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The lung response to ozone is determined
by age and is partially dependent on
toll-Like receptor 4
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Abstract

Background: Ozone pollution has adverse effects on respiratory health in children and adults. This study was
carried out in the mouse model to investigate the influence of age and to define the role of toll-like receptor
four (TLR4) in the lung response to ozone exposure during postnatal development.

Methods: Female mice (1 to 6 weeks of age) were exposed for 3 h to ozone (1 part per million) or filtered air.
Analyses were carried out at six and 24 h after completion of exposure, to assess the effects on lung permeability,
airway neutrophilia, expression of antioxidants and chemokines, and mucus production. The role of TLR4 was
defined by examining TLR4 expression in the lung during development, and by investigating the response to
ozone in tlr4-deficient mice.

Results: Metallothionein-1, calcitonin gene-related product, and chemokine C-X-C ligand (CXCL) five were
consistent markers induced by ozone throughout development. Compared with adults, neonates expressed lower
levels of pulmonary TLR4 and responded with increased mucus production, and developed an attenuated
response to ozone characterized by reduced albumin leakage and neutrophil influx into the airways, and lower
expression of CXCL1 and CXCL2 chemokines. Examination of the responses in tlr4-deficient mice indicated that
ozone-mediated airway neutrophilia, but not albumin leakage or mucus production were dependent on TLR4.

Conclusions: Collectively, the data demonstrate that the response to ozone is determined by age and is partially
dependent on TLR4 signaling. The reduced responsiveness of the neonatal lung to ozone may be due at least in
part to insufficient pulmonary TLR4 expression.
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Introduction
Ozone (O3) is a common urban air pollutant generated
through reaction of ultraviolet sunlight with nitrogen ox-
ides and volatile organic compounds. O3 induces an in-
flux of neutrophils into the airways and alters lung
permeability leading to leakage of plasma proteins into
the airways. Exposure to O3 reduces lung function and
exacerbates asthma, resulting in increased emergency
department visits and hospitalization especially in chil-
dren [1–6]. Children are generally considered to be more
vulnerable than adults to the adverse effects of O3 due

to higher outdoor activity, resulting in increased expos-
ure, and higher ventilation rates potentially leading to
higher doses of inhaled O3 particularly in the summer.
Infants are also susceptible to develop respiratory symp-
toms with O3 exposure, especially if their mothers have
asthma [7]. This susceptibility to O3 appears to be age-
related in human, at least based on the risk for asthma
exacerbations [8–10]. However, because sampling of the
lower airways in young children is not easily accessible,
the biological response of the lung to O3 exposure is still
not characterized for infants and children and it is not
clear if this response is age-dependent in human.
The outcomes of O3 exposure can be influenced by

many factors [11], including the concentration of O3, the
duration and type of exposure (acute or chronic), and
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the conditions of exposure (rest or exercise during ex-
posure). Both in humans and in laboratory animals, the
acute pulmonary effects of O3, including airway neutro-
philia, lung hyperpermeability and decreased lung func-
tion are normally resolved within 2 days of recovery
following exposure to normal air [12–16]. Controlled ex-
posure studies of human volunteers and laboratory ani-
mals have shown that these responses may also be
attenuated after short-term, repeated daily exposure to
O3 [17–21]. This phenomenon, referred to as tolerance
or functional adaptation, is transient and may last for up
to 2 weeks before full susceptibility to O3 with acute pul-
monary effects is restored again. However, as shown in
rhesus monkeys, long-term repeated cycles of O3 expos-
ure can lead to morphological alterations in airway
structure that are further enhanced with allergen expos-
ure, more specifically in the early age [22].
The early age is considered to be most vulnerable to

the adverse effects of air pollution because damage to
the lung during this window of active growth may po-
tentially lead to irreversible alterations in the structure
and function of the airways. During the same period,
particularly in the neonatal phase, the pulmonary anti-
oxidant system undergoes maturational changes [23]
and the antioxidant capacity of the lung may not be ad-
equate enough to protect airway tissue against excessive
oxidative stress generated by oxidant air pollutants such
as O3 [24, 25].
Besides age, genetic factors linking TLR4 to the differ-

ential susceptibility to O3 have also been proposed [26].
TLR4 is a member of the family of toll-like receptors
that recognize highly conserved molecular patterns associ-
ated with pathogens [27, 28]. TLR4 was initially character-
ized as the prototypic receptor for lipopolysaccharide [29],
and its role in the initiation of the innate immune
response is well established [30]. However, new roles have
emerged for TLR4 that include the recognition of en-
dogenous molecules called alarmins, also described as
danger-associated molecular patterns, which are re-
leased upon tissue damage and trigger an inflamma-
tory response to acute injury [31–34]. TLR4 signaling
has been implicated in O3-mediated lung inflamma-
tion through interaction with hyaluronan fragments
[35, 36], and both infection-induced and acid-induced
acute lung injury also appear to be triggered by TLR4
but through interaction with oxidized phospholipids
generated from oxidative stress [37].
Previous studies in mice have shown that the response

to O3 is dose-dependent and varies with age [38, 39] In
these studies, juvenile mice of 2–3 weeks of age devel-
oped a lesser degree of airway neutrophilia and lung per-
meability change in response to O3 exposure than adult
(12–15 weeks old) mice. However, these responses var-
ied also with the strain of mice used, and earlier age was

not examined in these studies. Other studies examined
chemokine expression in the lung of neonatal mice and
found that this response was blunted even with high
dose of O3 exposure [40]. Nonetheless, the response of
the neonatal lung is still poorly characterized and it is
not clear if there is a gradient of susceptibility to O3

from neonatal to adult age and if the responses are com-
parable in nature and magnitude for all developing
lungs. In addition, the role of TLR4 in the various com-
ponents of the response is not well defined particularly
for the neonatal mice.
The objective of this study was to further investigate

the age-dependent response to O3 exposure throughout
postnatal development in mice and to define the role of
TLR4 in these responses. Because pulmonary TLR4
expression appears to be developmentally regulated [41],
we hypothesized that the response to O3 is modified by
age and is partially regulated by TLR4 signaling. We
examined the effect of acute O3 exposure on developing
lungs by exposing mice of varying age from 1 to 6 weeks.
We assessed the effects on lung permeability and airway
neutrophilia, mucus response, and expression of chemo-
kines, antioxidant and neuropeptides in the lung. In
addition, we examined TLR4 expression and assessed
the responses in both neonatal and adult TLR4−/− mice.

Materials and methods
Animals
Wild-type (WT) BALB/c mice were obtained from the
National Cancer Institute Mouse Repository (Frederick,
MD). TLR4−/− mice, on BALB/c background, were kindly
provided by Dr. David Schwartz (University of Colorado
Denver Anschutz Medical Campus, Aurora, CO). The mice
were originally obtained from Dr. Shizuo Akira (Japan)
[42], and were backcrossed onto BALB/c background for
ten generations. The tlr4 knockout genotype was confirmed
by real-time PCR using specific primers (Additional file 1:
Supplemental Material). BALB/c mice were shown to be
one of the most sensitive strains to O3 [39]. Mice were bred
and maintained under specific pathogen-free conditions at
the Biological Resource Center of National Jewish Health.
All animals used in this study were treated humanely
and in accordance with the recommendations of the
National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All experiments were car-
ried out under a protocol approved by the Institutional
Animal Care and Use Committee. All surgeries were per-
formed under terminal anesthesia with pentobarbital.

Ozone exposure
O3 exposure was performed as previously described [43].
The O3 exposure system is made of two 240-liter stain-
less steel inhalation chambers stacked on top of one an-
other. The upper chamber is used for O3 exposure and
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the lower is dedicated for FA exposure. All plumbing
and tubing in the system that come in contact with
ozone are constructed of either stainless steel or Teflon.
Windows in the chambers used for animal observation
during exposure are made of glass. Mice were exposed
to O3 or FA in stainless steel mesh wire cages (Length ×
width × height: 25 cm × 17 cm × 17 cm) with a floor
constructed of 30-mesh stainless steel mesh. This size
mesh allows passage of urine, but prevents foot injury
during cage loading and unloading from the chambers.
Each chamber can accommodate for up to eight cages.
HEPA-filtered room air was drawn into each chamber at
a rate of 100 liters per min. O3 was generated from pure
medical-grade oxygen using a silent arc discharge ozonizer
(Sander Ozonizer, Model 25; Erwin Sander Elektroappara-
tebau GmbH, Uetze-Eltze, Germany), passed through a
mass flow controller (Model 1359C; MKS Instruments
Inc., Andover, MA), and introduced into the ozone expos-
ure chamber. The concentration of O3 inside the chamber
was continuously monitored with an ultraviolet ozone
analyzer (Model 400A; Advanced Pollution Instrumenta-
tion, Inc., San Diego, CA) and recorded on a strip-chart
recorder. O3 concentrations were stabilized by feedback
control and were maintained within 5 % variation from
the 1-ppm target value. Temperature inside the chambers
was maintained at 20 to 25 °C. Relative humidity was
maintained between 38 and 43 %. For safety, a separate
ozone monitor (Model C30-Z, EcoSensors, Santa Fe, NM)
was used to monitor ozone levels in the operator’s room.
Should the room ozone levels exceed 100 ppb, this moni-
tor triggers a solid-state relay that disconnects power to
the ozone generator. Calibration of the ozone analyzers
was performed by the Colorado Department of Public
Health and Environment (Denver, CO).

Experimental design
The following age groups of mice were studied: Neonatal
(1-week old), juvenile (2-week old), weanling (3-week old),
and adults (6-week old). Mice were exposed to O3

(1 ppm) or filtered air (FA) for 3 h. Neonatal mice (1-week
old) were exposed with their mothers to minimize stress
and to maintain mother/infant interaction and feeding
habits. Older mice were exposed without the mothers.
At the designated time points after completion of
exposure, mice were euthanized by intraperitoneal in-
jection of pentobarbital (Nembutal®, 100 mg/kg body
weight) and ex-sanguinated by severing the aorta.
Broncholaveolar lavage (BAL) was performed to assess
airway inflammation, lung permeability change and
mucus release into the airways. The lungs were proc-
essed for histology, to examine mucus expression in
tissue, or for analysis of gene expression by real-time
quantitative polymerase chain reaction (rt-qPCR).

Bronchoalveolar lavage
Immediately after euthanasia, the mouse trachea was
cannulated with a blunt-end needle of appropriate gauge
size (23G for 1- and 2-week old, 20G for 3 and 6-week old
mice). The lungs were lavaged with sterile phosphate-
buffered saline (PBS), instilling 60 microliters per gram of
body weight into the trachea and gently aspirating the
fluid via the cannula, using 0.5-ml Hamilton glass syringe
(Hamilton Inc., Reno, NV) for 1-week old neonates, or a
standard 1-ml syringe (Becton Dickinson) for the other
age groups. The % recovery of BAL fluid was similar for
all age groups and ranged between 70 and 75 % of instilled
liquid. The recovered BAL fluids were centrifuged at 485
x g for 5 min at 4 °C. The supernatants were collected and
stored at−80 °C until needed for analyses. The cells in the
pellet were suspended in 100 μl of PBS. Total cell num-
bers were determined by counting cells in ABC Vet
hematology analyzer (Block Scientific, Bohemia, NY). For
differential cell counts, an aliquot of suspended BAL cells
was centrifuged onto cytospin slides for 3 min at 750 rpm
using Shandon Cytospin3 centrifuge (Fisher Scientific,
Hanover Park, IL). The cytospin preparations were air-
dried and stained with Leukostat (Fisher Diagnostics,
Pittsburgh, PA) to differentiate inflammatory cells by
standard hematological procedures. Neutrophil counts
were determined as percent of total BAL cells and were
expressed as absolute numbers of recovered cells.

Measurement of albumin and Muc5ac levels in the BAL
fluid
The levels of albumin (Bethyl Laboratories, Montgomery,
TX) and Muc-5 ac (TSZ ELISA, Framingham, MA) were
measured in the BAL fluid, using commercial ELISA.
The detection limits were 7.8 ng/ml for albumin, and
4.7 ng/ml for Muc5ac.

Detection and quantification of mucus in tissue
Immediately after lavage, the lungs were inflated with
paraformaldehyde (4 % in PBS), administered through
the tracheal cannula at 20-cm of static fluid pressure,
removed and immersed in the same fixative for 24 h at
4 °C. Tissues were dehydrated in graded ethanols, cleared
in xylene and embedded in paraffin. Mucin-5 AC (Muc5ac)
was detected by immunohistochemistry using a specific
mouse monoclonal antibody (Clone 45 M1) (Thermo
Scientific, Fremont, CA) and the ImmPRESS anti-mouse
Immunoglobulin (peroxidase) Polymer detection kit
(Vector Laboratories, Burlingame, CA). Muc5ac ex-
pression in central intrapulmonary airways was quan-
tified by morphometry using ImageJ analysis program
(version 1.34 s for Macintosh) developed at the US
National Institutes of Health and available via the
Internet at the public domain http://rsb.info.nih.gov.
Briefly, images of stained tissue sections were captured
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with Olympus DP72 digital camera under Olympus BX51
microscope (Leeds Precision Instruments, Minneapolis,
MN). The images were transferred to the computer and
calibrated against a micrometric scale to convert digital
pixels to numeric distance. With ImageJ program, the area
of Muc5ac staining was outlined automatically and mea-
sured after adjusting the threshold function to highlight
the pixels matching Muc5ac staining within the epithe-
lium. In parallel, the adjacent basement membrane (BM)
of the epithelium was outlined manually using the free-
hand line selection tool and was measured. The results are
expressed as Muc5ac immunoreactive area normalized to
the length of the corresponding epithelium basement
membrane (μm2/mm BM).

Analysis of gene expression in lung tissue
RNA expression analysis was performed on lung tis-
sue. Freshly isolated lungs were stabilized in RNAlater
(Qiagen, Valencia, CA). Total RNA was isolated using
TRIzol® reagent (Life Technologies, Grand Island, NY)
and was cleaned up using RNeasy Mini Kit (Qiagen).
Total RNA (1 μg) was transcribed into cDNA using
M-MLV Reverse Transcriptase and oligo-(dT)12–18 primers
(Life Technologies) for 30 min at 42 °C in a 20-μl reaction
volume. One microliter of transcribed cDNA was amplified
by real-time qPCR using Taqman Universal PCR Master
Mix. The expression of CXCL1, CXCL2, CXCL5, HMOX1,
GSR, MT1, NRF2, TLR4, and GAPDH was analyzed by
qPCR using Taqman Gene Expression assays (Life
Technologies). The expression of the sensory neuro-
peptides CGRP and substance P was analyzed using
custom designed primers and probes (Table 1). Real-
time qPCR was performed in a 25-μl reaction volume
using ABI Prism® 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA). Temperature

cycling conditions included 1 cycle of heating to 95 °C
for 10 min, followed by 40 cycles of denaturation at
95 °C for 10 s and annealing/extension at 60 °C for 1 min.
Data are presented as target gene expression level relative
to GAPDH housekeeping gene expression (2-deltaCt), where
delta Ct represents the difference between the Ct (cycle
threshold) value of target gene and the Ct value of
GAPDH. The Ct values of GAPDH were similar for all
groups; hence GAPDH was used for normalization of
qPCR data.

Statistical analysis
Data are presented as mean ± SEM. Statistical analysis
was performed using GraphPad Prism version 5.0 for
Mac OS X (GraphPad Software, San Diego, CA). Data
were analyzed using ANOVA with Bonferroni’s proced-
ure to correct for multiple comparisons between the
groups. Student’s t-test was used for all comparisons be-
tween group pairs. Statistical significance was defined as
a p value of < 0.05.

Results
Expression of antioxidants and sensory neuropeptides
O3 induced significant increases in MT1 expression at
6 h post exposure in the lungs of all age groups exam-
ined (Fig. 1a). By 24 h, MT1 expression returned to
baseline levels similar to those detected in FA-exposed
animals. The results also show that O3-mediated MT1
expression correlated with age and was significantly
higher in 3- and 6-week old mice compared to 1- and 2-
week old mice. Regardless of exposure, NRF2 expression
increased gradually with age and reached significantly
higher levels in the 6-week old mice compared to all
other age groups (Fig. 1b). However, this baseline ex-
pression was not altered by O3 exposure in any age
group (Fig. 1b). The expression of HMOX1 (Fig. 1c) and
GSR (Additional file 2: Figure S1), two antioxidant genes
regulated by NRF2, did not increase after O3 exposure
in the neonatal lungs. In older mice, compared to neo-
natal mice, both antioxidant responses were significantly
higher at 24 h post-O3 exposure, while the induced
levels were similar in 2, 3 and 6 weeks old mice (Fig. 1c,
Additional file 2: Figure S1).
Previous observations from this laboratory indicated

that O3 increases CGRP expression but does not alter sub-
stance P expression in the neonatal mouse lung [44]. In
the present study, pulmonary substance P expression was
not altered after O3 exposure in any age group examined
(data not shown). In contrast, the expression of CGRP
was significantly increased in all age groups at 6 h follow-
ing O3 exposure, compared to FA exposure (Fig. 1d). This
increase in pulmonary CGRP expression was transient in
the 1-week old mouse lung, whereas in the juvenile and

Table 1 Primers and probes designed for detection of CGRP
and substance P

CGRP

Accession number AF330212

Forward primer
(position 302)

5’-AGGAGGCTGAGGGCTCTAGTG-3’

Reverse primer
(position 358)

5’- CAGCCGATGGGTCACACA-3’

Internal probe
(FAM-labeled)

5’-CTGCTCAGAAGAGATCCTGCAACACTGC-3’

Substance P

Accession number NM_009311

Forward primer
(position 212)

5’-GACCAGATCAAGGAGGCAATG-3’

Reverse primer
(position 260)

5’-GGGTCTTCGGGCGATTCT-3’

Internal probe
(TET-labeled)

5’-CGGAGCCCTTTGAGCATCTTCTGCA-3’
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adult mouse lungs it increased at 6 h and was maintained
up to 24 h after O3 exposure.

Lung permeability and airway neutrophilia
Altered lung permeability and airway neutrophilia are
characteristic of O3-mediated lung injury. To establish
the role of age in the development of these alterations,
we examined the responses in the different age groups
of mice. O3 mediated significant increases in albumin
levels in the airways of mice from 1 to 6 weeks of age
(Fig. 2a). In juvenile and adult mice, the albumin levels
increased significantly at 6 h and were maintained at
24 h after O3 exposure. By contrast, in the 1-week old
neonates, this albumin leakage was less prominent than
in older mice and appeared to be delayed to 24 h after
O3 exposure. At 48 h post-O3 exposure, the levels of al-
bumin were similar to baseline levels for all age groups.
As shown in Fig. 2b, O3 induced a significant influx of

neutrophils into the airways of mice in all age groups.
Interestingly, the extent and pattern of this response
varied considerably with age. In the 1-week old neonatal
mice, the neutrophilic response was markedly attenuated
compared to the response that developed in the adult
lung. In 2- and 3-week old mice, the numbers of neutro-
phils were significantly elevated at 6 h and were

maintained with no apparent decline at 24 h post-O3 ex-
posure. By contrast, in adults, the neutrophil numbers
were much higher at 6 h but declined rapidly by 24 h
after O3 exposure. By 48 h post-O3 exposure, the num-
bers of neutrophils were similar to those recovered in
the BAL fluids of FA-exposed animals in all age groups.
Figure 2c illustrates the total number of cells recov-

ered in the BAL fluids from all age groups. In mice
aged 1 to 3 weeks, O3 exposure produced only a small
increase in total BAL cells that did not reach statistical
significance when compared to the total numbers
recovered from FA-exposed animals. By contract, in 6-
week old mice, O3 mediated a significant increase in
total cells that reached about 2-fold the total numbers
recovered from FA-exposed animals. By 48 h post-
exposure, the total cell numbers recovered from O3-ex-
posed animals were similar to the total numbers of cells
recovered from FA-exposed animals in all age groups.

Expression of neutrophilic chemokines
To further investigate the age-dependent neutrophilic
response to O3, we examined the expression of the neu-
trophilic chemokines CXCL1, CXCL2 and CXCL5 in the
lungs by real-time qPCR. In all age groups, O3 induced a

Fig. 1 Age-related effects of O3 on antioxidant and neuropeptide gene expression in the lung. BALB/c mice of varying age, from 1 to 6 weeks,
were exposed to FA or O3 for 3 h. Expression of MT1 (a), NRF2 (b), HMOX1 (c) and CGRP (d) was analyzed in the lungs by real-time qPCR. Data
are normalized to GAPDH and presented as mean ± SEM (n = 3-6 mice/group). *: p < 0.05, compared with age-matched FA-exposed controls; #: p <
0.05, compared with 1-week old group; $: p < 0.05, compared to all other age groups. MT1: metallothionein-1, NRF2: Nuclear factor (erythroid-
derived 2)-like2, HMOX1: Heme oxygenase-1, CGRP: Calcitonin gene-related peptide
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transient increase in the expression of all three chemo-
kines notably at 6 h post-exposure (Fig. 3). This increase
appeared to be age-dependent for CXCL1 and CXCL2,
with significantly higher expression induced in the adult
lung compared to the neonatal lung (Fig. 3a-b). By

contrast, independent of age, O3 induced significant in-
creases in CXCL5 expression to similar levels all age
groups from neonates to adults (Fig. 3c).

Airway mucus production
Mucus expression was examined in tissue of central
intrapulmonary airways by immunostaining for Muc5ac
and was quantified by morphometry. In parallel, mucus
release was estimated by measurement of Muc5ac levels
in the recovered BAL fluids. As illustrated in Fig. 4a,
Muc5ac was constitutively expressed in the airways of

Fig. 2 Age-related effects of O3 on lung permeability and airway
neutrophilia. Levels of albumin (a), neutrophil counts (b), and total cell
numbers (c) were determined in the BAL fluids after exposure to O3 or
FA. Values are mean ± SEM (n = 3–6 mice/group). *: p < 0.05, compared
with age-matched FA-exposed controls; #: p < 0.05, compared with 1-
week old group; $: p < 0.05, compared to all other age groups

Fig. 3 Age-related effects of O3 on neutrophilic chemokine expression
in the lung. Expression of CXCL1 (a), CXCL2 (b) and CXCL5 (c)
was analyzed in the lungs by real-time qPCR at 6 and 24 h after
completion of exposure. Data are normalized to GAPDH and presented
as mean ± SEM (n = 3–6 mice/group). *: p < 0.05, compared with
age-matched FA-exposed controls; #: p < 0.05, compared with 1-
week old group; $: p < 0.05, compared to all other age groups
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FA-exposed neonatal mice, and this constitutive expres-
sion declined progressively as the lungs developed with
age (Fig. 4a, b). Following O3 exposure, the expression
of Muc5ac further increased significantly in the airways
of 1- and 2-week old mice, most notably at 24 h after
exposure (Fig. 4a, b). However, as shown for older mice,
this increase was progressively attenuated with age. In
the BAL fluid, the levels of Muc5ac were significantly

increased at 6 h post-O3 exposure in neonatal mice but
not in juvenile or adult mice (Fig. 4c). By 24 h post-O3

exposure, the levels returned to baseline values similar
to those measured in FA-exposed controls.

Role of TLR4 in the age-dependent response to O3

The reason why neonatal mice appear to be less respon-
sive to O3 than adults is not clear. However, neonatal

Fig. 4 Age-related effects of O3 on airway mucus expression and release. (a) Muc5ac was detected in tissue of central intrapulmonary airways by
immunohistochemistry (brown staining) and was localized to the airway epithelium. Scale bar represents 200 μm. (b) Epithelial Muc5ac expression was
quantified by morphometry. The data are expressed as area of Muc5ac-positive epithelium normalized to the perimeter of the epithelial basement
membrane (mean ± SEM, n = 3–4/group). (c) Levels of Muc5ac measured in the BAL fluids (mean ± SEM, n = 3-7/group). *: p < 0.05, compared with
age-matched FA-exposed controls
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mice express lower levels of TLR4 in the lung compared
to adult mice [41], and TLR4 appears to be required for
the inflammatory response to O3 that develops in the
adult mouse lung [45]. Therefore, we reasoned that the
attenuated response to O3 observed in the neonatal lung
might be due at least in part to a reduced expression of
pulmonary TLR4 in this early age.
To determine if the age-dependent response to O3 is

related to differences in pulmonary TLR4 expression, we
first examined the expression of TLR4 in the lungs of
developing mice from neonates to adults. As shown in
Fig. 5, consistent with previous observations [41], the ex-
pression of pulmonary TLR4 increased in an age-related
manner from 1 week to 6 weeks of postnatal develop-
ment, with the lowest expression levels detected in the
neonatal lung and highest levels in the adult lung.
To determine which component of the response to O3

is dependent on TLR4 and if TLR4 deficiency recapitu-
lates some aspects of the response seen in the neonates,
we investigated the response to O3 in both neonatal and
adult TLR4−/− mice and compared the results to those
obtained in WT mice of similar age.
When neonatal (1-week old) TLR4−/− mice were ex-

posed to O3 they developed significant increases in lung
permeability similar to O3-exposed neonatal WT mice
(Fig. 6a), but their neutrophilic response was markedly
attenuated at 24 h (Fig. 6b) and subsided by 48 h post-O3

exposure (Additional file 3: Figure S2A). Other
responses to O3, including mucus production (Fig. 6c,
d), antioxidant response (Fig. 7a, b, Additional file 4:
Figure S3A), and CGRP expression (Fig. 7c) developed

independent of TLR4 expression in the neonatal lung.
Interestingly, in line with the attenuated neutrophilic
response, no significant increase in CXCL1 or CXCL2
expression was observed after O3 exposure in the lungs
of neonatal TLR4−/− mice (Fig. 7d, e), although the
expression of CXCL5 was significantly increased in the
lungs of these mice (Fig. 7f ).
Similarly, in 6-week old adult mice, TLR4-deficiency

did not alter the effect of O3 on lung permeability
(Fig. 8a) but airway neutrophilia was significantly re-
duced in TLR4−/− mice compared to WT mice (Fig. 8b,
Additional file 3: Figure S2B). Examination of airway
tissue showed no increase in Muc5ac expression in the
airways (Fig. 8b), and Muc5ac levels were not increased
after O3 exposure in the BAL fluid of these mice (Fig. 8c),
a response that was of a low magnitude similar to the
response of adult WT mice. Analysis of antioxidant re-
sponse showed no difference between adult TLR4−/− and
adult WT mice in O3-mediated MT1 expression (Fig. 9a).
However, unlike in adult WT mice, neither HMOX1 nor
GSR was increased after O3 exposure in the lungs of adult
TLR4−/− mice (Fig. 9b, Additional file 4: Figure S3B).
TLR4-deficiency did not affect the O3-mediated pulmon-
ary expression of CGRP (Fig. 9c). Finally, the expression of
CXCL1 but not CXCL2 or CXCL5 was significantly
reduced after O3 exposure in the lungs of adult TLR4−/−
mice compared with adult WT mice (Fig. 9d–f ).

Discussion
The results of this study demonstrate that the lung
response to acute O3 exposure is determined by age and
is partially dependent on TLR4 signaling. In neonatal
mice, compared to adult mice, this response was mark-
edly attenuated, with lower expression of antioxidants,
reduced albumin leakage, and reduced neutrophils influx
into the airways associated with lower expression of the
neutrophilic chemokines CXCL1 and CXCL2. In con-
trast, mucus production was higher at baseline and
increased significantly following acute O3 exposure in
the neonatal lung but not in the adult lung. Interestingly,
the expression of pulmonary TLR4 appears to be devel-
opmentally regulated, with the neonatal lung expressing
much lower levels of TLR4 compared to the adult lung,
and examination of the response in neonatal TLR4−/−

mice revealed that TLR4 signaling is required for the
development of airway neutrophilia but not albumin
leakage or mucus production in response to acute O3

exposure. In adult mice, TLR4 is also implicated in the
neutrophilic airway response to O3 but not in albumin
leakage. These results may explain why the neonatal
lung is less responsive to O3 exposure compared to fully
developed, adult lung. Whether the response to O3 is
similarly age-dependent in the developing human lung
remains to be determined. However, due to many ethical

Fig. 5 Age-related change in pulmonary TLR4 expression. TLR4
expression was determined by real-time qPCR in whole lung tissue.
Data are normalized to GAPDH and are presented as mean ±
SEM (n = 4–14 mice/group). *: Statistical difference between the
age groups (p < 0.05)
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Fig. 6 Effect of O3 on lung permeability, airway neutrophilia, and mucus production in neonatal (1-week old) TLR4−/− mice compared to wild-type
(WT) mice. (a) Levels of albumin measured in the BAL fluid (mean ± SEM, n = 3–5/group), (b) Numbers of neutrophils recovered in the
BAL fluids (mean ± SEM, n = 3–5/group), (c) Epithelial Muc5ac expression (mean ± SEM, n = 3–5/group), (d) Levels of Muc5ac in the BAL fluid
(mean ± SEM, n = 3–5/group). *: p < 0.05, compared with age-matched FA-exposed controls; #: Statistical difference between the groups (p < 0.05)

Fig. 7 Effect of O3 on pulmonary antioxidant, neuropeptide, and chemokines expression in neonatal (1-week old) TLR4−/− mice compared to
wild-type (WT) mice. (a) metallothionein-1 (MT1), (b) heme oxygenase-1 (HMOX-1), (c) calcitonin gene-related peptide (CGRP), (d) chemokine (C-
X-C) ligand 1 (CXCL1), (e) chemokine (C-X-C) ligand 2 (CXCL2), (f) chemokine (C-X-C) ligand 5 (CXCL5). Expression was analyzed by real-time qPCR.
Data are normalized to GAPDH and presented as mean ± SEM (n = 3–5 mice/group). *: p < 0.05, compared with age-matched FA-exposed
controls; #: Statistical difference between the groups (p < 0.05)
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Fig. 8 Effect of O3 on lung permeability, airway neutrophilia, and mucus production in adult (6-week old) TLR4−/− mice compared to wild-type
(WT) mice. (a) Albumin levels measured in the BAL fluids (mean ± SEM, n = 4–7/group), (b) Number of neutrophils recovered in the BAL fluids
(mean ± SEM, n = 4–7/group), (c) Epithelial Muc5ac expression (mean ± SEM, n = 3–6/group), (d) Muc5ac levels in the BAL fluids (mean ±
SEM, n = 5–10/group). *: p < 0.05, compared with age-matched FA-exposed controls; #: Statistical difference between the groups (p < 0.05)

Fig. 9 Effect of O3 on pulmonary antioxidant, neuropeptide, and neutrophilic chemokines expression in adult (6-week old) TLR4−/− mice compared to
wild-type (WT) mice. (a) metallothionein-1 (MT1), (b) heme oxygenase-1 (HMOX-1), (c) calcitonin gene-related peptide (CGRP), (d)
chemokine (C-X-C) ligand 1 (CXCL1), (e) chemokine (C-X-C) ligand 2 (CXCL2), (f) chemokine (C-X-C) ligand 5 (CXCL5). Expression was
analyzed by real-time qPCR and was normalized to GAPDH. Data are presented as mean ± SEM (n = 5–6 mice/group). *: p < 0.05,
compared with age-matched FA-exposed controls; #: Statistical difference between the groups (p < 0.05)
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limitations, the nature and magnitude of the biological
response that might develop in the newborn human lung
after O3 exposure may not be answered directly.
Experimental exposure studies have shown that the

biologic pulmonary response to O3 is closely linked to
the alveolar dose of inhaled O3 in both human and
rodents, which is related to the subject’s alveolar ventila-
tion and is proportional to the amount of O3 breathed
[46–50]. This linkage appears to be preserved across
species allowing for extrapolation of O3 dose and effect
from rodents to humans [49, 50]. Initial studies in rats
reported excessively higher mortality rates in neonates
(1-week old) compared to older animals after 3 days of
continuous exposure to 0.8 ppm O3 [51, 52]. However,
in the present study, mortality was not observed in any
age group of mice, including neonates, after short-term
(3 h) exposure to a similar dose of 1 ppm O3.
Neutrophils are common biological response markers

of O3 exposure in human and rodents. Neutrophils are
recruited to the lung through a coordinated action of
chemokines. When examined in this study, CXCL1 and
CXCL2 were barely induced by O3 in the first week of life
but their expression increased significantly at later ages.
By contrast, the expression of CXCL5 was markedly
increased to similar levels in all age groups including neo-
nates, and there was no correlation with the age-related
neutrophilic response to O3. A recent study uncovered an
unexpected and important role for CXCL5 as a negative
regulator of neutrophil trafficking in the lung [53]. The
role of CXCL5 in our model is not clear, but according to
this new paradigm it may also play a regulatory role by
limiting the extent of neutrophil recruitment to the lung
during O3 exposure.
The production of mucus in response to O3 exposure

has not, to our knowledge, been studied in the context
of the developing lung. The increased levels of Muc5ac
detected after O3 exposure in the BAL fluid of neonatal
mice, but not in older mice, indicate that mucus release
is a unique feature of the neonatal lung response to O3.
This response may be partially explained by the high
constitutive number of goblet cells present in the air-
ways of neonatal mice compared with adults, as shown
in this study and by others [54]. As result of this consti-
tutive mucus production, the composition of the epithe-
lial lining fluid is likely to be different in the neonatal
lung compared to the adult lung. When inhaled into the
airways, O3 interacts with proteins and lipids present in
the epithelial lining fluid or on the surface of epithelial
cells and mediates its toxic effects partly through the
generation of reactive oxygen products that cause tissue
injury [55]. Using labeled ozone (18O3) to quantify reac-
tion products of O3 with lung tissue, Vancza et al. [39]
demonstrated that the amount of O3 absorbed in lung
tissue following exposure is lower in neonatal mice

compared to adult mice. Accordingly, the lower response
of neonatal mice to O3 could be due in part to a lower
O3 effective dose received in their lungs. On the other
hand, one of the functions of the mucus layers lining the
respiratory tract is thought to be the scavenging of
highly reactive oxygen species, which would provide
antioxidant protection to the underlying epithelium
[56, 57]. Accordingly, mucus could play a cytoprotective
role against oxidant air pollutants such as O3, which
remains to be fully investigated in future studies.
The susceptibility to O3 is thought to be genetically

determined given the marked individual variability in the
reported effects of O3 on respiratory health in human
and in different strains of mice [58, 59]. This notion is
supported by genetic studies in mice [60, 61] and the
subsequent identification of tlr4 as a candidate gene for
the susceptibility to O3 [45]. Examination of pulmonary
TLR4 expression in the various mouse age groups
revealed that TLR4 is developmentally regulated and is
expressed at significantly lower levels in the neonatal
lung compared to the adult lung. This led us to further
investigate the effects of O3 exposure in both neonatal
and adult TLR4−/− mice to determine which component
of the response is dependent on TLR4 and if TLR4
deficiency recapitulates some aspects of the attenuated
neonatal lung response to O3. Among the responses
examined, it was mainly the neutrophilic response and
associated chemokines (CXCL1) that were dependent on
TLR4 during O3 exposure in both age groups. The
observation that HMOX1 and GSR were not increased
after O3 exposure in adult TLR4−/− mice suggests that
TLR4 signaling may be involved in the induction of
these responses by sensing reactive products of oxidative
stress during O3 exposure. TLR4 signaling has shown to
be required for HMOX-1 expression in LPS-induced
liver injury [62] and in hemorrhage-induced lung injury
[63]. This dependence on TLR4, at least for HMOX-1,
could explain why HMOX-1 expression was not upregu-
lated after O3 exposure in the neonatal lung where TLR4
expression is insufficient. However, other studies showed
that newborn mice do not upregulate HMOX-1 expres-
sion in their lungs, but adults do, following exposure to
hyperoxia [64, 65], apparently because newborn mice
express high levels of Bach1 [66], a negative regulator
of HMOX-1 gene transcription [67]. Our findings may
suggest that, although Bach1 may repress HMOX-1
gene expression, there is also insufficient TLR4 signal-
ing to drive HMOX-1 expression in the neonatal lung.
Other TLR4-idependent responses included the potential
markers of O3 exposure, i.e. MT1, CGRP and CXCL5. Im-
portantly, TLR4 was not required for O3-mediated mucus
production in the neonatal lung, and it was dispensable
for O3-mediated lung permeability, as previously shown
by other studies in adult mice [35, 36, 68, 69].

Gabehart et al. Respiratory Research  (2015) 16:117 Page 11 of 13



Conclusions
The results of this study demonstrate that the response of
the lung to acute O3 exposure is determined by age and is
partially regulated by TLR4 signaling. In particular, the
neonatal lung responds to O3 exposure differently than the
adult lung, with increased mucus production and markedly
attenuated airway neutrophilia and antioxidant response.
Neonates, compared to adults, express lower levels of
pulmonary TLR4, which may explain their reduced airway
neutrophilia and antioxidant response to acute O3 expos-
ure. This study also identified biological response markers
potentially useful for assessing O3 exposure throughout
postnatal lung development. These results may be import-
ant to understanding the effects of air pollution and the
response of the developing lung in the early age.
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Additional file 1: Supplemental Material. (DOCX 49 kb)

Additional file 2: Figure S1. Age-related effect of O3 on Glutathione
reductase (GSR) expression. GSR expression was analyzed in lung tissue of
mice (1 to 6 weeks of age) by real-time qPCR. Data are normalized to
GAPDH and presented as mean ± SEM (n = 3–5 mice/group). *: p < 0.05,
compared with age-matched FA-exposed controls; #: p < 0.05, compared
with 1-week old group. (EPS 115 kb)

Additional file 3: Figure S2. BAL neutrophil counts at 48 h post-
O3exposure in WT and TLR4−/− mice. WT and TLR4−/− mice were exposed
as neonates (A) or adults (B), to O3 or filtered air (FA). In both age
groups, O3-mediated neutrophil response was not delayed in TLR4−/−

mice compared to WT mice. NS: No significant difference, compared to
FA exposed group (n = 4–6 mice/group). (EPS 113 kb)

Additional file 4: Figure S3. Effect of O3 on GSR expression in the
lungs of WT and TLR4−/− mice. WT and TLR4−/− mice were exposed as
neonates (A) or adults (B), to O3 or filtered air (FA). GSR expression
was analyzed by rt-qPCR at 6 h post-exposure. Data are mean ± SEM
values of GSR expression, normalized to GAPDH expression (n = 3–5 mice/
group). *: p < 0.05, compared with FA-exposed control group. (EPS 101 kb)

Abbreviations
BAL: Bronchoalveolar lavage; CGRP: Calcitonin gene-related peptide;
CXCL1: Chemokine (C-X-C) ligand 1; CXCL2: Chemokine (C-X-C) ligand 2;
CXCL5: Chemokine (C-X-C) ligand 5; FA: Filtered air; GAPDH: Glyceraldehyde-
3-phosphate dehydrogenase; GSR: Glutathione reductase; HMOX1: Heme
oxygenase 1; Muc5ac: Mucin 5 AC; MT1: Metallothionein 1; NRF2: Nuclear
factor (erythroid-derived 2)-like 2; O3: Ozone; PAS: Periodic acid-schiff;
PBS: Phosphate buffered saline; ppm: Part per million; rt-qPCR: real-time
quantitative polymerase chain reaction; TLR4: Toll-like receptor 4; TLR4
−/−: TLR4 knock-out; WT: Wild-type.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AD had the primary responsibility for this manuscript. AD and KG conceived
the study and drafted the manuscript. KG, KC, and JL were involved in
animal exposures and data collection. AD, KG and CW all played a role in
study design, analysis of data and interpretation of results. All authors read
and approved the final manuscript.

Acknowledgements
This work was supported by the U.S. National Institute for Environmental
Health Sciences (NIEHS) grant P01 ES018181 and by the Eunice Kennedy
Shriver National Institute of Child Health and Development (NICHD) grant
R01 HD053557. The contents of this publication is solely the responsibility

of the grantee and do not necessarily represent the official views of the US
NIEHS or NICHD.

Author details
1Department of Pediatrics, National Jewish Health, 1400 Jackson Street,
Denver 80206, CO, USA. 2Current address: University of Colorado Denver,
Children’s Hospital, Aurora, CO, USA.

Received: 23 February 2015 Accepted: 17 September 2015

References
1. Kinney PL, Ware JH, Spengler JD, Dockery DW, Speizer FE, Ferris Jr BG.

Short-term pulmonary function change in association with ozone levels.
Am Rev Respir Dis. 1989;139:56–61.

2. Mar TF, Koenig JQ. Relationship between visits to emergency departments
for asthma and ozone exposure in greater Seattle Washington. Ann Allergy
Asthma Immunol. 2009;103:474–9.

3. Romieu I, Sienra-Monge JJ, Ramirez-Aguilar M, Tellez-Rojo MM, Moreno-
Macias H, Reyes-Ruiz NI, et al. Antioxidant supplementation and lung
functions among children with asthma exposed to high levels of air
pollutants. Am J Respir Crit Care Med. 2002;166:703–9.

4. Strickland MJ, Darrow LA, Mulholland JA, Klein M, Flanders WD, Winquist A,
et al. Implications of different approaches for characterizing ambient air
pollutant concentrations within the urban airshed for time-series studies
and health benefits analyses. Environ Heal. 2011;10:36.

5. Thurston GD, Lippmann M, Scott MB, Fine JM. Summertime haze air pollution
and children with asthma. Am J Respir Crit Care Med. 1997;155:654–60.

6. Weisel CP, Cody RP, Lioy PJ. Relationship between summertime ambient
ozone levels and emergency department visits for asthma in central New
Jersey. Environ Health Perspect. 1995;103 Suppl 2:97–102.

7. Triche EW, Gent JF, Holford TR, Belanger K, Bracken MB, Beckett WS, et al.
Low-level ozone exposure and respiratory symptoms in infants. Environ Health
Perspect. 2006;114:911–6.

8. Babin SM, Burkom HS, Holtry RS, Tabernero NR, Stokes LD, Davies-Cole JO,
et al. Pediatric patient asthma-related emergency department visits and
admissions in Washington, DC, from 2001–2004, and associations with air
quality, socio-economic status and age group. Environ Heal. 2007;6:9.

9. Silverman RA, Ito K. Age-related association of fine particles and ozone with
severe acute asthma in New York City. J Allergy Clin Immunol. 2010;125:367–73.

10. Villeneuve PJ, Chen L, Rowe BH, Coates F. Outdoor air pollution and
emergency department visits for asthma among children and adults: a
case-crossover study in northern Alberta Canada. Environ Heal. 2007;6:40.

11. Bhalla DK. Ozone-induced lung inflammation and mucosal barrier
disruption: toxicology, mechanisms, and implications. J Toxicol Environ
Health B Crit Rev. 1999;2:31–86.

12. Devlin RB, McDonnell WF, Mann R, Becker S, House DE, Schreinemachers D,
et al. Exposure of humans to ambient levels of ozone for 6.6 hours causes
cellular and biochemical changes in the lung. Am J Respir Cell Mol Biol.
1991;4:72–81.

13. Koren HS, Devlin RB, Graham DE, Mann R, McGee MP, Horstman DH, et al.
Ozone-induced inflammation in the lower airways of human subjects. Am
Rev Respir Dis. 1989;139:407–15.

14. Lippmann M. Health effects of ozone. A critical review. JAPCA. 1989;39:672–95.
15. Seltzer J, Bigby BG, Stulbarg M, Holtzman MJ, Nadel JA, Ueki IF, et al. O3-

induced change in bronchial reactivity to methacholine and airway
inflammation in humans. J Appl Phys. 1986;60:1321–6.

16. Tepper JS, Costa DL, Lehmann JR, Weber MF, Hatch GE. Unattenuated
structural and biochemical alterations in the rat lung during functional
adaptation to ozone. Am Rev Respir Dis. 1989;140:493–501.

17. Christian DL, Chen LL, Scannell CH, Ferrando RE, Welch BS, Balmes JR.
Ozone-induced inflammation is attenuated with multiday exposure.
Am J Respir Crit Care Med. 1998;158:532–7.

18. Horvath SM, Gliner JA, Folinsbee LJ. Adaptation to ozone: duration of effect.
Am Rev Respir Dis. 1981;123:496–9.

19. Linn WS, Medway DA, Anzar UT, Valencia LM, Spier CE, Tsao FS, et al.
Persistence of adaptation to ozone in volunteers exposed repeatedly for
six weeks. Am Rev Respir Dis. 1982;125:491–5.

20. van Bree L, Dormans JA, Koren HS, Devlin RB, Rombout PJ. Attenuation and
recovery of pulmonary injury in rats following short-term, repeated daily
exposure to ozone. Inhal Toxicol. 2002;14:883–900.

Gabehart et al. Respiratory Research  (2015) 16:117 Page 12 of 13

http://respiratory-research.com/content/supplementary/s12931-015-0279-2-s1.docx
http://respiratory-research.com/content/supplementary/s12931-015-0279-2-s2.eps
http://respiratory-research.com/content/supplementary/s12931-015-0279-2-s3.eps
http://respiratory-research.com/content/supplementary/s12931-015-0279-2-s4.eps


21. van der Wal WA, van Bree L, Marra M, Rombout PJ. Attenuation of acute
lung injury by ozone inhalation–the effect of low level pre-exposure. Toxicol
Lett. 1994;72:291–8.

22. Plopper CG, Smiley-Jewell SM, Miller LA, Fanucchi MV, Evans MJ, Buckpitt
AR, et al. Asthma/allergic airways disease: does postnatal exposure to
environmental toxicants promote airway pathobiology? Toxicol Pathol.
2007;35:97–110.

23. Davis JM, Auten RL. Maturation of the antioxidant system and the effects
on preterm birth. Semin Fetal Neonatal Med. 2010;15:191–5.

24. Auten RL, Foster WM. Biochemical effects of ozone on asthma during
postnatal development. Biochim Biophys Acta. 1810;2011:1114–9.

25. Ciencewicki J, Trivedi S, Kleeberger SR. Oxidants and the pathogenesis of
lung diseases. J Allergy Clin Immunol. 2008;122:456–68.

26. Kleeberger SR. Genetic aspects of susceptibility to air pollution.
Eur Respir J Suppl. 2003;40:52–6.

27. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004;4:499–511.
28. Kawai T, Akira S. Pathogen recognition with Toll-like receptors. Curr Opin

Immunol. 2005;17:338–44.
29. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective

LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science. 1998;282:2085–8.

30. Kaisho T, Akira S. Critical roles of Toll-like receptors in host defense.
Crit Rev Immunol. 2000;20:393–405.

31. Erridge C. Endogenous ligands of TLR2 and TLR4: agonists or assistants?
J Leukoc Biol. 2010;87:989–99.

32. Jiang D, Liang J, Li Y, Noble PW. The role of Toll-like receptors in non-infectious
lung injury. Cell Res. 2006;16:693–701.

33. Mollen KP, Anand RJ, Tsung A, Prince JM, Levy RM, Billiar TR. Emerging
paradigm: toll-like receptor 4-sentinel for the detection of tissue damage.
Shock. 2006;26:430–7.

34. Tolle LB, Standiford TJ. Danger-associated molecular patterns (DAMPs) in
acute lung injury. J Pathol. 2013;229:145–56.

35. Garantziotis S, Li Z, Potts EN, Lindsey JY, Stober VP, Polosukhin VV, et al.
TLR4 is necessary for hyaluronan-mediated airway hyperresponsiveness
after ozone inhalation. Am J Respir Crit Care Med. 2010;181:666–75.

36. Li Z, Potts-Kant EN, Garantziotis S, Foster WM, Hollingsworth JW. Hyaluronan
signaling during ozone-induced lung injury requires TLR4, MyD88, and TIRAP.
PLoS One. 2011;6:e27137.

37. Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T, van Loo G,
et al. Identification of oxidative stress and Toll-like receptor 4 signaling as a
key pathway of acute lung injury. Cell. 2008;133:235–49.

38. Shore SA, Johnston RA, Schwartzman IN, Chism D, Krishna Murthy GG.
Ozone-induced airway hyperresponsiveness is reduced in immature mice.
J Appl Physiol. 2002;92:1019–28.

39. Vancza EM, Galdanes K, Gunnison A, Hatch G, Gordon T. Age, strain, and
gender as factors for increased sensitivity of the mouse lung to inhaled
ozone. Toxicol Sci. 2009;107:535–43.

40. Johnston CJ, Holm BA, Finkelstein JN. Differential proinflammatory cytokine
responses of the lung to ozone and lipopolysaccharide exposure during
postnatal development. Exp Lung Res. 2004;30:599–614.

41. Harju K, Glumoff V, Hallman M. Ontogeny of Toll-like receptors TLR2 and
TLR4 in mice. Pediatr Res. 2001;49:81–3.

42. Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, et al. Cutting
edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive to
lipopolysaccharide: evidence for TLR4 as the Lps gene product. J Immunol.
1999;162:3749–52.

43. Park JW, Taube C, Joetham A, Takeda K, Kodama T, Dakhama A, et al.
Complement activation is critical to airway hyperresponsiveness after acute
ozone exposure. Am J Respir Crit Care Med. 2004;169:726–32.

44. Gabehart K, Correll KA, Yang J, Collins ML, Loader JE, Leach S, et al.
Transcriptome profiling of the newborn mouse lung response to acute
ozone exposure. Toxicol Sci. 2014;138:175–90.

45. Kleeberger SR, Reddy S, Zhang LY, Jedlicka AE. Genetic susceptibility
to ozone-induced lung hyperpermeability: role of toll-like receptor 4.
Am J Respir Cell Mol Biol. 2000;22:620–7.

46. Silverman F, Folinsbee LJ, Barnard J, Shephard RJ. Pulmonary function changes
in ozone-interaction of concentration and ventilation. J Appl Physiol.
1976;41:859–64.

47. Mudway IS, Kelly FJ. An investigation of inhaled ozone dose and the magnitude
of airway inflammation in healthy adults. Am J Respir Crit Care Med.
2004;169:1089–95.

48. Gerrity TR, Weaver RA, Berntsen J, House DE, O’Neil JJ. Extrathoracic
and intrathoracic removal of O3 in tidal-breathing humans. J Appl Physiol.
1988;65:393–400.

49. Hatch GE, Slade R, Harris LP, McDonnell WF, Devlin RB, Koren HS, et al. Ozone
dose and effect in humans and rats. A comparison using oxygen-18 labeling
and bronchoalveolar lavage. Am J Respir Crit Care Med. 1994;150:676–83.

50. Hatch GE, McKee J, Brown J, McDonnell W, Seal E, Soukup J, et al. Biomarkers
of Dose and Effect of Inhaled Ozone in Resting versus Exercising Human
Subjects: Comparison with Resting Rats. Biomark Insights. 2013;8:53–67.

51. Elsayed NM, Mustafa MG, Postlethwait EM. Age-dependent pulmonary
response of rats to ozone exposure. J Toxicol Environ Health. 1982;9:835–48.

52. Mustafa MG, Elsayed NM, Ospital JJ, Hacker AD. Influence of age on the
biochemical response of rat lung to ozone exposure. Toxicol Ind Health.
1985;1:29–41.

53. Mei J, Liu Y, Dai N, Favara M, Greene T, Jeyaseelan S, et al. CXCL5 regulates
chemokine scavenging and pulmonary host defense to bacterial infection.
Immunity. 2010;33:106–17.

54. Roy MG, Rahmani M, Hernandez JR, Alexander SN, Ehre C, Ho SB, et al.
Mucin production during prenatal and postnatal murine lung development.
Am J Respir Cell Mol Biol. 2011;44:755–60.

55. Pryor WA. How far does ozone penetrate into the pulmonary air/tissue
boundary before it reacts? Free Radic Biol Med. 1992;12:83–8.

56. Cross CE, Halliwell B, Allen A. Antioxidant protection: a function of
tracheobronchial and gastrointestinal mucus. Lancet. 1984;1:1328–30.

57. Ogasawara Y, Namai T, Yoshino F, Lee MC, Ishii K. Sialic acid is an essential
moiety of mucin as a hydroxyl radical scavenger. FEBS Lett. 2007;581:2473–7.

58. Savov JD, Whitehead GS, Wang J, Liao G, Usuka J, Peltz G, et al. Ozone-induced
acute pulmonary injury in inbred mouse strains. Am J Respir Cell Mol Biol.
2004;31:69–77.

59. Zhang LY, Levitt RC, Kleeberger SR. Differential susceptibility to ozone-induced
airways hyperreactivity in inbred strains of mice. Exp Lung Res. 1995;21:503–18.

60. Kleeberger SR, Levitt RC, Zhang LY, Longphre M, Harkema J, Jedlicka A,
et al. Linkage analysis of susceptibility to ozone-induced lung inflammation in
inbred mice. Nat Genet. 1997;17:475–8.

61. Prows DR, Shertzer HG, Daly MJ, Sidman CL, Leikauf GD. Genetic analysis of
ozone-induced acute lung injury in sensitive and resistant strains of mice.
Nat Genet. 1997;17:471–4.

62. Song Y, Shi Y, Ao LH, Harken AH, Meng XZ. TLR4 mediates LPS-induced HO-1
expression in mouse liver: role of TNF-alpha and IL-1beta. World J Gastroenterol.
2003;9:1799–803.

63. Chen C, Zhang F, Zhang Z, Peng M, Wang Y, Chen Y. TLR4 signaling-induced
heme oxygenase upregulation in the acute lung injury: role in hemorrhagic
shock and two-hit induced lung inflammation. Mol Biol Rep. 2013;40:1167–72.

64. Dennery PA. Heme oxygenase in neonatal lung injury and repair. Antioxid
Redox Signal. 2014;21:1881–92.

65. Dennery PA, Rodgers PA, Lum MA, Jennings BC, Shokoohi V. Hyperoxic
regulation of lung heme oxygenase in neonatal rats. Pediatr Res. 1996;40:815–21.

66. Kassovska-Bratinova S, Yang G, Igarashi K, Dennery PA. Bach1 modulates
heme oxygenase-1 expression in the neonatal mouse lung. Pediatr Res.
2009;65:145–9.

67. Ishikawa M, Numazawa S, Yoshida T. Redox regulation of the transcriptional
repressor Bach1. Free Radic Biol Med. 2005;38:1344–52.

68. Hollingsworth 2nd JW, Cook DN, Brass DM, Walker JK, Morgan DL,
Foster WM, et al. The role of Toll-like receptor 4 in environmental
airway injury in mice. Am J Respir Crit Care Med. 2004;170:126–32.

69. Williams AS, Leung SY, Nath P, Khorasani NM, Bhavsar P, Issa R, et al.
Role of TLR2, TLR4, and MyD88 in murine ozone-induced airway
hyperresponsiveness and neutrophilia. J Appl Physiol. 2007;103:1189–95.

Gabehart et al. Respiratory Research  (2015) 16:117 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals
	Ozone exposure
	Experimental design
	Bronchoalveolar lavage
	Measurement of albumin and Muc5ac levels in the BAL fluid
	Detection and quantification of mucus in tissue
	Analysis of gene expression in lung tissue
	Statistical analysis

	Results
	Expression of antioxidants and sensory neuropeptides
	Lung permeability and airway neutrophilia
	Expression of neutrophilic chemokines
	Airway mucus production
	Role of TLR4 in the age-dependent response to O3

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



