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Preface

This reprint deals with the study of the human microbiome and its influence on different

pathologies, especially cancer, inflammation, intestinal damage, alterations in the normal gut

integrity during Clostridioides difficile infections (CDIs), etc.

There are a variety of microorganisms in the human body, including fungi, bacteria, and viruses,

that are usually harmless to the human body, and some can even protect our health by making

vitamins, decomposing food, and regulating immunity. These microorganisms form a large group

called the microbiome. The aim and purpose of this topic are related to the study of the changes in

the human microbiome in the occurrence of many situations, such as CDIs, microbial translocation,

pain, the spread of virulence and resistance genes among microbiomes, and so on.

The reasons for writing this work are correlated with the fact that our microbiota plays a vital

role in our health. In fact, it protects us against pathogens, promotes the development of our immune

system, and helps metabolize various compounds. Maintaining a balanced microbial ecosystem is

essential for defending our health. This scientific study is mainly addressed to health professionals

dealing with cancer, pain, and, in general, human health diseases other than metabolites secreted by

the microbiome and their effects on patients with neuropathic diseases. Metabolomic technologies

may provide critical information about the role of gut microbiome in cancer as well as molecular

investigations, such as 16S rRNA sequencing, used in a study concerning the variability of human

microbiome in the nasopharyngeal site in a population at different ages.

The authors involved in this Special Issue are the following: Piccioni A. Kneis B., Kunick F.,

Medakina I., Ganesan R., Candel S., Stupak A., Wronka D., Traina G., Dionisio F., Ustianowska K.,

and their respective collaborators.

I would like to acknowledge the support of my coworkers, Dania Al Ismail for drawing up the

figure and Alessandra Oliva for the bibliography.

Maria Teresa Mascellino

Editor
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Recent evidence has shown that the human microbiome is associated with a wide
range of diseases, from non-neoplastic to tumourigenesis, including cancer, inflammation,
intestinal damage, etc. Thus, alterations in the normal gut integrity are present during
Clostridioides difficile infections (CDIs) [1,2]. Some studies have also demonstrated a close
relationship between gut microbiota metabolism and cerebral stroke [3]. Our microbiota
plays a vital role in our health; it protects us against pathogens, promotes the develop-
ment of our immune system, and helps metabolize various compounds. Maintaining a
balanced microbial ecosystem is essential for protecting our health. The application of
omics technology to investigate the mechanism underlying the role of gut microbiome
is crucial.

The microbiome is shown to be especially involved in cancer. In this situation, most
bacteria, such as salivary and fecal microbiome, other than circulating microbial DNA
in blood plasma, impact various kinds of therapies (radiotherapy, chemotherapy, and
immunotherapy). Kneis et al., 2023, [4] widely underlined the specificity of the microbiome
in different parts of the colon (right- or left-sided colon) or in the rectal portion [4]. This
situation affects the progression or outcome of cancer. The right- and left-sided colon have
distinct embryological origins and different clinical and molecular characteristics. Thus,
they harbor distinct niches and have different microbiome compositions. Another study
has indicated that the gut microbiota may serve as a potential target in cancer therapy
modulation by enhancing the effectiveness of chemotherapy or immunotherapy [5]. In
this article, the role of the microbiome in cancer treatment is evaluated, speculating a
potential connection between treatment-related microbial changes and cardiotoxicity. The
authors investigate some bacterial families of the microbiome and their possible relationship
between cancer treatment and cardiac disease. In this case, a serious consequence due to
cancer treatment could be avoided, potentially reducing this fatal side effect (cardiotoxicity),
focusing on a potential complex interaction among the microbiome, cancer treatment, and
cardiovascular diseases.

Helicobacter pylori is involved in different ranges of infections, such as gastritis, peptic
ulcer, atrophic gastritis, gastric cancer, and gastric MALT-lymphoma [6]. The establishment
of a correct therapy is crucial for eradicating H. pylori infection. The use of empiric or
tailored therapy may depend on several factors, such as concomitant diseases, number of
previous antibiotic treatments, differences in bacterial virulence in individuals with positive
or negative cultures, together with local antibiotic resistance patterns in real-world settings.
The regional knowledge of clarithromycin and levofloxacin resistance is very important to
establish an appropriate therapy in different geographical areas.

Metabolomic technologies may provide critical information about the role of gut mi-
crobiome in cancer. Liver cancer, liver cirrhosis, and emerging therapies for hepatocellular
carcinoma (HCC) interact with metabolism at the cellular and systemic levels [7]. The gut
microbiota, through the gut–liver axis, significantly contributes to the development of HCC.
Dysbiosis, as a consequence of a poor lifestyle, can be overcome by the use of probiotics
and symbiotics. Metabolomics science and scientific technologies are reported to be crucial
in detecting the biomarkers of liver cancer, and they are currently being considered the
new tools to fight similar pathologies.

Int. J. Mol. Sci. 2023, 24, 14975. https://doi.org/10.3390/ijms241914975 https://www.mdpi.com/journal/ijms
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Molecular investigations, such as 16S rRNA sequencing, were used in a study con-
cerning the variability of human microbiome in the nasopharyngeal site in a population
at different ages [8]. The variability in the nasopharyngeal microbiome is associated with
patient’s susceptibility to several infections, so it is thought that the nasopharynx may play
an important role in health and disease.

The composition of the placental microbiome and the relative microbial characteristics
were taken into account by Stupak et al. regarding their role in placental development
and function in late fetal growth restriction (FGR) [9]. In this study, the microbiome of
normal and FGR placentas were compared, and the bacteria present in both placentas were
identified by an analysis of bacterial proteins set through proteomic and bioinformatic
studies. The authors demonstrated that placental dysbiosis could be an important factor in
the etiology of FGR, leading to the conclusion that placental microbiota and its metabolites
may greatly affect the screening, prevention, diagnosis, and treatment of FGR.

A relationship between microbiome composition and the brain is often reported. Given
that dysbiosis in the gut microbiota is involved in many neurodegenerative diseases such
as Parkinson’s and Alzheimer’s, it could be assumed that Huntington’s disease (HD) can
also be induced by dysbiosis, highlighting the essential role of the intestine–brain axis in
HD pathogenesis and evolution [10].

The correlation between gut with lung microbiota, mast cells, platelets, and SARS-CoV-
2 was also studied [11]. It was demonstrated that an altered condition of gut microbiota,
especially in elderly patients, could be an important factor and have a strong impact on
lung homeostasis and COVID-19 together with the activation of mast cells and platelets,
and also influence the outcome of the pathology. Changes in the microbial population of
elderly people can lead to a chronic state of inflammation, which affects host–microbiome
interactions and increases the weaknesses of seniors.

The relationship between gut microbiota and Clostridioides difficile infection (CDI) has
been widely studied by many researchers from different perspectives. In Piccioni A et al.’s
study, it is underlined which types of microbiota alterations are most at risk for the onset
of this infection [1]. CDI is one of the greatest public health challenges worldwide as
its role is crucial to the interaction with the microbiota. Other than the classic antibiotic
treatment, numerous therapeutic alternative strategies have been developed against CDI,
such as the use of bacteriophages, fecal microbiota transplantation, both active and passive
immunization, and products of the human microbiota that counteract the occurrence of
Clostridioides difficile infection.

A very interesting topic is the possible impact of non-pathogenic bacteria on the
spread of virulence and resistance genes among microbiomes [12]. The role of the above
microorganisms is underlined and evaluated in the light of virulence, drug resistance, and
other kind of genes able to increase the success of pathogens during infection. Commensal
bacteria, including those with drug resistance or virulence genes, could colonize and be
transmitted to susceptible hosts for prolonged periods by helping pathogenic cells to receive
these genes, and consequently amplify their presence among microbiomes.

Definitely, the principal and crucial role of the gut microbiome includes its relationship
with pain [13]. It is well known that the microbiome may lead to different pathologies
through the gut–brain axis. The disorder of this relationship is not only associated with
gastrointestinal syndromes but also with different types of disease such as cancer, neurolog-
ical, and cardiovascular and metabolic diseases other than inflammatory disturbances and
migraine attacks. Consequently, the human microbiome may be an essential component of
the pathogenesis of multiple types of pain. Probiotics, a dietary restriction of short-chain
fermentable carbohydrates (low-FODMAP diet), and fecal microbiota transplantation are
reported to be beneficial for reducing symptoms and pain episodes.

In summary, the articles in this Special Issue provide a great range of reviews and up-
dates to the role of gut microbial metabolites in the maintenance of health and homeostasis
within the human body, as well as to the prevention of infection and disease. The potential
anti-cancer properties of different groups of gut metabolites against various cancer types
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play a crucial role and should be further investigated (Figure 1). Therefore, understanding
the specific link between the microbiome and each type of cancer is vital for developing
effective treatments.

Figure 1. Human microbiomes in different parts of the body. These bacteria can affect cancer progres-
sion and the outcome of other diseases. Created with BioRender.com (accessed on 21 September 2023).
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Abstract: Helicobacter pylori is one of the most common cause of human infections. Infected patients
develop chronic active gastritis in all cases, which can lead to peptic ulcer, atrophic gastritis, gastric
cancer and gastric MALT-lymphoma. The prevalence of H. pylori infection in the population has
regional characteristics and can reach 80%. Constantly increasing antibiotic resistance of H. pylori is a
major cause of treatment failure and a major problem. According to the VI Maastricht Consensus,
two main strategies for choosing eradication therapy are recommended: individualized based on
evaluating sensitivity to antibacterial drugs (phenotypic or molecular genetic method) prior to
their appointment, and empirical, which takes into account data on local H. pylori resistance to
clarithromycin and monitoring effectiveness schemes in the region. Therefore, the determination of
H. pylori resistance to antibiotics, especially clarithromycin, prior to choosing therapeutic strategy is
extremely important for the implementation of these treatment regimens.

Keywords: Helicobacter pylori; antibiotic resistance; methods for determining H. pylori resistance;
molecular genetic diagnostics; phenotypic methods for determining antibiotic resistance; geographical
distribution of H. pylori antibiotic resistance

1. Introduction

Helicobacter pylori is one of the most common human infections [1–3]. Infected patients
develop chronic active gastritis in all cases, which can lead to peptic ulcer, atrophic gastritis,
gastric cancer and gastric MALT-lymphoma [4–7]. Eradication of H. pylori can prevent long-
term complications, or relapses of the disease. The treatment the infection is recognized as
the primary prevention of gastric cancer.

The prevalence of H. pylori infection in the population has geographical distribution
characteristics, determined by the level of hygiene, and can reach 80% [8]. According to a
meta-analysis published in 2017, the number of people infected with H. pylori in the Russian
Federation was estimated at 78.5% [9]. At the same time, the prevalence of infection in
developed countries is decreasing. Thus, a recently published study showed, that about
40% of the population in Russia is infected, while the prevalence of H. pylori increases with
age [10].

The recently published Maastricht VI Consensus proposed two strategies for selecting
eradication therapy: individualized, based on antibacterial susceptibility, and empirical,
in which data regarding local resistance of H. pylori to clarithromycin (<15% or >15%) are
taken into account when choosing a treatment regimen and monitoring the effectiveness of
schemes used in the particular region [4]. Therefore, the determination of H. pylori resistance

Int. J. Mol. Sci. 2023, 24, 9433. https://doi.org/10.3390/ijms24119433 https://www.mdpi.com/journal/ijms
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to antibiotics, primarily to clarithromycin, is extremely important for the implementation
of these treatment strategies.

The efficacy of antibacterial drugs depends on the sensitivity of the bacteria to them.
Currently, a major problem is the decreasing efficacy of therapy regimens, which is as-
sociated with the rise of antibiotic resistance in H. pylori strains. The prevalence of H.
pylori resistance varies in different countries and depends on the overall frequency of
antibiotic use.

The main objective of this study was to provide a comprehensive analysis of current
state of research on the study of antibiotic resistance in H. pylori, the molecular mechanisms
underlying its emergence, as well as an overview and comparison of methods used for
resistance evaluation.

The structure of this article is presented in a diagram (Figure 1).

Figure 1. The structure of this article.

2. Characteristics of H. pylori Antibiotic Resistance

It has been previously demonstrated, that antibiotic resistance in H. pylori a result
of mutations in its genome. Point mutations in the V domain of 23S ribosomal RNA
can change the affinity of clarithromycin for the peptidyltransferase loop and lead to
resistance to clarithromycin [11–13]. The most common 23S rRNA mutations associated
with clarithromycin resistance are A2143G, A2142G, A2142C [11–13]. The sensitivity of
H. pylori to clarithromycin is also affected by outer membrane proteins. Proteins such as
HopT (BabB), HofC, and OMP31 were absent in clarithromycin-sensitive strains, and were
only identified in clarithromycin-resistant strains of H. pylori. The mechanism of their
association with antibiotic resistance is not yet to metronidazole resistance clear [11].

Mutations in the rdxA gene encoding oxygen-insensitive nitroreductase and in the frxA
gene encoding flavin oxidase reductase are the main cause of resistance to metronidazole.
Mutations in these genes reduce the ability of metronidazole to recover to active forms
(NO2−, NO2

2−), which have a damaging effect on the bacterial DNA structure [14,15].
Levofloxacin is a fluoroquinolone, which acts via its interaction with DNA gyrase

encoded by the gyrA and gyrB genes. DNA gyrase performs an important function: it
promotes the separation of DNA strands during replication. Under the influence of lev-
ofloxacin, the process of DNA synthesis and the process of replication of a bacterial cell are
disrupted. In levofloxacin-resistant strains of H. pylori, mutations were found in codons 87,
88, 91, 97 of the gyrA gene and in position 463 of the gyrB gene [11–13].
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Amoxicillin belongs to the group of beta-lactams, interacts with penicillin-binding
proteins and leads to the disruption of cell wall synthesis and destruction of H. pylori.
Mutations that can interfere with cell wall synthesis disrupt the mechanism of action of
amoxicillin: pbp1A, pbp2, pbp3, hefC, hopC and hofH. In addition, the effect of amoxicillin on
H. pylori is further complicated by the fact that the bacterium itself produces beta-lactamases
and there is a reduced membrane permeability for amoxicillin due to efflux pumps [16–18].

In a cohort of Taiwanese patients (n = 70) diagnosed with refractory H. pylori infection,
39 isolates were successfully cultured. H. pylori isolates were obtained from the gastric
mucosa, subjected to phenotypic testing for sensitivity to amoxicillin and molecular analysis
of genetic variants of the pbp1A amoxicillin resistance gene. 30 substitutions were identified
(K352, K363, F366, G367, A369, V374, Q376, T386, F396, H409, S414, R418, F448, F473, D508,
V509, T513, L530, T541, S543, T550, N561, G59 1, Y604, S615, K617, R618, F620, V622 and
P623) in amoxicillin-resistant isolates. It is noted that the majority of resistant isolates carry
the P623L substitution, which is potentially responsible for the development of resistance
to amoxicillin. Three amino acid substitutions (D479E, D535N and S589G) were identified
in all amoxicillin-resistant H. pylori isolates obtained from Taiwanese patients [19].

Tetracycline, an antibiotic from the tetracycline group, destroys the codon-anticodon
bond at the level of the 30S ribosome subunit, which halts bacterial protein synthesis.
Mutations in the 16S rRNA of the TET-1 gene lead to the development of resistance to
tetracycline. The most common genetic alteration is the substitution of the AGA-GGA
triplet (926–928) [20].

The bactericidal action of rifabutin is realized due to its interaction with DNA-
dependent RNA polymerase and leads to inhibition of the process of transcription of
bacterial DNA. Resistance to rifabutin arises due to mutation of the rpoB gene, which
encodes the beta subunits of RNA polymerase [1].

Furazolidone (nitrofuran), affects the activity of bacterial oxidoreductase, thus disrupt-
ing bacterial metabolism. Mutations associated with resistance to this antibiotic have been
identified in the porD and oorD genes encoding integral ferredoxin-like subunits [21].

Despite the fact that the factors ensuring the adaptation of H. pylori to antibiotics
are already known, in particular: the effect of the efflux pump, membrane permeability,
changes in outer membrane proteins, the ability to form a biofilm and mutations in number
of genes, the molecular mechanisms of some remain unclear. Thus, the matter of prescribing
effective therapy against H. pylori for patients with antibiotic resistance to several drugs
remains open [1,22].

3. Methods for Detection of H. pylori Antibiotic Resistance

The methods used to detect antibiotic resistance are divided into phenotypic and
molecular genetic. Phenotypic methods include: diffusion method (disk diffusion), serial
dilution method (in agar, in broth) and combined E-test [23–28].

The method of serial dilutions (limiting dilutions) is based on the determination of
a quantitative indicator characterizing the microbiological activity of an antibiotic–the
minimum inhibitory concentration (MIC). To determine the MIC, concentrations of the
drug prepared in advance are added to the nutrient medium, followed by inoculation and
incubation of nutrient medium with the antibiotic. After incubation, bacterial growth is
assessed and the active dose of the antibiotic is determined [26,27]. Depending on the
concentrations to which H. pylori strains are sensitive, they can be divided into sensitive,
moderately resistant and resistant. The dilution method using liquid nutrient media is
quite convenient and it can be automated, however, due to the difficulties of cultivating H.
pylori, this method is not convenient for large-scale application.

The disk-diffusion method is based on the diffusion of the drug from the carrier into a
dense nutrient medium and suppression of the growth of the studied culture in the zone
where the antibiotic concentration exceeds the minimum inhibitory concentration [28]. A
paper disk is used as an antibiotic carrier in the disk diffusion method. The effect of an
antibiotic is estimated by the diameter size of the growth suppression zone. The growth
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inhibition diameter, the lower the MIC of the antibiotic and the more active it is against
the microorganism under study. Due to the presence of a sufficiently long period of time
between the preparation of the medium and the start of this test, the result may be distorted
due to a change in the redox potential of the medium, which makes it impossible to use this
method for the study of metronidazole. It should be noted that there are no clear criteria for
interpreting the results obtained from this method; therefore, at present, the disk diffusion
method is not practically used.

The E-test is a type of the disk-diffusion method, where a polymer strip is used as
an antibiotic carrier, on which a drug concentration gradient is applied. The activity of
the antibiotic is also assessed by the inhibition zone of the microorganisms’ growth–the
drop-shaped zone of growth inhibition. The MIC value is assessed in the place where the
zone of growth suppression is closely adjacent to the drug carrier [23–25].

Criteria for assessing the sensitivity of H. pylori to antimicrobial agents are shown in
Table 1.

Table 1. Criteria for assessing the sensitivity of H. pylori to antimicrobial agents. (in accordance with
EUCAST).

Antibiotic
MIC, mg/L

Sensitive, ≤ Resistant, >

Amoxicillin 0.25 0.125

Clarithromycin 0.25 0.5

Levofloxacin 1.0 1.0

Tetracycline 1.0 1.0

Metronidazole 8.0 8.0

Rifampicin 1.0 1.0

Molecular genetic methods for detecting antibiotic resistance include real-time poly-
merase chain reaction (RT-PCR), hybridization with oligonucleotide probes, analysis of
restriction fragment length polymorphism (RFLP), Sanger sequencing and NGS sequenc-
ing. These methods facilitate the identification of specific mutations that lead to antibi-
otic resistance.

The PCR-RFLP method is based on amplification of DNA gene regions and selective
cleavage of PCR products using restriction endonucleases that recognize mutation sites.

Real-time PCR is the most sensitive and specific method for the detection of infectious
agents in comparison with traditional methods (phenotypic, immunological). Real-time
polymerase chain reaction is a repetitive cycle of target DNA synthesis. In each cycle,
the number of copies of the amplified region is doubled, which makes it possible to
generate a DNA fragment bounded by a pair of selected primers in an amount sufficient
for its detection using fluorescent probes in 35 cycles. By the end of the procedure, at least
1012 fragments should accumulate. The real-time PCR method allows both to determine the
presence of a pathogen and its quantification it. Since the kinetics of amplicon accumulation
directly depends on the number of the evaluated matrix copies, which allows quantitative
measurements of DNA and RNA of infectious agents. To date, real-time polymerase chain
reaction method is characterized by one of the lowest error rates [29]. A group of scientists
led by M. Pichon conducted a study of H. pylori resistance to clarithromycin in stool samples
using real-time PCR. Sensitivity and specificity for detecting H. pylori were 96.3% (95% CI,
92–98%) and 98.7% (95% CI, 97–99%), respectively [30].

Fluorescence in situ hybridization (FISH) is used to detect H. pylori antibiotic resis-
tance in biopsy specimens. The method is applicable to histological preparations. The
interpretation of the results is carried out using a fluorescent microscope.

The Sanger sequencing method is the analysis of the studied DNA section’s nucleotide
sequence of the, namely, the determination of the exact order of the nucleotides in the DNA
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molecule. With its help, in one working cycle, it is possible to “read” sequences up to
1000 base pairs long with a high accuracy of 98% [31].

NGS–next generation sequencing. The main advantage of the method is high perfor-
mance and accuracy of the method. Modern sequencers have a capacity of more than 15
billion base pairs per run, maximum read length of more than 600 base pairs and ability to
analyze up to 96 samples per run. However, this method is very expensive and requires
highly qualified personnel. Therefore, its implementation into clinical practice remains
problematic. It is possible that in the future, with the reduction in the cost of analysis, NGS
would be implemented into routine clinical practice [32].

A significant advantage of molecular genetic methods in comparison to phenotypic
methods is their automation, lower labor input, and high accuracy of results.

Hulten K.G. with a group of scientists compared molecular genetic (NGS) and pheno-
typic methods for determining the sensitivity of H. pylori to amoxicillin, clarithromycin,
metronidazole, levofloxacin, tetracycline and rifabutin. The NGS analysis was aimed at
studying the already known antimicrobial resistance genes 23SrRNA, gyrA, 16SrRNA, pbp1,
rpoB, and rdxA. The study was carried out on tissue samples of the gastric mucosa fixed in
formalin. The results showed that compared to the phenotypic method, the NGS method
determined resistance to clarithromycin, levofloxacin, rifabutin and tetracycline with higher
accuracy. However, the results for amoxicillin and metronidazole were noted to be less
accurate. This fact might be attributed to the poorly understood molecular characteristics
of this antibiotic resistance type. There is a possibility that genetic changes in other genes
may also be associated with resistance to metronidazole and amoxicillin [33].

The results of recent study regarding the evaluation of H. pylori resistance to antibiotics
demonstrate a close correlation between the results of NGS analysis of stool samples and
gastric biopsy samples from the same patients, which indicates the suitability of feces as a
biological material for molecular genetic identification of H. pylori antibiotic resistance [34].
Comparative characteristics of H. pylori antibiotic resistance research methods are presented
in Table 2.

Table 2. Comparison of methods for determining the antibiotic resistance of H. pylori.

Method
Sensitivity/Specificity

(%)
The Degree of

Labor Intensity
Automation

Degree
Time Cost

Diffusion
method 96/99 High Low 18–48 h

Serial dilution
method High High Low 16–48 h

E-test 96/99 High Low 16–48 h

PCR method 96/99 Low High 4–5 h

Direct
sequencing 98/98 Medium High 8–9 h

NGS 98/98 High Medium up to 72 h

FISH High Medium High 14–20 h

Interesting findings have been reported in a review paper by Francesca Celiberto et al.
on a molecular genetic study of H. pylori antibiotic resistance in stool samples. The authors
analyzed scientific publications for the period from 1996. The results of these studies
showed high sensitivity, and majority of them–high specificity, of the molecular method
for determining H. pylori antibiotic resistance in stool samples compared to phenotypic
methods and RT-PCR of gastric biopsies. Interestingly, the method proved to be more
reliable in diagnosing the infection in comparison with commonly used non-invasive
diagnostic methods: 13C-urease breath test and fecal antigen determination [35].
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4. Regional Characteristics of H. pylori Resistance

H. pylori has regional resistance patterns. In Europe, resistance rates of H. pylori to
clarithromycin are 18–21.4%, levofloxacin −11.0–16.3%, to metronidazole −39.1–56%. At
the same time, in the countries of Central and Southern Europe these rates are significantly
higher in comparison to the countries of Northern Europe (Figure 2) [36].

Figure 2. Antibiotic resistance rates (in %) in Europe.

There has been an increase in H. pylori resistance to clarithromycin, levofloxacin, and
metronidazole in Europe (Figure 3).

Figure 3. Dynamics of H. pylori antibiotic resistance (%) in Europe. 1998: n = 1227 (22 centers,
17 countries); 2008: n = 1893 (32 centers, 18 countries); 2018: n = 1332 (24 centers, 18 countries).

In the USA, resistance to clarithromycin has been reported at the level of 10% [37]. In
China, primary H. pylori resistance to clarithromycin, metronidazole, and levofloxacin is
estimated at 28.9%, 63.8%, and 28%, respectively. Similar rates of H. pylori resistance are
observed in South Korea [38,39].

General rates of antibiotic resistance in Southwest China are shown in Figure 4 [40].

 
Figure 4. Antibiotic resistance rates (%) of H. pylori in Southwest China.
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A study was conducted to investigate the changes in antibiotic resistance over time
among children in southeastern China. H. pylori was cultured from gastric biopsies obtained
from children in the time period from 2015 to 2020. Sensitivity to clarithromycin (CLA),
amoxicillin (AML), metronidazole (MTZ), furazolidone (FZD), tetracycline (TET), and
levofloxacin (LEV) was evaluated. Previously reported data from 2012 to 2014 was used to
compare temporal trends in antibiotic resistance. A total of 1638 H. pylori strains (52.7%)
were isolated from biopsies of 3111 children. The resistance rates to CLA, MTZ, and LEV
were 32.8%, 81.7%, and 22.8%, respectively (Figure 5). Single resistance was found in
52.9% of strains, double resistance in 28.7%, and triple resistance in 9.0%. The overall
resistance rate and resistance rates to CLA, MTZ, LEV, CLA + LEV, and CLA + MTZ +
LEV increased linearly every year. All types of resistance, except single resistance, clearly
increased from 2015 to 2017 and from 2018 to 2020 compared with 2012–2014. Double
resistance to CLA + MTZ increased significantly with age. The resistance rate to CLA and
triple resistance to CLA, MTZ, and LEV were higher in children with previously treated
for H. pylori infection in comparison to the ones who did not receive any treatment. The
rates of antibiotic resistance of H. pylori were found to be at high levels in a large cohort of
children in southeastern China from 2015 to 2020 [41].

Figure 5. H. pylori antibiotic resistance rates (%) in children in Southeast China.

The number of H. pylori strains studied in Russia is limited and most studies were car-
ried out about 10 years ago. According to a recently published meta-analysis, in Russia, the
level of H. pylori resistance to clarithromycin is 10%, to levofloxacin—20%, metronidazole—
34%, amoxicillin—1.35% and tetracycline—0.98% (95% CI) (Figure 6) [42].

Data on the low resistance of H. pylori to clarithromycin contradicts the data obtained
from clinical practice, reflected in the European register of H. pylori infection management
(Hp-EuReg). According to Hp-EuReg the effectiveness of classical triple therapy in Russia
is only 80% with a prescription frequency of 56% [43]. Based on the data from the Eu-
ropean registry Hp-EuReg, resistance of H. pylori to clarithromycin in Russia is 24%, to
levofloxacin—27%, to metronidazole—29% [44].

During the revision of our article, a review paper on the evolution of H. pylori resistance
to antibiotics by Lyudmila Boyanova was published [45]. The study included review articles
on antibiotic resistance data from 14 countries, including Australia, Belgium, Bulgaria,
Chile, China, Colombia, France, Italy, Iran, Russia, Spain, Taiwan, Vietnam, and the United
States. The most commonly used susceptibility test in these studies was the E-test, the
agar dilution method, disk diffusion whereas molecular methods were less common.
Sensitivity criteria according to EUCAST and CLSI were used. The dynamics of resistance
to amoxicillin, metronidazole, tetracycline, levofloxacin were evaluated. It has been shown
that in some countries, such as Bulgaria, Belgium, Iran and Taiwan, there has been an
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increase in H. pylori resistance to three or more antibacterial drugs over time, in France and
Spain, on the contrary, resistance levels to most antibiotics have stabilized. The absence of
antibiotic resistance growth and even a decrease in resistance levels were usually associated
with a decrease in the consumption of that antibiotic in the country, adherence to the latest
recommendations for the treatment of H. pylori infections, and strict antibiotic policies in
countries such as France and the United States [46,47].

Figure 6. Antibiotic resistance rates (%) in Russia.

Table 3 presents a summary of studies regarding H. pylori genetic resistance in world
populations. Colombia and South America are characterized by relatively high rates of
H. pylori infection and stomach cancer. Antibiotic resistance was evaluated for 28 strains
of H. pylori isolated from gastric biopsy samples from residents of two Colombia regions:
with a high risk of gastric cancer (HGCR), and 31 strains from a region with a low risk
of gastric cancer (LGCR). Mutations leading to antibiotic resistance were investigated by
PCR for all isolates, and for 29 isolates whole genome sequencing was performed. None
of the strains were resistant to amoxicillin, clarithromycin, or rifampin. One strain was
resistant to tetracycline and had the A926G mutation in the 16S rRNA gene. Levofloxacin
resistance was observed in 12 of 59 isolates and was mainly associated with N87I/K and/or
D91G/Y mutations in gyrA. Most of the isolates were resistant to metronidazole, and this
resistance was significantly higher in the low-risk gastric cancer group (31/31) compared
to the high-risk gastric cancer group (24/28). Mutations in the rdxA and frxA genes were
present in almost all metronidazole-resistant strains [48].

Sequencing of the H. pylori 23S rRNA gene in the Iranian population showed that the
most common mutations leading to antibiotic resistance to clarithromycin are the A2143G
and A2142 mutations [49].

During the analysis of the rdxA and frxA gene in 12 metronidazole-resistant and
10 metronidazole-sensitive H. pylori strains in the Myanmar population, it was found
that all twelve resistant strains had mutations in the rdxA gene, three of them contained
mutations with a preliminary stop codon. The most common was the point substitution
V175I (8/12, 66.7%), followed by S91P (5/12, 41.7%) and R16H/C (4/12, 33.3%). Mutations
in the frxA gene were observed in 76.9% (10/13) of resistant strains, preliminary early stop
codon was observed in only one strain. In the frxA gene, the most frequent point mutation
was the L33M substitution (3/13, 23.1%) [50].

Several genetic determinants of pbp-1 have been reported to be associated with amoxi-
cillin resistance: S414R and N562Y [51]. Two mutations, S414R and V45I, were present in
67% of amoxicillin-resistant H. pylori strains [50,51].
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In a study by P. Subsomwong et al. in the Myanmar population, almost all levofloxacin-
resistant H. pylori isolates had an amino acid substitution at position 91 (Asp-91 to Asn
or Tyr). Interestingly, no mutation was identified at position 87, which is associated
with fluoroquinolone resistance and is found in levofloxacin-resistant H. pylori strains
in Myanmar’s neighboring Southeast Asian countries such as Indonesia, Malaysia, and
Cambodia. Both mutations are also found in Chinese and Turkish populations [50].

Table 3. Evaluation of genetic resistance of H. pylori in world populations.

Region
Number of

Samples
Specimen Methods Used Antibiotic Type Gen (Mutation) Source

Columbia, S.
America n = 59 biopsy PCR, WGS

Amoxicillin
Clarithromycin

Rifampicin
Tetracycline
Levofloxacin

Metronidazole

WT
WT
WT

16S rRNA (A926G)
gyrA (N87I/K, 91G/Y)

rdxA, frxA

[48]

Iran n = 82 biopsy PCR,
Sequencing Clarithromycin 23S rRNA (A2143G,

A2142G) [49]

Myanmar n = 150 biopsy NGS

Metronidazole
Amoxicillin
Levofloxacin

Clarithromycin

rdxA (V175I, S91P,
R16H/C), frxA (L33M)
pdp1-A (V45I, S414R,

V414R, D465K/D,
V471H, N564Y)
gyrA (D91N/G/Y,
D210N, K230Q,
A524V, A661T)

gyrB (A584V, N679H,
M676V, V614I)

23S rRNA (T248C)

[50]

South Korea n = 144 biopsy PCR,
Sequencing Amoxicillin

pdp1 (Val16Ile,
Val45Ile, Ser414Arg,

Asn562Tyr, Thr593Ala,
Gly595Ser, Ala599Thr)

[51]

USA n = 262 biopsy feces NGS

Amoxicillin
Clarithromycin
Metronidazole
Levofloxacin
Tetracycline

Rifabutin

pdp1
23S rRNA
rdxA, frxA

gyrA
16S rRNA

rpoB

[33,34,52]

Tunisia n = 124 biopsy PCR Clarithromycin 23S rRNA (2142G,
2143G) [53]

Sudan n = 288 biopsy PCR Clarithromycin
23S rRNA (A2142G,

A2143G, T2182C,
C2195T)

[54]

Vietnam n = 185
n = 308 biopsy Sequencing Clarithromycin

Amoxicillin

23S rRNA (A2142G,
A2143G and other
point mutations)

pbp1A (366, 414,473,
ins595–596)

[55]
[16]

Russia n = 15 cultures from
the biopsy Sequencing Clarithromycin

Levofloxacin

23S rRNA (2142G,
2143G)

gyrA (N87I/K, 91G/Y)
[56]
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Table 3. Cont.

Region
Number of

Samples
Specimen Methods Used Antibiotic Type Gen (Mutation) Source

Italy n = 95 feces - Clarithromycin
Levofloxacin

23S rRNA (A2142G,
A2143G)

gyrA (N87I/K, 91G/Y)
[57]

China n = 511 cultures from
the biopsy Sequencing Metronidazole

rdxA (R16H/C, Y47C,
A67V/T, A80T/S,

V204I)
[58]

Bangladesh n = 133 cultures from
the biopsy WGS

Metronidazole
Amoxicillin
Levofloxacin

Clarithromycin

ribF (D253E), frxA,
rdxA, mdaB, omp11,
pbp1a (N562Y), pbp2

pbp3, pbp4
gyrA (87, 91), gyrB

(A343V)
23S rRNA, infB

[59]

In a large-scale study conducted by Tal Domanovich-Asor et al., the whole genome
of H. pylori was sequenced (WGS) with the aim of studying the bacterium’s phylogeny
and genetic aspects of antibiotic resistance. A total of 1040 genomes of H. pylori isolates
were analyzed. The study focused on identifying point mutations in genes associated with
bacterial antibiotic resistance (pbp1A, 23S rRNA, gyrA, rdxA, frxA, and rpoB), as well as
conducting phylogenetic analysis. As a result, a significant geographic clustering of H. pylori
genomes was identified in different regions of the world. The resistance analysis showed
that the most common point mutations leading to antibiotic resistance were S589G (pbp1A,
48.8% of perfectly aligned sequences), A2143G (23S rRNA, 27.4% of perfectly aligned
sequences), N87 K\I\Y (gyrA, 14.7% of perfectly aligned sequences), R131K (rdxA, 65.7% of
perfectly aligned sequences), and C193S (frxA, 62.6% of perfectly aligned sequences). These
research results provide a greater understanding of the relationship between antibiotic
resistance and changes in the H. pylori genome. Further analyses that combine WGS and
phenotypic methods will provide a deeper understanding of the relationship between
mutations and resistance [60,61].

A group of scientists conducted a 6-year study on the antibiotic susceptibility of H.
pylori in Israel. The study included 540 H. pylori isolates obtained from gastric biopsy
specimens, that were collected from 2015 to 2020. Antibiotic resistance to amoxicillin,
clarithromycin, metronidazole, levofloxacin, rifampicin, and tetracycline, was evaluated
using the E-test method. Generalized linear models were used to estimate differences
in gross and adjusted mean MIC values and odds ratios (ORs) for each year compared
to the baseline year of 2015, for each antibiotic and for multi-resistance. The results
showed the highest resistance rates to clarithromycin and metronidazole: 46.3% and 16.3%,
respectively. Patients over 18 years old had higher levels of resistance to rifampicin and
multi-resistance (3.3% and 14.8%, respectively) compared to those under 18 years old (0.5%
and 8.4%, respectively). Resistance rates to levofloxacin, rifampicin, and multi-resistance
were significantly higher among Arab patients compared to Jewish patients. This study
highlights the importance of continuous monitoring of H. pylori antibiotic resistance for
increasing eradication rates of this bacterium. Therapy for H. pylori infection should be
revisited and updated based on data on antibiotic resistance [62].

A study on the antibiotic resistance of H. pylori was conducted in the Tibetan Au-
tonomous Region of China. The study included 397 patients, from whom 153 strains of H.
pylori were isolated. The overall resistance rates were as follows: clarithromycin (27.4%),
levofloxacin (31.3%), metronidazole (86.2%), amoxicillin (15.6%), tetracycline (0%), furazoli-
done (0.6%), and rifampicin (73.2%). 2.0% of the H. pylori isolates were susceptible to all
tested antibiotics, with monoresistance, dual resistance, triple resistance, quadruple resis-
tance, and quintuple resistance rates of 18.3%, 44.4%, 18.3%, 12.4%, and 4.6%, respectively.
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The resistance rates to levofloxacin (40.5%) and amoxicillin (21.5%) in strains obtained from
female patients were significantly higher than those in strains obtained from male patients
(21.6% and 9.5%, respectively).

The conducted study indicates a very high level of H. pylori antibiotic resistance in the
Tibetan region of China, which suggests a high risk of developing Helicobacter-associated
complications in these patients. The high resistance to rifampicin demonstrates the need
for further research of its derivative, rifabutin [63].

A group of scientists from Portugal conducted a meta-analysis of data on H. pylori
antibiotic resistance in this Country. The analysis included eight cross-sectional studies
evaluating the resistance of H. pylori to antibiotics. The overall frequency of resistance was
as follows: clarithromycin (CLA) 42% (95% CI: 30–54), metronidazole (MTZ) 25% (95%
CI: 15–38), ciprofloxacin (CIP) 9% (95% CI: 3–18), levofloxacin (LVX) 18% (95% CI: 2–42),
tetracycline (TTC) 0.2% (95% CI: 0–1), and amoxicillin (AMX) 0.1% (95% CI: 0–0.2) (Figure 7).
Multiple drug resistance was also evaluated and results for global resistance rates were as
follows: CLA plus MTZ 10% (20% in adults (95% CI: 15–26) compared to 6% in children (95%
CI: 4–9) and 2% for CLA plus CIP (primary resistance in the pediatric group). High rates
of secondary resistance were found for all antibiotics. In relation to antibiotic resistance,
the findings indicate that adults exhibited higher levels of resistance to all antibiotics, with
the exception of clarithromycin (CLA), which demonstrated high resistance levels in both
adults and children (42% 95% CI: 14–71 and 40% 95% CI: 33–47) [64].

Figure 7. Antibiotic resistance rates (%) of H. pylori in Portugal.

A study was conducted to investigate the resistance of H. pylori in a cohort of children
in Jordan (n = 166). The age of the children ranged from 10 to 14 years, with 82.7% of
them not having received anti-Helicobacter therapy. The authors noted that the detection
rate of H. pylori infection by rapid urease test, histological, phenotypic, and molecular
genetic methods was 93.9%, 89.6%, 61.7%, and 84.3%, respectively. The resistance rates
obtained by the phenotypic method were 25.9% for clarithromycin, 50% for metronidazole,
and 6.9% for levofloxacin. Interestingly, mutations in the clarithromycin resistance gene
were detected in 26.1% of the samples, while mutations in the levofloxacin resistance
gene were found in 5.3% of the samples. The authors have concluded that real-time PCR
is a valuable alternative method for the identification of H. pylori and determination of
antibiotic susceptibility [65].

5. Conclusions

Eradication therapy is considered as the basis for the elimination of H. pylori infection,
which leads to a cure for chronic gastritis and a decrease the risk of occurrence and recur-

15



Int. J. Mol. Sci. 2023, 24, 9433

rence of erosive and ulcerative lesions of the gastric and duodenal mucosa, prevention of
the development and progression of precancerous changes in the gastric mucosa (atrophic
gastritis, intestinal metaplasia) and primary prevention of gastric cancer. The main reason
for the decrease in the effectiveness of eradication therapy regimens is the formation and
increase in H. pylori resistance to antibiotics.

H. pylori antibiotic resistance is a consequence of the use of ineffective eradication
therapy regimens and the widespread use of macrolides and fluoroquinolones for var-
ious indications, which leads to the development of corresponding mutations in the H.
pylori genes. The latest Maastricht VI international consensus recommends individualized
prescription of eradication regimens, taking into account antibiotic resistance, as well as
empiric therapy, considering also account regional differences in resistance and therapeu-
tic efficacy. These recommendations make it actualize the introduction and increase in
the availability of methods for determining the resistance of H. pylori to antibiotics, both
phenotypic and molecular genetics.

Further investigation of the regional peculiarities of H. pylori resistance to antimicro-
bial agents is crucial, as there are geographical differences in the distribution of bacterial
resistance. Accumulation of data on regional features of H. pylori antibiotic resistance,
assessment of its genetic determinants in combination with the diagnosis of H. pylori resis-
tance before the administration anti-Helicobacter therapy will make it possible to contain the
growth of H. pylori antibiotic resistance and increase effectiveness anti-Helicobacter therapy.
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Abstract: Trillions of microbes in the human intestinal tract, including bacteria, viruses, fungi, and
protozoa, are collectively referred to as the gut microbiome. Recent technological developments have
led to a significant increase in our understanding of the human microbiome. It has been discovered
that the microbiome affects both health and the progression of diseases, including cancer and heart
disease. Several studies have indicated that the gut microbiota may serve as a potential target in
cancer therapy modulation, by enhancing the effectiveness of chemotherapy and/or immunotherapy.
Moreover, altered microbiome composition has been linked to the long-term effects of cancer therapy;
for example, the deleterious effects of chemotherapy on microbial diversity can, in turn, lead to acute
dysbiosis and serious gastrointestinal toxicity. Specifically, the relationship between the microbiome
and cardiac diseases in cancer patients following therapy is poorly understood. In this article, we
provide a summary of the role of the microbiome in cancer treatment, while also speculating on a
potential connection between treatment-related microbial changes and cardiotoxicity. Through a brief
review of the literature, we further explore which bacterial families or genera were differentially
affected in cancer treatment and cardiac disease. A deeper understanding of the link between the gut
microbiome and cardiotoxicity caused by cancer treatment may help lower the risk of this critical and
potentially fatal side effect.

Keywords: gut microbiome; dysbiosis; cancer treatment; cardiotoxicity

1. Introduction

Over the past several decades, tremendous efforts have been made to develop a range
of treatment options for cancer, including chemotherapy, radiotherapy, immunotherapy,
and surgery, all of which have significantly reduced the mortality and morbidity associated
with various forms of cancer [1]. Although the benefits of anticancer drugs and therapies
are undeniable, safety aspects cannot be overlooked; for example, some treatments have
been found to adversely affect the cardiovascular system [2,3]. Cardiotoxicity is a crucial
factor to consider for individuals receiving cancer therapy because, even though most
patients will recover from cancer, they will then have elevated long-term cardiac risks [4,5].
However, in-depth insights into the underlying molecular mechanisms and causal agents
are lacking. Interestingly, a pioneering study including 1526 tumors and their adjacent
normal tissues across seven cancer types (breast, lung, ovary, pancreas, melanoma, bone,
and brain tumors) reported a distinct microbiome composition specific to cancer types [6].
The authors also correlated bacteria identified in the tumor microenvironment (TME), or
their predicted functions, with tumor types and subtypes, smoking status, and response
to immunotherapy [6]. Similarly, one of the long-term effects of cancer treatment is a
shift in the composition of the gut microbiome, termed gut dysbiosis [7]. Importantly,
low-grade chronic inflammation is one of the hallmarks of cardiac diseases and cancers,
and is also caused by gut dysbiosis and an altered intestinal permeability barrier. Can the
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gut microbiome be the missing link? Well-directed and thorough research is required to
answer these questions.

The microbiome is defined as a collection of all microbial genomes found in a particular
environment. Rapid advances in tools and techniques in recent years have provided
new knowledge and insights into the interactions between microorganisms and their
hosts [8]. Humans and microbes have evolved together, and microbial communities play
a significant role in maintaining human health [9]. The number of gut microbiota, the
microbial commensal organisms of the gastrointestinal system, exceeds the number of
human cells and constitutes the largest surface area for microbial interactions with the
host’s immune system. In contrast, alterations in the microbial composition of the gut, or
gut dysbiosis, play important physiological roles, primarily promoting the accumulation
of proinflammatory substances [9]. Moreover, the gut microbiome plays an important
role in regulating the risk of several chronic diseases, including inflammatory bowel
disease, obesity, type 2 diabetes, cardiovascular disease, and cancer [9]. Of additional
interest, it has been demonstrated that the gut microbiota co-evolves with the host and
lies at the intersection of multiple antitumor and oncogenic metabolic, immune, and
inflammatory pathways in cancer [10]. Several studies have highlighted that the connection
among gut microbiota, genotoxins, and inflammatory responses to microbiota is associated
with carcinogenesis [11]. Along these lines, it has been shown that the gut microbiota
can vary the host response to chemotherapy through various mechanisms, including
immune interactions, xenometabolism, and alterations in community structure [12]. These
and similar findings put forth and support the gut microbiome–cancer axis, and a better
understanding of these complex interactions may lead to new and better cancer therapy
approaches [13,14].

In this review, we provide an overview of the potential relationship between gut
microbiota and cancer treatment-induced cardiovascular toxicity (Figure 1). We also briefly
discuss microbial signatures that are either unique or distinctly regulated in cancer therapy
and heart diseases. Although thorough and targeted research is lacking in this direction,
based on the available data on the microbiome in cancer therapy, we postulate a plausible
relationship between treatment-induced microbial changes and long-term effects via the
microbiota–gut–heart axis.

Figure 1. Among the most severe late side effects of cancer treatment in cancer survivors are
cardiovascular problems, including heart failure, myocardial ischemia, hypertension, thrombosis, and
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arrhythmias. Based on the current literature, we know that cancer therapy could result in gut
dysbiosis. On the other hand, it is also recently reported that gut dysbiosis could worsen the cardiac
function. However, we still do not know if and how gut dysbiosis play a role in cancer therapy
induced cardiotoxicity (as shown with a question mark in the pictorial representation). Large-scale
cancer survivor microbiome research may help identify patients at cardiovascular risk who may
benefit from a more specialized microbiota-mediated treatment. Additionally, a deeper understanding
of the link between the gut microbiome and cardiotoxicity brought on by cancer treatment may make
it possible to lower the likelihood of this major and fatal adverse effect. (This Schematic representation
was created using Biorender (https://biorender.com/)).

2. Cancer Treatment Efficacy and Toxicity Are Influenced by Gut Microbiota

Over the past century, tremendous progress has been made in cancer treatment, result-
ing in improved quality of life and survival for cancer patients. However, these advances
in cancer treatment are often accompanied by treatment-related complications, including
secondary systemic side effects. Recently, there has been increasing evidence that cancer
treatments can disrupt the host immune response, leading to gut dysbiosis, disturbed
immune system, and reduced effectiveness of the treatment [15,16]. Several studies have
shown that the absence of gut microbiota reduces therapeutic efficacy, suggesting that
commensal microbes modulate treatment-induced anticancer immune responses through
various mechanisms. Ground-breaking results from animal models demonstrated the
importance of commensals in regulating the effectiveness of radiation therapy, chemother-
apy, and immunotherapy drugs [17–19]. For example, the intestinal microbiota and the
myeloid cells that infiltrate tumors while a patient is receiving platinum-based therapy
have been linked together [17]. The current understanding of the relationships among
gut bacteria, host reactions, and anticancer medication was analyzed by Huang et al. in
2022 [20], with an emphasis on the immunomodulatory function of microbiota, which
supports the effectiveness of immune checkpoint inhibitors. Importantly, this work focuses
on the intricate and dynamic relationships between the microbiota and anticancer drugs, as
well as the possibility for microbiome-based therapies to potentially enhance the effective-
ness of cancer treatment. Huang and colleagues discovered that the gut microbiota affects
the pharmacokinetics and pharmacodynamics of anticancer drugs. Furthermore, their
work emphasizes the possibility of using microbiota-based therapies, such as probiotics
or fecal microbiota transplantation, to increase the efficacy and decrease the toxicity of
anticancer medications, as well as the response to immunotherapy. Additionally, anti-
cancer medication response and individualized cancer treatment may be predicted using
microbiota-based biomarkers. Nevertheless, additional systematic studies are required in
order to completely comprehend the complex connections between the microbiota and
anticancer therapies and determine the best methods for modifying the microbiota in order
to improve cancer treatment outcomes.

Studying the relationship between microbes and cancer will contribute to a better
understanding of the role of microbes in the mechanisms underlying tumorigenesis and
other types of cancer, and hopefully improve therapeutic efficacy [21]. Sivan et al. [22]
showed that the microbiome could be modulated to alter cancer immunotherapy. An
important finding of this study was that Bifidobacterium alone could enhance tumor control
to a level comparable to that of programmed cell death protein 1 ligand 1 (PD-L1) specific
antibody therapy (checkpoint blockage) [22]. Antibodies targeting cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) have been effective in cancer immunotherapy, and specific
Bacteroides species are required for the anticancer effects of CTLA-4 inhibition [23].

T-cell responses specific to B. thetaiotaomicron and B. fragilis have been linked to the
effectiveness of CTLA-4 inhibition in mice and humans [23]. Nevertheless, thorough
research is required in order to fully understand the mechanisms underlying the effects of
the gut microbiota on treatment toxicity.

The non-specificity of several chemotherapeutic agents causes damage to healthy, non-
cancerous cells [24]. Chemotherapy-related toxicities include cardiovascular and metabolic
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diseases, secondary cancer, avascular necrosis, cognitive impairment, cancer-related fatigue,
poor mental health-related quality of life, nephrotoxicity, hypogonadism, neurotoxicity, pul-
monary toxicity, anxiety, and depression. Cardiotoxicity caused by chemotherapy results in
severe heart dysfunction, with heart failure (HF) as the most serious outcome. Following
radiotherapy or chemotherapy, there is a considerable risk of developing cardiovascular
disease (CVD), particularly in individuals with breast cancer and hematological malig-
nancies [25]. Fibrosis, vascular damage, and shrinkage of damaged tissues or organs are
examples of chronic toxicities caused by radiotherapy [26]. Although there is a dearth of
information about whether and how the microbiota controls the response to radiotherapy,
investigations of drug–microbiome interactions have revealed that several chemothera-
peutic agents, such as gemcitabine, vidarabine, and etoposide phosphate, have impaired
therapeutic efficacy, reduced mouse survival, and increased cytotoxicity [27]. Similarly, ac-
cording to a previous study [28] pelvic radiation therapy altered the gut microbiota, with a
10% decrease in Firmicutes and a 3% increase in Fusobacterium. Through several mechanisms,
including modulation of immunological responses, the gut microbiota has been shown to
influence the efficacy and toxicity of several chemotherapies and immunotherapies [14].
Thus, targeting the microbiota is a potential strategy for increasing the effectiveness of
chemotherapy and decreasing its toxicity.

Taken together, these results suggest that the efficacy of cancer therapy and the degree
of gastrointestinal toxicity caused by cancer therapy are influenced by gut microbiota.
Studies have indicated that gut microbes play an important role in cancer therapy by
reversing anticancer effects and modulating the efficacy of drugs that mediate toxicity.
These gut microbes may provide new avenues to improve the efficacy, reduce the toxicity
of current chemotherapeutic agents, and improve susceptibility to immunotherapy.

2.1. Gut Microbiota and Immunotherapy

Immunotherapy with anti-PD-1/PD-L1 is more successful in tumors with inflamed
T cells than in tumors with insufficient T cells because the PD-1/PD-L1 axis is known to
play a crucial role in regulating immune system function. Recent research has indicated
that gut microbiota may influence the PD-1/PD-L1 axis and the development of innate
and adaptive immune systems [22,29]. According to a univariate study, gut microbiota
diversity, Faecalibacterium abundance, and Bacteroidetes diversity were the best indicators
of immunotherapy effectiveness. The effect of Faecalibacterium on the treatment response
was proven by the FMT of responders and non-responders to anti-PD-1 in mice. One study
also discovered that the biggest predictor of response to anti-PD-1 medication was the
ratio of advantageous to non-beneficial operational taxonomic units (OTUs) [30]. Patients
with a baseline majority of Faecalibacterium and other Firmicutes had longer Progression
Free Survival (PFS) than those with a baseline predominance of Bacteroidetes, according
to a study by Chaput et al. that analyzed the feces of 26 melanoma patients receiving
ipilimumab [31]. Zheng et al. demonstrated a connection between certain gut flora and the
effectiveness of immunotherapy in the treatment of liver cancer. The study discovered that
Akkermansia and Ruminococcus were more prevalent in the gut microbiota of responders in
hepatocellular carcinoma patients following PD-1 inhibitor therapy [32].

2.2. Gut Microbiota and Chemotherapy

Galloway-Pea et al. found a steady decline in the overall microbial diversity over
time in the microbiota of AML patients after chemotherapy [33]. They observed an in-
crease in Lactobacillus and a decrease in the anaerobic species Blautia [33]. Remarkably,
chemotherapy increased the incidence of intestinal domination, a condition in which more
than 30% of intestinal bacteria originate from a single taxon. The majority of the domi-
nant incidents were caused by opportunistic pathogenic bacteria, such as Staphylococcus,
Enterobacter, and Escherichia [33]. Deng et al. also compared the fecal microbiota composi-
tion of 33 healthy controls and 14 colorectal cancer (CRC) patients receiving tegafur and
oxaliplatin [34]. Only CRC patients had Veillonella dispar in their systems, as opposed to
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healthy controls. Prevotella copri and Bacteroides plebeius were also enriched in chemother-
apy patients compared with controls [34]. Another study (n = 43) of CRC patients with
stages II–IV reported increased ratios of Bacteroidetes to Firmicutes, Bacteroidetes, Bilophila
Comamonas, Collinsella, Butyricimonas, Eggerthella, and Anaerostipes, and decreased ratios of
Morganella, Pyramidobacter, Proteus, and Escherichia-Shigella following CTX [35]. Diversity
and composition of the gut microbiome were compared using feces from patients (n = 28)
before and after CTX [36]. At the genus level, Ruminococcus, Oscillospira, Blautia, Lachnospira,
Roseburia, Dorea, Coprococcus, Anaerostipes, Clostridium, Collin-sella, Adlercreutzia, and Bi-
fidobacterium are significantly less common [36]. To date, there is a paucity of literature
elucidating the specific mechanisms by which the gut microbiota may contribute to the
development of cardiovascular disease in patients who have undergone chemotherapy,
and it is an important limitation of this review. Although some studies have indicated
a potential link between changes in the gut microbiome and cardiovascular risk factors,
such as inflammation and insulin resistance [37], the exact pathways underlying these
changes remain poorly understood. Chemotherapy can cause negative effects on the heart,
commonly known as chemotherapy-induced cardiotoxicity, which may lead to various
clinical symptoms, such as reduced ejection fraction, cardiac arrhythmias, hypertension,
and ischemia/myocardial infarction [38]. These cardiotoxic effects can have a significant
negative impact on the quality of life and outcomes of cancer patients. Although several
categories of chemotherapy agents have been associated with an increased risk of car-
diotoxicity, the underlying mechanisms are not yet fully elucidated. Identifying patients
at high risk of cardiotoxicity before treatment and monitoring them closely during and
after therapy are critical measures in minimizing the effects of chemotherapy-induced
cardiotoxicity on patient outcomes. On the other hand, recent studies suggest that the gut
microbiota can indirectly influence the development of chemotherapy-induced cardiotoxic-
ity, through the production of metabolites and other signaling molecules [39]. For instance,
specific bacteria in the gut can produce compounds (such as butyrate) that interact with
the immune system and modify the expression of genes involved in cardiac function and
repair [40]. A growing body of evidence indicates that the gut microbiome plays a signifi-
cant role in protecting against chemotherapy-induced bloodstream infections. Montassier
et al. proposed a microbiota-based predictive risk index model that could potentially be
utilized to stratify patients at risk of complications before treatment [41]. This model is
based on the observation that microbiome diversity decreases before the commencement
of therapy. Moreover, the gut microbiota can influence the metabolism of chemotherapy
drugs, which could result in increased toxicity or altered efficacy. For example, Wallace
et al. showed that gastrointestinal biota can metabolize the chemotherapy drug irinotecan
into a toxic by-product, which, in turn, can cause severe diarrhea in some patients [42]. The
researchers identified a bacterial enzyme, beta-glucuronidase, responsible for this process,
and demonstrated that inhibiting the enzyme reduced the toxicity of irinotecan in mice [42].
These findings indicate that the microbiota can influence the metabolism of chemotherapy
drugs, which may result in increased toxicity or altered efficacy.

Trimethylamine N-oxide (TMAO) is a metabolite that is produced by certain gut
bacteria from dietary nutrients, such as choline and carnitine [43]. Chemotherapy-induced
changes in the gut microbiota can increase the production of TMAO, which has been
linked to an increased risk of atherosclerosis and cardiovascular disease. In addition,
TMAO can also be implicated in chemotherapy-induced cardiotoxicity by exacerbating the
negative effects of chemotherapy on the cardiovascular system. Research has shown that
the composition of gut microbiota can affect the production of TMAO, and that certain gut
bacteria are more efficient at producing TMAO than others [44]. Chemotherapy can cause
changes in the gut microbiota, leading to an increase in the abundance of bacteria that
produce TMAO. This increase in TMAO production can contribute to the development of
cardiovascular disease, and may also exacerbate chemotherapy-induced cardiotoxicity [45].
Thus, gut metabolites such as TMAO might serve as a link between gut microbiota-induced
cardiotoxicity and chemotherapy-induced cardiotoxicity. In addition, an imbalance in gut
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microbiota composition and function can lead to chronic inflammation, oxidative stress, and
other factors that can contribute to the development of cardiovascular disease, including
cardiotoxicity induced by chemotherapy [43,46]. While the exact mechanisms underlying
the relationship between gut microbiota and chemotherapy-induced cardiotoxicity are
not yet fully understood, these findings suggest that targeting the microbiome may be
a promising strategy for mitigating the cardiovascular side effects of cancer treatment.
However, more research is required in order to gain a better understanding of the complex
interactions among the gut microbiota, cancer therapies, and cardiovascular health.

2.3. Gut Microbiota and Radiotherapy

Radiotherapy results in dysregulation of the gut microbiota, which negatively affects
the diversity and richness of gut bacterial diversity, potentially causing an enrichment of
harmful microbiota (Proteobacteria and Fusobacteria) and a decrease in beneficial microbiota
(Faecalibacterium and Bifidobacterium) [47,48]. El Alam et al. discovered a significant alter-
ation in the gut microbiome composition during pelvic chemotherapy and radiotherapy
(CRT), with increases in Proteobacteria and decreases in Clostridiales, whereas after CRT, the
gut microbiome composition changed, with increases in Bacteroides species [49]. Intestinal
radiation injury is a disorder that can be influenced by radiotherapy, by altering bacteria
that produce short-chain fatty acids (SCFAs) [48]. Uncertainty persists regarding the effect
of SCFAs on the prevalence of various disorders.

2.4. Gut Microbiota and TME

The gut microbiota shapes the immune system in the early years of life, and alterations
in the gut microbiota later in life have a significant impact on numerous immune system
functions [50]. The relationship between the gut microbiota and the host immune system
increases the likelihood that the TME will interact with larger systemic microbial–immune
networks, which serves as a reminder that the gut microbiota is increasingly acting as
a crucial TME regulator [51–55]. The intestinal bacterium B. pseudolongum produces the
metabolite inosine, which, by acting on the adenosine A2A receptor on T cells, significantly
promotes Th1 cell differentiation in the presence of exogenous IFN-γ and improves the
therapeutic response to immune checkpoint inhibitor (ICI) therapy, including anti-CTLA-4
and anti-PD-L1 [56]. A study showed that some gut bacteria, including Bacteroides and Ru-
minococcaceae, can contribute to the development of hepatocellular carcinoma by escalating
hepatocyte inflammation, building up toxic substances, and causing liver steatosis [57].
According to the “holobiont” idea, it was recently proposed that the gut microbiome influ-
ences the “TME”, which in turn affects tumor growth [52,58]. Ohtani et al. reported that
the intestinal microbiota of obese individuals increases the amount of deoxycholic acid
in the blood, which in turn promotes liver carcinogenesis by causing hepatic stellate cells
to exhibit a senescence-associated secretory phenotype [59,60]. Altogether, these findings
strongly suggest the crucial role that gut dysbiosis plays in the influence on TME microbiota
and the efficacy of cancer therapeutic drugs/modes.

3. Cancer Treatment-Induced Cardiovascular Toxicity

The two major causes of death worldwide, accounting for approximately 50% of all
deaths, are cancer and cardiovascular disease [61]. Recent cancer treatment strategies
have improved patient survival rates. Nonetheless, many cancer therapies have undesired
deleterious side effects on the cardiovascular system [62,63]. For example, breast cancer
survivors have been shown to be at a significantly higher risk of death due to cardiovascular
disease, outweighing the mortality risk of the original cancer or its recurrence [64]. Through
an interdisciplinary approach involving cardiologists and oncologists, the cardio-oncology
field is working to develop optimal strategies for patients with cardiovascular disease or
risk factors from cancer diagnosis throughout the rest of their lives, even after treatment
ends. Heart failure, myocardial ischemia, and myocardial infarction are just a few of
the conditions that fall under the umbrella term “cardiotoxicity”, which also covers a
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wide range of other conditions. Increasing therapeutic effectiveness has increased cancer
patient survival; however, the long-term cardiovascular effects of these therapies have
gained clinical significance. With more than 3.5 million breast cancer survivors in the US,
both conventional chemotherapy (such as anthracyclines and radiotherapy) and targeted
medicines (such as HER2 inhibitors and CDK4/6 inhibitors) have significantly improved
patient care. Since then, cardiovascular disease has overtaken other conditions as the main
killer and morbidity factor in this group [65,66]. Owing to their well-known cardiovascular
side effects and comparatively high incidence of heart failure, anthracyclines have been
the most extensively researched medication for decades [67]. Hoffmann et al. [68] reported
that doxorubicin and trastuzumab treatment of nude mice in an orthotopic mouse model
of human breast cancer led to a cardiovascular defect. In order to effectively treat cancer,
new strategies are urgently needed to prevent potential cardiovascular diseases. Changes
may occur years after therapy is over, and may be abrupt or persistent [69].

4. Gut Microbiota and Cardiovascular Toxicity

Heart failure has long been associated with impaired intestinal barrier function, which
leads to gut dysbiosis and bacterial translocation [70–72]. Interestingly, the gut microbiome
is increasingly reported to influence cancer development and progression in different
ways [73]; for example, on one hand, several types of cancers result in altered gut micro-
biota, whereas the efficacy of cancer therapies, chemo- and immunotherapy, for example, is
found to be strongly influenced by microbiome composition [74,75]. The chemo–gut study,
a cross-sectional survey exploring physical, mental, and gastrointestinal health outcomes in
cancer survivors, has recently provided novel insights into the strong association between
chemotherapy and chronic, moderate-to-severe gastrointestinal symptoms lasting for years
after cancer treatment, which are associated with worse mental and physical health [76,77].
Thus, is the gut microbiome a common link between cancer therapy and cardiotoxicity? The
answer to this question is still not clear, due to the lack of concrete data on the relationship
among microbiota, vascular damage, and heart failure in cancer patients after therapy;
however, a few recent studies have suggested that the postulated link is not far-fetched.
For example, Huang et al. [78] and Liu et al. [79] have recently shown that an imbalance in
the gut microbiome composition and its functional alterations are likely to be among the
major etiological mechanisms underlying doxorubicin-induced cardiotoxicity. Importantly,
Huang et al. [78] showed that the gut dysbiosis due to doxorubicin contributes to the devel-
opment of cardiotoxicity, by altering doxorubicin metabolism and increasing inflammation.
Furthermore, they observed improved cardiac function and reduced doxorubicin-induced
cardiotoxicity upon microbial depletion with the use of antibiotics. Overall, these results
strongly suggests that the gut microbiota may potentially serve as new therapeutic target
for cardiotoxicity and cardiovascular diseases. Similarly, Zhao et al. [80] observed that
cisplatin, one of the chemotherapy drugs that is known to cause cardiotoxicity, led to a dra-
matic reduction in Firmicutes and elevated levels of pathogenic bacteria. On the other hand,
Lactobacillus supplementation in cisplatin-treated mice increased body weight, improved
cardiac function, and attenuated inflammation. The study thus showed that probiotics
may help avoid cardiotoxicity brought on by chemotherapy, but additional validation
studies are required in order to establish the best probiotic strain, dosage, and duration for
this usage.

Similarly, Lin et al. demonstrated that yellow wine polyphenolic compounds protect
against doxorubicin-induced cardiotoxicity by modulating the composition and metabolic
function of gut microbiota [81]. Thus, it will not be surprising if researchers in the near
future consider the gut microbiota as a new target for the treatment of cardiotoxicity
and cardiovascular diseases. Large-scale cancer survivor microbiome investigations may
help identify individuals at cardiovascular risk who could benefit from more specialized
microbiome-mediated treatment. Furthermore, a deeper understanding of the connection
between gut microbiota and cardiotoxicity caused by cancer therapies may pave the way
for lowering the risk of these grave and potentially deadly side effects.
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4.1. Gut Microbiota and Heart Failure

Heart failure (HF) is a serious health problem that negatively affects mortality and
morbidity worldwide [82]. The levels of several proinflammatory cytokines in plasma are
correlated with the severity and prognosis of the disease in patients with heart failure,
who are thought to experience a persistent systemic inflammatory response [83,84]. The
gut is a blood-demanding organ, and because of its restricted blood supply, the villi
(and microvilli) are vulnerable to functional ischemia. A drop in the pH of the intestinal
mucosa can result in intestinal ischemia in patients with HF [85]. A decline in intestinal
mucosal pH is an indicator of intestinal ischemia in patients with HF [86]. Gut microbiota
composition and metabolic parameters of patients with chronic heart failure (CHF) were
significantly different from those of the control group, according to a fecal metagenomic
study of 53 patients with chronic heart failure and 41 control participants [87]. Patients
with HF are almost invariably found to have impaired intestinal barriers [88]. Yersinia
enterocolitica, Candida, Campylobacter, Salmonella, Shigella, and other pathogenic bacteria are
more prevalent in patients with CHF than in healthy controls [89]. According to the NYHA
scale, these changes are strongly associated with HF severity [89].

4.2. Gut Microbiota and Atherosclerosis

Atherosclerosis is a chronic inflammatory condition characterized by a lipid core and
an outer fibrous cap that mostly affects the middle and major arteries. A substantial cause
of mortality, atherosclerosis is an immunoinflammatory condition that results in blockages
in the large and medium arteries and acute CVD [90]. The presence of bacteria in the
atherosclerotic plaques of patients with coronary artery disease was confirmed by fluores-
cence in situ hybridization and conserved polymerase chain reaction [91]. Macrogenomic
sequencing of the feces of the subjects was performed in a case-control study of 218 patients
with atherosclerotic cardiovascular disease (ACVD) and 187 healthy controls. This study
found increased copy numbers of bacterial genes encoding TMA lytic enzymes (enzymes
associated with TMAO production), increased TMAO production, and increased abun-
dance of the atherosclerotic cardiovascular disease (ACVD) gut microbiome comprising
Enterobacteriaceae and Streptococcus, among other significant metabolic alterations function-
ally associated with ASCVD [92]. New approaches for the identification and management
of atherosclerosis may emerge from the study of gut microbiota and its metabolites. Di-
etary factors and gut flora are strongly linked to the development of atherosclerosis, with
inflammation also playing a role. For instance, an increase in Bacteroides fragilis resulted in
a decrease in Lactobacilli and an increase in Desulfovibrionaceae, which caused dysfunctional
lipid or glucose metabolism and worsened the inflammatory response [93]. Peanut skin
extract reduced the serum total and low-density lipoprotein cholesterol content, and in-
creased the high-density lipoprotein cholesterol content in atherosclerotic mice, thereby
decreasing the development of atheromatous plaques [94].

Dysbiotic intestinal flora can worsen cardiovascular diseases. Through altered gut
microbiota composition, immune cell activation, and metabolic dysfunction, an imbalance
in the gut microbiota caused by poor diet, aging, and antibiotic usage might exacerbate
cardiovascular diseases. Disruption of the gut microbiota may, in turn, be further pro-
moted by cardiovascular disorders (Figure 2). A balanced gut microbiota may prevent the
progression of CVD.
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Figure 2. Crosstalk between cardiovascular disease and gut microbiota. Various microbes in the gut
are represented with different colors. (This Schematic representation was created using Biorender
(https://biorender.com/)).

5. Microbial Signatures Associated with Cancer Treatment and Cardiac Diseases

The most prevalent bacterial phyla in a healthy gut microbiome are Firmicutes and
Bacteroidetes, followed by Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia [95].
Prevotella spp. and Bacteroides spp. are the most prominent Bacteroidetes members, whereas
Bifidobacterium is the most significant Actinobacteria representative [96]. However, gut mi-
crobial composition is dramatically altered in several cardiovascular diseases and distinct
forms of cancer (Table 1). Interestingly, gut microbial alterations associated with the progres-
sion or pathogenicity of many of the cardiovascular diseases have similarly been reported
in many cancer therapies, suggesting a potential link between cancer therapy-induced car-
diotoxicity and gut dysbiosis. Thus, it is important to understand whether and what kind
of correlations exist among cancer therapies, gut dysbiosis, and cardiovascular diseases.

Table 1. Some of the gut bacteria associated with cardiac diseases and cancer treatment.

Cancer Treatment Cardiac Diseases

Bacteroides fragilis, Helicobacter pylori, Salmonella tyhimunum, Burkholderia cepacian,
Akkerman-sia muciniphila, Faecalibacterium prausnitzii and Bifidobacterium longum,
Brevundii monas and Staphylococci, Firmicutes and Actinobacteria, Lactobacillus, and

Escherichia coli, Clostridium difficile, Faecalisbacterium, and Burkholderia cepacian,
Aristipes shahi, Burkholderia cepacian, Akkermansia, and Alistipes

Bacteroidetes
Lactobacillales

Candida
Faecalibacterium prausnitzii
Roseburia intestinalis and

Faecalibacterium cf. prausnitzii

Types of bacteria in cancer treatment:
Some cancer chemotherapies, radiotherapy, and immunotherapies have been reported

to be affected by the gut microbiota, in terms of both their effectiveness and toxicity.
Chemotherapeutic treatments used to treat cancer cause gut dysbiosis, which is followed
by a decline in commensal microorganisms, such as Bifidobacterium and Lactobacillus, and
an increase in opportunistic pathogens, such as Clostridium difficile [96]. By controlling the
immune system, the intestinal microbiota can affect the therapeutic efficacy of medications
for tumors. In contrast to non-responders (NR), PD-1 responders (R) with lung cancer in
both Europe and the US had a higher relative abundance of Akkermansia muciniphila [97].
Studies also revealed a tendency toward a higher frequency of Corynebacterium aurimucosum
and Staphylococcus haemolyticus in NR patients and a higher frequency of Enterococcus hirae
in R patients [98]. According to some reports, Fluorouracil (5-FU) therapy results in
dysbiosis in mice. After 5-FU administration, the abundance of Bacteroides and Lactobacillus
species decreased, whereas that of Staphylococcus and Clostridium species increased [99].
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Compared to controls, fecal samples from 36 juvenile leukemia patients receiving high-dose
methotrexate chemotherapy and 36 healthy children showed a substantial decrease in
Bifidobacterium, Lactobacillus, and Escherichia coli [100]. The intestinal barrier is broken and
intestinal crypts undergo apoptosis as a result of radiotherapy [101]. In a small pilot study,
radiotherapy plus antibiotics reduced Firmicute abundance and increased Proteobacteria
abundance in three pediatric cancer patients with pelvic rhabdomyosarcoma [102].

Types of bacteria in cardiac diseases:
Recent studies have highlighted a possible contribution of the gut microbiome to

CVD. CVDs is linked to a higher Firmicutes/Bacteroidetes (F/B) proportion. The phylum
Bacteroidetes was found to be negatively associated with ischemic heart disease (IHD),
and the order Lactobacillales was positively associated with IHD in a small case-control
study (n = 128) [98]. Type 2 diabetes mellitus, a key CVD risk factor, has been sparsely
linked to Acidaminococcus, Aggregatibacter, Anaerostipes, Blautia, Desulfovibrio, Dorea, and
Faecalibacterium [103]. The reduced abundance of bacteria that produce short-chain fatty
acids (SCFAs), such as Roseburia, Faecalibacterium, and Eubacterium rectale, and an increased
abundance of host opportunistic pathogens, such as Escherichia coli, Clostridium ramosum,
Bacteroides caccae, and Eggerthella lenta have been linked to a higher risk of CVDs [104,105].
Researchers have found that, compared to healthy controls, patients with atherosclerosis
have reduced relative abundances of Roseburia and Eubacterium and greater relative abun-
dances of Collinsella [106]. Intestinal mucosal barrier degradation and dysbacteriosis caused
by lower cardiac output in HF are accompanied by elevated levels of pathogenic bacteria,
such as Candida, and decreased levels of anti-inflammatory bacteria, such as Faecalibacterium
prausnitzii. Additionally, elevated levels of some gut bacterial species, such as Escherichia
coli, Klebsiella pneumonia, and Streptococcus viridans have been linked to heart failure [107].

Altogether, gut bacteria, unique or common to cancer treatment and cardiac diseases,
offer a new avenue for research to learn more about clinical outcomes, potential treatments,
and diagnosis, as well as a better understanding of the role of microbes in the development
of cancer treatment-induced cardiotoxicity. Gut microbiota can be used as a biomarker to
predict the effects of cancer therapy. Populations at high risk may receive more specialized
treatment, depending on their microbiota compared to a generic one.

6. Gut Microbiota-Derived Metabolites in Cancer Treatment

Numerous metabolic illnesses, such as obesity, type 2 diabetes, nonalcoholic fatty
liver disease, and cardiovascular disease, are influenced by the gut microbiome and its
metabolites. The maintenance of host physiology depends on communication between mi-
crobes and their hosts, which is mediated by metabolites generated by the microbiota [108].
These metabolites have been found to affect both the toxicity and effectiveness of cancer
treatment, through modulation of immune processes and protective epithelial functions,
respectively (Figure 3). Metabolites such as SCFAs, secondary bile acids, polyamines,
lipids, and vitamins are produced by gut microbiota [109]. The colon produces SCFAs,
primarily acetate, butyrate, and propionate, from dietary fiber and polysaccharides. The
most common bacterial species that produce SCFAs include Faecalibacterium prausnitzii,
Clostridium leptum, Eubacterium rectale, and Roseburia species, as well as lactate-utilizing
species such as Anaerostipes and Eubacterium hallii, which synthesize SCFAs from lactate
and acetate [110]. The regulation of T cell homeostasis has been associated with SCFAs that
can control the differentiation of T cells into effector or regulatory (Treg) cells in response to
immunological conditions, such as the presence or absence of important cytokines [72] Gut
microbial metabolites, including bacteriocins, short-chain fatty acids, and phenylpropanoid-
derived metabolites, display direct and indirect anticancer activities via different molecular
mechanisms [111]. Recent studies have confirmed the differential expression of SCFA in
immunotherapy responders compared to non-responders. SCFAs are well known for their
anti-inflammatory and antioxidant effects on the host, which help stop the proliferation
of cancer cells. Bile acid profiles may change as a result of bacterial bile acid transforma-
tion, which may then affect systemic inflammatory and fibrotic processes [72]. In terms of
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cancer development and anticancer activity, the mechanisms of the action of gut microbial
metabolites are not fully understood.

Figure 3. Metabolites produced by the gut microbiota have a key role in controlling the activity of
intestinal cells, as well as local and systemic immunological and inflammatory responses. The most
effective method for dealing with gut microbiota-derived metabolites and their widespread impacts
in order to enhance cancer therapy outcomes will need to be determined. Different colors in circle
represent different gut microbes, whereas, different shapes in oval form represent individual metabo-
lite, e.g., star shape for metabolite A, triangle for metabolite B, etc. (This Schematic representation
was created using Biorender (https://biorender.com/)).

7. Conclusions

Patients with cancer endure a variety of immediate and long-term side effects through-
out the body, including gastrointestinal- and cardiotoxicity. Preclinical and clinical research,
in addition to reports on the link between microbiota and cancer, has revealed that this
subject may be a key mediator of how the body reacts to cancer treatment. Clinical trials
on a substantial cohort of cancer survivors are urgently needed and may open up novel
possibilities for microbiota-mediated therapies to stop or lessen the long-term side effects of
cancer therapy. Future therapies may employ techniques that can help achieve more precise
manipulation of microbiota composition, such as the relative proportion of a particular bac-
terial genus in the microbiota. In order to discover dysbiotic conditions linked to negative
or poor cancer treatment outcomes and to identify microbial targets that can be modified,
personalized biomarkers are urgently needed. Improving the physical well-being of cancer
survivors requires a thorough understanding of the microbiota–gut–heart axis and the
effects of the changed intestinal microbiome on immunological and metabolic pathways.
We can only maximize the regulation of the intestinal microbiota and enhance the potential
of cancer treatment by fully comprehending which intestinal bacteria and their metabolic
product(s) could be altered. Overall, our review aimed to shed light on the potential com-
plex interplay among the microbiome, cancer treatment, and cardiovascular health, and to
identify potential avenues for future research into this important area of study. However,
direct evidence supporting proposed postulations and hypotheses is still missing. This lack
of significant direct evidence suggests that further research is needed in order to explore
the potential effects of gut microbiota and its metabolites in cardiotoxicity, which may lead
to new therapeutic opportunities and the identification of predictive biomarkers.
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Abstract: In the current era of precision oncology, it is widely acknowledged that CRC is a heteroge-
neous disease entity. Tumor location (right- or left-sided colon cancer or rectal cancer) is a crucial
factor in determining disease progression as well as prognosis and influences disease management.
In the last decade, numerous works have reported that the microbiome is an important element
of CRC carcinogenesis, progression and therapy response. Owing to the heterogeneous nature of
microbiomes, the findings of these studies were inconsistent. The majority of the studies combined
colon cancer (CC) and rectal cancer (RC) samples as CRC for analysis. Furthermore, the small
intestine, as the major site for immune surveillance in the gut, is understudied compared to the colon.
Thus, the CRC heterogeneity puzzle is far from being solved, and more research is necessary for
prospective trials that separately investigate CC and RC. Our prospective study aimed to map the
colon cancer landscape using 16S rRNA amplicon sequencing in biopsy samples from the terminal
ileum, healthy colon tissue, healthy rectal tissue and tumor tissue as well as in preoperative and
postoperative stool samples of 41 patients. While fecal samples provide a good approximation of
the average gut microbiome composition, mucosal biopsies allow for detecting subtle variations in
local microbial communities. In particular, the small bowel microbiome has remained poorly charac-
terized, mainly because of sampling difficulties. Our analysis revealed the following: (i) right- and
left-sided colon cancers harbor distinct and diverse microbiomes, (ii) the tumor microbiome leads to a
more consistent cancer-defined microbiome between locations and reveals a tumor microbiome–ileal
microbiome association, (iii) the stool only partly reflects the microbiome landscape in patients with
CC, and (iv) mechanical bowel preparation and perioperative antibiotics together with surgery result
in major changes in the stool microbiome, characterized by a significant increase in the abundance
of potentially pathogenic bacteria, such as Enterococcus. Collectively, our results provide new and
valuable insights into the complex microbiome landscape in patients with colon cancer.

Keywords: microbiome; colon cancer; right-sided colon cancer; left-sided colon cancer; tumor
microbiome; gut microbiome
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1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer death worldwide and
the second leading cause of cancer mortality in Europe [1,2]. Although CRC incidence
and mortality rates have decreased over the past decades, global trends have shown that
the incidence among young adults aged 20–49 has increased [3]. While the prognosis
of patients with early-stage disease is excellent, 40% of patients across all disease stages
ultimately die from their disease within five years [4]. In the last decade, it became clear that
differences in oncological outcome can be partly explained by differences in tumor biology.
CRC is a highly heterogeneous group of tumors, and the pathogenesis of CRC is a complex
and multifactorial process involving the accumulation of various genetic and epigenetic
alterations [5]. Beyond these alterations, it is widely accepted that tumor location (right- and
left-sided colon cancer, rectal cancer) is a crucial factor involved in disease progression as
well as prognosis and influences disease management [6–8]. Right-sided colon cancer (RSCC)
occurs within the cecum, ascending colon, hepatic flexure and transverse colon, while left-
sided colon cancer (LSCC) arises in the splenic flexure, descending colon and sigmoid
colon. The right- and left-sided colon have distinct embryological origins, developing from
the mid- and hindgut [6]. Moreover, differences in clinical and molecular characteristics
have been observed. In particular, RSCC presents with microsatellite instability, BRAF
mutations, high immunogenicity and a worse prognosis [9,10]. To date, colon cancer (CC)
and rectal cancer (RC) are synonymously termed CRC. However, based on experimental,
translational and clinical research, there is more and more evidence to divide CC and RC
as self-standing tumor entities [11].

Epidemiologic studies have identified a number of environmental factors that affect the
risk of CRC carcinogenesis, including lifestyle, nutritional factors and the microbiome [12,13].
Microbes have been linked to cancer in 10–20% of cases [14–16]. Novel data have demon-
strated that locations previously considered sterile, such as the liver, pancreas and even tumor
tissue, harbor their own site-specific microbiome [17–19]. The human intestinal microbiome
primarily comprises Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [16]. After
rapid changes in the first years of life, the gut microbiome remains relatively stable for
decades and displays gradual changes with advancing age. High diversity might be a
key feature of a healthy microbiome [20–24]. Dysbiosis refers to an abnormality in the
composition and/or function of the host’s symbiotic microbial ecosystem that exceeds its
constitutive capacity and, as a result, has adverse effects on the host [25]. The microbiome
can impact cancer initiation, progression and response to therapy [26–28]. In 2022, the mi-
crobiome is mentioned as a distinctive enabling characteristic for the acquisition of hallmarks
of cancer capabilities [16,29]. The hallmarks of cancer, first published in 2000 by Hanahan and
Weinberg and updated in 2011, are defined as a core set of functional capabilities acquired by
human cells through their way to form malignant tumors [29,30]. Nevertheless, uncertainty
remains regarding the direct and indirect effects of the microbiome in cancer [31–33]. Se-
quencing and association studies have demonstrated changes in microbial composition and
ecology in patients with CRC, specifically, a decrease in commensal bacterial species (e.g.,
butyrate-producing bacteria) and the enrichment of opportunistic pathogens (e.g., proinflam-
matory). Moreover, there is strong evidence that the gut microbiome influences the efficacy
of immune checkpoint inhibitors (ICIs) in CRC and other types of cancers [34–39]. However,
recent studies have revealed that the ileal microbiota also determines the prognostic and
predictive features and therapeutic responses of CC [40,41].

Altogether, most microbiome studies in CRC have focused on the analysis of fecal
rather than tumor or mucosal samples. Furthermore, most studies have considered colon
and rectal cancers as one disease entity, CRC. As mentioned before, obvious differences
exist in tumor biology, molecular carcinogenesis, treatment and response to therapy. In
surgical oncology, for decades researchers have been becoming aware that CC and RC are
different diseases, based on multimodal treatments, surgical techniques, complication rates
and relapse patterns. To overcome the heterogeneous nature of the microbiome, research
should concentrate on separately describing results for CC and RC.
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To address these aspects, we focused our attention on mapping associations between
the microbiota and clinicopathologic features of tumor tissue and healthy tissue of the
ileum, colon or rectum as well as fecal samples collected before and after surgery from
patients with primarily untreated CC. The results provide a deeper understanding of the
complex microbiome landscape in patients with colon cancer.

2. Results

2.1. Patient Characteristics

The study cohort consisted of 41 newly diagnosed, treatment-naive CC patients sched-
uled for elective surgery and included 23 male (56.1%) and 18 female (43.9%) patients, of
whom 24 patients were with RSCC and 17 patients were with LSCC (only CC, no rectal
cancer patients), aged from 39 to 90 years. The baseline clinical and pathological character-
istics are shown in Table 1; no significant differences were observed between patients with
RSCC and LSCC.

Table 1. Clinicopathological characteristics of the study participants.

Patient Characteristics
Right-Sided Colon
Cancer n (%)

Left-Sided Colon
Cancer n (%)

p Value

Age

� overall, years
� mean, years
� group 1: ≤60 years
� group 2: 61–79 years
� group 3: ≥80 years

40–90
70.9
3 (12.5)
16 (66.7)
5 (20.8)

39–88
67.4
5 (29.4)
10 (58.8)
2 (11.8) 0.36

Sex

� Male
� Female

12 (50)
12 (50)

11 (64.7)
6 (35.3) 0.35

BMI

� <18.5 Underweight
� 18.5–24.9 Normal weight
� 25.0–29.9 Preobesity
� 30.0–34.9 Obesity class 1
� 35.0–39.9 Obesity class 2
� ≥40 Obesity class 3

0
11 (45.8)
9 (57.5)
3 (12.5)
1 (4.2)
0

0
4 (23.5)
8 (47.1)
4 (23.5)
1 (5.9)
0 0.50

Dietary patterns

� omnivorous
� vegan/vegetarian

23 (95.8)
1 (4.2)

16 (94.1)
1 (5.9) 0.80

Smoking

� yes
� no

2 (8.3)
22 (91.6)

3 (17.6)
14 (82.4) 0.37

Medication

� no
� yes (1–3)
� yes (3–5)
� yes (>5)

3 (12.5)
12 (50)
4 (16.7)
5 (20.8)

4 (23.5)
6 (35.3)
4 (23.5)
3 (17.6) 0.68
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Table 1. Cont.

Patient Characteristics
Right-Sided Colon
Cancer n (%)

Left-Sided Colon
Cancer n (%)

p Value

T-stage

� 1
� 2
� 3
� 4

3 (12.5)
6 (25)
11 (45.8)
4 (16.7)

2 (11.8)
0
14 (82.4)
1 (5.9)

0.06

N-stage

� 0
� 1
� 2

19 (79.2)
4 (16.7)
1 (4.2)

13 (76.5)
4 (23.5)
0 0.62

Differentiation (G)

� 1 (well differentiated)
� 2 (moderately differentiated)
� 3 (poorly differentiated)

0
11 (45.8)
13 (54.2)

0
9 (52.9)
8 (47.1)

0.65

R-status

� local R0 24 17 n/a

M-status

� 0
� 1

21 (87.5)
3 (12.5)

15 (88.2)
2 (11.8) 0.94

MSS status

� MSS
� MSI

16 (66.7)
8 (33.3)

15 (88.2)
2 (11.8) 0.11

2.2. Microbiome Profile of the Study Cohort
2.2.1. The Microbiome Landscape across the Locations

First, we analyzed all sample types (ileal tissue, healthy colon tissue, healthy rectal
tissue, tumor tissue, preoperative stool and postoperative stool). The most abundant phyla
in all samples were Firmicutes and Bacteroidetes, followed by Actinobacteria, Proteobacteria,
Verrucomicrobia and Fusobacteria, to different degrees (Figure 1a). The microbiota profile
at the genus level in all samples is shown in Figure 1b. The profile of the microbiota in
the different analyzed samples differed from those found in the quality controls (mock
community, water).

To estimate the richness and diversity of the different habitats, the alpha diversity
indices were analyzed. We compared the Observed, Chao, ACE, Shannon, Simpson and
Fisher indices of the different sample types at the genus level. The overall structure of
the microbiota in the microhabitats was significantly different based on all indices: the
Observed index (p value: 0.000002; (ANOVA) F value: 7.4813) (Figure 2a), the Chao1 index
(p value: 0.00001; (ANOVA) F value: 6.4832), the ACE index (p value: 0.00004; (ANOVA)
F value: 5.9738), the Shannon index (p value: 0.000000006; (ANOVA) F value: 10.664),
the Simpson index (p value: 0.00000004; (ANOVA) F value: 9.6125) and the Fisher index
(p value: 0.000002; (ANOVA) F value: 7.5182). The diversity was lowest in postopera-
tive stool samples, which could be explained by the bowel preparation (mechanical and
antibiotics) and surgical stress.
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(a) 

(b) 

 

Figure 1. Taxonomic analysis of the microbiome in the different habitats of CC patients: represented
at the phylum level (a) and genus level (b).
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(a) 

 
(b) 

Figure 2. Microbiome diversity comparison between the locations of CC patients: alpha diversity box
plot (Observed, p value < 0.001) (a) and principal coordinate analysis (PCoA) using Jensen–Shannon
metric distances of beta diversity (b) at the genus level, p value < 0.001.
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Moreover, a beta diversity analysis was performed. At the genus level, the analysis re-
vealed that the overall structure of the microbiota in the analyzed habitats was significantly
different (PCoA Jensen–Shannon (PERMANOVA) F value: 9.5743, R-squared: 0.22074,
p value < 0.001; Figure 2b).

A linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe)
was applied to identify key taxa that were differentially abundant between the analyzed
samples. A total of 46 key taxa were identified at the genus level (Figure 3, LDA score > 3,
p value < 0.05, FDR-adjusted p value < 0.1; Supplementary Figure S1).

Figure 3. Microbiome communities are significantly different between the locations: LEfSe analysis
computed from genera differentially abundant in the analyzed microhabitats, p value < 0.05.

2.2.2. The Microbiome Communities Are Significantly Different between Tumor and
Stool Samples

The early detection of CC is of great prognostic importance, and stool samples are
a potential source of microbial biomarkers. We compared tumor tissue and preoperative
stool samples and analyzed differences in the microbiota composition. The beta diversity
comparisons showed significantly different bacterial community clusters between the
tumor and stool samples (PCoA Jensen–Shannon divergence (PERMANOVA) F value:
18.721, R-squared: 0.19558, p value < 0.001, Figure 4a). The LEfSe analysis identified
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35 genera whose abundances significantly differed between the tumor and stool samples
(LDA score > 3, p value < 0.05, FDR-adjusted p value < 0.05; Figure 4b). No significant
differences in the alpha diversity were observed between the tumor and stool samples
(Figure 5a). The random forest classification machine learning algorithm was used to
confirm the data. Using 120 trees, the algorithm achieved the best prediction with a
classification error of 0.0253 (Supplementary Figure S1). The top five ranked genera to
discriminate between stools and tumors were Flavonifractor, Oscillibacter, Odoribacter,
Roseburia and Eggerthella (Supplementary Figure S2).

To determine whether the composition of the microbiome differs according to clinical
factors, additional analyses were performed based on location (RSCC, LSCC) and pathologic
parameters (T stage, differentiation, nodal stage, MSS status). The alpha diversity of the
whole microbiome of the stool and tumor tissue was significantly different between the
RSCC and LSCC groups (Observed index p value: 0.014561; (t test) statistics: 2.4996;
Chao1 index p value: 0.017411; (t test) statistics: 2.4305). The MSS and MSI tumor groups
were slightly but not significantly different (Chao1 index p value: 0.0508; (t test) statistics:
−2.0505) (Figure 5b,c).

The tumor tissue of grade 3 tumors was significantly enriched in Fusobacterium and
Parvimonas, while Fusicatenibacter, Blautia, Intestimonas and Romboutsia were significantly
increased in grade 2 tumors (p value < 0.01, FDR-adjusted p value < 0.1). There was
no significant difference among the T or N stages; we think that this was due to the
stage-specific distribution: early T1/2 stages (n = 11) compared to T3/4 (n = 29) and
more N-negative (n = 32) than N-positive patients (n = 9). In tumor tissue, no significant
differences according to MSS status were observed.

In contrast, the preoperative stool of grade 2 patients was associated with Dialister and
Intestimonas, while grade 3 tumors were significantly enriched in E. shigella (p value < 0.01,
FDR-adjusted p value < 0.1). Furthermore, the stool of MSI patients was significantly
enriched with Clostridium_XIVb (p value < 0.01, FDR-adjusted p value < 0.1). Taken together,
these findings suggest that the stool microbiome (preoperative) only partly reflects the
tumor microbiome.

(a) 

Figure 4. Cont.
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(b) 

Figure 4. Stool microbiome only partly reflects the microbiome landscape in CC patients: PCoA using
Jensen–Shannon divergence of beta diversity between tumor and preoperative stool, p value < 0.001
(a), LEfSe detected marked differences in the predominance of bacterial communities between tumor
and preoperative stool, p value < 0.05 (b).
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(a) (b) (c) 

 
 

Figure 5. Microbiome composition according to tumor sidedness and MSS status: (a) diversity
analysis using the Chao1 alpha diversity index between tumor and preoperative stool; (b) overall
microbiome of the tumor and preoperative stool according to sidedness RSCC and LSCC; and
(c) overall microbiome of the tumor and preoperative stool according to MSS status (* p < 0.05, n.s,
not significant).

The core microbiome, based on sample prevalence (>50%) and relative abundance
(0.01%), is displayed in Figure 6. The core analysis revealed six genera as the core taxa
across all samples. Among them, Parabacteroides was prevalent in more than half of the
samples from the RSCC patients, while Bifidobacterium and Roseburia were prevalent in
more than half of the LSCC patients. Taken together, these findings indicate that RSCC
and LSCC harbored a diverse core microbiome, with Bacteroides as the predominant genus
(Figure 6) in both.

(a) (b) 

 
 

Figure 6. Heatmap of the core microbiome: the overall core microbiome of stool and tumor between
RSCC (a) and LSCC patients clustered differentially (b).

2.2.3. The Tumor Microbiome Profile: Significant Differences between RSCC and LSCC

For a deeper understanding of the intratumoral microbiome, we further analyzed
the tumor tissue and sidedness (Figure 7). We first assessed the general tumor landscape.
The top taxa in RSCC patients (Figure 7b) at the genus level were Bacteroides (15%), Ru-
minococcus2 (10%), Blautia (8%), Peptostreptococcus (7%) and Veillonella (5%), and the top
taxa in LSCC patients (Figure 7c) were Blautia (15%), Bacteroides (11%), Streptococcus (7%),
Parvimonas (7%) and Fusobacterium (6%). The MSI patients (Figure 7d) harbored Bacteroides
(18%), Clostridium_XIVa (11%), Corprococcus (9%) and Blautia (8%), while in the MSS pa-
tients (Figure 7e), the top taxa were Bacteroides (12%), Blautia (12%), Ruminococcus2 (6%)
and Peptostreptococcus (6%).
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(a) 

 
(b) (c) 

  
(d) (e) 

  

Figure 7. Taxonomic analysis of the tumor microbiome composition: Pie chart showing the abundance
profile of the tumor samples (a), RSCC subgroup (b), LSCC subgroup (c), MSI subgroup (d) and MSS
subgroup (e) at the genus level.

A comparison of alpha diversity revealed significant differences between RSCC and
LSCC at the genus level. Based on the Chao1 (p value: 0.018981; (t test) statistics: 2.4735;
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Figure 8) and Observed (p value < 0.05) indices, the alpha diversity was significantly higher
in LSCC than in RSCC (Figure 8a). There were no significant differences in alpha diversity
based on sex, age, T stage, N stage or differentiation, while for the MSS status, these indices
were significantly different (Chao1 index p value: 0.014618; (t test) statistics: −2.8349,
Figure 8b).

(a) (b) 

 
Figure 8. Tumor microbiome diversity comparison: the alpha diversity analysis revealed significant
differences between RSCC and LSCC (a) and between MSS and MSI patients (b) at the genus level
(* p < 0.05).

The differential abundance analysis, which shows the highest power to compare
groups, especially for less than 20 samples per group, revealed a significant increase in
the abundance of Haemophilus and Veilonella in the tumor tissue of RSCC patients, while
increased Bifidobacterium, Akkermansia, Roseburia and Ruminococcus were associated with
LSCC (genus level, p value < 0.001, FDR-adjusted p value < 0.05). The FDR-adjusted LEfSe
analysis revealed two significantly different genera, Bifidobacterium and Romboutsia, in
LSCC patients (genus level, p value < 0.05, LDA > 3.0, FDR-adjusted p value < 0.05). The
original LEfSe analysis revealed 10 significantly different genera: Bifidobacterium, Rombout-
sia, Clostridium_III, Ruminococcus, Anaerostipes, Akkermansia, Clostridium_sensu_stricto and
Asaccharobacter in LSC patients and Haemophilus and Veillonella in RSCC patients (genus
level, p value < 0.05, LDA > 3.0). In regard to MSS status, the original LEfSe analysis
revealed seven significantly different genera: Asaccharobacter, Actinomyces, Eubacterium,
Pseudoflavonifractor, Fusicatenibacter and Anaerostipes in tumor specimens from the MSS pa-
tients and Clostridium_III in tumor tissue from the MSI patients (genus level, p value < 0.05,
LDA > 3.0). The FDR-adjusted LEfSe revealed no significant differences. The abundances
of Fusobacterium, Peptostreptococcus and Desulfotomaculum were significantly different in
grade 3 tumor specimens (original LEfSe, genus level, p value < 0.05, LDA > 3.0), but no
significant differences were identified based on the FDR-adjusted p value (<0.05).

2.2.4. The Microbiome of the Terminal Ileum: Tumor-Associated Alterations

We next assessed the general ileum landscape (Figure 9). The most abundant phylum
was Firmicutes, followed by Bacteroidetes and Proteobacteria. The top 5 taxa at the family
level were Lachnospiraceae (32%), Streptococcaceae (18%), Bacteroidaceae (8%), Enterobacteriaceae
(8%) and Verrucomicrobiaceae (6%) (Figure 9a). The terminal ileum core microbiota, defined
as genera with a threshold over 50%, are displayed in Figure 10. The typical ileal microbiota
is dominated by the facultative anaerobic genus Streptococcus and the strict anaerobic genera
Bacteroides, Lachnospiraceae_incertae_sedis and Clostridium cluster XIV.
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(a) 

 
(b) 

 
(c) 

 
Figure 9. Cont.
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(d) 

 
(e) 

 

Figure 9. The ileal microbiome profile, taxonomic analysis: (a) Pie chart of the microbiome abundance
profile of the terminal ileum. The inner circle represents the family level, and the outer circle
represents the genus level. Microbiome profiles classified according to tumor location and MSS status:
RSCC (b), LSCC (c), MSS (d) and MSI (e).

From five LSCC patients, we also had specimens of the terminal ileum. In these
patients, the top taxa at the genus level were Streptococcus (37% versus 10% in patients
with RSC) and Enterobacter (19% versus 2% in patients with RSC). Due to the small sample
size, no significant differences were observed in regard to sidedness. The core microbiome
analysis further revealed that the ileal microbiome of the RSCC and LSCC patients as
well as of the MSS and MSI patients harbored a diverse core microbiome (Figure 10c,d).
The differential abundance analysis with the highest power to compare groups, especially
for less than 20 samples per group, revealed five significantly different features for MSS
status: Enterobacter, Actinomyces and Streptococcus for the MSS patients and Eisenbergiella
and Parasutterella for the MSI patients. The original LEfSe analysis revealed three sig-
nificantly different features, Actinomyces, Abiotrophia and Atopobium, in the MSS patients
(p value < 0.05, LDA > 3.0), but the FDR-adjusted p values revealed no differences.

Between the ileal samples and preoperative stool samples, the alpha (Observed index
p value < 0.01, [t test] statistics: −2.61) and beta diversity (PCoA Jensen–Shannon (PER-
MANOVA) F value: 18.525, R-squared: 0.23592, p value < 0.001) clustered significantly
differently (Supplementary Figure S3). The LEfSe analysis revealed 23 genera with a sig-
nificantly different abundance (p value < 0.05, LDA > 3.0, FDR-adjusted p value < 0.05,
Supplementary Figure S4).

Next, we compared ileal samples and tumor tissue and interestingly did not reveal
a significant difference in the alpha and beta diversity (Figure 11b). The original LEfSe
analysis revealed only one significantly different abundant genus, Atopobium (p value < 0.05,
LDA > 3.0), in specimens of the terminal ileum, and the FRD-adjusted analysis (<0.05)
revealed no significant differences.
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(a) (b) 

  
(c) (d) 

 

 

Figure 10. Heatmap of the core microbiome of the terminal ileum (defined as genera present in
>50% of samples), based on tumor location: RSCC (a) and LSCC (b), and on MSS status: MSI (c) and
MSS (d).

(a) (b) 

 
 

Figure 11. The tumor microbiome–ileal microbiome association: PCoA using Jensen–Shannon
divergence of beta diversity between ileal and healthy colon tissue was significantly different,
p value < 0.05 (a), while no significant differences were observed between ileal samples and tu-
mor samples (b).

Additionally, between the ileal samples and healthy colon tissue samples, no signifi-
cant differences in alpha diversity were observed, while the beta diversity was significantly
different (PCoA Jensen–Shannon (PERMANOVA) F value: 3.8652, R-squared: 0.063505,
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p value < 0.03; [PERMDISP] F value 4.7804, p value < 0.03; Figure 11a). The LEfSe analysis
revealed three genera with significantly different abundances in specimens of the terminal
ileum: Streptococcus, Gemella and Granulicatella (p value < 0.05, LDA > 3.0).

2.2.5. The Stool Microbiome Structure: Sequential Analysis before and after Surgery
Revealed Major Changes

Due to bowel preparation, perioperative antibiotic prophylaxis and surgery, the stool
microbiome underwent major changes before and after surgery. The ratio between Fir-
micutes and Bacteroidetes (regarded as dysbiosis) was decreased: the preoperative stool
samples harbored 41% Firmicutes and 51% Bacteroides, while the postoperative samples
consisted of 29% Firmicutes and 60% Bacteroides (Figure 12a). The microbiome composi-
tion differed strikingly at the genus level between the timepoints (beta diversity analysis
(PERMANOVA) F value: 14.506; R-squared: 0.18019; p value < 0.001) (Figure 12c). Bacterial
richness and evenness were significantly lower in the postoperative stool samples, and the
postoperative stool samples were characterized by a significant increase in the abundance
of Enterococcus (p value < 2.20 × 109), LDA –5.84), a lactic-acid-producing bacterial genus
that includes potentially pathogenic strains.

(a) 

 
(b) (c) 

 

%

Figure 12. The stool microbiome preoperative and postoperative showed major differences: (a)
Phylum level abundance profile of preoperative and postoperative samples. Comparison of pre- and
postoperative stool revealed significant differences at the genus level: (b) alpha diversity and (c) beta
diversity, (p < 0.001).
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3. Discussion

To date, CC and RC are regarded as a single disease entity, termed CRC. Biologically,
CRC is a heterogeneous group of tumors, characterized by high interpatient and intratumor
heterogeneity with variable clinical features and outcomes. Tumor sidedness (CC versus
RC) is one aspect of heterogeneity, and it correlates with distinct biological and molecular
characteristics, as well as with different disease management strategies. In surgical clinical
oncology, for decades researchers have been becoming aware of the fact that CC and
RC are different diseases, based on their surgical procedures and challenges, as well as
complication rates and local recurrence patterns.

We believe that understanding CRC heterogeneity and regarding CC and RC as two
different tumor entities is fundamental to overcoming the inconsistent study results and
the heterogeneous nature of microbiomes. Thus, our prospective, observational study
aimed to characterize the microbiome landscape of different body sites in patients with
treatment-naive CC. Moreover, we correlated the microbiome with sidedness (RSCC versus
LSCC) and other clinicopathologic features of tumor progression (such as stage, lymph
node involvement and tumor grade). Right or extended right hemicolectomy with complete
mesocolic excision involves the resection of the tumor along with nonmalignant tissues,
including the terminal ileum. These procedures provide surgical access to the ileal lumen.
Studies investigating the bacterial composition of CC via a comparison of matched samples
from multiple locations in the body, such as feces, tumor tissue and normal-healthy mucosa
tissue, are rare and have reported inconsistent results. As mentioned before, one reason
might be that the majority of these studies combined CC and RC samples as CRC for their
analyses. Furthermore, analyzing the gut microbiome using stools does not capture all
the microbes in the gut, in particular mucosally adherent microbes and microbes in the
small intestine (ileal microbiota). Most of our knowledge has been derived from studies
of ileal biopsies during colonoscopies or naso-ileal catheters. However, data must be
interpreted cautiously because accessing the ileal microbiome via retrograde examinations
is prone to contamination [34,35,40,42–45]. The ileal microbiota is oral-like and more
variable than its colonic counterpart, and across several studies, the ileal core microbiome
is constituted by Firmicutes, Proteobacteria and Actinobacteria. Villmones et al. reported the
ileal microbiome of 27 patients based on samples collected during radical cystectomies with
urinary diversion. They demonstrated that the distal part of the ileum harbors a distinct
niche that differs from the colonic flora. The REIMAGINE study revealed that the stool
microbiome was a good proxy for that of the large intestine but differed substantially from
that of the small intestine [19]. The Zitvogel and Roberti group recently reported that the
ileal immune tonus was affected by colonic carcinogenesis in RSCC, indicated by the fact
that the growth of heterotopic or orthotopic CCs induced this upregulation of ileal immune
gene products [34,35]. They also demonstrated that the ileal microbiome governed the
efficacy of chemotherapy and PD-1 blockade in CC independent of microsatellite instability.
Our study further reveals that the presence of a colonic tumor leads to a more consistent
cancer-defined microbiome and shapes the normal spatial heterogeneity existing along
the intestinal tract. No significant differences in alpha or beta diversity were identified
between the ileal samples and tumor samples. In our cohort, due to operational reasons, in
several cases of LSCC, an extended operation was needed, and from those patients, we also
collected terminal ileum specimens. Interestingly, also in this subgroup, we did not observe
a significant difference in beta diversity between the tumor and ileum. Bifidobacterium
was significantly associated with LSCC and was found in the core microbiome of more
than half of the ileal samples of the LSCC patients. In contrast, Bifidobacterium was not
found to be a core microbiota in the ileal samples of the RSCC patients. Furthermore,
the abundance profile of the terminal ileum revealed that samples from the patients with
LSCC harbored 37% Streptococcus and 19% Enterobacter, while samples from the patients
with RSCC harbored 10% Streptococcus and only 2% Enterobacter. The subgroup of the
MSI patients harbored 20% Akkermansia and 25% Streptococcus, while in the MSS patients,
the percentage of Akkermansia was less than 1%, and the amount of Streptococcus was 8%.
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A limitation of the study is that the microbiome shifts might have been induced by the
preoperative bowel preparation, but colonoscopy sampling also requires bowel preparation.

However, we know that the fecal microbiota differs from the microbiota of mucosal
tissue in regards to oxygen and nutrition needs [46]. Analyzing the bacterial composition,
especially the similarity or dissimilarity, between tumors, healthy mucosa and stool from
the same individual provides information regarding changes in the microenvironment that
have occurred that favor growth in the right- or left-sided colon. Most microbiota identified
from human feces belong to the phyla Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria
and Verrucomicrobia, with 90% belonging to Firmicutes or Bacteroidetes. Although a disease-
specific microbiota signature has yet to be identified, patients with CRC have reduced
bacterial diversity and richness compared to healthy individuals. Specific bacteria, such
as Fusobacterium nucleatum, as well as certain Bacteroides fragilis and E. coli species, are
known CRC-associated pathobionts. We confirm previous observations that CC tumors
harbor orally derived opportunistic pathogens [47,48]. Furthermore, we observed that the
stool microbiome only partially reflects the tumor microbiome. We identified 35 genera
whose abundance significantly differed between tumor and stool samples. Interestingly,
between paired tumor and nontumor healthy colon tissue, no significant differences were
observed. We think the presence of a colonic tumor leads to a more consistent microbiota
profile. This finding supports previous studies by Murphy et al. and Liu et al., which
demonstrated that the microbiotas in tumor tissue and normal mucosa tissue of patients
with CRC were similar [49,50]. We further observed that RSCC and LSCC patients harbor
distinct microbiomes, characterized by differences in microbial diversity and bacterial taxa.
The alpha diversity in the LSCC patients was significantly higher than that in the RSCC
patients. Consistent with our results, Phipps et al. showed that patients with RSCC showed
fewer taxonomic differences than those with left-sided carcinomas [51]. However, unlike
our study, the study of Phipps et al. included rectal cancer patients. Furthermore, we were
able to show that the tumor tissue of RSCC patients was characterized by a significant
increase in the abundances of Haemophilus and Veilonella, while increased abundances of
Bifidobacterium and Ruminococcus were associated with LSCC. Overall, grade 3 tumors were
significantly enriched in Fusobacterium and Parvimonas. Little is known about Parvimonas,
but interestingly, Parvimonas micra and Fusobacterium have been shown to aggregate and
form biofilms in vitro [52,53]. Biofilm formation is linked to inflammatory bowel disease
and CC. Due to dysbiosis, biofilm formation occurs within the inner mucus layer, normally
free from microorganisms, which could result in direct contact between bacteria and
epithelial cells [54]. As mentioned in the introduction, CRC numbers are rising in younger
people worldwide. The increased incidence of early-onset CRC can be the consequence of
environmental influences (e.g., having a Western diet, food quality and additive-laden food).
Early onset is more frequent in left-sided colon. We consider the microbiome of someone
developing colorectal cancer at an age over 80 years to be different from someone with
early-onset colorectal cancer. Unfortunately, we have too few patients in the “younger age”
group for a detailed analysis. In line with the group of P. O’Toole, we recommend adjusting
for age to improve the identification of gut microbiome alterations in multiple diseases.

Accumulating evidence suggests a critical role of intestinal dysbiosis in surgical site
infections and anastomotic leakage after CRC surgeries. Despite improvements in surgical
techniques, new energy devices and intensive care management, anastomotic leakage is still
a significant problem in daily clinical practice. We recently linked the microbiome to surgical
complications in pancreatic surgeries [18]. In CRC surgeries, the microbiome has also been
linked to postoperative complications [55–57]. Many factors beyond geography, diet and
lifestyle affect tumors, independent of the microbiome composition, prior gastrointestinal
surgery, antibiotic treatment or preoperative bowel preparation regimen. To prevent
this type of possible bias, we designed a study in which all patients received the same
preoperative bowel preparation regimen on the day prior to their surgery and perioperative
antibiotic prophylaxis (most of the studies did not even report this treatment). Furthermore,
we excluded upfront confounding variables, such as antibiotic usage, four weeks prior to
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surgery and systemic conditions related to bowel dysfunction, and only patients who lived
in Franconia (Germany) for at least six months were included. We observed that the pre-
and postoperative stool microbiomes differed strikingly. Bacterial richness and evenness
were significantly lower in the postoperative stool samples. Furthermore, postoperative
stool samples were highly dysbiotic and characterized by a significant increase in the
abundance of Enterococcus, a potentially pathogenic bacterium. These findings suggest that
bowel preparation, perioperative antibiotic treatment and surgery had a major effect on the
stool microbiome. We aim to begin a new study analyzing the impact of mechanical bowel
preparation on the intestinal microbiome in the context of surgery and outcomes.

4. Materials and Methods

4.1. Study Design

This study population consisted of 41 patients from the prospective Erlanger mi-
crobiome study, an observational trial approved by the local ethics committee (Protocol
Number: 420_18 B). Treatment-naive patients undergoing elective surgery for histologically
proven or suspected CC were screened for eligibility for study participation. Patients
with antibiotic therapy within 4 weeks prior to surgery, diseases significantly affecting
gastrointestinal function (Crohn’s, Ileus) and patients who needed emergency surgery
were excluded. Each patient received the same mechanical oral bowel preparation and a
standardized single shot of a 3rd generation cephalosporine and metronidazole approxi-
mately 30 min before the surgical procedure. The participants were prospectively recruited
between 2018 and 2019. CC tumor samples and paired healthy mucosal tissue samples
of the proximal resection margin (terminal ileum or healthy colon) and distal resection
margin (healthy colon or healthy rectal tissue) of the resected specimen were obtained
intraoperatively. Preoperative and postoperative stool samples were self-collected by the
patients according to a well-explained protocol.

4.2. Sample Processing and DNA Purification

Stool samples were collected and stabilized before surgery and bowel preparation
(stool preOp) and after surgery (stool postOp) on days 5–7 using the Omnigene Gut system
(DNA Genotek, Ottawa, ON, Canada) and stored at −80 ◦C until DNA extraction. DNA
was extracted from stool using the PSP Stool DNA stool kit according to the specifications
of the manufacturer (Invitek Molecular, Berlin, Germany). Specimens of tumor tissue and
mucosal tissue were collected immediately after resection, suspended in Qiagen RNA later
buffer and stored at −80 ◦C. DNA from tumor tissue and mucosal tissue of the proximal
and distal resection margins was extracted using Dulbecco’s phosphate buffered saline
(Sigma Aldrich Chemistry GmbH, St. Louis, MO, USA) and the Qiamp Microbiome Kit
(Qiagen, Hilden Germany) according to the manufacturer’s recommendations. DNA from
stool samples was extracted using a PSP® Spin Stool DNA Kit (Invitek Molecular) and
LookOut® DNA Erase (Sigma Life Science, St. Louis, MO, USA). DNA was subsequently
quantified using a Qubit device (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. 16S rDNA Amplification

The V3+4 region of the 16S rRNA gene was amplified using 10 ng of bacterial template
DNA with degenerate region-specific primers (341F: 5′-ACTCCTACGGGAGGCAGCAG-3′
and 806R: 5′-123 GGACTACHVGGGTWTCTAAT-3′), containing barcodes and Illumina
flow cell adaptor sequences [58], in a reaction consisting of 25 (stool) or 35 (tissue) PCR
cycles (98 ◦C 15 s, 58 ◦C 20 s, and 72 ◦C 40 s) using the NEBNext Ultra II Q5 Master Mix
(New England Biolabs, Ipswich, MA, USA). Amplicons were purified with Agencourt
AMPure XP Beads (Beckmann Coulter, Brea, CA, USA), normalized and pooled before
sequencing on an Illumina MiSeq device using a 600-cycle paired-end kit and the standard
Illumina HP10 and HP11 sequencing primers.
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4.4. Bioinformatic Processing of the Sequencing Data

For bioinformatic processing, the terminal 15 bases of both forward and reverse
reads were removed before merging and quality filtering using fastq_mergepairs and
fastq_filter_options from Usearch 10 [58]. Subsequently, merged fastq files were demul-
tiplexed and trimmed using Cutadapt [59]. For 16S sequence determination, the Uparse
and Sintax algorithms within Usearch using the Silva 16S rRNA database (v123) were
applied. All reads were mapped to OTUs, and an OTU table was created using a Qubit
device (Thermo Fisher Scientific). The V3+4 region of the 16S rRNA gene was amplified
using 10 ng of bacterial template DNA with degenerate region-specific primers (341F:
5′-ACTCCTACGGGAGGCAGCAG-3′; 806R: 5′-123 GGACTACHVGGGTWTCTAAT-3′)
containing barcodes and Illumina flow cell adaptor sequences in a reaction consisting of
25 (stool) or 35 (tissue) PCR cycles (98 ◦C 15 s, 58 ◦C 20 s, 72 ◦C 40 s) using the NEBNext Ul-
tra II Q5 Master Mix (New England Biolabs, Ipswich, MA, USA). Amplicons were purified
with Agencourt AMPure XP Beads (Beckmann Coulter, Brea, CA, USA), normalized and
pooled before sequencing on an Illumina MiSeq device using a 600-cycle paired-end kit and
the standard Illumina HP10 and HP11 sequencing primers. For bioinformatic processing,
the terminal 15 bases of both forward and reverse reads were removed before merging
and quality filtering using fastq_mergepairs and fastq_filter_options from Usearch 10 [58].
Subsequently, merged fastq files were demultiplexed and trimmed using Cutadapt [59].
The 16S Uparse and Sintax [60] algorithms were performed within Usearch using the silva
16S rRNA database (v123) [61,62].

4.5. Microbiome Analyses

The Microbiome Analyst platform [63,64] was used to calculate alpha and beta diversi-
ties and to compare the relative abundance of bacterial taxa. For richness measurements, we
used Observed (amount of unique OTUs found in each sample) and Chao1 (also account-
ing for unobserved species based on low-abundance OTUs). For evenness measurement,
Shannon diversity was used, which accounts for both richness and abundance. A p value of
<0.05 was considered significant. Beta diversity represents the diversity between microbial
communities. Bray–Curtis dissimilarity or the Jensen–Shannon distance was calculated to
measure beta diversity, and then, principal coordinates analysis (PCoA) was applied for
visualization. For differential analysis, DESeq2 was used for samples less than 20 samples
per sample; it is computationally intensive but more robust with low false positive rates,
and a p value of <0.05 was considered significant.

Linear discriminant analysis effect size (LEfSe) was used to identify the key microbial
taxa associated with the different locations. This analysis integrates statistical significance
with biological consistency (effect size) estimation. It uses a nonparametric factorial Kruskal–
Wallis (KW) rank sum test to detect features with significant differential abundance with
respect to the class of interest, followed by linear discriminant analysis to estimate the
effect size of each differentially abundant feature. The original LEfSe implementation uses
original p values when determining significant taxa, and an LDA score > 3 (effect size) and
a p value of <0.05 were considered statistically significant. Meanwhile, the Microbiome
Analyst implementation provides the option to use either original or FDR-adjusted p value
cutoffs to identify significant features.

5. Conclusions

In summary, our findings provide the following new insights. RSCC and LSCC harbor
distinct niches and have different microbiome compositions. The presence of a colonic
tumor leads to a more consistent cancer-defined microbiome and shapes the normal spatial
heterogeneity existing along the intestinal tract. The tumor microbiome may contribute
towards shaping a favorable microbiome across the large intestine border into the ileum
and also in LSCC. The stool microbiome only partly reflects the microbiome landscape of
patients with CC. Mechanical bowel preparation and perioperative antibiotics together with
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surgery resulted in major changes in the stool microbiome, characterized by a significant
increase in the abundance of potentially pathogenic bacteria, such as Enterococcus.

We believe that regarding CC and RC as two different tumor entities is fundamental
to overcoming the inconsistent study results and the heterogeneous nature of microbiomes.
Overall, our results have implications for understanding the role and impact of the micro-
biome in right- and left-sided CC.
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Abstract: Primary liver cancer is a heterogeneous disease. Liver cancer metabolism includes both
the reprogramming of intracellular metabolism to enable cancer cells to proliferate inappropriately
and adapt to the tumor microenvironment and fluctuations in regular tissue metabolism. Currently,
metabolomics and metabolite profiling in liver cirrhosis, liver cancer, and hepatocellular carcinoma
(HCC) have been in the spotlight in terms of cancer diagnosis, monitoring, and therapy. Metabolomics
is the global analysis of small molecules, chemicals, and metabolites. Metabolomics technologies
can provide critical information about the liver cancer state. Here, we review how liver cirrhosis,
liver cancer, and HCC therapies interact with metabolism at the cellular and systemic levels. An
overview of liver metabolomics is provided, with a focus on currently available technologies and how
they have been used in clinical and translational research. We also list scalable methods, including
chemometrics, followed by pathway processing in liver cancer. We conclude that important drivers
of metabolomics science and scientific technologies are novel therapeutic tools and liver cancer
biomarker analysis.

Keywords: liver cancer; microbiome; metabolomics; metabolites; scientific technology

1. Introduction

Hepatocellular carcinoma (HCC) is the second most common cancer-related cause of
death worldwide, and, both domestically and internationally, incidence rates are rising.
HCC is globally caused by two conditions: alcoholic liver disease (ALD) and non-alcoholic
fatty liver disease (NAFLD) [1,2]. Every year, approximately 750,000 novel instances of
liver cancer are recorded worldwide. According to population-based interventions, the
liver cancer proliferation rate continues to be close to death, meaning that the majority of
patients who develop HCC die from it. According to data, the five-year survival rates in
the United States have increased slightly to approximately 26%. This expansion is thought
to be a result of better surveillance in high-risk patients who can be identified (those who
have hepatitis B and C viruses), as well as clinical intervention (resection or transplant) for
patients with early-stage disease [3].

Guidelines have been published by a number of organizations, including the National
Comprehensive Cancer Network (NCCN), the European Association for the Study of the
Liver (EASL), and the American Association for the Study of Liver Disease (AASLD), to
normalize the approaches to judgment and treatment [4–6]. The earlier that HCC is detected
and treated, the better the prognosis, as is true for the majority of disease processes. The
observation of patients who are known to be at a high risk provides the best opportunity for
an early diagnosis. Both people who have cirrhosis from any cause and hepatitis B carriers
fall under this category [5]. According to the 2012 NCCN guidelines, high-risk patients
should receive liver ultrasonography and AFP screenings every six to twelve months. A
hepatic nodule larger than 1 cm accompanied by an increasing AFP should be evaluated.
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Over the past ten years, the criteria for the diagnosis of HCC have changed. The
AASLD, NCCN, and EASL working groups have developed imaging criteria that effec-
tively predict malignancy so as to reduce the necessity for a percutaneous biopsy and its
accompanying risks in patients with underlying liver conditions (tract seeding, hemor-
rhage, etc.) [4,6]. On contrast-enhanced computed tomography (CT) or magnetic resonance
imaging (MRI) images, early arterial enhancement and venous phase washout, which are
related to the fact that these hypervascular lesions are primarily supplied by branches of
the hepatic artery, are imaging markers of HCC. In the context of chronic liver disease,
HCC refers to tumors larger than 1 cm in size that have certain imaging characteristics on
triple-phase CT or contrast-enhanced MRI.

Escherichia, Pseudomonas, Lactobacillus and other gut bacteria are crucial to the ‘gut
origin of sepsis’ theory. The dominant signs of the gut microbial imbalance are significant
increases in gram-negative bacteria such as Escherichia coli and the Atopobium cluster, which
includes the genera Atopobium, Coriobacterium, Collinsella, and Eggerthella, as well as signif-
icant decreases in Bifidobacterium, Enterococcus, and Lactobacillus species [7]. Moreover, it
was discovered that Fusobacterium nucleatum was prevalent and abundant in patients with
cancer [8].

The previous recommendations required typical enhancement on both imaging modal-
ities (CT and MRI) for lesions between 1 cm and 2 cm to define HCC. Although the imaging
standards have changed, only lesions larger than 2 cm and exhibiting typical enhance-
ment qualify as Model for End-Stage Liver Disease (MELD) exemption points for liver
transplantation. To more accurately characterize lesions that do not fulfill these criteria on
standard arterial and venous phase imaging alone, some facilities have utilized MRI with
new contrast agents, such as gadoxetic acid. On T1-weighted (hepatocyte phase) imaging,
lesions that could be HCC are darker than the surrounding liver [9]. Despite indications
of a better diagnosis accuracy, gadoxetic acid-enhanced MR imaging has not yet altered
the paradigm used to determine therapy eligibility. Thus, despite an increased imaging
specificity, gadoxetic acid-enhanced MR imaging has not yet altered the diagnostic pattern
used to establish clinical prevention [10].

2. Enabling Technologies for Metabolomics Research and Engineering

Microbiome-derived metabolomics or metabolomics profiling refers to the detection
of metabolites or small molecules in gut microbial communities that are related to alcoholic
liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD) [11,12]. Metabolomics
science, a targeted and untargeted profiling method, involves the large-scale study of the
metabolic complements of the cells and has the ability to provide adequate coverage of
the metabolome. Accurate quantitative information can be provided with wide-spanning
technical care for its use in the analysis of metabolic oscillations in the gut microbial envi-
ronment [13,14]. Metabolomics is a promising platform for the identification of potential
responses to stimuli, molecular signatures, and organic compounds that are closely related
to metabolic phenotype and therapeutic biomarker discoveries [15,16]. The isotopes of 1H-,
13C-, 14N-, 19F-, 31P-, and 43Ca-rich metabolites in liver cells have led to the development of
therapeutic screening applications [11,17].

The metabolomics profiling of microbial metabolites and their computational tech-
nologies act as a high-throughput global analytical platform. Metabolomics can illustrate
small molecules (molecular weight < 1 kDa) [18–20]. Figure 1A shows the long history of
metabolomics. Metabolites, or small molecules, are the fundamental output of combined
microbiome and host interactions that may provide signatures of gut-microbiome-mediated
ALD conditions.

In Figure 1B, and Figure 1C, the guiding principles of genomics, transcriptomics,
proteomics, and metabolomics are listed with targeted and untargeted profiling methods,
each with their own benefits and limitations [21–23]. Untargeted metabolomics is focused
on the examination of recognizable metabolites and/or metabolomes in biological mixtures,
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including unknown chemicals. The metabolome is the set of metabolites within a given
cell. Metabolome concentrations are widely connected with phenotypic expression [17,24].

Figure 1. (A) The long history of metabolomics; timeline of major research and development mile-
stones related to metabolomics and their medical applications. (B) Normal liver and liver cancer
cells. (C) A schematic representation showing the multiomics cascade of systems biology. The
multiomics analysis is influenced by epigenetics, toxicity, disease, and other environmental expo-
sures. Here, metabolic communication within cells is carried out by DNA (metagenomics), RNA
(metatranscriptomics), protein (metaproteomics), and metabolites (metabolomics).

In omics sciences, gut-microbiota-based liver therapeutic candidate metabolome
screening and metabolomic profiling are significant. Technically, metabolomics has already
entered the clinic, with applications in various liver disease screenings. Many metabolomic-
signature-based clinical tests can be used to quantitatively analyze low-molecular-weight
metabolites in cells, tissue, and/or biofluids [11,25]. Metabolomic signatures have been
connected to phenotype expression, which acts as a functional endpoint of a biochemical
reaction. The metabolome is the quantification of metabolites that result from the inter-
play between many domains [26–28]. Microbial metabolomic signature-based liver cancer
represents the most ‘cutting-edge’ example of metabolomics, enabling precision medicine.

Mass spectrometry (MS)-based data analysis and peak identification have been used to
explore the regulation of the biological actions of the gut microbiota and host–microbiome
relationships by utilizing metabolomics methods [29,30]. The quantitative analysis of
microbiome-derived small molecules delivers a functional read-out of cells. MS is a more
prominent platform in metabolomics than nuclear magnetic resonance (NMR). MS has
become more extensive in host-microbiota analysis because of its high sensitivity, high-
throughput discovery, and wide variety of metabolome analyses [31–34]. While NMR can
evaluate metabolites in the micromolar range, the utilization of MS licenses the discovery of
up to nanomolar concentrations. MS is likewise effectively connected with chromatographic
partition, decreasing the impacts of biological samples as well as restricting the complexity
of analytes at the time of identification [35–38].

Gas/liquid chromatography (GC/LC) has become the most applied chromatography-
MS device for the investigation of both polar and nonpolar metabolites [39,40]. GC/LC-MS
has been applied for the examination of various volatile and nonvolatile compounds and
for important metabolites after derivatization. Capillary electrophoresis (CE)-MS (CE-MS)
is also used for the examination of polar, charged metabolites, as explored in the previous
literature [41,42]. LC/GC-MS focuses on changes in mass-to-charge (m/z), with NMR
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spectroscopy providing the spectral intensities. The analytical characteristics of NMR, MS,
Raman micro spectroscopy, immunochemistry, and enzymatic assays are briefly discussed
in Table 1. Currently, the NMR and LC/GC-MS methods offer high-quality metabolomic
datasets.

In metabolomics investigations, NMR operates with a lower sensitivity than MS-based
methods. NMR spectroscopy can quantify and target the metabolites in biofluids, with
rapid sample preparation. When the sample complexity can be mitigated, NMR delivers
valuable structural information. NMR is valuable for identifying gut microbiota-derived
compounds (i.e., amino acids, lipids, fatty acids, organic and inorganic metabolites) [43–46].
However, both MS and NMR allow for small-molecule profiling and the identification of
the high diversity of microbial products.

Table 1. Application, analytes, detection, and comparison of top analytical devices for metabolomics
scientific technology.

Analytical
Devices

Scientific
Instruments

Key Functions Metabolic Applications Ref

MS

High throughput, high
sensitivity/resolution, capable of
quickly
examining, reduces complexity,
improves resolution, specificity,
and quantification, allows for
isotopic
labeling, offers structural
information, performed under
ambient environmental
conditions with the preservation
of tissue morphology (DESI-MS).

GC-MS: SCFAs and ketones,
carbohydrate metabolites, amino
acids.
LC-MS: amino acids and their
byproducts, bile acids, lipids and
fatty acids, sugar metabolites,
vitamins, and related
compounds.
Imaging MS: MALDI/DESI-IMS
and nano SIMS.

[31–34,36–38,43,47].

NMR

Affords structural evidence,
low-sensitivity compared to MS,
high-throughput, permits the
quantification of isotopic
labeling, delivers spatial data
(NMR imaging or MRI).

Sugar metabolites, amino acids
and amino acid byproducts
SCFAs, vitamins, untargeted
analysis, and metabolome finger
printing.

[22,23,44,45,48]

Raman
MS

3D info, high-throughput,
structural data, non-destructive
methods, lower sensitivity
versus MS and NMR.

This can be united with
fluorescent probes and isotopic
labeling for the
single-cell-resolved assessment
of nutrient
assimilation.

[43]

UHPLC High-sensitivity detection Detection and identification of a
broad range of metabolites [49,50]

Immunochemistry
and

enzymatic assays
–

Low-throughput, high specificity,
may provide spatial information
(immunohistochemistry or
immunofluorescence).

Eicosanoids, uric acid, serotonin,
neurotransmitters,
lipopolysaccharide, some
vitamins, sugar metabolites.

[51,52]

Abbreviations: DESI-MS, desorption electrospray ionization mass spectrometry; GC-MS, gas chromatography–
mass spectrometry; LC-MS, liquid chromatography–mass spectrometry; Raman MS, Raman micro spectroscopy;
UHPLC, Ultra-High-Performance Liquid Chromatography; MALDI, matrix-assisted laser desorption; nano SIMS,
nanoscale secondary ion mass spectrometry; SCFA, short-chain fatty acid; Ref, References.

Both NMR and MS-based metabolomics have been applied to study the gut micro-
biota via isotope tracing in nutrient accommodation. Metabolic alterations using isotope
labeling remain challenging because of their structural exchange in hosts and various
microorganisms and the difficulty of identifying the paths of small molecules and/or
metabolites [43,44]. The topographies of MS, nanoscale secondary ion MS, and Raman
spectroscopy deliver high-throughput three-dimensional data, which are shared with fluo-
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rescent probes and stable isotope tracing to achieve a single-cell resolution within host and
gut microbial cells [43,44].

Targeted metabolomics profiling and lipidomic profiling have been used to measure
defined groups of metabolites. The methodologies can be defined by the quantity of notable
metabolites and the reliability of the quantification of a specific approach. Here, reliabil-
ity is introduced either as the exactness of entire quantifications, normally transferred
in micromolar units, or as accuracy, given by semiquantitative judgments in normal-
ized units [11,24,25]. The best-accuracy approach could be hypothetically accomplished
when an isotopically considered internal standard of a specific metabolite is spiked in
biofluids during extraction at different concentrations (isotope dilution mass spectrome-
try). A slightly less reliable technique utilizes an alignment curve of a specific standard
spiked at various concentrations, standardized to a spiked constant concentration of an
internal standard [26,53]. Table 2 shows the computational tools used for NMR- and MS-
based metabolomics analysis in biological samples, focusing on the main breakthroughs in
this field.

Table 2. Computational tools used for metabolomic technologies in biological samples.

Platforms Invention Ref

MetaboAnalyst Web-based analytical pipeline tool, all-in-one metabolomics profiling, data collection,
pathway enrichments, data analysis. [24,54,55]

SIMCA-P+ Pattern recognition of PCA, PLS-DA, OPLS-DA, S-plot, and loading plot, multivariate
tool, data mining, interactive graphics. [11,13,56–58]

Chenomx Inc., Correction of the spectral data, metabolite profiling, and quantification. [58–60]

MetExplore
Picturing of biological reaction systems and paths, simplifying the analysis of omics data
in the
biochemical background, and pathways improvement.

[61,62]

HMDB Data bank of NMR, LC-MS, and GC-MS packs, metabolites information, structures, and
biological properties. [63–65]

KEGG Databank of genes and genomes; KEGG ortholog for genes and proteins. [66]

Reactome Information base of biomolecular paths: free/open-source data, curated, and
peer-reviewed. [67,68]

Cyc databases Largest curated collection of metabolic pathways. A wide range of model organisms’ data. [69]
Virtual
Metabolic
Human

255 diseases, microbial genes, and human and gut microbiome metabolism database. [70,71]

WikiPathways Browsable, editable database curated by the research community. [72]

Metabox Toolbox for integrating proteomics and transcriptomics data for metabolomics data
processing and interpretation. [73]

Metscape Cytoscape plugin, metabolomics correlation networks and KEGG-based metabolic
networks integrating gene expression and metabolomics. [74]

ChemRICH
Alternative to biochemical pathway mapping for metabolomic datasets. Not based on
biochemistry directly but on structural similarity. The enrichment test is based on the
Kolmogorov−Smirnov test (not the hypergeometric test or Fisher’s exact test).

[75]

PathBank Comprehensive, user-friendly resource for metabolic pathways in 10 different model
organisms. [76]

OmicsNet Multi-omics data integration, biological networks (genes, proteins, microRNAs,
transcription factors, metabolites). [77]

GEM-Vis The use of metabolic network maps to visualize time-course metabolomic data. [78]
FEMTO Combining metabolomic time-series analysis with network data. [79]

Notes and abbreviations: SIMCA, Soft Independent Modeling of Class Analogy; HMDB, Human Metabolome
Database; KEGG, Kyoto Encyclopedia of Genes and Genomics; ChemRICH, Chemical Similarity Enrichment
Analysis; GEM-Vis, Genome-Scale Metabolic Model Visualization; FEMTO, Functional Evaluation of Metabolic
Time Series Observations; Ref, References.

3. Diagnostics Test of Liver Cancer

Various types of medical testing can be performed to identify liver cancer tumors.
However, the following common diagnostic exams are performed:
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I. Physical examination: A general practitioner or gastroenterologist can examine the
patient to learn about their health history and identify general risk factors for the
development of liver cancer. Examinations include those of the skin, eyes, and areas
of the abdomen (signs of jaundice). Additional tests could be necessary to identify the
cause of symptoms, depending on the results of the initial physical exam [80,81].

II. Radiology tests and imaging: As the name suggests, imaging findings use X-rays,
magnetic fields (MRI), or sound waves to provide precise visual scans of internal
body regions (ultrasound). Other common tests used to assess liver cancer include CT
scans, bone scans, and angiography [82,83].

III. Laparoscopy: For the improved viewing of the liver tissue and adjacent organs,
laparoscopic surgeries use a small tube with a camera introduced into the abdomen.
Diagnostic laparoscopy is a minimally invasive, low-risk surgical treatment that calls
for tiny incisions [84]. An improved understanding of the liver cancer’s current stage,
assistance in developing a personalized stem cell treatment strategy, or confirmation
of an earlier diagnosis can all be achieved with laparoscopy [85].

IV. Liver biopsy: A surgical procedure called a liver biopsy uses a sample of the patient’s
liver tissue to identify the presence of cancer cells [86].

V. Lab tests and blood panels: Lab tests and blood panels are relatively affordable and
efficient tools for checking the health of the body and internal organs, monitoring the
success of therapy, looking for cancer indicators, or checking for cancer recurrence [87,88].

VI. Genetic screening for cancer: Circulating tumor DNA (ctDNA) analysis is distinct
from previously known conventional diagnostic techniques. Cancer biomarker tests
such as ctDNA analysis only need small saliva samples or cheek swabs, as opposed
to invasive tissue biopsies [89]. Rapid screening is a reliable method of prognostic
marker detection. This method can detect potential metastatic disease very early,
monitor treatment, and identify genetic and epigenetic changes resulting from primary
tumors [90].

4. Microbiome Research and Engineering in HCC Metabolism

Physiological responses in the host are maintained and coordinated by metabolites
produced by the microbiota. The liver cancer processes that HCC may impact through
bacterial metabolism, such as these metabolic transportation pathways and their efficacy,
must be understood [91]. It is important to comprehend and describe the variety of
metabolites that the gut microbiota excretes. Metabolomics has been widely used to
illustrate the metabolites produced by gut microbes, particularly in relation to the disease
states of the host that they may affect. Metabolomics generally no longer needs to be
defined, as we have thoroughly examined this technology [92–94].

In an early study, Nicholson’s team discovered significant metabolic differences be-
tween germ-free mice and their healthy counterparts for so-called ‘cometabolites’ such as
hippuric acid, which is produced when benzoic acid and glycine are conjugated [95,96].
The gut bacteria produce benzoic acid by converting chlorogenic acid into quinic acid,
which is then aromatized [97]. The liver receives benzoic acid via the portal supply, where
it is conjugated in the mitochondria by first forming a CoA intermediate and then adding
glycine [98].

Phenylacetylglutamine is another instance of a metabolism in which phenyl acetic acid
is formed from phenylalanine by the gut microbiota [36] and conjugated with glutamine in
the host’s hepatic mitochondria [99]. It has been documented that the three aromatic amino
acids phenylacetic acid, tyrosine, and tryptophan are all converted into nine aromatic
acids via the gut symbiont Clostridium sporogenes and circulate in human plasma. These
compounds, such as tryptophan-derived indol-3-ylacetic acid, are almost certainly co-
metabolized by the host [99].

Dietary flavan3-ol polyphenols, epigallocatechin gallate, epigallocatechin, epicatechin,
and catechin may also be sources of aromatic acid metabolites by gut microbiota through
intricate oxidation and dihydroxylation pathways that ultimately result in phenylacetic
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acid, benzoic acid, and catechol [100]. An examination of 143 organic acids frequently
found in the urine of healthy individuals revealed that a sizable portion of these were
created by the host’s microbiota, with some of them being further digested by the host [101].
Figure 2 shows the three-way relationship between the host, the tumor microenvironment,
and the microbiota.

Figure 2. A three-way relationship between the host, tumor microenvironment, and microbiota. The
gut microbiome-derived metabolomics target in HCC has been summarized. The host microbiome
and metabolic reprogramming for cancer cells and their microenvironment may be related. An
altering gut microbiota may boost propionate synthesis, which may reduce the risk of HCC both
through a cAMP level-dependent mechanism and by interacting with GPR43. The gut microbiota
alteration may result in an anti-HCC impact by boosting the amount of hepatic CXCR6+, NKT cells,
and IFN-γ production. Primary-to-secondary bile acid conversion, which is controlled by the gut
microbiota, influenced the CXCL16 expression of liver sinusoidal endothelial cells, which in turn
affected the accumulation of CXCR6+ and NKT cells. cAMP, cyclic adenosine monophosphate; GPR,
G protein-coupled receptor; IFN, interferon; IL, interleukin.

An important group of acidic metabolites generated by the gut microbiota is short-
chain fatty acids (SCFAs: acetate, propionate, and butyrate), which are created by gut
bacteria during the anaerobic fermentation of plant structural polysaccharides such as
cellulose or fiber [102]. The lipopolysaccharide (LPS)-producing genera (Neisseria, Enter-
obacteriaceae, and Veillonella) were more abundant among liver cancer–HCC, and butyrate-
producing genera (Clostridium, Ruminococcus, and Coprococcus) were less abundant. Three
more biomarkers—Enterococcus, Phyllobacterium, and Limnobacter—can also be used to
reliably detect liver cancer.

In cellular environments, SCFAs represent a sizable proportion of energy metabolites,
as it is estimated that they provide 60–85% of an animal’s energy needs [102]. In HCC
patients with dysregulated fatty acid metabolism, the β-oxidation process of fatty acids
is associated with a worse prognosis. The proximal colon of a human contains the largest
concentration of SCFAs, where they are both absorbed into the bloodstream and utilized
locally by enterocytes [103,104].

In mice with altered gut commensal bacteria, the increase in NKT cells and the sup-
pression of liver tumor growth may both be reversed by colonizing bile acid-metabolizing
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bacteria (Clostridium scindens) and supplementing with secondary bile acids (lithocholic
acid or muricholic acid).

The G-protein-coupled receptors GPR41 and GPR43 (free fatty acid receptors) and
the niacin receptor GPR109A are only a few of the receptors that can recognize SCFAs,
which are present in the colon at concentrations of 50–200 mM. SCFAs can regulate gene
expression by inhibiting histone deacetylases in this location and act as signaling molecules
that are recognized by particular receptors [105].

5. Microbiome Metabolism for Therapeutic Applications in HCC

Table 3 has summarized the microbiome in HCC. The third most common cause
of cancer-related deaths globally is HCC, which carries a heavy disease burden [106].
HCC is notorious for being highly aggressive and is associated with frequent progression
and recurrence. Numerous immune checkpoint inhibitors, mainly anti-PD-1/anti-PD-L1
monoclonal antibodies, have been studied and approved for HCC over the past few years.
However, only a small portion of patients (20%) benefit [107–109]. To date, there are no
known indicators that can accurately predict the clinical outcome of anti-PD-1/anti-PD-L1
immunotherapy [110].

Table 3. HCC-related changes in the microbiota’s regulation in animal, rat, and human models.
Predominant microbiota present on various sites and their regulation with HCC.

Models Disease Implicated Microbiota Ref

Mice

DEN-induced HCC Changing gut microbiome [111]
DEN-CCL4-induced HCC Changing gut microbiome [112]

STZ-HFD-induced
NASH-HCC

Atopobium spp. ↑, Bacteroides spp. ↑, Bacteroides vulgatus↑, B.
acidifaciens↑, B. uniformis↑,
Clostridium cocleatum↑, C. xylanolyticum↑, Desulfovibrio spp. ↑

[113]

HFHC-induced NAFLD-HCC
Mucispirillum↑, Desulfovibrio↑, Anaerotruncus↑,
Desulfovibrionaceae↑, Bifidobacterium↓,
Bacteroides↓

[114]

DMBA-HFD-induced HCC Changing gut microbiome [115]

MYC transgenic spontaneous
HCC

Gram-positive bacteria ↑, Bacteria mediating
primary-to-secondary bile acid conversion ↑,
Clostridium scindens ↑

[38]

DMBA- or
DMBA-HFD-induced HCC Gram-positive bacteria [116]

Rat DEN-induced HCC
Lactobacillus species↓, Escherichia coli↑, Atopobium cluster↑,
Atopobium↑, Collinsella↑, Coriobacterium↑, Eggerthella↑,
Enterococcus species↓, Bifidobacterium species↓,

[117]

Human

HCC Escherichia coli↑ [118]

HCC Cetobacterium↓, Proteobacteria↑, Desulfococcus↑, Enterobacter↑,
Prevotella↑, Veillonella↑, [119]

HCC Bifidobacterium↓, Bacteroides↑, Akkermansia↓,

HCC
Neisseria↑, Enterobacteriaceae↑, Veillonella↑, Limnobacter↑,
Enterococcus↓, Phyllobacterium↓, Clostridium↓, Ruminococcus↓,
Coprococcus↓

[120]

HCC

Gut microbial α-diversity↓, Proteobacteria↑, Enterobacteriaceae↑,
Bacteroides xylanisolvens↑, B. caecimuris↑, Ruminococcus
gnavus↑, Clostridium bolteae↑, Veillonella parvula↑,
Oscillospiraceae↓, Erysipelotrichaceae↓

[121]

HCC Klebsiella↑, Haemophilus↑, Alistipes↓, Phascolarctobacterium↓,
Ruminococcus↓ [122]

Notes and abbreviations: ↑, increased bacterial metabolism; ↓, decreased bacterial metabolism; HCC, hepato-
cellular carcinoma; DEN, Diethyl nitrosamine; HFD, high-fat diet; NASH, nonalcoholic steatohepatitis; Ref,
Reference.

Additional changes to the microbiome occur during the cirrhosis–HCC transition
period. The microbial bacteria of Veillonella, Streptococcus, Clostridium, and Prevotella were
more prominent in the cirrhosis patients. Eubacterium, Alistipes, and Faecalibacterium praus-
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nitzii were comfortable in the healthy gut–liver axis [123]. The probiotics are lactic acid
bacteria, including species of Lactobacillus, Streptococcus, and Enterococcus, as well as yeast,
Bifidobacterium, Propionibacterium, Bacillus, Escherichia coli, and Bifidobacterium, which can
both encourage the growth of helpful bacteria and inhibit the growth of harmful bacte-
ria [124]. Actinobacteria were shown to be more prominent in early HCC vs. cirrhosis [125].
The correct diagnosis of liver cancer may be achieved by using three biomarkers (Enterococ-
cus, Phyllobacterium, and Limnobacter). Among HCC patients, the abundances of the genera
that produce butyrate (Clostridium, Ruminococcus, and Coprococcus) decreased, while the
abundances of the genera that produce LPS (Neisseria, Enterobacteriaceae, and Veillonella) in-
creased [121]. Figure 3 explains the principal mechanisms of liver cancer and liver damage
and the metabolic alterations involved.

Figure 3. Molecular processes connected to both alcoholic and nonalcoholic HCC. The main risk
factors for the development of NAFLD and AFLD, respectively, are a high-calorie diet and excessive
alcohol intake. The clinical spectra of liver damage in supporting HCC development in NAFLD and
AFLD have comparable molecular mechanisms despite the diverse pathogenic genesis. Within the
intestinal tract, microbe-dependent reactions transform primary bile acids into secondary bile acids.

An initial piece of evidence that a gut microbe may influence liver cancer was discov-
ered in mice that had spontaneously acquired Helicobacter hepaticus (H. hepaticus) infections.
The H. hepaticus infection has been linked to chronic hepatitis and fibrosis in male BALB/c
mice. The H. hepaticus is a spiral bacterium that also lives in the bile canaliculi, the cecal mu-
cosa, and the colonic mucosa and causes chronic active hepatitis and liver tumors. The H.
hepaticus is the prototypical carcinogenic bacteria for mice, and experimental infection has al-
ready been employed as a model of microbial tumor promotion in the liver [126–128]. Later,
it was revealed that H. hepaticus intestinal colonization was sufficient to produce aflatoxin
B1 (AFB1)- and HCV transgene-induced HCC. This information prompted crucial research.
In addition to activating Wnt/-catenin, hepatocyte turnover, and the impaired phagocytic
clearance of injured cells, the processes also implicated stimulated NF-B-regulated networks
linked to innate and adaptive immunity [129].
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6. Liver Transplantation for HCC

The best treatment for both malignancies and the underlying liver condition that most
cases of HCC emerge from is generally thought to be liver transplantation. The size and
number of tumors determine whether a patient is eligible for a transplant, and standards
have been set up to improve outcomes for people with particular types of cancer. The Milan
criteria [130], which allow patients with up to three foci of HCC that are less than 3 cm in
diameter or one tumor that is less than 5 cm in diameter to receive a liver transplant, are
the most often utilized standards globally.

The five-year survival percentage for these patients (75%) was comparable to the
survival rate seen in transplant patients at the time who were not cancer patients [130].
The University of California at San Francisco (UCSF) has released its guidelines for liver
tumor size regarding tumors measuring less than 6.5 cm, which are observed in one to
three tumors. The total tumor diameter should not exceed 8 cm in light of outcome-based
evidence with less stringent criteria. There is no negative effect on overall survival in liver
cancer [131,132].

Downstaging patients into Milan or UCSF criteria has become a viable method of
patient selection as a result of advancements in liver-directed therapy for HCC. What has
become clear is that malignancies with a high risk of recurrence after a transplant are
those with disease progression despite liver-directed therapy. Scenters can choose patients
with better biology and increase patient eligibility without compromising cancer-specific
survival by requiring proof of a response to liver-directed therapy prior to the transplant in
conjunction with long-term surveillance before deciding to undergo a transplant [133].

7. Systemic Chemotherapy Drugs and Approaches to Improving HCC

The US Food and Drug Administration has approved sorafenib, sunitinib, brivanib,
linifanib, sorafenib plus erlotinib, vandetanib, nintedanib, dovitinib, and sorafenib plus
doxorubicin for treating HCC. These chemotheraputic drugs act as first-line chemotherapy.
Numerous chemotherapeutic drugs have been examined as first-line treatments for patients
with advanced HCC. Since its approval, the number of HCC patients receiving treatment
with the medicine has increased significantly, irrespective of their tumor stage. Phase 2
findings in patients with advanced metastatic HCC support the use of sorafenib, with the
treated group demonstrating a nearly three-month survival advantage over the untreated
group. The phase 2 chemotheraputic drugs of brivanib, everolimus, S-1, axitinib, GC33,
and tigatuzumab act as valuble drugs for liver cancer. The objective response rate is
currently at around 2%, with the majority of the benefit being attributed to the stable
disease rate, which was observed in phase 2 and 3 trials to range from 35% to 71%. In the
phase 3 study, more than 80% of the participants had previously undergone liver-directed
therapy (chemoembolization). Phase 3 chemotheraputic drugs such as lenvatinib, sorafenib
plus resminostat, regorafenib, cabozantinib, ramucirumab, and tivantinib (ARQ 197) are
promising drugs for HCC [134–136].

Sorafenib is a currently available therapeutic option because the response rate to
liver-directed treatment is still around 70%. Sorafenib is a protein kinase inhbiter, including
VEGFR, PDGFR, and RAF kinase. When combined with liver-directed therapy, sorafenib
was found to show acceptable safety profiles and marginally improved efficacy. The great
majority of patients required dose delays and/or reductions [137].

Less persuasive are the most recent phase 3 findings examining sorafenib’s advantages
in the adjuvant situation following embolization [138]. Sorafenib has not been researched
in the neoadjuvant situation before either liver-directed therapy, resection, or transplant.
This adds potential periprocedural or postoperative problems that could jeopardize the
successful administration of therapy, the life of the patient, or the graft, according to the
lessons learnt from the use of various antiangiogenic substances in the neoadjuvanttherapy.
For instance, with catheter-based procedures, arterial pruning brought on by antiangiogenic
drugs may have an effect on how the small micron particle is delivered into the tumor bed.
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There are a number of reasons to refrain from administering sorafenib prior to surgery
when liver transplantation is involved. Due to nutritional deficiencies, transplant patients
are frequently at a higher baseline risk of wound-healing complications; arterial complica-
tions are devastating and frequently fatal, and the nearly 70% stable disease rate seen in
phase 3 trials may conceal the underlying metastatic disease, which could make a transplant
inappropriate. In other cancer subtypes, antiangiogenic medications and radiation have
been successfully combined. Therefore, research examining the combination of stereotactic
body radiation therapy plus sorafenib or internal radiation (yttrium-90) plus sorafenib ap-
pear appropriate, and information on these combination regimens should become available
over the next several years.

8. Conclusions and Challenges for the Future

HCC primarily develops from cirrhosis, and these two diseases cause more than
two million fatalities annually around the world. Since liver cirrhosis and HCC have
limited available treatments, it is crucial to stop the spread of these diseases as early as
possible. In recent years, it has become evident that the gut microbiota, via the gut–liver
axis, significantly contributes to the development of HCC. Dysbiosis can be caused by a
variety of lifestyle variables, and it has been shown in numerous human trials and animal
studies that short-term treatment with probiotics or synbiotics can reverse dysbiosis and
consequently enhance liver health. Fatty liver disease is one instance where this is especially
accurate. As a means to interfere with the effects of dysbiosis, TLR4 inhibitors are expected
to enter clinical development. A possible method of lowering the occurrence of HCC is to
prevent the early onset of progressive liver disease through the microbiome. Probiotics and
synbiotics, as well as dietary changes, are possible methods for achieving this. As addressed
above, the technological advances in liver cancer biomarker profiling have provided a
breakthrough in liver metabolomics research.

In addition, challenges connected to HCC metabolism, cellular interfaces, metabolomics,
and metabolic changes have been addressed. Future review research initiatives are pro-
posed for improving HCC performances with clinical metabolomics:

• Our review indicates a unique liver cancer–metabolomics connection for therapeutic
biomarker invention in HCC.

• Liver cancer remains one of the most difficult disease to treat; however, finding the
therapeutic biomarker is possible.

• In single-cell studies of liver cancer, the phenomenon of extensive tumor heterogeneity
has been noticed, which creates a major barrier for effective cancer interventions.

• Exploiting scientific systems to disrupt these interactions could establish a viable ther-
apeutic strategy for targeting HCC and stopping HCC evolution, thereby improving
treatment efficacy.

• We propose that clinical metabolomics may reflect the evolution of therapeutic biomark-
ers in a successful liver cancer treatment.
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Abstract: Functional or compositional perturbations of the microbiome can occur at different sites,
of the body and this dysbiosis has been linked to various diseases. Changes in the nasopharyngeal
microbiome are associated to patient’s susceptibility to multiple viral infections, supporting the idea
that the nasopharynx may be playing an important role in health and disease. Most studies on the
nasopharyngeal microbiome have focused on a specific period in the lifespan, such as infancy or the
old age, or have other limitations such as low sample size. Therefore, detailed studies analyzing the
age- and sex-associated changes in the nasopharyngeal microbiome of healthy people across their
whole life are essential to understand the relevance of the nasopharynx in the pathogenesis of multiple
diseases, particularly viral infections. One hundred twenty nasopharyngeal samples from healthy
subjects of all ages and both sexes were analyzed by 16S rRNA sequencing. Nasopharyngeal bacterial
alpha diversity did not vary in any case between age or sex groups. Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes were the predominant phyla in all the age groups, with several
sex-associated. Acinetobacter, Brevundimonas, Dolosigranulum, Finegoldia, Haemophilus, Leptotrichia,
Moraxella, Peptoniphilus, Pseudomonas, Rothia, and Staphylococcus were the only 11 bacterial genera
that presented significant age-associated differences. Other bacterial genera such as Anaerococcus,
Burkholderia, Campylobacter, Delftia, Prevotella, Neisseria, Propionibacterium, Streptococcus, Ralstonia,
Sphingomonas, and Corynebacterium appeared in the population with a very high frequency, suggesting
that their presence might be biologically relevant. Therefore, in contrast to other anatomical areas
such as the gut, bacterial diversity in the nasopharynx of healthy subjects remains stable and resistant
to perturbations throughout the whole life and in both sexes. Age-associated abundance changes
were observed at phylum, family, and genus levels, as well as several sex-associated changes probably
due to the different levels of sex hormones present in both sexes at certain ages. Our results provide
a complete and valuable dataset that will be useful for future research aiming for studying the
relationship between changes in the nasopharyngeal microbiome and susceptibility to or severity of
multiple diseases.

Keywords: nasopharyngeal microbiome; age differences; sex differences; aging; human microbiome;
16S rRNA sequencing
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1. Background

Among the remaining challenges in biomedical sciences, one of the most important
is to fully understand the effect of aging on human biological processes, health, and
wellness. In recent years, solid evidence has been collected to support the idea that the
microbial communities that inhabit the different anatomical areas of the human body could
play a key role in these processes, and there has been much speculation about possible
medical interventions [1–6]. Although most research has focused on the well-studied gut
microbiome, there is growing evidence that variations in microbial communities in other
sites of the body are also responsible for wide-ranging health effects [7–11]. The case of
the respiratory tract is curious, since the lungs were long believed to be sterile, despite
the fact that they are constantly exposed to microorganisms in inhaled air and the upper
respiratory tract [12], which has been the main cause that the respiratory microbiome has
barely been studied until very recently [13]. However, new culture-independent microbial
identification techniques, such as metagenomics, have revealed that the respiratory tract is
a dynamic ecosystem, and this has raised the interest of the scientific community in the
role of the respiratory microbiota in health and disease [12,13].

The human upper respiratory tract that comprises the anterior nares, nasal cavity,
sinuses, nasopharynx, Eustachian tube, middle ear cavity, oral cavity, oropharynx, and
larynx is the major portal of entry for infectious droplet- or aerosol-transmitted microorgan-
isms [14]. Among these different areas, the nasopharynx is anatomically unique because
it presents a common meeting place for the ear, nose, and mouth cavities [15], but has
not gained special prominence until the outbreak of the current COVID-19 pandemic [16].
Importantly, dozens of studies have already detected unquestionable correlations between
the composition of the nasopharyngeal microbiota and susceptibility to different viral
infections in humans [13], and some evidence is emerging, although still controversial, that
it may be playing a role in the susceptibility to SARS-CoV-2 infection, too [17]. Elucidating
this might shed light on the still unexplained fact that some COVID-19 patients, such as the
elderly, are more susceptible and present more severe forms of COVID-19 than others [18].

Large cohort studies of human microbiome data with appropriate controls are particu-
larly valuable, especially of all ages and both sexes, as these datasets are difficult to obtain
due to multiple factors, including our long lifespans, heterogeneity in consent and other
sample access issues, and because of socioeconomic confounds. Therefore, human studies
have tended to focus on a specific component of the lifespan, such as infanthood, or studies
of the elderly, rather than examining variation across an entire population. Knowledge
about the relationships between changes in the nasopharyngeal microbiota and susceptibil-
ity to viral infections is a good example of this, since most studies have focused only on
children [13].

A crucial factor to consider in studies of variation across the lifespan is sex as a
biological variable. For aging research, this includes the understanding that females and
males may have different aging trajectories [19–21], including in key systems such as
the digestive tract. For example, the gut microbiome and sex hormones may interact to
predispose women to autoimmune diseases [22] and dietary interventions are known to
have sex-specific effects on gut microbiota [23]. There are no studies analyzing the possible
sex-associated differences in the nasopharyngeal microbiome at different life stages.

Here, we analyze, for the first time, the diversity and relative abundance of the
nasopharyngeal microbiota across the whole lifespan in 120 healthy individuals of all ages
and both sexes, the taxonomic changes in the nasopharynx associated to age or sex, and
the possible biological relevance of several taxa whose frequency of appearance in the
population is high. We therefore provide a very comprehensive and valuable dataset that
will be the base for future research aimed at identifying relationships between age- and
sex-associated changes in nasopharyngeal microbiome and susceptibility to or severity of
the diseases of interest.
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2. Results

2.1. Data Annotation and Sample Overview

A total of 120 nasopharyngeal microbiomes from 120 healthy individuals were an-
alyzed. A total of 4,538,196 high-quality 16S rRNA sequences ranging from 10,627 to
256,449 sequences per sample (mean = 37,818.3; median = 33,169) were obtained after
quality control analyses and OTU filtering. The 16S rRNA sequences were binned into
128 families, 250 genera and 561 species. The most abundant families were Staphylococ-
caceae (12.14%), Burkholderiaceae (11.52%), Carnobacteriaceae (11.48%) and Corynebacte-
riaceae (9.47%). The most abundant genera were Staphylococcus (13.06%), Dolosigranulum
(11.99%), Corynebacterium (10.18%) and Ralstonia (10.08%). The most abundant species
were Dolosigranulum pigrum (24.55%), Ralstonia pickettii (19.02%), Corynebacterium pseu-
dodiphtheriticum (4.87%) and Propionibacterium acnes (4.85%). We excluded one sample with
an abnormally high proportion of Chlamydophila, which is an indication of an abnormal
sampling or pathological disorder of this individual ‘C_A1_M8’. To reveal age-related
progression of nasopharyngeal microbiota, we divided the samples into six age groups,
each divided into females and males to be able to also study possible sex-associated dif-
ferences (Table S1). There were 20 samples in each age group and 10 samples in each sex
group within them, except for the first age group (A1: 1–20 years) where one male had to
be excluded as indicated above (Table S1).

We sought to determine the ways in which different samples were grouped according
to their OTU composition. To that end, we applied nonmetric multidimensional scaling
(NMDS), which is a powerful statistical tool that enables complex multivariate data sets
to be visualized in a reduced number of dimensions, to determine the clustering patterns
of samples according to their Bray–Curtis distances (which were calculated based on the
relative abundance matrix of the 250 genera across the 119 samples) (Figure 1). The analysis
of similarities (ANOSIM), which is a non-parametric statistical test, was used to analyze
whether there were statistically significant differences among the different age groups
included in this study. Thus, even though the samples apparently did not form distinct
clusters when viewed using this approach as they appeared mostly intermixed and the
different confidence ellipses overlapped each other, the differences between the age groups
A1–A4 (ANOSIM statistic, 0.1075; significance, 0.016) and A1–A5 (ANOSIM statistic, 0.1075;
significance, 0.016) were significant according to ANOSIM (Figure 1). Similar result was
obtained when focusing on possible differences between the two sexes, as samples from
females and males also appeared completely intermixed and did not form any groups, and
significant differences were not detected according to ANOSIM (Figure 1).
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Figure 1. Microbial community composition. Nonmetric multidimensional scaling (NMDS) plot
of the Bray–Curtis distances which were calculated using the relative abundance of the 250 genera
across the 119 samples as input. Each sample is represented by one dot, colored according to age, and
shaped according to sex. The 90% confidence data ellipses are shown for each age group.

2.2. Bacterial Diversity in the Nasopharynx of Healthy Individuals Is Stable throughout Lifespan

The fact that significant changes in bacterial diversity throughout life had previously
been described in the well-studied gut microbiota of healthy individuals [24] prompted
us to test whether similar changes occur in the nasopharynx by analyzing the alpha
diversity, referred to as within-community diversity [25], for the different age and sex
groups established for this study (Table S1). However, the Shannon’s diversity index,
which measures evenness and richness of communities within a sample, did not show
any statistically significant changes in bacterial diversity among the different age groups
(Figure 2a). Moreover, alpha diversity also did not vary as a function of sex when the
Shannon index was calculated considering all individuals of all ages included in this study
(Figure 2b), nor when the same analysis was performed comparing females and males
within each age group (Figure 2c). The use of other indexes commonly used to measure
alpha diversity, such as the inverse Simpson’s diversity index, which is an indication of the
richness in a community with uniform evenness that would have the same level of diversity
(Figure S1), or the Chao1 index, which measures the total richness of communities within
a sample (Figure S2), confirmed the absence of any statistically significant differences in
bacterial diversity between the different age groups (Figures S1a and S2a) or between
females and males (Figures S1b,c and S2b,c). Therefore, all these results together suggest
that contrary to what occurs in other anatomical areas, such as the gut where bacterial
diversity decreases with aging [24], it remains stable in the nasopharynx of healthy people
over time, without notable changes at any stage of life, not even in very young people or in
the elderly over 70 years of age (Figure 2a and Figures S1a and S2a). Curiously, another
interesting finding provided by this work, for the first time, is that there are no significant
differences when comparing bacterial diversity in the nasopharynx of healthy females and
males (Figure 2b,c and Figures S1b,c and S2b,c), regardless of the stage of life studied and
the important hormonal differences that exist between both sexes at certain ages.
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Figure 2. Comparison of alpha diversity parameters across the age and sex groups studied. Box-
whisker plots of the alpha diversity Shannon index and its comparison using the Kruskal–Wallis
test among the different age groups established for this study (a), and the Wilcoxon signed-rank test
between females and males (b,c). Each sample is represented by one dot. The age group A1 includes
subjects between 1 and 20 years old, A2 between 21 and 40, A3 between 41 and 50, A4 between 51
and 60, A5 between 61 and 70, and A6 includes individuals over 70 years of age (Table S1).

2.3. Age- and Sex-Associated Changes in Relative Abundance of Bacterial Taxa in the Nasopharynx
of Healthy Individuals

To determine differences in nasopharyngeal taxa abundance among age and sex
classes, we compared the nasopharyngeal microbiome of healthy women and men in the
six different age groups established for this study (Table S1). The first general analysis at
the phylum level revealed that Firmicutes and Proteobacteria relative abundances showed
opposite kinetics with aging (Figure 3a–f), while the relative abundance of Firmicutes,
which is the majority phylum in the youngest individuals (50%) (Figure 3a), clearly de-
creased with aging reaching its lowest values in subjects in their 50s and 60s (21% and
27%, respectively) (Figure 3d,e). The relative abundance of Proteobacteria presented its
lowest value in the youngest people (24%) (Figure 3a) and increased in older individuals,
peaking in subjects who were in their 50s (53%) (Figure 3d). The relative abundance of
other phyla, such as Actinobacteria, Bacteroidetes, Tenericutes, or Cyanobateria, remained
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more stable throughout life (Figure 3a–f). Moreover, when we continued working at the
phylum level and searched for any abundance differences between the nasopharyngeal
microbiota of females and males, we determined that, interestingly, the results were almost
identical for both sexes within the two age groups containing the youngest (1–20 years)
(Figure S3a) and oldest (>70 years) (Figure S3f) individuals. However, several differences
between females and males were observed in other age groups, notably a higher relative
abundance of Actinobacteria in males in their 20s and 30s compared to females of the same
age group (20% vs. 7%) (Figure S3b), a higher relative abundance of Proteobacteria in males
in their 40s compared to females of the same age group (46% vs. 29%) (Figure S3c), a higher
relative abundance of Proteobacteria in females in their 50s compared to males of the same
age group (57% vs. 47%) (Figure S3d), and a higher relative abundance of Firmicutes and
lower of Actinobacteria in females in their 60s compared to males of the same age group
(37% vs. 20% and 10% vs. 22%, respectively) (Figure S3e). Therefore, the fact that there
were differences in taxa abundance when comparing the nasopharyngeal microbiota of
females and males in most of the age groups studied (individuals between 21 and 70 years
of age) (Figure S3b–e), but not within the two age groups containing the youngest and
oldest individuals (people between 1 and 20 and older than 70 years of age) (Figure S3a,f),
suggests that the different levels of sex hormones present in both sexes at different life
stages might be modulating the nasopharyngeal microbiome.

Next, we proceeded further in this study and moved to the family level, finding that
24 distinct bacterial families presented an average abundance of >1% in at least one of the
age groups studied (Figure 3g). Our analyses revealed the dominant family in each of the
age groups: Staphylococcaceae in A1, Carnobacteriaceae in A2, Staphylococcaceae in A3,
Burkholderiaceae in A4, Streptococcaceae in A5, and Staphylococcaceae in A6 (Figure 3g).
Thus, it is curious that although Proteobacteria was the majority taxa in all the age groups
when analyzing the nasopharyngeal microbiota at the phylum level (Figure 3a–f), the
dominant family in all the age groups belongs to the Firmicutes phylum, except in the case
of age group A4 where the family Burkholderiaceae, which belongs to the Proteobacteria
phylum, was the most abundant taxa at family level (Figure 3g). Differences in the relative
abundance of some families were detected when compared between age groups, but
without following any easily interpretable pattern (Figure 3g). Analysis of differential taxa
abundance at the family level between age groups, but separately in females and males, did
not show any relevant sex-associated differences between sexes regarding the dominant
bacterial families in each age group compared to the results described above for both sexes
together (Figure 3g), excepting that Burkholderiaceae was the most abundant family in
males of age group A3 instead of Staphylococcaceae, and that Corynebacteriaceae is the
dominant family in males of age group A5 instead of Streptococcaceae (Figure S4). As
mentioned above when working with females and males together, differences in relative
abundance were detected in some families when comparing between different age groups in
both sexes, but without following any easily interpretable patterns (Figure S4). Visualization
of taxa abundance at the family level in all the individuals included in this study showed
that most of them had a very diverse microbiome, with a high number of families with
relative abundance of >1% (Figure S5). However, a few individuals had one dominant
family that represented the majority of their nasopharyngeal microbiomes; these families
tended to be Burkholderiaceae, Carnobacteriaceae and Staphylococcaceae (Figure S5).
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Figure 3. Taxonomic composition and age-associated metagenomic changes in the nasopharynx of
healthy individuals. (a–f) Krona charts showing the bacterial community composition at the phylum
level in the indicated age groups. Stacked bar charts showing the relative abundance (%) of bacterial
phyla. (g) Stacked bar charts showing the relative abundance (%) of bacterial families in the indicated
age groups. (h) Stacked bar charts showing the relative abundance (%) of bacterial genera in the
indicated age groups. For clarity, only bacterial families (g) and genera (h) with average abundance
>1% at each age group are shown.
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Working at the genus level, we determined that 24 bacterial genera presented an aver-
age abundance of >1% in at least one of the age groups studied (Figure 3h). Moreover, our
results showed that Staphylococcus was the dominant genus in age group A1, Dolosigranulum
in A2, Staphylococcus in A3 and A6, Ralstonia in A4, and Streptococcus in A5 (Figure 3h). No
relevant differences were detected when comparing taxa abundance in the nasopharynx of
females and males at the genus level within the age groups studied (Figure S6). Similar to
what was described above at the family level, visualization of taxa abundance at the genus
level in all the individuals included in this study showed that most of them had a high
number of genera with relative abundance of >1%, with a few individuals presenting one
dominant genus (mostly Dolosigranulum or Staphylococcus) that represented the majority of
their nasopharyngeal microbiomes (Figure S7). Next, we focused on those genera whose
relative abundance were significantly different between the different age groups established
in this study, as this could help us to identify changes in the nasopharyngeal microbiota
that are characteristic of aging. Thus, our analyses revealed that there were statistically
significant differences (adjusted p-value < 0.05) in relative abundance between the distinct
age groups in 11 bacterial genera: Acinetobacter, Brevundimonas, Dolosigranulum, Finegoldia,
Haemophilus, Leptotrichia, Moraxella, Peptoniphilus, Pseudomonas, Rothia and Staphylococcus
(Figure 4a and Table S2). Interestingly, most of these statistically significant differences in
relative abundance between the age groups for the 11 mentioned genera were between
age groups A1 or A6, which include individuals between 1 and 20 years of age and over
70 years old, respectively, and the rest of age groups (18 out of 37 cases for the age group
A1 and 16 out of 37 cases for the age group A6) (Table S2). Among these statistically sig-
nificant changes detected, it should be noted that Acinetobacter was the only genus whose
relative abundance in the nasopharynx clearly increased progressively throughout life,
peaking in individuals older than 70 years of age (Figure 4a and Table S2). In the cases of
Dolosigranulum and Rothia, their relative abundance drastically increased and decreased,
respectively, in individuals over 70 years of age, compared to middle-aged people in their
50s and 60s (Figure 4a and Table S2). Changes among the different age groups of Fine-
goldia, Leptotrichia and Haemophilus were also interesting, as their relative abundance was
markedly reduced in elderly people over 70 years of age, even though they were present at
other ages throughout life, mainly during middle age (Figure 4a and Table S2). The case
of Haemophilus was particularly intriguing, as while its relative abundance was at least
10% of the nasopharyngeal microbiota composition in age groups A1-A5 (if we consider
only these 11 genera that present statistically significant differences between age groups),
it dramatically decreased in the group of individuals over 70 years old (Figure 4a and
Table S2). Furthermore, it is noteworthy that the bacterial genera Brevundimonas, Finegoldia,
Leptotrichia and Peptoniphilus presented a very low relative abundance in the youngest
individuals, who are between 1 and 20 years old, compared to other age groups (Figure 4a
and Table S2). Finally, although Moraxella and Staphylococcus showed significant differences
in relative abundance between the distinct age groups in several cases, these differences
did not seem to follow any easily interpretable pattern relating relative abundance levels
to a particular life stage (Figure 4a and Table S2). Next, we wondered whether the signifi-
cant differences in relative abundance between age groups observed for these 11 bacterial
genera were due to sex-associated differences. Visualization of taxa abundance in females
and males separately, considering only these 11 genera, showed no notable differences
between both sexes (Figure S8). The only exception was a higher relative abundance of
Dolosigranulum in males in their 20s and 30s compared to females of the same age, because
this genus was clearly dominant in five males from that age group while only in one female
of the same age (Figure S9). Besides this observation regarding Dolosigranulum, analyzing
the taxa abundance in all the individuals included in this study also revealed that in most
people, 1 out of these 11 genera was dominant compared to the relative abundance of the
other 10 genera (Figure S9). Interestingly, 8 out of the 11 genera, excepting Bevundimonas,
Finegoldia and Peptoniphilus, were determined to be the dominant genus in at least one
individual, demonstrating that nasopharyngeal taxonomic composition at this level can
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be very variable between different individuals, even if they belong to the same age or sex
groups (Figures S9 and S10).

Figure 4. Taxonomic composition and frequency of appearance of the 11 bacterial genera which show
significant differences between age groups. (a) Stacked bar charts showing the relative abundance
(%) of the 11 bacterial genera indicated in the age groups established for this study. (b) Percentage
of individuals, of the total included in this study, in which the indicated genera are present in the
indicated age groups.
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2.4. Identification of Potentially Biologically Relevant Bacterial Genera by Analyzing Their
Frequency of Appearance in the Nasopharynx of Healthy Individuals

After analyzing taxa abundance at the phylum, family, and genus levels, looking for
differences between age and sex groups, we decided to apply another strategy to attempt
to identify bacterial genera whose presence in the nasopharynx might be characteristic
of a certain life stage, independently on their abundance levels. Thus, based on the idea
that in some cases the presence of a genus within a certain sex or age group but not in
others can be biologically relevant, even if its abundance is low, we studied the frequency
with which each genus appeared in the individuals included in this study by visualizing,
for each genus, the percentage of people from each age group in which it is present.
Firstly, we analyzed this in the 11 genera that presented significant differences between the
distinct age groups, with the aim of checking whether these genera were present in a high
percentage of individuals and, therefore, that the relative abundance results previously
shown in Figure 4a were reliable. Indeed, our results showed that these 11 genera appeared
with a high frequency in the individuals included in this study, especially in the cases
of Acinetobacter, Dolosigranulum, Haemophilus, Moraxella, Pseudomonas and Staphylococcus
(Figure 4b). These data also revealed that several genera, such as Brevundimonas, Finegoldia
and Peptoniphilus, appeared less frequently in the youngest people than in the other age
groups, while the frequency of appearance of others, such as Rothia, decreases in the oldest
people (Figure 4b). Interestingly, it coincides that these genera that appear most frequently
in the individuals included in this study are also the ones that appear most often as the
dominant genus in the taxonomic composition of individuals (Figures S9 and S10). Next,
we identified several bacterial genera that could be biologically relevant as part of the
nasopharyngeal microbiota, although they did not show any significant differences in
relative abundance between age or sex groups. This was (i) because their frequency of
appearance in the nasopharynx of the healthy population was very high, as in the case
of Anaerococcus, Burkholderia, Campylobacter, Delftia, Prevotella, Neisseria, Propionibacterium,
Streptococcus, Ralstonia, Sphingomonas and Corynebacterium (Figure 5a); (ii) because their
frequency of appearance drastically increased with age, such as the cases of Faecalibacterium,
Stenotrophomonas and Phascolarctobacterium (Figure 5b); or (iii) because their frequency of
appearance drastically decreased with age, such as the cases of Aggregatibacter, Gemella and
Fusobacterium (Figure 5c).
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Figure 5. Frequency of appearance of potential biologically relevant bacterial genera. (a–c) Percentage
of individuals, of the total included in this study, in which the indicated genera are present in the
indicated age groups.

3. Discussion

Comparing bacterial species richness in the nasopharynx of healthy individuals in the
different age groups established for this study and between females and males revealed
no age- or sex-associated significant differences in alpha diversity. These results, which
were confirmed by using three of the most reliable and commonly used alpha diversity
indexes, such as the Shannon’s diversity index, the inverse Simpson’s diversity index, and
the Chao1 diversity index, indicate that the nasopharyngeal microbiome is highly stable
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and robust to perturbations throughout life as well as between sexes within each of the
different age groups in healthy subjects. Alpha diversity could be expected to be lower
in the youngest individuals compared to older individuals in all the anatomical areas, as
the fetus is sterile until the moment of birth, when the newborn begins to be progressively
colonized by microorganisms until its definitive microbiota is established [26]. This is
exactly what happens, for example, with the gut microbiome of infants, whose alpha
diversity is consistently determined to be lower than in adults [27,28], probably due to
the introduction of new diversity from food, which increases with the consumption of
foods other than breast milk [29]. Detailed metagenomic studies, which should include
samples collected at multiple time points during childhood and during adulthood, would
be needed to determine whether something similar occurs in the nasopharynx. In the
case of the present study, we would not be able to detect such differences in diversity
between the youngest individuals and the rest of age groups, if they exist, for two reasons:
(i) because our first age group, which includes the youngest individuals, is very broad and
encompasses individuals up to 20 years old, so any differences from young children could
be diluted; (ii) because as we were not interested specifically in children, but in broader age
groups spanning all stages of life, we excluded children younger than 1 year of age from
this study, as their highly changing microbiota in formation could bias the analyses we
were interested in. Interestingly, although it is known that there are relevant sex-associated
differences in diversity in other anatomical areas such as the gut, and that such differences
are probably due to the different levels of sex hormones between both sexes [30], we did
not observe any significant diversity differences between females and males, even in the
age groups where sex hormones levels should be quite different. It is also curious that,
contrary to what occurs in the gut where the alpha diversity of the microbiota decreases
with aging [24], we did not observe a similar reduction in diversity in the nasopharynx
of older individuals. This difference between both anatomical areas might be explained
by the fact that decreased microbial diversity of the gut in older subjects is associated
with chronological age, number of concomitant diseases, number of medications used,
increasing coliform numbers, and changes in diet [31], and although chronological age
affects both anatomical areas in a similar way, it seems probable that other of these factors
might affect the gut microbiota in a more intense way compared to the nasopharyngeal
microbiota. In summary, we can say that the diversity of the nasopharyngeal community is
very stable throughout life and between sexes.

Our analyses of taxa abundance in the nasopharynx at the phylum level revealed
the existence of sex-associated differences within the age groups including individuals
between 21 and 70 years of age, but not in the youngest and oldest people. As previously
mentioned for the alpha diversity results, multiple sex-associated differences in taxonomic
composition have also been described for the human gut microbiome [30], and numerous
studies have reported evidence to support the idea that levels of sex hormones, such as
progesterone [32], androgen [33], and estrogen [34], regulate its composition [35,36]. The
effects of sex hormones on other microbial niches, such as the human vaginal microbiota,
have also recently been demonstrated [37]. Although it has been shown that estrogen
stimulation (hormone/gender effect) in the upper respiratory tract mucosa could reduce
virus virulence by improving both nasal clearance and local immune response [38], the
relationship between sex hormone levels and the nasopharyngeal microbiota has so far
not been directly observed in clinical studies. However, the fact that our results reveal
differences between females and males at the phylum level in all the age groups, ex-
cept for those where differences in sex hormones levels do not exist or are not so strong
(>70 years and 1–20 years old), suggests that sex hormones might be modulating the taxo-
nomic composition of the healthy human nasopharynx. Note that although differences in
sex hormones could be expected to be relevant in the age group that includes individuals
between 1 and 20 years of age since pubescents and adolescents are part of this group,
we assumed that such differences should not be so significant in our case because 70% of
individuals in this age group are prepubescent in our study.
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We might be tempted to think that the microbiota of nearby anatomical sites that are
closely related in terms of structure and function should be practically identical. However,
the reality seems to be much more complex. A good example of this is that although
nasopharynx and nose are adjacent, and previous metagenomic studies comparing the
microbiome of both anatomical areas have revealed a clear continuity, there are important
differences between the two sites and even niche-specific bacteria [39]. Furthermore, this
study also reported an evident heterogeneity among participants, since the nasopharyn-
geal microbiome of half of them was dominated by Moraxella, Streptococcus, Fusobacterium,
Neisseria, Alloprevotella or Haemophilus, while in the other half it contained an intermixed
bacterial profile where Staphylococcus, Corynebacterium, and Dolosigranulum seemed to be
important bacterial members with varying relative abundances [39]. Our taxa abundance
analyses at the genus level only detected statistically significant relative abundance differ-
ences between the different age groups for 11 bacterial genera: Acinetobacter, Brevundimonas,
Dolosigranulum, Finegoldia, Haemophilus, Leptotrichia, Moraxella, Peptoniphilus, Pseudomonas,
Rothia, and Staphylococcus. Interestingly, most of the 37 statistically significant differences
detected between the different age groups for these 11 genera appear when comparing age
groups A1 and A6 with the rest of the age groups (18 out of 37 and 16 out of 37, respectively).
Therefore, these results reveal that, in terms of relative abundance of bacterial genera, the
nasopharyngeal microbiota of the youngest and oldest subjects is more different from that
of the other age groups than that of any other age group. Among these age-associated
changes, from a clinical perspective, it is particularly concerning that Dolosigranulum, which
is an opportunistic pathogen that causes pneumonia in elderly patients [40], is overrepre-
sented in the nasopharynx of individuals over 70 years of age compared to middle-aged
subjects. This suggests that the relative abundance of Dolosigranulum may be higher in
elderly people due to the process of immunosenescence that occurs in them [41,42], or that
its higher abundance may be due to other unidentified age-related factors. Nevertheless,
the relevance of Dolosigranulum in the nasopharynx deserved further investigation, since
nasal administration Dolosigranulum pigrum 040417 to mice increased the resistance against
respiratory syncytial virus (RSV) and Streptococcus pneumoniae [43,44]. However, other
strains of the same species failed to protect mice against these pathogens [43,44]. Another
interesting observation of our study is that Haemophilus that causes pneumonia mainly in
elderly people [45] is underrepresented precisely in individuals over 70 years of age. This
suggests that their lower relative abundance in elderly subjects is due to other unidenti-
fied age-related factors, and that the elderly are much more susceptible to opportunistic
infections caused by this bacterium, probably due to the previously mentioned process of
immunosenescence. Further research will be necessary to elucidate the precise reason for
this. Something similar could be said for Rothia, as its relative abundance also decreases
drastically in people over 70 years of age while it is known to cause pneumonia mostly
in aged individuals [46]. It is worth noting that, regardless of their relative abundance or
whether they show statistically significant differences between age or sex groups, those
bacterial genera that are present in most individuals or whose frequency of appearance
changes drastically throughout life could be relevant from a biomedical and ecological
point of view. Based on this idea, we highlight Anaerococcus, Burkholderia, Campylobacter,
Delftia, Prevotella, Neisseria, Propionibacterium, Streptococcus, Ralstonia, Sphingomonas and
Corynebacterium as candidate bacterial genera that could be playing an important role as
they are present in the nasopharynx of most healthy individuals. In addition, we propose
Faecalibacterium, Stenotrophomonas and Phascolarctobacterium as candidate bacterial genera
that could be playing a relevant role, as their frequency of appearance in the nasopharynx
of healthy subjects increases progressively throughout life, and Aggregatibacter, Gemella
and Fusobacterium because their frequency of appearance in the nasopharynx decreases
drastically and progressively as healthy people age. Elucidating the biomedical relevance
of all these bacterial genera which are part of the healthy nasopharyngeal microbiota and
determining their potential involvement in health and disease at different stages of life is
certainly an exciting topic for future work.
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Our study has several limitations. This was an observational, retrospective study,
and collection of data was not standardized in advance. The 16S rRNA gene sequencing
approach to study the microbiota could introduce bias in the obtained data because this
method does not allow the study of the whole microbiome, but only the genera amplified by
PCR. The taxonomic assignment at the species level may not be fully accurate. Nevertheless,
it is the most common technique to study microbiota in clinical samples. Moreover, it was
not possible to obtain serial samples. Furthermore, the groups are small, particularly the
sex groups within each age group, so the study may have been underpowered to detect
certain associations. Finally, we could not access any sociodemographic, environmental,
lifestyle, or medical information of subjects enrolled in this study, which would have been
helpful to better understand the characteristics of the cohort.

Although multiple studies have analyzed the microorganisms present in the nasophar-
ynx in different contexts before this work, the characteristics of the healthy and mature
human nasopharyngeal microbiota was largely unknown since (i) most studies focused on
children or elderly people, (ii) confounding factors such as external drivers that alter it are
not well known to date, and (iii) focus is generally shifted to its variation in diseases. With
this work, we fill this important gap in knowledge. However, further research will be nec-
essary to elucidate the effects of the nasopharyngeal taxonomic composition as well as the
age- and sex-associated changes described here on the susceptibility of certain individuals
to infectious diseases. Studying the case of the elderly people in detail will be particularly
interesting from a biomedical and clinical perspective, since their nasopharyngeal micro-
biota is significantly different from that of younger subjects, and they are known to be much
more susceptible to multiple infectious diseases, most notably COVID-19 [47]. Therefore,
we hypothesize that there may be some correlation between the taxonomic composition in
the nasopharynx of the elderly and their increased susceptibility to COVID-19, but this will
be a challenge for future metagenomic studies that should include different age groups,
both sexes, and patients infected with SARS-CoV-2 who have developed the disease with
different severity.

4. Methods and Materials

4.1. Sample Selection, Collection, and Classification

Due to the available economic resources, we randomly selected 120 nasopharyngeal
samples from a cohort of 6354 healthy subjects belonging to the Health Area I of the Region
of Murcia (Spain) who voluntarily provided their samples between 27 August 2020 and
8 September 2020 for diagnostic purposes and tested negative for SARS-CoV-2 infection.
Nasopharyngeal swabs were obtained by approaching the nasopharynx transnasally and
stored in Universal Transport Medium (UTM): Viral Transport medium (COPAN Diagnos-
tics Inc., Murrieta, CA, USA). Nucleic acid extraction was performed using the automatized
system Nuclisens EasymaG (bioMérieux, Madrid, Spain) based on the ability of silica
to bind DNA and RNA in high salt concentrations (Boom technology). The polymerase
chain reaction (PCR) kit used to verify that all the samples were negative for SARS-CoV-2
infection was Novel Coronavirus (2019-nCoV) Real Time Multiplex RT-PCR kit (Detection
for 3 Genes), manufactured by Shanghai ZJ Bio-Tech Co., Ltd. (Liferiver Biotech, la Jolla,
CA, USA) and the CFX96 Touch Real-Time PCR Detection System (BioRad, Madrid, Spain).

To facilitate the study of age- and sex-associated changes in the nasopharyngeal
microbiota throughout life, and to ensure that the sample size of all the age and sex
groups were homogeneous, we decided on an experimental design that distributed the
120 nasopharyngeal samples that we could analyse into six age groups with 20 individuals
each, of which 10 were females and the other 10 were males (Table S1). For this, the
6354 healthy subjects of our parent cohort were divided into their age matched groups
and numbered, and then randomly obtained numbers were used to select 10 females and
10 males from each of the age groups. Random numbers were generated in RANDOM.ORG,
which is a True Random Number Generator (TRNG) that generates true randomness
via atmospheric noise, unlike the most common and less trustworthy Pseudo-Random
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Number Generators (PRNGs) [RANDOM.ORG: True Random Number Service. Available
at: https://www.random.org]. According to the exclusion criteria we established for this
study, (1) individuals younger than 1 year of age were disqualified because the microbiome
of infants is known to be highly fluctuating with age, and (2) subjects who were tested
for SARS-CoV-2 infection because they had respiratory or any other kind of symptoms
were also excluded to avoid the enrolment of individuals who could have any infection or
disease that could alter their nasopharyngeal microbiota although they were not infected
by SARS-CoV-2.

4.2. Amplification, Library Preparation, and Sequencing

Bacterial identification was performed by sequencing the 16S rRNA gene’s hypervari-
able regions. The 16S rRNA gene was amplified by multiplex PCR using Ion Torrent 16S
Metagenomics kit (Ion Torrent, Thermo Fisher Scientific Inc., Alcobendas, Spain), with two
sets of primers, which targets regions V2, V4, and V8, and V3, V6–7, and V9, respectively.
Amplification was carried out in a SimpliAmp thermal cycler (Thermo Fisher Scientific
Inc., Alcobendas, Spain) running the following program: denaturation at 95 ◦C for 10 min,
followed by a 3-step cyclic stage consisting of 25 cycles of denaturation at 95 ◦C for 30 s,
annealing at 58 ◦C for 30 s, and extension at 72 ◦C for 20 s; at the end of this stage, the
program concludes with an additional extension period at 72 ◦C for 7 min and the reaction
is stopped by cooling at 4 ◦C. The resulting amplicons were tested by electrophoresis
through 2% agarose gels in tris-acetate-EDTA (TAE) buffer, purified with AMPure® XP
Beads (Beckman Coulter, Inc, Atlanta, GA, USA), and quantified using QubitTM dsDNA
HS Assay Kit in a Qubit 3 fluorometer (Thermo Fisher Scientific Inc., Alcobendas, Spain).

A library was generated from each sample using the Ion Plus Fragment Library Kit (Ion
Torrent), whereby each library is indexed by ligating Ion Xpress™ Barcode Adapters (Ion
Torrent) to the amplicons. Libraries were purified with AMPure® XP Beads and quantified
using the Ion Universal Library Quantitation Kit (Ion Torrent, Thermo Fisher Scientific
Inc., Alcobendas, Spain) in a QuantStudio 5 Real-Time PCR Instrument (Thermo Fisher
Scientific Inc., Alcobendas, Spain). The libraries were then pooled and clonally amplified
onto Ion Sphere Particles (ISPs) by emulsion PCR in an Ion OneTouch™ 2 System (Ion
Torrent) according to the manufacturer´s instructions. Sequencing of the amplicon libraries
was carried on an Ion 530™ Kit (Ion Torrent) on an Ion S5™ System (Ion Torrent). After
sequencing, the individual sequence reads were filtered by the Torrent Suite™ Software
v5.12.1 to remove low quality and polyclonal sequences.

4.3. Bioinformatics and Statistical Analysis

The obtained sequences were analyzed and annotated with the Ion Reporter 5.18.2.0
software (Thermo Fisher Scientific Inc., Alcobendas, Spain) using the 16S rRNA Profiling
workflow 5.18. Clustering into OTUs and taxonomic assignment were performed based on
the Basic Local Alignment Search Tool (BLAST) using two reference libraries, MicroSEQ®

16S Reference Library v2013.1 and the Greengenes v13.5 database. For an OTU to be
accepted as valid, at least ten reads with an alignment coverage of ≥90% between hit and
query were required. Identifications were accepted at the genus and species level with
sequence identity of >97% and >99%, respectively. Annotated OTUs were then exported for
analysis with R (v.4.1.2) (https://www.R-project.org/), where data were converted to phy-
loseq object [48] and abundance bar plots were generated. Data were converted to DESeq2
object [49] that uses a generalized linear model based on a negative binomial distribution
to calculate differential abundance between groups. Thus, the differential abundance
analysis was conducted according to the phyloseq package vignette with bioconductor
DESeq2 (https://bioconductor.org/packages/devel/bioc/vignettes/phyloseq/inst/doc/
phyloseq-mixture-models.html#import-data-with-phyloseq-convert-to-deseq2, accessed
on 10 January 2022). The raw abundance matrix was imported into phyloseq object (as
specified in the documentation of phyloseq with DESeq2) and subsequently converted to
DESeq2 object. Then, estimated size factors were used with the DESeq2 function to obtain
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the differential abundance. DESeq automatically searches for outliers and, if possible,
replaces the outlier values estimating mean-dispersion relationship. If it is not possible to
replace, p-values are replaced by NA. R (v.4.1.2) was also used to perform a non-metric
multidimensional scaling (NMDS) analysis on Bray–Curtis dissimilarity measures among
samples based on relative OTU abundances (i.e., percentages). The relative abundances
of OTUs were also used to test for statistically significant differences among age and sex
groups. Group OTU compositions were compared through the non-parametric statistical
tool ANOSIM. The 90% confidence data ellipses for each of the age groups were plotted.
Alpha diversity was estimated based on Chao1, Shannon, and Inverse-Simpson indices
by using the phyloseq package. To test for statistically significant differences between
pairwise groups in alpha diversity, the non-parametric Wilcoxon test was used. Frequency
of appearance was obtained by calculating the percentage of individuals in each age group
in which that taxon occurs. The bar plots aggregated by groups (age and/or gender) show
the aggregated relative abundance (sum of relative abundances). Krona charts that aid in
the estimation of relative abundances even within complex metagenomic classifications
were generated as previously described [50]. All the other graphs were generated with the
R package ggplot2 version 3.3.3., including the confidence data ellipses which were plotted
using the ‘stat_ellipse’ function, also from this package [51].

5. Conclusions

Our study shows that bacterial diversity in the nasopharynx of healthy subjects
remains very stable and resistant to perturbations throughout the whole life and in both
sexes. Age-associated changes in taxa abundance were observed at phylum, family, and
genus levels, as well as several sex-associated changes probably due to the different levels
of sex hormones present in both sexes at certain ages. We provide a complete and valuable
dataset that will be useful for future research aiming for studying the relationship between
changes in the nasopharyngeal microbiome and susceptibility to or severity of multiple
diseases.
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Abstract: A comparative analysis of the placental microbiome in pregnancies with late fetal growth
restriction (FGR) was performed with normal pregnancies to assess the impact of bacteria on placental
development and function. The presence of microorganisms in the placenta, amniotic fluid, fetal
membranes and umbilical cord blood throughout pregnancy disproves the theory of the “sterile
uterus”. FGR occurs when the fetus is unable to follow a biophysically determined growth path.
Bacterial infections have been linked to maternal overproduction of pro-inflammatory cytokines, as
well as various short- and long-term problems. Proteomics and bioinformatics studies of placental
biomass allowed the development of new diagnostic options. In this study, the microbiome of normal
and FGR placentas was analyzed by LC-ESI-MS/MS mass spectrometry, and the bacteria present in
both placentas were identified by analysis of a set of bacterial proteins. Thirty-six pregnant Caucasian
women participated in the study, including 18 women with normal pregnancy and eutrophic fetuses
(EFW > 10th percentile) and 18 women with late FGR diagnosed after 32 weeks of gestation. Based
on the analysis of the proteinogram, 166 bacterial proteins were detected in the material taken
from the placentas in the study group. Of these, 21 proteins had an exponentially modified protein
abundance index (emPAI) value of 0 and were not included in further analysis. Of the remaining
145 proteins, 52 were also present in the material from the control group. The remaining 93 proteins
were present only in the material collected from the study group. Based on the proteinogram
analysis, 732 bacterial proteins were detected in the material taken from the control group. Of these,
104 proteins had an emPAI value of 0 and were not included in further analysis. Of the remaining
628 proteins, 52 were also present in the material from the study group. The remaining 576 proteins
were present only in the material taken from the control group. In both groups, we considered
the result of ns prot ≥ 60 as the cut-off value for the agreement of the detected protein with its
theoretical counterpart. Our study found significantly higher emPAI values of proteins representative
of the following bacteria: Actinopolyspora erythraea, Listeria costaricensis, E. coli, Methylobacterium,
Acidobacteria bacterium, Bacteroidetes bacterium, Paenisporsarcina sp., Thiodiazotropha endol oripes and
Clostridiales bacterium. On the other hand, in the control group statistically more frequently, based on
proteomic data, the following were found: Flavobacterial bacterium, Aureimonas sp. and Bacillus cereus.
Our study showed that placental dysbiosis may be an important factor in the etiology of FGR. The
presence of numerous bacterial proteins present in the control material may indicate their protective
role, while the presence of bacterial proteins detected only in the material taken from the placentas
of the study group may indicate their potentially pathogenic nature. This phenomenon is probably
important in the development of the immune system in early life, and the placental microbiota and its
metabolites may have great potential in the screening, prevention, diagnosis and treatment of FGR.
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1. Introduction

The human body is inhabited by numerous microorganisms that constitute a kind of
microbiome. The importance of microorganisms inhabiting various parts of the human
body is not fully understood. Little is known about their impact on human growth,
development and health. There is particularly little data on the impact of bacteria and
viruses on the development of the placenta in normal and complicated pregnancies, e.g.,
with fetal growth disorders.

Fetal growth retardation, observed in approximately 3–10% of pregnancies, is one of the
problems of perinatology, whose etiology and pathogenesis are not fully understood [1,2].
FGR is most commonly defined as the estimated fetal weight below the 10th percentile for
gestational age based on prenatal ultrasound assessment [3]. This condition is associated
with a number of short-term and long-term complications that can seriously affect the quality
of life [4].

About 40% of FGR cases are idiopathic with no identifiable cause. In the remaining
60% of cases, 1/3 of intrauterine growth retardation is caused by genetic abnormalities
and 2/3 is induced by environmental factors [5]. Factors affecting the development of
intrauterine growth retardation can be divided into four groups: maternal factors, placental
factors, fetal factors and infectious factors [6–8].

So far, cases of FGR have been documented with bacterial infections such as my-
coplasma, listeria and mycobacteria, tuberculosis, and infection with a virulent, pathogenic
E. coli strain. There are also indications that the composition of the vaginal flora may
increase the likelihood of FGR. Studies have shown that the simultaneous presence of Bac-
teroides, Prevotella, Porphyromonas spp., M. hominis, U. urealyticum and T. vaginalis doubles
the likelihood of FGR [9]. The presence of bacterial and viral infections causes overproduc-
tion of pro-inflammatory cytokines in the mother’s body, such as interferon, tumor necrosis
factor (TNF) or interleukins [10]. This causes widespread inflammation and necrosis, which
in the case of the placenta can lead to abnormal distribution of nutrients and oxygen.

The state of the microenvironment of the maternal-fetal unit and its impact on the
course of pregnancy, delivery and further health of the child and adult has been contro-
versial for many years. They resulted from technical difficulties related to sampling and
their analysis (biomass samples with a low content of microorganisms could be dominated
by contamination during sampling or DNA isolation). On the other hand, in the studies
carried out so far, we observe a very high methodological heterogeneity of the methods
used to detect bacteria and viruses in placental tissues. This applies, for example, to the
selection of a sequencing platform, DNA isolation kits and the selection of variable regions
of the 16sRNA gene, which affects the ambiguity of the analyzed results. The introduction
of new generation sequencing (NGS), mass spectrophotometry, proteomics and bioinfor-
matics analysis of the obtained results enabled new diagnostic possibilities, primarily high
sensitivity of biomass diagnostics of the tested material, e.g., bearing.

The presence of microorganisms in the placenta, amniotic fluid, fetal membranes
and umbilical cord blood in studies using next-generation DNA sequencing technology
undermines the sterility of the intrauterine environment during pregnancy and at the same
time refutes the “sterile uterus” hypothesis, which was considered formulated in the early
20th century. The consequences of the presence of bacteria in the uterus are far-reaching
in medicine and basic sciences and shed new light on the antibiotic treatment of pregnant
women. It has been shown that the state of the biomass of the uterine environment later
affects the development of atopy, asthma, allergies and obesity [11–13].

There are two working definitions of the “microbiome”. The first definition given
by Nature defines the “microbiome” as “all the genetic material it contains” (microbiota—the
entire collection of microorganisms in a specific niche, such as the human gut). This can also be
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called the metagenomic microbiome [14]. The second definition proposed by Whipps et al.
defines “microbiome” as “a distinctive microbial community occupying a fairly well-defined
habitat that has distinct physicochemical properties” [15]. So, the term doesn’t just refer to
the microorganisms involved, it also covers their mechanisms of action. Both definitions
are linked by emphasizing the functional capacity of the microbiome and the resulting
activity [16].

The best-known microbiome is the microbiome of the digestive system, in which,
apart from potentially pathogenic organisms, bacteria beneficial to metabolism and human
health have been identified [17–19]. The microbiome is also called our “second genome”
because it is the genome of the microorganisms that inhabit our bodies.

Since 2007 the human microbiome has been studied by the Human Microbiome Project
(HMP) [20]. These studies made it possible to characterize the normal flora of the female
genital organ [21]. The results of HMP and Sirota show a low diversity of genital microp-
opulations with a predominance of Lactobacillus bacteria cillus with a slight predominance
of Provotella, Grdnerella and Atopobium [20–22]. These species form a “physiological flora”
and by their presence prepare the endometrium from embryo implantation to the ability to
carry a fetus to term [23].

It is now believed that the baby’s microbiome is influenced by both the mother’s
microbiome and the immediate external environment. Given the important role of the
microbiome, it is crucial to know and understand the mechanisms of colonization of the
newborn. It has been suggested that the first colonization of the fetus occurs via the
placental microbiome, but there is no clear evidence for this [24,25]. Hemochorial placentas
found in humans are characterized by high permeability to lipophilic substances, contain
a protein-mediated transport system for glucose and amino acids, exhibit exocytosis and
endocytosis, and are permeable to hydrophilic substances through pores that can be used
for bacterial migration [24,26].

2. Results

The aim of the presented study was to analyze and compare the microbiome of normal
and FGR placentas using proteomic methods. In our studies, bacteria present in normal and
FGR placentas were identified based on the analysis of a set of bacterial proteins (bacterial
proteome) present in the examined clinical material.

2.1. Characteristics of the Control and Study Group

The results of the study were obtained from 18 placentas taken from women with
fetal growth disorders and from 18 control placentas. The clinical characteristics along
with anthropometric measurements of mothers and their newborns are presented in our
previous study, as in Table 1 [27].

There were no statistically significant differences between the research groups in terms
of age, height, fertility, BMI prior to pregnancy and body weight before pregnancy and at
delivery. The only statistically significant difference between the two groups was that the
control group gained significantly more weight during pregnancy than the experimental
group (p = 0.032). In the study group, the mean pulsation index (PI) in the gestational
uterine arteries was statistically substantially greater than in the control group (p = 0.025),
as was the PI in the arterial umbilical cord of fetuses with FGR compared to eutrophic
fetuses (p = 0.0001). The CPR was substantially greater in the control group than in the
study group (p = 0.0005). Women in the experimental group gave birth much earlier than
those in the control group (p = 0.001). Compared to neonates from the control group, infants
with FGR had a lower birth weight (p = 0.0001), shorter body length (p = 0.001), and poorer
Apgar score in the first minute of life (p = 0.002).

2.2. Analysis of the Bacterial Proteome in the Study and Control Groups

In both groups, we considered an ns prot score ≥ 60 as a cut-off value for the detected
protein’s agreement with its theoretical equivalent. Based on the analysis of the proteino-
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gram in the material collected from people from the study group (n = 18), 166 bacterial
proteins were detected. Of these, 21 proteins had an emPAI value of 0 and were not in-
cluded in further analysis. Out of the remaining 145 proteins, 52 were also present in the
material from the control group (the differences in their content in individual materials are
presented in Figures 1 and 2, and Tables 2 and 3). The remaining 93 proteins were present
only in the material collected from the study group (their content in the material is shown
in Figure 3B,D,F and Supplementary Figure S1B,D).

Table 1. Clinical characteristics and anthropometric measurements of mothers and newborns.

Control Group N = 18
Median (Range)

Study Group (FGR)
N = 18

p-Value

Baseline characteristics
age (years) 30.2 ± 6.5 28.2 ± 5.6 0.466
height (m) 1.7 ± 0.06 1.67 ± 0.08 0.373

Actual weight (kg) 80.3 ± 11.3 79.5 ± 7 0.854
Weight before pregnancy (kg) 63.6 ± 11.3 66.7 ± 6.3 0.458

BMI before pregnancy
(kg/m2) 22 ± 3.5 23.9 ± 2.1 0.154

weight gain (kg) 14 (12–28) 12.5 (11–15) 0.032 *
weight of the placenta (g) 515 ± 46 328 ± 53 <0.001 *

Parity 2 (1–4) 1 (1–3) 0.504
Gestation 2 (1–4) 1.5 (1–4) 0.699

Perinatal outcomes
Gestational age at the

delivery (weeks) 39 (38–41) 37 (35/4–40) 0.002 *

Fetal weight at birth (g) 3540 (2910–3890) 2300 (1385–2570) <0.001 *
neonatal length (cm) 54 (47–57) 48 (35–51) 0.001 *

APGAR 1 min (points) 9 (min. 8–max. 10) 8 (min. 6–max. 9) 0.002 *
APGAR 5 min (points) 10 (min. 9–max. 10) 10 (min. 6–max. 10) 0.597

Feto-placental Doppler before delivery
AU PI 0.77 (0.72–0.91) 1.11 (0.98–1.9) <0.001 *

MCA PI 1.44 ± 0.21 1.31 ± 0.22 0.191
UTA PI 0.79 ± 0.05 0.93 ± 0.17 0.025 *

CPR 1.703 (1.48–2.444) 0.995 (0.737–1.687) <0.001 *
Values are shown as median (interquartile range) or mean ± standard deviation; statistical analysis was performed
using a Mann–Whitney U test. Body mass index (BMI), pulsatility index (PI), umbilical artery (UA), middle
cerebral artery (MCA), uterine artery (Ut A), cerebro-placental ratio (CPR), *—statistically significant results.

Figure 1. Venn diagram showing the proportion between the number of proteins (for which emPAI
values > 0) identified only in the material representing the control or study group and present
simultaneously in both types of the samples.
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Figure 2. Bar graphs showing the comparison of proteins present in both the test group and the
control group. Statistically significant results that remained significant after applying the Bonferroni
correction are marked with a red square. Graph showing protein content comparisons for which
emPAI values were: significantly higher in the study group compared to control (A); significantly
higher in control compared to the study group (B); not significantly higher in the study group
compared to the control (the results, however, trend toward significance) (C); not significantly higher
in the study group compared to control (D); not significantly higher in control compared to study
group (E). Expressions from Figure 2 are explained in Table 2.

Table 2. Legend to Figure 2.

Accession number Protein (Bacteria)
WP_043569372.1 catalase (Actinopolyspora erythraea)
WP_099222156.1 HTH domain-containing protein (Listeria costaricensis)

AQU01794.1 glucose-6-phosphate isomerase (Escherichia coli)
WP_091753941.1 AAA family ATPase (Methylobacterium sp. ap11)

RMG44463.1 hypothetical protein D6718_10020 (Acidobacteria bacterium)
ETW97925.1 hypothetical protein ETSY1_20835, partial (Candidatus entotheonella factor)
PIQ27132.1 DNA polymerase I (Bacteroidetes bacterium CG18_big_fil_WC_8_21_14_2_50_41_14)

WP_019414340.1 hypothetical protein (Paenisporosarcina sp. TG20)
WP_069002724.1 DUF1631 family protein (Candidatus Thiodiazotropha endoloripes)

PWM01737.1 hypothetical protein DBY05_04045 (Clostridiales bacterium)
WP_28001994.1 shikimate dehydrogenase (Shinorhizobium arboris)

GCI 15092.1 phytoene synthase (Mucilagini bacteria sp.)
WP_078682797.1 dTDP-4dehydrorramnose reductase (Lentisphaerae bacteria GWF-2)

OGR030118.1 hypothetical protein (Pararhizbium haloflavum)
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Table 2. Cont.

WP_92477947.1 A/G-specific adenine glycolase (Clostridium polysaccharoliticum)
EEZ40218.1 derythrose-4-phosphate dehygrogenase (Photobacterium damselae subs daselae)
OGS73156.1 flagellar biosynthesis protein F1hB (Gallionellales bacterium GWAZ)

WP_020995112.1 hypothetical protein (Oxalobacter formigenes)
WP_108997997.1 4-hydroxybenzoate-3-monooxygenase (Salinibacterium sp.)
WP_105815007.1 hypothetical protein (Mycobacterium tuberculosis)
WP_110201943 protein disulfide isomerase (Kangiella sp.)

PXW21040 activator of mannose operon (transcriptional terminatol) (Pantoea sp.)
Figure 2B

OUS03466.1 hypothetical protein A9Q86_00710 (Flavobacteriales bacterium 33_180_T64)
WP_062208650.1 tryptophan–tRNA ligase (Aureimonas sp. AU12)
WP_000124192.1 S8 family peptidase (Bacillus cereus)

PTB9-676.1 hypothetical protein (Marvigra lubricoides)
RLA13093.1 uracil DNA glucose (Gammaproteobacteria bacterium)

Figure 2C
WP_108961785 hypothetical protein (E. coli)

WP_108961784.1 hypothetical protein (E. coli)
WP_101837063.1 hypothetical protein (Klebsiella sp.)

Figure 2D
RXD 01349.1 ubiquitin (Splinomonassp)

WP_069019000.1 actin cytoplasmic (Pseudoalteramonas sp.)
PWQ83644.1 30 Sribosomal oritein S15, partial (Stenoprophomonas maltophilla)

WP_1171850004.1 hypothtical protein (Pseudomonas chorii)
PWS22466.1 hypothtical protein PKP2260 (Enterococcus faecium)
RLC25048.1 hypothetical protein DRX56 (Dettaproteobacteria bacterium)
KGH48342.1 hypothetical protein GS19 (Acinetobacter baumans)
PWS22812.1 hypothetical protein PKP2260 (Enterococcus faecium)
CDA34483.1 Predicted DNA-binding protein withPD1 like DNA binding motif (Firmicutes bacterium CAG-536)
OWP2061.01 hypothetical protein CBF 90 (Microbacterium sp.)
PZR06697.1 hypothetical protein DI536 (Archangium gephora)

WP_028254886.1 BREX-3-SYSTEMP loop-containing protein BrxF (Vellonella magna)
OZB17426.1 ribosomal recycling factor (Hyphomonas sp.)

PWS233195.1 hypothetical protein DKP78 (Enterococcus faecium)
WP_108998086.1 NADP+ isocitrinate dehydrogenase (Escherichia coli)
WP_063516743.1 molecular chaperone Htp G (Lactobacillus harninensis)
WP_108998619.1 lactate dehydrogenase (E. coli)

Figure 2E
WP_108996626.1 hypothetical protein (Klebsiella pneumoniae)

PWS23078.1 hypothetical protein (Enterococcus faecium)
WP_108998277.1 malate dehydrogenase (E. coli)

Table 3. Legend to Figure 3.

Protein content > 1%
PWS22997.1 hypothetical protein DKP78_15465, partial (Enterococcus faecium)
RCU22074.1 hypothetical protein DVA69_20680, partial (Acinetobacter baumannii)

WP_087674330.1 MULTISPECIES: peptidylprolyl isomerase (Gammaproteobacteria)
SCV65427.1 Core histone H2A/H2B/H3/H4 (Anaplasma phagocytophilum)

WP_110201987.1 actin, cytoplasmic 2 (Kangiella spongicola)
PPI78337.1 actin, cytoplasmic 2, partial (Marinobacter flavimaris)

WP_108998291.1 50S ribosomal protein P1 (E. coli)
WP_108997701.1 F0F1 ATP synthase subunit beta (E. coli)
WP_068854620.1 hypothetical protein (Klebsiella pneumoniae)
WP_094934562.1 hypothetical protein (Klebsiella pneumoniae)
WP_089438650.1 actin, cytoplasmic 2 (E. coli)
WP_108997512.1 actin, cytoplasmic 2 (E. coli)
WP_125183134.1 hypothetical protein, partial (Enterobacter hormaechei)
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Table 3. Cont.

Figure 3B
Protein content > 1%

PWS20985.1 hypothetical protein DKP78_25965, partial (Enterococcus faecium)
WP_087674313.1 hypothetical protein (Pseudomonas syringae)

SCH44985.1 Uncharacterized protein (uncultured Clostridium sp.)
PCD00708.1 hypothetical protein CO192_04000, partial (Pseudomonas pelagia)
ECO79390.1 hypothetical protein LEP1GSC068_2346 (Leptospira sp. Fiocruz LV3954)

WP_113909648.1 hypothetical protein (Arcobacter sp. FW59)
SKA29821.1 CheW-like domain-containing protein (Oceanospirillum multiglobuliferum)

WP_052604738.1 hypothetical protein (Acidithrix ferrooxidans)
Figure 3C

RCU23962.1 Glu/Leu/Phe/Val dehydrogenase, partial (Acinetobacter baumannii)

AAB30179.1 p105 = epidermal keratin type 1 intermediate filament protein homolog {29 kda fragment}
(Mycoplasma, Peptide Partial, 24 aa)

PCD01111.1 actin, cytoplasmic 2, partial (Pseudomonas pelagia)
WP_108998557.1 pyruvate kinase, partial (E. coli)
WP_081215088.1 hypothetical protein (Lactococcus lactis)
WP_081041455.1 hypothetical protein (Lactococcus lactis)
WP_081041454.1 hypothetical protein (Lactococcus lactis)
WP_1089977856.1 malate dehydrogenase (E. coli)

OSR81808.1 hypothetical protein BV331_05659 (Pseudomonas syringae pv. actinidiae)
ERM00395.1 hypothetical protein Q644_05090 (Ochrobactrum intermedium 229E)
OCR48569.1 hypothetical protein RJ97_26685, partial (Klebsiella pneumoniae)
OIE06819.1 hypothetical protein A7L78_18910 (Acinetobacter baumannii)

WP_108997697.1 fructose-bisphosphate aldolase class I, partial (Escherichia coli)
WP_087674327.1 50S ribosomal protein L10, partial (Pseudomonas syringae)
WP_108998140.1 nucleoside-diphosphate kinase, partial (Escherichia coli)

RCU28295.1 hypothetical protein DVA69_17570, partial (Acinetobacter baumannlii)
WP_108127784.1 tropomyosin (Saccharospirillum mangrove)
WP_082849626.1 molecular chaperone DnaK (Lactobacillus harbinensis)
WP_071212565.1 30S ribosomal protein S11, partial (Acinetobacter baumannii)

PSE04460.1 hypothetical protein C7G98_18875, partial (Acinetobacter baumannii)
Figure 3D engraving

WP_10004729.1 integrase, partial (E. coli)
KMV72674.1 hypothetical protein AI28_14165 (bacteria symbiont BFo1 of Frankliniella occidentalis)

WP_076541277.1 DUF3833 domain-containing protein (Shewanella sp. UCD-KL21)

OFX06156.1 ATP:cob (I) alamine adenosyltransferase (Alphaproteobacteria bacterium
RIFCSPHIGHO2_12_FULL_63_12)

WP_117453876.1 MULTISPECIES: hypothetical protein (Absiella)
PIU07782.1 hydrolase (Methylobacterium sp. CG09_land_8_20_14_0_10_71_15)
PIU06397.1 hypothetical protein COT56_11130 (Methylobacterium sp. CG09_land_8_20_14_0_10_71_15)

OHB84455.1 hypothetical protein A3J73_04470 (Planctomycetes bacterium RIFCSPHIGHO2_02_FULL_38_41)
OGU00202.1 thioredoxin peroxidase (Geobacteraceae bacterium GWC2_48_7)
SCD64547.1 transcriptional regulator, TetR family (Streptomyces sp. di50b)
SHI22323.1 NlpC/P60 family protein (Leeuwenhoekiella palythoae)

PIR74343.1 hypothetical protein COU35_02740 (Candidatus Magasanikbacteria bacterium
CG10_big_fil_rev_8_21_14_0_10_47_10)

CCY99834.1 putative uncharacterized protein (Clostridium sp. CAG:793)
OGP11570.1 metal-dependent hydrolase (Deltaproteobacteria bacterium GWA2_43_19)
PCI14785.1 cell division ATP-binding protein FtsE (Thiotrichales bacterium)

WP_034753543.1 phosphoglycolate phosphatase (Janthinobacterium liquid)
RPG61346.1 lipoyl (octoyl) transferase LipB (Flavobacteriaceae bacterium TMED206)
KOX35357.1 HAD family hydrolase (Saccharothrix sp. NRRL B-16348)

WP_009284699.1 3-hydroxyacyl-CoA dehydrogenase (Fibrisoma limit)
WP_116657611.1 hydroxyacylglutathione hydrolase (Pseudomonas sp. NDM)

Figure 3E
RFC01619.1 hypothetical protein DDJ49_30220, partial (Klebsiella pneumoniae)

WP_07280094.1 hypothetical protein (E. coli)
WP_077250818.1 hypothetical protein (E. coli)
WP_073034642.1 hypothetical protein (E. coli)
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WP_108998184.1 hypothetical protein (E. coli)
WP_072794647.1 hypothetical protein (E. coli)
WP_108998612.1 hypothetical protein (E. coli)
WP_072794633.1 hypothetical protein (E. coli)
WP_072794629.1 hypothetical protein (E. coli)
WP_108998509.1 hypothetical protein (E. coli)
WP_108998559.1 hypothetical protein (E. coli)
WP_126755742.1 hypothetical protein (E. coli)
WP_108998635.1 60S ribosomal protein L22 (E. coli)
WP_094948604.1 MULTISPECIES: translation elongation factor EF-1 subunit alpha (Enterobacteriaceae)
WP_888381079.1 hypothetical protein (Microbacterium sp. AISO3)

PWS23168.1 hypothetical protein DKP78_14555, partial (Enterococcus faecium)
WP_108998558.1 30S ribosomal protein S19e (E. coli)

EHM02625.1 hypothetical protein HMPREF9946_00894 (Acetobacteraceae bacterium AT-5844)
WP_114597919.1 tubulin beta chain (Microbacterium arborescens)
WP_110201953.1 hypothetical protein (Kangiella spongicola)

Figure 3F
WP_067782112.1 hypothetical protein (Actinomyces vulturis)
WP_117305475.1 MinD/ParA family protein (Bacillus sp. V59.32a)
WP_078453723.1 molecular chaperone DnaK, partial (Solemya velum gill symbiont)

OGV57400.1 hypothetical protein A2X49_01235 (Lentisphaerae bacteria GWF2_52_8)
OGV38480.1 transcriptional regulator (Lentisphaerae bacteria GWF2_49_21)
REF04934.1 LacI family transcriptional regulator (Microbacterium chocolate)

WP_021076726.1 magnesium chelate ATPase subunit I (Bradyrhizobium sp. MOS004)
RJP82014.1 MCE family protein (Desulfobacteraceae bacterium)

OGT19887.1 histidinol -phosphate transaminase (Gammaproteobacteria bacterium RBG_16_57_12)
SDW00717.1 hypothetical protein SAMN04487912_10192 (Arthrobacter sp. cf158)

WP_0069060036.1 phage major capsid protein (Shuttleworthia satelles)

WP_1193915508.1 pyrophosphate–fructose-6-phosphate 1-phosphotransferase (Phyllobacteriaceae bacterium SYSU
D60012)

AST06406.1 MFS transporter (Anoxybacillus flavithermus)
RKV99493.1 type II secretion system F family protein (Candidatus Saccharimonas sp.)
RTF38711.1 hypothetical protein CG399_02610, partial (Bifidobacteriaceae bacterium NR015)

WP_106563713.1 ABC transporter permease (Labedella gwakjiensis)
GBU15610.1 integrase (Polaromonas sp.)

WP_066008415.1 tRNA (guanosine(46)-N7) -methyltransferase TrmB (Campylobacter ornithocola)
PYM16032.1 homoserine dehydrogenase (Verrucomicrobia bacterium)

WP_088892294.1 polysaccharide pyruvyl transferase family protein (Leptolyngbya ohadii)

Based on the proteinogram analysis, 732 bacterial proteins were detected in the mate-
rial collected from the control group (n = 18). Of these, 104 proteins had an emPAI value of
0 and were not included in the further analysis. Of the remaining 628 proteins, 52 were
also present in the material from the study group. The remaining 576 proteins were present
only in the material collected from the control group (their content in the material is shown
in Figure 3A,C,E and Supplementary Figures S1A,C,E and S2–S5).

Based on proteomic data, the bacteria identified in both groups are presented in
Tables 4 and 5.

Based on proteomic data, the bacteria identified in both groups, but significantly
higher in the study group, are: Actinopolyspora erythraea, Listeria costaricensis, E. coli,
Methylobacterium, Acidobacteria bacterium, Bacteroidetes bacterium, Paenisporsarcina sp., Thiodia-
zotropha endolloripes and Clostridiales bacterium. The tendency towards statistical significance
also concerned Klebsiella sp.
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Figure 3. Bar graphs showing the content of proteins present only in the material from the study
group or control. Graph showing the content of proteins (in order of decreasing emPAI value) found
only in the material from the control group: proteins 1–20 (A); proteins 21–40 (C); proteins 41–60 (E)
or tested: proteins 1–20 (B); proteins 21–40 (D); proteins 41–60 (F). Expressions from Figure 3 are
explained in Table 3.

In addition, bacteria that may be pathological were identified in the study group
(although data insignificantly higher): Splinomonas sp., Pseudoalteromonas, Stenoprophomonas
maltophila, Pseudomonas cichorii, Enterococcus faecium, Deltaproteobacteria bacterium, Acineto-
bacter baumannii, Firmicutes bacterium, Microbacterium, Archangium gephora, Veillonella magna,
Hyphomonas sp., Enterococcus faecium and Lactobacillus harbinensis.

In turn, in the control group, statistically more often, based on proteomic data, the
following were found: Flavobacterial bacterium, Aureimonas sp., Bacillus cereus and Klebsiella
were on the verge of statistical significance, as well as Pneumoniae, Enterococcus faecium and
E. coli.
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Table 4. Proteins for which emPAI was significantly higher in the study group compared to the
control group.

Bacteria Species Domain Phylum Class Order/Genus Access Number

Actinopolyspora
erythraea Bacteria Actinomycetota Actinomycetia Actinosporaceae WP_043569372.1

Listeria costaricensis Firmicutes Listeria Bacilli Listeriacea WP_0999222156.1

Escherichia colli proteobacteria Pseudomonadot Gammaproteobacteria Enterobacteriacea AQU017941.1

Methylobacterium
sp. ap11 Bacteria Methylobacterium Aphaproteobacteria Methylobacteriaceae WP_091753941.1

Acidobacteria
bacterium Bacteria Acidobacteriota Acidobacteria Acidobacteriales RMG44463.1

candidate
entotheonella factor Bacteria Tetomicrobia entotheonella ETW97925.1

Bacteroidet
bacterium Bacteria Bacteroid Saprospira Bacteroides PIQ27132.1

Paenisporasarcina
sp. TG20 Bacteria Paenisporosarcin Bacilli Planococcaceae WP_019414340.1

candidate
Thiodiazotropha

endoloripes

Nomenclatural
status: not validly

published
WP_0690002724.1

Clostridiales
bacterium Bacteria Eubacteriales Clostrid Clostridaceae PWM01737.1

Table 5. Proteins for which emPAI was significantly higher in the control group compared to the
study group.

Bacteria Species Domain Phylum Class Order/Genus Access Number

Flavobacteriales
bacterium 33_180_T64 Bacteria Bacteroides Flavobacteria Flavobacteriales OUS03466.1

Aureimonas sp. AU12 Bacteria Pseudomonadot Alphaproteo bacteria Hyphomicrobiales WP_062208650.1

Bacillus cerus Bacteria Bacillot Bacilli Bacillales WP_000124192.1

3. Discussion

Advances in molecular methodology reveal the details of the human-microbial re-
lationship, allowing for increased identification of microbiota composition and function.
Recently, the maternal microbiome has been shown to prepare the newborn for host–
microbial symbiosis, driving postnatal innate immune development [28]. However, the
viability of placental bacteria cannot be determined due to discrepancies with the culture
results [24]. On the other hand, some of these microorganisms may not be easily cultured,
but they can be detected by DNA analysis.

The results of a review evaluating the microbiological composition of the placenta in a
healthy pregnant woman and the potential relationship between the placental microbiome
and the oral microbiome have shown the existence of a low biomass placental microflora in
pregnant women with a normal course of pregnancy [29].

In turn, animal studies have shown that despite differences in gut physiology and
morphology, both humans and cattle require a functional microbiome early in life (pre-
implantation and organogenesis) and throughout pregnancy [25]. Studies indicate that both
species acquire intestinal microbes before birth, possibly from the mother, which would
indicate the existence of similar mechanisms and timing of fetal intestinal colonization.

Other studies have shown that gut microbiota dysbiosis is an important etiology of
pre-eclampsia (PE) [30,31]. The intestinal microbiota and its active metabolites have great
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potential in the treatment and diagnosis of PE. The results of the cited work enrich the
theory of the enteroplacental axis and contribute to the development of microecological
products for preeclampsia. PE and FGR are placental-mediated disorders, and metabolomic
studies of maternal-fetal pairings may aid in understanding their pathogenesis. Microbiome
profiles from 37 overweight and obese pregnant women enrolled in the SPRING cohort
were examined by 16SrRNA sequencing [32,33]. Consistent with our findings, four main
bacterial phyla (Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria) were identified in
all microbiomes. The possible origin of the placental microbiome was both the maternal
oral and gut.

FGR is a complex obstetric complication with various causes and a wide spectrum of
complications, especially for the fetus, as it is associated with an increased risk of perinatal
mortality and morbidity. As highlighted above, the pathogenesis of FGR is unclear, which
limits its effective treatment. It has been found that the dysbiosis of the intestinal microflora
plays an important role in the pathogenesis of various diseases. However, its role in the
development of FGR remains unclear and requires clarification.

In our study, significantly higher in the study group were bacteria: Actinopolyspora
erythraea, Listeria costaricensis, E. coli, Methylobacterium, Acidobacteria bacterium, Bacteroidetes
bacterium, Paenisporsarcina sp., Thiodiazotropha endoloripes and Clostridiales bacterium. On the
other hand, in the control group, statistically more frequently, based on proteomic data, the
following were found: Flavobacterial bacterium, Aureimonas sp. and Bacillus cereus.

Correlations between, e.g., Helicobacteria pylori, and the development of FGR in a group
of 600 women were demonstrated by den Hollender et al. [34]. In turn, the important
factor, which is the intestinal microbiome of infants, is indicated by the results of research
by Groer et al. and Yang et al. [35]. Yang’s research has shown correlations between an
infant’s physical development and fecal cysteine concentrations [36]. It also turned out
that Oscillospira and Coprococcus are involved in the synthesis of butyrate, which is a source
of energy for intestinal epithelial cells. Consistent with our results, a study by Tu et al.,
evaluating the feces of infants with FGR, showed significant differences in the growth of
Bacteroides, Faecalibacterium and Lachnospira in patients with growth restriction [37].

In a pilot study by Hu et al., the relationship of FGR with the reproductive microbiome
has been studied [38]. The reproductive microbiome was studied by 16sRNA sequencing
(20-IUGR, 20-controls). Microbiological screening of the placenta showed a diverse flora
as in our results, mainly Proteobacteria, Fusobacteria, Firmicutes and Bacteroidetes. The study
group with FGR was characterized by a higher incidence of β-hemolytic bacteria Neisseri-
aceae and an increase in the number of anaerobic bacteria Desulfovibrio reflective of placental
hypoxia. Further analysis of the reproductive microbiome of the FGR samples revealed
lower levels of H2O2-producing Bifidobacterium and Lactobacillus that go from respiration
to fermentation, a less energetic metabolic process as oxygen levels drop. Source tracing
analysis showed that placental microbial content was predominantly from an oral source,
compared to an intestinal or vaginal source. The cited results suggest that reproductive
microbiome profiles may be potential biomarkers for fetal health during pregnancy in the
future, while Neisseriaceae may represent promising therapeutic targets for the treatment
of IUGR.

The Actinopolyspora erythraea protein identified in our FGR placentas catalyzes the cir-
cularization of gamma-N-acetyl-alpha, gamma—diaminobutyric acid (ADABA) to ectoine
(1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxylic acid), an effective osmoprotectant [39].
This prokaryote occupies an “extreme or inhabitable environment” [40]. These bacteria
(extremophiles) have evolved to harsh pH, temperature, salinity and pressure by biosynthe-
sizing unique compounds, such as new enzymes. Acidobacteria appear to be able to resist
numerous pollutants, such as PCBs and petroleum compounds, linear alkylbenzene sulfate,
p-nitrophenol, and heavy metals, under low pH circumstances [41]. A high number of
acidobacterial genes code for transporters belonging to the drug/metabolite transporter
superfamily. Unfortunately, no data supporting real actions linked to pollution degrada-
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tion have been documented. The role of these bacteria in the pathophysiology of FGR
is unknown.

Methylobacterium was also identified in FGR placentas; it is an emerging opportunistic
premise plumbing pathogen (OPPsP) [42]. It possesses chlorine resistance, biofilm devel-
opment, desiccation tolerance, and resilience to temperatures above 50 degrees Celsius.
Methylobacterium extorquens, like other OPPPs, was isolated from amoebae in drinking
water systems, making it an amoeba-resistant bacteria.

The sophisticated methods used in our research are based on the identification of
proteins using LC-ESI-MS/MS by pooling material from 18 FGR and 18 control placentas.
To distinguish between placental samples and contamination introduced during DNA
extraction, purification and amplification, unsupervised ordination methods showed a
separate clustering between pooled negative control and placental samples like in studies
performed by others [32]. These methods do not distinguish between live, dead or rup-
tured bacterial fragments. Differences in relation to the data of other researchers may be
statistically significant because the statistical analysis does not concern individual cases
but material from the studied population, which seems to be more convincing in terms of
the population.

The clinical implication of our research could be a careful consideration in the rational
prescription and use of antibiotics to avoid infections while at the same time protecting the
fetus from the adverse effects of pharmacotherapy.

A limitation of our study would be that we did not perform any bacterial culture of the
tested bearings due to the presence of potentially viable bacteria. The material for the study
was collected during cesarean section in sterile conditions. However, other researchers have
confirmed that this method is devoid of the possibility of contamination [43]. Moreover,
none of the taxa of bacteria mentioned in other studies were found to have different
abundance between vaginally delivered and cesarean placentas [32].

Another limitation of our work is that we did not collect reference material for micro-
biome analysis from other parts of the body of pregnant women, such as saliva, vaginal
secretions or feces. Our main goal was to determine the occurrence of individual bacteria
traces, not their origin. However, it is known that the placental core microbiome shares
phylotypes with the maternal oral and gut microbiome [32].

4. Materials and Methods

Patients hospitalized at the Department of Obstetrics and Pathology of Pregnancy at
the Medical University of Lublin between 2019 and 2021 and between 32 and 36 weeks’
gestation with a singleton pregnancy and late-onset FGR were selected for the research.
Multiple pregnancies, the presence of any antenatal infections, a positive TORCH test
result, treatment with antibiotics during pregnancy, any form of hypertension in pregnancy,
pre-pregnancy and gestational diabetes, nephropathy, thyroid dysfunction and any other
general diseases before pregnancy, the use of any drugs or stimulants, cigarette smok-
ing, and fetuses with birth defects and chromosomal abnormalities were excluded from
the study.

Thirty-six pregnant Caucasian women participated in the study, comprising 18 women
with physiological pregnancy and eutrophic fetus (EFW > 10th percentile) (control group)
and 18 women with late FGR identified after 32 weeks of pregnancy, according to Delphi
consensus (study group) [3]. Placenta samples were successfully obtained from all eligible
participants. Hadlock et al. devised a regression equation using the biparietal diameter,
the length of the femur, and the head and belly circumferences to estimate the fetal weight
during an ultrasound examination [44]. During one week before the birth, Doppler mea-
surements of the umbilical artery free loop were taken using a Voluson E9 with RA4B 3D
4–8 MHz curvilinear probe (GE Healthcare, Hatfield, UK). Then, the pulsatility index (PI),
resistance index (RI) and cerebroplacental ratio (CPR) were computed. PI = (S − D)/A and
RI = (S − D)/S, where S represents the systolic peak, D represents the end-diastolic flow,
and A represents the temporal average frequency. In contrast, the CPR is the ratio between
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the PI of the middle cerebral artery (MCA) and the umbilical artery (UA) (PI MCA/PI UA)
and reflects the distribution of cardiac output in favor of cerebral blood flow. It is one of
the criteria with the highest predictive accuracy for perinatal outcomes [45]. In response
to intrauterine hypoxia, fetal blood flow is redistributed to the brain, and the value of
CPR reduces by 1. In cases of late-onset FGR, hypoxia tolerance is lower than in cases of
early-onset FGR [46].

Using standardized medical records and patient interviews, smoking, age, weight, and
body mass index (BMI) at the beginning of the first trimester, pregnancy weight increase,
and TORCH were determined for the mothers. The BMI was computed by dividing body
weight (kg) by height (m2). Moreover, data including information on infants: gestational
age at delivery, gender and birth weight of the newborn, placental weight, body length,
head circumference, and neonatal problems. The gestational age was calculated using the
latest menstrual period and the first-trimester ultrasonography (based on crown–rump
length (CRL)). Immediately after birth, placenta weight and the neonate birth weight, body
length, and head circumference were measured using the proper measuring instruments.

Material for proteomic investigation consisted of pieces of normal placentas serving
as controls and fragments of placentas obtained from mothers with FGR. Following the
process, trained employees collected all samples. During the cesarean section, soon after
childbirth, the placenta was put in sterile containers containing ice under aseptic circum-
stances. Those responsible for collecting specimens wore a sterile protective apron, face
masks and sterile gloves to guarantee sterility throughout the sampling procedure. The pla-
centae were collected and weighed. Four placenta samples measuring 1.0 × 1.0 × 1.5 cm
were taken from each placenta (overall number of samples: 144), around 3 to 4 cm from the
umbilical cord attachment point, from four separate quadrants of the placenta. To reduce
the possibility of infection after cesarean delivery, only portions from the inner placenta
were obtained for evaluation (risk of contamination). Each placenta sample was put in
a sterile, labeled cryovial, frozen in liquid nitrogen, and kept at −80 degrees Celsius for
future study.

4.1. Identification of Proteins Using LC-ESI-MS/MS

Liquid chromatography–mass spectrometry (LC-MS/MS) is an exceedingly sensitive
and specific analytical technique that can precisely determine the identities and concentra-
tion of compounds within samples [47]. Because it identifies the proteins that are present
in a sample and quantifies the abundance levels of the discovered proteins, it is utilized in
proteomic research.

4.1.1. Protein Extraction

One hundred milligram sections were taken from the collected clinical material. Eigh-
teen sections from normal placentas (control group) and eighteen FGR placentas (study
group) were pooled and proteins were isolated. Clinical material in both samples was
homogenized in liquid nitrogen (by mechanical homogenization in liquid nitrogen) and
then suspended in a solution of 0.2 M (NH4)2SO4 and left on ice for 30 min. After this time,
the samples were centrifuged (10,000× g) for 39 min to remove cell debris. Proteins were
isolated from the supernatant according to the procedure described by Diffley [48]. The
quality of the preparations was assessed using 1-D gel electrophoresis separation [49].

4.1.2. Mass Spectrometry Examination

In the Laboratory of Mass Spectrometry, Institute of Biochemistry and Biophysics,
Polish Academy of Sciences, Warsaw, Poland, proteins were examined by liquid chro-
matography linked to a mass spectrometer. Using two technical replicates, tryptic peptide
mixtures were evaluated by LC-ESI-MS/MS employing nanoflow HPLC and an LTQ-
Orbitrap XL (Thermo Fisher Scientific, Waltham, MA, USA) as the mass analyzer. Trypsin
was used to break down the proteins. The synthesized peptides were concentrated, desalted
on an RP-C18 precolumn (LC Packings, Coventry, UK), and then separated by UltiMate
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nano-HPLC (LC Packings, San Diego, CA, USA) with a linear acetonitrile gradient (from 10
to 30%) over 50 min. The column was linked directly to a nanospray ion source working in
a data-dependent MS to MS/MS mode transition. Proteins were identified by tandem mass
spectrometry (MS/MS) by acquiring fragmentation spectra of multiple-charged peptides
in a manner dependent on information.

4.1.3. Identification Method for Proteins

MASCOT 2.4.1 (Matrix Science, London, UK) was used to search the Uniprot 2019_02
(561356 sequences; 201858328 residues) database with bacterial sequences and a filter to
examine the spectrum data. These were the search criteria for mascots: With variable
carbamidomethyl (C) and oxidation (M) modifications, peptide mass tolerance of 50 ppm
and fragment mass tolerance of 0.8 Da. Acceptable protein identification required the
identification of at least two peptide fragments per protein.

4.1.4. Quantitative Evaluation

The Exponentially Modified Protein Abundance Index (emPAI) was utilized to perform
a non-label quantitative comparison of proteins between studied samples [50]. The protein
abundance index (PAI) is the quantity of peptides per protein normalized by the theoretical
number of peptides. The exponential version of PAI minus one (emPAI = 10PAI 1) is used to
calculate protein abundance from nano-LC–MS/MS investigations. The value of emPAI is
proportional to the abundance of proteins in a protein mixture. In Excel files, the resulting
protein and peptide lists were preserved.

4.2. Statistical Analysis

The statistical analysis of the data collected in the spreadsheet was carried out using
the Statistica program (v. 13 PL, TIBCO Software Inc. Palo Alto, CA, USA). The content
(expressed by percentages calculated based on the emPAI value) of individual bacterial
proteins in the test material (derived from the study group or control) was compared
using the Chi-squared test with Yates’ correction. All reported p-values are two-sided (or
two-tailed). Since the analysis was based on multiple comparisons, Bonferroni correction
was applied. Thus, only results with p < 0.001 were considered statistically significant.

4.3. Ethics

Written informed consent was obtained from all subjects included, and the study was
performed in accordance with the principles of the Helsinki Declaration. The research
was issued by the Bioethics Committee at the Medical University of Lublin (Approval
No. KE-0254/87/2020). Derived data supporting the findings of this study are available
from the corresponding author on request.

5. Conclusions

To sum up, the presence of numerous bacterial proteins present in the control material,
which are absent in the material taken from the study group, may indicate their protective
role. Similarly, the presence of bacterial proteins found only in the material obtained from
people from the study group may indicate their potentially pathogenic nature.

However, we must remember that the proteome does not necessarily correspond to
the content of the bacteria themselves, due to the variable expression of many proteins
depending on their type and needs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24086922/s1.
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Abbreviations

ADABA circularization of gamma-N-acetyl-alpha: gamma-diaminobutyric acid
APGAR appearance, pulse, grimace, activity, respiration score
BMI body mass index
CRL crown–rump length
CPR cerebroplacental ratio
EFW estimated fetal weight
emPAI Exponentially Modified Protein Abundance Index
FGR fetal growth restriction
HMP Human Microbiome Project
NGS next-generation sequencing
OPPsP opportunistic premise plumbing pathogen
PE preeclampsia
PI pulsation index
RI resistance index
TNF tumor necrosis factor
TORCH toxoplasmosis, other, rubella, cytomegalic and herpes infection
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Abstract: The human intestinal microbiota is a diverse and dynamic microenvironment that forms
a complex, bi-directional relationship with the host. The microbiome takes part in the digestion
of food and the generation of crucial nutrients such as short chain fatty acids (SCFA), but is also
impacts the host’s metabolism, immune system, and even brain functions. Due to its indispensable
role, microbiota has been implicated in both the maintenance of health and the pathogenesis of many
diseases. Dysbiosis in the gut microbiota has already been implicated in many neurodegenerative
diseases such as Parkinson’s disease (PD) and Alzheimer’s disease (AD). However, not much is
known about the microbiome composition and its interactions in Huntington’s disease (HD). This
dominantly heritable, incurable neurodegenerative disease is caused by the expansion of CAG
trinucleotide repeats in the huntingtin gene (HTT). As a result, toxic RNA and mutant protein
(mHTT), rich in polyglutamine (polyQ), accumulate particularly in the brain, leading to its impaired
functions. Interestingly, recent studies indicated that mHTT is also widely expressed in the intestines
and could possibly interact with the microbiota, affecting the progression of HD. Several studies have
aimed so far to screen the microbiota composition in mouse models of HD and find out whether
observed microbiome dysbiosis could affect the functions of the HD brain. This review summarizes
ongoing research in the HD field and highlights the essential role of the intestine-brain axis in HD
pathogenesis and progression. The review also puts a strong emphasis on indicating microbiome
composition as a future target in the urgently needed therapy for this still incurable disease.

Keywords: Huntington’s disease; neurodegeneration; gastrointestinal microbiome; gut-brain axis;
dysbiosis; immune

1. Introduction

1.1. Intestinal Microbiome

The intestinal microbiome is the largest and most active group of microorganisms in
the human body. It plays an essential role in health and disease, but due to its complexity,
it is challenging to elucidate the specific interactions between the bacterial species and
the impact on host metabolism. The large intestine (colon) is the main place inhabited by
microbiota. It is built up by several tissue types, including lumen-facing colonocytes that
form the inner epithelial layer. A healthy microbiome is advantageous to the host due to
its ability to digest various large molecules, like long plant-derived polysaccharides, into
smaller nutrients, like short chain fatty acids (SCFA), that can be absorbed and utilized
by the host. It also produces various other molecules, such as amino acids, vitamins, and
neurotransmitters, that contribute to the host’s health [1,2]. Over 1000 different bacterial
species colonize the human gut, the vast majority of which have yet to be functionally
characterized. The microbiota composition is dynamic and influenced by a variety of envi-
ronmental factors such as diet, physical activity, host genetics, age, and antibiotic treatment,
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all of which contribute to the great diversity observed in healthy individuals. It is thus
a challenge to accurately characterize a healthy microbiome [3]. We took a closer look
at several large-scale studies that point to the genera Bacteroides and Clostridium as being
the most prevalent, with Clostridium being less abundant than Bacteroides in the human
intestine. Several genera, including Bifidobacterium, Eubacterium, Lactobacillus, Streptococcus,
and Escherichia, were also present but in much lower abundance [3]. Determining a clear
definition of a “healthy” microbiome is challenging, and many various factors need to be
considered. The microbiome composition is dependent on a multitude of factors that may
seem insignificant at first glance. In 2010, studies conducted by the MetaHIT consortium
made an attempt to quantify microbiome diversity. According to the obtained results, there
are 3.3 million non-redundant genes in the human gut microbiome [4], however, it had been
known until early 2000s that the human genome consists of about 22,000 genes [5]. Further
research confirms that the diversity of the microbiome is enormous between individuals
and can differ by up to 90% in terms of microbiome localization (e.g., those found on the
hands vs. those present in the gut) [6,7]. These findings drive scientists and physicians
towards developing a highly personalized treatment plan. The profile and microbiota
composition changes with the host’s lifespan, starting from embryos which were thought
to be sterile till now. The microbiota colonizes newborns’ intestines, but studies have also
revealed the microbiome’s presence in semen, placenta, amniotic fluid, umbilical cord
blood, and meconium [8]. Moreover, factors such as delivery and feeding methods are
essential for microbiota composition in infants and adults. Further, when children start
to ingest solid food, their intestinal microbiome becomes more diversified, and during
puberty, the release of sex hormones also contributes to microbiome maturation [9]. Next,
diversification of the microbiome occurs naturally with the physiological development
of the organism, i.e., the increase in length and volume of the intestines provides the
microbiome with appropriate niches. Numerous studies indicate that there is a correlation
between aging and microbiome composition. In 2011, a pioneering study was conducted
to compare the composition of the microbiome in fecal samples from people aged 64 to
102 (study group) and young adults with an average age of 36 (control group). The re-
sults showed that the “core” microbiome—defined as the specific species found in the
microbiome of at least 50% of study participants—was significantly different between the
groups [10,11]. So far, the main function of the intestinal microbiome has been identified as
maintaining body homeostasis. Researchers emphasize that despite the fact that technolog-
ical progress is at a high level, the individual composition of the microbiome, functional
characteristics, or interactions between the host and microbes have not yet been estab-
lished [12]. Data collected by the Human Microbiome Project [13,14] and MetaHIT [4,15]
report that 2776 species of prokaryotic microorganisms isolated from human feces have
been identified (data for 2019) [16]. They have been classified into 11 different phyla,
including Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes, which make up over
90% of the microbiome, [15,17,18], while Fusobacteria and Verrucomicrobia are present in
trace amounts [19]. As mentioned earlier, microbiota are essential for the proper function
and homeostasis of the intestines. Interactions between gut colonocytes, immune cells, and
microbiota are heavily involved in shaping the immune response throughout the body [20].
In support of this, gut microbiota transplants from healthy individuals have been found to
alleviate symptoms and reduce inflammation in disorders like ulcerative colitis, irritable
bowel syndrome (IBS), and hepatic encephalopathy [21,22].

1.2. Short Chain Fatty Acid Production and Their Importance

Key end products of microbial fermentation in the large intestine are short chain fatty
acids. They are saturated carboxylic acids containing less than six carbons in their chain
structure. The main sources of SCFAs are dietary macromolecules, especially fiber-rich
plant-derived polysaccharides that are indigestible to humans due to the lack of enzymes
required for breaking the glycosidic bonds. Thus, they are available to microbes in the
intestinal lumen, which ferment them and make them available to the host. SCFAs are
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transported into the colonic epithelial cells by solute transporters or by simple diffusion
across the membranes [23]. 95% of the total SCFAs in the human gut are acetate, propionate,
and butyrate, and their levels are largely dependent on the diet and the amount of fiber,
which affect the microbiota composition. The main species involved in the production
of acetate are Akkermansia muciniphila, Bacteroidetes spp., and Prevetolla spp. Propionate is
mostly produced by Bacteroidetes and Firmicutes, with the latter also producing butyrate.
SCFAs are an important energy source for colonocytes and hepatocytes, but they also enter
the systemic circulation and act as signaling molecules to exert a variety of regulatory
functions. The presence of SCFAs is closely linked to gut integrity, not only through
increased expression of tight junction (TJ) proteins but also through modulation of the host
immune system. They act as ligands for G-protein-coupled receptors (GPR), their main
targets being GPR43 and GPR41, also called free fatty acid receptor-2 (FFAR2) and free fatty
acid receptor-3 (FFAR3), respectively. It has also been reported that butyrate can interact
with GPR109/HCA2 (hydroxycarboxylic acid receptor 2). These receptors are involved in
the glucose metabolism, lipid regulation, and gut homeostasis, as well as being expressed
on immune cells, where they can influence the inflammation. Indeed, acetate has been
implicated in resolving enteritis through GPR43 signaling [24]. Propionate, butyrate, and
valerate can influence gene transcription by inhibiting histone deacetylase (HDAC) and
thus making chromatin more accessible to transcription factors. Butyrate has been shown
to be a potent suppressor of CD4+ T cell activation, acting through GPR43 and HDAC
inhibition to decrease proliferation and production of proinflammatory cytokines (IFN-γ,
IL-17) [25,26]. Studies show that butyrate-mediated inhibition of class II HDAC in the gut
CD4+ T cells epigenetically induces the transcription of genes responsible for regulatory T
cell (Treg) function [27]. There are many examples of the anti-inflammatory roles of SCFAs,
but some studies report a dual effect, inducing both Treg and cytotoxic effector T cells,
which points out the need for further studies [23].

Importantly, SCFAs can also cross the blood-brain barrier and affect the brain, which
renders them as a potential target in neuroinflammatory diseases [20]. Supplementation of
sodium butyrate has been tested on the R6/2 mouse model of HD, yielding positive results.
When compared to untreated controls, the supplemented group showed improved motor
performance, increased brain weight, and decreased striatal neuronal atrophy. However,
sodium butyrate supplementation had no effect on the formation of mutant huntingtin
(mHTT) aggregates or weight loss [28]. The study conducted on the YAC128 mouse HD
model has also shown a beneficial effect of sodium butyrate supplementation, as the treated
group displayed improved learning and motor skills, as well as improved cortical energy
levels and increased histone 3 acetylation, suggesting that butyrate acting as an HDAC
inhibitor can improve mitochondrial and transcriptional dysfunctions present in HD [29].

1.3. Tryptophan Metabolism

Tryptophan is an essential amino acid, since in mammals it is mainly derived from
diet and used for protein synthesis or converted through two main pathways: serotonin or
kynurenine. In the body, there are two pools of serotonin: the brain and the gut. In the brain,
serotonin is synthesized in the midbrain by neurons of the raphe nucleus, although the vast
majority of serotonin is produced in the gut and can impact the brain through the stimulation
of the vagus nerve. Other microbial metabolites, such as butyrate, can also impact serotonin
production by stimulating the activity of the tryptophan hydroxylase 1 (TPH1) enzyme. The
serotonin pathway can also lead to the synthesis of melatonin, which regulates the biological
rhythm and can have antioxidant and anti-inflammatory effects [30].

The kynurenine pathway utilizes the vast majority of available tryptophan and leads
to the synthesis of NAD+, which is essential for the proper functioning of the cells. There
are two enzymes responsible for the conversion of tryptophan into kynurenine: IDO1
and IDO2. The IDO1 enzyme has been implicated as a key molecule regulating the host-
microbiome symbiotic relationship and immune responses. L-kynurenine acts as a ligand
for the aryl hydrocarbon receptor (AhR), which is expressed in lymphoid tissues and has

119



Int. J. Mol. Sci. 2023, 24, 4477

been linked to promoting Treg development in the periphery, thus stimulating homeostasis
and immune tolerance. AhR signaling is also responsible for promoting IL-22 expression
in gut-resident type 3 innate lymphoid cells (ILC3) [31]. There are two major metabolites
synthesized along this pathway that have neuroactive properties: kynurenic acid (KYNA)
and quinolinic acid (QUIN). KYNA has a neuroprotective function and is mainly produced
by astrocytes, while QUIN has neurotoxic effects and is synthesized by microglia. The
presence of IFN-γ and a proinflammatory environment has been found to promote QUIN
production and skew the balance towards neurotoxicity.

Additionally, the gut microbiome can metabolize tryptophan along the indole pathway.
Escherichia coli, Clostridium spp., and Bacteroides spp. are known to utilize this pathway.
About 5% of ingested tryptophan is used by microbes for a variety of physiological pro-
cesses, like biofilm formation, drug resistance, virulence, and others, which are required
for the maintenance of a variable microbial community, but indole and its derivatives
also influence the host [30,32]. Similar to kynurenine, several indole derivatives can act
as ligands for AhR and have been linked to promoting IL-22 expression. A study has
shown that regulation of gut IL-22 expression by indole-3-aldehyde allows for the sur-
vival of a varied microbial community while providing resistance to opportunistic fungi
(C. albicans) infection [31].

1.4. Gut-Brain Axis

The gut-brain axis is the main link between the digestive tract and the central nervous
system (CNS). It is a specific two-way communication system consisting of neural pathways
such as the enteric nervous system (ENS), the sympathetic and spinal vagus nerves, and
the humoral pathways involving cytokines, hormones, and neuropeptides [33]. The factors
regulating the work of the axis include cortisol, SCFAs, neurotransmitters, neuromodula-
tors, and the intestinal microbiota, which has been recognized relatively recently and is
still gaining popularity. For a long time, the gut-brain axis has been known to play a role
in maintaining homeostasis in the body. Disturbances of the brain-gut axis are believed
to lead to systemic disorders, such as dysregulation of the intestinal system and CNS
disorders, e.g., depression [34,35]. The direct impact of the microbiome on the CNS is still
poorly understood. The gut microbiome is known to produce neurotransmitters such as
gamma-aminobutyric acid (GABA), histamine, dopamine, norepinephrine, and serotonin,
as well as most likely other neuroactive molecules [16]. The ENS is the internal nervous
system of the gastrointestinal tract, where neurons organized in microarrays enable modu-
lation of gastrointestinal function independently from the CNS, although the systems are
interconnected and interact with each other [36]. This combination is also believed to allow
the neurodegenerative diseases to progress. In 80% of individuals affected by Parkinson’s
disease, the symptoms of neurodegeneration were preceded by digestive system symptoms.
It has been suggested that alpha-synucleopathy of the gastrointestinal nervous system is
an early indicator of Parkinson’s disease. The regular expression of the APP gene in the
ENS indicates that it is also involved in the pathogenesis of Alzheimer’s disease [37,38].

2. Neurodegenerative Disease Characterization and Link to Microbiome

2.1. Parkinson’s Disease and Alzheimer’s Disease

Two of the most prevalent neurodegenerative diseases are Parkinson’s disease (PD)
and Alzheimer’s disease (AD), with the latter being more common. They are both progres-
sive and associated with advanced age, but their exact causes are not fully understood,
although it is believed that a combination of both genetic and environmental factors play
a role in their development and progression. AD is mostly associated with memory loss,
disorientation, and behavioral issues. In the brain, there is a progressive loss of neurons
and the formation of amyloid plaques and neurofibrillary tangles originating from the
amyloid-beta (Aβ) precursor protein (APP). PD is characterized by abnormal accumulation
and aggregation of alpha-synuclein in the form of Lewy bodies and loss of dopaminergic
neurons in the substantia nigra, which causes dopamine deficiency. The most common
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motor symptoms are tremors, stiffness, bradykinesia, and loss of coordination, with accom-
panying cognitive disorders such as depression, anxiety, and apathy [39,40].

The composition of the intestinal microbiota is not only important for maintaining the
proper health of the body but can also affect the physiological, behavioral, and cognitive
functions of the brain. There is ample evidence for differences in the microbiome between
healthy individuals and PD patients. Patients suffering from PD were characterized by a
reduced presence of Prevotellaceae bacteria and an increased number of Enterobacteriaceae
bacteria. Currently, it is difficult to clearly define the role of SCFAs in the pathogene-
sis of neurodegenerative diseases. However, the vast majority of publications indicate
pathological SCFA activity in PD patients. Studies in mice overexpressing alpha-synuclein
demonstrate the effect of a microbial-free environment on the elimination of the PD pheno-
type, and oral feeding of SCFAs to the same mice restores the neuropathology associated
with PD. Counterintuitively, SCFA administration to patients increases motor dysfunction
and inflammation [41–43]. According to a study published in 2019, bacteria from the
Prevotellaceae family have been found to provide high levels of health-promoting neuroac-
tive SCFAs, which in turn contribute to a healthy environment in the gut [44]. Decreased
Prevotella abundance has also been linked to multiple sclerosis (MS), type 1 diabetes, and
autism spectrum disorders. Furthermore, the presence of Prevotella is significantly influ-
enced by a plant-based diet. Increased abundance of Lactobacillus has been associated with
type 2 diabetes and constipation, suggesting that the prognostic value of Lactobacillus is not
specific to PD. Multiple bacterial taxa have been reported to be altered in individuals with
PD. Potential interactions between them indicate that the effects of altered gut microbiota in
PD may be the result of many complex cascades of events within the entire gut microbiota
as well as relationships with the host [45].

Recent results suggest a strong link between the pathogenesis of AD and intestinal mi-
crobiota dysfunctions. Studies conducted on the ADLPAPT mouse model of AD show that
changes in the composition of the intestinal microflora led to a loss of intestinal epithelial
integrity, which in turn caused systemic inflammation. Intestinal abnormalities coincided
with Aβ deposition, Tau protein pathology, progressive gliosis, and cognitive impairment
in the animals. It was also noted that the transplantation of microbiota from healthy
animals into animals suffering from AD significantly attenuated the progression of AD
pathogenesis [46]. A number of studies indicate significant changes in the composition of
the gut microbiota during the course of AD. There was an increase in Firmicutes/Bacteroidetes
and a decrease in Actinobacteria and SCFA-producing bacteria in AD mice [47,48]. A large
body of research supports the idea that the gut microbiome in mouse models of AD is less
diverse than in wild type (WT) mice [48–52]. Some association has also been noted between
the presence of butyrate- and lactate-producing bacteria. Furthermore, a decrease in the
number of butyrate-producing Faecalibacterium and an increase in the number of lactate-
producing bacteria of the Bifidobacterium family were found using the sequencing of 16S
rRNA from stool samples [50]. Metagenomic studies have proven the relationship between
Lachnospiraceae and type 2 diabetes. The aforementioned family of bacteria contributes
to the development of diabetes, which, along with insulin resistance, is one of the risk
factors for AD [53–55]. Functional studies show that Pseudomonas aeruginosa infection can
increase endothelial Tau phosphorylation and permeability, a common pathophysiological
mechanism in the genesis of Alzheimer’s disease [56,57]. To date, little has been established
about the interactions between pathogenic and non-pathogenic Pseudomonas strains in the
bodies of patients with AD. Future research should focus on further understanding the
role of specific bacterial clusters in the gut microbiome in the pathogenesis of AD [58]. A
study where the young WT mice received a gut microbiota transplant from old AD mice
has shown that this intervention significantly impaired the recovery from a traumatic brain
injury. The study has also shown increased activation of microglia and macrophages and
reduced motor recovery. In addition, there was a higher relative count of Muribaculum
bacteria and a decrease in Lactobacillus johnsonii in WT mice transplanted with a microbiome
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derived from old AD mice. Another study confirms that the microflora derived from AD
mice has a significant effect on the deterioration of the neurological response [59].

2.2. Microbiome in Huntington’s Disease
2.2.1. Trinucleotide Repeat Expansion Disorders

The expansion of microsatellite repeats is the cause of several neurodegenerative
diseases. They are usually caused by replication errors such as polymerase dissociation
or arrest, or sliding of the 5′ and or 3′ ends of the Okazaki fragment, which results in the
formation of a hairpin structure [60,61]. Neurodegenerative diseases that are classified as
trinucleotide repeat expansion disorders (TREDs) are caused by the repetition of the CNG
sequence (where N is one of the 4 nucleotides) in certain genes. These disorders can further
be subclassified as PolyQ (where the repeated sequence CAG encodes glutamine), like
Huntington’s disease (HD), and Spinocerebellar Ataxia types 1, 2, 3, 6, 7, 12, 17, and non-
PolyQ (where other triplets are repeated), like myotonic dystrophy (DM) or Friedreich’s
ataxia (FRDA) [62,63].

2.2.2. Huntington’s Disease Etiology

Huntington’s disease is a rare disorder of the CNS. It affects 5–10 in 100,000 people [64].
It is the most common disorder in Europe and USA, and the least in Asia [65–67].

HD symptoms include uncontrolled body movements, weight loss, facial grimaces,
psychological disorders, personality changes, and apathy. First non-specific symptoms can
start 10 years before full manifestation of HD, which usually occurs between 35 and 40 years
of age. The disease can also affect juveniles, but it is extremely rare in patients under the
age of 10 and over the age of 70. The life expectancy after first symptoms is 15–20 years,
with the most common causes of death being aspiration pneumonia, heart disease, and
suicide [68–70]. The mutation that causes HD is located in the first exon of the HTT gene
and is inherited in an autosomal dominant manner. In healthy individuals, the first exon
contains between 10 and 35 CAG repeats, and the disease severity varies depending on the
number of repeats: 27–35 repeats do not cause the disease but increase the probability of
HD manifestation in progeny; 36–38 repeats cause the disease with incomplete penetrance;
and more than 39 repeats cause the disease with complete penetrance, where the first
symptoms occur in patients at the age of 40–55. More than 60 repeats cause the juvenile
form, where the first symptoms occur before the age of 21 [71]. This specific mutation
in HTT leads to the expression of mutant HTT (mHTT) protein, which tends to form
intracellular insoluble aggregates that are the pathologic hallmark of HD [72]. The longer
the polyQ repeats, the more aggregates it forms. In the brain, the disease pathology is
linked to neuronal loss in the striatum, which is responsible for control of motor functions
and the reward center. Medium spiny neurons make up the structure of the striatum, and
these cells are mainly affected by pathogenic mHTT aggregates, which lead to neuronal
loss and secondary gliosis. The other hallmarks of HD pathology are weight loss, gastritis,
esophagitis, and nutritional deficiencies, all of which point to a strong link with dysfunction
of the digestive tract. mHTT has been found to be expressed in the majority of tissues,
including the gastrointestinal tract. Interestingly, studies performed on mouse models have
shown that mHTT forms aggregates in the enteric nervous system even before neurological
and motoric symptoms appear. It has also been reported that HD affects the functions of
the gastrointestinal (GI) system through impaired gut motility, diarrhea, and malabsorption
of food, and even influences the gut anatomy by reducing mucosal thickness and villus
length, as well as the loss of various neuropeptides that stimulate or inhibit gut motility [73].
There are also pathological changes in gene transcription—mHTT aggregates have been
found to interact with several proteins involved in various transcriptional pathways. They
have been found to interact with specificity protein 1 (SP1), CREB-binding protein (CBP),
peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α), Nuclear factor κ

light-chain-enhancer of activated B cells (NF-κB), and Repressor element 1 (RE1)-silencing
transcription factor (REST) [74]. Altered transcription in HD is also linked to mitochondrial
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dysfunction. Diminished transcription of PGC1α negatively impacts energy metabolism
and mitochondrial biogenesis. The mHTT has also been found to have a strong association
with the translocase of mitochondrial inner membrane 23 (TIM23) complex, which impairs
protein import and disrupts mitochondrial function [74–76].

2.2.3. Immunoprofiling of Huntington’s Disease

Chronic inflammation is a hallmark of HD. Inflammatory responses predate motor
and psychiatric symptoms, suggesting that chronic inflammation contributes to disease
progression. mHTT is highly expressed in immune cells, and its aggregates have been
found to have a proinflammatory effect [77]. Even in premanifest patients, peripheral
inflammation is characterized by elevated plasma levels of IL-6, and IL-8, IL-4, IL-10, and
TNF-α levels rise as the disease progresses. The increase of both IL-6 and IL-8 in the early
stages suggests, that it is the innate immunity that drives the initial immunopathology
in HD. Indeed, monocytes, macrophages, and microglia isolated from HD patients were
found to be hyperreactive to stimulation [78]. The mHTT has been found to drive up the
release of IL-6 by upregulating the NF-κB pathway in mice [79]. Interestingly, a study has
shown that the presence of mHTT does not directly impact the function of T cells, as their
frequencies and functions did not differ from healthy controls [80].

Central inflammation in HD is characterized by chronic activation of microglia and
astrocytes. Microglia are the primary mediators of neuroinflammation and in their acti-
vated state they release proinflammatory cytokines, such as IL-6, IL-1β, and TNF-α, as well
as cytotoxic factors, such as reactive oxygen species (ROS), nitric oxide (NO) and QUIN.
Prolonged microglial activation can lead to chronic neuroinflammation and tissue dam-
age [81]. The number of activated microglial cells has been shown to positively correlate
with the degree of neuronal loss in the striatum and cortex [82]. It has also been found that
activation of microglia is present in very early stages of disease prior to the onset of symp-
toms [83]. Unlike microglia, the activation of astrocytes occurs in later stages of disease,
when neurodegeneration is already present [81]. Reactive astrocytes can contribute to the
proinflammatory environment through the production of pro-inflammatory cytokines, such
as IL-12 and TNF-α; however, they can also contribute to neuroprotection by expressing
anti-inflammatory cytokines, such as IL-10 and TGF-β [84].

Several studies have found a link between T helper 17 (Th17) cells and immunopathol-
ogy in HD. In premanifest gene expansion carriers, it has been found that Th17.1 cells
are activated while the number of Tregs is diminished. IL-17 is a proinflammatory cy-
tokine that plays a role in communication between immune cells and tissue. In animal
models, it has been shown to interact with endothelial cells, which induces the breakdown
of the blood-brain barrier. The presence of IL-17 in cerebrospinal fluid (CSF) activates
microglia, astrocytes, and oligodendrocytes, causing neuroinflammation. Early therapeutic
intervention targeting Th17 cells might be beneficial and delay the onset of symptoms [85].

2.2.4. Microbiome in Huntington’s Disease

HD—mouse model studies

There are several commercially available mouse models of HD. They differ in the
genetic background, the structure of the transgene, and the disease phenotype. The most
commonly used lines are R6/1 and R6/2, which are characterized by early symptoms and
rapid progression of the disease, compared to the BACHD line. The BACHD mouse model
shows the first symptoms of the disease between 2 and 6 months of age, but their severity
appears after about a year. The BACHD line shows somatic stability in embryos [86].

Studying the microbiome is an increasingly emerging trend in HD research. One
study showed an impact of the transplantation of a microbiome derived from WT mice
into a mouse model of HD on its phenotype. The results show that especially the females
responded positively to this procedure, as improvements in cognitive function have been
observed in animals suffering from HD. The same study proved the ineffectiveness of this
approach in males. Researchers speculated that the possible reasons for that phenomenon
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might be more extensive changes in structure, instability in the gut microbiome and the
imbalance in acetate immune profiles [87]. In order to characterize the gut microbiome in a
mouse model of HD, 16S RNA sequencing was performed. The research was carried out
on R6/1 mice. Sequencing results revealed significant differences in the composition of
the microbiome. Furthermore, the amount of water in the feces of HD mice at 12 weeks
of age was significantly changed. Most notably, there was an increase in Bacteroidetes and
a proportional decrease in Firmicutes. Interestingly, an increase in microbiome diversity
was also observed in HD males compared to WT control mice, but these differences were
not observed in females. The changes coincided with an increased food intake and a
simultaneous decrease in body weight [88]. It has been proven that PD is characterized by
a decrease in the expression of TJ proteins, which under physiological conditions maintain
the integrity of the intestinal barrier [89]. Björkqvist and coauthors evaluated whether the
same mechanism is responsible for the pathologies occurring in another mouse model of
HD (R6/2). The results showed a significant decrease in body weight and body length
in these mice. They were also accompanied by a decrease in colon length compared
to WT mice, but TJ protein levels showed no statistically significant changes between
groups. Moreover, along with the observed changes, differences in the composition of
the gut microbiota were also found in the R6/2 mice. Increased amounts of Bacteroidetes
and Proteobacteria and decreased amounts of Firmicutes, relative to levels maintained in
the control group were demonstrated [90]. A very interesting and detailed study was
performed by Gubert et al. They focused on comparing the study group (R6/1 mouse
line), which consisted of 3 subgroups: animals with standard living conditions, mice with
additional environmental enrichment, and groups of animals with increased physical
activity, with WT mice as controls. The results indicated a possible modulation of the gut
microbiome by the environment. Therapeutic effects on psychomotor symptoms and the
brain have been reported in groups of animals with an enriched environment and greater
activity compared to the control group. Changes in the composition of the microbiome at
the level of orders such as Bacteroidales, Lachnospirales, and Oscillospirales have also been
demonstrated. The results obtained in this experiment show higher alpha diversity for
all HD mice compared to WT mice. There was no difference in food intake, but there was
a previously expected decrease in body weight in the HD mice compared to the control
group. Increased water intake by animals from the test groups was shown, which was
associated with the increase in alpha diversity. With the aging of the HD animals, increased
fecal excretion was noted. Post-mortem analysis showed a statistically significant decrease
in the brain weight of HD mice. There were also significant differences between males and
females. The brain weight of females was lower in the group of mice with standard living
conditions. Based on the study of the concentration of SCFAs and branched chain fatty
acids (BCFAs) in the feces, an attempt was made to check what role these metabolites may
play in living condition changes. Male mice from the group with increased physical activity
were characterized by a decrease in the concentration of butyrate and valerate. There was
no correlation between the concentration of substances, such as acetate and propionate,
and the living conditions, genotype, or gender. Statistically significant differences were
found between HD and WT mice in the alpha diversity index. The test groups showed
increased alpha diversity indices in contrast to the control group. The results of the beta
diversity analysis showed differences between the sexes of the animals. Certain orders of
microbial bacteria have been identified as those that play the greatest role in microbiome
changes under different animal housing conditions. These include the orders Bacteroidales,
Lachnospirales, and Oscillospirales [91].

Early pathological features associated with HD are molecular deficits in myelination
and progressive neurodegeneration. Experiments conducted on germ-free (GF) animals
suggested that there is a two-way communication between the microbiome, gut, and
brain [11,92]. Research conducted on the BACHD mouse model was intended to answer
the question of what impact the microbiome has on myelin plasticity and oligodendrocyte
dynamics. The experiment compared GF, specific pathogen-free (SPF), and WT mice. Ani-
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mals of both sexes were used in the experiment. Analysis of myelin in the corpus callosum
revealed changes in myelin thickness in BACHD GF mice compared to SPF mice, while no
intergroup changes were observed in WT mice. However, significant differences in myelin
density were noted in all groups compared to WT SPF mice. In the GF conditions, a reduced
level of myelin-associated proteins, such as myelin basic protein (MBP), proteolipid protein
(PLP), and Ermin (Ermn), and a lower number of mature oligodendrocytes in the prefrontal
cortex were observed compared to the SPF conditions, regardless of the mouse genotype.
Slight differences in family and genus were also observed in the commensal bacteria of
the gut microbiome in the BACHD and WT groups maintained under SPF conditions.
However, the differences were not statistically significant. Researchers concluded that the
HTT mutation in BACHD mice does not cause profound disturbances in the intestinal
microflora, and thus plasticity defects are not associated with disturbances in the structure
of the microbiome. Analysis of the brain structures of GF animals showed that then environ-
ment had a greater effect on the myelination caliber of callosum axons in BACHD animals
compared to WT controls, while a possible distribution of myelin plaques was observed in
both genotypes. The axons of mice maintained under GF conditions were characterized by
a reduced diameter and a lower g-ratios, which could suggest thicker myelin. Examination
of the myelin membranes, however, showed that the observed features may have been due
to the decompaction of the laminae and not an increase in their number. A similar trend
of increased periodicity, suggesting decompaction, was also observed in BACHD mice
under SPF conditions compared to WT, prompting the conclusion that the HTT mutation
in BACHD animals causes this pathology. Supportive is the observation of a trend towards
lower levels of the cortical myelin-associated proteins MBP and PLP, which play a key
role in myelin compaction. The researchers did not observe significant changes in the gut
bacterial community. Slight disparities were observed in BACHD mice at 3 and 6 months
of age compared to WT mice, with reduced numbers of Prevotella and Bacteroides at the
genus level and part of the Bacteroidetes type [93]. More reports indicate the importance
of the intestinal microbiome in the communication between the digestive system and the
brain and its impact on the pathologies of neurodegenerative diseases. Subsequent studies
involved shotgun sequencing of the gut microbiome from R6/1 mice, aged 4–12 weeks
(from early adolescent to adult stages). Metabolomic analyses, in addition to those per-
formed on fecal samples, were also performed on blood plasma collected from 12-week-old
animals. The results showed an upregulation of bacterial gene expression, which may
indicate potential early effects of the HTT protein mutation in the gut. In addition, mice
at 12 weeks of age were found to have disturbed gut microbiome function. In particular,
the researchers’ attention was drawn to the increase in the butanoate metabolic pathway,
which leads to increased production of SCFA playing a protective role. This increase was
not observed when analyzing plasma from 12-week-old mice. Statistical analysis of the
results obtained in metagenomic and metabolomic studies allowed for the observation of a
negative correlation of several species of Bacteroides with ATP and pipecolic acid in plasma.
During the experiment, feces were collected at five different time points. No statistically
significant differences in the composition of the microbiome were observed when compar-
ing the mice from the study group and the control WT group. The dominance of two phyla,
Bacteroidetes and Firmicutes, was observed, followed by the Proteobacteria, Actinobacteria,
and Verrucomicrobia phyla. It was determined that at the family level, the most numerous
group was Lachnospiraceae, followed by similar numbers in the groups of Bacteroidaceae,
Porphyromonadaceae, Prevotellaceae, and Clostridiaceae. No statistically significant differences
were found between bacterial families at any timepoint when comparing WT mice. At
12 weeks of age, which corresponds to the timepoint before the onset of overt motor
symptoms in HD mice, differences in 30 bacterial species were observed between HD and
WT mice. These included Clostridium mt 5, Treponema phagedenis, Clostridium leptum CAG:
27, Desulfatirhabdium butyrativorans, Plasmodium chabaudi, Defulfuribacillus alkaliarsenatis,
Plasmodium yoelii, and Chlamydia abortus. No differences in the abundance of butyrate
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producers such as Roseburia intestinalis, Clostridium symbiosum, and Eubacterium rectale were
found when comparing samples from HD and WT mice [94].

HD—human studies

Studies were also performed on a diverse group of people suffering from HD. Partici-
pants were clinically characterized using a battery of cognitive tests, and 16S RNA sequenc-
ing was performed on stool samples. The study involved healthy individuals (control group;
n = 36) and carriers of the expanded mutated gene (n = 42). Nineteen of them were previ-
ously diagnosed with HD, and the rest were pre-symptomatic. The groups were matched by
gender and age. Microbiome evaluation showed differences between the control group and
the study group in the composition of the microbial community (beta diversity) as well as
significantly lower species richness (alpha diversity). The results of the sequencing analysis
show statistically significant differences at the phylum level (differences apply only to the
group of men) in Euryarchaeota, Firmicutes, and Verrucomicrobia. Further changes were also
observed at the family level, including: Acidaminococcaceae, Akkermansiaceae, Bacteroidaceae,
Bifidobacteriaceae, Christensenellaceae, Clostridiaceae, Coriobacteriaceae, Eggerthellaceae,
Enterobacteriaceae, Erysipelotrichaceae, Flavobacteriaceae, Lachnospiraceae, Methanobacteriaceae,
Peptococcaceae, Peptostreptococcaceae, and Rikenellaceae, concerned only men. No significant
changes at the phylum and family levels were observed in women. The obtained results
confirmed the researchers’ assumptions and showed changes in the composition of the
microbiome between the test and control groups. In addition, the observations made
provide evidence that the composition of the intestinal microbiome affects the cognitive
abilities of patients. However, the results obtained in this study should be interpreted
with caution. According to the authors, the study and control groups were too small to
make adequate statistical analyses. Nevertheless, the information provided is essential for
further research [95]. Another study conducted on patients suffering from HD indicates a
correlation between changes in the composition of the gut microbiome and the immune
response. The study included 33 HD patients and 33 healthy individuals; the groups were
matched in terms of sex and age. In addition to assessing the fecal microflora in terms of
microbial richness, structure, and diversity of abundance of individual taxa, IFN-γ, IL-1β,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF-α concentrations in patients’ plasma
were measured. The results obtained in both experiments were correlated with each other
to find connotations between them. It was shown that HD patients were distinguished by
increased richness and altered microbiome structure. The analysis showed that the higher
number of Intestinimonas bacteria is positively correlated with the Total Functional Capacity
score (measured in HD patients to evaluate disease progression). It is also positively corre-
lated with the level of the anti-inflammatory cytokine IL-4. The study also showed that
the genus Bilophila is negatively correlated with pro-inflammatory IL-6 levels. In addition,
negative correlations between Oscillibacter, Gemmier, and IL-6; Clostridium XVIII, TNF-α and
IL-8; and positive correlations between Porphyromonas and IL-4, IL-10, and IL-13 were also
noted. The results obtained in these experiments clearly indicate the relationship between
the composition of the intestinal microbiome and the immune response in HD patients [96].

All results described in the paragraph are summarized in Table 1.
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Table 1. Summarized results of microbiome studies performed in HD mouse models and HD patients.
The table shows bacterial species changed in HD, ↑ signifies increase, ↓ signifies decrease. C – Class,
O – Order, F – Family, G – Genus.

Host Phylum Class/Order Family/Genus
Alpha

Diversity
Beta

Diversity
Source

Mouse R6/1 Bacteroidetes ↑
Firmicutes ↓ males↑ ns [88]

Mouse R6/2
Bacteroidetes ↑
Proteobacteria ↑
Firmicutes ↓

G Bacteroides ↑
G Parabacteroides ↑
G Lactobacillus ↑
G Coprobacillus ↑
G Enterobacteriaceae ↑

ns [90]

Mouse R6/1
O Bacteroidales
O Lachnospirales
O Oscillospirales

↑ differed [91]

Mouse BACHD
3 months old

Bacteroidetes ↓
Firmicutes ↑

F Bacteroidaceae ↓
F Anaeroplasmataceae ↓
G Prevotella ↓
G Bacteroides ↓
G Oscillospira ↑
G Adlercreutzia ↑

ns [93]

Mouse BACHD6
months old

Bacteroidetes ↑
Firmicutes ↓ F Mogibacteriaceae ↓ ns [93]

Human
Males

Firmicutes ↓
Euryarchaeota
Verrucomicrobia

F Lachnospiraceae ↓
F Akkermansiaceae ↓
F Acidaminococcaceae
F Akkermansiaceae
F Bacteroidaceae
F Bifidobacteriaceae
F Christensenellaceae
F Clostridiaceae
F Coriobacteriaceae
F Eggerthellaceae
F Enterobacteriaceae
F Erysipelotrichaceae
F Flavobacteriaceae
F Lachnospiraceae
F Methanobacteriaceae
F Peptococcaceae
F Peptostreptococcaceae
F Rikenellaceae

↓ differed [95]

Human Actinobacteria ↑
C Deltaproteobacteria ↑
C Actinobacteria ↑
O Desulfovibrionales ↑

F Oxalobacteraceae ↑
F Lactobacillaceae ↑
F Desulfovibrionaceae ↑
G Clostridium XVIII ↓
G Intestinimonas ↑
G Bilophila ↑
G Lactobacillus ↑
G Oscillibacter ↑
G Gemmiger ↑
G Dialister ↑

↑ differed [96]

3. Discussion and Future Prospects

Increasing advancement in research on neurodegenerative diseases indicates that these
pathologies are very complex processes with often forgotten microbiome- and immune-
related components. The publications and studies mentioned in this review present ev-
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idence for the relationship between neurodegenerative diseases, mainly HD, and the
intestinal microbiome. So far, the focus has been on understanding the pathology of the
disease based on molecular biomarkers, which hopefully could effectively contribute to the
development of future therapies [97]. Recent studies on the effect of the intestinal micro-
biome and its metabolites also pave the way for new branches in the field of HD. Microbial
metabolites have the potential to modulate the pathogenesis of HD. SCFAs can influence
the immune system and ameliorate inflammation, both in the CNS and the peripheral
nerves. Studies on mouse models that were supplemented with sodium butyrate showed a
beneficial effect on their motor skills, mitochondrial and transcriptional dysfunction [28,29].
This suggests that therapeutic interventions promoting butyrate production by patients’
microbiota have the potential to ameliorate disease symptoms. However, there are still
many open questions regarding the bacteria inhabiting healthy and diseased digestive
systems. The results of research involving microbiota carried out so far are still not entirely
conclusive due to microbiome complexity and numerous contributing factors. Therefore,
there is still a long way to go to fully understand the communication in the gut—brain axis,
including in pathological conditions like HD.

Moreover, the microbiome results are not always consistent. The large amount of
data generated in experiments is hard to compile, and one needs to be attentive when
analyzing and drawing conclusions based on it. Insufficiently known taxonomies of species
inhabiting the intestines and inaccurate and non-standardized terminology related to the
subject of the microbiome are often misleading and generate mistakes when classifying
individual bacteria into appropriate classes, groups, or families. Furthermore, the choice of
mouse model, its strain, sex, or age is essential in the studies concerning the microbiome.
For example, two studies in a mouse model of HD confirm an increase in Bacteriodetes
and a decrease in Firmicutes [88,90]. The first one was carried out on the R6/1 line, and
the second on the R6/2 mouse model. Additionally, the study conducted on another HD
model contradicts these results. At 3 months of age, BACHD mice exhibit the opposite
trend of increased Firmicutes and decreased Bacteriodetes. Interestingly, re-analysis on
6-month-old mice showed the opposite, which rather confirms the results of the previous
two studies [93]. The presented results display certain consistency, despite the use of
different models, but only when using older mice from the BACHD line. It can be assumed
that the microbiome diversity changes in the same fashion as organisms mature. It is also
worth noting that some of the results show statistical significance only in the group of males,
both in animal and human studies [88,95]. On the other hand, only female mice showed
a positive reaction to the transplant of a healthy microbiome [87]. These findings also
indicate the effect of female hormones on microbiome composition. In the study conducted
by the Hannan group, the body weight of WT and HD mice differed significantly, as HD
mice lost weight with age. This could be due to differences in the composition of the
microbiome and the level of food absorption, which is inversely proportional to body
weight [98]. Increased thirst was also noted, possibly due to xerostomia, which both
patients and HD mice suffer from, or hypothalamic degeneration, which is associated with
increased thirst [99]. Interestingly, increased water intake by the animals did not change
the water content of the feces. The reason could be the microbiological environment in
the intestines. This result may suggest a very precise regulation of water absorption [100].
Some of the cited studies indicate an increased level of alpha diversity compared to other
groups [88,91,96]. A higher level of this index is believed to indicate a healthier and
more resilient microbial environment [101]. Studies in other models of neurodegenerative
diseases, such as AD and PD, have also linked movement deficits with lower levels of
alpha diversity in patients compared to controls [102–104]. Human HD studies have shown
lower [95] and higher [96] values of alpha diversity in CAG repeat overexpressors compared
to healthy controls. Recent extensive meta-analyses have found no associations between
alpha diversity and neurological disorders, particularly in PD and MS [105]. Interestingly,
there are also studies that prove that increased diversity does not always correlate with
better patient conditions [106,107]. According to Coyte et al., a decrease in the stability
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of the microbiome environment may also result in higher alpha diversity [108]. Research
also shows that the alpha level of diversity may also be related to diet, body weight, and
gastrointestinal physiology [109].

Another essential factor that should be considered when conducting experiments
related to the microbiome and neurodegeneration in humans is the environment. Each of
the mentioned experiments was performed under slightly different conditions, especially
in humans. Environmental changes are noticeable among the participants of a project,
despite the fact that the control group was chosen from the close family members of
the patients [96]. The composition of the gut microbiome is also influenced by various
factors, such as physical activity [110,111]. The difference in this respect between healthy
and disease-affected individuals certainly existed during the project. This proves how
difficult it is to compose appropriate groups in experiments assuming the study of the
microbiome. In addition to differences in physical activity, each person has different
nutritional preferences, which certainly influence the composition of the microbiome and
are a burden for bioinformaticians to be leveled in statistical analyses [112,113]. In addition,
the quoted research was performed on distinct continents, which results in diametrically
different environmental conditions such as climate or local food accessibility that affect
diet [114]. Sampling for testing is an extremely important point in the whole experiment.
Typically, the collected samples are snap frozen to eliminate the adverse effect of air on
aerophobic bacteria in the samples. In both of these experiments [95,96], the samples were
obtained in a different way, and the patients were responsible for collecting and delivering
the samples to the laboratory, which might have affected the composition of the microbiome
in the samples. Conducting research on mouse models can be better standardized and
reproducible by applying a specific sampling and storage protocol. Collection should be as
quick as possible, with a caution not to contaminate the sample with other DNA or with
bacteria residing on fur.

Animal experiments also have the advantage of breeding in more standardized con-
ditions, typically SPF, though the microbiome may vary slightly. On the other hand, the
place of origin of the animal, lineage, strain, age, disease model, maintenance method, or
even environmental enrichment in the cages are all aspects that should be considered when
studying the microbiome. Mice are also known to be coprophages to reabsorb essential
nutrients such as vitamins; thus, when housing a few mice in the same cage, one should
consider the natural microbiome transfer between them and dodge the “cage effect” [91].
Additionally, all existing mouse models of HD differ from each other by the dynamics
of disease progression or the degree of interference in the animal’s genome [115,116]. At
this point, it is worth considering at what age and on what model such tests should be
carried out. The studies we quoted were based on various models and were carried out on
animals of different ages. As with human studies, comparing results obtained in mouse
experiments is equally problematic, although the experiments were more standardized.

Animal models of HD provide us with tools to study the mammalian microbiome and
its possible implications for disease progression in a highly controlled environment. Most
studies presented in this review used R6/1 or R6/2 models, which are well established
for HD; however, they are characterized by early onset, rapid disease progression, and
premature death. As previously mentioned, in humans, the symptoms of HD occur
well into adulthood, at 35–40 years of age, with continuous progression for the next
10–15 years, which points to a need for other models with slower disease progression, such
as YAC128, Hu128/21, or BACHD. Aging is also closely linked to changes in microbiome
composition, so these models might be more applicable for long term studies of changes in
microbiome composition and possible dietary or therapeutic interventions that might better
translate to humans. There was only one study utilizing the BACHD model that showed
pronounced differences in microbiota composition at different ages [93]. Long-term studies
on both pre- and post-symptomatic animals are important for a better understanding of
the microbiome and HD pathology, but they also have the unique ability to find the most
suitable timepoints for therapeutic interventions. Using these models might also be relevant
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in fecal microbiota transfer studies, as the R6/2 model used by Gubert and colleagues has
shown that the engraftment was unsuccessful in male mice [87]. Using models with slower
disease progression might provide the researchers with a variety of timepoints and disease
phenotypes to choose from, which might impact the success of the microbiota transplant.

There is also a fruit fly model of HD (FL-HD) that exhibits similar symptoms such as
motor deficits, mHTT aggregates, disrupted gene expression, and dysbiosis in the gut. The
Drosophila microbiome is, however, much less complex than the mammalian microbiome,
which can help in analyzing single species and their impact on dysbiosis. A study conducted
on female fruit flies has found that gut colonization by E. coli worsened the HD symptoms,
as there was an increase in aggregate buildup and earlier death. A therapy using crocin
was used in Drosophila with beneficial effects. This therapy ameliorated motor deficits
and extended the lifespan, but what is more interesting is that it provided resistance to
E. coli colonization and had positive effects on the microbiome [117]. Crocin is a carotenoid
exhibiting anti-inflammatory, antioxidant, and neuroprotective properties. Crocin, or its
major byproduct, crocetin, has been suggested to act in the gut and modulate the gut
microbiome. Another study has shown that oral administration of crocin was beneficial
for cerebral ischemic/reperfusion (I/R) injuries in rats, while the intravenous route of
administration was not. It suggests that the therapeutic effects are mediated through the
gut microbiota [118]. As such, crocin might provide beneficial effects in HD, ameliorating
inflammation, oxidative stress, and gut dysbiosis, which makes it a promising target for
further studies.

Interestingly, a few studies have found that prion infection can also lead to dysbiosis
and significant changes in microbial metabolites. The microbial richness (alpha diversity)
was higher in healthy controls, and the microbiome structure was significantly different
between healthy and infected groups. Prion diseases are linked to neuroinflammation,
and while the mechanism underlying the gut dysbiosis in this type of disease is not
well understood, it is nonetheless an interesting topic to further examine the relationship
between the gut and the brain [119,120].

According to the latest research, taking pro- and pre-biotics can help with nervous
system diseases. So far, the effect of taking these substances on the progression of HD has
not been proven, but it has been studied in other neurodegenerative diseases. There are
several studies confirming the psychophysiological effect of prebiotics on the body. Chitosan
oligosaccharide (COS) has been shown to have a positive effect on cognitive deficits in a
rat model of AD by reducing oxidative stress and neuroinflammatory responses [121]. In
studies on amyotrophic lateral sclerosis, it was proven that the use of galactooligosaccharides
(GOS) reduced the activation of microglia and astrocytes and caused less death of motor
neurons [122]. Other studies conducted in a mouse model of PD showed that long-term
intake of probiotics resulted in a neuroprotective effect on dopaminergic neurons, effectively
counteracting motor disorders in animals [123]. Unfortunately, few similar studies have
been conducted in humans so far. The examples of research cited above prove that the use
of products containing both pro- and prebiotic bacterial strains could act as an effective
supporting therapy in the treatment of neurodegenerative diseases. Perhaps in the future,
effective and personalized drugs based solely on these compounds will be developed.
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30. Lukić, I.; Ivković, S.; Mitić, M.; Adžić, M. Tryptophan Metabolites in Depression: Modulation by Gut Microbiota. Front. Behav.
Neurosci. 2022, 16, 987697. [CrossRef]

31. Zelante, T.; Iannitti, R.G.; Cunha, C.; De Luca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.; D’Angelo, C.; Massi-Benedetti, C.;
Fallarino, F.; et al. Tryptophan Catabolites from Microbiota Engage Aryl Hydrocarbon Receptor and Balance Mucosal Reactivity
via Interleukin-22. Immunity 2013, 39, 372–385. [CrossRef] [PubMed]

32. Lee, J.-H.; Lee, J. Indole as an Intercellular Signal in Microbial Communities. FEMS Microbiol. Rev. 2010, 34, 426–444. [CrossRef]
[PubMed]

33. Bercik, P.; Collins, S.M.; Verdu, E.F. Microbes and the Gut-Brain Axis: Microbiota-Gut-Brain Axis. Neurogastroenterol. Motil. 2012,
24, 405–413. [CrossRef]

34. Liang, S.; Wu, X.; Jin, F. Gut-Brain Psychology: Rethinking Psychology from the Microbiota–Gut–Brain Axis. Front. Integr.
Neurosci. 2018, 12, 33. [CrossRef] [PubMed]

35. Margolis, K.G.; Cryan, J.F.; Mayer, E.A. The Microbiota-Gut-Brain Axis: From Motility to Mood. Gastroenterology 2021, 160,
1486–1501. [CrossRef] [PubMed]

36. Spencer, N.J.; Hu, H. Enteric Nervous System: Sensory Transduction, Neural Circuits and Gastrointestinal Motility. Nat. Rev.
Gastroenterol. Hepatol. 2020, 17, 338–351. [CrossRef] [PubMed]

37. Kowalski, K.; Mulak, A. Brain-Gut-Microbiota Axis in Alzheimer’s Disease. J. Neurogastroenterol. Motil. 2019, 25, 48–60. [CrossRef]
38. Mulak, A.; Koszewicz, M.; Panek-Jeziorna, M.; Koziorowska-Gawron, E.; Budrewicz, S. Fecal Calprotectin as a Marker of the Gut

Immune System Activation Is Elevated in Parkinson’s Disease. Front. Neurosci. 2019, 13, 992. [CrossRef]
39. Antony, P.M.A.; Diederich, N.J.; Krüger, R.; Balling, R. The Hallmarks of Parkinson’s Disease. FEBS J. 2013, 280, 5981–5993.

[CrossRef]
40. Lane, C.A.; Hardy, J.; Schott, J.M. Alzheimer’s Disease. Eur. J. Neurol. 2018, 25, 59–70. [CrossRef]
41. Chen, S.-J.; Chen, C.-C.; Liao, H.-Y.; Lin, Y.-T.; Wu, Y.-W.; Liou, J.-M.; Wu, M.-S.; Kuo, C.-H.; Lin, C.-H. Association of Fecal

and Plasma Levels of Short-Chain Fatty Acids with Gut Microbiota and Clinical Severity in Patients with Parkinson Disease.
Neurology 2022, 98, e848–e858. [CrossRef]

42. Bedarf, J.R.; Hildebrand, F.; Coelho, L.P.; Sunagawa, S.; Bahram, M.; Goeser, F.; Bork, P.; Wüllner, U. Functional Implications of
Microbial and Viral Gut Metagenome Changes in Early Stage L-DOPA-Naïve Parkinson’s Disease Patients. Genome Med. 2017, 9, 39.
[CrossRef] [PubMed]

43. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru,
V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167,
1469–1480.e12. [CrossRef] [PubMed]

44. Uyar, G.Ö.; Yildiran, H. A Nutritional Approach to Microbiota in Parkinson’s Disease. Biosci. Microbiota Food Health 2019, 38,
115–127. [CrossRef]

45. Bullich, C.; Keshavarzian, A.; Garssen, J.; Kraneveld, A.; Perez-Pardo, P. Gut Vibes in Parkinson’s Disease: The Microbiota-Gut-
Brain Axis. Mov. Disord. Clin. Pract. 2019, 6, 639–651. [CrossRef] [PubMed]

46. Kim, M.-S.; Kim, Y.; Choi, H.; Kim, W.; Park, S.; Lee, D.; Kim, D.K.; Kim, H.J.; Choi, H.; Hyun, D.-W.; et al. Transfer of a Healthy
Microbiota Reduces Amyloid and Tau Pathology in an Alzheimer’s Disease Animal Model. Gut 2020, 69, 283–294. [CrossRef]

47. Yan, Y.; Gao, Y.; Fang, Q.; Zhang, N.; Kumar, G.; Yan, H.; Song, L.; Li, J.; Zhang, Y.; Sun, J.; et al. Inhibition of Rho Kinase by
Fasudil Ameliorates Cognition Impairment in APP/PS1 Transgenic Mice via Modulation of Gut Microbiota and Metabolites.
Front. Aging Neurosci. 2021, 13, 755164. [CrossRef]

48. Gu, X.; Zhou, J.; Zhou, Y.; Wang, H.; Si, N.; Ren, W.; Zhao, W.; Fan, X.; Gao, W.; Wei, X.; et al. Huanglian Jiedu Decoction Remodels
the Periphery Microenvironment to Inhibit Alzheimer’s Disease Progression Based on the “Brain-Gut” Axis through Multiple
Integrated Omics. Alzheimers Res. Ther. 2021, 13, 44. [CrossRef]

132



Int. J. Mol. Sci. 2023, 24, 4477

49. Liu, P.; Wu, L.; Peng, G.; Han, Y.; Tang, R.; Ge, J.; Zhang, L.; Jia, L.; Yue, S.; Zhou, K.; et al. Altered Microbiomes Distinguish
Alzheimer’s Disease from Amnestic Mild Cognitive Impairment and Health in a Chinese Cohort. Brain Behav. Immun. 2019, 80,
633–643. [CrossRef]

50. Ling, Z.; Zhu, M.; Yan, X.; Cheng, Y.; Shao, L.; Liu, X.; Jiang, R.; Wu, S. Structural and Functional Dysbiosis of Fecal Microbiota in
Chinese Patients with Alzheimer’s Disease. Front. Cell Dev. Biol. 2021, 8, 634069. [CrossRef]

51. Zhang, X.; Wang, Y.; Liu, W.; Wang, T.; Wang, L.; Hao, L.; Ju, M.; Xiao, R. Diet Quality, Gut Microbiota, and MicroRNAs
Associated with Mild Cognitive Impairment in Middle-Aged and Elderly Chinese Population. Am. J. Clin. Nutr. 2021, 114,
429–440. [CrossRef]

52. Li, B.; He, Y.; Ma, J.; Huang, P.; Du, J.; Cao, L.; Wang, Y.; Xiao, Q.; Tang, H.; Chen, S. Mild Cognitive Impairment Has Similar
Alterations as Alzheimer’s Disease in Gut Microbiota. Alzheimers Dement. 2019, 15, 1357–1366. [CrossRef] [PubMed]

53. Rawlings, A.M.; Sharrett, A.R.; Schneider, A.L.C.; Coresh, J.; Albert, M.; Couper, D.; Griswold, M.; Gottesman, R.F.; Wagenknecht,
L.E.; Windham, B.G.; et al. Diabetes in Midlife and Cognitive Change over 20 Years: A Cohort Study. Ann. Intern. Med. 2014, 161, 785.
[CrossRef]

54. Ott, A.; Stolk, R.P.; van Harskamp, F.; Pols, H.A.P.; Hofman, A.; Breteler, M.M.B. Diabetes Mellitus and the Risk of Dementia: The
Rotterdam Study. Neurology 1999, 53, 1937. [CrossRef] [PubMed]

55. De la Monte, S.M.; Wands, J.R. Review of Insulin and Insulin-like Growth Factor Expression, Signaling, and Malfunction in the
Central Nervous System: Relevance to Alzheimer’s Disease. J. Alzheimers Dis. 2005, 7, 45–61. [CrossRef] [PubMed]

56. Yahr, T.L.; Vallis, A.J.; Hancock, M.K.; Barbieri, J.T.; Frank, D.W. ExoY, an Adenylate Cyclase Secreted by the Pseudomonas
Aeruginosa Type III System. Proc. Natl. Acad. Sci. USA 1998, 95, 13899–13904. [CrossRef] [PubMed]

57. Ochoa, C.D.; Alexeyev, M.; Pastukh, V.; Balczon, R.; Stevens, T. Pseudomonas Aeruginosa Exotoxin Y Is a Promiscuous Cyclase
That Increases Endothelial Tau Phosphorylation and Permeability. J. Biol. Chem. 2012, 287, 25407–25418. [CrossRef]

58. Xi, J.; Ding, D.; Zhu, H.; Wang, R.; Su, F.; Wu, W.; Xiao, Z.; Liang, X.; Zhao, Q.; Hong, Z.; et al. Disturbed Microbial Ecology
in Alzheimer’s Disease: Evidence from the Gut Microbiota and Fecal Metabolome. BMC Microbiol. 2021, 21, 226. [CrossRef]
[PubMed]

59. Soriano, S.; Curry, K.; Wang, Q.; Chow, E.; Treangen, T.J.; Villapol, S. Fecal Microbiota Transplantation Derived from Alzheimer’s
Disease Mice Worsens Brain Trauma Outcomes in Wild-Type Controls. Int. J. Mol. Sci. 2022, 23, 4476. [CrossRef]

60. Paulson, H. Repeat Expansion Diseases. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2018; Volume
147, pp. 105–123; ISBN 978-0-444-63233-3.

61. Stoyas, C.A.; La Spada, A.R. The CAG–Polyglutamine Repeat Diseases: A Clinical, Molecular, Genetic, and Pathophysiologic
Nosology. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2018; Volume 147, pp. 143–170; ISBN 978-0-
444-63233-3.

62. Orr, H.T.; Zoghbi, H.Y. Trinucleotide Repeat Disorders. Annu. Rev. Neurosci. 2007, 30, 575–621. [CrossRef]
63. Cohen-Carmon, D.; Meshorer, E. Polyglutamine (PolyQ) Disorders: The Chromatin Connection. Nucleus 2012, 3, 433–441.

[CrossRef] [PubMed]
64. Ghosh, R.; Tabrizi, S.J. Huntington Disease. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2018;

Volume 147, pp. 255–278; ISBN 978-0-444-63233-3.
65. Baine, F.K.; Kay, C.; Ketelaar, M.E.; Collins, J.A.; Semaka, A.; Doty, C.N.; Krause, A.; Jacquie Greenberg, L.; Hayden, M.R.

Huntington Disease in the South African Population Occurs on Diverse and Ethnically Distinct Genetic Haplotypes. Eur. J. Hum.
Genet. 2013, 21, 1120–1127. [CrossRef] [PubMed]

66. Kay, C.; Tirado-Hurtado, I.; Cornejo-Olivas, M.; Collins, J.A.; Wright, G.; Inca-Martinez, M.; Veliz-Otani, D.; Ketelaar, M.E.; Slama,
R.A.; Ross, C.J.; et al. The Targetable A1 Huntington Disease Haplotype Has Distinct Amerindian and European Origins in Latin
America. Eur. J. Hum. Genet. 2017, 25, 332–340. [CrossRef] [PubMed]

67. Warby, S.C.; Visscher, H.; Collins, J.A.; Doty, C.N.; Carter, C.; Butland, S.L.; Hayden, A.R.; Kanazawa, I.; Ross, C.J.; Hayden, M.R.
HTT Haplotypes Contribute to Differences in Huntington Disease Prevalence between Europe and East Asia. Eur. J. Hum. Genet.
2011, 19, 561–566. [CrossRef]

68. Paulsen, J.S.; Langbehn, D.R.; Stout, J.C.; Aylward, E.; Ross, C.A.; Nance, M.; Guttman, M.; Johnson, S.; MacDonald, M.; Beglinger,
L.J.; et al. Detection of Huntington’s Disease Decades before Diagnosis: The Predict-HD Study. J. Neurol. Neurosurg. Psychiatry
2008, 79, 874–880. [CrossRef]

69. Tabrizi, S.J.; Scahill, R.I.; Durr, A.; Roos, R.A.; Leavitt, B.R.; Jones, R.; Landwehrmeyer, G.B.; Fox, N.C.; Johnson, H.; Hicks,
S.L.; et al. Biological and Clinical Changes in Premanifest and Early Stage Huntington’s Disease in the TRACK-HD Study: The
12-Month Longitudinal Analysis. Lancet Neurol. 2011, 10, 31–42. [CrossRef]

70. Tabrizi, S.J.; Scahill, R.I.; Owen, G.; Durr, A.; Leavitt, B.R.; Roos, R.A.; Borowsky, B.; Landwehrmeyer, B.; Frost, C.; Johnson,
H.; et al. Predictors of Phenotypic Progression and Disease Onset in Premanifest and Early-Stage Huntington’s Disease in the
TRACK-HD Study: Analysis of 36-Month Observational Data. Lancet Neurol. 2013, 12, 637–649. [CrossRef]

71. Quigley, J. Juvenile Huntington’s Disease: Diagnostic and Treatment Considerations for the Psychiatrist. Curr. Psychiatry Rep.
2017, 19, 9. [CrossRef]

72. Sassone, J.; Colciago, C.; Cislaghi, G.; Silani, V.; Ciammola, A. Huntington’s Disease: The Current State of Research with Peripheral
Tissues. Exp. Neurol. 2009, 219, 385–397. [CrossRef]

133



Int. J. Mol. Sci. 2023, 24, 4477

73. Van der Burg, J.M.M.; Winqvist, A.; Aziz, N.A.; Maat-Schieman, M.L.C.; Roos, R.A.C.; Bates, G.P.; Brundin, P.; Björkqvist,
M.; Wierup, N. Gastrointestinal Dysfunction Contributes to Weight Loss in Huntington’s Disease Mice. Neurobiol. Dis. 2011,
44, 9478630. [CrossRef]

74. Jurcau, A. Molecular Pathophysiological Mechanisms in Huntington’s Disease. Biomedicines 2022, 10, 1432. [CrossRef] [PubMed]
75. Jesse, S.; Bayer, H.; Alupei, M.C.; Zügel, M.; Mulaw, M.; Tuorto, F.; Malmsheimer, S.; Singh, K.; Steinacker, J.; Schumann, U.; et al.

Ribosomal Transcription Is Regulated by PGC-1alpha and Disturbed in Huntington’s Disease. Sci. Rep. 2017, 7, 8513. [CrossRef]
[PubMed]

76. Yablonska, S.; Ganesan, V.; Ferrando, L.M.; Kim, J.; Pyzel, A.; Baranova, O.V.; Khattar, N.K.; Larkin, T.M.; Baranov, S.V.; Chen,
N.; et al. Mutant Huntingtin Disrupts Mitochondrial Proteostasis by Interacting with TIM23. Proc. Natl. Acad. Sci. USA 2019, 116,
16593–16602. [CrossRef] [PubMed]

77. Valadão, P.A.C.; Santos, K.B.S.; e Vieira, T.H.F.; e Cordeiro, T.M.; Teixeira, A.L.; Guatimosim, C.; de Miranda, A.S. Inflammation in
Huntington’s Disease: A Few New Twists on an Old Tale. J. Neuroimmunol. 2020, 348, 577380. [CrossRef] [PubMed]

78. Björkqvist, M.; Wild, E.J.; Thiele, J.; Silvestroni, A.; Andre, R.; Lahiri, N.; Raibon, E.; Lee, R.V.; Benn, C.L.; Soulet, D.; et al. A Novel
Pathogenic Pathway of Immune Activation Detectable before Clinical Onset in Huntington’s Disease. J. Exp. Med. 2008, 205,
1869–1877. [CrossRef] [PubMed]

79. Khoshnan, A.; Ko, J.; Watkin, E.E.; Paige, L.A.; Reinhart, P.H.; Patterson, P.H. Activation of the IκB Kinase Complex and Nuclear
Factor-KB Contributes to Mutant Huntingtin Neurotoxicity. J. Neurosci. 2004, 24, 7999–8008. [CrossRef]

80. Miller, J.R.C.; Träger, U.; Andre, R.; Tabrizi, S.J. Mutant Huntingtin Does Not Affect the Intrinsic Phenotype of Human Hunting-
ton’s Disease T Lymphocytes. PLoS ONE 2015, 10, e0141793. [CrossRef]

81. Palpagama, T.H.; Waldvogel, H.J.; Faull, R.L.M.; Kwakowsky, A. The Role of Microglia and Astrocytes in Huntington’s Disease.
Front. Mol. Neurosci. 2019, 12, 258. [CrossRef]

82. Sapp, E.; Kegel, K.B.; Aronin, N.; Hashikawa, T.; Uchiyama, Y.; Tohyama, K.; Bhide, P.G.; Vonsattel, J.P.; Difiglia, M. Early and
Progressive Accumulation of Reactive Microglia in the Huntington Disease Brain. J. Neuropathol. Exp. Neurol. 2001, 60, 161–172.
[CrossRef]

83. Politis, M.; Lahiri, N.; Niccolini, F.; Su, P.; Wu, K.; Giannetti, P.; Scahill, R.I.; Turkheimer, F.E.; Tabrizi, S.J.; Piccini, P. Increased
Central Microglial Activation Associated with Peripheral Cytokine Levels in Premanifest Huntington’s Disease Gene Carriers.
Neurobiol. Dis. 2015, 83, 115–121. [CrossRef]

84. Cekanaviciute, E.; Buckwalter, M.S. Astrocytes: Integrative Regulators of Neuroinflammation in Stroke and Other Neurological
Diseases. Neurotherapeutics 2016, 13, 685–701. [CrossRef] [PubMed]

85. Von Essen, M.R.; Hellem, M.N.N.; Vinther-Jensen, T.; Ammitzbøll, C.; Hansen, R.H.; Hjermind, L.E.; Nielsen, T.T.; Nielsen, J.E.;
Sellebjerg, F. Early Intrathecal T Helper 17.1 Cell Activity in Huntington Disease. Ann. Neurol. 2020, 87, 246–255. [CrossRef]

86. Farshim, P.P.; Bates, G.P. Mouse Models of Huntington’s Disease. In Huntington’s Disease; Precious, S.V., Rosser, A.E., Dunnett,
S.B., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA, 2018; Volume 1780, pp. 97–120; ISBN 978-1-4939-7824-3.

87. Gubert, C.; Choo, J.M.; Love, C.J.; Kodikara, S.; Masson, B.A.; Liew, J.J.M.; Wang, Y.; Kong, G.; Narayana, V.K.; Renoir, T.; et al.
Faecal Microbiota Transplant Ameliorates Gut Dysbiosis and Cognitive Deficits in Huntington’s Disease Mice. Brain Commun.
2022, 4, fcac205. [CrossRef] [PubMed]

88. Kong, G.; Cao, K.-A.L.; Judd, L.M.; Li, S.; Renoir, T.; Hannan, A.J. Microbiome Profiling Reveals Gut Dysbiosis in a Transgenic
Mouse Model of Huntington’s Disease. Neurobiol. Dis. 2020, 135, 104268. [CrossRef] [PubMed]

89. Clairembault, T.; Leclair-Visonneau, L.; Coron, E.; Bourreille, A.; Le Dily, S.; Vavasseur, F.; Heymann, M.-F.; Neunlist, M.;
Derkinderen, P. Structural Alterations of the Intestinal Epithelial Barrier in Parkinson’s Disease. Acta Neuropathol. Commun.
2015, 3, 12. [CrossRef]

90. Stan, T.L.; Soylu-Kucharz, R.; Burleigh, S.; Prykhodko, O.; Cao, L.; Franke, N.; Sjögren, M.; Haikal, C.; Hållenius, F.; Björkqvist, M.
Increased Intestinal Permeability and Gut Dysbiosis in the R6/2 Mouse Model of Huntington’s Disease. Sci. Rep. 2020, 10, 18270.
[CrossRef]

91. Gubert, C.; Love, C.J.; Kodikara, S.; Mei Liew, J.J.; Renoir, T.; Lê Cao, K.-A.; Hannan, A.J. Gene-Environment-Gut Interactions in
Huntington’s Disease Mice Are Associated with Environmental Modulation of the Gut Microbiome. iScience 2022, 25, 103687.
[CrossRef]

92. Hoban, A.E.; Stilling, R.M.; Ryan, F.J.; Shanahan, F.; Dinan, T.G.; Claesson, M.J.; Clarke, G.; Cryan, J.F. Regulation of Prefrontal
Cortex Myelination by the Microbiota. Transl. Psychiatry 2016, 6, e774. [CrossRef]

93. Radulescu, C.I.; Garcia-Miralles, M.; Sidik, H.; Bardile, C.F.; Yusof, N.A.B.M.; Lee, H.U.; Ho, E.X.P.; Chu, C.W.; Layton, E.; Low,
D.; et al. Manipulation of Microbiota Reveals Altered Callosal Myelination and White Matter Plasticity in a Model of Huntington
Disease. Neurobiol. Dis. 2019, 127, 65–75. [CrossRef]

94. Kong, G.; Ellul, S.; Narayana, V.K.; Kanojia, K.; Ha, H.T.T.; Li, S.; Renoir, T.; Cao, K.-A.L.; Hannan, A.J. An Integrated Metagenomics
and Metabolomics Approach Implicates the Microbiota-Gut-Brain Axis in the Pathogenesis of Huntington’s Disease. Neurobiol.
Dis. 2021, 148, 105199. [CrossRef]

95. Wasser, C.I.; Mercieca, E.-C.; Kong, G.; Hannan, A.J.; McKeown, S.J.; Glikmann-Johnston, Y.; Stout, J.C. Gut Dysbiosis in
Huntington’s Disease: Associations among Gut Microbiota, Cognitive Performance and Clinical Outcomes. Brain Commun. 2020,
2, fcaa110. [CrossRef]

134



Int. J. Mol. Sci. 2023, 24, 4477

96. Du, G.; Dong, W.; Yang, Q.; Yu, X.; Ma, J.; Gu, W.; Huang, Y. Altered Gut Microbiota Related to Inflammatory Responses in
Patients With Huntington’s Disease. Front. Immunol. 2021, 11, 603594. [CrossRef] [PubMed]

97. Przybyl, L.; Wozna-Wysocka, M.; Kozlowska, E.; Fiszer, A. What, When and How to Measure—Peripheral Biomarkers in Therapy
of Huntington’s Disease. Int. J. Mol. Sci. 2021, 22, 1561. [CrossRef] [PubMed]

98. Liot, G.; Valette, J.; Pépin, J.; Flament, J.; Brouillet, E. Energy Defects in Huntington’s Disease: Why “in Vivo” Evidence Matters.
Biochem. Biophys. Res. Commun. 2017, 483, 1084–1095. [CrossRef] [PubMed]

99. Wood, N.I.; Goodman, A.O.G.; van der Burg, J.M.M.; Gazeau, V.; Brundin, P.; Björkqvist, M.; Petersén, Å.; Tabrizi, S.J.; Barker,
R.A.; Jennifer Morton, A. Increased Thirst and Drinking in Huntington’s Disease and the R6/2 Mouse. Brain Res. Bull. 2008,
76, 70–79. [CrossRef]

100. Vandeputte, D.; Falony, G.; Vieira-Silva, S.; Tito, R.Y.; Joossens, M.; Raes, J. Stool Consistency Is Strongly Associated with Gut
Microbiota Richness and Composition, Enterotypes and Bacterial Growth Rates. Gut 2016, 65, 57–62. [CrossRef]

101. Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, Stability and Resilience of the Human Gut
Microbiota. Nature 2012, 489, 220–230. [CrossRef]

102. Keshavarzian, A.; Green, S.J.; Engen, P.A.; Voigt, R.M.; Naqib, A.; Forsyth, C.B.; Mutlu, E.; Shannon, K.M. Colonic Bacterial
Composition in Parkinson’s Disease. Mov. Disord. 2015, 30, 1351–1360. [CrossRef]

103. Rowin, J.; Xia, Y.; Jung, B.; Sun, J. Gut Inflammation and Dysbiosis in Human Motor Neuron Disease. Physiol. Rep. 2017, 5, e13443.
[CrossRef]

104. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg,
H.; Blennow, K.; et al. Gut Microbiome Alterations in Alzheimer’s Disease. Sci. Rep. 2017, 7, 13537. [CrossRef]

105. Plassais, J.; Gbikpi-Benissan, G.; Figarol, M.; Scheperjans, F.; Gorochov, G.; Derkinderen, P.; Cervino, A.C.L. Gut Microbiome
Alpha-Diversity Is Not a Marker of Parkinson’s Disease and Multiple Sclerosis. Brain Commun. 2021, 3, fcab113. [CrossRef]
[PubMed]

106. Cardinale, B.J.; Srivastava, D.S.; Emmett Duffy, J.; Wright, J.P.; Downing, A.L.; Sankaran, M.; Jouseau, C. Effects of Biodiversity on
the Functioning of Trophic Groups and Ecosystems. Nature 2006, 443, 989–992. [CrossRef] [PubMed]

107. Shade, A. Diversity Is the Question, Not the Answer. ISME J. 2017, 11, 1118–1129. [CrossRef] [PubMed]
108. Coyte, K.Z.; Schluter, J.; Foster, K.R. The Ecology of the Microbiome: Networks, Competition, and Stability. Science 2015, 350,

663–666. [CrossRef] [PubMed]
109. Reese, A.T.; Dunn, R.R. Drivers of Microbiome Biodiversity: A Review of General Rules, Feces, and Ignorance. mBio 2018, 9,

e01294-18. [CrossRef] [PubMed]
110. Magzal, F.; Shochat, T.; Haimov, I.; Tamir, S.; Asraf, K.; Tuchner-Arieli, M.; Even, C.; Agmon, M. Increased Physical Activity

Improves Gut Microbiota Composition and Reduces Short-Chain Fatty Acid Concentrations in Older Adults with Insomnia. Sci.
Rep. 2022, 12, 2265. [CrossRef] [PubMed]

111. Wegierska, A.E.; Charitos, I.A.; Topi, S.; Potenza, M.A.; Montagnani, M.; Santacroce, L. The Connection Between Physical Exercise
and Gut Microbiota: Implications for Competitive Sports Athletes. Sport. Med. 2022, 52, 2355–2369. [CrossRef]

112. Horn, J.; Mayer, D.E.; Chen, S.; Mayer, E.A. Role of Diet and Its Effects on the Gut Microbiome in the Pathophysiology of Mental
Disorders. Transl. Psychiatry 2022, 12, 164. [CrossRef]
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Abstract: This review discusses the fate of antimicrobial resistance and virulence genes frequently
present among microbiomes. A central concept in epidemiology is the mean number of hosts col-
onized by one infected host in a population of susceptible hosts: R0. It characterizes the disease’s
epidemic potential because the pathogen continues its propagation through susceptible hosts if it is
above one. R0 is proportional to the average duration of infections, but non-pathogenic microorgan-
isms do not cause host death, and hosts do not need to be rid of them. Therefore, commensal bacteria
may colonize hosts for prolonged periods, including those harboring drug resistance or even a few
virulence genes. Thus, their R0 is likely to be (much) greater than one, with peculiar consequences for
the spread of virulence and resistance genes. For example, computer models that simulate the spread
of these genes have shown that their diversities should correlate positively throughout microbiomes.
Bioinformatics analysis with real data corroborates this expectation. Those simulations also antici-
pate that, contrary to the common wisdom, human’s microbiomes with a higher diversity of both
gene types are the ones that took antibiotics longer ago rather than recently. Here, we discuss the
mechanisms and robustness behind these predictions and other public health consequences.

Keywords: antibiotic resistance; virulence; microbiome; metagenomics; human gut; antibiotic
consumption

1. Introduction

“What is essential is invisible to the eye”.
Antoine de Saint-Exupéry.
“The Little Prince” (1943) [1].
Antibiotic-resistant bacteria caused 1.27 million human deaths worldwide in 2019 [2].

This estimation indicates, once more, that antimicrobial resistance is a severe world health
problem [3,4]. Bacterial pathogens are, by definition, the etiological agents of bacterial
diseases. However, one must consider commensal bacteria in the list of public health con-
cerns because they are also reservoirs of genes encoding adaptive traits (non-housekeeping
genes), e.g., virulence, heavy-metal resistance, and antibiotic-resistance genes that can
transfer to pathogenic bacteria [5–11]. For example, a recent work involving bacteria of
the Neisseria genus has shown that the phenotypic resistance profile of four commensal
Neisseria species was higher than that of four pathogenic Neisseria gonorrhoeae strains [12].

Gene transfer occurs through three major mechanisms. Bacteria can directly up-
take DNA from the environment or with the connivance of vectors such as conjugative
plasmids, conjugative integrative elements, or bacteriophages [13,14]. For example, in a
study of the donor ability of a naturally isolated conjugative plasmid conferring resistance
to six antibiotics between 14 enterobacteria, the best plasmid donor was a commensal
Escherichia coli [7].

These DNA transfer events may occur between different bacteria within microbiomes.
Human microbiomes–the collection of all microorganisms (and their genomes) living in
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human tissues–are complex [15], comprising more than 1013 bacterial cells belonging to
hundreds of species [16]. In the human body, microorganisms are especially numerous
and diverse in the skin, mucosa, and gastrointestinal tract, possibly comprising both
pathogenic and non-pathogenic bacteria [17]. The metagenome refers to the set of all genes
in a microbiome, including chromosomal genes and extra-chromosomal genetic elements,
e.g., bacteriophages, transposons, plasmids, and other mobile genetic elements. Several
microbiomes can also be very complex, namely that of other animals, soil, plant roots,
sewage, etc.

Generally, in human and veterinary medicine, the onset of a symptomatic infectious
disease leads to the prescription of antibiotics. However, we argue here that this does not
necessarily mean that bacterial pathogenicity is directly associated with antibiotic resistance
(see next sections).

Consider the following arguments:

(i) People that have not used antibiotics for a long time have a lower diversity of drug-
resistance genes in their microbiomes;

(ii) The diversity of resistance genes in a person’s microbiome increases when that person
takes an antibiotic;

(iii) Antibiotic overuse increases the diversity of resistance genes in human microbiomes;
(iv) The co-location of virulence and resistance genes in bacterial genomes explains the

positive correlation between the resistance and virulence genes’ diversities in micro-
biomes observed over human microbiomes.

Readers that feel some of these arguments are accurate should keep reading this paper.
The vast majority of microorganisms in human microbiomes are non-pathogenic, and we
will see how they might play critical roles in the spread of virulence and resistance genes.
Paraphrasing Antoine de Saint-Exupéry [1], what is essential, is often unnoticed.

2. The Fate of Commensal Bacteria

2.1. Brief Review of the R0, the Basic Reproductive Number

A central concept in the epidemiology of infectious disease transmission is the basic
reproductive number: also called the basic reproduction number or basic reproduction
ratio. It is the expected number of infected individuals by a single infected individual in a
susceptible population. Denoted as R0, this number is a measure of the pathogen’s fitness
but is also a threshold that characterizes the epidemic potential of the disease because: if
R0 > 1, the pathogen continues its propagation through susceptible hosts, with the number
of infected hosts increasing exponentially; if R0 < 1, the number of infected hosts decreases
exponentially, and the pathogen is extinct. The number of infected hosts is stable in the
unlikely case where R0 equals one [18,19].

R0 is a dimensionless number defined as R0 = β·c·d, where β is the probability of
infection if an infected individual contacts a susceptible one, c is the number of contacts
between infected and susceptible individuals per time unit, and d is the duration of the
infectious period. Its mathematical formula shows that R0 is proportional to the mean
duration of infections d. This period decreases when the intrinsic mortality (i.e., mortality
not caused by the pathogen) increases, the pathogen-induced mortality increases, and the
rate at which the host recovers (e.g., through immunity) increases. When the colonizing
agents are pathogens, typically, either the hosts die or manage to clear the pathogen. If
the host’s death or recovery is quick, the R0 of the pathogen is lower than if the pathogen
remains a long time in the host. Therefore, there is something peculiar about non-pathogenic
microorganisms with public-health consequences.

Non-pathogenic agents do not cause host death, and the hosts do not need to eliminate
them. Consequently, commensal or mutualistic bacteria, including those harboring drug
resistance or even a few virulence genes, may colonize their hosts for longer, so their R0 is
prone to be larger than one. This conclusion may impact public health because an R0 larger
than one implies that the microorganism may spread through the host population, and
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as mentioned above, non-pathogenic bacteria may harbor non-housekeeping genes and
mobile genetic elements such as virulence and resistance genes.

Even if newly arrived non-pathogenic bacterial cells cannot persist in a microbiome for
more than a few days, its mobile genetic elements can have several opportunities to transfer
to one of the other established cells in that microbiome [20–22], and may thus remain there
for a long time. This is possible due to the presence of hundreds of bacterial species in many
microbiomes, including the human gut, and because bacteria can receive foreign DNA
through three primary mechanisms: (i) transformation, where bacteria directly uptakes
DNA from the surroundings [23]; (ii) transduction, where bacteriophages bring DNA from
their previous hosts [24]; and (iii) bacterial conjugation, where bacteria receive conjugative
plasmids or integrative conjugative elements from neighboring cells [25]. A bacterial cell
can uptake DNA from phylogenetically distant bacteria cells, and conjugative plasmids
can transfer between cells belonging to different bacterial species [26]. Therefore, both
pathogenic and non-pathogenic bacteria can share a gene pool that includes virulence and
resistance genes.

Moreover, some bacterial populations containing neither mobile genetic elements nor
virulence or resistance genes can become great “amplifiers” of these genes after receiving
some plasmids. Some bacterial strains are excellent donors of conjugative plasmids and are
able to “amplify” it among them while quickly transmitting the plasmid to other cells in a
microbiome [7,27]. These amplifiers are present among strains of Escherichia coli and other
enterobacterial species [7], among soil bacteria [27], and most probably in the majority
of microbiomes.

2.2. The Human Network of Physical Contacts
2.2.1. Brief Review of Small-World Networks

People establish many networks involving physical contact with each other through
family relationships, friendships, sexual relationships, and many others. Networks have
nodes (or vertices) and edges (connections). For example, consider the “handshaking”
network in which each node is a person, and two persons are connected in this network if
they had at least a handshaking, e.g., last year.

In a typical network established by people, each person connects to a tiny subset of
another person included in that network. Therefore, most people have no direct connections
(each one of us gave a handshake to just a few people last year).

In some networks involving people, if a given person connects to two others, these
two persons are likely connected to each other, but each person can reach most people
(through the network’s connections) by a small number of connections. The last sentence
sounds somewhat contradictory, but it is not–strikingly, many networks established by
people are similar to this–the so-called small-world networks–and we will discuss how
that is relevant to understanding microorganisms’ spread.

We first consider a regular network (Figure 1, left panel) and then change it to make
it a small-world network (Figure 1, middle panel). Consider, for example, the network of
friendships. For clarification, let us assume that individuals in a population are organized
in alphabetic order: A, B, C, . . . , Y, Z, AA, AB, . . . and that all individuals have precisely
four friends. Frequently, if individual C is a friend of two individuals on his/her right, A
and B, and the two individuals on his/her left, D and E, then probably B and D are friends
of each other, and A and B or D and E.

Meanwhile, D is a friend of B, C (right), E, and F (left), so B and C are friends to each
other, as well as E and F, and so on. Therefore, the clustering of these networks’ nodes
(people) is high. If all friendships were similar to this, the friendships’ network would be
regular. In such a network, if, for example, individual G has an exciting gossip, it takes
nine steps to reach, say, individual X. These nine steps are the following: G first informs I,
which would transmit the story to K, then M, O, Q, S, U, V, X.
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Figure 1. Regular, small-world, and random networks.

Of course, some exceptions to the regular network of friendships may substantially
impact information spread. For example, according to the rule described above, individual
K may be a friend of I, J, and L. Nevertheless, in this new network version, the fourth K’s
friend is Z, not M. With this exception, the network is no longer a regular one. In this case,
a gossip would take just four steps to progress from G to X (G => I => K => Z => X). With a
few more changes in other individuals, such as the one we introduced in K, the network
becomes a “small-world” network.

In small-world networks, the clustering of nodes (people) is high, but the path of
friendships between any human being is short. Rumors may spread in regular networks,
but the speed would be much higher in small-world networks [28].

What makes small-world networks so relevant to epidemiology? As mentioned above,
if people organize themselves in small-world networks, the spread of information is fast
because, although most people do not have direct contact with each other, most can be
reached in a few steps. Suppose physical proximity or even contact is involved in these
networks. In that case, microorganisms may quickly spread because the typical distance
between two randomly chosen people (the network nodes) grows proportionally to its
logarithm [28] instead of the number of people in the network as in regular networks. This
difference is relevant because the logarithm function grows much slower than a linear
function (Figure 2A). For example, when a given variable X increases from one to a billion
(i.e., from 1 to 109), Log10X goes from zero to nine only. Therefore, in small-world networks,
the path between two random persons is low, even if the network contains millions or
billions of people.

Figure 2. (A): Linear and logarithmic functions. Suppose that x increases from 1 to 109, close to the
world population size. Then, y increases from 1 to 109 in the case of the y = x linear function, whereas
the y = Log10(x) function increases from zero to nine only. Note that both axes are at the logarithmic
scale (base 10). (B): Exponential and power-law decay. The exponential function 2−t decreases much
faster than the power-law function t−2. Note that the vertical axis is at the logarithmic scale (base 10)
but not the horizontal axis.
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Of course, people spontaneously build other contact networks. For example, people
in our working place are not necessarily our friends, but we contact them daily. These net-
works, which usually involve physical proximity or sharing a working environment, may
be relevant concerning the microorganisms’ evolution or spread. For example, previous
studies have shown that the shorter path lengths in small-world networks increase the
effectiveness of natural selection while maintaining the fittest clones in bacterial popula-
tions because the probability of encounters between individuals is higher than in regular
networks [29,30].

Liljeros et al. studied the web of human sexual connections among 2810 adult Swedish
people and found that those connections defined a scale-free network [31,32]. In scale-free
networks, the distribution of links in each node follows a power law [33]. In the case of the
network of sexual contacts, p(k) describes the proportion of people with k sexual contacts
in the previous year, p(k) ≈ c·k−α, where c and α are positive parameters. Therefore, all
people in that Swedish database had at least one sexual partner in the previous year, but
a lower fraction had two partners; an even lower fraction, some people had three sexual
partners, and so on. Power-law distributions characteristically decreased slowly, so some
individuals had 20 partners in the previous year. These few individuals are “hubs” of
this network, which is relevant, for example, for sexually transmitted diseases [32]. In
this study, the exponent α is slightly above three. The exponent α for women is higher
than that for men, which means that the proportion of women with k sexual partners
is lower than that of men; however, the statistical error of these estimations is higher
than their difference [31,32,34]. The same authors have also shown that the cumulative
distribution P(k) similarly follows a decreasing power-law distribution, P(≥ k) ≈ c·k−ρ,
where ρ = α − 1. The word “cumulative” in the previous sentence means that P(≥ k)
quantifies the fraction of people with k or more contacts [31].

2.2.2. Power-Laws and Scale-Free Networks

Power-laws are mathematical functions such as xq, where x is the independent variable
and q is a negative or positive constant. They are common in physical laws; for example,
the gravitational force between two bodies decreases with distance d according to a power
law proportional to d−2. Similarly, the electric force between two charged bodies falls
with d−2.

In microbiology, we also find power laws. For example, the mutation rate per repli-
cation per nucleotide of DNA-based microorganisms decreases with the genome size
according to μ ≈ c·G−β. Because β ≈ −1, this equation means that the mutation rate per
replication per nucleotide is inversely proportional to the genome size (μ·G ≈ c) so that the
mutation rate per replication per genome is a constant (c ≈ 0.003): Drake’s rule [35–37].
Another example concerns the death rate of persister bacterial populations in the presence
of a bactericidal antibiotic. Some authors have argued that the death rate of persister
populations of some strains follows a power law with an exponent close to −2 [38,39]. A
power-law decay is slower than an exponential decay, which means that bacterial cells
under antibiotic exposure decay according to a power law can persist alive for longer,
sometimes causing health problems and persistent food contamination (Figure 2B).

Concerning the spread of microorganisms through human-contact networks (i.e.,
with people as nodes), it is relevant to know if the networks are scale-free, that is, if the
proportion of people with a k connection follows a power-law distribution. That would
mean that a non-negligible proportion of people have many connections, as we have seen
with the web of sexual contacts [31]. However, there are more examples of scale-free
networks relevant to epidemiology.

In 2006, Brockmann et al. found something striking concerning the dispersal of
banknotes in the USA. They studied banknote dispersion as a proxy of people traveling. As
intuitively expected, most banknotes travel less than 10 km in four days; also, according to
our intuition, the number of banknotes detected further away decreases when the distance
increases. Gaussian or Exponential distributions would mostly predict that none or very
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few banknotes travel more than a few hundred kilometers. However, contrary to common
intuition, many banknotes travel thousands of kilometers in those four days. Banknote
traveling follows a decreasing power law [40]. The transactions of these banknotes may
be twofold in their relevance to epidemiological studies: (i) banknotes move between
physically close people, enabling cross-contagion with microorganisms; (ii) banknotes
may carry microorganisms, so a person may contaminate another one without being
physically close.

Tracking the position of 100,000 mobile phones for six months provides a similar
distribution [41]. Most mobile phones only travel a few kilometers, and the proportion
of phones traveling decays when the distance increases. A non-negligible number of
cell phones traveled hundreds of kilometers. As we have seen for banknotes, the overall
traveling of mobile phones follows a decreasing power law. These long-distance traveling
people (measured through their banknotes and mobile phones) may constitute relevant
microorganism spreaders.

As we have seen, networks where the proportion of people with k connections de-
creases according to p(k) ≈ k−α, where α is a positive fixed number are epidemiologically
relevant. However, concerning the diseases’ spread, some are even more relevant such as
those power laws where the parameter α is between two and three. We have seen above
that a suitable parameter commonly discussed in epidemiological studies is that of R0,
which informs us how many people a single infected person will transmit the infection
to on average in a fully susceptible population. Strikingly, there is no such threshold in
networks whose connections between people follow a decreasing power-law distribution
with 2 < α < 3. Therefore, an epidemic spread may occur even with low rates of disease
transmission between the hosts [42,43]. Networks with α < 3 have very high standard de-
viations in terms of the number of connections to each node. Therefore, in the context of the
equation R0 = β·c·d, the number of contacts between infected and susceptible individuals
per time unit, c, may also be extremely high.

If the human population network structure (small word, sometimes following a power-
law distribution) somewhat facilitates microorganism spread, why do novel pathogens
not almost instantly infect humans worldwide? In the case of scale-free networks, the α
parameter mentioned above is sometimes lower than two or above three. For example, we
have seen above that, in the case of sexual partners in the previous year, that α is slightly
higher than three [31,32]. With the α parameter outside that interval, the network is still a
small world, but there is an epidemic transition value [34]. Moreover, real-life scale-free
networks are finite (i.e., have a limited number of people), which implies that, even if the α
parameter falls between two and three, there is a non-null epidemic threshold.

Moreover, humans do not become infectious immediately after contagion, which may
take a few days, depending on the disease. Furthermore, people are not permanently in
contact with each other, particularly if they feel ill. Additionally, people, medical doctors,
and the government commonly implement measures to halt disease spread. Even so, we
have seen that with, for example, the COVID-19 pandemic, and despite arduous efforts
employed by the governments of several countries, two and a half months (between
December 2019 and the first days of March 2020) were sufficient to spread the SARS-CoV-2
virus to most countries worldwide. Governments employed compulsory confinements
and other demanding measures because COVID-19 would kill many people and cause
morbidity to many others [44].

2.3. Selection and Weak Counter-Selection of Virulence and Resistance Genes

Proteins encoded by virulence genes—e.g., toxins and cell surface proteins that enable
bacterial attachment to host tissues, among others—can help bacteria colonize hosts [45].
Therefore, newly acquired virulence genes may not affect fitness or confer immediate
advantages to bacteria, while recently acquired resistance determinants often impose a
fitness cost on the bacterial cell. Therefore, these gene types may have different effects on
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their new hosts when newly acquired. However, the claim that resistant determinants are
costly is somewhat complex.

The fitness costs of drug resistance determinants may evolve towards lower values
or even become zero. For example, compensatory mutations often arise and diminish or
even eliminate the deleterious effects of resistance mutations [46–56]. Moreover, resistance
determinants (mutations or plasmids) can decrease the fitness cost of other resistant de-
terminants, e.g., through epistatic interactions [57–59]. Furthermore, plasmid–plasmid
interactions may facilitate plasmid transfer [60–62], sometimes compensating for plasmid
costs [63,64].

Sometimes compensatory mutations arise in the resistance-encoding mobile genetic
element, not the bacterial chromosome. In this case, when moving into another bacterial
host, this genetic element carries both the resistance gene and the compensatory mutations,
therefore imposing no cost on its new host [52,65].

A recent study involved 9275 patients during hospital stays over two years at the
Ramon y Cajal University Hospital (Madrid, Spain). Alonso-del Valle et al. measured the
cost of pOXA-48_K8: a naturally isolated plasmid. This plasmid was the most success-
ful pOXA-48-like plasmid in an extensive collection of extended-spectrum ß-lactamase-
and carbapenemase-producing enterobacteria isolated from the gut of 105 out of those
9275 patients (1.13%). The authors introduced this plasmid in 25 isolates of Klebsiella
pneumoniae and 25 of Escherichia coli naïve to the pOXA-48_K8 plasmid to determine the
distribution of fitness effects on the plasmid in those 50 strains. These strains were isolated
from patients coinciding on the hospital ward with others colonized with bacteria harboring
pOXA-48-like plasmids [66].

As expected, the plasmid imposed a fitness cost to bacterial cells: a mean cost of 2.9%.
Although small, this effect is statistically significant. However, individual values varied
considerably. Most fitness effects were null, and the authors only observed a fitness cost
in 14 strains (28%). Interestingly, the plasmid conferred a fitness advantage to the host in
seven strains (14%) [66]. It is crucial to note that, even if the plasmid decreases bacterial
fitness in 28% of the strains, the plasmid can succeed and “amplify” in the other 58% of the
strains where the plasmid is neutral or among the 14% where the plasmid confers a fitness
benefit [7,27,67].

Alonso-del Valle et al. measured the fitness of plasmid-bearing strains through com-
petition assays. This method is appropriate because it mimics the real competition taking
place between plasmid-bearing and plasmid-free cells in the gut microbiota. These compe-
tition assays were performed in agitated liquid media to avoid plasmid transfer into the
competitor [66].

All the accumulated knowledge about the cost of resistant determinants points in
the same direction: even if plasmid-encoded resistance determinants impose a fitness cost
to naïve recipient cells, soon the cost diminishes or disappears. Therefore, resistant cells
may avoid being outcompeted by sensitive cells after a critical adaptation period to a
resistance-encoding gene.

One must remember that human tissues and the gut are structured media with minimal
or no agitation. In such environments, plasmids can transfer to neighboring naïve cells.
Possibly, the plasmid imposes a fitness cost to their neighbors, leaving resources to the
donor cells. Therefore, even if plasmids are costly in the donor cells, these may succeed
by imposing fitness costs on adjacent competitors, acting as harmful agents [68]. This
harming behavior is advantageous to donor cells for the following reasons [68]: (i) donor
cells have already adapted to the plasmid presence due, for example, to compensatory
mutations [56]; (ii) the plasmid transfers to recipient cells (transconjugant cells); (iii) these
cells are not adapted to the plasmid presence because they never harbored it; (iv) these
non-adapted transconjugant cells replicate slower and use fewer resources than before the
plasmid arrival; (v) donor cells may uptake the unused nutrients and replicate.
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Furthermore, it is interesting to note that, just because they are transferable (and not
due to the gain of additional genes), conjugative plasmids may have an adaptive value to
their hosts, not only as harmful agents, as explained above [68], but also as promoters of
bacterial biofilms, which confer protection against antimicrobials [63,69,70].

Therefore, epidemiological or evolutionary studies of antibiotic resistance must as-
sume that resistance genes are widespread worldwide. For over eight decades, tons of
antibiotics have been used and thrown into the environment [71]. The prolonged use of
these drugs has promoted the clonal expansion of resistant cells and the worldwide spread
of resistant clones and putative mobile genetic elements carrying resistance genes. Not
surprisingly, nowadays, many metagenomes, including human and environmental ones,
contain resistance genes; sometimes, this includes a diverse set of those genes as well as
virulence genes [72].

2.4. The Diversity of Virulence and Resistance Genes across Microbiomes

We have argued above that non-housekeeping genes are somewhat free to spread
within and between microbiomes (namely between people). Some people may use antibi-
otics, which select virulence genes that are present in resistant cells and resistance genes but
counter-select other genes, including those that confer resistance to unrelated antibiotics
and virulence genes encoded in bacterial cells susceptible to the used drug.

The use of antibiotics by sick people may select antibiotic-resistant pathogens, which,
by definition, encode virulence genes. Perhaps this is why several studies have shown
antibiotic and virulence genes co-occurrence in bacterial genomes [73–75]. In general, one
could predict that the continuing use of tons of antibiotics through the decades would
co-select virulence and resistance genes. However, it is also manifest that the administra-
tion of antibiotics hits several other bacteria, namely commensal and mutualistic bacteria,
in the human microbiome [76–78]. Moreover, the use of antibiotics as growth promot-
ers in livestock and agriculture or with prophylactic purposes may select resistant cells
independently on whether or not they encode virulence genes [79].

Paradoxically, however, the diversity of resistance genes correlates positively with the
diversity of virulence genes across human and environmental microbiomes [72]: micro-
biomes with a high diversity of one class of genes tend to have a high diversity of the other
class. However, Darmancier et al. studied 16,632 bacterial genomes and concluded that no
such positive correlation exists at the level of genomes, neither across chromosomes nor
across plasmids [80]. The results of these two studies (references [72,80]) are compatible if,
and only if, metagenomes with a high diversity of both gene types have those genes mostly
located in different genomes. Why should there be a positive correlation at the level of
metagenomes but not at the genome level?

In the previous two sections, we have also argued that virulence and resistance genes
have conditions to remain in metagenomes for a long time. Each person receives diverse
genes of both types during this period, accumulating them in their microbiomes, although
not necessarily in the same bacterial cells. Meanwhile, pathogenic bacteria circulate through
the human population. Some of those ill people take an antibiotic, which selects cells
resistant to it but kills susceptible cells, including those resistant to other drugs. Therefore,
a consequence of taking the antibiotic is a decrease in the diversity of drug-resistance
genes [81]. Moreover, virulence genes are present in dead cells, decreasing their diversity.
This process implies that people who took antibiotics recently are those with the lowest
diversity of both resistant and virulence cells [82]. On the other hand, those that took
antibiotics a long time ago have the highest diversity of both gene types [82]. The overall
result is a positive correlation between the diversities of both gene types across human
microbiomes [72,82].

What if there is a misuse (and overuse) of antibiotics, where some people use them
even if they are not infected by a bacterial pathogen (or are randomly in contact with
antibiotics from environmental contamination)? The process is very similar to the one
described above, and the overall result is the same: a positive correlation of both genes’
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diversities. These are the predictions if the probability that a metagenome loses resistance
determinants is lower than the transmission probability between people [82]. We have seen
above how unlikely it is that metagenomes lose resistance determinants, so the transmission
probability between people must prevail or even the contamination of people from the
environment or, for example, non-cooked vegetables [83].

A computer model enabled the analysis and corroboration of the above predictions [82].
The model simulated the transfer of pathogenic bacteria and one hundred categories of
resistance and virulence genes. Simulations ran with different network types (regular, small-
world, and random), and the results were always similar (the only difference being that the
simulations reached stable results much sooner in small-world and random networks than
in the regular network as expected, and according to explanations given above). Control
simulations included changing the number of interacting people, the number of virulence
and resistance genes, the relative probabilities of losing genes and acquiring them through
contacts, or even changing the initial number of people already containing virulence and
resistant genes, providing similar results [82].

Until this point, we have shown why the arguments (i) to (iii) presented in the Intro-
duction section are wrong. About the fourth one, our discussion above does not predict a
co-location of virulence and resistance genes in bacterial genomes; moreover, the computer
model did not need to postulate their co-location to explain the positive correlation be-
tween the resistance and virulence genes’ diversities in microbiomes observed over human
microbiomes. However, one must ask whether the last eighty years of intensive antibiotic
use have put virulence and resistance genes together. As mentioned above, there is no
correlation between resistance and virulence genes’ diversities throughout genomes [80].
Nevertheless, there are indirect signs of the selection of antibiotic-resistant pathogens, given
that some categories of resistance and virulence genes preferentially occur in the same
genome [80]. For example, Darmancier et al. observed the co-occurrence between type VII
secretion systems and fusidic acid resistance genes [80]: fusidic acid is used, e.g., to treat
methicillin-resistant S. aureus infections, and is also active against tuberculosis [84,85].

3. Conclusions

We have known for decades that bacteria share some core genes (a common gene pool),
so health professionals and microbiologists must consider the impact of commensal bacteria
on pathogenesis and public health studies [5,7,9,10,86]. Moreover, non-pathogenic bacteria
may contain virulence, drug resistance, and other non-housekeeping genes that are capable
of increasing the pathogens’ success during infection [6,11]. Furthermore, non-pathogenic
cells that do not carry those genes may help pathogenic cells to receive those genes by
amplifying their presence among microbiomes [7,27]. Finally, physical contact networks
involving humans (see the above Sections 2.1 and 2.2) facilitate the pathogens’ spread
through our species. However, the vast majority of bacteria in human microbiomes, the
non-pathogenic ones, must play critical roles in spreading virulence and resistance genes
(Sections 2.3 and 2.4).
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Abstract: The human coronavirus SARS-CoV-2 or COVID-19 that emerged in late 2019 causes a
respiratory tract infection and has currently resulted in more than 627 million confirmed cases and
over 6.58 million deaths worldwide up to October 2022. The highest death rate caused by COVID-
19 is in older people, especially those with comorbidities. This evidence presents a challenge for
biomedical research on aging and also identifies some key players in inflammation, including mast
cells and platelets, which could represent important markers and, at the same time, unconventional
therapeutic targets. Studies have shown a decrease in the diversity of gut microbiota composition in
the elderly, particularly a reduced abundance of butyrate-producing species, and COVID-19 patients
manifest faecal microbiome alterations, with an increase in opportunistic pathogens and a depletion
of commensal beneficial microorganisms. The main purpose of this narrative review is to highlight
how an altered condition of the gut microbiota, especially in the elderly, could be an important
factor and have a strong impact in the lung homeostasis and COVID-19 phenomenon, jointly to the
activation of mast cells and platelets, and also affect the outcomes of the pathology. Therefore, a
targeted and careful control of the intestinal microbiota could represent a complementary intervention
to be implemented for the management and the challenge against COVID-19.

Keywords: SARS-CoV-2; inflammation; intestinal microbiota; immune protection; mast cells; platelets;
aging

1. Introduction

The human coronavirus SARS-CoV-2 or COVID-19 that emerged in late 2019 causes a
respiratory tract infection of the COVID-19 disease and, according to the official website
of the Ministry of Health, which reports World Health Organization data, has currently
resulted in more than 627 million confirmed cases and over 6.58 million deaths worldwide
up to October 2022.

The characteristic symptoms presented by patients affected by SARS-CoV-2 led to
the belief that it was a pneumonia with an interstitial component, very often bilateral,
associated with respiratory symptoms which in the early phase are generally limited, but
which can subsequently lead to progressive clinical instability with respiratory failure. The
phenomenon of the so-called “silent hypoxemia”, characterized by low blood oxygenation
values in the absence of subjective feeling of dyspnea, is characteristic of this phase of the
disease. This scenario, in a number of people, can evolve towards a worsening clinical
picture dominated by a cytokine storm, the excessive immune response from the uncon-
trolled release of a series of interleukins, chemokines, interferons, and tumour necrosis
factors and the consequent hyperinflammatory state, which determines local and systemic
consequences. Such a response represents a negative prognostic factor producing, at the
pulmonary level, pictures of arterial and venous thrombi of small vessels and evolution
towards severe and sometimes permanent pulmonary lesions (pulmonary fibrosis) [1]. In
particular, vascular permeability is increased, resulting in a large amount of fluid and blood
cells entering the alveoli, causing dyspnoea and even respiratory failure, desquamation
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of alveolar cells and hyaline membrane formation. A mass of fluid similar to mucus accu-
mulates in the lungs, and this accumulation is caused by an excessive immune response
due to signalling molecules, in particular interleukin-(IL)-6, IL-8, and tumour necrosis
factor (TNFα) [1–4]. Cytokine overproduction and cytokine storm induce clinically relevant
extrapulmonary effects on various key organs such as heart, kidney, liver and intestine and
dysbiosis [3]. The final stages of this very severe clinical picture can lead to multi-organ
failure, with cardiovascular, gastrointestinal, haematological, respiratory, neurological and
renal complications [5].

1.1. SARS-CoV-2: An Overview

Coronaviruses (CoVs) belong to the coronaviridae family, which comprises a group of
positive-enveloped single-stranded RNA viruses. These viruses have the largest genome
among RNA viruses, and morphologically they appear as surrounded by a corona under
the electron microscope [6].

Like other coronaviruses, SARS-CoV-2 has four structural proteins, known as: protein
S (ear or spinule), E (envelope), M (membrane) and N (nucleocapsid); the N protein contains
the RNA genome while the S, E and M proteins together create the viral capsid. Specifically,
there are three protein components of the viral envelope. The most important of these is
the S-glycoprotein (Spike), a very large transmembrane protein that mediates attachment
to the receptor and the fusion of the cell membrane of the host cell with that of the virus.
M-glycoprotein is the most abundant constituent of CoVs and shapes the virion envelope.
Protein E is a small polypeptide, and due to its small size and limited amount, E was
detected much later than other structural proteins [6].

1.2. Imbalance of Renin Angiotensin System

The renin angiotensin system (RAS) is a well-known physiological system respon-
sible for controlling cardiovascular dynamics through the modulation of blood pressure.
In particular, angiotensinogen is converted into angiotensin I by renin, produced in the
kidneys. Angiotensin I is transformed into angiotensin II by an extracellular angiotensin
converting enzyme (ACE). Angiotensin II binds to the G protein-coupled receptor (GPCR),
angiotensin II type 1 receptor (AT1R) in order to initiate its physiological functions. In
general, the activation of AT1R by angiotensin II causes several physiologically important
events including vasoconstriction, inflammation, thrombosis and production of reactive
oxygen species (ROS). Angiotensin II is further degraded into angiotensin 1–7 by the action
of the ACE2 enzyme. Angiotensin 1–7 binds to another GPCR and induces physiological
events essentially opposite to those induced by AT1R activation, which include vasodila-
tion, anti-inflammatory, antifibrosis, antithrombosis and ROS neutralization. ACE2 plays
a key role as a negative regulator in the overall RAS pathway, exerting protective func-
tions in various RAS-based models of pathogenesis. ACE2 also limits the expression by
macrophages of several proinflammatory cytokines.

In the pulmonary phase of COVID-19, SARS-CoV-2 enters the type 2 pneumocyte by
inducing the internalization of ACE2 and resulting in down-regulation and deficiency of
ACE2. SARS-CoV-2-induced ACE2 deficiency reduces the conversion of angiotensin II to
angiotensinogen 1–7 and increases the availability of angiotensin II. Excessive angiotensin
II causes AT1R to over-activate, resulting in an imbalance of RAS. However, it should be
remembered that SARS-CoV-2 invades host cells via two receptors: ACE2 and through
cluster of differentiation 147 (CD147) transmembrane protein mediated endocytosis [7].

Although it has a lower affinity for the COVID-19 virus than ACE2, CD127 specifically
accounts for the increase in blood glucose in infected patients, the risk of delayed COVID-19
in women, the increased susceptibility in geriatrics, and the increased susceptibility to T
lymphocyte infections [8].
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1.3. COVID-19 and Inflammation in the Elderly

Inflammation is a complex and multifactorial phenomenon that involves several
trigger mechanisms. An inflammatory state underlies a wide variety of diseases, pain, stress,
and depression, and an exacerbated inflammatory response may drive the deleterious
consequences of the infection [9,10].

Since pre-existing chronic inflammatory conditions such as hypertension, diabetes,
obesity, cardiovascular disease, as well as autoimmune diseases also activate the RAS
pathway, COVID-19 patients show a significant association between ACE2 deficiency and
the clinical severity of these comorbidities. In addition, a decrease in ACE2 expression
with age has clinical implications for the poor prognosis of elderly COVID-19 patients.
Since the ACE2 gene is located on the X chromosome, the high male mortality rate in
COVID-19 patients has been hypothesized to be related to the lower levels of ACE2 gene
expression in male patients, so much so that the restoration of SARS-CoV-2-induced RAS
imbalance has been suggested as an ideal clinical approach to slow the early progression of
COVID-19 pathogenesis [11]. In addition, IL-6, which is one of the cytokines most expressed
in the COVID-19 patient, is a multi-effective cytokine with both anti-inflammatory and
pro-inflammatory roles. Elevated IL-6 level in COVID-19 patients is a predictor of higher
mortality rates [10]. Moreover, IL-6 has been reported to facilitate CD147 expression [12].

In general, proinflammatory cytokines increase the expression of cell adhesion molecules
on the surface of neutrophils and endothelial cells. This promotes intercellular interactions.
Furthermore, the increased permeability of the pulmonary endothelium and the reduction
in barrier protection attracts more neutrophils to the site of infection through endothelial
penetration. Such dysregulation of the inflammatory immune response prevents the
activation of the adaptive immune response [13,14].

In this perspective, it is very important to characterize the host–pathogen relationship,
including immunoprotection correlates, such as COVID-19 virus-specific antibodies that
limit disease and correlates of immune dysregulation, such as overproduction of cytokines
that can promote disease.

It is known that a patient in old age suffers stressogenic conditions, both those linked
to the action of the virus and those attributable to the awareness of the pathology, as
well as the physiological conditions linked to the elderly state. Due to an age-altered
immune system but also from rather frequent nutritional deficiencies, elderly people are
particularly exposed to the risk of infection [15]. In addition, studies reported that visceral
fat increases with age, and visceral fat inflammation increases the risk of COVID-19- related
complications [16,17].

The semeiology of infections is sometimes atypical in the elderly and the signs and
symptoms appear more discreetly than in young adults, leading to diagnostic and thera-
peutic delay that further aggravates the prognosis of infectious diseases in elderly patients.

Innate immunity serves at the first line of antiviral defence and the largest number
of immune cells reside in the intestinal system. However, impaired immune responses
in the elderly are responsible for many diseases, as well as increased susceptibility to
infections. The response to COVID-19 includes various innate and adaptive traits, such
as changes in the composition of dendritic cells and B cells and deeply altered T cell
phenotypes that could impair immunoprotective T cells immunity [18]. Recent studies
have highlighted the role of adaptive immunity like T cells and B cells in COVID-19. Laing
et al. [18] showed reduced T cell immunity in COVID-19 patients. It has been suggested
that immunological interventions targeting early predictive inflammatory markers would
be more beneficial than those that block the late cytokine-related storm and therefore, very
importantly, personalized therapeutic intervention would be required for each patient.
Yet, an excessive quantity of neutrophils is associated with the course and severity of
COVID-19 [19,20].

Recognition of pathogen-associated molecular patterns (PAMPs) by host pattern recog-
nition receptors (PRRs) is the first step in activating the innate immune system against
viral infection. These receptors include, among others, nucleotide-binding oligomerization
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domain-like receptors (NODs), and toll-like receptors (TLRs). This virus-derived PAMP
recognition by innate immune receptors activates a series of signalling cascades that ulti-
mately lead to the activation of transcription factors such as nuclear factor-kappa B (NF-kB)
and interferon regulatory factors.

COVID-19 patients show general lymphopenia, which is a significant reduction in the
overall number of circulating lymphocytes in the blood [21]. In contrast, the monocyte-
macrophage system is significantly upregulated by SARS-CoV-2 infection. In general,
monocytes are innate immune cells that participate in inflammatory responses, phagocyto-
sis, antigen presentation, and a variety of other immune processes. Circulating monocytes
pour into peripheral tissues to differentiate into macrophages or dendritic cells during in-
flammation. Thus, the upregulation of monocytes by SARS-CoV-2 infection may contribute
to the improvement of proinflammatory processes. Neutrophils are also recruited to the
site of infection through the circulation and permeabilization of the endothelial membranes
adjacent to the site of infection [1–3]. However, due to lymphopenia, COVID-19 patients are
more vulnerable to microbial infection. It has been speculated that the inability to eradicate
SARS-CoV-2 infection due to its innate immune response antagonism hyper-inflates the
innate immune system. This causes an excessive release of inflammatory cytokines to
compensate for the depletion of the immune system due to SARS-CoV-2-induced lym-
phopenia. Finally, the overproduction of cytokines increases the membrane permeability of
the capillary walls around the infected alveoli, causing pulmonary oedema, dyspnoea and
hypoxemia. The introduction of plasma fluid into the alveoli as well as the loss of elasticity
due to the reduced production of surfactant cause complications.

Importantly, SARS-CoV-2 primarily enters through the respiratory tract to infect
humans, but it can also enter through the gastrointestinal tract [22].

2. Intestinal Microbiota and Systemic Protection

In this context, the involvement of the gut microbiota could play an important role
in the COVID-19 phenomenon perhaps not yet sufficiently considered. From a clinical
point of view, the elderly patient presents a dysregulation of microbial homeostasis and
neurodegeneration that can lead to a condition of greater fragility. This condition manifests
itself as a reduced functional reserve, reduced resistance to stress, increased susceptibility
to disease, mood, and increased risk of adverse health outcomes [23]. The gut could
serve as a reservoir for acute respiratory syndrome COVID-19. Evidence reported that the
intestinal microbiota is really altered in SARS-CoV-2 infection [24,25]. In addition, Zuo et al.
found that the loss of beneficial species in SARS-CoV-2 persists for a long time in most
patients suggesting that exposure to SARS-CoV-2 infection and/or hospitalization may be
associated with lasting damage to the intestinal microbiota [25]. In particular, a condition
of dysbiosis, perturbations in the structural and, therefore, functional dynamics of the
intestinal microbiota, could have a crucial role in COVID-19 disease. Physiologically, the
microbiota protects the intestine from colonization of exogenous pathogens and potentially
dangerous autochthonous microorganisms. Man has evolved side by side with microbes.
The mammalian intestine is colonized by trillions of microorganisms, and most of these are
bacteria that evolved together with the host in a symbiotic relationship, ensuring the state
of immunosurveillance of the organism. It is well-known that the microbiota can modulate
the innate and the adaptive immune system [26–28].

Aging implies an imbalanced immunological response to microbial infection associ-
ated with elevated levels of several cytokines, including IL-1, IL-6 and TNFα [29,30]. In
addition, changes in the expression of PRRs, activation of such receptors by endogenous
ligands associated with cellular damage, and unusual downstream signalling events of
PRRs activation have evolved to induce a chronic cytokine secretion [31].

The conditions of the intestinal microbiota and pulmonary changes are closely related
to immune responses [32]. Interestingly, SARS-CoV-2 leverages the ACE2 receptor to access
the host, and this receptor is expressed in both the respiratory and gut tracts [33]. ACE2
is involved in controlling intestinal inflammation. The direct colonization of intestinal
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ACE2 receptors through ingestion of the virus is potentially responsible for a range of
gastrointestinal tract symptoms associated with COVID-19 [34,35]. Chronic obstructive
pulmonary disease is often concomitant with chronic diseases of the gastrointestinal tract.
Yet, there is a higher risk of allergic diseases of the airways and use of antibiotics and
alteration in the composition of the gut microbiota [36]. Finally, a crosstalk pattern between
Bacillus and Lactobacillus in the gut has recently been reported, revealing the extremely
complicated interactions of multiple bacterial species in the gut microbiota [37].

The central role of the intestinal microbiota in the development of mucosal immunity
is not surprising, as multiple interactions with the external environment take place in
the gut and the intestinal epithelial barrier must tolerate the intestinal microbiota which
constitutes the majority of the antigens presented to the resident immune cells [38]. Despite
this condition, there is no strong activation of a local or systematic immune response. This
condition occurs because tolerance is induced due to intestinal epithelial cells (ICE) which
are in close contact with the intestinal microbiota and are constantly exposed to a large
number of antigens [32,38]. In order to minimize the toxic potential of these antigens, ICEs
adopt a number of strategies, such as reducing their TLRs, and modifying the antigenic
fractions of the microbiota, to make them less immunogenic. The important role of the
gut microbiota in the development of the systemic immune system has been assessed
by studies conducted in the model of germ-free mice, i.e., without microbiota, born and
kept in sterile conditions. These mice have various immune disorders, abnormal numbers
of different types of immune cells, altered cytokines, as well as deficits in the local and
systemic lymphoid structure [39].

The gut microbiota is a physical barrier to incoming pathogens through competitive ex-
clusion, i.e., resistance to colonization, via mechanisms such as the occupation of attachment
sites, the consumption of nutrients and the production of antimicrobial substances [40]. The
interactions between antimicrobial peptides and microbiota are bidirectional. Gut bacteria
secrete and consume a wide variety of neuromodulators and neurotransmitters, including
serotonin, dopamine, gamma-aminobutyric acid, epinephrine and noradrenaline [41]. In
this context, blood levels of serotonin, a metabolite of tryptophan independent of the
kynurenine pathway, are lower in patients with severe COVID-19 than in healthy con-
trols, suggesting that during SARS-CoV2 infection tryptophan is facilitated to take the
kynurenine route [42].

A plethora of microbiota-derived compounds are produced as intermediates or final
products of microbial metabolism and can influence biological functions both in the periph-
eral and the central nervous system (CNS) through nerve activation, cytokine production,
neurotransmitters, and via systemic circulation [41,43]. The metabolites produced by the
intestine not only modulate gastrointestinal immunity, but also affect distant organs, such
as lung and brain.

A relevant response of the host’s immune system following microbial colonization of
the gut is the production of immunoglobulin (Ig)A by gut-associated lymphoid tissues. IgA
plays a vital role in mucosal homeostasis in the intestine and functions as the dominant
antibody [43,44].

2.1. Inflammation and Dysbiosis of the Elderly Patient

The gut microbiota shows a great inter-individual variation and the human intestinal
microbiome, i.e., the community that includes the genetic heritage and environmental
interactions of all microorganisms, is very diverse and complex and continues to fluctuate
during the various stages of life [43]. Furthermore, the intestinal microbiome is closely as-
sociated with various characteristics of integrity of the intestinal barrier, anti-inflammatory
balance, immune and cardio-metabolic health, as well as the intestine–brain axis [41,44].
A loss of microbiota stability has been frequently observed in the elderly. The disruption
of the intestinal barrier integrity as well as a condition of intestinal dysbiosis can further
complicate the state of severity in SARS-CoV-2 [45,46]. In severe cases of SARS-CoV-2,
elevated zonulin levels are a marker related to increased mortality. Measurement of LPS
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binding protein, a marker of inflammation, revealed a significant increase in more severe
cases, supporting the association between severe COVID-19 and loss of intestinal barrier
integrity and microbial translocation [47].

The excessive accumulation of senescent cells present in aging and age-related dis-
eases can contribute to chronic silent inflammation and tissue and organic dysfunction.
Furthermore, old-age problems could contribute to a greater predisposition to various
infectious and associated diseases of the intestine causing alterations in the microbiota of
the elderly [30,48,49].

Studies have shown a decrease in the diversity of gut microbiota composition in the
elderly, and COVID-19 patients manifest faecal microbiome alterations, with an increase in
opportunistic pathogens and a depletion of commensal beneficial microorganisms [14,15].
Older people are known to have a less diverse gut microbiota and a noticeable decrease
in beneficial microorganisms such as Bifidobacterium. Since diet, drug intake and the com-
position of the gut microbiome undergo substantial changes during aging, the intestinal
metabolic environment, and therefore the levels of microbial metabolites, are influenced by
age. Gut microbial-derived metabolites play a key role in inflammatory signalling by inter-
acting with host immune cells. Some bacterial species, such as Faecalibacterium prausnitzii,
Roseburia intestinalis, and Anaerostipes butyraticus are able to digest complex carbohydrates
by fermentation, generating short-chain fatty acids (SCFA), fatty acids with fewer than six
carbon atoms, consisting mainly of acetate, propionate and butyrate [32,50,51]. The elderly
has lower SCFA levels than young subjects. A decrease in SCFA production in the colon
has been linked to lower fibre intake and antibiotic treatments in the elderly by regulating
expression of pro-inflammatory cytokines including IL-6, IL-12 and TNF-α [52]. SCFAs are
important for their ability to reduce intestinal inflammation, protect against pathogenic
invasion and maintain barrier integrity primarily by activating G-protein-coupled recep-
tors (GPCRs) or inducing their suppressive effects on histone deacetylase (HDAC), and
by affecting gene expression. The genesis of the cytokine storm could take place in the
gastrointestinal tract [41]. SCFAs maintain the physiology of the intestinal epithelium by
regulating cell turnover and barrier functions. SCFAs constitute a key regulatory system
for the activation, recruitment and differentiation of immune cells, including neutrophils,
macrophages, dendritic cells (DCs) and T lymphocytes [41,50]. A reduced abundance of
butyrate-producing species is found in COVID-19 patients [51] and it has been suggested
that the use of butyrate-producing species in COVID-19 patients in order to maintain the
integrity of epithelium at the level of tight junctions could likely help reduce invasion of
SARS-CoV-2 [52].

The intestinal microbiota plays a crucial role in gastrointestinal physiology by provid-
ing, among other activities, the synthesis of endogenous vitamins, such as vitamin K and
most of the components of the vitamin B complex [41]. In particular, vitamin B constitutes
an important support for the correct activation of the immune response, and interestingly,
it improves respiratory function, maintains the integrity of the endothelium and prevents
hypercoagulability. A dysbiotic condition could lead to a vitamin B deficiency and could
significantly impair immune function. Therefore, B vitamins could be a crucial aid in the
treatment of SARS-CoV-2 [52].

Another interesting aspect of diet in the elderly is the consumption of proteins, and
in particular a diet that includes an excessive amount of proteins can be responsible for
an increase in the intestinal production of potentially deleterious bacterial metabolites.
The requirement for a higher dose of protein in elderly subjects is suggested in order to
compensate for the lower sensitivity to anabolic stimulus. However, the very amount of
protein in the diet and additional amino acids can influence the onset and progression of
inflammation [53–55]. This condition could also, in turn, affect epithelial repair since some
bacterial metabolites inhibit respiration of colon epithelial cells, cell proliferation and/or
the influence of barrier function.

Another element that characterizes the elderly subject is greater constipation leading
to the use of laxatives, whose prolonged consumption has harmful effects on the entire
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intestinal ecosystem, loss of colon tone and a dangerous condition of habit [56,57]. There
can be multiple causes of constipation, including eating disorders and dehydration, as
well as pathological conditions, gastrointestinal pathologies, neurological or psychological
causes [58].

Evidence suggests that age-related intestinal dysbiosis may contribute to unhealthy
aging [59–63]. Since the gut microbiota communicates with the host through various
biomolecules, pathways independent of the signalling of nutrients and epigenetic mech-
anisms, an alteration of these communication pathways related to age-related intestinal
dysbiosis can heavily influence the health and life span of the host and trigger an innate
immune response [45]. The circulation of bacterial compounds in the host is probably due
to the breakdown of the intestinal epithelial barrier caused by the silent chronic inflamma-
tion state, and greater intestinal permeability has been suggested as a potential source of
age-related inflammation [64–66].

The link between intestinal dysbiosis, chronic inflammation and fragility has been
highlighted with intestinal permeability biomarkers [65]. These factors can lead to greater
adherence and loss of various microbes and microbial derivatives and increase the host’s
susceptibility to various local but also systemic disorders through the gut-brain axis, the
gut- liver axis, the gut-lung axis [67]. Therefore, in this context, microbial metabolites play
an important role in human longevity. However, it is not clear whether the condition of
intestinal dysbiosis is a cause or rather a consequence of aging and associated inflammatory
disorders. The composition of the gut microbiota is related to circulating cytokine levels and
health indicators in the elderly [12]. If the gut microbiota is an age-associated inflammation
factor, this would mean that age-related changes in the gut microbiota represent a form of
microbial dysbiosis.

A physiological translocation of microbial products is present throughout life; however,
with aging, this microbial translocation increases and favours dysbiosis conditions. This
feed-forward process increases over the years. In conditions of alteration of the epithelial
barrier, the COVID-19 virus finds a fertile ground. Age-associated inflammation is a strong
risk factor for mortality in the elderly. Patients with higher levels of inflammatory markers
are more likely to be hospitalized, and have higher mortality rates, are fragile, are less
independent and are more likely to experience late disease [64,67]. Finally, inflammation in
the elderly increases the susceptibility to pneumococcal infection, and is associated with a
rise in disease severity and reduced survival [68].

Current research confirms that the intestinal microbiota is significantly altered in
SARS-CoV-2 infection, highlighting the crucial role of microbiota in modulating the human
response to SARS-CoV-2 infection [25,28]. Interestingly, the alterations are characterized by
an opportunistic growth of pathogens while, at the same time, there is a dramatic decrease
in beneficial commensal microorganisms [25].

Studies have reported the intimate relationship between infection and gut microbiota
dysbiosis and have shown that infection is associated not only with gut bacteria but also
with resident viruses. A study reported that treatment with Lactobacillus brevis OW38 to aged
mice reduced the lipopolysaccharide (LPS) level in colon fluid and blood. Administration of
Lactobacillus brevis OW38 reduced the ratio of Firmicutes or Proteobacteria to Bacteroidetes.
In addition, this lactic acid bacterium was able to inhibit the expression of inflammatory
markers, such as myeloperoxidase, TNF, and IL-1β, and inhibited NF-κB activation [69].

2.2. Microbiota and Lung

The lung microbiota is less relevant in quantity than the gastrointestinal microbiota;
however, it is originally colonized by the oropharynx and by microaspirations of the
gastrointestinal tract. The predominant bacterial phyla both in the lungs and gut are
the same, Firmicutes and Bacteroidetes [70]. The fungal component is also prominent,
which is known to communicate with bacteria. The gut and lung microbiota are in parallel
throughout life, although dietary changes affect not only the gut microbiota but also
the lung microbiome [71,72]. Bidirectional crosstalk has been demonstrated in animal
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experiments [73]. Members of the gut microbiome induce immune tolerance and block
the colonization of pathogens through the activation of the immune system and the direct
and indirect actions of the microbiota. When the immune system “learns” to recognize
the enemy from the microbiome, the effect can also occur in a distant organ [74]. Various
studies have shown that lung infections are associated and mutually influenced with a
change in the gut microbiota [75] (Figure 1).

Figure 1. Schematic representation of the bidirectional link between lung and gut. The gut microbiota
influences lung health through a cross dialogue between the gut microbiota and the lungs, the “gut–
lung axis”. The functional state of the elderly, dysbiotic condition, immune compromise, nutritional
deficiencies constitute as a whole, a condition of extreme vulnerability.

COVID-19 represents a further aggravation of the inflammatory problem as age-
associated inflammation causes macrophage dysfunction and tissue damage. An increase
in circulating bacterial toxins implies a reduction in the gene expression of tight junctions
and lethal lung damage [71]. Aging is characterized by a particular condition, the so-called
“chronic age-related inflammation”. This condition is genetically preordained and is a
chronic inflammatory process with a shift in the profile of proinflammatory cytokines
at the level of the various districts with the presence of greater amounts of histamine,
IL-1 and TNF cytokines and chemotactic factors. In the elderly, it is a consequence of
the long-term antigenic load with a continuous involvement of the immune system. The
functional degradation of the immune system that occurs with aging is linked to changes
in immune-competitive cells and other cells. The changes affect the size of cells, but also
their functions and population size. In the elderly, chemotaxis, phagocytosis and antigen
presentation worsen in a context of high level of proinflammatory cytokines. Excessive
cytokine production leads to chronic overstimulation of the immune system [72].
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Like the gastrointestinal tract, lungs are at the forefront of immunity as they are con-
stantly attacked by a wide variety of external environmental stimuli. The microbiome of the
lungs plays a crucial role in shaping and harmonizing lung immunity. As in the intestine,
the lung microbiota has the task of strengthening innate and adaptive immunity, releas-
ing factors that support respiratory functions and defend the lungs from pathogens [75].
Intestinal dysbiosis has been implicated in various lung diseases, such as asthma and
cystic fibrosis. Diet alters the microbiome. So, an altered lung microbiome predicts disease
progression in interstitial lung disease [76,77].

Studies have reported the role of fibre-rich diets in modulating innate immunity,
supported by a reduction in inflammatory marker levels [77]. A diet rich in fibre influences
and modifies not only the intestinal microbiota, but also the lung microbiota, supporting
the role of nutrition on lung immunity [77–79].

The depletion of some species of the intestinal microbiota due to the intake of an-
tibiotics influences lung diseases and allergic inflammation [80,81]. In mice it has been
observed that influenza virus infection in the respiratory tract increases Enterobacteriaceae
and reduces Lactobacilli and Lactococci in the gut microbiota [82]. Dysbiosis in the lung mi-
crobiota after LPS administration is accompanied by disorders of the intestinal microbiota
due to the movement of bacteria from their lung into the bloodstream [83].

Lactobacilli and Bifidobacteria are beneficial probiotics that exert a trophic effect on the
intestinal mucosa. They can promote host defence against infections and reduce hypersen-
sitivity reactions to commensal bacteria and antigens. Specific selected probiotic strains are
capable of modulating the expression of proinflammatory molecules and anti-inflammatory
properties. The anti-inflammatory and preventive abilities of specific probiotic mixtures
have been described [84–86]. Interestingly, M1 macrophages, which produce proinflam-
matory cytokines, such as IL-6, and M2 macrophages which produce anti-inflammatory
cytokines, such as IL-10, can be modulated by specific probiotic treatments [85]. Finally,
already various studies have reported that respiratory viral infections can affect the gut
microbiome condition, including pulmonary influenza virus and respiratory syncytial
infections [73,87].

3. Focus on Mast Cells, SARS-CoV-2 and Microbiota

In the context of the wide variety of cells involved in SARS-CoV-2, two types of cells
that are at the forefront of the pathogenesis are mast cells (MCs) and platelets, and a control
over them could represent biomarkers and targets at the same time for an interesting
therapeutic strategy.

MCs are innate immunity cells present in mucous membranes and connective tissue,
strategically located at the interface with the external environment such as the skin, lungs
and intestines, where they act as gatekeepers for attack of pathogens [70,88], and they play,
themselves, pathogenic roles in many inflammatory responses. MCs organize the inflam-
matory response and are crucial early participants in responses to viral infection. Once acti-
vated, in a very short time MCs release mediators classified as dependent or independent of
degranulation. These molecules contribute to inflammation and changes at the site of infec-
tion. Mast cells also can be activated by a variety of both bacterial and viral products, and,
consequently, to release a very wide spectrum of proinflammatory and immuno-regulatory
molecules. In addition, many studies have analysed the ability of MCs to contract common
viruses and release molecules such as histamine and leukotrienes [89,90]. MCs are resistant
to productive infection with respiratory syncytial virus but have a protective response
that includes the production of cytokines and chemokines that promote the recruitment
of antiviral effector cells [89]. MCs can be activated directly by active viral infection or
by contact with viral particles. Activation of MCs leads to the production of a variety of
mediators, including large amounts of interferons (IFNs) by human virus-infected cells.
In addition to initiating an antiviral state in neighbouring cells, a storm of chemokines
and cytokines promote the local recruitment of effector cells. IFN also acts in an autocrine
manner to further promote the production of MCs. The molecules released by MCs also act

157



Int. J. Mol. Sci. 2022, 23, 14898

by improving lymph nodes hypertrophy. Furthermore, the involvement of local dendritic
cells promotes the development of a subsequent acquired immune response [91]. Mast cells
can influence T cell proliferation and cytokine production [92]. In addition, MCs produce
proteases that are increased in COVID-19 sera and lung districts [93]. Mast cells contain the
serine protease ACE2 [94].

MCs play a leading role in many pathophysiological conditions, in which there is a
condition of chronic silent inflammation. IL-1β, IL-6 and IL-8 are typical of silent chronic
inflammation and MCs are both producers and effectors of these cytokines. Furthermore,
MCs are involved in inflammatory responses and psychological stress [70]. MCs are about
2–3% of the immune cellular pool of the lamina propria, and in the muscular and serous
layers (3000–25,000 MCs/mm3) [10]. Variations in the number of MCs are observed in
the elderly, as with aging there are changes in connective and mucous tissues as well as
other changes closely related to CNS disorders, including depression and anxiety [95]. An
increase in the number of MCs during aging has also been observed in human organs and
organs of other mammals and vertebrate animals.

MCs play a crucial role in host–microbiota communication, as they can help influence
microbiota status and host conditions by modifying their activation [10,96]. MCs can
contribute to the maintenance of intestinal homeostasis and their activation is linked
to a variety of factors, motor abnormalities and dysfunctions of the intestinal epithelial
barrier [10,26]. MCs establish functional signalling pathways with the nervous system and
nerves in the gut. Their activation induces sensitization of the nerves, and these, in turn,
can condition the release of mediators from MCs. This crosstalk is critical in the generation
of symptoms or in the pathogenesis of inflammatory disorders [97,98].

MC responses to virus and other pathogens provide excellent tools for modifying local
immune responses and could represent an attractive target for COVID-19 treatment, vacci-
nation, and other immunotherapeutic uses. As is known, MCs can be activated by PAMPS
through TLRs. Interestingly, MCs have been shown to express the renin–angiotensin sys-
tem, the angiotensin 2 converting enzyme ectoprotease required for binding of SARS-CoV-2
and serine proteases [70,99]. This could lead to the secretion of proinflammatory mediators
in a targeted and selective manner, without release of histamine or tryptase, as has already
been described for the release of IL-6 in response to IL-1β from human MC cultures [70].

MCs could be a potential target to control SARS–CoV-2, for example employing known
MC stabilizing agents [96]. Interestingly, some specific probiotic strains are able to stabilize
MCs, especially L. rhamnosus GG [100]. Oral administration with L. rhamnosus JB-1 induces
inhibition of peritoneal MC degranulation [101].

Relationships established between gut microbiota composition, cytokine storm, and
MC activation in SARS-CoV-2 patients suggest that the gut microbiome is extremely in-
volved in the severity of the pathology. Finally, an intestinal dysbiosis condition could
then contribute to the condition of feeding those persistent symptoms that characterize the
outcomes of SARS-CoV-2.

4. Focus on Platelets, Microbiota and SARS-CoV-2

Platelets play an important role in a variety of regulatory and degenerative pro-
cesses [102]. Platelets participate in inflammation by producing a variety of pro-inflammatory
molecules [103]. COVID-19 is associated with increased production of large immature
platelets, as megakaryocytes respond to increased platelet consumption. Circulating IL-1β,
IL-6 and IL-8 are not regulated in chronic systemic and silent inflammation and also have
receptors on platelets [103]. Platelet hyperactivation is observed in aging. And it is unclear
whether such hyperactivity is the cause or effect of various other vascular disorders in the
elderly [104]. Platelets can interact with viruses through a variety of receptors, including
TLRs. The role of platelets in haemostasis is well known, and hypercoagulability is an im-
portant sign of inflammation. In particular, IL-1β, IL-6 and IL-8 are critically involved in the
formation of abnormal clots, erythrocyte pathology and platelet hyperactivation. The most
relevant changes were detected when all three cytokines caused platelet hyperactivation
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and spread with vessel damage and thrombogenic effects [105]. Interestingly, a metabolite
of the gut microbiota, called phenylacetylglutamine, was recently identified as being able
to enhance platelet activation-related phenotypes, thus favouring platelet hyperactivation.
This metabolite could therefore increase the thrombotic capacity and increase the risk of
cardiovascular complications [106]. In this context, a targeted control of the microbiota
could counter the development of such cardiovascular diseases.

Numerous cases of thrombocytopenia have been detected in patients with COVID-19
and three mechanisms have been hypothesized to explain the phenomenon: (i) the virus can
directly infect bone marrow cells and inhibit platelet synthesis. The cytokine storm destroys
progenitor cells and leads to reduced platelet production; (ii) the immune system destroys
platelets; (iii) platelets aggregate in the lungs, resulting in the consumption of micro-
thrombi and platelets [107]. The production of cytokines induced by a dysbiotic microbiota,
the activating effect that inflammatory stimuli exert on platelets, MCs and astrocytes,
allow the release of further pro-inflammatory molecules, involving an amplification of the
harmful effect, micro-thrombi and, considering the location of MCs near the nerves, even
possible neurological and brain damage, up to psychopathological conditions, anxiety and
depressive syndromes [108]. Finally, it has recently been shown that the lung contributes to
platelet biogenesis [109]. Therefore, platelets play a crucial role in the pathogenesis of SARS-
CoV-2, as they release various types of molecules through the different stages of the disease.
Platelets may have important potential to contribute to the thrombus-inflammation that
occurs in SARS-CoV-2, and an inhibition of pathways related to platelet activation could
significantly improve outcomes during COVID-19. It has been shown that L. plantarum, L.
rhamnosus and L. acidophilus can control any platelet activation [110] (Figure 2).

Figure 2. Drawing illustrating the crosstalk between the various players discussed in the paper. In
the elderly subject there is a state of fragility of the lung and intestinal microbiota, with loss of the
integrity of the epithelial barriers, and chronic silent inflammatory state. Activated mast cells produce
a wide variety of cytokines, chemokines and other inflammatory mediators that extensively influence
and condition the gut and lung microbiota composition in a vicious cycle; these mediators also affect
platelets which, in turn, are affected by microbial metabolites.
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5. Interventions with Antiviral Bacteria

Gut microbiota control could have distal protective effects on antiviral responses.
There is evidence of the role of inflammasome activation in immune defence against
influenza virus infection [111,112].

The commensal respiratory bacteria, Corynebacterium pseudodiphtheriticum modulates
the TLR3 antiviral response against respiratory syncytial virus, enhancing the production
of TNFα, IL-6, IFNγ and IFNβ by increasing the T cell subpopulations that produce these
cytokines [113]. The protective role of commensal bacteria, mainly probiotics, is now well
established. Specific probiotics such as lactic bacteria, are actually considered friendly
bacteria, and secrete antiviral substances during their growth [113,114]. A dialogue is
established between the intestinal microbiota and that of the airways through the intestine-
lung axis and it could explain how gut bacteria are able to enhance antiviral immunity as
gut microbial metabolites could stimulate immune cells that, in turn, could move distally
and mediate an antiviral response [112,114].

Lactobacillus paracasei and L. plantarum were able to reduce the inflammatory response
in the lungs by increasing IL-10, and thus controlling the antiviral response [115,116].
Studies have shown the action of L. gasseri in various viral infections, including respiratory
infections. Recent reports indicate L. gasseri SBT2055 is a promising probiotic useful
for the prevention of human respiratory syncytial virus [117]. Finally, other nutritional
interventions for coronavirus infection control have also been suggested, such as reducing
the consumption of purine food sources [118], as it has been suggested that coronaviruses
use purine nucleotides to promote synthesis of RNA [119].

Some possible mechanisms of antiviral activity mediated by bacteria could be the
following: (i) bacteria could prevent the adsorption and cellular internalization of the virus
by trapping it; (ii) bacteria could establish a link with cells to organize antiviral protection;
(iii) microbial metabolites could have a direct antiviral effect.

Interestingly, some probiotic strains show antiviral activity against some coronaviruses [120].
Selective probiotic strains are able to control the levels of type I interferons, increase the
number and activity of antigen presenting cells, NK cells, T lymphocytes, specific antibody
levels in the lungs [119]. Specific probiotic strains are also capable of modifying the dy-
namic balance between proinflammatory and immunoregulatory cytokines that allow viral
clearance while minimizing lung damage mediated by the immune response. Bifidobac-
terium longum SP 07/3, L. gasseri PA 16/8, and Bifidobacterium bifidum MF 20/5 contribute to
reducing the duration of common cold episodes but also days with fever [121]. This could
be especially important in preventing COVID-19 complications. A randomized clinical trial
with L. plantarum DR7 showed suppression of plasma proinflammatory cytokines, such as
IFN-γ, TNF-α in adult patients and potentiation of anti-inflammatory cytokines in young
adults, along with a reduction in oxidative stress levels [122].

Strategies could be developed to alter the gut microbiome in order to manage the
gastrointestinal effects of the virus in elderly COVID-19 patients and also to control the
lung microbiota.

6. Conclusions

Over a century ago, in his book, Metchnikoff [123] suggested that the manipulation
of the gut microbiota could prolong life. A dysregulated immune response may cause
lung immunopathology. Strategies to combat multifaceted COVID-19 could be to reduce
age-associated inflammation, delay the onset of disease inflammation and prolong life.
The functional state of the elderly, their dysbiotic condition, immune-compromised with
nutritional deficiencies constitutes as a whole, a condition of extreme vulnerability.

Intestinal microbiota dysbiosis is strongly associated with the pathogenesis of several
metabolic and inflammatory diseases and the control of the intestinal microbiota could
represent a certain challenge to COVID-19, now and even later, in the consequences that
SARS-CoV-2 will bring on the general population.
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Changes in the microbial population of the elderly and the associated decline in intesti-
nal tissue function can fuel a chronic state of inflammation, resulting in a vicious cycle that
further affects host–microbiome interactions and amplifies the frailty of the elderly. On the
other hand, chronic immune stimulation as a consequence of silent systemic inflammation
and changes in the metabolome and microbial stimuli contribute to immune senescence.
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Abstract: Our digestive system, particularly our intestines, harbors a vast amount of microorganisms,
whose genetic makeup is referred to as the microbiome. Clostridium difficile is a spore-forming
Gram-positive bacterium, which can cause an infection whose symptoms range from asymptomatic
colonization to fearsome complications such as the onset of toxic megacolon. The relationship between
gut microbiota and Clostridium difficile infection has been studied from different perspectives. One of
the proposed strategies is to be able to specifically identify which types of microbiota alterations are
most at risk for the onset of CDI. In this article, we understood once again how crucial the role of
the human microbiota is in health and especially how crucial it becomes, in the case of its alteration,
for the individual’s disease. Clostridium difficile infection is an emblematic example of how a normal
and physiological composition of the human microbiome can play a very important role in immune
defense against such a fearsome disease.

Keywords: gut microbiota; Clostridium difficile infection; microbiome

1. The Gut Microbiota

Our digestive system, particularly our intestines, harbors a vast amount of microor-
ganisms including bacteria, archaea, bacteriophages, eukaryotic viruses, and fungi called
the microbiota [1], whose genetic makeup is referred to as the microbiome.

The number of these microorganisms inhabiting the human gastrointestinal tract is
extremely high, reaching, according to some estimates, a ratio of equality (about 1:1) vis-à-
vis all cells in the human body, while the genetic material of these microorganisms appears
to have at least 100 times more genetic diversity than that of the entire human genome [2,3].

A “superorganism” is defined as the set of the host and all the microorganisms that
colonize it [2].

In terms of their composition, most of these bacteria belong to the Firmicutes phyla
(64%), followed by Bacteroidetes (23%) and Proteobacteria (8%) to Gram-negative bacteria
such as E. coli and H. pylori [4] (Figure 1).

The various gastrointestinal regions, because of their different characteristics, represent
different microenvironments, in which specific microorganisms grow [5].

The stomach has special characteristics, such as its acidic ph, so most of the microor-
ganisms that colonize it are acid resistant.

The most important microorganism residing in the gastric lumen is Helicobacter pylori,
which influences the growth of other secondary species, which may play a mutualistic or
pathogenic role [6].
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Figure 1. Composition of the gut microbiota. The most represented phyla are Firmicutes (64%) and
Bacteroidetes (23%), followed by Proteobacteria (8%), Fusobacteria, verrucomicrobia, and actinobac-
teria (3%).

Regarding the small intestine, it is characterized by the presence of oxygen, rapid
luminal flow, and bactericidal secretions such as bile acids.

In the duodenum, the predominant phyla are Firmicutes and Actinobacteria [7].
The colon, on the other hand, is in a condition of anaerobiosis, where the slower

passage of food, absorption of water, and fermentation of undigested food take place.
For these reasons, the most common microorganisms are Bacteroides, Bifidobacterium,

Streptococcus, Enterobacteriaceae, Enterococcus, Clostridium, Lactobacillus, and Ruminococcus [8]
(Table 1).

Table 1. Summary of the predominant microorganisms in the various tracts of the digestive system
with their basic characteristics.

Gastrointestinal Tract Characteristics Predominant Microorganisms

Stomach Acidic environment Helicobacter pylori

Small intestine Plenty of oxygen, secretion of bactericidal substances,
and rapid luminal flow Firmicutes and Actinobacteria

Colon Slow transit of food, anaerobic condition, site of water
absorption, and fermentation of undigested food

Bacteroides, Bifidobacterium, Streptococcus,
Enterobacteriaceae, Enterococcus, Clostridium,

Lactobacillus, and Ruminococcus

This type of complex mutualistic interaction between these microorganisms and their
host appears to have evolved over thousands of years [2].

In fact, the ingestion of germs that will later go on to contribute to the formation of
human intestinal flora has been known since ancestral times, traces of which have been
found in cave paintings, dating as far back as the Neolithic age [3].

The interaction between diet, microbiota, and the human host has fascinated re-
searchers since the turn of the last century when Metchnikoff tried to link this complex
interaction and senescence [4].

One of the controversial aspects that characterize this topic, is that in the early days, it
was not very clear whether it was the microbiota that predisposed toward certain patholog-
ical conditions or whether the opposite was the case [9], while currently, most researchers
argue that it is an alteration of the gut microbiota that predisposes toward the onset of
certain diseases.

Most of these microorganisms play a commensal role with their host [9].
In fact, this complex host–individual interaction could become so long-lived only by

bringing, most of the time, benefits to both parties.
In recent years, more and more efforts are being made to investigate certain aspects that

characterize the microbiome, and one of these is to understand its interindividual diversity.
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The mechanism by which each individual develops his or her own microbiome appears
to be multifactorial in origin, with several factors being called into play, some genetic and
others environmental such as those related to childbirth and early life, followed by the type
of infant feeding, medications taken, and lifestyle [9].

We have seen how the gut microbiota is greatly affected by environmental influences.
An interesting line of research is on strategies to maintain good health through the

homeostasis of the gut microbiota.
Some authors suggest practicing a vegetarian diet, while wheat gluten, red meat, and

alcohol are related to dysbiosis that can trigger a chronic inflammatory response [10].
The very fact that so many factors come into play therefore makes it very arduous to

know about each one.
Another fascinating field of study in recent years is trying to identify and understand

the many functions performed by the microbiome.
The roles played by the gut microbiota are multiple, going on to act on food digestion,

drug metabolism, and regulation of intestinal endocrine function, and going as far as being
involved in host immune defense mechanisms (Table 2) [1].

Table 2. Gut microbiota functions.

Gut Microbiota Functions

Influences Development and function of the immune system, bone density,
pathogen growth, gut endocrine functions, neurologic signaling.

Biosynthesis Vitamins, steroid hormones, neurotransmitters

Metabolism Drugs, xenobiotics, bile salts, food components, amino acids

The roles played by the microbiota are indeed multifaceted; in fact, it is not surprising
to learn that some researchers are focusing on the possible role of microorganisms in
fighting cancer, a new frontier with little evidence at the moment but very promising [11].

Again, the real challenge is to try to disentangle all these different functions that are
performed in different individuals.

In our case, we will see how crucial its protective function is in the healthy individual
and how disastrous its lack is in patients who will develop Clostridium difficile infection.

2. Clostridium difficile

Clostridium difficile is a spore-forming Gram-positive bacterium, which can cause an in-
fection whose symptoms range from asymptomatic colonization to fearsome complications
such as the onset of toxic megacolon [12].

It is this broad spectrum of clinical manifestations that makes this disease so insidious.
Detection of C. difficile without evidence of clinical signs is termed colonization, while

Clostridium difficile infection (CDI) is referred to when C. difficile is present associated with
its characteristic clinical manifestations [13].

CDI is a clinical condition that doctors in different specialties very often struggle with.
CDI is one of the most common nosocomial infections [8,14].
By some estimates, CDI affects about 460,000 people a year in the US [15].
These important data help us understand why this disease is increasingly proving to

be one of the big public health topics.
The main risk factors for CDI appear to be older age (above 65 years), antibiotic use,

and nosocomial exposure [16].
Several considerations can be drawn from these data.
One is purely epidemiological: with the inevitable increase in the geriatric population,

these numbers are unfortunately bound to increase.
Another, however, is that all three of the conditions mentioned are acquired.
It is precisely these observations that underlie the involvement of the microbiome in

the pathogenesis of this disease.
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The onset of CDI occurs as a result of the oro-fecal transmission of sufficient numbers
of spores of a toxin-producing strain of C. difficile within the colon of the host, accompanied
by their overgrowth at the expense of normal commensal microorganisms [17].

The occurrence of Clostridium difficile infection is thus associated with an alteration in
the gut microbiota by antibiotics that are not active against C. difficile, which thus cause
uncontrolled growth [18].

A great many antibiotics are therefore associated with the occurrence of CDI, and
those with a higher risk appear to be more commonly used antibiotics including peni-
cillins such as amoxicillin and ampicillin, as well as cephalosporins, clindamycin, and
fluoroquinolones [14]. Thus, the main risk factor for CDI appears to be exposure to broad-
spectrum antibiotics, precisely because of the changes they make to the normal human
microbiome [19] (Figure 2). Asymptomatic colonization on admission to the hospital is
estimated to have a prevalence of 0.6–13% [20].

Figure 2. Pathogenesis of Clostridium difficile infection (CDI). One of the most accepted theories to
explain the onset of CDI is the administration of antibiotics in a healthy C. difficile carrier patient.
Antibiotic treatment, by generating a dysbiosis in the gut microbiota, causes a loss of its defense
function, leading to the onset of CDI.

These data seem to explain such a high incidence of CDI, the genesis of which is
multifactorial.

Thus, the factors at play are asymptomatic colonization, associated with antibiotic therapy
that brings an imbalance to the microbiome, which may then promote the onset of CDI.

This is why CDI is often considered the best example of the symbiotic relationship be-
tween the individual and the host and how its imbalance can lead to disastrous consequences.

C. difficile is rarely invasive, and its mechanism of intestinal damage appears to be
mediated by its potent exotoxins: toxin A and toxin B [21].

Treatment of CDI therefore relies on the use of antibiotics such as fidaxomicin, van-
comycin, and metronidazole [22].

Fidaxomicin has proven to be the most selective antibiotic against C. difficile [23] and
has been shown to be a highly effective treatment against this disease, although more data
are needed regarding safety and efficacy in children and adults [24].

Vancomycin appears to be less selective than fidaxomicin against other intestinal
bacteria [23] and continues to be the cornerstone treatment of CDI along with fidaxomicin.

Previously, metronidazole was considered along with vancomycin to be the pivotal
treatment for CDI, until new guidelines in 2017 considered it to be of lower efficacy than
fidaxomicin and vancomycin, which thus became the main antibiotics for the treatment of
CDI [25].

Prolonged use of metronidazole is also burdened by important side effects such as
neurotoxicity [26].

As antibiotic treatment is burdened with an important risk of relapse, new therapeutic
strategies to cope with CDI are under investigation, which we will discuss later [25].

It should also not be forgotten that for very severe patients, those with a “fulminant”
form of C.m difficile colitis who present with major symptoms such as shock, hypotension,
and megacolon, surgical therapy is also considered [27].

Precisely because CDI is such a complex disease, it can require such diverse treatments.
However, as we shall see, even when a CDI is appropriately treated with the use of

antibiotics, the serious problem of recurrence can arise, which is particularly significant for
this disease.
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The risk of recurrence remains significant, ranging from 12 to 64 percent, with a median
of 22 percent [28].

Recurrence is said to occur when, after treatment accompanied by a total disappear-
ance of clinical symptoms, there is a recurrence of CDI within two to eight weeks after
discontinuing therapy [27].

Treatment of some of these forms of this recurrent colitis relies on the use of fecal
microbiota transplantation (FMT), which is the installation of treated feces collected from a
healthy donor into a patient with CDI [29,30].

Regarding FMT, there are some aspects that differ in different centers, such as the
most effective dose and preparation time, while some aspects are absolutely shared, such
as donor exclusion criteria.

In fact, one of the crucial aspects of this treatment is the careful selection of the donor,
as there is a potential risk of pathogens through the FMT procedure.

Thus, patients who carry or are at risk of transmitting infectious diseases, those with
gastrointestinal diseases, or who may have recently taken certain medications (antibi-
otics, immunosuppressants, etc.) that alter the composition of the gut microbiota are
excluded [31].

Regarding the safety of this procedure, some data show that adverse effects occurred
in 9.2% of patients, including death (3.5%), infection (2.5%), and recurrence of intestinal
bowel disease (0.6%) [32].

There are many routes of administration of FMT: oral capsules, procedures involving
the upper gastrointestinal tract such as the nasojejunal and nasoduodenal tube, and those
of the lower gastrointestinal tract such as colonoscopy or enema.

The lower route of administration appears to be more effective than the upper route,
although further studies are needed in this regard [33].

The use of FMT has also been considered for the treatment of fulminant colitis sup-
ported by several pieces of evidence, including a retrospective study of 199 patients, in
which FMT was associated with reduced mortality and colectomy rates [34].

Meanwhile, evidence on the use of FMT for the treatment of recurrent CDI comes from
both randomized trials [35] and meta-analyses [36].

FMT represents one of the latest frontiers of CDI treatment and is an ever-evolving
field, in which the role of the microbiome is of paramount importance (Figure 3).

Figure 3. Use of fecal microbiota transplantation (FMT). Currently, the use of FMT is indicated for
the treatment of recurrent CDI, in which recurrent infections occur due to the persistence of dysbiosis.
The aim of this treatment is precisely to intervene by restoring the balance of the gut microbiota.

3. Interactions between the Gut Microbial Communities and Clostridium difficile Infection

3.1. What We Know

The relationship between gut microbiota and Clostridium difficile infection has been
studied from different perspectives (Table 3).
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Table 3. Summary of some existing interactions between microbiome and the occurrence of Clostrid-
ium difficile infection.

Relationship between Gut Microbiota and Clostridium difficile Infection

Healthy carriers—Up to 17.5% of adults are healthy carriers of Clostridium difficile, who do not
develop the disease protected by commensal bacterial flora.

Colonization in infants—In fecal samples from newborns and infants, the presence of Clostridium
difficile rates around 70%; the infant gut appears to be resistant to Clostridium difficile toxins.

Disruption of the microbiome and CDI risk factors—Alterations in the microbiota can lead to
the onset of CDI. Risk factors that can lead to this include antibiotic use, age, PPI use, and
presence of IBD, while having been affected by CDI is a serious risk factor for recurrence.

Fecal microbiota transplantation in CDI—Used for some relapsed forms, precisely because this
therapy aims to resolve the dysbiosis that led to the onset of the infection.

C. difficile grows in the digestive tract of infants, where it does not develop an infection
but rather a colonization, until during growth when new microbial species take over,
providing protection against C. difficile itself, although any new imbalance may again
stimulate its growth [37].

The composition of the gut microbiota then, after a rapid change in early life, remains
nearly stable throughout adulthood, until undergoing new changes with advancing age.

Colonization resistance refers to the peculiar ability on the part of the gut microbiome
to resist colonization against pathogenic organisms, including C. difficile.

Several mechanisms underlying this resistance to colonization against C. difficile have
been hypothesized, ranging from stimulation of host immune defenses, competition for
nutrients, production of a protective physical barrier against the intestinal mucosa to
production of inhibitory substances such as secondary bile acids and bacteriocins [38].

3.2. Healthy Carriers

Asymptomatic colonization of C. difficile without any signs of disease has been de-
scribed in many studies on both human beings and animals [39].

The literature suggests that the range of intestinal C. difficile colonization of healthy
adults can rate from 2.4% to 17.5% [40], and it can be associated with the composition of
intestinal microbial communities but also with other extrinsic factors, such as the living
environment as well as the host immune state.

Ozaki et al. reported that C. difficile colonization was relatively common among healthy
individuals. A healthy asymptomatic carrier has no major difference regarding the gut
microbial community compared to a healthy subject. Therefore, Rea MC et al. suggested
that the commensal flora in such subjects could protect the host by preventing potentially
pathogenic C. difficile colonization, multiplication, and toxin production [41].

However, unlike a healthy person with a negative culture, the carrier subject can
develop CDI because of the changes in the microbiome that may contribute and favor the
growth of the microbe and eventually CDI such as antibiotic treatment, diet, age, host
immune state, environment, and hospital admission.

The presence of C. difficile in healthy carriers is one of the most important pieces of
evidence of one of the many roles played by normal commensal flora.

In this case, the microbiome performs its physiological and essential immune regula-
tory function, thus succeeding in curbing even a dreaded condition such as CDI.

3.3. Colonization in Infants

In fecal samples from newborns and infants, the presence of C. difficile rates around
70% [42].

Environment, hospitalization, and prematurity have been associated with the colo-
nization of the bacterium. Some studies showed that vaginal delivery and maternal genital
tract are not a risk for newborn acquisition. Vaginal swabs of mothers just before delivery
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have been examined, and they were all negative for C. difficile by culture, but their infants
were positive.

Penders et al. [43] associated increased colonization with C. difficile with birth by
cesarean delivery. The newborns had lower numbers of Bifidobacterium and Bacteroidetes
and were more often colonized with C. difficile compared with vaginal delivery infants.

Rousseau et al. observed that some microbial taxa such as Bifidobacterium longum were
protective and negatively correlated to C. difficile colonization. In contrast, Ruminococcus
gravus and Klebsiella pneumoniae were susceptible microbial taxa [44].

Plus, the feeding method used has been reported as a factor that can influence C.
difficile colonization. Breast milk is a more protective factor than formula milk. That can be
explained, as some studies showed, by an increase in the acidity in the intestine contents,
which may facilitate sporulation and reduce vegetative forms [45].

All of this evidence only reiterates how the gut microbiota begins to form and perform
its functions from the earliest days of life, and again, there are multiple factors involved in
the development and regulation of the microbiome.

Proteins of human milk play an inhibitory role in toxin TcdA [46].
Moreover, secretory IgA has shown neutralizing activity against toxin A [47].
On the other hand, formula-fed infants are often colonized with Escherichia coli, C.

difficile, Bacteroides, and Lactobacilli compared with breast-fed infants [43].
What is important to underline is that toxigenic and non-toxigenic C. difficile has been

isolated in infants with a higher percentage of the non-toxigenic one. However, even with
the presence of toxigenic strains, colonization seems not to be associated with CDI.

So, the infant gut appears to be resistant to CD toxins. That could be explained by the
absence of toxin receptors, poorly developed cellular signaling pathways because of the
immature gut mucosa, or the presence of protective factors in the infantile gut that remains
at the moment unknown [47].

As we have just seen, this fundamental interaction plays an essential and delicate role
from an early age.

4. Clostridium difficile Infection

4.1. Disruption of the Microbiome and Clostridium difficile Infection Risk Factors

Clearly, the most well-known risk factor for developing CDI is antibiotic use, both
short- and long-term because of its impact on microbiota diversity. In fact, a healthy
microbial community gut is capable of interfering with C. difficile spores, and it does not
necessarily result in disease. However, every change in the microbial environment could
bring spore germination, CD growth, and toxin production [48].

Another known risk factor is increasing age. In elderly people, the structure of
the microbiome undergoes changes, is less diverse, and shows a decrease in protective
species such as Bifidobacteria and some Firmicutes, as well as an increase in Bacteroidetes and
Proteobacteria [49].

That change also influences the immune system of an elderly person which becomes
weaker and more fragile. As a matter of fact, the rate of C. difficile infection is higher for
people aged 65. Advancing age is also associated with hospitalization, use of antibiotics,
and development of different diseases [50–54].

Another risk factor is proton pump inhibitors (PPIs), which increase the gastric pH
and modulate microbiota, influencing above all Lactobacillus [51].

Gastrointestinal pathologies such as inflammatory bowel disease (IBD) may impact C.
difficile susceptibility. As some studies show, we observed in subjects suffering from IBD a
decreased diversity of Firmicutes and Bacteroidetes and the presence of pathogenic bacteria
such as the Proteobacteria phylum [52].

Moreover, its inflammatory products in IBD (antimicrobial peptides lipocalin-2 and
calprotectin) potentially impact the growth of surrounding microbes [53].

Differently, as a protective factor, we can safely say that a good composition of micro-
bial communities’ gut and a strong immune response could be useful against CDI.
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Serum IgG antibodies against toxins A and B have been associated with protection in
some studies [54].

So immunization, both active and passive, could be a good strategy to study for CDI
treatment [55].

Therefore, a full understanding of all these risk factors is of paramount importance for the
development of new preventive strategies to avoid the occurrence of this dangerous infection.

4.2. Recurrent Clostridium difficile Infection and the Incomplete Recovery of the Microbiota

The most common complication of CDI is incomplete recovery and recurrent infection.
The rates are about 20.30% after an initial infection and up to 60% after three infections [56].

Some studies notice that each episode of CDI brings an increasing chance of recurrence,
also due to an increase in antibiotic use and disease severity [57].

However, it is also hypothesized that antibiotic treatment interferes with the ability
of the gut microbiota to recover fully and re-establish colonization resistance in some
individuals. Alternatively, recurrence could reflect the failure of the host to mount a
protective immune response against C. difficile [58].

This is how an imbalance, an acquired rupture of this delicate balance between the
host and the individual, can degenerate into an almost irreparable situation.

We can safely assert that being able to prevent one of the most frequent complications,
namely the recurrence of this widespread infection, is one of the great challenges of public health.

4.3. Fecal Microbiota Transplantation in Clostridium difficile Infection

More recent work has studied fecal microbiota transplantation (FMT) for recurrent
Clostridium difficile infection.

Patients with severe CDI refractory to traditional antibiotic treatment have had success
with FMT, which restores colon homeostasis by reintroducing bacteria from healthy donor
stool. The success rate for FMT is greater than 90% for those who had recurrent CDI, but
the mechanism behind this treatment is partially unknown [59].

Successful fecal microbiota transplantation is correlated with a dysbiosis resolution
by the replenishment of Roseburia and Bacteroidetes, which are also involved in butyrate
production. After fecal transplantation, studies reported the presence of an increase in
richness and diversity, an eradication of Proteobacteria species, and a restoration of Firmicutes
and Bacteroidetes species [60].

They also found that the patients’ gut communities were completely restored within
three days following fecal transplantation, with stability in species for at least four months
and indistinguishable from that of the donor [61].

Following FMT, Bacteroidetes increased and Proteobacteria decreased. Some others
observed protective microbial taxa are Alistipes, Ruminococcaceae, Lachnospiraceae, Peptostrep-
tococcaceae, and Verrucomicrobiaceae. All the species are negatively correlated to C. difficile
colonization [62] (Figure 4).

This is an emblematic example of how by being able to re-establish that fundamental
relationship between the host and gut microbiota, one of its most important functions,
namely that of immune regulation, can be recovered.

All these new discoveries undoubtedly make it one of the most promising and steadily
growing fields in all of medicine.
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Figure 4. Major changes in the gut microbiota following fecal microbiota transplantation
(FMT) [60,62]. After the procedure, there is an increase in the richness and diversity of the mi-
crobiome and the restoration of Bacteroidetes and Roseburia, which are involved in butyrate production.
There is also restoration of Firmicutes and other protective microbial taxa such as Alistipes, Ruminococ-
caceae, Lachnospiraceae, Peptostreptococcaceae, and Verrucomicrobiaceae. At the same time, an important
decrease in Proteobacteria occurs.

5. New Therapeutic Strategies

With this close link between the microbiome and the onset of Clostridium difficile infec-
tion, several lines of research are currently underway aimed at developing new therapeutic
strategies (Table 4).

Despite all this new evidence, there is currently still not full unanimity on defining the
microbial species associated with asymptomatic colonization versus those related to the
onset of CDI, which remains one of the current challenges to be addressed [47,63].

One of the proposed strategies is to be able to specifically identify which types of
microbiota alterations are most at risk for the onset of CDI [38].

This field is particularly promising due to the fact that we are increasingly witnessing
significant technological development, with reduced sequencing costs.

In this case, it is the evolution of science in a broad sense, understood as the develop-
ment of new technologies that are increasingly within the reach of researchers that could
also prove decisive in this specific area of study.

Other authors, on the other hand, suggest how diet may influence the composition
of the microbiota and consequently its interaction with various pathological conditions,
including CDI, thus looking for a correlation between diet and the development of this
disease [64].

This aspect also appears to be much studied for other diseases such as metabolic
syndrome and chronic inflammatory bowel disease, less so for CDI.

From the pathophysiological point of view, the connection between diet and the
microbiome is very clear.

However, the occurrence of CDI, as we have seen, also calls into question several other
factors, and that is why it makes this field of study very difficult, albeit very promising.

Meanwhile, new therapeutic frontiers make use of probiotics and prebiotics.
Probiotics are “Live microorganisms that, when administered in adequate amounts,

confer a health benefit upon the host” [65], while prebiotics are “A selectively fermented
ingredient that allows specific changes, both in the composition and/or activity in the
gastrointestinal microflora that confers benefits upon host well-bring and health” [66].

Meanwhile, “synbiotic” means the administration of a prebiotic together with a specific
probiotic to enhance the engraftment and development of that specific microbe [67].

A study was recently conducted in which treatment with live purified Firmicutes
bacterial spores was successfully proposed for patients with recurrent CDI [68].

An increase in the concentration of secondary bile acids compared to primary bile
acids is one of the factors inhibiting the germination of CD spores.
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For this very reason, spore-forming Firmicutes bacteria were grafted with the spe-
cific purpose of increasing the concentration of secondary bile acids to thus inhibit spore
germination and subsequent CD growth [68].

Here, we have an important finding of how an accurate understanding of this complex
individual–host interaction can provide us with important new therapeutic weapons.

Some of the latest research involves in vitro experiments and makes use of synbiotics,
bacterial secreted compounds that inhibit the activity of C. difficile toxins [67].

These research studies, though currently relegated to the early stages, appear to be
very promising.

Live recombinant biotherapeutic products (LBPs) are defined as microorganisms that
have been genetically modified by the targeted addition, deletion, or modification of genetic
material [69].

Several clinical trials on CDI are currently underway: one is biotherapeutic, whose
potential use in CDI relapses is being studied [70], while another one involves the use of
Gram-positive selective-spectrum antimicrobials [71] for CDI patients.

Again, efforts are being made to counteract this disease by looking at the factors that
regulate host immunity.

Other researchers have focused on studying the interaction between the onset of CDI
and the presence of valerate, a short-chain fatty acid produced by amino acid fermentation
in the microbiota.

Valerate appears to be one of the factors that inhibit the growth of C. difficile; in fact, its
levels increase after fecal microbiota transplantation [72].

Some of the most surprising research involves the use of bacteriophages.
Bacteriophages are viruses that can go to specific targets, going on to infect and

replicate within the designated host [69].
Their potential and undisputed strength would be to go against C. difficile without the

use of antibiotics [3,69].
There has also been speculation that this particular therapeutic weapon could be used

against C. difficile, but without obtaining important evidence at present.
A very promising paper was recently published, in which ADS024, a newly character-

ized strain of Bacillus velezensis, was identified that appears to have strong activity against
C. difficile with negligible impact on the rest of the bacterial flora, and also having protease
activity directed against TcdA and TcdB toxins which we have seen to be responsible for
the clinical manifestations of this disease [73].

We fully share the enthusiasm shown by Khanna [74] in a recent article in which
he summarized the four ongoing trials of capsule therapies (CP101, RBX7455, SER-109,
VE303) plus the one based on the use of enema (RBX2660), again related to remodeling the
microbiota to cope with CDI.

In conclusion, we also point out an excellent paper by Rusha et al. [75] who expounded
an excellent summary of probiotic strains used in human clinical trials to treat CDAD.

Table 4. New strategies for the prevention of Clostridium difficile infection through its interaction with
the gut microbiota.

New Therapeutic Strategies

Aim in the future for increasingly accurate identification of microbiota
alterations responsible for the onset of CDI (Revolinski et al., 2018) [38]

Investigating the relationship between diet, microbiome, and the
development of CDI (Shaji et al., 2022) [64]

Oral administration of pore-forming Firmicutes bacteria to prevent
recurrence of CDI (phase 3, double-blind, randomized,

placebo-controlled study of 182 patients, with a safety profile similar to
placebo; has superior efficacy for prevention of recurrent infections)

(Feuerstadt et al., 2022) [68]

Use of symbionts (in vitro studies) (Mills et al., 2018) [67]
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Table 4. Cont.

New Therapeutic Strategies

Biotherapeutic and Gram-positive selective-spectrum antimicrobials
(clinical trials in progress) (Orenstein et al., Garey et al., 2022) [70,71]

Identify products of the human microbiota that counteract the occurrence
of Clostridium difficile infection (McDonald et al., 2018) [72]

Counteracting Clostridium difficile without the use of antibiotics by
using bacteriophages (Zhang et al., 2022) [69]

Identification of ADS024, a new potential therapeutic bacterium directed
against Clostridium difficile (O’Donnell, et al. 2022) [73]

6. Conclusions

In this article, we carefully explored aspects concerning the complex interaction
between C. difficile and gut microbiota.

The microbiome is a complex system whose fundamental importance we understand
more and more, both for the health and disease of the individual.

It will still take a long time to fully understand it, for multiple reasons, including its
extreme variability in different individuals and its involvement in so many different functions.

C. difficile infection is one of the great public health challenges.
It is one of the most frequent infections, where the role of its interaction with the

microbiota is crucial.
From these assumptions, several therapeutic strategies to deal with CDI have arisen

and are being studied.
The most intuitive one is to go after the microorganisms themselves that cause this

disease, as is currently done with the use of antibiotics, or by experimenting with new and
different innovative methods, such as bacteriophages.

The other strategy, on the other hand, is to work on the substrate that promotes the
pathogenesis of CDI.

In this regard, we mentioned fecal microbiota transplantation and all the other numer-
ous therapeutic strategies that are still being researched or tested.

We also saw how it is not enough to eliminate the bacteria that cause CDI since in the
absence of a protective substrate from the microbiome, the risk of recurrence is extremely high.

It is precisely in order to prevent these recurrences that the use of fecal transplantation,
one of the latest therapeutic frontiers involving the gut microbiota, is being employed.

As we discussed extensively, research on these issues is more alive than ever, and
we hope it will continue to be so that we can have new therapeutic weapons against
this infection.
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Abstract: Understanding of the gut microbiome’s role in human physiology developed rapidly in
recent years. Moreover, any alteration of this microenvironment could lead to a pathophysiological
reaction of numerous organs. It results from the bidirectional communication of the gastrointestinal
tract with the central nervous system, called the gut–brain axis. The signals in the gut–brain axis
are mediated by immunological, hormonal, and neural pathways. However, it is also influenced by
microorganisms in the gut. The disturbances in the gut–brain axis are associated with gastrointestinal
syndromes, but recently their role in the development of different types of pain was reported. The
gut microbiome could be the factor in the central sensitization of chronic pain by regulating microglia,
astrocytes, and immune cells. Dysbiosis could lead to incorrect immune responses, resulting in
the development of inflammatory pain such as endometriosis. Furthermore, chronic visceral pain,
associated with functional gastrointestinal disorders, could result from a disruption in the gut
microenvironment. Any alteration in the gut–brain axis could also trigger migraine attacks by
affecting cytokine expression. Understanding the gut microbiome’s role in pain pathophysiology
leads to the development of analgetic therapies targeting microorganisms. Probiotics, FODMAP diet,
and fecal microbiota transplantation are reported to be beneficial in treating visceral pain.

Keywords: microbiome; pain; IBS; neuropathy

1. Introduction

The gut has the most populous and diverse system of anaerobic and aerobic microor-
ganisms in the human body [1–3]. It is composed mainly of bacteria. However, yeasts,
archaea, or parasites living in the large area of the gastrointestinal tract often play a sub-
stantial role in this microenvironment [1,2,4,5]. The first years of life, including delivery, are
crucial for the development of this complex system [6,7]. Especially at this time, selective
pressure is induced by essential host and environmental factors such as breastfeeding or
formula feeding, weaning age, diet, infections, and antibiotics [6,7].

The gut microbiota lives in homeostasis with its host. These interactions are regulated
by an integral gut barrier and immune system [8,9]. The gastrointestinal tract communicates
bidirectionally with the central nervous system via direct and indirect mechanisms [10].
This intricate interplay is called the gut–brain axis (GBA) [11] (Figure 1). Immunological,
hormonal, and neural signals play vital roles in this interaction [10,12]. At the same time,
the gastrointestinal response to central stimulation is influenced by microorganisms [11].
The microbiota participates in supplying the gut with necessary nutrients and maintaining
its barrier integrity. Both terminals of the GBA use serotonin as a vital transmitter [13]
Some behavioral changes regulated by serotoninergic transmission seem to depend on the
microbiome [13]. Moreover, the GBA affects other systems [10,14–16].
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Figure 1. Gut–brain axis with an interconnected net of dependencies. The cerebral function could
be modified by gut microbiome and its influence on gut epithelium and immune response. This
bidirectional axis uses cytokines and other soluble factors, but also neuronal communication. The
short-chain fatty acids (SCFAs) produced by fiber-fermenting bacteria probably have immunomodu-
latory functions. By binding to G-protein coupled receptors (GPR41, GPR43, and GPR109A), SCFAs
exert an anti-inflammatory response in the gut mucosa [17,18].

Disrupted homeostasis in the GBA was first associated with gastrointestinal symptoms
and disorders such as inflammatory bowel disease (IBD) or irritable bowel syndrome
(IBS) [19]. Moreover, alterations in the composition of the commensal bacterial species
populating the gastrointestinal tract are risk factors for a variety of diseases, including
cancer [10,14,20–23]. A plant diet has an opposite effect promoting colonization of the gut
by protective bacteria and inducing the production of short-chain fatty acids (SCFAs) by
species such as Faecalibacterium prausnitzii or Roseburia intestinalis [24,25].

Subsequently, studies connecting the microbiota with elements of pain pathogenesis
were performed. SCFAs are microbial metabolites that affect T-regulatory cells controlling
inflammation [26]. Microorganisms produce neurotransmitters that, together with ingested
nutrients, stimulate enteroendocrine cells to produce multiple hormones [27,28]. There is
growing evidence relating the microbiome to stress, anxiety, neurological diseases, and
depression [29–31]. Brain functions affected by microorganisms might augment nociceptive
transmission [32–35].

Initiation of pain transmission is induced by nociceptors, which convert noxious
stimuli into nerve impulses [36,37]. Then, the signal is modulated by multiple neurons
of different types and functions or non-neuronal cells such as glia [36–39]. Nevertheless,
sustained pain depends on emotional or cognitive experience [36,40]. It is regulated
peripherally and centrally by substances whose production is affected by the microbiome.
Pain should serve as protection from tissue damage [37]. Nonetheless, chronic pain leads
to a lower quality of life [32,41]. Thus, a better understanding of its mechanism is crucial
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to improving the lives of millions of people worldwide. Moreover, targeting the gut
microbiota seems to be a promising novel therapeutic approach for pain management.

As the aforementioned processes continue to receive increasing attention, we ad-
dressed the role of the gut microbiota in pain regulation and discussed the possibility
of pain therapy by targeting the gut microbiota. In this narrative review, we collected
results from in vitro and in vivo studies on the association between the GBA, pain, and
its management.

2. Neuropathic Pain and Central Mechanisms of Pain Regulation

Neuropathic pain occurs as a result of nerve-damaging trauma or somatosensory
nervous system disease, including its central and peripheral components [42]. Various
conditions, such as diabetes, alcoholism, hypothyroidism, or spinal stenosis, contribute to
the development of neuropathic symptoms [42]. This type of pain manifests as abnormal
sensations usually felt by patients for the first time. They perceive areas of skin with a
sensory deficit, paraesthesia, either spontaneous or evoked pain and thermal or mechanical
hypersensitivity [42]. Some drugs used in chemotherapy treatment, such as platinum, vin-
cristine, or toxoids, may cause chemotherapy-induced peripheral neuropathy (CIPN) [43].
Over 30% of patients fighting cancer suffer from such severe CIPN-related pain that they
are not receiving sufficient treatment dosages [44].

The gastrointestinal tract consists of various microorganisms, which are reported
to play a significant role in neuroinflammatory responses. Neuroimmune activation is
considered one of the primary mechanisms determining the central sensitization of chronic
pain. It was shown in recent studies that the periphery, including gastrointestinal cells,
might arouse brain cells [45]. The gut microbiota particularly regulates microglial func-
tion [46]. By affecting the activity of different cells, such as astrocytes, endothelial cells,
microglia, monocytes, macrophages, pericytes and T-cells, the gut microbiota may regulate
neuroinflammation (Figure 2). When those cells are activated, they start to produce multi-
ple pro-inflammatory mediators such as C–C motif chemokine ligand 2 (CCL2 or MCP-1),
CXCL-1, interleukin-1β (IL-1β), interferon-γ (IFN-γ), MMP-2/9, and tumor necrosis factor-
α (TNF-α) [12]. Cytokines and chemokines secreted by microglia or astrocytes influence
synaptic neurotransmission by increasing glutamate and decreasing gamma-amino-butyric
acid (GABA) levels, resulting in pain hypersensitivity [47,48]. Taking all the data under
consideration, the gut microbiota can play a major role in central sensitization underlying
chronic pain associated with neuroinflammation; hence, it may contribute to the devel-
opment of diverse neurological diseases [49]. Ding et al., in their article, examined the
influence of the gut microbiota on neuropathic pain in chronic-constriction injury of the
sciatic nerve (CCI) and whether it is associated with T-cell immune responses. CCI is an
animal model widely used to represent neuropathic pain. The study showed that the gut
microbiota, via modulation of both pro- and anti-inflammatory T-cell responses, induces
the development of neuropathic pain. Moreover, the gut microbiota also has an impact
on nociceptive behavior in sciatic nerve CCI. The study found that changes in the gut
microbiota caused by the administration of oral antibiotics reduced CCI neuropathic pain.
It manifested as weakened mechanical allodynia and thermal hyperalgesia [50]. Another
study reported that the gut microbiota might lead to peripheral nerve trauma-induced
neuropathic pain. Yang et al. showed that rats with spared nerve injury (SNI) and gut
microbial dysbiosis might be prone to neuropathic pain and depression-like phenotypes,
including anhedonia [46]. By contrast, in the study by Huang et al. in rat models, no
significant association between oral probiotics such as L. reuteri LR06 or Bifidobacterium
BL5b and anti-nociceptive effects on CCI-induced neuropathic pain was demonstrated [51].
Recent studies showed that the gut microbiota is involved in the pathogenesis of CIPN pain
and modifies the effects of chemotherapeutics on tumor growth [52,53]. Shen et al. found
that the gut microbiota takes part in the evolution of mechanical hyperalgesia induced
by chemotherapy. In their study, mice after antibiotic treatment and germ-free mice both
experienced reduced mechanical hyperalgesia after oxaliplatin administration. Moreover,
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restoration of the germ-free mouse microbiota revoked the protective effect [54]. Another
study reported that neuropathic pain induced by paclitaxel therapy might be relieved with
a DSF probiotic (high concentration of L. plantarum, S. thermophilus, B. breve, L. paracasei,
L. delbrueckii, L. acidophilus, B. longum, B. infantis). Castelli et al. implied that the use of a
probiotic as an adjuvant during chemotherapy might be beneficial in counteracting pain
associated with CINP [55].

Figure 2. The role of gut microbiota in neuroinflammation which contributes to central sensitization
underlying chronic pain; IL-1β—interleukin-1β, IFN-γ—interferon-γ, TNF-α—tumor necrosis factor-
α, CCL2—C–C motif chemokine ligand 2, CXCL1—C-X-C motif chemokine 1 [12].

3. Inflammation and Inflammatory Pain

3.1. Endometriosis

Dysbiosis in the GI tract disrupts immune function, which leads to the elevation of
inflammatory cytokines and alteration of immune cell profiles. Those factors may play
a role in the connection between the GI tract and endometriosis, as both have a high
prevalence in patients [56]. As the GI tract possesses an organized lymphoid structure with
many immune cells, the gut microbiota stimulates its growth and function, as shown in a
study by Hooper et al. [57]. They further showed that dysbiosis alters the composition of
immune cells, triggering inflammation [56]. In the case of the vaginal microbiota, it has been
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shown that a non-Lactobacillus-dominant (NLD) microbiota is associated with overgrowth
of pathogenic bacteria, causing bacterial vaginosis. This may decrease reproductive potency,
and a vaginal microbiota rich in Gardnerella, Prevotella, and Bacteroides sp. may increase
the risk of endometriosis or pelvic inflammatory disease (PID) [58–62]. In recent years,
it was also discovered that the uterus, previously thought to be a sterile environment,
has its own microbiota. A healthy woman’s microbiota consists primarily of Firmicutes,
Bacteroides, Proteobacteria, and Actinobacteria, according to a study by Baker et al., and a
review by Moreno et al. identified the five most represented genera in the endometrial
microbiota [62–64].

Ata et al. studied women with stage III/IV endometriosis and compared their micro-
biota from the gut, cervix, and vagina to that of a control group of healthy women. The
cervical microbiota of women with endometriosis had an increased number of pathogenic
species, and stool samples had higher Shigella and Escherichia concentrations [65]. Other
studies also found a correlation between the increase in bacteria associated with bacte-
rial vaginosis or opportunistic pathogens in the reproductive tract with endometriosis in
women [61,65–74].

3.2. Chronic Pelvic Pain

Chronic pelvic pain (CPP) is a long-lasting pain that lowers quality of life, with
many possible causes, such as endometriosis or chronic bacterial prostatitis [75,76]. Recent
discoveries regarding the gut microbiome and visceral pain led to hypotheses about the
correlation between CPP and the human microbiota. Shoskes et al. determined that patients
with CPP had lower gut microbiota diversity than the control group, especially amongst
Prevotella [77]. A study by Du et al. created a mouse model with experimental autoimmune
prostatitis (EAP). EAP mice developed changes in the gut microflora, resulting in a distorted
balance in Th17/Treg cells and decreased levels of short-chain fatty acids (SCFAs) in both
serum and feces. Microbiota of healthy mice had notably fewer Firmicutes, Nitrospirae,
or Fusobacteria than those with EAP. Additionally, the EAP mice had bacteria producing
SCFAs, including Bacteroides, Butyricicoccus, and Ruminococcaceae. Changes in Th17/Treg
balance were later reversed by supplementation of the SCFA propionate [78]. Their findings
were consistent with other studies regarding chronic non-bacterial prostatitis [79,80]. Pelvic
allodynia may also be caused by deficient lipase acyloxyacyl hydrolase (AOAH), an enzyme
present in microglia. A study by Rahman-Enyart et al. suggests that AOAH plays a role
in the modulation of pelvic pain, and its production is dependent on changes in the gut
microbiome [81]. As new studies show, the microbiota is a crucial part of overall health,
and its changes are correlated with many illnesses; however, further research is needed to
make a comprehensive understanding of this topic possible.

4. Visceral Pain, Peripheral Mechanisms of Pain Regulation, and IBS

Visceral pain is a medical term for pain originating from the internal organs within
the thorax or abdomen and is divided into acute and chronic pain. Acute visceral pain,
caused by typically identifiable causes, is treated with appropriate therapeutic agents,
including over the counter (OTC) medications such as non-steroidal anti-inflammatory
drugs (NSAIDs) or acetaminophen, and is relatively easy to cure. On the other hand,
chronic visceral pain can be difficult to treat even with opioids, and its unknown pathology
led to the creation of the term functional gastrointestinal disorders (FGIDs), a collection
of many disorders in pediatric and adult patients. FGID includes terms such as irritable
bowel syndrome (IBS), infant colic and abdominal migraine, or functional dyspepsia. In the
gastrointestinal tract (GI tract), nociceptor nerve endings are found throughout the layers
of the GI tract. They respond to many stimuli from the tract and transfer them to their cell
bodies in the dorsal horn of the spinal cord [82]. After being transferred to the contralateral
side of the spinal cord, the signal is then transmitted to the limbic part of the brain via the
spinothalamic tract. A response is then created, and a descending inhibitory circuitry is
activated, causing a release of inhibitory neurotransmitters.
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In recent years, scientists studied how the microbiome of the GI tract may influence the
visceral pain response. The microbial population of a person stabilizes after the first 3 years
of life and from then on is relatively stable [82]. Its greatest changes are noticed during
disease states; however, while disorders affecting the GI tract are the more obvious causes,
GI tract dysbiosis has been observed in many other illnesses. Non-intestinal disorders,
such as obesity, allergy, asthma, or autoimmune diseases can also be a factor [82–85].
Additionally, the use of broad-spectrum antibiotic treatment changes the gut microbiota,
and using such antibiotics without strong clinical purpose may become a factor in IBS. In a
study by Vicentini et al., mice treated with broad-spectrum antibiotics showed effects on
the structure and function of the GI tract, resulting in the loss of enteric neurons in enteric
plexuses. Post-treatment supplementation of short-chain fatty acids (SCFAs), naturally
produced by a healthy gut microbiome, restored neuronal loss in both submucosal and
myenteric plexuses [86]. Similarly, a study by De Palma et al. focused on replicating
IBS dysbiosis in rats. With fecal microbiota transplant in rats, visceral hypersensitivity
increased when compared to gnotobiotic rats receiving a healthy microbiota, suggesting a
link between IBS-associated hypersensitivity and the intestinal microbiota [87,88].

4.1. IBS

The influence of the gut microbiota and its dysbiosis on the pathophysiology of IBS was
investigated in many studies that compared differences in the GI tract microbiome between
IBS patients and controls [89–92]. Those studies showed that the intestinal microbiome of
IBS patients had reduced amounts of Bacteroides, Prevotella, and Parabacteroides sp. Noor
et al. and Maccaferi et al. showed that IBS patients had an increased population of Bacillus,
Bifidobacteria, Lactobacillus, Clostridium, and Eubacterium rectale [93–95]. Those studies led to
research about probiotic intervention and its benefits for IBS patients. In a study by Sisson
et al., Symprove, a probiotic containing three Lactobacillus types and one Enterococcus,
was shown to improve symptom severity in IBS [96]. In another study by Guglielmetti
et al., Bifidobacterium bifidum MIMBb75 alleviated IBS symptomology by decreasing pain,
discomfort, digestive upset, or bloating [97]. Further studies on probiotics for IBS presented
another bacterial species with a positive influence on the relief of IBS symptoms [13,98].
Butyrate producers such as Faecalibacterium sp. have an anti-inflammatory impact on the GI
tract, and F. prausnitzii is a source of serine protease that was shown to have anti-nociceptive
activity by decreasing the excitability of dorsal root ganglia neurons [99–102]. Unknown
IBS pathophysiology led to the creation of the term ‘psychobiotics’, referring to probiotics
and bacterial metabolites that signal directly to the brain. In a randomized controlled trial
(RCT) of 44 adults with IBS, patients were treated with Bifidobacterium longum NCC3001.
Patients showed a significant reduction in depression and an increase in quality of life with
no change in IBS symptom severity or the fecal microbiota profile. This suggested that there
is some direct signaling of B. longum metabolites to the central nervous system (CNS) [103].

4.2. Peripheral Mechanism of Pain Regulation

The enteric nervous system (ENS) is formed by about 200–600 million neurons and is
often referred to as the ‘second brain’. This network plays a part in maintaining GI tract
function and reaches the lamina propria of the mucosa. ENS neurons form the subserous,
myenteric, and submucosal plexuses and carry impulses to and from the brain. Intrinsic
primary afferent neurons (IPANs) initiate secretory, motor, and vasomotor reactions from
stimuli within the mucosa and from the central nervous system (CNS) [104]. Enteric
sensory neurons receive the information through neurotransmitters and hormones released
by enteroendocrine (EEC) and enterochromaffin (EC) enteric cells.

Enteric hormones such as serotonin (5-HT), glucagon-like peptide 1 (GLP-1), or peptide
YY (PYY) are thought to have an impact on visceral pain and its management [104]. 5-HT
excreted by EC cells activates receptors on EC cells and extrinsic primary afferent nerve
(EPAN) terminals. This triggers enteric reflexes such as secretion, peristalsis, and perception
of pain and inflammation [105–107].
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Microbes in the GI tract microbiome can synthesize various neurotransmitters and
metabolites involved in gut–brain communication, as shown in recent studies [108–111].
This includes SCFAs, tryptophan metabolites, GABA, dopamine, and noradrenaline [104].
One of the SCFAs, butyrate, was proposed as an agent with an indirect effect on regulating
inflammatory visceral pain. Its injection in rat and mouse brains stimulated the produc-
tion of brain-derived neurotrophic factor (BDNF), which favors neurogenesis, memory
formation, and mood stabilization [112–114].

Bacteria such as Escherichia, Fusobacterium, Prevotella, Enterococcus casseliflavus, or
Bacteroides can produce tryptophan, which later passes the blood–brain barrier (BBB), influ-
encing serotoninergic neurotransmission in the CNS. In a study by Agus et al., it was shown
that during gut inflammation, an increase in tryptophan conversion to kynurenine may be
responsible for the development of anxiety and mood shifts [115]. During inflammation,
there is an enhanced plasma level of kynurenine, which may favor its passage through the
BBB and later metabolism into kynurenic acid (KynA) and quinolinic acid (QuiA), the latter
of which is described as a neurotoxic agent [111].

Another microbial product, glutamate, is produced by certain microbial strains in
the healthy GI tract [116–119]. It is a major neurotransmitter in the CNS and acts as a
neuroactive molecule. A recent study suggested that glutamate may also regulate gut
sensory and motor functions via receptors in the ENS [120,121]. During stress-induced
dysbiosis, glutamate receptor expression is altered. In antibiotic-treated mice with dysbiosis,
there were decreased levels of hippocampal NMDA and BDNF, which were later restored
by prebiotic treatment [31,122–124].

GABA is an important neurotransmitter in the brain. Bravo et al. studied its role in
pain management and suggested that GABA can inhibit visceral hypersensitivity, altering
abdominal pain [125]. Oral administration of Lactobacillus rhamnosus in mice increased
GABA levels in the CNS. Additionally, in a study by Perez-Berezo et al., administration of
the E. coli Nissle 1917 (EcN) strain showed an increase in analgesic lipopeptide production,
activation of GABA receptors on IPANs, and inhibition of visceral hypersensitivity [126].

5. Headache and Its Association with Drugs

Headache is one of the most frequently reported symptoms [127], and various types
have been described. Primary headaches can be divided into four groups: migraine, tension
headache, trigeminal autonomic cephalgia, and other primary headache disorders [127].
Migraine, a neurological disorder characterized by headache, nausea, vomiting, and pho-
tophobia or phonophobia [128,129], is one of the most common types of headaches [17].
The hemicrania occurs due to hypothalamus activation and further pituitary adenylate
cyclase-activating polypeptide (PACAP) secretion, which is responsible for vasodilata-
tion [17]. Moreover, migraine is related to GI illnesses, which include celiac syndrome,
irritable bowel syndrome, or infection by Helicobacter pylori [12,30]. There is also an associa-
tion between the gut microbiome and the pathogenesis of migraine. The gut–brain axis
triggers the migraine attack through pro-inflammatory factors, gut microbiome compo-
sition, neuropeptides, serotonin pathways, stress hormones, and nutritional substances.
The physical or psychological stress factors may lead to gut microbiome changes such as
dysbiosis [30]. This, in turn, causes an increase in calcitonin gene-related peptide (CGRP)
secretion [17], which is correlated with migraine symptoms and has antibacterial effect on
strains such as E. coli, E. faecalis, and L. acidophilus [17,30]. This particular type of headache
is associated with pro-inflammatory factors. During migraine attacks, increased secretion of
serum cytokines such as IL-1b, IL-6, IL-8, and TNF-a was observed. Moreover, Arzani et al.
reported that in germ-free mice, the hypernociception induced by inflammatory mediators
is reduced [30]. These could result from increased expression of IL-10 in germ-free mouse
models [130]. This cytokine is an important regulator of inflammatory responsiveness [130].
These lines of evidence emphasize the importance of the gut microbiome in migraine and
have prompted research on whether probiotic supplementation is a beneficial therapy for
the condition [12]. The data on the efficacy of probiotic supplementation in migraine are
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incoherent. Sensenig et al. showed that most patients who were given probiotics, such as L.
bulgaricus, L. acidophilus, E. faecium, and B. bifidum, reported an improvement in quality of
life [131]. By contrast, another study showed no significant differences between a group of
patients who suffered from migraine and were supplemented with probiotics and the one
that was not supplemented with probiotics [12,132].

To summarize, the association between the gut microbiome and migraine is clear.
Studies show not only a correlation in pathogenesis but also a possible way of treating
migraine with probiotics. However, there is still a lot to be discovered [12].

Opioid Tolerance

Opioids are known for their anti-nociceptive, anti-tussive and anti-diarrheal properties.
They are the major drugs used in cancer and post-surgical pain treatment [133], although
their severe side effects, such as tolerance, dependence, emesis, or constipation, lead to
significant restrictions in their use [12]. GI symptoms associated with these drugs are
known as opioid bowel dysfunction (OBD) and are the result of the stimulation of opioid
receptors in the GI tract [134]. The research shows that chronic use of opioids may result
in dysbiosis [12,135], damage to the gut barrier, bacterial translocation, and secretion of
pro-inflammatory factors. Opioid tolerance was associated with a lack of Bifidobacteria and
Lactobacillaceae in mice [12,25]. The enteric glia are responsible for the proper functioning
of the GI tract [12]. Furthermore, they are also relevant to the development of the ectypal
inflammatory reaction to long-term use of opioid drugs [136]. The bacterial product
bacterial lipopolysaccharide (LPS) was reported to be associated with the production of pro-
inflammatory cytokines during long-term opioid treatment [136]. Due to the chronic use of
morphine, we can observe increased activity in enteric glia of the P2X receptor [12,136], a
calcium-permeable ion channel activated by ATP and associated with cytokine secretion by
enteric glia [25]. This leads to an enhanced inflammatory reaction [25]. LPS is also related
to the intensified expression of connexin 43 (Cx43), a gap junction protein that mediates
the secretion of ATP [136]. Cx43 can be blocked by non-specific connexin inhibitor (CBX),
which results in a decreased inflammatory response [136].

Another study showed that administration of broad-spectrum antibiotics prevents GI
side effects and tolerance to opioid-related drugs with long-term use of morphine [137].
Analgesic tolerance can be avoided by oral vancomycin due to its active properties
against Gram-positive bacteria, the translocation of which is significant in the tolerance
process [12,25,137]. Furthermore, germ-free mice have reduced morphine tolerance, which
can be reclaimed by gut microbiome reconstitution [138]. In addition, opioid tolerance can
be a result of the inactivation of tetrodotoxin-resistant (TTX-R) Na+ channels in dorsal root
ganglia (DGR) neurons, which can be reversed by oral vancomycin administration [139].
In conclusion, the above-described studies prove the importance of the gut microbiota
in opioid tolerance occurrence. They show the role of the gut flora in the genesis of
morphine tolerance and indicate how the side effects of opioid drug use may enhance the
entire process.

6. The Gut Microbiota as a Therapeutic Target in Chronic Pain

6.1. Probiotics and Prebiotics

Probiotics are living microorganisms that can provide health benefits to the host [140].
A growing body of research supports the thesis that probiotics are effective in modifying
the balance of the gut microbiota [141,142]. Some of their proven beneficial effects include
improved digestion, boosted immunity, and decreased cholesterol levels [143]. Some of the
more recent studies suggest that probiotics might be effective in alleviating the symptoms
of chronic intestinal disorders, such as Crohn’s disease [144].

Several preclinical animal studies have demonstrated the beneficial effects of probiotics
on visceral pain [145–147]. In multiple studies, probiotics exerted beneficial effects on
visceral hypersensitivity. In rats, probiotic VSL#3 decreased visceral hypersensitivity
potentially through the mast cell-PAR2-TRPV1 pathway, which then affects the release
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of potent mediators that affect the enteric nerves and smooth muscles [145]. Moreover,
supplementation with Clostridium butyricum, a commensal bacterium, may inhibit colonic
inflammation in a mouse model of IBS through its action on nod-like receptor pyrin
domain-containing protein 6 [146]. In a similar model, Roseburia hominis alleviated visceral
hypersensitivity and prevented the expression of occludin from decreasing [147]. Moreover,
in rats, B. infantis 35624 significantly reduced visceral pain, suggesting that it may be
effective in treating symptoms of IBS [148].

Several human studies have also revealed the benefits of using probiotics for chronic
pain. A randomized, double-blind study on 101 pediatric patients suffering from IBS
(NCT01180556) revealed that a 4-week supplementation of L. reuteri DSM 17938 reduced
both the frequency and the intensity of abdominal pain in children [149]. Moreover,
a probiotic mixture of Bifidobacterium infantis M-63, breve M-16V, and longum BB536
(NCT02566876) was successful in attenuating the symptoms of abdominal pain in IBS but
not in functional dyspepsia. Likewise, the intervention group noted the markedly higher
quality of life improvement in comparison with a placebo (48% vs. 17%, p = 0.001) [150].
A 2009 review by Newlove-Delgado et al. retrospectively investigating the use of pro-
biotics in children with recurrent abdominal pain suggested that those preparations are
likely to improve pain symptoms in the short term, that is, up to 3 months (OR = 1.63;
95% CI = 1.07–2.47) [151]. By contrast, a randomized, placebo-controlled trial by Spiller
et al. failed to identify any clinical benefit, including intestinal pain and discomfort, of
S. cerevisiae I-3856 supplementation at a dose of 1000 mg per day, in comparison to a
placebo [152].

Prebiotics are fibers and other non-digestible ingredients that benefit the host by se-
lectively boosting the growth and activity of select microorganisms in the colon, mainly
lactobacilli and bifidobacteria. They are considered either as an addition to probiotics
or an alternative to them. Several pre-clinical dissertations have emerged underlining
the beneficial role of prebiotics in terms of attenuating chronic pain, such as PDX/GOS
reducing chronic visceral pain induced by intracolonic zymosan injection in rats [153]. In
human studies, a prebiotic galacto-oligosaccharide mixture supplemented for 2 weeks
reduced abdominal pain associated with GI disorders in adults. The treatment arm re-
ported significantly lower scores for bloating, flatulence, and pain. However, there was no
improvement in quality of life throughout the study [154]. Lastly, a study on the symbiotic
containing Bacillus coagulans on 88 pediatric patients showed a reduction of abdominal
pain that was present after treatment (60% vs. 39.5%, p = 0.044) but not after 12 weeks of
follow-up [155].

6.2. FODMAP Diet

Recent studies have demonstrated that functional GI symptoms can be induced by
colonic gas production in patients with visceral hypersensitivity. In those patients, short-
chain fermentable carbohydrates increase small intestinal water volume, resulting in in-
creased colonic gas production. Therefore, dietary restriction of short-chain fermentable
carbohydrates (low-FODMAP diet) should theoretically ameliorate the symptoms of IBS.
In pre-clinical studies, the low-FODMAP diet (LFD) altered the gut microbial composition,
resulting in reduced fecal lipopolysaccharide of Gram-negative bacteria. In contrast to a
high-FODMAP diet, there is a significant reduction of Akkermancia muciniphila and Acti-
nobacteria [156]. Therefore, it could be beneficial in reducing gut mucosal inflammation and
restoring the barrier function of the gut, ultimately leading to the alleviation of visceral
pain [156].

In a clinical setting, the FODMAP diet has led to a reduction in IBS severity, with
decreased frequency of pain episodes (p < 0.01) and increased quality of life [157]. In
another study by Pedersen et al., LFD resulted in a greater reduction of disease severity
but no improvement in quality of life [158]. In a double-blind, placebo-controlled trial on
40 patients with IBS by Hustoft et al., LFD with fructans lowered the severity of nausea,
vomiting, and flatulence [159]. Overall, up to 86% of IBS patients improve clinically in terms
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of GI symptoms, as well as abdominal pain, bloating, and constipation, while following the
diet [160].

6.3. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) involves the transfer of microbial flora from
a healthy donor stool to the recipient’s intestinal tract to normalize the target intestinal
microbiota composition and function. One of the most notable examples of the use of FMT
in clinical practice is Clostridium difficile infection (CDI), which often occurs in patients
whose microbiota has been suppressed by prolonged antibiotic therapy. Recent evidence
suggests that the gut microbiota composition is linked to the occurrence of abdominal
pain and its frequency, duration, and intensity in the general population [161]. Moreover,
in an animal model of colitis, FMT administration to control rats resulted in long-lasting
visceral hypersensitivity [162]. Several mechanisms have been proposed through which
FMT might affect chronic pain, including competition with pathogenic bacteria, protection
of the intestinal barrier, or stimulation of the intestinal immune system [163]. An open-label
study on FMT in humans with IBS showed marked improvement in abdominal pain that
was associated with the abundance of Akkermansia muciniphila [164].

Moreover, allogenic FMT resulted in a significant decrease in symptoms of IBS
(p = 0.02), which was not present in the autologous FMT group (p = 0.16) [165]. Fur-
thermore, a metagenomic sequencing study revealed that following FMT the taxonomic
profile of the recipient shifts towards a donor-like profile, inducing long-term changes in
the gut microbiota, which mirror the clinical effect of the treatment [166].

In order to perform successful FMT, several criteria must be met. Firstly, donor
selection should be strict, excluding those at risk of harboring an infectious agent. Moreover,
recipients must not receive major immunosuppressive therapy, or suffer from serious
comorbidities that would put them at risk [167]. While FMT is relatively safe, some of the
studies suggest its potential drawbacks. One study suggested that FMT might be associated
with diarrhea, abdominal cramping, belching, and nausea within 3 h post-FMT [168].
Moreover, there exists a possibility of development of long-term adverse effects due to
alteration of the gut microbiota. More long-term, follow-up studies are required to address
this issue [169].

7. Conclusions

In recent years, numerous studies have provided data on the role of the gut micro-
biome and its influence on other tissues. It is known that alteration in the microbiome
could be one of the factors contributing to the development of cancer and neurological,
gastrointestinal, cardiovascular, and metabolic diseases. Lately, many studies have also
investigated the role of the human microbiome in the pathogenesis of different types of
pain (Table 1). Proper assessment and control of pain are essential for improving quality
of life in many patients. Despite the availability of various pain management methods,
there is still a great need for research on factors contributing to pain pathogenesis and
novel therapies. Recent studies suggest that the human microbiome may be an essential
component of the pathogenesis of multiple types of pain. Neuropathic pain could result
from the gut microbiome’s influence on T-cell immune response, disrupting the regulation
of pro- and anti-inflammatory cytokine production. Furthermore, alteration of the immune
cell response and cytokine production by the gut microbiome could contribute to the devel-
opment of inflammatory diseases, such as endometriosis. Chronic visceral pain remains a
challenge to efficient treatment. The human microbiome contributes to the still unknown
pathogenesis of FGIDs, providing a promising direction for further studies. Additionally,
common symptoms such as headaches are influenced by the gut microbiome. An altered
gut–brain axis could trigger a migraine. Moreover, the regulation of inflammatory medi-
ators that contributes to migraine is disrupted by dysbiosis. The gut microbiome could
also impact the efficacy of pain management, leading to opioid tolerance. The contribution
of the human microbiome to the pathogenesis of multiple types of pain leads to its use
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as a possible target for analgesic therapies. Pro- and prebiotics are already widely used
in clinical practice. They are reported to be effective in reducing chronic visceral pain
and migraine. However, there is still a great need for further evaluation of their efficacy
and influence on patients’ quality of life. Another approach assumes the modification
of the gut microbiome with a specific diet, such as a low-FODMAP diet, which could be
beneficial for patients with IBS, reducing symptoms and pain episodes. The usage of FMT
is recommended in the treatment of Clostridium difficile infection.

Table 1. Summary of novel studies that investigated the role of the human microbiome in the
pathogenesis of different types of pain.

Neuropathic Pain and
Central Mechanisms of

Pain Regulation

Inflammation and
Inflammatory Pain

Visceral Pain, Peripheral
Mechanisms of Pain
Regulation, and IBS

Headache and Its
Association with Drugs

The Gut Microbiota as a
Therapeutic Target in

Chronic Pain

[46] Yang C, Fang X,
Zhan G, et al. Key role of

gut microbiota in
anhedonia-like phenotype

in rodents with
neuropathic pain.

[56] Jiang I, Yong PJ,
Allaire C, Bedaiwy MA.
Intricate Connections

between the Microbiota
and Endometriosis.

[82] Moloney RD,
Johnson AC,

O’Mahony SM, Dinan TG,
Greenwood-Van Meerveld
B, Cryan JF. Stress and the

Microbiota–Gut–Brain
Axis in Visceral Pain:
Relevance to Irritable

Bowel Syndrome.

[17] Léa LT, Caula C,
Moulding T, Lyles A,

Wohrer D, Titomanlio L.
Brain to Belly: Abdominal
variants of migraine and

functional abdominal pain
disorders associated

with migraine.

[145] Li Y-J, Dai C, Jiang M.
Mechanisms of Probiotic
VSL#3 in a Rat Model of
Visceral Hypersensitivity

Involves the Mast
Cell-PAR2-TRPV1

Pathway.

[42] Baron R, Binder A,
Wasner G. Neuropathic

pain: diagnosis,
pathophysiological
mechanisms, and

treatment.

[77] Shoskes DA, Wang H,
Polackwich AS, Tucky B,

Altemus J, Eng C. Analysis
of Gut Microbiome
Reveals Significant

Differences between Men
with Chronic

Prostatitis/Chronic Pelvic
Pain Syndrome
and Controls.

[104] Morreale C,
Bresesti I, Bosi A, Baj A,

Giaroni C, Agosti M, et al.
Microbiota and Pain: Save

Your Gut Feeling.

[12] Guo R, Chen LH,
Xing C, Liu T. Pain
regulation by gut

microbiota: molecular
mechanisms and

therapeutic potential.

[146] Zhao K, Yu L,
Wang X, He Y, Lu B.

Clostridium butyricum
regulates visceral

hypersensitivity of
irritable bowel syndrome

by inhibiting colonic
mucous low grade

inflammation through its
action on NLRP6.

[25] Santoni M, Miccini F,
Battelli N. Gut microbiota,

immunity and
pain. Immunol

[147] Zhang J, Song L,
Wang Y, Liu C, Zhang L,
et al. Beneficial effect of

butyrate-producing
Lachnospiraceae on

stress-induced visceral
hypersensitivity in rats.

[136] Bhave S, Gade A,
Kang M, Hauser KF,

Dewey WL, Akbarali HI.
Connexin-purinergic

signaling in enteric glia
mediates the prolonged

effect of morphine
on constipation.

Moreover, FMT is reported to efficiently reduce visceral pain among IBS patients.
However, these studies have some limitations. There is a strong need for further evaluation
of concepts and previous results. Additional long-term studies are required to assess
the potential side effects of gut microbiota alteration. Moreover, the differences in the
methodology of the studies impede the precise comparison of the results. Pittayanon et al.,
in their systematic review, reported concerns about deficiencies in studies’ methodology and
statistical analysis [95]. The shortcomings, such as lack of data on administrated antibiotics,
and differences in the microbiome evaluation methods, are reasons for inconsistency in
reviewed papers.

Despite the significant development in the understanding of the human microbiome in
the pathogenesis of pain, there are still many areas to be investigated. A detailed evaluation
of the influence of the altered microbiome on the gut–brain axis could be a critical factor in
understanding the impact of dysbiosis on several tissues and pain development [18]. The
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detailed characterization of the gut microbiome in chronic, visceral, or headache states and
their interaction with the gut–brain axis could deliver novel insight into the pathogenesis of
a different type of pain. Further molecular studies could develop novel targets for analgetic
treatment that could significantly improve numerous patients’ quality of life.
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