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ABSTRACT NF-kB is a major transcription factor con-
sisting of 50(p50)- and 65(p65)-kDa proteins that controls the
expression of various genes, among which are those encoding
cytokines, cell adhesion molecules, and inducible NO synthase
(iNOS). After initial activation of NF-kB, which involves
release and proteolysis of a bound inhibitor, essential cysteine
residues are maintained in the active reduced state through
the action of thioredoxin and thioredoxin reductase. In the
present study, activation of NF-«kB in human T cells and lung
adenocarcinoma cells was induced by recombinant human
tumor necrosis factor « or bacterial lipopolysaccharide. After
lipopolysaccharide activation, nuclear extracts were treated
with increasing concentrations of selenite, and the effects on
DNA-binding activity of NF-«kB were examined. Binding of
NF-kB to nuclear responsive elements was decreased progres-
sively by increasing selenite levels and, at 7 uM selenite,
DNA-binding activity was completely inhibited. Selenite inhi-
bition was reversed by addition of a dithiol, DTT. Proportional
inhibition of iNOS activity as measured by decreased NO
products in the medium (NO,~ and NO;~) resulted from
selenite addition to cell suspensions. This loss of iNOS activity
was due to decreased synthesis of NO synthase protein.
Selenium at low essential levels (nM) is required for synthesis
of redox active selenoenzymes such as glutathione peroxidases
and thioredoxin reductase, but in higher toxic levels (>5-10
pnM) selenite can react with essential thiol groups on enzymes
to form RS-Se-SR adducts with resultant inhibition of en-
zyme activity. Inhibition of NF-kB activity by selenite is
presumed to be the result of adduct formation with the
essential thiols of this transcription factor.

The nuclear factor NF-«B is a transcription factor that regu-
lates a number of cellular genes, such as those encoding
inflammatory cytokines, adhesion molecules, Rel proteins (1,
2), and inducible NO synthase (iNOS) (3-5). Activation of the
provirus form of HIV also involves the transcriptional action
of NF-«B (6, 7). NF-«B activation is a complex process that can
be triggered initially by many agents, such as inflammatory
cytokines, mitogens, bacterial products, protein synthesis in-
hibitors, reactive oxygen species, UV light, and phorbol esters
(1, 2, 8). The actual activation of NF-«B involves a cascade of
events that includes phosphorylation—dephosphorylation re-
actions, release and proteolysis of a bound inhibitor, IkB-« (5),
translocation of NF-«kB to the nucleus, and maintenance of
essential cysteine residues in the protein in the active thiol
forms by the thioredoxin-thioredoxin reductase system. Re-
duced cysteine residue(s) of NF-«B appear to be required for
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its actual binding to the promotor region of a target gene (11).
Dependence of the early activation steps of this cascade on
reactive oxygen species is indicated by the inhibitory effects of
added N-acetylcysteine and metal chelators (9, 10) and in-
creased intracellular levels of phospholipid hydroperoxide
glutathione peroxidase (12).

iNOS, which generates NO by oxidation of L-arginine is
induced by exposure of cells to bacterial lipopolysaccharide
(LPS) or some cytokines (13) and is controlled at several stages
in its synthesis (14). Induction of iNOS in macrophages was
shown to be inhibited by agents that block the protease-
dependent step of NF-«B activation (5).

Selenium, which is an essential trace element for higher
eukaryotes and many bacteria, is also very toxic at elevated
levels (15, 16). Low (40-100 nM) levels of added selenite
stimulate mammalian cell growth in commonly used culture
media, and in serum-free media, selenium supplementation is
essential (17). Even under the obligate aerobic growth condi-
tions required for mammalian cells, growth can be inhibited by
uM levels of added selenite. In the absence of oxygen, growth
of selenium-requiring anerobic bacteria usually is inhibited
when selenite levels are increased 10-fold above the required
0.5- to 1-uM levels. Several enzymes that contain essential
reactive sulfhydryl groups have been shown to be especially
sensitive to selenite treatment (18-22). Inhibition due to
formation of a selenotrisulfide type of adduct was established
as the mechanism of selenite action in the case of rat brain
prostaglandin D synthase (19), and this inhibition was reversed
by an excess of DTT. The transcription factor AP-1 also is
sensitive to selenite. Spyrou et al. (23) reported that both
selenite and selenodiglutathione (GS-Se-SG) inhibited bind-
ing of AP-1 to DNA in lymphocyte 3B6 nuclear extracts.
Inhibition of AP-1 binding to DNA by selenite was shown by
Handel et al. (24) to require Cys?’? and Cys'>* in the DNA-
binding domains of the Jun and Fos components, respectively,
of AP1. Recently, Makropoulos et al. (25) suggested that
selenium supplementation might be used to modulate the
expression of NF-«kB target genes and HIV-1. The aim of the
present study was to investigate the effects of selenite on iNOS
induction by NF-«B.

MATERIALS AND METHODS

Cell Culture. A human Jurkat T cell line, JPX9 (26), and a
human lung adenocarcinoma cell line, NCI-H441 (ATCC
HTB-174), were grown in RPMI 1640 medium containing 10%
heat-inactivated fetal bovine serum and antibiotic—antimycotic
solution under a 90% relative humidity and 5% CO, at 37°C.

Abbreviations: iNOS, inducible NO synthase; TNF, tumor necrosis
factor.
#To whom reprint requests should be addressed.
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Preparation of Nuclear Extracts from Cells. JPX9 cells and
NCI-H441 cells (2 X 10° cells/ml) were treated with an
activator, human tumor necrosis factor o (TNF-a) or bacterial
LPS overnight at 37°C. Nuclear extracts were then prepared
according to Singh and Aggarwal (27). In brief, 2 X 107 cells
were washed with ice-cold PBS (1X PBS) and suspended in 1.0
ml of ice-cold lysis buffer (10 mM Hepes, pH 7.9/10 mM
KCl/0.1 mM EDTA/0.1 mM EGTA/1 mM DTT/0.5 mM
phenylmethylsulfonyl fluoride/2.0 wg/ml leupeptin/2.0 pg/ml
aproprotinin/0.5 pg/ml benzaidine) in a microcentrifuge tube.
The cells were held on ice for 15 min and then 31 ul of 10%
Nonidet P-40 (Nonidet P-40) was added. The suspension was
mixed vigorously for 10 s, and the lysate was centrifuged for
30 s. The nuclear pellet was resuspended in 50 ul of ice-cold
nuclear extraction buffer (20 mM Hepes, pH 7.9/400 mM
NaCl/0.1 mM EDTA/0.1 mM EGTA/1 mM DTT/1 mM
phenylmethylsulfonyl fluoride/2.0 wg/ml leupeptin/2.0 ug/ml
aproprotinin/0.5 ug/ml benzaidine) and incubated on ice for
30 min with intermittent mixing. The sample was centrifuged
for 5 min, and the supernatant (nuclear extract) was either
used immediately or stored at —70°C. The protein concentra-
tion was determined by the Coomassie brilliant blue G-250
dye-binding method (28) using the Bio-Rad dye reagent.

Assay of NF-«B DNA Binding Activity. Electrophoretic
mobility shift assays were carried out for determination of
NF-kB DNA binding activity using 4 pg of nuclear extract.
Extracts were preincubated with various concentrations of
sodium selenite at room temperature for 20 min. The treated
nuclear extracts were incubated with 10 fmol of 5’ 32P-labeled,
22-mer, double-stranded NF-«kB consensus oligonucleotide
(5'-AGTTGAGGGGACTTTCCCAGGC-3'; Santa Cruz Bio-
technology) for 20 min at room temperature. The reaction
mixture contained 3 pg of poly(dI-dC) in a binding buffer [10
mM Tris-HCl, pH 7.5/1 mM EDTA/0.5 mM DTT/1% Non-
idet P-40/5% glycerol/50 mM NaCl/1 mM MgCl,/3 mM
GTP/0.1 mg/ml BSA (29, 30)]. The resulting DNA-protein
complex was separated from unbound oligonucleotides on a
6% nondenaturing polyacrylamide gel using 0.5X TBE buffer
(45 mM Tris/45 mM boric acid/0.1 mM EDTA, pH 8.3). The
gel was dried and the radioactivity visualized using a Phos-
pholmager (Molecular Dynamics). A double-stranded, mu-
tated oligonucleotide (5'-AGTTGAGGCGACTTTC-
CCAGGC-3'; Santa Cruz Biotechology) was used to examine
the specificity of NF-«B binding to DNA.

iNOS in Cells. JPXO cells or NCI-H441 cells grown in RPMI
1640 medium containing 10% fetal bovine serum and 1%
antibiotic—antimycotic solution were harvested by centrifuga-
tion and resuspended at the density of 1 X 10° cells/ml in the
same medium without phenol red. Cells (1 X 107) were plated
in 10-cm dishes for NCI-H441 or 75-cm flasks for JPX9,
activated by addition of LPS at 75 ng/ml, and incubated
overnight. After incubation, various concentrations of sodium
selenite were added to the cell suspensions, which were
incubated for an additional 3 h. Cells were harvested for
preparation of nuclear extracts, and the cell-free medium was
analyzed for NO production.

Determination of NO production. NO production was de-
termined by measuring the sum of both NO,~ and NO3™~, the
final products of NO in vivo, by using the Griess reagent
(Cayman Chemicals, Ann Arbor, MI) (31). The absorbance of
the deep purple azo compound produced was measured at 540
nm using the plate reader.

RESULTS

Selenite Inhibits NF-«B Binding to DNA. To study the effect
of selenite on the DNA-binding activity of transcription factor
NF-kB, human Jurkat T cell (JPX9) suspensions (2 X 10°
cells/ml) were incubated initially with 0.1 nM human TNF-«
to initiate the NF-«B activation cascade. Nuclear extracts were
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prepared from these treated cells and assayed for NF-xB
DNA-binding activity by the electrophoretic mobility shift
assay. An initial 20-min incubation of these Jurkat T cell
extracts with selenite, before addition of binding buffer and 5’
32P-labeled, 22-mer, double-stranded NF-«B consensus oligo-
nucleotide, inhibited binding of the labeled oligonucleotide as
shown in Fig. 1. Treatment with 7 uM selenite was sufficient
to completely inhibit the DNA-binding activity of NF-«B in the
extract. When an excess amount of unlabeled NF-«B consen-
sus oligonucleotide was added to the reaction mixture, the
retarded radioactive band disappeared (Fig. 14, lane 2)
whereas the mutated consensus oligonucleotide (Fig. 14, lane
3) failed to compete showing specificity of the binding reac-
tion. Inhibition of NF-kB binding to DNA caused by treatment
with 10 uM selenite was reversed by subsequent addition of a
reducing agent such as DTT (Fig. 1). Incubation of the
selenite-treated extract with 1 mM DTT restored 50% of
binding activity, and 2 mM DTT gave complete recovery under
the experimental conditions used (Fig. 1, lanes 9 and 10).

A

1 23 4 567 89 10

140
120
100
80
60
40
20

Relative binding activity (%)

Fic. 1. Effects of sodium selenite on NF-kB DNA binding activity
with Jurkat T cell nuclear extracts. (4) Nuclear extracts prepared from
human Jurkat T cells preincubated with 0.1 nM human TNF-« at 37°C
for 20 min were examined for NF-«B activation by electrophoretic
mobility shift assay after treatments with various concentrations of
selenite. Lanes: 1, 0 selenite; 2, 0 selenite with wild-type NF-«B
consensus oligonucleotide; 3, 0 selenite with mutant NF-«B consensus
oligonucleotide; 4, 1 uM selenite; 5, 3 uM selenite; 6, 5 uM selenite;
7,7 uM selenite; 8, 10 uM selenite; 9, 10 uM selenite with 1 mM DTT;
and 10, 10 uM selenite with 2 mM DTT. (B) Quantitative represen-
tation of 4. The resulting autoradiograms of NF-«kB-DNA complex
were quantitated by Phospholmager analysis.
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Addition of the dithiol to the “as prepared” nuclear extract
stimulated NF-«B binding activity in the mobility shift assay to
the extent of ~40% (Fig. 2), indicating that essential cysteine
residues in the transcription factor were not fully reduced in
the preparation studied. In similar experiments carried out
with nuclear extracts of human Jurkat T cells, initially activated
by treatment with bacterial LPS and with nuclear extracts of
human lung adenocarcinoma cells (NCI-H441), and stimu-
lated either with LPS or with human TNF-«, the same
sensitivity to selenite treatment was observed (data not
shown).

Selenite Inhibition ir Vive. To investigate the effect of
selenite treatment in vivo on binding of NF-«B to DNA, Jurkat
T cells and human lung adenocarcinoma cells were initially
activated by overnight incubation in suitable culture media
with bacterial LPS (75 ng/ml) and then incubated an addi-
tional 3 h after addition of increasing concentrations of
selenite. This treatment did not influence cell viability as
determined by the tryptophan blue exclusion method (data not
shown). The treated cells were washed with fresh culture
medium without selenite, nuclear extracts were prepared, and
NF-«B binding activity to DNA was determined by the mo-
bility shift assay. As shown in Fig. 3, there was a dose-
dependent inhibition of NF-«B binding to DNA in the nuclear
extracts prepared from LPS-activated Jurkat T cells treated
with various concentrations of selenite. This DNA-binding
activity was abolished by exposure of the intact cells to 100 uM
selenite. Similar inhibition was observed in nuclear extracts
prepared from human lung adenocarcinoma cells that were
treated by the same protocol.

Selenite and iNOS. The gene for inducible NO synthase has
a NF-«B binding sequence motif in the promoter region (3, 4),
and the transcriptional activity of NF-«B has been shown by
Griscavage et al. (5) to be involved in induction of iNOS by LPS
activation and, by Bereta et al. (33), for expression of iNOS in
murine endothelial cells. To see if the inhibitory effect of
selenite on NF-«B binding to DNA as measured in the mobility
shift assay also resulted in decreased NO production by
selenite-treated Jurkat T cells, the amounts of NO,~ and
NO;3™ present in the culture medium were measured as an
estimation of total NO formed. As shown in Fig. 3 (solid
squares), the inhibition pattern of NO production is propor-
tional to the inhibition of NF-kB DNA binding activity ob-
served in nuclear extracts of the same selenite-treated cells
(Fig. 3, solid circles). The increased DNA binding activity and
NO production observed after LPS induction of transcrip-
tional factor activity in the T cells was progressively inhibited
by increasing concentrations of selenite. Treatment with 100
uM selenite completely returned both LPS-stimulated activi-
ties to the baseline levels.
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Fic. 2. Effect of DTT on NF-kB DNA binding. Nuclear extracts
prepared from human Jurkat T cells preincubated with 0.1 nM human
TNF-« at 37°C for 20 min were examined for NF-«B activation by
electrophoretic mobility shift assay in the presence of various concen-
trations of DTT as indicated.
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F1G. 3. Selenite-mediated inhibition of NF-«B DNA binding and
NO production. The human Jurkat T cells, JPX9, were preincubated
overnight with bacterial LPS at 75 ng/ml and then treated with
indicated concentrations of sodium selenite for 3 h. For analysis of
NF-«B activation (®), nuclear extracts were prepared from untreated
and LPS-treated cells, and NF-«B DNA binding was determined by
electrophoretic mobility shift assays. The resulting autoradiograms of
NF-kB-DNA complex were quantitated by PhosphorImager. For
analysis of NO production (m), the final products of NO in vivo (sum
of both NO,~ and NO37) in the culture media of untreated and
LPS-treated cells were measured as described in Materials and Meth-
ods. <~LPS— indicates the cultured cells that were retreated with
bacterial LPS.

The NO production that decreased as a function of selenite
treatment of the cultured T cells was shown to be the result of
decreased iNOS protein levels rather than direct inhibition of
enzyme activity. Immunoblot assays using polyclonal antibod-
ies elicited to human iNOS protein (Fig. 4) clearly show the
induction of enzyme protein resulting from LPS treatment and
the progressive decreases in protein levels brought about by
subsequent incubation for 3 h with high concentrations of
selenite. This decrease in enzyme protein levels during incu-
bation in the presence of selenite was associated with a 25%
decrease in the total NO produced in the cultures. As shown
in Fig. 4, actual loss of detectable immunoreactive protein
occurred in cells exposed to 150-200 uM selenite for 3 h, and
NO production in these cultures ceased (Fig. 3). In these cells,
selenite treatment not only inhibited further expression of NO
synthase but also appears to have caused modification or actual
decomposition of enzyme protein already present at the time
of selenite addition.

DISCUSSION

Numerous studies (11, 23, 24, 32, 34) on the regulation of
transcriptional activities of NF-«kB and AP-1 have shown that
binding of these transcription factors to their target DNA sites
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FiG. 4. Selenite-mediated inhibition of iNOS synthesis. Crude
extracts were prepared from human Jurkat T cells treated with the
indicated concentrations of selenite as described in the legend of Fig.
3 and immunoblotted with a polyclonal antibody against human iNOS,
NOS2 (Santa Cruz Biotechnology). <~LPS— indicates the cells that
were treated with bacterial LPS.
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depends on the redox state of specific cysteine residues in these
proteins. Direct reduction of these cysteine residues by thi-
oredoxin or by thiols such as DTT has been demonstrated in
vitro in the case of NF-kB, and, because thioredoxin is known
to be transported from the cytoplasm to the nucleus, it should
play the same role in vivo (11, 35). In the case of AP-1,
reduction of essential cysteine residues in the Fos and Jun
subunits is achieved indirectly by a cascade involving the
interaction of thioredoxin with a nuclear redox factor, Ref-1,
already present in the nucleus (24, 32, 34, 35). Selenite addition
to nuclear extracts from human 3B6 lymphocytes was shown to
be an efficient inhibitor of the DNA-binding activity of AP-1
(23). It was suggested that this could involve interaction of
selenite either with the cysteine residues of Fos and Jun, the
Cys-72 residue of thioredoxin, sulthydryl groups of Ref-1 or all
three as possible targets. Partial protection of AP-1 DNA-
binding activity from selenite inhibition was observed when a
reducing system such as thioredoxin, thioredoxin reductase
and NADPH, or DTT was included in the reaction mixture.
Because selenite readily forms complexes of the RS-Se-SR
and RS-Se™ types with reactive sulfhydryl groups in proteins
and these adducts are decomposed by various reducing agents,
such derivatives could account for the observed inhibition of
AP-1 binding to its DNA targets by reactive selenium com-
pounds. In other cases, particularly for rat brain prostaglandin
D synthase (19), such a mechanism is a likely explanation of the
observed inhibitory effects of selenite and selenodiglutathione
(RS-Se-SR) on activity of the isolated enzyme.

In the present study, the inhibitory effect of selenite on the
DNA-binding activity of NF-«B was extended to show that the
level of a target gene product also was decreased by selenite
treatment. The presence of a NF-«B binding sequence in the
promoter region of the iNOS gene (3, 4) together with the
feasibility of estimating levels of the gene product by immu-
noblotting and activity of the enzyme in cultured cells by
measurement of the reaction product (NO) made this an ideal
system of study. Thus, it could be shown that a 3-h treatment
of LPS-activated aerobic cultures of human T cells and human
lung adenocarcinoma cells with increasing concentrations of
selenite, under conditions that had no apparent effect on cell
viability, was sufficient (7) to cause a dose-dependent inhibition
of the NF-«B DNA binding activity that had been induced by
LPS treatment, (ii) to decrease NO production proportionally
and (iif), to result in the fall of iNOS protein to a level
undetectable in the immunoblot assay using antibodies elicited
to the human enzyme. This loss of enzyme protein observed at
the highest selenite levels indicates that gene expression ceased
and also that protein inactivation, possibly by proteolysis, was
induced.

The inhibitory effects of selenite on the expression of a gene
under the control of NF-«B shown in the present study offer
a possible explanation of the marked toxicity of elevated levels
of this form of selenium to animals and many types of bacteria.
In addition to the known inhibition of specific isolated en-
zymes (18-22) by selenite and RS-Se-SR types of thiol
adducts, inhibitory effects that can result from inactivation of
essential thiol groups of transcription factors such as AP-1 (23)
and NF-«B, which control many cellular processes, may be
greatly amplified and become global in nature. More detailed
study of this type of regulation of cellular activity by selenium
compounds may help to explain the well known but poorly
understood toxicity of selenium.
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