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We investigated the hypothesis that thallium (Tl)
interactions with the glutathione-dependent antioxidant
defence system could contribute to the oxidative stress
associated with Tl toxicity. Working in vitro with reduced
glutathione (GSH), glutathione reductase (GR) or gluta-
thione peroxidase (GPx) in solution, we studied the
effects of Tlþ and Tl3þ (1–25mM) on: (a) the amount of
free GSH, investigating whether the metal binds to GSH
and/or oxidizes it; (b) the activity of the enzyme GR,
that catalyzes GSH regeneration; and (c) the enzyme GPx,
that reduces hydroperoxide at expense of GSH oxidation.
We found that, while Tlþ had no effect on GSH
concentration, Tl3þ oxidized it. Both cations inhibited
the reduction of GSSG by GR and the diaphorase activity
of this enzyme. In addition, Tl3þ per se oxidized NADPH,
the cofactor of GR. The effects of Tl on GPx activity
depended on the metal charge: Tlþ inhibited GPx when
cumene hydroperoxide (CuOOH) was the substrate,
while Tl3þ-mediated GPx inhibition occurred with both
substrates. The present results show that Tl interacts with
all the components of GSH/GSSG antioxidant defence
system. Alterations of this protective pathway could be
partially responsible for the oxidative stress associated
with Tl toxicity.
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Abbreviations: CuOOH, cumene hydroperoxide; DCI, 2,6-dichloro-
indophenol; DTNB, 5,50-dithio-bis(2-nitrobenzoic acid); GSH,
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INTRODUCTION

Thallium (Tl) is a heavy metal present in the
earth’s crust as salts and minerals, at very low
concentrations. It is widely used in the manufacture
of electronic devices, in smelting operations, in
cement factories, and in medical procedures.[1] This
metal can be released to the environment,[2 – 5]

exposing humans to its noxious effects. Tl has two
oxidation states, thallous (Tlþ) and thallic (Tl3þ)
cations. Tl3þ forms the corresponding hydroxide
when dissolved in water,[6] decreasing the bioavail-
ability of the metal. While several studies are
focused on Tlþ toxicity (for review see[7,8]), there is
limited information about Tl3þ effects on biological
processes. Furthermore, Tlþ can be converted to
Tl3þ by certain micro organisms,[9] which implies
that the ingestion of these micro organisms can lead
to Tl3þ poisoning.

Tl affects several tissues and systems, such as the
epidermal, gastrointestinal, cardiovascular, and
renal systems.[2,4,10] This metal crosses the blood–
brain barrier,[11,12] and can deposit in the brain
leading to neurodegeneration followed by secondary
demyelination.[13,14] In addition, the co-localization
of Tl deposits and the accumulation of end products
of lipid oxidation in the brain of rats exposed to

ISSN 1071-5762 print/ISSN 1029-2470 online q 2004 Taylor & Francis Ltd

DOI: 10.1080/10715760400000950

*Corresponding author. Address: Departamento de Quı́mica Biológica, IQUIFIB (UBA-CONICET), Facultad de Farmacia
y Bioquı́mica, Universidad de Buenos Aires, Junı́n 956, C1113AAD, Buenos Aires, Argentina. Tel.: þ54-11-4964-8287.
Fax: þ54-11-4962-5457. E-mail: verstraeten@ffyb.uba.ar

Free Radical Research, Volume 38 Number 9 (September 2004), pp. 977–984

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



a chronic Tl-intoxication has been reported.[12] Since
Tl has a high affinity for –SH groups, Aoyama
et al.[15] related Tl-induced oxidative damage to cell
components to a decrease in the reduced glutathione
(GSH) concentrations. However, this relationship
was not corroborated in other models of animal
exposure to Tl.[16]

GSH is a tripeptide (Glu–Cys–Gly) that partici-
pates in a variety of biological processes.[17]

Among other functions, GSH provides reduction
equivalents for the maintenance of oxidant homeo-
stasis,[18,19] participates in cell signalling,[20,21] and
detoxifies drugs and xenobiotics, including toxic
metals.[22 – 24] When the concentrations of certain
oxidant species increases, two GSH molecules
form a disulfide bridge through the oxidation of
their cysteine –SH groups, leading to the for-
mation of oxidized glutathione (GSSG). This
reaction is catalyzed by the enzyme glutathione
peroxidase (GPx), which has a key role in the
scanvenging of H2O2 and organic peroxides.[17] In
order to keep intracellular GSH/GSSG ratios
within normal ranges (approximately 10/1),[17]

GSH must be regenerated. The enzyme responsible
for GSSG reduction is glutathione reductase (GR),
which uses NADPH as a source of reduction
equivalents.

The aim of the present work was to study in vitro
the effects of Tl on the different components of the
GSH-dependent antioxidant defence system. With
this purpose, and working with the purified
compounds, we investigated whether Tlþ and/or
Tl3þ (1–25mM) affected: (a) the concentration of
GSH, either by metal chelation and/or GSH
oxidation; (b) the activity of the enzyme GR, and
(c) the activity of GPx. While Tlþ had no effect on
GSH concentration, Tl3þ oxidized GSH. In addition,
Tlþ and Tl3þ inhibited GR activity in a concentration-
dependent manner, as well as GR diaphorase
activity. Finally, Tl3þ, but not Tlþ, inhibited GPx-
mediated cumene hydroperoxide (CuOOH)
reduction. However, using H2O2 as the substrate,
GPx was inhibited by both Tlþ and Tl3þ. Results
indicate that Tl affects the GSH/GSSG system at
multiple levels, reducing the amount of GSH
available to detoxify oxidant species, interacting
with GR and GPx cofactors and substrates, and
directly inhibiting GR and GPx.

MATERIALS AND METHODS

Chemicals

Thallium (I) nitrate was obtained from Fluka
(Milwaukee, WI). Thallium (III) nitrate was from
Alfa Æsar (Ward Hill, MA). Glutathione (GSH),
glutathione disulfide (GSSG), glutathione reductase

(EC 1.6.4.2, GR), glutathione peroxidase (EC
1.11.1.9, GPx), 5,50-dithio-bis(2-nitrobenzoic acid)
(DTNB), sorbitol, xylenol orange, 2,6-dichloro-
indophenol (DCI), NADPH, cumene hydroperoxide
(CuOOH), and ferrous sulphate were from Sigma
(St Louis, MO).

Tl Solutions

Tlþ and Tl3þ stock solutions were prepared
immediately before use. Tl (I) and Tl (III) were
dissolved in Milli-Q water (pH , 5). Tl3þ stock
solution was acidified with HCl 3 M to avoid the
formation of Tl(OH)3. The volume of acidic Tl3þ

stock solution used for the experiments did not alter
the pH of the 20 mM Tris–HCl buffer solution
(pH 7.4) used in the different experiments.

Evaluation of Tl–GSH Interaction

GSH (50mM) in 20 mM Tris (pH 7.4) buffer was
added with increasing amount of either Tlþ or Tl3þ

(1–25mM). After 20 min of incubation at 378C, the
concentrations of GSH and/or GSSG were quantified
by (a) a colorimetric method and (b) HPLC with
electrochemical detection.

(a) GSH Colorimetric Determination

After incubation, the reaction mixture (1 ml) was
added with 1 ml of DTNB 2 mM in NaHCO3 5%[25]

and further incubated for 10 min at 258C.
The absorbance of the samples were measured at
412 nm in a Shimadzu UV-265 spectrophotometer
(Shimadzu Corporation, Kyoto, Japan), and the
concentration of GSH in the samples were calculated
from a calibration curve run in parallel. Results are
expressed as the difference between the initial
concentration of GSH and that measured after
incubation in the presence of Tl, and indicated as
GSH consumed.

(b) GSH and GSSG Determination by HPLC

After incubation, the reaction was stopped by the
addition of 1 ml of perchloric acid 2 M and
centrifuged at 29,000g for 20 min at 48C. Aliquots
containing 0.4 ml of the supernatant were kept at
2808C until use. GSH and GSSG were determined
by HPLC[26] on a Supelcosil LC-18 (Supelco,
Bellafonte, PA) column with an in-line BAS LC4C
electrochemical amperometric detector with a
glassy-carbon working electrode at an applied
oxidation potential of 0.8 V. The GSH and GSSG
concentration in the samples were calculated from
a standard curve run in parallel. Results are
expressed as the ratio GSSG/GSH.
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Determination of GR Activity and GR
Diaphorase Activity

GR (50 mU) in 20 mM Tris (pH 7.4) buffer was
incubated for 5 min at room temperature in the
presence of variable amounts of either Tlþ or Tl3þ

(1–25mM). After incubation, 50mM of GSSG and
60mM of NADPH were added. The kinetics of
NADPH consumption was followed from the decay
of the absorbance at 340 nm.[25]

GR diaphorase activity was measured using the
technique described by Gutierrez-Correa and
Stoppani[27] with minor modifications. Aliquots of
0.2 ml of 20 mM Tris (pH 7.4) buffer containing
50 mU GR were placed in a 96 well microtiter plate,
and incubated for 5 min either in the presence of
variable amounts of Tlþ or Tl3þ (1–25mM). Samples
were added with 85mM NADPH and 35mM DCI,
and further incubated for 30 min at room tempera-
ture. After incubation, the absorbance at 600 nm
was measured in a Microplate Reader Model 550
(BioRad, Tokyo, Japan).

Determination of GPx Activity

GPx activity was determined using two different
protocols, measuring the GPx-mediated consump-
tion of (a) NADPH,[28] and (b) hydroperoxide
(CuOOH and H2O2).[29]

(a) NAPDH Consumption by GPx

GPx (50 mU) in 1 ml of 20 mM Tris (pH 7.4) buffer
was incubated for 5 min at 258C in the presence of
variable concentrations of either Tlþ or Tl3þ

(1–25mM). After incubation, 50mM GSH, 55 mM
CuOOH, 50 mU GR, and 40mM NADPH were added
to the samples. NADPH consumption was calculated
from the decrease in the absorbance at 340 nm
at 258C.

(b) Hydroperoxide Consumption by GPx

GPx (50 mU) in 50ml of 20 mM Tris (pH 7.4) buffer
was placed in a 96 well microtiter plate, and
incubated for 5 min at 258C in the presence of
variable concentrations of Tlþ or Tl3þ (1–25mM).
After incubation, 5ml of 0.5 mM GSH and 5ml of
0.5 mM CuOOH or H2O2 were added, and samples
were further incubated for 60 min. The remaining
amount of CuOOH or H2O2 was measured as
described by Dringen et al.[29] Briefly, the reaction
was stopped by addition of 0.1 ml 25 mM H2SO4, and
added with 0.1 ml of a solution containing 0.2 mM
sorbitol, 0.5 mM ferrous sulphate, and 2 mM xylenol
orange in 25 mM H2SO4. After 45 min incubation at
room temperature, the absorbance at 570 nm was
measured. The concentration of CuOOH or H2O2 in
the samples were calculated from a calibration curve
run in parallel.

Statistics

One-way analysis of variance (ANOVA test)
followed by Fisher’s test was performed using the
routines available in StatView 5.0 (SAS Institute Inc.,
Cary, NC). Two-way ANOVA test was performed
using GraphPad Prism version 4.00 for Windows,
GraphPad Software (San Diego, CA). A probability
(P) value lower than 0.05 was considered as
statistically significant.

RESULTS

Evaluation of Tl Interaction with GSH

The possibility that Tl could interact with GSH was
investigated by incubating GSH (50mM) at 378C for
30 min in the presence of Tlþ or Tl3þ (1–25mM) and
measuring the concentration of GSH after incubation
by reaction with DTNB. In the range of concen-
trations tested, Tlþ slightly consumed GSH (Fig. 1A);
for example, at 25mM, Tlþ only decreased the initial

FIGURE 1 Effect of Tl on GSH oxidation. GSH (50mM) in 20 mM
Tris–HCl buffer (pH 7.4) was incubated in the absence or presence
of Tlþ (W), or Tl3þ (X) (1–25mM). After incubation (A) remnant
GSH was quantified by reaction with DTNB, and (B) GSH
and GSSG concentrations were measured by HPLC with
electrochemical detection, as described under “Materials and
methods” section. Results are shown as the mean ^ SEM of four
independent experiments.
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concentration of GSH in 2.7mM (P , 0.05). On the
contrary, Tl3þ (1 – 25 mM) caused a significant
(P , 0.005) and concentration-dependent decrease
of GSH concentration (Fig. 1A).

To evaluate whether the decrease in GSH
concentration was due to its oxidation, the reaction
mixture obtained after GSH (50mM) incubation in
the presence of Tl was also resolved by HPLC. In
the chromatograms, only two peaks appeared that
corresponded to GSH and GSSG, with no evidence
of a Tl–GSH complex at the pH of the running
(pH 2.7). Tlþ (1 – 25 mM) had no effect on
GSSG/GSH ratio (Fig. 1B). Although at 25mM
Tlþ, a small amount of GSSG was found it was not
statistically significant. Tl3þ increased GSSG/GSH
ratio in a concentration (5–25mM)-dependent
manner (P , 0.005). For example, at 25 mM
concentration the increase in GSSG/GSH ratio
measured for Tl3þ was 48-times higher than that
observed for Tlþ.

Interactions of Tl with GR

To investigate whether Tl could interfere with the
normal GR activity, the reduction of GSSG by GR in
the presence of NADPH was investigated. In our
system and in the absence of additions, NADPH was
oxidized at a rate of 5:3 ^ 0:4mM min21: The
presence of 1mM Tlþ caused a 25% decrease
(P , 0.05) in GR activity (Fig. 2A). The magnitude
of the inhibition was similar at 1, 5 and 10mM Tlþ,
and increased at 25mM Tlþ.

The possibility that Tl per se could oxidize NADPH
was evaluated. NADPH (60mM) was incubated in
the presence of either Tlþ or Tl3þ (1–25mM), and
NADPH oxidation was measured. While Tlþ did not
affect the amount of NADPH in the samples (Inset to
Fig. 2B), Tl3þ significantly decreased NADPH con-
centration (Inset to Fig. 2B) with a rate constant of
0.15 ^ 0.01 nmol NADPH min21 (nmol Tl3þ)21. The
time necessary to reach the maximal Tl3þ (1–25mM)-
mediated NADPH oxidation was 30 min. At this
point, NADPH was replenished and no further
consumption of NADPH due to Tl3þ was observed
(data not shown).

Taking these results into account, the effect of Tl3þ

on GR activity was evaluated using two different
protocols. First, the enzyme activity was measured
after 5 min of incubation in the presence of Tl3þ

(1–25mM). Under this condition, Tl3þ caused a
concentration-dependent decrease in GR activity
(Fig. 2B), and the effect in magnitude resembled that
obtained for Tlþ. Second, the activity was measured
after 5 min incubation of GR in the presence of Tl3þ

(1–25mM) followed by a 30 min incubation in the
presence of 60mM NADPH to eliminate the effect of
free Tl3þ on NADPH during the measurement of GR
activity. After NADPH replenishment, a more

dramatic decrease in GR activity due to Tl3þ was
observed (Fig. 2B). The inhibitory effect of Tl3þ after
30 min of incubation was significantly higher than
that observed after a 5 min incubation (P , 0.005,
two-way ANOVA) reaching the highest effect at
10mM Tl3þ concentration.

The effect of Tl on GR diaphorase activity was
investigated measuring the reduction of the dye
2,6-dichloro indophenol (DCI). Experiments were
performed using lower metal/enzyme ratios (0.1 to
3 nmol Tl/pmol GR) than those used for GR activity

FIGURE 2 Effect of Tl on GR activity. GR (50 mU) in 20 mM Tris–
HCl buffer (pH 7.4) was incubated for 5 min at 258C either in the
absence or presence of (A) Tlþ (W) (1–25mM), and GR activity was
measured as described under “Materials and methods” section.
(B) GR was incubated in the presence Tl3þ (1–25mM) for 5 min (W),
or for 30 min followed by the addition of 60mM NADPH (X), and
after incubation the enzyme activity was measured. Inset: NADPH
oxidation by Tl3þ. NADPH (60mM) in 20 mM Tris buffer (pH 7.4)
was incubated in the presence of either Tlþ (W) or Tl3þ (X) (1–
25mM) and the oxidation of NADPH was followed at 340 nm as
described under “Materials and methods” section. Results are
shown as mean ^ SEM of four independent experiments.
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measurement (0.6 to 15 nmol Tl/pmol GR), and in
the absence of GSSG addition. In the absence of any
additions, GR reduced 33 ^ 1% of DCI after 30 min
incubation. The addition of Tlþ (1–25mM) caused a
slight inhibition of the diaphorase activity, effect
that was significant (P , 0.05) only at the highest
concentration assessed (Fig. 3). Tl3þ decreased DCI
reduction in a concentration-dependent manner,
effect that was significant even at the lowest
concentration tested (P , 0.001). When GR diapho-
rase activity was determined after 30 min of
incubation in the presence of Tl3þ (1–25 mM)
followed by NADPH replenishment, a significant
and concentration-dependent decrease in enzyme
activity was observed (data not shown). The
inhibitory effect of Tl3þ after 30 min of incubation
was significantly higher (P , 0.001) along the range
of concentration tested (two-way ANOVA) respect to
the values obtained after 5 min of incubation in
similar conditions.

Evaluation of Tl Interaction with GPx

Tl effect on GPx activity was studied using two
different methods. The first was based on the
measurement of NADPH oxidation in a GR/GPx
coupled system. The second method exclusively
involved GPx and quantified the amount of substrate
not being reduced by the enzyme.

In the absence of additions, GPx oxidized
NADPH at a rate of 2:4 ^ 0:1mM min21: The
presence of Tlþ decreased GPx activity in
a concentration (1 – 25 mM)-dependent manner

(Fig. 4), although the effect was statistically signifi-
cant (P , 0.01) only at 25mM Tlþ. Tl3þ significantly
inhibited the system (P , 0.005) along all the range
of concentrations tested (Fig. 4).

When GPx-mediated hydroperoxide reduction
was evaluated, different results were obtained for
both metal species investigated. Tlþ (1–25mM) did
not affect CuOOH concentration (Fig. 5A) although
caused a significant (P , 0.005) and concentration-
dependent inhibition of H2O2 reduction by the
enzyme (Fig. 5B). On the other hand, Tl3þ

(10–25mM) significantly (P , 0.01) inhibited GPx
regardless the substrate used (Fig. 5A and B).

DISCUSSION

It has been described that Tl-intoxication leads to
alterations of a considerable number of biological
processes. Among others, it has been reported that Tl
caused an increase in lipid oxidation products in five
different brain regions of rats exposed to Tlþ, which
magnitude was associated with the amount of metal
deposited.[12] However, the mechanisms that partici-
pate in Tl-mediated oxidative stress are still not
elucidated. Recently, we demonstrated that in vitro
Tlþ and Tl3þ altered certain membrane physical
properties[30] that could make the bilayer more prone
to be oxidized.[31 – 33] Moreover, Tl toxicity is partially
determined by its affinity to amino-, imino- and
sulfhydryl- groups.[7] Given the importance of
glutathione in the context of the cell antioxidant
defence system,[17] the interaction of Tl with this

FIGURE 3 Effect of Tl on GR diaphorase activity. GR (50 mU) in
20 mM Tris–HCl buffer (pH 7.4) was incubated for 5 min at 258C
either in the absence or presence of Tlþ (W), or Tl3þ (X) (1–25mM).
GR diaphorase activity was measured as described under
“Materials and methods” section. Results are expressed as the
percentage of the initial DCI concentration, and are shown as
mean ^ SEM of four independent experiments.

FIGURE 4 Effect of Tl on GPx-mediated NADPH oxidation. GPx
(50 mU) in 20 mM Tris–HCl buffer (pH 7.4) was incubated for
5 min either in the absence or presence of Tlþ (W), or Tl3þ (X)
(1–25mM). After incubation, GPx activity was measured from
NADPH oxidation as described under “Materials and methods”
section. Results are shown as the mean ^ SEM of four
independent experiments.
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molecule and/or with the enzymes involved in its
use and regeneration, could lead to oxidative stress.

Until now, whether or not Tl affect glutathione
metabolism has not been clearly established.
Appenroth and Winnefeld[16] reported that the
concentration of GSH in the kidney remained
unchanged in Tl2SO4-mediated nephrotoxicity in
rats. On the contrary, the administration of a single
dose of Tlþ malonate also to rats caused a decrease in
kidney GSH concentration.[15] The Tl-induced
reduction in tissue GSH could be due to a direct
effect of Tl on the GSH/GSSG system and/or could
be secondary to an increase in the amount of oxidant
species generated by other mechanisms. In order to
understand which components of GSH-dependent

antioxidant defence system could be the targets of
Tl-mediated damage, we worked in vitro with
purified compounds.

Since Tl has a high affinity for –SH groups,[7] this
metal could react with GSH, thus reducing the
effective GSH concentration. In our system, no
changes in GSH concentration due to Tlþ were
observed. The lack of a Tlþ–GSH complex formation
was unexpected since at pH . 8, Tlþ complexes free
Cys[34] and GSH detection with DTNB was carried
out at pH 10. On the other hand, the trivalent cation
effectively decreased the amount of GSH. In the case
of Tl3þ, the decrease in GSH concentration was at the
expense of its oxidation. For example, at 25mM Tl3þ

the amount of GSH was reduced in a 50%. It has been
described that Tl3þ rapidly forms the corresponding
hydroxide when dissolved in water. Supporting that,
Ralph and Twiss[35] calculated that in a 1028 M Tl3þ

aqueous solution, only 2 £ 10212 M is present as a
free cation, and the remaining is present as Tl(OH)3,
among other compounds. The rapid interaction
between Tl3þ and a molecule/s with metal-binding
capacity, such as GSH, could prevent Tl(OH)3

formation, thus increasing the relative amount of
Tl3þ capable to oxidize GSH.

The second component of this system is GR, an
enzyme formed by two subunits, each one carrying a
single molecule of FAD at its active site. NADPH
reduces FAD, which in turn reduces a disulfide
bridge formed by two cysteine residues, and becomes
available to interact with GSSG.[17] When Tl is present
in the medium, the metal could potentially interact
with the enzyme at two levels: reacting with its –SH
groups, and/or with the FAD-containing domain
that bears the diaphorase activity. The alteration of
one or both activities of the enzyme could lead to an
overall decrease in GR functionality. Tlþ exclusively
affected GR activity but did not alter the diaphorase
activity indicating that Tlþ may interact either with
the Cys at the catalytic site, or with the aminoacid
residues in its surroundings, while it has a poor or no
interaction with the FAD domain. Since the reduction
of Tlþ to Tl0 does not seem to occur in vivo, it is
unlikely that a direct oxidation of the aminoacid
residues in the catalytic region occurs; rather the
binding of the cation is involved. On the other hand,
Tl3þ altered both activities of the enzyme. This is a
potent oxidant specie (Tl3þ/Tlþ10: 1.25 V) that could
not only bind to certain aminoacid residues, but also
could oxidize them. In fact, working with aqueous
solutions of Tyr, we observed that Tl3þ (1–25mM)
induced the formation of dityrosine as evaluated
from the appearance of its characteristic fluorescence
spectrum (data not shown). Specifically, the oxidation
by redox-active metals of Tyr114 located in the
catalytic site of GR has been described to be
partially responsible for the loss of activity of this
enzyme.[27]

FIGURE 5 Effect of Tl on GPx-mediated hydroperoxide
reduction. GPx (50 mU) in 20 mM Tris–HCl buffer (pH 7.4) was
incubated for 5 min either in the absence or presence of Tlþ (W), or
Tl3þ (X) (1–25mM). After incubation, 0.5 mM of (A) cumene
hydroperoxide (CuOOH), or (B) H2O2 were added, and the
samples were further incubated for 60 min. The amount of
CuOOH or H2O2 remaining in the samples was measured as
described under “Materials and methods” section. Results are
shown as the mean ^ SEM of at least four independent
experiments.
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Interestingly, in addition to the inhibition of GR
activity, Tl3þ also oxidized per se NADPH, the
enzyme’s cofactor. In vivo, the oxidation of NADPH
by Tl3þ could have profound consequences on cell
metabolism. A decrease in intracellular NADPH
content could diminish the amount of GSH recycled
through the reduction of GSSG by GR, and lead to an
oxidant/antioxidant imbalance. In addition, when
the amount of NADPH decreases, the hexose
monophosphate pathway is stimulated in order to
regenerate NADPH, increasing the consumption of
glucose not associated with ATP production. The
enhancement of this metabolic pathway secondary to
GSH depletion was observed in a number of
metabolic disorders, such as b-talassemia.[36]

Finally, the last component of GSH/GSSG system
is the enzyme GPx. Using the traditional method for
GPx determination[28] we found that Tl3þ and Tlþ

decreased the activity of the enzyme. However, it is
important to consider that the reaction mixture
contained, besides Tl, GSH, GR, NADPH, GPx and
hydroperoxide. In this work we presented experi-
mental evidence showing that Tl decreases the
amount of GSH (Tl3þ), inhibits GR activity (Tlþ and
Tl3þ), and oxidizes NADPH (Tl3þ). Therefore, from
those experiments whether the decrease in GPx
activity is due to a lower enzyme activity or is a
consequence of Tl interactions with one or more
components of this system could not be established.
Therefore, we evaluated the effect of Tl on GPx
activity using a different method that measures
the amount of hydroperoxide reduced by GPx.
Interestingly, both metal species studied had a
different behavior on GPx-mediated hydroperoxide
reduction. Tlþ had no effect on CuOOH reduction
although it caused a significant decrease in GPx
activity when H2O2 was the substrate. Tl3þ affected
GPx activity with no distinction between substrates.
Considering the fact that both substrates were in a
20-fold excess respect to the highest Tl concentration
used, a direct interaction of Tl with the hydroper-
oxide that could limit their accessibility to the
enzyme can be discarded.

The active site of GPx contains a –SH adjacent to
the selenol group[37,38] and both functional groups
can be oxidized leading to the loss of activity.[39]

This could be particularly true for Tl3þ which has a
high redox potential, causing a net decrease in GPx
activity. In the case of Tlþ, this metal does not have
oxidant capacity but could be chelated by the selenol
group itself, or by the aminoacid residues close to the
catalytic site of the enzyme. The molecular mecha-
nism by which Tlþ specifically affected H2O2

reduction requires further investigation.
Taken together, the present experimental evidence

demonstrates that Tl affects glutathione-dependent
antioxidant defence system, at least, at four levels
(Fig. 6). This metal reduces the amount of GSH

mainly due to its oxidation, although this mecha-
nism could have the lowest impact on cell meta-
bolism given the relative high concentrations of
GSH in the cytosol. In normal conditions, GSH
levels should be restored by the action of GR, which
is impaired by Tl. This metal also limits the
detoxification of hydroperoxide through the inhi-
bition of the enzyme GPx. And finally, Tl3þ reduces
the amount of NADPH, a cofactor of a large number
of other oxido-reductase enzymes. Therefore, the
decrease in NADPH concentration could activate
the hexose monophosphate pathway that could lead
to a depletion of cell glucose with severe con-
sequences on cell metabolism. In conclusion, the
impairment of GSH-mediated antioxidant defence
system could partially account for the oxidative
damage associated with Tl intoxication. Through
this mechanism, Tl could cause its main symptoms
of poisoning (alopecia, cardiomyopathy, nephro-
toxicity and neurodegeneration), all these patho-
logies where misbalances in GSH metabolism that
have been described.[40 – 44]
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