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We have previously shown that Salmonella enterica serovar Typhimurium infection perturbs the host cho-
lesterol biosynthetic pathway. Here we show that inhibiting the first step of this pathway (3-hydroxy-3-
methylglutaryl coenzyme A reductase) reduces the growth of intracellular S. enterica serovar Typhimurium and
has no effect on extracellular bacterial growth. Selectively inhibiting synthesis of downstream sterol compo-
nents has no effect on infection, suggesting that the effect of statins on host nonsterol intermediates is
detrimental to bacterial growth. Furthermore, statins also reduce bacterial proliferation in the S. enterica
serovar Typhimurium mouse model. This suggests that blocking the production of nonsterol precursors in the
host cell can be used to reduce infection.

Salmonella enterica serovar Typhimurium is a well-charac-
terized model system for the study of host-pathogen interac-
tions. It possesses two functionally distinct type III secretion
systems, both of which are encoded by pathogenicity islands.
Salmonella pathogenicity island 1 (SPI-1) is required for inva-
sion of epithelial cells, as it secretes effector proteins that
induce cytoskeletal polymerization and membrane ruffling in
the target host cell (44). SPI-2 is required for intracellular
replication and systemic disease in mice (8, 15). Upon entering
host cells, Salmonella resides in a membrane-bound vacuole,
and expression of bacterial genes from SPI-2 requires signals
from the vacuolar environment (40). SPI-2 effector proteins
are secreted across the vacuolar membrane, where they modify
the structural integrity of the vacuole (3, 32) and interfere with
endocytic trafficking (38). While S. enterica serovar Typhi-
murium can survive in both epithelial cells and professional
phagocytes, in order to disseminate and cause systemic infec-
tion, it must infect phagocytes that migrate to peripheral tis-
sues, such as the spleen and liver (34, 41). Multiple bacterially
encoded virulence determinants required for intracellular pro-
liferation in both macrophages and epithelial cells have been
identified as primary targets for disease intervention. In con-
trast, much less is known regarding host cell pathways required
for intracellular bacterial survival. Our previous studies, as well
as those of other workers (13), have demonstrated that S.
enterica serovar Typhimurium infection of RAW 264.7 murine
macrophages and epithelial cells results in high levels of cho-
lesterol accumulation in the Salmonella-containing vacuole
(SCV). S. enterica serovar Typhimurium also perturbs levels of
host cholesterol biosynthetic intermediates (5), suggesting that
the bacteria interact with the host sterol biosynthetic pathway.

We therefore investigated the requirement of this pathway for
the survival of S. enterica serovar Typhimurium in in vitro
culture and with regard to bacterial proliferation in mice.

MATERIALS AND METHODS

Materials. Lovastatin was a gift from Merck and was also purchased from
Sigma. Prescription formulation atorvastatin was obtained from Pfizer Inc.
4,4,10�-Trimethyl-trans-decal-3�-ol (TMD) was a gift from T. A. Spencer (Dart-
mouth College). Mevalonate, gliotoxin, and antibiotics were obtained from
Sigma.

Growth conditions for bacteria and mammalian cells. Visualization and se-
lection of S. enterica serovar Typhimurium wild-type strain SL1344 were done
with plasmid pFVP25.1, which contains gfpmut3A under a constitutive promoter,
as well as an ampicillin resistance marker (39). The orgA and ssaT mutants have
been described previously (12, 18). For macrophage infection, S. enterica serovar
Typhimurium cultures were grown in Luria-Bertani broth in a 37°C shaking
incubator to the late log or early stationary phase. For mouse infection, bacteria
were grown overnight in a 37°C shaking incubator. Antibiotics were used at the
following concentrations: ampicillin, 100 �g/ml; streptomycin, 50 �g/ml; and
kanamycin, 50 �g/ml. RAW 264.7 murine macrophages (American Type Culture
Collection [ATCC], Rockville, Md.) were maintained in Dulbecco’s modified
Eagle medium (DMEM) (ATCC) with 10% fetal bovine serum (ATCC) at 37°C
in the presence of 5% CO2 without antibiotics.

Gentamicin protection assays. RAW 264.7 macrophages were seeded at a
concentration of 5 � 105 cells/well in 24-well plates. Bacteria were opsonized in
DMEM containing 20% mouse serum for 30 min at 37°C and then added to
macrophages at a multiplicity of infection of 10 bacteria/cell. Plates were cen-
trifuged at 200 � g (Beckman centrifuge with a GH3.8 rotor) for 5 min and
incubated for 15 min at 37°C. After infection, cells were washed three times with
serum-free medium, incubated with 100 �g of gentamicin per ml for 90 min, and
then maintained in the presence of 10 �g of gentamicin per ml for the remainder
of the experiment. At various times postinfection, cells were lysed with 1% Triton
X-100, and intracellular bacteria were counted on selective media. When inhib-
itors were used to study the effects of host cell pathways on bacteria, cells were
incubated in the presence of inhibitors for 4 h prior to infection and then
maintained in the presence of these inhibitors throughout the experiment. The
results of intracellular growth assays were expressed as fold changes in growth,
which were determined by dividing the number of bacterial CFU recovered at
20 h by the number of CFU recovered at 2 h.

Drug treatments. In experiments with TMD, 12 �g of the compound per ml in
dimethyl sulfoxide was added to the medium, while the vehicle alone was added
to control wells. Lovastatin was solubilized in 0.1 N NaOH at 60°C, and then the
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pH was adjusted to 7.4 with HCl. Lovastatin (30 �M) was added to the medium,
and an equal volume of water was added to control wells. For experiments with
a nanomolar concentration of lovastatin (50 nM), cell monolayers were treated
for 3 days prior to infection. The medium and drug were replaced every 24 h.

Macrophage viability assays. The cytopathic effects of lovastatin on RAW
264.7 macrophages were measured by reduction of Alamar blue (Biosource
International, Vacaville, Calif.). Cells were treated for 20 h with lovastatin,
washed, and then incubated with DMEM containing Alamar blue (diluted 1:10)
at 37°C for 3 h. Dye reduction was measured by determining the fluorescence
with excitation at 540 nm and emission at 590 nm.

Mouse studies. Animal experiments were performed with approval and au-
thorization from the institutional review board and the Animal Care and Use
Committee of Northwestern University. Female BALB/c mice (8 to 10 weeks old;
Charles River, Portage, Mich.) were used. Atorvastatin was resuspended in
phosphate-buffered saline (PBS) containing 5% ethanol and administered to
mice subcutaneously at a dose of 10 mg/kg/day for 9 days. Bacteria from over-
night cultures were pelleted by centrifugation for 5 min at 3,800 � g and were
resuspended in PBS. Mice were given 1 � 105 bacteria by intraperitoneal injec-
tion on day 7. Serial dilutions of inoculants were plated on selective media to
determine the actual doses. On day 9 (2 days postinfection), mice were sacrificed.
Spleens and livers were removed, weighed, homogenized, and then plated on
selective media to determine the number of bacterial CFU. Serum cholesterol
levels were measured with an Infinity cholesterol reagent kit from Sigma.

Statistical analyses. Statistical analyses for CFU comparisons were performed
by using Student’s t test with the Microsoft Excel data analysis add-in package.
Differences were considered significant when P values were �0.05.

TUNEL assays. Macrophages were seeded at a concentration of 3 � 105

cells/well on coverslips in 24-well plates. The cells were washed with PBS at 13 h
postinfection, fixed in 4% formaldehyde in PBS for 30 min, and then stained with
terminal deoxytransferase end-labeling (TUNEL) reagents by using the protocol
provided by the manufacturer (Roche Diagnostics). Nuclei were stained with 10
�g of Hoechst dye (Molecular Probes) per ml. Coverslips on glass slides were
examined by fluorescence microscopy. A 3-h treatment with gliotoxin (1 �g/ml)
was used as a positive control for cell death. For three-dimensional models,
infected macrophages were stained with TUNEL reagents and filipin (100 �g/
ml), photographed with a fluorescent microscope as previously described (5), and
imported into Volocity (Improvision) for three-dimensional rendering.

Flow cytometry. Rhodamine-conjugated beads (diameter, 1 �m; Molecular
Probes) were diluted in DMEM and then added to macrophages (10 beads/cell)
for 15 min at 37°C. The cells were washed, fixed in 4% formaldehyde for 15 min,
and scraped from the plates in PBS–3% bovine serum albumin. Samples were
analyzed with a Becton Dickinson FACScan (FACSCalibur). Data for 10,000
light-scattered events were collected and analyzed with CELLQuest software
(BD Biosciences).

HPLC. Cells were labeled by using [3H]mevalonolactone or [3H]acetate, and
cellular lipids were extracted and prepared for high-performance liquid chroma-
tography (HPLC) as previously described (5). Briefly, radiolabel (25 �Ci/well)
was added to the cells at 2 h postinfection. At various times thereafter, cells were
harvested by scraping, centrifugation, and water lysis. Lipids were extracted in
chloroform-methanol (2:1) at a ratio of 5:1 (vol/vol). The samples were dried
under nitrogen and dissolved in acetonitrile-isopropyl alcohol (90:10, vol/vol) for
analysis by HPLC and scintillation counting. HPLC was performed at 30 or 50°C

RESULTS

Inhibition of the host sterol biosynthetic pathway by lova-
statin blocks intracellular proliferation of S. enterica serovar
Typhimurium in macrophages. Previous studies demonstrated
that S. enterica serovar Typhimurium infection caused accumu-
lation of cholesterol mass, as well as lanosterol (5), a biosyn-
thetic cholesterol precursor, in macrophages (Fig. 1A). We
also found that the levels of the nonsterol precursors squalene
and squalene oxide were elevated in infected cells (Fig. 1B).
Therefore, we examined whether inhibiting the cholesterol
biosynthetic pathway had any effect on the intracellular prolif-
eration of S. enterica serovar Typhimurium. We used lova-
statin, a drug that inhibits 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, a rate-limiting enzyme of the
mammalian sterol biosynthetic pathway (Fig. 1A). As expect-

FIG. 1. S. enterica serovar Typhimurium perturbs intermediates of
the host sterol biosynthetic pathway. (A) Mammalian sterol biosyn-
thetic pathway, showing steps inhibited by statins and TMD. (B) Con-
trol (solid line) and infected (dashed line) macrophages were incubat-
ed with [3H]mevalonate to label the host sterol biosynthetic pathway.
At 12 h postinfection, cellular lipids were extracted and analyzed by
HPLC (30°C) and scintillation counting. The data are representative of
the data from at least three independent experiments. (C) Macro-
phages were grown in control (solid line) or 30 �M lovastatin-treated
(dashed line) medium with [3H]acetate to label the host sterol biosyn-
thetic pathway. At 20 h postinfection, cellular lipids were extracted and
analyzed by HPLC (50°C) and scintillation counting. Abbreviations:
sq.o, squalene oxide; des, desmosterol; 7dc, 7-dehydrocholesterol; lan,
lanosterol; chol, cholesterol; sq, squalene.
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ed, lovastatin treatment of RAW 264.7 macrophages blocked
the sterol biosynthetic pathway (Fig. 1C); it also reduced the
intracellular proliferation of S. enterica serovar Typhimurium
6- to 10-fold (Fig. 2A). The inhibition could be reversed by
addition of mevalonate, indicating that there was a specific
requirement for a product of HMG-CoA reductase. S. enterica
serovar Typhimurium does not have the HMG-CoA reductase
gene (25), suggesting that the decreased intracellular bacterial
proliferation resulted from inhibition of the host pathway.
These data indicate that one or more components of the host
cholesterol biosynthetic pathway are required for S. enterica
serovar Typhimurium intracellular proliferation. Furthermore,
targeting this pathway resulted in clearance of intracellular
bacteria and/or infected cells in culture.

To elucidate the nature of the intermediates required, we
used the inhibitor TMD, which blocks the conversion of
squalene oxide to lanosterol (31) (Fig. 1A). TMD blocked
synthesis of all sterols in both infected and uninfected macro-
phages (5). However, it had no effect on S. enterica serovar
Typhimurium growth in macrophages (Fig. 2A). This finding
suggests that biosynthetic sterols are not essential for intracel-
lular proliferation of S. enterica serovar Typhimurium. Rather,
one or more prelanosterol intermediates must play a key role.

Next, we examined the effect of lovastatin on the time course
of infection. At 2 h postinfection, the numbers of bacteria in

treated cells were �60% of the numbers of bacteria in control
cells (0.54 � 106 and 0.89 � 106 bacteria/cell, respectively)
(Fig. 2B). By 20 h, the numbers of bacteria in treated cells were
more than 10-fold lower than the numbers of bacteria recov-
ered from untreated monolayers. This strongly suggests that
lovastatin has a minimal effect on bacterial entry. Rather, the
prominent inhibitory effect of this compound occurs during
intracellular growth. Furthermore, treatment with lovastatin
had no effect on the uptake of latex beads by macrophages
(Fig. 2C), suggesting that the drug does not affect endocytosis,
which is consistent with the lack of an effect on bacterial entry
into macrophages (Fig. 2B). Finally, even if the initial bacterial
inoculants were not opsonized, lovastatin blocked intracellular
bacterial replication (Fig. 2D), suggesting that the route of
bacterial entry into macrophages did not influence the inhibi-
tory effect of the drug. To further characterize the action of
lovastatin on bacteria and host cells, we examined its effect on
extracellular bacterial replication and the viability of unin-
fected macrophages. First, lovastatin had no effect on extra-
cellular bacterial growth in liquid broth culture (Fig. 3A). Sec-
ond, more than 80% of uninfected, lovastatin-treated host cells
remained viable, as measured by cellular respiration (Fig. 3B).
These data suggest that lovastatin is selectively detrimental to
infected cells and specifically blocks intracellular proliferation
of S. enterica serovar Typhimurium in macrophages.

Lovastatin induces host cell death in S. enterica serovar
Typhimurium-infected macrophages. The observation that lo-
vastatin blocked bacterial proliferation at late stages of intra-
cellular growth prompted us to look at host cell death as a
potential mechanism of inhibition. This is because S. enterica
serovar Typhimurium induces replication-dependent, late host
cell death in macrophages (27, 29). Early cell death is associ-
ated with bacterial invasion and is linked to the SPI-1 secreted
protein SipB (16). Late cell death (18 to 24 h postinfection) is
linked to SPI-2, since a SPI-2 null mutation largely reduces the
cytotoxicity caused by late-stage infection (27). While both
kinds of cell death caused by S. enterica serovar Typhimurium
are largely dependent on caspase-1, SPI-2 cell death can also
be independent of caspase-1 (27).

We used TUNEL to determine whether lovastatin induced
higher levels of DNA double-stranded cuts in Salmonella-in-
fected macrophages. Cells were infected with S. enterica sero-

FIG. 2. S. enterica serovar Typhimurium requires nonsterol inter-
mediates of host sterol biosynthesis. (A) Intracellular growth of S.
enterica serovar Typhimurium in RAW 264.7 macrophages treated
with various media and supplements. Growth is expressed as the num-
ber of bacteria recovered at 20 h relative to the number of bacteria
recovered at 2 h. (B) Intracellular growth curve for S. enterica serovar
Typhimurium infection in control (■ ) and 30 �M lovastatin-treated
(Œ) RAW 264.7 macrophages. (C) Phagocytosis of fluorescent latex
beads in control and 30 �M lovastatin-treated macrophages. The per-
centages indicate the percentages of bead-containing cells relative to
the total number of cells. (D) Intracellular growth of nonopsonized S.
enterica serovar Typhimurium in control or 30 �M lovastatin-treated
RAW 264.7 macrophages. The data are means � standard errors of
the means for three replicates.

FIG. 3. Statins specifically target the interaction between intracel-
lular bacteria and macrophages. (A) Extracellular growth curve for S.
enterica serovar Typhimurium in control (solid line) or 30 �M lovas-
tatin-treated (dashed line) broth cultures. OD600, optical density at 600
nm. (B) Viability of uninfected RAW 264.7 macrophages treated with
3 or 30 �M lovastatin, as measured by Alamar blue dye reduction. The
data are means � standard errors of the means for three replicates.
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var Typhimurium expressing green fluorescent protein (GFP)
and then were fixed and processed for TUNEL staining at 13 h
postinfection. We chose 13 h postinfection in order to mini-
mize the late-stage TUNEL-positive cell death linked to SPI-2
of S. enterica serovar Typhimurium and because we observed a
significant reduction in the number of bacteria recovered at
this time (Fig. 2B). Lovastatin caused a fivefold increase in the
number of TUNEL-positive, S. enterica serovar Typhimurium-
infected cells (25%) compared to the number of untreated
cells (5%) (Fig. 4), and 63% of the TUNEL-positive macro-
phages were infected. Uninfected cells showed insignificant
levels of TUNEL staining in the presence of lovastatin. Fur-
thermore, the lovastatin-induced cell death in infected cells
was approximately the same as the cell death seen in a glio-
toxin-treated positive control. These results imply that host cell
death is a potential mechanism for lovastatin’s inhibition of
intracellular bacterial proliferation. This is consistent with our
finding that lovastatin targets a host cell pathway that is per-
turbed and utilized by intracellular bacteria.

To address whether the TUNEL-positive cell death induced
by lovastatin required SPI-1 or SPI-2 genetic loci, we infected
control and lovastatin-treated cells with orgA or ssaT mutant
bacteria. The orgA mutant was deficient in SPI-1 genes (18),
while the ssaT mutant lacked a structural component of the
SPI-2-dependent type III secretion system and could not se-
crete any of the SPI-2 bacterial effector proteins (12). Lova-
statin induced the same rate of TUNEL-positive cell death in
orgA and ssaT mutant-infected macrophages that it induced in
cells infected with wild-type S. enterica serovar Typhimurium,
suggesting that the effect of this compound is independent of
both SPI-1 and SPI-2 (Fig. 4).

Physiologically relevant concentrations of lovastatin inhibit
proliferation of intracellular S. enterica serovar Typhimurium.
Most in vitro experiments with statins are done with concen-
trations of the drugs in the micromolar range (11, 21). How-
ever, treatment of hypercholesterolemia is effective when

nanomolar concentrations of a drug are achieved in human
plasma (26). To determine whether lovastatin is effective
against S. enterica serovar Typhimurium at concentrations nor-
mally achieved in plasma, we treated RAW 264.7 macrophages
for 3 days with 50 nM lovastatin, replacing the medium and
drug every 24 h. After 3 days, control and lovastatin-treated
macrophages were infected with S. enterica serovar Typhi-
murium (expressing GFP) and then examined after 20 h. To
directly monitor bacterial growth in the presence of lovastatin,
we evaluated infected monolayers by fluorescence microscopy.
After 20 h, only 10% of infected cells in the lovastatin-treated
sample had large vacuoles (20 to 200 bacteria), compared to
40% of the untreated control cells (Fig. 5). Small vacuoles (one
to five bacteria) were predominant in lovastatin-treated cells.
Thus, even at a nanomolar concentration, lovastatin reduced
proliferation of intracellular S. enterica serovar Typhimurium.
In addition, intracellular growth assays (data not shown) con-
firmed that treatment of macrophages with 50 nM lovastatin
resulted in 6- to 10-fold reductions in the number of bacteria at
20 h, which were comparable to the reductions obtained with
30 �M lovastatin (Fig. 2A and B).

Statins limit bacterial proliferation in the S. enterica serovar
Typhimurium mouse model. The S. enterica serovar Typhi-
murium mouse model is a well-characterized animal system
with which to examine bacterial virulence. A variety of bacte-
rial virulence determinants have already been characterized by
using this model, including SPI-1 and SPI-2 secretion mutants
(19, 32). SPI-2 mutants have reduced virulence in macrophages
and are severely deficient in dissemination to peripheral tis-
sues, such as the spleen and liver, after oral and intraperitoneal
infection (3, 8). These findings emphasize the importance of
intramacrophage survival in systemic spread of S. enterica se-
rovar Typhimurium and the ability of this organism to cause
disease.

Since statins inhibited bacterial infection within cultured
macrophages, we decided to examine the ability of these agents
to reduce S. enterica serovar Typhimurium growth in mice. We
used atorvastatin as a second statin for these studies because it
is the most commonly prescribed statin and is well tolerated in
animals (2, 7). While a common dose of atorvastatin in humans
is 80 mg/day (about 1 mg/kg/day), previous data have shown

FIG. 4. Statins induce host cell death in S. enterica serovar Typhi-
murium-infected macrophages. Macrophages were plated, treated with
30 �M lovastatin, and infected with various strains of GFP-expressing
S. enterica serovar Typhimurium. At 13 h postinfection TUNEL-
stained cells were analyzed by fluorescence microscopy. The bars in-
dicate the results for a minimum of 100 uninfected cells (solid bars)
and 100 infected cells (gray bars) obtained from counting TUNEL-
positive cells in each monolayer. The data are means � standard errors
of the means for three slides. Abbreviations: Un, uninfected monolay-
ers; WT, wild-type bacterium-infected monolayers.

FIG. 5. Statins inhibit bacterial infection at physiologically relevant
concentrations. RAW 264.7 macrophages were treated with 50 nM
lovastatin (gray bars) or the vehicle control (solid bars) for 3 days prior
to infection with GFP-expressing S. enterica serovar Typhimurium for
20 h and then were examined by fluorescence microscopy. For each
sample, 100 infected cells were counted, and the numbers of bacteria
in individual cells were assigned to one of three categories: 1 to 5
bacteria, 6 to 15 bacteria, or 20 to 200 bacteria. The data are means �
standard errors of the means for three slides.
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that due to an alteration in the kinetics of HMG-CoA reduc-
tase, higher doses of statins are required in rodents (7, 10). In
previous studies workers have used a 10-mg/kg/day dose of
atorvastatin to reduce stroke (23) and autoimmune disease
(42) in mice. Toxicity studies with rodents have indicated that
the minimum toxic doses are more than 100 mg/kg/day. Tox-
icity has not been associated with atorvastatin administered to
rodents at a dose of 1 or 10 mg/kg/day (6, 9). Therefore, we
used a dose of 10 mg/kg/day. Mice were treated subcutaneously
with atorvastatin or a vehicle control for 7 days prior to infec-
tion with S. enterica serovar Typhimurium by intraperitoneal
injection. The intraperitoneal route of infection allowed S.
enterica serovar Typhimurium to bypass the innate immune
defenses in the gut-associated lymphoid tissue and gave the
bacteria immediate access to peritoneal macrophages. No drug
toxicity was observed during the course of the experiments.
Treatment was continued for 2 days postinfection, the mice
were sacrificed, and specific organs were plated on selective
media for enumeration of bacteria. The spleens of atorvasta-
tin-treated mice contained 65% less bacteria than the spleens
of controls contained (1.1 � 107 and 3.2 � 107 bacteria/g of
tissue, respectively; P � 0.02), while the livers contained 62%
less bacteria than the control livers contained (2.1 � 106 and
5.5 � 106 bacteria/g tissue, respectively; P � 0.02) (Fig. 6).
Even with the relatively short 48-h infection, we observed a
more-than-60% reduction in the number of bacteria in the
spleens and livers of statin-treated mice. Although we used a
larger infectious dose (1 � 105 bacteria), our results are com-
parable to the �80% reduction in S. enterica serovar Typhi-
murium levels seen in the spleens of mice inoculated with 2 �
104 bacteria and treated with the antibiotic ciprofloxacin at a
dose of 6 mg/kg/day (4). For a parallel mouse infection in the
absence of pretreatment we detected no significant difference
in the number of bacteria recovered between control and drug-
treated animals (data not shown). This suggests that at this
dose of drug and bacteria, pretreatment with statin is necessary
for a reduction in bacterial growth in vivo.

Blood analysis indicated that serum cholesterol levels were
not significantly altered in vehicle-treated mice compared with
atorvastatin-treated mice (165 � 30 and 154 � 16 mg/dl, re-
spectively). This is in agreement with the finding that statins do

not reduce overall plasma cholesterol levels in mice, as they do
in humans (due to very low levels of low-density lipoproteins in
rodents) (22). However, they do block host HMG-CoA reduc-
tase and the sterol biosynthetic pathway, which is presumably
the basis of the statins’ inhibitory effect on bacterial prolifer-
ation. In addition, previous studies have demonstrated that
administration of statin to mice blocks the sterol biosynthetic
pathway in peritoneal macrophages (20). These data validate
our findings obtained with lovastatin and cultured macro-
phages and suggest that statins can reduce S. enterica serovar
Typhimurium growth in animals independent of lowering cho-
lesterol levels.

DISCUSSION

Here we show that intracellular infection by S. enterica se-
rovar Typhimurium results in disruption of the host sterol
biosynthetic pathway. Statins, which block this pathway by in-
hibition of HMG-CoA reductase, reduce the intracellular
growth of S. enterica serovar Typhimurium in cultured macro-
phages and in a mouse model (Fig. 7). The in vivo effect of
statins on proliferation suggests that they may target bacterial
dissemination by macrophages, a key step in systemic disease.
To our knowledge, this is the first example of the use of a host
metabolic pathway as a drug target to block intracellular bac-
terial proliferation.

In addition to their cholesterol-lowering effects, statins have
received attention for their abilities to promote vascular health
in the areas of atherosclerosis (1), stroke (17), and coronary
artery disease (33) (Fig. 7). In one study the workers reported
a significant reduction in mortality due to bacteremia in pa-
tients taking statins (24). However, the mechanisms underlying
these effects were not elucidated. Our studies suggest that
statins’ effects on bacteria may reflect a need for nonsterol
intermediates in critical host-pathogen interactions in vitro and
in vivo.

Cholesterol and other sterols from the host biosynthetic
pathway are not required by S. enterica serovar Typhimurium
during intracellular infection, as demonstrated by the experi-
ments with TMD. Furthermore, cholesterol is recruited to the
SCV in TMD-treated cells (5), suggesting that cholesterol de-
livered to the vacuole must come from other sources, such as
the plasma membrane (where 90% of cholesterol resides) or
low-density lipoprotein. The requirement for prelanosterol in-
termediates implicates other major branches of the host cho-
lesterol biosynthetic pathway. One such branch involves the
generation of isoprenoid compounds from farnesyl and geranyl
pyrophosphate (Fig. 1A). S. enterica serovar Typhimurium has
the genes for isoprenoid synthesis (via the 1-deoxy-D-xylulose
5-phosphate pathway), but it is unclear whether they and/or
their products are exported or even expressed during intracel-
lular growth. Host isoprenyl groups can be transferred to a
variety of proteins that contain the appropriate carboxy-termi-
nal CAAX motif, including Ras, Rho, Rac, and Rab proteins,
which bind GTP and modulate a wide range of host signaling
pathways (35, 36). Several of these proteins, including Cdc42,
Rac, Rab5, and Rab7, are known to interact with Salmonella or
Salmonella effectors during invasion and intracellular growth
(14, 43). Modulation of small GTPases is a common strategy
employed by a variety of bacterial pathogens, and statin inhi-

FIG. 6. Statins reduce S. enterica serovar Typhimurium growth in
vivo. Female BALB/c mice were given 10 mg of atorvastatin per kg per
day or the vehicle control by subcutaneous injection for 9 days. The
mice were infected intraperitoneally with 1 � 105 bacteria on day 7 and
then sacrificed on day 9. Spleens (A) and livers (B) were plated on
selective media to determine the number of bacteria per gram of
tissue. The horizontal lines indicate the means (nine mice per group;
P � 0.02).
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bition of their prenylation may block critical host-pathogen
interactions, thereby reducing infection.

It was shown recently that a geranylgeranyltransferase inhib-
itor could reduce the disruption of polarized epithelial barriers
caused by S. enterica serovar Typhimurium, thus decreasing
SPI-1-dependent bacterial invasion in vitro (37). In contrast,
the primary inhibitory effect which we observed with statins
occurs late during intracellular growth and is prominent in
macrophages, which engulf bacteria by an SPI-1-independent
mechanism. We observed a high level of association between
cathepsin D and the SCV in infected macrophages treated with
lovastatin (Fig. 8), suggesting that the treatment may compro-
mise the trafficking status of the vacuole. In addition, the
antibacterial effects of statins may be linked to induction of

apoptosis in infected cells, although the underlying mecha-
nisms remain unknown. The finding that statin-induced cell
death is independent of SPI-1 and SPI-2 suggests that it may be
regulated by bacterial effectors from other pathogenicity is-
lands or by the host cell itself. Finally, statins reduce bacterial
growth with respect to spread to the liver and spleen in an
acute mouse model of infection. This suggests that they have
the capacity to act beyond the gut epithelium and influence
systemic infection.

While the in vivo experiments with atorvastatin-treated mice
validated the effects which we observed with cultured macro-
phages, they did not preclude the possibility that other mech-
anisms may also contribute to the protective effect of statins
during bacterial infection. Recently, Youssef et al. demon-
strated that treatment of mice with atorvastatin promoted a
Th2 immune response, resulting in reversal of paralysis in a
central nervous system autoimmune disease (42). This finding
is particularly interesting considering that Salmonella initiates
a Th1-like inflammatory response to cause disease in the mouse
model. Salmonella infection of macrophages promotes the re-
lease of the inflammatory cytokines interleukin 1� (IL-1�) and
IL-18, a caspase-1-dependent process that is underscored by
the reduction in bacterial virulence in caspase-1-deficient mice
(28). In addition, it has been shown that lovastatin blocks
lipopolysaccharide-induced expression of tumor necrosis fac-
tor alpha, IL-1�, IL-6, and inducible nitric oxide synthase in rat
primary macrophages (30). Thus, in vivo, statins may target
several mechanisms to reduce bacterial growth.
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FIG. 7. Statins and bacterial infection: model illustrating the effects of statins on S. enterica serovar Typhimurium infection in vitro and in vivo.
Control (top right) or statin-treated (bottom left) macrophages were infected with bacteria (green) for 13 h, stained for cholesterol (cyan) and
TUNEL-positive nuclei (red), and used to create three-dimensional models. Nuclei (N) are indicated. Statin-dependent effects that may contribute
to bacterial clearance are also indicated (TNF-�, tumor necrosis factor alpha; MHC II, major histocompatibility class II). In addition, proposed
effects of statins on the vasculature are indicated (eNOS, endothelial nitric oxide synthase; SMCs, smooth muscle cells; ICAM, intercellular
adhesion molecule; VCAM, vascular cell adhesion molecule).

FIG. 8. Lovastatin increases the association between the SCV and
cathepsin D. Control macrophages or macrophages treated with lova-
statin (30 �M) were infected with S. enterica serovar Typhimurium. At
13 h postinfection, cells were processed for immunofluorescence mi-
croscopy and stained with an antibody to cathepsin D. Representative
cells are shown. Scale bars 	 5 �m.
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