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Abstract: It has been shown that female mice with pneumonia have a survival advantage over males, but this is re-
versed if ozone exposure precedes infection. The purpose of this study was to investigate factors that underlie these
observations, by studying histopathologic changes in lung and extrapulmonary (spleen and liver) tissues after ozone
or filtered air (FA) exposure followed by pulmonary bacterial infection. Male and female wild type C57BL/6J mice
were exposed to ozone or FA, then anesthetized and infected intratracheally with Klebsiella pneumoniae bacteria.
Tissues (lung, spleen, and liver) were subjected to histopathologic analysis at 48 h post-infection. We found that after
infection, 1) the severity of inflammation was higher, the affected area of the lung was larger, and spleen red pulp
myelopoiesis was lower in ozone-exposed mice compared to FA-exposed animals in both sexes; 2) more pronounced
extrapulmonary lesions (in liver and spleen) were observed in FA-exposed males compared to FA-exposed females;
and 3) excessive lung inflammatory response was detected in ozone-exposed females compared to ozone-exposed
males. We concluded that different risk factors contribute to the differential outcome of pneumonia between sexes in
the presence or absence of ozone-induced oxidative stress. In specific, the excessive lung inflammation and higher
risk for extrapulmonary lesions in ozone-exposed infected females and in FA-exposed infected males appear to play,
respectively, a dominant role in the previously observed respective survival outcomes.
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Introduction

According to American Lung Association (ALA)
lung disease data from 2008
(www.lungusa.org), almost 400,000 Americans
die from lung disease in the United States every
year, and lung disease death rates are on the
increase, while death rates due to other major
causes of death, such as heart disease, cancer
and stroke, are declining. More than 35 million
Americans have chronic lung diseases. More-
over, pneumonia is one of the major causes of
childhood mortality [1]. The high and increasing
mortality and morbidity due to lung diseases
necessitates the identification and study of fac-
tors that influence the incidence, susceptibility,
and severity of lung diseases. Among these con-

tributing factors are sex and air pollution.

Males, in general, are more susceptible than
females to lung disease, as is the case with
neonatal respiratory distress syndrome [2, 3],
idiopathic pulmonary fibrosis and COPD [4, 5],
and different types of pneumonia [5-8]. The
incidence of asthma is often higher in young
males than in prepubertal females [4]. Several
animal models have also demonstrated that
males exhibit a higher level of susceptibility to
lung disease [9-12].

Air pollution is a worldwide problem. Ground
level ozone is one of the major air pollutants.
Ozone is a powerful oxidant and exposure to
ozone can affect breathing, induce coughing,
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reduce lung function [13], and trigger asthma
[14, 15]. Ozone exposure has been associated
with impairment of the entire respiratory epithe-
lium [16]. It can increase neutrophil recruitment
into airways [17] that may contribute to the ob-
served acute lung injury [18] and changes in
pulmonary innate immunity [19]. However, mil-
lions of people in the USA still live under unfa-
vorable environmental conditions, including
living in areas with levels of ozone higher than
the National Ambient Air Quality Standard limit
(0.075 ppm for 8 h) set by the Environmental
Protection Agency (www.epa.gov).

A number of epidemiological studies mention
sex differences in the effect of air pollution, with
females being more susceptible than males [20
-25]. However, in other studies differences be-
tween the sexes in response to air pollution
were not reported [26-30]. Furthermore, most
studies have not considered sex as a factor. In
our experimental model where we investigated
the effect of ozone exposure on the survival of
mice, as a function of sex, after pneumonia, we
observed that although male mice were more
susceptible to experimental pneumonia than
females, ozone exposure reversed the trend
and made females more susceptible than males
[31].

The outcome of pneumonia is largely influenced
by pathological changes in the lung (the primary
infected organ) and by dissemination of the in-
fection into other internal organs. Thus, in this
report, we investigated the histopathologic
changes in the lung, spleen, and liver in male
and female mice after ozone exposure followed
by pulmonary bacterial infection, to determine
whether these changes contribute to the ob-
served differences in the outcome of pneumo-
nia between the sexes in the absence or pres-
ence of ozone-induced oxidative stress.

Materials and methods
Animals

Male and female C57BL/6J mice (stock number
000664, The Jackson Laboratory, Bar Harbor,
ME) were used at 8-12 weeks of age. Animals
were maintained under approved housing condi-
tions and fed rodent chow and autoclaved water
ad libitum. The Penn State Hershey Medical
Center Institutional Animal Care and Use Com-
mittee (IACUC) approved all procedures involv-
ing animals.
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Preparation of bacteria

Klebsiella pneumoniae bacteria (ATCC 43816)
were obtained from the American Tissue Culture
Collection (Rockville, MD) and prepared as de-
scribed previously [31]. Briefly, bacteria were
grown for 18 h in TSB media at 37°C to reach
stationary phase. The overnight bacterial sus-
pension was next diluted until the ODeso Was
equal to 0.4, and 200 pl were used to inoculate
50 ml of fresh TSB for sub-cultivation for 3 h to
reach mid-log phase of growth. The sub-culture
was then placed on ice to stop growth and seri-
ally diluted in PBS to obtain ~ 9 x 103 CFU/ml,
and 50 pl of this bacterial suspension
(containing ~ 450 CFU) were used immediately
to infect mice. CFU per ml values were esti-
mated based on the standard curve obtained at
ODeso of the bacterial suspension, and an ali-
quot was also spread on TSA plates to confirm
CFU estimates.

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 [32]. Mice were infected
immediately after exposure. Each experiment
involved 10 animals (5 mice exposed to ozone
and 5 exposed to FA).

Infection of mice with K. pneumoniae

Infection was performed as described previously
[31]. Briefly, the animals were anesthetized, the
trachea was surgically exposed and ~450 CFU/
mouse were inoculated intratracheally in 50 pl
of PBS. Death during the first 12 h post-
infection was considered to be due to the surgi-
cal procedure rather than infection and those
mice were excluded from the study. In cases
where infected mice were moribund with no
chance of recovery, they were euthanized to
prevent unnecessary suffering according to
Penn State Hershey Medical Center IACUC rec-
ommendations. After exposure to ozone and
subsequent infection, mice were studied by
histopathologic analyses (n = 53), as described
below.

Histopathologic analyses of tissues

Twenty-eight male and twenty-five female mice
were exposed to filtered air (FA) or ozone and
inoculated with ~ 450 CFU of K. pneumoniae
bacteria in 50 pl of PBS. As an additional con-
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Table 1. Scoring system for the nature and severity of inflammation in the lung of FA-exposed and ozone-
exposed male and female mice after K. pneumoniae infection

Score  Nature and severity of lung inflammation

0 Normal

1 Minimal and suppurative, consisting of occasional degenerate neutrophils

2 Minimal, necrosuppurative and hemorrhagic, consisting of occasional degenerate neutrophils with extrava-
sated erythrocytes and fibrin and necrotic cellular debris

3 Mild and suppurative, consisting of low numbers of degenerate neutrophils

4 Mild, necrosuppurative and hemorrhagic, consisting of low numbers of degenerate neutrophils with ex-
travasated erythrocytes and fibrin and necrotic cellular debris

5 Moderate and suppurative, consisting of moderate numbers of degenerate neutrophils

6 Moderate, necrosuppurative and hemorrhagic, consisting of moderate numbers of degenerate neutrophils
with extravasated erythrocytes and fibrin and necrotic cellular debris

7 Severe and suppurative, consisting of large numbers of degenerate neutrophils

8 Severe, necrosuppurative and hemorrhagic, consisting of large numbers of degenerate neutrophils with

abundant extravasated erythrocytes and fibrin and necrotic cellular debris

trol for the histopathologic changes induced by
ozone only (without infection), male and female
mice (10 mice of each sex) received sham infec-
tions with 50 ul of PBS rather than bacterial
suspension after ozone or FA exposure. Mice
were sacrificed by asphyxiation using carbon
dioxide at 48 h post-inoculation. Lungs were
infused through the trachea with 10% neutral
buffered formalin (NBF), and tissues were im-
mersion-fixed in NBF. The right (cranial, middle
and caudal) and left lung lobes were bisected in
a parasagittal plane, while the accessory lung
lobe was sampled without sectioning. Longitu-
dinal and cross sections of spleen were taken,
and representative sections of all liver lobes
were taken. Tissues were processed in an auto-
mated Tissue-Tek VIP processor (Sakura Finetek
USA, Torrance, CA, USA) and paraffin-embedded
using a Tissue-Tek TEC embedding station. Sec-
tions were cut at 6 ym for routine hematoxylin
and eosin (H&E) staining.

All tissues were examined by an American Col-
lege of Veterinary Pathologists (ACVP) diplomat
blinded to treatment/intervention. Percentages
of the areas affected were visually estimated,
and the lung volume affected by inflammation
was semiquantitatively scored as O for <1%, 1
for 1-4%, 2 for 5-14%, 3 for 15-24%, and 4 for
>25%. Severity and nature/type of inflammation
were graded according to scoring system de-
scribed in Table 1. Lungs were also evaluated
for extension of infectious processes to pleural
surfaces, and all tissues were evaluated for the
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presence of thromboemboli and bacteria.
Spleen sections were independently evaluated
semiquantitatively for depletion or hyperplasia
of the white pulp lymphoid (both periarteriolar
lymphoid sheaths (PALS) and follicles) and red
pulp myeloid compartments, as well as conges-
tion or contraction of the red pulp. Both liver
and spleen were evaluated for the presence of
bacteria, thromboemboli and inflammation, and
areas of infarction were estimated in the liver.
All images were captured with an Olympus BX51
microscope (Olympus America, Center Valley,
PA, USA) and DP71 digital camera using Micro-
Suite Basic 2.6 imaging software.

Statistics

All data were analyzed with a simple t-test using
SigmaPlot 10.0 software (Systat Software Inc.
(SSI), San Jose, California). Results were consid-
ered statistically significant at p < 0.05.

Results

After FA exposure (control) or ozone exposure
male and female mice were either inoculated
with PBS (sham control) or infected with K.
pneumoniae bacteria, and the histopathologic
changes were analyzed at the 48 h time point
as described in Methods.

After PBS inoculation

After FA exposure and PBS inoculation (no infec-
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Figure 1. Effect of ozone and FA exposures on the lung tissues of non - K. pneumoniae - infected mice. An example
of severe histopathologic changes in the lungs of female mice in response to ozone exposure is shown. Mice were
exposed to FA or to ozone, inoculated intratracheally with PBS (sham control), and their lungs were analyzed for histo-
pathologic changes at 48 h post-infection, as described in Methods. Panels A and B depict the results for FA-exposed
and ozone-exposed mice, respectively. FA-exposed animals (shown in panel A) demonstrated normal architecture of
terminal bronchioles (arrow 1) and surrounding alveoli (arrow 2). In general, mice exposed to ozone both male and
female (shown in Panel B) showed bronchiolar epithelial degeneration with exposed basement membranes (epithelial
cell loss) or flattened attenuated epithelial cells stretched over exposed basement membranes. The remaining bron-
chiolar epithelium consists of short plump cuboidal cells with open chromatin, prominent nucleoli, increased nuclear
to cytoplasmic (N:C) ratio and cytoplasmic basophilia (regenerative) with occasional binucleate cells (arrowheads).
Cuboidal type Il pneumocytes are prominent within alveoli with an interstitial and intra-alveolar infiltration of low to
moderate numbers of macrophages. 600x magnification.

tion) male mice demonstrated mild respiratory
epithelial changes. However, in response to
ozone exposure followed by PBS inoculation
there was evidence of bronchial and bronchiolar
epithelial degeneration, necrosis, and regenera-
tion, consistent with the known effects of ozone
on the respiratory tract [33]. Inflammation was
limited and mononuclear in nature, consistent
with an essentially sterile resolution. FA-
exposed or ozone-exposed PBS-inoculated fe-
male mice in general demonstrated changes in
the lung that are similar to those in the respec-
tive male groups. However, while all males dem-
onstrated from mild (FA-exposed) to moderate
(ozone-exposed) epithelial changes, the pathol-
ogy in females ranged from absent (FA-exposed)
(Figure 1A) to mild to severe epithelial necrosis
(ozone-exposed) (Figure 1B). No significant pa-
thology was noted in the spleen or liver in either
Sex.

Thus, ozone exposure followed by PBS inocula-
tion can result in lung pathology consistent with
the known effects of ozone on the respiratory
tract [33], whereas in the extrapulmonary tis-
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sues ozone exposure does not appear to have a
significant impact at the time-point studied.
After K. pneumoniae infection

1) effect of ozone exposure

The changes described below differed between
ozone-exposed and FA-exposed animals in both
sexes.

Lung. Ozone-exposed animals were found to
have a significantly higher level of lung inflam-
mation (severe in ozone-exposed vs. mild in FA-
exposed) that encompassed a larger area (~10-
30 % in ozone-exposed males, and ~10-15 % in
ozone-exposed females versus less than 1-5 %
in FA-exposed male and female mice) (Figure 2;
Figure 3A). Moreover, different types of inflam-
mation, i.e. mainly necrosuppurative and hem-
orrhagic were observed in ozone-exposed ver-
sus a typically purely suppurative in FA-exposed
animals (Figure 2; Figure 3A). Furthermore, bac-
teria were detectable by routine H&E staining in
the lungs of ozone-exposed mice only, except in
one of the eleven FA-exposed female mice, in
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Figure 2. Comparison of the pattern of inflammation in the lungs of ozone-exposed and FA-exposed male and female
mice after K. pneumoniae infection. Male and female mice were exposed to ozone or to FA (control) as described in
Methods, and then intratracheally infected with ~ 450 CFU of K. pneumoniae bacteria. Lungs were sampled and ana-
lyzed for histopathologic changes at 48 h post-infection. The pattern of the lung inflammation was compared between
ozone-exposed and FA-exposed male and female mice in this Figure. Both male and female mice exposed to FA
showed small single foci of inflammation consisting of low to moderate numbers of predominantly degenerating neu-
trophils in peri-bronchiolar airspaces (arrow 1, panels A and B). In male and female mice exposed to ozone normal
lung architecture was extensively effaced by large numbers of degenerate neutrophils (arrow 1, panels C and D) and
necrosis centered on and radiating from the bronchioles with abundant fibrin (arrow 2, panels C and D), hemorrhage
(arrow 3, panels C and D), and necrotic cellular debris (arrow 4, panels C and D). Enlarged areas of Figures 2C and
2D (squares) are shown on the right side from the respective Figure panels. Hematoxylin-eosin staining, 40x magnifi-
cation.

Table 2. Histopathologic changes in the lung, liver, and spleen in FA-exposed and ozone-exposed male
and female mice after K. pneumoniae infection

Lung*
Liver infarction* Splenic thrombi*

Lobar type of  Detection of bac-
pneumonia teria in the lung Pleuritis

Sex Treatment with H&E

Males FA 1/14 0/14 5/14 9/14 8/14
Ozone 3/14 7/14 1/14 3/14 4/14

Females FA 0/11 1/11 4/11 4/11 5/11
Ozone 0/14 4/14 3/14 4/14 1/14

* After ozone- or FA-exposure, mice were infected with K. pneumoniae, and the lung, spleen, and liver were sampled
and analyzed for histopathologic changes at 48 h post-infection as described in Methods. The numerator indicates
the number of mice that demonstrate the particular change, and the denominator indicates the total number of
mice in the group. Number of independent experiments was 3 for each sex.

which bacteria were detected in the lung as well Spleen. A higher frequency of thromboembolus
(Table 2). In the ozone-exposed mice, bacteria formation was observed in the spleens of FA-
often formed large discrete colonies, suggesting exposed males and females compared to ozone
uncontrolled local bacterial replication. -exposed animals (Figure 4A, Table 2). On the
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Figure 3. Area and severity of inflammation in the lung of ozone-exposed and FA-exposed male and female mice after
K. pneumoniae infection. Experimental design was as described in the legend for Figure 2. Male and female mice
were exposed to ozone (solid bars) or to FA (control; open bars). The lungs were sampled and analyzed for histopa-
thologic changes. A: Area of lung inflammation is the area (% of the total) affected by inflammation. These area val-
ues were converted to a 0-4 numerical scale: O for < 1 %, 1 for 1-4 %, 2 for 5-14 %, 3 for 15-24 %, and 4 for > 25 %
affected. Severity of lung inflammation was quantified based on a 0-8 numerical scale shown in Table 1. B: Compari-
son of lung inflammation in males versus females in response to ozone-exposure and pneumonia. The data are pre-
sented as the percent of the control (FA) for each sex, in accordance with the following formula: ozone-exposed (each
mouse) / FA-exposed (average in the group) x 100 %. The values of area or severity of lung inflammation used to
determine these ratios are shown in the panel A. The number of independent experiments was 3 for each sex, and
the total number of mice is shown in the bottom of the Figure. Statistical analysis of data was performed using a t-
test. Differences were considered significant if p < 0.05 and are indicated with the brackets.

Figure 4. Extra-pulmonary lesions (in spleen and in liver) in ozone-exposed male mice after K. pneumoniae infection.
An example of extra-pulmonary lesions (in spleen and in liver) in ozone-exposed wild type male mice is shown. After
ozone exposure, mice were infected with K. pneumoniae as described in the legend of Figure 2, and the spleen and
liver were sampled and analyzed for histopathologic changes at 48 h post-infection. Recent fibrin thromboemboli
(arrows 1, panel A) distend multiple blood vessels within the splenic red pulp; 100x magnification. In the liver there
was focally extensive coagulative necrosis in which ghost cells retain their normal architecture (infarct) (arrow 2,
panel B). A fibrin thromboembolus is shown in the center (arrow 3, panel B). Adjacent normal liver is shown (arrow 4,
panel B); 200x magnification.

181 Int J Physiol Pathophysiol Pharmacol 2011;3(3):176-190



Risk factors for survival after pneumonia in males and females

*  1mm

Figure 5. Comparison of splenic architecture after K. pneumoniae infection. Representative examples of two ex-
tremes of splenic architecture are shown. Both images are from females. The quantitative data analysis is shown in
Figure 6. After FA or ozone exposure, mice were infected with K. pneumoniae as described in the legend of Figure 2,
and the spleens were sampled and analyzed for histopathologic changes at 48 h post-infection. Panel A depicts an
example of a spleen which is more typical for FA-exposed males and females. This spleen is markedly enlarged with
rounded edges and a hypercellular red pulp composed of nhumerous myeloid precursors (arrow 1) and minimal con-
gestion. In the white pulp, germinal centers are pale (due to medium and large size lymphoblasts (arrow 2)), the mar-
ginal zone is prominent (pale color around white pulp can be identified) (arrow 3), and periarteriolar lymphoid sheaths
(PALS) are expanded by mature and immature lymphocytes (arrow 4). Panel B depicts an example of a spleen, which
is more typical for ozone-exposed males and females. The red pulp is mildly expanded by acute congestion with an
absence of myelopoiesis (arrow 1). The white pulp is composed of mature quiescent (small blue) lymphocytes (arrow

2). Both images are taken at 40x maghnification.

other hand, spleen immune function appeared
to be compromised in ozone-exposed animals
compared to FA-exposed; spleen red pulp mye-
lopoiesis was significantly reduced in ozone-
exposed male and female mice compared to FA-
exposed animals, indicative of an inappropriate
acute immune response to bacterial infection
(Figure 5, Figure 6A).

Liver. As in the case of splenic thromboemboli,
liver infarction (Figure 4B) was observed more
frequently in FA-exposed compared to ozone-
exposed animals in both sexes (9 of 14, and 3
of 14 FA-exposed and ozone-exposed males,
respectively, were affected, and 4 of 11, and 4
of 14 FA-exposed and ozone-exposed females
were affected, respectively) (Table 2).

Thus, after pulmonary infection the inflamma-
tion in the lung was higher and the spleen im-
mune response was lower in ozone-exposed
compared to FA-exposed animals of both sexes.
2) effect of sex

The changes described below differed in males
and females.
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Lung. Only male mice (3 of 14 ozone-exposed
and 1 of 14 FA-exposed) demonstrated the lo-
bar type of pneumonia, which is considered to
be a more severe form of pneumonia, and none
of the 14 ozone- and 11 FA-exposed female
mice developed this type of pneumonia (Figure
7, Table 2). Although no significant differences
were found directly between males and females
after ozone- or FA-exposure with regards to both
the area and the severity of inflammation in the
lung (Figure 3A), if the data from ozone-exposed
mice were normalized to the data from FA-
exposed mice (the baseline for each sex), the
area of the lung inflammation was larger and
the severity of pneumonia was higher in fe-
males than in males after ozone exposure (p <
0.05) (Figure 3B).

Spleen. Splenic fibrin thromboembolus forma-
tion in general was more frequently observed in
both FA and ozone-exposed males compared to
female mice with most occurrences in FA-
exposed males (8 of 14 and 4 of 14 FA-exposed
and ozone-exposed males, and 5 of 11 and 1 of
14 FA-exposed and ozone-exposed females
were affected, respectively) (Figure 4A; Table 2).

Int J Physiol Pathophysiol Pharmacol 2011;3(3):176-190



Risk factors for survival after pneumonia in males and females

A B
Males Females Males Females
4 & 3
5.2 T 22
= 5 — = Z
= = 5 3 SE R
= g = 5 2
@ g e .
2o, 222 o
= =T 1 . =R -
t 3 = EZ%1
2373 1 ===
= = 7] -
wn N’ p— - )
n =3 &
0 w0
4 4 ' '
=] —~ . f 1 = 2] : f 1
244, — E_2Z;
= 2 5 S 5
& & ) 2% 2
= =2 2 2= 5 g2
: — = r’ Q w "
B c £
28T ! B!
7 = = ¥ B
0 =~ gl
w =
FA O, FA O, FA O, FA O,
n (mice): 14 14 11 14 n (mice): 14 14 11 14
n (exp) : 3) 3) n (exp) : 3) 3)

Figure 6. Changes in leukocyte populations in the spleens of ozone-exposed and FA-exposed male and female mice
after K. pneumoniae infection. After ozone or FA-exposure, mice were infected with K. pneumoniae as described in
the legend of Figure 2, and the spleens were sampled and analyzed for histopathologic changes in both the red and
white pulp. The myeloid compartment of the red pulp and the follicular and PALS compartments of the white pulp
were each individually semiquantitatively scored for hyperplasia of the relevant leukocyte populations on a 0-4 nu-
merical scale: O for normal, 1 for minimal hyperplasia, 2 for mild, 3 for moderate, and 4 for severe florid hyperplasia.
Acute congestion of the red pulp was graded by a similar scale. A: Comparison of histopathologic changes in the red
pulp in males versus females in response to ozone-exposure and pneumonia. B: Comparison of histopathologic
changes in the white pulp in males versus females in response to ozone-exposure and pneumonia. The number of
independent experiments was 3 for each sex, and the total number of mice is shown in the bottom of the Figure.
Statistical analysis of data was performed using a t-test. Differences were considered significant if p < 0.05 and are
indicated with the brackets.

Ozone-exposed females had a significantly females. However, in ozone-exposed animals
higher acute congestion in the red pulp than FA- the difference between sexes was not evident
exposed females, whereas no comparable sig- (3 of 14 and 4 of 14 males and females were
nificant differences were detected for males affected, respectively) (Figure 4B; Table 2).
(Figure 6A). Regarding spleen immune function,

ozone-exposed female mice were found to have Thus, after pneumonia infection, FA-exposed
a significantly higher level of myelopoiesis in the males had a higher risk for extrapulmonary or-
red pulp of the spleen than their male counter- gan lesions (in spleen and liver) than FA-
parts (Figure 6A). In the white pulp of the exposed females, whereas ozone-exposed fe-
spleen, FA- and ozone-exposed females showed males had higher degree of inflammation in the
significantly higher levels of lymphoid hyperpla- lung compared to ozone-exposed males.

sia in the periarteriolar lymphoid sheaths (PALS)

than their male counterparts (Figure 6B). Discussion

Liver. Sex difference in the development of liver Pulmonary infection can cause a number of
infarction was found between FA-exposed males pathological changes in the lung, as well as in
and females (9 of 14 and 4 of 11 males and the extrapulmonary organs as in the case of
females were affected, respectively). Moreover, bacterial dissemination, and these changes can
liver infarction, when present, involved a larger impact the outcome of disease. Moreover, the
area in FA-exposed males compared to that of clinical course of pneumonia is influenced by
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Ozone-exposed male

Figure 7. Lobar pneumonia in the lung of ozone-exposed male mice after K. pneumoniae infection. An example of
pneumonia development in ozone-exposed wild type male mice is shown. After ozone exposure, mice were infected
with K. pneumoniae as described in the legend of Figure 2, and the lungs were sampled and analyzed for histopa-
thologic changes at 48 h post-infection. Infection with K. pneumoniae in ozone-exposed mice resulted in severe in-
flammation involving the entire anatomical unit (right cranial lobe) (arrow 1, panel A). In these mice large colonies of
encapsulated bacteria were readily visible as large punched out spaces within the inflammatory foci surrounding
blood vessels or bronchioles (arrow 2, panel B) and large number of plump bacterial bacilli surrounded by clear halos
(capsules) (arrow 3, panel C, higher magnification). Enlarged area of Figure 7C (square) is shown above Figure 7C.

Hematoxylin-eosin staining; 20x, 100x, and 1,000x magnifications for panels A, B, and C, respectively.

sex and environmental conditions, such as
ozone exposure. We have shown previously that
ozone-exposed animals had lower survival rates
than FA-exposed animals, and although female
mice had higher survival rates than males after
K. pneumoniae infection, ozone exposure re-
versed the trend and caused females to survive
less than males [31]. The purpose of this study
was to assess risk factors that may contribute
to the observed differences in survival. For this,
we analyzed, via histopathology, tissues (lung,
spleen, liver) from mice after pneumonia in the
presence or absence of ozone-induced oxidative
stress. We found: 1) severe inflammation in the

184

lung and reduction of spleen immune function
to be among the contributing factors for lower
survival of ozone-exposed compared to FA-
exposed animals for both sexes; 2) a higher risk
for extrapulmonary organ lesions (in spleen and
liver) in FA-exposed males appears to contribute
to the previously observed lower survival of
males compared to their FA-exposed female
counterparts; and 3) a severe inflammation in
the lung of ozone-exposed females appears to
contribute to the previously observed lower sur-
vival of ozone-exposed females compared to
ozone-exposed males. Thus, a histopathologic
analysis of tissues revealed that different risk
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Figure 8 Impact of ozone exposure and sex on the outcome of pneumonia infection: overview and potential underly-
ing mechanisms. Summary of our findings from the histopathologic examinations of tissues is presented in the dia-
gram. Potential risk factors for survival rates [31] of male and female mice after pneumonia under different exposure
conditions [31] are noted. Panel A depicts pathological effects of ozone exposure that may contribute to mouse sur-
vival after pneumonia. Ozone-exposed male and female mice survived less than FA-exposed mice after pneumonia.
Both the excessive lung inflammatory response (p < 0.05) and the functional inability of the spleen to adequately
respond to the dissemination of pneumonia infection (red pulp myelopoiesis is reduced, p < 0.05) in ozone-exposed
animals (compared to FA-exposed animals) may account for this difference. Panel B depicts potential factors that
may explain the observed sex differences. It has been previously shown [31] that FA-exposed males survived less
than FA-exposed females, and ozone-exposed females survived less than ozone-exposed males after pneumonia,
indicating that different mechanisms may be involved. The higher risk of extrapulmonary organ lesions (liver infarc-
tion, spleen thrombosis) in FA-exposed males may potentially cause a higher mortality after pneumonia compared to
FA-exposed females. Lung inflammation does not appear to play a major role in this difference, because although
lung inflammation in the FA-exposed male lungs was slightly increased compared to females, this difference did not
reach a significant level (p > 0.05). However, in spite of a significantly higher spleen immune response (red pulp mye-
lopoiesis) in ozone-exposed females compared to males, the excessive lung inflammatory response observed in
ozone-exposed female mice (p < 0.05) may be the likely or major factor responsible for their lower survival rate [31]
compared to ozone-exposed males.

factors contribute to and thus can/may explain
the previously observed [31] differential survival
of mice after pneumonia between sexes in the
presence or absence of ozone-induced oxidative
stress.

Analysis of histopathologic changes in the lungs

of non-infected mice (PBS inoculated control
group) in response to ozone revealed that ozone
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exposure induced epithelial changes in the
lungs of mice from both sexes compared to FA-
exposure conditions, which is consistent with
published data regarding the impact of ozone
exposure on the lung [33]. Because no signifi-
cant pathology was observed in the extrapul-
monary tissues (spleen, liver) from either sex,
ozone exposure does not appear to have a sig-
nificant impact on the extrapulmonary tissues at
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the time-point studied.

However, after pulmonary infection, the inflam-
mation in the lung was found to be more severe
in ozone-exposed than the FA-exposed infected
animals. Although an appropriately lung host
defense-mediated inflammatory response is
necessary to combat infection, excessive lung
inflammation may potentially cause detrimental
effects. In the case of the severe lung inflamma-
tion seen in the ozone-exposed male and fe-
male mice, reactive oxygen species and prote-
ases, localized in the vacuoles of phagocytes
that are normally intended to clear microorgan-
isms from the tissues, may be produced in ex-
cess and released into the extracellular environ-
ment, causing tissue damage that, in turn, may
lead to further loss of function of the organ
rather than clearance of the infection [34, 35].
Therefore, the observed excessive inflammatory
response may be pathological, and potentially
result in death [36]. In the present study the
observed increased severity of the lung inflam-
matory response in ozone-exposed animals may
make a significant contribution to the increased
mortality from pneumonia shown previously
[31].

A higher frequency of splenic thromboemboli in
FA-exposed infected males and females com-
pared to their ozone-exposed counterparts ob-
served in this study, could be the result of ex-
cessive bacterial proliferation in the spleen of
FA-exposed animals. This bacterial proliferation
may, in turn, produce large amounts of lipopoly-
saccharide (LPS) that can contribute to the
vasodilatation of the blood vessels with in-
creased activation of the clotting cascade [37],
thereby interfering with splenic function. On the
other hand, the immune function of spleen (red
pulp myelopoiesis) was found to be significantly
reduced in ozone-exposed animals compared to
FA-exposed mice for both sexes. This reduction
indicates that an inappropriate acute immune
response to bacterial infection in ozone-
exposed mice may be among the contributing
factors to their lower survival rates [31]. It is
also possible that certain environmental factors
(such as ozone) may compromise the develop-
ment of the adaptive immune response, espe-
cially when this is earlier on in its developmen-
tal process. Together these findings indicate
that differences between FA- and ozone-
exposed pneumonia-infected mice are not only
observed in the lung, the primary site of pneu-
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monia infection, but also in extrapulmonary or-
gans, such as spleen.

It is well known that the spleen has two major
functions: 1) removal of old or defective red
blood cells (i.e. serving as a blood filter) and
acting as a blood reservoir; and 2) generation of
an appropriate immune response to blood-
borne foreign substances. Moreover, it was re-
cently reported that the red pulp of spleen is an
important site for the storage of half of the
body’s monocytes [38]. In mice, the spleen is
also an important site of hematopoieses, includ-
ing myelopoieses. Swirski and co-authors [38]
suggested that following infection or tissue in-
jury, monocytes can rapidly migrate from the red
pulp of the spleen to infected tissues through
the bloodstream to differentiate into mature
macrophages at the sites of infection in order to
facilitate the clearance of infecting agents and
assist in wound healing [38, 39]. Myeloid cells
localized in the spleen red pulp, such as neutro-
phils and monocytes, are involved in the first
stages of the immune response. Thus, a signifi-
cantly lower myeloid response in spleen red
pulp of ozone-exposed mice when compared to
FA-exposed animals shows an inability to main-
tain myeloid leukocyte production in the face of
an overwhelming bacterial infection and in the
presence of oxidative stress. Furthermore, the
importance of splenic function in the develop-
ment of pneumonia was demonstrated in the
study of Robinette and Fraumeni [40]. Their
study involved 740 American servicemen sple-
nectomized because of trauma during World
War Il. They showed that splenectomized indi-
viduals demonstrated significant excess of mor-
tality from pneumonia and ischemic heart-
disease. Moreover, sepsis can occur more read-
ily in asplenic or hyposplenic patients and the
most severe disease is associated with infec-
tions due to encapsulated organisms (such as
K. pneumoniae used in this study) [41, 42].
From animal studies it has been reported that
asplenic rats are more susceptible to experi-
mentally induced H. influenzae bacteremia [43].
Thus, splenic function is one of the important
factors that may impact pneumonia outcome.
Based on our observations, we speculate that
bacterial dissemination in ozone-exposed ani-
mals may not generate an adequate immune
response in the mouse spleen to maintain an
active host defense. This is consistent with the
lower survival in ozone-exposed and infected
mice compared to their FA-exposed counter-
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parts [31].

Thus, the excessive inflammatory response in
the lung (which can be associated with exces-
sive lung tissue damage), coupled with the in-
ability of the spleen to adequately respond to
dissemination of the lung infection appear to
explain in part the lower survival of ozone-
exposed and pneumonia-infected mice com-
pared to their FA-exposed counterparts [31]
(Figure 8A).

A lobar type of pneumonia, which is considered
to be a more severe form of pneumonia, was
observed only in male mice, and none of the
female mice developed this type of pneumonia.
Although this lobar type of inflammation is sug-
gestive of a failure to contain the infection, such
that the spread is limited only by anatomical
boundaries, the ozone to FA lung inflammation
ratio (ozone/FA) was significantly higher in fe-
males compared to males. This indicates that
the previously observed lower survival of fe-
males from pneumonia after ozone exposure
[31] may be due to excessive lung inflammation
compared to males.

Splenic fibrin thromboembolus formation was
observed more frequently in both FA and ozone-
exposed males compared to female mice, with
most occurrences in FA-exposed males. Based
on our unpublished preliminary findings, where
more pronounced bacteremia in FA-exposed
males was observed compared to FA-exposed
females, we speculate, that the splenic fibrin
thromboembolus formation (as well as the liver
infarction, described below) is due to the large
number of bacteria colonizing the spleen. This,
in turn, may compromise the functions of the
spleen and thus negatively influence the clinical
course of pneumonia and survival in males, as
previously shown both in animal and epidemiol-
ogical studies [5-8, 31].

The FA- and ozone-exposed infected females
showed a significantly higher level of lymphoid
hyperplasia in PALS of the white pulp of spleen
than did the males, indicating higher T-
lymphocyte production in the PALS, and conse-
quently, a more appropriate cell-mediated im-
mune response. However, even though T-cells
play an important role in the immune response
to infection, these results do not fully explain
the sex differences previously observed with
survival after pneumonia [31]. Although a better
host defense, as assessed by survival, may
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have occurred in FA-exposed females, this was
not the case for the ozone-exposed females,
who showed the highest level of mortality [31].
It is interesting to note that most of the mortality
occurred during the first 4 days post-infection
when the adaptive immune response had not
yet been well developed. We also found that
ozone-exposed female mice had significantly
higher red pulp myelopoiesis than their male
counterparts. However, in this case the excess
production of myeloid cells may have negative
consequences for the ozone-exposed animals,
resulting in an even higher degree of inflamma-
tion and damage in their lungs [35] that may
increase morbidity and mortality [31]. These
observations indicate that in ozone-exposed
females, in spite of an increase in spleen im-
mune response in both white and red pulp, the
higher lung inflammatory response may play a
dominant role in the poor outcome. Moreover,
ozone-exposed females had significantly more
acute congestion in the red pulp than FA-
exposed females, whereas no significant differ-
ences were detected for males. The splenic con-
gestion could be symptomatic of decreased
vasomotor tone consistent with the effect of
endotoxic shock [44, 45]. Based on this, we
speculate that ozone-exposed females in con-
trast to their male counterparts develop a
higher level of bacterial dissemination from the
lung that, in turn, will increase the splenic red
pulp congestion. Because spleen congestion is
associated with storage of mature erythrocytes
in red pulp, sequestration of red blood cells
from the blood flow can decrease the red blood
cell concentration in the circulation [46] result-
ing in anemia. Furthermore, the splenic red pulp
congestion may also affect the filtering capacity
of the spleen and subsequently, host defense
against bacterial infection [47]. Thus, the func-
tion of the spleen may be compromised in
ozone-exposed animals when compared to FA-
exposed, with this reduction being more pro-
nounced in females than in males. The latter, in
part, explains our previous observations of sur-
vival, where the gap between survival curves of
ozone- and FA-exposed females was larger than
that in males [31].

As in the case of splenic thromboemboli, sex
differences in liver infarction were found be-
tween FA-exposed infected males and females
with males being more affected. However, in
ozone-exposed animals the difference between
sexes was not evident. As with splenic throm-
boembolus formation, this could be associated
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with higher bacteremia in FA-exposed male ani-
mals that could reduce their survival compared
to their female counterparts [31]. The liver is an
essential organ for survival. A number of studies
have demonstrated an association of liver trans-
plantation with bacterial infection [48, 49]. Sep-
sis during bacterial infection can cause hypoten-
sion, shock, and thrombosis, which, in turn, may
lead to hepatic infarction [50-53]. Pneumonia
was found to be among the factors that can
cause morbidity and mortality in liver transplant
recipients [51, 54-56]. Moreover, liver trans-
plantation with simultaneous splenectomy in-
creases the risk for opportunistic pneumonia
[57]. These results point to the importance of
both the integrity and functional ability of the
spleen and liver for a better pneumonia out-
come. Based on our observations in the present
study, these (integrity and function of the liver
and spleen) appear to be more compromised in
FA-exposed infected males than in females, and
may negatively influence the pneumonia out-
come. Thus, extrapulmonary organ lesions (in
spleen and liver) are among the factors that
may explain the lower survival observed in FA-
exposed males compared to FA-exposed fe-
males [31] (Figure 8B).

Based on the results of the present study, we
conclude that different risk factors contribute to
the differential survival of mice from pneumonia
under different exposure conditions (in the pres-
ence or absence of oxidative stress) between
sexes [31]. Specifically, the higher degree of the
lung inflammatory response and the reduction
in the ability of the spleen to generate an appro-
priate immune response are among the contrib-
uting factors for the previously observed [31]
negative effect of ozone on the survival from
pneumonia for both sexes. However, the higher
degree of the lung inflammatory response ob-
served in ozone-exposed females, and the
greater risk of extrapulmonary lesions in spleen
and liver, due perhaps to a higher dissemination
of bacteria from the lung as it may be in the
case of FA-exposed males, provide support and
may explain the previously observed sex differ-
ences seen in survival from pneumonia [31].
Further studies are needed to understand the
underlying molecular mechanisms.
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