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Abstract—Interaction of ebselen, an anti-inflammatory compound of low toxicity, with rat liver cyto-
chrome P-450 is used as a model system to quantify possible interactions of seleno-organic compounds
with sulfhydryl groups of intracellular membrane-bound proteins. Ebselen induces a unique difference
spectrum (maximum at 405 nm, minima at 385 and 425 nm) after addition to microsomes under in vitro
conditions. This spectrum indicates an interaction with the thiolate anion at cytochrome P-450; it can
be blocked by previous addition of dithioerythritol. With uninduced microsomes, addition of ebselen
converts maximally 50% of the cytochrome P-450 to P-420 in a time-dependent (nearly complete effect
within 10 min) and concentration-dependent manner (halfmaximal effect with 50 uM at 1 nmol/ml
cytochrome P-450 concentration) in vitro. In phenobarbital- and 3-methylcholanthrene-induced micro-
somes, 73% and 64%, respectively, of cytochrome P-450 are converted to P-420 in presence of 200 uM
ebselen. It is assumed that only certain isoenzymes of the total hepatic cytochrome P-450 are accessible
to ebselen. Bovine serum albumin at physiological concentrations and sulfhydryl compounds such as
dithioerythritol are effective in preventing this cytochrome P-450 inactivation by ebselen. Specificity
studies reveal that variation of the N-substituent in the benzisoselenazolone system does not influence
cytochrome P-450 inactivation, whereas ebselen derivatives with methylated or glucuronidated selenium
moiety as well as diselenides do not convert cytochrome P-450 to P-420. It is concluded that benz-
isoselenazolones are able to interact with sulfhydryl groups of membrane-associated proteins in vitro.
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Ebselen (PZ51; 2-phenyl-1,2-benzisoselenazol-
3(2H)-one) represents a new class of anti-inflam-
matory agents. This seleno-organic compound does
not release selenium from the molecule and therefore
shows low toxicity in subacute animal experiments
(see Ref. 1 forreview). Ebselen exhibits GSH peroxi-
dase-like activity [2-4] thus imitating the natural,
selenium-dependent  enzyme, glutathione-per-
oxidase (glutathione: hydrogen-peroxide oxidore-
ductase, EC 1.11.1.9), but accepting not only
reduced glutathione (GSH) but also dithioerythritol
[5] or N-acetylcysteine [6] as reductant. Ebselen is
able to inhibit ADP-Fe-induced lipid peroxidation
[5] and has been found to decrease diquat-induced
cytotoxicity [6] in isolated hepatocytes.

During liver perfusion, ebselen is mainly metab-
olized to an Se-glucuronide, secreted in the bile, and
to Se-methylated derivatives, secreted in the effluent
perfusate [7]. Since, in addition, a 4’-hydroxylated
metabolite (4'-hydroxy-2-methyl-selenobenzanilide)
can be identified [7], the ebselen biotransformation
process may include a hepatic cytochrome P-450-
dependent mono-oxygenase system. A thiolate
group ligated to the heme iron is essential for the
catalytic function of cytochrome P-450 [8, 9]. Since
benzisoselenazolones may interact with sulfhydryl
groups provided by cysteinyl residues in proteins
instead of the sulfhydryl groups of GSH or analogous
compounds, we have characterized interactions of
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ebselen and of its derivatives with cytochrome P-450
in rat liver microsomes by measurement of optical
difference spectra.

MATERIALS AND METHODS

Chemicals. Ebselen and its analogues and deriva-
tives (see Table 3) were a kind gift from Dr. E.
Graf (Rhéne-Poulenc/Nattermann Co., Cologne
Research Center, F.R.G.). All chemicals used were
of analytical grade.

Preparation of microsomal suspensions. Livers
from male Han: Wistar rats (250 g body wt, pento-
barbital anesthesia) were perfused hemoglobin-free
for 3 min without recirculation with a Krebs—Hen-
seleit buffer medium. Livers were then homogenized
in 250 mM sucrose, 10 mM Tris, pH 7.4 (TS buffer)
using a Potter-Elvehjem homogenizer. Homo-
genates were centrifuged for 10 min at 750 g and
10 min at 8700 g. Supernatants from the last cen-
trifugation step were subjected to a further cen-
trifugation for 10 min at 8700 g. Supernatants were
then centrifuged at 130,000 g for 45 min. The pellets
were rehomogenized in TS buffer, and the ultra-
centrifugation step was repeated once more. The
final pellet was rehomogenized in TS buffer to a final
protein concentration of 40 mg/ml and stored at
—80°. Protein concentrations in microsomal sus-
pensions were determined by the Lowry method
using bovine serum albumin as the standard [10]. In
some experiments, liver microsomes were prepared
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from animals which received either daily injections
of phenobarbital (80 mg/kg body weight) over 4 days
or a single injection of 3-methylcholanthrene (20 mg/
kg body weight).

Spectral measurements. Difference spectra were
recorded with a Shimadzu UV300 spectro-
photometer in the single wavelength/double beam
mode. Cytochrome P-450 concentrations were
determined as described in [11] using a molar absorp-
tion coefficient of 91,000 1/(mol X cm) for the Aspnm
minus A,go,m difference. For correct calculation of
changes in cytochrome P-450 concentrations induced
by ebselen and its analogues, CO/dithionite-reduced
cytochrome P-450 minus dithionite-reduced cyto-
chrome P-450 absorption differences were deter-
mined separately in the sample and reference
cuvettes. In some preparations, total heme content
of microsomal suspensions was quantified by the
pyridine hemochromogen method [11] using a molar
absorption coefficient of 34,200 1/(mol % cm) for the
Ajss7am Minus Agys,, difference.

Titration of sulfhydryl groups. Sulfhydryl groups
were quantified by reaction with 5,5'-dithiobis(2-
nitrobenzoic acid) using a molar absorption coef-
ficient of 13,6001/(mol X cm) at 412 nm [12].

Statistical analyses. Differences between exper-
imental groups were examined by Student’s s-test;
one-tailed probability limit was set at P < 0.05.

RESULTS

Ebselen-induced difference spectra

After addition of ebselen at 100 uM final con-
centration to rat liver microsomes in the sample
cuvette, none of the typical substrate- or inhibitor-
specific difference spectra (type I, reverse-type I, or
type II) can be detected. Rather, a unique spectral
response is induced which can be characterized by a
quick transformation of the initial transient broad
peak at 435 nm and the trough at 390 nm to the final
conformation showing a peak at 405 nm and two
troughs at 385 and 425 nm (Fig. 1). Usually, devel-
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Fig. 1. Time-dependent (0-8 min) development of ebselen-
induced difference spectra. Microsomal suspensions (2 mg
protein/ml) were divided between the sample and reference
cuvettes (0 minutes = baseline), and difference spectra
were continuously recorded after addition of DMSO to the
reference and 100 uM ebselen to the sample cuvette.

N. KUHN-VELTEN and H. SIES

oo b \ N A
+002-
o
-002
370 40 150 490

Wavelength|nm)
Fig. 2. Ebselen-induced spectral changes in liver
microsomes. Microsomal suspensions (1 mg protein/ml)
were divided between the sample and reference cuvettes.
Curve (a) results after addition of DMSO to the reference
and 200 uM ebselen to the sample cuvette; curve (b) results
after following reduction of both the sample and reference
cuvettes with dithionite; curve (c) is produced after gassing
the sample cuvette with CO.

opment of this difference spectrum is completed after
10 min of ebselen incubation with uninduced liver
microsomes. In the presence of dithioerythritol
(100 uM final concentration in both the sample and
reference cuvettes), ebselen (100 uM in the sample
cuvette only) is not able to develop this typical spec-
trum (data not shown). This may be an indication
that sulfhydryl groups of the exogenously added
dithioerythritol react with the ebselen molecule thus
preventing ebselen interaction with the sulfhydryl
groups of microsomal proteins. Indeed, addition of
100 uM ebselen reduces the amount of titratable SH
groups of 50 uM dithioerythritol from 99 to 3 uM.

Ebselen-induced cytochrome P-450 to P-420 con-
version

The difference spectrum obtained after reduction
of ebselen-pretreated (100 M in the sample cuvette)
microsomes with sodium dithionite shows a single
peak at 427 nm and a trough at 403 nm indicative of
the presence of reduced cytochrome P-420 (Fig. 2,
curve b). Addition of carbon monoxide to the sample
cuvette results in a difference spectrum showing two
peaks at 420 and 450 nm indicative of partial con-
version of cytochrome P-450 into P-420 (Fig. 2, curve
c). If ebselen is added after preceding reduction of
microsomal suspensions or, alternatively, together
with the reducing agent, this cytochrome P-450 to P-
420 conversion does not occur (data not shown).
Dithioerythritol can partly prevent the ebselen-
induced cytochrome P-450 to P-420 conversion (see
below).

The appearance of the ebselen-induced difference
spectrum (Fig. 3a), the formation of reduced cyto-
chrome P-420 (Fig. 3b), and the decrease of cyto-
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Fig. 3. Comparison of the time-dependent development
of the ebselen-induced difference spectrum (a), of the
ebselen-induced appearance of the reduced-cytochrome
P-420 spectrum (b), and of the ebselen-induced cytochrome
P-450 loss (c). Organization of the experiment was as
outlined in Fig. 2. Microsomal suspensions contained 2 mg
protein/ml; final ebselen concentration in the sample
cuvette was 100 uM. Means = SEM from N =5 inde-
pendent preparations.

chrome P-450 concentration (Fig. 3c) develop
roughly parallel in time. Ebselen concentration
required for half-maximal induction of the reduced-
cytochrome P-420 difference spectrum is about
60 uM (Fig. 4a). Half-maximal loss of microsomal
cytochrome P-450 occurs at about 50 uM ebselen
concentration (Fig. 4b). Total heme content of
microsomal suspensions is not affected by ebselen
(Fig. 4c).

Obviously, microsomal cytochrome P-450 cannot
be completely converted to P-420 even in the pres-
ence of high ebselen concentrations. There is a por-
tion of at least 45% of the total cytochrome P-450
population that cannot be transformed by ebselen
(Fig. 4b). This portion remains roughly constant
independent of the initial cytochrome P-450 (or
microsomal protein) and ebselen concentration
ratios (Fig. 5). In phenobarbital- or methyl-
cholanthrene-induced microsomes, however, the
percentage of cytochrome P-450 to P-420 conver-
sion amounts to 73% and 64%, respectively, com-
pared to only 52% in control microsomes (Table 1).

Protective effect of bovine serum albumin and sulfhy-
dryl compounds

Serum albumin can abolish the effects of ebselen
on microsomal cytochrome P-450 in a concentration-
dependent manner. A final concentration of 500 uM
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Fig. 4. Comparison of the concentration-dependent devel-
opment of the ebselen-induced appearance of the reduced-
cytochrome P-420 spectrum (a), of the ebselen-induced
cytochrome P-450 loss (b}, and of total heme concentrations
(c). Microsomal suspensions contained 1 mg protein/ml.
Means = SEM from N =4 independent experiments for
(a) and (b), means from N = 2 independent experiments
for (c).

albumin is required to completely neutralize the
effect of 100 uM ebselen, although 80 M albumin is
sufficient to cause a significant suppression of this
action of ebselen (Table 2).
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Fig. 5. Dependence of ebselen-induced cytochrome P-450
inactivation on ebselen/microsome concentration ratio.
Solid circles = cytochrome P-450 concentration under con-
trol conditions, open circles = remaining cytochrome P-450
concentrations after addition of ebselen (constantly
100 uM) to the sample cuvette. Means = SEM from N = 4
analyses.
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Table 1. Effect of ebselen on cytochrome P-450 in unin-
duced (control), phenobarbital-induced (PB) and 3-
methylcholanthrene-induced (MC) liver microsomes

Ebselen Cytochrome P-450 (pmol/ml)
added Control PB MC
None 960 = 28 3109 = 26 1302 = 57
200 uM 463 * 45 854 + 76 466 *+ 26

Microsomal suspensions (1.0 mg protein/ml final con-
centration) were divided between sample and reference
cuvettes. Ebselen (or DMSO) was added to the sample
cuvette, and the reference cuvette received DMSO only.
Both cuvettes were reduced with dithionite, and the sample
gassed with CO. Means = SEM, N = 3 to 5 independent

preparations.

A similar effect can be exerted by sulfhydryl
compounds. For example, 125uM cysteine sig-
nificantly protects cytochrome P-450 from partial
conversion to cytochrome P-420 in the presence of
40 uM ebselen. In the presence of 250 uM ebselen,
however, 125 uM cysteine is ineffective; rather,
500 uM is required to prevent cytochrome P-450
conversion to P-420 (Fig. 6).

At 100 uM final concentrations, penicillamine,
mercaptoethanol, glutathione (GSH) and dithio-
erythritol completely block the loss of cytochrome
P-450 induced by 100 uM ebselen. Cysteine and di-
hydrolipoic acid show a significant, but not complete
protection of cytochrome P-450 against ebselen,
whereas glutathione disulfide (GSSG) is without
effect (Table 3). Previous saturation of cytochrome
P-450 with either type I-ligands (hexobarbital) or
type II-ligands (benzylamine) can not prevent the
conversion of cytochrome P-450 to P-420 induced by
subsequent addition of 100 uM ebselen; similarly,
addition of glycerol is not effective in protecting
cytochrome P-450.

Interaction of ebselen derivatives with cytochrome
P-450

Besides ebselen (compound number 1 in Table
4), its sulfur analogue (compound number 2), its

Table 2. Protective effect of bovine serum albumin (BSA)
on cytochrome P-450 inactivation induced by 100 uM ebse-

len

BSA Cytochrome P-450 (pmol/ml)

(uM) Control Ebselen Difference
0 859 =19 544 9 P < 0.0005
80 829 =13 619 = 20 P < 0.0005
200 806 + 15 73122 P <0.025
500 750 = 11 735+ 6 NS

Microsomal suspensions (1.0 mg protein/ml final con-
centration) were mixed with TS buffer or BSA dissolved
in TS buffer and given into the sample and reference
cuvettes. DMSO or Ebselen were given to the sample and
DMSO to the reference cuvette. Both suspensions were
reduced with dithionite, and the sample gassed with CO.
Means = SEM, N = 4 independent preparations. NS = not
significantly different.
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Fig. 6. Protective effect of cysteine on ebselen-induced
cytochrome P-450 inactivation. Open circles = controls,
solid triangles = ebselen effect in presence of 125 uM cys-
teine, solid squares = ebselen effect in presence of 500 uM
cysteine. Microsomal suspensions (1 mg protein/ml final
concentration) were mixed with TS buffer or cysteine solu-
tion and divided between sample and reference cuvettes.
Ebselen was then added to the sample cuvette.
Means + SEM from N = 3 independent preparations.

halogenated analogue (compound number 3), and
its N-methylated analogue (compound number 4)
at 100 uM concentrations are all able to convert
cytochrome P-450 to P-420 to a significant but varying
extent (Table 4). Compounds that contain a methyl-
ated (compounds number 5 and 6) or glucuronidated
(compound number 7) selenium moiety instead of
the isoselenazole ring, as well as the glutathione
adduct (compound number 8), obviously do not lead
to a loss of liver microsomal cytochrome P-450. The
same holds true for diselenides (compound number
9 in Table 4).

DISCUSSION

Difference spectra

The central heme iron of liver microsomal cyto-
chrome P-450 is bound to the polypeptide chain of
the apoprotein via a cysteinyl residue, the thiolate
anion being the fifth ligand [8, 13]. This sulfur ligand—
iron interaction seems to be responsible for the
unique spectral characteristics of cytochrome P-450
[8]. Breaking of this ligation or denaturation of the
protein result in changing of general spectral prop-
erties usually described as the cytochrome P-450 to
P-420 conversion [9]. For instance, indomethacin
and other non-steroidal anti-inflammatory drugs
[14], captan and similar trihalogenated fungicides
[15], cyclophosphamide metabolites [16], detergents
and phospholipases {17, 18], heavy metals [9] and
other sulfhydryl-interacting compounds [17, 18] can
all cause this conversion by either interacting with
the iron-thiolate ligation or with the hydrophobic
environment of the cytochrome P-450. A possible
physiological significance of a cytochrome P-450 to
P-420 conversion has also been supposed [19].

The ebselen-induced difference spectrum (Fig. 1)
points to the possibility that ebselen could interact
either directly (i.e. by formation of an Se-S bond)
or indirectly (i.e. by formation of an Se-Fe** com-
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Table 3. Protective effect of several sulfhydryl compounds (100 uM each) on
cytochrome P-450 in presence of 100 uM ebselen

Compounds Cytochrome Difference
added P-450 (pmol/ml) to controls
None 1039 + 14 (N =17)
Ebselen 657 17 (N = 15) P < 0.0005
+ cysteine 940 = 44 (N =5) P < 0.005
+ penicillamine 996 = 9 (N=3) NS
+ mercaptoethanol 1058 £ 32 (N =3) NS
+ GSH 1026 + 46 (N = 5) NS
+ GSSG 664 =27 (N=15) P < 0.0005
+ dithioerythritol 980 £ 45 (N =15) NS
+ dihydrolipoic acid 909 =42 (N = 3) P < 0.0025

Sulfhydryl compounds were added to microsomal suspensions (1 mg protein/
ml final concentration). These suspensions were then divided between sample
and reference cuvettes. DMSO or ebselen was added to the sample cuvette,
and the reference cuvette received DMSO only. Both cuvettes were reduced
with dithionite, and the sample gassed with CO. Means = SEM, number of
preparations in parentheses. NS = not significantly different.

plex and consecutive protonation of the S~ anion)
with the thiolate group in rat liver microsomal cyto-
chrome P-450. This spectrum which has not been
previously described is phenomenologically the
inverse spectrum of that observed after addition of
mercaptoethanol or dithioerythritol to cytochrome
P-450 [20]. The 427nm peak appearing after
reduction of ebselen-treated microsomes (Fig. 2)
typically indicates the presence of reduced cyto-
chrome P-420 [11, 18], though it can also be seen
with certain reduced cytochrome P-450 metabolic
intermediate complexes [21]. The final proof for
ebselen-induced cytochrome P-450 to P-420 con-
version comes from the CO-induced difference spec-
tra (Fig. 2).

Modification of ebselen-induced cytochrome P-450 to
P-420 conversion

In the presence of even maximal ebselen con-
centrations only a constant portion of the cytochrome

P-450 in normal microsomes is converted to P-420
(Figs 4 and 5). The presence of sulfhydryl groups of
other membrane proteins should be neutralized by
high ebselen concentrations. Therefore, an expla-
nation seems to be that only certain isoenzymes(s)
of the total cytochrome P-450 population may be
accessible to the ebselen molecules. This assumption
is confirmed by quantitatively different responses of
the total cytochrome P-450 pool to high ebselen
concentrations in drug-induced microsomes (Table
1). This observation provides a further aspect to
the concept of liver microsomal cytochrome P-450
heterogeneity [22].

In the presence of serum albumin, addition of
ebselen is not able to elicit cytochrome P-450 to P-
420 conversion (Table 2). However, it cannot be
decided on the basis of these experiments whether
cytochrome P-450 is protected by nonspecific binding
of ebselen to albumin or whether albumin exerts its
effect by a specific interaction of its sulfhydryl groups

Table 4. Effect of ebselen (compound 1) and ebselen derivatives (100 uM each) on hepatic micro-
somal cytochrome P-450

Compound added Cytochrome Difference
(number) P-450 (pmol/ml) to control
None 1080 + 64

(1) 2-Phenyl-1,2-benzisoselenazol-3(2H)-one (ebselen) 678 + 26 P <0.0025
(2) 2-Phenyi-1,2-benzisothiazol-3(2H)-one 841 + 42 P <0.025
(3) 2-(4-Chlorophenyl)-1,2-benzisoselenazol-3(2H)-one 656 = 30 P < 0.0025
(4) 2-Methyl-1,2-benzisoselenazol-3(2H)-one 859 £ 75 P < 0.05
(5) 2-Methylselenobenzanilide 968 + 31 NS

(6) 4'-Hydroxy-2-methylselenobenzanilide 1031 £ 13 NS

(7) 2-Glucuronylselenobenzanilide 1035 = 15 NS

(8) S-(2-Phenyl carbamoyl benzeneselenenyl)-glutathione 1142 = 74 NS

(9) 2,2'-Diselenobis-(N-methyl-benzamide) 1125 = 62 NS

Microsomal suspensions (1 mg protein/ml final concentration) were divided between sample and
reference cuvettes. Compounds under investigation (dissolved in DMSO) were added to the sample
cuvette, and the reference cuvette received DMSO only. Both cuvettes were reduced with dithionite,
and the sample gassed with CO. Means + SEM, N = 3 or 4 independent preparations. NS = not

significantly different.
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with the ebselen molecule. Nevertheless, it can be
assumed that under in-vivo conditions, with physio-
logical serum albumin concentrations of about
600 uM, the observed ebselen action on hepatic cyto-
chrome P-450 is of minor relevance because the
major ebselen pool may be associated with serum
proteins. A similar conclusion may apply for other
cytochrome P-450 transforming drugs, e.g. as studied
in Ref. 14. Furthermore, ebselen may react with
intracellular thiols, notably GSH, before reaching
the cytochrome P-450-containing membranes of the
endoplasmic reticulum in vivo [23]. Both mech-
anisms can explain the observation that dietary
supply of ebselen does not affect hepatic cytochrome
P-450 levels [23]. On the other hand, ebselen metab-
olites are detected in intact animals [24] indicating a
significant entry into hepatocytes under physiological
conditions.

The protective effect (Table 3, Fig. 6) of different
compounds which exhibit free sulfhydryl groups sup-
ports the conclusion that ebselen can induce con-
version of cytochrome P-450 to P-420 after
interaction with the iron—thiolate ligation. As sug-
gested previously, it can be assumed that the inter-
action with both sulfhydryl compounds and the
microsomal cytochrome P-450 may be coupled to a
cleavage of the Se-N bond in the ebselen molecule
[7,25,26]. Sulfhydryl compounds have also been
found to prevent cytochrome P-450 damage induced
by other compounds and drugs interacting with the
cytochrome P-450 thiolate group [15-18], but, to our
knowledge, this is the first report describing apparent
competition between hepatic cytochrome P-450 and
sulfhydryl compounds with respect to binding of a
seleno-organic drug. The observation that glycerol
lacks any protective effect excludes the possibility
that ebselen may, in addition to breaking of the iron—
thiolate ligation, disturb the hydrophobic environ-
ment of cytochrome P-450 [14, 17, 18].

Specificity of interaction of ebselen derivatives with
hepatic cytochrome P-450

Previous studies have shown that the primary
metabolic pathway of ebselen in perfused rat liver
consists of opening of the isoselenazole ring and
subsequent methylation or glucuronidation of the
selenium moiety [7]. These stable products of hepatic
ebselen metabolism neither show significant spectral
interactions with hepatic cytochrome P-450 nor
favour cytochrome P-420 formation (Table 4, com-
pounds numbers 5-9). Obviously, the selenium is
not able to interact with the iron—thiolate group. In
contrast, isoselenazole compounds and their sulfur
analogues clearly convert part of the hepatic cyto-
chrome P-450 population to P-420 (Table 4, com-
pounds numbers 1-4). This pattern can be explained
by the assumption that in liver microsomes, even in
absence of exogenously added cofactors, compounds
undergoing breakage of the Se-N or S-N bond
distort the iron-thiolate ligation and cause cyto-
chrome P-450 conversion to the inactive P-420
species.

In conclusion, partial inactivation of cytochrome
P-450 by ebselen in vitro appears to be associated
with a Se-N bond cleavage in the ebselen molecule
due to interaction with SH groups of microsomal
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proteins in vitro [25]. This model provides a useful
system to further study possible interactions of
selenoorganic compounds with tissue sulfhydryl
groups on a quantitative basis. In vivo, however,
ebselen is obviously largely bound to plasma
proteins. This may contribute to the previously
reported [1] low toxicity of this substance.
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