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Abstract: H. pylori eradication therapy leads to significant changes in the gut microbiome, including
influence on the gut microbiome’s functional potential. Probiotics are one of the most studied
potential methods for reducing the microbiota-related consequences of antibiotics. However, the
beneficial effects of probiotics are still under discussion. In addition, there are some concerns about
the safety of probiotics, emphasizing the need for research of other therapeutic interventions. The
aim of our study was to evaluate the influence of butyric acid+inulin supplements on gut microbiota
changes (the gut microbiota composition, abundance of metabolic pathways, and gut resistome)
caused by H. pylori eradication therapy. Materials and methods. Twenty two H. pylori-positive
patients, aged 19 to 64 years, were enrolled in the study and randomized into two treatment groups,
as follows: (1) ECAB-14 (n = 11), with esomeprazole 20 mg, clarithromycin 500 mg, amoxicillin
1000 mg, and bismuthate tripotassium dicitrate 240 mg, twice daily, per os, for 14 days, and (2),
ECAB-Z-14 (n = 11), with esomeprazole 20 mg, clarithromycin 500 mg, amoxicillin 1000 mg, and
bismuthate tripotassium dicitrate 240 mg, twice daily, along with butyric acid+inulin (Zacofalk),
two tablets daily, each containing 250 mg of butyric acid, and 250 mg of inulin, per os, for 14 days.
Fecal samples were collected from each subject prior to eradication therapy (time point I), after
the end of eradication therapy (time point II), and a month after the end of eradication therapy
(time point III). The total DNA from the fecal samples was isolated for whole genome sequencing
using the Illumina NextSeq 500 platform. Qualitative and quantitative changes in gut microbiota
were assessed, including alpha and beta diversity, functional potential and antibiotic resistance gene
profiling. Results. Gut microbiota alpha diversity significantly decreased compared with the baseline
immediately after eradication therapy in both treatment groups (ECAB-14 and ECAB-Z-14). This
diversity reached its baseline in the ECAB-Z-14 treatment group a month after the end of eradication
therapy. However, in the ECAB-14 treatment arm, a reduction in the Shannon index was observed
up to a month after the end of H. pylori eradication therapy. Fewer alterations in the gut microbiota
functional potential were observed in the ECAB-Z-14 treatment group. The abundance of genes
responsible for the metabolic pathway associated with butyrate production decreased only in the
ECAB-14 treatment group. The prevalence of antibiotic-resistant genes in the gut microbiota increased
significantly in both treatment groups by the end of treatment. However, more severe alterations were
noted in the ECAB-14 treatment group. Conclusions. H. pylori eradication therapy leads to taxonomic
changes, a reduction in the alpha diversity index, and alterations in the functional potential of the gut
microbiota and gut resistome. Taking butyric acid+inulin supplements during H. pylori eradication
therapy could help maintain the gut microbiota in its initial state and facilitate its recovery after
H. pylori eradication.
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1. Introduction

There is a clear need for H. pylori eradication in patients with gastrointestinal diseases,
such as peptic ulcer disease, atrophic gastritis, and gastric MALToma. Moreover, it is now
widely accepted that H. pylori-associated gastritis is an infectious disease, regardless of
symptoms and complications, and that H. pylori eradication can cure gastritis and improve
future prognosis [1–4]. In addition, the International Agency for Research on Cancer
(IACR) of the World Health Organization classified H. pylori as a Group 1 carcinogen [5],
considering the presence of H. pylori as a risk factor for gastric adenocarcinoma [6,7] and
H. pylori-associated gastritis as a precancerous lesion [8]. Successful H. pylori eradication
may not only mitigate the risk of gastric cancer, but also promote atrophy involution of
both the gastric corpus and the antrum mucosa in particular cases [1,9]. However, intestinal
metaplasia is considered to be irreversible. Thus, there is presently significant evidence
in favor of eradication therapy in H. pylori-positive patients to prevent gastric cancer,
regardless of the clinical manifestations of the infection.

Antibiotic therapy, including therapy aimed at eradicating H. pylori, results in changes
to the intestinal microbiota taxonomic composition and alpha diversity, as well as an
abundance of metabolic pathways. Such therapy has a number of short- and long-term
side effects, some of them caused by the negative influence of antibiotics on gut microbiota.
These effects are largely due to a reduction in the abundance of short chain fatty acid
(SCFA)-producing bacteria [1,10–18].

Therefore, potential methods for reducing these microbiota-related consequences are
needed to ensure the safety of H. pylori eradication therapy.

Several studies have shown that probiotic supplementation could improve eradica-
tion rates, and reduce antibiotic-caused side effects related to microbiota changes, such
as diarrhea, etc. [19–21]. Less-pronounced changes in microbial diversity and gut micro-
biota composition have been noted in cases of probiotic supplementation compared with
therapies that do not add probiotics, but some results of those studies are inconsistent
and contain data that only concern specific bacterial species [16,22–26]. Moreover, along
with the generally observed beneficial effects of probiotic treatment in maintaining the
gut microbiome and reducing antibiotic-induced adverse effects, the safety profiles of
probiotic supplements remain a topic of discussion [27]. Based on these data, researchers
have some concerns about the safety of probiotic therapy and they maintain that other,
safer therapeutic interventions should be considered. Such proposed interventions include
metabiotics and prebiotics.

Metabiotics refer to the metabolites of probiotic microorganisms, and they have ad-
vantages over traditional probiotics due to their known chemical structures and more
pronounced positive impacts [28]. Butyrate is the most commonly studied SCFA, and
it acts as a source of energy for both the gut microbiota and colonocytes, as well as a
modulator for various metabolic activities, including the immunity of host cells [29]. Nu-
merous in vivo and in vitro studies have further shown that SCFAs regulate inflammatory
responses and are responsible for repairing intestinal barriers in the gut [30–35]. The bene-
fits of most intestinal beneficial bacteria are also mediated by SCFAs, particularly butyric
acid [29,36,37].

Prebiotics are believed to specifically stimulate the growth or activity of a particular
number of commensal bacteria. However, the corresponding mechanism of action is
difficult to predict as it depends on numerous factors, including the individual composition
of gut microbiota [38].

The presently known prebiotic properties of inulin are known, due to the substance’s
stimulation effects on Bifidobacterium and Lactobacillus, and they have been described
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through both in vitro and in vivo assessments in different laboratories [39–41]. Moreover,
even synbiotics containing Bifidobacterium lactis and Lactobacillus rhammnosus, when en-
riched with inulin, were shown to regulate the intestinal microenvironment more effectively
than single components [42,43]. This improved regulation is due to inulin fermentation,
resulting in a significantly greater ratio of Lactobacillus and Bifidobacteria to Enterobacteria
strains and an elevated butyrate concentration [44]. It is believed that elevated butyrate
production can improve gut health by creating a more acidic environment, thereby increas-
ing resistance to the colonization of pathogens [45]. Consequently, it was suggested that
inulin supplements may contribute to overcoming the intestinal microbiota disturbances
caused by antibacterial therapy.

Supplementing H. pylori eradication therapy with butyric acid+inulin was shown to
reduce side effects related to antibiotics, thereby increasing compliance, and subsequently,
the H. pylori eradication rate [19,46]. However, there are no sufficient data concerning the
influence of such supplements on the gut microbiota. With this in mind, we hypothesized
that supplementing H. pylori eradication therapy with a butyric acid+inulin combination
could diminish the microbiota changes caused by antibiotics.

Current technologies allow one to assess the bacterial diversity and taxonomic or
functional composition of human-associated microbiomes, as well as identify changes
in responses to a specific supplementation. Our study sought to evaluate the effects of
H. pylori eradication therapy on the gut microbiota (microbiota composition, the abundance
of the most important metabolic pathways, and the prevalence of gut microbiota antibiotic-
resistance genes), as well as the influence of butyric acid+inulin supplements on gut
microbiota changes that occur during the eradication therapy.

2. Materials and Methods
2.1. Study Design

This prospective study was approved by the Local Ethics Committee of Kazan Federal
University (protocol No. 1 dated 23 February 2015). Written informed consent was obtained
from all included subjects visiting the outpatient gastroenterology unit of Kazan Federal
University Hospital and Kazan State Medical University Out-patient Clinic (Kazan, Russian
Federation).

Patients were selected for the study according to the following inclusion/exclusion
criteria.

Inclusion Criteria:

(1) Patients of both sexes, aged 18 to 65;
(2) Upper gastrointestinal endoscopy and H. pylori detection with at least one method

performed within one month prior to enrollment into the study;
(3) Signed written informed consent form;
(4) Informed consent to comply with the same dietary and cooking procedures through-

out the study period (all the patients were requested to fill in the questionnaire
concerning their daily meals throughout the study period).

Exclusion Criteria:

(1) Endoscopy-confirmed gastric polyps or cancer/malignancy;
(2) A history of concomitant diseases and conditions that might significantly affect the

gut microbiota, such as the following:

(a) Inflammatory bowel diseases;
(b) Malabsorption syndrome associated with a documented disease of the small

intestine, pancreas, etc.;
(c) Cancers in any location;
(d) Prior gastrointestinal surgeries (except for appendectomy);
(e) The use of some drugs (immunosuppressive agents, cytostatics, steroids, an-

tibiotics, and pre- and probiotics) within 3 months prior to enrollment into the
study;
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(f) Functional bowel disorders, celiac disease, allergies, type 1 and type 2 diabetes,
metabolic syndrome, non-alcoholic fatty liver disease, psychiatric disorders,
etc., which, in the investigator’s view, may cause changes in the intestinal
microbiota’s composition.

(3) The use of bismuth-containing drugs (Bismuthate tripotassium dicitrate) for 4 weeks,
and proton pump inhibitors (PPI) for 2 weeks, prior to H. pylori detection (except for
cases using serology for H. pylori detection);

(4) Alcohol or drug abuse;
(5) Decompensation of chronic diseases (cardiovascular, respiratory, gastrointestinal,

endocrine diseases, and liver and kidney failure);
(6) Infectious and parasitic diseases, including human immunodeficiency virus (HIV),

viral hepatitis, and tuberculosis;
(7) Diarrhea (bowel movements more than 3 times a day) for at least 3 consecutive days

during the last month;
(8) Pregnancy or breastfeeding;
(9) A history of first-line eradication therapy;
(10) Inability or unwillingness to comply with the study procedures.

A total of 22 H. pylori-positive eligible patients aged 19 to 64 years were identified and
enrolled in the study.

The following indications for H. pylori eradication in the enrolled H. pylori-positive
patients were identified: duodenal ulcer disease (n = 4, 18.2%), non-investigated dyspepsia
(n = 7, 31.8%), suspected long-term PPI use (n = 5, 22.7%), and atrophic gastritis confirmed
via histology (n = 4, 18.2%). In 2 patients (9.1%), H. pylori was eradicated as a gastric cancer
prevention measure.

The subjects were randomized into two treatment groups, as follows:

(1) ECAB-14 (n = 11): esomeprazole 20 mg, clarithromycin 500 mg, amoxicillin 1000 mg,
and bismuthate tripotassium dicitrate 240 mg, twice daily, per os, for 14 days;

(2) ECAB-Z-14 (n = 11): esomeprazole 20 mg, clarithromycin 500 mg, amoxicillin 1000 mg,
bismuthate tripotassium dicitrate 240 mg, twice daily, and butyric acid+inulin (Za-
cofalk) taken in 2 tablets (one tablet of butyric acid+inulin corresponds to 250 mg of
butyric acid and 250 mg of inulin), daily, per os, for 14 days;

Fecal samples were collected from each subject at three time points, as follows:

(1) Prior to the beginning of eradication therapy to evaluate the baseline composition of
the gut microbiota (time point I);

(2) After the end of eradication therapy (within 14 (+3) days from the beginning of
eradication therapy) to evaluate the influence of the eradication therapy on the gut
microbiota (time point II);

(3) Within a month (+5 days) of the end of eradication therapy to evaluate the long-term
effects of H. pylori eradication on the gut microbiota (time point III).

The final study population consisted of 22 H. pylori-positive patients who passed the
proposed H. pylori eradication therapy according to the allocated group. The stool samples
of these patients were included for further analysis. No refusal or loss of follow-up were
reported in the presented study.

Fecal samples were collected in disposable plastic containers. Samples were frozen on
the same day and then stored at −80 ◦C until metagenomic analysis was performed.

2.2. Metagenomic Sequencing and Bioinformatic Analysis

The total DNA from the fecal samples was isolated using a FastDNA Spin Kit for
Feces (MP Biomedicals, Santa Ana, CA, USA). Fragment libraries were prepared using an
NEBNext Ultra II DNA Library Prep kit for Illumina (NEB, Ipswitch, MA, USA). The quality
assessment was carried out using a 2100 Bioanalyzer system (Agilent Technologies, Santa
Clara, CA, USA). A nucleotide sequence of the DNA library was determined with shotgun
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sequencing using a NextSeq 500 and HiSeq 1000 (Illumina, San Diego, CA, USA). Using the
FastQC program, genomic data were preliminarily processed to include a selection of high
quality reads, filter low quality reads, and correct reads using the method in [47]. Reads
were mapped to the human reference genome, UCSC hg19, using the Bowtie 2 program [48].
Reads unmapped to the human genome were analyzed with the MetaPhlAn version 4.0
software package [49] to determine the taxonomic diversity of the community.

The qualitative and quantitative composition of the gut microbiota was assessed by
studying the species and phyla of the microorganisms. The biodiversity index (the Shannon
index) was used to assess the alpha diversity of the gut community. The Bray–Curtis
distance was used to estimate the beta diversity of the gut microbiome.

Functional profiling was carried out for non-human reads using the HUMAnN3
tool [50] and MetaCyc database. Antibiotic resistance gene profiling was carried out using
the Bowtie 2 [48] and feature Counts [51] tools and the CARD v. 3.2.5 database [52].

2.3. Statistical Analysis

We used a Wilcoxon signed rank test with Benjamini–Hochberg correction for multiple
comparisons to assess differences between the alpha and beta diversity, and taxonomic and
functional composition of the gut microbiota between time points in the same treatment
group. p < 0.05 was considered significant.

3. Results
3.1. Diversity and Compositional Analysis

The Shannon index was calculated to evaluate the effects of H. pylori eradication
therapy on the gut microbial community’s alpha diversity in both groups (Figure 1). Gut
microbiota alpha diversity (the Shannon index) significantly decreased immediately after
eradication therapy in both H. pylori eradication treatment groups (ECAB-14 and ECAB-Z-
14) compared with the baseline, as follows: (2.46 ± 1.06) vs. (3.75 ± 0.342); p = 0.0029 and
(3.22 ± 0.73) vs. (3.82 ± 0.30), p = 0.037 (the values in parentheses here and below represent
the mean value ± standard deviation).

In the ECAB-Z-14 treatment group, the Shannon index increased and reached the
baseline level one month after the end of therapy; no statistically significant differences
were identified between time points I and III ((3.82 ± 0.30) vs. (3.71 ± 0.33), p = 0.206).
However, for the ECAB-14 treatment arm, a reduction in the Shannon index was observed
even up to a month after the end of H. pylori eradication therapy, as follows: (3.27 ± 0.39)
vs. (3.75 ± 0.342), p = 0.019 (Figure 1). A reduction in the Shannon index might indicate an
unstable state and reduced gut microbiota diversity, as well as the possible prevalence of
one or more species.

PCoA was performed to evaluate alterations in community composition, as measured
by Bray–Curtis metrics, which were calculated between time points I and II and I and III
for each patient in the two comparison groups. A Bray–Curtis distance = 0 was considered
to reflect exactly the same microbiota, and a Bray–Curtis distance = 1 was considered to
indicate completely mismatched microbiota. Based on these results, it was found that the
Bray–Curtis distance between points one I and II was significantly higher among patients
on the ECAB-14 treatment regime than that among patients on ECAB-Z-14 eradication
therapy (p < 0.05) (Figure 2). For this reason, we hypothesized that weaker deviations
from the initial gut microbiota state could occur due to butyric acid+inulin supplemen-
tation in the eradication therapy regimen. There was also a significant difference in the
Bray–Curtis distance between time points I and II, and I and III, among patients on the
ECAB-14 therapy.
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3.2. Analysis of the Taxonomic Composition of the Gut Microbiota

Immediately after completing ECAB-Z-14 eradication therapy, we observed a statisti-
cally significant reduction in the relative abundance of the Actinobacteria phylum (time point
II)—(4.16 ± 5.71)% vs. (6.93 ± 5.89)% before treatment, p = 0.037. At the same time, the
abundance of six bacterial species (Eggerthella lenta, Enterococcus faecium, Blautia SGB4815,
Roseburia faecis, Gemmiger formicilis, and Firmicutes bacterium_AF16_15) changed at time
point II, compared with the baseline. In general, 4 weeks after the completion of therapy,
the gut showed a tendency to return to its original microbial composition. However, the
abundance of one bacterial species (Eubacterium rectale) significantly increased at time point
III, compared with its initial level (Figure 3). Notably, among subjects who received the
ECAB-14 treatment regimen, deeper changes were detected immediately after eradication
therapy (time point II), and 4 weeks after the completion of eradication therapy (time
point III), compared with the changes observed in the ECAB-Z-14 group. The abundance
of 23 bacterial species significantly changed (decreasing in most cases) immediately af-
ter eradication therapy. In this treatment group, a positive trend was observed 4 weeks
after the end of treatment, indicating the restoration of the original microbial composi-
tion. Nevertheless, the abundance of 17 bacterial species remained significantly altered
(Figures 3 and 4, Supplementary Table S1).
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Z-14. Data are presented as the Log2 fold change in average relative abundance. Asterisks denote
statistical significance determined by a Wilcoxon signed rank test with BH adjustment (p < 0.05).

3.3. Functional Analysis

We also explored the alterations in the abundance of genes responsible for microbiota
functional potential, possibly caused by H. pylori eradication therapy. Severe alterations in
gene abundance, and hence, the gut microbiota’s functional potential, were found to be
caused by H. pylori eradication therapy in both treatment arms, as follows: 112 signaling
pathways differed significantly between time points I and II in patients receiving ECAB-
14 therapy, whereas only 72 metabolic pathways (MP) were changed immediately after
eradication therapy in the ECAB-Z-14 arm (Supplementary Table S2). Remarkably, 31
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altered signaling pathways were found to be the same in both therapy regimes (Figure 4).
Notably, the abundance of genes associated with the central pathway involved in the
Fermentation to Butanoate process (CENTFERM-PWY: pyruvate fermentation to butanoate)
was affected only in the ECAB-14 treatment arm (i.e., without adding butyric acid+inulin
to the H. pylori eradication therapy).

By the end of one month after eradication therapy, most changes in gut microbiota
functional potential observed immediately after eradication therapy showed a tendency
to return to their initial levels. However, changes in the abundance of 33 MP and 11 MP
in the ECAB-14 and ECAB-Z-14 treatment arms, respectively, were still present (p < 0.05,
Figure 5).
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3.4. Gut Resistome Analysis

H. pylori eradication therapy leads to substantial alterations in the gut resistome. A
significant increase in the number of antibiotic resistance genes was observed in both
treatment groups by the end of treatment, with more substantial and severe changes ob-
served in the ECAB-14 treatment group. The abundance of 73 antibiotic resistance gut
microbiota genes significantly increased immediately after completion of the eradication
therapy. These genes were mainly related to β-lactam, aminoglycoside, fluoroquinolone,
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macrolide, and glycopeptide antibiotics. At the same time, the abundance of only 50 resis-
tance gut microbiota genes, compared with the same antibacterial groups, increased when
eradication therapy was supplemented with butyric acid+inulin (p < 0.05, Figures 6 and 7,
Supplementary Table S3).
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It should be noted that eradication therapy results in the accumulation of genes that
not only confer resistance to the antibiotics included in the eradication regimen, but also to
several other groups of antimicrobial agents.

A tendency was observed, where the number of resistant genes decreased compared
with the initial state. This occurred for most of the antibiotic resistant genes, 4 weeks
after the end of therapy, in both treatment arms. However, a more positive trend was ob-
served among patients treated with butyric acid+inulin-supplemented H. pylori eradication
therapy, among whom, only three antibiotic resistance genes associated with phenicols
remained unchanged. At the same time, the abundance of 11 antibiotic resistance genes
still increased compared with the baseline level, even a month after the end of therapy,
among patients receiving ECAB-14 eradication therapy (p < 0.05, Figure 6). These genes
were mainly associated with resistance to aminoglycosides and macrolides, as well as
multiresistance, caused by the efflux pumping mechanism.
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Figure 7. Antibiotic resistant genes significantly differed between comparison groups. (A) ECAB-14;
(B) ECAB-Z-14. Data are presented as the Log2 fold change in average abundance (CPM + 1). Aster-
isks denote statistical significance determined by a Wilcoxon signed rank test with BH adjustment
(p < 0.05).
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4. Discussion

Several publications have described the detrimental impact of H. pylori eradication
therapy on the composition of the gut microbiota using genome sequencing methods. Most
relevant studies reported short- and long-term changes in gut microbiota composition after
H. pylori eradication therapy, usually standard triple or bismuth quadruple therapy [10–14].

In general, all these studies showed the most pronounced changes in the composition
of gut microbiota immediately after the completion of treatment, mostly due to a reduction
in the abundance of “normal” representatives of gut microbiota, and an increase in the
relative number of conditionally pathogenic bacteria, along with a reduction in the alpha
diversity index. The predominant changes in most of the studies concerned a reduction
in Actinobacteria populations (compared with baseline levels), an increase in Proteobacteria
populations immediately after H. pylori eradication, and a return to baseline levels during
the follow-up period. Unfortunately, some changes persisted up to a month after the end of
treatment, which requires further investigation and may be of clinical importance [10–14].
However, some inconsistencies in the present results were observed, which could be ex-
plained by different study designs and national differences between the study populations,
the regimens of eradication therapy used, the methodology used for evaluation, and the
various time points used for gut microbiota assessments. Our study has some distinctive
features. We used butyric acid+inulin adjuvant to H. pylori eradication therapy, which was
expected to have both direct and indirect positive effects on the human gut microbiota. Al-
though probiotics have been widely used and investigated as H. pylori eradication therapy
supplements in various studies, data concerning the potential impact of butyric acid+inulin
on the gut microbiota’s taxonomic composition and functional potential, particularly the
gut resistome, remain limited.

Several studies have shown that supplementation with probiotics could improve
the eradication rate and reduce the side effects caused by antibiotics. Antibiotic-induced
changes in the gut microbiota may lead to diarrhea, abdominal bloating, and other side
effects, which can be avoided through supplementation with probiotics [19–21]. Based
on available data, in most cases, supplementation with probiotics was shown to diminish
changes in the diversity and gut microbiota composition, compared with the control groups,
without adding probiotic therapy [16,22–26]. Some studies have noted the benefits of pro-
biotic supplementation, such as regulating the host isoflavone, fat, and energy metabolism,
and reducing the risk of developing digestive disorders, gastrointestinal inflammation,
and colorectal carcinoma [53]. However, the same authors reported the possibility of
developing Parkinson’s disease and the depletion of key butyrate-producing bacteria af-
ter receiving multi-strain probiotic supplements. Therefore, although investigators have
generally observed beneficial effects of probiotic treatment, the safety profile of probiotic
supplementation remains unclear [27]. Moreover, it was recently reported that the ex-
posing neonates to probiotics may be linked with a higher risk of oral, respiratory, and
gastrointestinal infection [54].

The role of butyric acid and inulin in gut microbiota disorders caused by antibiotics
remains unclear. Given the strong evidence that short-chain fatty acids (SCFAs) play a
crucial role in colonocytes and the gut microbiota, we hypothesized that SCFA supple-
ments, especially those, containing butyric acid (the most well-studied variety), may help
mitigate the negative alterations caused by antibacterial therapy. We showed that the
negative consequences of antibiotic-induced microbiota alterations, such as loss of species
diversity, disruption in the number of bacterial species, and functional potential, were
less-pronounced in the ECAB-Z-14 group (using supplements with butyric acid+inulin).
The mechanisms underlying the positive impacts of butyric acid+inulin supplements on
the gut microbiota remain unclear. Butyrate itself cannot be detected in the peripheral
blood, indicating its fast metabolism in the colonic wall and/or liver. Located entirely in
the digestive tract, butyrate is considered to act directly (inducing cell proliferation and
renewal in necrotic areas) or indirectly (involving the hormono–neuro–immuno system)
on tissue development and repair. Butyrate was also implicated in the down-regulation of
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bacteria virulence, likely through its direct effects on virulence gene expression and/or by
acting on the cell proliferation of the host cells [55].

Butyrate stimulates beneficial flora and inhibits pathogen growth. These pathogens
include Proteobacteria, which mainly increased after eradication therapy. Thus, in the
ECAB-Z-14 group, it would be more feasible to observe less-pronounced changes in the
diversity and abundance of bacterial species, and potentially achieve faster and smoother
microbiota recovery to the baseline state, than in the ECAB-14 group. The other beneficial
effect of butyrate is related to a reduction in the Firmicutes/Bacteroidetes ratio and the levels
of several bacteria associated with a pro-inflammatory state while increasing the abundance
of probiotic Bifidobacterium species [56,57]. It is known that inulin can reduce the abundance
of Bacteroidetes and increase levels of Bifidobacterium spp., Anaerostipes spp., Enterococcus
faecalis, and Lactobacillus spp. Inulin is known to promote an increase in the abundance
of the genera Phascolarctobacterium, Blautia, Akkermansia, and Ruminococcus, as well as the
Lachnospiraceae family, which are also responsible for SCFA production [58]. In our study,
the same data were obtained. Compared with the initial point, the abundance of the genera
Bifidobacterium, Clostridium, and Lachnospira, as well as the species Akkermansia muciniphila,
among others, reduced in the ECAB-14 group immediately after therapy (point II). At the
same time, the abundance of these bacteria was stable among patients from the ECAB-Z-14
group. These data support the protective role of butyrate and inulin. Compared with the
initial point, 17 total species differed at time point III in the ECAB-14 group. Eubacterium
rectale, which is able to degrade food-derived inulin to produce SCFAs [59], was the only
species that significantly increased in the ECAB-Z-14 group compared with the initial point.
Additionally, this bacterium produces endotoxin, which regulates the NF-kB immune
response in normal colonocytes [60]. Thus, elevated levels of E. rectale can be considered
potential markers of improved health.

There are limited data in the literature concerning the effects of H. pylori eradication
therapy on the functional potential of the gut microbiota using whole-genome sequencing
methods. For example, Oh B. et al. (2016) studied the impacts of probiotic supplementation
(Medilac-S; Streptococcus fecium 9 × 108, Bacillus subtilis 1 × 108) on the structure and
functional changes of the gut microbiota after H. pylori eradication (clarithromycin 500 mg,
amoxicillin 1000 mg, and lansoprazole 30 mg twice a day, for 14 days) using whole-
metagenomic sequence analysis [16]. In total, six patients aged 44 to 55 years were included
in the study; the control group (H. pylori eradication without a probiotic supplementation)
contained three patients. The relative abundance of functional genes differed between the
triple eradication therapy and probiotic supplement groups after therapy [16].

Notably, we found that exposure to the H. pylori eradication therapy affected the func-
tional potential of gut microbiota in both studied groups. However, the most pronounced
changes were observed during conventional eradication therapy (ECAB-14) immediately
after the end of treatment, with a tendency to return to initial levels one month after eradi-
cation therapy. Moreover, the abundance of genes responsible for the metabolic pathway
associated with butyrate production (CENTFERM-PWY: pyruvate fermentation to bu-
tanoate) decreased only in the ECAB-14 treatment group. This result suggests that butyric
acid+inulin supplements could minimize the potentially hazardous effects of antibiotics on
the gut microbiome.

Although several studies have investigated the negative impacts of antibiotic expo-
sure on the abundance of antibiotic resistant genes in the human gut, there are limited
data that concern how H. pylori eradication influences the presence and prevalence of
antibiotic resistant genes in the gut. The results of a study by Wang L. et al. (2022) ob-
served dynamic alterations in the gut microbiota and abundance of antibiotic resistant
genes induced by different regimens of eradication therapy (clarithromycin-based triple
therapy, levofloxacin-based quadruple therapy, etc.) [15]. The most pronounced changes
were observed in levofloxacin-containing quadruple therapy, which led to alterations of
the tetracycline, macrolide-lincosamide-streptogramin, beta-lactam, aminoglycoside, and
multidrug resistant antibiotic resistance gene classes. Compared with the baseline, the
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relative abundance of fluoroquinolone and multidrug and trimethoprim resistant genes
significantly increased at 6 weeks and were restored 6 months after eradication [15]. Fur-
thermore, certain microbial resistome profiles, such as ermB, which confers macrolide and
tetQ gene resistance to tetracycline, were enhanced after H. pylori eradication therapy [1,61].

The results of our study generally align with those in the above-mentioned literature.
The prevalence of antibiotic resistant genes in the gut microbiota increased significantly in
both treatment groups by the end of the treatment. However, more severe alterations were
observed in the ECAB-14 treatment group using the associated genes, with resistance to
β-lactams, aminoglycosides, fluoroquinolones, macrolides, and glycopeptides found to be
the most prevalent.

In the case of H. pylori eradication therapy supplemented with butyric acid+inulin,
compared with ECAB-14 eradication therapy, we observed less-pronounced changes in
the taxonomic composition, functional potential of the gut microbiota, and gut resistome
immediately after, and one month after completion of eradication treatment. A trend of
returning to the baseline state was noted during the follow-up period. This phenomenon
was more positive and noticeable in the case of treatments adjusted with the butyric
acid+inulin supplement (ECAB-Z-14 treatment group). Thus, the combination of prebiotic
(inulin) and incapsulated metabiotic (butyric acid) can serve as an effective alternative to
conventional probiotics due to the ability of this combination to recover homeostasis of the
intestinal microbiota after antibiotic intake.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms12020319/s1, Table S1: Taxonomy;
Table S2: Functions; Table S3: ABR_genes.

Author Contributions: Conceptualization, S.A.; Methodology, S.A. and T.G.; Validation, M.M.;
Formal analysis, M.M., M.S. and D.K.; Investigation, S.A., D.S. and R.A.; Resources, S.A., R.A. and
T.G.; Data curation, M.S., D.K. and T.G.; Writing—original draft preparation, M.M. and D.S.; Writing—
review and editing, S.A., R.A. and T.G.; Visualization, M.M.; Project administration, S.A., R.A. and
T.G.; Funding acquisition, T.G. and S.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a subsidy allocated to the Kazan Federal University for the
implementation of the state assignment in the field of scientific activity (project No. FZSM-2023-0013).

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author. Raw
reads in the fastq format were deposited in the NCBI SRA under accession number PRJNA1063508
(https://www.ncbi.nlm.nih.gov/bioproject/1063508, accessed on 15 January 2024).

Acknowledgments: The work was carried out using equipment at the Interdisciplinary Center
for Collective Use of Kazan Federal University within the framework of the Strategic Academic
Leadership Program of the Kazan Federal University (PRIORITY-2030).

Conflicts of Interest: The authors confirm that there are no known conflicts of interest associated
with this publication, and there has been no significant financial support for this work that could
have influenced its outcome. The authors confirm that the manuscript has been read and approved
by all named authors and that there are no other persons who satisfied the criteria for authorship but
are not listed. The authors further confirm that the order of authors listed in the manuscript has been
approved by all of authors.

References
1. Malfertheiner, P.; Megraud, F.; Rokkas, T.; Gisbert, J.P.; Liou, J.-M.; Schulz, C.; Gasbarrini, A.; Hunt, R.H.; Leja, M.; O’Morain, C.

Management of Helicobacter pylori Infection: The Maastricht VI/Florence Consensus Report. Gut 2022, 71, 1724–1762. [CrossRef]
[PubMed]

2. Sugano, K.; Tack, J.; Kuipers, E.J.; Graham, D.Y.; El-Omar, E.M.; Miura, S.; Haruma, K.; Asaka, M.; Uemura, N.; Malfertheiner, P.
Kyoto Global Consensus Report on Helicobacter pylori Gastritis. Gut 2015, 64, 1353–1367. [CrossRef] [PubMed]

3. Chey, W.D.; Leontiadis, G.I.; Howden, C.W.; Moss, S.F. ACG Clinical Guideline: Treatment of Helicobacter pylori Infection. Off. J.
Am. Coll. Gastroenterol. ACG 2017, 112, 212–239. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms12020319/s1
https://www.ncbi.nlm.nih.gov/bioproject/1063508
https://doi.org/10.1136/gutjnl-2022-327745
https://www.ncbi.nlm.nih.gov/pubmed/35944925
https://doi.org/10.1136/gutjnl-2015-309252
https://www.ncbi.nlm.nih.gov/pubmed/26187502
https://doi.org/10.1038/ajg.2016.563
https://www.ncbi.nlm.nih.gov/pubmed/28071659


Microorganisms 2024, 12, 319 15 of 17

4. Ivashkin, V.T.; Lapina, T.L.; Maev, I.V.; Drapkina, O.M.; Kozlov, R.S.; Sheptulin, A.A.; Trukhmanov, A.S.; Abdulkhakov, S.R.;
Alekseeva, O.P.; Alekseenko, S.A.; et al. Clinical Practice Guidelines of Russian Gastroenterological Association, Scientific Society
for the Clinical Study of Human Microbiome, Russian Society for the Prevention of Non-Communicable Diseases, Interregional
Association for Clinical Microbiology and Antimicrobial Chemotherapy for H. pylori Diagnostics and Treatment in Adults. Russ.
J. Gastroenterol. Hepatol. Coloproctol. 2022, 32, 72–93. [CrossRef]

5. IARC; WHO. Helicobacter pylori Eradication as a Strategy for Preventing Gastric Cancer in 1994; International Agency for Research on
Cancer: Lyon, France; World Health Organisation: Geneva, Switzerland, 2014; Available online: https://www.iarc.fr/en/media-
centre/pr/2014/pdfs/pr227_E.pdf/ (accessed on 9 December 2023).

6. Kamada, T.; Kurose, H.; Yamanaka, Y.; Manabe, N.; Kusunoki, H.; Shiotani, A.; Inoue, K.; Hata, J.; Matsumoto, H.; Akiyama, T.
Relationship between Gastroesophageal Junction Adenocarcinoma and Helicobacter pylori Infection in Japan. Digestion 2012, 85,
256–260. [CrossRef]

7. Wong, B.C.-Y.; Lam, S.K.; Wong, W.M.; Chen, J.S.; Zheng, T.T.; Feng, R.E.; Lai, K.C.; Hu, W.H.C.; Yuen, S.T.; Leung, S.Y. Helicobacter
pylori Eradication to Prevent Gastric Cancer in a High-Risk Region of China: A Randomized Controlled Trial. JAMA 2004, 291,
187–194. [CrossRef]

8. Rugge, M.; Genta, R.M.; Graham, D.Y.; Di Mario, F.; Coelho, L.G.V.; Kim, N.; Malfertheiner, P.; Sugano, K.; Tsukanov, V.; Correa, P.
Chronicles of a Cancer Foretold: 35 Years of Gastric Cancer Risk Assessment. Gut 2016, 65, 721–725. [CrossRef]

9. Wang, J.; Xu, L.; Shi, R.; Huang, X.; Li, S.W.H.; Huang, Z.; Zhang, G. Gastric Atrophy and Intestinal Metaplasia before and after
Helicobacter pylori Eradication: A Meta-Analysis. Digestion 2011, 83, 253–260. [CrossRef]

10. Guo, Y.; Zhang, Y.; Gerhard, M.; Gao, J.-J.; Mejias-Luque, R.; Zhang, L.; Vieth, M.; Ma, J.-L.; Bajbouj, M.; Suchanek, S. Effect of
Helicobacter pylori on Gastrointestinal Microbiota: A Population-Based Study in Linqu, a High-Risk Area of Gastric Cancer. Gut
2020, 69, 1598–1607. [CrossRef]

11. Zhou, Y.; Ye, Z.; Lu, J.; Miao, S.; Lu, X.; Sun, H.; Wu, J.; Wang, Y.; Huang, Y. Long-term Changes in the Gut Microbiota after 14-day
Bismuth Quadruple Therapy in Penicillin-allergic Children. Helicobacter 2020, 25, e12721. [CrossRef]

12. Hsu, P.; Pan, C.; Kao, J.Y.; Tsay, F.; Peng, N.; Kao, S.; Wang, H.; Tsai, T.; Wu, D.; Chen, C. Helicobacter pylori Eradication with
Bismuth Quadruple Therapy Leads to Dysbiosis of Gut Microbiota with an Increased Relative Abundance of Proteobacteria and
Decreased Relative Abundances of Bacteroidetes and Actinobacteria. Helicobacter 2018, 23, e12498. [CrossRef]

13. Liou, J.-M.; Chen, C.-C.; Chang, C.-M.; Fang, Y.-J.; Bair, M.-J.; Chen, P.-Y.; Chang, C.-Y.; Hsu, Y.-C.; Chen, M.-J.; Chen, C.-C.
Long-Term Changes of Gut Microbiota, Antibiotic Resistance, and Metabolic Parameters after Helicobacter pylori Eradication: A
Multicentre, Open-Label, Randomised Trial. Lancet Infect. Dis. 2019, 19, 1109–1120. [CrossRef] [PubMed]

14. Hsu, P.; Pan, C.; Kao, J.Y.; Tsay, F.; Peng, N.; Kao, S.; Chen, Y.; Tsai, T.; Wu, D.; Tsai, K. Short-term and Long-term Impacts of
Helicobacter pylori Eradication with Reverse Hybrid Therapy on the Gut Microbiota. J. Gastroenterol. Hepatol. 2019, 34, 1968–1976.
[CrossRef] [PubMed]

15. Wang, L.; Yao, H.; Tong, T.; Lau, K.; Leung, S.Y.; Ho, J.W.K.; Leung, W.K. Dynamic Changes in Antibiotic Resistance Genes and
Gut Microbiota after Helicobacter pylori Eradication Therapies. Helicobacter 2022, 27, e12871. [CrossRef] [PubMed]

16. Oh, B.; Kim, J.W.; Kim, B. Changes in the Functional Potential of the Gut Microbiome Following Probiotic Supplementation
during Helicobacter pylori Treatment. Helicobacter 2016, 21, 493–503. [CrossRef] [PubMed]

17. Olekhnovich, E.I.; Manolov, A.I.; Samoilov, A.E.; Prianichnikov, N.A.; Malakhova, M.V.; Tyakht, A.V.; Pavlenko, A.V.; Babenko,
V.V.; Larin, A.K.; Kovarsky, B.A. Shifts in the Human Gut Microbiota Structure Caused by Quadruple Helicobacter pylori Eradication
Therapy. Front. Microbiol. 2019, 10, 1902. [CrossRef] [PubMed]

18. Khusnutdinova, D.; Grigoryeva, T.; Abdulkhakov, S.; Safina, D.; Siniagina, M.; Markelova, M.; Boulygina, E.; Malanin, S.; Tyakht,
A.; Kovarsky, B. Gut Microbiome Shotgun Sequencing in Assessment of Microbial Community Changes Associated with H. Pylori
Eradication Therapy. Bionanoscience 2016, 6, 585–587. [CrossRef]

19. Butorova, L.I.; Ardatskaya, M.D.; Osadchuk, M.A.; Kadnikova, N.G.; Lukianova, E.I.; Plavnik, R.G.; Sayutina, E.V.; Topchiy,
T.B.; Tuayeva, E.M. Comparison of Clinical-Metabolic Efficacy of Pre- and Probiotics in the Conducted Optimized Protocols of
Eradication Therapy of Helicobacter pylori Infection. Ter. Arkhiv 2020, 92, 64–69. [CrossRef] [PubMed]

20. Ianiro, G.; Bibbo, S.; Gasbarrini, A.; Cammarota, G. Therapeutic Modulation of Gut Microbiota: Current Clinical Applications and
Future Perspectives. Curr. Drug Targets 2014, 15, 762–770. [CrossRef]

21. Ianiro, G.; Tilg, H.; Gasbarrini, A. Antibiotics as Deep Modulators of Gut Microbiota: Between Good and Evil. Gut 2016, 65,
gutjnl-2016. [CrossRef]

22. Chen, L.; Xu, W.; Lee, A.; He, J.; Huang, B.; Zheng, W.; Su, T.; Lai, S.; Long, Y.; Chu, H. The Impact of Helicobacter pylori Infection,
Eradication Therapy and Probiotic Supplementation on Gut Microenvironment Homeostasis: An Open-Label, Randomized
Clinical Trial. EBioMedicine 2018, 35, 87–96. [CrossRef] [PubMed]

23. Cárdenas, P.A.; Garcés, D.; Prado-Vivar, B.; Flores, N.; Fornasini, M.; Cohen, H.; Salvador, I.; Cargua, O.; Baldeón, M.E. Effect of
Saccharomyces Boulardii CNCM I-745 as Complementary Treatment of Helicobacter pylori Infection on Gut Microbiome. Eur. J.
Clin. Microbiol. Infect. Dis. 2020, 39, 1365–1372. [CrossRef] [PubMed]

24. Tang, B.; Tang, L.; Huang, C.; Tian, C.; Chen, L.; He, Z.; Yang, G.; Zuo, L.; Zhao, G.; Liu, E. The Effect of Probiotics Supplementation
on Gut Microbiota after Helicobacter pylori Eradication: A Multicenter Randomized Controlled Trial. Infect. Dis. Ther. 2021, 10,
317–333. [CrossRef] [PubMed]

https://doi.org/10.22416/1382-4376-2022-32-6-72-93
https://www.iarc.fr/en/media-centre/pr/2014/pdfs/pr227_E.pdf/
https://www.iarc.fr/en/media-centre/pr/2014/pdfs/pr227_E.pdf/
https://doi.org/10.1159/000336352
https://doi.org/10.1001/jama.291.2.187
https://doi.org/10.1136/gutjnl-2015-310846
https://doi.org/10.1159/000280318
https://doi.org/10.1136/gutjnl-2019-319696
https://doi.org/10.1111/hel.12721
https://doi.org/10.1111/hel.12498
https://doi.org/10.1016/S1473-3099(19)30272-5
https://www.ncbi.nlm.nih.gov/pubmed/31559966
https://doi.org/10.1111/jgh.14736
https://www.ncbi.nlm.nih.gov/pubmed/31115933
https://doi.org/10.1111/hel.12871
https://www.ncbi.nlm.nih.gov/pubmed/34969161
https://doi.org/10.1111/hel.12306
https://www.ncbi.nlm.nih.gov/pubmed/26991862
https://doi.org/10.3389/fmicb.2019.01902
https://www.ncbi.nlm.nih.gov/pubmed/31507546
https://doi.org/10.1007/s12668-016-0285-y
https://doi.org/10.26442/00403660.2020.04.000647
https://www.ncbi.nlm.nih.gov/pubmed/32598700
https://doi.org/10.2174/1389450115666140606111402
https://doi.org/10.1136/gutjnl-2016-312297
https://doi.org/10.1016/j.ebiom.2018.08.028
https://www.ncbi.nlm.nih.gov/pubmed/30145102
https://doi.org/10.1007/s10096-020-03854-3
https://www.ncbi.nlm.nih.gov/pubmed/32125555
https://doi.org/10.1007/s40121-020-00372-9
https://www.ncbi.nlm.nih.gov/pubmed/33270205


Microorganisms 2024, 12, 319 16 of 17

25. Yang, C.; Liang, L.; Lv, P.; Liu, L.; Wang, S.; Wang, Z.; Chen, Y. Effects of Non-viable Lactobacillus Reuteri Combining with 14-day
Standard Triple Therapy on Helicobacter pylori Eradication: A Randomized Double-blind Placebo-controlled Trial. Helicobacter
2021, 26, e12856. [CrossRef] [PubMed]

26. Yuan, Z.; Xiao, S.; Li, S.; Suo, B.; Wang, Y.; Meng, L.; Liu, Z.; Yin, Z.; Xue, Y.; Zhou, L. The Impact of Helicobacter pylori Infection,
Eradication Therapy, and Probiotics Intervention on Gastric Microbiota in Young Adults. Helicobacter 2021, 26, e12848. [CrossRef]

27. Nabavi-Rad, A.; Sadeghi, A.; Asadzadeh Aghdaei, H.; Yadegar, A.; Smith, S.M.; Zali, M.R. The Double-Edged Sword of Probiotic
Supplementation on Gut Microbiota Structure in Helicobacter pylori Management. Gut Microbes 2022, 14, 2108655. [CrossRef]

28. Biswas, I.; Mohapatra, P.K. Das Recent Advancement in Metabiotics: A Consortium with Bioactive Molecules after Fermentation
by Probiotic Bacteria with Multidisciplinary Application Potential and Future Solution in Health Sector. Bioresour. Technol. Rep.
2023, 23, 101583. [CrossRef]

29. Sharma, M.; Shukla, G. Metabiotics: One Step Ahead of Probiotics; an Insight into Mechanisms Involved in Anticancerous Effect
in Colorectal Cancer. Front. Microbiol. 2016, 7, 1940. [CrossRef]

30. Yang, N.; Lan, T.; Han, Y.; Zhao, H.; Wang, C.; Xu, Z.; Chen, Z.; Tao, M.; Li, H.; Song, Y. Tributyrin Alleviates Gut Microbiota
Dysbiosis to Repair Intestinal Damage in Antibiotic-Treated Mice. PLoS ONE 2023, 18, e0289364. [CrossRef]

31. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; Van Harsselaar, J. Short
Chain Fatty Acids in Human Gut and Metabolic Health. Benef. Microbes 2020, 11, 411–455. [CrossRef]

32. Morrison, D.J.; Preston, T. Formation of Short Chain Fatty Acids by the Gut Microbiota and Their Impact on Human Metabolism.
Gut Microbes 2016, 7, 189–200. [CrossRef]

33. Huang, C.; Song, P.; Fan, P.; Hou, C.; Thacker, P.; Ma, X. Dietary Sodium Butyrate Decreases Postweaning Diarrhea by Modulating
Intestinal Permeability and Changing the Bacterial Communities in Weaned Piglets. J. Nutr. 2015, 145, 2774–2780. [CrossRef]

34. Mowat, A.M.; Agace, W.W. Regional Specialization within the Intestinal Immune System. Nat. Rev. Immunol. 2014, 14, 667–685.
[CrossRef] [PubMed]

35. Meijer, K.; de Vos, P.; Priebe, M.G. Butyrate and Other Short-Chain Fatty Acids as Modulators of Immunity: What Relevance for
Health? Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 715–721. [CrossRef] [PubMed]

36. Singh, A.; Vishwakarma, V.; Singhal, B. Metabiotics: The Functional Metabolic Signatures of Probiotics: Current State-of-Art and
Future Research Priorities—Metabiotics: Probiotics Effector Molecules. Adv. Biosci. Biotechnol. 2018, 9, 147–189. [CrossRef]

37. Tang, T.W.H.; Chen, H.-C.; Chen, C.-Y.; Yen, C.Y.T.; Lin, C.-J.; Prajnamitra, R.P.; Chen, L.-L.; Ruan, S.-C.; Lin, J.-H.; Lin, P.-J. Loss of
Gut Microbiota Alters Immune System Composition and Cripples Postinfarction Cardiac Repair. Circulation 2019, 139, 647–659.
[CrossRef] [PubMed]

38. Schropp, N.; Stanislas, V.; Michels, K.B.; Thriene, K. How Do Prebiotics Affect Human Intestinal Bacteria?—Assessment of
Bacterial Growth with Inulin and XOS In Vitro. Int. J. Mol. Sci. 2023, 24, 12796. [CrossRef] [PubMed]

39. Kruse, H.-P.; Kleessen, B.; Blaut, M. Effects of Inulin on Faecal Bifidobacteria in Human Subjects. Br. J. Nutr. 1999, 82, 375–382.
[CrossRef] [PubMed]

40. Kolida, S.; Tuohy, K.; Gibson, G.R. Prebiotic Effects of Inulin and Oligofructose. Br. J. Nutr. 2002, 87, S193–S197. [CrossRef]
[PubMed]

41. Vandeputte, D.; Kathagen, G.; D’hoe, K.; Vieira-Silva, S.; Valles-Colomer, M.; Sabino, J.; Wang, J.; Tito, R.Y.; De Commer, L.; Darzi,
Y. Quantitative Microbiome Profiling Links Gut Community Variation to Microbial Load. Nature 2017, 551, 507–511. [CrossRef]

42. da Silva, T.F.; Casarotti, S.N.; de Oliveira, G.L.V.; Penna, A.L.B. The Impact of Probiotics, Prebiotics, and Synbiotics on the
Biochemical, Clinical, and Immunological Markers, as Well as on the Gut Microbiota of Obese Hosts. Crit. Rev. Food Sci. Nutr.
2021, 61, 337–355. [CrossRef]

43. Amabebe, E.; Robert, F.O.; Agbalalah, T.; Orubu, E.S.F. Microbial Dysbiosis-Induced Obesity: Role of Gut Microbiota in
Homoeostasis of Energy Metabolism. Br. J. Nutr. 2020, 123, 1127–1137. [CrossRef]

44. Le Bastard, Q.; Chapelet, G.; Javaudin, F.; Lepelletier, D.; Batard, E.; Montassier, E. The Effects of Inulin on Gut Microbial
Composition: A Systematic Review of Evidence from Human Studies. Eur. J. Clin. Microbiol. Infect. Dis. 2020, 39, 403–413.
[CrossRef]

45. Jung, T.-H.; Jeon, W.-M.; Han, K.-S. In Vitro Effects of Dietary Inulin on Human Fecal Microbiota and Butyrate Production. J.
Microbiol. Biotechnol. 2015, 25, 1555–1558. [CrossRef]

46. Nista, E.C.; Candelli, M.; Finizio, R.; Cazzato, A.; Sparano, L.; Cammarota, G.; Gasbarrini, G.; Gasbarrini, A. Effect of Butyric Acid
and Inulin Supplementation on Side Effects of Anti-H. Pylori Therapy: Preliminary Data. Dig. Liver Dis. 2006, 38, S72. [CrossRef]

47. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 9 December 2023).

48. Langmead, B.; Salzberg, S.L. Fast Gapped-Read Alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
49. Truong, D.T.; Franzosa, E.A.; Tickle, T.L.; Scholz, M.; Weingart, G.; Pasolli, E.; Tett, A.; Huttenhower, C.; Segata, N. MetaPhlAn2

for Enhanced Metagenomic Taxonomic Profiling. Nat. Methods 2015, 12, 902–903. [CrossRef] [PubMed]
50. Beghini, F.; McIver, L.J.; Blanco-Míguez, A.; Dubois, L.; Asnicar, F.; Maharjan, S.; Mailyan, A.; Manghi, P.; Scholz, M.; Thomas,

A.M. Integrating Taxonomic, Functional, and Strain-Level Profiling of Diverse Microbial Communities with BioBakery 3. Elife
2021, 10, e65088. [CrossRef] [PubMed]

51. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic
Features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

https://doi.org/10.1111/hel.12856
https://www.ncbi.nlm.nih.gov/pubmed/34628695
https://doi.org/10.1111/hel.12848
https://doi.org/10.1080/19490976.2022.2108655
https://doi.org/10.1016/j.biteb.2023.101583
https://doi.org/10.3389/fmicb.2016.01940
https://doi.org/10.1371/journal.pone.0289364
https://doi.org/10.3920/BM2020.0057
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.3945/jn.115.217406
https://doi.org/10.1038/nri3738
https://www.ncbi.nlm.nih.gov/pubmed/25234148
https://doi.org/10.1097/MCO.0b013e32833eebe5
https://www.ncbi.nlm.nih.gov/pubmed/20823773
https://doi.org/10.4236/abb.2018.94012
https://doi.org/10.1161/CIRCULATIONAHA.118.035235
https://www.ncbi.nlm.nih.gov/pubmed/30586712
https://doi.org/10.3390/ijms241612796
https://www.ncbi.nlm.nih.gov/pubmed/37628977
https://doi.org/10.1017/S0007114599001622
https://www.ncbi.nlm.nih.gov/pubmed/10673910
https://doi.org/10.1079/BJN/2002537
https://www.ncbi.nlm.nih.gov/pubmed/12088518
https://doi.org/10.1038/nature24460
https://doi.org/10.1080/10408398.2020.1733483
https://doi.org/10.1017/S0007114520000380
https://doi.org/10.1007/s10096-019-03721-w
https://doi.org/10.4014/jmb.1505.05078
https://doi.org/10.1016/S1590-8658(06)80187-8
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/nmeth.3589
https://www.ncbi.nlm.nih.gov/pubmed/26418763
https://doi.org/10.7554/eLife.65088
https://www.ncbi.nlm.nih.gov/pubmed/33944776
https://doi.org/10.1093/bioinformatics/btt656
https://www.ncbi.nlm.nih.gov/pubmed/24227677


Microorganisms 2024, 12, 319 17 of 17

52. Alcock, B.P.; Raphenya, A.R.; Lau, T.T.Y.; Tsang, K.K.; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V.; Cheng, A.A.;
Liu, S. CARD 2020: Antibiotic Resistome Surveillance with the Comprehensive Antibiotic Resistance Database. Nucleic Acids Res.
2020, 48, D517–D525. [CrossRef] [PubMed]

53. Guillemard, E.; Poirel, M.; Schäfer, F.; Quinquis, L.; Rossoni, C.; Keicher, C.; Wagner, F.; Szajewska, H.; Barbut, F.; Derrien, M. A
Randomised, Controlled Trial: Effect of a Multi-Strain Fermented Milk on the Gut Microbiota Recovery after Helicobacter pylori
Therapy. Nutrients 2021, 13, 3171. [CrossRef] [PubMed]

54. Quin, C.; Estaki, M.; Vollman, D.M.; Barnett, J.A.; Gill, S.K.; Gibson, D.L. Probiotic Supplementation and Associated Infant Gut
Microbiome and Health: A Cautionary Retrospective Clinical Comparison. Sci. Rep. 2018, 8, 8283. [CrossRef] [PubMed]

55. Guilloteau, P.; Martin, L.; Eeckhaut, V.; Ducatelle, R.; Zabielski, R.; Van Immerseel, F. From the Gut to the Peripheral Tissues: The
Multiple Effects of Butyrate. Nutr. Res. Rev. 2010, 23, 366–384. [CrossRef] [PubMed]

56. Kumar, S.A.; Ward, L.C.; Brown, L. Inulin Oligofructose Attenuates Metabolic Syndrome in High-Carbohydrate, High-Fat
Diet-Fed Rats. Br. J. Nutr. 2016, 116, 1502–1511. [CrossRef]

57. De Cossio, L.F.; Fourrier, C.; Sauvant, J.; Everard, A.; Capuron, L.; Cani, P.D.; Layé, S.; Castanon, N. Impact of Prebiotics on
Metabolic and Behavioral Alterations in a Mouse Model of Metabolic Syndrome. Brain Behav. Immun. 2017, 64, 33–49. [CrossRef]
[PubMed]

58. Sheng, W.; Ji, G.; Zhang, L. Immunomodulatory Effects of Inulin and Its Intestinal Metabolites. Front. Immunol. 2023, 14, 1224092.
[CrossRef] [PubMed]

59. Moens, F.; De Vuyst, L. Inulin-Type Fructan Degradation Capacity of Clostridium Cluster IV and XIVa Butyrate-Producing Colon
Bacteria and Their Associated Metabolic Outcomes. Benef. Microbes 2017, 8, 473–490. [CrossRef]

60. Wang, Y.; Wan, X.; Wu, X.; Zhang, C.; Liu, J.; Hou, S. Eubacterium rectale Contributes to Colorectal Cancer Initiation via Promoting
Colitis. Gut Pathog. 2021, 13, 2. [CrossRef]

61. Ye, L.; Chan, E.W.C.; Chen, S. Selective and Suppressive Effects of Antibiotics on Donor and Recipient Bacterial Strains in Gut
Microbiota Determine Transmission Efficiency of Bla NDM-1-Bearing Plasmids. J. Antimicrob. Chemother. 2019, 74, 1867–1875.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkz935
https://www.ncbi.nlm.nih.gov/pubmed/31665441
https://doi.org/10.3390/nu13093171
https://www.ncbi.nlm.nih.gov/pubmed/34579049
https://doi.org/10.1038/s41598-018-26423-3
https://www.ncbi.nlm.nih.gov/pubmed/29844409
https://doi.org/10.1017/S0954422410000247
https://www.ncbi.nlm.nih.gov/pubmed/20937167
https://doi.org/10.1017/S0007114516003627
https://doi.org/10.1016/j.bbi.2016.12.022
https://www.ncbi.nlm.nih.gov/pubmed/28027925
https://doi.org/10.3389/fimmu.2023.1224092
https://www.ncbi.nlm.nih.gov/pubmed/37638034
https://doi.org/10.3920/BM2016.0142
https://doi.org/10.1186/s13099-020-00396-z
https://doi.org/10.1093/jac/dkz137

	Introduction 
	Materials and Methods 
	Study Design 
	Metagenomic Sequencing and Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Diversity and Compositional Analysis 
	Analysis of the Taxonomic Composition of the Gut Microbiota 
	Functional Analysis 
	Gut Resistome Analysis 

	Discussion 
	References

