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Abstract

Aims: Mitochondrial thioredoxin (Trx) is critical for defense against oxidative stress-induced cell apoptosis. To
date, mitochondrial thioredoxin reductase (TrxR) is the only known enzyme catalyzing Trx2 reduction in
mitochondria. However, TrxR is sensitive to inactivation by exo/endogenous electrophiles, for example, 4-
hydroxynonenal (HNE). In this study, we characterized the mitochondrial glutaredoxin 2 (Grx2) system as a
backup for the mitochondrial TrxR. Meanwhile, as Grx2 is also present in the cytosol/nucleus of certain cancer
cell lines, the reducing activity of Grx2 on Trx1 was also tested. Results: Glutathione alone could reduce
oxidized Trx2, and the presence of physiological concentrations of Grx2 markedly increased the reaction rate.
HeLa cells with Grx2 overexpression (particularly in the mitochondria) exhibited higher viabilities than the
wild-type cells after treatment with TrxR inhibitors (Auranofin or HNE), whereas knockdown of Grx2 sensi-
tized the cells to TrxR inhibitors. Accordingly, Grx2 overexpression in the mitochondria had protected Trx2
from oxidation by HNE treatment, whereas Grx2 knockdown had sensitized Trx2 to oxidation. On the other
hand, Grx2 reduced Trx1 with similar activities as that of Trx2. Overexpression of Grx2 in the cytosol had
protected Trx1 from oxidation, indicating a supportive role of Grx2 in the cytosolic redox balance of cancer
cells. Innovation: This work explores the reductase activity of Grx2 on Trx2/1, and demonstrates the physi-
ological importance of the activity by using in vivo redox western blot assays. Conclusion: Grx2 system could
help to keep Trx2/1 reduced during an oxidative stress, thereby contributing to the anti-apoptotic signaling.
Antioxid. Redox Signal. 21, 669–681.

Introduction

The thioredoxins (Trxs) and glutaredoxins (Grxs)
belong to the Trx superfamily of thiol–disulfide oxido-

reductases (25). Each redoxin is the electron receptor of their
redox system, and the effector of the downstream redox
regulations. In mammalian cells, the cytosolic Trx system
composed of nicotinamide adenine dinucleotide phosphate
(NADPH), thioredoxin reductase 1 (TrxR1), and Trx1, whereas
the Grx system is formed by NADPH, glutathione reductase
(GR), glutathione (GSH), and Grx1. Relatively independent
of the cytosolic milieu, the mitochondria have their own Trx
and Grx systems, consisting of NADPH, TrxR2 (22), and Trx2
(38) or NADPH, GR, GSH, and Grx2 (28), respectively.

Innovation

In mammalian cells, the thioredoxins (Trxs) need to be
in the reduced state to have antioxidant and anti-apoptotic
effects. This study suggests that glutaredoxin 2 (Grx2)
could work as a backup for thioredoxin reductase (TrxR)
in keeping Trx reduced when cells are encountering exo/
endogenous electrophiles, which are potent inhibitors of
TrxR. Particularly in mitochondria, which are the main
source of cellular reactive oxygen species, Grx2 here is the
first and only hitherto found enzyme that can work as a
backup for the reduction of Trx2. This finding may further
explain the critical role of Grx2 in the redox signaling of
cell survival/apoptosis.
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The Trx and Grx systems play critical roles in providing
reducing equivalent for DNA synthesis, maintaining cellular
thiol-redox homeostasis, defense against oxidative stress,
controlling protein folding, and regulation of cell growth/
apoptosis (5, 6, 19, 23). Although they share some common
functions in the above-mentioned processes, the two systems
also differ in their selection of substrate groups and their
affinity and activity to the substrates, thereby take effects in
different regulatory checkpoints of the physiological path-
ways. The two systems may support each other’s functions
but could not substitute for each other, probably due to their
respective unique functions.

In general, Trxs are more active in catalyzing the reduction
of intra- or interchain disulfides of protein substrates. Trxs are
specific and super-fast electron donor for peroxiredoxins
(Prxs), which are one of the major players in the elimination
of hydrogen peroxide (H2O2), both in the cytosol (Prx I, II)
and in the midochondria (Prx III, V) (36). Trxs regulate the
activity/activation of many important transcription factors
[e.g., nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-jB) (32), activator protein 1 (AP-1) (18)] or
apoptosis signaling factors [e.g., apoptosis signal-regulating
kinase 1 (ASK-1) (37) or phosphatase and tensin homolog
(PTEN) (33)] through modulating the redox-regulatory dis-
ulfides of the protein. Reduced Trx is usually a factor and
indicator of cell survival, whereas oxidized Trx being a factor
and indicator of cell death. Knock out of either Trx1 or Trx2
will cause embryonic lethality in mice, and the fibroblasts
from these mice are not viable (31, 34), indicating that both
Trx1 and Trx2 are required to be functional for mammalian
cell growth and survival.

Apart from the common functions with Trxs, Grxs are
specifically active in catalyzing the (reversible) deglutathio-
nylation of their protein substrates at the expense of GSH.
Protein S-glutathionylation is an important reversible post-
translational modification that works as thiol-redox signaling
for many cellular events, including apoptosis (2). Grx2 was
discovered in 2001 (28), with only 34% sequence identity with
Grx1. Compared to Grx1, Grx2 has higher affinity toward the
S-glutathionylated protein substrates, but with lower turnover
rates (20). Grx2 is not inactivated by oxidation (28), exhibiting
better resistance in an oxidative milieu. Grx2 has been found to
catalyze the reversible oxidation and glutathionylation of mi-
tochondrial membrane thiol proteins (3), responding to both
mitochondrial redox signals and oxidative stress. Grx2 over-
expression could prevent H2O2-induced apoptosis by protect-
ing complex I activity in the mitochondria (42). Also, Grx2
could detoxify the mutant superoxide dismutase 1 (SOD1) in
mitochondria by preventing its aggregation (14). HeLa cells
with Grx2a overexpression are more resistant to the oxidative
stress-inducing agents doxorubicin (Dox) and phenylarsine
oxide due to reduced cytochrome c release (12), whereas
siRNA-induced silencing of Grx2 sensitized HeLa cells to Dox
treatment (26). These facts imply a critical role of mitochon-
drial Grx2 in cell survival/apoptosis.

Remarkably, cross talks of the Trx and Grx systems do
exist and need to be clarified to have a better view of the
redox regulation. Examples of the cross talking include the
following: Trx was found to reduce GSSG, thereby having
the potential to regenerate GSH in GR-deficient cells (21).
Depletion of GSH by buthionine sulfoximine (BSO) results
in Trx2 oxidation (45). A previous study in our laboratory

revealed that Grx2 could use the reducing equivalent from
TrxR (20). Later in our study, we found that Grx system could
work as a backup for TrxR1 in the cytosol, keeping Trx1
reduced when TrxR1 were inhibited (11). However, it is still
not known if there is any backup enzyme system that helps to
keep Trx2 reduced in the mitochondria. In this study, we have
analyzed the activities of Grx2 system to reduce Trx2, as well
as Trx1, by which Grx2 system may work as a backup for
TrxR. We have also applied Grx2 overexpression as well as
knockdown in HeLa cells and challenged the cells with TrxR
inhibitors and checked the cell viabilities and redox states of
Trx2 and Trx1 in vivo, in searching of the physiological
significance of this reducing activity of Grx2 on Trx2/1.

Results

Grx2 system as a reductant of Trx2

The active site oxidized hTrx2 (hTrx2-S2) was prepared by
incubation with insulin and confirmed by redox urea-poly-
acrylamide gel electrophoresis (urea-PAGE) (Fig. 1A). The
concentration of GSH in the mitochondrial matrix is in the
millimolar range, and even up to 14 mM considering the vol-
ume of the matrix (29). With Trx2-S2 as substrate, we have
tested the reducing rates of a series of GSH concentrations on
Trx2. As shown in Figure 1B, the reducing rate had an expo-
nential increase as the concentration of GSH increases, con-
sistent with the stoichiometry of the reaction (two molecules of
GSH reduced one molecule of oxidized Trx2). To test the
reductase activity of Grx2 on Trx2, we used GSH concentra-
tions of 1 and 10 mM, respectively, and different concentra-
tions of Grx2 to simulate the physiological levels of
mitochondrial Grx system. Figure 1C shows the reaction
curves at the GSH level of 1 mM. The addition of 0.05, 0.2, and
0.5 lM Grx2 resulted in a concentration-dependent increase of
the reaction rate, with the activity of 0.2 and 0.5 lM Grx2
comparable to that of 0.8 and 1.1 nM TrxR, respectively.
Figure 1D shows the reaction curves under the GSH concen-
tration of 10 mM. Ten micromolars of GSH alone gives a rate
similar to that of 2 nM TrxR. The addition of 0.05 and 0.2 lM
Grx2 increased the rates to be comparable to the activities of
3.6 and 6.1 nM TrxR, respectively.

Grx2 system as a reductant of Trx1

Specifically within testis and many kinds of cancer cells,
Grx2 presents not only in mitochondria but also in the cytosol
(27). It is thus interesting to know if Grx2 could work as a
reductase of Trx1. Trx1 has five cysteines (Cys), among them
three are structural, the other two (Cys32 and Cys35) form the
active site (16). The fully reduced Trx1, with all its five cys-
teines reduced, designated as Trx1-(SH)2, transform to the
active site oxidized form (Trx1-S2) by reducing substrate
protein disulfides. The Trx1-S2 was prepared as described in
the Materials and Methods section and confirmed by redox
urea-PAGE (Fig. 2A) and used as substrate for Grx2 system
reduction assay. The reaction curves under the GSH concen-
tration of 1 mM are shown in Figure 2B. The addition of in-
creasing concentrations of Grx2 resulted in increasing reaction
rates. The activity of 0.2 lM Grx2 is comparable to that of 1
nM TrxR, whereas the activity of 0.5 lM Grx2 is comparable
to that of 2 nM TrxR. Figure 2C shows the reaction curves
under the GSH concentration of 10 mM. The activity of 10 mM
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GSH alone is close to that of 3 nM TrxR. The addition of 0.05
and 0.2 lM Grx2 increased the rates to be comparable to the
activities of 4.7 and 7 nM TrxR, respectively.

Overexpression of Grx2 in HeLa cells provides
protection against TrxR inhibitors

TrxR is the native reductant for Trxs, with very high cat-
alytic efficiency. However, both the cytosolic and mito-
chondrial forms of TrxR possess a super active
selenocysteine that is very sensitive to inactivation by elec-
trophilic compounds (35, 44). Upon extensive inactivation of
TrxR, Trx will not be reduced effectively, and increased
levels of oxidized Trx will result in cell death. As we found
that the Grx2 system could reduce Trx2 and Trx1, one would
expect that the overexpression of Grx2 will rescue cells from
TrxR inhibitors. Two Grx2 stable transfected HeLa cell lines
were used, one with Grx2 overexpression in the mitochondria
(M-Grx2 HeLa cells) and the other with Grx2 overexpression
in the cytosol/nucleus (C-Grx2 HeLa cells). Here, we used
auranofin (AF) and 4-hydroxynonenal (HNE) in the treat-
ment of the three HeLa cell lines. AF is a well-known TrxR
inhibitor, which is lipophilic and can permeate through bio-
logical membranes (10, 39). HNE is an end product of lipid

peroxidation and a potent inhibitor of TrxR (13), and the
treatment of cells with lM range of HNE induces both mi-
tochondrial and cytosol oxidative stress (1). Figure 3A shows
the viabilities of the cell lines treated with 4–12 lM AF for
3 h. The viability of wild-type (WT) HeLa cells decreased
to 61%–41%, whereas C-Grx2 HeLa cells and especially
M-Grx2 HeLa cells are less susceptible. Treatment of the
three cell lines with 10–80 lM HNE (Fig. 3B) resulted in a
similar profile as those treated with AF, with even higher
resistance in M-Grx2 HeLa cells. Compared to WT cells, M-
Grx2 HeLa cells have higher viability in all HNE concen-
trations tested. C-Grx2 HeLa cells showed significant resis-
tance only in the higher HNE concentrations (40 lM and
80 lM) and not as resistant as the mGrx2 HeLa cells. These
results indicate that Grx2 overexpression either in the mito-
chondria or in the cytosol may protect cells from TrxR in-
hibitor. However, the rescuing effect was more profound with
the overexpression of Grx2 in the mitochondria.

Grx2 overexpression protects Trx2 and Trx1
from oxidation in HeLa cells

To detect the evidence that Grx2 reduces Trx2 and Trx1
in vivo, we analyzed the redox state of Trx2 and Trx1 in the

FIG. 1. The reduction of Trx2 by Grx2 system. (A) Trx2-S2 was prepared as described in the Materials and Methods
section and confirmed by redox urea-PAGE. Lane 1: mobility standard. Lane 2: Trx2-S2. (B) Reduction of Trx2-S2 by GSH.
For the GSH reduction assay, 6 lg/ml GR, 0.2 mM NADPH, and 25 lM Trx2-S2 were added to cuvettes in the presence of 1, 3,
6, 10, and 14 mM GSH. The absorbance at 340 nm was followed, and the linear part of the reactions was used to determine the
reaction rates. (C) For the Grx2 reduction assay, 6 lg/ml GR, 0.2 mM NADPH, 1 mM GSH, 25 lM Trx2-S2, and increasing
amounts of Grx2 (the solid lines thickening from bottom to top) were added to cuvettes. For the TrxR reduction assay, 0.2 mM
NADPH, 25 lM Trx2-S2, and indicated amounts of rrTrxR (the dotted lines) were added to cuvettes, the absorbance at 340 nm
was followed, and the linear part of the reactions was used to determine the reaction rates. (D) Conditions were the same as
that of (C), except that 10 mM GSH was used in the Grx2 reduction assay. GR, glutathione reductase; Grx, glutaredoxin;
rrTrxR, recombinant rat TrxR1; GSH, glutathione; NADPH, nicotinamide adenine dinucleotide phosphate; Trx, thioredoxin;
TrxR, thioredoxin reductase; urea-PAGE, urea-polyacrylamide gel electrophoresis.
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HNE-treated WT, M-Grx2 and C-Grx2 HeLa cells, using a
redox-state western blot analysis. Figure 4A shows the redox
states of Trx2. The bands with - 2 mobility represent fully
reduced Trx2. Oxidation of 1 thiol by forming a mixed dis-
ulfide with a substrate shifts the band upwards to the - 1
mobility, whereas the bands with 0 mobility represent the
fully oxidized form of Trx2. Differences in the total amount
of Trx were observed among the lanes. This could be resulted
from the loss of total protein content during the experimental
process. However, as the total protein amount does not affect
the relative ratios of different redox forms within the sample,
these results can be used to analyze the redox states of Trx.
The fractions of different redox forms of Trx2 in each cell
lysate are shown in Figure 4B. In all the three cell lines without
treatment, about 60% of Trx2 was fully reduced. After treat-
ment with 40 lM HNE for 20 h, the WT HeLa cells had about
50% of its Trx2 in the fully oxidized form, 23% in the one
cysteine oxidized form, leaving only about 28% in the reduced
form. On the contrary, the redox profile of Trx2 did not show
an obvious change in the M-Grx2 cells, showing that over-
expression of Grx2 in the mitochondria had prevented Trx2
from oxidation to a great extent. In the C-Grx2 cells treated
with HNE, about half of Trx2 were oxidized, less than in the
WT cells, indicating that the overexpression of Grx2 in the
cytosol also has some effect in the prevention of Trx2 oxida-
tion, probably by attenuating overall oxidative stress.

FIG. 3. Effects of AF and HNE treatment on the vi-
abilities of WT and Grx2 overexpressing HeLa cells. WT,
M-Grx2, or C-Grx2 HeLa cells were treated with the indi-
cated concentrations of AF for 3 h (A) or HNE for 20 h (B).
After treatment, the cell viability was measured with the
MTT assay. Error bars show mean – S.D. n = 4. **p < 0.01;
*p < 0.05, Student’s t-test, treated cells versus control. AF,
auranofin; HNE, 4-hydroxynonenal; WT, wild type.

FIG. 2. The reduction of Trx1 by Grx2 system. (A)
Trx1-S2 was prepared as described in the Materials and
Methods section and confirmed by redox urea-PAGE. Lane
1: mobility standard. Lane 2: Trx1-S2. (B) For the Grx2
reduction assay, 6 lg/ml GR, 0.2 mM NADPH, 1 mM GSH,
25 lM Trx1-S2, and increasing amounts of Grx2 (the solid
lines thickening from bottom to top) were added to cuvettes.
For the TrxR reduction assay, 0.2 mM NADPH, 25 lM
Trx1-S2, and indicated amounts of rrTrxR (the dotted lines)
were added to cuvettes, the absorbance at 340 nm was fol-
lowed, and the linear part of the reactions was used to de-
termine the reaction rates. (C) Conditions were the same as
that of (B), except that 10 mM GSH were used in the Grx2
reduction assay.
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Figure 5A shows the redox states of Trx1. Like Trx2, in all
three cell lines of resting state, the fully reduced form rep-
resents the largest part of Trx1, whereas their responses to
HNE treatment are very diverse: In the WT cells, treatment
with HNE caused a dramatic decrease of reduced form of
Trx1 and a great increase of the highly oxidized forms.
Distinctively, the C-Grx2 cells only had a slight decrease of
the reduced form and a small increase of the 2-SH form,
indicating that Grx2 overexpression in the cytosol had pro-
tected Trx1 from oxidation. In the M-Grx2 cells treated with
HNE, there was a small increase of the one cysteine oxidized

form and the activate site disulfide form of Trx1, but not
obvious increase of the highly oxidized forms.

Grx2 knockdown causes decreased viability
in TrxR inhibitor-treated cells

To further explore the in vivo evidence for the backup role of
Grx2 for TrxR, we have used siRNAs specific for the mRNA of
human Grx2 to knockdown Grx2 in the HeLa cells. After 2 days
of transfection, the cells were assayed for Grx2 levels by

FIG. 4. Redox state of cellular Trx2 before and after
HNE treatment. (A) WT, M-Grx2, or C-Grx2 HeLa cells
were treated with or without 40 lM HNE for 20 h, and the
redox state of Trx2 was detected using a redox western blot
analysis. (B) The intensity of each band in (A) was quan-
tified by using the Quantity One software (Bio-Rad). For
each cell lysate, the sum of intensity of bands with all three
mobilities was set as 100%, and the fraction (%) of each
band (redox form of Trx2) was calculated. Error bars show
mean – S.D. based on two independent experiments.

FIG. 5. Redox state of cellular Trx1 before and after
HNE treatment. (A) WT, M-Grx2, or C-Grx2 HeLa cells
were treated with or without 40 lM HNE for 20 h, and the
redox state of Trx1 was detected using a redox western blot
analysis. (B) The intensity of each band in (A) was quan-
tified by using the Quantity One software (Bio-Rad). For
each cell lysate, the sum of intensity of bands with all six
mobilities was set as 100%, and the fraction (%) of each
band (redox form of Trx1) was calculated. Error bars show
mean – S.D. based on two independent experiments.
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ELISA. As shown in Figure 6A, the Grx2 siRNA was effective
in decreasing Grx2 protein levels (to *10% of WT control).
The transfection with a control of unspecific scrambled (scr)
siRNA had no effect on Grx2 levels. The WT, scr-siRNA, and
Grx2 siRNA-transfected cells were then subjected to the treat-
ment with AF for 1.5 h or HNE for 20 h and assayed for cell
viability. As shown in Figure 6B and C, the Grx2 knockdown
cells showed a highly increased sensitivity to both AF and HNE.

To know the extent of TrxR inhibition that is required for
Grx2 knockdown to show its effect, we have treated the cells
with the same series of concentrations of AF as that in the
viabilities assays and assayed the cellular TrxR activities. As
shown in Figure 6D, 1.5 h treatment with 4–12 lM of AF
decreased the TrxR activity to about 60%–5% of the original
level. These results show that when TrxR activity is dimin-
ished to 60% or lower, the knockdown of Grx2 will bring
more damage to the cells, probably due to the loss of backup
effect of Grx2 in reducing Trxs.

Grx2 knockdown causes increased Trx oxidation
in TrxR inhibitor-treated cells

Redox western blot were used to identify the redox state of
Trx2 and Trx1 in the WT control, unspecific src-siRNA-
transfected, and Grx2 knockdown cells. As shown in Figure 7,
compared to the control or src-siRNA-transfected cells, the
Grx2 knockdown cells had a slight increase of both oxidized
Trx2 and Trx1. Treatment with 10 lM HNE for 20 h caused a
mild increase of oxidized Trx2 and Trx1 in the WT control and
src-siRNA-transfected cells, but a dramatic increase of oxi-
dized Trx2 and Trx1 in the Grx2 knockdown cells showing that
Grx2 has the effect of protecting Trx from oxidation in vivo.

Grx2 is resistant to HNE inhibition

To investigate if HNE inhibit Grx2 activity directly, we
incubated reduced Grx2 with HNE, took aliquots of the in-

cubation at different time intervals, and assayed the re-
maining activity of Grx2. As shown in Figure 8, the activity
of Grx2 did not decrease during 3 h incubation with HNE.
The rest of the incubation was subjected to Mass Spectrum
analysis. As shown in Figure 9 A, Grx2 without modification
gives a peak at m/z value of 16150. Five additional peaks
corresponding to the addition of one to five HNE molecules
to Grx2 was found, indicating that Grx2 were modified with
one to five HNE molecules. To identify specific amino acid
residues that are modified, the HNE-treated Grx2 was digested

FIG. 6. Viability of WT, scr-siR-
NA-transfected, and Grx2 knock-
down HeLa cells. (A) Levels of Grx2
in WT cells, cells treated with an un-
specific scr-siRNA (scr), and cells
treated with a specific Grx2 siRNA
(Grx2 kd). The levels were determined
by ELISA as described in the Mate-
rials and Methods section. After
treatment with AF for 1.5 h (B) or
HNE for 20 h (C), the cell viability
was determined by the MTT assay.
(D) After treatment with AF for 1.5 h,
TrxR activity was determined with the
fluorescent insulin assay. Error bars
show mean – S.D. n = 4. **p < 0.01;
*p < 0.05, Student’s t-test, treated cells
versus WT control.

FIG. 7. Redox state of Trx1 and Trx2 in control and
Grx2 knockdown cells after treatment by HNE. Cells
without transfection (WT), cells transfected by an unspecific
siRNA (scr), and cells transfected by a specific Grx2 siRNA
(Grx2 kd) were treated with or without 10 lM HNE for 20 h,
and then, the redox state of Trx1 and Trx2 was determined
using a redox western blot analysis.
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by trypsin, and the generated peptides were applied to Nano-
LC-MS/MS. Four peptides were identified with HNE modi-
fication (Fig. 9B–E). The sites of HNE addition were Lys74,
His98, His101, and His111, respectively. One more peptide
(TSCSZCTMAK, the active site Cys37 and Cys40 containing
peptide) was found possible to be modified by HNE (Fig. 9F),
with Cys37 as the modification target. However, more spectra
of the same peptide were found unmodified (spectra not
shown). According to the MS data, the relative amount of
modified peptide (TSC*SZCTMAK) based on integrated
peptide intensities was 1.8%, meaning most (98%) of the
TSCSZCTMAK peptide were not modified with HNE. The
data here show that neither Cys37 nor Cys40 is a favorite
target for HNE modification. Grx2 active site is relatively
resistant to HNE modification, in accordance with that the
activity was not lost.

Discussion

In this study, we have analyzed the protein–disulfide re-
ductase activity of Grx2 system on cytosolic Trx1 and mi-
tochondrial Trx2. According to our data, under the
physiological concentrations of GSH (1–10 mM), Grx2
works as a reductase of Trx2, with the activity equivalent to
about 1–10 nM TrxR. Grx2 had a similar activity toward Trx1
as that with Trx2. The reducing activity of Grx2 toward Trx
gives the possibility for Grx2 to work as a backup for TrxR.
As shown in Figure 10, in the resting cells, the reducing
equivalent of NADPH goes to Trx mainly through TrxR. In
the cells treated with AF/HNE, when the TrxRs are com-
promised and inactivated, the reducing power of NADPH
may flow through a bypass composed by GR, GSH, and Grx2
to Trxs. This hypothesis was further tested by knocking down
Grx2 in the cells, where Trxs became remarkably more oxi-
dized than in control cells when treated with same concen-
tration of HNE (Fig. 7).

Active Trx2 is indispensable for cell survival, as the ho-
mozygous Trx2 - / - mouse embryonic fibroblasts (MEFs)
were not viable (34). Conversely, the homozygous TrxR2 - / -

MEFs could be propagated (although with lower proliferation

rate) (9), which means that there must be a backup system
transferring electrons from NADPH to Trx2 to keep it active
and functional in these cells. However, the nature of the
backup system was unknown and to be identified. Interest-
ingly, the TrxR2 - / - cells but not the WT cells died when
subjected to GSH depletion (9), implying the importance of
GSH for the backup system. But the mechanism was not
clear. Based on our finding that Grx2 system has the ability to
enzymatically catalyze the reduction of Trx2 (Fig. 1), it is
very likely that Grx2 had worked as the electron donor for
Trx2 in the TrxR2 - / - cells, and the cutoff of electrons from
both TrxR2 and Grx2 system resulted in cell death, as has also
be seen in our study with the combination of TrxR inhibitor
and Grx2 knockdown. These results implied that natural
abundance of Grx2 may work as an alternative reductase for
Trx2 in vivo. To date, no candidate other than Grx2 was found
to play this role.

There are more properties of Grx2 that make it fit for a
backup system. First, Grx2 protein could form dimers
through a ligating iron–sulfur cluster together with two
molecules of noncovalently bound GSH between the active
sites of each Grx2 monomer (4). Grx2 in the dimer is cata-
lytically inactive (24), and the iron–sulfur cluster was sug-
gested to work as a redox sensor: During conditions of
oxidative stress when free radicals are formed and the GSH
pool becomes oxidized, reduced GSH may become the lim-
iting factor for cluster coordination, leading to the dissocia-
tion of the holo-Grx2 complex, yielding enzymatically active
Grx2. Thus, for Grx2, the oxidative stress plays an activating
role, and the activated Grx2 will help in combating the oxi-
dative stress. Second, Grx2 is very resistant to oxidative in-
activation compared to other thiol-redox proteins (17). In our
study, we have found that Grx2 is also resistant against in-
activation by electrophiles like HNE (Figs. 8 and 9). The
insensitiveness of Grx2 to HNE increases its chance of pro-
tecting Trx from oxidation caused by inactivation of TrxR.

In the cytosol, the Grx1 and GSH system are very effective
in protecting Trx1 from oxidation when TrxR1 was in-
activated (11). In the mitochondria, GSH cannot be synthe-
sized de novo because of lacking of the enzyme machinery
needed for GSH synthesis. Mitochondrial GSH is imported
from the cytosol by specific carriers, which exhibit sensitivity
to membrane dynamics (30), and mitochondrial GSH has a
turnover rate more than 10-fold slower than that in the cytosol
(8). Probably as mitochondria is the main generator of cel-
lular reactive oxygen species but have a more fragile redox
pool, it seems that Trx2 is more difficult to be kept reduced
and functional during an oxidative insult. Overexpression of
Grx2 in the mitochondria may help keeping Trx2 reduced to
function in cell survival. In our study, overexpression of Grx2
in the cytosol is effective in protecting Trx1 from oxidation
(Fig. 5B), but could not stop an obvious oxidation of Trx2
(Fig. 4B), and was not very effective in the prevention of cell
death. Differently, overexpression of Grx2 in the mitochon-
dria is better in protection of Trx2 from oxidation (Fig. 4B)
and also works better in preventing mitochondrial oxidative
stress-mediated apoptosis. Based on these results, over-
expression of Grx2 in the mitochondria may have therapeutic
potential in neurodegenerative diseases like Alzheimer’s
disease or Parkinson’s disease, where mitochondrial oxida-
tive stress plays a dominant role in the malfunction and ap-
optosis of the brain cells (43).

FIG. 8. Activity assay of Grx2 with/without incubation
of HNE. Six micromolars of pre-reduced Grx2 was incu-
bated with 36 lM HNE. Aliquots of the incubation were
taken at indicated time intervals and assayed for the re-
maining activity of Grx2 with 0.7 mM HED as substrate.
HED, 2-hydroxyethyl disulfide.
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The finding that overexpressed Grx2 could reduce Trx1 in
the cytosol has its unique importance, as Grx2 specifically
exist in the cytosol/nucleus of a number of cancer cell lines,
or testis cells, but not in the cytosol/nucleus of most normal
tissue cells (27). The potential roles of cytosolic/nuclear Grx2
in the generation and progression of cancer remain unclear.
The finding here may indicate a pathway for Grx2 to support
cancer cell growth/survival through providing reducing
equivalents to Trx1.

Conclusively, the finding in this work provides a new in-
sight into the mechanism for Grx2 to have antioxidative and
anti-apoptotic effects, that is, by catalyzing the reduction of
oxidized Trx1/2. This activity is of particular importance
when TrxR is inactivated by exo/endogenous electrophilic
compounds. In mammalian cells, the Trx and Grx systems

cannot replace each other, as both are essential for main-
taining cellular redox homeostasis and cell survival. In an-
other way, they developed cross talks within certain members
from one to another system, providing backups in case if one
of the systems gets paralyzed. This mutual backup may
strengthen the cellular antioxidant capacity, benefiting cell
survival especially under oxidative stress.

Materials and Methods

Materials

Human Trx1 and Trx1 antibody was from IMCO Ltd.
Human Trx2 antibody was from Santa Cruz Biotechnology.
Recombinant rat TrxR1 (rrTrxR) was a kind gift from Prof.
Elias Arnér (Karolinska Institutet, Stockholm, Sweden).

FIG. 9. Mass spectrometry analyses of HNE modification on Grx2. (A) MALDI-TOFMS of HNE-modified hGrx2. (B–
F) Nano-LC-MS/MS spectra of Grx2 trypsin peptides modified by HNE. The bold characters in each peptide indicate the
sites of HNE addition. MALDI-TOFMS, matrix-assisted laser desorption/ionization–time-of-flight mass spectrometry.
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HNE was purchased from Calbiochem. AF was form Santa
Cruz Biotechnology. Yeast GR, GSH, insulin, NADPH, io-
doacetic acid (IAA), and iodoacetamide (IAM) were pur-
chased from Sigma–Aldrich. Dulbecco’s modified Eagle
medium (DMEM) was obtained from Invitrogen.

Protein expression and purification

Human Grx2 was expressed and purified using the auto-
induction method as described in Gustafsson et al. (15) and
Lundberg et al. (28). Briefly, Escherichia coli BL21-
CodonPlus(DE3)-RIL competentcells were transfected with
pET15b hGrx2D41–164. The strain was cultured in 10 ml LB
medium at 37�C overnight. Two hundred milliliters of the
auto-induction medium was inoculated with the 10 ml over-
night culture, and cells were then propagated at 18�C for 30 h,
harvested, and lysed by sonication. The lysates were cleared
by centrifugation and filtration. Grx2 was purified from the
clarified lysates by using nickel column on Äkta purification
system (GE Healthcare) equilibrated with PBS. Grx2 was
eluted with 200 mM imidazole and desalted with NAP-25
columns equilibrated with PBS.

The E. coli BL21 (DE3) strain harboring expressing vector
of His6-hTrx2 was a generous gift of Dr. Qing Cheng (Kar-
olinska Institutet, Stockholm, Sweden). The expression and
purification of hTrx2 was conducted with the same proce-
dures as stated above for hGrx2, except that the purified
hTrx2 were desalted and buffer-exchanged to TE buffer
(50 mM Tris, pH7.5, 1 mM EDTA), instead of PBS.

Preparation of the active site oxidized hTrx1 and hTrx2

The human insulin is a protein of two peptide chains, the
A-chain and the B-chain, linked together by two disulfide
bonds. These disulfide bonds could be reduced by the active
site dithiol of Trx1 or Trx2, generating active site oxidized
Trxs and reduced (separated A-chains and B-chains of) in-
sulin. As one dithiol can only reduce one disulfide, two molar
of Trxs are needed to reduce one molar of insulin. Once
reduced, the insulin peptides will become insoluble, which
allows the separation of the active site oxidized Trx from the
precipitated insulin by centrifugation. Specifically, human
Trx1/Trx2 were reduced by incubation with 10 mM DTT at
37�C for 30 min, then excess DTT were removed by desalting

on a NAP-5 Sephadex G-25 column. The reduced Trx1/2
were incubated with insulin on a molar ratio of 2:1 (Trx/
Insulin) at room temperature for 30 min and centrifuged at
16,000 g for 5 min to remove precipitated insulin. The su-
pernatant containing the Trx-S2 was collected, and the redox
state of this product was confirmed by redox urea-PAGE, a
method described in the following section.

Urea-PAGE for detection of the redox state
of purified Trx1/2

The method used for the detection of Trx redox state was
developed in Bersani et al. (7) and Takahashi and Hirose (40)
and modified in Du et al. (11) and Ungerstedt et al. (41). To
prepare mobility standards, hTrx1/2 proteins were dissolved
in TEU buffer (50 mM Tris-HCl, pH 8.2, 1 mM EDTA, 8 M
Urea) and incubated with 3.5 mM DTT at 37�C for 30 min to
be fully reduced. The incubation was divided into four ali-
quots and then treated with reagents containing varying
molar ratios of IAA/IAM (concentrations in mM: 30/0, 30/10,
10/30, 0/10). The aliquots were pooled and mixed, yielding
the mobility standards containing Trxs with different patterns
of IAA/IAM labeling on their thiols. The Trx samples with
unknown redox state were denatured with TEU buffer, and
the free thiols were alkylated by IAA by adding IAA to
30 mM and incubated at 37�C for 30 min. The proteins were
then precipitated by ice-cold acetone-HCl, washed twice with
ice-cold acetone-HCl, and resuspended in TEU buffer con-
taining 3.5 mM DTT. After incubated at 37�C for 30 min,
IAM was added to a final concentration of 10 mM and in-
cubated at 37�C for 15 min. The treated sample and the
mobility standards were then loaded on Urea-gel (12% ac-
rylamide [stacking gel 2.5%] with 8 M urea) and separated by
running at 5 mA for 4–5 h in 25 mM Tris-HCl, 192 mM
glycine buffer. The gel was stained by Coomassie Blue, and
the bands were photographed by a Bio-Rad ChemDoc XRS
scanning image analysis apparatus.

Enzyme activity assay

To determine the reductase activity of hGrx2 on hTrx1/2, a
coupled enzyme reaction system was used. The system
composed of 0.2 mM NADPH, 6 lg/ml GR, 1/10 mM GSH,
various concentrations (0–1 lM) of hGrx2, and 25 lM active

FIG. 10. Mechanism for Grx2 working
as a backup for TrxR.
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site oxidized Trx1/2 in TE buffer (pH7.5). The activity of the
reaction was determined by monitoring the decrease of ab-
sorbance at 340 nm caused by NADPH consumption. The
same system was used in determination of the reaction rates
of GSH (0–14 lM) with active site oxidized hTrx2, only
without hGrx2.

The reducing activity of rrTrxR on hTrx1/2 was deter-
mined by adding different concentrations (0–10 nM) of
rrTrxR to a cuvette containing 0.2 mM NADPH, 25 lM active
site oxidized Trx1/2 in TE buffer (pH7.5), and monitoring the
change of absorbance at 340 nm.

Cell culture and viability assay

Human cervical carcinoma HeLa cells were cultured in
the DMEM medium with 1 mg/ml d-glucose, supplemented
with 10% fetal bovine serum and 100 U/ml penicillin and
streptomycin at 37�C in an incubator with humidified at-
mosphere containing 5% CO2. The stably transfected HeLa
cell lines with mitochondrial or cytosolic overexpression of
Grx2 were from the construction and preparation of En-
oksson et al. (12) and cultured in the same conditions as that
of the WT cells.

For viability assay, the HeLa cell lines were plated in 96-
well plates at a density of 8 · 103 cells/well and cultured
overnight. The medium was then changed to 200 ll of fresh
medium containing AF or HNE at the designed concentra-
tions and treated for 1.5, 3, or 20 h as indicated before sub-
jected to MTT assay: 50 ll of MTT solution (2 mg/ml in PBS)
was added to each well and incubated for 4 h. The medium
containing MTT was removed carefully. One hundred fifty
microliters of dimethyl sulfoxide:glycine-NaCl buffer (pH
10.5, 4:1) was added to each well, and the plates were shaken
for 1 h at room temperature. The cell viabilities were then
determined by measuring the absorbance at 550 nm. The
mean value of at least 6 wells of the same treatment was used
for statistical analysis.

Redox Western blot of cellular Trx1/2

To prepare mobility standards, HeLa cell lysates were de-
natured with urea and fully reduced with DTT and then in-
cubated with varying molar ratios of IAA/IAM as described in
the Urea-PAGE for Detection of the Redox State of Purified
Trx1/2 section. To determine the redox state of Trxs in che-
mical compound-treated cells, the cells were washed twice
with PBS, lysed in TEU buffer containing 30 mM IAA, and
incubated at 37�C for 30 min. After removing the cell debris by
centrifugation, the cell lysates were precipitated by ice-cold
acetone-HCl and washed with the same buffer. The precipi-
tation was resuspended in TEU buffer containing 3.5 mM DTT
and incubated at 37�C for 30 min. Then, 10 mM IAM was
added to each sample and incubated for 15 min at 37�C.
Proteins in the sample were separated by urea-PAGE gel and
blotted to a nitrocellulose membrane (Bio-Rad). Membranes
were probed with the Trx1/2 primary antibody, biotinylated
secondary antibody (Dako), and streptavidin–alkaline phos-
phatase anti-biotin tertiary antibody (MABTECH AB) and
then visualized using 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium substrate (Sigma). The intensity of
each band was quantitated with a Bio-Rad ChemDoc XRS
scanning image analysis apparatus and Quantity One soft-
ware (Bio-Rad).

siRNA mediated knockdown of Grx2 in HeLa cells

Negative control siRNA (scr-siRNA) and predesigned
Grx2 siRNA were purchased from Qiagen. Shortly before
transfection, HeLa cells were seeded in six-well plates and
transfection was performed using HiPerFect Transfection
Reagent (Qiagen) according to the manufacturer’s protocol.
Briefly, 50 nM of the siRNAs and 12 ll of Hiperfect Trans-
fection Reagent were added to 100 ll of the Optimem me-
dium (Invitrogen). After 10 min of incubation, the siRNA
mixtures were added to the cells. The cells were harvested
after 48 h, and the level of Grx2 was analyzed by ELISA.

ELISA of Grx2

Quantification of Grx2 was performed by using specific
sandwich ELISA as described in Lillig et al. (26). Briefly,
96-well plates were coated with affinity-purified anti-Grx2
antibodies (2 lg/ml) overnight at 4�C. After blocking with
bovine serum albumin (BSA), cell lysates and Grx2 standards
(0.05–50 ng/ml) were added to the plate and incubated over-
night at 4�C. Biotinylated anti-Grx2 antibody (1 lg/ml) was
used as secondary antibody, and the results were obtained by
using alkaline phosphatase-conjugated streptavidin (Dako)
followed by staining with p-nitrophenyl phosphate (Sigma).
Quantification was carried out at 405 nm in a SpectraMax
340PC384 Microplate Reader (Molecular Devices).

Determination of TrxR activity in cell lysates

HeLa cells were plated at a density of 0.5 · 106 cells in six-
well plates in the DMEM medium. After overnight incuba-
tion at 37�C, the cells were washed with PBS and treated with
different concentrations of AF. After treatment, the cells
were carefully washed with PBS twice and lysed in TE buffer
(50 mM Tris-HCl, pH 7.5/1 mM EDTA/protease inhibitor
cocktails [Roche Diagnostics]) by sonication. The protein
concentration was determined by the DC protein assay kit
from Bio-Rad. TrxR activity in cell lysates was determined in
96-well plates with a fluorescent insulin assay kit (IMCO
Corporation Ltd AB). Approximately 10 lg of cell lysates
was added to the reaction solution containing 0.25 mM
NADPH and 2.5 lM human Trx1. The reaction solutions
without human Trx1 were used as background. After the
reaction solutions were incubated at 37�C for 30 min, fluo-
rescent insulin was added to each well. The emission at
525 nm was recorded after 485 nm excitation using VIC-
TOR3 Multilabel Plate Reader (PerkinElmer). TrxR activity
was determined by measuring the initial velocity from a
linear fluorescence increase due to the reduction of fluores-
cent insulin.

hGrx2 activity inhibition assay

2-hydroxyethyl disulfide (HED) assay was used to test if
HNE inhibits hGrx2. hGrx2 was pre-reduced by incuba-
tion with 10 mM GSH at 37�C for 30 min. Excess GSH were
removed by desalting on a NAP-5 Sephadex G-25 col-
umn equilibrated with PBS. Six micromolars of pre-reduced
hGrx2 was incubated with 36 lM HNE. At different time
intervals, aliquots of the incubation were added to a cuvette
containing TE buffer (pH 7.5) with 0.2 M NADPH, 1 mM
GSH, 6 lg/ml GR, and 50 lg/ml BSA. 0.7 mM HED was
added to initiate the reaction. The activity was determined by
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monitoring the absorbance at 340 nm. Background of HED
reaction was subtracted from the reaction curves.

Mass spectrometry analyses

6 lM pre-reduced Grx2 was incubated with 36 lM HNE
for 3 h. The excess HNE was removed by ultrafiltration, and
the HNE-modified Grx2 was subjected to matrix-assisted
laser desorption/ionization–time-of-flight mass spectrometry
(MALDI-TOFMS) analysis (by the PK/KI facility, Kar-
olinska Institutet). Briefly, the sample was spotted on a
MALDI target plate, mixed with MALDI matrix prepared by
dissolving 10 mg of Sinapinic acid in 1 ml of 30% (v/v)
acetonitrile/water with 0.1% trifluoroacetic acid (TFA). In
the linear positive mode, HNE-modified Grx2 was identified
using a MALDI-TOF mass spectrometer (Voyager-DE PRO;
Applied Biosystems). The instrument was equipped with a
Nitrogen laser with a Rep Rate of 3.0 Hz. Each spectrum was
the sum of 50 laser shots. The ion signal of myoglobin was
used for external calibration.

To identify specific amino acid residues of Grx2 that is
modified by HNE, the HNE-treated Grx2 was reduced by
DTT (20 mM, 4 h at 37�C), alkylated by incubation with IAM
(40 mM) at room temperature for 2 h in the dark, and then
digested by incubation with trypsin (4% weight of Grx2
protein) at 37�C for 16 h. The generated peptides were ap-
plied to Nano-LC-MS/MS analysis, using the Nano-EASY
LC, Proxeon LTQ Velos Orbitrap (Thermo Fisher). First, the
digest was dried under vacuum and then dissolved in 0.1%
formic acid-5% acetonitrile and loaded onto a prepacked C18
reverse phase column (PK/KI homemade). Next, the peptides
were separated using a gradient from 5% to 40% acetonitrile
in 0.1% formic acid in 30 min. Finally, the mass spectra were
acquired in positive ion mode. Quantitative data were gen-
erated using in-house developed software (PK/KI).
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Abbreviations Used

AF¼ auranofin
AP-1¼ activator protein 1

ASK-1¼ apoptosis signal-regulating kinase 1
Cys¼ cysteine

DMEM¼Dulbecco’s modified Eagle medium
GR¼ glutathione reductase
Grx¼ glutaredoxin

GSH¼ glutathione
H2O2¼ hydrogen peroxide
HED¼ 2-hydroxyethyl disulfide
HNE¼ 4-hydroxynonenal
IAA¼ iodoacetic acid
IAM¼ iodoacetamide

MALDI-TOFMS¼matrix-assisted laser desorption/
ionization–time-of-flight mass
spectrometry

MEF¼mouse embryonic fibroblast
NADPH¼ nicotinamide adenine dinucleotide

phosphate
NF-jB¼ nuclear factor kappa-light-chain-

enhancer of activated B cells
Prx¼ peroxiredoxin

PTEN¼ phosphatase and tensin homolog
Trx¼ thioredoxin

TrxR¼ thioredoxin reductase
urea-PAGE¼ urea-polyacrylamide gel electrophoresis

WT¼wild type
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