
Role of interleukin-6 in murine airway responses to ozone

Richard A. Johnston, Igor N. Schwartzman, Lesley Flynt, and Stephanie A. Shore
Physiology Program, Department of Environmental Health, Harvard School of Public Health, Boston, Massachusetts

Submitted 13 January 2004; accepted in final form 22 October 2004

Johnston, Richard A., Igor N. Schwartzman, Lesley Flynt, and
Stephanie A. Shore. Role of interleukin-6 in murine airway re-
sponses to ozone. Am J Physiol Lung Cell Mol Physiol 288: L390–
L397, 2005. First published October 29, 2004; doi:10.1152/
ajplung.00007.2004.—This study sought to examine the role of inter-
leukin-6 (IL-6) in ozone (O3)-induced airway injury, inflammation,
and hyperresponsiveness (AHR). Subacute (72 h) exposure to 0.3 ppm
O3 significantly elevated bronchoalveolar lavage fluid (BALF) pro-
tein, neutrophils, and soluble TNF receptors (sTNFR1 and sTNFR2)
in wild-type C57BL/6 (IL-6�/�) mice; however, all four outcome
indicators were significantly reduced in IL-6-deficient (IL-6�/�) com-
pared with IL-6�/� mice. Acute O3 exposure (2 ppm for 3 h)
increased BALF protein, KC, macrophage inflammatory protein-
(MIP)-2, eotaxin, sTNFR1, and sTNFR2 in IL-6�/� mice. However,
MIP-2 and sTNFR2 were not significantly increased following O3

exposure in IL-6�/� mice. Increases in BALF neutrophils induced by
O3 (2 ppm for 3 h) were also significantly reduced in IL-6�/� vs.
IL-6�/� mice. Airway responsiveness to methacholine was measured
by whole body plethysmography before and following acute (3 h) or
subacute (72 h) exposure to 0.3 ppm O3. Acute O3 exposure caused
AHR in both groups of mice, but there was no genotype-related
difference in the magnitude of O3-induced AHR. AHR was absent in
mice of either genotype exposed for 72 h. Our results indicate that
IL-6 deficiency reduces airway neutrophilia, as well as the levels of
BALF sTNFR1 and sTNFR2 following acute high dose and/or sub-
acute low-dose O3 exposure, but has no effect on O3-induced AHR.

airway responsiveness; inflammation; injury; neutrophil; soluble tu-
mor necrosis factor receptor

EXPOSURE TO OZONE (O3) causes lung injury and inflammation.
The inflammatory response includes the generation of numer-
ous cytokines and chemokines, as well as an influx of poly-
morphonuclear leukocytes (3, 8, 17, 20, 22, 25, 31, 33, 41, 48).
O3 also causes airway hyperresponsiveness (AHR) (10, 22, 27,
28, 33, 35, 47). AHR is a defining feature of asthma, and
hospital admissions for asthma increase on days of high am-
bient O3 concentrations (11, 40). In children, O3 causes in-
creases in asthmatic symptoms even at concentrations below
the U.S. Environmental Protection Agency standard (13). O3-
induced AHR and/or inflammation are likely to contribute to
the ability of O3 to trigger asthmatic episodes. As such, it is
important to understand the mechanistic basis for these re-
sponses.

There is reason to believe that interleukin-6 (IL-6) may
modify O3-induced AHR and/or inflammation. In many spe-
cies, IL-6 is released into bronchoalveolar lavage fluid (BALF)
upon acute exposure to O3 (31, 33, 41). There is also increased
IL-6 mRNA in the lungs of mice exposed to O3 (17). Both
macrophages and epithelial cells synthesize IL-6 in response to

O3 (3, 8). IL-6 is a pleiotropic cytokine, which has been
reported to have both pro- and anti-inflammatory effects (18,
38). In the lungs, transgenic overexpression of IL-6 results in
a decrease in airway responsiveness (9, 23). Overexpression of
IL-6 also protects against the acute lung injury induced by
chronic hyperoxia (43), whereas mice genetically deficient in
IL-6 have a reduced acute-phase response to tissue injury (21).
Together, these results suggest that O3-induction of IL-6 may
serve to ameliorate both the AHR and the airway injury
induced by O3. However, Yu et al. (46) reported a decrease in
peripheral airway injury in IL-6-deficient compared with wild-
type mice following exposure to O3 (0.5 ppm for 24 h),
although they did not assess AHR, suggesting that IL-6 con-
tributes to rather than protects against O3-induced injury to the
lungs.

The purpose of this study was to examine the role of IL-6 in
O3-induced AHR and injury and inflammation to the lungs. To
that end, we measured airway responsiveness and airway
injury and inflammation to the lungs in wild-type C57BL/6
mice (IL-6�/�) and mice genetically deficient in IL-6 (IL-
6�/�) following acute (3 h) and subacute (72 h) O3 exposures.
As indexes of O3-induced injury and inflammation to the lungs,
we used BALF protein, epithelial cells, and neutrophils as well
as BALF IL-6, eotaxin, KC, and macrophage inflammatory
protein-2 (MIP-2). Finally, because IL-6 has been reported to
increase soluble tumor necrosis factor receptor 1 (sTNFR1) in
the blood (39) and because we have reported previously that
TNFR2 is required for O3-induced AHR (35), we also deter-
mined the concentration of sTNFR1 and sTNFR2 in the BALF.

MATERIALS AND METHODS

Animals. Male and female mice genetically deficient in IL-6 (IL-
6�/�) were purchased from The Jackson Laboratory (Bar Harbor,
ME). Sex- and age-matched IL-6�/� mice served as controls since the
IL-6�/� mice have been backcrossed onto a C57BL/6J background
for at least 11 generations. Mice used in this study were at least 8 wk
old. The Harvard Medical Area Standing Committee on Animals
approved all of the experimental protocols used in this study.

O3 exposure. For acute (3 h) O3 exposures, conscious mice were
placed in individual wire mesh cages and set inside a 145-l stainless
steel chamber with a Plexiglas door. We used 0.3 ppm as well as 2
ppm O3 to assess the effect of IL-6 deficiency on acute O3-induced
injury and inflammation to the lungs, because we were interested in
cytokine/chemokine generation and neutrophil emigration into the air
spaces, and these did not occur following acute exposure to 0.3 ppm
O3 for 3 h (see RESULTS). For subacute (72 h) exposures to 0.3 ppm O3,
the entire mouse cage, with the exception of the microisolator top, was
placed inside the exposure chamber. During subacute exposures, the
mice had continuous access to food and water. The doses of O3 and
exposure times were chosen to allow comparison with other studies of
responses to O3 in C57BL/6 mice (6, 19, 48). For exposures to room
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air, the experimental protocol was identical to the corresponding O3

exposure except that a separate and identical exposure chamber
dedicated to room air exposure was used. Finally, because there were
no differences in any of the outcome indicators examined in mice
exposed to room air for 3 vs. 72 h, the data for all air-exposed mice
were pooled.

O3 was generated by passing oxygen (Airgas East, Salem, NH)
through ultraviolet (UV) light, which was subsequently mixed with
room air in the chamber. By the constant drawing of a sample of the
chamber atmosphere through a sampling port, the O3 concentration
within the chamber was monitored constantly by a UV photometric
O3 analyzer (model 49; Thermo Electron Instruments, Hopkinton,
MA), which was calibrated by a UV photometric O3 calibrator (model
49PS, Thermo Electron Instruments).

Whole body plethysmography. Airway responsiveness to inhaled,
acetyl-�-methylcholine chloride (methacholine; MCh) (Sigma-Al-
drich, St. Louis, MO) was assessed by whole body plethysmography
(Buxco Electronics, Sharon, CT), as described previously (33, 35).
The outcome indicator, enhanced pause (Penh), has been shown to
correlate with pulmonary resistance and to be reduced by bronchodi-
lators in some studies (7, 14, 36, 37); however, this relationship has
been not demonstrated in other studies (1, 4, 12, 24, 26, 29). These
studies, while not demonstrating the validity of Penh as an indepen-
dent marker of lower airway obstruction, do suggest that Penh does
provide information regarding the integrated ventilatory and mechan-
ical responses of the entire respiratory tract.

On the day before O3 exposure (day 0), conscious mice were placed
unrestrained and uninstrumented into individual whole body plethys-
mographs. After a 30-min acclimation period in air, baseline Penh was
recorded every 15 s for 4 min. Dose-response curves to MCh aerosol
were generated as follows. First, an aerosol of phosphate-buffered
saline (PBS) was delivered to the animal for 1 min. After aerosol
delivery ceased, Penh was measured every 15 s for 9 min afterwards.
Next, aerosols of MCh, in approximate half-log intervals from 1 to
100 mg/ml, were delivered to the animal for 1 min at 9-min intervals,
with Penh being recorded every 15 s during the interval. The average
Penh value recorded during the 9-min period following the cessation
of delivery of PBS or each MCh dose was taken as the animal’s
response to that particular aerosolized agent.

On day 1, the mice were exposed to either 0.3 ppm O3 or room air
for 3 or 72 h. Three hours following the 3-h O3 exposure, airway
responsiveness to inhaled MCh was again measured. For those ani-
mals exposed to 0.3 ppm O3 for 72 h, airway responsiveness was
assessed immediately upon removal from the exposure chamber on
day 4.

BAL. For acute O3 exposures, BAL was performed 4 h after
cessation of O3 exposure to match the time at which measurements of
airway responsiveness were assessed. The latter procedure was begun
3 h after cessation of exposure and took about 1 h to complete. For
subacute O3 exposures, BAL was performed immediately after MCh
challenge on day 4.

Immediately before BAL, the animal was killed with an overdose
of pentobarbital sodium. For BAL, the trachea was exposed in situ, a
small incision was made in the trachea, and a plastic catheter attached
to a syringe was inserted. The lungs were lavaged twice with 1 ml of
ice-cold lavage buffer, PBS containing 0.6 mM EDTA. The resulting
lavagates were pooled and stored on ice until further use. The lavagate
was spun at 4°C for 10 min at 2,000 rpm, the supernatant was
collected and stored at �80°C until further use, and the remaining cell
pellet was resuspended in 1 ml of Hanks’ balanced salt solution
(Sigma). The total number of BALF cells was determined by counting
the number of cells in a 10-�l aliquot of the resulting cell suspension
with a hemacytometer. Next, �2.5 � 104 cells were spun onto glass
microscope slides at 800 rpm for 10 min at room temperature using a
Cytospin 3 Cytocentrifuge (Thermo Shandon, Pittsburgh, PA). After-
wards, the slides were air-dried and stained with Hema 3 (Biochem-
ical Sciences, Swedesboro, NJ), and at least 300 cells were counted

under a light microscope (�250 magnification) for differential cell
analysis.

Protein and enzyme-linked immunosorbent assays. The total BALF
protein concentration was determined spectrophotometrically accord-
ing to the Bradford protein assay procedure (Bio-Rad Laboratories,
Hercules, CA). The concentration of BALF IL-6, KC, MIP-2,
sTNFR1, sTNFR2, and eotaxin was determined with enzyme-linked
immunosorbent assay (ELISA) kits (Endogen, Woburn, MA for IL-6;
R&D Systems, Minneapolis, MN for all others) according to the
manufacturer’s instructions. Before the ELISAs, the BALF samples
were spun at 40,000 rpm for 30 min at 4°C.

RNA extraction and real-time reverse transcription-PCR. Lungs
were homogenized using a PowerGen 125 homogenizer (Fisher Sci-
entific International, Hampton, NH) at full speed in 3 ml of TRIzol
reagent (Invitrogen, Carlsbad, CA) for 3 min. Total RNA was then
extracted in accordance with the manufacturer’s instructions and
stored at �80°C. To ensure RNA purity following extraction, the
samples were run through the RNeasy miniprotocol for RNA cleanup
as instructed by the manufacturer (Qiagen, Valencia, CA). Reverse
transcription (RT) was performed with 2 �g total RNA, 1 �g random
hexamer primers (Invitrogen), 50 nmol dNTPs, 25 U RNaseOUT, an
RNase inhibitor (Invitrogen), and 200 U M-MLV reverse transcriptase
(Promega, Madison, WI) in a total volume of 25 �l consisting of 50
mM Tris �HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, and 10 mM DTT
at 37°C for 60 min. RT reactions were diluted with 30 �l of water and
stored at �80°C. Quantitative real-time RT-PCR was performed
using an iCycler iQ Real Time Detection System and iQ SYBR Green
Supermix in accordance with the manufacturer’s instructions (Bio-
Rad Laboratories). Primer sets for murine IL-6 were the same as those
reported by Huang and colleagues (16): forward, 5�-ATG AAG TTC
CTC TCT GCA AGA GAC T-3� and reverse, 5�-CAC TAG GTT
TGC CGA GTA GAT CTC-3� (638 bp). Murine �-actin was the
housekeeping gene with the following sequence: forward, 5�-AGA
GGG AAA TCG TGC GTG AC-3� and reverse, 5�-CAA TAG TGA
TGA CCT GGC CGT-3� (148 bp). PCR products of cDNA from the
lungs of O3 exposed (2 ppm for 3 h) ob/ob mice were gel purified and
cloned into TOPO-TA vectors (Invitrogen), which were used as a
positive control to construct standard curves for real-time RT-PCR
since ob/ob mice have robust responses to O3 (34). For each set of
primers, melting curve analysis yielded a single peak consistent with
one PCR product. Changes in IL-6 mRNA transcript copy number
were assessed relative to changes in �-actin mRNA transcript copy
number.

Statistical analysis of results. The effect of O3 and IL-6 deficiency
on BALF parameters was assessed by factorial ANOVA. In these
analyses, IL-6 (sufficient or deficient) and exposure (air or O3) were
the main effects. In assessing BALF cell differentials and IL-6 mRNA
expression, we performed the statistics on the common logarithm of
the values, since the data were not normally distributed. Differences in
IL-6 mRNA expression following room air or O3 exposure was
determined by ANOVA. To determine the effect of O3 and IL-6
deficiency on airway responsiveness, we assessed the significance of
changes in Penh by repeated-measures ANOVA. Statistica software
(StatSoft, Tulsa, OK) was used to perform these analyses. The results
are expressed, except were indicated, as the means � SE, where n is
the number of animals per treatment group. A P value 	0.05 was
considered significant.

RESULTS

O3 exposure increases IL-6 mRNA expression in the lungs.
Real-time RT-PCR was used to determine IL-6 mRNA expres-
sion in the lungs of IL-6�/� mice exposed to room air or 0.3
ppm O3 (3 or 72 h). IL-6 mRNA was detectable even in room
air-exposed mice, and both O3 exposure regimens resulted in a
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significant increase in IL-6 mRNA expression compared with
room air-exposed mice (Fig. 1).

Effect of IL-6 deficiency on airway responses to acute and
subacute 0.3 ppm O3 exposure. Four hours following acute O3

exposure (0.3 ppm for 3 h), the levels of BALF protein,
sTNFR1, and sTNFR2 were significantly increased in both
IL-6�/� and IL-6�/� mice compared with their air-exposed
controls (Fig. 2). There was no effect of IL-6 deficiency on the
levels of BALF protein among the genotypes within each
exposure group. The levels of BALF sTNFR1 were signifi-
cantly less in IL-6�/� mice than IL-6�/� mice following room
air exposure. For BALF sTNFR2, levels were significantly
reduced in IL-6�/� mice compared with IL-6�/� mice follow-
ing both room air and O3 exposure (Fig. 2). In contrast, acute
O3 exposure (0.3 ppm for 3 h) did not increase the percentage
of BALF cells that were neutrophils and did not result in
detectable O3-induced increases in BALF IL-6 and KC (data
not shown). No other chemokines were measured. The obser-
vation that IL-6 mRNA expression was increased by this
exposure suggests that the cytokine was released but that the
levels were below the limits of detection of the assay.

Immediately following the cessation of subacute O3 expo-
sure (0.3 ppm for 72 h), the levels of BALF protein, sTNFR1,
and sTNFR2 were increased in both IL-6�/� and IL-6�/� mice
compared with their respective air-exposed controls (Fig. 3). In
mice of both genotypes, O3 exposure also increased the per-
centage of BALF cells that were neutrophils. However, all four
outcome indicators were significantly less in IL-6�/� mice
than IL-6�/� mice. There were no genotype-related differences
in the total number of BALF cells following O3 exposure
(14.1 � 1.2 and 16.1 � 2.3 � 105, respectively, for IL-6�/�

and IL-6�/� mice). IL-6 and KC were undetectable in the
BALF of IL-6�/� mice exposed to O3 subacutely (data not
shown). Thus no other chemokines were measured.

There was no significant difference in baseline airway re-
sponsiveness between IL-6�/� and IL-6�/� mice before O3

exposure (Fig. 4). Exposure to room air did not alter airway
responsiveness in either genotype (data not shown). Three
hours following an acute O3 exposure (0.3 ppm for 3 h),
baseline Penh was elevated in IL-6�/� and IL-6�/� mice
(1.88 � 0.07 vs. 1.38 � 0.52, respectively) compared with
pre-exposure values (0.38 � 0.04 vs. 0.33 � 0.01, respec-
tively); however, there were no genotype-related differences
either pre- or post-O3 exposure. Furthermore, at 3 h post-O3,
there was a leftward shift of the MCh dose-response curve in
both IL-6�/� and IL-6�/� mice (Fig. 4A), indicative of AHR.
There was, however, no difference in the magnitude of the
changes in Penh induced by MCh between the genotypes. In
contrast to the increase in airway responsiveness that was
observed 3 h following an acute O3 exposure in IL-6�/� mice

Fig. 2. The total protein concentration (A) and the soluble tumor necrosis
factor receptors (sTNFRs, B and C ) in the bronchoalveolar lavage fluid
(BALF) of IL-6�/� and IL-6-deficient (IL-6�/�) mice following exposure to
either room air or 0.3 ppm O3 for 3 h. BAL was performed immediately after
the generation of post-O3 methacholine dose-response curves or room air
exposure (n 
 6–9 mice for each group). *P 	 0.05 compared with genotype-
matched, air-exposed controls; #P 	 0.05 compared with IL-6�/� mice with
an identical exposure.

Fig. 1. IL-6 mRNA expression in wild-type C57BL/6 (IL-6�/�) mice follow-
ing the cessation of exposure to room air or ozone (O3, 0.3 ppm) for 3 h or
72 h. IL-6 mRNA transcript copy number was normalized to �-actin transcript
copy number. Results are expressed as a percentage of the IL-6 mRNA in
air-exposed controls (n 
 8–10 mice for each group). *P 	 0.05 compared
with air-exposed controls.
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(0.3 ppm for 3 h) (Fig. 4A), airway responsiveness was not
different from pre-O3 values immediately after the cessation of
a subacute O3 exposure (0.3 ppm O3 for 72 h) (Fig. 4B).
Similar results were obtained in IL-6�/� mice.

In rodents, exposure to O3 leads to prolonged apneas or
end-expiratory pauses (EEP) (32, 33, 35). We have reported
previously that this change in breathing pattern is dependent
upon TNF signaling (35). Because the levels of BALF sTNFRs
were significantly lower in IL-6�/� than IL-6�/� mice, we
measured EEP in the 3-h period following the cessation of
acute exposure to O3 (0.3 ppm for 3 h) but before measurement
of airway responsiveness (Fig. 4C). In both IL-6�/� and
IL-6�/� mice there was an increase in EEP from pre-O3

exposure values that persisted for 3 h following the cessation of
O3 exposure. However, there were no statistically significant
genotype-related differences in EEP following acute exposure
to either O3 concentration. We also measured EEP just after
cessation of O3 exposure but before MCh challenge in mice
exposed subacutely (0.3 ppm for 72 h). In IL-6�/� mice, EEP
was elevated significantly over baseline EEP after subacute O3

exposure (28 � 3 vs. 58 � 12 ms, pre- and post-O3 respec-
tively). In contrast, there was no significant effect of subacute
O3 exposure on EEP in IL-6�/� mice (34 � 3 vs. 30 � 5 ms,
pre- and post-O3 respectively). The data suggest that IL-6
contributes to O3-induced changes in the pattern of breathing
after subacute but not acute O3 exposure.

Effect of IL-6 deficiency on airway responses to acute 2 ppm
O3 exposure. Because acute exposure to O3 (0.3 ppm for 3 h)
resulted in a detectable increase in BALF protein but no
detectable increase in neutrophils or chemokines, we used a
higher O3 concentration (2 ppm) to examine the role of IL-6 in

acute inflammatory responses to O3. This is a concentration
chosen by many other investigators examining acute inflam-
matory responses to O3 in mice (6, 44, 48). Figure 5 shows the
effect of O3 exposure (2 ppm for 3 h) on BALF IL-6, protein,
sTNFR, and chemokine levels in IL-6�/� and IL-6�/� mice.
Note that IL-6 was undetectable in BALF from all IL-6�/�

mice, regardless of exposure. Four hours after cessation of O3

exposure, all BALF inflammatory parameters increased in the
IL-6�/� mice compared with their air-exposed controls. In
IL-6�/� mice there were also significant increases in BALF
protein, eotaxin, KC, and sTNFR1, whereas sTNFR2 and
MIP-2 did not increase significantly with O3 exposure in these
mice. The magnitude of the increase in BALF protein, eotaxin,
KC, and sTNFR1 was not different between IL-6�/� and
IL-6�/� mice.

O3-induced changes in BALF leukocytes and epithelial cells
are shown in Table 1. O3 (2 ppm for 3 h) did not have any
significant effect on the total number of cells recovered from
the BALF in either IL-6�/� or IL-6�/� mice (Table 1). How-
ever, there were changes in the percentage of neutrophils,
epithelial cells, and eosinophils. Four hours after cessation of
O3 exposure, the percentage of cells in the BALF that were
neutrophils, epithelial cells, and eosinophils increased in the
IL-6�/� mice compared with their air-exposed controls. BALF
neutrophils were significantly lower in IL-6�/� mice than
IL-6�/� mice following O3 exposure, whereas the magnitude
of the increase in epithelial cells and eosinophils was not
different between IL-6�/� and IL-6�/� mice.

We also measured baseline Penh for 2.5 h after the cessation
of acute exposure to 2 ppm O3. Baseline Penh was substan-
tially elevated from pre-exposure values in both IL-6�/� and

Fig. 3. The total protein concentration (A), percentage of neutrophils
(B), and levels of sTNFRs (sTNFR1, C; sTNFR2, D) in the BALF of
IL-6�/� (solid bars) and IL-6�/� (open bars) mice following expo-
sure to either room air or 0.3 ppm O3 for 72 h. BAL was performed
immediately after the generation of post-O3 methacholine dose-
response curves or room air exposure. The data shown here from
air-exposed mice are identical to those found in Fig. 2 and are
included here to demonstrate the effect of O3 on our outcome
indicators (n 
 5–11 mice for each group). *P 	 0.05 compared
with genotype-matched, air-exposed controls; #P 	 0.05 compared
with IL-6�/� mice with an identical exposure.
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IL-6�/� mice following 2 ppm O3 exposure (9.13 � 0.36 vs.
12.15 � 0.62, respectively). As was the case following expo-
sure to 0.3 ppm O3, no genotype-related differences in baseline
Penh existed. Because baseline Penh was so high following
exposure to 2 ppm O3, airway responsiveness to MCh was not

assessed in this instance since any further increases in Penh
induced by MCh could not be measured accurately.

DISCUSSION

Our results indicate that IL-6 deficiency reduces airway
neutrophilia and sTNFR1 and/or sTNFR2 expression follow-
ing either acute exposure to a high concentration of O3 (2 ppm)
or more prolonged exposure to a lower concentration (0.3
ppm). In contrast, IL-6 deficiency has no effect upon O3-
induced AHR at least at 0.3 ppm O3.

Our data indicate robust expression of IL-6 in the BALF
following acute exposure to 2 ppm O3, consistent with other
studies using the same or similar O3 concentrations and expo-
sure times (17, 33, 34), whereas IL-6 was not detectable in
IL-6�/� mice. IL-6 was not detectable by ELISA in the BALF
of IL-6�/� mice exposed to 0.3 ppm O3 for either 3 or 72 h.
However, IL-6 mRNA expression was significantly increased
following exposure to 0.3 ppm O3 for either 3 or 72 h,
suggesting that the protein was released but that the levels in
BALF were below the limit of detection of the ELISA.

Ward et al. (43) have reported previously that hyperoxia-
induced alveolar protein leak, endothelial and epithelial cell
membrane injury, and lung lipid peroxidation are decreased
while survival is increased in transgenic mice overexpressing
IL-6 in the lungs. On the basis of these observations, we
hypothesized that IL-6 might also be protective in the context
of O3-induced injury to the lungs. Our results suggest that this
is not the case, since O3-induced BALF protein, which has
been proposed as a sensitive marker of O3-induced lung injury
(2), was not different in IL-6�/� and IL-6�/� mice following
acute exposure at high concentrations (Fig. 5) and was actually
significantly reduced in IL-6�/� mice following subacute O3

exposure (Fig. 3). Thus, in contrast to hyperoxia-induced lung
injury (43), these results suggest that IL-6 promotes rather than
ameliorates O3-induced injury to the lungs, suggesting that the
role of IL-6 is critically dependent upon the precise inflamma-
tory stimulus used. Similarly, Yu et al. (46) observed reduced
epithelial injury in IL-6�/� mice compared with IL-6�/� mice
following O3 exposure, albeit using a different exposure regi-
men (0.5 ppm for 24 h). Our results also indicate different roles
for IL-6 in the O3-induced injury to the lungs, as assessed by
BALF protein, during acute and subacute O3 exposures: IL-6
plays no role during acute exposure to O3 but promotes
O3-induced injury to the lungs during subacute exposure, at
least as assessed by BALF protein. We did not perform a
detailed histological assessment of the lungs and so cannot be
certain whether the changes in protein are indeed reflective of
epithelial injury under these circumstances. The importance of
the precise O3 exposure protocol used is also underscored by
the results of Yu and colleagues (46), who found that IL-6
deficiency had no effect upon the levels of BALF protein using
an O3 exposure regimen that lies between the two we used (0.5
ppm for 24 h).

We observed reduced BALF neutrophils in the IL-6�/� mice
compared with the IL-6�/� mice following either acute (3 h)
exposure to a high concentration of O3 (2 ppm) (Table 1) or
subacute exposure to lower concentrations of O3 (0.3 ppm)
administered for a longer period of time (72 h) (Fig. 3). It is
possible that the decrease in airway neutrophilia observed in
IL-6�/� mice exposed to acute high-dose O3 was related to

Fig. 4. Responsiveness to aerosolized methacholine measured in IL-6�/� and
IL-6�/� mice before and following the cessation of exposure to O3 (0.3 ppm)
for 3 h (A) or 72 h (B). End-expiratory pause (EEP) measurements in IL-6�/�

and IL-6�/� mice before and following the cessation of a 3-h exposure to 0.3
ppm O3 (C). EEP were measured between 0.5 and 3 h after the cessation of O3

exposure. Pre-O3 exposure values (time 
 0) were measured on the day before
O3 exposure (n 
 5–9 for each treatment group). Penh, enhanced pause. *P 	
0.05 compared with pre-O3 values in genotype-matched mice.
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effects of IL-6 deficiency on expression of the neutrophil
chemotactic factor MIP-2, since this chemokine increased
significantly in response to O3 in IL-6�/� mice but not IL-6�/�

mice (Fig. 5). These data also suggest that IL-6 may regulate
the expression of MIP-2 during this exposure regimen. In
contrast, the BALF levels of KC, another neutrophil chemo-
kine known to mediate O3-induced airway neutrophilia (25),
were not different between IL-6�/� and IL-6�/� mice, sug-
gesting that KC does not play role in the diminished neutrophil
emigration observed in IL-6�/� mice. It is possible that IL-6
also influences the expression of other neutrophil chemotactic
factors, such as IFN-�-inducible protein-10, monocyte chemo-
tactic protein (MCP)-1, MCP-3, and MIP-1�, which were not
measured. In addition, there may be effects of IL-6 on O3-
induced expression of the adhesion molecules involved in
neutrophil migration, which could explain the decreased air-
way neutrophilia observed in IL-6�/� mice. We do not know
whether the mechanism for decreased neutrophil recruitment in
IL-6�/� mice following acute and subacute O3 exposures is the

same. We could not detect chemokines in the BALF of IL-6�/�

mice immediately after the cessation of subacute O3 exposure
(0.3 ppm for 72 h), but it is possible that chemokines were
released, but below the limit of detection of the assay. It is also
possible that chemokines were released earlier during the
exposure and then declined.

Our results demonstrate that exposure to O3 causes an
increase in the amount of sTNFR1 and sTNFR2 released into
the BALF. To our knowledge, this is the first report of such
effects of O3 in any species, although another stimulus that
induces oxygen radicals, hydrogen peroxide, has been shown
to cause shedding of TNF receptors from pulmonary epithelial
cells in culture (15). sTNFR1 and sTNFR2 are the extracellular
domains of the p55 and p75 TNF receptors that are released by
proteolytic cleavage. Cho et al. (6) have reported an increase in
the mRNA expression of TNFR1 and TNFR2 in the lungs of
O3-exposed mice, and it is possible that the increased presence
of the soluble forms of these receptors following O3 exposure
simply reflects their increased synthesis. It is interesting to note

Fig. 5. The concentration of IL-6 (A), total protein
(B), sTNFRs (sTNFR1, C; sTNFR2, D), and chemo-
kines [macrophage inflammatory protein (MIP)-2,
E; KC, F; eotaxin, G] in the BALF of IL-6�/� and
IL-6�/� mice 4 h following a 3-h exposure to either
room air or 2 ppm O3. The data shown here from
air-exposed mice are identical to those found in Fig.
2 and are included here to demonstrate the effect of
O3 on our outcome indicators (n 
 5–7 mice for
each group). *P 	 0.05 compared with genotype-
matched, air-exposed controls; #P 	 0.05 com-
pared with IL-6�/� mice with an identical exposure.

Table 1. Effect of IL-6 deficiency on BALF cell numbers and differentials following O3 exposure (2 ppm for 3 h)

Cell Differentials: Percentage of Total Cells (95% Confidence Interval)

Murine Genotype (Exposure) Total Cell Number (�105) Macrophages Neutrophils Epithelial Cells Eosinophils Lymphocytes

IL-6�/� (Air) 18.7�2.9 98.1 (97.6–98.6) 0.4 (0.3–0.4) 0.6 (0.3–1.0) 0.3 (0.3–0.3) 0.4 (0.3–0.6)
IL-6�/� (Air) 17.9�1.1 97.4 (96.9–98.0) 0.4 (0.3–0.5) 1.2 (0.8–2.1) 0.3 (0.3–0.3) 0.3 (0.3–0.3)
IL-6�/� (O3) 14.9�2.5 72.4*(65.5–80.0) 3.3*† (2.1–5.1) 19.2*(14.4–25.5) 1.1*(0.5–2.4) 0.8*(0.5–1.3)
IL-6�/� (O3) 18.6�4.0 78.5*(67.5–91.2) 0.9*(0.4–2.4) 15.2*(9.8–23.7) 0.9*(0.4–1.9) 0.7*(0.3–1.3)

Results are the means � SE (total cells) or means and 95% confidence intervals (differentials) for 5–7 mice in each group. BALF, bronchoalveolar lavage
fluid. *P 	 0.05 compared with genotype-matched, air-exposed controls; †P 	 0.05 compared with IL-6�/� mice with an identical exposure.
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that following room air or O3 exposure, BALF sTNFR2 was
lower in IL-6�/� than IL-6�/� mice regardless of the exposure
regimen. sTNFR1 was also reduced in IL-6�/� compared with
IL-6�/� mice following room air and subacute O3 exposure
(Fig. 3). It is possible that with acute 0.3 ppm O3 exposure, the
lower levels of sTNFR1 and sTNFR2 in IL-6�/� compared
with IL-6�/� mice are simply a reflection of baseline (air-
exposed) differences in sTNFR expression, since the magni-
tude of the genotype-related differences are about the same
under each condition. However, with subacute O3 exposure
(0.3 ppm for 72 h), the magnitude of the difference in sTNFR
expression between IL-6�/� and IL-6�/� mice is much greater
than that observed in air-exposed controls, suggesting that IL-6
may be involved in regulating the expression of the sTNFRs,
especially during prolonged O3 exposure. In support of this
hypothesis, Tilg et al. (39) reported an increase in sTNFR1 in
patients treated with exogenous IL-6 by intravenous infusion.
We do not yet know the functional significance of the changes
in sTNFRs observed in response to O3; however, one possi-
bility is that IL-6 modulates the expression and/or activity of
TNF-� converting enzyme, the enzyme responsible for cleav-
ing TNFR1 and TNFR2 from the plasma membrane, and/or the
expression of the receptors themselves.

In mice, transgenic overexpression of IL-6 in the lungs
results in reduced airway responsiveness both at baseline and
following antigen sensitization and challenge (9, 42). Con-
versely, AHR induced by antigen sensitization and challenge is
enhanced in IL-6�/� mice. Together, these results suggest that
IL-6 has the capacity to modulate airway responsiveness.
Because IL-6 has been shown by many investigators, including
ourselves, to be induced by O3 (3, 8, 17, 31, 33, 34, 41), we
reasoned that IL-6 might be acting to attenuate O3-induced
AHR. Our results indicate that this is not the case, since
baseline airway responsiveness and O3-induced AHR were not
different in IL-6�/� and IL-6�/� mice, even though IL-6
mRNA was detectable following both room air and O3 expo-
sure. In any event, it would not be surprising if IL-6 played a
different role in allergen-induced vs. O3-induced AHR, since
the role IL-6 in inflammatory or immune responses in the lung
appears to depend critically on the precise stimulus used.
For example, IL-6 plays an anti-inflammatory role in the lung
response to Aspergillus fumigatus (5, 45), whereas it is
required for optimal immune cell responses to viral infection
(21, 30).

In addition to causing airway inflammation and AHR, ex-
posure to O3 causes changes in the pattern of breathing. In
rodents, one of the most profound aspects of this change in
breathing pattern is an increase in EEP (32, 33, 35). We have
previously reported that in mice, TNF receptors are required
for O3-induced changes in EEP (35). Because we observed
differences in sTNFR1 and sTNFR2 in IL-6�/� vs. IL-6�/�

mice following O3 exposure, we reasoned that IL-6 might also
modify O3-induced changes in EEP. Our results indicated no
significant genotype-related difference in EEP following acute
O3 exposure, but a reduction in O3-induced changes in EEP in
IL-6�/� mice following subacute exposure. These results in-
dicate that IL-6 plays a role in O3-induced changes in breathing
pattern following subacute but not acute O3 exposure. Whether
or not IL-6-related changes in sTNFRs play a role in these
events remains to be determined.

In summary, our results demonstrate that IL-6 promotes
O3-induced injury and inflammation to the lungs, especially
during subacute O3 exposure. In contrast, IL-6 does not play a
role in O3-induced AHR, at least in response to 0.3 ppm O3.
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