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Instituto de Investigación

Sanitaria del Principado de

Asturias (ISPA)

University of Oviedo

Spain

Nuria Salazar

Instituto de Investigación

Sanitaria del Principado de

Asturias (ISPA)

University of Oviedo

Spain

Silvia Arboleya

Instituto de Investigación

Sanitaria del Principado de

Asturias (ISPA)

University of Oviedo

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nutrients (ISSN 2072-6643) (available at: https://www.mdpi.com/journal/nutrients/special issues/

Microbiome Aging).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-5363-4 (Hbk)

ISBN 978-3-0365-5364-1 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Silvia Arboleya, Sonia González and Nuria Salazar
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Maria J. Rodrı́guez-Lagunas and Francisco J. Pérez-Cano
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Aurelijus Burokas

The Microbiota–Gut–Brain Axis and Alzheimer’s Disease: Neuroinflammation Is to Blame?
Reprinted from: Nutrients 2021, 13, 37, doi:10.3390/nu13010037 . . . . . . . . . . . . . . . . . . . 173

Leónides Fernández, Irma Castro, Rebeca Arroyo, Claudio Alba, David Beltrán and

Juan M. Rodrı́guez

Application of Ligilactobacillus salivarius CECT5713 to Achieve Term Pregnancies in Women with
Repetitive Abortion or Infertility of Unknown Origin by Microbiological and Immunological
Modulation of the Vaginal Ecosystem
Reprinted from: Nutrients 2021, 13, 162, doi:10.3390/nu13010162 . . . . . . . . . . . . . . . . . . . 197

Lien Meirlaen, Elvira Ingrid Levy and Yvan Vandenplas

Prevention and Management with Pro-, Pre and Synbiotics in Children with Asthma and
Allergic Rhinitis: A Narrative Review
Reprinted from: Nutrients 2021, 13, 934, doi:10.3390/nu13030934 . . . . . . . . . . . . . . . . . . . 229
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Diet and Microbiome in Health and Aging
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After several years of research, sufficient evidence has been found supporting that diet
is one of the main factors able to modulate both composition and activity of the intestinal
microbiota, thus positioning it as a cornerstone in the host-microbiota interface. The gut
microbiota plays a crucial role in the maintenance of normal host physiology. The rapid
development of next-generation sequencing methods for nucleic acids, in the last decade,
has facilitated in-depth studies of gut microbiome composition and function.

The articles collected in this Special Issue of Nutrients journal are intended to con-
tribute to the progress of knowledge in the field as well as the basis for putative dietary
interventions aimed at counteracting microbiota dysbiosis. These novel papers deal with
the study of the relationship of diet on the intestinal microbiota from the early stages of life,
deepening in certain pathologies, particularly relevant in this period of life, such as allergies,
autism or overweight, up to adulthood and senescence. In addition, comprehensive review
papers on hot topics such as the gut-brain axis, or the potential benefits of probiotics and
prebiotics in the diet for allergy modulation were included. By providing updated and
contrasted data, the authors propose several hypotheses that will be addressed in future
research, which will undoubtedly arouse the interest of Nutrients journal readers.

The correct establishment of the gut microbiota at early life is known to be a milestone
process for the later health of humans. Exponential studies during the last years have
correlated aberrant gut microbiota colonization at the beginning of life with impairment
on the intestinal, immune or nervous systems development [1]. Overweight, allergic
diseases or neurodevelopmental disorders, like autism spectrum disorder (ASD), have been
associated with gut microbiota alterations. Therefore, studying the composition of the gut
microbiota at early life to be used as a predictor or to be target for modulation, is of great
interest to prevent possible future diseases. In this context, Gonzalez et al. [2] evaluated the
link between gut microbes and infant weight gain in the course of the first year of life in a
cohort of full-term one-month aged neonates. They found significant associations between
specific microbial groups and higher weight at 6 and 12 months, albeit being differently
in vaginally and C-section delivered babies. Those gut microbes could be considered as
potential microbial predictors for later weight gain.

The study of the connection between gut microbes, their metabolites and brain is
currently favorable. Recent studies provide a close correlation of gut microbiota with
different behavioral and cognitive traits, becoming a key stimulus during the first stages
of neurodevelopment [3]. The exhaustive review by Johnson et al. [4] summarized the
putative mechanisms implicated in the microbiome-brain interaction in the context of
ASD. Genetic, environmental and epigenetic factors take part in an etiology puzzle that
is not yet fully understood, in which the gut microbiome but also the mother’s vaginal
and oral microbiomes are playing a role. The authors highlighted diet and probiotics as
gut microbiome modulators promising breakthrough interventions in the direction to get
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more individualized treatment approaches with lower side effects to guarantee the best
clinical outcomes. Atopic diseases like asthma and allergic rhinitis often begin in early
childhood when intestinal microbiota is underdeveloped. Evidence clearly supports a role
for gut colonization in promoting and maintaining a balanced immune response in early
life, thus this period could be considered as a window of opportunity [5]. Meirlaen et al. [6]
aimed in their review to investigate if prevention and/or treatment of those atopic diseases
could be accomplished by targeting gut microbiome. They performed an up to date search
including both animal and clinical studies where probiotics, prebiotics or synbiotics were
administered for the prevention or treatment of asthma and allergic rhinitis. The authors
concluded that the current evidence is not enough to make recommendations of the use in
children mainly due to the large heterogeneities derived from clinical study designs, but
highlighted the benefits arisen from controlled pre-clinical studies. In concordance, they
pointed out the need of well-designed and standardized studies to further clarify the action
of those compounds on atopic diseases.

Diet has been identified as one of the main factors influencing gut microbiota modula-
tion from early life, with breastfeeding as the greatest influencer at this time. In adulthood,
solid evidence supports that long-term diets modulate the composition of the major mi-
crobial communities inhabiting the colon [7]. However, nowadays no reliable tool for
calculating the healthiest dietary pattern in terms of microbiota has been identified for
different diseases or adult life stages. We have a broad understanding of the impact of diet
on the gut microbiota but formulating meaningful targeted dietary strategies remains a key
challenge. In this sense, the work reported by Ruiz-Saavedra et al. [8] compared people over
50 years of age in different dietary indices, widely used in the literature, evaluating their
potential for predicting the composition of the intestinal microbiota together with several
other indicators of inflammatory state and oxidative stress, which are of special relevance
in the aging process. On the other hand, some dietary components as well as isolated foods,
have also demonstrated the capacity to modulate the intestinal microbiota at different levels.
In this direction, the consumption of coffee in the regular diet, in a sample of healthy people
aged between 19 and 95 years, has been associated with intestinal microbiota composition
by González et al. [9]. In this descriptive and observational work, novel hypotheses have
been proposed for the modulation of the Bacteroides-Prevotella-Porphyromonas group, associ-
ated in several studies with improved metabolic health, through coffee or the polyphenols
contained in this beverage.

The impact of functional foods including probiotics, prebiotics and other bioactive
compounds in the gut microbiota and host health has been evaluated in this Special is-
sue through two in vivo murine models and a clinical trial. Massot-Cladera et al. [10]
demonstrated that multivitamin and mineral supplementation together with prebiotic
fibers (inulin and acacia gum) for 4 weeks differentially modulated gut microbiota compo-
sition, mineral absorption, and some immune and metabolic biomarkers in Wistar adult
rats. Intestinal immune enhancement was reported in inulin-enriched supplement whereas
acacia fiber supplement had stronger prebiotic activity, which may favor increasing min-
eral absorption. In another preclinical trial employing also diabetic type 2 Wistar rats,
Toejing et al. [11] assessed the potential antidiabetic properties of the strain Lactobacillus
paracasei HII01 isolated from the fermentation of northern Thai pickle. The strain was
tested alone or in combination with the first-line drug antidiabetic drug metformin during
a 12 weeks’ period and potential beneficial effects were observed. The authors demon-
strated that L. paracasei HII01 enhanced glycemic parameters including improvement in
glucose intolerance, insulin, leptin and lipids levels, insulin-signaling proteins including
from skeletal muscle that are involved in insulin-stimulated glucose uptake. This strain
in diabetic rats also modulated the rat’s gut microbiota reducing the plasma endotoxemia
and systemic inflammation and increased caecum short chain fatty acids levels. The results
suggested that there were no synergistic effects of metformin and probiotic L. paracasei
HII01 but the data pointed out that this strain could be considered as a complementary
supplement dietary strategy for type 2 diabetic patients.
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The importance of the correct vaginal microbiota composition in vaginal health and
success in pregnancy was also assessed by Fernández et al. [12]. The authors reported
differences in vaginal parameters (pH, Nugent score, microbiota composition and soluble
immune factor levels) between women with reproductive failure and fertile women. The
lowest vaginal pH values and Nugent scores were associated with vaginal communities
dominated by lactobacilli, while those with the highest pH values and Nugent scores
were associated with a depletion of lactobacilli. Moreover, for the first time an antibiotic-
associated depletion of vaginal lactobacilli was associated with long-term health, infertility
and lower pregnancy success rates. The administration of the strain Ligilactobacillus salivar-
ius CECT5713 for 6 months was also tested by the first time to women with reproductive
failure and resulted in improved reproductive success by the modulation of the gut micro-
biota and it also induced several changes in biochemical and immunological parameters in
women who got pregnant. These results demonstrated that the assessment of the microbial
profiles in the reproductive tract should be evaluated in cases of reproductive failure of
unknown cause or origin and the administration of L. salivarus CECT5713 is a novel and
promising strategy to modulate the reproductive tract microbiome in order to increase
the success of pregnancy. Moles et al. [13] in a comprehensive review, also assessed the
dietary changes across human history and the evolution of the gut microbiota as result to
these changes. They disclose the power of diet over one-off treatments, such as probiotics
or prebiotics, on the gut microbiota modulation and highlighted the need to unravel the
diet-host-microbiota interaction to achieve a preventive and personalized medicine.

Demographic aging is a global challenge. Through its impact on various levels such
as the immune system, digestive tract or cognitive impairment, the intestinal microbiota
is a potential target for enhancing life quality throughout old age. With this aim, van
Soest et al. [14] have studied the effect of the administration of a Mediterranean diet, rich
in fresh fruits and vegetables, on inflammatory status and cognitive decline in European
individuals over 65 years of age belonging to the NU-AGE cohort. While confirming a
positive association between the consumption of a pro-inflammatory diet rich in animal
products with a more pro-inflammatory microbiota, no impact on the cognitive decline of
the participants was observed. Undoubtedly, slowing down cognitive decline along with
the prevention of conditions such as Alzheimer’s disease is one of the major challenges
of the nutrition field in the elderly in the last decade. The comprehensive review by
Megur et al. [15] analyzed clinical and experimental studies highlighting the key role of
gut microbiota dysbiosis in the development of Alzheimer’s disease. Several mechanisms
of action are proposed through which the microbiota could act as a communicator between
the gut and the brain.

In another study, the supplementation of isolated polyphenol rich fractions from
blueberry (BB) employing in vitro fecal batch fermentations demonstrated the differential
effects of the blueberry ingredients on the fecal microbiota composition in the artificial colon
model [16]. Moreover, the same authors in a pilot clinical study reported that freeze-dried
whole BB consumption by healthy female volunteers in two age groups (young and older)
for 6 weeks changed the gut microbiota composition. The BB consumption produced higher
effects in microbiota diversity in older women and its modulation was associated with
antioxidant activity in healthy adults. These results support the idea that BB consumption
is related with beneficial effects by both the polyphenolic and fiber content of this fruit and
could be potentially used for a healthy ageing.

Some recent research has also suggested that physical activity, independent of diet,
may impact positively on the composition of the microbiome, however this is not yet
elucidated at the extremes of life. On the basis of evidence indicating that physically active
seniors had better gastrointestinal health [17]. Fart et al. [18] explored gut microbiota
composition and diversity in elderly people, according to their physical activity. Results
showed significant reductions in the proportion of some microorganisms such as Para-
sutterella excrementihominis and Bilophila wadsworthia associated with a beneficial effect on
gastrointestinal health.
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The collection of articles included in this Special Issue evidenced some of the current
progress on the knowledge about the effects of diet on host health through the gut micro-
biota modulation. Understanding the complex and dynamic interaction between dietary
exposures and gut microbiota throughout lifespan can help to elucidate their potential role
in different pathologies and to guide future strategies for the prevention and treatment
of diseases.

Author Contributions: Conceptualization, S.A., S.G., N.S.; writing—original draft preparation S.A.,
S.G., N.S.; writing—review and editing, S.A., S.G., N.S. All authors have read and agreed to the
published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Coffee consumption has been related to a preventive effect against several non-transmissible
pathologies. Due to the content of this beverage in phytochemicals and minerals, it has been proposed
that its impact on health may partly depend on gut microbiota modulation. Our aim was to explore
the interaction among gut microbiota, fecal short chain fatty acids, and health-related parameters
in 147 healthy subjects classified according to coffee consumption, to deepen the association of the
role of the (poly)phenol and alkaloid content of this beverage. Food daily intake was assessed
by an annual food frequency questionnaire (FFQ). Coffee consumption was categorized into three
groups: non-coffee-consumers (0–3 mL/day), moderate consumers (3–45 mL/day) and high-coffee
consumers (45–500 mL/day). Some relevant groups of the gut microbiota were determined by
qPCR, and concentration of fecal short chain fatty acids by gas chromatography. Serum health
related biomarkers were determined by standardized methods. Interestingly, a higher level of
Bacteroides–Prevotella–Porphyromonas was observed in the high consumers of coffee, who also had
lower levels of lipoperoxidation. Two groups of coffee-derived (poly)phenol, methoxyphenols
and alkylphenols, and caffeine, among alkaloids, were directly associated with Bacteroides group
levels. Thus, regular consumption of coffee appears to be associated with changes in some intestinal
microbiota groups in which dietary (poly)phenol and caffeine may play a role.

Keywords: coffee; (poly)phenol; gut microbiota; Bacteroides

1. Introduction

Coffee is one of the most consumed non-alcoholic beverages worldwide and it may exert different
effects at a physiological level [1]. Although it has traditionally been considered as a beverage with
very low nutritional value, epidemiological evidence suggests that moderate coffee consumption
may reduce the risk of chronic diseases such as metabolic syndrome, obesity, type 2 diabetes [2],
cardiovascular diseases [3], or some types of cancer [4–6]. Coffee may impact directly on the host
gastrointestinal physiology by increasing intestinal motility and reducing intestinal transit time [7,8]. Some
of these widely described benefits of coffee have been attributed to its high content in non-nutritional
compounds such as phenolic compounds, fibers, minerals, and caffeine [9], which may also influence
host metabolic pathways related to health maintenance. From these compounds, caffeine, (poly)phenols,
and fibers are able to reach and exert some of their effects in the large intestine, being fermented by
the gut microbiota [10]. Thus, given the pivotal role that microbiota plays on human nutrition and
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health [11], it is possible that some of the beneficial effects of the coffee components may be related
with the participation of the gut microbiota in the metabolism of such compounds. Interventional
studies analyzing the impact of a moderate coffee intake during three weeks in a healthy population
have reported an increase of Bifidobacterium [9], sometimes also linked to a decrease of Clostridium
and Escherichia coli [9,12–14]. Regarding other bacterial groups, such as Bacteroides, the results in
the literature remain controversial [9,13,15,16]. Among the possible mechanisms to explain these
associations, data from in vitro studies pointed to a direct relationship between chlorogenic acids
and selective changes on the Blautia coccoides–Eubacterium rectale group [10] and between caffeine
and the abundance of the Lactobacillus species [17]. Based on previous evidences indicating that
theobromine, an alkaloid present in coffee, can enhance (poly)phenol absorption in the intestine [18],
a synergistic effect for phenolic compounds and alkaloids on the intestinal microbiota at this location
may be plausible. To date, most of the studies analyzing the impact of coffee on the composition of
the intestinal microbiota come from in vitro, animal, or intervention studies. However, to the best
of our knowledge, no observational studies are currently available analyzing the impact of regular
coffee consumption on fecal microbiota, taking into consideration the influence that the content of this
beverage in caffeine and phenolic compounds may exert on the microbiota. This information would
contribute to expand the existing knowledge about the impact of coffee on gastrointestinal physiology
and therefore, on health maintenance.

2. Subjects and Methods

The study included 147 participants, with ages ranging from 19 to 95 years and body mass index
(BMI) scores between 19.0 and 39.0 kg/m2 who were recruited in Asturias (Atlantic coast of Spain).
Volunteers were cited individually, informed about the study, and gave informed written consent before
enrolment. Inclusion criteria were the absence of diagnosed immune or digestive related pathologies as
well as non-consumption of corticoids, immunosuppressive drugs, monoclonal antibodies, antibiotics,
or immunotherapy, and not having consumed probiotics or prebiotics as dietary supplements during
the previous month.

The study was approved by the Bioethics Committee of CSIC (Consejo Superior de Investigaciones
Científicas) and the Regional Ethics Committee for Clinical Research (Servicio de Salud del Principado
de Asturias n 13/2010).

2.1. Nutritional Assessment

Participants were instructed to maintain their usual dietary pattern before the study. Regular
food intake was assessed by trained personnel in a personal interview of approximately 1 h duration,
using an annual semi-quantitative food frequency questionnaire (FFQ), previously validated [19,20].
Methodological issues about dietary assessment were published elsewhere [18]. Food consumption
was transformed into energy and macronutrients intake using the food composition tables of
CESNID (Centro de Enseñanza Superior de Nutrición Humana y Dietética) [21]. Caffeine intake was
estimated from the United States Department of Agriculture (USDA) food composition database [22].
The polyphenols content in foods was completed using the Phenol Explorer database that compiled
detailed information from over 400 foods and beverages, including coffee [23] and fiber components,
and were ascertained using the Marlett et al. food composition tables [24].

At the time of carrying out the blood extraction, height and weight were taken by standardized
protocols previously described [25] in order to calculate the BMI by the formula: weight (kg)/height (m2).

2.2. Blood Biochemical Analyses

Fasting blood samples were drawn by venipuncture and centrifuged (1000× g, 15 min). Plasma
and serum aliquots were kept at −20 ◦C until analyses. Plasma glucose, cholesterol, and triglycerides
were determined by standard methods. Serum C-reactive protein (CRP) levels were determined by
ELISA (CRP Human Instant ELISA, Ebioscience, San Diego, CA, USA), and malondialdehyde (MDA)
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by using the Byoxytech LPO-586 assay (Oxis International S.A., Paris, France) [26]. Serum leptin was
determined by using the Human Leptin ELISA Development Kit 900-K90 (PeproTech Inc., Rocky Hill,
NJ, USA) according to the manufacturer’s instructions.

2.3. Fecal Collection and Microbial Analysis

Participants were provided with a sterile container for fecal sample collection; after deposition
samples were immediately frozen at −20 ◦C and transported to the laboratory. For analyses, samples
were melted at room temperature (24 ± 2 ◦C), weighed, diluted 1/10 in sterile PBS, and homogenized
(LabBlender 400 Stomacher, Seward Medical, London, UK) for 4 min; the DNA was extracted using the
QIAamp DNA stool mini kit (Qiagen, Hilden, Germany) as described elsewhere [27]. Quantification
of different bacterial populations, covering the major bacterial groups present in the human gut,
was achieved in a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using
SYBR Green PCR Master Mix (Applied Biosystems) [27] (Table 1). One microliter of template fecal DNA
(~5 ng) and 0.2 μM of each primer were added to the 25 μL reaction mixture. PCR cycling consisted
of an initial cycle of 95 ◦C 10 min, followed by 40 cycles of 95 ◦C 15 s, and 1 min at the appropriate
primer−pair temperature. The number of cells was determined by comparing the Ct values obtained
from a standard curve as previously described [27]. Fecal DNA extracts were analyzed and the mean
quantity per gram of fecal wet weight was calculated for each bacterial group.

Major short chain fatty acid (SCFA), acetate, propionate, and butyrate were analyzed by gas
chromatography from the supernatants of 1 mL of the homogenized feces as previously indicated [28].
A chromatograph 6890N (Agilent Technologies Inc., Palo Alto, CA, USA) connected to a mass
spectrometry detector (MS) 5973N (Agilent Technologies) and a flame ionization detector (FID) was
used for identification and quantification of SCFA, respectively, as described previously [29].

Table 1. Primers and annealing temperatures used for the quantification of intestinal microbial groups
by qPCR.

Microbial Group Primer Sequence (5′-3′) Tm. (◦C)

Akkermansia F: CAGCACGTGAAGGTGGGGAC
R: CCTTGCGGTTGGCTTCAGAT 60

Bacteroides-Prevotella-Porphyromonas F: GAGAGGAAGGTCCCCCAC
R: CGCKACTTGGCTGGTTCAG 60

Bifidobacterium F: GATTCTGGCTCAGGATGAACGC
R: CTGATAGGACGCGACCCCAT 60

Clostridia cluster XIVa group F: CGGTACCTGACTAAGAAGC
R: AGTTTYATTCTTGCGAACG 55

Faecalibacterium prausnitzii F: GGAGGAAGAAGGTCTTCGG
R: AATTCCGCCTACCTCTGCACT 60

Lactobacillus group F: AGCAGTAGGGAATCTTCCA
R: CATGGAGTTCCACTGTCCTC 60

Adapted from Reference [28].

2.4. Statistical Analyses

Statistical analysis was performed using the IBM SPSS program version 24.0 (IBM SPSS, Inc.,
Chicago, IL, USA). Goodness of fit to the normal distribution was analyzed by means of the
Kolmogorov−Smirnov test. When the distribution of variables was skewed, the natural logarithm of
each value was used in the statistical test. For descriptive purposes, mean values are presented on
untransformed variables. Differences in general and anthropometric characteristics, blood parameters,
gut microbial groups, and fecal SCFA were assessed in accordance to tertiles of coffee intake through
multivariate analyses adjusted by age, gender, BMI, and energy, based on the strong evidences linking
these factors with human microbial composition. Pearson correlation was conducted to elucidate the
interplay between caffeine and polyphenols from coffee and intestinal microbiota. The conventional
probability value (0.05) for significance was used in the interpretation of results. Results obtained from
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the sample analysis were plotted using Microsoft Excel Software version 2016 (Microsoft Corporation,
Redmon, Washington, USA). Data resulting from the Pearson correlation tests were plotted using
GraphPad Prism version 8 for Windows (GraphPad Software, San Diego, CA, USA).

3. Results

The general characteristics of the sample are described in Table 2 according to the coffee tertiles.
No statistically significant differences were found based on coffee consumption for any of the variables
evaluated, with the exception of age, which was lower in subjects with the highest consumption of
coffee (tertile 3).

Table 2. General characteristics of the study sample according to coffee consumption tertiles.

Characteristic

Coffee (mL/day)

T1 (0–3)
(n = 49)

T2 (>3–45)
(n = 49)

T3 (>45–500)
(n = 49)

Age (years) 58.8 ± 18.62 a 67.57 ± 14.77 b 47.10 ± 10.86 c
Gender (% female) 69% 71% 71%

BMI (kg/m2) 28.08 ± 4.52 a 27.32 ± 3.55 a 26.73 ± 5.16 a
Sleep duration (h/day) 6.78 ± 1.06 a 6.73 ± 1.07 a 7.00 ± 1.31 a

Energy intake (Kcal/day) 1906.93 ± 494.27 a 1776.89 ± 531.64 a 2040.23 ± 622.47 a
Coffee consumption (mL/day) 0.15 ± 0.59 a 27.53 ± 11.14 b 151.84 ± 92.10 c

Tobacco user (%) 25% 28% 25%
Depositions (nº/week) 8.89 ± 6.26 a 6.49 ± 2.68 b 7.74 ± 3.84 a,b

All values are shown as mean ± standard deviation (SD). Values in the same row showing a different subscript
present a statistically significant difference (p ≤ 0.05). Tobacco user refers people with smoking-habit at the time of
the study.

The possible existence of a dietary pattern linked to coffee consumption was explored, as shown
in Figure 1.

 

Figure 1. A radar plot representing differences in dietary patterns according to coffee consumption
(mL/day) tertiles. * p ≤ 0.05.

8



Nutrients 2020, 12, 1287

From the 19 items analyzed, only a moderate increase in the consumption of greens and vegetables
was found across coffee tertiles, this being higher in tertile 3. As expected, since coffee is usually
consumed with sugar, significant differences were also observed in the intake of non-alcoholic beverages
and sugar products. In spite of this, the scarce differences found do not allow for a differential dietary
pattern in the high-consumers group to be defined. When the average counts of the major gut microbial
groups were analyzed, based on coffee consumption tertiles (Table 3), the sole difference observed
was a significantly higher level of Bacteroides-Prevotella-Porphyromonas in tertile 3. Nevertheless,
no differences were detected in fecal levels of SCFA according to coffee consumption, neither in the
studied serum biomarkers, with the exception of MDA, an indirect biomarker of lipid peroxidation,
whose concentration was lower in tertile 3.

Table 3. Differences in gut microbiota composition, fecal short chain fatty acids concentration (SCFA),
and serum markers according to coffee consumption tertiles.

Coffee (mL/day)

T1 (0–3) T2 (>3–45) T3(>45–500)

Model 1. Microbial group (Log n cells/gram feces) (n, 138) *
Akkermansia 5.70 ± 0.40 a 5.76 ± 0.33 a 6.30 ± 0.36 a

Bacteroides-Prevotella-Porphyromonas 8.03 ± 0.27 a 8.74 ± 0.27 a,b 9.14 ± 0.30 b
Bifidobacterium 7.61 ± 0.26 a 7.73 ± 0.26 a 8.19 ± 0.28 a

Clostridia cluster XIVa group 7.48 ± 0.29 a 7.49 ± 0.29 a 7.50 ± 0.31 a
Lactobacillus group 6.28 ± 0.27 a 5.97 ± 0.27 a 5.97 ± 0.29 a

Faecalibacterium prausnitzii 7.10 ± 0.17 a 7.29 ± 0.17 a 7.51 ± 0.19 a

Model 2. Fecal SCFA concentration (mM) (n, 132) *
Acetic acid 36.77 ± 2.51 a 36.80 ± 2.48 a 33.99 ± 2.58 a

Propionic acid 12.55 ± 1.09 a 13.97 ± 1.08 a 12.56± 1.12 a
Butyric acid 10.17 ± 1.18 a 10.90 ± 1.17 a 10.10 ± 1.21 a

Model 3. Blood parameters *
Serum MDA (μM) (n,102) 2.51 ± 0.11 a 2.28 ± 0.07 a,b 1.89 ± 0.20 b

C reactive protein (mg/L) (n,108) 1.37 ± 0.24 a 1.27 ± 0.17 a 0.69 ± 0.46 a
Leptin (ng/mL) (n,102) 11.05 ± 1.21 a 11.15 ± 0.85 a 8.34 ± 2.34 a
LDL–HDL ratio (n,125) 2.51 ± 0.18 a 2.86 ± 0.13 a 2.85 ± 0.35 a

Triglycerides (mg/dL) (n,125) 121.70 ± 11.12 a 122.08 ± 7.80 a 103.14 ± 21.44 a
Glucose (mg/dL) (n,125) 100.12 ± 5.62 a 103.05 ± 3.94 a 103.73 ± 10.84 a

Antioxidant capacity (mM) (n,72) 0.36 ± 0.02 a 0.34 ± 0.01 a 0.34 ± 0.04 a

* Results obtained from multivariate analyses adjusted by age, gender, BMI, and energy. Values in the same
row showing different subscripts present a statistically significant difference; (p ≤ 0.05). MDA, malondialdehyde;
LDL, low density lipoprotein; HDL, high density lipoprotein.

Coffee is a dietary source of various bioactive compounds including (poly)phenols and alkaloids
(Figure 2). At the compound level, the major phenolic compounds provided by coffee were caffeoylquinic
and feruloylquinic acids among hydroxycinnamics, and guaiacol from methoxyphenols (Figure 2A).
As shown in Figure 2B, coffee was the major contributor to the intake of caffeine in the sample,
explaining more than 90% of its consumption.
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Figure 2. Representation of (A) the contribution of each coffee phenolic compound in the sample and
(B) the dietary caffeine sources in the sample.

Furthermore, the linear relationships between coffee derived dietary components and the
microbiota was estimated through Pearson’s correlation test and are presented graphically in
the heatmap of Figure 3. From the different phenolic compounds analyzed, those derived from
coffee have shown the highest correlation with intestinal microbial groups together with caffeine.
While metoxyphenols and alkylmethoxyphenols were correlated with the levels of the Bacteroides–
Prevotella–Porphyromonas group with a r = 0.177 and 0.182, respectively, caffeine intake was directly
associated with fecal Bacteroides levels (r = 0.200).
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Figure 3. A heatmap showing Pearson correlations among intestinal microbial groups (Log n cells/gram
feces), fecal short chain fatty acids (mM), polyphenol groups (mg/day), and alkaloids (mg/day), from
coffee and other dietary sources. Columns correspond to major intestinal microbial groups and fecal
SCFA; rows correspond to dietary polyphenols and alkaloids. Blue and red colors denote negative
and positive association, respectively. The intensity of the colors represents the degree of association
between variables. Asterisks indicate significant associations: * p ≤ 0.05; ** p ≤ 0.01.

4. Discussion

Our results represent a first step in broadening the knowledge of the association between the
regular intake of coffee and fecal microbiota in an apparently healthy human population, suggesting a
possible implication of coffee phenolic compounds and caffeine in this relationship.

The mean consumption of coffee is highly variable in the study sample, ranging between 0 and
500 mL/day, in a similar way to that observed in other European countries with a Mediterranean-type
dietary pattern, such as Italy or Greece [30]. Given the absence of a reference value to establish coffee
consumption levels, tertiles have been used to categorize the sample. The defined cut-off points are
coherent from a methodological point of view, since they group non-coffee-consumers (0–3 mL/day) in
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tertile 1, moderate consumers (3–45 mL/day) in tertile 2, which could correspond to those subjects
consuming a little cup of coffee per day of the so-called Italian coffee, and the tertile 3 of high consumers.
Still, it must be taken into account that this tertile 3 has a lower mean intake of coffee than what
has been reported in other countries, such as Germany [30]; therefore, our data may not be directly
extrapolated to other countries with different trends in coffee consumption. It is also important to note
that important differences in the coffee preparation procedures exist among different consumers and
different countries. In our case, the mean coffee intake in tertile 3 is slightly lower than the range of
400–600 mL [9], associated with a protective effect against various pathologies [3,31]. Interestingly,
in some studies the long-term consumption of seven cups of coffee per day has been associated with a
reduction in the risk of metabolic syndrome, obesity, and type 2 diabetes [32,33]. However, since the
coffee cup volume could vary from 150 mL to 300 mL among the studies included in the meta-analysis
of Grosso et al. [32] indicated just before, extrapolations to our results are limited.

In some impaired health conditions, alterations in the intestinal microbiota have been described,
mainly a decrease in the abundance of Bacteroides and/or an increase in the Firmicutes/ Bacteroidetes
ratio [34–36]. In line with this, we have found higher fecal levels of the Bacteroides-Prevotella-
Porphyromonas group in the high coffee consumers, supporting previous evidences in humans and
animal models having higher fecal levels of these microorganisms in groups of better metabolic
status [34–36]. It is tempting to speculate about this potential association; however, given the descriptive
nature of this cross-sectional study, we cannot establish cause–effect relationships or directionality.
Members of the phylum Bacteroidetes have been hypothesized to reduce intracellular oxygen levels,
thus favoring the growing of anaerobic species which could promote the maintenance of intestinal
balance, and they are identified as key glycan degrading bacteria [37,38] being more able to metabolize
polyphenols than other groups such as Firmicutes. In this sense, coffee polyphenols explained a
20% of total polyphenol intake in the subjects with the highest consumption (tertile 3). Therefore,
we hypothesized that at an equivalent total intake of polyphenols, the physiological effect of these
compounds may differ among subjects depending on their dietary origin. It has been demonstrated
that coffee-derived polyphenols were able to interact with intestinal bacteria in a bidirectional way:
polyphenols may modify the gut environment [39], and/or they can be catabolized by intestinal bacteria
converting them into a large variety of compounds with greater antioxidant activity than the compound
of origin [40]. Despite some coffee-derived phenolic compounds, such as chlorogenic acid, having been
associated in in vitro studies with important antioxidant and anti-inflammatory effects [41–44], we did
not find differences in serum antioxidant capacity or in C-reactive protein, depending on the coffee
consumption levels. Several factors may explain these results. Firstly, it is possible that the amount
of coffee consumed in this sample was insufficient to observe a differential effect among tertiles, and
secondly, subjects with low coffee consumption received polyphenols through other foodstuffs, thus
ultimately achieving a similar polyphenol intake to the high coffee consumers (mean intake of 1604.4
and 1487.7 mg/day in T2 and T3 respectively, p = 0.533). Considering the high impact of phenolic
compounds on gut microbial modulation, future human intervention studies analyzing the impact of
coffee on fecal microbiota [9] should evaluate the intake of dietary and specific coffee polyphenols.

Moreover, there is evidence from animal research showing that caffeine administration counteracts
shifts in the ratio, Firmicutes/Bacteroides, resulting from a western diet [45]. Although we cannot
attribute the observed differences in fecal microbial composition to a single compound, caffeine has
been positively correlated in this work with most of the gut microbial groups analyzed. In turn,
evidences of lower MDA concentrations in high coffee consumers may be in consonance with data in the
literature describing the down-regulation effect of caffeine on lipid binding proteins and consequently
in lipogenesis [46–49].

At the time of interpreting these results, the limited sample size should be considered. Nonetheless,
we have found associations whose consistency and strength justify further research. Human experimentation
in healthy subjects is limited by the logistical problems associated with carrying out direct measurements.
Fecal SCFA accounts for only 5% to 10% of SCFA production that is not absorbed in the colon [50].
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The FFQ is one of the most valid dietary tools in order to describe subjects’ regular dietary intake.
However, to accurately quantify the coffee derived polyphenols, it would be advisable to register more
detailed information about coffee such as the variety, the amount of powder used, ground grain size,
and the final volume obtained [30]. Since we did not have individuals with daily intakes greater than
500 mL, it would be desirable in the future to be able to expand this group to deepen the association
between this beverage and intestinal microbiota and oxidative stress, and to determine whether this
would be dose dependent.

5. Conclusions

The interaction between coffee consumption, a modifiable factor, and intestinal bacteria may be
useful for the development of dietary strategies in humans focused on diverse pathologies where the
concentration of the Bacteroides group was altered.
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Abstract: The human microbiome is emerging as an interesting field in research into the prevention
of health problems and recovery from illness in humans. The complex ecosystem formed by the
microbiota is continuously interacting with its host and the environment. Diet could be assumed to
be one of the most prominent factors influencing the microbiota composition. Nevertheless, and in
spite of numerous strategies proposed to modulate the human microbiota through dietary means,
guidelines to achieve this goal have yet to be established. This review assesses the correlation between
social and dietary changes over the course of human evolution and the adaptation of the human
microbiota to those changes. In addition, it discusses the main dietary strategies for modulating the
microbiota and the difficulties of putting them properly into practice.

Keywords: gut microbiota; Western diet; chronic disease; prebiotic; probiotic

1. Introduction

The human gut microbiota is a complex ecosystem formed by thousands of microorganisms that
play an important role in human immune and metabolic functions, among others. It is estimated
that more than 1000 species and 3 × 1013 microbial cells live in or on us, being similar in number to
human cells [1–3]. In terms of complexity and richness, the microbiota is even larger considering its
genome (the microbiome). Specifically, the human microbiome has at least 100-fold more genes than
the human genome; besides this, only 10% of the microbiome is shared between individuals. Therefore,
the human microbiome is a unique fingerprint, and its richness and variability may explain its ability
to adapt fast to environmental conditions [4–6].

The human microbiome is a relatively new field, but in recent years research into it has been
increasing exponentially. The importance of the microbiota was underlined by it starting to be
considered an organ in itself [4,5,7–9]. As the so-called “forgotten organ” [10] and considering its
wide-ranging interaction with the host, research in this field could contribute to our understanding of
many health problems that, so far, have proven difficult to tackle. In this context, the association of
the human microbiota with health and disease is being intensively studied, and every day evidence
emerges relating dysbiosis in the microbiota to more health problems, including diverse gastrointestinal
and neurological disorders such as colitis, obesity, irritable bowel syndrome, Alzheimer’s disease,
autism, or multiple sclerosis; allergies; and some types of cancer (Figure 1) [11–17].
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Figure 1. Host microbiota interactions and their relationship with disease.

The gut microbiota is especially moldable during infancy and notably stable in adulthood [18].
The limited microbiota present at birth undergoes dramatic changes before reaching the relative
equilibrium that is characteristic of adulthood [7–9,19–21]. It is precisely in infancy when factors
modulating the microbiota have the most marked influence [8,18,22]. Diet has been recognized as one
of the strongest modulators of infant microbiota. In fact, numerous studies have described differences
in the gut microbiota of breastfed and formula-fed infants [23,24]. It is believed that once the microbiota
reaches an equilibrium (at 2–3 years of life), it is much more difficult to restore and modulate its
composition. Once in adulthood, the gut microbiota remains relatively stable but diet continues to
determine its composition. Studies carried out evaluating the microbiota associated with different
diets in adulthood agree on the dominant presence of Prevotella in the gut of vegetarians, while levels
of the genus Bacteroides and overall levels of the phylum Firmicutes are higher in people following
diets high in protein and animal fats [25–27].

Consequently, it seems evident that our diet has the potential to modulate our microbiota. In this
context, the aim of this study is to outline the challenges in dietary modulation of the microbiota,
reviewing evolutionary changes in both diet and gut microbiota, their potential relationship, and
consequences for human health and subsequently examining the strategies available for modulating
the microbiota.

2. Dietary Changes across Human Evolution

Nutrition is one of the basic needs for a living being to survive and grow. Without a doubt, the
human diet has dramatically changed from the time of first hominids to the present, and the changes
have been especially fast and marked over the last 100 years [28]. Here, we describe the main features
that have characterized these modifications in human diet.

2.1. Ancient Diet

The first hominids based their diet on plants gathered and animals hunted in the wild. Though
relatively little is known about this time, it is believed that plants were the main foods eaten, while
meat was limited to days on which hunting was successful. It is important to highlight that the ratios
of plant to animal contributions of the hunter-gatherer diet are still controversial [29,30]; nevertheless,
data from the current hunter-gatherer populations around the world suggest the predominance of
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plant food [22,31–37]. The development of the ability to control fire had a great impact on many
aspects of human life. It provided protection from predators and warmth and light and was a
determinant factor in the development of cooking. Cooking contributes to food energy accessibility by
the efficient denaturing of proteins and starch gelatinization; it also preserves foods for longer periods
by substantially reducing foodborne pathogens [38–40].

Another feature that caused marked dietary changes was the domestication of plants and animals.
Agriculture allowed the availability of food to, more or less, meet the demand, and is considered a key
element in the emergence of community life and civilization [38]. The spread of agriculture had other
consequences, however; in particular, it led to a reduction in nutritional intake diversity.

2.2. First Civilization’s Diet

Populations from the first civilizations were able to produce their own food to meet their energy
requirements. Dietary patterns were characterized by the development of the first fermentable foods,
such as bread, beer, yoghurt, and wine. Furthermore, for centuries—though there were differences
between civilizations and cultures—dietary habits were generally based on the consumption of
carbohydrate-dominant foods (such as potato, rice, maize, wheat, and vegetables), probably because
these were the most easily accessible [41,42].

Protein intake was primarily from legumes, as proteins of animal origin were only consumed
occasionally [38,41–43]. Animal domestication facilitated access to meat and animal-derived products;
nevertheless, cattle slaughter was commonly carried out only once or twice a year, and the meat
obtained was used to supply whole families. On the other hand, the techniques used to preserve meat
and fish were still quite limited; epidemics, famines, and wars marked civilizations for long periods,
restricting access to valuable products, including animal-derived foods. Therefore, animal proteins
remained a minor component of diets [38] (Figure 2).

Figure 2. Drivers of dietary trends and their relation to microbiota composition and changes in
human health.
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2.3. Modern Diet

Demographic and lifestyle changes, such as urbanization, the abandonment of rural areas, and the
increase in women working outside the home, have marked current populations. Through the 1990s,
the worldwide growth in the use of antibiotics and industrialization in ranching and agro industries
led to a new revolution in food technology and production. Together, these changes had a huge impact
on food production and dietary habits [38].

On the one hand, globalization and advances in agriculture have nearly eliminated the seasonality
of foods in developed countries [44]. Indeed, food availability is such that individuals have a wide
choice of what to eat. On the other hand, the adaptation of consumer behavior to modern lifestyles has
led to the demand for safer and longer-lasting food; this, in turn, has driven industry to increase the use
of additives and develop new preservation technologies. Cooking has become a secondary concern, as
the consumption of and demand for pre-cooked and ready-to-eat products has exponentially increased.
These products must be tasty as well as easy to prepare and store; in this context, the addition of fats,
sugar, and salt is imperative in meeting these requirements [45]. In addition, competitive markets force
producers to use cheap ingredients in processed foods, and these are hardly ever the healthiest ones [46].
All these changes underlie the food industry’s transition from the natural products consumed by our
ancestors to the processed products currently available, which tend to be high in artificial and added
ingredients such as preservatives, colorants, fats, sugar, and salt (Figure 2) [44,47,48].

2.4. What the Numbers Say

Global industrialization has facilitated these changes in diet and, notably, similar changes are
observed in many countries despite differences in culture, lifestyle, and culinary traditions. According
to the annual food balance sheets published by the Food and Agriculture Organization (FAOSTAT
database; http://www.fao.org/faostat/en/#home), calorie intake has been increasing over recent decades.
From the 1960s to the present (last data from 2013), the world’s average energy intake has increased by
nearly 500 kcal per capita per day (Figure 3). The origin of this calorie increase is slightly different in
developed and developing countries. While the consumption of meat, sugars, and vegetable oils has
increased in developing countries, developed countries have seen rises in meat and fat intake [44].
The Food and Agriculture Organization data show that the increase in energy intake in European
Union countries is approximately twice that observed in developing countries (Table 1).

Figure 3. Increase in calorie intake in different regions over the last 50 years.
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The dietary pattern involving a high intake of saturated fats and sucrose and a low intake of fiber is
commonly known as a “Western diet”. Diet is one of the strongest modulators of chronic inflammation
and Western diets represent a growing health risk, contributing to higher rates of metabolic diseases
and inflammation [31,47,48].

3. Human Gut Microbiota Evolution

The human microbiota has been structured by its biological interaction with its host, and
the resultant ecosystem is the consequence of thousands of years of evolution [49]. Furthermore,
microbes have impressive abilities to spread, interact, and adapt to the environment; hence, microbial
communities should not be considered in isolation, but rather as part of an interacting community [50].
The knowledge in this relatively new field is still quite limited. In fact, it is difficult to know the extent
to which the human microbiome has been shaped by the selective pressure of modern diet, hygiene,
antibiotic exposure, built environment, and lifestyle [51]. Despite these limitations, the following
paragraphs attempt to outline the current knowledge on gut microbiota composition and its evolution.

3.1. Defining “Healthy Microbiota”

In general, it is accepted that only four bacterial phyla dominate the human microbiota (Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes), while others (Chlamydiae, Cyanobacteria,
Deferribacteres, Deinococcus–Thermus, Fusobacteria, Spirochaetes, or Verrucomicrobia) may be
found at lower abundances [52–55]. Strict anaerobes, mainly represented by members of the phyla
Bacteroidetes and Firmicutes, dominate the gut, outnumbering aerobe microorganisms by 100- to
1000-fold [56–60]. Facultative anaerobes account for less than 1% of the microbiota and are mainly
represented by the family Enterobacteriaceae and the genera Enterococcus and Lactobacillus [19].

Despite research efforts, there is no consensus on a detailed description of a “normal” or “healthy”
microbiota. The enormous complexity and inter-individual variability in the microbiota make this goal
very hard to achieve with current tools. Microbial richness (number of species) and diversity (variety
and relative abundance of the species in a niche) are global parameters associated with health. Stability
has also been considered as a key feature of a healthy microbiota, and this is related to the concepts of
resistance (ability of a community to resist change in the context of ecological stress) and resilience (its
ability to return to an equilibrium state following a stress-related perturbation).

Nevertheless, the idea that there is an ideal composition of the microbiota seems too simplistic.
In fact, it minimizes the importance of microbiota–host interactions, individual genomic differences,
and variations in susceptibility to disease, all of which probably play a determining role in shaping
the microbiota. An alternative concept consists of characterizing the collection of genes and
metabolic pathways provided by the microbiome rather than just the microbiota composition. This
approach is probably more appropriate, but also requires a greater in-depth knowledge of the human
microbiome [59].

In any case, it should be a priority to reach a consensus on the definition of a healthy microbiota
in order to clarify the goal of strategies for microbiota modulation.

3.2. Clustering Individuals According to Their Microbiota Composition

As a step towards defining the composition of a healthy gut microbiota, an interesting publication
clustered the fecal microbiota of a healthy cohort into three so-called “enterotypes”. Each cluster was
characterized by the presence of some highly abundant genera that defined the group and many less
abundant genera. Enterotype 1 was enriched in the genus Bacteroides and enterotype 2 in Prevotella,
while enterotype 3 was dominated by Ruminococcus. The dominant genera tended to be observed
together with other minority ones (Parabacteroides, Desulfovibrio, and Akkermansia, respectively) that,
despite their low abundance, performed specialized functions beneficial to the host and are important
for defining the enterotype. Though each enterotype preferred certain routes for generating energy,
which suggests a specialization to their ecological niches [54], the data available support the idea
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that the gut microbiota is characterized by a high functional redundancy. In fact, 25% to 43% of the
enzymatic functions of the microbiota have been found to be shared, regardless of the enterotype to
which the microbiota belonged [21,60].

Some years later, another publication associated these enterotypes with long-term diets.
The Bacteroides enterotype was strongly associated with a variety of amino acids from animal proteins
and saturated fats, and therefore with Western diets. In contrast, the Prevotella enterotype was closely
associated with carbohydrates and simple sugars, indicating an association with typical diets of
agrarian societies [25].

A recent publication uses a metagenomic approach to classify individuals according to the number
of gut microbiota-encoding genes as “low gene count” (LGC) or “high gene count” (HGC), depending on
whether their microbiota harbor fewer or more than 480,000 genes, respectively. This approach is based
on the functionality of the microbiota and its relation with the microbiota composition. The difference
in the mean number of encoding genes between groups is notably high, reaching some 40%, and is
related to the microbial richness. Broadly, LGC individuals have a less rich microbiota, dominated
by Bacteroides, Parabacteroides, Ruminococcus, Campylobacter, Dialister, Porphyromonas, Staphylococcus,
Anaerostipes and most members of the phylum Bacteroidetes. In contrast, the phylum Firmicutes and
the genera Faecalibacterium, Bifidobacterium, Lactobacillus, Butyrivibrio, Alistipes, Akkermansia, Coprococcus,
and Methanobrevibacter are associated with HGC individuals [61,62].

3.3. Ancient Microbiota

Regarding the changes in our gut ecosystem over the course of human evolution, some studies
suggest that these are both pronounced and worrying. The study of the ancient microbiota is not
easy due to the low number of available ancestral biological samples. The gut microbiota of ancestral
specimens was evaluated in mummies, revealing the predominance of species of the genera Clostridium
and Bacteroides in the larger intestine [63–65]. These studies provided valuable information, however,
in addition to the small sampling size, the storage conditions and the possible post-mortem alterations
in the bacterial communities should be considered in the interpretation of the results. In this context,
current hunter-gatherer populations are also being studied. Research with uncontacted Amerindians
who continue to live a seminomadic hunter-gatherer lifestyle revealed that their fecal microbiota is
the most diverse ever reported in humans, and the proportion of shared microbiota between them
is also much higher than in other human populations [32]. This high microbial biodiversity was
also observed in studies carried out in other hunter-gatherer populations, such as the Matses from
the Peruvian Amazon [66], the Hadza from Tanzania [33], or indigenous ethnic groups from the
Central African Republic [36]. The Ameridians’ microbiota seems to be characterized by a high
abundance of the phyla Verrucomicrobia and Mollicutes; the families Aeromonadaceae, Oxalobacteraceae,
and Methanomassiliicoccaceae; and the genus Prevotella, while the abundance of the genus Bacteroides is
lower [32]. The microbiota of the Matses is characterized by the abundance of the genera Clostridium,
Catenibacterium, Eubacterium, Lachnospira, and Treponema [66]. The Hadza population presented a
microbiota enriched in Prevotella, Succinivibrio, Treponema, and Eubacterium and impoverished in
Bacteroides, Blautia, and Dorea genera [33]. The Central African Republic hunter-gatherer population’s
microbiota is characterized by the predominance of Prevotella and Treponema [36]. Despite the
differences, it is worth noting that the abundance of Prevotella, Treponema, and Eubacterium and the
scarcity of Bacteroides in the microbiota of these populations may be common characteristics of the
ancestral microbiota.

Metagenomic approaches allow us to analyze the genetic composition and function of complex
communities. The application of these tools to the ancient microbiota provide further evidence to
support the view that it has a higher functional diversity, characterized by increased metabolic pathways
involving amino acid metabolism; glycosyltransferases; and the biosynthesis of lipopolysaccharides,
terpenoid-quinones, and vitamins [32]. These findings suggest that not only is microbial diversity
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being lost, but also some of the functionality of gut microbials. As a consequence, it is not surprising
that there is growing interest in ancient microbiome research and recovery [22,51,67].

3.4. Western Diet Microbiota and Its Consequences

Evidence suggests that lifestyle changes, including poor diet, urbanization, scarce physical activity,
built environment, wide-spread antibiotic exposure, and better hygiene, have impacted the composition
of our microbiota and also the emergence of the so-called diseases of modern civilization. These
changes are included in the concept of “Westernalization” and contribute to microbiota alteration
and disease [68]. Even if all aspects of Western lifestyle should be considered in this process, diet is
accepted as one of the most potent ones shaping microbial communities [68–70].

There is a tendency to lose the overall diversity of the gut microbiota in people following Western
diets. The gut microbiota composition has also undergone specific changes, characterized by an
increase in the abundance of the phylum Firmicutes and the family Enterobacteriaceae and a decrease in
the phylum Actinobacteria and the genus Prevotella. The presence of some bacterial species associated
with anti-inflammatory conditions and the capacity to produce beneficial metabolites is diminishing
in our guts. These species include Akkermansia muciniphila, Faecalibacterium prausnitzii, Roseburia spp.,
Eubacterium hallii, Clostridium clusters XIVa and IV, and Ruminococcus, among others. Indeed, some
research has revealed the extinction of several bacterial groups from the guts of people following
Western diets. It is difficult to assess the significance of that loss, but we are probably witnessing just
the beginning of its consequences [12,31,47,71].

Furthermore, the gut microbiome’s circadian rhythm is influenced by factors such as light–dark
cycles, sunlight exposure, sleep, and dietary patterns; some of them are common stressors of the
modern lifestyle [72]. The consumption of food in an undisturbed daily rhythm coincides with the
light phase of the light–dark cycle and the activity phase of the day, which has consequences on the
regulation of the hosts’ intestinal cell transcription, the rhythms of the circulating metabolites, and the
gut microbiota composition and function [72,73]. Some studies evidenced exacerbated effects on the
gut microbiota of people with the circadian disruption of high sugar and fat diets; these effects were
characterized by a drastic reduction in bacterial diversity and the Firmicutes/Bacteroidetes ratio [74,75].

The aforementioned changes in microbiota composition have been associated with a greater
tendency to develop inflammation and, in turn, with a higher incidence of obesity; diabetes; allergies;
cardiovascular disease; and metabolic, gut, and neurological disorders. Microbiota dysbiosis in these
diseases may be involved in the alteration of certain specific microbial groups; nevertheless, in most
cases the overall loss of microbial biodiversity is an important factor defining the dysbiosis [76].
The misalignment of the rhythms that control our energy metabolism also increases the risks of
suffering diseases such as metabolic syndrome, including type 2 diabetes mellitus and obesity [77,78].
The growing incidence of these diseases in contemporary, industrialized populations over recent decades
is believed to be associated, among other factors, with a lack of adaptation of our metabolism to the rapid
dietary and lifestyle changes that have occurred over the course of human evolution [22,32,51,79–81].

It is likely that several different factors are contributing to the changes in microbiota composition
and the increased prevalence of associated diseases. In any case, the impact of these changes on human
health underlines the urgent need to find effective tools to halt this trend.

4. Modulation of Human Gut Microbiota with Diet

While it has already been described that geographical localization, culture, and genetic background
all affect the microbiota composition, some authors consider that diet is responsible for more than
50% of the variability in the microbiota [82,83]. Even though it is difficult to determine this value
accurately, there is evidence that dietary interventions, with significant changes in content, are able to
exert modulatory effects on microbiota composition that may be seen within 1–4 days and are strong
enough to shift the enterotype [84,85]. Nevertheless, dietary modulatory effects are diluted over time
when the diet is discontinued, and there is a tendency to return to the original state [82].
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The capacity of microbiota to recover its original status has also been observed after a course
of antibiotics. Several studies have evidenced that some weeks after the use of antibiotics (one of
the treatments that most dramatically alter the microbiota), the microbiota has nearly completely
returned to its original composition, though this recovery is treatment- and age-dependent [86–88].
The frequent use of antibiotics or the requirement for prolonged treatments has a more marked effect on
the microbiota composition [89,90]. Similarly, the modulatory effect of probiotics (live microorganisms
which, when administered in adequate amounts, confer a health benefit to the host [70]; dead microbes,
microbial products, or microbial components do not come under the probiotic classification [91]) is
believed to disappear progressively together with the loss of the beneficial strains.

All this evidence supports the idea that treatments to modulate gut microbiota must be maintained
over time. In line with this, the use of diet as a modulatory tool could be ideal whenever diet is
considered as a long-lasting change in everyday habits.

4.1. Strategies for Modulating the Microbiota: Prebiotics

Possibly the most widely explored strategy for modulating the microbiota is the use of prebiotics.
Prebiotics are defined as “substrate that is selectively utilized by host microorganisms conferring a
health benefit” [92]—that is, nutrients resistant to gastric acid secretion and digestive enzymes that once
in the gut stimulate the growth of beneficial microbes or their activity. Certain dietary components such
as inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS), and resistant starch (RS) have
been studied as prebiotics, and their efficacy is commonly indirectly measured by the production of
short chain fatty acids (SCFAs) or the decrease in intestinal pH [76,93]. Inulin is a fructan carbohydrate
that may vary its polymerization degree and whose fructose chains ranges from 2 to 60 monomers [94].
Inulin stimulates the growth of lactobacilli and bifidobacteria; besides this, an increase in F. prausnitzii
and A. muciniphila populations in the gut has been described and seems to produce early satiety by
modulating the gut endocrine function. Nevertheless, it is still difficult to determine the mechanisms
underlying these effects [93].

The FOS are oligosaccharides of glucose and fructose that differ from inulin in their polymerization
degree that is under 10; whereas, GOS are oligosaccharides of glucose and galactose with a
polymerization degree of 2 to 8. As typical prebiotics, FOS and GOS have been used to stimulate
the growth of the beneficial bacteria, bifidobacteria and lactobacilli. The administration of FOS
in a culture-dependent study resulted in an increase in Bifidobacterium and F. prausnitzii, while
culture-independent studies based on high-throughput sequencing have revealed changes in more
than 100 bacterial taxa. The most marked changes in abundance were an increase in Bifidobacterium;
reductions in the genera Phascolarctobacterium, Enterobacter, Turicibacter, Coprococcus, and Salmonella;
an overall increase in Bacteroidetes; and a decrease in the phylum Firmicutes [95]. Other genera that
could be increased by FOS administration are Lactobacillus and the butyrate producers Faecalibacterium,
Ruminococcus, and Oscillospira [96]. On the other hand, GOS administration resulted in increases in
Bifidobacterium levels and decreases in the levels of Ruminococcus, Dehalobacterium, Synergistes, and
Holdemania [95]. The effect of GOS on the gut microbiota could also improve the butyrate production
and the presence of butyrate producers, such as Eubacterium rectale [97].

RS is defined as the total amount of starch and the products of starch degradation that resists
digestion and has been shown to be composed of a linear molecule of α-1, 4-D-glucan, derived from
the retrograded amylose fraction. Various classifications have been proposed for RS based on four or
five types, and the content of RS in foods is influenced by the physical form of the food, the size and
composition of the starch granules (amylose–amylopectin ratio), and the food processing methods and
conditions [98,99]. Notably, it has been found that an increment in RS in the diet is associated with
colonization by higher levels of the phylum Bacteroidetes and the genera Bifidobacterium, Akkermansia,
and Allobactum [98].
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4.2. Strategies for Modulating the Microbiota: Probiotics

The field of probiotics—which, as stated above, are live microorganisms which when administered
in adequate amounts confer a health benefit to the host [70,91]—has notably grown in recent years.
The microorganisms commonly used as probiotics are the yeast Saccharomyces cerevisiae and members
of the bacterial genera Lactobacillus and Bifidobacterium, though some formulations may also include
some Streptococcus, Enterococcus, Pediococcus, Propionibacterium, Bacillus, or Escherichia strains. Most
Lactobacillus and Bifidobacterium species have been assigned “Generally Recognized As Safe” status by
the US Food and Drug Administration and “Qualified presumption of safety” status by the European
Food Safety Authority, facilitating their preferential use as probiotics. On the other hand, their long
history of use as probiotics means that there is a substantial body of evidence for a wide range of
beneficial properties [100], though we must recall that probiotic properties are strain-specific—that is,
they are not a characteristic of a species [76].

Nevertheless, it can be expected that, in the near future, other species will be used as
probiotics—ones that are more commonly found in the human gut and play important functions in
mitigating intestinal inflammation, inducing immune regulation, or enhancing the intestinal barrier
function. These are likely to include species with anti-inflammatory properties (A. muciniphila, F.
prausnitzii) and butyrate-producing bacteria [91,101].

Currently, probiotics are used in a wide range of contexts, normally being indicated for healthy
people in a special situation (e.g., during infancy, pregnancy, breastfeeding, and old age) and for
preventing or treating several specific health problems. As a consequence, the assessment of the safety
of probiotics must pay attention not only to the selected strain, manner and frequency of administration,
and dose and treatment duration but also to the potential vulnerability of the consumer and the
physiological function that the strain may play in the host [102].

Despite the heterogeneity of clinical studies making it difficult to determine the most suitable
strains and therapeutic guidelines, there is clear evidence of probiotic effectiveness in the prevention
or treatment of diseases such as necrotizing enterocolitis, antibiotic-associated diarrhea, colitis, or
acute gastroenteritis [103,104]. Nonetheless, to date there is a lack of evidence of the effectiveness of
prebiotics or probiotics in achieving long-term changes in the microbiota.

4.3. Strategies for Modulating the Microbiota: Controlling the Gut Environment

The concept of gut environment modulation considers not only the composition of the microbiota
but also its function and interaction with the host. Nowadays, it is known that fat-rich diets enhance
bile secretion to facilitate lipid digestion. Bile acids have antimicrobial properties; their detergent
effect produces damage to bacterial membranes and exerts a strong selective pressure on microbiota
composition. Studies carried out in rats reveal the strong resistance of the phylum Firmicutes to bile
acids, in particular, the classes Clostridia and Erysipelotrichia and the family Enterobacteriaceae [105].
These findings are in agreement with the predominant presence of Firmicutes in people following
Western diets [79].

On the other hand, intestinal pH may oscillate between 5 and 7 under normal physiological
conditions, depending on the fermentation products present (such as SCFAs) and the metabolite
absorption by host epithelial cells and their level of bicarbonate secretion. Intestinal pH affects not
only the microbiota composition but also its metabolism. Some Firmicutes species, especially those
belonging to Clostridium cluster XIVa, are tolerant of a low pH; however, many Bacteroidetes and
Actinobacteria members are more sensitive to pH changes [12,106].

The Mediterranean diet is associated with a higher production of SCFAs in the gut [107,108]. These
substances play important roles maintaining the integrity of the large bowel and small intestinal barrier,
providing energy to epithelial cells and reducing inflammation [108] and support higher microbial
richness in the gut [107,109].
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The modulation of the gut microbiota through the induction of environmental changes has been
less explored; but the gut environment remains closely related to dietary pattern and therefore should
not be disregarded in future dietary interventions.

4.4. Challenges in Microbiota Modulation: Interindividual Variability

The complexity of gut microbiota modulation lies in interpersonal variability not only in the
microbiota composition and functioning but also in differences in lifestyle and genetic predisposition
to disease. It has been described that changes in fiber consumption lead to various changes in the gut
microbiota. In general, the abundance of the family Lachnospiraceae increases with the incorporation of
insoluble fiber or wheat bran to the diet, while enrichment in RS causes an increase in Ruminococcaceae,
but changes are individual specific [62]. Along the same lines, a recent study revealed that changes
in oral glucose tolerance and the microbiota induced by a given prebiotic intervention vary between
individuals. Notably, a close positive correlation was found between glucose tolerance and the presence
of some butyrate-producing bacteria [95].

These data indicate the enormous importance of knowledge of the microbiota composition to
predict the effects of modulatory treatments. The available data suggest that parameters such as age,
diet, and lifestyle, body mass composition, and the presence of specific diseases could help to define
some key features of the microbiota composition, but treatments to modulate the microbiota are still
based on estimates and it is likely that some effects are being masked.

4.5. Challenges in Microbiota Modulation: Microbial Metabolic Redundancy

To estimate the effects of a modulating treatment, in addition to microbiota composition there is a
need to consider metabolic redundancy. The use of next-generation sequencing and metagenomics is
greatly helping to advance our understanding of this factor. In this context, recent publications describe
the metabolic capacity of some bacterial groups. It seems that members of the genus Bacteroides have a
wide metabolic arsenal allowing them to utilize different polysaccharides, whereas Firmicutes members
have less metabolic diversity for polysaccharide degradation and greater nutritional specialization [62].

Metabolic analyses of LGC and HGC individuals suggest a great capacity to handle oxidative
stress but also a higher production of detrimental metabolites and a predisposition to inflammation in
LGC individuals. On the other hand, HGC individuals’ microbiota has a greater capacity to produce
organic acids, including SCFAs. Further, it seems that there is a higher incidence of obesity and
metabolic syndrome in LGC individuals and dietary interventions for weight loss increase microbiota
diversity and the overall gene counts [61,62,110].

In accordance with this, the analysis of the metabolic specialization of the enterotypes indicated that
individuals with the Bacteroides enterotype are better able to digest lipids, proteins and carbohydrates of
animal origin, while the Prevotella enterotype showed a plant fiber hydrolysis specialization. In contrast,
the Ruminococcus enterotype has no such marked specialization, but has been linked to a higher
microbiota diversity and a lower inflammatory status in the host [84].

The aforementioned results suggest a healthy microbiota should be closer to that of HGC
individuals and the Ruminococcus enterotype. Nonetheless, no consensus has yet been reached on the
definition of a healthy microbiota. In fact, all enterotypes have been associated with some types of
disease and it is believed that each enterotype has a different susceptibility to given illnesses. In any
case, a greater knowledge of individuals’ microbiota could be a good tool to guide treatment decisions
and estimate patient response.
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An alternative more affordable approach to exploring the microbiome function without resorting
to metagenomics is the measurement of SCFA production. These metabolites are considered important
for their influence on intestinal homeostasis, pH, and preventing the growth of potentially pathogenic
bacteria. Moreover, SCFAs have anti-inflammatory and anti-apoptotic properties, contribute to the gut
barrier integrity, and are key elements of the gut–brain axis. These fatty acids seem to be necessary for
the proper maturation and functioning of microglia, also known as brain macrophages, that participate
in brain physiology and homeostasis have phagocytic capacity and also participate in the integrity of
the blood–brain barrier [53,111–113].

Microbiota-derived metabolites such as SCFAs depend directly on diet; mainly on its content
of non-digestible carbohydrates, lipids, and proteins and the metabolic pathways available in the
microbiome [12,62]. Some common microorganisms of the gut microbiota and the SCFAs that they
produce are listed in Table 2. Individual dietary choices influence not only gut microbiota composition
but its function, but we still lack an understanding of how the microbiome interacts with nutritional
and host-genomic axes to confer predisposition to disease.

5. Conclusions

Diet and lifestyle habits have undergone dramatic changes since the origin of humanity. The first
hominid’s diet was based on the consumption of raw vegetables collected from the wild and a low
intake of protein of animal origin. After thousands of years of evolution, the modern diet, influenced
by globalization and consumerism, is characterized by an excessive lipid and energy intake and the
introduction of processed and refined foods that are rich in lipids, sugars, salt, and preservatives.
These foods have facilitated the accelerated pace of today’s life, but it is likely that their negative
consequences for human health are just beginning to be noticed.

Despite the relative youth of microbiome research, microbiota dysbiosis has already been associated
with diverse health problems. Numerous international projects are focusing their research efforts
on the study of human microbiome in different contexts, including the Human Microbiome Project
(HMP: https://www.hmpdacc.org/hmp/), the International Cancer Microbiome Consortium (ICMC:
https://www.icmconsortium.org/), the International Multiple Sclerosis Microbiome Study (iMSMS:
http://imsms.org/home/), and the Inflammatory Arthritis Microbiome Consortium (IAMC); more are
likely to be launched in the near future. Diet has been identified as one of the factors with the greatest
influence on microbiota acquisition (in newborns) and modulation. Therefore, detailed studies of
the complex interactions that occur between diet and microbiota are necessary to effectively direct
desirable changes in human microbiota or alter its abnormal composition in disease. So far, making
simple predictions of dietary effects remains extremely difficult.

Microorganisms, especially prokaryotes, are characterized by their amazing capacity to adapt to
the environment, as evidenced by their ability to remain stable in an “altered microbiota”. Human
beings seem to be much less efficient at environmental adaptation. Certainly, the growing rate of
diseases related to compromised immune or nervous system function and alterations in metabolism
may be a response to a lack of adaptation to microbiota dysbiosis.

Most of the strategies designed to modulate the microbiota are based on one-off treatments that
could be effective during their administration, but do not seem to produce stable changes in the
microbiota, maybe with the exception of a fecal transplant (although there is still challenges with this
practice [114]). In this context, diet will probably be the most powerful tool for microbiota modulation,
but to achieve that a better understanding of diet–host–microbiota interactions is necessary. Learning
how to use diet to generate a healthy microbiota must be a priority for society, and arguably represents
one of the key steps to achieving real preventive and personalized medicine.
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Abstract: The study of human microbiota and health has emerged as one of the ubiquitous research
pursuits in recent decades which certainly warrants the attention of both researchers and clinicians.
Many health conditions have been linked to the gut microbiota which is the largest reservoir of
microbes in the human body. Autism spectrum disorder (ASD) is one of the neurodevelopmental
disorders which has been extensively explored in relation to gut microbiome. The utilization of
microbial knowledge promises a more integrative perspective in understanding this disorder, albeit
being an emerging field in research. More interestingly, oral and vaginal microbiomes, indicating
possible maternal influence, have equally drawn the attention of researchers to study their potential
roles in the etiopathology of ASD. Therefore, this review attempts to integrate the knowledge of
microbiome and its significance in relation to ASD including the hypothetical aetiology of ASD and
its commonly associated comorbidities. The microbiota-based interventions including diet, prebiotics,
probiotics, antibiotics, and faecal microbial transplant (FMT) have also been explored in relation to
ASD. Of these, diet and probiotics are seemingly promising breakthrough interventions in the context
of ASD for lesser known side effects, feasibility and easier administration, although more studies are
needed to ascertain the actual clinical efficacy of these interventions. The existing knowledge and
research gaps call for a more expanded and resolute research efforts in establishing the relationship
between autism and microbiomes.

Keywords: clinician; autism spectrum disorder; microbiome; aetiology; comorbidities; diet; prebiotics;
probiotics; faecal microbial transplant

1. Introduction

Autism spectrum disorder (ASD) is identified with persistent deficit in social communication and
phenotypic behaviours which are typically repetitive and restrictive [1]. This disorder affects more boys
than girls in a ratio close to 3:1 [2]. There has been a significant increase in the prevalence of ASD over
the decades, it is currently estimated to affect 1% of the general population [3]. The most recent Global
Burden of Diseases, Injuries, and Risk Factors Study in 2016 estimates 62.2 million individuals live
with ASD globally [4]. It was also demonstrated that the prevalence of ASD based on special education
enrolment data within the United States (US) over 11 years, from 2000 (1.2 per 1000) to 2010 (5.2 per
1000) alone shows an increase of 331%. It was inferred that the diagnostic recategorization may be the
possible explanation for this significant rise [5]. However, it will be an understatement if it is solely
attributable to the changes introduced in the diagnostic criteria of autism and increased awareness
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which will be explored in this review. It has been speculated that the evolving environmental influence
which contributes significantly to the occurrence of ASD could be partly responsible for the rise in the
ASD prevalence globally [6]. A rising prevalence in ASD is a matter of concern and calls for a more
effective management of this disorder.

The study of human microbiomes has become a prime hope in understanding this disorder
and catering to the growth of a more clinical-based intervention more than to merely augment the
widely advocated behavioural therapies. The understanding of microbial–human host relationship
which was once thought to be purely commensal in nature, if not pathogenic, skewing to a one-sided
relationship has now evolved into a complex interaction holding imperative roles in key physiological
processes in the human body [7]. Determining the role of the microbiome in human health has
become an intriguing quest in recent decades. A plethora of health conditions have been associated
with microbiome across a wide range of populations identifying a distinctive spread of microbiome
in a selected patient cohort compared to a healthy cohort pointing to its potential etiological role
in the occurrence of a commonly identified disorder. It is not an understatement if this could
potentially invent a breakthrough management approach in curbing a wide variety of health disorders
and pandemics which include obesity and cardiometabolic diseases, infections, respiratory, allergic,
gastrointestinal, neuropsychiatric disorders and even cancers [7–14]. The National Institutes of Health
(NIH) Human Microbiome Project, launched in 2007, was one of the large-scale projects initiated to
support and catalyst the growth of this emerging field of research. The microbiome in five major
habitats in the human body, which include the gastrointestinal tract, airway, skin, oral cavity and
vagina, were explored in this pursuit [15]. The gut microbiome has been the most widely studied
area, accounting for four-fifths of total publications in microbiome over the last four decades [9].
Germ-free rodents and controls—conventionally colonized rodents with specific pathogen free (SPF)
rodent models—have been utilized to ascertain the microbial influence in behavioural outcomes which
have been grouped into four domains including, ASD-mimicking behaviours, stress and anxiety-related
behaviours, learning and memory and motor controls. The germ-free rodents exhibited significant
deficits in social interactions, cognitive and motor functions compared to SPF rodents suggesting
the imperative role of microbiome in neurobehavioral outcome [16]. The gut microbial composition,
if disturbed, has an impact on the various physiological activities regulated by these microbes principally
through its metabolites and has a bidirectional communication with the brain involving autonomic
nervous system. Neuronal, neuroendocrine and immunologic pathways have been described through
which the microbes contribute to the bidirectional signalling between the gut and the brain [17,18].
The bidirectional transfer of information between the gut and the brain is principally controlled by the
vagus nerve. The gut microbiota communicate to the brain via endocrine and neurocrine pathways
while the brain impacts the microbial composition via immune and humoral systems mediated by
autonomic nervous system, thus establishing the gut–brain–microbiota axis [18,19]. In the context of
ASD, the exploration of other habitats of the microbiome, in the vagina and oral region, highlights
the influence of maternal factors in the development of ASD. The vertical transmission of disrupted
maternal vaginal microbes to the offspring at birth predisposes the offspring to the prenatal risk of
developing ASD [20]. The direct relation of the oral microbiome and ASD has yet to be established;
however, the resemblance of infants’ oral microbiome to the maternal microbiome during the first six
months of birth ascertains the significant contribution of maternal microbiome in early stage of oral
microbial colonization [21].

Although the aetiology of ASD largely remains unanswered, the emerging microbial knowledge
may be a key finding in explaining the etiopathogenesis of ASD; however, with more extensive
work needed to understand its involvement at the molecular level. In an attempt to understand the
molecular involvement in ASD, a study on post-mortem brain tissue and small intestines of ASD
subjects revealed that blood–brain barrier (BBB) and gut barrier were disrupted with significant
neuroinflammation evident by increased expression of genes and markers associated with brain
inflammation. It was further inferred that the gut–brain axis disruption may be associated with
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non-self-antigens which triggers neuroinflammatory reaction by crossing the damaged gut barriers,
thus leading to ASD in genetically susceptible subjects [22]. The BBB has a pivotal role in early
phase of brain development and neuronal functions [23–25]. It was found that adult germ-free mice
models and the foetuses of germ-free mice’s mothers had more permeable BBB compared to mice with
pathogen-free gut microbiota. The faecal transfer from a pathogen- to germ-free mice models and
administration of short-chain fatty acid (SCFA) producing bacteria were able to restore the permeability
of BBB, emphasizing the roles of intestinal microbes and SCFA in guarding the integrity of BBB [26].
The genetic component has primarily conditioned ASD as a highly heritable disorder through twin
studies and large population-based studies which assess familial risk [27]. Nevertheless, the influential
role of environment may potentially supersede the sole genetic involvement in the development of
ASD, especially with the recent data pointing to the integrative approach of epigenetics in the study
of pathogenesis of ASD [28]. In a study involving 192 twins, genetic factors were made accountable
for only 38% of ASD risk, whereas the remaining 68% was attributed to environmental factors [29].
The microbial composition is regulated and influenced by many factors which could be broadly
classified into extrinsic and intrinsic factors. The extrinsic factors consist of mainly environmental
elements which include diet, lifestyle, microbial exposure in early developmental phase and infection,
whereas intrinsic factors are naturally occurring elements within an individual which include genetic
make-up, metabolites, immunologic and hormonal aspects [30]. The understanding of microbial
involvement as part of an interplay between the intrinsic and extrinsic factors gives rise to an immense
possibility of associating various factors in explaining its relation to ASD; however, the research
progress in understanding the actual etiological mechanism involved in ASD development is still at an
infant stage with a lack of defined explanations [18,31,32]. The co-existing health conditions in ASD is
another major challenge in both research and clinical fronts. At least one comorbidity exists in about
70% of children with ASD, while 41% have two or more, reflecting the onerous disease burden in this
population [33]. There are limited numbers of published studies on comorbidities alone in ASD due
the complex and large spectrum of heterogeneity associated with this disorder. The widely reported
and studied medical and psychiatric comorbidities in ASD include gastrointestinal (GI) disorders,
epilepsy, depression and anxiety disorder [33–35]. These comorbidities can be individually linked
to the microbiome which either overlaps with a similar ASD pattern of microbial dysbiosis, or that
the related use of medication induces microbial dysbiosis which could contribute to ASD occurrence.
This relation points towards the need to include the assessment of associated comorbidities to further
understand the possible shared aetiology in ASD development, as many microbial studies using ASD
subjects often do not take into account their existing comorbidities.

This review therefore focuses on autism spectrum disorder and microbiome in general while
examining its relation to the hypothetical aetiology of ASD and its commonly associated comorbidities.

2. Evolving Conceptualization of Autism Spectrum Disorder

ASD is a behaviourally defined, neurodevelopmental disorder which lacks specific clinical
biomarkers and has seen an evolving conceptualization over the last seven decades since it was first
described [36,37]. The Centers for Disease Control and Prevention (CDC) reports that the earliest
known median age of ASD diagnosis is at 52 months in the United States (US), whereas in the United
Kingdom (UK), the median age of ASD diagnosis is reported at 55 months [38,39]. In general, ASD is
diagnosed by three years of age in most children, although roughly 39% of children are not first
evaluated until after four years of age [38]. A psychiatric diagnosis which has behaviour as its basis of
definition heavily relies upon a meticulous observation and clinical expertise as it lacks standardised
biomarkers [40]. Therefore, it is crucial to understand the core concept of a disorder to facilitate a more
effective diagnostic process. The idea of autism emerged as early as in the 19th century when a Swiss
psychiatrist, Eugen Blueler described the aloofness he observed in individuals with schizophrenia as a
form of schizophrenic trait itself [41,42]. It was in the 1943, when two child psychiatrists, Leo Kanner
and Hans Asperger, garnered the attention of scientific community through their publications, which
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eventually led to recognising autism as a distinct category of diagnosis in children years later [42].
They individually published clinical cases of children with distinctive behaviours, primarily reflecting
social deficits and echoing the descriptive term, autism coined by Blueler [43,44]. However, autism was
often identified as a form of schizophrenia until a more refined and stand-alone diagnostic classification
was first introduced in 1980 by American Psychiatric Association in Statistical Manual of Mental
Disorders (DSM-III) and subsequently by the World Health Organization in International Statistical
Classification of Diseases and Related Health Problems (ICD-10) in 1990 [36]. These are the two
broadly adopted sources of reference for both research and clinical purposes with revised versions
to date. The most recent definition, based on the DSM-5 published in 2013, includes subtypes of
autistic disorders, Asperger’s syndrome and Pervasive developmental disorder not otherwise specified
(PDD-NOS) under one umbrella term known as ASD. DSM-5 allows classification of ASD based on its
severity and takes into account intellectual ability and other comorbidities [1]. Despite an evolving
conceptualization from a disorder to a spectrum highly denoting its clinical diversity, the core definition
of autism has remained central to deficits in social interaction and stereotypic behaviours. It took
several decades to define ASD within a smaller framework of classification to facilitate diagnostic
process. However, it still remains a debate to perfectly fit ASD in a confined framework of definition
due to the heterogenous expression of the core symptoms which are further influenced by age and
development factors. The progressive work to define ASD within a narrower framework of theoretical
concept inadvertently reflects the complexity that revolves around this neurodevelopmental disorder,
which makes it even more challenging to conclusively define other aspects pertaining to ASD.

3. Microbiome and Autism Spectrum Disorder

The terms microbiota and microbiome have a slight semantic difference, however, collectively refer
to the entire microbial community residing on and in human body encompassing bacteria, eukaryotic
viruses, fungi, protozoa, archaea and bacteriophage. The number of bacteria is overwhelmingly larger
than the other taxa to an extent where microbes interchangeably could simply refer to bacteria alone.
Our human body is home to trillions of microbial cells which encode 100-fold more genes than human
genome, with the latest revision estimating a ratio of 1.3 bacterial cells for every human cell, showing a
reduction from widely quoted 10:1 and 100:1 ratios, respectively [15,45,46]. The enormous spread of
the microbiome in the human body has both therapeutic and pathogenic roles in health depending on
the microbial composition [47]. In the context of ASD (Figure 1), the link between gut, vaginal and oral
microbiomes and ASD have been studied thus far using animal models and human subjects.

Figure 1 illustrates the possible mechanism involved in the microbiome–brain interaction in
the context of autism spectrum disorder (ASD). The neural, neuroendocrine, and immunologic and
humoral pathways are the potential mediators in the bidirectional communication between the gut
microbiome and the brain. The maternal contribution is significant in determining the early intestinal
colonization in the offspring while in general, the environmental factors that significantly alter maternal
microbiome during the prenatal and perinatal periods influence the microbial composition in the
offspring. Ectopic transfer and dissemination of pathogenic oral bacteria mediated by the olfactory
nerve via the blood, disrupted blood–brain barrier (BBB), perivascular space and circumventricular
organs to the gut and brain, respectively, are plausible mechanisms resulting in neuroinflammation
and metabolic disruption in the brain, thus indicating the influence of oral microbiota and dysbiosis in
ASD occurrence. Another plausible exchange pathway in the gut–brain axis is thought to be mediated
by the oropharynx which has a significant role in the pathology of ASD. In general, the interaction
between microbiome and the brain in the context of ASD involves a complex mechanism and interplay
between the genetic and various environmental factors, in which, some could be explained through
epigenetic mechanisms involving short-chain fatty acids (SCFAs) and brain-derived neurotrophic
factors (BDNFs).
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Figure 1. Illustration of autism spectrum disorder (ASD) and its association with microbiome.

3.1. Gut Microbiome

Gut microbiome has been the most extensively explored area in relation to ASD compared to
microbiome in other habitats of the body. The years between 2013 and 2017 saw the largest number
of publications focusing on gut microbiota alone accounting for more than 80% of total publications
on microbiota in the last four decades, implying the immense possibility of gut microbe in relation
to human health [9]. The human gut is the largest reservoir of bacteria in human body which
has imperative physiological roles in metabolism, digestion, immunity, endocrine and neurological
activities [48]. The gut microbes interact closely with multiple human cells and any imbalance in the
microbes, otherwise known as dysbiosis, will have an impact on host key physiological processes
and has a potential aetiological role in many health conditions [47]. The immense possibility of gut
microbes in human health has prompted researches to highlight the importance of recognizing it as an
individual organ system in the human body [49].

In ASD, the relation between gut microbes and central nervous system resulting in manifestation
of ASD behaviour has been established using rodent models and clinical subjects, although the latter
is still largely inadequate to strongly affirm the causative relation between gut microbes and ASD
symptomatology. Bacteroidetes (e.g., Bacteriodes and Prevotella), Firmicutes (e.g., Lactobacillus, Clostridium,
Ruminococcus), Proteobacteria (e.g., Enterobacter) and Actinobacteria (e.g., Bifidobacterium) are four major
phyla that are constituent of a healthy adult gut with Bacteriodes and Firmicutes, representing more
than 90% of gut microbes [45,50]. It was found that, in the ASD population, the ratio of Bacteroidetes to
Firmicutes phyla were increased compared to neurotypical cohort [51]. This pattern is also observed
prominently in Western ASD children and has been inferred to be influenced by environment and dietary
habits [52]. There is also another study which found increased Firmicutes compared to Bacteroidetes in the
ASD group compared to neurotypical group where both groups have GI symptoms [53]. A large number
of gram-negative bacteria (e.g., Bacteroidetes), exhibit pathogenic nature because of their cell wall which
contains lipopolysaccharide (LPS) that has malefic effect on the immune system of the host. LPS confers
the ability to breach the blood–brain barrier, increasing the mercury level in the cerebrum and decrease
glutathione level which is a key antioxidant in the detoxification of heavy metals. Two species of bacteria
with LPS in their cell walls, namely Bacteriodes vulgatus and Desulfovibrio, have been significantly raised
in ASD children compared to neurotypical children. The pathogenic feature of these bacteria may
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possibly contribute to ASD development. Another noteworthy genus of gram-negative bacteria is
Prevotella, a healthy-gut biomarker which is at a greater abundance in neurotypical group while almost
absent in the autistic group. Prevotella is found in abundance in individuals whose diet is rich in
plant-based carbohydrates and includes fish oil which is vital to normal brain development. It has
a metabolic role in vitamin B1 production which is known to alleviate ASD symptoms. The lack of
Prevotella suggests a distinctive dietary habit in autistic children which significantly alters the gut
microbial composition and has influence on neurodevelopment which points to its therapeutic potential
if restored [48,54]. Another concerning microbe is Clostridium, a gram-positive genus in the Firmicutes
phyla, which has been found higher in ASD group. Clostridum boltae, C. histolyticum, and subgroups
of I and XI are the associated species. These gram-positive microbes release enterotoxins which
damage the intestinal tissue resulting in diarrhoea and may cater to the increased absorption of large
molecules like casein and gluten. On the other hand, beneficial bacteria Bifidobacterium were found
less abundant in the ASD group [48]. The increased abundance of potentially pathogenic bacteria and
decreased beneficial bacteria affirms the existence of gut dysbiosis in the ASD population. In another
perspective, the general lack of gut microbial richness and diversity in ASD group, predisposes
them to a vulnerable gut environment which could lead to GI disturbances, infections and autistic
behaviours [48]. In general, a significant alteration in gut microbial composition interferes with
key physiological processes which have an influence on the neurobehavioral manifestation of ASD
symptoms either through the absence of beneficial microbial metabolites, release of harmful microbial
endotoxins, pathogenic invasion of the intestinal wall and/or through immune mediators catering to
neuroimmune inflammation [6,47,48,50,55].

Many factors have been associated with the dysbiosis of gut microbes which include diet,
medication and hygiene as well as numerous maternal factors which include maternal stress, infection
and a high-fat diet during pregnancy [6,56–59]. The frequent use of oral antibiotics in ASD children
during the first three years of life is another factor that has also been hypothesized to disturb the
natural balance of the gut microbes while some antibiotics confer benefits [48,55,60]. For instance,
the use of macrolides except penicillin within the first six months has been associated with decreased
Actinobacteria and increased Bacteroidetes and Proteobacteria and this microbial alteration persisted for
a year [61]. On the other hand, the administration of oral vancomycin in a small eight-week clinical
trial, which targets gram-positive bacteria including Clostridium, temporarily but significantly relieves
gastrointestinal and ASD symptoms in 8 out of 11 children with regressive onset autism [62].

3.2. Vaginal Microbiome

The vaginal microbiome denotes the influence of maternal factors in the occurrence of ASD.
As it has been understood that we are born germ-free, the first colonization of microbes in human
gut is thought to begin at birth while passing through the vagina, although there are emerging data
suggesting it occurs even earlier in utero via placental colonization [63,64]. In cases of caesarean
delivery, the colonization occurs after in contact with the maternal skin and environmental microbes [65].
The passing of microbial community through vertical transmission determines the child’s gut microbial
composition, thus any significant disturbance to maternal vaginal microbe (e.g., reduced Lactobacillus)
inadvertently interferes with the normal neurodevelopment in offspring due to high metabolic demand
during the critical time of early brain development [20,66].

The vaginal tract houses more than fifty microbial species, dominantly populated by Lactobacillus
in a healthy woman [67]. Maternal stress during early pregnancy has been found to exert a suppressive
effect on the vaginal immune response and the abundance of Lactobacillus, thus resulting in gut
microbial dysbiosis in offspring via vertical transmission [66]. Bacterial vaginosis, a common infection
among women characterized by a marked reduction in Lactobacillus, predisposes a pregnant woman
to the risk of preterm delivery [68]. It has been reported that infants born extremely preterm have
10-fold higher risk of developing ASD compared to infants born at term [69,70]. Further, numerous
clinical studies and large epidemiological studies have ascertained that prenatal maternal infection and
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elevated level of pro-inflammatory cytokines increases the risk of ASD in offspring. The injection of
antigens activating such maternal immune response in pregnant mice, rats or monkeys have resulted
in neurobehavioral deficits mimicking ASD in their offspring [71,72].

3.3. Oral Microbiome

Oral cavity is home to more than 700 bacterial species or phyla of which more than 50% are yet to be
cultivated and these microbes have an influence on individual oral health. Poor oral health is one of the
concerning issues amongst ASD children and it is more prevalent in this group compared to neurotypical
group [73]. In the context of ASD, only a handful of studies have explored the differences between oral
microbiota in autism and neurotypical children. Notable differences in the distribution of oral microbes
were detected in ASD children compared to neurotypical children [54,74,75]. In one of the largest
cross-sectional studies which studied the oral microbiome profiles in ASD and typically developed
children, eight oral taxa that could distinguish children with ASD from typically developed children
were identified. Further, 28 taxa that distinguish ASD children with and without GI disturbances
were also identified. It was inferred that the gut microbial disruption could potentially extend to
the oropharynx. The analysis of oral microbiome to aid the clinical diagnosis of ASD was also
suggested [74].

ASD children often have speech-related difficulties and are very selective with food choices where
each of these have motor and sensory involvement, respectively. Oropharynx serves as an important
bridge to the GI tract and is innervated by five cranial nerves of both motor and sensory origins. It is
thought to play a significant role in the pathology of ASD and has a plausible exchange pathway in the
gut–brain axis [74,76–78]. Other plausible pathways in which the oral bacteria could reach the brain
have also been hypothesized resulting neuroinflammation and metabolic disruption in the central
nervous system. It has been hypothesized that the olfactory nerve in the olfactory tract may act as a
potential mediator in bacterial dissemination to the brain through blood, disrupted blood–brain barrier,
perivascular spaces or circumventricular organs [79–81]. Further, similar distribution pattern of gut
and oral microbiota were demonstrated in a study of oral microbiota in ASD children with significantly
higher amount of Proteobacteria and Firmicutes and lower amount of Bacteroidetes and Actinobacteria
suggesting a potential interaction between gut and oral microbiota leading to a shared pathway in
the etiopathology of ASD [54,75,81]. It was also found that oral bacteria resemble 45% of the stool
bacteria in the Human Microbiome Project, suggesting a possible interaction between the gut and the
oral microbiome [82]. Another example is the increased oral Bacilli genus (Firmicutes phylum) in ASD
children which is also found in abundance in the gut of ASD children and those with inflammatory bowel
disease [75,83]. This intestinal colonization by oral bacteria has been hypothesized to occur through
ectopic transfer of pathogenic oral bacteria (e.g., Porphyromonas gingivalis in chronic periodontitis)
to the gut which could induce gut microbial dysbiosis and trigger systemic inflammation [81,84,85].
Poor oral health and hygiene, dental caries and lack of dental care have been found more prevalent in
ASD children, implying that ectopic transfer of pathogenic bacteria to the gut associated with oral
dysbiosis may possibly explain its relation in ASD occurrence [86]. A marked increase in potential
pathogens in analysis of oral samples of ASD children which include Streptococcus and Haemophilus
and reduced abundance of beneficial bacteria like Prevotella also point to a significant oral microbial
dysbiosis in the ASD group. It is hypothesized that Haemophilus parainfluenza, a gram-negative bacteria
associated with oral diseases, and its metabolites could potentially cross the blood–brain barrier and
impose a detrimental effect on brain development which results in ASD [54,87].

There are specific bacterial species found in subjects with periodontal disease which were otherwise
not detected in individuals with a healthy oral cavity [88]. Periodontal disease is associated with
an increased risk of preterm birth by 2 to 7 times [89]. Microbial species which were detected in the
oral cavity and not in the urogenital tract have been found as causative organisms in intrauterine
infection which confers a high risk for preterm birth [90]. More interestingly, the microbiome of 48 term
placentae were found to resemble oral microbiome more compared to vaginal microbiome with theory
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suggesting hematogenous dissemination, especially with underlying periodontal disease, and oral sex
may be possible route for such colonization resulting in intrauterine infection [91–93]. The prenatal
maternal infection which increases the risk of preterm birth inevitably pave the way for ASD occurrence
risk in infants born to mothers with the associated conditions which implies a possible but indirect
association with the maternal oral microbiome. The maternal influence was more significant during
the infant stage and early childhood. During the first six months after birth, 85% of the oral microbiota
of infants resembled their mother’s [21]. The pregnancy term, mode of delivery and feeding method
were other identified factors that influence the development of oral microbiota in early childhood [94].

4. Aetiology of Autism Spectrum Disorder

The aetiology of ASD has always remained a puzzle that has yet to be fully understood. The diverse
expression of ASD symptomatology, its associated risk factors and comorbidities make it difficult to
pinpoint the exact mechanism involved in the etiopathology of ASD. Nevertheless, the aetiology of ASD
can be broadly classified into genetic and environmental causes. Although these are not direct causative
factors, strong associations have been established and linked to the development of ASD. Individually,
genetic and a myriad of environmental factors have been identified to contribute to the occurrence
of ASD through various mechanisms. The microbes and microbiome have both environmental and
genetical origins in the manifestation of ASD. More interestingly, a complex interaction between gene
and environment through an epigenetic mechanism has also been implicated in the pathogenesis of
ASD [95–97].

4.1. Genetic Factors

Heritability confers a large accountability in cases of ASD, with an estimate of 83% of familial
risk in a meta-analysis of twin and family studies. This reanalysis sees a drop in the percentage
risk compared to previously published meta-analysis of twin studies which estimates heritability
ranging between 64% and 90% with minimal influence of shared environmental factors between the
twins [27,98]. The diverse clinical phenotype in ASD is due to the genetic heterogeneity in the ASD
population, particularly when comorbid conditions exist. Both common and rare genetic variations
which are either heritable or occurs newly as de novo mutation (DNM) contribute to the occurrence
of ASD [99,100]. Rare genetic variants have a larger effect compared to the smaller effect of common
variants in ASD phenotypes and can combine to create an ASD risk [101]. DNM is a rare variant and
newly occurs during gamete formation or at the early phase of embryonic development which are not
inherited from either of the parents and unique to the child, resulting in the sporadic occurrence of
ASD. DNM is more frequently associated with ASD subjects with co-occurring intellectual disability or
developmental delay [102,103]. DNM and common genetic variants provoke the idea of environmental
influences which could potentially surpass the etiological weightage of genetic factors and heritability
in ASD.

Despite the high accountability to genetic origins, there is no individual genetic marker that has
been identified to date. However, continuous attempts are being made to identify novel genes which
are significantly attributable to ASD. In a meta-analysis which was attempted to identify the genetic
risk of ASD, two novel ASD risk genes, namely, YBX3 and HSPA1A, were found to be associated with
the pathogenesis of ASD through an indirect regulation of neuronal pathways involved in behavioural
manifestation of ASD [104]. These genes confer protective mechanism against the development of ASD,
but it was later found to be of a weak association [105]. This further ascertains the lack of homogeneity
inevitably challenges the genetic evaluation in ASD populations.

4.2. Environmental Factors

A vast number of environmental factors have been linked to the development of ASD. The role of
environment has been speculated to begin since pre-conception and extends to post-natal period in
a child. Pre-conceptionally, advanced paternal age and maternal age at more than 50 and 40 years
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old, respectively, confers a significant risk for ASD development, apart from low level of education
status in parents [106,107]. The greatest number of environmental factors have been linked during
the prenatal period, particularly during the first and second trimester of pregnancy which include
maternal infections, comorbid cardiometabolic conditions, certain antidepressant and antiepileptic
medications, toxic exposures, diet and lifestyle. Perinatal factors which include mode of delivery,
obstetrics complications, prematurity, hypoxia, low birth weight and low Apgar score have been
associated with ASD risk [108,109]. Postnatally, congenital infection, the use of steroid therapy in very
low birth weight infants, birth asphyxia and neonatal jaundice have all been found more prevalent in
children with ASD [110,111]. The environmental factors may be explained by direct biological impact
on neuronal activities of developing brain of the foetus or foetal activation of neuroinflammatory
responses and gene dysregulation which are hypothesized to result from maternal immune activation
which crosstalk through the placenta [109,112]. Largely, these environmental factors have been studied
retrospectively in cohorts of ASD children and mothers of ASD children, while only limited number of
studies done using rodent models. There are studies which deem environmental factors to play a more
prominent role in the liability and genetical variance of ASD, thus paving way for the eminent role of
epigenetics in ASD [96,113,114].

4.3. Epigenetic Factors

While traditional methods of identifying genes and environmental factors independent of each
other has seen a lack of integrative approach in studying the aetiology of ASD, epigenetics has become
the prime pursuits in recent decades incorporating the role of environmental influence on genes.
Epigenetic refers to non-genetical influences which changes the phenotypic expression of a gene
without actual mutation or alteration occurring in the original DNA sequence and these changes
are heritable [97]. It is an epitomic description of a gene–environment interaction in ASD which
can be explained by integrating various environmental factors at a cellular level in the occurrence of
ASD, particularly through gut microbiota-derived metabolites. At the molecular level, the epigenetic
modification occurs via two broadly studied mechanisms, which include DNA-methylation and histone
modification besides Ribonucleic acid (RNA) interference [28,115–117]. Epigenetic programming of
the brain explained through stress-regulating pathways and reduced expression of brain-derived
neurotrophic factor (BDNF) by environmental factors during pre-natal and postnatal periods have
been thought to exert a long-lasting effect on the neural functioning and behavioural outcome [118,119].
BDNF has a crucial role in the regulation of neurodevelopment, neuronal functions and neuroplasticity
and it is frequently associated with depressive disorder and neuroinflammation [120,121]. However,
recent findings on new-borns later diagnosed with ASD have demonstrated a significantly reduced
level of BDNF in the blood samples [122]. In mice models, decreased levels of BDNF transcript variants
were observed in germ-free mice models and antibiotic-treated SPF mice models in the amygdala
regions [123–125]. These associations of BDNF with the epigenetic mechanism, ASD subjects as well as
microbiome, warrant the need to further study and explore the role of BDNF in relation to ASD as
currently there are no available studies to affirm this relationship.

The gut microbiome is thought to modulate gene expression through an epigenetic mechanism
which may either institute the etiopathogenesis of ASD and/or aggravate ASD symptomatology
primarily [126]. It has also been hypothesized that the epigenetic regulation is diet-dependent where
the role of microbial metabolite, SCFAs come into play. SCFAs are the product of the ASD-associated
bacterial (such as Clostridia, Bacteriodetes, Desulfovibrio) fermentation of dietary carbohydrates and are
regulated by the gut microbial composition [115,127,128]. However, an overproduction of SCFAs (e.g.,
propionic acid, butyrate, acetate) have been indicated in ASD based on analysis of faecal samples of
ASD children and it was inferred that this possibility could be due impaired fermentation process
and utilization of its by-products without eliminating the possibility of increased faecal SCFA could
also be due to an overall increased SCFA production in ASD children, which is indeed regarded
beneficial [129,130]. Therefore, the microbial dysbiosis (reduced SCFA-producing, ASD-associated
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bacteria) manipulates the level of nutrients and metabolites like SCFA which regulate the DNA
methylation and histone modification resulting in immune activation that have a potential role in ASD
development. These metabolites either directly inhibit the enzymes which catalyse these epigenetic
processes or alter the substrate availability required for the enzymatic process, thus highlighting the
possible epigenetic mechanism in the occurrence of ASD [127].

5. Comorbidities in Autism Spectrum Disorder

Gastrointestinal comorbidities have been found to be significantly higher and more common
in the ASD group compared to neurotypical children, with 46.8% of ASD children exhibited at least
one GI symptom [131–133]. GI disorders have been associated with gut dysbiosis, although whether
underlying GI disturbances result in dysbiosis or the dysbiosis results in GI disturbance largely
remains a chicken-or-the-egg conundrum. Gastrointestinal symptoms (e.g., constipation, diarrhoea,
bloating) have been correlated to gut dysbiosis and severity of autistic symptoms [6,65,134,135]. It was
hypothesized that the gut dysbiosis gives rise to the pathogenic invasion of intestinal wall, thus resulting
in the breach of the gut barrier which ultimately results in neuroinflammation responsible for ASD’s
behavioural manifestation [9,48]. However, some of the recent findings demonstrated reduced diversity
and altered microbial pattern in autistic group compared to a neurotypical group; however, no significant
correlation was found between GI symptoms and severity of ASD symptoms [31,48,136,137]. It was
further inferred that GI disturbances alone could possibly trigger ASD symptoms possibly due to
heightened sensory perception and experience in ASD children [134]. An interesting correlation
between GI symptoms, intestinal mucosal dysbiosis, gene expression and ASD was highlighted in a
study which looked at the molecular mechanism involved in explaining the GI disturbances in ASD
children by analysing the intestinal biopsies obtained from 15 children with ASD and GI disease,
and seven children with GI disease alone. The messenger ribonucleic acid (mRNA) deficiencies in genes
encoding disaccharidases and hexose transporters responsible for carbohydrate digestion and transport
across the intestinal epithelium was linked to the intestinal dysbiosis (decreased Bacteroidetes, increased
Firmicutes to Bacteroidetes ratio, and increased Betaproteobacteria) in the ASD group. The pre-existing
impaired carbohydrate digestion and absorption manifests as GI disturbances with dietary intake
of carbohydrates which leads to fermentation, increased gas production and osmotic load in the gut
of ASD children. Although no dietary evaluation was done in the children involved in this study,
its finding provides a significant insight regarding the GI disturbances in ASD children, especially
on how gluten-free/low-carbohydrate diets may benefit some of the ASD children [53]. In another
study, the restoration of microbial imbalance with significant and lasting improvement in terms of
GI symptoms and autistic behaviours in children diagnosed with ASD was made possible through
microbiota transfer therapy (MTT) [138]. This highlights the influence of microbiome in both GI
symptoms and autistic behaviours; however, no distinctive microbial patterns specific to ASD subjects,
with or without the presence of GI disturbances, have been elicited so far.

Epilepsy and ASD have often been associated with one another; however, the possible
pathophysiological link has yet to be fully understood. It has been reported that ASD subjects possess
a seven-fold increased risk of developing epilepsy compared to general population, with an estimated
prevalence of epilepsy in ASD up to 50% [139,140]. The prenatal use of anti-epileptics, mainly valproate,
has a teratogenic effect on the neurodevelopment of the offspring and predisposes them with a risk of
developing ASD [141,142]. The valproate has been demonstrated to cause microbial disruption in mouse
models of ASD in the context of in utero usage [143]. Interestingly, ketogenic diet in ASD cases with
refractory epilepsy has shown significant improvement in both ASD symptoms and seizure episodes
through gut microbial modulation [144]. Akkermansia and Parabacteroides are two ketogenic diet associated
microbes which confer the anti-seizure effect [145].

Depression and anxiety are part of neuropsychiatric disorders which have been elucidated through
the gut–brain–microbiota axis [146]. These disorders are associated with the alteration of gut microbial
composition, thus impacting the neurobehavioral outcome as narrated in the context of ASD [147,148].
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Similar to gut microbial observation in ASD subjects, the ratio of Bacteroidetes to Firmicutes phyla were
markedly increased in both animal models and human subjects with depression [149,150]. Further,
a recent review on psychotropics and the microbiome has highlighted gut dysbiosis and anti-microbial
exertions of antipsychotic, antidepressant and antianxiety drugs which are commonly prescribed in
ASD subjects with associated psychiatric comorbidities [151,152].

6. Microbiota-Based Interventions and ASD

6.1. Dietary and Supplementary Interventions

Diet has an influential role in determining the intestinal microbial composition and in rodent
models; it has been demonstrated that significant dietary change has the potential to alter the microbiome
as rapidly as over one day [153]. The microbiota evaluation of ASD children differed across countries,
suggesting the influence of geographical location in microbiota profile, and diet has been thought to
be an important factor to explain such differences [32,154]. SCFA, the colonic by-product of bacterial
fermentation of dietary fibres and resistant starch, is gaining attention as one of the important mediators
of the gut microbiota–brain communication, although the exact mechanism on how this metabolite
influences the brain physiology and neurobehavioral outcome is yet to be fully understood [155–159].
An intervention using a diet that promotes increased SCFA levels (Mediterranean diet, plant-based
proteins, dietary fibre) may potentially exert a positive impact on ASD behavioural outcomes, although
no studies have been done so far to support this relation in human subjects [158]. Dietary intervention
which has been commonly advocated amongst ASD children include gluten- and casein-free diets
which have been reported to confer a beneficial outcome in ASD symptoms, while more recent study
shows no significant changes in ASD symptoms after a six-month trial [160–162]. This intervention
is recommended only when there is a clinically diagnosed intolerance to gluten and casein [162].
In terms of maternal aspect, rodent models have significantly demonstrated that offspring born to
mothers fed with high-fat diet eight weeks before mating had impaired social interaction and repetitive
behaviours mimicking ASD, with altered gut microbial composition and notable nine-fold decrease in
Lactobacillus reuteri [163]. The Western diet, also referred to as the high-fat diet, has been associated
with reduced microbial diversity and richness [164]. Dietary intervention should be exercised with
caution to avoid malnourishment and nutritional deficiency. Vitamin D deficiency has been commonly
reported in ASD children and low prenatal vitamin D has been associated with an increased risk of
ASD occurrence [165–167]. It was also found that GI problems are more evident in ASD subjects with
vitamin D deficiency than those without this deficiency [166]. The supplementation of vitamin D3

shows a remarkable improvement in ASD core symptoms [168].

6.2. Prebiotics, Probiotics, Synbiotics and Antibiotics

Prebiotics are mainly fibres consisting of non-digestible diet components which benefit the host’s
health by selectively promoting microbial proliferation in the colon, generally Lactobacilli and Bifidobacteria.
The probiotics are live, non-pathogenic microorganisms that confer health benefits to the host when
adequately administered, whereas synbiotics are formulations consisting of both prebiotic and probiotic
which were meant to improve the efficiency of probiotics [169]. These interventions have been
recommended as adjuvant therapies given their promising benefits in terms of improving ASD behavioural
symptoms and ameliorating GI disturbances in ASD children [170,171]. The administration of probiotics
consisting of three strains (Lactobacillus acidophilus, Lactobacillus rhamnosus and Bifidobacteria longum) for a
duration of three months significantly improved autistic behaviours and GI symptoms in ASD children
with increased count of the beneficial bacteria Bifidobacteria and Lactobacilli [170]. In a pre-clinical study,
Bacteroides fragilis has also been demonstrated to restore the microbial dysbiosis, improve gut permeability
and autism behaviours in the offspring of maternal immune activation (MIA) mouse models which
displayed ASD behavioural features [172]. In ASD children, probiotics—namely, Lactobacillus reuteri,
Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus rhamnosus and Bifidobacterium longum—have
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been utilized in clinical trials and have significantly improved autistic and GI outcomes. These periods
of trial ranged from three weeks to six months [170,173–175]. In a randomized control trial, which was
carried out on 75 infants, where Lactobacillus rhamnosus was administered in 40 infants and a placebo
in the remaining infants in control group for the first six months, the outcome revealed that the early
administration of probiotic may potentially reduce the risk of developing ASD. These infants were followed
over 13 years and 6 out 35 infants in the control group were diagnosed with either Asperger’s syndrome
(now part of ASD) or attention deficit hyperactivity disorder (ADHD), while none were diagnosed in the
probiotic group [175]. It is also worth mentioning that the a causal link between maternal diet, altered gut
microbiome and social behaviour was demonstrated in a breakthrough study where the administration
of Lactobacillus reuteri over four weeks in rodent offspring born to mothers fed with a high-fat diet with
reduced gut microbial diversity, particularly Lactobacillus reuteri, was able to significantly improve social
behaviour [163]. However, one of the recent systematic reviews has pinpointed the lack of evidence in
supporting the beneficial roles of probiotics and prebiotics in ASD and ascertained that more studies are
needed to validate the benefits of these interventions in ASD subjects [176].

In terms of antibiotics, vancomycin and metronidazole have been used in treating ASD symptoms.
However, metronidazole is not a preferred choice due to its possible risk of causing systemic adverse
effects [177]. There is one case report on the administration of amoxicillin over a 10-day course which
deemed to improve autism symptoms in a child as reported by his parents [178]. However, in rodent
models, the maternal use of oral antibiotics (non-absorbable sulfonamide, neomycin, bacitracin,
pimaricin) either during preconception or early gestation period yielded offspring with anxiety-like
behaviours and impaired social interactions [179,180]. Further analysis of the faecal samples of the
offspring exposed to antibiotics also showed a 50% reduction in the abundance of the Lactobacillales
and increased Clostridium, thus implying that early exposure of antibiotics have a negative impact on
the behavioural outcome in offspring [179].

6.3. Fecal Microbial Transplant (FMT) and Microbiota Transfer Therapy (MTT)

In a study using mice models, it was demonstrated that the colonization of germ-free mothers
with microbiota obtained from SPF mice 30 days prior to mating was able to “normalize” the
behavioural outcome in the germ-free mice while the same produced no changes in adult germ-free
mice. The elevated stress hormones level was also reversed through colonization of the germ-free
mice with the microbiota of SPF mice before 6 weeks of age [124]. This does not only indicate
the importance of maternal microbiome at the time of conception but also the need for an earlier
intervention for an improved behavioural outcome, which may be challenging in human subjects
as the ASD-like behaviour may not be apparent during the perinatal period. In an open-label study
involving 18 children diagnosed with ASD, the MTT involving antibiotic treatment for an initial
two weeks, followed by extended faecal microbiota transplant (FMT) over a period of 7–8 weeks,
significantly improved GI disturbances (constipation, diarrhoea, abdominal pain, indigestion) as well
as ASD’s behavioural symptoms. Further, improved bacterial diversity with significant increase in
Bifidobacterium, Desulfovibrio and Prevotella were observed and all these changes persisted for eight
weeks after the cessation of treatment [138]. Despite its promising benefits, the faecal transplantation
may possess the risk of transmitting norovirus and some autoimmune conditions (rheumatoid arthritis,
Sjogren’s syndrome), aspiration and even inducing obesity in recipients [181,182]. However, these are
theoretical speculations which should not be simply disregarded.

7. Discussion

While the relation between microbiome and ASD is extensive, the immense possibility of the
microbial role in ASD is indisputable, inclusive of whether viewed from an aetiological point of view
or its association with various comorbidities affecting the ASD population. However, research efforts
in understanding the exact mechanism involved in the context of ASD are still largely inadequate;
relationships are yet to be established as causal and are rather associative at this stage, mainly due to the
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heterogeneous nature of this disorder. Although germ-free and animal models have been utilized to a
great extent to demonstrate the clear associations of microbes in host physiology, coupled with the fact
that human genome resembles 85% of mouse genome, it is near impossible to create germ-free human
samples and eliminate all the confounding factors in establishing the same outcome [183]. The genetic
makeup, age, sex, life exposure, environmental influences, medication and comorbidities are all possible
confounding factors which need to be carefully defined in human samples [16]. Further, a larger
sample size is required to affirm the clinical outcomes especially those involving microbiota-based
interventions such as dietary, probiotics and faecal experiments. The influence of geographical locations
and diet in ASD and its associated microbiota profile are becoming more relevant; therefore, studies
fostering larger cohorts from diverse geographical locations with standardized specifications (e.g.,
age, gender, comorbidities) are needed to understand if the findings are consistent across the different
locations and dietary habits.

Clinically, ASD patients are managed by a multi-disciplinary healthcare team primarily by a
child psychiatrist, paediatrician, clinical psychologists and other physicians as per the associated
comorbidities, although a regular follow-up and monitoring remains largely questionable. The role of
parents and caregivers are of utmost importance in ASD. Although many maternal factors and few
paternal factors have been associated with the risk of ASD, a proper parental counselling should be
provided to ensure a rational understanding and awareness about ASD development. A prenatal
counselling to avoid potentially teratogenic factors especially in mothers with underlying medical or
psychiatric comorbidities and those with existing ASD children should not be neglected. However,
it has be acknowledged that the maternal influence has been mainly described using animal models
and no defined relationship between maternal factors and ASD occurrence have been established.
This gap in the existing studies need to be understood to ensure the proper channelling of information
to the parents, for this may possibly trigger a detrimental emotional response (anxiety, paranoia),
especially in mothers who are either planning to conceive or have given birth to children with ASD.
The knowledge about the availability of genetic testing should also be given to parents who wish to
conceive or those with a known familial risk of neurodevelopmental disorders.

The incorporation of microbial knowledge in clinical context of ASD management provides a
promising insight into defining the neurodevelopmental disorder using potential clinical biomarkers,
although no definite classification of biomarkers have been established and widely adapted to date [40,75].
Clinical trials revolving around the microbial field are inadequate with a smaller sample size, lack of
large population-based studies, and this is certainly attributable to the highly heterogenous and complex
nature of ASD itself. The potential clinical intervention targeting gut microbiome which include prebiotics,
probiotics, antibiotics, dietary and supplementary interventions, faecal microbial transplant (FMT) and
a modified protocol of FMT, namely microbiota transfer therapy (MTT), are important breakthrough
interventions which need to be carefully evaluated and validated using double-blinded, randomized,
controlled trials involving larger sample size and standardized treatment regimens and durations.
FMT and MTT seem the most promising treatments in restoring gut dysbiosis in ASD, but the safety and
tolerability in a long run is still questionable [138]. The various clinical interventions have to be carefully
evaluated and catered based on individual suitability and requirements. In the management of highly
heterogenous disorder like ASD, personalized treatment based on appropriate clinical judgement will be
more beneficial.

Although ASD has been largely identified as a childhood disorder, it should not be forgotten
that the adult population is not spared from the gigantic wave of ASD. Epidemiological studies
on adult autism is very limited and still remains a poorly explored topic. A survey on psychiatric
morbidity in adults carried out in England revealed the prevalence rate of autism is about 1% in adults,
affecting more males than females, consistent with the findings involving the cohort of children [184].
Adults with autism has also been reported to be at greater risk of socially deprived and isolated, lack of
financial security and poor access to specialist care other than having poor physical and mental health
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outcomes [185]. The children with ASD who will eventually grow into adults should be examined and
followed-up closely and consistently.

8. Conclusions

ASD has a major health and economic burden to the affected population and care providers.
It is becoming an alarming global epidemic which calls for a greater attention and effort. The wide
range of serious health comorbidities associated with ASD is often a huge concern when it comes to
clinical interventions. The possible explanation and relation of microbes in terms of aetiology and ASD
comorbidities point to the need for an integrative approach in treating ASD subjects. Newly emerging
fields of research, such as epigenetics, provide more integrative insights and approaches in directing
future research, incorporating knowledge of the microbiome. The study of epigenetics incorporating the
microbiome reflects the highly dynamic process which is involved in shaping and reprogramming the
growth and development of an individual. The systematic identification of environmental factors which
interfere with gene regulation could possibly create new avenues in the clinical management of ASD.
The treatment approach in ASD should be more individualized to ensure the best clinical outcomes.
Diet and probiotics are important and promising breakthrough microbiota-based interventions in the
context of ASD. These interventions have better feasibility and an easier method of administration
with less known side effects compared to other interventions. Research efforts should be expanded
and focused in this direction to ascertain the clinical efficacy of these interventions.
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Glossary

Microbiome
Collectively refers to the genetic material of the entire microbial community residing on
and in human body encompassing bacteria, eukaryotic viruses, fungi, protozoa,
archaea and bacteriophage.

Microbiota
Refers to the entire microbial community residing on and in human body encompassing
bacteria, eukaryotic viruses, fungi, protozoa, archaea and bacteriophage.
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Abstract: The study’s objective was to ascertain whether a nutritional multivitamin and mineral
supplement enriched with two different dietary fibers influences microbiota composition, mineral
absorption, and some immune and metabolic biomarkers in adult rats. Nine-week-old Wistar rats were
randomly assigned into four groups: the reference group; the group receiving a daily supplement
based on a food matrix with proteins, vitamins, and minerals; and two other groups receiving
this supplement enriched with inulin (V + I) or acacia (V + A) fiber for four weeks. Microbiota
composition was determined in cecal content and mineral content in fecal, blood, and femur samples.
Intestinal IgA concentration, hematological, and biochemical variables were evaluated. Both V + I and
V + A supplementations increased Firmicutes and Actinobacteria phyla, which were associated with a
higher presence of Lactobacillus and Bifidobacterium spp. V + A supplementation increased calcium,
magnesium, phosphorus, and zinc concentrations in femur. V + I supplementation increased the fecal
IgA content and reduced plasma total cholesterol and uric acid concentration. Both fiber-enriched
supplements tested herein seem to be beneficial to gut-health, although differently.

Keywords: inulin fiber; acacia fiber; immune system; microbiota; mineral absorption; IgA

1. Introduction

The intake in an appropriate dose (20–35 g/day for healthy adults) of dietary fiber (DF) has long
been linked to reduction of metabolic diseases incidence, including diabetes, cardiovascular disease
and obesity, among others, due to its capacity to lower blood cholesterol and C Reactive Protein (CRP),
to attenuate glucose absorption and to improve insulin response [1–3]. Moreover, when non-digestible
fiber reaches the colon unaltered and is selectively metabolized by microbiota, it induces specific
changes, both in the composition and/or functionality of one or a limited number of bacteria potentially
associated with health and well-being [4–6]. Meeting all these criteria, non-digestible fiber is considered
a prebiotic as defined by Gibson and Roberfroid [1,4–6].

Prebiotic consumption is also believed to improve the immune system in both humans and
animals [7]. The most examined mechanism involved in this effect is the indirect modulation of the
immune response by changing the microbiota composition [8,9] and, therefore, its crosstalk with the
immune system. Moreover, the enrichment of beneficial bacteria induced by prebiotic intake can
result in the modulated release of pro- and anti-inflammatory cytokines [7] as well as in increasing
the intestinal and fecal immunoglobulin (Ig) A content [10]. In addition, although little information
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is available, direct effects of prebiotics on the immune system such as changes of the intestinal gene
expression, such as toll-like receptors (TLRs), have also been reported [11,12].

The favorable shift in the gut microbiota composition after prebiotic fiber consumption [1] is
proposed as a potential mechanism by which prebiotics improve mineral absorption [13,14]. In this
regard, the most widely accepted theory supporting this effect is associated with the microbial
fermentation of the prebiotic fiber into short-chain fatty acids (SCFAs) in the colon. This metabolic
process acidifies the intestinal compartment; thereby, preventing the formation of complexes between
minerals and negatively charged metabolites. Consequently, it increases the extent of mineral
absorption [15]. Alternatively, prebiotic consumption may also influence tissue morphology by
increasing cell density, intestinal crypt depth, and blood flow in the large intestine, a mechanism that is
believed to increase the intestinal surface area and lead to a higher mineral absorption [16,17].

There are several well-documented prebiotic fibers, such as the inulin-type fructans [18,19]. Inulin
is part of everyday human diet. It can be found naturally among others in a range of plants such as
chicory, garlic, tomato, and banana [20]. Its bifidogenic effects have been widely described in vitro,
in vivo, and in clinical studies [19,21]. In the last few years, a new prebiotic fiber has emerged: acacia
gum. It is a soluble DF obtained from the stems and branches of Acacia senegal and Acacia seyal and it is
mainly composed of complex polysaccharides [22]. It resists digestion in the upper gastrointestinal tract;
thus, reaching the large intestine and it can induce an increase in Bifidobacterium spp. in vitro [23,24]
and in human [25] studies. However, unlike the inulin, little is known about the impact of acacia gum
on health benefits.

On the other hand, the maintaining of a healthy diet, defined as an appropriate balance of energy,
macro- and micronutrients and water, is important for adults but it is particularly relevant for members
of the elderly population who are more vulnerable to malnutrition. Moreover, the efficiency of nutrient
absorption may be impaired in this population; thus, involving different nutritional requirements.
Moreover, the presence of oral problems, for example with dentition, together with a decrease in smell
and taste perception induce a change in dietary patterns. Additionally, there is a concomitant decline
in the normal function of the immune system (immunosenescence) that may contribute to an increase
in the risk of infection and frailty [26]. On this basis, the hypothesis of the present study is that the
intake of a nutritional supplement containing proteins, vitamins, minerals, and fiber is beneficial for
the adult population and if so, its impact should be important to take into account for the elderly.
Therefore, the aim of the current study was to ascertain whether a nutritional multivitamin and mineral
supplement enriched with two different DFs influences microbiota composition, mineral absorption,
and some immune and metabolic biomarkers in adult rats.

2. Materials and Methods

2.1. Animals and Supplements

Nine-week-old female and male Wistar rats, purchased from Janvier Labs (Saint Berthevin Cedex,
France), were housed individually in polycarbonate cages with large fibrous-particle bedding and
tissue papers as enrichment, in a controlled environment of temperature and humidity and in a 12/12 h
light/dark cycle at the Faculty of Pharmacy and Food Science animal facility. All rats were fed a
commercial diet corresponding to the American Institute of Nutrition 93 M formulation [27] (Teklad
Global 14% Protein Rodent Maintenance Diet, Envigo, Indianapolis, IN, USA), which contains 5% of
cellulose, and water ad libitum throughout the study.

After the acclimation period, animals were randomly assigned into four experimental groups
(n = 10/each, 5 females and 5 males). One constituted the reference (REF) group which did not receive
any supplement; another group received a daily supplement based on a food matrix with proteins,
vitamins and minerals (V) (Table S1); and two other groups received this supplement enriched with
inulin (V + I) or acacia fiber (V + A), containing 4.5 g of fiber/100 g of product each (La Piara S.A,
Manlleu, Barcelona). The chow consumption was measured every other day to adjust the dose of the
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supplements that were administered during 4 weeks in daily small portions. With this aim, the weights
of each serving in V + I and V + A were readjusted periodically for each animal in order to receive an
extra 20% of fiber daily. Accordingly, the same amount of supplement was used for the V group.

All experimental procedures were approved by the Ethical Committee for Animal Experimentation
of the University of Barcelona and the Government of Catalonia (CEEA UB ref. 351/17 and CG 9735,
respectively), in accordance with the EU Directive 2010/63/EU.

With regard to sample size estimation (n = 10/group), the Appraising Project Office’s program
from the Universidad Miguel Hernández de Elche (Alicante, Spain) was used to calculate the minimum
number of animals providing statistically significant differences among groups, assuming that there is
no dropout rate, a beta risk of 0.2 (80% power) and a type I error of 0.05 (two-sided). We used the
IgA-coating bacteria percentage data from a previous study [11] with similar design: mean values
in the REF group were 25.3%, the estimated common standard deviation was 13 and the minimum
expected difference was 12. In addition, the sample size was adjusted to the minimum needed to
follow the University Ethical Committee guidelines.

2.2. Monitoring, Sample Collection and Processing

Body weight and food and water intake were monitored three times per week throughout the study.
Fecal samples were collected weekly in order to determine changes in the fecal wet weight, humidity,
and pH. Additionally, fecal samples collected at the end of the study allowed the concentration of IgA
and the proportion of IgA-coated bacteria to be quantified, as previously described [28], as well as the
mineral elimination.

At the end of the nutritional intervention, animals were anesthetized intramuscularly with
ketamine (90 mg/kg) (Merial Laboratorios, S.A. Barcelona, Spain) and xylazine (10 mg/kg) (Bayer
A. G., Leverkusen, Germany) in order to obtain tissue samples. The body weight and naso–anal
length were measured to calculate the body mass index (BMI) as body weight/length2 (g/cm2). Urine
samples for mineral quantification were obtained by direct puncture of the bladder. The weight of
stomach, duodenum, jejunum, ileum, cecum, colon and rectum, spleen, liver, thymus, kidneys, heart,
submandibular gland, and the length of the small and large intestines were recorded. Blood samples
were collected in heparin-treated tubes to determine the hematological and biochemical variables,
and plasma mineral content. For IgA quantification, the gut wash (GW) from the distal part of the
small intestine was obtained as previously described [11]. Finally, the central part of the left femur was
excised for mineral quantification.

2.3. Fecal Variables

Fresh feces collected weekly were used to determine fecal pH using a surface electrode (Crison
Instruments, S.A., Barcelona, Spain). Afterwards, fecal samples were dried for 24 h at 60 ◦C. Fecal
humidity of each sample was calculated considering the weight difference between before and after
the drying process.

2.4. Mineral Analysis in Biological Samples

Firstly, blood, feces, femur, and urine samples underwent a chemical cleavage process to obtain
aqueous solutions without precipitation or colloids. For that, the same amount of each type of sample
was introduced into a tared high-pressure vessel made of polytetrafluoroethylene. Then, 2 mL of
concentrated nitric acid (HNO3) and 2 mL of concentrated hydrogen peroxide (H2O2) were also added
in order to ensure a better oxidation of the organic matrix. All the high-pressure vessels were incubated
overnight at 90 ◦C. After digestion, the samples were diluted with 16 mL of ultra-pure water, and then
the vessels were weighed again in order to determine the weight of the aqueous sample solutions.
Additionally, for each digestion cycle, triplicates of digestion blanks containing only HNO3, H2O2

and ultra-pure water were also prepared. Finally, the digested solutions were transferred into the test
tubes. The concentrations of calcium (Ca), magnesium (Mg), phosphorous (P), and zinc (Zn) were
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determined using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Optima
3200 RL, Perkin-Elmer, Massachusetts, USA), whereas iron (Fe) and zinc (Zn) concentrations were
measured by an inductively coupled plasma-mass spectrometer (ICP-MS, Nexlon 350 D, Perkin-Elmer,
Massachusetts, MA, USA) using standard conditions. The analysis was carried out at the Unit of Metal
Analysis of the Scientific and Technological Centers of the University of Barcelona (CCiT-UB). Results
are expressed as mg/g of sample.

2.5. Hematological and Biochemical Analysis

Heparin-treated blood was immediately used to count platelets and white and red blood cells and
related variables using an automated hematology analyzer (Spincell3, MonLab, Barcelona), following
the manufacturer’s instructions.

Plasma samples were used to quantify total cholesterol (TC) by cholesterol oxidase
(CHOD)-peroxidase (POD) method; high-density lipoprotein cholesterol (HDL-C) by colorimetric
method; triglycerides (TG) by glycerol phosphate oxidase (GPO) method; glucose by glucose oxidase
(GOD)-POD method and uric acid by Uricasa-POD method using kits provided by Química Clínica
Aplicada, S.A. (Química Clínica Aplicada, S.A., Tarragona, Spain) and following the manufacturer’s
instructions. Low-density lipoprotein cholesterol (LDL-C) was assessed according to the formula by
Friedewald et al. in 1972, in which cLDL = TC – (cHDL + TG/5).

2.6. Immunoglobulin A and IgA-Coated Bacteria Quantification

The concentration of IgA in GW, fecal homogenates, and plasma was quantified at the end of
the nutritional intervention by ELISA as previously described [11,29]. Moreover, the proportion of
bacteria coated with IgA in feces was determined and analyzed by flow cytometry, as previously
established [28]. The results concerning IgA are expressed as ng/g of tissue, ng/mg of fecal sample, and
ng/mL of plasma, whereas those related to the IgA-coated bacteria are expressed as percentage.

2.7. Analysis of Cecal Microbiota Composition by 16S rRNA Sequencing

Cecal samples from all the animals at the end of the study (n = 10 animals/group) ranging
from 500–1000 mg collected were used to extract genomic DNA using QIAmp DNA Stool Mini
Kit (Qiagen) with some previous modification as has been previously reported [30]. Briefly,
extra purification and concentration were performed following the cleaning protocol from QIAmp
Micro Kit (Qiagen, Madrid, Spain). Then, for massive sequencing, the hypervariable region
V3-V4 of the bacterial 16s rRNA gene was amplified using key-tagged eubacterial primers
(forward: S-D-Bact-0341-b-S-17, 5′-CCTACGGGNGGCWGCAG-3′ and reverse S-D-Bact-0785-a-A-21,
5′-GACTACHVGGGTATCTAATCC-3′) [31] and sequenced with a MiSeq Illumina Platform (Illumina
Inc., San Diego, CA, USA) by the Life Sequencing facilities (ADM Life Sequencing, Valencia,
Spain), following the Illumina recommendation for Library preparation and sequencing for
metagenomics studies.

The software Paired-End read merger (PEAR v 0.9.6, Exelixis Lab, Heidelberg, Germany) was used
to merge raw sequences forward and reverse. Using this approach, the ends of the obtained sequences
were overlapped in order to get complete sequences. The amplification primers from the sequences
obtained in the sequencing step were trimmed with Cutadapt v1.8.1 [32], using parameters by default,
in order to reduce the bias in the annotation step. Once the primers were removed, sequences lower
than 200 nucleotides were excluded from the analysis because short sequences have a higher chance
of generating wrong taxonomical group associations. After obtaining the clean complete sequences,
a quality filter was applied in order to delete sequences of poor quality. The resulting sequences were
inspected for PCR chimera constructs (Uchime, USEARCH) [33], that may occur during the different
experimental process, which were removed from further analysis. Later, each group of sequences was
compared to a database of rRNA using an alignment BLAST strategy to associate taxonomic groups.
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The relative proportions of phyla, families, and genera were calculated. Moreover, to estimate the
specific genus biodiversity, the Shannon–Wiener and CHAO1 indexes were calculated.

Results of the qualitative analyses relative to the most abundant phyla, families, and genera are
represented with stacked bars separated by gender. The category “others” represented in each graph
includes those phyla whose presence was lower than 0.05% in the REF group; and those families and
genera whose presence was lower than 0.8% in the same group.

To estimate the presence or absence of certain bacterial genera in the experimental groups, it was
agreed that all bacterial genera present in all animals belonging to the same group with a proportion
higher than 0.01% were computed as “present”. Otherwise, they were computed as “absent” in such
groups. Based on that, the Venn diagrams were created for all groups together allowing the way
the genera were distributed among the groups to be seen numerically, in order to compare their
coincidences and differences.

2.8. Principal Components Analysis

The principal components analysis (PCA) was performed to evaluate the dimensionality of
microbiota with regard to the supplements. The model was done using Simca v14.1 (Umetrics, Umeå,
Sweden) as previously reported [30].

2.9. Statistical Analysis

The Statistical Package for the Social Sciences (SPSS v22.0) (IBM, Chicago, IL, USA) and the R
software (R-3.6.3) were used for statistical analysis. Data were tested for homogeneity of variance
and normality distribution by the Levene’s and Shapiro–Wilk tests, respectively. When data were
homogeneous and normally distributed, a two-way ANOVA test was applied. When no differences
between genders were observed, the data were analyzed together using a conventional-one-way
ANOVA. Otherwise, they were analyzed separately. When significant differences among groups were
detected, Bonferroni’s post hoc test was performed. Kruskal−Wallis test was used when results were
neither equally nor normally distributed, followed by Nemenyi post hoc test in the case of significant
difference among groups. To compare variables along the study, a repeated-measures ANOVA
or Friedman test were applied followed by Student’s t-test or Nemenyi post hoc test, respectively.
Significant differences were considered when p < 0.05, except regarding repeated comparisons, when
p value was corrected, dividing it by the number of applied tests.

3. Results

3.1. Effects of Supplements on Morphometry and Food and Water Intake

Throughout the study period, male rats from all groups had a higher body weight (447.51 ± 5.80 g),
chow intake (28.09 ± 0.68 g/day/rat), and water consumption (29.23 ± 0.56 mL/day/rat) than female rats
(255.25 ± 2.5 g/day/rat, 17.73 ± 0.33 g/day/rat, and 21.66 ± 0.61 mL/day/rat, respectively) (p < 0.05), and
none of the dietary supplementations modified these variables (Figure S1a,b).

Regarding the body mass index (BMI) at the end of the nutritional intervention, only sex-associated
significant differences were observed within all experimental groups. In particular, BMI in female rats
was 0.64 ± 0.01 whereas it was 0.85 ± 2.5 in male rats, considering all animals independently of the
experimental group, and no effects due to supplementation were detected (Figure S1c).

Moreover, whereas male rats showed significantly lower relative weight in most of the organs
analyzed than female rats in the same group (p < 0.05) (Table S2), supplementation did not result
in changes. No differences between groups were found when the small intestine and large intestine
were measured, their mean length being 80.69 ± 1.43 cm and 16.76 ± 0.34 cm, respectively, for all
experimental groups considered together at the end of the study.
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3.2. Effects of Supplements on Fecal Variables

No sex-associated differences were detected in all the fecal variables studied; thus, these results
were analyzed considering both female and male rats together (Figure S2).

Fecal weight registered was similar throughout the study and this was around 0.25 ± 0.01 g/day
for all experimental groups, without being influenced by the dietary supplementations (Figure S2a).
Similar results were observed when humidity of the feces was measured. All samples had around
53.24 ± 0.48% of water independently of the experimental group (Figure S2b).

When pH was measured in fecal samples, it was similar during the first two weeks of
supplementation, but higher pH was observed at the end of the study. This was not associated
with any of the nutritional interventions given that the pH was similar (5.94 ± 0.04) in all experimental
groups (Figure S2c).

3.3. Effects of Supplements on Mineral Concentration

Mineral content measured in blood, feces, femur, and urine samples at the end of the nutritional
intervention for all experimental groups is summarized in Table 1.

Table 1. Mineral concentration (mg/g) in blood, feces, femur, and urine samples at the end of the study
for all experimental groups considering both sexes together.

[Ca] [Fe] [Mg] [P] [Zn]

(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

Bl
oo

d

REF 60.11 ± 2.51 0.45 ± 0.01 34.36 ± 1.10 0.37 ± 0.01 0.005 ± 0.000
V 63.45 ± 2.20 0.44 ± 0.01 32.28 ± 0.76 0.35 ± 0.01 0.005 ± 0.000

V + I 57.21 ± 3.16 β 0.44 ± 0.00 31.80 ± 0.68 0.34 ± 0.01 0.005 ± 0.000
V + A 59.53 ± 4.24 β 0.44 ± 0.01 31.73 ± 0.36 *β 0.34 ± 0.01 0.005 ± 0.000

Fe
ce

s

REF 19.35 ± 1.43 0.41 ± 0.03 3.70 ± 0.14 12.39 ± 0.61 0.19 ± 0.01
V 18.55 ± 1.21 0.39 ± 0.02 3.67 ± 0.15 12.02 ± 0.51 0.19 ± 0.01

V + I 18.16 ± 1.36 0.43 ± 0.04 3.57 ± 0.04 12.13 ± 0.59 0.19 ± 0.01
V + A 19.96 ± 1.04 0.39 ± 0.02 3.87 ± 0.13 13.20 ± 0.50 0.21 ± 0.01

Fe
m

ur

REF 140.60 ± 6.33 0.05 ± 0.00 3.00 ± 0.13 66.95 ± 2.93 0.15 ± 0.01
V 126.03 ± 8.05 0.06 ± 0.01 2.71 ± 0.15 61.61 ± 3.40 0.14 ± 0.00

V + I 120.05 ± 6.73 0.05 ± 0.00 2.60 ± 0.16 58.93 ± 2.90 0.14 ± 0.00
V + A 157.90 ± 4.77 βε 0.05 ± 0.00 3.45 ± 0.10 βε 76.87 ± 2.33 βε 0.16 ± 0.00 βε

U
ri

ne

REF 0.08 ± 0.03 0.002 ± 0.001 0.33 ± 0.12 0.04 ± 0.02 0.001 ± 0.000
V 0.11 ± 0.04 0.001 ± 0.000 0.30 ± 0.08 0.13 ± 0.11 0.003 ± 0.003

V + I 0.08 ± 0.02 0.000 ± 0.000 0.23 ± 0.05 0.04 ± 0.02 0.002 ± 0.001
V + A 0.17 ± 0.07 0.001 ± 0.000 0.33 ± 0.10 0.02 ± 0.00 0.001 ± 0.001

Results are expressed as mean ± SEM (n = 10/group). Calcium and magnesium blood concentrations are expressed
as the mean ± SEM of mg of each mineral × 10−3/g of sample. REEF: animals no receiving supplement; V: animals
receiving a daily supplement based on a food matrix with proteins, vitamins and minerals; V + I: inulin-enriched
supplement-fed animals, and V + A: acacia-enriched supplement-fed animals.* p < 0.05 vs. REF group; β p < 0.05 vs.
V group; ε p < 0.05 vs. V + I group. Ca: calcium; Fe: iron; Mg: magnesium; P: phosphorus; Zn: zinc.

In blood samples the most abundant mineral studied was iron, followed by phosphorus, calcium,
and magnesium, whereas zinc was the one detected in the lowest concentration. Regarding the
nutritional intervention, V + I and V + A-supplemented animals had lower calcium concentration
compared to the group receiving non-fiber-enriched supplement (V group) (p < 0.05). Moreover,
the supplement containing acacia fiber resulted in a lower magnesium blood concentration compared
to the REF and V groups (p < 0.05).

The most abundant mineral detected in feces was calcium, followed by potassium, magnesium,
and iron. No effects due to dietary intervention were identified in this compartment.

When mineral content in femur was analyzed, the most abundant was calcium, followed by
phosphorus, magnesium, and zinc. Iron was detected in a very low proportion. Interestingly,
only acacia-enriched supplement significantly increased the concentration of calcium, magnesium,
phosphorous, and zinc in comparison with both the V and V + I groups (p < 0.05).
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In urine samples the mineral found in most abundant concentration was magnesium, followed by
calcium and potassium. Both zinc and iron were detected in very low concentrations. No effects due to
dietary intervention were observed in this compartment.

3.4. Effects of Supplements on Hematological and Biochemical Variables

From all the parameters related to the leucocytes, erythrocytes, and platelets, only punctual
differences in the erythrocyte parameters were seen (Table S3). The inulin-enriched supplement-fed
animals (V + I) showed a slightly lower mean corpuscular hemoglobin (MCH) and a reduction in its
concentration (MCHC) when compared to that of the REF and V groups (p < 0.05).

The inulin-enriched supplement (V+ I) intake resulted in a significantly lower plasma concentration
of total cholesterol and uric acid in comparison to that of the REF group and to the acacia-supplemented
animals (p < 0.05) (Figure 1a,f). Moreover, the acacia-enriched supplement intake reduced the glucose
concentration compared to the supplement without fiber (p < 0.05) (Figure 1e).
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Figure 1. (a) Total cholesterol; (b) high-density lipoprotein cholesterol (HDL-C); (c) low-density
lipoprotein cholesterol (LDL-C); (d) triglycerides (TG); (e) glucose; and (f) uric acid concentration in
blood samples at the end of the study for all experimental groups considering both sexes together.
Results are expressed as mean ± SEM (n = 10/group). Statistical significance: * p < 0.05 vs. REF group;
β p < 0.05 vs. V group; ε p < 0.05 vs. V + I group.

No effects either on HDL-C, LDL-C, or triglycerides were found due to supplementation with
the DF.
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3.5. Effects of Supplements on IgA Concentration

The mean fecal IgA content was 1.5–2-fold higher in animals receiving both the inulin- (V + I)
and acacia-enriched (V + A) supplements, compared to the REF and V groups (Figure 2). However,
only the increase caused by inulin was statistically significant compared to both the REF and V groups
(p < 0.05).
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Figure 2. (a) IgA concentration in gut wash (GW) and (b) fecal samples, (c) proportion of fecal
IgA-coating bacteria and (d) plasma IgA concentration quantified at the end of the study for
all experimental groups considering both sexes together. Results are expressed as mean ± SEM
(n = 10/group). Statistical significance: * p < 0.05 vs. REF group; β p < 0.05 vs. V group.

No changes due to dietary intervention were detected either in the gut wash and plasma IgA
concentrations or in the proportion of fecal IgA-coated bacteria.

3.6. Effects of Supplements on Cecal Microbiota Composition

3.6.1. Diversity and Taxonomic Analysis

No changes on the Shannon–Wiener Index (3.52 ± 0.06) and CHAO1 (448.13 ± 10.69), as indicators
of the diversity and richness of the microbial community, respectively, were observed after any dietary
supplementation for all experimental groups at the end of the study.

Although it is well established that Firmicutes and Bacteroidetes are the most abundant phyla in
the cecal microbiota, male rats had a lower proportion of Bacteroidetes in favor of that of Firmicutes.
This increase in Firmicutes in males was also associated with a higher proportion of the family
Lactobacillaceae spp. and in particular, the genus Lactobacillus (Figure 3).
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Figure 3. Main taxonomic ranks showing the proportion of bacterial populations in the cecal content
at the end of the study in males and females. The relative proportion of the bacteria was calculated
in each taxonomic rank: (a) phylum, (b) family, and (c) genus. Results are expressed as mean (n = 5
female or male/group). Significant differences not shown.

Regarding the nutritional intervention, the acacia-enriched supplement (V + A) increased the
proportion of the Firmicutes (up to 81.76%) and decreased Bacteroidetes (up to 12.92%), compared to
the REF group whose proportions were 63.28% and 33.29%, respectively (p < 0.05) (Figure 3a). These
changes were more evident in female than in male rats. These changes after acacia fiber-enriched
supplement (V + A) intake were associated with an increase of Lactobacillaceae family, this effect being
stronger in female than in male rats (Figure 3b), whose Lactobacillaceae proportion was already increased
at the baseline. Moreover, acacia supplementation significantly increased genera belonging to the
Firmicutes and Actinobacteria phyla (Figure 3c). In particular, a significant increase in Bifidobacterium
spp. (up to 0.07% and 0.06% in females and males, respectively) and Lactobacillus spp. (up to 28%
and 33% in females and males, respectively) was observed in V + A-fed animals in comparison with
those in the REF (< 0.015% and < 15% for Bifidobacterium spp. and Lactobacillus spp., respectively,
in both females and males) and V (< 0.03% and < 30% for Bifidobacterium spp. and Lactobacillus spp.,
respectively, in both females and males) groups (p < 0.05) (Figure 4a,b).
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Figure 4. The relative proportion of the (a) Bifidobacterium and (b) Lactobacillus genera in cecal content at
the end of the study differentiating between sexes. Results are expressed as mean ± SEM (n = 10/group).
Statistical significance: * p < 0.05 vs. REF group; β p < 0.05 vs. V group. (c) A representation of Venn
diagrams showing the diversity in all genera differentiating between sexes. Results derived from
n = 10/group.

3.6.2. Venn Diagrams and Principal Components Analysis: Genera

The analysis of the genera distribution in Venn diagrams revealed that there was a core of 24 and
22 genera, in female and male rats, respectively, that persisted in all four experimental groups when
considering both sexes separately (Figure 4c). Moreover, when comparing the microbiota depending on
the supplementation, it could be observed that both the inulin (V + I) and acacia-enriched supplements
(V + A) were able to exclusively promote the colonization of new genera in both female and male
rats. On the one hand, inulin was able to promote the colonization of one new genus (Longibaculum)
in female rats and five new genera in male rats (Frisingicoccus, Erysipelatoclostridium, Gordonibacter,
Parvibacter, and Enterorhabdus), two of which also appeared with acacia supplementation. On the
other hand, acacia supplementation resulted in the colonization of five new genera (Bifidobacterium,
Asaccharobacter, Extibacter, Enterorhabdus, and Enterococcus) in female rats and three new genera in male
rats (Streptococcus, Parvibacter, and Enterorhabdus), two of which also appeared in the inulin. In addition,
some particular genera present in both the REF and V groups were absent in the V + I and V + A
groups, this being the case in eight for females and eleven for males.

The PCA score plot revealed that the microbiota of the acacia-fiber supplemented animals (V + A)
clustered differentially compared to those of both the REF and V groups in the genera analysis
(Figure 5a). Moreover, the loading plot revealed that the Bifidobacterium spp. and Lactobacillus spp.
were variables involved in the clustering of the V + A group (Figure 5b).
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Figure 5. (a) Representation of Principal Components Analysis (PCA) for all experimental groups in a
score plot and (b) a loading plot. Results derived from n = 10/group.

4. Discussion

Changes in dietary pattern, implying a lower intake of vitamins and minerals, may lead also to
changes in microbiota composition. This situation, besides having a poor nutrient absorption and
reduced bacterial diversity, is even more evident in the elderly [34]. In the current study, adult rats
have been used to mimic the feasible impact of the fiber-enriched nutritional supplements tested
herein on the immunological, hematological, and biochemical variables. Moreover, due to the disparity
existing in the immune response, microbiota composition and the susceptibility to disease between
gender [35–37], both female and male rats have been included in the present interventional study.

Herein, we demonstrate that the supplementations with inulin, a well-known prebiotic, and acacia
gum fibers modify the adult rat microbiota composition with different intensity. Rats aged nine weeks
that received acacia gum supplementation daily for four weeks showed an increased proportion in
Firmicutes and Actinobacteria. In this regard, the acacia supplementation resulted in a significantly
higher presence of Lactobacillus and the appearance of Bifidobacterium in both genders. In fact, this is not
the first time that acacia gum’s potential as a prebiotic agent has been described in both in vitro [38] and
clinical studies [22,25]. Indeed, an interventional study carried out in human volunteers demonstrated
that consumption of 10 and 15 g/day of acacia gum for 10 days increased the counts of both lactic
acid-producing bacteria and Bifidobacterium in feces [22]. Moreover, its ability to selectively prevent the
overgrowth of unwanted bacteria such as Clostridium difficile or Clostridium histolyticum, has also been
studied in vitro [38,39], although some controversy exists.

Moreover, acacia fiber supplementation produced the appearance of the genus Asaccharobacter
(which belongs to the Actinobacteria phylum) in female rats, a single species of which has been reported
to be a powerful equol producer [40]. Therefore, older people receiving the acacia fiber-enriched
supplement may benefit from equol’s health-promoting benefits, as has been reported, for example on
osteoporosis, prostate cancer, and cardiovascular diseases [41,42].

In this study, the appearance of the genus Enterorhabdus (Actinobacteria phylum) has been associated
with the consumption of acacia supplementation in both female and male rats and also with the inulin
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supplement in male rats. Although little is known about the possible role of this Actinobacteria genus,
its higher relative abundance has been negatively correlated to serum TC, TG and LDL-C and hepatic
TC, TG, bile acids, and non-esterified fatty acids in Grifola frondosa polysaccharide-chromium III-treated
type 2 diabetes mellitus (T2DM) mice [43]. Although further, more in-depth studies should be carried
out into this association, it seems that Enterorhabdus genus could exert some kind of hypoglycemic
and hypolipidemic activities in T2DM, one of the multifactorial chronic metabolic disorders affecting
mainly adults worldwide. Therefore, this result suggests that the inclusion of acacia or inulin fiber in
the diet of adult people would be beneficial for them.

One of the objectives of the present study was to compare the prebiotic activity of both inulin and
acacia fibers in adult rats. Surprisingly, the effects observed on microbiota composition after acacia
fiber intake in female rats were significantly stronger than those exerted by inulin in the same gender.
These differential results agree with those reported by Calame et al. who evidenced that acacia gum
was able to produce a higher increase in both bifidobacteria and lactobacilli than an equal dose of
inulin in healthy men [25].

The shift in microbiota composition has been proposed as a potential mechanism by which
prebiotics improve mineral absorption [13,14]. In the current study, increased calcium, magnesium,
phosphorus, and zinc concentrations were observed in femur from both female and male
acacia-supplemented animals; thus, suggesting that acacia-enriched supplement could be beneficial
for bone mineralization. Similar findings to those described herein have been reported after
galactooligosaccharides (GOS), fructooligosaccharides (FOS), a mixture of GOS/FOS, and inulin
supplementation in vitro, in vivo, and in human studies [15,44]. However, the fact that in our study no
effects were observed in the inulin-supplemented group could be due to an insufficient dose, the type
of inulin used, or the duration of the treatment. On the other hand, either the promotion of the
lactic-acid bacteria or the production of SCFA may result in an acidification of the colon compartment;
thus, preventing the formation of complexes between mineral and negatively charged metabolites,
and therefore improving the bioavailability of minerals [15]. In the present study we found no changes
in either fecal or cecal pH after the dietary supplementations that would explain this mechanism.
The lack of intestinal acidification after inulin intake has already been reported in younger rats fed a
diet with inulin for three weeks [28]. Further studies should be carried out in order to elucidate the
impact of both fiber supplementations on SCFA production and their relationship with the mineral
absorption in rats.

Most research has only been focused on the indirect effects of prebiotics over a considerable period
of time. However, it has recently been evidenced that prebiotics may also cause direct effects, such as
immunomodulation in the gastrointestinal tract [45]. In this regard, it is well known that prebiotic
administration, such as inulin, generally results in increased fecal IgA concentration [18]. This fact
is in line with those results obtained here because the intake of inulin-enriched supplement for four
weeks increased fecal IgA content; thus, enhancing the intestinal immune system, with no difference
between genders. With regard to the acacia-enriched supplement-fed animals, although a relevant
tendency to increase fecal IgA levels was observed, it did not reach statistical significance. None of
the dietary supplementations tested herein modified the proportion of IgA-coated bacteria, contrary
to what was observed in the youngest rats whose proportion increased after three weeks of inulin
intake [28]. Further studies should confirm these results and should be aimed at understanding them.

On the other hand, fiber and prebiotic intake in appropriate doses is associated with less incidence
of metabolic diseases due to its indirect capacity to modulate the blood lipid profile and other metabolic
variables [46]. In the current study, the intake of the inulin-enriched supplement for four weeks exerted
lipid-lowering effects by significantly reducing the cholesterol and the uric acid in plasma. These
results are partially in line with those reported in animal models [47] and in hypercholesterolemic [48]
and healthy [49,50] subjects receiving an inulin supplementation for 3–16 weeks. Nevertheless,
the modulation of biochemical variables after acacia fiber intake is quite controversial. Whereas some
authors did not observe significant effects either in hypercholesterolemic [51] or in healthy [52] subjects,
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others have attributed to acacia fiber significant benefits for metabolic disorders [53,54]. In particular,
the intake of 30 g of acacia for three months resulted in a significant reduction of blood triglyceride
and fasting plasma glucose concentrations in type 2 diabetic patients [53]. However, the conditions
(dose and length) tested within the study evidenced a tendency to reduce the glucose and uric acid
concentrations. This lack of effect after the acacia-enriched supplement on biochemical variables agrees
with that reported in hypercholesterolemic [51] or in healthy [52] subjects. Further studies are required
to clarify the protective effects of acacia gum on cardiometabolic diseases.

5. Conclusions

Overall, both fiber-enriched supplements tested in the present study show the potential to be
beneficial to gut-health, although differently. Whereas inulin-enriched supplement shows intestinal
immune enhancement, acacia fiber supplement has stronger prebiotic activity, which may lead to
increasing mineral absorption.
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Abstract: Background: Gastrointestinal (GI) health is an important aspect of general health.
Gastrointestinal symptoms are of specific importance for the elderly, an increasing group globally.
Hence, promoting the elderly’s health and especially gastrointestinal health is important.
Gut microbiota can influence gastrointestinal health by modulation of the immune system and
the gut–brain axis. Diverse gut microbiota have been shown to be beneficial; however, for the
elderly, the gut microbiota is often less diverse. Nutrition and physical activity, in particular,
are two components that have been suggested to influence composition or diversity. Materials and
Methods: In this study, we compared gut microbiota between two groups of elderly individuals:
community-dwelling older adults and physically active senior orienteering athletes, where the latter
group has less gastrointestinal symptoms and a reported better well-being. With this approach,
we explored if certain gut microbiota were related to healthy ageing. The participant data and faecal
samples were collected from these two groups and the microbiota was whole-genome sequenced and
taxonomically classified with MetaPhlAn. Results: The physically active senior orienteers had a more
homogeneous microbiota within the group and a higher abundance of Faecalibacterium prausnitzii
compared to the community-dwelling older adults. Faecalibacterium prausnitzii has previously
shown to have beneficial properties. Senior orienteers also had a lower abundance of Parasutterella
excrementihominis and Bilophila unclassified, which have been associated with impaired GI health.
We could not observe any difference between the groups in terms of Shannon diversity index.
Interestingly, a subgroup of community-dwelling older adults showed an atypical microbiota profile
as well as the parameters for gastrointestinal symptoms and well-being closer to senior orienteers.
Conclusions: Our results suggest specific composition characteristics of healthy microbiota in
the elderly, and show that certain components of nutrition as well as psychological distress are not as
tightly connected with composition or diversity variation in faecal microbiota samples.

Keywords: gut microbiota; metagenomics; aged; Faecalibacterium prausnitzii; orienteering
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1. Introduction

During the last decade, longevity has increased among the elderly population, resulting in a global
ageing phenomenon that is having a major impact on healthcare systems worldwide. This has led to
an increased awareness of the importance of promoting healthy ageing and quality of life throughout
an individual’s lifespan. To promote and initiate healthy ageing, it is important to understand and
reveal the underlying mechanisms.

The gastrointestinal (GI) tract is an essential part of the human body and physiological system
through which health and well-being might be promoted [1]. A well-functioning GI tract has previously
been identified as crucial for subjective health and well-being among older adults [2]. GI symptoms are
common among community-dwelling older adults (i.e., older adults residing in their own household)
in Sweden, and as many as 65% experience one or several gut symptoms that correlate with increased
psychological distress, including anxiety and depression [3]. On the contrary, physically active seniors
engaged in orienteering (a sport involving finding specific locations using a map and a compass)
have previously been identified as a potential model of healthy ageing [4], as they display the three
main components of successful ageing—physical endurance, cognitive skills, and social interaction [5].
Indeed, our previous data show fewer GI symptoms among senior orienteers and a better overall
health compared to community-dwelling older adults [4,6]. This indicates that gut health may reveal
important factors of well-being in the elderly, especially its association with various factors that
are known to influence gut microbiota during the entire lifespan. The microbial composition of an
individual depends on factors such as age, diet, geography, environmental exposure, and many others,
as shown in Figure 1 [7–10].

Figure 1. Factors affecting the composition of gut microbiota.

The human GI tract is a complex ecosystem where the gut microbiome interplays with host
cells and dietary-derived components, both of which have been implicated in playing a major role in
health and disease [1]. A diverse gut microbiome has been related to several essential mechanisms
for both a well-functioning GI tract as well as well-being, including modulating the immune system,
maintaining an intact intestinal barrier, and being a part of the regulation of the gut-brain axis [11,12],
where a decreased diversity has been linked to both GI and psychiatric disorders [13]. Ageing has been
associated with a loss of diversity of the gut microbiome; specifically, bacteria belonging to the phyla
Firmicutes and Actinobacteria decrease, whereas Proteobacteria increase in abundance [14]. These changes
could be due to nutritional deficiencies such as lower intakes of specific nutrients, e.g., dietary fibres
and proteins, that are important for maintaining the immune and GI functions [15]. Recent evidence
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further indicates that physical activity, independent of diet, could induce positive alterations of the
gut microbiome composition [16,17]. However, the relationship between physical activity and gut
microbiota across the life course has not been entirely elucidated. It is also less known to what extent
microbiome composition and diversity are influenced by certain factors when other factors change at
the same time, especially in a diverse population such as the elderly. For example, it is still not clear
which specific influence could be attributed to nutrition components or psychological factors such as
distress or anxiety.

In the present study, we investigated the gut microbiota profile in senior orienteering athletes,
as a proposed model of healthy ageing, in relation to GI symptoms and macronutrient intake and
compared it to the gut microbiota composition of community-dwelling older adults, representing the
general older adult population, to identify possible patterns specifically related to healthy ageing.

2. Materials and Methods

2.1. Study Participants, Data Collection, and Ethics

Samples were available from two previously established cohorts: community-dwelling older
adults (hereafter referred to as older adults), representing a cross-section of the general older adult
population [3,18] (n = 70) and physically active senior orienteers (hereafter referred to as senior
orienteers) as a model of healthy ageing [6] (n = 28). All participants were ≥65 years of age;
the inclusion and exclusion criteria are presented in Table 1. The study received approval from the
Regional Ethics Board in Uppsala, Sweden (dnr: 2012/309, 2013/037, 2015/357) and was conducted in
accordance with the Declaration of Helsinki.

Table 1. Inclusion and exclusion criteria.

Older Adults Senior Orienteering Athletes

Inclusion criteria

Informed consent signed by the study
participant

Age ≥ 65 years
Mentally and physically fit to complete
questionnaires during the study period

Informed consent signed by the study participant
Age ≥ 65 years

Mentally and physically fit to complete
questionnaires during the study period

Actively performing and competing in orienteering

Exclusion criteria

Any known gastrointestinal disease,
malignancies, and ischemia
Inflammatory bowel disease

Participation in another clinical trial in the past
three months

Any known gastrointestinal disease, malignancies,
and ischemia

Inflammatory bowel disease
Participation in another clinical trial in the past

three months

2.2. Gastrointestinal Symptoms, Psychological Distress, and Physical Activity

Data regarding GI symptoms, psychological distress, and physical activity were available from
the two previously established cohorts for all orienteers and a subset of older adults (n = 54) [3,6].
GI symptoms and psychological distress were assessed through the following validated questionnaires:
the Gastrointestinal Symptom Rating Scale (GSRS) [19] and the Hospital Anxiety and Depression
Scale (HADS) [20]. Briefly, the GSRS comprises 15 questions assessing five GI symptoms (i.e., reflux,
abdominal pain, dyspepsia, diarrhoea, and constipation) that are scored from 1 to 7 depending
on their severity. A total score is then calculated as the average from the five symptom scores.
The HADS includes 14 questions and is divided into two subscales assessing anxiety and depression
(7 questions/scale) together giving an estimation of psychological distress. The Frändin–Grimby
Activity Scale (FGAS) [21], a 6-point scale with fixed response alternatives, was used to assess the level
of physical activity.
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2.3. Macronutrient Intake

The nutrient intake was estimated by a validated semi-quantitative Food Frequency Questionnaire
(FFQ) [22] asking for dietary intake during the past year. The questionnaire has previously been
described and used in an elderly population [3]. Raw data were available from the previously
established cohorts [3,18] and were further analysed according to a standard procedure to assess
the following macronutrients: fibre, protein, saturated fat, unsaturated fat, and carbohydrates as
well as estimated added sugar. Briefly, participants estimated their intake of 66 food items from
0–8 (0 = never, 8 = 4 or more times a day). To facilitate inter-individual comparisons, the intake per
day was expressed as energy percentage (E%) and the intake of fibre was expressed as gram per
megajoule (MJ) energy intake.

2.4. Medications

Medications were self-reported and grouped according to the Anatomical Therapeutic Chemical
(ATC) classification system, controlled by the WHO’s Collaborating Centre for Drug Statistics
Methodology, by a physician (author F.F.), using a national tool [23].

2.5. Next-Generation Sequencing for Determination of the Microbiota Composition

Stool samples were collected according to standard operating procedures [18] and were analysed
using next-generation sequencing (NGS) for assessment of the faecal microbial composition [24].
Total DNA was extracted from faecal samples using a QIAmp DNA stool mini kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany), coupled with an initial bead-beating step.
The total microbial content was further assessed through whole-genome sequencing (WGS) at SciLifeLab,
(Stockholm, Sweden) using an Illumina HiSeq 2500 device (Illumina, San Diego, CA, USA) with four
samples per lane, yielding approximately 50 million read pairs per sample. Whole-genome sequences
were taxonomically classified using MetaPhlAn v2.0 (Huttenhower Lab, Boston, MA, USA) [25] at
default settings. Relative abundances for the taxomic levels of genera and species were extracted from
the output of MetaPhlAn and further analysed in R (3.6.1, R Core Team, New Zealand) [26].

2.6. Data Analysis

Continuous demographic data were analysed using the Mann–Whitney U test, and categorical
demographic data were analysed using the chi-square test. Relative abundances for microbiota at
genus and species level were calculated and considered for further analysis. Welch’s two-sample t-tests
followed by the Benjamini–Hochberg procedure for multiple testing correction were used to assess the
difference in bacterial abundance between the two groups [27]. Top genera, differentially occurring
in orienteers and general elderly, were selected based on a false discovery rate (FDR) less than 5%.
Given our abundance data and group sizes (orienteers, older adults), we estimated to be able to detect
a 20% difference in abundance, with 80% power and 5% significance level. Species representing the top
predicted genera were considered for further downstream statistical analysis. To estimate if a difference
was consistent after the effect of the covariate was taken into account, we fitted a zero-inflated negative
binomial (ZINB) regression model with each covariate as an explanatory variable [28–30]. The resulting
residuals were considered as corrected bacterial abundances with the effect of the covariate removed.
The differences of these corrected bacterial abundances between groups were tested using a ZINB
model and ANOVA type III sums of squares test for the bacterial abundances. The relative importance
of all covariates was assessed by performing a model comprising all covariates using likelihood-ratio
chi-square statistics [31].

All plots were produced in R (version 3.6.1, R Core Team, New Zealand) [32] using either the
base graphics package or ggplot2 version 3.2.1 [33]. Boxplots were produced with the graphics
package using the notch option, where box encapsulates the first to third quantiles and whiskers are
the minimum of 1.5 interquartile range (IQR) from the box or the min/max value. Boxplot notches
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visualise a non-parametric estimation of the 95% confidence interval of the median calculated as
+/-1.58 IQR/

√
n [34]. ANOVA with type III sums of squares analysis was performed as implemented in

the car package v 3.0-3. Zero-inflated negative binomial regression was performed using the function
zeroinfl within the pscl package v 1.5.5 [35]. FDR values were estimated using the package multtest,
following the approach adopted by Benjamini and Hochberg [36]. Bray-Curtis distances and Shannon
diversity index were calculated from species abundance profiles using the vegan (v2.5-6) package [37].
PCoA analyses were performed with the R package labdsv [38]. Participants outside the 95% confidence
area formed the subset atypical older adults. Student’s t-test was performed to compare average
values between senior orienteers, typical older adults, and the subset of atypical older adults for each
covariate. Taxonomy prediction and statistical analysis were automated using in-house scripts written
in Bash and R (Figure S1) [26].

3. Results

3.1. Demographic Data

All demographic data are presented in Table 2. The degree of anxiety (p = 0.006) and depression
(p = 0.002) were significantly higher among older adults compared to senior orienteers, whereas
physical activity was higher among senior orienteers (p < 0.001).

Table 2. Participant characteristics.

Parameter
Community-Dwelling Older Adults

n = 70
Senior Orienteering Athletes

n = 28
p-Value

Sex
Median n (%)

Female
Male

33 (47%)
37 (53%)

12 (43%)
16 (57%) 0.701

Age
Median (IQR) 72 (69–76) 68.5 (67–72) 0.034

Smoking
n (%) 1 (1%) 0 (0%) 0.537

Physical activity
Median (IQR) 3.5 (3–4) 4 (4–5) <0.001 *

Polypharmacy
n (%) 8 (12%) 2 (7%) 0.487

Number of medications
Median (IQR) 2 (1–4) 1 (0–2) 0.016

GI symptoms
Median (IQR)

Indigestion
Constipation

Abdominal pain
Diarrhoea

Reflux

2.0 (1.3–3.1)
1.3 (1.0–3.3)
1.3 (1.0–2.0)
1.0 (1.0–3.3)
1.0 (1.0–1.5)

1.5 (1.3–1.9)
1.3 (1.0–1.6)
1.0 (1.0–1.7)
1.3 (1.0–1.7)
1.0 (1.0–1.0)

0.011
0.569
0.009
0.497
0.043

Total GI symptoms 1.8 (1.1–2.5) 1.3 (1.1–1.5) 0.021

Depression
Median (IQR) 2 (1–4) 0 (0–1) 0.002 *

Anxiety
Median (IQR) 2 (0.5–5.5) 0.5 (0–2.8) 0.006 *

* Retained significant difference after multiple testing corrections. Physical activity, GI symptoms, and psychological
distress (depression and anxiety) are all measured with questionnaires, see the Materials and Methods section for a
more detailed description of each questionnaire. Interquartile range (IQR) is presented within parentheses where
applicable. GI = gastrointestinal.
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3.2. Microbiota Composition

Faecal microbiota profiles of the two established cohorts of older individuals (senior orienteers and
older adults) were analysed on both genera and species levels from shotgun metagenomic sequences.
Faecalibacterium was on average the most prominent genus and a total of 111 genera were found in
at least one sample (Figure 2, Supplementary Table S1). Three of these genera showed significantly
different proportions between senior orienteers and older adults (Figure 3A). These three genera are
represented by four species that were used for further analysis. Of these four species, Faecalibacterium
prausnitzii and Bilophila unclassified were the most abundant (Figure 3B).

To investigate whether differences of microbiota composition were due to confounding factors,
twelve covariates were included in the analyses, i.e., five macronutrients (carbohydrates, protein,
unsaturated fat, saturated fat, and fibre), two parameters assessing psychological distress (anxiety and
depression), three parameters assessing medicines associated with dynamic changes in the microbiota
(antibiotics during the previous six months, acetylsalicylic acid, and any medicine affecting the
GI tract), sex, and age (Figures 4–6). Several covariates were significantly different between the groups.
The senior orienteers had a significantly higher intake of carbohydrates and a lower intake of saturated
fat in their diet compared to older adults (p = 0.006 and p = 0.038, nominal p-values). Older adults
reported a higher level of depression and anxiety (Table 1). One species was significantly increased
in senior orienteers after correcting for all covariates, namely Faecalibacterium prausnitzii. Bilophila
unclassified was significantly different for 8/15 covariates or combinations of covariates, and Bilophila
wadsworthia as significantly different for 5/15 covariates or combinations of covariates (more abundant
in older adults; see Figure 5).

Figure 2. Relative abundance of the 10 most abundant genera across 98 samples.
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Figure 3. Relative abundance of significantly different genera and selected species stratified for group
(senior orienteers compared to older adults). Cut-off for significance was set at false discovery rate
(FDR) <5%. Descriptive p-values for each comparison are shown. (A) Genera; (B) Species.

Figure 4. Comparison of covariates. Boxplots of covariates stratified for older adults and senior
orienteers, including descriptive p-values from Welch’s t-test. (A) Macronutrients measured by energy
percentage (E%). (B) Fibre measured by grams per megajoule (MJ). (C) Hospital Anxiety and Depression
Scale (HADS) score. (D) Bar plot for medication covariates for older adults and senior orienteers,
including descriptive p-values from chi-square test.
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Figure 5. Significance of difference between older adults and senior orienteers after correction for
macronutrients, psychological distress, and medication variables. Corrected bacterial composition
values were compared between groups for each species and false discovery rates (FDRs) calculated.
The dots represent negative log10 p-values belonging to respective species, where blue denotes
significance and red denotes non-significance, with a significance threshold at FDR <5%. A Results for
models with a single macronutrient variable and with all macronutrient variables in a multi-variable
model. B Results for models with single medication variables and with all variables in a multi-variable
model. C Results for models regarding anxiety and depression separately with single Hospital Anxiety
and Depression Scale (HADS) variables and with both HADS variables in a multi-variable model.
D Results for models with sex and age.

Figure 6. Assessment of relative importance of all covariates. A complete model comprising all
covariates for assessing variable importance. The relative importance of each covariate was measured
as likelihood-ratio chi-square statistics.
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3.3. Ecological Diversity and Homogeneity

No difference in alpha diversity in terms of Shannon index was observed between the groups
(Supplementary Figure S2). To estimate the beta diversity, principal coordinates analysis (PCoA) with
a Bray–Curtis dissimilarity score was used. In the PCoA, the microbiota profiles of senior orienteers
appear more homogenous than the profiles of older adults (95% confidence ellipse area, 0.2013 for older
adults and 0.1094 for senior orienteers; see Figure 7A). When analysing only the four species that are
significantly different between the groups, the homogeneity difference became even larger (0.1861 for
older adults and 0.0179 for senior orienteers; see Figure 7B). Based on the PCoA with the four selected
species, there appeared to be a subset of individuals, all from the older adult group, that have an
atypical microbiota profile. This atypical participant group (atypical older adults, n = 12) was compared
with orienteers (n = 28) and the rest of the older adults (typical older adults, n = 42) regarding covariates
(Figure 8). Significant differences were observed only between senior orienteers and the majority
group of typical older adults. Protein, saturated fat, carbohydrates, depression, anxiety, and GSRS
variables showed significant differences between these two groups. Interestingly, the atypical group of
older adults seems to be closer to the senior orienteering group than the typical older adults for these
covariates. Confidence intervals of correlation values between F. prausnitzii and fibre showed a trend
towards a weak correlation. A trend for a positive correlation was found between F. prausnitzii and
fibre in the orienteering group although not significant (cor = 0.33, 95% CI = [−0.046, 0.63]). For the
older adults, no such correlation could be seen (cor = −0.062, 95% CI = [−0.36, 0.25] for typical adults
and cor = 0.14, 95% CI = [−0.53, 0.57] for atypical adults) (Figure 9).

Figure 7. Principal coordinates analysis (PCoA) plots. Principal coordinates were estimated using
Bray–Curtis distance on the predicted species. Each dot represents an individual sample, shape depicts
groups, and blue scale codes for the gastrointestinal symptom scores measured with Gastrointestinal
Symptom Rating Scale (GSRS) values. Dotted ellipse indicates 95% confidence region of older adults and
dashed ellipse indicates 95% confidence region of senior orienteers. CEA = 95% confidence ellipse area.
(A) PCoA using all predicted species; (B) PCoA using four selected species that were significantly
different between older adults and senior orienteers.
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Figure 8. Comparison of covariates when older adults are stratified for typical and atypical.
Atypical older adults are defined as samples outside of the confidence ellipse area in Figure 7.
Statistically significant differences are marked with an asterisk. (A) Macronutrient intake measured
by energy percentage (E%). (B) Fibre measured by grams per megajoule. (C) Anxiety and depression
scores. (D) Mean score of gastrointestinal symptoms. (E) Representation of proportion of subjects
with medications.

Figure 9. Correlation between Faecalibacterium prausnitzii and fibre intake. Shape depicts different
groups. Dotted line, solid line, and dashed line represent regression lines for senior orienteers,
typical older adults, and atypical older adults, respectively. Confidence interval (95%) values are given
in brackets for respective observed correlations.
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4. Discussion

The present study focused particularly on identifying gut microbiota profiles related to healthy
ageing. Collectively, the novel data of the study show that senior orienteers, used as a model of
healthy ageing, display a significantly different composition of the gut microbiota, with higher levels
of F. prausnitzii, compared to older adults. Notably, these changes were found to be persistent even
after correcting for macronutrient intake, psychological distress, and medical regimen affecting the
GI tract. As a higher abundance of F. prausnitzii is associated with good gastrointestinal health [39],
this result is coherent with our previous studies of the cohorts [4,6]. In addition, we observed more
homogeneous overall compositions of gut microbiota in the senior orienteer cohort.

Senior orienteering athletes have previously been identified as a potential model of healthy
ageing [4], where we have previously shown that signs of depression, anxiety, and gastrointestinal
discomfort are lower in this group compared to older adults [6]. In the present study, assessment of
the macronutrient intake further showed that senior orienteers had a lower intake of saturated fats and
a higher intake of carbohydrates compared to older adults. This result further supports our previous
findings that senior orienteers display several factors associated with health. The dietary intake has
previously been shown to be a major factor influencing the composition of the gut microbiota and,
subsequently, the metabolic output and function of the gut microbiome [40–42].

While a Western-style diet, rich in saturated fat and low in fibre, gives rise to a less diverse gut
microbiota with a metabolic profile likely to be detrimental to health [42,43], the addition of dietary
fibres, fruits, and vegetables is able to shift the composition to a more diverse composition associated
with an increase in bacterial species, including F. prausnitzii [44–46]. F. prausnitzii, recognized as a
marker of a healthy gut [39], is a non-spore forming and strict anaerobe, placed taxonomically within
Clostridium cluster IV [47], which is a member of the Clostridium leptum group [48]. It is also one
of the most important members among the butyrate-producing bacteria in the human colon [49,50].
The function of F. prausnitzii in the gut has been associated with its high capacity to contribute to
the production of the short-chain fatty acid butyrate, the main nutrient for colonocytes known to
display anti-inflammatory properties [51]. A diet high in fibre has previously been associated with an
increased abundance of F. prausnitzii [52,53]. Within the senior orienteering group, we identified a
trend towards a positive correlation between intake of fibres, including dietary fibres, and relative
abundance of F. prausnitzii. As the trend is not visible in community-dwelling older adults, this result
could suggest that fibre intake is linked to higher F. prausnitzii abundance only in a group with a lower
degree of GI problems. However, it is important to note that a limitation of the study is the assessment
of macronutrient intake via an FFQ estimating intake over a year. Therefore, the result may be affected
by recall bias and a dietary diary would have been an excellent complement to estimate the intake
during the days of stool sampling.

Our findings further show that F. prausnitzii accounts for approximately 18% of the total faecal gut
microbiota in senior orienteers compared to 15% among community-dwelling older adults. This is in
accordance with two previous independent studies showing that 5–15% of the microbiota consists of
F. prausnitzii [39,54]. This observation may indicate that senior orienteers have a higher production of
butyrate. However, butyrate was not assessed in the present study as the level of butyrate in the luminal
content does not reveal whether the elevated levels are due to the gut microbiota composition or a
disturbed uptake of butyrate in the intestinal mucosa. Hence, further studies are needed to elucidate
how the abundance of F. prausnitzii correlates to butyrate production in older adults. Moreover, the high
relative abundance of F. prausnitzii in the present study may be due to geographical location as both
elderly and adult individuals in Sweden have been found to have a high abundance of this particular
species compared to microbiota profiles found in other European countries [55].

Even though a higher relative abundance of F. prausnitzii was observed, we did not observe
an enhanced microbial diversity among senior orienteers. This is in contrast to previous findings
where regular exercise and sustained levels of increased physical activity have been shown to enhance
microbial diversity independent of diet [16,17,56]. Interestingly, a recent report shows that, even though
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regular exercise among older adults is important to maintain a stable gut microbiota, the α-diversity
was not significantly different between older adults performing regular exercise compared to those who
did not [57]. On a family level, a change in relative abundance of several bacterial families was observed,
but not in the Ruminococcaceae family, to which F. prausnitzii belongs. A recent systematic review
further summarizes the field and shows that higher levels of physical activity and cardiorespiratory
fitness are associated with higher faecal concentration of short-chain fatty acids in adults [58]. However,
it was not possible to distinguish whether short-term or medium-/long-term exercise had a more
positive effect on the gut microbiota composition. It is therefore possible that orienteering among
elderly may only have moderate effects on the gut microbiota. It is further important to note that
the level of physical activity is self-reported and does not give an exact indication of how hard the
participants exercised. In addition, the present study is limited by the low number of senior orienteers,
and the absence of significant differences may reflect low statistical power rather than true negative
findings. Hence, more in-depth future studies are needed to thoroughly elucidate the relationship
between physical activity and gut microbiota composition in the elderly.

Moreover, a physically inactive lifestyle together with a diet high in refined carbohydrate and
low in dietary fibre is associated with a depleted microbiome and the elevated risk to develop chronic
diseases [59]. In our study, the bacterial species Parasutterella excrementihominis and Bilophila wadsworthia
were found in a higher relative abundance in community-dwelling older adults. Although little is
known regarding their function, it is intriguing to note that both species have been associated with
decreased intestinal health. Parasutterella excrementihominis belongs to the class Betaproteobacteria
(one of eight classes of Proteobacteria). The relative abundance of Parasutterella excrementihominis has
previously been associated with different host health outcomes such as inflammatory bowel disease,
irritable bowel syndrome, obesity, diabetes, and fatty liver disease [60–63]. Bilophila is a member of
the hydrogen sulphide (H2S)-producing family Desulfovibrionaceae. Bilophila metabolizes sulphated
compounds and produces H2S that can trigger inflammation, exert genotoxic and cytotoxic effects
on epithelial cells, and impair intestinal barrier function [64]. Correlations of sulfidogenic bacteria
to the aetiology of chronic metabolic diseases have recently been shown [65,66]. However, little is
known about the genus Bilophila. Bilophila wadsworthia has been associated with a variety of human
and animal infections [67–70].

Another possible environmental factor that can influence gut microbiota is medications [71].
Common drugs, including antibiotics, have been found to alter the gut microbiota composition [72].
Repeated courses of antibiotic treatment may result in the loss of microbial species that may not
be restored [73]. Prescribed medication from medical records would have provided appropriate
data to investigate an accurate list of medications since our data did not include dosage or common
usage. However, the prescribed medications do not include over-the-counter medications, which
comprise several agents affecting the gastrointestinal canal directly (such as proton-pump inhibitors,
laxatives, etc.). As the differences between senior orienteers and older adults are still significant after
diet and medications are taken into account, the distinctive features of the former group are further
accentuated as important for the differences in microbiota.

Moreover, it is important to acknowledge that senior orienteers have a lifestyle represented not
only by a high level of physical activity, but also by an active social life. Loneliness and lack of
contact often increase the risk of depression and anxiety among older adults [74]. In accordance with
previous data, we show that depression and anxiety are significantly lower among senior orienteering
athletes compared to community-dwelling older adults. Depression and anxiety are known to be
associated with an altered gut microbiota composition that is most likely due to changes in the
microbiota–gut–brain axis, the bidirectional relationship between the gut microbiota and brain [75].
One of the major factors influencing this pathway is diet and, among other factors, a change in eating
habits due to increased psychological distress has been proposed to contribute to the alterations of the
gut microbiota associated with depression and anxiety [76]. However, the relationship between diet
and depression and anxiety needs to be further investigated as the results from dietary intervention
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studies are contradictory and the directionality and mechanisms are currently unclear as reviewed by
Bear et al. [75]. In accordance with these observations, a recent systematic review of the field shows
that so far there is no consensus within human studies regarding the question about which bacterial
taxa would be most relevant to depression [77].

This study focused only on a few factors that could possibly have an impact on the gut microbiome.
However, there are many other environmental, behavioural, socio-economic, and health-related
variables that contribute to the gut microbial composition (Figure 1). The scope of this study was
to investigate the difference between senior orienteers and older adults after correcting for a variety
of factors. Many of the factors that were used for correcting the microbiota composition are not
independent, but are different between the two studied groups and, therefore, confounded with each
other. An elaborate analysis of predicted function profiles of proteins, pathways, and metabolite levels
will provide more insight into the functional aspects of healthy ageing, but remains outside the scope
of this study.

In healthy adults, the gut microbiome is a very stable community of microbes composed of highly
adapted microbial species [78,79]. The composition of the gut microbiome has been shown to be shaped
more by environment than by host genetics [80]. Our analyses showed that senior orienteers as a group
had a more homogenous microbiota, which makes individually stable microbiota profiles also more
likely. This is not the case in the older adults’ samples. Individual stability over time has been observed
as a feature that distinguishes the microbiota of healthy individuals compared with individuals with
gastrointestinal disease [81]. Nevertheless, future studies need to validate our findings in a longitudinal
study to verify that the gut microbiota is homogenous and stable among senior orienteers.

5. Conclusions

In conclusion, our data show that senior orienteers can be seen as a model of healthy ageing
also from the perspective of the microbiota. Their faecal microbiota shows a higher abundance of
Faecalibacterium prausnitzii that has been previously associated with positive health benefits, as well
as an active lifestyle. In contrast, the senior orienteers have a lower abundance of Parasutterella
excrementihominis and Bilophila wadsworthia, two species that previously have been associated with
decreased intestinal health. Furthermore, our observation of senior orienteer faecal microbiota being
more homogenous suggests this group of older adults as a model of healthy ageing.
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Abstract: Blueberry (BB) consumption is linked to improved health. The bioconversion of the
polyphenolic content of BB by fermentative bacteria in the large intestine may be a necessary step
for the health benefits attributed to BB consumption. The identification of specific gut microbiota
taxa that respond to BB consumption and that mediate the bioconversion of consumed polyphenolic
compounds into bioactive forms is required to improve our understanding of how polyphenols impact
human health. We tested the ability of polyphenol-rich fractions purified from whole BB—namely,
anthocyanins/flavonol glycosides (ANTH/FLAV), proanthocyanidins (PACs), the sugar/acid fraction
(S/A), and total polyphenols (TPP)—to modulate the fecal microbiota composition of healthy adults in
an in vitro colon system. In a parallel pilot study, we tested the effect of consuming 38 g of freeze-dried
BB powder per day for 6 weeks on the fecal microbiota of 17 women in two age groups (i.e., young
and older). The BB ingredients had a distinct effect on the fecal microbiota composition in the artificial
colon model. The ANTH/FLAV and PAC fractions were more effective in promoting microbiome
alpha diversity compared to S/A and TPP, and these effects were attributed to differentially responsive
taxa. Dietary enrichment with BB resulted in a moderate increase in the diversity of the microbiota
of the older subjects but not in younger subjects, and certain health-relevant taxa were significantly
associated with BB consumption. Alterations in the abundance of some gut bacteria correlated not
only with BB consumption but also with increased antioxidant activity in blood. Collectively, these
pilot data support the notion that BB consumption is associated with gut microbiota changes and
health benefits.

Keywords: polyphenols; blueberries; gut microbiota; in vitro; human study; oxidative stress

1. Introduction

The gut microbiota is a recognized modulator of human health and is shaped by host genetics,
environment, lifestyle, and diet [1,2]. Most studies investigated cohorts representing western populations
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and lifestyle and compared healthy subjects and individuals with diverse conditions. Despite significant
inter-individual variations in the gut microbiota composition, a general description of the healthy adult gut
microbiota has emerged [3], but the variation range of phylum proportional abundances in healthy subjects
is still large. Factors working throughout the lifespan such as repeated antibiotic use, significant changes
in dietary habits, and infections may lead to perturbations and reductions in the composition and
phylogenetic diversity of the gut microbiota that are associated with disease [4].

Immuno-senescence, hospitalization, and changes in dietary habits may collectively contribute
to the age-related gut microbiota alterations observed in older individuals and that are linked in
turn to the increase in the inflammatory state of older adults, a known risk factor for mortality
in humans and animal models [5,6]. In conditions characterized by an altered microbiome at any
point in life, gut microbiota manipulation can be a target for prevention, improvement, or even
therapy [7,8]. This could be achieved with the use of probiotics, fecal microbiota transplants (FMT),
live biotherapeutics, or prebiotics [9]. Accumulating evidence suggests that polyphenols are a dietary
component with potential prebiotic activity [10,11].

Polyphenols are plant-derived dietary components that can be grouped into non-flavonoids and
flavonoids [12]. Non-flavonoids include compounds such as tannins, phenolic acids, and lignans [12].
Flavonoids include isoflavones; neoflavonoids; and others such as chalcones, flavones, and flavonols,
which are the building blocks of proanthocyanidins and anthocyanins [13]. Anthocyanins are present in
plants as glycosylated anthocyanidins conjugated with sugars including glucose, galactose, arabinose,
rhamnose, and xylose [14]. The dietary intake of these compounds has been associated with health
benefits based on in vitro and in vivo experimental models and human studies [10,15].

The levels of flavonoid consumption reported for adult populations vary significantly, likely due
at least in part to differences in the analytical methods and associated reference standards used to assess
the flavonoid content in food products, but also because of widely varying dietary habits [14,16,17].
Adults in the US, Europe, and the UK have a daily consumption of flavonoids that ranges from
177 mg/d up to 428 mg/d, and a consumption of anthocyanidins that ranges from 4.2 mg/d up to
19 mg/d [16,18,19].

Unabsorbed phenolic compounds reach the colon, where they may serve as substrates for fecal
microbiota fermentation [20]. Several in vitro [21,22], in vivo [23–27], and human studies [28–30]
indicate health benefits and the potential for polyphenols to modulate the gut microbiota. There is also
scientific interest in the combined effect of dietary polyphenols and fiber on the gut microbiota [31].
In this context, blueberry (BB) consumption may provide adequate amounts of dietary polyphenols
with potential health benefits [32].

To further elucidate the interactions between BB ingredients and the human gut microbiome,
we profiled the compositional changes that occurred in batch fermentations inoculated with the fecal
microbiota of healthy young adults and supplemented with isolated BB polyphenol-rich fractions.
These fractions are individually enriched for different major classes of presumptive bioactive BB
ingredients, and have been tested for their activity in multiple previous publications [33–37]. To detect
microbiota taxa that are responsive to human BB consumption, 17 healthy female volunteers in two
age groups consumed freeze-dried BB for 6 weeks, and their gut microbiota composition was analyzed
before and after the dietary intervention. The data indicate that BB ingredients or whole BB fruit can
affect the microbiota both in in vitro colon model systems and in human consumers, but the effects on
microbiota diversity are greater in older consumers.

2. Materials and Methods

2.1. Faecal Inocula and the In Vitro Colon Model

A pool of 5 fecal microbiota samples was used to inoculate the fermenter vessels comprising an
artificial colon model. The five fecal samples were collected from healthy young donors (coded as
follows: HYD3 32 years old (yrs), HA4 26 yrs, HA6 29 yrs, HA7 29 yrs, HA8 35 yrs) under a procedure
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approved by the local clinical research ethics committee. All the subjects gave their informed consent
for inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee/Institutional Review
Board at Cornell University (Protocol ID#: 1706007263).

Fecal samples were collected and transferred to an anaerobic cabinet no later than one hour after
passing. Each fecal sample was homogenized in a reduced sterile solution of PBS containing 20%
glycerol and stored at −80 ◦C. Before each fermentation run, an aliquot of each of the 5 fecal samples
(i.e., microbiota samples) was thoroughly thawed in an anaerobic cabinet and mixed in equal volumes
for the inoculum.

Batch fermentations were used to simulate the colonic bacterial fermentation of the selected
substrates [38]. One percent (w/v) fecal inoculum was prepared to inoculate each of three parallel
single vessels with a 150 mL working volume in each vessel. A continuous flow of NO2 was used to
maintain anaerobic conditions during the 24 h pH (6.8) and temperature (37 ◦C)-controlled fermentation
runs, with continuous stirring and atmosphere monitoring. Adaptation to in vitro media results in
reduced microbiota diversity, as observed in previous studies [39]. To reduce this loss of microbiota
diversity, the basal fermentation medium was supplemented with a mix of prebiotic fibres (referred to
as MIX) (xylan 2 g/L; pectin 2 g/L; arabinogalactan 2 g/L; soluble starch 4 g/L) plus amylopectin (1 g/L),
beta glucan (0.5 g/L), and glucose (2 g/L) [40,41].

The MIX medium was supplemented separately with each of 4 different BB polyphenol fractions:
i. anthocyanins/flavonol glycosides (200 mg/L); ii. proanthocyanidins (200 mg/L); iii. sugar/acid
fraction; and iv. total polyphenolics (333 mg/L). These were prepared as described in Section 2.4.
A fermentation run without any supplementation was performed as a control. Samples from the
fermentation culture were retrieved at 0, 16, and 24 h and centrifuged immediately, and the pellet and
supernatants were kept at −20 ◦C for further analysis.

2.2. Bacterial DNA Extraction for In Vitro and Human Study

A 200 mg quantity of fecal pellet was weighed as instructed in the QIamp Fast DNA Stool
(Qiagen, Manchester, UK) extraction kit protocol. The samples were homogenized mechanically in
sterile tubes containing InhibitEX solution and zirconia glass beads of three sizes—0.1, 0.5, and 1.0 mm
(Thistle Scientific Ltd., Glasgow, UK)—using a Mini-Beadbeader (Biospec Products, Inc., Bartlesville,
OK, USA). The subsequent steps of gDNA extraction were performed as previously described by our
laboratory [39].

2.3. Microbiome Profiling of In Vitro and Human Study Samples

The primers S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′)/S-D-Bact-0785-a-A-21
(5′GACTACHVGGGTATC TAATC C-3′) 5′ [42] were used to amplify the V3/V4 variable region
of the 16S rRNA gene for the profiling of the bacterial fecal microbiota using the Phusion High-Fidelity
PCR Master Mix (ThermoFisher Scientific, Waltham, MA, USA). After PCR product purification,
the Illumina MiSeq system protocol was used for library preparation. Indexing PCR was performed
to amply the dual-index barcodes to the amplicon (Nextera XT V.2 Index Kits; Illumina, San Diego,
CA, USA). The purification of the barcoded amplicons was performed with the Agencourt AMPure
XP-PCR Purification system (Beckman Coutler, Inc., Brea, CA, USA). The Qubit dsDNA HS Assay Kit
(Thermo Fischer Scientific, Waltham, MA, USA) was used to quantify the products. Equal concentrations
of all the purified amplicons were pooled into a library that was sequenced (2 × 300 bp) on a MiSeq
Illumina platform in the Teagasc Food Research Centre sequencing facility (Teagasc Moorepark, Fermoy,
Ireland). ENA accession number: PRJEB39031.

2.4. Isolation of Enriched Fractions for Bioassay

Four major ingredient fractions of BB were prepared essentially as previously described in several
previous publications [32–37]. In detail, whole frozen BB, cv. “Coville”, were extracted, and fractions of
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total polyphenolics (TPP), proanthocyanidins (PACs), anthocyanin/flavonol glycosides (ANTH/FLAV),
and sugars/acids (S/A) were isolated using solid-phase chromatography according to Howell et al.,
2005 [43]. Briefly, BBs were homogenized with water in a blender and applied to a C18 column
(Waters Corp., Milford, MA, USA) preconditioned with MeOH followed by dH2O. The S/A fraction
was collected as the column was washed with dH2O then dH2O:MeOH (85:15) (v/v), followed by
elution with acidified aqueous methanol. Solvents were removed from the S/A fraction under reduced
pressure. The TPP fraction containing anthocyanins, flavonol glycosides, and PACs (confirmed using
reverse-phase HPLC with diode array detection) was eluted with 1% HOAc in MeOH (v/v). All the
fractions were dried under reduced pressure to remove the solvent. The TPP fraction was then
suspended in 50% EtOH, and applied to a Sephadex™ LH-20 (Sigma Chemical Co., St. Louis, MO)
column that was pre-equilibrated overnight in EtOH:dH2O (50:50) (v/v). The ANTH/FLAV fraction
was eluted with 50% EtOH and dried to remove the solvent. The PAC fraction was eluted from the
LH-20 column with 70% aqueous acetone, and monitored for purity using diode array detection at
280 nm. The absence of absorption at 360 nm and 450 nm confirmed that flavonol glycosides and
anthocyanins, respectively, were removed. Acetone was evaporated under reduced pressure, and the
resulting purified PAC fraction was dried. Analytical tools, including mass spectrometry and NMR
spectrometry, have been routinely utilized to confirm the composition of these BB fractions using the
method of Schmidt et al. (2004) and others [44–46].

2.5. Human Study Design

This study was approved by the Cornell University institutional review board and complies with
the Helsinki Declaration. This trial is registered at clinicaltrials.gov (NCT04262258). All the participants
provided written informed consent prior to participation in the study.

Seventeen healthy young (aged 21–39 yrs, n = 11) and old (aged 65–77 yrs, n = 6) women
participated in the study. Potential participants were screened using an online survey to assess
eligibility. After initial eligibility was established, the participants came to the Human Metabolic
Research Unit at Cornell University to complete a health history questionnaire and provide information
on current and recent medications. Inclusion criteria were females between the ages of 21 and
40 yrs y and 60 and 79 yrs. Participants were excluded if they had a musculoskeletal disease (e.g.,
rheumatoid arthritis) or other disorder that would impact skeletal muscle function (e.g., diabetes or
cancer), were taking immunosuppressive medication, were pregnant or breastfeeding, had a high
alcohol intake (>11 drink per week), had an allergy or intolerance to blueberries, and had antibiotic
use within the past 6 months.

After the participants were enrolled in the study, they began a 2-week washout period in which they
were asked to avoid foods rich in polyphenols and anthocyanins. Following the 2-week washout period,
the participants began the blueberry enriched diet (BED); the participants were instructed to consume
38 g (two packages of 19 g) of freeze-dried BBs (Vaccinium virgatum (ashei)/Vaccinium corymbosum) with
water daily for 6 weeks. Compliance was monitored through a supplement compliance log and empty
BB packets returned by the participants to the study personnel.

Fasting stool and blood samples were obtained at four time points (washout, week 2, week 4,
and week 6) throughout the BED study. The participants were given pre-labelled stool sample collection
kits, and samples were collected outside of the lab. The participants transported samples to the lab
with an insulated bag that contained an ice pack. The samples were immediately placed in −80 ◦C
freezer until they were processed. To obtain plasma, venous blood samples (~10 mL) were collected in
ethylenediaminetetraacetic acid (EDTA) tubes (Becton Dickinson Vacutainer system; Becton Dickinson,
Franklin Lakes, NJ, USA) and then immediately centrifuged (4 ◦C at 1200× g for 10 min) to obtain
plasma. Plasma was transferred to a new tube (volume ~500 uL) and stored in a −80 ◦C freezer until
all the participants had completed the study and the samples were ready for analysis.
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The participants BED_001, 002, 003, 006, 007, 008, 009, 011, 013, 015, and 016 belonged to the
young age group and the participants BED_004, 005, 010, 014, 018, and 020 belonged to the older age
group (Table 1).

Table 1. Human study participant demographics.

Young (n = 10 a) Old (n = 6)

Age (yrs) 28 ± 2 69 ± 2
Weight (kg) 64.31 ± 2.33 62.44 ± 3.84
Height (cm) 166.3 ± 1.5 161.3 ± 2.9
BMI (kg/m2) 23.3 ± 0.9 24.2 ± 2.0

Glucose (mg/dL, Range: 74–106) 89.5 ± 2.44 98.0 ± 1.7
CRP (mg/L, Range: <1.1) 1.21 ± 0.33 0.76 ± 0.28

All values are presented as means ± standard error. BMI: body mass index; CRP: C-reactive protein. a One outlier
value excluded.

2.6. Plasma FRAP Assay

The ferric-reducing antioxidant power (FRAP) was determined in plasma from the BED donors
following established methods [47]. Briefly, a solution of sodium acetate (EMDMillipore, Burlington,
MA, USA), 2,4,6 tripyridyl-S-triazine (TPTZ, ACROS Organics, Geel, Belgium), and ferric chloride
(Fisher Scientific, Waltham, MA, USA) was incubated with plasma samples or ferrous sulfate
(assay standard, Fisher Scientific, Waltham, MA, USA) for 4 min at 37 ◦C. The absorbance was
measured at 593 nm and standardized to the absorbance of the ferrous sulfate standard to derive the
FRAP value (μmol/L). Four technical replicates were measured. The absorbance of the blank was
subtracted from each measurement, and the FRAP value of each sample was determined using the
following formula: (sample absorbance)/(assay standard absorbance) * (assay standard concentration
(1000 μmol/L)).

2.7. Plasma Glucose and CRP Measurements

Routine panels were conducted on stored fasting plasma samples (glucose and C-reactive protein)
at Cornell University’s Human Nutritional Chemistry Service Laboratory. Glucose was analyzed on
a Dimension Xpand chemistry analyzer (Siemens Healthineers, Malvern, PA, USA), and CRP was
measured on an Immulite 2000 immunoassay system (Siemens Healthineers, Malvern, PA, USA).

2.8. Microbiota Composition and Statistical Analysis

The pipeline for the microbiota composition analysis was described before [48] and comprised the
following steps. Paired-end reads were joined with FLASH [49] and quality filtering was performed in
Qiime (v.1.9.1) using the split_libraries_fastq.py script [50]. The forward and reverse primers were
removed using cutadapt [51] and the script truncate_reverse_primer.py, respectively. For additional
quality filtering and de novo operational taxonomic unit (OTU) clustering, USEARCH was used.
Filtering by length and size was performed before single unique sequences were excluded. Clustering in
OTUs was performed using 97% identity for the sequences after the various filtering steps.
Chimeras were removed based on the use of UCHIME with the GOLD reference database. The OTUs
were used to map sequences initially filtered for quality (97% identity). The mothur suite of tools
(v1.36.1) and the RDP (trainset 14) were used for the OTU classification (classify.seqs) with a 80%
confidence threshold [52]. The OTUs were classified down to the species level with SPINGO [53].

The PyNast tool [54] in Qiime (along with the diversity function of the vegan package version
2.4.3 of the R programming interface v 3.5.4) was used to align the sequences and calculate the alpha
(α) diversity indices—i.e., Shannon, Simpson, Chao1, Phylogenetic Diversity (PD), Observed Species,
and beta (β) diversity indices (i.e., Weighted Unifrac and Unweighted Unifrac). Weighted Unifrac and
Spearman distances were used for principal coordinates analysis (PCoA) (ade4 package) using the R
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programming interface (v 3.5.4). PERMANOVA analysis was performed using the adonis function
implemented in the vegan package (version 2.4.3) of the R programming interface. The reads assigned
to taxa at various levels (OTU, species, and genus) were cumulated and divided by the total number of
reads per sample.

For the artificial colon reactor analysis, the differentially abundant taxa in the different
supplementations were identified by Kruskal–Wallis H-test followed by Dunns’ test, and the p values
were adjusted for multiple testing by Benjamini Hochberg (BH) (padj). Significant results were
indicated with * (padj < 0.05), and marginal differences with # (padj < 0.1). The dunn.test package of
the R programming interface was used for this purpose (run with the method = “bh” argument to
specify adjustment procedure to Benjamini Hochberg-BH). For this analysis, supplementation-specific
abundances of the various taxa at 16 h and 24 h were combined. For each of these taxa, we also checked
whether their abundances exhibited significant variations in their abundances at 16 h and 24 h using
Wilcoxon Signed Rank Tests. The same approach (as described above) was also adopted for testing
differences in the α diversity measures. The microbiota profiles resulting from the supplementation
regimes were grouped into two groups (G1 and G2), as described in the results. The “Within G1”
and “Within G2” distances were obtained as follows. For each microbiota resulting from a given
supplementation, the median of the Weighted Unifrac distances of the microbiota with all the other
microbiotas belonging to the same supplementation (that is, all the other microbiotas belonging to
either G1 or G2 at 16 h and 24 h) was obtained. These median distances represented the microbiota
variations within that given supplementation group. For the “Across G1 and G2” variations, for each
sample belonging to a given supplementation, the median of the Weighted Unifrac distances of the
microbiota with all the other microbiotas belonging to the other supplementations (that is, all the other
microbiotas belonging to either G1 or G2 at 16 h and 24 h) was obtained. The wilcox.test function
of the R programming interface v 3.5.4 was then used for comparing the within and across-group
median distances.

For the human study, the OTU co-abundance groups (CAGs) demonstrating similar mean
abundance pattern trends across time points were identified. The identification of taxa CAGs and their
distinct taxonomic/temporal abundance profiles was conducted as follows. The mean abundance of
each OTU was obtained for W0, W2, W4, and W6, providing a mean temporal trend of each OTU
across time points. Subsequently, the Kendall correlations (taus) across all pairs of OTUs were obtained
and then converted to Kendall distances. The Kendall distance between any two pairs of OTUs was
calculated as 1—(Kendall tau)/2. The OTUs were clustered into CAGs based on their mutual abundance
pattern (Ward-D2 method). The heatmap.2 function of R v 3.5.4 was used to visualize the clustering
of the CAGs with the colors assigned using the RColorBrewer function. The Kruskal–Wallis H test
followed by Dunns’ test was used for a CAG abundance comparison across time points (using the
dunn.test function, as described earlier for the differentially abundant taxa analysis in colonic reactor
models). The OTUs were classified using SPINGO (0.65 threshold). For each CAG, OTUs with defined
species classifications were obtained, and the frequency of each species in a given CAG was computed.
The representation of the different species in the various CAGs were depicted using word clouds using
the “wordcloud” module of the R programming interface v 3.5.4. A PERMANOVA analysis (Spearman
distances at OTUs and CAG abundances level) was performed for the association between the taxa
abundances (OTU and CAG level) and CRP, glucose, and FRAP.

For the FRAP values, the associations were further validated using Random Forest models
(using the combination of the rfcv and randomForest functions of the randomForest module of
R v 3.5.4). A total of 100 iterations of the Random Forest models were performed, each time taking
50% of the samples for training and testing on the other 50%. For each sample, the mean predicted
FRAP values were then correlated with the actual FRAP values to ascertain the strength of the
association. A key advantage of the Random Forest models is that they can not only be used to
predict a given trait (either quantitative or categorical; in this case, the quantitative FRAP values)
from a dataset of multiple predictor features (in this case, the OTUs), but they can provide the relative
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importance of each of the features to predict the given trait. This enables the identification of the
most optimal set of associated features for predicting a given trait. Using these scores, the core list of
FRAP-positive and FRAP-negative marker OTUs was identified, as described in detail in the Results
section. The enrichment of the different CAGs in the two FRAP-associated marker OTUs was observed
using Fishers’ exact test. Spearman correlations (and the associated p values) were computed using the
corr.test function of the psych package of the R programming interface (run with the adjust = “fdr”
argument for p value correction-false discovery rate FDR). The volcano plots showing the positive and
negative associations of the various taxa with the clinical metadata were using the ggplot and ggrepel
modules of R v 3.5.4.

3. Results

3.1. A Prebiotic MIX, PACs, or ANTH/FLAV Have a Similar Effect on Microbiota Structure in the In Vitro
Colon Model

The fecal microbiota α diversity (Shannon and Observed Species) was reduced over the
24 h of fermentation (observed at the 16 h and 24 h time points) compared to the baseline
0 h (Supplementary Materials Figure S1), which is a typical feature of in vitro colon models [43].
Supplementation with ANTH/FLAV, PACs, and prebiotic MIX resulted in microbiota communities
displaying similar Shannon and Observed Species diversity index values that were noticeably higher
than in the fermentations with either S/A and TPP supplementation (significant for PACs/MIX versus
S/A with padj < 0.5) (Figure 1a; Figure S2). Thus, in the in vitro colon model used in this study, isolated
BB components such as the polyphenol-rich fractions ANTH/FLAV and PACs were more efficient in
promoting microbiota diversity than the other polyphenol-rich fractions used in this study—i.e., TPP or
the S/A fraction.

To visualize the global effect of supplementing the fecal fermentation with BB polyphenol-rich
fractions, we performed Principal Coordinate Analysis (PCoA) based on weighted and unweighted
Unifrac distance measures (Figure 1b; Figure S3). Unweighted Unifrac analysis, where the taxa
presence/absence is taken into account, showed that TPP supplementation led to a separation of the
microbiota at 16 h that was not sustained through the 24 h (Figure S3). Weighted Unifrac analysis,
in which the abundance of dominant taxa is more impactful on β diversity measurement, showed that
TPP and S/A supplementation led to a microbiota profile separate from that of the other supplementation
regimes at both 16 h (marginal but not significant variation; PERMANOVA p< 0.06) and 24 h (significant;
PERMANOVA p < 0.03) (Figure 1b). Supplementation with the ANTH/FLAV and PACs fractions
resulted in a microbiotaβ diversity close to that promoted by MIX (Figure 1b). Thus, the BB polyphenols
tested had distinct effects on the fecal microbiota. The PCoA analysis showed that the supplementations
could be grouped into G1, consisting of ANTH/FLAV, MIX, and PACs; and G2, consisting of S/A and
TPP. The relatedness of samples within G1 and G2 and across G1 and G2 are shown in Figure 1c.
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Figure 1. Differential fecal microbiota structure patterns due to the blueberry (BB) polyphenol-rich
fraction supplementation in the in vitro colon model. (a). Boxplots showing the Shannon α diversity
index in different supplementation regimes at 16 h and 24 h. (b). Principal Components Analysis
(PCoA) based on the weighted Unifrac distances of the fecal microbiota for 16 h and 24 h in vitro
fermentations. PERMANOVA p values for each time point are indicated. (c). Boxplots showing the
microbiota variation within in each group “Within G1” and “Within G2” (16 h and 24 h microbiotas
combined) and “Across G1 to G2”. Horizontal bar plots highlight the significant differences across
the supplementation regimes: * padj < 0.05; ** padj < 0.01. Marginal differences are also noted:
# padj < 0.10. ANTH/FLAV: anthocyanin/flavonols glycoside supplementation; MIX: prebiotic fibers mix
supplementation; PACs: proanthocyanidins supplementation; S/A: sugar/acid fraction supplementation;
TPP: total BB polyphenols.

The differences in α diversity observed between ANTH/FLAV, PACS, and MIX and TPP and S/A
supplementation could be partially attributed to certain taxa dominating in relative abundance in
the microbiota at 16 h and 24 h; non-significant microbiota differences were observed between the
two time points per supplementation (Table S1; Figure S4). The supplementation-specific differences
in various taxa were investigated by first performing a descriptive analysis and comparison of the
supplementation-specific taxa at the family level (Figure S4), followed by a statistical comparison
of the taxa abundances (genus and family level) (across supplementation combining the 16 h and
24 h time points) (Figure 2; Figure S5). The decrease in α diversity observed in the fecal microbiota
fermented with TPP and S/A supplementation could be explained by the comparatively higher
abundance of Enterobacteriaceae (49.77% and 47.49% average relative abundance, respectively) observed
by compositional analysis of the fecal microbiota after 16 h and 24 h of fermentation (Figure S4).
The lowest Enterobacteriaceae abundance was observed upon ANTH/FLAV supplementation and
MIX (average relative abundance of 31.46% and 29.11%, respectively) (Figure S4). ANTH/FLAV
supplementation resulted in a significantly lower Escherichia/Shigella (Enterobacteriaceae) relative
abundance compared to the prebiotic MIX (padj < 0.05), S/A fraction (padj < 0.05), and TPP (padj < 0.05)
supplementation (Figure 2). Lachnospiraceae was a major microbiota family that was reduced in
abundance compared to baseline (34.4% average relative abundance) across fermentation regimes,
potentially due to the in vitro conditions (Figure S4). Supplementation with ANTH/FLAV, PACs,
or prebiotic MIX sustained the highest Lachnospiraceae (average relative abundance of 14.52%) in the
microbiota (Figure S4). Similarly, the Bacteroidaceae relative abundance was higher upon ANTH/FLAV,
PACs, and prebiotic MIX supplementation (16.61%, 15.1%, and 12.95% average relative abundance,
respectively), and overall increased in abundance from baseline (average relative abundance of 6.89%)
across supplementations (Figure S4).

The abundance of the health-relevant genus Bifidobacterium spp. (Bifidobacteriaceae; 2.54% average
abundance at 0 h (Figure 2; Figure S4) was significantly increased upon TPP supplementation
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(1.95% average relative abundance) compared to MIX (0.85% average relative abundance; padj < 0.05)
and ANTH/FLAV supplementation (0.54% average relative abundance; padj < 0.05) (Figure 2).
The health-relevant taxon Faecalibacterium was present at an average relative abundance of 6.04%
(median abundance of 4%) upon MIX supplementation, which was marginally higher compared to
PACs (padj < 0.1), and significantly higher compared to the TPP (padj < 0.05) and S/A (padj < 0.05)
fraction supplementation (Figure 2).

Figure 2. Differentially abundant taxa (genus level) in the fecal microbiota after in vitro supplementation
with blueberry (BB) polyphenol-rich fractions. The results of relative abundance (>1%) from 16 h and 24 h
fermentations are shown in pink and green color, respectively. Significant differences for comparisons
combining the 16 h and 24 h data (post-hoc Dunn’s test with Benjamini-Hochberg (BH) padj) between the
corresponding pairs per supplementation across supplementations are indicated in horizontal bas plots:
* padj < 0.05. Marginal differences are also indicated: # padj < 0.10. ANTH/FLAV: anthocyanin/flavonol
glycoside supplementation; MIX: prebiotic fibers mix supplementation; PACs: proanthocyanidin
supplementation; S/A: sugar/acid fraction supplementation; TPP: total BB polyphenols.

Apart from the aforementioned supplementation effects on the dominant taxa, the low abundance
taxa (<1% average relative abundance) were also differentially abundant in the microbiota depending
on the supplementation of the fermentation medium (Figure S5). Supplementation with ANTH/FLAV
resulted in an increased relative abundance of Phascolarctobacterium compared to MIX (significant;
padj < 0.05), S/A (marginal; padj < 0.1) and TPP (significant; padj < 0.05) supplementation, and of
Gemmiger compared to MIX and PACs (padj < 0.05 for both supplementations). The Clostridium
cluster XIVb relative abundance was increased with PACs supplementation (padj < 0.05 compared
to ANTH/FLAV, S/A, and TPP). The Sutterella relative abundance was increased upon ANTH/FLAV
supplementation (padj < 0.05 compared to S/A and TPP). The Oscillibacter and Flavonifractor
relative abundance was significantly increased with MIX and PACs supplementation, whereas the
Burkholderiales relative abundance was highest after the PAC supplementation (significantly higher:
padj < 0.05 compared to TPP; marginally higher: padj < 0.1 as compared to ANTH/FLAV) (Figure S5).
The unclassified Erysipelotrichaceae had the lowest relative abundance after S/A supplementation,
whereas Parasuterella had the lowest relative abundance after the ANTH/FLAV and TPP supplementation
(Figure S5).
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3.2. A Trend Towards Increased Microbiota α Diversity in Older Women Consuming BB

The α diversity of the fecal microbiota in the human trial subjects did not show significant
difference across time points for any of the α diversity indices measured (Shannon, Simpson, Chao1,
PD, and Observed Species) (Figure S6). The lower sample size, especially of the group of older women,
reduced the statistical power of the comparisons. However, investigating the time point-specific
distributions of the diversity measures separately for the young and the older women indicated that,
for the older group, for most of the measures (with the exception of Shannon) the α diversities at
time points W4 and W6 were observed to be similar and higher than that at the pre-intervention W0
time point, indicating an increasing albeit non-significant trend for the elderly (Figure S6). We then
investigated this further to check if any differences in the microbiota α diversity were observed by
comparing the pre (W0) and post (W4 and W6) intervention time points on a per-individual basis
(separately for each age group) (Figure S7a). In the fecal microbiota of five out of six older subjects,
the Shannon diversity was increased during the intervention (mean of W4 and W6 aggregated) from
the baseline W1 (Figure S7a). Similar results were not observed for the young subjects (Figure S7b).

3.3. Distinct CAGs Represented by Health-Promoting Taxa Were Associated with BB Consumption at Each
Time Point

Based on β diversity, the fecal microbiota of the older subjects formed a distinct cluster at W4,
albeit with high intra-sample variation (Figure S8a). Given the lower sample size and high intra-sample
variability, the trends were not significant (PERMANOVA R2 = 0.03). The fecal microbiota of the
younger women showed no β diversity shifts throughout the intervention (PERMANOVA R2 = 0.002)
(Figure S8b).

Despite the lack of clearβdiversity in the BB consumption-associated signatures, a significant lower
intra-sample microbiota variability at intervention time points was observed for both sub-groups (at W4
versus W2 and W6, and at W6 compared to W2 and W4, respectively) (Figure S8c). This observation
could indicate that, in spite of the high inter-individual variability, specific taxa groups may have
changed across time points concurrently (enriched or depleted), resulting in a significantly lower
inter-individual variability [55].

Microbiome configuration analysis offers a more refined approach to monitor microbiota changes
compared to individual taxa analysis, because OTUs that co-occur at similar proportions may have
trophic and functional interactions relevant for gut ecology [55]. In an analysis of the aggregated
microbiota data from all study participants and based on the aforementioned variability trends,
six CAGs of OTUs were identified (C1 to C6) (Figure 3a). Interestingly, while the abundance of each
of these CAGs exhibited significant differences at W2, W4, and W6 (Figure 3b; Figure S9) when
investigating for variability trends in old and young women, no significant differences in the OTUs’
(of the six CAGs) cumulated abundance variation were observed. This indicated that, while the
individual constituents may show a high inter-individual variability, the CAGs as a whole exhibit
significant time point-specific trends (irrespective of the age group of the participants), even at the
individual level (thereby indicating their reliability).

CAG-level PERMANOVA analysis at the different time points revealed significant differences
(Figure 3c). The analysis revealed a distinct gut microbiome composition at W4, while W2 and W6
clustered closer; this was observed for both the old and young sub-groups. No significant differences
in the cumulated abundances variation in the OTUs belonging to the six CAGs separately within the
old and the young were observed (Figure S9).

The C1, C3, and C6 CAGs’ cumulated abundances increased significantly with BB consumption
(at W4 and W6). C1 increased from W0 to W4 and decreased at W6, whereas C3 and C6 progressively
increased from W0 to W6 (Figure 3b). Several health-relevant species were abundant in these
CAGs—e.g., Faecalibacterium prausnitzii, Barnesiella intestinihominis, Eubacterium halii, Anaerostipes
hadrus, and Ruminococcus bromii (Figure 3d). These results indicate the putative beneficial effect of BB
consumption on the gut microbiota.
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Figure 3. Associations of blueberry (BB) consumption with the enrichment of specific co-abundance
taxonomic groups (CAGs). (a). Heatmap showing the Kendall tau between the different operational
taxonomic units (OTUs) (that is, the OTU to OTU correlations) obtained based on their mean abundances
across the different time points. Based on their association patterns, the OTUs were categorized into
6 co-abundance groups or CAGs. The 6 CAGs (C1 to C6) are indicated in colors on the left and top panels.
(b). Boxplots showing the variation in the OTUs’ cumulated relative abundances (y axis) belonging to
the 6 CAGs across the four time points (x axis). padj values showing the significant differences in the
CAG abundances (Dunn’s post-hoc test) across time points are indicated: *: padj < 0.05; **: padj < 0.01.
Marginal differences are also noted: #: padj < 0.1. (c). Principal Coordinates Analysis (PCoA) showing
gut microbiota grouping based on the abundances of the 6 different CAGs. The PCoA plots are shown
for all the microbiotas aggregated and separated for the old and young sub-groups. The PERMANOVA
R2 and p values are indicated in each plot. (d). Word clouds showing the species’ enrichment in the
CAGs C1, C3, and C6 dominant at either W4 or W6 or both. The species name is proportional to the
frequency of that species.

3.4. Antioxidant Activity (FRAP) Is Significantly Associated with the Faecal Microbiota

The levels of plasma CRP, glucose, and FRAP assay measures were collected at W0 and W6 for
10 young and 5 old women. Using PERMANOVA analysis, the association of the gut microbiota at
both OTU and CAG level with CRP, glucose, and FRAP was investigated (Table 2). No association
between the gut microbiota composition with either the CRP or glucose levels was observed. However,
the FRAP assay measures showed significant association with the gut microbiota at both the OTU and
CAG level (Table 2).
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Table 2. Gut microbiota composition was significantly associated with ferric-reducing antioxidant
power (FRAP). R2 and p values of the PERMANOVA analysis associating the clinical parameters with
the gut microbiota at the operational taxonomic unit (OTU) and co-abundance group (CAG) level are
shown in the table.

Clinical Indicator
OTU-Level Microbiota CAG-Level Microbiota

R 2 p Value R 2 p Value

CRP 0.03 0.95 0.02 0.81

Glucose 0.03 0.54 0.02 0.79

FRAP 0.04 0.01 0.06 0.05

Random Forest models were built to predict the FRAP assay measure of an individual (at a given
time point) based on their gut microbiota composition (at the OTU level) (as described in Materials and
Methods). The validation of these models using an iterative leave-one-out-strategy (i.e., excluding from
the training model the sample to be predicted) indicated a marginally positive Spearman correlation of
0.32 (p < 0.07), further indicating an association of the microbiome with plasma antioxidant activity
(Figure 4a). Thus, in the current study the OTUs were initially ranked in increasing order of their
feature importance scores, and subsequently the variation in these feature importance scores across
them was investigated.

An exponential increase in scores for the last 150 taxa (or OTUs) as compared to the rest was
observed (Figure S10a). The list of the 150 taxa was filtered by selecting only those OTUs that showed
significant association with FRAP measures with BH-corrected FDR < 0.1 (Figure S10b). This provided
the 30 top predictors of FRAP measures at the OTU level (Figure 4b). While 25 of these top markers
were positively associated with FRAP (FRAP-positive markers), five were negatively associated with
FRAP (FRAP-negative markers).

The efficacy of these top 30 markers was further evaluated using two variants of iterative Random
Forest models, one using only these top 30 and the other using the remaining OTUs (Table S1).
A comparison of the performances of the two variants indicated that models created using only these
30 top markers could still predict FRAP measures with a median Spearman Rho of 0.76 (p < 1 × 10−5),
which was significantly higher than those created using the remaining 983 non-marker OTUs (median
Rho = 0.02) (p < 2.2 × 10−16) (Figure 4c).

Distinct changes in the markers of FRAP assay measures during the intervention time points
were as follows. The FRAP assay measures increased for 9 of the 15 subjects (4 out of 5 old, 5 out of
10 young) (Figure S10c). An overlap between some of the species that were positively associated with
FRAP measures and those enriched during BB consumption was observed (Figure 4b). These included
gut bacterial species such as F. prausnitzii, E. halii, E. siraeum, C. catus, and A. hadrus.

The representation of the different previously identified CAGs in the subset of FRAP-positive
markers was explored. Seventeen out of the 25 FRAP positive markers belonged to either the C1
or the C6 CAGs that were significantly enriched in W4 and W6 time points, respectively (Figure 3b;
Figure 4b) Thus, a subset of taxa that were identified as belonging to reportedly beneficial microbial
groups enriched in the later stages of BB consumption also showed positive associations with the
antioxidant activity. This indicates that BB consumption is associated with microbiome changes that
are positively associated with antioxidant activity.

Interestingly, the across-time point changes in FRAP assay measures showed negative associations
with the corresponding changes in the plasma glucose levels (Spearman Rho = −0.46; p < 0.05)
(Figure S10d). A similar negative association was also observed between the FRAP positive-markers
and the plasma glucose levels. Thus, these results overall seem to suggest a step-wise association
between BB consumption and plasma glucose levels, wherein the consumption of BBs is associated
with the enrichment of specific taxonomic groups, and a subset is positively associated with
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circulating antioxidant activity, which in turn is negatively associated with the plasma glucose
levels. The associations of these OTUs with FRAP were both sample-specific and distinct for time points.

Figure 4. Fecal microbiota components were associated with increased ferric-reducing antioxidant
power (FRAP) measures and with the co-abundance groups (CAGs) enriched upon blueberry
(BB) consumption. (a). Scatter plot showing the correlation between the actual and the Random
Forest-predicted FRAP values. (b). Violin plot showing the association of the top 30 operational
taxonomic unit (OTU) markers with the FRAP assay measures. X axis: Spearman Rho between
the OTU abundances and the FRAP assay measures. Y axis: log of the Benjamini-Hochberg (BH)
false discovery rate (FDR) with base 10. OTUs on the left: negatively associated; OTUs on the right:
positively associated. Green color: the top 30 OTU markers showing significant association with
FRAP measures (with FDR < 0.2) (positively associated); red color: negatively associated markers.
(c). Bean plots showing the Spearman Rho measures distribution obtained for the predicted and the
actual FRAP across the 100 iterations of the two variants of Random Forest models. (d). Stacked bar
plots showing the relative representation of the different CAGs in the FRAP positive OTUs and the
other non-marker OTUs. Seventeen out of the 25 FRAP-positive OTUs belonged to either CAG C1 (8)
or C6 (9). Fishers’ exact test showed a significant association between C6 and the FRAP-positive OTUs
(indicated in the Figure). (e). Scatter plots showing the correlation between the FRAP-positive and
FRAP-negative OTUs’ mean abundances change across time points with the corresponding changes in
FRAP measures.

4. Discussion

We have previously reported the reduction in the fecal microbiota α diversity due to the loss
of fastidious taxa while the microbiota is adapting to the in vitro conditions of the artificial colon
model [39,56]. To retain much of the stool diversity throughout the fermentation period, the basal
fermentation medium was supplemented with a mix of indigestible and prebiotic carbohydrates
often used in continuous in vitro systems [57]. Importantly, the supplementation of the fermentation
medium with the polyphenol-rich fractions ANTH/FLAV, PACs, or prebiotic MIX substrates resulted in
a favorable (i.e., health-associated) microbiota profile. Although the content of these fractions was not
yet investigated by chromatographic separation, the fractions tested were prepared in the same way as
in multiple previous publications, and so they are directly comparable in terms of evaluating their
bioactive properties. The α diversity and the abundance of the major microbiota families Lachnospiraceae
and Bacteroidaceae were comparatively higher, whereas the Enterobacteriaceae relative abundance was
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lower compared to TPP and S/A supplementation. The sugar content of the S/A fractions and potential
residual sugars in the TPP fraction, which would be expected to be absorbed in the small intestine
in humans, may have resulted in the significantly increased relative abundance of these organisms
that are potent utilizers of simple sugars [58]. Apart from this explanation, Enterobacteriaceae have
been reported to be involved in the metabolism of polyphenols in the gut [27,59]. Importantly, not all
Enterobacteriaceae are harmful, with some playing an important role in the “healthy” gut microbiota [9].

Bifidobacteria residing in the colon may be utilizing the polyphenolic sugar content that reaches
distal gastrointestinal parts [60,61]. TTP followed by PACs (but not ANTH/FLAV) supplementation
were the most efficient additives to maintain the Bifidobacterium abundance levels in the suboptimal
in vitro environment. Previous in vitro fermentation studies have yielded conflicting results on
the effect of polyphenol-rich fractions on Bifidobacterium spp. abundance in the microbiota [21,62].
Limitations of the in vitro systems and baseline microbiota variations may have contributed to these
discrepancies. Human studies have confirmed some effect of polyphenols on bifidobacteria [63].

We observed a trend for microbiotaαdiversity increase in the group of older women consuming BB,
and although the β diversity did not change throughout the intervention period, health-relevant taxa
were significantly enriched with BB consumption in subjects of both age groups. We acknowledge the
limitations of the small sample size in this study, due in part to the complexity of running a human
dietary intervention trial in which the primary objective was to test the effect of BB consumption
on the human muscle progenitor cell (hMPC) function [64]. Nevertheless, the current study serves
adequately as a pilot study to investigate the potential of regular BB consumption to improve the
microbiota diversity in older healthy people. Maintaining microbiota diversity is relevant throughout
the lifespan. Risk factors for non-communicable disease are associated with a Western lifestyle [65–67].
Decreased gut microbiota diversity as in low species richness and low counts of bacterial genes may
correlate to metabolic disease, and therefore global microbiota modulations can promote health in the
general population [68,69].

The enrichment of the fecal microbiota in Anaerostipes hadrus, F. prausnitzii, and to a lesser
extent Ruminococcus bromii (CAG C1)—all taxa of the “healthy” microbiota [70]—two weeks after BB
intervention indicated a potential microbiota adaptation to BB consumption. Enrichment in the major
fibrolytic taxon R. bromii [71,72] may represent an adaptation to the regular fibre derived from whole
BB fruit. Ruminococcus bromii releases substrates from complex polysaccharides that other microbiota
members such as A. hadrus and F. prausnitzii can metabolize [73]. Anaerostipes hadrus is a butyrate
producer previously reported to be stimulated by prebiotic fibres [74,75]. The ecological context is
important when evaluating the health benefit of taxa that are “prebiotically” stimulated. In the case
of A. hadrus, it was reported that it exerted beneficial outcomes in “healthy” microbiota and adverse
in dysbiotic microbiota in a mouse model [76], potentially involved in energy harvesting and blood
glucose [77]. Faecalibacterium prausnitzii is a key butyrate producer with anti-inflammatory properties,
and its reduced abundance in the microbiota has been associated with various gastrointestinal
conditions [9,78]. A few studies in mice and humans have shown Faecalibacterium responsiveness to
polyphenols, accompanied by metabolism improvement [79–81].

Taxa such as E. hallii, B. intestinihominis, and Butyrisimonas virosa (CAG C6) and B. intestinihominis
and F. prausnitzii (CAG C3) showed a gradual increase in abundance from baseline towards
later intervention time points. The increased abundance of E. hallii, a butyrate producer of the
Lachnospiraceae family [70], identified here to be associated with BB consumption, may contribute to
improved insulin sensitivity according to in vivo and human studies [82,83]. Other Eubacterium spp.
taxa of the Lachnospiraceae family (e.g., E. ramulus and E. rectale) may be involved in the metabolism of
polyphenolic compounds (e.g., flavonols, flavanols, and lignans) [84,85]. Similarly, intervention with a
polyphenol-rich diet was associated with enrichment in B. intestinihominis and improved metabolism
in mice and humans [86,87].

There was some moderate albeit significant correlation of OTUs and CAGs with the FRAP
measurements that, in turn, positively correlated with BB consumption, especially in the older
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group. Conversely, FRAP measurements were negatively correlated with plasma glucose. Many studies
on healthy adults have contributed evidence for the antioxidant and anti-inflammatory benefits of
the regular consumption of polyphenol-rich foods, such as BB and other berry fruits [88]. There is
evidence from cohort and clinical studies of reduced all-cause mortality, lower risk of CVD, improved
insulin sensitivity, and lower type 2 diabetes (T2D) risk associated with BB and specifically anthocyanin
intake [32]. Importantly, in older age groups anthocyanins appear to lower the risk of cognitive
decline [32]. However, there is a lack of human studies investigating the consumption of polyphenol-rich
berries, metabolic improvement, and the microbiota, with the majority of relevant data derived from
animal studies [27,89–92]. Importantly, we recognize critics of FRAP assays and that, according to
the literature, more oxidative damage markers should be added to allow robust conclusions to be
drawn [88].

Here, we report taxa that not only were associated with BB consumption forming distinct CAGs
(i.e., E. hallii, B. intestinihominis, A. hadrus, F.prausnitzii) as discussed, but that taxa that mostly belong to
the significant CAGs were associated with improved FRAP measurements. In this part of the analysis,
we found that E. siraeum (Clostridium cluster IV Ruminococcaceae taxon) and the phylogenetically
close F. prausnitzii and G. formicilis [70] were positively associated with FRAP. Interestingly, in humans
serum markers of insulin resistance were associated with reduced E. siraeum and Butyrivibrio crossotus
abundance [93]. Conversely, G. formicilis and C. catus, identified in this study to be positively associated
with FRAP, were associated with obesity [94–97].

5. Conclusions

In vitro conditions place constraints on microbiota responsiveness to supplementation tests [98].
Notwithstanding this, the investigational studies as presented here offer a straightforward experimental
model to test the initial hypothesis and provide insight into informed in vivo study design [99]. In future
studies, the potential of the in vitro-identified microbiota response to BB polyphenol-rich fractions can
be extended to the development of next-generation symbiotics.

The human study contributed evidence for specific microbiota modulation due to BB consumption
in correlation with antioxidant activity in healthy adults. The association of fibrolytic taxa with whole
BB consumption may indicate that the BB can contribute to health by both its polyphenolic content and
its fibre content that, in effect, may render the fibre-bound polyphenols more accessible to microbiota
fermentation [100]. In the context of healthy ageing, BB consumption may increase colonic short chain
fatty acid (SCFA) production through fiber contribution to the fibrolytic members of the microbiota and
promote health [101]. Importantly, non-pathobionts in the “healthy” microbiota, such as the taxa C.
catus or A. hadrus mentioned in our study, may play a variant role within a different health context and in
response to external dietary stimuli [102,103]. Strain-level identification is important in order to explain
why individuals may respond differently to microbiota modulation [101,104]. Interindividual variation
can be of relevance in the way dietary polyphenols impact health, given the fact that their bioavailability
largely depends on the gut microbiota enzymatic armor [105]. Future large-scale clinical studies
including both women and men and examining the metabolic impact of BB consumption in correlation
with microbiota changes, inflammatory markers, and gender will allow for a deeper understanding of
the role of BB consumption in human health. At the same time, a detailed chromatographic analysis
of the BB fractions described here is desirable to generate greater granularity and detail on what
individual compounds are present in each starting fraction, and what they are metabolized into, in the
context of the microbiome changes described already in this report.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/9/2800/s1:
Figure S1: Boxplots showing the supplementation-independent significant decrease in α diversity measures
(a. Shannon and b. Observed Species) for 24 h fermentation. Figure S2: Observed Species α diversity of the
fecal microbiota after different BB polyphenol-rich fractions supplementations at 16 h and 24 h. Figure S3:
Principal Component Analysis (PCoA) based on Weighted Unifrac distances of microbiota after in vitro
fermentation with BB polyphenols. Figure S4: Fecal microbiota compositional description at Family level
during 24 h in vitro fermentation with BB polyphenol-rich fractions. Figure S5: Differentially abundant taxa
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(genus level) in the fecal microbiota after in vitro supplementation with BB polyphenol-rich fractions (average
relative abundance < 1%). Figure S6: Alpha diversity of the fecal microbiota of a. young and b. older women of
the human trial across all time points. Figure S7: Shannon diversity showing the fecal microbiota α diversity
development pre (W0) and post (mean of W4 and W6) BB consumption intervention. Figure S8 Variation in within
cohort beta diversity for the Young and Old women. Figure S9: Variation in the cumulated abundances of the
OTUs belonging to the six CAGs specifying for old and the young women. Figure S10: Identification of FRAP
responsive taxa, their variation across time points and their association with glucose levels. Table S1: padj values of
Wilcoxon Signed Rank tests comparing the abundances of the various taxa in fermenter samples belonging to the
various supplementation groups. Table S2: Taxonomic classifications of (A) FRAP-positive and (B) FRAP-negative
OUT markers obtained using SPINGO.
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Abstract: Despite the updated knowledge of the impact of gut dysbiosis on diabetes, investigations
into the beneficial effects of individual bacteria are still required. This study evaluates the
antihyperglycemic efficacy of Lactobacillus paracasei HII01 and its possible mechanisms in diabetic rats.
Diabetic rats were assigned to receive vehicle, L. paracasei HII01 (108 CFU/day), metformin 30 (mg/kg)
or a combination of L. paracasei HII01 and metformin. Normal rats given vehicle and L. paracasei
HII01 were included. Metabolic parameters, including in vitro hemi-diaphragm glucose uptake,
skeletal insulin-signaling proteins, plasma lipopolysaccharide (LPS), gut permeability, composition
of gut microbiota and its metabolites, as well as short-chain fatty acids (SCFAs), were assessed after
12 weeks of experiment. The results clearly demonstrated that L. paracasei HII01 improved glycemic
parameters, glucose uptake, insulin-signaling proteins including pAktSer473, glucose transporter
4 (GLUT4) and phosphorylation of AMP-activated protein kinase (pAMPKThr172), tumor necrosis
factor (TNF-α) and nuclear factor-κB (NF-kB) in diabetic rats. Modulation of gut microbiota was
found together with improvement in leaky gut, endotoxemia and SCFAs in diabetic rats administered
L. paracasei HII01. In conclusion, L. paracasei HII01 alleviated hyperglycemia in diabetic rats primarily
by modulating gut microbiota along with lessening leaky gut, leading to improvement in endotoxemia
and inflammation-disturbed insulin signaling, which was mediated partly by PI3K/Akt signaling and
AMPK activation.

Keywords: type 2 diabetes mellitus; gut microbiota; Lactobacillus paracasei; antihyperglycemia

1. Introduction

Type 2 diabetes mellitus (T2DM), a multifactorial metabolic endocrine disorder, is characterized by
persistent hyperglycemia, and it is basically a result of insulin resistance and impaired β-cell function.
According to the International Diabetes Federation (IDF), the number of diabetic patients worldwide
was 425 million in 2017 and will rise to 629 million by 2045 [1]. Although, several influences such as
genetics, age, unhealthy lifestyle and obesity are accepted as risk factors of T2DM [2]. Nowadays,
it is well accepted that gut microbiota is linked to the development of T2DM [3]. Changes in gut
microbiota composition, known as gut dysbiosis, have been associated with disrupted gut barrier
functions and increased gut permeability [4,5]. The enhancement of gut permeability might result in
bacterial lipopolysaccharide (LPS) leak into blood circulation, followed by inflammatory activation
through the LPS-Toll-like receptor 4-Nuclear factor-κB (LPS-TLR4-NF-kB) signaling pathway [6,7].
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Moreover, tumor necrosis factor (TNF-α), a pro-inflammatory cytokine that is generated from the
LPS-TLR4-NF-kB signaling pathway, induces the enhancement of the phosphorylation of insulin
receptor substrate 1 (IRS-1Ser307) [8]. The serine phosphorylation of IRS-1 blunts the activation of the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway, resulting in a reduction
in glucose transporter 4 (GLUT4) translocation and glucose uptake in the skeletal muscle, which causes
insulin resistance and hyperglycemia [9]. Therefore, the modulation of gut microbiota is used as a
strategy for prevention or adjuvant treatment of T2DM.

Probiotics are defined as “live microorganisms which when administered in adequate amounts
confer a specific health benefit on the host” [7]. Conclusive evidence indicates that modulation of
gut microbiota by probiotics provides beneficial health effects in both animal and clinical research of
T2DM [10–12]. Among probiotics, Lactobacillus is one of the most popular strains that have been
used for investigation [13]. The oral administration of Lactobacillus reuteri GMNL-263 decreased the
plasma glucose level in high fructose-fed rats [14]. Lim et al., 2016, also revealed that gut tight junction,
endotoxemia and inflammation were ameliorated after Lactobacillus sakei OK67 treatment in type 2
diabetic rat model [15]. Furthermore, a previous study demonstrated that the production of short-chain
fatty acids (SCFAs) and gut microbial metabolites, including acetate, propionate and butyrate, seems to
play an important role in the attenuation of T2DM [16].

Recently, a newly identified probiotic strain Lactobacillus paracasei spp. HII01, from the fermentation
of northern Thai pickle, showed a significant improvement in gut dysbiosis and metabolic endotoxemia
in obese rats [17]. In addition, L. paracasei HII01 restored kidney function by attenuating insulin
resistance and hyperglycemia in obese rats [18]. However, no information is available on the antidiabetic
potential of L. paracasei HII01. Therefore, this study was conducted to evaluate the antidiabetic effect of
L. paracasei HII01 on experimental type 2 diabetic rats and explore the possible underlying mechanisms.

2. Materials and Methods

2.1. Animals and Ethical Approval

Adult male Wistar rats weighing approximately 180–200 g were used in this study. All rats were
obtained from the National Laboratory Animal Center, Mahidol University, Thailand. The experimental
protocol was approved by the Research Animal Care and Use Ethical Committee, Faculty of Pharmacy,
Chiang Mai University, Thailand (Ethics approval no. 04/2015). All animals were housed under
controlled temperature at 25 ± 2 ◦C with a 12 h light/dark cycle and were fed with a standard
rodent chow diet and water ad libitum. The animals were given an acclimatization period of 1 week.
The animals used in this study were cared for according to the principles and guidance of the “Guide for
the Care and Use of Animals in compliance with the National Institute of Health Guideline for the
Care and Treatment of Animals”.

2.2. Stock and Cultivation of the Strain

Lactobacillus strain No. HII01 is a novel non-human origin-isolated strain of lactic acid-producing
bacteria that has been approved by the Food and Drug Administration (FDA), Thailand. It was
prepared at the Innovation Center for Holistic Health, Nutraceuticals and Cosmeceuticals, Faculty of
Pharmacy, Chiang Mai University. The 16S rRNA gene sequence of the representative strain showed
99.0% similarity, 1511 bps, to L. paracasei accession number AP012541.1. The bacterial strain was
revived in MRS (de Mann Rogosa Sharpe) (Difco Detroit, MI, USA) broth with pH of 6.5 + 0.2 at 25 ◦C.
The stock culture of the HII01 was maintained at 20% (v/v) glycerol-MRS broth at −70 ◦C. The organism
was activated 3 times in MRS broth using 1% (v/v) inoculum at 37 ◦C for 24 h until further use.

2.3. Bacterial Culture

The growth culture of the strain (1%) was inoculated into freshly prepared MRS. The bacterial
cell of HII01 was prepared from the late exponential growth phase of cell growth. The inoculum
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of the strain in the culture medium was collected by centrifugation at 10,000× g, 4 ◦C for 10 min.
The supernatant was discarded, and the cell pellet was washed 3 times with phosphate buffer saline
(pH 7.0 ± 0.2). Then, the cell pellet was re-suspended, and a final concentration of approximately 108

colony forming unit (CFU)/mL sterile distilled water was used in the experiment.

2.4. Induction of Experimental Diabetes

The establishment of a type 2 diabetic model was carried out as described by Srinivasan et al.,
2005 [19]. The rats were assigned into two dietary regimens by feeding them with standard rodent
chow diet (10.95% kcal energy from fat source) or high-fat diet (53.63% kcal energy from fat source)
(Table S1) ad libitum. After 2 weeks of initial dietary period, diabetes mellitus was induced in overnight
fasted rats with a single intraperitoneal injection of streptozotocin (STZ) (Sigma-Aldrich, St. Louis,
MO, USA) dissolved in citrate buffer (pH 4.5) at a dose of 40 mg/kg. After 14 days of induction,
diabetes mellitus was confirmed by the fasting plasma glucose levels. The rats with fasting plasma
glucose level ≥250 mg/dL without hypoinsulinemia were considered to exhibit type 2 diabetes and
were included in this study. A total of 60 male Wistar rats were randomly divided into six groups
(n = 10 per group): normal diet control (NDC), normal rat supplemented with L. paracasei HII01
(108 CFU/day) (ND-L), diabetic rat control (DMC), diabetic rat supplemented with L. paracasei HII01
(108 CFU/day) (DM-L), diabetic rat treated with metformin (30 mg/kg) (DMM) as the positive control
and diabetic rat supplemented with a combination of L. paracasei HII01 (108 CFU/day) and metformin
(30 mg/kg) (DMM-L). After 12 weeks of supplementation, overnight fasted rats were sacrificed via an
intraperitoneal injection of overdose Nembutal® (Liboume, France). Blood samples were collected in
appropriate anticoagulant and then centrifuged at 13,000× g for 1 min to obtain plasma. The soleus
muscle, gastrocnemius muscle and liver were rapidly removed, frozen in liquid nitrogen and stored at
−80 ◦C for further analysis.

2.5. Biochemical Analysis of Plasma

The plasma levels of glucose, triglyceride (TG), cholesterol, low-density lipoprotein cholesterol
(LDL) and high-density lipoprotein cholesterol (HDL) were analyzed using a commercial kit
(Biotech, Bangkok, Thailand). The plasma insulin, leptin and adiponectin levels were measured using
a rat ELISA kit (LINCO Research, Charles, MO, USA) following the instructions of the manufacturer.
The degree of insulin resistance was assessed by the homeostasis model assessment of insulin resistance
(HOMA-IR), calculated from fasting plasma insulin and glucose concentrations [20]. The HOMA-IR
index was calculated using the following formula:

HOMA-IR = [fasting plasma insulin level (ng/dL) × fasting plasma glucose level (mg/dL)]/405.1

2.6. Oral Glucose Tolerance Test

Oral glucose tolerance test (OGTT) was performed on the 11th week. All rats were fasted overnight
and the fasting plasma glucose was collected prior to glucose administration (time = 0) as the baseline
value. Then, 2 g/kg of glucose solution was administered by oral gavage. The blood samples were
collected at 15, 30, 60 and 120 min after glucose administration. The plasma glucose levels were
determined, and the area under the curve (AUC) for glucose was calculated to assess glucose tolerance
using the trapezoidal rule [21].

2.7. In Vitro Glucose Uptake by Isolated Rat Hemi-Diaphragm

Glucose uptake by isolated hemi-diaphragm was determined according to the methods described
by Thabet et al., 2008, with some modifications [22]. The glucose uptake was divided into
2 experimental conditions, including without and with insulin (0.25 IU/mL) to determine the basal and
insulin-stimulated glucose uptake, respectively. After overnight fasting, the rats were sacrificed with
intraperitoneal injection of overdose Nembutal®. The diaphragm of the rat was rapidly removed with
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minimal trauma, divided into two halves and rinsed in cold balanced salt solution (BSS) to remove any
blood clot. Each hemi-diaphragm was placed in a conical flask containing 3 mL of BSS and incubated
with carbogen (95% O2/5% CO2) with shaking at 100 cycles/min for 90 min at 37 ◦C. At the end of the
incubation period, the isolated hemi-diaphragm was removed, blotted with filter paper and weighed.
An aliquot of the incubation medium was used for measurement of glucose concentration. Glucose
uptake per gram of tissue was calculated as the difference between the initial and final glucose content
in the incubated medium.

2.8. In Vivo Intestinal Permeability Assay

Gut permeability was assessed at the end of the experiment. This assay is an indirect measure of
total intestinal permeability. The principle of this assessment is based on the intestinal leakage of 4000
Da Fluorescein isothiocyanate–dextran (FITC–dextran) into blood circulation. Briefly, rats were fasted
overnight, and blood samples were collected as the negative control of the experiment to determine
the background of rat plasma. Then, FITC–dextran (600 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA)
was administered to the rats by oral gavage, and blood samples were collected at 2.5 and 5 h later.
The blood sample was immediately centrifuged at 6000 rpm for plasma separation, and the plasma was
diluted with an equal volume of phosphate buffered saline (PBS) (pH 7.4). The plasma concentration
of the FITC–dextran was determined using a Synergy™ H4 fluorescene microplate reader (BIOTEK®

Instruments, Inc., Vermount, VT, USA) with an excitation wavelength of 485 nm and an emission
wavelength of 535 nm compared with the standard curve of serially diluted FITC–dextran [23,24].

2.9. Determination of Plasma Lipopolysaccharide (LPS)

The plasma LPS level was determined using QCL-1000TM Endpoint Chromogenic Limulus
Amebocyte Lysate (LAL) Assay Kit (Lonza, Verviers, Belgium) following the instructions of the
manufacturer. Briefly, plasma was mixed with LAL reagent and incubated at 37 ◦C in a heating
block for 10 min, followed by the addition of substrate solution and final incubation at 37 ◦C for
6 min. After that, the stop reagent was added. The presence of LPS in the plasma was inferred by the
development of yellow color. The absorbance of the sample was quantified using spectrophotometry
at 405–410 nm [25].

2.10. Determination of Triglyceride Accumulation in Liver and Skeletal Muscle

The liver and gastrocnemius muscle TG contents were measured according to the method of
Frayn and Maycock, 1980, with slight modifications [26]. Briefly, a 0.05–0.2 g portion of the liver and
muscle was minced and put into a glass tube containing 3 mL of chloroform-isopropanol 2:3 (v/v).
The homogenate was pipetted into a glass tube and evaporated to dryness at 40 ◦C for 16 h. The dried
residue was dissolved and mixed in 10% bovine serum albumin (BSA). The triglyceride contents were
measured using a commercial colorimetric kit (Biotech, Bangkok, Thailand).

2.11. DNA Extraction from Fecal Samples

Bacterial DNA was collected from fecal samples (60–70 g) using NucleoSpin® DNA stool kit
(Macherey-Nagel, Dueren, Germany). All procedures were performed according to the manufacturer’s
instructions. Qualitative analysis of bacterial DNA was evaluated by SPECTROstar Nano Absorbance
microplate reader (BMG Labtech, Ortenberg, Germany). The ratio of the absorbance at 260 and 280 nm
(A260/280) was used to identify the purity of nucleic acid specimen. An A260/280 value greater than
1.8 indicated a pure DNA sample. Bacterial DNA contents were evaluated using the relationship that
50 μg/mL of pure DNA sample represented an A260 of 1.
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2.12. q-PCR Assay Conditions and Cycle Threshold

Quantitative PCR (qPCR) analyses were carried out in 96-well optical plates on the Quantstudio
TM6 Flex Real Time PCR System (Applied Biosciences, Warrington, U.K.). The amplification reaction
was performed in a total of 20 μL containing 10 μL of SYBR™ master mix, 2 μL of fecal bacterial DNA
sample, 1 μL of reverse primer, 1 μL of forward primer and 6 μL of deionized water. The group-specific
primers of bacterial targets based on 16S rDNA sequences are listed in Table S2. qPCR was conducted
as follows: Uracil-DNA Glycosylase (UDG) activation step at 50 ◦C for 2 min followed by initial
denaturation at 95 ◦C for 2 min and 40 cycles of denaturation step at 95 ◦C for 20 s and the
annealing/extension step at 60 ◦C for 20 s. Melt curve analysis was then performed after each run to
check the non-specific amplification of the primers. The cycle threshold (Ct) of bacterial DNA was
calculated by absolute quantification strategy using the standard curve of the target bacterial strain.
The result was expressed as log CFU/mL.

2.13. Measurement of Organic Acid Contents in Cecal Samples

The amounts of organic acids (acetic, propionic, butyric and lactic acids) in cecal content and
fecal samples were measured by high-performance liquid chromatography (HPLC), as described
previously [27]. Briefly, the sample was homogenized in 0.15 mM sulfuric acid and centrifuged at
10,000× g at 4 ◦C for 10 min. The supernatant was collected and filtered through 0.22 μm nylon
syringe filter. The samples were analyzed by a Shimadzu HPLC system using Shodex SUGAR SH1011
(SHOWA DENKO K.K., Tokyo, Japan). The detection was carried out using a UV detector at 210 nm,
and the column temperature was maintained at 75 ◦C. The samples were isocratically eluted with 5
mM sulfuric acid at 0.6 mL/min. The concentration of organic acids was quantified by comparison
with the standard curve, and the results were expressed as μmol/g sample.

2.14. Western Blot Analysis

The soleus muscle of the rat was obtained after sacrifice. The homogenates were centrifuged at 4 ◦C
for 10 min at 10,000× g, and the supernatants were used for Western blot. Total protein concentration
was determined using a Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Then,
30–50 ug of proteins was loaded in 10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) for protein separation. The proteins were transferred to nitrocellulose membrane and
blocked with blocking buffer for 1 h at room temperature with gentle shaking, followed by incubation
overnight at 4 ◦C with specific primary antibody, Akt (Millipore Corporation, Burlington, MA,
USA), phosphorylation of pAktSer473 (Millipore Corporation, Burlington, MA, USA), AMP-activated
protein kinase-α (AMPK-α) (Millipore Corporation, Burlington, MA, USA), pAMPKαThr172 (Millipore
Corporation, Burlington, MA, USA), GLUT4 (Chemicon International, Temecula, USA), TNF-α
(Millipore Corporation, Burlington, MA, USA) and NF-kB (Santa Cruz biotechnology, Dallas, TX,
USA). After incubation with the primary antibody, the membrane was washed and incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature and rewashed
again. The protein bands in the membranes were identified by enhanced chemiluminescence (ECL)
detection reagent (GE Healthcare, Piscataway, NJ, USA). The concentration of protein was expressed
by comparison with the mean value in the NDC group, which was arbitrarily set as 100.

2.15. Statistical Analysis

The results are presented as the mean value ± standard error of the mean (SEM). To detect the
effects of treatment on the blood and fecal parameters among the six experimental groups, one-way
analysis of variance (ANOVA) followed by Least-Significant Different (LSD) post-hoc analysis was
used to determine significant differences between groups. The SPSS Advanced Statistics software
(version17 SPSS Inc., Chicago, IL, USA) was used for statistical analysis. In all cases, a p-value less than
0.05 was used and considered to be statistically significant.
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3. Results

3.1. Effects of L. paracasei HII01 on Body Weight (BW), Visceral Fat (VF) Weight and Visceral Fat/100 g BW

The BW, VF weight and VF/100 g BW of all experimental groups are represented in Table 1.
The initial body weight was very similar in all experimental groups (394.5 ± 7.47 g, 389.00 ± 7.02 g,
389.5 ± 5.98 g, 386.5 ± 6.41 g, 383.75 ± 7.78 g and 393.50 ± 8.56 g, respectively). Following 12 weeks of
oral administration of L. paracasei HII01, the BW, VF weight and VF/100 g BW did not differ among
the normal rats. However, the DMC group had a significant increase in BW, VF weight and VF/100 g
BW compared with the NDC group (p < 0.05), which indicates visceral obesity. Interestingly, the BW,
VF weight and VF/100 g BW of the DM-L group were significantly decreased compared with the
DMC group (p < 0.05). Likewise, the DMM and DMM-L groups had significantly lower values of the
mentioned variables compared with the DMC group (p < 0.05). The above findings were observed in
the absence of significant alterations in the food intake among the diabetic groups (93.86 ± 4.88 g/day,
90.00 ± 4.59 g/day, 89.43 ± 3.74 g/day and 97.00 ± 3.95 g/day, respectively).

Table 1. Effects of L. paracasei HII01 on BW, VF weight and VF/100 g BW in experimental groups.

Parameters NDC ND-L DMC DM-L DMM DMM-L

BW (g) 553.33 ± 18.60 b 568.33 ± 26.13 b 682.50 ± 35.25 a 575.00 ± 13.78 b 586.25 ± 11.43 b 589.00 ± 4.00 b

VF (g) 45.17 ± 2.36 b 41.00 ± 3.20 b 86.33 ± 7.84 a 62.8 ± 2.99 c 61.75 ± 2.46 c 60.40 ± 5.62 c

VF/100g BW 8.13 ± 0.22 b 7.23 ± 0.53 b 12.62 ± 0.51 a 10.89 ± 0.27 c 10.54 ± 0.41 c 10.27 ± 1.00 c

NDC, normal control rats; ND-L, normal control rats supplemented with L. paracasei HII01 (108 CFU/day); DMC,
diabetic rats control; DM-L, diabetic rats supplemented with L. paracasei HII01 (108 CFU/day); DMM, diabetic
rats treated with metformin 30 mg/kg; DMM-L, diabetic rats supplemented with combination of L. paracasei HII01
(108 CFU/day) and metformin 30 mg/kg; BW, body weight; VF, visceral fat. All data are expressed as mean ± SEM.
Different lowercase letters indicate significant differences among different groups (p < 0.05).

3.2. Effects of L. paracasei HII01 on Glycemic Control and Plasma Adipokine Hormones

To explore the anti-hyperglycemic effect of L. paracasei HII01, the plasma biochemical parameters
involved in glycemic control were measured at the end of the study. As shown in Figure 1, L. paracasei
HII01 administration did not alter the fasting plasma glucose, insulin, leptin and adiponectin levels
among the normal rats. Similarly, the oral administration of L. paracasei HII01 did not affect the
HOMA-IR, a method used to quantify insulin resistance, in the normal rats (p > 0.05) (Figure 1C).
These results established that the administration of L. paracasei HII01 in normal rats had no effect on
glycemic parameters. The diabetic rats showed higher fasting plasma glucose and insulin levels as
well as HOMA-IR compared with normal rats (p < 0.05). Remarkably, the administration of L. paracasei
HII01, metformin alone or in combination with L. paracasei HII01 significantly ameliorated the fasting
plasma glucose (−42.87%, −49.13% and −49.29%, respectively, p < 0.05) and insulin levels compared
with the DMC group (−28.80%, −27.46% and −41.44%, respectively, p < 0.05). In accordance with these
results, the HOMA-IR of the DM-L, DMM and DMM-L groups were significantly reduced compared
with the DMC group (−59.38%, −62.54% and −69.29%, respectively, p < 0.05).

Leptin and adiponectin are two adipokine hormones that play a crucial role in metabolic regulation
and are involved in insulin sensitivity. Therefore, we assessed the plasma leptin and adiponectin
levels. As illustrated in Figure 1D,E, there were no significant differences in the plasma leptin and
adiponectin levels between the two normal experimental groups, while the DMC group showed
significantly increased plasma leptin level compared with the normal rats, indicating that leptin
resistance was developed in diabetes (150.46%, p < 0.05). The plasma leptin level significantly dropped
in the DM-L, DMM and DMM-L groups compared with the DMC group (−41.58%, −39.33% and
−36.24%, respectively, p < 0.05). However, the plasma adiponectin level in the DMC group significantly
decreased compared with the NDC group (−21.35%, p < 0.05). The administration of L. paracasei HII01,
metformin, as well as the combination of L. paracasei HII01 and metformin, significantly increased the
plasma adiponectin level (25.37%, 26.31% and 25.85%, respectively, p < 0.05).
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Figure 1. Effects of L. paracasei HII01 on the fasting plasma levels of (A) glucose, (B) insulin,
(C) HOMA-IR, (D) leptin and (E) adiponectin in experimental rats. NDC, normal control rats;
ND-L, normal control rats supplemented with L. paracasei HII01 (108 CFU/day); DMC, diabetic rats
control; DM-L, diabetic rats supplemented with L. paracasei HII01 (108 CFU/day); DMM, diabetic rats
treated with metformin 30 mg/kg; DMM-L, diabetic rats supplemented with combination of L. paracasei
HII01 (108 CFU/day) and metformin 30 mg/kg; HOMA-IR index, homeostasis model assessment of
insulin resistance. All data are expressed as mean ± SEM. Different lowercase letters indicate significant
differences among different groups (p < 0.05).

3.3. Effects of L. paracasei HII01 on the Glucose Tolerance Test

To determine whether the administration of L. paracasei HII01 could affect the whole-body insulin
sensitivity in type 2 diabetic rats, the OGTT was conducted on the rats after 11 weeks of intervention.
As shown in Figure 2A,B, there were no significant differences in the plasma glucose levels at all
time points and the AUC for glucose between the NDC and ND-L groups. As expected, the plasma
glucose levels after glucose loading revealed significantly higher values in the DMC group at all
time points compared with the NDC group (Figure 2A, p < 0.05). Compared with the NDC group,
the incremental area under the curve (IAUC) was markedly increased in the DMC group (Figure 2B,
p < 0.05). These findings proved that impaired glucose tolerance was established in T2DM rats. Notably,
the glucose levels at all time points in rats supplemented with L. paracasei HII01, metformin alone or in
combination with L. paracasei HII01 were significantly reduced in comparison with the DMC group
(p < 0.05). There was significant reduction in the total area under the curve (TAUC) and IAUC values
in the DM-L, DMM and DMM-L groups compared with the DMC group (p < 0.05).
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Figure 2. Effects of L. paracasei HII01 on the OGTT in experimental group. (A) Glucose response; (B) area
under the curve for glucose. NDC, normal control rats; ND-L, normal control rats supplemented with
L. paracasei HII01 (108 CFU/day); DMC, diabetic rats control; DM-L, diabetic rats supplemented with
L. paracasei HII01 (108 CFU/day); DMM, diabetic rats treated with metformin 30 mg/kg; DMM-L, diabetic
rats supplemented with combination of L. paracasei HII01 (108 CFU/day) and metformin 30 mg/kg;
OGTT, oral glucose tolerance test; TAUC, total area under the curve; IAUC, incremental area under the
curve. All data are expressed as mean ± SEM. Different lowercase letters indicate significant differences
among different groups (p < 0.05).

3.4. Effects of L. paracasei HII01 on Lipid Parameters

In the present study, we also examined the hypolipidemic effect of probiotic L. paracasei HII01 on
type 2 diabetic rats. As revealed in Table 2, the levels of plasma TG, total cholesterol and LDL in the
DMC group were significantly increased compared with the normal control rats at the end of the study
(p < 0.05). Oral administration of L. paracasei HII01 or in combination with metformin significantly
restored the plasma TG, total cholesterol and LDL levels compared with the DMC group (p < 0.05),
while changes in the plasma TG, cholesterol and LDL levels were not observed in normal rats treated
with L. paracasei HII01. However, no significant change in the plasma HDL level was displayed in
the DMC group compared with the NDC group. All intervention groups had significantly increased
plasma HDL levels compared with the NDC group (p < 0.05).

Table 2. Effects of L. paracasei HII01 on lipid parameters in experimental groups.

Parameters (mg/dL) NDC ND-L DMC DM-L DMM DMM-L

Triglyceride 38.35 ± 1.26 b 31.82 ± 1.67 b 83.57 ± 7.18 a 35.76 ± 2.78 b 33.88 ± 1.02 b 38.15 ± 3.55 b

Cholesterol 44.35 ± 1.04 b 40.53 ± 2.48 b 72.92 ± 6.02 a 42.85 ± 1.81b 35.13 ± 2.63 c 33.85 ± 3.21c

HDL 59.75 ± 1.55 b 64.00 ± 3.67 ab 69.00 ± 5.98 ab 72.33 ± 1.11a 71.00 ± 2.64 a 72.33 ± 0.76 a

LDL 10.00 ± 1.22 b 10.08 ± 1.32 b 23.75 ± 3.50 a 16.67 ± 3.28 c 14.00 ± 1.30 b 13.00 ± 1.14 b

NDC, normal control rats; ND-L, normal control rats supplemented with L. paracasei HII01 (108 CFU/day); DMC,
diabetic rats control; DM-L, diabetic rats supplemented with L. paracasei HII01 (108 CFU/day); DMM, diabetic
rats treated with metformin 30 mg/kg; DMM-L, diabetic rats supplemented with combination of L. paracasei HII01
(108 CFU/day) and metformin 30 mg/kg; HDL, high-density lipoprotein; LDL, low-density lipoprotein. All data
are expressed as mean ± SEM. Different lowercase letters indicate significant differences among different groups
(p < 0.05).

3.5. Effects of L. paracasei HII01 on Tissue Triglyceride Accumulation

Next, we evaluated the effects of L. paracasei HII01 on TG accumulation in both the skeletal
muscle and liver because the accumulation of lipid within target tissues of insulin is closely associated
with insulin resistance and abnormal lipid metabolism. The muscle TG accumulation of the DMC
group significantly increased compared with the NDC group (p < 0.05), as shown in Supplementary
Table S3. A significant reduction in muscle TG accumulation was found in diabetic rats administered
L. paracasei HII01, metformin alone or in combination with L. paracasei HII01 compared with the
DMC group (−36.40%, −38.31% and −46.61%, respectively, p < 0.05). For the liver, the DMC group
also demonstrated a significant increase in hepatic TG accumulation compared with the NDC group
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(p < 0.05). Interestingly, the administration of L. paracasei HII01 significantly reduced the hepatic TG
accumulation compared with the DMC group (−21.65%, p < 0.05). The hepatic TG accumulation of the
DMM and DMM-L groups tended to decrease compared with the DMC group (−14.12% and −10.95%,
respectively, p > 0.05).

3.6. Effects of L. paracasei HII01 on In Vitro Skeletal Muscle Glucose Uptake

To examine whether L. paracasei HII01 had any effects on the skeletal muscle glucose transport
system, the basal and insulin-stimulated glucose uptakes in the isolated hemi-diaphragm were
determined (Figure S1). Our results found that the rate of basal glucose uptake and insulin-stimulated
glucose uptake by the hemi-diaphragm in the DMC group significantly decreased compared with the
NDC group (p < 0.05). Likewise, the insulin-stimulated glucose uptake and the delta glucose uptake,
which was calculated as insulin-treated minus basal glucose uptake for paired muscles, in the DMC
group were significantly reduced compared with the NDC group (p < 0.05). These findings implied an
impairment of insulin action in skeletal muscle. In contrast, the administration of L. paracasei HII01
for 12 weeks significantly enhanced the rates of insulin-stimulated glucose uptake and delta glucose
uptake compared with the DMC group (28.94%, p < 0.05). Similarly, significant increases in the rates of
insulin-stimulated glucose uptake and delta glucose uptake were precisely noted in the DMM and
DMM-L groups compared with the DMC group (50.58% and 43.03%, respectively, p < 0.05) (Figure S1).

3.7. Effects of L. paracasei HII01 on Protein Expressions of GLUT4, pAktSer473, pAMPKThr172, NF-kB and
TNF-α in Soleus Muscle

To elucidate the underlying mechanisms sustaining the possible beneficial effects of L. paracasei
HII01 regarding improvement of insulin-stimulated glucose uptake, the expressions of key proteins
involved in insulin-stimulated glucose uptake, such as GLUT4 protein expression and AktSer473

phosphorylation in soleus muscle, were investigated. In normal rats, supplementation of L. paracasei
HII01 for 12 weeks did not alter the GLUT4 protein expression compared with the NDC group
(Figure 3A). As expected, the expression of GLUT4 protein of the DMC group significantly decreased
compared with the NDC group (p < 0.01). The protein expressions of GLUT4 were markedly restored
in the DM-L, DMM and DMM-L groups compared with the DMC group (p < 0.05). As illustrated
in Figure 3B, there were no significant differences in pAktSer473/Akt protein ratio between the NDC
and ND-L groups. A reduction in the pAktSer473/Akt protein ratio was found in the DMC group
compared with the NDC group (p < 0.05). The administration of L. paracasei HII01, metformin alone or
in combination with L. paracasei HII01 effectively reversed the activation of Akt compared with the
DMC group (p < 0.05).

We also evaluated the effects of L. paracasei HII01 on AMPK activation. In addition to the
insulin signaling proteins, the phosphorylation of AMPK can stimulate GLUT4 translocation for
glucose uptake in the skeletal muscle via the insulin-independent pathway. As shown in Figure 4,
the oral administration of L. paracasei HII01 had no effect on the pAMPKThr172/AMPK protein ratio in
normal rats. The DMC group showed a significant decrease in the pAMPKThr172/AMPK protein ratio
compared with the NDC group (p < 0.05). Interestingly, the administration of probiotic L. paracasei
HII01, metformin alone or in combination with L. paracasei HII01 efficiently recovered the pAMPK
Thr172/AMPK protein ratio compared with the DMC group (p < 0.05).

It is well established that in addition to lipid accumulation-induced insulin resistance, chronic
inflammation can also induce insulin resistance. Thus, we evaluated the effects of L. paracasei HII01
(108 CFU/day) on inflammatory cytokines, NF-kB and TNF-α. As shown in Figure 5A, the NF-kB
expression in the DMC group was significantly higher than in the NDC group (p < 0.05). However,
the oral administration of probiotic L. paracasei HII01 successfully reversed that result (p < 0.05).
However, L. paracasei HII01 administration in normal rats did not alter the NF-kB protein expression.
The expression of TNF-α is shown in Figure 5B. The administration of probiotic L. paracasei HII01 did
not affect the TNF-α protein expressions in the normal rats (p > 0.05). The protein expression of TNF-α
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was significantly higher in the DMC group than in the NDC group (p < 0.05). Compared with the
DMC group, the protein expressions of TNF-α were significantly reduced in the DMM, DM-L and
DMM-L groups (p < 0.05).

Figure 3. Effects of L. paracasei HII01 on Western blotting of insulin-stimulated glucose uptake marker
proteins (A) GLUT4 protein (B) pAktser473/Total Akt ratio in experimental groups. NDC, normal control
rats; ND-L, normal control rats supplemented with L. paracasei HII01 (108 CFU/day); DMC, diabetic rats
control; DM-L, diabetic rats supplemented with L. paracasei HII01 (108 CFU/day); DMM, diabetic rats
treated with metformin 30 mg/kg; DMM-L, diabetic rats supplemented with combination of L. paracasei
HII01 (108 CFU/day) and metformin 30 mg/kg. GLUT4, glucose transporter 4; pAktSer473/total Akt
ratio, phosphorylation of protein kinase B per total protein kinase B ratio. All data are expressed
as mean ± SEM. Different lowercase letters indicate significant differences among different groups
(p < 0.05).

Figure 4. Effects of L. paracasei HII01 on Western blotting of pAMPKThr172/Total AMPK ratio in skeletal
muscle of experimental groups. NDC, normal control rats; ND-L, normal control rats supplemented
with L. paracasei HII01 (108 CFU/day); DMC, diabetic rats control; DM-L, diabetic rats supplemented
with L. paracasei HII01 (108 CFU/day); DMM, diabetic rats treated with metformin 30 mg/kg; DMM-L,
diabetic rats supplemented with combination of L. paracasei HII01 (108 CFU/day) and metformin
30 mg/kg. pAMPKThr172/ total AMPK ratio, phosphorylation of AMP-activated protein kinase per total
AMPK ratio. All data are expressed as mean ± SEM. Different lowercase letters indicate significant
differences among different groups (p < 0.05).
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Figure 5. Effects of L. paracasei HII01 on Western blotting of inflammatory protein marker (A) NF-kB (B)
TNF-α in skeletal muscle of experimental groups. NDC, normal control rats; ND-L, normal control rats
supplemented with L. paracasei HII01 (108 CFU/day); DMC, diabetic rats control; DM-L, diabetic rats
supplemented with L. paracasei HII01 (108 CFU/day); DMM, diabetic rats treated with metformin 30
mg/kg; DMM-L, diabetic rats supplemented with combination of L. paracasei HII01 (108 CFU/day) and
metformin 30 mg/kg. NF-kB, nuclear factor-kappa B; TNF-α, tumor necrosis factor alpha. All data are
expressed as mean ± SEM. Different lowercase letters indicate significant differences among different
groups (p < 0.05).

3.8. Effects of L. paracasei HII01 on Plasma Endotoxemia

It is well accepted that endotoxemia, characterized by excess circulating bacterial wall LPS,
is associated with systemic inflammation and T2DM. Consequently, we measured the plasma LPS
levels. As shown in Figure 6, the DMC group had a significantly higher plasma LPS level than the
NDC group (p < 0.05). Remarkably, the administration of metformin, L. paracasei HII01 alone or in
combination with metformin significantly reduced the plasma LPS level compared with the DMC
group (p < 0.05).

Figure 6. Effects of L. paracasei HII01 on the plasma LPS levels in experimental groups. NDC, normal
control rats; ND-L, normal control rats supplemented with L. paracasei HII01 (108 CFU/day); DMC,
diabetic rats control; DM-L, diabetic rats supplemented with L. paracasei HII01 (108 CFU/day); DMM,
diabetic rats treated with metformin 30 mg/kg; DMM-L, diabetic rats supplemented with combination
of L. paracasei HII01 (108 CFU/day) and metformin 30 mg/kg. LPS, lipopolysaccharide. All data are
expressed as mean ± SEM. Different lowercase letters indicate significant differences among different
groups (p < 0.05).

3.9. Effects of L. paracasei HII01 on Intestinal Permeability

Since the underling mechanisms behind the reinforcement of the increased plasma LPS level is
expected to involve the gut permeability, we also examined the integrity of the intestinal membrane.
This was carried out using an indirect method for the assessment of gut leakiness: measuring the
level of DX-4000–FITC in plasma. The plasma levels of DX-4000-FITC of diabetic rats at 2.5 and
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5 h were significantly higher than those of normal rats (Figure 7), indicating that an increase in
intestinal permeability was found in diabetic rats. Interestingly, treatment with probiotic L. paracasei
HII01, metformin alone or in combination with L. paracasei HII01 significantly reduced the plasma
DX-4000-FITC level at 2.5 h compared with the DMC group (p < 0.05). In addition, in comparison with
the DMC group, treatment with L. paracasei HII01 combined with metformin significantly decreased
the plasma DX-4000-FITC level at 5 h (p < 0.05).

Figure 7. Effects of L. paracasei HII01 on gut permeability measured by plasma FITC-fluorescent dye
levels in experimental groups. NDC, normal control rats; ND-L, normal control rats supplemented with
L. paracasei HII01 (108 CFU/day); DMC, diabetic rats control; DM-L, diabetic rats supplemented with
L. paracasei HII01 (108 CFU/day); DMM, diabetic rats treated with metformin 30 mg/kg; DMM-L, diabetic
rats supplemented with combination of L. paracasei HII01 (108 CFU/day) and metformin 30 mg/kg;
4000-DX-FITC, 4000 Da Fluorescein isothiocyanate–dextran. All data are expressed as mean ± SEM.
Different lowercase letters indicate significant differences among different groups (p < 0.05).

3.10. Effects of L. paracasei HII01 on Short-Chain Fatty Acids in Cecal Content

SCFAs are carbon chain 1–6 organic fatty acids that are generated from the fermentation of
undigested starch and fiber by lactic acid bacteria. The major SCFAs are lactic acid, propionic acid,
butyric acid and acetic acid. Thus, we evaluated the effects of L. paracasei HII01 on the levels of SCFAs
in cecal content. As shown in Supplementary Figure S2, there was no significant difference in lactic acid
level in normal rats administered L. paracasei HII01 for 12 weeks compared with normal control rats.
However, the lactic acid level in the DMC group was significantly reduced compared with the NDC
group (p < 0.05). Interestingly, treatment with L. paracasei HII01, metformin alone or in combination
with L. paracasei HII01 significantly increased the level of lactic acid compared with the DMC group
(p < 0.05). Furthermore, the DMM group had significantly increased lactic acid level compared with
the DM-L group (p < 0.05). The level of propionic acid in normal rats administered L. paracasei HII01
was similar to that of normal control rats (p > 0.05). The DMC group had a significantly reduced level
of propionic acid compared with the NCD group (p < 0.05). Meanwhile, the propionic acid levels in all
treatment groups were significantly increased compared with the DMC group (p < 0.05). Moreover,
the combined treatment of L. paracasei HII01 and metformin was significantly enhanced compared to
the DM-L group (p < 0.05). The butyric acid level in the DMC group did not differ from that of the
NDC group (p < 0.05). However, treatment with L. paracasei HII01, metformin alone or in combination
with L. paracasei HII01 significantly increased the level of butyric acid compared with the DMC group
(p < 0.05). The acetic acid levels in normal rats administered L. paracasei HII01 were significantly higher
than those of the NDC rats (p < 0.05). In addition, the level of acetic acid in the DMC group did not
significantly differ from that of the NDC group (p < 0.05). Nevertheless, the administration of probiotic
L. paracasei HII01 to diabetic rats significantly enhanced the acetic acid level compared with the DMC
group (p < 0.05).
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3.11. Effects of L. paracasei HII01 on the Bacterial DNA in Feces

The relative abundance of Lactobacillus and Bifidobacterium spp. in the gut microbiota is shown in
Figure S3 (as a Supplementary). In comparison with the NDC group, the number of fecal Lactobacillus
spp. was significantly altered in normal rats that received L. paracasei HII01 (p < 0.05). On the other
hand, the DMC group had a significantly decreased number of fecal Lactobacillus spp. compared with
the NDC group (p < 0.05). Oral administration of L. paracasei HII01, metformin alone or in combination
with L. paracasei HII01 to diabetic rats significantly increased the number of fecal Lactobacillus spp.
compared with the DMC rats (p < 0.05). However, the DMC group had a higher number of fecal
Bifidobacterium spp. than the NDC group (p < 0.05). The administration of metformin, L. paracasei
HII01 alone or in combination with metformin to diabetic rats significantly increased the number
of fecal Bifidobacterium spp. compared with the DMC group (p < 0.05). Additionally, the number
of this beneficial bacteria significantly increased in the DMM and DMM-L groups in comparison
with the DM-L group (p < 0.01). As illustrated in Figure S3, the result revealed that the numbers of
fecal E. coli and C. perfringens in the ND-L group were significantly lessened compared with the NDC
group (p < 0.05). The DMC group had a higher number of fecal E. coli than the NDC group (p < 0.05).
Interestingly, all the treatment groups had significantly reduced E. coli numbers compared with the
DMC group (p < 0.05). The number of C. perfringens, known as bad bacteria, in the DMC group did
not differ from that of the NDC group. However oral administration of metformin, L. paracasei HII01
alone or in combination with metformin to diabetic rats significantly reduced the number of Fecal
C. perfringens compared with the DMC group (p < 0.05). Interestingly, the combination of probiotic
L. paracasei HII01 and metformin significantly decreased the number of C. perfringens compared with
the diabetic rats treated with probiotic alone (p < 0.05).

4. Discussion

The present study was undertaken to investigate the possible beneficial effect of L. paracasei HII01
on glycemia in type 2 diabetic rat model. Our results demonstrated that the administration of L. paracasei
HII01 at a dose of 108 CFU/day for 12 weeks effectively resulted in the following: (1) reduction in
fasting plasma glucose, insulin, leptin and lipids levels as well as improvement in glucose intolerance;
(2) improvement of PI3K/Akt signaling and AMPK activation, which are involved in enhancing the rate
of insulin-stimulated glucose uptake of the isolated hemi-diaphragm; (3) modulation of gut microbiota
and subsequent amelioration of plasma endotoxemia.

The type 2 diabetic rat model used in this study presented the general characteristics of T2DM,
including obesity, hyperglycemia, insulin resistance, impaired glucose tolerance and dyslipidemia,
similar to T2DM patients [28]. In addition, the plasma LPS level was significantly increased, which,
at least in part, is linked to insulin resistance in untreated diabetic rats. Similar to humans, our findings
also found that an abundance of pathogenic bacteria, E. coli and C. perfringens in diabetic rats [29,30].
At the end of the study, we found that L. paracasei HII01 administration significantly improved not
only BW, VF/BW, and plasma lipid levels (TG, cholesterol, LDL, and HDL) but also reduced the
fasting blood glucose (FBG) levels and improved glucose tolerance, demonstrating its antidiabetic
effect. Nevertheless, the beneficial effect of L. paracasei HII01 on glycemic control in the present study
is not linked to its insulinotropic action. The anti-hyperglycemic effect of L. paracasei HII01 might
be explained by other mechanisms, such as enhanced insulin sensitivity or relevant glucose uptake,
the same as the results found in the metformin treatment group. This assertion is supported by the
HOMA-IR index and the outcomes of OGTT. Additionally, the results of this study revealed that gut
dysbiosis was attenuated after 12 weeks of oral administration of L. paracasei HII01 in diabetic rats.
It was interesting to note that the amelioration efficiency of L. paracasei HII01 on those blood metabolic
parameters were close to the results of studies involving diabetic rats treated with metformin alone or
combination with L. paracasei HII01. It was suggested that there were no synergistic or additive effects
of metformin and probiotic L. paracasei HII01, particularly induction of hypoglycemia.
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Alteration of adipokine is one of the possible mechanisms contributing to hyperglycemia
and insulin resistance of diabetes. This study demonstrated that L. paracasei HII01 supplement
effectively modulated adipokine imbalance in diabetic rats. Adiponectin acts as an insulin-sensitizer,
which serves to enhance fatty acid oxidation, reduce tissue TG accumulation and, finally, improve
insulin signaling [31]. While, leptin is a hormone that is important for glucose homeostasis by
stimulating the PI3K signaling pathway [32]. The current study has demonstrated that the decreased
leptin level is related to an improvement in insulin sensitivity and reduction in plasma glucose and
lipid levels in type 2 diabetic rats treated with L. casei CCFM419 [33]. The reduction in visceral fat
accumulation acknowledged in the present study might be involved with the suppression in plasma
leptin and increasing in plasma adiponectin levels, which contribute to the improvement in insulin
sensitivity, anti-hyperglycemia as well as anti-hyperlipidemia in diabetic rats treated with L. paracasei
HII01. However, there are several mechanisms involved to the pathogenesis of insulin resistance.
Among these, genes involved in adipose tissue metabolism can be considered possibly responsible for
insulin sensitivity. Petrone A et al., 2007, reported that the promoter region of the adiponectin gene
(+45T>G Adiponectin SNPs) could influence adiponectin levels and, consequently, insulin sensitivity
in obesity and diabetes mellitus. [34].

Next, to explore more about the molecular mechanisms of L. paracasei HII01 in insulin sensitivity,
we further evaluated the insulin signaling and glucose transport system in the skeletal muscle since
the skeletal muscle is the major site of glucose uptake in the postprandial state in normal condition.
Comparable with other studies, the results demonstrated that the insulin action is diminished and the
ability of insulin to stimulate glucose uptake is blunted in type 2 diabetic condition [35]. Although
the mechanisms of insulin resistance are not fully understood, lipid and inflammation-induced
insulin resistance is one of the potential candidate mechanisms for insulin resistance [36]. Previous
studies found that the TLR-4-LPS pathway can stimulate pro-inflammatory cytokines in the skeletal
muscle, and pro-inflammatory cytokines, such as TNF-α, promote insulin resistance though NF-kB
inflammatory signaling [37]. In addition, the rate of insulin-stimulated glucose uptake depends on
the phosphorylation of Akt, the major insulin signaling protein, and the total or membrane GLUT4
protein expression [38]. Interestingly, we found that L. paracasei HII01 effectively increased AktSer473

phosphorylation and GLUT4 protein expression as well as decreased the expression of TNF-α and NF-kB
in the skeletal muscle. Similarly, the supplementation of a combination of the probiotics L. rhamnosus,
L. acidophilus and B. bifidium enhanced pAktSer473 in the muscle of diet-induced obese (DIO) mice [39].
Besides, in TNF-α treated L6 cells, probiotic B. lactis HY8101 treatment increased insulin-stimulated
phosphorylation of AktSer473 and GLUT4 protein [40]. Cumulatively, our data suggested that L. paracasei
HII01 treatment improved the insulin signaling pathway, at least partly, through the reduction in
systemic inflammation. Furthermore, the activation of AMPK, an energy-sensing enzyme, is one
of the possible mechanisms linked to glucose uptake via directly activating GLUT4 translocation
to membrane in skeletal muscles [41]. Metformin, a first-line drug for T2DM treatment, exerts its
action mainly by activating AMPK. We also found that L. paracasei HII01 supplementation enhanced
AMPKThr172 phosphorylation in the skeletal muscle of diabetic rats; this was also the case in the
metformin treatment group.

Lactic, propionic, butyric and acetic acids are the most important SCFAs that affect glycemic
control [42]. Importantly, the results demonstrated that the administration of L. paracasei HII01 for
12 weeks effectively enhanced the number of those SCFAs in cecal content. It is well known that the
receptors of SCFAs are two G-protein coupled receptors (GPCRs), free fatty acid receptor 2 (FFAR2)
and FFAR3, which are widely expressed in the skeletal muscle, intestinal, adipose, liver and pancreatic
tissues [43]. In addition, these SCFAs are not only of importance in gut health and as signaling
molecules but might also enter the systemic circulation and directly affect metabolism or the function of
peripheral tissues via the AMPK activation [44]. Thus, SCFAs may partly influence glucose metabolism
and insulin resistance in type 2 diabetic rats supplemented with L. paracasei HII01.
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Recent studies reported that changes in gut microbiota composition are associated with an
increase in gut LPS. The TLR4–LPS complex triggers the pro-inflammatory cytokines, which cause
intestinal inflammation and decrease in tight junction proteins [45]. The loss of tight junction proteins
is linked to increased gut permeability and the subsequent leakage of LPS to systemic circulation [46].
Interestingly, these abnormalities were attenuated after our probiotic L. paracasei HII01 administration
for 12 weeks. However, the mechanisms were not investigated in this study. Lim et al., 2016, found
that the supplementation of L. sakei OK67 suppressed TLR-4 expression and the NF-kB pathway,
which are involved in the reduction in the level of intestinal TNF-α and interlukin-6 (IL-6) and,
subsequently, the increase in tight junction protein, including zonula occludens (ZO-1), occludin and
claudin expression in the colon of obese mice [15]. We further hypothesize that the gut microbiota
modulation and anti-inflammatory effects of L. paracasei HII01 could be another probable underlying
mechanism for the improvement in gut permeability and, subsequently, endotoxemia.

There are limitations to this study that have to be considered. Firstly, we showed the protective
effect of L. paracasei HII01 administration on gut barrier integrity by measuring the concentration of LPS
in the circulation and plasma levels of DX-4000-FITC, which is an indirect method for the assessment
of gut leakiness. A direct assessment of intestinal tight junction permeability or levels of intestinal
tight junction markers, such as occludin or ZO-1, would better confirm the role of our probiotic in
preserving the intestinal epithelial barrier. Lastly, we used an experimental diabetic rat model to test
our hypothesis and the results cannot be directly extrapolated to humans due to differences in gut
microbiota and physiology.

5. Conclusions

This study provided the first evidence that L. paracasei HII01 administration ameliorates
hyperglycemia and enhances insulin stimulated glucose uptake in HFD–STZ induced type 2 diabetic
rats. These effects are associated with modulation of gut microbiota along with gut permeability,
leading to improved systemic endotoxemia and inflammation-disturbed insulin sensitivity in the
skeletal muscle through PI3K/Akt signaling and AMPK activation as summarized in Figure 8. Thus,
L. paracasei HII01 has the potential for development as a complementary supplement strategy for type
2 diabetic patients.

Figure 8. Possible mechanism of L. paracasei HII01 in type 2 diabetic rats.
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Abstract: Dietary modulation of the gastro-intestinal microbiota is a potential target in improving
healthy ageing and age-related functional outcomes, including cognitive decline. We explored the
association between diet, gastro-intestinal microbiota and cognition in Dutch healthy older adults
of the ‘New dietary strategies addressing the specific needs of the elderly population for healthy
aging in Europe’ (NU-AGE) study. The microbiota profile of 452 fecal samples from 226 subjects was
determined using a 16S ribosomal RNA gene-targeted microarray. Dietary intake was assessed by
7-day food records. Cognitive functioning was measured with an extensive cognitive test battery.
We observed a dietary and microbial pro- to anti-inflammatory gradient associated with diets richer
in animal- or plant-based foods. Fresh fruits, nuts, seeds and peanuts, red and processed meat
and grain products were most strongly associated to microbiota composition. Plant-rich diets
containing fresh fruits, nuts, seeds and peanuts were positively correlated with alpha-diversity,
various taxa from the Bacteroidetes phylum and anti-inflammatory species, including those related to
Faecalibacterium prausnitzii and Eubacterium rectale and E. biforme. Animal product-rich diets associated
with pro-inflammatory species, including those related to Ruminococcus gnavus and Collinsella spp..
Cognition was neither associated with microbiota composition nor alpha-diversity. In conclusion,
diets richer in animal- and plant-based foods were related to a pro- and anti-inflammatory microbial
profile, while cognition was associated with neither.

Keywords: gut microbiota; dietary intake; cognitive decline; elderly; healthy ageing; inflammation
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1. Introduction

The ageing population is growing rapidly. Worldwide, the number of people aged 65 years
or over is currently estimated at 703 million. Due to a steep rise in life expectancy, this number is
expected to double to 1.5 billion in 2050 [1]. Unfortunately, as the longer lifespan is not accompanied
by improvements of health outcomes [2], the increase in life expectancy poses serious challenges to
the health care system, economy and society [3]. Therefore, there is an urgent need for strategies to
improve healthy ageing.

The gastro-intestinal (GI) microbiota has been implicated as a potential target to enhance healthy
ageing [4]. Ageing is accompanied by several physiological and lifestyle changes, including altered GI
tract function, elevated inflammation levels and dietary changes, that affect the GI microbiota [5,6].
Compared to younger adults, the GI microbiota in older adults has been shown to exhibit larger
inter-individual and temporal variation. It was also strongly correlated to diet, which was linked
to residence location in the community [7,8]. Despite the larger variation, several universal changes
in the GI microbiota that occur with ageing have been identified. Generally, the relative abundance
of Bifidobacterium spp. was found to be lower in older adults with concomitant higher levels of
Enterobacteriaceae and other pathobionts [5,6].

Changes in GI microbiota composition may influence age-related functional outcomes, such as
cognitive decline. In the past decade, the link between altered GI microbiota composition and cognition
has been demonstrated in various rodent models, including germ-free animals and several microbiota
modulation strategies, such as antibiotics, pre- or pro-biotics, and fecal microbiota transplants [9].
For example, rodents with disrupted GI microbial homeostasis, due to infection or treatment with
antibiotics, perform worse on cognitive tests compared to animals with an undisturbed GI microbiota.
Restoring this homeostasis by administration of probiotics or via fecal microbiota transplantation
positively influenced cognitive performance of rodents [9]. In humans, administration of Bifidobacterium
and Lactobacillus species for 12 weeks has shown to positively affect cognitive functioning in older
adults [10,11], providing preliminary evidence for a relation between GI microbiota and cognition in
humans, thus proposing the GI microbiota as a target to prevent or delay age-related cognitive decline.

Modification of diet has been suggested as a strategy to both maintain cognition and GI homeostasis.
There is special interest in the Mediterranean diet (MedDiet), which is characterized by a high intake of
vegetables, fruits, legumes and olive oil and moderate to low intake of animal-based food products [12].
Greater adherence to the MedDiet has been associated to slower rates of age-related cognitive
decline [13,14] and beneficial changes in GI microbiota composition [15,16].

To our knowledge, to date only one human study has investigated the relation between diet,
cognition and GI microbiota. Data from all European partners of the ‘New dietary strategies
addressing the specific needs of the elderly population for healthy aging in Europe’ (NU-AGE) study,
a one-year Mediterranean-like dietary intervention, showed that individuals with better adherence
to this diet had higher relative abundances of several microbial groups, including Faecalibacterium
prausnitzii, Anaerostipes and Roseburia [16], which have previously been linked to beneficial health
effects. For instance, these species exhibit anti-inflammatory properties, are able to produce the short
chain fatty acid (SCFA) butyrate and have been inversely associated with diabetes mellitus type 2 and
colorectal cancer [17–19]. In turn, higher relative abundances of these beneficial species were weakly,
but positively, associated with cognitive function measured by BabCock memory and constructional
praxis performance [16].

These results provide preliminary evidence for the potential of the MedDiet to prevent age-related
cognitive decline by modulating GI microbiota. However, it remains unclear which specific food groups
of the MedDiet are responsible for the potentially beneficial effects on cognition and GI microbiota
composition. Moreover, in the previous study, cognitive function was measured by means of single
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tests [16], whereas the assessment of multiple cognitive tests representing all cognitive domains
and combining these tests into composite cognitive scores is a more robust measure of cognitive
functioning [20]. Therefore, the current study aims to explore the relation between diet, GI microbiota
composition and cognitive function in healthy older adults (65–79 years).

2. Materials and Methods

2.1. Study Design and Participants

We used data from the Dutch cohort of the NU-AGE study, a parallel randomized one-year study
investigating the effect of a dietary intervention on inflammation in European older adults [21].
Cognitive functioning and microbiota composition were determined as secondary outcomes.
Information on participants, recruitment and the dietary intervention has previously been described
in detail [22,23]. In short, 252 healthy Dutch older adults aged 65–79 years were randomized to the
intervention or control group. Participants in the intervention group received individually tailored
dietary advice to follow a Mediterranean-like diet. The control group received no specific dietary
advice except for a leaflet describing the national guidelines for a healthy diet. Analyses showed
that the intervention did not affect GI microbiota. Therefore, the current study has a cross-sectional
design, in which data from both pre and post intervention are combined. Participants were non-frail
(fried frailty ≤ 1 [24]) and free of major diseases including cancer, dementia, diabetes mellitus type I and
II and organ failure, and did not use antibiotics in the three months prior to inclusion. Dietary intake,
GI microbiota composition and cognitive functioning were assessed at baseline and post intervention.
Data from 26 participants were excluded due to missing GI microbiota assessments at either pre or post
intervention. The NU-AGE study has been registered at clinicaltrials.gov (identifier: NCT01754012).
This study was conducted according to the Declaration of Helsinki and written informed consent was
obtained from all participants. The study protocol was approved by the Medical Ethics Committee of
Wageningen University and Research (ABR 37818.081.11).

2.2. Dietary Assessment

At baseline and post intervention, dietary intake was assessed by a 7-day food record. Participants
were instructed to record all consumed foods and their amounts based on household measures.
All food records were reviewed by a trained research dietician during an interview. Consumed food
products were coded according to standardized coding procedures. Nutrient intake data was calculated
by use of the Dutch food composition table (NEVO 2011). Consumed food products with similar
composition were grouped into food groups according to the EPIC-Soft Classification [25] with some
local modifications. Additional groups were created for ready-to-eat meals and savory bread spreads
as products in these groups were not included in the current EPIC-Soft list. Separate groups were
created for low fat, and salt and sugar options within the dairy food groups based on the Dutch dietary
guidelines [26]. Products containing artificial sweeteners were placed in a separate group as sweeteners
have been shown to influence GI microbiota composition [27]. In addition, a separate group was made
for legume-based ready to eat soups due to the relatively high fiber content. Finally, the food group
meat was divided into red meat, processed meat, poultry and meat replacers instead of groups based
on animal origin to limit the number of food groups.

2.3. Microbiota Composition Profiling

At baseline and post intervention, participants were instructed to collect a fecal sample at home
with the help of a stool collection kit and store them immediately at −20 ◦C. Samples were transported
in coolers and then stored at −20 ◦C and later at −80 ◦C before being processed. DNA extraction
from fecal samples has been described in detail elsewhere [28]. In brief, DNA was extracted using a
combination of column purification and repeated-bead-beating. Purity and concentration of DNA
were assessed with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, USA).
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The composition analysis was then performed utilizing a previously benchmarked custom made,
phylogenetic microarray, the human intestinal tract chip (HITChip) [29,30]. The HITChip contains
a duplicated set of 3631 probes, which target the V1 and V6 hypervariable regions of the 16S rRNA
gene of 1140 intestinal bacterial phylotypes. After extraction of DNA, the full-length 16S rRNA gene
was amplified by PCR using primers T7prom-Bact-27-for and Uni-1492-rev [30]. This was followed
by in vitro transcription and labelling of the resulting RNA with Cy3/Cy5 before hybridization to the
array. The signal intensity data from the microarray hybridizations were collected from the Agilent
G2505C scanner (Agilent Technologies) using Agilent Feature Extraction software, version 10.7.3.1
and pre-processed using an in-house MySQL database and custom R scripts. Each scanner channel
from the array was separately spatially normalized using polynomial regression, followed by outlier
detection and filtering in each set of probes with a χ2 test. Each sample was hybridized at least twice to
ensure reproducibility. Duplicate hybridizations with a Pearson correlation < 0.98 were not considered
for further analysis. Microbiota profiles were summarized to genus-like 16S rRNA gene sequence
groups with a sequence similarity > 90% referred to as species and relatives (‘et rel.’). Measurements of
probes that belong to the same phylotype were normalized with robust probabilistic averaging [31,32].
Log10-transformed hybridization signals were used as a proxy for bacterial abundance.

2.4. Cognitive Functioning

Cognitive functioning was assessed at baseline and post intervention with an extensive battery of
cognitive tests which were administered by trained research assistants. The battery included cognitive
tests from the consortium to establish a registry for Alzheimer’s disease (CERAD) test battery [33]
plus five additional tests.

In the verbal fluency category test [34], participants were asked to name as many animals as
possible within 60 s. The number of uniquely named animals was recorded. Participants were
presented with four figures in the constructional praxis test [35], and asked to copy these figures on
blank paper immediately after presentation (subtest immediate) and after a few minutes (subtest recall).
Scoring was based on the number of correct responses. In the word list memory test [33], participants
were visually presented with ten random words. The number of correctly recalled words directly after
presentation in three trials (subtest immediate) and after five minutes in one trial (subtest delayed)
was recorded. Finally, the participant was asked to identify the ten words from a verbally presented list
of twenty words (subtest recognition). Next, participants were read a brief story in the Babcock story
recall test [36] and asked to retell the story immediately (subtest immediate) and after 20 min (subtest
delayed). Scoring was based on the correctly recalled parts of the story. In the trail making test [37],
participants were instructed to connect 25 numbers in chronological order (Part A) and to connect
numbers and letters in chronological and alphabetical order alternately (Part B). Time to complete
each task was recorded. In the number cancellation test [38], participants were presented with a list
of random numbers. The number of correctly crossed out 4s in 30 s was documented. In the pattern
comparison test [39], participants were asked to indicate if two patterns were similar or different.
Scoring was based on the number of correct responses.

Scores for each of the cognitive tests were converted into Z-scores with baseline mean and standard
deviation of the whole population. The Z-score for the trail making test was reversed as lower scores
represent better cognitive functioning. The individual Z-scores for the cognitive tests were clustered
into four cognitive domains:

Episodic memory = (zWordListimmediate + zWordListdelayed + zWordListrecognition+

zBabcockStoryRecallimmediate + zBabcockStoryRecalldelayed)/5
(1)

Executive functioning = (zVerbalFluency + -zTrailMakingTestB/A) /2 (2)

Information processing speed = (−zTrailMakingTestA + zNumberCancellation+
zPatternComparison)/3

(3)
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Visuospatial ability = (zConstructionalPraxisimmediate + zConstructionalPraxisrecall)/2 (4)

2.5. Assessment of Phenotypical Characteristics

Body weight and height were measured by trained research assistants. Weight was determined
while wearing light clothing to the nearest 0.1 kg using a calibrated scale. Height was measured using
a stadiometer to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight/height2. Data on
age, sex, education (number of years) and smoking status (never, former or current) were collected using
questionnaires. Frailty status (non-frail/pre-frail) [24] and mini-mental state examination (MMSE) [40]
were assessed by trained research assistants following standardized procedures. MMSE scores from 24
to 30 are considered within the normal range [40]. Physical activity was measured using the physical
activity scale for elderly (PASE). For individuals aged 70 to 75, average values for PASE are 89.1 for
women and 102.4 for men [41].

2.6. Statistical Analyses

All microbiota analyses were performed in R version 3.4.0 [42]. Redundancy analysis (RDA)
was performed to determine the multivariate effects of the explanatory variables on microbiota
composition using the rda function from the vegan package [43]. RDA is a technique summarizing
the linear relationships between a set of variables i.e., GI microbiota composition explained by a set
of explanatory variables, i.e., dietary and host variables. The effect of an explanatory variable is
defined as R2, which is the percentage of variation explained from the total amount of microbiota
variation. All numerical environmental variables (food groups, nutrients, phenotype and cognition)
were normalized to ensure that the input variables had similar scales before performing the RDA.
We first determined the simple effects of all explanatory variables on microbiota composition to help
understand what was driving the interactions. Because the dietary intervention had no significant effect
on microbiota composition, we performed a cross-sectional analysis with both pre- and post-intervention
samples to increase power. To determine which set of food groups resulted in the most parsimonious
model (i.e., explaining microbiota variation), we performed forward and reverse automatic stepwise
model selection for constrained ordination methods using permutation tests with the ordistep function
from the vegan package, which bases the term choice on Akaike’s information criterion and p-value.
This ordination configuration was used to test which other explanatory variables (nutrients, phenotype
and cognition) significantly correlated with microbiota composition by post-hoc fitting these as vectors
using the envfit function from vegan. Significance was set at p < 0.05. Richness, inverse Simpson
and Shannon diversity were calculated to define microbial alpha-diversity using the microbiome
package [44]. In ecology, alpha-diversity is defined as the species diversity within a sample. We used to
commonly applied methods to determine diversity, viz Shannon diversity and inverse Simpson diversity.
Diversity of the microbiota was based on non-logarithmic oligo-level signals and probes were counted
in each sample to measure richness, by using an 80% quantile threshold for detection. To correlate
microbial alpha-diversity with the significant explanatory variables we used Pearson correlations and
visualized these using heatmaps with the psych package [45]. p-values were corrected for multiple
testing using the Benjamini–Hochberg procedure [46] and q < 0.05 was considered significant.

3. Results

3.1. Participant Characteristics

At baseline, the mean age of participants was 70.9 ± 4.1 years and 44.4% of the study population
was male (Table 1). The average body mass index (BMI) at baseline was 25.9 ± 3.6 kg/m2 and mean
score on the mini-mental state examination (MMSE) was 27.7 ± 1.8 points, indicating that our study
population was cognitively healthy. The mean PASE score was 137 ± 54, indicating that the physical
activity level was slightly higher than normal compared to a study population with similar age [41].
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Table 1. Baseline characteristics of 226 healthy Dutch older adults.

Characteristic n = 226

Age, years 70.9 ± 4.1
Sex, male n (%) 100 (44.2%)

Education, years 12.3 ± 3.7
BMI, kg/m2 25.9 ± 3.6

Smoking status, n (%)
Never 117 (51.8%)

Former 103 (45.6%)
Current 6 (2.7%)

MMSE (score 0-30) 27.7 ± 1.8
Physical activity (PASE score) 137 ± 54

Frailty, n (%)
Non-frail 178 (78.8%)
Pre-frail 48 (21.2%)

Abbreviations: BMI: body mass index; MMSE: mini mental state examination; PASE: physical activity scale for the
elderly. Data are presented as mean ± SD or number (%).

3.2. Variables Affecting GI Microbiota Composition

To determine how the different environmental variables impact the microbiota, we first calculated
their simple effects (i.e., the effect of the environmental variable on the microbiota without any other
covariates). As previously described in the methods, the dietary intervention had no significant effect
on microbiota composition (p = 1.0, R2 = 0.08%). A total of 41 variables, existing of phenotypical
characteristics, food groups and nutrients, significantly correlated to GI microbiota composition as
shown in Figure 1. The largest proportion of GI microbiota variation was explained by individuals
(R2 = 40.0%) (Supplementary Figure S1). The phenotypical characteristics BMI (R2 = 0.73%) and sex
(R2 = 0.22%) were both correlated with microbiota composition. BMI explained the largest proportion of
microbiota variation out of all microbiota covariates. With respect to the dietary variables, 29 nutrients
and 10 food groups were significantly correlated with GI microbiota composition. Concerning the
food groups, fresh fruits explained the highest proportion of variation in GI microbiota composition
(R2 = 0.51%). Further zooming in on the fresh fruits showed that berries and grapes were the fruits
most contributing to this observation. Other significant food groups were nuts, seeds and peanuts
(R2 = 0.45%), grain products (R2 = 0.39%) and both processed and red meat (R2 = 0.36% and R2 = 0.25%
respectively). Among the nutrients, total protein (R2 = 0.46%) and protein from animal (R2 = 0.62%)
and plant (R2 = 0.42%) sources explained the largest proportion of variation. In addition, various
forms of carbohydrates, water-soluble vitamins, minerals and omega-3 fatty acids were significantly
associated to GI microbiota composition, while other fatty acids and fat-soluble vitamins did not.
None of the cognitive functioning domains was significantly correlated with GI microbiota composition.

To visualize the relations between dietary factors and phenotypical characteristics with microbiota
composition, their conditional effects (the impact on the microbiota with the effect of other variables in
the model) were calculated and plotted in two RDA bi-plots (Figure 2). We observed a gradient of
participants with higher intakes of plant-based foods and participants consuming higher amounts of
animal-based foods. Higher intakes of these animal-based foods, animal protein, cholesterol, vitamin
B12, low fat cheese, and red and processed meat, were correlated with a higher BMI. The participants
with lower intake of animal-based foods and higher intake of plant-based foods could be further
divided into two groups; those consuming higher amounts of fresh fruits, nuts, seeds and peanuts and
vitamin C, and those with higher intakes of grain products and digestible carbohydrates.
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Consumption of animal-based foods and BMI was positively associated with species related to
Ruminococcus gnavus, Streptococcus spp. (S. mitis and bovis) and Collinsella. Conversely, animal-based
foods were inversely associated with Akkermansia muciniphila, uncultured Clostridiales I and II and
species related to Sporobacter termitidis. Consumption of fresh fruits, its associated nutrient vitamin
C, and nuts, seeds and peanuts were associated with several genera from the Bacteroidetes phylum,
including Bacteroides spp., Parabacteroides, Alistipes and Prevotella, and Firmicutes such as species
related to Faecalibacterium prausnitzii, Oscillospira guillermondii and Eubacterium rectale and E. biforme.
Grain products and carbohydrates were positively associated with Dialister and species related to
Clostridium difficile (recently renamed to Clostridioides difficile). Although this group is named after
C. difficile, the observed differences do likely not relate to this potential pathogen but probes targeting
C. bifermentans, C. bartlettii and C. glycolicum.

3.3. Variables Associated with Microbial Alpha-Diversity

The relations between the significant variables in the RDA (phenotypical characteristics, nutrients,
food groups) and indices that contribute to microbial alpha-diversity were calculated and visualized
in Figure 3A. BMI was negatively correlated with alpha-diversity. With respect to the food groups,
only fresh fruits and nuts, seeds and peanuts were positively correlated with alpha-diversity,
with correlation coefficients ranging from 0.1 to 0.17. Among the fresh fruits, alpha diversity
positively correlated with berries and grapes, citrus fruits and stone fruits in Supplementary Table S1.
Nutrients that were positively correlated to alpha-diversity included vitamin C, various minerals,
forms of carbohydrate and plant protein, with correlation coefficients between 0.09 and 0.14. None of
the nutrients was negatively associated with alpha-diversity.

Figure 3. Correlation of alpha-diversity with microbiota covariates (A) and cognition variables (B).
Pearson correlation of significant microbiota covariates were calculated. p values are corrected for
multiple testing using the Benjamini–Hochberg procedure. *** q < 0.001, ** q < 0.01 * q < 0.05.

143



Nutrients 2020, 12, 3471

With correlation coefficients ranging from −0.04 to 0.05, none of the cognitive domains was
significantly correlated to any of the diversity indices (Figure 3B).

4. Discussions

By exploring associations between diet, GI microbiota and cognition in healthy Dutch older adults
using food groups as the primary input, we showed that fresh fruits, nuts, seeds and peanuts, red and
processed meat, grain products, low fat dairy and cheese and wine are important dietary factors
in GI microbiota composition. Of these food groups, fresh fruits (berries and grapes in particular),
and nuts, seeds and peanuts positively correlated with alpha-diversity. Overall, fresh fruits and nut
seeds and peanuts correlated with various taxa from the Bacteroidetes phylum and species related to
Faecalibacerium prausnitzii, grain products correlated with Dialister, while higher intake of animal-based
foods was associated with a higher abundance of Collinsella and Streptococcus spp. as well as species
related to Ruminococcus gnavus. Cognitive functioning was neither associated with GI microbiota
composition nor alpha-diversity.

Our study is the first to investigate which food groups are related to whole GI microbiota
composition and alpha-diversity in older adults. In younger adults, several studies have investigated
this association before. In a large cross-sectional study with GI microbiota data from 1135 Dutch adults,
78 dietary factors, including fruit, frequency of nut consumption, red and processed meat and protein,
were important dietary factors in explaining GI microbiota variation [47]. The associations of fruit and
meat with GI microbiota composition were confirmed in a large cross-sectional Belgian study with
adults (n = 1106) [48] and the French Milieu Intérieur study (n = 862) [49] showed that fruit influenced
the GI microbiota. With respect to alpha-diversity, our finding that individuals with higher intakes
of fresh fruit and nuts had a more diverse GI microbiota was confirmed by the studies of Dutch and
French adults [47,49] and the association between nuts, seeds and peanuts and alpha-diversity was
also observed in Dutch adults [47].

Despite the fact that the dietary intervention did not have a significant impact on the GI microbiota
in our cohort, we could clearly identify associations between dietary variables and microbiota
composition. We observed a gradient between participants consuming a diet richer in foods from
animal origin and a diet richer in foods from plant origin, from now on referred to as animal- and
plant-rich diets. The animal-rich diet was characterized by higher intakes of processed and red meat,
low fat cheese and dairy, vitamin B12 and cholesterol. The plant-rich diet was higher in vitamin C,
fresh fruits and nuts, seeds and peanuts. In addition to the classification based on origin of the food
products and nutrients, these diets can also be classified as pro- and anti-inflammatory according
to the dietary inflammatory index, in which various dietary factors have been scored based on their
inflammatory potential [50]. Vitamin B12 and cholesterol, both associated with the animal-rich diet,
were considered pro-inflammatory. With respect to the plant-rich diet, nutrients present in fresh fruits
(vitamin C, flavonoids, fiber) and nuts, seeds and peanuts (polyphenols, omega-3 fatty acids, fiber)
were all classified as anti-inflammatory.

Interestingly, classification of the GI microbiota based on inflammatory potential showed a similar
pattern. The consumption of the pro-inflammatory diet rich in animal foods positively correlated with
Collinsella and Streptococcus spp. as well as species related to R. gnavus. Overall, these bacteria have
been classified as pro-inflammatory. Increased abundance of Collinsella has been observed in several
inflammatory diseases, including type 2 diabetes mellitus [51,52], atherosclerosis [53] and rheumatoid
arthritis [54]. Even though Streptococcus is a normal inhabitant of the upper GI tract, increased
abundance in the colon has been associated with pro-inflammatory nutrients of animal origin [15].
Finally, higher abundance of R. gnavus has been linked to several inflammatory diseases as well,
such as spondyloarthritis [55], eczema in infants [56] and inflammatory bowel disease, especially
during active disease episodes [57]. In addition to the connection with inflammatory diseases, it has
recently been shown that R. gnavus synthesizes an inflammatory polysaccharide that induces secretion
of the inflammatory cytokine tumor necrosis factor-alpha by dendritic cells [58].

144



Nutrients 2020, 12, 3471

The anti-inflammatory plant-rich diet was associated with species related to F. prausnitzii, E. rectale
and E. biforme. These species can be classified as anti-inflammatory due to their ability to produce
butyrate. Butyrate has been shown to exhibit anti-inflammatory effects through their regulation
of leukocyte function via inhibition of histone deacetylase and activation of G-protein coupled
receptors [59]. These anti-inflammatory effects of butyrate have been demonstrated in vivo, in both
animal models [60] and human clinical trials [61]. F. prausnitzii specifically has been shown to exhibit
anti-inflammatory effects in vitro and in vivo. In peripheral blood mononuclear cells, F. prausnitzii led
to higher levels of the anti-inflammatory cytokine IL-10 and lower production of the pro-inflammatory
cytokines IL-12 and IFN-γ. In a mouse model with induced acute colitis, administration of living
F. prausnitzii decreased colitis [62]. Moreover, in humans lower abundance of these species has been
observed in several inflammatory diseases. A meta-analysis in inflammatory bowel disease patients
showed that patients suffering from an active disease episode had lower abundance of F. prausnitzii
compared to patients in remission [63] and E. rectale were reduced in Crohn’s disease patients compared
to healthy controls [64]. The plant-rich diet also positively correlated to the mucin degrading species
A. muciniphila. Similarly, lower abundance of A. muciniphila has been observed in inflammatory
conditions including obesity and type 2 diabetes [65–67]. Moreover, a recent human intervention trial
showed that daily administration of A. muciniphila cells for three months increased barrier function,
by decreasing the levels of pro-inflammatory lipopolysaccharides in prediabetic human subjects [68].
Overall, the links between these bacteria and inflammatory diseases and compounds, indicate that
the consumption of an animal-rich diet might correlate with a more pro-inflammatory GI microbiota
profile, while the plant-rich diet correlates to a more anti-inflammatory GI microbiota profile.

Moreover, several species associated to the plant-rich diet, including F. prausnitzii and E. rectale,
have been previously associated with a high adherence to the MedDiet in various European
countries [16]. This might imply that certain food groups that were part of the plant-rich diet,
i.e., nuts, seeds and peanuts and fresh fruits, are important dietary factors in the MedDiet with respect
to GI microbiota modulation. The beneficial associations of these food groups could be due to the fiber
present in fruits and nuts. Fermentation of fibers in the gut leads to the production of SCFA, which have
beneficial effects on health as previously discussed [69]. An additional factor underlying the beneficial
associations might be the presence of polyphenols in fruit and nuts. These plant metabolites are
poorly absorbed in the small intestine and reach the colon where they can interact with microbiota.
Polyphenols have been shown to have prebiotic-like effects. Various types of polyphenols enhanced
growth of lactobacilli and bifidobacteria as well as Akkermansia, in both in vitro and in vivo (animal and
human) studies [70,71].

In addition to the association between the plant-rich diet and the anti-inflammatory species,
the diet rich in plant foods also positively correlated with several genera from the Bacteroidetes phylum
such as Parabacteroides, Alistipes, and mostly Bacteroides and Prevotella spp.. Members of the latter two
maintain a complex and generally beneficial relationship with the host. Bacteroidetes are abundantly
present in the human gut and many genera within this phylum respond to changes in diet. Generally,
diets rich in fiber are linked with increased abundance of Prevotella spp. [72], while higher abundance
of Bacteroides spp. is associated to diets rich in fat and protein from animal origin [73]. However,
the latter group has also been linked to plant-based complex carbohydrates and inversely associated
with dietary fat and protein [15], in line with our results. It is well known that microorganisms have
context-dependent functions and a changing metabolism, depending on environmental conditions and
the presence and function of other microbes. For instance, Bacteroides spp. contain a large repertoire of
enzymes to break down complex plant carbohydrates [74], which likely underlies their association in
the current study. However, several Bacteroides spp. are also bile resistant [75] and could thus be more
prevalent in individuals consuming high fat diets with little complex carbohydrates. Additionally,
different species or strains within the Bacteroides and Prevotella genera have been shown to be genetically
diverse and associated with different dietary components, such as plant-based diets, while some
are associated with animal-based nutrients [76,77]. Another factor in the ambiguity of the health
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associations of Bacteroides spp. is their status as a pathogen, as several species (notably B. fragilis)
can cause significant pathology, including bacteremia and abscess formation in multiple body sites [75].
Similarly, several Prevotella spp. have been associated with chronic inflammatory conditions [78].
In contrast, Bacteroides spp. have also been linked to beneficial effects on health. This apparent
duality was exemplified by the observation of a cohort specific positive or negative association with
markers of insulin resistance in overweight insulin resistant males [79]. For example, Bacteroides spp.
can contribute to the formation the SCFA propionate via the succinate pathway [80]. Propionate has
been linked to several health benefits, including regulation of appetite and lipid synthesis in in vivo
animal studies, and anti-colorectal cancer effects in in vitro models [81].

Specific food groups, such as berries and nuts, seeds and peanuts, were correlated with several
anti-inflammatory microbial species. In addition, these food groups have been associated with
slower rates of cognitive decline [82,83]. Although inflammation is a major mechanism underlying
cognitive decline [84], we did not find associations between cognitive functioning and the GI microbiota
composition or alpha-diversity. To our knowledge, the association between diet, gastro-intestinal
microbiota and cognitive functioning in humans has only been investigated in a single other study [16].
Here, the authors showed that European individuals with high adherence to a Mediterranean-like
diet had high relative abundance of several beneficial, anti-inflammatory, butyrate producing
microbial groups, including Faecalibacterium prausnitzii, Anaerostipes and Roseburia. Increased relative
abundance of these species was associated with improved cognitive function measured by single
tests. Our approach augments this paper, but also differed in two aspects. First, we used diet as
a combination of different food groups, while in the previous paper diet was only considered as
adherence to the Mediterranean diet in general. Hence, it was not clear which specific food groups of
the Mediterranean diet were responsible for the beneficial effect on cognition and gastro-intestinal
microbiota composition. Second, we incorporated cognitive functioning outcomes using a robust
measure of cognitive functioning by calculating mean scores per cognitive domain (composite cognitive
scores). The previous research only considered scores of single cognitive tests. Aside from the use of a
more robust measure of cognitive functioning, there are several other explanations for the apparent
differing results with regard to the association of microbiota with cognitive function.

From animal studies, there is strong evidence for a relation between the gut and the brain,
which has been shown with (germ-free) rodent studies, using microbiota modulating strategies such as
antibiotics and fecal microbiota transplants [9]. However, there are many differences between rodents
and humans, such as differences in GI tract anatomy and physiology and microbiota composition [85],
severely limiting translation from rodents to humans. In addition, rodent models allow for more
extreme interventions, have a very homogeneous genetic background and there is a high level of control
over external factors, which allow for the demonstration of subtle effects. In contrast, we investigated
cross-sectional relations in a healthy population of older adults in which diets and microbiota were
relatively homogeneous. There were no extreme variations in intake of food components between
participants and the dietary intervention that half of the participants underwent, resulted in small
changes in dietary intake (e.g., increase of one slice of whole-wheat bread, one third of an apple,
and half a serving spoon of vegetables extra per day) [23]. This may have limited the demonstration of
associations between cognitive functioning and GI microbiota.

Moreover, our study population consisted of cognitively healthy older adults as shown by the
mean MMSE score of 27.7 points out of 30, as scores from 24 to 30 are considered within the normal
range [40]. Cognitively healthy indicates that these participants were no mild cognitive impairment or
dementia patients. It is important to emphasize that cognitively healthy older individuals can benefit
from the effects of diet on cognition. Cognitive health is not static, but rather a progressive phenomenon.
The process of age-related cognitive decline starts from the late 20s and continuous throughout the
lifespan [86]. The rate of decline can be influenced by several lifestyle factors, including nutrition.
Previous research has already demonstrated that several dietary patterns can slow down cognitive
decline with ageing. For example, this has been shown for the Mediterranean, Dietary Approaches
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to Stop Hypertension (DASH) and Mediterranean-DASH Intervention for Neurodegenerative Delay
(MIND) diets [87].

Nevertheless, gastro-intestinal microbiota targeted interventions to slow down cognitive decline
may be more effective in cognitively impaired individuals, i.e., mild cognitive impairment or
Alzheimer’s disease patients. Mild cognitive impairment and Alzheimer’s disease patients have
shown decreased microbial diversity and similar changes in GI microbiota compared to healthy older
adults [88]. In line with this, the effectiveness of probiotic supplementation on cognition in humans
likely depends on the degree of cognitive impairment. In human intervention studies, the effect
of probiotic supplementation on cognitive functioning is mainly effective in cognitively impaired
individuals (i.e., mild cognitive impairment or Alzheimer’s disease patients), [10,89,90] while the
effectiveness in relatively healthy older adults has been inconsistent [11,91,92]. Similarly, the efficacy
of other dietary interventions to slow down cognitive decline has been shown to be dependent on
the extent of cognitive impairment as well [93]. Therefore, our study population might have been
too healthy to demonstrate the link between cognition and GI microbiota. Indeed, changes in GI
microbiota in older adults seem to be more strongly associated with health status rather than with
chronological age [5,94].

The study population is an important limitation of this study. We did not demonstrate associations
between cognitive functioning and GI microbiota, possibly due to relatively small differences in
diet and microbiota between subjects and the high cognitive health status of our study population.
Further research on the association between diet, GI microbiota and cognitive ageing in humans would
benefit from focusing on cognitively impaired study populations and study populations that are more
heterogeneous with respect to dietary intake.

5. Conclusions

This cross-sectional investigation into the association between diet, GI microbiota and cognition
showed that the anti-inflammatory potential of a plant-rich diet high in fresh fruits and nuts, seeds and
peanuts was linked to a GI microbiota profile with a higher anti-inflammatory potential. Conversely,
a pro-inflammatory animal-rich diet was associated with a more pro-inflammatory GI microbiota
profile. Despite the prominent role of inflammation in cognitive decline, we did not demonstrate
associations between cognitive functioning and GI microbiota.
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Abstract: During the last decades the gut microbiota has been identified as a key mediator in the
diet-health interaction. However, our understanding on the impact of general diet upon microbiota is
still limited. Dietary indices represent an essential approach for addressing the link between diet and
health from a holistic point of view. Our aim was to test the predictive potential of seven dietary ratings
on biomarkers of inflammation, oxidative stress and on the composition and metabolic activity of the
intestinal microbiota. A cross-sectional descriptive study was conducted on a sample of 73 subjects
aged >50 years with non-declared pathologies. Dietary inflammatory index (DII), Empirical Dietary
Inflammatory Index (EDII), Healthy Eating Index (HEI), Alternative Healthy Eating Index (AHEI),
Mediterranean adapted Diet Quality Index-International (DQI-I), Modified Mediterranean Diet Score
(MMDS) and relative Mediterranean Diet Score (rMED) were calculated based on a Food Frequency
Questionnaire. Major phylogenetic types of the intestinal microbiota were determined by real time
polymerase chain reaction (qPCR) and fecal short chain fatty acids (SCFAs) by gas chromatography.
While DII, HEI, DQI-I and MMDS were identified as predictors of Faecalibacterium prausnitzii levels,
AHEI and MMDS were negatively associated with Lactobacillus group. HEI, AHEI and MMDS were
positively associated with fecal SCFAs. In addition, DII and EDII explained lipoperoxidation level
and Mediterranean scores the serum IL-8 concentrations. The lower detection of IL-8 in individuals
with higher scores on Mediterranean indices may be partially explained by the increased levels of the
anti-inflammatory bacterium F. prausnitzii in such individuals.

Keywords: dietary patterns; Mediterranean diet; dietary indices; microbiota; elderly

1. Introduction

The empirical relationship between diet and health has been recognized since the time of
Hippocrates (400 BC). During the last decades, solid scientific evidence has accumulated on the
protective role of certain foods, such as fruits and vegetables, on the risk of suffering non-transmissible
diseases [1,2]. However, understanding the net impact of diet on health is more complex than studying
isolated components. Humans do not consume single foods but a wide variety of combinations of
foods forming the so-called dietary pattern. Therefore, from a physiological point of view, the analysis
of the eating habits, considering the interactions between different foods and their components, is of
paramount interest [3,4]. In this context, dietary indices have been developed as a useful tool for
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categorizing dietary practices in different populations, encouraging the comparison among different
studies [5,6]. The currently available dietary indices could be clustered into three main categories:
the inflammatory ones [7,8], those quantifying the adherence to dietary guidelines [9,10] and those
evaluating the degree of adaptation to the Mediterranean dietary pattern [11]. Both, the number
and type of components included in each index is different, depending on the purpose for which
they have been created and the dietary habits of the population for which they have been designed.
While inflammatory ratings, such as the Dietary Inflammatory Index (DII) [7] or the Empirical Dietary
Inflammatory Index (EDII) [8], have proven to be useful in the prediction of inflammatory parameters
such as C-reactive protein (CRP), interleukin 6 (IL-6) or adiponectin levels [12–14], the Healthy
Eating Index (HEI) [15] or the Alternative Healthy Eating Index (AHEI) [10], based on diet quality,
have been useful for assessing the risk of chronic diseases [10,16]. Among the different indicators,
the Mediterranean dietary index is perhaps the one accumulating more scientific evidence about its
beneficial impact on morbidity and mortality [17] through the reduction of different parameters related
to oxidative stress [18,19].

Therefore, these indices represent a key tool in the assessment of the association between diet
and health. Moreover, the inclusion of some novel biological parameters, such as the gut microbiota,
in the study of such correlations may broaden their applicability [20,21]. In this regard, HEI and
Mediterranean ratings were recently found to be associated with gut microbiota in terms of both
microbial composition and diversity [22–24]. In more detail, MedDietScore index has been associated
with higher fecal bifidobacteria: Escherichia coli ratio, total bacteria and short chain fatty acids
(SCFAs) [25]. However, the studies in this area are still limited and there are no studies comparing the
different indices for assessing the interaction between regular diet and microbiota.

In view of this evidence, the main objective of this work was to analyze the diet of a group of
middle aged and elderly participants, without declared pathologies, through different dietary indices
and to examine their predictive potential on parameters related to inflammation, oxidative stress and
the composition and metabolic activity of the intestinal microbiota.

2. Materials and Methods

2.1. Participants

The sample included 73 volunteers recruited in Asturias (North of Spain), aged between 56 and
95 years and with a Body Mass Index (BMI) [weight (kg)/height (m2)] from 19.9 to 37.5 kg/m2. In an
individual interview, volunteers were informed about the objectives of the study and an informed
written consent was obtained before enrolment. Exclusion criteria were the presence of diagnosed
immune or digestive related pathologies as well as consumption of corticoids, immunosuppressive
drugs, monoclonal antibodies, probiotics or antibiotics in the previous month. The study was approved
by the Regional Ethics Committee for Clinical Research (Servicio de Salud del Principado de Asturias
nº 17/2010).

2.2. Nutritional Assessment

A previously validated annual semi-quantitative food frequency questionnaire (FFQ) [26,27]
was used by trained personnel to assess volunteers’ regular food intake in a personal interview
of approximately 1 h duration. Methodological issues about dietary assessment were published
elsewhere [28]. Food composition tables of CESNID (Centro de Enseñanza Superior de Nutrición Humana
y Dietética) were used to transform food consumption into energy and macronutrients intake [29].
The (poly)phenol content in foods was completed using the Phenol Explorer database [30]. Fiber components
were determined using the Marlett et al. food composition tables [31]. Glucosinolates levels were obtained
from McNaughton et al. [32] and isothiocyanates along with aliphatic glucosinolates food content were
derived from glucosinolates levels following European Prospective Investigation into Cancer and Nutrition
(EPIC) criteria [33]. Glucosinolate side chains concentrations were ascertained from International
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Agency for Research of Cancer (IARC) data [34]. At the time of carrying out the blood extraction,
height and weight were taken by standardized protocols [35]. At the same time as the FFQ interview
was conducted, a questionnaire on socio-economic factors (such as level of education or type of work)
and lifestyle (physical activity, smoking and self-perception of health status) was administered.

2.3. Dietary Indices Calculation

A calculation of seven dietary indices was carried out, including DII, EDII, HEI, AHEI, Mediterranean
adapted Diet Quality Index-International (DQI-I) [36], Modified Mediterranean Diet Score (MMDS) [37]
and relative Mediterranean Diet Score (rMED) [38], as shown in Supplementary Table S1. IBM SPSS
program version 24.0 (IBM SPSS, Inc., Chicago, IL, USA) was used to design a database for calculating
indices scores from our FFQ data.

DII scores were calculated by evaluating 35 parameters (out of 45 possible items). Components such
as eugenol, ginger, saffron, turmeric, green/black tea, isoflavones, pepper, thyme/oregano and rosemary
were excluded because a lack of information about them in the FFQ recordings. First, the consumption
levels of parameters were standardized by subtracting daily global consumption mean and dividing
by the global standard deviation. The resulting Z-scores were then converted to percentile scores and
centered by doubling and subtracting one. These centered-percentile scores were multiplied by the
overall food parameter-specific inflammatory effect score to obtain the ‘food parameter-specific score’
(FPES). All FPES of an individual were summed to obtain the final DII Score. Values in our sample
ranged from −4.62 to 4.45, with negative scores predicting lower inflammation and positive scores
higher dietary-derived inflammation.

For EDII scores, 18 components were accounted. The number of servings consumed was calculated
for each component. The resulting values were multiplied by the “Weight” of the components and
divided by 1000. All weighted components were summed to obtain each EDII Score, with values
ranging from −1.56 to 2.21 in our sample. The more positive the result, the more prone to higher
concentrations of inflammatory biomarkers.

The HEI is an index comprised of 13 components. For each parameter, the amount of a dietary
component, in g, cups or oz equivalents were calculated per 1000 kcal. These densities were scored
according to recommended consumption values. For negative scoring components, considered to be
consumed in small quantities due to their negative impact on health, the individuals get higher scores
when the consumption values are lower than the established threshold. Then, all components were
summed to obtain the HEI score. HEI was reflecting a total score from 29.49 to 77.76 in our sample,
with higher values reflecting a healthier diet.

AHEI score calculations procedure was quite similar to that of HEI, with 11 components in total
and values from 37.34 to 80.79 in our sample. In the same way, higher values represent healthier diets.
For each component, the consumption in servings per day was calculated and scored according to
AHEI-2010 criteria. All components were summed to obtain the total AHEI score of each individual.

Considered the most suitable index for international analyses, DQI-I accounts for 18 components.
Here, we evaluated a Mediterranean adaptation of DQI-I. The amount consumed of each component
was rated from 0 to 3, 5 or 6, depending on the component and all the points were summed to obtain
DQI-I scores, whose final values were between 33 and 68 (minimum and maximum). Here, a total sum
of 100 would show an individual with perfect adherence to the main four categories evaluated in this
index, while a score of 0 is reflecting a diet far away from recommended dietary guidelines.

Composed of 9 components, rMED and MMDS were derived from the index originally developed
by Trichopoulou et al. [11] to evaluate the degree of adherence to a traditional Mediterranean diet.
rMED was calculated from components intake based on the density nutrients model. Once amounts
of consumption per 1000 kcal were obtained, the sample was split in tertiles for each of the nine
components. According to the tertile position for each component, individuals were rated. Summing
all the ratings we obtained the rMED score, ranging from 2 to 12 in our sample. In the case of MMDS,
each parameter was scored 0 or 1 according to the cut-off values of the sex specific-medians among the
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participants. Final MMDS scores ranged from 1 to 7 in our sample. In both indices, the highest scores
are showing a higher adherence to Mediterranean diet patterns.

2.4. Blood Biochemical Analyses

Fasting blood samples were drawn by venipuncture and centrifuged (1000× g, 15 min). Plasma and
serum aliquots were kept at −20 ◦C for later analyses. Serum glucose, serum total cholesterol,
serum HDL-cholesterol, serum LDL-cholesterol and serum triglycerides were determined by using
an automated biochemical autoanalyzer in an independent laboratory. Serum levels of CRP
were determined by ELISA (CRP Human Instant ELISA, Ebioscience, San Diego, CA, USA) and
malondialdehyde (MDA) by a colorimetric assay of lipid peroxidation (Byoxytech LPO-586 assay,
Oxis International S.A., Paris, France) [39]. Serum leptin was determined by ELISA (Human Leptin
ELISA Development Kit 900-K90, PeproTech Inc., Rocky Hill, NJ, USA) according to the manufacturer’s
instructions. Colorimetric assay P40117 (Innoprot, Innovative Technologies in Biological Systems, S.L.,
Spain) was used to determine total antioxidant capacity (TAC) in serum [40]. A multiplex immunoassay
(Cytometric Bead Array, CBA, BD Biosciences) by flow cytometry allowed to quantify levels of serum
IL-10, Tumor Necrosis Factor-Alpha (TNF-α), IL-8, IL-17 and IL-12, while the concentration of
transforming growth factor (TGF)-β was determined by ELISA (BD OptEIATM, BD Biosciences).
The phagocytic capacity was quantified in a FACSCanto II Flow Cytometer (Becton Dickinson,
BD Biosciences, San Diego, CA) by using the Phagotest® kit (Orpegen Pharma, Heildelberg, Germany).
Natural killer (NK) cell activity was determined by flow cytometry, using the NKtest® kit (Orpegen
Pharma).

2.5. Fecal Collection and Microbial Analysis

Detailed instructions about fecal samples collection were given to participants who also were
provided with a sterile container. After deposition, samples were immediately frozen at −20 ◦C and
transported to the laboratory. For analyses, samples were thawed at room temperature (24 ± 2 ◦C),
weighed, diluted 1/10 in sterile PBS and homogenized using a LabBlender 400 Stomacher (Seward
Medical, London, UK) for 4 min; the DNA was extracted using the QIAamp DNA stool mini kit
(Qiagen, Hilden, Germany) following previously described procedures [41]. 7500 Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA) and SYBR Green PCR Master Mix (Applied
Biosystems) were used to achieve the quantification of bacterial populations, including the major
bacterial groups present in the human gut (Supplementary Table S2). Procedure instructions were
published elsewhere [41]. Fecal DNA extracts were analyzed and the mean quantity per gram of fecal
wet weight was calculated for each bacterial group. One milliliter of the homogenized feces were
centrifuged and supernatants were analyzed by gas chromatography to determine acetate, propionate
and butyrate concentrations, as previously indicated [42]. A chromatograph 6890N (Agilent Technologies
Inc., Palo Alto, CA, USA) connected to a mass spectrometry detector (MS) 5973N (Agilent Technologies)
and a flame ionization detector (FID) was used for identification and quantification of SCFAs,
respectively, as described previously [43].

2.6. Statistical Analyses

Statistical analysis was performed using the IBM SPSS program version 24.0 (IBM SPSS, Inc.,
Chicago, IL, USA). Mean dietary scores were analyzed by a Student t-test and Bonferroni multiple
comparison according to general, socio-economic and health-related characteristics, such as smoking
status, educational level, mood feeling or self-health perception among others. Similar procedure
was performed to analyze mean levels of microbiological and blood variables according to age
group. Goodness of fit to the normal distribution was analyzed employing the Kolmogorov−Smirnov
test. Scores were examined as predictors of gut microbial groups, fecal SCFAs and blood biomarkers
by regression analyses controlling by age and energy intake. These variables included Akkermansia,
Bacteroides-Prevotella-Porphyromonas, Bifidobacterium, Clostridia cluster XIVa, Lactobacillus group,
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Faecalibacterium prausnitzii, acetic acid, propionic acid, butyric acid, glucose, triglycerides, Low density
lipoprotein-high density lipoprotein (LDL-HDL) ratio, leptin, serum malondialdehyde (MDA),
(total antioxidant capacity) TAC, C-Reactive protein (CRP), TGF-β, IL-10, IL-17, IL-8, IL-12, TNF-α,
Phagocytosis granulocytes (%), Phagocytosis granulocytes and monocytes (%) and NK cell activity.
When the distribution of variables was skewed (CRP, TGF-β, IL-10, IL-17, IL-8, IL-12, TNF-α) the
values were converted to their natural logarithm. Association of microbial groups with food groups,
macronutrients and micronutrients were evaluated through linear regression analyses adjusting by
age and energy. The resulting data were plotted in a heatmap using the “pheatmat” function of
the R program (version 3.5.1 for Windows). A Pearson correlation test was performed to elucidate
closeness among dietary indices. This information was introduced in the program R, using the package
“pheatmap,” to clusterize and plotting indices based on Euclidean distances. To test the association
among dietary indices and previously reported health-beneficial dietary compounds, linear regression
analyses were performed and plotted as forehead mentioned. To indicate statistical significance in the
interpretation of results, the probability value of 0.05 was used.

3. Results

The average score on dietary indices according to general characteristics and socio-economic
status, lifestyle and health-related factors of the studied sample is presented in Table 1. Among all
the variables examined, only significant differences were observed for the age and these were found
in all the studied dietary indices. Subjects over 65 years presented worse dietary scores than those
in the group of 50–65 years. At the time of interpreting the results it should be taken into account
that unlike the rest of the indices studied, in DII and EDII a higher score is associated with a more
pro-inflammatory diet. Both DII and DQI-I showed better scores in people with energy intake higher
than 1994.8 kcal. EDII score was found to be higher (worse dietary quality) as BMI increases. A lower
score in the AHEI, DQI-I and Mediterranean dietary indices (rMED, MMDS), associated with worse
dietary quality, was found in those subjects with bad self-health perception. Therefore, age and energy
intake have been introduced in further analyses carried out as a covariate.

A general description of the variables that are subsequently analyzed in the study according
to age groups is shown in Table 2. The levels of the bacterial groups analyzed were in the range
of those previously reported in similar populations and demonstrated the large inter-individual
variability present in the human adult fecal microbiota. Significant differences were observed in
most of the microbiological parameters analyzed according to age. Subjects over 65 years of age
presented lower fecal levels of Bacteroides-Prevotella-Porphyromonas group, Clostridia cluster XIVa and
Faecalibacterium, as well as all the short chain fatty acids determined. Blood parameters are within the
normal physiological ranges and were similar between the groups evaluated except for MDA, IL-8,
IL-12 and TNF-α, whose concentration is higher in subjects over 65 years of age.

In order to analyze possible linear relationships among the different dietary indices scores and
fecal microbial groups, a linear regression analysis was conducted and a heatmap was plotted (Figure 1).
Lower scores on indices related to diet quality (HEI, AHEI, DQI-I), suggestive of an unhealthier diet,
were associated with increased Akkermansia levels. While DII, HEI, DQI-I and MMDS have shown
potential as predictors of F. prausnitzii, which showed higher levels in those individuals with healthier
diets, only AHEI and MMDS were negatively associated with Lactobacillus levels. These results were
further examined including other health-related parameters in the analysis (Table 3). In relation to the
production of SCFAs, higher scores in HEI, AHEI and MMDS indices were positively associated with
the formation of acetic, propionic and butyric acids. Furthermore, as expected, inflammatory indices
(DII, EDII) were the best determinants of lipoperoxidation blood levels, while Mediterranean ones
were the best identifiers of serum IL-8 concentrations.
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Table 2. Microbial levels, short chain fatty acid (SCFA) concentration and blood biomarkers according
to age groups.

Variable
Age Groups

G1 (≤65) (n = 33) G2 (>65) (n = 40)

Akkermansia (Log10 n◦ cells/gram feces) 6.43 ± 1.88 a 6.99 ± 1.77 a
Bacteroides-Prevotella-Porphyromonas (Log10 n◦ cells/gram feces) 9.32 ± 0.82 a 8.79 ± 0.69 b

Bifidobacterium (Log10 n◦ cells/gram feces) 7.93 ± 1.53 a 7.55 ± 1.10 a
Clostridia cluster XIVa (Log10 n◦ cells/gram feces) 7.57 ± 1.49 a 6.45 ± 1.54 b

Lactobacillus group (Log10 n◦ cells/gram feces) 5.91 ± 1.26 a 6.97 ± 1.83 b
Faecalibacterium prausnitzii (Log10 n◦ cells/gram feces) 7.07 ± 0.76 a 6.42 ± 1.31 b

Acetic acid (mM) 29.81 ± 9.25 a 23.18 ± 14.45 b
Propionic acid (mM) 12.94 ± 5.43 a 9.50 ± 7.46 b

Butyric acid (mM) 11.76 ± 9.39 a 8.44 ± 7.94 a
Glucose (mg/dL) 97.76 ± 12.99 a 106.78 ± 33.85 a

Triglycerides (mg/dL) 118.82 ± 54.23 a 121.75 ± 48.41 a
Cholesterol (mg/dL) 233.18 ± 39.06 a 203.39 ± 37.48 b

LDL-HDL ratio 2.76 ± 0.78 a 2.72 ± 0.81 a
Leptin (ng/mL) 9.62 ± 5.72 a 12.01 ± 7.87 a

Serum MDA (μM) 2.01 ± 0.53 a 2.60 ± 0.49 b
Antioxidant capacity (mM) 0.34 ± 0.09 a 0.35 ± 0.09 a

CRP (mg/L) 1.28 ± 1.22 a 1.19 ± 1.03 a
TGF-β (ng/mL) 4.44 ± 2.71 a 6.25 ± 5.70 a
IL-10 (pg/mL) 0.14 ± 0.78 a 0.80 ± 3.70 a
IL-17 (pg/mL) 1.42 ± 3.10 a 2.28 ± 11.57 a
IL-8 (pg/mL) 7.09 ± 6.01 a 20.80 ± 9.91 b
IL-12 (pg/mL) 0.21 ± 1.21 a 3.54 ± 8.92 b

TNF-α (pg/mL) 0.23 ± 1.23 a 4.82 ± 7.94 b
Phagocytosis granulocytes (%) 72.23 ± 22.13 a 86.37 ± 18.53 a

Phagocytosis granulocytes and monocytes (%) 71.39 ± 21.32 a 82.35 ± 17.49 a
NK cell activity (%) 53.09 ± 11.25 a 52.70 ± 18.19 a

Values are shown as mean ± standard deviation (SD). Values in the same row showing different subscripts present a
statistically significant difference (p ≤ 0.05).

Figure 1. Heatmap defined by Pearson’s correlations between dietary indices scores and intestinal
microbial groups. Blue and red colors represent negative and positive associations, respectively.
The color intensity is proportional to the degree of association. Asterisks indicate correlation significance:
* p ≤ 0.05.
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Table 3. Results obtained from regression analyses to identify dietary indices as predictors of
gut microbiota levels (log10 n◦. cells per gram of feces), fecal short chain fatty acids (mM) and
blood biomarkers.

Dependent Variable
Independent

Variable
R2 β p

Model 1. Fecal microbiota groups
Akkermansia, Bacteroides-Prevotella-Porphyromonas,
Bifidobacterium, Clostridia cluster XIVa,
Faecalibacterium prausnitzii, Lactobacillus group

Akkermansia HEI 0.080 −0.307 0.026
AHEI 0.059 −0.256 0.050
DQI-I 0.072 −0.285 0.038

Faecalibacterium
prausnitzii DII 0.124 −0.312 0.030

HEI 0.128 0.284 0.035
DQI-I 0.122 0.265 0.047

MMDS 0.123 0.240 0.044

Lactobacillus group AHEI 0.264 −0.256 0.027
MMDS 0.283 −0.275 0.012

Model 2. Fecal short chain fatty acids
Acetic acid, Propionic acid, Butyric acid

Acetic acid DII 0.252 −0.425 0.003
EDII 0.244 −0.369 0.013
HEI 0.239 0.320 0.016

AHEI 0.335 0.478 0.000
MMDS 0.356 0.451 0.000

Propionic acid DII 0.198 −0.316 0.031
HEI 0.246 0.348 0.009

AHEI 0.303 0.441 0.000
MMDS 0.292 0.378 0.001

Butyric acid HEI 0.189 0.289 0.034
AHEI 0.213 0.338 0.007

MMDS 0.211 0.298 0.012

Model 3. Blood biomarkers
Glucose, Triglycerides, LDL-HDL ratio, Leptin,
Serum malondialdehyde (MDA), Antioxidant
capacity, C-Reactive protein (CRP), Transforming
growth factor-beta (TGF-β), IL-10, IL-17, IL-8, IL-12,
TNF-α, % Phagocytosis granulocytes, %
Phagocytosis granulocytes and monocytes, NK
cell activity

MDA DII 0.297 0.373 0.003

EDII 0.318 0.408 0.002

IL-8 rMED 0.443 −0.251 0.018
MMDS 0.443 −0.221 0.017

Linear regression analyses are adjusted by age and energy. R2, coefficient of multiple determination; β, standardized
regression coefficient for examined variable. p ≤ 0.05. Inflammatory indices (DII, Dietary Inflammatory Index.
EDII, Empirical Dietary Inflammatory Index): negative values favor non-inflammatory states and positives values
enhance inflammation. Dietary Quality indices (HEI, Healthy Eating Index. AHEI, Alternative Healthy Eating
Index. DQI-I, Diet Quality Index-International): higher scores are reflecting consumption values similar to
those recommended in dietary guidelines. Mediterranean Dietary indices (rMED, Relative Mediterranean Diet
Score. MMDS, Modified Mediterranean Diet Score): higher values showing a higher degree of adherence to the
Mediterranean diet.

To deepen into how dietary components may modulate gut microbiota and SCFAs, linear regressions
models adjusting by age and energy intake were applied and β-coefficient values were plotted in the
heatmap of Supplementary Figure S1. Sauces and dips seemed to be the most significant food group for
determining Clostridia cluster XIVa and Lactobacillus groups. However, the consumption levels of this
food group were very low in our sample (data not shown) so that this association should be considered
with caution. F. prausnitzii showed a positive association with fruits, legumes and with fiber, whereas a
negative association was found for saturated fats. SCFAs appeared to be mostly related to oils and fats,
seafood, total polyphenols and saturated fats.

Heatmap showing Pearson´s correlation and clusterization among the different dietary indices is
presented in Figure 2. Here, inflammatory indices revealed to be closer between them, forming the
first cluster while the others integrate the second cluster. At the same time, HEI and AHEI grouped
more closely with DQI-I and then with rMED and MMDS.
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Figure 2. Heatmap defined by Pearson’s correlations between dietary indices scores. Blue and red
colors represent negative and positive association, respectively. The color intensity is proportional to the
degree of association between indices. Asterisks indicate correlation significance: * p ≤ 0.05; ** p ≤ 0.01.
Due to the scale of the Dietary inflammatory index (DII) and the Empirical Dietary Inflammatory Index
(EDII), they show an inverse relationship with the rest of the indices.

To elucidate the relationship of dietary indices scores with the consumption of dietary compounds
with reported anti-inflammatory and health-protective effects in the literature, a new linear regression
analysis was performed adjusting by age and energy and a heatmap was plotted with the results
(Figure 3). DII showed more negative correlation with vitamins, fiber, glucosinolates and isothiocyanates
than EDII. All indices were associated with total polyphenols and ORAC. Except for rMED, indices had a
significant correlation with flavonols, DHA, lutein + zeaxanthin, carotenoids, insoluble fiber and pectin.
Glucosinolates and isothiocyanates did not show a significant association with the Mediterranean
indices. In general, splitting indices into inflammatory, Mediterranean and diet quality ones, heatmap
revealed similar patterns of association for the indices within each group. With the exception of
flavones, all evaluated compounds revealed a negative association with inflammatory indices but
positive with the Mediterranean and diet quality indices.
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Figure 3. Heatmap showing β-coefficient values resulting from univariate linear regressions adjusting
by age and energy among six different dietary indexes and health-related compounds. Rows include
compounds with previously reported beneficial effect as (poly)phenols, fatty acids, carotenoids,
vitamins, fiber, glucosinolates and isothiocyanates. Blue and red colors denote negative and positive
association, respectively. Asterisks indicate the significance of the association degree * p ≤ 0.05; ** p ≤ 0.01.

4. Discussion

In recent years, dietary indices have been a major step towards addressing the diet-health
binomial from a global perspective. While tailored to different populations and constructed for specific
purposes, a high degree of similarity can be observed among some of them. To our knowledge, this is
the first study comparing the usefulness of dietary indices as predictors of human gut microbiota,
the production of fecal SCFAs and the concentration in blood of different parameters related to
the immune and inflammatory status, in a sample of middle-aged and elderly subjects without
diagnosed pathology. As it has been previously proposed by other authors, for some of the indices
included in the study, our data showed the existence of differences according to age. Furthermore,
changes in the levels of some bacterial groups such as Akkermansia [44] or butyrate-producing bacteria,
mainly F. prausnitzii [45,46], have been reported in aged individuals. Therefore, the factor “age” has
been introduced in the models as a covariate in order to improve the interpretation of results.

Limitations in the use of dietary indices need to be also taken into account. DII encompasses a
total of 45 components, of which 35 were evaluated in this sample. The effects of lacking 10 components
in the scoring system may be attenuated by the own nature of the index and the fact of having a

165



Nutrients 2020, 12, 3828

sample that does not show extreme values of consumption for any component. Moreover, nutritional
supplements, weighted in other versions of EDII to compute the final score, were not included here.
Some dietary indices such as EDII, HEI or AHEI were developed in the context of almost fully
“westernized” societies, which could drive to an underrating or overrating in diets of populations
with mixed diets (Mediterranean, African, etc.). Indeed, in our sample, the component “Trans Fat”
that is evaluated in the AHEI, showed very low values while in typical EEUU diet is probably highly
present. This may entail a loss of power in the accuracy of the prediction of our scores. Furthermore,
DQI-I incorporates dietary variety, adequacy and moderation as a quality criterion. Although all
these parameters have been included, the accuracy of FFQ to provide an accurate measurement of
variety may be one of the limitations of this work. One of the main difficulties arises in the capacity of
the indices to classify the subjects under study. In this sense, the scores from dietary quality indices
showed low variability inter subject, with almost the whole sample obtaining scores indicative of
poor or average diet quality for DQI-I, HEI and AHEI. Thus, we propose these indices as the worse in
differentiating the poor-quality Mediterranean-style diet from a middle-age-elderly sample. On the
other hand, indices related to adherence to a Mediterranean-style dietary pattern have presented a wide
range of scores in the sample, ranging from 2–12 points and 1–7 for rMED and MMDS, respectively.

Based on the data obtained, the identification of the best tool to predict the composition and
metabolic activity of the gut microbiota as a function of diet, is a difficult task. We considered that
in the present study, the HEI, AHEI and DQI-I resulted likely inappropriate as predictor variables of
differences between different microbiota as poor diets, that are different but score similarly, may mask
trends associated to specific dietary constituents [47]. Interestingly, we found decreased levels of the
mucin degrading Akkermansia in better scoring individuals compared to increased levels of Akkermansia
in the worse ones, mainly influenced by vegetable consumption (data not shown). When vegetables
are included at significant levels in diet, fiber consumption increases, which could promote the rise of
some fiber-degrading species at the expense of other microorganisms such Akkermansia [48]. This could
contrast with the fact that the presence of Akkermansia has been associated with healthy intestine and its
abundance has been inversely correlated to several disease states [49–54]. We propose Mediterranean
indices and more precisely MMDS, as the most accurate and best predictor in our population sample.
Probably, socio-geographical reasons do Mediterranean indices the most suitable ones to measure the
quality of diet in the sample and therefore, to predict microbiological and immunological variables.
Also, some dietary indices related with inflammation (DII), quality of diet (HEI and DQI-I) and
adherence to the Mediterranean-diet (MMDS) seem to be predictors of F. prausnitzii fecal levels,
which were higher in individuals with healthier diets. F. prausnitzii, a member of the commensal
microbiota, has been related with intestinal health and gut homeostasis [55]. Several studies highlight
the anti-inflammatory properties of F. prausnitzii and its ability for upregulating T cell production and
reducing IL-8 levels by blocking the NF-kB activation [56,57]. F. prausnitzii is a member of Clostridium
cluster IV, one of the main producers of butyrate in the human colon [58] during fermentation of
nondigestible polysaccharides such as dietary fiber. Butyrate plays several pleiotropic effects on host
physiology and enhances the protection against pathogen invasion [59,60]. Remarkably, Faecalibacterium
was found to be at high abundance in an Irish elderly sample [61] whereas some studies showed
decreased levels of F. prausnitzii in centenarians as compared with younger adults [62]. Further studies
are needed to determine the role of these bacteria in the intestinal microbiota of elderly populations.

The indices AHEI and MMDS (related to quality of diet and adherence to Mediterranean diet,
respectively) were negatively associated with intestinal Lactobacillus levels. Increased Lactobacillus
levels have been correlated with a higher PUFA/SFA ratio intake, probably mediated by changes in
bile acid secretion and composition [23,63,64]. Extra virgin olive oil is an important component of
Mediterranean diet and is a source of unsaturated fatty acids that can be metabolized by some intestinal
Lactobacillus species [65–67]. Dietary indices used in the present work add from 0 to different positive
numerical values to the formula relating dietary fats, as depending on the type and amount of fat
consumed (calculated as a percentage of total energy intake). Therefore, as higher scores in dietary
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indices are generally accompanied in the general population by lower consumption of all type of fats
(correlation values of “Lipids” with AHEI and MMDS of −0.154 and −0.149, respectively), this could
provide a rationale to the inverse association found by us between scores for AHEI and MMDS and
fecal levels of Lactobacillus. In this regard, we recently reported increased levels of the Lactobacillus
group in Spanish adults displaying altered profiles of serum free fatty acids, which were accompanied
by subclinical metabolic alterations [68].

Regarding the fecal SCFAs evaluated in our sample, acetic and propionic acids, correlated positively
with heathier dietary scores for most of the indices. Microorganisms colonizing the gastrointestinal tract
can participate in beneficial interactions within the intestinal ecological niche, as modulated by external
factors such as diet. This is the case of the increase of the intestinal butyrate production by cross-feeding
mechanisms. In cross-feeding, fiber-degrading bacteria can produce acetate as an end-product of
fermentation, which is then metabolized by other members of the intestinal microbiota, as those
belonging to Clostridia clusters XIVa and IV, to produce butyrate as an end-product of fermentation [51].
Both, bacteria and SCFAs contribute to cell expansion, immunosuppressive functions and overall
intestinal homeostasis. Therefore, better dietary scores could be related with an enhanced SCFAs
production in the gut [23].

Inflammatory indices have been identified as good predictors of inflammation variables such
as CRP, IL-6 and TNF-α receptor 2 [12–14,69,70]. MDA is considered an oxidative stress biomarker
that reflects levels of lipoperoxidation in blood. However, to the best of our knowledge, there are no
previous reports relating dietary inflammatory indices and MDA. The lower detection of IL-8 in those
individuals in the present work showing better scores on the indices related with the adherence to
the Mediterranean diet may be partially explained by the increased levels of the anti-inflammatory
bacterium F. prausnitzii [71] in such individuals. This bacterium was able to block the production of the
inflammatory interleukin IL-8 in Crohn disease patients and in a murine colitis model [72].

5. Conclusions

The associations found among intestinal bacterial groups, SCFAs, blood biomarkers and dietary
indices are indirectly reflecting how these variables are influenced by the specific components or
food groups scoring in each index. When trying to discern differences among indices by clustering
them, they are split in 3 main classes: inflammatory, diet quality and adherence to Mediterranean diet.
The methodologies followed to construct them, the population they target and the scoring criteria
define their nature and the way they correlated with others. The extension of the usefulness of dietary
indices may shed some light into how to modulate gut microbiota focusing on dietary patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3828/s1,
Figure S1: Heatmap showing β-coefficient values resulting from univariate linear regressions adjusting by age
and energy among microbial groups, SCFAs and food groups and dietary compounds, Table S1: Characteristics of
dietary indexes, Table S2: Primers and annealing temperatures used for the quantification of intestinal microbial
groups by qPCR.
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Abstract: For years, it has been reported that Alzheimer’s disease (AD) is the most common cause
of dementia. Various external and internal factors may contribute to the early onset of AD. This
review highlights a contribution of the disturbances in the microbiota–gut–brain (MGB) axis to the
development of AD. Alteration in the gut microbiota composition is determined by increase in the
permeability of the gut barrier and immune cell activation, leading to impairment in the blood–brain
barrier function that promotes neuroinflammation, neuronal loss, neural injury, and ultimately AD.
Numerous studies have shown that the gut microbiota plays a crucial role in brain function and
changes in the behavior of individuals and the formation of bacterial amyloids. Lipopolysaccharides
and bacterial amyloids synthesized by the gut microbiota can trigger the immune cells residing in the
brain and can activate the immune response leading to neuroinflammation. Growing experimental
and clinical data indicate the prominent role of gut dysbiosis and microbiota–host interactions in
AD. Modulation of the gut microbiota with antibiotics or probiotic supplementation may create new
preventive and therapeutic options in AD. Accumulating evidences affirm that research on MGB
involvement in AD is necessary for new treatment targets and therapies for AD.

Keywords: microbiota; Alzheimer’s disease; microbiota–gut–brain axis; neuroinflammation; probiotics

1. Introduction

Dementia is a non-curable syndrome which over time leads to a progressive decrease
in memory, thinking, and the capacity to perform everyday activities [1]. There are alterna-
tive forms of dementia which include vascular dementia, dementia with Lewy bodies, and
frontotemporal dementia [2], which can be provoked by neurodegenerative disorders, cere-
brovascular disease, brain injury [3], and infections [4]. The progression of dementia can
result in a lack of consequential speech generation and inability to understand scriptural
as well as phonetic language, failure to recognize and identify objects, execution of poor
motor skills, and incapability to think abstractly and to execute paradoxical tasks [4,5].

Alzheimer’s Disease (AD) is a persistent neurodegenerative (neuronal loss) disor-
der [6,7] which was first described by Alois Alzheimer in 1906 [8,9] while investigating
a female patient Auguste Deter [10]. AD is known to be the major cause of dementia
worldwide, mainly observed in the elderly [11], accounting for approximately 60–70%
of all dementia cases [12]. The incidence of AD is higher in women than in men. AD is
an extremely incapacitating disorder, progressing from slight memory impairments to
a complete loss of mental function, and in the long period, resulting in death [13]. AD
can affect distinct people in various ways. Most of the common warning signs include
depression [14], memory loss, challenge in planning a task and problem-solving skills,
confusion in recognizing time, mood swings and personality shifts, poor judgment in
motor activities, difficulty in memorizing the literature, etc. [15].

Many factors can contribute to AD, but the greatest risk factors are determined to be
exacerbations due to aging [16–18], degradation of anatomical pathways [12], environmen-
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tal factors [19–21], mitochondrial dysfunction [22,23], immune system dysfunction [24,25],
and genetic factors including mutations of amyloid precursor proteins (APP) [26,27].

In this review, we will be focusing on the role of the gut microbiota on the brain. We
will be discussing the recent findings which show that a disturbance in the microbiota-brain
axis can lead to neuroinflammation giving rise to AD. We will be discussing the recent
studies which draw attention towards neuroinflammation in the brain, eventually leading
to neuronal loss. Finally, we will be focusing on the administration of antibiotics and
pre-vand probiotics modulating the brain function and used as a therapeutic agent in
curing AD.

2. AD Pathology

The two major markers contributing to AD progression include amyloid-beta (Aβ)
plaques and neurofibrillary tangles (NFTs) [28,29]. It was proposed that Aβ plaques are
developed originally in the orbitofrontal, basal, and temporal neocortex regions of the
human brain [30,31]. The accumulation of Aβ stimulates NFT formation [32,33]. The
main constituent of NFTs is the protein tau in a hyperphosphorylated form. It is a highly
soluble protein playing an essential role in maintenance of the stability of microtubules
in the axons of neurons [34]. NFTs formed inside the neuron disrupt the microtubule
structure and form an insoluble substance, which is detected in the locus coeruleus, and
transentorhinal and entorhinal areas of the brain [35]. In the curtailed stage, it can spread to
the hippocampus and neocortex [36]. The aggregation of plaques and tangles is followed by
microglia recruitment surrounding the plaques [37]. This raises microglial activation and
local inflammatory response which advance the neurotoxicity [25]. Aβ has been recognized
as an antimicrobial peptide that activates the immune pathways recognized by toll-like
receptor 2 (TLR2) leading to neuroinflammation [38].

A recent study has shown that amyloid pathogenesis begins with altered cleavage
of APP β-secretase and γ-secretase to produce insoluble Aβ fibrils [22,39] (Figure 1). Aβ

then oligomerizes, diffuses into synaptic clefts, and interferes with synaptic signaling [40].
Subsequently, it polymerizes into insoluble amyloid fibrils that aggregate into plaques [31].
This polymerization leads to activation of kinases [30], which can accelerate hyperphos-
phorylation of the microtubule-associated tau protein and its polymerization into insoluble
NFTs [41].

NFTs are fragments of paired and helically wound protein filaments in the cell cy-
toplasm of neurons [42]. It has the proficiency of stabilizing microtubules and forging
interconnections between adjoining microtubules to form a substantial network of micro-
tubules and to hold them together [43]. The hyperphosphorylation of tau protein occurs
when it comes into contact with the kinases released due to their abundance in the en-
vironment [44]. Its hyperphosphorylation leads to the formation of oligomers [45]. The
microtubule becomes highly unstable due to the dissociation of tubule subunits [46] that
fall apart and then get converted into enormous chunks of tau filaments, which further ag-
gregate into NFTs [40]. The appearance of NFTs are straight, fibrillary, and highly insoluble
patches [27] in the neuronal cytoplasm [47]. The major property known causes an abnormal
loss of communication between neurons and signal processing and finally apoptosis of
neurons [32]. Phosphorylation of tau is regulated by several kinases, including glycogen
synthase kinase-3 (GSK3) and cyclin-dependent kinase 5 activated by extracellular Aβ [48].
Even GSK3 beta and cell division protein kinase 5 are primarily responsible kinases for tau
hyperphosphorylation [13], and other kinases like protein kinase C, protein kinase A [49],
ERK2, serine/threonine kinase, caspase 3, and caspase 9 also have a prominent role, which
may be activated by Aβ [50].
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Figure 1. Aβ formation: the amyloid precursor protein (APP) is a transmembrane protein of the neuronal cell. In the case
when it is cleaved by α-secretase, the formed soluble aggregates can be digested by microglial cells. When APP is cleaved by
β-secretase and γ-secretase, it leads to formation of Aβ insoluble aggregates. Such protein aggregation results in amyloid
plaques, one of the hallmarks of AD.

3. The Microbiota–Gut–Brain Axis

A microbiota is an ecological community of commensal microorganisms that live sym-
biotically and pathogenically in our body [5] and plays a vital role in regulatory functions
in health and disease [51,52] (Figure 2). At the level of bacterial strains, the gut microbiota
demonstrates tremendous diversity and variation in microorganisms related to the age of
the person and can be different in the individuals [53]. To date, it was considered that mi-
crobial colonization in the gut was only involved in colon-specific activities, which includes
fermentation of carbohydrates, vitamin synthesis, and metabolism of xenobiotics [54,55].
Furthermore, it was also found that the role of the gut microbiota is to act as a barrier for
the pathogenic bacteria invading the gastrointestinal tract (GIT) [56].
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Figure 2. Modulation of the microbiota–gut–brain axis by antibiotics and probiotics. The communication between the gut
microbiota and the brain includes neuronal, immune-mediated, and metabolite-mediated pathways. Gut dysbiosis leads to
activation of the immune response and alters the production of neurotransmitters as well as bacterial metabolites. These
may have a contribution to abnormal signaling through the vagus nerve. Reduction in the integrity of the gastrointestinal
barrier causes bacterial migration and inflammation. Pro-inflammatory cytokines induce disruption of the blood–brain
barrier permeability. Antibiotics can hinder the growth of certain bacteria, and probiotics have the potential to normalize
the gut microbiota in microbiota–gut–brain processes.

The microbial colonization in humans is estimated to begin at birth. The new born in-
fant is initially colonized by microorganisms common to its mother, which are Lactobacillus
and Prevotella spp. [57]. When compared with healthy and preterm infants, usually deliv-
ered by caesarean section, preterm infants seem to have variations in the microbiota [58].
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As well, further comparison with elderly people in nursing homes and in the community
showed large differences. The individuals in the nursing home had less microbiota at-
tributed to a limited diet [59]. Alterations of the composition of microorganisms due to
dietary changes can result in augmentation of several diseases such as obesity, colorectal
cancer, inflammatory bowel disease, heart failure, type 2 diabetes, and neurodegenerative
disorders (AD, Parkinson’s disease, multiple sclerosis, etc.) [52,57,60,61]. Furthermore,
antibiotic treatment in early life can modulate the composition of microbiota in the gut
later in life and can have a negative impact on the brain functions [62,63].

Numerous studies indicate that gut microbiota can have an influence in synthesizing
various neurotransmitters and neuromodulators, which affect gut–brain communication
and brain function [64–66]. Signal transduction is complex and can have the propensity
to include neural, endocrine, immune, and metabolic pathways. However, its detailed
mechanism and signals still have to be elucidated [53,67,68]. Clinical and preclinical
studies have shown that gut microorganisms can produce metabolites, which affect brain
functioning (Table 1).

Table 1. Effect of metabolites on brain produced by gut microbiota.

No.
Gut

Microorganisms
Metabolites Effects of Metabolites on Brain Subjects References

1 Lactobacillus
Short chain fatty acids

(SCFA), Serotonin,
Acetylcholine

Increases emotional level Wistar rats [69,70]

Improves attention, memory and
motivation Humans [71]

Improves sleep C57BL/6J mice [72]

2 Bifidobacterium

Gamma-aminobutyric
acid

Reduces anxiety, stress, and fear
Improves ADHD Humans [69,73,74]

Tryptophan Improves behaviors relevant to
depression

Pregnant
Sprague–Dawley

dams, rats
[75]

3 Escherichia
Dopamine,

Norepinephrine,
Endotoxin and Serotonin

Improves mood, blood flow, sleep
regulation, cognition and

concentration, hormonal activity
Human [76–79]

4 Bacillus Tryptophan Improves cognitive function Pigs [80–82]

5 Saccharomyces Norepinephrine Enhances formation of retrieval of
memory Wistar rats [77]

6 Enterococcus Histamine, Serotonin Promotes wakefulness, cognition
orchestrates desperate behavior C57BL/6J [83]

Bacterial strains such as Escherichia, Lactobacillus, Saccharomyces, and Bacillus can syn-
thesize amino acids including gamma-aminobutyric acid, 5-hydroxytryptamine, dopamine,
butyrate, histamine, and serotonin, which can play a significant role in emphasizing the
brain activity of the individuals [84,85]. These neurotransmitters synthesized can cross
the mucosal layer of the intestine and are capable of entering the blood stream [61,86]. It
was found that the microbiota of aged individuals with AD have a lower level of bacteria
that resulted in decreased butyrate levels [87], which, in turn, could lead to increased
inflammation in the brain and the progression of cognitive loss [27,86]. These findings
suggest that the microbiota performs numerous vital functions in our body, including
releasing biochemical by-products such as SCFA and gases [88]. Moreover, animal studies
conducted on pigs and rats showed an effect on memory due to microbiota, bacillus and
saccharomyces [85–87]. Interestingly, a recent study has shown that microbiota transfer from
human subjects with obesity led to reduced memory scores in mice, aligning this trait in
humans with that of recipient mice [89], where RNA sequencing of the medial prefrontal
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cortex of those mice uncovered that short-term memory is associated with aromatic amino
acid pathways, inflammatory genes, and clusters of bacterial species [89].

As the GIT of humans are inhabited by numerous microorganisms essential for by-
product formation, it has been recently reevaluated in functional terms and different
important mechanisms have been established in the bidirectional connection with the
brain [90–92]. This bidirectional connection with the brain is termed as the “microbiota–
gut–brain (MGB) axis”. MGB refers to a crosstalk between the brain and the gut involving
multiple overlapping pathways, including the autonomic, neuroendocrine, vagus nerve,
the immune system, or the metabolic processes of gut microorganisms and immune system
as well as bacterial metabolites and neuromodulatory molecules [93,94]. The MGB axis mir-
rors the constant connection between the central nervous system (CNS) and the GIT [95]. A
number of rodent studies suggest potential involvement of the gut microbiota in behavioral
changes [75,96–98]. The sympathetic and parasympathetic arms of the autonomic nervous
system, including the neuroendocrine and neuroimmune systems, are known to be vital
pathways in MGB [99]. The precise mechanism that arbitrates gut–brain interplay is not
fully comprehended, yet it is suggested that it entails immune, endocrine, and neural
pathways, leading to a possible alteration in AD patients or aggravation of inflammation
(Table 2). The results from a rat study showed that Bifidobacterium infantis, an intestinal
resident microorganism, has a link to immune response in the brain [75]. An augmentation
in the number of Lactobacillus casei, Bacteroides fragilis, and Streptococcus thermophilus in the
rodent intestine showed a positive effect on brain activity and performance [75,98–102].
On the other hand, Eubacterium rectale, Porphyromonas gingivalis, and Lactobacillus rhamnosus
can play a vital role in the onset of AD [103–107].

Consideration of the human microbiota as a substantial correspondent to nutrition,
health, and disease is a relatively fairly contemporary study, and currently, peer-reviewed
studies relating modifications in the microbiota to the etiopathology of human diseases are
few [108]. Claims on the potential involvement of the gut microbiota in brain function are
made, in part, due to the well-described pathways of communication between the brain
and the GIT which has been intensively studied in the area of food intake, satiety, and
regulation of the digestive tract [109].

Table 2. Roles played by different microorganisms residing in the gut.

No. Organism
Positive ↑/
Negative ↓

Effects
Subjects Role Reference

1. Bacteroides fragilis ↑
AD patients Protected against CNS

demyelinating disease [100,101]

C57BL/6 mice
In pregnant mice showed an

immediate significant diminished
autistic behavior

[102,110,111]

2. Lactobacillus casei ↑ SAMP8 mice A decreased in anxiety symptoms [112]

3. Lactobacillus
rhamnosus ↑ Wistar rats Ameliorated the inflammation level

in the brain [103]

4. Streptococcus
thermophilus ↑ SJL/J mice

• Robust effects on brain regions
that control the central
processing of emotions and
sensation

• Degradation of Aβ 42 load

[113,114]

5. Bifidobacterium
infantis ↑ Sprague–Dawley

dams rats Normalized the immune response [75]

6. Campylobacter
jejuni ↓ AD patients Induced anxiety-like behavior

Impaired memory [104]
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Table 2. Cont.

No. Organism
Positive ↑/
Negative ↓

Effects
Subjects Role Reference

7. Campylobacter
rodentium ↓ C57BL/6 mice Led to stress and contributed to

behavioral abnormalities [105]

8. Porphyromonas
gingivalis ↓ AD patients

Caused an inflammatory response
in the liver, which subsequently led
to neuroinflammation and causes

neurodegenerative disease

[106]

9. Eubacterium rectale ↓ AD patients Leads to amyloidosis [107]

10. Lactobacillus
acidophilus ↑ SAMP8 mice Improved the impairment in neural

proteolysis [112,113]

11. Lactobacillus
johnsonii ↑ BB-DR rats

Healthy humans
Improved gastric vagus nerve

activity [115,116]

Incorporation of certain microorganisms, such as probiotics, in diet intake can be
used as a therapeutic strategy to reduce neurological disorders. Bifidobacterium and Lac-
tobacillus casei are two microorganisms which show a beneficial effect on neurological
disorders [75,112].

4. Gut Microbiota in AD

Changes altering the gut microbiota can activate proinflammatory cytokines and
increase intestinal permeability, which lead to the development of insulin resistance that
is associated with AD [117] (Figure 2). Interestingly, recent work has shown that AD
development could start even in the gut and then spread to the brain [118]. In this study,
the gastric wall of mice was injected with Aβ1–42 oligomers. Over 1 year, it was observed
that the amyloid migrated from the intestine to the brain. Consequently, the translocation
of Aβ oligomers from the gut to the brain can have a major contribution in causing AD
and neuroinflammation [118].

Escherichia coli, Salmonella enterica, Bacillus subtilis, Mycobacterium Tuberculosis, and
Staphylococcus aureus are some of the bacterial strains that can produce functional extra-
cellular amyloid fibers [107]. These amyloid proteins help the bacterial strains to form
biofilms and to strongly bind to each other to resist destruction by physical and immune
factors [119]. The amyloids formed by bacteria are different from the CNS amyloids in the
primary structure but show resemblance in their tertiary structure [120]. The appearance of
bacterial amyloid in the gut can trigger the immune system, which could lead to enhanced
immune responses with endogenous formation of neuronal amyloid in the brain [119].
Studies of AD patient’s blood and cerebrospinal fluid showed an escalated inflammatory
response when compared to healthy adults [107]. In the latter case, the clearance of amyloid
is very precise [121].

In a recent study, aged Fischer 344 rats were orally exposed to transgenic E. coli pro-
ducing the extracellular bacterial amyloid protein curli (a type of amyloid fiber protein).
The data showed an enhanced alpha-synuclein production in the gut and intensified aggre-
gation of alpha-synuclein in the brain, leading to enhanced microgliosis and astrogliosis.
Elevated expressions of TLR2, IL-6, and TNF-α in the brain of animals exposed to curli-
producing bacteria were determined. This suggested that bacterial amyloid functions as a
trigger initiating alpha-synuclein aggregation through cross-seeding and prime responses
of the innate immune system [122].

A profound experiment conducted on the APP transgenic mouse model for AD sug-
gested that variation in the number of microbial strains could lead to amyloid deposition.
These APPPS1 mice showed reduced numbers of Firmicutes and an increased number of
Bacteroides in the intestine. The germ-free APP transgenic mice demonstrated a reduction in
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cerebral Aβ pathology [123]. This finding strongly points towards the intestinal microbiota
forming amyloid-triggering immune responses that can lead to hallmarks of AD.

Clinical studies of the gut microbiota of AD patients as well as microbiota from
AD model mice revealed decreased microbial diversity when compared with controls
(Table 3). These include decreased levels of Fusobacteriaceae, Firmicutes, Actinobacteria, and
Bifidobacterium and increased levels of Bacteroidetes [54,124]. Cyanobacteria, one of the gut-
residing bacteria, produces a neurotoxin β-N-methylamino-L-alanine, which interferes
with the N-methyl-D-aspartate glutamate receptor and leads to signal dysfunction in
AD [125].

Table 3. Investigation of microbiota in the gut of human as well as animal models of AD.

No. Microorganisms
Increase ↑/
Decrease ↓ Animal Model Location Reference

1. Firmicutes/Actinobacteria ↓ CONVR-
APP/PS1 Intestine [54,124]

2. Bacteroides/tenericutes ↑

3. E. coli/B. subtilis ↑ AD patient Brain tis-
sues/Stool [69,126–128]

4. E. rectale ↓
AD patient Stool [107,129]5. Escherichia/shigella ↑

6. B. fragilis ↓
7. Lactobacilli/Bifidobacteria ↑ SAMP-8 mice Intestine [71]

8. Fusobacteriaceae ↓
AD patients

Stool
[123]

9. Prevotellaceae ↑ Stool

10. Verrucomicrobia ↑
APPSWE/PS1ΔE9

(PAP)
transgenic mice

Stool [130]

Not only the bacterial strains residing in the gut can lead to neurodegeneration but
also the invading pathogens, such as Mycobacterium leprae, are known to be responsible
for demyelination and nerve damage. M. leprae assists in initiation of the pathogen by
changing the internal environment of Schwann cells and stimulation of apoptotic pathways
in cells [131]. Chlamydia pneumoniae causing respiratory tract infection has been reported
in CNS disorders, including AD [132]. C. pneumoniae antigens were also found in the
neocortex of AD in association with NFTs and senile plaques [133]. Moreover, Cladosporium,
Malassezia, Phoma, Saccharomyces, and Candida species DNA, polysaccharide, and proteins
were observed in the CNS samples of AD patients [134]. Fungal footprints were identified
in the cerebrospinal fluid by using PCR and slot bolt assay techniques [135].

Upon infection, various cell signaling pathways can occur in the body, which can acti-
vate inflammation. When infectious microorganisms cross the blood–brain barrier, it leads
to neuronal death due to inflammation and forms similar hallmarks to AD. Lipopolysac-
charide (LPS) is found in many gram-negative bacteria [136], exclusively on the outer
membrane [137]. An experiment conducted on animal models has shown that bacterial
LPS injection in the fourth ventricle of the brain produced inflammatory and patholog-
ical characteristics as observed in AD [138] and the peritoneal cavity led to extended
elevation of Aβ in the hippocampal regions of mice resulting in cognitive decline [139].
An in vitro study conducted on E. coli confirmed that bacterial LPS advanced amyloid
fibrillogenesis [127]. Studies conducted on AD patients confirmed LPS presence in the
hippocampus and neocortex brain lysates in which most of the LPS aggregation has been
observed in the perinuclear region [129,140]. The LPSs are located near Aβ 1-40/42 in
amyloid plaques as well as blood vessels [128], and in AD patients, its levels are slightly
higher compared with healthy adults [141]. When microglial cells come in contact with
LPS, the TLRs present on the cell membrane of microglia gets activated through interaction
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with glycosylphosphatidylinositol-anchored receptor CD14 and MD-2 protein promoting
inflammatory responses [110,142]. CD14-activated receptor TLR4 mediates responses to
Aβ [143]. This activation affects the immune response and induces neuroinflammation.

5. Neuroinflammation

Our brain sustains the immune cells that protect against infection and injury, also sup-
porting neurons in plasticity and circuit efficient connectivity. Inflammation is a response
necessary for protection and regulation of the process which is associated with managing
and reducing damage of the organism: protection against microorganisms, tissue repair,
and removal of debris from the body [144]. Various studies currently indicate the involve-
ment of neuroinflammation playing a crucial role in the progression of neuropathological
changes that are observed in AD [145] (Figure 2). A broad variety of cellular and molecular
mechanisms, assumedly identical in aging and chronic metabolic diseases such as hyper-
tension, diabetes, metabolic syndrome, dementia, depression, or traumatic brain injury,
are currently considered silent contributors to neuroinflammation [146]. The key players
responsible for induction of neuroinflammation are known to be activated microglia and
astrocytes [24,147].

Microglia which originate from myeloids are known as immunocompetent cells in the
brain. Microglia cells are considered to be the most important player in the development
and progression of neuroinflammation [25]. Microglia are immensely plastic cells that can
transform into complex phenotypes depending on specific microenvironmental signals
within the brain [148]. On the membrane, these cells express a diverse range of innate
immune receptors that belong to the pattern recognition receptors family [147]. When
pattern recognition receptors get activated on microglia, activation of the cell and the
production of inflammatory mediators occur in the presence of a distinct signaling cas-
cade [149]. Repeatedly activated microglia release a broad range of proinflammatory [150]
and toxic products and, among them, reactive oxygen species, nitric oxide, and cytokines.
In addition, endothelial cells and perivascular macrophages are also important in interpret-
ing and propagating these inflammatory signals within the CNS [24]. A threat to the CNS,
such as invasion, injury, or disease, activates microglia, induces morphological changes,
and increases motility of cells.

In AD, there are studies conducted that the primary initiator of activation of microglia
is the accumulation of Aβ [151]. The activated microglia respond to Aβ, resulting in
migration to the plaques and phagocytosis of Aβ. It initiates a microglial-mediated inflam-
matory response by binding to various pattern recognition receptors [152], which, in turn,
results in cell activation and release of proinflammatory factors (iNOS, TNF-α, IL-1, and
IL-6) [152–155]. In the case of AD, the receptors present on the surface of the microglia
bind to Aβ oligomers and Aβ fibrils. In the process of phagocytosis, microglia begin to
clean up Aβ fibrils; hence, fibrils undergo an endolysosomal pathway.

Other than microglia, astrocytes are also major participants in neuroinflammation [156].
They are fivefold more than neurons in the CNS [157] and are known to have functions
in the maintenance of CNS integrity, such as control of blood perfusion in the cerebrum,
maintenance of blood–brain barrier stability, and modulation of neuron or nutrient trans-
mission [158]. In AD patient brains, there have been observed alterations in the morphology
of astrocytes, their protein composition, gene expression, and function [150]. The accumula-
tion of activated astrocytes is often present in clusters around amyloid plaques. Aβ deposit
can activate the astrocytes which lead to overexpression of cytokines, such as IL-1β and
IL-6, resulting in oxidative stress [24,159]. It was recently shown that neurodegeneration
presumably associates astrocytes, which, by taking on a microglia-induced A1 proinflam-
matory phenotype, would encourage neuronal cell death, with TNF-α as the most eminent
arbitrator [160,161].

On the other hand, the activated microglia lose their phagocytic effect, thus decreasing
the degree of Aβ phagocytosis, inevitably developing its accumulation [162]. Moreover,
such discoveries are supported by the results of an association between an increase in AD
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risk and alterations in genes encoding immune receptors such as TREM2, CD33, and CR1
(myeloid cell surface antigen) [163]. Since they are all expressed on myeloid cells, it is a
more convincing demonstration that alterations in microglial biology are linked to AD
pathogenesis. Worth mentioning, a variety of transcriptomic and proteomic analysis of
inflammatory cells might provide biomarkers for preclinical detection as well as insights
on the progression from mild cognitive impairment to AD condition [164–166].

A relatively close connection has also been reported between microglia and cognitive
dysfunction [167]. Importantly, in healthy tissue, microglia have a ramified morphology
and prolongations that continuously look after the synaptic activity. However, phagocytic
microglia have a salient role in synaptic pruning and honing in the developing nervous
system [168]. The most fascinating mechanism describing memory dysfunction in AD
suggests that Aβ oligomers lead to microglial activation, which, in turn, excessively engulfs
and accelerates the termination of synapses through complement factors such as C1q and
C3 [169]. It has also been reported that Aβ oligomer arbitrates memory problems which
are closely connected with glial activation [100,170].

Recent evidences now shed light on a dangerous dialogue between central immune
cells and the gut microbiota, potentially leading to AD in humans.

6. The Link between Microbiota and Neuroinflammation

The immune system modulates the gut microbiota framework and issuance [171],
while in return, the microbial symbionts control immune system maturation and func-
tion [172,173]. Numerous rodent studies have affirmed that there is an interaction between
the gut microbiota and various immune cell populations [174,175] or the expression of
genes related to neuroinflammation [176,177].

The study furnished evidence stating that microbiota residing in the gut predisposes
the development of the immune system by administering hematopoiesis of primary im-
mune cells. It was shown that germ-free (GF) mice have a lower ratio and less distinction
capability of myeloid cell progenitors of both yolk sac and bone marrow origin. This
supports the idea of the widespread effects of gut microbiota on the immune system,
microglia included [175]. Microglia from antibiotic-treated mice or GF mice showed an
immature profile and impaired immune response. The absence of gut microbiota alters
microglial mRNA profiles and suppresses various microglial genes involved in cell activa-
tion, pathogen recognition, and host defense. Microglia transcription and survival factors,
normally suppressed in mature adult microglia, were increased in GF mice [178]. The
experiment was conducted to examine the transcriptional profiles of different microglial de-
velopment stages, referring to the genes related to the adult phase of microglial maturation
and immune response that are abnormally regulated in GF mice [179].

A number of studies have coined a protective association between dietary polyphenols
and the prevention of age-related chronic diseases such as diabetes, cancer, and neurode-
generative diseases [180–182]. Dietary flavonoids and nonsteroidal anti-inflammatory
agents modulate the nuclear factor-kappa β signaling pathway and therefore are termed as
a potential therapeutic target for AD [182–184]. Polyphenols make an impact on microbiota-
related metabolism and have a potential to improve neurological health, including their
ability to interact with intracellular neuronal and glial signaling, to modulate peripheral
and cerebrovascular blood flow, and to reduce neuronal damage and loss induced by
neurotoxins and neuroinflammation [185–187]. Flavonoids, a subclass of polyphenols,
are more likely to combat neuronal dysfunction and toxicity by recruiting antiapoptotic
pro-survival signaling pathways, increasing antioxidant gene expression and reducing Aβ

pathology [182,188,189]. Flavonoids that are not absorbed in the small intestine and other
sugars are then broken down by the gut microbiota into phenolic acids and other metabo-
lites that inhibit the growth of Ruminococcus gauvreauii, Bacteroides galacturonicus, and
Lactobacillus sp. strains [190] and flavonoids present in berries have also shown inhibitory
actions against Bacillus cereus, Campylobacter jejuni, Clostridium perfingens, Helicobacter py-
lori, Staphylococcus aureus, Staphylococcus epidermidis, and Candida albicans [191]. Recently,
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it was reported that anthocyanins (one of the flavonoids) could significantly ameliorate
the expression of proinflammatory cytokines and ROS/JNK, thus preventing neuroin-
flammation and AD pathology [192–194]. In an experiment conducted on aged rodents,
blueberry supplementations have shown improved spatial memory, object recognition
memory, and inhibitory fear conditioning learning [195–197]. In another study on blueberry
anthocyanins given to adults aged 40–74 years over 3 weeks, plasma concentrations of
NF-kB-related proinflammatory cytokines and chemokines (IL-4, IL-13, IL-8, and IFN-α)
were significantly reduced [198]. However, a study conducted by Spilsbury et al. did not
reveal any remarkable effect of lower concentrations of flavonoids on NF-κB activity in
astrocytes [199]. Nevertheless, the literature date supports that the dietary supplementation
of flavonoids might be implicated in the regulation of NF-κB in neurons [199].

Flavonoids are important players in the prevention of neuroinflammation via sev-
eral anti-inflammatory mechanisms, inhibiting the microglial activation of inflammatory
cytokines (TNF-α and IL-1β), inhibiting iNOS and ROS generation in activated glia, and
downregulating the activity of pro- inflammatory transcription factors such as NF-κB
through modulation of glial and neuronal signaling pathways [182].

Chicory root, known for its high content of fibers (galacto-oligosaccharides and fruc-
tans, such as inulin) and beneficial for the MGB axis modulation [64,177,200], recently also
has received attention due to its sesquiterpene lactones (a class of sesquiterpenoids that
contain a lactone ring) [201]. Interestingly, it has been shown that different sesquiterpene
lactones from chicory root have the potential to influence anti-inflammatory responses
through modulation of the nuclear factor of the activated T-cells pathway [201].

Bacterial metabolites such as SCFAs were considered the key mediators for microbiota–
microglia interaction. These compounds have the potential to translocate from the mucosa
to systemic circulation and to cross the blood–brain barrier affecting the CNS and their
function [68,202]. Oral administration of SCFA for 4 weeks restored many facets of the
immature microglial morphology of GF mice. SCFA claimed to reestablish microglial
density and normalized CSF1R surface expression [203]. It is crucial to accentuate that the
gut microbiota–microglia interaction is extremely dynamic as many of the defects noticed
in the microglia of GF mice could be partially restored by recolonization with conventional
gut microbiota or SCFA supplementation [203].

7. Role of Antibiotics on Microbiota in AD

Antibiotics or antimicrobial substances are typically used to remove or prevent bacte-
rial colonization in the human body [204]. These can alter the bacteria without any specific
target or type [205]. As a consequence, a broad spectrum of antibiotics can immensely affect
the composition of the gut microbiota, lower its biodiversity, and withhold colonization
for a long period after administration. Various studies with distinct antibiotic treatments
resulted in long-/or short-term changes in the gut microbiota in both animals as well as
humans [206]. Numerous studies have demonstrated that the use of antibiotics has an
association with changes in behavior and brain chemistry [207–209]. Studies conducted
in vivo with long-term broad spectrum antibiotic treatment have shown a decreased Aβ

plaque deposition, attenuation of plaque localization in glial reactivity, and alteration in
microglial morphology in the APPSWE/PS1ΔE9 mouse model of AD [210]. Another study
conducted on 68 patients with advanced AD demonstrated a correlation among usage of
antibiotics and prolonged survival. Of the patients who survived for more than 6 months,
31% were on antibiotic care and 14% were on palliative care [211]. Another study in hu-
mans showed that antibiotics, i.e., cefepime, can cross the blood–brain barrier, causing
altered mental status, along altered consciousness and confusion without mediation of the
gut microbiota [212]. Below, some of the preclinical studies of antibiotics in animals and
humans have been described briefly.

The patients suffering from infection caused by Helicobacter pylori were administered
with a cocktail of antibiotics consisting of proton pump inhibitor and clarithromycin, along
with amoxicillin or metronidazole. The outcome of this treatment showed an association
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with neurological disorders, including panic attacks due to major depression and anxiety,
delirium, and psychosis [213]. On the other hand, the elimination of pathogenic bacteria
such as Helicobacter pylori in AD patients by the triple eradication antibiotic regimen
(clarithromycin, amoxicillin, and omeprazole) led to positive results for cognitive and
functional status parameters [214].

Antibiotic administration with rifampicin and minocycline in AD animal models
reduced the Aβ levels in the brain and abbreviates inflammation cytokines [215]. Oral
administration of rifampicin to three different mouse models of Alzheimer’s disease and
tauopathy showed that this antibiotic reduced the accumulation of Aβ oligomers and tau
oligomers and enhanced the memory of the mice. These results suggested that rifampicin
could prevent AD [216]. In 6 months, AD patients’ improvement in the Standardized AD
Assessment Scale cognitive subscale was observed when treated with a combination of
doxycycline and rifampicin [217].

A pilot study conducted on the TgCRND8 transgenic mouse model showed that 3
months of treatment with erythromycin in drinking water at 0.1 g/L reduced the Aβ1-42
levels in the cortex by 54% when compared to vehicle-treated mice [218].

Several studies conducted on minocycline suggested that it has neuroprotective and
anti-inflammatory actions in many animal models. In microglial cell cultures, it was
remarkably able to reduce the oligomeric Aβ-induced neuroinflammatory response and
enhancement of fibrillar Aβ phagocytosis [219]. Minocycline treatment at 50 mg/kg
for 4 weeks in a transgenic hAPP mouse model of AD exhibited attenuated behavioral
abnormalities, neuroinflammatory markers, and Aβ [220]. In another study, 4 months
of treatment with minocycline at 55 mg/kg/day in food in 3×Tg-AD mice showed a
reduction in brain levels of insoluble Aβ, decreased neuroinflammatory markers, and
reversed cognitive deficit [221].

A contrary effect of antibiotics was also observed after administration of ampicillin
in the Sprague–Dawley rats. In this case, an elevated level of corticosterone in serum,
intensified anxiety-like behavior, impairment of memory due to elevated glucocorticoids,
and reduction in hippocampal brain-derived neurotrophic factor were determined [222].
Distinct studies demonstrated that administration of intracerebroventricular streptozotocin
into the brain of wild-type mice and rats can cause learning impairment and memory
loss [223–227].

An experiment conducted on APPSWE/PS1ΔE9 transgenic mice administered with
antibiotics demonstrated that it led to an alteration in several circulating inflammatory
cytokines and chemokines in the blood. It also showed an elevated level of CCL11 (which
has a link to age-related deficits in hippocampal neurogenesis) [228] in the blood serum of
mice [210]. A recent study conducted on APPSWE/PS1L166P mice treated with a cocktail of
antibiotics revealed a selective, microbiome-dependent, sex-specific effect on brain Aβ amy-
loidosis of Aβ and microglial physiology [229]. Interestingly, the transplants of fecal micro-
biota from age-matched APPSWE/PS1L166P mice into antibiotic-treated APPSWE/PS1L166P
mice restores the gut microbiota and partially restores AD pathology along with microglial
morphology [229].

8. Role of Probiotics on Microbiota in AD

Probiotics are defined as living microbial feed supplements which show a beneficial
effect on the host, resulting in improved intestinal microbial balance [230]. The most
commonly used probiotics are lactic acid bacteria, particularly Lactobacilli, Streptococci,
Pediococcus, Enterococcus, and Bifidobacteria and some yeast like Saccharomyces boulardii.
However, not all microorganisms can be probiotic, as they need to be strain-specific
(Table 4).
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Table 4. Effects of probiotics on neurological disorders.

No.
Probiotic

Supplementation
Subject Effect Reference

1. L. helveticus
R0052

WT mice
IL-10 deficient 129/SvEv

mice

Prevented from anxiety-like behavior and
memory impairment [231]

2. Lactobacillus plantarum
MTCC 1325

AD rat model
(IP injection of D-galactosea)

Reestablished acetylcholine levels,
debilitated Aβ plaque formation, and

ameliorated cognitive function
[232]

3. L. helveticus,
L. rhamnosus

Streptozocin injected rats
(diabetes rats)

Improved spatial memory impairment and
recovered declined basic synaptic

transmission
[233]

4. Lactobacillus casei strain
Shirota (LcS) In vivo mouse model of EAE Reduced neuroinflammation [234]

5. Lactobacillus and
Bifidobacterium

AD rat model
(intrahippocampal injection

of Aβ)

Ameliorated memory, learning deficits, and
oxidative stress [235]

6. Clostridium butyricum Mouse model of vascular
dementia

Reduced neuronal apoptosis and attenuated
cognitive dysfunction and histopathological

changes
[236]

7. SLAB51 probiotic
formulation 3×Tg-AD mice

Altered plasma concentration of
inflammatory cytokines and gut hormones
induced also a decrease in brain damage

and accumulation of Aβ aggregates

[113]

8. Bifidobacterium breve
strain A1

AD mouse model (ICV
injection of Aβ)

Blocked Aβ-induced cognitive dysfunction
and suppressed Aβ-induced changes in

gene expression in the hippocampus
[237]

9. oligosaccharides from
Morinda officinalis APP/PS1 mice

Ameliorated brain tissue swelling and
neuronal apoptosis and downregulated the

expression of Aβ

[238]

10. Bifidobacterium longum
1714 Healthy humans Reduced stress and improved memory [239]

11. Lactobacillus brevis
FPA3709 Sprague–Dawley rats Similar effects to a generally used

antidepressant drugs [240]

A broad range of probiotics have been used in an animal study and in the models of
AD. In rats, Bifidobacterium and Lactobacillus administration have shown a positive effect
on AD treatment [235]. In an AD mouse model, Bifidobacterium breve strain A1 prevented
cognitive function, making it one of the effective treatments for AD [237]. A reduction in
neuroinflammation in mouse models due to Lactobacillus casei strain Shirota can be effective
against AD [234]. Despite the fact that there are few human clinical studies compared to
animals, there is increasing indication that probiotics can be used for reducing depression
and anxiety-like symptoms [241].

A study with thirty-six healthy women assigned to three groups showed the impor-
tance of probiotics in the modulation of brain activity [242]. In this experiment, the group
which was treated with fermented milk products containing Bifidobacterium animalis sub.
lactis, Streptococcus thermophilus, Lactobacillus bulgarigaricus, and Lactococcus lactis subs. lactis
showed a compelling reduction in the activity of the specific area in the brain. This region
of the brain is involved in sensory/affective tasks when compared to the activation of other
cortical regulatory brain areas. The experiment confirmed that probiotic supplementation
has a major contribution in activating specific areas in the brain involved in the central
control of emotion and sensation [242].

185



Nutrients 2021, 13, 37

In another study conducted to understand the probiotic application in AD, sixty
patients with AD were randomly assigned into two groups [243]. The first group received
200 mL/day milk enriched with Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
bifidum, and Lactobacillus fermentum for weeks, whereas the control group received plain
milk of the same amount. The subjects, which were on probiotic supplementation showed
a significant improvement in the mini-mental state examination test when compared with
controls. The study revealed a beneficial effect on cognitive function and metabolic status
of patients with AD. However, the treatment with probiotics was ineffective on oxidative
stress and inflammation [243].

A study conducted by Leblhuber et al. showed an increased level of serum kynurenine,
which was observed after probiotic administration, potentially caused by macrophage
activation. The stimulation of immune cells could induce mechanisms that can be helpful
in removing amyloid aggregates and damaged cells or on the other perspective. On the
other hand, the intensive activating events could negatively affect gut barrier function and
further stimulate neurodegenerative events [244].

When taken together, these human and animal studies prove that probiotics can have
a major role in the bidirectional communication between the gut microbiota and the brain,
modulating brain function. The exact mechanism of probiotics on the MGB axis is not yet
well defined. Therefore, the data suggest that the proper dose of probiotics in AD treatment
would be a new way to eliminate amyloid deposition in the brain by the MGB axis and to
reduce neuroinflammation (Figure 2).

9. Conclusions

Accumulating all information from the human as well as animal studies, it can be
suggested that GIT microbiota has an important role in the bidirectional communication
between the brain and the gut. There is increasing evidence stating that the gut microbiota
has a contribution to the pathogenesis of AD. As the gut microbiota is known as the
source of a large number of amyloid, LPS, and other toxins, it can contribute to systemic
inflammation and disruption of physiological barriers. The products formed by bacteria
can move from the GIT to the CNS, especially in aging. Bacterial amyloid can trigger
misfolding and can enhance native amyloid aggregation. The gut microbiota products can
activate microglia, augmenting inflammatory response in the CNS, which in turn results
in microglial function. Triggered microglia start neuroinflammation in the brain, causing
loss of neurons, a major factor in AD. Modulation of the gut microbiota composition
can be used as a therapeutic target in AD. Some antibiotics as well as probiotics can be
implemented as a preventive measure that successfully targets ongoing inflammation. The
role of antibiotics and probiotics in modulating the microbiota is under intense debate. The
certain microbiota profile also strongly depends on the host’s genetics and diet. This only
confirms that research on MGB involvement in AD is crucial for new treatment targets and
therapies for AD.
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Abbreviations

AD Alzheimer’s disease
Aβ Amyloid-beta
NFTs Neurofibrillary tangles
MGB Microbiota–gut–brain
GIT Gastrointestinal tract
CNS Central nervous system
LPS Lipopolysaccharides
TLR Toll-like receptor
SCFA Short chain fatty acids
APP Amyloid precursor protein
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Abstract: In this study, the cervicovaginal environment of women with reproductive failure (repet-
itive abortion, infertility of unknown origin) was assessed and compared to that of healthy fer-
tile women. Subsequently, the ability of Ligilactobacillus salivarius CECT5713 to increase pregnancy
rates in women with reproductive failure was evaluated. Vaginal pH and Nugent score were higher
in women with reproductive failure than in fertile women. The opposite was observed regarding the
immune factors TGF-β 1, TFG-β 2, and VEFG. Lactobacilli were detected at a higher frequency and
concentration in fertile women than in women with repetitive abortion or infertility. The metatax-
onomic study revealed that vaginal samples from fertile women were characterized by the high
abundance of Lactobacillus sequences, while DNA from this genus was practically absent in one
third of samples from women with reproductive failure. Daily oral administration of L. salivarius
CECT5713 (~9 log10 CFU/day) to women with reproductive failure for a maximum of 6 months
resulted in an overall successful pregnancy rate of 56%. The probiotic intervention modified key
microbiological, biochemical, and immunological parameters in women who got pregnant. In con-
clusion, L. salivarius CECT5713 has proved to be a good candidate to improve reproductive success
in women with reproductive failure.

Keywords: infertility; repetitive abortion; implantation failure; Lactobacillus salivarius; probiotics;
vaginal microbiome; TGF-β; VEGF

1. Introduction

Increasing evidence has highlighted the relevance of the microbiota of the female
genital tract for human reproduction [1,2]. Under physiological conditions, and in contrast
to the gut, the human vaginal microbiota is usually characterized by a low microbial
diversity and the dominance of bacteria from the genus Lactobacillus [3,4]. In fact, a low
diversity in the gut has been linked to a variety of gastrointestinal processes, including
inflammatory bowel disease [5], while a high diversity in the vagina has been associated to
vaginosis [6].

The vaginal microbiota in healthy reproductive-age women is mainly composed of one
or a few Lactobacillus species, which represent more than 90% of the total microbiota [7,8].
In a seminal study, the bacterial communities of 396 asymptomatic women were classified
into five distinct vaginotypes; four of them were dominated by Lactobacillus crispatus,
Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jensenii, respectively; in contrast,
the fifth one had lower proportions of lactobacilli and was predominantly composed of
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strictly anaerobic bacterial genera, such as Gardnerella, Prevotella, Megasphaera, Atopobium,
or Dialister [3]. This last vaginotype was associated to high Nugent scores, a Gram-staining
based technique used for the diagnosis of bacterial vaginosis (BV).

Several factors are known to contribute to interindividual and intraindividual changes
in the vaginal microbiota [9]. Although shifts between different vaginotypes may occur nat-
urally, increase of diversity and colonization by strict anaerobes and decrease or depletion
of lactobacilli are considered as risk factors for BV. In fact, vaginal microbiota dysbio-
sis has been associated with higher rates of intra-amniotic infection, premature delivery,
spontaneous abortion, and infertility [10–15].

Different studies have shown that infertile women harbor a differential vaginal micro-
biota when compared to fertile women [16–19]. Therefore, the composition of the vaginal
microbiota (and, particularly, any deviation from the Lactobacillus-dominated, low-diversity
vaginal microbiome) may play a key role in fertility and in the outcomes of assisted re-
production treatments (ARTs) [20–22]. Abundant isolation of enterococci, streptococci,
staphylococci, and/or Gram-negative bacteria (Escherichia coli, Klebsiella pneumoniae) from
the tip of the catheter used for embryo transfer has been correlated with lower implantation
and pregnancy rates and increased miscarriage rates [23], while abundant isolation of lac-
tobacilli and low density or no isolation of the aforementioned bacteria has been correlated
with better reproductive outcomes [24–28]. Metataxonomic studies of endometrial samples
have also revealed that an abnormal endometrial bacterial profile (with a low percentage of
sequences of the genus Lactobacillus) is a common feature in a high percentage of infertile
women subjected to ART [21,29]. Although at least a part of the bacterial DNA detected in
endometrial samples may arise from vaginal contamination during sampling, these studies
suggest that an abundant presence of Lactobacillus DNA in such samples may be a predictor
of implantation success [29,30].

As a consequence, the assessment of the microbial communities in the reproductive
tract should be considered as a relevant part of the evaluation and personalized care in
cases of reproductive failure of unknown cause or origin. When this happens, the use of
probiotics may be a possible strategy to modulate the reproductive tract microbiome and to
increase the success rates [31]. However, such a combined strategy (assessment of vaginal
communities together with use of a target-selected probiotic) has not been explored yet,
and commercially available probiotics are being empirically prescribed for repopulation
of the female reproductive tract with Lactobacillus strains [2], without a proper scientific
evidence of their actual usefulness.

Lactobacilli may have different biological activities that contribute to fertility and to
a healthy pregnancy, including, among others: (a) the inhibition of the colonization and
growth of potentially harmful microbes, including viruses, bacteria, yeast, and protozoa
that may compromise fertility [32,33]; (b) contribution to angiogenesis and vasculogenesis
that may favor the implantation of the embryo [34]; and, (c) induction of immunomodula-
tion activities, such as those involved in implantation and in tolerance towards the embryo,
first, and the fetus, later [35,36]. However, those properties might be strain-specific and,
therefore, a strain-by-strain evaluation has to be performed for this specific target.

Lactobacillus salivarius CECT5713 [37] has been shown to be a probiotic strain suitable
for applications in the mother–infant dyad due to a wide repertoire of desirable phenotypic
and genotypic properties [38]. This includes a high survival rate when exposed to gastroin-
testinal tract conditions, a high acidifying activity, and antimicrobial, anti-inflammatory,
and immunomodulatory properties, which have been demonstrated in vitro, in animal
models, and in human clinical trials [38–44]. Therefore, and after evaluating some vaginal-
related properties in this study, it was selected to be administered in a clinical trial in order
to assess its efficacy for the infertility target. It must be highlighted that this species has
been renamed as Ligilactobacillus salivarius in the recent proposal for reclassification of the
genus Lactobacillus [45].

In this context, the first objective of this study was to assess the differences in several
vaginal parameters (pH, Nugent score, microbiota composition as determined through
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culture and metataxonomic methods, and soluble immune factor levels) between women
with reproductive failure (because of repetitive abortion during the first 12 weeks of
pregnancy or infertility of unknown origin) and fertile women. The second objective was
to evaluate the ability of L. salivarius CECT5713 to modulate those vaginal parameters and
to increase pregnancy rates (currently ~29% after IVF procedures in this setting) in the
group of women with reproductive failure.

2. Materials and Methods

2.1. Characterization of Vaginal-Related Properties of L. salivarius CECT5713

An overlay method [46] was used to determine the ability of L. salivarius CECT5713 to
inhibit the growth of various species of bacteria and yeasts. It was performed as described
previously [37]. All indicator strains had been previously isolated from clinical cases of
vaginal or cervical infections, and included five strains of G. vaginalis, three of Strepto-
coccus agalactiae and of Candida albicans, and two of Candida glabrata, Candida parapsilosis,
and Ureaplasma urealyticum (our own culture collection). All inhibitory activity assays were
performed in triplicate.

The ability of L. salivarius CECT5713 to aggregate with cells of the indicator strains
cited above was investigated following the procedure of Younes et al. [47]. The suspensions
were observed under a phase-contrast microscope. Adherence to vaginal epithelial cells
collected from healthy premenopausal women was performed and interpreted as described
previously [48]. Adherence was measured as the number of lactobacilli adhered to the
vaginal cells in 20 random microscopic fields. L. salivarius CECT9145 was used as a
control strain because of its high adherence to vaginal cells [49]. The assay was performed
in triplicate.

Initially, the α-amylase activity of L. salivarius CECT5713 was qualitatively assessed
using the method described by Padmavathi et al. [50]. Briefly, the strain was inoculated
into a modified MRS media containing starch (0.5% peptone, 0.7% yeast extract, 0.2% NaCl,
2% starch, and 1.5% agar). The plates were incubated at 37 ◦C for 48 h in anaerobiosis and,
then, the zone of clearance was observed by adding Gram’s iodine as detecting agent.
Quantitation of the cell-bound α-amylase activity of L. salivarius CECT5713 was done with
a kit (Kikkoman Co., Tokyo, Japan) using 2-chloro-4-nitrophenyl 65-azido-65-deoxy-β-
maltopentaoside as substrate and using conditions described previously [51]. One unit
of activity was defined as the amount of enzyme needed to release 1 μmol 2-chloro-4-
nitrophenol from 2-chloro-4-nitrophenyl 65-azido-65-deoxy-β-maltopentaoside per min at
37 ◦C.

2.2. Participants, Sampling, and Design of the Human Study

A total of 58 women, aged 28–45, participated in this study (Table 1). Volunteers were
classified into 3 groups. All women in the RA group (n = 21) had a history of recurrent
miscarriage with three or more pregnancy losses during the first 12 weeks of pregnancy.
All women of the INF group (n = 23) had a history of infertility (inability to conceive)
despite being the recipients of ART for at least three times, including two cycles, at least, of
in vitro fertilization (IVF). Finally, the control group (n = 14) included fertile women having
at least two children after uncomplicated term pregnancies. None of the women of the RA
and INF groups received ART during the whole period of the study. None of the RA group
components were diagnosed of antiphospholipidic syndrome and, therefore, they did not
receive either heparin and/or salicylic acid during the study. None of the participants had
received hormonal therapy, antibiotics or probiotics in the 4 weeks previous to sampling.
Vaginal samples were taken at least 7 days after coitus to avoid or minimize the impact
of the partner’s semen on the vaginal pH, microbiota composition or immunoprofile
(in the latter case, particularly in relation to the concentration of the two isoforms of the
transforming growth factors beta 1 and 2 (TGF-β 1 and TGF-β 2)). Women with lactose
intolerance or cow’s milk protein allergy were excluded because of the excipient used
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to administer the strain in the subsequent pilot trial (see below). Informed consent was
obtained from all subjects involved in the study.

Table 1. Characteristics of the participants (N = 58) which included fertile women (Control group), women with a history of
repetitive abortion (RA group), and women with infertility of unknown origin (INF group).

Group

Characteristic Control (n = 14) RA (n = 21) INF (n = 23) p-Value

Age (years)

Mean (95% CI) 34.6 (33.5–35.8) a 39.4 (38.5–40.4) b 38.0 (37.1–38.9) b <0.001 2

Range (min–max) (28.0–45.0) (36.0–44.0) (34.0–44.0)
Weight (kg)

Mean (95% CI) 62.4 (59.7–65.0) 68.3 (66.1–70.4) 66.5 (64.5–68.6) 0.054 2

Range (min–max) (46.0–87.0) (50.0–87.0) (51.0–78.0)
Height (cm)

Mean (95% CI) 166 (164–168) 167 (165–169) 168 (166–169) 0.761 2

Range (min–max) (156–175) (152–190) (160–182)
Regularity of the menstrual cycle

Yes, n (%) 10 (71) 10 (48) 11 (48) 0.337 3

No, n (%) 4 (29) 11 (52) 12 (52)
Duration of the menstrual cycle (days)

Mean (95% CI) 28.0 (27.4–28.7) 27.4 (26.9–27.9) 27.5 (27.0–28.0) 0.502 2

Range (min–max) (25.0–32.5) (24.0–30.0) (24.0–30.0)
History of infections

Vaginal, n (%) 2 (14) 13 (62) 8 (35) 0.017 3

Urinary tract, n (%) 2 (14) 13 (62) 15 (65) 0.006 3

Otorhinolaryngology, n (%) 3 (21) 13 (62) 12 (52) 0.057 3

Lower respiratory tract, n (%) 2 (14) 7 (33) 7 (30) 0.490 3

Skin, n (%) 1 (7) 3 (14) 4 (17) 0.800 3

Gastrointestinal, n (%) 0 (0) 1 (5) 1 (4) 1.000
Antibiotic usage 1

In infancy, n (%) 4 (29) 19 (90) 14 (61) <0.001 3

In adulthood, n (%) 4 (29) 16 (76) 19 (83) 0.003 3

History of other conditions

Allergies, n (%) 2 (14) 5 (24) 4 (17) 0.835 3

Food intolerance, n (%) 0 (0) 8 (38) 13 (57) 0.001 3

Thyroid disease, n (%) 0 (0) 5 (24) 3 (13) 0.125 3

1 Antibiotic usage means ≥4 annual treatments due to recurrent infections. 2 One-way ANOVA tests were used to evaluate differences
in mean values of women age, weight, and height and duration of the menstrual cycle between groups. Values followed by different
superscript letters within the same row indicate statistically significant differences between groups according to Scheffé post hoc com-
parison tests. 3 Freeman–Halton extension of the Fisher exact probability tests for a 2 × 3 contingency table were used to compute the
(two-tailed) probability of obtaining a distribution of values of categorical variables (regularity of the menstrual cycle, history of infections,
antibiotic usage and history of other conditions).

At recruitment (within the first three days post-ovulation; day 0), two samples were
collected: A vaginal swab specimen for in fresh determination of the Nugent score, and a
cervicovaginal lavage (CVL) of the cervical and the vaginal walls with 10 mL of sterile
normal saline for all the other analysis. Aliquots of the CVL samples were used for culture-
based analysis. Subsequently, CVL samples were clarified by centrifugation at 800× g
for 10 min at 4 ◦C. Aliquots of CVL supernatants and cell pellets were stored at −80 ◦C
until the immunological and metataxonomic analyses were performed. Demographic,
anthropometric, and health data (including a past or present history of recurrent infections
at different body locations and use of antibiotics) were recorded at recruitment (Supplemen-
tary Figure S1). High use of antibiotics was defined as receiving ≥4 antibiotic treatments
per year because of recurrent infections while a range between 0 and 2 annual treatments
was considered as a low use of antibiotics.

Starting at day 0, women of the RA and INF groups consumed (oral route) a daily
sachet with ~50 mg of freeze-dried probiotic (~9 log10 CFU of L. salivarius CECT5713)
for 6 months or until a diagnosis of pregnancy (whatever happened first). At that point,
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the same two samples described above were collected from each woman. After a diagnosis
of pregnancy, oral administration of the probiotic strain was maintained until the 15th
week of pregnancy. All the spontaneous pregnancies that occurred within the first year
after day 0 were recorded in this study.

Probiotic-containing sachets were kept at 4–8 ◦C throughout the study. All volunteers
signed a written consent and were provided with diaries to record compliance with the
study product intake. Minimum compliance rate (% of the total treatment doses) was set
at 86%. This study was conducted according to the guidelines laid down in the Declaration
of Helsinki and it was approved by the Ethical Committee of Biomedical Research of
Consejería de Salud y Familias (Junta de Andalucía, Granada, Spain) (P050/19, Act 11/19).
The study was registered in the ClinicalTrials.gov database (NCT04446572).

2.3. Measurement of Vaginal pH and Nugent Score

At each of the two study visits, the pH of the lateral vaginal wall was measured
(Whatman pH paper, pH 3.8–5.5 and pH 6.0–8.1). Nugent scoring was performed as
described previously [52]. Briefly, the swab material was transferred to a glass slide,
heat fixed, and Gram stained. Gram-positive, Gram-negative, and Gram-variable bacterial
morphotypes were quantified. A Nugent score of 0–3 was considered normal, 4–6 was
considered intermediate, and 7–10 was considered consistent with bacterial vaginosis [52].

2.4. Culture-Dependent Analysis

CVL samples collected during the trial were serially diluted and plated onto Columbia
Nalidixic Acid (CNA), Gardnerella (GAR), CHROMagar StrepB (CHR), Mac Conkey (MCK),
Mycoplasma (MYC), and Sabouraud Dextrose Chloramphenicol (SDC) agar plates
(BioMerieux, Marcy l’Etoile, France) for selective isolation and quantification of the main
cultivable non-Lactobacillus bacteria and yeasts that may be found in the vagina, including
the agents most frequently involved in vaginal infections. They were also inoculated onto
agar plates of MRS (Oxoid, Basingstoke, UK) supplemented with either L-cysteine (2.5 g/L)
(MRS-C) or horse blood (5%) (MRS-B) for isolation of lactobacilli, including L. iners (MRS-B).
All media were incubated for 48 h at 37 ◦C under aerobic conditions, with the exception of
the MRS-C and MRS-B plates, which were incubated anaerobically (85% nitrogen, 10% hy-
drogen, 5% carbon dioxide) in an anaerobic workstation (DW Scientific, Shipley, UK) for
up to 72 h. After incubation, the colonies were recorded and at least one representative of
each colony morphology was selected from the agar plates. The isolates were identified
by Matrix Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) mass spec-
trometry (Bruker, Bremen, Germany). When the identification by MALDI-TOF was not
possible at the species level (particularly in the case of lactobacilli isolates), the identifi-
cation was carried out by 16S ribosomal RNA (rRNA) gene sequencing as described by
Mediano et al. [53].

2.5. DNA Extraction from the Samples

Approximately 1 mL of each CVL sample was used for DNA extraction following
a method described previously [54]. Extracted DNA was eluted in 22 μL of nuclease-
free water and stored at −20 ◦C until further analysis. Purity and concentration of each
extracted DNA was initially estimated using a NanoDrop 1000 spectrophotometer (Nan-
oDrop Technologies, Inc., Rockland, DE, USA). Negative controls (blanks) were processed
in parallel.

2.6. Real-Time Quantitative PCR (qPCR) Assay for the Detection and Quantification of
L. salivarius DNA

Primers and conditions for quantification of L. salivarius DNA have been described
previously [55]. The DNA concentration of all samples was adjusted to 5 ng μL−1. A com-
mercial real-time PCR thermocycler (CFX96™, Biorad Laboratories, Hercules, CA, USA)
was used for all experiments. Standard curves using 1:10 DNA dilutions (ranging from
2 ng to 0.2 pg) from L. salivarius CECT5713 were used to calculate the concentrations of the
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unknown bacterial genomic targets. Threshold cycle (Ct) values between 15.29 and 20.07
were obtained for this range of L. salivarius DNA (R2 = 0.9915). The Ct values measured for
DNA extracted from non-target species (L. reuteri MP07 and Lactobacillus plantarum MP02;
our own collection) were ≥39.27 ± 0.64. These two control strains were selected because
they belong to the L. salivarius taxonomically closest species [56]. All samples and standards
were run in triplicate.

2.7. Metataxonomic Analysis

The V3-V4 hypervariable region of the 16S rDNA was amplified by PCR using the
universal primers S-D-Bact-0341-b-S-17 (CCTACGGGNGGCWGCAG) and S-D-Bact-129
0785-a-A-21 (GACTACHVGGGTATCTAATCC) [57] and sequenced in the MiSeq system of
Illumina at the facilities of Parque Científico de Madrid (Tres Cantos, Spain). Barcodes ap-
pended to 3′ and 5′ terminal ends of the PCR amplicons allowed separation of forward and
reverse sequences in a second PCR-reaction. DNA concentration of the PCR products was
quantified in a 2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA). After pooling
the PCR products at about equal molar ratios, DNA amplicons were purified by using
a QIAEX II Gel Extraction Kit (Qiagen, Hilden, Germany) from the excised band having
the correct size after running on an agarose gel. DNA concentration was then quantified
with PicoGreen (BMG Labtech, Jena, Germany). The pooled, purified and barcoded DNA
amplicons were sequenced using the Illumina MiSeq pair-end protocol (Illumina Inc.,
San Diego, CA, USA) following the manufacturer’s protocols.

2.8. Bioinformatic Analysis

Raw sequence data were demultiplexed and quality filtered using Illumina MiSeq
Reporter analysis software. Microbiome bioinformatics was done with QIIME 2 2019.1 [58].
Denoising was performed with DADA2 [59]. Taxonomy was assigned to ASVs using the
q2-feature-classifier [60] and the naïve Bayes classifier classify-sklearn against the SILVA
database version 132 [61]. Posterior bioinformatic analysis was conducted using the R
version 3.5.1 (https://www.R-project.org) [62]. A table of Operational Taxonomic Units
(OTUs) counts per sample was generated, and bacterial taxa abundances were normalized
to the total number of sequences in each sample. The relative abundance values of the
different bacterial taxa in the three groups of CVL samples (control, RA and INF) were
analyzed using the linear discriminant analysis (LDA) effect size (LEfSe) algorithm [63]
in an online version (http://huttenhower.sph.harvard.edu/galaxy/). Alpha diversity
was studied with the Shannon and Simpson diversity indexes with the R Vegan package
(Version 2.5.6) (https://github.com/vegandevs/vegan/). Beta diversity was studied using
principal coordinates analysis (PCoA) to visually display patterns of bacterial profiles
at the genus level through a distance matrix containing a dissimilarity value for each
pairwise sample comparison. The Bray–Curtis and binary Jaccard indices were used for
quantitative (relative abundance) and qualitative analyses (presence/absence), respectively.
Analysis of variance of the distance matrices was performed with the “nonparametric
MANOVA test” Adonis with 999 or permutational multivariate ANOVA (PERMANOVA)
with 999 permutations with the R Vegan package. The heatmap graph was generated by
using gplots package. Dendogram linkages were based on the relative abundance of the 20
most abundant bacterial genera within the samples and on the complete linkage method
for hierarchical clustering (hclust function).

2.9. Immunological Analysis

The concentrations of several soluble immune factors (IL1β, IL1ra, IL2, IL4, IL5, IL6,
IL7, IL8, IL9, IL10, IL12, IL13, IL15, IL17, IL6, basic FGF, eotaxin, GCSF, GMCSF, IFNγ,
MCP1, MIP1α, MIP1β, PDGF-BB, RANTES, TNFα, VEGF) were determined by magnetic
bead-based multiplex immunoassays, using a Bioplex 200 instrument (Bio-Rad, Hercules,
CA, USA) and the Bio-Plex Pro™ Human Cytokine 27-plex Assay (ref. M500KCAF0Y,
Bio-Rad). In parallel, the levels of TGF-β 1 and TGF-β 2 were measured by ELISA with
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the RayBio® Human TGF-β 1 and Human TGF-β 2 ELISA kits, respectively (RayBiotech,
Norcross, GA, USA). All determinations were carried out following the manufacturer’s
protocols and standard curves were performed for each analyte.

2.10. Statistical Analysis

Microbiological data were recorded as CFU/mL and transformed to logarithmic val-
ues before statistical analysis. The normality of data distribution was analyzed using
the Shapiro–Wilks test. Then, the quantitative variables were expressed as means and
95% confidence intervals (CI) or standard deviations (SD) when normally distributed and
as medians and interquartile ranges (IQR) if they did not follow a normal distribution.
The qualitative values were presented as total number of events and percentages. One-way
ANOVA tests were used to compare the means of the experimental groups and Scheffé
post hoc tests were used to identify which pairs of means were statistically different. The
effect of the probiotic intervention on several vaginal parameters in each group of women
with reproductive failure was analyzed using one-way ANOVA repeated measures tests.
The Fisher’s exact probability test, or the Freeman–Halton extension of the Fisher exact
probability test for a 2 × 3 contingency table, was used for comparison of proportions and
frequencies. For non-parametric analyses, differences between groups were assessed using
Kruskal–Wallis tests and Wilcoxon–Mann–Whitney tests to identify which pair of groups
were different, with Bonferroni correction for multiple comparisons when indicated. Corre-
lations between the 20-major relative abundant bacterial genera were visualized using R
package qgraph [64]. Statistical analysis and plotting were performed either using Statgraph-
ics Centurion XVIII version 18.1.06 (Statgraphics Technologies, Inc., The Plains, VA, USA)
or in the R environment (version 3.5.1; R-project, http://www.r-project.org) and ggplot2
[Wickham, 2016]. Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Characterization of Vaginal-Relevant Properties of L. salivarius CECT5713

L. salivarius CECT5713 showed inhibitory antimicrobial activity (inhibition zone > 2 mm
around the streak) against all the G. vaginalis, S. agalactiae, C. albicans, C. glabrata, C. parap-
silosis, and U. urealyticum strains used as indicators in this study. The strain was able to
form large, well defined co-aggregates with all the selected vaginal and cervical pathogens.
Co-aggregation was particularly intense with G. vaginalis, S. agalactiae, and C. albicans strains.
In this study, the strain tested was strongly adhesive to vaginal epithelial cells, a mean
(±SD) of 329 (±46) adherent lactobacilli in 20 random microscopic fields. The mean (±SD)
value for L. salivarius CECT9145, a control strain with a high adherence to vaginal cells,
was 336 (±52) adherent lactobacilli in 20 microscopic fields. Extracellular amylase pro-
duction by L. salivarius CECT5713 was observed by the zone of clearance around the
colonies (~2.0 mm) when flooded with iodine solution. Later, when the α-amylase activity
was measured, this strain showed a high level of α-amylase activity (0.83 U/mL) at 16 h
(concentration of L. salivarius CECT5713: ~8.6 log10 CFU/mL), and could be detected in
supernatants at a similar level for up to 48 h (when the assay was finished).

3.2. Demographic, Anthropometric, and Clinical Characteristics of the Participants in the
Human Study

The characteristics of the 58 women that participated in this study are presented in
Table 1. The mean (95% CI) age in the control group was 34.6 years (33.5–35.8), while in
those of repetitive abortions (RA) and with infertility of unknown origin (INF) was 39.4
(38.5–40.4) and 38.0 (37.1–38.9) years, respectively (Table 1). Women in the control group
were significantly younger than other participants (p < 0.001; one-way ANOVA), but there
were no differences in mean values of body weight and height between the three groups of
women (Table 1).

About 71% of the women in the control group had a regular menstrual cycle, while in
the other two (RA and INF) this percentage was 48%, although this difference was not
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statistically significant (p = 0.337; Fisher exact probability tests). No differences were
observed in the mean duration of the menstrual cycle that was 28, 27.4, and 27.5 days for
women in the control, RA, and INF groups, respectively (Table 1).

Interestingly, statistically significant differences were found between the control
women and those in the other two groups regarding a history of recurrent vaginal and
urinary tract infections (p = 0.017 and p = 0.006, respectively; Fisher exact probability
tests) and the use of antibiotics both during infancy (p < 0.001) and adulthood (p = 0.003),
which were higher in the last two groups (Table 1; Supplementary Figure S1). A trend to
a higher rate of ORL infections (pharyngitis, otitis) among women with repetitive abor-
tion or infertility was also observed but it did not reach statistical significance (p = 0.057).
In contrast, no differences were observed among the three groups in relation to the rates
of skin, lower respiratory tract and gastrointestinal infections (Table 1).

3.3. Baseline Vaginal Health Parameters

The vaginal pH values of the control group (4.53; range 4.38–4.68) were statistically
different from those of the two study groups: 5.67 (5.55–5.79) and 5.96 (5.84–6.07) for
RA and INF, respectively (p = 0.000; one-vay ANOVA). Similarly, the Nugent scores
of the two study groups were significantly higher (5.95 (5.54–6.37) and 6.30 (5.91–6.70),
respectively), than those from controls (1.79 (1.27–2.30); p = 0.000; one-way ANOVA)
(Table 2). The CVL concentrations of the growth factors TGF-β 1, TFG-β 2 and VEFG of the
control group were 4.83 (4.65–5.01) pg/mL, 3.22 (3.10–3.34) pg/mL, and 406.0 (322.0–490.0)
pg/mL, respectively, while they appeared to be halved in both study groups (RA and INF),
the differences being statistically significant (Table 2). No differences were observed among
the three groups in relation to the remaining soluble immune factors analyzed in this work,
which showed a high degree of interindividual variability (data not shown).

All women of the control group harbored lactobacilli in their vaginas (n = 14), the mean
(95% CI) value being 7.24 (6.89–7.60) log10 CFU/mL using culture-dependent assessment.
The frequency of lactobacilli detection was lower in the RA and INF groups: 57% and 26%,
respectively (p < 0.001; Fisher exact probability tests). In addition, mean lactobacilli con-
centrations were 2.20 and 1.46 log10 units lower in CVL samples from lactobacilli-positive
women in the RA and INF groups, respectively. The lactobacilli profile was also differ-
ent (Figure 1). Seven species were identified in the samples from women of the control
group, including L. crispatus (the dominant species), L. jensenii, L. gasseri, L. iners, Limosi-
lactobacillus (formely Lactobacillus) fermentum, L. salivarius, and Limosilactobacillus vaginalis.
However, the lactobacilli species profiles in the study groups (RA and INF) were narrower
than in controls and L. fermentum, L. salivarius, and L. vaginalis were not detected. L. crispatus
was the dominant species in 6 samples (43%) from fertile women, 5 samples (24%) from
women with repetitive abortion and only 1 sample (4%) from infertile women. It is interest-
ing to note that L. iners was isolated only from one CVL sample of the control group while it
was isolated from about one-third (5 out of a total of 18 lactobacilli positive samples) from
samples of RA and INF groups. L. salivarius was detected in the sample of a unique woman
from the control group as determined by species-specific qPCR (7.29 log10 copies/mL) and
culture (7.3 log10 CFU/mL) (Table 2). The strain was genetically different from L. salivarius
CECT5713 (results not shown).
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Table 2. Comparison of baseline vaginal parameters (pH, Nugent score, cytokines, and microbiology) of the participants
(n = 58) which included fertile women (Control group), women with a history of repetitive abortion (RA group), and women
with infertility of unknown origin (INF group).

Group

Vaginal Parameter Control (n = 14) RA (n = 21) INF (n = 23) p-Value

pH

Mean (95% CI) 4.53 (4.38–4.68) a 5.67 (5.55–5.79) b 5.96 (5.84–6.07) b 0.000 1

Range (min–max) (4.20–5.00) (4.70–6.50) (4.90–6.30)
Nugent score

Mean (95% CI) 1.79 (1.27–2.30) a 5.95 (5.54–6.37) b 6.30 (5.91–6.70) b 0.000 1

Range (min–max) (0.00–4.00) (3.00–8.00) (4.00–8.00)
TGF-β 1, pg/mL

Mean (95% CI) 4.83 (4.65–5.01) a 2.62 (2.47–2.76) b 2.19 (2.05–2.33) c 0.000 1

Range (min–max) (4.20–5.30) (1.70–3.80) (1.50–2.90)
TGF-β 2, pg/mL

Mean (95% CI) 3.22 (3.10–3.34) a 1.52 (1.43–1.62) b 1.33 (1.24–1.43) b 0.000 1

Range (min–max) (2.70–3.70) (0.90–2.20) (0.80–2.00)
VEGF, pg/mL
Mean (95% CI) 406.0 (322.0–490.0) a 274.8 (206.0–343.0) a,b 181.2 (116.0–247.0) b 0.016 1

Range (min–max) (1.4–929.0) (95.0–562.0) (38.0–431.0)
Lactobacilli

Positive women 14 (100) 12 (57) 6 (26) <0.001 3

Viable counts, log10 CFU/mL 2

Mean (95% CI) 7.24 (6.89–7.60) a 5.04 (4.66–5.42) b 5.78 (5.24–6.32) b 0.000 1

Range (min–max) (6.80–7.70) (3.60–6.70) (3.70–7.50)
L. salivarius qPCR, log10 copies/mL

n (%) 1 (7) 0 0
Mean (95% CI) 7.29

1 One-way ANOVA tests were used to evaluate differences in mean values between groups. Values followed by different superscript
letters within the same row indicate statistically significant differences between groups according to Scheffé post hoc comparison tests.
2 Mean (95% CI) and range (min–max) values in lactobacilli-positive women. 3 Freeman–Halton extension of the Fisher exact probability test
for a 2 × 3 contingency table were used to compute the (two-tailed) probability of obtaining a distribution of values of lactobacilli positive
women. Abbreviations: TGF-β 1, transforming growth factor β 1; TGF-β 2, transforming growth factor β 2; VEGF, vascular endothelial
growth factor.

L. crispatus

L. jensenii

L. gasseri

L. fermentum

L. salivarius

L. vaginalis

L. iners

Figure 1. Dominant lactobacilli species (when lactobacilli could be isolated) in cervovaginal lavage
(CVL) samples of fertile women (C, bluish green), women with repetitive abortion (RA, purple) and
women with infertility of unknown origin (INF, red).

Globally, the comparison of RA and INF groups at the beginning of the study revealed
some statistically relevant differences (Figure 2). The mean of the vaginal pH values was
0.29 units higher in the INF group, but the opposite was observed for TGF-β 1 and VEGF,
which had mean concentrations 0.43 pg/mL and 94 pg/mL higher, respectively, in the
RA group. No differences were observed regarding other characteristics, including age,
weight, height, Nugent score, TGF-β 2, and lactobacilli viable counts (Figure 2).
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Figure 2. Comparison of selected baseline (A) demographic characteristics (age, weight and height) and (B) vaginal
parameters (pH, Nugent score, TGF-β 1, TGF-β 2, and VEGF concentrations, and viable Lactobacillus counts) in CVL samples
of women with repetitive abortion (RA, purple) and women with infertility of unknown origin (INF, red) at recruitment.
For each boxplot, the line and the cross within the box represent the median and mean, respectively. The bottom and top
boundaries of each box indicate the first and third quartiles (the 25th and 75th percentiles), respectively. The whiskers
represent the lowest and highest values within the 1.5 interquartile range (IQR) and the dots outside the rectangles are
suspected outliers (>1.5 × IQR). One-way ANOVA tests were used to compare both groups.

The 16S rRNA gene sequencing analysis of the CVL samples (n = 58) yielded 4,363,364
high quality filtered sequences, ranging from 33,160 to 139,044 per sample (median
[IQR] = 73,383 [66,587–82,821] sequences per sample). Sequences were assigned to a total
of 23 phyla and 453 genera, and Figure 3 shows the 5 most abundant phyla and the 20
most abundant genera in CVL samples from the fertile control group and from the RA
and INF groups. The comparison of the relative abundance (% of total) of sequences
at the phylum level from the three groups revealed statistically significant differences
with regard to the 4 dominant phyla: Firmicutes, Actinobacteria, Proteobacteria, and Bac-
teroidetes (Table 3). The most frequent (present in all samples) and abundant phylum was
Firmicutes (Figure 3). The relative abundance of Firmicutes in samples provided by fertile
controls (median [IQR] = 99.60% [99.18–99.80%]) was higher than in samples from women
of RA and INF groups (median [IQR] = 97.29% [72.34–99.35%] and 89.96% [52.46–98.85%],
respectively) (p < 0.001; Kruskal–Wallis rank test with Bonferroni correction) (Table 3).
In contrast, the median (IQR) values of the relative abundance of Actinobacteria, Proteobacte-
ria, and Bacteroidetes were higher in women of the RA and INF groups (p < 0.012, p < 0.003,
and p < 0.006, respectively; Kruskal–Wallis rank tests with Bonferroni correction) (Table 3).

206



Nutrients 2021, 13, 162

 

Figure 3. Pie charts showing the percentages of the relative abundances of the 5 most abundant phyla (A) and the 20 most
abundant genera (B) in the CVL samples from healthy fertile women (inner pie charts; C group), women with a history
of repetitive abortion (middle pie charts; RA group), and women with infertility of unknown origin (outer pie charts;
INF group).

The only bacterial genus that was detected in all samples was Lactobacillus, but there
were significant differences in its relative abundance in samples from the three groups
(Table 3; Figure 3). The median [IQR] relative abundance of Lactobacillus in CVL samples
from women of RA and INF groups (93.49% [67.18–97.53%] and 71.95% [0.76–94.09%],
respectively) was lower than in samples from fertile control women (97.88% [96.92–99.31%])
(p = 0.001; Kruskal–Wallis rank test with Bonferroni correction) (Table 3). In fact, the only
bacterial genus that characterized and differentially explained the greatest difference
between the microbial communities in CVL samples between fertile control women and
women of RA and INF groups was Lactobacillus, according to the LEfSe analysis (Figure 4).

 

Figure 4. LEfSe analysis identifying taxonomic differences in the microbiota of CVL samples from healthy fertile women
(C, bluish green) and women with repetitive abortion (RA) and with infertility of unknown origin (INF). Differen-
tially abundant bacterial taxa were identified using linear discriminant analysis (LDA) and the effect size (LEfSe) algorithm.
(A) Histogram of LDA scores (absolute LDA (log10) score > 2.0, p < 0.05) showing the substantial enrichment of Lactobacillus
in the microbiota profile of the CVL samples from healthy fertile women. (B) Cladogram showing LEfSe comparison of
differential bacterial taxa in CVL samples. The central point represents the root of the bacterial tree and each ring the next
lower taxonomic level from phylum to genus (from the inner to the outer ring: phylum, class, order, family, and genus).
The color node (other than yellow) indicates which taxa are significantly higher in relative abundance, and the diameter of
the node is proportional to the relative abundance of the taxon.
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Table 3. Relative frequencies, medians and interquartile range (IQR) of the most abundant bacterial phyla and genera
detected in CVL samples from fertile women (Control group), women with a history of repetitive abortion (RA group),
and women with infertility of unknown origin (INF group).

Control (n = 14) RA (n = 21) INF (n = 23)

Phylum
Genus

n
(%) 1

Median
(IQR)

n
(%)

Median
(IQR)

n
(%)

Median
(IQR)

p-Value 2

Firmicutes 14
(100)

99.60
(99.18–99.80)

21
(100)

97.29
(72.34–99.35)

23
(100)

89.96
(52.46–98.85) 0.001

Lactobacillus 14
(100)

97.88
(96.92–99.31)

21
(100)

93.49
(67.18–97.53)

23
(100)

71.95
(0.76–94.09) 0.001

Staphylococcus 13
(93)

0.31
(0.11–0.66)

19
(90)

0.45
(0.03–1.51)

22
(96)

0.75
(0.14–5.40) 0.260

Streptococcus 9
(64)

0.02
(<0.01–0.03)

14
(67)

0.01
(<0.01–0.34)

16
(70)

0.06
(<0.01–2.04) 0.180

Finegoldia 13
(93)

0.17
(0.03–0.28)

18
(86)

0.16
(0.07–0.61)

17
(74)

0.12
(0.02–1.24) 0.760

Peptoniphilus 11
(79)

0.06
(0.01–0.21)

16
(76)

0.10
(0.02–0.49)

17
(74)

0.09
(<0.01–1.45) 0.670

Enterococcus 2
(14)

<0.01
(<0.01–<0.01)

6
(29)

<0.01
(<0.01–0.04)

12
(52)

0.01
(<0.01–0.19) 0.044

Anaerococcus 11
(79)

0.03
(0.01–0.16)

18
(86)

0.10
(0.05–0.30)

18
(78)

0.12
(0.01–1.71) 0.220

Actinobacteria 12
(86)

0.09
(0.02–0.20)

21
(100)

0.32
(0.08–7.87)

23
(100)

4.84
(0.1–34.36) 0.012

Gardnerella 4
(29)

<0.01
(<0.01–0.01)

11
(52)

0.01
(<0.01–0.12)

9
(39)

<0.01
(<0.01–0.04) 0.300

Bifidobacterium 3
(21)

<0.01
(<0.01–<0.01)

9
(43)

<0.01
(<0.01–0.07)

9
(39)

<0.01
(<0.01–0.03) 0.300

Atopobium 2
(14)

<0.01
(<0.01–<0.01)

7
(33)

<0.01
(<0.01–0.01)

13
(57)

0.02
(<0.01–0.12) 0.015

Proteobacteria 1
(93)

0.07
(0.02–0.10)

21
(100)

0.28
(0.09–0.69)

22
(96)

0.23
(0.09–0.64) 0.003

Escherichia/Shigella 1
(7)

<0.01
(<0.01–<0.01)

9
(43)

<0.01
(<0.01–0.02)

8
(35)

<0.01
(<0.01–0.01) 0.084

Bacteroidetes 10
(71)

0.03
(<0.01–0.08)

18
(86)

0.16
(0.06–1.33)

22
(96)

0.80
(0.05–3.19) 0.006

Prevotella 8
(57)

0.02
(<0.01–0.08)

15
(71)

0.06
(<0.01–0.45)

19
(83)

0.70
(0.01–2.55) 0.660

Tenericutes 6
(43)

<0.01
(<0.01–0.16)

5
(24)

<0.01
(<0.01–<0.01)

10
(43)

<0.01
(<0.01–0.97) 0.290

Minor phyla
14

(100)
0.13

(0.07–0.18)
21

(100)
0.16

(0.07–0.65)
23

(100)
0.17

(0.09–1.29) 0.280

Minor genera 14
(100)

0.30
(0.09–0.70)

21
(100)

0.91
(0.27–2.54)

23
(100)

2.26
(0.40–8.35) 0.038

Unclassified_genera 14
(100)

0.09
(0.05–0.12)

21
(100)

0.13
(0.07–0.66)

23
(100)

0.14
(0.04–0.36) 0.170

1 n (%): Number of samples in which the phylum/genus was detected (relative frequency of detection). 2 Kruskal–Wallis rank tests with
Bonferroni correction.

Other genera were present in a variable number of samples, ranging from 96% (Staphy-
lococcus in the INF group) to 7% (Escherichia/Shigella in the control group), but the median
relative abundance of any of these genera was <1% (Table 3). The bacterial profile at the
genus level in some individual samples from women in the RA and INF groups did not
differ from that of samples from women from the fertile control group, which were highly
homogenous (Figure 5). However, aberrant profiles with reduced content or even complete
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absence of Lactobacillus were registered in some samples from women of the RA and INF
groups (Figure 5).

 

Figure 5. Relative abundance of the predominant bacterial genera in CVL samples of healthy fertile women (C), women with
repetitive abortion (RA) and women with infertility of unknown origin (INF). In women with a history of reproductive failure,
because either of recurrent miscarriage (RA group) or infertility (INF groups), P indicates the group of women who got
pregnant after the probiotic intervention with L. salivarius CECT5713 and NP those women who did not.

The analysis of alpha diversity at the genus level, calculated either by the Shannon
or the Simpson’s indices, revealed significant differences between the vaginal microbiota
of women in the fertile and INF groups (p < 0.001; Kruskal–Wallis tests with Bonferroni
correction) (Figure 6A,B).

The analysis of the beta diversity, calculated according to the relative abundance of
bacterial genera (Bray–Curtis distance) and the presence/absence of bacterial genera (Bin-
nary Jaccard distance matrix), indicated that the profiles of bacterial genera of CVL samples
of the 3 groups clustered apart (p = 0.004 and p = 0.002, respectively; PERMANOVA)
(Figure 6C,D). In addition, samples from fertile controls clustered closer (shorter distance
to centroid) according to the relative abundance of bacterial genera (Bray–Curtis distance)
than those from RA and INF groups, indicating that the bacterial profiles in CVL samples
from controls were highly uniform (Figure 6E,F).

An initial assessment of potentially dominant patterns in the bacteriological profile of
the CVL samples is shown in the heatmap plot presented in Figure 6G. There was a clear
separation of samples based on the presence of Lactobacillus. One cluster was characterized
by the marked and almost exclusively presence of Lactobacillus in CVL samples. This cluster
comprised all the samples from fertile women although not exclusively, because it included
also some samples from the RA and INF groups. The second cluster was characterized
by the absence or reduced presence of Lactobacillus and the presence of multiple bacterial
genera, such as Gardenella and Bifidobacterium. This second cluster contained exclusively
CVL samples from the RA and INF groups. Although globally there was no clear separation
between the CVL samples from the three groups, it was perceived a higher similarity
between samples from the fertile control group and women with a history of repetitive
abortion than between the fertile control group and women with infertility of unknown
origin (Figure 6G).
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Figure 6. Metataxonomic profiles of CVL samples of healthy fertile women (C; bluish green), women with repetitive
abortion (RA; purple) and women with infertility of unknown origin (INF; red). (A) Comparison of alpha diversity at genus
level calculated using the Shannon index between the three groups of women. (B) Comparison of alpha diversity at genus
level calculated using the Simpson index between the three groups of women. (C) Principal coordinate analysis (PCoA)
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plots of bacterial profiles at the genus level based on the Bray–Curtis dissimilarity analysis (relative abundance). (D)
Principal coordinate analysis (PCoA) plots of bacterial profiles at the genus level based on the Jaccard’s coefficient for binary
data (presence or absence). The values on each axis label in graphs C and D represent the percentage of the total variance
explained by that axis. The differences between groups of CVL samples were analyzed using the PERMANOVA test with 999
permutations. (E) Comparison of the mean distances of samples to the centroids in the PCoA plots based on the Bray–Curtis
dissimilarity index in each group. (F) Comparison of the mean distances of samples to the centroids in the PCoA plots based
on the Jaccard’s coefficient (graph D) in each group. (G) Heatmap showing the relative abundance of the 20 most abundant
bacterial genera (x axis) detected in CVL samples. The relative abundance of each bacterial genus within each sample
is indicated by the color of the scale ranging from white (high relative abundance) to green (low relative abundance) as
indicated in the scale shown at the left down corner. Dendrogram linkages are based upon relative abundance of the genus
within the samples and hclust was used as the clustering algorithm. The column between the dendrogram of the vaginal
samples and the individual values of the relative abundance of bacterial genera indicates the study group (control fertile
women: C, in bluish green; women with repetitive abortion: RA, in purple; women with infertility of unknown origin: INF,
in red). The differences between groups (C, healthy fertile women; RA, women with repetitive abortion; INF, women with
infertility of unknown origin) were analyzed using Kruskal–Wallis tests with Bonferroni correction for data in panels A and
B, and with one-way ANOVA tests for data in panels E and F.

3.4. Main Outcome of the Clinical Trial: Pregnancies and Successful Pregnancies

Administration of L. salivarius CECT5713 (~9 log10 CFU/day) for 6 months (or until a
diagnosis of pregnancy if this happened first) to the women of the RA and INF groups led to
29 pregnancies out of the 44 participating patients. This means a pregnancy effectiveness of
66% with a 95% CI of 52–80% (Table 4). Among them, there were 25 successful pregnancies
and 4 abortions. This means an effectiveness for reproductive success of 57% with a 95%
CI of 42–72% (Table 4). Interestingly, all successful pregnancies led to full-term singletons
(gestational age ≥ 38 weeks).

Table 4. Main outcomes after the probiotic treatment with L. salivarius CECT5713 in women with
repetitive abortion (RA) and women with infertility of unknown origin (INF).

Group Total
Ratio

(95% CI)

Outcome RA INF RA + INF (RA/INF)

Pregnancy (events/total events) 17/21 12/23 29/44
Pregnancy effectiveness

(95% CI)
81%

(64–98%)
52%

(32–73%)
66%

(52–80%)
1.55

(1.00–2.42)

Successful pregnancy 1

(events/total events)
15/21 10/23 25/44

Reproductive success
(95% CI)

71%
(52–91%)

43%
(23–64%)

57%
(42–72%)

1.64
(0.96–2.82)

1 Two women in each group end up in abortion.

Women of the RA group had the highest rate of reproductive success (15 full term
pregnancies and 2 abortions out of 21 participants) (Table 4). The rate in the INF group
was lower although still noticeable: 12 pregnancies (10 full term and 2 abortions) out of
23 enrolled. Therefore, the pregnancy effectiveness and successful pregnancy rates (95%
CI) tended to be higher in RA group that in INF group (RR [95% CI] = 1.55 [1.00–2.42] and
1.64 [0.96–2.82], respectively), although the difference between both groups did not reach
statistical significance (Table 4). It must be highlighted that all women of these groups
had been unsuccessfully subjected to ART interventions in previous attempts to avoid
spontaneous miscarriage (RA group) or to get pregnant (INF group).

3.5. Secondary Outcomes Associated with the Probiotic Treatment: RA Group

There were no differences in age, weight, or height between women in the RA group
that ended up having a successful pregnancy (n = 15) and those who did not (n = 6) after
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the probiotic intervention. However, differential changes in their vaginal parameters were
observed (Table 5). The vaginal pH of women who delivered was about 0.9 units lower
than in those who did not (p < 0.001; one-way ANOVA). Similar results were noted for
the Nugent score (a mean [95% CI]) reduction of 3.33 [3.73–2.93] units in women who
got pregnant after the probiotic intervention versus a mean [95% CI] reduction of 0.67
[1.29–0.04] units in those who did not complete a full-term pregnancy; p = 0.000 one-way
ANOVA) (Table 5, Supplementary Figure S2). In fact, the probiotic treatment did not
modify the Nugent score in those women that did not get pregnant (p = 0.102; one-way
repeated measures ANOVA) (Table 5).

Table 5. Effect of the probiotic intervention with L. salivarius CECT5713 on the vaginal parameters of women who were
able to complete a full-term pregnancy (n = 15) and of those who did not (n = 6) among the women that had a history of
repetitive abortion (RA group; n = 21).

Probiotic Intervention Resulted in Pregnancy
Yes (n = 15) No (n = 6)

Vaginal Parameter Mean (95% CI) Mean (95% CI) p-Value 1

pH
Baseline 5.58 (5.39–5.77) 5.88 (5.58–6.18) 0.221

Post-intervention 4.45 (4.34–4.57) 5.65 (0.13–5.46) 0.000
Change −1.13 (−1.27–−0.99) −0.23 (−0.45–−0.01) <0.001

p-value 3 0.000 0.002

Nugent score
Baseline 5.87 (5.24–6.49) 6.17 (5.18–7.15) 0.708

Post-intervention 2.53 (2.13–2.94) 5.50 (4.86–6.14) 0.000
Change −3.33 (−3.73–−2.93) −0.67 (−1.29–−0.04) 0.000

p-value 3 0.000 0.102

TGF-β 1, pg/mL
Baseline 2.81 (2.62–3.00) 2.15 (1.85–2.45) 0.014

Post-intervention 4.21 (4.05–4.36) 2.47 (2.22–2.71) 0.000
Change 1.40 (1.18–1.62) 0.32 (−0.02–0.66) <0.001

p-value 3 0.000 0.098

TGF-β 2, pg/mL
Baseline 1.67 (1.57–1.78) 1.15 (0.99–1.31) <0.001

Post-intervention 2.93 (2.81–3.05) 1.30 (1.11–1.49) 0.000
Change 1.25 (1.12–1.38) 0.15 (−0.05–0.35) 0.000

p-value 3 0.000 0.328

VEGF, pg/mL
Baseline 341 (300–382) 109 (44–173) <0.001

Post-intervention 743 (640–846) 138 (−25–301) <0.001
Change 402 (319–485) 29 (−102–160) 0.002

p-value 3 0.000 0.189

Lactobacilli presence, n (%)
Baseline 9 (60) 3 (50) 0.523 2

Post-intervention 15 (100) 4 (67) 0.071 2

Change 6 (40) 1 (17) 0.613 2

Lactobacilli counts, log10 CFU/mL
Initial 4.99 (4.48–5.50) 5.20 (4.31–6.09) 0.752
Final 6.52 (6.22–6.81) 4.74 (4.17–5.31) <0.001

Change 2.44 (1.84–3.04) 0.16 (−0.99–1.32) 0.019
p-value 3 <0.001 0.697
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Table 5. Cont.

Probiotic Intervention Resulted in Pregnancy
Yes (n = 15) No (n = 6)

Vaginal Parameter Mean (95% CI) Mean (95% CI) p-Value 1

L. salivarius qPCR, n (%)
Initial nd nd
Final 15 (100) 3 (50) 0.015 2

L. salivarius qPCR, log10 copies/mL 4

Initial - -
Final 6.85 (6.58–7.12) 2.63 (0.41–3.24) <0.000

1 One-way ANOVA tests were used to evaluate differences in mean values between groups, except for lactobacilli presence. 2 Fisher exact
probability test for a 2 × 2 contingency table. 3 One-way repeated measures ANOVA tests were used to determine whether there was a
change in each group of participants when comparing the baseline and post-intervention parameters. 4 Mean (95% CI) of L. salivarius qPCR
(copies/mL) in positive samples.

The vaginal cytokine concentrations also differed in both subgroups of women
(with successful pregnancy or not) in the RA group after the probiotic treatment. There was
no modification in the vaginal TGF-β 1, TGF-β 2, and VEGF concentrations with re-
spect to the baseline in the women who did not become pregnant, but there was a
mean (95% CI) significant increase of 1.40 (1.18–1.62) pg/mL, 1.25 (1.12–1.38) pg/mL,
and 402 (319–485) pg/mL, respectively, in those who did (p = 0.000; one-way repeated
measures ANOVA) (Table 5, Supplementary Figure S2). In addition, it should be noted that
there were already differences in the concentration of these cytokines even before starting
the treatment between those that became and those that did not become pregnant (Table 5).

On the other hand, the probiotic treatment resulted in a mean (95% CI) increase in lacto-
bacilli counts of 2.12 (1.66–2.59) log10 CFU/mL in women that finally got pregnant, but there
was no change in those that did not (Table 5, Supplementary Figure S2). The presence of
L. salivarius (mean [95% CI] = 6.85 [6.58–7.12] log10 copies/mL) was confirmed by qPCR in
all women that got pregnant, but only in 50% of the women with unsuccessful pregnancies,
their concentration being significantly lower (mean [95% CI] = 2.63 [0.41–3.24] copies/mL)
(Table 5). The lactobacilli profile in CVL samples obtained at the beginning of the probiotic
treatment and after 6 months or until a diagnosis of pregnancy is presented in Figure 7.
The most noticeable difference was the presence of viable L. salivarius in most women
(17/21) after the probiotic treatment. In addition, L. iners, which was present in 3 women
at the beginning of the study, was isolated at the end of the treatment only from 2 women
who did not end up in pregnancy. There were no differences in the metataxonomic profile
at the genus level of CVL samples from women of the RA group regarding the pregnancy
outcome (Figure 5; Supplementary Table S1).

 

Figure 7. Changes in the profile of dominant Lactobacillus species in CVL samples from women with a history of repetitive
abortion (RA group) and women with infertility of unknown origin (INF group) after the probiotic intervention with
L. salivarius CECT5713. The outcome is indicated in the last file: +, successful full-term pregnancy and -, no pregnancy.
The presence of isolates from a given species is indicated by a colored square.
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3.6. Secondary Outcomes Associated with the Probiotic Treatment: INF Group

The women in the INF group that got pregnant after the probiotic intervention (n
= 10) and those who did not (n = 13) did not differ in age, weight and height. The CVL
pH and the Nugent score decreased significantly in all members of the INF group after
the probiotic treatment (p < 0.05; one-way repeated measures ANOVA), although the
magnitude of the change was smaller in the women that did not get pregnant when
compared to those that got pregnant (Table 6; Supplementary Figure S2). Specifically, the
mean (95% CI) reductions in CVL pH and Nugent score in women that got pregnant were
−1.32 (−1.43–−1.21) and −3.90 (−4.25–−3.55), respectively, and in women that did not
get pregnancy these reductions were only −0.19 (−0.29–−0.09) and−0.54 (−0.85–−0.23),
respectively (Table 6; Supplementary Figure S2).

Table 6. Effect of the probiotic intervention with L. salivarius CECT5713 on the vaginal parameters of women who were able
to complete a full-term pregnancy (n = 15) and of those who did not (n = 6) among the women with infertility of unknown
origin (INF group; n = 23).

Probiotic Intervention Resulted in Pregnancy
Yes (n = 15) No (n = 6)

Vaginal Parameter Mean (95% CI) Mean (95% CI) p-Value 1

pH
Baseline 5.85 (5.70–6.00) 6.04 (5.58–6.17) 0.190

Post-intervention 4.53 (4.42–4.64) 5.85 (5.75–5.95) 0.000
Change −1.32 (−1.43–−1.21) −0.19 (−0.29–−0.09) 0.000

p-value 3 0.000 0.002

Nugent score
Baseline 6.00 (5.40–6.60) 6.54 (6.01–7.07) 0.334

Post-intervention 2.10 (1.61–2.59) 6.00 (5.57–6.43) 0.000
Change −3.90 (−4.25–−3.55) −0.54 (−0.85–−0.23) 0.000

p-value 3 0.000 0.028

TGF-β 1, pg/mL
Baseline 2.29 (2.10–2.48) 2.11 (1.94–2.28) 0.308

Post-intervention 4.58 (4.41–4.75) 2.18 (2.04–2.33) 0.000
Change 2.29 (2.16–2.42) 0.08 (−0.04–0.19) 0.000

p-value 3 0.000 0.281

TGF-β 2, pg/mL
Baseline 1.56 (1.46–1.66) 1.16 (1.07–1.25) <0.001

Post-intervention 2.81 (2.68–2.94) 1.26 (1.15–1.38) 0.000
Change 1.25 (1.13–1.37) 0.10 (<−0.01–0.20) 0.000

p-value 3 0.000 0.203

VEGF, pg/mL
Baseline 311 (279–343) 81 (53–109) 0.000

Post-intervention 773 (695–850) 87 (19–155) 0.000
Change 462 (411–513) 6 (−39–50) 0.000

p-value 3 0.000 0.165

Lactobacilli presence, n (%)
Baseline 3 (30) 3 (23) 0.537 2

Post-intervention 10 (100) 6 (46) 0.007 2

Change 7 (70) 3 (23) 0.040 2
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Table 6. Cont.

Probiotic Intervention Resulted in Pregnancy
Yes (n = 15) No (n = 6)

Vaginal Parameter Mmean (95% CI) Mean (95% CI) p-Value 1

Lactobacilli counts, log10 CFU/mL
Initial 5.00 (3.22–6.78) 6.57 (4.78–8.35) 0.290
Final 6.46 (5.94–6.98) 4.95 (4.28–5.62) 0.017

Change 3.05 (2.45–3.64) 0.32 (−0.46–1.09) <0.001
p-value 3 <0.001 0.451

L. salivarius qPCR, n (%)
Initial nd nd
Final 10 (100) 4 (31) 0.002 2

L. salivarius qPCR, log10 copies/mL 4

Initial - -
Final 6.48 (6.28–6.68) 3.55 (3.24–3.86) 0.000

1 One-way ANOVA tests were used to evaluate differences in mean values between groups, except for lactobacilli presence. 2 Fisher exact
probability test for a 2 × 2 contingency table. 3 One-way repeated measures ANOVA tests were used to determine whether there was a
change in each group of participants when comparing the baseline and post-intervention parameters. 4 Mean (95% CI) of L. salivarius qPCR
(copies/mL) in positive samples.

The change in the vaginal cytokine concentrations after the probiotic treatment was
similar to that described in the RA group: There was no modification in the vaginal TGF-β 1,
TGF-β 2, and VEGF levels of women who did not become pregnant, but there was a mean
(95% CI) significant increase of 2.29 (2.16–2.42) pg/mL, 1.25 (1.13–1.37) pg/mL, and 462
(411–513) pg/mL, respectively, in those who did (Table 6; Supplementary Figure S2). In this
INF group, there were already differences in the concentrations of TGF-β 2 and VEGF, but
not in that of TGF-β 1, between those that became and those that did not became pregnant
even before starting the treatment (Table 6).

The probiotic intervention resulted in a high degree of vaginal colonization by lac-
tobacilli (6.46 [5.94–6.98] log10 CFU/mL) of all women that got pregnant, while this only
happened in 46% of those that experienced a treatment failure, the density of lactobacilli
reached being significantly lower (4.95 [4.28–5.62] log10 CFU/mL) (Table 6). Similarly to
the RA group, the presence of L. salivarius (mean [95% CI] = 6.48 [6.28–6.68] copies/mL)
was confirmed by qPCR in all women that got pregnant, but only in 31% of the women
with unsuccessful pregnancies and, then, at a lower concentration (mean [95% CI] = 3.55
[3.24–3.86] copies/mL) (Table 6). The main difference in the lactobacilli profile of CVL
samples of women in the INF group registered after the probiotic intervention was the
detection of viable L. salivarius in all women who got pregnant, but only in 4 out of 13 of
those women that failed to get pregnant. There were no differences in the metataxonomic
profile at the genus level of CVL samples from women of the RA group regarding the
pregnancy outcome (Figure 5; Supplementary Table S2).

3.7. Comparison of Vaginal Parameters between Women Who Became Pregnant and Those Who
Did Not from Both the RA and INF Groups

The mean [95% CI] pH value in CVL samples was slightly but significantly more
acidic in the women who become pregnant (5.69 [5.57–5.81] units) than in those who did
not (5.99 [5.85–6.13] units) (p = 0.024; one-way ANOVA) (Figure 8; Supplementary Table S3).
There were also differences in the concentration of vaginal cytokines TGF-β 2 and VEFG at
the beginning of the study according to the final pregnancy outcome, but the differences
were similar to those described already separately for RA and INF groups (Figure 8;
Supplementary Table S3). The only parameters that did not differed initially between both
groups were the Nugent score, TGF-β 1 concentration, and the frequency of detection
and counts of lactobacilli (Figure 8; Supplementary Table S3). Globally, Lactobacillus was
detected in all women who became pregnant, but only in half of those that did not (p < 0.001;
Fisher exact probability test).
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Figure 8. Changes in vaginal parameters (pH, Nugent score, TGF-β 1, TGF-β 2, and VEGF concentrations, viable Lactobacillus
counts and L. salivarius copies in CVL samples) in women with a history of reproductive failure, because either of recurrent
miscarriage (RA group) or infertility (INF groups), after the probiotic intervention with L. salivarius CECT5713 according to
their outcome (pregnancy versus no pregnancy).
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The probiotic intervention resulted in differential and remarkable changes in the
vaginal parameters in those women who became pregnant but not in those who did
not (Figure 8; Supplementary Table S3). First, the probiotic administration of L. salivar-
ius CECT5713 resulted to be more effective regarding the change in the vaginal pH and
Nugent score in women who got pregnant, which recorded mean (95% CI) decreases
of −1.20 (−1.29–−1.12) and −3.56 (−3.82–−3.30) units, respectively (p = 0.000; one-way
repeated measures ANOVA). In contrast, the change in these two parameters was smaller
(−0.21 (−0.31–−0.10) and −0.58 (−0.88–−0.28) units, respectively) in the group of women
who did not get pregnant (Figure 8; Supplementary Table S3). Second, the probiotic inter-
vention led to a significant increase in the concentrations of vaginal cytokines TGF-β 1, TGF-
β 2 and VEFG (mean [95% CI] increase of 1.76 [1.60–1.91] pg/mL, 1.25 [1.17–1.33] pg/mL,
and 426 [378–473] pg/mL, respectively) in women who got pregnant but no change was
registered in the group that did not (Figure 8; Supplementary Table S3). Third, regard-
ing the lactobacilli profile of CVL samples, there was a mean (95% CI) increase of 2.67
(2.26–3.08) log10 CFU/mL units in viable Lactobacillus counts after the probiotic treatment
in the group of women who became pregnant as opposed to those that did not. Differences
were also noted on the L. salivarius content in CVL samples. This lactobacilli species was
detected, and at a high concentration (mean [95% CI] = 6.70 [6.52–6.89] log10 copies/mL),
in CVL samples from all women having a successful pregnancy unlike women who did
not become pregnant (Figure 8; Supplementary Table S3). The metataxonomic profile
at the genus level of CVL samples from women of the INF group was equal in women
that did or did not become pregnant, except for a slightly higher relative frequency of
Escherichia/Shighella in women that got pregnant (Figure 5; Supplementary Table S4).

3.8. Comparison of Vaginal Parameters between Control Women, All Women Who Became
Pregnant and Those Who Did Not from Both RA and INF Groups

The analysis of post-intervention vaginal parameters (pH, Nugent score, TGF-β 1,
TGF-β 2, VEGF, lactobacilli counts) revealed that the pH value of CVL samples and Nugent
score in women who became pregnant after the probiotic intervention were similar to those
of fertile control women (Table 7; Supplementary Figure S3). The concentrations of TGF-β 1,
TGF-β 2, and VEGF in post- intervention CVL samples of women who became pregnant
were closer to those found in fertile control women, although statistically significant
differences were found between them (Table 7; Supplementary Figure S3). Besides, it is
remarkable to note that the post-intervention concentration of VEGF in women that became
pregnant was about twice that registered in fertile control women (mean [95% CI] = 755.0
[637.1–872.5] pg/mL and 406.0 [322.0–490.0] pg/mL, respectively). There was a high
interindividual variation in lactobacilli counts varying from undetectable (in 57% of the
women who did not become pregnant) to 7.5 log10 CFU/mL in CVL samples of women who
did not become pregnant after the probiotic intervention, but the mean [95% CI] value (4.87
[3.83–5.90] log10 CFU/mL) was lower than in samples of the other participants (Table 7;
Supplementary Figure S3). There was less than 1 log10 CFU/mL difference between the
lactobacilli viable counts in CVL samples of women who enjoyed a full term pregnancy
after the probiotic intervention and those of fertile controls (mean [95% CI] = 6.47 [6.22–6.72]
log10 CFU/mL and 7.24 [6.89–7.60] log10 CFU/mL, respectively) (Table 7; Supplementary
Figure S3).
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Table 7. Comparison of vaginal parameters (pH, Nugent score, TGF-β 1, TGF-β 2, and VEGF concentrations, and Lactobacillus
counts) of all women who were able to complete a full-term pregnancy (n = 25) and of those who did not (n = 19) among all
women with a history of repetitive abortion and with infertility of unknown origin (RA and INF groups) after the probiotic
intervention with L. salivarius CECT5713 and vaginal parameters of fertile women (Control group; n = 14).

Probiotic Intervention Resulted in
Pregnancy

Vaginal Parameter
Control (n = 14)
Mean (95% CI)

Yes (n = 25)
Mean (95% CI)

No (n = 23)
Mean (95% CI)

p-Value

pH 4.53 (4.38–4.68) a 4.48 (4.39–4.58) a 5.78 (5.62–5.95) b 0.000 1

Nugent score 1.79 (1.27–2.30) a 2.36 (1.92–2.80) a 5.84 (5.35–6.33) b 0.000 1

TGF-β 1, pg/mL 4.83 (4.65–5.01) a 4.36 (4.20–4.52) b 2.27 (2.06–2.48) c 0.000 1

TGF-β 2, pg/mL 3.22 (3.10–3.34) a 2.88 (2.75–3.01) b 1.27 (1.15–1.40) c 0.000 1

VEGF, pg/mL 406.0 (322.0–490.0) a 755.0 (637.1–872.5) b 103.3 (82.4–124.1) c 0.000 1

Lactobacilli
Positive women, n (%) 14 (100) 25 (100) 10 (43) <0.001 2

Viable counts 3, log10 CFU/mL 7.24 (6.89–7.60) a 6.47 (6.22–6.72) b 4.87 (3.83–5.90) c 0.000 1

1 One-way ANOVA tests were used to evaluate differences in mean values between groups. Values followed by different superscript
letters within the same row indicate statistically significant differences between groups according to Scheffé post hoc comparison tests.
2 Freeman–Halton extension of the Fisher exact probability tests for a 2 × 3 contingency table were used to compute the (two-tailed)
probability of obtaining a distribution of values of lactobacilli positive women. 3 Mean (95% CI) of L. salivarius qPCR (copies/mL) in
lactobacilli-positive women. TGF-β 1, transforming growth factor-β 1; TGF-β 2, transforming growth factor-β 2; VEGF, vascular endothelial
growth factor.

Additionally, a network structure of the baseline vaginal bacterial genera communities
on the three different groups of women (fertile controls, women who got pregnant after
the probiotic intervention and women who did not get pregnant after the probiotic inter-
vention) was constructed based on the genus-genus correlations (Figure 9). In the group
of fertile women, the strongest correlation was observed between two minority genera,
Escherichia/Shigella and Enterococcus; the most abundant genera, Lactobacillus, established
negative and weak relationship with other Firmicutes (Finegoldia and Peptoniphilus) and
Prevotella. In contrast, in the group of women with either repeated abortions or infertility
of unknown origin, Lactobacillus showed strong negative association with two genera
of the Actinobacteria, Gardenella, and Bifidobacterium. However, in the group of women
that responded to the probiotic intervention and ended up in a successful pregnancy, the
strongest negative association was between Lactobacillus and Gardenella, while in those
women that did not get pregnant this negative association was weaker than that registered
between Lactobacillus and Bifidobacterium, indicating that indeed the bacterial profile in CVL
samples may indicate different fertility problems (Figure 9).

 

Figure 9. Estimated network structures based on a sample of 58 vaginal samples: 14 from healthy fertile women (A, Con-
trol group), 25 from women with a successful reproductive outcome after the probiotic intervention L. salivarius CECT5713
(B, Pregnancy) and 19 from women who did not have a successful pregnancy after the probiotic intervention with L. salivarius
CECT5713 (C, No pregnancy). The 14 most abundant genera were represented. Red lines indicate negative correlation and
green lines indicates positive correlation. The thickness and the intensity of the line reflects the intensity of the correlation.
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4. Discussion

In this study, the comparison between the vaginal microbiota of women with a his-
tory of reproductive failure, due to recurrent miscarriage or infertility, and healthy fertile
women confirmed that dominance of specific species of Lactobacillus in the vaginal micro-
biota plays a determinant role in the success of human reproduction. Overall, the lowest
vaginal pH values and Nugent scores were associated with vaginal communities dom-
inated by lactobacilli, while those with the highest pH values and Nugent scores were
associated with a depletion of lactobacilli. Close associations between low pH, low Nugent
score and a high concentration and dominance of lactobacilli in the human vagina has been
repeatedly reported [3,4,65]. In this study, the frequency of detection of lactobacilli in the
vaginal samples was much higher in fertile women (100%) than in women with repetitive
miscarriage (57%). Interestingly, infertile women showed the lowest percentage of women
from whom lactobacilli could be isolated (26%). Use of antibiotics in both infancy and
adulthood was significantly higher among women of the RA and INF groups than among
women of the control group. It has been long known that opportunistic vaginal infections
may arise as an adverse effect to the use of antibiotics because of their negative effect on
the lactobacilli population [66]. The results obtained in this study suggest, for the first time,
that an antibiotic-associated depletion of vaginal lactobacilli may have long-term health
consequences by impairing fertility or embryo implantation and that such effect may be
contrasted reversed by microbiological modulation of the vaginal ecosystem.

The species most frequently isolated from vaginal samples in this study belonged to
L. crispatus, L. gasseri, L. iners, and L. jensenii, which are particularly common and abundant
in the human vagina and absent or infrequently found in other human habitats [3,32,67].
Stable codominance of multiple Lactobacillus species is rarely observed in the same vaginal
community [67]. Initial presence of L. crispatus seemed to be positively correlated with
a successful reproductive outcome after the intervention with the probiotic assayed in
this study. In contrast, initial presence of L. iners and L. gasseri seemed to be negatively
correlated with a successful reproductive outcome after the probiotic intervention unless
the L. salivarius strain provided in the trial was able to become dominant in the vagi-
nal samples. L. crispatus and L. iners are probably the most common inhabitants of the
healthy human vagina and are able to perform relevant ecological functions in the vaginal
environment. Transitions from a vaginal community dominated by L. iners to one domi-
nated by L. crispatus, and viceversa, seems to be relatively frequent [68]. The relationships
between these two species and their potential functions have received an increasing sci-
entific interest in the last years [67–71]. However, while there is a general agreement that
a L. crispatus-dominated vaginotype promotes vaginal and reproductive health [72–74],
the role of L. iners is very controversial since this peculiar species has been associated to
beneficial roles for vaginal health [8,75] but, also, to dysbiosis, vaginal infections and a
variety of gynecological conditions, including adverse pregnant outcomes [69,71,76–78].
Functional studies are required to investigate its roles in vaginal bacterial communities and
whether, under certain circumstances, it can be used as a biomarker of reproductive failure.

A characterization of some properties of L. salivarius CECT5713 that may be relevant
for vaginal and reproductive health showed that this strain was able to inhibit all the
clinical isolates of G. vaginalis, S. agalactiae, C. albicans, C. glabrata, C. parapsilosis, and U. ure-
alyticum tested in this study. This antimicrobial activity is relevant since vaginal infections
are associated with an increased risk of adverse urogenital and reproductive health out-
comes [79]. L. salivarius CECT5713 has a high acidifying ability by producing high amounts
of L-lactic acid and small amounts of acetic acid [37]. Eubiosis and dysbiosis in the vaginal
communities are distinguished by the high concentration of lactic acid and the high acidity
that characterize the eubiosis state [79–81], as a direct result of the metabolic activity of the
local lactobacilli, which is enough to inactivate reproductive tract pathogens, including
viruses, bacteria and yeasts [49,82–87]. The capability and rate of production of lactic
acid by lactobacilli is strain-specific and only high levels of lactic acid and a concomitant
very low pH can inhibit microbial growth efficiently in the local vaginal biofilm [88,89].
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From this point of view, L. salivarius CECT5713 seems a suitable candidate as a probi-
otic for the cervicovaginal target. In addition, this strain encodes an α-amylase in its
genome (GenBank: ADJ79335.1), which is fully functional as revealed in the activity assays
performed in this work. This enzyme might contribute, together with host α-amylase,
to degradation of vaginal glycogen and, therefore, to increase lactic acid production and
to maintain the vaginal pH at ≤4.5, promoting the desired lactobacilli dominance in the
vaginal ecosystem [90].

Other properties of L. salivarius CECT5713 that are interesting in relation to the control
of harmful vaginal microbes include a high rate of adhesion to vaginal cells and co-
aggregation with the vaginal pathogens used in this study. High adherence of L. salivarius
strains to vaginal cells has been previously observed and related to the prevention of
vaginal colonization by S. agalactiae [49]. Both adhesion and co-aggregation activities seem
to be highly strain-specific traits [48,49,91,92]. Cell-dependent reduction of Candida spp.
adhesion by Lactobacillus species has been related to co-aggregation and competition for
binding sites [93,94]. Overall, L. salivarius CECT5713 seems to be a strain suitable for
applications involving vaginal homeostasis. This strain was isolated from human milk and
infant feces of a healthy mother–child pair [37], and has been shown to be a good probiotic
strain due to its extensive repertoire of desirable properties and safety, being particularly
suited for application in the mother–infant dyad [38].

In this work, oral administration of L. salivarius CECT5713 to women of the RA and
INF groups led to a relevant number of pregnancies. Women of such groups who had term
pregnancies experienced significant changes in some key microbiological, biochemical
and immunological parameters in the vaginal samples, such as concentration of cultivable
lactobacilli, concentration of L. salivarius specific DNA, pH, Nugent score, and concentra-
tions of VEGF, TGF-β 1 and TGF-β 2. The fact that all of them had high concentrations of
L. salivarius in the vaginal samples and that DNA from this species was also detected by
the qPCR assay reveals that the strain was able to reach and colonize the vaginal mucosa.
The significant reductions of the pH values after the treatment indicate that the strain was
metabolically active and suggests a good agreement between the in vitro potential of the
strain and its in vivo capabilities.

The changes induced by L. salivarius CECT5713 in the concentrations of the growth
factors VEGF, TGF-β 1 and TGF-β 2 seem to be particularly relevant and can be considered
as biomarkers of the efficacy of the strain for the target pursued in the clinical trial. VEGF
is a 45-kDa homodimeric heparin-binding glycoprotein with angiogenic activity that plays
a key role as regulator of vasculogenesis, angiogenesis and vascular function in the human
endometrium [95,96]. Vasculogenesis and angiogenesis are crucial steps for embryogenesis
and particularly for embryo implantation (vessel formation and trophoblastic invasion) and
both processes have been correlated with an increased expression of VEGF and VEGF recep-
tors [97–101]; otherwise, endometrial angiogenesis may be impaired and result in a lethal
phenotype, ranging from failed implantation to first-trimester miscarriage [95,102–105].

TGF-β 1 and TGF-β 2 also promote angiogenesis in vivo [106], and participate in
implantation, trophoblast differentiation, and immunoregulation at the maternal-fetal inter-
face [100,107]. Transcription of TGF-β 1 increases notably in human uterine endometrium
during the first trimester of pregnancy [108], while recurrent pregnancy is associated with a
decrease in the decidual TGF-β [109–111]. Expression of both VEGF and TGF-β 1 is highly
regulated in a temporal and spatial manner during the early stages of implantation, a fact
that underlines their critical role in the evolving pregnancy [109–111]. In addition, TGF-β 1
increases expression of VEGF in the trophoblast [111–115] suggesting a link between the
action of both growth factors.

TGF-β 1 and TGF-β 2 are also of particular interest in this field because of their
well-known roles in regulating the inflammatory response and inducing active immune
tolerance in mucosal tissues [116,117]. Interestingly, both are present at very high con-
centrations in human seminal fluid [118,119], acting as male-female signaling agents that
regulate the female immune response to sperm after coitus and promote maternal immune
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tolerance for embryo implantation and subsequent pregnancy [120–123]. Although stud-
ies in mouse models have shown that exposure to the high concentrations of TGF-β
present in seminal fluid is absolutely required to boost uterine Treg cells prior to embryo
implantation [124–129], this fact is not taken into account in many current ARTs, includ-
ing IVF techniques, where such exposure is absent. Most TGF-β present in human semen is
latent and requires activation to bind to receptors on cervical cells [130,131]. Interestingly,
activation after coitus is facilitated by the acid pH of the vaginal environment [123] and,
in this study, administration of L. salivarius CECT5713 led to an increase of TGF-β 1 and
TGF-β 2 concentrations and, concomitantly, to a significant decrease in the vaginal pH values.

Our study has some limitations. First, the microbiota of the genitourinary tract of
the partner was not evaluated and some studies have shown that male microbiota may
also play a fundamental role in reproductive outcomes [132,133]. In fact, the couple
(when applicable) should be considered as a single entity to achieve the best reproductive
outcomes [134]. This approach will be taken into account in our future studies in this field.
In addition, the metataxomomic analysis included in this study was carried at the genus
level since the 16S rRNA gene approach has poor discriminatory power at the species
level [135,136]. Other approaches, such as shotgun sequencing, should be used in the
future to solve such limitation and to have a broader view of the vaginal microbiome.

Although our knowledge of the mechanisms that these early embryo–maternal in-
teractions has increased in recent years, implantation remains as a rate-limiting step in
human ART and the currently available treatments for infertility or recurrent pregnancy
loss of unknown etiology have a rather limited efficacy [137,138]. Therefore, the possibility
of enhancing angiogenic and tolerance activities in the endometrium by modifying the re-
productive microbiota using bacterial strains specifically tailored for these targets provides
a novel strategy to improve reproductive functions and deserves future basic and clinical
research efforts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/1/162/s1, Supplementary Figure S1. History of recurrent infections and use of antibiotics in in-
fancy and adulthood among the women recruited in this study. Supplementary Figure S2. Changes in
vaginal parameters (pH, Nugent score, TGF-β 1, TGF-β 2, and VEGF concentrations, viable Lacto-
bacillus counts in CVL samples) in women with a history of reproductive failure, because either of
recurrent miscarriage (RA group) or infertility of unknown origin (INF groups), after the probiotic in-
tervention with L. salivarius CECT5713 according to their outcome (pregnancy versus no pregnancy).
Supplementary Figure S3. Comparison of vaginal parameters (pH, Nugent score, TGF-β 1, TGF-β
2, and VEGF concentrations, viable Lactobacillus counts in CVL samples) in healthy fertile women
(C, control group) and those of women with a history of reproductive failure, because either of
recurrent miscarriage (RA group) or infertility of unknown origin (INF groups), after the probiotic
intervention with L. salivarius CECT5713. One-way ANOVA tests followed by Scheffé post hoc com-
parison tests were used to compare the groups; different letters above the boxplots indicate significant
differences. Supplementary Table S1. Relative frequencies, medians and interquartile ranges (IQR) of
the most abundant bacterial phyla (grey shadow) and genera detected in CVL samples from women
who were able to complete a full-term pregnancy (n = 15) and of those who did not (n = 6) among
the women that had a history of repetitive abortion (RA group; n = 21). Supplementary Table S2.
Relative frequencies, medians and interquartile ranges (IQR) of the most abundant bacterial phyla
(grey shadow) and genera detected in CVL samples from women who were able to complete a
full-term pregnancy (n = 10) and of those who did not (n = 13) among the women with infertil-
ity of unknown origin (INF group; n = 23). Supplementary Table S3. Differences in the baseline
characteristics and effect of the probiotic intervention with L. salivarius CECT5713 on the vaginal
parameters of all women who were able to complete a full-term pregnancy (n = 25) and of those
who did not (n = 19) among all participants from both RA and INF groups (n = 44). Supplementary
Table S4. Relative frequencies, medians and interquartile ranges (IQR) of the most abundant bacterial
phyla (grey shadow) and genera detected in CVL samples from women who were able to complete
a full-term pregnancy (n = 25) and of those who did not (n = 19) among women with a history of
reproductive failure, because either of recurrent miscarriage (RA group) or infertility of unknown
origin (INF groups) (n = 44).
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Abstract: Allergic diseases including allergic rhinitis and asthma are increasing in the developing
world, related to a westernizing lifestyle, while the prevalence is stable and decreasing in the
industrialized world. This paper aims to answer the question if prevention and/or treatment of
allergic rhinitis and asthma can be achieved by administrating pro-, pre- and/or synbiotics that
might contribute to stabilizing the disturbed microbiome that influences the immune system through
the gut–lung axis. We searched for relevant English articles in PubMed and Google Scholar. Articles
interesting for the topic were selected using subject heading and key words. Interesting references
in included articles were also considered. While there is substantial evidence from animal studies
in well controlled conditions that selected probiotic strains may offer benefits in the prevention of
wheezing and asthma, outcomes from clinical studies in infants (including as well pre- and postnatal
administration) are disappointing. The latter may be related to the multiple confounding factors
such as environment, strain selection and dosage, moment of administration and genetic background.
There is little evidence to recommend administration of pro, pre- or synbiotics in the prevention of
asthma and allergic rhinitis in children.

Keywords: probiotics; prebiotics; synbiotics; microbiome; children; allergic rhinitis; asthma

1. Introduction

1.1. Prevalence of Asthma and Allergic Rhinitis

The global prevalence of atopic diseases such as asthma, allergic rhinitis and atopic
dermatitis is remarkable and has been expanding over the years [1]. Allergic rhinitis occurs
in 10 to 30% of adults and up to 40% in children and its prevalence is increasing [2]. With
around 339 million people affected globally, asthma is one of the most common long-term
non-transmissible diseases [3]. The worldwide prevalence of doctor-diagnosed asthma
in adults is 4.3% (95% confidence interval (CI) 4.2–4.4), with a wide variation between
countries: the highest occurrence is found in developed countries such as Australia (21%)
and the lowest in third world countries such as Ethiopia (2%) [4]. In children, asthma
is more frequent in boys than in girls due to their smaller airways relative to their lung
size, with a turnaround during puberty, as the prevalence in women is 20% higher than
in men [5]. Asthma prevalence is steady or even shrinking in many developed countries,
but as lifestyles become more westernized in developing countries, there is a fast increase
in its prevalence in these parts of the world [6]. The interaction between the genomic
background, changing environmental conditions such as more pollution [7], increasing
obesity, the “hygiene hypothesis” and less breastfeeding [8] is likely to play a crucial part.
Parental reduction in smoking has proven to reduce asthma [9]. Important to mention
is that in less developed countries, the detection rate of allergic disease is likely to be
lower, which may result in an underestimation of its prevalence [10]. By identifying and
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characterizing more of these conditions and the involved lifestyle factors, epidemiologic
studies try to deduce potential approaches for prevention of allergic diseases [11]. Asthma
causes impaired life quality, substantial disability and preventable deaths in children
and adolescents, combined with important health care costs [6]. As a consequence, the
increased social and economic burden of asthma makes asthma prevention an important
public health goal [12].

1.2. Pathophysiology Asthma and Allergic rhinitis

Atopic diseases like asthma and allergic rhinitis are complex multifactorial conditions
of which the outcome is strongly influenced by a complex interplay between genetic back-
ground, the state of the body’s defenses, gut microbiota and the environment. There are
different mechanisms and typical pathological characteristics of asthma immunopathology,
which can be divided in three groups: non-eosinophilic (neutrophilic type 1 and type 17
and pauci-granulocytic), eosinophilic (allergic and non-allergic), and mixed granulocytic
inflammation [6]. The eosinophilic group represents 50% of all asthma patients. In this pro-
cess, allergen or trigger factor exposure stimulates local inflammatory responses mediated
by immunoglobulin E (IgE) release. This leads to allergen sensitization and the forming of
an atopic response. Type 2 T helper (Th2) cells play a crucial part in this inflammatory pro-
cess by producing cytokines that control fabrication of allergen-specific immunoglobulin E
and inflammation of tissue characterized by the invasion of eosinophils, mast cells and ac-
tivated CD4+ T-cells. Regulatory T-cells (Treg) are involved in preventing the sensitization
to allergens by the production of anti-inflammatory cytokines such as IL-10, by secreting
transforming growth factor B, and by possibly suppressing the production of immunoglob-
ulin E and proliferation of Type 1 T helper (Th1)/Type 2 T helper (Th2) balance. The
mechanisms of tolerance induction are complex [13]. The intestinal microbiome contributes
to the pathological process of allergic diseases because of its notable effect on mucosal
immunity. A healthy microbiome at a young age changes the balance between T helper 1 T
helper 2, shifting towards a T helper 1 cell response. About 60–70% of the immune cells
are located within the gastrointestinal tract. On the other hand, atopic diseases involve
Type 2 T helper reactions to allergens. Unusual allergic responses are believed to occur in
cases of intestinal dysbiosis during the development of the immune system, causing a shift
of the Th1/Th2 cytokine balance towards a Th2 response, a consequent activation of Th2
cytokines and increased production of IgE [14]. Additionally, there is increasing evidence
that a balanced gut microbiome is needed for the proper formation of T-regulatory cells,
which are important for tolerance induction [13].

1.3. Definitions Pro-, Pre- and Synbiotics

Probiotics are live microorganisms that, when administered in sufficient quantities,
give a health improvement of the host. Probiotics induce immunomodulatory mecha-
nisms in many different ways, including skewing of the Th1/Th2 balance towards Th1
by inhibiting Th2 cytokines or indirectly expanding IL-10 and Treg formation via either
dendritic cell development or Toll-like receptors, although the exact mechanism remains
to be clarified [15]. Prebiotics are substrates that are selectively utilized by host microor-
ganisms conferring a health benefit. Synbiotics are defined as a mixture comprising live
microorganisms and substrate(s) selectively utilized by host microorganisms that confer a
health benefit on the host.

1.4. Rationale for Using Pro-, Pre- and Synbiotics in Atopic Diseases

Living circumstances in the industrialized world such as a decreased fermented food
consumption, increased intake of antibiotics and other drugs, and improved hygiene
are according to data from epidemiologic studies associated to the increase in allergic
diseases. More or less exposure to microbial stimuli during infancy is associated to more
or less allergic disease. The association has been described as the “hygiene hypothesis”.
A lack of exposure to microbial stimuli early in childhood is a major factor involved in
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the steep increase in allergy [16]. In those who spend their childhood on a farm, allergic
diseases are less common [16]. The comparison between the composition of microbiota
of farm children and the microbiota of children with other lifestyles shows a significant
difference [16]. Children living on farms are exposed to a wider range of microbes than
children not living on a farm, and this exposure explains a substantial fraction of the
inverse relation between asthma and growing up on a farm [17]. The gastrointestinal
microbiota composition differs between allergic and healthy infants, independent of the
prevalence of allergic disease in the region [13]. In contrary to what has been believed for
a long time, an amniotic microbiome has been reported, and as a consequence, the fetal
intestine may not be sterile since there is the presence of microbial deoxyribonucleic acid in
meconium [18]. Early life is characterized by a rapid change in gastrointestinal microbiota
composition. The first altering factor of the neonatal microbiome is the contact with vaginal,
fecal and skin bacteria of the mother. In caesarean section-born babies, a less diversified
microbiome is observed. The second altering factor is feeding. Human milk is rich in
oligosaccharides which have prebiotic properties (a substrate that is selectively utilized by
host microorganisms conferring a health benefit [19]) and promote the growth of selected
species of bacteria. Human milk is also a natural bacterial inoculum. The third altering
factor is environmental influenced alterations, which may undo the first two beneficial
gut alterations: environments like neonatal intensive care units and medication such as
antibiotics or proton pump inhibitors administered perinatal or during early life [20,21].

During early life, a balanced gastrointestinal microbiota is of major importance for the
balanced skewing of the developing of the immune system and also determines the gut–
lung communication of the gut–lung axis. Therefore, dysbiosis of the intestinal microbiome
during early life will contribute to immune-mediated diseases later in life [14]. However,
these associations between gut microbiota and allergic disease cannot provide a satisfactory
explanation for all observations and does not result in evidence to decrease the rise in
allergic disorders. However, the microbiota hypothesis does provide a rationale for using
pro-, pre- and synbiotics, to alter the microbiota composition in the intestine to result in a
more balanced development of the immune system [13]. Since a child’s microbiota does
not reflect adult patterns until they are two years old, the infant microbiota may be more
susceptible to manipulation [22].

More knowledge is needed on the mechanisms behind dysbiosis, translocation of
microbiota from the intestine to the respiratory tract through various mechanisms and for
a better evaluation of the therapeutic possibilities to correct this dysbiosis, which in turn
can be used to manage various respiratory diseases [23].

In this paper, we will try to answer the question if probiotics or prebiotics and/or
synbiotic supplementation can alter the microbiome sufficiently to have an efficacious
prevention and/or management of allergic rhinitis and asthma.

2. Materials and Methods

A search was performed in PubMed, EMBASE, Google Scholar, Web of Science and
Cochrane Library. We included preferably meta-analyses, systematic reviews and clinical
trials from 1990 up until October 2020 published in the English language. The following
keywords in the respective language were used: “asthma”, “wheezing”, “respiratory
disease”, “allergic rhinitis”, “allergic coryza”, “probiotics”, “prebiotics”, “synbiotics”,
“prevention”, “therapy”, “therapeutics”, “child”. These keywords were combined with the
Boolean command “OR” and were linked by the Boolean command “AND”. Records were
screened based on the titles and abstracts. Articles were extracted using subject heading
and key words of interest to the topic. A second selection was made by reading the abstract.
Interesting references in included articles were also considered. Records were excluded if
the abstract or full text was not available, if the topic was not relevant, if non-English or if
the study design was not adequate. Duplicates were removed.

Search strategy for human studies in the results section: In PubMed, the following search
string was used: (“Asthma”[MeSH Terms] OR “respiratory disease”[Title/Abstract] OR
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“wheezing”[Title/Abstract] OR “recurrent wheeze”[Title/Abstract] OR “rhinitis, allergic, sea-
sonal”[MeSH Terms] OR “allergic coryza”[Title/Abstract]) AND (“Probiotics”[MeSH Terms]
OR “Prebiotics”[MeSH Terms] OR “Synbiotics”[MeSH Terms]) AND “Child”[MeSH Terms].

3. Results

3.1. Probiotics for Prevention of Asthma
3.1.1. Animal Studies

A beneficial effect of the administration of probiotics was suggested by showing that
oral administration of Lactococcus lactis NZ9000 to rats resulted in a decrease in infiltration
of pro-inflammatory leucocytes, mainly eosinophils and decreased lung IL-4 and IL-5
expression in the broncho-alveolar lavage and a reduced level of serum allergen-specific
IgE [24]. Another study conducted in mice using Lactobacillus rhamnosus GR-1 significantly
prevented airway hyperreactivity development and prevented microbiome disturbance in
the asthmatic animals, supporting the existence of the gut–lung axis [25]. An interesting
aspect is that most probiotics are given orally; however, a new approach was tested by
giving probiotics (Lactobacillus paracasei NCC2461 [26] and Lactobacillus rhamnosus GG [27]
in mice through the nose and showed benefits in reducing inflammation of the lungs [28].
The probiotic Bifidobacterium breve M-16V administered to pregnant mice was shown to
be effective in lowering eosinophils in the broncho-alveolar lavage fluid of neonatal mice
and reduced allergic lung inflammation in mice exposed to air pollution [29]. In another
animal study, the intranasal administration of Lactobacillus rhamnosus GG (LGG), but not
Lactobacillus rhamnosus GR-1, suppressed airway hyper-reactivity and reduced the counts
of eosinophils, IL-13 and IL-5 in broncho-alveolar fluid [27]. In addition to inhibiting
inflammatory cell infiltration in lung tissue, Lactobacillus GG was shown to decrease MMP9
expression, a class of enzymes that are involved in the degradation of the extracellular
matrix and of which levels were significantly increased in asthma [30]. Lactobacillus GG
and Bifidobacterium lactis were shown to increase natural regulatory T cells in the lungs of
asthmatic mice in another animal study [31]. Lee et al. mentioned that four Lactobacillus
species used in animal studies had different immunomodulatory effects [32] against allergy
Lactobacillus planetarum had shown some beneficial effect, but this was not the case for
Lactobacillus salivarius and fermentum [33]. Probiotic strain-specific induction of Foxp3þ T
regulatory cells was found in mouse allergy models [34].

3.1.2. Human Studies

In humans, evidence of the use of probiotics as a preventive agent for respiratory
allergies in children was reported to be low [35] (Table 1). A meta-analysis of 2013 showed
that by giving the most frequently used probiotics (Lactobacillus spp. and/or Bifidobacteria
spp.) to prenatal mothers plus continued after birth versus only postnatally, no difference
in IgE levels were seen. Less atopy was seen if the probiotics were given to pregnant
women and continued after birth. Probiotics given after birth only decreases the risk of
atopic sensitization in young children but not of asthma or wheeze [14]. This supports
the theory that probiotics that have colonized the mothers’ intestine will be transferred
at birth during vaginal delivery. Further administration of pro- and prebiotics to the
pregnant mother results in the potential transmission of tolerogenic mediators such as
regulatory cytokines, antibodies and growth factors across the placenta, stimulating the
development of the fetal immune system [36]. This could help to prevent asthma or
allergic rhinitis. Like mentioned above, the findings in pregnant mice are of human interest
since up to now, knowledge was restricted to the fact that Bifidobacterium breve M-16V in
infants can suppress T-helper type 2 immune responses and modulate the systemic Type
1 T helper/Type 2 T helper balance. Exposure of the pregnant mother to air pollution
increases asthma susceptibility of the newborn and later on. Therefore, Bifidobacterium
breve M-16V might contribute to reducing asthma in a population living in highly polluted
areas [29]. In 2014, the Panda Study showed that giving a probiotic mixture postnatally
(two Bifidobactera spp. and Lactococcus lactis) for one year does not have a beneficial effect
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on the development of allergic diseases after six years [37]. After five years follow-up, the
negative outcome persisted [38]. Furthermore, no association (relative risk (RR) 0.59, 95%
CI 0.36–0.96, p = 0.059) was found in a study with a follow-up of 11 years. This study was
a two-center RCT using Lactobacillus rhamnosus HN001 or Bifidobacterium lactis HN019 daily
taken from 35-week gestation to six months postpartum in mothers while breastfeeding and
from birth to the age of two years in infants [39]. Consistent with the previously mentioned
studies, a more recent meta-analysis including 19 RCTs involving 5157 children showed
no association as well in lowering the incidence of asthma and wheezing if probiotics
were given to pregnant mothers or postnatally. However, in infants with atopic diseases,
probiotics seem to reduce the wheezing incidence significantly (RR 0.61, 95% CI 0.42–
0.90; p < 0.05). No association was found between probiotics and a subgroup analysis
of asthma (RR 0.94, 95% CI 0.82–1.09). Important to mention is that due to the small
sample size in the subgroup analysis, the information should be interpreted carefully. The
question “Do infants with atopic disease benefit from probiotics (Lactobacillus spp. and/or
Bifidobacteria spp., Propionibacterium freudenreichii ssp. shermanii JS)?” should be tested
in more heterogenetic, well-designed RCTs. Beneficial effects of specific strains might
become lost by pooling probiotic strains together, since the effects are strain-specific. As
a consequence, meta-analysis should be strain-specific. Due to the wide heterogeneity
of strains, mixture and doses administered, the efficacy of specific probiotic strains has
been difficult to analyze. Therefore, further research is needed to optimize the selection of
probiotic strains and the configuration of intervention regimens [12].

3.2. Probiotics for the Treatment of Asthma

The curative effects of probiotics in asthmatics are not well established [40] (Table 2). A
recent study in baby mice indicated that Bifidobacterium infantis could reduce the infiltration
of inflammatory cells by promoting Th1 immune responses and oppositely suppressing
Th2 immune responses [41]. In a 2008 systematic review, probiotic administration showed
no positive effect in the treatment of asthma [42]. A later meta-analysis from Das et al.,
which included 12 studies, showed no enhancement in quality-of-life scores in asthmatic
patients. However, probiotics were found to be efficacious in diminishing the amount of
asthma attacks [43]. Altogether, the present evidence does not support use of probiotics
in the treatment of asthma, although some studies suggest some benefit while harm was
not reported [40].

3.3. Probiotics for Prevention of Allergic Rhinitis

The occurrence of perennial allergic rhinitis and seasonal allergic rhinitis has been ris-
ing globally and their management is costly [44] (Table 3). Currently, there is no strong proof
that probiotics are successful in preventing allergic rhinitis [45]. Surprisingly, some studies
suggest that there may even be an increased prevalence of allergic rhino-conjunctivitis in
patients taking probiotics in the perinatal period and in childhood [46]. In a systematic
review published in 2014, five RCTs that have studied the preventive role of probiotics in
allergic rhinitis were assessed. Combining data from adults and children, no difference
in incidence of allergic rhinitis between the probiotic and control groups (odds ratio (OR)
1.07, 95% CI, 0.81–1.42, p = 0.64, fixed-effects model), and no significant difference in the
prevention of allergic rhinitis have been found [47]. A 2019 meta-analysis of seventeen
RCTs including 5264 children could not identify a clear advantage of probiotic supple-
mentation during pre- and postnatal periods in the prevention of allergic rhinitis [48].
In follow-up research of a previous study investigating the pre- and postnatal usage of
probiotics in high-risk children between five and ten years of age, Peldan et al. sent surveys
to their parents to investigate if atopic diseases, including allergic rhinitis, were present.
The lifetime prevalence of allergic rhinitis was equal in both probiotic and placebo groups
(35.2% vs. 41.7%, adjusted OR 0.74, 95% CI 0.55–1.00, p < 0.05); nevertheless, the prevalence
of allergic rhino-conjunctivitis at five to ten years of age was greater in the probiotic than in
the placebo group (36.5% vs. 29.0%, OR 1.43, 95% CI 1.06–1.94, p = 0.03) [46]. Following the
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authors of this study, the question form may be biased since manifestations of viral rhinitis
may be mistaken for allergic rhinitis [46]. After a follow-up of 11 years, the same negative
outcome of no association (RR 0.85, 95% CI 0.65–1.1, p = 0.24) was found for probiotics
Lactobacillus rhamnosus HN001 and Bifidobacterium lactis HN019 taken by mothers every day
from 35-week gestation to six months postnatally while breastfeeding and by infants from
birth to two years of age [39]. However, similar to the prevention of asthma, the absence
of evidence for a potential benefit may be due to shortcomings in study designs and the
presence of multiple confounding variables. Probiotic intervention may have a favorable
role in the prevention and additional treatment of allergic rhinitis, although results up to
now are disappointing [49].

3.4. Probiotics for Treatment of Allergic Rhinitis

Avoidance of contact with allergens, medications to reduce symptoms to decrease
inflammation and immunotherapy are standard approaches in the management of allergic
rhinitis [50]. The question raised is if oral probiotics might modulate the microbiome in
such a way that they result in an alteration of the immune system which would contribute
to the treatment of allergic rhinitis [51] (Table 4). The development of allergic inflammation
in a murine house dust mite asthma model is suppressed by synbiotic mixtures of non-
digestible oligosaccharides and Bifidobacterium breve M-16V [52].

A review from 2010 (including seven trials, n = 616, children and adults mixed)
suggested that probiotics (Lactobacillus spp. and Bifidobacterium spp.) contribute to a
decrease in allergic rhinitis symptoms, quality of life and decrease the need for drug intake
(standard mean difference (SMD) −1.17, 95% CI −1.47–0.86; p < 0.00001) [53]. Another meta-
analysis performed in 2014 including 11 RCTs reported similar conclusions, as probiotics
significantly improved both quality of life and nasal symptom scores (SMD −2.97, 95%
CI, −4.77–1.16, p = 0.001). However, this was not associated with an improvement in
immunologic variables [47]. This meta-analysis was criticized for its methodology [47,54].
A 2016 meta-analysis of 22 RCTs also came up with evidence of a potential benefit of
probiotics, once more demonstrating improvement in quality of life. A clinically significant
benefit was reported for at least one outcome in 17 studies, while no benefit could be shown
in six trials. Improvement was mainly regarding quality of life (SMD −2.30, 85% CI −3.93
to −0.67, p = 0.006), while no effect was shown on rhinitis symptoms (SMD −0.34, 95% CI
−0.62–0.07; p = 0.13) or total IgE levels (SMD 0.01, 95% CI −0.17–0.19, p = 0.88), and for
antigen-specific IgE (SMD 0.09, 95% CI −0.44–0.62, p = 0.74) in the placebo group compared
to the probiotic. Studies are characterized by a high degree of heterogeneity in probiotic
strains tested, inclusion criteria and outcomes [55].

In 212 children under five-years-old from Pakistan, a probiotic product administered
as a chewable tablet, containing two x 109 CFU of Lactobacillus Paracasei (LP-33), was
administered once a day for six weeks while the control group was treated with cetirizine
tablet 2.5 mg (<two years) or 5 mg (two-five years) once daily. Significant improvement
from baseline symptoms (rhinorrhea, sneezing, nasal blocking, coughing, feeding difficul-
ties and sleeping difficulties) was reported equally in both groups in almost all children [56].
Although the title of the paper mentions probiotics, the study was in fact performed with
postbiotics since it was lyophilized extracts of bifidobacteria which were shown to suppress
allergic rhinitis in mice via inducing IL-10-producing B cells [57]. Another study (with
mice) showed that Clostridium butyricum extracts—again, postbiotics—can efficiently
inhibit experimental allergic rhinitis by increasing IL-10 expression in B cells [58].

A pilot study in only 20 adult (18–65-years-old) patients with allergic rhinitis caused
by house dust mite allergy suggests that probiotics-impregnated bed linen with five natural
genetically unmodified bacterial probiotic strains of Bacillus species (strains of Bacillus subtilis,
Bacillus amyloliquefaciens and Bacillus pumilus) reduces symptoms and increases quality of
life [59]. A large-scale study is recommended to further investigate all these findings [59].
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3.5. Prebiotics for Prevention/Treatment of Asthma or Allergic Rhinitis

Inulin, fructo-oligosaccharides and galacto-oligosaccharides are well known examples
of prebiotics. Table 5 provides an overview of the literature. These substrates will contribute
to the growth of two common bacteria in the gut-bifidobacteria and lactobacilli [60]. Some of
the substrates interacting with the infant’s gut microbiome are human milk oligosaccharides
(HMOs) [61], which form the third biggest fraction in human milk [36]. In a mouse
model, 2’-fucosyllactose and 6’-sialyllactose decrease the symptoms of food allergy due
to the induction of IL-10(+) T regulatory cells and indirect stabilization of mast cells [62].
Prebiotics such as non-human galacto- and fructo-oligosaccharides have been added to
infant formula to try to mimic the results of HMOs. However, these non-human prebiotics
are less structurally diverse than HMOs [47]. An 18-year follow-up of high-allergy-risk
breastfed infants was conducted to evaluate the relation between HMO profiles of the
mother and the risk of developing asthma, eczema and sensitization. One HMO profile,
namely the acidic Lewis HMOs, showed an increased risk of developing allergic disease
and asthma in youth (OR 5.82, 95% CI 1.59–21.23) compared to the neutral Lewis HMO
profile. Another finding of the study is that the acidic-predominant profile was associated
with a lower risk of food sensitization (OR 0.08, 95% CI 0.01–0.67, p < 0.05). HMOs have only
been recently available on the market; nevertheless, there are some studies investigating
their effect on allergies [63]. A meta-analysis with two studies reporting early respiratory
symptoms as outcome (n = 249) has examined if these non-human oligosaccharides have
effects on allergy. The study found that infants who received prebiotics (non-human
oligosaccharides) had reduced asthma or recurrent wheezing (RR 0.37, 95% CI 0.17–0.80,
p < 0.01) [64]. Another double blinded RCT (n = 461) compared Chinese toddlers drinking
standard milk formula with those drinking a formula containing bioactive proteins and/or
the HMO 2′-fucosyllactose and/or milk fat, for a period of six months. In this study,
however, no difference was found in the occurrence of upper respiratory infections. No
analysis for allergy was conducted [65]. Concluding, there is still little evidence to use
prebiotics for the prevention of asthma and none for allergic rhinitis to our knowledge on
rhinitis. No studies have been conducted to analyze the effects of prebiotics as a treatment
for asthma or allergic rhinitis.

3.6. Synbiotics for Prevention/Treatment of Asthma or Allergic Rhinitis
3.6.1. Asthma

The literature on synbiotics regarding prevention and/or treatment of allergic manifes-
tations is still limited (Table 6). Some analyses do not differentiate between pre-, pro- and
synbiotics. [66]. Ninety infants with atopic dermatitis were managed with a formula with
extensively hydrolyzed protein and were included in a double-blind, placebo controlled
multicenter trial for 12 weeks, randomized to the formula with or without synbiotics over
a period of seven months. One year later, information regarding respiratory symptoms and
asthma medication was collected with a questionnaire. The significant reduced prevalence
of “frequent wheezing” and “wheezing and/or noisy breathing apart from colds” was
observed in the synbiotic group (13.9% vs. 34.2%, absolute risk reduction (ARR) −20.3%,
95% CI −39.2% to −1.5%, and 2.8% vs. 30.8%, ARR −28.0%, 95% CI −43.3% to −12.5%,
respectively). Additionally, the use of asthma medication was significantly lower (5.6% vs.
25.6%, ARR −20.1%, 95% CI −35.7% to −4.5%). However, total IgE levels did not differ.
Increased specific cat-IgE levels were noticed in five children (15.2%) in the placebo group
versus none in the synbiotic group (ARR −15.2%, 95% CI −27.4% to −2.9%). The outcome
of this trial suggests that synbiotics may prevent asthma in infants presenting with atopic
dermatitis [67]. However, the limited number of children included in this trial is a major
limitation. Cabana et al. [68] performed an RCT in 92 infants with a mixture of LGG and
inulin as synbiotic (in the study mentioned as probiotics) between birth and the age of six
months of life in infants with mixed breast and formula feeding [68]. Asthma at the age of
five years was a secondary outcome, but was not statistically different in both groups with
an incidence of 17.4% in the control prebiotic and 9.7% in the symbiotic [68].
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A double-blinded, placebo-controlled RCT performed in Iranian children younger
than 12 years tested the efficacy of synbiotic (Kidilact®: Streptococcus thermophilus, Bifi-
dobacterium spp., Lactobacillus spp. zinc and fructo-oligosaccharide) asthma management.
Multiple outcomes did not show a difference between both groups; the number of out-
patient visits, 19 in the synbiotic versus 55 in the control arm (p = 0.001), was the only
statistically significant difference [69].

3.6.2. Allergic Rhinitis

The effect of synbiotics on prevention of allergic rhinitis will remain unanswered
because no RCTs have been conducted yet to our knowledge (Table 7). Clinical symptoms
and quality of life improve with immunotherapy, but synbiotics do not contribute to this
improvement.

Table 7. Studies examining synbiotics for prevention/treatment of allergic rhinitis.

#

Author
and Publi-

cation
Date

Country
Type of
Study

Number
of

Patients
Age Type of Synbiotic

Administration
Duration of

Synbtics

Long-Term
Follow Up

Effect

1
Dehnavi

et al., 2019
[70]

Iran

placebo-
controlled,

double-
blind
RCT

n = 20 9 up to
53 years

S. thermophilus, B. spp.,
L. spp., FOS

Doses:
not written

2 months Total of
6 months

Significant
reduction in IL-17
gene expression

following
administration of

symbiotic.
Clinical

symptoms and
quality of life

were improved
with

immunotherapy.
Synbiotics did

not have
additional effects

2 Jalali et al.,
2019 [51] Iran Crossover

RCT n = 152
Adults;
30.1±

7.6 years

seven different
Gram-positive

organisms: 9 × 109

cfu/g lyophilized
lactobacilli (L.

acidophilus, L. casei, L.
delbrueckii subsp. L.
bulgaricus, and L.

rhamnosus), 1.25 × 1010

of bifidobacteria
(B. longum, and B. breve),

and 1.5 × 10−10 of
S. salivarius subsp.
thermophilus and

38.5 mg FOS

4 months Total 2
months

Addition of
probiotics to
budesonide
significantly

improved QoL in
persistent AR

patients

Legend. #: number; RCT, randomized controlled trial; spp., species; cfu, colony-forming unit; CI, confidence interval; RR, relative risk; L:
Lactobacillus; B: Bifidobacterium; S; Stretococcus; FOS; fructo-oligosaccharide.

Synbiotics in the treatment of allergic rhinitis are also poorly studied, although some
of the trials reporting on the efficacy of probiotics, in fact, concern synbiotics [37]. A
placebo-controlled, double-blind RCT in a small number of children and adults (n = 20,
age nine-53 years) in Iran showed that immunotherapy and a synbiotic (Streptococcus
thermophilus, Bifidobacterium spp., Lactobacillus spp., fructo-oligosaccharide) reduced the
gene expression of IL-17 after two and six months (p = 0.001, p = 0.0001) more compared to
the group receiving immunotherapy and a placebo [70]. Other probiotics [71] were also
shown to reduce cytokine IL-17 by directly and indirectly downregulating and suppressing
the T helper 17 subset. A 2019 crossover RCT (n = 152 subjects (30.1 ± 7.6 years) in adults
in Iran showed that adding synbiotics (however, in the study, mentioned as probiotics) to
budesonide significantly ameliorated quality of life in persistent allergic rhinitis patients
(p < 0.05 for social functioning and p < 0.001 for mental health and vitalism) [37]. The patient
population used in this study may not be representative for allergic rhinitis patients in the
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overall population, since symptoms did not respond to usual therapy with antihistamines,
antileukotrienes, decongestants and nasal steroids [51].

More well-designed studies, investigating only the effects of synbiotics for allergy
prevention and/or treatment, are needed [36].

4. Conclusions

Meta-analyses have showed marked heterogeneity as well in inclusion criteria, studied
products and primary outcomes between studies, making direct comparison hazardous.
Today, the American Academy of Pediatrics, the European Academy of Allergy and Clinical
Immunology, the National Institute of Allergy and Infectious Disease, and the European
Society for Pediatric Gastroenterology, Hepatology and Nutrition do not recommend the
use of probiotics for primary prevention of allergic disease [13]. The lack of evidence is
the consequence of large heterogeneities between study designs, differences in strains,
and dosages and duration of probiotics administered. Future research may clarify these
issues [35]. Data from laboratory research in well-controlled conditions demonstrate
an important role for gastrointestinal microbiota composition on the development of
allergic disease in the respiratory tract, suggesting even a causal relation. Data from
clinical human studies remain disappointing. The multiple confounding variables in the
clinical situation, therefore, illustrate the impact of environmental and other variables
on the development of allergic disease. Overall, we have to conclude that the evidence
is insufficient to recommend administration of pro-, pre- or synbiotics in the prevention
or treatment of respiratory tract allergies. However, adverse effects are not reported.
Additionally, data obtained in controlled situations suggest benefits. Future research
requires thoughtful development of appropriate study design according to internationally
set standards to ensure uniformity [72]. The modes of action of pro-, pre- and synbiotics
need to be further clarified in health and disease [40].
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Abstract: The early life gut microbiota has been reported to be involved in neonatal weight gain and
later infant growth. Therefore, this early microbiota may constitute a target for the promotion of
healthy neonatal growth and development with potential consequences for later life. Unfortunately,
we are still far from understanding the association between neonatal microbiota and weight gain
and growth. In this context, we evaluated the relationship between early microbiota and weight in
a cohort of full-term infants. The absolute levels of specific fecal microorganisms were determined
in 88 vaginally delivered and 36 C-section-delivered full-term newborns at 1 month of age and
their growth up to 12 months of age. We observed statistically significant associations between the
levels of some early life gut microbes and infant weight gain during the first year of life. Classifying
the infants into tertiles according to their Staphylococcus levels at 1 month of age allowed us to
observe a significantly lower weight at 12 months of life in the C-section-delivered infants from the
highest tertile. Univariate and multivariate models pointed out associations between the levels of
some fecal microorganisms at 1 month of age and weight gain at 6 and 12 months. Interestingly,
these associations were different in vaginally and C-section-delivered babies. A significant direct
association between Staphylococcus and weight gain at 1 month of life was observed in vaginally
delivered babies, whereas in C-section-delivered infants, lower Bacteroides levels at 1 month were
associated with higher later weight gain (at 6 and 12 months). Our results indicate an association
between the gut microbiota and weight gain in early life and highlight potential microbial predictors
for later weight gain.

Keywords: infants; microbiota; Staphylococcus; Enterococcus; Bifidobacterium; weight gain
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1. Introduction

From birth, and initially depending on the delivery mode, the neonatal gut is colonized
by a rapidly diversifying microbiota, reaching an adult-type microbiota around 3–5 years
of life. During early life, other perinatal factors, such as feeding practices, environment or
antibiotic treatments, also contribute to shaping the microbiota development [1]. Current
evidence supports the role of this early microbiota in promoting and maintaining a balanced
immune response and adequate brain development and, subsequently, in the future health
of the infant [2,3]. Induction of early microbiota alterations by antibiotics use has been
linked to allergic diseases [4], obesity [5], risk of colorectal cancer [6] and other potential non-
communicable diseases (NCDs) later in life [7,8]. These studies underline the importance
of the early life microbiota as a key driver for adequate infant development and later
health. Moreover, recent evidence indicates that altering this early microbiota may also
have long-lasting effects on body weight and weight gain in childhood and on the later
risk of obesity during adulthood [9–13]. Indeed, higher birth weight and rapid growth
during early life have been linked to increased risk of overweight and obesity during
childhood and adulthood [14–18]. Interestingly, a recent study reported the very early life
microbiota which is present in meconium or first-pass neonatal samples as a predictor
of infant overweight by the age of 2 years [19]. Early microbiota composition has also
been linked to overweight and obesity at later infancy [20,21]. On the other side, other
recent studies have highlighted the effect of antibiotic treatment on infant growth and
development during the first 6 years of life [12].

In this context, the potential relationship between early microbiota and weight gain is
of great interest since this relationship offers opportunities for the microbiota-mediated
modulation of weight gain [22] and/or the prevention of growth impairment [23]. Recently,
some studies have assessed the potential association between early microbiota and weight
gain in preterm infants [24,25]; however, data on full-term babies are still scarce.

In this study, we evaluated the association between the early life microbiota and the
later weight gain in both vaginally and C-section-delivered healthy full-term infants. We
aimed at identifying if the levels of selected microorganisms at 1 month of age were related
to later weight gain during the first year of life in these two groups of infants. With this goal,
we used quantitative PCR (qPCR) for assessing specific microbial groups in the infant’s
feces at the age of 1 month and monitored weight gain during the first year of life.

2. Subjects and Methods

2.1. Recruitment and Sampling

A total of 124 infants born after a full-term, uncomplicated pregnancy by vaginal
delivery (n = 88) or by C-section (n = 36) were recruited at the neonatology units of the
University Central Hospital of Asturias (Oviedo, Northern area, Spain) and the University
Clinic Hospital of Valencia (Valencia, Mediterranean area, Spain). Inclusion criteria were
no metabolic (obesity, diabetes) or chronic diseases and no probiotics consumption by
mothers during late pregnancy or infants’ early life and no antibiotics administration to
the infants. Clinical data such as gestational age or perinatal maternal antibiotics were
recorded, as well as neonatal weight and height at birth, at 1, 6 and 12 months of life, the
change in weight (weight gain), Z-scores for weight, height and weight-for-height were
calculated for each infant at each time point. A fresh fecal sample was collected at 1 month
of age and immediately frozen for later microbiota analyses.

Families received detailed study information and signed an informed consent form.
The study recruitment and sampling have been approved by the Regional Ethics Committee
of Clinical Research of Asturias (Ref. 12/16. 3 February 2016), the Ethics Committee of
the Hospital Clínico Universitario de Valencia INCLIVA (Ref. 9 January 2015) and the
Committee on Bioethics of CSIC. The procedures were performed in accordance with
the fundamental principles set out in the Declaration of Helsinki, the Oviedo Bioethics
Convention, the Council of Europe Convention on Human Rights and Biomedicine and the
Spanish legislation on bioethics. The Directive 95/46/EC of the European Parliament and

248



Nutrients 2021, 13, 2412

the Council of 24 October 1995, on the protection of individuals regarding the processing of
personal data and on the free movement of such data were (and will be) strictly followed.

2.2. Fecal Microbiota Analyses

Total DNA was isolated from all fecal pellets as described previously by using the
QiAGEN Stool Kit (QIAgen. Hilden. Germany) [26]. The extracted DNA was then used
for quantifying fecal levels of the Enterobacteriaceae family, the Bacteroides-group and the
genera Bifidobacterium, Enterococcus, Staphylococcus and Lactobacillus group by quantitative
PCR using previously described primers, conditions and standard cultures (Table 1). PCRs
were performed either in a LightCycler® 480 Real-Time PCR System (Roche®) or a 7500
Fast Real-Time PCR system (Applied Biosystems) by using the SYBR Green. A subgroup of
samples (n = 33) was analyzed in both machines to ensure comparability, without detecting
statistically significant differences between the data obtained in each of them (data not
shown), with both machines showing high correlation (Pearson’s correlation coefficients
ranging between 0.785 and 0.942 depending in the primer pair used).

Table 1. Primers and PCR conditions for the different primer pairs used in this study.

Bacterial Group Primers Tm Reference

Bacteroides-group F-GAGAGGAAGGTCCCCCAC
R-CGCKACTTGGCTGGTTCAG 56·◦C [26]

Bifidobacterium genus F-GATTCTGGCTCAGGATGAACGC
R-CTGATAGGACGCGACCCCAT 60 ◦C [27]

Enterobacteriaceae family F-CATTGACGTTACCCGCAGAAGAAGC
R-CTCTACGAGACTCAAGCTTGC 63 ◦C [28]

Enterococcus genus F-CCCTTATTGTTAGTTGCCATCATT
R-ACTCGTTGTACTTCCCATTGT 61 ◦C [29]

Lactobacillus-group F-AGCAGTAGGGAATCTTCCA
R-CACCGCTACACATGGAG 58 ◦C [30,31]

Staphylococcus genus F-ACGGTCTTGCTGTCACTTATA
R-TACACATATGTTCTTCCCTAATAA 56 ◦C [32]

2.3. Anthropometrical Determinations

Child height and weight were recorded to the nearest 0.1 cm and 0.1 kg, respectively,
through standardized procedures by pediatric nurse and registered at birth, 1, 6 and 12
months. With this information and the date of birth, Z-score was calculated by using WHO
ANTHRO, Software for Calculating anthropometry, Version 3.2.2 (https://www.who.int/
childgrowth/software/es/; accessed on 14 July 2021). The WHO Child Growth Standards
provide child growth measures standardized by age and sex using Z-score.

2.4. Statistical Analyses

For statistical analysis, the free software R (https://www.r-project.org; accessed on 7
June 2021) was used. Variables are described by mean and standard deviations, median
and percentiles or by counts and frequencies. Student–Welch and Chi-square tests were
used for checking the mean and distributions equalities, respectively. Pearson correlation
coefficients were used for studying the association between continuous variables. A
heatmap, generated in R package using the heatmap.2 application in ggplots package [33]
was employed for summarizing the analyses. Comparisons on bacterial levels among
the different infants’ groups were achieved by using a t-test with Bonferroni’s correction.
Multiple mixed linear models were used for studying the effect of the microbial levels at
one month and the weight gain, weight, height and Z-scores at 1, 6 and 12 months. These
models were used unadjusted and after adjusting for potential confounders in both groups
of infants (vaginally or C-section-delivered). Backward stepwise analyses based on the
Aikaike Information Criterion (AIC) were employed to determine whether the variables
were included in a potential predictive model. A forest plot was used to show the effect
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sizes (with 95% confidence intervals) in both the so-labeled univariate and the multivariate
models in both groups of infants (adjusting by infant gender and feeding type). Time
variation in weight was determined according to the tertile classification of each of the
microbial groups analyzed in this study. For this purpose, the cut-off points established
were: 1) for vaginally delivered babies; Bacteroides group (T1 < 6.72; T2 6.72–8.59; T3 >
8.59); Bifidobacterium (T1 < 8.37; T2 8.37–8.98; T3 > 8.98); Enterobacteriaceae (T1 < 7.79; T2
7.79–8.60; T3 > 8.60); Enterococcus (T1 < 6.52, T2 6.52–7.60, T3 >7.60); Lactobacillus group
(T1 < 5.60, T2 5.60–6.75, T3 > 6.75); Staphylococcus (T1 < 5.94, T2 5.94–6.75, T3 > 6.75) and
2) for C-section-delivered babies; Bacteroides group (T1 < 6.48; T2 6.48–7.30; T3 > 7.30);
Bifidobacterium (T1 < 7.78; T2 7.78–8.79; T3 > 8.79); Enterobacteriaceae (T1 < 6.95; T2 6.95–
8.42; T3 > 8.42); Enterococcus (T1 < 6.58, T2 6.58−7.92, T3 > 7.92); Lactobacillus group (T1 <
5.23, T2 5.23−6.54, T3 > 6.54); Staphylococcus (T1 < 5.40, T2 5.40–6.77, T3 > 6.77). p-values
below 0.05 were considered statistically significant.

3. Results

3.1. General Description of the Population

The 124 full-term babies (55 males/69 females) included in this study were born
at gestational ages ranging from 37 to 41 weeks (mean 39.6). Of these, 88 babies were
delivered vaginally (birth weights between 2135 and 4800 g) and 36 by C-section (birth
weights between 2215 and 4690 g). There were no statistically significant differences in
mean weight according to delivery mode (mean weight of 3189 vs. 3215 for vaginal and
C-section babies, respectively). Fifty-six of the infants born vaginally were exclusively
breastfed, whereas 31 babies received formula or mixed feeding at the age of 1 month. In
C-section babies, the proportion of children receiving each of these feeding types was 50
percent. Female babies showed a significantly higher rate of vaginal delivery than males
(80% vs. 58%, p = 0.019), whereas no differences in feeding habits were observed between
boys and girls.

3.2. Gut Microbiota Composition and Weight Gain Are Affected by Different Variables

In this study, the main microbial phyla representatives were quantified by using group-
specific qPCR methods. As expected, the microbiota of vaginally delivered babies was
different from that of C-section ones, with significantly (P < 0.05) higher levels of Bacteroides-
group of microorganisms (7.65 ± 1.42 vs. 6.74 ± 0.98 Log nº cells/g, respectively) and
Bifidobacterium (8.52 ± 0.76 vs. 8.05 ± 1.02) in the former group. No differences between
both groups of infants were observed for any of the other microbial groups analyzed
(Enterobacteriaceae, 8.07 ± 1.11 vs. 7.66 ± 1.38; Enterococcus, 6.96 ± 1.38 vs. 6.97 ± 1.56;
Lactobacillus, 6.08 ± 1.52 vs. 5.79 ± 1.58; Staphylococcus, 5.94 ± 1.56 vs. 5.84 ± 1.60). These
differences in the levels of some of the microbial groups analyzed between both delivery
mode groups prompted us to consider them as two different groups and analyze them
separately.

In both groups of 1 month-old infants, the genus Bifidobacterium was the bacterial
group showing the highest levels, followed by members of the Enterobacteriaceae fam-
ily and Bacteroides-group (Table 2). Interestingly, no differences in bacterial levels were
observed between 1 month-old males and females neither in vaginally delivered nor in
C-section-delivered babies. Concerning infant feeding practices, exclusive breastfeeding
was found to be associated with reduced levels of enterococci at 1 month of age compared
to formula/mixed feeding; the differences reaching statistical significance (P < 0.05) in
vaginally delivered babies (Table 2).
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Table 2. Levels (Log nº cells/g) of some relevant bacterial groups in fecal samples of the vaginally delivered or C-section-
delivered infant population included in this study, categorized by feeding type, gender and mode of delivery.

Vaginally Delivered Babies (n = 88) C-Section-Delivered Babies (n = 36)

Bacterial
Groups

Gender Feeding Type Gender Feeding Type
Phyla Male Female EBF MF Male Female EBF MF

(n = 33) (n = 55) (n = 56) (n = 31) (n = 22) (n = 14) (n = 18) (n = 18)

Bacteroidetes Bacteroides
group 7.63 ± 1.57 $ 7.67 ± 1.34 $ 7.55 ± 1.57 7.79 ± 1.08 $ 6.67 ± 0.97 $ 6.85 ± 1.03 $ 6.85 ± 0.88 6.63 ± 1.09 $

Actinobacteria Bifidobacterium
genus 8.45 ± 0.92 8.57 ± 0.65 $ 8.48 ± 0.76 8.60 ± 0.78 $ 8.16 ± 1.01 7.89 ± 1.06 $ 8.05 ± 1.10 8.05 ± 0.98 $

Proteobacteria Enterobacteriaceae 8.18 ± 1.11 8.01 ± 1.12 8.01 ± 1.00 8.17 ± 1.33 7.51 ± 1.38 7.89 ± 1.39 7.69 ± 1.31 7.62 ± 1.48

Firmicutes

Enterococcus
genus 6.64 ± 1.64 7.15 ± 1.16 6.54 ± 1.31 * 7.77 ± 1.13 * 6.89 ± 1.38 7.10 ± 1.87 6.60 ± 1.68 7.34 ± 1.38

Lactobacillus
group 6.05 ± 1.63 6.10 ± 1.47 6.08 ± 1.55 6.10 ± 1.52 5.95 ± 1.63 5.55 ± 1.52 5.41 ± 1.66 6.17 ± 1.44

Staphylococcus
genus 6.00 ± 1.48 6.02 ± 1.41 6.15 ± 1.47 5.71 ± 1.34 5.43 ± 1.55 6.48 ± 1.51 5.98 ± 1.62 5.70 ± 1.61

All values are shown as mean ± standard deviation. EBF, exclusive breastfeeding; MF, formula/mixed feeding. There is a missing value in
feeding type (n = 87). * Denotes statistically significant differences (p ≤ 0.05) between genders or feeding types within the same delivery
group. $ Denotes statistically significant differences (p ≤ 0.05) for infants from the same gender or feeding type between the two delivery
groups (vaginally delivered or C-section-delivered).

As expected, when analyzing the anthropometric parameters in the sample (Table 3),
statistically significant differences were found between both genders, with body weight and
height being higher in males. Moreover, C-section-delivered infants on formula/mixed-
feeding showed a significantly lower birth weight and weight and height by the age of
1 month (P = 0.022) without noticing statistically significant differences at a later age. Z-
scores showed statistically significant differences in weight for height at 1 and 6 months
but not at 12 months of age, and no other statistically significant differences in Z-scores
were obtained between vaginally delivered and C-section babies (Supplementary Table S1).

Table 3. Weight and weight gain during the first year of life in the infants included in this study as categorized by feeding
type, gender and delivery mode.

Vaginally Delivered Babies (n = 88) C-Section-Delivered Babies (n = 36)

Gender Feeding Type Gender Feeding Type
Male Female EBF MF Male Female EBF MF

Variable (n = 33) (n = 55) (n = 56) (n = 31) (n = 22) (n = 14) (n = 18) (n = 18)

Weight birth (g) 3358 ± 520 * 3036 ± 579 * 3202 ± 328 3087 ± 867 3317 ± 629 3055 ± 479 3504 ± 479 * 2927 ± 508 *
Height birth (cm) 49.9 ± 2.6 48.7 ± 1.8 49.2 ± 1.8 48.9 ± 2.9 49.7 ± 2.6 48.6 ± 2.1 50.0 ± 2.3 48.5 ± 2.4

Weight 1 month (g) 4310 ± 531 * 3898 ± 497 * 4117 ± 428 $ 3954 ± 702 4235 ± 751 3887 ± 602 4415 ± 769 *,$ 3784 ± 482 *
Height 1 month (cm) 54.1 ± 2.0 53.2 ± 2.7 53.7 ± 2.2 53.3 ± 3.1 53.5 ± 2.8 52.6 ± 2.8 54.6 ± 2.2 * 51.7 ± 2.6 *
Weight 6 month (g) 8129 ± 712 * 7106 ± 738 * 7355 ± 860 7721 ± 877 8142 ± 972 * 7206 ± 890 * 7951 ± 1169 7606 ± 886

Height 6 month (cm) 68.4 ± 2.3 * 65.9 ± 2.5 * 66.6 ± 2.8 67.2 ± 2.6 67.4 ± 2.5 * 65.7 ± 2.5 * 67.2 ± 2.5 66.3 ± 2.7
Weight 12 month (g) 10369 ± 1003 * 8921 ± 921 * 9414 ± 1204 9515 ± 1142 9971 ± 1019 * 9020 ± 937 * 9838 ± 1227 9363 ± 885

Height 12 month (cm) 76.7 ± 2.9 * 73.5 ± 2.9 * 74.9 ± 3.3 74.4 ± 3.3 75.3 ± 2.5 73.5 ± 3.8 75.5 ± 2.8 73.7 ± 3.4
Weight gain 1 month (g) 952 ± 305 872 ± 511 914 ± 334 884 ± 609 917 ± 344 832 ± 292 911 ± 397 857 ± 235
Weight gain 6 month (g) 4717 ± 633 * 4071 ± 876 * 4208 ± 882 4499 ± 767 4824 ± 1058 * 4151 ± 746 * 4446 ± 905 4679 ± 1091

Weight gain 12 month (g) 7015 ± 882 * 5886 ± 1030 * 6271 ± 1200 6350 ± 950 6653 ± 1026 * 5965 ± 831 * 6334 ± 1007 6437 ± 1024

All values are shown as mean ± standard deviation. EBF, exclusive breastfeeding; MF, formula/mixed feeding. * Denotes statistically
significant differences (p ≤ 0.05) between gender or feeding types within the same delivery group. $ Denotes statistically significant
differences (p ≤ 0.05) for infants from the same gender or feeding type between the two delivery groups (vaginally delivered or C-section-
delivered).

3.3. Gut Microbial Groups at 1 Month Are Associated with Weight Gain

The analysis of Pearson correlation coefficients pointed out different associations
between microbes and infant growth depending on the mode of delivery (vaginal and
C-section-delivered babies). In vaginally delivered infants, the family Enterobacteriaceae
was the microbial group showing more correlations with the infant’s growth variables
(Figure 1). A significant positive association was observed between the levels of these
microorganisms at 1 month and Z-score birth weight, weight at 1 month, Z-score weight at
1 month, Z-score weight for height at 1 month and Z-score weight at 6 months (Figure 1).
Similarly, in this group of infants, the levels of Staphylococcus showed a significant positive
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association with weight and Z-score for weight at 1 month of age. In C-section-delivered
babies, the only significant correlations observed were the negative association between the
levels of Bacteroides at 1 month and weight and height (as raw measures and as Z-scores)
at the age of 6 months, and the direct association between levels of enterocci and weight
gain at 6 months (Figure 1). Although no other statistically significant differences were
obtained, the data indicate different interactions between bacteria and infant development
depending on the delivery mode; the levels of some microorganisms at 1 month of age,
such as Bacteroides or Staphylococcus, showed a clearly different pattern in vaginally and
C-section-delivered infants.

Figure 1. Heatmap showing the pairwise Pearson correlation coefficients between microbial groups at 1 month of age and
the analyzed growth variables for both vaginally delivered and C-section-delivered babies. * p < 0.05.

To gain further insight into these associations, infants were classified according to
the tertiles of the levels of the different microorganisms analyzed, and the variations on
body weight, along the first year of life, were compared among these tertiles (Figure 2). No
statistically significant differences were observed on the evolution of weight during the
first 12 months of life among the tertiles for the fecal levels of Bacteroides, Bifidobacterium,
Enterobacteriaceae, Enterococcus and Lactobacillus, neither in vaginally delivered nor in
C-section babies. However, C-section children classified according to the tertiles obtained
for the levels of Staphylococcus showed statistically significant differences in their weight
trajectory (Figure 2). C-section infants harboring high levels of staphylococci at 1 month
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of age (upper tertile) displayed a significantly lower weight at 1 year of age, with this
phenomenon not being observed in vaginally delivered babies.
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Figure 2. Long-term variations in body weight for the tertiles according to fecal levels of the
Staphylococcus at 1 month of age in vaginally delivered or C-section-delivered babies (n = 122) (T1,
tertile 1; T2, tertile 2; T3, tertile 3). * p ≤ 0.05.

Hereafter, uni- and multivariate regression models were performed for a deeper
assessment of the association between early microbiota and weigh-gain in both groups of
infants (Figure 3). To take into consideration the potential effects of gender and feeding
type, the models were controlled for these two variables, and the relationship between
microbiota at 1 month of age and infant weight gain at 1, 6 and 12 months of age was
assessed (Figure 3). Different effects were observed between both groups of infants. A
significant positive effect of the levels of Staphylococcus at 1 month of age on weight gain at
1 month was obtained in both the unadjusted (p = 0.016) and adjusted (p = 0.036) models
in vaginally delivered babies, but these do not reach significance in C-section-delivered
infants. On the contrary, a negative association of Bacteroides levels at 1 month of age
with weight gain at 6 and 12 months was observed in the C-section group (p = 0.007 in
unadjusted and p = 0.014 in the adjusted model at 6 months of age, and p = 0.031 and p
= 0.052, respectively, at 12 months of age). The other microbial groups analyzed did not
show any statistically significant effect.
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Figure 3. Forrest plots showing the effect sizes (with 95% confidence interval) of the association of microbiota-related
variables with infant weight gain at 1, 6 and 12 months of age according to delivery mode (vaginal delivery (A) and
C-section (B)). Results from unadjusted model and adjusted by gender and type of feeding. Dotted lines represent the zero
value, with values on the left side indicating negative associations and those on the right side indicating associations with
positive sign.

4. Discussion

The levels of the different microbial groups analyzed in this study were in line with
those previously described for 1 month-old full-term infants [26,34,35]. Additionally, in
accordance with previous studies, bifidobacteria was the bacterial group showing the
highest levels, followed by enterobacteria, which is another of the dominant microbial
groups in un-weaned infants [26,34]. Additionally, as expected [1], differences in the
microbial levels were observed between vaginal and C-section-delivered babies.
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Gender-associated differences in the infant microbiota composition and diversity have
been previously reported [36,37]; however, in the present work, we did not notice any
significant differences in the levels of the analyzed microbial groups between males and
females, neither in vaginally nor in C-section-delivered babies. This is one aspect that
deserves further attention since understanding the potential gender differences in the
microbiome, the so-called microgenderome [38], and the role that these play in the risk of
disease is of utmost importance for developing microbiota modulation strategies in early
life. It must be taken into consideration that early life constitutes a critical moment. Some
studies have reported an association between antibiotic treatments during the postnatal
period microbiota [34,39] and an increased risk of obesity and related metabolic disor-
ders [40,41]. This suggests a possible influence of microbiota alterations during this period
in obesity risk later in life, as it has been demonstrated in animal models [42].

Moreover, some studies have also reported associations between early microbiota and
weight gain [24,37,43]. However, due to the growing evidence linking the microbiota in
early life to obesity risk, we consider that studies focused on full-term infants, as the present
one, are especially relevant in this context. In this regard, previous studies demonstrated
an altered microbiota during the first year of life in infants developing obesity later on [20],
pointing out at the first months of life as the key moment for later metabolic homeostasis.

Interestingly, some microorganisms, such as Staphylococcus or Enterococcus, have been
previously reported to be negatively associated with infant weight/weight gain in preterm
infants during very early life [24]. The levels of these microorganisms were also found to be
lower, at 5 and 9 months of life, in excessive weight gaining full-term infants than in those
showing an appropriate weight gain [43]. However, some differences among studies are
also present, likely due to the different methodologies and experimental designs used; for
instance, we analyzed the microbiota at 1 month of age, whereas others analyzed it at a later
stage (5 and 9 months of age) [43], and we segregated the analyses by delivery mode whilst
other authors did not. Actually, our results indicate the existence of different interactions
in vaginally delivered and in C-section-delivered babies. We observed that changes in
the sign of the microbe-weigh association might occur along different sampling times, as
evidenced by our data on staphylococci, showing a positive association with weight gain
at 1 month of age but not at later ages when the interaction seems to be even negative.
Interestingly, in C-section-delivered babies, but not in vaginal infants, the levels of the
Bacteroides-group at 1 month of age correlated negatively with later weight, even when
the model was adjusted by feeding mode. Delayed colonization by this microorganism
has been often reported in C-section-delivered babies [44,45] and C-section delivery has
been linked to increased risk of childhood obesity [46]. These observations point out at
the levels of Bacteroides during early life as a potential early marker for the later risk of
excessive weight gain in C-section-delivered babies, an aspect that should be the subject of
further studies.

It is important to point out that different factors may influence infant growth trajecto-
ries. Among these, infant feeding habits may be of importance. Our results showed that
exclusive breastfeeding was associated with significantly lower levels of Enterococcus in
vaginally delivered babies and with a trend (non-statistically significant) also observed in
the C-section-delivered group. In the former group, a trend towards higher Staphylococcus
levels was also observed. These two microorganisms have been linked to the feeding
pattern of the infant. Breastmilk has been previously described as a source of Staphylococcus,
with increased levels of this microorganism being found in breastfed babies [47]. Other
studies, in accordance with our results, reported lower levels of Enterococcus in breastfed
infants [48]. Altogether, these results suggest that the observed differences in microbial
groups and weight gain may be partly related to the feeding habit of the infant. However,
although the feeding habit is likely an important factor, our multivariate models were
corrected for this variable and some of the effects still remained significant, indicating a
microbiota–weight association independent of the feeding type. Therefore, the microbiota–
host relation needs to be considered in the analyses focused on infant growth trajectories in
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order to shed light on the influence of this relationship for child development. Once this
relationship is fully understood, it may be possible to develop nutritional strategies, such
as dietary probiotics or prebiotics targeting the infant, or perhaps the pregnant or lactating
mother, for modulating early life microbiota and the later infant weight gain.

It is also important to underline that our sample size is still limited for establishing
strong general conclusions, especially in a context where several potential confounder
factors may be present, as is the case in infant microbiota studies. However, it is also
true that the infants included originated not just from a unique hospital and geographical
location, which could be a source of bias, but from two distant locations. It is worth
pointing out as well that our microbiota data are restricted to defined microbial groups for
which absolute levels were determined and the potential influence of other microorganisms
may have been overseen.

5. Conclusions

This work is among the first ones assessing the relationship between the absolute
levels of relevant early life intestinal microorganisms, such as bifidobacteria, enterobacteria,
lactobacilli, enterococci or staphylococci, and the later weight gain in either vaginally or
C-section-delivered full-term infants. The data point out the relationship between specific
infant gut microbes and healthy infant development. Our results underline the interest in
exploring the intestinal microbiota as a potential target for favoring proper growth and
weight gain in infants with potential consequences in later health.
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