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1. INTRODUCTION
1.1. The enteric nervous system: Basic structure and function

The term “enteric nervous system” (ENS) was first introduced in the early 20™
century by the British physiologist John N. Langley as one of the three distinct divisions
of the autonomic nervous system: sympathetic, parasympathetic, and enteric nervous
system (Langley 1921). The ENS refers to the extensive intrinsic neuronal innervations
within the gastrointestinal wall, spanning from the oesophagus to the anus (Gabella 1990).
Although these neurons have been thought to have originated solely from the neural crest
during embryogenesis, new evidence revealed the involvement of cells derived from the
endoderm and mesoderm (Brokhman et al. 2019, Subhash et al. 2023). The number of
enteric neurons is close to the number of neurons in the spinal cord and therefore
corresponds to the size and complexity of the species. For instance, adult humans have
200-600 million neurons in their ENS, while mice enteric neurons are estimated to be
around 1.2 million (Furness et al. 2014, Michel et al. 2022). These neurons aggregate
together (with the nourishing glial cells) into discrete units that are interconnected by
bundles of nerve processes forming ganglionated plexuses. The two main ganglionated
plexuses that give rise to the ENS are the myenteric plexus (Auerbach’s plexus) and the
submucous plexus (Meissner’s plexus). The myenteric plexus lies between the
longitudinal and circular smooth muscle layers of the intestinal muscularis externa and
mainly regulates gut motility. The submucous plexus is embedded within the submucosa
and works as a regulator for secretion, blood flow, and mechanosensory functions (Figure
1, Furness & Costa 1980).

Due to its location within the gastrointestinal layers, the ENS is in constant
interaction with different parts of the gastrointestinal tract including gut microbiota
(Hyland et al. 2016). Therefore, the ENS has developed a complex system of dynamicity
that not only regulates digestive function but also has key roles in regulating the immune
system through the communication with gut microbiota. The ENS also communicates
with the central nervous system through the vagus nerve and together with the gut
microbiota form the so-called microbiota-gut-brain axis (Carabotti et al. 2015). However,
the ENS is able form neural circuits that can still function even in the absence of central
innervations (De Giorgio et al. 1996). This is due to the presence of intrinsic primary
afferent neurons (IPANs) that can sense the physical and chemical states in the gut lumen.

IPANs transduce gut stimuli into other sensory, motor, and interneurons to exert their



response function, forming an independent neural microcircuit of the gut which is referred
to as the second brain (Furness 2000, Avetisyan et al. 2015). Within this neural
microcircuit, diverse populations of neurons exist that differ in their morphology,
neurochemical phenotypes, and consequently their function (Wood 1994, Furness 2000,
Hansen 2003). The percentage of the different neuronal populations also varies from one
intestinal segment to another in health as well as in different pathological conditions (Bo

et al. 1999, Badi et al. 2019, Bagyanszki & Bodi 2023).
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Figure 1. Enteric ganglia within the gut layers. The main ganglionated plexuses are myenteric and submucous
plexuses. The myenteric ganglia are larger and contain more neurons compared to those in the submucosa (Furness &
Costa 1980).

1.2. Morphological classification of enteric neurons

Contemporary classification of enteric neurons based on their morphology relies
significantly on the contribution of Alexander Dogiel (Dogiel 1895, 1896, 1899). In his
work, he observed the different structural characteristics of neurons such as neuronal
soma size and shape, dendritic number and size, axonal number, as well as the direction
of projections, and used these to classify enteric neurons into three types, known as;
Dogiel type I, II, and III (Figure 2, Dogiel 1899). Over the last three decades, many

scientists refined and advanced these classifications to extend beyond Dogiel’s earlier



work, however, his main classification still encompasses many neurons to date (Furness
2000).

Dogiel type I neurons are multidendritic, uniaxonal with flattened, stellate, or
angular soma (Figure 2, black arrowhead). These neurons were further subcategorized
based on their dendritic shapes into stubby, spiny, or hairy (Brehmer 2021). Apparently,
this category contains a variety of functional types such as excitatory and inhibitory motor
neurons as well as interneurons (Brehmer et al. 1999).

Dogiel type Il neurons are multiaxonal with large oval or round soma. This type
can have dendritic or adendritic form (Figure 2, asterisk refers to adendritic form).
Neurons of the adendritic form have similar projections in pig, guinea pig, and rat small
intestine myenteric plexus. One of the axons extends into the mucosa, while the others
run circumferentially within secondary strands of the myenteric plexus. These neurons
are largely considered to be IPANs (Brehmer et al. 1999).

Dogiel type 11l neurons were described as uniaxonal with long dendrites that are
radially arranged which branch and end within the ganglion of origin (Figure 2, white
arrowhead). “Tapering” dendrites describes their arrangement where they become thinner
towards their ending. In pig small intestine, some type III neurons were found to be
intrinsic or intestinofugal interneurons (Brehmer et al. 1999) and others were nitrergic
neurons (Timmermans et al. 1994, Brehmer & Stach 1996). Due to these variations in the
function of enteric neurons within the same morphological category among different
species, neurochemical phenotypes of neurons are indispensable to identify the neurons’

function (Brehmer et al. 1999).

Figure 2. Representative micrograph of a myenteric ganglion from pig jejunum with silver impregnation
displaying different Dogiel types neurons. The strongly impregnated (black-brown stained) neurons represent Dogiel
type I neuron (black arrowhead), adendritic Dogiel type II neuron (asterisk), and Dogiel type III neuron (white
arrowhead). Scale bar: 50 um (Brehmer et al. 1999).



1.3. Functional and neurochemical classification of enteric neurons

There are three main functional types of enteric neurons within the ENS: motor,
sensory, and interneurons. The different functional types of neurons usually possess
distinct neurochemical coding which determines their main neurotransmitters (Figure 3,

Furness 2000, Rao & Gershon 2016).
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Figure 3. Functional types of enteric neurons required during peristalsis. Luminal distention triggers direct
activation of mechanoreceptors in the mucosal axons of intrinsic primary afferent neurons (IPANs), as well as indirect
activation of [IPANs through serotonin (5-HT) release by enterochromaffin cells (ECs). IPANs in turn activate ascending
and descending interneurons, resulting in the stimulation of excitatory and inhibitory motor neurons, respectively.
Motor neurons cause oral contraction and anal relaxation of intestinal smooth muscle, resulting in the propulsion of
luminal contents into the proximal-distal direction. ACh refers to neurons that contain acetylcholine. SP refers to
neurons that contain substance P. Enk refers to encephalin-expressing ascending interneurons. NO and VIP indicate
inhibitory motor neurons secreting nitric oxide and vasoactive intestinal peptide. pNAD refers to inhibitory motor
neurons secreting the purine, B-nicotinamide adenine dinucleotide. Secretomotor and vasomotor neurons of
the submucosal plexus secrete ACh or VIP (Rao & Gershon 2016).



Cumulative research based on the guinea pig and mice ENS identified and
classified different functional types of enteric motor neurons that control gut motility and
secretomotor function. These include excitatory and inhibitory muscle motor neurons,
secretomotor/vasodilator motor neurons, secretomotor non-vasodilator motor neurons,
and motor neurons innervating enteroendocrine cells (Furness 2000, Bagyanszki et al.
2012). Excitatory motor neurons are present along the gut axis and innervate both
longitudinal and circular muscle layers. These neurons are immunoreactive to choline
acetyltransferase (ChAT) and to tachykinins such as substance P and neurokinin A. On
the other hand, inhibitory motor neurons encode for neuronal nitric oxide synthase
(nNOS) enzyme which produces nitric oxide (NO) to relax smooth muscle cells. Other
co-transmitters existing in the inhibitory motor neurons include vasoactive intestinal
peptide, pituitary adenylate cyclase-activating peptide, gamma-aminobutyric acid, and
adenosine triphosphate (Furness 2000). The different combinations of these co-
transmitters give rise to different neuronal subpopulations in the ENS. Although NO is
considered as the main neurotransmitter in the inhibitory motor neurons, studies of nNOS
blockade or NO scavenging showed only partial blockade in this type of neurons (Furness
2000).

Sensory reflexes within the gut are mediated via extrinsic and intrinsic afferent
neurons. From the two types of extrinsic primary afferent neurons, one has cell body in
the dorsal root ganglia, while the other one is located in the vagal sensory ganglia and
both project to the gut. Cell bodies of intrinsic afferent neurons are situated within the
ENS and represent intestinofugal neurons and IPANs (Furness et al. 2004). IPANs relay
physiological stimuli including mechanical and chemical changes from the gut lumen to
the surrounding neurons within the ENS (Furness et al. 2004). IPANs are multiaxonal
with oval or round soma and therefore they are morphologically classified as Dogiel type
IT neurons. This type of neuron exists in both myenteric and submucous plexuses, with
some of the IPANSs in the myenteric plexus having their axons projecting to the lumen in
addition to the projections existing between the two plexuses. This explains their role as
core transducers in different gastrointestinal reflexes across the different layers of the gut.
Most of the myenteric [IPANs were found to be immunoreactive for both calretinin and
calcitonin-gene related peptide (CGRP), a marker for sensory neurons (Sayegh & Ritter
2003, Mitsui 2009, Hibberd et al. 2022). CGRP exist in two isoforms, a-CGRP and B-

CGRP, which are found in the central and the peripheral nervous systems, respectively



(Russell et al. 2014). As a neurotransmitter, CGRP mediates intrinsic motility reflexes and
was found to be involved in immune regulatory mechanisms (Grider 1994, Wu et al.
2022). On the other hand, IPANs present in the submucous plexus ofrat colon are negative
to CGRP but immunoreactive to substance P and calretinin (Mitsui 2010). Additionally,
the majority of submucous IPANs are also immunoreactive to neurokinin-1 receptor and
about half of them are immunoreactive to prostaglandin EP3 receptor (Mitsui 2010). Other
types of sensory neurons with Dogiel type I morphology have been observed to be
mechanosensory neurons in the distal colon of guinea pig (Spencer & Smith 2004).
Interneurons are key components of the ENS and function as intermediaries
between sensory and motor neurons and can have either oral (ascending) or aboral
(descending) projections (Costa et al. 1996, Furness 2000). Ascending interneurons are
found in the myenteric plexus and classified as Dogiel type I neurons. In the guinea pig
small intestine, ascending interneurons use acetylcholine in their synaptic
neurotransmission but are also immunoreactive to calretinin, substance P, neurofilament,
and enkephalin (Brookes 2001). On the other hand, descending interneurons vary more
in function, neurochemistry, and morphology. In addition to ChAT, they are found to be
immunoreactive for nNOS and vasoactive intestinal peptide, somatostatin, or serotonin,
indicating that local reflexes of descending interneurons are not completely cholinergic
(Furness 2006). Descending interneurons that are immunoreactive to serotonin participate
in descending excitatory reflexes, while nNOS-immunoreactive interneurons are

associated with descending inhibitory reflexes (Furness 2000, 2012).

1.4. Diabetes mellitus

Diabetes mellitus refers to a chronic, glucose metabolic disorder accompanied by
long-lasting hyperglycaemia (Harreiter & Roden 2019). Diabetes is classified mainly into
type 1, type 2, and gestational diabetes. Type 1 diabetes (T1D) is an autoimmune disease
in which autoreactive T cells specifically target the insulin-producing 3 cells in the islets
of Langerhans (Gillespie 2006). The destruction of B cells leads to a lack of insulin
production which results in hyperglycaemia. In type 2 diabetes (T2D), hyperglycaemia
develops due to either insufficient insulin production or insulin resistance. The latter is
more common and can be the result of a state of metabolic syndrome. On the other hand,
gestational diabetes refers to hyperglycaemia that develops during pregnancy that may or

may not resolve after pregnancy (Nolan 2011).
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Chronic hyperglycaemia commonly leads to short-term manifestations and the
progression of long-term complications (Harreiter & Roden 2019). Short-term
manifestations include polyuria, increased thirst and hunger, and sudden weight loss.
Prolonged hyperglycaemia may develop microvascular and macrovascular
complications. Microvascular complications occur when hyperglycaemia affects small
blood vessels supplying the eyes, kidney, and peripheral nerves which result in
retinopathy, nephropathy, and neuropathy, respectively (Horton & Barrett 2021).
Peripheral neuropathy commonly affects patients with chronic diabetes and can be in the
form of numbness, paraesthesia, pain in the distal lower extremities, or a combination of
these. Diminished nociception is the most detrimental form of peripheral neuropathy due
to the risk of developing foot ulcer which could require amputation if left untreated
(Peltier et al. 2014). Macrovascular complications arise from atherosclerosis and
hypercoagulation which increase the risk of developing different cardiovascular disease,
coronary artery disease, cerebrovascular disease, and stroke (Fowler 2008).

The mechanisms underpinning the pathological effects of hyperglycaemia involve
a significant increase in oxidative stress and the activation of pro-inflammatory cascades
(Maritim et al. 2003, Alexandraki et al. 2008). Precisely, high glucose levels activate
metabolic pathways involved in mitochondrial production of reactive oxygen species
(ROS), such as hexosamine, polyol, protein kinase C, and advanced glycation end
products pathways (Figure 4, Sandireddy et al. 2014). Released advanced glycation end
products bind to their receptor leading to the production of ROS and the activation of pro-
inflammatory pathways. Eventually, this mediates endothelial or neuronal inflammation
which may later progress into apoptotic or necrotic cell death (Figure 4, Sandireddy et al.
2014). These processes may vary among the different types of diabetes and depending on
the presence of any predisposing genetic or environmental factors. For instance, in T2D
endothelial dysfunction is aggravated by the presence of dyslipidaemia where low-density
lipoprotein is a target for oxidation and occlusion of blood vessels leading to
atherosclerosis (Fowler 2008, Katakami 2018). In T1D, mitochondrial DNA released
from the pancreas due to B-cell death was found to contribute to endothelial damage

through the activation of inflammasomes (Pereira et al. 2020).
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Figure 4. Pathways involved in hyperglycaemia-induced diabetic neuropathy. Hyperglycaemia activates several
metabolic pathways including polyol, PKC, AGE, and hexosamine pathways. These are integrated through
hyperglycaemia-mediated mitochondrial ROS production. Oxidative stress and these classical pathways in combination
activate transcription factors such as NF-«B and SP-1, which lead to neuroinflammation and vascular impairment.
(PKC: protein kinase, NF-kB: nuclear factor kappa enhancer of B cells, AGE: advanced glycation end products, ROS:
reactive oxygen species,SP-1: specialty protein-1, ERK: extracellular related kinase, TNFa: tumour necrosis factor a,
IL-6: interleukin-6, iNOS: inducible nitric oxide synthase, COX-2: cyclooxygenase-2, TGF-f: transforming growth
factor-p, PAI-1: plasminogen activator inhibitor-1, RAGE: receptor of advanced glycation end products, MAPK:
mitogen-activated protein kinase, NADPH: nicotinamide adenine dinucleotide phosphate, GSSG: glutathione disulfide,
GSH: glutathione, PARP: Poly-adenosine diphosphate ribose polymerase, ATP: adenosine triphosphate) (Sandireddy
et al. 2014).

1.5. Diabetic gastroenteropathy

Diabetic patients commonly suffer from gastrointestinal symptoms that decrease
the quality of life even under controlled glycaemic conditions (Yarandi & Srinivasan
2014). These symptoms are mostly related to dysfunction in gut motility and include
nausea, bloating, gastroparesis, abdominal pain, diarrhoea and constipation (Figure 5,
Yarandi & Srinivasan 2014).

In the oesophagus, aberrant peristaltic movement and dysfunction of the lower
oesophageal sphincter were reported in diabetic patients consequently leading to delayed
oesophageal motility and gastro-oesophageal reflux disease, respectively (Kinekawa et

al. 2001, Nishida et al. 2004).
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In the stomach, early stages of diabetes are likely to be associated with rapid
gastric emptying compared to delayed gastric emptying and gastroparesis reported at later
stages (Takahashi 2003, Camilleri 2007, Choi et al. 2007). Other gastric symptoms
suffered by diabetic patients are early satiety and dyspepsia which are attributed to
impaired relaxation of gastric fundus (Samsom et al. 1998, Yarandi & Srinivasan 2014).
Regarding the intestinal tract, both constipation and diarrhoea are reported and the exact
effect of diabetes on the function of the small and large intestines is still under

investigation (Figure 5, Yarandi & Srinivasan 2014).
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Figure 5. Gastrointestinal dysfunction under diabetic conditions. Diabetes can have detrimental consequences on

all parts of the gastrointestinal tract most of which are related to motility. GERD: gastro-esophageal reflux disease,
LES: lower esophageal sphincter (Yarandi & Srinivasan 2014).

The pathogenesis of these intestinal dysmotility symptoms is very compact and
multifactorial in which the ENS is highly affected and occupies a central target that
interacts with the surrounding microenvironment, gut microbiota, intestinal immune
system, and blood circulation (Figure 5, Yarandi & Srinivasan 2014). Specifically, the
myenteric plexus innervating the intestinal smooth muscle layers is severely affected
under diabetes compared to the submucous plexus (Izbéki et al. 2008, Miller et al. 2008).

Hyperglycaemia affects the distinct populations of neurons differently; some
myenteric neurons undergo degeneration, others change their neurochemical coding,
while some neurons stay intact (Chandrasekharan & Srinivasan 2007). This highlights the

importance of distinct neuronal subpopulations under diabetic changes. Since bowel
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motility is the most deteriorated function, research has focused on studying the changes
in the enteric motor neurons under diabetes. It is well demonstrated that inhibitory motor
neurons are more severely affected by diabetes than excitatory neurons (Chandrasekharan
& Srinivasan 2007).

However, these changes were inconsistent along the intestinal tract. For instance,
in a chronic diabetic rat model, myenteric nitrergic neurons (inhibitory motor or
interneurons) are degenerated in the jejunum, ileum, and colon, while presumably they
only had undergone neurochemical changes in the duodenum manifested by a reduction
in the nitrergic neuronal number without any change in the total neuronal number (Izbéki
et al. 2008). Moreover, nitrergic neuronal remodelling itself can affect gastrointestinal
motility patterns by disrupting the ratio between excitatory and inhibitory neurons within
the ENS (Chandrasekharan & Srinivasan 2007). Therefore, the molecular mechanisms
behind myenteric nitrergic neuronal degeneration or remodelling under hyperglycaemic
conditions have received special attention in the last three decades (Cellek 2004,
Chandrasekharan & Srinivasan 2007, Izbéki et al. 2008, Bodi & Bagyanszki 2020).

Intestinal segment-specific factors in the neuronal environment fundamentally
determine the diabetic fate of enteric neurons (Figure 6, Bagyanszki & Bodi 2023). It is
well demonstrated that chronic hyperglycaemia induces oxidative stress through the ROS
production the imbalance between pro- and anti-oxidative mechanisms which ultimately
lead to the induction of inflammatory cytokines in the enteric neurons and their
microenvironment (Chandrakumar et al. 2017, Malik et al. 2018, Bodi et al. 2021).
Moreover, it has been shown that the compositions of luminal and mucosa-associated gut
microbiota are altered under diabetic conditions in a region-specific manner (Wirth et al.
2014, Malik et al. 2018, Wirth et al. 2021). The invasion of pathogenic bacteria together
with disrupted intestinal barrier, contribute to the activation of pro-inflammatory
mediators in the mucosa which is seen under hyperglycaemia (Thaiss et al. 2018). These
changes can be sensed and transduced to the neurons in the submucous and myenteric
plexuses through IPANs (McVey Neufeld et al. 2015). Moreover, the activation of enteric
glia under these conditions gives further mechanisms by which the neuro-immune

interplay takes place (Figure 6, Luo et al. 2018, Bagyanszki & Bo6di 2023).
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Figure 6. Key elements that determine the gut region-specific neuronal microenvironment. The enteric neurons

Gut region-specific
environment of enteric neurons

are surrounded by a rich and dynamic microenvironment that encompasses various types of cells including enteric glial
cells, interstitial cells of Cajal, intestinal vasculature and epithelium, enteroendocrine cells, intestinal microbiota, and
immune cells together with the critical balance of pro-oxidants and antioxidants and extracellular matrix molecules
leading to a strictly regional environment of enteric neurons under diabetic conditions (Bagyanszki & Bodi 2023).

1.6. Inflammatory cytokines in type 1 diabetes

Cytokines are a broad category of glycoproteins with small molecular weight (<
30kDa) which generally mediate interactions between cells of the immune system. These
include interferons, interleukins, the chemokine family, mesenchymal growth factors, the
tumour necrosis factor family and adipokines (Dinarello 2007). In T1D, inflammatory
cytokines are key players in pancreatic autoimmune inflammation and B-cell destruction,
and also contribute to diabetic gastrointestinal manifestations such as enteric neuropathy
and motility disturbances, (Butkowski & Jelinek 2017, Malik et al. 2018). Diabetes-
related enteric neuropathy may be a result of the upregulation of pro-inflammatory
cytokines during diabetes. However, inflammatory cytokines may exhibit non-
inflammatory roles on neurons such as exerting neurotrophic effects, inducing
neuroplasticity, as well as altering neuronal excitability (Schifers & Sorkin 2008,

Gougeon et al. 2013).

1.6.1. The role of tumour necrosis factor a

Tumour necrosis factor a (TNFa) is a potent cytokine that can trigger a variety of
pro-inflammatory responses (MacEwan 2002a). It is mainly produced by activated
macrophages and T lymphocytes but can be also expressed by other cell types including

enteric neurons (Gougeon et al. 2013). TNFa belongs to TNF receptor superfamily of
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ligands that are primarily expressed as membrane proteins which can be cleaved and
secreted into soluble forms. TNFa mediates its effect through two cell surface receptors:
TNF receptor I (TNFR1) and TNF receptor II (TNFR2). TNFR1 contributes to
inflammation, neurodegeneration, and cell death, while TNFR2 is involved in cell
regeneration, survival, and neuroprotection (MacEwan 2002b). Therefore, the cellular
response exerted by TNFa may vary depending on the tissue and cell type. The
transcriptional induction of TNFa is controlled by some transcription factors including
activator protein-1 (AP-1), protein inhibitor of activated signal transducer and activator
of transcription-1 (PIAS1), nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB), and organic cation transporter-1 (El-Tahan et al. 2016). Hence, the
production of TNFa can be induced by inflammatory cascades that activate AP-1 and
NF«xB pathway such as the activation of Toll-like receptor 4 (TLR4) by
lipopolysaccharides and TNFa receptors activation (Means et al. 2000, El-Tahan et al.
2016). Additionally, TNFa can affect glucose and lipid metabolism and interfere with
insulin receptor signalling. It can increase non-insulin dependent glucose transport by
inducing the synthesis of the glucose transporter GLUT-1 and decrease insulin stimulated
glucose transport leading to insulin resistance (Peraldi & Spiegelman 1998).

In T1D, TNFa is implicated in the early destruction of  cells and thus contributes
to the disease development (Christen et al. 2001). Moreover, serum levels of TNFa were
increased in T1D compared to controls (Qiao et al. 2017). The overproduction of TNFa
might mediate the diabetes-related tissue changes through the activation of inducible NOS
and the release of NO (McDaniel et al. 1996, Madrigal et al. 2002, Khaloo et al. 2020).
TNFa was found to be neurotrophic for enteric neurons in an in vitro rat co-culture model
(Gougeon et al. 2013). On the other hand, it was shown to induce neurotoxicity and cell
apoptosis through glutamate production in cultures of primary human foetal neurons and
rat cortical neurons (Ye et al. 2013). Moreover, TNF-a differentially modulated ion
channels of nociceptive neurons in rat dorsal root ganglion (Czeschik et al. 2008). These
varying effects of TNFa on the different types of neurons may have significance in the
background of gut region-dependent myenteric neuropathy in diabetes. Therefore, our
research group has investigated the distribution of TNFa in the myenteric neurons and
their environment in the different intestinal segments in a T1D rat model (Bodi et al.
2021). In this study, TNFa expression was mapped by fluorescent immunohistochemistry

and quantitative immunogold electron microscopy in the myenteric ganglia of duodenum,
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ileum, and colon (Figure 7, Bddi et al. 2021). Tissue TNFa levels were measured by
enzyme-linked immunosorbent assay (ELISA) in muscle/myenteric plexus-containing
(MUSCLE-MP) and mucosa/submucosa/submucous plexus-containing (MUC-
SUBMUC-SP) tissue homogenates. We observed an increasing density of TNFa-labelling
gold particles in myenteric ganglia from proximal to distal segments and TNFa tissue
levels were much more elevated in MUSCLE-MP homogenates than in MUC-SUBMUC-
SP samples in healthy controls. In the diabetics, the number of TNFa gold labels was
significantly increased in the duodenum, decreased in the colon, and remained unchanged
in the ileal ganglia, while insulin did not prevent these diabetes-related TNFa changes.
TNFa tissue concentration was also increased in MUSCLE-MP homogenates of diabetic
duodenum, while decreased in MUC-SUBMUC-SP samples of diabetic ileum and colon.
These findings support that T1D has region-specific and intestinal layer-dependent effects
on TNFa expression, contributing to the regional damage of myenteric neurons and their

intestinal milieu (Bodi et al. 2021).

Figure 7. Representative micrographs of myenteric ganglia from the duodenum of control (A) and diabetic (B)
rats after TNFa-HuC/HuD double-labelling fluorescent immunohistochemistry. (LM: longitudinal smooth muscle
layer, CM: circular smooth muscle layer, arrow: myenteric ganglia; arrowheads: myenteric neurons. Scale bar: 20 pm)
(Bodi et al. 2021).
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Since TNFa can have a dual role in cell degeneration or survival depending on the
type of activated TNFR, we followed our investigations by studying the expression of
TNFR1 and TNFR2 in myenteric ganglia and their environment using the same animal
model (Figure 8, Barta et al. 2023). A distinct region-dependent TNFRs expression was
revealed in controls. The density of TNFR1 was the lowest, while TNFR2 density was
the highest in duodenal ganglia. Moreover, a decreased TNFRs expression from proximal
to distal segments was observed in MUSCLE-MP homogenates. In diabetics, the TNFR2
density was substantially decreased in the myenteric ganglia of the duodenum, while no
significant changes in TNFR1 density were observed. In diabetic MUSCLE-MP
homogenates, both TNFRs levels were significantly decreased in the duodenum, which
affected the ratio of TNFR2:TNFR1 in both the ganglia and their muscular environment.
These findings highlight that TNFR2 is specifically altered in the duodenal myenteric
ganglia of diabetic rats (Barta et al. 2023).

A

Figure 8. Representative micrographs of myenteric ganglia from the duodenum of control and diabetic rats after
TNFR1-HuC/HuD (A) or TNFR2-HuC/HuD (B) double-labelling fluorescent immunohistochemistry. (CD:
control duodenum; DD: diabetic duodenum, arrows indicate myenteric neurons, Scale bar: 20 um) (Barta et al. 2023).
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1.6.2. The role of interleukin 1p

The pro-inflammatory cytokine interleukin 1p (IL1P) is a key mediator of the
host-defence response to infection and injury (Fitzgerald & Luke 2000). IL1 belongs to
the IL1 family of cytokines and is expressed by the /L/B gene located within the IL1
genes cluster on chromosome 2 in humans (Taylor et al. 2002). The two isoforms of IL1
protein: IL1a and IL1, share 26% of sequence homology and display similar biological
signalling pathways. ILIP is typically produced and released by cells in the innate
immune system such as activated macrophages and monocytes. However, variety of other
cell types were found to express and produce this cytokine including synoviocytes,
fibroblasts, endothelial cells, epithelial cells, as well as neurons and glial cells (Ren &
Dubner 2008, Ren & Torres 2009).

Inflammatory signalling processes leading to the activation of NFkB pathway
result in the expression of IL1B. This includes TNFa signalling pathway, activation of
TLR4, as well as the binding of extracellular IL1a and IL1 itself to the membrane-bound
receptor IL1 receptor I (IL1RI) (Weber et al. 2010). IL1B is expressed and produced
initially as an inactive 31 kDa pro-protein (pro-IL1B) which requires the catalytic
activation by caspase-1 into an active IL1p cytokine. Active IL1p can be secreted to the
extracellular matrix and bind to the extracellular domain of the IL1RI. Upon binding,
IL1RI undergoes ligand-induced conformational change which recruits interleukin 1
receptor—associated protein (ILIRAcP) and through the conserved cytosolic Toll-and
IL1R-like (TIR) domains, the intracellular signalling proteins Myeloid differentiation
primary response 88 (MYDS88) and interleukin 1 receptor activated protein kinase 4
(IRAK4) are assembled to initiate signal transduction (Figure 9, Weber et al. 2010, Arranz
et al. 2017). Autophosphorylation of IRAK4 will subsequently phosphorylate IRAK1 and
IRAK2, which recruits the oligomerization and assembly of TNF-associated factor 6
(TRAF6). This complex of TRAF®6 is responsible for the downstream activation of NFxB,
c-Jun N-terminal kinase (JNK), p38 Mitogen-activated protein kinase (MAPK) pathways,
and extracellular signal-regulated kinases (ERK). The activation of these signalling
pathways induces the expression of several gene products involved in inflammatory
responses, such as cyclooxygenase-2, IL-6, IL-8, as well as IL1p itself (Weber et al.
2010). Moreover, IL1B can also bind to IL1RII, a decoy receptor which lacks the TIR
intracellular domain resulting in a blocked ILIP action. A naturally produced ILIR

antagonist (IL1Ra) also exists which competes with IL1o and IL1J over IL1RI (Figure 9,
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Arranz et al. 2017, Boraschi et al. 2018, Migliorini et al. 2020). Another mechanism for
the negative regulation of IL1f is the ubiquitylation of pro-IL1B which limits its access

by caspase-1 and targets it for proteasomal degradation (Vijayaraj et al. 2021).
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Figure 9. Activation and signal transduction of interleukin 1p. A) Pathogenic LPS recognized by TLR, activates a
cascade of events that lead to the activation of the transcription factor NF-kB which induces the expression of pro-
inflammatory genes including /LB and CASPI. IL-1p is initially produced as a pro-IL-1f, which is enzymatically
cleaved and activated by Caspl. Pro-casp1 is activated to Caspl inside an inflammasome complex. B) Secreted IL-1
binds to IL-1R1 and triggers a signalling cascade, which involves p38 MAPK, JNK, ERK and NF-kB activation
that result in the expression of genes responsible for immune cell functional activation, survival responses, and cell
fate. Negative regulation of IL-1p signalling occurs through competitive binding of IL-1Ra to IL-1R1 and IL-1p binding
to IL-1R2 or SIGIRR. (LPS: lipopolysaccharide, TLR: toll-like receptors, NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells, IL: interleukin, Caspl: caspase 1, IL-1Ra: IL-1 receptor antagonist, IL-1R: IL-1 receptor,
IL-1RAP: IL-1 receptor accessory protein, TIR: toll-IL-1 receptor, SIGIRR: single immunoglobulin and TIR domain
containing, MYD88: myeloid differentiation primary response 88, IRAK4: IL-1 receptor associated kinase 4, MAPK:
mitogen-activated protein kinases, JNK: c-Jun N-terminal kinases, ERK: extracellular signal-regulated kinases, NF-
kB: nuclear factor kappa-light-chain-enhancer of activated B cells, TGF-f: transforming growth factor B, COX-2:
cyclooxygenase-2) (modified from Arranz et al. 2017).
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Many studies have demonstrated the role of IL1f in the progression of diseases
including Alzheimer's disease, depression, cardiovascular diseases, diabetes, as well as
inflammatory bowel disease (Dinarello 2018). However, the importance of IL1 extends
beyond its roles in regulating immune responses and contributing to autoinflammatory
diseases. Indeed, ILIP was found to be involved in mediating some physiological
processes such as sleep, temperature, memory, nociception, and glucose homeostasis
(Dinarello 1996, Dror et al. 2017, Lima 2023). The involvement of IL1p in glucose
metabolism and homeostasis could explain the crucial role of this cytokine during
metabolic diseases such as T1D and insulin resistance.

Studies have shown that IL1 synergically with interferon y induced apoptosis of
pancreatic -cells. Moreover, animal models of T1D demonstrated the expression of IL1[3
early in the development of the disease and its high circulating levels may be indicative
for the development of T1D or T2D. Therefore, the use of pharmacological antagonists
of IL1pB was initiated and have shown to improve glycaemic levels and f cell function in
diabetic patients (Mandrup-Poulsen et al. 2010).

In the gastrointestinal tract, researchers proved the importance of IL1B in
maintaining intestinal homeostasis through the regulation of T helper 17 cells under
steady-state conditions. However, excessive levels of IL1p were associated with
disrupting the mucosal barrier and the perturbation of microbial compositions (McEntee
et al. 2019). Furthermore, administration of IL1p was found to increase intestinal tight
junction permeability through the reduction of intestinal epithelial occludin mRNA both
in vitro and in vivo (Rawat et al. 2020). In the ENS, in vitro studies revealed that both
IL1B and TNFa are neurotrophic for enteric neurons and could induce axonal growth in
those neurons surviving after inflammation (Gougeon et al. 2013). Others also
demonstrated the ability of IL1p to activate some neuronal populations in the guinea pig
ileum and colon. Those ILIB-responsive neurons were found to be mostly
immunoreactive to nNOS and enkephalin (Tjwa et al. 2003). This could postulate a role
for ILIB in the hyperglycaemia-induced myenteric nitrergic neuropathy in TI1D.
Moreover, due to its close involvement with cyclooxygenase-2 signalling pathway, a
possible role for IL1B in amplifying pain hypersensitivity via CGRP-immunoreactive

neurons is not unforeseen (Neeb et al. 2011, Gui et al. 2016, Stemkowski et al. 2021).
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1.6.3. The role of inflammasomes

Inflammasomes are large cytosolic multiprotein complexes that are formed to
arbitrate host response to cellular damage or infection. Once assembled, an
inflammasome complex triggers the proteolytic conversion of procaspase-1 into active
caspase-1, which in turn catalyses the cleavage of pro-IL1f and pro-IL18 into active IL1
and IL18, respectively (Martinon et al. 2002, He et al. 2016). The assembly of
inflammasomes requires three components of molecules: sensor, adaptor, and effector. In
the first step, cytosolic pathogen-associated molecular patterns (PAMPs) or danger-
associated molecular patterns (DAMPs) are recognized by pattern recognition receptors
(PRRs) like nucleotide-binding domain and leucine-rich repeat receptor/ NOD-like
receptor (NLR) or absent in melanoma 2 (AIM2)-like receptor (ALR). Through
interactions between the pyrin domains (PYD-PYD), ALRs or NLRs activate,
oligomerize and nucleate the adaptor protein apoptosis-associated speck-like protein
containing a caspase-activation and recruitment domain (CARD) (ASC). Procaspase-1 is
then recruited and bound to ASC through CARD-CARD recognition (Man et al. 2015).
The compositions of the sensory part of the inflammasome determine its triggering
mechanisms. For example, NLRs have tripartite domain organization which consists of
an N-terminal CARD or baculovirus inhibitor of apoptosis protein repeat (BIR) or PYD
to mediate homotypic protein—protein interactions, a central nucleotide-binding domain
(NBD) that can initiate adenosine triphosphate (ATP)-induced oligomerization, as well as
a C-terminal containing series of leucine-rich repeats (LRRs) which function as ligand
sensors and autoregulators (Gross et al. 2011). Although the human genome encodes for
23 NLRs, only some of these NLR proteins such as NLRP1, NLRP3, NLRP6, NLRP7,
NLRP9, NLRP12, and NLRC4 were found to form inflammasomes and activate caspase-
1 (He et al. 2016). Among others, the NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3) inflammasome is extensively studied due to its involvement in a vast number
of diseases including metabolic disorders like T2D and obesity, central nervous system
disorders like Alzheimer’s and Parkinson diseases, and various autoimmune diseases (Fu
& Wu 2023).

The activation of NLRP3 inflammasome requires two signals, PAMPs and
DAMPs. First, priming of NLRP3 takes place when NF«kB pathway is triggered through
the activation of TLR4 by PAMPs (Figure 10, Liu & Yu 2021). In this step, NFkB will

act as a transcription factor enhancing the expression of proinflammatory cytokines and

22



other genes involved in the inflammasome function like NLRP3, ILIB and CASPI.
Second, translated NLRP3 protein senses cytosolic PAMPs and DAMPs such as
crystalline substances, extracellular ATP, organelle damage and ion imbalance.
Simultaneous activation by PAMPs and DAMPs trigger the homotypic oligomerization
of NLRP3 and recruits ASC and procaspase-1. The resulting supramolecular complex acts
as a platform for caspase-1 to catalyse the activation of the cytokines’ precursors, pro-
IL1B and pro-IL18 into mature pro-inflammatory cytokines (Figure 10, Liu & Yu 2021,
Fu & Wu 2023).

In T1D, an association with NLRP3 gene was revealed in Brazilian patients in
which two single-nucleotide polymorphisms were addressed (Pontillo et al. 2010).
Moreover, genetically modified animals with NLRP3 deficiency showed protective role
against T1D progression through inhibiting the chemokines and chemokine receptors
which mediate immune cells migration into the pancreatic islets (Hu et al. 2015). Another
study demonstrated that during the development of streptozotocin-induced T1D, NLRP3
inflammasome is activated by mitochondrial DNA which triggers caspase-1-dependent
IL1p production and corresponds to pathogenic cellular response (Carlos et al. 2017).

In the gut, the NLRP3 inflammasome has received much attention due to its
association with inflammatory diseases such as inflammatory bowel disease. However,
increasing evidence suggest its role in maintaining gastrointestinal tract homeostasis and
microbiota compositions (Pan et al. 2022). Although many studies have been
investigating the role of NLRP3 in governing neurodegeneration or electrophysiological
changes in central nervous system diseases, very limited research has focused on its role
in enteric neuropathy.

The inhibition of NLRP3-IL1f pathway in the macrophages rescued myenteric
neuronal injury that was induced in intestinal ischemia/reperfusion model (Gao et al.
2022). However, an in vivo model of colitis showed that NRLP3 inflammasome is
dispensable for enteric neuronal death. On the other hand, it is suggested that a different
mechanism of neuronal death occurs in the setting of Crohn’s disease. These
discrepancies in the role of NLRP3 inflammasome in enteric neuropathy could stem from
the differences in cytokine contributions and microbial alterations among different
diseases (Wagatsuma & Nakase 2020). To date, no study has investigated the role of
NLRP3 inflammasome in hyperglycaemia-induced myenteric neuropathy. In T1D, TLR4

expression and immunoreactivity in the myenteric neurons were changed in a gut region-
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specific manner (Bdédi et al. 2023). Since TLR4 is an inducer for the NLRP3
inflammasome, it is plausible to study the perturbation in neuronal NLRP3 inflammasome

and investigate its role in inducing IL1[ expression.
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Figure 10. Triggering of NLRP3 inflammasome assembly and activation. Activation of the NLRP3 inflammasome
complex requires an initial priming step followed by an activating step. Priming step happens when a PAMPs such as
LPS is recognised by TLR4 leading to the activation of NF-«B signalling pathway. NF-«xB translocate to the nucleus
and induces the transcription of NLRP3, CASPI and /L 1B genes. During the activation step, DAMPs like ATP, nigericin,
FFAs, MSU, or cholesterol crystals trigger a sequence of cellular events. These typically involve potassium efflux,
calcium mobilization, mitochondrial damage leading to the release of ROS, DNA, and cardiolipin, trans-Golgi
disassembly, and rupture of lysosomes. NLRP3 protein can sense these cellular responses leading to conformational
change that facilitates its oligomerization in the presence of NEK7. Oligomerized NLRP3 subsequently recruits ASC,
which in turn recruits Caspase-1, leading to the formation of the NLRP3 inflammasome complex. Caspase-1 undergoes
auto-cleavage, generating the active enzyme, which then cleaves pro-IL-1f and pro-IL-18 to release mature cytokines.
Active caspase-1 also cleaves gasdermin D which forms membrane pores and induces pyroptosis. (PAMP: pathogen-
associated molecular patterns, LPS: lipopolysaccharide, NF-kB: nuclear factor kappa-light-chain-enhancer of activated
B cells, NLRP3: the NOD-, LRR- and pyrin domain-containing protein 3, DAMP: damage-associated molecular
patterns, ATP: adenosine triphosphate, FFAs: free fatty acids, MSU: monosodium urate, mt: mitochondrial, ROS:
reactive oxygen species, NEK7: never in mitosis gene A-related kinase 7, NOD: nucleotide-binding oligomerization
domain, LRR: Leucine-rich repeats, ASC: adaptor protein apoptosis-associated speck-like protein containing a caspase-

activation and recruitment domain, CARD: caspase-activation and recruitment domain, IL1f: Interleukin 1) (modified
from Liu & Yu 2021).
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2. AIMS

We hypothesize that T1D-related myenteric neuropathy might be mediated by
changes in the expression of the pleiotropic inflammatory cytokine IL1f as a potent player
in enteric neuroinflammation. Considering that the distinct subpopulations of enteric
neurons have different susceptibility to hyperglycaemic damage, therefore, it raised the
question of whether ILIP is also involved in different vulnerability of neuronal
populations in diabetes.

To investigate the role of IL1P in diabetes-induced region-specific myenteric
neuropathy and to elucidate its possible impact on diabetic damage of different myenteric
neuronal populations, we applied fluorescent immunohistochemistry and different
molecular methods using acute and chronic STZ-induced T1D rat models to answer the
following questions:

In the intestine

e [s there any difference in the proportion of IL1B-immunoreactive (IR) myenteric
neurons along the duodenum-ileum-colon axis in healthy controls? What are the
effects of acute and chronic hyperglycaemia as well as insulin treatment on the
proportion of IL1B-IR myenteric neurons in different gut segments?

e Are there any variations in the proportion of IL1B-IR myenteric nNOS neurons
(inhibitory motor and interneurons) along the oro-anal axis of the gut under
control, diabetic, and insulin-treated diabetic conditions?

e Does the proportion of IL1B-IR myenteric CGRP neurons (mainly myenteric
IPANs) differ among the distinct intestinal segments of control, diabetic, and
insulin-treated diabetic rats?

e What are the effects of diabetes and insulin treatment on the IL1J protein levels
in the tissue homogenates of intestinal smooth muscle layers and myenteric
plexus?

e Are there any differences in the expression pattern of IL1 mRNA in the
myenteric ganglia, smooth muscle, and mucosa layers of the intestinal wall along
the intestinal tract of control, diabetic, and insulin-treated diabetic rats?

e Is there any correlation between diabetes-related IL1P changes and region-

dependent diabetic myenteric neuropathy?
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In the pancreas

Are there any effects of acute and chronic hyperglycaemia as well as insulin
replacement on the IL1p protein levels in tissue homogenates of the pancreas?
How does the pancreatic IL1 mRNA levels change in chronic diabetes and after

insulin treatment?

In the serum

What are the effects of acute and chronic hyperglycaemia on IL1[ serum levels?

Is there any effect of insulin treatment on the IL1p concentration in the serum?

IL1B activation requires the expression and formation of an inflammasome

complex, therefore, we were interested in investigating whether the NLRP3

inflammasome protein is involved in the diabetes-related IL1f induction. To understand

the possible involvement of NLRP3 protein in diabetes-related myenteric neuropathy, we

raised the following questions:

Is there any difference in the density of NLRP3-labelling gold particles within the
myenteric ganglia along the duodenum-ileum-colon axis of control rats?

How do chronic hyperglycaemia and insulin treatment change the density of
NLRP3-labelling gold particles in the myenteric ganglia of the different gut
regions?

Are there any differences in the expression pattern of NLRP3 mRNA among the
myenteric ganglia, smooth muscle, and mucosa layers of the intestinal wall along
the intestinal tract of control animals?

How do chronic hyperglycaemia and insulin treatment alter the NLRP3 mRNA
expression in the distinct intestinal wall layers and gut segments?

Is there any correlation between the changes in IL1 and NLRP3 expression in
the myenteric ganglia and their environment in the investigated segments of the

experimental groups?
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3. MATERIALS AND METHODS
3.1. Animal models

Adult male Wistar rats (Toxi-Coop Zrt., Hungary) weighing 200-250 g, kept on
standard laboratory chow and with free access to drinking water, were used throughout
the experiments.

For the acute (1-week) diabetic rat model, animals were randomly divided into
two groups: STZ-induced diabetics (n=8), and age- and sex-matched controls (n=6). For
the chronic (10-weeks) diabetic animal model, rats were divided randomly into three
groups: STZ-induced diabetics (n=20), insulin-treated STZ-induced diabetics (n=17), and
sex- and age-matched controls (n=20). Hyperglycaemia was induced by a single injection
of STZ (Sigma—Aldrich, Hungary) at 60 mg/kg in the intraperitoneal cavity (Izbéki et al.
2008). Animals with non-fasting glucose concentrations higher than 18 mmol/L were
considered diabetic. From this time on, the insulin-treated group of hyperglycaemic
animals received subcutaneous injection of insulin (Humulin M3, Eli Lilly Nederland,
Netherlands) each morning (2 IU) and afternoon (3 IU). Normal saline was administered
subcutaneously to diabetic and control groups. Physiological parameters such as weight
and blood glucose levels were measured daily for the acute and weekly for the chronic
animal experiments. Diabetic animals that recovered spontaneously and whose blood
glucose level decreased under 18 mmol/L during the 10-week experiment were excluded.
In all procedures involving experimental animals, the principles of the National Institute
of Health (Bethesda, USA) guidelines and the EU directive 2010/63/EU for the protection
of animals used for scientific purposes were strictly followed, and all the experiments
were approved by the National Scientific Ethical Committee on Animal Experimentation

(National Competent Authority), with the license number XX./1636/2019.

3.2. Blood sampling and tissue handling

Depending on the acute and chronic animal experiments, one week or ten weeks
after the onset of hyperglycaemia, blood samples were collected from the tail vein of each
animal into the vacuum collection tubes (BD Vacutainer® SST™ II Advance). Collected
blood samples were centrifuged for 10 min at 3200 rpm (20 °C) and supernatant (serum)
was extracted and used for ELISA.

Later, the animals were anesthetized by intraperitoneal injection of chloral hydrate
(375 mg/kg) and sacrificed by cervical dislocation. Pancreatic and intestinal segments of

diabetic, insulin-treated diabetic, and control rats were dissected and rinsed in 0.05 M

27



phosphate buffer (PB; pH 7.4). The head of the pancreas was used for experiments, while
gut samples were taken from the duodenum (1 cm distal to the pylorus), ileum (1 cm
proximal to the ileo-caecal junction), and proximal colon (1 cm distal to the cecum), and
processed for fluorescent immunohistochemistry, transmission electron microscopy,
ELISA, and RNAscope multiplex fluorescent V2 assay (RNAscope). For fluorescent
immunohistochemistry, the intestinal segments were cut along the mesentery, pinched
flat, and fixed overnight at 4 °C in 4% paraformaldehyde solution buffered with 0.1 M
PB (pH 7.4). Samples were then washed, the layers of mucosa, submucosa, and circular
smooth muscle were removed, and whole mounts with the myenteric plexus adhering to
the longitudinal smooth muscle were prepared. For post-embedding electron microscopy,
pieces (2-3 mm) of the gut segments were fixed in 2% formaldehyde and 2%
glutaraldehyde solution and then further fixed in 1% OsO4 for 1 hour. After rinsing the
samples in PBS and dehydrating in increasing ethanol concentrations and acetone, they
were embedded in Embed812 (Electron Microscopy Sciences, USA). For the ELISA,
small pieces of the pancreas and 3 cm-long segments from the duodenum, ileum, and
colon were cut along the mesentery and pinched flat. Layers of mucosa and submucosa
were removed leaving tissue containing smooth muscle layers and the myenteric plexus
in between which were snap-frozen in liquid nitrogen and stored at -80 °C until use. For
RNAscope, pieces (2-3 mm) of gut segments and pancreas were immersed in O.C.T™
(Tissue-Tek, Netherlands) medium and fresh-frozen in liquid nitrogen for further

cryosectioning (5 um).

3.3. Double-labelling fluorescent immunohistochemistry

For double-labelling fluorescent immunohistochemistry, = whole-mount
preparations derived from different gut segments were immunostained with primary
antibodies against IL1p and HuC/HuD, nNOS, or CGRP, as well as NLRP3 and
HuC/HuD. Briefly, the whole mounts were washed and permeabilized by 0.025% Triton
X-100 in tris(hydroxymethyl)aminomethane-buffered saline (TBS) twice for 5 minutes
each. After blocking for 30 minutes with 1% bovine serum albumin (BSA) and 10%
normal goat serum in TBS, the whole mounts were incubated overnight with the primary
antibodies (Table 1) at 4 °C. After washing in 0.025% Triton X-100 in TBS, whole mounts
were incubated with secondary antibodies (Table 2) for 1 hour at room temperature
followed by washing in TBS and mounting on slides in Fluoromount Aqueous Mounting

Medium (Sigma-Aldrich, Hungary). Immunostained whole-mounts were observed and
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photographed with a Zeiss Imager Z.2 fluorescent microscope equipped with an Axiocam
506 mono camera (Zeiss, Germany). An average of fifty myenteric ganglia were taken
from each gut segment per experimental group, and the proportions of IL1B-IR, IL1p-
nNOS-IR, and IL1B-CGRP-IR myenteric neurons were calculated per ganglion.

Table 1. Primary antibodies used during double-labelling fluorescent
immunohistochemistry.

Antibody Host Type Dilution Cat. No. Manufacturer
species
anti- rabbit monoclonal 1:200 ab184267 Abcam, UK
HuC/HuD
anti- mouse monoclonal 1:50 A-21271 Invitrogen, USA
HuC/HuD
anti-IL 13 mouse monoclonal 1:50 sc-52012 Santa Cruz
Biotechnology,
USA
anti-nNOS rabbit polyclonal 1:200 189901 Cayman
Chemical, USA
anti-CGRP rabbit polyclonal 1:100 3394223 EMD Millipore
Corporation, USA
anti-NLRP3 rabbit polyclonal 1:100 SAB5700723 | Sigma Aldrich, USA

Table 2. Secondary antibodies used during double-labelling fluorescent
immunohistochemistry.

Antibody Target Type Dilution Cat. No. Manufacturer
species
Flﬁlzfﬁa% anti-rabbit | polyclonal 1:200 A11008 S:I;: ?eem:fczcl,:'ﬂga;\
RRID: Jackson
Cy™3 anti-mouse | polyclonal 1:200 2338690 ImmunoResearch
Laboratories, USA

3.4. Post-embedding immunohistochemistry

Four embedded blocks originated from each intestinal segment and condition
were used to prepare ultrathin (70 nm) sections which were mounted on nickel grids and
processed for NLRP3 immunogold labelling. Ultrathin sections were treated with 1%
periodic acid and 1% sodium periodate, washed with distilled water, TBS, followed by
blocking in 1% BSA for 30 minutes. After washing again with distilled water and TBS,
samples were incubated overnight with anti-NLRP3 (rabbit polyclonal, Cat. No.
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SAB5700723, Sigma-Aldrich, USA; final dilution 1:200) primary antibody at room
temperature. Samples were washed in TBS, then permeabilized with a solution containing
1% BSA, 0.005% Tween-20 in (tris(hydroxymethyl)aminomethane (pH=7.6), followed
by incubation with anti-rabbit [gG (conjugated to 18 nm gold particles; Cat. No. 111-215-
144; Jackson ImmunoResearch, USA; final dilution 1:20) secondary antibody for 3 hours.
Negative controls were performed to assess the specificity of the immunoreaction by
omitting the primary antibody in the labelling protocol and incubating the sections only
in the gold-conjugated secondary antibody. Sections were counterstained with uranyl
acetate (Merck, Germany) and lead citrate (Merck, Germany), and were examined and
photographed with a JEOL JEM 1400 transmission electron microscope. The subcellular
distributions of the gold particles labelling NLRP3 were determined in the myenteric
ganglia. Fifty digital photographs of five myenteric ganglia per intestinal segment per
condition were conducted at a magnification of 20,000x with the AnalySIS 3.2 program
(Soft Imaging System GmbH, Germany). ImagelJ (National Institute of Health, USA) was
used to quantify the number of gold labelling and the intensity of the labelling was

expressed as the total number of gold particles per unit area (um?).

3.5. Measurement of tissue and serum interleukin 1P concentrations

Pancreatic and intestinal tissue samples were crushed into powder in a mortar and
homogenized in 500 pL homogenizing buffer (100 uL protease inhibitor cocktail (Sigma-
Aldrich, Hungary) in 20 mL 0.05 M PB). Tissue homogenates were centrifuged at 5000
rpm for 20 min at 4 °C. IL1p level in the different tissue samples and sera was determined
using quantitative ELISA according to the manufacturer’s instructions (GA-E0128RT,
GenAsia Biotech Co., China). Optical density was measured at 450 nm (Benchmark
Microplate Reader; Bio-Rad, Hungary). Tissue concentrations of IL1[ were expressed as

ng/mg protein whereas blood IL1J levels were expressed as ng/mL serum.

3.6. Bradford protein micromethod for the determination of tissue protein content
A commercial protein assay kit was used to determine the protein content in tissue

samples. Bradford reagent was added to each sample. After mixing and following 10 min

incubation, the samples were assayed spectrophotometrically at 595 nm. Protein level was

expressed as mg protein/mL.
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3.7. RNAscope multiplex fluorescent V2 assay

To detect ILI mRNA (in case of pancreas and intestinal layers) and NLRP3
mRNA (in case of intestinal layers), the RNAscope multiplex fluorescent V2 assay (Cat.
No. 323100, Advanced Cell Diagnostics, USA) was used according to the manufacturer’s
instructions. Briefly, fresh-frozen cryosections (5 upm) were fixed in 4%
paraformaldehyde and dehydrated in increasing ethanol concentrations. The cryosections
were incubated in hydrogen peroxide, followed by protease IV treatment and then
hybridized with rat IL1p probe (Cat. No. 314011-C2, Advanced Cell Diagnostics, USA;
final dilution 1:50) or NLRP3 probe (Cat. No. 510041, Advanced Cell Diagnostics, USA)
for 2 hours at 40 °C. After a three-step signal amplification, HRP signal development was
performed followed by conjugation of a fluorophore (Opal™ 520 Reagent Pack,
FP1487001KT, Akoya Biosciences, USA; final dilution 1:100, 30 min at 40 °C). Tissues
were counterstained with DAPI, mounted with Fluoromount™ Aqueous Mounting
Medium (Sigma—Aldrich, Hungary), and imaging was attained with a Zeiss Imager Z.2
fluorescent microscope equipped with an Axiocam 506 mono camera (Zeiss, Germany).
Positive and negative control probes were run to assess sample RNA quality and optimal
permeabilization. An average of fifteen digital photographs were taken from the pancreas
or the different intestinal layers (myenteric ganglia, smooth muscle, and
mucosa/submucosa) of each gut segment and experimental group, and the number of

punctate dots labelling IL1B or NLRP3 mRNA was quantified per unit area (mm?).

3.8. Statistical analysis

Data were checked for Gaussian distribution by a D’Agostino-Pearson omnibus
normality test. Two-tailed T-test with a Mann-Whitney test was used to analyse data from
two comparison groups (acute experiment). Data retrieved from multiple comparison
groups were analysed by Kruskal-Wallis test with a Dunn’s multiple comparisons test
(chronic experiment). All analyses were carried out with GraphPad Prism 6.0 (GraphPad
Software, USA). A probability of p < 0.05 was set as the level of significance. All data

were expressed as mean £ SEM.
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4. RESULTS
4.1. Physiological parameters of experimental animals
4.1.1. Acute diabetic rat model

The weight and blood glucose concentrations of the acute diabetic and control
animals were monitored daily for one week and summarized in Table 3. Animals’ final
weight has increased compared to the initial weight in both diabetic and control groups
(» < 0.05). Acute diabetic animals were hyperglycaemic during the one-week
experimental period with an average daily blood glucose of 29.1 + 1.01 mmol/L. This
was significantly higher than their initial blood glucose level (29.1 + 1.01 mmol/L vs 5.91
+ 0.19 mmol/L, p < 0.0001) as well as the average daily blood glucose level of controls
(29.1 £ 1.01 mmol/L vs 6.39 + 0.12 mmol/L, p < 0.05).

Table 3. Weight and glycaemic characteristics of the acute diabetic experimental
animals.

Weight (g) Blood glucose level (mmol/L)
Initial Final Initial Final (average)
Controls (n=6) | 219.0+7.18 275.0 9.2 6.83 +0.26 6.39 £0.12
Diabetics (n=8) | 216.5+4.98 | 256.3 +8.19* 591+0.19 29.1 +1.01°°

Data are expressed as mean = SEM; ®p < 0.05, ®p <0.0001 vs initial; ©p < 0.05 vs final controls.

4.1.2. Chronic diabetic rat model

The weight and blood glucose concentrations of the chronic diabetic, insulin-
treated diabetic, and control rats were monitored weekly during the 10-week experiment
and summarized in Table 4. Diabetic rats were characterized by long-lasting chronic
hyperglycaemia with an average blood glucose concentration of 27.42 + 0.93 mmol/L,
which was more than four times higher than that of the controls (5.82 + 0.08 mmol/L).
Immediate insulin treatment inhibited extremely high glucose levels, but these were still
higher than that of controls (13.23 + 1.06 mmol/L, p < 0.01). All the experimental rats
gained weight during the 10-week experimental period, although the final body weight of
diabetic animals was significantly lower compared to the insulin-treated diabetic (p <

0.0001) and control (p < 0.0001) rats.
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Table 4. Weight and glycaemic characteristics of the chronic diabetic experimental
animals.

Weight (g) Blood glucose level (mmol/L)
Initial Final Initial Final (average)
Controls (n=20) | 213.0 +5.09 457.6 +£13.88° 5.1+£0.28 5.82+0.08

Diabetics (n=20) | 214.7 +5.39 322.5+1.32%¢ 5.56 +0.32 27.42 +0.93%

Insulin-treated 217.7+4.81 | 444.8 +14.2%9 5.31+0.37 13.23 + 1.06°¢f
diabetics (n = 17)

Data are expressed as mean = SEM; ?p < 0.01, ®p < 0.001, ¢p < 0.0001 vs initial; 9 p < 0.01, ¢p < 0.0001 vs final
controls; fp <0.01, 8p <0.0001 vs final diabetics.

4.2. Effect of acute and chronic hyperglycaemia on the proportion of interleukin 13-
immunoreactive myenteric neurons

Using double-labelling fluorescent immunohistochemistry, whole-mount
preparations of myenteric plexus were labelled with anti-HuC/HuD pan-neuronal marker
to visualize all myenteric neurons in ganglia, and anti-IL1B to detect the IL1B-IR
myenteric neurons in different gut segments of the acute (Figure 11A, 12A) and chronic
(Figure 14A-C) diabetic experimental groups. The level of IL1B immunoreactivity was
analysed by two means. First, we calculated the proportion of IL1B-IR myenteric neurons
per total myenteric neuronal number (Equation 1). Second, we measured the proportion
of IL1B-IR myenteric neurons-containing ganglia (those ganglia that contained at least

one IL1B-IR neuron) per total number of investigated ganglia (Equation 2).

Equation 1.
Proportion of IL13-IR myenteric neurons (%) = Number of IL1B-IR myente_nc TIeMrons per gan'c"_rlmn x 100
Total number of myenteric neurons per ganglion
Equation 2.
Proportion of IL1B-IR neurons-containing ganglia (%) = Number of IL13-IR neurons-containing ganglia x 100

Total number of ganglia

4.2.1. Acute diabetic rat model

In control rats of the acute diabetic model, the proportion of IL1B-IR myenteric
neurons revealed significant differences between the small intestine and colon, where the
colon displayed the highest proportion compared to the duodenum and ileum (23.39 +
2.39% vs 3.42 = 1.02% and 6.76 + 1.22%, respectively, p < 0.0001; Figure 11B).

33



100 -

90 ~

80 A

70 A

60 A

50

40 1

0000
30 okeskok

Proportion of IL1#-IR myenteric neurons
(% of HuC/HuD-IR neurons)

0 [

Duodenum Ileum Colon

Figure 11. Representative fluorescent micrographs of whole-mount preparations of myenteric ganglia from the
duodenum, ileum, and colon of acute control rats after IL1p-HuC/HuD double-labelling immunohistochemistry
(A). HuC/HuD as a pan-neuronal marker was applied to label myenteric neurons. CD: control duodenum, CI: control
ileum, CC: control colon; arrows: IL1B-immunoreactive myenteric neurons, arrowheads: myenteric neurons. Scale
bars: 20 um. Proportion of IL1p-immunoreactive myenteric neurons in the duodenum, ileum, and colon of acute
control rats (B). A significantly higher proportion of IL1B-immunoreactive myenteric neurons was detected in the
colon compared to the duodenum and ileum. Data are expressed as mean £ SEM. **** p < (0.0001 (relative to control
duodenum); °°°° p < 0.0001 (between control ileum and colon).
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Acute hyperglycaemia resulted in significant changes in the small intestine where
a 4-fold increase in the proportion of ILIB-IR myenteric neurons was seen in the
duodenum compared to controls (13.83 +2.64% vs 3.44 £ 1.02%, p <0.01) and an almost
2-fold increase was observed in the ileum (12.01 £ 2.12% vs 6.76 = 1.22%, p < 0.05;
Figure 12). However, no significant changes were observed in the colon of acute diabetics

compared to controls.
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Figure 12. Representative fluorescent micrographs of whole-mount preparations of myenteric ganglia from the
duodenum, ileum, and colon of acute diabetic rats after IL1p-HuC/HuD double-labelling
immunohistochemistry (A). HUC/HuD as a pan-neuronal marker was applied to label myenteric neurons. DD: diabetic
duodenum, DI: diabetic ileum, DC: diabetic colon; arrows: ILI1B-immunoreactive myenteric neurons, arrowheads:
myenteric neurons. Scale bars: 20 um. Proportion of IL1B-immunoreactive myenteric neurons related to the total
myenteric neuronal number in the duodenum, ileum, and colon of acute diabetic rats (B). In the acute diabetic
group, the proportion of IL1B-immunoreactive myenteric neurons was significantly increased in the duodenum and
ileum. Data are expressed as mean + SEM. * p < 0.05, ** p < 0.01 (relative to controls). C: controls, D: diabetics.
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Regarding the proportion of ILIB-IR neurons-containing ganglia in control
animals, an increasing tendency toward the distal part was also revealed with the highest
proportion in the colon (95.74%, Figure 13). In diabetics, this proportion was induced in
all the investigated segments compared to controls. In the duodenum, there was an almost
2-fold increase where it changed from 35.36% to 62.22%, and in the ileum, it increased
from 51.06% to 73.91%. In the colon of diabetics, all the investigated ganglia contained
at least one IL1B-IR neuron (Figure 13).
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Figure 13. Proportion of IL1B-immunoreactive myenteric neurons-containing ganglia in the duodenum, ileum,
and colon of acute diabetic and control rats. In controls, the proportion of IL1p-immunoreactive myenteric neurons-
containing ganglia showed an increasing tendency from the proximal to distal parts. In the diabetic group, this
proportion was increased in the duodenum and ileum compared to controls. C: controls, D: diabetics.

4.2.2. Chronic diabetic rat model

In controls, similar to the acute model, the proportion of IL1B-IR myenteric
neurons differed significantly between the small intestine and the colon. In the colon,
more than 50% of the myenteric neurons were IR to IL1B (50.7 £ 4.75%) compared to
nearly 20% (18.97 £ 2.05%) and 13% (13.11 + 2.93%) in the duodenum and the ileum,
respectively (p < 0.0001; Figure 14A, 14D).

In diabetic rats, a significant increase in the proportion of ILIB-IR myenteric
neurons was apparent in all the investigated segments compared to those of controls (p <
0.01; Figure 15). In the colon, a 20% increase resulted in more than 70% of myenteric
neurons displaying immunoreactivity to IL1p (71.14 + 3.29%) in this gut segment,
whereas this proportion almost doubled in both the duodenum (34.04 £4.06%) and ileum
(24.62 = 3.11%) compared to controls (Figure 14B, 15). Insulin-treated diabetic rats
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showed no significant differences in the proportion of IL1B-IR myenteric neurons
compared to controls which indicates that immediate insulin treatment protected the
myenteric neurons from diabetic IL1 induction (Figure 14C, 15).

Moreover, similar to the acute diabetic model, chronic hyperglycaemic animals
displayed an increase in the proportion of IL1B-IR myenteric neurons-containing ganglia
in all gut segments despite the high baseline level that was present in controls (Figure 16).
Although insulin treatment protected against the diabetes-induced increase in the

neuronal IL1B-immunoreactivity, it did not prevent the increase in the proportion of IL 13-

IR neurons-containing ganglia in the colon (Figure 16).
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Figure 14. Representative fluorescent micrographs of whole-mount preparations of myenteric ganglia from the
duodenum, ileum, and colon of control (A), diabetic (B), and insulin-treated diabetic (C) rats after IL1p-
HuC/HuD double-labelling immunohistochemistry. HuC/HuD as a pan-neuronal marker was applied to label
myenteric neurons. CD: control duodenum, CI: control ileum, CC: control colon, DD: diabetic duodenum, DI: diabetic
ileum, DC: diabetic colon, IDD: insulin-treated diabetic duodenum, IDI: insulin-treated diabetic ileum, IDC: insulin-
treated diabetic colon; arrows: IL1B-immunoreactive myenteric neurons, arrowheads: myenteric neurons. Scale bars:
20 um. Proportion of IL1B-immunoreactive myenteric neurons in the duodenum, ileum, and colon of control rats
(D). A significantly higher proportion of IL1B-immunoreactive myenteric neurons was detected in the colon compared
to the duodenum and ileum. Data are expressed as mean + SEM. **** p < 0.0001 (relative to control
duodenum); °°°° p < 0.0001 (between control ileum and colon).
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Figure 15. Proportion of IL1B-immunoreactive myenteric neurons of the duodenum, ileum, and colon of control,
diabetic, and insulin-treated diabetic rats. In the diabetic group, the proportion of IL1B-immunoreactive myenteric
neurons was significantly increased in all gut segments. Data are expressed as mean + SEM. ** p < 0.01 (relative to
controls); ° p < 0.05, ° p < 0.0001 (between diabetics and insulin-treated diabetics). C: controls, D: diabetics, ID:
insulin-treated diabetics.
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Figure 16. Proportion of IL1B-immunoreactive myenteric neurons-containing ganglia in the duodenum, ileum,
and colon of control, diabetic, and insulin-treated diabetic rats. In controls, the proportion of IL1B-immunoreactive
myenteric neurons-containing ganglia was the lowest in the ileum and the highest in the colon. In the diabetic group,
this proportion was increased in all gut segments. Insulin treatment did reverse the diabetes-induced increase in the
proportion of IL1B-immunoreactive myenteric neurons-containing ganglia only in the small intestine. C: controls, D:
diabetics, ID: insulin-treated diabetics.

38



4.3. Effect of chronic hyperglycaemia on the proportion of interleukin 1p-
immunoreactive nNOS neurons

The localization of IL1p in the nitrergic neuronal population was analysed after
double-labelling fluorescent immunohistochemistry of IL13 and nNOS on whole-mount

preparations of the myenteric plexus (Figure 17).

Figure 17. Representative fluorescent micrographs of whole-mount preparations of myenteric ganglia from the
colon of control, diabetic, and insulin-treated diabetic rats after IL1B-nNOS double-labelling
immunohistochemistry. CC: control colon, DC: diabetic colon, IDC: insulin-treated diabetic colon; arrows: IL1pB-
nNOS-immunoreactive myenteric neurons, arrowheads: nNOS-immunoreactive neurons. Scale bars: 20 pm.
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In controls, the proportion of IL1B-nNOS-IR neurons per total nNOS-IR
myenteric neurons was the lowest in the duodenum (12.64 + 2.03%) and significantly
higher in the distal segments (ileum: 36.36 + 2.18%; colon: 26.21 £+ 2.13%, p < 0.0001;
Figure 18).
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Figure 18. Proportion of IL1B-nNOS-immunoreactive neurons related to the total number of nNOS-
immunoreactive neurons in the myenteric ganglia of the duodenum, ileum, and colon of control rats. A
significantly lower proportion of IL1B-nNOS-immunoreactive myenteric neurons was detected in the duodenum
compared to the ileum and colon of controls. Data are expressed as mean + SEM; **** p <(.0001 (relative to control
duodenum); ° p < 0.05 (between control ileum and colon).

In the diabetic group, the proportion of IL1B3-nNOS-IR neurons of total nNOS-IR
myenteric neurons was significantly induced only in the colon relative to controls (36.94
+2.76% vs 26.21 £2.13%, p <0.01; Figure 19A), with no alterations detected in the other
gut segments. Insulin treatment did not prevent the diabetic induction of IL13-nNOS-IR
myenteric neuronal proportion of the colon and reduced that in the ileum (Figure 19A).

To investigate the population of IL1B-IR neurons representing nitrergic subsets,
we calculated the proportion of IL1B-nNOS-IR neurons per total IL1B-IR myenteric
neurons. In controls, this proportion ranged between 40% to 50% in all gut segments
(Figure 19B). In diabetics, there was a significant decrease in the proportion of IL1B-
nNOS-IR neurons related to the total IL1B-IR neurons in the small intestine (duodenum:
26.77 £ 2.46% vs 40.1 £+ 3.65%, p < 0.05; ileum: 31.88 +2.41% vs 43.48 + 2.37%, p <
0.05), whereas diabetes did not affect that in the colonic segment compared to controls.

Insulin treatment was beneficial both in the duodenum and ileum (Figure 19B).
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Figure 19. Proportion of IL1B-nNOS-immunoreactive neurons related to the total number of nNOS-
immunoreactive neurons in the myenteric ganglia of the duodenum, ileum, and colon of control, diabetic, and
insulin-treated diabetic rats (A). The proportion of IL13-nNOS-immunoreactive neurons was significantly increased
only in the colon of diabetics compared to controls. Proportion of IL1B-nNOS-immunoreactive neurons related to
the total number of IL1B-immunoreactive neurons in the myenteric ganglia of the duodenum, ileum, and colon
of control, diabetic, and insulin-treated diabetic rats (B). A significant decrease in the proportion of IL1p-nNOS-
immunoreactive myenteric neurons was detected in the duodenum and the ileum of diabetics compared to controls.
Data are expressed as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 (relative to controls); °° p < 0.01,°° p <
0.001 (between diabetics and insulin-treated diabetics). C: controls, D: diabetics, ID: insulin-treated diabetics.
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Lastly, from those ganglia that are IR to IL1pB, we calculated the proportion of
IL1B-nNOS-IR neurons-containing myenteric ganglia. In controls, this value was higher
in the distal parts (ileum: 97.06% and colon: 95.16%) compared to 72.54% in the
duodenum. In diabetics, the proportion of IL13-nNOS-IR neurons-containing myenteric
ganglia was reduced in the duodenum and ileum compared to controls (65.63% and
88.24%, respectively), whereas it was somewhat increased in the colon (98.36%; Figure
20). In the insulin-treated diabetics, while the duodenal and ileal gut segments had lower
proportions than that of controls (67.86% and 81.67%, respectively), the colonic
proportion reached 100% (Figure 20).
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Figure 20. Proportion of IL1B-nNOS-immunoreactive myenteric neurons-containing ganglia in the duodenum,
ileum, and colon of control, diabetic, and insulin-treated diabetic rats. Data were obtained by calculating the
percentage (%) of the number of IL1B-nNOS-immunoreactive myenteric neurons-containing ganglia per the number
of IL1B-immunoreactive ganglia. C: controls, D: diabetics, ID: insulin-treated diabetics.
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4.4. Effect of chronic hyperglycaemia on the proportion of interleukin 1p-
immunoreactive CGRP neurons

Myenteric neurons which are IR for IL1 and CGRP were visualized using
double-labelling fluorescent immunohistochemistry on whole-mount preparations

(Figure 21).

Figure 21. Representative fluorescent micrographs of whole-mount preparations of myenteric ganglia from the
ileum of control, diabetic, and insulin-treated diabetic rats after IL1B-CGRP double-labelling
immunohistochemistry. CI: control ileum, DI: diabetic ileum, IDI: insulin-treated diabetic ileum; arrows: IL1[-
CGRP-immunoreactive myenteric neurons, arrowheads: CGRP-immunoreactive neurons. Scale bars: 20 um.
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In control animals, the proportion of IL1B-CGRP-IR neurons per total CGRP-IR
myenteric neurons ranged between 40-50% in all gut segments (Figure 22A). In diabetics,
the ileum was the only gut segment where this proportion was significantly increased
compared to controls (64.56 + 4.17% vs 42.13 + 3.8%, p < 0.01; Figure 22A). Insulin
treatment partially prevented the diabetes-induced changes in the ileum and significantly
increased IL1B-CGRP-IR neuronal proportion in the colon (77.42 + 3.84%) compared to
both controls (47.76 + 4.36%, p < 0.0001) and diabetics (56.2 + 3.24%, p < 0.001; Figure
22A).
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Figure 22. Proportion of IL1B-CGRP-immunoreactive neurons related to the total number of CGRP-
immunoreactive neurons in the myenteric ganglia of the duodenum, ileum, and colon of control, diabetic, and
insulin-treated diabetic rats (A). The proportion of IL1B-CGRP-immunoreactive neurons significantly increased only
in the ileum of diabetics relative to controls. Proportion of IL1B-CGRP-immunoreactive neurons related to the
total number of IL1B-immunoreactive neurons in the myenteric ganglia of the duodenum, ileum, and colon of
control, diabetic, and insulin-treated diabetic rats (B). Data are expressed as mean + SEM. * p <0.05, ** p <0.01,
**%* < 0.0001 (relative to controls); °° p < 0.001 (between diabetics and insulin-treated diabetics).
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Considering the other aspects, the proportion of IL1B-CGRP-IR neurons per total
IL1B-IR myenteric neurons ranged between 50-60% in controls and was slightly higher
in the small intestine compared to the colon (Figure 22B). Diabetes did not alter the
proportion of IL1B-CGRP-IR neurons per total IL1B-IR myenteric neurons in the
investigated segments. However, this proportion was reduced in the colonic segments of
insulin-treated diabetic rats compared to controls (40.03 + 2.64% vs 51.16 £ 4.3%, p <
0.05; Figure 22B).

Lastly, the proportion of ILI1B-CGRP-IR neurons-containing ganglia was
displayed (Figure 23). In all the investigated segments, more than 85% of IL1B-IR
myenteric ganglia contained at least one IL1B3-CGRP-IR neuron, with slight variations
among the different experimental conditions (Figure 23). Under hyperglycaemia, the
proportion of IL1B-CGRP-IR neurons-containing ganglia was slightly decreased in the
duodenum of diabetics (86.1%) compared to controls (94.4%), whereas it was slightly

increased in the diabetic colon compared to controls (98.36% vs 88.37%, Figure 23).
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Figure 23. Proportion of IL1B-CGRP-immunoreactive myenteric neurons-containing ganglia in the duodenum,
ileum, and colon of control, diabetic, and insulin-treated diabetic rats. Data were obtained by calculating the
percentage (%) of the number of IL1B-CGRP-immunoreactive myenteric neurons-containing ganglia per the number
of IL1B-immunoreactive ganglia. C: controls, D: diabetics, ID: insulin-treated diabetics.
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4.5. Effect of hyperglycaemia on interleukin 1p protein levels
4.5.1. Tissue level of interleukin 1p in colonic muscle/myenteric plexus homogenates
Since the proportion of the IL1B-IR myenteric neurons was the highest in the
colonic gut samples under control conditions, this gut segment was used to measure IL1[
concentration in tissue homogenates that contained the intestinal smooth muscle and the
myenteric plexus. IL1 protein concentration per total protein content was at lower levels
in the control samples of the chronic experiment (Figure 24). Diabetes resulted in a 5-fold
increase in the IL1f level in the colon compared to controls (0.94 £ 0.26 ng/mg vs 0.29 +
0.04 ng/mg, p < 0.05) which was abolished in the insulin-treated group (0.40 £+ 0.03
ng/mg; Figure 24).
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Figure 24. Tissue level of IL1p in intestinal smooth muscle layer homogenates including the myenteric plexus
from the colon of control, diabetic, and insulin-treated diabetic rats. The IL1f tissue level was significantly
increased in diabetics relative to controls, which was prevented by insulin treatment. Data are expressed as mean +
SEM. * p <0.05 (relative to controls). C: controls, D: diabetics, ID: insulin-treated diabetics.

4.5.2. Levels of interleukin 1p in the pancreatic tissue and serum

IL1B levels in the pancreatic tissues and sera were also measured in the acute and
chronic diabetic rat models (Figure 25). Pancreatic tissue level of IL1p was significantly
increased in the diabetics of acute hyperglycaemic animals compared to controls (6.54 +
1.84 ng/mg vs 1.08 + 0.34 ng/mg, p < 0.05), however, in the chronic experimental groups
neither the diabetics nor the insulin-treated diabetics showed any significant changes in

IL1P levels relative to controls (2.43 + 0.74 ng/mg vs 2.03 £+ 0.66 ng/mg; Figure 25A).
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Serum IL1 levels from the acute and chronic diabetics were slightly increased
compared to their control counterparts (acute: 8.24 + 0.57 ng/ml vs 6.62 + 0.74 ng/ml;
chronic: 6.36 = 0.42 ng/ml vs 5.31 + 0.34 ng/ml) with no significant changes (Figure
25B).
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Figure 25. Pancreatic (A) and serum (B) levels of IL1§ of control, diabetic, and insulin-treated diabetic rats of
acute and chronic experimental models. A: Pancreatic tissue level of IL1f was significantly increased in the diabetics
of acute but not chronic hyperglycaemic model. B: No significant changes were observed in the concentration of serum
IL1p either among the experimental groups or between acute and chronic experimental animals. Data are expressed as
mean + SEM. * p <0.05 (relative to controls). C: controls, D: diabetics, ID: insulin-treated diabetics.
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4.6. Effect of chronic hyperglycaemia on the expression of interleukin 1 mRNA
IL1B mRNA level detected by RNAscope on cryosections in controls revealed
variations in IL1B mRNA dots/mm? depending on the investigated gut segment and the
intestinal wall layer (Figures 26-28). The number of punctate dots labelling IL1 mRNA
was the lowest in the intestinal smooth muscle layer in all gut segments of control rats,
while it was highest in the myenteric ganglia of the duodenum and colon (3400 + 429
dots/mm? and 3361 + 279.5 dots/mm?, respectively). In the ileum, the highest value was
measured in the mucosa (4558 + 486.7 dots/mm?), which was roughly double that of the

duodenum and colon (Table 5).

Table 5. Quantitative evaluation of IL1p mRNA labelling dots in different intestinal
wall layers and gut segments of control rats.

Duodenum lleum Colon
(dots/mm2) (dots/mm2) (dots/mm2)
Myenteric ganglia 3400 + 429 2420 + 486.7 3361 £ 279.5
Smooth muscle 1251 +181.5° 1629 + 257.7 1080 + 146°
Mucosa 1948 + 281.4 4558 + 486.7%°" 2549 + 279.5%9

Data are expressed as mean = SEM; ®p < 0.05, ®p <0.001, °p < 0.0001 vs myenteric ganglia in the same gut segment;
4 p<0.01, ° p<0.001 vs smooth muscle in the same gut segment; f p < 0.001 vs duodenum in the same intestinal layer;
€ p <0.01 vs ileum in the same intestinal layer.

In the myenteric ganglia of diabetic rats, the number of IL1 mRNA labelling dots
was significantly increased in all gut segments (p < 0.05); the greatest increase was
observed in the duodenum where the dot density was almost tripled (Figure 27A). In the
same gut region of insulin-treated diabetic rats, the number of dots remained at control
level (Figure 27A). The number of IL1 mRNA labelling dots in the intestinal smooth
muscle of diabetics increased by a lesser extent as well, and this change was significant
in the duodenum and colon (p < 0.05; Figure 27B).

In the mucosa of diabetics, IL1 mRNA expression varied differently in different
gut segments (Figure 28). A robust, more than five times increase in dot number was
observed in the duodenum (p < 0.0001), and almost double in the ileum (p < 0.05),
however, no change was detected in the colonic mucosa (Figure 28B). Insulin treatment
completely prevented the diabetic alterations in the ileum and partially in the duodenum

(Figure 28B).
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Figure 26. Representative micrographs of cryosections of myenteric ganglia from the colon of control, diabetic,
and insulin-treated diabetic rats after IL1p RNAscope. IL13 mRNA appear as green punctate dots in the myenteric
ganglia (arrows) and smooth muscle (arrowheads), nuclei were counterstained with DAPI (blue). CC: control colon,
DC: diabetic colon, IDC: insulin-treated diabetic colon. Scale bars: 20 pm.
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Figure 27. Expression of IL1f mRNA in the myenteric ganglia (A) and smooth muscle (B) of the duodenum,
ileum, and colon of control, diabetic, and insulin-treated diabetic rats. A: The number of IL1 mRNA dots was
significantly increased in the myenteric ganglia of all gut segments of diabetics relative to controls. Insulin treatment
was most beneficial in the duodenum. B: IL13 mRNA level of smooth muscle was significantly increased in the
duodenum and colon of diabetics relative to controls. Data are expressed as mean + SEM. * p < 0.05, ** p < 0.01
(relative to controls); ° p <0.05 (between diabetics and insulin-treated diabetics). C: controls, D: diabetics, ID: insulin-
treated diabetics.
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Figure 28. Representative micrographs of cryosections of mucosa from the duodenum of control, diabetic, and
insulin-treated diabetic rats after IL1p RNAscope (A). IL13 mRNA appear as green punctate dots (arrows), nuclei
were counterstained with DAPI (blue). CD: control duodenum, DD: diabetic duodenum, IDD: insulin-treated diabetic
duodenum. Scale bars: 20 um. Expression of IL1p mRNA in the intestinal mucosa of the duodenum, ileum, and
colon of control, diabetic, and insulin-treated diabetic rats (B). IL13 mRNA level in the mucosa was significantly
increased in the small intestine of diabetics relative to controls. Insulin treatment completely prevented the diabetic
alterations in the ileum and partially in the duodenum. Data are expressed as mean + SEM. * p <0.05, **** p <0.0001
(relative to controls); ° p <0.05, °° p <0.01 (between diabetics and insulin-treated diabetics). C: controls, D: diabetics,
ID: insulin-treated diabetics.
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Cryosections from the pancreas of different experimental groups were also
utilized to quantify IL1 mRNA expression using IL1 RN Ascope technique (Figure 29).
Diabetes robustly increased the expression of pancreatic IL1 mRNA compared to
controls (23061 £ 708.5 dots/mm? vs 3236 = 267.6 dots/mm?, p < 0.0001; Figure 30). The
insulin-treated group showed a significant decrease in pancreatic IL1 mRNA compared

to untreated diabetics (7918 £ 593.7 dots/mm?, p < 0.0001), however, this value was still

significantly higher than that of controls (p < 0.001; Figure 30).

Figure 29. Representative micrographs of cryosections of the pancreas from control, diabetic, and insulin-treated
diabetic rats after IL1p RNAscope. IL1 mRNA appear as green punctuate dots (arrows), nuclei were counterstained
with DAPI (blue). C: controls, D: diabetics, ID: insulin-treated diabetics. Scale bars: 20 pm.
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Figure 30. Expression of IL1$ mRNA in the pancreas of control, diabetic, and insulin-treated diabetic rats after
IL1p RNAscope. Diabetes robustly increased the number of IL13 mRNA dots, and insulin treatment partially protected
against the diabetes-induced increase in IL13 mRNA level. Data are expressed as mean = SEM. *** p <(0.001, **** p <
0.0001 (relative to controls); °°° p < 0.0001 (between diabetics and insulin-treated diabetics C: controls, D: diabetics,
ID: insulin-treated diabetics.

4.7. NLRP3 immunoreactivity and localization in the myenteric neurons

The presence of NLRP3 immunoreactivity was detected in the myenteric neurons
of the duodenum, ileum, and colon of experimental animals after NLRP3-HuC/HuD
double-labelling fluorescent immunohistochemistry. Neuronal varicosities were largely

IR to NLRP3 (Figure 31).

Figure 31. Representative fluorescent micrograph of a whole-mount preparation of myenteric ganglia from the
ileum of a control rat after NLRP3-HuC/HuD double-labelling immunohistochemistry. HUC/HuD as a pan-
neuronal marker was applied to label myenteric neurons. Arrows: NLRP3-immunoreactive myenteric neurons,
arrowheads: myenteric neurons. Scale bar: 20 pm.
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4.8. Quantitative evaluation of NLRP3 density within the myenteric ganglia
Immunogold electron microscopy was used to quantify NLRP3 protein expression
and investigate its subcellular localization in the myenteric ganglia of the different gut
segments of control, diabetic, and insulin-treated diabetic rats (Figure 32, 33A). NLRP3
gold labels appeared in the cytosol of the perikarya, inside or in close vicinity to
mitochondria, as well as in the nucleus, and were also abundant in the neuropil region

(Figure 32).

Figure 32. Representative electron micrographs of myenteric neuronal perikaryon and neuropil from the colon
of a control rat after NLRP3 post-embedding immunohistochemistry. NLRP3 gold labels appear in and near the
mitochondria, inside the nucleus, as well as in the neuropil region. PK: perikaryon, NP: neuropil, N: nucleus, M:
mitochondrion; arrows: 18 nm gold particles labelling NLRP3. Scale bars: 500 nm.

Quantitative evaluation of NLRP3-labelling gold particles in the myenteric
ganglia showed similar distribution among the gut segments of controls. In diabetics,
there was a gut segment-specific decrease in NLRP3 gold labels compared to controls
(Figure 33). In the duodenum of diabetics, NLRP3 gold labels became almost half of that
in the controls (1.45 + 0.12 labels/pm? vs 2.81 + 0.21 labels/um?, p <0.0001), whereas in
the colon there was a 1.5-fold decrease in myenteric NLRP3 expression (2.28 + 0.16
labels/um? vs 3.46 + 0.24 labels/um?, p < 0.01; Figure 33B). Insulin treatment caused a
robust increase in NLRP3 density in the myenteric ganglia of the duodenum and colon
compared to controls and diabetics (duodenum: 4.28 = 0.22 labels/pum?, p <0.0001; colon:
5.82 + 0.36 labels/um?, p < 0.0001; Figure 33B).
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Figure 33. Representative electron micrographs of myenteric ganglia from the duodenum of control, diabetic,
and insulin-treated diabetic rats after NLRP3 post-embedding immunohistochemistry (A). The number of NLRP3
labelling gold particles was decreased in diabetic rats relative to controls. CD: control duodenum, DD: diabetic
duodenum, IDD: insulin-treated diabetic duodenum; arrows: 18 nm gold particles labelling NLRP3. Scale bars: 500
nm. Quantitative evaluation of gold particles labelling NLRP3 in the myenteric ganglia from different gut
segments of control, diabetic, and insulin-treated diabetic rats (B). NLRP3 density was decreased in the myenteric
ganglia of the duodenum and colon in diabetics relative to controls. In insulin-treated diabetics, a robust increase
occurred in the same gut segments. Data are expressed as mean £ SEM. ** p < (0.01, **** p < 0.0001 (relative to
controls); °°° p <0.0001 (between diabetics and insulin-treated diabetics). C: controls, D: diabetics, ID: insulin-treated
diabetics.
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4.9. Effect of chronic hyperglycaemia on the expression of NLRP3 mRNA

Fluorescent images from gut cryosections hybridized with NLRP3 probe revealed
that NLRP3 mRNA is present in different layers of the intestinal wall of controls (Figures
34-36). The number of NLRP3 mRNA labelling dots was the lowest in the intestinal
smooth muscle layer in all gut segments with relatively similar distribution among the gut
segments (Table 6). In the myenteric ganglia, no significant differences were observed in
the number of NLRP3 mRNA dots along the duodenum-ileum-colon axis of controls
(Table 6). In the mucosal layer, the number of punctate dots labelling NLRP3 mRNA was
the highest in the duodenum and the lowest in the colon (duodenum: 3572 + 145.9
dots/mm? vs ileum: 2873 + 189.2 dots/mm?, p < 0.01; vs colon: 1648 + 206.1 dots/mm?,
p <0.0001; Table 6).

Table 6. Quantitative evaluation of NLRP3 mRNA labelling dots in different
intestinal layers and gut segments of control rats.

Duodenum lleum Colon
(dots/mm2) (dots/mm2) (dots/mm2)
Myenteric ganglia 3437.0 £ 473.6 2394.0 £ 320.2 2909.0 + 768.4
Smooth muscle 803.7 £ 73.65° 877.8 £ 93.75" 927.2 £143.4%
Mucosa 3572.0 + 145.9° 2873.0 + 189.2%¢ 1648.0 + 206.1"

Data are expressed as mean = SEM; *p < 0.05, °p < 0.01, °p < 0.0001 vs myenteric ganglia in the same gut segment;
4p < 0.0001 vs smooth muscle in the same gut segment; ¢p < 0.01, {p < 0.0001 vs duodenum in the same intestinal
layer; €p < 0.01 vs ileum in the same intestinal layer.

In diabetic rats, significant decrease in the number of NLRP3 mRNA dots was
observed in the myenteric ganglia of the duodenum (1810 + 221.5 vs 3437 &+ 473.6 dots/
mm?, p < 0.05) and in all the intestinal wall layers of the ileum compared to controls
(Figure 35, 36B). In the ileal myenteric ganglia and smooth muscle, more than 1.5-fold
decrease was observed in the number of NLRP3 mRNA dots relative to controls
(myenteric ganglia: 1449 + 427.2 dots/mm? vs 2394 + 320.2 dots/mm?, p < 0.05; smooth
muscle: 569.5 + 68.65 dots/mm? vs 877.8 + 93.75 dots/mm?, p < 0.05; Figure 35). In the
ileal mucosa, NLRP3 mRNA level underwent a 1.2-fold decrease in diabetics compared
to controls (2375 £ 266.5 dots/mm? vs 2873 + 189.2 dots/mm?, p < 0.05; Figure 36B).
Insulin treatment did not protect against the hyperglycaemia-induced decrease in the
number of NLRP3 mRNA dots observed in the ileal intestinal wall layers (Figure 35,

36B), whereas it decreased that in the intestinal wall layers of the duodenum (Figure 35,
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36B). Interestingly, the only observed increase in NLRP3 mRNA expression was detected
in the colonic mucosa of this experimental group compared to controls and diabetics (p <

0.0001; Figure 36B).

Figure 34. Representative micrographs of cryosections of myenteric ganglia and smooth muscle layers from the
ileum of control, diabetic, and insulin-treated diabetic rats after NLRP3 RNAscope. NLRP3 mRNA appear as
green punctate dots in the myenteric ganglia (arrows) and smooth muscle (arrowheads), nuclei were counterstained
with DAPI (blue). CI: control ileum, DI: diabetic ileum, IDI: insulin-treated diabetic ileum. Scale bars: 20 pum.
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Figure 35. Expression of NLRP3 mRNA in the myenteric ganglia (A) and smooth muscle (B) of the duodenum,
ileum, and colon of control, diabetic, and insulin-treated diabetic rats. The number of NLRP3 mRNA dots was
significantly decreased in the myenteric ganglia of the small intestine and in the ileal smooth muscle layers of diabetics
relative to controls, which was not prevented by insulin treatment. Data are expressed as mean = SEM. * p < 0.05,
**% p < 0.001 (relative to controls); ° p < 0.05 (between diabetics and insulin-treated diabetics). C: controls, D:
diabetics, ID: insulin-treated diabetics.
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Figure 36. Representative micrographs of cryosections from the ileum of control, diabetic, and insulin-treated
diabetic rats after NLRP3 RNAscope (A). NLRP3 mRNA appear as green punctate dots (arrows), nuclei were
counterstained with DAPI (blue). CI: control ileum, DC: diabetic ileum, IDI: insulin-treated diabetic ileum. Scale bars:
20 um. Expression of NLRP3 mRNA in the intestinal mucosa of the duodenum, ileum, and colon of control,
diabetic, and insulin-treated diabetic rats (B). The number of NLRP3 mRNA dots was significantly decreased in the
ileal mucosa of diabetics relative to controls. Insulin treatment did not prevent the diabetes-induced decrease in NLRP3
mRNA dots in the ileum and decreased that in the duodenum relative to controls and diabetics. The only observed
increase in NLRP3 mRNA levels was in the colonic mucosa of the insulin-treated diabetics. Data are expressed as mean
+ SEM. * p <0.05, ** p < 0.01, **** p <0.0001 (relative to controls), > p <0.0001 (between diabetics and insulin-
treated diabetics). C: controls, D: diabetics, ID: insulin-treated diabetics.
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5. DISCUSSION

Our earlier findings revealed intestinal region-specific alterations in the nitrergic
myenteric neurons of STZ-induced diabetic rat model (Izbéki et al. 2008). To understand
the aetiology behind the regional loss of nitrergic neurons, we have previously
investigated the region-dependent changes in oxidative stress markers (Jancsé et al.
2015), endogenous antioxidants (Chandrakumar et al. 2017), as well as inflammatory
cytokines including TNFa and its receptors in the same diabetic model (Bddi et al. 2021,
Barta et al. 2023). These alterations in pro-oxidant/antioxidant balance and activated
cytokines often trigger proinflammatory pathways which ultimately lead to the activation
of the pleiotropic cytokine IL1p (Fukata et al. 2009).

While IL1B is mainly produced by macrophages, various cell types including
epithelial and endothelial cells, smooth muscle cells, neurons, and glial cells, have been
reported to express it as well (Kaneko et al. 2019, Ren & Torres 2009, Copray et al. 2001,
Guo et al. 2007) and several factors can influence its release (Lopez-Castejon et al. 2011).
Consequently, the activity and role of ILIP extend beyond inflammation and are
implicated in the regulation of many physiological processes including glucose
metabolism, homeostasis of the intestinal barrier, and neuronal stimulation (Dror et al.
2017, Lima 2023).

Since IL1p is strongly connected to metabolism and gut health (Dror et al. 2017,
Lima 2023), we hypothesized that diabetes-related myenteric neuropathy might be
mediated by changes in the expression of this cytokine as a potent player in enteric
neuroinflammation. Moreover, considering that the distinct subpopulations of enteric
neurons have different susceptibility to hyperglycaemic damage (Liu et al. 1999, 1zbéki
et al. 2008, Chandrakumar et al. 2017, Mezei et al. 2021), it raised the question of whether
IL1B is also involved in different vulnerability of neuronal populations in TI1D. To
investigate the role of IL1p in diabetes-induced region-specific myenteric neuropathy and
to elucidate its possible impact on diabetic damage of different myenteric neuronal
populations, we applied fluorescent immunohistochemistry, immunogold electron
microscopy, protein measurement, as well as RNAscope using acute and chronic STZ-
induced T1D rat models.

It was imperative to initially investigate the distribution of ILIP along the
gastrointestinal tract under healthy conditions. In control animals, a marked difference

was observed in the proportion of IL1B-IR myenteric neurons between the small and large
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intestines in which the colon displayed higher levels of IL1B-IR myenteric neurons.
Colonic region of the gastrointestinal tract is rich in anaerobic microbiota which maintain
a high pro-oxidant state even under normal conditions (Brown & Esterhazy 2021, Sanders
et al. 2004). Similarly, some key members of the host-defence and innate immunity, such
as TNFa and TLR4, also displayed higher basal distribution in the colon than in the small
intestine (Bodi et al. 2021, 2023, Price et al. 2018). Collectively, these factors may explain
the higher baseline level of IL1B immunoreactivity in the colonic myenteric neurons.
Moreover, localization and immunoreactivity of IL1B within specific neuronal
subpopulations revealed variations in their IL1f proportions even in the different gut
segments. A higher proportion of ILIB-nNOS-IR neurons was observed in distal
segments, similar to the proportion of total IL1B-IR myenteric neurons. Since IL1J was
shown to stimulate NNOS-IR neurons (Tjwa et al. 2003), it is interesting to understand
whether IL13 immunoreactivity was homogenous within all the nitrergic neuronal subsets
themselves like those expressing the haem oxygenasel (Chandrakumar et al. 2017). In
contrast to nNOS neurons, IL1B-CGRP-IR myenteric neurons displayed an equal
distribution within the investigated gut segments with relatively high proportions ranging
between 40 and 50% of the total number of CGRP-IR neurons. These results highlight
the presence of neuronal population-specific expression of IL1p in the myenteric ganglia
of the distinct gut segments reflecting the physiological importance of IL1pB even in
healthy conditions.

On the mRNA level, the transcription of IL1p displayed distinct spatial patterns
within the different intestinal wall layers along the intestinal tract of controls. In both
duodenum and colon, IL1 mRNA was highly concentrated within the myenteric ganglia.
Enteric neurons within the myenteric ganglia are enriched with specialized immune cells;
glial cells (Rahl et al. 2004). These cells act as immunomodulators using different
inflammatory cytokines including IL1J to mediate their function (RUhl et al. 2004).
Additionally, IL1p mRNA signals were also evident in nuclei that were morphologically
characteristic of neurons. A study has shown that specific enteric neurons produced and
released the cytokine IL6 to inhibit the differentiation of T regulatory cells in vitro (Yan
et al. 2021). Thus, myenteric neurons possibly express IL13 mRNA and may utilize this
cytokine for neuroplastic as well as neuro-immune modulatory functions. Moreover,
while duodenal myenteric IL13 mRNA level was as explicit as in the colon, it is plausible

to assume the presence of mechanisms counteracting its activation in the small intestine
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while inducing it in the colon. Indeed, some regulatory processes exist that antagonise
IL1pB activity including the presence of IL1Ra as well as binding of IL1p to its cell
membrane decoy receptor; IL1R2 (Dinarello 2009) or preventing its activation into a
mature IL1f by inflammasomes (Latz 2010). In contrast to the duodenum and colon, ileal
IL1B mRNA was not only the most prominent in the mucosal layer, but it was also the
highest compared to other gut segments in this intestinal wall layer. It is not surprising
that IL1p was highly expressed in the ileal but not the colonic mucosa. Previous research
demonstrated higher expression of pro-inflammatory cytokines including IL1f from the
ileal dendritic cells compared to the colon where colonic mucosa contained more
regulatory dendritic cells (Mann et al. 2016) which may be an adaptation against the
greater bacterial load in the colon (Zoetendal et al. 2004, Tomas et al. 2012).

In hyperglycaemic states, a time-dependent and region-specific induction of IL1f3
was observed in the myenteric neurons of the investigated gut segments. A general
induction in the proportion of IL1B-IR myenteric neurons was observed in all gut
segments with higher extent in the small intestine of chronic diabetic rats. Although IL13
induction was already seen in the myenteric neurons of the duodenum and ileum of the
acute diabetic rats, colonic myenteric neurons only developed that after chronic
hyperglycaemia. This may reflect that a prolonged state of hyperglycaemia and the
associated increase in inflammatory cytokines is required to upregulate IL1B in the
myenteric ganglia of this gut segment. Moreover, since the distal parts of the intestine are
more susceptible to pro-oxidative environment due to the presence of anaerobic microbial
content (Tomas et al. 2012), colonic myenteric neurons might have developed
mechanisms to combat such states rendering them more tolerant to the short-term increase
in oxidative stress associated with acute hyperglycaemia (Maleki et al. 1997). A previous
study revealed a high baseline level of haem oxygenase2-IR myenteric neurons in the
colon compared to the small intestine (Chandrakumar et al. 2017) which may hinder the
robust increase in hyperglycaemia-associated upregulation in pro-inflammatory
cytokines such as IL1P. However, these protective mechanisms seem to get exhausted
under chronic hyperglycaemia. Indeed, a former study showed that peripheral nitrergic
neurons underwent a two-phase time-dependent nitrergic neuropathy in a STZ-induced
diabetic rat model (Cellek et al. 2003). Thus, it would be intriguing to understand the
association of IL1p induction in short- and long-term hyperglycaemia-induced neuronal

damage.
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Our observation was also confirmed in the colonic tissue homogenates of
intestinal smooth muscle layers including the myenteric plexus. Thus, these results reflect
that the entire enteric nervous system reacts to the long-lasting hyperglycaemic state
suggesting a role for IL1p in enteric neuroinflammation. High glucose concentration can
activate IL1p precursors in different cells (Honma et al. 2020, Maedler et al. 2002), which
then stimulates NFxB activation (Flodstroma et al. 1996), a key element of many pro-
inflammatory signalling pathways. Pro-inflammatory cytokines can also facilitate neurite
growth via the upregulation of neurotrophic factors in annulus cells (Gruber et al. 2012,
Gruber et al. 2017), cortical neural precursors (Park et al. 2018) and myenteric neurons
(Gougeon et al. 2015). Therefore, the increase in inflammatory cytokines could serve as
a compensatory mechanism to replace the loss of myenteric neurons or the disruption in
neuronal connectivity (neuronal plasticity) during chronic hyperglycaemia.

Moreover, a strict regionality in IL1 immunoreactivity was unveiled in different
myenteric subpopulations, e.g. nNOS and CGRP neurons of chronic hyperglycaemic rats.
Hyperglycaemia-induced increase in the proportions of IL1B-IR myenteric neurons was
non-homogeneous within the different neuronal populations along the gastrointestinal
tract. Indeed, while the proportion of IL1B-IR nitrergic neurons (per total nitrergic
neurons) increased only in the colonic segment of diabetics relative to controls, it did not
change elsewhere. Moreover, since the proportion of IL1B-IR nitrergic neurons (per total
IL1B-IR neurons) did not change in the colonic segment among the different experimental
groups, it is plausible that the induction in IL1B-IR myenteric neurons in this gut region
was highly due to the increase in IL1B-containing nNOS neurons. Former studies
(Chandrakumar et al. 2017, Izbéki et al. 2008) have shown that the nitrergic myenteric
system undergoes a regional disruption under diabetic conditions. While the density of
these inhibitory motor and interneurons decreased in all the investigated segments, there
was no concurrent neuronal loss in the duodenal ganglia. In light of this, it is noteworthy
that, despite the nitrergic loss in the colon of diabetics, there was still an increase in the
proportion of IL1B-containing nNOS neurons. Other studies have shown that ILI is
involved in the stimulation of NFkB-mediated inducible NOS expression (Cho et al.
2012, Kim et al. 2004). Furthermore, it has also been shown that IL1J specifically
activates different neuronal and glial cell populations in the myenteric and submucous
plexuses of the guinea pig ileum and colon (Tjwa et al. 2003). In this study, the majority

of activated myenteric neurons were nNOS-IR, while most activated submucous neurons
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expressed vasoactive intestinal polypeptide in both gut segments (Tjwa et al. 2003).
Whether the induced neuronal IL1J plays a protective or disruptive role in nitrergic
neuropathy still requires further investigations.

The proportion of IL1B-containing CGRP neurons was specifically elevated only
in the ileal ganglia whereas it remained unchanged in the duodenal and colonic ganglia
of diabetics. Since myenteric CGRP neurons are mostly IPANs and are consequently
essential sensors and transducers of luminal stimuli (Mitsui 2009), the alterations in
microbial composition in diabetes may serve as a possible explanation for our results.
Indeed, we previously detected a substantial microbial rearrangement and
robust Klebsiella invasion in the ileum (Wirth et al. 2014), together with a significant
increase in endogenous haem oxygenase defence system (Chandrakumar et al. 2017).
While several studies have demonstrated that CGRP-like immunoreactivity was
decreased in both enteric plexuses of the diabetic rat ileum and colon (Chandrasekharan
et al. 2007, Shotton et al. 2004, Spitngeus et al. 2004), others have detected an increase
in the number of CGRP-containing neurons in the pig small intestine (Bulc et al. 2020).
These discrepancies in results may be due to the species-specific differences in
experiments. Furthermore, IL1p was shown to directly induce the release of CGRP from
sensory neurons of the dorsal root ganglia in a concentration-dependent manner (Hou et
al. 2003). Since CGRP can modulate immune cell function, the role of neuropeptide-
cytokine interactions underscores the significance of conducting additional investigations
in diabetic enteric neuropathy (Chandrasekharan et al. 2007).

At the transcriptional level, IL1p mRNA induction was evident in the myenteric
ganglia of all investigated gut segments of diabetic rats, and IL1 mRNA level was also
increased in intestinal smooth muscle except the ileum. The number of IL1f mRNA-
labelling dots in the smooth muscle of the gut wall indicates that it contributes to diabetes-
induced cytokines production, however, this involvement is comparatively lower than
that observed in the myenteric ganglia. Previously, an enhanced IL13 mRNA expression
was shown in the colonic muscle of rats with colitis (Khan & Al-Awadi 1997).
Furthermore, IL1p was proved to induce IL6 mRNA and protein expression in cultured
muscle cells of the rat jejunum (Khan et al. 1995). In our experiment, the mucosal IL1§
MRNA level was robustly induced in the small intestine, especially in the duodenum of
diabetics. Diabetic alterations of the mucosa-associated gut microbiota (Wirth et al. 2021)

may induce mucosal IL1P production (Benedetti et al. 2020) and contribute to the
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increased intestinal permeability (Al-Sadi et al. 2007, Kaminsky et al. 2021). Moreover,
increased expression of sodium-glucose transporterl in the small intestinal enterocytes
under chronic hyperglycaemia (Debnam et al. 1995) could induce the absorption of
glucose (Koepsell 2020) through which an overexpression in mucosal IL13 may be
mediated (Honma et al. 2020).

T1D is represented mainly as a dysfunction in pancreatic B-cells of the Langerhans
islets (Gillespie 2006). Whereas ILI mRNA was robustly increased in chronic
hyperglycaemic state, only acute hyperglycaemia was associated with the increase in
IL1p protein levels. Treatment with STZ induces apoptotic cell death of -cells which is
mediated by the acute expression of inflammatory cytokines including IL1(B and the
recruitment of macrophages and dendritic cells (Pirot et al. 2008). Moreover, IL1 has
been shown to be crucial for insulin signalling in pancreatic -cells as these cells express
IL1R1, whereas neighbouring intra-islets endocrine cells and exocrine cells express IL1
(Burke et al. 2018). In chronic hyperglycaemia, very few [-cells are present and the
destructive effect of STZ is diminished which may limit signals that lead to the activation
of IL1B. A study has demonstrated a downregulation in IL1f and inflammasome proteins
in the pancreas, blood mononuclear cells, and granulocytes under severe T1D conditions
(Liu et al. 2017). Although we did not observe a downregulation in IL1p in either the
pancreas or the serum of chronic hyperglycaemic rats, the unchanged serum IL1J level
suggests that this rat model is more likely to represent a hyperglycaemic model. This rules
out any possible induction in inflammation that may have originated from the pancreas
or systemic circulation (Pereira et al. 2020). Since these results reveal an intestinal
localization of IL1pB induction, more studies are required to investigate the cell-type
specific expression patterns of pro-IL1p, IL1B, IL1Ra, IL1RI, and inflammasome
markers within the pancreas under chronic hyperglycaemia.

Moreover, a compartmentalized view regarding the different gut segments is more
likely to explain the region-specific and layer-dependent diabetes-related induction in
IL1B. For instance, IL1B immunoreactivity in CGRP neurons was only induced in the
myenteric ganglia of the ileum. This coincided with the induction of IL13 mRNA in the
mucosa but not the smooth muscle layer surrounding the myenteric ganglia. Therefore, it
is assumable that IL1p induction in this gut segment originated from the luminal and
mucosal parts and later was mediated through CGRP neurons toward the myenteric

ganglia.
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As we have seen, chronic hyperglycaemia caused a segment-specific and intestinal
layer-dependent IL1P induction on both the mRNA and protein levels. For IL1JB
activation, an inflammasome complex is required to be assembled to enzymatically
mediate the activation of pro-IL1p into an active IL1p (Lopez-Castejon & Brough 2011).
Many studies have demonstrated the role of NLRP3 inflammasome-forming protein in
the homeostasis of both gut and glucose metabolism (Hirota et al. 2011, Dror et al. 2017)
and its involvement in disorders affecting these compartments additional to its role in
neurodegenerative diseases (Shen et al. 2020, Pellegrini et al. 2021). Therefore, we aimed
to understand NLRP3 role in diabetes-induced region-specific myenteric neuropathy and
its implications in IL1f activation in our experiments.

In controls, the number of NLRP3-labelling gold particles was evenly distributed
within the myenteric ganglia along the duodenum-ileum-colon axis. Interestingly, chronic
hyperglycaemia caused a gut segment-specific decrease in NLRP3 gold labels within the
myenteric ganglia. This downregulation in myenteric ganglionic NLRP3 took place in the
duodenum and colon but not the ileum. Inflammasome-forming proteins including
NLRP3 have been shown to be inhibited by some neurotransmitters including nitric oxide
(Hernandez-Cuellar et al. 2014), adrenergic (Chen et al. 2019, Mathies et al. 2020), as
well as cholinergic activation (Ke et al. 2017). A study demonstrated the inhibition of
NLRP3 activation by nicotinic agonists and phosphocholine-modified macromolecules
through purinergic receptors (Hecker et al. 2015). Further investigations revealed an
increase in myenteric neuronal immunoreactivity of choline acetyltransferase (Lincoln et
al. 1984) and vesicular acetylcholine transporter (Bulc et al. 2020) in STZ-induced rat
and porcine diabetic models, respectively.

Molecular analysis of NLRP3 transcripts of control rats showed regional
differences in the mucosal layer with higher NLRP3 transcription in the small intestine
compared to the colon, consistent with our previous observation regarding IL13 mRNA
levels. Hyperglycaemia decreased NLRP3 mRNA levels in the myenteric ganglia of the
small intestine. In the ileum, the decrease of NLRP3 mRNA was also observed in the
micro- and macro-environment of the myenteric ganglia represented by the reduction in
all ileal intestinal layers. These results reflect that hyperglycaemia-related NLRP3
downregulation was regulated on the protein or the mRNA levels differently depending
on the investigated segment. For instance, in the duodenum, both NLRP3 protein density

and mRNA levels within the myenteric ganglia were significantly decreased in diabetic
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animals compared to the control rats. However, colonic NLRP3 downregulation in the
myenteric ganglia occurred only on the protein level. These differences in the regulation
of NLRP3 within the myenteric ganglia as a response to hyperglycaemia represent a gut
region-specific modification of NLRP3 on the transcriptional, posttranslational, and
activation levels. In an animal model of obesity-induced diabetes, the expression of
NLRP1, NLRP3, and NLRP6 were decreased in the small intestine compared to their
control counterparts (Frithbeck et al. 2024) which coincided with the increase in
inflammatory markers. Moreover, a study demonstrated the inhibition of NLRP3
inflammasome by inducing haem oxyegenasel (Luo et al. 2014), that have also been
robustly induced in the myenteric neurons of the diabetic ileum (Chandrakumar et al.
2017). Limiting the propagation of inflammation is a regulatory and compensatory
mechanism that tissues undergo to prevent further destruction in biological barriers and
tissues (Afonina et al. 2017). However, this can further downregulate key pattern
recognition receptors such as NLRP3 that are crucial in the host-defence and innate
immunity within the intestinal wall layers. Indeed, a downregulated NLRP1 and NLRP3
in the circulatory system was associated with poor prognosis in T1D patients (Liu et al.
2017). Therefore, the downregulation in NLRP3 inflammasome besides others, may play
a role in the disrupted intestinal barrier seen in diabetes. Other inflammasome-forming
proteins and IL1P activators should be investigated such as NLRC4, cathepsin D and
caspase-8 (Gurung & Kanneganti 2015, Van Opdenbosch et al. 2017, Chauhan et al.
2018), which may play role in hyperglycaemia-induced IL1f activation in the myenteric
ganglia and their environment. However, activation and regulation of different
inflammasome-forming proteins and enzymes is a complex process (Kang et al. 2013,
Van Opdenbosch et al. 2017), and studying the expression of NLRP3 in different time
points along the progression of the disease may help further our understanding about the
role of this inflammasome protein in hyperglycaemia.

The clinical significance of our results highlights the importance of IL1[
antagonism to treat the regional neuropathy in T1D. However, IL1B levels should be
tackled with therapeutics delivered specifically into the intestinal tissue or cell type. For
instant, mechanisms utilizing luminal pH differences in intestinal segments can be
adopted to modify current IL1p antagonists. Additionally, bioactive nanovesicles derived
from grapefruit were taken up by intestinal macrophages and thus can be loaded with anti-

inflammatory drugs to alleviate intestinal inflammation (Wang et al. 2014). However,
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cells are able to naturally antagonise IL1f function through the upregulation of IL1R2 or
IL1Ra, and concomitant expression of these should be analysed prior to IL1f inhibition.
Furthermore, enterosynes refers to molecules originating from the gut which have the
capacity to modulate duodenal contraction by targeting the ENS. These molecules can be
chemically diverse and related to hormones, bioactive peptides/lipids, nutrients,
microbiota, and immune factors (Knauf et al. 2020). The utilization of such molecules to
target intestinal contractility in T1D should not be overlooked.

On the other hand, while many studies pushed toward the possibility of NLRP3
antagonism during metabolic diseases including T1D (Jiang et al. 2018), more evidence
is revealed highlighting its downregulation rather than wupregulation under
hyperglycaemia (Frithbeck et al. 2024). However, experimental pharmacological studies
are needed to investigate whether the restoration of IL1 levels in the myenteric neurons
and their environment could reverse the downregulation in NLRP3 in hyperglycaemic
animal models. Finally, since NLRP3 inflammasome was downregulated in this animal
model, more studies are needed to unravel the possible mechanisms by which IL1f is
activated in the gut under hyperglycaemia.

In conclusion, IL1p is a crucial cytokine expressed by cells in the intestinal tract
and display a spatial and segment-specific expressional patterns in healthy rats.
Hyperglycaemia causes intestinal region-specific and layer-dependent induction in this
cytokine. Specific myenteric neurons react to hyperglycaemia and become a higher source
for IL1P production. This highlights the role of IL1p in myenteric subpopulation-specific
neuropathy that can give rise to diabetic dysmotility. Moreover, since NLRP3 is
regionally downregulated in chronic hyperglycaemia, it is assumable that
hyperglycaemia-related IL1B induction is not mediated through the NLRP3

inflammasome protein rendering it dispensable for IL1p activation in the gut in T1D.
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6. THESIS MAIN FINDINGS

1. We revealed an intestinal segment-specific IL1p immunoreactivity within the
total and different subpopulations of the myenteric neurons in control rats. In
diabetic rats, chronic hyperglycaemia induced both IL1p mRNA levels and
protein immunoreactivity in the myenteric ganglia of all gut segments with
specific induction of IL1J immunoreactivity in nNOS and CGRP neuronal subsets
of the distal gut segments. Immediate insulin treatment exerted cell-type specific
protection against the hyperglycaemia-induced IL1 expression.

2. We found a similar distribution of NLRP3-labelling gold particles in the
myenteric ganglia of the investigated gut segments in control rats. In diabetic rats,
chronic hyperglycaemia regionally decreased the density of NLRP3 gold labels in
the myenteric ganglia of the duodenum and colon. NLRP3 mRNA levels were
also particularly decreased in the myenteric ganglia of the small intestine. The
region-dependent downregulation of NLRP3 on the protein and mRNA level was

not protected by insulin treatment.

Based on these findings, the induction of IL1 suggests its key role in the region-
dependent and neuronal population-specific diabetic myenteric neuropathy. Moreover,
although NLRP3 inflammasome protein seems to be dispensable for the hyperglycaemia-
induced IL1p activation, the downregulation of NLRP3 as a crucial regulator of intestinal

barrier, may regionally affect the neuronal environment in T1D.
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9. SUMMARY

The gastrointestinal tract is innervated with an intrinsic neuronal network called
the enteric nervous system. This neuronal network encompasses two main ganglionated
plexuses: myenteric and submucous plexus in which sensory, motor, and interneurons
regulate many gastrointestinal functions including peristalsis, secretion, absorption, and
immune modulation. Metabolic diseases like type 1 diabetes (T1D) are associated with
myenteric neuropathy resulting in gastrointestinal complications such as motility
dysfunction, bloating or hyperalgesia. Our earlier findings revealed gut region-specific
nitrergic neuropathy in the myenteric ganglia of a streptozotocin (STZ)-induced T1D rat
model. This may be attributed to the upregulated pro-oxidative and pro-inflammatory
mechanisms during long-lasting hyperglycaemia. Many of these pro-inflammatory
cascades ultimately lead to the activation of the interleukin 1p (IL1p) cytokine. IL1p is
expressed as a pro-IL1P and activated by caspase-1 enzyme inside an inflammasome
complex. In the gut, activated IL1J represents a pleiotropic cytokine that is crucial for gut
homeostasis and may exert divergent effects on distinct neuronal populations within the
myenteric plexus. However, excessive IL1p expression due to hyperglycaemia could
disrupt gut homeostasis and possibly contribute to diabetes-related regional damage of
neuronal nitric oxide synthase (nNOS) neurons. Additionally, IL1f is implicated in the
signalling pathway of calcitonin gene-related peptide (CGRP), suggesting its potential
effects on the subset of CGRP-expressing myenteric neurons most of which represent
intrinsic primary afferent neurons. Therefore, it is plausible that IL13 may have potential
effects on the different populations of myenteric neurons under different metabolic,
neuroinflammatory, and spatial circumstances. Among others, the NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflammasome is extensively studied due to its
involvement in autoimmune and inflammatory diseases including T1D. Furthermore, this
inflammasome-forming protein was suggested to contribute to maintaining
gastrointestinal tract homeostasis and microbial compositions. However, fewer studies
have focused on the role of NLRP3 in myenteric neurons with discrepancies in its
involvement in enteric neuropathy depending on the investigated disease. In T1D, Toll-
like receptor 4 expression and immunoreactivity were changed in a gut region-specific
manner in the myenteric neurons. Since it is an inducer for NLRP3 inflammasome, it is
reasonable to examine the perturbation of neuronal NLRP3 inflammasome protein and

investigate its possible association with diabetic IL1 expression.
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Therefore, our main goal was to explore the effect of hyperglycaemia and insulin
treatment on IL1p and NLRP3 expression in different myenteric neuronal populations
and intestinal layers in a type 1 diabetic rat model. One week (acute) or ten weeks
(chronic) after the induction of hyperglycaemia, pancreas and different gut segments were
prepared from STZ-induced diabetic, insulin-treated diabetic, and control rats.
Fluorescent immunohistochemistry was used to count IL1B-expressing neurons as well
as nNOS- and CGRP-immunoreactive (IR) myenteric neurons within this group. Tissue
IL1p level was measured by enzyme-linked immunosorbent assay in muscle/myenteric
plexus-containing intestinal homogenates. NLRP3 density was measured by immunogold
electron microscopy in the myenteric ganglia. IL1B3 and NLRP3 mRNA levels were
detected and quantified in different intestinal wall layers (myenteric ganglia, smooth
muscle, mucosa) using RNAscope multiplex fluorescent V2 assay.

In healthy rats, we observed higher baseline levels of the proportion of IL1B-IR
myenteric neurons in the colon compared to the small intestine, likely influenced by
anaerobic microbial content and higher oxidative stress mechanisms. In diabetics, the
proportion of IL1B-IR myenteric neurons was induced by hyperglycaemia in a time-
dependent and gut region-specific manner. Duodenal and ileal myenteric neurons showed
an early increase in their IL1p immunoreactivity after acute hyperglycaemia, which was
sustained during chronic hyperglycaemia. On the other hand, colonic myenteric neurons
only developed an induction in IL1B immunoreactivity after chronic hyperglycaemia.
This suggests that the colon may have defence mechanisms against short-term
hyperglycaemia due to the presence of higher oxidative and pro-inflammatory processes,
which could render it less sensitive to further increase in oxidative stress. Immediate
insulin treatment prevented the diabetes-induced increase in the proportion of IL1B-IR
myenteric neurons.

IL1P expression was specific to different myenteric neuronal subpopulations even
in control animals. In diabetics, a strict regional induction of IL1f immunoreactivity was
observed in different populations of myenteric neurons. While the proportion of IL1[3-
NNOS-IR myenteric neurons was elevated only in the colon, the proportion of IL1[-
CGRP-IR myenteric neurons was increased in the ileum. An increase in colonic
proportion of IL1B-nNOS-IR myenteric neurons may be associated with nitrergic
neuropathy in this gut segment. Whereas the induction of IL1B-CGRP-IR myenteric

neurons in the ileum could be associated with the previously observed pathogenic

91



microbial invasion in this particular gut segment. Insulin treatment did not protect against
the induction of IL1B immunoreactivity in the nNOS neurons but normalised that in the
CGRP neurons. Elevated IL1B levels were also confirmed in tissue homogenates of
myenteric plexus and smooth muscle layers. IL1 mRNA levels displayed distinct spatial
patterns within the different intestinal wall layers along the intestinal tract of controls. In
diabetic rats, a gut segment-specific and layer-dependent increase in IL13 mRNA levels
was revealed. While IL13 mRNA expression was increased in the myenteric ganglia of
all gut segments, mucosal IL13 mRNA was induced only in the small intestine whereas
muscular IL13 mRNA expression was elevated in the duodenum and colon. This proves
that the whole enteric nervous system and its environment responds to hyperglycaemia
and are sources for inflammatory cytokines like ILIP. Insulin treatment regionally
prevented the hyperglycaemia-induced IL13 mRNA expression.

Evaluation of NLRP3 levels in the myenteric ganglia revealed a regional decrease
in the density of NLRP3-labelling gold particles in the duodenal and colonic segments of
diabetics. Moreover, NLRP3 mRNA levels were reduced specifically in the different
compartments of the small intestine which was not prevented by immediate insulin
treatment. Similarly, the expression of other inflammasome proteins like NLRP1,
NLRP3, and NLRP6 was also decreased in the small intestine of an obesity-induced
diabetic animal model. Moreover, another study demonstrated the inhibition of NLRP3
inflammasome by inducing haem oxygenasel which has been robustly induced in the
myenteric neurons of the ileum in our type 1 diabetic rat model. The intestinal wall layers
including the myenteric neurons may downregulate the NLRP3 inflammasome protein as
a compensatory mechanism to limit further propagation of intestinal inflammation. A
downregulated NLRP1 and NLRP3 in the circulatory system was associated with poor
prognosis in T1D patients. Therefore, the decrease in NLRP3 inflammasome besides
others, may play a role in the disrupted intestinal barrier seen in diabetes and myenteric
neuropathy. Additionally, this indicates that IL1p induction may occur through alternative
pathways in the diabetic gut, independent of NLRP3 activation.

In conclusion, IL1 is a crucial cytokine expressed by cells in the intestinal tract
which displays spatial and segment-specific expressional patterns in healthy rats.
Hyperglycaemia causes intestinal region-specific and layer-dependent induction in this
cytokine. Specific myenteric neurons react to hyperglycaemia and become a higher source

for IL1P production. This highlights the role of IL1f in myenteric subpopulation-specific
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neuropathy that can give rise to diabetic dysmotility. Moreover, since NLRP3 is
regionally downregulated in chronic hyperglycaemia, it is assumable that
hyperglycaemia-related ILIPB induction is not mediated through the NLRP3
inflammasome protein rendering it dispensable for IL1f activation in the gut in T1D.
Understanding alternative mechanisms involved in hyperglycaemia-induced ILI1fB
activation could provide further insights into new therapeutic strategies for managing

diabetic gastrointestinal myenteric neuropathy.
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10. OSSZEFOGLALAS

A gyomor-bélcsatorna Osszehangolt miikodését az enteralis idegrendszer
szabalyozza. Az enterikus neuronok ¢és gliasejtek két f6 ganglionalt plexusba tomoriilnek.
A myentericus és submucosus ganglionokban az érzd, motoros €s interneuronok lokalis
reflexivek révén szabalyozzak a gasztrointesztinalis rendszer miikodését, az abszorpcio,
szekrécid ¢és a bélperisztaltika Osszehangolasat. Az 1-es tipust cukorbetegek gyakran
szenvednek kiilonb6zd gyomor-bélrendszeri tiinetektdl, mint a bélmotilitdsi zavarok,
puffadas vagy hasi fijdalom, melyek hatterében az entericus neuronok sériilése all.
Korabbi munkank sordn bizonyitottuk, hogy streptozotocin (STZ)-indukalt diabéteszes
allatokban a myentericus nitrerg neuronok bélszakasz-specifikusan sériilnek. Mindehhez
a kronikus hiperglikémia kovetkeztében fokoz6do oxidativ stressz és gyulladasos
folyamatok is hozzajarulhatnak, a kiilonboz6 gyulladasos kaszkadok pedig az interleukin
1B (IL1B) aktivalodasat eredményezik. A sejtekben az IL16 eldalakja egy inflammaszéma
komplexben a kaszpaz-1 enzim segitségével aktivalodik. Az IL1f egy pleiotrop citokin,
amely kulcsfontossagli a bél homeosztazisdnak fenntartdsdban, s hatassal lehet a
kiilonb6zd myentericus neuronpopulaciokra is, igy hozzdjarulhat a nitrerg neuronok
diabéteszhez kothetd regiondlis karosodasahoz. Emellett az IL1J fontos szerepet jatszik
a kalcitonin gén-rokon peptid (CGRP) jelatviteli utvonalban, igy hatassal lehet a CGRP-
t expresszalo tobbségiikben intrinsic primer afferens neuronokra is.

A NOD-, LRR- ¢és pirin-domén-tartalmii protein 3 (NLRP3) inflammaszéma
szerepét széles korben tanulmanyozzak a kiilonbdzé autoimmun és gyulladasos
betegségekben, koztiik az 1-es tipusu diabéteszben is. Irodalmi adatok alapjan az NLRP3
fontos a bél mikrobiota Osszetételének fenntartasdban, s a gyomor-bélcsatorna
homeosztazisaban, azonban kevés tanulmany foglalkozik az NLRP3 myentericus
neuronokban ¢és a diabéteszes enterikus neuropatia kialakuldsdban jatszott esetleges
szerepével. Nemrégiben megfigyeltiik, hogy 1-es tipusu diabéteszes allatmodellben a
Toll-like receptor 4 expresszidja bélszakasz-specifikus mddon valtozott a myentericus
neuronokban. Mivel a Toll-like receptor 4 fontos az NLRP3 expresszi6d indukalasaban,
ezért gy gondoljuk, hogy az entericus neuronok NLRP3 expressziojat is érdemes
megvizsgalni.

Ezért, a doktori munkdm elsddleges célja az volt, hogy feltérképezziik, milyen
hat4sa van a hiperglikémianak és az azonnali inzulinkezelésnek az IL1p és az NLRP3

expresszidjara a myentericus neuronok kiilonbdz6 populacidiban és a bélfal kiilonbozd
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rétegeiben 1-es tipusu diabéteszes patkanymodellben. Egy héttel (akut) vagy tiz héttel
(kronikus) a hiperglikémia kivaltast kovetéen mintakat vettiink a kontroll, diabéteszes és
inzulin-kezelt diabéteszes allatok kiilonb6zé bélszakaszaibdl és a hasnyalmirigybdl. Az
IL1B-immunreaktiv (IR) myentericus neuronok, valamint az IL1B8-IR nNOS illetve CGRP
neuronok aranyat fluoreszcens immunhisztokémidval kovettilk nyomon. Az IL1 szoveti
kifejez6dését enzimhez kotott immunszorbens teszttel hataroztuk meg a bél
simaizom/myentericus plexusbol késziilt homogenizatumokban. Az NLRP3-t jelold
aranyszemcseék denzitasat poszt-embedding aranyjeldléses elektronmikroszkopiaval a
myentericus ganglionokban vizsgaltuk. Az IL1f és az NLRP3 mRNS kifejez6dését a
bélfal kiilonb6z6 rétegeiben (myentericus ganglionok, simaizom, nyalkahartya)
RNAscope multiplex fluoreszcens V2 modszerrel térképeztiik fel.

Egészséges allatokban az IL1B-IR myentericus neuronok ardnya magasabb volt a
vastagbélben, mint a vékonybélben, melyben valosziniileg a colonra jellemzd oxidativ
koriilmények és az anaerob mikrobidta-Osszetétel is szerepet jatszik. A diabéteszes
patkdnyokban az IL1B-IR myentericus neuronok aranya a hiperglikémias iddszak
hosszatol fliggden, bélszakasz-specifikus médon novekedett. A duodenumban és az
ileumban az IL1B-IR myentericus neuronok aranya mar akut hiperglikémat kovetden
megndvekedett, s ez a valtozds a kronikus hiperglikémia soran is fennmaradt. Ezzel
szemben a vastagbélben ezeknek a neuronoknak az aranya csak a kronikus hiperglikémias
allapot kovetkeztében indukaldédott. Mindez arra utal, hogy a vastagbélben uralkodo
fokozottabb oxidativ €s pro-inflammatorikus folyamatok miatti alapveté mechanizmusok
arovid ideig fennallo hiperglikémiaval szemben még elegendd védelmet nyajthatnak. Az
azonnali inzulinkezelés sikeresen kivédte az IL1B-IR myentericus neuronok aranyanak
diabéteszes novekedését.

Az ILI1B kifejez6dése a myentericus neuronok kiilonb6z6 populdcidiban
valtozatos képet mutatott még kontroll dllatokban is. A diabéteszes csoportban az IL163
expresszidja  bélszakasztol fiiggben  indukélodott a  vizsgidlt myentericus
neuronpopulaciokban. Mig az IL1B-nNOS-IR myentericus neuronok aranya kizardlag a
vastagbélben emelkedett, addig az IL1B-CGRP-IR myentericus neuronok ardnya az
ileumban fokozddott. Az IL1B-IR CGRP-t expresszald f6ként szenzoros neuronok
aranyanak novekedése az ileumban korabban megfigyelt patogén mikrobidta invazioval
hozhatd 0Osszefliggésbe. Az inzulinkezelés nem védte ki az IL1P immunreaktivitas

fokozddasat a nNOS neuronokban, viszont helyreéllitotta azt a CGRP neuronokban. Az
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IL1P expresszid emelkedett szintjét a myentericus plexust €s a bél simaizomrétegét
tartalmazo szoveti homogenizatumokban is igazoltuk. Az IL13 mRNS kifejezodése a
kontroll patkdnyok bélfalanak kiilonbozd rétegeiben eltérd térbeli mintdzatot mutatott.
Diabéteszes allatokban az IL1 mRNS expresszioja bélszakasztol és a bélfal szovettani
rétegeitdl fliiggden novekedett. Mig az IL1B mRNS szintje minden bélszakasz
myentericus ganglionjaiban megemelkedett, addig a nyalkahartya IL1 mRNS szintje
csak a vékonybélben indukalodott, a simaizom IL1B mRNS expresszid pedig a
duodenumban és a colonban fokozddott. Mindez bizonyitja, hogy nemcsak a
bélidegrendszer, hanem az entericus neuronok kdrnyezete is reagal a hiperglikémiara, és
olyan gyulladdsos citokinek forrdsai lehetnek, mint az ILI1P. Az inzulinkezelés
regionalisan akadalyozta meg a hiperglikémia altal kivaltott IL13 mRNS expresszios
valtozasokat.

Az NLRP3 expressziojanak vizsgalata soran megéllapitottuk, hogy a myentericus
ganglionokban az NLRP3-t jel6ld aranyszemcsék denzitdsa csokkent a diabéteszes
csoport duodenumaban és a colonban. Ezen kiviil az NLRP3 mRNS szintje is jelentdsen
csokkent a vékonybél kiilonbozé rétegeiben, melyet az azonnali inzulinkezelés sem
akadalyozott meg. Ehhez hasonléan mas inflammaszéma proteinek, mint az NLRPI,
NLRP3 ¢és NLRP6 expresszidja is csokkent elhizas okozta diabéteszes allatok
vékonybelében. Az NLRP3 inflammaszoma gatlasdhoz a hemoxigenaz 1 is hozzajarul,
melynek fokozott expressziojat munkacsoportunk 1-es tipusu diabéteszes patkanyokban
korabban igazolta. Az NLRP3 inflammaszoma protein gatldsa, mint kompenzacids
mechanizmus, mérsékelheti a gyulladasos folyamatok eldrehaladdsat. Mindamellett az
NLRP3 expresszi6 csokkenése szerepet jatszhat a bél barrier diabéteszhez kothetd
karosodasaban is. NLRP3 eredményeink arra engednek kovetkeztetni, hogy a
myentericus ganglionokban és a bélfal mas rétegeiben is megfigyelt diabéteszes IL1J3
indukcié nem az NLRP3 inflammaszoma protein kdzvetitésével, hanem mas, alternativ
utvonalakon keresztiil mehet végbe, melyek tovabbi vizsgalatokat igényelnek.

Eredményeinket 0Osszefoglalva, megfigyeltik, hogy az ILIB kifejezddése
bélszakasztol és a bélfal szovettani rétegeitdl fliggd eltéréseket mutatott a kontroll
allatokban. Hiperglikémia hatasara az IL1P expresszidja minden bélszakaszban és
rétegben indukalodott. Bizonyitottuk azt is, hogy az IL1B expresszi6 fokozodéasa a
myentericus neuronok egyes szubpopulacidit kiilonbozden érinti, s ezek is bélszakasz-

specifikusan reagalnak a kronikus hiperglikémiara. Ez is azt hangsulyozza, hogy az IL1§3-
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nak fontos szerepe lehet a myentericus neuronok populacio-specifikus diabéteszes

karosodasaban, mely hozzajarul a kiilonb6z6 bélmotilitasi zavarok kialakulasdhoz.
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