
INTRODUCTION
Trauma accounts for a major propor-

tion of deaths worldwide (1). Among the
causes of trauma-associated morbidity
and mortality is a dysfunctional systemic
immune response to severe injury, seen
early as exaggerated systemic inflamma-
tory response syndrome and late as a
sustained counterregulatory antiinflam-
matory response (2). An overwhelming
posttraumatic systemic inflammatory re-
sponse can lead to organ dysfunction or
failure in the setting of tissue injury and
systemic hypoperfusion. This result is

thought to occur through the release of
reactive oxygen species, chemokines and
proinflammatory cytokines such as inter-
leukin (IL)-6, IL-12 and IL-18 by macro -
phages and endothelial cells and subse-
quent activation and localization of
polymorphonuclear neutrophils in or-
gans remote from the site of injury (3,4).

We (5,6) and others (7) have shown
that the initial inflammatory response
after hemorrhagic shock (HS) and pe-
ripheral tissue trauma is driven by the
activation of Toll-like receptor-4 signal-
ing by damage-associated molecular pat-

tern (DAMP) molecules, such as high
mobility group box-1 (HMGB1). DAMPs,
such as extracellular matrix components
and reactive oxygen species released after
HS and trauma, have also been shown to
activate other pattern recognition recep-
tors, NOD-like receptors (NLRs), leading
to inflammasome activation and subse-
quent activation and cleavage of caspase-1
(8). Caspase-1 activation is required for
the proteolytic maturation of cytokines
known to be involved in the injury re-
sponse, namely IL-1β and IL-18, as well
as other roles in inflammation and cell
death pathways that may also influence
the host response to ischemia and injury.
Caspase-1 also plays a role in pyroptosis
 (caspase-1–dependent cell death) during
infection (9), as well as a role in the regu-
lation of both glucose and lipid metabo-
lism, and cell survival (10,11). Many of
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Adaptive immune responses are induced in liver after major stresses such as hemorrhagic shock (HS) and trauma. There is
emerging evidence that the inflammasome, the multiprotein platform that induces caspase-1 activation and promotes interleukin
(IL)-1β and IL-18 processing, is activated in response to cellular oxidative stress, such as after hypoxia, ischemia and HS. Addition-
ally, damage-associated molecular patterns, such as those released after injury, have been shown to activate the inflammasome
and caspase-1 through the NOD-like receptor (NLR) NLRP3. However, the role of the inflammasome in organ injury after HS and
trauma is unknown. We therefore investigated inflammatory responses and end-organ injury in wild-type (WT) and caspase-1–/–

mice in our model of HS with bilateral femur fracture (HS/BFF). We found that caspase-1–/– mice had higher levels of systemic in-
flammatory cytokines than WT mice. This result corresponded to higher levels of liver damage, cell death and neutrophil influx in
caspase-1–/– liver compared with WT, although there was no difference in lung damage between experimental groups. To deter-
mine if hepatoprotection also depended on NLRP3, we subjected NLRP3–/– mice to HS/BFF, but found inflammatory responses and
liver damage in these mice was similar to WT. Hepatoprotection was also not due to caspase-1–dependent cytokines, IL-1β and
IL-18. Altogether, these data suggest that caspase-1 is hepatoprotective, in part through regulation of cell death pathways in the
liver after major trauma, and that caspase-1 activation after HS/BFF does not depend on NLRP3. These findings may have impli-
cations for the treatment of trauma patients and may lead to progress in prevention or treatment of multiple organ failure (MOF).
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these functions of caspase-1 have been
shown to be independent of the produc-
tion of IL-1β and IL-18 through experi-
ments involving double knockout mice
in a model of sepsis (12).

Given this growing body of evidence
indicating a diverse, multifaceted role for
caspase-1 in inflammation, we hypothe-
sized that it would play a significant role
in the setting of trauma/posttraumatic
inflammation. Therefore, we subjected
wild-type (WT) and caspase-1–/– mice to
HS with bilateral femur fracture (HS/
BFF) with the hypothesis that caspase-1
deficiency would attenuate the proin-
flammatory response with decreased lev-
els of inflammatory cytokines, therefore
decreasing remote organ damage after
severe trauma. However, in contradiction
to our hypothesis, we found an increased
proinflammatory cytokine profile, in-
creased hepatocellular death and cellular
damage in caspase-1–/– mice compared
with WT mice after HS/BFF. Our data
therefore suggest that caspase-1 balances
the posttraumatic inflammatory response
and is an important component of hepa-
tocellular survival. We also show that
caspase-1 activation after severe trauma
is unlikely to occur through activation of
the NLRP3 inflammasome, since we did
not see increased inflammation or in-
creased liver damage in NLRP3–/– mice
after HS/BFF compared with WT mice.
These findings shed new light on the role
of caspase-1 in the setting of severe
trauma and may lead to new therapeutic
approaches for severely injured patients
who are prone to multiple organ failure.

MATERIALS AND METHODS

Animal Care
All experimental protocols were ap-

proved by the Institutional Animal Use
and Care Committee of the University of
Pittsburgh. Experimental procedures
were carried out in accordance with all
regulations regarding the care and use of
experimental animals, as published by
the National Institutes of Health. Male
C57BL/6 (WT) mice (Charles River Labo-
ratories International, Wilmington, MA,

USA), caspase-1–/– mice (a gift from
Richard Flavell, Yale University, New
Haven, CT, USA [13]), and NLRP3
(NALP3, pyrin-1)–/– mice (Millennium
Pharmaceuticals, Boston, MA, USA) aged
7–11 weeks, weighing 21–30 g, were used
in experiments. Additionally, IL-18–/–, IL-
18R–/– and IL-1R1–/– mice on a C57BL/6
background were purchased from The
Jackson Laboratory (Bar Harbor, ME,
USA). Animals were allowed access to
rodent chow and water ad  libitum.

Genotyping of Caspase-1–/– Mice
Mice were genotyped by reverse

 transcriptase–polymerase chain reaction
(PCR) of digested tail tissue using the
following primers: caspase-1 forward:
GAGAC ATATAAGGGAGAAGGG;
 caspase-1 reverse: ATGGCACACC ACAGA
TATCGG; and caspase-1 neo: TGC TA
AAGCGCATGCTCCAGACTG. PCR con-
ditions used were as follows: 94°C for
3 min; then 35 cycles of 94°C for 30 s,
62°C for 30 s and 72°C for 30 s; and then
held at 72°C for 5 min before cooling to
4°C until run on 2% agarose gel. Bands
were visualized using ethidium bromide.
WT mice were identified by a single band
at 500 bp. Caspase-1–/– mice were identi-
fied by a single band at 300 bp. Heterozy-
gous mice had both bands  visible.

Experimental Groups
Mice from each mouse strain were as-

signed to three groups: control (no ma-
nipulation, n = 2–3 per strain), sham
(femoral artery cannulation only, n = 3–5
per strain) and HS/BFF (1.5 h HS + 4.5 h
fluid resuscitation and bilateral femur
fracture, n = 4–6 per strain). HS/BFF
group mice were anesthetized with in-
traperitoneal sodium pentobarbital
(50 mg/ kg; Ovation Pharmaceuticals,
Deerfield, IL, USA) and inhaled isofluo-
rane (Abbott Labs, Chicago, IL, USA).
After bilateral groin dissections, both
femoral arteries were cannulated using
PE-10 tubing flushed with 2 units of he-
parin per animal (Pharmacia & Upjohn,
Kalamazoo, MI, USA). Bilateral femur
fractures were manually induced using
hemostats. Baseline mean arterial pres-

sure was determined with the catheter
connected to a blood pressure transducer
(Micro-Med, Tustin, CA, USA). Then,
using the second catheter, hemorrhage
was induced to a mean arterial pressure
of 25 mmHg for 1.5 h followed by fluid
resuscitation with Ringer’s solution (3×
the volume of shed blood) through the
catheter. Mice were kept under anesthe-
sia for an additional 4.5 h. Sham group
mice underwent initial cannulation pro-
cedures and anesthesia only. Control
mice were sacrificed without any proce-
dures performed to obtain physiological
baseline levels. All animals were sacri-
ficed after a total time course of 6 h.

Reagents
Antibodies for Western blot analysis:

caspase-1 was from Upstate (Millipore,
Billerica, MA, USA); β-actin was from
Biovision (San Francisco, CA, USA); and
caspase 8, 9 and 12 and cleaved
poly(ADP-ribose) polymerase (PARP)
were from Cell Signaling Technology
(Danvers, MA, USA). Receptor interact-
ing protein-1 (RIP-1) was from LifeSpan
Biosciences (Seattle, WA, USA), and Bcl2
was from Abcam (Cambridge, MA, USA).
Western blot analysis was performed as
previously published (14). Western gel
images were quantified by densitometry
using Image J software (National Insti-
tutes of Health, Bethesda, MD, USA).

Blood and Tissue Collection and
Plasma Analysis

Anesthetized mice were euthanized by
cardiac puncture and blood withdrawal.
Immediately after cardiac puncture, the
liver and the lungs were harvested and
snap-frozen in liquid nitrogen and then
stored at –80°C. The collected hep a ri nized
blood samples were centrifuged at 2,300g
for 10 min, and plasma was aliquoted and
stored at –80°C. Immediately, one sample
was used for quantification of alanine
aminotransferase (ALT) and aspartate
aminotransferase (AST) levels (Dry-Chem
Veterinary Chemistry Analyzer, HESKA,
Loveland, CO, USA; slides from Fujifilm
Corporation, Asaka-shi Saitama, Japan).
Plasma cytokine levels were determined
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either by enzyme-linked immunosorbent
assay (ELISA) for IL-18 (MBL, Naka-ku,
Japan), IL-6 and IL-10 (R&D, Minneapolis,
MN) or using Luminex™ multiplexing
bead array platform (MiraiBio, Alameda,
CA, USA) using a mouse cytokine bead
sets for IL-1α, IL-1β, IL-6, IL-10, IL-12,
keratinocyte-derived chemokine (KC)
and monocyte chemoattractant protein
(MCP)-1 (Invitrogen, San Diego, CA, USA). 

Lung Myeloperoxidase Activity
Myeloperoxidase (MPO) activity was

determined by ELISA of tissue lysates

from lungs. The assay was performed ac-
cording to the manufacturer’s instruc-
tions (Mouse MPO ELISA kit; Cell Sci-
ences, Canton, MA, USA). Briefly, 10 mg
frozen lung tissue was homogenized in
lysis buffer with a Tissue Tearor™ ma-
chine (Biospec Products, Bartlesville, OK,
USA). After centrifugation at 1,500g for
15 min, supernatants were collected and
diluted five-fold. Subsequently, MPO ac-
tivity of each sample was determined
and then standardized to its respective
protein concentration (BCA Protein
Assay Kit; Pierce, Rockford, IL, USA).

Immunofluorescence and Confocal
Microscopy

Portions of harvested livers were
fixed in 2% paraformaldehyde for 2 h
followed by cryopreservation. Apo -
ptotic cells in liver sections were identi-
fied using terminal deoxynucleotidyl-
transferase dUTP nick end-labeling
(TUNEL) staining following the manu-
facturer’s protocol (Promega Corpora-
tion, Madison, WI). Nuclei were coun-
terstained with Hoechst nuclear stain
(Invitrogen). TUNEL-positive cells were
imaged using a Nikon microscope
(Nikon, Melville, NY, USA) and quanti-
tated using a Metamorph™ image ac-
quisition and analysis system (Univer-
sal Imaging, West Chester, PA, USA).
TUNEL-positive cells from six random
fields per section were counted blindly
and expressed as a percentage of the
total cell number for those fields. Im-
munofluorescence was used to deter-
mine the number of Ly-6G-positive
neutrophils in liver sections. Liver sec-
tions (5 μm) were incubated with 2%
bovine serum albumin (BSA) in PBS for
1 h, followed by five washes with PBS +
0.5% BSA (PBB). The samples were then
incubated with rat Ly-6G primary anti-
body (1:100; BD Pharmingen, San
Diego, CA, USA) for 1 h at 37°C. Sam-
ples were washed 5× with PBB followed
by incubation in Cy3 secondary anti-
body diluted in PBB (1:1,000; Jackson
ImmunoResearch Laboratories, West
Grove, PA, USA). Samples were washed
3× with PBB, followed by a single wash
with PBS before a 30-s incubation with
Hoeschst nuclear stain. Nuclear stain
was removed and samples were
washed with PBS before being cover-
slipped using Gelvatol (23 g polyvinyl
alcohol 2000, 50 mL glycerol, 0.1%
sodium azide to 100 mL PBS). Posi-
tively stained cells in six random fields
were imaged on a Fluoview 1000 confo-
cal scanning microscope (Olympus,
Melville, NY, USA). Imaging conditions
were maintained at identical settings
with original gating performed using
the negative control (no primary
 antibody).
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Figure 1. Caspase-1 is activated after HS/BFF. (A) Western blot images showing caspase-1
is activated (cleaved) in liver of WT (C57BL/6) mice at 6 h after HS/BFF. (B) Caspase-1–/–

mice did not express IL18 at baseline or after HS/BFF, but NLRP3–/– mice expressed higher
levels of IL18 than WT mice after HS/BFF measured by ELISA. (C) Western blot images with
densitometry showing caspase-1 is activated (cleaved) in liver of NLRP3–/– mice at 6 h
after HS/BFF. n = 3–6/group. Data show mean ± SEM. *P < 0.05, control versus HS/BFF; #P <
0.05 NLRP3–/– HS/BFF versus WT HS/BFF. C, control; ND, not detected; S, sham.



Statistical Analysis
Statistical analysis was performed by

analysis of variance (with post hoc test-
ing according to the Student-Newman-
Keuls method) and Student t test proce-
dures using Sigmaplot 11 software
(Systat Software, San Jose, CA, USA).
Data are presented as mean ± standard
error of mean (SEM) with differences
being accepted as statistically significant
if the P value was <0.05.

RESULTS

Caspase-1 Is Activated during HS/BFF
in Mice

To assess the role of the inflammasome
and caspase-1 in the inflammatory re-
sponse and end-organ injury that occurs
after trauma, we compared the responses
of WT, caspase-1–/– and NLRP3–/– mice
subjected to HS/BFF. Caspase-1 was acti-
vated (cleaved) in livers of WT mice at
6 h after HS/BFF (Figure 1A). The lack of
functional caspase-1 in caspase-1–/– mice
was confirmed by measuring circulating
IL-18 levels in unmanipulated control
mice, sham-treated mice (femoral artery

cannulation with anesthesia alone) and
mice subjected to HS/BFF. As shown in
Figure 1B, IL-18 was detectable at base-
line in WT mice and also in sham-treated
WT mice at low levels. IL-18 levels were
significantly increased in WT mice at 6 h
after HS/BFF compared with control or
sham mice (Figure 1B). As expected, cas-
pase-1–/– mice did not express any de-
tectable IL-18 even after HS/BFF. We
also investigated IL-18 levels in
NLRP3–/– mice after HS/BFF, to deter-
mine whether this is the main inflamma-
some activated during trauma. Interest-
ingly, IL-18 levels in NLRP3–/– mice were
significantly higher than in WT mice
(Figure 1B), and there was similar activa-
tion of caspase-1 in NLRP3–/– liver after
HS/BFF compared with WT (Figure 1C).
These data provide evidence for activa-
tion of caspase-1 within the initial 6 h
after HS/ BFF, but also suggest that
NLRP3 is not the main inflammasome
involved in this activation. Although
IL-1β is also processed by caspase-1, this
cytokine has not been proven as a reli-
able marker for caspase-1 activation,
since there are multiple other pathways
that can cleave pro–IL-1β to the active
form (15). We detected low levels of
IL-1β in plasma of both WT (21.2 ± 
4.6 pg/mL) and caspase-1–/– (23.9 ± 
12.1 pg/mL) mice at 6 h after HS/BFF.

Caspase-1–/– Mice Produce Increased
Levels of Inflammatory Cytokines after
Trauma

We next assessed the magnitude of the
systemic inflammatory response by mea-
suring circulating levels of several cy-
tokines and chemokines known to be ele-
vated after trauma. As expected, levels of
IL-6, IL-12, KC and MCP-1 were all in-
creased after HS/BFF in WT mice, with
the greatest increases in IL-6 and KC (Fig-
ure 2). Unexpectedly, even greater in-
creases in IL-6, IL-12 and MCP-1 were
seen in caspase-1–/– mice after HS/BFF
(Figure 2), with no differences between
WT and NLRP3–/– circulating cytokine
levels (data not shown). These data sug-
gest that the absence of caspase-1 leads to
a greater initial systemic inflammatory re-

sponse that does not depend on NLRP3
inflammasome activation. Interestingly,
KC levels were not different between WT
and caspase-1–/– mice after HS/BFF at 6 h.

Caspase-1–/– Mice Have Worse Organ
Damage after Severe Trauma
Compared with WT Mice

As markers of liver damage, we mea-
sured plasma levels of AST and ALT in
WT, caspase-1–/– and NLRP3–/– mice
after HS/BFF. AST and ALT levels were
significantly increased in both WT and
caspase-1–/– mice after HS/BFF com-
pared with baseline levels (Figure 3A).
However, the levels of both AST and
ALT were significantly higher in plasma
from caspase-1–/– mice compared with
WT mice (Figure 3A). Again, there was
no difference in AST and ALT levels in
NLRP3–/– mice compared with WT mice
at 6 h after HS/BFF (Figure 3A). These
data further suggest that caspase-1 acti-
vation independent of NLRP3 inflamma-
some is protective during trauma, with
increased liver damage corresponding
well with increased cytokine levels in
caspase-1–/– mice.

To further investigate the extent of in-
creased liver damage in caspase-1–/–

mice after HS/BFF, we assessed necrosis
in the liver by hematoxylin and eosin
(H&E) staining of liver sections as well
as by RIP-1 expression in liver tissue. We
found evidence of increased necrotic
areas of liver in caspase-1–/– mice com-
pared with WT mice by H&E staining,
but again NLRP3–/– liver showed similar
necrosis to WT liver at 6 h after HS/BFF
(Figure 3B). Necrosis was mainly cen-
trilobular and much more extensive in
caspase-1–/– mice (Figure 3B). We also
detected increased expression of RIP-1, a
marker of necrosis, in caspase-1–/– whole
liver lysates by Western blot compared
with WT mice (Figure 3C). Even sham
injury resulted in increased RIP-1 levels
in caspase-1–/– liver compared with WT.
Altogether, these data show evidence 
of increased cell death in the liver of
 caspase-1–/– mice after HS/BFF.

Caspase-1-dependent cytokines, IL-1β
and IL-18, have been shown in some
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Figure 2. Increased proinflammatory cy-
tokine and chemokine levels in caspase-
1–/– mice after HS/BFF. IL6, IL12 and MCP-1
are all significantly increased in caspase-
1–/– mice after HS/BFF compared with WT.
KC increases in both WT and caspase-1–/–

mice after HS/BFF, but is not different be-
tween the mouse strains. n = 3–6/group;
data show mean ± SEM; *P < 0.05 WT ver-
sus caspase-1–/– HS/BFF; #P < 0.05 versus
control; +P < 0.05 versus sham. ND, not
 detected.



studies of inflammation to be protective
in certain models. We therefore wanted
to determine whether a lack of IL-18 or
IL-1β signaling was responsible for the
increased liver damage seen in caspase-
1–/– mice after HS/BFF. We used com-
mercially available IL-18ko, IL-1R1ko
and IL-18Rko mice and subjected them
to HS/BFF similarly to caspase-1–/– mice.
There were no statistical differences in ei-
ther AST or ALT levels between these
strains of mice and WT (C57BL/6) mice
either after sham injury or after HS/BFF
(Figure 4). IL-1R1ko mice trended to-
ward lower levels of AST and ALT than
WT or IL-18 signaling-deficient mice, but
this was not statistically significant.
These data suggest that neither IL-1β nor

IL-18 signaling is protective during
HS/BFF.

Increased Neutrophil Influx in
Caspase-1–/– Liver Compared with WT

We also determined neutrophil influx
into both lung and liver as further mark-
ers of organ inflammation (Figure 5).
Liver Ly-6G levels were significantly in-
creased in caspase-1–/– mice compared
with WT mice after HS/BFF (Figure 5B).
However, pulmonary MPO levels were
similar between WT and caspase-1–/–

mice despite being significantly increased
compared with sham and baseline (Fig-
ure 5A). These data may suggest caspase-
1 regulates proinflammatory pathways
preferentially in the liver, or that at the

time point measured, any early or late
differences in neutrophil accumulation in
the lung may not be present at 6 h.

Caspase-1–/– Mice Have Increased
Apoptosis in Liver after Trauma
Compared with WT Mice

As caspase-1–/– mice showed increased
proinflammatory cytokine production
and also increased indication of liver
damage after trauma compared with
WT mice, we wanted to determine
whether these differences were secondary
to changes in apoptosis in the liver.
 Caspase-1 is known to have regulatory
effects on apoptosis, as well as regulating
another form of inflammatory cell death,
pyroptosis (16). Both apoptosis and py-
roptosis increase TUNEL staining in cells.
We therefore determined the number of
TUNEL-positive cells in liver sections
from WT and caspase-1–/– mice after
sham surgery and after HS/BFF, com-
pared with unmanipulated controls.
TUNEL staining increased significantly in
livers of both WT and caspase-1–/– mice
after sham surgery alone compared with
controls (Figure 6A). Levels of TUNEL
staining were significantly increased
again in caspase-1–/– mice after HS/BFF,
but this increase did not occur in WT
mice after HS/BFF (Figures 6A, B).

These data suggest an increase in
 apoptosis in caspase-1–/– mice after
HS/BFF because pyroptosis is considered
to be caspase-1 and IL-1β dependent (16).
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Figure 3. Increased remote organ damage after HS/BFF in caspase-1–/– mice. (A) ALT (left)
and AST (right) in WT, caspase-1–/– and NLRP3–/– mice after HS/BFF. (B) H&E staining of liver
from WT, caspase-1–/– and NLRP3–/– mice at 6 h after HS/BFF. (C) Western blot images and
densitometry showing RIP-1 levels in whole liver cell lysates from WT and caspase-1–/–

mice. n = 3–6/group. Data show mean ± SEM. *P < 0.05 WT versus caspase-1–/– HS/BFF.

Figure 4. No difference in liver damage
after HS/BFF in IL18ko, IL18Rko or IL1R1ko
mice compared with WT (C57BL/6). AST
and ALT levels in plasma at 6 h after
HS/BFF are shown. n = 3 or 6/group. Data
show mean ± SEM.



We therefore investigated levels of other
apoptosis markers in liver of caspase-1–/–

and WT mice by Western blot. There
were increased levels of proapoptotic cas-
pase-12 and cleaved PARP (cPARP) at
baseline in caspase-1–/– liver compared
with WT (Figures 6C, D). Although nei-
ther caspase-12 nor cPARP levels in-
creased in caspase-1–/– mice after
HS/BFF, levels remained statistically sig-
nificantly higher in caspase-1–/– liver than
in WT after HS/BFF. Caspase-8 and cas-
pase-9 levels were significantly higher at
baseline in WT liver compared with cas-
pase-1–/– liver (Figures 6C, D). Caspase-8
levels significantly increased in caspase-
1–/– liver after both sham injury and
HS/BFF and were then significantly
higher than corresponding WT levels.
WT levels of caspase-9 decreased signifi-

1 0 3 6 |  M E N Z E L  E T  A L .  |  M O L  M E D  1 7 ( 9 - 1 0 ) 1 0 3 1 - 1 0 3 8 ,  S E P T E M B E R - O C T O B E R  2 0 1 1

C A S P A S E - 1  I S  H E P A T O P R O T E C T I V E  I N  T R A U M A

Figure 5. Increased liver neutrophils in cas-
pase-1–/– mice after HS/BFF. (A) Pulmonary
MPO level in WT and caspase-1–/– mice
after HS/BFF. (B) Quantification of LY6G
(neutrophil marker) immunohistochemical
staining in liver sections of WT and cas-
pase-1–/– mice after HS/BFF. n = 3–6/group.
Data show mean ± SEM. *P < 0.05 WT ver-
sus caspase-1–/– HS/BFF; #P < 0.05 versus
control; +P < 0.05 versus sham.

Figure 6. Increased liver apoptosis of caspase-1–/– mice compared with WT after HS/BFF.
(A) Percentage of TUNEL-positive hepatocytes per high-power vision field in WT and cas-
pase-1–/– mice after HS/BFF. (B) Representative confocal microscopy images of liver sec-
tions showing TUNEL staining (green fluorescence, marked with white arrows) in WT and
caspase-1–/– mice after HS/BFF. Western blot images with densitometry analysis showing
levels of caspase-9, caspase-12 and Bcl2 (C) and caspase-8 and cPARP (D) in whole-cell
liver lysates of WT and caspase-1–/– mice. C, control; S, sham. Images representative of
three separate Western blots. n = 3–6/group. Data show mean ± SEM. *P < 0.05 WT versus
caspase-1–/–; #P < 0.05 versus control.



cantly after HS/BFF, but caspase-9 levels
in caspase-1–/– liver remained unchanged.

Changes in the antiapoptotic protein,
Bcl2, were also seen in caspase-1–/– liver.
At baseline, Bcl2 levels were similar be-
tween WT and caspase-1–/– mice (Fig-
ure 6C). However, Bcl2 levels were sig-
nificantly decreased in caspase-1–/– liver
after HS/BFF and even after minor sham
injury. However, Bcl2 levels did not
change in WT liver. Altogether these data
show an increase in overall levels of
proapoptotic proteins and a concomitant
decrease in the antiapoptotic protein,
Bcl2. Therefore, these findings support a
regulatory role for caspase-1 in cell death
pathways in the liver, which may result
in hepatoprotection after HS/BFF.

DISCUSSION
Posttraumatic systemic inflammation

plays a pivotal role in the development
of subsequent remote organ damage
(17,18). We have shown in this study that
activation of caspase-1 after severe
trauma may be protective in the liver
and that this protection may be partly
through the regulation of cell-death path-
ways. Caspase-1 activation (cleavage) is
known to occur through the formation of
the inflammasome, a signaling platform
involving NLRs and apoptosis-associated
speck-like protein containing a caspase
recruitment domain (ASC) (19). Cleavage
of caspase-1 then classically leads to the
cleavage of pro-IL-1β, and pro-IL-18 with
the subsequent release of active proin-
flammatory cytokines into systemic cir-
culation (18,20,21). Blocking inflamma-
some formation and activation may
therefore be a useful strategy in modify-
ing the inflammatory response, espe-
cially in diseases where IL-1β plays a
main role in inflammation, including
during the inflammatory response to
trauma (22,23).

We therefore expected that in mice
lacking the main inflammasome effector
protein, caspase-1, there would also be a
reduction in the level of the inflamma-
tory response associated with a severe
trauma model that includes bilateral
femur fracture and tissue hypoxia sec-

ondary to HS. Indeed, animal studies
using pharmaceutical inhibition of
 caspase-1 or using caspase-1-deficient
mice have shown decreases in inflamma-
tion in several models of infection or
local  inflammation/tissue irritation, in-
cluding renal ischemia-reperfusion injury
(24), acute pancreatitis (25), acute lung
injury (26) and myocardial infarction
(27). However, in contrast to these find-
ings, we showed an increase in liver
damage in mice deficient in caspase-1 in
the setting of severe trauma, suggesting
that, in this model, caspase-1 is protec-
tive, similar to data shown in a model of
septic shock (12).

Caspase-1 is most well known for
being the enzyme responsible for the ac-
tivation and release of IL-1β and IL-18.
However, hepatocytes (the main liver cell
type) do not produce much of either cy-
tokine when stressed or hypoxic. This re-
sult suggests that caspase-1 may play a
different role in hepatocytes compared
with activation of caspase-1 in immune
cells, such as Kupffer cells. Caspase-1 is
known to have many potential protein
cleavage targets within a cell, including
those related to cell-signaling pathways
and cell metabolism (11,28). Our data
provide evidence of the role of caspase-1
in the liver to protect cells from stress. If
caspase-1 is absent, cells are more sensi-
tive to stress-related inflammation and
have increased susceptibility to cell
death, particularly by apoptosis. This in-
formation is potentially important when
thinking about new therapies to restrict
inflammation after trauma and shows
that we still have further to go in our un-
derstanding of the regulation of immune
responses to trauma and injury.

One of our main findings is the in-
crease in the extent of organ damage in
caspase-1–/– mice in our trauma model
compared with WT mice. This effect was
seen mainly in the liver at the time point
we investigated, with increased AST and
ALT as well as an increase in the recruit-
ment of neutrophils to the liver in
 caspase-1–/– mice. The liver is susceptible
to damage secondary to increases in cir-
culating proinflammatory cytokines,

such as the increases seen in IL-6 and
IL-12 in caspase-1–/– mice after HS/BFF.
Reducing cytokine-induced liver damage
may therefore be one mechanism
through which caspase-1 is protective in
our model. However, it is also unclear at
present if the higher cytokine levels in
the caspase-1–/– mice contribute to the in-
creased liver damage, or if higher cyto -
kine levels are the result of greater organ
injury.

Another important finding from our
study is that activation of caspase-1 does
not seem to occur primarily through the
NLRP3 inflammasome. There are many
NLRPs that have been identified as being
expressed in different cell types, but at
present, only a handful have been shown
to form an inflammasome and activate
caspase-1, including NLRP1, NLRP3, ab-
sent in melanoma-2 (AIM2) and ice pro-
tease activating factor (IPAF) (29). Our
findings are particularly interesting be-
cause, to date, almost all DAMPs, includ-
ing reactive oxygen species, activate the
NLRP3 inflammasome. However, AIM2
may also be important in our model,
since it has been shown to be activated
by DNA, which can be released as a re-
sult of tissue damage and subsequent
cell death. It is also possible that DAMPs
can activate another inflammasome, such
as NLRP1, or lead the formation of the
ASC inflammasome without the need for
an NLR, as has been shown in some in-
fection models (30,31). Further studies
are needed to fully identify the main ac-
tivators of caspase-1 after trauma.

We have shown evidence that caspase-1
deficiency may also predispose to an in-
creased tendency to the induction of apo-
ptosis during trauma. Caspase-1 has
been shown to regulate apoptosis path-
ways through binding to antiapoptotic
proteins, Bcl2 and BclXL (32). We show
here that caspase-1–/– mice significantly
downregulate liver expression of Bcl2
after trauma, and this may have pro-
found effects on apoptosis. A recent re-
port also identified another regulator of
apoptosis, PARP, as a cleavage target for
caspase-1 itself (28). Our results support
an effect of absence of caspase-1 leading
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to increased baseline cPARP formation.
Cleavage of PARP even at baseline in
caspase-1–/– liver suggests that caspase-1
liver may be more susceptible to induc-
tion of apoptosis under stressed condi-
tions.

Apoptosis is only one way a cell can
die, and there are many survival path-
ways that regulate the induction of apo-
ptosis and cell death overall. Accord-
ingly, the list of substrates for caspase-1
is increasing, providing the potential for
caspase-1 to have a hand in regulating
multiple cell death and cell survival
pathways that may be differentially acti-
vated in different models. We are contin-
uing to explore the role of caspase-1-
 dependent cell activation further in HS
and trauma to fully characterize these
pathways. Improving our knowledge of
the exact role and interactions of cas-
pase-1 may provide new therapeutic op-
tions for the prevention of organ injury
secondary to trauma.
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