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ABSTRACT The clinical pathogen Klebsiella pneumoniae is a relevant cause of noso-
comial infections, and resistance to current treatment with carbapenem antibiotics is
becoming a significant problem. Statins are inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) used for controlling plasma cholesterol levels. There is clini-
cal evidence showing other effects of statins, including decrease of lung inflamma-
tion. In the current study, we show that pretreatment with atorvastatin markedly at-
tenuated lung injury, which was correlated with a reduction in the cellular influx
into the alveolar space and lungs and downmodulation of the production of proin-
flammatory mediators in the initial phase of infection in C57BL/6 mice with K. pneu-
moniae. However, atorvastatin did not alter the number of bacteria in the lungs and
blood of infected mice, despite decreasing local inflammatory response. Interest-
ingly, mice that received combined treatment with atorvastatin and imipenem dis-
played better survival than mice treated with vehicle, atorvastatin, or imipenem
alone. These findings suggest that atorvastatin could be an adjuvant in host-directed
therapies for multidrug-resistant K. pneumoniae, based on its powerful pleiotropic
immunomodulatory effects. Together with antimicrobial approaches, combination
therapy with anti-inflammatory compounds could improve the efficiency of therapy
during acute lung infections.
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ommunity-acquired pneumonia (CAP) is among the most typical infectious dis-

eases and is a serious health problem leading to significant morbidity and mortal-
ity, especially in immunocompromised patients and elderly people (1-4). Klebsiella
pneumoniae is one of the major opportunistic pathogens responsible for severe
community-acquired pneumonia and is often associated with nosocomial infections,
including sepsis, meningitis, liver abscess, and urinary dysfunctions (5, 6). Treatment of
nosocomial infections caused by K. pneumoniae can be complicated by the severity of
disease, the presence of a limited number of drugs available, and the rising occurrence
of resistant bacteria. Carbapenems are widely regarded as drugs of choice for the
treatment of severe infections caused by resistant K. pneumoniae (7, 8). In this context,
the discovery of new agents to control pulmonary inflammation during antibiotic
treatment of Gram-negative pneumonia could lead to reduced tissue damage during
infection.

Infection with K. pneumoniae triggers inflammatory cell influx to the lung paren-
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chyma and is accompanied by the release of proinflammatory cytokines and chemo-
kines (9-12). Host defense against acute pulmonary bacterial infection requires effec-
tive responses that involve recruitment and activation of neutrophils and monocytes to
the lungs (13, 14). The protective immune response against K. pneumoniae infection is
dependent on a dynamic balance between production of essential lipid mediators such
as leukotrienes, reactive oxygen species (ROS) generation, and release of cytokines and
chemokines, which are able to efficiently control replication of invading microorgan-
isms (15-18).

Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors
that interfere with cholesterol biosynthesis, and they are some of the most-prescribed
drugs in clinical practice for the treatment of hypercholesterolemia, showing beneficial
effects on cardiovascular disease (19). For years, statins have been ascribed additional
beneficial pleiotropic effects on inflammation and immunity, which include antioxida-
tive (20), anti-inflammatory (21), anticarcinogenic (22), and immunomodulatory (23)
properties. A number of studies suggest that statin treatment is associated with a
positive outcome during inflammatory diseases of the respiratory tract (24-29). Inter-
estingly, epidemiological data have shown that patients administered statins may have
decreased mortality rates during viral and bacterial respiratory infections (21, 30, 31).
However, due to the heterogeneity of these studies and the lack of well-designed
prospective studies, the use of statins in critically ill patients/clinical trials remains
inconclusive.

In the present study, we have investigated the effects of treatment with atorvastatin
in a mouse model of pneumonia caused by the pathogen K. pneumoniae. In addition,
we examined the efficacy of combination therapy with statin and antibiotic (i.e.,
atorvastatin plus imipenem) in mouse survival and inflammatory responses following
pulmonary bacterial infection. Our findings showed that atorvastatin exhibits important
immunomodulatory effects that regulate lung injury and that may provide additional
benefits in the prophylaxis therapy against K. pneumoniae infection. Our study is the
first to provide evidence that combined therapy with atorvastatin and imipenem
improves survival of pneumonia triggered by K. pneumoniae infection. The beneficial
outcome of the drug combination may be attributed to bacterial clearance due to the
antibiotic and pleiotropic anti-inflammatory and immunomodulatory effects of atorv-
astatin.

RESULTS

Atorvastatin treatment did not alter bacterial load in mice infected with K.
pneumoniae. To determine whether atorvastatin administered prior to bacterial inoc-
ulation (pretreatment) could interfere with total live bacterial count, one of the hall-
marks of acute lung injury due to K. pneumoniae-induced pneumonia, groups of
C57BL/6 mice were treated with a single dose of the drug 24 h before inoculation with
K. pneumoniae (Fig. 1). The atorvastatin treatment alone did not alter bacteremia or
bacterial load recovered from the lungs of infected mice in comparison to vehicle-
treated mice (Fig. TA and B). The results were similar when mice were inoculated with
a different bacterial strain (K. pneumoniae ATCC 13883) (Table 1). In addition, the
numbers of bacteria recovered from the lung and blood of infected mice were the same
as in vehicle- and atorvastatin-treated mice, regardless of the time point assessed (12
or 48 h) (data not shown).

To evaluate any potential direct effect of atorvastatin on the viability of K. pneu-
moniae, the MIC of the statin was evaluated by the microdilution method. It has been
reported that the bacterium Staphylococcus aureus is killed in the presence of atorv-
astatin in vitro (32). As a positive control, we observed 100% inhibition of viable S.
aureus with atorvastatin at the concentration of 250 wg/ml. In contrast, various con-
centrations (0.975 to 500 wg/ml) of atorvastatin had no inhibitory effect on the growth
of K. pneumoniae in vitro. The concentrations of dimethyl sulfoxide (DMSO) (2.5%,
vol/vol) used in all tests did not interfere with bacterial growth. The interaction of
atorvastatin with imipenem was also evaluated by the checkerboard microdilution
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FIG 1 Atorvastatin treatment did not interfere with bacterial load after K. pneumoniae infection. C57BL/6
mice were pretreated with atorvastatin (10 mg/kg/day) or vehicle and challenged with 3 X 106 bacteria
via intranasal inoculation. Bacterial burden was recovered in the blood (A) and lung tissue (B) of
vehicle-treated (Vehicle) and atorvastatin-treated (Atorv.) mice after 24 h of infection with K. pneu-
moniae. The horizontal line represents the median log CFU per group with each symbol representing
one mouse. Results representative of two independent experiments.

method. The imipenem MIC for the K. pneumoniae strain was 0.5 ug/ml. Atorvastatin
exhibited an indifferent effect on the K. pneumoniae strain when combined with
imipenem (data not shown).

Pretreatment with atorvastatin decreased cell recruitment and tissue damage
after K. pneumoniae infection in mice. As illustrated in Fig. 2A, infection with K.
pneumoniae induced an increased influx of leukocytes in the airway spaces of untreated
mice 24 h after infection. The inflammatory infiltrate found in the bronchoalveolar
space of untreated infected mice was composed mostly of neutrophils and macro-
phages. The infection with a different K. pneumoniae strain (ATCC 13883) induced a
similar phenotype of inflammatory immune response (Table 1). In addition, there was
significant infiltration of neutrophils and macrophages in lung parenchyma of vehicle-
treated mice after infection, as assessed by myeloperoxidase (MPO) (Fig. 2B) and
N-acetyl-B-p-glucosaminidase (NAG) (Fig. 2C) activity, respectively. Treatment with
atorvastatin decreased the number of neutrophils and macrophages in airway spaces
of mice infected with both strains of K. pneumoniae to the number of cells similarly
found in control mice (Fig. 2A and Table 1). There was also significant reduction in MPO
(Fig. 2B) and NAG (Fig. 2Q) activity in lung parenchyma of infected mice treated with
atorvastatin.

To examine inflammation and tissue injury induced by infection with K. pneumoniae,
lung sections stained with hematoxylin and eosin (H&E) were analyzed and graded to
estimate leukocyte infiltration into the lung tissue (Fig. 3A). Infected C57BL/6 mice
showed extensive areas of inflammation with intense inflammatory infiltrates in the

TABLE 1 Bacterial counts in the lungs and total and differential cell counts in the BAL
fluid of C57BL/6 mice infected with K. pneumoniae strain ATCC 13883

No. of cells (108/ml)®

Group CFU/g“ Total leukocytes Neutrophils Macrophages
Uninfected ND 0.25 +0.13 ND 0.25 +0.13
Vehicle 509.5 135 £6.7¢ 12.13 £5.82¢ 1.35*0.91*
Atorvastatin© 481.8 2.25 *£ 0.98# 2.13 £0.78# 0.34 = 0.14#

aBacterial burden was recovered in the lung tissue of vehicle-treated and atorvastatin-treated mice after 24 h
of infection with K. pneumoniae. The results are expressed as median log CFU per gram of lung tissue

(n = 6/group).

bTotal numbers of leukocytes infiltrated in cells and numbers of neutrophils and macrophages recovered in
the BAL fluid were quantified after 24 h of infection. Results are expressed as mean = SEM (n = 6/group).
*, P < 0.05 compared to uninfected control mice; #, P < 0.05 compared to vehicle-treated mice.
cAtorvastatin (10 mg/kg/day) was administered 24 h prior to infection with 3 X 10° bacteria of K.
pneumoniae strain ATCC 13883 via intranasal inoculation.

4dND, not detected.
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FIG 2 Treatment of mice with atorvastatin decreased the influx of inflammatory cells in infection with K.
pneumoniae. Animals were pretreated with atorvastatin (10 mg/kg/day) or vehicle and inoculated with
3 X 10° bacteria via intranasal inoculation. (A) Total numbers of leukocytes infiltrated and neutrophils
and macrophages recovered in the BAL fluid (BALF) were quantified after 24 h of infection. (B and C)
Myeloperoxidase (MPO) (B) and N-acetyl-B-b-glucosaminidase (NAG) (C) activity in the lungs was used as
an index of neutrophil and macrophage recruitment, respectively, in vehicle-treated (Vehicle) and
atorvastatin-treated (Atorv.) mice after 24 h of infection. Results representative of two independent
experiments are expressed as mean = SEM (n = 7/group). *, P < 0.05 compared to uninfected control
mice; #, P < 0.05 compared to vehicle-treated mice. NI, uninfected control mice.

alveolar parenchyma and perivascular area, with thickening of alveolar walls and
edema. Interestingly, pretreatment with atorvastatin reduced lung inflammation, as
seen by the normal thickness of alveoli and fewer parenchymal inflammatory infiltrates
than in untreated infected mice (Fig. 3A). Grading scores confirmed the histological
evaluation and showed that inflammatory infiltrates were present in smaller areas of
the parenchyma in treated infected mice. Indeed, whereas 25% of tissue was scored as
injured in atorvastatin-treated animals, 75% of tissue was damaged in untreated
infected mice (Fig. 3B). Therefore, data demonstrated that atorvastatin controlled the
lung inflammatory response in the initial phase of infection.

Atorvastatin treatment enhanced phagocytic activity of neutrophils and mac-
rophages but did not alter ROS production. Considering that treatment with ator-
vastatin diminished recruitment of neutrophils and macrophages to the lungs but did
not modify the bacterial load, the next step was to evaluate the effect of atorvastatin
treatment in the effector function of leukocytes during infection with K. pneumoniae. A
minimum of 200 neutrophils was observed under a microscope, and the number of
phagocytic neutrophils (neutrophils containing at least 2 bacteria in the cytoplasm) was
estimated in the bronchoalveolar lavage (BAL) fluid of vehicle- and atorvastatin-treated
mice after 24 h of infection with K. pneumoniae. The results demonstrated that
approximately 28% (56 = 38, mean = standard deviation) of neutrophils from un-
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FIG 3 Protective effect of atorvastatin treatment on lung inflammation induced by K. pneumoniae (Kp) infection. Animals were pretreated
with atorvastatin (10 mg/kg/day) or vehicle and inoculated with 3 X 106 bacteria via intranasal inoculation. (A) Representative
photographs of H&E-stained sections of lung from uninfected control mice treated with vehicle (NI + Vehicle), uninfected mice treated
with atorvastatin (NI + Atorv), infected mice treated with vehicle (Kp + Vehicle), and infected mice treated with atorvastatin (Kp + Atorv).
Pictures were taken under X100 magnification. Bars, 25 mm. (B) Histopathological score (maximum of 5) of mice treated or not with
atorvastatin after 24 h of infection. *, P < 0.05 compared to uninfected control mice; #, P < 0.05 compared to vehicle-treated mice. NI,
uninfected control mice.

treated mice contained bacteria in the cytoplasm, whereas almost 55% (110 *+ 55) of
neutrophils recovered from atorvastatin-treated mice presented internalized bacteria
(P < 0.05 versus vehicle-treated mice) (Table 2). Treatment with atorvastatin also
changed the ability of macrophages to phagocytize bacteria in vitro. Macrophages were
pretreated with vehicle (dimethyl sulfoxide [DMSO]) or atorvastatin (10 M) and then
infected with K. pneumoniae. Coculture experiments revealed that, 2 h after incubation,
macrophages pretreated with atorvastatin showed a higher phagocytic index than

TABLE 2 Effect of treatment with atorvastatin on phagocytosis and production of ROS by
peritoneal macrophages after infection with K. pneumoniae

No. of neutrophils in BAL TR el e

containing internalized Phagocytic ROS production
Treatment< bacteria (mean = SD)“ index“ (MFI)e
Mock ND ND 36.1 =5.3
Vehicle 56 + 38 333+ 143 194.6 + 14.5*
Atorvastatin 110 = 55* 62.5 = 28.44# 205.4 + 36.8*

aPhagocytic index was calculated from the percentage of phagocytic macrophages multiplied by the number
of bacteria per cell and expressed as mean =+ standard deviation from 2 independent experiments, each
performed in triplicate. #, P < 0.05 compared to vehicle-treated macrophages. ND, not detected.
bIntracellular ROS production by macrophages after infection with bacteria was measured by using an
intracellular fluorescent probe. Data are expressed as mean fluorescence intensity (MFI) = standard
deviation and represent two independent experiments performed in triplicate. *, P < 0.05 compared to
uninfected macrophages (Mock).
“Mice were treated with vehicle or atorvastatin (10 mg/kg, orally) starting 24 h prior to the infection of mice
with K. pneumoniae. Murine peritoneal macrophages (3 X 10> cells/well) were treated for 30 min with
atorvastatin (10 wM) prior to infection with K. pneumoniae in a 1:30 cell/bacterium ratio and incubated at
37°C for 2 h.
9A minimum of 200 neutrophils were observed under a microscope and the number of phagocytic
neutrophils (neutrophils containing at least 2 bacteria in the cytoplasm) was estimated in the
bronchoalveolar lavage fluid (BAL) of vehicle- and atorvastatin-treated mice after 24 h of infection with K.
pneumoniae. Data represent the number of phagocytic neutrophils and are expressed as the mean =
standard deviation from two independent experiments, each performed in triplicate. *, P < 0.05 when
compared to vehicle-treated mice.
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FIG 4 Downmodulation of cytokine/chemokine production by atorvastatin treatment after infection with
K. pneumoniae. Animals were pretreated with atorvastatin (10 mg/kg/day) or vehicle and inoculated with
3 X 106 bacteria via intranasal inoculation. The concentrations of TNF-q, IL-6, and CXCL-1 were measured
by ELISA in BAL fluid (A to C) and lung homogenates (D to F) after 24 h of infection. Results representative
of two independent experiments are expressed as mean = SEM (n = 5 to 7/group). ¥, P < 0.05 compared
to uninfected control mice; #, P < 0.05 compared to vehicle-treated mice. NI, uninfected control mice.

vehicle-treated macrophages (Table 2). We also analyzed the production of reactive
oxygen species (ROS) and nitric oxide (NO) in macrophages treated or not with
atorvastatin after incubation with K. pneumoniae. The results showed that pretreatment
of macrophages with atorvastatin did not affect the levels of reactive species produced
by infected macrophages compared with vehicle-treated cells (Table 2). There was no
significant detection of nitric oxide in the supernatant of macrophages in the experi-
mental groups evaluated (data not shown).

Pretreatment with atorvastatin reduced cytokine and chemokine levels in
bronchoalveolar fluid and lungs of mice infected with K. pneumoniae. Infection
with K. pneumoniae induced the production of the cytokines tumor necrosis factor
alpha (TNF-«) and interleukin-6 (IL-6) and the chemokine CXCL-1 in bronchoalveolar
lavage fluid and lung homogenates of vehicle-treated mice compared to uninfected
mice. Nonetheless, pretreatment with atorvastatin reduced the levels of TNF-q, IL-6,
and CXCL-1 in both compartments evaluated, compared to vehicle-treated mice (Fig.
4A to F). There was no difference in the concentration of the cytokines IL-13 and IL-10
between vehicle- and atorvastatin-treated mice after 24 h of infection (data not shown).
Therefore, our data demonstrate an important modulatory effect of atorvastatin on
production of proinflammatory mediators during the initial phase of infection with K.
pneumoniae.

Combined therapy with atorvastatin and imipenem improved resistance to K.
pneumoniae infection. Next, we evaluated the effect of treatment with imipenem
during infection of mice with K. pneumoniae. Imipenem is a carbapenem antibiotic
frequently used in clinical severe nosocomial infections, and it has a wide spectrum of
action. This treatment approach resulted in decreased numbers of bacteria recovered
in lungs of infected mice compared to vehicle-treated mice (Fig. 5A). The effect of
combination therapy with atorvastatin and imipenem on the inflammatory response
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FIG 5 Effect of combined treatment with atorvastatin and imipenem on inflammatory response and survival during
K. pneumoniae infection. Atorvastatin (10 mg/kg/day) was administered 24 h prior to infection with K. pneumoniae
(3 X 10° bacteria via intranasal inoculation), and imipenem (40 mg/kg/day) was administered intravenously every
12 h from the day after infection. (A) Bacterial burden recovered from lungs of C57BL/6 mice treated with vehicle
or imipenem after 24 h of infection. The horizontal line represents the median log CFU per group with each symbol
representing one mouse. (B and C) Number of neutrophils in BAL fluid (B) and MPO activity in the lungs of
uninfected (NI), imipenem-treated (Imip.), and atorvastatin-plus-imipenem-treated (Atorv. + Imip.) mice (C) after 24
h of infection. (D) Survival curves for mice inoculated with K. pneumoniae following treatment with vehicle (Kp +
v. + v.), atorvastatin (Kp + Atorv. + v.), imipenem (Kp + v. + Imip.), and an atorvastatin-imipenem combination
(Kp + Atorv. + Imip.) (n = 8/group). Results representative of two independent experiments are expressed as
mean * SEM. *, P < 0.05 compared to uninfected control mice; #, P < 0.05 compared to vehicle-treated mice. &,
P < 0.05 compared to groups of mice treated with atorvastatin (Kp + Atorv. + v.) and imipenem (Kp + v. + Imip.)
alone. NI, uninfected control mice.

was analyzed in mice after infection with K. pneumoniae. The results showed that mice
infected and treated with imipenem alone presented significant recruitment of neu-
trophils into alveolar space and lung parenchyma compared to uninfected control mice
(Fig. 5B and C). However, combination therapy promoted a significant reduction in
neutrophil influx within bronchoalveolar lavage (BAL) fluid and lung tissue after infec-
tion with K. pneumoniae compared to imipenem treatment alone (Fig. 5B and C). In
addition, treatment with atorvastatin or imipenem alone resulted in survival of 38% of
mice after 15 days of infection, while 100% of the untreated infected mice succumbed
by the 7th day of infection. Interestingly, combination therapy with atorvastatin plus
imipenem resulted in a significant survival improvement in mice infected with of K.
pneumoniae (88%) compared to untreated infected mice or mice treated with atorv-
astatin or imipenem alone (Fig. 5D). Thus, pretreatment with atorvastatin and admin-
istration of imipenem could modulate the host immune response and control
bacterial growth, contributing positively to clinical outcomes during infection with
K. pneumoniae.

DISCUSSION

As one of the major causes of community- and hospital-acquired respiratory infec-
tion, the pathogenic bacterium K. pneumoniae leads to intense lung injury and mor-
tality worldwide. Pneumonia triggered by K. pneumoniae infection is marked by an
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exacerbated immune response, associated with excessive recruitment of neutrophils
and macrophages, production of large amounts of proinflammatory cytokines, and
extensive lung damage, which can often progress to bacteremia and sepsis (33, 34). The
initial host defense against pulmonary bacterial infection is driven through the stimu-
lation of a local inflammatory response that mainly comprises recruitment and activa-
tion of neutrophils. Although local inflammation is favorable after infection by inhib-
iting pathogen proliferation and dissemination, neutrophil recruitment needs to be
restrained to reduce tissue damage (35). This hyperinflammation is commonly observed
in pneumonia in which continuous neutrophilic inflammation is accompanied by
collateral damage to pulmonary tissue leading to acute lung injury (12).

Emerging antimicrobial drug resistance, including carbapenem-resistant K. pneu-
moniae, is now recognized as a major health threat and a serious treatment challenge
to clinicians, due to limited antibiotic options available (7, 36). In addition, the absence
of applicable management of the harmful inflammatory response remains a significant
limitation in the medical care of bacterial pneumonia. Strategies to control lung
inflammation could provide new therapeutic opportunities against pneumonia induced
by K. pneumoniae infection. In this context, repositioning existing drugs for new
indications has emerged as an excellent approach for the establishment of new
therapeutic perspectives, since discovery and production of new compounds are a
laborious, lengthy, and costly process that involves many safety and clinical concerns
(32).

Since epidemiological data point to reduced risk of nosocomial bacterial infections
in patients previously treated with statins and atorvastatin is related to pleiotropic
anti-inflammatory effects (37, 38), experiments with K. pneumoniae infection were
performed in mice treated with atorvastatin. In this study, we have investigated the
effects of atorvastatin on the survival, bacterial load, and immune response in a mouse
model of pulmonary infection caused by Gram-negative bacterium K. pneumoniae.
Previous studies developed in our laboratory showed that after intratracheal (i.t.)
inoculation with K. pneumoniae, mice developed pneumonia with signs and features
resembling the human disease (11, 13, 39-41). According to our data, pretreatment of
mice with atorvastatin is accompanied by a better prognosis in severe pneumonia
induced by K. pneumoniae infection. These data are consistent with the beneficial effect
of therapy with statins in other models, including septic shock induced by lipopoly-
saccharide (LPS) challenge or bacterial or fungal infection and sepsis triggered by cecal
ligation and puncture (CLP) (42-47). In addition, clinical trials have indicated the
potential of atorvastatin in therapeutic improvement of patients with pneumonia. In
population-based cohort studies, current exposure to statins was associated with a
decreased risk of community-acquired pneumonia and reduced mortality of patients
after hospital admission (48, 49). Therefore, the results show that prophylactic use of
statins may be associated with beneficial effects in the prevention of serious infectious
diseases, including pneumonia induced by K. pneumoniae.

Initial experiments evaluated the effects of pre- and posttreatment of mice with
statins. The results show that posttreatment with atorvastatin had no effect on survival
rates of mice infected with K. pneumoniae compared to infected mice only (data not
shown). Therefore, pretreatment with atorvastatin is required for the positive effect in
our model of Gram-negative pneumonia induced by K. pneumoniae in mice. This is
surely a limitation of this strategy. Furthermore, our conclusion is limited to specific
strains of K. pneumoniae. Here, we tested two different strains of the bacterium, ATCC
27736 and ATCC 13883. Although results were similar for the two strains, other studies
with other Klebsiella strains and other microorganisms are needed in order to confirm
the benefits of the prophylactic effect of statins in pneumonia.

In agreement with the limitations above, therapeutic use of statins after onset of
bacterial infections remains inconclusive in the clinical trials. Most of these previous
studies have been conducted on one specific type of infection and/or did not specify
which types of statins were prescribed. Even less clear is the association between statin
therapy timing and duration and subsequent effects on mortality, including the influ-
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ence of statins as adjunctive therapy to antibiotics. In our study, pretreated mice under
continued statin therapy experienced decreased rates of mortality after pulmonary
infection. Thus, considering this particular condition, atorvastatin relevance in the clinic
must be recognized in patients already receiving lipid-lowering therapy at the time of
clinical admission with bacterial lung infection. We agree that new initiation of statins
as adjunctive therapy to antibiotics still demands further analysis as a promising system
to optimize positive clinical outcomes and should comprise clinical observational
research and efficient trials to provide greater application of the findings.

The improved survival observed after atorvastatin administration was correlated
with a reduced infiltration of inflammatory cells into the BAL fluid and lung during
infection with K. pneumoniae. Our data are consistent with those of other researchers
who showed that cellular influx is markedly attenuated by treatment with atorvastatin
(50, 51). Kobashigawa et al. (52) suggest that statins can interfere with the ability of
neutrophils to express adhesion molecules and subsequently adhere to endothelial
cells (52). In addition, it was demonstrated that statins attenuate neutrophil migration
through inhibition of the activity of Ras homolog gene family member A (RhoA), a small
GTPase protein involved in the control of distinct cellular functions such as cytoskeleton
rearrangement, migration, and ROS generation (53). Of note, the inhibition of cell
recruitment to the lungs is not associated with a decrease in bone marrow-derived
leukocytes or circulating cells, as no difference was observed in bone marrow and
peripheral blood mononuclear cell (PBMC) counts between groups of animals treated
or not with atorvastatin (data not shown). Likewise, there was no difference in the
numbers of lymphocytes between the groups of mice evaluated (noninfected mice,
infected mice treated with vehicle, and infected mice treated with atorvastatin) in the
BAL fluid after 24 h of infection (data not shown). Thus, the protective effect of
atorvastatin may be secondary to the modulation of cellular recruitment into the lungs,
an important contributing step in the pathogenesis of pneumonia caused by K.
pneumoniae. Importantly, decrease of neutrophil and macrophage influx into the
airways was followed by lower pulmonary damage and may account for the beneficial
effects of treatment with atorvastatin during K. pneumoniae infection.

Furthermore, treatment of mice with atorvastatin reduced concentrations of proin-
flammatory cytokines TNF-« and IL-6 and the chemokine CXCL-1 in airway fluid and
lung homogenates. Our data are in accordance with previous experimental studies that
have shown the effect of statins on the regulation of cytokine production (54-56).
These results suggest that statins, especially atorvastatin, exhibit anti-inflalmmatory
properties by decreasing the release of proinflammatory cytokines, which might also
provide insights into the protective benefits of statins during infection with K. pneu-
moniae.

Despite the significant anti-inflammatory impact, treatment with atorvastatin alone
had no effect on the bacterial load in mice infected with K. pneumoniae. These data
could indicate that atorvastatin does not have antibacterial properties at this early
stage of infection. In accordance, atorvastatin in different concentrations did not
present any inhibitory activity on growth or viability of K. pneumoniae in vitro. However,
some studies have demonstrated a growth-inhibitory potential for statins against
pathogenic bacteria (33, 57). A recent study evaluated the antimicrobial activity of
atorvastatin, pravastatin, and simvastatin against a range of clinically important patho-
gens. No MIC of atorvastatin and pravastatin was found at the concentrations tested,
and simvastatin showed 100% inhibition only against S. aureus (58). The divergent
phenotypes in antimicrobial activity of some statins seem to be related to differences
in their chemical characteristics and the microbial strains evaluated (59, 60). In addition,
researchers have mentioned that the concentrations of statins found to have antimi-
crobial properties in vitro are much higher than what can be achieved in humans. Thus,
a direct bactericidal effect of atorvastatin in vivo is probably not the mechanism behind
the observed beneficial effect against infection with K. pneumoniae.

The results of the current study showed an increased phagocytosis of bacteria in
either neutrophils from BAL fluid of infected mice or peritoneal macrophages infected
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in vitro with K. pneumoniae. In this context, Djaldetti et al. (61) have reported that
administration of pravastatin, simvastatin, or atorvastatin to mice caused a marked
increase of both the percentage of phagocytizing peritoneal macrophages and their
individual engulfing capacity. It is well known that the enhancement of the membrane
cholesterol content has a marked impact on lipid bilayer fluidity. Thus, any modification
in membrane bilayer lipid architecture and particularly its cholesterol content may
affect phagocytic cell function either by changes in membrane rigidity or by redistri-
bution of the cholesterol in the cell membrane (62). Therefore, it is believed that the
enhanced phagocytic capacity of neutrophils and macrophages following treatment
with atorvastatin in the current study was a consequence of increased membrane
fluidity due to a reduction of membrane and possible cellular cholesterol content.
However, pathogens express multiple factors to subvert the fast-acting inflammatory
response and survive inside phagocytic cells during the early stages of infection. Of
note, macrophages treated with atorvastatin showed release of ROS and NO elicited by
coincubation with K. pneumoniae comparable with that of vehicle-treated macro-
phages, which could account for the lack of difference in bacterial load observed in
mice treated or not with atorvastatin after infection with K. pneumoniae.

The protective phenotype of atorvastatin appears to be related to the immuno-
modulatory effect in the innate immune response of the host during infection with K.
pneumoniae. Despite its anti-inflammatory effects, atorvastatin treatment did not re-
duce or increase the bacterial load in blood and lung tissue. In spite of antibacterial
therapy, infections caused by resistant K. pneumoniae remain a major cause of mor-
bidity and mortality in health care settings. Current treatment options for nosocomial
infections caused by multiresistant K. pneumoniae include the use of the carbapenem
antibiotic imipenem (8). Thus, we speculated in this study that combination therapy
using pretreatment with atorvastatin and administration of imipenem could exert
beneficial effects during infection by acting in the control of exacerbated inflammation
and initial bacterial growth, respectively. Our results showed that combined treatment
with atorvastatin and imipenem significantly inhibited mortality in mice infected with
K. pneumoniae and improved survival compared to treatment with drugs alone. Con-
sistent with our data, Choudhury et al. reported that combined treatment with atorv-
astatin and imipenem dampened sepsis-induced acute lung injury (63). The results
observed in this study clarify that combined therapy with atorvastatin and imipenem
improves the survival of the host by a mechanism associated with the anti-
inflammatory effect of the statin on neutrophil accumulation and modulation of
cytokine production and the reduction of bacterial load by administration of the
antibiotic. In addition, our study also showed that pretreatment with a statin upregu-
lated the phagocytosis of neutrophils and macrophages, an important effector mech-
anism of immune cells to protect the host during infections. We should also mention
that our analysis of combined therapy was conducted in experiments using a single
strain of K. pneumoniae, and studies utilizing other strains, including multiresistant
ones, are required before we broaden our conclusion that the association between
statins and antibiotics provides benefit to patients experiencing K. pneumoniae pneu-
monia. Nevertheless, these findings can contribute to the understanding of the positive
role of statins as a promising potential prophylactic in bacterium-induced lung injury.

Taken together, the results obtained in this study show for the first time the
beneficial possibility of using combination therapy with antimicrobial and anti-
inflammatory drugs for improving patient treatment efficacy during acute lung infec-
tions caused by K. pneumoniae. In conclusion, our findings point to the potential
usefulness of atorvastatin as an adjunct to host-directed therapies for multidrug-
resistant K. pneumoniae, based on its powerful pleiotropic immunomodulatory activity.

MATERIALS AND METHODS

Animals. Wild-type female C57BL/6 (8- to 12-week-old) mice were obtained from the Animal Care
Facilities of the Federal University of Minas Gerais (UFMG). Mice were bred and housed at the Institute
of Biological Sciences, UFMG, Belo Horizonte, Brazil. The animals were hold under pathogen-free
conditions and had free access to commercial food and water. All experimental procedures were
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developed in accordance with ethical principles in animal research adopted by the Brazilian Society for
Laboratory Animal Science (Federal Law 11,794) and were preapproved by the Ethics Committee of
UFMG (protocol number 224/11).

Bacterial strain. The bacterium K. pneumoniae ATCC 27736 has been kept at the Laboratory of
Microorganism/Host Interaction, Department of Microbiology (UFMG), and its pathogenicity was stimu-
lated by 10 passages in C57BL/6 mice. Bacteria were frozen in the logarithmic phase of growth and kept
at —80°C at a concentration of 1 X 102 CFU/ml in tryptic soy broth (Difco, Detroit, MI, USA) containing
10% (vol/vol) glycerol until use. The strain K. pneumoniae ATCC 13883, kindly provided by Lirlandia Pires
de Sousa, has been kept under the same conditions described above in the Department of Clinical and
Toxicological Analyses, Faculty of Pharmacy, UFMG, Brazil, and was used in some experiments.

Bacterial growth conditions and pulmonary infection. K. pneumoniae was cultured in tryptic soy
broth for 18 h at 37°C prior to infection. The concentration of bacteria in broth was routinely determined
by serial 1:10 dilutions. A total of 100 ul of each dilution was plated onto MacConkey agar and incubated
for 24 h at 37°C, and then the colonies were counted. Each animal was anesthetized intraperitoneally
with 0.2 ml of a solution containing xylazine (0.02 mg/ml), ketamine (50 mg/ml), and saline in a
proportion of 1:0.5:3, respectively. Mice were challenged intranasally with 3 X 10% CFU of K. pneumoniae
in a volume of 30 wl of bacterial suspension.

Blood and lung bacterial burden. At the time of euthanasia, the right ventricle was perfused with
3 ml of sterile saline and the lungs were harvested. Tissue homogenates were placed on ice, and serial
dilutions (1:10) in sterile saline were prepared. A total of 100 ul of each dilution was plated onto
MacConkey agar and incubated for 24 h at 37°C for determining the number of CFU. Blood samples were
plated without any dilution method. The detection limit of the assay was 100 bacteria per ml or 100
bacteria per 100 mg of tissue.

Atorvastatin and imipenem treatment in vivo. Atorvastatin was suspended in 0.5% carboxymethyl
cellulose (CMC) and administered by gavage. Each mouse in the atorvastatin group received a daily dose
of 10 mg/kg of body weight/day atorvastatin (Pfizer) starting 24 h before the infection. During the
survival experiments, atorvastatin (10 mg/kg, orally) was administered 24 h prior to the infection of mice
with K. pneumoniae and once daily during the experimental period (15 days of infection). Imipenem
(Tiepem) was administered intravenously (40 mg/kg/day) every 12 h from the day after infection (total
of 5 days).

BAL. The evaluation of leukocytes in the alveolar spaces was performed in bronchoalveolar lavage
(BAL) fluid. The trachea was exposed, and a 1.7-mm-outside-diameter polyethylene catheter was
inserted. BAL was performed by instilling 1-ml aliquots of phosphate-buffered saline (PBS) (three times),
and approximately 2 ml of fluid was retrieved per mouse. The number of total leukocytes was
determined by counting them in a modified Neubauer chamber after staining with Turk’s solution.
Differential counts were obtained from cytospin preparations (Shandon Ill) by evaluating the percentage
of each leukocyte on a slide stained with May-Griinwald-Giemsa stain and examined by light microscopy.
Phagocytosis was assessed by determining the number of neutrophils in the BAL fluid that contained at
least 2 bacteria in the cytoplasm. In total, 200 neutrophils were counted under each condition.

Determination of MPO activity. The extent of neutrophil accumulation in the lung tissue was
measured by assaying myeloperoxidase (MPO) activity as previously described. Under the conditions
described below, the methodology is very selective for the determination of neutrophils over macro-
phages (64). Briefly, a portion of the left lungs of animals was removed and snap frozen in liquid nitrogen.
Upon thawing, the tissue (0.1 g of tissue per 1.9 ml of buffer) was homogenized in buffer (0.1 M NaCl,
0.02 M NaPO,, 0.015 M sodium EDTA; pH 4.7) and centrifuged at 3,000 X g for 10 min, and the pellet was
subjected to hypotonic lysis (1.5 ml of 0.2% NaCl solution followed 30 s later by the addition of an equal
volume of a solution containing 1.6% NaCl and 5% glucose). After a further centrifugation, the pellet was
homogenized in 0.05 M NaPO, buffer (pH 5.4) containing 0.5% hexadecyltrimethylammonium bromide
(HTAB). Overall, 1-ml aliquots of the suspension were transferred into 1.5-ml tubes followed by three
freeze-thaw cycles using liquid nitrogen. The aliquots were then centrifuged for 15 min at 3,000 X g, and
supernatants were diluted (1:20) prior to assay. MPO activity was assayed by measuring the change in
optical density (OD) at 450 nm using tetramethylbenzidine (1.6 mM) and H,O, (0.5 mM). The results were
expressed as myeloperoxidase index and were calculated by comparing the OD of tissue supernatant
with the OD of mouse peritoneal neutrophils processed in the same way. To this end, neutrophils were
induced in the peritoneum of mice by injecting 3 ml of 5% casein. A standard curve of neutrophil (95%
purity) numbers versus OD was obtained by processing purified neutrophils as described above and
assaying for MPO activity.

NAG assay. The infiltration of macrophages into the lungs was quantified by measuring the levels
of the lysosomal enzyme N-acetyl-B-p-glucosaminidase (NAG) present in high levels in activated mac-
rophages (65, 66). Lung samples were homogenized in NaCl solution (0.9%, wt/vol) containing 0.1%
(vol/vol) Triton X-100 (Promega, Madison, WI, USA) and centrifuged (3,000 X g, 10 min at 4°C). Samples
(100 wl) of the supernatant were incubated at 37°C for 10 min with 100 ul of p-nitrophenyl-N-acetyl-
beta-p-glucosaminide (Sigma, St. Louis, MO, USA) prepared in citrate-phosphate buffer (0.1 M citric acid,
0.1 M Na,HPO,; pH 4.5) to yield a final concentration of 2.24 mM. The reaction was stopped by the
addition of 100 ul of 0.2 M glycine buffer (pH 10.6). Results were determined by measuring the
absorption at 400 nm and expressed as NAG activity compared with 3% thioglycolate-elicited murine
peritoneal macrophages processed in the same manner.

Measurement of cytokines and chemokine concentrations in BAL fluid and lungs. The concen-
trations of cytokines (TNF-a and IL-6) and chemokine CXCL-1 were measured in BAL fluid and lungs,
using enzyme-linked immunosorbent assay (ELISA) techniques with commercially available antibodies
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and according to the instructions supplied by the manufacturer (R&D Systems). Overall, 100 mg of the
lung tissue was homogenized in 1T ml of phosphate-buffered saline (PBS) (0.4 mM NaCl and 10 mM
NaPO,) containing antiproteases (0.1 mM phenylmethylsulfonyl fluoride [PMSF], 0.1 mM benzethonium
chloride, 10 mM EDTA, and 20 K; aprotinin A) and 0.05% Tween 20. The samples were then centrifuged
for 10 min at 3,000 X g, and the supernatant was immediately used for ELISAs at a 1:5 dilution in the
assay dilution buffer. The detection limit of the ELISAs was 16 pg/ml.

Macrophage phagocytosis of K. pneumoniae in vitro. Mice were injected intraperitoneally with 2
ml of 3% sterile thioglycolate broth, and the resulting peritoneal exudate was harvested by lavage of the
peritoneal cavity of female C57BL/6 mice with serum-free, sterile RPMI 1640 medium 4 to 5 days later.
Resident macrophages (2 X 10° cells) were seeded on glass coverslips in 24-well plates. After 2 h at 37°C
in a humidified incubator containing a 5% CO, atmosphere, cells were washed and cultured overnight
in RPMI 1640 medium containing 10% fetal bovine serum. Before the infection with K. pneumoniae
(multiplicity of infection [MOI], 30:1), macrophages were pretreated for 30 min with 10 uM atorvastatin
(Pfizer) and appropriate concentrations of vehicle controls. After the incubation period, cell culture
supernatants were collected and stored for further nitric oxide (NO) assay. Slides were washed three
times with PBS, stained with Griinwald-Giemsa stain, and examined by light microscopy (magnification,
X1,000) to enumerate 200 cells. The phagocytic index was determined by multiplying the percentage of
cells containing at least one bacterium by the number of bacteria per positive cell.

Assay of NO and ROS production. The macrophages were isolated from the peritoneal cavity and
cultured as described above. In some experiments, culture supernatants were harvested after K. pneu-
moniae infection. The nitric oxide levels in the culture supernatants were determined by Griess assay.
Briefly, 50 ul culture supernatants was mixed with an equal volume of Griess reagent (0.5% sulfanilamide
and 0.05% N-1-naphthylethylenediamide hydrochloride in 2.5% acetic acid). After 30 min of incubation
at room temperature, the mixture was measured spectrophotometrically at 550 nm. The nitric oxide
concentration was determined from a standard curve prepared with sodium nitrite (NaNO,). To analyze
ROS production, cells were then loaded for 30 min with the ROS-specific fluorescent probe H,DCFDA
(2',7'-dichlorofluorescein diacetate; 50 uM final concentration [Sigma-Aldrich, St. Louis, MO, USA]).
Fluorescence was assessed after 30 min with a spectrofluorometer (Synergy 2; BioTek) with a fluorescein
isothiocyanate filter (excitation, 485 nm; emission, 538 nm).

Antimicrobial susceptibility test. The antimicrobial activity of atorvastatin was evaluated against
Klebsiella pneumoniae ATCC 27736 and Staphylococcus aureus ATCC 6538. Bacterial strains were routinely
cultured on tryptic soy agar (TSA) plates, under aerobic conditions, at 35°C. MIC values were determined
using a broth microdilution method in 96-well flat-bottomed microtiter plates by measuring the OD of
the microbial cultures. In all experiments, Mueller-Hinton broth (MHB; Difco Co.) was used for MIC tests.
For all of the following tests, the bacterial inoculum was prepared in 0.9% NaCl at an optical density of
0.1 at 660 nm, which was equivalent to 1T X 108 to 2 X 108 CFU/ml. In each test, the amount of the initial
bacterial load was 5 X 10 CFU/ml. The statin (atorvastatin calcium salt trihydrate) was dissolved in 100%
DMSO to a stock concentration of 5 mg/ml. Series of 2-fold dilutions ranging from 500 to 0.975 ug/ml
were prepared in culture medium and were mixed with equal amounts (100 ul) of microbial suspensions
in the microtiter plates. The final concentration of DMSO in each well was 2.5%. The plates were
incubated for 24 h at 35°C, and the lowest concentration without any visible bacterial growth was taken
as the MIC. The fractional inhibitory concentration index (FICI) was calculated using formulae previously
published (67): FICI = (Ac/Aa) + (Bc/Ba), where A and B are the 2 drugs being tested, Aa and Ba are the
MICs obtained when each drug was tested alone, and Ac and Bc are the concentrations of each
compound at the lowest effective combination. Synergy was defined as a FICI of =0.5, no interaction was
defined as a FICI of >0.5 to 4.0, and antagonism was defined as a FICI of >4.0. In addition, microbial
growth was assessed by optical density measurement at 660 nm with a microtiter plate reader. After the
indicated times, 100 wl from each well was diluted in PBS and plated on agar plates. After incubation,
numbers of viable CFU were counted.

Histopathology. For histopathological analysis, mice were euthanized and lungs were fixed for at
least 24 h with 10% neutral buffered formalin. After embedding in paraffin, 5-um lung sections were
obtained and stained with hematoxylin and eosin to allow assessment of inflammation in the lung tissue.
Lungs were scored according to the relative degree of inflammatory infiltration as previously described
(68). Inflammation was scored as follows: 0, no inflammation; 1, perivascular cuff of inflammatory cells;
2, mild inflammation, extending throughout 25% of the lung; 3, moderate inflammation covering 25 to
50% of the lung.

Statistical analysis. Results were presented as means = standard errors of the means (SEM).
Normalized data sets were compared by using analysis of variance (ANOVA) followed by the Student-
Newman-Keuls post hoc analysis. Survival curves were compared using Fisher’s exact test. The results
were considered significant when P was <0.05.
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