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Abstract

Background: Damage to enteric neurons and impaired gastrointestinal muscle contrac-
tions cause motility disorders in 70% of diabetic patients. It is thought that enteric
neuropathy and dysmotility occur before overt diabetes, but triggers of these abnor-
malities are not fully known. We tested the hypothesis that intestinal contents of mice
with and without high-fat diet- (HFD-) induced diabetic conditions contain molecules
that impair gastrointestinal movements by damaging neurons and disrupting muscle
contractions.

Methods: Small and large intestinal segments were collected from healthy, standard
chow diet (SCD) fed mice. Filtrates of ileocecal contents (ileocecal supernatants; ICS)
from HFD or SCD mice were perfused through them. Cultured intact intestinal mus-
cularis externa preparations were used to determine whether ICS and their fractions
obtained by solid-phase extraction (SPE) and SPE subfractions collected by high-per-
formance liquid chromatography (HPLC) disrupt muscle contractions by injuring neu-
rons and smooth muscle cells.

Key Results: ICS from HFD mice reduced intestinal motility, but those from SCD mice
had no effect. ICS, aqueous SPE fractions and two out of twenty HPLC subfractions of
aqueous SPE fractions from HFD mice blocked muscle contractions, caused a loss of
nitrergic myenteric neurons through inflammation, and reduced smooth muscle excit-
ability. Lipopolysaccharide and palmitate caused a loss of nitrergic myenteric neurons
but did not affect muscle contractions.

Conclusions & Inferences: Unknown molecules in intestinal contents of HFD mice trig-
ger enteric neuropathy and dysmotility. Further studies are required to identify the

toxic molecules and their mechanisms of action.

Abbreviations: ALC10 +11, HPLC subfractions 10 and 11 of the aqueous SPE1 fractions of ICS; ANNA1, anti-neuronal nuclear antibody 1; DHE, dihydroethidium; ENS, enteric nervous
system; GI, gastrointestinal; GS, anti-glutathione synthase antibody; HFD, high-fat diet; HFD-ICS, ileocecal supernatants from HFD mice; HFD-SPE1, aqueous solid-phase extraction
fraction of HFD-ICS; HPLC, high-performance liquid chromatography; ICS, ileocecal supernatants; IJPs, inhibitory junction potentials; IL-6, Interleukin 6; iINOS, inducible nitric oxide
synthase; LPS, lipopolysaccharide; MCP1, monocyte chemo-attractant protein 1; MLC1, HPLC subfraction 1 of the methanolic SPE4 fractions of ICS; nNOS, neuronal nitric oxide
synthase; PAI-1, plasminogen activator inhibitor-1; SCD- SPE1, aqueous solid-phase extraction fraction of SCD-ICS; SCD, standard chow diet; SCD-ICS, ileocecal supernatants from SCD
mice; SMCs, smooth muscle cells; SPE, solid-phase extraction; T2D, type 2 diabetes; TNFa, Tumor necrosis factor-alpha; VIP, vasoactive intestinal peptide.
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1 | INTRODUCTION

It is estimated that 50% of the greater than 400 million peo-
ple with type 2 diabetes (T2D)! suffer from debilitating com-
plications caused by neuropathy.? Such complications include
gastrointestinal (GI) motility disorders® which are dysphagia,
gastroparesis, constipation, diarrhea, incontinence, and pain.4’5
These diabetic Gl motility-related disorders are caused by neu-
ropathy in the enteric nervous system (ENS) and smooth muscle
dysfunction.®” The major ENS injuries associated with diabetic
dysmotility include loss of nitrergic myenteric neurons, which co-
express neuronal nitric oxide synthase (nNOS) plus vasoactive
intestinal peptide (VIP), axonal swelling, and loss of cytoskeletal
filaments.*®?

Diabetic Gl motility disorders and ENS neuropathy are com-
monly thought to be caused by oxidative stress, advanced gly-
cation end products, and sorbitol accumulation in neurons®°
elicited by hyperglycemia, hyperlipidemia, microvascular damage,
and inflammation.**! However, recent studies suggest that Gl dys-
motility and associated ENS neuropathy develop before hypergly-
cemia and insulin resistance.'?'® Saturated fatty acids (palmitate
in particular), microbial metabolites, and bacterially derived lipo-
polysaccharide (LPS) are thought to be responsible triggers.}24-16
It is thought that LPS and palmitate act synergistically to trigger
damage in ENS nerve cells. This suggests that diet-bacteria-host
interactions have a crucial role in the pathophysiology of Gl di-
abetic neuropathy and dysmotility.iz’17 However, knowledge of
other potentially toxic molecules from GI luminal contents and
the mechanisms responsible for triggering ENS neuropathy and Gl
dysmotility in prediabetes, T2D, and other motility-related disor-
ders is limited.

HFD animal models are used to study T2D and diabetic neu-
ropathy because T2D is commonly associated with consuming a
high-fat western diet.!® In addition, high-fat diet (HFD) ingestion
and T2D are also associated with gut microbiota changes'’ and
dysmotility.*>*® HFD-induced diabetic ENS injuries in laboratory
mice and rats correspond with ENS injuries in T2D humans.®*® We
previously showed that Gl dysmotility and a loss of nitrergic my-
enteric neurons occur in male and female C57BLé mice fed a HFD
for 8 weeks.®*® The aim of this study was to test hypothesis that
toxic molecules other than LPS and palmitate from the Gl luminal
contents trigger diabetic Gl dysmotility and ENS neuropathy by
damaging smooth muscle and enteric neurons. This was achieved
by determining whether ileocecal contents from mice fed HFD
trigger dysmotility by damaging nitrergic myenteric neurons and
disrupting smooth muscle function and beginning to identify the
toxic molecules.

Key Points

e There is a growing interest in identifying neurotoxic and
antimotility substances originating from the gut, be-
cause these substances could cause neurodegeneration
and cardiovascular complications in diabetes and other
major illnesses. By using a high-fat diet mouse model,
we show that contents from the distal ileum and cecum
of mice fed high-fat diet (HFD) contain unknown toxic
molecules that impair intestinal motility by damaging
enteric neurons and smooth muscle cells, and disrupt-
ing their functions. Also, sera from HFD mice reduced
muscle contractions.

e The unknown neurotoxic and antimotility molecules im-
pair intestinal motility by damaging nitrergic myenteric
neurons, disrupting inhibitory neuromuscular transmis-
sion, and inhibiting the excitability of smooth muscle
cells.

e Neurotoxic and antimotility molecules in ileocecal con-
tents of HFD mice damage enteric neurons, smooth
muscle, and other cells in the intestinal muscle layer via
inflammation and nitrosative stress.

e These initial results suggest that the neurotoxic and
antimotility molecules in ileocecal contents of HFD
mice are likely agueous and can be isolated using solid-
phase chromatography and high-performance liquid

chromatography.

2 | MATERIALS AND METHODS

2.1 | Mice

The University of Idaho Animal Care and Use Committee ap-
proved study procedures. Six to seven weeks old male and fe-
male C57BI/6J mice from Jackson Laboratories (Bar Harbor,
ME) were housed on a 12-h light cycle with ad libitum access
to food and water. At 8 weeks, mice were split into two groups
and fed either a standard chow diet (SCD) composed of 6.2%
kcal fat (Teklad Global 2018, Teklad Diets, Madison WI) or a
HFD containing 72% fat (70% kcal fat diet with 2% additional
corn oil; TestDiet, Richmond, IN) for 8 weeks.'* Male and fe-
male mice were used for initial motility experiments and serum
studies. Male mice were used for all other experiments. For
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experiments with dihydroethidium (DHE), we used first gen-
eration of GCaMPé6f mice obtained by crossing female B6J.Cg-
Gt(ROSA)26S0rtM?5-HEAG-GCaMPéHze /N o) (Stock no. 028865)
mice with male B6.129-Nos1tmicreMemi/j (Stock no. 017526)
purchased from the Jackson Laboratories. GCaMPéf green flu-
orescence in nNOS neurons enabled us to readily visualize and
photograph myenteric ganglia in live tissues to analyze DHE.
These mice were fed SCD. Mice were euthanized by exsanguina-
tion after deep isoflurane anesthesia. Contents from cecum and
3 cm long distal ileum (ileocecal contents) were collected from
HFD and SCD mice into sterile 2.0 ml Eppendorf tubes and stored
at -80°C. We used ileocecal contents to get adequate amounts
for motility assays by assuming that peristalsis move contents
from terminal ileum into cecum during death. Cecum contents

constituted over 90% of the contents.

2.2 | Motility assays to determine whether ileocecal
supernatants (ICS) affect intestinal propulsion

Motility assays were conducted using the Gastrointestinal
Motility Monitoring system to record duodenal contractions
and pellet propulsion as previously described.’® Samples were
equilibrated for 30 min. Four baseline videos were obtained dur-
ing intraluminal superfusion with Krebs at a flow rate of 0.5 ml/
min through cannulated duodenojejunal segments (duodenum
+5.0 cm proximal jejunum or entire colon). lleocecal contents
from both male and female HFD and SCD mice were weighed
and subsequently suspended in Krebs at a ratio of 1:100 weight/
volume. We used this ratio for all subsequent experiments. Solid
materials were filtered out with a Whatman filter paper to obtain
non-sterile ICS, which were superfused into isolated intestinal
segments at a similar flow rate and videos recorded. Next, ICS
were sterile filtered with 0.22 um filters and sterile ICS tested
in a similar manner. We tested ICS from male mice on samples
from male mice and tested ICS from female mice on samples
from female mice to avoid potential effects due to gender. The
effect of HFD itself was tested by a suspension of HFD in Krebs.
Duodenal contraction and pellet propulsion velocities were cal-
culated using established procedures.'® See supplementary in-
formation for details.

2.3 | Separating ICS into fractionations by solid-
phase extraction (SPE)

Sterile ICS from male HFD and SCD mice were freeze-dried. Aliquots
were separated by standard SPE fractionation into 100% water frac-
tion (hereafter, SPE1), 20% methanol (SPE2), 50% methanol (SPE3),
and 100% methanol (SPE4) using a previously published proce-
dure.?’ A detailed procedure can be found in the supplementary
information.

2.4 | Separating SPE1 and SPE4 into subfractions
by high-performance liquid chromatography (HPLC)

In pilot assays, SPE1 reduced duodenal propulsive contractions
after 5 min and blocked contractions of cultured duodenal mus-
cularis after 6-12 h. SPE4 did not affect duodenal propulsive con-
tractions after 10 min but reduced muscularis contractions after
24 h. SPE2-3 did not affect duodenal propulsive contractions and
muscularis contractions. Therefore, SPE1 and SPE4 from HFD
and SCD mice were subfractionated by using HPLC into 20 sub-
fractions, each. The information about the equipment, reagents,
and procedure is in the supplementary information. To obtain
enough amounts (1:100 weight/volume) for bioactivity assays,
HPLC subfractions 10 and 11 from the aqueous SPE1 (here after,
ALC10-11) were combined. HPLC subfraction 1 of the methanolic
SPE4 (here after, MLC1) was the only subfraction collected in suf-
ficient amounts for bioactivity assays. Therefore, freeze-dried
SPE1, SPE4 fractions and their respective ALC10-11 and MLC1
subfractions were the only samples analyzed using muscularis
contraction, nerve cell damage, and smooth muscle cells (SMCs)
excitability assays.

2.5 | Identifying whether ICS, SPE
fractions, and their subfractions inhibit
contractions of cultured muscularis preparations

The duodenojejunal and distal colon segments were removed from
male SCD mice post euthanasia and placed immediately in ice-cold
Hepes buffer (mmol LY NaCl, 134; KC1, 6; CaCIZY 2; MgCl,, 1;
Hepes, 10; and glucose, 10; pH 7.4) containing 2% penicillin-strep-
tomycin (all reagents from Sigma, St. Louis, MO, USA). The sam-
ples were opened along the mesenteric border, pin-stretched in
Sylgard-lined Petri dishes, washed with Hepes containing penicil-
lin-streptomycin, and dissected to obtain muscularis externa (here
after muscularis). Approximately, 1 cm long pieces of muscularis
were cultured in Neurobasal A medium supplemented with B27 ac-
cording to manufacturer's instructions (Thermo Fisher Scientific,
Waltham, MA). Samples were cultured in ICS from male HFD mice
(HFD-ICS), or male SCD mice (SCD-ICS), or HFD-SPE1, or SCD-
SPE1. In addition, samples were cultured in HFD-ALC10-11, or
SCD-ALC10-11, or HFD-MLC1, or SCD-MLC1. For control, tissues
were cultured in 0.5 ng mlI™* LPS (L4391), 30 UM sodium palmitate
(P9767), and 20 mM glucose (all from Sigma, St. Louis, MO, USA)
or left untreated. All test substances were solubilized in culture
media and filter sterilized with 0.22 um filters before use. Tissues
were cultured in 24 well plates for 24 h at 37°C, 95% relative hu-
midity and 5% CO, concentration. 30-s long videos were recorded
with a camera-equipped Nikon light microscope (Nikon, Melville,
NY) using the 5x objective lens after 1 h of equilibration (Time 0)
and then 6, 12, and 24 h after adding test substances. Individuals
not aware of treatments analyzed videos by counting the number
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of contractions. Samples were immediately fixed for further anal-
ysis as described below. To measure contractions in distal colon
muscularis, samples were loosely pinned in a tissue bath and cul-
tured. The tissues were then transferred onto an inverted Nikon
Ti-S microscope, washed for 10 min and then equilibrated in Krebs
aerated with 95% O,/5% CO, for 30 min at 36.5°C. Videos of pha-
sic contractions were captured with a Q-Imaging Micropublisher
camera using 10x objective and analyzed by counting the number
of contractions for 1 min.

2.6 | Identifying whether sera from HFD
mice inhibit contractions of cultured muscularis
preparations

Mouse sera were collected by terminal bleed as described previ-
ously® from male and female mice fed HFD or SCD for 8 weeks.
Then, duodenojejunal muscularis were cultured in the presence of
1:50 diluted sera and the effect of sera on the frequency of muscu-

laris contractions was measured as highlighted under Section 2.5.

2.7 | Immunohistochemistry analysis of nerve
cell damage

Tissues were fixed overnight in 4% paraformaldehyde with 0.2% pic-
ric acid and washed in phosphate-buffered saline. Immunostaining
was performed as previously described.® Neuronal nitric oxide syn-
thase (nNOS) was used to localize nitrergic myenteric neurons. An
anti-neuronal nuclear antibody 1 (ANNA1) was used a pan neuronal
marker. TNFa antibody was used to evaluate activation of inflamma-
tion in neurons. Oxidative stress was evaluated with anti-glutathione
synthase antibody (GS). Nitrosative stress was studied with induc-
ible nitric oxide synthase (iNOS) antibody. Tissues were stained with
appropriate secondary antibodies and mounted, photographed, and
analyzed as described previously.® Details about antibodies are in
Table S1. Tissues were photographed using a Nikon DS-Qiz camera
on a Nikon TiE inverted microscope using a 40x objective lens. Areas
of ganglia were measured by tracing around ganglia using Nikon NIS-
Elements software. The numbers of neurons were counted manu-
ally. Density indices were obtained by manually thresholding the
stained areas within a ganglion and dividing it by the ganglionic area.

A detailed procedure is in supplementary information.

2.8 | Determining whether ICS reduce inhibitory
neuromuscular transmission

Approximately 1.5 cm long segments of the proximal distal colon
were dissected to obtain muscularis samples as described previ-
ously.” Then, muscularis samples were treated with HFD-ICS, or
SCD-ICS via Hepes, or left untreated for 6 h, at room temperature.

Solutions were changed after 3 h. An inverted Nikon Ti-S microscope

was used to visualize tissues using 20x objective lens and measured
inhibitory junction potentials (IJPs) in smooth muscle cells (SMCs)
in circular layer by using sharp glass electrodes using established
procedures.”*® See the supplementary information for the detailed

procedure.

2.9 | Identifying whether ICS, SPE1 fractions, and
its ALC10-11 subfractions inhibit the excitability of
smooth muscle cells

Proximal distal colon muscularis were prepared and cultured in the
presence of HFD-ICS or SCD-ICS or HFD-SPE1 or SCD-SPE1 or left
untreated for 6 h as described above. In addition, samples were cul-
tured under similar conditions in HFD-ALC10+11 or SCD-ALC10+11.
Microelectrode recording was used to measure spontaneous slow
wave and action potential activities in SMCs. SMCs health was ana-
lyzed during microelectrode recording and pictures taken with 20x

objective lens and a Q-Imaging Micropublisher camera.

2.10 | Oxidative stress analysis by
dihydroethidium staining

Superoxide levels were measured by quantifying the fluorescence
of the superoxide marker DHE (Life Technologies, Carlsbad, CA)?!
as previously described.?? Briefly, duodenal muscularis from nNOS-
GCaMPé6f mice were cultured for 12 h in HFD-ICS, or SCD-ICS, or
HFD-ALC10-11, or SCD-ALC10-11, or LPS, or left untreated and
then incubated with 2 uM DHE dissolved in DMEM at 37°C for 1 h.
DHE fluorescence levels were quantified in live ganglia after mount-
ing samples and capturing images in 15-20 random fields of view
with a 40x objective lens and Nikon DS-Qiz camera on a Nikon/
Andor Spinning disk microscope. Images were analyzed with Nikon

NIS-Elements software as described previously.®

211 | Quantification of inflammatory cytokines in
culture medium

Duodenal muscularis were cultured in HFD-ICS or SCD-ICS or
LPS or left untreated for 24 h and culture supernatants collected.
Concentrations of inflammatory cytokines were measured using the
multiplex magnetic bead-based immunoassay Luminex system and
Milliplex mouse kits (Millipore, Billerica, MA, USA), according to the
manufacturer's protocol. Data were analyzed using xPONENT 3.1
software (Austin, TX, USA).

2.12 | Statistical analysis

The effects of ICS on propulsive motility and muscle contrac-

tions were normalized by calculating the percentage of response
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compared with basal propulsive velocities or basal muscularis con-
tractions recorded in the same samples. Statistical analyses were
performed using GraphPad Prism 5 (GraphPad software Inc, La Jolla,
CA). A two-tailed unpaired Student's t test was used to compare
means of SCD-ICS and HFD-ICS with means of untreated control
samples. A parametric ANOVA with Tukey's post-hoc test was used
to correct for multiple comparisons when analyzing data from more
than two groups. Data are expressed as mean + standard error mean.
Statistical significance between groups was determined at p < 0.05.

3 | RESULTS

3.1 | lleocecal supernatants from mice fed HFD (HFD-
ICS) cause duodenal and colon dysmotility ex vivo

In motility studies, intraluminal perfusion of sterile and non-sterilized
HFD-ICS from obese male mice with diabetic conditions and female
mice without obesity or diabetic conditions rapidly decreased duode-
nal contractions and colonic pellet propulsion velocities (Figure 1A,B).
SCD-ICS and a suspension of HFD did not affect duodenal or colon
motility. The body weight, glucose, and insulin status of mice used to
collect ICS were reported in a previous publication.’® These results
suggest that intestinal contents of mice fed HFD contain water-solu-
ble antimotility molecules. Undigested HFD ingredients and microbial

cells are not directly responsible for antimotility effects.

3.2 | HFD-ICS inhibit contractions of duodenal and
colon muscularis externa and damage smooth
muscle cells

We next determined the effects of HFD-ICS from male mice on con-
tractions of cultured muscularis from duodenum and distal colon.
Compared with baseline contractions, untreated muscularis were
contracting at a similar rate and had healthy looking SMCs after 24 h
in culture. HFD-ICS completely blocked muscle contractions of both
duodenal and colon muscularis after 12-24 h (Figure 2A,B; Video S1,
Video S2,Video S3,and Video S4). In contrast, SCD-ICS, LPS, palmitate,
LPS+palmitate combined, glucose, and a suspension of HFD in culture
medium (not shown) did not affect muscularis contractions after 24 h.
Additionally, HFD-ICS damaged muscularis cells causing swelling and
some of the cells to fell off after 6-12 h. SCD-ICS did not cause SMCs
swelling after 12 h (Figure 2C). These results suggest that HFD-ICS
have toxic molecules that can disrupt intestinal muscle contractions by
damaging neurons, SMCs, and other cells in the muscularis.

3.3 | Serafrom HFD mice inhibit contractions of
duodenal muscularis

Since the likelihood of anterograde transport is low, we used sera

to test the assumption that toxic molecules in ICS could affect
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FIGURE 1 HFD-ICS induces dysmotility in both duodenum
and colon ex vivo. Duodenal contraction velocities (A) and

colon pellet propulsion velocities (B) were significantly reduced
by HFD-ICS from both male and female mice after 5 min of
perfusion compared with control and SCD-ICS. Filtering ICS
with a 0.22 pm filter, which removed microbial cells and other
cells, did not change ICS effects on motility. Data were analyzed
by one-way analysis of variance followed by Tukey's post-tests
and are expressed as mean + SEM in all figures. Here and here
after, numbers of animals for experiments were 5-10 per group.
Statistical analysis was considered non-significant by p > 0.05.
Statistical significance is denoted by symbols *p showing p < 0.05;
**p showing p < 0.01; ***p showing p < 0.001, and ****p, showing
p value <0.0001

proximal small intestine via circulation. Serum from male and
female HFD mice decreased duodenal muscularis contractions
(Figure S1).

3.4 | HFD-ICS damage duodenal and colon
nitrergic myenteric neurons

We determined whether HFD-ICS from male mice damage nitrer-

gic myenteric neurons because nitrergic myenteric neurons, which
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FIGURE 2 HFD-ICS reduce contractions of small and large intestine muscularis preparations and damage smooth muscle cells (SMCs). After
24 h of culture, HFD-ICS from male mice reduced the number of contractions of muscularis preparations from duodenum (A) and distal colon (B)
when compared to untreated control. SCD-ICS, LPS, palmitate, LPS/palmitate combination, and glucose did not affect muscularis contractions.
Compared with untreated control and SCD-ICS, HFD-ICS caused swelling of SMCs suggesting it damaged these and other cells in muscularis

preparation (C, arrows; 6 h)

are mainly inhibitory motor neurons are readily susceptible to in-
juries elicited by HFD and diabetes in animal models and diabetic
humans.*® After 24 h of culture, duodenal muscularis were fixed
and stained by immunohistochemistry with ANNA1 and nNOS an-
tibodies to label all myenteric neurons and nitrergic myenteric neu-
rons, respectively.??> HFD-ICS reduced the percentage of nNOS

neurons (Figure 3A,B) and nNOS immunoreactivity (Figure S2) in
myenteric ganglia like LPS, palmitate, and LPS/Palm. SCD-ICS did
not affect myenteric nNOS neurons and nNOS immunoreactivity.
These results suggest that there are neurotoxic molecules in the
ileocecal contents of mice ingesting HFD, which damage nitrergic

myenteric neurons.
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FIGURE 3 HFD-ICS reduce the percentage of nNOS neurons in the myenteric plexus in duodenum. The percentage of nNOS neurons
out of the total number of myenteric neurons (labeled with ANNA1) per ganglionic area was lower in samples treated with HFD-ICS from
male mice for 24 h (A), which was similar to samples treated with LPS, palmitate, and LPS/palmitate when compared to untreated control and
SCD-ICS. (B) Sample images showing overlays of nNOS (red) and ANNA1 (green) staining in duodenal myenteric ganglia of untreated control,
SCD-ICS, HFD-ICS, LPS, palmitate, and LPS+palmitate (LPS/Palm.) treated samples

3.5 | HFD-ICS reduce inhibitory neuromuscular
transmission

Diabetic-induced damage and HFD-induced damage to nitrergic
myenteric neurons diminish inhibitory neuromuscular transmis-
sion by decreasing the amplitude and duration of 1JPs in SMCs.”*®
To link HFD-ICS-induced dysmotility and impaired contractility to

disrupted myenteric inhibitory neuromuscular transmission, we

studied the effects HFD-ICS from male mice have on IJPs in cir-
cular SMCs in distal colon muscularis. Compared with untreated
controls and SCD-ICS, HFD-ICS reduced the amplitudes of the
purinergic and nitrergic components of [JPs but did not affect
the overall duration of 1JPs after 6 h (Figure 4A-C). Interestingly,
SCD-ICS increased the durations of |JPs. These observations sug-
gest that HFD-ICS have molecules that impair inhibitory neuro-

muscular transmission to circular SMCs. In contrast, molecules in
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FIGURE 4 HFD-ICS impairs intestinal inhibitory neuromuscular transmission to circular smooth muscle in distal colon. Treatment with
HFD-ICS from male mice reduced the amplitudes of the fast purinergic and slow nitrergic (asterisks) components of IJPs (A, C) but did not
change IJP durations (B) in circular smooth muscle cells in distal colon muscularis. SCD-ICS did not change 1JP amplitudes but increased
durations. (C) Traces of representative 1JPs from untreated control, SCD-ICS, and HFD-ICS treated muscularis

SCD-ICS increase the durations of 1JPs by enhancing the effects
of NO and VIP.

3.6 | HFD-ICS inhibits the excitability of SMCs
in the distal colon

The altered excitability of SMCs contributes to both HFD-induced
dysmotility in animal models and diabetic GI dysmotility in humans.”
However, whether molecules from intestinal contents could have a
role in causing these effects has never been studied. We used in-
tracellular microelectrode recording,24 to determine whether HFD-
ICS from male mice inhibit the excitability of SMCs by measuring
slow wave and action potentials in circular SMCs in the distal colon.
We observed that HFD-ICS depolarized SMCs after 6-12 h of cul-
ture and inhibited the discharge of slow waves and action potentials
(Figure 5A-F). HFD-ICS disrupted the rhythmic firing of slow waves
and action potentials in SMCs, causing prolonged quiescent periods.
HFD-ICS also caused irregular bursting of action potentials on pro-
longed slow wave plateaus, a pattern resembling migrating motor
complexes. Strikingly, the effects of HFD-ICS on the excitability of
colonic SMCs matched the effects of HFD ingestion (Figure 5E,F).

In contrast, SCD ingestion and SCD-ICS did not affect the discharge
of slow waves and action potentials (Figure 5C,D). These findings
suggest that HFD-ICS contain toxic molecules that inhibit the excit-
ability of SMCs.

3.7 | The neurotoxic and antimotility molecules in
HFD-ICS are water-soluble

To chemically isolate and identify the neurotoxic antimotility mol-
ecules in HFD-ICS from male mice, we used bioactivity-guided SPE
fractionation and HPLC subfractionation. This led us to discover that
the aqueous, SPE1 and methanolic, SPE4 fractions from HFD-ICS
mimicked the effects of HFD ingestion by reducing the number of
duodenal contractions. However, SPE1 from HFD-ICS had stronger
potency than SPE4 (Figure S3). Therefore, we used cultured duo-
denal muscularis to determine whether HPLC subfractions 10+11
of SPE1 from HFD mice (HFD-ALC10+11) and SCD mice (SCD-
ALC10+11) inhibit muscularis contractions and damage nitrergic
myenteric neurons. We compared them with HPLC subfraction 1
of SPE4 from HFD mice (HFD-MLC1) and SCD mice (SCD-MLC1).
Like the HFD-ICS and HFD-SPE1, HFD-ALC10+11 entirely blocked
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FIGURE 5 HFD-ICS inhibits the excitability of smooth muscle cells. Compared to SCD-ICS, HFD-ICS from male mice depolarized resting
membrane potentials in circular smooth muscle cells in distal colon muscularis (A) and reduced the frequency of slow waves (B) after 6 h of
treatment. Compared to the rhythmic discharge of slow waves-action potentials from mice fed SCD for 8 weeks (C) and colon muscularis
treated with SCD-ICS (D), both 8-week HFD ingestion (E) and HFD-ICS treatments (F) induced irregular discharge of slow waves-action
potentials. They caused a bursting pattern of slow waves-action potentials and prolonged quiescent intervals

muscularis contractions (Figure 6A; Video S1, Video S2, Video S3,
and Video S4), caused swelling of SMCs (Figure 6B), and reduced
the percentage of nNOS neurons (Figure 6C,D). Additionally, HFD-
ALC10+11 reduced intraganglionic nNNOS immunoreactivity in myen-
teric ganglia after 24 h (Figure S4). Both HFD-MLC1 and SCD-MLC1
did not affect muscularis contractions or the percentage of nNOS
neurons (Figure 6A,C), but reduced the nNOS immunoreactivity per
ganglionic area (Figure S4). Unlike HFD-ALC10+11, SCD-ALC10+11
did not affect muscle contractions, damage SMCs or reduce the
percentage of nNOS neurons (Figure 6A-D), but reduced ganglionic
nNOS immunoreactivity (Figure S4).

Intracellular microelectrode recording24 was used determine
whether HFD-ALC10+11 block smooth muscle contractions by in-
hibiting the excitability of SMCs in circular muscle layer in distal
colon. Like, HFD ingestion and HFD-ICS, HFD-ALC10+11 depolar-
ized and inhibited the excitability of SMCs after 6 h (Figure 6E,F).

Collectively, these results support the view that neurotoxic antimo-
tility molecules in HFD-ICS are primarily water-soluble and can be
isolated by using SPE and HPLC.

3.8 | HFD-ICS do not damage enteric neurons and
smooth muscle via oxidative stress

Oxidative stress is the main factor that causes diabetic enteric neu-
ropathy.* To determine whether HFD-ICS and its HFD-ALC10+11
damaged enteric neurons via oxidative stress duodenojejunal mus-
cularis were cultured in HFD-ICS, or HFD-ALC10+11, or SCD-ICS, or
SCD-ALC10+11, or LPS, or left untreated. One cohort of tissues was
stained with dihydroethidium (DHE).?? Another cohort was fixed
and stained with an anti-glutathione synthase antibody to meas-

ure the expression of glutathione.?>?® We observed that the DHE
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FIGURE 6 Aqueous SPE fractions of HFD-ICS (HFD-SPE1) and its HPLC subfractions (HFD-ALC 10+11) block muscularis contractions
by damaging smooth muscle cells and nNOS neurons and inhibiting the excitability of SMCs. Like HFD-ICS, HFD-SPE1 treatment blocked
duodenal muscularis contractions after 24 h (shown in Figure S3). Like HFD-SPE1, culturing duodenal muscularis in its HPLC subfractions
10+11 (HFD-ALC 10+11) blocked contractions after 24 h (A). Also, similar to HFD-ICS and HFD-SPE1, HFD-ALC 10+11 damaged smooth
muscle cells, evidenced by SMCs swelling after 6 h (B, arrows), and reduced the percentage of nNOS neurons out of the total number of
myenteric neurons labeled with ANNA1 per ganglionic area after 24 h (C). Sample images (D) showing overlays of nNOS (red) and ANNA1
(green) staining in duodenum myenteric ganglia of control, SCD-ALC 10+11, HFD-ALC 10+11, and subfractions of methanolic SPE4 (SCD-
MLC1 and HFD-MLC1) treated samples. Note severe damage and ANNA1 nuclear staining in HFD-ALC 10+11 treated sample. Finally,
like HFD ingestion and HFD-ICS, HFD-ALC 10+11 depolarized resting membrane potentials in circular CSMs in distal colon muscularis
preparations and inhibited the discharge of slow waves and action potentials (E-F, compare with Figure 5A-F)

stained area per ganglionic area was unchanged by the treatments all cells) was also unaffected by all treatments except LPS (Figure S5).
above except LPS, which increased the DHE stained area after 12 h Additionally, the anti-glutathione synthase stained ganglionic area
(Figure 7A,B). The total DHE stained area per field of view (DHE in was not changed by either HFD-ICS or SCD-ICS but was increased
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immunoreactivity) rarely expressed anti-glutathione synthase (red) in duodenal myenteric ganglia of control, SCD-ICS, HFD-ICS, and LPS-
treated samples. LPS increased DHE and anti-glutathione synthase staining suggesting it caused oxidative stress in myenteric ganglia

by LPS (Figure 7C,D). These results suggest that likely toxic mole-
cules in HFD-ICS did not increase oxidative stress in ENS neurons
after 12 h.

3.9 | HFD-ICS damage myenteric neurons via
inflammation and nitrosative stress

Inflammation is one of the major pathways through which diabetic
enteric neuropathy occurs and usually leads to oxidative and/or ni-
trosative stress.?” We analyzed whether HFD-ICS induced inflamma-
tion and nitrosative stress in cultured duodenojejunal muscularis by
measuring inflammatory cytokines and markers (TNFa, IL-6, MCP1,
and PAI-1) in culture medium, and immunohistochemical staining for
TNFa and iNOS after 24 h of culture. Compared with the untreated
control samples and SCD-ICS, HFD-ICS and LPS increased TNFa
concentration in culture medium (Figure 8A). However, unlike LPS,
which dramatically increased IL-6, MCP1, and PAI-1 concentrations,
HFD-ICS did not affect IL-6 (Figure 8B) and MCP1 but decreased the
PAI-1 (Figure S6A,B). SCD-ICS did not affect the concentrations of
TNFa, IL6, and MCP1 but lowered the concentration of PAI-1.

TNFoa immunohistochemistry revealed that TNFa immuno-
reactivity was increased in myenteric ganglia after treatment
with HFD-ICS compared with SCD-ICS and untreated control
(Figure 8C,D). Like LPS, HFD-ICS treated samples had increased
TNFa-immunoreactive neurons, but TNFa-immunoreactivity was
more intense in LPS-treated samples. Similarly, compared with un-
treated control and SCD-ICS, LPS and HFD-ICS appeared to have
more NNOS and non-nNOS neurons expressing iNOS. These data
suggest that HFD-ICS induces TNFa-mediated neuroinflammation

and nitrosative stress.

4 | DISCUSSION

The objective of this study was to determine whether ileocecal
contents from male and female mice fed a HFD (HFD-ICS) contain
molecules that impair intestinal motility by damaging and disrupt-
ing ENS neurons and smooth muscle functions. We observed that
HFD-ICS contains yet to be identified neurotoxic and antimotility
molecules that impair intestinal motility by damaging nitrergic my-

enteric neurons, disrupting inhibitory neuromuscular transmission,



12 0f 15 |

NYAVOR ET AL.

——WILE Y- [ G

(A) (c
80

70 1 ok ok ok
60

50 4

*
Control

40 + —
15+
skokok ok

10 1

TNFa concentration (pg/mL)

Control SCD-ICS HFD-ICS LPS

LPS

—
o
-

8000 - skokskok

S
S
S
S
SCD-ICS

1200
800
400

IL-6 concentration (pg/mL)
-
S

20 1

HFD-ICS

Control SCD-ICS HFD-ICS LPS

Cl

0.0015 = ok

Overlay

SCD-ICS LPS Control

HFD-ICS

4 60 pm

*kk

*k

0.0010

0.0005

Number of TNFa stained
neurons per ganglion area (um)

0.0000 -
Control SCD

T T
HFD LPS

FIGURE 8 HFD-ICS treatment induces the production of TNFa and causes nitrosative stress. After 24 h of treatment, like LPS, HFD-
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with HFD-ICS and SCD-ICS. A summary graph (D) showing that HFD-ICS and LPS increased TNFa immunoreactive neurons compared with

the untreated control and SCD-ICS treated samples

and by damaging SMCs and inhibiting their excitability. LPS, high
glucose levels, and palmitate did not replicate these effects of HFD-
ICS. Inflammation and nitrosative stress likely play key roles in the

cellular mechanisms by which HFD-ICS damages ENS neurons and

smooth muscle. Our initial efforts to identify antimotility and neu-
rotoxic molecules from HFD-ICS led us to discover that the aqueous
SPE1 fraction of HFD-ICS and ALC10+11, two HPLC subfractions
of HFD-SPE1 mimicked the effects of HFD-ICS in blocking muscle



NYAVOR ET AL.

| 13 of 15

contractions, damaging nitrergic myenteric neurons, and inhibiting
the excitability of SMCs. This indicates that the neurotoxic and an-
timotility molecules in HFD-ICS can be isolated. Collectively, these
results support our hypothesis that unknown antimotility and neu-
rotoxic molecules in intestinal contents are involved in causing HFD-
induced and diabetic Gl neuropathy and dysmotility, and the view
that diabetic ENS neuropathy and dysmotility occur before overt
T2D 1415

It is known that ENS neuropathy and motility-related disorders
are complications of T2D* caused by hyperglycemia, dyslipidemia,
oxidative/nitrosative stress, inflammation, advanced glycation
end products, deficiency of neurotrophic factors, and gut micro-
biota t:hanges.(”'ZS'30 However, current studies suggest that ENS
neuropathy and dysmotility are triggered by lipotoxicity caused
by palmitate and other dietary saturated fatty acids, and LPS
from gut microbiota before hyperglycemia, insulin resistance, and
overt T2D.121317.28 gti|| literature is not very conclusive about all
factors that trigger ENS neuropathy and dysmotility in T2D. The
ENS and smooth muscle damaging and motility disruptive effects
of HFD-ICS and aqueous fractions/subfractions from HFD male
mice with T2D phenotype and HFD female mice without diabetic
conditions suggest that antimotility and neurotoxic molecules in
HFD-ICS are produced before insulin resistance. Our results sup-
port the view that factors which trigger ENS neuropathy and dys-
motility originate from intestinal contents and provide evidence
of the existence of unknown soluble neurotoxic and antimotil-
ity molecules in ileocecal contents of HFD mice other than LPS,
palmitate, and glucose.”'? The inhibition of duodenal muscularis
contractions by sera from HFD mice suggests that neurotoxic/an-
timotility molecules from ICS enter into circulation and may have a
role in disrupting epithelial barrier function.3! This supports future
studies to determine whether molecules from the gut have a role
in serum-induced neurotoxicity.?3% However, since sera of HFD
mice have not been characterized, our results must be cautiously
interpreted.

Gl motility disorders in obesity and T2D are caused by ENS dys-
function and subsequent aberrant signaling.34 Furthermore, dys-
motility is associated with thickening and dysfunction of Gl smooth
muscle in both humans and animal models.*”*® These pathologies
cause decreased contractile force and peristaltic dyscoordination
which lead to altered Gl transit time.*?734%¢ The swelling and in-
flammation observed in our study suggest that toxic molecules in
HFD-ICS could be involved in causing thickening and dysfunction of
Gl muscularis. Also, our results suggest that antimotility and neuro-
toxic molecules in HFD-ICS, its HFD-SPE1 and HFD-ALC10+11 are
responsible for triggering disrupted Gl motility by damaging nitrergic
myenteric neurons and SMCs’ causing decreased inhibitory neuro-
muscular transmission (IJPs), NO-mediated interneuronal signaling,
and disrupted excitability of SMCs. In contrast, we postulate that
SCD-ICS prolonged IJP durations by enhanced nitric oxide (NO)
signaling to SMCs.” This is because unpublished observations from
the Balemba laboratory suggest that SCD-ICS appeared to increase
intramuscular nNOS varicosities. Analyzing the effect of HFD-ICS

(T G VV 1 LE Y

and SCD-ICS on NO release from intestinal muscularis is required to
confirm this idea.

We previously showed that HFD ingestion impairs duodenal
motility in male and female mice even though female mice did not
have diabetic conditions.'® In diabetic humans and animals, the
ENS in the proximal intestine is thought to be damaged first lead-
ing to postprandial duodenal hypercontractility.37'38 Increasing
LPS concentration in the colon by enema can evoke inflammation
in the small intestine.®? Therefore, we hypothesized that toxins in
ICS can affect small intestine. The ability to see and count duode-
nal muscularis contractions with unaided eyes inspired us to use
duodenojejunal muscularis to screen ICS and derived fractions to
testit. It has been shown that LPS inhibits intestinal contractions in
rodents but C57BL/6J mice are relatively resistant to LPS-induced
impaired intestinal motility/contractility.*® The observation that
LPS treatment did not disrupt muscle contractions despite induc-
ing inflammation, oxidative stress, and loss of neurons match these
previous findings and suggest a need to include different strains
of mice in future studies.*® Still, the robust differences between
HFD-ICS and molecules that are known to cause damage to ENS
and disrupt motility suggest the presence of novel toxic molecules
in the intestinal content of HFD mice. Future studies will focus on
chemical identification of toxic molecules and the mechanisms by
which HFD-ICS and isolated molecules disrupt neurotransmission
and the excitability of SMCs.

In diabetic ENS neuropathy, necrosis and loss of ENS neurons
are thought to be caused by oxidative/nitrosative stress and neu-
roinflammation.**! LPS and hyperglycemia cause apoptosis of
ENS neurons by activating these pathways.'?>? In this study, it
was evident that HFD-ICS increased TNF-a and nitrosative stress
in neurons, supporting the idea that unknown molecules in HFD-
ICS and SPE1 damage myenteric neurons through activation of
neuroinflammation and nitrosative stress. Our results support
findings showing that colonizing the rectum of healthy germ-free
mice with fecal slurries from conventional mice fed HFD activates
inflammation.*? The fact that HFD-ICS did not affect DHE and GS
was unexpected, because of the significant loss of nitrergic my-
enteric neurons and oxidative stress usually occurs in conjunction
with inflammation.?” We cannot confidently rule out the involve-
ment of oxidative stress in the nerve damage induced by toxic
molecules in HFD-ICS without thoroughly analyzing the time- and
concentration-dependent effects—especially by using isolated
toxic molecules. Further studies are therefore necessary to deter-
mine molecular mechanisms by which HFD-ICS, HFD-SPE1, and
the isolated antimotility and neurotoxic molecules damage ENS
neurons and SMCs. For instance, investigating the role of NF-xB
and Nrf2 pathways, two important pathways that control oxida-
tive stress and inflammation and mediate cellular homeostasis?” is
necessary. Studies focused on the effects of HFD-ICS on cholin-
ergic and other classes of enteric neurons will provide insights into
the mechanism of action.

Could our findings be implicated in the pathophysiology of

other neurodegenerative and smooth muscle ilinesses linked to



14 0f 15 |

NYAVOR ET AL.

WILE Y- G

gut microbiota, mucosal barrier dysfunction, and GI inflamma-
tion? HFD ingestion changes the composition of gut microbiota
and causes intestinal inflammation, disrupted mucosal barrier
function, and LPS endotoxemia.l* It also results in increased Gl
transit, and damage to enteric neurons.®1?!% These abnormal-
ities occur in prediabetes and diabetic patients, and disrupted
mucosal barrier promotes an abnormal passage of luminal sub-
stances into the intestinal wall.**** We recently reported that
HFD-induced changes to gut microbiota composition play a role
in HFD-induced neuropathy and dysmotility.*> Additionally,
changes to gut microbiota composition have been linked to the
production of toxic molecules causing decreased colonic muscle
contractility in irritable bowel disease,*® and visceral hypersen-
sitivity in colicky infants.*” Furthermore, there is an increasing
number of studies providing evidence to link CNS neurologic
diseases, notably autism spectrum disorder, Parkinson's disease,
and Alzheimer's disease to altered gut microbiota and Gl dys-
functions.*®4? Patients commonly manifest by intestinal dysmo-
tility and enteric neuropathy, altered gut microbiota composition,
intestinal inflammation, disrupted mucosal barrier function, and
neuroinflammation.*®5%3! However, toxic molecules from the Gl
lumen are largely unknown. It is likely that neurotoxic and an-
timotility molecules in HFD-ICS and HFD-SPE1 are derived from
altered gut microbial communities*® and can cross the disrupted
mucosal barrier and injure cells in the Gl wall and other body
organs. Whether this is the case in other Gl disorders or CNS
neurologic diseases remains to be determined. Therefore, future
studies to identify toxic molecules from HFD-ICS and superna-
tants from human intestinal contents, and their potential link to

the gut microbiota are crucial.

5 | CONCLUSIONS

In conclusion, our study strongly suggests that HFD ingestion
causes production of unknown antimotility and neurotoxic mol-
ecules in the gut. These molecules are likely produced early due to
changes in the gut microbial community and could have a role in
triggering enteric neuropathy, SMCs injury, and dysmotility, before
the onset of T2D symptoms. These findings highlight the signifi-
cance of identifying specific neurotoxic and antimotility molecules
in ileocecal contents of HFD mice due to their potential essential
role in Gl motility disorders, diabetes, and other diseases associ-
ated with injury to neurons or SMCS. Furthermore, these molecules
can potentially to be used as biomarkers for the early detection of
such diseases. Finally, our results warrant proof-of-concept in vivo
studies in healthy mice and translational analysis of ICS from pre-
diabetic and T2D humans.
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