxyribose assay in 
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FIGURE 2 Inhibition of chemiluminescence by enalaprilat, lisinopril and captopril. Each assay con- 
tained 100 pM EDTA, 600 pM hypoxanthine, 20 pM luminol, and the drugs in the concentration (mM) 
as indicated in the Figure, 3 x IO-*U/ml xanthine oxidase in 50mM phosphate buffer (pH 7.4). 
Inserts show inhibition curves of LI,,, obtained for each drug. (a) Enalaprilat. (b) lisinopril, (c) cap- 
topril. The values shown are from a representative of four experiments. 

TABLE 3 
Concentrations of compounds required to cause 50% inhibition (lCjO) in the chemiluminescence assays 

Compounds Assay with EDTA 

Enalaprilat 700 pM 
Lisinopril 700 pM 
Captopril 190 pm 
Catalase 13 U/ml 
SOD 0.25 U/ml 
DMSO 725 pM 
Thiourea 3.1 mM 
Mannitol 3.0 mM 

Assay with Fe-EDTA 

510 pM 
510pM 
150 p M  
21 U/ml 
0.58 U/ml 
650 pM 
2.0 mM 
2.2 mM 

~~ ~~~ ~~ ~~ 

The assays were carried out as described under Materials and Methods. The values shown are the median 
of at least four experiments. 
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the presence of EDTA. High concentrations of drugs, which are unlike to be 
achieved in vivo during normal therapeutic regimens, were used to calculate these 
constants. A further consideration is the high yield of free radicals, generated by 
the in vitro system which is certainly much higher than would be generated in 
biological systems. Nevertheless, even with the lowest concentration assayed (1 mM) 
of the ACE inhibitors, a clear inhibitory effect was observed (50 to 65%). 

The three drugs studied also appeared to  be able to chelate iron ions. This effect 
is relevant because the antioxidant ability of a compound can also be examined by 
studying its capacity to chelate iron ions in such a way that it interferes with the 
metal ion dependent “site-specific” generation of - OHZ3. 

When assaying the three ACE inhibitors we also wanted to know if the presence 
of an -SH group in captopril conferred greater antioxidant capacity to it once the 
other two drugs do not possess such a group. 

Enalaprilat and lisinopril have similar molecular structures (Figure 3) and they 
both possess a phenyl and an acid group, the 2-pyrrolidinecarboxilate. This group 
also exists in the captopril molecule but in addition it possesses a thiol group. Since 
the carboxylate and -SH groups can act as ligands of iron ionsz4 we suggest that 
the three compounds can chelate iron through their carboxylate groups. In addition, 
captopril may also chelate iron ions through its thiol group. 

Clearly, all three drugs possess groups which can react with -OHzs~z6, and may 
effect scavenging of .OH through a decarboxylation reaction of the carboxyl group. 
Moreover, enalaprilat and lisinopril may both scavenge .OH through an addition 
reaction on the aromatic ring and captopril may scavenge .OH by the oxidation 
of the -SH group. The captopril molecule therefore possesses two groups which may 
both chelate iron and scavenge .OH radicals. In the deoxyribose assays without 
EDTA present, and when the -SH groups of captopril are blocked (with NEM) the 
carboxyl groups remain to chelate iron, leaving no free groups to react with *OH. 
This suggestion could explain why captopril does not inhibit deoxyribose degrada- 
tion in assays without EDTA. In the assay system in which all the iron is chelated 
to EDTA, captopril continues to inhibit deoxyribose degradation even when its -SH 
groups are blocked, suggesting this occurs by its carboxyl groups, remaining free. 

Experiments with NEM suggest that the -SH group of captopril contributes to 
its antioxidant capacity. However, in relation to .OH scavenging, the three ACE 
inhibitors show much the same reactivity (rate constants of about 10” M - k ’ ) .  
This is perhaps to be expected from their chemical structures since enalaprilat and 
lisinopril, although they have no -SH group, possess an aromatic ring. 

The chemihminescence assays allowed us to use much lower drug concentrations, 
and confirmed that the three ACE inhibitors are free radical scavengers. The advan- 
tages of sensitivity, simplicity and quickness make the chemiluminescence technique 

EN A 1 A P RIL AT 

L lSlNOPRl l  

NllZ 

C A P T O P R I L  

FIGURE 3 Chemical structures of ACE inhibitors, enalaprilat, lisinopril and captopril. 
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a very useful way to study the continuous production of radicals. However, a major 
disadvantage of this assay is the difficulty in knowing which radicals are responsible 
for the luminescence. It has been suggested that luminol reacts with 02-, hydrogen 
peroxide anion (HOT), .OH and singlet oxygen However, the use of 
specific oxygen radical scavengers allows the identification of some of the oxygen 
radicals involved. Xanthine oxidase has been widely used as a 0;and H,02 gen- 
erating system but it should also be realised that since iron traces are present *OH 
radical will also be generated. The chemiluminescence which was observed to be 
increased by the addition of FeCl,, must reflect *OH generation via an iron- 
catalysed Haber-Weiss reaction. Under these conditions we get lower IC,, values 
for DMSO, thiourea and mannitol (three known .OH radical scavengers) and also 
for the three ACE inhibitors which were studied, supporting that these are effective 
*OH radical scavengers. 

Our results indicate that the presence of a sulphydryl group in the chemical struc- 
ture of ACE inhibitors is not a determinant condition for the compounds being able 
to scavenge oxygen free radicals as well as to bind metal ions. 
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