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Summary

The role of NOD-like receptor family (NLRP3) has been confirmed in
various inflammatory diseases. The association between NLRP3 and hyper-
bileacidaemia during the sepsis remains unclear. We aimed to investigate
whether NLRP3 silencing protects against the sepsis-induced hyper-
bileacidaemia. Sepsis was induced by caecum ligation and puncture (CLP).
Gene silencing of NLRP3 was performed by injecting rats with NLRP3 short
hairpin RNA plasmids (NLRP3 shRNA) 48 h before surgery. Rats were
divided into four groups: group 1: sham; group 2: sepsis; group 3: NLRP3
shRNA + sepsis (called the ‘NLRP3 shRNA’ group); and group 4: scrambled
shRNA + sepsis (called the ‘scrambled shRNA’ group). The serum levels of
bile acids, hepatic expression of hepatocyte membrane transporters, hepatic
cytokine levels and behaviours of immune cells were compared among the
groups. Hepatic NLRP3 expression was increased dramatically during the
sepsis, but was suppressed by pretreatment with NLRP3 shRNA. Compared
with rats in the sepsis and the scrambled shRNA groups, rats in the NLRP3
shRNA group exhibited significantly decreased serum levels of glycine and
taurine conjugated-bile acids, with rehabilitated expression of hepatocyte
transporters, suppressed hepatic cytokine levels, decreased hepatic
neutrophils infiltration and attenuated macrophages pyroptosis. Gene silenc-
ing of NLRP3 ameliorates sepsis-induced hyper-bileacidaemia by rehabilitat-
ing hepatocyte transporter expression, reducing hepatic cytokine levels,
neutrophil infiltration and macrophages pyroptosis. NLRP3 may be a pivotal
target for sepsis management.
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Introduction

Sepsis is the 11th leading cause of death in the United
States, while liver is the second most commonly affected
organ during the sepsis [1]. Given its metabolic, regulatory
and immunological functions, liver dysfunction has wide-
spread pathophysiological implications. Recent studies indi-
cated that liver injury is an early event, as reflected by
elevated serum bile acid concentrations 15 h after sepsis [2].
Due to the detergent properties of bile acids, hyper-
bileacidaemia may lead to hepatocellular damage, inflam-
mation, fibrosis and cancer [3]. The serum levels of bile
acids predict mortality in critically ill patients with
high sensitivity and specificity [2]. The severity of

hyper-bileacidaemia in early sepsis prompts clinicians
to investigate the underlying mechanisms and potential
therapies.

Bile acids are synthesized in hepatocytes, then secreted
into bile across the canalicular membrane transporters or
into blood across the basolateral membrane transporters
[4]. Therefore, hepatocyte transporters may participate in
the development of hyper-bileacidaemia. Among all the
transporters, there are several major transporters. The bile
salt export pump (Bsep) and multi-drug resistance-
associated protein 2 (Mrp2) are rate-limiting canalicular
transporters for bile acids excretion. The multi-drug
resistance-associated protein 3 (Mrp3) and multi-drug
resistance-associated protein 4 (Mrp4) are principal
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basolateral transporters [5]. Previous clinical studies
suggested that these transporters changed more obviously
than others during the critical illness [6]. It has been
recognized that interleukin (IL)-1β and IL-18 impair
hepatocyte transporters [7]. These cytokines have a highly
preserved manner of activation by inflammasomes, pre-
dominantly the non-obese diabetic (NOD)-like receptor
family (NLRP3) inflammasome [8]. The NLRP3
inflammasome is a cytosolic complex for early inflamma-
tory responses. It is constituted of NLRP3, apoptosis-
associated speck-like protein containing a caspase
recruitment domain (ASC) and caspase-1. NLRP3 is
involved in the recognition of exogenous and host ligands,
then activating the downstream caspase-1. Activated
caspase-1 cleaves pro-IL-1β, pro-IL-18 and pro-IL-33 to
their active forms [9]. NLRP3 inflammasome plays a crucial
role in liver diseases, including fatty liver disease, drug-
induced hepatotoxicity, ischaemia/reperfusion injury and
fibrosis [10–12].

Activation of the NLRP3 inflammasome results in
neutrophil accumulation in the organs. Neutrophil-
mediated liver injury has been established [13]. Pyroptosis
is an inflammasome-activated process. The resident
macrophages in the liver, namely Kupffer cells (KCs),
consist of a major part of the liver cell population [14].
Macrophages undergo pyroptosis via inflammasome activa-
tion in sepsis. Pyroptosis correlates with the degree of
hepatic damage [15]. Ganz et al. demonstrated that NLRP3
expression was increased significantly in the liver during
sepsis [16]. Therefore, targeting NLRP3 may be a promising
strategy for sepsis-induced hyper-bileacidaemia. Notably,
studies have suggested that IL-1β and IL-18 are required for
host defence against infections. Mice lacking the NOD-like-
receptor NLRP3 exhibited increased susceptibility to infec-
tions [17]. Accordingly, we hypothesized that partial knock-
down of NLRP3 with small interfering RNA (siRNA) may
be beneficial.

Until now, the association between NLRP3 and sepsis-
induced hyper-bileacidaemia has remained unclear. Addi-
tionally, the effects of neutrophil and macrophage
pyroptosis on hepatocyte transporters are largely unknown.
Hence, we attempted to determine whether gene silencing
of NLRP3 protects against sepsis-induced hyper-
bileacidaemia. The underlying mechanisms were also
investigated.

Methods

Ethics statement

This study was approved by the Science and Technology
Department of Jiangsu Province [Permit number: SYXK
(Su) 2013-0003]. All experimental procedures were per-
formed according to the guidelines of the animal research
committee of Nanjing University.

Materials and reagents

Sprague–Dawley rats (Animal Model Institute of Xi’an,
China); NLRP3 shRNA and scrambled shRNA plasmids
(OriGene Technologies, Rockville, MD, USA); anti-NLRP3
antibody (Abcam, Cambridge, UK); horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin (Ig)G
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-
Bsep antibody (Sigma-Aldrich, St Louis, MO, USA); anti-
Mrp2 antibody (Sigma-Aldrich); anti-Mrp3 antibody
(Sigma-Aldrich); anti-Mrp4 antibody (Sigma-Aldrich);
anti-CD68 antibody (Santa Cruz Biotechnology); anti-
myeloperoxidase (MPO) antibody (Santa Cruz Biotechnol-
ogy); IL-1β and IL-1β enzyme-linked immunosorbent
assays (ELISA) (R&D Systems, Minneapolis, MN, USA);
transmission electron microscopy (Phillips, Amsterdam, the
Netherlands); high-performance liquid chromatography
(LKB Bromma, Bromma, Sweden); bile acid standards
(Sigma-Aldrich); RAW 264·7 cells (Cell Resource Center of
Shanghai, Shanghai, China); lipopolysaccharide (LPS)
(Sigma-Aldrich); propidium iodide (PI) (Invitrogen,
Carlsbad, CA, USA); and 6-carboxyfluorescein-YVAD-
fluoro-methylketone (Kamiya Biomedical Company,
Seattle, WA, USA).

Experimental protocols

One hundred and twenty 8-week-old Sprague–Dawley male
rats (weight between 220 ± 10 g, obtained from the Animal
Model Institute of Xi’an, China) were used in the experi-
ments. The animals were maintained in an environment
with 50–60% humidity and 12-h light/dark cycle at
25 ± 2°C. All animals had free access to water and standard
food. All rats were fasted for 12 h before surgery. The rats
were divided randomly into four groups (rats were killed at
0, 6, 12, 24 and 48 h after surgery for sample collections, six
for each time-point). Group 1 was the sham group; group 2
was subjected to caecal ligation and puncture (CLP), group
3 was administrated with NLRP3 shRNA and subjected to
CLP and group 4 was administered with scrambled shRNA
and subjected to CLP.

Pretreatment with NLRP3 shRNA plasmids in vivo

Two sequences of siRNA targeting NLRP3 were pooled; (a)
sense: 5′-GAUCCUAUUUGAAGAGUGU-3′, anti-sense:
5′-ACACUCUUCAAAUAGGAUC-3′; (b) sense: 5′-GAUC
AACCUCUCUACCAGA-3′, anti-sense: 5′-UCUGGUAG
AGAGGUUGAUC-3′. The scrambled siRNA sequence was
sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, anti-sense:
5′-ACGUGACACGUUCGGAGAATT-3′. Next, we used the
NLRP3 siRNA and scrambled siRNA sequences to construct
NLRP3 shRNA and scrambled shRNA plasmids (OriGene
Technologies). The scrambled shRNA plasmids were used as
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negative controls. The rats in the NLRP3 shRNA and
scrambled shRNA groups were injected via the tail vein
with 8 μg/g NLRP3 shRNA or scrambled shRNA plasmids,
respectively (dissolved in 1·8 ml of saline) within 10 s, 48 h
before surgery [18].

Surgical procedures

Rats were anaesthetized with ketamine (80 mg/kg injected
intraperitoneally (i.p) and xylazine (5 mg/kg i.p.). Subse-
quently, they were placed in the supine position and a
midline laparotomy incision was made. In the sham group,
the caecum was not ligated or punctured. In other groups,
the caecum was exposed, ligated 25% distally to the
ileocaecal valve and perforated twice with an 18-gauge
needle. The caecum was squeezed to extrude faecal contents
that were spread around the caecum. All procedures were
performed by the same investigators. At indicated time-
points, rats were killed through cervical dislocation and
liver tissues (0·3 g) were harvested and stored in a −80°C
freezer.

Quantitative real-time–polymerase chain reaction
(qRT–PCR) measurements for NLRP3 in the liver

RNA was isolated from liver tissues with the RNeasy Kit
(Qiagen, Valencia, CA, USA) and used to synthesize cDNA
with the Invitrogen Superscript III reverse transcriptase
system. The Stratagene Mx3000P real-time polymerase
chain reaction (PCR) system (Stratagene, La Jolla, CA,
USA) and real-time SYBR Green PCR technology (Takara
Bio, Inc., Shiga, Japan) were used for amplification. The
reactions were prepared with 2 μl cDNA, 10 μl SYBR Green,
0·4 μl ROX reference dye, 0·4 μl forward and reverse
primers (1 mol/l) and 6·8 μl nuclease-free water to a final
volume of 20 μl. The forward and reverse primers of
NLRP3 were: forward: 5′-GCTGTGTGAGGCACTCCAG-3′,
reverse: 5′-GAAACAGCATTGATGGTCA-3′. Amplification
conditions were: 50°C (2 min), 95°C (5 min), followed by
40 cycles of 95°C for 30 s, 60°C for 32 s and 72°C for 30 s.
The NLRP3 expression was calculated by their ratios to the
housekeeping gene hypoxanthine-guanine phosphori-
bosyltransferase (HPRT).

NLRP3 immunohistochemistry

Liver tissues were fixed in 4% paraformaldehyde, dehy-
drated, embedded in paraffin and sectioned according to
standard procedures. The 5-μm serial sections were reacted
with affinity-purified anti-NLRP3 polyclonal antibody
(Abcam). The slides were washed in phosphate-buffered
saline (PBS) and subsequently incubated with the second
antibody, HRP-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology) for 1 h at room temperature. The numbers

of positive-stained cells were counted blindly in 10 high-
power field (HPF) sections (magnification ×100).

Immunofluorescent double-labelling for NLRP3 and
macrophages/immunofluorescent labelling for
neutrophils in the liver

The livers were fixed in Z-Fix (Anatech Ltd, Battle Creek,
MI, USA) for 24 h and embedded in paraffin, cut at 3 μm.
For immunofluorescence staining, samples were incubated
in blocking buffer [1% bovine serum albumin (BSA),
0·01% saponin, PBS] for 1 h. Sections were incubated with
primary antibodies: anti-NLRP3 (1:200 dilution; Abcam)
and anti-CD68 (1:600 dilution; Santa Cruz Biotechnology)
overnight at 4°C. After washing with PBS, Alexa Fluor-
conjugated secondary antibody (1:200 dilution; Santa
Cruz Biotechnology) was used to detect NLRP3 and
macrophages. Samples were preserved in Fluoromount-G
mounting medium (SouthernBiotech, Birmingham, AL,
USA) at 4°C until analysed. Negative controls were prepared
by omitting the primary antibodies. Studies have suggested
detecting neutrophils by immunofluorescent labelling [19].
The immunofluorescence staining of neutrophils was per-
formed in standard procedures. The primary antibody was
anti-MPO (1:200 dilution; Santa Cruz Biotechnology).
Samples were analysed with a Zeiss LSM 710 laser scanning
confocal microscope (LSCM) attached to a Zeiss Observer
Z1 microscope. Images were collected using ZEN-LSM
software.

Histological analysis

The livers were harvested, fixed in 10% formaldehyde,
embedded in paraffin and cut serially into 5 μm-thick sec-
tions. The haematoxylin and eosin (H&E)-stained sections
were evaluated using an optical microscopy (Olympus
Optical, Tokyo, Japan) at ×100 and ×400 magnification. His-
tological damage was semi-quantified based on the meth-
odology from previous studies [20]. Briefly, at least 1000
cells per slide were analysed in a blinded fashion by two spe-
cialists to review the severity of following parameters: (i)
oedema, cytoplasmic vacuolation or cellular degeneration;
(ii) inflammatory cell infiltration; (iii) necrotic zones or
tissue disorganization; and (iv) congestion or haemorrhage.
Each parameter was scored from 0 (absent) to 3 (intense).
Scoring of each sample represented the mean score of five
different microscopic HPF.

Electron microscopy

The liver slices of 1 × 3 mm2 were plunged into 2·5%
glutaraldehyde fixative in phosphate buffer (pH 7·3). The
liver was fixed for 48 h before being washed in phosphate
buffer, postfixed in 1% osmium tetroxide in phosphate
buffer for 1 h and then immersed in propylene oxide,
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embedded in epoxy resin and polymerized at 60°C over-
night. The suitable section was sliced to a thickness of
100 nm and then contrasted by staining with 2% uranyl
acetate before being photographed in a CM40 transmission
electron microscopy (Phillips).

High-performance liquid chromatography for
serum bile acids

The serum was lyophilized with a Speed Vac Plus SC 110 A
(Savant Instruments, Inc., Holbrook, NY, USA) and
solubilized in 1 ml of the starting buffer (buffer A: 59%
methanol, 41% KH2PO4 at 30 mM, pH 4·80; buffer B: 66%
methanol, 4% KH2 PO 4 at 30 mM, pH 5·6). Approximately
200 μl of buffer-solved sample was injected into the
LC-system (Rheodyne 7125; Rheodyne, Cotati, CA, USA).
After vortexing, the elution was filtered through 0·22 μm
Millex GV4 sterile filters (Millipore, Bedford, MA, USA)
and administered high-performance liquid chromatogra-
phy (LKB Bromma). For the first 10 min of chromatogra-
phy, 100% of buffer A was used at a flow rate of 2 ml/min.
Then, the mixer driver was switched to 100% of buffer B
running for 8 min at the same flow rate. Bile acid reference
standards (Sigma-Aldrich) were dissolved separately in
methanol to prepare stock solutions. These stock solutions
were mixed and then serially diluted to produce calibra-
tion standard solutions (25, 15, 10, 5, 3, 1, 0·5, 0·3, 0·1,
0·05, 0·03, 0·01, 0·005 and 0·003 μg/ml for each com-
pound). Quantification of serum bile acids concentrations
was achieved by comparison with bile acid reference
standards [21].

Assessment of liver function

Blood samples were obtained from the inferior vena cava
and centrifuged immediately for 15 min at 2761 g
(Laborzentrifugen Sigma-Aldrich 3 K10, Osterode am Harz,
Germany). The liver function parameters were measured
with an autoanalyser (Antech Diagnostics, Los Angeles, CA,
USA).

RT–PCR analysis

Total RNA was isolated from the liver tissues (30–50 mg)
with Trizol reagent (Invitrogen), treated with RNase-free
DNase (Promega, Madison, WI, USA) and reverse-
transcribed to cDNA. The cDNA was then amplified by
RT–PCR. The primers were as follows: NLRP3: forward:
5′-GCTGTGTGAGGCACTCCAG-3′, reverse: 5′-GAAACA
GCATTGATGGTCA-3′; Mrp2: forward: 5′-GCGAGGAGAG
CATTATGGAC-3′, reverse: 5′-CAGGAGGAACTGTGGCT
TGT-3′; Mrp3: forward: 5′-ACACCGAGCCAGCCATATAC-
3′, reverse: 5′-ACATTGGCTCCGATAGCAAC-3″; Mrp4:
forward: 5′-TAAAATGGACACTGAACTAG-3′, reverse: 5′-
AATGGTGAGAACAGTGCA-3′; Bsep: forward: 5′-GAGG

TTACTTAATAGCCTACG-3′, reverse: 5′-CATCTATCATC
ACAGTTCCC-3′; IL-1β: forward: 5′-TGGCAACTGTC
CCTGAACT-3′, reverse: 5′-GCTTGGGTCCTCATCCTG-3′;
IL-18: forward: 5′-TGGAGACTTGGAATCAGACC-3′,
reverse: 5′-GGCAAGCTAGAAAGTGTCCT-3′; and house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): forward: 5′-CAGTGCCAGCCTCGTCTCAT-3′,
reverse: 5′-AGGGGCCATCCACAGTCTTC-3′. PCR ampli-
fications were performed for 2 min at 94°C, followed by 40
cycles with 1 min at 94°C, 30 s at 58°C (for NLRP3)/1 min
at 54°C (for Mrp2 and Mrp4)/1 min at 61°C (for Mrp3)/
30 s at 56°C (for Bsep)/ 30 s at 58°C (for IL-1β)/ 45 s at
60°C (for IL-18), 1 min at 72°C and a final 10 min at 72°C.
Following amplification, PCR products were analysed on
2% agarose gels and band intensities were quantified by
densitometry (Syngene gel-documentation system). The
mRNA level for each gene was normalized to GAPDH
mRNA.

Western blot analysis

The liver tissues (100 mg) were washed and lysed using a
buffer (250 mM/l sucrose, 95 mM/l NaCl, 45 mM/l Tris-
HCl, pH 7·6, with protease inhibitor), and then homog-
enized with QIAshredder Homogenizer (Qiagen). Protein
concentrations were determined using a Bradford kit (Bio-
Rad, Richmond, CA, USA). Samples (25 μg) were separated
by 10% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. Membranes were blocked with Tris-buffered
5% non-fat milk overnight at 4°C and then incubated with
the following antibodies: anti-NLRP3 (1:2000 dilution;
Abcam), anti-Bsep (1:2000 dilution; Sigma-Aldrich), anti-
Mrp2 (1:5000 dilution; Sigma-Aldrich), anti-Mrp3 (1:2000
dilution; Sigma-Aldrich), anti-Mrp4 (1:1500 dilution;
Sigma-Aldrich) or β-actin (1:3000 dilution; Sigma-Aldrich)
for 2 h at room temperature. The blots were then washed
three times in a TBS–Tween solution (10 mM Tris, pH 7·5,
150 mM NaCl, 0·05% Tween-20) and incubated with the
secondary antibodies (peroxidase-conjugated goat anti-
rabbit IgG; Santa Cruz Biotechnology) for 2 h. The blots
were visualized using the enhanced chemiluminescence
detection system (ECL Plus; Amersham Pharmacia Biotech,
Little Chalfont, UK) and scanned using a Molecular
Dynamics phosphorimager. Data were normalized based on
densitometry readings.

Liver myeloperoxidase (MPO) content assay

The liver tissues were homogenized and MPO levels were
assessed using spectrophotometry (655 nm). The MPO
levels (U/g) were defined as the quantity of enzyme degrad-
ing 1 μmol peroxide per minute per gram of tissue at
25°C.
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NLRP3 knock-down in-vitro cell experiments and
determination of pyroptosis

RAW264·7 cells (a murine macrophage cell line; Cell
Resource Center of Shanghai, Shanghai, China) were seeded
in six-well plates (1 × 106 cells/well). Stable cell transfections
were performed with 40 μg NLRP3 shRNA plasmids or
40 μg scrambled shRNA plasmids per well, using a
Nucleofector kit (Santa Cruz Biotechnology). The stably
transfected cells were selected and expanded. Cells were
stimulated or not with LPS (100 ng/ml) from Escherichia
coli serotype O111:B4 (Sigma-Aldrich) for different periods
(0, 6, 12, 24 and 48 h) at 37°C, with subsequent adenosine
triphosphate (ATP) (5 mM, Sigma-Aldrich) for 30 min. The
cell lysates were collected and NLRP3 protein levels were
measured by Western blot. The primary antibody was anti-
NLRP3 (1:2000 dilution; Abcam). The supernatants in
cell culture media from the four groups were analysed for
IL-1β and IL-18 by ELISA (R&D Systems, Minneapolis,
MN, USA). In another set of studies, RAW264·7 cells
were stained with 6-carboxyfluorescein–YVAD–fluoro-
methylketone (Kamiya Biomedical Company) to indicate
caspase-1. After incubation with PI (20 μg/ml in RPMI;
Invitrogen) for 30 min at 37°C [22], cells were visualized by
fluorescence microscopy (Olympus). The percentage of
caspase-1 and PI double-positive cells was calculated by
dividing the number of positive-stained cells over the total
cells (100–300 cells/field). Each sample was counted for at
least five fields.

Statistical analysis

Data were expressed as mean ± standard deviation (s.d.).
Comparisons between the groups were made by one-way
analysis of variance (anova) or Student’s t-test. All statisti-
cal analyses were performed by GraphPad Prism software
(version 5·01; GraphPad, San Diego, CA, USA). A P-value
below 0·05 was considered significant.

Results

All CLP-operated rats developed signs of sepsis
(piloerection, lethargy, tachypnea and weight loss), whereas
sham-operated rats remained normal.

NLRP3 is involved in the septic liver injury

Preliminary experiments found that NLRP3 mRNA levels in
the liver were lowest at 48 h after administration of NLRP3
shRNA (Supporting information, Fig. S1c). Because we
aimed to determine the therapeutic efficacy of knock-down
NLRP3 we chose 48 h after administration of NLRP3
shRNA to perform surgery, which was consistent with pre-
vious studies [10]. The NLRP3 shRNA plasmids located
themselves mainly in the liver (Supporting information,
Fig. S2).

The hepatic expression of NLRP3 was virtually absent in
the sham group. After sepsis, NLRP3 mRNA levels increased
dramatically (20·4-fold versus baseline at 6 h, 24·9-fold at
12 h, 9·1-fold at 24 h, 5·4-fold at 48 h versus baseline,
respectively, P < 0·001) (Fig. 1a,b), which was confirmed by
quantitative (q)RT–PCR (Fig. 1c). NLRP3 protein levels
increased in parallel (2·2-fold versus baseline at 6, 4·6-fold at
12 h, 3·5-fold at 24 h, 2·8-fold at 48 h versus baseline,
respectively, P < 0·001) (Fig. 1d,e). We found that
macrophages stained strongly positive for NLRP3, as
reflected by the immunohistochemistry and immuno-
fluorescent double stainings. The NLRP3 shRNA inhibited
the expression of NLRP3 significantly at corresponding
time-points, whereas the scrambled shRNA had no effects
(Fig. 2).

NLRP3 shRNA attenuates sepsis-induced
hyper-bileacidaemia

The major components of serum bile acids were measured
by high-performance liquid chromatography. The rats
developed hyper-bileacidaemia from 6 h after sepsis.
Among the bile acid components, glycine and taurine-
conjugates of chenodeoxycholic acid (CDCA) had the
greatest elevation. The log2 fold change (the sepsis group
versus the sham group) for taurochenodeoxycholic acid
(TCDCA) was 4·64 at 6 h, 5·29 at 12 h, 4·91 at 24 h and 4·64
at 48 h, respectively. The log2 fold change (the sepsis group
versus the sham group) for glycochenodeoxycholic acid
(GCDCA) was 4·58 at 6 h, 5·09 at 12 h, 4·91 at 24 h and 4·70
at 48 h, respectively. Serum levels of unconjugated
deoxycholic acid (DCA), CDCA and cholic acid (CA) did
not change statistically during the whole experimental
period. Pretreatment with NLRP3 shRNA reduced serum
levels of glycine- or taurine-conjugated DCA, CDCA and
CA at all indicated time-points (P < 0·001 or P < 0·05), with
the greatest inhibition efficacy at 6 h (Fig. 3).

Histological assessment

The rats in the sham group showed normal liver architec-
ture with a low score. Sepsis induced dramatic histological
changes, including ballooning degeneration, oedema, exten-
sive necrosis, haemorrhage and sinusoidal congestion, as
well as infiltration of inflammatory cells (score = 6·2 ± 1·2
at 48 h). The scrambled shRNA-pretreated group showed a
similar severity of liver injury (score = 6·0 ± 1·4 at 48 h). By
contrast, the morphological changes were less pronounced
in the NLRP3 shRNA-pretreated group (score = 2·5 ± 0·5 at
48 h, the sepsis group versus the NLRP3 shRNA group,
P < 0·001), with infrequent spotty necrosis, focal cell bal-
looning and mild infiltration of inflammatory cells (Fig. 4,
left panel).

The transmission electronmicroscopy assessment pro-
vided additional information. In the sham group, mito-
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Fig. 1. The hepatic expression of non-obese diabetic-like receptor family (NLRP3). (a,b) The representative images of NLRP3 mRNA expression by

real-time–polymerase chain reaction (RT–PCR) from the four groups at indicated time-points and the quantitative analysis of mRNA density. (c)

NLRP3 mRNA levels in the four groups were also evaluated by quantitative (q)RT–PCR. (d,e) The representative images of NLRP3 protein
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in the sham group; **P < 0·001 versus baseline value in the sham group.
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chondria were ultrastructurally normal with smooth
membrane. In the sepsis and the scrambled shRNA groups,
mitochondria were damaged with a swelling appearance
and vague cristae. The populations of mitochondria were
also decreased. The architecture of mitochondria was well
preserved with NLRP3 shRNA pretreatment (Fig. 4, right
panel).

Hepatocyte transporters are rehabilitated with
NLRP3 shRNA

We performed RT–PCR and Western blot to measure the
expression of hepatocyte transporters. The expressions were
expressed as fold changes relative to the baseline values in
the sham group.

Bsep mRNA levels were decreased significantly at 12, 24
and 48 h after sepsis to 38·3 ± 12·2%, 44·5 ± 9·6% and
32·3 ± 6·8% of the baseline value, respectively, P < 0·001).
Conversely, Bsep protein levels remained almost constant
(Fig. 5). During the first 6 h after sepsis, no changes in
Mrp2 expression could be detected. Nevertheless, sepsis
profoundly suppressed Mrp2 mRNA levels to 15·1 ± 2·0%
of baseline at 12 h, 10·4 ± 3·5% at 24 h and 18·5 ± 4·2% at
48 h (P < 0·001). Similarly, Mrp2 protein levels decreased
progressively to 30·3 ± 4·7% of baseline (12 h), 25·6 ± 7·2%
(24 h) and 37·3 ± 8·0% (48 h) (P < 0·001) (Fig. 6).

Mrp3 protein levels initially remained low. Enhanced
expression of Mrp3 occurred early after sepsis (451·3 ±
86·2% of baseline at 12 h, 580·4 ± 121·7% at 24 h and
816·8 ± 160·5% at 48 h, respectively, P < 0·05). A similar
pattern was observed for Mrp3 mRNA expression (Fig. 7).

Mrp4 protein levels were barely detectable at baseline, then
increased progressively (approximately 5·6-fold versus base-
line at 48 h, P < 0·05), whereas the mRNA levels remained
unchanged (Fig. 8).

Notably, NLRP3 shRNA counteracted the effect of sepsis.
Pretreatment with NLRP3 shRNA restored the expression of
Mrp2, Bsep, Mrp3 and Mrp4 to a degree comparable to the
sham group (at both mRNA and protein levels).

NLRP3 shRNA decreases neutrophil infiltration in
the liver

We measured the amount of liver neutrophil infiltration
by determining the content of MPO. Livers from the sham
group had very low levels of MPO. The hepatic MPO
levels increased from 0·08 ± 0·02 U/g in sham rats to a
peak level of 6·0 ± 1·3 U/g at 12 h in septic rats. Notably,
we observed that pretreatment with NLRP3 shRNA
decreased MPO levels markedly, with the greatest reduc-
tion at 6 h (from 4·5 ± 0·9 U/g in the sepsis group to
1·5 ± 0·3 U/g in the NLRP3 shRNA group, P < 0·001),
corresponding to a 67% reduction (Fig. 9a). We also exam-
ined the distribution of hepatic neutrophils with immuno-
fluorescence staining, demonstrating the efficacy of NLRP3
shRNA (Fig. 9b).

The serum aspartate aminotransferase (AST) levels began
to increase from 6 h after sepsis, peaking at 245·2 ±
35·3 IU/ml at 12 h, followed by a gradual decrease. The
alterations of ALT levels showed a similar pattern. Pretreat-
ment with NLRP3 shRNA exhibited a dramatic reduction in
liver enzymes (Fig. 9c,d).
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Fig. 2. The left panel shows the representative immunohistochemical staining for non-obese diabetic-like receptor family (NLRP3) in the four

groups at 12 h after surgery (original magnification ×100). Cells which are positive-stained are shown in brown. The right panel shows the

representative immunofluorescent double labelling for NLRP3 (green) and macrophages (red) in the four groups at 12 h after surgery (original

magnification ×100). Double-positive cells are shown in yellow.
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NLRP3 shRNA down-regulates hepatic cytokines

As local cytokines play a key role in liver injury, we evalu-
ated the hepatic levels of IL-1β and IL-18 by RT–PCR.
Hepatic IL-1β levels in the sham group were low. The IL-1β
levels peaked at 6 h after sepsis (2615·4 ± 406·8% of the
baseline value), followed by a gradual decrease. Similarly,
IL-18 levels increased progressively (250·6 ± 35·2% of base-
line at 12 h, 334·6 ± 40·1% at 24 h and 263·5 ± 45·7% at
48 h, respectively, P < 0·001). Rats pretreated with NLRP3
shRNA exhibited significantly reduced hepatic IL-1β and
IL-18 levels compared with the rats in the sepsis and the
scrambled shRNA groups at corresponding time-points
(P < 0·001) (Fig. 9e–h).

NLRP3 shRNA alleviates RAW264·7 cell pyroptosis

LPS resulted in a time-dependent alteration of NLRP3
protein levels in RAW264·7 cells (710·5 ± 84·5% of baseline
at 6 h, 1552·6 ± 265·7% at 12 h, 1207·6 ± 183·8% at 24 h,
923·4 ± 165·0% at 48 h, respectively, versus the sham group,
P < 0·001) (Fig. 10a,b). With regard to cytokine levels in cell
supernatants, a dramatic increase of IL-1β was observed

from 6 h after LPS stimulation (523·4 ± 81·6 pg/ml), and
peaked at 12 h. The IL-18 levels changed similarly, which
peaked at 855·1 ± 107·6 pg/ml (12 h) (Fig. 10c,d). The
NLRP3 protein and IL-1β/IL-18 levels were markedly inhib-
ited in LPS-stimulated RAW264·7 cells transfected with
NLRP3 shRNA.

The extent of pyroptosis in KCs stimulated with LPS was
determined by caspase-1 and PI double-staining. In
response to LPS, the percentage of caspase-1 and PI double-
positive cells increased from 12 h after sepsis, and reached a
maximum level at 48 h (93·0 ± 31·2% in group 2 versus
6·0 ± 0·9% in group 1, P < 0·001). Notably, KCs transfected
with NLRP3 shRNA (group 3) had a statistically lower fre-
quency of pyroptosis in response to LPS, compared with
groups 2 and 4 (P < 0·001) (Fig. 10e,f).

Discussion

In the present study, we demonstrated that gene silencing
of NLRP3 protected against sepsis-induced hyper-
bileacidaemia. The therapeutic effects were attributed to
rehabilitated expression of hepatocyte transporters and
reduced neutrophil accumulation, as well as attenuated
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macrophages pyroptosis and hepatic cytokine levels. To the
best of our knowledge, this is the first study to bridge
NLRP3 and sepsis-induced hyper-bileacidaemia.

Bile acids are secreted into blood or bile via hepatocyte
transporters. When homeostasis is dysregulated,
hepatocytes are exposed continuously to high concentra-
tions of bile acid in the sinusoidal blood. Too many bile
acids weaken cellular junctions and damage basement
membranes, leading to oxidative stress, inflammation and
hepatotoxicity [23]. The hepatocellular damage is also
related to the types of bile acid. GCDCA and TCDCA are
the most toxic bile acids, which induce hepatocyte apoptosis
by stimulating lipid peroxidation and mitochondrial dys-
function [6]. We found that septic rats exhibited signifi-
cantly higher serum levels of conjugated bile acids than the
sham group. Unconjugated bile acids levels did not differ
between the groups. This indicates that hepatocytes are still
able to conjugate bile acids. The transporter-mediated
excretory dysfunction may be responsible for the develop-
ment of sepsis-induced hyper-bileacidaemia.

After sepsis, we detected elevated NLRP3 at both mRNA
and protein levels. The role of NLRP3 has been demon-
strated in liver diseases [16], thus targeting that it may be
beneficial. Gene silencing with shRNA is more stable than
siRNA in vivo [24]. Gene transfer into the liver by plasmids
can be achieved efficiently [25]. Therefore, we applied
NLRP3 shRNA plasmids. Compared with gene knock-out,
the partial blockade of NLRP3 with shRNA maintains a
necessary host defence.

We observed that the expression of basolateral and
canalicular transporters altered statistically after sepsis.

There are abundant Mrp2 and Bsep transporters on the
hepatocyte canalicular membrane. They mainly transport
glycine and taurine-conjugated CA, CDCA and DCA into
the bile [26]. We observed a down-regulation of Mrp2 (at
both mRNA and protein levels) from 12 h after sepsis.
However, at 6 h there was only a moderate decrease in Mrp2
mRNA levels. The Mrp2 transporter could be impaired by
endotoxin, oxidative stress and cytokines [27]. After sepsis,
we noted a dramatic decrease in Bsep mRNA levels, but a
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moderate alteration in protein levels. This was in accord-
ance with previous studies showing that down-regulation of
Bsep protein was much less pronounced than Mrp2 protein
[28]. It is suggested that endotoxin induces the retrieval of
Mrp2/Bsep from the canalicular membrane into cytoplas-
mic vesicles. The retrieval occurs even before down-
regulation of mRNA and protein levels [29]. Therefore, we
speculated that the early phase of hyper-bileacidaemia is
due primarily to retrieval of transporters, whereas hyper-
bileacidaemia at a later time is due to the synergistic effects
of retrieval and down-regulation of transporters.

We observed down-regulation of Mrp2/Bsep expression,
but up-regulation of Mrp3/Mrp4 expression during sepsis.
Mrp3 and Mrp4 are the main basolateral transporters for
glycine and taurine-CA, CDCA and DCA [5]. This is in
keeping with the selective increase in serum levels of glycine
and taurine-conjugated bile acids. Mrp3 and Mrp4 serve as
alternative escape routes for cytotoxic compounds from
hepatocytes into sinusoidal blood [30].The up-regulation of
Mrp3/Mrp4 expression may compensate for the down-

regulation of Mrp2/Bsep expression. Compared to the dras-
tically elevated levels of Mrp4 protein, Mrp4 mRNA levels
were relatively preserved, indicating a post-transcriptional
regulation.

Reduction of Mrp2/Bsep and the concomitant increase of
Mrp3/Mrp4 may account for sepsis-induced hyper-
bileacidaemia. The expression of canalicular transporters
was decreased by sepsis but almost restored to normal levels
by NLRP3 shRNA. Additionally, rehabilitated canalicular
transporters maintain enterohepatic circulation, which
plays a critical role in excretion of cholesterol, clearance of
toxic molecules, absorption of nutrients and inhibition of
intestine bacteria [31]. We inferred that, with pretreatment
of NLRP3 shRNA, the rehabilitation of canalicular trans-
porters and inhibition of compensatory elevation of
basolateral transporters protect against sepsis-induced
hyper-bileacidaemia.

The NLRP3 shRNA mediated a rehabilitation of
canalicular transporters. There are several explanations for
this effect.
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First, NLRP3 shRNA reduces the production of NLRP3
inflammasome-originated IL-1β/IL-18. IL-1β and IL-18 are
capable of activating neutrophils and macrophages, pro-
moting the recruitment of neutrophils to the organs, thus
further inducing NLRP3 inflammasome activation [32].
More importantly, IL-1β and IL-18 predominate in the dys-
function of canalicular transporters. The anti-IL-1β treat-
ment prevented down-regulation of hepatic Mrp2
expression in septic rats [33]. As shown in the Supporting
information, Fig. S3, liver histology demonstrated that pre-
treatment with anti-IL-1β blockade attenuated liver injury
induced by IL-1β. We speculated that IL-1β impairs
hepatocytes directly and IL-1β is the real proof of concept
of why NLRP3 gene silencing works. Additionally, when
IL-18 was neutralized, hepatic Mrp2 protein levels were pre-
served in patients with enterocolitis [34]. We noted that
hepatic levels of IL-1β and IL-18 increased dramatically
after sepsis, but declined significantly with the pretreatment
of NLRP3 shRNA. It has been recognized that transporters
(Mrp2 and Bsep) are located on hepatocyte canalicular

membranes [26]. Taken together, gene silencing of NLRP3
protects canalicular transporters through reducing IL-1β
levels.

Secondly, NLRP3 shRNA ameliorates hepatic neutrophil
accumulation. McDonald et al. reported that NLRP3-
deficiency significantly reduced the quantity of recruited
neutrophils by decreasing cytokines and chemokines [35].
In the present study, MPO analysis revealed extensive
hepatic neutrophils accumulation in septic rats. The influx
of neutrophils was greatly reduced by NLRP3 shRNA. Acti-
vated neutrophils kill invading bacteria. However, the
lysozyme, myeloperoxidase, elastase, cathepsin G and
cationic proteins released from neutrophils impair expres-
sion and function of hepatocyte canalicular transporters
directly [36]. Apart from NLRP3 inflammasome, other
proteinases are able to cleave pro-IL-1β and pro-IL-18 to
their active forms. Proteinase 3 and granzyme B, which are
present principally in neutrophils, could cleave pro-IL-1β
and pro-IL-18 efficiently [37]. Cumulatively, NLRP3 shRNA
rehabilitates the canalicular transporters via decreasing the
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neutrophil-originated IL-1β/IL-18, as well as attenuating
the direct injury on transporters exerted by neutrophils.

Thirdly, NLRP3 shRNA reduces macrophages pyroptosis.
Pyroptosis is a caspase-1-dependent and proinflammatory
process. Pyroptosis develops pore formation in cell mem-
branes, resulting in caspase-1 and PI double-positive stain-
ing. Pyroptosis is the hallmark of inflammasome activation
[15]. Pyroptosis could limit bacteria replication and remove
intoxicated cells. However, it also leads to the breakdown of
cell membranes and release of proinflammatory contents,
including ATP, reactive oxygen species (ROS), heat shock
proteins, DNA fragments and inflammatory cytokines.
Pyroptosis is also responsible for hepatic neutrophil infiltra-
tion [38]. Pyroptosis, in turn, activates NLRP3 inflam-
masome, amplifying the inflammation cascades [39].
Detailed analysis revealed principal NLRP3 expression in
hepatic macrophages; thus, pyroptosis mainly occurs in
these cells during sepsis. Nominally, hepatic macrophages
are the primary source of IL-1β/IL-18 [40]. Taken together,

it is conceivable that profound cytokines released from
pyroptic macrophages impair hepatocyte transporters. The
isolation of macrophages from the liver may damage cells
and interfere with results. Therefore, we investigated
the effect of NLRP3 shRNA on macrophage in-vitro experi-
ments by using a macrophage cell line (RAW264·7 cells).
Challenge with LPS resulted in increased expression of
NLRP3 in RAW264·7 cells. Similar to in-vivo experiments,
NLRP3 protein levels in cell lysates were suppressed in
the NLRP3 shRNA group, as well as IL-1β/IL-18 levels
in cell supernatants. We found extensive RAW264·7 cells
pyroptosis in response to LPS stimulation. Gene silencing of
NLRP3 significantly depressed RAW264·7 cells pyroptosis,
but pyroptosis in this group was still greater than the
sham group. The absent in melanoma 2 (AIM2), NLRP1,
NLR family CARD domain-containing protein 4 (NLRC4)
and neuronal apoptosis inhibitory protein (NAIP)
inflammasomes could also induce pyroptosis in macro-
phages, which may explain this partial inhibition effect [41].
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Complete inhibition of pyroptosis may be deleterious.
Maintaining pyroptosis at suitable levels is essential to
protect against infections.

Further investigations are warranted. First, gene-silencing
plasmids are not applicable in clinics. More valid methods,
such as viral vector carriers or targeted nanodrugs, should
be explored. The pretreatment protocol applies to people
who are at high risk of developing sepsis. Notably, we
detected time-dependent effectiveness of NLRP3 shRNA.
Whether NLRP3 shRNA application after sepsis is effective
remains to be seen. Secondly, hepatocyte transporter-based
therapies should be considered. Ursodeoxycholic acid and
tauroursodeoxycholic acid could increase the expression of
Mrp2/Bsep by extending their half-life time [42]. The
4-phenylbutyrate could also increase Bsep expression
[43].Thirdly, the underlying signal pathways need to be
clarified. Toll/IL-1R resistance (TIR) domain-containing
adapter-inducing interferon (IFN)-β (TRIF) signalling is
essential for NLRP3 inflammasome activation, especially in
enteric infections [44]. The phosphatidylinositol-3-kinase
has been shown to regulate canalicular transporters [2].

In conclusion, gene silencing of NLRP3 ameliorates
sepsis-induced hyper-bileacidaemia. The protective efficacy
is correlated with rehabilitated hepatocyte transporters and
inhibited hepatic neutrophil accumulation, as well as
attenuated macrophage pyroptosis. These results provide
the rationale for designing therapeutic strategies in clinics.
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Fig. S1. (a) The non-obese (NOD) diabetic-like receptor
family (NLRP3) mRNA levels in various organs of normal
rats. (b–f) Time–course of NLRP3 mRNA expression in
major organs after injection of NLRP3 shRNA plasmids (in
normal rats). The NLRP3 mRNA levels were determined by
quantitative real-time–polymerase chain reaction (qRT–
PCR). Data are expressed as percentages of the baseline
value. Data represent as mean ± standard deviation; n = 6
per group; the experiments were repeated three times.
*P < 0·05 versus baseline value.
Fig. S2. The fluorescence microscopy images of non-obese
diabetic (NOD)-like receptor family (NLRP3) shRNA
plasmids distribution in major organs. Normal rats were
injected via the tail vein with 8 μg/g NLRP3 shRNA
plasmids carrying green fluorescent protein (Clontech, Palo
Alto, CA, USA). Organs were harvested 48 h after injection.
Fig. S3. The representative histological images of the liver
(haematoxylin and eosin staining, original magnification
×100 or ×400). The large black box indicates the amplifica-
tion of the zone marked with the small box. (a) Liver tissues
of the sham group. (b) Rats were infused with interleukin
(IL)-1β [2 μg/kg injected intravenously (i.v.); Abcam, Cam-
bridge, UK]. The liver tissues were collected 48 h after
infusion. Blue arrow points to necrosis; yellow arrow points
to steatosis; black arrow points to haemorrhage. (c) Rats
were infused with anti-IL-1β antibody (200 μg/body i.v.;
Abcam, Cambridge, UK) immediately prior to IL-1β infu-
sion (2 μg/kg i.v.; Abcam). Black arrow points to conges-
tion. The liver tissues were collected 48 h after infusion; six
per group; the experiments were repeated three times.
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