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Abstract-The glutathione peroxidase activity of ebselen (PZ51) was studied using different hydro- 
peroxidic substrates. The single progression curves obtained in the spectrophotometric test were 
processed by a computer to fit the integrated rate equation that describes the ping pong reaction of the 
Se glutathione peroxidases. Ebselen catalyzes the GSH peroxidase reaction with a mechanism that 
appears kinetically identical to the mechanism of the enzymes. The inactivation of the catalytic properties 
of ebselen by iodoacetate suggests that a selenol moiety is involved. Among the substrates tested, the 
best hydroperoxidic substrates are the hydroperoxy derivatives of phosphatidyl choline. Ebselen is active 
also on membrane hydroperoxides as does phospholipid hydroperoxide glutathione peroxidase but not 
glutathione peroxidase. 

Hydroperoxides that are produced in aerobically 
living cells, either by oxidative reactions or by specific 
enzymes, can be harmful to biological structures, 
owing to their susceptibility to homolytic or het- 
erolytic cleavage, that leads to the formation of free 
radicals [l]. The most studied examples are the for- 
mation of hydroxyl [2] or alkoxyl [l] radicals (HO’, 
RO’) from hydrogen peroxide or a lipid hydro- 
peroxide, respectively, by a Fenton-type reaction 
between the hydroperoxide and Fe2+. The biological 
protection against these oxidixing radicals includes 
two lines of defence [3]: the antioxidants, or radical 
scavengers that quench free radicals and the per- 
oxidases that prevent their formation by reducing 
the hydroperoxides to the corresponding harmless 
hydroxy derivatives. The removal of hydrogen per- 
oxide is carried out by catalase, as well as by 
glutathione peroxidase [4] (GPX)t The organic 
hydroperoxides are reduced by GPX [5] as well as 
by glutathione S-transferase B (the so called Se- 
independent glutathione peroxidase) [6]. The mem- 
brane hydroperoxides (on which none of the previous 
enzymes is active) are reduced only by the Se-depen- 
dent phospholipid hydroperoxide glutathione per- 
oxidase (PHGPX) [7]. These peroxidases, by 
keeping low the hydroperoxide concentration in dif- 
ferent cellular compartments, protect the cells from 
oxidative damage. Moreover the hydroperoxide con- 
centration, that depends on the balance between 
their synthesis and reduction, plays a key role on the 
activation of cycloxygenases [8] and lipoxygenases 
[9]. Therefore the metabolism of different hydro- 
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peroxides seems to be involved in cellular physio- 
logical and pathological responses, among which 
inflammation is the best known. Ebselen (PZSl) 
(Fig. 1) is a synthetic organoselenium compound 
with antiinflammatory activity [lo], that exhibits a 
glutathione peroxidase-like activity [ll]. This com- 
pound protects hepatocytes from lipid peroxidation 
induced by ADP-Fe, but it is ineffective in GSH 
depleted cells [ 121. Moreover this compound inhibits 
the neutrophil lipoxygenase [13] and protects against 
galactosamine-endotoxin-induced hepatitis in mice, 
and this protection was interpreted in terms of an 
inhibition of the leukotriene pathway [14]. 

In the present work we compare the kinetic mech- 
anism and the substrate specificity of ebselen with 
those of Se-dependent peroxidases. The kinetics of 
GPX was studied under steady state conditions ana- 
lyzing either the initial rates of the reaction in the 
presence of different concentrations of hydrogen 
peroxide [15], or by computer processing of the 
single progression curves to fit the integrated rate 
equation [16]. In both cases the results were com- 
patible with a tert-uni ping pong mechanism, where 
the selenol of the selenocysteine of the enzyme is 
first oxidized by the hydroperoxide to a selenenic 
acid which in turn is reduced back by two GSH. The 
same mechanism has been demonstrated for PHGPX 
[71. 
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The present report provides information on the 
catalytic mechanism of the peroxidase activity of 
ebselen that did appear very similar to that of Se- 
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Fig. 1. Ebselen (PZ51). 

dependent peroxidases. Moreover the substrate 
specificity of ebselen is more similar to that of 
PHGPX than to that of GPX. 

MATERIALS AND METHODS 

Ebselen was a gift of Dr E. Graf, Natterman Cie 
GmbH, Koln, F.R.G. Phosphatidyl choline hydro- 
peroxides were prepared using soybean lipoxygenase 
and phosphatidyl choline, as described [17]. Linoleic 
acid hydroperoxide was prepared as described [7]. 
The kinetics of the peroxidase reaction was studied 
as described in Ref. 7. The digitalized readout of 
the absorbance at 340 nm of the reaction mixture 
containing, in 2.5 ml, 2.5-lOpM, 50-100yM 
peroxidic substrate, l-5 mM glutathione, 3 IU 
glutathione reductase, 5 mM EDTA and 0.15 mM 
NADPH in 0.15 M Tris-HCl buffer, pH 7.5, were 
recorded by an Apple IIe minicomputer. The reac- 
tion was carried out at 37” and a stirring equipped 
cuvette was used. The starting reagent was the hydro- 
peroxide. Beers’ law was followed up to an 
absorbance of 2.5. The computer allowed the rapid 
processing of the absorbance decrease data to fit the 
integrated rate equation [7,16]. For the inactivation 
experiments, ebselen (125pM) was incubated at 
room temperature with 0.5mM iodoacetate and 
0.5 mM thiol, in 50 mM Tris-HCl 0.1 mM EDTA, 
pH 7. At different times the peroxidase activity was 
measured on aliquots containing 6 nmoles of ebselen. 
The peroxidic substrates were 60 PM phosphatidyl 
choline hydroperoxides. Rat liver microsomes were 
prepared and peroxidized for 30 min as described 
[18]. The peroxidized microsomes were used as 
source of hydroperoxides for the peroxidase reaction 
of either ebselen or PHGPX. When peroxidized 
membranes were used as substrate the peroxidase 
activity test mixture was supplemented with 0.3% 
Triton X-100. PHGPX was prepared as described 
[71. 

RESULTS 

The kinetics of the peroxidase activity of ebselen 
was studied using the integrated rate equation that 
fits the experimental data obtained using either GPX 
[15] or PHGPX [7]. This approach was suggested 
by the evidence that ebselen is a catalyst of the 
glutathione peroxidase reaction. Moreover it was 
plausible to suspect that the data obtained using a 
simple chemical compound as catalyst could fit the 
kinetics of GPX and PHGPX, where a ping pong 
reaction takes place, without the formation of central 
complexes. The time course of GSH oxidation was 
recorded by measuring the NADPH oxidation in a 
reaction mixture containing the peroxidic substrate, 

and the GSH regenerating system. The absorbance 
was recorded until all hydroperoxides were 
consumed. The computer then processed the 
absorbance data to fit the integrated rate equation 
[16]: 

lROOH1 

[E] x t @“ln [ROGH] - [ROH], 
-= 
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The initial concentration of the hydroperoxide 
(ROOH) as well as the concentration of the reduced 
product (ROH) were calculated from NADPH 
absorbance. The concentration of GSH was held 
constant by GSSG reductase and NADPH. 

The plot of t/[ROH], versus ln([ROH]/ 
[ROOHI-[ROH],)/[ROH], led to straight lines in 
the presence of all the peroxidic substrates used 
(hydrogen peroxide, cumene hydroperoxide, linoleic 
acid hydroperoxide and phosphatidyl choline hydro- 
peroxides) and different GSH concentrations led to 
parallel lines. The plot obtained using phosphatidyl 
choline hydroperoxides as substrate is reported in 
Fig. 2. 

The slope of these lines corresponded to +i/[E] 
and the intercept to &/[E] . l/[GSH]. The kinetic 
coefficients $i and $z (Table 1) were calculated from 
these values. 

The kinetic behaviour of ebselen is therefore com- 
patible with a tert-uni ping pong mechanism, ident- 
ical to that reported for Se peroxidases [15,16]. 

Because the kinetic coefficients are defined as 
follows 

4~ = l/K, and cp2 = l/K2 + l/K3 

the rate constants for the interaction of ebselen with 
peroxidic substrates could be also calculated. The 
apparent second order rate constant for the inter- 
action between ebselen and hydroperoxides are 
reported in Table 2, where the rate constant for the 
interaction between the hydroperoxides and the Se 
peroxidases are also reported for comparison. 

50 c 

Fig. 2. Linear plots of the integrated rate equation for 
glutathione peroxidase reaction catalyzed by ebselen on 
phosphatidyl choline hydroperoxides. The analysis was car- 
ried out as described in the text, the ebselen concentration 
was 10 PM, the initial concentration of hydroperoxides was 
60 PM, the concentration of GSH was 1 mM (A), 2 mM 

(B) or 3 mM (C). 
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Table 1. Dalziel coefficients (4, and &) for the glutathione peroxidaae reaction of 
ebselen with different hydroperoxides 

Substrate 
01 92 

(mM min) (mM min) 

Hydrogen peroxide 1.5 x 1o-2 6.6 x 10-l 
Cumene hydroperoxide 3.3 x 10-Z 1.4 
Linoleic acid hydroperoxide 5.6 x 1O-3 3.5 x 10-l 
Phosphatidyl choline hydroperoxides 1.1 x 10-r 1.3 x 1o-2 

The kinetic coefficients were calculated from the plot of the integrated rate equation 
as described in the text. The GSH was 3 mM and the hydroperoxides 60 @vL. 

Table 2. Apparent second order rate constants (K,) for the reaction between ebselen, GPX 
and PHGPX and hydroperoxidic substrates 

Substrate 
Ebselen GPX PHGPX 

Kr(mM-’ min-‘) 

Hydrogen peroxide 6.6 x 10’ 2.9 x lo6 1.9 x lo5 
Cumene hydroperoxide 3.0 x 10’ 1.0 x 106 1.3 x 105 
Linoleic acid hydroperoxide 1.8 x lo2 1.8 x 106 2.3 x lo6 
Phosphatidyl choline hydroperoxides 8.8 x 102 - 7.0 x 10s 

The rate constant were calculated from the linear plots of the integrated rate equations, 
as described in the text. The GSH was 3 mM and the hydroperoxides 60 PM. The rate 
constants of GPX and PHGPX are from Refs 16 and 7. 

In Se peroxidases, despite the lack of direct evi- 
dence of the two oxidation states of selenium, a 
redox shuttle between -SeH and -SeOH has been 
strongly suggested [5]. However, neither of these 
species is present in ebselen. Therefore an “acti- 
vation” of the compound must occur and has been 
recently described [19]. The involvement in the 
peroxidatic reaction of a selenol is suggested by the 
inactivation experiments in the presence of iodoace- 
tate. The peroxidase activity of ebselen is indeed 
inhibited when the compound is incubated in the 
presence of iodoacetate and reducing agents, with 
pseudo-first order kinetics (Fig. 3). An identical inhi- 
bition kinetics has been reported for GPX [16] and 
PHGPX [7]. This fast displacement of iodide requires 

a strong nucleophile such as the selenolate anion that 
is maintained in the reduced form by the thiols (GSH 
or DTE). In the absence of reducing agents, as well 
as in the presence of reducing agents that cannot 
reduce the active site (e.g. mercaptoethanol), the 
iodacetate fails to inactivate, while in the presence 
of cysteine the kinetics of the inactivation is very 
slow. These results suggest that DTE, but not the 
other thiols, can substitute for GSH in the perox- 
idatic reaction. This is in agreement with the previous 
observation that DTE can substitute for GSH in 
protecting, in the presence of ebselen, isolated hepa- 
tocytes from lipid peroxidation [12]. 

As shown in Table 2 phospholipid hydroperoxides, 
that are substrates for PHGPX but not for GPX [7], 

NOW 
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Fig. 3. Kinetics of inactivation of peroxidase activity of ebselen in the presence of iodoacetate. Ebselen 
(125 @vl) was incubated at room temperature with 0.5 mM iodoacetate and 0.5 mM thiols, in 50 mM 
Tris-HCI, 0.1 mM EDTA, pH 7. At different times the peroxidase activity was measured on aliquots 

containing 6 nmoles of ebselen. The peroxidic substrate were 60 PM phospholipid hydroperoxides. 
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Fig. 4. Glutathione peroxidase activity of ebselen on membrane hydroperoxides. Peroxidized rat liver 
microsomes were used, following peroxidation, as source of peroxidic substrate for ebselen (30 PM) and 
for PHGPX (10 nM). The reaction mixture, contained 0.3% Triton X-100. The GSH was 3 mM. For 

details see Ref. 18. 

are the best substrate for the peroxidase activity of 
ebselen. Due to this activity on phospholipid hydro- 
peroxides, possibly linked to the lipophilicity, ebse- 
len can also reduce the hydroperoxides in the 
membranes. The experiments reported in Fig. 4 
show that ebselen reduces in peroxidized mem- 
branes all the hydroperoxides that are reduced by 
PHGPX and it has been previously reported that 
PHGPX reduces all the hydroperoxides in the mem- 
branes [ 181. 

DISCUSSION 

The kinetics of the glutathione peroxidase-like 
reaction of ebselen is in agreement with a tert-uni 
ping pong mechanism, apparently identical to the 
mechanism of selenium dependent peroxidases. This 
mechanism requires a redox shuttle of the selenium 
and the inactivation experiments in the presence of 
iodoacetate indicate the involvement of a selenol. 
In fact in the presence of the substrates ebselen 
undergoes modifications leading to the formation of 
the catalytically active form [19]. 

Ebselen inhibits ADP-Fe induced lipid per- 
oxidation in hepatocytes, only in the presence of 
GSH or DTE, and this protection does not appear 
to be related to a free radical scavenging capacity 
[12]. The kinetic properties of ebselen account for 
this inhibition. Indeed this compound that reduces 
membrane hydroperoxides mimics the reaction of 
PHGPX, which is a strong inhibitor of lipid per- 
oxidation [20]. In fact the predominant mechanism 
of initiation of lipid peroxidation in the membranes 
is the decomposition of lipid hydroperoxides [l]. 
More precisely this initiation must be referred to as 
“secondary initiation” because lipid hydroperoxides, 
that are already peroxidation products, must be pre- 
viously generated. However, as in the case of 
PHGPX the prevention of secondary initiations 
decreases the free radical generation rate and spares 
the cellular radical scavengers. A cooperation 
between PHGPX and vit. E in the inhibition of 

microsomal lipid peroxidation has been observed 
[21]. It is tempting to speculate that this is also true 
in the case of ebselen. 

The glutathione peroxidase activity of ebselen 
could support also a role of this compound as a 
modulator of cyclooxygenases and lipoxygenases. 
These enzymes are indeed activated by hydro- 
peroxides (8,9]. In conclusion the peroxidase activity 
of ebselen supports a possible pharmacological use 
of this compound as an antiinflammatory and an anti- 
leukotriene drug. 
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