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Abstract

Obesity is associated to enteric dysfunctions, such as gut dysmotility and neurodegeneration,
potentially involving Toll-like receptor 4 (TLR4) signaling. Therefore, we assessed the impact of TLR4
deficiency on small intestine enteric nervous system (ENS) in a mouse model of high-fat diet (HFD)-
induced obesity.TLR4 and wild-type (WT) C57BL/6] male mice (aged 9+1 weeks) were fed with
standard-diet (SD; 18% kcal fat) or HFD (60% kcal fat) for 8 weeks. ENS sufferance was studied by
real-time qPCR and confocal immunofluorescence microscopy in longitudinal muscle-myenteric
plexus whole-mount preparations. Alterations in gut motility were evaluated by stool frequency,
transit of a fluorescent-labelled marker and isometric motor responses of ileal preparations to
receptor and non-receptor-mediated stimuli. In WT mice, HFD caused delayed gastrointestinal
transit, impairment of both cholinergic- and nitrergic-mediated responses and changes in
concentration-effect curve to exogenous 5-HT. These functional alterations were associated with
disrupted neuroglial network, myenteric neurodegeneration, loss of ChAT* and nNOS* neurons and
increased 5-HT ileal tissue levels. TLR4 deficiency protected against body weight gain and prevented
mostly ENS morpho-functional anomalies following HFD. Our study further supports the
involvement of TLR4 in the modulation of small intestine inflammation and ENS morpho-functional
changes associated with obesity.

Keywords: obesity; toll-like receptor 4; high-fat diet; enteric nervous system; serotonin;
inflammation; neurodegeneration

1. Introduction

High-fat diet (HFD) is a well-established contributor to the development of overweight or
obesity, conditions that currently affect over one-third of the global population and are projected to
exceed 50% by 2030 [1]. Obesity, characterized by an imbalance between energy intake and
expenditure, is a multifactorial and complex disease, associated with chronic, low-grade
inflammation involving multiple tissues, including the gastrointestinal (GI) tract [2,3]. Adipocytes
and adipose tissue-associated macrophages have long been recognized as major sources of pro-
inflammatory mediators, including several interleukins, tumor necrosis factor (TNF), and monocyte
chemoattractant protein 1 (MCP-1) [4]. This pro-inflammatory state is a key driver in the
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development of various comorbidities, such as type 2 diabetes mellitus, cardiovascular diseases,
cognitive decline, dementia and certain cancers [5,6].

Emerging clinical evidence has highlighted a strong association between obesity and chronic GI
disturbances, including gastroesophageal reflux, diarrhea and constipation, which further impair
patients” quality of life [7,8]. Preclinical studies have shown that chronic exposure to HFD leads to
increased intestinal permeability and gut inflammation, impairing the ENS with consequent
disruption of gut motor function [2,7,9,10]. The increased permeability favors the translocation of
bacterial endotoxins, promoting low-grade inflammation and metabolic disorders [11]. HFD alters
the gut microbiota composition, typically marked by an increased Firmicutes-to-Bacteroidetes ratio.
This dysbiotic state has been linked to higher energy harvest from the diet and contributes to obesity
development [12,13]. Conversely, HFD consumption has been shown to affect intestinal transit time,
with some studies reporting accelerated colon transit [14] and others showing delayed transit [13].
These conflicting results suggest that the effects may depend on the duration and composition of the
HFD [14].

Toll-like receptors (TLRs) represent a class of pattern-recognition receptor family that recognize
pathogen- and damage-associated molecular patterns and activate innate immune responses. Among
TLRs, TLR4 induce innate immune responses when stimulated by lipopolysaccharides (LPS), main
component of the outer membrane of Gram-negative bacteria [15,16]. Beyond immunity, TLR4
signaling influences ENS homeostasis and GI function [16,17]. In normal conditions, TLR4" mice
have shown altered gut motility and changes in small intestinal and colonic ENS neuronal
populations [16-20] and to be protected from obesity-induced inflammation and insulin resistance
[21-23]. HFD appears to not affect GI transit and colonic myenteric cell number in TLR4” mice,
highlighting the importance of TLR4 signaling in enteric neuroinflammation and motility
disturbances in diet-induced obesity models [13,21,22,24]. Despite these advances, the impact of HFD
on small intestinal contractility, neurotransmission pathways and integrity of myenteric nervous
system in absence of TLR4 signaling remains still unclear. Elucidating the role of TLR4 in modulating
ENS circuitries in response to dietary fat could enhance our understanding of the mechanisms linking
diet, immune signaling, and GI motility. Such a possibility was addressed in the present study by
short-term 8-week high fat diet-feeding of WT and TLR47 mice. We found that HFD delayed GI
transit, impaired excitatory cholinergic and inhibitory nitrergic neurotransmission and serotonergic
response and metabolism, which were mostly prevented by TLR4 deficiency.

2. Results
2.1. Influence of TLR4 Signaling on HFD-Induced Obese Phenotype

To confirm that HFD consumption recapitulates the classic signs of obesity, we monitored the
body weight gain, blood metabolic parameters and ileal levels of inflammatory mediators in both
genotypes during HFD or SD administration. After 8 weeks, HFD determined a significant body
weight gain in both WT and TLR4+ mice (+28% and +10%, respectively; Figure 1A,B) compared to
that of SD-fed mice. Interestingly, in TLR47 mice the increase in body weight occurred at the week 5
of HFD treatment, whereas in WT mice this increase was observed from the beginning of HFD
exposure. Higher plasma levels of glucose, triglycerides, and cholesterol (+20%, +48% and +40%;
respectively; Figure 1C-E) were found in WT HFD mice compared to the SD group, as previously
reported [25]. In TLR4/ mice, HFD induced a marked increase in triglycerides and cholesterol (+58%
and +25%, respectively; Figure 1C,D) without altering glucose levels (Figure 1E). To investigate
whether HFD consumption might determine gut inflammation, we measured proinflammatory gene
expression in small intestinal mucosa-deprived tissue from 8-week fed SD and HFD mice of both the
genotypes. We found a 1.8-fold, 5.1-fold and 1.1-fold increase in TNFa, IL-1 and IL-6 mRNA levels,
respectively, (Figure 1F-H) in WT HFD mice compared to related SD animals, indicating the presence
of an inflammatory state in the small intestine neuromuscular compartment, as observed previously
in the colon of HFD mice [13,21]. In SD condition, TLR4/ mice exhibited high proinflammatory
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cytokines gene expression compared to WT SD mice, which, surprisingly, resulted not affected by 8-
week HFD (Figure 1F-H).
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Figure 1. Phenotypic changes and inflammation marker levels after HFD-induced obesity. A,B) Body weight
gain in WT (A) and TLR47 (B) mice after 8 weeks of HFD treatment; N=20 mice/group. C-E) Glucose (C),
cholesterol (D), triglycerides (E) plasma levels in WT and TLR4" mice fed with SD or HFD; N=20 mice/group.
F-H) Real-time PCR analysis of TNFa (F), IL-1p (G) and IL-6 (I) mRNA levels in ileal tissues from WT and TLR4
- mice fed with SD or HFD; N=5 mice/group. **P<0.01, ***P<0.001 vs related SD genotype; °°P<0.01, °°°P<0.001
vs WT SD mice.

2.2. TLR4 Signaling Is Involved in HFD-Induced Gastrointestinal Dysmotility

Several studies on HFD animal models have reported that obesity contributes to the
development of constipation, generally observed in obese patients [7]. Therefore, we evaluated the
GI transit as well as the fecal pellet output and related water content to uncover any changes in entire
enteric motor propulsive activity and barrier function. As we previously revealed [16], TLR4/ SD
mice displayed a significant reduction of the geometric center (GC) compared to WT mice (GCwr
sp=6.9 vs GCrira-- sp=6.2; Figure 2A-C) associated to a delayed gastric emptying, decreased fecal
pellets/hour and stool water content (Figure 2D-F). However, only in WT mice HFD prolonged the
Gl transit time, as showed by the marked reduction of the GC compared to SD-fed mice (GCwrsp=6.9
vs GCwr nep=5.5; Figure 2A,C). Furthermore, reduced gastric emptying, stool expulsion frequency
and fecal water content were also observed in WT HFD mice (Figure 2D-F). In both genotypes, HFD
significantly impaired stomach and caecum weight (Figure 3A,B), as well as small intestine and colon
length (Figure 3C,D).
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Figure 2. TLR4 signaling influenced HFD-effects on gastrointestinal motility. A,B) Distribution of the non-
absorbable FITC dextran 70 kDa, reported as % fluorescence + SEM in the individual segments of the digestive
tract (Cec, caecum; Col1-Col3, colon segments; Sb1-Sb10, small bowel segments; Sto, stomach) in WT (A) and
TLR4" (B) mice fed with SD or HFD; N = 10 mice/group. C) Geometric center calculated following the analysis
of the GI transit, reported as median with its percentile; N = 10 mice/group. D-F) Percentage of gastric emptying
(D), total number of fecal pellets expelled in 1-hour collection period (E) and stool water content (F) from WT
and TLR4”- mice fed with SD or HFD; N=10 mice/group. Data are reported as mean + SEM. *P<0.05, **P<0.01,
***P<0.001 vs related SD genotype; °°P<0.01, °°°P<0.001 vs WT SD mice.
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Figure 3. HFD affected gastrointestinal tract morphology. Changes in stomach (A) and caecum (B) weights, as
well as in small (C) and large intestine (D) lengths in WT and TLR4- mice fed with SD or HFD. Data are reported
as mean + SEM. *P<0.05, **P<0.01, ***P<0.001 vs related SD genotype; N=20 mice/group.

2.3. TLR4 Signaling Influences Small Intestine Excitatory Cholinergic Neurotransmission Following 8-Week
HFD

Since HFD exposure delayed the GI transit, we evaluated the excitatory neuromuscular function
of isolated ileal preparations from WT and TLR4-- mice, by analyzing the cumulative concentration-
response curves to the non-selective cholinergic receptor agonist CCh. After 8 weeks of HFD, WT
mice showed a significant downward shift of the concentration-response curve to CCh and a related
significant decrease of the maximum contraction compared to controls mice (Emax=-32%; Figure 4A).
As previously reported by our group [16], TLR47 SD mice exhibited a lower CCh-mediated
contraction compared to WT animals (Figure 4A), which was not altered following HFD treatment.
In both genotypes, HFD-induced obesity caused a significant decrease of EFS-elicited contractions,
as shown by the reduced maximum response at 40 Hz (-42% in WT and +34% in TLR4+; Figure 4B).

In the mouse ileum, EFS-mediated responses to frequencies up to 10 Hz are of neuronal
cholinergic origin, being sensitive to both TTX and atropine[26]. Intriguingly, 10 Hz-EFS-mediated
responses determined a significant reduction of cholinergic contraction only in ileal segments of WT
HFD mice compared to WT SD mice (-33%; Figure 4B), indicative of alterations in enteric cholinergic
neurotransmission. Therefore, we evaluated the immunoreactivity of the enzyme ChAT in the
myenteric plexus of WT and TLR4/ mice (Figure 5), to assess the status of ileal cholinergic network.
HFD administration caused a significant reduction of ChAT immunofluorescence (-14%) and
disrupted architecture of myenteric cholinergic network (Figure 5) only in WT mice compared to WT
SD mice, without any alterations in the TLR4- group, confirming the involvement of TLR4 signaling
in the impairment of cholinergic neuromuscular response.
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Figure 4. HFD impaired the enteric cholinergic excitatory response in WT mice. A) Concentration-response
curves to carbachol (CCh; 0.001 — 100 uM) and (B) neuronal excitatory response induced by EFS (0-40 Hz) in
isolated ileal preparations from WT and in TLR4"-mice fed with SD or HFD. Data are reported as mean + SEM.
**P<0.01, **P<0.001 vs related SD genotype. N=10 mice/group.
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Figure 5. HFD affected the myenteric cholinergic network in WT mice. A,C) Representative confocal
microphotographs [magnification 63x (A) or 20x (C)] showing the distribution of ChAT (green, marker for
cholinergic neurons) and HuC/D (red, pan-neuronal marker) in LMMP preparations from of WT and TLR4-
mice fed with SD or HFD; scale bars = 20 pm (A) or 100 um (C). B) ChAT density index in LMMP preparations
of WT and TLR4"- mice fed with SD or HFD. Data are reported as mean + SEM. ***P<0.001 vs related SD genotype.
N=5 mice/group.

2.4. TLR4 Signaling Affects lleal Inhibitory Nitrergic Neurotransmission During HFD

Considering that the reduced excitatory contraction could be the result of an increased inhibitory
tone, we assessed ileal nitrergic neurotransmission. As previously shown [16], in NANC conditions
EFS at 10 Hz caused a 1.3-fold increase in relaxation sensitive to the iNOS inhibitor 1400W and to the
pan-NOS inhibitor L-NAME in TLR4+ mice preparations whereas in WT segments EFS-evoked
NANC relaxation was almost completely blocked by L-NAME (Figure 6A,B). Upon HFD, WT mice
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displayed a significant reduction in the inhibitory response compared to WT SD mice (by 26+1%;
Figure 6A). The pre-treatment with 1400W determined a slight but not significant reduction of the
NANC-mediated relaxation (Figure 6A). Pre-treatment with L-NAME almost completely blocked
EFS-evoked NANC relaxation in WT mice fed with SD or HFD (Figure 6A). On the other hand, 8
weeks-treatment with HFD determined a significantly reduction of the inhibitory response of TLR4-
- ileal preparations compared to those from TLR4/- SD animals (by 24+2%; Figure 6B). The addition
of 1400W did not change the NANC-mediated relaxation obtained in TLR4/ HFD mice (Figure 6B),
suggesting that TLR4 deficiency protects against the development of a low-grade inflammatory state
caused by HFD, as previously shown in TLR4/ mice [21]. Pre-treatment with L-NAME almost
completely blocked EFS-evoked NANC relaxation of ileal samples from TLR4+/ HFD mice (Figure
6B), reaching an inhibitory response comparable to that found in WT SD mice. TLR4" SD myenteric
ganglia showed a significant reduction of nNOS* neurons (by -26+1%; Figure 6C,E) compared to WT
SD mice. After HFD, the number of nNOS* neurons decreased by 23% in myenteric ganglia of WT
mice (Figure 6C,E), with slight but not significant changes in LMMPs of TLR4+- mice. Moreover, HFD
caused neuronal loss only in WT mice (Figure 6C,D), confirming the results obtained by others in the
large [13,27] and small intestine [28,29].
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Figure 6. TLR4 signaling influenced HFD-induced enteric neurodegeneration, modulating also NO-mediated
relaxation. (A-B) 10 Hz EFS-evoked relaxation in NANC conditions with or without 10 pM 1400 W (iNOS
inhibitor) or 100 uM L-NAME (pan-NOS inhibitor) in ileal segments of WT (A) and TLR4~- (B) mice fed with SD
or HFD; N=10 mice/group. *P<0.05, **P<0.01 vs related SD genotype; °P<0.05, °°P<0.01, °°°P<0.001 vs respective
control in NANC conditions. C) Representative confocal microphotographs showing the distribution of HuC/D
(red) and nNOS (green) and (D,E) analysis of HuC/D* and nNOS* neurons in ileal LMMPs of WT and TLR47-
mice fed with SD or HFD (scale bars = 20 um). Data are reported as mean + SEM. *P<0.05, **P<0.01 , ***P<0.001
vs related SD genotype; °P<0.05, °°°P<0.001 vs WT SD mice.

3.5. HED Affects Enteric Neuroplasticity in a TLR4-Dependent Manner

For assessing the effect of diet on ENS structure we evaluated the number of HuC/D* neurons
and the distribution of the glial markers S100p and GFAP. Higher immunoreactivity and expression
of the glial markers GFAP and S100( are indicative of ENS neuroplasticity and reactive gliosis
[19,20,30]. We have previously shown that, the absence of TLR4 signaling caused a significant
increase of 51003 and GFAP density index, indicative of inflammation in EGCs compared to that
found in WT SD mice (+79+2% and +15+1%, respectively; Figure 7) [20]. Furthermore, TLR4"
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myenteric ganglia showed a significant reduction of the total number of HuC/D* neurons (-12+1%)
compared to WT mice in SD (-9+2%).

HFD administration determined reactive gliosis in WT mice, causing 2.4-fold increase of S1003
immunoreactivity together with 1.2-fold increase of GFAP immunoreactivity, respectively (Figure 5).
In TLR4- mice, HFD appears to normalize enteric gliosis reducing S1003 and GFAP
immunoreactivity (-25+2%, -33+2%, respectively; Figure 7). All together these data suggest an
involvement of TLR4 signaling in the development of small intestine neuro-gliopathy induced by
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Figure 7. HFD-induced obesity determined neuroplastic changes in myenteric plexus architecture of WT
mice. (A,C) Representative confocal microphotographs showing the distribution of HuC/D* (red) neurons and
S100B* (green, A), and glial fibrillary acidic protein (GFAP)" (green, C) glial cells in longitudinal muscle-
myenteric plexus (LMMP) preparations of WT and TLR47 mice fed with SD or HFD (scale bars = 20 pm). (B,D)
Analysis of 51008 (B) and GFAP (D) fluorescence intensity index in LMMP preparations of WT and TLR4- mice
fed with SD or HFD; N=5 mice/group. Data are reported as mean + SEM. **P<0.01 , ***P<0.001 vs related SD
genotype; °°P<0.01, °°°P<0.001 vs WT SD mice.

3.6. TLR4 Deficiency Affects 5-HTergic Neurotransmission Following HFD-Induced Obesity

Considering the impact of 8-week HFD on cholinergic- and nitrergic-mediated neuromuscular
response in WT HFD mice, we decided to evaluate the role of 5-HT in ileal contractility of mice fed
with SD or HFD. Studies in mice and rats have shown that after HFD the level of 5-HT is increased
probably due to an inhibitory effect on food intake and body weight gain [31,32]. In ileal tissues from
TLR4-~ mice, 5-HT levels were significantly higher than in WT mice (Figure 8A). Upon HFD
treatment, 5-HT levels were significantly increased in WT mice but not in TLR47- animals (Figure
8A).It is known that 5-HT activates both intrinsic excitatory and inhibitory enteric motor neurons
[33]. Isolated ileal preparations from WT and TLR4+ mice fed with SD were incubated with increasing
concentrations of 5-HT to obtain a non-cumulative concentration-response curve. As shown in Figure
8B, in WT HFD mice ileal contraction resulted significantly increased following the addition of
exogenous 0.3 uM 5-HT whereas resulted comparable to the response obtained from SD ileal
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segments incubated to higher 5-HT concentrations. In TLR47 mice fed with SD a higher 5-HT-
induced contraction was observed, as shown by the significant upward shift of the concentration-
response curve to 5-HT (Figure 8C). HFD administration determined a significantly reduction of the
5-HT-mediated response compared to TLR4+ SD mice (Figure 8C).
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Figure 8. HFD-induced obesity altered 5-HT-mediated ileal contraction in TLR4” mice. (A) 5-HT levels
measured by HPLC analysis in ileal tissues of WT and TLR4" mice fed with SD or HFD; N=5 mice/group. (B,C)
Non-cumulative concentration response curves to 5-HT (0.3-100 uM) of isolated ileal preparations from WT and
TLR4" mice fed with SD or HFD; N=10 mice/group. Data are reported as mean + SEM. **P<0.01, ***P<0.001 vs
related SD genotype; °P<0.05 vs WT SD mice.

3. Discussion

A diet rich in fatty food is known to determine a chronic systemic mild inflammation causing
changes in gut motility, mainly constipation in humans and animal models, evidenced by slow
intestinal propulsive activity [7,34]. Indeed, the presence of low-grade systemic inflammation
associated with obesity usually involves a complex network of signals, including gut-microbiota-
dependent pathways, which may influence several organs (e.g., brain function, behavior). However,
the causal pathways between obesity, inflammation, neurodegeneration and metabolic disease
remain not completely understood [35]. The 60% lipid content in HFD mimics a contemporary diet
based in a high-fat, low-carbohydrate diet in humans, which determines body weight gain and
dysmetabolic features, characteristic of moderate obesity [13]. Its consumption for more than 4 weeks
showed delayed gastrointestinal transit associated with ganglionic shrinkage, reduced nerve cell
soma, lower number of nitrergic neurons always in the colon, to highlight an association between gut
dysmotility and enteric neuropathy [13,22,25,28,36]. However, the molecular mechanisms underlying
obesity-induced colonic dysmotility and enteric neuropathy are still not fully clarified.

Although the effects of obesity on the central and hormonal control of GI motility have been well
documented in colonic tissues only few studies have explored the effects of HFD and TLR4 deficiency
on ENS activity of the small intestine [7,21,22,25,29]. The small intestine is recognized to own the
largest population of enteric neurons and to be essential for nutrient absorption and immune, neural
and endocrine responses[37]. TLR4 activity is influenced by dietary components: saturated fatty acids
can activate its signaling to mediate inflammatory processes, whereas unsaturated fats may exert an
opposing, anti-inflammatory effect [38]. Several studies on HFD-induced obesity showed that HFD
determines impaired GI transit, increased plasma LPS concentrations and TLR4-mediated release of
proinflammatory cytokines and myenteric neurons apoptosis primarily in the colon [13,22].

In this study, we have characterized, for the first time, the impact of TLR4 signaling in small
intestine ENS morpho-functional integrity in a murine model of 8-week HFD-induced obesity.
Specifically, the novel findings of this study demonstrate that HFD-induced obesity determines in
the small intestine the following effects dependent on TLR4 signaling: (i) delayed GI transit; (ii)
complex abnormalities in enteric neuroglioplasticity; (iii) impaired excitatory cholinergic
neuromuscular responses; (iv) reduced intestinal inhibitory motor tone, partially sustained by

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2222.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2025 d0i:10.20944/preprints202506.2222.v1

9 of 19

enhanced iNOS- and nNOS-derived NO; (v) myenteric neurodegeneration and loss of nNOS*
neurons and (vi) altered 5-HT-mediated neuromuscular response and 5-HT ileal content.

After 8 weeks of HFD WT mice developed obesity together with significant changes in metabolic
indexes (i.e., increase in blood glucose, triglycerides and cholesterol), thus substantiating the
appropriateness of this model as previously shown [6,39]. Although the macroscopic assessment
score did not evidence any substantial difference between the experimental groups, HFD caused
intestinal a low-grade inflammation, manifested by shortening of the GI tract, and increased
expression of TNFa, IL-1(3, and IL-6. Several studies have shown that HFD animals exhibited a higher
expression of pro-inflammatory cytokines (TNF, IL-1(3, IL-6) in intestinal tissues, together with
modified organ morphology, altered mucin biosynthesis and impaired mucosal barrier, suggesting a
key role of obesity in the onset of gut inflammation and altered permeability [21,22,40].

Conversely, only after 5 weeks of HFD TLR4-- mice reached a body weight significantly different
from that one of mice fed with SD, associated to changes in lipid profile and gut morphology
parameters. However, HFD had no effect on glycemia and mRNA levels of mucosa-deprived
proinflammatory cytokines, as previously shown in the colon [21]. HFD caused a marked decrease
in transit time and stool water content in WT mice, with no changes in TLR4"- mice suggesting that
the absence of TLR4 signaling partially protects against the HFD-induced constipation, possibly due
to changes in gut microbiota and ENS activity. TLR4 has, indeed, emerged as an interesting link
between inflammation and insulin resistance. Beside LPS, TLR4 can be activated by saturated free
fatty acids during hyperlipidemic state associated with obesity and secondary to long-term ingestion
of a HFD [23,41]. TLR4 mutations or deficiency have been shown to partially protect against the
detrimental metabolic effect of obesity [23,38,42]. Gut inflammation begins when TLR4 stimulation,
following the binding of its own ligands such as LPS or other PAMPs, determines the activation of
NF-kB causing the production of different cytokines including TNFa and IL-1f3 [4]. Recent studies
have demonstrated that inflammation leads to several changes in the neuron’s circuitry, causing
alterations in the hyperexcitability of neurons, peristaltic reflex, synaptic facilitation, and attenuated
inhibitory neuromuscular transmission, leading to constipation that is one of the main features of
obesity [7,24].

Indeed, we found a marked reduction in the neuromuscular excitatory cholinergic response
following 8-week HFD in WT with no difference in TLR4/ mice. These impairment in cholinergic
neurotransmission could be ascribed to the presence of cholinergic neural sufferance, as shown by
the reduction in ChAT* neurons. Since the loss of ChAT* neurons in proximal colon of mice fed with
HFD have been observed previously [14,25,43], our findings further highlight a critical role of TLR4
signaling in neuronal plasticity as confirmed by the immunofluorescence results.

To characterize the effects of these cholinergic anomalies on neuromuscular contractility, we
evaluated the NANC-mediated relaxation in isolated ileal segments from both genotypes after HFD.
In absence of inflammation WT mice showed an inhibitory response mediated by only nNOS activity,
whereas TLR47 mice had an inhibitory response mediated by both iNOS and nNOS [16]. After
development of obesity, we found in WT mice a reduced inhibitory tone affected by nNOS and iNOS-
produced NO, being significantly different compared to the response in SD condition, suggesting the
presence of a low-grade inflammation and loss of nNOS neurons as previously shown in the
gastrointestinal tract [2,21,28,44]. TLR47 mice fed with HFD showed no changes in the nitrergic
pathways but a reduction of inhibitory response possibly due to other inhibitory pathways [16]. No
change in iNOS expression, even if not significative, has been previously shown in the colon of TLR4-
/- mice fed with HFD [21], to further suggest that changes in the gut microbiota determined by HFD
may play a pivotal role in the induction of LPS-induced inflammatory status in the intestine and may
contribute to the phenotype observed in HFD mice.

In response to injury, stress, or inflammation, EGCs, located in the myenteric ganglia, become
reactive as shown by the upregulation of their markers S100p3 and GFAP [19,20].

In agreement with previous findings [6,10,39], we revealed an increase of 51003 and GFAP
immunofluorescence in WT mice after HFD. Conversely, in TLR47 myenteric ganglia HFD
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determined a marked reduction in GFAP and S100p. These data further support the involvement of
TLR4 pathway not only in the control glial commitment but also in neurodegeneration, both in colon
and small intestine [13,16,20,22].

The role of 5-HT in GI disorders is still controversial and several studies have suggested a
relationship between the serotonergic system, obesity and IBD (Bertrand et al., 2012; Mawe &
Hoffman, 2013). In the ileum of TLR4" mice, 5-HT-evoked contractile response resulted significantly
increase compared to WT mice, associated to higher content in 5-HT in ileal mucosa-deprived
specimens, advocating the presence of an interactive dialogue between the intestinal serotonergic
neurotransmission and TLR4 [19,45,46]. HFD did change only 5-HT ileal tissue only in WT mice,
suggesting the presence of a low-grade gut inflammation as well as affected ileal neuromuscolar
response, to further suggest an involvement of TLR4 signaling in small intestine dismotility in
presence of obesity, as previously shown [31,32].

4. Materials and Methods
4.1. Mice

Experiments were achieved using male TLR4+ (B6.B10ScN-TIr4'ps-d¢l/Jth]) mice aged 9 + 1 week
old and sex- and age-matched wild-type (WT) C57BL/6] mice (Jackson Laboratories, Bar Harbor, ME,
United States). All animals were housed in individually ventilated cages at the Animal Facility of the
Department of Pharmaceutical and Pharmacological Sciences, University of Padova under controlled
environmental conditions (temperature 22°+2°C; relative humidity 60-70%). All animals were
specific pathogen-free and given standard chow diet and tap water ad [ibitum and maintained at a
regular 12/12-h light/dark cycle. All experimental protocols were approved by the Italian Ministry of
Health (authorization n° 1142/2015-PR and 624/2021-PR), the Animal Care and Use Ethics Committee
of the University of Padova and were in compliance with ARRIVE guidelines [47-49] and with
national and European guidelines for the handling and use of experimental animals.

4.2. In Vivo Treatments

To reproduce an obese status, mice TLR4"- and WT were randomly divided in two groups and
fed with a commercial standard diet (SD goup; provided 3.1 kcal/g, with 11% kcal as fats, 24% kcal
as proteins, and 65% kcal as carbohydrates; Altromin International) with a fat-enriched diet (HFD
group; provided 5.1 kcal/g, with 60% kcal as fats, 19% kcal as proteins, and 21% kcal as carbohydrates;
Altromin International;[6,39]. After 8 weeks, animals were killed by cervical dislocation. All the
subsequent experimental procedures were conducted blindly.

4.3. Measurement of Metabolic Parameters

Blood samples were taken from the tail vein of mice exposed to SD or HFD. After 1-hour
starvation, triglycerides, cholesterol and glucose levels were measured using Multicare Insensor (BSI
Srl, Arezzo, Italy), according to the manufacturer’s instructions as described previously [39,50].

4.4. Gastrointestinal Transit Analysis

Fluorescein isothiocyanate (FITC)-labeled dextran (70 kDa; 100 ul of 25 mg/ml in 0.9% saline)
was aministered by gavage to mice [16,26]. After 30 minutes, time needed to the fluorescent probe to
reach the maximal concentration in the small intestine in physiologial conditions[19], mice were
sacrificed, and the whole GI tract from stomach to distal colon was collected, measured and placed
into Krebs solution. The stomach and caecum were weight and analyzed separately while the small
intestine and the colon were divided into 10 and 3 segments of equal length, respectively. Tissue
luminal and fecal contents were centrifuged at 12,000 rpm for 10 minutes at 4°C. FITC-dextran
intensity of each segment was measured using a fluorimeter (Victor, PerkinElmer; Wallac
Instruments, Turku, Finland) at excitation 485 nm and emission at 525 nm. Gastrointestinal transit
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was calculated as the geometric center (GC) of distribution of the fluorescent marker using the
following formula: GC = X (% of total fluorescence signal per segment X segment number)/100 [26,51].

4.5. Stool Frequency and Colonic Emptying

Fecal pellet output and water content was assessed in SD and HFD non-fasted WT and TLR4"
mice. Fecal water content provides an indication of constipation, diarrhea or malabsorption. Each
animal was placed in a clear clean cage and was examined throughout a 60-minute period. The
number of stool pellets extruded per hour (stool frequency) was used as an index of colonic emptying.
Faecal pellets were collected and weighed (wet weight), subsequently dried at 65 °C for 24 h and re-
weighed (dry weight). Water content was calculated from the difference in wet and dry weights and
expressed as a percentage [26].

4.6. Ex Vivo Contractility Studies

Intestinal contractility was examined ex vivo by measuring tension changes on ileal samples
with the isolated organ bath technique as previously described [19,20,26,52]. Distal ileal 1-cm
segments from all experimental groups were isolated and mounted in organ bath containing 10 mL
of oxygenated and heated (37°C) Krebs solution. Changes in ileal mechanical activity were recorded
by isometric transducers (World Precision Instruments, Berlin, Germany) connected to a PowerLab
4/30 data acquisition system using LabChart 8 software (ADInstruments, Besozzo, VA, Italy). Ileal
segments were subjected to an initial tension of 0.5 g and left to equilibrate for at least 45 min to allow
the development of rhythmic spontaneous contractions. At the end of the equilibration period,
preparations were challenged with 1 uM carbachol until stable responses were obtained (Caputi,
Marsilio, Filpa, et al., 2017). To study cholinergic-mediated responses, the ileal segments were
exposed to increasing concentrations of CCh (0.001-100 uM), added cumulatively, to obtain a
concentration-effect curve. Neuronal-mediated contractions were obtained through electrical field
stimulation (EFS, 0-40 Hz; 1-ms pulse duration; 10-s pulse-trains, 40 V) using platinum electrodes
connected to a S88 stimulator (Grass Instrument, Quincy, MA, USA). Neuronal-mediated relaxations
were analysed following EFS in non-adrenergic non-cholinergic (NANC) conditions (20-min
preincubation with 1 uM atropine + 1 uM guanethidine). To evaluate nitrergic-mediated inhibitory
neurotransmission, the effects of 100 uM Nw-nitro-L-arginine methyl ester hydrochloride (L-NAME,
a non-selective nitric oxide [NO] synthase [NOS] inhibitor) or 10 uM 1400W (a selective inducible
NOS [iNOS] inhibitor) were recorded on EFS-induced relaxations in NANC conditions.
Concentration-response curves to 5-HT (0.3-100 uM) were obtained in a non-cumulative manner
[45,53]. Contractile responses were expressed as gram tension/gram dry tissue weight of ileal
segments. Inhibitory motor responses were calculated by measuring the relative area under the curve
(AUC) of relaxations. The trapezoidal rule for planar area was used to obtain AUC values, which
were further normalized to gram dry tissue weight [19].
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4.7. Immunohistochemistry

4.7.1. Ileal Whole Mount Preparations

To assess the influence of HFD on the architecture of enteric neuroglial network, fresh isolated
distal ileum 10-cm segments were rinsed with Krebs solution to remove any contents and fixed in 4%
paraformaldehyde (PFA) in PBS for 2 h at room temperature. After three subsequent 30-minutes
washes with PBS, ileal segments were cut into 0.5-cm pieces opened along the mesenteric border and
placed as a flat sheet to the bottom of Sylgard-coated dishes, with the mucosal side down. Using a
dissecting microscope, longitudinal muscle-myenteric plexus (LMMP) whole-mount preparations
were isolated as previously described [54]. LMMP preparations from all experimental groups were
pinned down on the bottom of Sylgard-coated dishes and washed in PBS with 0.3% Triton X-100
(PBT) for 45 min with gentle shaking. After blocking nonspecific-binding sites with 5% bovine serum
albumin (BSA) in PBT for 1.5 h at room temperature, LMMPs were incubated overnight at room
temperature with primary antibodies (Table 1) diluted in PBT and 5% BSA. The following day,
LMMPs were washed with PBT and incubated for 2 hours at room temperature with the secondary
antibodies (Table 1), diluted in PBT and BSA 5%. LMMP preparations were then mounted on glass
slides using a Mowiol mounting medium (CitiFluor™ Mountant Solution AF1) and stored in the dark
at -20°C until analysis. Negative controls were obtained by incubating sections with isotype-matched
control antibodies at the same concentration as the primary antibody and/or preincubating each
antibody with the corresponding control peptide (final concentration as indicated by the
manufacturer’s instructions). The immunorelated procedures used comply with the
recommendations made by the British Society of Pharmacology [55].

Table 1. Primary and secondary antibodies and their respective dilutions used for immunohistochemistry on

ileal whole-mount preparations.

. . R Catalog
Antibody Host Species  Dilution Number Source
Primary Antisera
(Clone)
Fuc/D Mouse biotin-— 1, A-21272  Thermo Fisher Scientific
(monoclonal) conjugated
nNOS . . N
Rabbit 1:100 61-700 Thermo Fisher Scientific
(polyclonal)
GFAP Chicken 1:100 ab4674 Abcam
(polyclonal)
1
51006 Guinea pig 1:100 ab10353 Abcam
(polyclonal)
ChAT Goat 1:50 AB144P Sigma-Aldrich
(polyclonal)
Secondary Antisera
Ponkey anti-goat IgY - 1:500 A-21432  Thermo Fisher Scientific
Alexa 555-conjugated
Streptavidin Alexa 535- - 1:1000 S21381  Thermo Fisher Scientific
conjugated
Streptavidin Alexa 488- ; 1:1000 S11223  Thermo Fisher Scientific
conjugated
Goat anti-Chicken IgY - 1:1000 A-11039  Thermo Fisher Scientific
Alexa 488 conjugated
Goat anti-Guinea Pig IgG - 1:1000 A-11073  Thermo Fisher Scientific
Alexa 488 conjugated
Goat anti-Rabbit I5G - 1:1000 A-11008  Thermo Fisher Scientific

Alexa 488-conjugated
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4.7.2. Confocal Image Acquisition and Analysis

Images were acquired with a Zeiss LSM 800 confocal imaging system (Oberkoken, Germany)
equipped with a 20x objective or an oil-immersion 63x objective (NA 1.4), as previously described
[19]. Briefly, Z-series images (25 planes) of 512 x 512 pixels were captured and processed as maximum
intensity projections for LMMP whole-mount preparations. All microscope settings were kept
constant for all images. In LMMPs, the analysis of total neurons in myenteric ganglia was performed
by counting the number of HuC/D* cells in 10 randomly chosen images per mouse and normalized
to the area of the ganglia. To evaluate the distribution of nitrergic neurons in ileal myenteric plexus,
the number of nNOS* enteric neurons was blindly counted and normalized as described
before[16,26]. Fluorescence intensity (density index) of GFAP, 5100 and ChAT was determined in
LMMP whole mount preparation by measuring the fluorescent intensity for each antigen in 10 images
captured randomly in the ileal neuromuscular compartment per mouse (N = 5 mice/group), as
previously reported [20,26,56]. The intensity of staining for each antibody was expressed as the
density index of labeling normalized per myenteric ganglion area and was reported as mean + SEM.
All image analyses were performed using Image]J (Fiji) Version Number 1.54i.

4.8. RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from mice mucosa-deprived small intestine samples with TRIzol
(Invitrogen, Carlsbad, CA, USA) and treated with DNase I (DNase Free, Ambion) to remove possible
traces of contaminating DNA. Two pg of total RNA was retrotranscribed using the High-Capacity
cDNA synthesis kit (Applied Biosystems, Life Technologies, Grand Island, NY, USA). Quantitative
RT-PCR was performed on the QuantStudio 3 Real-Time PCR Systems (Thermo Fisher Scientific,
Carlsbad, California) with Power Sybr Green Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) following manufacturer’s instructions. Primers were designed to have a similar
amplicon size and similar amplification efficiency as required for the utilization of the 2-AACt method
to compare gene expression [56], using Primer Express software (Applied Biosystems, Foster City,
CA, USA) based on available sequences deposited in public database. Primer sequences are the
following: IL-6 (F 5-TAGTCCTTCCTACCCCAATTTCC-3’; R 5-TTGGTCCTTAGCCACTCCTTC-
3); IL-1p (F 5-GCAACTGTTCCTGAACTCAACT-3; R 5-ATCTTTTGGGGTCCGTCAACT-3);
TNFa (F 5-CCCTCACACTCAGATCATCTTCT-3’; R 5-GCTACGACGTGGGCTACAG-3). For
quantitative RT-PCR, a final concentration of 500 nm for each primer was used and experiments were
performed in at least seven different biological samples for each experimental group (n=5), as
previously described [57]. 2-44¢t values obtained from the comparison between normalized Ct values
of HFD-treated samples with those obtained from SHAM were used to evaluate the effect of HFD-
induced obesity on the expression of pro-inflammatory cytokines.

4.9. High-Performance Liquid Chromatography (HPLC) Analysis of 5-HT Levels

Ileal 5-HT level was analysed on tissue homogenates by HPLC, as pre viously described [19].
Briefly, freshly isolated ileal segments were immersed in liquid nitrogen and pulverized in a cooled
stainless mortar containing 1 N HCIOs (0.5 ml). The homogenates were then sonicated with an
Elmasonic S30 sonica tor (Elma, Singer). After centrifugation (13,000 g for 30 min at 4°C), the
supernatants were stored at 80C until HPLC analysis, whereas the pellets were dissolved in 1 N
NaOH and boiled for 20 min at 60°C and then centrifuged at 15,000 g for 10 min at 4C. The isolated
supernatants were used for protein determination. The supernatants were brought to about pH 4-5
with 1 N NaOH and analysed using a HPLC system (Shimadzu LC-10AD, Italy) equipped with a
fluorometric detector (Shimadzu RF-10AXL) set at the excitation and emission wavelengths of 285
and 345 nm, respectively. Briefly, chromato graphic separation of tryptophan metabolites was
performed using an analytical Apollo EPS C18 100A column (5 um; 250 4.6 mm; Grace, Deerfield, IL,
USA) and an Alltech guard column with stationary-phase RP-8 (25 to 40 um LiChroprep; Merck
Darmstadt). Kynurenine analy sis was carried out on an analytical Grace Smart RP-18 column (5 pmy;
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250 4.6mm; Grace) using an ultraviolet-visible (UV-Vis) detector (SPD-10A, Shimadzu), set at 360
nm. The mobile phases were as fol lows: Phase A, 95% acetonitrile-5% water, and Phase B, 90% water
5%methanol (pH 3.8). The analyte elution was performed with an iso cratic gradient (5% Phase A and
95% Phase B, v/v) at 1 mlmin 1 flow rate.

4.10. Chemicals

Unless otherwise specified, all chemicals were obtained from Sigma—-Aldrich (Milan, Italy) and
were of the highest commercially available analytical grade. PFA and mounting solution (Citifluor
AF1) were purchased from Electron Microscopy Sciences-Societa Italiana Chimici (Rome, Italy), and
Triton-X-100 was obtained from Applichem (Milan, Italy). All drugs for in vitro contractility studies
were dissolved in Milli-Q water.

4.11. Statistical Analysis

All data are expressed as mean + SEM except for the geometric centre, which is presented as
median and range (minimum-maximum). All the results were analyzed by investigators blinded to
the treatments using GraphPad Prism software Version 8.4 (San Diego, CA, USA). Animals were
randomly divided into four experimental groups. The distribution of data was tested with the
Shapiro-Wilk normality test. Statistical significance was calculated with a paired or unpaired
Student’s t test for two-sample comparisons, a two-way analysis of variance (ANOVA) followed by
a Bonferroni post hoc test for multiple comparisons, or the non-parametric Mann-Whitney U-test for
independent variables.

The differences between groups were considered significant when P<0.05; ‘N’ values indicate
the number of animals. Post hoc tests were run only if F achieved P<0.05 and there was no significant
variance inhomogeneity. The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in pharmacology [47,49].

5. Conclusions

The intricate pathogenesis of enteric neuropathy in obesity arises from the interplay of multiple
factors, which must be identified and evaluated as potential pharmacological targets. Overall, our
findings underscore the critical role of TLR4 signaling in mediating the deleterious effects of a high-
fat diet on the morpho-functional integrity of the ENS. A deeper understanding of the neuroimmune
interactions within the gut will be the key to developing more effective therapeutic strategies and
facilitating the translation of preclinical findings into clinical applications.
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The following abbreviations are used in this manuscript:

5-HT Serotonin

CCh Carbachol

ChAT Choline acetyltransferase
EFS Electric field stimulation
EGCs Enteric glial cells

ENS Enteric nervous system
GFAP Glial fibrillary acidic protein
HFD High-fat diet

iNOS Inducible NOS

LMMP Longitudinal-muscle myenteric plexus
nNOS Neuronal NOS

SD Standard diet

TLRs Toll-like receptors
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