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Hepatic Induction of Fatty Acid Binding Protein 4
Plays a Pathogenic Role in Sepsis in Mice
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Sepsis is defined as the host’s deleterious systemic inflammatory response to microbial infections.
Herein, we report an essential role of the fatty acid binding protein 4 (FABP4; alias adipocyte protein 2
or aP2), a lipid-binding chaperone, in sepsis response. Bioinformatic analysis of the Gene Expression
Omnibus data sets showed the level of FABP4 was higher in the nonsurvival sepsis patients’ whole blood
compared to the survival cohorts. The expression of Fabp4 was induced in a liver-specific manner in
cecal ligation and puncture (CLP) and lipopolysaccharide treatment models of sepsis. The induction of
Fabp4 may have played a pathogenic role, because ectopic expression of Fabp4 in the liver sensitized
mice to CLP-induced inflammatory response and worsened the animal’s survival. In contrast, pharma-
cological inhibition of Fabp4 markedly alleviated the CLP responsive inflammation and tissue damage
and improved survival. We conclude that FABP4 is an important mediator of the sepsis response. Early
intervention by pharmacological inhibition of FABP4 may help to manage sepsis in the clinic.
(Am J Pathol 2017, 187: 1059e1067; http://dx.doi.org/10.1016/j.ajpath.2017.01.002)
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Sepsis is defined as the host’s deleterious systemic inflam-
matory response to microbial infections. Because of its high
incidence and associated mortality, sepsis has become an
important life-threatening noncardiovascular disease in
intensive care units.1 Previous studies suggest that many
inflammatory factors play roles in the pathogenesis of
sepsis.2 Two commonly used mouse models of sepsis are
the cecal ligation and puncture (CLP) and treatment with
lipopolysaccharide (LPS).3,4 Both models result in marked
inflammatory response in vivo.

Fatty acid binding protein 4 (FABP4), alias adipocyte
protein 2, is a lipid-binding chaperone most abundantly
expressed in the adipocytes and macrophages.5,6 Previous
reports suggested that FABP4 can aggravate the severity of
inflammatory-related disease by increasing the levels of
chemokines, such as the tumor necrosis factor-a (TNF-a).7

Genetic deletion of FABP4 in the adipose tissue attenuated
type II diabeteseassociated insulin resistance.8 Moreover,
stigative Pathology. Published by Elsevier Inc
pharmacological inhibition of FABP4 alleviated LPS-
triggered nonalcoholic steatohepatitis and ischemia/
reperfusion-induced liver injury.9,10 Mechanistic studies
revealed that FABP4 is a transcriptional target of several
transcriptional factors, such as the peroxisome proliferator-
activated receptor-g11 and hypoxia-inducible factor 1a.10

Compared to adipose tissue and macrophages, the role
of FABP4 in hepatocytes and the liver is relatively unknown.
The basal expression of FABP4 in the liver is low, but
the expression is highly inducible in response to
. All rights reserved.
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ischemia/reperfusion injury.10 Sepsis is a systemic inflammatory
disease that injures the liver.10 It is unknown whether FABP4
plays a role in the pathogenesis of sepsis and if so, whether
the pathogenic effect is mediated by the hepatic FABP4.

In this study, we found the level of FABP4 was nega-
tively associated with the survival of septic patients. The
expression of Fabp4 was induced in mouse models of
sepsis. Moreover, pharmacological inhibition of Fabp4
protected mice from sepsis, whereas ectopic expression of
Fabp4 in the liver sensitized mice to CLP-induced lethality.

Materials and Methods

Bioinformatic Analysis of the Gene Expression Omnibus
Data Sets

The mRNA expression of FABP4 in septic patients was
analyzed in GSE54514 (whole blood transcriptome) and
GSE13205 (skeletal muscle transcriptome) data sets from
the Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo; accession numbers GSE54514 and
GSE13205, respectively).

Animals and Drug Treatment

C57BL/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). All animal experiments were performed
with female mice of 8 to 10 weeks of age. When necessary,
mice were pretreated with a daily gavage of vehicle (saline)
or 30 mg/kg BMS309403 for 5 consecutive days before the
initiation of sepsis models. In the survival experiments, the
BMS309403 treatment continued until the end time points.
When necessary, a single tail vein injection of adenovirus
encoding the control luciferase (Ad-Luc) or mouse FABP4
(Ad-Fabp4) was performed 7 days before being challenged
with CLP. The Ad-Fabp4 virus was a gift from Dr. Karen
Lam (University of Hong Kong, Hong Kong). To deplete
the Kupffer cells, mice were treated with saline or 20 mg/kg
gadolinium chloride via tail vein injection. Twenty-four
hours later, the second injection of gadolinium chloride was
given immediately before the i.p. injection of LPS. The
FABP4 inhibitor BMS309403 was purchased from Chem-
renblock Technology (Jiangsu, China). All other chemicals
were purchased from Sigma (St. Louis, MO). The use of
mice in this study was approved by the University of
Pittsburgh’s Institutional Animal Care and Use Committee.

The LPS and CLP Models of Sepsis

The models were essentially used as previously described.12

In the LPS model, LPS was dissolved in phosphate-buffered
saline and given by i.p. injection at the dose of 5 mg/kg. In
the CLP model, mice were anesthetized with a mixture of
150 mg/kg ketamine and 10 mg/kg xylazine. Under aseptic
conditions, a 2-cm midline laparotomy was performed to
expose the cecum. The cecum was then ligated in 50% with
1060
a 4.0 silk suture and was perforated twice with a needle.13,14

The 18- and 21-gauge needles were used in the BMS309403
model and the Ad-Fabp4 model, respectively. The cecum
was then gently squeezed to extrude a few feces from the
perforation sites. The cecum was then returned to the peri-
toneal cavity and the laparotomy was closed with 4.0 silk
sutures. Mice in the sham group received the 2-cm midline
laparotomy without the cecum procedure. Mice were
returned to their home cages after they recovered from
the surgical anesthetization. The mice were sacrificed by
carbon dioxide euthanasia and the liver, gonadal (female)/
epididymal (male) white adipose tissue, lung, and blood
samples were collected 12 hours after the surgery. For the
survival experiments, mice were subjected to CLP and were
monitored for mortality over a 7-day period.

Real-Time PCR and Western Blot Analysis

Total RNA was extracted by using the TRIzol reagent from
Thermo Fisher Scientific Inc. (Carlsbad, CA) or RNAprep
pure Hi-blood kit from TIANGEN BIOTECH (Beijing,
China). SYBR Green (Thermo Fisher Scientific Inc.)ebased
real-time PCR was performed with the ABI 7500 System
(Applied Biosystems, Foster City, CA). Data were normal-
ized to the internal control cyclophilin. For Western blot
analysis, tissues were homogenized in lysis buffer and
centrifuged. Protein concentrations in the supernatants were
quantified by using the bicinchoninic acid kit. Up to 50 mg of
total proteins were separated by 10% SDSepolyacrylamide
gel and transferred to a polyvinylidene difluoride membrane.
The membrane was blocked and then incubated overnight at
4�C with primary anti-FABP4 antibody (D25B3, catalog
number 3544) from Cell Signaling (Danvers, MA). After
incubation with the secondary antibody, the membrane was
treated with chemiluminescent substrate and exposed to the
X-ray film. Immunoblotting with b-actin was used as a
loading control.13

Serum Chemistry and Tissue Histology

The serum levels of aspartate aminotransferase and alanine
aminotransferase were measured by commercial assay kits
from Stanbio (Boerne, TX). The tissue histology was evalu-
ated by hematoxylin and eosin staining of the paraffin sections.

Isolation, Culture, and E. coli Infection of Mouse
Primary Hepatocytes

Mouse primary hepatocytes were isolated from female
C57BL/6 mice and plated onto collagen-coated 6-well
plates with a density of 2 � 105 cells/well. After the cells
were attached in the William E medium for 2 hours, the
medium was changed to hepatocyte maintenance medium
HepatoZYM-SFM from Thermo Fisher Scientific for over-
night. Cells were then exposed to 0.1% of the DH5a strain
of Escherichia coli for 6 hours to simulate sepsis, as
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 The level of FABP4 in sepsis patients is positively associated
with mortality. A: The blood levels of FABP4 mRNA in sepsis survivors and
nonsurvivors. The analysis was performed on the whole blood transcriptome
data set GSE54514 from the Gene Expression Omnibus (GEO). B: The
skeletal muscle levels of FABP4 mRNA in intensive care unit patients
experiencing sepsis-induced multiple organ failure as compared to the
healthy control subjects. The analysis was performed on the skeletal muscle
transcriptome data set GSE13205 from GEO. The open circles and squares
represent individual patients. **P < 0.01, ***P < 0.001.

FABP4 Sensitizes Mice to Sepsis
previously described.15 When applicable, 10 mmol/L
FABP4 inhibitor BMS309403 or Ad-FABP4 was added to
the medium 48 hours before the E. coli treatment.

Statistical Analysis

The Statistical Package for Social Sciences software version
16.0 (IBM Corporation, North Castle, NY) and GraphPad
version 6.0 (GraphPad Software, Inc. La Jolla, CA) were
used for statistical analyses. Results were expressed as
means � SD. Analysis between two individual groups was
determined by the t-test. Survival was plotted using Kaplan-
Meier curves, and P values were calculated by log-rank
(Mantel-Cox) test. P < 0.05 was considered to be statisti-
cally significant.

Results

The Level of FABP4 in Sepsis Patients Is Positively
Associated with Mortality

The Gene Expression Omnibus data set GSE54514 contains
the human whole blood transcriptome of survivors and
nonsurvivors of sepsis. In this data set, a positive association
was found between the mRNA level of FABP4 in the blood
and sepsis mortality. By both day 2 and day 3 of sepsis, the
FABP4 levels in nonsurvival patients were significantly
higher than in the survival group (Figure 1A). In another
independent Gene Expression Omnibus data set GSE13205
that contains the skeletal muscle transcriptome in intensive
care unit patients experiencing sepsis-induced multiple
organ failure, the mRNA expression of FABP4 in the
skeletal muscle was also found to be significantly elevated
in patients with sepsis compared to their healthy control
subjects (Figure 1B). These results are consistent with a
recent report that the serum levels of FABP4 are positively
associated with intensive care mortality.16

The Hepatic Expression of FABP4 Is Specifically
Induced by Sepsis

FABP4 is abundantly expressed in the white adipose tissue
and macrophages.5,6 We recently reported that the liver/he-
patocytes also express FABP4. Although its basal expression
in the liver was low, FABP4 was induced up to fivefold to
sixfold by liver ischemia and reperfusion.10 In the same study,
the mouse Fabp4 gene was established as a hypoxia-inducible
gene and a direct transcriptional target of hypoxia-inducible
factor 1a.10 To determine whether the hepatic expression of
Fabp4 is also subjected to the regulation by sepsis, a systemic
disease that involves liver injury,17 female mice were sub-
jected to the lipopolysacharide (LPS) model of sepsis, or the
cecal ligation and puncture (CLP) model of polymicrobial
sepsis.12 In the LPS model, treatment of mice with LPS
resulted in the induction of hepatic Fabp4 mRNA level in a
time-dependent manner, with the peak induction at 16 hours
The American Journal of Pathology - ajp.amjpathol.org
after the LPS injection (Figure 2A). The peak of Fabp4 in-
duction was preceded by the induction of the inflammatory
cytokine Il6 (Figure 2A). Interestingly, the induction of Fabp4
by LPS appeared to be liver specific, because the expression of
Fabp4 was not induced in the gonadal white adipose tissue
(WAT), but rather suppressed (Figure 2A). The expression of
Il6 inWATwas induced by LPS, as expected (Figure 2A). The
1061
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Figure 2 The hepatic expression of Fabp4 is specifically induced by sepsis. A: Mice were given a single i.p. injection of 5 mg/kg lipopolysaccharide (LPS) or
vehicle before being sacrificed at the indicated time points. The mRNA expression of Fabp4 and Il-6 in the liver and white adipose tissue (WAT) was measured
by real-time PCR. The mRNA expression levels in the control groups were arbitrarily set at 1. B: The protein expression of Fabp4 in the liver and WAT of mice in
A was measured by Western blotting. C: Mice were subjected to cecal ligation and puncture (CLP) or the sham surgery and then sacrificed at the indicated time
points. The mRNA expression of Fabp4 and Il-6 in the liver and WAT was measured by real-time PCR. D: The protein expression of Fabp4 in the liver and WAT of
mice in C was measured by Western blotting. E: The mRNA expression of Fabp4 in the whole blood of mice in C was measured by real-time PCR. F: The mRNA
expression of Fabp4 and Il-6 in the lung of mice in B was measured by real-time PCR. Data are expressed as means � SD (A, C, E, and F). nZ 4 to 5 (A and C).
*P < 0.05, **P < 0.01 versus the corresponding time point; yyP < 0.01 versus 0h; zP < 0.05 versus sham.
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respective induction and suppression of the protein expression
of Fabp4 in the liver and WAT of LPS-treated mice were
confirmed by Western blot analysis (Figure 2B). The same
patterns of time-dependent Fabp4 mRNA (Figure 2C) and
protein (Figure 2D) regulation in the liver and WAT were
observed inmice that were subjected to CLP. The higher levels
of Il6 in the liver andWAT of the CLP group (Figure 2, C and
D) indicated inflammation and success of the sepsis model.
CLP also induced the mRNA expression of Fabp4 in the liver
of male mice (Supplemental Figure S1A), but the fold in-
duction was not as marked as in the female mice. The
expression of Fabp4 was not suppressed in the epididymal
WAT of the male mice (Supplemental Figure S1B), suggest-
ing that the sepsis-responsive regulation of Fabp4 was not
completely conserved in male mice. The subsequent studies
are primarily focused on the female mice.

CLP also induced the mRNA expression of Fabp4 in the
whole blood (Figure 2E), consistent with the patient
results (Figure 1A). However, CLP had little effect on the
mRNA expression of Fabp4 in the lung, although the
1062
pulmonary expression of Il-6 was induced by CLP, as
expected (Figure 2F).

Kupffer Cell Depletion Does Not Attenuate the
Induction of Fabp4 Sepsis

The liver contains the Kupffer cells, which are the resident
macrophages known to express FABP4.10 To determine
whether Kupffer cells are required for sepsis-responsive
induction of Fabp4, mice were pretreated with the Kupffer
celledepleting reagent gadolinium chloride before the
LPS injection.18 The hepatic expression of Fabp4 remained
induced by LPS in gadolinium chlorideetreated mice
(Figure 3A). Moreover, the LPS-responsive expression of
Fabp4 was not significantly different between the vehicle
group and the gadolinium chloride group. In contrast, the
LPS-responsive induction of Il-6 was significantly attenu-
ated in gadolinium chlorideetreated mice compared to
their vehicle-treated counterparts (Figure 3B). Treatment of
mice with gadolinium chloride also failed to abolish the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Kupffer cell depletion does not attenuate the induction of Fabp4 by sepsis. Mice pretreated with vehicle (Veh) or 20 mg/kg gadolinium chloride
were subjected to a single i.p. injection of 5 mg/kg lipopolysaccharide (LPS; A and B) or cecal ligation and puncture (CLP; C and D). Mice were sacrificed 12
hours after the LPS injection (A and B) or surgery (C and D) and measured for the hepatic mRNA expression of Fabp4 (A and C) and Il-6 (B and D) by real-time
PCR. The mRNA expression levels in the control groups were arbitrarily set at 1. Data are expressed as means � SD (AeD). *P < 0.05, ***P < 0.001.

FABP4 Sensitizes Mice to Sepsis
CLP-responsive induction of Fabp4 (Figure 3C), but the
CLP-responsive induction of Il-6 was abolished in gado-
linium chlorideetreated mice (Figure 3D).

Overexpression of Fabp4 in the Liver Sensitizes
Mice to CLP

To explore the functional relevance of sepsis-responsive
induction of Fabp4, the gain-of-function liver-specific
overexpression model was used to examine the effect of
Fabp4 on CLP-responsive inflammation, tissue injury, and
survival. In this experiment, mice were infected with
adenovirus encoding the control luciferase (Ad-Luc) or
mouse Fabp4 (Ad-Fabp4) 7 days before CLP. The over-
expression of Fabp4 was confirmed by real-time PCR and
Western blotting (Figure 4A). We found that overexpression
of Fabp4 increased CLP-responsive inflammation, as sup-
ported by increased hepatic expression of Il-6 (Figure 4B)
and Il-1b (Figure 4C). The serum levels of alanine amino-
transferase and aspartate aminotransferase, which indicate
liver injury, were also increased in Ad-Fabp4 infected mice
(Figure 4D). Moreover, overexpression of Fabp4 signifi-
cantly sensitized mice to CLP-induced lethality (Figure 4E).
When the tissue histology was analyzed by hematoxylin and
eosin staining, we found that in mice that were subjected
to CLP, the histology of the liver (Figure 4F), heart, and
kidney (data not shown) appeared to be normal and was
not different between the Ad-Luceinfected mice and
Ad-Fabp4einfected mice, consistent with our previous
report.12 However, compared to mice infected with Ad-Luc,
the Ad-Fabp4einfected mice showed profound pulmonary
interstitial edema (Figure 4F), which may have contributed
to the worsened survival.12

Fabp4 Sensitizes Primary Hepatocytes to
E. colieInduced Sepsis Response

The effects of CLP originate from microbial infections.
Our Kupffer cell depletion experiment suggested that the
The American Journal of Pathology - ajp.amjpathol.org
Kupffer cells did not appear to be required for the CLP-
responsive induction of Fabp4 (Figure 3). To directly
evaluate the effect of microbial infection on the expression
of FABP4 in hepatocytes, we isolated mouse primary
hepatocytes and exposed them to E. coli, which is an
established in vitro model to simulate sepsis.15 Exposure
of hepatocytes to E. coli was sufficient to induce the
expression of Fabp4 (Figure 5A). To determine the effect
of Fabp4 on E. colieinduced inflammatory response,
mouse primary hepatocytes were isolated and infected
with Ad-Luc or Ad-Fabp4 for 48 hours before the expo-
sure to the DH5a strain of E. coli. The overexpression of
Fabp4 in Ad-Fabp4einfected hepatocytes was verified by
both real-time PCR and Western blotting (Figure 5B). In
the Ad-Fabp4einfected hepatocytes, the induction of
Fabp4 at the protein level was not as dramatic as at the
mRNA level, which might be because of the insufficient
translation of the Fabp4 mRNA. Infection with Ad-Fabp4
increased the basal level of Il-1b to approximately eight-
fold, but not TNF-a (Figure 5C). The E. coli responsive
expression of both Il-1b and Tnf-a was significantly
higher (nearly twofold in Il-1b and fivefold in Tnf-a) in
Ad-Fabp4einfected hepatocytes than Ad-Luc infected
hepatocytes (Figure 5C). In the case of Il-1b, because
of the increased basal expression of Il-1b in Ad-
Fabp4einfected hepatocytes, the E. colieresponsive fold
induction of Il-1b was comparable between the Ad-Luc
and Ad-FABP4 groups.

Pharmacological Inhibition of Fabp4 Protects Mice
from CLP

Having shown the sensitizing effect of Fabp4 on sepsis, we
next investigated whether pharmacological inhibition of
Fabp4 can protect mice from CLP. In this experiment,
female mice were gavaged with 25 mg/kg per day
BMS309403, a pharmacological inhibitor of FABP4,19 or
vehicle, for 5 consecutive days before being subjected
to CLP. Treatment with BMS309403 attenuated the
1063
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Figure 4 Overexpression of Fabp4 in the liver
sensitizes mice to cecal ligation and puncture
(CLP). A: The mRNA expression of hepatic Fabp4 in
mice infected with Ad-Luc and Ad-Fabp4 for 7 days
was measured by real-time PCR. Inset: The confir-
mation of the Fabp4 protein expression by Western
blotting. B and C:Mice were infected with Ad-Luc or
Ad-Fabp4 for 7 days before being subjected to CLP
or the sham surgery. Mice were sacrificed 12 hours
after CLP, and the hepatic expression of Il-6 (B) and
Il-1b (C) was measured by real-time PCR. D: Mice
were the same as described in B and C. The serum
levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were measured.
E: Seven-day CLP survival for mice that were pre-
infected with Ad-Luc or Ad-Fabp4. F: The histology
of the liver and lung was evaluated by hematoxylin
and eosin staining. n Z 5 Ad-Luc (E); n Z 5
Ad-FABP4 (E). *P < 0.05, ***P < 0.001. Original
magnification, �400 (F).

Hu et al
CLP-responsive induction of Tnf-a, Il-6, and Il-1b in the
liver (Figure 6A), as well as the elevation of the serum level
of aspartate aminotransferase (Figure 6B). Moreover, treat-
ment with BMS309403 markedly increased the animal’s
survival (Figure 6C). At the histological level, treatment
with BMS309403 alleviated mice from CLP-induced
pulmonary interstitial edema, but had little effect on
liver histology (Figure 6D). In vitro, treatment of primary
mouse hepatocytes with BMS309403 attenuated the
Figure 5 Fabp4 sensitizes primary hepatocytes to Escherichia colieinduced s
tocytes that were exposed to 0.1% E. coli for 6 hours. B and C: Mouse primary hepa
to E. coli (0.1%) for 6 hours. The expression of Fabp4 (B) and Il-1b and Tnf-a (C)
*P < 0.05, **P < 0.01. Veh, vehicle.

1064
E. colieresponsive induction of proinflammatory cytokines
(Figure 6E).
Pimozide is an antipsychotic drug that was recently

recognized for its activity in inhibiting FABP4.20 Consistent
with the results of BMS309403, pretreatment of mice
with pimozide attenuated the CLP-responsive induction
of proinflammatory cytokines in the liver (Supplemental
Figure S2A) and interstitial edema in the lung
(Supplemental Figure S2B).
epsis response. A: The mRNA expression of Fabp4 in mouse primary hepa-
tocytes were infected with Ad-Luc or Ad-Fabp4 for 48 hours before exposure
was measured by real-time PCR. Data are expressed as means � SD (AeC).

ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Pharmacological inhibition of Fabp4 protects mice from cecal ligation and puncture (CLP). Mice were subjected to oral gavage of 25 mg/kg FABP4
inhibitor BMS309403 (BMS) or vehicle (Veh) for 5 days before CLP. The mice were sacrificed 12 hours after the CLP surgery. A: The hepatic expression of Il-6,
tumor necrosis factor (Tnf)-a, and Il-1b was measured by real-time PCR. B: The serum levels of aspartate aminotransferase (AST). C: Seven-day CLP survival for
mice that were pretreated with vehicle or BMS309403. D: The histology of the liver and lung was evaluated by hematoxylin and eosin staining. E: Mouse
primary hepatocytes were pretreated with 10 mmol/L BMS309403 for 48 hours before being exposed to 0.1% Escherichia coli for 6 hours. The expression of Tnf-
a and monocyte chemoattractant protein-1 [Mcp-1; alias chemokine (C-C motif) ligand 2 (CCL2)] was measured by real-time PCR. Data are expressed as
means � SD (A, B, and E). n Z 3 for the sham groups (A); n Z 5 for the CLP groups (A); n Z 5 PBS and BMS (C). *P < 0.05, **P < 0.01, and ***P < 0.001.
Original magnification, �400 (D).

FABP4 Sensitizes Mice to Sepsis
Discussion

In this study, we showed FABP4 was induced in human sepsis
patients, and an elevated level of FABP4was associated with a
worse clinical outcome.We also showed that the expression of
Fabp4 was induced in animal models of sepsis. These results
suggested that the induction of FABP4 plays a pathogenic role
in sepsis, because ectopic expression of Fabp4 in the liver
sensitized mice to CLP-induced inflammatory response and
lethality, whereas pharmacological inhibition of FABP4
markedly alleviated the CLP responsive inflammation and
tissue damage and improved survival.

The role of FABP4, the hepatic FABP4 in particular, in
sepsis is a novel finding. Several previous reports showed that
Fabp4 can sensitize mice to several inflammation-related
diseases, such as obesity and carcinogenesis, and the sensi-
tizing effect was reasoned to be because of the effect of Fabp4
on adipocytes and macrophages in the adipose tissue.11

However, the role of Fabp4 in the liver, especially in the
hepatocytes, is poorly understood. Results from the current
study show that although the basal expression of Fabp4 in the
liver is low, its expression is highly inducible by sepsis.
The American Journal of Pathology - ajp.amjpathol.org
Moreover, our results suggest that the hepatocytes play an
essential role in sepsis-responsive induction of Fabp4 and the
consequence of this induction in the pathogenesis of sepsis.
This is because of the following: i) Kupffer cell depletion
does not attenuate the induction of Fabp4 by sepsis,
ii) exposure of primary hepatocytes to E. coli is sufficient to
induce FABP4, and iii) ectopic expression of Fabp4 in the
hepatocytes by adenoviral infection is sufficient to sensitize
mice to sepsis. Interestingly, although hepatic overexpression
of FABP4 was sufficient to sensitize mice to sepsis, the lung
appeared to be more sensitive than the liver to the sepsis-
induced and Fabp4-enhanced injury. However, the lung did
not contribute to the sepsis-responsive induction of Fabp4
(Figure 2F).

Another interesting finding is the potential benefit of
pimozide in relieving sepsis. Pimozide is an antipsychotic
drug that was recently recognized for its activity in inhib-
iting FABP4.20 Like BMS309403, pretreatment of mice
with pimozide attenuated CLP-responsive induction of
inflammatory response and interstitial edema in the lung.
Interestingly, pimozide was also reported to attenuate the
corticosteroid resistance during pulmonary inflammation.21
1065
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It remains to be determined whether the inhibition of Fabp4
contributed to the therapeutic benefit of pimozide in the
pulmonary inflammation. Levofloxacin is an antibiotic
commonly used for sepsis patients.22 A computational
screening and in vitro protein activity assays showed that
levofloxacin is also a novel FABP4 inhibitor.23 It is possible
that the antiseptic effect of levofloxacin may have, at least
in part, accounted for its activity in inhibiting Fabp4. When
FABP4 inhibitors such as BMS309403 and pimozide
are used, it remains to be determined the inhibition of
FABP4 in which tissue(s) are responsible for the attenuation
of sepsis.

Our findings are of medical significance, because sepsis
is a high mortality disease that often happens in the
intensive care unit.24 As such, understanding the patho-
physiology of sepsis is important for the clinical manage-
ment of sepsis. In the current study, treatment of mice with
FABP4 inhibitors was found to be efficient in alleviating
sepsis-triggered inflammatory responses and tissue
damages to the liver and lung, and improved survival. The
pulmoprotective effect of FABP4 inhibitors was
consistent with previous reports that the levels of FABP4
were positively correlated with the degree of pulmonary
inflammation.25e27 Considering our bioinformatic finding
that high levels of FABP4 were associated with poor sur-
vival in septic patients, it is tempting to speculate that
FABP4 may represent an attractive target to attenuate
sepsis-induced tissue injury.

The mechanism by which sepsis regulates the hepatic
expression of FABP4 remains to be defined. In addition
to the dispensable role of the Kupffer cells, the LPS-
responsive induction of Fabp4 was found to be largely
intact in C3H/HeJ mice that lack a functional Toll-like
receptor 4 (Supplemental Figure S3), suggesting that the
Toll-like receptor 4 pathway is also dispensable for this
induction. The tissue-specific regulation of FABP4 by
sepsis makes the mechanistic study even more challenging.
A 2-kb promoter of the mouse Fabp4 gene promoter was
found to be markedly suppressed by the cotransfection of
p65, the major subunit of NF-kB (Supplemental Figure S4).
This result may have explained the suppression of adipose
expression of Fabp4 by sepsis, and was also consistent with
a previous report that adipose-specific p65 transgenic mice
had reduced Fabp4 gene expression and improved insulin
sensitivity.28

In summary, our results have uncovered a novel function
of FABP4 in the pathogenesis of sepsis-induced hepatic and
pulmonary injuries. We propose that FABP4 may represent
a novel therapeutic target and FABP4 inhibitors may be
used as therapeutic agents to manage sepsis.
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