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Abstract: Helicobacter pylori (H. pylori) is most known to cause a wide spectrum of gastrointestinal
impairments; however, an increasing number of studies indicates that H. pylori infection might
be involved in numerous extragastric diseases such as neurological, dermatological, hematologic,
ocular, cardiovascular, metabolic, hepatobiliary, or even allergic diseases. In this review, we focused
on the nervous system and aimed to summarize the findings regarding H. pylori infection and its
involvement in the induction/progression of neurological disorders. Neurological impairments
induced by H. pylori infection are primarily due to impairments in the gut-brain axis (GBA) and
to an altered gut microbiota facilitated by H. pylori colonization. Currently, regarding a potential
relationship between Helicobacter infection and neurological disorders, most of the studies are mainly
focused on H. pylori.

Keywords: Helicobacter pylori; nervous system; gut-brain axis; Parkinson’s disease; Alzheimer’s
disease; multiple sclerosis; Guillain—Barré syndrome; Bickerstaff brainstem encephalitis; Devic
syndrome; stroke; migraine

1. Introduction

Helicobacter pylori (H. pylori) is one of the most prevalent pathogens that colonize an
estimated 50% of the world’s population [1,2]. Despite the significant H. pylori prevalence,
the majority of infected individuals remain asymptomatic. This Gram-negative bacterium
usually infects the epithelial lining of the stomach and is known to cause a vast array of
gastric diseases including, primarily, peptic ulcer disease and gastric carcinoma. Therefore,
the eradication of H. pylori seems crucial for the prevention of those conditions [1-3].

H. pylori infection constitutes a worldwide issue, although the exact prevalence is
strongly associated with the socioeconomic status of the population, with over 80% of
adults being infected in developing countries as compared to 20% to 50% in industrialized
countries [4]. The exact transmission route of H. pylori infection is still largely unknown.
Although some sources indicate the possibility of a zoonotic and waterborne transmission
of this bacterium, the majority of the infections are thought to be a result of direct, intrafa-
milial human-to-human transmission, via either oral-oral or fecal-oral routes [1,5-10]. As
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such, improvement of the hygiene and sanitary conditions of the population is one of the
most essential ways to decrease the infection rates of H. pylori [5].

H. pylori is recognized as a principal etiological factor of several gastric diseases,
including peptic ulcer disease and gastric carcinoma, as previously mentioned, as well
as chronic gastritis or gastric marginal zone/mucosa-associated lymphoid tissue (MALT)
lymphoma [1,2,11-13]. Though observed less frequently, extragastric manifestations of
H. pylori infection should also be taken into consideration. H. pylori presents the ability
to exert its systemic effects via modulation of the gut-brain axis as well as to induce
neuroinflammation, reaching the central nervous system (CNS) through the blood, the
oral-nasal olfactory route, or gastrointestinal tract (GIT)-associated retrograde axonal
transport pathways [14,15]. The effects of H. pylori on the gut-brain axis, a bidirectional
signaling between the GIT and the brain, can derive from a direct neurotoxic effect, the
activation of inflammatory processes in the nerves, and infection-caused microelement
deficiencies [14-16]. In this review, we aimed to present the current state of knowledge
regarding CNS conditions that might be associated with H. pylori infection, including
Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis (MS), Guillain—
Barré syndrome (GBS), Bickerstaff brainstem encephalitis (BBE), stroke, migraine, as well
as demyelinating diseases such as Devic syndrome [17-24].

2. Helicobacter pylori Characteristics

H. pylori is a Gram-negative, microaerophilic, flagellated, helix-shaped bacterium.
The bacterium presents a wide spectrum of various adaptation mechanisms which enable
its survival in the acidic gastric microenvironment as well as its colonization of the gas-
trointestinal tract. Crucial for further bacterial colonization, is its ability to form biofilms
which, in turn, facilitate bacterial survival and contribute to therapeutic failure. Since
1994, H. pylori is recognized as a class I carcinogen related to the onset of gastric cancer,
according to the IARC [25]. Even though H. pylori colonizes nearly half of the world’s
population, the majority of the infected individuals remain asymptomatic and without
long-term side effects, e.g., gastritis or peptic ulcer disease. The prevalence of H. pylori
infection is significantly higher in developing countries as compared to the developed ones,
at estimated 85-95% and 30-50% levels, respectively [26]. H. pylori still constitutes a major
factor responsible for a gastric cancer onset; oncogenic alterations within the gastric mucosa
are stimulated by the induction of epithelial-mesenchymal transition (EMT) triggered by
bacterial virulence factors [27-29]. H. pylori pathogenicity depends on the particular strain
and so does the genotype and the associated expression of specific virulence factors that
facilitate the interplay between the host microenvironment and the bacterium [30]. Table 1
presents major H. pylori virulence factors responsible for its pathogenicity.

Table 1. Helicobacter pylori virulence factors that facilitate bacterial survival, colonization,
and carcinogenesis.

Virulence Factors

Urease Flagellum

Cytotoxin-associated gene A

Vacuolating cytotoxin A

Catalase Superoxidase dismutase
Lewis antigens Arginase
Phospholipases Lipopolysaccharide

Blood group antigen-binding adhesin

Sialic acid-binding adhesin

Outer inflammatory protein A

Duodenal ulcer promoting gene A

Adherence-associated lipoprotein A and B

LacdiNAc-specific adhesin

Helicobacter pylori outer membrane protein Q

Helicobacter pylori outer membrane protein Z

Induced by contact with epithelium gene A

Cholesteryl «-glucosyltransferase

y-glutamyl-transpeptidase

Neutrophil-activating protein

High temperature requirement A

Heat shock proteins
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3. Gut-Brain Axis

The gut-brain axis (GBA) it is a complex network in which the CNS and the enteric
nervous system (ENS) interact with each other in a bilateral manner by several mechanisms,
including nervous, hormonal, metabolic, and immunological ones [31-34]. Recently, this re-
lationship has been described as the “microbiota—gut-brain axis” because of the known role
of the gut microbiota in maintaining a physiological brain—gut relationship and its partici-
pation in the pathogenesis of several diseases [34]. In this complex network, a plethora of in-
teractions take place. The brain—a central, coordinating element of the GBA—receives and
releases information via the enteric, sympathetic, and autonomic nervous systems [35-37]
Further, the hypothalamus—pituitary axis (HPA) as well as sympathetic and cortisol-related
immune regulations are involved [38]. The GBA is bidirectional; the CNS takes part in the
modulation of ENS functions in several ways—directly and indirectly (directly through
changes induced in the microenvironment of the gastrointestinal tract, and indirectly
through signaling molecules)—both antagonistically and synergistically [34,38,39]. Three
major pathways of GBA communication can be distinguished—the vagus nerve pathway;,
the neuroendocrine pathway, and the immune-related pathway [31].

It has been proverbially said, that immunity derives from the intestine and this is not an
unjustified statement, as the human gut contains the largest concentration of immune cells
in the organism [34]. The proper functioning of the intestines appears crucial in guarding
autoimmunity, especially due to the fact that the intestines are capable of recognizing
and distinguishing potentially harmful bacteria from commensal ones [40]. The latter
are involved in both adaptive and innate immunity. The microbiota, through microbe-
associated molecular patterns (MAMPs), is involved in promoting the function of cells and
cytokines affecting the CNS, which mainly include I1-6, II-1a, IL-1b, and TNF-o [31].

A vast majority of the gastrointestinal tract functions are controlled by the autonomic
nervous system and include bile secretion, motility of the gut, mucosal production, and
even the immune response [41]. Normally, in the case of the human body, each action
triggers a response; therefore, the information entering the CNS through the autonomic
nervous system (ANS) is subsequently transmitted to the organs of the body through
closed positive and negative feedback loops [34,42]. The HPA works mainly through the
so-called stress hormones and is responsible for the rapid reactions of the body; there-
fore, disturbances in its functioning exert a significant impact on the entire organism. It
seems that in both human and animal models, the HPA is overreactive when the gut
microbiota is disturbed, and this overactivity may reversely result in disturbances of the
gut microbiota [43-45]. The mucosal barrier in the gastrointestinal tract is an extremely
important element, constituting the organ’s border and connecting many systems in the
human body. It consists of both building and functional elements, including a layer of
mucus and phospholipids. Furthermore, the submucosal blood flow has a regulatory effect
on the production and release of several mediators. The maintenance of mucosal barrier
homeostasis depends on a plethora of bidirectional interacting elements, with a significant
role played by the gut-brain axis. As Dolores Sgambato et. al. observed, among the
mechanisms included in this cooperation we can find the aforementioned hypothalamus-
pituitary—adrenocortical (HPA) system, GABAergic and glutamatergic neurotransmission,
thyrotropin release hormone, physiologically active lipids, CGRP, melatonin, as well as
peptides such as GLP-1, YY peptide, leptin, and ghrelin. The complexity of this physiology
results in a similarly complex pathophysiology: any disturbance in this system can have a
negative effect on the integrity of the mucosal barrier [46].

Several microbial molecules are similar to the human ones. Intestinal cells (e.g., ente-
rocytes and secretory cells) are capable of producing and releasing cytokines, chemokines,
and, most importantly, endocrine and neurotransmitter molecules (e.g., PYY, GLP-1, 5-HT,
GABA) [47-50]. Furthermore, the microbiota is able to produce metabolites with neu-
romodulatory properties, with visible results in the ANS [34,51]. Those metabolites in-
clude dopamine, 5-HT, GABA, short-chain fatty acids (SCFAs) capable of crossing the
brain-blood barrier (BBB), thus influencing neurotransmission within the CNS [31]. In-
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terestingly, several different polymodal receptors are observed within the vagus nerve.
The vagus nerve is responsible for gastrointestinal tract innervation and thus it is able
not only to recognize physical stimuli like stretching but also to detect the previously
mentioned bacteria-produced molecules [52,53]. A study of the so-called ‘cholinergic anti-
inflammatory pathway’ proved that the efferent part of the vagus nerve has protective
abilities through the inhibition of proinflammatory cytokines [54]. Interestingly, patients
who undergo vagotomy because of ulcers appear to be more susceptible to neuropsychi-
atric diseases [55,56]. On the other hand, stimulation of the vagus nerve in mice increased
neurogenesis in the hippocampus [57].

Numerous mechanisms are involved in GBA functions, with remarkable complexity:
each element influences the others by creating an intricate network of connections. Even a
slight disturbance in one of the many elements can cause a cascade of unexpected reactions,
which subsequently might lead to the development of disease. Spichak et al. reviewed over
200 sequencing studies investigating the impact of disturbance of the GBA in the context of
neuropsychiatric diseases. After setting exclusion criteria and performing detailed analyses,
the scientists found a close link between disturbances of bacterial metabolic pathways
and diseases such as Alzheimer’s disease, schizophrenia, anxiety, and depression [58].
Anderson et al. proved a relationship between dysbiosis and multiple sclerosis [59,60].
Ischemic stroke and Parkinson’s disease are also proposed to be related to dysbiosis and,
as a result, disturbances within the BBB [36,61].

4. Pathophysiology of Helicobacter pylori Infection and CNS Diseases

H. pylori infection is primarily a recognized etiological factor of gastrointestinal dis-
eases such as gastric ulcer, gastric cancer, acute or chronic gastritis, and functional dyspep-
sia. Most H. pylori infections are asymptomatic and therefore often overlooked; nevertheless,
they can have a latent effect on systemic processes in the body. During chronic infection, H.
pylori becomes a risk factor for the development of MALT lymphoma. Although there have
been attempts to link several other infections caused by Chlamydia psattici, hepatitis C virus,
Campylobacter jejuni with the development of MALT lymphoma, it has been indisputably
established that the strongest link exists between H. pylori gastric infection and MALT
gastric lymphoma [62].

Regarding serious consequences of H. pylori infection, the so-called “triple therapy”
that includes proton pump inhibitors, clarithromycin, and amoxicillin or metronidazole
has been proposed. Unfortunately, such therapy may trigger neuropsychiatric symptoms,
as well as acute infection by itself. The first review article on the relationship between
the psychiatric effects of H. pylori therapy and the effects of acute infection was published
in 2017 [63]. The data collected in the report suggest that neuropsychiatric symptoms
such as dissociation, anxiety, mania, delirium, and psychosis that appear during therapy
usually disappear after discontinuing the antibiotics. However, the eradication of H. pylori
with antibiotics may also have beneficial effects such as the regression of gastric MALT
lymphoma in approximately 75% of cases.

The microbiota is composed of about 100 trillion microorganisms that live in the
human digestive tract. It creates a natural protective barrier but is also responsible for
the secretion of numerous neurotransmitters and neuromodulators, such as serotonin,
y-aminobutyric acid, dopamine, or SCFA including acetate, propionate, and butyrate.
During colonization by H. pylori, balance in the microbiota is disturbed, which leads to
changes in secretion and, consequently, in the homeostasis of the whole organism [63].

Recent findings have revealed that chronic inflammation caused by H. pylori infection
not only modulates the gastric microenvironment but also may influence other host-
pathogen interactions. In 2019, the first immune-histochemical tests of gastric intestinal
plexus cells were conducted [64]. The authors assessed plexus adaptive changes in H.
pylori infection as compared to controls. Inflammation of the ganglia was shown to be
associated with the degeneration and loss of neurons. The report showed that H. pylori-
positive patients revealed a greater density and surface area of the myenteric nervous
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plexus and a greater number of gastric neuronal cell bodies and glial cells in comparison to
the control group.

Since the beginning of the 1990s, many authors have pointed out that H. pylori infection
affects not only the stomach area, but also other body systems. In 2018, a comprehensive
review [65] on this subject was published, that collected data proving that H. pylori affects
numerous dermatological, neurological, ocular, hematological, cardiovascular, allergic,
metabolic, and hepatobiliary functions. The long-term consequences of dysbiosis caused by
H. pylori infection are significant, especially its influence on the functioning of the nervous
system. It has been proven that H. pylori infection leads to cognitive decline, dementia, and
neurological disorders, which are described in this review.

Pathophysiology of Helicobacter pylori Infection

The human body has a two-way axis—the brain—gut-microbiota axis—which enables
communication between the cognitive and emotional regions of the brain and the func-
tioning of the digestive system [66]. Apart from endocrine and immune pathways, this
axis includes the neural one. The HPA axis and the vagus nerve with parasympathetic
fibers-produced corticotropin-releasing factor (CRF) play a key role in the communication
in this specific network. The fact that, in animal models, bacteria, as a stress factor, can acti-
vate the above pathways and induce an anti-inflammatory response through «7-nicotinic
acetylcholine receptors (nAChRs) seems to be confirmed [67].

Three possible routes by which H. pylori can enter the brain have been identified.
The first is the oro—naso—olfactory pathway which enables the penetration of bacteria into
the brain through the epithelium in the mouth or the nasopharynx. Another hypothesis
assumes that infected monocytes, due to an autophagy defect, can migrate through the
BBB, damaged by chronic infection and the production of pro-inflammatory cytokines
such as TNF-«. This hypothesis is known as the “Trojan horse theory” and explains the
participation of bacteria in H. pylori-dependent neuroinflammation, consequently leading
to neurodegeneration [14]. Another possible route involves GIT-associated retrograde
axonal transport pathways, through which pathogens can also affect the brain [17,68-70].

It should be emphasized that H. pylori induces pro-inflammatory mechanisms dur-
ing colonization. The most important factor of virulence is the so-called multifunctional
compound VacA, which also plays an important role in the pathogenesis of gastric cancer.
Its action on gastric mucosa cells is based on the formation of anion-selective channels,
vacuolization, and induction of cellular apoptosis. This, in turn, may affect the function-
ing of the BBB, as VacA affects bone marrow-derived mast cells (BMD-MCs), resulting
in the production of a significant amount of pro-inflammatory cytokines including the
interleukins IL-1, IL-6, IL-8, IL-1p3, IL-10, IL-12, interferon (IFN) v, and TNF-«, involved in
microgliitis and direct neurotoxicity. TNF-o disrupts the integrity of the BBB by activat-
ing matrix metalloproteinases [14]. The protein that induces migration and activation of
neutrophils is H. pylori-NAP (HP-NAP), which is a pro-inflammatory protein commonly
found in individuals with H. pylori-related gastritis. Due to a prolonged exposure, the BBB
is damaged, and its permeability increases, which induces demyelinating, inflammatory;,
and edema processes in the CNS. The released inflammatory mediators affect the functions
of the hypothalamus and the brainstem by disrupting the neuroendocrine-immune system
and activating the HPA axis, which is associated with increased secretion of cortisol and
adrenaline [15,71]. It has been proven that H. pylori infection can lead to the release of sev-
eral other neurotransmitters, such as acetylcholine, noradrenaline, dopamine, adrenaline,
and serotonin [72].

It should not be forgotten that, in the case of chronic H. pylori infection, mucosa atro-
phy occurs and, consequently, the absorption of vitamin B12 is reduced. It is known that
this vitamin exerts a significant influence on the functioning of the nervous system as it
produces a neurotrophic and immune-modulating effect in the nervous system. Besides,
vitamin B12 is a co-factor in the formation of myelin. B12 hypovitaminosis causes pathologi-
cal changes in the white and gray matter of the brain, such as sensorimotor polyneuropathy,
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subacute complex degeneration of the spinal cord, cognitive impairment, and optic neu-
ropathy [73,74]. It is also worth noting that in patients diagnosed with multiple sclerosis,
decreased levels of vitamin B12 were detected [75]. This is also a risk factor for cognitive
disorders as well as Alzheimer’s disease. A dangerous consequence of B12 avitaminosis
may be an indirect increase in the risk of ischemic stroke due to increased levels of ho-
mocysteine, whose metabolism involves B12 [76]. The increased level of homocysteine
causes an increased number of free radicals and the occurrence of oxidative stress, which is
responsible for damage to blood vessels and lipid peroxidation [26].

5. Central Nervous System Diseases and Helicobacter pylori Infection
5.1. Parkinson’s Disease

Parkinson’s disease (PD) is an idiopathic progressive degenerative disease of cells
in the substantia nigra causing loss of dopaminergic neurons. The result of degenerative
processes is the accumulation of neuronal cytoplasmic inclusions, i.e., Lewy bodies, com-
posed of aggregated alpha-synuclein. In 1996, Altschuler et al. [77] were the first to suggest
a relationship between H. pylori and PD. Data collected in the first epidemiologic study
showed that PD patients (n = 33) had a three-fold higher risk of testing seropositive for
H. pylori versus controls (n = 78) [78-81]. The latter cohort studies on groups of many
thousands of patients confirmed H. pylori infection in 32-70% of patients suffering from PD.
In 2017, a meta-analysis by Shen et al. [80] involving 33,125 participants showed that H.
pylori infection had an adverse effect on disease development. Another research group [82]
suggested that H. pylori infection causes chronic mucositis, which in turn generates a
long-lasting increased secretion of pro-inflammatory cytokines such as TNF-«, IL-1§3, and
IL-8, damaging the BBB. These processes destroy the brain’s neurons, including dopamine-
releasing neurons. An important strategic link between PD and H. pylori infection is the
toll-like TLR2 receptor. Inflammation in brain cells is associated with TLR2 regulation,
which is also important in the function of the intestinal barrier [83]. In another cohort study
conducted from 2007 to 2011 on 36 patients diagnosed with PD, it was shown that 50% of
them presented IgG antibodies to H. pylori [84].

It was observed that the treatment of patients diagnosed with PD may be less effective
due to H. pylori infection. The reduction of the effectiveness of PD therapy is probably
caused by inflammatory changes in the duodenum which damage the mucosa, impairing
the absorption of L-3,4-dihydroxyphenylalanine (L-dopa). A poor absorption of the basic
drug of PD therapy hinders the course of the treatment [80]. That is why H. pylori-positive
patients usually require higher doses of drugs and show a better response to treatment
after H. pylori eradication, which improves their response to L-dopa therapy [84,85].

5.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the loss
of neurons in the cerebral cortex and subcortical regions. It is the most common cause
of dementia leading to death. Many studies emphasize a link between the pathogenesis
and development of AD and H. pylori infection [72,82,86-91]. The authors emphasize
the significant increase in the risk of AD development in H. pylori-infected individuals,
declaring that eliminating the infection may alleviate the symptoms of AD [92,93]. Huang
et al. [86] described a 1.6-time higher risk of developing the disease in patients with positive
results for the presence of this bacterium in their body. Roubaud Baudron et al. [87]
reported a similar risk for developing dementia after 20 years of infection compared to
individuals without infection. It should be noted, however, that the association between
H. pylori and AD is not unequivocal and still requires further research, since some reports
question the existence of a statistically significant relationship between H. pylori and
AD [94]. Immunological studies are more explicit. Significantly higher levels of specific
antibodies anti-H. pylori IgG in both cerebrospinal fluid (CSF) and serum were detected in
AD patients as compared to controls [95]. It should be noted that in the group of patients
with antibodies, a more severe course of the disease was observed.
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An increased incidence of apolipoprotein E 4 (ApoE4) polymorphism, which is the
strongest risk factor for the development of AD, was claimed by others [95]. Other patho-
genetic associations of AD with H. pylori infection, such as a possible activation of platelet
aggregation, oxidative stress, and cross-reaction between H. pylori antigens and endothe-
lium, were also considered.

5.3. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic immune-related demyelinating disease of the
CSN [96]. Although its exact pathogenesis remains unclear, it is hypothesized that, among
other things, environmental factors might be involved [97]. It is proposed that bacterial
infections may prevent MS outcome, or, in contrast, may be involved in the pathogenesis
of the disease [96,98,99]. Research has shown that H. pylori infection in MS patients is
less common as compared to patients with other neurological diseases [100]. Studies
in mice showed a surprisingly beneficial effect of infection on the clinical symptoms of
MS [101]. The protective role of infection is probably related to the inhibition of Th1 and
Th17 responses.

There are reports on the potential role of H. pylori infection in the etiopathogenesis
of various autoimmune diseases, including MS [102,103]. Kira et al. described H. pylori
presence in esophagogastroduodenoscopy in more than 80% of patients with MS and, as
compared to a control group with iron-deficiency anemia, those results were statistically
higher [96]. The main histopathological finding in patients with MS and co-existing H.
pylori infection was atrophic gastritis and, interestingly, those patients presented with other
autoimmune-related disorders such as ulcerative colitis [21,96,104]. In another study based
on patients diagnosed with MS and neuromyelitis optica (NMO), 82.1% NMO patients
and 73.8% MS patients were seropositive to H. pylori. However, seropositivity was sta-
tistically higher only in the group of NMO patients [105]. When it comes to clinically
isolated syndrome (CIS), which may suggest the possibility of MS occurrence, a Greek
population of patients diagnosed with CIS tended to have a higher prevalence of H. pylori
infection [106]. A discovery of higher levels of anti-H. pylori heat shock protein 60 (HSP60)
in patients diagnosed with MS might support the hypothesis of a pathogenetic role of
H. pylori infection in MS [107]. These higher levels correlated positively with Expanded
Disability Status Scale (EDSS) and duration of illness, especially in secondary progressive
multiple sclerosis (SPMS), and were proposed to be used as disease progression biomark-
ers [107]. Heat shock proteins (HSPs) are present in both prokaryotic and eukaryotic
organisms as one of the most evolutionary conserved proteins with possible immunogenic
properties [108]. In a healthy organism, the own HSPs do not promote an immunological
response; however, there are some data about their involvement in autoimmunity. On the
other hand, prokaryotic HSPs are engaged in immune responses, and some of them are
proven to be a trigger of autoimmune diseases, such as Guillain—Barre syndrome or myalgic
encephalitis [109,110]. Interestingly, both prokaryotic and eukaryotic HSPs share some
epitopes, and, consequently, this may promote cross-reactivity. Nevertheless, this topic still
remains unclear [108]. There is also an observation of the overexpression of HSPs of the
HSP70 family in MS patients” brains. Furthermore, the overexpression of HSP70-related
genes and of genes of the immune system was also reported, so it is suspected that this
protein may be involved in the pathogenesis of MS [111].

Mainly, when it comes to the protective role of infections in preventing the develop-
ment of autoimmune diseases, we rely on the so-called hygienic hypothesis. The protective
role of H. pylori infection in MS has been investigated in meta-analyses. Of 82 identified
records, only 9 were included, so the result 1553 cases of MS and 1553 healthy controls
were described [112]. In this meta-analysis, there was a statistically lower prevalence of
H. pylori infection in the group of patients diagnosed with MS as compared with healthy
individuals [112]. Likewise, in a Japanese study based on 105 patients with MS, seroposi-
tivity against H. pylori was significantly lower than in healthy volunteers. Furthermore, in
the group of patients with consecutive MS, there was an inverse correlation with the EDSS
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score [100]. Another research described lower EDDS in seropositive women as compared
to seronegative ones. In males, interestingly, this statistic was the opposite [113]. Moreover,
in the study conducted by Mohebi, patients with MS and coexisting H. pylori infection had
a lower range of neurological complications [114]. Similar observations were described
in several studies: H. pylori seropositivity was found to be less frequent in patients with
MS [114-116]. Pedrini et al. described differences in seropositivity for H. pylori infection
between MS patients and healthy volunteers as statistically significant, with a decrease
being discovered in a female population, but not in a male one [113]. Interestingly, in three
independent experiments performed on mice with experimental autoimmune encephalitis
(EAE)—an experimental model of MS—H. pylori infection statistically reduced the severity
of EAE and lowered the number of pathogenic T lymphocytes within the central nervous
system [101]. Additionally, seropositivity for H. pylori was also assessed in a group of MS
patients and was significantly lower than in a group of healthy individuals. This experi-
mental study strongly supports the hypothesis of a preventive role of H. pylori infection
in MS [101]. The proposed mechanism of protection by H. pylori infection in EAE and
MS involves restoring the balance between Th1, Th17, and Treg lymphocytes subsets via
several pathways, especially through those connected to IL-10 functions and CCR6-CCL20
interaction [117-122].

Despite the relatively high interest in the subject, it remains to be established whether,
in the context of MS, infection with H. pylori could act as a protective or harmful factor.
It should be remembered that most of the studies presented in this review were typically
conducted on small groups of patients recruited from one specific ethnic population. The
incidence of H. pylori infection as well as the incidence of MS vary depending on age,
ethnicity, socioeconomic status, and gender. More studies are needed on this topic.

5.4. Guillain—Barré Syndrome

Guillain—-Barré syndrome (GBS) is a potential life-threatening immune-mediated dis-
order with ongoing demyelization within peripheral nerves, typically triggered by in-
fections [18,120]. GBS is mainly triggered by C. jejuni and M. pneumoniae, as well as by
common viral infections—Epstein—Barr virus (EBV), Cytomegalovirus (CMV), hepatitis
E virus, or Zika virus [23,123-127]. GBS is an acute autoimmune neuropathy; the dis-
ease manifests itself as a progressive paralysis of the extremities of the distal-proximal
pattern. The disease can be life-threatening if the respiratory muscles or the autonomic
nervous system are paralyzed. The most commonly recognized form of the disease is
acute inflammatory demyelinating polyneuropathy (AIDP). Besides, there are some clin-
ical variants of the disease. One of the variants that was described first is Miller Fisher
syndrome (MFS) [128]. MFS is a less common form of GBS, with at least two symptoms
among reflection, ophthalmoplegia, and ataxia. There are also variants that weaken the
respiratory system such as BBE [129]. Both patients with MFS and BBE develop anti-GQ1b
antibodies. Rare cases have been described of Bickerstaff’s encephalitis associated with
M. pneumoniae infection [130]; however, the pathophysiology of the disease following M.
pneumoniae infection is largely unknown.

Epidemiological studies confirmed the occurrence of this variant in up to 10% of GBS
cases. Some variants of GBS, such as acute motor axonal neuropathy (AMAN) and acute
motor and sensory axonal neuropathy (AMSAN), are associated with C. jejuni infection,
which is the most common cause of bacterial gastroenteritis [131]. It was found that the
infection worsened the course of the disease and was not associated with a good prognosis.
The pathogenesis of GBS and its variants is not fully understood. It is currently believed
that GBS originates from autoallergic neuritis, which is mediated by T lymphocytes against
peripheral nerve myelin proteins and antibodies to myelin glycolipids. These antibodies
are detected in the serum of GBS patients [132].

It was not initially assumed that H. pylori infection would cause acute demyelinating
diseases, but after epidemiological studies, a significantly increased number of H. pylori
infections was observed in patients with GBS compared to individuals without the disease.
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A relationship between H. pylori infection and GBS is also considered due to the fact
that IgG antibodies against H. pylori have been detected in the serum and CSF of GBS
patients [82,133,134]. Specific IgG antibodies against VacA of H. pylori have been also
found in the CSF of GBS patients [135]. The authors assumed that the mechanism that
explains the influence of H. pylori infection on the pathogenesis and course of GBS is
related to molecular mimicry between peripheral nerve gangliosides, in particular the sialic
acid component, and H. pylori antigens. In patients diagnosed with MFS, the presence of
anti-VacA antibodies in the cerebrospinal fluid was also detected. The authors observed
a similarity between the sequences of the antibodies and ion transport proteins in the
membranes, which is the likely cause of interference in Ranvier nodes [24].

Molecular mimicry is proposed as the potential mechanism triggering the disease
outcomes. Over the recent years, H. pylori has been proposed as a potential pathogen
involved in the immunoethiopathogenesis of this disease, although this hypothesis has
not been proven yet. The meta-analysis performed by Dardiotis et. al., based on six
case—control studies, proved that both in the serum and in the CSF of patients there was a
higher level of anti-H. pylori IgG antibodies, as compared to the control group [23]. These
results may indicate the association between H. pylori infection and GBS pathogenesis. Test
performed on the CSF of patients diagnosed with GBS revealed the presence of anti-VacA
IgG antibodies [136]. Interestingly, there are molecular similarities between human ATP and
VacA, which may result in VacA binding to Schwann cells and lead to demyelization [135].
Interestingly, high serum levels of anti-H. pylori IgG were associated with a worse clinical
status and demyelination within the proximal parts of peripheral nerves [133].

5.5. Bickerstaff Brainstem Encephalitis

In 1957, Bickerstaff described cases with a unique presentation of ophthalmoplegia,
ataxia, altered consciousness, and hyperreflexia. The neurological symptoms were pre-
ceded by infection and typically ended with patients spontaneously recovering, similarly to
the recoveries observed in GBS and MFS patients. Although the three diseases were at first
thought to be separate conditions, Bickerstaff himself pointed out their resemblance [137].
In 1992, a study led by Chiba discovered an anti-GH1b antibody in patients with MFS,
which was quickly followed by reports of those antibodies being present in BBE patients as
well [138,139]. As a result, a more inclusive nomenclature was coined when referring to
the overlap between BBE and MFS, i.e., “anti-GH1b antibody syndrome’, although cases of
BBE and MFS with the presence of anti-GM1b and anti-GalNAc-GD1a, but not anti-GH1b,
antibodies were similarly identified [140,141].

Although most cases of BBE are preceded by C. jejuni and H. influenzae infection (26%
and 8% of cases, respectively, according to Ito et al.), recent findings, although scarce, seem
to indicate the possibility of H. pylori-triggered BBE [24,142]. H. pylori has been proven
to be able to induce immune responses that may trigger and perpetuate a damage to the
nerves, as observed in several neurodegenerative disorders, including GBS [133,143]. This
conclusion is further supported by the results of the meta-analysis performed by Dardiotis
et al., in which a connection between H. pylori infection and GBS was established [23]. As a
result, we can speculate that, due to the similarities in pathophysiology of GBS and BBE,
BBE can be triggered by that pathogen in a similar way [24].

5.6. Devic Syndrome

Neuromyelitis optica (NMO)/Devic syndrome is an inflammatory, demyelinating
disease of the CNS characterized by severe attacks of optic neuritis and myelitis [144]. It
is commonly divided into two types: a relapsing NMO, associated with autoimmunity;,
and a monophasic NMO, of which 88% is related to a preceding infection [145,146]. An-
other factor associated with NMO is the presence of anti-AQP4 antibodies, which can
be detected in 60-90% of patients diagnosed with this condition [147]. As H. pylori is
more commonly found in anti-AQP4 antibody-positive patients compared to anti-AQP4
antibody-negative ones, we can speculate that H. pylori-caused chronic infection may con-
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tribute to the development of NMO via molecular mimicry between bacterial AQP and
human AQP4 [148,149].

5.7. Stroke

In 2012, Wang et al. [150], based on a meta-analysis, showed that chronic H. pylori
infection and the presence of CagA-positive strains appeared to be risk factors for ischemic
stroke. The authors suggested that H. pylori infection increased the expression of a number
of inflammatory mediators and activated platelets and factors involved in coagulation [82].
In view of emerging clinical reports on a positive predictive value of H. pylori infection
for stroke, in 2013 [151], the results of an extensive cohort study on almost 1000 patients
were published. However, the study did not confirm the hypothesis that H. pylori infection
would increase the risk of stroke. The possible mechanisms of such influence were not
identified. Some authors suggest however, the possible affinity of on H. pylori for the
atherosclerotic plaques [152].

5.8. Migraine Headaches

There is no evidence that H. pylori infection is more common in patients suffering
from migraine. However, there are few clinical studies that point to the effectiveness of
antibiotic therapy in the treatment of migraine [153,154].

6. Conclusions

Beside various gastrointestinal impairments such as peptic ulcer disease, MALT
lymphoma, and adenocarcinoma, H. pylori infection has been reported to be associated
with other extragastric diseases, amongst which neurological disorders where thoroughly
discussed in this article. Frequent H. pylori infection leads to significant alterations in the
composition of the gastrointestinal microbiome, the production of free radicals, changes in
neuropeptide expression, as well as both axonal and neuronal damage that might lead to
the induction of neurological impairments or alter the outcome of already existing ones e.g.,
due to the exacerbation of symptoms. The gut-brain axis plays a crucial role in infection
and further clinical outcomes. It should be taken into consideration that any alterations
in the gut microbiota (e.g., due to H. pylori infection) could have a significant impact on
other systems of the organism. So far, on the basis of a thorough review of the currently
available literature, we assume that H. pylori infection might be linked to such neurological
disorders/impairments as PD, AD, MS, GB, BBE, Devic syndrome, or even stroke. Even
though there are several studies published regarding a possible link between the H. pylori
infection and neurological disorders, the literature is still scarce, and this matter requires
further investigation and proper evaluation. It is also worthwhile mentioning that H. pylori
is one of the most widely described species, while the other species of Helicobacter have
hardly been studied.

Author Contributions: Conceptualization, WE, .M., A.E; methodology, I.M.; formal analysis, A.M.;
investigation, G.B.; resources, E.S.; data curation, P.P.; writing—original draft preparation, A.E,, .M.,
W.E, M.E; writing—review and editing, G.G.; supervision, J.B.; project administration, G.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

Abbreviations

AD Alzheimer’s disease

AIDP Acute inflammatory demyelinating polyneuropathy
AMAN Acute motor axonal neuropathy

AMSAN Acute motor and sensory axonal neuropathy



Cells 2021, 10, 2191

11 0of 17

References

ANS Autonomic nervous system

ApoE4 Apolioprotein E4

BBB Brain-blood-barrier

BBE Bickerstaff brainstem encephalitis
BMD-MCs Bone marrow-derived mast cells

CIS Clinically isolated syndrome

CMV Cytomegalovirus

CNS Central nervous system

CRF Corticotropin releasing factor

CSF Cerebrospinal fluid

EAE Experimental autoimmune encephalitis
EBV Epstein—Barr virus

EDSS Expanded Disability Status Scale

ENS Enteric nervous system

GBA Gut-brain axis

GBS Guillain-Barré syndrome

HPA Hypothalamus—pituitary axis

H. pylori Helicobacter pylori

HSP60 Anti- H. pylori heat shock protein 60
HSPs Heat shock proteins

L-dopa L-3,4-dihydroxyphenylalanine
MALT-lymphoma Marginal zone/mucosa associated lymphoid tissue lymphoma
MAMPs Microbial-associated molecular patterns
MFS Miller Fisher syndrome

MS Multiple sclerosis

nAChRs a7-Nicotinic acetylcholine receptors
NMO Neuromyelitis optica

PD Parkinson’s disease

SCFAs Short-chain fatty acids

SPMS Secondary progressive multiple sclerosis

1. Hooi, J.KY,; Lai, W.Y,; Ng, WK.; Suen, M.M.Y,; Underwood, EE.; Tanyingoh, D.; Malfertheiner, P.; Graham, D.Y.; Wong, VW.S,;

10.

11.

12.
13.

Wu, J.C.Y,; et al. Global Prevalence of Helicobacter pylori Infection: Systematic Review and Meta-Analysis. Gastroenterology 2017,
153, 420-429. [CrossRef] [PubMed]

Thung, I; Aramin, H; Vavinskaya, V.; Gupta, S.; Park, J.Y.; Crowe, S.E.; Valasek, M.A. Review article: The global emergence of
Helicobacter pylori antibiotic resistance. Aliment. Pharmacol. Ther. 2016, 43, 514-533. [CrossRef]

Parsonnet, J.; Friedman, G.D.; Vandersteen, D.P,; Chang, Y.; Vogelman, J.H.; Orentreich, N.; Sibley, R.K. Helicobacter pylorilnfec-
tion and the Risk of Gastric Carcinoma. N. Engl. . Med. 1991, 325, 1127-1131. [CrossRef] [PubMed]

Suerbaum, S.; Michetti, P. Helicobacter pylori Infection. N. Engl. ]. Med. 2002, 347, 1175-1186. [CrossRef]

Kusters, ].G.; van Vliet, A.H.M.; Kuipers, E.]J. Pathogenesis of Helicobacter pylori infection. Clin. Microbiol. Rev. 2006, 19, 449—-490.
[CrossRef]

Dunn, B.E.; Cohen, H.; Blaser, M.]J. Helicobacter pylori. Clin. Microbiol. Rev. 1997, 10, 720-741. [CrossRef] [PubMed]

Kayali, S.; Manfredi, M.; Gaiani, F; Bianchi, L.; Bizzarri, B.; Leandro, G.; Di Mario, E; De’Angelis, G.L. Helicobacter pylori,
trans-mission routes and recurrence of infection: State of the art. Acta Biomed. 2018, 89, 72-76. [CrossRef]

Brown, L.M. Helicobacter pylori: Epidemiology and routes of transmission. Epidemiol. Rev. 2000, 22, 283-297. [CrossRef] [PubMed]
Dimola, S.; Caruso, M.L. Helicobacter pylori in animals affecting the human habitat through the food chain. Anticancer Res. 1999,
19, 3889-3894.

Aziz, R K,; Khalifa, M.M.; Sharaf, R.R. Contaminated water as a source of Helicobacter pylori infection: A review. J. Adv. Res. 2015,
6, 539-547. [CrossRef]

Uemura, N.; Okamoto, S.; Yamamoto, S.; Matsumura, N.; Yamaguchi, S.; Yamakido, M.; Taniyama, K.; Sasaki, N.; Schlemper, R.J.
Helicobacter pylorilnfection and the Development of Gastric Cancer. N. Engl. ]. Med. 2001, 345, 784-789. [CrossRef]

Crowe, S.E. Helicobacter pylori Infection. N. Engl. J. Med. 2019, 380, 1158-1165. [CrossRef]

Machlowska, J.; Kapusta, P; Baj, J.; Morsink, FH.M.; Wotkow, P.; Maciejewski, R.; Offerhaus, G.J.A.; Sitarz, R. High-Throughput
Se-quencing of Gastric Cancer Patients: Unravelling Genetic Predispositions Towards an Early-Onset Subtype. Cancers 2020, 12,
1981. [CrossRef]


http://doi.org/10.1053/j.gastro.2017.04.022
http://www.ncbi.nlm.nih.gov/pubmed/28456631
http://doi.org/10.1111/apt.13497
http://doi.org/10.1056/NEJM199110173251603
http://www.ncbi.nlm.nih.gov/pubmed/1891020
http://doi.org/10.1056/NEJMra020542
http://doi.org/10.1128/CMR.00054-05
http://doi.org/10.1128/CMR.10.4.720
http://www.ncbi.nlm.nih.gov/pubmed/9336670
http://doi.org/10.23750/abm.v89i8-S.7947
http://doi.org/10.1093/oxfordjournals.epirev.a018040
http://www.ncbi.nlm.nih.gov/pubmed/11218379
http://doi.org/10.1016/j.jare.2013.07.007
http://doi.org/10.1056/NEJMoa001999
http://doi.org/10.1056/NEJMcp1710945
http://doi.org/10.3390/cancers12071981

Cells 2021, 10, 2191 12 of 17

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Budzynski, ].; Ktopocka, M. Brain-gut axis in the pathogenesis of Helicobacter pylori infection. World ]. Gastroenterol. 2014, 20,
5212-5225. [CrossRef] [PubMed]

Kountouras, J.; Zavos, C.; Polyzos, S.A.; Deretzi, G. The gut-brain axis: Interactions between Helicobacter pylori and enteric and
central nervous systems. Ann. Gastroenterol. 2015, 28, 506. [PubMed]

Cryan, J.F.; O’'Mahony, S.M. The microbiome-gut-brain axis: From bowel to behavior. Neurogastroenterol. Motil. 2011, 23, 187-192.
[CrossRef]

Mulak, A.; Bonaz, B. Brain-gut-microbiota axis in Parkinson’s disease. World ]. Gastroenterol. 2015, 21, 10609. [CrossRef]
Franceschi, F.; Gasbarrini, A.; Polyzos, S.A.; Kountouras, J. Extragastric Diseases and Helicobacter pylori. Helicobacter 2015, 20,
40-46. [CrossRef] [PubMed]

Honjo, K.; van Reekum, R.; Verhoeff, N.P.L.G. Alzheimer’s disease and infection: Do infectious agents contribute to progression
of Alzheimer’s disease? Alzheimer’s Dement. 2009, 5, 348-360. [CrossRef]

Kountouras, J.; Tsolaki, M.; Gavalas, E.; Boziki, M.; Zavos, C.; Karatzoglou, P.; Chatzopoulos, D.; Venizelos, I. Relationship
between Helicobacter pylori infection and Alzheimer disease. Neurology 2006, 66, 938-940. [CrossRef] [PubMed]

Gavalas, E.; Kountouras, J.; Deretzi, G.; Boziki, M.; Grigoriadis, N.; Zavos, C.; Venizelos, I. Helicobacter pylori and multiple
sclerosis. J. Neuroimmunol. 2007, 188, 187-189. [CrossRef] [PubMed]

Park, A.M.; Omura, S.; Fujita, M.; Sato, E; Tsunoda, 1. Helicobacter pylori and gut microbiota in multiple sclerosis versus
Alzheimer’s disease: 10 pitfalls of microbiome studies. Clin. Exp. Neuroimmunol. 2017, 8, 215-232. [CrossRef] [PubMed]
Dardiotis, E.; Sokratous, M.; Tsouris, Z.; Siokas, V.; Mentis, A.A.; Aloizou, A.M.; Michalopoulou, A.; Bogdanos, D.P.; Xiromerisiou,
G.; Deretzi, G.; et al. Association between Helicobacter pylori infection and Guillain-Barré Syndrome: A meta-analysis. Eur. J. Clin.
Investig. 2020, 50, €13218. [CrossRef] [PubMed]

Kountouras, J.; Deretzi, G.; Zavos, C.; Tsiptsios, D.; Gavalas, E.; Vardaka, E.; Polyzos, S.A.; Klonizakis, P.; Kyriakou, P.; Polyzos,
S.A. Helicobacter pylori infection may trigger Guillain-Barré syndrome, Fisher syndrome and Bickerstaff brainstem encephalitis.
J. Neurol. Sci. 2011, 305, 167-168. [CrossRef] [PubMed]

Schistosomes, liver flukes and Helicobacter pylori. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans.
Lyon, 7-14 June 1994. IARC Monogr. Eval. Carcinog. Risks Hum. 1994, 61, 1-241.

Burucoa, C.; Axon, A. Epidemiology of Helicobacter pylori infection. Helicobacter 2017, 22, €12403. [CrossRef]

Baj, J.; Korona-Glowniak, I.; Forma, A.; Maani, A.; Sitarz, E.; Rahnama-Hezavah, M.; Radzikowska, E.; Portincasa, P. Mechanisms
of the Epithelial-Mesenchymal Transition and Tumor Microenvironment in Helicobacter pylori-Induced Gastric Cancer. Cells 2020,
9, 1055. [CrossRef]

Baj, J.; Brzozowska, K.; Forma, A.; Maani, A.; Sitarz, E.; Portincasa, P. Immunological Aspects of the Tumor Microenvironment
and Epithelial-Mesenchymal Transition in Gastric Carcinogenesis. Int. . Mol. Sci. 2020, 21, 2544. [CrossRef]

Kozak, J.; Forma, A.; Czeczelewski, M.; Kozyra, P, Sitarz, E.; Radzikowska-Biichner, E.; Sitarz, M.; Baj, J. Inhibition or Reversal of
the Epithelial-Mesenchymal Transition in Gastric Cancer: Pharmacological Approaches. Int. ]. Mol. Sci. 2021, 22, 277. [CrossRef]
Baj, J.; Forma, A.; Sitarz, M.; Portincasa, P.; Garruti, G.; Krasowska, D.; Maciejewski, R. Helicobacter pylori Virulence Factors-
Mechanisms of Bacterial Pathogenicity in the Gastric Microenvironment. Cells 2020, 10, 27. [CrossRef]

Chen, Z.; Maqgbool, ].; Sajid, F; Hussain, G.; Sun, T. Human gut microbiota and its association with pathogenesis and treatments
of neurodegenerative diseases. Microb. Pathog. 2021, 150, 104675. [CrossRef] [PubMed]

Collins, S.M.; Surette, M.; Bercik, P. The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 2012, 10,
735-742. [CrossRef] [PubMed]

Sharkey, K.A.; Beck, P.L.; McKay, D.M. Neuroimmunophysiology of the gut: Advances and emerging concepts focusing on the
epithelium. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 765-784. [CrossRef] [PubMed]

Cryan, ].F; O'Riordan, K.J.; Cowan, C.S.; Sandhu, K.V.; Bastiaanssen, T.F.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.;
Golubeva, A.V,; et al. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877-2013. [CrossRef] [PubMed]

Udit, S.; Gautron, L. Molecular anatomy of the gut-brain axis revealed with transgenic technologies: Implications in metabolic
research. Front. Neurosci. 2013, 7, 134. [CrossRef]

Hattori, N.; Yamashiro, Y. The Gut-Brain Axis. Ann. Nutr. Metab. 2021, 1-3. [CrossRef] [PubMed]

Forsythe, P; Kunze, W.A. Voices from within: Gut microbes and the CNS. Cell. Mol. Life Sci. 2013, 70, 55-69. [CrossRef]

Mayer, E.A ; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. J. Clin. Investig. 2015, 125, 926-938. [CrossRef]

Delvaux, M. Alterations of sensori-motor functions of the digestive tract in the pathophysiology of irritable bowel syndrome. Best
Pract. Res. Clin. Gastroenterol. 2004, 18, 747-771. [CrossRef]

Fasano, A.; Shea-Donohue, T. Mechanisms of disease: The role of intestinal barrier function in the pathogenesis of gastrointestinal
autoimmune diseases. Nat. Clin. Pract. Gastroenterol. Hepatol. 2005, 2, 416-422. [CrossRef]

Wehrwein, E.A.; Orer, H.S.; Barman, S.M. Overview of the Anatomy, Physiology, and Pharmacology of the Autonomic Nervous
System. In Comprehensive Physiology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016; Volume 6, pp. 1239-1278. [CrossRef]
Bonaz, B.L.; Bernstein, C.N. Brain-gut interactions in inflammatory bowel disease. Gastroenterology 2013, 144, 36—49. [CrossRef]
Grenham, S.; Clarke, G.; Cryan, J.F;; Dinan, T.G. Brain-gut-microbe communication in health and disease. Front. Physiol. 2011, 2,
94. [CrossRef] [PubMed]


http://doi.org/10.3748/wjg.v20.i18.5212
http://www.ncbi.nlm.nih.gov/pubmed/24833851
http://www.ncbi.nlm.nih.gov/pubmed/26423130
http://doi.org/10.1111/j.1365-2982.2010.01664.x
http://doi.org/10.3748/wjg.v21.i37.10609
http://doi.org/10.1111/hel.12256
http://www.ncbi.nlm.nih.gov/pubmed/26372824
http://doi.org/10.1016/j.jalz.2008.12.001
http://doi.org/10.1212/01.wnl.0000203644.68059.5f
http://www.ncbi.nlm.nih.gov/pubmed/16567719
http://doi.org/10.1016/j.jneuroim.2007.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17614142
http://doi.org/10.1111/cen3.12401
http://www.ncbi.nlm.nih.gov/pubmed/29158778
http://doi.org/10.1111/eci.13218
http://www.ncbi.nlm.nih.gov/pubmed/32124432
http://doi.org/10.1016/j.jns.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21440259
http://doi.org/10.1111/hel.12403
http://doi.org/10.3390/cells9041055
http://doi.org/10.3390/ijms21072544
http://doi.org/10.3390/ijms22010277
http://doi.org/10.3390/cells10010027
http://doi.org/10.1016/j.micpath.2020.104675
http://www.ncbi.nlm.nih.gov/pubmed/33352217
http://doi.org/10.1038/nrmicro2876
http://www.ncbi.nlm.nih.gov/pubmed/23000955
http://doi.org/10.1038/s41575-018-0051-4
http://www.ncbi.nlm.nih.gov/pubmed/30069036
http://doi.org/10.1152/physrev.00018.2018
http://www.ncbi.nlm.nih.gov/pubmed/31460832
http://doi.org/10.3389/fnins.2013.00134
http://doi.org/10.1159/000512226
http://www.ncbi.nlm.nih.gov/pubmed/33406517
http://doi.org/10.1007/s00018-012-1028-z
http://doi.org/10.1172/JCI76304
http://doi.org/10.1016/j.bpg.2004.06.004
http://doi.org/10.1038/ncpgasthep0259
http://doi.org/10.1002/cphy.c150037
http://doi.org/10.1053/j.gastro.2012.10.003
http://doi.org/10.3389/fphys.2011.00094
http://www.ncbi.nlm.nih.gov/pubmed/22162969

Cells 2021, 10, 2191 13 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Dinan, T.G.; Quigley, EM.; Ahmed, S.M.; Scully, P.; O'Brien, S.; O’'Mahony, L.; Mahony, S.O.; Shanahan, F.; Keeling, P.N.
Hypothalamic-Pituitary-Gut Axis Dysregulation in Irritable Bowel Syndrome: Plasma Cytokines as a Potential Biomarker?
Gastroenterology 2006, 130, 304-311. [CrossRef] [PubMed]

Clarke, G.; Grenham, S.; Scully, P; Fitzgerald, PJ.; Moloney, R.D.; Shanahan, F.; Dinan, T.; Cryan, J. The microbiome-gut-brain axis
during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2012, 18, 666—673.
[CrossRef]

Sgambato, D.; Capuano, A.; Sullo, M.G.; Miranda, A.; Federico, A.; Romano, M. Gut-Brain Axis in Gastric Mucosal Damage and
Protection. Curr. Neuropharmacol. 2016, 14, 959-966. [CrossRef] [PubMed]

Pott, J.; Hornef, M. Innate immune signalling at the intestinal epithelium in homeostasis and disease. EMBO Repo. 2012, 13,
684-698. [CrossRef] [PubMed]

Cani, PD,; Everard, A.; Duparc, T. Gut microbiota, enteroendocrine functions and metabolism. Curr. Opin. Pharmacol. 2013, 13,
935-940. [CrossRef]

Reigstad, C.S.; Salmonson, C.E.; Iii, ].ER.; Szurszewski, ].H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.; Kashyap, P.C. Gut
microbes promote colonic serotonin production through an effect of short-chain fatty acids on enterochromaffin cells. FASEB ].
2014, 29, 1395-1403. [CrossRef]

Strandwitz, P; Kim, K.H.; Terekhova, D.; Liu, ].K.; Sharma, A.; Levering, J.; McDonald, D.; Dietrich, D.; Ramadhar, T.R.; Lekbua,
A.; et al. GABA-modulating bacteria of the human gut microbiota. Nat. Microbiol. 2018, 4, 396—403. [CrossRef]

Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain-gut-enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306-314. [CrossRef]

Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohérquez, D.V. A gut-brain neural circuit for
nutrient sensory transduction. Science 2018, 361, eaat5236. [CrossRef]

Berthoud, H.R.; Blackshaw, L.A.; Brookes, S.J.H.; Grundy, D. Neuroanatomy of extrinsic afferents supplying the gastrointestinal
tract. Neurogastroenterol. Motil. 2004, 16 (Suppl. S1), 28-33. [CrossRef] [PubMed]

Pavlov, V.A.; Tracey, K.J. The cholinergic anti-inflammatory pathway. Brain Behav. Immunity 2005, 19, 493—499. [CrossRef]
[PubMed]

Browning, J.S.; Houseworth, ].H. Development of new symptoms following medical and surgical treatment for duodenal ulcer.
Psychosom. Med. 1953, 15, 328-336. [CrossRef]

Whitlock, F.A. Some psychiatric consequences of gastrectomy. Br. Med. J. 1961, 1, 1560-1564. [CrossRef] [PubMed]
Grimonprez, A.; Raedt, R.; Baeken, C.; Boon, P.; Vonck, K. The antidepressant mechanism of action of vagus nerve stimulation:
Evidence from preclinical studies. Neurosci. Biobehav. Rev. 2015, 56, 26-34. [CrossRef] [PubMed]

Spichak, S.; Bastiaanssen, T.F,; Berding, K.; Vlckova, K.; Clarke, G.; Dinan, T.G.; Cryan, J.F. Mining microbes for mental health:
Determining the role of microbial metabolic pathways in human brain health and disease. Neurosci. Biobehav. Rev. 2021, 125,
698-761. [CrossRef]

Anderson, G.; Rodriguez, M.; Reiter, R.J. Multiple Sclerosis: Melatonin, Orexin, and Ceramide Interact with Platelet Activation
Coagulation Factors and Gut-Microbiome-Derived Butyrate in the Circadian Dysregulation of Mitochondria in Glia and Immune
Cells. Int. J. Mol. Sci. 2019, 20, 5500. [CrossRef] [PubMed]

Boziki, M.; Grigoriadis, N.; Papaefthymiou, A.; Doulberis, M.; Polyzos, S.A.; Gavalas, E.; Deretzi, G.; Karafoulidou, E.; Kesidou,
E.; Taloumtzis, C.; et al. The trimebutine effect on Helicobacter pylori-related gastrointestinal tract and brain disorders: A
hypothesis. Neurochem. Int. 2021, 144, 104938. [CrossRef] [PubMed]

Engelhardt, B.; Liebner, S. Novel insights into the development and maintenance of the blood-brain barrier. Cell Tissue Res. 2014,
355, 687-699. [CrossRef]

Bacon, C.M.; Du, M.Q.; Dogan, A. Mucosa-associated lymphoid tissue (MALT) lymphoma: A practical guide for pathologists. |
Clin Pathol. 2007, 60, 361-372. [CrossRef]

Mayer, E.A.; Tillisch, K.; Bradesi, S. Review article: Modulation of the brain-gut axis as a therapeutic approach in gastrointestinal
disease. Aliment. Pharmacol. Ther. 2006, 24, 919-933. [CrossRef]

Sticlaru, L.; Staniceanu, F.; Cioplea, M.; Nichita, L.; Bastian, A.; Micu, G.; Popp, C. Dangerous Liaison: Helicobacter pylori,
Ganglionitis, and Myenteric Gastric Neurons: A Histopathological Study. Anal. Cell. Pathol. (Amst.) 2019, 2019, 3085181.
[CrossRef]

Gravina, A.G.; Zagari, R M.; De Musis, C.; Romano, L.; Loguercio, C.; Romano, M. Helicobacter pylori and extragastric diseases: A
review. World ]. Gastroenterol. 2018, 24, 3204-3221. [CrossRef]

Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The gut-brain axis: Interactions between enteric microbiota, central and
enteric nervous systems. Ann. Gastroenterol. 2015, 28, 203-209. [PubMed]

Forsythe, P; Bienenstock, J.; Kunze, W.A. Vagal pathways for microbiome-brain-gut axis communication. Adv. Exp. Med. Biol.
2014, 817, 115-133. [CrossRef]

Deretzi, G.; Kountouras, J.; Polyzos, S.A.; Zavos, C.; Giartza-Taxidou, E.; Gavalas, E.; Tsiptsios, I. Gastrointestinal immune
system and brain dialogue implicated in neuroinflammatory and neurodegenerative diseases. Curr. Mol. Med. 2011, 11, 696-707.
[CrossRef] [PubMed]


http://doi.org/10.1053/j.gastro.2005.11.033
http://www.ncbi.nlm.nih.gov/pubmed/16472586
http://doi.org/10.1038/mp.2012.77
http://doi.org/10.2174/1570159X14666160223120742
http://www.ncbi.nlm.nih.gov/pubmed/26903151
http://doi.org/10.1038/embor.2012.96
http://www.ncbi.nlm.nih.gov/pubmed/22801555
http://doi.org/10.1016/j.coph.2013.09.008
http://doi.org/10.1096/fj.14-259598
http://doi.org/10.1038/s41564-018-0307-3
http://doi.org/10.1038/nrgastro.2009.35
http://doi.org/10.1126/science.aat5236
http://doi.org/10.1111/j.1743-3150.2004.00471.x
http://www.ncbi.nlm.nih.gov/pubmed/15066001
http://doi.org/10.1016/j.bbi.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15922555
http://doi.org/10.1097/00006842-195307000-00006
http://doi.org/10.1136/bmj.1.5239.1560
http://www.ncbi.nlm.nih.gov/pubmed/13784913
http://doi.org/10.1016/j.neubiorev.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26116875
http://doi.org/10.1016/j.neubiorev.2021.02.044
http://doi.org/10.3390/ijms20215500
http://www.ncbi.nlm.nih.gov/pubmed/31694154
http://doi.org/10.1016/j.neuint.2020.104938
http://www.ncbi.nlm.nih.gov/pubmed/33535070
http://doi.org/10.1007/s00441-014-1811-2
http://doi.org/10.1136/jcp.2005.031146
http://doi.org/10.1111/j.1365-2036.2006.03078.x
http://doi.org/10.1155/2019/3085181
http://doi.org/10.3748/wjg.v24.i29.3204
http://www.ncbi.nlm.nih.gov/pubmed/25830558
http://doi.org/10.1007/978-1-4939-0897-4_5
http://doi.org/10.2174/156652411797536660
http://www.ncbi.nlm.nih.gov/pubmed/21902649

Cells 2021, 10, 2191 14 of 17

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

Deretzi, G.; Kountouras, J.; Grigoriadis, N.; Zavos, C.; Chatzigeorgiou, S.; Koutlas, E.; Tsiptsios, I. From the “little brain”
gastrointestinal infection to the “big brain” neuroinflammation: A proposed fast axonal transport pathway involved in multiple
sclerosis. Med. Hypotheses 2009, 73, 781-787. [CrossRef] [PubMed]

Doulberis, M.; Kotronis, G.; Thomann, R.; Polyzos, S.A.; Boziki, M.; Gialamprinou, D.; Deretzi, G.; Katsinelos, P.; Kountouras, J.
Review: Impact of Helicobacter pylori on Alzheimer’s disease: What do we know so far? Helicobacter 2018, 23, e12451. [CrossRef]
McClain, M.S.; Cover, T.L. Expression of Helicobacter pylori vacuolating toxin in Escherichia coli. Infect Immun. 2003, 71, 2266—2271.
[CrossRef]

Gorlé, N.; Bauwens, E.; Haesebrouck, F.; Smet, A.; Vandenbroucke, R.E. Helicobacter and the Potential Role in Neurological
Disorders: There Is More Than Helicobacter pylori. Front. Immunol. 2021, 11, 584165. [CrossRef] [PubMed]

Yagci, M.; Yamag, K.; Acar, K.; Cingi, E.; Kitapci, M.; Haznedar, R. Gastric emptying in patients with vitamin B(12) deficiency. Eur.
J. Nucl. Med. Mol. Imaging 2002, 29, 1125-1127. [CrossRef]

Tsay, EW.; Hsu, PI. H. pylori infection and extra-gastroduodenal diseases. J. Biomed. Sci. 2018, 25, 65. [CrossRef] [PubMed]
Miller, A.; Korem, M.; Almog, R.; Galboiz, Y. Vitamin B12, demyelination, remyelination and repair in multiple sclerosis. |. Neurol.
Sci. 2005, 233, 93-97. [CrossRef]

Yahn, G.B.; Abato, ].E.; Jadavji, N.M. Role of vitamin B12 deficiency in ischemic stroke risk and outcome. Neural Regen. Res. 2021,
16,470-474. [CrossRef]

Altschuler, E. Gastric Helicobacter pylori infection as a cause of idiopathic Parkinson disease and non-arteric anterior optic ischemic
neuropathy. Med. Hypotheses 1996, 47, 413-414. [CrossRef]

Charlett, A.; Dobbs, R.]J.; Dobbs, S.M.; Weller, C.; Brady, P.; Peterson, D.W. Parkinsonism: Siblings share Helicobacter pylori
seropositivity and facets of syndrome. Acta Neurol. Scand. 1999, 99, 26-35. [CrossRef] [PubMed]

Bjarnason, I.T.; Charlett, A.; Dobbs, R.].; Dobbs, S.M.; Ibrahim, M.A.; Kerwin, R.W.; Mahler, R.F.; Oxlade, N.L.; Peterson, D.W.;
Plant, ].M.; et al. Role of chronic infection and inflammation in the gastrointestinal tract in the etiology and pathogenesis of
idiopathic parkinsonism. Part 2: Response of facets of clinical idiopathic parkinsonism to Helicobacter pylori eradication. A
randomized, double-blind, placebo-controlled efficacy study. Helicobacter 2005, 10, 276-287. [CrossRef] [PubMed]

Shen, X.; Yang, H.; Wu, Y.; Zhang, D.; Jiang, H. Meta-analysis: Association of Helicobacter pylori infection with Parkinson’s diseases.
Helicobacter 2017, 22, €12398. [CrossRef]

Huang, HK,; Wang, ].H.; Lei, W.Y,; Chen, C.L.; Chang, C.Y.; Liou, L.S. Helicobacter pylori infection is associated with an increased
risk of Parkinson’s disease: A population-based retrospective cohort study. Parkinsonism Relat. Disord. 2018, 47, 26-31. [CrossRef]
[PubMed]

Gravina, A.G.; Priadko, K.; Ciamarra, P.; Granata, L.; Facchiano, A.; Miranda, A.; Dallio, M.; Federico, A.; Romano, M. Extra-
Gastric Manifestations of Helicobacter pylori Infection. J. Clin. Med. 2020, 9, 3887. [CrossRef]

Béraud, D.; Maguire-Zeiss, K.A. Misfolded a-synuclein and Toll-like receptors: Therapeutic targets for Parkinson’s disease.
Parkinsonism Relat. Disord. 2012, 18 (Suppl. S1), S17-S20. [CrossRef]

Mridula, K.R.; Borgohain, R.; Chandrasekhar Reddy, V.; Bandaru, V.; Suryaprabha, T. Association of Helicobacter pylori with
Parkinson’s Disease. J. Clin. Neurol. (Seoul, Korea) 2017, 13, 181-186. [CrossRef]

Fasano, A.; Bove, E; Gabrielli, M.; Petracca, M.; Zocco, M.A.; Ragazzoni, E.; Barbaro, E; Piano, C.; Fortuna, S.; Tortora, A.; et al.
The role of small intestinal bacterial overgrowth in Parkinson’s disease. Mov. Disord. 2013, 28, 1241-1249. [CrossRef] [PubMed]
Huang, W.S.; Yang, T.Y.; Shen, W.C.; Lin, C.L.; Lin, M.C.; Kao, C.H. Association between Helicobacter pylori infection and dementia.
J. Clin. Neurosci. 2014, 21, 1355-1358. [CrossRef] [PubMed]

Roubaud Baudron, C.; Letenneur, L.; Langlais, A.; Buissonniére, A.; Mégraud, E,; Dartigues, J.F.; Salles, N.; Personnes Agées
QUID Study. Does Helicobacter pylori infection increase incidence of dementia? The Personnes Agées QUID Study. . Am. Geriatr.
Soc. 2013, 61, 74-78. [CrossRef]

Beydoun, M.A.; Beydoun, H.A; Shroff, M.R.; Kitner-Triolo, M.H.; Zonderman, A.B. Helicobacter pylori seropositivity and cognitive
performance among US adults: Evidence from a large national survey. Psychosom. Med. 2013, 75, 486—496. [CrossRef] [PubMed]
Kountouras, J.; Boziki, M.; Gavalas, E.; Zavos, C.; Deretzi, G.; Grigoriadis, N.; Tsolaki, M.; Chatzopoulos, D.; Katsinelos, P.;
Tzilves, D.; et al. Increased cerebrospinal fluid Helicobacter pylori antibody in Alzheimer’s disease. Int. J. Neurosci. 2009, 119,
765-777. [CrossRef]

Kountouras, J.; Boziki, M.; Gavalas, E.; Zavos, C.; Deretzi, G.; Chatzigeorgiou, S.; Katsinelos, P.; Grigoriadis, N.; Giartza-Taxidou,
E.; Venizelos, I. Five-year survival after Helicobacter pylori eradication in Alzheimer disease patients. Cogn. Behav. Neurol. 2010, 23,
199-204. [CrossRef]

Kountouras, J.; Boziki, M.; Gavalas, E.; Zavos, C.; Grigoriadis, N.; Deretzi, G.; Tzilves, D.; Katsinelos, P.; Tsolaki, M.; Chatzopoulos,
D.; et al. Eradication of Helicobacter pylori may be beneficial in the management of Alzheimer’s disease. J. Neurol. 2009, 256,
758-767. [CrossRef]

Goni, E.; Franceschi, F. Helicobacter pylori and extragastric diseases. Helicobacter 2016, 21 (Suppl. S1), 45-48. [CrossRef]

Chang, Y.P.,; Chiu, G.F; Kuo, F.C; Lai, C.L.; Yang, YH.; Hu, HM.; Chang, P.Y.; Chen, C.Y.; Wu, D.C.; Yu, FJ. Eradication of
Helicobacter pylori Is Associated with the Progression of Dementia: A PopulationBased Study. Gastroenterol. Res. Pract. 2013, 2013,
175729. [CrossRef]


http://doi.org/10.1016/j.mehy.2009.04.021
http://www.ncbi.nlm.nih.gov/pubmed/19467574
http://doi.org/10.1111/hel.12454
http://doi.org/10.1128/IAI.71.4.2266-2271.2003
http://doi.org/10.3389/fimmu.2020.584165
http://www.ncbi.nlm.nih.gov/pubmed/33633723
http://doi.org/10.1007/s00259-002-0854-x
http://doi.org/10.1186/s12929-018-0469-6
http://www.ncbi.nlm.nih.gov/pubmed/30157866
http://doi.org/10.1016/j.jns.2005.03.009
http://doi.org/10.4103/1673-5374.291381
http://doi.org/10.1016/S0306-9877(96)90223-6
http://doi.org/10.1111/j.1600-0404.1999.tb00654.x
http://www.ncbi.nlm.nih.gov/pubmed/9925235
http://doi.org/10.1111/j.1523-5378.2005.00330.x
http://www.ncbi.nlm.nih.gov/pubmed/16104943
http://doi.org/10.1111/hel.12398
http://doi.org/10.1016/j.parkreldis.2017.11.331
http://www.ncbi.nlm.nih.gov/pubmed/29174171
http://doi.org/10.3390/jcm9123887
http://doi.org/10.1016/S1353-8020(11)70008-6
http://doi.org/10.3988/jcn.2017.13.2.181
http://doi.org/10.1002/mds.25522
http://www.ncbi.nlm.nih.gov/pubmed/23712625
http://doi.org/10.1016/j.jocn.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24629396
http://doi.org/10.1111/jgs.12065
http://doi.org/10.1097/PSY.0b013e31829108c3
http://www.ncbi.nlm.nih.gov/pubmed/23697465
http://doi.org/10.1080/00207450902782083
http://doi.org/10.1097/WNN.0b013e3181df3034
http://doi.org/10.1007/s00415-009-5011-z
http://doi.org/10.1111/hel.12340
http://doi.org/10.1155/2013/175729

Cells 2021, 10, 2191 15 of 17

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Shiota, S.; Murakami, K.; Yoshiiwa, A.; Yamamoto, K.; Ohno, S.; Kuroda, A.; Mizukami, K.; Hanada, K.; Okimoto, T.; Kodama, M.;
et al. The relationship between Helicobacter pylori infection and Alzheimer’s disease in Japan. J. Neurol. 2011, 258, 1460-1463.
[CrossRef]

Santos, C.Y.; Snyder, PJ.; Wu, W.C.; Zhang, M.; Echeverria, A.; Alber, J. Pathophysiologic relationship between Alzheimer’s
disease, cerebrovascular disease, and cardiovascular risk: A review and synthesis. Alzheimers Dement. (Amst.) 2017, 7, 69-87.
[CrossRef] [PubMed]

Kira, J.-I; Isobe, N. Helicobacter pylori infection and demyelinating disease of the central nervous system. J. Neuroimmunol. 2019,
329, 14-19. [CrossRef] [PubMed]

Ebers, G.C. Environmental factors and multiple sclerosis. Lancet Neurol. 2008, 7, 268-277. [CrossRef]

Sand, I.K.; Zhu, Y.; Ntranos, A.; Clemente, ].C.; Cekanaviciute, E.; Brandstadter, R.; Crabtree-Hartman, E.; Singh, S.; Bencosme, Y.;
Debelius, J.; et al. Disease-modifying therapies alter gut microbial composition in MS. Neurol.-Neuroimmunol. Neuroinflammation
2018, 6, e517. [CrossRef]

Cossu, D.; Yokoyama, K.; Hattori, N. Bacteria—host interactions in multiple sclerosis. Front. Microbiol. 2018, 9, 2966. [CrossRef]
Li, W.; Minohara, M.; Su, J.J.; Matsuoka, T.; Osoegawa, M.; Ishizu, T.; Kira, J. Helicobacter pylori infection is a potential protective
factor against conventional multiple sclerosis in the Japanese population. J. Neuroimmunol. 2007, 184, 227-231. [CrossRef]
Cook, K.W.; Crooks, J.; Hussain, K.; O’Brien, K.; Braitch, M.; Kareem, H.; Constantinescu, C.S.; Robinson, K.; Gran, B. Helicobacter
pylori infection reduces disease severity in an experimental model of multiple sclerosis. Front. Microbiol. 2015, 6, 52. [CrossRef]
Smyk, D.S.; Koutsoumpas, A.L.; Mytilinaiou, M.G.; Rigopoulou, E.I; Sakkas, L.I.; Bogdanos, D.P. Helicobacter pylori and
autoimmune disease: Cause or bystander. World ]. Gastroenterol. 2014, 20, 613-629. [CrossRef] [PubMed]

Ram, M,; Barzilai, O.; Shapira, Y.; Anaya, ].-M.; Tincani, A.; Stojanovich, L.; Bombardieri, S.; Bizzaro, N.; Kivity, S.; Levin, N.A.;
et al. Helicobacter pylori serology in autoimmune diseases — fact or fiction? Clin. Chem. Lab. Med. 2013, 51, 1075-1082. [CrossRef]
[PubMed]

Relationship between Helicobacter pylori Infection and Multiple Sclerosis—ScienceOpen n.d. Available online: https://www.
scienceopen.com/document?vid=4c548e26-5a70-4735-8991-80c42e3ea4ff (accessed on 23 April 2021).

Long, Y.; Gao, C.; Qiu, W,; Hu, X; Shu, Y.; Peng, F.; Lu, Z. Helicobacter pylorilnfection in Neuromyelitis Optica and Multiple
Sclerosis. Neuroimmunomodulation 2013, 20, 107-112. [CrossRef]

Deretzi, G.; Gavalas, E.; Boziki, M.; Tsiptsios, D.; Polyzos, S.A.; Venizelos, I.; Zavos, C.; Koutlas, E.; Tsiptsios, I.; Katsinelos, ; et al.
Impact ofHelicobacter pylorion multiple sclerosis-related clinically isolated syndrome. Acta Neurol. Scand. 2015, 133, 268-275.
[CrossRef] [PubMed]

Gerges, S.E.; Alosh, TK.; Khalil, S.H.; el Din, M.M.W. Relevance of Helicobacter pylori infection in Egyptian multiple sclerosis
patients. Egypt. ]. Neurol. Psychiatry Neurosurg. 2018, 54, 41. [CrossRef] [PubMed]

Fourie, K.R.; Wilson, H.L. Understanding groel and dnak stress response proteins as antigens for bacterial diseases. Vaccines 2020,
8,773. [CrossRef] [PubMed]

Loshaj-Shala, A.; Regazzoni, L.; Daci, A.; Orioli, M.; Brezovska, K.; Panovska, A.P,; Beretta, G.; Suturkova, L. Guillain Barré
syndrome (GBS): New insights in the molecular mimicry between C. jejuni and human peripheral nerve (HPN) proteins. |.
Neuroimmunol. 2015, 289, 168-176. [CrossRef]

Elfaitouri, A.; Herrmann, B.; Bolin-Wiener, A.; Wang, Y.; Gottfries, C.-G.; Zachrisson, O.; Pipkorn, R.; Rénnblom, L.; Blomberg, ].
Epitopes of Microbial and Human Heat Shock Protein 60 and Their Recognition in Myalgic Encephalomyelitis. PLoS ONE 2013, 8,
e81155. [CrossRef] [PubMed]

Chiricosta, L.; Gugliandolo, A.; Bramanti, P.; Mazzon, E. Could the heat shock proteins 70 family members exacerbate the immune
response in multiple sclerosis? An in silico study. Genes 2020, 11, 615. [CrossRef]

Yao, G.; Wang, P; Luo, X.D.; Yu, TM.; Harris, R.A.; Zhang, X.M. Meta-analysis of association between Helicobacter pylori infection
and multiple sclerosis. Neurosci. Lett. 2016, 620, 1-7. [CrossRef]

Pedrini, M.J.E,; Seewann, A.; Bennett, K.A.; Wood, A.J.T.; James, I.; Burton, J.; Marshall, B.J.; Carroll, W.M.; Kermode, A.G.
Helicobacter pyloriinfection as a protective factor against multiple sclerosis risk in females. J. Neurol. Neurosurg. Psychiatry 2015,
86, 603-607. [CrossRef] [PubMed]

Mohebi, N.; Mamarabadi, M.; Moghaddasi, M. Relation of Helicobacter pylori infection and multiple sclerosis in Iranian patients.
Neurol. Int. 2013, 5, 31-33. [CrossRef] [PubMed]

Kiani, S.; Vakilian, A.; Kamiab, Z.; Shamsizadeh, A. Correlation of dietary intake and Helicobacter pylori infection with multiple
sclerosis, a case-control study in Rafsanjan, Iran, 2017-2018. Qatar Med. ]. 2021, 2020, 45. [CrossRef]

Ranjbar, R.; Karampoor, S.; Jalilian, F.A. The protective effect of Helicobacter pylori infection on the susceptibility of multiple
sclerosis. J. Neuroimmunol. 2019, 337, 577069. [CrossRef]

Robinson, K.; Stephens, J.; Constantinescu, C.S.; Gran, B. Helicobacter pylori, experimental autoimmune encephalomyelitis, and
multiple sclerosis. In Neuro-Immuno-Gastroenterology; Springer International Publishing: Cham, Switzerland, 2016; pp. 97-122.
[CrossRef]

Arnold, 1.C; Hitzler, I.; Miiller, A. The immunomodulatory properties of Helicobacter pylori confer protection against allergic and
chronic inflammatory disorders. Front. Cell. Infect. Microbiol. 2012, 2, 10. [CrossRef]

Cook, K; Letley, D.P; Ingram, R.J.M.; Staples, E.; Skjoldmose, H.; Atherton, ]J.C.; Robinson, K. CCL20/CCR6-mediated migration
of regulatory T cells to theHelicobacter pylori-infected human gastric mucosa. Gut 2014, 63, 1550-1559. [CrossRef] [PubMed]


http://doi.org/10.1007/s00415-011-5957-5
http://doi.org/10.1016/j.dadm.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28275702
http://doi.org/10.1016/j.jneuroim.2018.06.017
http://www.ncbi.nlm.nih.gov/pubmed/29983199
http://doi.org/10.1016/S1474-4422(08)70042-5
http://doi.org/10.1212/NXI.0000000000000517
http://doi.org/10.3389/fmicb.2018.02966
http://doi.org/10.1016/j.jneuroim.2006.12.010
http://doi.org/10.3389/fmicb.2015.00052
http://doi.org/10.3748/wjg.v20.i3.613
http://www.ncbi.nlm.nih.gov/pubmed/24574735
http://doi.org/10.1515/cclm-2012-0477
http://www.ncbi.nlm.nih.gov/pubmed/23079514
https://www.scienceopen.com/document?vid=4c548e26-5a70-4735-8991-80c42e3ea4ff
https://www.scienceopen.com/document?vid=4c548e26-5a70-4735-8991-80c42e3ea4ff
http://doi.org/10.1159/000345838
http://doi.org/10.1111/ane.12453
http://www.ncbi.nlm.nih.gov/pubmed/26079721
http://doi.org/10.1186/s41983-018-0043-x
http://www.ncbi.nlm.nih.gov/pubmed/30595647
http://doi.org/10.3390/vaccines8040773
http://www.ncbi.nlm.nih.gov/pubmed/33348708
http://doi.org/10.1016/j.jneuroim.2015.11.005
http://doi.org/10.1371/journal.pone.0081155
http://www.ncbi.nlm.nih.gov/pubmed/24312270
http://doi.org/10.3390/genes11060615
http://doi.org/10.1016/j.neulet.2016.03.037
http://doi.org/10.1136/jnnp-2014-309495
http://www.ncbi.nlm.nih.gov/pubmed/25602009
http://doi.org/10.4081/ni.2013.e10
http://www.ncbi.nlm.nih.gov/pubmed/23888213
http://doi.org/10.5339/qmj.2020.45
http://doi.org/10.1016/j.jneuroim.2019.577069
http://doi.org/10.1007/978-3-319-28609-9_6
http://doi.org/10.3389/fcimb.2012.00010
http://doi.org/10.1136/gutjnl-2013-306253
http://www.ncbi.nlm.nih.gov/pubmed/24436142

Cells 2021, 10, 2191 16 of 17

120.

121.

122.

123.
124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

Comerford, I.; Bunting, M.; Fenix, K.; Haylock-Jacobs, S.; Litchfield, W.; Harata-Lee, Y.; Turvey, M.; Brazzatti, J.; Gregor, C.;
Nguyen, P; et al. An immune paradox: How can the same chemokine axis regulate both immune tolerance and activation?
BioEssays 2010, 32, 1067-1076. [CrossRef]

Elhofy, A.; DePaolo, RW.; Lira, S.A.; Lukacs, N.W.; Karpus, W.J. Mice deficient for CCR6 fail to control chronic experimental
autoimmune encephalomyelitis. J. Neuroimmunol. 2009, 213, 91-99. [CrossRef] [PubMed]

Liston, A.; Kohler, R.E.; Townley, S.; Haylock-Jacobs, S.; Comerford, I.; Caon, A.C.; Webster, J.; Harrison, ].M.; Swann, J.;
Clark-Lewis, L; et al. Inhibition of CCR6 Function Reduces the Severity of Experimental Autoimmune Encephalomyelitis via
Effects on the Priming Phase of the Immune Response. J. Immunol. 2009, 182, 3121-3130. [CrossRef]

Willison, H.J.; Jacobs, B.C.; van Doorn, P.A. Guillain-Barré syndrome. Lancet 2016, 388, 717-727. [CrossRef]

Leonhard, S.E.; Mandarakas, M.R.; Gondim, F.A.A.; Bateman, K.; Ferreira, M.L.B.; Cornblath, D.R.; Van Doorn, P.A.; Dourado,
M.E.; Hughes, R.A.C.; Islam, B.; et al. Diagnosis and management of Guillain—Barré syndrome in ten steps. Nat. Rev. Neurol. 2019,
15, 671-683. [CrossRef] [PubMed]

Cao-Lormeau, V.-M.; Blake, A.; Mons, S.; Lastere, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.; Teissier, A.; Larre, P;
et al. Guillain-Barré Syndrome outbreak associated with Zika virus infection in French Polynesia: A case-control study. Lancet
2016, 387, 1531-1539. [CrossRef]

van den Berg, B.; van der Eijk, A.A.; Pas, S.D.; Hunter, ].G.; Madden, R.G.; Tio-Gillen, A.P,; Dalton, H.R.; Jacobs, B.C. Guillain-Barré
syndrome associated with preceding hepatitis E virus infection. Neurology 2014, 82, 491-497. [CrossRef] [PubMed]

Jacobs, B.C.; Rothbarth, P.H.; van der Meché, E; Herbrink, P.; Schmitz, PI.; de Klerk, M.A.; van Doorn, P.A. The spectrum of
antecedent infections in Guillain-Barré syndrome. Neurology 1998, 51, 1110-1115. [CrossRef] [PubMed]

Dimachkie, M.M.; Barohn, R.J. Guillain-Barré syndrome and variants. Neurol. Clin. 2013, 31, 491-510. [CrossRef]

Rocha Cabrero, F.; Morrison, E.H. Miller Fisher Syndrome. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 28 April 2021. Available online: https://www.ncbi.nlm.nih.gov/books/NBK507717/ (accessed on 23 April 2021).

Steer, A.C.; Starr, M.; Kornberg, A.]. Bickerstaff brainstem encephalitis associated with Mycoplasma pneumoniae infection. J.
Child Neurol. 2006, 21, 533-534. [CrossRef]

Ho, TW.; Mishu, B,; Li, C.Y,; Gao, C.Y.; Cornblath, D.R; Griffin, ].W.; Asbury, A.K.; Blaser, M.J].; McKhann, G.M. Guillain-Barré
syndrome in northern China. Relationship to Campylobacter jejuni infection and anti-glycolipid antibodies. Brain 1995, 118 Pt 3,
597-605. [CrossRef]

Hafer-Macko, C.E.; Sheikh, K.A.; Li, C.Y.; Ho, TW.; Cornblath, D.R.; McKhann, G.M.; Asbury, A K,; Griffin, ] W. Immune attack
on the Schwann cell surface in acute inflammatory demyelinating polyneuropathy. Ann. Neurol. 1996, 39, 625-635. [CrossRef]
[PubMed]

Kountouras, J.; Deretzi, G.; Zavos, C.; Karatzoglou, P.; Touloumis, L.; Nicolaides, T.; Chatzopoulos, D.; Venizelos, I. Association
between Helicobacter pylori infection and acute inflammatory demyelinating polyradiculoneuropathy. Eur. J. Neurol. 2005, 12,
139-143. [CrossRef] [PubMed]

Moran, A.P,; Prendergast, M.M. Molecular mimicry in Campylobacter jejuni and Helicobacter pylori lipopolysaccharides: Contribu-
tion of gastrointestinal infections to autoimmunity. J. Autoimmun. 2001, 16, 241-256. [CrossRef]

Chiba, S.; Sugiyama, T.; Yonekura, K.; Tanaka, S.; Matsumoto, H.; Fujii, N.; Ebisu, S.; Sekiguchi, K. An antibody to VacA of
Helicobacter pylori in cerebrospinal fluid from patients with Guillain-Barre syndrome. J. Neurol. Neurosurg. Psychiatry 2002, 73,
76-78. [CrossRef]

Alvarez-Arellano, L. Helicobacter pylori and neurological diseases: Married by the laws of inflammation. World J. Gastrointest.
Pathophysiol. 2014, 5, 400. [CrossRef]

Bickerstaff, E.R. Brain-stem Encephalitis. BM] 1957, 1, 1384-1390. [CrossRef]

Chiba, A.; Kusunoki, S.; Shimizu, T.; Kanazawa, I. Serum IgG antibody to ganglioside GQ1b is a possible marker of Miller Fisher
syndrome. Ann. Neurol. 1992, 31, 677-679. [CrossRef] [PubMed]

Yuki, N.; Sato, S.; Tsuji, S.; Hozumi, I.; Miyatake, T. An immunologic abnormality common to Bickerstaff’s brain stem encephalitis
and Fisher’s syndrome. J. Neurol. Sci. 1993, 118, 83-87. [CrossRef]

Odaka, M.; Yuki, N.; Hirata, K. Anti-GQ1b IgG antibody syndrome: Clinical and immunological range. J. Neurol. Neurosurg.
Psychiatry 2001, 70, 50-55. [CrossRef]

Tatsumoto, M.; Koga, M.; Gilbert, M.; Odaka, M.; Hirata, K.; Kuwabara, S.; Yuki, N. Spectrum of neurological diseases associated
with antibodies to minor gangliosides GM1b and GalNAc-GD1a. J. Neuroimmunol. 2006, 177,201-208. [CrossRef] [PubMed]
Ito, M.; Kuwabara, S.; Odaka, M.; Misawa, S.; Koga, M.; Hirata, K.; Yuki, N. Bickerstaff’s brainstem encephalitis and Fisher
syndrome form a continuous spectrum. J. Neurol. 2008, 255, 674-682. [CrossRef] [PubMed]

Kountouras, J.; Deretzi, G.; Grigoriadis, N.; Zavos, C.; Boziki, M.; Gavalas, E.; Katsinelos, P,; Tzilves, D.; Giouleme, O.; Lazaraki,
G. Guillain-Barré syndrome. Lancet Neurol. 2008, 7, 1080-1081. [CrossRef]

Wingerchuk, D.M.; Lennon, V.A.; Lucchinetti, C.E; Pittock, S.J.; Weinshenker, B.G. The spectrum of neuromyelitis optica. Lancet
Neurol. 2007, 6, 805-815. [CrossRef]

Wingerchuk, D.M.; Hogancamp, W.F.; O’Brien, P.C.; Weinshenker, B.G. The clinical course of neuromyelitis optica (Devic’s
syndrome). Neurology 1999, 53, 1107-1114. [CrossRef]

Sellner, J.; Hemmer, B.; Miihlau, M. The clinical spectrum and immunobiology of parainfectious neuromyelitis optica (Devic)
syndromes. |. Autoimmun. 2010, 34, 371-379. [CrossRef]


http://doi.org/10.1002/bies.201000063
http://doi.org/10.1016/j.jneuroim.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19535153
http://doi.org/10.4049/jimmunol.0713169
http://doi.org/10.1016/S0140-6736(16)00339-1
http://doi.org/10.1038/s41582-019-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/31541214
http://doi.org/10.1016/S0140-6736(16)00562-6
http://doi.org/10.1212/WNL.0000000000000111
http://www.ncbi.nlm.nih.gov/pubmed/24415572
http://doi.org/10.1212/WNL.51.4.1110
http://www.ncbi.nlm.nih.gov/pubmed/9781538
http://doi.org/10.1016/j.ncl.2013.01.005
https://www.ncbi.nlm.nih.gov/books/NBK507717/
http://doi.org/10.1177/08830738060210061401
http://doi.org/10.1093/brain/118.3.597
http://doi.org/10.1002/ana.410390512
http://www.ncbi.nlm.nih.gov/pubmed/8619548
http://doi.org/10.1111/j.1468-1331.2004.00977.x
http://www.ncbi.nlm.nih.gov/pubmed/15679702
http://doi.org/10.1006/jaut.2000.0490
http://doi.org/10.1136/jnnp.73.1.76
http://doi.org/10.4291/wjgp.v5.i4.400
http://doi.org/10.1136/bmj.1.5032.1384
http://doi.org/10.1002/ana.410310619
http://www.ncbi.nlm.nih.gov/pubmed/1514781
http://doi.org/10.1016/0022-510X(93)90250-3
http://doi.org/10.1136/jnnp.70.1.50
http://doi.org/10.1016/j.jneuroim.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16844234
http://doi.org/10.1007/s00415-008-0775-0
http://www.ncbi.nlm.nih.gov/pubmed/18274803
http://doi.org/10.1016/S1474-4422(08)70247-3
http://doi.org/10.1016/S1474-4422(07)70216-8
http://doi.org/10.1212/WNL.53.5.1107
http://doi.org/10.1016/j.jaut.2009.09.013

Cells 2021, 10, 2191 17 of 17

147.

148.

149.

150.

151.

152.

153.

154.

Jarius, S.; Wildemann, B. AQP4 antibodies in neuromyelitis optica: Diagnostic and pathogenetic relevance. Nat. Rev. Neurol. 2010,
6, 383-392. [CrossRef]

Li, W.; Minohara, M.; Piao, H.; Matsushita, T.; Masaki, K.; Matsuoka, T.; Isobe, N.; Su, J.J.; Ohyagi, Y.; Kira, ].-I. Association
of anti-Helicobacter pylori neutrophil-activating protein antibody response with anti-aquaporin-4 autoimmunity in Japanese
patients with multiple sclerosis and neuromyelitis optica. Mult. Scler. ]. 2009, 15, 1411-1421. [CrossRef] [PubMed]

Kira, ].I. Neuromyelitis optica and opticospinal multiple sclerosis: Mechanisms and pathogenesis. Pathophysiology 2011, 18, 69-79.
[CrossRef]

Wang, Z.W.; Li, Y,; Huang, L.Y.; Guan, Q.K.; Xu, D.W.; Zhou, WK.; Zhang, X.Z. Helicobacter pylori infection contributes to high
risk of ischemic stroke: Evidence from a meta-analysis. J. Neurol. 2012, 259, 2527-2537. [CrossRef]

Chen, Y.; Segers, S.; Blaser, M.]. Association between Helicobacter pylori and mortality in the NHANES III study. Gut 2013, 62,
1262-1269. [CrossRef] [PubMed]

Franceschi, F,; Tortora, A.; Gasbarrini, G.; Gasbarrini, A. Helicobacter pylori and extragastric diseases. Helicobacter 2014, 19
(Suppl. S1), 52-58. [CrossRef]

Tunca, A.; Tiirkay, C.; Tekin, O.; Kargili, A.; Erbayrak, M. Is Helicobacter pylori infection a risk factor for migraine? A case-control
study. Acta Neurol. Belg. 2004, 104, 161-164. [PubMed]

Hosseinzadeh, M.; Khosravi, A.; Saki, K.; Ranjbar, R. Evaluation of Helicobacter pylori infection in patients with common migraine
headache. Arch. Med. Sci. 2011, 7, 844-849. [CrossRef]


http://doi.org/10.1038/nrneurol.2010.72
http://doi.org/10.1177/1352458509348961
http://www.ncbi.nlm.nih.gov/pubmed/19965522
http://doi.org/10.1016/j.pathophys.2010.04.008
http://doi.org/10.1007/s00415-012-6558-7
http://doi.org/10.1136/gutjnl-2012-303018
http://www.ncbi.nlm.nih.gov/pubmed/23303440
http://doi.org/10.1111/hel.12159
http://www.ncbi.nlm.nih.gov/pubmed/15742606
http://doi.org/10.5114/aoms.2011.25560

	Introduction 
	Helicobacter pylori Characteristics 
	Gut–Brain Axis 
	Pathophysiology of Helicobacter pylori Infection and CNS Diseases 
	Central Nervous System Diseases and Helicobacter pylori Infection 
	Parkinson’s Disease 
	Alzheimer’s Disease 
	Multiple Sclerosis 
	Guillain–Barré Syndrome 
	Bickerstaff Brainstem Encephalitis 
	Devic Syndrome 
	Stroke 
	Migraine Headaches 

	Conclusions 
	References

