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The Salmonella effector protein SopB has previously been shown to induce activation of Akt and protect
epithelial cells from apoptosis in vitro. To characterize the role of Akt2 in host defense against Salmonella
enterica serovar Typhimurium infection, wild-type (WT) mice and mice lacking Akt2 (Akt2 knockout [KO]
mice) were infected using a Salmonella acute gastroenteritis model. Infected Akt2 KO mice showed a more
pronounced morbidity and mortality associated with higher bacterial loads in the intestines and elevated levels
of proinflammatory cytokines, including tumor necrosis factor alpha (TNF-�), gamma interferon (IFN-�), and
MCP-1, in the colons at 1 day postinfection compared to those shown in WT mice. Histopathological assess-
ment and immunohistochemical analysis of cecal sections at 1 day postinfection revealed more severe inflam-
mation and higher levels of neutrophil infiltration in the ceca of Akt2 KO mice. Flow cytometry analysis further
confirmed an increase in the recruitment of Gr-1� CD11b� neutrophils and F4/80� CD11b� macrophages in
the intestines of infected Akt2 KO mice. Additionally, enhanced levels of annexin V� and terminal transferase
dUTP nick end labeling-positive (TUNEL�) apoptotic cells in the intestines of infected Akt2 KO mice were also
observed, indicating that Akt2 plays an essential role in protection against apoptosis. Finally, the differences
in bacterial loads and cecal inflammation in WT and Akt2 KO mice infected with WT Salmonella were abolished
when these mice were infected with the sopB deletion mutant, indicating that SopB may play a role in protecting
the mice from Salmonella infection through the activation of Akt2. These data demonstrate a definitive
phenotypic abnormality in the innate response in mice lacking Akt2, underscoring the important protective
role of Akt2 in Salmonella infection.

Salmonella enterica is a Gram-negative facultative intracel-
lular bacterial pathogen capable of infecting a number of hosts
and causing significant morbidity and mortality globally (12). S.
enterica serovar Typhimurium infection in humans is typically
acquired by ingestion of contaminated food or water, leading
to acute gastroenteritis with clinical manifestations of diarrhea,
abdominal pain, nausea, and vomiting (12, 49). After ingestion,
Salmonella reaches the small intestine, where it invades the
mucosa by penetrating the epithelial barrier through microfold
(M) cells, which subsequently transport it to lymphoid cells in
the underlying Peyer’s patches (29, 34), where the bacteria
multiply and disseminate throughout the body. Such bacterial
cell-epithelial cell interactions result in the secretion of che-
moattractant molecules such as cytokines and chemokines that
recruit neutrophils, monocytes, dendritic cells, and lympho-
cytes from the circulation to the site of infection (53). While
the recruited phagocytes engulf and destroy the invading bac-
teria to help control the infection (40), infiltration of polymor-
phonuclear lymphocytes (PMNs) also causes the erosion of the
intestinal mucosa, giving rise to the histopathological charac-
teristics of intestinal inflammation (12, 16). Studies of the
cellular and molecular mechanisms involved in Salmonella-
induced intestinal inflammation have been greatly facilitated
by the development of an acute gastroenteritis model in mice

in response to oral S. Typhimurium infection (2). In this
model, following oral administration of streptomycin, mice
infected orally with S. Typhimurium develop acute colitis,
showing signs of intestinal inflammation which manifests most
prominently in the cecum and shares many of the pathological
features of Salmonella enterocolitis in humans (5, 41).

Salmonella invasion of host cells requires bacterial proteins
encoded in the chromosomal locus Salmonella pathogenicity
island 1 (SPI1) (22). One SPI1 translocated effector protein,
SopB, has previously been shown to be required for the acti-
vation of Akt in infected epithelial cells (54). The serine/threo-
nine kinase Akt is expressed in 3 distinctly coded isoforms,
namely Akt1, Akt2, and Akt3 (48). All 3 proteins share similar
functions and structures (61) and are known to play a key role
in cell survival and proliferation (37). Despite the high level of
homology between these isoforms, Akt isoforms were found to
distribute differently and may have different functions. Akt1 is
expressed in most tissues and promotes cell survival by inhib-
iting apoptosis (7). Akt1 also induces protein synthesis and is
critical to growth and development (9, 47). Akt2 has been
shown to be present in intestinal cells (35), although it is
expressed mainly in insulin-responsive organs, including liver,
skeletal muscle, and adipose tissue, and functions primarily in
insulin signaling (8, 11, 18, 23). Akt3 is expressed abundantly in
the brain and testis, and mice lacking Akt3 have smaller brains
(19, 57). While Akt activation is involved in the regulation of
apoptosis in normal intestinal epithelial cells (65), the Salmo-
nella-induced activation of Akt has been shown to protect
epithelial cells from apoptosis (32).

Apoptosis, or programmed cell death, is a highly conserved
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mechanism for intracellular disassembly without changing
membrane integrity (20, 32, 62). This cellular process can be
characterized by the externalization of phosphatidylserine to
the cell surface, DNA fragmentation, chromatin condensation,
and release of apoptotic bodies (32, 62). Bacterial and viral
pathogens can manipulate the host cell suicide mechanisms to
enhance its pathogenicity (20, 32). Depending on the host cell
type and stage of infection, Salmonella can induce different
apoptotic responses (31, 32). Various mechanisms of these
Salmonella-induced apoptotic events in different cell types
have been identified, but their role in pathogenesis remains
unclear (32). Previously, the sustained activation of Akt has
been identified as an important prerequisite for the SopB-
dependent antiapoptotic pathway in Salmonella-infected epi-
thelial cells in vitro (32). It is believed that SopB is involved in
the delay of apoptosis, although the role of apoptosis in gas-
troenteritis is still unclear (32).

Although the role of the prosurvival molecule Akt in infec-
tious colitis has not yet been explored, Akt2 has been shown to
play a role in enterocyte differentiation (35). In the present
study, we used a Salmonella-induced intestinal inflammation
model to examine the role of Akt2 in host defense against
Salmonella infection. During Salmonella infection, we found
that in mice lacking the functional protein kinase Akt2, host
cells were more prone to apoptosis and more susceptible to
infection.

MATERIALS AND METHODS

Bacterial culture. S. enterica serovar Typhimurium SL1344 (26) and the sopB
deletion mutant (�sopB mutant) (30, 54) were grown overnight with shaking (200
rpm) in Luria-Bertani (LB) broth supplemented with 50 �g/ml streptomycin at
37°C for 18 h.

Mice. Wild-type (WT) 129S and homozygous 129S Akt2-deficient (Akt2
knockout [KO]) mice, originally from the Wellcome Trust Sanger Institute
(Hinxton, Cambridge, United Kingdom), were bred at the Vaccine and Infec-
tious Disease Organization, University of Saskatchewan. Adult mice (8 to 10
weeks) were transported and maintained under specific-pathogen-free condi-
tions at the animal facility, University of British Columbia. All animal experi-
ments were done according to institutional guidelines and were approved by the
Animal Care Committee of the University of British Columbia.

Mouse model of Salmonella-induced intestinal inflammation. The protocol for
S. Typhimurium-induced enterocolitis was used as described previously (2, 13).
Briefly, mice aged 8 to 10 weeks were given 20 mg of streptomycin by oral gavage
with a 21-gauge feeding needle. Twenty-four hours later, 3 � 106 S. Typhimu-
rium bacteria were administered by oral gavage. Mice were assigned randomly to
survival groups to monitor for survival and to organ harvest groups to assess for
intestinal inflammation. To allow a humane endpoint, mice in the survival groups
were monitored twice daily for 18 days after bacterial inoculation for signs of
morbidity (reduced level of motion, piloerection, labored breathing, weight loss).
Mice that showed distress of these signs or became moribund were euthanized
with CO2 and considered nonsurvival. For other experiments, mice were eutha-
nized at designated time points postinfection. Colons and ceca were harvested
aseptically for bacterial enumeration, and ceca were collected for histopathology.

Bacterial enumeration. Colons and ceca were harvested at designated time
points postinfection with S. Typhimurium or the �sopB mutant and weighed, and
each sample was collected into 1 ml of sterile phosphate-buffered saline (PBS)
and homogenized with a Mixer Mill 301 (Retsch, Newtown, PA). Serial dilutions
of the resulting homogenates were plated on LB agar plates containing 100 �g/ml
streptomycin. Plates were incubated at 37°C for 24 h. Colony counts were ex-
pressed as the numbers of CFU per ml.

Histopathology. Ceca of experimental animals were fixed in 10% formalin for
18 h, followed by 18 h in 70% ethanol prior to being embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E) by Wax-it Histology
Services (Vancouver, Canada). Stained sections were examined in a blinded
fashion for signs of inflammation, PMN infiltration, edema, crypt abscess for-
mation, regenerative changes, and necrosis. Pathological scores were determined

by grading the histopathologic findings from 0 (none) to 1� (mild), 2� (mod-
erate), and 3� (severe) and averaging six fields/sample, according to a scoring
system previously described (13).

Colonic cytokine measurements. Colon samples collected at 1 day postinfec-
tion were assayed for the presence of cytokines. Colon homogenates collected as
described above were spun twice at 13,200 rpm in an Eppendorf benchtop
centrifuge (5415R) for 30 min each at 4°C to remove insoluble matters. Colon
supernatants were frozen at �80°C until assayed for cytokines using the mouse
inflammation cytometric bead array (CBA) assay kit (BD Biosciences), accord-
ing to the manufacturer’s instructions.

MPO staining. For myeloperoxidase (MPO) immunofluorescent staining for
the detection of neutrophils in the ceca of naïve and infected mice, paraffin-
embedded tissues were deparaffinized in xylene (twice for 5 min each); rehy-
drated in 100%, 95%, and 70% ethanol (5 min each); and blocked with 2%
normal goat serum in TPBS-BSA (PBS containing 0.05% Tween 20 and 0.1%
bovine serum albumin; BSA was obtained from Sigma) for 40 min at room
temperature. They were then incubated with the primary antibody, a polyclonal
rabbit anti-MPO antibody (Thermo Scientific) diluted 1:200, overnight at 4°C.
The sections were washed with TPBS-BSA and then incubated for 1 h at room
temperature with Alexa 488-conjugated goat anti-rabbit IgG (diluted 1:1,000) as
the secondary antibody. Subsequently, after being rinsed with TPBS-BSA, cov-
erslips were mounted using Prolong Gold antifade reagent containing 4�,6-
diamidino-2-phenylindole (DAPI) (Invitrogen). Digital images were captured
and processed using a Zeiss Axiophot epifluorescence microscope.

Flow cytometry analysis. Single-cell suspensions of colonic and cecal lamina
propria cells were prepared by following a standard protocol (63). Briefly, colons
and ceca from naïve or infected mice were rinsed in Hank’s buffered saline
solution (HBSS) to remove fecal contents. Epithelial cells were removed by
shaking for 30 min at 37°C in HBSS containing 5 mM EDTA (Sigma), 5% fetal
calf serum (HyClone), and 1 mM dithiothreitol (Sigma). The tissues were washed
several times with HBSS, cut into small pieces, and digested with a mixture of
collagenase-dispase (Roche) for 1 h at 37°C. The digested fragments were passed
through a 70-mm nylon mesh. Supernatant containing endothelial cells was
collected, and the pellet was further purified by centrifugation over a discontin-
uous Percoll gradient (40%/70%) for 20 min at 2,000 rpm to obtain lamina
propria leukocytes. Purified cells from the colonic and cecal lamina propria were
surface stained with fluorochrome-conjugated antibodies against CD11b (clone
M1/70; BD Biosciences), Gr-1 (clone RB6-8C5; BD Biosciences), F4/80 (clone
BM8; eBioscience), and annexin V (recombinant protein from Escherichia coli;
eBioscience) before being subjected to flow cytometry analysis with FACSCalibur
(Becton Dickinson, San Jose, CA) using CellQuest software. 7-Aminoactinomy-
cin D (7-AAD; Sigma) was included in all staining to define viable cells.

TUNEL staining. Ceca of experimental animals were fixed in 4% formalde-
hyde for 3 h at room temperature, followed by being washed with PBS. The
tissues were then frozen and sectioned (10 �m). Cecal sections were then as-
sessed for apoptotic features of damaged cells by terminal transferase dUTP nick
end labeling (TUNEL) staining using the Apo-BrdU in situ DNA fragmentation
assay kit (BioVision, Inc., Mountain View, CA), according to the manufacturer’s
instructions. Transferred bromolated dUTP nucleotides (Br-dUTP) to the free
3�-OH of cleaved DNA by terminal deoxynucleotide transferase (TdT) were
detected by the anti-BrdU-fluorescein isothiocyanate (FITC) antibody using
FITC and rhodamine filters on an Olympus 10i confocal microscope. Propidium
iodide was used for counterstaining.

Statistical analysis. The survival curves of infected mice were compared
using Kaplan-Meier analysis followed by the log rank test. Bacterial loads,
total pathological scores of infected ceca, and CBA assays for cytokines in the
colons of infected mice were compared using the two-tailed, unpaired t test.
All analyses were performed with a 95% confidence interval using GraphPad
Prism version 4.0.

RESULTS

Akt2 is critical for host survival in S. Typhimurium infec-
tions. Although Salmonella-induced activation of Akt has been
shown to protect epithelial cells from apoptosis in vitro (32),
the role of Akt in Salmonella-induced gastroenteritis remains
unclear. We hypothesized that deficiency of Akt would impair
the host’s defense mechanisms against Salmonella infection,
leading to increased morbidity and mortality. To address this,
we orally infected mice deficient in the antiapoptotic kinase
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Akt2 with S. Typhimurium. A significantly higher mortality
rate (P � 0.0247) in Akt2 KO mice than that in 129S WT mice
was noted throughout the period of observation (Fig. 1), indi-
cating that Akt2 may play an important role in host survival
during Salmonella infection.

S. Typhimurium colonization in the colons and ceca in mice
with Akt2 deficiency is enhanced. To determine the role of
Akt2 in Salmonella colonization in the colon and cecum, we
orally infected mice deficient in Akt2 and WT mice with S.
Typhimurium. On day 1 postinfection, significantly higher bac-
terial loads were harvested from the colons (P � 0.0066) (Fig.
2A) and ceca (P � 0.0010) (Fig. 2B) of Akt2 KO mice than
those harvested from WT mice. At 4 days postinfection, simi-
larly high levels of bacterial loads were recovered from the
colons and ceca of both Akt2 KO and WT mice (data not
shown). These data indicate that loss of Akt2 is associated with
the early enhanced Salmonella colonization of the colon and
cecum.

S. Typhimurium-induced cecal inflammation is more severe
in mice deficient in Akt2. To assess the role of Akt2 in S.
Typhimurium-induced cecal inflammation, we compared the
cecal pathology of infected Akt2 KO mice with that of the WT
mice. Histopathological analysis of H&E-stained tissue sec-

tions revealed extensive pathological changes of the ceca from
infected Akt2 KO mice (Fig. 3B) at 1 day postinfection. In the
ceca of these mice, we observed marked edema and infiltration
of PMNs in the submucosa, formation of crypt abscesses and
mucinous plugs in the mucosa, marked regenerative changes,
and desquamation in the surface epithelium layer, as well as
the presence of necrotic epithelial cells and infiltration of neu-
trophils into the lumen. In contrast, only mild inflammation in
the ceca of infected WT mice at 1 day postinfection was ob-
served (Fig. 3A). These pathological features of inflamed ceca
were absent from uninfected mice among both groups (Fig.
3C). Using the pathological scoring scheme, we found that at 1
day postinfection with S. Typhimurium, cecal inflammation
was significantly more severe in Akt2 KO mice than in WT
mice (P � 0.0002) (Fig. 3D).

At 4 days postinfection, more severe cecal inflammatory
features, including edema and the presence of PMN aggre-
gates in the submucosa, crypt destruction and formation of
mucinous plugs in the mucosa, profound regenerative changes,
and desquamation in the surface epithelium, as well as the
infiltration of neutrophils in the epithelium and lumen, were
observed in Akt 2 KO mice (Fig. 3F). Cecal inflammation in
infected WT control mice was also observed but to a lesser
extent (Fig. 3E). Pathological scoring also indicated that cecal
inflammation was significantly more severe in Akt2 KO mice
than in the WT control mice (P � 0.0001) (Fig. 3G) at 4 days
postinfection.

S. Typhimurium induces increased levels of proinflamma-
tory cytokines in the colons of Akt2-deficient mice. Consistent
with Salmonella colonization of the colon, we found that at 1
day postinfection, there was a significant increase in proinflam-
matory cytokines, including tumor necrosis factor alpha
(TNF-	; P � 0.0323) (Fig. 4B), gamma interferon (IFN-
; P �
0.0001) (Fig. 4C), and MCP-1 (P � 0.0165; Fig. 4D), in the
colons of infected Akt2 KO mice compared to those in the
colons of infected WT mice, whereas the levels of interleu-
kin-12 (IL-12) p70 (Fig. 4A), IL-10 (Fig. 4E), and IL-6 (Fig.
4F) present in the colons of infected Akt2 KO mice were
comparable to those in the colons of WT mice. Enhanced
levels of the proinflammatory cytokines and chemokines, in-
cluding TNF-	, IFN-
, and MCP-1, in Akt2 KO mice at 1 day
postinfection may contribute to the increased cecal inflamma-
tion in mice with Akt2 function deficiencies.

FIG. 1. Akt2 activation controls host survival to S. Typhimurium
infection. WT mice and mice lacking Akt2 were treated with strepto-
mycin prior to infection with S. Typhimurium and monitored for signs
of morbidity and mortality. The percent survival in Akt2 KO mice and
WT mice is shown. P values for survival curves of KO mice compared
to those of WT mice were determined using the log rank test. Data are
representative of two independent experiments with a total of at least
15 mice from each group.

FIG. 2. S. Typhimurium colonization in the colons and ceca of Akt2-deficient mice is enhanced at 1 day postinfection. Mice deficient in Akt2
and WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day postinfection. Bacterial loads harvested
from the colons (A) and ceca (B) of infected mice are shown. P values for the differences in bacterial loads between the Akt2 KO mice and the
WT mice were determined by two-tailed, unpaired t test. Three independent experiments were performed, and bars indicate the geometric means
from each group of 15 mice.
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S. Typhimurium-induced neutrophil recruitment is more
pronounced in the ceca of Akt2-deficient mice. Histopatholog-
ical analysis of the H&E-stained sections revealed more pro-
nounced neutrophil infiltration in the ceca of S. Typhimurium-

infected Akt2 KO mice than that in the ceca of WT mice at 1
day postinfection. To confirm this, we stained tissue sections of
infected ceca harvested at 1 day postinfection with antibodies
against MPO, which present most abundantly in neutrophils.

FIG. 3. Histology of ceca from S. Typhimurium-infected mice showing severe inflammation in Akt2-deficient mice at 1 day and 4 days
postinfection. Mice defective in Akt2 and WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day
and 4 days postinfection. Representative H&E staining of the ceca of one mouse from each group of at least 4 mice is shown. At 1 day postinfection,
severe inflammation in the lumina of the ceca of infected Akt2 KO mice was observed (B), while only mild inflammation in the WT mice was
observed (A). At 4 days postinfection, more severe cecal inflammatory features in Akt2 KO mice were detected (F), and to a lesser extent, cecal
inflammation in infected WT mice was also observed (E). (C) These pathological features of inflamed ceca were absent from uninfected mice for
both groups. Images are shown at magnifications of �50 and �200. Pathological scoring for the cecal samples harvested from Akt2 KO mice and
WT mice at 1 day postinfection (D) and at 4 days postinfection (G) is shown. P values for the differences in pathological scoring of the ceca between
the Akt2 KO mice and the WT mice were determined by two-tailed, unpaired t test. Data are representative of three independent experiments.
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As shown in Fig. 5, infiltration of MPO-positively stained neu-
trophils was observed in the submucosa of the ceca of infected
Akt2 KO mice (Fig. 5D) but was absent in the ceca of infected
WT mice (Fig. 5C) and the uninfected mice among both
groups (Fig. 5A and B).

In addition to the microscopic staining of neutrophils on
cross sections of fixed cecal tissues using anti-MPO antibody,
we also performed fluorescence-activated cell sorter (FACS)
staining to stain for live cells prepared from the entire intes-
tinal tract using other markers to further characterize the phe-
notype of the neutrophil populations. Lamina propria leuko-
cytes were harvested from the colons and ceca of naïve and
infected Akt2 KO and WT mice and analyzed for the expres-
sion of several surface markers for neutrophils (Gr-1 and
CD11b) and macrophages (F4/80 and CD11b) using flow cy-
tometry.

Figure 6A to D illustrate representative FACS plots com-
paring the expression levels of CD11b and Gr-1 on neutrophils
harvested from naïve and infected colons and ceca of Akt2 KO
and WT mice. Only 1% of cells from uninfected mice were
mature neutrophils expressing CD11b� Gr-1� (Fig. 6A and B,
upper right quadrants). At 1 day postinfection with Salmonella,
the percentage of CD11b� Gr-1� cells from the colons and
ceca of infected Akt2 KO mice (Fig. 6D) increased to 33%,
while the percentage of CD11b� Gr-1� cells from the colons
and ceca of infected WT mice (Fig. 6C) only increased to 15%.
The percentage of immature neutrophils expressing CD11b�

Gr-1� (upper left quadrants) from the colons and ceca of

infected Akt2 KO mice and WT mice were similar (19% and
22%, respectively).

Figure 7A to D show representative FACS plots comparing
the expression levels of CD11b and F4/80 on macrophages
harvested from naïve and infected colons and ceca of Akt2 KO
and WT mice. Only 1% of cells from uninfected mice were
macrophages expressing CD11b� F4/80� (Fig. 7A and B, up-
per right quadrants). At 1 day following infection with Salmo-
nella, the percentage of CD11b� F4/80� cells from infected
Akt2 KO mice (Fig. 7D) increased to 35%, while the percent-
age of CD11b� F4/80� cells from the colons and ceca of
infected WT mice (Fig. 7C) increased to 8%.

These data indicate that loss of Akt2 facilitates transmigra-
tion of neutrophils and macrophages to the sites of infection.
The excessive accumulation of granulocytes and the subse-
quent release of enzymes and oxygen radicals from these cells
in the colons and ceca of infected Akt2 KO mice may result in
the enhanced mucosal inflammatory reaction.

S. Typhimurium induces enhanced levels of annexin V� and
TUNEL� apoptotic cells in the colons and ceca of Akt2-defi-
cient mice. Our data mentioned above suggest that Akt2 KO
mice are more susceptible to Salmonella infection. It has been
shown that Salmonella protects epithelial cells from camptoth-
ecin-induced apoptosis in vitro by activation of the Akt path-
way (32). We next determined if mice lacking Akt2 are unable
to inhibit apoptosis of intestinal epithelial cells and thus con-
tribute to mucosal inflammation and mortality during Salmo-
nella infection. Intestinal epithelial cells and lamina propria

FIG. 4. S. Typhimurium induced enhanced levels of TNF-	, IFN-
, and MCP-1 in the colons of Akt2-deficient mice. Mice lacking Akt2 and
WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day postinfection. Cytokines present in the
colon extracts were determined by CBA assay. P values for the differences in colonic cytokines between the infected Akt2 KO mice and the infected
WT mice were determined by two-tailed Student’s t test. (U) � colon cytokines from uninfected mice; (I) � colon cytokines from infected mice.
Results (means � standard errors of the means [SEM]) were obtained from 5 mice from each group. Data are representative of three independent
experiments with a total of at least 15 animals from each group.
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leukocytes were harvested from the colons and ceca of naïve
and infected Akt2 KO and WT mice and analyzed for expres-
sion of annexin V, which binds to the externalized phosphati-
dylserine of apoptotic cells, using flow cytometry. Figure 8A to
D illustrate representative FACS plots comparing expression
levels of annexin V on the total population of cells harvested
from naïve and infected colons and ceca of Akt2 KO mice and
WT mice. Only 1% of cells from the colons and ceca of unin-
fected mice were annexin V� (Fig. 8A and B, upper right
quadrants). At 1 day following infection with S. Typhimurium,
the percentage of annexin V� apoptotic cells from the colons
and ceca of infected Akt2 KO mice increased to 81% (Fig.
8D), while annexin V� apoptotic cells from the colons and
ceca of infected WT mice increased only to 20% (Fig. 8C).

Cecal sections of naïve and infected Akt2 KO and WT mice
were further assessed for apoptosis using TUNEL staining to
identify DNA fragmentation of apoptotic cells. TUNEL-posi-
tive apoptotic cells exhibit green fluorescence, and cell nuclei
counterstained with propidium iodide demonstrate red fluo-
rescence. Merged images for apoptotic cells reveal yellow flu-
orescence (Fig. 9B and D, white arrows). As shown in Fig. 9A
and C, TUNEL� cells were absent in the ceca of uninfected
mice for both groups. At 1 day postinfection with S. Typhimu-
rium, increased levels of TUNEL� apoptotic cells were ob-
served in the ceca of infected Akt2 KO mice (Fig. 9D, white
arrows), while only a few TUNEL� cells were present in the
ceca of infected WT mice (Fig. 9B).

Collectively, these data suggest that Akt2 may play a critical
role in inhibiting apoptosis of intestinal cells and thus protect
the host from mucosal inflammation and mortality against Sal-
monella infection.

Deletion of sopB abolishes the differences in bacterial colo-
nization and cecal inflammation in Salmonella-infected WT
and Akt2 KO mice. The Salmonella effector protein SopB has
been shown to protect epithelial cells from apoptosis in vitro by
activation of Akt (32). We next sought to determine if SopB is
required for Akt activation and protects the mice from bacte-
rial colonization and cecal inflammation in the intestine. To
address this, 129S WT mice and mice deficient in Akt2 were
orally infected with the sopB deletion mutant. Data obtained
from mice infected with Salmonella enterica serovar Typhimu-
rium WT strain SL1344 were also included in Fig. 10A and B
and 11C for comparison. As described earlier, the Salmonella
WT strain SL1344 induced significantly higher bacterial loads
in the colons (P � 0.0066) (Fig. 10A) and ceca (P � 0.0010)
(Fig. 10B) of Akt2 KO mice (group IV) than in those of 129S
WT mice (group III). However, such differences in bacterial
loads were abolished in the colons (P � 0.7996) (Fig. 10A) and
ceca (P � 0.8541) (Fig. 10B) when 129S WT mice (group I)
and Akt2 KO mice (group II) were infected with the sopB
deletion mutant. Similarly, the Salmonella WT SL1344 strain
induced significantly more severe cecal inflammation in the
ceca of Akt2 KO mice (group IV) than in those of 129S WT
mice (group III) (P � 0.0002) (Fig. 11C), and such differences

FIG. 5. S. Typhimurium induced increased neutrophil recruitment in the ceca of mice lacking Akt2. Mice deficient in Akt2 and WT mice were
treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day postinfection. Ceca from uninfected WT (A) and Akt2
KO (B) mice and infected WT (C) and Akt2 KO (D) mice were stained with MPO immunofluorescence for neutrophils. DAPI staining is indicated
in blue in the submucosa, and anti-MPO immunostaining for neutrophils is indicated in green. Arrows show the presence of MPO-positively
stained neutrophils in the submucosal area. Pictures are representative of three independent experiments with a total of at least 15 mice from each
group.
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in cecal inflammation were abolished when 129S WT mice
(group I) and Akt2 KO mice (group II) were infected with the
sopB deletion mutant (P � 0.1932) (Fig. 11C).

Additionally, similar bacterial loads from the colons (P �
0.2510) (Fig. 10A) and ceca (P � 0.3614) (Fig. 10B) as well as
comparable cecal pathology (P � 0.0892) (Fig. 11C) were
observed in the Akt2 KO mice when these mice were infected
with either the Salmonella WT SL1344 (group IV) or the sopB
deletion mutant (group II), suggesting that SopB and Akt2
may be involved in the same signaling pathway to protect the
mice from Salmonella infection. This is further supported by
our finding that in the group of 129S WT mice infected with
the sopB deletion mutant (group I) (Fig. 10A and B and 11C),
higher bacterial loads in the colons (P � 0.0323) (Fig. 10A)
and ceca (P � 0.0101) (Fig. 10B) as well as more severe cecal
pathology (P � 0.0002) (Fig. 11C) were observed compared to
those in the 129S WT mice infected with the Salmonella WT
SL1344 (group III) (Fig. 10A and B and 11C). Furthermore,
our data also revealed that similar bacterial loads in the colons
(P � 0.2948) (Fig. 10A) and ceca (P � 0.3119) (Fig. 10B) as
well as similar cecal pathology (P � 0.6036) (Fig. 11C) were
harvested in both the 129S WT mice infected with the sopB

deletion mutant (group I) (Fig. 10A and B and 11C) and the
Akt2 KO mice infected with the Salmonella WT SL1344
(group IV) (Fig. 10A and B and 11C). These data suggest that
SopB may play a role in protecting the mice from Salmonella
colonization and cecal inflammation through activation of
Akt2.

DISCUSSION

The prosurvival Akt protein kinase is critical in preventing
cells from undergoing apoptosis (17). Akt activation has been
shown to be essential for SopB-mediated protection against
apoptosis in epithelial cells following Salmonella invasion (32,
38). In S. Typhimurium-induced colitis, the role of Akt has not
been explored. To address this, we analyzed S. Typhimurium-
induced intestinal inflammation in Akt2-deficient mice. An
increase in apoptotic cells associated with enhanced mortality
and morbidity, including higher bacterial loads and more se-
vere proinflammatory responses in the colons and ceca in mice
deficient in Akt2 following infection with S. Typhimurium,
indicates functional involvement of Akt2 in this disease model.

Bacterial pathogens can either induce or prevent apoptosis

FIG. 6. S. Typhimurium infection is associated with an elevated influx of Gr-1� CD11b� and Gr-1� CD11b� cells in the colons and ceca of
mice lacking Akt2. Mice deficient in Akt2 and WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at
1 day postinfection. Single-cell suspensions from the colons and ceca of uninfected WT (A) and Akt2 KO (B) mice and infected WT (C) and Akt2
KO (D) mice were subjected to FACS staining. Representative FACS plots comparing the expression levels of CD11b and GR-1 neutrophils
harvested from the colons and ceca of each group are shown. FACS plots were gated on live cells, with 7-AAD-positive dead cells excluded from
analysis. Numbers indicate the percentage of cells in each quadrant. FACS plots are representative of four independent experiments with a total
of 12 mice from each group.
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to gain survival advantage in the host and to enhance infection.
Many bacterial pathogens that cause apoptosis target immune
cells such as macrophages (66) and neutrophils (4) because
these cells would otherwise kill the bacteria (24, 33). Alterna-
tively, bacterial pathogens could inhibit apoptosis during infec-
tion, which provides a survival benefit for the bacteria to sur-
vive and replicate inside host cells (10, 21, 32, 38, 43, 55). In the
present study, we have demonstrated that Salmonella-induced
apoptosis at the sites of infection in mice lacking Akt2 and
Akt2 deficiency renders these mice more susceptible to infec-
tion, suggesting that apoptosis may play an important role in
the pathogenesis of Salmonella-induced colitis. Although Akt2
has been shown to play an antiapoptotic role (17), the en-
hanced level of apoptosis observed in Salmonella-infected
Akt2 KO mice may also be due to the decrease in glucose
availability, as Akt2 modulates glucose homeostasis and down-
stream apoptotic pathways during development (28) and Akt2
knockout mice have been shown to develop a type 2 diabetic
phenotype (8).

It has been suggested that the principal event leading to
inflammatory diseases is cell damage as a result of apoptosis or

necrosis (36, 52, 56). Increased permeability of the epithelial
barrier and increased apoptotic rates of epithelial cells have
been implicated to be major factors in the pathogenesis of
intestinal inflammation (25, 64). Our observation that cecal
inflammation is more pronounced in Akt2 KO mice during
Salmonella infection may be associated with the lack of the
antiapoptotic molecule Akt2. In the current study, a large
number of annexin V� and TUNEL� apoptotic cells in the
intestines of Salmonella-infected Akt2-deficient mice were de-
tected (Fig. 8D and 9D). The massive cell damage would cause
leakage of cellular contents into the adjacent tissues, resulting
in the transmigration of granulocytes into the injured tissue of
infected Akt2 KO mice (Fig. 5D, 6D, and 7D). Furthermore,
the release of Salmonella from infected apoptotic cells into
adjacent tissues would contribute to the additional neutrophil
infiltration to the sites of infection. Although neutrophils have
been shown to contribute to host protection from S. Typhimu-
rium infection since they can target the virulence factors and
effectively eliminate the bacteria (60), excessive accumulation
of neutrophils and monocytes would result in the release of
toxic products such as proteases and reactive oxygen interme-

FIG. 7. S. Typhimurium infection is associated with an elevated influx of CD11b� F4/80� macrophages in the colons and ceca of mice lacking
Akt2. Mice deficient in Akt2 and WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day
postinfection. Single-cell suspensions from the colons and ceca of uninfected WT (A) and Akt2 KO (B) mice and infected WT (C) and Akt2 KO
(D) mice were subjected to FACS staining. Representative FACS plots comparing the expression levels of CD11b and F4/80 macrophages
harvested from the colons and ceca of each group are shown. FACS plots were gated on live cells, with 7-AAD-positive dead cells excluded from
analysis. Numbers indicate the percentage of cells in each quadrant. FACS plots are representative of four independent experiments with a total
of 12 mice from each group.
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diates (45), leading to endothelial damage and thus allowing
the bacteria to invade the epithelium and enhance the intesti-
nal inflammatory reaction.

Apoptosis can be induced by proinflammatory cytokines
such as TNF-	 (39, 46, 50), IFN-
 (1), and MCP-1 (3). In the
present study, significant increases in TNF-	, IFN-
, and
MCP-1 production in the colons of Salmonella-infected mice
deficient in Akt2 were detected at 1 day postinfection, in com-
parison with that in the colons of WT mice. The enhanced
levels of these proinflammatory cytokines and chemokines
would contribute to the increased levels of apoptotic cells
found in the colons and ceca of Salmonella-infected Akt2 KO
mice. Furthermore, neutrophils have been shown to produce
enhanced levels of proinflammatory cytokines during infec-
tious colitis (44), and the increased levels of TNF-	, IFN-
,
and MCP-1 production observed in the colons of infected Akt2
KO mice may be attributable to the large influx of neutrophils.
Intriguingly, MCP-1 is a pivotal chemokine in the recruitment
of monocytes (51) and neutrophils (58); the expression of
MCP-1 can be induced by a variety of factors, including in-
flammatory cytokines such as TNF-	 (14, 59) and IFN-
 (27).

Thus, the increased levels of TNF-	, IFN-
, and MCP-1 in
Akt2 KO mice would contribute to the additional neutrophil
infiltration and apoptotic activity.

Host cell apoptosis very often facilitates the bacterial attack
of the host and gaining access to the tissue (15). It has been
shown previously that caspase-1, which is both proapoptotic
and proinflammatory, is essential for S. Typhimurium to effi-
ciently colonize the ceca and Peyer’s patches and subsequently
cause systemic typhoid-like disease in mice (42). It was pro-
posed that early in infection of the Peyer’s patches, the bacteria
escape the macrophages by inducing apoptosis. The simulta-
neous recruitment of PMNs and other cellular elements of the
immune system to the site of infection appears to provide a
new intracellular niche for the bacteria. We find that mice
deficient in the host Akt2 kinase are more susceptible to col-
onization by S. Typhimurium. Significantly enhanced coloniza-
tion in the colons and ceca of Akt2 KO mice occurs at 1 day
postinfection with Salmonella, compared to that in the colons
and ceca off WT mice. Such an increase in Salmonella coloni-
zation may be associated with the increase in apoptosis and
thus enhanced neutrophil and monocyte recruitment and in-

FIG. 8. S. Typhimurium induced enhanced levels of annexin V� apoptotic cells in the colons and ceca of Akt2-deficient mice. Mice deficient
in Akt2 and WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day postinfection. Single-cell
suspensions from the colons and ceca of uninfected WT (A) and Akt2 KO (B) mice and infected WT (C) and Akt2 KO (D) mice were subjected
to FACS staining. Representative FACS plots comparing the expression levels of annexin V apoptotic cells on the total population of cells
harvested from the colons and ceca of each group are shown. FACS plots were gated on total cells, with 7-AAD-positive dead cells excluded from
analysis. Numbers indicate the percentage of cells in each quadrant. FACS plots are representative of three independent experiments with a total
of 9 mice from each group. FSC, forward scatter.
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flammation in the intestines of infected Akt2 KO mice. The
induction of apoptosis and inflammation would be expected to
aid in the systemic dissemination of S. Typhimurium as the
newly recruited immune cells provide a new niche for the

intracellular bacteria. Although a significant increase in Sal-
monella colonization was not harvested from the intestines of
Akt2 KO mice compared with that harvested from WT mice at
4 days postinfection, significantly more severe cecal pathology

FIG. 9. S. Typhimurium induced increased levels of TUNEL� apoptotic cells in the ceca of Akt2-deficient mice. Mice deficient in Akt2 and
WT mice were treated with streptomycin prior to infection with S. Typhimurium and sacrificed at 1 day postinfection. Cecal sections of uninfected
WT (A) and Akt2 KO (C) mice and infected WT (B) and Akt2 KO (D) mice were assessed for apoptosis using TUNEL staining. TUNEL�

apoptotic cells exhibit green fluorescence (FITC), and cell nuclei counterstained with propidium iodide (PI) demonstrate red fluorescence. Merged
images for apoptotic cells reveal yellow fluorescence (white arrows). (U) � cecal sections from uninfected mice; (I) � cecal sections from infected
mice.

FIG. 10. Deletion of sopB abolishes the differences in bacterial colonization in Salmonella-infected WT and Akt2 KO mice. Mice deficient in
Akt2 and WT mice were treated with streptomycin prior to infection with the sopB deletion mutant �sopB and sacrificed at 1 day postinfection.
Bacterial loads harvested from the colons (A) and ceca (B) of infected mice are shown. Bacterial loads harvested from 129S WT mice and Akt2
KO mice infected with the Salmonella WT SL1344 were also included for comparison. P values for the differences in bacterial loads among the
various groups were determined by two-tailed, unpaired t test. Bars indicate the geometric means from each group of at least 4 mice.
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in Akt2-deficient mice at 1 and 4 days postinfection was ob-
served. These data suggest that the early mortality in Salmo-
nella-infected Akt2 KO mice may be attributable to the drastic
tissue damage and massive infiltration of inflammatory cells at
the site of infection but not due to bacterial colonization. Our
data clearly indicate that Akt2 may play an important protec-
tive role in S. Typhimurium-induced gastroenterocolitis. None-
theless, it has been shown that neutrophils in Akt2 KO mice
exhibited decreased cell migration, granule enzyme release,
and O2

� production (6); thus, the increase in susceptibility in
Akt2 KO mice during Salmonella infection may also be attrib-
utable to the defective functions of neutrophils in Akt2 KO
mice.

It has been shown that the Salmonella effector protein
SopB protects epithelial cells from apoptosis in vitro by
activation of Akt (32). In the present study, our finding that
the differences in bacterial loads (Fig. 10A and B) and cecal
pathology (Fig. 11C) harvested from the intestines of 129S
WT mice and Akt2 KO mice infected with the Salmonella
WT SL1344 (groups III and IV, respectively) were abolished
when these mice were infected with the sopB deletion mu-
tant (groups I and II, respectively) indicates that SopB may
play a role in protecting the mice from Salmonella coloni-
zation through activation of Akt2. This is further supported
by our observation that the bacterial loads and cecal pathol-

ogy in the Akt2 KO mice were similar when infected with
either the Salmonella WT SL1344 or the sopB deletion mu-
tant. Furthermore, our findings that the bacterial burden
and cecal pathology in the group of 129S WT mice infected
with the sopB deletion mutant were higher than those in the
group of 129S WT mice infected with the Salmonella WT
SL1344 and yet similar to those in the group of Akt2 KO
mice infected with the Salmonella WT SL1344 suggest that
SopB and Akt2 may participate in the same pathway to
protect the mice from Salmonella infection.

Collectively, using the murine S. Typhimurium-induced in-
testinal inflammation model, our findings suggest that Akt2
signaling plays an important role in host innate immune re-
sponse and host survival against S. Typhimurium infection.
During the early stages of infection, in the absence of Akt2, we
detected a proapoptotic effect on the cells isolated from the
infected colons and ceca. This might lead to an excessive influx
of neutrophils and secretion of proinflammatory cytokines,
resulting in an increase in bacterial colonization, intestinal
inflammation, and mortality. In view of the high level of struc-
ture and function homology shared among the 3 Akt isoforms
(61), it would be interesting to investigate if Akt2 could coor-
dinate with other Akt isoforms to mediate protection in mice
during Salmonella infection.

FIG. 11. Deletion of sopB abolishes the differences in cecal inflammation in Salmonella-infected WT and Akt2 KO mice. Mice defective in Akt2
and WT mice were treated with streptomycin prior to infection with the sopB deletion mutant �sopB and sacrificed at 1 day postinfection.
Representative H&E staining of ceca from one mouse from each group of at least 3 mice is shown. At 1 day postinfection, severe inflammation
in the lumen of the ceca of sopB-infected WT mice (A) and Akt2 KO mice (B) was observed. Images are shown at magnifications of �50 and �200.
(C) Pathological scoring for the cecal samples harvested from WT mice and Akt2 KO mice at 1 day postinfection with the sopB deletion mutant
�sopB and the Salmonella WT SL1344 is shown. P values for the differences in pathological scoring of the ceca among the various groups were
determined by two-tailed, unpaired t test.
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