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Phenolic antioxidants exhibit anti-inflammatory ac-
tivity in protection against chemical toxicity and can-
cer. To investigate the molecular mechanism of anti-
inflammation, we analyzed the regulation of tumor
necrosis factor � (TNF-�) expression in macrophages, a
key step in inflammation, by the antioxidants. Whereas
lipopolysaccharide (LPS), an inflammatory inducer,
stimulates rapid synthesis of TNF-� protein, phenolic
antioxidants, exemplified by tert-butyl hydroquinone
and 1,4-dihydroquinone, block LPS-induced production
of TNF-� protein in a time- and dose-dependent manner.
Inhibition of TNF-� induction correlates with the capac-
ity of the antioxidants to undergo oxidation-reduction
cycling, implicating oxidative signaling in the inhibi-
tion. The antioxidants blocked LPS-induced increase of
the steady-state mRNA of TNF-� but did not affect the
half-life of the mRNA. Electrophoretic mobility shift as-
say reveals a total inhibition of LPS-induced formation
of nuclear factor �B�DNA binding complexes by phenolic
antioxidants. Finally, 1,4-dihydroquinone blocks the in-
duction of TNF-� target genes interleukin 1� and inter-
leukin 6 at both mRNA and protein levels. Our findings
demonstrate that phenolic antioxidants potently inhibit
signal-induced TNF-� transcription and suggest a mech-
anism of anti-inflammation by the antioxidants through
control of cytokine induction during inflammation.

A variety of chemicals can protect animals against the toxic
and carcinogenic effects of chemicals and microbes (1, 2), a
phenomenon termed chemoprotection. Many protective chemi-
cals manifest antioxidant activities (3, 4). Synthetic phenolic
antioxidants, such as tBHQ,1 are commonly used as food pre-
servatives due to their potent anti-lipid peroxidation activity
(5, 6), whereas natural phenolic antioxidants exist in a wide
range of edible plants and animal tissues (7). As such, human
beings consume appreciable amounts of phenolic antioxidants
from dietary sources. Phenolic antioxidants exhibit anticarci-

nogenic, anti-inflammatory, antiatherosclerotic, and antidia-
betic functions in animals (8–14). The broad spectrum of the
biological functions of the antioxidants suggests the existence
of multiple molecular targets that mediate diverse responses to
the chemicals in cells and whole animals. Identifying the target
molecules can facilitate the design of better preventive and/or
therapeutic agents for protection against pathological re-
sponses to various occupational, environmental, or therapeutic
chemicals as well as against certain conditions associated with
aging, such as cancer and chronic inflammatory and cardiovas-
cular diseases.

Current understanding of the mechanism of action by phe-
nolic antioxidants comes mostly from studies on the induction
of phase II detoxification enzymes by the antioxidants. Phase II
enzymes, such as NAD(P)H:quinone oxidoreductase (15, 16)
and glutathione S-transferase (17), metabolize chemicals to
water-soluble products through reduction and conjugation re-
actions. Induction of phase II enzymes alters the metabolic fate
of chemicals by enhancing their metabolism and excretion.
Induction of glutathione S-transferase A1 and NAD(P)H:qui-
none oxidoreductase by phenolic antioxidants requires an ARE
located in the enhancers of the genes (18, 19) and is mediated
through an Nrf2-dependent signal transduction (20). Nrf2 is a
member of the Cap’n Colar bZip family of transcription factors
(21) that forms a cytoplasmic complex with Keap1 (22). Upon
exposure to phenolic chemicals, Nrf2 dissociates from Keap1,
translocates into the nucleus, dimerizes with an as-yet-uniden-
tified partner transcription factor, and mediates the transcrip-
tion of target genes through ARE-dependent transcription.
Studies on Nrf2-null mice revealed that loss of expression of
Nrf2 markedly enhances the susceptibility of the mice to tox-
icity by acetaminophen (23) or cancer by benzo(a)pyrene (24),
which is attributable to diminished detoxification of the chem-
icals in the Nrf2-null mice. Thus, induction of phase II enzymes
through Nrf2 can account for chemoprotection by phenolic an-
tioxidants against certain carcinogens and toxins by altering
the pharmacokinetic fate of the chemicals. However, such
mechanisms do not readily explain the anti-inflammatory func-
tion of the antioxidants, which is largely unaddressed at
present.

The importance of inflammation in the pathological re-
sponses to chemicals of endogenous or foreign origin is well
recognized because more diseases, ranging from silicosis,
asthma, and chronic hepatitis to idiopathic pulmonary fibrosis,
Alzheimer’s disease, and certain forms of neoplasia, manifest
an inflammatory component that either causes or increases the
severity of the diseases (25–29). Inflammation, in general, is a
directed tissue response to tissue damage caused by noxious
and injurious stimuli. Inflammation serves to isolate the in-
jured tissue, inactivate the toxic stimuli, and repair the tissue
damage. In many cases, however, inflammation can lead to
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further tissue damage and the development of inflammatory
diseases. Thus, inhibition of inflammation constitutes an effec-
tive mechanism of chemoprotection against chemical-induced
inflammatory lesions or disease conditions.

Inflammatory stimuli induce cytokines, which mediate tis-
sue responses in different phases of inflammation in a sequen-
tial and concerted manner (28). Regulation of cytokine induc-
tion serves as a key mechanism of inflammation control by
endogenous or exogenous chemicals. TNF-� is produced in the
early phase of inflammation in cells of reticuloendothelial ori-
gin, such as macrophages. TNF-� mediates early-stage re-
sponses of inflammation by regulating the production of other
cytokines, including IL-1� and IL-6. Cumulative evidence in-
dicates that abnormalities in the production or function of
TNF-� play essential roles in many inflammatory lesions (25,
29, 30). For instance, exposure to the bacterial endotoxin LPS
can cause inflammatory liver damage and septic shock. Induc-
tion of TNF-� by LPS is a key step in the response; adminis-
tration of TNF-� mimics the response, whereas blocking the
function of TNF-� by using neutralizing agents of TNF-� pro-
tects animals from the LPS-induced lesions.

The pivotal role of TNF-� in inflammation and the potent
anti-inflammatory activity of phenolic antioxidants raise the
question of whether the induction of TNF-� during inflamma-
tion serves as a target of anti-inflammation by phenolic anti-
oxidants. In this study, we tested this hypothesis by examining
the effect of phenolic antioxidants on the induction of TNF-� by
LPS in macrophage cells. Our data reveal that phenolic anti-
oxidants block LPS-induced expression of TNF-� both time-
and dose-dependently; the inhibition occurs at a transcrip-
tional level and involves inhibition of NF-�B activation, the
major regulator of TNF-� transcription in macrophage cells. To
our knowledge, this study is the first report of inhibition of
signal-induced TNF-� production by phenolic chemicals. Our
findings provide new insights into the mechanism of chemo-
protection against inflammatory diseases by phenolic
antioxidants.

EXPERIMENTAL PROCEDURES

Materials—Restriction endonucleases and other general molecular
biology reagents were purchased from New England Biolabs (Beverly,
MA), Roche Molecular Biochemicals, and Promega (Madison, WI). Ra-
dioactive compounds were from Amersham Biosciences, Inc. LPS,
tBHQ, HQ, catechol, resorcinol, para-benzoquinone, �-naphthoflavone,
and NAC were purchased from Sigma. Cell culture materials were from
Invitrogen. Reagents for Northern blotting and ELISA are as described
below.

Cell Culture—The mouse monocyte-macrophage RAW 264.7 cell line
was purchased from American Type Culture Collection (Manassas, VA).
The macrophage cells were grown as a monolayer in Dulbecco’s modi-
fied Eagle’s medium supplemented with 5% fetal bovine serum at 5%
CO2 and 37 °C. The cells were treated with LPS, phenolic antioxidants,
or other reagents as described in the figure legends; Me2SO or water
was used as the solvent control for the antioxidants and LPS,
respectively.

Northern Blot Analysis—cDNA fragments for mouse TNF-�, IL-1�,
IL-6, and HO-1 were synthesized by PCR amplification of the corre-
sponding cDNA templates from CLONTECH using the primer sets
specific for each mouse gene from the same company. The cDNAs were
subcloned into the pCRII TA cloning vector (Invitrogen), verified by
sequencing, and used to generate riboprobes for the corresponding
mRNA species. A mouse actin cDNA fragment (�500 bp) was used to
generate a riboprobe for actin. The riboprobes were synthesized in the
presence of digoxygenin-UTP using a digoxygenin labeling kit (Roche
Molecular Biochemicals). Total RNA was isolated from cells using the
RNeasy kit (Qiagen, Valencia, CA). Total RNA (5 �g each lane) was
fractionated on a 1% agarose-formaldehyde gel and transferred to a
Nytran membrane by capillary action. After UV cross-linking, the mem-
brane was hybridized overnight with a digoxygenin-labeled riboprobe at
68 °C. Signals were visualized by chemiluminescence using a digoxyge-
nin RNA detection kit with CDP star as a substrate (Roche Molecular
Biochemicals). Quantitation of the blotting result was performed by

using the ImageQuaNT program (Molecular Dynamics, San Jose, CA).
All data were corrected for loading variations by comparing the amount
of actin of each sample analyzed.

ELISA—The macrophage cells were plated in a 48-well cell culture
dish at a density of 2 � 105 cells/well in 500 �l of medium. The cells
were grown at 37 °C for 24 h before treatment. In a typical experiment,
the cells were treated with a phenolic antioxidant or Me2SO for 1 h,
followed by stimulation with LPS for 5 h. The medium was collected and
assayed for TNF-�, IL-1�, or IL-6 by using ELISA kits specific for each
of the murine cytokines from R&D Systems (Minneapolis, MN). For
TNF-� and IL-6, the medium was diluted with water at a 1:20 or 1:10
ratio, respectively; 50 �l of each diluted sample was used for ELISA.
Quantitation of the ELISA results was performed using a Microplate
Spectrophotometer (Molecular Devices, Sunnyvale, CA) set to 450 nm
and corrected for absorbance at 570 nm according to the manufacturer’s
instructions.

Preparation of Nuclear Extracts—The nuclear extracts were pre-
pared with a three-step procedure as described elsewhere (31). Briefly,
the cells were grown in a 100-mm dish to near confluence. After treat-
ment, the cells were collected with a rubber policeman, washed with 1�
phosphate-buffered saline, and lysed in 500 �l of a lysis buffer on ice for
4 min. The lysis buffer contains 50 mM KCl, 0.5% Nonidet P-40, 25 mM

HEPES, pH 7.8, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupep-
tin, 20 �g/ml aprotinin, and 100 �M 1,4-dithiothreitol. The cell lysate
was centrifuged at 14,000 rpm for 1 min in a microcentrifuge. In the
second step, the pellet (the nuclei fraction) was washed once in washing
buffer (lysis buffer without Nonidet P-40). In the final step, the nuclei
were treated with an extraction buffer, which contains 500 mM KCl,
10% glycerol, and several other reagents as in the lysis buffer. The
nuclei/extraction buffer mixture was frozen at �80 °C and then thawed
on ice and centrifuged at 14,000 rpm for 5 min. The supernatant was
collected as the nuclear extract and stored at �80 °C for further use.

Electrophoretic Mobility Shift Assay—A NF-�B DNA-binding se-
quence (5�-GATTTTCCCATGAGTCT-3�) was used to synthesize oligo-
nucleotides as the NF-�B binding probe (31). The complementary sin-
gle-strand oligomers were denatured at 80 °C for 5 min and annealed at
room temperature. An activator protein (AP)-1 DNA-binding sequence
derived from the AP-1 binding site in the collagenase enhancer was
used as a nonspecific competitor probe (31). Double-stranded oligonu-
cleotide probes were labeled with [32P]ATP using T4 kinase (New Eng-
land Biolabs). The DNA-protein binding reaction was conducted in a
24-�l reaction mixture containing 1 �g of poly(dI-dC) (Sigma), 3 �g of
nuclear extract, 3 �g of bovine serum albumin, and 12 �l of a reaction
buffer (12% glycerol, 24 mM HEPES, pH 7.9, 8 mM Tris-HCl, 2 mM

EDTA, and 1 mM 1,4-dithiothreitol). The mixture was incubated on ice
for 10–20 min, followed by the addition of 4 � 104 counts/min of a
32P-labeled oligonucleotide probe; the incubation was continued at room
temperature for 20 min. For competition experiments, 100 ng of cold
(unlabeled) double-stranded NF-�B or AP-1 probe was added to the
reaction mixture for competition with labeled NF-�B probe. For super-
shift assays, antibodies specific for the p50 or p65 subunit of NF-�B,
c-Jun, NF-AT, or c-Fos were added to the reaction mixture respectively
(2 �g/reaction). The antibodies were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). The DNA�protein complexes were
resolved in a 5% acrylamide gel (pre-run at 170 V for 30 min with 0.5�
Tris-boric acid-EDTA buffer) at 200 V for 90 min and visualized by
exposure to films.

H2O2 Detection—Macrophage cells were plated in a 6-well dish at 5 �
105 cells/well 16 h before treatment. 2�,7�-Dichlorofluorescin diacetate
(5 �M; Sigma) was used to stain cells for H2O2 for 45 min before the
treatment was completed. The cells were washed in phosphate-buffered
saline and harvested in 1 ml of phosphate-buffered saline using a
rubber policeman for quantitation of H2O2 by fluorescence-activated
cell-sorting analysis (32). 2�,7�-Dichlorofluorescin diacetate was excited
at 488 nm and detected at 525 nm.

Other Methods—Lactate dehydrogenase activity in cell culture me-
dium was measured by using a lactate dehydrogenase kit from Roche
Diagnostics Corp. (Indianapolis, IN) according to the manufacturer’s
instructions. The lactate dehydrogenase activity was measured spectro-
photometrically by using the COBAS chemistry system FARA (Roche
Diagnostics Corp.) and expressed in units/liter. Protein concentration
was determined by using the Bradford method (33) with reagents from
Bio-Rad.

RESULTS

Phenolic Antioxidants Block LPS-induced TNF-� Produc-
tion—To analyze the mechanism of anti-inflammation by phe-
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nolic antioxidants, we examined the effect of the chemicals on
signal-induced production of TNF-� in macrophage cells. tBHQ
and HQ, two prototypical phenolic antioxidants, were chosen as
testing agents in the study. Little TNF-� protein was detected
by ELISA specific for mouse TNF-� in controls (Fig. 1A,
DMSO). tBHQ or HQ alone does not affect TNF-� production
(Fig. 1A, tBHQ and HQ). Upon exposure to LPS, large quanti-
ties of TNF-� were produced, and the induction was inhibited
by tBHQ or HQ (Fig. 1A, compare LPS with tBHQ�LPS and
HQ�LPS). Thus, tBHQ or HQ totally blocks LPS-induced pro-
duction of TNF-� protein in macrophages.

Next, we analyzed the time- and concentration-response
curves. As shown in Fig. 1B, LPS induces a 5-fold increase in
TNF-� production within 1 h after treatment, reaching a max-
imum of �300-fold at 5 h. The maximum induction is main-
tained for over 24 h. HQ blocks the induction of TNF-� by LPS
throughout the testing time course. These results suggest that
inhibition of TNF-� production by HQ occurs early and is
therefore likely to be a primary response; furthermore, the
inhibition is complete and long-lasting. HQ inhibits LPS-in-

duced TNF-� production dose-dependently (Fig. 1C). The IC50

value of the inhibition by HQ is �15 �M, which is similar to the
potency of HQ for other biological responses, such as the induc-
tion of phase II drug-metabolizing enzymes (34). Therefore, the
inhibition by HQ is potent and may be mediated through a
mechanism analogous to the induction of phase II enzymes by
phenolic antioxidants. tBHQ inhibits LPS-induced TNF-� pro-
duction both time- and dose-dependently in a manner similar
to that of HQ (data not shown).

Role of Oxidative Signaling—Certain phenolic chemicals un-
dergo oxidation-reduction cycling in cells. We tested whether
the inhibition of TNF-� production by phenolic chemicals in-
volves redox cycling of the chemicals. HQ, catechol, and resor-
cinol are structural analogs of diphenols, which differ with
regard to the positions of hydroxyl groups on the aromatic ring.
HQ and catechol undergo facile reversible oxidations to the
corresponding quinones, whereas resorcinol can not. HQ and
catechol strongly inhibit LPS-induced TNF-� production; in
contrast, resorcinol is inactive for the inhibition (Fig. 2A). To
exclude cell toxicity as a possible cause of the inhibition, we

FIG. 1. Inhibition of TNF-� induc-
tion by tBHQ and HQ. Macrophage
cells were grown overnight in a 48-well
dish. A, inhibition by tBHQ or HQ. Cells
were treated with tBHQ or HQ at 90 �M

for 1 h and then treated with LPS (1 �g/
ml) for 5 h. B, time curve of inhibition.
The cells were treated with HQ (90 �M)
for 1 h and then stimulated with LPS for
the indicated time periods. C, dose curve
of inhibition. Cells were treated with HQ
at the indicated concentrations for 1 h,
followed by LPS stimulation for 5 h. The
culture medium was collected and as-
sayed for the TNF-� protein by ELISA as
described under “Experimental Proce-
dures.” The results represent the means
and S.D. of three treatments.
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measured lactate dehydrogenase activity in the medium, which
reflects cellular damage. As shown in Fig. 2B, LPS, HQ, cate-
chol, and resorcinol did not cause a significant increase in
lactate dehydrogenase activity, given either alone or in combi-
nation. These data demonstrate that the antioxidants do not
cause marked damage to the cells at the concentrations tested.
Several related chemicals were similarly tested for inhibition of
TNF-� induction (Fig. 2A). Phenol, which has a single hydroxyl
group, does not inhibit TNF-� production at 100 �M. para-
Benzoquinone, which is reduced to hydroquinone through a
number of reductive pathways (15), exhibits dose-dependent
inhibition with a potency similar to that of HQ (IC50 � �15
�M). �-Naphthoflavone (ANF), a polycyclic aromatic hydrocar-
bon that is metabolized to oxidizable products in cells (34),
inhibits TNF-� production, whereas 2,3,7,8-tetrachlorodiben-
zo-p-dioxin (TCDD), which is metabolically stable, does not.
These data demonstrate that inhibition of LPS-induced TNF-�
production by phenolic antioxidants correlates with the oxida-
tion-reduction capability of the chemicals.

LPS stimulates the generation of reactive oxygen species
(ROS), such as H2O2, in macrophages (35). We tested whether
phenolic antioxidants affect LPS-induced ROS production. As
shown in Fig. 3A, LPS induces a marked increase in H2O2;
tBHQ or HQ blocks LPS-induced H2O2 production. Resorcinol
does not affect H2O2 induction. This observation can be ex-
plained in two ways: first, the LPS-induced ROS production
and its inhibition by the antioxidants are unrelated to TNF-�
induction and inhibition; alternatively, they are integral to the
LPS response and the antioxidant action. To test the possibil-
ities, we examined whether ROS inhibitors block TNF-� induc-
tion. NAC, which inhibits LPS-induced H2O2 production in
macrophages (35), inhibits TNF-� induction in a manner sim-
ilar to that of HQ (Fig. 3B). Together, these findings support

the notion that oxidative signaling contributes to the inhibition
of LPS responses by phenolic antioxidants.

Inhibition of TNF-� Production Is Transcriptional—To ana-
lyze the mechanism of the inhibition, we measured the mRNA
expression of TNF-�. The macrophage cells express a barely
detectable level of TNF-� mRNA in the absence of LPS stimu-
lation (Fig. 4, A and B, lane 1). LPS induces a �50-fold increase
in the expression of TNF-� mRNA (Fig. 4, A and B, lane 2). HQ

(100 �M) alone does not affect TNF-� mRNA expression (Fig. 4,
A and B, lane 3), but it blocks LPS-induced expression of TNF-�
mRNA dose-dependently, with an IC50 of �15–20 �M (Fig. 4, A
and B, lanes 4–7), which is similar to the IC50 measured by
ELISA (Fig. 1C). On the contrary, resorcinol, given either alone
or with LPS (Fig. 4, A and B, lanes 8 and 9), does not affect the
expression of TNF-� mRNA. Thus, inhibition of TNF-� mRNA
expression by phenolic antioxidants correlates with the inhibi-
tion of TNF-� protein production. To exclude the possibility
that HQ inhibits gene transcription in general, we tested
whether HQ induces HO-1, a known inducible gene by phenolic
antioxidants (36), under the same condition used for TNF-�
analysis. HO-1 is expressed at a low level in macrophage cells
(Fig. 4, A and C, lane 1). HQ induces HO-1 to a level �6-fold
higher than control at 1 �M (Fig. 4, A and C, lane 4) and to a
level �10-fold higher than control at 25, 50, and 100 �M (Fig. 4,
A and C, lanes 3 and 5–7). LPS does not induce HO-1 or affect
HO-1 induction by HQ. Resorcinol induces HO-1 to a minor
extent (Fig. 4, A and C, lanes 8 and 9). Thus, HQ maintains its
capacity to induce HO-1 under the same condition it inhibits
TNF-� induction by LPS.

Inhibition of LPS-induced increase in TNF-� mRNA can be
due to a decrease in the synthesis of TNF-� mRNA, an increase
in the degradation of TNF-� mRNA, or both. In Fig. 5, we
measured the half-life (t1/2) of LPS-induced TNF-� mRNA in

FIG. 2. Inhibition of TNF-� induc-
tion by HQ analogs. Macrophage cells
were pretreated with HQ, catechol, and
resorcinol at 100 �M or with phenol (100
�M), para-benzoquinone (at the concen-
trations indicated), �-naphthoflavone (10
�M), or TCDD (1 nM) for 1 h and then
stimulated with LPS (1 �g/ml) for 5 h.
The culture medium was assayed for
TNF-� by using ELISA (A) or assayed for
lactate dehydrogenase by using the lac-
tate dehydrogenase kit from Roche Diag-
nostics Corp. (B) as described under “Ex-
perimental Procedures.” The means and
S.D. of three treatments are presented.
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the absence or presence of HQ. The data indicate that HQ does
not affect the stability of LPS-induced TNF-� mRNA in either
the absence or presence of actinomycin D, an inhibitor of RNA
synthesis (Fig. 5A). The t1/2 of LPS-induced TNF-� mRNA is
�1.2 h, whereas the t1/2 in the presence of HQ is �1.4 h (Fig.
5B). These data indicate that HQ inhibits LPS-induced expres-
sion of TNF-� through inhibition of the transcription of the
gene.

Inhibition of NF-�B Activation—Previous studies have es-
tablished that NF-�B is the major transcription factor that
mediates the induction of TNF-� by LPS in macrophage cells
(37). Therefore, we tested whether phenolic antioxidants in-
hibit the LPS-induced activation of NF-�B by using an electro-
phoretic mobility shift assay, which measures the formation of
nuclear NF-�B dimers that bind to the NF-�B DNA response
element, as a mechanism of inhibition of TNF-� transcription.
As shown in Fig. 6, LPS induces the formation of two NF-
�B�DNA complexes (compare lanes 1 and 2). The LPS-induced
NF-�B bands are specific for NF-�B binding element because
unlabeled NF-�B DNA probe can compete off the binding of
NF-�B to labeled NF-�B DNA probe (compare lanes 7 and 8),
whereas the AP-1 DNA probe, which is the DNA binding ele-
ment for AP-1 proteins, fails to compete with the labeled NF-�B
probe for binding (lane 9). The two NF-�B/DNA bands repre-
sent the p65/p50 heterodimer and the p50 homodimer of NF-
�B, respectively, because antibodies against p50 supershift
both bands (lane 10), whereas antibodies against p65 disrupt
the upper band (p65/p50; lane 11), but not the p50 homodimer
band. However, antibodies against c-Jun, NF-AT, or c-Fos have
no effect on NF-�B band formation (lanes 12–14). Treatment
with HQ alone does not induce NF-�B activation (lane 3), but it
completely blocks LPS-induced formation of NF-�B dimer�DNA
complexes (lane 4). In contrast, resorcinol exhibits no obvious
effect on NF-�B activation in the absence or presence of LPS
(lanes 5 and 6). These data suggest that HQ inhibits LPS-
induced activation of NF-�B as a mechanism to inhibit TNF-�
induction by LPS.

FIG. 3. Role of ROS. A, quantitation of
H2O2. Cells were plated in 6-well dishes,
treated with antioxidants (100 �M each)
and LPS (1 �g/ml), stained with 2�,7�-di-
chlorofluorescin diacetate, and analyzed
for H2O2 by fluorescence-activated cell-
sorting analysis as described under “Ex-
perimental Procedures.” B, inhibition by
NAC. Cells were plated in 48-well dishes,
treated with chemicals (NAC, 20 �M; HQ,
100 �M; LPS, 1 �g/ml), and analyzed for
TNF-� production by ELISA. The means
and S.D. of three treatments are
presented.

FIG. 4. Inhibition of TNF-� mRNA induction. Macrophage cells
grown in 100-mm dishes were treated with HQ for 1 h, followed by
stimulation with LPS (1 �g/ml) for 3 h. The concentrations of HQ used
for lanes 3–7 were: 100, 1, 25, 50, and 100 �M, respectively. Resorcinol
(100 �M) was used as a control. A, total RNA was prepared, and the blot
was analyzed with riboprobes for TNF-�, HO-1, and actin as described
under “Experimental Procedures.” Actin was used as a control for equal
loading, whereas HO-1 was used to show the inductive activities of HQ
and resorcinol. B, quantitation of Northern blot results for TNF-�. C,
quantitation of Northern blot results for HO-1. The results were quan-
titated by using ImageQuaNT software (Molecular Dynamics) and cor-
rected for loading variations by comparing the amount of actin in each
sample.

Inhibition of TNF-� Production by Phenolic Antioxidants 2481

 at Stephen B
. T

hacker C
D

C
 L

ibrary on February 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Inhibition of TNF-� Target Gene Expression—Because
TNF-� mediates the production of many other cytokines during
inflammation (29), in particular, the production of IL-1� and
IL-6, we tested whether the blocking of TNF-� production by
phenolic antioxidants has an effect on the production of TNF-�
target genes. Fig. 7 shows that both IL-1� (Fig. 7A) and IL-6
(Fig. 7B) are expressed at very low levels in control cells. LPS
induces large increases in the production of both proteins at 5 h

after treatment, which continues to increase for up to 24 h
during the testing period. HQ alone does not affect the produc-
tion of both proteins but totally blocks LPS-induced production
of IL-1� and IL-6 at both the 5 and 24 h time points.

We tested whether the inhibition of IL-1� and IL-6 is due to
the inhibition of transcription of the genes. As shown in Fig. 8,
LPS induces a marked increase in the mRNA levels of IL-1�
and IL-6. HQ blocks the LPS-induced expression of IL-1� and
IL-6 mRNAs, whereas resorcinol has no effect on LPS-induced
mRNA expression of the genes. The inhibition of IL-1� and IL-6
mRNA expression is not due to inhibition of gene transcription
in general because HQ induces HO-1 mRNA expression under
the same condition in which it inhibits IL-1� and IL-6 mRNA
expression. Together, these data suggest that HQ inhibits LPS-
induced gene transcription downstream of TNF-� by blocking
TNF-� expression and thereby suppresses broad aspects of the
inflammatory process.

DISCUSSION

Protection against chemical-induced toxicity and cancer by
using synthetic or natural chemicals, which is termed chemo-
protection, constitutes an economical and promising means of
disease control and prevention (2). The best-studied examples
of chemoprotection exploit the anticancer functions of various
protective chemicals (also termed chemoprevention) (1, 2). It is
known that certain chemicals manifest anti-inflammatory ac-
tivities in chemoprotection. Because of the prominent roles of
inflammation in the etiology and pathogenesis of many disease
conditions and chemical toxicities, anti-inflammation by che-
moprotective agents represents new opportunities for chemo-
protection. The mechanism of anti-inflammation by chemopro-
tective antioxidants is largely unclear at present. In this study,
we examined the regulation of TNF-� induction, a key event in
inflammatory responses, by phenolic antioxidants as a mecha-
nism of anti-inflammation. Our data revealed that phenolic
antioxidants, such as tBHQ and HQ, potently inhibit signal-
induced production of TNF-� and its target genes IL-1� and
IL-6 in macrophage cells.

TNF-� was initially identified as a product of lymphocytes
and macrophages that caused the lysis of certain types of cells,
especially tumor cells. Studies on TNF-� and its receptors have
unveiled important aspects of host defense, inflammation, apo-
ptosis, autoimmunity, cancer, organogenesis, and chemical tox-

FIG. 6. Inhibition of NF-�B�DNA binding complex formation.
Macrophage cells grown in 100-mm dishes were treated with HQ (100
�M) or resorcinol (100 �M) for 1 h, followed by stimulation with LPS (1
�g/ml) for 3 h. Nuclear extracts were prepared from the cells and
analyzed by electrophoretic mobility shift assay for (A) the formation of
NF-�B�DNA binding complexes and (B) the specificity of NF-�B/DNA
binding as described under “Experimental Procedures.” The specifici-
ties of the NF-�B�DNA binding complexes were tested by (1) competi-
tion with cold NF-�B DNA probe (100 ng) or AP-1 DNA probe (100 ng)
and (2) supershift with antibodies specific for p50 or p65 of NF-�B or
c-Jun, NF-AT, or c-Fos, as indicated (2 �g antibodies/reaction). The
arrows (from top to bottom) indicate the supershifted bands, the p65/
p50 heterodimer�DNA complex, the p50 homodimer�DNA complex, and
the labeled free probes at the bottom of the gels.

FIG. 5. Effect of HQ on TNF-� mRNA
stability. Macrophage cells were treated
with LPS (1 �g/ml) for 3 h. The cells were
washed three times with phosphate-buff-
ered saline and then cultured in fresh me-
dium in the absence or presence of HQ
(100 �M), actinomycin D (2 �g/ml), or both
for the indicated time periods. A, total
RNA was prepared, and the blot was an-
alyzed for TNF-� and actin mRNAs (5
�g/lane). B, quantitation of Northern
blotting. The results were quantitated by
using ImageQuaNT software (Molecular
Dynamics) and corrected for loading vari-
ations by comparing the amount of actin
in each sample.
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icity (29, 38). TNF-� plays a major role in regulating inflam-
mation, mostly through the induction of inflammatory
cytokines, including IL-1 (IL-1� and IL-1�), IL-6, IL-8, the
macrophage inflammatory protein-2, granulocyte-macrophage
colony-stimulating factor, and adhesion molecules. Because
TNF-� is the main mediator for a number of inflammatory toxic
responses to chemicals, it represents a promising target for the
prevention of chemical-induced inflammatory toxicity. In con-
gruence with this view, we found that phenolic antioxidants,
which exhibit strong anti-inflammatory activities in animals,
are potent inhibitors of signal-induced TNF-� production.
These findings provide evidence that regulation of TNF-� pro-
duction serves as an effective target of chemoprotection.

TNF-� is induced by many external stimuli, the strongest of
which is the bacterial endotoxin LPS. Induction by LPS is
mediated through complex signal transduction pathways in-
volving both transcriptional and posttranscriptional mecha-
nisms (39). LPS binds the soluble LPS-binding protein, and the

complex binds CD14, a monocyte/macrophage receptor mole-
cule. CD14 presents the LPS�LPS-binding protein complex to
the LPS receptor TLR4, a member of the Toll family of recep-
tors, which play important roles in innate immunity by dis-
criminating “self ” from pathogen-derived ligands (also termed
pathogen-associated molecular patterns) (40). Signals originat-
ing in the LPS-triggered TLR4 receptor activate several signal-
ing pathways, which involve the Toll adaptor MyD88 and the
mitogen-activated protein 3-kinases TAK-1 and MEKK-1.
TAK-1 and MEKK-1 activate I�B kinase, which phosphorylates
I�B�, a component of the cytoplasmic NF-�B complex, leading
to the degradation of I�B� through the ubiquitin-26S protea-
some pathway and the activation of NF-�B. The activated
NF-�B translocates into the nucleus, binds to the correspond-
ing DNA element (k3) in the enhancer of TNF-�, and mediates
transcription of the gene. The 3�-untranslated region of the
TNF-� mRNA contains an AU-rich element that mediates post-
transcriptional regulation of TNF-� production by LPS (41). In
this scenario, LPS activates the c-Jun NH2-terminal kinase
and p38 mitogen-activated protein kinase pathways, which
relieve the AU-rich element-dependent posttranscriptional re-
pression, resulting in enhanced TNF-� mRNA stability and
translation. In addition, LPS activates Tpl2, a serine threonine
kinase type of proto-oncogene, leading to activation of the ex-
tracellular signal-regulated kinase 1/2 pathway; the Tpl2/ex-
tracellular signal-regulated kinase-transduced signals specifi-
cally control TNF-� induction by regulating nucleocytoplasmic
mRNA transport through a mechanism that targets the AU-
rich element of the TNF-� mRNA (42). In this study, we found
that LPS induces large increases in both the mRNA and pro-
tein of TNF-�, whereas phenolic antioxidants completely block
the increases of TNF-� at both levels. Furthermore, the data
revealed that phenolic antioxidants do not change the half-life
of the TNF-� mRNA in the presence or absence of actinomycin
D. These findings demonstrate that inhibition of LPS-induced
TNF-� production by phenolic antioxidants occurs at a tran-
scriptional level. Indeed, electrophoretic mobility shift assay
experiments revealed that phenolic antioxidants block the for-
mation of NF-�B�DNA binding complexes in the nucleus. Be-
cause NF-�B is the major mediator of LPS-induced TNF-�
transcription, this finding suggests that phenolic antioxidants
block the signal transduction of NF-�B as a main mechanism of
inhibition of TNF-� transcription. However, this conclusion
does not exclude other transcription factors that contribute to
TNF-� regulation as a target of the antioxidants.

The mechanism of action of phenolic antioxidants is best
understood for the induction of phase II detoxification en-
zymes, which is mediated through the Nrf2 and ARE-depend-
ent signal transduction and transcription (19–22). It is cur-
rently unclear whether and how the Nrf2 pathway plays a role
in the inhibition of NF-�B function by phenolic antioxidants.
Because the inhibition of TNF-� production occurs early in the
induction process, it is unlikely that the antioxidants exert the
inhibition through Nrf2-mediated gene transcription. A recent
study has revealed that a splice variant of Nrf1, a member of

FIG. 8. Inhibition of IL-1� and IL-6 mRNA induction. Macro-
phage cells were treated with HQ or resorcinol at 100 �M for 1 h and
then stimulated with LPS (1 �g/ml) for 5 h. A, total RNA was prepared
and analyzed by Northern blotting for IL-1�, IL-6, HO-1, or actin,
respectively (5 �g/lane). B, quantitation of Northern blot results for
IL-1�. C, quantitation of Northern blot results for IL-6. Northern blot
results were quantitated as described in the Fig. 4 legend.

FIG. 7. Inhibition of IL-1� and IL-6
protein production. Macrophage cells
were grown in 48-well dishes and treated
with HQ (100 �M) for 1 h, followed by
stimulation with LPS (1 �g/ml) for 5 or
24 h. The culture medium was collected
and assayed for IL-1� (A) or IL-6 (B) using
ELISA kits specific for murine IL-1� or
IL-6, respectively. The results represent
the means and S.D. of three treatments.
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the Cap’n Colar bZip proteins (43), is induced to mediate the
induction of TNF-� in murine mast cells by immunoglobulin G
plus antigen (IgG complexes) (44). The splice variant, after
phosphorylation by casein kinase II, is capable of binding the
k3 site of the TNF-� enhancer, which mediates the transcrip-
tion of TNF-� in mast and macrophage cells. Heterologous
expression of the variant protein reconstitutes the induction as
revealed by reporter activity under the control of the TNF-�
enhancer. By analogy with these findings, we envision that
phenolic antioxidants activate Nrf2 or a related transcription
factor that interacts with TNF-� enhancer in macrophages and
thereby inhibits the function of NF-�B in TNF-� transcription.
The observation that phenolic antioxidants block the formation
of NF-�B�DNA complexes supports this notion. Alternatively, a
non-Cap’n Colar bZip protein is activated by phenolic antioxi-
dants and inhibits NF-�B function at k3 (45). Identification of
protein factors that bind to the k3 sequence in the presence of
both LPS and phenolic antioxidants may distinguish these
possibilities. Finally, the antioxidants can block the signal
transduction upstream of NF-�B activation and thereby inhibit
NF-�B-mediated gene transcription. Biochemical analyses of
NF-�B activation can lead to the identification of the molecular
target(s) of phenolic antioxidants for inhibition of NF-�B
activation.

Several lines of evidence support the notion that a common
mechanism involving oxidative signaling mediates the activa-
tion of Nrf2 by phenolic antioxidants. First, phenolic chemicals
are potent inhibitors of lipid peroxidation. Second, the antioxi-
dants undergo redox cycling in cells; their capacity for enzyme
induction correlates with the oxidation-reduction liability (46).
Third, a variety of other chemicals with diverse structures can
activate Nrf2/ARE-dependent induction of the enzymes (34). In
this study, we found that inhibition of LPS-induced TNF-�
transcription by phenolic antioxidants is also consistent with
their capacity for oxidation-reduction cycling; thus, oxidizable
tBHQ, HQ, and catechol are strong inhibitors, whereas resor-
cinol is inactive. Furthermore, tBHQ or HQ, but not resorcinol,
inhibits LPS-stimulated production of H2O2. NAC, which in-
hibits ROS production by affecting the ratio of reduced versus
oxidized glutathiones, blocks the TNF-� induction in a manner
similar to that of HQ. The simplest explanation of these find-
ings is that phenolic antioxidants activate an as-yet-unidenti-
fied Nrf2-like factor through a signaling molecule generated
during the oxidation-reduction reactions of the antioxidants,
which in turn inhibits NF-�B function. The interaction of the
signaling molecule with its target proteins can be either direct,
in which it binds to the target through thio groups, or indirect,
in which it influences the functional groups of the protein by
affecting the redox environment in cells. However, this conclu-
sion does not exclude other signaling mechanisms in the action
of phenolic antioxidants. Analyses of the molecular mechanism
by which phenolic antioxidants activate target proteins will
provide new insights into the mechanism of antioxidant action,
regulation of TNF-� production, and control of NF-�B function
in future studies.
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