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FoxA2 Involvement in Suppression of Protein C, an Outcome
Predictor in Experimental Sepsis
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Low levels of protein C (PC) predict outcome as early as 10 h after insult in a rat polymicrobial sepsis model
and were associated with suppression of PC mRNA, upstream transcription factor FoxA2, and cofactor
hepatocyte nuclear factor 6 (HNF6). Small interfering RNA suppression of FoxA2 in isolated hepatocytes
demonstrated regulation of both its cofactor HNF6 and PC. Our data suggest that reduced FoxA2 may be
important in the suppression of PC and resulting poor outcome in sepsis.

Severe sepsis, a devastating disorder with a mortality rate of 30
to 50% (1), occurs from a complex host response to insult follow-
ing infection, which evolves into a cascade of inflammatory acti-
vation, microvascular coagulation, endothelial cell dysfunction,
and ultimately organ failure and death (for a review, see reference
11). While many soluble factors change during sepsis, there is
substantial evidence that a reduction in plasma level of the serine
protease protein C (PC) is prognostic for sepsis and sepsis severity
(for a review, see reference 10). Studies have suggested that PC
deficiency may appear before the onset of defined clinical param-
eters of severe sepsis or septic shock (18). Moreover, a retrospec-
tive evaluation of the PROWESS clinical trial (4) indicated that
severe PC deficiency was associated with early death resulting
from refractory shock and multiple organ failure in sepsis (17).
These studies support the important role of the PC pathway in
response to infection, which is further exemplified by the efficacy
of recombinant human activated PC (APC) in the treatment of
severe sepsis (4).

PC, a member of the vitamin K-dependent family of blood
coagulation proteins, is synthesized in the liver as an inactive
zymogen. In settings of thrombotic stress, excess thrombin is
generated and binds to endothelial surface thrombomodulin;
this complex proteolytically generates APC. APC functions as
a feedback inhibitor of thrombin generation by cleavage of
coagulation factors Va and VIIIa. In addition, APC inhibits
plasminogen activator inhibitor type 1 (8) and has receptor-
mediated anti-inflammatory and apoptotic effects (14, 19, 23).
Thus, APC plays a fundamental role in a coordinated system
for controlling thrombosis, limiting inflammatory responses,
and potentially decreasing endothelial cell apoptosis in re-
sponse to inflammatory cytokines and ischemia (14).

The factors that control the reduction in PC during acute
inflammatory response in sepsis are not fully understood.
Based on the underlying microvascular coagulopathy observed

with sepsis, the conventional explanation has been consump-
tion of endogenous anticoagulants, e.g., PC and antithrombin
III, due to the inflammatory insult and subsequent activation
of the extrinsic coagulation cascade (13). Previously, we pro-
vided evidence for suppression of PC levels in a rat model of
sepsis, although the mechanism was not elucidated (12). In this
study, we have explored the mechanism for the suppression of
PC in a rat cecal ligation and puncture (CLP) model of polymi-
crobial sepsis.

Details of the CLP model have been previously described
(12). Briefly, female Sprague-Dawley rats (each, 245 to 265 g)
were purchased from Harlan (Indianapolis, IN) and allowed to
acclimate a minimum of 6 days prior to surgery. Rats were
anesthetized with 3% isoflurane (1:1.5 with O2), and polyeth-
ylene catheters (Strategic Applications, Inc., Libertyville, IL)
were implanted surgically into the femoral vein. Immediately
following femoral catheterization, CLP was performed with a
single puncture with a 16-gauge needle to obtain an expected
mortality of �75%; care was taken to ligate the same length of
cecum (1 cm as measured by a ruler on the scalpel). Following
surgery, the rats were given ketoprofen (2 mg/kg of body
weight) intramuscularly for pain relief, injected subcutaneously
with 5 ml of prewarmed saline and then continuously infused
with 5% dextrose in 0.9% saline (Abbott Laboratories, North
Chicago, IL) at a rate of 2 ml/h via the femoral catheter until
death or at the endpoint of the study. Sham treatment rats
received identical surgery (except for CLP) and postoperative
management. An enzyme-linked immunosorbent assay
(ELISA) for measurement of PC levels was performed as de-
scribed previously (12), and purified recombinant rat PC was
used as a reference standard. All experimental methods were
approved by the institutional animal care and use committee
and were in accordance with the institutional guidelines for the
care and use of laboratory animals. One-way analysis of vari-
ance or analysis of covariance was used to determine statistical
significance with JMP5.1 software (SAS Institute). Data are
presented as means � the standard error (SE), unless indi-
cated otherwise. A P value of �0.05 was considered significant.
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PC expression is suppressed in a rat model of sepsis. As
shown in Fig. 1A, analysis of plasma PC levels 22 h post-CLP
showed that all animals that subsequently died within the first
30 h had significantly lower plasma PC levels, which were
predictive of early death. Animals that died after 30 h or
survived until the end of the study (96 h) did not have signif-
icantly reduced PC levels, as previously shown (12). Receiver
operator characteristic (ROC) curves, generated from logistic
regression models (JMP5.1 software), showed that a cutoff
value of 60% baseline PC level predicted death by 30 h with a
sensitivity and specificity of 100%. During the course of these
studies, we noted that some animals died even before the 22-h
time point, so we performed studies to assess the impact of low
PC at an earlier time point of 10 h post-CLP on mortality from
10 to 22 h. As shown, even at this earlier time point, animals

that died between 10 and 22 h all had low PC levels, which
were significantly lower than those from the mean number of
animals still alive at the 22-h time point. ROC analysis of death
from 10 to 22 h predicted outcome with a sensitivity of 88%
and a specificity of 84% (area under the ROC curve of 0.88).

In separate experiments, animals were sacrificed at the 22-h
time point for collection of liver tissue, and total RNA was
purified using RNeasy (QIAGEN) and analyzed by quantita-
tive real-time PCR (qPCR) with an ABI Prism 7900HT Se-
quence Detection system. CLP animals sacrificed at 22 h post-
CLP showed a significant reduction in liver PC mRNA levels
compared to surgical sham animals (Fig. 1B). PC liver mRNA
levels were consistently repressed to 52 to 67% of the sham
level in four independent CLP studies. An examination of
individual animals in the CLP group showed a high correlation

FIG. 1. Expression of protein C in rat CLP. (A) Analysis of protein C plasma levels at 10 and 22 h as a function of subsequent survival in a
rat CLP model of sepsis. Blood draws were from the retro-orbital sinus, and the plasma was analyzed for PC concentrations by ELISA. Early deaths
were examined for animals that died within either the 10- to 22-h or the 22- to 30-h time frames. (B) Effect of induction of sepsis by CLP on liver
protein C mRNA expression. cDNA was synthesized by using total RNA isolated from the livers of control-sham and CLP animals sacrificed after
final blood samplings. For determination of relative mRNA levels, the cDNA was analyzed by qPCR (TaqMan). An internal standard curve was
generated by serial dilution of an appropriate cDNA reaction and used for relative quantification. The assay for 18S rRNA was the Eukaryotic
Endogenous Control kit (ABI, Foster City, CA) and was used to normalize to the gene of interest (GOI). Results are from four independent
experiments with 42 animals (20 sham and 22 CLP). (C) Relationship of liver PC mRNA to plasma PC concentration by ELISA at 22 h post-CLP.
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between the levels of protein C mRNA and plasma PC
(Fig. 1C).

Transcription factor FoxA2 is suppressed in the CLP model.
Previous studies by Tsay et al. and other researchers (26, 27,
29, 30) identified regions of the PC promoter important for
liver-specific expression of PC and cis elements corresponding
to hepatocyte nuclear factor 1 (HNF1), HNF3 (FoxA), and
NF-I/CTF binding sites sufficient for basal promoter activity.
However, the factors that control PC expression in vivo, espe-
cially under conditions of inflammatory stress, have not been

elucidated. Shown in Fig. 2A are the upstream regulatory re-
gions for the human and rat protein C promoters. There is a
significant conservation of sequence in this region, including
identical sites for the forkhead transcription factor FoxA2 and
near-identity to HNF1 binding sites. We examined whether
there were any differences in the levels of these transcription
factors in the liver following CLP; as shown in Fig. 2B, FoxA2
expression was substantially reduced at 22 h post-CLP. In
contrast, levels of the related family members FoxA1 and
FoxA3 were actually increased following CLP, suggesting that

FIG. 2. Comparison of the PC promoter region of the human and rat. (A) Analysis of the upstream region of the human and rat PC genes with
MatInspector, which identified the noted FoxA2 (perfect match to the core; matrix score of 0.993) and HNF1 binding sites. The numbering is
relative to the transcription start site of the human PC gene. (B) Change in expression of transcription factors FoxA1, -2, and -3 and HNF1 at 22 h
after induction of sepsis by CLP determined by qPCR (TaqMan). Eight animals per group were used for determining Fox factors, 13 animals were
used for sham conditions, and 14 animals were used for CLP for HNF1 analysis. �, P � 0.05. (C) Inhibition of FoxA2 by immunoassay following
CLP. �, P � 0.05. (D) Relationship of levels of FoxA2 and PC mRNA at 22 h after induction of sepsis by CLP. Values are the ratio of the GOI
over the 18S control as described in the legend to Fig. 1.
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the decrease of FoxA2 was not a general suppression of this
family; HNF1 was not significantly changed relative to the
surgical sham group. As shown in Fig. 2C, the level of FoxA2
protein was also found to be reduced by an immunoassay
performed as described previously (7) using commercially
available antibody sc-9187 against FoxA2 (Santa Cruz).

The observations of reduced FoxA2 expression in CLP an-
imals suggested that the observed reduction in PC expression
in the CLP model may be related to the reduction in FoxA2

expression. If so, one would expect a correlation between liver
FoxA2 and PC mRNA levels. As shown in Fig. 2D, we in fact
observed a strong positive relationship, i.e., animals with sup-
pressed FoxA2 also had suppressed PC mRNA levels (and low
plasma PC levels; data not shown). In contrast, there was no
correlation between PC expression in the liver and HNF1 or
either FoxA1 or FoxA3 expression.

FoxA2 and PC regulation. While the correlation with FoxA2
was highly suggestive of a direct relationship, to confirm that

FIG. 3. Relationship of FoxA2 and PC expression. (A) Analysis of FoxA2 and PC expression levels and binding to the FoxA2 site in the PC
promoter by electrophoretic mobility shift assay, following introduction of an siRNA for FoxA2 into rat hepatocytes (data are the results of four
experiments). �, P � 0.01. Primary hepatocytes were obtained from Clonetics, Cambrex Bio Science Walkersville, Inc., Walkersville, MD.
siGENOME SMARTpools for rat HNF3B (FoxA2), rat ONECUT1 (HNF6), and the nonspecific control pool were purchased from Dharmacon,
Inc., Lafayette, CO. (B) Relationship between FoxA2, HNF6, and PC at 22 h after induction of sepsis by CLP. Values are the ratio of the GOI
over the 18S control, as described in the legend to Fig. 1. (C) Analysis of the effect of an siRNA to FoxA2 on the expression of HNF6 in rat
hepatocytes (data are the result of four experiments). �, P � 0.01.
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FoxA2 in fact could regulate the rat liver PC gene, we inhibited
FoxA2 expression in isolated rat hepatocytes with a small in-
terfering RNA (siRNA) and examined the effect of FoxA2
inhibition on PC expression. Freshly prepared rat hepatocytes
were transfected with the siRNA using Lipofectamine 2000
(Invitrogen Corporation, Carlsbad, CA) according to the man-
ufacturer’s protocol. The transfected cells were allowed to
incubate at 37°C and 5% CO2 for 48 h. Two days posttrans-
fection, RNA was prepared using RNeasy (QIAGEN, Inc.,
Valencia, CA) according to the manufacturer’s protocol. To
assess the level of FoxA2 binding to the PC promoter, we
performed electrophoretic mobility shift assays as previously
described (3) with detection using fluorescence-labeled oligo-
nucleotides to the FoxA2 site (Fig. 2) obtained from LI-COR
Biosciences (Lincoln, Nebr.) and 5� end labeled with IRDye
800 phosphoramidite. As shown in Fig. 3A, the siRNA inhib-

ited FoxA2 expression by approximately 50% at 48 h, signifi-
cantly decreased the level of binding to the PC promoter, and
resulted in a similar reduction in PC mRNA. A set of control
siRNAs (Darmacon pool; D-001206) had no effect on either
FoxA2 or PC mRNA.

Recent studies have shown that HNF6, a member of the
onecut family of transcription factors, can modulate the activ-
ity of FoxA2 at its binding site (22). Therefore, we looked for
any relationship between FoxA2 and PC expression with
HNF6 expression in our CLP model. As shown in Fig. 3B, we
observed a strong positive relationship between FoxA2 and
HNF6 expression and with PC expression. These data sug-
gested that following insult to the liver, FoxA2 suppression
might be driving a decrease in HNF6 expression. We examined
whether or not FoxA2 might directly modulate HNF6; as
shown in Fig. 3C, we found that reduction in FoxA2 with an

FIG. 4. FoxA2, PC, and mortality predictors. (A) Relationship of HNF6 and FoxA2 to predictive plasma PC cutoff values for outcomes. Data
are means � SE for 14 animals. The cutoff value of 60% of the pre-CLP baseline was determined as described above by receiver operator
characteristic curve analysis generated from the logistic regression model in the JMP5.1 software package. (B) Levels of FoxA2 and HNF6
expression in animals predicted to be survivors or nonsurvivors by MIP2 levels. Plasma samples were analyzed at baseline and 22 h post-CLP for
MIP2 by ELISA. Data are means � SE for 14 experiments. (C) Analysis of MIP2 plasma levels as a function of PC plasma levels. The measurement
of MIP2 was by immunoassay, as previously described (12).
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siRNA resulted in suppression of HNF6 mRNA expression in
cultured hepatocytes. Thus, PC suppression appears to result
from a primary reduction in the FoxA2 transcription factor,
which subsequently results in a reduction of its cofactor HNF6.

FoxA2/HNF6 and outcome measures. As it would not be
feasible to determine liver FoxA2 levels in a survival study, we
examined the level of both FoxA2 and HNF6 at 22 h as a
function of a PC cutoff level of 60% of baseline as highly
predictive of subsequent mortality, as determined above (Fig.
1A). As shown in Fig. 4A, animals with PC levels below the
cutoff for early death had significantly reduced levels of both
FoxA2 and HNF6. Moreover, an analysis of interaction be-
tween FoxA2 and HNF6 as a function of PC levels revealed an
increased significance relative to each factor alone (P � 0.0075
versus P � 0.05). Consistent with the known interaction of
HNF6 and FoxA2 noted above, these data suggest that during
inflammatory insult PC suppression in the liver may be influ-
enced more by the interaction of both factors than by each
alone.

Previously, we found that the chemokines macrophage in-
flammatory protein 2 (MIP2) and KC/Gro were highly predic-
tive of outcome in the rat sepsis model (12). Therefore, we
used the predefined cutoff levels shown to predict mortality
(specificity of 100% and 91% for MIP2 and KC/Gro, respec-
tively, from ROC analysis); as shown in Fig. 4B, we observed
that those animals predicted to be nonsurvivors, based on
MIP2 levels, had significantly lower levels of FoxA2 expression.
Identical results were found for KC/Gro (not shown), as levels
of MIP2 and KC/Gro were highly correlated (r � 0.88; P �
0.0001). While we did not observe significance with HNF6 and
predicted survival, there was a trend toward lower levels of
HNF6 in predicted nonsurvivors. As a low PC level was pre-
dictive of outcome, we would expect animals below the PC
cutoff of �60% to have high chemokine levels. As shown in
Fig. 4C, this was in fact observed for MIP2 as well as KC/Gro
(data not shown).

Because low FoxA2 expression correlated with high levels of
these two CXC chemokines, we were interested in determining
if there might be a direct effect on hepatocyte expression of
FoxA2 or PC itself. However, treatment of hepatocytes with
these two chemokines did not effect the expression of either
(data not shown). We did observe a strong correlation of MIP2
levels with alanine aminotransferase levels (r � 0.80; P �
0.0001), suggesting that although not directly effecting FoxA2
expression, this chemokine may alter liver metabolism and,
indirectly, FoxA2 and PC expression. As recently reviewed
(25), the CXC chemokines including KC/Gro and MIP2 are
increased in hepatic disorders, including ischemia, and play a
role in neutrophil infiltration and injury. However, it is unclear
whether these chemokines are simply markers of the degree of
liver inflammation in our CLP model or have a more direct
role in modulating FoxA2. While hepatic dysfunction is a sig-
nificant component of the systemic inflammatory response (2),
further studies are needed to elucidate the mediator(s) of liver
FoxA2 suppression, following systemic inflammatory response
and sepsis.

The incidence of sepsis is increasing due to multiple factors,
including the aging population, increased immunocompro-
mised patients, use of life-sustaining technology, and resistance
to antimicrobial agents (1). There remains a significant need to

understand the factors that predispose individuals to rapid
conversion of an infection to sepsis, with poor resolution and
death. PC appears to be such a factor, which predisposes to
poor outcomes when suppressed. Recent studies have begun to
elucidate the role of the protein C pathway in controlling
normal physiology of the vasculature and of the innate immune
system. Activated protein C modulates endothelial function by
inhibiting cytokine signaling, suppressing cell adhesion and
apoptosis, and promoting cell survival and angiogenesis (6, 11,
14–16, 19, 20, 23, 31). Moreover, APC appears to signal in
monocytes, natural killer cells, (16), neutrophils (28), and
eosinophils (9); it can directly inhibit the generation and re-
lease of cytokines and chemokines, including macrophage in-
flammatory protein 1� from THP-1 cells and human mono-
cytes (5), and modulates macrophage migration inhibitory
factor (24). Therefore, low endogenous PC levels during sys-
temic inflammatory response may be pathophysiologically re-
lated to poor outcomes by reducing the ability to modulate
both coagulopathic and inflammatory responses following in-
fection.

Understanding the pathophysiology of systemic inflamma-
tory response and sepsis is of significant importance in the
ability to better diagnose and treat this disorder. Recent anal-
yses have suggested that in clinical practice, there is significant
difficulty in the diagnosis of sepsis, with frequent missed diag-
noses (21). Our data may provide new understanding of early
events in the response to infection that compromise host re-
sponse and effect outcome and suggest that rapid inhibition of
liver FoxA2 may be important in the early role of PC suppres-
sion in outcome determination. Moreover, our data open the
opportunity of better understanding early targets that may be
modulated to prevent PC suppression in critically ill patients.
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