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Abstract The present study sought to evaluate the effect

of a newly synthesized selenium compound, dicholesteroyl

diselenide (DCDS) and diphenyl diselenide (DPDS) on the

activities of delta-aminolevulinate dehydratase and Na+/

K+-ATPase in the rat brain. The glutathione peroxidase

mimetic activity of the two compounds as well as their

ability to oxidize mono- and di- thiols were also evaluated.

The antioxidant effects were tested by measuring the

ability of the compounds to inhibit the formation of thio-

barbituric acid reactive species and also their ability to

inhibit the formation of protein carbonyls. The results show

that DPDS exhibited a higher glutathione peroxidase

mimetic activity as well as increased ability to oxidize

di-thiols than DCDS. In addition, while DPDS inhibited the

formation of thiobarbituric acid reactive species and pro-

tein carbonyls, DCDS exhibited a prooxidant effect in all

the concentration range (20–167 lM) tested. Also the

activities of cerebral delta-aminolevulinate dehydratase

and Na+/K+ ATPase were significantly inhibited by DPDS

but not by DCDS. In addition, the present results suggested

that the inhibition of Na+/K+ ATPase by organodiselenides,

possibly involves the modification of the thiol group at the

ATP binding site of the enzyme. In conclusion, the results

of the present investigation indicated that the non-selenium

moiety of the organochalcogens can have a profound effect

on their antioxidant activity and also in their reactivity

towards SH groups from low-molecular weight molecules

and from brain proteins.
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Introduction

There is increasing evidence that the mammalian brain may

be exceptionally vulnerable to oxidative stress through

oxygen radical attack which possibly contribute to cerebral

ischemic injury by promoting membrane lipid peroxidation

and oxidative damage to DNA and proteins [1–5]. In fact,

several reports have implicated free radical overproduction

in the etiology of a variety of acute and chronic neurode-

generative situations [5–7]. However, clinically effective

drugs for the treatment of these diseases are rare. Conse-

quently, continued efforts geared towards the development

and biological testing of new antioxidant compounds for

the treatment of these neurological disorders have in-

creased considerably in recent times [8–12].

Reports have shown that these selenium-containing

organic compounds are generally more potent antioxidants

than classical antioxidants and this fact serves as an

impetus for an increased interest in the rational design of

synthetic organoselenium compounds [13, 14]. The

development of these organoselenium compounds is based

on their ability to mimic the antioxidant enzyme glutathi-

one peroxidase (GSHPx) activity in vitro. The glutathione

peroxidase -mimetic of organoselenium compounds,
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which, like the native enzyme, rely on the redox cycling of

selenium, have been reported in the literature [13, 15]. In

addition, a recent report described the thioredoxin reduc-

tase and thioredoxin peroxidase mimetic activity of

organoselenides and related these effects as another possible

mechanism for their observed antioxidant actions [16].

Diphenyl diselenide is a synthetic organodiselenide with

potent antioxidant potentials [15, 17–19]. Earlier reports

have indicated that DPDS affects a number of neuronal

processes [14, 20, 21]. Nogueira et al. reported that DPDS

increases the basal activity of adenylyl cyclase and inhibits

[3H]glutamate, [3H]MK-801, and unstable [3H] guanylyl-

imidodiphate binding to rat synaptic membrane prepara-

tions after both in vitro and ex vivo exposure [10]. Further

study reveals that DPDS effectively reduced 45Ca influx

into isolated nerve endings when a nondepolarizating

condition was used or when 4-aminopyridine (4-AP) was

used as a depolarizing agent [15]. Recently DPDS was also

reported to inhibit the cerebral Na+, K+-ATPase in a con-

centration dependent manner and that the inhibition may

occur through a change in the crucial thiol groups of this

enzyme [22].

There are strong points of evidence suggesting that

modification of the organic moiety of organoselenium

compounds can have a profound effect on their biological

activity [15, 23]. On the other hand, there are reports

indicating that compounds containing the steroidal mole-

cules could possess pharmacological potency and that

small alterations in the structure of these steroids can

greatly affect their receptor binding affinity and biological

activity [24]. In fact, several studies have demonstrated that

the modulation of the various heterocyclic rings of various

steroids was effective in the production of a variety of

compounds possessing potent biological activities [25, 26].

These observations aforementioned prompted the synthesis

of a novel organoselenide compound in the organic syn-

thesis unit of our laboratory. This novel compound pos-

sesses the cholesterol steroidal molecule as the organic

moiety component.

However, earlier observations [27, 28] have demon-

strated that chronic exposure to high doses of diselenides

may cause central effects in animal models, suggesting that

the brain may be a potential target for the toxic effect of

organoselenium compounds. In addition, recent reports

from our laboratory have indicated that DPDS has pro-

convulsant effect in mice model, an effect that can be

further related to its neurotoxicity [23, 29]. However, the

mechanism(s) involved in the neurotoxicity of DPDS is

still unknown. Although DPDS possess antioxidant activity

in vitro and in vivo including neuroprotective effects [30],

it can also be neurotoxic. One can speculate that the neu-

roprotective effect of organochalcogens may be related to

their antioxidant activity and that its neurotoxic activity

may be related to its ability to oxidize thiol groups in en-

zymes. Therefore, the present study was aimed at com-

paring the in vitro antioxidant potential of this novel

compound, DCDS with that of DPDS in the rat brain. In

addition, the possible inhibitory effects of these two com-

pounds on the thiol containing enzymes from brain namely

cerebral delta aminolevulinic acid dehydratase and Na+/

K+-ATPase were also evaluated. In fact, the main objective

of this study was to investigate how changes in the non-

selenium moiety of organochalcogens could modify their

reactivity towards thiols and also whether their antioxidant

properties could be modified by these changes. Further-

more, we also carried out a detailed study on the possible

protective effect of ligands and substrate on the inhibitory

effect of DPDS on brain Na+,K+-ATPase.

Experimental procedure

Chemicals

DPDS and DCDS (Scheme 1) were synthesized according

to literature methods [31]. These drugs were dissolved in

99% ethanol. Analysis of the 1HNMR and 13CNMR spectra

showed that all the compounds obtained presented analyt-

ical and spectroscopic data in full agreement with their

assigned structures. The purity of the compounds were

assayed by high resonance mass spectroscopy (HRMS) and

was higher that 99.9%. All chemicals used were of ana-

lytical grade and obtained from Sigma–Aldrich, FLUKA,

BDH and other standard commercial suppliers. ATP

(sodium salt) was purchased from Sigma–Aldrich Co.

Animals

Male adult Wistar rats (200–250 g) from our own breeding

colony were used. Animals were kept in separate animal

cages, on a 12-h light: 12-h dark cycle, at a room tem-

perature of 22–24�C, and with free access to food and

water. The animals were used according to the guidelines

of the Committee on Care and Use of Experimental Animal

Resources, the Federal University of Santa Maria RS,

Brazil.

Preparation of tissue homogenate for thiobarbituric acid

reactive species (TBARS) assay

Rats were decapitated under mild ether anesthesia and the

cerebral tissue (whole brain) was rapidly removed, placed

on ice and weighed. Tissues were immediately homoge-

nized in cold 10 mM Tris–HCl, pH 7.4 (1/10, w/v) with

10 up-and-down strokes at approximately 1,200 rev/min

in a Teflon-glass homogenizer. The homogenate was
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centrifuged for 10 min at 4,000g to yield a pellet that was

discarded and a low-speed supernatant (S1). An aliquot of

100 ll of S1 was incubated for 1 h at 37�C in the presence

of both organodiselenides (final concentrations range of

21–167 lM), with and without the prooxidants; iron (final

concentration(10 lM) and sodium nitroprusside (SNP)

(final concentration 3 lM). This was then used for lipid

peroxidation determination. One rat brain was used per

experiment. Production of TBARS were determined as

described by method of Ohkawa et al. [32] excepting that

the buffer of color reaction have a pH of 3.4. The color

reaction was developed by adding 300 ll 8.1% SDS to S1,

followed by sequential addition of 500 ll acetic acid/HCl

(pH 3.4) and 500 ll 0.8% of thiobarbituric acid (TBA).

This mixture was incubated at 95�C for 1 h. TBARS

produced were measured at 532 nm and the absorbance

was compared to that of a standard curve obtained using

malondialdehyde (MDA).

Effect of organodiselenides on protein carbonyls

formation

Brain was homogenized in a proportion of 1:20 in 10 mM

Tris–HCl (pH 7.4). Homogenates were then incubated in

the presence of organodiselenides (concentration range

20–80 lM) and iron (5 lM) and control groups were also

prepared. The tubes were incubated for 18 h. After incu-

bation, the protein carbonyls determination was carried out

as described by Reznick and Packer [33] with some mod-

ifications. Briefly, three 0.8-ml brain homogenate samples

were placed in glass tubes. Thereafter, 0.2 ml of 2,4-dini-

trophenylhydrazine (DNPH) 10 mM in 2.0 M HCl was

added to two of the tubes while the other tube contains only

0.2 ml of 2.0 M HCl solution (blank for DNPH-indepen-

dent A365, to correct the background absorbances in brain

samples). Tubes were incubated for 60 min at room tem-

perature, in the dark. Samples were vortexed every 15 min.

Then, 0.5 ml of denaturizing buffer (sodium phosphate

buffer, pH 6.8, containing SDS 3%), 1.5 ml of ethanol and

1.5 ml of hexane were added, the mixture was vortexed for

40 s and centrifuged for 5 min at 2,000 rpm. The pellet

obtained was separated and washed 3 times with 2 ml

ethanol: ethyl acetate (1:1, v/v). The precipitate was

dissolved in 1 ml denaturizing buffer solution and was

incubated for 10 min at 37�C with mixing. Any insoluble

material was removed by additional centrifugation.

Carbonyl content was calculated from the peak absorbance

of the spectra at 355–390 nm, using an absorption coeffi-

cient of 22,000 M-1 cm-1. Protein was measured by the

method of Lowry et al. [34], using bovine serum albumin

as standard. Results were expressed as nmol carbonyl/mg

of protein.

Thiol peroxidase activity

The catalytic effects of the organodiselenides on the

reduction of H2O2 by reduced glutathione were assessed

using the rate of glutathione (GSH) oxidation. Free –SH

groups were determined according to Ellman [35]. DPDS

and DCDS at concentration range of 50–150 lM were

incubated in the medium containing GSH (5.0 mM) with

and without H2O2 (2 mM) at 2.5 mins intervals for 15 min.

Aliquots of the reaction mixture (200 ll) were checked for

the amount of GSH at the indicated time intervals.

Oxidation of mono and di-thiols

The rate of thiol oxidation was determined in the presence

of 50 mM Tris–Cl, pH 7.4, and 250 lM of organodisele-

nides. The rate of thiol oxidation was evaluated by mea-

suring the disappearance of –SH groups. Free –SH groups

were determined according to Ellman [35]. Incubation at

37�C was initiated by the addition of the thiol compounds.

Aliquots of the reaction mixture (100 ll) were checked for

the amount of –SH groups at 412 nm after 90–120 min of

addition of color reagent 5’5’-dithio-bis(2-nitrobenzoic)

acid (DTNB).

ð-Aminolevulinate dehydratase (ð-ALA-D) activity

Cerebral ð-ALA-D activity was assayed according to the

method of Sassa [36] by measuring the rate of product

O

HO
Se
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HO

O

Se Se

Diphenyl Diselenide (DPDS)

Dicholesteroyl Diselenide (DCDS)

Scheme 1 Structure of

diphenyl diselenide and

cholesteroyl diselenide
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porphobilinogen (PBG) formation except that 100 mM

potassium phosphate buffer and 2.5 mM ð-ALA were used.

Rats cerebral were homogenized in Tris–HCl in the pro-

portion 1:3 (w/v) and centrifuged at 4,000g for 15 min. An

aliquot of 100 ll of supernatant (S1) was incubated for 3 h

at 37�C. Reaction was linear in relation to protein and time

of incubation. The reaction product was determined using

modified Erlich’s reagent at 555 nm.

Effect of organodiselenides on Na+, K+-ATPase activity

Immediately after the sacrifice, the brain was removed and

the homogenate was prepared in 0.05 M Tris–HCl, pH 7.4,

sucrose buffer (pH 7.4). The homogenate was centrifuged

at 2,000g at 4�C for 7 min and supernatant was again

centrifuged at 12,000g for 10 min. The pellets (P2) were

reconstituted in the homogenizing buffer to give a final

protein concentration of 5 to 6 mg/ml and used for assay of

Na+, K+-ATPase. The reaction mixture for Mg2+-depen-

dent-Na+, K+-ATPase activity assay contained 3 mM

MgCl, 125 mM NaCl, 20 mM KCl and 50 mM Tris–HCl,

pH 7.4 and 100–120 lg of protein, in a final volume of

500 ll. The reaction was initiated by addition of ATP to a

final concentration of 3.0 mM. Controls were carried out

under the same conditions with the addition of 0.1 mM

ouabain. Na+, K+-ATPase activity was calculated by the

difference between the two assays. Released inorganic

phosphorous (Pi) was measured by the method of Fiske and

Subbarow [37].

To check whether pre-incubation of homogenates

without a cationic component of the assay medium will

affect the interaction of organodiselenides with the Na+/

K+-ATPase activity, organodiselenides and enzyme (P2)

were incubated at 37�C for 10 min, with the selective

exclusion of each Mg2+, Na+, K+ in the preincubating

medium. All the experiments were conducted at least three

times and similar results were obtained. Protein was mea-

sured by the method of Lowry et al. [34], using bovine

serum albumin as standard.

For all enzyme assays, incubation times and protein

concentration were chosen to ensure the linearity of the

reactions. All samples were run in duplicate. Controls with

the addition of the enzyme preparation after mixing with

trichloroacetic acid (TCA) were used to correct for non-

enzymatic hydrolysis of substrates. Enzyme activity was

expressed as nmol of phosphate (Pi) released min–1 mg

protein–1.

Statistical analysis

Results were analyzed by one-way, two way or three-way

analysis of variance (ANOVA) and this is indicated in text

of results. Duncan’s Multiple Range Test and paired t test

were applied where appropriate. Differences between

groups were considered to be significant when P < 0.05.

Results

Effect of organodiselenides on lipid peroxidation

induced by iron and sodium nitruprusside

Three-way ANOVA (2 (DPDS/DCDS) · 5 concentrations

of selenides · 2 (basal/iron) revealed a significant third-

order interaction (P < 0.0001). Interaction was significant

because, as can be seen in Fig. 1A, DPDS was able to exert

significant inhibitory effect on basal and iron induced lipid

peroxidation in the low-speed supernatant from brain

homogenate. However, DCDS exert a prooxidant like

effect on basal and iron induced lipid peroxidation in

the brain.

Three-way ANOVA (2 (DPDS/DCDS) · 5 concentra-

tions of selenides · 2 (basal/sodium nitroprusside))

revealed a significant third-order interaction (P < 0.0001).

Interaction was significant because, as can be seen in

Fig. 1B, DCDS elicited a prooxidant effect on the basal

production of TBARS by brain low-speed supernatants

(S1), but not in the presence of sodium nitroprusside. So-

dium nitroprusside caused a marked increase in TBARS

production and this effect was not modified by the DCDS.

In contrast, DPDS exerted a profound antioxidant effect

both on the basal and sodium nitroprusside-stimulated

TBARS production.

Effect of organodiselenides on formation of protein

carbonyls induced by iron

Figure 2 shows the effect of the two diselenides on the

formation of protein carbonyls in the low-speed superna-

tant from brain homogenate. Three-way ANOVA revealed

that iron (II) induced a marked increase on the formation of

protein carbonyls which was markedly inhibited by DPDS

in a concentration dependent manner. However, the DCDS

did not have any protective effect on the formation of

protein carbonyls at all the concentrations tested. This was

indicated by the significant third order interaction (2

(DPDS/DCDS) · 6 concentrations of selenides · 2 (basal/

iron (II); P < 0.01)

Glutathione peroxidase mimetic activity of

organodiselenides

Three way ANOVA of glutathione peroxidase activity of

selenides (2 compounds · 2 conditions: with and without

H2O2 · 7 sample times) revealed a significant third-order

interaction (P < 0.001). In line with this, the rate of GSH
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oxidation in the absence of peroxide was similar for control

(no selenide) and for the selenides (Fig. 3A); however, in

the presence of hydrogen peroxide, the oxidation of GSH

was significantly higher in the presence of 100 lM DPDS

during all the sampling period (Fig. 3B). In contrast,

100 lM DCDS increased the oxidation of GSH only at 2.5

and 5 min sampling times (Fig. 3C, with minus without

H2O2).

Fig. 1 (A) Effect of different

concentrations of DPDS and

DCDS on basal and iron (II)

(10 lM)—induced TBARS

production in the low-speed

supernatant from brain

homogenate. (B) Effect of

different concentrations of

DPDS and DCDS on basal and

SNP (3 lM)—induced TBARS

production in the low-speed

supernatant from brain

homogenate. Data show

mean ± SEM values average

from four independent

experiments performed in

quadruplicate in different days.

Data are presented as

mean ± SEM and post-hoc

comparisons were done by

Duncańs multiple range test.

Different letters indicate a

significant difference in relation

to the control (no compounds,

but with prooxidant) or to basal

(no pro-oxidant) at P < 0.05

Fig. 2 Effect of DPDS and

DCDS on the formation of

protein carbonyls in the low-

speed supernatant from brain

homogenate in the absence and

presence of 5 lM Fe2+. Data are

presented as mean ± SEM for 5

independent experiments done

in duplicate in different days.

Three-way ANOVA was

followed by Duncańs multiple

range test. Different letters

indicate a significant difference

in relation to the control (no

compounds, but with

prooxidant) at P< 0.05
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We also performed a two-way ANOVA (2 com-

pounds · 7 sample times) using as dependent variables

the differences between the oxidation of GSH measured

in the presence of 100 lM DPDS and DCDS to that in

absence of selenides. These results are depicted in

Fig. 3C and the results of statistical analysis revealed a

significant selenides · sample times interaction (P <

0.001). In fact, there was a significant difference in the

rate of GSH oxidation between the two selenides and

this increase as a function of time of incubation

(Fig. 3C). Thus, DPDS demonstrated thiol peroxidase-

like activity higher than that of DCDS and similar results

were obtained when 50 and 150 lM of organodiselenides

were used (data not shown).

Fig. 3 The peroxidase mimetic

activity of DPDS and DCDS (at

100 lM) in the absence (A) and

in the presence (B) of hydrogen

peroxide. The peroxidase

activity was evaluated at

different times range from

0 min to 15 min at 2.5 min

intervals. Data are the means of

five to seven independent

experiments carried out in

different days. Data are

presented as mean ± SEM and

post-hoc comparisons were

done by Duncańs multiple range

test. (C) The difference in the

peroxidase mimetic activity of

DPDS and DCDS (at 100 lM)

in the presence of hydrogen

peroxide. The difference in

peroxidase activity was

calculated at different times

range from 0 min to 15 min at

2.5 min intervals. Data are the

means of five to seven

independent experiments done

in different days. Data are

expressed as mean ± SEM and

post-hoc comparisons were

done by Duncańs multiple range

test
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Effect of organodiselenides on oxidation of mono and

dithiols

The rate of cystein oxidation was not modified by organ-

odiselenides (data not shown). Two-way ANOVA (3

compounds: control, DPDS or DCDS · 4 sample times)

revealed no significant effects (P > 0.10). Similarly, the

rate of GSH oxidation was not modified by organodisele-

nides (data not shown).

The rate of DMPS oxidation was increased by DPDS

and DCDS (Fig. 4). Two-way ANOVA (3 compounds:

control, DPDS or DCDS · 4 sample times) revealed a

significant organoselenides · sample time interaction (P <

0.01). In fact, the oxidation of DMPS was increased as a

function of time and its oxidation was accelerated by

organoselenides (Fig. 4).

The rate of DTT oxidation was increased by DPDS

(Fig. 5). Two-way ANOVA (3 compounds: control, DPDS

or DCDS · 5 sample times) revealed a significant or-

ganoselenides · time interaction (P < 0.01). In fact, the

oxidation of DTT was increased as a function of time, but

only in the presence of DPDS (Fig. 5).

Effect of organodiselenides on the activity of ð-

aminolevulinic acid dehydratase

Analysis of cerebral ð-aminolevulinic acid dehydratase

activity revealed that DPDS caused a significant inhibition

of enzyme activity. In contrast, DCDS did not significantly

inhibit cerebral ð-aminolevulinic acid dehydratase. These

results were confirmed by a significant organoselenides ·
concentration interaction (Fig. 6, P < 0.01).

Effect of organodiselenides on the activity of Na+/K+-

ATPase

Three-way ANOVA of Na+/K+-ATPase activity (6 pre-

incubation conditions · 2 organoselenides · 5 concentrations)

Fig. 4 Effects of DPDS and

DCDS on the rate of DMPS (a

dithiol) oxidation. The rate of

oxidation was evaluated at the

indicated times. Data are the

means of five to seven

independent experiments

carried out in different day.

Data are expressed as

mean ± SEM and post-hoc

comparisons were done by

Duncańs multiple range test.

Different letters indicate a

significant difference in relation

to the control

Fig. 5 Effects of DPDS and

DCDS on the rate of DTT (a

dithiol) oxidation. The rate of

oxidation was evaluated at the

indicated times. Data are the

means of five to seven

independent experiments

carried out in different day.

Data are expressed as

mean ± SEM and post-hoc

comparisons were done by

Duncańs multiple range test.

Different letters indicate a

significant difference in relation

to the control
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revealed a significant third-order interaction that was a

consequence to the fact that the inhibitory effect of disele-

nides (mainly of DPDS) was markedly affected by the

pre-incubation condition (Fig. 7). In order to better explore

the influence of pre-incubation condition on the inhibitory

effect of selenides, we performed separate statistical

analyses (2 organoselenides · 5 concentrations) for each

pre-incubation condition. When the enzyme were

Fig. 6 Effect of DPDS and

DCDS on the activity of d-

ALA-D in the low-speed

supernatant from brain

homogenate. Each point

represents the mean ± SEM for

four independent assays with

different supernatant

preparations carried out in

different days. Two-way

ANOVA was followed by

Duncańs multiple range test.

Different letters indicate a

significant difference in relation

to the control (no compounds) at

P< 0.05

Fig. 7 Influence of pre-

incubation conditions on the

inhibitory effects of DPDS and

DCDS on Cerebral Na+/K+-

ATPase. (a) reaction was started

by addition of ATP after 10 min

of pre-incubation in the

presence of Na+, K+ and Mg2+;

(b) reaction was started by the

simultaneous addition of ATP,

diorganoselenides and brain

enzyme; (c) reaction was started

by addition of Mg2+ after

10 min of pre-incubation in the

presence of Na+, K+ and ATP;

(d) reaction was started by

addition of Na+ after 10 min of

pre-incubation in the presence

of Mg2+, K+ and ATP; (e)

reaction was started by addition

of K+ after 10 min of pre-

incubation in the presence of

Mg2+, Na+ and ATP; (f) reaction

was started by addition of Na+,

K+ and Mg2+ after 10 min of

pre-incubation in the presence

of ATP. Results are expressed

as nmol Pi min–1 mg protein–1.

Data represent the mean ± SD

of three different experiments

carried out in different days and

were tested by two-way

ANOVA followed by Duncan’s

test. *Indicates a significant

difference from control (no

diselenide) at P < 0.05
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pre-incubated for 10 min in the presence of Na+, K+ and

Mg2+ (pre-incubation without ATP), two-way ANOVA

revealed a significant organoselenide type · concentrations

interaction (P < 0.001). Interaction was significant because

DPDS caused a concentration dependent inhibition of ATP

hydrolysis, whereas DCDS did not modify the enzyme

activity (Fig. 7a). In the absence of pre-incubation (reaction

started by the simultaneous addition of ATP and enzyme),

two-way ANOVA yielded no significant main or interaction

effects (Fig. 7b). Two-way ANOVA of the ATPase activity

after pre-incubation of the enzyme for 10 min in a medium

containing Na+, K+ and ATP (pre-incubation without Mg2+)

revealed a significant interaction of organoselenide

type · concentrations. In a similar way to that observed

when pre-incubation was carried out in the absence of ATP,

DPDS caused a concentration dependent inhibition of the

ATP hydrolysis and DCDS did not inhibit the enzyme

activity (Fig. 7c). Two-way ANOVA of enzyme activity

when Na+ was omitted from the pre-incubation medium

yielded a significant diselenide type · concentration inter-

action (P<0.05). This was significant because DPDS caused

a significant inhibition of ATP hydrolysis when tested at

200 lM (Fig. 7d). Two-way ANOVA of ATP hydrolysis

determined after pre-incubation in the absence of K+ yiel-

ded non-significant main or interaction effects (P > 0.10;

Fig. 7e). Two-way ANOVA of Na+, K+-ATPase deter-

mined after 10 min of pre-incubation in the absence of Na+,

K+ and Mg2+ yielded a significant diselenide type · con-

centration interaction (P < 0.01). Interaction was significant

because DPDS caused a concentration dependent inhibition

of ATP hydrolysis, whereas DCDS caused a significant

inhibition of enzyme activity only when tested at 200 lM

(P > 0.05, Fig. 7f).

Discussion

In our earlier studies we have demonstrated that the sub-

stitution of an aromatic moiety of diorganyl chalchoge-

nides could modulate their effects [15, 23]. Here we also

verified that the substitution of a cholesteryl moiety in

place of phenyl moiety on diselenides changes their anti-

oxidant and thiol peroxidase like-properties. The thiol

peroxidase-like activity of diorganyl chalcogenides can

explain, at least in part, the in vitro antioxidant properties

of these compounds [38–42]. The results indicate that

DPDS presented higher thiol peroxidase activity (Fig. 3)

and demonstrated better antioxidant potential than DCDS.

In addition, DPDS demonstrated higher potential for –SH

group oxidation than DCDS (Figs. 4, 5). It is interesting to

note that GSH was not oxidized by DPDS or DCDS in the

absence of peroxide. This may be a consequence to the fact

that GSH has a lower redox potential than dithiols,

consequently, GSH has a weak potency to open the Se–Se

bound of DPDS, but it can do this when the selenenic acid

is formed after reaction with peroxide.

The mechanism by which iron causes deleterious effect

is by reacting with superoxide anion (O2
•) and hydrogen

peroxide (H2O2) to produce the hydroxyl radical (OH•) via

the Fenton reaction [43]. These radicals can also lead to the

formation of other reactive oxygen species (ROS) [44]. The

overproduction of ROS can directly attack the polyunsat-

urated fatty acids of the cell membranes and induce lipid

peroxidation. However the synthetic DCDS did not protect

against iron induced lipid peroxidation (Fig. 1) or protein

carbonyls formation (Fig. 3) in the rat brain. In fact, our

results (Fig. 1) demonstrate that it acts synergistically to

augment lipid peroxidation products in brain. DPDS on the

other hand was able to significantly protect the formation

of TBARS in the rat brain homogenate subjected to iron

(Fig. 1). In addition, attack by ROS upon proteins can

damage several amino acid residues, including histidine,

tryptophan, cysteine, proline, methionine, arginine and ly-

sine. Oxidative damage to several of these amino acid

residues and/or to the peptide backbone of proteins can

generate carbonyl products [45]. However, the result pre-

sented in Fig. 2 shows that DPDS was able to exert a

significant inhibitory effect on the formation of protein

carbonyls; on the other hand, the DCDS had no protective

effect on formation of carbonyls at all the concentration

tested.

Photodegradation process of sodium nitroprusside

(SNP) ultimately produces NO*, [(CN)5-Fe]3+ and [(CN)4-

Fe]2+ species [46–48]. There is a growing number of

studies concerning the role of NO, a molecule that is re-

garded as universal neuronal messenger in the central

nervous system, in the pathophysiology of such disorders

as Alzheimer’s and Parkinson’s diseases, stroke, trauma,

seizure disorders, etc. [49–52]. NO is a free radical with

short half-life (<30 s). Although NO acts independently, it

also may cause neuronal damage in cooperation with other

reactive oxygen species (ROS) [49, 53]. Thus, the protec-

tive effect of DPDS can be related to the ability of its

selenol intermediate to react with the potentially toxic NO.

Recently, we have observed that DPDS protects endothelial

cells from the toxic effect of NO, which strongly indicate

that DPDS can scavenge NO.

The iron moiety of SNP may have a free iron coordi-

nation site for H2O2, which could trigger the generation of

highly reactive oxygen species, such as hydroxyl radicals

(OH*) via the Fenton reaction [43]. Therefore following a

short-lasting release of NO in the brain, iron moiety of SNP

could cause a long-lasting generation of OH* radicals and

oxidant stress/injury similar to that of ferrous citrate iron

complexes which may initiate a lipid peroxidation chain

reaction and oxidative brain injury [54]. The result
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presented in Fig. 1B indicated that while the DPDS exerted

an antioxidant effect on in vitro sodium nitroprusside

induction of lipid peroxidation in brain homogenate,

whereas DCDS had no antioxidant effect. The absence of

antioxidant activity of DCDS may be related to its low

glutathione-peroxidase like activity. As consequence of

this low activity, DCDS is a weaker scavenger of OH*

radical. Furthermore, since the thiol-peroxidase activity

and the ability of organoselenium compounds to scavenge

free radicals will depend in their ability to form a selenol

[15], we can suppose that the bulky moiety DCDS hampers

the opening of the Se–Se bond and accounts for its low

antioxidant activity.

d-Aminolevulinate dehydratase (d-ALA-D) is a sulfhy-

dryl containing enzyme that is inhibited by a variety of

sulfhydryl reagents [5, 15, 55–58]. This enzyme catalyzes

the condensation of two ð-aminolevulinic acid (ALA)

molecules with the formation of porphobilinogen, which is

a heme precursor [59]. Consequently, d-ALA-D inhibition

may impair heme biosynthesis [60] and can result in the

accumulation of ALA, which may affect the aerobic

metabolism and may have some prooxidant activity [61].

DPDS inhibited the activity of the enzyme in a concen-

tration dependent manner and at 100 lM, it exerted a

complete inhibition on its activity (Fig. 6). However the

novel DCDS exerted only a weak (< 10%) non-significant

inhibitory effect on the activity of ALA-D. Earlier studies

from our laboratory [15] have shown that the inhibition of

d-ALA-D by selenium compounds involves the oxidation

of essential SH groups of the enzyme. In line with this,

DPDS oxidized DTT (a dithiol), while DCDS was not

effective as oxidant of DTT. Therefore with reference to

our earlier observation, the rate of oxidation of DTT could

explain the observed inhibition of the thiol containing

protein ð-ALA-D.

The effect of the organodiselenides on another thiol

containing protein, Na+K+-ATPase was also studied. Our

present results (Fig. 7a, c, f) clearly indicate that DPDS

inhibit Na+, K+-ATPase activity while DCDS inhibited the

enzyme only at the highest concentration and only after the

pre-incubation was carried out in the absence of Na+, K+

and Mg2+. Borges et al. [22] observed that dithiothreitol

was able to revert the inhibition caused by DPDS and

suggested that the possible mechanism of inhibition of the

ATPase enzyme by organodiselenides may be related to

their interaction with cysteinyl residues that are important

for the enzyme activity. Other reports have demonstrated

the importance of thiol groups for Na+, K+-ATPase catal-

ysis. In fact, –SH groups of this enzyme is highly suscep-

tible to oxidizing agents [62–64]. In addition, further

studies (Fig. 7) with selective exclusion of each of the

component of the cations in the incubating medium reveal

that the inhibition of Na+/K+ ATPase by DPDS may

possibly involve the modification of the ATP binding site

of the enzyme. In conformity with our earlier observation,

we may further conclude that the observed inhibition of

Na+/K+ ATPase by organodiselenides, possibly involves

the modification of the critical –SH group at the ATP

binding site of the enzyme. In fact, the exclusion of mag-

nesium from the incubating medium possibly impose a

structural deformity on the magnesium dependent ATP,

thereby preventing the competitive binding of the ATP to

its site in the presence of organodiselenides. This hypoth-

esis is strongly supported by the fact that inclusion of

magnesium cation in the incubating medium abolished the

observed inhibitory effect by DPDS (Fig. 7b, c, f). This is

the first study in our laboratory suggesting the possible

interaction of DPDS with the critical –SH at the ATP

binding site of the cerebral Na+ K+ ATPase.

In conclusion, the results of the present investigation

indicate that DPDS can be considered more potent oxidant

of thiols than DCDS. However, DPDS also can use thiols to

reduce peroxides, which can accounts for its pharmaco-

logical properties as potential scavenger of free radicals.

Since DCDS presented a weak ability to oxidize thiols and

to decompose hydrogen peroxide, we can expect that it will

be less effective than DPDS as a potential scavenger of

oxygen free radical. In contrast, since the toxicity of di-

selenides can be related to their ability in oxidize thiol

groups we can suppose that DCDS should be less toxic than

DPDS.
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