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Abstract Tert-butylhydroquinone (tBHQ), the major
metabolite of butylated hydroxyanisole, induces an
antioxidant response through the redox-sensitive
transcription factor, nuclear factor-E2-related factor-2
(Nrf2). However, the mechanism by which tBHQ
induces Nrf2 activity is not entirely understood. Here,
we show that tBHQ preferentially alters the redox
status in the mitochondrial compartment in HeLa
cells. HeLa cells treated with tBHQ showed a
preferential oxidation of mitochondrial thioredoxin-2
(Trx2), while cellular glutathione and cytosolic
thioredoxin-1 were not affected. Preferential mito-
chondrial oxidation by tBHQ was supported by
detection of reactive oxygen species (ROS) specific
to this compartment. To determine the role of Trx2 in
regulating downstream effects of tBHQ, HeLa cells
were transiently transfected with an empty, Trx2, or
C93S (Cys93Ser) Trx2 dominant-negative mutant
expression vector. Overexpression of Trx2 decreased
basal mitochondrial ROS production, whereas expres-
sion of C93S Trx2 enhanced it. In addition, under
untreated conditions, expression of C93S Trx2 led to
an increase in the basal activities of Nrf2. With tBHQ

treatments, Trx2 overexpression suppressed Nrf2
accumulation and activity, whereas expression of
C93S Trx2 had no effect on the degree of inducibility
or Nrf2 accumulation but did increase the overall
activity of Nrf2. Quantitative polymerase chain
reaction analysis of Nrf2-regulated gene expression
corroborate Trx2 control of tBHQ-mediated Nrf2
activation. These data show a compartment-specific
effect where tBHQ-induced Nrf2 signaling is mediated
by Trx2 and suggest that antioxidant status in various
compartments would provide different levels of control
of redox signaling.
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Introduction

Cells have adapted responses to deal with their
recurring interactions with their environment, including
those that might induce oxidative stress, macromole-
cule damage, and cell death. While these responses are
diverse, one response, the induction of phase II
detoxification enzymes, relies heavily upon the
redox-sensitive transcription factor, nuclear factor
(erythroid-derived 2)-like 2 (Nrf2). Upon activation,
Nrf2 has been shown to upregulate many genes
involved in ROS and xenobiotic metabolism, including
elements of the glutathione (GSH) and thioredoxin-1
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(Trx1) systems (Solis et al. 2002; Nakaso et al. 2003;
Petzer et al. 2003). Activation of Nrf2 has been shown
to protect cells against carcinogens (Fahey et al. 2002)
and xenobiotics (Kensler et al. 2007).

Nrf2 is a ubiquitously expressed transcription factor
and is found in most tissues. Nrf2 is relatively inactive
during unstressed conditions. Nrf2 is sequestered in the
cytosol through interaction with an inhibitor protein,
Kelch-like erythroid cell-derived protein with CNC
homology (ECH)-associated protein1 (Keap1). While
sequestered, Nrf2 is constitutively degraded through
ubiquitination and subsequent proteosomal degradation.
Keap1 contains many cysteine residues, of which
approximately one third are cysteines with low pre-
dicted pKa (Copple et al. 2008), as they are flanked by
at least one basic amino acid (Miseta and Csutora
2000). These cysteines act as redox sensors, which,
upon changes to the redox environment and oxidative
stress, are modified directly through either conjugation
or oxidation to a sulfenic acid (−SOH). Modification
causes a Keap1 conformational change resulting in the
release of Nrf2, which translocates to the nucleus,
binds to an antioxidant response element (ARE)
sequence (5′-RTGACnnnGC-3′) (Rushmore et al.
1991), and causes an upregulation of phase II enzymes
and antioxidant systems. There is some evidence that
different activators of Nrf2 may act on different
cysteine residues via the elicitation of an antioxidant
response (Kobayashi et al. 2009). Having multiple
mechanisms by which Keap1 can detect chemical
insult provides a means by which Nrf2 can respond to
many different types of stimuli.

Numerous inducers of Nrf2 have shown potential
for therapeutic interventions to inhibit cancer and
disease, including those that are natural products and
synthetic derivatives. Tert-butylhydroquinone (tBHQ)
is a metabolite of the chemical compound butylated
hydroxyanisole and induces Nrf2 activation and
conveys protection against hydrogen peroxide,
6-hydroxydopamine, the pesticidal deltamethrin, and
other toxicants (Li et al. 2002a, 2007; Hara et al.
2003; Kraft et al. 2004). However, the mechanism by
which tBHQ activates Nrf2 is not entirely understood.
Reports differ on the probable mechanism of tBHQ-
mediated Nrf2 activation, including those involving
reactive oxygen species (ROS) (Pinkus et al. 1996;
Itoh et al. 1999; Hara et al. 2003), where antioxidant
supplementation was shown to inhibit tBHQ-induced
gene induction in certain cell types but not in others.

tBHQ-induced ROS production may be a consequence
of redox cycling from a fully reduced form to an
oxidized form as a semiquinone anion radical (Gharavi
et al. 2007). A possible rationale for cell-specific
differences may be due to variations in subcellular
compartmentalized redox status. Previous work has
shown that redox-sensitive transcription factor activity
can be regulated by ROS production and redox status
changes in specific subcellular compartments (Halvey
et al. 2005, 2007; Hansen et al. 2006c, b, 2007).

Here, we show that tBHQ induces mitochondrial
oxidative stress en route to activation of Nrf2 in HeLa
cells and that the mitochondria-specific antioxidant,
thioredoxin-2 (Trx2), regulates tBHQ-induced stimu-
lation of Nrf2 activity. These may provide a clearer
paradigm to explain the mechanisms of tBHQ as an
Nrf2 activator.

Methods

Cell culture

HeLa cells were purchased from American Type
Culture Collection (Manassas, VA, USA) and were
grown in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics and maintained in humidified
incubator at 5% CO2 and 20% O2.

Fluorescence detection of ROS

To determine ROS production as a consequence of
tBHQ treatments, two different microplate fluorescent
probes were used, dichlorofluorescein (DCF) for
cellular hydrogen peroxide (Wang and Joseph 1999)
and MitoSox Red for mitochondrial superoxide anion
(Hansen et al. 2006c). For DCF assays, HeLa cells
were grown until confluent and loaded with 100 µM
DCF (Invitrogen) in loading medium (DMEM with
1% FBS) for 30 min. Cells were washed and then
treated with tBHQ (0–15 μM in DMSO) for 1 h. DCF
fluorescence was followed in a fluorometer (M2
microplate reader, Molecular Devices) at 488-nm
excitation and 520-nm emission. Comparisons of
tBHQ-treated cells were made with untreated cells.

For mitochondrial ROS production, HeLa cells were
grown to confluence treated with tBHQ (0–15 μM) for
1 h, after which, they were loaded with 5 µM MitoSox
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Red in Hank's balanced salt solution for 10 min at
37°C. Cells were washed with warm buffer prior to
measuring fluorescence in the microplate reader.
MitoSox Red fluorescent intensity was determined
at 510-nm excitation and 580-nm emission.

Glutathione redox measurements

GSH and GSSG were quantified by high-performance
liquid chromatography with fluorescence detection,
expressed as molar concentrations based on cell volume,
which were used to calculate the steady-state redox
potential values using the Nernst equation (Jones 2002).

Thioredoxin-1 redox measurements

RedoxWestern analysis of Trx-1 redox state was slightly
modified from the original protocol as described previ-
ously (Watson et al. 2003; Hansen et al. 2004).
Separation of Trx-1 oxidized and reduced forms is
achieved via derivatization with iodoacetic acid (IAA)
and separated based on differences in charge on a non-
reducing non-denaturing gel. In brief, Trx-1 was
carboxymethylated in guanidine-Tris solution (6 M
guanidine-HCl, 50 mM Tris, pH 8.3, 3 mM EDTA,
0.5% (v/v) Triton X-100) containing 50 mM IAA and
incubated for 30 min at 37°C. Excess IAAwas removed
by Sephadex chromatography (MicroSpin G-25 col-
umns, Amersham Biosciences), after which, samples
were diluted in 5× non-reducing sample buffer (0.1 M
Tris–HCl, pH 6.8, 50% (v/v) glycerol, 0.05% (w/v)
bromophenol blue) and separated on a native polyacryl-
amide gel (5% stacking gel, 15% resolving gel). Gels
were electroblotted to nitrocellulose membrane and
probed for Trx1 using anti-Trx1 primary antibody
(American Diagnostica, Greenwich, CT, USA) and
AlexaFluor 680 nm anti-goat IgG secondary antibody
(Molecular Probes, Eugene, OR, USA). Membranes
were scanned with an Odyssey infrared scanner (Li-Cor,
Lincoln, NE, USA). Densitometric analysis was per-
formed with the Odyssey scanning software. Redox
potentials were determined using band intensities and
the Nernst equation Eh ¼ E0 þ 2:3� RT=nF�logð
TRX�SS½ �= TRX�SH2½ �;E0 ¼�254mV at pH 7:4ð Þ.

Thioredoxin-2 redox measurements

Trx2 redox methods used were as previously de-
scribed (Halvey et al. 2005). Resolution of oxidized

and reduced Trx2 is achieved with derivatization with
4-acetoamido-4′-maleimidylstilbene-2,2′-disulphonic
acid (AMS) and separated based on protein size on
a non-reducing sodium dodecyl sulfate (SDS) gel.
Following tBHQ treatment, HeLa cells were precip-
itated with ice-cold trichloroacetic acid (10%) for
30 min at 4°C then centrifuged, resuspended in
100% acetone, and incubated at 4°C for 30 min.
Following centrifugation, acetone was removed, and
protein pellets were dissolved in lysis/derivatization
buffer [20 mM Tris/HCl, pH 8, 15 mM AMS
(Invitrogen) with 1% SDS] and incubated at room
temperature for 3 h. Oxidized and reduced Trx2 were
separated on an SDS/15% polyacrylamide gel in the
presence of non-reducing loading buffer. Immuno-
blotting was performed as described above but
utilized rabbit anti-Trx2 as the primary antibody.
AlexaFluor 680-conjugated anti-rabbit antibody (Invi-
trogen) was used as the secondary antibody. Integrated
densitometries of oxidized and reduced Trx2
bands were used with the Nernst equation to
calculate Eh values where E0=−330 mV at pH 7.6
(mitochondrial pH).

Vector transfections and ARE-driven luciferase
activity measurements

HeLa cells were transfected with combinations of
either an empty, human Trx2, or mutant C93S (Cys→
Ser) Trx2 expression vector (Chen et al. 2002), a
human NQO1-ARE (NADPH quinone:oxidoreduc-
tase 1-ARE, 5′-TCACAGTGACTCAGCAAA-3′)
luciferase reporter (vector construction described
elsewhere (Erickson et al. 2002)), and a pLacZ
vector for at least 24 h using Fugene6 transfection
reagent (Roche) per the manufacturer's instructions.
The C93S Trx2 mutant act as a dominant-negative
by binding with Trx2-related substrates, but due to
the lack of the other vicinal thiol found in functional
Trxs, the C93S Trx2 is unable to completely reduce
the substrate and remains bound through the formed
disulfide. Thus, the C93S Trx2 mutant may effec-
tively inhibit Trx2 substrate function, inhibit the
function of endogenous Trx2, and promote oxidative
stress. In the case of peroxiredoxins, the overall
peroxide elimination power in the mitochondria could
be decreased. Increased Trx2 (wild-type and C93S)
expression of approximately 35% was verified via
immunoblot analysis following 24 h of transfection,
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normalized to β-actin expression. After transfection,
cells were treated with tBHQ (0–15μM) for 8 h, washed
with phosphate buffer solution, and then collected in
reporter lysis buffer (Promega). Luciferase assay
reagent (Promega) was added to lysates, and
luminescence was measured on a luminometer
(Lumicount). The NQO1-ARE luciferase reporter
activity was normalized to β-galactosidase activity
using a kit for the colorimetric measurement of
2-nitrophenyl-β-D-galactopyranoside (ONPG) hydro-
lysis product (Sigma-Aldrich).

Assessment of Nrf2 protein levels was performed
via SDS-polyacrylamide gel electrophoresis and im-
munoblotting techniques. Cells were transfected with
empty, Trx2, or C93S Trx2 mutant expression vectors
for at least 24 h, after which, they were treated with
15 μM tBHQ for 2 h. Cells were collected in RIPA
buffer (Sigma) with protease inhibitors. Nrf2 protein
levels were detected with a rabbit Nrf2 primary
antibody (Santa Cruz Biotechnology) and a goat
anti-rabbit AlexaFluor 680 secondary antibody (Invi-
trogen). Blots were visualized via the Odyssey
Scanning system (Li-Cor) via methods provided by
the manufacturer.

SiRNA knockdown of Trx2

siRNA and related transfection reagents were pur-
chased from Santa Cruz Biotechnologies and used per
the manufacturer's instructions. After transfection,
quantification of Trx2 was determined via immuno-
blotting techniques to verify a decrease in Trx2 protein
levels and standardized to β-actin expression. Immu-
noblot visualization of Trx2 was performed as previ-
ously outlined above.

Quantitative real-time fluorescence PCR
of Nrf2-regulated genes

RNA from transfected (control, Trx2 or C93S vectors,
or siRNA) cells with and without tBHQ (15 µM)
treatments was collected with the RNAEasy Kit
(Qiagen). cDNA was synthesized from collected
RNA with the Quantitect DNA synthesis kit (Qiagen)
and prepared for real-time fluorescence polymerase
chain reaction (PCR) analysis of the expression of
glutamylcysteine ligase (Gclc), NADPH quinone:
oxidoreductase 1 (NQO1), and heme oxygenase-1
(HO1), which are genes known to be regulated by

Nrf2 (Petzer et al. 2003). Primers and SYBR green
real-time PCR kit were purchased from SABioscien-
ces and were used per the manufacturer's instructions.

Statistical analysis

Each measurement is the result of at least three
independently performed experiments. The one-way
analysis of variance was employed to determine
whether the means of different groups were signif-
icantly different. The Tukey's post hoc test was used
to determine the significance for all pairwise com-
parisons of interest.

Results

tBHQ induces mitochondrial reactive oxygen species
production

DCF assays have been used in multiple studies to
illustrate the increase in production of ROS, primarily
hydrogen peroxide, on a cellular level. In our studies,

Fig. 1 Compartmentalized tert-butylhydroquinone (tBHQ)-
induced reactive oxygen species (ROS) generation in HeLa
cells. Cells were treated with varying concentrations of tBHQ
(0–15 μM) for 1 h. ROS was detected by dichlorofluorescein
(whole cells) or MitoSox (mitochondrial specific) fluorescent
dyes. tBHQ caused a dose-dependent increase in ROS
preferential to the mitochondria, where little change was
detected on the whole cell level. Asterisks denote a statistically
significant difference (p<0.05). Results are from three inde-
pendently run experiments

544 Cell Biol Toxicol (2010) 26:541–551



DCF fluorescence did not change with increasing
concentrations of tBHQ (Fig. 1). However, DCF
fluorescence does not quantify changes in ROS
production in subcellular compartments, such as the
mitochondria; but rather, it usually is typical of whole
cell ROS production. Thus, we used MitoSox Red as
a mitochondria-specific superoxide anion indicator
and treated cells with tBHQ, demonstrating a dose-
dependent increase in fluorescence (Fig. 1). These
results are indicative of an increase in mitochondrial
ROS production.

Trx2, but not Trx1 or GSH, redox potential
becomes oxidized with tBHQ treatment

Previous work has shown that redox couples are
not in equilibrium but rather are independently
regulated (Hansen et al. 2006a; Jones 2006). Thus,

we evaluated the redox potentials (Eh) of GSH, Trx1,
and Trx2. GSH Eh was unchanged after 1 h of tBHQ
treatments (Fig. 2a) and remained at approximately
−230 mV. Similarly, Trx1 Eh did not change as well
(Fig. 2b) and remained at approximately −288 mV.
However, Trx2 Eh became oxidized with tBHQ
treatment (Fig. 2b). Untreated cells had a Trx2 Eh

of −357 mV but significantly increased to approxi-
mately −330 mV with tBHQ treatments. Oxidation
of Trx2 relative to GSH and Trx1 suggests that
tBHQ preferentially causes oxidative stress in the
mitochondrial compartment.

Trx2 modulates mitochondrial ROS production

Transfection resulted in an increase (by approximately
50% based on densitometry) in total Trx2 protein as
compared to basal levels of expression (Fig. 3a).
Overexpression of Trx2 causes a decrease in ROS as
detected by MitoSox Red compared to empty vector
controls, where Trx2 overexpressing cultures showed
a 50% decrease in ROS production (Fig. 3b). Con-
versely, overexpression of C93S Trx2 caused a
significant increase in mitochondrial ROS production,
measured as a 50% increase from empty vector
controls. These results were confirmed via fluores-
cence microscopy (Fig. 3c). These results show that
Trx2 is an important regulator of basal mitochondrial
ROS production.

Trx2 modulates tBHQ-mediated Nrf2 activity

An accepted mechanism by which Nrf2 activity is
increased is through the stabilization of Nrf2 (Hayes and
McMahon 2009). When Nrf2 is bound to Keap1, it is
continuously ubiquitinated and degraded (McMahon et
al. 2003). Following activation, Nrf2 is no longer
degraded but rather accumulates within the cell. Thus,
Nrf2 activation is often measured through an increase
in protein levels. HeLa cells were transfected with
either empty, Trx2, or C93S Trx2 mutant expression
vectors. Treatment with tBHQ (15 μM) showed an
increase in Nrf2 protein after 2 h in the empty vector
controls (Fig. 4). However, in Trx2 transfected
cultures, there was not an increase in Nrf2 protein
levels, suggesting that Nrf2 transactivation did not
occur. Expression of the C93S Trx2 mutant increased
Nrf2 levels at baseline compared to untreated empty
vector controls. tBHQ treatments in the C93S Trx2

Fig. 2 a Redox status of Trx2, Trx1, and glutathione (GSH)
with tert-butylhydroquinone (tBHQ) treatment. Cells were
treated with tBHQ (0–15 μM) for 1 h and then assayed for
each individual redox couple (see “Methods”). tBHQ treatment
did not affect the redox status of either Trx1 or GSH, but did
cause a significant oxidation of Trx2. b Redox western blots of
Trx1 and Trx2 in HeLa cells treated with tBHQ for 1 h. Trx1
bands did not shift as a consequence of tBHQ treatments, which
is indicative of oxidation, but rather remained unaffected. Trx2
bands did shift, indicating oxidation of Trx2 with tBHQ
exposures. Asterisks denote a statistically significant difference
(p<0.05). Results are from three independently run experiments
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transfected cultures showed an increase in Nrf2
concentrations that were similar to the level of
induction in tBHQ-treated controls.

To verify ARE involvement, we utilized ARE
luciferase reporter constructs. Transient co-transfections
of the human NQO1-ARE luciferase reporter, β-gal
reporter, and either empty, Trx2, or C93S Trx2 expres-
sion vectors were achieved in HeLa cells. Luciferase
activity showed that basal ARE activity was increased as

a consequence of C93S Trx2 overexpression as com-
pared to empty vector controls (Fig. 5a). Overexpression
of Trx2 did not affect basal ARE activity, which was
comparable to the activity in the empty vector controls.
Increased ARE activity due to C93S Trx2 overexpres-
sion may be related to an overall increase in ROS as a
mechanism by which the ARE is activated, whereas
under unstimulated basal conditions, overexpression of
Trx2 does not affect ARE responses. These results
suggest that Trx2-mediated ROS activation of the ARE
may be more important during periods of mitochondrial
stress than regulation of basal Nrf2 activities.

With tBHQ treatments, absolute activities of ARE,
based on luciferase activity/β-gal activity, were very
different (Fig. 5a). While empty vector controls and
Trx2 transfected cultures showed similar activity in
untreated cultures, tBHQ treatments caused a signif-
icant increase in ARE activity, starting at the lowest
concentration of 2.5 μM tBHQ in empty vector
controls. Trx2 transfected cultures did not respond to
tBHQ, even at the highest concentration of 15 μM. In
C93S Trx2 transfected cells, basal activities were
already elevated compared to empty vector control
cultures, but responded in a dose-dependent manner
to tBHQ treatments.

While these data show changes in ARE activity, it
is also important to quantitate ARE induction. To
measure ARE induction, data were normalized to
their respective untreated measurements. Dosing
empty vector control cultures with increasing concen-
trations of tBHQ showed a dose-dependent increase
in ARE activity via increased luciferase reporting
(Fig. 5b). A statistically significant induction was
achieved at 10 μM tBHQ. In C93S Trx2 transfected
cultures, tBHQ showed a very similar dose-dependent
ARE induction pattern, being nearly identical to the

Fig. 4 Nrf2 protein levels in transfected cells treated with tert-
butylhydroquinone (tBHQ). Cells transfected with an empty
vector showed an increase in Nrf2 protein levels with tBHQ
(15 μM) after 2 h. However, in cells transfected with Trx2, no
increase in Nrf2 levels was observed with tBHQ treatment.
Overexpression of C93S Trx2 showed an increase in Nrf2
activation with tBHQ treatment. β-actin was used as a loading
control. The blot shows typical results from three independently
perform experiments

Fig. 3 a Immunoblot analysis of cultures transfected with
either the human Trx2 or C93S Trx2 overexpression vectors.
Transient transfection demonstrates an increase of approximate-
ly 35% from empty vector (pcDNA 3.1) transfected controls. b
Overexpression of Trx2 decreases mitochondrial reactive
oxygen species (ROS) production. HeLa cells were transiently
transfected with a Trx2 overexpression vector and were then
stained with MitoSox Red, an indicator of mitochondrial ROS
production. Cells overexpressing Trx2 had less mitochondrial
ROS than empty vector controls. Conversely, overexpression of
the C93S Trx2 mutant exacerbated mitochondrial ROS produc-
tion as compared to the control. Asterisks denote a statistically
significant difference (p<0.05) from controls. Results are from
three independently run experiments. c MitoSox Red staining
of HeLa cells transfected with empty, Trx2 overexpressing, or
C93S Trx2 mutant vectors. The intensity of MitoSox Red
fluorescence is indicative of ROS production
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empty vector controls. Interestingly, in Trx2 trans-
fected cultures, ARE induction was inhibited regard-
less of the tBHQ treatments, demonstrating the
regulatory nature of Trx2 in tBHQ-induced ARE
activation.

Nrf2-regulated gene expression is modulated by Trx2
expression

While overexpression of Trx2 appears to alter Nrf2 as
indicated through luciferase reporting construct,
quantitative fluorescence real-time PCR was also
performed to confirm changes in Nrf2-related genes.
Results show that all three genes evaluated, Gclc,
NQO1, and HO-1, were significantly upregulated by
C93S expression, even without tBHQ stimulation
(Fig. 6a). The addition of tBHQ showed an increase
in control cultures where the expression of these same
genes was significantly increased (Fig. 6b). Interest-
ingly, fold changes from tBHQ-treated cultures were
altered by overexpression of Trx2 or C93S Trx2.
Overexpression of Trx2 resulted in a significant
decrease of Gclc and NQO1 expression, but HO-1
was unaffected (Fig. 6c). Conversely, overexpression
of the C93S Trx2 mutant resulted in the enhanced
expression compared to the tBHQ-treated empty
vector control cultures, demonstrating the capacity
of Trx2 to regulate tBHQ-mediated gene expression.

siRNA knockdown experiments were performed,
and Trx2 expression was decreased by approximately
70% (Fig. 7a). Loss of Trx2 expression resulted in an
increase expression of Gclc, NQO1, and HO-1 even
without tBHQ stimulation (Fig. 7b). NQO1 expression
was significantly increased in Trx2-deficient cultures
treated with tBHQ as compared to those not receiving
tBHQ. Interestingly, in these same cultures, tBHQ
treatment did not significantly increase Gclc or HO-1
expression significantly, suggesting that in cultures
lacking adequate Trx2 function and at 15 µM, tBHQ
cannot potentiate the expression of these genes.

Discussion

While there are a multitude of compounds capable of
Nrf2 activation, tBHQ at low doses conveys similar
levels of protection through the antioxidant response
(Li et al. 2002a). Studies where tBHQ was added to
the diet showed that tBHQ supplementation decreased

Fig. 5 Tert-butylhydroquinone (tBHQ)-stimulated antioxidant
response element (ARE) activity in HeLa cells transfected with
Trx2 or C93S Trx2 expression vectors. a In empty vector
controls, tBHQ activated human NQO1-ARE luciferase report-
ing in a dose-dependent manner. Similarly, in cells expressing
C93S Trx2, human NQO1-ARE luciferase reporting increased
in a dose-dependent manner but when compared to empty
vector controls, absolute levels were significantly higher. In
cells transfected with the Trx2 expression vector, tBHQ was
unable to stimulate the ARE. Asterisks denote statistically
significant changes (p<0.05) in Nrf2 activity in the transfected
cultures as compared to the empty vector control under basal
conditions only. b Induction of the ARE in cells overexpressing
Trx2 or C93S Trx2. Normalizing changes to percent change
from untreated tBHQ had a very similar effect in both the
empty vector control and the C93S Trx2 transfected cells,
where a dose-dependent increase in the induction of the
NQO1-ARE was noted, that were virtually identical. In cells
transfected with Trx2 overexpressing vectors, tBHQ-initiated
induction was blocked, showing no significant changes from
untreated cultures. Asterisks denote a statistically significant
difference (p<0.05) from empty vector controls treated at the
same concentration of tBHQ
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colon adenocarcinomas, hepatocellular carcinomas,
and liver preneoplastic foci in animal models
(Fukushima et al. 1991; Hasegawa et al. 1992; Hirose
et al. 1993), but tBHQ is also associated with
esophageal hyperplasia, forestomach papillomas, and
hyperplasia of mucosa (Altmann et al. 1985; Hirose et
al. 1993). While much of tBHQ protection, and
possibly its carcinogenic effect, is believed to be the
consequence of ROS generation via quinone/semi-
quinone redox cycling, our results showed very little

cellular ROS production, but rather very discrete ROS
production within the mitochondria.

There are many examples of the independent
effects of various redox couples and their compart-
mentation on redox signaling. For example, GSH is a
capable inhibitor of NF-κB activation by various
inducers of oxidative stress. However, the window of
activation can be closed under severe oxidative stress,
where cysteine residues in the DNA binding domain
of NF-κB can be oxidized and gene transactivation is
inhibited. Nuclear Trx1 has been shown to increase
the effectiveness of NF-κB signaling by reducing
oxidized cysteines and thereby enhancing NF-κB
signals (Hirota et al. 1999). Thus, GSH and Trx1
have very distinct roles in the regulation of NF-κB in
two very different compartments.

In the present study, tBHQ induces the oxidation of
mitochondrial Trx2 redox status, while cellular GSH
and extramitochondrial thioredoxin, Trx1, redox states
are unchanged. tBHQ-induced ROS production is
believed to be, in part, due to copper (Cu)-, prostaglan-
din H synthase-, or lipoxygenase-mediated redox
cycling from the quinone to the semiquinone and is
hypothesized to play a role in tBHQ carcinogenicity
(Schilderman et al. 1993; Li et al. 2002b). There are
few studies where the effect of tBHQ on the GSH
redox status has been fully characterized. Studies are

Fig. 6 Quantitative analysis of Nrf2-regulated gene expression.
Gclc, NQO1, and HO-1 gene expression was measured post-
transfection with either empty vector controls, Trx2, or C93S
Trx2 expression vectors. a Prior to tert-butylhydroquinone
(tBHQ) treatment, basal levels of Gclc, NQO1, and HO-1 were
determined. Overexpression of Trx2 did not significantly affect
the overall expression of any of the genes measured. Over-
expression of the C93S Trx2 mutant showed a substantial
increase in all genes measured. Asterisks denote a statistically
significant difference (p<0.05) from basal levels of gene
expression in the untreated, empty vector control cultures. b
tBHQ induction of Gclc, NQO1, and HO-1 expression in empty
vector control cells. As expected, tBHQ caused a substantial
increase in all three genes measured compared to non-tBHQ-
treated cultures. Asterisks denote a statistically significant
difference (p<0.05) from untreated and tBHQ-treated (15 µM)
empty vector control cultures. c Changes in tBHQ-induced levels
of Gclc, NQO1, and HO-1 gene expression in cells over-
expressing either Trx2 or mutant C93S Trx2. Compared to
control cultures treated with tBHQ, Trx2 overexpression signif-
icantly decreased tBHQ-mediated induction of both Gclc and
NQO1 but not HO-1. Conversely, overexpression of C93S Trx2
potentiated tBHQ-mediated induction of the expression of all
three genes. Asterisks denote a statistically significant difference
(p<0.05) from tBHQ-treated empty vector control cultures and
the Trx2 or C93S Trx2 transfected cultures

�
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contradictory, where tBHQ induces a decrease in GSH
in certain cell types but causes an increase in others
(Liu et al. 1994; Nakagawa et al. 1994; Nakagawa
1996; Hara et al. 2003; Okubo et al. 2003). While our
studies did not show a very profound effect on the GSH
system, there have been reports of tBHQ-related GSH
conjugates in animal models, demonstrating tBHQ's
interaction with GSH (Peters et al. 1996). However,
because there is little effect on GSH redox status, it is
unlikely that tBHQ is activating downstream signaling

pathways through a GSH redox-mediated mechanism.
Other studies support this hypothesis, where ROS may
not be the signaling mechanism but rather signaling
may be initiated by tBHQ oxidation products directly
(Nakamura et al. 2003).

However, these data show that there is a preferential
tBHQ-induced oxidation of the mitochondria, as
demonstrated by Trx2 oxidation. Trx2 is a mitochon-
drial specific protein that can actively participate in
ROS removal in conjunction with mitochondria-
specific peroxiredoxins (Prxs) and thioredoxin
reductase-2 (TR2) (Rhee et al. 2001, 2005). While it
is not clear how the interaction between tBHQ and
Trx2 occurs, oxidation of Trx2 does coincide with
changes in mitochondrial ROS production, namely,
superoxide anion (O2

·−). Furthermore, the origins of
O2

·− are unclear as it could be the result of possible
redox cycling within the mitochondria. Potentially,
tBHQ causes changes in mitochondrial metabolism or
electron transport chain function, yielding O2

·− in the
process. Clearly, further work is required to fully
understand the mechanism of tBHQ-induced oxidation
in the mitochondria.

In regards to cell signaling, this study shows that
Trx2 is a critical factor in mediating the mechanism
by which tBHQ induces Nrf2 activity. Overexpression
of Trx2 reduces tBHQ-induced Nrf2 activation, while
overexpression of the dominant-negative mutant,
C93S Trx2, enhances activation. Overexpression of
Trx2 in other signaling paradigms has been shown to
alter cell signaling. In HeLa cells, Trx2 overexpres-
sion decreased basal NF-κB activities and inhibited
TNF-α-induced activation (Hansen et al. 2006c).
Here, it appears that activation of Nrf2 is either
directly or indirectly mediated by factors originating
from the mitochondria that may be the result of
tBHQ-induced oxidation, which is regulated by Trx2
and possibly other mitochondrial antioxidants.

However, another important function of Trx2 is the
regulation of the mitochondrial permeability transition
(MPT). The activation of the MPT results in the
initiation of apoptotic processes. In U937 monocytes,
tBHQ altered mitochondrial membrane potential and
resulted in the release of cytochrome c (Okubo et al.
2003). This is another process where tBHQ-mediated
injury and Trx2 function intersects and may relate to
factors involved in Nrf2 activation and signaling.

In summary, tBHQ appears to generate mitochon-
drial ROS that plays a key role in the regulation of the

Fig. 7 siRNA knockdown of Trx2 and expression of tert-
butylhydroquinone (tBHQ)-stimulated and untreated cultures. a
Verification of Trx2 knockdown by siRNA methodologies.
Protein levels of Trx2 are significantly decreased with siRNA
transfection, measured as approximately 30% of original basal
levels (based on densitometry). b Changes in Nrf2-regulated
gene expression in Trx2-deficient cultures. tBHQ induces a
significant increase in the expression of Gclc, NQO1, and HO-1
in non-transfected cultures. Untreated siRNA transfected
cultures demonstrated a significant increase in all three genes
measured. tBHQ treatment in siRNA transfected cultures
showed as significant increase in NQO1 expression but not in
Gclc or HO-1 expression. Asterisks denote a statistically
significant difference (p<0.05) from untreated, control trans-
fected cultures. Crosses denote a statistically significant
difference (p<0.05) between untreated and tBHQ-treated
siRNA transfected cultures
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Nrf2 signaling pathway. Moreover, mitochondrial
antioxidants, such as Trx2, contribute to tBHQ
induction of Nrf2. Understanding how mitochondrial
antioxidants function in regulating these processes
would provide a foundation to making compounds
like tBHQ more useful in practical applications,
identifying possible target tissues and decreasing its
toxicity and carcinogenic potential.
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