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Abstract
Background—Survival of mice after K. pneumoniae infection and phagocytosis by alveolar
macrophages (AMs), in the presence or absence of ozone (O3) exposure prior to infection is sex
dependent.

Objectives—Study the role of gonadal hormones, 5α-dihydrotestosterone (DHT) and 17β-
estradiol (E2) on mouse survival after filtered air (FA) or O3 exposure.

Methods—Gonadectomized female (GxF) and male (GxM) mice implanted with control or
hormone pellets (DHT in GxF, or E2 in GxM), exposed to O3 (2 ppm, 3h) or FA and K.
pneumoniae-infected were monitored for survival.

Results—Survival in GxF was identical after FA or O3 exposure; in GxM O3-exposure resulted
in lower survival vs. FA. In O3-exposed females gonadectomy resulted in increased survival
compared to intact females or to GxM+E2. A similar effect was observed in GxF+DHT. The
combined negative effect of oxidative stress and hormone on survival was higher for E2.

Conclusions—Gonadectomy eliminated (females) or minimized (males) the previously
observed sex-differences in survival in response to oxidative stress, and hormone treatment
restored them. These findings indicate that gonadal hormones and/or oxidative stress have a
significant effect on mouse survival.
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INTRODUCTION
Respiratory diseases are a major cause of morbidity, mortality, and an economic burden
worldwide (1, 2). Pneumonia is a major health problem, and a significant cause of infectious
disease-related morbidity and mortality (3, 4). The lung interfaces with the environment and,
hence, comes in contact with pollutants, such as oxidant gases and particulates, making it
particularly prone to oxidant-mediated cellular damage.

Gaseous pollutants, including ozone (O3), as well as particulates and diesel exhaust particles
are known to form reactive oxygen species, such as superoxide anion, hydrogen peroxide,
and hydroxyl radicals. In the lung, pollutant effects include decreases in pulmonary function,
airway inflammation and hyper-reactivity, compromised immune function and an increased
risk of respiratory infection incidence and exacerbation of lung disease and mortality (5–9).
The negative effects of O3 span a wide range of processes and functions. These include:
impaired innate pulmonary host defense (5); decreases in survival of animals infected with
Klebsiella pneumoniae and in phagocytic ability of alveolar macrophages (AMs) (10, 11);
lung inflammation and severity of extrapulmonary lesions (12); changes in lung
inflammatory mediators, tissue damage, and oxidative protein modification (13); cellular
function impairment of a macrophage-like cell line (THP-1) (14); and changes of surfactant
protein-A (SP-A) function, a host defense molecule (15).

Sex differences have been observed in lung function and disease susceptibility (16), and in
risk, incidence, and pathogenesis of various lung diseases (17–22). Human and animal
studies showed increased incidence of respiratory infections and severity of pneumonia (23–
26), pulmonary fibrosis (27) and other interstitial lung diseases (28) in males. Male mice
compared to females showed greater airway hyper-responsiveness and bronchoalveolar
lavage fluid (BALF) total leukocytes, polymorphonuclear cells, and TNF-α levels (29)
following LPS administration. Clinical studies show that women are less likely to develop
most types of pneumonia, and generally experience a more favorable outcome after
respiratory infection than men (23, 30).

Following K. pneumoniae infection, survival of male mice is lower than that of female mice,
but after O3-induced oxidative stress, female survival becomes lower than that of males (10).
More pronounced lung inflammation was also observed in O3-exposed infected females
compared to male counterparts, and more extrapulmonary lesions in FA-exposed infected
males compared to females (12). The phagocytic ability of AMs isolated from O3-exposed
female mice showed a more pronounced reduction than those from males (10, 11). We
hypothesized that gonadal hormones are responsible for sex differences in the susceptibility
to respiratory infection by K. pneumoniae with prior exposure to FA or O3 and the resulting
oxidative stress. We tested the effect of gonadal hormones, DHT and E2, in response to
respiratory infection and in the presence or absence of O3-induced oxidative stress in mice.
We studied whether removal of gonads alone or subsequent hormone treatment and O3 or
filtered air (FA) exposure affects mouse survival after K. pneumoniae infection. We
followed survival over 14 days to study whether sex differences in susceptibility to oxidative
stress and infection were due to hormones. To distinguish between effects of circulating
gonadal hormones vs. the potential effects of sexual differentiation on anatomic and
physiologic airway differences between the sexes (31), gonadectomized females received
DHT and males received E2.
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METHODS
Animals

Male and female C57BL/6 mice (Jackson Laboratory; Bar Harbor, ME) were used at 10
weeks of age at the start of the experiment. The Pennsylvania State University Institutional
Animal Care and Use Committee approved all procedures.

Gonadectomy and hormone treatment
Animals were anesthetized with an intramuscular injection of Ketamine-HCl (Ketazet 90mg/
kg) and Xylazine (Xila-Ject 10mg/kg), and gonads were surgically removed. In females, the
effect of gonadectomy was confirmed by vaginal smear and comparison of serum E2 levels,
before and two weeks after ovariectomy. In males, effectiveness of gonadectomy was
assessed after two weeks, by comparing the size and weight of seminal vesicles, and by
comparing serum DHT levels with those of intact mice of the same age. Animals were
monitored twice daily, and experiments were done two weeks after surgery. Hormone
determinations were performed at Penn State core endocrine laboratory (E2: solid-phase
radioimmunoassay kit, Siemens; DHT: ELISA, ALPCO Diagnostics).

To distinguish between effects of circulating gonadal hormones vs. the potential effects of
anatomic and physiologic airway differences due to sexual differentiation (31) on survival,
females received DHT and males received E2. We used DHT (as opposed to Testosterone)
because it is the active androgen that does not get converted to E2.

Pellets were from Innovative Research of America (Rockville, MD). Control (vehicle)
pellets contained the matrix alone, and hormone pellets contained matrix plus active product
(E2: 0.006 mg/pellet, 60 day release; DHT: 5 mg/pellet, 60 day release). One week after
gonadectomy, pellets were implanted subcutaneously on the lateral neck side between the
ear and shoulder via a small incision (approximately 3 mm). GxM were implanted with E2
pellets (GxM+E2, n=50) or control pellets (GxM+CoP, n=50), and GxF received DHT
pellets (GxF+DHT, n=50) or control pellets (GxF+CoP, n=50).

Exposure to O3 or FA
One week after pellet implantation each group (n=5 mice/experiment; 5 experiments/group)
was exposed for 3h to either FA or O3 (2 ppm), in different chambers as described (10, 11,
13), and intratracheally infected immediately after exposure to FA or O3 (Figure 1).

Preparation of bacteria and infection of mice
K. pneumoniae (ATCC 43816) was obtained from the American Tissue Culture Collection
(Rockville, MD). Bacteria were prepared as described (10). Infection was performed with
~450 CFU/mouse. Mice were monitored twice a day and the numbers of surviving and
deceased mice were recorded. Deaths during the first 12h post-infection were considered to
be due to the surgical procedure rather than to infection and these mice were excluded from
the study (six animals).

Statistics
Sigmastat® software was used for all analyses. Kaplan-Meier survival curves were analyzed
by log-rank test for cumulative survival (14-day period), and with Fisher's Exact test (daily
survival). Mean survival, standard deviation, and standard error were calculated for five
independent experiments for each group (n=5 mice/group). One Way ANOVA and Tukey's
test for multiple comparisons were used to compare mean survival between multiple groups.
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Z-test was used to compare ratios of animals surviving after different conditions. Results
were considered significant when p<0.05.

RESULTS
To study the effects of gonadal hormones on acute lung injury after oxidative stress and
experimental pneumonia, we compared the survival rate of gonadectomized male and
female mice with and without hormone treatment after O3 or FA (control) exposure and K.
pneumoniae infection. An outline of the experimental design is shown in Figure 1. Because
the main focus of this study is on circulating gonadal hormones and their effect on survival
after infection, we used E2 implants in males and DHT implants in females in order to
eliminate potential differences in survival resulting from anatomic and/or physiologic
differences in male and female airways.

Confirmation of completeness of gonadectomy
In intact females, serum E2 levels ranged between 21–249 pg/ml, depending on the stage of
the estrous cycle (confirmed by vaginal smear cytology). Two weeks after gonadectomy, a
decrease in E2 levels to less than 10 pg/ml, and vaginal cytology showing absence of
cornified epithelium, confirmed successful elimination of ovarian hormones.

In males, the weight of seminal vesicles ranged from 0.177–0.215 g in intact males and
decreased to 0.06–0.08 g two weeks after gonadectomy (Table 1A). Serum DHT levels in
intact males ranged between 113–164 pg/ml and decreased to 23–41 pg/ml two weeks after
gonadectomy (Table 1A). Together, the reduction in seminal vesicle weight and serum DHT
levels confirmed successful elimination of testicular hormones.

Hormone treatment
In gonadectomized females implanted with DHT pellets (5 mg/pellet), serum DHT levels
were comparable to those of intact males (117–228 pg/ml) two weeks after implantation
(Table 1A). Circulating levels of E2 in GxM implanted with pellets containing different
doses of E2 were measured (Table 1B). Two weeks after implantation with 0.006 mg pellets,
circulating E2 levels were 112–243 pg/ml, values comparable to female mice in estrus (32).
However, higher doses of E2 (>0.012mg/pellet) resulted in higher E2 serum levels and
caused urinary retention and bladder enlargement in GxM. Therefore, pellets of 0.006 mg of
E2 were used for further experiments.

Survival after gonadectomy and O3 or FA exposure
On day 14, the mean survival of GxF mice implanted with control pellets following
infection with K. pneumoniae was similar whether the mice were pre-exposed to FA
(control) or O3 (42% (10/24) vs. 36% (9/25), Figure 2A). However, mean survival evaluated
14 days after gonadectomy and infection was reduced in GxM with control pellets, by pre-
exposure to O3 as compared to FA (50% (12/24) vs. 67% (16/24), p<0.05) (Figure 2B).
Thus, gonadectomy eliminated entirely the differences in survival attributable to O3-
exposure demonstrated previously (10) in females, but not in males.

Survival after hormone treatment and FA or O3 exposure
Treatment of gonadectomized mice with steroid hormones (vs. control pellets) significantly
decreased survival of O3-exposed and infected females and males (Figure 2, panels C and
D). The 14-day survival of infected FA-exposed GxF implanted with DHT was 52% (12/23)
vs. 20% (5/25) of O3-exposed (p<0.05), and GxM+E2 survival was 68% (17/25) in FA vs.
12% (3/25) for O3 exposed animals (Figure 2, panels C and D).
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In FA-exposed mice, survival of GxM implanted with E2 pellets did not differ significantly
from GxM with control pellets (68% GxM+E2 vs. 67% GxM+CoP). However, implanting
GxM with E2 pellets drastically reduced survival when mice were pre-exposed to O3 (12%
GxM+E2 vs. 50% GxM+CoP) (Figure 2, panels B and D). Moreover, while in FA-exposed
mice survival at day 14 for GxF+DHT was increased compared to those with control pellets
(52% GxF+DHT vs. 42% GxF+CoP, p<0.05), it was markedly decreased after O3 exposure
(20% GxF+DHT vs. 38% GxF+CoP, p<0.05) (Figure 2, panels A and C). Survival of GxF
implanted with DHT was also similar to that of intact males and GxM implanted with E2
was similar to that of intact females, after O3 or FA exposure and infection. Survival at day
14 among all groups in male and female mice, and (for comparison purposes) data of intact
mice from our previous study (10) are shown in Figure 3. Moreover, differences in daily
survival, by analyzing the proportions of O3-exposed GxM+E2 or GxF+DHT surviving vs.
FA-exposed GxM+E2 or GxF+DHT surviving, respectively, for each day are shown in
Figure 4. After O3 exposure, the negative effect of E2 on survival was significantly higher
than that of DHT from days 4–14, and mimicked that of intact males and females (10).

DISCUSSION
This study provides evidence that gonadal hormones affect survival of mice infected with K.
pneumoniae, and demonstrates an interaction between lung infection and O3-induced
oxidative stress. Previous data generated in our laboratory, with intact animals from the
same strain, bred in the same conditions as the ones used in the present study, and exposed
to identical FA/O3 conditions have shown sex differences in survival after K. pneumoniae
infection (10). Here, we studied the hypothesis that gonadal hormones play a role in the sex
differences observed in survival. Comparison of the present mouse survival data with our
published data (10) indicated that gonadectomy can eliminate the previously observed
differences in female mice infected with K. pneumoniae, and reduce the differences
observed in males pre-exposed to FA or O3. Treatment of GxF and GxM mice with gonadal
hormones of the opposite sex significantly reduced survival of infected mice pre-exposed to
O3, but not of mice pre-exposed to FA. Moreover, the survival of GxM treated with E2 was
similar to that of intact females, and survival of GxF treated with DHT was similar to that of
intact males (10). However, in the presence of oxidative stress, E2 had a significantly higher
negative effect on survival than DHT. Together, these findings lead us to propose a role for
gonadal steroid hormones, DHT and E2, in the altered survival following lung infection in
the presence or absence of O3-induced oxidative stress.

Oxidative stress caused by exposure to environmental agents (i.e. O3) has been shown to
affect pulmonary function in humans (33), and the negative consequences of ozone on
health have been shown to generate a major economic burden (34). Although the animal
model used in this study does not allow for extrapolation of effects of chronic O3 exposure,
it is rather remarkable that a single (acute) exposure to O3 has long lasting effects, as
assessed here by the effects on survival rate. To better extrapolate findings from animal
models to humans it is necessary that animals are exposed to higher O3 concentrations,
because higher O3 doses are required for rodents versus humans to reach comparable
amounts of O3 concentration in the distal lung (35). Moreover, resting rodents exposed to 2
ppm of O3 display comparable or lower levels of various BAL parameters than exercising
humans with considerable lower O3 exposures (0.4 ppm, the equivalent of an extremely high
atmospheric concentration) (33, 36).

Alveolar macrophages constitute an important first line of host defense against lung
infection. Oxidative stress severely compromises the phagocytic ability of AMs (10, 11),
and lung inflammation (12). The interaction between gonadal hormones and oxidative stress
appears to be complex, as illustrated by the effects of gonadectomy, hormone treatment, and
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O3 exposure. Whether AM-mediated mechanisms, e.g. impaired phagocytosis,
inflammation, other, are contributing factors for the observed sex differences in response to
K. pneumoniae infection after O3 or FA exposure remain to be determined.

In several animal models, male and female gonadal hormones have been previously
implicated in sex differences in respiratory anatomy (31, 37), physiology (29, 38), in
responses to diverse pathogens (29), and in lung inflammatory response (16, 39–41). In
animal models, gonadal hormones exhibit the following effects: 1) alter markers of oxidative
stress (42), 2) modulate oxidative stress response (43), 3) regulate synthesis of antioxidants
(44), 4) modulate cytokine production, 5) regulate expression of macrophage surface
receptors, such as CD14 and TLR4, and 6) contribute to sex differences in immune response
under normal and pathologic conditions (45–47). In the present study, removal of gonadal
hormones improved survival after O3 exposure of both male and female mice and hormone
treatment of gonadectomized mice decreased survival after O3 exposure. The fact that in the
clinical course of our infection model, sex-specific patterns could be reversed by giving E2
to GxM and DHT to GxF mice indicates that the observed sex differences may not be due to
structural sexual dimorphism, but rather a result of the influence of these hormones.

Female sex has been generally associated with protection against infection (25, 26, 39). In
the present study, gonadectomy in FA-exposed females decreased survival, indicating that
female gonadal hormones (E2 and progesterone) are protective, consisting with previous
findings and clinical data (30). Furthermore, E2 treatment in gonadectomized males
increased survival to levels similar to intact females (10), indicating that E2 alone is
protective against infection under these experimental conditions. In contrast, gonadectomy
in ozone exposed females resulted in increased survival compared to intact females (10) or
to E2 treatment in GxM, indicating that in the presence of ozone-induced oxidative stress,
the protective effect of E2 is lost or minimized. A similar effect was observed in GxF treated
with DHT pellets, indicating that a combination of gonadal hormones and oxidative stress
increases susceptibility to infection. Together, these findings point to a role of gonadal
hormones in response to pathogens after lung oxidative stress.

Previous studies of acute lung injury are consistent with the above interpretation. Androgens
appeared to be detrimental in the pathogenesis of lipopolysaccharide (LPS)-induced airway
inflammation in a mouse model (25, 29). While gonadectomy caused a reduction in LPS-
induced airway hyper-responsiveness and airway inflammation, exogenous testosterone
administered to intact female mice increased their inflammatory responses to levels similar
to those of intact males (29), and increased their susceptibility to Mycobacterium infection
(25). In murine respiratory mycoplasmosis (26), surgical removal of reproductive organs
reduced the severity of the disease as well as the CFU recovered from lungs of male mice. In
cystic fibrosis patients, exposure to high levels of O3 and other air pollutants increased the
risk of pulmonary exacerbations (48), and females had worse pulmonary function and
survival than males (49). In addition, in a cystic fibrosis mouse model, exogenous E2
increased the inflammatory response and the severity of pneumonia caused by Pseudomonas
aeruginosa (50).

In summary, the study of the impact of gonadal hormones, DHT and E2, on survival of mice
revealed that: 1) removal of gonadal hormones eliminated (females) or minimized (males)
differences in survival of animals exposed to O3 compared to those exposed to FA, 2)
treatment with DHT or E2 negatively affected survival in response to oxidative stress and
infection, with the E2 effect being stronger than the DHT, 3) survival of GxF treated with
DHT and of GxM treated with E2 was similar to that observed previously with intact males
and females, respectively (10), indicating a role of DHT and E2 in mechanisms associated
with survival in this model.
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CONCLUSION
Gonadal hormones and oxidative stress caused by O3 influence mouse susceptibility to K.
pneumoniae infection.
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Figure 1. Experimental model
Male and female mice (C57BL/6; 10 weeks old) were gonadectomized. One week later,
control or hormone pellets were implanted (E2: 0.006 mg/pellet, DHT: 5 mg/pellet). One
week after pellet implantation, mice were exposed to either FA or O3 (2 ppm, 3h), and
intratracheally infected with K. pneumoniae (450 CFU/mouse). Survival was monitored for
14 days.
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Figure 2. Gonadectomy and hormone treatment affect survival after O3 or FA exposure and K.
pneumoniae infection
Survival of GxF (panel A) or GxM (panel B) mice implanted with control pellets (CoP) or
hormone pellets (DHT in GxF, panel C; E2 in GxM, panel D) was monitored for 14 days
after exposure to O3 or FA and infection. Significant differences are indicated for daily
survival (*: p<0.05) or survival after 14 days (#: p<0.05) (n=25/group).
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Figure 3. Survival after 14 days of male and female mice pre-exposed to O3 or FA infected with
K. pneumoniae
Comparison of survival at day 14 among (A) gonadectomized females (GxF) with control
(CoP) or DHT pellets, or (B) gonadectomized males (GxM) with control or E2 pellets.
Significant differences are shown (*: p<0.05, **: p<0.001). Bar shows mean + SEM (n=25/
group). Survival of intact mice data on extreme right and left (dotted lines) from our
published work (10), presented here for illustrative purposes.
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Figure 4. Daily survival rates of GxF+DHT and GxM+E2 exposed to ozone after infection
Survival of gonadectomized mice treated with sex hormones was monitored after K.
pneumoniae infection, as described earlier. Survival of mice exposed to FA was set as
100%, and the proportional survival of the corresponding O3-exposed group was calculated
as a percent of the control group (O3/FA × 100%). Proportions (i.e. O3/FA absolute survival
rates) were compared with z-test, as described in Methods. Significant differences are
indicated (*: p<0.05, n=25).
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TABLE 1A

Confirmation of gonadectomy and hormone treatment.

Seminal vesicle weight (g) Serum DHT (pg/ml)

Intact male 0.18–0.22 113–164

GxM 0.06–0.08 23–41

GxF+DHT (5mg/pellet) NA 117–228

Comparison of seminal vesicles weight (g) in intact and gonadectomized male (GxM) mice with control pellets. Serum DHT levels (pg/ml) in
intact males, GxM or gonadectomized females (GxF) implanted with DHT pellets (n=5/group) were determined by ELISA.
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TABLE 1B

Serum E2 levels (pg/ml) in gonadectomized males implanted with E2 pellets

E2 pellet dose (mg/pellet) Serum E2 levels (pg/ml)

0.25 1580–2808

0.1 628–730

0.05 451–539

0.0125 319–451

0.006 112–243

Serum E2 levels (pg/ml), measured by RIA, in gonadectomized males two weeks after implantation with different E2 pellets doses (mg/pellet)

(n=3/dose).
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