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Caspase-11-mediated enteric neuronal pyroptosis
underlies Western diet-induced colonic dysmotility
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Introduction

The Western diet (WD) is characterized by 50% carbohydrate,
15% protein, and 35% fat (1), in which the intake of fat falls in
the upper limit of the 25% to 35% of daily calories recommend-
ed by the 2015 edition of the Dietary Guidelines for Americans
(2). In a WD, 30% of the caloric intake is in the form of dietary
fat (3). High-fat diet (HFD) is one of the most common reasons
for being overweight or obese. In 2015 to 2016, approximately
39.8% adults in the United States were obese (4), which leads to
increased mortality risks (5).

Increasing evidence supports the notion that HFD and obe-
sity are associated with gastrointestinal motility disorders (6-12).
Gastrointestinal motility is regulated by the intrinsic and extrinsic
innervation of the gut (9). Previous studies have demonstrated that
HFD increases oxidative stress resulting in dysfunction of myenter-
ic neurons in rodent obesity models, leading to motility disorders
(13, 14). Inhibitory neurons expressing neuronal nitric oxide syn-
thase (nNOS) play an important role in smooth muscle relaxation
(15). The nNOS* neurons are most vulnerable to injury induced by
HFD, obesity, and other pathogenic conditions (12, 16, 17); howev-
er, the underlying molecular mechanism remains unknown.
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Enteric neuronal degeneration, as seen in inflammatory bowel disease, obesity, and diabetes, can lead to gastrointestinal
dysmotility. Pyroptosis is a novel form of programmed cell death but little is known about its role in enteric neuronal
degeneration. We observed higher levels of cleaved caspase-1, a marker of pyroptosis, in myenteric ganglia of overweight
and obese human subjects compared with normal-weight subjects. Western diet-fed (WD-fed) mice exhibited increased
myenteric neuronal pyroptosis, delayed colonic transit, and impaired electric field stimulation-induced colonic relaxation
responses. WD increased TLR4 expression and cleaved caspase-1in myenteric nitrergic neurons. Overactivation of nitrergic
neuronal NF-xB signaling resulted in increased pyroptosis and delayed colonic motility. In caspase-11-deficient mice, WD
did not induce nitrergic myenteric neuronal pyroptosis and colonic dysmotility. To understand the contributions of saturated
fatty acids and bacterial products to the steps leading to enteric neurodegeneration, we performed in vitro experiments using
mouse enteric neurons. Palmitate and lipopolysaccharide (LPS) increased nitrergic, but not cholinergic, enteric neuronal
pyroptosis. LPS gained entry to the cytosol in the presence of palmitate, activating caspase-11 and gasdermin D, leading to
pyroptosis. These results support a role of the caspase-11-mediated pyroptotic pathway in WD-induced myenteric nitrergic
neuronal degeneration and colonic dysmotility, providing important therapeutic targets for enteric neuropathy.

High levels of saturated fatty acids (SFAs) and bacterial prod-
ucts have been implicated in the steps leading to enteric neuronal
degeneration (11,12, 16). Enteric neurons are exposed to intestinal
pathogens and bacterial endotoxins such as lipopolysaccharide
(LPS), present in the wall of gram-negative enteric microbiota.
LPS is recognized by Toll-like receptors (TLRs), especially TLR4
(18). Dimerization of TLR4 leads to activation of NF-kB signal-
ing, which increases the transcription of NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3), caspase-1, or caspase-11
and initiates cellular pyroptosis, a form of programmed cell
death resulting in rapid cell lysis (19, 20). Pyroptosis is different
from apoptosis and necrosis, and is controlled by unique molec-
ular mechanisms (21, 22). In pyroptosis, activated caspase-1 (23,
24) or caspase-11 (25, 26) cleaves gasdermin D (GSDMD). The
N-terminus of GSDMD accumulates on cellular membranes to
form membrane pores, which leads to cell swelling and lysis (27,
28). Pyroptosis is known as a response to bacterial products such
as LPS, leading to release of proinflammatory cytokines such as
IL-1B, which can induce inflammatory responses and pyroptosis of
neighboring cells (29).

Caspase-11in mice (homolog of human caspase-4/5) is known
as the receptor for cytosolic LPS (30), which binds to caspase-11
and leads to its cleavage (19, 31). Caspase-11 has a 43-kDa full-
length form and a 38-kDa form, but only its full-length form can
be immunoprecipitated by LPS (30). Caspase-11 plays an import-
ant role in activating inflammasomes and triggering pyroptosis in
many cells, such as phagocytes and epithelial cells (25, 32, 33).
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Table 1. Patient characteristics

Normal (1=13) Overweight (1=7)  Obese (n=7)
Body mass index (BMI) 21606 268 +04 324 +12
Age (years) 63.9+4.2 64.7+33 66.1+48
Sex (M/F) 1/2 3/4 5/2
Diagnosis
Colon adenocarcinoma 9 5 5
Rectal adenocarcinoma 4 2 2

Data are presented as the mean + SEM.

1B). In ChAT" neurons, there was no significant
difference in pyroptosis between normal and
obese subjects (Figure 1B). These findings sug-

Pvalue

<0.0001 gest that nitrergic neurons are more vulnerable
0.93 to obesity-associated enteric neuronal pyroptosis
0.99 than cholinergic neurons.

015 WD induces pyroptosis in colonic nitrergic, but
not cholinergic, neurons in mice. In our previous
studies, we demonstrated that HFD-fed mice had
increased serum levels of total cholesterol, tri-

The role of LPS-associated pyroptosis mediated by inflam-
matory caspases such as caspase-1 or caspase-11 has been inves-
tigated in macrophages, dendritic cells, and endothelial cells (19,
23, 25, 28). However, their roles in enteric neuronal degeneration
induced by a WD remains unknown. Here, we tested the hypoth-
esis that caspase-11-mediated pyroptosis plays an important role
in WD-associated enteric nitrergic neuronal degeneration and
colonic dysmotility.

Results

Colonic myenteric neurons from overweight and obese humans have
an increased neuronal pyroptosis. We first investigated if excessive
body weight in humans is associated with increased neuronal
pyroptosis of myenteric neurons. Healthy portions of human colon
tissues were obtained from discarded colons of patients that had
undergone surgery for colorectal cancer. Cleaved caspase-1 (CC1)
was used to indicate pyroptosis in vivo because of its critical role
in this process (23), while myenteric ganglia were identified with
the neuronal marker Tuj-1. The patient characteristics are shown
in Table 1. The overweight patients had higher serum levels of
total cholesterol, triglyceride, and low-density lipoprotein-cho-
lesterol (LDL-C) compared with normal-weight subjects. There
was no significant difference in high-density lipoprotein-choles-
terol (HDL-C) between the 2 groups (Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI130176DS1). In overweight subjects (BMI 25 to
<30) (1), the level of neuronal CC1 was higher than normal-weight
subjects (BMI 18.5 to <25) (Figure 1A). These results indicate that
there is an increased myenteric neuronal pyroptosis in overweight
patients compared with normal-weight subjects. In obese subjects,
the level of neuronal CC1 was also higher than in normal-weight
and overweight subjects, indicating an increased myenteric neu-
ronal pyroptosis (Figure 1A). We also performed correlation anal-
ysis of the percentage of enteric neuronal pyroptosis and BMI.
Our results show a positive correlation between enteric neuronal
pyroptosis and BMI (R? = 0.6791, P < 0.0001; Figure 1A). The
average BMI was 21.6 * 0.6 (n = 13) in the normal-weight group,
26.8 £ 0.4 (n=7) in the overweight group, and 32.4 +1.2 (n =7) in
the obese group (P < 0.0001). There was no significant difference
in age between normal (63.9 * 4.2), overweight (64.7 * 3.3), and
obese subjects (66.1 * 4.8). To investigate which neuronal subtype
is more sensitive to obesity-associated enteric neuronal pyropto-
sis, we performed costaining of CC1 and nNOS/ChAT. The results
showed that neuronal pyroptosis was mainly increased in nNOS*
neurons in obese subjects compared with normal subjects (Figure
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glyceride, and LDL-C (34), which is similar to data
from human subjects (Supplemental Figure 1). To
further investigate if increased fatty acid intake is associated with
weight gain and colonic dysmotility, 6-week-old CF-1 mice were
fed a regular diet (RD, 17% calorie from fat) or a WD (35% calorie
from fat) for 12 weeks. WD-fed mice showed increased body weight
compared with RD-fed mice in both males (WD, 40.1+1.2gvs. RD,
34.6 £1.0 g; P < 0.01) and females (WD, 29.1 1.2 g vs. RD, 24.8 *
1.3g; P<0.05) (Figure 2A). This is similar to our previous study with
C57BL/6 mice (12). Although there were significant differences in
body weight between males and females, the percentage increase
in body weight of WD-fed mice compared with RD-fed mice was
similar (16.0% in males vs. 17.5% in females). WD also increased
visceral fat weight in males (2426 * 131.1 mg vs. 1630 * 256.8 mg
in RD-fed mice, P < 0.05) as well as in females (1032 + 197.3 mg vs.
460 *+120.2 mg in RD-fed mice, P < 0.05) (Figure 2B). Thus, WD
leads to weight gain and visceral adipose accumulation.

We have previously shown that WD or HFD feeding decreas-
es the number of neurons, especially nitrergic neurons in mouse
colons (11, 12, 34). In the present study, WD resulted in a reduc-
tion in the number of nNOS* neurons compared with RD-fed mice
in both male and female mice (Figure 2, C and D). There was no
significant difference in the number of ChAT* neurons between
RD- and WD-fed mice (Figure 2, C and E). To determine if WD-
induced weight gain in mice recapitulates myenteric neuronal
pyroptosis in the human colon, we examined the expression pat-
tern of CCl1 in the myenteric neurons of RD- and WD-fed mice.
WD-fed mice had an increased CC1* neuronal number in the
colonic ganglion area of CF-1 mice, indicating increased pyropto-
sis, compared with mice fed an RD (P < 0.05) (Figure 2, C and F).
Our results show that colonic nitrergic neuronal loss in WD-fed
mice was not gender specific. The majority (53.80%) of CC1*
pyroptotic neurons coexpressed nNOS in the WD-fed mice (Fig-
ure 2G), although the expression of nNOS decreased as the neu-
rons degenerated (Supplemental Figure 2). These data indicate
that nNOS* neurons are more vulnerable to WD-induced neuronal
pyroptosis in both males and females. Thus, a mix of both sexes
was used in all subsequent experiments.

Pyroptosis in nitrergic neurons leads to relaxation dysfunction of
colonic smooth muscle in WD-fed mice. We have previously demon-
strated that the reduced number of nitrergic neurons contributed to
the delayed colonic transit in 12-week WD-fed mice (12). Nitrergic
neurons produce nitric oxide (NO) as a neurotransmitter, which
manifests its inhibitory function leading to gastrointestinal smooth
muscle relaxation. Electric field stimulation (EFS) induces release
of NO from the myenteric plexus (35). In gastrointestinal smooth
muscles, NO-induced relaxation is mediated by the cyclic GMP
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Figure 1. Increased neuronal pyroptosis in colonic myenteric neurons in overweight and obese subjects compared with normal-weight controls. Sec-
tions of human colons obtained as described in the Methods. (A) Immunostaining for cleaved caspase-1 (CC1, green), Tuj-1 (red), and DAPI staining (blue)

in myenteric plexus. Arrows show the pyroptotic enteric neurons. Scale bars: 100 um. Bottom left: Histogram shows the percentage of Tuj-1* neurons that
are CC1*. Normal subjects, n = 13. Overweight subjects, n = 7. Obese subjects, n = 7. Bottom right: The correlation analysis between the percentage of enteric
neuronal pyroptosis and BMI. R? = 0.6791; P < 0.0001. (B) Immunostaining for CC1, nNOS, and ChAT and DAPI in human colon sections from normal-weight
and obese individuals. Scale bars: 100 pm. Histograms show the percentage of nNOS* and ChAT* neurons that are CC1*. n = 5 per group. Data presented as
the mean £ SEM. *P < 0.05; **P < 0.001; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Dunnett’s multiple-comparisons test and Bartlett’s test of

equal variances (A) or unpaired t test with F test comparison of variances (B).

(cGMP) pathway. The EFS-induced relaxation response is bipha-
sic, consisting of an initial rapid phase and sustained slow phase. In
the mice lacking cGMP-dependent protein kinase I, only the slow
relaxation was observed (36), indicating that the NO/cGMP path-
way is responsible for the initial rapid phase of relaxation. In the
present study, we used the time to achieve 50% relaxation induced
by EFS to estimate the function of nitrergic myenteric neurons. We
found that this time was longer in WD-fed mice (1.03 + 0.0456 sec-
onds) compared with RD-fed mice (0.807 + 0.0506 seconds) (P <
0.01) (Figure 3, A and B). The EFS-induced contractile response
consisted of an initial relaxation phase followed by a contraction
phase in our contraction recording traces. The contractile function
was assessed with the time to reach 50% contraction in the con-
traction phase after blocking nNOS activity with N°-nitro-L-argi-
nine methyl ester (L-NAME). There was no significant difference
in contractile responses to EFS between RD and WD (Figure 3,
C and D). These observations suggest that WD induced nitrergic
neuronal dysfunction but had no influence on cholinergic (or non-
nitrergic) neuronal function. The reduced nitrergic relaxation seen
in WD-fed mice supports the findings of nitrergic neuronal loss due
to WD (Figure 2) leading to this impairment.

TLR4 mediates WD-induced pyroptosis in nitrergic myenteric
neurons in mice. It is known that TLR4 signaling is very import-

ant in the pyroptotic process in other types of cells such as mac-
rophages (37). In our previous study, we found that WD feeding
induced a reduction in the number of nNOS* neurons in wild-type
(WT) mice, but not in TLR4”" mice (12), indicating that TLR4 is
an essential factor for WD-induced neuronal degeneration. To
determine the role of TLR4 in WD-induced myenteric neuronal
pyroptosis, we assessed the expression of TLR4 in myenteric gan-
glia. After 12 weeks of WD feeding, significantly enhanced TLR4
expression in colonic ganglia of WD-fed compared with RD-fed
mice was observed (Figure 4, A and B). To identify the subtypes
of myenteric neurons with TLR4 expression, costaining for
expression of nNOS and/or ChAT was performed in the WD-fed
mice. The results showed that the TLR4* neurons were distrib-
uted mainly in the nitrergic neurons (73.98%), compared with
ChAT" neurons (9.25%) or neurons expressing both (16.77%) (P <
0.0001) (Figure 4C). The enhanced TLR4 expression in nitrergic
neurons may explain the increased susceptibility of these neurons
to myenteric neurodegeneration.

Overactive NF-kB signaling contributes to pyroptosis in nitrergic
myenteric neurons. During the initial phase of the pyroptosis path-
way, TLR4 stimulation with extracellular LPS activates NF-«B sig-
naling and downstream factors to promote pyroptosis in other cell
types (37, 38). However, the role of NF-kB signaling in myenter-
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Figure 2. WD increases body weight and induces pyroptosis in
nitrergic, but not cholinergic, enteric neurons in mice. Six-week-old
CF-1 mice were fed with an RD or WD for 12 weeks. (A) Body weight
(g) and (B) visceral fat pad weight (mg) of RD- and WD-fed male (M)
and female (F) mice. n = 9 per group. (C) Representative images of
CC1, nNOS, and ChAT staining of proximal colon. Arrows indicate the
colocalization of CC1and nNOS. Scale bars: 100 um. The number of (D)
nNOS* neurons, (E) ChAT* neurons, and (F) CC1* neurons per field in
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ic neuronal pyroptosis is not known. In the IKKB*/nNOS-CreER
mouse model, NF-«B signaling is overactivated continuously via
the conditional expression of IKKB* (active form) in nNOS* neu-
rons after initiation by tamoxifen treatment. At 4 weeks after
tamoxifen induction, the IKKB*/nNOS-CreER mice showed sig-
nificantly reduced numbers of nNOS-expressing neurons (Fig-
ure 5, A and C) assessed as a percentage of colonic ganglion area.
No significant change in ChAT* neurons was observed between
the 2 groups (Figure 5, B and C). The pyroptotic myenteric neu-
rons marked by CCl1 in the IKKB*/nNOS-CreER mice were limit-
ed to the nNOS* neurons and not seen in ChAT* neurons (Figure
5C). The number of CC1* pyroptotic neurons was significantly
increased in IKKf*/nNOS-CreER mice (Figure 5D). Finally, these
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proximal colon from RD- and WD-fed male and female mice, and (G)

the percentage of nNOS*, ChAT*, and both nNOS* and ChAT* neurons
that are CC1* in proximal colon from WD-fed male and female mice.

n =5 per group. Data presented as the mean + SEM. *P < 0.05;

**P < 0.01; ****P < 0.0001 by 1-way ANOVA with Dunnett’s multiple-
comparisons test and Bartlett’s test of equal variances.

mice showed a delayed colonic transit compared with their
littermate control mice (P < 0.01) (Figure 5E). These results
suggest that the sustained activation of NF-kB signaling in
nitrergic neurons leads to myenteric neuronal pyroptosis,
resulting in delayed colonic motility.

Loss of caspase-11 prevents WD-induced colonic dysmotility
through preventing myenteric nitrergic neuronal pyroptosis. Pyro-
ptosis involves canonical and noncanonical inflammasome
pathways (19, 28, 31). It has been known that caspase-11 plays
a key role in pyroptosis in macrophages (25, 33). To address
the role of caspase-11 in the WD-associated myenteric neu-
ronal pyroptosis, CASPII7- mice at the age of 6 weeks and lit-
termates (as WT control) were fed an RD or WD for 12 weeks.
WT mice gained more body weight (44.63 * 0.99 g) with WD
feeding than CASPII7- mice (P < 0.05) (Figure 6A). CASP117~
mice had increased visceral fat weight induced by WD, similar
to WT mice (Figure 6B); however, the absence of caspase-11
prevented the delayed colonic transit induced by WD feeding
(Figure 6C). Proximal colon muscle strips (with myenteric
plexus) demonstrated a slowed relaxation response induced by
EFS after WD in WT mice (P < 0.01), but not in CASP117~ mice
(Figure 6, D and E). There were no differences in contraction
responses induced by EFS between RD feeding and WD feed-
ing in WT or CASP117/" mice (Figure 6F). These data show that
caspase-111is critical in WD-associated intestinal dysmotility.

We also performed immunofluorescence staining in colon
sections with antibodies against CC1, nNOS, and ChAT. In
WT mice, WD feeding increased the number of CC1* neurons
and reduced the number of nNOS* neurons in the ganglion
area compared with RD feeding (P < 0.001), confirming the

finding above. Interestingly, the increased CC1* neurons were not
observed in CASP117-mice fed with WD and there was no nitrergic
neuronal loss (Figure 7, A-C). No changes in ChAT* neuron num-
bers were observed in any of the groups (Figure 7, A and D). To
determine if WD activates caspase-11 in myenteric neurons of
WT mice, Western blot analysis was performed with the protein
extracted from the colonic smooth muscle strips with myenteric
plexus. There was no statistical difference between caspase-11
expression in RD and WD colon smooth muscle strips after 12
weeks of feeding. However, cleaved caspase-11 increased signifi-
cantly in WD-fed mice compared with RD-fed mice (Figure 7E).
This indicates that WD-associated nitrergic neuronal degenera-
tion is due to caspase-11-dependent pyroptosis.
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Palmitate and LPS induce nitrergic neuronal loss in vitro, which
is prevented by lipid raft disruption. Having noted in vivo myenter-
ic neuronal pyroptosis in human overweight subjects and mice
fed a WD, we investigated the mechanisms involved using in
vitro enteric neuronal culture. WD is rich in palmitate (PA) and
we have previously demonstrated the increase in circulating LPS
in mice fed an HFD. To mimic the in vivo effects of an HFD, we
treated the enteric neuronal cell line with PA (0.25-0.5 mM)
and/or LPS (0.5 ng/mL) for 24 hours to address the underlying
mechanisms. Cytotoxicity was assessed by lactate dehydro-
genase (LDH) release assay, which is one of the most common
methods to assess cellular pyroptosis in vitro. PA alone increased

A TLR4

Figure 4. WD increases TLR4 expression in nitrergic
enteric neurons. Six-week-old CF-1 mice were fed
RD or WD for 12 weeks. (A) Representative images
of TLR4, nNQS, and ChAT staining of proximal colon.
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Figure 3. Impaired relaxation in colonic muscle strips in WD-fed mice. (A)
Representative EFS-induced relaxation tracings of proximal colon muscle
strips with myenteric plexus. (B) Time to 50% relaxation in proximal colon
muscle strips in RD- and WD-fed mice. Data presented as the mean £
SEM; n =7 per group. **P < 0.01 by unpaired t test with F test comparison
of variances. (C) Representative contraction tracings of proximal colon
muscle strips with myenteric plexus. (D) Time to 50% contraction in prox-
imal colon muscle strips in RD and WD-fed mice. Data presented as the
mean + SEM; n =7 per group.

cytotoxicity at 0.5 mM compared with vehicle or LPS alone (P <
0.001). This effect was enhanced in the presence of LPS, partic-
ularly at 0.25 mM PA (P < 0.001). The cytotoxicity induced by
PA alone (P < 0.001) or PA plus LPS (P < 0.001) was significantly
prevented by disrupting lipid rafts with methyl-B-cyclodextrin
(MBCD) (Figure 8A). This indicates that the cytotoxicity of PA
plus LPS is dependent on lipid rafts. To distinguish pyroptosis
from other cell death forms, the cultured neurons were immu-
nostained with an antibody against CC1 and propidium iodide
(PI). P1is a small-molecule DNA dye that stains cells with mem-
brane pores formed during the process of cell death. Both PI- and
CCl1-positive neurons were defined as pyroptotic cells (39). PA
alone induced a small increase in pyroptotic cell death compared
with vehicle or LPS (P < 0.05). PA and LPS induced more pyro-
ptotic cell death compared with vehicle, LPS, or PA alone (P <
0.001) (Figure 8B). To clarify if nNOS* neurons are more vulner-
able than ChAT"* neurons, the percentage of nNOS* and ChAT*
neurons was analyzed with flow cytometry. PA or LPS alone did
not reduce the percentage of nNOS* neurons in Tuj-1-marked
neurons. However, with incubation of both PA and LPS, the per-
centage of nNOS* neurons decreased significantly compared
with vehicle (P < 0.01). This effect was inhibited by MBCD (Fig-
ure 8C). We did not observe significant changes in the percent-
age of ChAT* neurons in the presence of LPS and/or PA (Figure

nNOS ChAT
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8D). These data suggest that LPS enhances PA-induced nitrergic
neuronal pyroptosis in a lipid raft-dependent manner.

LPS gains entry to the cytosol in the presence of PA, leading to pyro-
prosisthat is prevented by MPCD. It is known that cytosolic LPS plays
a different role from extracellular LPS in caspase-11-mediated
pyroptosis in cells such as epithelial cells and macrophages (19, 31,
32, 40). Extracellular LPS binds to TLR4 to activate TLR4/NF-«B
signaling, leading to downstream effects such as transcription of
the caspase-11 gene (41, 42), while cytosolic LPS binds directly to
caspase-11, resulting in its activation as cleaved caspase-11 (30, 43).
To determine if LPS subcellular localization exhibits any difference
between treatment with LPS alone and PA plus LPS, Alexa Fluor
594-labeled LPS was used to treat cultured neurons and cholera
toxin subunit B (CTB) was used to label and examine the dynamics
of lipid rafts (44) as well as the cell membrane (40). We found that
incubation with LPS alone for 6 hours did not allow extracellular
LPSto gain entry to the cytosol of cultured neurons. In the presence
of PA, LPS was wrapped in cellular membrane vesicles and then
entered the cytosol. Disrupting lipid rafts with MBCD prevented
the LPS from entering the cytosol, suggesting that LPS enters the
myenteric neurons in a lipid raft-dependent manner (Figure 9A).
In the presence of PA, LPS accumulated and adhered to cell mem-
branes, and then induced the formation of giant cellular membrane
vesicles. These vesicles triggered endocytosis and subsequent rup-
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Figure 5. Increased NF-xB signaling contributes to pyroptosis in
nitrergic enteric neurons. Increased NF-«B signaling induced pyropto-
sis in enteric neurons. Six-week-old IKKB*/nNOS-CreER mice and their
littermate control mice were injected with tamoxifen daily for 5 days.
All the tests were performed 4 weeks following tamoxifen injection.
(A) nNOS*, (B) ChAT*, and (D) CC1* neurons per field of proximal colon.
(C) Representative images of CC1, nNOS, and ChAT staining. Arrows
show the colocalization of CC1and nNOS. Scale bars: 100 pm. (E)

Bead expulsion test to assess colonic motility. n = 4 per group. Data
presented as the mean £ SEM. *P < 0.05; **P < 0.01 by unpaired t
test with F test comparison of variances.

ture to release LPS. Cytosolic LPS activated caspase-11-medi-
ated pyroptosis, leading to cell swelling and lysis (Figure 9B).
These data suggest that PA significantly initiates or promotes
LPS endocytosis via lipid rafts, and cytosolic LPS causes pyro-
ptosis in myenteric neurons.
PA and LPS increase oxidative stress and induce pyroptotic
neuronal death through activation of caspase-11 and GSDMD
in vitro. To address the mechanism underlying nitrergic neu-
ronal pyroptosis induced by PA plus LPS, we investigated
the role of oxidative stress using flow cytometry. PA alone
increased reactive oxygen species (ROS) in enteric neurons
after 24-hour incubation (P < 0.0001). In the presence of LPS,
this effect was enhanced (P < 0.05), although LPS alone had
no effect (Figure 10A). We also analyzed the key signaling
proteins in the pyroptotic pathway such as caspase-11, GSD-
MD, and CC1. PA alone did not increase the level of pro- or
cleaved caspase-11 in enteric neurons. Although LPS alone
increased the expression level of pro-caspase-11 (P < 0.0001),
it did not increase cleaved caspase-11 levels. It is interesting
that the level of cleaved caspase-11 increased in the presence
of both PA and LPS (P < 0.05), and the level of pro-caspase-11
was reduced compared with LPS alone (P < 0.0001) (Figure
10B). Similar changes were observed in the analysis of the GSD-
MD level (Figure 10C). These results indicate that the cleavage of
pro-caspase-11 or pro-GSDMD is induced by PA-initiated cyto-
solic LPS. In addition, both PA and LPS increased the CC1 level
significantly (P < 0.05; Figure 10D), further demonstrating that
PA-triggered cytosolic LPS causes pyroptosis in enteric neurons.

Our in vivo findings demonstrated a critical role for caspase-11
in WD-induced neuronal pyroptosis. To investigate if a lack of
caspase-11 can protect myenteric neurons against PA plus LPS-
induced pyroptosis, we cultured primary enteric neurons from
C57BL/6 (WT) and CASPII7- mice. In the myenteric neurons
from WT mice, PA alone increased pyroptosis marked by CC1
compared with vehicle alone (P < 0.05). This effect was enhanced
significantly in the presence of LPS (P < 0.001). The pyroptotic
neurons became larger than normal neurons and presented with
a round shape, indicating cell swelling. It is interesting that PA or
PA plus LPS could not induce pyroptosis in caspase-11-deficient
myenteric neurons (Figure 11, A and B). This indicates that the
caspase-11-mediated pathway plays an important role in mediat-
ing neuronal pyroptosis induced by PA plus LPS.

Discussion
Obesity is a growing epidemic worldwide. Compared with people
with a normal BMI, those with obesity are at an increased risk for
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many diseases such as type 2 diabetes, cardiovascular diseases,
and cancers (10). In obese patients, the prevalence of constipa-
tion is higher than those with normal weight (45, 46). Studies have
shown some relationship between enteric neuropathy and colon-
ic dysmotility with animal models (12, 34, 47-49). However, the
mechanism underlying obesity-associated enteric neuropathy and
colonic dysmotility needs further investigation.

Pyroptosis, a programmed form of cell death, is characterized
by cell swelling and lysis, membrane pore formation, and inflam-
matory cytokine release. Although several studies indicated that
pyroptosis is associated with colitis and colon cancer (50, 51), the
role of pyroptosis in the obesity-associated enteric neuropathy is
not known. Here, we show evidence that pyroptosis of myenteric
neurons in human colon is associated with BMI. Colonic neuronal
pyroptosis marked by CC1 was also observed in overweight and
obese subjects and WD-fed mice. We examined if pyroptosis-
related myenteric neurodegeneration could be a novel mechanism
underlying the colonic dysmotility in WD-fed mice.

Recently, emerging studies have focused on the role of HFD
in enteric neuronal dysfunction and gastrointestinal motility dis-

neurons, resulting in a reduction of nNOS*

neuronal number. The sensitivity to

WD-induced pyroptosis in nNOS* neurons
is higher than other neurons such as ChAT", which may be a criti-
cal factor for the vulnerability of nNOS* neurons.

It is known that pyroptosis in phagocytes plays an important
role in maintenance of the balance between the host-defense
response and collateral tissue damage (43, 59). In the gastrointes-
tinal tract, phagocytic pyroptosis helps regulate the composition
of enteric microbiota and maintain the integrity of the intestinal
barrier (41). With long-term stimulation, however, overactivation
of pyroptosis could induce overproduction of inflammatory cyto-
kines such as IL-1p, leading to injury of neighboring cells through
multiple mechanisms. In our previous studies, we found that 12
weeks of WD feeding increased the production of intestinal LPS
and reduced the nNOS* neurons in mice without intestinal inflam-
mation (12). TLR47- mice did not exhibit HFD- or WD-associat-
ed nitrergic neuronal loss and enteric dysmotility (12, 55). These
results implied that overproduction of LPS and activated TLR4
signaling are essential factors in WD-induced neuronal loss and
enteric dysmotility. In the present study, we found that WD feed-
ing increased TLR4 signaling in nNOS* neurons more than in
ChAT* neurons, which provided strong evidence to support the
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Figure 7. Lack of caspase-11 prevents WD-induced enteric neuronal pyroptosis. C57BL/6) (WT) and CASP117- 6-week-old mice were fed with RD or WD for
12 weeks. (A) Representative images of staining of CC1, nNOS, and ChAT in the proximal colon. Arrows show colocalization of CC1and nNOS. Scale bars:
100 pm. The numbers of (B) CC1*, (C) nNOS*, and (D) ChAT* neurons per field. Data presented as the mean + SEM; n = 6 per group of WT mice and n = 3 per
group of CASP117/~ mice. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Dunnett’s multiple-comparisons test and Bartlett's test
of equal variances. (E) Western blot analysis of pro- and cleaved caspase-11in proximal colon muscle strips from 12-week RD- and WD-fed WT mice. Data
presented as the mean + SEM. **P < 0.01 by unpaired t test with F test comparison of variances; n = 5 mice per group.

vulnerability of nNOS* neurons. Overactivation of IKKB-mediated
NF-«kB signaling in an nNOS* neuron-specific transgenic mouse
model triggered a similar pyroptotic death and led to delayed
colonic transmit similar to that of WD-fed mice, which demon-
strated that the role of the TLR4/IKKB/NF-kB pathway is critical
in WD-induced enteric neuronal pyroptosis.

Caspase-mediated pyroptosis in phagocytes is very important
in the defense against endotoxins produced by bacteria (29). In
the canonical pyroptotic pathway, LPS activates NF-«B signaling
via TLR4 to increase NLRP3 transcription. Stimuli such as ROS,
ATP, or potassium efflux promote assembly of NLRP3 to activate
pro-caspase-1, which in turn leads to GSDMD-induced pore for-
mation, cell lysis, and cytokine release. This process is dependent
on the cleavage of caspase-1 (23, 24). Noncanonical pyroptosis is
mediated by caspase-11 (25). Activated NF-kB promotes the tran-
scription of pro-caspase-11, priming the noncanonical pyropto-
sis in many cell types (19, 25, 32, 33). It is also reported that ROS
upregulates the expression of caspase-11 (60). When caspase-111is
activated, the cleaved caspase-11 activates GSDMD directly, inde-

jci.org  Volume130  Number7  July 2020

pendently of caspase-1, leading to pyroptosis. Cleaved caspase-11
can also promote the assembly of NLRP3 inflammasomes, result-
ing in pyroptosis with the activation of caspase-1 (19, 43). In addi-
tion, it is reported that cleaved GSDMD also triggers NLRP3-
dependent activation of caspase-1 (25). CC1 is produced in both
canonical and noncanonical pathways, and is used as a marker of
pyroptosis (19, 23, 43). The present study showed that CC1* neu-
rons increased significantly following 12 weeks of WD feeding,
indicating the important role of pyroptosis specifically in enteric
nitrergic neurons and that targeting caspase-activated pyropto-
sis in nitrergic neurons may be a useful strategy for preventing
colonic dysmotility associated with HFD and obesity (61). Lack of
caspase-11 prevented WD-induced neuronal loss and dysmotility,
indicating that the caspase-11-dependent noncanonical pyropto-
sis pathway is a key mechanism in this process.
Caspase-11-mediated pyroptosis triggered by intracellular
LPS has been widely reported in macrophages, dendritic cells,
and epithelial cells (19, 25, 28, 30, 32, 43, 62). In the present study,
exposure of cultured enteric neurons to LPS alone did not trig-
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Figure 8. Palmitate and LPS induce nitrergic neuronal degeneration in vitro, which is prevented by MBCD. Enteric neurons were cultured in the presence of
palmitate (0.25-0.5 mM), LPS (0.5 ng/mL), and/or MBCD for 24 hours. (A) Cytotoxicity assessed by LDH release assay. (B) Pyroptosis assessed by costaining
with propidium iodide (PI) and an antibody against cleaved caspase-1(CC1). Scale bars: 30 pm. Flow cytometry was used to analyze the percentage of (C)
nNOS* and (D) ChAT* in neurons marked by Tuj-1. Representative flow cytometry graphs are shown. Data presented as the mean + SEM; n = 3 mice in each
group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Dunnett’s multiple-comparisons test and Bartlett’s test of equal variances.

ger neuronal pyroptosis. However, PA-mediated LPS entry to the
cytosol in enteric neurons significantly activated pro-caspase-11
and resulted in enteric neuronal pyroptosis. However, PA induces
membrane vesicle formation and subsequent endocytosis of LPS
in a lipid raft-dependent manner. This is the first evidence to our
knowledge to identify a PA-mediated endocytic mechanism of
the cytosolic LPS-sensing pathway in enteric neurons. The mech-
anism underlying how LPS enters the cytosol in different types of
cells and activates cytosolic caspases remains to be determined.
Previous studies showed that purified free LPS cannot enter the
cytosol while incubated with macrophages, and outer membrane
vesicles secreted by gram-negative bacteria deliver LPS into the
cytosol to activate caspase-11 (40, 63, 64). The host guanylate
binding proteins help target LPS to the outer membrane vesicles
(61, 65-67), which is a ligand for the TLR4/TRIF pathway (65,
67). HMGBI1 (high-mobility group box 1) and SCGB3A2 (secre-
toglobin family 3A member 2) have also been shown to promote
LPS entry to the cytosol (68-70). Further studies are required to

understand the exact mechanism underlying how PA facilitates
LPS entry in enteric neurons.

Previous studies show that SFAs such as PA activate apoptosis
in some types of cells (71-73), including enteric neurons (11, 34,
55). PA alone can induce neuronal pyroptosis through cleavage of
caspase-11in enteric neurons. In the presence of LPS, PA initiates
or facilitates LPS cytosolic entry, leading to a dramatic increase
in caspase-11 activation and neuronal pyroptosis. Such a novel
mechanism has important relevance in the context of HFD and
microbiota during gastrointestinal inflammation. In particular,
the reduction in percentage of nNOS* neurons in the presence of
PA plus LPS compared with other neuronal subtypes indicates that
LPS is an essential factor for the nNOS* neuronal vulnerability.
Although LPS is also produced by resident gram-negative bacteria
in the intestine of RD-fed mice, we did not observe excessive neu-
ronal pyroptosis in these animals in the present study, hinting at
the importance of PA in enteric neuronal pyroptosis. On the other
hand, our previous study showed that WD-fed mice had increased
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Figure 9. LPS gains entry into the cytosol in the presence of palmitate, which is prevented by MBCD. Enteric neurons were cultured in the presence

of palmitate (PA, 0.5 mM), LPS conjugated with Alexa Fluor 594 (5 pg/mL), or both with or without MBCD for 6 hours. Membranes were visualized by
cholera toxin subunit B (CTB) labeled with Alexa Fluor 488. (A) Representative images for each group are shown. Arrow 1 shows a membrane vesicle
formation marked by CTB. Arrow 2 indicates that LPS is wrapped in membrane vesicles and adheres to the cellular membrane. (B) Representative images
for different stages of neuronal pyroptosis in the PA plus LPS group. Arrows show that LPS is wrapped in membrane vesicles and is undergoing endocy-

tosis. All scale bars: 10 um.

fecal LPS levels without intestinal inflammation and exhibited
neuronal degeneration (12, 55).

Our results show that the nitrergic neurons are vulnerable to
WD-induced pyroptosis compared with cholinergic neurons. WD
increases TLR4 expression mainly in nitrergic neurons, and may
be the key factor leading to the differential response of nitrergic
neurons versus cholinergic neurons. Previous studies show that
LPS activation of TLR4 leads to the activation of nNOS in oligoden-
drocytes, resulting in cell death. Inhibition of nNOS with 7-nitro-
indazole (7-NI) could rescue oligodendrocytes from cell death
(74). This supports the concept that nNOS is very important for
neuronal injury associated with LPS-mediated TLR4 activation,
and could explain the vulnerability of nNOS* neurons in WD-fed
mice. Ithas been described in studies cited above that extracellular
LPS increases transcription of caspase-11 through NF-«B signaling
(41, 42). NO was generated from nNOS after TLR4 activation, and
this NO is critical for NF-«B activity in macrophages (75), which
could be another reason why nNOS* neurons are more vulnerable
than ChAT* neurons. Our study established a link between TLR4/
NF-kB/caspase-11 signaling-associated pyroptosis and the vul-
nerability of nNOS* neurons. The mechanism of increased TLR4
expression induced by a WD requires further investigation.

jci.org  Volume130  Number7  July 2020

Besides the above-described neuroplasticity in the enteric
nervous system (ENS), recent studies suggest that nutrients also
affect neuronal survival and proliferation. During early life, neu-
rotrophic factors in breast milk favor neuronal survival and neurite
outgrowth (76). However, diet may also negatively affect the sur-
vival of enteric neurons. Adult mice and rats fed with HFD experi-
enced loss of ileal and colonic myenteric neurons, which was asso-
ciated with delayed intestinal transit (34, 77). Perinatal exposure
of HFD in pregnant rats results in a decreased number of nitrergic
neurons in the stomach and duodenum of rat pups at 6 weeks of
age. This study suggests that exposure to an HFD during the peri-
natal time period can result in loss of inhibitory nitrergic neurons
even before the onset of obesity (78).

Others report contrary findings, in which HFD had no effect
on the survival rate of colonic or small intestinal myenteric neu-
rons, and even increased neuronal survival in the gastric myenter-
ic plexus involving leptin and glial cell-derived neurotrophic
factor-dependent (GDNF-dependent) pathways (79). Such dis-
crepant results may be attributed to the composition of the diet
(77), the age of the animal at the onset of high-fat feeding, the
duration of diet, the development of diabetes, and gut regions of
interest. Furthermore, the study of HFD long-term effects on the
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Figure 10. Palmitate and LPS increase oxidative stress, cleavage of caspase-11, gasdermin D, and caspase-1in vitro. Enteric neurons were cultured in the
presence of palmitate (PA, 0.5 mM), LPS (0.5 ng/mL), or both for 24 hours. (A) Reactive oxygen species production was analyzed by flow cytometry (n =7
per group). Western blot was performed to assess expression of (B) pro-caspase-11 (n = 12 per group) and cleaved caspase-11 (n = 3 per group), (C) pro- and
cleaved GSDMD (n = 7 per group), and (D) cleaved caspase-1(n = 3 per group). Data presented as the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001 by 1-way ANOVA with Dunnett’s multiple-comparisons test and Bartlett’s test of equal variances.

ENS and gut function, including disturbed motility and altered
intestinal permeability (10, 80), also identified adipocytes as puta-
tive major actors involved in the effects of nutrients on the ENS.
Indeed, enteric ganglia, especially in the submucosal plexus, and
patches of adipocytes are closely spaced, particularly in vascular-
ized regions in human and guinea pig intestine.

Diet-associated enteric neuropathy has been associated with
reduced numbers of nitrergic neurons in 12-week WD-fed mice
(12). In a study by Baudry at al. (79), 12-week WD feeding increased
nitrergic neurons in the antrum and jejunum of mice. Similar results
have been reported in other studies. Zhou et al. (81) showed that
2-week HFD caused a significant increase in neurons coexpressing
nNOS in the stomach. Soares et al. (82) showed that 8-week HFD
increased nNOS* neurons in the duodenum, jejunum, and ileum.
Stenkamp-Strahm et al. found that 8-week HFD feeding induced
a reduction in the number of nNOS* neurons per ganglion in the
mouse duodenum (7). However, after 20-week HFD feeding, the
number of nNOS* neurons per ganglion was increased (52). These
studies indicate that there is a compensatory mechanism underly-
ing the WD-induced nitrergic enteric neuronal damage. HFD feed-
ing increased the number of nNOS* neurons in the stomach and

small intestine. In contrast, our present study and our previously
published studies (11, 12) showed that HFD decreased nitrergic
neurons in the colon, which is also supported by the findings of
Bhattarai et al. (83). Based on the above evidence, we believe that
there could be different mechanisms of diet-associated neuropathy
between the colon and other regions of the gastrointestinal tract.

In summary, the present study demonstrates the role of
caspase-11-dependent pyroptosis in enteric neuronal loss induced
by a WD. The enteric neuronal degeneration depends on both SFA
and LPS. The products of enteric microbiota such as LPS promote
the transcription of pro-capsase-11 via TLR4/IKKB/NF-«B signal-
ing. The expression of pro-caspase-11is also upregulated by ROS.
In the presence of SFA, LPS gains the entry to the cytosol of enteric
neurons and binds to pro-caspase-11, leading to its cleavage and
activation. Cleaved caspase-11 subsequently activates GSDMD
directly, resulting in pyroptosis. GSDMD can also be cleaved indi-
rectly through other pathways such as the NLRP3 inflammasome
and subsequent cleavage of pro-caspase-1 (Figure 12). Therefore,
a therapeutic strategy aimed at preventing caspase-11-dependent
pyroptosis (61) may preserve colonic nitrergic neurons and be ben-
eficial in treating enteric dysmotility associated with a WD.

3631

jci.org  Volume130  Number7  July 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

3632

RESEARCH ARTICLE

>

WT CASP11-

PA Vehicle

LPS

%)
o
.
Z
o
B *%k
*kk
f *% ! * Vehicle
401 [ | o PA
2 %) oo = LPS
S S 30 o PA+LPS
o ] N
ge
SE
02
Q\O o
Methods

Mice. CF-1 mice were obtained from Charles River Laboratories.
C57BL/6] mice, caspase-11-knockout mice (CASPII”, catalog
024698), nNOS-CreER mice (catalog 014541) that have tamoxifen-
inducible Cre protein expression in nNOS* neurons, and R26-Stop™™
Ikkbca (catalog 008242) mice that allow inducible expression of an
activated form of Ikbkb (IKKBca) were obtained from the Jackson Lab-
oratory. nNOS-CreER/Ikkbca mice that have inducible expression of
an activated form of IKKp and subsequent activation of the NF-kB
pathway in nNOS* neurons were generated by crossing nNOS-CreER
with R26-Stop*Ikkbca mice. For nNOS-IKKp induction, tamoxifen
(10 mg/mL) was administered (100 mg tamoxifen/kg body weight)
via intraperitoneal injection once every 24 hours for a total of 5 con-
secutive days. Experiments were performed 4 weeks after injection.
Male and female mice were used at 5 to 6 weeks of age and were
assigned randomly to various experimental groups. They were fed a
WD (TD.140304, New Total Western Diet [Pectin], Envigo Teklad
Custom Research Diets) containing 34.5% kcal from fat or an RD
(TD.140305, Pectin Diet [7.5 g/kg, AIN-93G], Envigo Teklad Custom
Research Diets) containing 16.9% kcal from fat. The composition of
the diets has previously been reported (12). The mice were maintained
on a 12-hour light/dark cycle in a temperature-controlled barrier facil-
ity with free access to food and water.

Patient samples. Discarded colon tissues from total 17 patients (8
normal, 5 overweight, and 2 obese) were obtained from the Depart-
ment of Colorectal Surgery of the Second Hospital of Shandong Uni-
versity, China. An additional 10 colon specimens (5 from normal-
Volume 130 Number?7
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Figure 11. Lack of caspase-11 protects myenteric neurons
against palmitate- and LPS-induced pyroptosis. Primary
myenteric neurons were isolated from C57BL/6 (WT)

mice and CASP11”- mice and cultured for 5 to 7 days, and
then treated with vehicle, palmitate (PA, 0.5 mM), and/or
LPS (0.5 ng/mL) for 24 hours. (A) Representative images
of staining for CC1 and Tuj-1. Scale bars: 50 pm. (B) The
percentage of CC1* in Tuj-1* myenteric neurons is presented.
At least 5 fields were selected randomly and data were
obtained for each animal. Data presented as the mean +
SEM; n = 3 mice in each group. *P < 0.05; **P < 0.01; ***p
< 0.001 by 1-way ANOVA with Dunnett’s multiple-compari-
sons test and Bartlett’s test of equal variances.

weight and 5 from obese subjects) were obtained from
ReproCell USA.

Materials. The following reagents were used: Esch-
erichia coli LPS (MilliporeSigma); Alexa Fluor 594
fluorescent conjugates of E. coli LPS (L-23353, Molec-
ular Probes); GDNF (Shenandoah Biotechnology);
stock (6 mM) PA prepared as previously described
(84); MBCD (MilliporeSigma); anti-Alexa Fluor 488,
546, 594, and 633 antibodies (Invitrogen); anti-TLR4
(ab22048, Abcam); anti-p III tubulin antibody (2G10)
(Tuj-1, Abcam, ab78078); anti-nNOS (EP1855Y)
(Abcam, ab76067); anti-GSDMD (EPR 19828) (Abcam,
ab209845); anti-caspase-11 (EPR18628) (Abcam,
ab180673); anti-caspase-11 (17D9) (14340, Cell Sig-
naling Technology), anti-ChAT (MilliporeSigma); anti-
ChAT (Abcam, abl181023); anti-CC1 (Asp296) (Cell
Signaling Technology); anti-caspase-1 p20 (D-4) (sc-398715, Santa
Cruz Biotechnology); Vybrant Alexa Fluor 488 Lipid Raft Labeling
Kit (Molecular Probes, V-34403); Pierce LDH Cytotoxicity Assay Kit
(88954, Thermo Fisher Scientific); and L-NAME (MilliporeSigma).

Human colon tissue staining. Frozen sections (10 um thick) or par-
affin sections of human colon tissues fixed in 4% paraformaldehyde
for 30 minutes were blocked for 1 hour in PBS containing 0.3% Triton
X-100 (Bio-Rad), 5% normal donkey serum, and 5% albumin from
bovine serum albumin (BSA) (MilliporeSigma) and incubated with
mouse anti-Tuj-1 (1:400), anti-nNOS (1:200), anti-ChAT (1:100),
and rabbit anti-CC1 (1:100) primary antibodies for 2 hours at room
temperature. Secondary antibody staining was performed with anti-
mouse IgG (Alexa Fluor 594, Abcam) (1:200) and anti-rabbit IgG
(Alexa Fluor 488, Abcam) (1:200) for 1 hour. Authenticity of antibod-
ies was tested with appropriate negative and positive controls. At least
10 microscopic (x20) fields per sample were evaluated.

Cell culture. Immortal fetal enteric neuronal (IM-FEN) cells (85)
were cultured in modified N2 medium containing GDNF (10 ng/mL),
10% fetal bovine serum, and 20 U/mL recombinant mouse interfer-
on-y in a humidified tissue culture incubator containing 5% CO, at
permissive temperature (33°C). After 24 to 48 hours the medium was
changed to neurobasal-A medium (NBM) containing B-27 serum-free
supplement, 1 mmol/L glutamine, 1% fetal bovine serum, and 10 ng/
mL GDNF, and transferred to an atmosphere of 5% CO, at 39°C.

Primary culture of mouse myenteric neurons. Primary culture was
performed using previously published protocols (86, 87). In brief,
myenteric neurons were isolated from colonic and ileal myenteric
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Figure 12. Proposed mechanism of WD-
associated enteric neuronal pyroptosis.
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plexi from 22- to 24-week-old C57BL/6] (WT) and CASPII7- mice and
seeded on Matrigel-coated plates at a density of 1 x 10%/cm?, and cul-
tured at 37°C with 5% CO, in complete NBM prepared as described
above. Half of the medium was replaced every 24 hours, and after
5 to 7 days, the neurons were treated with LPS (0.5 ng/mL) and/or
BSA-conjugated PA (0.25-0.5 mM) for 24 hours.

LDH cytotoxicity assay. IM-FEN cells were cultured in 96-well
plates at 39°C and treated with LPS (0.5 ng/mL), PA (0.25-0.5 mM),
and/or MBCD (0.1 mM) in complete NBM for 24 hours. The Pierce LDH
Cytotoxicity Assay Kit (Thermo Fisher Scientific) was used to measure
percentage cytotoxicity according to the manufacturer’s instructions.

Flow cytometry for intracellular ROS production. IM-FEN cells were
treated with PA and/or LPS for 24 hours at 39°C, then harvested and
incubated with in HBSS with 10 uM 5-(and -6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA,
Invitrogen, C6827) for 1 hour. Cells were washed with PBS and then
resuspended in 500 pL PBS and fluorescence detected by flow cytom-
etry using a BD FACSAria II (BD Biosciences). 2,7 -Dichlorodihydro-
fluorescein (DCF) fluorescence intensity was measured in the FITC
channel. The geometric mean of FITC intensity was used to indicate

the amount of ROS production. All the data were analyzed with FlowJo
10.1 software (FlowJo, LLC).

Flow cytometry for nNOS* and ChAT* neuron analysis. IM-FEN
cells were treated with PA, LPS, or/and MBCD for 24 hours at 39°C
and then harvested for immunostaining with a BD Cytofix/Cytoperm
Fixation/Permeabilization Kit (BD Biosciences) following the manu-
facturer’s instructions. Mouse anti-Tuj-1 (1:200) antibody was used
to mark enteric neurons, costaining with rabbit anti-NOS (1:1000) or
rabbit anti-ChAT (1:200) antibody. Anti-rabbit-FITC (1:200) (South-
ern Biotech, 4030-02) and anti-mouse-allophycocyanin (1:200)
(Biotium, 20414) was used. Flow cytometry was performed immedi-

ately after staining with a BD FACSAria II. The data were analyzed by
FlowJo 10.1 software.

Western blotting. Total proteins were extracted from lysed cultured
neurons or longitudinal muscle strips with myenteric neuronal plex-
us from the proximal colon of mice. Western blotting was performed
according to standard methods as previously described (88). A semi-
quantitative measurement of the band intensity was performed using
Image] software (NIH) and expressed as a ratio of band intensity with
respect to the loading control.
Immunofluorescence staining. Longitudinal muscle strips with the
myenteric neuronal plexus from the mice colon were dissected care-
fully from the remaining colonic tissue and fixed in 4% paraformal-
dehyde as previously published (89). Tissues were blocked for 1 hour
in PBS containing 0.3% Triton X-100 (Bio-Rad), 5% normal donkey
serum, and 5% BSA (MilliporeSigma) followed by incubation in block-
ing solution with primary antibodies for 72 hours at 4°C. The primary
antibodies used include mouse anti-TLR4 (1:100), mouse anti-CC1
(1:50), rabbit anti-nNOS (1:400), and goat anti-ChAT (1:100). Sec-
ondary antibody staining was performed with anti-mouse IgG (Alexa
Fluor 488, Abcam) (1:200), anti-rabbit IgG (Alexa Fluor 546, Abcam)
(1:200), and anti-goat IgG (Alexa Fluor 633, Abcam) for 2 hours. At
least 5 fields per sample were evaluated in a blinded fashion.

Pyroptotic cell death assessment with PI and CCI costaining. Pyro-
ptosis is characterized by cellular membrane pore formation and
the activation of caspase-1. Cultured neurons were treated with PA
and/or LPS, and then fixed in 4% paraformaldehyde at 4°C for 20
minutes. Immunofluorescence staining of CC1 without permeabili-
zation was performed followed by PI staining. Pyroptotic cells were
defined as double positive for PI and CC1. A total of 1000 cells per
group were evaluated.

Lipid rvaft and cellular membrane imaging. Lipid rafts are deter-
gent-insoluble, sphingolipid- and cholesterol-rich membrane micro-
domains that form lateral assemblies in the plasma membrane (90).
CTB binds to the pentasaccharide chain of plasma membrane gan-
glioside GM1 (19), which selectively partitions into lipid rafts (91). A

3633

jci.org  Volume130  Number7  July 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

RESEARCH ARTICLE

Vybrant Alexa Fluor 488 Lipid Raft Labeling Kit (Molecular Probes,
V-34403) was used to visualize lipid rafts and mark cellular mem-
branes according to the manufacturer’s instructions.

Colonic motility assessment. A 3-mm glass bead was placed 2 cm
from the anal opening using a plastic Pasteur pipette lightly coated
with lubricating jelly. Distal colonic transit time was measured in fed
mice as the amount of time between the placement and the expulsion
of beads. The test was performed in the last week of the diet.

Isometric muscle recording with EFS. Longitudinal muscle strips
with myenteric plexus from mice proximal colon were obtained by
careful dissection. Conditions for EFS stimulation were performed
as previously described (92). Atropine (1 pM) and guanethidine sul-
phate (1 pM) were used to block cholinergic- and adrenergic-mediated
responses. Relaxation responses to EFS (24 V, 4 Hz for a duration of 30
seconds) were measured after precontracting with 10 uM 5-hydroxy-
tryptamine for 30 seconds. Contractile responses to EFS (24 V, 10 Hz
for 30 seconds) were recorded in the presence of L-NAME (100 uM).
Percentage of contraction or relaxation at a certain time point was cal-
culated as the change in strength from the beginning of EFS divided by
the maximal strength changes during the duration of EFS.

Statistics. Data were analyzed for normality by 2-tailed unpaired
or paired Student’s ¢ test or Mann-Whitney test for comparisons of
2 groups with Prism 5 for Windows (GraphPad Software). One-way
ANOVA of the repeated experiments followed by Tukey’s post hoc
pairwise multiple-comparisons test was also used when appropriate.

The Journal of Clinical Investigation

The data are presented as the mean * SEM. All the in vitro experi-
ments were repeated at least 3 times independently.

Study approval. All animal studies were approved by the Emory
University, Atlanta Veteran Affairs Medical Center, and Temple Uni-
versity Institutional Animal Care and Use Committees. The human
studies were approved by the Medical Ethics Committee of the Sec-
ond Hospital of Shandong University. Written informed consent was
obtained from all participants.
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