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Abstract
NOD-like receptor protein 3 (NLRP3) promotes the inflammatory response during progression of nonalcoholic fatty liver
(NAFL) to nonalcoholic steatohepatitis (NASH). This study aimed to further delineate the role of NLRP3 in NASH
development by abolishing its expression in mice. A high-fat and calorie diet plus high fructose and glucose in drinking
water (HFCD-HF/G) was used to establish NASH in both wild-type (WT) and NLRP3 knock-out (KO) mice. Hepatocellular
injury, hepatic steatosis and fibrosis, as well as inflammatory response and insulin resistance in the liver and epidydimal
white adipose tissue (eWAT) were determined. Elevated body weight, liver weight and serum alanine transaminase level,
increased hepatic triglyceride accumulation and collagen deposition, and worsened systemic insulin resistance were
observed in Nlrp3−/− mice compared to WT mice under HFCD-HF/G feeding. Upregulated hepatic transcription of tumor
necrosis factor-α (TNF-α) and monocyte chemotactic protein-1 (MCP-1), and enhanced infiltration of inducible nitric oxide
synthase-positive (iNOS+) M1 macrophages were also documented in HFCD-HF/G-fed Nlrp3−/− mice in comparison to
HFCD-HF/G-fed WT mice. Moreover, transcription of TNF-α and MCP-1 and infiltration of iNOS+ M1 macrophages were
increased in the liver of Nlrp3−/− mice under control diet. NLRP3 deficiency did not attenuate, but instead aggravated
NASH development under HFCD-HF/G feeding. The worsened extent of NASH might be attributed to enhanced hepatic
MCP-1 expression and M1 macrophage infiltration in Nlrp3−/− mice. Our study points to additional caution when NLRP3
blockade is considered as a therapeutic strategy in the treatment of human NASH.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the deposition
of fat in hepatocytes without excessive alcohol consumption
or other conditions leading to steatosis. Recognized as the
hepatic manifestation of obesity-related metabolic

syndrome, NAFLD is increasingly prevalent and represents
an emerging global healthcare challenge [1, 2]. Fatty liver is
histologically defined as the presence of more than 5% of
steatotic hepatocytes, and NAFLD ranges from nonalco-
holic fatty liver (NAFL) to nonalcoholic steatohepatitis
(NASH) and even cirrhosis or hepatocellular carcinoma
(HCC) [3–5]. Characterized by varying degrees of steatosis,
inflammation, hepatocellular ballooning and fibrotic
change, NASH is seen as the active form of NAFLD [6].
However, the underlying pathogenesis of NASH develop-
ment has not been fully understood. A “multi-hits”
hypothesis is widely accepted to explain the evolution with
lipotoxicity, chronic inflammation, insulin resistance and
adipose tissue dysfunction being the key factors [7].

Inflammasomes are a group of protein complexes
responsible for caspase-1-dependent maturation and release
of IL-1β and IL-18 [8]. As a member of the inflammasome
family, NOD-like receptor protein 3 (NLRP3) is activated in
a variety of inflammatory immune responses [9], and has
been implicated in multiple sterile inflammatory diseases,
such as gout, atherosclerosis, type 2 diabetes, Alzheimer’s
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disease, and liver disorders [10]. A substantial body of lit-
erature supported the critical role of NLRP3 in the media-
tion of inflammation and insulin resistance during NAFLD
progression based on the fact that NLRP3 expression was
significantly increased in both murine models and humans
with NASH [11–14], while its inhibition improved the
pathologic abnormalities [15, 16]. However, contradictory
findings indicated that NLRP3 deficiency may not always
be beneficial for the development of NASH [17–19].

The present study aimed to further investigate the role of
NLRP3 in NASH development. A well-characterized high
fat calorie diet plus high fructose and glucose in drinking
water (HFCD-HF/G)-induced murine model that could
recapitulate histologic and metabolic features of human
NASH with fibrosis [20] was used to determine whether
NLRP3 deficiency would attenuate or aggravate the devel-
opment of NASH. Given the crucial role of white adipose
tissue (WAT) in NAFLD [21, 22], insulin resistance and
inflammatory status in epididymal WAT (eWAT) were also
investigated. The results suggested that NLRP3 deficiency
aggravated NASH development including fibrotic progres-
sion under HFCD-HF/G feeding. Increased expression of
monocyte chemotactic protein-1 (MCP-1) and enhanced
infiltration of inducible nitric oxide synthase-positive (iNOS
+) M1 macrophages in the liver might account for the
worsened NASH pathology in Nlrp3−/− mice. Our study
underscores the potentially detrimental effect of NLRP3
inhibitory therapy which is considered as a strategy in the
clinical management of NASH.

Materials and methods

Animals and diets

Male wild-type (WT) and Nlrp3−/− (B6.129S6-Nlrp3/J;
Stock 021302) C57BL/6 mice originated, respectively, from
Biomedical Research Institute of Nanjing University (Nanj-
ing, China) and Jackson Laboratory (ME, USA). All mice
were housed under a specific pathogen-free condition with
12-hrs light/dark cycle at 22 °C in the Experimental Animal
Center, Fudan University (Shanghai, China). A murine
model of NASH was established as previously described
[20]. At 10 weeks of age, both WT and Nlrp3−/− mice were
assigned to either a control diet (#1010010; XIETONG
ORGANISM, China), or a high fat calorie diet (D12492i;
Research Diets, USA) plus high fructose (23.1 g/L; F3510,
Sigma, USA) and glucose (18.9 g/L; G8270, Sigma, USA) in
drinking water (HFCD-HF/G). Thus, mice were randomly
divided into four groups (n= 3 per group): WT-CD, WT-
HFCD-HF/G, Nlrp3−/−-CD and Nlrp3−/−-HFCD-HF/G.
Body weight of each group was recorded weekly during
16 weeks of feeding. Animal experiments were performed

following the NIH guidelines with experimental protocols
approved by the Animal Ethic Committee of Fudan Uni-
versity School of Basic Medical Sciences.

Genotype identification

Mouse tail tissue was lysed overnight in Tris-HCl buffer
(5 mM EDTA, 400 mM NaCl, 1% SDS, 0.1 mg/ml Protei-
nase K) with water bath at 55 °C. Phenol-chloroform (1:1)
of equal volume to the lysate was added and mixed thor-
oughly to extract genomic DNA. The mixture was then
centrifuged (12,000 g for 15 min) to pellet tissue debris, and
the upper liquid phase was transferred to mix with 100%
ethanol and rested at −20 °C for ≥2 hrs. Thereafter, cen-
trifugation was conducted again to precipitate DNA and
remove the supernatant. The DNA was washed in 70%
ethanol, centrifuged and air-dried, and fully dissolved in
sterile ddH2O. DNA at 500 ng was used as template in each
PCR reaction containing Taq mix (KT201; TIANGEN,
China). Amplification was performed using a gradient
thermal cycler (T100; Bio-Rad; USA), and the PCR pro-
ducts were electrophoresed (HE-120; Tanon, China), and
visualized (14T5561-1159; Tanon, China) in agarose gel.
The primers used include:

Mutant forward: 5′-TGCCTGCTCTTTACTGAAGG-3′,
Wild-type forward: 5′-TCAGTTTCCTTGGCTACCA

GA-3′ and
Common reverse: 5′-TTCCATTACAGTCACTCCAGA

TGT-3′.

Intraperitoneal glucose tolerance test

Intraperitoneal glucose tolerance test (IGTT) was performed
3 days before mice were sacrificed. Body weight and the
fasting blood glucose levels were recorded after they were
fasted overnight for 15 h. Mice were injected intraper-
itoneally with sterile D-glucose (V900392; Sigma, USA)
solution at 2.5 g/kg body weight. Blood glucose was mea-
sured 30, 60, 90, and 120 min after intraperitoneal injection
using a glucometer (HGM-112; Omron, China). Area under
each curve of IGTT was calculated. Mice were sacrificed
humanely and tissue samples were harvested and stored at
−80 °C until analysis.

Serological analysis

Serum was obtained after centrifuging (1000 × g for 10 min
at 4 °C) blood collected from mouse eye orbit. Serum levels
of triglyceride (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), and alanine aminotransferase (ALT)
were determined by an automated biochemical analyzer
(AU680; Beckman Coulter, USA).

NLRP3 deficiency did not attenuate NASH development under high fat calorie diet plus high fructose and. . . 589



Liver histopathologic examination

The paraffin-embedded liver tissue was cut into 4 μm-thick
sections for hematoxylin and eosin (H&E) staining or
Masson trichrome staining. Histopathologic examination
was performed in single-blinded fashion by a board-
certified pathologist. Kleiner classification [23] was
employed to establish NAFLD activity score (NAS; 0–8) in
sections with H&E staining, including steatosis (0–3), lob-
ular inflammation (0–3), and hepatocellular ballooning
(0–2). NASH was defined if NAS ≥ 5. Hepatic collagen
deposition was assessed through Masson staining with the
positive blue area quantified by Image J (NIH, USA). All
sections were scanned into digital images and several view
fields of (≥ 3) of each section were captured respectively in
H&E (K-Viewer; KFBIO, China) and Masson trichrome
staining (CaseViewer; 3DHISTECH, Hungary).

Quantitative real-time PCR

Liver or eWAT tissue was homogenized and lysed in
TRIzol (#15596018, Life Technologies, USA) to isolate
total RNA following the manufacturer’s instructions. RNA
at 500 ng was reversely transcribed to cDNA with a Primer-
Script RT kit (RR037A; Takara, Japan). Quantitative real-
time PCR was monitored by TB Green Premix (RR420A;
Takara, Japan) on a realplex4 mastercycler (AG22331;
Eppendorf, Germany). Melting curve analysis was
employed to determine the specificity of amplification.
Relative gene transcription level was calculated using
ΔΔCT method with 18 S rRNA being the house-keeping
gene [24]. Primers used are listed in Supplemental
Table S1.

Immunoblot analysis

Protein was extracted with RIPA lysis buffer (P0013B;
Beyotime Biotechnology, China) and quantified using BCA
method. Heat-denatured protein at 40 μg was loaded per
lane, separated by SDS-PAGE electrophoresis, transferred
onto polyvinylidene fluoride (PVDF) membrane
(IPVH00010; Millipore, USA). The membrane was blocked
in 5% non-fat milk (A600669; Sangon Biotech, China) at
room temperature for 1 h and probed with primary anti-
bodies at 4 °C overnight. After being washed in 0.1% Tris-
buffered saline (TBS) plus Tween 20, the membrane was
incubated at room temperature for 1 h with horseradish
peroxidase-conjugated secondary antibodies. Image of the
membrane was developed using an ECL kit (E412-01;
Vazyme, China) followed by exposure in a chemilumines-
cent imaging instrument (14T12NPFLI6-348; Tanon,
China), and the densitometry was analyzed by Image J.
Antibodies used are listed in Supplemental Table S2.

Immunofluorescent staining

Frozen liver sections were dried at room temperature, fixed in
4% paraformaldehyde for 15min, and then washed with TBS/
0.03% Triton X-100. Antigen retrieval was achieved by
soaking sections in pH 6.0 sodium citrate buffer for 20min at
90 °C [25, 26]. Thereafter, tissues on the sections were
blocked at room temperature for 1 h with 5% goat serum
(SL038; Solarbio, China) in TBS/1% bovine serum albumin,
followed by incubation with primary antibodies of inducible
nitric oxide synthase (iNOS) (1:50; sc-7271, Santa, USA) or
CD163 (1:50; sc-58965, Santa, USA), and CD68 (1:200;
BA3638, BOSTER, China) at 4 °C overnight. After being
washed, tissue sections were incubated in dark with Alexa
Fluor 488 or 594-conjugated secondary antibodies (1:400;
A21202/A21207, Invitrogen, USA) at room temperature for 1
h. Nuclei were counterstained with 4′6-diamidino-2-pheny-
lindole (DAPI; C1005, Beyotime Biotechnology, China). All
sections were sealed with antifade mounting medium (G1401;
Servicebio, China) and viewed under a confocal microscope
(TCS SP8; Leica, Germany) with four visual fields of each
tissue randomly captured. Different fluorescent area was
quantified using Image J and normalized by nucleus number.

Hepatic triglyceride determination

Liver tissue was homogenized (SKSI; Biheng Biotechnol-
ogy, China) to determine triglyceride (TG) level with a kit
(E1013; Applygen Technologies, China). A multi-mode
microplate reader (FlexStation 3; Molecular Devices, USA)
was used to measure the absorbance at 550 nm. TG content
was corrected with protein concentration determined by
BCA method (#23227; Thermo, USA).

Statistical Analysis

All data presented as mean ± SD were analyzed with
GraphPad prism V.7.0. One or two-way ANOVA in com-
bination with uncorrected Fisher’s LSD test was used for
comparisons of quantitative variables showing normal dis-
tribution. Kruskal–Wallis with uncorrected Dunn’s post-hoc
test was used in nonparametric data analysis. Statistical
significance level was set at a p value of 0.05 with *p <
0.05, **p < 0.01 and ***p < 0.001 versus respective control.

Results

Genotyping and expression of NLRP3 in different
mouse groups

B6.129S6-Nlrp3/J-021302 knock-out mice were established
with a neo cassette replacing the entire NLRP3 coding
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sequence to abolish its expression. Genotypes of all
experimental mice were identified at first with different
forward primers and same reverse primer (Fig. 1A).
Amplified products were limited to 666 bp and 850 bp
respectively in wild-type (WT) and knock-out (KO) mice as
exemplified (Fig. 1B). NLRP3 expression in both liver and
eWAT was examined upon sample collection. At a tran-
scription level, HFCD-HF/G-fed WT mice showed moder-
ate (twofold) upregulation of NLRP3 in the liver and much
more pronounced (12-fold) in eWAT compared to control
diet-fed WT mice. NLRP3 mRNA was not detected in
either Nlrp3−/− group (Fig. 1C). NLRP3 protein was rela-
tively more expressed in the liver than eWAT of WT mice
under control diet, however, its increase induced by HFCD-
HF/G in eWAT was three times of that in the liver. As
expected, NLRP3 protein was absent in both Nlrp3−/−

groups (Fig. 1D). These results demonstrated successful
removal of the NLRP3 gene in knock-out mice and there
was its differential expression between liver and eWAT in
WT mice fed different diets.

NLRP3 deficiency aggravated body and liver fat
deposition and hepatic injury under HFCD-HF/G
feeding

Mice under control diet displayed a slow increase of body
weight, while HFCD-HF/G feeding stimulated a remarkable

weight gain throughout the investigational period with WT
mice reaching a plateau during the last 13–16 weeks while
Nlrp3−/− mice maintaining the uptrend (Fig. 2A). HFCD-
HF/G feeding also significantly increased liver weight,
which was more evident in Nlrp3−/− mice concomitantly
with an elevated liver/body weight ratio in comparison to
WT mice (Fig. 2B, C). Despite notable increases induced by
HFCD-HF/G compared to control diet, serum TC, LDL-C
and HDL-C levels between two HFCD-HF/G groups
showed no statistical differences (Fig. 2D). Interestingly,
serum TG levels in both Nlrp3−/− groups were much
decreased compared with WT groups regardless of diets
(Fig. 2E). Serum ALT level was significantly higher in
Nlrp3−/− mice than WT mice under HFCD-HF/G feeding,
indicating a more serious liver injury existed in HFCD-HF/
G-fed Nlrp3−/− mice (Fig. 2F). In summary, NLRP3 defi-
ciency aggravated body weight, liver fat deposition and
hepatic injury under HFCD-HF/G feeding.

NLRP3 deficiency exacerbated hepatic steatosis and
collagen deposition under HFCD-HF/G feeding

H&E staining of liver sections presented extensive hepa-
tocellular ballooning and increased inflammatory infiltration
in addition to steatosis in both HFCD-HF/G groups.
NAFLD activity score (NAS) accordingly demonstrated
that NASH (NAS ≥ 5) was established in the two groups.

Fig. 1 Genotyping and NLRP3 expression in different mouse
groups. A, B. In B6.129S6-Nlrp3/J-021302 knock-out mice, the
coding sequence (CDS) of NLRP3 is replaced by neo cassette. Dif-
ferent forward primers (FP) and same reverse primer (RP) were used in
genotyping (A). DNA gel electrophoresis showed the amplified pro-
ducts of two primer pairs with 850 bp of knock-out (KO) band while

666 bp of wild-type (WT) band. Homozygous WT and Nlrp3−/− mice
were taken into this study (B). C NLRP3 mRNA level in the liver and
eWAT. D NLRP3 protein expression in the liver and eWAT were
measured by immunoblotting and quantified by image J. Both mRNA
and protein of NLRP3 were not detected (n.d.) in two Nlrp3−/− groups.
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HFCD-HF/G-induced macrovesicular steatosis tended to be
more profound in Nlrp3−/− mice than WT mice. Of note,
Nlrp3−/− mice had a statistically increased NAS compared
to WT mice under control diet with inflammation index
being the main difference (Fig. 3A, B). Based on the great
elevation in hepatic TG level under HFCD-HF/G feeding,
liver steatosis was more severe in Nlrp3−/− mice than WT
mice (Fig. 3C). Masson trichrome staining was employed to
assess hepatic collagen deposition. Compared with control
diet groups, blue-stained collagen fibrils which gathered
into slim bundles that distributed in the liver parenchyma
were remarkably increased in HFCD-HF/G groups. Fur-
thermore, semiquantitative morphometric analysis of
Masson-positive area showed that there was significantly
more collagen deposition in the liver of both Nlrp3−/−

groups than corresponding WT group (Fig. 3D). In sum-
mary, NLRP3 deficiency exacerbated hepatic steatosis and
collagen deposition under HFCD-HF/G feeding.

NLRP3 deficiency worsened systemic insulin
resistance under HFCD-HF/G feeding

Being a common feature of NASH, insulin resistance was
evaluated by IGTT. While normal insulin sensitivity was
exhibited in both control diet groups, HFCD-HF/G feeding
led to higher blood glucose levels at each time point after
glucose overload in Nlrp3−/− mice than WT mice. Area under
curves of IGTT confirmed the relatively more blunted insulin
sensitivity in HFCD-HF/G-fed Nlrp3−/− mice than HFCD-
HF/G-fed WT mice (Fig. 4A, B). As a key molecule that

Fig. 2 NLRP3 deficiency
aggravated body and liver fat
deposition and hepatic injury
under HFCD-HF/G feeding.
Weight gain during 16 weeks of
investigational period (A), liver
weight (B) and liver/body
weight ratio (C) in each mouse
group. Serum cholesterol levels
including total cholesterol (TC),
low-density lipoprotein
cholesterol (LDL-C) and high-
density lipoprotein cholesterol
(HDL-C) (D), as well as serum
triglyceride (TG) level (E) and
alanine aminotransferase (ALT)
level (F).
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orchestrates diverse metabolic pathways including insulin
receptor signaling, AKT requires phosphorylation of Ser473
to achieve its maximal activation [27]. Therefore, protein
levels of AKT and its phosphorylation form pAKT-Ser473
were assayed in both liver and eWAT. AKT and pAKT-
Ser473 levels together with the pAKT/AKT ratio in eWAT
were generally declined in HFCD-HF/G groups in compar-
ison to respective controls (Fig. 4C), implicating a severe
disturbance of insulin signaling in adipose tissue. Surpris-
ingly, hepatic pAKT-Ser473 and the pAKT/AKT ratio were
significantly elevated in both Nlrp3−/− groups compared with
WT groups. In summary, NLRP3 deficiency further impaired

systemic insulin sensitivity under HFCD-HF/G feeding with
prominent insulin resistance occurred in eWAT.

Transcription levels of TNF-α, MCP-1 and CD36
expression in the liver

As shown in Fig. 5, mRNA levels of two important inflam-
matory cytokines, TNF-α and MCP-1, were upregulated by
HFCD-HF/G in both liver and eWAT regardless of mouse
genotypes. Two cytokines especially MCP-1 in the liver
displayed significantly higher transcription levels in Nlrp3−/−

mice than respective WT mice. Upregulated expression of

Fig. 3 NLRP3 deficiency
exacerbated hepatic steatosis
and collagen deposition under
HFCD-HF/G feeding. A
Hematoxylin-eosin (H&E)
staining of liver sections with
arrows indicating inflammatory
infiltration. Magnification, 400×;
Scale bars, 100 μm. B H&E
staining results were semi-
quantitatively scored by
evaluating hepatocellular
ballooning, steatosis and lobular
inflammation using NAFLD
activity score (NAS) system. C
Liver triglyceride (TG) level. D
Masson trichrome staining was
used to assess hepatic collagen
deposition (Left). Blue area
showed the collagen fibrils and
was quantified by image J
(Right). Magnification, 600×;
Scale bars, 50 μm.
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these inflammatory genes was more evident in eWAT com-
pared to the liver in WT mice under HFCD-HF/G feeding.
While HFCD-HF/G-fed Nlrp3−/− mice showed significantly
increased TNF-α and MCP-1 transcription in eWAT com-
pared to control diet, the amplitude of upregulation was not as
profound as HFCD-HF/G-fed WT mice (Fig. 5A, B). Hepatic
CD36 expression is positively correlated with liver TG con-
tent and insulin resistance during NAFLD progression. To
explore whether CD36 took a compensatory role for NLRP3
deficiency in this murine model of NASH, its expression in
the liver was examined. Similar patterns of mRNA and pro-
tein expression were observed with prominent CD36 induc-
tion in both HFCD-HF/G groups (Fig. 5C, D). There was a
tendency that upregulation of CD36 mRNA level was slightly
higher in Nlrp3−/− mice than WT mice under HFCD-HF/G
feeding, however, no statistical difference was found, which
did not support that hepatic CD36 was actually responsible
for the worsened NASH pathology in Nlrp3−/− mice.

Enhanced hepatic infiltration of iNOS+ M1
macrophages with NLRP3 deficiency

Liver macrophages, comprising resident Kupffer cells
(KCs) and infiltrating monocyte-derived macrophages
(IMDMs), display high degrees of plasticity and hetero-
geneity [28, 29]. Extensive studies have reported that
macrophages shaped by local microenvironment could be
broadly divided into two polarized subsets, namely pro-
inflammatory M1 and anti-inflammatory M2 macrophages
[30]. Under the stress of lipotoxicity, activation of KCs
triggers M1-like IMDM recruitment towards liver, intensi-
fying hepatic inflammatory and fibrotic responses [31].
Considering the increased TNF-α and MCP-1 transcription
and inflammatory infiltration in the liver of both Nlrp3−/−

groups compared with corresponding WT group, it was
assumable that the macrophages should be involved.
Therefore, immunofluorescent staining of liver sections was

Fig. 4 NLRP3 deficiency
worsened systemic insulin
resistance under HFCD-HF/G
feeding. A Intraperitoneal
glucose tolerance test (IGTT) in
each mouse group. B Area under
curve of IGTT. C Protein levels
of AKT and pAKT-Ser473 in
the liver and eWAT were
measured by immunoblotting
and quantified by image J.
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performed to make a distinction among M1 macrophages
with iNOS, M2 macrophages with CD163 and total KCs
with its marker CD68 [29]. M1 staining combined with the
quantitative analysis demonstrated that HFCD-HF/G feed-
ing led to significantly enhanced expression of CD68 and
iNOS in both genotypes of mice compared to control diet,
accompanied by an enlarged overlaid area indicating that
CD68+/iNOS+ pro-inflammatory M1-like KCs were
remarkably increased. However, iNOS outside KCs that
mainly comes from M1-like IMDMs was unexpectedly
more distributed in Nlrp3−/− groups than respective WT
groups (Fig. 6A). M2 staining with its analysis showed that
HFCD-HF/G feeding also elevated CD163 expression,
which was almost confined to the CD68+ fluorescent area,
suggesting the simultaneously increased CD68+/CD163+

M2-like KCs (Fig. 6B). In summary, these results signified
that NLRP3 deficiency prompted NASH development
under HFCD-HF/G feeding presumably through enhanced
hepatic infiltration of iNOS+ M1 macrophages.

Discussion

A prolonged excess nutrition may trigger NAFLD pro-
gression to NASH [22], which could evolve ultimately to
cirrhosis causing serious complications including liver
failure and HCC. NASH has been shown to develop

through a multifactorial process where nutrition and life-
style, adipose tissue dysfunction, insulin resistance and
chronic inflammation are implicated [7]. NLRP3 is pri-
marily credited with forming inflammasome for sensing
endogenous and exogenous dangers and for the subsequent
orchestration of inflammatory responses [32]. Aberrant
NLRP3 activation is associated with various inflammatory
diseases [33–35], and increased NLRP3 expression and
downstream pyroptotic activation are well documented in
both animal models and NASH patients [13, 14, 20, 36].
While NLRP3 deficiency was reported to suppress fibrosis
in a choline-deficient amino acid-defined (CDAA) diet-
induced murine model of NASH [37], controversial studies
argued that NLRP3 deficiency led to a worsened phenotype
of NAFLD due to altered gut microbiota [17, 18]. Different
animal models used and the complex roles of inflamma-
some components in regulating intrinsic metabolic and
inflammatory responses may offer an explanation for these
discrepancies. In fact, NLRP3 is differentially expressed in
many cell types although primarily in macrophages [38],
and there is mounting evidence regarding its physiological
functions in TGF-β receptor signaling [34], TH2 differ-
entiation [39], catecholamine-dependent lipolysis [40],
intestinal barrier [17] and metabolic homeostasis [41]. The
present study is designed to further delineate the role of
NLRP3 in NASH development by establishing the pathol-
ogy in NLRP3 knock-out mice using a well-characterized

Fig. 5 Transcription levels of
TNF-α, MCP-1 and CD36
expression in the liver. mRNA
levels of TNF-α and MCP-1 in
the liver (A) and eWAT (B). C,
D Hepatic CD36 expression at
mRNA (C) and protein level
(D). Protein expression was
measured by immunoblotting
and quantified by image J.
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HFCD-HF/G feeding [20], which has been used to evaluate
therapeutic effects of potential agents, such as DHA [24]
and Hepalatide [42].

Basic liver NLRP3 expression in WT mice was relatively
high compared to eWAT under control diet feeding;
whereas more profound NLRP3 expression in response to
HFCD-HF/G feeding was noted in eWAT than the liver.

The tissue differential expression of NLRP3 under different
diets implied its possible physiological role in healthy liver;
while its pro-inflammatory effect may dominate the stressed
WAT with excessive nutrient consumption [43, 44]. NLRP3
deficiency prompted more severe HFCD-HF/G-induced
obesity and steatohepatitis in Nlrp3−/− mice characterized
by further elevated body and liver weight, hepatic TG

Fig. 6 Enhanced hepatic
infiltration of iNOS+ M1
macrophages with NLRP3
deficiency. A, B
Immunofluorescent staining of
macrophages was performed on
frozen liver sections with
Kupffer cell marker CD68 (red)
and M1 macrophages marker
iNOS (green) (A) or M2
macrophages marker CD163
(green) (B). DAPI (blue) showed
the nucleus. Different
fluorescent area was quantified
using Image J and normalized
by nucleus number.
Magnification, 400×; Scale
bars, 50 μm.
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content and serum ALT level in comparison to WT mice.
NAFLD activity score (NAS) was unexpectedly increased
in Nlrp3−/− mice compared to WT mice under control diet
(p < 0.05), with major difference coming from the inflam-
mation index. Masson staining demonstrated that hepatic
collagen deposition was more evident in Nlrp3−/− mice than
WT mice especially under HFCD-HF/G feeding. Taken
together, NLRP3 deficiency did not alleviate NASH
including fibrotic progression but may aggravate manifes-
tations of the disease. The finding of reduced serum TG
levels in both Nlrp3−/− groups was consistent with Kotas’s
study, indicating a possible accelerated effect on lipid
clearance due to NLRP3 deficiency [45]. From IGTT, we
noticed a worsened glucose intolerance in Nlrp3−/− mice
compared to WT mice under HFCD-HF/G feeding, sig-
nifying a more compromised systemic insulin sensitivity
occurred in mice with NLRP3 deficiency. Expression of
AKT and pAKT-Ser473 was found greatly impaired by
HFCD-HF/G in eWAT of both genotypes, however, hepatic
pAKT-Ser473 was not significantly affected in Nlrp3−/−

mice under HFCD-HF/G feeding compared with the control
diet. Therefore, NLRP3 deficiency did not ameliorate
insulin resistance in the liver, and HFCD-HF/G feeding
caused an obvious insulin signaling interruption in eWAT
regardless of genotypes. This finding was consistent with
unrelieved Western diet-induced adipose tissue inflamma-
tion and glucose intolerance in NLRP3 knock-out mice
[19]. Meanwhile, it was implied that a fully functional
WAT was required to maintain normal glucose level and
that insulin resistance might be initiated in adipose tissue
[46]. Considering that the AKT signaling is crucial for
converging multiple intracellular and extracellular cascades
rather than single insulin receptor to regulate diverse cel-
lular processes including inflammation [27, 47], we specu-
lated that the remarkably increased hepatic pAKT-Ser473 in
two Nlrp3−/− groups compared with WT groups might be
linked to altered inflammatory status in the liver.

For in-depth study of NLRP3 in the mediation of
inflammatory response, mRNA levels of TNF-α and MCP-1
were determined and found to be further increased in the
liver but decreased in eWAT of Nlrp3−/− mice compared to
WT mice under HFCD-HF/G feeding, implicating that the
pro-inflammatory milieu of obese WAT could be mediated
at least in part by locally enhanced NLRP3 expression [44].
Moreover, transcription of these genes was even upregulated
in both liver and eWAT of control diet-fed Nlrp3−/− mice. It
was noted that hepatic MCP-1 expression was more
remarkable in both Nlrp3−/− groups than WT groups. As
CD36 has emerged to be a pivotal membrane protein in
regulating lipid homeostasis and inflammatory response
[48], increased CD36 expression was observed in the liver
under HFCD-HF/G feeding, however, no statistical differ-
ence between WT and Nlrp3−/− mice made it unfavorable to

attribute CD36 for the worsened steatohepatitis with NLRP3
deficiency. The overall enhanced inflammatory status in the
liver while lack of NLRP3 prompted us to explore a link to
hepatic macrophages. Through immunofluorescent staining,
we noted that iNOS and CD163 expression overlaid with
CD68 were significantly increased by HFCD-HF/G com-
pared to control diet, indicating that HFCD-HF/G feeding
stimulated both pro-inflammatory and anti-inflammatory
KCs. However, iNOS beyond KCs was strikingly induced in
two Nlrp3−/− groups, which suggested a profound infiltra-
tion of M1 macrophages towards liver concomitant with
NLRP3 deficiency. Given the simultaneously enhanced
MCP-1 expression, it might perpetuate the vicious cycle of
macrophage recruitment that consequently contributed to the
aggravated hepatic inflammatory and fibrotic responses in
Nlrp3−/− mice [49]. The possibility of compensatory effect
by other inflammasomes, such as AIM2 [50], could not be
ruled out after NLRP3 deletion, since the inflammasome
family consists of multiple members, such as AIM2, NLRP1
and NLRC4. However, from an integrative perspective on
the metabolism-inflammation interplay, the impact of
NLRP3 deficiency might dominate under HFCD-HF/G
feeding based on the evidence that AIM2 did not induce
downstream signaling molecules caspase-1 and IL-1β in
response to viral infection in Nlrp3−/− mice [51]. Never-
theless, such a phenomenon needs to be further investigated
in reliable NASH models to better reflect inflammasome
response under metabolic disturbance.

In conclusion, NLRP3 deficiency did not attenuate but
aggravate the development of NASH under HFCD-HF/G
feeding, including further increased body and liver weight,
serum ALT level, systemic insulin resistance, hepatic TG
accumulation and collagen deposition. Enhanced inflamma-
tory response in the liver was highlighted by elevated MCP-1
transcription and M1 macrophages infiltration that might
account for the worsened NASH pathology in Nlrp3−/− mice.
The findings reveal that NLRP3 disruption may pose threat to
inflammatory regulation, and future research is required to
address whether NLRP3 is to become a reliable therapeutic
target for the clinical management of NASH.
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