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The gut microbiota has an important role in different physiological functions, exerting
effects from energy metabolism to psychiatric well-being. Several factors alter the gut
microbiota, indeed altering the quality of health. The gut microbiota dysbiosis has been
related to an increased susceptibility to intestinal, cardiovascular and nervous pathologies.
This Special Issue focusing on “New perspectives in Health: Gut Microbiota” aims to cover
recent and novel advancements, as well as future trends in the field of gut microbiota and
health, given that more research is required to elucidate the role of microbiota, its outcomes
in health, diseases and the pathways which are involved.

Topics addressed in this Special Issue include the influence of gut microbiota in several
health diseases such as cancer, fibromyalgia or multiple sclerosis, as well as the development
of new methods to analyze fecal samples or to detect probiotic bacterias, including different
types of manuscripts such as clinical trials, reviews or observational studies. Twelve papers
were published, covering different aspects of gut microbiota and health.

Two papers are clinical trials focused on the modulatory effects of probiotics in gut
microbiota. The first one proved that a multispecies probiotic is effective to produce an im-
provement in attention in fibromyalgia [1]. The second one showed that combined strategy
of a hypocaloric diet, percutaneous electrical stimulation and probiotics administration
promoted a positive influence on anti-obesogenic gut bacteria by increasing muconutritive
(Akkermansia muciniphila) and immunomodulatory (Bifidobacterium spp.) microbiota and
Bacteroidetes phylum (Prevotella spp.) and reducing the ratio of Firmicutes/Bacteroidetes
ratio [2]. On the topic of probiotics, a published systematic review in this Special Issue has
shown that some probiotic strains (Lactobacillus acidophilus, L. casei, Bifidobacterium longum,
or L. rhamnosus, among others) are an effective therapeutic strategy in some common
treatment-related side effects in adult oncology patients [3]. In this context, it is important
to elucidate which probiotic species has the best capability for withstand, thus, one study
of this Special Issue compares five strains of probiotic (Bifidobacterium BB-12, Lactobacillus
rhamnosus GG, L. casei, L. acidophilus, L. plantarum) and concludes that the L. plantarum strain
had the best capability for growth [4].

Diet is an important modulator of gut microbiota so there are several papers in the
Special Issue about this topic. One of them showed gut microbial and fatty acids changes
after the ingestion of isoflavones, contributing to the understanding of the modulation of the
gut microorganisms. Specifically, after isoflavone supplementation, the abundance of the
genera Slackia significantly increased and the fecal microbial communities of menopausal
women equol producers were more like no producers [5]. In fact, diet also plays an
important role in multiple sclerosis, in which dysbiosis has been detected in relapsing–
remitting patients receiving disease-modifying therapies. This gut microbiota alteration
could be involved in increased intestinal permeability and affect clinical response and
disease progression [6]. Related to the diet, the systematic review published about the
effects of Titanium dioxide (TiO2) revealed that TiO2 alters the composition and the activity
of intestinal bacteria. In addition, this food additive used in pastries, sweets and sauces,
promoting an inflammatory environment in the gut and immune responses in animals
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with colitis or obesity [7]. In the same line, casomorphins from dairy and gliadorphin
peptides from cereals produce intestinal inflammation and permeability, as well altered gut
microbiota via opioid receptors, point to the importance to the vigilance to food-derived
opioids [8].

One study protocol was also published in this Special Issue. This prospective study
with 44 patients with Crohn’s disease with anti-TNFα treatment will provide additional
evidence regarding potential non-invasive tools such as microbiota-based biomarkers to
improve clinical management of these patients [9]. In this context, the development of new
techniques of stool recollection such us a low-cost at-home stool collection kit for rural or
low-resource settings are relevant [10].

Two review papers complete this Special Issue. The first one reviewed the relationship
between nicotine receptors and gut microbiota, showing that the control of gut inflamma-
tion through α7 and α9 nAChRs, the vagus nerve, and the cholinergic anti-inflammatory
pathway is fundamental [11]. The second one points to the relevance of gut microbiota
in both osteoporosis (OP) and food allergy (FA). The disbyosis observed in these diseases
causes the development of an important inflammatory substrate in the intestine, which
leads to FA and the loss of estrogen typical of primary OP [12].

Overall, these 12 contributions published in this Special Issue further strengthen the
essential function of gut microbiota in health and in various diseases. However, there are
still many fundamental questions that remain unanswered, promising a great future for
this field. Therefore, more research is necessary, and a second edition about this topic is
proposed. Finally, the Guest Editors would like to sincerely thank all the authors for their
valuable contributions.
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Abstract: Fibromyalgia syndrome (FMS) is a chronic, generalized and diffuse pain disorder accom-
panied by cognitive deficits such as forgetfulness, concentration difficulties, loss of vocabulary and
mental slowness, among others. In recent years, FMS has been associated with altered intestinal
microbiota, suggesting that modulating gut microbiota (for example, through probiotics) could be an
effective therapeutic treatment. Thus, the aim of the present study was to continue exploring the role
of probiotics in cognitive processes in patients with FMS. A pilot randomized controlled trial was
conducted in 31 patients diagnosed with FMS to compare the effects of a multispecies probiotic versus
a placebo on cognitive variables (memory and attention) after eight weeks. Results showed that
treatment with a multispecies probiotic produced an improvement in attention by reducing errors on
an attention task, but it had no effect on memory. More specifically, a tendency to reduce errors of
omission (Go trials) during the Go/No-Go Task was observed after treatment. These findings, along
with our previous results in impulsivity, underline the relevance of using probiotics as a therapeutic
option in FMS, although more research with a larger sample size is required.

Keywords: probiotics; memory; attention; microbiota; gut–brain axis; gastrointestinal
microbiome; fibromyalgia

1. Introduction

Fibromyalgia syndrome (FMS) is a chronic, generalized and diffuse pain disorder
accompanied by symptoms such as morning stiffness, fatigue, depression and sleeping
disorders [1]. Another prevalent complaint is cognitive deficits such as forgetfulness, con-
centration difficulties, loss of vocabulary and mental slowness, among others [2,3]. Some
previous research found that FMS patients show poor performance in some executive func-
tions [4], such as concentration, working memory deficits [5] and reduced ability to inhibit
irrelevant information [6], as well as low cognitive flexibility and poor decision-making [4].
Likewise, in these patients, there is also less brain activation in the cortical structures
of the inhibition network (specifically in the areas involved in response selection/motor
preparation) and the attention network [7].

Recently, FMS has been associated with altered intestinal microbiota [8], as well as with
chronic widespread musculoskeletal pain, a symptom of FMS which has shown reduced
diversity in the microbiome, particularly of Coproccocus, indicating the involvement of the
gut microbiota [9]. The gut microbiota plays an important role in different physiological
functions, exerting effects from energy metabolism to psychiatric well-being [10]. Research
has documented lower levels of Bifidobacterium and higher levels of Enterococcus spp. in
these patients [11]. Furthermore, it has been stated that the higher the aerobic enterococcal
count, the worse the neurological and cognitive deficits, such as nervousness, memory loss,
forgetfulness and confusion [12]. This is related to the gut–brain axis pathway, which is a
bidirectional communication network between the brain and the gut microbiota that occurs
via three different pathways: neural, endocrine and immune [13]. It is worth mentioning
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that neural communication takes place through the vagus nerve and the enteric nervous
system (ENS), while endocrine communication occurs via the production of hormones
such as cortisol, and immune system communication takes place via the modulation of
cytokines [14,15]. In this context, bacterial products activate the ENS [16] and stimulate
primary afferent nerves, as well as bacterial metabolites that cause behavioral changes [17].
For these reasons, the gut–brain axis, which allows gut bacteria to affect the central nervous
system (for example, with probiotic administration), has been used as a treatment option
for a variety of health and mental disorders [18].

Probiotics are defined as live microorganisms which, when administered in adequate
amounts, confer a health benefit on the host [19]. Probiotics have been shown to specifically
catalyze oligosaccharides, increasing short-chain fatty acid (SCFA) production [20]. SCFAs
are metabolic byproducts of the anaerobic fermentation of dietary carbohydrates and some
amino acids, and they play a variety of roles in health maintenance, not only in the intestine
as an energy source that improves transit, but also in the immune system [21]. Fibromyalgia
(FM) patients have an altered composition of SCFAs, and Parabacteroides merdae increases
neurotransmitters in FMS patients, which could explain the cognitive dysfunction [22].

In fact, FMS and irritable bowel syndrome (IBS) are common co-occurring disor-
ders [23] for which modulation of the gut microbiota is a treatment strategy [24]. Moreover,
FMS is frequently associated with other immuno-rheumatic diseases, such as chronic fa-
tigue syndrome [25], which appears to improve after probiotics administration [26], or
rheumatoid arthritis, in which probiotics also improve symptoms [27]. However, even
though the gut microbiota may play a role in FMS, according to a recent systematic review,
the data are insufficient [28], and more research is required to obtain conclusive answers in
relation to the effectiveness of dietary interventions [29].

According to all of the above, changes in gut microbiota could be involved in FMS,
so modulating the gut microbiota is a therapeutic treatment that needs to be explored.
Therefore, we carried out a pilot study on the effect of multispecies probiotics on the
cognitive and emotional symptoms of FMS [30]. In the first part of this study, we showed
the beneficial effects of probiotics on impulsivity [31]. In this context, the current study
aims to continue exploring the role of probiotics in cognitive processes in patients with
FMS, specifically the effects of a multispecies probiotic on attention and memory function
in FMS patients. Given the role of gut microbiota in central nervous system functions, we
expect that oral intake of probiotics will have beneficial effects on memory and attention
in FM.

2. Materials and Methods

2.1. Study Design and Participants

This study is part of a large, double-blinded study and a parallel group design that was
registered with ClinicalTrial.gov (NCT02642289) and approved by the Human Research
Ethics Committee of the University of Almeria (Spain). The study protocol and recruitment
procedure have been previously described [30]. Fibromyalgia patients were recruited
from the Almeria Fibromyalgia Association (AFIAL—Spain) or from El Ejido Fibromyalgia
Association (AFIEL—Spain) and were diagnosed at least 1 year before entering the study
according to the criteria of the American College of Rheumatology [1,32]. Exclusion criteria
involved: (1) use of antibiotics and nutritional supplements, (2) allergies, (3) current
participation in other psychological or medical studies, (4) being pregnant or breastfeeding,
(5) severe intestinal disease and (6) meeting the criteria for psychiatric disorders other than
depression and/or anxiety. More information about the participants’ characteristics can be
found in the first part of the study [31].

2.2. Procedure

Participants were randomly assigned to the following groups: experimental (ER-
GYPHILUS Plus (Laboratorios NUTERGIA S.L., San Sebastián, Spain)), which contained
Lactobacillus rhamnosus GG, L. paracasei, L. acidophilus and Bifidobacterium bifidus (revivifica-
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tion of 6 million germs per capsule, 4 capsules per day, n = 16), or placebo (n = 15). The
placebo capsules were composed of cellulose and provided by Complementos Fitonutri-
cionales S.L. (Spain). The evaluation was performed both before the treatment (baseline)
and after 8 weeks of treatment (post-intervention). More information about the procedure
can be found in the first part of the study [31]. The duration of treatment was selected
according to similar, previous research [33,34].

The selected probiotic species have been used previously to improve functions related
to the gut–brain axis [33,35,36] and are therefore expected to be capable of attenuating the
cognitive and emotional changes caused by FMS.

2.3. Outcome Measures
2.3.1. Demographic Measures

All participants provided the following demographic and clinical information: gender,
age, FM diagnosis onset, years of formal education and body mass index (BMI). The BMI
index was calculated by dividing the weight by the square of the height.

2.3.2. Cognitive Task

All cognitive tasks, except that of digits, were processed using the computer program
E-Prime® version 2.0 (Psychology Software Tools, Pittsburgh, PA, USA).

Memory Tasks: Working Memory

Digit Task
The Digit Span Task is a subtest belonging to the Wechsler Scale of Intelligence for

Adults—WAIS [37], which measures the verbal component of working memory. It consists
of two parts: digits in direct order and digits in reverse order. In both, the experimenter
reads aloud a series of numbers (specifically, 7 pairs of sequences consisting of between
1 and 9 numbers that are incrementally increased) that the participant must repeat in the
same order (direct condition) or in reverse order (reverse condition). The test ends when
both attempts at a certain level fail.

Corsi Task
This task evaluates the spatial component of working memory. The task consists of

two blocks: direct and inverse condition, respectively. Each trial begins with the appearance
of a pattern of nine white squares on a gray background. These are colored red in a rapid
sequence of two, three... up to nine squares in the direct condition, and eight in the reverse.
After the sequence, the nine-square pattern appears again, and the participant must touch
the squares that have changed color with the mouse in the same order (direct condition) in
which this happened or in reverse order (reverse condition). Span (or capacity) memory
was calculated based on the longest sequence that each participant recalled correctly,
directly and inversely, in at least one of the two sequences. Reaction Times (RTs) of the
sequences correctly reproduced in forward and reverse order were also calculated.

Attention Tasks

Go/No-Go Task
The Go/No-Go Task is a classical paradigm to investigate inhibition control [38]. The

stimulus in this task was a rectangle presented in different corners of the screen. When
the rectangle was presented in the upper left, upper right and lower right corners of the
computer screen, these are known as Go trials, and when all the rectangles are presented in
the lower left corner, these are No-Go trials. The participants were required to press the
space bar for Go trials and not to press the space bar for No-Go trials. The error rate on
the Go conditions, or errors of omission trials, and the percentage of errors in the No-Go
conditions, or errors of commission, were analyzed. In addition, RTs obtained in Go trials
by participants were taken into account by both groups.

Stroop Task with Negative Priming (NP)

7
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This task was employed to evaluate inhibitory mechanisms and also interference
effects in the NP condition [39]. Each trial started with the presentation of a fixation point
(a cross) located in the center of the screen. Immediately afterwards, a word written in a
determinate color appeared (for example, the word BLUE written in red ink). Participants
had to press, as quickly as possible, the key that corresponded to the color of the ink in
which the word was written (red), regardless of the word’s meaning. There were four
possible colors (red, green, blue and yellow), and each was assigned to a key on the
keyboard. Congruent trials were those in which the color of the word coincided with the
color in which it was presented. Incongruent trials were those in which the color word did
not coincide with the color in which it was displayed. Trials were also coded according
to the congruency of the previous trial (N-1) in order to evaluate the NP effect for each
trial. The measures of the RTs obtained by participants in congruent and incongruent
trials were compared to calculate the Stroop effect. The negative priming effect was also
calculated by comparing the measures of the RTs obtained by participants in control trials
vs. incongruent trials.

2.4. Statistical Analyses

Statistical analyses and graphics were performed using SPSS v19.0 (SPSS, Inc., Chicago,
IL, USA) and GraphPad Prism v7.0 (GraphPad Software, La Jolla, CA, USA), respectively.
All alpha levels were set at p < 0.05. As this was a pilot study, no power analysis was
performed to predetermine sample size.

First, a descriptive analysis was performed, and the normal distribution of variables
was verified by the Kolmogorov–Smirnov test. Baseline demographics were compared
between both groups using χ2 tests for categorical data and Student’s t-tests for continuous
data. For the cognitive task, the mean scores (total and/or partial) were subjected to a
repeated-measures analysis of variance (ANOVA). In addition, the Student’s t-test was
employed to compare means between groups.

Due to technical problems, some data were missing. The exact number of participants
is indicated in each task.

3. Results

3.1. Participant Characteristics

A total of 31 patients diagnosed with FMS were allocated to the probiotic or placebo
group (Figure 1). Sociodemographic variables are shown in Table 1, which describe the
sample that participated in the study. No statistically significant differences in any of the
variables between either group (p > 0.05) were observed.

Table 1. Sociodemographic characteristics of study population.

PROBIOTIC (n = 16) PLACEBO (n = 15)

Gender (%)

Men 6.25 13.33
Women 93.75 86.67

Age 55.00 ± 8.37 50.27 ± 7.86

Years of diagnosis 8.56 ± 5.90 8.47 ± 5.80

Formal education (years) 12.75 ± 0.95 12.27 ± 1.29

BMI (kg/m2) 29.40 ± 1.64 30.23 ± 1.63
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Figure 1. Flow diagram of the progress through the phases of the pilot parallel randomized trial of two groups.

3.2. Performance on Cognitive Task
3.2.1. Memory Task

Digit Task
For each participant, the memory span (or capacity) score was calculated based on

the longest sequence that was correctly remembered, forward and reverse (see Table 2),
adding the corresponding score to all sequences answered correctly (two points were
awarded when the two attempts of the sequence were reproduced correctly and one point
when only one of them was remembered). These data were analyzed using an analysis of
variance with one inter-subject manipulated factor, group (placebo, probiotic), and two
within-subject manipulated factors, order (forward and reverse) and treatment (pre-, post-).
No effect or interaction was statistically significant (p > 0.05).

Table 2. Span of memory expressed by mean and standard error.

PLACEBO (n = 15) PROBIOTIC (n = 16)

PRE- POST- PRE- POST-

Forward 8.42 (0.48) 8.78 (0.48) 8.06 (0.54) 8.31 (0.59)
Reverse 5.35 (0.26) 5.50 (0.47) 5.56 (0.60) 5.62 (0.56)

Corsi Task
Span (or capacity) memory was calculated based on the longest sequence that each

participant recalled correctly, directly and inversely, in at least one of the two sequences
(Table 3). The average median RTs of the sequences correctly reproduced in forward and
reverse order was also calculated (Table 4). These data were analyzed using analysis of
variance with one factor manipulated between subjects, group (placebo, probiotic), and
two factors manipulated within subjects, order (forward and reverse) and treatment (pre-,
post-). No effect or interaction was statistically significant (p > 0.05).
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Table 3. Span of memory expressed by mean and standard error.

PLACEBO (n = 12) PROBIOTIC (n = 13)

PRE- POST- PRE- POST-

Forward 4.92 (337) 5.08 (37) 5.00 (311) 5.39 (288)
Reverse 4.50 (324) 4.83 (299) 5.08 (356) 4.92 (356)

Table 4. The average median of Reaction Times (RTs) expressed by mean and standard error.

PLACEBO (n = 12) PROBIOTIC (n = 13)

PRE- POST- PRE- POST-

Forward 4602 (378) 4600 (474) 3823 (362) 3839 (454)
Reverse 3998 (316) 4520 (417) 3911 (303) 3615 (399)

3.2.2. Attention Task

Go/No-Go Task
In this task, we analyzed the error rate for the Go conditions, or errors of omission

trials, the percentage of errors in the No-Go conditions, or errors of commission, and the
average of the medians of the RTs obtained in the Go trials (Table 5) by participants in both
groups. These data were analyzed using analysis of variance with one factor manipulated
between subjects, group (placebo, probiotic), and one factor manipulated within subjects,
treatment (pre-, post-). The ANOVA of errors of omission showed a marginal effect of the
interaction group x treatment (F1, 24 = 3.62; p = 0.069). Furthermore, a marginal effect of
group (F1, 24 = 3.56; p = 0.071) was observed post-treatment in the Go condition (Figure 2).
No other effect or interaction was statistically significant (p > 0.05).

Table 5. The average median of RTs expressed by mean and standard error.

PLACEBO (n = 12) PROBIOTIC (n = 14)

PRE- POST- PRE- POST-

Go trials 400 (47.3) 378 (35.7) 344 (43.8) 365 (33.1)

Figure 2. Percentage of omission errors (Go Errors) and of commission (No Go Errors) committed by participants in both
groups depending on the treatment. Error bars represent the standard error of the mean. * marginal effect of the interaction
group x treatment.

Stroop Task
In this task, the measures of the median RTs obtained by participants in congruent and

incongruent trials were compared to calculate Stroop effects. These data were analyzed
using analysis of variance with two factors manipulated between subjects, group (placebo,
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probiotic) and condition (congruent, incongruent), and one factor manipulated within
subjects, treatment (pre-, post-). The results only showed a significant effect of condition
(p < 0.01); no other significant effects were observed (p > 0.05). The negative priming effect
was also calculated by comparing the measures of the median RTs obtained by participants
in control trials vs. incongruent trials. No effect or interaction was statistically significant
(p > 0.05) (Table 6).

Table 6. The average median of RTs and errors expressed by mean and standard error.

PLACEBO (n = 11) PROBIOTIC (n = 12)

PRE- POST- PRE- POST-

RTs

Congruent 1013 (60) 998 (59) 987 (58) 979 (57)
Incongruent 1094 (69) 1044 (61) 1075 (66) 1065 (58)

Control 1076 (68) 1036 (57) 1061 (66) 1045 (55)
Ignored 1051 (72) 1023 (69) 1052 (69) 1050 (66)

Errors

Congruent 0.6 (0.4) 0.5 (0.2) 0.5 (0.4) 0.7 (0.2)
Incongruent 3.1 (2.8) 2.3 (0.9) 4.7 (2.7) 1.6 (0.8)

Control 2.5 (1.6) 2.5 (0.9) 4.8 (2.5) 0.7 (0.9)
Ignored 3.4 (2.5) 1.4 (0.5) 4.4 (2.4) 0.7 (0.5)

4. Discussion

The purpose of the present study was to continue exploring the beneficial effects of
treatment with a multispecies probiotic in patients diagnosed with FMS. For this, a group of
patients with a mean time of 8 and a half years since diagnosis and a mean age of 52 years
were treated for 8 weeks with a multispecies probiotic or with a placebo substance and
evaluated immediately for its effects on attention and memory.

To our knowledge, the only study evaluating the role of probiotics in cognition
in FMS patients is our previous study, which showed a reduction in impulsivity after
treatment [31]. In the current research, we found no significant differences in memory after
treatment. Although no other studies have used probiotics to improve memory in FMS, a
recent systematic review and meta-analysis of preclinical and clinical studies indicates that
probiotics could be a useful strategy to improve dementia and cognitive decline [35] in
both healthy [36] and elderly populations [40]. Similarly, a probiotic-treated Alzheimer’s
experimental model demonstrated an improvement in learning [41] and memory [42]. In
clinical studies of elderly people with mild cognitive impairment, an improvement in
cognitive function (memory and attention) and an increase in brain-derived neurotrophic
factor (BDNF) were reported after treatment with Lactobacillus plantarum C29-fermented
soybean (DW2009) for 12 weeks [43]. Similar data were collected after the administration
of Bifidobacterium A1 for 12 weeks in older adults with memory deficits, although the data
are not conclusive and further research is required in this regard [44]. According to these
studies, one possible explanation for the lack of positive results in our study could be the
short length of treatment; studies demonstrating memory benefits were of significantly
longer duration.

Regarding the attentional tasks, no differences in the Stroop effect or the negative
priming effect (Stroop Task with Negative Priming) were observed among the participants
after the treatment, implying that the probiotic treatment used did not affect the inhibitory
mechanisms of attention. However, patients with FMS treated with the probiotic showed
a tendency towards reduced errors of omission (Go trials) during the Go/No-Go Task
and the group that received the placebo presented a number of errors that was slightly
higher than those registered in the pre-treatment phase. This type of error occurs when
there is an absence of response to a relevant stimulus, and it is assumed that it reflects
symptoms of inattention [45]. Therefore, FMS patients treated and not treated with the
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probiotic showed similar levels of inhibitory motor control and similar ability to inhibit
information irrelevant to the task objective, but they differed in their ability to maintain
attention for an extended period with the objective of responding to specific stimuli. This
difference could be attributed to the effect that probiotics produced in these patients, which
improved their ability to maintain attention, as evidenced by the results obtained in the
Go/No-Go Task in the post-treatment phase.

Despite studies finding that the effects of probiotics on attention are reduced, similar
results have been observed in other populations. In this regard, after 8 weeks of treatment
with Lactobacillus plantarum 299v, patients with major depression showed an improvement
in attention and work speed on the attention and perceptivity test, but no significant
effects on the Stroop test [46]. Similarly, Lactobacillus plantarum DR7 treatment for 12 weeks
improved basic attention and memory in healthy adults, as measured by the computerized
CogState Brief Battery [47].

A recent systematic review and meta-analysis showed a positive effect of probiotics
on cognition in both humans and animals [48]. Human studies showed an improvement
in attention and memory in patients with Alzheimer’s, in the healthy elderly individuals
or those with depression. The only FMS study included in this analysis was the first part
of our current research [31]. Most included studies used Lactobacillus and Bifidobacterium
probiotic strains, but it is worth noting that the meta-analysis found that using just one
probiotic was more effective than using a combination. In the same manner, the 12-week
treatment was more effective than the 8-week treatment, implying that our findings on FM
cognition could be significant after additional weeks of treatment.

The putative mechanisms of action of probiotics in cognitive function, as suggested by
Lv and collaborators [48], are related to neuroinflammation. In this regard, the decline in
cognitive function associated with aging is related to changes in brain immunoregulation,
including decreases in IL-4 [49]. Several studies suggest a decrease in the diversity of
microbiota with cognition and inflammatory markers [50], in which changes in the intestinal
metagenome appear to be associated with cognitive function and brain iron deposition [51].
In this context, factors associated with aging, such as oxidative stress and inflammation,
are related to the intestinal microbiota [52], which influences the different sequences of
cognitive impairment [53], and probiotic treatment could reverse this cognitive impairment
via cytokine systems.

Interestingly, elevations of proinflammatory chemokines/cytokines could negatively
impact symptoms of FMS. Proinflammatory cytokines have been shown to have an im-
portant modulatory role in pain transmission and perception. It is not surprising that
high levels of them have been found, specifically of interleukins 1, 2, 6 and 8, in patients
with FMS [54]. Therefore, probiotic administration could be an effective approach to treat
cognitive deficits in FMS, as can be seen in our results. In other words, a multispecies
probiotic treatment can improve some cognitive functions in FMS patients, such as impulse
control, sustained attention and the ability to maintain attentional control in a context
of change. The clinical relevance of microbiota modulation in FMS patients should be
considered as an adjuvant treatment.

However, these results must be taken with caution, given that this study had several
limitations. First of all, we had a limited number of subjects, since this was a pilot random-
ized controlled trial. Secondly, the nutritional habits of the participants should have been
registered because they could influence or interfere with the results—for example, the effect
of the consumption of other fermented foods. Finally, measuring the gut microbiota would
have given us more information about probiotic modulation. In this manner, future studies
should be designed with a large sample size while keeping these limitations in mind.

5. Conclusions

Treatment of FMS patients with a multispecies probiotic for 8 weeks resulted in a
tendency towards fewer errors in attention to relevant stimuli, particularly in a task that
required inhibitory control at the motor level. However, this treatment had no effect on
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memory, specifically on working memory. These findings, along with those of our previous
research on impulsivity, point to the importance of using probiotics as a therapeutic option
in FMS. Nonetheless, more research is needed given the potential role of probiotics in
FMS, especially since dysbiosis has been reported in FMS patients. In future studies,
authors should consider exploring the effect of a specific probiotic strain on the treatment
of cognitive impairment.
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Abstract: Obesity is becoming a pandemic and percutaneous electrical stimulation (PENS) of
dermatome T6 has been demonstrated to reduce stomach motility and appetite, allowing greater
weight loss than isolated hypocaloric diets. However, modulation of intestinal microbiota could
improve this effect and control cardiovascular risk factors. Our objective was to test whether addition of
probiotics could improve weight loss and cardiovascular risk factors in obese subjects after PENS and a
hypocaloric diet. A pilot prospective study was performed in patients (n = 20) with a body mass index
(BMI) > 30 kg/m2. Half of them underwent ten weeks of PENS in conjunction with a hypocaloric diet
(PENS-Diet), and the other half was treated with a PENS-Diet plus multistrain probiotics (L. plantarum
LP115, B. brevis B3, and L. acidophilus LA14) administration. Fecal samples were obtained before and
after interventions. The weight loss and changes in blood pressure, glycemic and lipid profile, and in
gut microbiota were investigated. Weight loss was significantly higher (16.2 vs. 11.1 kg, p = 0.022),
whereas glycated hemoglobin and triglycerides were lower (−0.46 vs. −0.05%, p = 0.032, and −47.0 vs.
−8.5 mg/dL, p = 0.002, respectively) in patients receiving PENS-Diet + probiotics compared with those
with a PENS-Diet. Moreover, an enrichment of anti-obesogenic bacteria, including Bifidobacterium
spp, Akkermansia spp, Prevotella spp, and the attenuation of the Firmicutes/Bacteroidetes ratio were
noted in fecal samples after probiotics administration. In obese patients, the addition of probiotics to
a PENS intervention under a hypocaloric diet could further improve weight loss and glycemic and
lipid profile in parallel to the amelioration of gut dysbiosis.

Keywords: obesity; percutaneous electrical stimulation; dermatome T6; microbiota

1. Introduction

About a third of the population in developed countries is obese in some degree [1]. The WHO has
proposed the classification of normal weight to be when the body mass index (BMI) ranges between 18.5
and 24.9 kg/m2, overweight (BMI 25–29.9 kg/m2), class I obesity (BMI 30–34.9 kg/m2), class II obesity
(BMI 35–39.9 kg/m2), and class III obesity (BMI ≥ 40 kg/m2) [2]. Obesity itself is a health risk factor
that influences the development and progression of various metabolic and cardiovascular diseases,
such as dyslipidemia, type−2 diabetes mellitus (T2D), hypertension, and ischemic heart disease,
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thereby worsening the quality of life of patients and survival [3]. This non-communicable disease
is also associated with low-grade, chronic systemic inflammation by dysregulation of adipokines
and pro-inflammatory mediators (i.e., cytokines, chemokine), and subsequent alterations in the
immune cell composition and distribution [4]. Obesity is a multifactorial disease and thus, therapeutic
approaches should be diverse [5]. In this sense, dietary treatments associated with body exercise
are primary anti-obesity approaches. Other strategies, such as behavior therapy, have been also
considered [6]. However, long-term strategies with hypocaloric diets and physical exercise are not
frequently attained, and psychological comorbidities may be chronic in these patients. In consequence,
alternative procedures should be explored. In this regard, by percutaneous electrical neurostimulation
(PENS) of the sensory nerve terminals located in dermatome T6, the gastric wall can be stimulated to
produce distention in the fasting state, and to block contractions in the postprandial phase [7]. As a
result, stomach emptying is slowed and early satiety is promoted. Moreover, the associated modulation
of neuronal activities influences on appetite reduction [8]. Indeed, we previously demonstrated that
PENS achieved a significantly greater weight loss than an isolated hypocaloric diet in patients with
BMI > 30 kg/m2, and this effect could be due, at least in part, to ghrelin inhibition [9,10].

Importantly, pathogenesis of obesity has been linked with alterations in gut microorganisms.
The intestinal microbiota is composed of tens of trillions of microorganisms, including at least
1000 different species of known bacteria, placed in the gut lumen or adhered to the mucus layer [11].
The five dominant bacterial phyla in the human gut are Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, and Verrumicrobia [12]. The immunomodulatory bacteria are of great importance
for local and systemic immunity, whereas the muconutritive microbiota are responsible of mucus
layer formation, and the proteolytic bacteria have key metabolic functions in protein digestion [13].
Among other functions, microbiota participates in the metabolism of proteins, plant polyphenols,
bile acids, and vitamins, and in the assimilation of non-absorbable carbohydrates by conversion
into monosaccharides and short chain fatty acids (SCFA) and gases. However, though the intestinal
microbiota is highly diverse in “healthy” individuals, those exhibiting adiposity, insulin resistance
and/or dyslipidemia are characterized by low bacterial diversity [14]. Furthermore, obesity is associated
with substantial changes in the composition and metabolic functions of bacteria, making an “obese
microbiota”, which involves a greater extraction of nutrients from the diet [15]. Bacteroidetes prevalence
is generally lower in obese people, in contrast with that of Firmicutes. However, the complexity
of how the gut microbiome modulates obesity can be more than a simple disproportion between
these commensal phyla [16,17]. In this line, different probiotics have demonstrated that they can
balance microbiota bacteria and subsequently reduce body weight and metabolic and cardiovascular
factors [18]. Thus, the aim of this study was to investigate the effect of probiotics on anti-obesity actions
of PENS in conjunction with a hypocaloric diet.

2. Methodology

2.1. Subjects of Study

A pilot prospective study (NCT03872245) was completed in the Obesity Unit of Garcilaso Clinic
(Madrid, Spain). The inclusion criteria were adult patients with a body mass index (BMI) > 30 kg/m2,
with previous failure in dietary treatment. The exclusion criteria were (i) untreated endocrine
diseases causing obesity, (ii) portable electric devices, (iii) diagnosis of previous cardiovascular events
(acute myocardial infarction or coronary syndrome, heart failure) or cancer, and (iv) earlier treatment
with hormone, prebiotics, probiotics, or nutritional supplements. In a previous study, we had observed
that PENS of dermatome T6 (PENS) associated with the hypocaloric (1200 Kcal) diet produced a
significantly greater weight loss (BMI = −5.1 kg/m2) than only PENS (BMI = −1.4 kg/m2) or the
isolated hypocaloric diet (BMI = −2.0 kg/m2) [9]. Moreover, data from the literature have shown that
single or multistrain probiotics alone produced minimal changes in body weight (BMI = −0.36 and
−0.15 kg/m2, respectively) and in glycemic/lipidemic factors [19]. Therefore, we have now treated
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obese subjects, who previously were unsuccessfully treated only with the hypocaloric diet, with PENS
with or without probiotics under the same diet in order to observe the potential differences in weight
loss, associated cardiovascular factors (i.e., blood pressure, glycemia, and lipidemia), and microbiota.
Thus, patients (n = 20) were randomized into two groups for anti-obesity interventions; PENS in
conjunction with a hypocaloric diet (n = 10) (PENS-Diet), and the same strategy plus an administration
of probiotics (n = 10) (PENS-Diet + probiotics). We followed a simple randomization using a random
number table. All patients signed an informed consent for inclusion in the study and the use of clinical
data for this research project. The Ethical Committee of Clinical Research (Medicine, Esthetic and
longevity Foundation) approved this investigation (ref.: Garcilas-19-3; Feb 2019). The work was carried
out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
All participants finished the study.

2.2. Percutaneous Electrical Stimulation (PENS)

The PENS of dermatome T6 was performed as previously described [10] by using the Urgent
PC 200 Neuromodulation System® (Uroplasty, Minnetonka, MN, USA). Patients were placed in a
supine position without anesthesia, and PENS was delivered by a needle electrode inserted in the left
upper quadrant along the medio-clavicular line, at two centimeters below the ribcage, at a 90◦ angle
towards the abdominal wall, and at 0.5–1 cm of depth. Successful insertion was confirmed by the
feeling of electric movement at least 5 cm beyond the dermatome territory. The PENS was undertaken
at a frequency of 20 Hz at the highest amplify (0–20 mA) without causing any pain. The participants
underwent one 30-min session every week for ten consecutive weeks.

2.3. Hypocaloric Diet, Exercise, and Probiotics Administration

A 1200 Kcal/day diet was uniformly prescribed during PENS interventions in both groups of
patients, as we previously published. The diet followed a Mediterranean style (carbohydrates 51%,
proteins 23% and fat 26%) with a high intake of fruit and vegetables, a moderate intake of meats,
and olive oil as the main source of fat [20]. Briefly, patients were recommended to take skimmed milk
(200 mL) or natural yogurt and bread (200 g) as breakfast, 100 g of fruit (e.g., apple, pear) mid-morning,
and 200 g of vegetables (e.g., spinach, lettuce, cauliflower) or pasta soup, fish (120 g) or chicken (100 g),
and fruit (100 g), at lunch and dinner. Olive oil (30 cc) could be also taken as a complement, and skimmed
milk (200 mL) with coffee or tea as a snack. A record of food intake was applied along the study.
The intake of alcohol and nutritional supplements was not allowed during the study. Moreover, patients
received instructions for regular exercise practice (1 h of brisk walking/day), following a counselling
protocol against obesity in patients under 50 years [21]. Brisk walking consisted of a moderate-intensity
exercise of walking to a minimum speed of 100 steps per minute (about 4.8 km/h). Since obese patients
have many difficulties in adhering to nutritional advice and exercise recommendations, we did a
weekly follow-up of food intake and exercise practice. Our dietician phoned all the patients to remind
them of the need to stick to these recommendations. The dietician wrote down the daily intake of food
and the time/speed of brisk walking. At the end of the study (10 weeks), the dietician confirmed a full
adherence rate to the Mediterranean diet and daily exercise. In a previous work, we described a 98%
and 94% diet compliance in patients undergoing PENS or PENS-Diet interventions, respectively [9].
The reduction of appetite induced by PENS and the short length of the study could facilitate this
high adherence. Some patients additionally received two tablets per day of probiotics Adomelle®

(4th generation technology, Bromatech, Italy) during the ten weeks of treatment. The composition of
Adomelle® was Lactobacillus plantarum LP115 (<1 × 109 colony forming units; CFU), Bifidobacterium
brevis B3 (<1 × 109 CFU), and Lactobacillus acidophilus LA14 (1 × 109 CFU). The probiotics were given
after meals with drinking water and did not alter the food intake. Participants were also compliant
with probiotics intake.
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2.4. Variables

2.4.1. Anthropometric Variables

Anthropometric parameters at baseline and after interventions included the body mass index
(BMI, as the body weight in kg/m2), weight loss (WL, as ([Initial BMI]—[Post-intervention BMI])),
percent of total weight loss (%TWL, as ([Initial Weight]—[Post-intervention Weight])/([Initial Weight]))
× 100, and the percentage excess BMI loss (%EBMIL, as (ΔBMI/[Initial BMI–25]) × 100). We evaluated
systolic and diastolic blood pressures by using automatic tensiometer device (Omron M2-HEM-7121-E,
Kyoto, Japan). Blood samples were centrifuged for 20 min at 2.500 g and the obtained plasma was tested
for glucose and lipid determinations. The fasting glucose and glycated hemoglobin (A1C), and the
lipid profile (triglycerides, total cholesterol, LDL-cholesterol, and HDL-cholesterol) were quantified by
standard methods (ADVIA 2400 Chemistry System, Siemens, Germany) in the Analytical department
of Hospital Fundación Jiménez Díaz. All variables were measured before and after interventions.

2.4.2. Analysis of Microbiota

Fecal samples were obtained in OMNIgene-GUT tubes (Abyntek, Spain) at the beginning and after
treatments, and stored at −80 ◦C. Patients did a self-collection at home, following the manufacturer’s
instructions. They took fecal samples free from urine or toilet water with a spatula, and transferred them
into provided tubes (with homogenizer and stabilizing liquid). Samples were kept for one week at room
temperature and delivered to the dietician, who froze them (−80 ◦C) until use. The OMNIgene-GUT
kit provides a valid method to keep RNA at room temperature [22]. After two months, total RNA was
extracted from feces (~50 mg) by dissolving in Trizol reagent (Thermo Fisher). RNA concentration
and purity were assessed by the 260/280 nm-ratio using the Nanodrop spectrophotometer (Nirko).
Equal amounts of RNA were reverse-transcripted to obtain the cDNA for quantitative-PCR (qPCR),
as previously described [23]. The gene expression assays were labelled with Fam fluorophore, whereas
the housekeeping gene was labelled by VIC fluorophore. Amplification conditions were: 2′ at 50 ◦C,
10′′ at 95 ◦C and 40 cycles of 15′′ at 95 ◦C and 1′ at 60 ◦C (AB7500 fast y Quant Studio 5; Thermo Fisher).
All samples were prepared in triplicate to obtain their threshold cycle (Ct). If deviation for each
triplicate were higher than 0.3 cycles, Ct was not considered. The relative expression for each gene was
achieved following the model R = 2−ΔΔCt. The primer setup was designed to target the ribosomal RNA
genes (16S) of the major bacterial groups present in the mammalian intestinal microbiota, including
the Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, Actinobacteria, and Verrucomicrobia
phyla [24]. To gain an insight into the bacterial composition, we used specific primers for bacterial
species (Table 2). The specificity of primers was checked in silico with the “probe match” facility of the
Ribosomal Database Project (http://rdp.cme.msu.edu/), and further validated on the BLAST search
(NCBI) [25]. The primers were purchased from Thermo Scientific, and stored at −20 ◦C. The reference
ranges for intestinal bacteria were calculated as an average of number of gene copies (NGC) from
fecal samples of a control population of volunteer patients (Supplementary Materials Figure S1).
These subjects (Spanish; 50% females; 45.0 ± 5.0 years-old; n = 100) were non-obese; normoglycemic
and normolipidemic; and free from known cardiovascular, malignant, and digestive or intestinal
diseases. Thus, characteristics of this control group could be compared with those of the study group.

2.5. Statistics

Quantitative variables were summarized as mean values and standard deviation, or by median
and interquartile range, depending on the symmetry of the data distribution. Variables with normal
distribution were expressed as mean values and standard deviation, whereas those variables with
non-normal distribution were shown as median and interquartile ranges. Normality of quantitative
variables was analyzed by the Shapiro Wilk test. Variables with normal distribution were compared
using Student’s t test for independent and paired samples, while variables with non-normal distribution
were compared using the Mann–Whitney U test for independent samples, and a Wilcoxon Signed Rank
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test for relate samples. Associations between variables were studied by the univariate linear regression
or quantile regression. Values of p < 0.05 were considered significant. Statistical analyses were
performed using the statistical package for social science (SPSS, IBM, Armonk, NY, USA), version 26.0.

3. Results

3.1. Characterization of the Obese Population with Gut Dysbiosis

A total of twenty patients (14 females, mean age 46.4 ± 5.7 years-old; and 6 males, mean age
41.0 ± 12.1 years-old) with mostly class-I obesity were included in this pilot study (Table 1). At baseline,
their body weight and the body mass index (BMI) were 87.8 ± 8.4 kg and 32.2 (5.3) kg/m2, respectively.
According with the established pathophysiological parameters of blood pressure and glycemia [26,27],
they were in the limit of normotension and normoglycemia. Their lipid profile was also slightly
altered [28], showing a minor elevation of triglycerides, total cholesterol, and LDL-cholesterol,
whereas HDL-cholesterol was in the normal range.

Table 1. Distribution of age, gender, and baseline blood pressure, glycemic and lipid profile
between groups.

Total Population
(n = 20)

PENS-Diet
(n = 10)

PENS-Diet +
Probiotics (n = 10)

T(df)/U Value p Value

Age (years) 44.7 ± 8.2 45.2 ± 8.9 44.3 ± 7.8 0.24 0.813
Females/Males 14/6 7/3 7/3 - >0.999

Body weight (kg) 87.8 ± 8.4 84.6 ± 5.1 91.1 ± 10.1 −1.82 (18) 0.085
BMI (kg/m2) 32.2 (5.3) 32.2 (2.76) 33.0 (6.82) 48.0 0.912

Systolic blood pressure (mmHg) 137.5 (20.0) 140.0 (20.0) 130.0 (22.5) 41.5 0.529
Diastolic blood pressure (mmHg) 80.0 (8.75) 80.0 (6.25) 80.0 (10.0) 46.0 0.796

Fasting glucose (mg/dL) 95.5 (24.5) 96.5 (29.7) 95.5 (20.2) 48.0 0.912
A1C (%) 5.5 ± 0.7 5.4 ± 0.7 5.6 ± 0.7 −0.61 (18) 0.544

Triglycerides (mg/dL) 148.5 (60.7) 156.0 (96.2) 147.0 (42.5) 49.5 >0.999
Total cholesterol (mg/dL) 199.9 ± 44.0 204.9 ± 52.4 195.0 ± 35.9 0.49 (18) 0.628
LDL-cholesterol (mg/dL) 102.0 (57.0) 114.6 (79.0) 107.0 (44.2) 48.0 0.912
HDL-cholesterol (mg/dL) 45.0 (55.1) 47.7 (22.7) 44.5 (15.0) 38.0 0.393

BMI, A1C, LDL, and HDL, as the body mass index, glycated hemoglobin, and low- and high-density lipoprotein,
respectively. T and U values are also shown. Df, as degrees of freedom.

In addition, this obese cohort with a potential low risk of metabolic and cardiovascular disease
showed an altered composition and distribution of bacterial gut microbiota. By directed qPCR analysis
of fecal samples, we evaluated the presence of muconutritive, immunomodulatory, and proteolytic
bacteria. We observed an overall decrease in bacteria number, with a reduction in Firmicutes and
mostly Bacteroidetes phylum (8.3 and 7.5 log NGC/g, respectively), compared to reference parameters
(Table 2). Among Firmicutes, Faecalibacterium sp and Enterococcus spp were lessened. In the Bacteroidetes
phylum, there was a notorious diminution of Bacteroides spp. Thus, the ratio of Firmicutes/Bacteroidetes
was 0.5, which was over the reference range. In contrast, these patients showed normal levels of
the Proteobacteria and Fusobacteria phyla (Table 2), but a robust decrease in the Actinobacteria and
Verrucomicrobia phyla, particularly in the Bifidobacterium spp and Akkermansia muciniphila, respectively.
As expected, these data suggest that obese patients exhibited gut dysbiosis with a significant alteration
in the number and distribution of, particularly, muconutritive and immunomodulatory bacteria.
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Table 2. Gut microbiota in obese patients.

Total Population
(log NGC/g)

PENS-Diet
(n = 10)

PENS-Diet +
Probiotics (n = 10)

T(df)/U
Value

p Value
Reference Range

(log NGC/g)

Firmicutes phylum 8.3 ± 0.86 8.2 ± 0.94 8.4 ± 0.81 −0.49 (18) 0.630 8.5–11.0
Lactobacillus spp 4.9 ± 1.13 4.8 ± 1.47 5.0 ± 0.7 −0.5 (18) 0.619 4.5–7.0

Faecalibacterium sp 6.2 ± 1.09 6.0 ± 1.25 6.5 ± 0.89 −1.04 (18) 0.308 7.0–9.0
Roseburia spp 6.7 (1.08) 6.6 (1.75) 6.9 (0.85) 33.5 0.218 6.5–8.5

Bacillus sp 1.9 ± 0.82 2.0 ± 1.0 1.9 ± 0.67 0.27 (18) 0.979 0–4.0
Staphylococcus spp 3.0 ± 0.62 3.1 ± 0.64 2.9 ± 0.62 0.67 (18) 0.509 2.5–5.0

Veillonella spp 4.5 ± 0.86 4.4 ± 1.06 4.6 ± 0.63 −0.61 (18) 0.547 4.5–7.0
Clostridium (Cocc) 8.2 (1.05) 7.9 (1.7) 8.4 (0.9) 28.5 0.105 7.0–9.0
Clostridium (Perf) 3.8 ± 1.19 3.7 ± 1.51 3.9 ± 0.83 −0.23 (18) 0.814 0–5.0
Enterococcus spp 5.9 (1.20) 5.6 (1.67) 6.2 (1.05) 28.5 0.105 6.0–8.5

Bacteroidetes phylum 7.5 (1.63) 8.1 (1.87) 7.5 (1.0) 40.0 0.481 8.0–11.0
Prevotella spp 6.7 (3.7) 5.1 (4.1) 7.3 (4.5) 47.5 0.853 5.0–8.5

Bacteroides spp 7.1 ± 1.26 7.4 ± 1.16 6.7 ± 1.33 1.18 (18) 0.252 7.5–9.0

Firmicutes/Bacteroidetes 0.5 ± 0.4 0.5 ± 0.4 0.46 ± 0.3 0.37 (18) 0.714 0.1–0.3
Proteobacteria phylum 5.7 (1.89) 6.0 (1.37) 5.0 (1.29) 39.0 0.436 3.0–7.0

Escherichia coli 4.5 ± 1,81 4.5 ± 1.79 4.6 ± 1.92 −0.18 (18) 0.859 4.5–7.0
Pseudomonas spp 1.0 (1.45) 1.0 (1.42) 1.0 (1.5) 45.5 0.739 0–4.0

Campylobacter spp 1.0 (<0.001) 1.0 (<0.001) 1.0 (0.73) 45.0 0.739 0–3.5
Helicobacter spp 2.4 (2.1) 1.9 (2.2) 2.4 (1.95) 48.0 0.912 0–3.5

Fusobacteria phylum 2.79 ± 1.24 2.42 ± 1.26 3.16 ± 1.15) −1.36 (18) 0.188 0–4.5
Fusobacterium nucleatum 2.79 ± 1.24 2.42 ± 1.26 3.16 ± 1.15) −1.36 (18) 0.188 0–4.5

Actinobacteria phylum 4.41 ± 2.28 4.34 ± 2.78 4.48 ± 1.79 −0.14 (18) 0.891 6.5–9.0
Bifidobacterium spp 3.85 ± 1.96 3.8 ± 2.4 3.9 ± 1.6 −0.11 (18) 0.913 5.5–7.5

Verrucomicrobia phylum 2.6 (3.65) 1.8 (2.3) 3.7 (3.47) 30.0 0.143 5.5–9.0
Akkermansia muciniphila 2.4 (3.33) 1.7 (2.1) 3.4 (3.2) 29.0 0.123 5.0–8.5

Relevant bacteria phyla; Firmicutes and Bacteriodetes, and its ratio, and Proteobacteria, Fusobacteria, Actinobacteria,
and Verrumicrobia, were evaluated in fecal samples before anti-obesity treatments. The reference ranges for the
bacteria phyla were obtained from fecal samples of a control population (see Methodology and Supplementary
Materials Figure S1). T and U values are shown. Df, as degrees of freedom. In bold, bacteria levels outside the
reference ranges. NGC/g: number of gene copies per gram of feces.

3.2. Reduction of the Body Weight and CV Risk Factors by PENS-Diet +/− Probiotics

Since patients displayed an elevated BMI with altered microbiota, we next examined the effect of
an anti-obesity strategy based on satiety neurostimulation and intake of a hypocaloric diet (PENS-Diet),
with or without administration of multistrain probiotics. Patients were randomly divided into two
groups (n = 10, each), with no significant differences in age, gender, body weight, BMI, blood pressure,
glycemia, and lipid profile (Table 1). Gut microbiota was also akin in both groups (Table 2). Thus,
before interventions, anthropomorphic characteristics and microbiota distribution were similar between
groups. After ten weeks, patients with a PENS-Diet showed significant reductions in body weight and
BMI (Table 3). BMI was reduced by 13% and dropped into the overweight range (28.0 kg/m2). PENS-Diet
also decreased systolic and diastolic blood pressure, fasting glucose, triglycerides, and total cholesterol.
Interestingly, patients with a PENS-Diet + probiotics exhibited a similar effect by ameliorating 20% of
body weight and BMI (26.3 kg/m2), as well as blood pressure, fasting glucose, A1C, and triglycerides.
Moreover, no adverse effects were found in both groups of subjects.

By further comparison between both therapeutic approaches (Table 4), PENS-Diet + probiotics
unveiled a significantly higher weight loss (16.2 vs. 11.1 kg, respectively; p = 0.022) and total weight
loss (%TWL) (17.5 vs. 12.9%, respectively; p = 0.02) than the PENS-Diet intervention. The excess BMI
lost (%EBMIL) was also significantly higher (84.2 vs. 57.0%, respectively; p = 0.021) after probiotics.
Moreover, plasma A1C, triglycerides and HDL-cholesterol levels were more reduced (−0.46 vs.
−0.05 mg/dL, p = 0.032; −47.0 vs. −8.5 mg/dL, p = 0.002; and 10.5 vs. 0.05 mg/dL, p = 0.005, respectively)
(Table 4). These data suggest that an administration of multistrain probiotics to a PENS therapy under
hypocaloric diets could further decrease the body weight, glycemia, and dyslipidemia in obese patients.
In this regard, we tested the potential associations between probiotics and the body weight parameters,
A1C, and lipid levels. By univariate linear regression, probiotics administration was significantly
associated with the difference of WL, %TWL, %EBMIL, and A1C. Similarly, by quantile regression,
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probiotics was associated with the difference of TG and HDL (Figure 1A). Indeed, probiotics showed a
positive association with WL, %TWL, %EBMIL, and HDL, while it was negative with A1C and TG
(Figure 1B).

Table 3. Weight loss and improvement of blood pressure, glycemia, and dyslipidemia after PENS-Diet
or PENS-Diet + probiotics interventions.

Baseline + PENS-Diet T(df)/W Value p Value

Body weight (kg) 84.6 ± 5.1 73.5 ± 3.7 7.91 (9) <0.001

BMI (kg/m2) 32.2 (2.76) 28.0 (1.6) 0.00 0.005

Systolic blood pressure (mmHg) 140.0 (20.0) 120.0 (2.5) 0.00 0.018
Diastolic blood pressure (mmHg) 80.0 (6.25) 70.0 (20.0) 7.5 0.038

Fasting glucose (mg/dL) 96.5 (29.7) 88.5 (25.0) 0.00 0.005
A1C (%) 5.4 ± 0.7 5.3 ± 0.5 0.36 (9) 0.723

Triglycerides (mg/dL) 156.0 (96.2) 138.5 (80.9) 0.00 0.005
Total cholesterol (mg/dL) 204.9 ± 52.4 195.9 ± 46.5 1.75 (9) 0.004
LDL-cholesterol (mg/dL) 114.6 (79.0) 132.5 (78.25) 21.0 0.507
HDL-cholesterol (mg/dL) 47.7 (22.7) 51.5 (24.9) 5.0 0.798

Baseline
+PENS-Diet
+ probiotics

T(df)/W value p value

Body weight (kg) 91.1 ± 10.1 74.9 ± 6.7 11.09 (9) <0.001

BMI (kg/m2) 33.0 (6.82) 26.3 (4.3) 0.00 0.005

Systolic blood pressure (mmHg) 130.0 (22.5) 120.0 (12.5) 0.00 0.011
Diastolic blood pressure (mmHg) 80.0 (10.0) 80.0 (15.0) 0.00 0.041

Fasting glucose (mg/dL) 95.5 (20.2) 84.0 (11.5) 6.00 0.028
A1C (%) 5.6 ± 0.7 5.1 ± 0.4 3.63 (9) 0.012

Triglycerides (mg/dL) 147.0 (42.5) 85.5 (38.7) 0.0 0.005
Total cholesterol (mg/dL) 195.0 ± 35.9 176.5 ± 47.2 1.75 (9) 0.113
LDL-cholesterol (mg/dL) 107.0 (44.2) 100.0 (46.2) 13.0 0.139
HDL-cholesterol (mg/dL) 44.5 (15.0) 57.0 (20.0) 10 0.074

The body weight, BMI, systolic and diastolic blood pressures, fasting glucose, A1C, and lipid profiles were analyzed
after ten weeks of anti-obesity approaches. In bold are the statistically significant data. Variables with normal
distribution were compared using Student’s t test for paired samples, whereas variables with non-normal distribution
were compared using the Wilcoxon Signed Rank test. T and W values are shown. Df, as degrees of freedom. p < 0.05
was considered significant. BMI, A1C, LDL, and HDL, as the body mass index, glycated hemoglobin, and low- and
high-density lipoprotein, respectively.

Table 4. Differences in weight loss, blood pressure, and plasma parameters between PENS-Diet and
PENS-Diet + probiotics.

+PENS-Diet +PENS-Diet + Probiotics T(df)/U-Value p Value

WL (kg) 11.1 ± 4.4 16.2 ± 4.6 2.51 (18) 0.022
%TWL 12.9 ± 4.5 17.5 ± 3.5 −2.54 (18) 0.020

%EBMIL 57.0 ± 12.3 84.2 ± 29.5 −2.28 (18) 0.021
Dif. Systolic blood pressure (mmHg) −12.5 (22.5) −10.0 (12.5) 43.0 0.631
Dif. Diastolic blood pressure (mmHg) −10.0 (10.0) −2.5 (10.0) 24.0 0.052

Dif. Fasting glucose (mg/dL) −7.0 (11.0) −13.0 (16.5) 31.0 0.165
Dif. A1C (%) −0.05 ± 0.4 −0.46± 0.4 2.32 (18) 0.032

Dif. Triglycerides (mg/dL) −8.5 (26.0) −47.0 (63.75) 11.0 0.002
Dif. Total cholesterol (mg/dL) −9.0 ± 7.4 −18.5 ± 33.3 0.87 (18) 0.391
Dif. LDL-cholesterol (mg/dL) 0.5 (42.75) −18.0 (25.5) 26.0 0.075
Dif. HDL-cholesterol (mg/dL) 0.05 (6.8) 10.5 (12) 14.00 0.005

The weight loss and percentages of TWL and EBMIL, systolic and diastolic blood pressure, and plasma glucose and
lipids (triglycerides, total cholesterol, LDL-c and HDL-c) were compared between both groups of patients. In bold,
the statistically significant data. Variables with a normal distribution were compared using Student’s t-test for
independent samples, while those with a non-normal distribution were compared using the Mann–Whitney U test.
T and U values are also shown. Df, as degrees of freedom. p < 0.05 was considered significant. WL, %TWL and
%EBMIL, as weight loss, percent of total weight loss, and the percentage excess BMI loss, respectively. A1C, LDL,
and HDL, as glycated hemoglobin, and low- and high-density lipoprotein, respectively.
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Figure 1. Associations for probiotics and the body weight, glycemia, and dyslipidemia in obese patients.
By univariate linear regression, the probiotics administration was significantly associated with WL,
%TWL, %EBMIL, and A1C, whereas by a quantile regression, probiotics were associated with TG and
HDL (A). In bold, the statistically significant data. Probiotics exhibited a positive association with WL,
%TWL, %EBMIL, and HDL, while it was negative with A1C and TG (B). The associations between
variables with a normal distribution were studied by a univariate linear regression, while those with
non-normal distribution were studied by a quantile regression. WL, %TWL and %EBMIL, as weight
loss, percent of total weight loss, and the percentage excess BMI loss, respectively. A1C and HDL,
as glycated hemoglobin, and high-density lipoprotein, respectively.

3.3. Microbiota Modifications after PENS-Diet +/− Probiotics

Alterations in human obesity, glycemia, and lipidemia could parallel changes in gut microbiota [29].
In fact, PENS-Diet showed a tendency to enrich some specific bacteria (i.e., Prevotella spp, Bifidobacterium
spp) and to improve the Firmicutes/Bacteroidetes ratio (Table 5). However, PENS-Diet + probiotics was
able to increase Prevotella spp (+1.3%, p= 0.05) and further reduce the Firmicutes/Bacteroidetes ratio (0.10).
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This intervention also stimulated Bifidobacterium spp (+51.2%; p = 0.005) and Akkermansia muciniphila
(+41.1%, p = 0.033) growth (Table 5). Thus, an addition of probiotics to anti-obesity intervention with a
PENS-Diet may help to attenuate the altered Firmicutes/Bacteroidetes ratio in an obese gut, and to
enrich its content of Prevotella spp, and mostly, Actinobacteria (Bifidobacterium spp) and Verrucomicrobia
(Akkermansia muciniphila) bacteria.

Table 5. Bacterial differences after PENS-Diet or PENS-Diet + probiotics interventions.

Baseline + PENS-Diet p Value Baseline
+PENS-Diet
+ Probiotics

p Value T *(df)/U * p *

Prevotella spp 5.10 (4.1) 5.25 (2.9) >0.999 7.30 (4.5) 7.40 (2.5) 0.05 20.5 0.023
Bifidobacterium spp 3.80 ± 2.4 3.90 ± 2.1 0.911 3.90 ± 1.6 5.90 ± 0.9 0.005 −2.27 (18) 0.036

Akkermansia muciniphila 1.70 (2.1) 1.50 (2.6) 0.151 3.40 (3.2) 4.80 (1.7) 0.033 13.5 0.004
Firmicutes/Bacteroidetes 0.50 ± 0.4 0.40 ± 0.3 0.480 0.46 ± 0.3 0.10 ± 0.5 0.019 2.17 (18) 0.043

Prevotella spp, Bifidobacterium spp, and Akkermansia muciniphila levels (log NGC/g) in obese patients after PENS-Diet
or PENS-Diet + probiotics. The ratio of Firmicutes/Bacteroidetes is also shown for both strategies. Variables
with a normal distribution were compared using Student’s t test for independent and paired samples, whereas
variables with non-normal distribution were compared using the Mann–Whitney U test for independent samples
and Wilcoxon Signed Rank test for related samples. p < 0.05 was considered significant. T * and U *, as T-value and
U-value between PENS-Diet + probiotics and PENS-Diet interventions. Df, as degrees of freedom. p *, as p value
between PENS-Diet + probiotics and PENS-Diet interventions. In bold, the statistically significant data.

4. Discussion

The great majority of obese subjects are in the class I obese category, which considerably increases
morbidity and public health expenses. In the US Centers for Disease Control and Prevention [30],
epidemiological data indicate that approximately 2/3 of obese men and 50% of obese women are in
this group. Although the mortality rate within class I obesity is similar to normal weight, the risk of
developing T2DM, hypertension, dyslipidemia, metabolic syndrome, obstructive sleep apnea, cancer,
and non-alcoholic fatty liver disease is notoriously elevated [31]. Therefore, the evidence calls attention
to finding more effective and safe therapies for these patients. In this regard, PENS of dermatome T6
has been proposed as an alternative to pharmacological products and surgical procedures to decrease
appetite and weight loss, allowing a better compliance of hypocaloric diets. PENS was initially applied
to morbidly obese patients awaiting bariatric surgery, in order to reduce the pre-surgery body weight [10].
Later, we and others extended this technique to patients with overweight and mild-to-moderate obesity.
PENS or the hypocaloric diet induced by themselves a significant but slight reduction in body weight
(3.6 and 5.6 kg, respectively). However, the combination of both PENS and a diet revealed a mean of
weight loss over 10–14 kg, with maintained effects for at least one year after therapy [8,9,32]. Now,
in class I obese individuals, we show that ten weeks of PENS-Diet displayed a similar reduction in body
weight (11.1 kg) and an improvement of blood pressure and the glycemic and lipid profiles. These effects
could be justified by the caloric restriction and by the neurostimulation of the gastric wall and promotion
of early satiety [9]. However, an alteration in gut microbiota could have also played a key role. In this
regard, the etiopathogenetic of obesity is multifactorial and data from literature suggest a contribution
of intestinal dysbiosis in obesity development [33]. Our obese subjects unveiled a microbiota alteration,
with a reduction of muconutritive and immunomodulatory bacteria such as Akkermansia muciniphila,
Faecalibacterium sp, and Bifidobacterium spp. In consonance, the Firmicutes/Bacteroidetes ratio was
considerably elevated. Importantly, these variations in microbiota may have influenced on obesity
development [34,35]. However, PENS-Diet tended to enrich Prevotella spp and consequently, the balance
of Firmicutes/Bacteroidetes was slightly lessened. The amelioration of this ratio has been frequently
linked with an improvement of weight loss and intestinal inflammation and permeabilization [36],
and although a precise taxonomic characterization of the bacteria would have been discerned between
species, Prevotella spp can lead to beneficial effects on mucin regulation, glucose metabolism, and hepatic
glycogen storage [37]. Undoubtedly, several lifestyle factors (e.g., smoking, sedentarism, stress,
circadian rhythms, personal hygiene, ovarian cycle) may have also altered intestinal microbiota. In this
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sense, a 20% rate of menopause (without hormonal supplementation) was described in both groups
of patients.

In this line, the addition of a multistrain probiotic to the PENS-Diet could have further enhanced
these favorable effects. Adomelle® is formulated by Lactobacillus plantarum LP115, Bifidobacterium
brevis B3, and Lactobacillus acidophilus LA14. Supplementation of L. plantarum in humans and mice
induced a body fat decrease and muscle mass increase, enhancing energy harvest and anti-fatigue
effects [38,39]. In obese mice, L. plantarum also reduced insulin resistance, plasma triglycerides
and proinflammatory factors [40]. L. acidophilus, when combined with phenolic compounds or
other probiotics, induced weight loss in overweight adults [41]. Moreover, it promoted a significant
improvement of glucose homeostasis and cholesterol metabolism in obese mice, by gene downregulation
of glucose transporters, cholesterol precursors, and immune factors [42]. Finally, administration of
B. breve-B3 ameliorated the body fat in obese individuals and rats due to its ability to conjugate linoleic
acid from diets [43,44]. In our study, the addition of these probiotics to the PENS-Diet further improved
the body weight, plasma A1C, triglycerides, and HDL-cholesterol. Moreover, a clear tendency was
found for fasting glucose, TC and LDL-cholesterol, which could reach statistical significance in a larger
group of patients. Previous randomized controlled trials showed that administration of probiotics
alone slightly reduced the body weight and BMI (−0.55 kg and −0.3 kg/m2, respectively) in parallel
with fasting glucose (−0.35 mg/dL) and lipids (total cholesterol, −0.43 mg/dL and LDL-cholesterol,
−0.41 mg/dL) [19]. Particularly, single probiotics such as Lactobacillus gasseri, Bifidobacterium animalis,
and Pediococcus pentosaceus achieved higher benefits than multiple probiotics (i.e., combinations of
Bifidobacterium spp., Lactobacillus spp., and/or Lactococcus spp.) Thus, a combination of diverse anti-obesity
strategies could lead to better outcomes against obesity. In particular, probiotics may induce summative
effects when administered together with PENS and a hypocaloric diet. In fact, this triple intervention
exhibited a synergic action on reduction of body weight and cardiovascular risk factors. Likely,
the promotion of early satiety induced by PENS could be helped by the ingestion of a salutary
diet of low caloric intake, and by the balance of healthy microbiota. In this sense, the addition
of probiotics further enhanced Prevotella spp, Bifidobacterium spp, and Akkermansia muciniphila,
promoting a more muconutritive and immunomodulatory microbiota. Bifidobacterium spp have been
demonstrated to be positive for the gastrointestinal barrier function and for immunoregulation [45].
By increasing the abundance of Bifidobacterium spp (i.e., with prebiotic oligofructose), gut permeability
was reduced in obese mice, in correlation with a decrease in LPS and inflammatory markers [46].
In these animals, when combined with L. acidophilus, Bifidobacterium spp also enriched microbiota
composition [47]. Moreover, Bifidobacterium spp produced lactate, which is transformed into butyrate
by butyrate-producing bacteria in the intestine (i.e., Prevotella ruminicola) [48]. These SCFAs play a
crucial role in cardiovascular homeostasis and lipid and glucose metabolism by supplying energy
and producing glucagon-like peptide-1, peptide YY, and leptin [49]. Furthermore, butyrate induces
mucin synthesis and protects intestine integrity by increasing tight junction assembly. In addition,
A. muciniphila can also regulate gut permeability [50]. Its abundance was inversely correlated with
adipose tissue inflammation and insulin resistance in mice and humans [51,52]. In obese hyperlipidemic
mice, A. muciniphila also improved metabolic endotoxemia, vascular inflammation, and atherosclerotic
lesions [53]. Altogether, the enrichment of the muconutritive and immunomodulatory bacteria
observed in our patients could also participate in the improvement of their plasma metabolic and
cardiovascular factors, and in the attenuation of their body weight.

Limitations of the Study

In this pilot study, we evaluated the addition of probiotics to an anti-obesity strategy with
the PENS-Diet. Probiotics administration further reduced body weight, but its effect on the waist
circumference was not evaluated. The abdominal obesity might be affected by microbiota changes,
and its quantification would also add key information on the risk of cardiovascular disease. In addition,
since multiple factors could influence the effects of probiotics, our data should be taken with care.
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Unknown comorbidities or habits may alter bacterial distribution and probiotics action. Furthermore,
different physical levels and skills could have affected the practice of daily exercise and subsequent
weight loss in patients. A personalized control of these practices by an exercise specialist might also
improve the adherence and outcomes of this work. Finally, for a group of subjects who follow only
a diet regime, PENS intervention or probiotics intake could offer interesting and comparative data
about potential changes in microbiota distribution. Therefore, all these variables will be considered
in a future study. In this line, the estimation of the sample size per group of obese patients will be
at least thirty (two-side significance level; α = 0.05 and power 1 – β = 0.8), following the published
formula [54]. According to previous works, the difference of BMI among treatments would be at least
3.0 ± 4.87 kg/m2 [55,56].

5. Conclusions

A Mediterranean-like hypocaloric diet helped to decrease the body weight, and associated
hyperglycemia/hyperlipidemia and blood pressure in class-I obese patients intervened with PENS.
However, the addition of Lactobacillus plantarum LP115, Bifidobacterium brevis B3, and Lactobacillus
acidophilus LA14) promoted a positive influence on anti-obesogenic gut bacteria by increasing
muconutritive (Akkermansia muciniphila) and immunomodulatory (Bifidobacterium spp) microbiota,
and Bacteroidetes phylum (Prevotella spp). Consequently, the Firmicutes/Bacteroidetes ratio was further
reduced, and these changes could be mediating, at least in part, the further improvement of the body
weight and plasma A1C, triglycerides, and HDL-cholesterol. Therefore, a combined strategy of a
hypocaloric diet, PENS and probiotics administration may promote summative effects against obesity
and related comorbidities (i.e., cardiovascular diseases). Nevertheless, larger studies are needed to
analyze the direct actions and interactions of these strategies on gut microbiota.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/19/7239/s1,
Figure S1. Gut bacteria in control subjects. Fecal samples from one hundred age- and sex-matched non-obese,
normoglycemic, and normolipidemic voluntaries without known cardiovascular, malignant and digestive diseases
were analyzed to estimate the control ranges for each bacteria. NGC/g: number of gene copies per gram of feces.
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Abstract: Cancer affects more than 19.3 million people and has become the second leading cause
of death worldwide. Chemo- and radiotherapy, the most common procedures in these patients,
often produce unpleasant treatment-related side effects that have a direct impact on the quality
of life of these patients. However, innovative therapeutic strategies such as probiotics are being
implemented to manage these complications. Thus, this study aimed to evaluate the efficacy of
probiotics supplements as a therapeutic strategy in adult oncology treatment-related side effects. A
systematic review of randomized controlled trials was conducted in PubMed, Scielo, ProQuest and
OVID databases up to and including January 2021, following the PRISMA guidelines. The quality of
the included studies was assessed by the Jadad Scale. Twenty clinical trials published between 1988
and 2020 were included in this review. Seventeen studies (85%) revealed predominantly positive
results when using probiotics to reduce the incidence of treatment-related side effects in oncology
patients, while three studies (15%) reported no impact in their findings. This study sheds some light
on the significance of chemotherapy and radiotherapy in altering the composition of gut microbiota,
where probiotic strains may play an important role in preventing or mitigating treatment-related
side effects.

Keywords: drug therapy; gut microbiota; neoplasms; probiotics; radiotherapy; systematic review

1. Introduction

According to the World Health Organization (WHO), cancer is the second leading
cause of death, affecting more than 19.3 million people and claiming 10 million lives
worldwide, and the number of new cases is expected to double by 2040 [1]. This disease is
diagnosed differently in men and women, with one in every five people developing cancer
at some point in their lives, resulting in the death of one in every eight men and one in
every eleven women diagnosed with cancer. In this sense, breast, colorectal, lung, cervical,
and thyroid cancer are the most common cancers in women, while lung and prostate cancer
are the most common in men [2].

There are diverse therapeutic strategies to reduce cell proliferation and disease pro-
gression, with surgery, chemotherapy, radiotherapy, and, more recently, immunotherapy
and hormone therapy being the most commonly used treatments [3,4]. These treatments
have significant side effects, particularly chemotherapy and radiotherapy, which is why
it is frequently necessary to use combination treatments to increase effectiveness, despite
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the fact that this strategy multiplies side effects [5]. As a result, cancer treatments have the
greatest impact on cells with the highest rate of cell division, resulting in low cell counts in
blood cells, which manifests as anemia, infections, and bleedings. Likewise, gastrointestinal
cells are also altered, resulting in nausea, vomiting, diarrhea, taste disturbances, mucositis,
and swallowing difficulties [6,7], which cause many patients to postpone or discontinue
their treatments [8].

Chemo- and radiotherapy modify the composition of intestinal microbiota in a process
known as dysbiosis, which is often associated with biochemistry and immunologic disor-
ders in the gastrointestinal tract [9,10]. Multiple strategies are being developed to modify
microbiota with the underlying idea of propelling this dysbiosis toward eubiosis or the
hemostasis of the gut microbiota in order to prevent or inhibit cancer progression [11,12]. In
this regard, it has been reported that paclitaxel, a mitosis inhibitor, is able to increase matrix
metalloproteinase 9 (MMP9) and tumor necrosis factor-alpha (TNF-α) levels and alter
bacterial diversity in female mice colon [13]. Probiotics, defined as live microorganisms
that provide a health benefit to the host when administered in adequate amounts [14],
have been shown to be effective in the management of diarrhea and constipation, as well
as highly effective in the treatment of inflammatory bowel diseases by improving bowel
function [15,16]. For example, a probiotic mixture improved altered intestinal tight junc-
tion levels in mice with dextran sodium sulfate (DSS)-induced colitis [17]. Consequently,
probiotics containing one or more strains could indeed restore the composition of altered
gut microbiota and improve certain parameters, leading to significant homeostasis in ani-
mal models of obesity, Parkinson’s disease, and depression [15,18,19]. Similarly, immune
function may improve after the administration of a probiotic combination. Treatment with
Bifidobacterium longum, Lactobacillus lactis, and Enterococcus faecium significantly re-
duced the occurrence of radio- chemotherapy-induced oral mucositis, as well as increased
CD4+, CD8+, and CD3+ T cells in oncological patients [20]. In that manner, 5-fluorouracil-
induced intestinal mucositis has also shown an improvement after probiotic treatment by
reducing TNF-α, IL-6, and IFN-γ levels in mice [21].

In this context, corticosteroids and antiemetics are key elements in oncology to be used
prior to the administration of chemotherapy to avoid side effects [5]. However, relatively
little is understood about including probiotics in this preventive regimen due to beneficial
results in intestinal disorders and altered immunity, which could be of great interest in
reducing certain oncology treatment-related side effects, such as diarrhea, mucositis, or
constipation. Therefore, this review aims to evaluate the efficacy of probiotic supplements
to ameliorate chemo- and radiotherapy-related side effects in adults.

2. Materials and Methods

2.1. Design

A systematic review of randomized controlled trials was undertaken in January
2021, following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Supplementary File 1) [22]. This review used a structured Patient–
Intervention–Outcome (PIO) question as follows [23]: “In adult oncology patients (P), what
is the efficacy of probiotics supplements (I) on treatment-related side effects (O)?” The
protocol for this review was not registered.

2.2. Search Strategy

The electronic databases included PubMed, Scielo, ProQuest, and OVID, using natural
and structured language in the following search strategy: (((((probiotics [Title/Abstract]
OR probiotics [MeSH Terms]) OR lactobacillus [Title/Abstract]) OR bifidobacterium [Ti-
tle/Abstract]) OR lactobacillus [MeSH Terms]) OR bifidobacterium [MeSH Terms]) AND
((((radiotherapy [Title/Abstract] OR chemotherapy [Title/Abstract]) OR chemotherapy
[MeSH Terms]) OR radiotherapy [MeSH Terms]) OR radiation [Title/Abstract]). This
search strategy was adapted for use across databases (Appendix A). “Randomized clinical
trial”, “humans”, and “adult:19+ years” search filters were applied for this search strategy.
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2.3. Selection Criteria

The following inclusion criteria were used: (i) randomized clinical trials, (ii) published
in English or Spanish, (iii) related to the aim of the study; the use of probiotics supplements
on adult oncology-related treatments and side effects; and (iv) published until January
2021. Likewise, the exclusion criteria included (i) studies on other pathologies than cancer
or symptoms related to cancer treatments, (ii) symbiotics and other treatment combina-
tions, (iii) re-publications, and (iv) studies with animals. No articles were excluded after
quality appraisal.

2.4. Data Screening

Initially, the two authors (MR, AM) performed a first screening by titles and abstracts,
following the selection criteria independently and in duplicate. Once a third author (CR)
double-checked the screening and discussed any discrepancy, a full-text reading was
performed for their quality appraisal by authors.

2.5. Quality Appraisal

The quality of selected articles was assessed by two researchers independently (MR,
AM). Any disagreements on quality ratings were discussed with a third author (CR)
and a consensus was reached. The Jadad Scale of Clinical Trials was used to assess the
methodological quality of experimental human studies included. This is a scale with five
simple items and it has known reliability and external validity. A score below 3 points
indicate low quality based on (i) the quality of randomization, (ii) double blinding, and (iii)
drop-outs extracted from each study [24].

2.6. Data Abstraction and Synthesis

Consecutively, the relevant data from the included studies were extracted and tab-
ulated according to (i) authors, (ii) country, (iii) population, (iv) probiotic strains, (v)
variables, (vi) measures, and (vii) main findings.

3. Results

3.1. Characteristics of Selected Studies

Firstly, a total of 402 articles were retrieved through databases searching (PubMed
(n = 349), Scielo (n = 6), ProQuest (n = 29) and OVID (n = 18)), from which 68 papers were
discarded by duplicity. After title, abstract, and full-text screening, a total of 314 articles
were excluded following the selection criteria. Twenty studies were included in this review
(Figure 1).

All trials and patients’ characteristics are summarized in Table 1. On the whole, all
individuals were treated using conventional cancer therapy methods, such as radiotherapy
(n = 11, 55%), chemotherapy (n = 6, 30%), or both (n = 3, 15%). In some studies, sex was
not specified (n = 2, 10%), and only women were included in studies dealing with specific
carcinomas of the female reproductive tract (n = 4, 20%), such as endometrial, vaginal,
uterine, and cervical cancers. The age range of the patients ranged from 18 to 75 years
old (with a mean age of 57.41 years), enrolling a total of 2508 participants. All studies
included were published between 1988 and 2020, and 15 studies (75%) were not registered
in any clinical trial registry. Most of these studies were conducted in Asia (n = 9), Europe
(n = 8), but also in America (n = 2) and Oceania (n = 1). As regards the use of probiotics,
10 of the selected studies (50%) used a single probiotic strain, while the remaining 10 (50%)
used two or more probiotics combined. The presentation and forms of administration
varied from study to study, with the most commonly used forms being capsules, gelatine,
and yoghurt. The time of administration as well as the dose administered to the patients
were also varied, which ranged from 1 to 24 weeks and 106 to 1011 CFU/day, respectively.
Finally, 17 studies (85%) revealed predominantly positive results when using probiotics
to reduce the incidence of treatment-related side effects in oncology patients, while three
studies (15%) reported no impact in their findings.
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Figure 1. Flowchart depicting the article selection process.

The data synthesis revealed four categories related to the use of probiotic supplements
for treatment-related side effects in clinical oncology. For that matter, these categories would
study the effects of probiotic treatments for different treatment-related side effects in oncology
such as gastrointestinal side effects, immune-related side effects, inflammatory side effects,
and performance status-related side effects. These categories are described below.

3.2. Gastrointestinal Side Effects

Probiotics have been shown to be effective in the treatment of some common oncology
treatment-related gastrointestinal adverse reactions, as demonstrated in 11 of 20 trials
(55%) [25–31,33–36]. The main adverse effects identified and treated were mainly diarrhea,
with other drawbacks being abdominal pain, nausea and vomiting, constipation, bloating,
abdominal distension, and lactose intolerance caused by chemotherapy. The most com-
monly probiotic strains used along these studies were Lactobacillus acidophilus; L. rhamnosus
GG ATCC 53103; and L. casei var. rhamnosus. Likewise, other probiotic strains used in com-
bination were (L. acidophilus LA-5 along with Bifidobacterium animalis subsp. lactis BB-12),
(L. acidophilus BMC12130, L. casei BCMC12313, L. lactis BCMC12451, B. bifidum BCMC02290,
B. longum BCMC02120 and B. infantis BCMC02129), (B. infantis, L. acidophilus, Enterococcus
faecalis and Bacillus cereus), (L. acidophilus LAC-361 and B. longum BB-536), (L. acidophilus
plus B. bifidum), and (L. casei, L. plantarum, L. acidophilus, and L. delbruekii subsp. ther-
mophilus; B. longum, B. breve, and B. infantis; Streptococcus salivarius subsp. thermophilus).
The duration of treatment ranged from 1 to 24 weeks.

Conversely, 2 trials (10%) showed inconclusive results for their benefits to control
stool constituency and flatulence, although their findings were promising to prevent
radiotherapy-induced diarrhoea [32,37]. The probiotic strains used in these studies in-
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cluded: L. acidophilus NCDO1748, and (S. thermophilus, L. delbrueckii subsp. bulgaricus, and
L. casei DN-114 001). The treatment for these studies ranged from 1 to 6 weeks and were
observed only in women.

3.3. Immune-Related Side Effects

Despite having only one study [38], positive results of the probiotics on immune-
related side effects have also been observed. A combination of probiotic strains (Bifidobac-
terium, Lactobacillus and S. thermophilus) was used for 1 to 2 weeks, in which patients
improved their immune and nutritional status as well as rehabilitation, showing improved
cellular immune parameters and tolerance to abdominal pain, bloating and diarrhoea.
These authors used glutamine along with fish oil in their treatment as it has been shown to
enhance epithelial cell growth and repair of intestinal mucous membrane, prevent bacterial
translocation and reduce barrier injury, among others, which may actually be able to work
synergistically with probiotics to protect the intestinal mucosa barrier and reduce perme-
ability. In this manner, radiation-induced injuries may be alleviated by these probiotic
strains, while other eco-nutrients feed the intestinal membrane.

3.4. Inflammatory-Related Side Effects

Impact on inflammatory-related side effects such as oral mucositis was also reported
in three trials (15%). Among these studies, two trials [20,40] showed positive and effective
results in reducing the severity of oral mucositis when using different probiotic strains:
(B. longum, L. lactis, and E. faecium) and L. brevis CD2. The treatment period for these studies
was from 1 to 7 weeks. However, De Sanctis et al. (2019) [39] did not notice any significant
changes in the severity of oral mucositis with L. brevis CD2, although their treatment
lasted only 1 week due to premature closure of patient accrual. While it is true that radio-
chemotherapy-induced mucositis is a complex process and further prospective studies
are needed to explore oral microbiota modulation in reducing its incidence, the findings
of Jiang and collaborators (2019) [20] and Sharma and collaborators (2012) [40] strongly
underpinned the probiotics used as a plausible strategy to manage mucositis-associated
pain and reduce its incidence.

3.5. Performance Status-Related Side Effects

Concerning to the impact of probiotics in patients’ general well-being and activities of
daily life, three trials (15%) evaluated their effects over a 4-week treatment period [41–43].
Two of these studies used a single probiotic strain, S. salivarius M18 and L. casei LC9018
respectively, and the remaining study used a combination of L. acidophilus, L. rhamnosus,
B. longum, and Saccharomycesboulardii. In line with the findings of Shao and collaborators
(2014) [38], not only did Doppalapudi and collaborators (2020) [42] and Vesty and collabora-
tors (2020) [41] observe clinical improvements driven by probiotic-induced changes in the
oral microbiota but also a potential mechanism to improve these performance status-related
side effects throughout other modulating host immune response and microbial interactions.
Having said that, only one study [43] assessed the effect of probiotics in malignant pleural
effusion, which is one of the most common complications in lung cancer. This complication
can have a severe impact on patient performance and shortened survival, but interestingly,
L. casei LC9018 has been shown to be a useful adjuvant in the treatment of this type of
cancer and to prevent this complication.

3.6. Quality Assessment

On the Jadad Scale, the average quality of the analyzed studies was 3.75 (Figure 2).
Its reporting quality varied from 2 (in four studies), 3 (in two studies), 4 (in nine stud-
ies), and 5 (in five studies), with none of them having an inappropriate reporting quality
(lower than 1). At last, four of the studies reviewed received support from different manu-
facturers, indicating the possibility of a sponsorship bias [26,31,36,40].
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Figure 2. Risk of bias summary using the Jadad Scale for each included study.

4. Discussion

This review was aimed to evaluate the efficacy of probiotics supplements as a thera-
peutic strategy for treatment-related side effects in adult oncology patients. After analyzing
20 randomized controlled trials, our findings showed the beneficial effects that probiotic
may have in a range of common treatment-related side effects, which have a direct impact
of the oncology patients’ quality of life. In this manner, 11 of 20 studies (55%) observed
positive outcomes among gastrointestinal adverse effects management such as diarrhea,
abdominal pain, nausea, and vomiting among others. Similarly, another six studies (30%)
reported promising results in the control of immune and inflammatory responses, as well as
other side effects related to their overall well-being and daily life activities. These findings
further support the idea of previous reviews [44,45], suggesting that microbiota plays a key
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role in the pathogenesis of some treatment-related side effects, although further evidence
is needed to determine their safety and accuracy [46,47].

The studies included in this review were heterogenous in the use of probiotic strains,
where Lactobacillus acidophilus (LA-5, BMC12130, LAC-361, and NCDO1748) was the most
widely used strain among other 15 different strains, both in single strain [29,37] and
multiple strain trials [25–28,31,34,42]. This heterogeneity added to the number of cancers
included may explain some of the between-studies variability of the results [47]. Another
possible explanation may be the interindividual diversity of the microbiota composition,
where personalized medicine might well contribute to predicting the most suitable probiotic
strain for the individual [48]. In this vein, strong evidence suggests that the efficacy of
probiotics is strain-specific as well as disease-specific, and therefore, these factors should
be considered when recommending the best probiotic for the patient [49]. Furthermore,
the duration of treatment may also have to be considered to demonstrate probiotic clinical
position in the oncology of treatment-related side effects, 4 weeks being the most common
duration of treatment among the studies included. These results are consistent with the
findings of De Sanctis and collaborators (2019) [39], who stated that a probiotic treatment
period of less than 4 weeks may not be sufficient to observe and confirm their beneficial
effects. However, to date, there are not standardized procedures available on the minimum
treatment duration for the selected probiotic strain in order to observe positive outcomes,
as it requires time to promote gut microbiota re-shaping and, as a result, the beneficial
effect [50].

In reference to the treatment-related side effects, authors such as Delia and collab-
orators (2007) [34], Golkhalkhali and collaborators (2018) [26], as well as Osterlund and
collaborators (2007) [33] among others, concur that the use of probiotics and microbial cell
preparations improves the intestinal immune barrier, particularly intestinal IgA responses.
In line with the results of other studies, these probiotic strains are able to stabilize the
intestinal microbial environment and improve the permeability of the intestinal barrier,
leading to a reduction in inflammatory response and promoting changes in the intesti-
nal flora [51,52]. This promotes an ideal environment for the growth of non-pathogenic
bacteria, helping to protect epithelial cells, the process of apoptosis, and some cytopro-
tective processes [53]. Interestingly, similar results were found using probiotic strains
such as Lactobacillus, Bifidobacterium, or Streptococcus along with other eco-nutrients such
as glutamine and fish oil [38]. These results match those observed in recent preclinical
studies [54,55], where the colonization of this bacteria genera enhanced the immune and
anti-inflammatory response to radiation, forming an enteric–intestinal barrier that increased
the thickness of the intestinal flora. Moreover, the optimization of the medium promotes
the life of living microorganisms, which can restore the balance of a radiation-damaged
microecosystem by repairing the intestinal membrane, inhibiting the growth of intestinal
pathogens, and reducing endotoxin production [56]. These probiotic strains are antioxidant
agents that act by eliminating free radicals produced by ionization and preventing lipid
oxidation, thereby prioritizing the repair and regeneration of the cell membrane, DNA,
and proteins, resulting in their high efficacy in reducing abdominal pain, flatulence, and
diarrhea, as these authors highlight in their findings [38,56].

In accordance with these findings, Holma and collaborators (2013) [30] underline the
importance of fecal pH and methane production in this type of patient, where intestinal
microbiota plays a central role in the incidence of unpleasant side effects such as diarrhea
and constipation, bloating, or abdominal inflammation. These results confirm the associa-
tion between the higher production of elements such as methane and microbiota, where
a higher production of methane is associated with a lower incidence of diarrhea and a
methane deficiency is associated with a higher incidence of abdominal discomfort [57]. In
this context, the results showed that the L. rhamnosus GG ATCC 53,103 strain did not alter
the production of pH or methane, as opposed to studies such as Salminen and collaborators
(1988) [37], in which L. acidophilus NCDO1748 was administered and increased flatulence
was observed, pointing directly to the lactulose content as a non-absorbable substrate, a
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mechanism favoring the production of methane and probiotic absorption. In this sense, Os-
terlund and collaborators (2004) [35] provide information on lactose intolerance caused by
low intestinal villus height in relation to its depth of treatment, resulting in malabsorption
syndrome and therefore hindering the production of diarrhea, flatulence, and abdominal
pain [58]. In line with the overall evidence, it is worth noting how adverse effects can
be managed by modifying gut microbiota and methane production mechanisms [30,59].
Replacing lactulose with another non-absorbable substrate would not cause diarrhea and
would, in turn, allow the amount of methane to be controlled to achieve balance in intesti-
nal transit, vary the amount of substrate administered, and greatly improve or even reduce
the number of treatment doses administered to patients [35,57].

On the other hand, oral mucositis and oral health stand as one of the most treated
side effects as they significantly reduce the patients’ quality of life [60]. In that matter,
probiotics such as B. longum (BCMC02120, BB-536), L. lactis BCMC12451, E. faecium, and
L. brevis CD2 have shown to reduce the incidence of severe oral mucositis by promoting
the growth and protection of the bacterial flora and, as a result, decreasing the number
of adverse effects, severity, and incidence of mucositis [20,40–42]. These findings are in
agreement with those of Vesty and collaborators (2020) [41], who identified that using
S. salivarius M18 improved patients’ quality of life by reducing the number of oral infections
(candidiasis) and adverse effects (mucositis, diarrhea) that these patients experienced after
their treatments. However, recent research found that the effects of L. brevis CD2 were
unable to confirm its beneficial impact for severe oral mucositis, though one possible
explanation for these findings could be the premature closure of patient accrual [39]. Lastly,
it is also interesting to note the effect of probiotics on other side effects of these patients
such as pleural effusion, which can severely affect their performance status and even
shorten their life expectancy. Only Masuno and collaborators (1991) [43] evaluated the use
of the L. casei LC9018 strain against this complication, demonstrating promising results in
controlling pleural effusions by reducing the number of malignant cells at the pleural level,
which are supported by preclinical models [61,62].

Limitations

That being said, there are some limitations to bear in mind when interpreting the
findings of this study. Fifteen of the analyzed studies were not registered, and therefore
there may be a risk of reporting bias, whereas these studies are consistent trials on the Jadad
Scale. On the other hand, heterogeneity in strains, length of treatment, and population
could be confounding factors, and hence, generalizations should be made with caution.
As a result of this heterogeneity in strains, interventions, and data collection methods,
neither meta-analysis nor meta-regression were considered in this review. Given the small
number of studies included, further work is still needed on the clinical position of probiotic
supplements in adult oncology treatment-related side effects, in particular to determine
the efficacy of individual probiotic strains, which could help to compare strains and lead
more closely to preventive approaches.

As a whole, this review contributes to the existing literature, providing evidence
of the current clinical position of probiotics supplements for some common treatment-
related side effects in adult oncology patients. Despite the main findings of these studies
concluded in terms of the safety and efficacy of probiotics supplements for the treatment
or prevention of these side effects, further research with larger groups, specific strains,
and duration of treatment is needed to conclude the beneficial effects for each of these
side effects. More broadly, research is needed to determine the effects of individual and
combined probiotic strains in order to draw confident conclusions about their benefits for
both general oncology treatment-related side effects and specific cancers. Future research
will be particularly interesting in determining how the use of probiotics and prebiotics
may enhance the beneficial effect of the first to improve therapeutic responses in patients
with cancer.
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5. Conclusions

This study has shown that some probiotic strains (L. acidophilus, L. casei, B. longum, or
L. rhamnosus among others) are a valid therapeutic strategy in some common treatment-
related side effects in adult oncology patients, using both single or multiple strain combina-
tions for at least 4 weeks of treatment. The beneficial variation between the different strains
in the selected studies has been similar, which is why all of them represent a possible strat-
egy for complications such as gastrointestinal side effects, immune or inflammatory side
effects, and performance status-related side effects. Furthermore, despite its exploratory
nature, this study provides some insight into the importance of chemotherapy and radio-
therapy, inducing major changes in the composition of microbiota, where these probiotic
strains may play an important role to prevent or treat such complications.

Implications for Clinical Practice

Common treatment-related side effects such as diarrhea, vomiting, mucositis, or ab-
dominal pain are unpleasant for patients who have to undergo chemo- or radiotherapy
treatments. Although more research is clearly needed, it has been shown that the gut
microbiota plays a key role in immunity, and therefore, probiotics could be considered as a
potential therapeutic strategy for treating and preventing these complications in immuno-
compromised cancer patients. Certain probiotic strains (e.g., Lactobacillus or Bifidobacterium)
have shown to be safe and effective for some of these effects secondary to chemo- and
radiotherapy, but also to significantly enhance immune response in these patients. Rather
than concluding on this topic, this review provides a common ground to explore more in
detail the use of certain probiotic strains for common side effects such as pleural effusions,
which have a profound impact on the quality of life and life expectancy of these patients.
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Appendix A

Table 1. Search strategies for each database used.

Pubmed Scielo Proquest Ovid

Probiotics

(((((probiotics [Title/Abstract]
OR probiotics [MeSH Terms])

OR lactobacillus
[Title/Abstract]) OR

bifidobacterium
[Title/Abstract]) OR

lactobacillus [MeSH Terms])
OR bifidobacterium [MeSH

Terms])

((ti:probiotics OR
ab:probiotics OR

kw:probiotics) OR
(ti:lactobacillus OR
ab:lactobacillus OR
kw:probiotics) OR

(ti:bifidobacterium OR
ab:bifidobacterium OR
kw:bifidobacterium))

((((AB,TI(probiotics) OR
MESH(probiotics)) OR

AB,TI(lactobacillus)) OR
AB,TI(bifidobacterium))
OR MESH(lactobacillus)

OR
MESH(bifidobacterium))

((probiotics OR
lactobacillus) OR
bifidobacterium)
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Table 1. Cont.

Pubmed Scielo Proquest Ovid

Oncology
treatments

AND ((((radiotherapy
[Title/Abstract] OR

chemotherapy [Title/Abstract])
OR chemotherapy [MeSH
Terms]) OR radiotherapy

[MeSH Terms]) OR radiation
[Title/Abstract])

AND
(((ti:chemotherapy OR
ab:chemotherapy OR

kw:chemotherapy) OR
(ti:radiotherapy OR
ab:radiotherapy OR

kw:radiotherapy)) OR
(ti:radiation OR
ab:radiation OR
kw:radiation))

AND
(((AB,TI(chemotherapy)
OR AB,TI(radiotherapy))

OR MESH(chemotherapy))
OR MESH(radiotherapy))

((chemotherapy OR
radiotherapy) OR

radiation)
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Abstract: Probiotics are recommended, among others, in the diet of children who are under an-
tibiotic therapy, or that suffer from food allergies or travel diarrhea, etc. In the case of toddlers
taking probiotic preparations, it is highly recommended to first remove the special capsule, which
normally protects probiotic strains against hard conditions in the gastrointestinal tract. Otherwise,
the toddler may choke. This removal can impair probiotic survival and reduce its efficacy in a
toddler’s organism. The aim of this study was to evaluate the survivability of five strains of lactic acid
bacteria from the commercial probiotics available on the Polish market under simulated conditions
of the gastrointestinal tract. Five probiotics (each including one of these strains: Bifidobacterium
BB-12, Lactobacillus (Lb.) rhamnosus GG, Lb. casei, Lb. acidophilus, Lb. plantarum) were protective
capsule deprived, added in a food matrix (chicken–vegetable soup) and subjected under simulated
conditions of the gastric and gastrointestinal passage. Strain survivability and possibility to growth
were evaluated. Obtained results showed that, among all analyzed commercial probiotic strains, the
Lb. plantarum was the most resistant to the applied conditions of the culture medium. They showed a
noticeable growth under both in vitro gastric conditions at pH 4.0 and 5.0, as well as in vitro intestinal
conditions at all tested concentrations of bile salts.

Keywords: probiotics; resistance; survivability; gastrointestinal passage; gut

1. Introduction

The definition of “probiotic” provided by the International Scientific Association of
Probiotics and Prebiotics states that probiotics are “live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host” [1]. The best known and the
most thoroughly investigated probiotic strains are representatives of Lactobacillus (Lb.) and
Bifidobacterium genera [2–4]. The role of probiotics is to, i.a., alleviate symptoms of lactose
intolerance, ameliorate outcomes of food allergies, and reduce cholesterol concentration in
blood [5–7]. The administration of probiotic preparations is recommended, e.g., during
and after antibiotic therapy to aid the reconstruction of natural enteric microflora [8–10].

It is estimated that from 11 to 30% of children treated with antibiotics (mainly β-lactam
ones and vancomycin) suffer from intestinal discomfort and diarrheas [11–13]. Diarrhea
is especially dangerous for small children/toddlers as it may cause malfunction of the
water–electrolyte balance of their bodies within a short period of time [14]. Sometimes,
however, children suffer from post-antibiotic diarrhea despite their diet supplementation
with probiotic strains [15]. This is, probably, caused by reduced survivability of individual
probiotic strains under varying conditions of the alimentary tract. Oral administration of
at least 107 cells of a probiotic strain per milliliter or gram of food should ensure a positive
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effect to the host even when some of them do not survive the unfavorable conditions of the
gastrointestinal passage [16]. Most of the commercial probiotics are registered as “dietary
supplements” and therefore do not have to comply with quality requirements obligatory
for drugs [17]. After oral administration, the probiotic strains are exposed to low pH of
the stomach and bile salts in the enteral section of the alimentary tract of the host. Many
of them often fail to survive conditions of the passage [18,19]. Metabolic and biochemical
activity of probiotics during gastrointestinal passage can be sustained through earlier
encapsulation of their cells [20,21]. However, probiotic preparation producers recommend
removal of the protective capsule before giving it to toddlers and making a suspension
of probiotic powder with water to avoid choking or strangulation during swallow. Such
information can be found on preparation leaflets. Another means of protecting probiotics
against adverse effects of the gastrointestinal conditions is their administration together
with a prebiotic [22]. The best known and the most commonly used prebiotics include
inulin and oligofructose [23].

The aim of this study was to examine the survivability and possibility to growth
of strains obtained from commercial probiotic preparations (without protective capsule)
under conditions simulating gastrointestinal tract.

2. Materials and Methods

2.1. Commercial Probiotic Preparations

The study was conducted with 5 commercial preparations, available on the Polish
market, which contained lyophilized cells of one-strain of probiotic bacteria, namely:

Preparation 1—Lactobacillus rhamnosus GG ATCC 53103 (3 × 109 CFU/one dose,
4.5 × 109 CFU/g);

Preparation 2—Bifidobacterium BB-12 (4 × 109 CFU/one dose, 1.7 × 1010 CFU/g);
Preparation 3—Lactobacillus casei (4 × 108 CFU/one dose, 2.1 × 109 CFU/g);
Preparation 4—Lactobacillus acidophilus (2 × 109 CFU/one dose, 3.1 × 1010 CFU/g);
Preparation 5—Lactobacillus plantarum (4 × 108 CFU/one dose, 1.8 × 109 CFU/g).
In the case of preparations 3, 4 and 5, producers did not provide any information

about the number of strain or its origin. This information is a trade secret. Preparation 2
contained a prebiotic in the form of fructooligosaccharide (FOS), whereas preparations 3
and 4 contained inulin, and preparations 1 and 5 did not contain prebiotic. The preparations
originated from various Polish producers and were registered as dietary supplements. Their
production dates were similar. Preparation 1 was in the form of a lyophilizate in a paper
sachet, whereas the other preparations were encapsulated in gelatin capsules. Preparation
1 was poured out of the sachet prior to testing. All gelatin capsules (which normally
protect probiotics from outside the GIT environment) from preparations 2, 3, 4, and 5 were
removed before using probiotic preparations in experiments; this is typically the intake
procedure for probiotic preparations for toddlers (12–18 months) to avoid choking.

2.2. Growth Media and Solutions

MRS broth (Sigma-Aldrich, St. Louis, MO, USA), agar 15 gL−1 (for seeding step),
pH 6.2. The broth was sterilized at a temperature of 121 ◦C for 15 min.

Gastric electrolyte solution (GES) [24,25], composed of [gL−1]: NaCl 4.8, NaHCO3
1.56, KCl 2.2, CaCl2 0.22, pepsin 1. The solution was sterilized at a temperature of 121 ◦C
for 20 min; after sterilization GES was supplemented with a filter sterile pepsin solution in
water (P6887; Sigma-Aldrich, 0.22 μL, Sartorius Poland Sp. z o o.) to final concentration
1 gL−1.

Double-concentrated J broth (2 × JB) [24], was composed of [gL−1]: peptone 10, yeast
extract 30, K2HPO4 6, glucose 4. The broth was sterilized at a temperature of 121 ◦C for
20 min. Glucose solution was filtered (filter pore diameter—0.22 μm, Sartorius Poland Sp.
z o o.) and added to 2 × JB after sterilization. Bile salts were subjected to mild sterilization
(117 ◦C, 10 min) and added to sterilized 2 × JB. Concentration of bile salts (Sigma-Aldrich,
B8631) was adjusted to 1%, 2%, and 3%.
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Chicken–vegetable soup (CVS) composed of [gL−1]: chicken breast fillet 200, onion
35, carrot 100, celery root 30, and parsley root 65. The CVS was prepared in a Termomix
Vorwerc cooker, at a temperature of 100 ◦C, for 60 min, with a mixing rate knob in position 1.
The CVS was filtered (filter pore diameter—0.45 μm).

Spring water was recommended for small children, sterilized at temperature 121 ◦C
for 20 min.

Lactobacillus and Bifidobacterium BB-12 were enumerated by the pour plate technique
on MRS and MRS modified by adding 0.2% (w/v) lithium chloride and 0.3% (w/v) sodium
propionate (MRS-LP), respectively [26].

2.3. Study Design and Culture Conditions

The experiment was divided into three stages: control cultures, stomach stage, and
gastrointestinal stage.

To observe how tested bacteria react in optimal conditions (control), Lactobacillus
was incubated in MRS broth, while Bifidobacterium on MRS-LP, deemed optimal for their
growth, was adjusted to pH 6.2 either with HCl 5M or with NaOH 1M at a temperature
of 37 ◦C, for 48 h. In order to limit the access of oxygen to the Bifidobacterium, cultures
were carried out without shaking and, additionally, the access of air was cut off with a
layer of water agar. Incubations in MRS adjusted to pH 2.0, 3.0, 4.0 or 5.0 in the same
growth conditions were also performed to have a positive control of probiotics growth.
In the tested preparations, the initial number of viable cells of the probiotic strain was
initially determined by inoculating petri dishes with MRS medium (preparations 1, 3, 4
and 5, respectively) and with MRS-LP Agar medium (preparation 2). The obtained results
were expressed as CFU/g of each preparation (2.1.)

To simulate conditions occurring in the stomach, 100 mL of GES was mixed with
100 mL of CVS and 100 mL of sterile spring water containing 1 dose of a given probiotic
preparation (1, 2, 3, 4 or 5). Each of the five mixtures was cultured at final pH 2.0, 3.0, 4.0,
and 5.0; temperature 37 ◦C, for 3 h (Figure 1). The acidity of the solutions was adjusted
using the HCl 5M.

100 mL GES 

100 mL CVS 

100 mL spring 

water  

Removed 
probiotic capsule  

pH 2.0; 3.0; 4.0 or 5.0 

Incubation with shaking, 3 h, 37 °C  

OD 
measurments 

seeding onto 
Petri dishes 

Figure 1. Scheme of the variants tested under gastric stage of experiment (GES—gastric electrolyte solution, CVS—chicken–
vegetable soup).

The gastrointestinal stage consisted of mixing 100 mL of GES with 100 mL of CVS
and 100 mL of spring water suspension containing a given probiotic, at final pH 3.0.
The mixture was shaken in a reciprocating shaker 50 rpm, at 37 ◦C for 30 min (stomach
stage) [27]. Afterwards, the suspension was mixed with 2 × JB (1:1, v/v). Survivability of
all preparations was examined in the presence of bile salts with concentrations of 1, 2 or 3
(%), at 37 ◦C for 6 h; the final pH of mixture medium was 5.5 (regulated using NaOH 1M)
(Figure 2).
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100 mL GES 

100 mL CVS 

100 mL spring 

water 

1 dose of 

probiotic without 

a capsule  

STOMACH condition 

pH 3.0; 0.5 h; 37 °C 

shaking  

Adding 

2 × JB with 

1 or 2 or 3% 

of bile salts 

INTESTINE condition 

pH 5.5; 6 h; 37 °C 

no shaking  

 

OD measurments 

in Bioscreen C  

seeding onto 

Petri dishes 

Figure 2. Scheme of the variants tested under gastrointestinal stage of experiment, (GES—gastric electrolyte solution,
CVS—chicken–vegetable soup, 2 × JB—2 × concentrated J broth).

Optical density (OD) of individual cultures of probiotic preparations was measured
every 30 min in a Bioscreen C MBR apparatus with the length of wave λ = 600 nm. Each
culture variant was conducted in three independent replications. Simultaneously the count
of bacteria on MRS Agar pH 6.3 (Lactobacillus) and MRS-LP Agar pH 6.3 (BB-12) plates was
determined. Incubation was provided in anaerobic jars containing AnaeroGen® (Argenta,
Poland) [26]. The samples for spread on petri dishes was taken from time points: 0; 12; 24;
36 and 48 h for MRS conditions, 0; 1; 2; 3 h for gastric stage, 0; 2; 4; 6 h for gastrointestinal
stage. In each variant of the experiment, three independent series of replicates were per-
formed for each analyzed sample inoculated into petri dishes, differentiated by the type of
preparation (1; 2; 3; 4; 5), variant type (MRS control, stomach, gastrointestinal (GI), pH (2.0;
3.0; 4.0; 5.0 or 6.2) or bile salt concentration (1%; 2%; 3%) and measuring point (h) 0; 12; 24;
36; 48 for MRS stage, 0; 1; 2; 3 for stomach, 0; 2; 4; 6 for GI). In the case of the optical density
(OD) measurement in Bioscreen Apparatus, measurements were made every 30 min for
each individual sample, and each sample variant was performed in three independent
measurement series.

2.4. Calculation of Coefficient of Specific Growth Rate

The coefficient of the specific growth rate (μ) in time (t) was calculated from the
formula: μ(t) = (ln ODf − ln ODi) / (tf − ti), where: ODf—final OD in the log phase,
ODi—initial OD in the log phase, tf—time of log phase termination, ti—time of log phase
onset [28].

2.5. Statistical Analysis

Results obtained were subjected to statistical analysis using StatGraphicPlus 4.1. soft-
ware Statgraphics Centurion software (Version 17.1.12, Gambit Centrum Oprogramowania
i Szkoleń Ltd., Kraków, Poland). Analysis of variance (ANOVA) was conducted. The
Tukey test was applied to compare the significance of differences between mean values at a
significance level of α = 0.05. Mean values from three replicates (n = 3) were also calculated,
and the standard deviation was added to the mean as ± SD.

3. Results

3.1. Survivability and Growth of Bacteria Present in Commercial Probiotic Preparations in
MRS Broth

Bacteria were cultured in the MRS broth deemed optimal for the growth of LAB and
bifidobacteria [29–31] to observe how they react in optimal conditions.

Curves of changes in optical density (OD, λ = 600 nm) during culture of commercial
preparations of probiotic bacteria in MRS broth with various pH values are shown on
Figure 3. The viable cell counts of the tested probiotic bacteria determined by the plate
method are illustrated in Table 1.
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Figure 3. Changes in the optical density (OD600) during culture of commercial probiotics preparations: (a) Lb. rhamnosus
GG ATCC 53103; (b) Bifidobacterium BB-12; (c) Lb. casei; (d) Lb. acidophilus; (e) Lb. plantarum in MRS medium with different
pH (2.0; 3.0; 4.0; 5.0; 6.2), (p < 0.05). The number of repeats for each treatment n = 3. Letters marked with the same color
define a homogeneous group within one pH value among the tested variants of the experiment (a given color correlates
with the pH value and a given letter correlates with a given homogeneous group within pH range).
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Table 1. Growth of commercial probiotic strains (log CFU mL−1 ± SD) in MRS medium with
different pH.

pH
Time of Incubation (h)

0 12 24 36 48

Lb. rhamnosus GG

2 7.76 ± 0.31 - - - -

3 7.79 ± 0.11 - - - -

4 7.79 ± 0.08 8.55 ± 0.11 8.83 ± 0.05 8.68 ± 0.13 9.02 ± 0.08

5 7.8 ± 0.15 9.59 ± 0.16 9.73 ± 0.12 9.88 ± 0.05 9.14 ± 0.11

6.2 7.81 ± 0.07 10.56 ± 0.03 10.03 ± 0.14 10.74 ± 0.21 10.01 ± 0.05

Bifidobacterium BB-12

2 6.74 ± 0.34 - - - -

3 6.82 ± 0.11 - - - -

4 7.13 ± 0.58 6.13 ± 0.17 5.93 ± 0.08 4.24 ± 0.31 5.46 ± 0.45

5 6.98 ± 0.27 8.61 ± 0.12 9.02 ± 0.20 9.57 ± 0.16 9.38 ± 0.14

6.2 7.23 ± 0.23 9.94 ± 0.11 9.98 ± 0.01 10.16 ± 0.14 10.22 ± 0.14

Lb. casei

2 6.12 ± 0.16 - - - -

3 6.33 ± 0.19 5.16 ± 0.07 4.29 ± 0.00 - -

4 6.14 ± 0.05 5.67 ± 0.00 5.82 ± 0.25 5.55 ± 0.01 5.12 ± 0.09

5 6.52 ± 0.08 6.41 ± 0.08 5.62 ± 0.09 6.85 ± 0.11 8.08 ± 0.09

6.2 6.42 ± 0.11 7.02 ± 0.16 7.16 ± 0.05 8.71 ± 0.05 9.13 ± 0.08

Lb. acidophilus

2 6.79 ± 0.13 - - - -

3 6.89 ± 0.08 - - - -

4 6.63 ± 0.11 6.51 ± 0.13 6.40 ± 0.14 6.82 ± 0.14 6.99 ± 0.21

5 6.92 ± 0.22 6.83 ± 0.02 7.94 ± 0.58 8.33 ± 0.05 8.17 ± 0.16

6.2 7.01 ± 0.22 8.64 ± 0.12 10.32 ± 0.15 10.13 ± 0.04 9.97 ± 0.14

Lb. plantarum

2 6.13 ± 0.39 - - - -

3 6.29 ± 0.23 5.55 ± 0.08 4.17 ± 0.08 - -

4 6.37 ± 0.25 7.36 ± 0.08 7.98 ± 0.01 9.17 ± 0.03 9.14 ± 0.24

5 6.22 ± 0.09 8.92 ± 0.08 9.28 ± 0.12 9.91 ± 0.09 9.68 ± 0.11

6.2 6.41 ± 0.03 9.32 ± 0.13 10.16 ± 0.08 10.28 ± 0.13 9.93 ± 0.03

“-”—no growth/less than 4 log CFU mL−1.

The OD of Lb. GG culture in MRS broth with pH 2.0 and pH 3.0 was decreasing
throughout the experiment (from the initial value of ca. 0.5 to the final value of ca. 0.36)
(Figure 3). The results obtained using the plate method (Table 1) indicate that during the
first 12 h of the experiment at pH 2.0 or 3.0, the number of Lb. GG decreased to less than
4 log CFU ml−1. It was found that the other tested strains reacted in a similar way, except
Lb. casei and Lb. plantarum in MRS with pH 3.0 (Table 1). The highest OD values were noted
for this probiotic strain in MRS broth with pH 5.0 and pH 6.2 (Figure 3). The number of
Lb. GG in the MRS with pH 5.0 after 48 h of the experiment increased by about 1.34 log
order, while at the optimal pH (pH 6.2) by 2.2 log order.
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The course of the growth curve plotted for the BB-12 strain at pH 4.0 indicated that
the bacteria needed a lot of time to adapt to medium conditions before their cells began
to divide (Figure 3). By the 36th hour of the experiment, a decrease in the number of
strain BB-12 from the initial 7.13 log CFU mL−1 to 4.24 log CFU mL−1 was observed, while
in the last twelve hours there was an increase in the number of bacteria by about one
logarithmic order, which is also visible on the course of the OD curve (Figure 3). Only
Lb. GG, Lb. acidophilus and Lb. plantarum strains showed an increase in cell number during
incubation in MRS at pH 4.0 (Table 1).

Growth curves plotted for the BB-12 strain in MRS media with pH 5.0 and 6.2. had a
similar course and indicated intensive cell proliferation (Figure 3). For all tested strains,
the number of cells was increased during incubation in MRS at pH 5.0 and pH 6.2 (Table 1).
The increase in the viable cell number at pH 5.0 was 1.25–3.46 log orders and at pH 6.0
about 3.0 log orders.

For most of the probiotic strains tested, the course of the growth curves was character-
istic and included lag phase, log phase, and stationary phase. Worthy of notice is, however,
that growth curves plotted for bacteria cultured under experimental conditions differed for
each preparation (Figure 3).

Statistical analysis showed that there was not significant difference between the OD
value of L. rhamnosus GG growing in MRS pH 2.0, 3.0, as well as in MRS pH 5.0 and 6.2
(Figure 3). It was also shown that in the case of the BB-12 strain growing in MRS, the same
homologous group was for growth in pH 2.0, 3.0 and 4.0, and, simultaneously, the OD
values for this strain cultivating in MRS pH 5.0 and 6.2 belonged to the same homologous
group (Figure 3). An analogous situation was observed for the MRS culture of Lb. casei
(Figure 3). However, in the case of cultivation with the use of an Lb. acidophilus strain, three
homologous groups were observed—the first for growth in pH 2.0 and 3.0, second for pH
4.0 and the third for growth in pH 5.0 and 6.2 (Figure 3).

Selected lag phase and log phases, initial and maximal OD values, and coefficients of
the specific growth rate of the analyzed probiotic preparations are summarized in Table 2.

Table 2. Selected lag and log phase lengths, initial and final OD600 in log phase, and coefficient of spe-
cific growth rate for the bacteria present in commercial probiotic preparations tested in MRS medium.

Strain
Variant of
Culture in

MRS

Length of
Lag Phase

(h)

Length of
Log Phase

(h)

Initial
OD600 in

Log Phase

Final
OD600 in

Log Phase

Coefficient
of Specific

Growth
Rate (μ)

(h–1)

Lb.
rhamnosus
GG ATCC

53103

pH 4.0
pH 5.0
pH 6.2

19.0
0.5
0

29.0
19.0
16.0

0.53
0.59
0.56

1.78
1.97
2.15

0.042
0.063
0.084

Bifidobacterium
BB-12

pH 5.0
pH 6.2

3.0
2.5

16.5
12.0

0.44
0.54

2.05
2.13

0.093
0.114

Lb. casei pH 5.0
pH 6.2

24.5
24.5

35.0
20.0

0.30
0.35

1.55
1.85

0.047
0.083

Lb.
acidophilus

pH 4.0
pH 5.0
pH 6.2

25.0
5.5
6.5

16.5
49.5
28.0

0.33
0.30
0.37

0.67
0.78
1.60

0.043
0.019
0.053

Lb.
plantarum

pH 4.0
pH 5.0
pH 6.2

0
0

1.0

29.0
17.0
12.0

0.98
0.99
1.04

1.70
1.93
2.10

0.019
0.039
0.058
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In the case of the Lb. rhamnosus GG ATCC 53103 strain, the highest value of the specific
growth rate coefficient (μ = 0.084) was determined in MRS broth with pH 6.2. The μ values
computed for the culture of these bacteria in MRS broth with pH 4.0 and 5.0 reached 0.042
and 0.063, respectively. In the case of MRS broth with pH 4.0, bacterial cells needed 19 h
to adapt to medium conditions, whereas in MRS broth with higher pH values (5.0 or 6.2),
cells of this probiotic began proliferation immediately after culture initiation. The growth
curve plotted for Lb. GG in the medium with pH 4.0 had the longest phase of logarithmic
growth of 29 h, whereas at pH 5.0 and pH 6.2, the length of this phase reached 19 and 16 h,
respectively. In MRS broth with pH 4.0 and pH 5.0, the final OD value increased three
times, whereas in the medium with pH 6.2 the final OD value of culture increased nearly
four times in comparison with initial OD (Table 2)

The value of the μ coefficient for the growth of BB-12 strain cells increased along with
increasing active acidity of the culture medium (μ = 0.093 at pH 5.0 and μ = 0.114 at pH 6.2).
The growth of the cells of this strain in the medium with pH 4.0 revealed a long, nearly
40 h phase of adaptation of the cells to conditions of the medium (Figure 3). In MRS broth
with pH 5.0 and 6.2, the adaptation phase lasted ca. 3 h. The length of the logarithmic
growth phase noted for BB-12 in pH 5.0 was 16.5 h and in pH 6.2 was 12 h (Table 2). The
highest (4.7-fold) increase in OD value of BB-12 strain culture was observed in MRS broth
with pH 5.0 (Table 2).

The Lb. casei strain showed no growth in MRS broth with pH 4.0 (Figure 3), whereas
in MRS with pH 5.0 and 6.2 the length of lag phase was the same (24.5 h). The value of μ
coefficient calculated for the culture incubated at pH 6.2 was higher by 0.036 compared to
the culture incubated at pH 5.0 (Table 2).

The culture of the Lb. acidophilus strain was characterized by the highest value of the
growth rate coefficient in MRS broth with pH 6.2 (μ = 0.053). After cell introduction into
the MRS broth with pH 4.0, the lag phase lasted ca. 25 h, whereas in the other media (with
pH 5.0 and 6.2) it was definitely shorter and reached ca. 6 h. In MRS broth with pH 5.0, the
final OD value increased 2.6-fold compared to the initial value (for comparison, in MRS
broth with pH 6.2, the log phase lasted 28 h and OD increased over 4-fold) (Table 2).

No growth of the Lb. plantarum strain was observed in MRS broth with pH 2.0 and 3.0
(Table 1, Figure 3). The value of the μ coefficient determined for the Lb. plantarum strain
cultured in MRS broth with pH 4.0, 5.0 and 6.2 reached 0.019, 0.039 and 0.058, respectively
(Table 2). Cells of this strain started division immediately after culture onset, regardless of
medium pH. The log phase lasted 29 h for the culture incubated at pH 4.0, as well as 17
and 12 h for cultures incubated at pH 5.0 and 6.2, respectively.

3.2. Survivability and Growth of Bacteria Present in Commercial Probiotic Preparations in a Food
Matrix Simulating Gastric Passage

Food retention in the stomach usually lasts ca. 1–3 h [32] and liquid foods are re-
tained. Once food has been ingested and its digestion has begun, pH value successively
decreases [33,34].

Curves depicting changes in OD values during the incubation of the cultures of tested
preparations in the medium simulating conditions likely to occur in the stomach of a small
child after consumption of a chicken–vegetable soup (CVS), and after taking a probiotic
preparation in a suspension of spring water, are shown on Figure 4. Changes in the cell
number of the tested strains during incubation in the gastric medium are presented in
Table 3.
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Figure 4. Changes in the optical density during culture of commercial probiotic strains in the food matrix under simulated
condition of the gastric passage (a) Lb. rhamnosus GG ATCC 53103; (b) Bifidobacterium BB-12; (c) Lb. casei; (d) Lb. acidophilus;
(e) Lb. plantarum, (p < 0.05). The number of repeats for each treatment n = 3. Letters marked with the same color define a
homogeneous group within one pH value among the tested variants of the experiment (a given color correlates with the pH
value and a given letter correlates with a given homogeneous group within pH range).

55



Int. J. Environ. Res. Public Health 2021, 18, 1108

Table 3. Growth of commercial probiotic strains (log CFU mL−1 ± SD) in the food matrix under
simulated condition of the gastric passage.

pH
Time of Incubation (h)

0 1 2 3

Lb. rhamnosus GG

2.0 6.92 ± 0.17 5.19 ± 0.01 - -

3.0 7.07 ± 0.04 5.72 ± 0.08 5.55 ± 0.17 5.63 ± 0.45

4.0 7.21 ± 0.00 6.64 ± 0.05 6.78 ± 0.13 6.33 ± 0.04

5.0 7.13 ± 0.34 6.96 ± 0.17 6.82 ± 0.09 6.80 ± 0.02

Bifidobacterium BB-12

2.0 5.73 ± 0.28 4.62 ± 0.34 4.58 ± 0.05 4.70 ± 0.11

3.0 6.96 ± 0.00 7.13 ± 0.16 6.88 ± 0.00 6.86 ± 0.00

4.0 7.02 ± 0.13 6.32 ± 0.12 6.54 ± 0.15 6.38 ± 0.31

5.0 7.22 ± 0.13 7.16 ± 0.16 7.31 ± 0.03 7.18 ± 0.21

Lb. casei

2.0 5.80 ± 0.08 - - -

3.0 6.29 ± 0.11 - - -

4.0 6.19 ± 0.54 5.37 ± 0.17 5.23 ± 0.14 4.22 ± 0.14

5.0 6.21 ± 0.35 5.98 ± 0.32 5.61 ± 0.17 4.92 ± 0.12

Lb. acidophilus

2.0 6.24 ± 0.12 5.70 ± 0.05 5.30 ± 0.00 -

3.0 6.78 ± 0.12 5.99 ± 0.07 5.13 ± 0.05 -

4.0 6.88 ± 0.09 6.23 ± 0.13 6.19 ± 0.11 6.33 ± 0.03

5.0 7.02 ± 0.16 6.90 ± 0.12 6.96 ± 0.15 6.87 ± 0.02

Lb. plantarum

2.0 6.68 ± 0.06 5.19 ± 0.08 5.22 ± 0.02 4.97 ± 0.17

3.0 7.18 ± 0.05 6.30 ± 0.16 6.41 ± 0.01 6.43 ± 0.25

4.0 7.20 ± 0.00 7.40 ± 0.12 7.32 ± 0.05 7.38 ± 0.16

5.0 7.31 ± 0.13 7.44 ± 0.01 7.27 ± 0.03 7.45 ± 0.00
“-“—no growth/less than 4 log.

Gastric fluids differed in pH values, which were higher at the beginning and lower
at the end of digestion. Optical density of the culture of the Lb. GG strain decreased
insignificantly at pH 2.0 and 3.0. Already active acidity of 4.0 and 5.0 enabled the growth
of these bacteria; however, in both variants of culture the OD value increased by 0.02
on average (Figure 4). A reduction in the number of Lb. GG cells was observed during
incubation regardless of the pH of the medium. In gastric medium with pH 2.0, after
just 2 h of incubation, the Lb. GG number decreased to less than 4 log CFU mL−1. BB-12,
Lb. casei and Lb. acidophilus strains showed no growth during incubation, regardless of
active acidity values, which was indicated by the course of curves depicting OD value
changes in time of incubation (Figure 4). Among the commercial probiotic strains selected
for this study, only Lb. plantarum showed significant growth in the GES and CSV medium
at pH 4.0 and 5.0. In both cases, a 1.2-fold of increased OD (from the beginning till 3 h) was
noticed. When analyzing changes in the number of cells of probiotic strains based on the
results of the plate method (Table 3), it can be concluded that the Lb. plantarum strain was
characterized by the highest resistance to low pH. In the gastric medium with pH 4.0 and
pH 5.0, a slight increase in the cell number of this strain was noted (by 0.18 and 0.14 log
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order). In gastric medium with pH 2.0 at the last 3rd hour of the experiment, the number
of Lb. plantarum was 4.97 log CFU mL−1. Similar resistance was demonstrated only for
strain BB-12.

3.3. Survivability of Commercial Probiotic Strains in a Food Matrix Simulating
Gastrointestinal Passage

The passage of intestinal digesta through the section of the small intestine usually
spans for 1–6 h [32]. No changes were observed in the optical density in any of the
media simulating conditions occurring during digestion in the small intestine with BB-12,
Lb. rhamnosus, Lb. casei and Lb. acidophilus strains (data not shown). The Lb. plantarum
strain was the only one capable of proliferation under small intestine conditions, regardless
of bile salts concentration (1%, 2% or 3%) (Figure 5). The log phases for Lb. plantarum took
from 1.5 to 2 h for all tested concentrations of bile salts.

Figure 5. Changes in the optical density during culture of Lb. plantarum from commercial probiotic
strains in the food matrix under simulated condition of the gastric and gastrointestinal passage;
in this case it was only one homologous group signed a (p < 0.05). Each homogeneous group’s
corresponding pH was marked the same color as pH line axce.

The analysis of the initial and final OD values of the culture of the probiotic strain
Lb. plantarum increased about 2-fold for concentration 1% and about 3-fold for the rest of
the concentrations. The adaptation phase of the Lb. plantarum strain reached only 1.5 h
regardless of bile concentrations.

Changes in the cell number of the tested strains during incubation in the food matrix
under simulated condition of the gastrointestinal passage are presented in Table 4.

An increase in the number of cells was observed during incubation in the gastrointesti-
nal medium irrespective of the amount of bile salt addition only in the case of Lb. plantarum
strain. The number of Lb. plantarum in the gastrointestinal medium with 1% of bile after
6 h of the experiment increased by about 0.83 log order, while at 3% of bile by 0.29 order of
magnitude in 1 mL. Some resistance to bile salts was found in the BB-12 strain. The final
cell numbers of this strain after 6 h of incubation in gastrointestinal medium containing 1%
and 2% of bile salts reached 6 log CFU mL−1. Only in the medium with the highest tested
content of bile salts (3%) was a slight reduction in the number of cells from the initial 6.17
to 5.86 log CFU mL−1 determined. The most sensitive to the presence of bile salts at the
level of 3% were Lb. casei and Lb. GG strains (<4 log CFU mL−1 from the 2nd and 4th hour
of incubation, respectively).
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Table 4. Survival of commercial probiotic strains (log CFU mL−1 ± SD) in the food matrix under
simulated condition of the gastrointestinal passage.

Bile Salts (%)
Time of Incubation (h)

0 2 4 6

Lb. rhamnosus GG

1 6.13 ± 0.12 6.08 ± 0.26 5.86 ± 0.03 5.80 ± 0.37

2 6.21 ± 0.22 5.12 ± 0.00 4.87 ± 0.18 4.42 ± 0.17

3 6.06 ± 0.01 5.02 ± 0.12 - -

Bifidobacterium BB-12

1 6.32 ± 0.15 6.40 ± 0.03 6.18 ± 0.28 6.16 ± 0.22

2 6.38 ± 0.15 6.16 ± 0.2 5.97 ± 0.15 6.08 ± 0.12

3 6.17 ± 0.05 5.93 ± 0.09 5.90 ± 0.23 5.86 ± 0.06

Lb. casei

1 5.30 ± 0.03 5.21 ± 0.14 4.44 ± 0.01 -

2 5.26 ± 0.12 5.07 ± 0.23 4.04 ± 0.00 -

3 5.01 ± 0.09 - - -

Lb. acidophilus

1 6.65 ± 0.05 5.37 ± 0.00 5.16 ± 0.17 -

2 6.48 ± 0.03 5.02 ± 0.12 4.86 ± 0.03 4.71 ± 0.18

3 6.52 ± 0.22 5.12 ± 0.05 4.70 ± 0.05 -

Lb. plantarum

1 5.63 ± 0.12 5.79 ± 0.28 5.84 ± 0.00 6.47 ± 0.02

2 5.72 ± 0.12 5.20 ± 0.02 5.63 ± 0.01 5.99 ± 0.33

3 5.48 ± 0.10 5.53 ± 0.01 5.70 ± 0.13 5.77 ± 0.00
“-”—no growth/less than 4 log.

4. Discussion

High variability of strains and unlimited possibilities of creating experimental condi-
tions in scientific research significantly impair the comparison and discussion of results
achieved in various studies [35]. There are several criteria, which need to be met to clas-
sify a strain as a “probiotic”. The key ones among functional criteria include tolerance
to gastric juice and bile, and capability of adhesion to colonic mucosa [36,37]. Probiotic
bacterial strains have to survive unfavorable conditions encountered during their gas-
trointestinal passage to be able to colonize the colon and to exert a positive effect on
consumer/host health [32]. However, as indicated in scientific research, not all strains
classified as “probiotic” meet these criteria [38,39]. Both manufacturers of probiotic prepara-
tions and pediatricians exclude the administration of a probiotic preparation in the form of
a gelatin capsule to young children. Giving toddlers a capsule is not advisable because they
can easily choke by swallowing it. It is strictly recommended to remove the capsule and
suspend probiotic with water and administrate it in this form. For this reason described,
experiments showed results of survivability of strains lacking early protection against bile
salts and low pH [40–43].

Lb. rhamnosus GG is a well-characterized probiotic strain [44]. It is a commensal,
which colonizes the gastrointestinal tract in humans [45]. In 1985, Lb. GG was patented as a
probiotic partly due to its resistance to low pH and to bile salts [46]. The exact mechanism
of these bacteria effecting the organism of the host remains unknown; however, bacteria
of the Lb. rhamnosus species are implied to exhibit antimicrobial, antiviral, and diarrhea-
preventing properties [47,48]. Pitino et al. [34] demonstrated that Lb. rhamnosus strains
isolated from cheese showed high survivability in MRS broth with pH 5.0 during simulated
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dynamic digestion in the stomach. In our study, the Lb. GG strain also showed growth
in MRS broth with pH 5.0 (Figure 3, Table 1). In a clinical survey conducted by Hibberd
et al. [48], in 73% of volunteers to whom Lb. rhamnosus was administered orally in a dose of
1010 CFU for 28 days, reduced numbers of these bacteria were detected in feces, i.e., from
1.4 × 103 to 1.3 × 108 CFU [48]. Other Lb. rhamnosus strains isolated from wine showed
growth after 24 h incubation at pH 3.5, likewise Lb. rhamnosus isolated from meat [49].
Goldin et al. [44] proved that Lb. rhamnosus GG survived incubation in the medium with pH
3.0. Results of other studies indicate high resistance of this strain to a bile salt concentration
of 1.5% [49]. In our study, the Lb. rhamnosus GG strain showed no growth at bile salt
concentrations of 1, 2 or 3% (Table 4).

Bacteria of the genus Bifidobacterium possess the GRAS (Generally Recognised As Safe)
status and constitute part of the natural microflora of the gastrointestinal tract of humans
(likewise other probiotic bacteria, e.g., those from the genus Lactobacillus); therefore, they are
often used as components of commercial dietary supplements [3]. In our experiment, the
BB-12 strain showed no growth either in MRS broth with pH 2.0 or with pH 3.0 (Figure 3b,
Table 1). In MRS broth with pH 4.0, we observed the growth of BB-12 bacteria already after
36 h (Table 1). Analyses conducted in our study showed no growth of BB-12 strain under
simulated gastrointestinal conditions. De Castro-Cislaghi et al. [30] observed a reduction
in the cell count of the BB-12 strain in the presence of bile salts in the concentration of 1%,
from the initial value of ca. 9.5 log CFU/g to ca. 9 log CFU/g after 3 h incubation. In
addition, they demonstrated that resistance to various pH values and concentrations of
bile salts is a variable, strain-specific feature.

Probiotic lactic bacteria of the species Lb. casei have been widely applied in the pro-
duction of fermented foods [50]. The administration of lyophilized preparations of these
bacteria is believed to reduce the blood level of cholesterol and to impair proliferation of
cancer cells [51–53]. Apart from the Lb. casei strain, commercial preparation 3 tested in
our study contained inulin, which was supposed to support its viability. Growth tests con-
ducted in the model MRS culture medium demonstrated that the phase of cell adaptation
to conditions of the culture medium was one of the longest in the case of this strain (ca.
25 h, Figure 3, Table 2). This was the only strain which showed no growth in MRS broth
with pH 4.0 (Table 1). Cells of Lb. casei began to divide already at pH 5.0, although their
adaptation phase was again one of the longest compared to the other strains (Figure 3,
Table 2).

In our study, the Lb. casei strain showed no growth in conditions simulating the gastric
and/or gastrointestinal passage (Tables 3 and 4). Dimitrellou et al. [32] demonstrated
successive viability loss for the Lb. casei strain incubated in gastric media. After 3 h of
incubation, they observed a decrease in the cell count of this strain by ca. 4.0 log CFU
g−1 at the initial pH 2.0 and by 1.5 log CFU g−1 at pH 3.0. In addition, they showed the
presence of bile salts in the concentration of 1 gL−1 to evoke Lb. casei cell count reduction
by nearly 6 log CFU g−1 after 6 h of incubation. In turn, Mishra and Prasad [29] proved
that all seven analyzed strains of Lb. casei survived incubation at pH 3.0, and two of them
were viable once pH was decreased to the value of 2.0. All seven analyzed strains were
viable after 12 h incubation in solutions with bile salt concentrations of 1 and 2%.

Bacteria of the Lb. acidophilus species naturally occur in the gastric tract of humans
and animals [54]. In our study, the Lb. acidophilus NCFM strain (preparation 4) showed no
growth under experimental gastro-intestinal conditions (Table 4).

Representatives of the Lb. plantarum species are also implied to exhibit probiotic traits.
The Lb. plantarum NRRL-B4496 strain is one of the main probiotics used in fermented
food products [55,56]. Multiple scientific works indicate this strain to be capable of in-
hibiting the growth of certain pathogens that induce diseases of the alimentary tract, e.g.,
Helicobacter pylori or Listeria monocytogenes [56–60].

Commercial probiotic preparations are often supplemented with prebiotics, the task
of which is to increase the chances of probiotic strains for the survival of adverse conditions
during gastrointestinal passage and to sustain their metabolic activity [3,61,62]. The most
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frequently used prebiotics include inulin [63,64], β-glucan, and fructooligosaccharides
(FOS) [62,65,66].

Obtained results clearly show that, among all analyzed commercial probiotic strains,
only the Lb. plantarum was the most resistant to the applied conditions of the culture
medium. It showed a noticeable growth under both in vitro gastric conditions at pH 4.0
and 5.0, as well as in vitro intestinal conditions at all tested concentrations of bile salts.
Interestingly, its preparations did not contain a prebiotic.

No OD changes of the tested commercial probiotics under the assumed experimental
conditions does not have to indicate their incapability for surviving the in vivo gastroin-
testinal passage. However, obtained results from the plate count method show that the
Lb. plantarum strain had the best capability for growth, which suggests it could proliferate
in intestines also under in vivo conditions. Considering the fact that the tested probiotics
were deprived of a gelatin capsule at the beginning of the experiment, it can be concluded
that Lb. plantarum exhibited distinctive properties that allowed this strain to survive the
simulated conditions of the passage. This is valuable knowledge, considering that exoge-
nous probiotics share a limited capability for adhesion to cells of the intestinal epithelium
and that their major part is excreted with feces.

The scheme of experiments, shown in this study, largely covers the simplified condi-
tions during the gastrointestinal transit in the human body and does not include many
factors. For some of the probiotic strains present in the tested preparations, there are
literature data from several years ago showing their beneficial effect on the course and
shortening of the duration of diarrhea of various origins [67]. The medical practice of
using probiotic food supplements to children consists of administering them, for example,
after or still during antibiotic therapy for the treatment of diarrheal disorders [67]. Recent
data concerning the effect of probiotics on inflammation of gastroenteritis, which is often
manifested by diarrhea, are different from those previously described. Freedman et al. [68]
showed that administration of a probiotic product containing Lactobacillus rhamnosus R0011
and L. helveticus R0052, at a dose of 4.0 × 109 CFU/unit twice daily, did not reduce the
incidence of diarrhea in children with gastroenteritis. Similarly, among preschool children
with acute gastroenteritis, those who had taken L. rhamnosus GG did not show better
outcomes than those children who had received placebo [69].

5. Conclusions

Results of our study show that among all analyzed probiotic bacteria from commercial
preparations avaliable on Polish market, the Lb. plantarum was the most resistant to
the applied conditions of the experiment. It showed a noticeable growth under both
in vitro gastric conditions at pH 4.0 and 5.0, as well as in vitro intestinal conditions at
all tested concentrations of bile salts. Interestingly, its preparations did not contain a
prebiotic. In turn, preparation 2 (Bifidobacterium BB-12) contained FOS, which could affect
its capability to grow under simulated conditions of the gastric passage (pH 4.0 and 5.0)
and of the gastrointestinal passage at bile salts concentration of 10 gL−1. The remaining
preparations (preparation 3 – Lb. casei and preparation 4 – Lb. acidophilus) contained
inulin which, however, didn’t influence their cell proliferation capability during incubation
under experimental conditions.

No growth of the tested commercial probiotics under the assumed experimental con-
ditions does not have to indicate their incapability for surviving the in vivo gastrointestinal
passage. However, study results show clearly that the Lb. plantarum strain had the best
capability for growth, which suggests it could proliferate in intestines also under in vivo
conditions. It is a valuable piece of information, considering that exogenous probiotics
share a limited capability for adhesion to cells of the intestinal epithelium and that their
major part is excreted with feces.
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Abstract: Isoflavones are metabolized by components of the gut microbiota and can also modulate
their composition and/or activity. This study aimed to analyze the modifications of the fecal
microbial populations and their metabolites in menopausal women under dietary treatment with
soy isoflavones for one month. Based on the level of urinary equol, the women had been stratified
previously as equol-producers (n = 3) or as equol non-producers (n = 5). The composition of the
fecal microbiota was assessed by high-throughput sequencing of 16S rRNA gene amplicons and the
changes in fatty acid excretion in feces were analyzed by gas chromatography. A greater proportion
of sequence reads of the genus Slackia was detected after isoflavone supplementation. Sequences of
members of the family Lachnospiraceae and the genus Pseudoflavonifractor were significantly increased
in samples from equol-producing women. Multivariable analysis showed that, after isoflavone
treatment, the fecal microbial communities of equol producers were more like each other. Isoflavone
supplementation increased the production of caproic acid, suggesting differential microbial activity,
leading to a high fecal excretion of this compound. However, differences between equol producers
and non-producers were not scored. These results may contribute to characterizing the modulating
effect of isoflavones on the gut microbiota, which could lead to unravelling of their beneficial health
effects.

Keywords: fecal microbiota; isoflavones; equol; pyrosequencing; menopause; fatty acids

1. Introduction

The existence of an inter-individual variability in response to diet and lifestyle inter-
ventions is widely accepted [1]. A complex interaction between diet, human genome, and
the gut microbiome occurs and can determine the effects of dietary bioactives [2]. The
gut microbiota is a critical component that can alter the absorption and metabolism of
foods, and thus the final effects on human health. However, although a growing body of
studies exists, the mechanisms underlying these processes are complex and not entirely
understood. In this context, isoflavones-plant-derived polyphenols found at a relatively
high concentration in soy and soy-derived products have been related to diverse health
benefits such as the prevention of chronic diseases, including hormone dependent cancer,
cardiovascular diseases, osteoporosis, and postmenopausal syndrome [3]. Although there
is scientific evidence of the beneficial effects in counteracting symptoms like hot flushes
and vasomotor reactions in menopausal women [4], the European Food Safety Authority
(EFSA) has refuted health claims about the role of isoflavones in body functions [5]. The
clinical effectiveness of ingested isoflavones might be due to their ability to be converted
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into active metabolites like equol [6,7]. This metabolite is the isoflavone-derived compound
with the strongest estrogenic activity and antioxidant capacity, and is generated by specific
members of the gut microbiota. Only some individuals harbor the microbiota required
for the conversion into equol, resulting in different metabotypes: equol producers and
non-producers [8]. Remarkably, compared with that in Asian populations (50–60%), the
equol producer metabotype has a prevalence of 25–30% in Western populations [7].

Although the full range of intestinal bacteria involved in equol formation remains
unknown [8,9], most of the equol-producing bacteria characterized so far are members of
the family Coriobacteriaceae [10]. Additionally, the microorganisms responsible for equol
production might differ across individuals [11–13].

Like other polyphenols, isoflavones are metabolized by components of the micro-
biota, and at the same time, they could also modulate the composition and/or activity
of the intestinal microbial populations [14]. Analysis of intestinal microbiota modifica-
tions after isoflavone consumption could give clues as to the microorganisms involved
in its metabolism. Some studies analyzed the effects of the isoflavone intake on the gut
microbiota [15–19]. However, additional studies applying high-throughput approaches are
still needed to determine low abundance microorganisms, like those probably involved in
equol production.

This study aimed to determine changes in the intestinal microbiota induced by a
1-month period of isoflavone consumption and to explore changes related to the equol
status metabotype. With this aim, high-throughput amplicon sequencing of the bacterial
16S rRNA gene was performed on fecal samples taken before and after isoflavone consump-
tion by eight menopausal women (three equol producers and five equol non-producers).
In addition, metabolite analysis of feces was performed using gas chromatography for
determination of possible shifts in fatty acid excretion.

2. Materials and Methods

2.1. Human Volunteers

Ethical approval for this study was obtained from the Bioethics Subcommittee of the
Spanish Research Council (Consejo Superior de Investigaciones Científicas or CSIC) and
the Regional Ethics Committee for Clinical Research of the Health Service of Asturias
(Servicio de Salud del Principado de Asturias) (approval number: 15/2011), in compliance
with the Declaration of Helsinki. Fecal samples were provided, with written consent, by
eight postmenopausal women recruited during a preceding study [18] at the Gynecology
and Obstetrics Unit (in collaboration with the Gastroenterology Department) of Cabueñes
Hospital (Gijón, Spain). The participants did not suffer from any infectious diseases or
intestinal disorder. Additionally, they had not received antibiotics or any other medication
for at least 6 months prior to the collection of samples. The women had been identified with
an equol-producing metabotype (or not), based on the levels of urinary equol excretion [20].
For the present work, we selected three of the women (WC, WG, and WP) with an equol-
producing phenotype (urine equol > 1000 nM as defined by Rowland et al. [21]) and
five women (WE, WH, WF, WL, and WN) with a non-producing phenotype (excreted
equol in urine ranging from 0 to 377 nM). Participants reported consuming a normo-type,
Mediterranean diet and did not start following a vegetarian, vegan, or special diet during
the intervention period. Supplementation consisted of a daily oral intake (80 mg/day) in
the morning of a commercial dietary supplement (Fisiogen; Zambon, Bresso, Italy) rich in
soy isoflavones (55–72% genistin/genistein, 28–45% other isoflavones) for one month.

2.2. Sample Collection

The study was conducted during the fall–winter seasons of 2011–2012. The volun-
teers provided samples of feces before treatment (basal, T0) and after one month (T1)
of isoflavone supplementation. Fresh stools were collected in sterile plastic containers
and kept under anaerobic conditions in jars containing Anaerocult A (Merck, Darmstadt,
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Germany) for transporting to the laboratory within 2 h. Fecal samples were kept frozen at
−80 ◦C until use.

2.3. Total Bacterial DNA Extraction

Fecal samples (0.2 g) were suspended in 1.8 mL of phosphate buffered saline (PBS)
(pH 7.4). These suspensions were homogenized and centrifuged at 800 rpm for 5 min at
4 ◦C to eliminate insoluble material, and the supernatants were transferred to new tubes.
These were then centrifuged again at 14,000 rpm for 5 min at 4 ◦C. Pelleted cells were
suspended in 1 mL of PBS and lysed in an enzyme solution containing 20 mM TRIS-HCl pH
8.0, 2 mM EDTA, 1.20% Triton X-100, 20 mg/mL lysozyme (Merck), and 20 U mutanolysin
(Sigma-Aldrich, Saint Louis, MO, USA). Total bacterial DNA was extracted following the
protocol described by Zoetendal [22], and purified using the QIAamp DNA Stool Minikit
(Qiagen, Hilden, Germany). Finally, the DNA was eluted in 100 μL of sterile molecular
grade water (Sigma-Aldrich), and its concentration and quality were determined using an
Epoch microvolume spectrophotometer (BioTek Instruments, Winooski, VT, USA).

2.4. Library Construction and Pyrosequencing

A segment of the 16S rRNA genes from the purified bacterial DNA were PCR-
amplified using the universal primers Y1 (5′-TGGCTCAGGACGAACGCTGGCGGC-3′)
(position 20–43 on the 16S rRNA gene of Escherichia coli) and Y2 (5′-CCTACTGCTGCCTCC
CGTAGGAGT-3′) (positions 361–338). These primers amplify a 348 bp stretch of the
prokaryotic rDNA embracing the V1 and V2 hypervariable regions. Further, 454-adaptors
were included in both the forward (5′-CGTATCGCCTCCCTCGCGCCATCAG-3′) and re-
verse (5′-CTATGCGCCTTGCCAGCCCGCTCAG-3′) primers, followed by a 10 bp sample-
specific barcode. Amplifications were performed using the NEBNext High-Fidelity 2x
PCR Master Mix Kit (New England Biolabs., Ipswich, MA, USA) as follows: 95 ◦C for
5 min, 25 cycles of 94 ◦C for 30 s, 60 ◦C for 45 s, 72 ◦C for 30 s, and a final extension step at
72 ◦C for 5 min. The amplicons produced were purified using the GenElute PCR Clean-Up
Kit (Sigma-Aldrich), and their concentration was measured in a Qubit fluorometer with
dsDNA assay kits (Thermo Fisher Scientific Inc., Waltham, MA, USA).

An amplicon library was prepared for pyrosequencing by mixing equal amounts of
amplicons from the different samples. Pooled amplicons were then sequenced using a 1/8
picotitre plate in a 454 Titanium Genome Sequencer (Roche, Indianapolis, IN, USA) in the
UNC Microbiome Core (University of North Carolina, USA).

2.5. Sequence and Data Analysis

Raw sequences were denoised and filtered out of the original dataset. Filtering and
trimming were performed using the Galaxy Web Server [23], employing the sliding window
method. Only reads longer than 150 bp were used in further analysis. Chimeras were
eliminated using the USEARCH v.6.0.307 clustering algorithm routine in de novo mode [24].
After demultiplexing, high quality rDNA sequences were classified taxonomically using
the Ribosomal Database Project (RDP) Bayesian Classifier [25] with an 80% confidence
threshold to obtain the taxonomic assignment and relative abundance of the different
bacterial groups. “Genus” was the lowest taxonomic level contemplated. Sequences
with at least 97% similarity were clustered into operational taxonomic units using the
CD-Hit clustering method [26] and employed in the generation of rarefaction curves using
a RarefactWin freeware (produced by S. Holland; http://strata.uga.edu/software/index.
html). Different diversity indexes (Sobs, Chao, ACE, Jackknife, Shannon, Simpson) were
calculated for each sample and compared between groups of women [27]. As diversity
index values increase with sample size, normalization of sequencing effort in all samples
was necessary to avoid biases in the results [28]. Thus, diversity indexes were normalized
using the median number of sequences obtained in all samples as a scaling factor [29].
Weighted UniFrac analysis [30] was performed to assess the similarity of the microbial
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communities between samples and principal coordinates analysis (PCoA) was applied to
the distance matrix for visualization.

2.6. Fatty Acids (FAs) Determination

One hundred microliters of a 1:10 dilution of feces (w/v) in PBS was supplemented
with 100 μL of 2-ethyl butyric acid (Sigma-Aldrich, St. Louis, MO, USA) as an internal
standard (1 mg/mL in methanol) and acidified with 100 μL of 20% formic acid (v/v). The
acidic solution was then extracted with 1 mL of methanol and centrifuged for 10 min at
15,700× g. Supernatants were kept at −20 ◦C until analysis in a 6890 N gas chromatogra-
phy (GC) apparatus (Agilent Technologies, Santa Clara, CA, USA) connected to a flame
ionization detector (FID). All samples were analyzed in duplicate and FAs were quantified
as previously described [31].

2.7. Statistical Analysis

Statistical analysis of data was performed using IBM SPSS 23 statistic software. The
Mann–Whitney test for independent samples was performed to examine differences be-
tween equol producers and non-producers in terms of microbial groups, diversity indexes,
and fecal FAs. The Wilcoxon signed-rank test for related samples was used to examine
differences between before and after isoflavone supplementation. Alternatively, Student’s t-
test was used when normal distribution was confirmed using Saphiro-Wilk test. Two-tailed
probability values of p < 0.05 were considered significant.

3. Results

3.1. Change in Fecal Microbiota Over Isoflavone Supplementation

After denoising, performing chimera checks, and trimming the reads by length (150–
400 bp), a mean of 4756 (±875) high quality sequences was obtained. Taxonomic analysis
grouped the sequences mainly into five phyla: Firmicutes, Actinobacteria, Bacteroidetes, Pro-
teobacteria, and Verrucomicrobia. Fifty-two genera were identified, as well as five groups
of clostridia (Clostridium cluster IV, cluster XI, cluster XIVa, cluster XVIII, and Clostrid-
ium sensu stricto) and two taxa with family-associated incertae sedis (inc. sed.) members
(Erysipelotrichaceae inc. sed. and Lachnospiraceae inc. sed.). Taxonomic groups presenting at
an abundance of <0.1% were designated as “others”. A mean of 1813 sequences per sample
remained unclassified.

Considerable differences were observed between the bacterial communities at T0
(before isoflavone supplementation) and T1 (one month after supplementation). Differences
were noted at the family and genus levels (Figure 1). At the genus level, a significant
(p < 0.05) increase in the relative abundance of the genus Slackia was observed at T1 (0.67%)
versus T0 (0.27%). Although sequences of this genus were not detected in all women, when
they were detected (WC, WG, WE, WL, and WN), their relative proportion increased after
supplementation with soy isoflavones.

The supplementation with isoflavones significantly reduced alpha diversity in terms
of Sobs and Shannon Indexes (Figure 2). The Sobs index reflects the number of observed
species or “richness”, while Shannon index weights the numbers of species by their relative
evenness.

3.2. Differences in Microbial Groups Associated with the Equol Producer Status

UniFrac β-diversity analysis was done to assess the extent of similarity between
microbial communities. UniFrac-based PCoA plots revealed a clear clustering between
equol producing and non-producing women after isoflavone supplementation, while no
clustering was observed at baseline (Figure 3).
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Figure 1. Changes in microbial composition with isoflavone supplementation. Microbial composition at the family (A)
and genus (B) levels in fecal samples of eight menopausal women before (T0) and after one month (T1) of isoflavone
supplementation presented as relative abundances (%).
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Figure 2. Comparison of Sobs and Shannon indexes before (T0) and after one month (T1) of isoflavone
treatment in eight menopausal women. The lines inside the rectangles indicate the medians and the
whiskers indicate the maximum and minimum values. Analysis was done using the nonparametric
Wilcoxon signed-rank test to determine differences between T0 and T1.

Figure 3. Weighted UniFrac principal coordinates analysis (PCoA) plots of fecal microbiota composition from the women in
the study (n = 8) before soy isoflavone intervention (A), and after one month of daily supplementation (B). Subject color
coding: red, equol non-producers (n = 5); blue, equol producers (n = 3).

Furthermore, comparison of fecal microbial composition between equol producers
and non-producers revealed some differences. At T0, relative abundance (% sequences) of
Lachnospiraceae inc. sed. taxa was significantly higher (p = 0.025) in the equol-producer group
versus the non-producers (Table 1). While at T1, after one month of isoflavone consumption,
the relative abundance of sequences belonging to the genera Pseudoflavonifractor and Dorea
was greater in the equol-producing women.
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Table 1. Fecal genera showing significant greater relative abundances (% sequences) in equol-
producing women before (T0) and after (T1) the soy isoflavone intervention.

% Relative Abundance a

T0 p-Value b Producers (n = 3) Non-Producers (n = 5)

Lachnospiraceae incertae sedis 0.025 10.34 ± 7.99 2.26 ± 1.54
T1

Dorea 0.025 2.66 ± 1.86 0.71 ± 0.46
Pseudoflavonifractor 0.022 0.10 ± 0.03 0.03 ± 0.04

a Mean relative abundance ± standard deviation. b Mann–Whitney test.

3.3. Differences in Fatty Acids (FAs) Associated with the Equol Producer Status

Fecal FAs remained stable after 1 month of isoflavone supplementation, except for
caproic acid, which increased significantly after the intervention (Table 2). Regarding
differences associated with the equol producing status, all FAs analysed showed higher
concentrations in the equol non-producing women, but only isovaleric acid reached statis-
tical significance (Table 3).

Table 2. Fecal fatty acids’ (FAs) concentration before and after the isoflavone treatment of the eight
menopausal women of the study.

Time Acetic Propionic Isobutyric Butyric Isovaleric Valeric Caproic *

Basal
(n = 8) 20.64 ± 12.99 7.51 ± 4.75 1.73 ± 0.49 9.62 ± 6.67 2.42 ± 0.93 2.27 ± 0.74 1.24 ± 0.34

1 month
(n = 8) 23.67 ± 15.87 8.44 ± 3.6 1.61 ± 0.39 12.9 ± 7.85 2.01 ± 1.12 2.55 ± 1.27 1.64 ± 1.14

Key of statistical significance: * p < 0.05 versus basal sample (t = 0), Wilcoxon test.

Table 3. Differences in fecal FAs between equol producers and non-producers after isoflavone supplementation.

Equol Status Acetic Propionic Isobutyric Butyric Isovaleric * Valeric Caproic

Producers
(n = 3) 19.58 ± 12.12 7.96 ± 1.97 1.46 ± 0.11 10.94 ± 5.31 1.33 ± 1.01 2.32 ± 0.42 1.14 ± 0.23

Non-producers
(n = 5) 26.13 ± 17.68 8.73 ± 4.34 1.71 ± 0.47 14.08 ± 9.01 2.42 ± 1.00 2.69 ± 1.58 1.94 ± 1.36

Key of statistical significance: * p < 0.05, Mann–Whitney test.

4. Discussion

Diet modulates the composition of the intestinal microbiota [32] and, in turn, gut
microbiota metabolism can determine the final metabolites produced, and thus the corre-
sponding effects on human health. Most studies, however, have focused on the effect of
fat and fiber [33,34], while dietary microcomponents, like polyphenols, have received less
attention [35]. Certainly, little is known about the influence of isoflavones on the microbial
populations of the gut [15–19].

The use of high throughput sequencing techniques allows for the determination of
gut members whose culture requirements are still unknown or are uncultivable—having
estimated that they are 80% of the bacterial species found by molecular tools [36]. As
previously suggested, different bacteria may contribute towards equol production [9,37],
but these might be present in the gut in low abundance, making their detection difficult by
other techniques. In this study, with the aim of identifying changes in gut microbiota com-
position associated with the ingestion of isoflavones, and related to the equol-producing
metabotype, we selected and made use of fecal samples from eight menopausal women
receiving daily isoflavone supplementation over one month. Among these women, we
selected three equol-producers and five non-producers for comparative purposes.

In the present work, the abundance of the genera Slackia significantly increased after
the isoflavone supplementation. This genus, belonging to the family Coriobacteriaceae,
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includes described equol-producing species and strains [38–40] and has been associated
in vivo with isoflavone metabolism [17]. Additionally, bacteria belonging to the family
Lachnospiraceae (Dorea and inc. sed.) increased in the postmenopausal women with an
equol-producing metabotype. Lachnospiraceae inc. sed. has previously been reported to
increase significantly with isoflavone treatment in a case report of an equol-producing
woman [19], while Dorea has been associated with isoflavone metabolism in humans in sev-
eral studies [17,41]. Enrichment of some of these bacteria belonging to the Lachnospiraceae
family, as well as Pseudoflavonifractor, has also been seen in in vitro fecal cultures with
isoflavones [42]. The family Lachnospiraceae has a very large presence in the human gut and
has been linked to the production of butyric acid [43], a compound with beneficial effects
on the gastrointestinal epithelium [44].

Supplementation with isoflavones for one month was shown to cause a decrease in
the number of species (Sobs index) as well as in the species evenness (Shannon index).
These effects have previously been observed with the use of other culture-independent
techniques [18]. It has been suggested that isoflavones could provide a chemical envi-
ronment that selects a subset of the initial bacterial communities [17,45]. Alternatively,
isoflavones might have antimicrobial effects on certain intestinal bacterial populations, as
has recently been reported on pure cultures of intestinal species [46]. When considering the
two different metabotypes studied, no effect in the alpha diversity indexes was observed
(data not shown). However, UniFrac analysis indicated a greater similarity of the microbial
communities from equol-producing women after one month of isoflavone supplementa-
tion, suggesting that isoflavones enriches the gut with microbial species involved in the
degradation of isoflavones and equol production.

The production of FAs (relevant gut bacterial metabolites) was carried out to determine
their relationship with the consumption of isoflavones and the production of equol. Butyric,
acetic, and propionic acids are the main short-chain fatty acids (SCFAs). They are produced
in the proximal colon by bacterial fermentation of non-digestible carbohydrates [47] and
exert anti-inflammatory and anticarcinogenic activities [48]. In contrast, medium-chain
fatty acids (MCFAs), including caproic acid (CA), by favoring TH1 and TH17 differentia-
tion [49], could antagonize the anti-inflammatory activities of SCFAs. Branched-chain fatty
acids, such as isobutyric and isovaleric acids, are often associated with protein breakdown
and have been less studied.

The current data reveal an increase in CA production after isoflavone supplementation,
which indicates differential microbial activity leading to the production of this compound.
CA derives from chain elongation reactions in which SCFAs are converted to MCFAs
mainly using ethanol or lactate as an electron donor [50]. The elongation process is
mediated by microorganisms through the reverse β-oxidation pathway. Whether Slackia,
the bacterial species found to be increased after the consumption of isoflavones in this
study, produces CA is not currently known. Alternatively, isoflavone consumption could
stimulate the production of CA by other intestinal microorganisms. These possibilities,
however, would require further study. Although studies are still controversial, CA has been
related to inflammation-regulating effects. In some studies, diminishing of the production
of inflammatory cytokines by CA has been reported [51], while inflammatory effects have
been reported in others [49,52].

The concentration of isovaleric acid was higher in samples from the equol non-
producing group (n = 5). This result partially agrees with the effect of isoflavones observed
previously in fecal anaerobic batch cultures [42], where isovaleric acid was reported to
increase in cultures inoculated with feces from equol producers (n = 3). This suggests that,
regardless of the equol producing status, consumption of isoflavones might stimulate the
production of this FA.

In this work, although limited to the small sample size, the description of specific gut
microbial and FA changes with the ingestion of isoflavones is provided, contributing to
the understanding of the modulation of the gut microorganisms and their activity by these
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polyphenols. However, more studies with greater numbers of people, and even different
populations, are needed to confirm the effects of isoflavone intake on the gut ecosystem.

5. Conclusions

This study allowed the changes in fecal microbial communities caused by isoflavone
supplementation for one month to be monitored in a group of menopausal women.
Isoflavone consumption was associated with a significant increase in the relative abun-
dance of the genus Slackia, to which strains that metabolise isoflavones and produce equol
are the most studied in this respect. Moreover, the taxa Pseudoflavonifractor, Dorea, and
Lachnospiraceae incertae sedis were found in greater proportions in equol-producing women.
Fecal microbial communities of equol producers were more similar to each other after
isoflavone treatment, a fact that was not observed among those of equol non-producers.
However, distinctive differences in the excretion of fatty acids associated with the equol
status (which might be related to inflammation) were not observed.
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Abstract: Dysbiosis, associated with barrier disruption and altered gut–brain communications, has
been associated with multiple sclerosis (MS). In this study, we evaluated the gut microbiota in
relapsing–remitting patients (RRMS) receiving disease-modifying therapies (DMTs) and correlated
these data with diet, cytokines levels, and zonulin concentrations. Stool samples were used for 16S
sequencing and real-time PCR. Serum was used for cytokine determination by flow cytometry, and
zonulin quantification by ELISA. Pearson’s chi-square, Mann–Whitney, and Spearman’s correlation
were used for statistical analyses. We detected differences in dietary habits, as well as in the gut
microbiota in RRMS patients, with predominance of Akkermansia muciniphila and Bacteroides vulgatus
and decreased Bifidobacterium. Interleukin-6 concentrations were decreased in treated patients, and
we detected an increased intestinal permeability in RRMS patients when compared with controls.
We conclude that diet plays an important role in the composition of the gut microbiota, and intestinal
dysbiosis, detected in RRMS patients could be involved in increased intestinal permeability and
affect the clinical response to DTMs. The future goal is to predict therapeutic responses based on
individual microbiome analyses (personalized medicine) and propose dietary interventions and the
use of probiotics or other microbiota modulators as adjuvant therapy to enhance the therapeutic
efficacy of DMTs.

Keywords: autoimmunity; multiple sclerosis; gut microbiota; dysbiosis; inflammation; cytokines;
intestinal permeability; disease modifying drugs

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory, neurodegenerative disease, medi-
ated by autoimmune reactions against myelin proteins and gangliosides in white and grey
matter of the brain and spinal cord, promoting physical disability, cognitive impairment,
and decreased quality of life in young adults, aged between 20 and 40 years [1,2]. The in-
cidence of MS is increasing worldwide and estimated to range from 5 to 300 per 100,000
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individuals, affecting females three times more and having a significant socioeconomic
impact, with financial burden to patients and to developed and developing economies [2,3].

The MS onset is clinically characterized as relapsing–remitting (RRMS), diagnosed
in 85 to 90% of patients [1,4]. The relapses are due to blood–brain barrier breakdown
and infiltration of T and B cells and myeloid cells into the central nervous system (CNS)
parenchyma, which induces acute inflammation, detected as gadolinium-positive lesions
in magnetic resonance imaging (MRI) [3]. Permanent neurological lesions and clinical
disability evolve to a secondary progressive form, and few patients present a primary
progressive course from disease onset [1]. Complex genetic–environmental interactions
are hypothesized to be involved in MS development, including human leukocyte antigen
(HLA) genes, Epstein–Barr virus infections, tobacco exposure, obesity, vitamin D deficiency,
and alterations of the gut microbiota [1,5,6].

In homeostatic or eubiosis conditions, the gut microbiota is dominated by microor-
ganisms that contribute to food digestion and fermentation, nutrient absorption, vitamin
synthesis, epithelial cell maturation, gut barrier integrity, development and education of
the immune system, protection against pathogens and inflammation, and regulation of host
metabolism and CNS physiology [7–10]. Recently, it has become evident that the gut mi-
crobiota can affect neurologic processes through bidirectional communications, involving
the enteric nervous system, the endocrine/immune systems, the gut microbiota, and their
metabolites [10–13]. Neurotransmitters and short-chain fatty acids (SCFAs), derived from
microbiota fermentation, can shape immune responses and impact behavior, memory, and
neurodegenerative diseases [10,12,14,15]. Thus, alterations in function and diversity of the
gut microbiota, known as dysbiosis, are associated with a dysregulation in these gut–brain
connections, increased gut and blood–brain barrier permeability and neuroinflammation
and can contribute to the development of inflammatory autoimmune diseases, including
MS [16–19].

In MS animal models, when experimental autoimmune encephalomyelitis (EAE) was
induced in germ-free mice, a decrease in inflammatory interferon-gamma (IFN-γ) and
interleukin-(IL)-17A levels in the CNS was detected, as well as an increase in regulatory
T cells (Treg) in the gut mucosa [20]. On the other hand, the colonization of EAE mice
with segmented filamentous bacteria induced Th17 differentiation in the lamina propria
and migration to the CNS, increasing neuroinflammation and disease severity [20,21].
The disease score ameliorated when germ-free EAE mice were colonized by Bacteroides
fragilis containing polysaccharide A, which induces IL-10-secreting Treg cells and suppress
the T-helper (Th)-17 subpopulation [22,23]. Moreover, when fecal samples from MS patients
were transferred to germ-free mice, genetically susceptible to EAE, the mice developed the
disease and significantly produced less IL-10 than mice colonized with feces from healthy
subjects [24]. These data suggest that the gut microbiota is linked to disease severity and
immune response during MS development [10].

In humans, the gut microbiota from untreated RRMS patients, from different popu-
lations (China, Japan, Germany, USA), differs from that of healthy controls, and patients
with active disease present decreased microbiota diversity. Intestinal dysbiosis in MS was
predominantly characterized by decreased Firmicutes, Clostridia clusters XIVa and IV,
Faecalibacterium, Butyricimonas, Prevotella, and Lactobacillus species, and increased abun-
dance of Pseudomonas, Mycoplasma, Haemophilus, Streptococcus,Akkermansia muciniphila, and
Methanobrevibacter smithii [24–33]. In addition, MS patients with increased peripheral Th17
lymphocytes and higher disease activity presented an increased Firmicutes/Bacteroidetes
ratio, Streptococcus amounts, and decreased relative abundance of Prevotella species [34].
Interestingly, the taxonomic composition during remission showed richness and evenness
similar to those of healthy individuals, and even the frequency of relapses seemed to be
influenced by the intestinal microbiota [29,35].

There are few studies evaluating the effect of disease-modifying therapies (DMTs),
used to treat MS patients on intestinal microbiota composition. Some studies suggest that
these therapies are capable of reversing dysbiosis and restore a “healthy” gut microbiota,
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similar to that of control subjects [19]. Patients on IFN-β or glatiramer acetate treatment
showed increased abundance of Prevotella, Sutterella, and Prevotella copri and decreased
Sarcina species and gut microbiota richness [29,36,37]. Besides that, evidence from animal
models and human studies demonstrated that gut microbes and their metabolites can
influence drug bioavailability, pharmacokinetics, clinical response, as well as adverse
events, supporting the importance of studies on the interaction of the gut microbiota with
DMTs [38,39]. The future goal is to predict therapeutic responses based on microbiome
analyses and propose diet interventions and the use of probiotics or other microbiota
modulators as adjuvant therapy to enhance the therapeutic efficacy of DMTs [40,41].

On the basis of this background and the fact that there are no studies evaluating the
gut microbiota in Brazilian MS patients, the aim of the present study was to evaluate the
gut microbiota in RRMS patients receiving DMTs and correlate these data with dietary
habits, clinical parameters, cytokines, and zonulin concentrations.

2. Materials and Methods

2.1. Selection of Relapsing–Remitting MS Patients and Controls

Relapsing–remitting multiple sclerosis (RRMS) patients, diagnosed according to the
Poser and colleagues criteria [42], were selected by the Neurologist from the School of
Health Sciences Dr. Paulo Prata, Barretos, Sao Paulo, Brazil. The Ethics Committee on
Human Research from the Barretos Educational Foundation approved the present study
(Process number 1522.762/2016), and all subjects signed the informed consent in accordance
with the Declaration of Helsinki.

A total of 18 RRMS patients, 16 females and 2 males (mean age − standard deviation
(SD) = 46.06 − 11.83 years), were included in this study. Eighteen control subjects, age-
and-sex-matched, were included as a control group (mean age − SD = 45.50 − 11.03 years).
After the consent, all of subjects answered a food frequency questionnaire (FFQ) that was
designed by specialized nutritionists. The FFQ included questions concerning dietary
habits, such as consumption of vegetables, fruits, carbohydrates, animal-derived proteins,
saturated and trans fats, dairy products, and canned products. The options for frequency
of consumption in the FFQ was classified as (1) Never consumes; (2) Less than once a
month; (3) One to three times a month; (4) Once or twice a week; (5) Three to five times
a week; (6) Six to seven times a week. Data were expressed in percentages based on the
responses of patients and controls. Thereafter, peripheral blood (8 mL) was collected, and
stool samples were requested and delivered within five days.

At enrollment, exclusion criteria for patients and controls included use of antibiotics
and laxatives and vaccination in the last 60 days. Chronic diarrhea and gastrointestinal
surgeries, such as bariatric, cholecystectomy, and appendectomy, were also considered as
exclusion criteria for both groups.

Clinical data from MS patients, such as body mass index (BMI), disease duration,
Expanded Disability Status Score (EDSS), presence/absence of gadolinium (Gd)-enhanced
brain magnetic resonance imaging (MRI) lesions, and disease-modifying therapies (DMTs)
were recorded. The mean body mass index of the MS patients was 26. Three patients re-
ported having systemic arterial hypertension, and two patients reported taking vitamin D .
All other patients included in this study reported no other comorbidity. Demographic
characteristics and clinical data from RRMS patients are summarized in Table 1.

2.2. Bacterial DNA Extraction, Real-Time PCR, and 16S Sequencing

DNA was extracted from 200 mg of stool samples by using QIAamp DNA Stool Mini
Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. DNA was
quantified by Nanodrop and adjusted to 5 ng/mL. Primers were specific for Bacteroides, Bi-
fidobacterium, Lactobacillus, Prevotella, and Roseburia species [43]. Reactions were performed
by using Power SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA), 2 uM of forward/reverse primers, and 5 ng of DNA. For relative quan-
tification, DNA copy numbers from target primers were normalized for the copy numbers
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of universal primer. The relative abundance was calculated by using the cycle-threshold
(Ct) values and was expressed by the relative expression units method (REU) [44], per 200
mg of stool.

Table 1. Demographic and clinical data of the relapsing–remitting multiple sclerosis patients.

Patients
Gender/

Age
BMI Ethnicity

Disease
Duration

EDSS MRI DMT

MS01 F/59 23.11 Caucasian 21 years 5.0 Gd- IFN-β-1b

MS02 F/62 19.65 Asiatic 22 years ND ND IFN-β-1b

MS03 F/50 23.33 Afrodescendent 26 years ND ND AZA

MS04 F/26 24.44 Caucasian 3.2 years 4.5 Gd+ GA

MS05 F/69 23.42 Caucasian 7 years 3.0 Gd- GA

MS06 F/45 34.41 Caucasian 9 years 3.0 Gd+ TER

MS07 F/37 26.67 Caucasian 7 years 4.0 Gd- IFN-β-1b

MS08 F/33 34.42 Caucasian 10 years 3.0 ND GA

MS09 F/30 22.98 Caucasian 6 years 3.0 Gd+ FTY720

MS10 F/57 25.39 Caucasian 15 years ND ND FTY720

MS11 M/44 28.40 Caucasian 18 years 4.5 Gd- IFN-β-1a

MS12 F/37 23.05 Caucasian 13 years ND ND GA

MS13 F/50 23.22 Caucasian 7 years 3.5 Gd+ IFN-β-1a

MS14 F/33 28.00 Caucasian 3 years 4.0 Gd+ IFN-β-1a

MS15 F/47 27.05 Caucasian 7 months 2.5 Gd+ IFN-β-1b

MS16 F/49 23.82 Caucasian 2 years 4.0 Gd+ NAT

MS17 F/56 29.41 Caucasian 12 years ND ND FTY720

MS18 M/45 29.66 Caucasian 7 years 3.0 Gd- IFN-β-1b

F: Female; M: Male; BMI: Body Mass Index; EDSS: Expanded Disability Status Score; MRI: Magnetic resonance imaging; Gd+: Presence of
gadolinium-enhanced brain lesions; ND: not determined; Gd-: Absence of inflammatory active lesions; DMT: Disease-modifying therapy;
IFN-β-1b: Interferon-β-1b; AZA: Azathioprine; GA: Glatiramer acetate; TER: Teriflunomide; FTY720: Fingolimod; NAT: Natalizumab.

For bacterial 16S sequencing, DNA was quantified by Quantus fluorometer and
adjusted to 5 ng/mL using Tris buffer (10 mM, pH 8.5). V3 and V4 regions of the bacterial
16S [45] were amplified by using bacterial DNA, V3/V4 primers, and the 2X KAPA HiFi
HotStart Ready Mix (Kapa Biosystems, MA, USA). PCR purification was performed using
AMPure XP Beads Kit (BD Biosciences, San Jose, CA, USA). DNA libraries were constructed
according to the Illumina protocols, and sequencing was conducted by an Illumina MiSeq
platform system.

2.3. Cytokine Determination by Cytometric Bead Array

After peripheral blood collection (8 mL) in gel tubes with clot activator, samples were
incubated for 50 min and then centrifuged at 1372 g for 5 min, 25 ◦C. Isolated serum samples
were stored until cytokine determination. Cytokine detection was performed by using
a cytometric bead array (Human Th1/Th2/Th17 Cytokine Kit, BD Biosciences, Franklin
Lakes, NJ, USA). Serum levels of IL-2, IL-4, IL-6, IL-10, IL-17A, tumor necrosis factor (TNF),
and IFN-γ were determined by flow cytometer FACSCanto™ II (BD Biosciences). Analyses
were performed by BDFCAP array™ software, and data were expressed in pg/mL.

2.4. Zonulin Serum Quantification by Sandwich ELISA

Serum samples were isolated from peripheral blood collected in gel tubes with clot
activator. After collection, samples were incubated for 50 min, centrifuged at 1372 g for
5 min, and stored until zonulin determination. A human Zonulin ELISA Kit (Elabscience,
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MD, USA) was used to quantify zonulin concentrations. Plates were pre-coated with
antibodies to human zonulin, and serum samples and standards were incubated for 1 h,
37 ◦C. Then, incubation with biotinylated detection antibodies and avidin–horseradish
peroxidase conjugate was performed for 30 min. Three washing steps followed to remove
unbound and free molecules. The substrate solution was added to each well and incubated
for 15 min. The enzyme–substrate reaction was blocked by a stop solution, and the color
turned yellow. The optical density was measured in a spectrophotometer at 450 nm. A stan-
dard curve was constructed, and zonulin concentrations were calculated by converting the
obtained optical density in ng/mL.

2.5. Statistical Analyses

Data extracted from the FFQ were analyzed by Pearson’s chi-square. Comparisons
between relative expression units and cytokines’ concentrations in MS patients and controls
were performed by a nonparametric Mann–Whitney U test. Zonulin concentrations were
analyzed by unpaired t test with Welch’s correction, since the data presented < Gaussian
distribution. Correlations among the read percentages of the gut microbiota, cytokines,
and zonulin concentrations were performed by Spearman’s correlation.

We performed analyses of variance and obtained rarefaction curves and diversity
indexes by using annotated operational taxonomic units (OTUs). Alpha diversity summa-
rizes the microbial diversity within each sample, and beta diversity measures differences
between samples. Sequencing analysis of bacterial 16S was conducted as described in a
previous study [46]. p values less than 0.05 were considered statistically significant.

3. Results

3.1. Dietary Habits and Correlations with the Gut Microbiota in RRMS Patients

Since diet plays a significant role in gut microbiota composition, we used an FFQ in
order to detect differences in dietary habits between RRMS patients and healthy controls.
The interviewees reported daily consumption of vegetables (patients (Pt) = 77.8%; controls
(Ct) = 61.1%), fruits (Pt = 44.4%; Ct = 27.8%), carbohydrates (Pt = 61.1%; Ct = 61.1%), animal-
derived proteins (Pt = 50.0%; Ct = 27.8%), saturated/trans fats (Pt = 5.5%; Ct = 16.7%), dairy
products (Pt = 55.6%; Ct = 72.2%), and canned products (Pt = 0.0%; Ct = 5.5%). We observed
significant differences (p < 0.05) among intake of vegetables, fruits, carbohydrates, animal-
derived proteins, and dairy products when we compared patients and controls. Table 2
summarizes the data obtained from the FFQ, with the frequencies of food consumption per
patient and controls and the p values.

To find correlations between dietary habits and gut microbiota composition in RRMS
patients, we used the consumption frequencies and the reads percentages detected in
stool samples from RRMS patients. We detected significant moderate/strong correlation
between vegetables consumption by patients and relative abundance of Roseburia (p = 0.010;
r = −0.60). We also found negative correlations between animal-derived protein intake
and relative abundance of Verrucomicrobiae/Verrucomicrobiales (p = 0.041; r = −0.50) and
Bacteroides vulgatus (p = 0.014; r = −0.58).

3.2. Detection of Intestinal Dysbiosis and Prevalence of Gram-Negative Bacteria in RRMS Patients

For the purpose to detect intestinal dysbiosis in RRMS patients receiving DMTs,
we sequenced the V3/V4 regions from bacterial 16S and determined the alpha and beta
diversities by using the annotated operational taxonomic units (OTUs). According to
the rarefaction curves, we observed no significant differences (p = 0.38) in richness and
evenness between samples obtained from RRMS patients and controls (Figure 1A,B).
However, when we used the unweighted UniFrac metric with Bonferroni correction, we
detected a significant difference (p = 0.01) between microbial communities found in RRMS
patients and controls (Figure 1D). Figure 1C shows the PcoA plot regarding the weighted
UniFrac metric with Bonferroni correction.
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Table 2. Description of the dietary habits of multiple sclerosis patients and controls.

Consumption Frequency N RRMS (%) N Controls (%) p Value

Vegetables

Once or twice a week 2 11.1% 2 11.1%
p < 0.001Three to five days a week 2 11.1% 5 27.8%

Six to seven days a week 14 77.8% 11 61.1%

Fruits

One to three times a month 0 0 4 22.2%

p = 0.047Once or twice a week 0 0 5 27.8%
Three to five days a week 10 55.6% 4 22.2%
Six to seven days a week 8 44.4% 5 27.8%

Carbohydrates

Never consumes 1 5.55% 0 0

p < 0.001

Less than once a month 2 11.1% 0 0
One to three times a month 0 0 1 5.5%

Once or twice a week 1 5.5% 3 16.7%
Three to five days a week 3 16.7% 3 16.7%
Six to seven days a week 11 61.1% 11 61.1%

Animal-derived proteins

Never consumes 0 0 1 5.5%

p < 0.001
One to three times a month 1 5.5% 0 0

Once or twice a week 6 33.4% 8 44.5%
Three to five days a week 2 11.1% 4 22.2%
Six to seven days a week 9 50.0% 5 27.8%

Saturated/trans fats

Never consumes 6 33.4% 2 11.1%

p = 0.444

Less than once a month 2 11.1% 6 33.4%
One to three times a month 3 16.7% 1 5.5%

Once or twice a week 4 22.2% 5 27.8%
Three to five days a week 2 11.1% 1 5.5%
Six to seven days a week 1 5.5% 3 16.7%

Dairy products

Never consumes 3 16.7% 1 5.5%

p < 0.001Once or twice a week 1 5.5% 2 11.1%
Three to five days a week 4 22.2% 2 11.1%
Six to seven days a week 10 55.6% 13 72.2%

Canned products

Never consumes 7 38.9% 3 16.7%

p = 0.083
Less than once a month 5 27.7% 3 16.7%

One to three times a month 3 16.7% 4 22.2%
Once or twice a week 3 16.7% 7 38.9%

Six to seven days a week 0 0 1 5.5%

The consumption of dairy products by patients correlated with the presence of the Bacteroidetes phylum (p = 0.015; r = −0.58), Bac-
teroidia/Bacteroidales (p = 0.011; r = −0.60), Bacteroidaceae/Bacteroides (p = 0.016; r = −0.57), Bacteroides rodentium (p = 0.044; r = −0.49),
and Bacteroides uniformis (p = 0.049; r = −0.48). Furthermore, we reported a positive correlation between saturated/trans fat consumption
and the abundance of Firmicutes (p = 0.044; r = 0.49), Clostridia (p = 0.039; r = 0.50), and Clostridiales (p = 0.035; r = 0.51).

To compare the microbiota composition in treated RRMS patients and controls, we se-
quenced the bacterial 16S in stool samples and analyzed specific bacterial groups by real-time
PCR. The prevalent phyla in RRMS patients were Firmicutes (patient reads (Pr) = 43.78%;
control reads (Cr) = 50.12%) and Bacteroidetes (Pr = 30.52%; Cr = 14.47%), and the prevalent
classes were Clostridia (Pr = 39.29%; Cr = 41.15%) e Bacteroidia (Pr = 25.96%; Cr = 11.99%)
(Figure 2A,B). The prevalent orders were Clostridiales (Pr = 35.80%; Cr = 37.16%) and Bac-
teroidales (Pr = 25.96%; Cr = 11.99%), and the prevalent families were Bacteroidaceae
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(Pr = 18.86%; Cr = 9.25%), Ruminococcaceae (Pr = 11.35%; Cr = 16.74%), and Lachnospiraceae
(Pr = 10.19%; Cr = 6.24%) (Figure 2C,D). The prevalent genera in RRMS patients were Bac-
teroides (Pr = 18.86%; Cr = 9.25%), Akkermansia (Pr = 7.35%; Cr = 6.95%), Blautia (Pr = 5.18%;
Cr = 2.16%), and Faecalibacterium (Pr = 4.31%; Cr = 9.91%). The prevalent species in stool
samples from RRMS patients were Akkermansia muciniphila (Pr = 7.35%; Cr=7.27%), Bac-
teroides vulgatus (Pr = 4.68%; Cr = 1.07%), Methanobrevibacter smithii (Pr = 2.99%; Cr = 10.01%),
Bacteroides rodentium (Pr = 1.95%; Cr = 3.43%), Blautia coccoides (Pr = 1.33%; Cr = 2.05%), and
Prevotella copri (Pr = 1.28%; Cr = 1.09%) (Figure 2E,F). Additionally, we found significant
differences (p < 0.05) in the relative abundances of Bacteroidetes and Actinobacteria phyla,
Bacteroidia, Gammaproteobacteria and Actinobacteriia classes, Bacteroidales, Lactobacillales,
and Bifidobacteriales orders, Bacteroidaceae, Ruminococcaceae, Flavobacteriaceae, Porphy-
romonadaceae, and Bifidobacteriaceae families, Bacteroides, Flavobacterium, Parabacteroides,
Streptococcus, Bifidobacterium genera, Bacteroides vulgatus and Bifidobacterium stercoris between
samples derived from patients and controls (Figure 2). Interestingly, the Parabacteroides genus
(Pr = 1.31%; Cr = 0%) was detected only in stool samples from RRMS patients, and the
Bifidobacterium (Pr = 0%; Cr = 4.59%) and Enterobacter (Pr = 0%; Cr = 1.12%) genera were
found exclusively in stool samples from controls (Figure 2E).

Figure 1. Alpha and beta diversity in the gut microbiota of RRMS patients receiving DMTs and that of healthy controls.
Rarefaction curves are a representation of species richness for a given number of individual samples: (A) Observed and
(B) Chao 1-estimated OTUs. Principal component analysis (PcoA) is a transformation of weighted or unweighted Unifrac
distance, a pair-wise distance between samples based on the calculation of the shared branches of the phylogenetic tree of
the representative rRNA genes from OTUs present in at least one sample: (C) PcoA plot with weighted and (D) unweighted
UniFrac metric with Bonferroni’s correction.
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Figure 2. Relative abundances of bacterial taxa in stool samples from RRMS patients and controls. Predominant phyla (A),
classes (B), orders (C), families (D), genera (E), and species (F). Bars represent the reads percentages found in metagenomics
analyses. * p < 0.05.

Regarding the characterization of the gut microbiota by real-time PCR, we observed
similar relative expression units (p > 0.05) of Bacteroides, Lactobacillus, Prevotella, and Rose-
buria species when we compared patients’ and controls’ samples (Figure 3). In contrast,
we found a significant decrease (p = 0.036) in relative expression units of Bifidobacterium
species detected in stool samples derived from RRMS patients (median = 239.7) compared
to controls (median = 7791) (Figure 3B). Moreover, when we classified MS patients based on
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different DMTs, there were no significant differences (p > 0.05) in relative expression units
of Bacteroides, Bifidobacterium, Clostridium coccoides, Clostridium coccoides-Eubacterium rectale,
Clostridium leptum, Lactobacillus, Prevotella, and Roseburia in stool samples from MS patients.

Figure 3. Relative abundance of bacterial community in stool samples from RRMS patients and controls. (A) Bacteroides
species, (B) Bifidobacterium species, (C) Lactobacillus species, (D) Prevotella species, and (E) Roseburia species. Bars represent
the median with interquartile range of relative expression units (REU) per 200 mg of stool.

3.3. Detection of Decreased Pro-Inflammatory IL-6 Cytokine in MS Patients

To determine the serum concentrations of anti- and pro-inflammatory cytokines in RRMS
patients, we quantified IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-gamma, and TNF by cytometric
bead array. There were no significant differences (p < 0.05) in the concentrations of IL-2, IL-4,
IL-10, IL-17A, TNF in patients’ serum (mean ± standard error IL-2: 0.1867 ± 0.0687 pg/mL; IL-4:
0.3239 ± 0.0743 pg/mL; IL-10: 0.265 ± 0.0429 pg/mL; IL-17A: 2.708 ± 0.8544 pg/mL; TNF:
1.138 ± 0.1372 pg/mL; IFN-gamma: 0.4222 ± 0.1076 pg/mL) when compared with control
group (IL-2: 0.4294 ± 0.4051 pg/mL; 233IL-4: 0.2839± 0.2244 pg/mL; IL-10: 0.2422 ± 0.18 pg/mL;
IL-17A: 4.796 ± 1.43 pg/mL; TNF: 0.7572 ± 0.4383 pg/mL; IFN-gamma: 0.5028 ± 0.158 pg/mL)
(Figure 4A–G). IL-6 serum concentrations were decreased (p = 0.003) in RRMS patients
(0.7261 ± 0.1244 pg/mL) when compared with controls (1.242 ± 0.1601 pg/mL) (Figure 4C). In
addition, IL-6 concentrations inversely correlated with Clostridiaceae family members (p = 0.001;
r = −0.70), and TNF levels correlated with Actinobacteria (p = 0.025; r = 0.48) and Bacteroides vul-
gatus (p = 0.001; r = −0.70) (Figure 5A–C).
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Figure 4. Cytokine profile in treated RRMS patients and control subjects. Serum concentrations of (A) IL-2, (B) IL-4, (C)
IL-6, (D) IL-10, (E) IL-17A, (F) IFN-gamma, and (G) TNF. Statistical analyses were performed by the Mann–Whitney test.
Significance was set at p < 0.05.

Figure 5. Correlations among relative abundances of bacterial taxa and serum concentrations of inflammatory cytokines.
(A) Negative correlation between relative abundance of Clostridiaceae and IL-6 concentrations in RRMS patients; (B) Positive
correlation between relative abundance of Actinobacteria and TNF concentrations; (C) Positive correlation between Bacteroides
vulgatus and TNF concentrations. Statistical analyses were performed by Spearman’s test. Significance was set at p < 0.05.
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3.4. Detection of Increased Intestinal Permeability in RRMS Patients

In order to find whether RRMS patients presented increased intestinal permeability,
since alterations in the gut microbiota were detected, we evaluated the serum concentra-
tions of zonulin. Zonulin levels were significantly increased (p = 0.017) in MS patients’
samples (mean ± standard error: 27.13 ± 2.08 ng/mL) when compared with controls’
(mean ± standard error: 19.01 ± 2.98 pg/mL) (Figure 6A). Besides that, zonulin concentra-
tions positively correlated with disease duration (p = 0.025; r = 0.55; Figure 6B) and with the
relative abundance of Bacilli class members (p = 0.045; r = 0.49; Figure 6C) in MS patients.

Figure 6. Zonulin concentrations and correlations with clinical data and gut microbiota. (A) Serum zonulin concentrations
in RRMS patients and controls (CTRL); (B) Positive correlation between zonulin concentrations and disease duration;
(C) Positive correlation between zonulin concentrations and relative abundance of Bacilli class members.

4. Discussion

The dietary habits in industrialized societies have considerable changed in the last
years, and concomitant to this changes, the frequency of autoimmune diseases has in-
creased [47]. Western diets include low fiber and high fat consumption, which alters
the gut microbiota diversity and function, affecting the mucosal immune system and
influencing the development of autoimmune diseases [48]. Berer and colleagues (2018)
demonstrated that the supplementation of non-fermentable fiber to transgenic mice of the
spontaneous EAE model (opticospinal encephalomyelitis mice) impacted gut microbiota
and metabolic profile, increased long-chain fatty acids production, induced polarization to
Th2 immune responses, and prevented autoimmune diseases [49]. Furthermore, exercise
practice and low-calorie diets based on the consumption of vegetables, fruits, fish, pre-
biotics, and probiotics induced a decrease in inflammatory mediators and reestablished
eubiosis by acting via nuclear receptors [50]. Additionally, Wu and colleagues (2011)
showed the influence of diet on the gut microbiota and the prevalence of Bacteroides species
when animal proteins and saturated fats were consumed, while the presence of Prevotella
species was associated with carbohydrates and simple sugar intake [51]. In our study, we
detected significant differences in the consumption of vegetables, fruits, carbohydrates,
animal-derived proteins, and dairy products between patients and controls and, in contrast
to Wu et al., we detected an inverse correlation between increased animal-derived protein
intake by patients (50% vs. 27.8% in controls) and relative abundance of Bacteroides vulgatus.
There are no studies evaluating the intestinal microbiota of the Brazilian population as a
whole, and it should be noted that the human intestinal microbiota is considered to be
variable between individuals and presents geographic variation [52].

Several clinical trials are underway to test the effects of dietary interventions on inflam-
matory diseases, such as MS (NCT03539094, NCT02580435, NCT04574024, NCT04042415,
NCT03451955). So far, protective effects have been proposed for a Mediterranean diet en-
riched in fibers, vegetables, polyunsaturated fatty acids, and low levels of proteins [51,53].
On the other hand, the consumption of large amounts of milk and derivatives, meat, or
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animal fats correlates with an increasing prevalence of MS [54]. We detected differences
in dairy products consumption between patients and controls, and inverse correlations
with Bacteroidetes members, carbohydrate-degrading, Gram negatives bacteria, including
Bacteroides uniformis [55]. In MS patients, it has been suggested that dysbiosis caused by
an inadequate diet may indirectly influence Tregs/Th17 cell balance in the gut mucosa
and activate inflammatory pathways, contributing to intestinal and systemic inflammation
and MS pathogenesis [56]. Although we detected differences in diet and alterations in the
gut microbiota, the levels of inflammatory IL-17 and IFN-γ cytokines, which are involved
in MS pathogenesis [57], were similar in patients and controls. However, we detected
a significant decrease in IL-6 levels, which are probably associated with DMTs, which
impacts the immune response in relapsing–remitting patients [58].

The gut microbiota and the CNS are connected in a bidirectional manner, including
neural, endocrine, and immunological interactions [59]. Commensal microbes can interfere
with the secretion of neurotransmitters by intestinal cells, stimulate the vagus nerve thus
affecting the brain and behavior, produce neuroactive molecules, and modulate mucosal
immune cells and systemic populations that can cross the blood–brain barrier (BBB) into
the CNS [60]. In turn, the CNS modulates the microbiota by adrenergic signaling and
impacts intestinal motility and neurotransmitters actions in immunological cells that shape
the gut microbiota composition [60]. Interestingly, a small fraction of metabolites generated
by the gut microbiota in response to diet can reach the systemic circulation, cross the blood
BBB through vascular epithelial receptors, and modulate CNS inflammation [10,61–63].
Besides that, these metabolites can indirectly act through SCFA receptors in MS patients
and through aryl hydrocarbon receptors that influence microglia activation and gene
transcription in astrocytes [53,63,64]. In animal models, previous studies showed that
germ-free mice with a breakdown of tight-junctions at the BBB had defective permeability,
restored when these mice were colonized with conventional microbiota [65]. Therefore,
a disbiotic microbiota secretes metabolites that enter the blood stream and impact the
development of local and systemic diseases [49]. Moreover, these microbes may influence
therapeutic responses by activating or inhibiting exogenous molecules [60].

In the present study, we detected intestinal dysbiosis in RRMS patients receiving
DMTs, and our results present some similarities with previous studies in non-treated
patients [24–33]. Some of these similarities include decreased Lactobacillus spp. (Lacto-
bacillales) and predominance of Akkermansia muciniphila and Methanobrevibacter smithii,
chemilitotrophic specie. Methanobrevibacter is involved in inflammatory conditions by
recruiting macrophages and activating dendritic cells [66]. Akkermansia have immunoreg-
ulatory effects by converting mucin into SCFAs [54]; however, they play a role in the
degradation of the mucus layer and can promote intestinal inflammation [56]. In addition,
we detected a reduced relative abundance of Bifidobacterium spp. and Ruminocaceae mem-
bers including Faecalibacterium spp. and Ruminococcus spp. Bifidobacterium represents one
of the first colonizers of the human gut and exerts health-promoting effects [67]. Faecalibac-
terium spp. are butyrate-producing bacteria in the human colon, a bioindicator of human
health, and are reduced in inflammatory conditions [68]. Ruminococcus spp. re part of the
healthy gut microbiota in humans, and some mucus-degrading species are increased in
inflammatory diseases [69].

There are few studies evaluating the effect of DMTs on gut microbiota composition,
and previous works suggest that these therapies are able to reestablish the gut ecosystem
towards a eubiosis condition [19]. Patients on IFN-β or glatiramer acetate treatment showed
increased abundance of Prevotella, Sutterella, and Prevotella copri and decreased Sarcina
species [29,36,37]. In our MS patients, we also observed an increase in Prevotella spp. (Bac-
teroidales) in treated RRMS patients. The Prevotella genus is associated with a high-fiber diet
and has regulatory roles via butyrate generation [28]. Butyrate has anti-inflammatory effects,
induces Tregs in the gut mucosa, and maintains the epithelial barrier [70]. It is important
to note that metabolites produced by the gut microbiota are capable of influencing drug
bioavailability, pharmacokinetics, and clinical response, which supports the importance of

88



Int. J. Environ. Res. Public Health 2021, 18, 4621

studies on the interaction of the gut microbiota with DMTs [38,39]. In our work, the treated
RRMS patients had a different microbiota profile when compared with healthy controls,
suggesting that the disbiotic microbiota could interfere with the therapeutic response and
with intestinal permeability, which was significantly increased in our patients.

In addition to changes in the gut microbiota, recent studies have associated small
intestine rupture with the development of MS, and, based on this, Rahman and colleagues
hypothesized that a leaky gut is mechanistically linked to BBB disruption through receptors
for zonulin [71]. One of the predictors of intestinal permeability in humans is the serum
zonulin level. Zonulin is a physiological modulator of tight junctions involved in the traffic
of macromolecules and in the maintenance of epithelial barrier integrity and immune
tolerance in the gut mucosa. [72]. A leaky gut in mice induces inflammatory cytokines
release that promote an increased permeability, establishing a vicious circle favoring the
entry of antigens derived from diet and gut microbes, inducing a tolerance breakdown and
the activation of immune cells in the gastrointestinal mucosa [73,74]. The activated immune
cells can remain in the gut or migrate to distant organs, including the brain [73–75].

Intestinal dysbiosis can activate the zonulin pathway and stimulate cytokines release
allowing the leakage of luminal contents through the epithelial barrier [73]. A study from
Camara-Lemarroy and colleagues detected an increase in serum zonulin concentrations in
RRMS patients, which positively correlated with BBB disruption, confirmed by positive
gadolinium images in MRI [76]. In the present study, we detected a significant increase
in serum zonulin concentrations in treated RRMS patients, suggesting that increased
gut permeability could be a consequence of the intestinal dysbiosis detected in treated
RRMS patients.

5. Conclusions

We conclude that diet plays an important role in the composition of the intestinal
microbiota in MS patients and controls. In addition, intestinal dysbiosis, detected in RRMS
patients receiving DMTs, could be involved in increased intestinal permeability and affect
clinical response, future relapses, and disease progression in MS patients. Additional
studies in patients with different forms of MS, using DMTs, in different populations
are needed, and the future goal is to predict therapeutic responses based on individual
microbiome analyses (personalized medicine) and propose dietary interventions and the
use of probiotics or other microbiota modulators as adjuvant therapy to enhance the
therapeutic efficacy of DMTs.
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Abbreviations

Abbreviations
MS: multiple sclerosis; RRMS: relapsing-remitting MS; CNS: central nervous system;

MRI: magnetic resonance imaging; PPMS: primary progressive MS; SPMS: secondary
progressive MS; HLA: human leucocyte antigens; SCFAs, short-chain fatty acids; EAE:
experimental autoimmune encephalomyelitis; IFN: interferon; IL: interleukin; Treg: regu-
latory T cells; Th: T helper; DMTs: disease modifying therapies; SD: standard deviation;
FFQ: food frequency questionnaire; F: female; M: male; BMI: body mass index; EDSS:
expanded disability status score; Gd+: presence of gadolinium-enhancement brain lesions;
ND: not determined; Gd-: Absence of inflammatory active lesions; AZA: Azathioprine;
GA: Glatiramer acetate; TER: Teriflunomide; FTY720: Fingolimod; NAT: Natalizumab;
REU: relative expression units; Ct: cycle threshold; TNF: tumor necrosis factor; OTUs:
operational taxonomic units; PcoA: principal component analysis; BBB: blood-brain barrier.
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Abstract: Background: Titanium dioxide (TiO2) is used as a food additive in pastries, sweets,
and sauces. It is recognized as safe by food safety authorities, but in recent years, governments
and scientists have raised concerns about its genotoxicity. This systematic review aims to assess
the potential associations between food TiO2 exposure and microbiota composition and functions.
Methods: A systematic literature search was performed up to December 2020 in PubMed, Web of
Science, and Scopus databases. The PRISMA guidelines followed. The risk of bias was assessed
from ARRIVE and SYRCLE tools. Results: A total of 18 animal studies were included (n = 10 mice,
n = 5 rats, n = 2 fruit flies, n = 1 silkworm). Studies varied significantly in protocols and outcomes
assessment. TiO2 exposure might cause variations in abundance in specific bacterial species and lead
to gut dysfunctions such as a reduction in SCFAs levels, goblet cells and crypts, mucus production,
and increased biomarkers of intestinal inflammation. Conclusions: Although the extrapolation of
these results from animals to humans remains difficult, this review highlights the key role of gut
microbiota in gut nanotoxicology and stimulates discussions on the safe TiO2 use in food and dietary
supplements. This systematic review was registered at PROSPERO as CRD42020223968.

Keywords: dioxide titanium; TiO2; E171; CI 77891; food additive; gut microbiota; gut barrier;
immunity; toxicity; diet

1. Introduction

Titanium dioxide (TiO2) is one of the main food additives used for its coloring and
opacifying properties to improve the appearance and taste of processed foods. Food-grade
TiO2 is found in over 900 food products such as pastries, sauces, ice-creams, candies,
chocolates, and chewing gum. In foods, TiO2 is commonly reported as E171. It is also
referred to as CI 77891 when used in cosmetics and toothpaste as a white colorant [1].
E171 consists of a wide range of particle TiO2 sizes and can contain up to 36% nanosized
TiO2 particles, i.e., less than 100 nm in diameter [2,3]. Compared with their macroscopic
counterparts, nanoparticles (NPs) can easier pass through the body’s cells and then into the
bloodstream and internal organs such as liver, kidney, and lung tissues. Daily, the human
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dietary exposure dose of TiO2 NPs can reach one to four micrograms per kilogram body
weight per day (μg per kg bw per day) [3]. In 1966, the Food and Drug Administration
(FDA) approved the use of food-grade TiO2 referred to as INS171, specifying that the
quantity of TiO2 must not exceed one percent by weight of the food [4]. In Europe, in
2006, the European Food Safety Authority (EFSA) authorized the use of E171 in food
concluding that E171 is safe for consumers, having margins of safety (MoS) of 2.25 mg
per kg bw per day [5,6]. However, TiO2 NPs raise health concerns among the scientific
community and governments given their potential to cross the gut barrier and distribute to
other organs eliciting immunological response. In June 2018, the EFSA evaluated four new
in vivo and in vitro studies [7–10] assessing potential toxicities and reaffirmed the safety of
E171 [11]. In April 2019, the French Agency for Food, Environmental and Occupational
Health and Safety (ANSES) published a review suggesting a genotoxic and carcinogenic
potential even if further in vivo mammalian studies are warranted to confirm or rule out
these hypotheses [12]. As requested by the European Commission, EFSA provided urgent
scientific and technical review regarding the opinion issued by ANSES [13]. The EFSA
concluded that the latest ANSES opinion does not identify any major new findings that
would overrule the conclusions made in the previous two scientific opinions in 2016 and
2018. The latest ANSES opinion reiterated the previously identified uncertainties and
emphasized that there was still not enough data available to carry out a proper assessment
of the risks associated with the food use of E171. EFSA considered this recommendation
should be revisited once the ongoing work on the physicochemical characterization of E171
will be completed. In January 2020, France has adopted a decree to ban the use of E171 in
foods as a precautionary measure to protect consumers’ health.

In a scientific context of “microbiota revolution”, potential health risks of TiO2 NPs
and their impact on the intestinal tract and the gut microbiota are increasingly being
studied. Gut microbiota is composed of millions of bacterial species that bi-directionally
interact with the host in the intestinal tract, regulating the development of immune cells.
Alterations in the abundance and composition of intestinal microbiota, known as dys-
biosis, are associated with host health such as brain function, lipid metabolism, immune
responses, and development of diseases [14]. Recent studies reported adverse effects of
in vitro exposure of intestinal epithelial cells to E171 [9,15,16]. Indeed, TiO2 NPs could
damage microvilli structure and alter epithelial integrity [17,18]. TiO2 NPs can be inter-
nalized and can cross the epithelial barrier to enter the bloodstream and potentially affect
the function of distant organs, such as the liver [19]. Moreover, in vitro, NPs have the
potential to negatively affect intestinal functions and gut homeostasis associated with
gut microbiota [20]. New evidence from numerous recent animal studies has emerged
highlighting the effects of various physiological doses of TiO2 NPs on gut microbiota
composition and gut homeostasis. Such evidence has not yet been systematically reviewed.
Hence, we sought to systematically review current evidence from in vivo animal models to
disentangle the TiO2 effects on the gut microbiome composition and functions.

2. Methods

This systematic review is structured following the general principles published in
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [21]. The PRISMA checklist was detailed in Table S1. Full details of the
search strategies were specified and documented in a protocol that was registered at
PROSPERO (https://www.crd.york.ac.uk/PROSPERO; accessed on 24 December 2020) as
CRD42020223968.

2.1. Eligibility Criteria

The eligibility criteria are outlined using the PICOS format (Table 1).

96



Int. J. Environ. Res. Public Health 2021, 18, 2008

Table 1. PICOS criteria for inclusion of studies.

Criteria Definition

Participants Adult animals

Exposure TiO2 NPs (rutile or anastase forms, with any size of
nanoparticles)

Comparator Any comparator

Outcomes

Primary outcomes

- Between-group differences in α diversity of fecal
microbiota at the end of the intervention: total
number of observed operational taxonomic units
(OTUs); Chao1 index; Shannon diversity index;
Simpson diversity index;

- Between-group differences in abundances of
bacterial groups such as Bifidobacterium spp.;
Lactobacillus spp.; Akkermansia muciniphila;
Faecalibacterium prausnitzii; and Ruminococcus bromii.

Secondary outcomes

- Between-group differences in fecal SCFAs, Muc-2
gene expression, fasting blood glucose levels, lipid
metabolism (such as LPS, HDL, LDL, and
cholesterol levels);

- Between-group differences in the inflammatory
response (such as TNFα, IL-1α, IL-6, IL-10 levels,
CD8+ T cells, CD4 + T cells, reg T cells production)

Study design Peer-reviewed original animal experimental studies
The exclusion criteria were the following: (1) Non-English articles; (2) in vitro models; (3) review articles; (4) not
fulfilling the inclusion criteria.

2.2. Data Sources and Search Strategy

The search was carried out on 1 December 2020 using three electronic databases, MED-
LINE (via PubMed), ISI Web of Science, and Scopus. Multiple search terms are used including
the microbiome, microflora, intestinal microbiota, gut microbiota, titanium dioxide, TiO2, and
E171. The search string for each database is described in Table S2. Hand searching of eligible
studies was done to find studies that may not have been found in the databases.

2.3. Study Selection

The study selection process was independently carried out by two reviewers (P.R.;
E.R.). All articles generated from the electronic search were imported into Mendeley©
(Elsevier, Amsterdam, The Netherlands), a references management software, and duplicates
were removed. Titles and abstracts were screened for eligibility based on inclusion criteria.
All titles assessed as ineligible were excluded. Differences in judgment during the selection
process between the two reviewers were settled by discussion and consensus.

2.4. Data Extraction and Reporting

After full-text analysis, the following information was extracted from the included
articles: title, author information, year of publication, type of study performed, assessed
outcome/s, the animal model used, animal gender, age, and weight at baseline, adminis-
tered dose, length of study, administration route, and main conclusions.

Data was reported using an Excel© (Microsoft Office, Redmond, WA, USA) spread-
sheet specifically developed for this study. Each full-text article was retrieved, and any
ineligible articles were excluded from the reasoning reported. Differences in judgment
between two reviewers (P.R.; E.R.) were settled by discussion and consensus.
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2.5. Quality Assessment

The quality of the included studies was assessed following the Animal Research
Reporting of In Vivo Experiments (ARRIVE) guidelines [22]. These guidelines consist of
the minimum information that animal research studies should include such as the number
and specific characteristics of animals, details of housing and husbandry, experimental and
statistical methods, reporting and interpretation of the results.

Moreover, SYRCLE’s risk of bias tool [23] was used to assess the risk of bias of
animal studies. SYRCLE’s tool is an adapted version of the Risk of Bias tool provided
by the Cochrane Collaboration. It consists of ten entries associated with selection bias,
performance bias, detection bias, attrition bias, reporting bias, and other biases. Quality
assessment was independently performed by two reviewers (P.R. and E.R.) and a consensus
should be reached for discrepancies.

3. Results

3.1. Study Selection

The flow diagram in Figure 1 displays the results of the literature search and study
selection process. A total of 6254 studies were initially identified. After duplicate removal,
4915 studies remained for titles and abstracts screening. Thirteen studies were excluded
for the following reasons: in vitro studies (n = 8) [9,19,24–29], no assessment outcomes
of interest (n = 1) [30], microbiota of mussel hemolymph (n = 1) [31], review (n = 1) [32],
Chinese language (n = 1) [33], TiO2 and bisphenol A co-exposure (n = 1) [34]. Eighteen
studies [8,35–51] were identified for inclusion in the systematic review.

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram.
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3.2. Study Characteristics

Included studies used different animal models: C57BL/6J mice (n = 5) [44,45,47,50,51],
Sprague-Dawley rats (n = 3) [36,37,43], C57BL/6 (n = 3) [35,39,40], Wistar rats (n = 2) [8,48],
Drosophila Melanogaster (n = 2) [42,46], CD-1 mice (n = 1) [38], ICR mice (n = 1) [49], and
Bombyx mori (n = 1) [41]. Sample size ranged from 8 [43] to 80 animals [38]. Dose exposure
ranged from 2 mg/day/kg body weight of TiO2 NPs [36,37,42,45] to 1 g/day/kg body
weight of TiO2 NPs [39] and exposure period ranged from 24 h [39] to 100 days [8]. The
characteristics of each included study are detailed in Table 2.
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3.3. Quality Assessment

The detailed results of quality assessment are presented in Tables S3 and S4. First,
the quality of the eighteen included animal studies was assessed through the ARRIVE
guidelines. As a result, the included animal articles adequately provide an accurate ti-
tle and abstract, a structured and thorough introduction, an ethical statement only for
mammalian studies, and an adequate study design except for two studies [44,45] which
are unclear. None of them justified the sample size, and consequently, the use of a too
small number of animals may lead to a lack of experimental statistical significance given
the use of too many animals may lead to unnecessary wastage of resources and ethical
issues. Only one study did not clearly describe statistical methods [42]. Baseline character-
istics (body weight, age, and gender) before treatment are reported in five of the total of
studies [8,40,48–50]. For twelve studies [35–37,39,41–47,51], body weight was not specified,
and for three studies [38,41,42], age was not reported. All studies adequately reported
and interpreted their results in terms of numbers analyzed, outcomes, adverse events,
interpretation, and generalizability.

Secondly, the risk of bias of the included animal studies was assessed using SYRCLE’s
tool. In regards to sequence generation, in twelve out of eighteen studies, the allocation
sequence was randomly generated and applied. However, in eleven out of 12 studies,
the investigators did not describe the sequence generation process such as the use of a
random number table or a computer random number generation. Only in the study of
Zhang et al. [50], mice were randomly allocated into the control group and the TiO2 NPs’
group using a web-based randomization service. For all studies, it is not clear how animals
were allocated to different groups. In addition, for all studies, all groups had similar
characteristics at baseline. Regarding allocation concealment, the concealment was not
clear for all studies. Indeed, no studies have explicated the concealed procedure when the
investigators have allocated the animals to different groups. Moreover, all included studies
have a high risk of performance bias. Indeed, the animals did not randomly house during
the experiment and it is not clear whether the investigators did not blind from knowledge
which intervention each animal received during the experiment. Additionally, overall, it
is not specified whether the investigators did not select animals at random for outcome
assessment. However, the outcome assessment methods are the same in both groups for
all studies. In regards to attrition and reporting bias, the risk is low for all studies since
the outcome data reported in each study was completed for each outcome. All primary
outcomes have been reported. Finally, the studies did not report other problems that could
result in a high risk of bias. As a conclusion, according to SYRCLE’s risk of bias tool,
the quality of each study is debatable due to an inadequate or unclear randomization of
allocation, housing and outcome assessment, and a lack of blinding. However, the studied
population has similar characteristics at baseline making the sample homogenous and
avoiding confounding bias. Moreover, in regards to the reporting of outcomes (complete
outcome data reporting, adequate outcome reporting), the risk of bias is low.

3.4. Results
3.4.1. TiO2 and gut Microbial Diversity

Alpha-diversity variations were measured in five studies [40,43–45,50]. Chao1—an
estimate of species richness based on a vector or matrix of abundance data—did not signifi-
cantly vary between exposed groups and controls groups in mice exposed to 100 mg/kg
bw/day of TiO2 NPs for eight weeks [40], in pregnant rats exposed to 5 mg/kg bw/day
of TiO2 NPs for 12 weeks [43], but decreased in mice exposed to 150 mg/kg bw/day of
TiO2 NPs for 30 days (p = 0.0052) [50]. In regards to Shannon’s diversity—another index
accounting for both abundance and evenness of the species with equal weighting given to
abundant and rare species—no significant variations were observed between groups in
mice exposed to 100 mg/kg bw/day of TiO2 NPs for eight weeks [40], in mice exposed to a
diet containing 0.1% TiO2 NPs for three months [44], in mice exposed to 2, 10, 50 mg/kg
bw/day of TiO2 NPs for three weeks [45], and in pregnant rats exposed to 5 mg/kg bw/day

104



Int. J. Environ. Res. Public Health 2021, 18, 2008

of TiO2 NPs for 13 days [43]. However, in the study of Zhang et al. [50], Shannon’s diversity
decreased in mice exposed to 150 mg/kg bw/day of TiO2 NPs for 30 days (p = 0.0036) [50].
Finally, applying Simpson’s diversity index—another diversity index measuring richness
and evenness in which more weighting is given to abundant species—in four out of the
same studies [43–45,50], no significant variations were found except for the study of Zhang
et al. [50] showing a significant increase after TiO2 NPs exposure (p = 0.0180).

3.4.2. TiO2 and Abundance of Individual Microbial Species

In rodents, four studies showed an increase in Firmicutes abundance after TiO2 ex-
posure compared with controls [35,39,49,51]. Lactobacillus was the most studied genus
and significantly decreased in four studies [35,36,39,44] but increased in one study [45]
after TiO2 NPs exposure compared with controls. Moreover, an increase in Allobaculum
abundance was reported in one study [45] while a decrease was observed in another
mice model [35]. Other variations in genera and family abundance after TiO2 exposure
compared with controls are observed such as an increase in Oscillospira [35,51], Turicibac-
ter [36], and Clostridiales [43], and a decrease in Veillonella [36], Prevotella [40,51], and
Dehalobacteriaceae [43].

Bacteroidetes abundance could also be influenced by TiO2 exposure in rodent models.
Three studies showed a decrease in Bacteroidetes levels [35,49,51] while one study reported
an increase in Bacteroidetes levels [44]. Especially, TiO2 exposure could lead to an increase
in Bacteroides [40], Parabacteroides [45], and a decrease in Barnesiella [49].

Actinobacteria phylum could decrease in abundance [35] after TiO2 exposure with a
decrease in Bifidobacterium spp reported in two rodent studies [35,44]. Moreover, an increase
in Rhodococcus abundance [40] and a decrease in Adlercreutzia levels [45] were observed.

In regards to other phyla, Proteobacteria could increase after TiO2 exposure, as re-
ported in three studies [40,50,51], and Desulfovibrionaceae [51] and Verrucomicrobia could
decrease, in particular in the Akkermansia genus [51].

All these findings observed in rodent models showed that TiO2 exposure could
impact gut microbiota composition, although the variations in specific phyla and genera
abundances remain to be elucidated with large sample size animal studies using the same
dose and duration of TiO2 exposure.

In regards to animal models other than rodents, a model organism Drosophila
melanogaster [42] showed that the exposure of 1, 2, and 200 mg/mL dietary of three
different sizes of TiO2 NPs for five days did not inhibit the growth of gut bacteria in
Drosophila larva or adults. On the other hand, a silkworm model [41] showed different gut
microbiota compositional variations after intake of mulberry leaves soaked in 5 mg/L TiO2
NPs and naturally dried from the third day of fifth instar larvae until morning.

3.4.3. TiO2 and SCFAs Levels

A total of six rodent studies reported between-group differences in fecal SCFA con-
centrations after different TiO2 NPs dose exposure and length of exposure. Three studies
showed no significant variations in SCFAs levels [36,37,48] while two studies observed
a decrease in SCFAs levels in mice treated with 0.1 weight percent of TiO2 NPs for eight
weeks [35] and in mice treated with 50 mg TiO2/kg bw/day for three weeks [45]. Interest-
ingly, one study [39] reported an increase of SCFAs in stools in mice exposed to 1 g/kg bw
TiO2 for 14 days. This can be explained by an increase in SCFAs production or a decrease
in absorption.

3.4.4. TiO2 and Metabolism

A total of seven studies [36,37,39,42,43,49,50] showed significant metabolic variations
in TiO2 exposed animals compared with controls. Lipopolysaccharides (LPS) proportionally
increased in mice exposed to 2, 10, and 50 mg/kg bw/day of TiO2 for 30 days [36], in
mice exposed to 10, 40, and 160 mg/kg bw/day of TiO2 for 28 days [49], and in mice
exposed to 10 μL/g bw/day for eight weeks [51]. Interestingly, in TiO2-treated mice fed
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with a high-fat diet (HFD), LPS significantly increased compared with TiO2-treated mice
fed with a high fiber diet (CHOW diet) [51]. Triglycerides levels (TG) levels increased in
mice after exposure to 160 mg/kg bw/day of TiO2 for 28 days, while TG levels reduced
in rats exposed to 10 and 50 mg/kg bw/day of TiO2 for 90 days. Moreover, glucose
levels could increase after TiO2 exposure, as reported in two rodent model studies [43,49].
Interestingly, in Sprague-Dawley pregnant rats, exposure of 5 mg/kg/day of TiO2 NPs for
12 weeks could strengthen genes about type 2 diabetes mellitus related to function and
lipid biosynthesis, compared with controls [43].

The two Drosophila model studies [42,46] reported contradictory results. One study
showed no alterations of pupation cycle, weight, and lipid levels after 1, 2, and 200 mg/mL
dietary TiO2 NPs of different sizes for five days while Richter and colleagues [46] demon-
strated alterations of metabolic gut homeostasis with significant changes in pupation, time
to pupation, reduction of body size, and glucose levels.

3.4.5. TiO2 and Gut Barrier Permeability

Bettini et al. observed no significant changes in epithelial paracellular permeability in
the E171 group in comparison to the controls [8]. Additionally, a previous study [48] found
no effect compared with controls on mucin O-glycosylation in the small intestine of the rats
following 7- or 60-day TiO2 exposure, regardless of TiO2 type (E171 and NM-105) or E171
dose tested (0.1 mg/kg bw/day and 10 mg/kg bw/day). Another study [39] showed that
at 24 h post-gavage, MUC2 gene expression was lower in TiO2 NP-treated mice (1 g/kg
bw/day) compared with controls but this trend was reversed from 48 h post-gavage to
seven days with an elevated expression of mucin-2 for the rest of the study.

On the other hand, in mice exposed to 0.1 weight percent of TiO2, goblet cells and
crypts significantly decreased compared to controls. Furthermore, three studies [45,49,51]
reported a decrease in MUC2 gene expression in mice treated with TiO2 NPs. Yan et al. [49]
also reported a reduction of mucus thickness in all exposed mice compared with controls.
Interestingly, MUC2 gene expression and crypt length significantly decreased in TiO2-
treated mice fed with HFD compared with TiO2-treated mice fed with CHOW diet [51].

3.4.6. TiO2 and Inflammatory Responses

A total of ten studies have assessed levels of different gut microbiota associated
biomarkers of mucosal immunity and intestinal inflammation such as interleukins (IL)
levels, number of T reg cells, macrophages, and T helper cells. A reduction of T reg
cells numbers was found in food-grade E171 treated mice after 100 days [8] and in mice
exposed to a diet containing 0.1% TiO2 NPs for three months [44]. Inflammatory cy-
tokines levels increased in exposed rodents compared with controls in the majority of
studies: IL1 [49,51], IL2 [38], IL6 [8,36,45,49,51], IL10 [45], IL12 [35], IL17 [8,35], IL18 [8],
as well as TNFα levels [45,49,51]. The production of macrophages and the expression of
β defensin gene are also stimulated [45]. Interestingly, TiO2 NPs decreased the CD4+ T
cells, T regs, and macrophages in the mesenteric lymph nodes and increased neutrophil
gelatinase-associated lipocalin (LCN2) levels in mice aggravating the DSS-induced chronic
colitis [44]. Moreover, IL-1 levels, IL-6 levels, TNFα levels increased in TiO2-treated mice
fed with HFD compared with TiO2-treated mice fed CHOW diet [51]. All these results
showed the potential involvement of TiO2 in the imbalances in intestinal and systemic
immune responses.

4. Discussion

This systematic review of animal studies found that TiO2 dietary exposure might
increase or decrease abundance in specific bacterial species, even if an overall impact on
bacterial α-diversity has not been clearly demonstrated. Moreover, this review highlights
that TiO2 exposure could lead to perturbations in intestinal metabolism, gut barrier integrity,
and gut immunity.
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The limited effect of TiO2 exposure on α-diversity of the gut microbiota was found in
the majority of included studies. This could be explained by the short duration of the inter-
ventions, not exceeding three months. The lack of effects of different dietary interventions
on gut microbiota diversity has been shown in previous systematic reviews investigating
the effects of dietary patterns or dietary interventions—such as dietary fiber interven-
tions or probiotics interventions—on gut microbiota [52]. Long-term studies are required
to assess this hypothesis. In regards to bacterial abundances, in various included stud-
ies [35,39,44,49], significant compositional changes are reported after TiO2 exposure com-
pared with controls. TiO2 exposure could lead to an alteration of the Firmicutes/Bacteroides
ratio, a depletion of Lactobacillus, and enrichment of Proteobacteria [40,50]. Interestingly,
these microbial variations are also found in studies investigating the effect of other food
nanoparticles such as nano-Ag, ZnO, and SiO2 exposure [53]. Lactobacillus is a genus well-
known to produce SCFAs, metabolites involved in host metabolism, while Proteobacteria
might be overrepresented in inflammatory intestinal and extra-intestinal diseases. Indeed,
this observed dysbiosis is also a hallmark of inflammatory bowel disease, colorectal cancer,
or chronic metabolic disorders such as obesity [54].

The intestinal microbiota plays a key role in gastrointestinal functions such as the
digestion and fermentation of indigestible polysaccharides, differentiation of the intestinal
epithelium, and the maintenance of mucosal barrier integrity, including mucus characteris-
tics. Mucus is a viscoelastic gel that separates the intestinal epithelium from the gut lumen.
It consists of water and mucins, lipids, as well as epithelial and globets cells. Goblet cells
are localized in the intestinal crypts and secrete proteins such as muc-2 (encoded by MUC2
gene). Intestinal bacteria influence the shaping of the mucus regulating LPS and SCFAs.
Indeed, SCFAs—mainly butyrate—stimulate muc-2 protein production and influence mu-
cus quality. Numerous studies [55–57] demonstrated that germ-free mice, comparing with
conventionalized mice, were provided with an underdeveloped intestinal epithelium with
decreased mucus production, intestinal epithelial cell differentiation, and villus thickness.
These alterations could lead to an increased permeability allowing the passage of harmful
intraluminal microorganisms and microbial toxins. These bidirectional interactions be-
tween gut microbiota composition and gut barrier functions could be impaired with TiO2
exposure. Indeed, in some included studies [35,45,49], TiO2 exposure could be associated
with a reduction of SCFAs, a decrease of goblet cells and crypts, a reduction of mucus
production with a lower MUC2 expression. These in vivo findings confirmed the results of
in vitro studies demonstrating that TiO2 NPs could alter microvilli structure and epithelial
integrity [19,24]. Particularly, in vivo and ex vivo, TiO2 NPs can cross the regular ileum
and follicle-associated epithelium and alter the paracellular permeability of the ileum and
colon epithelia, which is a sign of integrity alteration [58]. However, three studies [8,37,48]
did not show significant changes in terms of epithelium permeability, SCFAs levels, and
mucus barrier impairment. Considering the TiO2 dose exposure of the studies, we can
hypothesize that these discrepancies could be due to dose exposure and healthy conditions
of the animals at baseline.

TiO2 NPs also could interact with gut immunity. Indeed, a majority of included studies
have assessed associations between TiO2 exposure and increased biomarkers of intestinal
inflammation such as increased interleukins levels. Recent in vitro studies [19,27] found
that TiO2 NPs could stimulate the production of pro-inflammatory cytokines. Moreover,
in vivo, the number of T reg cells decreased after 100 days of TiO2 exposure [8]. T reg
cells are well-known to limit gut inflammatory responses and prevent food allergy devel-
opment [59]. Thus, long-term TiO2 exposure could have an immunosuppressive role by
limiting the production of T reg cells. Interestingly, there are significant changes in terms
of IL production, significantly aggravated in obese mice treated with TiO2 compared with
non-obese mice [35,51]. This shows that TiO2 could exacerbate intestinal inflammation in
mice affected by metabolic diseases such as obesity. Mu et al. [44] analyzed the effect of
TiO2 NPs on DSS-induced chronic colitis in mice showing that DSS-induced chronic colitis
worsened by chronic TiO2 NPs exposure with a reduction of immune cells such as CD4 + T
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cells and Tregs. Further studies are required to deepen the effects of TiO2 NPs on immunity
responses, and specifically on the gut microbiota immune axis.

Overall, TiO2 exposure can raise concerns if we consider the cocktail effects of daily
consumption of the different food additives. Indeed, other NPs present in food, emulsifiers,
and artificial sweeteners have also dysbiotic effects on gut microbiota [60]. This cocktail
effect raises particular concerns since the quantity of food additives is not detailed in the
ingredient list, making impossible the calculation of the daily quantity of food additives.
For example, chewing one piece of chewing gum can result in an intake of 1.5–5.1 mg
of TiO2 NPs [61]. These concerns are even more important in children. Indeed, candies,
gums, desserts, and beverages—products containing the highest levels of TiO2 NPs—are
consumed two to four times higher for children than for adults [3]. A Dutch survey
estimated a mean TiO2 NPs intake of 2.16 (2.13–2.26) mg/kg bw per day among children
aged two to six years old, and a mean of 0.55 (0.52–0.58) among people aged 7–69 years old,
with toothpaste, candy, coffee creamer, fine bakery wares, and sauces mostly contributing
to the TiO2 daily intake [62]. Childhood is a key development time for the shape of the
microbiota that can have considerable consequences in later life [63]. Although TiO2
consumption has considerably increased in the last few decades in Western countries and
despite dietary composition having an impact on gut and overall health [64], the possible
impacts of long term effects of TiO2 are still poorly understood.

This systematic review has some limitations. Although the majority of included
studies have used rodent models, the methods of administration (gastric gavage, addition
to drinking water, addition to food), TiO2 doses, and exposure durations differ between
studies and do not allow pooling results. Thus, since some studies detect only a limited
impact on the microbiota, others reporting various significant changes, it remains difficult
to reach firm conclusions. Another limitation are the very high doses used in animal studies
compared to the estimated daily intake in humans. Indeed, the amount of TiO2 consumed
is estimated to 1 mg of TiO2/kg bw/day in adults in the United Kingdom and Germany,
while the ingested quantity can exceed 3 mg of TiO2/kg bw/day in children [3,65]. Thus,
the results from animal studies cannot be directly extrapolated to humans. Furthermore,
only 15% of the 16S rRNA sequence dataset for the mouse microbiota are shared with
humans [66]. Since randomized controlled studies are unethical, the use of germ-free mice
inoculated with the human microbiota could be feasible to elucidate the impact of TiO2
NPs on gut bacteria that colonize the human intestine. Moreover, different dietary patterns
such as HFD or high fiber diet should be evaluated to compare the impact on TiO2 NPs in
healthy individuals with those in poor health.

5. Conclusions

In conclusion, in vivo consumption of TiO2 could alter the composition and the activity
of intestinal bacteria, promoting an inflammatory environment in the gut and aggravating
gut barrier impairment and immune responses in animals already affected by diseases
such as colitis or obesity. Therefore, although these findings did not allow us to reach firm
conclusions in humans, this systematic review highlights the key role of gut microbiota
in nanotoxicology in the gut and stimulates discussions on the safe TiO2 use in food and
dietary supplements.
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Abstract: Food-derived opioid peptides include digestive products derived from cereal and dairy
diets. If these opioid peptides breach the intestinal barrier, typically linked to permeability and
constrained biosynthesis of dipeptidyl peptidase-4 (DPP4), they can attach to opioid receptors. The
widespread presence of opioid receptors spanning gut, brain, and internal organs is fundamental
to the diverse and systemic effects of food-derived opioids, with effects being evidential across
many health conditions. However, manifestation delays following low-intensity long-term exposure
create major challenges for clinical trials. Accordingly, it has been easiest to demonstrate causal
relationships in digestion-based research where some impacts occur rapidly. Within this environment,
the role of the microbiome is evidential but challenging to further elucidate, with microbiome effects
ranging across gut-condition indicators and modulators, and potentially as systemic causal factors.
Elucidation requires a systemic framework that acknowledges that public-health effects of food-
derived opioids are complex with varying genetic susceptibility and confounding factors, together
with system-wide interactions and feedbacks. The specific role of the microbiome within this puzzle
remains a medical frontier. The easiest albeit challenging nutritional strategy to modify risk is
reduced intake of foods containing embedded opioids. In future, constituent modification within
specific foods to reduce embedded opioids may become feasible.

Keywords: food-derived opioids; casomorphin; gliadorphin; opioid receptors; A1 beta-casein; beta-
casomorphin-7; gut-to-brain; microbiome; DPP4

1. Introduction

This paper reviews and integrates evidence relating to food-derived opioid peptides in
public health, focusing on casomorphins from dairy and gliadorphin peptides from cereals.
The systemic nature of the evidence, which spans the gut, brain, and many internal organs,
arises as a direct consequence of the widespread presence of opioid receptors throughout
the human body. Influencing factors beyond diet itself include human genetic variability,
specific microbiota, and aspects of health that mediate absorption of the peptides from the
gut into the circulatory system. Some of these same factors then impact on inflammatory
and autoimmune responses. The role of the gut and associated microbiome is clearly
important within the system but much remains to be elucidated [1].

One of the challenges of investigating and documenting the wide-ranging effects
of food-derived opioids is that dietary exposure is long-term, with effects often due to
chronic rather than short-term high-intensity exposure, and therefore difficult to investigate
within clinical trials. A further investigational challenge is that the multiple influencing
factors, including genetic factors and other disease factors, in combination with the di-
verse locations of opioid receptors within human tissues, can lead to great effect-diversity
between individuals.

The specific focus of this paper on casomorphin and gliadin peptides reflects that these
are the most researched of the food-derived opioids based on the prevalence of dairy and
wheat within human diets, together with evidence that they are the peptide groupings most
clearly implicated in food-derived opioid health issues. However, they are not the only
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opioid peptides in either gluten or dairy. For example, there are opioid peptide sequences
within glutenin, the alcohol-insoluble proteins that along with the alcohol-soluble gliadins
comprise the overarching gluten grouping. Additionally, opioid peptides can be released
from other food products. For example, barley and rye have homologous proteins to the
gluten proteins found in wheat. These barley and rye proteins release opioid hordein
peptides and opioid secalin peptides, respectively [2]. Indeed, there is diversity of practice
within the literature as to whether the term ‘gluten’ encompasses all of the prolamin
(high proline) proteins derived from species of the Triticeae, thereby including the various
wheat species plus barley, rye, and triticale, or whether it should be reserved as a term for
prolamin proteins from wheat. In this paper, wherever the terms ‘gluten’ and ‘gliadin’ are
used, it is as encompassing terms that include relevant prolamin proteins within all of the
Triticeae, but recognizing that there will be differences between species and even between
strains and varieties of a species in terms of both gluten and gliadin intensity plus specific
opioid structure [3]. A notable feature of gluten proteins is the variety and complexity of
structure [4].

Non-homologous opioid peptides can also be released from soy as soymorphins [5]
and from spinach as rubiscolins [6]. Those issues lie specifically beyond the scope of
this paper.

Both dairy casomorphins and gluten peptides are largely specific to modern diets.
This is because neither dairy nor cereals were of dietary importance prior to the gradual
emergence of agricultural and animal domestication activities. This began to occur approx-
imately 10,000 years ago within Neolithic communities in the Fertile Crescent of West Asia.
In many parts of the world, dairy plus wheat and other gluten-producing cereals from the
Triticeae have only become important dietary components in the most recent centuries.
Further, there is evidence of considerably lower levels of gluten peptides in early strains of
wheat compared to modern wheat varieties [7] and also in durum varieties used in pasta
compared to bread-making varieties [8].

The potential importance of casomorphin and gluten peptides in relation to human
health remains an emergent field. For example, the presence of opioid casomorphins in
dairy was not identified until 1979 [9], and the full extent of casomorphin-relevance to
multiple issues of human health is far from resolved. In contrast, early insights that coeliac
disease was protein-related and with particular relevance to wheat protein were known
with clarity by 1950 and suspected much earlier [10]. However, the opioid connection
appears to have not been explicitly identified until 1987 [11]. The broadening of the associ-
ation between coeliac disease to other gluten-producing species within the Triticeae came
considerably later [3]. In regard to non-celiac aspects of gluten science and pharmacology,
there is still much to be elucidated.

Emergent evidence includes that not all effects of opioid peptides are necessarily
dependent on attachment to opioid receptors. For example, there is compelling evidence
as to the role of toll-like receptors, and in particular TLR4, in relation to both food-derived
exorphins and pharmaceutical opioids [12,13]. There is also evidence that the casomorphins
directly influence the serotonergic system independent of opioid receptors [14].

In this paper, evidence will be documented to show that casomorphins and specific
gliadin peptides have structural elements in common and that they thereby have potential
to ‘hunt together’ in terms of inflammatory and autoimmune effects. This is reflected
in arguments in favor of diets that are free of both gluten and casein (GFCF). However,
there are also obvious needs to consider gluten and casein separately, given both the
known structural differences and the fact that they may favor different opioid receptors.
With casomorphins, it is clear that they predominantly associate with mu-opioid (MOP)
receptors, whereas with gluten peptides, there is evidence that there can also be close
associations with delta-opioid (DOP) receptors [15].

The key amino acid sequence at the N-terminus that is common to casomorphins and
gliadorphins, and which is fundamental to the opioid characteristics, is tyrosine–proline.
However, despite the widespread presence of this sequence in relation to opioid structure,
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together with its relevance to particular opioid characteristics, it is not a necessary structure
for all food opioids [16]. The other key characteristic of casomorphins and gliadiorphins is
that they are proline-rich, thereby creating resistance to peptidase enzymes.

2. Methodology

This is a perspectives paper that draws together and thereby integrates evidence
relating to systemic effects of casomorphins and gliadorphins, spanning gut, brain, and
internal organs. Accordingly, the literature was searched via Google Scholar and PubMed
using various combinations of the following keywords: food-derived opioids, beta-casein,
casomorphin, gliadorphin, microbiome, microbiota, opioid receptors, beta-casomorphin-
7, BCM7, beta-casomorphin-9, gut-to-brain, and various specific internal organs. This
literature was then filtered by the author based on manuscript focus. Some background
industry information was drawn from the author’s professional involvement in agrifood
systems spanning farming practices through to human nutrition.

3. The Role of Opioid Receptors

The widespread presence of opioid receptors spanning gut, brain, internal, and periph-
eral organs provides a theoretical framework to explain the current evidence and associated
postulates laid out in this paper relating to diverse and systemic effects of food-derived
opioids. The presence of opioid receptors in the gut and brain became well established
in the 1970s [17]. It was also well understood by 1980 that opioid receptors are a key
component of internal messaging systems involving endorphins and enkephalins [18].
However, identification of the widespread presence of these receptors in other organs of
the body came later [19] and has been an emerging field, linked primarily to identifying
and explaining the effects of opioid drugs. There is also now a substantial literature on
specific molecular functional mechanisms of the opioid system [20]. This overarching
suite of opioid knowledge has been central to understanding the effects that opioid drugs
have on a range of internal biological processes, with opioid drugs having potential to not
only exhibit inflammatory effects on specific tissues but to also disrupt internal messag-
ing systems. This system disruption then lays a theoretical foundation for immune and
auto-immune responses.

Casomorphins were first identified in the late 1970s as having opioid characteristics [9],
and this is recognized with the ‘morphin’ nomenclature. Similarly, opioid peptides within
gliadin were clearly identified in the 1980s [11]. However, no prior evidence has been
found of extant literature on the presence of opioid receptors as a key element in identifying
mechanisms whereby food-derived opioids might themselves have widespread systemic
effects that extend well beyond the gut and brain. These concepts will be drawn upon in
subsequent sections of the paper.

4. Casomorphins

By definition, casomorphins can be any opioid released from casein during digestion.
In practice, the human-health interest relates to casomorphins released from beta-casein,
and in particular the release of bovine beta-casomorphin-7 (bBCM7) from bovine milk.
The longer chain beta-casomorphin-9 (bBCM9) is also of relevance. As background, beta-
caseins are present in all mammalian milk, and in bovine milk they are the second most
important of the casein proteins by volume, comprising about 35% of the casein proteins
and approximately 28% of total protein [21].

The amino acid structure of bBCM7 is tyrosine–proline–phenylalaline–proline–glycine–
proline–isoleucine. The first three amino acids confirm that it will be opioid in character,
with the first two of fundamental importance. Additionally, the presence of the three proline
amino acids in close proximity ensures that bBCM7 will be resistant to internal cleavage
at the C-terminus by the peptidases [22]. Accordingly, bBCM7 is normally broken down
from the N-terminus, with the key requirement being the enzyme dipeptidyl peptidase-4
(DPP4) [23]. Given the resistance to enzymatic degradation from the C-terminus, shorter-
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chain casomorphins are of limited practical importance within in vivo settings, despite
in vitro investigations showing bBCM5 to be a stronger opioid than bBCM7 [24].

Bovine beta-casein is categorized into two broad types, these being A1 and A2, with
the A1-type being fundamental to the release of bBCM7 (Figure 1). This bBCM7 peptide is
located at positions 59–66 of the 209 amino acids contained within the bovine beta-casein
protein [21]. In A1 beta-casein, the release of bBCM7 is facilitated by the presence of
histidine at position 67, with the C-terminus bond between positions 66 and 67 being
readily broken by carboxyl peptidases such as elastase [25]. In contrast, in A2 beta-casein,
the amino acid at position 67 is another proline, leading to preferential cleavage of the
longer peptide bBCM9 and creating a major constraint to formation of bBCM7 during
in vivo digestion [21]. Although bBCM9 is itself also an opioid with consequent potential
pharmacologic properties, these properties are fundamentally different, and bBCM9 is
considered a potential beneficial bioactive carrying both antihypertensive properties [26]
and antioxidant properties [27]. Additionally, in contrast to A1 beta-casein and bBCM7, no
digestive differences have been recorded when A2 beta-casein digests containing bBCM9
are tested with and without naloxone [28]. Human-based in vivo data on beta-casein
metabolism to casomorphins and intermediate peptides has been summarized within a
systematic review of digestive effects undertaken by Brooke-Taylor and colleagues [22].

Figure 1. Preferential release of bovine beta-casomorphin-7 from A1 beta-casein.

Subsequent to the allocation of the beta-casein terminology, it has become evident
from phylogenetic analyses that A2 is the original type with A1 beta-casein being the
consequence of a mutation occurring in some European cattle approximately 5000 years
ago, but with considerable uncertainty as to the precise time thereof [29]. The phylogenetic
evidence is also clear that there have been subsequent mutations at other loci in the bovine
beta-casein protein, but with these occurring at relatively lower levels, and these are
generally considered as lying within the A1 and A2 families of bovine beta-casein [30].
Accordingly, the presence of any beta-casein of the A1-type in bovine milk is evidence of
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at least some European cow ancestry. In contrast, the beta-caseins of sheep, goats, horses,
camels, yaks, buffalo, pure African cattle, pure Asian cattle, and even human milk are
all classified as being exclusively of the A2 type, with no reliable evidence of exceptions
even at low levels. However, some cattle classified as African or Asian types may have a
small hidden proportion of European-breed ancestry due to crossbreeding within the last
200 years, leading to low levels of A1 beta-casein [31].

The proportion of A1 to A2 beta-casein within bovine herds will depend on the
relative frequency of the A1 and A2 alleles of the beta-casein gene sited on the sixth-
chromosome [31]. The two alleles are co-dominant, meaning that a cow carrying one copy
of each of the A1 and A2 alleles produces A1 and A2 beta-casein in equal amounts and
is commonly termed an ‘A1A2’ cow. The relative frequency of the alleles varies between
countries and between breeds, but typically the ratio at a country level in modern industries
based on European breeds is between 1:3 and 3:1. Specific herds may lie outside these
ratios depending on historical bull choices. Additionally, there are European niche breeds
such as Guernsey and Fleckvieh which tend to carry higher levels of the A2 allele. There is
also a tendency for breeds with Northern European origins to carry higher A1 levels than
breeds with Southern European origins [31], with this flowing through to national herd
data and consequent between-country differences.

Given that some cows carry one copy of each allele with associated co-dominance, the
proportion of cows producing only A2 beta casein and termed ‘A2 cows’ will be less than
the proportion of the A2 beta-casein in bulk milk in all situations where some A1A2 cows
are present. At the retail level, milk in which all of the beta-casein is A2 is called ‘A2 milk’.
In contrast, milk that contains some A1 beta-casein is commonly called ‘A1 milk’ despite
typically also containing some A2 beta-casein.

There is also a human version of beta-casomorphin-7 with the structure tyrosine–
proline–phenylalanine–valine–glutamine–proline–isoleucine, denoted here as hBCM7
(Figure 2). However, the human version of BCM7 is a much weaker opioid than the bovine
form [32]. It is found mainly within colostrum and early lactation-stage milk [33] and it has
been postulated to play a role in bonding of baby to mother. It is also much more susceptible
than bBCM7 to internal cleavage by peptidases given the internal phenylalanine–valine–
glutamine sequence. The specific mechanisms leading to hBCM7 in early-stage breast-milk
remain to be fully elucidated. However, it is clear that hBCM7 is released in much smaller
quantities than is the case with bBCM7 in most commercial milks, with this being entirely
logical given that human beta-casein is of the A2 type.

Figure 2. Comparing human and bovine beta-casomorphin-7.

In summary, it has become progressively evident over the last 40 years that the
important casomorphin from a human-health perspective is bBCM7, with this peptide
being preferentially released by cattle carrying beta-casein alleles belonging to the A1
family. Milk from cattle exclusively carrying double copies of the A2 allele, and also the
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milks from all other species of animal, are generally not considered to have casomorphin
issues that are of public-health concern.

5. Casomorphin Effects on Human Health

5.1. Type 1 Diabetes

The initial evidence linking casomorphins to specific health issues was epidemiological
with the investigational hypothesis deriving from clinical-practice insights. Between-
country population studies identified remarkable associations between the intake of A1
beta-casein and the incidence of Type 1 diabetes in children with data from years 1990–
1994 [34,35]. The hypothesis driving those investigations arose from empirical evidence
that Polynesian children living in New Zealand had much higher levels of Type-1 diabetes
than Polynesian children living in the Pacific Islands, with the key dietary difference
being the much lower quantity of milk consumed in the Islands. The other evidence
contributing to the initial hypothesis was that African children on very high-milk diets
and in situations where the beta-casein was of the A2 type from indigenous African
cattle were not susceptible to Type-1 diabetes [24,36]. The notion that milk might be a
contributory causal factor for Type 1 diabetes was well established at that time [37–39] but
the suggestion that the causal factor was a specific opioid-derived milk peptide was novel.
Given the very high levels of statistical significance from the hypothesis-driven A1 versus
A2 epidemiological investigations, the associations were unlikely to be random, and could
not be argued to be a consequence of data-mining. However, a counter perspective was
that between-country associations can never provide proof.

Given the widely accepted evidence that Type 1 diabetes is an auto-immune disease,
then, if A1 beta-casein is a causal factor, it is logical that the antigen has to be the difference
between the two beta-caseins in relation to the release of bBCM7. This logic is reinforced
by evidence for a homologous peptide embedded within beta-cells within the pancreas
that has the same sequence as the last four amino acids of bBCM7 [40]. Additionally, there
is historical evidence from Germany that Type 1 diabetes sufferers have high levels of A1
beta-casein antibodies relative to those who do not have the disease [41]. However, at that
time and ensuing times, there was no acknowledged mechanism by which bBCM7 was
transported from the gut system to the pancreas. Accordingly, the mainstream medical
perspective remained that bBCM7 would be broken down by the enzyme DPP4 before
entering the circulatory system and was therefore unlikely to be relevant.

Subsequently, there has been a stream of work linking Type 1 diabetes to intestinal
permeability and also to particular microbiota. Vaarala and colleagues in 2008 described
the concept of a ‘perfect storm’ of aberrant intestinal microbiota, a leaky intestinal mucosal
barrier, and altered intestinal immune responsiveness linking to other susceptibility fac-
tors [42]. Of relevance here is that the enzyme DPP4, which is the only peptidase enzyme
known to break down bBCM7, is a brush-border enzyme, also present in serum, but human
DPP4 does not circulate within the gut contents. Impaired brush border DPP4 production
is clearly associated with intestinal permeability [43]. There is also a literature showing that
specific microbiota themselves produce DPP4 and hence have the ability to degrade caso-
morphins and other food-derived opioids [44,45]. Additionally, there is a separate stream
of work that now demonstrates that bBCM7 is present both in blood and urine [46,47].
Accordingly, some key elements of the initial skepticism have now been invalidated.

A more recent paper has developed a more sophisticated argument that A1 beta-casein
and hence bBCM7 is a primary trigger for Type 1 diabetes while recognizing, consistent
with the above knowledge, that there is a multiplicity of influencing factors that can en-
hance the opportunity for bBCM7 to act as the trigger [48]. There is also evidence of
epigenetic effects [49]. It is also possible for bBCM7 to be a powerful mediating factor
without necessarily being the final trigger. For example, the final trigger may include
viruses, impacting via intestinal damage and decreased brush-border DPP4 biosynthe-
sis [50]. Accordingly, it is not helpful to develop arguments based on single-factor causation
expressed on an ‘either/or’ basis.
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Within a broader framework, any factor that increases intestinal permeability by
damaging the mucosal barrier is likely to increase susceptibility. It is notable that bBCM7
stimulates mucin biosynthesis [51–53], with this likely to be a protective response. It is
also notable that although genetic susceptibility to Type 1 diabetes and the role of gut
permeability are well established, direct linkage of Type 1 diabetes to specific microbiota
and dysbiosis is relatively new and of increasing interest [54,55].

One issue that has not previously been integrated within the overall casomorphin
and Type 1 diabetes synthesis is the role of opioid receptors within the pancreas and Islets
of Langerhans where the insulin-producing beta cells are located. However, it has been
known since the late 1970s that both mu-opioid and delta-opioid receptors are located
there [56,57]. More recently, an extensive literature has been developing linking mu-opioids
in the brain to insulin secretion [58,59]. This provides evidential logic as to why bBCM7
will be attracted to the pancreas and how it can therefore be expected to interfere with
endorphin messaging. Given the homology of bBCM7 to sequences within the GLUT2
molecule, together with cross-reactivity of beta-casein T cell lines to human insulinoma
extracts and GLUT2 peptide [60], there is a credible pathway as to how an autoimmune
reaction then occurs, leading to auto-immune destruction.

5.2. Heart Disease

As with Type 1 diabetes, major differences in incidence between countries within
the developed world correlate remarkably with A1 beta-casein intake [34,61]. Supporting
evidence is provided by a causal relationship identified in rabbits having been exposed to
A1 beta-casein intake versus A2 beta-casein intake, leading to increased deposits of arterial
plaque with A1 beta-casein [62]. Additionally, formula-fed babies have been shown to
have high antibodies to oxidized LDL [63], with this being associated with A1 beta-casein
intake [64]. In piglets, a direct trial comparison between A1 beta-casein and A2 beta-casein
intake has shown a statistically significant difference in relation to oxidized LDL antibodies,
but it is only published in the Czech language [65]. It had previously been demonstrated
that BCM7 has the ability to catalyze the oxidation of LDL [66]. In humans, it has long been
recognized that high milk diets for stomach ulcer sufferers (a potential cause of stomach
permeability) lead to high death rates from heart disease [67], and there is hypothesis
potential for this linking to A1 beta-casein with release of bBCM7 within sera following the
absorption of larger protein components.

The same logical pathway linking the passage of bBCM7 from the gut to the circulatory
system occurs for heart disease as for Type 1 diabetes. There is also extensive evidence of
the presence of mu, delta, and kappa opioid receptors within the cardiovascular system [68].
However, although the presence of opioids within heart muscles has been known for a
considerable time [69], there is no evidence of this knowledge of opioids and opioid
receptors being previously linked to risk issues associated with food-derived opioids. One
difference between heart disease and Type 1 diabetes is that whereas Type 1 diabetes
susceptibility is clearly associated with specific HLA haplotypes, any such links remain
highly speculative in relation to heart disease apart from rheumatic fever, which is known
to have genetic HLA factors [70].

5.3. Links to the Brain

There is extensive evidence that bBCM7 crosses the blood–brain barrier and affects
behavior and physiology in multiple ways and that this is carrier-facilitated [71]. As
one example, for more than 30 years bBCM7 has been suspected as a cause of sudden
infant death syndrome (SIDS) following evidence that bBCM7 induced apnea and irregular
breathing in both adult rats and newborn rabbits [72]. Subsequently, casomorphins were
identified in the brainstems of children who have died from SIDS [73] but comparisons with
normal children are obviously not possible. This evidence was subsequently integrated
by Cade and colleagues in 2003 [71]. Thereafter, there was a research hiatus in relation to
respiratory depression until evidence from Poland was published showing that babies who
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suffer acute life-threatening events (ALTE) through apnea are characterized by circulating
levels of bovine BCM7 that are three times higher than in normal children [47]. These same
ALTE children had DPP4 serum activity levels only 58 ± 3% of those in normal children.

Russian scientists have found that bovine BCM7 enters the blood of babies fed milk-
formula diets [74]. Whereas some of these babies could quickly metabolize the BCM7,
others were slow metabolizers. It was found that where bovine BCM7 levels in the
blood stayed high between feeds, there was a high risk of delayed psychomotor devel-
opment. The cause of slow metabolization was not explored or discussed within that
specific research, but insufficient ability to upregulate DPP4 must be considered as a prime
explanatory contributor.

Bovine BCM7 has long been considered a risk factor for autism, but the hypothe-
sis remains controversial. Cade and his team integrated evidence linking autism and
schizophrenia to casein and gliadin and characterized the conditions as intestinal disor-
ders [75]. Trials with animals show that when bBCM7 crosses the blood–brain barrier,
it leads to autistic type behavior [76]. Milk elimination trials in humans have produced
positive results [77,78] but are often criticized for lack of double-blind protocols. Many
autistic children suffer from digestive complaints, which may make them susceptible to
bBCM7 absorption [75]. Recent research confirms bBCM7 in serum is associated with
upregulation in serum of DPP4 [79]. It is also known that bBCM7 reaching the brain affects
the serotonergic system [14] with potential implications for neurological development.

More recent research has extended neurological evidence in otherwise healthy people
from behavior to cognition in adults [80] and children [81]. It has been found that the
consumption of milk containing A1 beta-casein decreases both cognitive processing speed
and accuracy. The key difference between behavior and cognition measures is that behavior
is a response to stimuli, whereas cognition relates to information processing.

Trivedi and colleagues have demonstrated across a range of both in vitro [82–84] and
in vivo investigations [27] that A1 beta-casein and bBCM7 are inflammatory, including
decreased glutathione and cysteine expression in a range of epithelial and neuronal cells
together with decreased DNA methylation in differentiating neural stem cells, with redox
and epigenetic implications. They also report major divergence between bBCM7 and
hBCM7 in redox status and neurogenesis, consistent with a hypothesis that hBCM7 plays a
positive role in neurogenesis contrasting to the negative role of bBCM7. From these overall
findings, they draw links to a body of evidence demonstrating that the same glutathione,
methylation, redox, and inflammatory parameters are also associated with development of
autistic conditions and Alzheimer’s disease.

5.4. Gut Conditions

The evidence linking A1 beta-casein to specific digestive issues has developed almost
exclusively since 2010. When the first edition of my book ‘Devil in the Milk’ was written in
2007 [36] covering various health conditions relating to A1 beta-casein, it was not possible
to present any significant human or animal scientific evidence relating to digestive intoler-
ances or gut inflammation that came from trials incorporating treatments plus comparative
controls. Instead, the evidence was restricted to anecdotal case information. However, since
then, an extensive literature has developed [22], initially with rodents and subsequently
focusing on human trials. A paper published in 2013 found that consumption of A1 beta-
casein by mice induced inflammatory responses in the gut by activating a Th2 pathway as
compared to A2 beta-casein [12]. Significant differences included myeloperoxidase (MPO)
activity, inflammatory cytokines, various antibodies including IgE and IgG, and mRNA
expression for toll-like receptors (TL2 and TLR4). A paper published in 2014 found that
consumption by Wistar rats of milks containing A1 beta-casein compared to A2 beta-casein
delayed intestinal transit and increased inflammatory status measured by MPO activity,
with both of these being negated by pre-treatment with naloxone, confirming that the
effects were opioid-related [28]. In the same trial, DPP4 activity was also upregulated in the
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jejunum by the milk containing A1 beta-casein but this was identified to be by a non-opioid
mechanism as it occurred independently of naloxone treatment.

The first human trial comparing the gastrointestinal effects of milks containing only
A1 beta-casein in comparison with milks containing only A2 beta-casein, undertaken as
a cross-over trial in Australia and published in 2014, found higher Bristol Stool readings
with A1 beta-casein compared to A2 and that gut pain was strongly correlated with
higher Bristol stool readings when participants were on the A1 diet [85]. Then, in 2015, a
much more detailed crossover-design investigation in China, comparing milk containing a
mix of A1 and A2 beta-casein (A1A2) with milk containing only A2 beta-casein (A2A2),
found that the A1A2 milk resulted in significantly greater digestive discomfort, higher
concentrations of inflammation-related biomarkers, longer gastrointestinal transit times by
on average approximately 6 h, and lower levels of short-chain fatty acids [86]. The digestive
discomfort symptoms on the A1A2 milk relative to baseline (after dairy washout) increased
in both lactose-tolerant and lactose-intolerant subjects, with lactose status identified from
urinary galactose, whereas when on the A2A2 milk, these symptoms did not increase
relative to baseline for either lactose-tolerant or lactose-intolerant subjects. The authors
concluded, inter alia, that given the relative benefits of the A2A2 milk for both lactose-
tolerant and -intolerant subjects, some perceived symptoms of lactose intolerance may
stem from inflammation relating to A1 beta-casein and its derivative bBCM7. Two further
Chinese crossover studies, one of 600 adults [87] and another of 80 school children [81], have
confirmed the previous digestive discomfort findings relating to A1 versus A2 beta-casein
and also provided confirmatory evidence supporting interactions between A1 beta-casein
and lactose intolerance that did not apply with the A2 beta-casein diet. A subsequent
American study published in 2020 has confirmed the findings that discomfort symptoms
among persons who consider themselves lactose intolerant are increased when the milk
contains A1 beta-casein [87]. Additionally, in a subset of subjects who were identified as
lactose maldigesters using a hydrogen breath test, the level of breath-hydrogen was higher
when the diet contained A1 beta-casein, despite the milks containing no difference in
lactose content. Accordingly, in explaining the consistent evidence for interactions between
A1 beta-casein and lactose intolerance symptoms, there would seem to be at least two
logical deductions from the evidence that are worthy of consideration. First, the delay in
intestinal transit creates opportunities for enhanced fermentation of lactose that has not
been digested by lactase. Second, inflammation associated with A1 beta-casein may reduce
the residual ability to produce the lactase enzyme.

An area requiring further study includes differences in casein micelle structure and
reduced chaperone ability in the gut of A1 versus A2 beta-casein identified in Australia by
Raynes and colleagues [88]. The authors report that chaperone functionality is important for
reducing aggregation of other proteins including whey proteins, with protein aggregation
of potential relevance not only within the gut itself but linking through to a range of
neurological decay conditions.

5.5. Other Conditions

A1 beta-casein has recently been implicated as a predisposing factor for asthma [89].
It has also been hypothesized that bBCM7 may influence fractures and obesity via mu-
opioid pathways [90]. Milk has also been linked by epidemiology to multiple autoimmune
conditions, including both Parkinson’s [91] and multiple sclerosis [92,93]. However, specific
causal agents such as bBCM7 are difficult to evaluate within either epidemiological or
clinical settings.

The presence of opioid receptors had been identified by the late 1990s in the adrenal
glands, kidney, lung, spleen, testis, ovary, and uterus [19]. Opioid receptors and opioid
effects have also been evident since the 1990s in relation to the immune system [94],
although aspects thereof remain to be elucidated [95]. The role of opioids and opioid
receptors is also explicit in relation the endocrine system [96,97]. Mu-opioid receptors and
opioid sensitivity are also associated with hepatic conditions [98,99]. Accordingly, with the
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opioid characteristics of bBCM7 well-established, together with comprehensive evidence
of widespread presence of opioid receptors throughout the human body, there is a logical
underpinning to a set of intriguing hypotheses for investigations across a broad range of
inflammatory and autoimmune diseases.

Conversely, no published research has been found suggestive of any benefits of
bBCM7 as a dietary component. However, there is a set of papers linked to Nanjing
Agricultural University exploring the use of BCM7 as a drug to reduce the effects on
various health parameters in rats with diabetes induced artificially by administration of
streptozotocin [100–102].

6. Gliadin Peptides and Gliadorphin

The key gliadin peptide of opioid significance and where issues align with the casomor-
phins is gliadorphin-7, also often termed gliadomorphin and gluteomorphin. The amino-
acid structure is tyrosine–proline–glutamine–proline–glutamine–proline–phenylalanine,
and for simplicity this peptide is hereafter termed GD7. Key features in common between
GD7 and bBCM7 are the Tyr-Pro at the N-terminus and two further proline amino acids in
close succession thereafter (Figure 3). These features, as with bBCM7, will ensure opioid
characteristics plus resilience to degradation of GD7 from the C-terminus. However, ho-
mology only extends to four of the seven amino acids in total, leading to the potential for
considerable differences in specific opioid characteristics. As with bBCM7, shorter peptides
deriving from GD7 are unlikely to be of importance within natural in vivo settings given
the resilience to degradation from the C-terminus. However, given the diversity of gliadin
proteins within the Triticeae, there is potential for other specific gliadorphin structures to
be identified.

Figure 3. Comparing bovine beta-casomorphin-7 and gliadorphin-7.

In many respects, the investigatory situation with GD7 is considerably more complex
and confusing than is the case with bBCM7. As a starting point, coeliac disease is associated
with gluten in a much broader context than just GD7 [10]. Given the acute nature of
coeliac disease, it has therefore inevitably overshadowed the study of more chronic and
in some cases delayed conditions arising from GD7. Any trial removing gluten from
the diet has inevitable confounding factors. These include issues such as fermentable
short-chain carbohydrates (FODMAPs) [103] and glyphosate [104]. Additionally, the
blinding of participants in GD7 investigations is scarcely possible given the need to remove
all wheat, barley, and rye from the diet. In contrast, it has been possible to conduct
blinded trials incorporating treatment and control of A1 versus A2 beta-casein without
subjects automatically identifying the alternative diets and also without confounding from
other variables.

Despite the dominance of coeliac research compared to non-coeliac gluten-intolerance
research, there is evidence of serological differences between these two conditions, with IgG
gliadin antibodies common but not always present in both groups, whereas IgG deamidated
gliadin antibodies, IgA transglutaminase antibodies and endomysial antibodies are all
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typically found in coeliac subjects but not in non-coeliac intolerance subjects [105]. This
highlights the fundamental difference between the two conditions.

An alternative investigational approach is therefore to draw on insights from casomor-
phin research, particularly in relation to bBCM7, and question whether there is comparable
evidence for GD7 independent of a specific range of gluten-protein issues associated with
coeliac disease.

A starting point is to recognize that in situations where bBCM7 is able to enter the
circulatory system, relating particularly to intestinal permeability and in situations of
decreased upregulation-potential for the brush-border DPP4, then the same conditions are
likely to exist for GD7. Similarly, to the extent that GD7 is also a mu-opioid, or alternatively
a delta-opioid, then it is likely to be attracted to the same organs as bBCM7, although not
necessarily the same opioid receptors [106]. Different mechanisms by which these two
peptides pass the blood/brain barrier have been identified, with Sun and Cade identifying
that GD7 passage to the brain was restricted to diffusion through circumventricular organs
while bBCM7 passes the BBB by carrier facilitation [71].

In relation to Type 1 diabetes, both milk and cereal diets have been implicated. For
example, the non-obese diabetic (NOD) mouse strain was specifically bred as susceptible
to cereal diets. The debate between A1 beta-casein and cereal diets as alternative triggers
has at times been controversial [107,108]. However, once BCM7 and GD7 are considered as
potential ‘partners in crime’ based on their peptide homology, combined with the accepted
understanding that Type 1 diabetes is an autoimmune disease, then a different perspective
is created.

In relation to psychological issues, there have long been theories that schizophrenia
is related to cereals. Among other susceptibility factors, coeliac disease will create the
underlying gut environment facilitating passage of high-proline peptides through the gut
barrier. Accordingly, the neurological issues associated with coeliac disease and non-coeliac
gluten intolerance such as ‘brain fog’ [109] are consistent with the specific peptides being
either one or both of GD7 and bBCM7. It is also notable that a combined gluten-free and
casein-free diet has been widely identified as relevant to autistic attributes. Similarly, when
bBCM7 and GD7 were infused into rats, then both induced immunoreactivity in geniculate
nuclei and the alveus hippocampus in a dose-related fashion, albeit with much higher
doses required for GD7 than bBCM7, and with all effects prevented or reduced by naloxone
treatment [76,106]. However, whereas bBCM7 elicited “bizarre behaviors”, this did not
occur with GD7 [106].

There is also an emerging literature linking gliadin antibodies to rheumatoid arthritis,
with many and perhaps most of these cases not related to coeliac disease [110,111].

Evidence from Trivedi and colleagues [82] has demonstrated the commonality of
effects of GD7 and bBCM7 decreasing cysteine uptake in cultured human neuronal and
gastrointestinal epithelial cells via the activation of opioid receptors, albeit with bBCM7
effects being stronger. However, given that the major focus of their work was on caso-
morphins, there is considerable scope for further investigation of these issues with GD7.
As with bBCM7, it is evident that the role of GD7 is worthy of consideration across the
spectrum of autoimmune conditions.

There is no direct evidence that GD7 is a beneficial peptide for human health. However,
it is part of the complex of gluten proteins that have important properties relating to the
texture and form of cereal products. The importance of GD7 specifically to these attributes
is not clear.

7. Links to Microbiota

There is a fast-developing literature in relation to microbiota and the gut–brain axis,
with comprehensive recent reviews from Mayer et al. [112] and Martin et al. [113]. However,
major questions remain to be answered as to the mechanisms by which crosstalk between
the gut and brain might occur and also how that crosstalk is disrupted. Current evidence
suggests that multiple mechanisms, including endocrine and neurocrine pathways, may
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be involved in gut microbiota-to-brain signaling and that the brain can in turn alter mi-
crobial composition and behavior via the autonomic nervous system [112]. Gut to brain
connections are also linked to short-chain fatty acids [114].

In contrast to the generic gut–brain axis literature, the literature relating to both
opioid drugs and food-derived opioids as modulators and disruptors of the gut–brain
system is at a much earlier stage of development, but with a recent contribution from
Spanish researchers representing a significant synthesis [115]. It is evident that food-
derived opioids have the potential to be a generic and chronic source of system disruption
in otherwise healthy populations. Within this framework, there is potential for dysbiosis
and inflammation to be cross-influencing factors, but with food-derived opioids as the
external source of system disruption.

Links between microbiota and food-derived opioids independent of the gut–brain
axis are strongly evidential, albeit with the need for further investigations of both effects
and specific mechanisms. To date, this existing evidence is not well-integrated into the
gut–brain literature. Indeed, it is notable that the generic gut–brain axis literature has not
placed a greater focus on external disruptors to the system. There may also be a need to
take a broader system-based human biology perspective incorporating all internal organs
and peripheral tissues that contain opioid receptors, given the fundamental messaging role
of these receptors.

Differences in short-chain fatty-acid production between conventional milk containing
an A1/A2 mix versus A2 milk with all beta-casein of the A2 variant were recorded in two
blinded crossover Chinese trials [80,81], with considerably higher levels of short-chain
fatty-acids, specifically butyrate, acetate, and propionic, when all beta-casein was A2, and
with all differences to the A1-containing milk at very high levels of statistical significance
(p < 0.001). The relevance of these results is that short-chain fatty-acids are produced by
bacterial fermentation within the colon, and these fatty acids are therefore a proxy for
specific microbial activity.

A recent Italian study [116] of diets containing milk from A2A2 cows versus milk
containing a mix of A1 and A2 beta-casein provided to ageing mice identified consequential
differences in microbiota, with A2 milk leading to higher levels of short-chain fatty acids
including butyrate. This affected the gut immunological phenotype and favored CD4+

T cell differentiation, resulting in improved gut villi morphology. The authors reported
that this was the first known investigation of these issues within an ageing model. They
concluded that A2A2 milk type may be suggested as a suitable strategy to achieve positive
gut health outcomes in ageing populations.

A Danish study [117] found evidence for a low-gluten diet inducing changes in
the intestinal microbiome of healthy Danish adults but the interpretation thereof is more
complex given that these results can be confounded by FODMAP issues in wheat diets [103].
However, a recent study from Germany [118] that sought to distinguish between FODMAP
and gluten issues in cereal diets concluded that both issues were relevant to non-coeliac
gluten disorders, with gluten-free diets contributing independently of FODMAP issues. A
recent Spanish study [119] found that a low-gliadin transgenic wheat produced a preferred
microbe profile with higher butyrate-producing bacteria compared to a cereal-free gluten-
free diet, with implications for reduced gut permeability.

A recent Italian review [120] concluded that for persons not exhibiting gluten sensi-
tivity, a gluten-free diet can cause depletion of beneficial species, e.g., Bifidobacteria, in
favor of opportunistic pathogens, e.g., Enterobacteriaceae and Escherichia coli, whereas
in both coeliac and non-coeliac gluten sensitivity conditions, a gluten-free diet evokes a
positive effect on gastrointestinal symptoms by helping to restore the microbiota popula-
tion and by lowering pro-inflammatory species. A recent Mexican study [121] provides
supporting evidence through the upregulation of Pseudomonas species in duodenal biopsies
of patients with both coeliac and non-coeliac intolerances disorders, but particularly in
non-coeliac gluten-intolerant patients, noting that Pseudomonas comprises strains with
gluten-degrading capabilities. From an ecological perspective, contrasting microbiota
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evidence on a gluten-free diet between people who do and do not normally experience
gluten sensitivity is not necessarily surprising, with specific gluten-degrading microbiota
losing their competitive advantage in the absence of these opioid peptides within the diet.

There is increasing evidence that some microbiota have bacterial equivalents to human
DPP4 [44,122], and this may include yogurt bacteria [123], with this creating the potential
for attenuation of opioid peptides passing from the intestines to the circulatory system in
individuals with a compromised intestinal barrier.

A recent Danish study [124] investigated whether gliadin would impact the metabolic
effects of an obesogenic diet using a mouse model. Mice fed the gliadin-added high-fat diet
displayed higher glycated hemoglobin and higher insulin resistance, more hepatic lipid
accumulation, and smaller adipocytes than mice fed the gliadin-free high-fat diet. This was
accompanied by alterations in the composition and activity of gut microbiota, gut barrier
function, urine metabolome, and immune phenotypes within liver and adipose tissue. The
authors concluded that gliadin disturbs the intestinal environment and affects metabolic
homeostasis in obese mice, suggesting a detrimental effect of gliadin, and hence gluten
intake, in normally gluten-tolerant subjects consuming a high-fat diet.

Beyond the specifics of the gut–brain axis, there is increasing evidence of the mi-
crobiome being relevant to a range of conditions. For example, the role of the micro-
biome in relation to Type 1 diabetes has recently become an increasing field of investiga-
tion [44,45,54,55], following earlier work implicating gut permeability as a key factor [42].
Similarly, there is detailed evidence that the microbiome is associated with cardiovascular
conditions [125]. Given the almost ubiquitous presence of casomorphins and gliadorphins
within diets, the question of whether the microbiome is a causal factor in these conditions
independent of the food-derived opioids is unresolved. This can only be solved by bring-
ing food-derived opioids, the microbiome, and these other conditions into an integrated
research program.

More generally, the interpretive challenge with microbiota arises from the complexity
of associations between the food-derived opioids, the short-chain fatty acids, the presence
of inflammatory markers, the neurological effects of behavior and cognition, the complexity
of crosstalk between the brain and the gut, and effects on many other organs that have
opioid receptors. Within this overall complexity, the food-derived opioids are clearly an
external flow into the system, with other factors such as microbiota having potential to be
either directly or indirectly consequential and setting up cascading sequences of effects
that then modulate and reinforce other specific outcomes. Whereas the knowledge of the
role of the gut within food-derived opioid conditions can be considered as extensive albeit
incomplete, the explicit role of specific microbiota, together with the molecular mechanisms
and impacts of food-derived opioids within both the gut–brain axis and the broader human
biological system, remain medical frontiers.

8. Conclusions

There is a broad range of evidential material linking food-derived opioids with de-
layed intestinal transit, intestinal inflammation, intestinal permeability, and an altered
microbiome, with this being linked via opioid receptors and some other receptors to con-
ditions affecting many organs. The diverse presence of opioid receptors within human
tissue, combined with individual genetic differences, provides an explanation as to why
the effects can be diverse. This then links to inflammatory and auto-immune outcomes in
those organs. What remains to be elucidated is the precise nature of the interactions and
influencing factors. Many auto-immune relationships remain speculative as to cause.

Whereas many of the short-term gut effects of bBCM7 can be investigated within
clinical settings of double-blind random treatment-and-control investigations, this is more
challenging with GD7 because of the need to isolate GD7 from other protein and non-
protein components of cereals. In relation to the role of the microbiome, elucidation of the
role is difficult given the complexity of the system containing direct and indirect effects,
multiple interactions, and feedback loops. What is apparent is that the microbiome provides
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gut-condition indicators and gut-condition modulators, with this occurring in association
with other factors and hence is occurring in a systemic framework. The biosynthesis of
human DPP4 within the brush-border of the gut system, combined with bacterial DPP4
linked to the presence of particular bacteria within the microbiome, together with ability
to upregulate DPP4 within the sera and other organs, are all likely to be of fundamental
importance. When the microbiome is considered an ecological system, which itself is
encompassed within a broader human system spanning the gut, brain, and internal organs
with which it interacts, then a key question is what are the externally sourced causal
modulators and disruptors of that system? It is in that context that more attention needs to
be given to the food-derived opioids.

Specific strategies for reducing exposure to bBCM7 and GD7 are two-fold. Bovine
BCM7 is relatively easy to remove from the food-system by producing cows that produce
A2 rather than A1 beta-casein or alternatively placing more emphasis on milks from other
species such as sheep and goats, plus an emphasis on human milk for babies. Removing
GD7 from the diet is more difficult because currently it requires removing gluten and hence
all cereals containing gluten from the diet. However, technical solutions such as genetic
manipulation to alter one or two amino acids within the GD7 sequence may in the future
become practical.
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Abstract: Background: Crohn’s disease is believed to result from the interaction between
genetic susceptibility, environmental factors and gut microbiota, leading to an aberrant immune
response. The objectives of this study are to evaluate the qualitative and quantitative changes
in the microbiota of patients with Crohn’s disease after six months of anti-tumor-necrosis factor
(anti-TNFα) (infliximab or adalimumab) treatment and to determine whether these changes lead
to the recovery of normal microbiota when compared to a control group of healthy subjects.
In addition, we will evaluate the potential role of the Faecalibacterium prausnitzii/Escherichia coli
and Faecalibacterium prausnitzii/Clostridium coccoides ratios as indicators of therapeutic response to
anti-TNFα drugs. Methods/Design: This prospective multicenter observational study will comprise
a total of 88 subjects: 44 patients with Crohn’s disease scheduled to start anti-TNFα treatment as
described in the drug specifications to control the disease and 44 healthy individuals who share
the same lifestyle and eating habits. The presence of inflammatory activity will be determined by
the Harvey-Bradshaw index, analytical parameters in blood, including C-reactive protein, and fecal
calprotectin levels at commencement of the study, at three months and at six months, allowing
the classification of patients into responders and non-responders. Microbiota composition and
the quantitative relationship between Faecalibacterium prausnitzii and Escherichia coli and between
Faecalibacterium prausnitzii and Clostridium coccoides group as indicators of dysbiosis will be studied at
inclusion and six months after initiation of treatment using ultra sequencing with Illumina technology
and comparative bioinformatics analysis for the former relationship, and digital droplet PCR using
stool samples for the latter. Upon inclusion, patients will complete a survey of dietary intake for the
three days prior to stool collection, which will be repeated six months later in a second collection
to minimize dietary bias. Discussion: In this study, massive sequencing, a reliable new tool, will be
applied to identify early biomarkers of response to anti-TNF treatment in patients with Crohn’s disease
to improve clinical management of these patients, reduce morbidity rates and improve efficiency.

Keywords: gut microbiota; anti-TNFα; Crohn’s disease; Faecalibacterium prausnitzii; Escherichia coli
and Clostridium coccoides group
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1. Background

Gut microbiota is defined as the total number of living microorganisms (bacteria, fungi, archaea,
viruses and others) present in the intestine. The gut microbiome is a taxonomic characterization of
microbial diversity including the set of genomes and, via genes, their physicochemical capabilities [1,2].
In healthy individuals, the gut bacterial microbiota is composed of more than 1018 different
microorganisms. The vast majority of these are bacteria, with some 1100 more prevalent species;
of these an estimated 160 species of bacteria are specific to each individual [3].

The microbiome, therefore, is a highly complex structure, involving thousands of microorganisms
belonging to very different taxonomic classifications and, consequently, millions of associations between
them, making its study a great challenge [4]. Through advances in bioinformatics, in 2003 the human
genome was decoded, a milestone in science. Since then, much attention has been focused on deciphering
this extensive network of microbes, the microbiota, also known as the second human genome, or as
another organ. These microbes coexist with us and have a larger total number of genes than the human
genome. In short, there is no simple description of these structures. However, due to their importance,
considerable interest has been generated in the identification of patterns associated with human health
and disease states which may even lead to the development of microbiota-based diagnostics and
therapies as well as having implications for nutritional or pharmaceutical interventions [2]. To this end,
reproducible patterns of gut microbiome variation have been observed in healthy adults, determining
the existence of three major microbiota communities, based on the predominance or absence of
species of the key genera [5]. Any other combination of key genera or genera not described by
Arumugam et al. [5], together with a reduction in biodiversity, is considered dysbiosis [6,7]. Numerous
technologies have been applied with the aim of examining the gut microbiota, which has resulted in
the capacity and cost of microbiota research being significantly reduced in recent years, mainly due to
advances in massive sequencing technologies such as next-generation sequencing. These techniques
allow information of interest to be obtained quickly and efficiently by sequencing regions of the
prokaryotic 16S ribosomal RNA gene [8].

In inflammatory bowel disease (IBD), the role of the microbiota in disease development and onset
is very clear. While it is true that to date no specific pathogen has been conclusively identified as a
trigger, we do know that, for the disease to develop, dysbiosis or a definitive change in the intestinal
microbiota must occur and is likely to be the defining event in the development of Crohn’s disease
(CD). In IBD, it has been documented that the gut microbiota bacterial composition transitions from
saprophytic to predominantly pathogenic [9]. Indeed, there is evidence of a significant increase in
Escherichia coli concentrations, including pathogenic variants, in CD patients with ileal involvement [10].
It unknown at present whether dysbiosis is a cause or a consequence of the development of CD.
It appears that the combination of a genetic predisposition and an alteration in gut microbiota
are the final triggers of a chronic IBD-type inflammatory process. Specifically, we know that the
disease develops in genetically susceptible individuals through dysregulation of homeostasis between
commensal microbiota and/or other environmental elements and an altered immune response in the
patient. An error in the interpretation of the stimulus or in the regulation of the immune response
leads to an imbalance between pro- and anti-inflammatory factors, perpetuating the inflammatory
process [11].

The gut microbiota play a crucial role in the development of the immune system and maintenance
of the intestinal epithelial barrier. Inflamed ileal mucosa in CD patients shows increased production
of tumor necrosis factor-α (TNFα), compared to normal ileum, induced by a dysbiosis in the gut
microbiota, with a significant increase in bacteria that stimulate TNF production. Numerous bacteria
in the commensal microbiota inhibit the release of TNF and other pro-inflammatory cytokines, e.g.,
bacteria that produce short-chain fatty acids (SCFA), inducing a potent anti-inflammatory effect in
the intestinal mucosa. In contrast, other types of bacteria, such as Escherichia coli ECOR-26, which
have been linked to CD, induce increased TNF release and stimulation of IL-10 release [12]. Current
hypotheses in favor of a higher release of TNFα induced by intestinal dysbiosis support the idea that
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restoration of a less pathogenic microbe in the intestinal mucosa (inducing a reduced release of TNF
and other pro-inflammatory cytokines) could lead to better disease control [13].

Today, anti-TNF therapy is one of the therapeutic pillars in the management of CD, but these
drugs only treat the consequences of the disease and not the possible cause. Approximately one quarter
of CD patients will be primary non-responders to anti-TNF agents, and one third of responders will
experience a loss of response over time [14]. To improve treatment effectiveness, it is essential to study
why these patients do not have an optimal response.

Traditionally, the prognosis and monitoring of treatments in patients with CD have been limited
to the control of clinical symptoms (e.g., through the Harvey-Bradshaw Index [HBI]: see Table 1)
accompanied by imaging techniques (primarily endoscopy and magnetic resonance imaging). However,
these tools for assessing disease activity have many drawbacks and limitations. Among them, clinical
scoring systems are highly subjective and can be misleading in this disease, characterized by alternating
periods of exacerbation and remission [15,16]. Ileo-colonoscopy with biopsies is the current gold
standard for the diagnosis and evaluation of inflammatory activity, with the great disadvantage that it
is an invasive procedure [17] and that it is not always possible to reach the diseased area. In an attempt
to identify non-invasive markers, fecal calprotectin (FC), a protein originating from the migration of
neutrophils to the intestinal mucosa, was introduced as an indirect trait of intestinal inflammation,
allowing more objective monitoring than clinical indices, although with low specificity and low positive
predictive value depending on the chosen cut-off point [18,19].

Table 1. Harvey-Bradshaw Index (HBI).

General
Well-Being
(Previous Day)

0 (Very Well) 1 (Slightly Below Par) 2 (Poor) 3 (Very Poor) 4 (Terrible)

Abdominal pain 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Number of liquid
or soft stools per
day (previous day)

Complications
(score 1 per item)

Arthritis/
arthralgia

Iritis/
uveitis

Erythema
nodosum/
aphthous
ulcers/Pyoderma
gangrenosum

Anal fissure
new fistula/
abscess

Abdominal mass 0 (none) 1 (dubious) 2 (definite) 3 (definite + tender)

Remission ≤ 4 points; mild disease 5–6 points; moderate disease 6–12 points; severe disease > 12 points.

Currently, the role of bacterial gut microbiota is described as a key factor in the development of
CD. Various authors defend the reduction in biodiversity and abundance of the phyla Bacteroidetes
and Firmicutes such as Faecalibacterium prausnitzii (SCFA-producing bacteria), as well as an increase in
the phylum Proteobacteria such as Escherichia coli, characteristic of patients with this disease compared
to healthy individuals [6,7,20]; a decrease in abundance of this species has even been observed after
anti-TNF treatment [20]. In this line, one study has identified certain specific microbial profiles that
correlate with the recurrence of disease after achieving remission with infliximab treatment [14].
Several studies have also shown that the greater abundance of SCFA-producing bacteria predicted the
effectiveness of infliximab [21,22] and another study associated the greater abundance of SCFA with a
sustained response to this treatment [23].

A greater understanding of the composition of the bacterial gut microbiota in CD patients, such as
the persistence of a significant proportion of certain pathogenic bacteria or low bacterial biodiversity,
would make it possible to determine the role of gut microbiota in therapeutic responses and to establish
biomarkers of response and relapse, as well as to determine whether it is necessary to restore intestinal
normo-biosis in these patients. In addition, different gut microbiota profiles can be found, which
enable us to predict the response to different therapeutic lines, thus being more efficient from the outset.
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Accordingly, this study has been designed to analyze biomarkers of response to anti-TNF treatment in
CD through gut microbiota as an alternative non-invasive tool for predicting treatment response.

2. Methods

2.1. Ethics, Consent and Permission

The final protocol was approved by the Sagunto Hospital Clinical Research Ethics Committee, in
accordance with applicable national and local laws and requirements. The study was classified by the
Spanish Agency for Medicine and Health Products as a prospective follow-up post-authorization study.

The study adheres to the European guidelines for the protection of human research subjects,
the Declaration of Helsinki and the recommendations of the European Network of Centres for
Pharmacoepidemiology and Pharmacovigilance. Approval was obtained from all local ethics
committees at all participating centers. Prior to inclusion, each patient will receive a detailed
report on the nature, scope and possible consequences of the study from a physician and then will
provide written informed consent. No action specifically required for the study will be taken without
the valid consent of the patient.

2.2. Investigators

This multicenter study in the Valencian Community (Spain) includes eight academic medical
centers. The patients will be recruited by the respective participating centers of the Public Health
System of the Valencian Community, in which there are approximately 15,000 patients with IBD [24].
All the researchers will be gastroenterologists with experience in the follow-up and treatment of
patients with CD. The centers participating in the study will have a total load of 3600 patients with
CD, 10–15% of whom will be candidates for biological treatment according to estimated data from
each center.

2.3. Study Objectives

The main objective of this study is to evaluate the modification of the gut microbiota in CD
patients prior to and six months after anti-TNF therapy (infliximab or adalimumab). The secondary
objectives are to evaluate the association between the changes in microbiota and the clinical, biological
and endoscopic response of the patients; to correlate the normalization of the gut microbiota with
the response to anti-TNF treatment; to determine the level of biodiversity of the fecal microbiota at
the inclusion and completion of the study in each participant; to evaluate the potential role of the
Faecalibacterium prausnitzii/Escherichia coli and Faecalibacterium prausnitzii/Clostridium coccoides ratios as
an indicator of therapeutic response; and finally, to describe the clinical, biological and epidemiological
characteristics of the patients included in the study prior to and six months after anti-TNF treatment.

2.4. Primary Study Variable

Normalization of gut microbiota after treatment: percentage of patients with dysbiosis of the
gut microbiota before the introduction of anti-TNF therapy whose microbiota is normalized after six
months of treatment. Dysbiosis is defined as a gut microbiota pattern different from the established
patterns of normality according to Arumugam et al. [5]: enterotype 1 (ET B) predominantly contains
Bacteroides, enterotype 2 (ET P) is characterized by the high abundance of Prevotella inversely correlated
with Bacteroides, and enterotype 3 (ET F) can be distinguished by the presence of Firmicutes, highlighting
the genus Ruminococcus.

2.5. Secondary Study Variables

Percentage of patients with dysbiosis at inclusion (after initiation of anti-TNF treatment) and at
study completion, measured as dichotomous qualitative variables.
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Levels of biodiversity of the fecal microbiota for the microbiome analyzed are defined as follows:
low biodiversity is a total of five or fewer species, medium biodiversity is a total of between 6 and
10 species, and high biodiversity is a total of 11 or more species present.

Determine the increase in biodiversity pre- and post-anti-TNF treatment, defining an improvement
as an increase in the number of species greater than or equal to five with respect to baseline.

Determine the relationship between Faecalibacterium prausnitzii/Escherichia coli and
Faecalibacterium prausnitzii/Clostridium coccoides pre- and post-anti-TNF treatment.

Associate the presence and type of modifications in the gut microbiota after anti-TNF treatment
with the clinical and biological response of the patient during the study.

Definitions:

� Clinical remission: HBI ≤4 (Table 1)
� Clinically active disease: HBI >4
� Clinical response: when the HBI falls by three or more points.
� Relapse: increased activity assessed by clinical, laboratory, radiology or endoscopic findings

leading to a change in treatment to control the disease or an HBI > 4.
� Biological remission: C-reactive protein (CRP) < 5 mg/L and (FC) < 250 μg/g.
� Active biological disease: CRP ≥ 5 mg/L and FC ≥ 250 μg/g.
� Overall response: the evaluation of clinical response will be established subjectively by the

responsible physician according to clinical and analytical parameters, classifying patients as
non-responders, responders without remission and responders in remission.

Clinical, demographic and complementary test variables included in the study protocol (Table 2):

� Epidemiological characteristics: age, sex, smoking habits and body mass index.
� Clinical characteristics: date of diagnosis and disease pattern, Montreal classification, activity

index, presence of extra-intestinal manifestations, pharmacological history, concomitant
medication, adverse effects, presence/absence of initial and final overall response, and clinical
decisions derived from this response.

� Anti-TNF treatment data: indication, type, start date, induction pattern, maintenance pattern,
specify whether anti-TNF drugs were used prior to 24 weeks before inclusion and reason
for discontinuation.

� Complementary examinations for each patient:

- Laboratory tests: complete blood count, erythrocyte sedimentation rate, CRP,
fibrinogen, ferritin, transferrin saturation index, total proteins, albumin, urea, creatinine,
GOT/AST (Aspartate Aminotransferase), GPT/ALT (Alanine Aminotransferase), GGT
(Gamma-glutamyl transpeptidase), ALP (Alkaline Phosphatase), cholesterol and triglycerides

- FC
- Stool culture, parasites and Clostridium difficile toxin in feces
- Stool collection for microbiota analysis
- Radiological (ultrasound/computerized tomography/magnetic resonance imaging) and/or

endoscopic testing if available prior to treatment (at least 12 weeks prior to inclusion)
or 6 months after treatment.

- 72-h dietary record prior to stool sample collection for microbiota analysis. Patients will be
provided with a daily survey in which they must record food and beverage intake, specifying
characteristics, quantity and brands of packaged products.

- Record of adherence to the Mediterranean diet. Together with the dietary record, the patients
will also complete a validated survey of adherence to the Mediterranean diet [25] classifying
this adherence as low (0–6 points), moderate (7–10 points) or high (11–14 points).
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Table 2. Summary of variables to be collected during the study.

Study Variables

Primary:
Normalization of gut microbiota (after anti-TNF treatment) (yes/no)

Secondary variables:
A. Gut microbiota

- Initial dysbiosis (yes/no)
- Final dysbiosis (yes/no)
- Initial biodiversity level (low/medium/high)
- Final biodiversity level (low/medium/high)
- Increase in biodiversity (yes/no)
- Initial Faecalibacterium prausnitzii/Escherichia coli
- Final Faecalibacterium prausnitzii/Escherichia coli
- Initial Faecalibacterium prausnitzii/Clostridium coccoides group
- Final Faecalibacterium prausnitzii/Clostridium coccoides group

B. Clinical-biological parameters:

- Initial Harvey-Bradshaw Index
- Final Harvey-Bradshaw Index
- Initial C-reactive protein (mg/l)
- Final C-reactive protein (mg/l)
- Initial fecal calprotectin (μg/g)
- Final fecal calprotectin (μg/g)

C. Epidemiological data

- Age (years)
- Sex (male/female)
- Time from diagnosis to anti-TNF treatment (months)
- Body Mass Index (kg/m2)
- Smoking habit (yes/no)
- 72-h dietary record
- Adherence to Mediterranean diet

2.6. Study Design

This prospective, observational, multicenter study will include patients with CD who require
anti-TNF therapy to control IBD. Anti-TNF (infliximab or adalimumab) treatment will be initiated
under medical prescription according to the drug data sheet and the MAISE (drugs with a high health
or economic impact) of the Valencian Health Agency. Administration of treatment will be performed
in routine clinical practice and will not be promoted by this study. Fecal samples will be collected for
gut microbiota analysis prior to exposure to the anti-TNF drug and six months after commencement
of treatment. The patients will be monitored prospectively by their responsible physician during
routine clinical practice during the first six months of anti-TNF treatment, recording the presence of
inflammatory activity and whether there was no response, partial response or clinical remission at
three months and at the end of the study follow-up.

Data to be recorded will include the presence of inflammatory activity (through calculation of
the HBI), laboratory analytical data (complete blood count, general biochemistry, CRP) and the FC
value prior to and three and six months after anti-TNF drug exposure, as well as treatments at the
time of inclusion and any treatment changes throughout the duration of the study. The patient will be
instructed to avoid taking probiotics and antibiotics during the study period. However, if antibiotics
have to be taken, the patient must contact the study coordinator. In all cases, the second stool sample
for mass sequencing will be performed after four weeks without treatment with probiotics/antibiotics,
maintaining the same dietary conditions to avoid variability.
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Whenever available, radiological and endoscopic activity data used in clinical practice to assess
disease activity will be collected when performed, up to 12 weeks prior to patient inclusion and during
the study.

Patients who undergo surgical resection within the study period will remain included but will be
classified as non-responders to anti-TNF. Prior to surgery, clinical evaluation will be performed and
blood and stool samples collected for fecal microbiota analysis, identical to the last determination at
week 24 performed per protocol.

The patients will be provided with a 72-h dietary survey designed to record their dietary intake
three days prior to stool collection at inclusion, repeated at six months to minimize bias concerning
diet. Similarly, patients must complete a validated survey of adherence to the Mediterranean diet
at inclusion and at six months to assess significant changes in their eating habits. An outline of the
different data collection phases is shown in Figure 1.

Figure 1. Overall study design.

2.7. Inclusion Criteria

All the patients must be adults (aged ≥ 18 years) diagnosed with CD with a clinical course of
moderate-severe disease requiring anti-TNF treatment, in whom the indication for such treatment was
inflammatory bowel activity.

2.8. Exclusion Criteria

Excluded from the study will be all patients who had taken antibiotics, probiotics, or proton pump
inhibitors four weeks prior to the start of the study and stool collection; patients with chronic hepatitis
C virus and chronic HIV infection; indication for anti-TNF treatment for reasons other than control of
their luminal disease (e.g., enteropathic arthropathy, perianal disease, or prevention of recurrence);
patients with previous ileum or colon surgery; and patients who will have received previous anti-TNF
treatment in the 24 weeks prior to the start of the study.

2.9. Sample Size Considerations

Few studies have evaluated the variability in gut microbiota after anti-TNF therapy in adult
patients with IBD [14,21–23,26–30]. However, from the results obtained it is not possible to determine
the exact percentage of expected variability. Accepting an alpha risk of 0.05 and a beta risk of 0.2 in a
bilateral contrast, 44 subjects will be required assuming that the initial proportion of events is 0.95
(degree of dysbiosis in the population at the start of the study) and 0.70 at the end. A loss to follow-up
rate of 10% has been estimated.
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2.10. Planning of the Sample Collection

The participating centers will be responsible for taking samples and determining conventional
analytical and fecal data (complete blood count, stool samples, parasitology, FC, etc.) within routine
clinical practice. The specific samples for the analysis of microbiota to be conducted externally will be
collected by the patients themselves. The samples must be frozen after collection (by the patient in his
or her freezer) until they are delivered to the laboratory of the hospital of origin, where they will be
stored at −20 ◦C. The samples will subsequently be centralized.

2.11. Sequencing and Bioinformatics

The samples will be coded and the bacterial microbiota present will be analyzed using capture
of the v3-v4 region of the 16S rRNA subunit [8], ultra-sequencing with Library Illumina 15044223
B protocol (ILLUMINA) comparative bioinformatics analysis. From 200 mg of stool, DNA will be
obtained through a combination of mechanical and enzymatic lysis, and purified using the PowerFecal
Pro DNA isolation (Qiagen) protocol with modifications. The DNA will be processed and prepared
for sequencing. The sequences obtained will be filtered by parameters of quality (threshold value
Q20) and length (sequences greater than 250 nucleotides). This strategy avoids erroneous ascriptions
that generate an incorrect distribution of taxa. The minimum number of readings per sample will be
5000 and the mean length greater than 400 nt. A rarefaction analysis will be performed on the sample
sequences to assess saturation for microbial biodiversity. Subsequently, the analysis of taxonomic
identification at different taxonomic levels will be performed using the Microbiome bioinformatics
with QIIME 2 2019.4 protocol [31] (Figure 2).

Figure 2. Sequencing and bioinformatics scheme.

2.12. Identification and Evaluation of Potential Biomarkers

To identify potential non-invasive biomarkers from the characterization of the intestinal
microbiome in various stages of CD, we will use LEfSe (Linear Discriminant Analysis Effect Size),
an algorithm designed for the discovery of metagenomic biomarkers through class comparison,
biological consistency testing and effect size estimation [32].

Due to the need to develop a rapid method of analysis such as the ratios of
Faecalibacterium prausnitzii/Escherichia coli and Faecalibacterium prausnitzii/Clostridium coccoides group,
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a triplex digital droplet PCR will be implemented to allow the absolute quantification of the
Faecalibacterium prausnitzii, Escherichia coli and Clostridium coccoides species, as well as the total
number of bacteria present in a given sample through the 16S rRNA gene, all with a minimum volume
and in a single reaction. Therefore, the appropriate primers and probes have been selected to perform
this digital droplet PCR (Table 3), as well as to optimize the different concentrations and hybridization
temperatures, based on numerous relevant studies [20,33–36].

Table 3. Primers and probes used in digital droplet PCR [20,35,36].

Target Primers and Probe Sequences 5′-3′ Reference

F. prausnitzii
Fpra_428_F TGTAAACTCCTGTTGTTGAGGAAGATAA

[20]Fpra_583_R GCGCTCCCTTTACACCCA
Fpra_493_PR FAM/CAAGGAAGTGACGGCTAACTACGTGCCAG/IABkFQ

E. coli
Ecoli_395_F CATGCCGCGTGTATGAAGAA

[35]Ecoli_490_R CGGGTAACGTCAATGAGCAAA
Ecoli_437_PR FAM/TATTAACTTTACTCCCTTCCTCCCCGCTGAA/IABkFQ

C. coccoides
F_Ccoc_07 GACGCCGCGTGAAGGA

[36]R_Ccoc_14 AGCCCCAGCCTTTCACAT
P_Erec_482 VIC/CGGTACCTGACTAAGAAG/IABkFQ

Bacteria
F_Bact_1369 CGGTGAATACGTTCCCGG

[36]R_Prok_1492 TACGGCTACCTTGTTACGACTT
P_TM_1389F FAM/CTTGTACACACCGCCCGTC/IABkFQ

2.13. Anti-TNF Dosage and Safety Evaluation

Anti-TNFs are monoclonal antibodies that neutralize pro-inflammatory cytokine tumor necrosis
factor (TNF) involved in the inflammatory cascade of CD and other immune-mediated diseases.
The anti-TNFs used are infliximab and adalimumab by indication for induction of remission in patients
with moderate-severe CD. The administered doses of anti-TNFs are those listed in the data sheet,
both at induction and maintenance doses. Infliximab dose regimen for adult patients with CD 5 mg/kg
is given as an IV induction regimen at 0, 2, and 6 weeks followed by a maintenance regimen of 5 mg/kg
IV every 8 weeks thereafter; treatment with 10 mg/kg IV may be considered for patients who respond
and then lose their response. Adalimumab dose regimen for adult patients with CD is 160 mg initially
on Day 1 (given in one day or split over two consecutive days), followed by 80 mg two weeks later
(Day 15). Two weeks later (Day 29) they begin a maintenance dose of 40 mg every other week. During
the prospective follow-up, according to usual clinical practice, the gastroenterologist responsible will
modify or maintain a maintenance pattern according to the response to the drug by means of clinical
(HBI) and analytical (fecal C-reactive protein and calprotectin) variables, which will be recorded in
each patient’s data collection notebook.

To identify any adverse effects associated with the administration of the anti-TNFα drug,
a combination of physical examination, recording of vital signs (BP, pulse, temperature),
and questionnaires are evaluated after administration (30 min later) and at follow-up visits at
weeks 12 and 24. These questionnaires inquire about possible adverse effects related to adverse
reactions to infliximab and adalimumab drugs (nausea, headache, dizziness, fever, hives, reactions at
the infusion site, nervous system disorders, cardiac arrhythmia or myocardial ischemia, hypertensive
or hypotensive events, skin reactions, gastrointestinal disorders, infections, hypersensitivity or
anaphylaxis). In addition, patients are asked open-ended questions about their general well-being
to request notification of any other adverse effects not listed in the data sheet. In order to assess the
causality of adverse effects related to infliximab and adalimumab, the ADR (Adverse Drug Reaction)
Naranjo probability scale is applied [37].

Laboratory parameters, including white blood cell count, liver transaminase levels, phosphate
levels, and kidney function are studied prior to anti-TNF treatment and at the 12-week and 24-week
follow-up (post-anti-TNF).
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2.14. Statistical Analysis

As this is an observational non-interventional study, there may be confounding factors between
treatment allocation and outcomes in analyses of comparative response rates and samples may be
included of patients that do not represent real-world clinical practices. Accordingly, all analyses in this
study will be considered to be of an exploratory nature. Statistical analysis will be performed with
SPSS v.22 software version 9.2 or later.

Population characteristics (including demographic characteristics, medical conditions, disease
duration, types of treatment used at the start of the study and other variables collected in the data
collection logbook) and all primary and secondary endpoints will be summarized by indicating the
mean, standard deviation, minimum value, maximum value, median, 25th and 75th percentile and 95%
confidence interval (CI) of the mean for continuous variables, and the absolute and relative frequencies,
with a 95% CI of the proportion for categorical data. In the bivariate analysis, the chi-square test will
be used to determine differences in proportions and Student’s t-test for paired data before and after the
administration of anti-TNF treatment.

The statistical analyses conducted throughout this study on bioinformatics data management
to determine significant differences between established groups, their corresponding graphs and the
study of ROC curves (AUC values) will be performed using GraphPad Prism software version 8.2.0.
STAMP (Statistical Analysis of Metagenomic Profiles), another bioinformatics tool based on Python,
will also be used. STAMP was specifically designed for statistical processing and creation of plots from
large amounts of biological data [38].

3. Discussion

The gut microbiome has a highly complex structure, involving thousands of microorganisms
belonging to very different taxonomic classifications with millions of relationships between them,
making its study a great challenge. In IBD, no specific pathogen has been definitively identified, but the
gut microbiota as a whole has been shown to be pathogenic, contributing to the development of a
deregulated inflammatory response in susceptible hosts. Several authors defend the suggestion that
there is a reduction in biodiversity and abundance of Bacteroidetes and Firmicutes, as well as an increase
in Proteobacteria, characteristic of patients compared to healthy individuals [6,7].

Treatment for CD is selected according to the severity of the disease and the response to previous
therapies. Among the drugs used are biological treatments based on TNFα monoclonal antibodies such
as infliximab and adalimumab, developed for the induction and maintenance of remission, allowing
the control of symptoms and an improvement in the quality of life of responders, as well as changes in
the natural course of the disease [38–40]. Nonetheless, although approximately one third of patients
do not respond to these inhibitory therapies, we currently do not have a non-invasive biomarker that
serves as a tool to predict this response, and invasive methods such as colonoscopy continue to be the
gold standard for assessing therapeutic response.

In this prospective observational study, a new tool, massive sequencing of bacterial DNA, will be
applied to the study of a clinical problem that affects an important number of patients. This will enable
both the identification of early biomarkers of response in patients with CD after anti-TNF treatment as
well as the prediction of therapeutic response from the start to thus improve the clinical management
of these patients, reduce morbidity rates and increase efficiency. Since this is a longitudinal study,
the patients will be analyzed before and after exposure to anti-TNF treatment, and the data will be
paired, thereby diminishing the effect of the high variability of gut microbiota.

We know that the composition of the microbiota varies due to multiple external factors, particularly
diet, and that a dietary intervention of just three days can cause a change in enterotype [41,42].
Nevertheless, after ten days, the enterotypes stabilized in one study suggesting a tendency to return
to the original state [41]. Even so, we added to the protocol a 3-day dietary record prior to stool
collection for microbiota analysis and will repeat this dietary record prior to the second assessment
after six months of anti-TNF treatment to minimize significant diet-induced changes. An additional
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measure to objectively determine whether significant changes in the eating behavior of patients occur
during the six months of the study will be undertaken through completion of a validated survey
on adherence to the Mediterranean diet, both at inclusion and completion of the study. Given that
long-term disturbances have a more profound effect, with a one-year diet modification having a strong
impact on the Bacteroidetes/Firmicutes ratio [41,43], this may lead to changes in enterotype.

The proposed design takes diet into consideration and is therefore novel with respect to similar
studies published to date, which did not evaluate this factor known to modify the composition of
the microbiota. This study may provide additional evidence regarding potential non-invasive tools
such as biomarkers of the response before and after anti-TNF therapy in CD as a starting point for
future clinical trials. These trials could determine the most effective treatment among not only these
therapies but all therapies used in the management of CD based on patient microbiota and provide
more appropriate, inexpensive and non-invasive tools for predicting clinical response to treatment.

4. Conclusions

Currently, the role of bacterial gut microbiota is described as a key factor in the development
of Crohn’s disease, we do know that, for the disease to develop, dysbiosis or a definitive change
in the intestinal microbiota must occur. This study may provide additional evidence regarding
potential non-invasive tools such as microbiota-based biomarkers of the response before and after
anti-TNF therapy in Crohn’s disease as a starting point for future clinical trials. These trials could
determine the most effective treatment among not only these therapies but all therapies used in
the management of Crohn’s disease based on patient microbiota and provide more appropriate,
inexpensive and non-invasive tools for predicting clinical response to treatment, reduce morbidity
rates and improve efficiency.
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Abstract: The human microbiome has received significant attention over the past decade regarding
its potential impact on health. Epidemiological and intervention studies often rely on at-home stool
collection methods designed for high-resource settings, such as access to an improved toilet with a
modern toilet seat. However, this is not always appropriate or applicable to low-resource settings.
Therefore, the design of a user-friendly stool collection kit for low-resource rural settings is needed.
We describe the development, assembly, and user experience of a simple and low-cost at-home stool
collection kit for women living in rural Cambodia as part of a randomized controlled trial in 2020.
Participants were provided with the stool collection kit and detailed verbal instruction. Enrolled
women (n = 480) provided two stool specimens (at the start of the trial and after 12 weeks) at their
home and brought them to the health centre that morning in a sterile collection container. User
specimen collection compliance was high, with 90% (n = 434) of women providing a stool specimen
at the end of the trial (after 12 weeks). This feasible and straightforward method has strong potential
for similar or adapted use among adults residing in other rural or low-resource contexts.

Keywords: stool; stool collection; Cambodia; sample collection; rural health; gut microbiome; collection kit

1. Introduction

There has been a growing interest in understanding the composition of the human
gut microbiome and its linkages with all areas of health [1]. This has led to increased
microbial community analysis, using techniques including 16 s rRNA gene sequencing,
quantitative PCR, and culture-based methods [2,3]. Increasingly, large-scale observational
and intervention studies have aimed to collect stool specimens to provide data in this
rapidly evolving field of microbiology.

In both clinical practice and research studies, it has become increasingly common for
stool specimen collection to be completed at an individual’s home and then shipped to the
laboratory [4,5]. At-home stool collection kits are often designed for a modern toilet seat
and depend on a reliable national priority mail delivery system, [5,6] such as the widely
used OMNIgene•GUT (DNA Genotek, Ottawa, ON, Canada) along with the OM-AC1 toilet
accessory, a flushable collection paper secured to the toilet seat with adhesive strips [7].

Nevertheless, there is limited data concerning practical methods for collecting stool
specimens for microbiome analyses in settings outside of the high-resource contexts, specif-
ically for those without modern toilet seats or reliable shipment options. Thus, in an effort
to characterize the human microbiome across the full range of the human experience, popu-
lations in low-resource settings continue to be underrepresented [8]. In the context of large
studies in low-resource settings, specimen transportation and refrigeration, contamination,
and acceptable collection may pose challenges. Designing a simple, user-friendly stool
specimen collection kit for use in these challenging environments is imperative.
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Here, we report on study tools developed and used to collect neat stool specimens
from women in rural Cambodia, used as a part of a randomized controlled trial that aimed
to evaluate the potential harms of iron supplementation [9]. We discuss the feasibility and
acceptability of our convenient at-home stool collection methods that have the potential to
be implemented in similar low-resource locations.

2. Materials and Methods

2.1. Study Participants and Setting

This stool specimen collection methodology was designed as a part of a randomized
controlled trial in rural Kampong Thom province, Cambodia, with ethics granted from
the Clinical Research Ethics Board at the University of British Columbia in Vancouver,
Canada (H18-02610), and the National Ethics Committee for Health Research in Phnom
Penh, Cambodia (273-NECHR). All participants provided written informed consent before
participating in the study, including the collection of baseline and 12-week venous blood,
neat stool, and fecal swab specimen. Full details of the original study can be found
elsewhere [9], and the trial was registered at clinicaltrials.gov (NCT04017598). Between
December 2019 and January 2020, women were recruited, and n = 480 non-pregnant
women of reproductive age (18–45 years) were randomized to 12 weeks of daily oral
iron supplementation in the form of either 60 mg ferrous sulfate (n = 161), 18 mg ferrous
bisglycinate (n = 158), or placebo (n = 161). Venous blood specimens and neat stool
specimens were collected at baseline and after 12 weeks.

Enrolled women did not have access to modern toilets with toilet seats nor household
refrigeration. The most common type of sanitation facility available at most households
was pour-flush to a septic tank or pit latrines (91% [437/480]).

2.2. Stool Collection Protocol

Development of the stool collection methodology took place in discussion with local
public health staff highly experienced in rural specimen collection and knowledgeable
about resource limitations of the study location (i.e., toilet facilities). Research staff were
trained on the use of the stool collection kits and the procedures to disperse and collect the
specimens from research participants. At the initial study visit, following administration of
the baseline questionnaire, study staff provided the participants with the stool collection
kit, verbally explained how to properly collect the specimen in Khmer (local Cambodian
language), and dispose of collection materials. Women were also provided with a written
copy of the same instructions regarding stool collection to take home via a simple Khmer-
translated infographic. They were instructed to bring their stool specimen back to the local
health centre the following day.

The stool collection kit was labelled with the participant ID number. It contained the
following items: 30 mL clear polystyrene stool collection container with a screw-on blue
lid and attached spoon, gloves, Khmer translated infographics and a metal pot (Figure 1).
The metal pots were stored in heavy-duty plastic bags to prevent contamination before
distribution to participants.

The verbal instructions as provided in staff training and written infographic (Figure 2)
were communicated to study participants as follows:

1. Collect first stool the morning of your health centre visit.
2. Put on gloves provided in the stool collection bag.
3. Squat or sit over the provided metal pot.
4. Ensure that the pot is not touching toilet water—make sure no water, other liquids or

materials get into the pot.
5. Defecate into the pot. A small amount of stool is ok.
6. Open the stool container tube by unscrewing the blue lid.
7. Use scoop attached to blue lib to collect a small portion of stool from the pot (size of

cashew nut).
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8. Place stool specimen and scoop into the stool collection tube and screw tight to secure
lid.

9. Place the tube into the stool collection bag with your personal ID number.
10. Dispose of or clean the metal pot thoroughly with soap and hot water.
11. Thoroughly wash hands with soap and hot water.
12. Bring stool specimen to study nurse at the health centre on the same morning.

Figure 1. Stool Collection Kit: (a) Resealable participant labelled bag, infographic, gloves, 30 mL
clear polystyrene stool collection container; (b) Metal collection pot.

Women collected their stool specimens at their home and brought the completed
kit back to the health center within ~2 h of defecation in the provided clear resealable
plastic bag. Many participants opted to place the transparent bag inside a small opaque
black garbage bag for additional privacy. Upon retrieval, study staff would ensure the
stool collection kit contained the neat stool specimen and the container was tightly sealed.
Tubes were labelled with the participant, study visit number, date, and time received.
Labelled tubes were double-checked to ensure participant ID matched the ID number
marked on the outer side of the bag. The kits were then immediately placed on ice. Neat
stool specimens were transported on ice to the National Public Health Laboratory, where
specimens underwent further processing and were frozen at −20 ◦C within 4–6 h until
further analysis. Additionally, women were given the metal pot to keep and use for
additional study visits where follow-up stool collection was needed.

Missing stool specimens were documented, and women were followed up by staff on
the morning of the initial study visit. If a woman could not pass stool or was not available
for a study visit that day, stool specimens were collected within seven days of the original
study visit date. In this event, study staff called women to arrange another stool pickup,
ensuring that pickup happened within 2 h of bowel movement and placed on ice, driven
to the National laboratory and frozen at −20 ◦C within 4–6 h.
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Figure 2. Participant stool collection infographic (English translation).

3. Results

During recruitment, n = 1286 women were screened for study inclusion eligibility,
of which n = 577 did not meet the inclusion criteria, and n = 229 declined to participate.
No women declined to participate due to the requirement of a stool specimen collection.
A total of 480 women were enrolled in the study, and n = 456 (95%) women provided a
stool specimen at baseline (baseline blood collection, not stool collection, was required
for enrollment). A total of n = 441 (92%) women remained in the study until completion
at 12 weeks, with n = 434 (90%) women providing a 12-week stool specimen, depicted in
Figure 3. Women who provided a baseline stool specimen (n = 456) and those that did
not give a baseline stool specimen (n = 22) differed by education level achieved (fisher’s
exact, p = 0.044), breastfeeding status (fisher’s exact, p = 0.007), reported diarrhea (3+ loose
bowel movements in 24 h) (fisher’s exact, p = 0.023), pain when passing stool (fisher’s exact,
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p = 0.015), blood in stool (fisher’s exact, p = 0.028), and if women had previously taken
antibiotics (fisher’s exact, p = 0.006) (Table 1).

Figure 3. Participant flow chart.

Table 1. Baseline participant characteristics of enrolled Cambodian women by provision of baseline
stool specimen.

Provided Baseline
Stool Specimen

No Baseline
Stool Specimen

p-Value 1

Total enrolled, n (%) 458 (95%) 22 (5%)
Woman’s age, y, median (IQR) 34.5 (28.0, 40.0) 31.5 (29.0, 36.0) 0.387

Married 397/458 (87%) 19/22 (86%) 0.624
Completed education, (%) 0.044 *

Primary 242/416 (58%) 9/22 (41%)
Lower secondary 106/416 (26%) 12/22 (55%)
Upper secondary 54/416 (13%) 1/22 (4%)

Higher education/university 14/416 (3%) 0/22 (0%)
BMI (kg/m2) 23.5 ± 3.8 22.7 ± 3.6 0.295

Currently breastfeeding 40/141 (28%) 43/145 (30%) 0.007 *
Currently use birth control 56/161 (35%) 70/158 (44%) 0.826
Previously taken antibiotics 202/458 (44%) 11/22 (50%) 0.006 *

Experienced gastrointestinal upset
Diarrhea 67/241 (28%) 0/13 (0%) 0.023 *
Nausea 126/241 (52%) 7/13 (54%) 1.00

Constipation 31/241 (13%) 3/13 (23%) 0.392
Pain when passing stool 71/241 (7%) 4/13 (31%) 0.015 *

Blood in Stool 11/241 (5%) 3/13 (23%) 0.028 *

Total n = 480. Values are n (%) or median (IQR). 1 Independent samples t-test (parametric) and Wilcoxon rank sum
tests (non-parametric) for continuous variables and Fisher’s exact tests for categorical variables. * Statistically
significant at p < 0.05.

Throughout the study duration, research staff informally collected feedback from par-
ticipants on their experience in the stool collection method. Some specific comments from
research participants included: constipation made stool collection a challenge, this was their
first time providing a stool specimen, and lastly, in general, participants expressed greater
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hesitation and fear towards blood collection than stool collection. It should be emphasized
that this data was not systematically collected and may be biased by many factors, such as
response bias. Research staff shared that verbal communication was more productive and
helpful to participants than the written instructions (Khmer translated infographic).

DNA was extracted from a subsample (n = 150) of thawed neat stool using QIAamp
PowerFecal Pro DNA Kit [10], and DNA yield was checked via NanoDrop spectropho-
tometer reading. All extracted specimens yielded DNA suitable for PCR amplification and
were thus uncompromised during specimen collection, transportation, and storage.

4. Discussion

With the call and opportunity to promote inclusivity in microbiome research, an
appropriate, low-cost and appropriate stool collection method is warranted for use in
rural and low-resource settings [8,11]. The collection of stool specimens from a large co-
hort of rural-dwelling women could present challenges regarding participant recruitment,
specimen collection, retention, and management of staff resources. We describe the devel-
opment, assembly and use of a simple, low-cost at-home stool collection kit for rural or
low-resource settings where modern toilets with seats are unavailable. Using this at-home
stool collection kit was reported as easy and safe.

Other authors have reported using at-home adult stool collection tools but are also
limited by the availability of a modern toilet with a toilet seat [5,6]. Further, contemporary
over-the-toilet seat stool collection supplies (e.g., flushable collection paper secured to
the toilet seat) cannot be procured in some countries, such as Cambodia, and instructions
are not available in different languages. In rural and low-resource settings, even when
improved sanitation infrastructure is built, there is still a lack of facilities allowing for
straightforward and sterile stool collection. Our kit was <$5 USD, thus, it is a low-cost
option for single and multiple follow-up stool specimen collections.

To our knowledge, no authors have reported on the development and use of a simple
adult stool collection kit for use at an individual’s home in a rural or low-resource setting.
There is no consensus or guidance on an appropriate or detailed method of stool collection
in rural or low-resource settings. In other reports in rural and low-resource settings, the
general practice is to collect the stool specimen at the local health centre [12], which may
be unfeasible for studies with large sample sizes and for women who cannot defecate ‘on
demand’. Our stool collection method is novel, as it allows participants to independently
collect a stool specimen in the comfort and privacy of their home and when they feel the
‘urge’ to defecate. This approach also reduces the burden on local health facilities and
research staff and is optimal for use in large-scale research.

Ensuring that specimen collection methods are culturally acceptable is essential to
improve participation and minimize attrition rates in the study population. On account of
our high study retention rate (92%) and stool specimen collection rate at 12 weeks (90%),
we infer participants generally accepted this stool specimen collection method. However,
these findings may have been affected by response bias. We should reiterate that our
high study retention rate was likely due to our experienced field research staff’s strong
rapport with study participants. Detailed staff training resulted in the clear communication
of stool collection instructions. We also recognize the limitations of this method of stool
specimen collection. Although the metal pots were stored together in heavy-duty plastic
bags to prevent contamination by dirt and debris, they were not stored in a sanitized
environment, allowing for possible contamination during storage and transportation. As a
lesson learned, we recommend that collection pots/containers be wrapped in protective
sealing and stored in clean areas. Alternatively, the collection pots/containers could be
sanitized prior to defecation at each specimen collection time point, if participants were
provided with such materials. Secondly, our research group provided clear bags for the
transportation of stool specimens to the health centre. Still, most participants opted to
put the clear participant labelled bag inside in their own small black garbage bag for
privacy. Therefore, we recommend supplying a discrete, non-opaque bag or container for
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participants to return specimens to the study staff. Lastly, it would be advantageous to
conduct a standardized assessment of user acceptability of this stool specimen collection
technique in future work.

5. Conclusions

In response to the growing field of human gut microbiome study, we describe the
development, assembly and use of a simple, low-cost at-home stool collection kit for rural
or low-resource settings where modern toilets with seats are unavailable. This method
for the collection of stool specimens was feasible, generally acceptable, and has strong
potential for similar or adapted stool collection procedures among adults residing in other
rural or low-resource settings.
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Abstract: The gut-brain axis describes a complex interplay between the central nervous system and
organs of the gastrointestinal tract. Sensory neurons of dorsal root and nodose ganglia, neurons of
the autonomic nervous system, and immune cells collect and relay information about the status of the
gut to the brain. A critical component in this bi-directional communication system is the vagus nerve
which is essential for coordinating the immune system’s response to the activities of commensal
bacteria in the gut and to pathogenic strains and their toxins. Local control of gut function is provided
by networks of neurons in the enteric nervous system also called the ‘gut-brain’. One element
common to all of these gut-brain systems is the expression of nicotinic acetylcholine receptors. These
ligand-gated ion channels serve myriad roles in the gut-brain axis including mediating fast synaptic
transmission between autonomic pre- and postganglionic neurons, modulation of neurotransmitter
release from peripheral sensory and enteric neurons, and modulation of cytokine release from
immune cells. Here we review the role of nicotinic receptors in the gut-brain axis with a focus on the
interplay of these receptors with the gut microbiome and their involvement in dysregulation of gut
function and inflammatory bowel diseases.

Keywords: nicotinic acetylcholine receptors; α7 and α9 nicotinic receptor subtypes; cholinergic
anti-inflammatory pathway; gut-brain axis; gut microbiome; dysbiosis; inflammatory bowel disease;
COVID-19

1. Nicotinic Acetylcholine Receptors

1.1. Nicotinic Acetylcholine Receptors, Composition, Subtypes, and Pharmacological Properties

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels ubiqui-
tously expressed throughout the central (CNS) and peripheral (PNS) nervous systems [1,2].
Nicotinic receptors are composed of five individual subunits that assemble in pentameric
fashion to form a central ion-conducting channel [3,4]. There are 17 individual subunits,
designated by Greek letters, and include α1–α10, β1–β4, δ, ε, and γ. Because of the num-
ber and diversity of subunits, numerous distinct nAChR subtypes are possible but can
nevertheless be classified into two broad categories: heteromeric subtypes composed of α
and β subunits and homomeric subtypes composed of α subunits only. Most heteromeric
subtypes contain α and β subunits, for example α3β4, a subtype highly expressed by
ganglionic neurons of the PNS [5]. However, heteromeric nAChRs composed strictly of α
subunits have also been described and include α9α10 [6–8] and α7α8 subtypes [9]. Adding
to the diversity of potential subtypes, more than one α or β subunit may be present in a
given nAChR complex such as α3β2β4* receptors (the asterisk denotes the potential or
known presence of additional subunits in native receptor complexes) which are expressed
by rodent adrenal chromaffin cells [10] and neurons of superior cervical and nodose gan-
glia [11,12]. Homomeric receptor subtypes include α7, α8, α9, and α10 [13–15]. It should
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be noted that α8 subunits are not expressed in mammals and homomeric α10 nAChRs
have only been reported in nonmammalian organisms [16].

Each of the various nAChR subtypes possesses different pharmacological and biophys-
ical properties including sensitivities to the neurotransmitters acetylcholine and choline,
desensitization properties, and permeabilities to cations [17–20]. Receptor subtypes that
contain the β2 subunit such as α3β2, α4β2, and α6β2 have generally been found to be more
sensitive to activation by acetylcholine than the closely related α3β4, α4β4, and α6β4 sub-
types [21,22]. Subtypes that contain the β2 subunit are insensitive to the acetylcholine pre-
cursor and metabolite choline whereas those containing β4 subunits are weakly activated
by choline [23]. By contrast, choline is a full agonist of homomeric α7 nAChRs [24] and a
partial agonist of α9 and α9α10 subtypes [8,13,25]. Nicotinic receptors are so named be-
cause they are activated by the tobacco plant alkaloid nicotine, but curiously, α9 and α9α10
nAChRs are not activated by nicotine and instead are inhibited by this ligand [8,13,25].

1.2. Nicotinic Acetylcholine Receptor Expression by Sensory and Autonomic Ganglion Neurons
that Innervate the Gut

Innervation of the gut by neurons of the inferior ganglion of the vagus nerve (nodose
ganglion) and dorsal root ganglion (DRG) neurons provide the CNS with sensory informa-
tion concerning the physiological state of the gut. Although the functional characterization
of the nAChRs expressed by nodose ganglion neurons using subtype-selective ligands is
lacking, immunoprecipitation assays suggest the presence of several subtypes that contain
α2, α3, α4, α5, β2, or β4 subunits [12]. Pharmacological and electrophysiological assays of
lumbar DRG neurons from rat suggest that these neurons mainly express α3β4*, α6β4*,
and α7 nAChRs [26–28]. Innervation of mouse gut by DRG neurons is provided by ganglia
located at levels T8-L1 and L6-S1 [29] and have been shown to express α4β2*, α7, and
α3β4* nAChRs based on receptor sensitivities to subtype-selective antagonists [30,31]. The
functional role of nAChRs in DRG neurons is poorly understood, but α3β4*, α6β4*, and
α7 nAChRs have been reported to be expressed by putative nociceptors and may therefore
be involved in nociception [28,32,33]. Additionally, α7 nAChRs located on DRG neuron
terminals in the dorsal horn of the spinal cord modulate the release of glutamate and have
been proposed to be involved in nicotine mediated analgesia [34].

The main nAChR subtypes expressed by autonomic nervous system (ANS) neurons
almost certainly contain the α3 subunit as evidenced by CHRNA3 gene knockout mice that
show perinatal mortality and severe ANS dysfunction [35,36]. However, sparse functional
information is available concerning the exact subtypes expressed by both ANS and enteric
nervous system (ENS) neurons innervating the gut. Immunohistochemical studies of ENS
plexuses in mice, rats, and guinea pigs suggest neuronal expression of a heterogenous
population of nAChRs that contain α3, α5, β2, β4, or α7 subunits [37–39]. Functional
assays of mouse myenteric plexus neurons demonstrated the presence of at least α3β2* and
α3β4* but transcripts for α7 nAChRs were also present [40]. Similar results were found for
neurons of the submucosal plexus in guinea pig [41]. Lastly, immunohistochemical studies
of myenteric plexuses of mouse colon revealed the expression of α3 subunits in glial cells
that also express nitric oxide synthase II [42]. Stimulation of glial cells with the nicotinic
agonist dimethylpiperazine increased the production of nitric oxide which functions as
a signaling molecule between glia and myenteric neurons. Glial cells and neurons thus
coordinate regulation of ion transport in the epithelia through stimulation of nAChRs and
the production of nitric oxide. Table 1 lists the expression patterns of nAChRs in neurons
that innervate gut structures.
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Table 1. nAChR expression in neurons that innervate the gastrointestinal tract

Neural Structure
nAChR

Subunits a
Functional
nAChRs b

Target Organ in the
Gastrointestinal Tract

Ref.

Nodose ganglia c α2, α3, α4, α5, α6, α7,
β2, β3, β4 α3β4 * Proximal small

intestine and colon [12,43,44]

Dorsal root ganglia c,e α3, α4, α5, α6, α7, β2,
β4

α3β4 *, α4β2 *, α6β4 *,
α7

Small and large
intestines [26,27,43,45,46]

Celiac ganglia c α3, α7 α3 *,f, α7 f

Distal esophagus,
stomach, proximal
duodenum, liver,

biliary system, spleen,
adrenal glands

[47,48]

Superior mesenteric
ganglia c α7 α7 f

Duodenum, jejunum,
ileum, cecum,

appendix, ascending
colon, proximal
transverse colon

[47]

Inferior mesenteric
ganglia c,d α3, α5, β4 α3β4 *

Distal transverse,
descending, and

sigmoid, colon, rectum,
upper anal canal

[49]

Inferior hypogastric
plexus c,d α3, β4, α7 unknown Urogential organs,

pelvic viscera [50,51]

Myenteric plexus c,d,e α3, α5, α7, β2, β4 α3β2 *, α3β4 *, α7

Circular and
longitudinal muscles of

the gut wall,
submucosa, epithelia,
stomach, small and

large intestines, colon

[37,39,52,53]

a Subunits detected by molecular biology techniques; b nAChR subtypes detected by functional assays; c rodent; d guinea pig; e human;
f probable functional expression; * denotes the potential presence of other subunits.

Alterations in the expression patterns of α3β4 nAChRs in neurons of the ANS can
result is dysregulation of gut function in humans. Several neurological conditions such as
idiopathic, paraneoplastic, and diabetic autonomic neuropathies are associated with the
presence of receptor binding (blocking) autoantibodies in patient serum [54]. In autoim-
mune ganglionopathies where autoantibodies against the α3 subunit are produced, gross
ANS dysfunction occurs [55]. Similarly, patients with megacystis microcolon intestinal
hypoperistalsis syndrome show significantly decreased expression of the α3 subunit [56],
and patients with diverticular disease show decreased β4 subunit mRNA expression in the
myenteric plexus [53]. These studies indicate an essential role of α3-containing nAChRs in
the gut-brain axis.

2. The Gut-Brain Axis

2.1. Neural Communication between the Brain and the Gut

It has been well established that a bi-directional relationship exists between the CNS
and the gut, and influences myriad pathological conditions from psychiatric to gastroin-
testinal disorders [57,58]. This ‘gut-brain axis’ controls a number of physiological processes
via the brain, autonomic, and enteric nervous systems. Some of the principal components
of this system are the vagus nerve, the hypothalamic-pituitary-adrenal axis (HPA axis), and
the immune and circulatory systems. Critical to the bi-directional communication between
the brain and the gut are neurons that innervate gut structures and the neurotransmitters
they release for communication and autocrine/paracrine functions. Neurons of dorsal root
and nodose ganglia along with intrinsic primary afferent neurons (Dogiel Type II neurons)
of the ENS provide sensory functions to gut structures and relay information concerning
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gut homeostasis to the CNS [43,57]. Ganglionic neurons of the ANS found in the superior
and inferior mesenteric ganglia, celiac, middle and inferior cervical ganglia provide direct
PNS innervation to visceral organs although those that specifically innervate structures
of the gut are largely found in the celiac, superior and inferior mesenteric ganglia [59]
(Figure 1). Direct, local control of gut function is mediated almost entirely by the ENS or
the gut-brain which is made up of neural networks or plexuses and include the submucosal
and myenteric plexuses [59]. Each of these gut-brain systems is involved in maintaining
gut homeostasis and responding to alterations in gut function including those that cause
gastrointestinal inflammation.

Figure 1. Cartoon representation depicting organs and structures of the gastrointestinal tract and the
neurons that innervate them that express nAChR subunits. The inset in the lower part of the cartoon
details the structures of the intestines; the myenteric and submucosal plexuses are shown along with
select cell types.
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2.2. Inflammatory Control in the Gut Involves the Vagus Nerve and α7 nAChRs

The cholinergic anti-inflammatory pathway (CAP) is referred to as the neuroinflam-
matory reflex in which the nervous and immune systems ‘cooperate’ to control excessive
inflammation, and one mechanism by which this occurs is through activity of the va-
gus nerve. The vagus nerve is composed of 80% sensory afferent fibers and 20% motor
efferent fibers [60]. Vagal nerve fibers innervate the gastrointestinal tract, lungs, heart,
pancreas, adrenal glands, and liver and are responsible for the control/modulation of heart
rate, digestion, intestinal movement, hormone and neurotransmitter secretion. Correct
function of this nerve is essential for numerous physiological processes of the gut-brain
axis [61]. Activation of vagal efferents leads to the release of acetylcholine in visceral organs
with the exception of the spleen as this organ is innervated by the splenic nerve, which
is adregenergic [62]. The splenic nerve releases noradrenaline and activates adrenergic
receptors expressed by a specific subpopulation of resident CD4+ T-cells that are capable
of synthesizing and releasing acetylcholine that, in turn, activates resident macrophage
expressed α7 nAChRs to inhibit the release of pro-inflammatory cytokines [63]. The anti-
inflammatory effects of α7 nAChR activation have been observed through stimulation of
enteric macrophages through vagal nerve activity [63–65]. This anti-inflammatory mecha-
nism occurs via activation of α7 nAChRs, recruitment and activation of Janus kinase-2 (JAK-
2), and subsequent phosphorylation of signal transducer and activator of transcription-3
(STAT-3) which dimerizes and translocates to the nucleus to inhibit pro-inflammatory
cytokine gene expression including tumor necrosis factor-α (TNF-α) and interleukin-6
(IL-6) among others [66,67]. Additionally, activation of α7 nAChRs is associated with
inhibition of Nf-κB nuclear translocation [68,69] and activation of the phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) signaling pathways [70,71]. Inhibition of these path-
ways disrupts signaling through the inflammasome complex [72] and ultimately results
in the suppression of TNF-α, Il-6, IL-1β and other pro-inflammatory cytokine secretion.
At the systems level, vagal-nerve stimulation has been shown to reduce plasmatic TNF-α
levels after lipopolysaccharide (LPS) injection in mice and α7 nAChRs were demonstrated
to be a key player in this anti-inflammatory effect [73,74].

Several studies have shown that stimulation of α7 by acetylcholine, choline, nico-
tine, other agonists and positive allosteric modulators (PAMs) reduces the production of
pro-inflammatory cytokines and improves outcomes in animal models of endotoxemic
shock [74–78]. The anti-inflammatory role of this receptor is further supported by stud-
ies utilizing specific antagonists of α7 receptors, CHRNA7 knock-out mice [63,74,79,80],
or overexpression of its dominant-negative duplicated form dupα7 [81] which has only
been found in humans. Elevated expression levels of dupα7 in human large and small
intestines are associated with inflammatory bowel disease (IBD) [82]. Control of inflamma-
tion through the CAP has been demonstrated in animal models of human disease including
sepsis, IBD, arthritis, hemorrhagic shock, asthma, and pancreatitis [75,83–89]. In humans,
the importance of the role α7 nAChRs play in the CAP and the regulation of exacerbated
inflammation has been shown in sterile endotoxemia [90,91] and sepsis [92]. Activation of
the CAP via vagal-nerve stimulation is currently used to treat depression [93], epilepsy [94],
stroke [95], and migraines [96]. Vagal-nerve stimulation may also be potentially useful in
treating Crohn’s disease, ulcerative colitis, and other inflammatory bowel conditions [97]
as has been demonstrated in rodent models of irritable bowel syndrome (IBS) [98] and
postoperative ileus [99].

Inflammatory bowel disease is a highly prevalent and multifactorial disorder charac-
terized by chronic inflammation of the gastrointestinal tract and significantly affects the
quality of life of patients who suffer from it. The two main types are ulcerative colitis,
which is limited to the colon, and Crohn’s disease which can affect any section of the
intestinal tract [100]. The vagus nerve plays a role in regulating intestinal inflammation in
IBD [101], and the proposed mechanism involves ENS neurons and macrophages located
in the submucosal plexus [102]. Release of acetylcholine by the vagus nerve contacting ENS
neurons decreases the release of TNF-α, IL-1β, IL-6, and IL-18 by submucosal macrophages
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expressing α7 nAChRs. In dysbiosis and pathologies such as ulcerative colitis, lympho-
cytes and macrophages are recruited to the site of inflammation where adhesion molecules
are over expressed [103]. In a mouse model of colitis, nicotine suppressed the expres-
sion of mucosal addressin cell-adhesion molecule-1 (MAdCAM-1) protein in the mucosal
venules of the inflamed colon [104]. In the mouse dextran sodium sulfate (DSS) model of
colitis, nicotine reduced lumbar DRG neuron hyperexcitability through activation of α7
nAChRs [105]. Electrical stimulation of the vagal nerve in a mouse model of endotoxemia
reversed LPS-induced decreases in tight-junction proteins, via an α7-mediated mecha-
nism, and increased intestinal permeability [106]. Furthermore, intraperitoneal injection of
nicotine reduced gut permeability by maintaining localization of intestinal tight-junction
proteins after burn-induced gut injury in mice [107]. These finding have led to considera-
tion of a potential protective role of nicotine on bowel wall integrity. However, nicotine also
induces significant increases in triglycerides, LDL-cholesterol, and serum glucose along
with a decrease in HDL-cholesterol in animals fed a high-fat diet and increased plasmatic
levels of certain cytokines raising concerns about its usefulness as an anti-inflammatory
therapeutic in IBD [108]. However, other subtype-selective agonists of nAChRs have also
shown beneficial effects in animal models of IBD.

Treatment with galantamine, a PAM of nAChRs, succeeded in preventing ulcers and
reducing inflammatory mediators such as intracellular adhesion molecule-1 (ICAM-1) in
the 2,4,6-trinitrobenzene sulfonic acid (TNBS) model of colitis in rats [109]. The effects of
galantamine were abolished by the α7 nAChR antagonist methyllycaconitine. Similarly,
use of the α7-selective agonist PNU-282987 improved oxidative enzyme myeloperoxidase
activity and reduced IL-6 and IFN-γ levels in the mouse DSS model of colitis [110]. Sub-
sequent treatment with methyllycaconitine reversed the beneficial effects of PNU-282987.
Varenicline, a non-selective agonist of α7 nAChRs, improved colonic motility and the
cholinergic response in a rat IBS model [111]. Other α7-selective agonists including enceni-
cline and AR-R17779 have shown anti-inflammatory effects in mouse models of colitis and
postoperative ileus. Encenicline reduced the infiltration of immune cells into inflamed
colonic tissue in TNBS- and DSS- induced colitis [112], and AR-R17779 stimulated the CAP
and reduced NF-κB transcription in peritoneal macrophages in postoperative ileus [99].
These studies indicate an important role of α7 nAChRs in IBD. Nevertheless, other stud-
ies have reported that stimulation of α7 nAChRs did not reduce intestinal inflammation
although the hyperalgesia associated with colonic inflammation was reduced [113]. Over-
all, however, selective stimulation of α7 nAChRs has shown to be effective in reducing
signs and symptoms of disease in a variety of bowel conditions characterized by excessive
inflammation. Table 2 lists the effects of activation of α7 nAChRs on IBD. Other nAChR
subtypes including α4β2* have been reported to be expressed by a subset of intestinal and
peritoneal macrophages that do not express α7 receptors and are not directly involved
in the anti-inflammatory effects of the CAP but instead serve a phagocytotic function in
the gut [114].
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Table 2. Effects of nAChR ligands on murine models and human patients with IBD

Ligand Mechanism of Action Disease-modifying Mechanisms Effects on IBD Ref.

Nicotine Non-selective agonist
Suppression of MAdCAM-1;
reduced regenerative spike

action-potentials

Decreased signs and symptoms
of DSS-induced colitis in mice
Reduced colonic DRG neuron

hyperexcitability in DSS-induced
colitis in mice

[30,104]

Galantamine Non-selective PAM Reduced NF-κB, TNF-α levels, MPO,
and neutrophil infiltration

Decreased signs and symptoms
of TNBS-induced colitis in mice [109]

PNU-282987 α7-selective agonist

Reduced infiltration of leucocytes
Reduced infiltration of macrophages,

and reduced levels of IL-6, and
IFN-γ

Attenuated colonic inflammation
in DSS-treated mice

Decreased signs and symptoms
of DSS-induced colitis in mice

[110,115]

PNU-120596 α7-selective PAM Decreased IL-1β and TNF-α in
LPS-treated mice

Decreased symptoms related to
anxiety and depression in mice [116]

GTS-21 partial α7 agonist Decreased TNF-α in plasma
Probable decreased colonic

inflammation in patients with
ulcerative colitis

[117]

AR-R17779 α7 agonist
Reduced colonic infiltration of CD4+

and CD8+ lymphocytes; inhibition of
macrophage activation

Decreased signs and symptoms
of TNBS-induced colitis in mice
Decreased signs and symptoms
of postoperative ileus in mice

[99,114]

Encenicline partial α7 agonist
Reduced colonic infiltration of

macrophages, neutrophils, and B
lymphocytes

Decreased signs and symptoms
of TNBS- and DSS induced

colitis in mice
[112]

RgIA α9 antagonist Reduced levels of colonic TNF-α Decreased signs and symptoms
of DSS-induced colitis in mice [118]

Dextran sodium sulfate, DSS; a 2,4,6-trinitrobenzene sulfonic acid, TNBS; oxidative enzyme myeloperoxidase, MPO; mucosal vascular
addressin cell adhesion molecule-1, MAdCAM-1.

2.3. Nicotinic Acetylcholine Receptor Subunits α9 and α10 are Novel Players in IBD

Although the role of the α7 nAChR in IBD has been well studied and firmly established,
recently nAChRs containing α9 and α10 subunits have emerged as new targets for treating
inflammation. It has been shown that inhibiting the α9α10 receptor with the selective
antagonist α-conotoxin RgIA reduced the severity of inflammation in the DSS model of
colitis in mice [118]. RgIA and its analogs have been shown to have disease-modifying
effects in a number of neuropathic and inflammatory disease models including sciatic nerve
injury, diabetic neuropathy, and neuropathies associated with the use of the anti-cancer
drugs paclitaxel and oxaliplatin [119–122]. An important mechanism through which RgIA
exerts the observed therapeutic effects is by inhibiting the recruitment of lymphocytes
and macrophages to damaged nerve tissues, although the exact mechanisms by which
this occurs are currently unknown. However, experiments with nicotine, acetylcholine, or
choline in a human monocyte cell line (U937) and mouse peripheral blood mononuclear
cells showed that ATP-mediated release of IL-1β, through nAChRs containing α7, α9 or
α10 subunits, is inhibited by these nicotinic ligands [123,124]. Phosphocholine, a molecule
structurally similar to choline, also inhibited ATP-evoked currents and IL-1β release in
U937 cells through α7 and α9α10 nAChRs [123,125,126].

3. Bacterial Types in the Gastrointestinal Tract

3.1. The Gut Microbiome Plays an Important Role in Communication between the Nervous System
and the Gut

A critical component of the gut-brain axis is the make-up of the microbiota found in
the different compartments of the gastrointestinal tract. Among the different strains of
bacteria present are Lactobacillus and Streptococcus, found in the stomach and duodenum,
Lactobacillus, Streptococcus, Bacteroides, Bifidobacterium, and Fusobacteria in the jejunum and
ileum, and Bacteroides, Bifidobacterium, Streptococcus, Eubacteria, Clostridium, Vellionella,
Ruminococcus, Pseudomonas, and Lactobacillus, among others, in the colon [127]. These
bacteria have multiple roles including protective, structural, and metabolic functions for
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example through the fermentation of dietary fiber into short-chain fatty acids (SCFAs) and
the synthesis of B and K vitamins [128,129]. Short-chain fatty acids play an important role
in regulating inflammation in the intestines through inhibition of the NF-κB pathway and
reduction of macrophage-produced pro-inflammatory cytokines [130,131]. Alterations in
the levels of these commensal bacteria can result in intestinal dysbiosis (an imbalance in the
populations of intestinal microbiota). Table 3 lists some of the commensal bacteria found in
the lower gastrointestinal tract and their roles.

Table 3. Bacterial types, location within the gastrointestinal tract, and function

Bacteria Location in the GI Tract Functional Role Ref.

Lactobacillus Stomach, duodenum, jejunum, ileum, colon

Improved digestion and absorption of
nutrients; inhibition of the growth of
pathogens by activating the immune

system a,b

[132–134]

Streptococcus Jejunum, ileum, colon Modulation of the immune system through
altered cytokine release from immune cellsc [135,136]

Bacteroides Jejunum, ileum, colon
Production of SCFAs involved in energy
homeostasis and regulation of intestinal

inflammationd
[137]

Bifidobacterium Jejunum, ileum, colon
Inhibition of the growth of pathogens by

activating the immune system; amino-acid
and vitamin synthesisd

[138,139]

Veillonella Colon Production of SCFAs involved in energy
homeostasisc,d [140]

Eubacteria Colon
Production of SCFAs involved in energy
homeostasis and regulation of intestinal

inflammationc
[141]

Clostridia Colon
Participation in resistance to the

colonization of pathogens; production of
SCFAsc; maintenance of gut homeostasisc

[142–144]

Peptostreptococcus Colon Maintenance of epithelial barrier and
modulation of intestinal inflammationc,d [145]

a Dog; b cat; c human; d rodent.

3.2. Gut Dysbiosis

Gastrointestinal dysbiosis is associated with a number of pathophysiological con-
ditions including neurodegenerative diseases, psychiatric conditions, diabetes, obesity,
autism, and IBD [146]. Alterations in the normal populations of intestinal microbiota can
allow the proliferation of harmful bacterial strains and the toxins they produce. Celiac
disease and IBS are associated with a decrease in intestinal microbial diversity in gen-
eral, with alterations in Firmicutes/Bacteroidetes ratio and in members of the Proteobacteria
phylum [147,148]. For instance, elevated levels of endotoxins in the bloodstream such as
LPS, derived from the outer membrane of gram-negative bacteria, is a common alteration
that can cause a severe immune system response that leads to systemic inflammation and
sepsis. Peripheral blood mononuclear cells from patients with IBS show elevated levels of
pro-inflammatory cytokine release when challenged with LPS from Escherichia coli [149].
Similarly, Clostridium difficile, the bacteria responsible for diarrhea associated with overuse
of certain antibiotics and the etiology of pseudomembranous colitis, attacks the lining of the
intestine through the release of toxins A and B. Both toxins induce damage to the intestinal
epithelium, increase permeability of the mucosal barrier, and generate an inflammatory
response [150,151].
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3.3. Effects of nAChR Stimulation by Nicotine on Intestinal Microbiota Populations

As mentioned above, the composition of commensal intestinal microbiota is essential
for proper gastrointestinal function. Alterations in the proportion of certain bacterial strains
produce negative impacts that lead to the onset, progression, and/or maintenance of IBDs.
In relation to nAChRs, results from several studies have shown a disruptive effect from
nicotine on the composition of intestinal microbiota populations in mice [108,152]. During a
9-week smoking cessation period, an increase in Firmicutes and Actinobacteria and a decrease
in Bacteroidetes and Proteobacteria was found in human fecal samples [153]. In mice, chronic
oral administration of nicotine increased bacterial alpha-diversity including members of
the Lactobacillus and Lachnospiraceae genera and Firmicutes phylum [108]. Interestingly,
administration of nicotine in the drinking water of mice showed a sex-dependent effect
on the bacterial composition of the intestinal microbiome [152]. The relative abundance
of bacteria from the Christensenellaceae and Anaeroplasmataceae families showed significant
reductions in female mice after a 13-week exposure to nicotine whereas males showed
decreased Dehalobacteriaceae bacteria. Similarly, daily exposure to tobacco smoke increased
cecal Clostridium clostridiforme and decreased Lactoccoci, Ruminococcus albus, Enterobacte-
riaceae and Bifidobacterium compared to controls in mice and rats [154,155]. In addition,
SCFAs such as butyrate, propionate, and acetate were reduced by the effect of smoke
exposure [154]. Activation of the free fatty acid receptor 3 (FFA3) by SCFAs has been
shown to reduce colonic motility and abolish chloride secretion involving nAChRs via
G protein-coupled receptors in rats [156,157]. Thus, the composition of gut microbiota is
essential for maintaining the ability of the host organism to regulate intestinal inflammation
and respond to pathogenic organisms that target the intestinal tract. Table 4 lists the effects
of nicotine on the bacterial composition of gut microbiota.

Table 4. Effects of nicotine on gut microbiota and their function.

Effect on Bacterial
Levels

Effects on Gut Function Ref.

Bacteria

alpha-diversity Increased in mice Improvement of gut barrier function by production metabolites and
antimicrobial substances [108]

Lactobacillus Increased in mice Improvement of gut barrier function and prevent inflammation by
production of SCFAs, lactate and antimicrobial substances [108]

Lachnospiraceae Increased in mice Improvement of gut barrier function by production of beneficial metabolites
such as SCFAs [108]

Christensenellaceae Decreased in female
mice Development of metabolic syndrome [152]

Anaeroplasmataceae Decreased in female
mice Alteration of the intestinal transit [152]

Dehalobacteriaceae Decreased in male
mice Development of metabolic syndrome [152]

4. Potential Involvement of nAChRs in COVID-19 and Associated Dysbiosis

The Pathophysiology of COVID-19 May Involve α7 nAChRs and Inhibition of the CAP

In late December of 2019, a novel strain of coronavirus was reported in Hubei province,
China in patients with viral pneumonia and was determined to be similar to other coron-
aviruses that causes severe acute respiratory syndrome (SARS) [158]. The sequence of this
virus, SARS-CoV-2, was quickly determined and showed high similarity to other members
of the coronavirus family including SARS-CoV-1 and RaTG13 but with one notable dif-
ference [158]. Unlike SARS-CoV-1 and RaTG13, SARS-CoV-2 contains additional residues
(681-PRRA-684) between the S1 and S2 domains of the spike protein [159,160]. These
residues serve as a cleavage site for the furin enzyme and have been proposed to impart
increased infectiousness of SARS-CoV-2 relative to other members of the SARS-CoV family.
This hypothesis is controversial, however, and requires further investigation [161,162].
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Researchers at the Pasteur Institute and the Sorbonne in Paris, France observed that
the sequence of the furin cleavage site along with seven residues (674-YQTQTNS-680)
upstream and one arginine-685 residue downstream were similar to a motif found in
neurotoxins from Elapidea serpents [163] (Figure 2). This motif allows serpent neurotoxins
to bind to and inhibit nAChRs, most notably α7 nAChRs, which led Changeux and his
colleagues to hypothesize that inhibition of α7 receptors by the SARS-CoV-2 spike protein
may contribute to the pathophysiology of COVID-19 and specifically to elevated levels of
cytokines. Computational modeling experiments later suggested that the spike protein
may potentially interact with receptors that contain α7 subunits and/or α9-containing
subtypes [164]. Given the possibility that the spike protein interacts with α7 nAChRs,
inhibition of this receptor has been proposed as a contributor to the so-called ‘cytokine
storm’ through inhibition the CAP [163–165].

Figure 2. Cartoon representation of the SARS-CoV-2 spike protein trimer (green) showing the proposed domains that
interact with α7 and α9α10 nAChRs. Note that residues 675-QTNSPRRARSVA-686 are unresolved in this structure. Residues
highlighted in yellow are those that show homology with sequences of the three-finger neurotoxins from Elapidea serpents
including α-bungarotoxin from Bungurus multicintus and α-cobratoxin from Naja naja species [163]. Residues highlighted in
red have also been proposed to interact with α7 and α9α10 nAChRs [164]. Rendition of the spike protein was accomplished
using PyMOL [166] and adapted from Cai et al., 2020 (PDB:6XR8) [167]; rendition of the NSPRRAR sequence was adapted
from Daly et al., 2020 (PDB: 7JJC) [168].

SARS-CoV-2 not only produces acute respiratory distress but has shown a propensity
for inducing severe dysfunction of neurological, pulmonary, cardiovascular, and gastroin-
testinal systems. Some patients develop acute gastrointestinal distress including diarrhea
and vomiting which initially led to the assumption that patients with IBD would expe-
rience more severe gastrointestinal symptoms than those without due to the presence of
significant angiotensin-converting enzyme-2 receptor expression in the ileum and colon
as suggested by analysis of transcriptomics data [169]. In addition, immunosuppressive
therapies are often first-line treatments for IBD. However, analysis of clinical data has, in
fact, suggested the contrary leading to speculation that immunotherapies with biologics
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and other immune system modulators may actually reduce COVID-19-related symptoms
by suppressing the cytokine storm [170–173]. Similarly, pharmacological stimulation of α7
receptors and the CAP has been proposed as a mechanism to ‘calm the storm’ [174]. As
discussed above, α7 is highly involved in inflammatory conditions of the gastrointestinal
tract and low expression levels of α7 receptors are associated with worse outcomes in
Crohn’s, other IBDs, and sepsis [82,92]. The systemic presence of an antagonist of α7
receptors would almost certainly worsen the gastrointestinal symptoms associated with
COVID-19 by inhibiting the anti-inflammatory actions of the CAP. Therefore, treatment
with an agonist such as nicotine might be beneficial and do two things: (1) bind to the
ligand-binding site of α7 receptors and compete with or inhibit spike protein binding while
simultaneously activating the receptor, and (2) stimulate the CAP to inhibit the cytokine
storm. Indeed, such a treatment has been proposed by several authors [165,175,176].

The gastrointestinal symptoms associated with COVID-19, as experienced by some
patients, including increased prevalence of diarrhea and vomiting may cause alterations in
the gut microbiome and influence the severity of the disease [177,178]. COVID-19 has been
shown to be associated with reduced bacterial diversity in the gut and increased prevalence
of harmful strains of bacteria [179]. Analysis of fecal samples from patients with COVID-19
found differences in the gut microbiome in those with high fecal levels of SARS-CoV-2
mRNA compared to those with low levels of mRNA [180]. Specifically, patients with high
levels of viral mRNA showed increased prevalence, relative to those with low or no fecal
viral mRNA, of Collinsella aerofaciens and Morganella morganii, bacteria that are associated
with opportunistic infections in humans. By contrast, patients with low (or no) detectable
levels of viral mRNA showed higher levels of bacteria known to produce SCFAs including
members of Parabacteroides, Bacteroides, and Lachnospiraceae families. Therefore, alterations
in the gut microbiome in patients with COVID-19 may influence the course and severity of
the disease. Treatment of COVID-19 with probiotics to combat such alterations has been
suggested as a way to ameliorate COVID-19 symptoms [178,181].

5. Conclusions

The aim of this Review was to evaluate the involvement of nAChRs in the gut-brain
axis by examining their role in different physiological and pathophysiological processes
of the gastrointestinal tract. The extensive expression of nAChRs by neurons that inner-
vate gastrointestinal organs influences numerous physiological processes including gut
motility, sensory detection of signaling molecules released by other neurons, immune
cells, and bacteria. Importantly, control of gut inflammation through α7 and α9 nAChRs,
the vagus nerve, and the CAP is essential. We note that there is a surprising lack on
information concerning several important areas of nAChR research on the gut-brain axis.
First, sparse information is available detailing the functional nAChR subtypes expressed
by ENS neurons and glial cells. Research on the role of glial cells in general in gut function
is also lacking. Determining the subtype composition of these receptors is important in the
context of designing pharmacotherapeutics that treat IBD. Gene knock-out of CHRNA3
in mice produces gross ANS dysfunction, and certain human diseases of the gut involve
production of antibodies against α3 and β4 subunits. It is highly likely that ENS neurons
express the α3β4* subtype, but it is possible that multiple different subtypes containing α3
and β4 subunits are present, for example α3β2β4*, α3β4α5* and α3β2*, which are highly
expressed by other PNS neurons. Each of these nAChRs subtypes may show different
sensitivities to ligands. Nevertheless, it is critical that potential drugs used to treat IBD
be devoid of activity on α3β4 subtypes to avoid secondary side effects associated with
excessive activation or inhibition of α3β4 receptors. Additionally, sparse information is
available concerning the expression of the α7 subtype in the ENS and essentially nothing is
known about the expression of subtypes containing α9 subunits. Secondly, information
about the interaction of commensal bacteria and enterotoxins, produced by pathogenic
strains, with nAChRs is lacking. It is known that bacteria from Firmicutes species and from
Bacteroides and Eubacteria genera and other commensal bacteria produce SCFAs. These
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fatty-acid molecules reach millimolar concentrations in the intestines and are involved
in the esterification of choline. Choline and its various derivatives have been shown
to modulate the release of cytokines from murine macrophages and human monocytes
through α7- and/or α9-containing nAChRs as well as decrease chloride secretion from
intestinal epithelia. Alterations in SCFA-producing populations of bacteria may therefore
affect activities of nAChRs expressed by sensory neurons innervating the gut, ENS neurons,
and immune cells and ultimately affect regulation of gut homeostasis. Lastly, although
numerous studies detailing the effects of nicotine on gut microbiota have been reported,
little information is available concerning the effects of other nAChR compounds including
those listed in Table 2. In the context of pharmacotherapy of IBD with nAChR compounds,
it is important to determine the potential effects these compounds might have on com-
mensal bacterial populations. Clearly, more research is needed to elucidate the nAChR
subtypes expressed in the gut-brain axis, their interactions with bacteria, and the effects of
experimental nicotinic IBD therapeutics on commensal bacteria.
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Abstract: Emerging knowledge suggests an increasing importance of gut microbiota in health
and disease. Allergy and bone metabolism are closely interconnected, and the possible negative
effects of common therapies are not the only aspects of this relationship. The immune system is
influenced by the microbiota-host interactions, and several pieces of evidence suggest the existence
of an interplay between microbiota, bone metabolism, and allergies. Understanding these inter-
relationships is essential for the development of new potential strategies of treatment and prevention
targeting microbiota. A wide range of substances and germs, prebiotics and probiotics, are capable
of influencing and modifying the microbiota. Prebiotics and probiotics have been shown in several
studies to have different actions based on various factors such as sex, hormonal status, and age. In
this review, we summarize the latest knowledge on the topic, and we discuss practical implications
and the need for further studies.

Keywords: microbiota; gut microbiota; allergy; osteoporosis; bone metabolism; food allergy; skeletal
health; inflammation; osteoimmunology

1. Introduction

The term microbiota defines the whole of microorganisms, not only bacteria but also
fungi, protozoa, and viruses present in our organism. In particular, the human gastroin-
testinal tract is colonized by about 1013–1014 microorganisms, of which 15,000 different
bacterial strains are located mainly in the colon in a symbiotic relationship with the host [1].
In normal conditions, the microbiota is characterized by the predominance of obligate
anaerobic members of Firmicutes and Bacteroidetes phyla, which guarantee intestinal and
general health, while the loss of homeostasis, known as dysbiosis, is linked to the pro-
liferation of some bacterial populations such as the Enterobacteriaceae or the absence
of important commensal bacteria helps to create a more favorable environment for the
growth of pathogens, predisposing the organism to pathological conditions [2,3] (Figure 1).
According to what was recently reported in a study by the Human Microbiome Project and
the European consortium Meta HIT, the human intestinal bacterial flora, despite being com-
posed of a very high number of different species, can be divided into three most represented
genus: Bacteroides and Prevotella, belonging to the phylum Bacteroidetes, and Ruminococcus
belonging to the phylum Firmicutes [4]. In the time from birth to adulthood, the microbiota
undergoes numerous changes; in fact, the neonatal microbiota is precociously formed by
Escherichia coli of the birth canal followed by Bacteroides, Bifidobacteria, and Clostridium in
the first week of life and reaches stabilization already appearing similar to that of adults
only around 2–3 years old [5]. The intestinal microbiota has many important functions for
maintaining the health of the host, such as the formation and maintenance of the intestinal
barrier, through the production of short-chain fatty acids (SCFAs) resulting from the fer-
mentation of undigested nutrients, immunostimulation, and immunotolerance, synthesis

Int. J. Environ. Res. Public Health 2022, 19, 282. https://doi.org/10.3390/ijerph19010282 https://www.mdpi.com/journal/ijerph

175



Int. J. Environ. Res. Public Health 2022, 19, 282

of substances, metabolic-trophic function, metabolism of drugs and toxins [6]. The balance
between the intestinal microbiota and the host is maintained through various mechanisms,
including the secretion of gastric acid, mucus, bile salts, and mucous Ig, mucosal pH, in-
testinal motility, local and systemic immunity, and interactions between different microbial
species. An alteration in the microbiota-host relationship could potentially cause the onset
of gastrointestinal or extra-intestinal diseases, defined as “intestinal microbiota related
diseases”. Among the most known, we remember allergic diseases, inflammatory bowel
diseases, obesity, metabolic syndrome, type 1 and 2 diabetes, cardiovascular disease and
even osteoporosis (OP) [1].

 

Figure 1. The human gastrointestinal tract is colonized by about 1013–1014 microorganisms, of which
15,000 different bacterial strains are located mainly in the colon in a symbiotic relationship with the
host. In normal conditions, the microbiota is characterized by the predominance of obligate anaerobic
members of Firmicutes and Bacteriodetes phyla, which guarantee intestinal and general health, while
the loss of homeostasis, dysbiosis, linked to the proliferation of some bacterial populations such as the
Enterobacteriaceae or the absence of important commensal bacteria helps to create a more favorable
environment for the growth of pathogens, predisposing the organism to pathological conditions.

2. Osteoporosis

OP is defined as a systemic and metabolic bone disease characterized by a decreased
bone mass per unit of volume and a deterioration of the microstructure of the bone tissue,
thus increasing the risk of fracture caused by bone fragility. OP is a female-dominated
disease more common in postmenopausal women, with a male/female ratio of 1:6 [7,8]. In
physiological conditions, there is a balance between osteogenesis, promoted by osteoblasts,
and bone resorption by osteoclasts, regulated by a complex molecular mechanism in which
estrogens, parathyroid hormone, vitamin D, and inflammatory cytokines are important
factors [9–12]. Osteoblasts secrete the nuclear factor receptor activator ligand κB (RANKL),
which interacts with the RANK receptor, a member of the tumor necrosis factor family
expressed by osteoclasts and their precursors. The RANK/RANKL interaction, which
promotes the differentiation and survival of osteoclasts, is controlled by the soluble decoy
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receptor Osteoprotegerin (OPG), a natural inhibitor of RANKL. The alteration of these
mechanisms, therefore, leads to the prevalence of the RANK /RANKL interaction and to
increased bone resorption with consequent OP [13–16]. It has been observed that the loss
of estrogens, a condition typical of the postmenopausal state, increases the expression of
proinflammatory cytokines, namely interleukin (IL)-1, IL-6, IL-7, IL-17 TNFα, Macrophage
colony-stimulating factor (MCSF), and RANKL by osteoblasts, T cells and B cells. Among
these cells, T helper lymphocytes (Th)17 are thought to play a particularly critical role in
bone loss associated with estrogen deficiency while, regulatory T cells (Tregs) are capable of
producing different cytokines, including Transforming Growth Factor (TGF) beta 1, IL-4 and
IL-10, inhibiting bone resorption, and reducing the production of effector cytokines [17–22].

3. Microbiota and Osteoporosis

The microbiota can, through the regulation of mineral absorption of calcium, phos-
phorous, and magnesium and the production of incretins, serotonin, and gut-derived
factors, influence the health of bone. Many studies have already shown that the intestinal
microbiome is closely related to bone metabolism, the absorption of bone minerals in
physiological conditions, and to the pathogenesis of OP [8,23–25].

In the studies carried out by Collins et al., it was observed that bone mass was higher
in germ-free (GF) mice than in conventional mice; GF mice also had a reduced number
of osteoclasts per bone surface and a reduced frequency of CD4+ T cells and osteoclast
precursors in their bone marrow [23]. These results varied following colonization of the
germ-free gut with a conventional microbiota, suggesting the beneficial action of probiotics
in the prevention of OP [26].

Uchida et al. found that, comparing the primary osteoblasts isolated from alveolar
bones and scalps of the GF mice and the osteoblasts isolated from the specific pathogen-free
(SPF) mice, the last expressed substantially more osteocalcin, alkaline phosphatase (ALP),
and insulin-like growth factor-I/II (IGF-I/IGF-II), with a decreased ratio of OPG/RANKL.
In the end, the bone density of SPF mice was lower than GF mice, indicating that the gut
microbiome has a greater regulatory impact on osteoclasts and bone density [27].

Another important study conducted by Jing-Jing Ni et al. about the valuation of the causal
relationship between gut microbiota to bone mineral density (BMD) discovered that an increase
in the Clostridiales class and in the Lachnospiraceae family was negatively correlated to BMD,
demonstrating the causal relationship between microbiota and bone development [28].

Significant changes in the intestinal microbiota were observed in patients with OP. In
fact, while in healthy controls, the composition of the intestinal microbiota was given by the
maximum presence of Bacteroides, Faecalibacterium, and Prevotella, in OP patients, it was possible
to observe a variation of the bacterial composition with an increase in the proportion of Firmicutes
and a decrease in the proportion of Bacteroidetes than in healthy people [29].

The diet is therefore essential for the absorption of nutrients and for the composition
of the microbiota; high consumption of fats is associated with a reduction in the Bacteri-
odetes/Firmicutes ratio and metabolic imbalances for the host, as found in patients with
OP. On the contrary, a low-calorie diet removes harmful substances, leading to beneficial
effects for the host [30,31]. An important role concerning the composition of the intestinal
microbiota is played, also, by the use of antibiotics. Prolonged therapy can change the
normal composition of the bacterial flora, altering its biological metabolism. This leads
to impaired intestinal absorption, especially a deficiency of minerals important for bone
health, thus contributing to the development of OP [32].

The link between the microbiota and BMD is now established; in particular, bacterial
overgrowth has been associated with malabsorption and the consequent alteration in the
metabolism of calcium, carbohydrates, vitamins B and K, essential elements for bone
metabolism. Furthermore, a high concentration of probiotics Lactobacillus reuteri and
Bifidobacterium longum facilitate the absorption of calcium, magnesium, and phosphorus,
increasing BMD. Some species of Lactobacilli, intervening in the degradation of proteins
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present in milk, are the main ones responsible for the beneficial effects of milk found in
bone health [33–35].

Alterations of the microbiota are able to lead to a dysfunction of the intestinal barrier
with an increase in serum lipopolysaccharide (LPS) and consequent increase in intestinal
permeability and osteoclasts survival [36,37].

Moreover, the intestinal microbiota is able to influence bone metabolism both di-
rectly, through the production of SCFAs, above all butyrate, and through the influence
on metabolic hormones such as serotonin, an important factor in the development and
maintenance of bone.

SCFAs play a very important role in bone formation and mineralization, acting on the
osteoprotegerin pathway, suppressing the RANKL pathway, and influencing the glucagon-
like peptide 1, involved in osteoblast-adipocyte differentiation of bone mesenchymal stem
cells [38–43] (Figure 2).

Figure 2. SCFAs play a very important role in bone formation and mineralization by acting on the
osteoprotegerin pathway, reducing osteoclastogenesis by suppressing the RANKL pathway, and
reducing the pH of the intestinal tract by subsequently increasing the absorption of minerals.

A mechanism underlying the changes in the gut microbiota in patients with OP has
been hypothesized to involve the immune-inflammatory axis as a key bridge linking the
intestinal microbiota to bone metabolism [44–48].

In particular, the microbiota can increase TNF-α, one of the activators of the RANK-
RANKL pathway, which leads to increased bone resorption by altering bone homeostasis
in mice [23].

Finally, the microbiota also appears to influence flavonoids and diethylstilbestrol,
estrogens of intestinal origin, whose alteration influences bone homeostasis, being the
estrogen deficiency directly involved in the risk of postmenopausal OP [49,50].

It is possible to hypothesize the modulation of the microbiota as a therapy limiting the
progress of the OP in addition to conventional therapies. One of the strategies that can be
used is the administration of probiotics, live microorganisms that restore intestinal perme-
ability, improve the immune barrier function of the intestine, promote the production of
IgA, and inhibit the release of proinflammatory cytokines. Several studies were conducted
to evaluate the beneficial action of probiotics on the prevention of primary OP, highlighting
complex bone protection mechanisms.

Particularly in vitro studies, Lactobacillus reuteri was able to inhibit the differentiation of
osteoclasts from monocytic macrophages, releasing an anti-osteoclastogenic factor capable
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of modulating osteoclastogenesis [51]. Furthermore, a secreted component of Lactobacillus
reuteri was sufficient to inhibit TNFα-induced suppression on pre-osteoblastic cells [52]. It
has also been shown that Lactobacillus reuteri secretes histamine, capable of suppressing the
production of TNFα by human monocytoid cells [53]. Lactobacillus helveticus and Lactobacil-
lus casei have a direct effect on bone cells [54]. In particular, the addition of Lactobacillus
helveticus fermented milk products to primary bone marrow cultures showed an increased
calcium accumulation in osteoblast cultures, suggesting its role as an enhancer in osteoblast
differentiation [55]. Both Lactobacillus rhamnosus GG (LGG) and the commercially available
probiotic supplement reduce expression of TNFα, IL-17, and RANKL in cells isolated from
the small intestine and bone marrow in mice who underwent ovariectomy [56].

The mechanisms by which probiotics act in human cells are very complex and not
fully explored. The direct action of probiotics on osteoclasts must be considered limited in
humans, while probably a key role is played in the intestine. Bacteria have been shown to be
essential for the synthesis of numerous vitamins and enzymes required for matrix formation
and bone growth, including Vitamin D, K, C, and folate. Furthermore, bacteria of the genus
Bifidobacteria are capable of producing SCFA, which can reduce the pH of the intestinal
tract by subsequently increasing the absorption of minerals. Some studies demonstrate
that Lactobacillus reuteri is able to suppress the gene expression of proinflammatory and
pro-osteoclastogenic cytokines, both in the intestine and in the bone marrow. Probiotic
bacteria can directly increase calcium transport across the intestinal barrier by reducing
intestinal inflammation [25,51,57–61].

The results showed that probiotic preparations prevent increased intestinal perme-
ability caused by the depletion of sex steroids, thus limiting the production of osteoclasts.
This serves as a proof of concept that the gut microbiome and probiotic preparations are
involved in trabecular bone loss caused by sex steroid deficiency [8].

4. Allergy

Food allergy (FA) is an unexpected reaction resulting from an immunological alteration,
in which a specific and reproducible immune response is triggered by the ingestion of food
antigens normally tolerated by the population [62].

Although the prevalence rate of FA is variable in relation to age and geographical
location, about 10% of the population is affected by FA, with a prevalence in childhood and
in developing countries [63–65]. All foods can cause FA, but the most commonly involved
are peanuts, cow’s milk, hen’s egg, tree nuts, fish, shellfish, wheat, seeds, and soy [66]. The
essential process for avoiding the development of FA is oral tolerance. It derives from oral
exposure to food antigens and is mediated by dendritic cells (DCs), able to stimulate the
differentiation of naive T cells into positive forkhead box P3 (Foxp3) T cells that produce
IL-10, leading to the inhibition of sensitization to specific food allergens. Proinflammatory
cytokines produced by intestinal epithelial cells in association with pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) lead to
the production of inflammatory cytokines that switch antigen-presenting cells into a proin-
flammatory phenotype, increasing Th2 cells, that drive the allergic response through the
production of IL-4, the expansion of eosinophils and mast cells and the isotypic switch
of B cells towards the production of IgE. The onset of FA is linked to the breakdown of
oral tolerance. The first phase of sensitization, at the first contact with the antigen, leads to
the production of specific IgEs, which are anchored to specific receptors on mast cells and
basophils. At the second contact with the allergen, the cells are activated by the binding of
the antigen to the IgEs, releasing various mediators including histamine, TNF-α, platelet
activation factor (PAF), leukotrienes, IL-4, IL-5, IL-9, IL-13, IL-31, and IL-33, which lead to a
range of symptoms from the skin to life-threatening one [67,68].

Increasing evidence suggests that the gut microbiome contributes to the pathophysiol-
ogy of such inflammatory disorders [69–72]. In particular, dysbiosis is associated with the
pathogenesis of food allergies (Table 1) [73–84].

179



Int. J. Environ. Res. Public Health 2022, 19, 282

Table 1. Association between the most frequent food allergy and microbiota.

Food Allergy Associated Bacteria

Cow’s milk ↓Clostridia, Firmicutes

Cow’s milk, egg, peanut ↑Enterobacteriaceae
↓Bacteroidaceae

Peanut ↓Clostridiales
↑Bacteroidales

Egg white, cow’s milk, wheat, peanut, soy bean ↓Bacteroidetes
↑Firmicutes

Bacteroidetes and Firmicutes makeup 90% of the microbiota and are involved in the
pathogenesis of FA. The association with FA has been identified especially for Clostridia
species, able to increase the production of Treg, with resulting inhibition of allergic in-
flammation and promotion of oral tolerance. Bacteroides fragilis, a species of Bacteroidetes,
was also capable of producing polysaccharide A (PSA), which increased the suppressive
capacity of Treg cells and the production of IL-10 by Foxp3 + T cells in a murine study.
Several studies identify a lower abundance of bacterial class Clostridia, phylum Firmicutes,
in children with food allergy compared to healthy children [3].

Fazlollahi M. et al. studied 141 children with egg allergy compared with healthy
controls, highlighting a preponderance of Lachnospiraceae, Streptococcaceae, and Leu-
conostocaceae in the early gut microbiome of children with egg allergy. The association
found between the presence of the families of Lachnospiraceae and Ruminococcaceae and egg
sensitization has, therefore, led the authors to identify the early diversity of the microbiota
in egg-sensitized children as a target for preventive or therapeutic interventions [81].

Intestinal microorganisms such as Clostridium leptum, Eubacterium rectal, and Faecal-
ibacterium prausnitzii, are able to produce SCFA, whose fermentation produces butyrate,
propionate, acetate, and valerate with a higher concentration in the colon. SCFAs have di-
rect immune-modulatory effects and are a key factor in promoting immunological tolerance
towards harmless antigens and preventing inflammation (Figure 3).

Figure 3. SCFAs effects in immunological tolerance: induce gut dendritic cells (DC) to express retinal
aldehyde dehydrogenase (RALDH), with result in the production of retinoic acid that upregulates
expression of the gut-homing integrins α4β7 on peripheral regulatory T cells (Treg); promote immune
tolerance, regulate the antibody response through the production of IgA and IgM; stimulate the
production of anti-inflammatory mediators such as IFNγ and IL-10, which induce the expansion
of Treg cells and the suppression of proinflammatory T helper 17 (Th17) and Th2 cells; reduce the
production of proinflammatory cytokines including IL-1β, IL-6, and IL-17.
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In addition to the production of SCFA, intestinal bacteria also produce polyamines
(PA) (spermidine, spermine, putrescine, cadaverine) essential for maintaining the intestinal
barrier function through upregulation of junctional proteins.

The rise of food allergy in modern society has led to the postulation of the hygiene
hypothesis, according to which lack of early childhood exposure to infectious agents sup-
presses the development of the immune system with the rise of atopic diseases. Recent work
has revisited the hygiene hypothesis model to include mode of delivery, antibiotic intake,
diet, and synthetic chemicals as factors in altering gut microbiota [3]. After the introduction
of the complementary diet, the composition of the microbiota varies according to the diet
applied with evident compositional differences between a diet rich in fiber, characterized
by Alistipes, Bilophila, and Bacteroides, and higher abundance of Roseburia, Ruminococcus,
and Eubacterium, and diet rich in fat. In general, Lactobacillus, Clostridium, Ruminococcus,
Peptostreptococcus, and Bacteroides are species that, through the catabolization of tryptophan,
are able to regulate the immune response and the proliferation of T lymphocytes with
consequent induction of the expression of the IL-10 receptor-1 (IL-10R1) and inhibition of
proinflammatory cytokines [85]. In this context, it is clear that a diet that is higher in fat
but low in fiber, like the Western one, maybe the cause of the increased prevalence of FA in
Western countries [86].

About that, Mckenzie et al. have described the “nutrition-gut microbiome-physiology
axis”, an essential link between diet, gut microbiota, and allergic diseases. It was also
shown that food diversity was associated with greater expression of Foxp3, suggesting
a protective effect of a diversified diet against the development of FA. On the contrary,
reduced Foxp3 expression was present in children with a less diversified diet [1].

Data supporting the ability of the microbiota to influence allergic sensitization was
found in mice treated with antibiotics and GF, which developed greater allergic sensitization
than controls. In particular, Jiménez-Saiz R et al. demonstrated that eosinophil-deficient
GF mice had intestinal fibrosis and were less prone to allergic sensitization than GF con-
trols, establishing the role of the microbiota in regulating the frequency and activation of
eosinophils in the intestinal mucosa [87].

More commonly, Clostridiales and Lactobacillales appear to have beneficial effects
on food tolerance, while Bacteroidales and Enterobacteriales have ambivalent effects. In
particular, children with AD and FA had a microbiota more colonized by Escherichia coli
and Bifidobacterium pseudocatenulatum and less by Bifidobacterium adolescentis, Akkermansia
muciniphila, Bifidobacterium breve, and Faecalibacterium prausnitzii compared to children with
AD without FA. The authors, therefore, established an association, also in this case, between
early colonization with potentially more pathogenic bacteria, such as Clostridium difficile
or Stafilococcus aureus, and the development of FA, and vice-versa colonization with more
beneficial bacteria such as Bifidobacteria and food tolerance [1]. In particular, studies in the
literature have revealed the desensitizing effects of Lactobacillus rhamnosus GG in cow’s milk
and in peanut allergy [3,88,89].

The World Allergy Organization (WAO), regarding probiotic supplementation, con-
cluded that there was weak evidence to support their action in reducing the risk of devel-
oping allergic disorders in pediatric patients but that nevertheless, a small reduction in risk
could be connected [90].

5. Discussion

The alteration of the microbiota appears to be a common ground for both OP and FA. In
particular, an altered intestinal barrier can be considered common damage to both diseases.
The intestinal barrier is defined as a functional unit that constantly balances the antigenic
charge of the intestinal lumen with a complex immunological and non-immunological
organization of the intestinal mucosa. It performs two fundamental functions for the
survival of the individual: allow the absorption of nutrients and defend the body from
the penetration of harmful macromolecules mediated by the tight junctions of the apical
epithelial cells. It has recently been observed that tight junctions are regulated in their
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functioning by cytokines produced in the intestine and can be altered by various factors,
including alcohol consumption, dietary imbalances, and the action of bacterial toxins [91].
Alteration of the intestinal barrier and the gut microbiota cause the development of an
important inflammatory substrate in the intestine, which leads to FA and the loss of estrogen
typical of primary OP. A study by Li et al. found that depletion of hormones increases
inflammation in the intestine through a greater antigenic load that crosses the intestinal
barrier [22]. Estrogens seem to have an ambivalent role in promoting the development
of allergic diseases and the degranulation of mast cells in association with exposure to
allergens. Andrè et al. also found involvement of the use of oral contraceptives in the
etiology of urticaria and chronic angioneurotic edema [91].

The intestinal microbiota is also able to influence the estrogens circulating level through
the secretion of β-glucuronidase, an enzyme that activates them. The integrity of the intesti-
nal barrier, normally preserved by the presence of four phyla, Bacteriodetes, Firmicutes,
Actinobacteria, and Proteobacteria, is altered by dysbiosis, in which the reduction in cell-cell
junctions increases intestinal permeability, resulting in bacterial translocation inducing a
systemic inflammatory state at the basis of various pathological processes. Furthermore, it
is important to underline that dysbiosis leads to a reduced deconjugation of estrogens with
a reduction in their circulation, leading to the activation of CD4 + T cells. CD4 + T cells
produce RANKL, OPG, and TNF-α, promoting osteoclast activation and bone absorption
through the OPG- RANK-RANKL signal transduction pathway.

There is evidence that the inflammatory process is at the basis of both OP and FA. Several
proinflammatory and anti-inflammatory mediators are involved in the immunopathogenesis
of FA, in which allergens can stimulate Th1, Th2, and Th17 cytokines in a heterogeneous way.
Kara et al. [92] have hypothesized the monitoring of cytokines such as TNF-α and IL-6 in the
follow-up of patients with FA, while Nadelkopoulou et al. [93] have investigated the role of
IL-10 in the treatment of FA. TNF-a and IL-1 are also the main cytokines involved in bone
metabolism and bone loss related to estrogen deficiency. The role of IL-33 is being debated [94],
its activity contributing to the development of various allergological conditions through its
action on mast cells, eosinophils, Th2 cells, Tregs, natural killers, basophils, dendritic cells, and
activated macrophages, but at the same time appears to have a protective role on bone by
inhibiting RANKL-dependent osteoclastogenesis [91–99].

Bone health is highly dependent on diet and nutritional style that determines the
type of microbiota in host organisms. The intestinal microbiome, in fact, contributes to
the production of proteins and enzymes related to digestion and energy metabolism since
it ferments undigested nutrients transforming them into SCFA, leading to a decrease in
intestinal permeability and greater absorption of minerals such as calcium. There are
several factors linked to the microbiota that unite OP and FA; in particular, a key role is
played by SCAF with immunomodulatory and anti-inflammatory effects, exercised through
the promotion of immune tolerance, the production of IgA and IgM, the reduction in the
production of proinflammatory cytokines including IL-1β, IL-6, and IL-17 [41], and the
production of anti-inflammatory IFNγ and IL-10 with consequent expansion of Treg cells
and suppression of proinflammatory Th17 and Th2 cells.

The strong influence of the diet on the microbiota and consequently on the OP and
allergic manifestations has led to evaluate the fundamental role of nutrition. In fact, a diet
rich in fat can reduce the absorption of essential elements for bone health, including vitamin
D, K, C, and folate. Moreover, the high-fat diet of Western countries is one of the factors
that can contribute to the increased prevalence of allergies in Western countries [100].

Diet-induced obesity has been demonstrated to be a factor of increased susceptibility for FA,
and in particular, the microbiota associated with the high-fat diet was found to be able to increase
the propensity for FA as evidence of the connection between diet-microbiota and FA [101]. It has
been reported that heat-killed lactic acid bacteria (LAB) increased the percentage of peripheral
CD4 + CD25 + Foxp3 + Treg cells and relieve symptoms in the pollen season when administered
to patients with mild Japanese cedar pollinosis. Although not through the microbiota, LAB is
thought to act directly on the immune system. In particular, increased Treg, along with SCFA,
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is considered a promising target for improving both allergies and bone metabolic balance [102].
Roduit et al. analyzed the levels of SCFA in fecal samples of 301 children at the age of 1, reporting
that children with the highest levels of butyrate and propionate were less likely to suffer from
asthma by the age of 3 and 6 years and showed significantly lower allergic sensitization with a
decrease in food allergy risks and allergic rhinitis diagnosis. More recently, Cait et al. examined
the role of bacterial butyrate production in the gut during early childhood in the development of
atopic disease and concluded that the lack of genes encoding key enzymes for both the breakdown
of carbohydrates and the production of butyrate was the basis of allergic sensitization [1].

Although OP and allergies are two conditions with a high prevalence in the general pop-
ulation and the relationship between fracture risk and allergic diseases such as asthma, atopic
dermatitis, urticaria, FA is now well established, to date, we do not yet have adequate epidemio-
logical studies on the prevalence of allergies in patients with OP [103–109]. This probably partially
depends on the recent recognition of their interrelationship other than the difficulty in including all
together so many “allergic” pathologies with such different peculiarities. The currently available
data in the literature refer to single pathologies and limited series. Furthermore, the available
studies evaluate the presence of OP in allergic diseases and not the prevalence of allergies in
patients with OP. Even in recent studies conducted to evaluate the prevalence of comorbidities
in subjects with OP, no data relating to allergies emerge [110], probably because there is still not
enough awareness of the influence of allergic disease on bone health. Furthermore, the retro-
spective analysis conducted in Italy on 64.852 subjects at high risk for fracture collected between
2016 and 2020, through the DeFRAcalc79, does not take into account allergic diseases among the
variables for calculating the risk of OP [111].

Vitamin D plays an important role in the pathogenesis of OP and also in the regulation
of intestinal tight junctions, leading to the hypothesis that its deficiency may compromise
the integrity of the barrier or induce alterations in the composition of the intestinal micro-
biota, increasing the risk of FA and of OP. Vitamin D, in fact, is important in the maintenance
of bone health through the regulation of serum calcium homeostasis. The lack of vitamin D
increases bone resorption in order to maintain the right serum calcium levels, making up
for the lack of calcium reabsorbed by the gut induced by vitamin D deficiency [112].

Sardecka-Milewska et al. found that children with cow’s milk allergy have lower serum
concentrations of vitamin D than healthy children [113]. The role of vitamin D in the development
of FA is further confirmed by Koplin et al., who documented an attenuated association between
low serum levels of vitamin D and food allergy only in subjects with polymorphisms associated
with lower levels of vitamin D-binding protein. This involvement of vitamin D in FA could be
linked to the ability of vitamin D to induce the expression of IL-10 by Treg cells, leading to oral
tolerance and its maintenance [114,115].

Finally, it is also essential to remember the relationships between microbiota and microRNA
(miRNA). The latter are small non-coding RNAs capable of regulating gene expression. The impor-
tance of the role of miRNAs in many pathological conditions [116–118],
including allergies [119] and OP [120,121], is emerging. Being able to fully understand the
relationship between miRNA and microbiota could allow to have new disease markers and pave
the way for new targeted and personalized therapeutic strategies [122].

The importance of the unaltered microbiota is underlined by the fact that the growing
tendency to use antibiotics leads to impaired intestinal absorption with a deficiency of
minerals important for bone health, thus contributing to the development of OP, on the other
hand, the use of antibiotics compromises the development of oral tolerance mechanisms
leading to increased development of FA.

On this basis is founded the use of prebiotics and probiotics for beneficial modulation of
the intestinal microbiota both in OP and in allergological pathologies. For example, it has been
shown that LGG is able to reduce the expression of TNFα, IL-17, and RANKL in cells isolated
from the small intestine and bone marrow of mice, decreasing bone resorption, and also have
desensitizing effects in cow’s milk and peanut allergy [45,88]. The data in this review based on
the current literature highlight how the microbiota and some bacterial species can influence the
propensity to develop diseases, including allergies and OP. In particular, the supplementation of
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beneficial bacteria and diet corrections seems to improve the outcome and prevent the onset of
these diseases.

6. Conclusions

Although further studies are needed on the topic, current evidence shows the driving
role of the microbiota and its modulation on both bone remodeling and allergic sensitization
processes. The full understanding of the existing interplay between microbiota, bone
metabolism, and allergies can design new pathophysiological scenarios and open new and
stimulating horizons for preventive and therapeutic strategies.
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