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Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcrip-
tion factor that is activated by cellular stresses, such as oxidative 
compounds. After activation, Nrf2 induces transcription of its tar-
get genes, many of which have cytoprotective functions. Previously, 
we have shown that activation of Nrf2 by tert-butylhydroquinone 
(tBHQ) skews murine CD4+ T-cell differentiation. Although the 
role of Nrf2 in murine T cells is somewhat characterized, it is 
largely uncharacterized in human T cells. Therefore, the aim of 
the current studies was to characterize the effects of the Nrf2 acti-
vator, tBHQ, on the early events of human CD4+ T-cell activation. 
Pretreatment of Jurkat T cells with tBHQ, prior to activation with 
anti-CD3/anti-CD28, diminished the production of interleukin-2 
(IL-2) at both the transcript and protein levels. Similarly, the 
expression of CD25 also diminished, albeit to a lesser degree than 
IL-2, after pretreatment with tBHQ. The decrease in IL-2 pro-
duction was not due to decreased nuclear translocation of c-fos or 
c-jun. Although tBHQ caused both a delay and a decrease in Ca2+ 
influx in activated Jurkat cells, no decrease in nuclear factor of 
activated T cells (NFAT) DNA binding or transcriptional activity 
was observed. In contrast to NFAT, tBHQ significantly decreased 
NFκB transcriptional activity. Collectively, our studies show that 
the Nrf2 activator, tBHQ, inhibits IL-2 and CD25 expression, 
which correlates with decreased NFκB transcriptional activity in 
activated Jurkat cells. Overall, our studies suggest that Nrf2 rep-
resents a novel mechanism for the regulation of both human and 
mouse T cell function.
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Nuclear factor erythroid 2-related factor 2 (Nrf2) is a tran-
scription factor that is activated by cellular stresses, such as 
oxidative stimuli (Chan et al., 1996; Dinkova-Kostova et al., 
2002). When inactive, Nrf2 is tethered to the actin cytoskeleton 
within the cytosol by its repressor protein, Kelch ECH associat-
ing protein 1 (Keap1). Interaction of Nrf2 with Keap1 causes 
its continual ubiquitination and degradation (Itoh et al., 1999; 

McMahon et  al., 2003). When activated by cellular stresses, 
Nrf2 translocates into the nucleus and binds to the promoters 
of genes containing the antioxidant response element, induc-
ing their transcription (Itoh et al., 1997; Kensler et al., 2007; 
Venugopal and Jaiswal, 1996). Genes regulated by this path-
way are involved in detoxification, antioxidant response, and 
glutathione homeostasis among other cytoprotective functions 
(Lee et al., 2005; Li et al., 2004; Maher et al., 2007). In mice, 
it has been shown that Nrf2 is inducible in leukocytes and 
upregulates both Heme oxygenase-1 (Hmox-1) and NAD(P)
H quinone oxidoreductase 1 (Nqo1) (Kim and Nel, 2005; 
Thimmulappa et al., 2006b). Accordingly, Nrf2 activity can be 
assessed by measuring induction of Hmox-1 and Nqo1 mRNA 
expression in addition to nuclear translocation of Nrf2.

Widely used as a preservative in food, tert-butylhydroqui-
none (tBHQ) is a well-characterized activator of Nrf2. It has 
been previously shown that tBHQ activates Nrf2 by interact-
ing with thiol groups of cysteine molecules on the Keap1 pro-
tein, which interferes with the ability of Keap1 to repress Nrf2 
(Li and Kong, 2009). In industry, tBHQ functions as a food 
preservative by preventing the rancification of lipids (Shahidi, 
2000). Previous studies have shown serum concentrations of 
tBHQ reaching the high micromolar range in healthy volun-
teers who ingested 100–150 mg of tBHQ (WHO, 1975).

Although a key player in xenobiotic detoxification and 
metabolism, a growing number of studies show Nrf2 also plays 
a role in immune cell function and in various inflammatory dis-
eases, including autoimmune disease and allergy (Innamorato 
et al., 2008; Johnson et al., 2010; Rangasamy et al., 2005). Our 
previous studies demonstrate that Nrf2 activation in primary 
mouse splenocytes modulates murine CD4+ T-cell differentia-
tion (Rockwell et al., 2012). Studies by other groups have dem-
onstrated that female Nrf2-knockout mice are susceptible to an 
autoimmune disease resembling systemic lupus erythematosus, 
which is characterized by the presence of antibodies targeting 
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host dsDNA (Ma et al., 2006; Yoh et al., 2001). Importantly, 
the majority of studies investigating the role of Nrf2 in immune 
cells have used murine models, and thus, the role of Nrf2 in 
human immune cells remains largely uncharacterized.

Activation of CD4+ T cells is integral to initiating a healthy 
immune response to a pathogen. T cells are typically in a resting, 
quiescent state. In order for activation to occur, the cell requires 
two stimuli. First, the T-cell receptor (CD3) must encounter a 
major histocompatibility complex class II molecule, which is 
loaded with antigen. A  costimulatory signal is also required 
and can be provided by numerous costimulatory receptors and 
ligands (Cantrell, 1996). Experimentally, T cells can be acti-
vated with antibodies directed against CD3 and CD28, which 
is a costimulatory receptor. These interactions lead to a cascade 
of signaling events, bringing about T-cell activation. One of the 
earliest events of T-cell activation is the influx of Ca2+ through 
the calcium release–activated channels (Cantrell, 1996). This 
sudden change in the intracellular Ca2+ concentration activates 
the calcium-sensitive transcription factor, nuclear factor of acti-
vated T cells (NFAT), which translocates to the nucleus and 
binds to the promoters of target genes (Cantrell, 1996). T-cell 
activation also initiates several kinase cascades, including 
RAC-JNK, PKC-SEK1-JNK, and RAS-RAF-ERK (Kim et al., 
2006). The result of this signal transduction is the transloca-
tion of the transcription factors NFκB, c-fos, and c-jun, which 
subsequently induce target genes, such as interleukin-2 (IL-2) 
(Cantrell, 1996). In addition to induction of IL-2, T-cell activa-
tion also upregulates expression of the canonical T-cell activa-
tion markers, CD25 and CD69. CD25 is the high affinity chain 
of the IL-2 receptor, and CD69 is a lectin-type receptor; both 
become highly expressed after activation. These early events 
of T-cell activation are vital in initiating an effective immune 
response.

Our previous studies demonstrated that activation of Nrf2 
modulates murine CD4+ T-cell differentiation; however, the 
role of Nrf2 in T-cell activation itself was not investigated 
(Rockwell et al., 2012). The purpose of the present studies was 
not only to determine the effect of the Nrf2 activator, tBHQ, 
on the early events of T-cell activation but to do so in a human 
T-cell model.

MATerIALS AND MeTHODS

Materials. tBHQ and all other reagents were purchased from Sigma–
Aldrich (St Louis, MO), unless otherwise specified.

Cell culture. Human Jurkat E6-1 cells were purchased from American 
Type Culture Collection (Manassas, VA). Cells were then cultured in RPMI 
1640 media, with the addition of 10% fetal bovine serum (Biowest LLC, 
Kansas City, MO), 25mM HEPES, 1mM sodium pyruvate, 10mM nonessential 
amino acids, 100 µ/ml penicillin, and 100 µ/ml streptomycin. All treatments and 
activation of Jurkat T cells are discussed in figure legends.

mRNA quantification by real-time PCR. Total RNA was isolated from 
2 × 106 Jurkat T cells using TRIzol Reagent per the manufacturer’s protocol 
(Life Technologies, Grand Island, NY). After isolation, reverse transcription 

was performed prior to Sybr green real-time PCR analysis. Relative mRNA 
expression was calculated by DDCt, normalized to ribosomal protein L13a, 
using Ct values quantified by Life Technologies/Applied Biosystems Sequence 
Detection System 7500 (Grand Island, NY). All primer sequences were 
retrieved from qPrimerDepot (http://primerdepot.nci.nih.gov/) and synthesized 
by Integrated DNA Technologies (Coralville, IA). The primer sequences are as 
follows: RPL13A forward primer, 5′GTTGATGCCTTCACAGCGTA-3′ and  
RPL13A reverse primer, 5′-AGATGGCGGAGGTGCAG-3′; Nrf2 forward  
primer, 5′-TCTTGCCTCCAAAGTATGTCAA-3′ and Nrf2 reverse primer,  
5′-CACGGTCCACAGCTCATC-3′; NQO1 forward primer, 5′-TCCTTTCTT 
CAAAGCCG-3′ and NQO1 reverse primer, 5′-GGACTGCACCAGAGCCAT- 
3′; HMOX-1 forward primer, 5′-GGCTTCCCTCTGGGAGTCT-3′ and HMO 
X-1 reverse primer, 5′-AGCTGCTGACCCATGACAC-3′; IL-2 forward primer, 
5′-GCACTTCCTCCAGAGGTTTG-3′ and IL-2 reverse primer, 5′-TCACCAG 
GATGCTCACATTT-3′; CD69 forward primer, 5′-ACAGGAACTTGGAAG 
GACCC-3′ and CD69 reverse primer, 5′-AGAACAGCTCTTTGCATCCG-3′; 
CD25 forward primer, 5′-TAGGCCATGGCTTTGAATGT-3′ and CD25 
reverse primer, 5′-ATACCTGCTGATGTGGGGAC-3′.

IL-2 quantification by ELISA. Jurkat T cells were cultured in 96-well 
plates (1 × 105 cells/well) and treated as described, and cell supernatants were 
harvested 24 h after activation with anti-CD3/anti-CD28. IL-2 was quantified 
from cell supernatants by the use of a commercially available kit per the manu-
facturer’s protocol (BioLegend, San Diego, CA). Relative light intensity was 
quantified at 450 nm by Bio-Tek µQuant microplate reader (Highland Park, 
VT). The IL-2 concentrations of each sample were then calculated using a 
line ar standard curve on Microsoft Excel (Microsoft, Redmond, WA).

Measurement of extracellular markers by flow cytometry. Jurkat T cells 
were labeled with anti-CD69/PECy7 (BioLegend) and anti-CD25/APC (eBio-
science, San Diego, CA). The cells were then washed, resuspended in FACS 
buffer, and subsequently analyzed by flow cytometry using the BD Accuri C6 
(BD Accuri, San Jose, CA). Fluorescence was quantified using CFlow software 
(BD Accuri).

Measurement of Ca2+ influx by flow cytometry. Jurkat T cells were 
labeled, at a density of 1 × 106 cells per ml, with Fluo-4, AM (Life Technologies) 
as per the manufacturer’s protocol. The cells were then washed and analyzed by 
flow cytometry using a BD Accuri C6 (BD Accuri). Fluorescence was quanti-
fied using CFlow software (BD Accuri).

Protein isolation. Nuclei were extracted from 1 × 107 Jurkat T cells, 3 h 
after activation by anti-CD3/anti-CD28. Cells were lysed using a solution con-
taining 10mM HEPES, 100mM KCl, 1.5mM MgCl

2
, 0.1mM EGTA, 0.5mM 

DTT, 0.5% NP-40 substitute, and 1× Halt protease inhibitor cocktail (Thermo 
Scientific, Waltham, MA). The cells were then spun down and resuspended 
in nuclear extraction buffer containing 10mM HEPES, 420mM NaCl, 1.5mM 
MgCl

2
, 0.1mM EGTA, 0.5mM DTT, 5% glycerol, and 1× Halt protease inhibi-

tor cocktail. Samples were kept in nuclear extraction buffer for 1 h, vortexing 
intermittently. After incubation, samples were spun down, and supernatants 
containing the nuclear fraction of the protein extract were collected. Nuclear 
protein was quantified via Bradford assay (Bio-Rad, Hercules, CA).

Western blotting. After quantification, nuclear protein was diluted in 
Laemmli Sample Buffer (Bio-Rad) supplemented with 2-mercaptoethanol 
so that each well contained 10  µg of nuclear protein. Samples were sub-
jected to SDS-PAGE and subsequently transferred to a PVDF membrane. 
Membranes that were probed for histone H3 were blocked with 5% chicken 
albumin, from egg white (Sigma–Aldrich), in PBS containing 0.05% Tween 
20 (PBST). Blots targeting c-fos, c-jun, and Nrf2 were blocked with 5% 
nonfat dry milk (NFDM) in 0.05% PBST. Histone H3 primary antibody (FL-
136) was diluted 1:100 in 0.05% PBST containing 2% chicken albumin. 
Primary antibodies for Nrf2 (H-300), c-Jun (D), and c-Fos (H-125) were 
diluted 1:1000 in 0.05% PBST containing 2% NFDM. All primary antibod-
ies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The 
secondary antibody was HRP linked and was diluted 1:2000 in 0.05% PBST 
containing 2% of the blocking compound. The anti-rabbit IgG was obtained 

64 

http://primerdepot.nci.nih.gov/


EFFECT OF tBHQ ON EARLY T-CELL ACTIVATION

from Cell Signaling (Danvers, MA). All blots were developed via ECL 
Western Blotting Substrate (Thermo Scientific) as per the manufacturer’s 
protocol. The bands were visualized by the LI-COR Odyssey FC infrared 
imaging system (Lincoln, NE).

ELISA-based DNA binding assay. One hour after activation by anti-CD3/
anti-CD28, nuclear protein was extracted from 1 × 107 Jurkat T cells, using a 
commercially available kit (Active Motif, Carlsbad, CA). After extraction, 
nuclear protein was quantified via the Bradford assay (Bio-Rad). One micro-
gram of nuclear protein was used to quantify NFAT DNA binding using a com-
mercially available ELISA-based DNA binding assay (Active Motif). Assays 
were done as per the manufacturer’s protocol.

Transient transfection and luciferase assay. Human Jurkat T cells 
were reverse transfected with 1.5 μg of plasmid and 3 μl of Lipofectamine 
2000 (Life Technologies) per 5 × 105 cells for 12 h in complete media. After 
12 h, the cells were washed and resuspended at a concentration of 5 × 105 
cells/ml in complete media. After resuspension, the cells were seeded in a 
96-well plate at a volume of 200 μl per well. The cells were then treated as 
described in the figure legends and incubated for 12 h. After incubation, the 
luciferase activity was measured via a commercially available kit using the 
manufacturer’s protocol (Promega, Madison, WI). Luciferase luminescence 
was quantified by the Tecan Infinite M1000 Pro Microplate Reader (Tecan, 
San Jose, CA).

Plasmids. The NFAT luciferase reporter plasmid was obtained from 
Signosis, Inc. (Sunnyvale, CA). The AP-1 and NFκB luciferase reporters were 
purchased from Promega (Madison, WI).

Statistical analysis. For each treatment group, the mean ± the standard 
error was calculated. One-way ANOVA followed by the Dunnett’s post hoc 
test was used to determine statistical significance at p < 0.05 compared with 
the vehicle control. All statistical analyses were calculated by SigmaPlot 12.3 
(Systat Software Inc., San Jose, CA).

reSuLTS

Nrf2 Activator, tBHQ, Inhibits Production of IL-2

We have previously demonstrated that activation of Nrf2 by 
the food preservative, tBHQ, modulates T-cell differentiation in 
primary murine CD4+ T cells (Rockwell et al., 2012). However, 
the role of Nrf2 and the effect of tBHQ in human CD4+ T cells 
remain largely uncharacterized. Therefore, the purpose of our 
current studies was to investigate the effects of tBHQ on the 
early events of T-cell activation in human Jurkat T cells. The 
Nrf2 activator, tBHQ, markedly decreased IL-2 production by 
Jurkat T cells activated with anti-CD3 and anti-CD28 (Fig. 1). 
The decrease in IL-2 by tBHQ was concentration dependent and 
was observed at both the mRNA and protein levels. Decreased 
IL-2 protein production by tBHQ occurred at concentrations as 
low as 0.1µM. No decrease in cellular viability was seen at the 
concentrations used in this study (data not shown). Consistent 
with our previous findings in murine T cells, these data suggest 
that tBHQ modulates cytokine production in human T cells 
as well.

Activation of Nrf2 by tBHQ in Jurkat T Cells

To determine whether activation of Nrf2 may play a role in 
inhibition of IL-2 by tBHQ, we investigated whether Nrf2 is 
activated by tBHQ in Jurkat cells. tBHQ caused an increase in 

Nrf2 in nuclear protein extracts as determined by Western blot 
analysis, which is consistent with increased nuclear transloca-
tion (Fig. 2a). Although tBHQ tended to increase Nrf2 mRNA 
levels, this effect was not statistically significant (Fig. 2b). In 
addition, mRNA levels of the Nrf2 target genes NQO1 and 
HMOX-1 were substantially increased by tBHQ at concen-
trations as low as 0.1µM (Figs. 2c and d). Overall, these data 
strongly suggest that tBHQ activates Nrf2 in Jurkat T cells, as 
has been observed in other cell types.
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FIg. 1. The Nrf2 activator, tBHQ, inhibits both mRNA and protein pro-
duction of IL-2 in human Jurkat T cells. Jurkat T cells received activator alone 
(0), were left untreated (BKG), or were pretreated with either tBHQ (0.1, 0.5, 1, 
or 5µM) or the vehicle (VH) control (0.01% ethanol). Pretreatment of cells with 
both VH and tBHQ occurred 30 min prior to activation of the cells by anti-CD3/
anti-CD28. (A) Six hours post-activation, cells were harvested and mRNA was 
collected. Quantification of IL-2 mRNA was then performed by real-time PCR. 
(B) Twenty-four hours after activation with anti-CD3/anti-CD28, cell superna-
tants were collected and IL-2 protein was quantified by ELISA. * represents 
p < 0.05 versus VH.
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Differential Effects of tBHQ on CD25 and CD69  
Expression in Jurkat Cells

Because tBHQ markedly suppressed IL-2 production by acti-
vated Jurkat cells (Fig. 1), we next investigated the effects of 
tBHQ on other early events of T-cell activation. The high affinity 
chain of the IL-2 receptor (CD25) is an early activation marker 
in CD4+ T cells. Although treatment of Jurkat T cells with tBHQ 
caused a statistically relevant decrease in CD25 expression at 
both the protein and mRNA levels, the effect of tBHQ on CD25 
was more modest than that observed in IL-2 production (Fig. 3). 
In addition to CD25, CD69, a lectin-type receptor, is also a 
marker of early T-cell activation. Although tBHQ caused a mod-
est decrease in CD69 protein expression, this was not observed 
at the mRNA level. Taken together, the data suggest that Nrf2 
activation may moderately decrease CD25 expression.

Effect of tBHQ on Nuclear Translocation of the 
Transcription Factors, c-fos and c-jun

To determine the mechanism by which tBHQ suppresses 
IL-2 production in Jurkat cells, we next examined the effect of 
tBHQ on the nuclear translocation of c-fos and c-jun, known 
regulators of IL-2 transcription. As expected, activation of 
Jurkat T cells caused robust nuclear translocation of both c-fos 
and c-jun (Fig.  4). Pretreatment with tBHQ did not decrease 
nuclear translocation of c-fos or c-jun and, in fact, appears to 
cause a modest increase at the highest concentration (5µM). 
These data suggest that inhibition of IL-2 by tBHQ is not due 
to decreased nuclear translocation of c-fos/c-jun.

tBHQ Inhibits Calcium Influx in Activated Jurkat T Cells

Calcium influx is a critical event in the activation of T cells. 
Calcium is integral in many cellular processes, including the 
activation of the transcription factor, NFAT (Cantrell, 1996). 
NFAT is a calcium-sensitive transcription factor that has mul-
tiple binding sites on the promoter of the IL-2 gene. The lack 
of effect of tBHQ on either c-fos or c-jun suggests that Nrf2 is 
inhibiting the expression of this gene by another means, such 
as inhibition of calcium influx. Thus, calcium influx in Jurkat 
T cells was measured over time following cell activation. After 
measurement for 1.5 min to establish baseline, anti-CD3/anti-
CD28 was added to the suspension, which caused a subsequent 
spike in calcium influx a couple of minutes later (Fig. 5a). Cells 
that were pretreated with tBHQ displayed significant reduction 
in both fluorescent intensity and number of cells that were posi-
tive for calcium influx at both 1 and 5µM tBHQ (Figs. 5b–d). 
In addition, tBHQ caused a delay in calcium influx (Fig. 5a). 
Overall, these data demonstrate that tBHQ causes both a delay 
and a decrease in calcium influx in activated Jurkat T cells.

Activity of the Transcription Factor NFAT Is Unaffected  
by the Nrf2 Activator, tBHQ

The decrease in calcium influx by tBHQ prompted us to 
investigate DNA binding and transcriptional activity of the 
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FIg. 2. tBHQ causes nuclear translocation of Nrf2 and induction of Nrf2 
target genes in Jurkat T cells. Jurkat T cells received activator alone (0), were 
left untreated (BKG), or were pretreated with either tBHQ (0.1, 0.5, 1, or 5µM) 
or the vehicle (VH) control (0.01% ethanol). Pretreatment of cells with both 
VH and tBHQ occurred 30 min prior to activation of the cells by anti-CD3/anti-
CD28. (A) Three hours after activation with anti-CD3/anti-CD28, cells were 
harvested and nuclear protein was extracted. Western analysis was performed, 
and the resulting blot was probed for Nrf2. Histone H3 was used as the load-
ing control. Six hours post-activation, cells were harvested and mRNA was 
collected. Quantification of (B) Nrf2, (C) HMOX-1, or (D) NQO1 mRNA was 
performed by real-time PCR. * represents p < 0.05 versus VH.
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FIg. 3. The Nrf2 activator, tBHQ, causes a modest reduction in CD25 expression in activated Jurkat cells. Jurkat T cells received activator alone (0), were left 
untreated (BKG), or were pretreated with either tBHQ (0.1, 0.5, 1, or 5µM) or the vehicle (VH) control (0.01% ethanol). Pretreatment of cells with both VH and 
tBHQ occurred 30 min prior to activation by anti-CD3/anti-CD28. Twenty-four hours post-activation with anti-CD3/anti-CD28, Jurkat T cells were isolated and 
labeled with anti-CD25/APC and anti-CD69/PECy7. CD25 and CD69 expression was analyzed by flow cytometry. For mRNA analysis, cells were harvested 6 h 
after activation with anti-CD3/anti-CD28 for RNA isolation. CD25 and CD69 mRNAs were measured by real-time PCR. (A) Representative dot plots from flow 
cytometry. (B) Graphical representation of CD25-positive cells by flow cytometry. (C) Quantification of CD25 mRNA. (D) Graphical representation of CD69-
positive cells by flow cytometry. (E) Quantification of CD69 mRNA. * represents p < 0.05 versus VH.
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calcium-sensitive transcription factor, NFAT. Toward this end, 
we quantified NFAT DNA binding with an ELISA-based assay 
and transcriptional activity with an NFAT-luciferase reporter 
assay. Unexpectedly, NFAT DNA binding and transcrip-
tional activity were largely unaffected by tBHQ (Figs. 6a–b). 
Collectively, these data indicate that tBHQ does not impair 
NFAT activity.

Nrf2 Activator, tBHQ, Modulates AP-1 and NFκB Activity

The lack of effect of tBHQ on NFAT activity was an unex-
pected finding and prompted us to investigate the activity of 
other transcription factors that regulate IL-2 transcription. 
Thus, the transcriptional activity of AP-1 (c-fos/c-jun) and 
NFκB was investigated using luciferase reporter genes. At 
the highest concentration (5μM), tBHQ markedly increased 
AP-1 luciferase activity (Fig. 7a). Conversely, tBHQ caused a 
concentration-dependent decrease in NFκB luciferase activity 
(Fig. 7b). Taken together, these data show that the Nrf2 activa-
tor, tBHQ, causes an increase in AP-1 transcriptional activity 
and a concurrent decrease in NFκB transcriptional activity in 
activated Jurkat T cells.

DISCuSSION

The purpose of the current studies was to characterize the 
effect of the Nrf2 activator, tBHQ, on the early events of T-cell 
activation in a human T-cell model. The data from these studies 
suggest that Nrf2 is activated by tBHQ in human Jurkat T cells, 
as evidenced by nuclear translocation of Nrf2 and upregulation of 
the Nrf2 target genes, HMOX-1 and NQO1. The current studies 

also indicate that the Nrf2 activator, tBHQ, inhibits IL-2 secre-
tion and the expression of CD25 on the cell surface, but only a 
modest reduction was observed in the expression of CD69. The 
decrease in IL-2 by tBHQ is consistent with what has recently 
been observed with benzo(a)pyrene, which is also a Nrf2 acti-
vator (Murugaiyan et al., 2013). Although tBHQ decreased cal-
cium influx in activated Jurkat cells, NFAT DNA binding and 
transcriptional activity were not diminished, which was an unex-
pected finding. In contrast, tBHQ increased AP-1 transcriptional 
activity at 5μM and dose dependently decreased NFκB activity. 
Collectively, these data suggest that the inhibition of IL-2 secre-
tion by tBHQ is due to decreased NFκB transcriptional activity.

Nrf2 is an important player in modulating the immune 
response in several models of inflammation and has been 
shown to be a potential therapeutic target in the treatment of 
inflammatory diseases, such as sepsis and brain inflammation 
(Innamorato et al., 2008; Kataoka et al., 2001; Thimmulappa 
et al., 2006b). Additionally, our lab has shown that activation 
of Nrf2 skews CD4+ T-cell differentiation in primary murine 
CD4+ T cells (Rockwell et al., 2012). Although the role of Nrf2 
in the regulation of murine T cell function has been somewhat 
characterized, the role of Nrf2 in human T cells remains largely 
unexplored. Similar to our previous studies in murine T cells, 
this study suggests that Nrf2 also plays a role in the regulation 
of human T cell function.

This study demonstrates that the Nrf2 activator tBHQ has 
an inhibitory effect on some of the early events of T-cell acti-
vation, including calcium influx. In contrast to this study, a 
previous study showed the Nrf2 activator, bis (tri-n-butyltin) 
oxide (TBTO), increased calcium influx in Jurkat cells (Katika 
et al., 2011). There are many differences between the two stud-
ies, however, including the kinetics of calcium influx and the 
Nrf2 activators used. In addition to effects on T-cell activa-
tion, treatment of Jurkat cells by tBHQ has also been shown 
to regulate chromatin remodeling in a mechanism that involves 
the tumor suppressor, phosphatase and tensin homolog (PTEN) 
(Sakamoto et al., 2009).

Additives to food, such as tBHQ, are widely used today to 
increase shelf life and decrease spoilage (Shahidi, 2000). The 
presence of the preservative, tBHQ, can be seen in products 
ranging from vegetable oil to crackers and cereal. Previously, 
the primary concern in using tBHQ and similar compounds was 
carcinogenesis, and thus, early toxicological analyses focused 
on genotoxicity. In contrast, there are few published studies on 
the potential immunotoxic effects of tBHQ. This study shows 
decreased IL-2 protein production at concentrations of tBHQ 
as low as 0.1µM and a decrease in CD25 protein expression at 
concentrations as low as 0.5µM. A previous study reported that 
treatment of human male subjects with 100–150 mg of tBHQ 
produces plasma concentrations of tBHQ in the high micro-
molar range, suggesting that the treatment range in this study 
(0.1–5µM) is relevant to humans (WHO, 1975).

Within T cells, an increase in intracellular calcium is 
essential for full activation. Upon an increase in intracellular 

FIg.  4. The Nrf2 activator, tBHQ, has a modest effect on the nuclear 
translocation of c-fos and c-jun. Jurkat T cells were left untreated (BKG) or 
were pretreated with nothing (0), tBHQ (1 or 5µM) or the vehicle (VH) control 
(0.01% ethanol), 30 min prior to activation with anti-CD3/anti-CD28. Three 
hours after activation with anti-CD3/anti-CD28, cells were harvested and 
nuclear protein was extracted. Nuclear translocation of c-fos and c-jun was 
determined by western analysis. Histone H3 was used as the loading control. 
Visualization of the resulting Western blots was performed by the LI-COR 
Odyssey FC infrared imaging system.
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calcium, the transcription factor, NFAT, translocates to the 
nucleus and binds to the promoters of its target genes, such as 
IL-2 (Cantrell, 1996). Jurkat T cells treated with tBHQ prior to 
activation with anti-CD3/anti-CD28 demonstrated a decrease 
in number of cells positive for calcium influx, a delay in influx, 
and a decrease in the magnitude of calcium influx. The lack 
of effect of tBHQ on the binding and activity of the calcium-
sensitive transcription factor, NFAT, was unexpected and sug-
gested that the decrease in calcium influx by tBHQ was not 

great enough to diminish NFAT activation. Alternatively, the 
decreased calcium influx by tBHQ may rebound at some later 
time point, ultimately allowing for full NFAT activation. These 
observations also suggested that the decrease in IL-2 produc-
tion by tBHQ was not due to impaired NFAT activity.

Along with the influx of Ca2+ into the cell upon ligation of 
the TCR and coreceptor, one of the earliest events of T-cell 
activation is the initiation and propagation of kinase cascades. 
These signal transduction cascades result in the activation of 

FIg. 5. The Nrf2 activator, tBHQ, delays and decreases the magnitude of calcium influx in activated Jurkat T cells. Jurkat T cells were pretreated with either 
tBHQ (1 or 5µM) or the vehicle (VH) control (0.01% ethanol) and loaded with Fluo-4/AM prior to activation with anti-CD3/anti-CD28. Calcium influx was 
determined by an increase in Fluo-4 fluorescence and measured over time by flow cytometry; 1.5 minutes after beginning the analysis, anti-CD3/anti-CD28 was 
added to each sample and measurements continued for another 6 min. (A) Fluo-4 fluorescence as measured over time by flow cytometry. (B) Histograms of Fluo-4 
fluorescence. Graphical representation of (C) MFI or (D) percentage Fluo-4hi cells. * represents p < 0.05 versus VH.
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transcription factors that regulate IL-2 transcription, such as 
AP-1 (c-fos/c-jun) and NFκB. This study shows that treat-
ment of cells with 5μM tBHQ causes a significant increase in 
AP-1 activity. It has been shown previously that Nrf2 can het-
erodimerize with AP-1 and increase the transcription of AP-1 
target genes. In contrast, tBHQ caused a marked concentration-
dependent decrease in NFκB activity. Previously published 
data have shown that Nrf2 has the ability to inhibit the activ-
ity of NFκB by inhibition of IKK, the kinase responsible for 
phosphorylation and activation of NFκB (Kwon et al., 2007; 
Thimmulappa et al., 2006a). Activation of NFκB is necessary 
for IL-2 transcription; thus, it seems likely that the decrease in 

IL-2 production by tBHQ in activated Jurkat T cells is due to 
the decrease in NFκB transcriptional activity.

Although well known for its cytoprotective functions and 
detoxification activity, the role of Nrf2 in the immune system 
remains unclear. Numerous studies indicate an anti-inflamma-
tory role for Nrf2 in models of inflammatory disease, but the 
specific cellular and molecular mechanisms are not known. Our 
previous study demonstrated that activation of Nrf2 modulates 
murine CD4+ T-cell differentiation, and our current studies sug-
gest suppression of several key events of early T-cell activation 
by tBHQ in human Jurkat T cells. Taken together, our studies in 
human and murine T cells suggest that Nrf2 represents a novel 
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FIg. 7. The Nrf2 activator, tBHQ, modulates AP-1 and NFκB transcrip-
tional activity in activated Jurkat cells. Jurkat T cells were transiently trans-
fected with either (A) AP-1 luciferase reporter or (B) NFκB luciferase reporter 
plasmid. After transfection, the cells were left untreated (BKG), received acti-
vator alone (0), or were pretreated with either vehicle (VH) control (0.01% eth-
anol) or tBHQ (0.1, 0.5, 1, or 5μM), 30 min prior to activation with anti-CD3/
anti-CD28. Twelve hours post-activation, cells were harvested and luciferase 
luminescence was measured. *p < 0.05 compared with the VH control.
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FIg.  6. The Nrf2 activator, tBHQ, does not affect NFAT DNA binding 
or transcriptional activity in activated Jurkat cells. (A) Jurkat T cells were 
pretreated with 5μM tBHQ or vehicle (VH) control (0.01% ethanol), 30 min 
prior to activation with anti-CD3/anti-CD28. One hour post-activation, nuclear 
proteins were extracted. NFAT DNA binding was quantified using an ELISA-
based assay. (B) Jurkat T cells were transiently transfected with an NFAT lucif-
erase reporter plasmid. After transfection, the cells received activator alone (0), 
were left untreated (BKG), or were pretreated with either tBHQ (0.1, 0.5, 1, or 
5μM) or vehicle (VH) control (0.01% ethanol), 30 min prior to activation with 
anti-CD3/anti-CD28. Twelve hours post-activation, cells were harvested and 
luciferase luminescence was measured. None of the groups were statistically 
different from the VH control.
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mechanism for the regulation of T cell function and may pro-
vide insight into the mechanism of some disease states, such 
as SLE. These studies suggest that activation of Nrf2 by tBHQ 
may inhibit IL-2 production and CD25 expression, but further 
studies will be needed to clarify the role of Nrf2 more conclu-
sively. In addition, further studies will be needed to determine 
the immunomodulatory effects of tBHQ in humans.

FuNDINg

National Institutes of Health (RO1 ES018885 to C.E.R., T32 
GM092715 supports J.W.Z.).

ACkNOwLeDgMeNTS

We would like to thank Dr Bryan Copple and his laboratory 
for the use of some of the reagents and instrumentation used in 
this study. We thank Brian Jespersen for technical assistance.

reFereNCeS

Cantrell, D. (1996). T cell antigen receptor signal transduction pathways. Annu. 
Rev. Immunol. 14, 259–274.

Chan, K., Lu, R., Chang, J. C., and Kan, Y. W. (1996). NRF2, a member of the 
NFE2 family of transcription factors, is not essential for murine erythropoiesis, 
growth, and development. Proc. Natl. Acad. Sci. U. S. A. 93, 13943–13948.

Dinkova-Kostova, A. T., Holtzclaw, W. D., Cole, R. N., Itoh, K., Wakabayashi, 
N., Katoh, Y., Yamamoto, M., and Talalay, P. (2002). Direct evidence that 
sulfhydryl groups of Keap1 are the sensors regulating induction of phase 2 
enzymes that protect against carcinogens and oxidants. Proc. Natl. Acad. Sci. 
U. S. A. 99, 11908–11913.

Innamorato, N. G., Rojo, A. I., García-Yagüe, A. J., Yamamoto, M., de 
Ceballos, M. L., and Cuadrado, A. (2008). The transcription factor Nrf2 is 
a therapeutic target against brain inflammation. J. Immunol. 181, 680–689.

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., Oyake, T., 
Hayashi, N., Satoh, K., Hatayama, I., et al. (1997). An Nrf2/small Maf heter-
odimer mediates the induction of phase II detoxifying enzyme genes through 
antioxidant response elements. Biochem. Biophys. Res. Commun. 236, 313–322.

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., and 
Yamamoto, M. (1999). Keap1 represses nuclear activation of antioxidant 
responsive elements by Nrf2 through binding to the amino-terminal Neh2 
domain. Genes Dev. 13, 76–86.

Johnson, D. A., Amirahmadi, S., Ward, C., Fabry, Z., and Johnson, J. A. (2010). 
The absence of the pro-antioxidant transcription factor Nrf2 exacerbates 
experimental autoimmune encephalomyelitis. Toxicol. Sci. 114, 237–246.

Kataoka, K., Handa, H., and Nishizawa, M. (2001). Induction of cellular anti-
oxidative stress genes through heterodimeric transcription factor Nrf2/small 
Maf by antirheumatic gold(I) compounds. J. Biol. Chem. 276, 34074–34081.

Katika, M. R., Hendriksen, P. J., van Loveren, H., and Peijnenburg, A. (2011). 
Exposure of Jurkat cells to bis (tri-n-butyltin) oxide (TBTO) induces tran-
scriptomics changes indicative for ER- and oxidative stress, T cell activation 
and apoptosis. Toxicol. Appl. Pharmacol. 254, 311–322.

Kensler, T. W., Wakabayashi, N., and Biswal, S. (2007). Cell survival responses 
to environmental stresses via the Keap1-Nrf2-ARE pathway. Annu. Rev. 
Pharmacol. Toxicol. 47, 89–116.

Kim, H. J., and Nel, A. E. (2005). The role of phase II antioxidant enzymes 
in protecting memory T cells from spontaneous apoptosis in young and old 
mice. J. Immunol. 175, 2948–2959.

Kim, H. P., Imbert, J., and Leonard, W. J. (2006). Both integrated and differ-
ential regulation of components of the IL-2/IL-2 receptor system. Cytokine 
Growth Factor Rev. 17, 349–366.

Kwon, K. H., Barve, A., Yu, S., Huang, M. T., and Kong, A. N. (2007). Cancer 
chemoprevention by phytochemicals: Potential molecular targets, biomark-
ers and animal models. Acta Pharmacol. Sin. 28, 1409–1421.

Lee, J. M., Li, J., Johnson, D. A., Stein, T. D., Kraft, A. D., Calkins, M. J., Jakel, 
R. J., and Johnson, J. A. (2005). Nrf2, a multi-organ protector? FASEB J. 19, 
1061–1066.

Li, J., Stein, T. D., and Johnson, J. A. (2004). Genetic dissection of systemic 
autoimmune disease in Nrf2-deficient mice. Physiol. Genomics 18, 261–272.

Li, W., and Kong, A. N. (2009). Molecular mechanisms of Nrf2-mediated anti-
oxidant response. Mol. Carcinog. 48, 91–104.

Ma, Q., Battelli, L., and Hubbs, A. F. (2006). Multiorgan autoimmune inflam-
mation, enhanced lymphoproliferation, and impaired homeostasis of reactive 
oxygen species in mice lacking the antioxidant-activated transcription factor 
Nrf2. Am. J. Pathol. 168, 1960–1974.

Maher, J. M., Dieter, M. Z., Aleksunes, L. M., Slitt, A. L., Guo, G., Tanaka, 
Y., Scheffer, G. L., Chan, J. Y., Manautou, J. E., Chen, Y., et  al. (2007). 
Oxidative and electrophilic stress induces multidrug resistance-associated 
protein transporters via the nuclear factor-E2-related factor-2 transcriptional 
pathway. Hepatology 46, 1597–1610.

McMahon, M., Itoh, K., Yamamoto, M., and Hayes, J. D. (2003). Keap1-
dependent proteasomal degradation of transcription factor Nrf2 contrib-
utes to the negative regulation of antioxidant response element-driven gene 
expression. J. Biol. Chem. 278, 21592–21600.

Murugaiyan, J., Rockstroh, M., Wagner, J., Baumann, S., Schorsch, K., Trump, 
S., Lehmann, I., Bergen, M.  v., and Tomm, J. M. (2013). Benzo[a]pyrene 
affects Jurkat T cells in the activated state via the antioxidant response element 
dependent Nrf2 pathway leading to decreased IL-2 secretion and redirecting 
glutamine metabolism. Toxicol. Appl. Pharmacol. 269, 307–316.

Rangasamy, T., Guo, J., Mitzner, W. A., Roman, J., Singh, A., Fryer, A. D., 
Yamamoto, M., Kensler, T. W., Tuder, R. M., Georas, S. N., et al. (2005). 
Disruption of Nrf2 enhances susceptibility to severe airway inflammation 
and asthma in mice. J. Exp. Med. 202, 47–59.

Rockwell, C. E., Zhang, M., Fields, P. E., and Klaassen, C. D. (2012). Th2 
 skewing by activation of Nrf2 in CD4(+) T cells. J. Immunol. 188, 1630–1637.

Sakamoto, K., Iwasaki, K., Sugiyama, H., and Tsuji, Y. (2009). Role of the tumor 
suppressor PTEN in antioxidant responsive element-mediated transcription 
and associated histone modifications. Mol. Biol. Cell 20, 1606–1617.

Shahidi, F. (2000). Antioxidants in food and food antioxidants. Nahrung 44, 
158–163.

Thimmulappa, R. K., Lee, H., Rangasamy, T., Reddy, S. P., Yamamoto, M., 
Kensler, T. W., and Biswal, S. (2006a). Nrf2 is a critical regulator of the 
innate immune response and survival during experimental sepsis. J. Clin. 
Invest. 116, 984–995.

Thimmulappa, R. K., Scollick, C., Traore, K., Yates, M., Trush, M. A., Liby, K. 
T., Sporn, M. B., Yamamoto, M., Kensler, T. W., and Biswal, S. (2006b). Nrf2-
dependent protection from LPS induced inflammatory response and mortality 
by CDDO-Imidazolide. Biochem. Biophys. Res. Commun. 351, 883–889.

Venugopal, R., and Jaiswal, A. K. (1996). Nrf1 and Nrf2 positively and c-Fos 
and Fra1 negatively regulate the human antioxidant response element- 
mediated expression of NAD(P)H:quinone oxidoreductase1 gene. Proc. 
Natl. Acad. Sci. U. S. A. 93, 14960–14965.

WHO (1975). Toxicological evaluation of some food colours, thickening agents, 
and certain other substances. In Vol. WHO Food Additives Series No. 8 World 
Health Organization. World Health Organization, Geneva, Switzerland.

Yoh, K., Itoh, K., Enomoto, A., Hirayama, A., Yamaguchi, N., Kobayashi, M., 
Morito, N., Koyama, A., Yamamoto, M., and Takahashi, S. (2001). Nrf2-
deficient female mice develop lupus-like autoimmune nephritis. Kidney Int. 
60, 1343–1353.

 71


