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Francisella tularensis is a facultative intracellular bacterium capable of inducing apoptosis in murine
macrophages. Here we analyzed the pathway leading to apoptosis in the murine macrophage-like cell line
J774A.1 after infection with F. tularensis strain LVS (named LVS for live vaccine strain). We obtained evidence
that the infection affected the mitochondria of the macrophages, since it induced release of the mitochondrial
molecule cytochrome c into the cytosol and changed the potential over the mitochondrial membrane. Moreover,
activation of caspase 9 and the executioner caspase 3 was also observed in the LVS-infected J774A.1 macro-
phages. The activated caspase 3 degraded poly(ADP-ribose) polymerase (PARP). All of these events were
observed within 9 to 12 h after the initiation of infection, and maximum degradation of a synthetic caspase 3
substrate occurred at 18 h. The internucleosomal fragmentation and PARP degradation resulting from
activation of this apoptotic pathway was prevented by the caspase 3 inhibitor Z-DEVD-fmk. No involvement of
caspase 1, caspase 8, Bcl-2, or Bid was observed. Thus, the F. tularensis infection induces macrophage apoptosis
through a pathway partly resembling the intrinsic apoptotic pathway.

Apoptosis is an evolutionarily conserved form of cell death
(41) that depends upon the successive activation of a family of
cysteine proteases (caspases) and occurs when a cell receives
any of a variety of death signals (2, 14). Two main apoptotic
pathways have been identified: an intrinsic (mitochondrial)
pathway and an extrinsic (death receptor-mediated) pathway
(2, 21). The intrinsic pathway engages the mitochondria to
integrate different proapoptotic signals resulting from, for ex-
ample, developmental programs, environmental stimuli, or se-
nescence (11). It requires the release of cytochrome c from the
mitochondrial intermembrane space to the cytosol (18, 25),
and this release is a key event in the formation of the apopto-
some consisting of cytochrome c, the apoptotic protease-acti-
vating factor 1, and procaspase 9 (2). This assembled complex
leads to the autoactivation of procaspase 9, which in turn may
activate effector caspases, such as caspase 3, 6, and/or 7 (36).

The extrinsic pathway is initiated via death receptor ligation
and the subsequent formation of the death-inducing signaling
complex that ultimately activates caspase 8 (21, 28). Depend-
ing on the cellular context, caspase 8 can directly activate
caspase 3 to initiate degradation of a wide variety of substrates
without mitochondrial involvement (2, 32), or it can cleave Bid,
one of the proapoptotic Bcl-2 family members, to its truncated
form which facilitates release of cytochrome c from mitochon-
dria (12, 24). Regardless of how apoptosis is induced, the
terminal events are usually similar, i.e., chromatin fragmenta-
tion, poly(ADP-ribose) polymerase (PARP) cleavage, and nu-
clear hypercondensation (33).

Numerous studies have shown that facultative intracellular

bacteria may induce apoptosis in many types of host cells (for
recent reviews, see references 9, 19, 29, and 42). The time span
between the initiation of infection and onset of apoptosis var-
ies for each pathogen, which probably reflects the diversity of
the pathogenicity mechanisms that are involved in a given type
of infection. For example, Salmonella has developed unique
means to induce rapid or delayed macrophage cell death, with
each method involving pathways leading to caspase activation
(15, 17, 29, 31, 40). Legionella pneumophila and Yersinia, on the
other hand, induce macrophage apoptosis from an extracellu-
lar location by activating caspase 8 and caspase 3 (4, 8, 30).

Francisella tularensis is a highly virulent, facultative intracel-
lular bacterium and is the etiological agent of the zoonotic
disease tularemia (7, 38). Previous studies have demonstrated
that the bacterium survives in intracellular vacuoles and is
capable of preventing the fusion of phagosomes and lysosomes
(1), but little is known about how the bacterium survives and
ultimately kills host cells (34). In a recent study, we have shown
that although there is little or no intracellular F. tularensis
multiplication during the first 12 h of infection, rapid bacterial
proliferation ensues thereafter (23). Concomitantly with this
late rapid bacterial multiplication, signs of apoptosis can be
detected in the infected J774A.1 macrophage-like cells (23).
Likewise, the F. tularensis infection leads to similar cytopatho-
genic effects in murine peritoneal exudate cells and RAW264.7
macrophages (unpublished data). In the present study, we ex-
plored the molecular mechanisms leading to host cell death.

MATERIALS AND METHODS

Bacterial strain and growth condition. The F. tularensis LVS strain was sup-
plied by the U.S. Army Medical Research Institute of Infectious Diseases (Fort
Detrick, Frederick, Md.) and stored at �70°C. For each experiment, LVS bac-
teria from a fresh culture on modified Thayer-Martin agar (6) were cultivated
overnight at 37°C in liquid Chamberlain medium (3), pelleted by centrifugation,
resuspended in Ham’s F-10 medium, and added to J774A.1 macrophage cell
cultures. The number of bacterial CFU was determined retrospectively by count-
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ing the colonies on agar plates. F. tularensis bacteria were inactivated by formalin
treatment (10% for 40 min) and added to the cell monolayer after the monolayer
was washing with cell culture medium three times. The bactericidal effect of the
fixation was verified by plating.

Infection of J774A.1 macrophages with F. tularensis. The murine macrophage
cell line J774A.1 (American Type Culture Collection, Manassas, Va.) was culti-
vated in Ham’s F-10 medium (Gibco-BRL, Grand Island, N.Y.) supplemented
with 10% fetal calf serum and 100 U of penicillin ml�1 at 37°C with 5% CO2.
One day before infection with bacteria, cells were released by scraping and
seeded into new wells using antibiotic-free medium. Preliminary analyses indi-
cated that a multiplicity of infection (MOI) of 500 was needed to ensure that the
majority of cells were infected (detectable F. tularensis in �90% of the cells),
whereas only 15 to 20% of the cells contained bacteria at an MOI of 50. After
overnight incubation, cultures of J774A.1 cells were established, the cell medium
was removed, and Ham’s F-10 medium containing F. tularensis bacteria was
added to cell cultures at a designated MOI of 500 (time zero). After 2 h of
incubation with F. tularensis bacteria, the cells were washed and incubated in
Ham’s F-10 medium with 10 �g of gentamicin (Gibco-BRL) ml�1. Under the
experimental conditions used, this concentration of gentamicin has been found
not to affect the intracellular replication of F. tularensis. In some experiments,
cells were treated with 1 �g of cytochalasin D (Sigma, Madison, Wis.) ml�1 for
30 min prior to infection, during the 2-h incubation with F. tularensis, and for
another hour after washes. The infected cells were incubated until the time
points specified.

Subcellular fractionation. Cells were scraped, collected, and resuspended in
phosphate-buffered saline (PBS). The washed cell pellet was resuspended in
reticulocyte standard buffer (RSB) (100 mM Tris-HCl [pH 7.5], 10 mM NaCl, 1.5
mM MgCl2) containing mini-complete protease inhibitor cocktail (Roche Mo-
lecular Biochemicals). The cells were then passed 10 times through a 26-gauge
needle, and the cytoplasm was separated from the nuclei by centrifugation at
4,000 � g at 4°C for 10 min (10).

Measurements of mitochondrial permeability transition. Following infection,
approximately 106 J774A.1 cells were mixed with 5 �g of Mitosensor reagent in
buffer (ApoAlert mitochondrial membrane sensor kit; Clontech Laboratories,
Palo Alto, Calif.) by vortexing and then incubated at 37°C for 30 min. Cells were
then washed and resuspended in incubation buffer and immediately analyzed by
flow cytometry using a Becton-Dickinson FacScan machine. The Mitosensor
reagent is taken up in the mitochondria of healthy cells and exhibits red fluo-
rescence, whereas it remains in the cytoplasm of apoptotic cells in a monomeric
form and exhibits green fluorescence.

Immunoblot analysis. Uninfected or infected J774A.1 macrophages were col-
lected, pelleted by centrifugation at 2,000 rpm (centrifuge model Z200A; Hermle
Labortechnik GmbH, Wechingen, Germany) for 6 min, washed once, and resus-
pended in cold PBS buffer containing protease inhibitors (aprotinin [15 �M],
leupeptin [20 �M], and pepstatin [15 �M]; Sigma). Equivalent amounts of
proteins from whole-cell lysates of the same preparation batch were mixed with
an equal volume of 2� Laemmli sample buffer, boiled, and resolved by electro-
phoresis in sodium dodecyl sulfate-polyacrylamide gels. After electrophoresis,
the gels were blotted onto a 0.2-�m-pore-size polyvinylidene difluoride mem-
brane with a semidry blotter (C.B.S. Scientific Co.). The membrane was blocked
in PBS containing Tween and 5% milk powder overnight at room temperature
and probed with the following antibodies separately: murine polyclonal anti-
serum raised against cytochrome c (BD PharMingen), Bcl-2, and Bcl-X (Trans-
duction Laboratory); rabbit antiserum against poly(ADP-ribose) polymerase
(PARP) (Roche Molecular Biochemicals), caspase 1 (Santa Cruz Biotechnology,
Santa Cruz, Calif.), or caspase 9 (Cell Signaling Technology, Beverly, Mass.); or
goat antisera against caspase 3 and Bid (Santa Cruz Biotechnology). Primary
antibody binding was detected with horseradish peroxidase-conjugated donkey
anti-goat immunoglobulin G (IgG) (caspase 3 and Bid), donkey anti-rabbit IgG
(PARP, caspase 1, and caspase 9), sheep anti-mouse IgG (cytochrome c, Bcl-2,
and Bcl-X) and visualized by using the enhanced chemiluminescence ECL Plus
kit according to the manufacturer’s instructions (Amersham Pharmacia Biotech).
After blotting, gels were visualized by Coomassie R-250 blue staining to check
the blotting efficiency and indirectly check the loading amount of protein sam-
ples. Films and dried polyacrylamide gels were scanned and imported into Adobe
Photoshop.

Caspase activity assay. Infected and uninfected J774A.1 macrophages were
collected, washed with ice-cold PBS, and resuspended in 50 �l of lysis buffer
(colorimetric CaspACE assay system; Promega). Complete lysis was performed
by three rounds of freeze-thawing, and the supernatant fraction was collected
after centrifugation at 13,000 rpm (Biofuge Heraeus; Kendro Products GmbH,
Hanau, Germany) for 20 min. Caspase 3 and 8 activity was measured according
to the instructions of the manufacturer by using acetyl-Asp(methyl ester [OMe])-

Glu(OMe)-Val-Asp(OMe)-p-nitroaniline (Ac-DEVD-pNA) and Ac-IETD-pNA
(colorimetric CaspACE assay system; Promega), respectively.

Caspase 3 inhibition assay. Cells were treated with a 100 �M concentration of
the caspase 3 inhibitor Z-DEVD-fmk or Z-IETD-fmk (Kamiya Biochemical
Company, Seattle, Wash.) for 90 min before incubation with bacteria, and the
inhibitor was kept in the cell medium after the addition of bacteria and after
washing of cells.

DNA fragmentation. J774A.1 macrophages (5 � 106 to 1 � 107) in 100-mm-
diameter petri dishes were infected, and DNA was extracted by a previously
described protocol for extraction of eukaryotic DNA (22) with some modifica-
tions. The collected cells together with their supernatants were treated with 1 ml
of lysis buffer (1% NP-40 in 20 mM EDTA–50 mM Tris-HCl [pH 7.5]) at 37°C
for 1 h. The lysates were first concentrated with 2-butanol and then extracted
with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol)
before precipitation with ethanol plus 1/10 volume of 3 M sodium acetate (pH
4.6) and 1/100 volume of 1 M magnesium chloride. The precipitates were dried
and solubilized in sterile water. Electrophoresis was performed in a 1.5% agarose
gel, and the bands were visualized by UV light after ethidium bromide staining
and then photographed.

Growth kinetics and infectivity of F. tularensis in J774A.1 macrophages. F.
tularensis infections were performed in triplicate wells in 24-well plates contain-
ing 2 � 105 J774A.1 cells per well. The number of F. tularensis in the monolayers
was determined by lysis of cells with PBS-buffered 0.1% sodium deoxycholate
solution for 2 min and plating of 10-fold dilutions on agar plates. To determine
the number of intracellular bacteria at various MOIs, an immunofluorescence
technique has previously been applied (39). At an MOI of 500, it was shown that
a mean of 95% of J774 cells contained intracellular bacteria, and by plating, it
was determined that, on average, each cell contained 2.1 bacteria after washing.

RESULTS AND DISCUSSION

F. tularensis-induced apoptosis of J774A.1 macrophages in-
volves release of mitochondrial cytochrome c and perturbation
of the mitochondrial membrane potential but does not involve
Bid or caspase 8. We previously demonstrated that F. tularensis
induces apoptosis in murine macrophages in a time- and in-
fection dose-dependent manner (23). To further dissect the
molecular mechanisms of F. tularensis-mediated apoptosis in
J774A.1 macrophages, we examined the possible involvement
of early events of the intrinsic or extrinsic apoptotic pathways
by time course experiments. Since the release of cytochrome c
from the mitochondria to the cytosol is an early step in the
intrinsic apoptotic pathway (43), we measured the levels of
cytochrome c in the cytosolic fractions of macrophages by
Western blot analysis. The level of released cytochrome c in F.
tularensis-infected J774A.1 macrophages was similar to the
level in uninfected cells at 6 h postinfection, increased gradu-
ally after 12 h, and reached its peak at 18 h (fourfold higher),
which was similar to the level in cells treated with an inducer of
apoptosis, staurosporine (Fig. 1A).

Another effect of mitochondrial involvement in induction of
apoptosis is the perturbation of the mitochondrial transmem-
brane potential (27). We measured this potential by incubating
samples with a Mitosensor dye which will be taken up and
exhibit red fluorescence by cells with a normal mitochondrial
membrane potential. No significant change of the membrane
potential was observed in infected cells at 6 or 12 h after
infection (data not shown), whereas the potential was signifi-
cantly decreased at 18 h (Fig. 1B). At this time point, only 10%
of F. tularensis-infected J774A.1 macrophages were Mitosen-
sor dye positive compared to 46% in uninfected cells.

Caspase 8 has a central role in the death receptor-mediated
extrinsic apoptotic pathway (2); therefore, we measured
caspase 8 activity in J774A.1 macrophages by using a caspase
8-specific substrate, Ac-IETD-pNA. No increase of substrate
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degradation was observed at 6, 12, or 18 h after infection
compared to the positive-control cells treated with tumor ne-
crosis factor alpha and cycloheximide, and in fact, levels were
lower than those of uninfected macrophages (data not shown).

Bid bridges the extrinsic pathway with its intrinsic, mito-
chondrial counterpart when caspase 8 activation is insufficient
(24). There was no truncated form of Bid present in samples
from F. tularensis-infected J774A.1 cells at 6, 12, or 18 h after
infection (data not shown). Recent studies suggest that Bcl-2
family members may play a role in cytochrome c release (11,
20). To this end, we checked the expression of Bcl-2 and Bcl-x,
but the levels of these two proteins in F. tularensis-infected
J774A.1 macrophages did not differ from those of uninfected
controls by Western blot analysis (data not shown).

Collectively, these results demonstrate that mitochondria
are involved in F. tularensis-induced apoptosis, as evidenced by
the release of cytochrome c and a change in the transmem-
brane potential. The immediate upstream signal(s) for induc-
ing mitochondrial changes remains to be identified, but it does
not involve Bid, Bcl-2, Bcl-x, or caspase 8. Therefore, we find
no evidence that the death receptor-mediated extrinsic apo-
ptotic pathway is involved in F. tularensis-induced apoptosis.

F. tularensis-induced apoptosis in J774A.1 macrophages re-
sults in activation of caspase 9 and 3 and degradation of
PARP. The release of mitochondrial cytochrome c into the
cytosol appears to be a critical event in recruiting the apoptotic

protease-activating factor 1 and procaspase 9 that, together
with cytochrome c, form the apoptosome complex; formation
of the apoptosome complex in turn results in activation of
caspase 9 (26). Thus, we monitored the cleavage of procaspase
9 by Western blot analysis. The 39-kDa cleaved product of
procaspase 9 was first observed at 12 h after infection, and the
amount of this cleaved fragment increased at 15 and 18 h (Fig.
2A).

A hierarchy of caspase activation events occurs subsequent
to caspase 9 activation (5, 26, 35, 36). Accordingly, we analyzed
the involvement of a key executioner caspase, caspase 3, in the
apoptotic pathway. The cleaved product of the 32-kDa pro-
caspase 3, a 17-kDa protein, was faintly detected at 9 h postin-
fection using Western blot analysis and accumulated thereafter
in samples of F. tularensis-infected J774A.1 macrophages (Fig.
2B).

We also examined the possibility of any involvement of the
proinflammatory caspase 1, since it is critical for the host cell

FIG. 1. Release of cytochrome c and perturbation of the mitochon-
drial membrane potential in F. tularensis-infected J774A.1 macrophage
cells. (A) Cytochrome c (Cyt-C) was enriched in cytoplasmic prepara-
tions from F. tularensis-infected J774A.1 macrophages. J774A.1 mac-
rophages were infected for 2 h with F. tularensis LVS (F.t.) at an MOI
of 500, and at indicated time points, the cytoplasmic portions were
analyzed for cytochrome c by immunoblotting. Positive-control cells
were treated with 1 �g of staurosporine (Stau) ml�1 for 12 h, and a
sample of uninfected cells (Mock) were prepared at 18 h. Relative
band intensity was analyzed using a Gel-Pro analyzer (version 3.1;
Media Cybernetics L.P., Silver Spring, Md.), and the mock band level
was set at 1.0. (B) Mitochondrial membrane potential was disturbed in
infected macrophage cells. Eighteen hours after infection, cells were
collected and stained with Mitosensor dye to measure mitochondrial
membrane potential. Fluorescence-activated cell sorting analysis
showed that only 10% of infected cells exhibited intense red fluores-
cence compared to uninfected cells (46%). FL3-H, red fluorescence
intensity; M1, quantification marker of strongly fluorescent cells.

FIG. 2. (A to C) Kinetic analysis of caspase activation from prote-
olysis in J774A.1 macrophages after Francisella infection. Cells were
infected and collected, and cell extracts were prepared at the indicated
time points (in hours; indicated over the blots) and analyzed by West-
ern blot analysis. (A) Involvement of caspase 9 (Casp 9) in the F.
tularensis-induced apoptotic pathway of J774A.1 macrophages. The
39-kDa fragment represents the cleaved product. (B) Cleavage of
procaspase 3 into active caspase 3 in F. tularensis-infected J774A.1
macrophages. Cell lysates were analyzed for cleavage of procaspase 3
using immunoblots with anti-caspase 3 antibodies. (C) No detectable
cleavage of caspase 1 in infected J774A.1 macrophages. (D) Caspase 3
activity in F. tularensis-infected cells. Positive-control cells were treated
with 1 �g of staurosporine (Stauro) ml�1 for 12 h. The other samples
were processed at 18 h. The cells were treated as follows: not infected
(Mock), infected with F. tularensis (F.t.), infected plus treated with
Ac-DEVD-DEVD (fluoromethyl ketone [fmk]), and treated with
killed F. tularensis (Killed). Values are the means � standard devia-
tions (error bars) from three samples (error bars of mock-infected cells
and cells treated with killed F. tularensis not visible).
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death observed in experimental Shigella or Salmonella infec-
tion models (15, 16, 29). However, no cleavage of procaspase
1 was observed in the F. tularensis-infected J774A.1 cells (Fig.
2C).

To further corroborate the involvement of caspase 3 and
examine the level of its activity, we monitored cleavage of a
synthetic caspase 3 substrate, Ac-DEVD-pNA, in F. tularensis-
infected cells. Cell lysates were prepared at different time
points and incubated with the substrate. Time course experi-
ments revealed that the increase of caspase 3 activity in in-
fected J774A.1 macrophages was detectable at 9 h after infec-
tion and became more pronounced thereafter, whereas the
activity remained at the basal level before this time point (data
not shown). Its activity in infected cells at a late time point (18
h) was as high as that of the positive-control cells treated with
the known apoptosis inducer staurosporine (Fig. 2D). Activa-
tion of caspase 3 occurred only after internalization of viable F.
tularensis bacteria, since phagocytosis of killed F. tularensis did
not activate caspase 3 (Fig. 2D) and cytochalasin D treatment
decreased the level of its activity after infection (data not
shown).

Activation of caspases often leads to degradation of various
substrates (14, 37), and PARP is a substrate crucial for cell
death (13). The cleaved 89-kDa fragment of PARP became
evident at 12 h and increased thereafter (data not shown).

Taken together, a critical role for caspase 3 was identified in
F. tularensis-induced macrophage apoptosis. Its importance
was further corroborated by the demonstration that the
caspase 3 inhibitor Ac-DEVD-fmk prevented the elevation of
caspase 3 activity (Fig. 2D) and inhibited DNA fragmentation
and PARP degradation in the infected cells (data not shown).
The addition of the inhibitor did not affect the release of
cytochrome c as determined by Western blot analysis (data not
shown). This indicates that caspase 3 activation is an event
subsequent to the release of cytochrome c.

Host cell apoptosis results from infections caused by several
bacterial pathogens, but the molecular pathways and kinetics
of F. tularensis-induced apoptosis appear to be distinct from
those of other pathogens. For example, the lack of involvement
of caspase 1 distinguishes it from the macrophage cell death
pathway induced by Shigella or Salmonella infection (15, 16).
Macrophage apoptosis induced by Yersinia enterocolitica re-
sults in a downstream cascade similar to that induced by F.
tularensis, but it involves the truncation of Bid and can be
inhibited by use of the pan-caspase inhibitor VAD-fmk, but
not DEVD-fmk (4). Unlike F. tularensis, L. pneumophila in-
duces macrophage apoptosis by an extracellular mechanism
that leads to activation of caspase 8 and caspase 3 (8, 30).

We previously demonstrated that F. tularensis induces apo-
ptosis in murine macrophages in a time- and infection dose-
dependent manner (23). In the present study, we show that the
initial activation of apoptosis occurred 9 to 12 h after the
uptake of bacteria. This rather long delay suggests that apo-
ptosis is triggered by intracellularly located bacteria and that
direct binding of F. tularensis or other effects mediated by
extracellular bacteria are not the initiating event for apoptosis
induction. The early apoptotic events include release of cyto-
chrome c into the cytosol, perturbation of the mitochondrial
potential, and subsequent activation of caspase 9 and caspase
3. This indicates that the pathway of F. tularensis-induced apo-

ptosis involves the mitochondria and activation of a down-
stream caspase cascade, particularly the activation of the exe-
cutioner caspase 3, thereby resembling the intrinsic apoptotic
pathway.
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