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SEPSIS IS THE LEADING CAUSE OF

mortality in critically ill pa-
tientsnationwide.Arecent analy-
sis estimated that 750000 indi-

viduals develop sepsis annually and more
than 210000 die of the disease.1 The na-
tional hospital cost associated with care
of patients with severe sepsis is $16.7 bil-
lion.1 The rate of death from sepsis has
increased more than 90% in the last 20
years.2 Previous studies have impli-
cated alterations of intestinal function as
critical to the development of sepsis,3-15

leading to the theory that the gut repre-
sents the “motor” of the systemic inflam-
matory response.3,6,7,12,13,16,17

Gut epithelial apoptosis is increased
in human autopsy studies and animal
models of sepsis.18-21 An autopsy study
comparing samples from multiple or-
gan systems in 20 patients who died in
the surgical intensive care unit of sep-
sis and multiple organ dysfunction with
those from 16 critically ill, nonseptic pa-
tients demonstrated increased intesti-
nal epithelial apoptosis in septic pa-
tients.18 The gut epithelium represented
1 of only 2 cell types (along with lym-
phocytes) in septic patients with promi-

nent apoptosis. Mice that underwent ce-
cal ligation and puncture (CLP), a
murine model of ruptured appendici-
tis, had increased gut epithelial apopto-
sis compared with controls.19

In other studies, septic transgenic
mice that overexpress the antiapop-
totic protein Bcl-222-25 in their intesti-
nal epithelium had increased survival
following CLP compared with their sep-
tic control littermates that underwent
the same procedure.21 These studies
suggest that decreasing gut epithelial
apoptosis is associated with a survival
advantage in sepsis of intestinal origin
but do not evaluate whether gut epi-
thelial apoptosis plays a role in mor-
tality in sepsis caused by pathogenic

bacteria focused outside the gut. In this
study, we examined survival in trans-
genic mice that had Pseudomonas ae-
ruginosa pneumonia–induced sepsis.

METHODS
Transgenic Mice

Strain FVB/N transgenic mice contain-
ing nucleotides −596 to +21 of a rat fatty
acid binding protein (Fabpl) linked to
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Context Increased intestinal epithelial apoptosis is present in both human autopsy
studies and animal models of sepsis. Whether altering gut apoptosis decreases mor-
tality in sepsis induced by pathogenic bacteria outside the gut is unknown.

Objective To determine if decreasing levels of intestinal cell death improves survival
in a murine model of Pseudomonas aeruginosa pneumonia–induced sepsis.

Design and Materials Prospective study in which transgenic mice that overexpress
the antiapoptotic protein Bcl-2 in their intestinal epithelium (n=25) and control litter-
mates (n=26) were subjected to intratracheal injection of P aeruginosa.

Main Outcome Measures Survival at 7 postoperative days, compared between the
2 groups. Secondary outcomes included quantification of gut epithelial apoptosis.

Results Survival in transgenic mice that overexpress Bcl-2 in the intestinal epithelium
was 40% (10/25) compared with 4% (1/26) in control littermates 7 days after intra-
tracheal injection of P aeruginosa (P=.001), with differences in survival noted within 24
hours of surgery. Overexpression of Bcl-2 was associated with a decrease in gut epithe-
lial apoptosis demonstrated by active caspase 3 staining, the terminal deoxynucleotid-
yltransferase-mediated dUTP nick end-labeling assay, and hematoxylin-eosin staining.

Conclusions In this murine model, inhibiting gut epithelial apoptosis by overexpres-
sion of Bcl-2 was associated with a survival advantage in P aeruginosa pneumonia–
induced sepsis. These results suggest that intestinal epithelial apoptosis may play a role
in sepsis-related mortality.
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human Bcl-2 (a gift from Jeffrey I. Gor-
don, MD, Washington University, St
Louis, Mo) were generated and geno-
typed using polymerase chain reac-
tion protocols detailed elsewhere.26

Fabpl-Bcl-2 animals have no detect-
able abnormalities when aged to 18
months and appear phenotypically
identical to nontransgenic litter-
mates.21,26 All studies complied with Na-
tional Institutes of Health guidelines for
the use of laboratory animals and were
approved by the Washington Univer-
sity Animal Studies Committee.

P aeruginosa Pneumonia Model
A total of 103 six- to eight-week-old mice
had a midline cervical incision per-
formed under halothane anesthesia. 27-29

Each animal received an intratracheal in-
jection of 40 µL of a P aeruginosa solu-
tion, after which the mouse was held ver-
tically for 10 seconds to enhance delivery
into the lung. The incision was closed
in 2 layers. Sham-operated mice were
handled identically, but had intratra-
cheal injection of 40 µL of 0.9% NaCl.

Microbiologic Preparation
The ATCC 27853 strain of P aerugi-
nosa was grown overnight in trypti-
case soy broth with constant shaking.
A 10-mL volume of the culture me-
dium was placed in a 50-mL tube and
centrifuged for 10 minutes at 6000g.
The resulting pellet was resuspended
in an equal volume of saline and cen-
trifuged again. The final density of the
inoculum was adjusted to 0.3 A600nm,
corresponding to a cell density rang-
ing between 5�108 and 1�109 colony-
forming units (CFUs)/mL as deter-
mined by serial dilution and colony
counts. Based on the cell density and
the volume injected intratracheally, the
dose of P aeruginosa administered to
each animal was between 20 million
and 40 million CFUs per injection.

Quantification of Apoptosis
For quantification of apoptosis, 21 mice
(12 nontransgenic and 9 transgenic)
were euthanized 24 hours after injec-
tion with P aeruginosa. Each animal’s en-
tire small intestine was immediately re-

moved. The intestine was opened along
the length of its cephalocaudal axis,
washed in 10% buffered formalin (to re-
move luminal contents) and then fixed
in the same solution.

Apoptotic cells were identified using
3 complementary techniques: active
caspase 3 staining, the terminal deoxy-
nucleotidyltransferase-mediated dUTP
nick end-labeling (TUNEL) assay,30 and
hematoxylin-eosin (H&E) staining. Se-
rial sections were scored for apoptosis
by a single investigator. For active
caspase 3 staining, a minimum of 100
well-oriented crypt-villus units were
scored per section. Well-oriented was de-
fined as a crypt sectioned parallel to the
crypt-villus axis with Paneth cells at the
crypt base and an unbroken epithelial
column extending to the villus tip. For
H&E staining and the TUNEL assay, a
minimum of 10 random fields were
evaluated in each sample. Cells under-
going apoptosis were identified by char-
acteristic morphology including nuclear
fragmentation (karyorrhexis) and cell
shrinkage with condensed nuclei (pyk-
nosis) on H&E-stained sections and by
immunohistochemical detection of posi-
tive cells using the TUNEL assay. In
comparing animals subjected to intra-
tracheal injection with either P aerugi-
nosa or 0.9% NaCl, identifying informa-
tion on sections was obscured, and the
slides were extensively shuffled by an in-
vestigator different from the person scor-
ing for apoptosis (P.E.S.). When scor-
ing on all slides was entirely complete,
the numerical code (devised by C.M.C.)
was broken to reveal the identity of all
slides counted.

Staining for active caspase 3 was per-
formed as previously described.18,21

Briefly, paraffin-embedded tissues were
dewaxed and rehydrated. Endogenous
peroxidase activity was blocked by in-
cubating in 3% H2O2 in methanol at 23°C
for 15 minutes. Sections were then mi-
crowaved in citrate buffer (pH 6.0) for
9 minutes to facilitate antigen retrieval.
Polyclonal rabbit antiactive caspase 3 was
applied, diluted 1:100 in phosphate-
buffered saline for 60 minutes at 23°C
(Cell Signaling Technology Inc, Bev-
erly, Mass), followed by a secondary bio-

tinylated goat anti–rabbit antibody for 30
minutes (1:200) (Vector Laboratories,
Burlingame, Calif). Slides were then in-
cubated with VECTASTAIN ABC-AP
(Vector Laboratories), developed with al-
kaline phosphatase substrate solution,
and counterstained with hematoxylin.

Tissue sections were stained for the
TUNEL assay using a commercially
available kit according to manufac-
turer specifications (Roche Diagnos-
tics Corp, Indianapolis, Ind). After rins-
ing, a streptavidin-biotin complex
(VECTASTAIN ABC, Vector Laborato-
ries) was applied at 23°C for 30 min-
utes. After rinsing, metal-enhanced di-
aminobenzidine (Pierce Chemical Co,
Rockford, Ill) was added, and slides were
counterstained with hematoxylin.

Survival Studies
The survival studies were conducted in
a separate group of mice (n=51) in the
following fashion: offspring of FVB/N
and heterozygous Fabpl-Bcl-2micewere
weaned at 3 weeks of age. Prior to iden-
tifying the genotype of each of these ani-
mals, the tails of mice in the resulting
litters (up to 5 mice per cage of approxi-
mately 50% transgenic and 50% non-
transgenic animals as would be expected
by mendelian genetics) were uniquely
marked by circumferential inscription
with indelible ink, 1 to 5 circles per
mouse. Each animal was subsequently
genotyped using polymerase chain reac-
tion techniques described above.

Three weeks later, an investigator
(P.E.S.) blinded to the identity of the
mice performed intratracheal injec-
tions of 40 µL of P aeruginosa in both
age-matched and sex-matched Fabpl-
Bcl-2 mice and FVB/N littermates. In-
jections were done sequentially accord-
ing to the tail marks (animals with 1
mark were injected first, followed by
animals with 2 marks, etc). The iden-
tifying tail marks were made prior to
genotyping of the animals and the in-
vestigator was unaware of the identity
of any animal injected. Mice were al-
lowed free access to food and water
throughout the course of the experi-
ment. Animal survival was recorded for
7 days postoperatively.
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Bacteriologic Analysis
In a different group of animals (n=12)
than those used for either quantitation
of apoptosis or survival curves, mesen-
teric lymph node and spleen were re-
moved 16 hours following intratra-
cheal instillation of P aeruginosa, then
weighed and homogenized in glass tis-
sue grinders containing 1 mL of sterile
phosphate-buffered saline. Blood (100
µL) was diluted 1:10 in sterile phos-
phate-buffered saline. Serial dilutions of
homogenate and blood were then cul-
tured on blood agar (total aerobes) and
MacConkey (gram-negative facultative
aerobes) plates. Plates were incubated
at 37°C and examined 24 hours later.

Cytokine Determination
At 2, 16, or 24 hours after intratracheal
injection with P aeruginosa solution,
wholebloodwasdrawnbycardiacpunc-
ture.Animalsinthecytokineexperiments
were separate from those used in either
apoptosisquantitationorsurvivalexperi-
ments, althoughthebacteriologicanaly-
sis described above was performed on
thesamesubgroupofanimals examined
hereat16hoursafterbacterial injection.
Blood was centrifuged for 5 minutes
at 6000g to separate out plasma. Con-
centrations of tumor necrosis factor �
(TNF-�), interleukin6(IL-6), interferon
� (IFN-�), and IL-10 were measured by
enzyme-linkedimmunosorbentassayus-
ingcommerciallyavailablekits(R&DSys-
tems, Minneapolis, Minn) according to
manufacturer specifications.

Statistical Analysis
Data analysis was performed using
Prism v3.0 (GraphPad Software, San
Diego, Calif). Differences in group sur-
vival were analyzed using the �2 test.
Comparisons of apoptosis levels, bac-
teriologic data, and cytokine levels be-
tween transgenic and nontransgenic
animals were analyzed using the t test.
A P value of less than .05 was consid-
ered statistically significant.

RESULTS
Gut Epithelial Apoptosis

Mice that received P aeruginosa were
judged to be septic by the presence of

bacteremia and objective clinical find-
ings (eg, tachypnea, lethargy) while
sham-operated animals that received
0.9% NaCl had no gross abnormalities.
There was no evidence of wound infec-
tion in any animal studied. Animals that
received intratrachealbacteriahada50%
mortality24hourspostoperatively,while
noanimals that receivedsalinedied.Sep-
tic animals that received intratracheal
injection of P aeruginosa (n=8) had sig-
nificantly greater numbers of active
caspase 3 cells/100 crypts (mean, 71.4
[SEM,1.6])(FIGURE1A),comparedwith
sham-operated animals that received
intratracheal saline (n=4) that had 10.8
(1.4) active caspase 3 cells/100 crypts
(Figure 1D; P�.001). Similar results
were qualitatively obtained using both
the TUNEL assay and H&E staining
(Figure 1B, C, E, F).

Bcl-2 Overexpression
and Intestinal Apoptosis
Transgenic mice that overexpress
human Bcl-2 under control of the Fabpl
promoter have detectable levels of this
antiapoptoticprotein inall epithelial lin-
eages of the intestine, without expres-
sion in the surrounding gut-associ-
ated lymphoid tissue.21,26 Following
intratracheal injection of P aeruginosa,
and compared for gut epithelial apop-
tosis as described above, transgenic
Fabpl-Bcl-2 mice (n=9) had a decrease
in mean (SEM) intestinal cell death—
23.9 (2.0) active caspase 3 cells/100
crypts in Fabpl-Bcl-2 animals vs 71.4
(1.6) active caspase 3 cells/100 crypts
in nontransgenic septic littermates
(n=8) (FIGURE 2A and C; P�.001).
Similar qualitative results were seen
with H&E staining and the TUNEL
assay (Figure 2B and D; also, data not
shown).

Intestinal Bcl-2 and Survival
Survival experiments were performed on
3 separate days using 8 to 10 mice per
group (total: 25 Fabpl-Bcl-2 mice and 26
FVB/N mice). P aeruginosa pneumonia–
induced sepsis was highly lethal in wild-
type mice, with only 1 (4%) animal sur-
viving 5 days. Among Fabpl-Bcl-2 mice,
10 (40%) survived for 7 days (FIGURE 3,

P�.005). The survival curves began di-
verging within the first postoperative
day, and nearly all mortality in both
groups occurred within the first 3 days
of the study.

Septicemia and Bacterial
Translocation
The majority of both transgenic and non-
transgenic mice were still alive 16 hours
postoperatively. However, a substantial
portion of wild-type animals injected
with P aeruginosa died within 24 hours.

All animals in both groups had P ae-
ruginosa bacteremia and had organisms
detectable in their spleens. Nontrans-
genic animals (n=7) had the greatest
mean (SEM) organism burden in their
blood—2 274 000 (1 497 000) CFU/
mL. Although Fabpl-Bcl-2 mice (n=3)
had a 120-fold decrease in bacterial
counts (19000 (8185) CFU/mL), there
was no statistical difference between
groups, probably due to the small sample
size and large variation of P aeruginosa
counts in the blood of nontransgenic ani-
mals (range, 20000-10 million CFU/
mL). A similar trend was seen in splenic
cultures, with mean (SEM) 629300
(8185) CFU/g in nontransgenic ani-
mals compared to 29970 (19040) CFU/g
in septic transgenic animals.

Mesenteric lymph node cultures ob-
tained 16 hours after injection with P ae-
ruginosa and tested for bacterial trans-
locations had low levels of P aeruginosa
in the mesenteric lymph nodes of all
mice tested (n=12 animals), but evi-
dence of other enteric organisms in 2
animals—2600 CFU/g in a nontrans-
genic animal and 560 CFU/g in a trans-
genic animal, both of which grew Kleb-
siella pneumoniae.

Cytokine Analysis
Plasma from transgenic and nontrans-
genic animals was measured for the pro-
inflammatory cytokines TNF-�, IL-6,
and IFN-�, and the anti-inflammatory
cytokine IL-10 at 2, 16, and 24 hours
after intratracheal injection of P aeru-
ginosa. All cytokines were either un-
detectable or present at low levels at the
2-hour time point (transgenic: n=4;
nontransgenic: n=7). Levels of each cy-
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tokine increased by 16 hours in both
groups of animals. There was a non-
significant trend toward higher quan-
tities of all cytokines in nontransgenic
animals compared with Fabpl-Bcl-2
mice, especially for IL-10 measure-
ments, with mean (SEM) levels of 233
(76) pg/mL in nontransgenic animals
(n=6) vs 105 (46) pg/mL in trans-
genic animals (n=4). Smaller differ-
ences were observed in levels of TNF-�
(179 [61] pg/mL for nontransgenic vs
99 [16] pg/mL for transgenic) and IL-6
(3344 [750] pg/mL for nontransgenic
vs 2461 [379] pg/mL for transgenic).

By 24 hours postinjection, cytokine
levels were relatively static or decreas-
ing in all animals. The sole exception
was TNF-� in wild-type animals (n=4),
which had a greater than 2-fold in-
crease compared with septic animals of
the same genotype at 16 hours, increas-

ing to a level of 376 (145) pg/mL. Lev-
els of TNF-� in Fabpl-Bcl-2 mice (n=4)
were minimally changed (158 [35] pg/
mL]) at the 24-hour time point.

COMMENT
In this study, sepsis induced by P ae-
ruginosa pneumonia resulted in an
increase in gut epithelial apoptosis. Al-
though sepsis originated from a pul-
monary source, decreasing intestinal
epithelial cell death by overexpres-
sion of Bcl-2 was associated with im-
proved survival.

The results described herein suggest
that decreasing intestinal cell death with
Bcl-2 may play a role in improving sur-
vival for sepsis that originates from an
extra-abdominal source. This finding
may be clinically significant because ap-
proximately 40% of septic episodes in
humans begin in the lung.1,31

While this study shows an associa-
tion between increased Bcl-2 and sur-
vival in sepsis, we cannot conclude that
a decrease in gut epithelial apoptosis is
directly responsible for the decrease in
mortality observed in transgenic ani-
mals. Although the role of Bcl-2 as an
antiapoptotic protein has been demon-
strated,22-25 it is possible that a separate
effect of the transgene that we are un-
able to detect is responsible for the sur-
vival benefit conferred. If, however, the
lower death rate in transgenic animals
is due to an alteration in gut epithelial
apoptosis, the mechanisms that under-
lie this link must be further clarified.

One possibility we tested for was the
presence of bacterial translocation.
However, the microbiologic data dem-
onstrate that bacterial translocation is
not the predominant mechanism of the
survival benefit conferred by Bcl-2.

Figure 1. Gut Epithelial Apoptosis in Sepsis From Pseudomonas aeruginosa Pneumonia

A B C

D E F

Sham-Operated Mouse (D-F)

Mouse With P aeruginosa Pneumonia (A-C)

Gut epithelium of a mouse with P aeruginosa pneumonia (A-C) compared with that of a sham-operated mouse (D-F) stained for active caspase 3 and counterstained
with hematoxylin (A, D); the terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) assay, counterstained with hematoxylin (B,E); and hematoxylin-
eosin (C,F). Arrowheads identify apoptotic cells. Original magnification �400.
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Although low levels of P aeruginosa
were present in the mesenteric lymph
nodes of all animals examined 16 hours
postoperatively, only 2 animals dem-

onstrated evidence of enteric organ-
isms at this time point. In addition, al-
though all animals were bacteremic, no
enteric organisms were cultured from
the blood of either transgenic or non-
transgenic animals.

Our results are consistent with hu-
man studies that challenge the role of
bacterial translocation in the origins of
sepsis,32 but differ from a recent study
by Yu and Martin29 that demonstrated
67% of rats subjected to intratracheal in-
jection of P aeruginosa had evidence of
translocation of intestinal bacteria to the
mesenteric lymph system. However, that
study examined translocation 40 hours
after surgery, whereas the cultures in our
study were obtained 24 hours earlier. It
is possible that had the animals in our
study been cultured 40 hours postop-
eratively, a similar increase in bacterial
translocation may have been observed.

This would be of little physiologic sig-
nificance since 75% of nontransgenic
animals and 50% of transgenic animals
did not survive 48 hours.

Even though bacterial translocation
does not seem to be responsible for the
survival benefit conferred by Bcl-2, it
is possible that altered intestinal per-
meability plays a role in a potential link
between gut epithelial apoptosis and
survival. Yu and Martin29 have shown
that sepsis from P aeruginosa pneumo-
nia is associated with decreased gut bar-
rier function. This is consistent with rat
studies that show that gut permeabil-
ity is increased in intestinal ischemia/
reperfusion.33 Increased gut epithelial
apoptosis is also associated with gut hy-
perpermeability in animal models.34 Im-
portantly, treatment with the caspase
inhibitor z-VAD in an intestinal cell line
prevented both gut epithelial apopto-
sis and barrier dysfunction.35 Since
translocation of gut-derived factors
other than intact bacteria to the mes-
enteric lymph has been shown to be det-
rimental in animal models of critical ill-
ness,32,36 additional studies are needed
to assess the role of Bcl-2 on gut bar-
rier function.

The cellular signaling pathways re-
sponsible for increased gut apoptosis in
sepsis are unclear. In this study, apop-
totic cells were present in nearly every
crypt in pneumonia from P aeruginosa,
whereas they are a more focal phenom-
enon in CLP21; this may be attributable
to the differing mortalities between the
models.

The role cytokines play in the rela-
tionship between Bcl-2 overexpression
and survival is incompletely answered
by this study. Multiple studies have
shown alterations in cytokine levels of
intestinal4,5,7,9,11,15,16 or immune37,38 ori-
gin in critical illness. The data pre-
sented here, however, fail to show any
statistically significant differences in cy-
tokine levels between transgenic and
nontransgenic animals. Potential expla-
nations for this include alterations in cy-
tokine levels not examined for this study
and true differences in local mediator
levels not adequately detected by mea-
suring systemic blood levels.

Figure 2. Bcl-2 and Intestinal Apoptosis in Sepsis From Pseudomonas aeruginosa Pneumonia

B

C

Fabpl-Bcl-2 (Transgenic) Mouse (C, D)

FVB/N (Wild-Type) Mouse (A,B)

D

A

Gut epithelium of an FVB/N mouse (A,B) and an Fabpl-Bcl-2 mouse (C,D) with P aeruginosa sepsis stained for
active caspase 3 and counterstained with hematoxylin (A,C [original magnification �400]) and hematoxylin-
eosin (B,D [original magnification �200]). Arrowheads identify apoptotic cells.

Figure 3. Survival 7 Days After Induction of
Sepsis

Wild-Type Mice (n = 26)

Transgenic Mice (n = 25)
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Survival curve was based on 25 Fabpl-Bcl-2 mice and
26 FVB/N mice, each of which received 40 µL of in-
tratracheal Pseudomonas aeruginosa.
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Our study has several limitations. It
is possible that even if alterations in gut
cell death are responsible for the effect
presented in this murine study, decreas-
ing intestinal apoptosis would there-
fore not be beneficial to septic patients
in the intensive care unit. To have clini-
cal applicability, an approach must be
developed to decrease gut epithelial
apoptosis after a patient becomes sep-
tic. While caspase inhibitors adminis-
tered via intraperitoneal injection
improve survival in CLP,37,38 it is unclear
what role the intestine plays in this
response, and no data exist on gut-
directed anticaspase therapy. The role
intestinal apoptosis plays in either gram-
positive or fungal septicemia also is not
known, since both this study and ear-
lier work on CLP used gram-negative
bacteria in murine models of sepsis. In

addition, animals in this study were not
givenantibiotics,which is standard treat-
ment for patients with pneumonia, sep-
sis, or both.31 Although both transgenic
and nontransgenic animals were bacte-
remic, it ispossible thatantibioticswould
have improved survival disproportion-
ately in the nontransgenic group.

In summary, similar to other animal
models and human studies of critical ill-
ness, monomicrobial sepsis induced by
P aeruginosa pneumonia is associated
with an increase in gut epithelial apop-
tosis. Overexpression of Bcl-2 was as-
sociated with reduced apoptosis in the
intestinal epithelium and conferred a
survival advantage, with 40% of trans-
genic mice surviving their septic in-
sult. Gut epithelial apoptosis may play
a role in sepsis-related mortality, and
reduction of intestinal cell death may

represent a potential therapeutic ap-
proach toward improving survival in
sepsis.
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