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Abstract

Statins are widely used to prevent cardiovascular disease. In addition
to their inhibitory effects on cholesterol synthesis, statins have
beneficial effects in patients with sepsis and pneumonia, although
molecular mechanisms havemostly remained unclear. Using human
airway epithelial cells as a proper in vitromodel, we show that prior
exposure to physiological nanomolar serum concentrations of
simvastatin (ranging from 10–1,000 nM) confers significant cellular
resistance to the cytotoxicity of pneumolysin, a pore-forming toxin
and the main virulence factor of Streptococcus pneumoniae. This
protection could be demonstrated with a different statin, pravastatin,
or on a different toxin, a-hemolysin. Furthermore, through the use
of gene silencing, pharmacological inhibitors, immunofluorescence
microscopy, and biochemical and metabolic rescue approaches,
we demonstrate that the mechanism of protection conferred by
simvastatin at physiological nanomolar concentrations could be
different from the canonicalmevalonate pathways seen inmost other
mechanistic studies conducted with statins at micromolar levels. All
of these data are integrated into a protein synthesis–dependent,
calcium-dependent model showing the interconnected pathways
used by statins in airway epithelial cells to elicit an increased
resistance to pore-forming toxins. This research fills large gaps in our

understanding of how statins may confer host cellular protection
against bacterial infections in the context of airway epithelial cells
without the confounding effect from the presence of immune cells.
In addition, our discovery could be potentially developed into
a host-centric strategy for the adjuvant treatment of pore-forming
toxin associated bacterial infections.
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Clinical Relevance

Our study dissects the cellular and molecular protection
mechanisms of statins in an isolated airway epithelial
cell–bacterial pore-forming toxin context. This research can
fill large gaps in our understanding of how statins contribute
to the reduced pathology observed during pneumonia and
other bacterial infections. The better understanding of the
molecular mechanisms in the statin-mediated protection will
further affect the therapeutic development of host-centric
approach therapies in combating microbial infections.
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Pneumonia is a major cause of infant
mortality in developing countries, causing
more than 1.2 million infant deaths per year
and approximately 25% of all preventable
deaths in young children (1, 2).
Streptococcus pneumoniae is the most
common human bacterial respiratory
infectious agent and often results in
community-acquired pneumonia (3).
Currently, antibiotic administration is the
most common treatment for pneumonia,
but some unintended consequences of
antibiotic use, including perturbations on
host microbiota and the emergence of
multi–drug-resistant bacterial strains,
are growing problems (4). To prevent
pneumonia, yearly vaccinations against
S. pneumoniae were introduced in the past
decade. However, these do not cover all 90
serotypes of pneumococcal strains or other
pathogens such as Staphylococcus aureus
(5). Today there is a desperate need for
novel strategies to prevent or treat these
infections.

Statins are competitive inhibitors of
3-hydroxy 3-methylglutaryl coenzyme
A (HMG-CoA) reductase, a key enzyme
regulating cholesterol biosynthesis (6).
Due to their ability to inhibit cholesterol
production and increase LDL uptake,
these compounds are predominantly used
for hyperlipidemia treatment, with an
estimated 32 million Americans taking
statins (7). Clinical and experimental
evidence shows that statins have significant
pleiotropic effects beyond the lowering of
lipid levels. These include antiinflammatory
and immune-modulatory effects, such as
decreased leukocyte recruitment and edema
during acute infection in animal models,
reduced graft rejection in patients taking
statins after heart transplantation, and
reduced inflammation in several
autoimmune diseases (8–11). In clinical
epidemiological studies, statins have been
suggested to have a strong beneficial effect
against pneumonia- and sepsis-related
mortality (12).

Animal studies of S. aureus infection,
a major cause of pneumonia and sepsis,
have shown protection against bacterial
infections under statin administration.
In rats, simvastatin was able to alleviate
inflammation from staphylococcal
a-hemolysin (Hla) injection (13). In
C57BL/6 mice, simvastatin pretreatment
in conjunction with antibiotic treatment
increased survival rates from S. aureus
infections (14). Furthermore, in another

mouse study of S. aureus infection, statins
were shown to increase the production of
antibacterial DNA-based extracellular traps
in neutrophils and macrophages, and
this was dependent upon sterol pathway
inhibition (15). It has also recently been
reported that simvastatin at a range of high
doses (50–100 mM) has protective effects
against listeriolysin O–mediated Listeria
invasion in macrophages (16). Therefore,
it is evident that statins trigger immune
responses in animals and work directly on
immune cells to confer some beneficial
effects against bacteria infection and pore-
forming toxin (PFT) intoxication. However,
it is unclear whether these protective effects
can occur in the airway epithelium, the
main physiological target of S. pneumoniae
and S. aureus infections.

Airway epithelial cells play a critical
role in host defenses by providing a physical
barrier to microbial invasion and by acting
as sentinels via signaling to immune cells,
ultimately resulting in the killing of
pathogens (17, 18). When these defense
mechanisms fail, the consequence is
pneumonia: lung colonization, pathogen-
induced injury to the epithelium, and
continuous inflammation. S. pneumoniae
and S. aureus can secrete pore-forming
toxins during infection that aid in bacterial
invasion. PFTs are the largest single class of
proteinaceous bacterial toxins (19, 20), and
many PFTs gain access to the host cell
through binding to cholesterol or lipid
derivatives in lipid rafts on the cell surface,
resulting in subsequent oligomerization
and pore formation (21, 22). Pneumolysin
(PLY), a member of the cholesterol-
dependent cytolysin family, is a major
virulence factor that is expressed by
virtually all clinical isolates of S.
pneumoniae. Genetic deletion of PLY from
S. pneumoniae results in reduction of
virulence by several orders of magnitude
(23–25). In addition, PLY has been
reported to be a critical virulence factor
involved in pneumonia, acute lung injury,
and pulmonary permeability edema
(26–29). Hla is another PFT expressed
in many strains of S. aureus. Similarly,
deletion of Hla from S. aureus also results
in a significant reduction in virulence (30,
31). The prevalence of PFT production
by many bacterial strains, as well as
a demonstrated role in bacterial infection,
clearly delineate PFTs as an important
target for antibacterial agents. There have
been increasing efforts to target PFTs in the

treatment or prevention of bacterial
infections, such as vaccinations directed to
target the a-hemolysin and nanoparticle-
detained a-hemolysin strategies (32, 33).

In this study, we investigated whether
statins at doses in physiological serum
concentration ranges could protect human
airway epithelial cells against PFTs from
bacteria that commonly cause pneumonia.
Because we intended to segregate out the
immune response triggered by statin from
the respiratory epithelial cellular defense
against PFTs, which is not feasible in the
whole animal setting, we examined the
protection mechanism in an isolated airway
epithelial cell–bacterial pore-forming toxin
context. We found that simvastatin could
protect human airway epithelial cells from
PLY and Hla cytotoxicity. Because of the
various known pleiotropic effects of statin
use, we further applied biochemical and
pharmacological approaches to understand
the mechanisms behind this protective role
in vitro.

Materials and Methods

Additional information about the reagents
and protocols is included in the online
supplement.

Cell Culture
The Human Bronchial Epithelial (HBE1)
cell is a human papillomavirus immortalized
bronchial epithelial cell line and was a gift
from J.R. Yankaskas (University of North
Carolina). Normal Human Bronchial
Epithelial (NHBE) cells were isolated from
human tracheal and primary bronchial
tissues that were obtained from the National
Institutes of Health–sponsored National
Disease Research Interchange
(Philadelphia, PA) procurement through
consent. HBE1, NHBE, and A549 cells
were maintained at 378C in a humidified
incubator with 5% CO2 as described
previously (34).

Cytotoxicity Assay
In general, cells were seeded at 10,000
(HBE1) or 20,000 cells (NHBE) per well in
96-well plates and grown overnight. NHBE
cells were maintained in bronchial epithelial
growth medium with the addition of 5 mM
ROCK inhibitor Y-27632 (35) and then
seeded for all described assays without the
ROCK inhibitor. Cells were exposed to
simvastatin, pharmacological inhibitors,
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and/or metabolic supplementation at
the indicated concentrations in growth
medium for 24 hours. The exposed cells
were then treated with toxins at the
indicated concentrations for 4 hours, and
cell viability was analyzed with CellTiter-
Glo Luminescent Cell Viability Assay
(Promega, Madison, WI) following the
recommended protocol. Simvastatin LC50

values in HBE1 cells were determined using
the publicly available ED50Plus v1.0
software program.

Real-Time RT-PCR
The procedures of RNA extraction and
cDNA generation were described in our
previous study (36). A more detailed
protocol and a list of the primers can be
found in the online supplement.

Immunoblot Analysis
The immunoblot analysis was performed as
previously described (37) with antibodies
against HMG-CoA reductase (HMGCR)
(sc-271595; Santa Cruz Biotechnology,
Santa Cruz, CA), pneumolysin (ab71810;
Abcam, Cambridge, UK), and b-actin
(A5441; Sigma-Aldrich, St. Louis, MO).
A more detailed protocol can be found
in the online supplement.

Animal Study and Histochemistry
C57BL/6 mice were purchased from Charles
River Laboratories (Wilmington, MA) and
maintained in a specific pathogen–free
facility according to institutional guidelines.
Experiments involving mice were
performed with approval of the
Institutional Animal Care and Usage
Committee at University of California
Davis and the National Health Research
Institutes. Briefly, 20 mg/kg simvastatin
was injected intraperitoneally into 10- to
12-week-old C57BL/6 mice for 6 days, and
then 200 ng pneumolysin or PBS control
was injected intratracheally. Mice were
killed 16 to 18 hours later, and the lungs
were paraffin embedded, sectioned, and
stained with hematoxylin and eosin for
histopathology.

Statistical Analyses
Results are expressed as mean 6 SEM.
All data were analyzed with the t test,
one-way ANOVA, or two-way ANOVA
followed by the appropriate post hoc test for
multiple comparisons as described in the
figure legends. Significance was defined as
P , 0.05.

Results

Statins Confer Cellular Protection to
Pneumolysin in Airway Epithelium
To look for pretreatment agents that
protected airway epithelial cells against
PFTs, we conducted a cell viability–based
screen with a panel of cytokines and
chemicals. One of the leading hits was
simvastatin. Because statins are widely used
clinically to reduce plasma cholesterol and
have been shown epidemiologically to
provide a better outcome for patients with
pneumonia, we focused on the cellular
protection of simvastatin to PFTs. We
conducted CFU assays and found that
the pretreatment of 1 mM simvastatin
conferred remarkable resistance of HBE1
cells against a 4-hour exposure of
500 ng/ml PLY (Figure 1A). We further
investigated this phenomenon with a cell
viability assay by measuring cellular ATP
release at a variety of simvastatin doses.
Simvastatin pretreatment resulted in
a significant increase in cell viability against
PLY in HBE1 cells at all doses used except
1 nM, the lowest dose tested (Figure 1B).
In addition, 1 mM simvastatin provided
significant protection against higher doses
of PLY, ranging from 0.4 to 1.6 mg/ml,
with no simvastatin controls exhibiting
approximately 90% loss of cell viability
(Figure 1C). To examine whether this was
a phenomenon specific to HBE1, we
studied simvastatin protection against
PLY in human primary tracheobronchial
epithelial (i.e., NHBE) cells. We found that
simvastatin pretreatment also resulted in
a significant increase in cell viability in
NHBE cells (Figure 1D). Besides lipophilic
simvastatin, we found that 10 mM
hydrophilic pravastatin also conferred
significant protection against PLY, although
a dose of 0.1 mM did not (Figure 1E).
We further examined protection by statins
against PFTs in vivo. Mice were injected
intraperitoneally with simvastatin for 6
days and then injected intratracheally with
200 ng purified PLY or PBS control. Mice
were killed 16 to 18 hours later, and the
lungs were resected for histology. PLY
alone caused significant immune cell
accumulations in lung, whereas simvastatin
pretreatment caused no obvious lung
inflammation (Figure 1F). Our results
support the notion that statin pretreatment
can reduce host susceptibility to PLY
in vivo.

Simvastatin Does Not Reduce the
Binding of Pneumolysin to HBE1 Cells
In addition to pleiotropic effects,
simvastatin is known to target HMG-CoA
reductase (HMGCR), affecting three
canonical downstream pathways after
mevalonate biosynthesis. We first examined
whether HMGCR suppression in HBE1
could confer cellular resistance to PLY. The
gene silencing efficacy was confirmed by
quantitative RT-PCR (qRT-PCR) and
immunoblot of HMGCR (Figures 2A and
2B). We found that cells with HMGCR
knockdown were significantly more
resistant to PLY toxicity than no-
knockdown controls (Figure 2C). Because
simvastatin is known to reduce cholesterol
levels in the liver and blood (38), a possible
cellular mechanism for its protective
effect is that plasma membrane–associated
cholesterol, which is essential for PLY
binding, is reduced by simvastatin
treatment. To test this hypothesis, we
collected HBE1 cells treated with various
concentrations of simvastatin for 24 hours
and quantitated total cholesterol. Our
results indicated that 100 nM simvastatin
significantly reduced the total cholesterol
content of HBE1 cells (Figure 2D). We
further examined the membrane-associated
cholesterol using filipin III staining (39).
Compared with vehicle-treated HBE1 cells,
simvastatin-treated cells showed weaker
staining on the plasma membrane
(Figure 2E). A microplate quantification
assay also demonstrated similar results,
showing that simvastatin significantly
reduced the level of membrane-associated
cholesterol (Figure 2F) and that this
inhibition was not abrogated by mevalonate
or squalene. Because plasma membrane
cholesterol is essential for PLY binding,
oligomerization, and subsequent pore
formation, we next asked whether PLY
binding and pore formation were affected
by simvastatin treatment. HBE1
(Figure 3A) and NHBE (Figure 3B) cells
were exposed to simvastatin for 24 hours.
Simvastatin was then removed, and cells
were challenged with 400 ng/ml of PLY for
1 or 4 hours. After immunoblotting with
an anti-PLY antibody, we found that cell
lysates collected after 4 hours of toxin
exposure contained more PLY than lysates
collected after 1 hour (Figures 3A and 3B).
Interestingly, the amount of PLY in cell
lysates was not reduced by simvastatin
pretreatment, suggesting that the binding of
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PLY is not attenuated. In contrast,
30-minute pretreatment with 2 mM methyl-
b-cyclodextrin, which depletes membrane-
associated cholesterol, did block binding

of PLY to airway epithelial cells (Figure 3C).
Because PLY binding is not attenuated by
simvastatin, we next tried to examine the
pore-forming ability of PLY on the

simvastatin-treated HBE1 cells. Because
the passage of a certain size of fluorescence
dye is a well-known practical indication of
pores generated by PFTs, we applied
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Figure 1. Statins conferred cellular protection on airway epithelial cells against pneumolysin. (A) Human Bronchial Epithelial 1 (HBE1) cells were treated
with 1 mM simvastatin for 24 hours. Simvastatin was then removed from the culture, and cells were further challenged with 500 ng/ml pneumolysin (PLY)
for 4 hours. Cells were cultured for 10 days to determine the CFUs. (B–E) Cellular ATP release was quantified to determine cell viability. Asterisks indicate
significant statistical difference versus matching control with one-way ANOVA and Dunnet’s post test. Error bars represent SEM of three to five
experiments. (B) HBE1 cells were pretreated with indicated doses of simvastatin for 24 hours and then challenged with PLY for 4 hours. (C) HBE1 cells
were pretreated with 1 mM simvastatin for 24 hours and then challenged with the indicated doses of PLY for 4 hours. (D) Normal HBE (NHBE) cells were
pretreated with the indicated doses of simvastatin for 24 hours and then challenged with 500 ng/ml of PLY for 4 hours. (E) HBE1 cells were pretreated with
0.1 or 10 mM pravastatin for 24 hours and then challenged with 400 ng/ml PLY for 4 hours. (F) C57BL/6 mice, 10 to 12 weeks old, were injected
intraperitoneally with 20 mg/kg simvastatin for 6 days and then injected intratracheally by 200 ng/ml PLY or PBS control for overnight. Lungs were fixed
and sectioned for hematoxylin and eosin staining for histopathology. Data are representative images from four mice per group. Scale bar: 100 mm. EtOH,
ethanol; ns, not significant; *P, 0.05; **P, 0.01; ***P, 0.001.
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a Live/Dead assay (Life Technologies,
Carlsbad, CA) that uses an ethidium
homodimer to stain membrane-
compromised cells (emitting red
fluorescence). We found that simvastatin-
pretreated cells show a drastic decrease in
membrane perforation, indicated by low
amounts of red fluorescence (Figure 3D).
Because this evidence is an indirect
demonstration of the pore formation by
PLY, we further verified whether the
cytotoxicity caused by PLY in HBE1 cells is
mediated by pore formation. We generated
a known pore-defective PLY (W433F point
mutation) (40) and found that PLYW433F

did not cause cytotoxicity in HBE1 cells
(see Figure E1 in the online supplement).
By immunofluorescence microscopy, we
further observed that simvastatin does not
reduce the amount of PLY puncta in HBE1
cells (47.36 7.1 PLY/control cell versus
47.46 10.2 PLY/statin-treated cell)
(Figure 3E). These results suggest that
simvastatin significantly inhibited potential
PLY-mediated pore formation and
membrane damage through reducing the
membrane-associated cholesterol level,
although the membrane-binding capacity
of PLY was not alleviated.

Mevalonate Supplement Does Not
Abrogate Simvastatin-Conferred
Resistance to Pneumolysin in
HBE1 Cells
Because the knockdown of HMGCR
increased cellular resistance against PLY
and HMGCR is the rate-limiting enzyme in
the mevalonate pathway, we next sought to
examine whether mevalonate biosynthesis
was involved in mediating statin-induced
PFT resistance. We conducted colony
forming assays with HBE1 cells exposed
to simvastatin with or without mevalonate
supplementation and found that the
mevalonate did not restore cellular
sensitivity to PLY (Figure 4A). Similarly,
mevalonate did not rescue the protection
conferred by simvastatin in the ATP release
assay in HBE1 and NHBE cells (Figures
4B–4D). Even supplemented with
a high excess (1 mM) of mevalonate, the
simvastatin-mediated protection remained
(Figure 4C). Mevalonate supplementation
also did not reduce HMGCR-
knockdown–mediated protection to PLY
in HBE1 cells (Figure 4E). In addition,
our results showed that mevalonate
supplementation did not restore
simvastatin-mediated cellular cholesterol
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Figure 2. The plasma membrane cholesterol is reduced by simvastatin. (A) The efficacy of 3-hydroxy
3-methylglutaryl coenzyme A reductase (HMGCR) gene silencing in HBE1 cells was examined by
quantitative qRT-PCR. Asterisks indicate significant statistical difference versus matching control with t test.
Error bars represent SEM of two experiments. (B) The efficacy of HMGCR gene silencing in HBE1 cells was
examined by immunoblotting. The image shown is a representative of three experiments. (C) The gene
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HBE1 cells upon simvastatin and mevalonate treatment at the indicated concentrations for 24 hours.
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distribution of the membranes. (E) The blue fluorescence staining indicates the filipin probe binding. (F)
Quantification data were obtained by fluorimetry using filipin-stained HBE1 cells grown in 96-well
microplates. Asterisks indicate significant statistical difference versus matching groups with one-way ANOVA
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mevalonate; siRNA, small interfering RNA. *P, 0.05; **P, 0.01; ***P, 0.001.
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reduction in HBE1 cells (Figure 2D). Taken
together, these results implicated that
mevalonate does not play a major role in
simvastatin-mediated protection.

Simvastatin at higher doses has been
shown to alter cellular morphology (41, 42).
Although the biological significance of
simvastatin-induced cellular morphological
changes varies depending on cell type, we
took this as one measure to evaluate the
cellular uptake of mevalonate in airway
epithelial cells. Indeed, we observed

a significant morphology change in HBE1
cells after 48 hours of exposure to 20 mM
simvastatin, and this morphology change
was remarkably restored to normal
conditions by the 1-mM mevalonate
supplement (Figure 4F). In addition, we
performed qRT-PCR on a panel of genes
induced by 1 mM of simvastatin in
mevalonate and/or simvastatin-treated
HBE1 and NHBE cells. Furthermore, we
used a panel of simvastatin-induced genes
as a benchmark to examine whether the

mevalonate supplementation rescues some
of the effects of 1 mM simvastatin in
terms of the gene regulation changes seen
in our cell culture model. We found that
several genes involved in lipid biosynthesis,
such as HMGCR, HMG-CoA synthase
(HMGCS1), acyl-CoA synthetase (ACSS2),
and mevalonate decarboxylase (MVD),
were up-regulated by 1 mM of simvastatin
in HBE1 and NHBE cells (Figures 4G and
4H), but these inductions were not reversed
by 1 mM mevalonate supplementation
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with 400 ng/ml of PLY or mock control for 4 hours. Cells were stained with Live/Dead assay to assess the membrane damage. Scale bar=100 mm. (E) The
cellular localization of PLY. HBE1 cells were pretreated with 1 mM simvastatin for 24 hours. After the medium change, cells were incubated with 400 ng/ml of PLY
or mock control for 4 hours. Cells were then fixed and stained with PLY antibody (green), plasma membrane (red), and 49,6-diamidino-2-phenylindole (DAPI) for
nucleus (blue). The white arrow points to the representative PLY binding on the cell membrane. MbCD, methyl-b-cyclodextrin; MW, molecular weight.
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(Figures 4G and 4H). However, we also
found that some genes, such as LL-37,
PIK3C2G, DUSP5, and DUSP10,
induced by 1 mM of simvastatin were

significantly attenuated with mevalonate
supplementation in both cell types (Figures
4G and 4H). This evidence strongly
suggests that our mevalonate metabolic

rescue worked on reversing certain
simvastatin-induced gene expression and
alteration of cell morphology but not the
simvastatin-conferred protection against PLY.
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Simvastatin-Mediated Protection
against Pneumolysin Is Protein
Synthesis and Calcium Dependent in
HBE1 Cells
Calcium storage and influx fluctuations
have been shown to be involved in
statin-induced cyto-protection (43).
Calcium has also been shown to play
a role in repairing membrane damage
caused by the cholesterol-dependent
cytolysin streptolysin O (44). Here we
applied [glycine, N,N9-1,2-ethanediylbis
(oxy-2,1-phenylene)-bis-N-2-(acetyloxy)
methoxy-2-oxoethyl]-[bis(acetyloxy)methyl
ester] (BAPTA-AM), an intracellular
calcium chelator, in the HBE1-PLY assays
and found that 10 mM of BAPTA-AM
restored cellular sensitivity to PLY in the
presence of simvastatin (Figure 5A).
We further found that BAPTA-AM
cotreatment abrogated the simvastatin-
induced reduction of potential pore
formation (Figure 5B). In addition to
testing the role of calcium, we cotreated
HBE1 cells with simvastatin and
cycloheximide (1.25–5 mg/ml) to block
protein translation, followed by PLY
challenge. Blocking protein translation
reduced the protective effect of statins
to PLY (Figure 5C). The above finding
indicates that simvastatin-induced
cellular protection against PLY in HBE1
cells requires calcium as well as de novo
protein synthesis.

Squalene Synthase and GGTase
Inhibition Conferred Resistance to
Pneumolysin in HBE1 and NHBE Cells
Because mevalonate supplementation
does not rescue the simvastatin-mediated
protection against PLY, we investigated
whether other members of three
canonical pathways downstream of
mevalonate are involved in this protection.
We found that YM-53601 (squalene
synthase inhibitor) and GGTI-298
(geranylgeranyl transferase inhibitor)
pretreatment mimicked the protection of
HBE1 cells to a level similar to simvastatin
treatment, whereas FTI-277 (farnesyl
transferase inhibitor) had no significant
effect (Figure 6A). We further tested
YM-53601 with higher doses of PLY and
found that pretreatment could still provide
significant protection (Figure 6B). We
similarly found that only YM-53601 and
GGTI-298 could provide protection in
NHBE cells (Figure 6C). We performed
metabolic rescue assays with farnesol,

squalene, and geranylgeraniol in HBE1 cells
to examine these pathways. Surprisingly, we
found that none of these supplementations
could abrogate the simvastatin-mediated
protection to PLY (Figure 6D). We
then further conducted cosupplement
experiments to examine the possibility
that squalene and geranylgeraniol are unable
to rescue simvastatin’s protective effect singly.
The results have shown that the cotreatment
of squalene and geranylgeraniol did not
reverse simvastatin’s cellular protection effect
to PLY in HBE1 cells (Figure 6E). To further
determine whether simvastatin confers
cellular protection via geranylgeranyl
pyrophosphate and the squalene pathway, we
knocked down two key enzymes of the

HMGCR pathway, geranylgeranyl transferase
(via protein geranylgeranyltransferase type I,
beta subunit [PGGT1B]) and squalene
synthase (SQS) via small interfering RNA
(siRNA) transfection in HBE1 cells, and then
challenged the cells with PLY. Our results
demonstrate that the knockdown of SQS
rendered the HBE1 cells more resistant to
PLY cytotoxicity but that the knockdown
of PGGT1B did not (Figure 6F). We
confirmed siRNA knockdown efficiency
of PGGT1B and SQS by qRT-PCR. However,
knockdown of PGGT1B caused significant
induction of HMGCR and MVD (Figure 6G),
which suggests that selective compensatory
gene induction caused by PGGT1B
knockdown neutralizes the protection.

0

20

E
tO

H

D
M

S
O + – – + – +

– + – – + +
– – + + + +

Simvastatin 1μM
Mevalonate 1mM
BAPTA-AM 10μM

* **

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100

A

B

PLY 400ng/mL

0

20

E
tO

H
/P

B
S

D
M

S
O

1u
M

1.
25 2.
5

Cycloheximide (μg/mL)

5

1.
25 2.
5 5

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100

C PLY 400ng/mL

Simvastatin 1μM

control

E
tO

H
S

im
va

st
at

im
 1
μM

PLY 400ng/mL BAPTA-AM 10μm BAPTA-AM 10μM + PLY 400ng/mL

Figure 5. Calcium and protein synthesis is required in simvastatin-conferred cellular resistance
against pneumolysin. (A) HBE1 cells were treated with 1 mM simvastatin with or without various
combinations of [glycine, N,N’-1,2-ethanediylbis(oxy-2,1-phenylene)-bis-N-2-(acetyloxy)methoxy-2-
oxoethyl]-[bis(acetyloxy)methyl ester] (BAPTA-AM) and mevalonate for 24 hours and then challenged
with 400 ng/ml PLY for 4 hours. Cellular ATP release assays were used to assess cell viability. Error
bars represent SEM of three experiments. (B) HBE1 cells were pretreated with 1 mM simvastatin with
or without 10 mM BAPTA-AM for 24 hours. After the medium was changed, cells were incubated with
400 ng/ml of PLY or mock control for 4 hours. Cells were stained with Live/Dead assay. Scale bar =
100 mm. (C) Protein translation is required for simvastatin-mediated protection. HBE1 cells were
treated with 1 mM simvastatin with or without various doses of cycloheximide for 24 hours and
then challenged with 400 ng/ml PLY for 4 hours. Cellular ATP release assays were used to
assess cell viability. Error bars represent SEM of two experiments. *P, 0.05; **P, 0.01.

ORIGINAL RESEARCH

696 American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 5 | November 2015



0

20

10

P
B

S

E
tO

H

D
M

S
O

S
im

va
st

at
in

 1
uM

M
A

 1
m

M

S
im

+
 M

A 1 5
F

T
I-

27
7

Y
M

-5
36

01

G
G

T
I-

29
8

(μM)10 1 5 10 1 5 10

40

30

60

50

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

70

80

90

100

PLY 400ng/mL

** **
**

** ** **

*** * * *

** **

A

0

20
10

E
tO

H
/P

B
S

D
M

S
O

S
im

va
st

at
in

 1
uM

M
ev

al
on

at
e 

1m
M

S
im

 1
uM

 +
 M

A
 1

m
M

Y
M

-5
36

01
 5

uM

M
bC

D
 2

m
M

40
30

60
50

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

70
80
90

110

400ng/mL

100

B

0

20

C
tr

l 1 5 10

FTI-277

1 5 10 1 5 10

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100

C

0

20

E
tO

H
D

M
S

O + – – + + – – + + – – + + simvastatin 1μM

0.11 0.1

fa
rn

es
ol

1

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100 ** ** **

***

*

*** ***

PLY 400ng/mL

D

0.11 0.1

sq
ua

len
e

1 0.11 0.1

ge
ra

ny
lge

ra
nio

l
1 (mM)

0

20

DM
SO

sq
ua

len
e

ge
ra

ny
lge

ra
nio

l

sq
ua

len
e+

ge
ra

ny
lge

ra
nio

l

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100

120

PGGT1B expression SQS expression

140

ns
ns

ns

***

E

YM-53601 GGTI-298

800ng/mL 1600ng/mL
PLY 400ng/mL

0

20

Mock NC PGGT1B SQS

40

60

C
el

lu
la

r 
A

T
P

 (
%

 c
on

tr
ol

)

80

100
***

ns

F

0.0

0.5

M
oc

k

no
n-

ta
rg

et
in

g

P
G

G
T

1B

S
Q

S

M
oc

k

no
n-

ta
rg

et
in

g

P
G

G
T

1B

S
Q

S

siRNA

1.0

1.5

F
ol

d 
ch

an
ge

2.0

ns

G

ns

*

***

HMGCR expression MVD expression

0

1

M
oc

k

no
n-

ta
rg

et
in

g

P
G

G
T

1B

S
Q

S

M
oc

k

no
n-

ta
rg

et
in

g

P
G

G
T

1B

S
Q

S

3

2

4

F
ol

d 
ch

an
ge

5

ns

ns

EtOH/PBS

simvastatin

Figure 6. YM-53601 and GGTI-298 treatment mimicked simvastatin-mediated protection against pneumolysin. (A and C) HBE1 cells (A) and NHBE cells
(C) were treated with 1 mM simvastatin with or without 1 mM mevalonate or various doses of mevalonate downstream pharmacological inhibitors for
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with or without 0.1 mM geranylgeraniol for 24 hours and then challenged with PLY for 4 hours. Cellular ATP release assays were used to assess cell viability.
Asterisks indicate significant statistical difference versus matching groups based on one-way ANOVA with Tukey’s post test from four experiments. (F) The
gene knockdown of squalene synthase in HBE1 cells mimicked the simvastatin-mediated protection against PLY. For D and F, asterisks indicate significant
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Cholesterol Partially Rescued
Simvastatin-Mediated Cellular
Protection against PFT
Because both pharmacological inhibition
and siRNA knockdown of squalene
synthase, an enzyme that controls the
critical step in sterol synthesis, mimicked
simvastatin protection, we investigated
the role of cholesterol in this system.
Cholesterol is usually present in
supplemented serum of culture media but
both our media used for HBE1 and NHBE
cells are chemically defined and serum-free.
Furthermore, we do not add cholesterol as
a routine supplementation to these
cultures and also confirmed that the basal
cholesterol level in our medium is
undetectable. We have shown above that
pretreatment of methyl-b-cyclodextrin,
a plasma membrane cholesterol-depleting
drug, led to cellular protection (Figure 6B)
due to a lack of PLY binding (Figure 3C).
This led us to hypothesize that
supplementing cholesterol may reduce
simvastatin protection against PFT. To test
this, HBE1 cells were treated with 100 nM
simvastatin with or without 30 mg/ml
cholesterol for 24 hours and then
challenged with PLY. Indeed, supplemented
cholesterol significantly reduced
simvastatin protection (Figure 7A),
although not to the level of the untreated
controls. We then analyzed the cellular
cholesterol level in HBE1 cells treated
with simvastatin and cholesterol
supplementation and found that the
cellular cholesterol content in HBE1 cells
supplemented with 30 mg/ml cholesterol for
24 hours did not increase beyond baseline
(Figure E2). In addition, we found that the
cholesterol supplementation normalized
cellular cholesterol and significantly
rescued simvastatin-mediated cellular
cholesterol reduction (Figure E2). These
results suggest that cholesterol might play
certain roles in simvastatin-mediated
protection to pneumolysin cytotoxicity.
To further investigate the potential role
of cellular cholesterol in the simvastatin-
mediated protection in airway epithelial
cells, we performed similar assays with
human alveolar basal epithelial cells A549

and S. aureus a-hemolysin, which is
typically not classified as a cholesterol-
dependent cytolysin. Our results indicated
that 20 mM simvastatin pretreatment
significantly enhanced A549 cell viability,
specifically against a-hemolysin (Figure 7B).

Discussion

Statins’ effects are multifaceted and include
substantial pleiotropic effects. However,
it was not clear if the known effects of
reduced bacterial infection conferred by
statins are also mediated via cellular
protection against bacterial virulence
factors in the context of epithelium. Our
findings demonstrate that simvastatin can
solely protect human airway epithelial cells
against pneumolysin and a-hemolysin. Our
results have shown it is plausible that the
protection mechanism of simvastatin is not
simply mediated by cholesterol reduction.
Using PLY as an example, our data clearly
suggest that the protective effects are not
likely due to the blocking of PLY binding to
the airway epithelial cells at the molecular
level. Possibilities include, but are not
limited to, reduced pore formation after
toxin binding to membrane-associated
cholesterol and enhanced cellular
membrane repair or the intracellular
sequestration of toxins. Interestingly, we
observed a slight increase of PLY in the
lysates from simvastatin-pretreated cells
compared with control on immunoblots
(Figures 3A and 3B). Our results suggest
that PLY accumulates in a quarantined
compartment inside the cells or might still
bind to simvastatin-pretreated cells without
forming proper pores. Our studies with
immunofluorescence staining of PLY
(Figure 3E) also suggest that the binding of
PLY to the HBE1 plasma membranes is not
blocked by simvastatin, again suggesting
a potential pore-formation blockade
mechanism by simvastatin.

Although simvastatin has pleiotropic
effects independent of HMGCR
suppression, many studies have shown
enormous variety of in vitro effects of
statins in a mevalonate-dependent manner.

For example, it has been demonstrated that
10 to 40 mM of simvastatin exhibited
a dose-dependent growth inhibition in
A549 cells and that 500 mM mevalonate
partially rescued this growth inhibitory
effect (45). In another study, several doses
of simvastatin (5, 10, 20, 50, and 100 mM)
were used to examine the proliferative
capacity of A549 cells after hypoxia-
reoxygenation injury (46). The authors
showed that the treatment with 20 mM
simvastatin has the best cell proliferative
effect and the best induction of surfactant
protein-C–positive cells and surfactant
protein-C levels in A549 cells. They further
showed that these effects are mevalonate
dependent by the cotreatment of 20 mM
of mevalonate and 20 mM of simvastatin
in A549 cells. We have also performed
simvastatin treatment to examine its effect
against PLY in A549. However, simvastatin
did not protect A549 cells from PLY
intoxication (Figure E3). This result
suggests that simvastatin may affect
different molecular mechanisms in A549
and HBE1 cells.

Recently, another study found that
PLY-mediated microlesion formation
within the myocardium during
S. pneumoniae infection might contribute
to adverse cardiac events seen in humans
with invasive pneumococcal disease
(47). They have previously reported
that simvastatin protected against
pneumococcal infections in a mouse sickle
cell disease model and that this protection
was mediated by reduced PLY-dependent
cytotoxicity to endothelial cells (48).
However, their minimum simvastatin
protective concentration reported is
1 mM, and the protection is mevalonate
dependent. This discrepancy may have
arisen from the different mechanisms
involved in different cell types.

Although the concentrations of
simvastatin used in most of these in vitro
mechanistic studies are in 10 to 100
micromolar levels, the physiological serum
concentrations of simvastatin are usually
detected in the nanomolar range (49–51).
This argument makes it debatable whether
the effects of simvastatin at real

Figure 6. (Continued). statistical difference versus matching control based on one-way ANOVA with Dunnet’s post test. (G) The efficacy and effect on
HMGCR and MVD gene expression of PGGT1B and squalene synthase gene silencing in HBE1 cells were examined by quantitative RT-PCR. Asterisks
indicate significant statistical difference versus matching groups based on one-way ANOVA with Tukey’s post test. Error bars represent SEM of three
experiments in A, B, D, F, and G and two experiments in C. MVD, mevalonate decarboxylase; PGGT1B, protein geranylgeranyltransferase type I, beta
subunit; SQS, squalene synthase. *P , 0.05; **P , 0.01; ***P , 0.001. NC, negative control; Sim, simvastatin.
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physiological serum nanomolar
concentrations are mevalonate dependent.
Although we have shown that the gene
suppression of HMG-CoA reductase via
siRNA in HBE1 cells mimics simvastatin-
mediated protection against PLY,
surprisingly we found that the addition of
high excess doses of mevalonate did not
reverse the enhanced PLY resistance. In
addition, although YM-53601 and GGTI-
298 mimic simvastatin-mediated cellular
protection, the supplementation of
geranylgeraniol or squalene could not
reverse the protection. This is of great
interest because it has never been reported.
The simplest explanation is that airway
epithelial cells do not uptake these
supplementations effectively. This
explanation seems less likely because
mevalonate did completely reverse some
simvastatin-induced genes in these airway
epithelial cells (Figures 4G and 4H).
Another possibility is that supplementation
with mevalonate, geranylgeraniol, or
squalene did not get into the precise airway
epithelial cell compartment with the
optimal kinetics or concentrations to
reverse the effect of simvastatin on HMG-
CoA reductase. All these possibilities of
cellular uptake compartmentation or
kinetics of mevalonate, geranylgeraniol, or
squalene will take a much more extensive
investigation that is outside of the scope
of this study. One more intriguing
interpretation is that there is a potential
alternative pathway that bypasses the
mevalonate pathway and that this
mevalonate-independent mechanism
confers PLY protection in addition to the
HMGCR-mevalonate–dependent pathway.
The release of inhibition of the latter
pathway, through the supplementation of
exogenous mevalonate or related sterols,
does not restore PFT sensitivity because the
mevalonate-independent pathway is still
intact. To date, our work is one of the few
studies using simvastatin concentrations at
0.01 to 1 mM; at these concentrations, we
could still observe the beneficial effect in
airway epithelial cells. It is plausible that
simvastatin at 0.01 to 1 mM levels works
through different mechanisms compared
with simvastatin at higher concentrations
(5–40 mM) in a cell type–dependent
manner. The finding from Medina and
colleagues showed strong support of
this possibility (52). They observed
a biphasic dose-related response in retinal
microvascular endothelial cells treated with
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0.01 to 10 mM simvastatin. Simvastatin
at 0.1 mM could enhance microvascular
repair, and 0.01 mM simvastatin could
promote migration, sprouting, and
tubulogenesis in a mevalonate-independent
manner. However, they also found that 10
mM simvastatin had the opposite effect, yet
in a mevalonate-dependent fashion. We
propose a model of how simvastatin might
protect airway epithelial cells against PFTs,
as illustrated in Figure 7C.

The gene induction of HMGCR and
HMGCS1 by simvastatin is potentially due
to a feedback regulation, but the biological
significance of other gene induction has
merited further investigation. We found
that 1 mM simvastatin induced LL-37
expression in a mevalonate-dependent
manner in NHBE and HBE1 cells. It
has been shown (53) that a range of
antimicrobial peptides, including LL-37,
could kill various S. pneumoniae isolates.
Because the simvastatin-induced LL-37
(and maybe other antimicrobial peptides) is
not likely associated with the simvastatin-
conferred pneumolysin resistance, it is
possible that simvastatin’s confounding
effects on pneumolysin resistance and
antimicrobial peptide induction could
both contribute to the overall respiratory
epithelial cell susceptibility to S.
pneumoniae infection. The concentrations
of pneumolysin used here could be roughly
estimated to 2 to 53 107 CFU/ml of
S. pneumoniae, based on a relationship
between the amount of pneumolysin
protein and the bacterial number (54). We
think it will be valuable to know if statin
administration can protect the host from
respiratory S. pneumoniae infection, but it
would be more informative to investigate

simvastatin’s effects on pneumolysin
intoxication and S. pneumoniae infection
individually.

There are a handful of intrinsic cellular
pathways, including the mitogen-activated
protein kinase (MAPK), unfolded protein
response (UPR), autophagy, and calcium-
dependent vesicle trafficking pathways, that
have been shown to protect cells from PFTs
in various organisms or cell types (55–61),
although the molecular mechanisms of how
these cellular pathways confer cellular
protection remain largely unclear. It has
been recently shown that statins may
trigger bifurcated mevalonate–independent
pathways partially via a Ca21 increase and
p38 MAPK activation, which induces UPR
and cytoprotection in RAW264.7 cells (43).
It is plausible that calcium-mediated
MAPK/UPR activation is enhanced by
statins as a mevalonate-independent
upstream mechanism for PFT protection
because BAPTA-AM, an intracellular
calcium chelator, blocked statin-mediated
protection. These potential molecular
mechanisms could be further elucidated in
the future.

Although our NHBE experiments were
performed in submerged conditions, it
would be valuable to investigate statin
protection in air–liquid interfaced culture
of differentiated airway epithelial cells.
S. pneumoniae commonly resides
asymptomatically in the respiratory tract
of healthy carriers but only becomes
pathogenic in susceptible individuals with
a loss in barrier integrity. We suspect that,
at this high cell density and tight, polarized,
three-dimensional culture, it would take
a large amount of pneumolysin to penetrate
this barrier and attack the cells. Because the

main purpose of this study was to show
a proof of concept via one mechanism that
illustrated the known statin-mediated
benefits regarding pneumonia, we thought
it was not technically practical to examine
the protection effect in air–liquid interfaced
culture of differentiated airway epithelial
cells.

In short, we used a top-down
approach, starting with the known
metabolic pathways targeted by simvastatin,
the signaling transduction pathways
involved, and the final events that
render the cells resistant to specify the
mechanism(s) involved in statin-induced
protection of airway epithelial cells
against PFT cytotoxicity. Our molecular
findings on this protective effect against
PFTs may function synergistically with
enhanced formation of extracellular
traps, induced by statins in phagocytic cells,
to serve as one basis for explaining the
clinical data that point to a lower risk of
severe bacterial infection and sepsis in
patients receiving statin therapy and
the beneficial effect of statin against
pneumonia-related mortality. Besides
providing mechanistic insight, the future
in vivo and translational studies in the
context of our novel molecular findings
could be potentially developed into a host-
centric strategy for the adjuvant treatment
of PFT-associated bacterial infections,
including pneumonia. n
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