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Abstract: Diverticular disease is a common clinical problem, particularly in industrialized countries.
In most cases, colonic diverticula remain asymptomatic throughout life and sometimes are found
incidentally during colonic imaging in colorectal cancer screening programs in otherwise healthy sub-
jects. Nonetheless, roughly 25% of patients bearing colonic diverticula develop clinical manifestations.
Abdominal symptoms associated with diverticula in the absence of inflammation or complications
are termed symptomatic uncomplicated diverticular disease (SUDD). The pathophysiology of diver-
ticular disease as well as the mechanisms involved in the shift from an asymptomatic condition to a
symptomatic one is still poorly understood. It is accepted that both genetic factors and environment,
as well as intestinal microenvironment alterations, have a role in diverticula development and in the
different phenotypic expressions of diverticular disease. In the present review, we will summarize
the up-to-date knowledge on the pathophysiology of diverticula and their different clinical setting,
including diverticulosis and SUDD.
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1. Introduction

Diverticular disease (DD) is an extremely common condition in industrialized areas,
with a high incidence in Western countries [1-3]. The prevalence of colonic diverticula is
about 5% before the age of 40, while it increases to 50% around 60 years, and exceeds 71%
after 80 years [4].

The term DD is often used to describe asymptomatic diverticulosis, which is usu-
ally detected incidentally in patients undergoing colonoscopy or abdominal imaging and
proportionally increases with age [5]. Although in most cases diverticulosis remains asymp-
tomatic [5], approximately one-quarter of patients may develop clinical manifestations. In
terms of severity, DD is classified into symptomatic uncomplicated diverticular disease
(SUDD) and symptomatic complicated disease such as acute diverticulitis (with or without
complication) or diverticular hemorrhage. SUDD is a subtype of DD characterized by
irritable bowel syndrome (IBS)-like symptoms, including abdominal pain, that can be
attributed to diverticula, without macroscopic evidence of overt inflammation or other com-
plications [6-8]. Diverticulitis is the most common complication of diverticulosis, occurring
in approximately 1% of patients over 11 years [9]. The pathophysiology of diverticulitis
appears to be related to obstruction of the diverticulum by fecal material, which causes
inflammation of the mucosa resulting in congestion, mucosal trauma, and ischemia [10].
Complicated disease, occurring in about 12% of patients with diverticulitis, is generally
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characterized by the formation of perforation, abscesses, obstruction and/or fistulas [11]
and may require surgery [12,13].

For many years, DD has been considered exclusively an age-related condition. New
evidence demonstrated that genetic, environmental factors, and changes in the intestinal
microenvironment, including microbiota imbalance, mucosal inflammation, enteric nervous
system (ENS), and neuro-immune alterations, play a pivotal role in the pathophysiology
of diverticulosis and SUDD. In addition, changes in the architecture of the colon wall,
including enhanced collagen crosslinking and reduced elasticity, are also involved in the
pathophysiology of DD [10].

In this review, we will discuss the evidence on pathophysiological mechanisms un-
derlying DD, principally focusing on the factors involved in diverticula development and
symptom generation in diverticulosis and SUDD.

2. Genetic Factors

Historically, environmental risk factors were largely investigated, emerging as fun-
damental in DD evolution. Despite this, numerous data suggest a role for genetic factors
among the causes predisposing to DD.

One evidence relates to the high prevalence of diverticulosis in Western countries
(>50% of people aged over 60), together with the different distribution of diverticula
through the right and left side of the colon in Western and Eastern populations, respectively,
that unlikely relate to differences in environmental factors only [14]. In support of a key
role of genetic susceptibility to DD are studies of migration, which demonstrated that
the incidence of DD did not change as a result of a shifting lifestyle [11]. The Japanese
population living in Hawaii shows the canonical predominance of right-sided diverticula,
although adopting a Westernized diet [15]. A study carried out on the London Bangladeshi
population displayed a very low prevalence of colonic diverticulosis in this ethnic group
(2.7%), compared to Caucasian (36%), Indian/Pakistani (10%), Oriental (34.9%), and Black
(24.4%) individuals living in the same region [16]. A similar observation, corroborating
the contribution of genetic factors to DD pathophysiology, emerges by comparing the
incidence of diverticulosis in Turkish migrants in the Netherlands (7.5%) with the native
Dutch population (50%) [17]. Furthermore, monogenic disorders of connective tissue, as
well as Coffin-Lowry syndrome, Marfan syndrome, Williams-Beuren syndrome, Ehlers—
Danlos syndrome, and Autosomal Dominant Polycystic Kidney Disease are characterized
by colon diverticula at an early age, suggesting the involvement of the same genetic factors
in diverticula formation too [18-20]. Population-based familial aggregation studies allowed
to estimate the heritability of DD at around 45% and the contribution of the environmental
factors at55% [21,22]. These studies identified a higher risk of hospitalization for DD in
individuals with siblings affected by the same disease than in the average population.
Analogously, the probability to develop DD increases in monozygotic twins compared
to dizygotic [21,22].

Moreover, case-control studies strengthen the idea of a genetic background predis-
posing to DD, highlighting an association between the disease and single nucleotide
polymorphisms (SNPs) (Table 1). This approach allows identifying the genes COL3A1,
TNFSF15, RPRM, and LAMB4 encoding respectively for: type III collagen, a cytokine of the
TNF family, the protein Reprimo involved in DNA repair and cell cycle regulation, and a
constituent of the extracellular matrix named laminin subunit 34 [23-26]. Recently, the SNP
rs4898 of gene TMP1 was associated with an increased risk of diverticulosis [27]. TMP1
encodes for a tissue inhibitor of metalloproteinases, which regulates collagen extracellular
matrix degradation [28]. This observation both highlights the presence of a genetic predis-
position to DD and enhances the idea that collagen cross-linking alterations are involved in
the pathogenesis of this disease. Additionally, genome-wide association studies (GWAS)
provided the most important data on genetic susceptibility in DD (Table 1). The first GWAS
in the Icelandic and Danish populations identified different loci linked to the disease and
located in the intronic region of ARHGAP15, COLQ, and FAM155 genes [25]. Specifically,
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the ARHGAP15 and COLQ variants associate with uncomplicated DD, whereas FAM155
mutation is linked to diverticulitis, but not with diverticulosis [25,29]. The ARHGAP15 gene
encodes the Rho GTPase activating protein 15, linked with phagocyte function and inflam-
mation [30]. Differently, COLQ encodes the collagen-like tail subunit of acetylcholinesterase
involved in postsynaptic differentiation at the neuromuscular junction. Mutations of the
gene can compromise acetylcholinesterase availability and extend nerve to muscle sig-
naling, resulting in alteration of muscle functionality [31] The FAM155 family consists of
two members in humans, FAM155A and FAM155B, which are likely to be involved in the
sodium leak channel (NALCN) function and stabilization [32]. The NALCN multi-protein
complex is a sodium-selective and voltage-modulated ion channel essential for setting
membrane excitability [33]. It is implicated in several physiological processes including
circadian and respiratory rhythms [34,35]. The homolog of FAM155 in C. elegans (NLF-1)
has been demonstrated to be essential for the membrane localization of the NACLN com-
plex [36]. Additionally, GWAS, involving 28,000 patients with DD and sampled in UK
Biobank, identified 42 risk loci, which are related to genes associated with the extracellular
matrix, membrane transport, immunity, cell adhesion and structures controlling intesti-
nal motility. In addition, this study confirmed the previously identified genes ARGAP15,
COLQ, and FAM155A [37]. Finally, the more extended GWAS performed on 31,964 cases
and 419,135 controls and replicated in 3893 cases and 2829 controls, allows identifying
48 loci associated with DD, of which 12 new [38]. This study shows that DD is a disorder
of impaired intestinal neuromuscular function, mesenteric vascular, smooth muscle, and
connective fiber support, while epithelial alteration should be associated with an increased
risk of diverticulitis [38]. A GWAS study was conducted on the Korean population to
identify genetic factors involved in DD. This study was carried out on 893 patients with
right-sided diverticulosis or bilateral, and 1075 controls, and replicated on 346 patients and
305 controls. Although this study has a statistical limitation, as the Bonferroni correction
deleted the statistical significance, it highlighted 9 SNPs located in 3 new candidate genes:
WNT4, RHOU, and OAS1/3 [39]. Both the WNT4 and the RHOU genes encode for members
of the WNT signaling pathway. This protein family is involved in the homeostasis of
the intestinal epithelium [40] and the development of the gut [41]. Moreover, the WNT
signaling is associated with intestinal glial and neuronal differentiation in rats, together
with anti-inflammatory activity in the enteric nervous system (ENS) [42]. Differently, the
members of the OAS family are protein induced by interferon and linked to antiviral and
apoptotic responses [43], strengthening the idea of chronic low-grade inflammation in
DD pathophysiology [39].

Table 1. Main studies assessing genetic variants in DD.

Authors

Subjects (n) Genome Profiling Method Outcomes

Reichert et al., 2018 [23]

Diverticulosis (422) Positive association between the COL3A1 variant
HC (285) TagMan assays and the risk of developing diverticulosis.

Positive association of the single nucleotide

Coggleil}[lzit] al, Divelgliéu(lgls;s 21) TagMan assay polymorphism rs7848647 in the TNFSF15 gene
with diverticulitis requiring surgical intervention.
DD (11'396) Variants in introns of the
Sigurdsson et al., 2017 [25] HC (248'971) GWAS ARHGAP15, COLQ and FAM155A associate with

diverticular disease or diverticulitis.

Coble et al., 2017 [26]

LAMB4 variants were identified in patients

Diverticulitis (153) Exome sequencing with diverticulitis

Diverticulosis (100) The SNP rs4898 in TMP1 gene correlates with an

Nehring et al., 2021 [27] HC (120) PCR-restriction fragments increased risk of diverticulosis.
Diverticulosis (856) Association of ARHGAP15 and COLQ variants
Reichert et al., 2020 [29] HC (479) Tagman assays with uncomplicated DD and FAM155 mutation

Diverticulitis (198) with diverticulitis, but not with diverticulosis.
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Table 1. Cont.

Authors

Subjects (n) Genome Profiling Method Outcomes

Maguire et al., 2018 [37]

DD is associated with 42 loci localized in genes

implicated in immunity (ARHGAP15, FADD, HLX),

cell adhesion (BMPR1B, CLSTN2, COL6A1,
CRISPLD2, EFEMP1, ELN, ENPP2, HAS2, IGSF10,
DD (27,444) GWAS LIMK1, LRRC17, NOV, PCSK5, S100A11, SHFM1,
HC (382,284) TCHH), membrane transport and signaling (ANO1,
CACNB2, CALCA, CALCB, CHRNBI1, COLQ, CUTC,

S100A10, SLC25A28, SLC35F3, SPINT2), and

intestinal motility (ANO1, CHRNBI,
COLQ, PPP1R14A).

Schafmayer et al., 2019 [38]

Discovered 48 risk loci close genes (ARHGAP15,
FAM155A, COLQ, GPR158, ABO, ANO1/FADS,
ELN, BMPR1B, SLC35F3, SEM1/SHFM1, CTAGEI1,
NOV, CALCB, S100A10, DISP2, CACNB2, HLX,
DD (31,964) GWAS EDEM1, EFEMP1, LYPLAL1-AS1, SLC25A28,
HC (419,135) CWC(C27, SLC4A1, AC103796.1, CRISPLD2, WDR?70,
HAS2, PCSK5, NT5C1B, TRPS1) impaired in
intestinal neuromuscular function, mesenteric
vascular, smooth muscle, and connective fiber
support associate with DD.

Choe et al., 2019 [39]

Diverticulosis (893) GWAS Identified 9 SNPs located in WNT4, RHOU, and
HC (1075) OAS1/3 genes.

HC, healthy controls; GWAS, genome-wide association studies; COL3A1, Collagen Type III Alpha 1 Chain;
TNFSF15, Tumor Necrosis Factor Superfamily Member 15; ARHGAP15, Rho GTPase Activating Protein 15; COLQ,
Collagen Like Tail Subunit Of Asymmetric Acetylcholinesterase; FAM155A, Family with sequence similarity
155 member A; LAMB4, Laminin Subunit Beta 4, TMP1, Tropomyosin 1 alpha; FADD, Fas Associated Via
Death Domain; HLX, H2.0 Like Homeobox; BMPR1B, Bone Morphogenetic Protein Receptor Type 1B; CLSTN2,
Calsyntenin 2; COL6A1, Collagen Type VI Alpha 1 Chain; CRISPLD2, Cysteine Rich Secretory Protein LCCL
Domain Containing 2; EFEMP1, EGF Containing Fibulin Extracellular Matrix Protein 1; ELN, Elastin; ENPP2,
Ectonucleotide Pyrophosphatase /Phosphodiesterase 2; HAS2, Hyaluronan Synthase 2; IGSF10, Inmunoglobulin
Superfamily Member 10; LIMK1, LIM Domain Kinase 1; LRRC17, Leucine Rich Repeat Containing 17; NOV,
Cellular Communication Network Factor 3; PCSK5, Proprotein Convertase Subtilisin /Kexin Type 5; S100A11, S100
Calcium Binding Protein A11; SHFM1, SEM1 26S proteasome subunit; TCHH, Trichohyalin; ANO1, anoctamin 1;
CACNB?2, Calcium Voltage-Gated Channel Auxiliary Subunit Beta 2; CALCA, Calcitonin Related Polypeptide
Alpha; CALCB, Calcitonin Related Polypeptide Beta; CHRNB1, Cholinergic Receptor Nicotinic Beta 1 Subunit;
COLQ, Collagen Like Tail Subunit Of Asymmetric Acetylcholinesterase; CUTC, CutC Copper Transporter;
S100A10, S100 Calcium Binding Protein A10; SLC25A28, Solute Carrier Family 25 Member 28; SLC35F3, Solute
Carrier Family 35 Member F3; SPINT2, Serine Peptidase Inhibitor, Kunitz Type 2; CHRNB1, Cholinergic Receptor
Nicotinic Beta 1 Subunit; PPP1R14A, Protein Phosphatase 1 Regulatory Inhibitor Subunit 14A; GPR158, G Protein-
Coupled Receptor 158; ABO, Alpha 1-3-N-Acetylgalactosaminyltransferase And Alpha 1-3-Galactosyltransferase;
CTAGE], cutaneous T-cell lymphoma-associated antigen 1; DISP2, Dispatched RND Transporter Family Member
2; LYPLAL1-AS1, LYPLAL1 Antisense RNA 1; CWC27, CWC27 Spliceosome Associated Cyclophilin; AC103796.1,
brain derived neurotrophic factor; WDR70, WD Repeat Domain 70; NT5C1B, 5’-Nucleotidase, Cytosolic IB; TRPS1,
Transcriptional Repressor GATA Binding 1; WNT4, Wnt Family Member 4; RHOU, Ras Homolog Family Member
U; OAS1/3, 2'-5’-Oligoadenylate Synthetase 1.

3. Environmental Factors
3.1. Dietary Fibers

The geographic distribution of the DD and its correlation with a Western diet has
suggested a role for dietary factors in the pathogenesis of the disease. Burkitt and Painter
first proposed the DD as a disorder that could be averted with dietary change. Their theory
is based on the assumption that fibers affect transit time and stool weights. Specifically,
they analyzed more than 1200 individuals, from the UK or rural Uganda, and inferred
that the low-fiber Western diet produces smaller stool volumes and longer transit time. In
turn, these effects could predispose to increasing intraluminal pressure, hence diverticular
herniation [44]. A prospective study involving 43,881 men demonstrated that a high fiber
diet, and precisely soluble fibers, decrease the risk of DD [45]. A study, performed on a
large UK cohort of 47,033 subjects, evaluated the association between a vegetarian diet
and dietary fiber assumption and the risk to develop DD [46]. The results demonstrated
that after a mean follow-up of 11.6 years, vegetarians had a reduction of 30% of the risk to
develop DD compared to subjects consuming meat. In addition, individuals consuming
more than 25 g of fibers/day had a decrease in the hospitalization risk by about 40%
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compared to subjects consuming less than 14 g/day [46]. Taken together these data suggest
a protective role of fiber consumption against the development of DD.

However, the association between fiber intake and DD is still controversial. Peery
and colleagues performed a cross-sectional study of 2104 subjects, demonstrating that a
high fiber diet was associated with a higher prevalence of diverticulosis [47]. A cross-
sectional study involving 539 patients with diverticulosis and 1569 controls, demonstrated
the lack of association between constipation associated with a low-fiber diet and the risk of
diverticulosis [47]. Specifically, subjects with less than seven bowel movements/week had
a reduced risk of diverticulosis compared to subjects with seven bowel movements/week.
In addition, hard stools were associated with a reduced risk of diverticulosis, while there
was no association between dietary fiber intake and diverticulosis [47].

Recently, a systematic review and meta-analysis of prospective cohort studies assessed
the association between dietary fiber intake and the risk of DD. Five studies, including
19,282 cases and 856,829 participants, were eligible for the meta-analysis. The results
suggest a 41% risk reduction of DD in people consuming a high fiber diet (30 g per day)
compared to subjects with a low fiber diet [48]. It can be suggested that gut microbiota
mediates the effect of fibers on the host. Indeed, dietary fibers enhance microbial diversity
through the production of SCFAs, which have an impact on the host immune system as
well as on the mucosal barrier [49-51]. Based on the controversial observations on the role
of fibers in DD (Table 2), the American Gastroenterology Association (AGA) guidelines
recommend a high-quality diet (high in fiber from fruits, vegetables, whole grains, and
legumes and low in red meat and sweet) only in patients with a history of acute diverticulitis
to reduce the risk of recurrence [13]. Other studies are necessary to clarify the benefit of
fiber supplementation in the management of SUDD.

Table 2. Main studies assessing fiber role in DD.

Author

Burkitt DP et al., 1972 [44]

Subjects (n) Diet Outcomes
Low-fiber Western diet produces smaller stool
General population Low-fibers Western diet vs. volumes and longer transit time, with the
(1200) high-fiber diet consequent increase of intraluminal pressure

predisposing to diverticular herniation.

Aldoori et al., 1998 [45] General population (male) High soluble fiber .
Aldoori et al., 1994 [52] (43,881) assumption Decrease risk to develop DD.
Vegetarians had a risk reduction of 30% to develop
DD compared to subjects consuming meat.
General population Vegetarian diet and dietary Individuals consuming more than 25 g of
Crowe etal,, 2011 [46] (47,033) fiber assumption fibers/day had a decrease of 40% in the

hospitalization risk compared to subjects
consuming less than 14 g/day.

Peery et al., 2012 [53]

General population High fiber diet associates with a higher prevalence

High-fiber diet

(2104) of diverticulosis.
Peery et al., 2013 [47] Diverticulosis and controls Low-fiber diet No association betwgen c.onstipation and the risk
(2108) of diverticulosis.
General population Subjects consuming a high fiber diet (30 g per day)
Aune et al., 2020 [48] (876,111; 19,282 cases and Free diet had a reduction of 41% of the risk to develop DD,
856,829 participants) compared to subjects with a low fiber diet.

3.2. Red Meat Intake, Alcohol, Smoking, and Lifestyle

DD has been associated with the Western lifestyle due to changes in diet and living
habits after the industrial revolution. In fact, in Africa, DD has a prevalence of 4%, probably
due to a low-fat diet [54-56], while in Asia its prevalence is between 8 and 25% [57].

The abovementioned decrease in fiber intake is complemented by other dietary modi-
fications, including an increase in red meat consumption. Aldoori and co-workers high-
lighted a significant correlation between red meat consumption and DD development,
although no dose-response relationships were found [52]. In contrast, Peery and colleagues
did not find any link between red meat intake and diverticulosis [53].
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A case-control study involved 2164 subjects, comprising 542 patients with asymp-
tomatic diverticulosis, who underwent colonoscopy. The results highlighted alcohol con-
sumption and smoking as risk factors for diverticulosis. In addition, these two risk factors
were associated with right-sided and bilateral diverticula [58].

A large prospective study carried out for 10 years in Japan evaluated 16 candidate risk
factors in 3327 asymptomatic subjects undergoing colonoscopy from the general population.
Results showed a significant positive correlation between diverticulosis and some lifestyle-
related factors including smoking, drinking, and severe weight increase in adulthood [59].
Similarly, a prospective study involving 623 patients demonstrated that obesity increased
the risk of diverticulosis in women but not in men [60].

Concerning the development of symptoms, a prospective work with a four-year follow-
up period showed a weak and non-significant association between alcohol and smoking
and the development of symptomatic DD [61]. In addition, physical activity, principally
vigorous exercises, such as running, was associated with decreased risk of symptomatic
diverticular disease [62].

4. Microenvironment
4.1. Microbiota

Accepting the concept that diet and lifestyle are key factors involved in DD pathophys-
iology, these factors have been stringently linked also with gut microbiota composition.
Western dietary patterns, as well as obesity, are associated with a decrease in microbial
diversity and a change in microbial composition (Table 3) [63—-65]. Conversely, high fiber
intake promotes microbiota diversity [49,66] and enhances short-chain fatty acids (SCFAs)
production by microbial species [50], which contribute to shaping immune function and
the intestinal mucosal barrier [51]. Based on this evidence it would be conceivably of great
interest to explore the role of microbiota in DD, but unfortunately, only a small number of
studies have explored this factor in this condition.

In a recent pilot study, we have characterized the fecal and mucosal microbiota of
patients with diverticulosis and SUDD and compared the results with those obtained
from healthy controls. Patients with diverticulosis and SUDD showed a decrease of
Clostridium cluster IV in the feces compared to controls [67]. Interestingly, this bacte-
ria group includes several species with anti-inflammatory function and butyrate-producing
capability. In the same study, we evaluated the urinary metabolome and identified six
metabolites that can discriminate patients with diverticula from controls with >95% accu-
racy. Interestingly, the metabolome results are consistent with inflammatory response and
microbiota alterations [67].

Tursi et al. identified no differences in the fecal microbial composition of patients with
SUDD, diverticulosis, or control subjects, except for Akkermansia muciniphila that increase
in SUDD and diverticulosis [68]. Interestingly, this bacterial species usually is closely
associated with the mucosal layer [69], which is used as a source for the production of
acetate and propionate [70]. Therefore, its presence in the feces of SUDD patients suggests
both a change in the bacterial amount and an alteration at the mucosal layer. Moreover, the
Akkermansia muciniphila expansion co-occurred with the increment of several SCFAs [68].
Definitely, Akkermansia muciniphila is considered a hallmark of a healthy gut. Another small
study detected a depletion of Bacteroides fragilis, Collinsella aerofaciens, and Collinsella stercoris
species in fecal samples of patients with DD, compared with controls [71]. Conversely, a
study involving 226 subjects with diverticula and 339 subjects without diverticula during a
screening colonoscopy, evaluated mucosal microbiota by using 16S-sequencing. They found
only weak associations between diverticula and decreased abundance of Proteobacteria
and Comamonadaceae, concluding that mucosal adherent bacteria did not play a key
role in diverticula development [72]. A recent study evaluated the microbiota profiling
in the sigmoid and transverse colon of patients with diverticulosis in comparison with
healthy subjects. By using a 165-23S based bacterial profiling technique, authors showed
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no difference between subjects with and without diverticula; in addition, the microbiota
profiling was similar in the sigmoid and in the transverse region [73].

Concerning the association between SUDD symptoms and microbiota alteration, the
analysis of stool samples from patients with SUDD highlighted a positive association
between bloating severity score and the relative abundance of Ruminococcus and a negative
correlation between bloating and Roseburia amount. Interestingly, the Ruminococcus genus
ferments polysaccharides to hydrogen in the gut, while species belonging to the Roseburia
genus are a producer of butyrate that enhances intestinal motility and reduces hypersen-
sitivity. Finally, the same study showed that pain intensity was significantly associated
with Cyanobacterium number [74]. In our pilot study, we showed that SUDD patients were
characterized by a significant reduction of faecal Clostridium cluster IX, Fusobacterium, and
Lactobacillaceae species, compared with diverticulosis [67]. Concerning mucosal samples
of patients with SUDD, we found a lower abundance of Akkermansia muciniphila in the
biopsy taken close to the diverticula, compared to mucosal biopsy from normal mucosa, far
from diverticula [67]. In addition, we found an inverse correlation between the abundance
of Akkermansia and Clostridium cluster IV with macrophages in the diverticular region,
suggesting a pro-inflammatory effect, which may underlie symptom generation.

Table 3. Main studies assessing gut microbiota in DD.

Authors Subijects (n) Samples M1croll\)/[1::hl:)rgﬁlmg Outcomes
Positive association between bloating
severity score and the relative abundance
Kvasnovisky et al. 16S ribosomal of Ruminococcus, and a negative
2018 [74] ’ SUDD (30) Stools RNA gene correlation between bloating and
sequencing Roseburia amount.
The intensity of pain was significantly
associated with Cyanobacterium number.
J Clostridium cluster IV DD vs. HC in
stool samples
1 Clostridium cluster IX SUDD vs.
Diverticulosis in stool samples
Barbara et al., ' HC (14? Stools high taxonpmic i'Fuso'bacterz:w?q spp SUDD vs.
2017 [67] Diverticulosis (16) Mucosal biopsies fmg.erprlpt Dlvertlculos.ls in stool samples
SUDD (8) (HTF)-Microbi.Array } Lactobacillaceae SUDD vs.
Diverticulosis in stool samples
| Akkermansia muciniphila in SUDD in
mucosal biopsy close to diverticula vs.
mucosal biopsy far from diverticula
Tursi et al. . HC (16? . T
2016 [68]. ! Diverticulosis (13) Stools RT-PCR 1 Akkermansia muciniphila DD vs. HC
SUDD (15)
HC (8)
Lopetuso et al. DD (4) 16S ribosomal 1 Bacteroides fragilis DD vs. HC
2017 [71] ! IBS (3) Stools RNA gene 1 Collinsella aerofaciens DD vs. HC
UC (5) sequencing 1 Collinsella stercoris DD vs. HC
CD (10)
Jones et al., .HC .(309) . L 16S ribosomal | Proteobacteria vs. HC
2018 [72] Diverticulosis Mucosal biopsies RNA gene | Comamonadaceae vs. HC
(226) sequencing

HC, healthy controls; SUDD, symptomatic uncomplicated diverticular disease; IBS, irritable bowel syndrome;
UC, ulcerative colitis; CD, Crohn’s disease; |, decrease; 1, increase.
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4.2. Low-Grade Inflammation

Although inflammation is a typical hallmark of acute diverticulitis and its complica-
tions, the role of low-grade inflammation or immune activation in diverticular formation
or symptom generation in patients with SUDD is still a matter of discussion.

The assessment of IL-10 in the feces of healthy subjects, diverticulosis, and SUDD,
revealed an increase in this anti-inflammatory cytokine amount in both groups of pa-
tients with diverticula, irrespective of the presence of symptoms, although the statistical
significance was not determined [75].

To evaluate mucosal inflammation in different stages of DD, Tursi and colleagues
enrolled 10 patients with asymptomatic DD, 10 with SUDD, 10 with acute uncomplicated
diverticulitis, and 10 healthy subjects. T cell infiltrate was found in all patients with di-
verticula and showed an increasing trend according to the severity of the disease [76].
In addition, compared to healthy subjects, T cells were significantly increased in all sub-
groups of patients with DD. In the same study, neutrophils were found only in acute
uncomplicated diverticulitis [76].

We analyzed and quantified mast cells, T cells, and macrophages in patients with
diverticulosis and SUDD, compared to healthy subjects. In particular, we evaluated immune
cells in the colonic mucosa close to the diverticula and in a region without diverticula. We
did not find any difference in mast cell and T cell count among groups, while macrophages
were significantly increased in both diverticulosis and SUDD compared to healthy subjects.
In addition, we found increased macrophage counts both in the diverticular region and
in the distant site [67]. These results suggest that macrophages are associated with the
presence of diverticula, more than with symptoms.

In line with our results, a large study involving 255 patients with diverticulosis
reported no difference in T cells or mast cells in the colonic mucosa, compared to subjects
without diverticula. In addition, this study did not find any difference among patients
with or without diverticula in the expression of IL-6, IL-10, and TNF-« [77]. One year
later, another population-based colonoscopy study on 254 subjects evaluated C-reactive
protein (CRP) and histological markers of inflammation. The results showed no difference
between controls and diverticulosis for CRP and no association between diverticulosis
and inflammation [78]. A recent study evaluated T lymphocytes and neutrophils in the
sigmoid and in the transverse colonic biopsies of patients with diverticulosis in comparison
with healthy subjects. No difference emerged for T cells between the two groups, while
neutrophils were not found in the analyzed samples [73]. Unfortunately, none of these
three latter studies evaluated mucosal macrophages.

Concerning the association between low-grade inflammation and symptoms, a study
on 47 patients who underwent surgery for atypical “smoldering” DD (i.e., subjects with
chronic symptoms but without overt diverticulitis) showed that 76% of resected specimens
showed histological features of acute and chronic inflammation [79]. In support of the
idea that inflammation is involved in DD, a study by Tursi et al. reported increased
fecal calprotectin in acute uncomplicated diverticulitis and in SUDD compared to healthy
subjects and IBS patients. The authors speculated that fecal calprotectin could be used to
distinguish SUDD from IBS [80].

Low-grade mucosal inflammation was investigated in a study involving 13 asymp-
tomatic patients and 12 patients with SUDD. No difference emerged in 5HT or CD3
lymphocytes in the colonic mucosa of the two groups of patients, while TNF-oc and IL-6
mRNA expression were significantly increased in SUDD patients. In addition, this study
demonstrated an increased gene expression of the neurokinin 1 receptor (NK1) in the
colonic mucosa of SUDD patients [81], suggesting that the development of symptoms in
SUDD patients could be mediated by inflammation.

The release of IL-10 by biopsies was evaluated in patients with diverticulosis, SUDD,
SUDD subsequent to previous acute diverticulitis and asymptomatic controls. The results
showed that IL-10 release was significantly increased in SUDD patients with previous acute
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diverticulitis compared to asymptomatic subjects [82] probably as a counter-regulatory
signal of increased pro-inflammatory cytokines.

A study by Tursi et al., reported significantly increased levels of TNF-x expression in
SUDD compared to healthy subjects and asymptomatic patients. The authors concluded
that TNF-oc expression is related to the severity of the disease [83].

4.3. Enteric Nervous System and Neuro-Immune Interactions

Modifications in the ENS structure emerged as early as 50 years ago when Macbeth and
Hawthorn [84] described enlarged and ectopically localized myenteric ganglia in DD. The
morphometric analysis found a significant reduction in neuronal density in the myenteric
and submucosal plexus of DD patients [85]. Compared to control subjects, patients with
DD showed a reduced number of ganglia, neurons [85-87], enteric glial cells, and intestinal
pacemaker cells (interstitial cells of Cajal) [88,89]. Among possible factors responsible for
these changes, a deficiency of glial cell-derived neurotrophic factor (GDNF) and its receptors
has been found in the muscularis propria of patients with DD compared with controls [90].
In support of this hypothesis, Barrenschee showed decreased mRNA expression of GDNF
and its corresponding receptors GDNF family receptor alpha 1 (GFRx1) and Rearranged
during transfection (RET) in the tunica muscularis of symptomatic and asymptomatic
patients with diverticula [91,92]. These findings corroborate the idea that an alteration in
the GDNF system is a key factor in the neuropathy underlying DD [91]. We evaluated nerve
fiber density in the colonic mucosa of asymptomatic and symptomatic patients with DD,
compared to healthy subjects, in a region close to a diverticulum (diverticular region) and in
a site far from the diverticula. Nerve fibers, assessed as NSE positive fibers, were increased
in patients with diverticula, irrespective of the presence of symptoms, compared to healthy
subjects only in the diverticular region [93], which is in line with previous data [94].

Growing evidence suggests that modifications in the ENS observed in diverticulosis
may participate in DD pathophysiology and progression to symptoms [95]. In particular,
alterations in the enteric neurotransmitters have been assessed as the possible cause of
symptom development. Neurotransmitters with both excitatory (e.g., acetylcholine, sub-
stance P) and inhibitory (e.g., nitric oxide, vasoactive intestinal polypeptide) functions
have been described to be involved in DD [96-99]. Data from Simpson et al. support this
evidence, since they found in the mucosa of patients with SUDD a 10-fold up-regulation
of pain-mediating neuropeptides, such as galanin, neuropeptide K and substance P com-
pared to controls [94]. The results suggested that the interaction between the ENS and
inflammation plays a role in abdominal pain, with a pattern that mirrors what occurs in
IBS [81,94]. We evaluated nerve fiber sprouting, that is the outgrowth of new fibers, in
the colonic mucosa of asymptomatic and symptomatic patients with SUDD, compared
to healthy subjects, in a region close to the diverticulum neck (diverticular region) and
in a site far from diverticula. We stained sprouting fibers by using an antibody against
growth-associated protein 43 (GAP43). Our results showed that the density of fibers was
increased in both groups of patients with diverticula compared to controls in both regions
analyzed. On the other side, sprouting fibers were significantly increased only in the
diverticular region of patients with SUDD compared to controls and diverticulosis [93].
These results suggest that sprouting could be involved in symptom generation. Previously,
we showed increased GAP43 positive fibers in the colonic mucosa of patients with IBS and
increased levels of NGF which could be a key mediator of sprouting [100]. In addition,
neuroplastic changes are involved in pain development and persistence [101]. Moreover,
the inhibition of GAP43 induces the inhibition of neuropathic pain in animals, showing the
role of GAP43 in visceral hypersensitivity [102].

Interestingly, we found that macrophages close to sprouting fibers were increased in
the diverticular region of SUDD patients compared to healthy subjects, supporting a role
for neuro-immune interactions in the pathophysiology of SUDD [93].
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4.4. Muscular Layer and Neuro-Muscular Interactions

The longitudinal musculature of the colon, unlike in the esophagus, stomach, and
small intestine, does not form a continuous layer, but rather consists of three parallel muscle
bands called taeniae coli. The presence of these structures appears to predispose to the
development of diverticula in the colonic parts devoid of these structures [103].

Studies conducted on the full-thickness colon of patients with diverticulosis revealed
changes in molecules involved in smooth muscle contractility [104], increased connective
tissue in the longitudinal muscle layer, reduced amount of myofilaments, and down-
regulation of smooth muscle myosin heavy chain [105].

From a histopathological point of view, DD is characterized by a thickening of both
circular and longitudinal muscle layers which seems to be due to hypertrophy of myocytes
and increased deposition of connective tissue [105,106]. Despite this thickening, it has
been seen that the smooth muscle myosin heavy chain, an essential component of the
myofilament, is decreased in both gene and protein expression in patients with DD [105].
This finding could indicate a phenotypic shift from smooth muscle cells to fibroblast-like
cells, resulting in decreased functioning myofilaments and altered functional integrity of
the muscular apparatus in DD [105].

In vitro experiments conducted on intestinal smooth muscle samples of patients with
DD, have revealed altered responses after exposure to excitatory and inhibitory or agonist
neurotransmitters. Most studies have found impaired relaxation capacity of diverticular
specimens due to an impaired nitrergic neurotransmitter system [96,107], except for one
study reporting increased nitric oxide-mediated responses [108]. The alteration may also
involve the receptors of neurotransmitters implicated in mediating intestinal motility,
such as an up-regulation of muscarinic receptor 3 (M3) and down-regulation of serotonin
receptor 4 (5HT-4R) [97,109].

The analysis of colonic circular smooth muscle of SUDD patients undergoing surgery
revealed an increased sensitivity in vitro to exogenous acetylcholine (ACh) [97,110] and
tachykinergic agonists [111]. These findings, taken in conjunction with a decrease in smooth
muscle choline acetyltransferase activity and upregulation of postsynaptic muscarinic M3
receptors, raised the hypothesis that a type of hypersensitivity to cholinergic denervation
occurs in SUDD [97], a mechanism that also occurs following damage to skeletal muscle
motor innervation. Finally, the lowest number of glial cells observed in these patients could
be another reason for the altered intestinal motility [112].

5. Future Perspectives

Understanding the molecular mechanisms involved in the development of diverticular
disease and in symptom generation is crucial to advancing personalized approaches to the
treatment and to identify biomarkers. State of the art technologies, the inclusion of a large
cohort of patients, as well as of a control cohort, and the translational approach will be
crucial to define the role of genetic, environmental, and micro-environmental factors in DD
and will ultimately improve the management of the disease, and spread the development
of novel therapeutic strategies and preventive approaches.

6. Conclusions

Despite tremendous advancement in our knowledge concerning the epidemiological,
genetic, and pathophysiological aspects of DD, a common view on the pathogenesis of
diverticula formation and the evolution towards symptoms and complications remain to
be clarified [7,113,114]. Based on the available evidence, some factors are likely involved in
diverticula formation, others in symptom generation, and others in both (Figure 1).
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Figure 1. Factors involved in diverticula formation and/or in symptom generation. On the basis
of the available data, the figure shows which factors are likely involved in diverticula formation
(i.e., in the pathophysiology of diverticulosis and SUDD) and/or in symptom generation (i.e., in the
pathophysiology of SUDD).

Genetic factors are likely key elements, involved in the pathophysiology of DD and,
in the future, could open a better understanding of DD and open new avenues in the
treatment of this condition, however, GWAS studies are still too limited. Although the role
of the environment in DD is undisputed, there are still conflicting data on dietary fibers,
one of the first factors studied in DD pathophysiology.

The presence of diverticula can predispose to the weakness of the epithelial barrier
that can likely become a point of entrance for the bacteria and other luminal antigens
into the lamina propria. This may induce hyperactivation of immune cells with subse-
quent effects on the ENS and muscular cells which could explain symptom generation in
SUDD (Figure 2).

This hypothesis remains to be demonstrated by experimental evidence, although some
data are supporting it. Gut microbiota imbalance, neuro-immune, and neuro-muscular
alterations have been reported in DD, although technical differences among studies and
small sample size are still a limit to draw conclusions. Unfortunately, very limiting data are
available on epithelial barrier alterations to confirm or reject the above hypothesis. Future
studies, in larger cohorts, are desirable to better understand the pathophysiological mecha-
nisms underlying diverticula formation as well as symptom generation, in order to develop
a tailored therapy for the different clinical settings of DD and to prevent complications.



Int. . Mol. Sci. 2022, 23, 6698

12 of 17

Genetic factors

Neuro-immune interactions I

Neuro-muscular interactions I

Dietary factors

Microbiota
ARy~ - qoanfiaaarinn
B 1'?.*/

ARSI T, | f <) SmeTmIieTmavaS

WS’

Bacterial
translocation

Immune system

Pt 4 Macrophages; TNF-a; IL-6; NK1 receptor

‘fMacrophages close to sprouting fibers

‘fPai’n mediating neuropeptides; Nerve fiber sprouting
¥ Glial cells

ENS

- ff;!,/‘_:_’-/‘i 4 sesitivity to ACh and tachykinins; M3 receptors

Muscular layer SRS L cnaT activity, SHT-4R; NO

Figure 2. Representative figure of pathophysiological mechanisms involved in SUDD. ENS, enteric
nervous system; Ach, acetylcholine; ChAT, choline acetyltransferase; NO, nitric oxide; TNF-a, tumor

necrosis factor alpha; IL-6, interleukin-6; NK1, neurokinin1; 5SHT-4R, Sidrossitriptamina-4 receptor;
1, decrease; 1, increase; {, bidirectional interaction.

Author Contributions: M.R.B., G.B. and C.C. designed the review; M.R.B., D.F. and M.P. performed
literature search; M.R.B., C.C., D.E,, G.M., M.P, V.S. and G.B. drafted the manuscript, critically revised
and approved the final version of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was supported in part by the Italian Ministry of Education, University and
Research and funds from the University of Bologna (RFO) to G.B. G.B. is a recipient of an educational
grant from Fondazione del Monte di Bologna e Ravenna, and Fondazione Carisbo, Bologna, Italy.
G.B. is a recipient of the european grant HORIZON 2020-SC1-BHC-2018-2020/H2020-SC1-2019-Two-
Stage-RTD-DISCOVERIE PROJECT. M.R.B. is a recipient of a grant from the Italian Ministry of Health
(Ricerca Finalizzata GR-2018-12367062). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the use of already available published data.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study by the investigator of each published study included in the present review.

Data Availability Statement: The data presented in this study are openly available in Medline
and Embase.



Int. J. Mol. Sci. 2022, 23, 6698 13 of 17

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Diverticular disease, DD; symptomatic uncomplicated diverticular disease, SUDD; Irritable bowel
syndrome, IBS; inflammatory bowel disease, IBD; segmental colitis associated with diverticulosis,
SCAD; single nucleotide polymorphisms, SNPs; genome-wide association studies, GWAS; Gastroen-
terology Association, AGA; short-chain fatty acids, SCFAs; C-reactive protein, CRP; neurokinin
1 receptor, NK1; glial cell-derived neurotrophic factor, GDNF; Rearranged during transfection, RET;
acetylcholine, ACh.

References

1.

10.

11.

12.
13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

Cuomo, R.; Barbara, G.; Pace, F.; Annese, V.; Bassotti, G.; Binda, G.A.; Casetti, T.; Colecchia, A.; Festi, D.; Fiocca, R.; et al.
Ttalian consensus conference for colonic diverticulosis and diverticular disease. United Eur. Gastroenterol. |. 2014, 2, 413-442.
[CrossRef] [PubMed]

Peery, A.F,; Crockett, S.D.; Barritt, A.S.; Dellon, E.S.; Eluri, S.; Gangarosa, L.M.; Jensen, E.T.; Lund, J.L.; Pasricha, S.; Runge, T.; et al.
Burden of Gastrointestinal, Liver, and Pancreatic Diseases in the United States. Gastroenterology 2015, 149, 1731-1741.e3. [CrossRef]
Etzioni, D.A.; Mack, T.M.; Beart, RW,, Jr.; Kaiser, A.M. Diverticulitis in the United States: 1998-2005: Changing patterns of disease
and treatment. Ann. Surg. 2009, 249, 210-217. [CrossRef]

Everhart, J.E.; Ruhl, C.E. Burden of digestive diseases in the United States part II: Lower gastrointestinal diseases. Gastroenterology
2009, 136, 741-754. [CrossRef]

Tursi, A. Diverticulosis today: Unfashionable and still under-researched. Ther. Adv. Gastroenterol. 2016, 9, 213-228.
[CrossRef] [PubMed]

Spiller, R. Is it diverticular disease or is it irritable bowel syndrome? Dig. Dis. 2012, 30, 64-69. [CrossRef]

Strate, L.L.; Modi, R.; Cohen, E.; Spiegel, B.M. Diverticular disease as a chronic illness: Evolving epidemiologic and clinical
insights. Am. J. Gastroenterol. 2012, 107, 1486-1493. [CrossRef] [PubMed]

Violi, A.; Cambie, G.; Miraglia, C.; Barchi, A.; Nouvenne, A.; Capasso, M.; Leandro, G.; Meschi, T.; De” Angelis, G.L.; Di Mario, F.
Epidemiology and risk factors for diverticular disease. Acta Biomed. 2018, 89, 107-112. [CrossRef]

Peery, A.F,; Sandler, R.S. Diverticular disease: Reconsidering conventional wisdom. Clin. Gastroenterol. Hepatol. 2013, 11,
1532-1537. [CrossRef]

Schieffer, K.M.; Kline, B.P.; Yochum, G.S.; Koltun, W.A. Pathophysiology of diverticular disease. Expert Rev. Gastroenterol. Hepatol.
2018, 12, 683—-692. [CrossRef]

Rezapour, M.; Alj, S.; Stollman, N. Diverticular Disease: An Update on Pathogenesis and Management. Gut Liver 2018, 12,
125-132. [CrossRef] [PubMed]

Young-Fadok, T.M. Diverticulitis. N. Engl. ]. Med. 2018, 379, 1635-1642. [CrossRef] [PubMed]

Peery, A.F,; Shaukat, A ; Strate, L.L. AGA Clinical Practice Update on Medical Management of Colonic Diverticulitis: Expert
Review. Gastroenterology 2021, 160, 906-911.el. [CrossRef] [PubMed]

Hjern, F; Johansson, C.; Mellgren, A.; Baxter, N.N.; Hjern, A. Diverticular disease and migration-the influence of acculturation to
a Western lifestyle on diverticular disease. Aliment. Pharmacol. Ther. 2006, 23, 797-805. [CrossRef] [PubMed]

Stemmermann, G.N. Patterns of disease among Japanese living in Hawaii. Arch. Environ. Health 1970, 20, 266-273. [CrossRef]
Lahiri, R.P; Abeles, A.; Burnand, K.M.; Alazawi, W.; Bhattacharya, S.; Foster, G.R.; Knowles, C.H. A cross sectional study of
colonic diverticulosis in the London Bangladeshi population. United Eur. Gastroenterol. J. 2013, 1, 191-197. [CrossRef]

Loffeld, R.J. Diverticulosis of the colon is rare amongst immigrants living in the Zaanstreek region in the Netherlands. Colorectal
Dis. 2005, 7, 559-562. [CrossRef]

Beighton, PH.; Murdoch, J.L.; Votteler, T. Gastrointestinal complications of the Ehlers-Danlos syndrome. Gut 1969, 10,
1004-1008. [CrossRef]

Stagi, S.; Lapi, E.; Chiarelli, F.; de Martino, M. Incidence of diverticular disease and complicated diverticular disease in young
patients with Williams syndrome. Pediatric Surg. Int. 2010, 26, 943-944. [CrossRef]

Tursi, A. Current and Evolving Concepts on the Pathogenesis of Diverticular Disease. |. Gastrointest. Liver Dis. 2019, 28,
225-235. [CrossRef]

Granlund, J.; Svensson, T.; Olen, O.; Hjern, E,; Pedersen, N.L.; Magnusson, P.K.; Schmidt, P.T. The genetic influence on diverticular
disease—A twin study. Aliment. Pharmacol. Ther. 2012, 35, 1103-1107. [CrossRef] [PubMed]

Strate, L.L.; Erichsen, R.; Baron, J.A.; Mortensen, J.; Pedersen, ].K.; Riis, A.H.; Christensen, K.; Sorensen, H.T. Heritability
and familial aggregation of diverticular disease: A population-based study of twins and siblings. Gastroenterology 2013, 144,
736-742.e1l. [CrossRef]

Reichert, M.C.; Kupcinskas, J.; Krawczyk, M.; Jungst, C.; Casper, M.; Grunhage, F.; Appenrodt, B.; Zimmer, V.; Weber, S.N.;
Tamelis, A.; et al. A Variant of COL3A1 (rs3134646) Is Associated With Risk of Developing Diverticulosis in White Men. Dis.
Colon Rectum 2018, 61, 604-611. [CrossRef] [PubMed]


http://doi.org/10.1177/2050640614547068
http://www.ncbi.nlm.nih.gov/pubmed/25360320
http://doi.org/10.1053/j.gastro.2015.08.045
http://doi.org/10.1097/SLA.0b013e3181952888
http://doi.org/10.1053/j.gastro.2009.01.015
http://doi.org/10.1177/1756283X15621228
http://www.ncbi.nlm.nih.gov/pubmed/26929783
http://doi.org/10.1159/000335721
http://doi.org/10.1038/ajg.2012.194
http://www.ncbi.nlm.nih.gov/pubmed/22777341
http://doi.org/10.23750/abm.v89i9-S.7924
http://doi.org/10.1016/j.cgh.2013.04.048
http://doi.org/10.1080/17474124.2018.1481746
http://doi.org/10.5009/gnl16552
http://www.ncbi.nlm.nih.gov/pubmed/28494576
http://doi.org/10.1056/NEJMcp1800468
http://www.ncbi.nlm.nih.gov/pubmed/30354951
http://doi.org/10.1053/j.gastro.2020.09.059
http://www.ncbi.nlm.nih.gov/pubmed/33279517
http://doi.org/10.1111/j.1365-2036.2006.02805.x
http://www.ncbi.nlm.nih.gov/pubmed/16556182
http://doi.org/10.1080/00039896.1970.10665585
http://doi.org/10.1177/2050640613489282
http://doi.org/10.1111/j.1463-1318.2005.00830.x
http://doi.org/10.1136/gut.10.12.1004
http://doi.org/10.1007/s00383-010-2666-6
http://doi.org/10.15403/jgld-184
http://doi.org/10.1111/j.1365-2036.2012.05069.x
http://www.ncbi.nlm.nih.gov/pubmed/22432696
http://doi.org/10.1053/j.gastro.2012.12.030
http://doi.org/10.1097/DCR.0000000000001001
http://www.ncbi.nlm.nih.gov/pubmed/29533249

Int. J. Mol. Sci. 2022, 23, 6698 14 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Connelly, TM.; Berg, A.S.; Hegarty, ].P,; Deiling, S.; Brinton, D.; Poritz, L.S.; Koltun, W.A. The TNFSF15 gene single nucleotide
polymorphism rs7848647 is associated with surgical diverticulitis. Ann. Surg. 2014, 259, 1132-1137. [CrossRef]

Sigurdsson, S.; Alexandersson, K.F; Sulem, P; Feenstra, B.; Gudmundsdottir, S.; Halldorsson, G.H.; Olafsson, S.; Sigurdsson, A.;
Rafnar, T.; Thorgeirsson, T.; et al. Sequence variants in ARHGAP15, COLQ and FAM155A associate with diverticular disease and
diverticulitis. Nat. Commun. 2017, 8, 15789. [CrossRef] [PubMed]

Coble, J.L.; Sheldon, K.E.; Yue, E; Salameh, T.J.; Harris, L.R., III; Deiling, S.; Ruggiero, EM.; Eshelman, M.A.; Yochum, G.S,;
Koltun, W.A ; et al. Identification of a rare LAMB4 variant associated with familial diverticulitis through exome sequencing. Hurm.
Mol. Genet. 2017, 26, 3212-3220. [CrossRef]

Nehring, P.; Gromadzka, G.; Giermaziak, A.; Jastrzebski, M.; Przybylkowski, A. Genetic variants of tissue inhibitors of matrix
metalloproteinase 1 (rs4898) and 2 (rs8179090) in diverticulosis. Eur. ]. Gastroenterol. Hepatol. 2021, 33, e431-e434. [CrossRef]
Mittal, R.; Patel, A.P; Debs, L.H.; Nguyen, D.; Patel, K.; Grati, M.; Mittal, ].; Yan, D.; Chapagain, P; Liu, X.Z. Intricate Functions of
Matrix Metalloproteinases in Physiological and Pathological Conditions. . Cell. Physiol. 2016, 231, 2599-2621. [CrossRef]
Reichert, M.C.; Kupcinskas, J.; Schulz, A.; Schramm, C.; Weber, S.N.; Krawczyk, M.; Jungst, C.; Casper, M.; Grunhage, F.;
Appenrodt, B.; et al. Common variation in FAM155A is associated with diverticulitis but not diverticulosis. Sci. Rep. 2020,
10, 1658. [CrossRef]

Strate, L.L.; Morris, A.M. Epidemiology, Pathophysiology, and Treatment of Diverticulitis. Gastroenterology 2019, 156,
1282-1298.el. [CrossRef]

Camilleri, M.; Sandler, R.S.; Peery, A.F. Etiopathogenetic Mechanisms in Diverticular Disease of the Colon. Cell. Mol. Gastroenterol.
Hepatol. 2020, 9, 15-32. [CrossRef] [PubMed]

Chua, H.C.; Wulf, M.; Weidling, C.; Rasmussen, L.P; Pless, S.A. The NALCN channel complex is voltage sensitive and directly
modulated by extracellular calcium. Sci. Adv. 2020, 6, eaaz3154. [CrossRef]

Ren, D. Sodium leak channels in neuronal excitability and rhythmic behaviors. Neuron 2011, 72, 899-911. [CrossRef] [PubMed]
Nash, H.A.; Scott, R.L.; Lear, B.C.; Allada, R. An unusual cation channel mediates photic control of locomotion in Drosophila.
Curr. Biol. 2002, 12, 2152-2158. [CrossRef]

Lu, B;; Su, Y,; Das, S; Liu, J.; Xia, J.; Ren, D. The neuronal channel NALCN contributes resting sodium permeability and is
required for normal respiratory rhythm. Cell 2007, 129, 371-383. [CrossRef]

Xie, L.; Gao, S.; Alcaire, S.M.; Aoyagi, K.; Wang, Y.; Griffin, ] K.; Stagljar, I.; Nagamatsu, S.; Zhen, M. NLF-1 delivers a sodium leak
channel to regulate neuronal excitability and modulate rhythmic locomotion. Neuron 2013, 77, 1069-1082. [CrossRef] [PubMed]
Maguire, L.H.; Handelman, S.K.; Du, X.; Chen, Y.; Pers, T.H.; Speliotes, E.K. Genome-wide association analyses identify 39 new
susceptibility loci for diverticular disease. Nat. Genet. 2018, 50, 1359-1365. [CrossRef]

Schafmayer, C.; Harrison, ].W.; Buch, S.; Lange, C.; Reichert, M.C.; Hofer, P.; Cossais, F.; Kupcinskas, J.; von Schonfels, W.;
Schniewind, B.; et al. Genome-wide association analysis of diverticular disease points towards neuromuscular, connective tissue
and epithelial pathomechanisms. Gut 2019, 68, 854-865. [CrossRef]

Choe, EK; Lee, J.E.; Chung, S.J.; Yang, S.Y.; Kim, Y.S.; Shin, E.S.; Choi, S.H.; Bae, ].H. Genome-wide association study of
right-sided colonic diverticulosis in a Korean population. Sci. Rep. 2019, 9, 7360. [CrossRef]

De Santa Barbara, P.; van den Brink, G.R.; Roberts, D.]. Development and differentiation of the intestinal epithelium. Cell. Mol.
Life Sci. 2003, 60, 1322-1332. [CrossRef]

Gregorieff, A.; Pinto, D.; Begthel, H.; Destree, O.; Kielman, M.; Clevers, H. Expression pattern of Wnt signaling components in the
adult intestine. Gastroenterology 2005, 129, 626-638. [CrossRef] [PubMed]

Di Liddo, R.; Bertalot, T.; Schuster, A.; Schrenk, S.; Tasso, A.; Zanusso, I.; Conconi, M.T.; Schafer, K.H. Anti-inflammatory activity
of Wnt signaling in enteric nervous system: In vitro preliminary evidences in rat primary cultures. J. Neuroinflammation 2015,
12, 23. [CrossRef] [PubMed]

Hu, G.; Mancl, M.E.; Barnes, B.J. Signaling through IFN regulatory factor-5 sensitizes p53-deficient tumors to DNA damage-
induced apoptosis and cell death. Cancer Res. 2005, 65, 7403-7412. [CrossRef] [PubMed]

Burkitt, D.P.; Walker, A.R.; Painter, N.S. Effect of dietary fibre on stools and the transit-times, and its role in the causation of
disease. Lancet 1972, 7792, 1408-1411. [CrossRef]

Aldoori, W.H.; Giovannucci, E.L.; Rockett, H.R.; Sampson, L.; Rimm, E.B.; Willett, W.C. A prospective study of dietary fiber types
and symptomatic diverticular disease in men. J. Nutr. 1998, 128, 714-719. [CrossRef]

Crowe, EL.; Appleby, P.N.; Allen, N.E.; Key, T.]. Diet and risk of diverticular disease in Oxford cohort of European Prospective
Investigation into Cancer and Nutrition (EPIC): Prospective study of British vegetarians and non-vegetarians. BM] 2011,
343, d4131. [CrossRef]

Peery, A.F; Sandler, R.S.; Ahnen, D.J.; Galanko, J.A.; Holm, A.N.; Shaukat, A.; Mott, L.A.; Barry, E.L,; Fried, D.A.; Baron, J.A.
Constipation and a low-fiber diet are not associated with diverticulosis. Clin. Gastroenterol. Hepatol. 2013, 11, 1622-1627. [CrossRef]
Aune, D.; Sen, A.; Norat, T.; Riboli, E. Dietary fibre intake and the risk of diverticular disease: A systematic review and
meta-analysis of prospective studies. Eur. J. Nutr. 2020, 59, 421-432. [CrossRef]

Cotillard, A.; Kennedy, S.P; Kong, L.C.; Prifti, E.; Pons, N.; Le Chatelier, E.; Almeida, M.; Quinquis, B.; Levenez, F;
Galleron, N.; et al. Dietary intervention impact on gut microbial gene richness. Nature 2013, 500, 585-588. [CrossRef]

Makki, K.; Deehan, E.C.; Walter, J.; Backhed, F. The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell
Host Microbe 2018, 23, 705-715. [CrossRef]


http://doi.org/10.1097/SLA.0000000000000232
http://doi.org/10.1038/ncomms15789
http://www.ncbi.nlm.nih.gov/pubmed/28585551
http://doi.org/10.1093/hmg/ddx204
http://doi.org/10.1097/MEG.0000000000002122
http://doi.org/10.1002/jcp.25430
http://doi.org/10.1038/s41598-020-58437-1
http://doi.org/10.1053/j.gastro.2018.12.033
http://doi.org/10.1016/j.jcmgh.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31351939
http://doi.org/10.1126/sciadv.aaz3154
http://doi.org/10.1016/j.neuron.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22196327
http://doi.org/10.1016/S0960-9822(02)01358-1
http://doi.org/10.1016/j.cell.2007.02.041
http://doi.org/10.1016/j.neuron.2013.01.018
http://www.ncbi.nlm.nih.gov/pubmed/23522043
http://doi.org/10.1038/s41588-018-0203-z
http://doi.org/10.1136/gutjnl-2018-317619
http://doi.org/10.1038/s41598-019-43692-8
http://doi.org/10.1007/s00018-003-2289-3
http://doi.org/10.1016/j.gastro.2005.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16083717
http://doi.org/10.1186/s12974-015-0248-1
http://www.ncbi.nlm.nih.gov/pubmed/25644719
http://doi.org/10.1158/0008-5472.CAN-05-0583
http://www.ncbi.nlm.nih.gov/pubmed/16103093
http://doi.org/10.1016/S0140-6736(72)92974-1
http://doi.org/10.1093/jn/128.4.714
http://doi.org/10.1136/bmj.d4131
http://doi.org/10.1016/j.cgh.2013.06.033
http://doi.org/10.1007/s00394-019-01967-w
http://doi.org/10.1038/nature12480
http://doi.org/10.1016/j.chom.2018.05.012

Int. J. Mol. Sci. 2022, 23, 6698 15 of 17

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Koh, A.; De Vadder, E; Kovatcheva-Datchary, P.; Backhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332-1345. [CrossRef] [PubMed]

Aldoori, W.H.; Giovannucci, E.L.; Rimm, E.B.; Wing, A.L.; Trichopoulos, D.V.; Willett, W.C. A prospective study of diet and the
risk of symptomatic diverticular disease in men. Am. J. Clin. Nutr. 1994, 60, 757-764. [CrossRef] [PubMed]

Peery, A.E,; Barrett, PR.; Park, D.; Rogers, A.J.; Galanko, J.A.; Martin, C.F; Sandler, R.S. A high-fiber diet does not protect against
asymptomatic diverticulosis. Gastroenterology 2012, 142, 266-272.el. [CrossRef] [PubMed]

Coode, PE.; Chan, K.W,; Chan, Y.T. Polyps and diverticula of the large intestine: A necropsy survey in Hong Kong. Gut 1985, 26,
1045-1048. [CrossRef] [PubMed]

Rustom, L.B.O.; Sharara, A.I. The Natural History of Colonic Diverticulosis: Much Ado about Nothing? Inflamm. Intest. Dis. 2018,
3, 69-74. [CrossRef]

Yamada, E.; Inamori, M.; Uchida, E.; Tanida, E.; Izumi, M.; Takeshita, K.; Fujii, T.; Komatsu, K.; Hamanaka, J.; Maeda, S.; et al.
Association between the location of diverticular disease and the irritable bowel syndrome: A multicenter study in Japan. Am. J.
Gastroenterol. 2014, 109, 1900-1905. [CrossRef]

Tursi, A.; Scarpignato, C.; Strate, L.L.; Lanas, A.; Kruis, W.; Lahat, A.; Danese, S. Colonic diverticular disease. Nat. Rev. Dis.
Primers 2020, 6, 20. [CrossRef]

Nagata, N.; Niikura, R.; Shimbo, T.; Kishida, Y.; Sekine, K.; Tanaka, S.; Aoki, T.; Watanabe, K.; Akiyama, ].; Yanase, M.; et al.
Alcohol and smoking affect risk of uncomplicated colonic diverticulosis in Japan. PLoS ONE 2013, 8, e81137. [CrossRef]
Yamamichi, N.; Shimamoto, T.; Takahashi, Y.; Sakaguchi, Y.; Kakimoto, H.; Matsuda, R.; Kataoka, Y.; Saito, L.; Tsuji, Y.;
Yakabi, S.; et al. Trend and risk factors of diverticulosis in Japan: Age, gender, and lifestyle/metabolic-related factors may
cooperatively affect on the colorectal diverticula formation. PLoS ONE 2015, 10, e0123688. [CrossRef]

Peery, A.F,; Keil, A;; Jicha, K.; Galanko, J.A.; Sandler, R.S. Association of Obesity With Colonic Diverticulosis in Women. Clin.
Gastroenterol. Hepatol. 2020, 18, 107-114.el. [CrossRef]

Aldoori, WH.; Giovannucci, E.L.; Rimm, E.B.; Wing, A.L.; Trichopoulos, D.V.; Willett, W.C. A prospective study of alcohol,
smoking, caffeine, and the risk of symptomatic diverticular disease in men. Ann. Epidemiol. 1995, 5, 221-228. [CrossRef] [PubMed]
Ma, W,; Jovani, M.; Liu, PH.; Nguyen, L.H.; Cao, Y.; Tam, I; Wu, K; Giovannucci, E.L.; Strate, L.L.; Chan, A.T. Association Between
Obesity and Weight Change and Risk of Diverticulitis in Women. Gastroenterology 2018, 155, 58-66.e4. [CrossRef] [PubMed]
Turnbaugh, PJ.; Gordon, ].I. The core gut microbiome, energy balance and obesity. J. Physiol. 2009, 587, 4153-4158. [CrossRef] [PubMed]
Martinez-Medina, M.; Denizot, J.; Dreux, N.; Robin, E; Billard, E.; Bonnet, R.; Darfeuille-Michaud, A.; Barnich, N. Western diet
induces dysbiosis with increased E coli in CEABAC10 mice, alters host barrier function favouring AIEC colonisation. Gut 2014,
63, 116-124. [CrossRef]

Turnbaugh, PJ.; Backhed, F.; Fulton, L.; Gordon, ].I. Diet-induced obesity is linked to marked but reversible alterations in the
mouse distal gut microbiome. Cell Host Microbe 2008, 3, 213-223. [CrossRef] [PubMed]

Claesson, M.].; Jeffery, L.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.; Coakley, M.; Lakshminarayanan, B.;
O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178-184. [CrossRef]
Barbara, G.; Scaioli, E.; Barbaro, M.R.; Biagi, E.; Laghi, L.; Cremon, C.; Marasco, G.; Colecchia, A.; Picone, G.; Salfi, N.; et al.
Gut microbiota, metabolome and immune signatures in patients with uncomplicated diverticular disease. Gut 2017, 66,
1252-1261. [CrossRef]

Tursi, A.; Mastromarino, P.; Capobianco, D.; Elisei, W.; Miccheli, A.; Capuani, G.; Tomassini, A.; Campagna, G.; Picchio, M.;
Giorgetti, G.; et al. Assessment of Fecal Microbiota and Fecal Metabolome in Symptomatic Uncomplicated Diverticular Disease
of the Colon. J. Clin. Gastroenterol. 2016, 50 (Suppl. S1), S9-S12. [CrossRef]

Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, E; Chilloux, J;
Hoyles, L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: Relationship
with gut microbiome richness and ecology. Gut 2016, 65, 426-436. [CrossRef]

Earley, H.; Lennon, G.; Balfe, A.; Coffey, J.C.; Winter, D.C.; O’Connell, PR. The abundance of Akkermansia muciniphila and its
relationship with sulphated colonic mucins in health and ulcerative colitis. Sci. Rep. 2019, 9, 15683. [CrossRef]

Lopetuso, L.R.; Petito, V.; Graziani, C.; Schiavoni, E.; Paroni Sterbini, F.; Poscia, A.; Gaetani, E.; Franceschi, F.; Cammarota, G.;
Sanguinetti, M.; et al. Gut Microbiota in Health, Diverticular Disease, Irritable Bowel Syndrome, and Inflammatory Bowel
Diseases: Time for Microbial Marker of Gastrointestinal Disorders. Dig. Dis. 2018, 36, 56—65. [CrossRef]

Jones, R.B.; Fodor, A.A.; Peery, A.F,; Tsilimigras, M.C.B.; Winglee, K.; McCoy, A.; Sioda, M.; Sandler, R.S.; Keku, T.O. An Aberrant
Microbiota is not Strongly Associated with Incidental Colonic Diverticulosis. Sci. Rep. 2018, 8, 4951. [CrossRef] [PubMed]

Van Rossen, T.M.; Ooijevaar, R.E.; Kuyvenhoven, J.P; Eck, A.; Bril, H.; Buijsman, R.; Boermeester, M.A.; Stockmann, H.;
de Korte, N.; Budding, A.E. Microbiota composition and mucosal immunity in patients with asymptomatic diverticulosis and
controls. PLoS ONE 2021, 16, e0256657. [CrossRef] [PubMed]

Kvasnovsky, C.L.; Leong, L.E.X.; Choo, ] M.; Abell, G.C].; Papagrigoriadis, S.; Bruce, K.D.; Rogers, G.B. Clinical and symptom
scores are significantly correlated with fecal microbiota features in patients with symptomatic uncomplicated diverticular disease:
A pilot study. Eur. J. Gastroenterol. Hepatol. 2018, 30, 107-112. [CrossRef] [PubMed]

Tursi, A.; Mastromarino, P.; Capobianco, D.; Elisei, W.; Picchio, M.; Brandimarte, G. No changes in Interleukin-10 expression in
symptomatic uncomplicated diverticular disease of the colon. J. Gastrointest. Liver Dis. 2018, 27, 476-477. [CrossRef]


http://doi.org/10.1016/j.cell.2016.05.041
http://www.ncbi.nlm.nih.gov/pubmed/27259147
http://doi.org/10.1093/ajcn/60.5.757
http://www.ncbi.nlm.nih.gov/pubmed/7942584
http://doi.org/10.1053/j.gastro.2011.10.035
http://www.ncbi.nlm.nih.gov/pubmed/22062360
http://doi.org/10.1136/gut.26.10.1045
http://www.ncbi.nlm.nih.gov/pubmed/4054702
http://doi.org/10.1159/000490054
http://doi.org/10.1038/ajg.2014.323
http://doi.org/10.1038/s41572-020-0153-5
http://doi.org/10.1371/journal.pone.0081137
http://doi.org/10.1371/journal.pone.0123688
http://doi.org/10.1016/j.cgh.2019.04.058
http://doi.org/10.1016/1047-2797(94)00109-7
http://www.ncbi.nlm.nih.gov/pubmed/7606311
http://doi.org/10.1053/j.gastro.2018.03.057
http://www.ncbi.nlm.nih.gov/pubmed/29614301
http://doi.org/10.1113/jphysiol.2009.174136
http://www.ncbi.nlm.nih.gov/pubmed/19491241
http://doi.org/10.1136/gutjnl-2012-304119
http://doi.org/10.1016/j.chom.2008.02.015
http://www.ncbi.nlm.nih.gov/pubmed/18407065
http://doi.org/10.1038/nature11319
http://doi.org/10.1136/gutjnl-2016-312377
http://doi.org/10.1097/MCG.0000000000000626
http://doi.org/10.1136/gutjnl-2014-308778
http://doi.org/10.1038/s41598-019-51878-3
http://doi.org/10.1159/000477205
http://doi.org/10.1038/s41598-018-23023-z
http://www.ncbi.nlm.nih.gov/pubmed/29563543
http://doi.org/10.1371/journal.pone.0256657
http://www.ncbi.nlm.nih.gov/pubmed/34492052
http://doi.org/10.1097/MEG.0000000000000995
http://www.ncbi.nlm.nih.gov/pubmed/29084074
http://doi.org/10.15403/jgld.2014.1121.274.ink

Int. J. Mol. Sci. 2022, 23, 6698 16 of 17

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Tursi, A.; Brandimarte, G.; Elisei, W.; Giorgetti, G.M.; Inchingolo, C.D.; Danese, S.; Aiello, F. Assessment and grading of mucosal
inflammation in colonic diverticular disease. J. Clin. Gastroenterol. 2008, 42, 699-703. [CrossRef]

Peery, A.F; Keku, T.O.; Addamo, C.; McCoy, A.N.; Martin, C.F; Galanko, J.A.; Sandler, R.S. Colonic Diverticula Are Not Associated
With Mucosal Inflammation or Chronic Gastrointestinal Symptoms. Clin. Gastroenterol. Hepatol. 2018, 16, 884-891.el. [CrossRef]
Jarbrink-Sehgal, M.E.; Rassam, L.; Jasim, A.; Walker, M.M.; Talley, N.J.; Agreus, L.; Andreasson, A.; Schmidt, P.T. Diverticulosis,
Symptoms and Colonic Inflammation: A Population-Based Colonoscopy Study. Am. J. Gastroenterol. 2019, 114, 500-510. [CrossRef]
Horgan, A.F.; McConnell, E.J.; Wolff, B.G.; The, S.; Paterson, C. Atypical diverticular disease: Surgical results. Dis. Colon Rectum
2001, 44, 1315-1318. [CrossRef]

Tursi, A.; Brandimarte, G.; Elisei, W.; Giorgetti, G.M.; Inchingolo, C.D.; Aiello, F. Faecal calprotectin in colonic diverticular disease:
A case-control study. Int. ]. Colorectal Dis. 2009, 24, 49-55. [CrossRef]

Humes, D.J.; Simpson, J.; Smith, ].; Sutton, P.; Zaitoun, A.; Bush, D.; Bennett, A.; Scholefield, ].H.; Spiller, R.C. Visceral hypersensi-
tivity in symptomatic diverticular disease and the role of neuropeptides and low grade inflammation. Neurogastroenterol. Motil.
2012, 24, 318-e163. [CrossRef] [PubMed]

Turco, F; Andreozzi, P.; Palumbo, I.; Zito, F.P,; Cargiolli, M.; Fiore, W.; Gennarelli, N.; De Palma, G.D.; Sarnelli, G.; Cuomo, R.
Bacterial stimuli activate nitric oxide colonic mucosal production in diverticular disease. Protective effects of L. casei DG(R)
(Lactobacillus paracasei CNCM 1-1572). United Eur. Gastroenterol. J. 2017, 5, 715-724. [CrossRef] [PubMed]

Tursi, A.; Elisei, W.; Brandimarte, G.; Giorgetti, G.M.; Inchingolo, C.D.; Nenna, R.; Ierardi, E. Tumour necrosis factor-alpha
expression in segmental colitis associated with diverticulosis down-regulates after treatment. J. Gastrointestin Liver Dis. 2011, 20,
365-370. [PubMed]

Macbeth, W.A.; Hawthorne, J.H. Intramural Ganglia in Diverticular Disease of the Colon. J. Clin. Pathol. 1965, 18, 40—-42. [CrossRef]
Wedel, T.; Busing, V.; Heinrichs, G.; Nohroudi, K.; Bruch, H.P; Roblick, U.J.; Bottner, M. Diverticular disease is associated with an
enteric neuropathy as revealed by morphometric analysis. Neurogastroenterol. Motil. 2010, 22, 407-e94. [CrossRef]

Deduchovas, O.; Saladzinskas, Z.; Tamelis, A.; Pavalkis, D.; Pauziene, N.; Pauza, D.H. Morphologic pattern of myenteric neural
plexus in colonic diverticular disease. A whole-mount study employing histochemical staining for acetylcholinesterase. Ann.
Anat. 2008, 190, 525-530. [CrossRef]

Iwase, H.; Sadahiro, S.; Mukoyama, S.; Makuuchi, H.; Yasuda, M. Morphology of myenteric plexuses in the human large intestine:
Comparison between large intestines with and without colonic diverticula. J. Clin. Gastroenterol. 2005, 39, 674-678. [CrossRef]
Gallego, D.; Espin, F.; Mikulka, J.; Smirg, O.; Gil, V.; Faundez-Zanuy, M.; Jimenez, M.; Clave, P. In vitro motor patterns and
electrophysiological changes in patients with colonic diverticular disease. Int. . Colorectal Dis. 2013, 28, 1413-1422. [CrossRef]
Bassotti, G.; Battaglia, E.; Bellone, G.; Dughera, L.; Fisogni, S.; Zambelli, C.; Morelli, A.; Mioli, P.; Emanuelli, G.; Villanacci, V.
Interstitial cells of Cajal, enteric nerves, and glial cells in colonic diverticular disease. J. Clin. Pathol. 2005, 58, 973-977. [CrossRef]
Bottner, M.; Barrenschee, M.; Hellwig, I.; Harde, J.; Egberts, ].H.; Becker, T.; Zorenkov, D.; Schafer, K.H.; Wedel, T. The GDNF
System Is Altered in Diverticular Disease—Implications for Pathogenesis. PLoS ONE 2013, 8, e66290. [CrossRef]

Barrenschee, M.; Wedel, T.; Lange, C.; Hohmeier, I.; Cossais, F.; Ebsen, M.; Vogel, I.; Bottner, M. No neuronal loss, but alterations
of the GDNF system in asymptomatic diverticulosis. PLoS ONE 2017, 12, e0171416. [CrossRef]

Bottner, M.; Harde, J.; Barrenschee, M.; Hellwig, L.; Vogel, I.; Ebsen, M.; Wedel, T. GDNF induces synaptic vesicle markers in
enteric neurons. Neurosci. Res. 2013, 77, 128-136. [CrossRef] [PubMed]

Barbaro, M.R.; Cremon, C.; Fuschi, D.; Scaioli, E.; Veneziano, A.; Marasco, G.; Festi, D.; Stanghellini, V.; Barbara, G. Nerve fiber
overgrowth in patients with symptomatic diverticular disease. Neurogastroenterol. Motil. 2019, 31, e13575. [CrossRef]

Simpson, J.; Sundler, F.; Humes, D.J.; Jenkins, D.; Scholefield, J.H.; Spiller, R.C. Post inflammatory damage to the enteric nervous
system in diverticular disease and its relationship to symptoms. Neurogastroenterol. Motil. 2009, 21, 847-e58. [CrossRef] [PubMed]
Bassotti, G.; Villanacci, V.; Bernardini, N.; Dore, M.P. Diverticular Disease of the Colon: Neuromuscular Function Abnormalities.
J. Clin. Gastroenterol. 2016, 50 (Suppl. S1), S6-S8. [CrossRef]

Golder, M.; Burleigh, D.E.; Ghali, L.; Feakins, R.M.; Lunniss, P.J.; Williams, N.S.; Navsaria, H.A. Longitudinal muscle shows
abnormal relaxation responses to nitric oxide and contains altered levels of NOS1 and elastin in uncomplicated diverticular
disease. Colorectal Dis. 2007, 9, 218-228. [CrossRef]

Golder, M.; Burleigh, D.E.; Belai, A.; Ghali, L.; Ashby, D.; Lunniss, PJ.; Navsaria, H.A.; Williams, N.S. Smooth muscle cholinergic
denervation hypersensitivity in diverticular disease. Lancet 2003, 361, 1945-1951. [CrossRef]

Tomita, R.; Fujisaki, S.; Tanjoh, K.; Fukuzawa, M. Role of nitric oxide in the left-sided colon of patients with diverticular disease.
Hepatogastroenterology 2000, 47, 692—-696.

Tomita, R.; Munakata, K.; Aoki, N.; Tanjoh, K.; Kurosu, Y. A study on the peptidergic nerves (VIP, substance P) in the colon of
patients with diverticular disease. Regul. Pept. 1993, 46, 244-246. [CrossRef]

Dothel, G.; Barbaro, M.R.; Boudin, H.; Vasina, V.; Cremon, C.; Gargano, L.; Bellacosa, L.; De Giorgio, R.; Le Berre-Scoul, C.;
Aubert, P; et al. Nerve fiber outgrowth is increased in the intestinal mucosa of patients with irritable bowel syndrome. Gastroen-
terology 2015, 148, 1002-1011.e4. [CrossRef]

Demir, LE.; Schafer, K.H.; Tieftrunk, E.; Friess, H.; Ceyhan, G.O. Neural plasticity in the gastrointestinal tract: Chronic inflamma-
tion, neurotrophic signals, and hypersensitivity. Acta Neuropathol. 2013, 125, 491-509. [CrossRef]

Wu, F; Miao, X.; Chen, J.; Liu, Z.; Tao, Y.; Yu, W.; Sun, Y. Inhibition of GAP-43 by propentofylline in a rat model of neuropathic
pain. Int. J. Clin. Exp. Pathol. 2013, 6, 1516-1522.


http://doi.org/10.1097/MCG.0b013e3180653ca2
http://doi.org/10.1016/j.cgh.2017.05.051
http://doi.org/10.14309/ajg.0000000000000113
http://doi.org/10.1007/BF02234790
http://doi.org/10.1007/s00384-008-0595-9
http://doi.org/10.1111/j.1365-2982.2011.01863.x
http://www.ncbi.nlm.nih.gov/pubmed/22276853
http://doi.org/10.1177/2050640616684398
http://www.ncbi.nlm.nih.gov/pubmed/28815036
http://www.ncbi.nlm.nih.gov/pubmed/22187701
http://doi.org/10.1136/jcp.18.1.40
http://doi.org/10.1111/j.1365-2982.2009.01445.x
http://doi.org/10.1016/j.aanat.2008.09.002
http://doi.org/10.1097/01.mcg.0000173856.84814.37
http://doi.org/10.1007/s00384-013-1716-7
http://doi.org/10.1136/jcp.2005.026112
http://doi.org/10.1371/journal.pone.0066290
http://doi.org/10.1371/journal.pone.0171416
http://doi.org/10.1016/j.neures.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24025431
http://doi.org/10.1111/nmo.13575
http://doi.org/10.1111/j.1365-2982.2009.01308.x
http://www.ncbi.nlm.nih.gov/pubmed/19453515
http://doi.org/10.1097/MCG.0000000000000578
http://doi.org/10.1111/j.1463-1318.2006.01160.x
http://doi.org/10.1016/S0140-6736(03)13583-0
http://doi.org/10.1016/0167-0115(93)90048-D
http://doi.org/10.1053/j.gastro.2015.01.042
http://doi.org/10.1007/s00401-013-1099-4

Int. J. Mol. Sci. 2022, 23, 6698 17 of 17

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.
114.

Wedel, T.; Barrenschee, M.; Lange, C.; Cossais, F.; Bottner, M. Morphologic Basis for Developing Diverticular Disease, Diverticulitis,
and Diverticular Bleeding. Viszeralmedizin 2015, 31, 76-82. [CrossRef] [PubMed]

Mattii, L.; Ippolito, C.; Segnani, C.; Battolla, B.; Colucci, R.; Dolfi, A.; Bassotti, G.; Blandizzi, C.; Bernardini, N. Altered expression
pattern of molecular factors involved in colonic smooth muscle functions: An immunohistochemical study in patients with
diverticular disease. PLoS ONE 2013, 8, €57023. [CrossRef] [PubMed]

Hellwig, I; Bottner, M.; Barrenschee, M.; Harde, J.; Egberts, ]. H.; Becker, T.; Wedel, T. Alterations of the enteric smooth musculature
in diverticular disease. |. Gastroenterol. 2014, 49, 1241-1252. [CrossRef]

Hughes, L.E. Postmortem survey of diverticular disease of the colon. II. The muscular abnormality of the sigmoid colon. Gut
1969, 10, 344-351. [CrossRef] [PubMed]

Tomita, R. Are there any functional differences of the enteric nervous system between the right-sided diverticular colon and the
left-sided diverticular colon? An in vitro study. Int. J. Colorectal Dis. 2014, 29, 571-577. [CrossRef] [PubMed]

Espin, F; Rofes, L.; Ortega, O.; Clave, P.; Gallego, D. Nitrergic neuro-muscular transmission is up-regulated in patients with
diverticulosis. Neurogastroenterol. Motil. 2014, 26, 1458-1468. [CrossRef]

Bottner, M.; Barrenschee, M.; Hellwig, I.; Harde, J.; Egberts, ].H.; Becker, T.; Zorenkov, D.; Wedel, T. The enteric serotonergic
system is altered in patients with diverticular disease. Gut 2013, 62, 1753-1762. [CrossRef]

Maselli, M.A.; Piepoli, A.L.; Guerra, V.; Caruso, M.L.; Pezzolla, F; Lorusso, D.; Demma, I.; De Ponti, F. Colonic smooth muscle
responses in patients with diverticular disease of the colon: Effect of the NK2 receptor antagonist SR48968. Dig. Liver Dis. 2004,
36, 348-354. [CrossRef]

Alvarez-Berdugo, D.; Espin, F,; Arenas, C.; Lopez, I; Clave, P.; Gallego, D. Changes in the response to excitatory antagonists,
agonists, and spasmolytic agents in circular colonic smooth muscle strips from patients with diverticulosis. Neurogastroenterol.
Motil. 2015, 27, 1600-1612. [CrossRef] [PubMed]

Ruhl, A. Glial cells in the gut. Neurogastroenterol. Motil. 2005, 17, 777-790. [CrossRef] [PubMed]

Stollman, N.; Raskin, J.B. Diverticular disease of the colon. Lancet 2004, 363, 631-639. [CrossRef]

Clemens, C.H.; Samsom, M.; Roelofs, ].; van Berge Henegouwen, G.P.; Smout, A.J. Colorectal visceral perception in diverticular
disease. Gut 2004, 53, 717-722. [CrossRef]


http://doi.org/10.1159/000381431
http://www.ncbi.nlm.nih.gov/pubmed/26989376
http://doi.org/10.1371/journal.pone.0057023
http://www.ncbi.nlm.nih.gov/pubmed/23437299
http://doi.org/10.1007/s00535-013-0886-y
http://doi.org/10.1136/gut.10.5.344
http://www.ncbi.nlm.nih.gov/pubmed/5771666
http://doi.org/10.1007/s00384-014-1837-7
http://www.ncbi.nlm.nih.gov/pubmed/24562545
http://doi.org/10.1111/nmo.12407
http://doi.org/10.1136/gutjnl-2012-302660
http://doi.org/10.1016/j.dld.2004.01.014
http://doi.org/10.1111/nmo.12659
http://www.ncbi.nlm.nih.gov/pubmed/26303606
http://doi.org/10.1111/j.1365-2982.2005.00687.x
http://www.ncbi.nlm.nih.gov/pubmed/16336493
http://doi.org/10.1016/S0140-6736(04)15597-9
http://doi.org/10.1136/gut.2003.018093

	Introduction 
	Genetic Factors 
	Environmental Factors 
	Dietary Fibers 
	Red Meat Intake, Alcohol, Smoking, and Lifestyle 

	Microenvironment 
	Microbiota 
	Low-Grade Inflammation 
	Enteric Nervous System and Neuro-Immune Interactions 
	Muscular Layer and Neuro-Muscular Interactions 

	Future Perspectives 
	Conclusions 
	References

