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Number of effective active glutathione peroxidase enzymes after
treatment of selenite in PC3 cells and HL60 cells. A: PC3 cell extracts
with or without treatment of selenite (30 nM) were used for GPx activity
assay. Numbers of active GPx per mg protein were calculated (n = 3). B:
HL60 cell dose-response. The trend of selenite dose-dependent effects on
GPx activity in HL60 cells is shown. C: Number of GPx molecules
(monomers) per mg proteln were calculated (Control: 6.2 x 10 "2 per mg
protein; 10 nM: 1.1 x 10 , ber mg protein; 20 nM: 1.6 x 10" , per mg
protein; 200 nM: 2.0 x 10" per mg protein; 2000 nM: 1.9 x 10" per mg
proteins). At lower doses, GPx activities were increased faster than at
higher doses. GPx activities tended to achieve the maximum near treatment
with 100 nM selenite. (*, p < 0.05)
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Figure 2.12 GPx activities were increased in ASPC, MB231, MCF-7 and Panc-1
cells. Cells had different GPx activities. Treatment of Se (30 nM) increased
GPx activity in ASPC, MB231, MCF-7 and Panc-1 cells. MCF-7 cells
increased GPx activities by 1.9-fold, MB231 3.7-fold, ASPC 2.1-fold, and
Panc-1 3.9-fold. MCF7 exhibited the lowest GPx activity among these cells.
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Figure 2.13 Capacity for removal of extracellular H,O, by PC3 cells is not affected
significantly by increased media Se. H,O, removal was determined in PC3
cells with or without treatment of 30 nM selenite. There was no statistically
significant difference between two groups (n = 3). The assay is based on the
rate of removal of a 10 uM bolus addition of H,O, per cell.
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Figure 2.14 H,0O;-removal in MCF7, MB231, Panc-1 and ASPC cells. H,O, (10 uM)
was exposed to cells Cells exh1b1ted different ab111t1es to remove H,0,
(MCF7 38>< 10 Ls'cell; MB231 45X lO Ls" cell''; ASPC, 5.0 x
107 L s cell”; Panc-1, 4.8 <100 L s cell ". However, after addlng Se
(30 nM), H,O, removal showed no statistically significant changes
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CHAPTER III SELENIUM AND GSH PRODUCE REACTIVE
OXYGEN SPECIES

3.1 Introduction

Selenium influences peroxide removal not only indirectly by regulating redox
enzymes, GPx and TrxR, but also directly by reacting with GSH to produce O," and
H,0,, which presents us the chemically paradoxical roles of Se. This paradox can be an
important addition to the peroxide balancing system in cells and it surely results in better
understanding of peroxide balance.

A possible mechanism of GSH reacting with selenium has been studied [23, 24].
Figure 3.1 indicates that each selenite anion reacts with 6 molecules of GSH and
generates peroxides.

In this chapter, this mechanism is tested. The direct contributions of Se
compounds (selenite and SeM) to H,O, formation and removal cycles are studied.
Specifically, we have studied the formation of O,” and H,O, from the reaction of Se

compounds with GSH. Selenite and SeM show different reaction patterns and rates.

3.2 Materials And Methods

3.2.1 Oxygen Consumption Assay
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Oxygen uptake was monitored with an oxygen monitor (Clark electrode). GSH,
Na,SeOs3 and SeM were prepared in phosphate buffer (pH 7.2). Different concentrations
of GSH, Na,SeO;, Se-Met, SOD or CAT was added into the chamber. Oxygen
consumption rates (OCR) were calculated using the initial rate of change of O, (240 uM)

being at room temperature.

3.2.2 GSSeSG Detection Assay

UV-Vis photo-spectrometer (Hewlett Packard 8453) was used to detect GSSeSG.
Both kinetic and standard methods were used. Solutions were prepared in phosphate
buffer (pH 7.2).The absorbance of 263 nm was monitored to determine the changes in the

concentrations of GSSeSG.

3.3 Results And Discussion

3.3.1 Selenite and GSH react to consume oxygen

The ratio of GSH to selenite was important for oxygen consumption in the
reaction. Different ratios were used during the performance of the oxygen consumption
assay.

Selenite and GSH are proposed to react with oxygen being reduced to produce
0, [23, 24, 25, 26, 27]. Studies on the reaction rates from different ratios of GSH to
selenite were a good start to know more about the reaction kinetics (Figure 3.2). The

concentration of selenite was first kept at 10 uM and GSH was changed to make different
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ratios of GSH to selenite (mol:mol) from 25:1 to 225:1 (Figure 3.2A). As more GSH was
presented, oxygen was obviously consumed faster and faster, from 0.6 uM/min to 2.3
uM/min, almost 4-fold increase.

GSH was then kept at a constant concentration of 1 mM and selenite was adjusted
to make different ratios of GSH to selenite (mol:mol) from 25:1 to 2000:1 (Figure 3.2B).
As ratios went up, the reaction rate increased as seen by oxygen depletion. The maximum

OCR was at the ratio of 500:1 (2.1 uM/min), 3 times greater than that at 25:1.

3.3.2 Seleno-L-methionine and GSH reacted to consume oxygen

The ratio of GSH to SeM was also important for oxygen consumption by the
reaction. Different ratios were used during the performance of oxygen consumption
assay.

Similar to selenite, SeM and GSH are thought to react with each other and
oxygen is also consumed in this process [24, 27]. The reaction rates, which were
observed as OCRs, were also studied on SeM and GSH (Figure 3.3). The concentration
of SeM was first kept at 10 uM and GSH was changed to make different ratios of GSH to
SeM (mol:mol) from 100:1 to 1600:1 (Figure 3.3A). As more GSH was presented,
oxygen was depleted faster and faster, from 0.5 uM/min to 1.2 uM/min.

GSH was then kept at the same constant concentration of 1 mM and SeM was
adjusted to make different ratios of GSH to SeM (mol:mol) from 25:1 to 2000:1 (Figure
3.3B). As ratios went up, the reaction went faster and oxygen was consumed faster, from

1.2 uM/min to 1.9 uM/min. Here the difference between the OCRs at the same ratio in
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Figure 3.3A and 3.3B might tell us SeM is more complicated than selenite, due to a more

complicated structure, so the reaction rates might vary more.

3.3.3 GSSeSG was formed during the reactions of GSH

with selenite or SeM

Ganther [23] previously developed a method to detect GSSeSG and proposed that
GSSeSG was one of the intermediate products of the reaction between GSH and selenite.
The same method was used to detect the formation of GSSeSG during GSH reacting with
selenite or SeM (Figure 3.4). From Figure 3.4A, an obvious increase of GSSeSG can be
seen. However, in Figure 3.4B, the curve goes down and the values are much smaller
than that in Figure 3.3A. This might be because a very low level of GSSeSG was
produced initially and then dropped fast, or be because of disturbance of high background

of GSH. The reason cannot be determined in this study and requires further study.

3.3.4 Peroxide generation during reaction of GSH and selenite and
SeM. Superoxide, O,", was detected by SOD and catalase slowed
the OCR by converting H,O, to H,O and O,

To confirm the formation of O,” and H>O,, SOD and catalase was introduced
during the reactions between GSH and selenite or SeM. Results are shown as in Figure
3.5. In the middle of the reactions between GSH and SeM or selenite (mol:mol: 100:1),
SOD (1000 U/mL) was firstly added into the solution. Distinct increases of the slopes
were seen in both Figure 3.5A and 3.5B, which meant SOD accelerated both reactions

due to converting O, into H,O,. Catalase of 1200 U/mL was then introduced into the
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solution to see if the system worked. OCR was lowered because more O, was present

after catalase was added.

3.4 Conclusions

From the studies in this chapter, both selenite and SeM can react with GSH
directly to produce O,", and H,O,. During the reactions, GSSeSG was detectable.

Oxygen monitor was mainly used to study the reaction between GSH and Se
compounds, SeM and selenite. The higher the ratio of GSH to selenite or SeM, the faster
the reaction. One molecule of Se in selenite or SeM needs more than 1 molecule of GSH
for the reactions, which makes the reactions complicated. Based on previous studies [23,
24], one Se needs six GSH for selenite. Possible reaction mechanism for selenite reacting
with GSH can be seen in Figure 3.1. GSSeSG and the Se-carboxymethyl derivative of
glutathione selenopersulfide (GSSeH) are produced as intermediates. GSSeSG was
detected in our experiments (Figure 3.4). GSH is oxidized to GSSG and O; is converted
into O,”. We confirmed this by adding SOD and catalase. We also observed that during
the reaction between GSH and SeM, O, was consumed as well, but the formation of
GSSeSG was very different from that of selenite. Actually, it was totally opposite to our
expectation and GSSeSG was decreasing from a higher level rather than accumulating as
reaction was happening. SeM could react with GSH directly as well, and also consume
O, and produce O,". But the mechanism could be very different from that of selenite.

This needs further study.



36

Together with Chapter II, we can see that selenium can influence the H,O,-
system: by reacting with GSH (Chapter III); or by regulating the protein levels and

activities of GPx and TrxR (Chapter II).
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Figure 3.1 Possible mechanism of the reaction between selenite and GSH. Selenite is
able to react with GSH and consume O, to produce O,". Hence oxygen
consumption can be used to test this reaction. In the meanwhile, 6 molecules
of GSH are involved with 1 Se, and GSSG is accumulated. H,O, might be
one of the final products, but this remains for further investigation [23, 24].
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Figure 3.2 Influence of ratios of GSH to selenite on their reaction. Oxygen uptake
was observed with Clark electrode in phosphate buffer (pH 7.2). A: [selenite]
was kept constant at 10 uM. Different concentrations of GSH were added to
make different ratios (GSH:selenite, mol:mol) from 25:1 to 225:1. Oxygen
consumption rates were 0.6, 0.8, 1.0, 1.3, 1.8, and 2.3 (uM/min). Controls
(buffer and selenite) both had a rate of +0.3 uM/min. B: [GSH] was kept
constant at 1 mM. Selenite at different concentrations was added to make
ratios (GSH:selenite, mol:mol) from 25:1 to 2000:1. Oxygen consumption
rates were 1.7, 1.9, 2.1, 2.0, 1.3, 1.1 and 0.7 (uM/min). Buffer had a rate of
0.1 pM/min and GSH had a rate of 0.6 uM/min.
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Figure 3.3 Influence of ratios of GSH to SeM on their reaction. Oxygen uptake was
observed by a Clark electrode in phosphate buffer (pH 7.2). A: [SeM] was
constant at 10 pM. Different concentrations of GSH were added to make
ratios (GSH:SeM, mol:mol) from 100:1 to 1600:1. Oxygen consumption
rates were 0.5, 1.1, 1.9, 2.3, and 1.2, (uM/min). Buffer had a rate of +0.1
uM/min and SeM had a rate of 0.2 uM/min. B: [GSH] was constant at 1 mM.
SeM at different concentrations was added to make ratios (GSH:SeM,
mol:mol) from 25:1 to 2000:1. Oxygen consumption rates were 1.9, 1.8, 1.7,
1.7, 1.6, 1.4 and 1.2 (uM/min). Buffer had a rate of 0.3 uM/min and GSH
has a rate of 0.9 uM/min.
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Figure 3.4 Reactions of GSH and selenite or SeM show different patterns. Detection
of GSSeSG was performed by using UV-Vis photo-spectrometer at
absorbance of 263 nm. All solutions were prepared at pH 7.2. A: Formation of
GSSeSG by the reaction of GSH and selenite. [Selenite] = 10 uM, [GSH] = 1
mM. The ratio of GSH:Selenite (mol:mol) was 100:1. B: Formation of
GSSeSG by the reaction of GSH and SeM. The concentration of SeM was 10
uM and that of GSH was 1 mM. The ratio of GSH:SeM (mol:mol) was 100:1.
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Figure 3.5 Formation of O,” and H,O; in the reaction of GSH and SeM or selenite.
A: SeM was added to 3 mM GSH for reaction. Superoxide dismutase was then
added to determine the formation of superoxide. Catalase was added
afterwards to determine the generation of H,O,. In the end, H>O, was added to
show catalase was functional. The oxygen consumption rates were: 0 buffer;
0.6 GSH; 2.9 GSH+SeM; 4.1 +SOD; and 2.5 +catalase (uM/min). Addition of
SOD accelerated the OCR, and addition of catalase decreased the OCR. B:
Similar experiment was also done for the reaction of GSH and selenite. SOD
was used to accumulate H,O, and was treated before CAT. After adding SOD,
the slope of the curve went larger and O, was consumed faster. CAT slowed
the total O, depletion in the solution by about a half.
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CHAPTER IV THEORY OF ENZYMATIC COOPERATION

4.1 Introduction

Three enzyme families have been identified in the redox system of cells to
remove hydrogen peroxide (H,O;) directly, glutathione peroxidase (GPx), catalase
(CAT), and peroxiredoxin (Prdx) [2]. The role of each enzyme in relieving oxidative
stress, such as that initiated by H,0,, organic peroxides and disulfide bonds, could be
important for understanding the cellular redox system, since it might give researchers a
macroscopic depiction of how each enzyme contributes to oxidative stress-removal and
hence help investigators to better understand redox balance. Johnson et al. [38] showed
what each enzyme does in mouse red blood cells (RBCs). They demonstrated in mouse
RBCs: (1) Prdx-2 plays a major role in removing endogenous H»O,, but plays little or no
role in eliminating exogenous H»O, or organic peroxides under their experimental
conditions; and (2) CAT and GPx-1 both participate in removal of exogenous H,O, but
CAT removes more exogenous H,O, compared to GPx-1. Another paper also by Johnson
et al. [39] demonstrates that GPx-1 helps mouse erythrocytes protect against organic
peroxides.

Red blood cells are simpler than other mammalian cells, so it is often easier for
investigators to start some projects with RBCs. However, RBCs exhibit very different
behavior from other cells. Mammalian RBCs do not have a nucleus, mitochondria, golgi
apparatus or endoplasmic reticulum. Therefore, events in RBCs might not be directly

applicable in other mammalian cells. The role of each enzyme in other cells requires
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study. In our laboratory, we mainly focus on human cells and work to establish
quantitative information for cellular redox systems. We supplemented cell culture media
with selenite (Na,SeOs, 30 nM, Se) for our first step and observed changes in the
intracellular redox system. After the supplementation, active GPx and TrxR went up, but
H,0,-removal remained at a similar level under our experimental conditions. More

detailed observations and discussion follows.

4.2 Results And Discussion

In PC3 cells, GPx activity and protein levels were increased after addition of Se
(Figures 2.5, 2.8), and more H,O, could be eliminated. However, the rate of removal of
exogenous H,O, remains at a similar level (changes were not statistically significant,
Figure 2.13). Because TrxR is also Se-dependent, as expected, the protein level of TrxR
was also increased after Se addition (Figure 2.5). CAT, Prdx-1, and Prdx-3 kept a similar
protein level with the same Se treatment (Figure 2.5). This was interesting in that the
whole cell exogenous H>O, removing ability did not correspond to GPx activity and
protein level increase and was not significantly increased, though Johnson et al. (2002,
2010) [38, 39] showed GPx-1 participated in exogenous H,O, removal.

To see if other cells could still exhibit similar phenomena, we further examined
MCF-7, MB231, ASPC and Panc-1 cells. After adding Se, GPx activities in these cells all
went up. MCF-7 cells increased GPx activities by 1.9-fold, MB231 3.7-fold, ASPC 2.1-
fold, and Panc-1 3.9-fold (Figure 2.12). MCF-7 had the lowest GPx activity, compared to

other cells.
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Similar to that in PC3 cells, catalase and Prdx-1 does not change in Panc-1 and
ASPC cells (Figure 2.6).

Interestingly, total H,O, removal in these cells all showed no statistically
significant changes with Se treatment (Figure 2.14), though different cells exhibited
various H,O, removal abilities (MCF-7, 3.9 x 10°Ls! cell'l; MB231, 4.5 x 1ohBLs!
cell’: ASPC, 5.0 x 10" L s cell’'; Panc-1, 4.8 x 10" L s cell'l). Among these cells,
MCF-7 cells eliminated H,O, relatively slowly, 17% less than MB231.

Since we have only done exogenous H,O, removal on cells, one possible
explanation to this is not like in mouse RBCs, GPx-1 plays little role in the removal of
large amounts of exogenous H,O; in these cells. To make this conclusion, we still need
further investigation to show how GPx-1 deficiency influence exogenous H,O, removal.

We examined the enzyme levels in the 4 different cell lines. Results showed little
difference between cells before and after Se treatment on CAT and Prdx-1 in all 4 kinds
of cells, MCF-7, MB231, ASPC and Panc-1 cells (Figures 2.4, 2.6). We need to repeat
western blotting assays on GPx-1 and TrxR due to antibody inefficiency.

From review of the whole peroxide-removal system, there are three enzymes that
have been discovered that directly remove H,O,: GPx, CAT, and Prdx (Figure 1.1) [3].
Further study of the contributions of these enzymes to peroxide removal can not only
provide better understanding of the H,O, removal system, but also give some clinical
inspirations as H,O, might be a critical mediator for clinical therapy [40].

In the future, we should also take organic peroxides, endogenous H,O,, disulfide
bonds and other oxidative stress into consideration, for these enzymes will likely behave

distinctly in different cells and situations. For example, CAT and GPx-1 remove
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exogenous H,O,, while Prdx-2 plays little to even no role in removal of large amounts of
exogenous H,O, in mouse RBCs [38]. Only after studying the role of each enzyme, we
can obtain a correct overview of enzyme cooperation.

Theoretically, one method to do this is to study enzyme concentrations, enzyme
activities and rate constants. If we know all these, it is straightforward to calculate how
much each enzyme contributes to removal of oxidative stress (exogenous and
endogenous peroxides, disulfide bonds, etc.). Interestingly, the rate constants to remove
H,0, of these three enzymes seem to have similar values (GPx-1 5.0 x 10’ M s, CAT
1.3 x 10’ M s [41], and Prdx-2 1.3 x 10’ M"' s [42]). Does this imply concentrations
or activities of these enzymes could be determinant in their roles? It is important to
understand the rate of recycling of GPx and Prdx.

The absolute concentrations of these enzymes in most human cells remain
unclear. It is also our goal of the redox quantification project to know the absolute
concentrations of these enzymes. 2D gel electrophoresis, mass spectrometry and
quantitative activity assays can be used to accurately quantify the concentrations of these
enzymes.

Another way to show each enzyme’s contribution to oxidative stress removal is to
use enzyme deficient models [38]. This may be relatively easier to do in RBCs since they
are simpler. But it can be a challenge for other human cells. The dynamic balance
underlying the oxidative stress removal system will be changed after depleting one or
more enzymes in cells.

Another goal of ours is to set up a redox database. This information is being

sought for a wide variety of human cell lines.
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4.3 Conclusions

In summary, GPx, CAT and Prdx all contribute to peroxide removal but their
contributions in different cells are distinct. They work together to achieve the total
capacity for peroxide removal.

There is a dynamic balance in this system. In general, the more stressing
molecules seen by cells, the greater the oxidative pressure. The oxidation curve is upward
sloping (Figure 4.1). Additional stressing molecules eventually become even more costly
as cells have greater incentives to produce more enzymes or increase enzyme activities.
From the perspective of cells, cells have higher potential to reduce more of the oxidizing
species. The reduction curve slopes downward. The oxidation curve and reduction curve
generate a point, which gives equilibrium and represents a steady-state. In addition, this
point shows a combination (called Optimal Bundle, OB) of molecule quantity that
provides an equilibrium between stress-producing and stress-relieving. Once cell
conditions change, the curve could shift, rotate or make other changes (Figure 4.2). The
balance between oxidation and reduction is dynamic. Technically, the equilibrium points
are hard to obtain directly. Exposure to anything, or use of any biological techniques,
such as knockout models, can change the balance. There will be a new steady-state.
However, if we know those points adjacent to the equilibrium point, we can predict OBs
by seeking limitations. Moreover, there probably is a range on the curve where cells will
exhibit “healthy” phenotypes. If cells go out of that range, lesions would develop. This is
a promising approach to understand the changing dynamics of the redox environment of

cells and tissues.
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Figure 4.1 Simplified mechanism of the balance needed for an appropriate cellular
redox environment. Downward sloping oxidation curve intersects with
upward sloping reduction curve, and produces an Optimal Bundle, which

presents the conditions at that steady-state.
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Figure 4.2 Changes to a new steady-state and optimal bundle. As conditions in cells
change, the balance can change. The curve could shift up, rotate, or make
other changes, and a new Optimal Bundles will present for new conditions.



49

REFERENCES

1. Gutteridge JMC. Free radicals in disease processes: a compilation of cause and

consequence. Free Rad Res Commun. 1993; 19:141-158.

[\S}

. Flohe L and Harris JR. Peroxiredoxin Systems. New York, USA: Springer. 2007.

3. Ng CF, Schafer FQ, Buettner GR, Rodgers VG. The rate of cellular hydrogen peroxide
removal shows dependency on GSH: mathematical insight into in vivo HO, and GPx

concentrations. Free Radic Res. 2007; 41(11):1201-11.

4. McCord JM, Fridovich I. Superoxide dismutase. An enzymic function for

erythrocuprein (hemocuprein). J Biol Chem. 1969; 244(22):6049-55.

5. Petkau A. Role of superoxide dismutase in modification of radiation injury. Br J

Cancer Suppl. 1987; 8:87-95.

6. Liochev SI, Fridovich 1. The effects of superoxide dismutase on H,O, formation. Free

Radic Biol Med. 2007; 42(10):1465-9.

~

. Oberley LW, Buettner GR. Role of superoxide dismutase in cancer: a review. Cancer

Res. 1979; 39(4):1141-9.

8. Comhair SA, Erzurum SC. The regulation and role of extracellular glutathione

peroxidase. Antioxid Redox Signal. 2005; 7(1-2):72-9.

\O

. Nguyen P, Awwad RT, Smart DD, Spitz DR, Gius D. Thioredoxin reductase as a novel

molecular target for cancer therapy. Cancer Lett. 2006; 236(2):164-74.

10. Hofmann B, Hecht HJ, Flohe L. Peroxiredoxins. Biol Chem. 2002; 383:347-64.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

50

Rhee SG, Kang SW, Chang TS, Jeong W, Kim K. Peroxiredoxin, a novel family of
peroxidases. I[UBMB Life. 2001; 52:35-41.

Rhee SG, Yang KS, Kang SW, Woo HA, Chang TS. Controlled elimination of
intracellular H,O,: regulation of peroxiredoxin, catalase, and glutathione peroxidase

via post-translational modification. Antioxid Redox Signal. 2005; 7(5-6):619-26.

Flohe L and Harris JR. Peroxiredoxin Systems. New York, USA: Springer. 2007.

Kirkman HN, Gaetani GF. Mammalian catalase: a venerable enzyme with new

mysteries. Trends Biochem Sci. 2007; 32(1):44-50.

Rayman MP. The importance of selenium to human health. Lancet. 2000;

356(9225):233-41.

Holben DH, Smith AM. The diverse role of selenium within selenoproteins: a review.

J Am Diet Assoc. 1999; 99(7):836-43.

Schrauzer GN. Selenomethionine: a review of its nutritional significance, metabolism

and toxicity. J Nutr. 2000; 130(7):1653-6.

Zhao R, Xiang N, Domann FE, Zhong W. Expression of p53 enhances selenite-
induced superoxide production and apoptosis in human prostate cancer cells. Cancer

Res. 2006; 66(4):2296-304.

Lipinski B. Rationale for the treatment of cancer with sodium selenite. Med

Hypotheses. 2005; 64(4):806-10.

Jackson MI, Combs GF Jr. Selenium and anticarcinogenesis: underlying mechanisms.

Curr Opin Clin Nutr Metab Care. 2008; 11(6):718-26.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

51

Lippe Hospital, Lemgo, Germany. Selenium or no selenium--that is the question in

tumor patients: a new controversy. Integr Cancer Ther. 2010; 9(2):136-41.

Kuchan MJ, Milner JA. Influence of intracellular glutathione on selenite-mediated

growth inhibition of canine mammary tumor cells. Cancer Res. 1992; 52(5):1091-5.

Ganther HE. Reduction of the selenotrisulfide derivative of glutathione to a persulfide

analog by glutathione reductase. Biochemistry. 1971; 10(22):4089-98.

Yan L, Spallholz JE. Generation of reactive oxygen species from the reaction of
selenium compounds with thiols and mammary tumor cells. Biochem Pharmacol.

1993; 45(2):429-37.

Davis RL, Spallholz JE. Inhibition of selenite-catalyzed superoxide generation and
formation of elemental selenium by copper, zinc, and aurintricarboxylic acid (ATA).

Biochem Pharmacol. 1996; 51(8):1015-20.

Seko Y, Imura N. Active oxygen generation as a possible mechanism of selenium

toxicity. Biomed Environ Sci. 1997; 10(2-3):333-9.

Chen JJ, Boylan LM, Wu CK, Spallholz JE. Oxidation of glutathione and superoxide
generation by inorganic and organic selenium compounds. Biofactors. 2007;

31(1):55-66.

Selenius M, Rundlof AK, Olm E, Fernandes AP, Bjornstedt M. Selenium and the
selenoprotein thioredoxin reductase in the prevention, treatment and diagnostics of

cancer. Antioxid Redox Signal. 2010; 12(7):867-80.

Franco R, Cidlowski JA. Apoptosis and glutathione: beyond an antioxidant. Cell
Death Differ. 2009; 16(10):1303-14.

Seyfried J, Wiillner U. Inhibition of thioredoxin reductase induces apoptosis in
neuronal cell lines: role of glutathione and the MKK4/INK pathway. Biochem
Biophys Res Commun. 2007; 359(3):759-64.



31.

32.

33.

34.

35.

36.

37.

38.

52

Cox AG, Brown KK, Arner ES, Hampton MB. The thioredoxin reductase inhibitor
auranofin triggers apoptosis through a Bax/Bak-dependent process that involves

peroxiredoxin 3 oxidation. Biochem Pharmacol. 2008; 76(9):1097-109.

Kayanoki Y, Fujii J, Islam KN, Suzuki K, Kawata S, Matsuzawa Y, Taniguchi N.
The protective role of glutathione peroxidase in apoptosis induced by reactive oxygen

species. J Biochem. 1996; 119(4):817-22.

Zhao R, Xiang N, Domann FE, Zhong W. Expression of p53 enhances selenite-
induced superoxide production and apoptosis in human prostate cancer cells. Cancer

Res. 2006; 66(4):2296-304.

Suryo Rahmanto A, Davies MJ. Catalytic activity of selenomethionine in removing
amino acid, peptide, and protein hydroperoxides. Free Radic Biol Med. 2011;
51(12):2288-99.

Hu YJ, Diamond AM. Role of glutathione peroxidase 1 in breast cancer: loss of
heterozygosity and allelic differences in the response to selenium. Cancer Res. 2003;

63(12):3347-51.

Makropoulos V, Briining T, Schulze-Osthoff K. Selenium-mediated inhibition of
transcription factor NF-kappa B and HIV-1 LTR promoter activity. Arch Toxicol.
1996; 70(5):277-83.

Gallegos A, Berggren M, Gasdaska JR, Powis G. Mechanisms of the regulation of
thioredoxin reductase activity in cancer cells by the chemopreventive agent selenium.

Cancer Res. 1997; 57(21):4965-70.

Johnson RM, Ho YS, Yu DY, Kuypers FA, Ravindranath Y, Goyette GW. The
effects of disruption of genes for peroxiredoxin-2, glutathione peroxidase-1, and
catalase on erythrocyte oxidative metabolism. Free Radic Biol Med. 2010; 48(4):519-
25.



39.

40.

41.

42.

53

Johnson RM, Goyette G Jr, Ravindranath Y, Ho YS. Oxidation of glutathione

peroxidase-deficient red cells by organic peroxides. Blood. 2002; 100(4):1515-6.

Schroder E, Eaton P. Hydrogen peroxide as an endogenous mediator and exogenous
tool in cardiovascular research:issues and considerations. Curr Opin Pharmacol.

2008; 8(2):153-9.

Chance B, Sies H, Boveris A. Hydroperoxide metabolism in mammalian organs.

Physiol Rev. 1979; 59(3):527-605.

Low FM, Hampton MB, Winterbourn CC. Peroxiredoxin 2 and peroxide metabolism

in the erythrocyte. Antioxid Redox Signal. 2008; 10(9):1621-30.



