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Abstract
Female mice exhibited higher survival rate than males after pneumonia, with a reversal of this
pattern following ozone exposure. Surfactant protein A (SP-A) plays an important role in innate
immunity and SP-A (−/−) mice were more susceptible to pneumonia than wild type mice. Here,
we investigated underlying mechanisms of the differential susceptibility of mice to pneumonia.
Wild type and SP-A (−/−) C57BL/6J male and female mice were exposed to ozone or filtered air
(FA) and then infected intratracheally with Klebsiella pneumoniae. Blood, spleen, and lung were
analyzed for bacterial counts, lung and spleen weights, and sex hormone and cortisol levels were
measured in plasma within two days post-infection. We found: 1) in the absence of ozone-induced
oxidative stress, males had higher level of bacterial dissemination compared to females; ozone
exposure decreased pulmonary clearance in both sexes and ozone-exposed females were more
affected than males; 2) ozone exposure increased lung weight, but decreased spleen weight in both
sexes, and in both cases ozone-exposed females were affected the most; 3) plasma cortisol levels
in infected mice changed: ozone-exposed > FA-exposed, females > males, and infected > non-
infected; 4) no major sex hormone differences were observed in the studied conditions; 5)
differences between wild type and SP-A (−/−) mice were observed in some of the studied
conditions. We concluded that reduced pulmonary clearance, compromised spleen response to
infection, and increased cortisol levels in ozone-exposed females, and the higher level of lung
bacterial dissemination in FA-exposed males, contribute to the previously observed survival
outcomes.
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1. Introduction
The outcome of lung infection depends on several factors, including effective pulmonary
clearance of pathogens and limitation of systemic or extra-pulmonary dissemination of
infection. In addition to the effectiveness of lung host defense, other factors such as sex,
stress hormones, and air pollution may have an impact on lung health.

Klebsiella pneumoniae, an encapsulated Gram-negative bacterium, is among the most
common hospital-acquired and potential community-acquired pathogens of the respiratory
tract [1,2]. Pneumonia caused by this microorganism is often difficult to treat, especially in
compromised patients. Dissemination of K. pneumoniae bacteria into the bloodstream is a
critical step in disease pathogenesis, as this may lead to multiple organ dysfunction [3]. K.
pneumoniae bacteremia occurs more often in the warmest and more humid months of the
year, indicating a seasonal variability in K. pneumoniae-induced pneumonia [4].

Several risk factors have been identified for lung disease, one of them being sex. Males, in
general, are more susceptible than females to lung disease, as is the case with neonatal
respiratory distress syndrome [5,6], idiopathic pulmonary fibrosis and COPD [7,8], and
different types of pneumonia [8–11]. The incidence of asthma is often higher in young males
than in young females [7]. In animal models, males also exhibit a higher level of
susceptibility to lung disease [12–15].

Air pollution is a major problem worldwide. The United States Environmental Protection
Agency (EPA) identifies six commonly found air pollutants (also known as "criteria
pollutants"): particulate matter, ground-level ozone, carbon monoxide, sulfur oxides,
nitrogen oxides, and lead. Ground-level ozone, a photochemical air pollutant and powerful
oxidant, has the most widespread health effects. Ozone exposure can affect breathing,
induce coughing, reduce lung function [16], and trigger asthma [17,18]. The effect of ozone
has been associated with impairment of the entire respiratory epithelia [19]. Exposure to
ozone can influence lung immunity (reviewed in [20,21]). Moreover, the effect of ozone and
the overall lung immune status may be affected by sex (reviewed in [7,22–24]).

Surfactant protein A (SP-A) is an important innate immune defense protein, and it was
shown to be involved in the stimulation of chemotaxis of macrophages [25], enhancement of
phagocytosis of bacteria [26–30], proliferation of immune cells [31,32], linkage of innate
and adaptive immunity [33], and production of proinflammatory cytokines [34– 37] in part,
via NFκB activation [38,39]. Genetically modified mice lacking SP-A were shown to be
more susceptible to experimental pneumonia caused by Pseudomonas aeruginosa [40],
group B Streptococcus [41,42], Haemophilus influenzae [42], and K. pneumoniae [43] than
wild type mice.

Increased levels of air pollution have resulted in an increased number of respiratory
emergency hospital visits [44]. However, there is no consistency in the published reports
about the sex-based influence of air pollution. Some epidemiological studies reported sex
differences in the effect of air pollution, with females being more susceptible than males
[45–51], but in other studies, differences between sexes in response to air pollution were not
found [52–56]. Moreover, most studies did not consider sex as a factor. The challenge of
studying differences in the susceptibility to air pollution between female and male patients
has, in part, to do with the fact that these differences are the result of interactions of “sex”
(genetic and biologic) and "gender" (sociocultural) factors [23]. However, animal models
can in part overcome this challenge and help study the role of sex (genetic and biological) in
both lung disease and in response to air pollution [57]. We have previously demonstrated
that although females were initially more resistant to K. pneumoniae than males in both wild
type and SP-A (−/−) mice, ozone exposure reversed this pattern, causing females to be more
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susceptible to K. pneumoniae infection than males [43,57]. Thus, the female advantage as in
the case of pulmonary K. pneumoniae infection alone appears to become a female
disadvantage when air pollution is used as a second insult.

Because the final outcome of pneumonia disease is critically dependent on the events during
the first steps of infection, in this study, we investigated underlying processes in the wild
type and SP-A (−/−) mice during the first two days post-infection. The goal was to
determine differences in the outcome of pneumonia in both sexes in the absence or presence
of oxidative stress.

2. Results
Wild type and SP-A (−/−) male and female mice were first exposed to ozone or filtered air
(FA is used as a control), followed by infection with K. pneumoniae bacteria. Mouse
specimens were tested with different analyses within the first two days post-infection, as
described in Methods. We opted not to use later time points for the analysis because more
than 50% mortality from pneumonia was detected in ozone-exposed males and females at
day 3 post-infection, as we described earlier [43,57]. In general, although the results from
wild type and SP-A (−/−) mice during the course of pneumonia exhibited similar trends in
different assays, differences were observed in some of the studied conditions as described
below.

2.1. Effect of ozone exposure, sex, and SP-A on the course of pneumonia
2.1.1. Effect of ozone exposure
2.1.1.1. Lung CFU: The results demonstrated that ozone exposure significantly increased
lung CFU counts in both male and female mice compared to FA exposure, except for wild
type females at 24 h, and wild type males at the 48 h time point (Fig. 1).

2.1.1.2. Spleen and blood CFU: The CFU results in both blood and spleen (both reflect
dissemination of infection) showed a similar pattern in both types (wild type, SP-A (−/−)) of
mice (Fig.1). At 12 h post-infection there were no significant differences between any of the
compared groups. However, differences were found at the 24 and 48 h time points. At the 24
h time point, the blood of FA-exposed SP-A (−/−) males and spleens of FA-exposed wild
type males were found to have significantly higher CFU counts compared to ozone-exposed
mice. However, higher (p < 0.05) blood CFU counts were found in SP-A (−/−) ozone-
exposed males compared to SP-A (−/−) FA-exposed animals at 48 h post-infection. No
significant differences in blood and spleen CFU counts in response to ozone were found in
females in both types of mice (Fig. 1).

2.1.1.3. Lung weight: In the wild type mice, ozone exposure was found to significantly
increase lung weight in females compared to FA-exposed animals at the 48 h post-infection
time point (Fig. 2). No significant differences in the lung weights were found between
ozone-exposed and FA-exposed male mice at any of the time points studied. Similar to the
wild type mice, in the SP-A (−/−) mice, significantly higher lung weights were observed in
ozone-exposed females compared to FA-exposed females at the 24 and 48 h time points,
with no significant differences in response to ozone exposure in males. Fig. 2 also
demonstrates that by the 48 h time point, ozone-exposed wild type and SP-A (−/−) females
showed the highest increase in their lung weight, whereas FA-exposed female mice showed
the least alteration in lung weight.

2.1.1.4. Spleen weight: In the wild type mice, ozone was found to significantly decrease
spleen weight in both male (at 24 and 48 h post-infection) and female (12 and 48 h post-
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infection) mice compared to FA-exposed animals (Fig. 2). In the SP-A (−/−) mice, ozone
exposure significantly decreased the weight of the spleen in both males and females at 24
and 48 h post-infection. Fig. 2 also demonstrates that by the 48 h time point, FA-exposed
wild type and SP-A (−/−) females showed the highest increase in their spleen weight,
whereas ozone-exposed female mice showed the lowest alteration in spleen weight. These
trends are opposite to the trends seen in the changes of lung weight during pneumonia in
response to ozone exposure in both wild type and SP-A (−/−) mice (Fig. 2).

2.1.1.5. Plasma sex hormone levels: No significant sex hormone changes were observed in
response to ozone either in males, or in females (Fig. 3).

2.1.1.6. Plasma cortisol levels: Ozone-exposed animals of both sexes in both wild type and
SP-A (−/−) mice demonstrated significantly higher cortisol levels compared to FA-exposed
(control) animals (Fig. 4).

2.1.2. Effect of sex
2.1.2.1. Lung CFU: Ozone exposure resulted in significantly higher CFU counts in females
compared to their male counterparts at 12 h in SP-A (−/−) mice, and at 48 h post-infection in
wild type mice (Fig.1). FA-exposed SP-A (−/−) females showed significantly higher
numbers of bacteria in their lungs compared to SP-A (−/−) males at the 12 h time point (Fig.
1).

2.1.2.2. Spleen and blood CFU: FA-exposed males demonstrated higher (p < 0.05) CFU
numbers in both blood and spleen compared to FA-exposed females in both wild type and
SP-A (−/−) mice at the 24 h time point post-infection (Fig.1). However, significantly higher
CFU counts were found in the blood of ozone-exposed wild type females compared to
ozone-exposed males at the 48 h time point (Fig. 1).

2.1.2.3. Lung weight: Lungs from ozone-exposed wild type males had significantly higher
weights than those from ozone-exposed wild type females at 12 h post-infection (ozone:
males > females), and FA-exposed males had significantly higher lung weights than those
from FA-exposed females at 48 h time point (FA: males > females) (Fig. 2). FA-exposed
SP-A (−/−) male mice also demonstrated higher lung weights (p < 0.05) compared to FA-
exposed SP-A (−/−) female mice at the 48 h time point (Fig. 2).

2.1.2.4. Spleen weight: Mouse spleens from FA-exposed wild type males were found to
have significantly higher weight than those fromfemales at 24h post-infection (FA:males >
females), and spleen weights from wild type ozone-exposed males were higher than those
from females at 48 h post-infection (ozone: males > females) (Fig. 2). In contrast to wild
type mice, the SP-A (−/−) ozone-exposed females demonstrated significantly higher spleen
weights compared to their male counterparts at the 12 and 24h time points, and FA-exposed
SPA (−/−) female mice showed higher (p < 0.05) spleen weights than males at the 24 h time
point (Fig. 2).

2.1.2.5. Plasma sex hormone levels: In general, female infected mice showed a trend
toward decreased estradiol levels at the 24 h time point compared to the 12 h in both FA-
and ozone-exposed mice (with p < 0.05 in wild type FA-exposed females), whereas males
showed a trend toward increased DHT levels at the 24 h time point compared to the 12 h in
both FA- and ozone-exposed mice (Fig. 3).

2.1.2.6. Plasma cortisol levels: During the course of infection, a significant decrease in
cortisol levels was observed in the FA-exposed wild type and SP-A (−/−) males (but not in
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females) at the 24 h time point compared to the 12 h time point (Fig. 4). Ozone-exposed
mice (except for wild type males) demonstrated a similar change. In all cases in males
described above there was a significant increase at the 48 h time point where the levels of
cortisol reached those observed at the 12 h time point (Fig. 4).

Both FA- and ozone-exposed wild type and SP-A (−/−) female mice had higher (p < 0.05)
plasma cortisol levels compared to male mice (Fig. 4). However, major sex differences were
found in ozone-exposed animals. Ozone exposure in both wild type and SP-A (−/−) mice
resulted in a 2–3 fold increase in the cortisol levels in females compared to males at the 12 h
time point. This increase was attenuated at the 24 h time point, and in most cases became
equivalent to the 12 h time point in males (Fig. 4).

2.1.3. Effect of SP-A
2.1.3.1. Lung CFU: Significantly higher lung CFU counts were found in FA-exposed SP-A
(−/−) females compared to FA-exposed wild type females at the 12 h time point (Fig. 1).

Dynamic changes in bacterial CFU numbers in mouse lungs during the course of pneumonia
revealed a significant increase in all groups of wild type mice, except in ozone-exposed
males between 24 and 48 h, and 12 and 48 h, and FA-exposed females between 24 and 48 h
(Table 1). In SP-A (−/−) mice, bacterial proliferation was not significantly increased
between the 12 and 24 h and 24 and 48 h in FA-exposed males, and between 12 and 24 h in
FA-exposed females (Table 1).

2.1.3.2. Spleen and blood CFU: Ozone-exposed SP-A (−/−) males had a significantly
higher number of bacteria in the spleen compared to ozone-exposed wild type males at the
48 h time point (Fig. 1).

Analysis of dissemination of infection in the dynamic state revealed significant increases in
the blood and spleen CFU numbers in all groups of wild type mice during the course of
pneumonia, except in the blood of FA- and ozone-exposed males, and spleen of FA-exposed
males during the 24–48 h post-infection interval (Table 1). In SP-A (−/−) mice, bacterial
proliferation was not significantly increased in the blood of FA-exposed males and FA- and
ozone-exposed females between 24 and 48 h and between 12 and 24 h, respectively, and in
the spleen of FA-exposed females between 12 and 24 h post-infection (Table 1).

2.1.3.3. Lung weight: Ozone-exposed wild type male mice were found to have significantly
higher lung weights compared to ozone-exposed SP-A (−/−) males at the 12 h time point,
and both FA- and ozone-exposed wild type female mice had lower (p < 0.05) lung weights
compared to their respective SP-A (−/−) female counterparts at the 24 h post-infection (Fig.
2)

Analysis of the wild type mouse lung weights during the course of pneumonia revealed a
significant increase in the lung weight in all groups of mice, with the exception of FA-
exposed males between 12 and 24 h, and FA-exposed females between 24 and 48 h post-
infection (Table 1). In SP-A (−/−) mice, the lung weights did not change between the 24 and
48 h time points in FA- and ozone-exposed males, and between 12 and 48 h in FA-exposed
females. Importantly, the FA-exposed SP-A (−/−) female mouse lung weights were even
significantly decreased during the 24–48 h period of post-infection (Table 1).

2.1.3.4. Spleen weight: Analysis of spleen weights during the course of pneumonia revealed
that only FA-exposed wild type male mice exhibited a significant increase of their spleen
weights during the 12–24 h interval (Table 1). However, between the 24 and 48 h time
points they did not show a significant increase in their spleen weights. Importantly, ozone-
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exposed wild type and SP-A (−/−) females did not show any significant changes in their
spleen weights during the course of pneumonia infection (Table 1).

2.1.3.5. Plasma sex hormone levels: FA-exposed SP-A (−/−) female mice had a
significantly higher plasma estradiol concentration than wild type mice at the 24 h time
point post-infection (Fig. 3).

2.1.3.6. Plasma cortisol levels: No significant differences were observed between wild type
and SP-A (−/−) mice in the presence or absence of ozone-induced oxidative stress (Fig. 4).

2.2. Plasma sex hormone and cortisol levels in the non-infected mice
The plasma from the non-infected mice was used for an additional control in the sex
hormone and cortisol tests.

2.2.1. Sex hormone levels—Among non-infected animals, a significant reduction in the
sex hormone concentrations were found between intact (not exposed to FA or ozone and not
infected) and FA or ozone-exposed wild type males, and between intact or FA-exposed and
ozone-exposed SP-A (−/−) male mice (Fig. 3). Ozone-exposed wild type males showed
significantly higher levels of DHT compared to SP-A (−/−) mice. In females, a significant
reduction in the estradiol level was only found in FA-exposed wild type females compared
to intact female mice (Fig. 3).

Regarding the differences between non-infected and infected mice, FA-exposed and ozone-
exposed wild type non-infected male mice had lower (p < 0.05) levels of DHT compared to
FA-exposed and ozone-exposed wild type infected males at 24 h post-infection,
respectively, and ozone-exposed non-infected SP-A (−/−) males demonstrated significantly
higher DHT levels compared to ozone-exposed and infected animals at both 12 and 24 h
time points post-infection (Fig. 3).

2.2.2. Cortisol levels—The SP-A (−/−) non-infected male mice exposed to ozone or FA,
and female mice exposed to FA had significantly lower levels of plasma cortisol compared
to the wild type mice, although no significant differences were observed for intact mice
either between males and females or between wild type and SP-A (−/−) mice (Fig. 4). Both
FA- and ozone-exposed infected SP-A (−/−) male and female mice compared to non-
infected mice demonstrated an increase (p < 0.05) in cortisol levels, but in wild type mice
this increase was observed only in ozone-exposed wild type mice of both sexes (Fig. 4).

2.3. Summary of results
Thus, in general, based on the CFU numbers, ozone exposure decreases the ability of mice
to clear K. pneumonia bacteria from the lung, and ozone-exposed females are more affected
than males. However, in the absence of ozone-induced oxidative stress, males are more
predisposed to have a higher level of dissemination of infection compared to females.

For the lung and spleen weights, during the 48 h period of pneumonia, ozone exposure
showed opposite trends in the mouse lung and spleen weights: increased lung weights but
decreased spleen weights in both sexes, and in both cases, ozone-exposed female lungs and
spleens were the most affected.

For the cortisol levels, in general, we found, both wild type and SP-A (−/−) infected mice to
demonstrate the same trends in plasma cortisol level changes: ozone-exposed > FA-exposed;
females > males (with the major differences observed as noted above in the ozone-exposed
animals); and infected > non-infected (except for FA-exposed wild type males and
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females).We also found differences in cortisol levels in non-infected FA- and ozone-
exposed wild type mice > non-infected FA- and ozone-exposed SP-A (−/−) mice (with no
differences after infection); intact males = intact females; and intact wild type mice = intact
SP-A (−/−) mice.

3. Discussion
The clinical course of lung disease is influenced by a number of factors, including sex and
environment. We have shown previously [57] that although female mice had higher survival
rates than males after K. pneumoniae infection, ozone exposure reversed this pattern. Our
results also demonstrated that SP-A (−/−) mice are more susceptible to K. pneumoniae
infection than wild type mice [43]. In this study, we investigated the hypothesis that a) with
prior exposure (or lack of) to ozone-induced oxidative stress, events occurring in the first
two days of K. pneumoniae infection are responsible for the previously observed survival
sex differences, and b) SP-A is involved in these differences. Pulmonary clearance,
dissemination of infection into the blood and spleen, plasma sex hormone and cortisol levels
were examined during the first two days post-infection.

In both types of mice (wild type and SP-A (−/−)) we found that: 1) Whereas ozone exposure
decreased the ability of mice to clear K. pneumoniae bacteria from the lung, with ozone-
exposed females being affected more than males, in the absence of ozone-induced oxidative
stress males were more prone to develop a higher level of bacterial dissemination compared
to females; 2) Ozone exposure showed opposite trends in the mouse lung and spleen
weights: an increase in lung weight, but a decreased in the spleen weight in both sexes, and
in both cases ozone-exposed females were affected more; 3) No differences were found
between FA- and ozone-exposed infected animals of both sexes for plasma DHT and
estradiol levels during the first day post-infection; 4) Plasma cortisol levels were changed as
follows: ozone-exposed > FA-exposed; females > males (with greater differences observed
in the ozone-exposed animals); and infected > non-infected (except for FA-exposed wild
type males and females that showed no differences as a function of infection). These
observations together indicate that several and perhaps different factors contribute to the
survival rate differences between males and females in the presence or absence of ozone-
induced oxidative stress that we reported previously [43,57]. The decreased pulmonary
clearance, the compromised spleen response, and the increased plasma cortisol level in
females are likely contributing factors to the increased mortality of ozone-exposed females
compared to ozone-exposed males; the increased bacterial dissemination of lung infection in
males may contribute to the increased mortality of FA-exposed males compared to FA-
exposed females.

Interaction of lung host defense mechanisms with invading bacterial pathogens results either
in pulmonary clearance or in the establishment of a favorable environment for bacterial
colonization and subsequent dissemination of the infection. In this study, in the absence of
oxidative stress, the FA-exposed K. pneumoniae-infected female mice demonstrated an
advantage over males by virtue of a lower dissemination of K. pneumoniae bacteria as
assessed by the lower blood and spleen CFU counts. The lung weight was minimally
changed in females compared to males during the course of infection indicating milder
pathological processes in the lungs of the female mice that, in turn, may result in a better
resolution of infection in females than in males. The lower bacterial dissemination from the
lung into the blood in FA-exposed females could prevent or minimize multiple organ
dysfunction and increased mortality rate, complications observed following Klebsiella
bacteremia [3]. In fact, the expansion of bacteria into the blood and spleen and the spleen
weight were all rapidly increased by 24 h post-infection in FA-exposed males compared to
FA-exposed females indicating that dissemination occurs earlier and at a higher level in
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males. These findings are similar to those from experimental studies of trauma-hemorrhage
followed by bacterial sepsis. Male mice were more susceptible to sepsis than females and it
was suggested that the male sex hormones were responsible for this effect [58–60]. Our
recent findings [61] indicates that sex hormones do play a role in survival after infection in
the presence or absence of ozone-induced oxidative stress. Bacteremia may also result in
more pronounced extra-pulmonary lesions in males compared to females. Indeed, FA-
exposed male mice [62] were more predisposed to liver infarction and splenic
thromboemboli. Thus, the increased bacteremia in FA-exposed males (the finding in this
study) supports our previous observation. These findings together may explain the
advantage of females over males in the survival from pneumonia in the absence of ozone-
induced oxidative stress [43,57].

In the presence of ozone-induced oxidative stress prior to K. pneumoniae infection, the host
lung immune defense mechanisms appeared to be markedly compromised. At most of the
studied time points, ozone-exposed both males and females showed significantly higher lung
CFU counts compared to FA-exposed mice. Moreover, ozone-exposed females exhibited
significantly lower lung bacterial clearance compared to their male counterparts, with SP-A
(−/−) females showing this difference earlier (12 h) than wild type mice (48 h). These
observations may explain the survival advantage of males over females in the susceptibility
to pneumonia [43,57].

Some interesting observations were made following analysis of the changes in lung and
spleen weights at 48 h post-infection between sexes. The increase in the lung weight in
ozone-exposed females correlated with respective changes in the CFU counts, indicating
that pulmonary clearance is one of the major risk factors for survival of ozone-exposed
females compared to ozone-exposed males. Unlike the lung weight changes, the spleen
weight in both ozone-exposed males and females was significantly lower than in FA-
exposed animals at 48 h post-infection. These observations indicate that ozone exposure,
with subsequent lung infection and bacterial dissemination into bloodstream and spleen,
may result in an inadequate spleen immune response, and thus compromise host defense.
Alternatively, the lower weight of the spleen in ozone-exposed animals may reflect
depletion of leukocytes through an imbalance of demand and production. However, this is
unlikely because spleen red pulp myelopoesis, an indication of proliferation of leukocytes,
was shown to be reduced in ozone-exposed males and females [62].Moreover, the fact that
the spleen weight in the absence of infection in ozone-exposed mice was significantly (at
least in wild type mice) reduced compared to FA-exposed animals (Fig. 5) indicates that the
absence of an appropriate spleen immune response to bacterial infection is due primarily to
ozone-induced oxidative stress and not to infection. Furthermore,we found that the spleen
weight of ozone-exposed females did not change significantly in response to gradual
increases of the spleen CFU counts during the course of pneumonia (12–48 h), whereas in
ozone-exposed males the spleen weight was increased after 24 h. Thus, the female spleen
appears to be affected more by ozone exposure than the male spleen and, this may lead to a
greater functional compromise of the spleen in females in response to pneumonia infection.

The lack of significant changes in spleen weight indicates that ozone-exposed animals (and
especially females) may not be able to respond appropriately to infection. To the contrary, a
rapidly enlarging spleen in response to increased bacteremia in FA-exposed males compared
to FA-exposed female mice at the 24 h post-infection reflects excessive bacterial
proliferation. This produces large amounts of LPS, which, in turn, can contribute to the
clogging of the blood vessels [63], cause splenic thromboemboli, and interfere with spleen
function. Both, spleen hypofunction (as in ozone-exposed females) or rapid increase of
dissemination and subsequent enlarging of spleen (as in FA-exposed males) represent
examples of a sex-related disadvantage in the course and outcome of pneumonia in the
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presence or absence of oxidative stress, respectively. Thus, based on our data, we speculate
that during the first two days post-infection, the major factors that affect survival from
pneumonia between males and females differ in the presence or absence of oxidative stress.
The increased dissemination of infection may be among the most significant risk factors for
the higher mortality [43,57] observed in FA-exposed males compared to FA-exposed
females, and the reduced pulmonary clearance and spleen hypofunction may be among the
mechanisms contributing to the higher mortality of ozone-exposed females compared to
ozone-exposed males.

Sex hormones have been shown to influence lung function, the course of disease, and the
response to environmental agents in animal models [64]. However, we found that the
concentration of sex hormones at 12 and 24 h post-infection time points did not differ
significantly between FA- and ozone-exposed mice in either sex, indicating that early in the
course of infection, sex hormones do not contribute to differences between ozone- and FA-
exposed animals.

It is known that stress has an immunomodulatory effect [65], and stress hormones,
glucocorticoids, inhibit production of Th1 cytokines (regulate cell-mediated immunity) and
induce the production of Th2 cytokines (regulate humoral immunity) by lymphocytes [65–
68]. The shift in Th1/Th2 cytokine levels toward Th2 has been demonstrated via the use of a
synthetic glucocorticoid, dexamethasone [69]. Plasma cortisol levels in our infection
experimental model were associated with sex and ozone-induced oxidative stress
differences. In pneumonia-infected mice, the level of cortisol was increased in response to
oxidative stress (ozone-exposed > FA-exposed) and in females (females > males). Because
cortisol inhibits production of Th1 cytokines that are critical for cell-mediated immunity
(which is especially important in the beginning of the infection process), the increased
cortisol levels in ozone-exposed and infected males and females may be one of the factors
responsible for reduced cell immune defense and increased susceptibility to pneumonia of
these animals compared to their FA-exposed counterparts [43,57]. The higher plasma
cortisol level in ozone-exposed and infected females compared to males may provide a
relatively higher impairment of cell-mediated immune defense in ozone-exposed females,
and this may be responsible for their higher mortality after pneumonia [43,57].

In an attempt to synthesize the findings from the present study and the relevant findings
from the literature where this mouse model has been used, we provide a summary in the
diagrams shown in Figs. 6 and 7, to depict the impact of ozone (Fig. 6) and sex (Fig. 7) on
the previously observed survival rates [43,57]. It has been previously shown [43] that the
survival and the phagocytic index of alveolar macrophages in wild type mice were higher
than in SP-A (−/−) mice. The observations from the present study (of plasma estradiol
levels, spleen and lung CFUs and weights), together with the previously published findings
[43] indicate that the absence of SP-A may have a further negative impact on pneumonia
survival.

3.1. Conclusions
Our data indicate that sex differences exist in the course of pneumonia during the first two
days. Pulmonary clearance, the ability to limit bacterial dissemination, spleen response to
the infection, and stress hormone influences play a crucial role in the differential outcome of
pneumonia in males and females in the presence or absence of oxidative stresses.

Mikerov et al. Page 9

Microb Pathog. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Materials and methods
4.1. Animals

Male and female wild type C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) and
SP-A (−/−) mice on the C57BL/6J background were used at 8–12 weeks of age. Animals
were maintained under approved housing conditions and fed rodent chow and autoclaved
water ad libitum. SP-A (−/−) mice were propagated and raised under specific pathogen-free
conditions in a barrier facility at the Penn State College of Medicine. The SP-A (−/−) mice
and sentinel mice housed in the same room showed no evidence of respiratory pathogens.
The Penn State Hershey Medical Center Institutional Animal Care and Use Committee
(IACUC) approved all procedures involving animals.

4.2. Preparation of bacteria
K. pneumoniae bacteria (ATCC 43816) were obtained from the American Tissue Culture
Collection (Rockville, MD) and prepared as described previously [57]. In brief, bacteria
were grown for 18 h in TSB media at 37 °C to reach stationary phase. The overnight
bacterial suspension was next diluted until the OD660 was equal to 0.4, and 200 µl were used
to inoculate 50 ml of fresh TSB for sub-cultivation for 3 h to reach mid-log phase of growth.
The subculture was then placed on ice to stop growth and serially diluted in PBS to obtain
~9 × 103 CFU/ml, and 50 µl of this bacterial suspension (containing ~ 450 CFU) were used
immediately to infect mice. CFU per ml values were estimated based on the standard curve
obtained at OD660 of the bacterial suspension, and an aliquot was also spread on TSA plates
to confirm CFU estimates.

4.3. Exposure of mice to ozone
Mice were exposed to ozone (2 ppm for 3 h) or to FA (control) at the same time in separate
chambers as described [70]. Mice were infected immediately after exposure.

4.4. Infection of mice with K. pneumoniae
Infection was performed as described previously [57]. Briefly, the animals were
anesthetized, the trachea was surgically exposed and ~450 CFU/mouse were inoculated
intratracheally in 50 µl of PBS. In cases where infected mice were moribund with no chance
of recovery, they were euthanized to prevent unnecessary suffering according to Penn State
University IACUC recommendations. After exposure to ozone and subsequent infection,
lung, blood, and spleen were investigated for CFU numbers, lung and spleen were studied
for organ weight changes, and plasma was analyzed for sex hormone and cortisol levels, as
described below. In some experiments a sham control of infection was used, as described in
the respective Figure legends. For this, mice were inoculated with 50 µl of PBS instead of
bacterial suspension.

4.5. Blood, spleen, and lung CFU analyses
Mice were sacrificed at 12, 24, and 48 h post-infection, and their blood, spleen, and lungs
were analyzed for CFU numbers. Three independent experiments were performed for each
time point (except n = 4 for wild type females at the 24 h time point, and for SP-A (−/−)
females at the 48 h time point). Each experiment involved 5 mice exposed to O3, and 5
exposed to FA, or a total of 180 wild type mice, and 174 SP-A (−/−) mice were analyzed.
Mice were anesthetized, sacrificed, and blood was collected from the right ventricle of the
heart with a 1 ml syringe and 27G 1/2 inch needle and kept on ice in 1.5 ml tubes.
Immediately after sampling, 20 µl of whole blood and 1:10 serial dilutions of blood (in cold
PBS) were applied in triplicate to TSA plates. The spleen was next removed, placed into a
1.5 ml tube, and kept on ice. The caudal vena cava was then cut, and the whole lungs
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perfused with 1 ml of 0.9% NaCl through the right ventricle of the heart. Then, the lungs
were removed, placed into a 1.5 ml tube, and kept on ice. Both spleen and lung weights were
recorded and the organs in their entirety were homogenized in 1 ml of cold PBS on ice,
using glass homogenizers (Pyrex 7727-15). Homogenates were serially diluted 1:10 in cold
PBS on ice, and aliquots (20 µl) of each undiluted homogenate and the corresponding 1:10
serial dilutions were applied to TSA plates in triplicate. CFU counts were done after the
overnight incubation of plates at 37 °C with blood, spleen, or lung samples.

4.6. Plasma cortisol level measurement
The experimental design was the same as that described for blood, spleen, and lung CFU
analyses. Blood from mice was collected at 12, 24, and 48 h post-infection and kept on ice.
After sampling the blood specimens were spun at 15,000 g at +4 °C for 15 min. Plasma was
kept at −80 °C until use. Cortisol levels in plasma were analyzed with a Corticosterone 125
RIA Kit (MP Biomedicals, LLC, Orangeburg, NY) according to the manufacturer’s
protocol.

4.7. Plasma sex hormones level measurement
The experimental design was as described above for blood, spleen, and lung CFU analyses.
Blood was collected at 24, and 48 h post-infection, kept on ice, and plasma was collected
and kept as described for plasma cortisol level measurement. The quantification of
dihydrotestosterone (DHT) in the plasma of males was performed with the
Dihydrotestosterone ELISA kit (APLCO Diagnostics, Salem, NH), and the estradiol was
measured in the plasma of females using the Estradiol radioimmunoassay kit (Siemens
Healthcare Diagnostics Inc., Deerfield, IL) according to the manufacturer’s protocols.

4.8. Statistics
All data were analyzed with a t-test using SigmaPlot 10.0 software. In cases where log10
transformed data were used for the statistical analysis, it is indicated in the Figure or Table
legends. If either normality or equal variance tests failed, the Mann–Whitney Rank Sum
Test was used instead of t-test, as suggested by the SigmaPlot 10.0 software. In Fig. 1, one
FA-exposed, and two ozone-exposed SP-A (−/−) male mice at the 48 h time point were
eliminated from analysis because their CFU values were ~10 times higher compared to the
average in the group (differences were more than 2 standard deviations). Results were
considered statistically significant at p < 0.05.
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Fig. 1.
Lung, blood, and spleen CFU counts in FA-exposed and ozone-exposed wild type and SP-A
(−/−) male and female mice during K. pneumoniae infection. Wild type and SP-A (−/−)
male and female mice were exposed to ozone (solid bars, O3) or to filtered air (open bars,
FA; control) and then intratracheally infected with K. pneumoniae bacteria. Blood, lung, and
spleen were analyzed for bacterial number at 12, 24, and 48 h post-infection, as described in
Methods. Note that the scale on the Y-axis differs in each experimental analysis. The CFU
numbers are expressed as CFU per 20 µl of either whole blood or original organ homogenate
(i.e. before serial dilutions). For statistical analysis, log10 transformed data were used.
Significant differences between groups of mice are shown with brackets. If no bacteria were
detected (CFU = 0) in a given sample, the “log10” of these data was assumed to be equal to
zero. If significant differences of transformed data were found with the Mann–Whitney
Rank Sum Test, as indicated in Methods, this was shown with “*” under the brackets. Two
asterisks (**) depict a significant difference with Mann–Whitney Rank Sum Test of
untransformed data only. The notations “O3”, “S”, and “WT-KO” under the brackets show
significant differences between ozone-exposed and FA-exposed animals, between males and
females, and between wild type and SP-A (−/−) mice, respectively. The number of
independent experiments for each condition was 3, as described in Methods, except for wild
type females at the 24 h time point and for SP-A (−/−) females at the 48 h time point (n = 4).
The total number of mice used in each group is shown at the bottom of the figure.
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Fig. 2.
Lung and spleen weights in FA-exposed and ozone-exposed wild type and SP-A (−/−) male
and female mice during K. pneumoniae infection. The data for this Figure were from the
same mice used in Fig. 1, and the experimental design, number of experiments and number
of mice were as described in the legend for Fig. 1. Panels A and B depict the results for lung
and spleen weights, respectively. The results for wild type, and SP-A (−/−) mice are on the
top, and on the bottom of the Figure, respectively. The organ weights for FA-exposed
animals are shown with dotted lines and opened symbols, and organ weights for ozone-
exposed mice are shown with solid lines and solid symbols. Squares and circles were used
for males and females, respectively. Significant differences were determined within the
same time point post-infection and are shown with brackets. Significant differences between
wild type and SP-A (−/−) mice are shown in the SP-A (−/−) mouse panels. The notations
“*”, “O3“ and “S” under the brackets are the same as those indicated in Fig. 1.
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Fig. 3.
Sex hormone levels in FA-exposed and ozone-exposed wild type and SP-A (−/−) male and
female mice during K. pneumoniae infection. After FA or ozone exposure and subsequent
infection with K. pneumoniae, as described in the legend for Fig. 1, plasma was collected
and analyzed at 12 and 24 h post-infection for sex hormone concentrations in males and
females, as described in Methods. Data from non-infected and infected mice are shown on
the left and right, respectively. DHT and estradiol concentrations in plasma from intact (I),
FA-exposed (FA), and ozone-exposed (O3) animals are shown with solid grey, open, and
solid black bars, respectively. Significant differences are shown with brackets. The notations
“*”, “O3“ and “WT-KO” under the brackets are the same as those indicated in Fig. 1, and
the notation “FA” under the bracket show significant differences between FA-exposed and
intact mice. The number of mice was 5 for each condition from three independent
experiments.
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Fig. 4.
Plasma cortisol levels in FA-exposed and ozone-exposed wild type and SP-A (−/−) male and
female mice during K. pneumoniae infection. After FA or ozone exposure, mice were
infected with K. pneumoniae as described in the legend of Fig. 1, and plasma was collected
and analyzed for cortisol concentration as described in Methods. Cortisol concentration in
plasma from intact (non-exposed and non-infected) animals is shown with solid grey bars
(I); plasma cortisol level for FA-exposed (FA) and ozone-exposed (O3) animals is shown
with open and solid black bars, respectively. Significant differences are shown with
brackets. The notation “FA” is the same as that indicated in Fig. 3, and notations “*”, “O3”,
“S”, and “WT-KO” under the brackets are the same as those indicated in Fig. 1. The “WT-
KO” differences between FA- or ozone-exposed non-infected wild type and SP-A (−/−)
males, and between FA-exposed non-infected wild type and SP-A (−/−) females were
additionally indicated with “√”. The dotted reference line at the level of 300 ng/ml is shown
to better visualize the differences between different groups of mice. The numbers 12, 24,
and 48 above the reference line show significant differences between FA- and ozone-
exposed non-infected, and infected mice of the same type (wild type or SP-A (−/−)) and sex,
from the 12, 24, and 48 h time points post-infection, respectively. The number of
independent experiments was 3 (for wild type females at 24 h post-infection was n = 4), and
the number of mice used for analysis is shown on the bottom of the Figure.
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Fig. 5.
Comparison of the spleen weights in the non-infected and infected wild type and SP-A (−/−)
male and female mice after filtered air and ozone exposure at 48 h post-infection. Wild type
and SP-A (−/−) male and female mice were exposed to ozone (solid bars, O3) or to filtered
air (open bars, FA; control) and then intratracheally infected with K. pneumoniae bacteria or
inoculated with PBS only (sham control), as described in Methods. The spleen weights were
analyzed at 48 h post-infection. In this Figure, the spleen weight data from infected mice
were from Fig. 2. Significant differences are shown with brackets. The notations “*”, “O3“,
“S”, and “WT-KO” under the brackets are the same as those indicated in Fig. 1. Symbol
“◆” shows significant differences between respective groups of non-infected and infected
mice. The total number of mice used in each group is shown on the bottom of the Figure.
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Fig. 6.
Overview of the effect of ozone exposure on the outcome of pneumonia. The effect of ozone
exposure on mouse survival after pneumonia is depicted diagrammatically. We have
observed previously that ozone-exposed male and female mice exhibited lower survival than
FA-exposed mice after pneumonia [43,57]. A summary of the findings from the present
study and the literature where this mouse model has been used is provided to indicate factors
or processes that may explain and/or contribute to the previously observed differential
survival in response to ozone exposure. Reduced pulmonary clearance (this study*), reduced
level of in vivo phagocytosis by alveolar macrophages [43,57], excessive lung inflammation
[62], a compromised spleen response to infection (this study*, and [62]), and increased
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plasma stress hormone cortisol level (this study*) may account for the survival difference
between ozone- and FA-exposed animals (males or females: ozone < FA) [43,57].
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Fig. 7.
Overview of the effect of sex on the outcome of pneumonia. The effect of sex on mouse
survival after pneumonia in the presence or absence of ozone-induced oxidative stress is
shown diagrammatically. We have observed previously that FA-exposed females exhibited a
higher survival than FA-exposed males but ozone-exposed females showed a lower survival
than ozone-exposed males after pneumonia [43,57], indicating that different mechanisms
may be involved. Indeed, in the absence of ozone-induced oxidative stress, decreased
dissemination of lung infection in FA-exposed females (this study*) may result in a lower
risk for extrapulmonary organ lesions compared to FA-exposed male mice [62]. This, in
turn, may account for a higher survival in FA-exposed females after pneumonia compared to
FA-exposed males (FA: females > males) [43,57]. However, in the presence of ozone-
induced oxidative stress, reduced pulmonary clearance (this study*), reduced level of in vivo
phagocytosis by alveolar macrophages [43,57], excessive lung inflammation [62], a
compromised spleen response to the infection (this study*), and increased plasma cortisol
level (this study*) in ozone-exposed females may account for their lower survival after
pneumonia compared to ozone-exposed males (ozone: females < males) [43,57].
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