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Rationale: The mechanisms by which oxidants are sensed by cells and
cause inflammation are not well understood.
Objectives: This study aimed to determine how cells ‘‘sense’’ soluble
oxidants and how this is translated into an inflammatory reaction.
Methods: Monocytes, macrophages, or HEK293 cells (stably trans-
fected with human Toll-like receptor [TLR]2, TLR2/1, TLR2/6, or
TLR4/MD2-CD14) were used. CXC ligand-8 (CXCL8) levels were
measured using ELISA. Phosphorylated IL-1 receptor–associated
kinase 1 levels were measured using Western blot. TLR22/2 and
TLR42/2 mice were challenged with oxidants, and inflammation was
measured by monitoring cell infiltration and KC levels.
Measurements and Main Results: Oxidants evoked the release of
CXCL8 from monocytes/macrophages; this was abrogated by pre-
treatment with N-acetylcysteine or binding antibodies to TLR2 and
was associated with the rapid phosphorylation of IL-1 receptor–
associatedkinase 1. Oxidants addedto HEK293 cells transfected with
TLR2, TLR1/2, or TLR2/6 but not TLR4/MD2-CD14 or control HEK
nulls resulted in the release of CXCL8. Oxidant challenge delivered
intraperitoneally (2–24 hours) or by inhalation to the lungs (3 days)
resulted in a robust inflammation in wild-type mice. TLR22/2 mice
did not respond to oxidant challenge in either model. TLR42/2 mice
responded as wild-type mice to oxidants at 2 hours but as TLR22/2

mice at later time points.
Conclusions: Oxidant–TLR2 interactions provide a signal that initiates
the inflammatory response.
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It is widely appreciated that pattern recognition receptors are
an integral part of the innate immune system (1). This family of
receptors includes Toll-like receptors (TLRs), the nuclear-
binding oligomerization domain, and retinoic acid–inducible
genes (2). The most extensively studied of these are the TLRs.
TLRs are firmly established as pathogen receptors; however,
evidence suggests they can also sense nonpathogen stimuli, such
as hyaluronan degradation products, nutritional lipids, and heat
shock proteins, and thereby mediate sterile inflammation (3–5).
The emergence of a role for nonpathogen-associated sensing by
TLRs has expanded their repertoire, with the consequence that
TLRs can be considered as innate immune surveillance recep-
tors for danger signals independent of infection.

Although there is no doubt that oxidants play a part in the
resultant damage caused by inflammation, there is considerable
debate about how oxidants are sensed and propagate the
inflammatory reaction. This is important to elucidate because

the inflammation that occurs within a number of life-threatening
diseases is associated with a direct increase in oxidant stress
(6–9). This point is supported by data from a number of clinical
trials demonstrating that antioxidant therapy shows benefits in
conditions associated with cardiovascular disease, ageing, and
diabetes (10–17). Possibly the most obvious and direct clinical
manifestation of oxidant-induced inflammation and disease is
that associated with smoking cigarettes. Indeed, the activation
of inflammatory responses in vitro by cigarette smoke is entirely
mediated by oxidant stress (18). Inflammation induced by
oxidant stress has many of the features associated with classical
activation of the innate immune system and, as such, can re-
semble that seen after TLR activation with lipopolysaccharide
(LPS), for example. In the current study, we investigated the
role of TLRs in the sensing of oxidants by cells and tissues
in vitro. Of the genes induced by cigarette smoke and oxidants,
CXCL8 is among the most commonly studied (18–25). More-
over, CXCL8 is an established feature of smoking-related in-
flammation in humans and as such is clinically relevant. We
have therefore used CXCL8 as a biomarker of cell activation in
this report. We used genetically modified mice to establish the
role of TLRs in the sensing of oxidants and the resultant
inflammation in vivo in two distinct models, one where oxidants
were administered directly into the peritoneal cavity and acute
inflammation (2–24 h) monitored (peritonitis model) and a sec-
ond model where mice inhaled smoke for 3 days (smoke inha-
lation model).

METHODS

Cell Culture

THP-1 human monocytes, purchased from the European Collection of
Cell Culture (Wiltshire, UK), were cultured as previously described
(18). HEK 293 cells were stably transfected with pUNO-mcs (Null
control), pUNO-hTLR2, pDUO-hTLR1/2, or pDUO-hTLR2/6 pDUO-
hTLR4/MD2-CD14 (InvivoGen, San Diego, CA) and maintained
according to the manufacturer’s instructions. Human peripheral blood
mononuclear cells (70% lymphocytes, 30% monocytes, determined by
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histologic analysis) were isolated from a fresh citrated blood (P/00/062,
Royal Brompton Hospital ethics committee) using a Ficoll gradient as
previously described (26). Isolated monocytes (70%) were differenti-
ated into macrophages as previously described (18).

Treatment of Cells

Cell treatments were performed as described in the RESULTS section
and figure legends. Cigarette smoke extract (CSE) was prepared as
previously described (18). In some studies, cells were pretreated for
30 minutes with a mouse monoclonal neutralizing antibody to TLR2
(Clone TLR2.1) or mouse IgG2a isotype control (eBioscience, San
Diego, CA) or for 2 hours with N-acetylcysteine.

Assessment of Cell Respiration by MTT Assay

Cell viability was determined using an MTT assay (Sigma, Poole, UK)
as previously described (27). None of the treatments described affected
cell viability significantly.

Western Blotting

IRAK1 and phosphor-IRAK1 immunoreactivities were measured by
Western blot as previously described (28) using specific polyclonal
rabbit antibodies (Cell Signaling Technology, Danvers, MA), both at
1:1,000.

ELISA

CXCL8 and KC were measured by ELISA in biological samples accord-
ing to the manufacturer’s instructions (R&D Systems, Oxford, UK).

Measurement of Intracellular Oxidant Stress

Intracellular oxidative stress was measured by oxidative-conversion of
dihydrorhodamine 123 to rhodamine 123 (29). Cells were preloaded
with dihydrorhodamine 123 (50 mM), and the conversion was moni-
tored by measuring fluorescence at excitation and emission wave-
lengths of 480 and 536 nm after 30 minutes (LS-5; Perkin-Elmer Co.,
Norwalk, CT).

Transcription Factor Assay

Phospho-c-Jun (AP-1) levels were measured using a commercially
available ELISA (ActiveMotif, Rixensart, Belgium).

Mice and Oxidant-induced Inflammation

TLR22/2 and TLR42/2 mice were backcrossed onto a C57Bl/6J back-
ground for nine generations (30). Animal work was performed ac-
cording to Home Office regulations (Scientific Procedures Act, 1986).
Two models of oxidant-induced inflammation were used.
Peritonitis model. H2O2 (10 mM), CSE (10%), LPS (20 mg/kg), or
Pam3CSK4 (2 mg/kg), all diluted in sterile phosphate-buffered saline,
were injected intraperitoneally in a volume of 0.5 ml. Peritoneal washes
were performed 2, 4, 6, or 24 hours after the onset of inflammation as
previously described (31).

Inhaled smoke model. Mice were placed in a plexiglass chamber
(volume of 17 liters) covered by a disposable filter as previously
described (32). The smoke produced by cigarette burning was in-
troduced at a rate of 25 ml/min into the chamber with the continuous
airflow generated by a mechanical ventilator (Heidolph PD 5101), with
no influence on the chamber temperature (, 0.18C variation). The
animals received smoke of two cigarettes (Marlboro Red; Philip Morris
USA, Richmond, VA) (filter removed) per exposure, two exposures
a day during 3 days. Sixteen hours after exposure, bronchoalveolar
lavage (BAL) was performed, cells were counted, and samples were
stored for future analysis.

Figure 1. Oxidant challenge is perceived by THP-1 cells and results in

the release of CXCL-8. CXCL-8 levels (after 24 hours) and the
conversion of dihydrorhodamine 123 to rhodamine 123 (after 0.5

hours) were measured in THP-1 cells after challenge with increasing

concentrations of (A) hydrogen peroxide (H2O2; n 5 3), (B) cigarette

smoke extract (CSE; n 5 3), (C) pyrogallol (n 5 3; pyrogallol interferes
with the fluorescence generated by rhodamine 123; therefore, no

reading is shown) and (D) sodium nitroprusside (SNP) (n 5 6). In

a separate set of experiments, THP-1 cells were pretreated with N-

acetylcyctine (NAC) for 2 hours before challenge with (E) 10 mM H2O2

(n 5 3), (F) 10% CSE (n 5 3), (G) 10 mM pyrogallol (Pyro; n 5 3), and

(H) 1 mM SNP (n 5 3). (I) Control cells and 300 ng/ml Pam3CSK4.

CXCL-8 levels were measured 24 hours after stimulation. For E through
H, n 5 3 replicates from a representative experiment are shown. Similar

results were seen when this protocol was performed on a second,

separate occasion. In A through D, *P , 0.05 compared with control

values (media alone) using ANOVA followed by a Bonferroni post-test.
In E through I, a t test was used to compare cells stimulated with

inflammogen and in the presence of NAC.

b
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Statistical Analysis

Results are expressed as means 6 SEM. For in vitro experiments, each
n value represents the mean of one or more wells taken from a single
experiment. For in vivo experiments, each n value represents data from
an individual animal. The analyses were performed as described in the
individual figure legends, and significance levels from control values
were assessed using 95% confidence levels.

RESULTS

Oxidant Challenge Is Perceived by Human Monocytic Cells

(THP-1) and Results in the Release of CXCL8

Under controlled culture conditions, THP-1 monocytes released
low or undetectable levels of CXCL8. Stimulation with oxi-
dants, including H2O2 (Figure 1A), CSE (Figure 1B), pyrogallol
(Figure 1C), or sodium nitroprusside (SNP) (Figure 1D), or
with the TLR2/1 PAMP Pam3CSK4 (Figure 1I) for 24 hours led
to the release of CXCL8 from THP-1 cells. The presence of
extracellular oxidants resulted in a transfer of oxidant tone to
the intracellular environment (Figures 1A, 1B, and 1D). It was
not possible to show oxidant transfer for pyrogallol because this
compound interfered with the fluorescence generated by rho-
damine 123. The ability of oxidants (H2O2, CSE, pyrogallol, or
SNP) to induce CXCL8 release was blocked by pretreatment of
cells with the antioxidant N-acetylcysteine (Figures 1E–1H). By
contrast, pretreatment of cells with N-acetylcysteine had no
effect on the ability of Pam3CSK4 to increase CXCL8 levels
(Figure 1I).

Oxidant Challenge Induces Inflammatory Cell Recruitment

In Vivo via TLR-dependent Mechanisms

In wild-type mice, injection of the TLR2 ligand Pam3CSK4 or the
TLR4 ligand LPS into the peritoneal cavity induced a robust
inflammatory response characterized by the influx of polymor-
phonuclear cells (PMNs) (data not shown). In TLR22/2 mice,
Pam3CSK4 was inactive, but LPS induced inflammatory responses
comparable to those observed in wild-type mice (Figure 2A). Con-
versely, in TLR42/2 mice, LPS was inactive, whereas Pam3CSK4
evoked an inflammatory response (Figure 2B). In wild-type mice,
intraperitoneal injection of an oxidant challenge (CSE) induced
two clear phases of inflammation, which had resolved by 24 hours.
There was an initial early phase at 2 hours characterized by the
influx of inflammatory cells, predominantly polymorphonuclear
cells (PMNs) (75–80% of total cells; Figures 2C–2E) and KC
(Figures 2D and 2E), followed by a later phase seen at 6 hours
(Figure 2C). The basal levels of PMNs and KC in naive C57BL6
mice were 1.3 6 0.9 3 106 cells and 5.53 6 0.75 pg/ml, respectively.
The basal levels of PMNs and KC in naive TLR22/2 mice were
0 6 0 3 106 cells and 7.53 6 1.56 pg/ml, respectively, with no
statistical difference noted between C57BL6 and TLR22/2 mice
for PMNs or KC levels. Oxidant-induced peritonitis in vivo had
an absolute requirement for TLR2 because responses were
absent in TLR22/2 mice (Figures 2C–2E). In contrast to the
results seen in TLR22/2 mice, oxidant-induced inflammation
seen at 2 hours was intact in TLR42/2 mice. However, the second
phase of inflammation, which peaked at 6 hours, was dependent
upon functional TLR4 receptors (Figure 2C).

Figure 2. Impaired inflammatory cell recruitment into the

peritoneal cavity (peritonitis) after oxidant challenge in

the absence of TLR2 and TLR4. (A) TLR22/2 mice (n 5 8)

were injected intraperitoneally with phosphate-buffered
saline (PBS) (basal levels), Pam3CSK4 (2 mg/kg), and

lipopolysaccharide (LPS) (20 mg/kg). Polymorphonuclear

cells (PMNs) recruited into the peritoneal cavity were

counted 4 hours after administration. (B) TLR42/2 mice
(n 5 8) were injected intraperitoneally with PBS (basal

levels), Pam3CSK4 (2 mg/kg), and LPS (20 mg/kg). PMNs

recruited into the peritoneal cavity were counted 4 hours

after administration. (C) Wild-type and TLR22/2 mice (n 5

6) were injected with 10 mM H2O2. The total number of

PMNs was counted, and KC levels were measured in

peritoneal lavage fluid 2 hours after induction of inflam-
mation. (D) Wild-type and TLR22/2 mice (n 5 9) were

injected with 10% (v/v) cigarette smoke extract (CSE).

Total numbers of PMNs were counted, and KC levels were

measured in peritoneal lavage fluid 2 hours after induction
of inflammation. (A–D) *P , 0.05 represents the changes

in cell numbers and KC levels compared with wild-type

controls using an unpaired nonparametric t test (Mann-

Whitney U-Test). Basal levels of PMNs and KC in naive
C57BL6 mice were 1.3 6 0.9 3 106 cells and 5.53 6 0.75

pg/ml, respectively. Basal levels of PMNs and KC in naive

TLR22/2 mice were 0 6 0 3 106 cells and 7.53 6 1.56
pg/ml, respectively, with no statistical difference noted be-

tween C57BL6 and TLR22/2 mice for PMNs or KC levels.

(E) Wild-type, TLR22/2, and TLR42/2 mice were injected

with 10% CSE, and PMNs were recruited into the perito-
neal cavity was performed over 24 hours. Data are the

mean 6 SEM of n 5 6 animals. *P , 0.05 represents the

changes in cell numbers compared with wild-type controls

using ANOVA.
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To relate our data obtained using a simple peritonitis model to
responses in the lung, where smoke/oxidant-induced inflamma-
tion has been studied previously, we performed additional
experiments using a standard 3-day smoking model in mice
(32). Basal levels of cells in the BAL were similar in all mice
tested; C57BL6 was 22 6 1 3 104 cells, TLR22/2 was 27 6 1 3 104

cells, and TLR42/2 was 19 6 5 3 104 cells. Exposure of wild-type
mice to cigarette smoke for 3 days produced a robust inflamma-
tory response characterized by increased numbers of monocytes
and a smaller number of neutrophils in the BAL (Figure 3A).
PMN levels were not increased by smoke challenge in the 3-day
inhaled smoke model (Figure 3B). Similar to the peritonitis
model, cell recruitment induced by inhaled smoke was ablated
in TLR22/2 mice and greatly reduced in the TLR42/2 mice
(Figure 3).

Activation of Cells In Vitro by Oxidants Occurs via

TLR2-dependent Mechanisms

Activation of THP-1 monocytes by oxidant stress induced by CSE
or by a ‘‘classical’’ TLR2 ligand, FSL-1, was strongly inhibited by
pretreatment with a blocking antibody specific for TLR2 (Figure
4A). Similar to observations made in the THP-1 monocytic cell
line, primary cultures of human monocytes were activated by

oxidant stress to release CXCL8, which was inhibited by TLR2-
specific blocking antibodies (Figure 4B). IRAK1 is the first kinase
activated in MyD88-dependent signaling through activation of
the TLR2. In human primary monocytes under control culture
conditions, IRAK1 was present in the unphosphorylated resting
state. However, consistent with the hypothesis that oxidant stress
activates cells via TLR2, IRAK1 was phosphorylated in cells
treated with CSE for 15 minutes (Figure 4C). As expected, and by
way of a control, IRAK1 was phosphorylated in cells stimulated
with Escherichia coli or Staphylococcus aureus, which activated
TLRs via well characterized PAMPs. To confirm our finding in
primary human macrophages and THP-1 cells and to validate
whether TLR2 was essential for the sensing of oxidants, we
repeated some experiments in HEK 293 cells that contain only
specific TLR receptors to exclude the possibility of other direct
receptor involvement.

Figure 4. Oxidant-induced CXCL8 release from human macrophages

is via a TLR2-dependent mechanism. (A) THP-1 cells (n 5 4) were

preincubated with a neutralizing antibody to TLR2 (25 mg/ml) or IgG2a
isotype control (25 mg/ml) for 30 minutes before stimulation with 10%

cigarette smoke extract (CSE) and the TLR2 ligand FSL-1 (0.1 mM) or

(B) blood-derived primary macrophages (i 5 3 individual donors) were
preincubated with a neutralizing antibody to TLR2 (25 mg/ml) or IgG2a

isotype control (25 mg/ml) for 30 minutes before stimulation with 3%

CSE. Cells were incubated for 24 hours, and CXCL8 levels were

measured by ELISA. *P , 0.05 comparing IgG2a with TLR2 antibody
by unpaired t test. (C) Blood-derived primary macrophages were

treated for 15 minutes with Escherichia coli (E.c; 108 CFU/ml), Staph-

ylococcus aureus (S.a; 107 CFU/ml), and 3% CSE from three individual

donors, cells were extracted in the presence of a phosphatase inhibitor
and samples Western blotted for native and phosphorylated forms of

IL-1 receptor activated kinase (IRAK1).

Figure 3. Role of TLR2 and TLR4 in a 3-day smoke-induced model of

inflammation. Exposure of wild-type mice to cigarette smoke inhaled

twice a day for 3 days resulted in a robust increase in monocytes (A) but

not polymorphonuclear cells (B) present in bronchoalveolar lavage. By
contrast, monocyte levels were not increased in TLR22/2 or TLR42/2

mice exposed to smoke. The data are the mean 6 SEM of n 5 5

animals. *P , 0.05 represents the changes in cell numbers and KC
levels compared with wild-type controls using an unpaired nonpara-

metric t test (Mann-Whitney U-test). CSE 5 cigarette smoke extract;

LPS 5 lipopolysaccharide.
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HEK 293 cells do not express TLRs under normal culture
conditions. When HEK 293 cells transfected with the control
vector (pUNO-mcs vector) were stimulated with our panel of
oxidants, the activated cells did not lead to release of CXCL8
(Figure 5A). However, HEK 293 cells responded appropri-
ately to the non-TLR agonist of the MyD88 pathway, IL-1b,
by releasing increased levels of CXCL8, showing that the ma-
chinery required for TLR signaling was present in these cells
(Figure 5A). By contrast, HEK 293 cells transfected to express
TLR2, TLR2 and TLR1, or TLR2 and TLR6 sensed oxidant
stimulation and released increased levels of CXCL8 (Figures
5B–5D). Oxidant challenge of HEK 293 cells transfected with
the TLR4-MD2/CD14 system resulted in no significant eleva-
tion in CXCL8 levels; however, these cells produced significant
quantities of CXCL8 when stimulated with an authentic TLR4
ligand (LPS). This shows that TLR4, unlike TLR2, is not
directly involved in the sensing of oxidants (Figure 6).

Characterization of the TLR2-independent Sensing of

Oxidant Stress by Cells

By contrast to CXCL8 release, the transfer of oxidant tone from
the extracellular environment to the intracellular environment
in HEK 293 cells occurred independently of TLR2 (Figure 7).
In addition, activation of the redox-sensitive transcription factor
AP-1, in particular c-Jun, was independent of TLR2 (Figure 7).

DISCUSSION

In the present study, we report that TLR2 is involved in the
sensing of oxidants in vitro and in vivo. Using a range of in vitro
approaches, we demonstrate that TLR2 alone or in association
with TLR1 or TLR6 is required for the induction of CXCL8
release by oxidants. Furthermore, TLR2 was required for
oxidant-induced inflammation in vivo. TLR4 also plays a critical
role in the inflammation induced by oxidants in vivo, but not in
the initial sensing of these inflammogens.

It is well accepted that oxidants cause inflammation. In the
current study, we show how a range of oxidants, at subtoxic
concentrations, stimulate human monocytic cells to release the
neutrophil chemoattractant CXCL8. Oxidant-induced CXCL8
release was blocked by antioxidants and associated with a mild
but significant transfer of oxidant stress from the outside to the
inside of the cells. Using cell lines or primary cultures, we found
that neutralizing antibodies to TLR2 blocked CXCL8 release
after oxidant challenge. Similar results have been noted in
cardiac myocytes (33). Furthermore, we found that IRAK1 was
phosphorylated (an early transduction event in TLR signaling)
in cells after stimulation of TLRs with bacteria or oxidants.

Intraperitoneal administration of oxidants, in the form of CSE
or H2O2, induced mild but detectable inflammation in vivo that
resembled a classic acute response similar to that observed with
other TLR2 (zymosan) or TLR4 (LPS) ligands (34). We observed
two clear phases of inflammation induced by oxidants. There was
an initial early phase at 2 hours followed by a later phase at 6 hours
after oxidant challenge. Oxidant-induced inflammation in vivo
had an absolute requirement for TLR2 because responses were
absent in TLR22/2 mice. As expected, however, TLR22/2 mice
responded as wild–type mice when the LPS was administered
instead of oxidants. To relate our data obtained using a simple
peritonitis model to responses in the lung, where smoke/oxidant-
induced inflammation has been studied previously, we performed
additional experiments using a 3 day inhaled smoke model as
previously described by Doz and colleagues (32). Doz and
colleagues used 1R3 Kentucky Research cigarettes; however,
because we used Marlborough red for the in vitro studies, we used
the latter cigarettes for the 3-day inhaled smoke model. We found
that 3 days after inhalation of smoke, inflammation was induced,
characterized by predominantly mononuclear cells in the BAL.
Consistent with the results obtained in the peritonitis model,
inflammatory cell recruitment associated with inhaled cigarette
smoke showed an absolute requirement for TLR2. This is in line
with a number of recent publications in which mice deficient in

Figure 5. TLR2 is essential for oxidants’ activation of

CXCL8. CXCL8 levels were measured 24 hours after

stimulation with cigarette smoke extract (CSE)

(10%), H2O2 (0.1 mM), pyrogallol (1 mM), sodium
nitroprusside (SNP) (1 mM), and IL-1b (1 ng/ml) in

(A) HEK 293 Null cells (n 5 6) stably transfected with

the pUNO-mcs vector, (B) HEK 293 TLR2 cells (n 5 3)

stably transfected with the human TLR2 gene, (C)
HEK 293 TLR2/1 (n 5 3) cells stably transfected with

the human TLR2 and human TLR1 gene, and (D) HEK

293 TLR2/6 cells (n 5 3) stably transfected with the
human TLR2 and human TLR6 gene. *P , 0.05

compared with control values (media alone) using

ANOVA followed by a Bonferroni post-test.
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a functional TLR2 receptor were protected against pathology
associated with ‘‘sterile’’ inflammation, including atherosclerosis,
postischemic coronary endothelial dysfunction, and inflamma-
tory bowel disease (35–37), each of which are associated with an
increase in oxidative load. These observations are consistent with
our data showing that TLR2 is a receptor that senses exogenous
oxidants. When this model was used by Doz and colleagues, the
inflammation induced by 1R3 Kentucky Research cigarettes was
typified by neutrophils rather than monocytes.

A number of publications have implicated TLR4 in oxidant-
associated inflammation (38–42). In the current study, we found
that, by contrast to results seen with TLR2, TLR4 was not re-
quired for the very early phase of inflammation induced by
oxidants in the peritonitis model. This was confirmed in a cell-
based assay, in which HEK 293 cells transfected with an active
TLR4 receptor system and lacking TLR2 showed no direct
response to oxidant stimulation with respect to CXCL8. How-
ever, inflammation seen in our in vivo models at the 6-hour time
point or later depended on a functional TLR4 receptor. These
observations show clearly that TLR2, and not TLR4, is needed
for the initial sensing of oxidant stress in vivo. In line with our

observations at the later time points using the peritonitis model,
we found that TLR4 was also required for the inflammation we
saw in the 3-day smoke-inhalation model. The apparent role of
TLR4 in oxidant-induced inflammation in our model occurring
once the initial insult is sensed may be mediated by bacterial
components released from the gut (‘‘leaky gut syndrome’’) or
airways (‘‘leaky lung syndrome’’) as a result of local damage (43).

From our in vivo data, it was clear that TLR2, but not TLR4,
was essential for the initial early sensing of oxidant insult. We
therefore performed additional experiments to better understand
the specific role of TLR2 in the cellular sensing of oxidants using
specific TLR-expressing cell lines (HEK 293). Using these, we
show that oxidant-induced CXCL8 release has an absolute
requirement for a functional TLR2 alone or as a heterodimeric
complex with TLR1 or TLR6. Although we observed a positive
effect of oxidants on CXCL8 release by cells expressing only
TLR2, the presence of TLR6 seemed to facilitate the sensing of
oxidant-induced cell activation. In control cells that express no
TLRs, oxidants did not induce the release of CXCL8. However,
control cells did respond by releasing CXCL8 when stimulated
with IL-1b, which acts independently of TLRs but via the same
adapter protein pathway (MyD88).

Although TLR2 was required for the activation of cells by
oxidants to release CXCL8, the absence of TLR2 did not seem to
inhibit the cells’ ability to transfer an external oxidant stress to the
inside of the cell. Thus, TLR2 does not seem to act as an oxidant

Figure 6. TLR4 is not required for the initial sensing of oxidants.
CXCL8 levels were measured 24 hours after stimulation with cigarette

smoke extract (CSE) (10%), H2O2 (0.1 mM), FSL-1 (1 mg/ml), and

lipopolysaccharide (LPS) (1 mg/ml) in (A) HEK 293 Null cells (n 5 3)

stably transfected with the pUNO-mcs vector and (B) HEK 293 TLR4-
MD2/CD14 cells (n 5 3) stably transfected with the human TLR4,

MD2, and CD14 genes. *P , 0.05 compared with control values

(media alone) using ANOVA followed by a Bonferroni post-test.

Figure 7. Transfer of extracellular oxidants to the intracellular com-

partment and the subsequent activation of AP-1 is TLR2 independent.

Phospho-c-Jun activation (after 2 hours) and the conversion of dihy-
drorhodamine 123 to rhodamine 123 (after 0.5 hours) were measured

after stimulation with cigarette smoke extract (CSE) (3 and 10%) and

H2O2 (0.1 and 1 mM) in (A) HEK 293 Null cells (n 5 3–6) stably
transfected with the pUNO-mcs vector and (B) HEK 293 TLR2/6 cells

(n 5 3–6) stably transfected with the human TLR2 and human TLR6 gene.

*P , 0.05 compared with control values (media alone) using ANOVA

followed by a Bonferroni post-test.
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transducer. In previous studies we (18) and others (44) have
shown that oxidant stress induces activation of AP-1. In the
current study, we have confirmed these observations, showing
that oxidants activate AP-1 in HEK 293 cells. However, in our
current study we found that the activation of AP-1 by oxidants
occurred independently of TLR2 and CXCL8 release. This
suggests that for some genes, oxidants may induce cell activation
in some settings (via AP-1 activation) independently of TLR2.
The consequence of TLR2-independent AP-1 activation by
oxidants requires further investigation. However, our data with
CXCL8 are representative of the in vivo situation represented
by the two models used in this study.

In conclusion, we show that oxidants activate cells in vitro and
in vivo via a TLR2-dependent pathway. TLR4 receptors become
critically important after the initial sensing of the oxidant stress
and once inflammation has begun. The precise mechanism by
which oxidants mediate these effects is not clear but could be due
to oxidation of the extracellular portion of the receptor, causing
a conformational change, as is seen in other proteins (45, 46). In
human disease, oxidant stress is central to inflammation. In the
current study, we clearly identify TLR2 as an important sensing
receptor for oxidants in the peritoneum and the lungs.
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