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Abstract
The roles of gender and sex hormones in lung function and disease are complex and not completely
understood. The present study examined the influence of gender on lung function and respiratory
mechanics in naive mice and on acute airway inflammation and hyperresponsiveness induced by
intratracheal LPS administration. Basal lung function characteristics did not differ between naive
males and females, but males demonstrated significantly greater airway responsiveness than females
following aerosolized methacholine challenge as evidenced by increased respiratory system
resistance and elastance (p < 0.05). Following LPS administration, males developed more severe
hypothermia and greater airway hyperresponsiveness than females (p < 0.05). Inflammatory indices
including bronchoalveolar lavage fluid total cells, neutrophils, and TNF-α content were greater in
males than in females 6 h following LPS administration (p < 0.05), whereas whole-lung TLR-4
protein levels did not differ among treatment groups, suggesting that differential expression of TLR-4
before or after LPS exposure did not underlie the observed inflammatory outcomes. Gonadectomy
decreased airway inflammation in males but did not alter inflammation in females, whereas
administration of exogenous testosterone to intact females increased their inflammatory responses
to levels observed in intact males. LPS-induced airway hyperresponsiveness was also decreased in
castrated males and was increased in females administered exogenous testosterone. Collectively,
these data indicate that airway responsiveness in naive mice is influenced by gender, and that male
mice have exaggerated airway inflammatory and functional responses to LPS compared with females.
These gender differences are mediated, at least in part, by effects of androgens.

Gender differences exist in the risk, incidence, and pathogenesis of various lung diseases in
humans (1). Females typically are more susceptible to and/or develop more severe asthma,
chronic obstructive pulmonary disease, lung cancer, and other lung conditions. Accumulating
epidemiological and experimental data suggest that sex hormones may be important
physiological modulators in the lung, and the role of estrogens in asthma has received
considerable attention in this regard. However, in general, studies of the effects of sex hormones
on lung function and disease pathogenesis are often limited by relatively small sample sizes,
subjectivity of outcome measures, and unadjusted comparisons (2), thus making absolute
confirmation of hormonal effects elusive.
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Studies using a variety of experimental models of lung injury have uncovered underlying
gender differences that are believed to result from sex hormone effects on disease pathogenesis.
Whereas the role of androgens has not been addressed in detail, estrogens appear to equivocally
influence lung injury outcomes depending on the model (3–6). Bacterial LPS, a ubiquitous
airborne contaminant and recognized exacerbating factor for the development and severity of
asthma (7), causes airway inflammation and hyperresponsiveness in humans and animals.
However, surprisingly little has been reported with regard to the potential influence of gender
on the pulmonary response to LPS in humans (8) or experimental animals (9). Whereas
estrogens were recently shown to at least partially regulate the acute inflammatory response
to LPS in mice (10), the potential role of androgens has not been examined. Thus, the roles of
gender and sex hormones in the response of the lung to injurious stimuli such as LPS are
complex and not completely understood at present.

Lung function in naive mice and in murine lung disease models is another area in which the
potential influence of gender has not been extensively investigated. Although various basal
lung function parameters were shown to differ between males and females in several strains
of mice (11), reports of the comparative pulmonary response of male and female mice to
challenge with a bronchoconstrictive agent (e.g., a cholinergic agonist) are lacking. Increased
airway responsiveness to cholinergic stimulation is a hallmark of airway diseases such as
asthma. Thus, it is of interest and importance to determine whether gender differences exist in
airway responsiveness at baseline and/or following lung injury. Knowledge of such potential
gender differences is especially pertinent to the design and interpretation of murine studies of
lung disease in which functional alterations constitute a key end point.

The present study was undertaken to investigate the influence of gender on lung function and
airway responsiveness in naive laboratory mice and on airway inflammation and
hyperresponsiveness resulting from LPS administration. Results presented herein indicate that
considerable gender differences in airway responsiveness exist in naive mice, and that male
sex hormones promote airway inflammation and hyperresponsiveness induced by LPS.

Materials and Methods
Experimental protocol

All studies were conducted in accordance with principles and procedures outlined in the
National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were
approved by the National Institute of Environmental Health Sciences Animal Care and Use
Committee. Male and female C57BL/6 and BALB/c mice (8–10 wk old; Charles River) were
used. Naive mice were used for baseline lung function analysis by invasive or noninvasive
methods, as described below. For lung inflammation studies, mice were anesthetized with
isoflurane/oxygen and were administered 50 µg of LPS (Escherichia coli serotype 0111:B4;
Sigma-Aldrich) dissolved in sterile, endotoxin-free saline, or an equivalent volume of sterile
saline (75 µl) as a vehicle control, via oropharyngeal aspiration. Briefly, anesthetized mice
were suspended by their upper incisors by a rubber band on a 60° incline board. The tongue
was gently extended, and the LPS or saline solution was pipetted into the mouth. Brief occlusion
of the nose forced the animal to inhale through the mouth, and the solution was aspirated into
the respiratory tract in one or two breaths. Animals were subsequently removed from the board
and observed closely until fully recovered from anesthesia.

Immediately before aspirations and at regular intervals thereafter, body temperatures were
recorded using a Thermalert TH-5 rectal probe (Physi-temp). When performed, gonadectomy
of male and female mice occurred 3 wk before experimentation. Similarly, s.c. implantation
of pellets containing either 5-α-dihydrotestosterone (DHT3; 15 mg) or placebo into intact
female mice, and s.c. implantation of pellets containing either flutamide (25 mg) or placebo
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into intact male mice, occurred 3 wk before experimentation. All pellets were 60-day release
formulations purchased from Innovative Research of America and have been shown to exert
androgenic (DHT) and antiandrogenic (flutamide) activity in mice 3–4 wk postimplantation
(12).

Analysis of lung function
Respiratory parameters in spontaneously breathing naive mice were determined by barometric
whole-body plethysmography (Buxco Electronics). Mice were placed in individual
plethysmograph chambers and breathing frequency, tidal volume, minute ventilation, peak
inspiratory flow, and peak expiratory flow were determined and averaged over a 30-min period.

Invasive analysis of lung function was performed on naive mice that were anesthetized with
urethane (1.5 g/kg, i.p.). Once surgical anesthesia had been established, a tracheostomy was
performed and a 19-gauge stainless-steel cannula was inserted into the trachea. Animals were
then paralyzed with pancuronium bromide (0.8 mg/kg, i.p.) and placed on a 37°C heating pad,
and the cannula was connected to the computer-controlled ventilator. Ventilation was
maintained at a rate of 150 breaths/min and a tidal volume of 7.5 ml/kg, with a positive end-
expiratory pressure of 3 cm of H2O. Heart rate was monitored with a portable monitor
(CardioMonitor; BAS Vetronics) to ensure proper anesthetic depth.

Both the single-compartment model and the constant-phase model of respiratory mechanics
were used to assess lung function and airway responses to methacholine. For the single-
compartment model, total respiratory system resistance (R) and elastance (E) were determined
essentially as described (13). For the constant-phase model, Rn (Newtonian resistance, an
indicator of central airways resistance), G (tissue damping, an indicator of peripheral airways
and parenchymal resistance), and H (tissue elastance, an indicator of peripheral airways and
parenchymal elastance) were determined essentially as described (14). All data points were
determined by the FlexiVent software (version 4.0) by using multiple linear regression to fit
each data point to the single-compartment or the constant-phase model, as appropriate. Baseline
values for each mouse were obtained by applying a 2-s perturbation at a frequency of 2.5 Hz
followed by an 8-s pseudorandom perturbation consisting of waveforms of mutually prime
frequencies (0.5–19.6 Hz) a total of three times at 30-s intervals; these maneuvers generated
data that were fit to the single-compartment and constant-phase models, respectively. The
averages of these measurements for each mouse served as its baseline values. Following
acquisition of baseline data, airway responsiveness to aerosolized methacholine (0–25 mg/ml
saline; delivered by ultrasonic nebulizer) was assessed. Aerosols were delivered for 10 s
without altering the ventilatory pattern, after which the 2- and 8-s perturbations were applied
consecutively every 30 s for 5 min. Peak responses during each 5-min period were determined,
and only values with a coefficient of determination of 0.95 or greater were used. Linear
interpolation was used to determine the provocative concentration of methacholine aerosol at
which a 200% increase (PC200) over baseline values was observed for R, Rn, and G, and at
which a 50% increase (PC50) over baseline values was observed for E and H. Brief occlusion
of the expiratory tube was performed before taking baseline measurements and before each
aerosol administration to prevent atelectasis and reset the volume history.

Invasive analysis of respiratory mechanics and airway responsiveness to methacholine aerosol
was also performed in a subgroup of mice 4 h after administration of LPS.

3Abbreviations used in this paper: DHT, 5-α-dihydrotestosterone; BAL, bronchoalveolar lavage; COX, cyclooxygenase.
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Assessment of LPS-induced airway inflammation
Six hours following oropharyngeal aspiration of saline or LPS, mice were killed with an
overdose of sodium pentobarbital (80 mg/kg, i.p.). Bronchoalveolar lavage (BAL) was
performed with two 1-ml aliquots of HBSS; recovery was >80% for each mouse. The left lungs
were then inflated and fixed with 4% paraformaldehyde and used for preparation of slides for
histopathological evaluation, and the right lungs were frozen and stored at −80°C. Recovered
BAL fluid was processed and analyzed for total and differential cell counts by routine methods,
and for levels of TNF-α, IL-6, and IL-1β using specific ELISA kits according to the
manufacturer’s instructions (R&D Systems).

Lung histopathology
Sections of lung (5–6 µm) were stained with H&E, and a semiquantitative histopathologic
scoring system was developed and used to analyze the sections as follows: 1) perivascular
neutrophils (0, absent; 1, <10 per high power field; 2, 10–50 per high power field; 3, >50 per
high power field); 2) perivascular hemorrhage (0, absent; 1, patchy, mild; 2, extensive, mild;
3, extensive, marked); 3) neutrophilic margination in medium-sized vessels (0, absent; 1,
present). A total inflammatory score (range, 0–7), taken as the sum of the individual scores,
was determined by a pathologist who was blinded to gender and treatment group assignments.

Immunoblotting
Whole-lung lysates were prepared from frozen lung tissues as described previously (15).
Western blotting for TLR-4 protein was performed on lysates by using a goat anti-mouse
polyclonal Ab (sc-16240; Santa Cruz Biotechnology) at a dilution of 1/100, followed by a
HRP-conjugated bovine anti-goat polyclonal Ab (sc-2350; Santa Cruz Biotechnology) at a
dilution of 1/1000. Western blotting for cyclooxygenase (COX)-2 protein was performed by
using a rabbit anti-mouse polyclonal Ab (160126; Cayman Chemical) at a dilution of 1/2000,
followed by a HRP-conjugated bovine anti-rabbit polyclonal Ab (sc-2374; Santa Cruz
Biotechnology) at a dilution of 1/5000. Bound Abs were detected and visualized with an
enhanced chemiluminescent detection system (Pierce). To account for potential variation in
housekeeping gene expression and gel loading, blots were subsequently stripped and reprobed
for GAPDH using a goat anti-human polyclonal Ab (sc-20357; Santa Cruz Biotechnology)
that also recognizes murine GAPDH. Relative band intensities, expressed as arbitrary units of
TLR-4 or COX-2 to GAPDH, were determined by densitometry with a ChemiImager 5500
system (Alpha Innotech Corporation).

Statistical analysis
Data are presented as group means ± SEM. Statistical comparisons among treatment groups
were performed by randomized-design two-way ANOVA followed by the Newman-Keuls
posthoc test for more than two groups, or by an unpaired Student’s t test for two groups, as
appropriate. In all cases, statistical significance was defined as p < 0.05.

Results
Lung function and airway responsiveness in naive mice

Invasive and noninvasive methods were used to compare baseline lung function and respiratory
mechanics in male and female C57BL/6 mice. Naive mice were assessed by noninvasive
plethysmography for a variety of respiratory parameters including breathing frequency, tidal
volume, and others, and no differences between males and females were observed under basal
conditions (Table I). Furthermore, invasive analysis of a separate group of naive mice revealed
no baseline differences between genders for parameters fit to the single-compartment (R and
E) or the constant-phase (Rn, G, and H) models of respiratory mechanics (Fig. 1, A–E).
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However, peak values for all of these parameters were significantly greater in males than in
females following methacholine aerosol administration (Fig. 1, A–E). Calculated PC200 values
for R, Rn, and G, and PC50 values for E and H were all significantly lower in males than in
females (Fig. 1 F), reflecting the greater sensitivity of males. Thus, whereas naive male and
female mice did not differ with regard to baseline lung function and respiratory mechanics, the
airways of male mice were found to be considerably more responsive than those of females to
cholinergic stimulation.

LPS-induced hypothermia and airway inflammation
Intratracheal instillation of saline did not significantly alter the body temperature of male or
female C57BL/6 mice during the 4-h course of measurements (Fig. 2A). Instillation of LPS
resulted in a severe hypothermic response in male mice that began 1 h postdosing and continued
for the duration of the measurement period. In contrast, female mice demonstrated a blunted
hypothermic response to LPS, and temperatures were not statistically different from those of
saline-treated female mice at any of the time points examined (Fig. 2A). These results are
consistent with those of a previous study demonstrating gender differences in body temperature
changes following intranasal LPS administration in mice (9).

To determine the extent of airway inflammation, BAL was performed 6 h following LPS
administration, and the resulting BAL fluid was examined for cell populations and for levels
of proinflammatory cytokines. LPS-treated male mice had a significantly increased number of
total BAL fluid cells compared with saline-treated mice and to LPS-treated female mice (Fig.
2B). Conversely, LPS-treated female mice had total BAL fluid cell numbers that were not
significantly different from saline-treated mice, but demonstrated increased neutrophil content.
Neutrophils accounted for 80% of the total BAL fluid cells in male LPS-treated mice and for
55% in females, corresponding to absolute neutrophil counts of 1.61 ± 0.35 × 105/ml BAL
fluid in males and 0.55 ± 0.10 × 105/ml in females (p < 0.05; Fig. 2B). No differences in BAL
fluid cell population were observed between saline-treated male and female mice.

Airway levels of several proinflammatory cytokines increase following exposure to LPS, likely
contributing to the development and/or progression of LPS-induced airway inflammation. We
measured BAL fluid levels of TNF-α, IL-6, and IL-1β at 6 h postdosing using specific ELISA
kits, and found that all were below detectable levels in samples from saline-treated mice.
Following LPS treatment, the BAL fluid level of TNF-α was elevated in both genders, but was
significantly greater in males than in females (p < 0.05; Fig. 2C). BAL fluid levels of IL-6 and
IL-1β were not significantly different between males and females following LPS treatment
(Fig. 2C).

Histopathological evaluation of lung sections was performed using a semiquantitative scoring
system to objectively compare the degree of inflammation among treatment groups.
Representative lung sections from each treatment group are shown (Fig. 3, A–D). Saline-treated
male and female mice had low histopathological scores, reflective of the normal lung
architecture and relative lack of inflammation in these mice (Fig. 3E). In contrast, male and
female mice treated with LPS demonstrated considerable perivascular and peribronchiolar
hemorrhage and neutrophilic inflammation, which resulted in significantly increased scores
compared with the saline-treated groups (Fig. 3E). However, these inflammatory parameters
were found to be less severe in females, as reflected by the lower histopathological score of
LPS-treated females compared with LPS-treated males (p < 0.05; Fig. 3E).

Whole-lung TLR-4 and COX-2 expression
LPS recognition and signaling involves a complex of proteins including TLR-4, MD-2, CD14,
MyD88, and others. TLR-4 is intimately involved in the recognition of LPS, and mice
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genetically deficient in TLR-4 are resistant to the airway inflammatory effects of LPS (16).
Thus, TLR-4 protein levels in whole-lung homogenates were examined to determine whether
differential expression was underlying the observed gender differences in LPS responses.
Immunoblot analysis revealed that naive (i.e., saline-treated) male and female C57BL/6 mice
expressed equivalent amounts of whole-lung TLR-4 protein and that these levels did not
appreciably change following LPS administration (Fig. 3F), indicating that differential TLR-4
expression before or after LPS exposure was not likely responsible for the observed gender
differences in the inflammatory response to LPS. Similarly, whole-lung levels of COX-2
protein did not differ between LPS-treated male and female mice (Fig. 3G; constitutive COX-2
expression is low and was therefore not examined in lungs from naive mice), suggesting that
differential induction of this acute-phase protein in response to LPS did not account for the
observed differences in inflammation.

LPS-induced airway inflammation in gonadectomized and hormone-treated mice
To delineate the contributions of sex hormones to LPS-induced airway inflammation,
gonadectomy of male and female C57BL/6 mice was performed 3 wk before administration
of LPS or saline. Sham-operated mice served as controls. Gonadectomy did not alter any of
the outcomes measured in saline-treated male and female mice (data not shown). LPS-induced
hypothermia was attenuated in castrated male mice (Fig. 4A), as was the influx of BAL fluid
neutrophils and TNF-α content 6 h following LPS administration (p < 0.05; Fig. 4, B and C).
In contrast, the inflammatory responses of ovariectomized female mice to LPS did not differ
from those of sham-operated female mice (Fig. 4, A–C). These data suggest that, in this model,
male sex hormones promote the inflammatory responses of the murine lung to LPS challenge,
whereas female sex hormones do not influence these responses to a significant extent.

To further examine the roles of male sex hormones, LPS was administered to male C57BL/6
mice implanted with pellets containing the androgen receptor antagonist flutamide, and to
female C57BL/6 mice implanted with pellets containing DHT to increase their levels of
circulating androgens. Mice implanted with placebo pellets served as controls. Implantation
of placebo pellets did not alter any of the outcomes measured in saline-treated male and female
mice (data not shown). Similarly, flutamide treatment did not alter the inflammatory outcomes
in LPS-treated male mice (Fig. 5, A–C), suggesting that the unfavorable effects of androgens
in this model are not mediated via the androgen receptor. However, the partial agonist activity
of flutamide (and of its primary metabolite hydroxyflutamide) on the androgen receptor suggest
caution in the interpretation of these data. Administration of DHT to female mice resulted in
a significant augmentation of their inflammatory responses to LPS such that they resembled
and often surpassed those of intact males (Fig. 5, A–C), further supporting an important role
for androgens in mediating LPS responses in this model.

LPS-induced airway hyperresponsiveness
In addition to eliciting an inflammatory response, LPS induces airway hyperresponsiveness in
humans and experimental animals (8,16,17). Given the observed detrimental role of androgens
in the inflammatory response to LPS, we sought to determine the potential contribution of
androgens to LPS-induced airway hyperresponsiveness. Thus, respiratory mechanics and
airway responsiveness to aerosolized methacholine were examined 4 h following LPS
administration in a separate group of C57BL/6 mice comprised of intact males and females,
castrated males, and females implanted with DHT pellets. In the absence of aerosol challenge,
no baseline differences were observed between the groups for the various parameters measured
(Fig. 6A and data not shown). Airway hyperresponsiveness was evident in LPS-treated intact
male and female mice, as these groups demonstrated peak R values following 6.25 and 12.5
mg/ml methacholine (Fig. 6A) that were similar to those observed in naive males and females
following exposure to 12.5 and 25 mg/ml methacholine, respectively (Fig. 1A). Compared with
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intact male and female mice, respectively, LPS-induced airway hyperresponsiveness was
reduced in castrated males and was increased in DHT-treated females (Fig. 6A). Increased
sensitivity to methacholine in LPS-treated male mice compared with LPS-treated female mice
was confirmed by the significantly lower PC200 and PC50 values for males (p < 0.05; Fig.
6B). Castration reduced the sensitivity of LPS-treated males to methacholine (i.e., increased
PC200 and PC50 values), whereas DHT administration enhanced the sensitivity of LPS-treated
females such that PC200 and PC50 values resembled those of intact males (Fig. 6B).
Collectively, these data suggest that androgens promote airway hyperresponsiveness following
LPS administration.

Gender differences in airway responsiveness and LPS-induced airway inflammation are not
mouse strain dependent

Data reported thus far were generated in studies conducted with C57BL/6 mice. To determine
whether the observed gender differences in airway responsiveness and LPS-induced
inflammation were strain dependent, additional studies were performed using BALB/c mice,
another inbred strain that is commonly used in models of inflammatory lung diseases. Naive
male and female BALB/c mice differed in their airway responses to methacholine aerosol
administration, with males being more sensitive than females (as indicated by lower PC values)
for all parameters measured (Fig. 7A). Similarly, LPS-induced inflammation was more severe
in BALB/c males than in females as assessed by quantifying BAL fluid cell counts (p = 0.06
for total cells and p = 0.05 for neutrophils in LPS-treated males vs females; Fig. 7B) and TNF-
α levels (Fig. 7C), and LPS-induced airway hyperresponsiveness was also greater in BALB/c
males than in females (PC200 values for R were 3.2 ± 0.3 vs 7.0 ± 0.8 mg/ml for LPS-treated
males and females, respectively; p < 0.05). These data indicate that the primary gender-related
differences observed in C57BL/6 mice were also evident in BALB/c mice, suggesting that
mouse strain did not significantly influence the observed phenotypes.

Discussion
The extensive use of mice as a model to study human lung diseases underscores the importance
of elucidating factors that contribute to the response of the murine lung to injurious agents.
Considerable experimental and clinical data indicate that female sex hormones may influence
lung function, airway responsiveness, and inflammation (4,5,8,18); however, their effects
appear to vary depending on the experimental system used and the end points analyzed. Indeed,
whereas estradiol has been shown to reduce airway responsiveness in rats (18), equivocal
effects of estrogens have been reported in animal models of lung injury and include anti-
inflammatory (3,5), proinflammatory (4), and profibrotic (6) outcomes. Conversely, much less
is known regarding the influence of male sex hormones on lung function and disease. Thus,
the present study was undertaken with two main objectives. The first objective was to determine
whether there is a gender difference in lung function and airway responsiveness in naive
C57BL/6 mice, an inbred strain commonly used as the background for transgenic and knockout
lines and that is extensively used in a variety of lung disease models. Although this information
would seem to be important in the design and interpretation of murine studies involving lung
function analysis, this issue has not been adequately addressed in the scientific literature. The
second objective was to investigate the potential contribution of gender to the development of
airway inflammation and hyperresponsiveness in a murine model of nonallergic lung
inflammation induced by LPS. Exposure of mice to LPS (via inhalation, intratracheal, or
intranasal administration) is extensively used as a model to study mechanisms of acute lung
injury and inflammation, and identification of factors contributing to LPS responsiveness could
have implications for the treatment of inflammatory lung disease.
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Airway responsiveness and basal lung function in naive mice were determined using invasive
and noninvasive methods. Invasive measurements revealed no differences in baseline R, E,
Rn, G, or H values between genders. The lack of any differences in basal respiratory mechanics
between male and female C57BL/6 mice is consistent with the findings of a previous study
(11). Noninvasive measurements also revealed no differences in various baseline respiratory
parameters including breathing frequency, tidal volume, and others. However, following
aerosol challenges with the cholinergic agonist methacholine, female mice were observed to
be less responsive than male mice as assessed by the single-compartment and constant-phase
models of respiratory mechanics. Combined, these findings indicate that naive male and female
C57BL/6 mice do not differ with regard to lung function at baseline despite known differences
in lung and airway size and alveolar number and volume (11,19), but that considerable
differences exist between males and females in central and peripheral airways responsiveness
to cholinergic stimulation. Similar observations were made with BALB/c mice, suggesting that
the gender disparity in airway responsiveness is not strain dependent.

Many laboratory studies investigating LPS-induced lung inflammation in mice use only one
gender or do not consider potential differences between the genders if both are used, thus
making comparisons among various studies difficult. A recent publication described a
suppressive effect of ovarian hormones on LPS-induced acute lung inflammation in C57BL/
6 mice that was associated with a reduction of airway IL-1β levels (10). In the present study,
considerable gender differences in the acute airway inflammatory response to LPS were
observed in C57BL/6 mice, in that males exhibited a greater degree of neutrophilic influx and
TNF-α content in BAL fluid than females, and demonstrated a greater degree of inflammation
as assessed histologically. Analogous gender differences in LPS-induced airway inflammation
were observed in BALB/c mice, indicative of a gender-specific response in this model that
does not appear to be mouse strain dependent. We considered the possibility that these gender
differences may have resulted from differential pulmonary expression of proteins involved in
LPS recognition and signaling or in the generation of proinflammatory mediators such as PGs.
However, whole-lung protein levels of the LPS receptor TLR-4 did not differ between naive
males and females or between males and females that had been administered LPS. Similarly,
whole-lung COX-2 protein levels did not differ between LPS-treated male and female mice.
Nevertheless, we cannot rule out lung cell-specific differences in expression of TLR-4 and/or
COX-2, or differential expression of other molecules involved in LPS signaling (e.g., MD-2,
CD14, others) or PG biosynthesis (e.g., PGE synthases, PGI synthase) as contributing to the
observed gender differences.

Protective effects of estrogens in female mice, detrimental effects of androgens in male mice,
or some combination thereof may have contributed to the observed gender differences in LPS-
induced inflammation. Protective effects of estrogens seemed the most likely explanation,
given that estrogens have demonstrated potent anti-inflammatory activity in other experimental
lung injury models (3,5,10) and were recently shown to decrease LPS-induced airway
inflammation in mice (10). However, androgen-mediated promotion of inflammation has been
described in murine models of cutaneous wound healing (20) and ischemic renal injury (21),
underscoring the potential for a significant contribution by male sex hormones. To investigate
the relative contribution of sex hormones to the observed gender differences in LPS-induced
lung inflammation, male and female C57BL/6 mice were castrated and ovariectomized,
respectively, 3 wk before administration of LPS. A separate group of intact female mice was
implanted 3 wk before study with s.c. pellets containing DHT to increase circulating androgen
levels. Removal of the ovaries did not appreciably alter the airway inflammatory responses of
female mice to LPS, suggesting that effects of estrogens alone did not account for the observed
gender differences. Conversely, castration of male mice diminished the inflammatory
responses to LPS whereas administration of DHT to intact female mice enhanced their
responses to levels that were similar to those of intact males. Whereas Speyer et al. (10)
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observed a detrimental effect of ovariectomy on LPS-induced airway inflammation, we did
not observe such a phenomenon. Differences between the results of these studies may be
explained in part by differences in methodology, including the LPS doses administered.
Collectively, results from the present study suggest that androgens possess proinflammatory
properties in LPS-induced lung inflammation and are responsible, at least in part, for the
observed gender differences in this murine model.

We surmised that the influence of androgens on LPS-induced airway inflammation may have
been due to genomic effects mediated through interaction with the androgen receptor, leading
to alteration of the transcription of genes important to airway inflammation. However, male
C57BL/6 mice treated with the androgen receptor antagonist flutamide for 3 wk before study
did not exhibit altered inflammatory responses to LPS. This suggests that, in contrast to the
effects of castration, 3 wk of reduced androgen signaling due to receptor blockade was
insufficient to alter the expression of genes critical to the inflammatory effects of LPS in the
lung. This result may be due in part to the partial agonist activity of the flutamide metabolite
hydroxyflutamide (22). Alternatively, the effects of androgens that are important to the
inflammatory response to LPS may be nongenomic, similar to the detrimental effects ascribed
to androgens in ischemic renal inflammation and injury (21). These effects may potentially be
mediated through the recently described plasma membrane androgen receptor, which has been
identified on various cell types including T cells (23) and macrophages (24) and the activation
of which increases intracellular Ca2+ levels. However, its expression in the lung and potential
involvement in LPS-induced lung inflammatory responses are unknown at present.

Having demonstrated that androgens promote the airway inflammatory response, we examined
whether they also influence airway hyperresponsiveness induced by LPS. Both LPS-treated
male and female C57BL/6 and BALB/c mice exhibited airway hyperresponsiveness to
cholinergic stimulation, but males were more sensitive than females as evidenced by their lower
PC200 values for R, Rn, and G, and lower PC50 values for E and H. Similar to the effects on
inflammatory end points, alteration of androgen levels via castration of male mice and
exogenous administration of DHT to female mice resulted in reduced and increased sensitivity
to methacholine, respectively. These data extend the effects of androgens in the pulmonary
response to LPS to include functional alterations characterized by increased airway
responsiveness to cholinergic stimulation.

An interesting observation in the present study was the effect of LPS administration on body
temperature. Rapid and severe hypothermia ensued in males in response to LPS, whereas the
body temperature of females did not decline to the same extent. Whereas ovariectomy of female
mice did not significantly alter body temperature following LPS, castration of male mice
reduced the hypothermic response to LPS. In addition, administration of DHT to female mice
resulted in a significant hypothermic response to LPS. The relationship between body
temperature and inflammatory and functional responses to LPS in this and other studies is
unclear. Studies in male rats have reported seemingly contradictory findings regarding the
effects of body temperature on LPS-induced lung inflammation, with hypothermia shown to
be both beneficial (25) and detrimental (26) to the inflammatory outcome. Furthermore, a
previous study in mice (9) reported hypothermia following intranasal LPS administration that
was more severe in males than in females, although with the exception of increased BAL fluid
IL-6 content in males, no gender differences were observed for lung inflammatory parameters.
At this time, we do not have a mechanistic explanation for the exaggerated hypothermic
response to LPS that was observed in intact male mice and in female mice treated with DHT,
but the data clearly suggest a role for androgens.

In summary, we have demonstrated that the airways of naive male mice of the C57BL/6 and
BALB/c strains are considerably more responsive than those of females to cholinergic
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stimulation. These data provide important information to researchers studying murine lung
function and murine models of lung disease in which airway responsiveness is a critical end
point. Furthermore, we offer evidence that androgens are detrimental in the pathogenesis of
LPS-induced airway inflammation and hyperresponsiveness, and suggest that gender be
carefully considered when designing and interpreting murine studies of the pulmonary effects
of LPS. Finally, we propose that sex hormones may provide novel targets for therapeutic
intervention in inflammatory lung disease.
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FIGURE 1.
Analysis of respiratory mechanics and airway responsiveness in mechanically ventilated naive
C57BL/6 mice. A–E, Airway responsiveness to aerosolized methacholine was greater in naive
male mice than in naive female mice as determined by parameters fit to the single-compartment
(A and B) and constant-phase (C–E) models of respiratory mechanics. F, Calculated
provocative concentrations of methacholine aerosol for resistance (R), elastance (E),
Newtonian resistance (Rn), tissue damping (G), and tissue elastance (H) were lower in males
than in females, indicative of increased sensitivity to methacholine. *, p < 0.05 vs females, n
= 23 males and 17 females.
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FIGURE 2.
Inflammatory responses of intact C57BL/6 mice to airway administration of saline or LPS.
A, Body temperatures were reduced in male mice treated with LPS compared with females
treated with LPS and to saline-treated males and females. B and C, BAL fluid cells (B) and
TNF-α content (C) were increased in male mice treated with LPS compared with all other
treatment groups. *, p < 0.05 vs LPS-treated females. ^, p < 0.05 vs saline-treated animals of
the same gender, n = 7–13 per group.
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FIGURE 3.
Representative lung sections stained with H&E from C57BL/6 mice administered saline or
LPS. Male (A and C) and female (B and D) mice were administered saline (A and B) or LPS
(C and D), and tissues were collected 6 h later. Areas of peribronchiolar and perivascular
inflammatory cell influx are indicated by arrows. E, Total histopathological scores were
determined for mice administered saline or LPS (n = 6–13 per group). F, Whole-lung TLR-4
protein content in saline- and LPS-treated mice. Representative immunoblots from two mice
per group are shown for TLR-4 (~94 kDa) and GAPDH (~40 kDa) (n = 4 per group). G, Whole-
lung COX-2 protein content in LPS-treated mice. Representative immunoblots from three mice
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per group are shown for COX-2 (~72 kDa) and GAPDH (~40 kDa). *, p < 0.05 vs LPS-treated
females. ^, p < 0.05 vs saline-treated animals of the same gender.
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FIGURE 4.
Inflammatory responses to airway administration of LPS in gonadectomized and sham-
operated C57BL/6 mice. A, Castration of male mice resulted in a reduced hypothermic response
following LPS administration relative to sham-operated male mice, whereas ovariectomized
female mice did not exhibit an altered response relative to sham-operated females. B and C,
Castrated male mice exhibited decreased BAL fluid cells (B) and TNF-α content (C) in response
to LPS administration relative to sham-operated male mice, whereas ovariectomized female
mice did not exhibit altered responses relative to sham-operated females. *, p < 0.05 vs sham-
operated females. ^, p < 0.05 vs sham-operated males. n = 8–9 per group.
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FIGURE 5.
Inflammatory responses to airway administration of LPS in intact male C57BL/6 mice treated
with flutamide and in intact female C57BL/6 mice treated with DHT. A, Treatment of male
mice with flutamide did not alter the hypothermic response relative to placebo-treated male
mice. In contrast, female mice treated with DHT exhibited a more severe hypothermia
following LPS administration relative to placebo-treated female mice. B and C, BAL fluid cells
(B) and TNF-α content (C) were not altered in flutamide-treated male mice relative to placebo-
treated male mice in response to LPS, whereas DHT-treated female mice exhibited increases
in both parameters relative to placebo-treated female mice in response to LPS. *, p < 0.05 vs
placebo-treated females. ^, p < 0.05 vs placebo-treated males. n = 8–14 per group.
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FIGURE 6.
Analysis of respiratory mechanics and airway responsiveness in mechanically ventilated
C57BL/6 mice following administration of LPS. A, Total respiratory system resistance,
determined by the single-compartment model of respiratory mechanics, demonstrated
increased responsiveness to aerosolized methacholine in males and DHT-treated females in
comparison to females and castrated males. B, Provocative concentrations for R, E, Rn, G, and
H demonstrated that males were more sensitive than females to aerosolized methacholine.
Castration reduced the sensitivity of males (increased PC values), whereas DHT administration
increased the sensitivity of females (decreased PC values). *, p < 0.05 vs females. ^, p < 0.05
vs males, n = 7–8 per group.

Card et al. Page 18

J Immunol. Author manuscript; available in PMC 2008 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Gender differences in airway responsiveness and LPS-induced airway inflammation in BALB/
c mice. A, Calculated provocative concentrations of methacholine aerosol for resistance (R),
elastance (E), Newtonian resistance (Rn), tissue damping (G), and tissue elastance (H) were
lower in naive males than in females, indicative of increased sensitivity to methacholine. *,
p < 0.05 vs females. n = 9 per group. B and C, BAL fluid cells (B) and TNF-α content (C) were
increased in LPS-treated males compared with females. *, p < 0.05 vs LPS-treated females. ^,
p < 0.05 vs saline-treated animals of the same gender. n = 9–22 per group.
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