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Background and Purpose: Enteric neurogenic/inflammation contributes to bowel

dysmotility in obesity. We examined the role of NLRP3 in colonic neuromuscular dys-

functions in mice with high-fat diet (HFD)-induced obesity.

Experimental Approach: Wild-type C57BL/6J and NLRP3-KO (Nlrp3�/�) mice were

fed with HFD or standard diet for 8 weeks. The activation of inflammasome path-

ways in colonic tissues from obese mice was assessed. The role of NLRP3 in in vivo

colonic transit and in vitro tachykininergic contractions and substance P distribution

was evaluated. The effect of substance P on NLRP3 signalling was tested in cultured

cells.

Key Results: HFD mice displayed increased body and epididymal fat weight, choles-

terol levels, plasma resistin levels and plasma and colonic IL-1β levels, colonic

inflammasome adaptor protein apoptosis-associated speck-like protein containing

caspase-recruitment domain (ASC) and caspase-1 mRNA expression and ASC

immunopositivity in macrophages. Colonic tachykininergic contractions were

enhanced in HFD mice. HFD NLRP3�/� mice developed lower increase in body and

epididymal fat weight, cholesterol levels, systemic and bowel inflammation. In HFD

Nlrp3�/� mice, the functional alterations of tachykinergic pathways and faecal output

were normalized. In THP-1 cells, substance P promoted IL-1β release. This effect was

inhibited upon incubation with caspase-1 inhibitor or NK1 antagonist and not

observed in ASC�/� cells.

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain; HFD, high-fat diet; IL-1β, interleukin-1beta; L-NAME, Nω-nitro-L-arginine methylester; LPS,

lipopolysaccharide; MyD88, adaptor molecule myeloid differentiation primary response 88; NLRP3, nucleotide-binding oligomerization domain leucine rich repeat and pyrin domain containing

protein 3; SD, standard diet; WT, wild type.
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Conclusion and Implications: In obesity, NLRP3 regulates an interplay between the

shaping of enteric immune/inflammatory responses and the activation of substance

P/NK1 pathways underlying the onset of colonic dysmotility. Identifying NLRP3 as a

therapeutic target for the treatment of bowel symptoms related to obesity.
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1 | INTRODUCTION

Growing evidence supports the view that obesity is characterized by a

low-grade systemic inflammation, which could contribute to the onset

of several chronic disorders, including type 2 diabetes mellitus, cardio-

vascular diseases, hepatic and kidney dysfunctions and cognitive

impairment (Andersen et al., 2016; Rodriguez-Hernandez et al., 2013).

Of note, obese patients can develop also digestive disorders, including

constipation and infrequent bowel movements, which may impact

negatively on patients' quality of life, thus complicating their clinical

management (Gallagher et al., 2007). In particular, neuroplastic

changes in the enteric nervous system, alterations of intestinal muco-

sal permeability and enteric inflammation have been proposed to be

involved in the development of bowel motor dysfunctions associated

with obesity (Lam et al., 2012; Raybould, 2012).

In a recent study, we observed that high-fat diet (HFD)-induced

obesity is associated with an enhancement of enteric excitatory tac-

hykinin neurotransmission along with colonic inflammation, indicating

their possible contribution to bowel motor abnormalities (Antonioli

et al., 2019). In addition, we showed that peritoneal macrophage

depletion in obese mice counteracted enteric inflammation and the

morpho-functional alterations of tachykinin pathways in the colonic

neuromuscular compartment, suggesting that macrophages can con-

tribute significantly to the colonic dysmotility associated with obesity,

through an involvement of excitatory tachykinin pathways (Antonioli

et al., 2019). However, the molecular mechanisms underlying the

interplay between intestinal innate immune/inflammatory cells and

enteric tachykinin pathways in the presence of obesity remain

unclear.

In the setting of obesity, the nucleotide-binding oligomerization

domain leucine rich repeat and pyrin domain containing protein 3

(NLRP3) inflammasome multiprotein complex has been found to act

as a key immune sensor involved in the pathogenesis of immune/

inflammatory responses, through the processing and release of

interleukin-1beta (IL-1β) (Stienstra et al., 2011; Vandanmagsar

et al., 2011). Indeed, clinical evidence has documented an over-

activation of NLRP3 signalling, characterized by an increase in

caspase-1 activity and IL-1β levels, in peripheral blood monocytes

from obese and type 2 diabetes mellitus patients, as compared with

healthy subjects, thus supporting a critical role of the pro-inflamma-

tory IL-1β cytokine in obesity-associated inflammation and type 2 dia-

betes mellitus (Donath et al., 2010; Lee et al., 2013). Of note, some

studies have reported that NLRP3 can also play a protective role in

liver inflammation associated with obesity (Pierantonelli et al., 2017).

However, the beneficial effects resulting from in vivo pharmacological

modulation of NLRP3 in animal models of metabolic and inflammatory

disorders have led to assume that the inhibition of NLPR3 could rep-

resent a suitable pharmacological approach for the treatment of obe-

sity and related comorbidities (Yang et al., 2016; Yang & Lim, 2014).

Based on the above background, the present research work was

focused on investigating the involvement of NLRP3 inflammasome in

the mechanisms underlying the development of bowel dysmotility

associated with obesity, paying attention to its role in the interplay

between immune/inflammatory responses and enteric substance

P/NK1 neuronal pathways. Our results provide new insights into a

better understanding of the mechanisms underlying bowel motor dys-

functions associated with obesity, thus allowing to identify novel

pharmacological targets for potential therapeutic interventions.

What is already known

• Obese patients experience digestive disorders, which

impact negatively on their quality of life and clinical

management.

• Enteric neuroplasticity, altered mucosal permeability and

enteric inflammation contribute to bowel motor dysfunc-

tions in obesity.

What does this study add

• NLRP3 acts as a regulatory hub linking enteric innate

immune/inflammatory cells with substance P/NK1 neuro-

nal pathways.

• NLRP3 takes a relevant part in the pathophysiology of

enteric motor disorders associated with obesity.

What is the clinical significance

• NLRP3 may represent a potential therapeutic target for

the treatment of bowel dysfunctions in obesity.
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2 | METHODS

2.1 | Animal model of diet-induced obesity

Six-week-old male C57BL/6 wild type (WT) (RRID:MGI:5658455,

Envigo, Udine, Italy) and C57BL/6 Nlrp3 KO (�/�) (RRID:

IMSR_JAX:021302) animals (kindly donated by Prof Pablo Pelegrin

(Biomedical Research Institute of Murcia, Murcia, Spain) (20- to 25-g

body weight) were employed throughout the study. Mice were fed

with HFD (60% calories from fat, TD.06414) or standard diet (SD,

18% calories from fat; TD.2018) for 8 weeks (eight mice per each

group). HFD provided 18.3% kcal as proteins, 21.4% kcal as carbohy-

drates and 60.8% kcal as fat (5.1 kcal�g-1), whereas SD provided 24%

kcal as proteins, 58% kcal as carbohydrates and 18% kcal as fat

(3.1 kcal�g-1).
HFD and SD were purchased from ENVIGO. The animals were

housed, three in a cage, in temperature-controlled rooms on a 12-h

light cycle at 22–24�C and 50%–60% humidity, with water and food

availability ad libitum. After 8 weeks of SD or HDF, animals were

killed by asphyxiation with CO2. Of note, after 8 weeks of HFD, mice

are characterized by increase in body and epidydimal fat weight and

cholesterol, glucose and triglycerides levels, while no signs of insulin

resistance are detected. These metabolic alterations represent condi-

tions strikingly reflecting those observed in obese patients not yet dia-

betic (Antonioli et al., 2019; Csoka et al., 2017; Raybould, 2012).

All the procedures involving animals were carried out following

the guidelines of the European Community Council Directive 86-609

and in accordance with the Code of Ethics of the World Medical Asso-

ciation (Declaration of Helsinki, EU Directive 2010/63/EU for animal

experiments). The experiments were approved by the Ethical Commit-

tee of the University of Pisa (Protocol number 0037321/2013) and by

the Italian Ministry of Health (authorization number 674/2016-PR).

All efforts to reduce and minimize the number of animals, and their

suffering were carried out. Animal studies are reported in compliance

with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the

recommendations made by the British Journal of Pharmacology (Lilley

et al., 2020). A randomization of animals between groups was carried

out in order to generate groups of equal size. The investigators

responsible for data analysis were blind to which animals represent

WT SD and HFD mice as well as SD and HFD Nlrp3�/� animals. The

design in this study complies with the recommendations on experi-

mental design in pharmacology (Curtis et al., 2018).

2.2 | Measurement of body weight, epididymal fat
weight and food and energy intake

Body weight was measured once a week throughout the 8 weeks of

HFD or SD. Energy intake was measured daily for 8 weeks on the

basis of the caloric content of HFD (5.1 kcal�g-1 ) or SD (3.1 kcal�g‑1).
Food intake was measured and changed daily. Food intake was calcu-

lated by weighing all remnants of pellets at 11:00, including any spilled

food in cages and subtracting this value from the initial weight. During

these measurements, all mice were housed individually. At the time of

experiment, the epididymal fat was quickly dissected out and

weighed.

2.3 | Measurement of cholesterol levels

Blood samples were taken from the tail after overnight starvation and

cholesterol levels were measured using multiCare-in sensor (BSI Srl,

Arezzo, Italy), in accordance with the manufacturer's instructions.

2.4 | Evaluation of plasma resistin levels in mice

Plasma resistin levels were measured by an enzyme-linked immuno-

sorbent assay (ELISA) kit (Abcam ab205574, detection limits

31.25–2000 pg�ml-1). For this purpose, 0.5 ml of fasting venous blood

was collected in K2-coated tubes containing 30 μl (0.5 mol�L-1) of

EDTA plus 2000 KIU of aprotinin. Samples were mixed and cen-

trifuged at 2000 g for 20 min. After centrifugation, 2 ml of cold ace-

tone (4�C) was added to 0.5 ml of plasma, mixed and centrifuged at

2000 g for 20 min at 4�C. The supernatant was added to 4 ml of cold

petroleum ether, mixed, centrifuged and dried under a vacuum to

remove any residual acetone. Samples were then stored at �20�C

until use. Aliquots of plasma were diluted 1:50 and used for the assay.

Plasma resistin levels were expressed as nanograms per millilitre.

2.5 | Evaluation of plasma and tissue IL-1β levels
in mice

Plasma IL-1β levels were measured by an enzyme-linked immunosor-

bent assay (ELISA) kit (R&D systems, detection limits 3.9–2000

pg�ml-1), as described previously (Antonioli, Moriconi, et al., 2020).

The Merck Millipore Amicon™ Ultra Centrifugal Filter Units was used

to concentrate samples.

For this purpose, 0.5 ml of fasting venous blood was collected in

K2-coated tubes containing 30 μl (0.5 mol�L-1) of EDTA plus 2000

KIU of aprotinin. Samples were mixed and centrifuged at 2000 g for

20 min. After centrifugation, 2 ml of cold acetone (4�C) was added to

0.5 ml of plasma, mixed and centrifuged at 2000 g for 20 min at 4�C.

The supernatant was added to 4 ml of cold petroleum ether, mixed,

centrifuged and dried under a vacuum to remove any residual ace-

tone. Samples were then stored at �20�C until use. Plasma IL-1β

levels were expressed as picograms per millilitre.

IL-1β levels in colonic tissues were measured by an ELISA kit

(R&D system, detection limits 3.9–2000 pg ml-1), as described previ-

ously (Pellegrini et al., 2016). For this purpose, colonic tissue samples,

stored previously at �80�C, were weighed, thawed and homogenized

in 0.4-ml PBS, pH 7.2/20 mg of tissue at 4�C, and centrifuged at

10,000 g for 5 min. Aliquots (100 μl) of supernatants were then used

for the assay. Tissue IL-1β levels were expressed as picograms per mil-

ligram of tissue.
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2.6 | RNA extraction and quantitative real-time
PCR for ASC and caspase-1

Total RNA was isolated from colonic tissues (20 mg) using TRIzol

reagent (Invitrogen, Life Technologies, Thermo Fisher Scientific Inc.,

CA, USA) according to the manufacturer's instructions. The concentra-

tion of isolated RNA was determined with a spectrophotometer, and

two micrograms of RNA were used for the reverse transcription

(RT) procedure (High Capacity cDNA Reverse Transcription Kit,

Applied Biosystems, Thermo Fisher Scientific Inc., CA, USA). RT was

performed in a mixture of 2-μl RT buffer, 0.8-μl dNTP, 2-μl random

primer, 1-μl reverse transcriptase and nuclease-free water (Amresco

LLC, Solon, USA) up to 10 μl. PCR cycles (Veriti 96-Well Thermal

Cycler, Applied Biosystems, Thermo Fisher Scientific Inc., CA, USA)

were set as follows: 25�C for 10 min, 37�C for 120 min and 85�C for

5 min. Ten-fold dilution of cDNA was used for RT-qPCR procedure.

Specific primers for GAPDH (Gapdh, QT01658692) were purchased

from Qiagen (QuantiTech Primer Assays). Primers for ASC (Pycard)

and caspase-1 (Casp1) were designed using the primer express 3.0.1

software and obtained from Sigma. Primer sequences are as follows:

mCasp1-Fw: CGTACACGTCTTGCCCTCATTA; mCasp1-Rv; CCAA

CCCTCGGAGAAAGATG; mASC-Fw: TCATTGCCAGGGTCACAGAA;

mASC-Rv: CACACTGCCATGCAAAGCA; qPCR was performed using

Power SYBR® Green PCR mastermix (Applied Biosystems, 4385618)

and Quantistudio 12K Flex (Applied Biosystems). Melting curves from

this qPCR are showed in Figure S1a–c. Gene expression was calcu-

lated using the ΔΔCt method. Data were normalized to expression

levels of the housekeeping gene GAPDH across each treatment and

fold change was expressed relative to basal RNA levels from control

animals. No difference in colonic GAPDH expression was detected

between SD and HFD mice (Figure S2).

Primers specificity is also shown in Figure S1. This primer specific-

ity validation was performed in cDNA samples obtained from Bone

Marrow Derived Macrophages treated with LPS (1 μg�ml-1; 4 h) as in

Lopez-Castejon et al. (2013). RNA and cDNA were generated as

above. Specificity of the primers was confirmed by (i) presence of just

one amplicon visualized by running the caspase-1, ASC and GAPDH

qPCR products in a 2% DNA agarose gel (Figure S1d) and (ii) qPCR

amplicon sequencing coinciding with its corresponding predicted

sequence (Figure S1e–h). PCR product was purified using Illustra

ExoProStar kit (Cytiva, US78210) following manufacturer instructions)

and sequenced by Sanger sequencing at the Genomic and

Technologies Facility at the University of Manchester (UK).

2.7 | Evaluation of tissue caspase-1 expression
in mice

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018). Colonic tissues were weighed and homogenized in lysis

buffer, using a polytron homogenizer, as described by Fazzini

et al. (2014) and Richter et al. (2018). Proteins were quantified with

the Bradford assay. Proteins were separated onto a pre-cast 4%–20%

polyacrylamide gel (Mini-PROTEAN TGX gel, Biorad) and transferred

to PVDF membranes (Trans-Blot TurboTM PVDF Transfer packs,

Biorad). Membranes were blocked with 3% BSA diluted in tris-

buffered saline (TBS, 20-mM Tris-HCl, PH 7.5, 150-mM NaCl) with

0.1% Tween 20. Primary antibodies against β-actin (monoclonal;

1:5000) and caspase-1 (polyclonal; 1:1000) were used. Appropriate

secondary anti-mouse and anti-rabbit IgG antibodies were used). Pro-

tein bands were detected with ECL reagents (Clarity™ Western ECL

Blotting Substrate, Biorad). Densitometry was performed by ImageJ

software.

2.8 | Confocal immunofluorescence histochemistry

Sections (7 μm) from formalin-fixed/paraffin-embedded colonic and

spleen samples were processed for F4/80-ASC double immunofluo-

rescence. F4/80 was used as mouse macrophage surface marker, and

ASC as marker of inflammasome activation in macrophages (Antonioli

et al., 2019; Hume et al., 1984; Lopez-Castejon et al., 2013; Pelegrin

& Surprenant, 2009; Shi et al., 2012; Tejera et al., 2019). After heat

unmasking and blocking non-specific binding, sections were incubated

overnight with the following combined primary antibodies: rat

anti-F4/80 (1:10) and rabbit anti-ASC (1:25). They were then treated

with appropriate fluorophore-conjugated secondary antibody or

biotinylated secondary antibody plus fluorophore-conjugated

streptavidin and, finally, stained with nuclear TO-PRO3 as previously

described (Ippolito et al., 2016). Immunofluorescent stainings were

examined under a Leica TCS SP8 confocal laser-scanning microscope

(Leica Microsystems, Mannheim, Germany). The antibody specificity

was tested on spleen (red pulp) from HDF mouse being a good posi-

tive control organ for both F4/80 (Lin et al., 2005) and ASC

(Masumoto et al., 2001). In addition, the supplemtation with HFD to

mice is associated with the occurrence of immune/inflammatory

responses characterized by inflammasome activation signalling in sev-

eral tissues including the spleen (Souza et al., 2019). Negative controls

for each set of tissues were obtained by omitting the primary anti-

bodies. The results obtained from these analyses were not subjected

to statistical analyses because our intent was to confirm the activation

of inflammasome complex in intestinal immune/inflammatory cells in

the colonic lamina propria, from HFD mice.

2.9 | Evaluation of faecal output

Faecal output was recorded from 8:00 AM to 9:00 AM on each day.

Each animal was removed from its cage and placed in a clean plastic

cage without food and water for 1 h. Stools were collected immedi-

ately after expulsion, placed in sealed tubes and counted. In this con-

text, though putting animals in a clean cage for 1 h can represent a

repeated model of environmental mild stress (Casadesus et al., 2001;

Fuchs et al., 2013; Kataoka et al., 2020; Morimoto et al., 1993), WT

and KO SD and HFD animals displayed no changes in food intake,
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regarded as behavioural alteration related to stress (Bremner

et al., 2000).

2.10 | Recording of contractile activity

The contractile activity of colonic longitudinal smooth muscle was

recorded as described previously (Antonioli et al., 2011, 2017;

D'Antongiovanni, Benvenuti, et al., 2020). After killing, the colon

was removed and placed in cold Krebs solution. Longitudinal and

circular muscle strips from distal colon, approximately 4 mm wide

and 10 mm long, were set up in organ baths containing Krebs solu-

tion at 37�C, bubbled with 95% O2 + 5% CO2. The strips were

connected to isometric force transducers (2Biological Instruments,

Besozzo, VA, Italy). A tension of 0.5 g was slowly applied to each

preparation. Mechanical activity was recorded by BIOPAC MP150

(2Biological Instruments). Krebs solution had the following composi-

tion (in millimolar): NaCl 113, KCl 4.7, CaCl2 2.5, KH2PO4 1.2,

MgSO4 1.2, NaHCO3 25 and glucose 11.5 (pH 7.4 ± 0.1). Each

preparation was allowed to equilibrate for at least 30 min, with

intervening washings at 10-min intervals. A pair of coaxial platinum

electrodes was positioned at a distance of 10 mm from the longitu-

dinal axis of each preparation to deliver transmural electrical stimu-

lation by a BM-ST6 stimulator (Biomedica M+ 07angoni, Pisa, Italy).

Electrical stimuli were applied as follows: 10-s single trains

(ES) consisting of square wave pulses (0.5 ms, 30 mA). At the end

of the equilibration period, each preparation was repeatedly chal-

lenged with electrical stimuli (10 Hz), and experiments were started

when reproducible responses were obtained (usually after two or

three stimulations).

Preliminary experiments were performed to select the frequency

of electrical stimulation and the exogenous substance P concentration

eliciting submaximal contractions, suitable to better appreciate

changes in the colonic contractile responses. For this purpose, colonic

preparations, obtained from either SD or HFD animals, were chal-

lenged with single trains of electrical stimuli (ES) at increasing fre-

quencies, ranging from 1 to 20 Hz. Frequency–response curves were

constructed under the following in vitro experimental conditions

adopted in the present study:- (1) standard Krebs solution, (2) Krebs

solution added with Nω-nitro- L-arginine methylester (L-NAME;

100 μM), guanethidine (10 μM), 5-fluoro-3-[2-[4-methoxy-4-[[(R)-

phenylsulphinyl]methyl]-1-piperidinyl]ethyl]-1H-indole (GR159897,

NK2 receptor antagonist; 1 μM), (R)-[[(2-phenyl-4-quinolinyl)

carbonyl]amino]-methyl ester benzeneacetic acid (SB 218795, NK3

receptor antagonist; 1 μM) and atropine (1 μM). Concentration–

response curves to exogenous substance P were constructed at

concentrations ranging from 0.01 to 100 μM in the presence of

tetrodotoxin (1 μM). These preliminary experiments allowed to select

the frequency of 10 Hz and the concentration of 10 μM of exogenous

substance P, eliciting submaximal contractions suitable for investigat-

ing the changes in colonic contractions. The tension developed by

each preparation (grams) was normalized by the wet tissue weight

(g/g tissue).

In the first set of experiments, contractions were recorded from

colonic preparations maintained in Krebs solution containing

L-NAME (100 μM), guanethidine (10 μM), GR159897 (1 μM), SB

218795 (1 μM) and atropine (1 μM) to examine the patterns of

colonic contractions driven by excitatory nerve NK1 receptor

mediated pathways.

In the second series, colonic contractions were evoked by direct

pharmacological activation of NK1 receptors located on smooth mus-

cle cells. For this purpose, colonic preparations were maintained in

Krebs solution containing tetrodotoxin (1 μM) and stimulated with

exogenous substance P (10 μM).

2.11 | In vitro assays on NLRP3 inflammasome

WT and ASC knock out (ASC�/�) human monocytic cell lines (THP-1)

were kindly donated by Prof Veit Hornung (Ludwig Maximilian,

University of Munich) and cultured in RPMI 1640 media (Sigma) sup-

plemented with 10% FBS (PAA Laboratories), 100 units per millilitre

penicillin and 100 μg�ml-1 streptomycin (Sigma) (Schmid-Burgk

et al., 2015).

Cells were plated in 24-well plates at a density of 5 � 105 cells

per well and treated with phorbol 12-myristate 13-acetate (PMA,

0.5 μM for 3 h), regarded as a standard in vitro method to differenti-

ate THP-1 cells in a macrophage-like cells (Lopez-Castejon

et al., 2013; Palazon-Riquelme et al., 2018).

After 3 h, the medium was removed, fresh media was added and

cells were incubated overnight (37�C, 5% CO2).

In the first series of experiments, cells were LPS-primed

(1 μg�ml-1 for 4 h) as previously described by Palazon-Riquelme

et al. (2018). In particular, the dose and timing of LPS is known to

induce innate immune signalling, including toll-like receptor (TLR)-

adaptor molecule myeloid differentiation primary response88

(MyD88), that promote pro-IL-1 and NLRP3 transcription through

nuclear factor-κB (NF-κB) activation (first step of NLRP3

inflammasome activation) (Pellegrini et al., 2017). In addition, LPS

priming mimics the in vivo inflammation associated with HFD

exposure (Kim et al., 2012). After 4 h, LPS-primed cells were

treated with nigericin (standard NLRP3 inflammasome activator,

10 μM, 1 h) or substance P (10 μM, 2 h) as described by

Lopez-Castejon et al. (2013).

In the second series of experiments, LPS-primed (1 μg�ml-1, 4 h)

cells were treated for 15 min with vehicle (0.5% DMSO) or caspase-1

inhibitor (YVAD, 100 μM) before the addition of nigericin (10 μM, 1 h)

or substance P (10 μM, 2 h) as described by Lopez-Castejon

et al. (2013).

In the third series of experiments, LPS-primed (1 μg�ml-1, 4 h)

ASC�/� THP-1 cells were treated with nigericin (10 μM, 1 h) or sub-

stance P (10 μM, 2 h).

In the fourth series of experiments, LPS-primed (1 μg�ml-1, 4 h)

cells were treated for 30 min with vehicle (0.5% DMSO) or L-732,138

(NK1 receptor antagonist, 20 μM) before the addition of substance P

(10 μM, 2 h) (Lai et al., 2006).
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In the fifth series of experiments, LPS-primed (1 μg�ml-1, 4 h) cells

were treated for 30 min with vehicle (0.5% DMSO) or L-732,138

(NK1 receptor antagonist, 1 μM) before the addition of substance

P (10 μM, 2 h).

In the sixth series of experiments, LPS-primed (1 μg�ml-1, 4 h) cells

were treated for 30 min with vehicle (0.5% DMSO), GR159897 (NK2

receptor antagonist, 1 μM) and SB 218795 (NK3 receptor antagonist,

1 μM) before the addition of substance P (10 μM, 2 h).

In the seventh series of experiments, LPS-primed (1 μg�ml-1, 4 h)

cells were also treated for 30 min with vehicle (0.5% DMSO),

GR159897 (NK2 receptor antagonist, 1 μM) and SB 218795 (NK3

receptor antagonist, 1 μM) and L-732,138 (NK1 receptor antagonist,

1 μM) before the addition of substance P (10 μM, 2 h).

In the eighth series of experiments, LPS-primed (1 μg�ml-1, 4 h)

cells were treated for 2 h with vehicle (0.5% DMSO) or GR73632

(NK1 receptor agonist 1 μM, 2 h).

WT and ASC�/� THP-1 treated with nigericin or substance P, in

the presence or in the absence of YVAD or L-732,138, were

incubated for 5 and 6 h, respectively, before the collection of super-

natants and cell lysates for the analysis of IL-1β release.

Concentrations of substance P were selected on the basis of a

previous study performed in phorbol 12-myristate 13-acetate-

differentiated THP-1 cells (Cunin et al., 2011; Maslanik et al., 2013;

Vallejo et al., 2014) and by preliminary experiments designed to assay

increasing concentrations of substance P (1, 10 and 100 μM) on IL-1β

levels in LPS-primed THP-1 cells.

Concentrations of GR73632were selected on the basis of a

previous study performed in cell cultures and in vitro functional

studies (Maslanik et al., 2013; Vallejo et al., 2014) and by prelimi-

nary experiments designed to assay increasing concentrations of

substance P (0.1, 1 and 10 μM) on IL-1β levels in LPS-primed

THP-1 cells.

Concentrations of GR159897 (NK2 receptor antagonist, 1 μM) or

SB 218795 (NK3 receptor antagonist, 1 μM) were selected on the

basis of a previous study performed in cell cultures (Maslanik

et al., 2013; Vallejo et al., 2014).

2.11.1 | Cell death assay

Cell death was measured by quantitative assessment of lactate dehy-

drogenase (LDH) levels in the medium. CytoTox 96® Non-Radioactive

Cytotoxicity Assay (Promega, G1780) was used in accordance with

manufacturer instructions. Plates were read at 490 nm and results

shown as percentage of LDH release relative to the total cells lysed.

2.11.2 | IL-1β release assay

IL-1β concentration in cell supernatants (dilution 1:5) was assessed by

ELISA kit (R&D Systems, kit detection limits 3.91–250 pg�ml-1),

following the protocols provided by the manufacturer. IL-1β concen-

tration was expressed as picograms per millilitre.

2.11.3 | ASC speck detection and quantification

Cells were plated as described above on glass coverslips. THP-1 cells

were LPS-primed (1 μg�ml-1, 4 h) and treated with nigericin (10 μM,

1 h) or LPS (1 μg�ml-1, 6 h) and substance P (10 μM, 6 h). The cells

were then fixed with 4% paraformaldehyde and 4% sucrose in PBS

for 30 min. Afterwards, cells were permeabilized with 0.1% Triton

X-100 and then quenched with 0.25% ammonium chloride. A blocking

step for 1 h, by 5% BSA and 5% donkey serum (block solution), was

used before incubation with rabbit anti-ASC (1:500) in blocking solu-

tion for 1 h. Coverslips were then washed in PBS. ASC antibodies

were detected by incubation with Alexa Fluor 594 conjugated donkey

anti-rabbit IgG antibody (1:1000) in blocking solution for 1 h. The

coverslips were washed again with PBS and finally in distilled water

before being dried and mounted onto a glass slide using ProLong Gold

mounting medium containing DAPI (Invitrogen). Images were taken

with an Olympus BX51 upright microscope using a 20 X/0.50 Plan Fln

objective and captured using a Coolsnap EZ camera (Photometrics)

through MetaVue Software (Molecular Devices). To quantify the

extent of speck formation, the percentage of cells that contained an

ASC speck was counted. Cells from 10 different fields (average of

200 cells/field for peritoneal macrophages and 650 cells/field for

THP-1) were counted for each of the different experiments (n = 6).

Images were analysed using ImageJ (rsb.info.nih.gov). The data are

expressed as the percentage of ASC specks per number of cells

per field.

2.12 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). The statistical analysis was

undertaken only for studies where each group size was at least n = 5.

In particular, the results are presented as mean ± standard error of the

mean (SEM) of at least six independent experiments. All the group

sizes were designed to be homogeneous. n refers to the number of

mice or the number of individual experiments in cell cultures, and sta-

tistical analysis was carried out using these independent values.

Outliers were defined as values that exceed the distance from the

median value by 50%.

Data normalization was carried out for each evaluated parameter

as described in each relative methods subsections. The analysis of the

Gaussian distribution was carried out using Shapiro–Wilk normality

test. The significance of differences was evaluated by Kruskal–Wallis

test, one-way or two-way ANOVA followed by the appropriate post

hoc test. Post hoc tests were conducted only if F in ANOVA

(or equivalent) achieved a statistical significance lower than 0.05 and

there was no significant variance inhomogeneity.

P values <0.05 were considered representative of significant

statistical differences. All statistical procedures were performed by

commercial software (GraphPad Prism, version 7.0, RRID:

SCR_002798, GraphPad Software Inc., San Diego, CA, USA).
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2.13 | Materials

Atropine sulphate, substance P, guanethidine monosulphate, nigeri-

cin, Ac-YVAD-cmk (caspase-1 inhibitor), bacterial lipopolysaccharide

(LPS, Escherichia coli O26:B6), dimethyl sulphoxide (DMSO),

protease inhibitors, 1,10-Phenanthroline and N-Ethylmaleimide

were purchased from Sigma Chemicals Co. (St. Louis, MO,

USA). FBS was obtained from PAA Laboratories. Tetrodotoxin,

5-fluoro-3-[2-[4-methoxy-4-[[(R)-phenylsulphinyl]methyl]-1-piperidinyl]

ethyl]-1H-indole, GR159897, NK2 receptor antagonist), (R)-[[2-phenyl-

4-quinolinyl)carbonyl]amino]-methyl ester benzeneacetic acid (SB

218795, NK3 receptor antagonist), N-Acetyl-L-tryptophan 3,5-bis

(trifluoromethyl)benzyl ester (L-732,138, NK1 receptor antagonist),

GR73632 (NK1 receptor agonist), Nω-nitro-L-arginine methylester

(L-NAME) were obtained from Tocris (Bristol, UK). Neutral buffered

formaldehyde and xylene were purchased from Carlo Erba, Milan,

Italy. Nickel-intensified 3,30-diaminobenzidine tetra-hydrochloride

(DAB Substrate Kit for Peroxidase, Vector Laboratories Burlingame,

CA, USA). The primary and secondary antibodies used for the

Western blot were β-actin (monoclonal; 1:5000; Sigma Aldrich;

A5316, RRID:AB_476743) and caspase-1 (polyclonal; 1:1000; Abcam;

ab1872, RRID:AB_302644) and anti-mouse IgG (Abcam, ab97040,

RRID:AB_10698223) and anti-rabbit IgG (Abcam, ab6721, RRID:

AB_955447) antibodies, respectively. The primary antibodies used in

Figure 3 for immunofluorescence analysis were rabbit anti-adaptor

protein apoptosis-associated speck-like protein containing a

F IGURE 1 Effects of HFD on metabolic and
inflammatory parameters in WT and Nlrp3�/�

mice. (a) Body weight gain in WT or Nlrp3�/�

mice fed with SD or HFD (n = 10 per group).
Two-way ANOVA followed by Tukey's post hoc
test results. *P < 0.05 significant difference versus
WT SD; aP < 0.05 significant difference versus
WT HFD. (b) Food intake in WT or Nlrp3�/� mice
fed with SD or HFD. (c) Energy intake in WT or
NLRP3�/� mice fed with SD or HFD.
(d) Epididymal fat weight in WT or Nlrp3�/� mice
fed with SD or HFD. (e) Cholesterol blood levels
in WT or Nlrp3�/� mice fed with SD or HFD. (f)
Plasma resistin levels in SD or HFD mice.
(g) Plasma IL-1β levels in SD or HFD mice (n = 10

per group). Kruskal–Wallis test followed by
Dunn's post hoc test results: *P < 0.05 significant
difference versus WT SD; aP < 0.05 significant
difference versus WT HFD; bP < 0.05 significant
difference versus Nlrp3�/� SD. Abbreviations:
HFD, high-fat diet; SD; standard diet; WT, wild
type
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caspase-recruitment domain (ASC) (AL177, Adipogen, San Diego CA,

USA, RRID:AB_11181932) and rat anti-F4/80 (MCA497GA, BioRad,

CA, USA, RRID:AB_323806); the secondary antibodies Alexa Fluor

488 donkey anti-rabbit IgG (A21206, Thermo Fisher Scientific, Milan,

Italy, RRID:AB_2535792), and biotinylated anti-rat IgG (BA-9400,

Vector, Burlingame, CA, USA, RRID:AB_2336202) plus Alexa Fluor

Streptavidin 555 conjugated (Invitrogen, S32355, RRID:AB_2571525)

were employed for ASC and F4/80 detection, respectively. In

Figure 6, the antibodies used for ASC immunodetection were rabbit

anti-ASC (Santa Cruz, sc-22514-R, RRID:AB_2174874) and Alexa

Fluor 594-conjugated donkey anti-rabbit IgG antibody (Invitrogen,

A-21207, RRID:AB_141637). Solvents of all used pharmacological

tools, including sterile distilled water, DMSO and sterile PBS, did not

produce any effect in in vitro experiments.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | NLRP3 inflammasome contributes to the
development of HFD-induced obesity

To investigate the role of NLRP3 inflammasome in the onset of HFD-

induced obesity, we performed experiments in mice with NLRP3 gene

deletion. During the 8 weeks of HFD feeding, body weight was

assessed weekly. After 8 weeks, energy intake, epididymal fat weight

and cholesterol levels were examined. In addition, circulating levels of

resistin, regarded as a hormone involved in glucose tolerance and

insulin action (Steppan et al., 2001), were evaluated. HFD mice dis-

played a significant increase in body and epididymal fat weight as well

as blood cholesterol levels (Figure 1a,d,e). In HFD Nlrp3�/� mice, the

body weight gain and epidydimal fat, cholesterol increments and

plasma and resistin levels were significantly lower, as compared with

HFD wild type (WT) animals (Figure 1a,d–f). No significant differences

in food intake were detected in SD and HFD WT or Nlrp3�/� mice

(Figure 1b). No significant differences in energy intake were observed

in HFD WT or Nlrp3�/� mice (Figure 1c). NLRP3 gene deletion did

not exert any influence on metabolic parameters in SD mice, as com-

pared with SD WT animals (Figure 1a–f). These results suggest that

Nlrp3�/� mice were less susceptible to the development of HFD-

induced obesity, thus highlighting the relevance of NLRP3

inflammasome pathways in the pathophysiology of obesity. Of note,

obesity is also associated with the occurrence of systemic inflamma-

tion, characterized by an increase in circulating and adipose tissue

levels of pro-inflammatory cytokines, including IL-1β (Figure 1g). In

this context, we found that the HFD Nlrp3�/� mice displayed a signifi-

cant decrease in circulating IL-1β levels, thus confirming that the

observed lean HFD Nlrp3�/� phenotype resulted from a canonical

inflammasome activation (Figure 1g) and that NLRP3 signalling is

involved in the inflammation associated with obesity.

3.2 | HFD-induced obesity is associated with
enteric NLRP3 inflammasome activation

As IL-1β release is regarded as the consequence of the activation of

inflammasome pathways, we went on to investigate the activation

of inflammasome signalling in colonic tissues from obese mice. In par-

ticular, we evaluated the mRNA expression of apoptosis-associated

F IGURE 2 Effects of HFD on colonic inflammation in WT and
Nlrp3�/� mice. (a) mRNA expression of ASC and (b) caspase-1 in
colonic tissues from SD or HFD mice. (c) IL-1β levels in colonic tissues
from WT or Nlrp3�/� mice fed with SD or HFD. (d) Densitometry of
Western blot results for cleaved caspase-1 in SD or HFD WT and

NLRP3�/� mice. Expression was normalized against β-actin (n = 10
per group). Kruskal–Wallis test followed by Dunn's post hoc test
results: *P < 0.05 significant difference versus WT SD; aP < 0.05
significant difference versus WT HFD. ASC, apoptosis-associated
speck-like protein containing a caspase-recruitment domain; HFD,
high-fat diet; IL1-β, interleukin-1-beta; SD, standard diet; WT,
wild type
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speck-like protein containing a caspase recruitment domain: CARD,

caspase recruitment domain; ASC, an adaptor protein required for

NLRP3 oligomerization and caspase-1, the enzyme involved in the

conversion of pro-IL-1 β into mature IL-1β (Lopez-Castejon

et al., 2013; Strowig et al., 2012), as well as IL-1β levels in the colon

from HFD mice. The results showed that ASC and caspase-1 mRNA

expression along with active caspase-1 protein expression and IL-1β

levels were significantly increased in colonic tissues from HFD mice,

as compared with SD animals (Figure 2a–d), thus indicating the activa-

tion of canonical NLRP3 inflammasome pathway. Of note, upon

inflammasome assembly, ASC within the complex can be readily visu-

alized inside cells, including intestinal epithelial cells and immune/

inflammatory cells (monocytes, macrophages, dendritic cells and T

cells) (Javanmard Khameneh et al., 2019; Pellegrini et al., 2017;

Rescigno, 2011) by its oligomerization and the appearance of large

aggregates, designated as speck (Lopez-Castejon et al., 2013). There-

fore, in order to confirm the activation of inflammasome complex in

intestinal immune/inflammatory cells, we performed a double-staining

immunofluorescence assay with ASC and F4/80 (macrophage marker)

both in HFD mouse spleen and colon tissue slices. Our results showed

macrophages in the colonic lamina propria with rich amount of grainy

ASC-immunofluorescent aggregates localized in the nucleus (green

spots) and co-localized with F4/80-positive cytoplasm (yellow spots)

in colon from HFD mice (Figure 3), thus suggesting the occurrence of

ASC oligomerization and consequent inflammasome activation in

intestinal macrophages following HFD.

3.3 | NLRP3 activation contributes to colonic
dysmotility associated with obesity, through the
modulation of enteric tachykinin motor pathways

In this set of experiments, the role of NLRP3 in the alterations of

colonic motility from obese mice was examined.

WT HFD animals displayed a significant decrease in stool fre-

quency, as compared with WT SD mice (Figure 4a), confirming previ-

ous findings showing that HDF is associated with a decrease in

colonic transit.

Interestingly, NLRP3 gene deletion was associated with a recov-

ery of in vivo colonic motility as compared with HFD WT animals

(Figure 4a), while no changes were observed in Nlrp3�/� mice fed

with SD (Figure 4a), thus suggesting that NLRP3 activation contrib-

utes to colonic dysmotility associated with obesity.

Subsequently, because enteric substance P/NK1 neuronal path-

ways are involved in the physiological regulation of bowel motility

and undergo significant rearrangements in enteric inflammation

F IGURE 3 Confocal microscopy representative images of adaptor protein apoptosis-associated speck-like protein containing a caspase-
recruitment domain (ASC) (green) and F4/80 (red) double immunofluorescence labelling in mouse spleen and colon. The red pulp of spleen from
high-fat diet (HFD) mouse, positive control both for ASC and F4/80, shows F4/80-positive macrophages and multiple cellular (nuclear and

cytoplasmic) and extracellular ASC specks. In colon sections, F4/80-positive macrophages reside in the lamina propria: in HFD colon, macrophages
abundantly express a granular ASC positivity (green fluorescence, white arrows) often co-localized with F4/80 (yellow fluorescence, yellow
arrows). Scale bar, 10 μm
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associated with obesity (D'Antongiovanni, Pellegrini, et al., 2020), we

examined the role of NLRP3 in the alterations of enteric tachykinin

neurotransmission in colonic tissues from obese mice.

During equilibration, most distal colonic preparations displayed a

rapid spontaneous motor activity, which was low in amplitude and

generally stable throughout the experiment (data not shown). No sig-

nificant differences in spontaneous motor activity were observed

when comparing SD WT and Nlrp3�/� mice (mean amplitude: 2.1-

and 2.3-g/g tissue, respectively) to HFD animals (mean amplitude 1.8-

and 1.9-g/g tissue, respectively). Electrically evoked responses

consisted of phasic contractions followed, in some cases, by after-

contractions of variable amplitude. In colonic longitudinal muscle

preparations maintained in Krebs solution containing L-NAME, gua-

nethidine, GR159897, SB 218795 and atropine, electrical stimulation

elicited contractile responses, which were almost completely

abolished by L-732,138 or tetrodotoxin, indicating the recruitment of

postganglionic tachykinin motor neurons (Figure S3).

Of note, the electrically evoked TTX-insensitive colonic contrac-

tile responses can result from the activation of TTX-resistant Na chan-

nels, including Nav1.6, Nav1.8 and Nav1.9, from TTX-resistant

purinergic signalling from enteric neurons to glia cells as well as from

TTX-insensitive glial stimulation (Beyak et al., 2004; Brown

et al., 2016; Copel et al., 2013; Gulbransen & Sharkey, 2009;

Gulbransen & Sharkey, 2012; Padilla et al., 2007; Rugiero et al., 2003;

Sage et al., 2007).

Under these conditions, electrically evoked NK1 receptor medi-

ated colonic contractions were significantly increased in HFD mice, as

compared with SD animals (Figure 4b), while no alterations were

observed in the myogenic motor responses evoked by exogenous

application of substance P in the presence of tetrodotoxin (Figure ).

Interestingly, Nlrp3�/� mice fed with HFD displayed a significant

decrease in electrically evoked NK1 receptor mediated contractions as

compared with HFD WT animals (Figure 4b). Of note, electrically

evoked tachykininergic colonic contractions both in control and in

F IGURE 4 Faecal output and in vitro colonic
contractile responses from SD or HFD WT and
Nlrp3�/� mice. (a) Faecal output expressed as
number of pellets in 1 h in WT or NLRP3�/� mice
fed with SD or HFD (b) Effects of electrical
stimulation on contractions of colonic
preparations isolated from WT or Nlrp3�/� mice
fed with SD or HFD. Colonic preparations were
maintained in Krebs solution containing L-NAME

(100 μM), guanethidine (10 μM), atropine (1 μM),
GR159897 (1 μM) and SB 218795 (1 μM) to
record NK1 receptor mediated contractions.
Tracings in the inset display representative
contractions evoked by ES. Kruskal–Wallis test
followed by Dunn's post hoc test results:
*P < 0.05 significant difference versus WT SD; aP
<0.05 significant difference versus WT HFD. (c)
Effects of exogenous SP (10 μM) on contractions
of colonic preparations isolated from WT or
Nlrp3�/� mice fed with SD or HFD. Colonic
preparations were maintained in Krebs solution
containing tetrodotoxin (1 μM). Tracings in the
inset display representative contractions evoked
by exogenous SP (n = 10 per group). Kruskal–
Wallis test followed by Dunn's post hoc test
results: no significant difference. ES, electrical
stimulation; HFD, high-fat diet; LMMP,
longitudinal muscle-myenteric plexus; SD,
standard diet; SP, substance P; WT, wild type
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HFD can result from intrinsic tachykinin motor neurons as well as

from extrinsic afferents nerves and substance P interneurons (Bartho

et al., 2008). In colonic longitudinal muscle preparations from HFD

WT and Nlrp3�/� mice maintained in Krebs solution containing tetro-

dotoxin (1 μM), the contractions induced by exogenous substance P

(10 μM) were comparable with those recorded in SD preparations

from WT and Nlrp3�/� mice (Figure 4c). These results indicate that

NLRP3 inflammasome plays a pivotal role in the pathogenesis of

enteric dysmotility associated with obesity, through the modulation

of enteric tachykinin neurotransmission.

Overall, these results suggest that, in the presence of obesity, an

overactivation of NLRP3 inflammasome, besides shaping the immune/

inflammatory responses, contributes to colonic dysmotility through

the modulation of enteric tachykinin neurotransmission.

3.4 | Substance P contributes to NLRP3 activation
in immune/inflammatory cells

To elucidate the mechanisms underlying the NLRP3-substance P/NK1

interplay, we performed experiments in the LPS-primed phorbol

12-myristate 13-acetate-differentiated THP-1 cell line, an established

model to investigate monocyte/macrophage functions (Chanput

et al., 2014). The incubation of LPS-primed THP-1 cells with the

potassium ionophore nigericin, a recognized NLRP3 inflammasome

activator (Lopez-Castejon et al., 2013), induced a significant produc-

tion and release of mature IL-β (Figure 5a). Such effects were abro-

gated upon incubation with the caspase-1 inhibitor YVAD and did not

occur in ASC�/� THP-1 cells (Figure 5a). Interestingly, the incubation

with substance P stimulated mature IL-1β release in LPS-primed

THP-1 cells (Figure 5a,b). Treatment with YVAD reduced significantly

the release of IL-1β induced by substance P (Figure 5b). Likewise, sub-

stance P did not evoke IL-1β release from LPS-primed ASC�/� THP-1

cells (Figure 5a). These results suggest that substance P promotes

NLRP3 inflammasome activation and the consequent release of IL-1β

in macrophage-like cells through the activation of NK1 receptors. In

support of these results, incubation of THP-1 cells with the NK1

receptor antagonist L-732,138 at 20 and 1 μM inhibited the release of

IL-1β induced by substance P (Figure 5b), while no changes in sub-

stance P-induced IL-1β were detected in the presence of NK2 and

NK3 receptor antagonists (Figure 5b).

Of note, the incubation with GR73632 (NK1 receptor agonist)

stimulated mature IL-1β release (Figure 5b). Both nigericin and sub-

stance P induced cell death in LPS-primed THP-1 cells (Figure 5c).

3.4.1 | ASC speck detection and quantification

The activation of NLRP3 inflammasome requires oligomerization of

the adaptor protein ASC that generates the formation of specks

(Lopez-Castejon et al., 2013). Accordingly, in order to confirm that

substance P is able to activate the NLRP3 inflammasome complex, we

investigated the ability of substance P of inducing ASC

oligomerization. Interestingly, the incubation of LPS-primed THP-1

cells with substance P increased significantly the numbers of ASC

specks, thus suggesting the ability of substance P of promoting the

oligomerization of ASC (Figure 6). Overall, these results support the

view that substance P, through the stimulation of NK1 receptors,

induces NLRP3 inflammasome activation by promoting the oligomeri-

zation of ASC, the upstream inflammasome pathway.

4 | DISCUSSION

Several lines of evidence have showed that obese patients experience

gastrointestinal disturbances, including delayed gastric emptying and

constipation (Fysekidis et al., 2012; Mushref & Srinivasan, 2013;

Rajindrajith et al., 2014). In this context, gut dysbiosis, enteric inflam-

mation and impairments in intestinal epithelial barrier have been pro-

posed to be involved in the onset of digestive symptoms in obesity. In

particular, it has been postulated that the alterations of intestinal epi-

thelial barrier could facilitate bacteria and their product into the

mucosa and promote immune/inflammatory responses, that, in turn,

may lead to alteration in the function of nerve terminals in the lamina

propria, resulting in intestinal dysfunctions and obesity (Antonioli,

D'Antongiovanni, et al., 2020; Raybould, 2012). Indeed, though

Reichardt et al. (2013) reported no signs of enteric inflammation or

impaired intestinal barrier in obese mice fed with HFD for 12 weeks

(Reichardt et al., 2013), most of preclinical studies have shown that

mice fed with HFD for 8 weeks are characterized by neurochemical

and functional changes throughout the digestive tract, along with the

gut dysbiosis, enteric inflammation and impairments of intestinal epi-

thelial barrier that could contribute to bowel dysfunctions (Antonioli

et al., 2019; Antonioli, D'Antongiovanni, et al., 2020; Ding et al., 2010;

Lam et al., 2012; Raybould, 2012; Stenman et al., 2012). The opposite

findings in the study by Reichardt et al. (2013) could be ascribed to

different animal facility condition that could alter gut microbiota and

in turn the immune/inflammatory responses associated with HFD. In

addition, after 8 weeks, the supplementation with HFD might also

trigger unknown compensatory bacteria-immune mechanisms with

consequent decreased immune/inflammatory responses and restored

intestinal epithelial barrier integrity at 12 weeks.

Of note, gut dysbiosis, enteric inflammation and altered

intestinal epithelial barrier have been found to represent early

events in obese mice (starting from second week of diet) that

could contribute to bowel motor disturbances (Ding et al., 2010;

Lam et al., 2012).

Indeed, the murine model of HFD-induced obesity is character-

ized by an impairment of colonic excitatory tachykinin neurotrans-

mission, driven mainly by enteric inflammation, as corroborated by

the evidence showing that the depletion of intestinal macrophages

determined a normalization of colonic tachykininergic contractile

activity in HFD mice (Antonioli et al., 2019). Based on this back-

ground, the present study was designed to elucidate the molecular

mechanisms underlying the interplay between intestinal immune/

inflammatory responses and enteric remodelling in the murine
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F IGURE 5 Effects of substance P (SP) on NLRP3 inflammasome signalling in THP-1 cells. (a) IL-1β levels in thesupernatants of LPS-primed
THP-1 cells treated with Nig or SP in the presence or in the absence of YVAD, or in LPS-primed ASC�/� THP-1 cells treated with Nig or SP (n = 6
experiments). (b) IL-1β levels in the supernatants of LPS-primed THP-1 cells treated with SP or GR73632 (NK1 receptor agonist) in the presence
or in the absence of GR159897 (NK2 receptor antagonist) and SB 218795 (NK3 receptor antagonist) and L-732,138 (NK1 receptor antagonist) (n
= 6 experiments). (c) LDH release in the supernatants of LPS-primed THP-1 cells treated with Nig or SP (n = 6 experiments).One-way ANOVA
followed by Tukey's post hoc test results: *P < .05 significant difference versus LPS-primed THP-1; aP < 0.05, significant difference versus
LPS-primed THP-1 treated with Nig; bP < 0.05,significant difference versus LPS-primed THP-1; cP < 0.05, significant difference versus
LPS-primed THP-1 treated with SP; $P < 0.05,significant difference versus LPS-primed THP-1 treated with SP; #P < 0.05,significant difference
versus LPS-primed THP-1 treated with SP). ASC, apoptosis-associated speck-like protein containing acaspase-recruitment domain; IL1-β,
interleukin-1-beta; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; Nig, nigericin; SP, substance P; THP-1, wild type human monocytic
cell line
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model of HFD-induced obesity. In particular, we focused our

attention on the NLRP3 inflammasome complex, based on growing

evidence supporting its involvement in shaping immune/

inflammatory responses in several disorders, including obesity,

atherosclerosis, type 2 diabetes mellitus, gout and bowel inflamma-

tion (Broderick et al., 2015; De Nardo & Latz, 2011; Pellegrini

et al., 2017). Under these pathological conditions, the NLRP3

inflammasome, a key sensor of cellular stress involved in IL-1β

release, takes part actively in the immune/inflammatory responses

(Pellegrini et al., 2017).

Taken together, the results of the present study shed light on the

involvement of NLRP3 in the phlogistic process associated with diet-

induced obesity, providing novel and intriguing evidence about the

role of this enzyme complex as an immune sentinel, which takes a

significant part in driving the rearrangement of enteric tachykinin

pathways in HFD-fed animals. In particular, our study presents the

following points of novelty: (1) NLRP3 inflammasome is involved in

several pathophysiological processes associated with obesity, such as

metabolic and inflammatory parameters, and (2) NLRP3 signalling reg-

ulates the interplay between intestinal immune/inflammatory cells

and enteric substance P/NK1 pathways contributing to enteric

dysmotility associated with obesity.

In line with previous studies, we observed that WT mice fed with

HFD displayed a significant increment of body and epididymal fat

weight, blood cholesterol levels, circulating resistin levels and circulat-

ing IL-1β levels, thus confirming the existence of a link between a

hyperlipidaemic diet intake with an excessive fat accumulation, alter-

ations of metabolic parameters and systemic inflammation (Antonioli

et al., 2017, 2019). Interestingly, such detrimental effects, associated

with HFD, were not observed in NLRP3 deficient animals, thus cor-

roborating previous preclinical and clinical evidence describing the rel-

evance of NLRP3 inflammasome in the pathophysiology of obesity

and related inflammation (Donath et al., 2010; Lee et al., 2013;

Pavillard et al., 2017; Rheinheimer et al., 2017; Steppan et al., 2001;

Stienstra et al., 2011; Vandanmagsar et al., 2011). In particular, NLRP3

gene deletion reduced significantly resistin levels in plasma from HFD

WT mice, suggesting also a role of NLRP3 in the onset of insulin

resistance.

As a first step, we designed a set of experiments aimed at investi-

gating the role of NLRP3 inflammasome in the enteric immune/

F IGURE 6 Immunofluorescence analysis of ASC in THP-1 cells. Representative immunofluorescence images and analysis of ASC expression
in LPS-primed (1 g�ml-1, 4 h) THP-1 treated with Nig (10 μM, 1 h) or SP (10 μM, 2 h). The number of ASC specks was quantified and expressed as
the percentage of specks per cell number. (n = 6 experiments). One-way ANOVA followed by Tukey's post hoc test results: *P < 0.05, significant
difference versus LPS-primed THP-1 cells; aP < 0.05, significant difference versus LPS-primed THP-1 treated with Nig; bP < 0.05, significant
difference versus LPS-primed THP-1. Scale bar = 50 μm. ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain;
Nig, Nigericin; SP, substance P; THP-1, wild type human monocytic cell line
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inflammatory responses associated with obesity. For this purpose, we

evaluated the mRNA expression of ASC and caspase-1 as well as

active caspase-1 protein expression in colonic tissues from HFD mice,

assaying also in parallel tissue IL-β levels. We observed a significant

increase both in ASC and caspase-1 mRNA and in active caspase-1

protein expression along with in IL-1β tissue levels in HFD mice, thus

indicating the activation of the well-established pattern of canonical

inflammasome pathway (Pellegrini et al., 2017). Of note, HFD expo-

sure in mice with NLRP3 gene deletion was associated with a

decrease in the cleavage of caspase-1 in its active form along with

lower levels of IL-1β as compared with WT HFD animals, providing

the first demonstration that NLRP3 inflammasome activation contrib-

utes to trigger immune/inflammatory responses in this model of obese

mouse.

Subsequently, a double-staining immunofluorescence analysis

was performed to investigate ASC oligomerization, reflecting an active

status of the inflammasome, at level of F4/80-positive bowel macro-

phages. In these experiments, appreciable amount of ASC dots was

observed in macrophages within the lamina propria of colonic tissues

from HFD mice, indicating a polarization towards a pro-inflammatory

phenotype of these cells (Pelegrin & Surprenant, 2009). Of note, these

data represent the first clear evidence of double-immunostaining of

ASC specks in F4/80-positive macrophages available in paraffin tissue

samples of spleen and colon. Despite previous studies reported an

increase in pro-inflammatory cytokines sustained by the presence of

M1 macrophages in the digestive tract of HFD mice (Antonioli

et al., 2019; Luck et al., 2015), our study provides the first evidence of

a role of NLRP3 inflammasome in driving such phenotypic pro-

inflammatory shift. Thus, based on these findings, the concept arises

of a pivotal role of NLRP3 inflammasome signalling in driving enteric

inflammation in obese mice, mainly via IL-1β release. A number of

studies have reported the presence of a low-grade inflammatory sta-

tus in the gut as a driver for the induction of morpho-functional

changes in enteric nerves, glia, interstitial cells of Cajal or smooth

muscle cells, with consequent alterations of digestive motor activity

(Antonioli et al., 2019; Antonioli, D'Antongiovanni, et al., 2020; Khan

& Collins, 2006). In this context, intestinal macrophages were shown

to participate actively to the onset of such bowel motor dysfunctions.

Indeed, the depletion of intestinal macrophages in HFD mice, beyond

determining an improvement of colonic inflammation, induced also a

normalization of the abnormal tachykininergic contractions observed

in obese animals (Antonioli et al., 2019). Of note, previous studies,

conducted on human colonic epithelial cell lines or intestinal tissues

from patients with inflammatory bowel diseases, identified IL-1β as

the pivotal driver in the onset of altered tachykinin transmission,

resulting in an enhanced substance P release and increased NK1

receptor expression (Goode et al., 2003; Margolis & Gershon, 2009).

Interestingly, the authors reported that the occurrence of a vicious cir-

cle, linking substance P/NK1 signalling with IL-1β release, is the basis

explaining the maintenance of altered neurogenic/immune processes

(Goode et al., 2003; Margolis & Gershon, 2009). In order to verify

the involvement of NLRP3 inflammasome in sustaining

the tachykininergic/IL-1β interplay in colonic tissues of obese animals,

we designed specific sets of experiments in NLRP3 deficient mice fed

with HFD. Under this experimental condition, we observed that the

genetic ablation of NLRP3 reduced IL-1β levels in colonic tissues from

HFD mice. In addition, in NLRP3 deficient animals, HFD intake failed

to induce the functional alterations of colonic tachykinin pathways

typically observed in the obese WT animals fed with HFD, resulting in

a recovery of in vivo colonic transit. In this setting, it is noteworthy

that the overall colonic propulsive motility is the resultant of an

integrated combination of circular and longitudinal smooth muscle

contractions regulated by both excitatory and inhibitory neurotrans-

mitter pathways (Bornstein et al., 2004). In addition, it is well

documented that an increase in colonic tachykininergic contractions

characterized by a marked substance P release is associated with

alterations of peristaltic movements with consequent decrease of

colonic propulsive activity. Therefore, it is conceivable that the recov-

ery of in vivo colonic transit following NLRP3 gene deletion could be

ascribable to the normalization of excitatory tachykininergic colonic

contractions, markedly increased in obese animals. In parallel, NLRP3

depletion, counteracting the enteric inflammatory responses, could

determine an amelioration of colonic contractions (Goverse

et al., 2016).

However, an integrated assessment of the patterns of in vitro

excitatory and inhibitory colonic motor pathways in HFD Nlrp3�/�

mice remains to be clarified and could represent the logical continua-

tion in this research topic.

Taken together, these results provide convincing evidence

that, in the setting of obesity, the activation of colonic NLRP3

inflammasome signalling, promoting a massive release of IL-1β, deter-

mines an impairment of enteric tachykinin neurotransmission charac-

terized by an enhanced substance P release, that, in turn, contributes

to colonic dysmotility. Of note, a previous study, performed in a

murine model of postoperative ileus, corroborates our hypothesis,

because, despite not focusing the attention on tachykinin pathways, it

reported that treatment with anakinra, an IL-1β receptor antagonist,

counteracted the bowel dysmotility associated with this pathological

condition, thus suggesting an involvement of inflammasome pathways

in the onset of bowel motor dysfunctions in the post-operative ileus

model (Stoffels et al., 2014).

However, we cannot rule out that NLRP3 could also contribute to

enteric inflammation and bowel dysmotility by activating other cellular

and molecular signalling independently on of its canonical-caspase-1

dependent activation.

In an attempt of characterizing the molecular mechanisms

underlying the interplay between NLRP3 inflammasome and enteric

substance P/NK1 neuronal pathways, we performed a series of in

vitro experiments on phorbol 12-myristate 13-acetate-differentiated

THP-1 cells, an established cell model suitable for investigating mono-

cyte/macrophage inflammatory responses (Chanput et al., 2014). Of

note, human monocytes and macrophages are known to express NK1

receptors (Ho et al., 1997). In our experiments, THP-1 cells were incu-

bated with LPS, which beside being a well-recognized activator of the

first step of NLRP3 signalling represents also a hallmark of altered

intestinal permeability, a condition typically observed both in the
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murine model of HFD-induced obesity and obese patients (Dalby

et al., 2018; Troseid et al., 2013). THP-1 cells were treated with sub-

stance P to examine its effect on NLRP3 inflammasome. These results

showed for the first time, a stimulant effect of substance P on NLRP3

inflammasome, with a consequent increase in IL-1β release. The exis-

tence of a substance P/NLRP3 axis was corroborated by further sets

of experiments on ASC�/� THP-1 cells or WT cells pretreated with a

caspase-1 inhibitor or a selective NK1 receptor antagonist, in which

the stimulant effect of substance P on IL-1β release no longer

occurred. These findings are in line with previous papers showing that

substance P in synergy with LPS induced IL-1β release in several cell

types, including human peripheral mononuclear cells, astrocytes and

microglia (Cuesta et al., 2002; Lieb et al., 1996; Martin et al., 1992;

Martin et al., 1993). However, these studies did not investigate the

possible involvement of NLRP3 inflammasome complex.

Taken together, these findings support the evidence of a direct

stimulant effect of substance P on NLRP3 inflammasome/IL-1β path-

ways. Thus, based on these observations, it is conceivable that, in the

presence of obesity, an increase in colonic NLRP3-induced IL-1β

levels contributes to an enhanced substance P release from myenteric

neurons as well as extrinsic afferents nerves and substance P

interneurons (Bartho et al., 2008). Such increment, beyond playing a

critical role in the altered enteric tachykinin neurotransmission, seems

to trigger the activation of NLRP3 inflammasome/IL-1β axis in

macrophages through the recruitment of NK1 receptors.

5 | CONCLUSIONS

In conclusion, the present study provides convincing evidence

supporting a role of NLRP3 inflammasome complex as a regulatory

hub linking the intestinal innate immune/inflammatory cells with the

enteric substance P/NK1 neuronal pathways, taking a relevant part

both in the pathophysiology of inflammatory process and the enteric

motor disorders associated with obesity. Based on this knowledge,

the NLRP3 inflammasome may represent an interesting molecular

target for the development of novel pharmacological approaches

aimed at managing the inflammatory and enteric motor dysfunctions

associated with obesity.
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