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The advent of new sequencing technologies has inspired the foundation of novel research
to ascertain the connections between the microbial communities that reside in our gut and some
physiological and pathological conditions. The microbiota, defined as the full collection of microbes
(bacteria, fungi, and viruses, among others) that naturally exist within a particular biological niche,
is estimated to contain 500–1000 species [1–4].

This Special Issue of Nutrients, “Nutrition, Microbiota, and Noncommunicable Diseases” contains
13 original publications and seven reviews investigating the contribution of intestinal microbiota on
relevant health outcomes in a variety of populations, and animal studies which suggest the growing
and extensive interests of research on this topic.

Seven studies were published examining the changes in intestinal microbiota in the human
population. Two of these studies recruited patients with metabolic syndrome. Tenorio-Jimenez et al. [5]
reported the anthropometric variables and biochemical and inflammatory biomarkers as well as the
gastrointestinal microbiome composition changes in a randomized, crossover, placebo-controlled,
single-center trial in adult patients newly diagnosed with metabolic syndrome treated either
with Lactobacillus reuteri V3401 or a placebo during 12 weeks. L. reuteri V3401 administration
improved selected inflammatory parameters and modified the gastrointestinal microbiome, especially
Verrucomicrobia [5], and Bellikci-Koyu et al. [6] investigated the effects of regular kefir consumption
on gut microbiota composition, and their relation with the components of metabolic syndrome in a
parallel-group, randomized, controlled clinical trial for 12 weeks. Gut microbiota analysis showed that
regular kefir consumption resulted in a significant increase only in Actinobacteria abundance [6].

In two more additional studies, one with healthy elderly women and another with patients
with non-alcoholic fatty liver disease (NAFLD), Morita et al. [7] examined the effect of an exercise
intervention (12 weeks, trunk muscle training or aerobic exercise training) on the composition of the
intestinal microbiota in healthy elderly women. Bacteroides abundance was significantly increased
only in the aerobic exercise group, particularly in subjects showing increases in the time spent
in brisk walking [7], and Chong et al. [8] determined whether inulin supplementation after brief
metronidazole therapy is effective in reducing alanine aminotransferase and maintaining weight loss
achieved through a very-low-calorie diet among people with NAFLD. Treatment decreased the ratio of
Firmicutes/Bacteroidetes [8].

Lau et al. [9] evaluated the association of probiotic ingestion with obesity, type 2 diabetes,
hypertension, and dyslipidemia using data from the National Health and Nutrition Examination
Survey, 1999–2014. Probiotic supplementation or yogurt consumption were associated with a lower
prevalence of obesity and hypertension [9]. In another study with humans, Dalla Via et al. [10] verified
whether trimethylamine-N-oxide urinary levels may be associated with the fecal relative abundance
of specific bacterial taxa and the bacterial choline trimethylamine-lyase gene cutC in human fecal

Nutrients 2020, 12, 1971; doi:10.3390/nu12071971 www.mdpi.com/journal/nutrients1



Nutrients 2020, 12, 1971

samples. Correlation analysis showed that the cut-Kp gene cluster was significantly associated with
Enterobacteriaceae [10].

Finally, in one study with the pediatric population, Kong et al. [11] reported both oral and
intestinal microbiota in patients with autism spectrum disorder and controls, with specific microbial
patterns [11].

Regarding animal studies, six studies were published examining the changes in intestinal
microbiota. Probiotic supplementation, high-fat diet, use of anorexic mice, fiber, and soy intake and
antihypertensive effect in metabolomics profiles were analyzed in these studies. Valcarce et al. [12]
reported the effect of a short-time probiotic supplementation consisting of a mixture of two probiotic
bacteria with proven antioxidant and anti-inflammatory activities on zebrafish sperm quality and male
behavior [12]. Hsu et al. [13] examined the alterations of gut microbiota, mediation of short-chain
fatty acids (SCFAs) and their receptors, and downregulation of nutrient-sensing signals effects in
rats that received a high-fat diet. Increased Firmicutes to Bacteroidetes ratio, Akkermansia and
Verrucomicrobia, and reduced abundance in the genus Lactobacillus were associated with blood pressure
elevation [13]. Dominique et al. [14] investigated the role of the microbiome and the ClpB protein
in the deregulation and self-maintenance of anorexia pathology in mice. Plasma concentration of
ClpB was increased in both limited food access and activity-based anorexia mice and it was correlated
with the proportion of Enterobacteriaceae in the animal feces [14]. Sasaki et al. [15] investigated
the effects of fiber intake timing on metabolism. Data have suggested that inulin is more easily
digested by fecal microbiota during the active period than the inactive period. Inulin consumption
at breakfast has a greater effect on the microbiota [15]. Tamura et al. [16] investigated soy protein
intake effects on intestinal microbiota. Soy protein intake whether in the morning or evening led to a
greater microbiota diversity and a decrease in cecal pH resulting from SCFA production compared
with casein intake [16]. Finally, Ahn et al. [17] investigated the metabolomics changes in rats that
received amlodipine. Serum levels of phosphatidylcholine, lysophosphatidylcholine, sphingomyelin,
triglycerides with large numbers of double bonds, cholesterol, sterol derivatives, and cholesterol esters
were increased. Amlodipine-induced compositional changes in the gut microbiota are a causal factor
in inflammation [17].

Seven reviews investigating the impact of intestinal microbiota on relevant health outcomes in a
variety of populations were published. Hills Jr. et al. [18] described a general vision about the gut
microbiome and its important role in human health. Salli et al. [19] reported the health benefits of xylitol.
The other reviews have described the intestinal microbiota changes in specific conditions, early infancy,
hepatic ischemia-reperfusion and regeneration in liver surgery, vaginal microbiota, and cardiovascular
diseases. Mesa et al. [20] reported the microbiome changes and how those modulate the inflammatory
mechanisms related to physiological and pathological processes that are involved in the perinatal
progress. Cornide-Petronio et al. [21] summarized the role of starvation, supplemented nutrition diet,
nutritional status, and alterations in microbiota on hepatic ischemia/reperfusion and regeneration.
Barrientos-Duran et al. [22] examined the most important aspect in the vaginal microbiota, with special
emphasis in bacterial vaginosis, and the maintenance of eubiosis, and Sanchez-Rodriguez et al. [23]
discussed how external factors such as dietary and physical activity habits influence host microbiota and
atherogenesis, the potential mechanisms of the influence of gut microbiota in host blood pressure, and
the alterations in the prevalence of those bacterial genera affecting vascular tone and the development
of hypertension. Finally, Plaza-Diaz et al. [24] revisited the effects of sweeteners on gut microbiota.

The present Special Issue provides a summary of the progress on the topic of intestinal microbiota
and its important role in human health in different populations, which will be of interest from a clinical
and public health perspective. Nevertheless, more studies with more samples and comparable methods
are necessary to understand the actual function of intestinal microbiota in disease development and
health maintenance.
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Abstract: Background: Non-alcoholic fatty liver disease (NAFLD) can be ameliorated by weight
loss although difficult to maintain. Emerging evidence indicates that prebiotics and antibiotics
improve NAFLD. Aim: To determine whether inulin supplementation after brief metronidazole
therapy is effective in reducing alanine aminotransferase (ALT) and maintaining weight loss achieved
through a very-low-calorie diet (VLCD) among people with NAFLD. Methods: Sixty-two people with
NAFLD commenced 4-week VLCD using Optifast meal replacements (600 kcal/day). Sixty were then
randomised into a 12-week double-blind, placebo-controlled, parallel three-arm trial: (1) 400 mg
metronidazole twice daily in Week 1 then inulin 4 g twice daily OR (2) placebo twice daily
in week one then inulin OR (3) placebo-placebo. Main outcomes were ALT and body weight
at 12 weeks. Fecal microbiota changes were also evaluated. Results: Mean body mass index (BMI)
and ALT reduced after VLCD by 2.4 kg/m2 and 11 U/L, respectively. ALT further decreased after
metronidazole-inulin compared to after placebo-placebo (mean ALT change −19.6 vs. −0.2 U/L,
respectively; p = 0.026); however, weight loss maintenance did not differ. VLCD treatment decreased
the ratio of Firmicutes/Bacteroidetes (p = 0.002). Conclusion: Brief metronidazole followed by inulin
supplementation can reduce ALT beyond that achieved after VLCD in patients with NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined by the pathological accumulation of fat
in the liver and is now the leading cause of chronic liver disease [1]. NAFLD encompasses a spectrum
of diseases ranging from simple fatty liver (steatosis) through to non-alcoholic steatohepatitis (NASH),
which, in turn, leads to fibrosis, irreversible cirrhosis and, finally, hepatocellular carcinoma (HCC)
in a small proportion of people [2,3]. The milder simple steatosis is characterised by the ectopic
accumulation of fat in the liver, usually associated with energy-surplus-induced obesity. It is believed
that multiple parallel factors (diet, insulin resistance, mitochondrial dysfunction and inflammation),
acting synergistically in genetically predisposed individuals, are implicated in the development and
progression of NAFLD.
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An accumulating number of animal and human studies suggest a compelling role for gut
microbiota in NAFLD, which is both transmitted by gut microbiota and reversed by a combination
of ciprofloxacin and metronidazole antibiotics in animal models [4]. NAFLD is associated with
dysbiosis of the gut microbiota, which is thought to lead to increased gut permeability, and abnormal
choline and bile acid metabolism, leading to inflammation and increased hepatic fat accumulation [5].
An indication of the involvement of gut microbiota in NAFLD development was first apparent when
hepatic steatosis developed in patients undergoing jejunal–ileal bypass surgery, coinciding with
intestinal bacterial overgrowth in the blind loop. The hepatic steatosis regressed once patients were
treated with the antibiotic metronidazole [6] which is commonly used for the treatment of small
intestinal bacterial overgrowth [7]. While small intestinal bacterial overgrowth has been shown
to be more prevalent in NAFLD [8–11], antibiotic treatment of NAFLD has not been investigated
due to concerns about long-term use being associated with side effects, antimicrobial resistance and
uncertain efficacy.

The cornerstone of NAFLD treatment currently is to offer lifestyle advice that targets 7% to 10%
weight loss and is proven to be effective [12,13]. Recent evidence shows that very-low-calorie diets
(VLCDs) [14] and bariatric surgery [15] are very effective in achieving weight loss and remission of
associated comorbidities. Both these strategies alter gut microbiota, but to a lesser extent after dietary
modification than after surgery [16–18]. However, the maintenance of weight loss remains a challenge
and better alternatives to targeting specific mechanistic dysfunction are needed.

Prebiotics, which are nondigestible food ingredients that are fermented in the gut and modulate
microbiota in a favourable way for the host, have shown promise in the treatment of NAFLD.
A systematic review of 26 randomised controlled trials investigating the metabolic benefits of prebiotics
concluded that prebiotics improve satiety, postprandial glucose and insulin in both healthy and
obese individuals [19]. A meta-analysis of nine randomised controlled trials in NAFLD showed
a reduction in body mass index (BMI) and an overall improvement in aminotransferase (ALT) with
the use of prebiotics [20]. However, the use of a combination of strategies targeting gut microbiota
dysbiosis of NAFLD such as VLCD, metronidazole and prebiotics in succession has not previously
been investigated.

We hypothesised that the beneficial metabolic effects of short-term VLCD among adults with
NAFLD could be enhanced by the brief use of metronidazole to target dysbiotic gut microbiota followed
by a period of inulin supplementation to maintain this. We conducted a single centre, randomised,
placebo-controlled, double-blind clinical three-arm trial of 12 weeks of inulin supplementation with
or without an initial week of metronidazole cotreatment among adults with NAFLD who had all
received four weeks of VLCDs.

2. Patients and Methods

2.1. Study Design

This study focused on adults with an established diagnosis of NAFLD attending Auckland City
Hospital hepatology outpatient clinic. Patients either had histological evidence of NAFLD based on
a liver biopsy, a phenotypic diagnosis based on the presence of BMI > 27 kg/m2 and type 2 diabetes
or metabolic syndrome (WHO criteria) with an elevated ALT (male > 40 U/L, female > 30 U/L) and
age >18 years and <75 years. Exclusion criteria were alcohol consumption of more than 20 g per
day for at least 3 consecutive months during the previous 5 years as assessed by a questionnaire.
Participants were excluded if they had cirrhosis, hepatitis C or another liver disease, if they were
awaiting or had previous bariatric surgery, had an allergy to eggs, nuts or metronidazole, a history
of drug and alcohol abuse, a calculated eGFR less than 60 mL/min (MDRD formula) or current
participation in other therapeutic trials. Ethics approval was from Health and Disability Ethics
Committee NTX/12/05/040/AM02; ANZCTR registration number: 12613001002774, prospectively
registered on 10 September 2013.
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2.2. Randomisation and Treatment Groups

Sixty-two participants with NAFLD who met all eligibility criteria and provided written informed
consent were provided with 3 Optifast meal replacements (600 kcal/day) per day for 4 weeks to initiate
weight loss after which the 60 participants who attended the second study visit were randomly assigned
to one of three parallel groups (1:1:1; Figure A1). The metronidazole and inulin group (Group MI)
received metronidazole (dose of 400 mg twice daily for 7 days) along with inulin (at a dose of 4 g twice
daily for 12 weeks); the placebo and inulin group (Group PI) received metronidazole-like placebo
(twice daily for 7 days) along with inulin (at a dose of 4 g twice daily for 12 weeks); the placebo and
inulin placebo group (Group PP) received metronidazole-like placebo (twice daily for 7 days) along
with inulin-like placebo (containing maltodextrin at a dose of 4 g twice daily for 12 weeks).

The inulin dose was selected on the basis of previous prebiotic studies and was provided by Cargill
Belgium. A metronidazole dose of 400 mg twice daily was selected as slightly lower than the standard
dose of 400 mg three times daily used for various medical conditions, such as bacterial vaginosis,
dental abscess and giardiasis, for increased adherence than three times daily. Metronidazole and
matching placebo-containing maltodextrin were encapsulated by the Auckland Hospital Clinical Trials’
Pharmacy department. All participants, their health care providers and assessment staff were blinded
to treatment allocation. Participants were asked to take the inulin/matching placebo powder twice daily
before breakfast and before dinner using a 4 g measuring spoon and two level spoonfuls dissolved into
water. All participants were given a standardised set of recommendations about lifestyle changes and
diet following the initial expected weight loss period during VLCD at time of study randomisation

In total, there were four time points in this study: baseline (study entry), Week 4 (after 4 weeks
VLCD pre-randomisation), Week 16 (post-randomisation, at the end of treatment) and Week 28
(post-treatment follow up phase to evaluate whether there were any persistent effects detected beyond
the treatment period) as shown in Figure 1. All participants underwent assessment for body weight,
height, waist and hip circumference at each of these 4 timepoints. Blood samples for assessment of
fasting lipids, glucose, insulin and liver Fibroscan CAP were obtained at baseline, Week 4 and then
Week 16.

Figure 1. Assessment and sample collection timeline.

2.3. Stool Sample Collection

Stool samples were collected at each time point (Figure 1): baseline, Week 4, Week 16 and Week 28.
Study participants collected the stool samples at home, using a sterile collection tube, prior to their
hospital visits. Stool samples were stored at −70 ◦C from the beginning of the study (2013/2015) until
DNA extraction was performed (2017).

DNA was extracted from stool samples using the QIAamp® Fast DNA Stool Mini Kit according
to the manufacturer’s protocol. Extracted DNA quality and quantity were measured using
a NanoPhotometer N60 (IMPLEN, Germany; Table S1) and a Qubit (Invitrogen, US).
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2.4. 16S rRNA Gene Amplicon Sequencing

Extracted DNA (mean yield = 6733.4 ng; mean 260/280 = 1.97; mean concentration = 33.7 ng/μL)
was sent to the School of Biological Sciences (The University of Auckland, New Zealand) for
16S rRNA amplicon sequencing on an Illumina MiSeq sequencing platform. Sequences are
available from SRA project number SUB5068044. Then, 16S rRNA gene amplicon sequencing
(16S sequencing) libraries were prepared using the Nextera XT kit (Illumina). V3 and V4
regions were targeted for 16S sequencing by using the 16S Amplicon PCR Forward Primer (TCGT
CGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG) and Reverse Primer
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC).

All amplicons were sequenced on the Illumina MiSeq 600 cycle run to generate an average of
121,346 sequence reads with paired-end (300 bp each) reads per sample.

2.5. 16S rRNA Amplicon Sequence Analyses

The 16S sequencing data were processed using QIIME 2 (v. 2018.4) [21]. Briefly, sequence quality
control and denoising were performed using DADA2 [22]. The quality control step also included
the filtering of PhiX reads and chimeric sequences. The sequences obtained after denoising were then
classified using Greengenes 13_8 release data to identify amplicon sequencing variants (ASVs) for
sequences with >99% sequence similarity. Samples that were included in downstream analyses had
filtered sequence counts ranging from 12,123 to 109,977 (median 53,071). Three samples with less than
10,000 sequencing reads were removed.

2.6. Primary and Secondary Outcomes

The primary outcome was the proportion maintaining a ≥7% weight loss at the end of the 12-week
variable treatment period compared to their baseline (before the fixed 4-week VLCD treatment period).
Secondary outcomes measured at Week 16 (the end of the 12-week variable treatment period) included
changes in ALT, glycaemia, lipids, Fibroscan® CAP from what was achieved at Week 4 (after VLCD
treatment period) and the changes in gut microbial community from baseline to 28 weeks.

2.7. Statistical Analysis

The planned sample size for this pilot study was 60 subjects with an equal assignment to each of
the three study groups (20 per group). We estimated that, with this sample size, the study would have
80% power to detect a difference in the proportion achieving a sustained weight loss of ≥7% at the end
of the 12-week treatment period which we anticipated would be achieved by 50% of those receiving
metronidazole and inulin supplemented diet, compared to 5% in the other two placebo-containing
groups, with a two-sided type 1 error of 0.05. The primary outcome was assessed using Fisher’s exact
test. Pre-planned analyses for secondary outcomes were comparisons of the changes over the 12-week
variable treatment period in the MI and PI groups with those in the PP group. Two-sample t-tests were
used for these comparisons for normally distributed data and Mann–Whitney U-tests for non-normal
data. Within-cohort changes over the VLCD period were analysed using paired t-test or Wilcoxon
signed-rank test as appropriate. Data are presented as mean (SD) or median (Quartile 1, Quartile 3) for
normally and non-normally distributed data, respectively.

2.8. Statistical Methods for Microbiota Analysis

Omnibus associations between microbial community structure and patient metadata were assessed
using Permutational Analysis of Variance (PERMANOVA) (adonis function from the vegan package
in R, 10,000 permutations) and Bray–Curtis dissimilarities. Wilcoxon matched-pairs signed-rank
tests were used to assess relative abundance across timepoints. Associations between individual
microbial taxa and patients’ metadata were assessed using Multivariate Association with Linear
Models (MaAsLin) [23], controlling for age as a possible confounding factor and repeated sampling per
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individual by a random effect. The Kruskal–Wallis test was used when more than two independent
groups were compared. ASVs that were present in less than 20% of samples were filtered out. p-values
were corrected for multiple testing using the Benjamini–Hochberg procedure [24,25] and FDR corrected
p-values (q-values) were reported.

3. Results

3.1. Participants

Enrollment into this trial occurred between March 2013 and March 2015. Sixty-two participants
entered the study and began VLCD, of whom 60 attended Visit 2 and were then randomised:
20 attended metronidazole and inulin (MI), 20 attended metronidazole placebo and inulin (PI) and
20 attended metronidazole placebo and inulin placebo (PP). Participant flow through the trial is
shown in Figure A1. The mean age was 50 years (range 19–71), BMI 31.6 kg/m2 (range 25.2–41.9)
and ALT 66 U/L (range 30–141). The three groups were well matched with respect to demographic
characteristics, clinical and laboratory data at study entry and after four weeks of VLCD (Table A1).
Over the VLCD period, there were significant reductions in body weight, waist:hip ratio, blood
pressure, ALT and gamma-glutamyl transferase (GGT), total and LDL cholesterol, triglycerides, fasting
glucose, HbA1c, CRP and Fibroscan CAP score.

3.2. Primary and Secondary Outcomes

Of the 62 participants who were assessed at baseline, 60 were randomised and 56/60 (93.3%)
participants completed the study. The clinical endpoint of achieving sustained weight loss of ≥7% at
16 weeks compared to baseline pre-VLCD was reached by 55% in group MI compared with 53% in group
PI and 35% in group PP. These were not statistically significantly different (p = 0.473). At 28 weeks,
a sustained weight loss of ≥7% was reached by 42% in group MI, 35% in group PI and 25% in group PP
(p = 0.584).

Although there was no difference in BMI between the three treatment groups at 12 weeks, only
the group receiving inulin with an initial one week of metronidazole, group MI, had a significant,
further improvement in ALT (Table A2). However, this group had no significant change in Fibroscan®

CAP score or in other markers of metabolic syndrome such as blood pressure, fasting lipids and
glycaemia. No cases of adverse events requiring discontinuation of inulin were reported.

3.3. Gut Microbial Changes in Our Study Cohort

A total of 127 stool samples were obtained for analysis (Figure A2). Patient compliance in providing
stool samples was highest at Week 4 with 38 (29.9%) stool samples and lowest at Week 28 with 26
(20.5%) stool samples (Figure A2). All four stool samples were obtained from 10 study participants.

After Optifast VLCD: VLCD treatment explained 5.3% (PERMANOVA, p = 0.0024) of the variance
in microbial profiles. Bacteroidetes and Firmicutes were the two most highly represented bacterial
phyla in our cohort (Figure 2). After four weeks of VLCD, the relative abundance of Bacteroidetes
increased (Wilcoxon signed-rank test, p = 0.047) while Firmicutes decreased (Wilcoxon signed-rank
test, p = 0.01) (Figure 2). Furthermore, the ratio of Firmicutes/Bacteroidetes decreased significantly after
VLCD treatment (Wilcoxon signed-rank test, p = 0.002, n = 30) (Figure 3).
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Figure 2. Firmicutes and Bacteroidetes are the dominant phyla in the subjects before and after
very-low-calorie diet (VLCD) treatment. The figure shows boxplots of five typical human microbiota
phyla. The boxes indicate the interquartile range (IQR) while the notch region shows the 95% confidence
interval for the median and the whiskers extending from the boxes represent the distribution within
1.5 × IQR, with points beyond this range shown as outliers.

Figure 3. The ratio of Firmicutes/Bacteroidetes phyla decreased (Wilcoxon signed-rank test, p = 0.002,
n = 30) from baseline to Week 4 after the VLCD diet. Boxplots as in Figure 2.
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Linear modelling identified three statistically significant genera (q < 0.1, Table S2), all belonging
to the phylum Firmicutes. Roseburia, Streptococcus and Dialister genera displayed an association with
the VLCD treatment and were significantly lower after VLCD treatment compared to the other time
points (Figure 4). However, the microbial alpha diversity metrics showed no significant change from
baseline following a VLCD diet (Shannon, p = 0.968; Wilcoxon signed-rank test, n = 30).

Figure 4. The relative abundance of genera Roseburia (A), Streptococcus (B) and Dialister (C) were lower
(linear mixed-effects model, q-value = 0.0005, 0.0005 and 0.03, respectively) after VLCD treatment
compared to baseline. Baseline, n = 35; Week 4, n = 38. Boxplots as in Figure 2.

3.4. Enrichment of Distinct Gut Microbial Profile in Our Study Cohort

There were no significant differences in alpha diversity (Shannon’s diversity index) at Week 16
between intervention groups (p = 0.755, Kruskal–Wallis test). Similarly, comparison between Week 4
and Week 16 found no significant difference between groups (p = 0.949, Kruskal–Wallis test).

Linear modelling identified three taxa, genera Roseburia, Anaerotruncus and family Lachnospiraceae,
all belonging to the phylum Firmicute, were associated to the antibiotic/prebiotic treatment period
(q = 0.026) (Table S3). However, comparison between groups found no differences (p = 0.097,
Kruskal–Wallis test).

Linear modelling revealed a suggestive association between genus Turicibacter and plasma ALT
levels (q-value = 0.086, Table S4) when corrected for patient age. However, neither linear modelling
nor PERMANOVA identified any significant associations between microbial taxa and plasma ALT
in the cross-sectional model at Week 16 (n = 28 samples).
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4. Discussion

There are currently few approved treatment options for NAFLD patients beyond dietary measures
to lose weight. In this study, four weeks of VLCD resulted in a significant weight loss. Subsequent inulin
supplementation for 12 weeks, with or without an initial one week of metronidazole), did not improve
weight loss maintenance. The transition to a real food diet after a period of VLCD meal replacements
is usually associated with weight regain and recurrence of NAFLD. Indeed, only 48% of participants
were able to maintain a ≥7% weight loss after 12 weeks of transition to a real food diet. Despite
similar weight loss maintenance, the group who received metronidazole and inulin (after the initial
VLCD period) achieved a further significant reduction in ALT. The reduction in ALT suggests reduced
steatohepatitis, which, surprisingly, in our study—in contrast to other prebiotic studies that have
shown an improvement in ALT commensurate with weight loss [20]—occurred without further weight
loss. This finding supports the potential role of metronidazole in improving steatohepatitis through
the treatment of intestinal bacterial overgrowth and/or through altering gut microbial functions that
enhance efflux of free fatty acids and de novo lipogenesis in the liver. These mechanisms can occur
without weight loss as the cause and are not necessarily apparent by simple characterisation of
microbial abundances in the faeces. This is because there is substantial inter-individual variability
in gut microbiota among patients with NAFLD and bacterial abundance in faecal samples do not
directly demonstrate activity or metabolite production of the taxa present in the small intestine.

Nonetheless, four weeks of VLCD (Optifast) had a major effect on decreasing the ratio of
Firmicutes/Bacteroidetes in faeces, as well as decreasing the abundance of genera Roseburia, Streptococcus
and Dialister. The genus Roseburia, a member of clostridial cluster XIVa [26], consists of obligate
Gram-positive anaerobic bacteria and is an important butyrate-producing colonic bacterium [27–30] and
suggested to be able to alleviate inflammation by stimulating Treg cell differentiation [31,32]. Butyrate
is a short-chain fatty acid produced mainly by the enteric microbiome [33,34]. It is a crucial element
in the normal development of colonic epithelial cells [35] and preferred energy source in the colonic
mucosa [36]. A previous study has shown that a butyrate-producing probiotic MIYAIRI 588 strain
of Clostridium butyricum effectively improved hepatic indexes in an animal model [33]. Butyrate has
also been suggested to confer various beneficial metabolic effects such as enhancing mitochondrial
activity [34], increasing insulin sensitivity [37], conveying anti-inflammatory potential [38] as well as
increasing intestinal barrier function [39]. However, the role of butyrate in NAFLD is controversial as
patients with NASH were shown to have higher faecal butyrate compared to healthy subjects [40].
Roseburia has also been detected as significantly elevated in NAFLD patients compared to healthy
controls [41]. This genus is suggested to be one of the gut microbiota biomarkers that is shared by
obese patients with metabolic disease and is negatively associated with body mass index (BMI) [32].
Ironically, a depletion of Roseburia was observed after four weeks of Optifast VLCD treatment, with
a significant reduction in BMI in our study. In fact, our observation is similar to Duncan et al. [42] and,
subsequently, Alemán et al. [43] who observed a significant reduction of genus Roseburia after VLCD
intervention. Since Roseburia are predominantly polysaccharide-degrading bacteria [44], we postulate
that the observed reduction in the genus Roseburia is actually due to reduced dietary carbohydrates
from VLCD and not directly linked to BMI.

Similarly, the genus Streptococcus, a possible biomarker of NAFLD [45] reduced significantly
after VLCD treatment compared to baseline (Figure 4). This corroborates previous work where
Streptococcus was enriched in NAFLD and NAFLD-cirrhosis patients [46,47] compared to both healthy
subjects [48,49] and obese individuals [45]. Future studies could investigate metabolic activities and
molecular mechanisms linking Streptococcus and NAFLD aetiology.

Optifast-based VLCD reduced the alpha diversity (Shannon’s diversity index) of gut microbiota
seen between baseline to Week 4 (Figure S1). Altered diversity has also been shown to occur in a similar
Optifast-based VLCD study of three months duration in 18 obese participants, although changes
regressed during the subsequent weight maintenance phase and return to a real food diet [18].
It is noticeable that upon transition to a food diet, metronidazole-inulin and placebo-inulin groups
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both shared a similar fluctuation pattern in Shannon’s diversity index for all time points compared to
the placebo-placebo group which demonstrated a relatively stable pattern.

Due to limited stool sample collection after VLCD, lack of statistical power precluded
the assessment of any gut microbial differences in abundance between metronidazole treated and
non-metronidazole treated groups. Further, we cannot rule out the possibility that low compliance
in the stool sample collection may have added further bias in microbiome analysis. However,
linear modelling revealed that the genus Turicibacter was associated with the plasma ALT levels
within placebo-inulin and placebo-placebo groups. Turicibacter has been suggested to be responsive
to the cholesterol level in the diet [50]. This is in line with the fact that hepatic free cholesterol
accumulation and altered cholesterol homeostasis will lead to liver injury and eventually contribute to
the pathogenesis of NAFLD/NASH [51]. We suggest an association between Turicibacter and plasma
ALT levels which clearly need further research.

Finally, maltodextrin may not have been as inert as a placebo should be, given there is some
evidence that maltodextrin detrimentally impacts the intestinal environment [52–54]. However, most
of these studies used much higher doses of maltodextrin than was used in the form of placebo to match
inulin in this study.

5. Conclusions

In conclusion, this is the first clinical trial evidence that supplementation with prebiotic inulin
following brief metronidazole therapy can further reduce ALT after four weeks of VLCD therapy
in patients with NAFLD. A prominent shift in phyla Firmicutes, Bacteroidetes, genera Roseburia,
Streptococcus and Dialister were seen after four weeks of Optifast treatment. Unfortunately, limited
stool samples collection after VLCD treatment resulted in insufficient power to detect a significant
difference in gut microbiota with additional metronidazole or inulin. Nevertheless, a potential role of
metronidazole, together with inulin in altering the gut microbial function (e.g., metabolites production),
is suggested to alleviate steatohepatitis, as evidenced by the reduction of ALT in the MI group.
Future studies are recommended to examine the effect on microbial metabolites which does not
manifest in measuring the diversity of microbiota. Furthermore, this clinical therapeutic approach
requires validation in larger clinical studies with the possibility of low compliance on stool samples
collection is accommodated.
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between genus Turicibacter and plasma ALT levels.
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Abbreviations

VLCD Very low calorie diet
NAFLD Non-alcoholic fatty liver disease
ALT Alanine aminotransferase
ASVs Amplicon Sequence Variants

Appendix A

Table A1. Baseline and week 4 characteristics of study participants.

Clinical Characteristics
Metronidazole-Inulin

(n = 20)
Placebo-Inulin

(n = 20)
Placebo-Placebo

(n = 20)
Total

(n = 60)

Age (y) 50.6 (10.4) 51.5 (13.5) 46.7 (11.2) 49.6 (11.8)

Sex (M:F) 10:10 8:12 13:7 31:29

Body mass index (kg/m2)

Baseline
Week 4

31.4 (3.4)
29.0 (3.4)

30.9 (3.5)
27.1 (7.3)

32.6 (4.3)
29.9 (3.8)

31.6 (3.8)
29.1 (3.6) ***

Weight (kg)

Baseline
Week 4

89.8 (12.4)
83.0 (12.0)

85.6 (15.5)
73.7 (21.6)

94.2 (15.9)
86.4 (13.4)

89.9 (14.9)
82.7 (13.3) ***

Waist:hip ratio

Baseline
Week 4

0.98 (0.07)
0.93 (0.06)

0.99 (0.04)
0.94 (0.05)

0.98 (0.06)
0.92 (0.08)

0.98 (0.05)
0.96 (0.06) ***

Blood pressure (mm Hg)

Systolic at Baseline
Systolic at Week 4

Diastolic at Baseline
Diastolic at Week 4

132 (16)
121 (13)
83 (10)
76 (10)

129 (14)
121 (16)
77 (10)
74 (10)

125 (17)
121 (21)
77 (11)
74 (14)

129 (16)
121 (17) ***

79 (11)
75 (11) ***

ALT (U/L)

Baseline
Week 4

64.0 (28.6)
59.8 (25.0)

70.0 (26.1)
53.3 (22.0)

60.2 (28.1)
46.2 (21.1)

64.7 (27.4)
53.2 (23.1) **

AST (U/L)

Baseline
Week 4

34 (25, 46)
41 (31, 55)

41 (31, 47)
36 (30, 47)

33 (27, 40)
30 (27, 37)

36 (29, 45)
36(29, 43)

GGT (U/L)

Baseline
Week 4

101 (61, 141)
49 (29, 73)

164 (76, 246)
83 (35, 124)

71 (42, 134)
35 (22, 65)

93 (57, 163)
46(27, 88) ***

Bilirubin (mol/L)

Baseline
Week 4

9.5 (7.5, 13.0)
11.0 (8.5,12.0)

9.5 (6.5, 3.5)
10.0 (6.0,15.0)

9.5 (7.5, 12.0)
11.0 (8.0,15.0)

9.5 (7, 13)
10 (8, 14) *

Albumin (g/L)

Baseline
Week 4

46.0 (2.5)
45.5 (2.7)

47.4 (2.8)
47.3 (2.6)

45.3 (2.1)
46.1 (2.2)

46.2 (2.6)
46.3 (2.6)

Ferritin (μg/L)

Baseline
Week 4

228 (172)
295 (255)

214 (190)
221 (166)

254 (222)
241 (204)

232 (194)
251(208)

Cholesterol (mmol/L)

Total (Baseline)
Total (Week 4)

High-density (Baseline)
High-density (Week 4)
Low-density (Baseline)
Low–density (Week 4)

4.77 (0.98)
3.77 (1.05)
1.35 (0.43)
1.32 (0.40)
2.54 (0.74)
1.85 (0.72)

5.16 (1.29)
3.78 (1.00)
1.41 (0.36)
1.37 (0.32)
2.88 (1.28)
1.94 (0.91)

5.01 (0.86)
3.64 (0.76)
1.26 (0.27
1.18 (0.21)
2.96 (0.76)
1.96 (0.72)

4.98 (1.06)
3.73 (0.93) ***

1.34 (0.36)
1.29 (0.32) *
2.79 (0.97)

1.92 (0.78) ***
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Table A1. Cont.

Triglycerides (mmol/L)

Baseline
Week 4

2.01 (1.07)
0.98 (0.49)

1.96 (0.80)
1.06 (0.46)

1.74 (0.79)
1.07 (0.54)

1.91 (0.89)
1.04 (0.49) ***

Type 2 diabetes 7/20 7/20 7/20 21/60

Fasting glucose
(mmol/L)

Baseline
Week 4

6.32 (1.80)
5.70 (1.46)

6.02 (1.70)
5.50 (1.39)

6.07 (1.85)
5.19 (0.77)

6.17 (1.77)
5.46 (1.23) ***

HbA1c (mmol/mol)

Baseline
Week 4

44.3 (11.5)
40.4 (8.3)

48.1 (12.9)
42.5 (8.6)

44.6 (11.5)
39.3 (7.4)

45.6 (11.9)
40.7 (8.1) ***

CRP (mg/L)

Baseline
Week 4

2.0 (0.5, 4.0)
1.0 (0.5, 4.0)

2.0 (1.0, 5.0)
0.8 (0.5, 3.0)

2.5 (0.5, 6.0)
1.5 (0.5, 3.0)

2.0 (0.5, 5.0)
1.0 (0.5, 3.0) **

Fibroscan® CAP (dB/m)

Baseline
Week 4

307 (51)
267 (55)

299 (58)
246 (51)

296 (63)
258 (69)

301 (57)
257 (58) ***

Data are mean (SD), median (Q1, Q3) or number of patients. * p < 0.05, ** p < 0.01, *** p < 0.001 (paired t-test or
Wilcoxon signed rank test).

Appendix B

Table A2. Changes in characteristics at week 16, after 12 weeks of treatment following randomisation
to metronidazole/inulin, placebo/inulin or placebo/placebo.

Clinical Characteristics
Group MI:

Metronidazole-Inulin
(n = 19)

Group PI:
Placebo-Inulin

(n = 19)

Group PP:
Placebo-Placebo

(n = 18)

p-Value Group
MI vs. PP

p-Value Group
PI vs. PP

Body mass index (kg/m2) 0.10 (1.20) 0.12 (1.80) 0.21 (1.36) 0.792 0.859

Weight (kg) 0.35 (3.38) 0.29 (5.02) 0.47 (4.10) 0.922 0.910

Waist:hip ratio −0.00 (0.04) −0.01 (0.04) −0.00 (0.06) 0.893 0.604

Blood pressure (mm Hg)

Systolic
Diastolic

3.4 (11.3)
−1.4 (10.2)

2.2 (16.7)
0.4 (12.0)

−7.2 (18.4)
0.5 (13.8)

0.043
0.641

0.117
0.981

ALT (U/L) −19.6 (25.5) −2.2 (16.7) −0.2 (24.5) 0.026 0.856

AST (U/L) −14 (−32, −7) −3 (−22, 2) −4 (−9, 5) 0.006 0.849

GGT (U/L) 13 (−2, 29) 26 (−1, 91) 17 (8, 62) 0.274 0.693

Bilirubin (μmol/L) −1 (−3, 1) −2 (−3, 0) 1 (−2, 2) 0.115 0.033

Albumin (g/L) 0.13 (1.81) −1.17 (2.46) −1.14 (2.57) 0.131 0.979

Ferritin (μg/L) −56.3 (60.1) −27.6 (63.5) −1.3 (72.7) 0.031 0.291

Cholesterol (mmol/L)

Total
HDL
LDL

1.09 (1.10)
0.16 (0.15)
2.28 (5.56)

1.32 (1.13)
0.20 (0.24)
0.83 (0.77)

0.91 (0.57)
0.13 (0.17)
0.55 (0.49)

0.560
0.638
0.181

0.208
0.344
0.246

Triglycerides (mmol/L) 0.52 (0.32) 0.50 (0.79) 0.56 (0.64) 0.831 0.814

Fasting glucose
(mmol/L) 0.39 (1.32) 0.18 (0.70) 1.14 (2.05) 0.228 0.077

HbA1c (mmol/mol) 1.94 (4.25) 0 (5.79) 2.06 (6.02) 0.947 0.316

CRP (mg/L) 0.0 (−1.0, 0.75) 1.0 (0.0, 1.5) 0.0 (0.0, 1.0) 0.884 0.235

Fibroscan CAP (dB/m) 14.5 (65.6) 22.4 (71.6) 10.8 (42.6) 0.859 0.605

Data are mean (SD) or median (Q1, Q3).
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Appendix C

Figure A1. Flow diagram showing different phases of the study and number of participants at each
stage. EOT: end of treatment; MI: metronidazole-inulin; PI: placebo-inulin; PP: placebo-placebo.

Appendix D

Figure A2. Flow diagram showing total stool sample collection at different time points from different
groups. MI: metronidazole-inulin; PI: placebo-inulin; PP: placebo-placebo.
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Abstract: An earlier study using a rat model system indicated that the active ingredients contained in
the anti-hypertensive medication amlodipine (AMD) appeared to induce various bowel problems,
including constipation and inflammation. A probiotic blend was found to alleviate intestinal
complications caused by the medicine. To gain more extensive insight into the beneficial effects of
the probiotic blend, we investigated the changes in metabolite levels using a non-targeted metabolic
approach with ultra-performance liquid chromatography-quadrupole/time-of-fligh (UPLC-q/TOF)
mass spectrometry. Analysis of lipid metabolites revealed that rats that received AMD had a different
metabolome profile compared with control rats and rats that received AMD plus the probiotic blend.
In the AMD-administered group, serum levels of phosphatidylcholines, lysophosphatidylcholines,
sphingomyelins, triglycerides with large numbers of double bonds, cholesterols, sterol derivatives,
and cholesterol esters (all p < 0.05) were increased compared with those of the control group and the
group that received AMD plus the probiotic blend. The AMD-administered group also exhibited
significantly decreased levels of triglycerides with small numbers of double bonds (all p < 0.05).
These results support our hypothesis that AMD-induced compositional changes in the gut microbiota
are a causal factor in inflammation.

Keywords: lipid metabolome; amlodipine; probiotics; corticosterone; ACTH; gut bacteriome

1. Introduction

Many metabolic diseases (e.g., obesity, hypertension, and diabetes) have emerged as serious health
problems in developed countries, mainly as a result of changes in eating habits and developments in the
food industry. For example, according to a report published in 2017 by the Organization for Economic
Co-operation and Development (OECD), the obesity rate in the U.S. was 30.9% in 2000 and increased to
38.2% in 2014. In the case of hypertension, although prevalence decreased from 1999 to 2016, the absolute
burden caused by hypertension has increased [1]. Unlike infectious diseases, metabolic disorders are
typically chronic and manageable rather than remediable, forcing patients to take medications almost ad
infinitum. Along with their beneficial effects, long-term medications may cause some unwanted effects.
There is increasing evidence that some side effects of long-term medications, including gastrointestinal (GI)
disorders (such as constipation, diarrhea, and irritable bowel syndrome (IBS)), are related to disruption
of the gut microbial population, referred to as dysbiosis [2–5]. Many medications cause gut microbiota
dysbiosis even though they are not considered antibiotics [6,7].

The human gut microbiota is a complex ecosystem, consisting of approximately 1–4 × 1015

microbial cells. The gut microbiota establishes a close relationship with the host through interactions
among themselves and with host cells in the GI tract [5,8–10]. Hence, it seems logical rather than
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surprising that maintenance of a well-balanced gut microbial community is a prerequisite for healthy
functioning of the whole system. Indeed, the gut microbiota is proposed to be an essential “organ”
that functions to maintain nutrient metabolism, immune function, and metabolic homeostasis [11–14].
Recent studies show that the gut microbiota affects neurodevelopment and diverse brain functions by
regulating the gut–brain axis, the bidirectional communication between the brain and the gut [15–18].
Many of these studies reported only correlative or associative findings; however, efforts have been
undertaken to examine causality and mechanism in the microbiome.

We previously reported that amlodipine (AMD), the active ingredient in a hypertension medicine,
is an aggravating factor in various bowel problems, including constipation and inflammation. This is
because it induces compositional changes in the gut microbiota, since normalization of the gut
microbiota alleviates intestinal complications caused by AMD [19]. To investigate the effects of the gut
microbiome on the host, we performed a comparative analysis of lipid metabolome in serum samples
from rats that received saline (null control), AMD, or AMD plus a probiotic blend (AMD+PB). We chose
to examine lipid metabolites because they are strongly associated with high blood pressure [20],
and AMD is used as a treatment for hypertension.

2. Materials and Methods

2.1. Experimental Rats

A total of 18 six-week-old male Sprague Dawley rats were randomly divided into three groups
(n = 6/group) to receive saline (null control), AMD, or AMD+PB. The probiotic blend (PB) was obtained
in powder form and consisted of Bifidobacterium lactis CBT BL3 (KCTC 11904BP), Bifidobacterium longum
CBT BG7 (KCTC 12200BP), Bifidobacterium bifidum CBT BF3 (KCTC 12199BP), Lactobacillus acidophilus
CBT LA1 (KCTC 11906BP), Lactobacillus rhamnosus CBT LR5 (KCTC 12202BP), and Streptococcus
thermophilus CBT ST3 (KCTC 11870BP) (Cell Biotech Co., Ltd., Seoul, Korea). The PB also contained the
excipients fructooligosaccharide, lactose, galactooligosaccharide, orange flavor powder, milk flavor
powder, Mg-stearate, L-ascorbic acid, vitamin E, dry-formed vitamin A, vitamin B6 hydrochloride,
and vitamin B1 hydrochloride. There were approximately equal numbers (ca. 1.67 × 109 CFUs/g) of
viable cells of each of the six bacterial strains in the PB. The total number of viable cells in the powdered
form of the product was determined by measurement to be 1 × 1010 CFUs/g, which was diluted in
water for oral administration of 1 × 107 CFUs/day.

Three rats were housed in a single cage, so two cages were used for each treatment group.
After a one-week acclimation period, oral gavage of PB was administered each day in a dose of ~1
× 107 CFUs. Starting in the third week, AMD was administered to the rats daily for 2 weeks by
oral gavage (2 mg/kg/day). The daily dose of AMD was determined as previously described [21].
All rats were housed under the following conditions: temperature 23 ± 1 ◦C, relative humidity 55–65%,
and a 12 h light cycle. Metabolic data (weight, food intake, and water intake) were collected every day.
Weight data were measured individually for each animal, but food and water intake were measured for
each cage rather than for each animal. The use and care of the animals were reviewed and approved
by the Institutional Animals Care and Use Committee at the Cell Biotech R&D Centre (CBTJ-15-02).
All animal procedures were in accordance with the Guide for the Care and Use of Laboratory Animals
issued by the Laboratory Animal Resources Commission of Cell Biotech R&D Centre.

2.2. Serum Collection and Serum Lipid Metabolite Analysis

On day 28, the rats were sacrificed by CO2 asphyxiation. It should be noted that in the AMD group
one rat died before scarification. Blood samples were collected from the heart in micro tubes, kept at
4 ◦C for 1 h, and then centrifuged at 2200× g for 15 min. The supernatant was stored at −80 ◦C until use.
Each serum sample was prepared by adding 180 μL of isopropyl alcohol to 45 μL of serum (serum:IPA,
1:4) and then vortexing for 1 min. The mixture was incubated at −20 ◦C for 3 h. Then, the samples
were centrifuged at 14,000× rpm at 4 ◦C for 20 min. The supernatant was then diluted with an equal

22



Nutrients 2020, 12, 205

volume of deionized water and injected into an ultra-performance liquid chromatography/quadrupole
time-of-flight mass spectrometry (UPLCQ/TOF–MS) machine (Waters Corporation, Milford, MA,
USA). The lipid metabolites in the serum were separated using an Acquity UPLC CSH C18 column
(2.1 × 100 mm, 1.7μL particle size; Waters Corporation). The column temperature was 55 ◦C. The mobile
phase consisted of acetonitrile:water (60:40) with 10 mM ammonium formate in 0.1% formic acid (A)
and isopropanol:acetonitrile (90:10) with 10 mM ammonium formate in 0.1% formic acid (B). The flow
rate was set at 0.4 mL/min. The samples were eluted using the following conditions: initial 40% B
to 53% at 2 min, to 50% A at 2.1 min, to 54% B at 12 min, to 70% B at 12.1 min, to 1% B at 18 min, to
40% B at 18.1 min, followed by equilibration for an additional 2 min. Mass acquisition was performed
in positive and negative electrospray ionization modes. Mass data were collected in the range of
m/z 60–1400 for 20 min with a scan time of 0.25 s and an inter-scan time of 0.02 s. The source and
desolvation temperatures were 120 and 550 ◦C, respectively.

2.3. Processing and Analysis of Mass Spectrometry Data

The Progenesis QI software (Waters Corporation) was used for data processing, including mass
ion alignment, normalization, and peak picking. The intensities of the mass peaks for each sample
were normalized according to the total ion intensity and Pareto scaled using SIMCA-P+ 12 software
(Umetrics, San Jose, CA, USA).

To differentiate among the intensities of the mass peaks in each treatment group,
principal component analysis (PCA) was performed. In addition, orthogonal partial least-square
discriminant analysis (OPLS-DA) was used for the selection of metabolites.

Metabolites were identified by matching the measured mass spectra with references in the
Human Metabolomics Database (http://www.hmdb.ca/) and METLIN (http://metlin.scripps.edu/).
Lipids identified in the samples were validated on the basis of isotope similarity and fragmentation
patterns. Hierarchical clustering analysis was performed using PermutMatrix (version 1.9.3, ATGC team,
LIRMM, Montpellier, France) with the Pearson distance and Ward’s aggregation method.

Statistical analysis of stress hormone data and lipid metabolomic data was performed using
GraphPad Prism (version 7.03; GraphPad Software, Inc., San Diego, CA, USA). Data are expressed as
the mean ± SEM. The significance of differences among the data were measured by one-way ANOVA
followed by Tukey’s post-hoc test, or by the Kruskal–Wallis test followed by Dunn’s post-hoc test for
data that did not follow the normal distribution.

2.4. The Criteria for Metabolite Selection

Metabolites were selected on the basis of the following criteria: a) all differences between groups
were significant (p < 0.05), b) the metabolite level was at least twice as high in the AMD group than in
the control group and similar between the control group and the AMD+PB group, and c) the highest
relative level of the metabolite was greater than 10.

3. Results and Discussion

3.1. Statistical Analysis of the Serum Metabolome

Multivariate statistical analysis of the metabolome data was performed to identify statistically
significant endogenous metabolites. First, PCA was conducted to determine the inherent similarities
in the spectral profiles of the treatment groups. As shown in Figure 1, the control group and the AMD
group were clearly divided into two clusters on the PCA score plot, whereas the AMD+PB group
displayed a pattern almost identical to that of the control group. This result is in good agreement with
the previous finding that the PB alleviated intestinal complications caused by AMD [19].
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Figure 1. Principal component analysis (PCA) score plot of the metabolome analysis of the three
treatment groups. Red triangles (�): anti-hypertensive medication amlodipine (AMD) group.
Blue squares (�): AMD plus a probiotic blend (AMD+PB) group. Green circles (�): control group.

3.2. Screening and Identification of Candidate Markers for Lipid Metabolites

To initially distinguish the differences among serum metabolites, hierarchical clustering analysis
was performed to identify metabolites that were significantly increased or decreased among the
treatment groups (Figure 2). Table 1 summarizes a detailed subgroup analysis of the metabolites.
The G1a subgroup included cholesterol esters (CEs [22:6] and [20:4]), sterol derivatives, sphingomyelins
(SMs), lysophosphatidylcholines (LysoPCs [18:0] and [16:0]), several phosphatidylcholines (PCs),
and cholesterol. The G1b subgroup included PCs (18:0/22:6) and several triglycerides (TGs) with more
than 10 double bonds (e.g., TG [60:12]). G1 metabolite levels overall were strongly increased in the
AMD group but recovered in the AMD+PB group to the same level as those in the control group.
On the other hand, the G2 metabolites included several TGs and diglycerides (DGs) with less than five
double bonds (e.g., DG [34:1]). In addition, the TGs in G2 included monosaturated species (TG [48:1],
TG [52:1], and TG [50:1]).
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Figure 2. Hierarchical clustering analysis of the UPLC-HDMS metabolomics results. The rows display
the metabolites, and the columns display the samples. Metabolites that significantly decreased relative
to the average level across the samples are displayed in green, while those that significantly increased
are displayed in red. The brightness of each color corresponds to the intensity of the difference
compared with the average value.
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Table 1. List of identified metabolites.

Group Identification
Mean p Value Fold Change

C A A+P A/C A/A+P A/C A/A+P

G1

CE (22:6) 6 ± 3 57 ± 20 7 ± 1 0.004 0.005 8.97 8.38

CE (20:4) 12 ± 3 43 ± 7 14 ± 2 0.000 0.001 3.69 3.08
Sterol derivatives 42 ± 13 135 ± 37 49 ± 8 0.003 0.005 3.22 2.77
SM (d18:1/24:1) 120 ± 27 343 ± 66 122 ± 17 0.001 0.001 2.86 2.82
SM (d16:1/18:0) 207 ± 44 563 ± 110 223 ± 44 0.001 0.001 2.72 2.52
LysoPC (18:0) 894 ± 160 2136 ± 356 840 ± 50 0.001 0.001 2.39 2.54
PC (18:0/20:4) 1561 ± 302 3524 ± 573 1830 ± 339 0.001 0.001 2.26 1.93
PC (16:0/18:0) 66 ± 11 148 ± 27 73 ± 12 0.001 0.002 2.24 2.04
PC (16:0/16:0) 54 ± 8 118 ± 14 62 ± 10 0.000 0.000 2.17 1.91
Cholesterol 217 ± 53 445 ± 112 229 ± 17 0.007 0.012 2.05 1.94
LysoPC (16:0) 1484 ± 205 2893 ± 284 1385 ± 131 0.000 0.000 1.95 2.09

TG (60:12) 25 ± 9 201 ± 64 22 ± 13 0.003 0.003 8.20 9.32

TG (60:11) 56 ± 15 221 ± 75 43 ± 20 0.007 0.005 3.92 5.20
TG (58:10) 88 ± 26 287 ± 71 83 ± 25 0.002 0.002 3.28 3.46
TG (60:10) 39 ± 6 108 ± 33 30 ± 10 0.009 0.005 2.74 3.64
PC (18:0/22:6) 279 ± 75 687 ± 244 285 ± 23 0.018 0.021 2.46 2.41

G2

TG (48:2) 159 ± 18 16 ± 6 175 ± 51 0.000 0.002 0.10 0.09

TG (48:1) 112 ± 16 15 ± 8 124 ± 51 0.000 0.008 0.14 0.12
TG (51:2) 148 ± 15 21 ± 7 155 ± 20 0.000 0.000 0.14 0.14
TG (51:3) 144 ± 22 20 ± 7 156 ± 12 0.000 0.000 0.14 0.13
TG (53:3) 133 ± 24 24 ± 8 134 ± 15 0.000 0.000 0.18 0.18
TG (54:2) 443 ± 51 116 ± 34 410 ± 89 0.000 0.001 0.26 0.28
TG (50:2) 1177 ± 140 356 ± 102 1290 ± 210 0.000 0.000 0.30 0.28
TG (54:3) 1296 ± 143 430 ± 77 1288 ± 131 0.000 0.000 0.33 0.33
TG (52:1) 231 ± 25 84 ± 23 203 ± 48 0.000 0.003 0.36 0.41
TG (50:1) 562 ± 72 209 ± 63 579 ± 161 0.000 0.004 0.37 0.36

TG (56:3) 163 ± 27 42 ± 22 148 ± 36 0.000 0.001 0.26 0.28

TG (50:3) 830 ± 83 179 ± 67 945 ± 112 0.000 0.000 0.22 0.19

DG (34:1) 184 ± 18 61 ± 18 191 ± 15 0.000 0.000 0.33 0.32
TG (52:5) 489 ± 101 179 ± 50 549 ± 118 0.000 0.001 0.37 0.33
TG (52:2) 3124 ± 323 1189 ± 347 3363 ± 272 0.000 0.000 0.38 0.35

Abbreviations: C=null control group, A=AMD-administered group, A+P=AMD plus probiotic blend-administered
group. Metabolites are arranged in order of the magnitude of the A/C fold change.

PCs and LysoPCs regulate immune function. PCs inhibit the TNF-α-induced upregulation
of pro-inflammatory cytokines [22,23] and stimulate universal anti-inflammatory effects in the
liver [24]. In contrast to the PCs, research on the immunomodulatory functions of LysoPCs shows
conflicting results. Some studies show that LysoPCs contribute to the progression of inflammation by
upregulating IL-1β-induced inducible nitric oxide synthase (NOS) [25] and also act as a death effector
in the lipo-apoptosis of hepatocytes [26], which are key cells in innate immunity [27]. In addition,
LysoPCs are involved in cardiovascular complications related to diabetes, rheumatoid arthritis,
and atherosclerosis [28,29], as well as the activation of inflammatory responses via the acceleration
of endothelial chemokine secretion [29,30]. However, other studies suggest that LysoPCs regulate
inflammatory responses by inhibiting the secretion of pro-inflammatory cytokines such as TNF-α [31].
LysoPCs were evaluated as a biomarker because PC is converted to LysoPC by phospholipase A2
under inflammatory conditions [32–34]. Some studies suggest that LysoPCs are immunoregulatory
lipid messengers under normal and pathogen-induced physiological conditions [35] because they
can mediate signaling through G-protein-coupled receptors and be recognized as autoantigens [36].
Notwithstanding ambiguous results concerning pathways and mechanisms, it is certain that LysoPCs
are involved in inflammation. Accordingly, it is apparent that increases of phospholipids such as PC
and LysoPC in AMD-administered rats are associated with inflammation.

TGs are associated with the immune system. An excess of TGs causes diseases like
hypertriglyceridemia [37], which is related to systemic inflammation [38]. Sterols play an essential role
in countless biological processes including reproduction, metabolism, development, and immunity [39].
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Cholesterols contribute to protection against infection by amplifying the inflammatory response and
are the precursors of steroid hormones (including sex hormones, growth hormones, and glucocorticoids
like corticosterone) [40]. However, excessive or prolonged cholesterol-induced immune responses can
cause chronic inflammatory diseases like atherosclerosis [41]. Therefore, we performed additional
analysis to examine and compare the levels of two hormones, adrenocorticotropic hormone (ACTH)
and corticosterone, which are both representative stress hormones associated with immune reaction
in rats [42–44].

3.3. Identification and Comparison of Corticosterone and Adrenocorticotropic Hormone (ACTH)

The probiotic blend used in this study was previously shown to have beneficial effects on human
subjects with irritable bowel syndrome [45] and on animals with indomethacin-induced small intestine
injury [46]. In our previous experiment, it was found to bring down increased levels of inflammatory
cytokines in AMD-administered rats [19]. Glucocorticoids, including corticosterone in rodents and
cortisol in humans, are anti-inflammatory steroid hormones [47,48]. In this context, we hypothesized
that the probiotic blend could normalize potential anomalies in the level of corticosterone.

As shown in Figure 3, corticosterone levels were much higher in the AMD group than in the
other two groups. The stress related to handling by the investigators was almost the same among
the groups. Like the AMD group and the AMD+PB group, the control group was also subjected to
oral gavage. Because the stress from oral gavage was the same among the groups, it is reasonable
to hypothesize that higher corticosterone levels in the AMD group were caused by AMD-induced
activation of the hypothalamic-pituitary-adrenocortical (HPA) axis or by a direct effect of AMD on the
adrenal cortex, either or both of which were blocked by the PB co-treatment. In contrast, the ACTH
levels decreased slightly more in the AMD group than in the control group (Figure 4). Considering
that ACTH has a short half-life in plasma [49] and corticosterone itself is a negative regulator of ACTH
secretion, the observed reduction of ACTH is likely a reflection of feedback inhibition of the HPA axis
by corticosterone [47].

Figure 3. Corticosterone levels in the rat sera (*; p value < 0.05, **; p value < 0.01).
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Figure 4. Adrenocorticotropic hormone (ACTH) levels in the rat sera.

4. Conclusions

Composition and stability of the gut microbiome is known to be affected by nutrition and disease,
as well as antibiotics or medication [50]. Gut microbes influence lipid processing of hosts by engaging
in gene expression related to the host’s cholesterol and TG metabolism [51]. In this study, we revealed
the change of lipid profiles in the serum of AMD-administered rats. Considering that impairment of the
fine balance between gut microbes and the host’s immune system leads to systemic inflammation [52],
it can be postulated that the change of serum lipid profiles by AMD may reflect the disturbance of the
gut microbial environment by AMD. Combined with these facts, our results suggest that AMD-induced
dysbiosis leads to inflammation and changes in metabolic pathways, which in turn promotes the
secretion of corticosterone to relieve the symptoms (Figure 5).

Figure 5. A cartoon summarizing the hypothesized effects of AMD-induced dysbiosis on
lipid metabolism.
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16. Erny, D.; Hrabě de Angelis, A.L.; Prinz, M. Communicating Systems in the Body: How Microbiota and
Microglia Cooperate. Immunology 2017, 150, 7–15. [CrossRef]

17. Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The Gut-Brain Axis: Interactions between Enteric
Microbiota, Central and Enteric Nervous Systems. Ann. Gastroenterol. 2015, 28, 203–209.

29



Nutrients 2020, 12, 205
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Abstract: Soy protein intake is known to cause microbiota changes. While there are some reports
about the effect of soy protein intake on gut microbiota and lipid metabolism, effective timing of
soy protein intake has not been investigated. In this study, we examined the effect of soy protein
intake timing on microbiota. Mice were fed twice a day, in the morning and evening, to compare the
effect of soy protein intake in the morning with that in the evening. Mice were divided into three
groups: mice fed only casein protein, mice fed soy protein in the morning, and mice fed soy protein
in the evening under high-fat diet conditions. They were kept under the experimental condition for
two weeks and were sacrificed afterward. We measured cecal pH and collected cecal contents and
feces. Short-chain fatty acids (SCFAs) from cecal contents were measured by gas chromatography.
The microbiota was analyzed by sequencing 16S rRNA genes from feces. Soy protein intake whether
in the morning or evening led to a greater microbiota diversity and a decrease in cecal pH resulting
from SCFA production compared to casein intake. In addition, these effects were relatively stronger
by morning soy protein intake. Therefore, soy protein intake in the morning may have relatively
stronger effects on microbiota than that in the evening.

Keywords: soy protein; microbiota; lipid metabolism; circadian; chrono-nutrition

1. Introduction

Mammals have approximately 100 trillion bacteria in their gut that comprise the microbiota.
Gut microbiota has profound influences on the host’s physiological conditions such as nutrient
absorption, metabolism, and immunity [1]. Microbial alterations cause inflammatory bowel diseases
and metabolic disorders. For example, concerning the microbiota of an obese person, the relative
abundance of Firmicutes, which is a factor of obesity, is increased and Bacteroidetes, which prevents fat
accumulation, is decreased [2]. In addition, an altered microbiota causes obesity because germ-free
mice show an increase in body fat when injected with the microbiota of an obese mice [3].

Intestinal bacteria digest non-digestible food components such as dietary fibers, oligosaccharides,
resistant starches, and resistant proteins, and produce short-chain fatty acids (SCFAs) [4,5].
SCFAs include acetic acid, propionic acid, lactic acid, and butyric acid. SCFAs are used as an energy
source for colonic epithelial cells [6]. SCFAs maintain gut acidic conditions and prevent the growth of
harmful bacteria such as Enterobacteriaceae and Clostridia [4,7]. SCFAs also have beneficial effects on
mammalian energy metabolism and regulate the metabolism of fatty acid, glucose, and cholesterol [4].
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The alteration of microbiota depends on various factors such as age, stress, disease, drugs,
and diet [8]. There are many reports about the relationship between diet and microbiota. The microbiota
can be rapidly affected by dietary changes [9]. Some studies evaluated the impact of protein on the
microbiota. Many proteins are absorbed by the small intestine. However, segments of some proteins
pass through the small intestine to reach the large intestine [10]. These resistant proteins and amino
acids are metabolized by intestinal microbiota to SCFAs [11]. For example, soy protein intake causes
higher microbial diversity and SCFA levels [12,13].

The circadian clock system plays an important role in maintaining physiological conditions such
as the sleep-wake cycle, body temperature, and metabolism [14]. In the mammalian circadian system,
there are two clocks: the main central oscillator in the suprachiasmatic nuclei (SCN), and the peripheral
oscillator in peripheral organs. The SCN clock is mainly entrained by light-dark stimuli, and it regulates
the peripheral clocks. The peripheral clocks are entrained by pharmacological agents, food nutrients,
and mental or physical stress [15–19]. The SCFAs produced by the microbiota also entrain the circadian
clock [20]. Microbiota exhibits diurnal oscillations in composition and function in both mice and
humans. In addition, jet lag induced circadian disruption changes microbiota, and when feces from jet
lag mice were transferred to germ-free mice, they became obese [21]. Thus, the activity of microbiota is
strongly associated with circadian rhythm.

Chrono-nutrition is the science of nutrition, which is based on chronobiology. Hormonal secretion
and the metabolism and absorption of nutrients have circadian variations [16]. Therefore, some food
components have the most effective intake timing [22,23]. For example, fish oil intake in the morning
rather than the evening is more effective to reduce lipids in mice [23]. Intake of water-soluble dietary
fiber in the morning has a greater effect on microbiota diversity rather than in the evening [24]. In this
study, we examined the effective timing of soy protein intake. Soy protein, especially β-conglycinin,
is known to have beneficial effects on hepatic lipid metabolism, prevention of hepatic steatosis,
and reduction of body fat in both rodents and humans [25–29]. It is also reported that soy protein
intake has a superior effect on microbiota [12,26,27]. As hormonal secretion as well as microbial
composition and function exhibit diurnal oscillations, the effective timing to alter microbiota can be
different according to the food components [14,21]. However, the effective timing of soy protein intake
has not been investigated. Therefore, in this study, we examined the effect of soy protein intake on
mice gut microbiota based on chrono-nutrition, such as morning intake or evening intake.

2. Materials and Methods

2.1. Animals and Diets

We used 105 of ICR 8-week-old male mice (Tokyo Laboratory Animals, Tokyo, Japan) in this study.
The mice were kept under 12 h light/12 h dark condition. Lights-on time was defined as zeitgeber
time 0 (ZT0) and lights-off time as ZT12. Each mouse was housed in a plastic cage individually, at a
temperature of 22 ± 2 ◦C, humidity of 60% ± 5%, and light intensity of 100-150 lux. We prepared two
kinds of diet, a high-fat diet (HFD) with casein and HFD with soy protein (Fujipro F, Fuji Oil Co.,
Osaka, Japan) (Table 1).

To produce metabolic syndrome models with obesity, high inflammation, and abnormal microbiota,
the mice were fed a HFD with casein and water ad libitum for one week before commencing the
experiments. Thereafter, mice were fed HFD with casein or soy protein according to the experimental
protocols. The Committee for Animal Experimentation at Waseda University approved all experimental
protocols (permission protocol 2018-A030).
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Table 1. Nutrition components (g) in each diet (100 g).

Casein Diet Soy Diet

Casein 22.86 -
Soy protein - 23.78
L-cysteine 0.18 0.18
βcorn starch 13.71 12.79
αcorn starch 15.5 15.5
Sucrose 10 10
Soybean oil 4 4
Lard 24 24
Cellulose 5 5
Mineral mixture 3.5 3.5
Vitamin mixture 1 1
Choline bitartrate 0.25 0.25
Total 100 100

2.2. Experimental Design

In this study, we prepared two kinds of diets, HFD with casein (casein diet) and HFD with soy
protein (soy diet), as described previously. For microbiota deterioration, mice were fed a casein diet for
one week before commencing the experiments.

In experiment 1, we examined the effects of soy protein intake in a short period. Soy protein is
known to have anti-obesity effects. Obesity causes a change in microbiota composition. Therefore,
to eliminate the effect of body weight differences, we conducted the experiments over a short period,
before body weight change. Mice were given free access to the casein diet (Casein group) or soy diet
(Soy group) for 10 days, and they were sacrificed at ZT12, ZT20, or ZT4. Ten mice were prepared for
each time point and group. We measured the cecal pH, and we collected the cecal contents, feces,
blood, and liver samples (Figure 1a).

In experiment 2, we examined the timing effects of soy protein intake. To compare the effect of
soy protein intake in the morning to that in the evening, mice were fed 1.8 g diets twice a day in the
morning (ZT12) and evening (ZT20). When mice were given 4 h of access to food in the morning
and evening, the amount of food consumption was different between the morning and evening [24].
Therefore, we fed mice 1.8 g diets twice a day, so that morning and evening food consumption is the
same. It is reported that mice were able to consume all of 1.8 g diet within 4 h [30,31]. The experiment
period was set to 14 days since it takes a few days for mice to adapt to the 2-meals-per-day feeding
pattern. The mice were fed only casein diet (Casein group), soy diet in the morning and casein diet in
the evening (M-Soy group), or casein diet in the morning and soy diet in the evening (E-Soy group).
The mice were kept under experimental conditions for two weeks, and then they were sacrificed at
ZT12, 20, or 4. Five mice were prepared for each time point and group. We measured the cecal pH and
collected the cecal contents, feces, blood, and liver samples (Figure 1b).

2.3. Cholesterol and Triglyceride Measurement

Serum cholesterol and triglyceride (TG) levels were measured using cholesterol and triglyceride
kit (FUJIFILM Wako Pure Chemical Co., Osaka, Japan). The assay was performed according to the
manufacturer’s instructions.
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Figure 1. Experimental design. (a) Experimental protocol to examine the effect of soy protein intake.
(b) Experimental protocol to examine the effect of soy protein intake timing. The white and black bars
indicate environmental 12 h light and dark conditions, respectively. The horizontal blue arrow indicates
free access to a high-fat diet (HFD) with casein. The horizontal orange arrow indicates free access to
HFD with soy protein. The blue cylinder indicates the feeding timing of 1.8 g of HFD with casein.
The orange cylinder indicates the feeding timing of 1.8 g of HFD with soy protein. The red triangles
indicate the sampling time. High-fat diet, casein diet feeding, soy protein diet feeding, morning soy
protein diet feeding, evening soy protein diet feeding: HFD, Casein, Soy, M-Soy, E-Soy, respectively.

2.4. Real-Time RT-PCR

Relative liver mRNA levels were measured by real-time RT-PCR. The mice were anesthetized
with isoflurane and sacrificed at ZT 12, ZT 20, or ZT4. We collected livers to measure mRNA levels
at each time point. Total liver RNA was extracted using RNA-Solv Reagent (Omega Bio-Tek Inc.,
Norcross, GA, USA). RNA concentration of each sample was adjusted using a spectrophotometer (GE
Healthcare Japan Co., Tokyo, Japan). The RNA was reverse-transcribed and amplified using One-Step
SYBR RT-PCR kit (Takara Bio Inc., Shiga, Japan) with specific primer pairs (Table 2) on Piko Real PCR
system (Thermo Fisher Scientific, Waltham, MA, USA). The relative expression levels of target genes
were normalized with GAPDH. The data were analyzed using the ΔΔCt method.
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Table 2. Sequences of Primers for Real-time RT-PCR.

Gene Forward Reverse

Acc1 GCACTCCCGATTCATAATG CCCAAATCAGAAAGTGTATC
Cyp7α1 AGACCGCACATAAAGCCCGG CTTTCATTGCTTCAGGGCTC

Fas TGGGTTCTAGCCAGCAGAGT ACCACCAGAGACCGTTATGC
Gapdh TGGTGAAGGTCGGTGTGAAC AATGAAGGGGTCGTTGATGG
Hmgcr GATCATCCAGTTGGTCAATGC GCAAGCTTTGTGGAGAGGAG
Srebp1c CGCTACCGGTCTTCTATCAATG CAAGAAGCGGATGTAG

2.5. Cecal pH Measurement

Cecal pH was measured using pH meter (Euthech Instruments, Vernon Hills, IL, USA).
The electrode of the pH meter was inserted directly into the cecum, immediately after collection.

2.6. Short-Chain Fatty Acid (SCFA) Measurement

Short-chain fatty acid (SCFA) in cecal contents was measured through gas chromatography
(Shimadzu Co., Kyoto, Japan) as described in a previous report [32]. Cecal contents were acidified
with sulfuric acid and SCFAs were extracted from 50 mg of cecal contents by shaking in 50 μL of
sulfuric acid, 400 μL of diethyl ether, and 200 μL of ethanol (FUJIFILM Wako Pure Chemical Co., Osaka,
Japan). The mixture was centrifuged at 18700× g for 30 s. The supernatant (1 μL) was injected into the
capillary column (InertCap Pure WAX (30 m × 0.25 mm, df = 0.5 μm), GL Science, Tokyo, Japan) of gas
chromatography coupled to a flame ionization detector. The initial temperature was 80 ◦C and the
final temperature was 200 ◦C. Helium was used as carrier gas and quantification of the samples was
performed using calibration curves for acetic, lactic, propionic, and butyric acids. A standard curve
plotted for the quantitation of each acid was in the samples.

2.7. Fecal DNA Extraction

Fecal DNA was extracted according to the previous report with modifications [33]. We collected
feces from the rectum, when we sacrificed the mice at each time point. Approximately 0.2 g fecal
sample was suspended in a 50 mL tube containing 20 mL PBS. The suspension was filtered through a
100 μm nylon filter (Corning Inc., New York, NY, USA). The tube was washed with 10 mL PBS and
then filtered through the filter. The filtrates were centrifuged at 9000× g for 20 min at 4 ◦C, and the
supernatants were removed. Each precipitate was suspended in 1.5 mL TE 10 buffer (10 mM Tris-HCl
(FUJIFILM Wako Pure Chemical Co., Osaka, Japan)/10 mM EDTA (DOJINDO, Tokyo, Japan)), and the
suspension was transferred to 2 mL microtube. The suspensions were centrifuged at 9560× g for 5
min at 4 ◦C, and the supernatants were removed. Each precipitate was suspended in 800 μL TE 10
buffer. The suspensions were added 100 μL lysozyme (150 mg/mL) (FUJIFILM Wako Pure Chemical
Co., Osaka, Japan) and then incubated for 1 h at 37 ◦C. Achromopeptidase (20 μL, 100 units/μL,
FUJIFILM Wako Pure Chemical Co., Osaka, Japan) was added to the suspension and then incubated
for 30 min at 37 ◦C. The suspension was treated with 50 μL of 20% sodium dodecyl sulfate and
proteinase K (Promega Co., Madison, WI, USA) and then incubated for 1 h at 55 ◦C. To extract DNA,
980 μL PCI (phenol/chloroform/isoamyl alcohol) (Invitrogen, Carlsbad, CA, USA) was added and
centrifuged at 6000× g for 10 min at 20 ◦C. The supernatant was transferred to a new 2 mL microtube
and then suspended with 100 μL of 3 M sodium acetate and 900 μL isopropanol (FUJIFILM Wako
Pure Chemical Co., Osaka, Japan). The suspensions were centrifuged at 6000× g for 10 min at 20 ◦C,
and the supernatants were removed. The DNA pellet was rinsed with 1 mL of 70% ethanol and dried.
The DNA was purified by treatment with 99 μL TE buffer and 1 μL RNase (10 μg/mL) (FUJIFILM
Wako Pure Chemical Co., Osaka, Japan), then precipitated with 100 μL of 20% PEG solution (TOKYO
Chemical Industry Co., Tokyo, Japan). The DNA was pelleted by centrifugation at 10,000× g at 4 ◦C,
rinsed with 500 μL of 70% ethanol, and dissolved in 50 μL TE buffer.
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2.8. 16S rRNA Gene Sequencing

16S rRNA gene sequencing was performed according to Illumina instructions
(16S Metagenomic Sequencing Library Preparation). V3-V4 variable regions of the
16S rRNA gene were amplified using forward primer (5′-TCGTCGGCAGCGTCAGATG
TGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and reverse primer (5′-GTCTCGTGGG
CTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). Amplicon PCR was
performed with 2.5 μL microbial DNA (5 ng/μL), 5 μL of each amplicon PCR primer (1 μM), and 12.5 μL
of 2 × KAPA HiFi HotStart Ready Mix (Kapa Biosystems, Wilmington, MA, USA) under conditions of
3 min at 95 ◦C, 25 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension of
72 ◦C for 5 min. The PCR products were purified using AMPure XP beads (Beckman Coulter, Inc.,
Brea, CA, USA).

The Nextera XT Index Kit v2 (Illumina Inc., San Diego, CA, USA) was used to join dual indices
and Illumina sequencing adapters. Index PCR was performed in 5 μL PCR production, 5 μL of each
Nextera XT Index primer, 25 μL of 2 × KAPA HiFi HotStart Ready Mix, and 10 μL of PCR Grade
water under conditions of 3 min at 95 ◦C, 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s,
and a final extension of 72 ◦C for 5 min. The PCR products were purified using AMPure XP beads.
The quality of the purification was checked using Agilent 2100 Bioanalyzer with DNA 1000 kit (Agilent
Technologies, Santa Clara, CA, USA). Finally, the DNA library concentration was diluted to 4 nM.

The DNA library was sequenced using Miseq reagent kit v3 (Illumina Inc., San Diego,
CA, USA) on Illumina Miseq 2 × 300 bp platform. This sequencing was performed following
manufacturer instructions.

2.9. Analysis of 16S rRNA Gene Sequences

16S rRNA gene sequence reads were processed through quantitative insights into microbial ecology
(QIIME) pipeline version 1.9.1 [34]. Quality-filtered sequence reads were assigned to operational
taxonomic units (OTUs) at 97% identity with the UCLUST algorithm [35]. These reads were then
compared to the reference sequence collections in the Greengenes database (August 2013 version).
A total of 4,034,110 reads were obtained from 105 samples. On average, 38,420 ± 2427 reads
were obtained per sample. Taxonomy summary, alpha-diversity (within-sample), beta-diversity
(between-sample dissimilarity), and principal coordinate analysis (PCoA) were calculated and generated
by QIIME. PCoA analysis was also calculated using unweighted UniFrac distances.

2.10. Metagenome Prediction

The functional profiles of microbial communities were predicted through phylogenetic
investigation of communities by reconstruction of unobserved states (PICRUSt) [36]. The functional
predictions were assigned to almost all Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog
(KO) functional profiles of microbial communities via 16S sequences. We selected and examined
categories related to “Amino Acid Metabolism” and “Energy Metabolism” for analysis of simplification
and clarity.

2.11. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). In this study, we compared the
feeding condition at each time point, because we focused on the difference in feeding condition rather
than time point. Statistical analysis was performed using GraphPad Prism version 6.03 (GraphPad
Software, San Diego, CA, USA). The data were tested for normality and equality of variances using a
D’Agostino-Pearson test/Kolmogorov-Smirnov test and Bartlett’s test, respectively. Parametric analysis
was conducted using one-way ANOVA with Tukey test or Student’s t-test for post-hoc analysis,
and non-parametric analysis was conducted using the Kruskal-Wallis test with Dunn’s test or the
Mann-Whitney test for post-hoc analysis. The differences in microbiota composition were tested using
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the permutational multivariate analysis of variance (PERMANOVA). PERMANOVA was analyzed
by QIIME.

3. Results

3.1. Soy Protein Intake Affected Lipid Metabolism and the Gut Microbiota

It has already been reported that soy protein not only reduces serum cholesterol and triglycerides,
but also changes the microbiota composition, leading to considerable microbial diversity [12,25,26].
To examine whether the results of our study are similar to previous reports, we considered the effect of
soy protein feeding in the free-feeding condition.

First, we examined the effect of soy protein on lipid metabolism. The food consumption (Casein
group: 3.88 ± 0.15 g/day, Soy group: 3.92 ± 0.11 g/day) and final body weight (Casein group:
42.69 ± 0.59 g, Soy group: 42.15 ± 0.71 g) showed no differences between the groups. We showed the
data of each time point and the average of a 3-time point (AVE). The serum cholesterol of the Soy
group was significantly lower than that of the Casein group at ZT20 and AVE. Serum TG level showed
no significant difference between both groups (Figure 2a). We measured the mRNA expression levels
of fatty acid and cholesterol metabolism-related genes from liver samples. Acc1(ZT12, ZT20, and AVE),
Fasn (ZT12, ZT20, and AVE), and Srebp1c (ZT12, ZT4, and AVE) expression levels were significantly
lower in the Soy group than those in the Casein group. Cyp7α1 expression level tended to be higher in
the Soy group than that in the Casein group at ZT20 (Figure 2b).

To examine the effect of soy protein on microbiota, we measured cecal pH and SCFA production.
Cecal pH was significantly lower in the Soy group than that in the Casein group (Figure 3a). Acetic acid
(ZT12, ZT4, and AVE), propionic acid (ZT12 and ZT4), lactic acid, and butyric acid levels were
significantly or tended to be higher in the Soy group than those in the Casein group (Figure 3b).

As cecal pH was decreased and SCFA production was increased, soy protein intake may alter the
microbiota. Therefore, we analyzed the microbiota from feces. The Soy group showed significantly
higher alpha-diversity for the Simpson index than that in the Casein group at ZT20 (Figure 4a).
The PCoA of unweighted UniFrac distance showed that the beta-diversity of microbiota composition
was significantly different between the Soy group and the Casein group (Figure 4b). Concerning the
relative abundances of microbes at the phylum level, Bacteroidetes (ZT20) and Proteobacteria (ZT12, ZT20,
and AVE) in the Soy group were significantly higher than those in the Casein group. Firmicutes (ZT12,
ZT20, and AVE) in the Soy group were significantly lower than those in the Casein group (Figure 4c).
At the genus level, Bifidobacterium (ZT12, ZT4, and AVE), Enterococcus (ZT20 and AVE), [Ruminococcus]
(ZT20 and AVE), and Desulfovibrio (ZT20 and AVE) in the Soy group were significantly higher than
those in the Casein group. Lactococcus in the Soy group was significantly lower than that in the Casein
group (Figure 4d).

To infer the metagenome functional content based on the microbial community profiles obtained
from 16S rRNA gene sequences, we used PICRUSt. The microbial communities could be distinguished
based on their functions. The KEGG pathways associated with amino acid and energy metabolisms
were significantly upregulated in the Soy group. The pathways associated with glycine, serine,
and threonine metabolisms (ZT12, ZT20, and AVE) and lysine biosynthesis (ZT20 and AVE) in the Soy
group were significantly upregulated compared to those in the Casein group (Figure 5a). The pathways
associated with methane metabolism (ZT12, ZT20, and AVE) and nitrogen metabolism (ZT12, ZT20,
and AVE) in the Soy group were significantly upregulated compared to those in the Casein group
(Figure 5b).
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Figure 2. Serum lipid and gene expression levels in the liver. (a) Serum cholesterol and triglyceride
levels (ZT12, ZT20, ZT4, and an average of three points) of mice that were fed each diet for 10 days.
(b) Relative RNA expression levels of fatty acid and cholesterol metabolism-related genes in the liver
(ZT12, ZT20, ZT4, and an average of three points) of mice that were fed each diet for 10 days. Data are
represented as mean ± SEM (n = 10). * p < 0.05, ** p < 0.01, *** p < 0.001 versus Casein, evaluated using
Student’s t-test. $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 versus Casein, evaluated using the Mann-Whitney
test. High-fat diet, casein diet feeding, soy protein diet feeding, an average value of three points: HFD,
Casein, Soy, AVE, respectively.
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Figure 3. The effect of soy protein intake on cecal pH and SCFA levels. (a) Cecal pH levels (ZT12, ZT20,
ZT4, and an average of three points) of mice that were fed each diet for 10 days. (b) Cecal short-chain
fatty acids (SCFA) levels (ZT12, ZT20, ZT4, and an average of three points) of mice that were fed each
diet for 10 days. Data are represented as mean ± SEM (n = 10). * p < 0.05, ** p < 0.01, *** p < 0.001 versus
Casein, evaluated using Student’s t-test. $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 versus Casein, evaluated
using the Mann-Whitney test.
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Figure 4. The effect of soy protein intake on microbiota. (a) Alpha-diversity about Simpson index (ZT12,
ZT20, ZT4, and an average of three points) of mice that were fed each diet for 10 days. (b) Beta-diversity
in comparison of each diet. The PCoA plots of unweighted UniFrac distance metrics obtained from
sequencing the 16S rRNA gene in feces (n = 30). (c) The relative abundance of microbes at the
Phylum level, and (d) at the Genus level of mice that were fed each diet for 10 days (ZT12, ZT20,
ZT4, and an average of three points). Data (a,c,d) are represented as mean ± SEM (n = 10). * p < 0.05,
** p < 0.01, *** p < 0.001 versus Casein, evaluated using Student’s t-test. $ p < 0.05, $$ p < 0.01,
$$$ p < 0.001 versus Casein, evaluated using the Mann-Whitney test. The table in (b) indicates the
result using PERMANOVA.
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Figure 5. The functional predictions of microbial communities. (a) The functional predictions about
categories related to “Amino Acid Metabolism” and (b) “Energy Metabolism” of microbial communities
in mice that were fed each diet for 10 days (ZT12, ZT20, ZT4, and an average of three points). Data are
represented as mean ± SEM (n = 10). * p < 0.05, ** p < 0.01, *** p < 0.001 versus Casein, evaluated using
Student’s t-test. $$ p < 0.01, $$$ p < 0.001 versus Casein, evaluated using the Mann-Whitney test.

3.2. Soy Protein Intake in the Morning Affected the Gut Microbiota More Than That in the Evening

Since soy protein intake improved microbiota, we examined the effect of soy protein intake timing
on microbiota. To compare the effect of soy protein intake in the morning and evening, mice were
fed 1.8 g diets twice a day in the morning (ZT12) and evening (ZT20). Mice were fed only casein diet
(Casein group), soy diet in the morning and casein diet in the evening (M-Soy group), or casein diet
in the morning and soy diet in the evening (E-Soy group). Mice were kept under the experimental
condition for two weeks and were then sacrificed at ZT12, 20 or 4 (Figure 1b). We measured cecal pH
and collected cecal contents, feces, blood, and liver sample.

First, we examined the effect of soy protein intake timing on lipid metabolism. The final body
weight (Casein group: 43.57 ± 0.76 g, M-Soy group: 43.86 ± 0.51 g, E-Soy group: 42.50 ± 0.77 g) showed
no significant difference among the groups. We showed the data of each time point and the average of
a 3-time point (AVE). Serum cholesterol in the M-Soy group was significantly higher than that in the
Casein and the E-Soy groups at ZT12. The serum TG level showed no significant difference (Figure 6a).
We measured the mRNA expression levels of fatty acid and cholesterol metabolism-related genes in
the liver sample. Acc1 expression level was significantly lower in the E-Soy group than that in the
Casein group at ZT12 and AVE. Fasn expression level in the E-Soy group at ZT12 was significantly
lower than that in the M-Soy group and tended to be lower than that in the Casein group. Cyp7α1
expression level in the Casein group was significantly higher than that in the M-Soy group at ZT20 and
ZT4, and that in the E-Soy group at ZT4 (Figure 6b).
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Figure 6. Serum lipid levels and gene expression levels in the liver. (a) Serum cholesterol and
triglyceride levels (ZT12, ZT20, ZT4, and an average of three points) of mice that were kept in each
feeding condition for two weeks. (b) Relative RNA expression levels of fatty acid and cholesterol
metabolism-related genes in the liver (ZT12, ZT20, ZT4, and an average of three points) of mice that
were kept in each feeding condition for two weeks. Data are represented as mean ± SEM (n = 5).
# p < 0.05, ## p < 0.01 evaluated using one-way ANOVA with Tukey’s post-hoc test. % p < 0.05, %%
p < 0.01 the Kruskal-Wallis test with Dunn’s post-hoc test. High-fat diet, casein diet feeding, morning
soy protein diet feeding, evening soy protein diet feeding, the average value of three points: HFD,
Casein, M-Soy, E-Soy, AVE, respectively.

44



Nutrients 2020, 12, 87

To examine the effect of soy protein intake timing on microbiota, we measured cecal pH and SCFA
production. Cecal pH in the M-Soy group tended to be lower than that in the Casein group at ZT12,
and significantly lower than that in the other groups at ZT20. The E-Soy group showed a significantly
lower pH than those in the other groups at ZT4. The M-Soy and the E-Soy groups showed significantly
lower cecal pH than that in the Casein group on AVE (Figure 7a). The lactic acid in the M-Soy group
was significantly higher than that in the Casein group and tended to be higher than that in the E-Soy
group at ZT20. The lactic acid in the E-Soy group was significantly higher than that in the Casein
group at ZT4. Only the M-Soy group showed a significantly higher level of lactic acid than that in the
Casein group on AVE. Butyric acid in the M-Soy group tended to be higher than that in the Casein
group at ZT20 and ZT4, and significantly higher than that in the E-Soy group at ZT20. Butyric acid in
the E-Soy group was significantly higher than that in the other groups at ZT4. Only the M-Soy group
showed a significantly higher level of butyric acid than that in the Casein group on AVE (Figure 7b).

 

Figure 7. The effect of soy protein intake timing on cecal pH and SCFA levels. (a) Cecal pH levels
(ZT12, ZT20, ZT4, and an average of three points) of mice that were kept in each feeding condition for
two weeks. (b) Cecal SCFA levels (ZT12, ZT20, ZT4 and average of three points) of mice that were
kept in each feeding condition for two weeks. Data are represented as mean ± SEM (n = 5). # p < 0.05,
## p < 0.01, ### p < 0.001 evaluated using one-way ANOVA with Tukey’s post-hoc test. % p < 0.05, %%
p < 0.01 the Kruskal-Wallis test with Dunn’s post-hoc test.
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As the cecal pH was decreased and SCFA production was increased, soy protein intake in
the morning may strongly alter the microbiota. Therefore, we analyzed the microbiota from feces.
The M-Soy group showed tend to higher alpha-diversity for Simpson index than that shown by
the other groups on AVE (Figure 8a). The PCoA of unweighted UniFrac distance showed that the
beta-diversity of microbiota composition was significantly different between the Casein and the M-Soy
group at ZT20. On the other hand, between the Casein and the E-Soy group, the beta-diversity
of microbiota composition didn’t show a significant difference at ZT4 (Figure 8b). The PCoA of
unweighted UniFrac distance of all-time points was significantly different between the Casein and the
M-Soy groups (statistic value = 2.478, p = 0.002), and relatively different between the Casein and the
E-Soy groups (statistic value = 1.460, p = 0.048) (Figure 8c). For the relative abundance of microbes at
the phylum level, Bacteroidetes was significantly higher in the M-Soy group than that in the Casein
group on AVE. The relative abundance of Firmicutes was significantly lower in the E-Soy group than
that in the Casein group at ZT20 and AVE (Figure 8d). In the genus level, the relative abundance of
Lactococcus in the M-Soy group was significantly lower than that in the other groups at ZT20, and the
relative abundance of Lactococcus in E-Soy group was significantly lower than that in the other groups
at ZT4. On AVE, the relative abundance of Lactococcus in the M-Soy group was significantly lower
and that in the E-Soy group tended to be lower than that in the Casein group. The relative abundance
of [Ruminococcus] in the E-Soy group was significantly lower than that in the other groups at ZT20
(Figure 8e).

To infer the metagenome functional content based on microbial community profiles obtained from
16S rRNA gene sequences, we used PICRUSt. The microbial communities could be distinguished based
on their functions. The KEGG pathways associated with glycine, serine, and threonine metabolism in
the M-Soy group were significantly or tended to be upregulated at ZT12 and AVE compared to those in
the Casein group (Figure 9a). The pathways associated with methane metabolism in the M-Soy group
were significantly or tended to be upregulated compared to those in the Casein group at ZT12 and AVE,
and compared to those in the E-Soy group at ZT20. The pathways associated with methane metabolism
in the E-Soy group were significantly upregulated compared to those in the Casein group at ZT12.
The pathways associated with nitrogen metabolism in the M-Soy group tended to be upregulated
compared to those in the other groups on AVE (Figure 9b).
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Figure 8. The effect of soy protein intake timing on microbiota. (a) Alpha-diversity about Simpson
index (ZT12, ZT20, ZT4, and an average of three points) of mice that were kept in each feeding condition
for two weeks. (b) Beta-diversity in comparison of Casein and M-Soy at ZT20, or Casein and E-Soy at
ZT4, shortly after soy protein intake (n = 5). (c) Beta-diversity in comparison of Casein and M-Soy,
Casein and E-Soy, or M-Soy and E-Soy. The PCoA plots of unweighted UniFrac distance metrics
obtained from sequencing the 16S rRNA gene in feces (n = 15). (d) The relative abundance of microbes
at the Phylum level, and (e) at the Genus level of mice that were kept in each feeding condition for two
weeks. Data (a,d,e) are represented as mean ± SEM (n = 5). # p < 0.05 evaluated using one-way ANOVA
with Tukey’s post-hoc test. % p < 0.05, %% p < 0.01 the Kruskal-Wallis test with Dunn’s post-hoc test.
The tables in (b,c) indicate the result using PERMANOVA.
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Figure 9. The functional predictions of microbial communities. (a) The functional predictions about
categories related to “Amino Acid Metabolism” and (b) “Energy Metabolism” of microbial communities
in mice that were kept under each feeding condition for two weeks (ZT12, ZT20, ZT4, and an average
of three points). Data are represented as mean ± SEM (n = 5). # p < 0.05, ## p < 0.01 evaluated using
one-way ANOVA with Tukey’s post-hoc test.

4. Discussion

In this study, 10 days of soy protein intake reduced serum cholesterol and fatty acid synthesis
related genes expression levels were experimented with in mice. In addition, soy protein changed
microbial conditions and decreased cecal pH caused by SCFA production. Two weeks of soy protein
feeding in the morning or evening resulted in a decrease in cecal pH and an increase in SCFA and
microbiota diversity change after soy protein intake. In addition, soy protein intake in the morning may
have a longer effect on SCFA production and cecal pH reduction than that of soy protein intake in the
evening. It was suggested that soy protein might attenuate abnormality in gut microbiota effectively
when taken in the morning rather than in the evening.

In experiment 1, soy protein reduced serum cholesterol level and fatty acid synthesis related
genes such as Acc1, Fasn, and Srebp1c expression levels (Figure 2). It has already been reported that soy
protein reduces serum cholesterol, TG, and fatty acid synthesis related genes expression levels [12,26].
In these reports, the effects of long-term soy protein intake were examined. In our study, mice were
fed soy protein only for 10 days. However, serum cholesterol and fatty acid synthesis related genes
expression levels were decreased. It was reported that SCFAs produced by the microbiota upregulated
the expression of GLP-1 via activation of the MAPK pathway. GLP-1 induced reduction in mRNA
expression of the fatty acid synthesis related genes [37–39]. Therefore, it is suggested that SCFA
production by soy protein intake may be related to a reduction in fatty acid synthesis related gene
expression. Since the current study focused on the effects of soy protein on microbiota, we measured
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only mRNA levels but not protein levels of the fatty acid synthesis related genes. To support these
mRNA data, it might be necessary to measure the protein levels of enzyme activity.

Soy protein also changed the microbiota composition (Figure 4). Soy protein intake enhanced the
production of SCFA, especially lactic and butyric acids, and decreased cecal pH (Figure 3). Previous
studies also reported that soy protein causes greater diversity of microbiota than milk protein does,
and their microbiota showed different compositions [12,25–27]. However, these previous studies
examined the effects of long-term soy protein intake with bodyweight changes. Therefore, these reports
could not exclude the possibility that soy protein provides anti-obesity effects and then improves the
microbiota. In the current study, only 10 days of soy protein intake changed the microbiota without
body weight changes. Our previous study reported that water-soluble dietary fiber changed microbiota
in 10 days [24]. It is suggested that soy protein intake itself changes the microbiota and even short-term
intake is effective in changing the microbiota.

In the present study, the relative abundances of various bacteria were changed by soy protein
intake both at the phylum and genus levels (Figure 4c,d). These results were similar to previous
reports [27,40]. Firmicutes are known as the obese factor and its relative abundance is higher in obese
people [2]. In this experiment, Firmicutes was decreased by soy protein intake. This result suggests that
soy protein may have an anti-obesity effect by decreasing Firmicutes. Bifidobacterium and Enterococcus
are known to produce acetic and lactic acids through fermentative metabolism [41–43]. An increase in
the relative abundance of Bifidobacterium and Enterococcus might cause an increase in acetic and lactic
acids. It has also been reported that oral administration of Bifidobacterium breve to infants may prevent
digestive disease [44]. Thus, Soy protein intake may prevent diseases of the intestines by increasing
the relative abundance of Bifidobacterium. These changes in microbiota may be related to a decrease in
serum lipid and hepatic fatty acid synthesis related gene expression. Lactococcus is known to produce
lactic acid. However, Lactococcus was decreased by soy protein intake in this study. The reason may be
because Lactococcus is the bacteria commonly found in raw milk, cheese, and other dairy products [45].
In this experiment, Proteobacteria and Desulfovibrio were increased by soy protein intake. It was reported
that an increase in the abundance of Proteobacteria can change microbiota [46]. Further, Desulfovibrio in
Proteobacteria can induce barrier dysfunction [47]. In the present study, we observed a greater diversity
in the Soy group. However, some negative bacteria were increased. The reason underlying this increase
in bacterial number and the associated mechanism under soy protein feeding condition remain unclear.
In the future, this may be clarified by examining in detail the relationship between diet and microbiota.

In experiment 2, we examined the effect of soy protein intake timing (morning or evening) on
microbiota. There were smaller effects of the diets on serum lipid, hepatic fatty acid, and cholesterol
metabolism-related gene expression levels in experiment 2 than those in experiment 1 ( Figure 2;
Figure 6), because the amount of soy protein intake was smaller in experiment 2 than in experiment 1.
In addition, it has been reported that mice under time-restricted feeding of 8 h per day were protected
against obesity and hepatic steatosis, with improved energy expenditure [48]. In this experiment,
mice were restricted in not only the amount but also the timing of feeding. Therefore, the feeding
schedule itself may have powerfully reduced the serum lipid levels and hepatic gene expression of the
fatty acid synthesis related genes, and then this protocol may mask the effects of soy protein.

At first, we compared the effects of soy protein on the microbiota at 8 h after feeding initiation in
both the groups (ZT20 for the morning intake and ZT4 for the evening intake), because microbiota was
altered shortly after water-soluble dietary fiber intake under two-meals-per-day schedule [24] and
rapidly affected by dietary changes [9]. The cecal pH and the amount of lactic acid and butyric acid
showed similar effects in both morning and evening groups (Figure 7). These data suggest that soy
protein has beneficial effects on the microbiota in the morning intake or evening intake as compared
to the casein intake. In addition, the previous feeding has a strong effect on microbial conditions.
Since we collected samples every 8 h in this study, we can discuss the effects throughout the day by
taking the average of 3-time points. The morning soy protein intake also showed lower cecal pH
before soy protein intake (ZT12) and higher levels of lactic and butyric acids at a one day average
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(Figure 7). Overall, it is suggested that soy protein intake in the morning may have long term effects on
SCFA production and cecal pH reduction than that of the soy protein intake in the evening. Regarding
microbiota, soy protein intake in the morning, not in the evening caused greater diversity on one day
average (Figure 8a). In addition, microbiota varied to a greater extent by soy protein intake in the
morning than that in the evening, shortly after soy protein intake (Figure 8b), and throughout the day
(Figure 8c).

We do not know the detailed mechanism of such different effects on microbiota between morning
intake and evening intake groups. The difference between soy protein intake in the morning and
evening may be caused by a difference in fasting time before each diet. Two-meal-per-day feeding
conditions were set close to a human feeding pattern in this study. In general, the fasting period before
breakfast is the longest compared to other meal times in human eating habits. It has been reported that
food signal after a long fasting strongly determines the peripheral clock phase [49]. It is also reported
that consumption of water-soluble dietary fiber at breakfast which is after a longer fasting period, had
greater effects on the microbiota [24]. Soy proteins contain proteins that are resistant to digestion [50],
therefore resistant protein becomes the good food for microbiota just like water-soluble dietary fiber.
In this study, fasting time was longer before the morning diet than before the evening diet. The intake
of soy protein including resistant protein after long fasting may also have a greater impact on the
microbiota. Furthermore, it has been reported that microbiota composition has circadian dynamics [21].
Even in mice that were fed the same diet, different reactions may occur if the microbiota is different in
the morning or evening. The abdominal temperature, bowel movement, and endocrine system may
influence the microbiota diversity [51–54], and these factors show circadian rhythm [55–57]. Thus,
the different microbial reactions that were observed based on the soy protein intake in the morning or
evening may be explained by the differences in the fasting time before each diet, microbiota circadian
oscillations, and gut functional rhythm.

We used PICRUSt analysis to infer the functional capabilities of microbial communities. Soy protein
intake upregulated the KEGG pathways associated with amino acid metabolism, especially glycine,
serine, and threonine metabolism and lysine biosynthesis (Figure 5a). It has been reported that
downregulating the pathway associated with amino acid metabolism has been observed in diarrheic
calves and dogs and may be a feature of microbiota-associated diseases [58,59]. It is suggested that soy
protein may improve microbiota. The pathways associated with methane and nitrogen metabolisms
in the Soy group were significantly upregulated compared to those in the Casein group (Figure 5b).
The upregulation of the nitrogen metabolism pathway by soy protein intake suggested that the
indigestible component of soy protein might be metabolized by microbiota. The pathways associated
with glycine, serine, and threonine metabolism, methane metabolism, and nitrogen metabolism were
significantly upregulated in the M-Soy group compared to those in the Casein group (Figure 9). It is
suggested that soy protein intake in the morning may have a stronger effect on upregulating these
pathways than that in the evening. However, PICRUSt is only a predictor of metagenomic function.
Therefore, metabolomic approaches are preferred in identifying factual changes in the metabolic
function of microbiota by soy protein intake and its timing and identifying biomarkers for unstable
gut microbiota.

5. Conclusions

In summary, the present experiments showed that soy protein intake and its timing affected the
microbiota. The change in microbiota caused SCFA production and a decrease in cecal pH. In particular,
soy protein may be effective in improving lipid metabolism and changing microbiota even with
short-term intake. In addition, with respect to the timing of soy protein intake, morning intake may
have relatively stronger effects on microbiota than evening intake would. This study provides evidence
that soy protein intake and its timing are important factors that affect microbiota composition. To our
knowledge, this is the first study to examine the effect of protein intake timing on microbiota and
predict the functional profiles of microbial communities affected by soy protein. Therefore, our results
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are expected to be useful in designing future studies that may focus on the effects of foods or beverages
in improving microbiota composition at different mealtimes and in providing important information
for chrono-nutrition research.
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Abstract: Gut microbiota metabolization of dietary choline may promote atherosclerosis through
trimethylamine (TMA), which is rapidly absorbed and converted in the liver to proatherogenic
trimethylamine-N-oxide (TMAO). The aim of this study was to verify whether TMAO urinary levels
may be associated with the fecal relative abundance of specific bacterial taxa and the bacterial choline
TMA-lyase gene cutC. The analysis of sequences available in GenBank grouped the cutC gene into
two main clusters, cut-Dd and cut-Kp. A quantitative real-time polymerase chain reaction (qPCR)
protocol was developed to quantify cutC and was used with DNA isolated from three fecal samples
collected weekly over the course of three consecutive weeks from 16 healthy adults. The same
DNA was used for 16S rRNA gene profiling. Concomitantly, urine was used to quantify TMAO by
ultra-performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS).
All samples were positive for cutC and TMAO. Correlation analysis showed that the cut-Kp gene
cluster was significantly associated with Enterobacteriaceae. Linear mixed models revealed that urinary
TMAO levels may be predicted by fecal cut-Kp and by 23 operational taxonomic units (OTUs). Most
of the OTUs significantly associated with TMAO were also significantly associated with cut-Kp,
confirming the possible relationship between these two factors. In conclusion, this preliminary
method-development study suggests the existence of a relationship between TMAO excreted in urine,
specific fecal bacterial OTUs, and a cutC subgroup ascribable to the choline-TMA conversion enzymes
of Enterobacteriaceae.

Keywords: choline; trimethylamine; trimethylamine n-oxide; 16S rRNA gene profiling; qPCR; linear
mixed models

1. Introduction

From infancy, the microorganisms colonizing the human gastrointestinal tract (GIT), collectively
known as GIT microbiota, act as a “hidden” metabolic organ that exerts indispensable functions
for the development and physiology of the human organism, such as the production of vitamins,
modulation of the immune system, competitive exclusion toward exogenous pathogenic bacteria,
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xenobiotic detoxification, and production of short-chain fatty acids [1]. Nonetheless, detrimental
activities have also been associated with gut commensal microorganisms, such as the production
of carcinogens by the bacterial nitroreductases and azoreductases [2], or the conversion of primary
bile acids to toxic compounds by the microbiota-associated enzyme cholesterol dehydrogenase and
7-α-dehydroxylase [3]. In addition, it was proposed that the intestinal bacterial enzymatic activities
that produce trimethylamine (TMA) may promote atherosclerosis. TMA, in fact, is readily absorbed
from the intestinal tract and, once in the liver, is converted into trimethylamine-N-oxide (TMAO) [4],
whose plasma level has been identified as a metabolite strongly associated with atherosclerosis in a
large case-control cohort for cardiovascular disease [5]. In particular, TMAO was proposed to promote
atherogenesis by increasing cholesterol in macrophages and enhancing the accumulation of foam cells
in artery walls [4,5]. Nonetheless, the literature has contradicted the role of TMAO, and recent studies
have questioned its deleterious role in the cardiovascular system [6], suggesting, on the contrary, that
TMAO could have protective functions [7,8].

Reportedly, a dominant contribution to the production of TMA in the gut comes from the microbial
metabolism of diet-derived substrates such as carnitine- and choline-containing molecules [4,5,9].
Choline is an essential nutrient that is used by cells to synthesize membrane phospholipids. Furthermore,
choline is the precursor of the neurotransmitter acetylcholine and a major source for methyl groups via
its metabolite, trimethylglycine (betaine) [10]. The main dietary sources of the choline moiety, which is
mostly present in food as lecithin (i.e., phosphatidylcholine), were reported to be eggs, liver, soybeans,
and pork [11]. Although they are also present in numerous other foods [12], recent surveys in the
USA indicated that choline may be underconsumed in specific populations (e.g., pregnant women and
vegans) [13]. Based on the average observed choline intake in healthy European populations, a panel
of the European Food Safety Authority set the adequate intake of choline at 400 mg/day [14].

Recent literature has suggested that the enhanced abundance of choline utilization genes in the
intestinal microbiome is associated with increased TMA levels in the gut and, subsequently, with a
higher hepatic production of TMAO. Proof of the importance of choline-derived TMA in the context
of TMAO toxicity was recently provided by the study of Craciun and Balskus, in which the specific
inhibition in mouse intestine of the microbial choline TMA-lyase (the primary enzymatic activity
involved in the production of TMA from choline [15]) resulted in a significant reduction in plasma
TMAO levels and recovery from dietary-induced platelet aggregation and thrombus formation [16].

Choline TMA-lyase is discontinuously distributed in bacterial taxa. Consequently, it was
speculated that the phylogenetic composition of the microbiota is plausibly a poor predictor of the
intestinal potential to convert choline into TMA [15,17,18]. However, in another study, the taxonomic
structure of the gut microbiota was used to predict genes involved in choline metabolism [19] by means
of PICRUSt, a bioinformatic tool used to infer the functional profiles of the microbial communities
from 16S rRNA gene profiling data [20]. Although the toxicity of TMAO has been extensively
investigated in the last 10 years, the association potentially existing among host TMAO levels, gut
microbiota composition, and the intestinal microbial metabolization of choline has been only marginally
considered. In this context, we developed a molecular protocol for the targeted quantification in the
fecal microbiome of the bacterial gene cutC coding for the glycyl radical enzyme homolog choline
TMA-lyase [15,21]. This protocol was applied to quantify the cutC gene abundance in the fecal samples
collected at different time points from a group of healthy adults. Then, the obtained results were
analyzed in comparison with the bacterial taxonomic composition and the urinary levels of TMAO
concomitantly determined in the same population to deduce the potential association of excreted
TMAO with gut microbial taxa and/or specific choline TMA-lyase enzymes.
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2. Materials and Methods

2.1. Design and Use of Primers Targeting the cutC Gene

The primers used in polymerase chain reaction (PCR) for the amplification of the cutC gene were
designed as follows. The GenBank database and Conserved Domain Database (CDD) at the National
Center for Biotechnology Information (NCBI) were queried to select 52 nonredundant representative
bacterial proteins of the choline trimethylamine-lyase protein family TIGR04394 (choline_CutC;
EC Number 4.3.99.4), including the CutC enzymes of Desulfovibrio desulfuricans [4], and Klebsiella
pneumoniae [22]. Then, the corresponding CDS nucleotide sequences of selected proteins were used to
build a UPMGA tree upon ClustalW multiple alignments. According to the obtained dendrogram,
sequences were clustered in two groups: One including the cutC sequence of K. pneumoniae, named
cut-Kp, and one including the cutC sequence of D. desulfuricans, named cut-Dd (Supplementary Figure
S1). Finally, a pair of primers was designed in the most conserved regions of each group of sequences:
cut-Dd-F, 5′-CGTGTTGACCAGTACATGTA-3′ and cut-Dd-R 5′-GCTGGTAACCTGCGAAGAA-3′
(expected amplicon of 185 bp); cut-Kp-F, 5′-GATCTGACCTATCTGATTATGG-3′, and cut-Kp-R,
5′-TTGTGGAGCATCATCTTGAT-3′ (expected amplicon of 190 bp).

2.2. PCR Detection of cutC Gene in Single Strains

The two primer pairs designed as described above were used in endpoint PCR with the genomic
DNA extracted from 64 bacterial strains (Table S1). Reaction mix was prepared in 25 μL, including
0.5 units of DreamTaq Polymerase (ThermoFisher, Fermentas, Waltham, MA, USA), 1× concentration
of DreamTaq Polymerase Buffer (ThermoFisher, Fermentas,), 0.25 μM of each primer, 200 μM of
deoxyribonucleotide triphosphate (dNTPs), and 0.5 mM of MgCl2. The PCR cycle program used was
the following: Initial denaturation at 95 ◦C for 2 min, followed by 35 cycles of denaturation at 94 ◦C for
45 s, annealing at 58 ◦C for 45 s for the cut-Dd couple and 56 ◦C for 45 s for the cut-Kp couple, and
extension at 72 ◦C for 20 s. A final extension of 7 min at 72 ◦C was then applied.

2.3. Detection of Choline-Utilization Activity in Single Strains

Bacterial strains were grown in the respective culture medium (reported in Table S1) for 48 h.
Afterward, the biomasses were collected by centrifugation at 9500 g for 10 min. The cell pellets
were then washed with sterile PBS and resuspended in fresh medium with the addition of 0.2%
filter-sterilized choline. Bacteria were incubated at 37 ◦C for 48 h in glass tubes with screw cap.
Afterward, supernatants were collected and used for mass spectrometry (MS) and nuclear magnetic
resonance (NMR) analyses. The MS analyzes were performed by directly injecting 5 μL of diluted
broth cultures after the removal of the bacterial cells by centrifugation and subsequent filtration with a
0.45-μm syringe filter. In detail, the broth cultures were analyzed in full scan in the range from 50 u to
400 u on an HR-MS Orbitrap model Exactive with a HESI-II probe for electrospray ionization (Thermo
Scientific, San Jose, CA, USA). The resolution, gain control, mass tolerance, and maximum ion injection
time was set to 50 K, 1E6, 2 ppm, and 100 ms, respectively. The MS data were processed using Xcalibur
software (Thermo Scientific). Choline and TMA were used as reference standard. Choline and TMA
were also directly detected in broth cultures by 1H-NMR with a 60 MHz benchtop NMR spectrometer
Spinsolve 60 Carbon Ultra, Magritek GmbH (Aachen, Germany).

2.4. Study Population

Study participants were recruited within the University campus. In total, four females and 12
males aged 21–45 (mean: 29.8 years) were enrolled (Table S2). The inclusion criteria were as follows:
Healthy adult volunteers of both sexes who provided signed informed consent of their participation in
the study. The exclusion criteria were as follows: Antibiotic consumption in the month preceding the
start of the study, consumption of antacids or prokinetic gastrointestinal drugs, episodes of viral or
bacterial enteritis in the two months prior to the study, episodes of gastric or duodenal ulcers in the
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previous five years, pregnancy or breastfeeding, recent history of alcohol abuse or suspected drug
use, and any severe disease that may interfere with treatment. Ethical permission was granted by the
University of Milan Ethics Committee (ref: opinion no. 37/16, 15 December 2016).

2.5. Collection of Fecal and Urine Samples

Three fecal sample were collected weekly over the course of three consecutive weeks from
each volunteer. All the participants were asked to follow their regular diet during the three weeks.
Concomitantly to the fecal sample, the volunteers provided 24-h urine collection.

Urine samples were collected over 24 h in sterile tanks and on the same days that fecal samples
were been collected. The volume of collected urine was recorded in order to calculate the daily excretion
of trimethylamine oxide (TMAO). Immediately after delivery, part of the urine samples was transferred
in 10-mL sterile tubes and stored at −80 ◦C until analysis.

2.6. Analysis of cutC Gene by Quantitative Real-Time PCR

The cutC gene was quantified in fecal DNA with quantitative real-time PCR (qPCR) with both
primer pairs, cut-Dd and cut-Kp. To this aim, DNA was extracted from feces using the kit PowerLyzer®

PowerFecal® DNA Isolation Kit (MO BIO Laboratories, Inc.), starting from 0.25 ± 0.02 mg of sample
according to the manufacturer’s instructions. Primer pairs were tested with a gradient qPCR in a
range of eight temperatures in order to find the most efficient annealing temperature using DNA of
Streptococcus dysgalactiae 485 and Klebsiella sp. A1.2 as reference DNA. In addition, the amplification
efficiency of the two pairs of primers was tested in qPCR experiments with six serial 1:3 dilutions
of genomic DNA isolated from Streptococcus dysgalactiae 485, Klebsiella sp. A1.2, and human fecal
metagenomic DNA. All DNA (bacterial and metagenomic) serial dilutions were tested with primer
concentrations of 0.5 μM, 0.4 μM, and 0.3 μM. Efficiency curves were obtained with Bio-Rad software
by setting samples as “standard” and obtaining a curve with efficiency (E) parameter and R2 value.
Based on the results of these setup experiments, primers were then used at a final concentration of
0.5 μM, as with this concentration, we obtained an R2 value of 0.98. In addition, two randomly selected
fecal DNA samples were tested at the different concentration by adding 70 ng, 50 ng, 25 ng, and 10 ng
in qPCR reactions. Based on Ct value comparison between the different DNA concentrations, the
cutC gene quantification was subsequently performed using 50 ng of total DNA. The reaction mix
contained the SsoFast TM Eva-SuperGreen Supermix 2× (Bio-Rad Laboratories), deionized Milli-Q
water (Millipore), and primers. All DNA samples (5 μL in each well) were tested in technical duplicate.
The qPCR cycles employed were the following: Initial denaturation at 95 ◦C for 3 min, followed by 44
cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C (for cut-Dd primers) or 58.5 ◦C (for cut-Kp
primers) for 30 s, and elongation at 72 ◦C for 5 s. A final denaturation ramp between 65 ◦C and 95 ◦C for
5 s was performed for the melting curve analysis. Moreover, specificity of qPCR reaction was confirmed
by checking the presence of only one amplification and of the expected size in electrophoresis on a 2%
agarose gel. A total of 48 fecal samples were analyzed. Each sample was analyzed with each primer
set in duplicate. The 2−ΔΔCt method was used for the relative quantification of cutC gene, using the
EUB panbacterial primers [Muyzer] targeting the 16S rRNA gene as reference. Data were reported as
relative increase of cutC copy number compared to the level of the sample that showed the highest
significant Ct in qPCR set as 1.

2.7. Analysis of the Bacterial Taxonomic Composition of Fecal Samples

The bacterial community structure of the fecal microbiota was analyzed as described
elsewhere [23,24], with DNA extracted from feces as described in Section 2.2. In brief, extracted
DNA was analyzed through 16S rRNA gene profiling. Sequencing reads were generated at the
Institute for Genome Sciences (University of Maryland, School of Medicine, Baltimore, MD, USA)
with Illumina HiSeq 2500 rapid run sequencing of the V3–V4 variable region. Sequencing reads were
equally distributed among the samples. Sequences were filtered and trimmed based on their quality.
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We obtained a sequence length of 301 bp for both R1 and R2 sequences with an average quality score
(Phred score) higher than 35. Sequencing reads were rarefied at 5000 per sample. Subsequently,
sequence reads were analyzed through the bioinformatic pipeline Quantitative Insights into Microbial
Ecology (QIIME) version 1.9.1 [25] with the GreenGenes database updated to version 13.5. The relative
abundance of bacteria in each fecal sample was reported at the taxonomic levels of phylum, class, order,
family, genus, and operational taxonomic units (OTUs). Sequence were deposited in the European
Nucleotide Archive (ENA) of the European Bioinformatics Institute under accession code PRJEB34169.

2.8. TMAO Quantification in Urine Samples

TMAO levels in urine samples were determined by ultra-performance liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS/MS) (Waters Acquity UPLC system). The analysis
method involved the use of a totally porous column with stationary C8 stable bond (Agilent Poroshell
C8-SB) and a mobile phase consisting of a gradient acetonitrile and formate buffer (3 mM of ammonium
formate and 0.1% formic acid). The UPLC system was equipped with a triple quadrupole detector,
which allowed the development of a “multiple reaction monitoring” (MRM) method for the analysis of
TMAO. In detail, once thawed at room temperature and after centrifugation at 6000 rpm for 5 min,
25 μL of urine sample were diluted in 950 μL of UPLC mobile phase (1/1 (v/v) acetonitrile/ultra-pure
sterile water + 0.025% of formic acid), and 25 μL of deuterated internal standard solution (1 ppm,
TMAO-d9, Spectra 2000) were used for the normalization of results [26]. The UPLC samples were
prepared mixing 950 μL of mobile phase [1/1 (v/v) acetonitrile/ultra-pure sterile water + 0.025% formic
acid), 25 μL of urine sample, and 25 μL of deuterium-labeled methyl d9-TMAO solution (1 ppm;
Spectra 2000 S.r.l., Roma, Italy). Mobile phase: 1/1 (v/v) acetonitrile/ultra-pure sterile water + 0.025% of
formic acid. The run time per sample was 8 min. Sample freezing and thawing or their prolonged
storage at room temperature did not have an impact on the TMAO quantification. A triple set of
working standards of TMAO (trimethylamine N-oxide dihydrate, Fluka) at concentrations of 5 ppm,
50 ppm, 100 ppm was prepared according to the method described above, replacing the 25 μL of urine
sample with 25 μL of standard solution. The average response factor was used for calculation.

2.9. Statistical Analysis

Statistical analyses of data were carried out using R statistic software (version 3.4.2). Concerning
cutC gene and TMAO data, intrasubject variability was defined “high” when variance among the
three replicates results were higher than twice the median of all variances. Correlation analyses
were performed using the Kendall and Spearman formula with the items specified in the text as
predictors and dependent variables. Significance was set at p ≤ 0.05, and mean differences in the
range 0.05 < p < 0.10 were accepted as trends. To find associations among TMAO levels, bacterial taxa
relative abundance, and cutC gene abundance, the machine learning supervised linear mixed model
(LMM) algorithm was used. In brief, the LMM was performed using “lmer” function in the “lme4”
library [27]. All samples were used in the LMM analysis (n = 48), considering that three measurements
were available for each subject. The Akaike’s Information Criterion (AIC) was used to test the goodness
of fit of the LMM. The AIC index/value depends on the ANOVA test results between two models: The
model that considered the effect of the predictors and the null model.

3. Results

3.1. Distribution of the cutC Gene among Bacterial Taxa

According to the literature, the ability of intestinal bacteria to convert the choline moiety to TMA
is primarily associated with a recently discovered choline utilization (cut) genetic region harboring
the cutC gene, which encodes a glycyl radical enzyme catalyzing C–N bond cleavage [15,18]. For this
reason, we designed primers specifically targeting the cutC gene. These primers were intended for
quantitative PCR (qPCR) experiments, and we avoided the use of degenerations in their sequence.
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In contrast, to target all putative cutC sequences identified in GenBank, we clustered the putative
cutC genes into two groups (named Dd and Kp) according to sequence similarity (Supplementary
Figure S1) and designed a pair of primers for each group in the most conserved sequence regions.
Group Dd included putative cutC genes from Firmicutes (Anaerococcus, Clostridium, Enterococcus,
Streptococcus), Proteobacteria (Desulfotalea, Desulfovibrio, Enterobacter), and Actinobacteria (Olsenella).
Group Kp comprised putative cutC gene sequences from Proteobacteria (Aeromonas, Enterobacter, Erwinia,
Escherichia, Klebsiella, Pectobacterium, Pelobacter, Proteus, Providencia, Raoultella, Serratia) and Firmicutes
(Desulfosporosinus, Enterococcus).

Subsequently, the two primer sets were used in endpoint PCR reactions to test the presence of
putative cutC genes within the genomic DNA isolated from the pure cultures of 64 bacterial strains.
We obtained an amplicon of the expected size from seven strains. Specifically, strains Streptococcus
dysgalactiae 485, S. dysgalactiae 486, and S. dysgalactiae A1.3 gave a band of the expected size with
primers cut-Dd. In addition, strains Enterococcus gilvus MD179, Enterococcus hirae MD160, Klebsiella
oxytoca MIMgr, and Klebsiella sp. MIMgr were positive with primers cut-Kp (Figure 1A,B). MS and
NMR analyses revealed the ability to metabolize choline and produce TMA only for the same seven
strains that resulted in positive PCR experiments (Figure 1C and Supplementary Figure S2).

Figure 1. Detection of the choline-utilization activity in pure bacterial cultures. Panels (A,B) represent
agarose gel resulting from end-point PCR with primers cut-Dd (A) and cut-Kp (B). Panel (C) summarizes
the detection of TMA in cell-free broth by mass spectrometry (MS) and nuclear magnetic resonance
(NMR); +, TMA detected; -, TMA not detected. Lanes: 1, Escherichia coli 3.1; 2, Lactococcus garvieae
FMBgr; 3, Enterococcus gilvus MD160; 4, Enterococcus hirae MD179; 5, Klebsiella oxytoca MIMgr; 6, Klebsiella
sp. A1.2; 7, Streptococcus dysgalactiae 485; 8, Streptococcus dysgalactiae 486; 9, Streptococcus dysgalactiae A
1.2; NC, negative control (i.e., M17 broth incubated without bacteria).

3.2. Bacterial Taxonomic Structure of the Fecal Microbiota

The metagenomic DNA isolated from the feces collected at three time points from 16 healthy adults
(n = 48) was used in 16S rRNA gene profiling experiments. A total of 12,588,795 filtered high-quality
sequence reads were generated with an average of 13,340 ± 8677 (mean ± standard deviation; max-min
11,594–4570) per sample.

We failed to stratify samples according to the 16S rRNA gene profiling data, indicating that fecal
bacterial community structure was homogeneous among samples and among subjects (Supplementary
Figure S3). In addition, we also observed that the overall composition of the fecal microbiota in
each subject remained mostly stable over the three collection time points (Supplementary Figure S3).
Globally, 182 bacterial genera were estimated, with a minimum of 36 and a maximum of 98 genera
per fecal sample. Bacteroides was the most prevalent genus, followed by four genera of the order
Clostridiales (undefined Ruminococcaceae, undefined Lachnospiraceae, Ruminococcus, and Faecalibacterium)
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(Supplementary Figure S4A). At the family level, most of the reads were ascribed to only three families,
i.e., Ruminococcaceae, Bacteroidaceae, and Lachnospiraceae (Supplementary Figure S4B).

3.3. Putative cutC Genes in Human Fecal Metagenomic DNA

In order to investigate the presence of cutC genes in the human gut microbiome, the cut-Dd
and cut-Kp primer sets were used in qPCR experiments using the same fecal metagenomic DNA
as a template from healthy adults used for microbiota profiling. All analyzed fecal samples gave a
positive signal in qPCR with both primer pairs (Figure 2). In general, cut-Kp was detected at a higher
relative concentration than cut-Dd (median ΔΔCt of 5.33 and 0.85 for cut-Kp and cut-Dd, respectively)
(Figure 2A,B). In addition, with both cut-Kp and cut-Dd, six volunteers out of 16 showed a variance
among the three replicates that was higher than twice the median of all variances, indicating a higher
intrasubject variability (Figure 2A,B).

Figure 2. Fecal levels of the cutC gene and daily urinary excretion of trimethylamine-N-oxide (TMAO).
The relative abundance of cutC was determined by quantitative real-time polymerase chain reaction
(qPCR) with the primer pair cut-Dd-F/R (panel A) and cut-Kp-F/R (B). The TMAO concentration was
determined by ultra-performance liquid chromatography coupled with tandem mass spectrometry
(UPLC-MS/MS) in urine collected over 24 h (C). Green bars represent the mean ± standard deviation of
three measurements per subject.
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Subsequently, we performed correlation analyses between the cutC abundances determined
with qPCR and the 16S rRNA gene profiling data to find potential relationships between the choline
TMA-lyase genes and specific bacterial taxa of the fecal microbiota. To this end, we used the median
relative abundance of bacterial taxa in fecal samples as predictors, whereas the dependent variables
considered were the median abundances of cut-Dd and cut-Kp determined by qPCR per subject.
We found that cut-Dd was positively correlated with taxa belonging to the phylum Firmicutes, including
an undefined Mogibacteriaceae genus, Oscillospira, and the family Christensenellaceae. On the contrary,
cut-Dd was negatively correlated with the Firmicutes order Bacillales, the Firmicutes genus Streptococcus,
and the Proteobacteria genus Haemophilus (Supplementary Figure S5). Conversely, cut-Kp was positively
associated with Proteobacteria. In particular, inside this phylum, a significant correlation was found
with the family Enterobacteriaceae (Supplementary Figure S5).

3.4. Daily Urinary Excretion of TMAO

Subjects were asked to collect 24-h urine specimens the same days when the fecal samples were
taken. Then, the levels of TMAO were quantified by UPLC-MS in all urine samples, revealing wide
variability among the investigated healthy adults, with levels of urinary TMAO excretion ranging
from less than 1 mg to more than 175 mg per day (Figure 2). We also observed an evident intrasubject
variability in five volunteers whose TMAO excretion showed a variance among the three replicates
that was higher than twice the median of all variances (Figure 2C). In particular, four out of the five
volunteers with wide intrasubject variability (i.e., S07, S11, S19, and S22) were found to possess high
intrasubject variability for cutC gene levels determined in qPCR experiments (Figure 2).

3.5. Associations among Urinary TMAO, Fecal cutC, and Fecal Bacterial Taxa

A linear mixed model was used to infer potential significant relationships among the datasets
collected from volunteers at the three time points considered (Figure 3). TMAO was significantly
associated with the cut-Kp/cut-Dd synergy (p < 0.001). Furthermore, studying the association of
the single cut gene types, we observed that the relationship with TMAO was mainly determined by
cut-Kp (Figure 3). In addition, we found a significant association between TMAO and 23 operational
taxonomic units (OTUs). Conversely, cut-Kp and cut-Dd were significantly associated with 18 and
eight OTUs, respectively. Notably, most of the OTUs that were significantly associated with cut-Kp
(i.e., 15 out of 18) were also associated with TMAO, confirming the relationship between these two
variables. Nine of the identified OTUs belonged to the phylum Bacteroidetes, while the remaining 21
were ascribed to Firmicutes. In addition, 80% of the OTUs (n = 24) belonged to only three families:
Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae. In particular, the most significant association
(i.e., p < 0.001) referred to Bacteroides caccae, an undefined Lachnospiraceae genus, and several undefined
Ruminoccaceae species (for TMAO and cut-Kp), Bacteroides fragilis, and an undefined Clostridiales species
(for cut-Kp only) and an Oscillospira species (for cut-Dd) (Figure 3).
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Figure 3. Analysis of the associations among fecal cutC gene abundances, fecal bacterial operational
taxonomic units (OTUs), and urinary excreted TMAO carried out through a linear mixed model (LMM).
Only OTUs that showed a significant association with cutC or TMAO are reported. The heatmap
on the right represents TMAO levels, and cutC gene and OTU relative abundances. White boxes in
the blue-yellow-red heatmap indicate that the OTU was not detected in that specific sample. The
taxonomic lineage of each taxon is shown: p, phylum; c, class; o, order; f, family; g, genus; s, species.
The black-yellow heatmap represents the Akaike’s information criterion (AIC) values of the LMM
analysis. Asterisks indicate significant associations: * p < 0.05; ** p < 0.01; *** p < 0.001; +, p < 0.1. syn.
cut-Kp/Dd = synergy between cut-Kp and cut-Dd in LMM analysis.

4. Discussion

A growing number of studies have linked host TMAO levels to different diseases or prepathological
metabolic states [28,29]. Conversely, TMAO has also been proposed as a beneficial factor that may
promote protein stabilization and protect cells from osmotic and hydrostatic stresses according to
a compensatory response mechanism [30]. The biological role of TMAO is therefore still debated.
Nonetheless, a growing number of scientific studies have suggested that this molecule may play an
important role in health and diseases [6].

It has been suggested that an important contribution to the hepatic production of TMAO is given
by the TMA produced in the gut by microbial degradation of TMA-containing dietary molecules [31].
In particular, TMAO levels and their physiological consequences were shown to be significantly
affected by the TMA derived from choline [15]. In this context, we studied the levels of TMAO
excreted daily with urine, the composition of the intestinal microbiota, and the abundance of the
choline TMA-lyase gene cutC in a group of healthy adult subjects with an Italian dietary pattern. The
aim of this observational study was to verify whether TMAO levels excreted with the urine might
be associated with the relative abundance of specific bacterial taxa and the bacterial gene cutC in
feces. Literature focusing on the relationship among these three elements, particularly in non-diseased
populations, is limited and partially contradicting [15,17–19].

The gene cutC, encoding the lyase enzyme essential for the conversion of choline into TMA [32],
is not evenly distributed across bacterial taxa due to gene loss and horizontal gene transfer events
that differently involve strains within the same species [15,18,33]. Therefore, predicting the choline
degradation potential of a microbial ecosystem solely based on the taxonomic composition has many
intrinsic limitations. The use of primers selectively targeting a specific enzymatic conserved domain
may overcome this problem, permitting the selective quantification of the abundance of a gene
coding for a specific enzymatic activity in the metagenomic DNA. A similar approach was used
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by Martinez-Del Campo et al., who designed degenerate primers for the PCR amplification of the
cutC gene from fecal metagenomic DNA and single strains [18]. The use of degenerate primers
was necessitated by the fact that the CutC protein possesses sequence heterogeneity. In particular,
Martinez-Del Campo et al. showed that the amino acid sequences deduced from the predicted bacterial
cutC genes can be clustered into two groups (clades 1 and 2, [18]), which correspond to the CutC types
I and II identified by Jameson et al. within a neighbor-joining phylogenetic tree constructed from
amino acid sequences of glycyl radical enzymes [32]. The same result was found in our study by
generating a distance tree based on the nucleotide sequences of putative cutC genes (Supplementary
Figure S1). In particular, cluster cut-Dd corresponded to clade 1 and CutC type I, whereas cut-Kp
included sequences coding for putative proteins found in clade 2 and CutC type II reported by the
authors of [18] and [32], respectively.

For this reason, we developed two nondegenerate primer pairs located at the level of the catalytic
site of the encoded enzyme that were useful for the amplification in (q)PCR experiments of the two
clusters of the gene cutC.

When the two primer sets were used with the DNA of single strains, the only positive amplification
signals were obtained with the bacteria that demonstrated the ability to metabolize choline in the
biotransformation assay and produce TMA, confirming the suitability of these molecular probes
to target choline-TMA-converting bacteria. Specifically, the bacterial strains identified here as able
to degrade choline to TMA include species previously confirmed to exert this conversion, such as
Streptococcus dysgalactiae [18]. In addition, we found Klebsiella oxytoca, which was reported to harbor a
putative cut gene cluster [34], but has never been confirmed phenotypically. We also identified two
positive Enterococcus strains. Reportedly, TMA production from choline has also been described for
some enterococci, but not for the species E. gilvus, which is often isolated from food matrices, including
meat, milk, and cheeses [35,36], and for the zoonotic pathogen E. hirae [37].

The qPCR experiments conducted showed that putative bacterial cutC genes were present in the
fecal samples of all healthy adult subjects investigated. The high prevalence of this bacterial gene in
the human gut microbiome was reported in a previous study, in which the presence of cutC homologs
was observed in 96.6% of the assembled stool metagenomes of healthy individuals from the Human
Microbiome Project (HMP) [18].

Reportedly, most of the TMA produced in the gut is absorbed into the portal circulation by
passive diffusion [38]. Then, approximately 95% of the absorbed TMA is oxidized in the liver by flavin
monooxygenases and excreted in the urine within 24 h [31,39]. Therefore, in this study, we performed
a quantification of TMAO levels in urine samples obtained by 24-h collection.

The data presented here revealed a marked variability of both cutC and TMAO levels over the
three time points considered in approximately 40% of volunteers. This instability was plausibly due
to the variability of the daily food consumption of each subject. In this study, volunteers were free
to follow their usual diet. Therefore, the analysis of multiple time points at approximately one-week
intervals was useful to address the observed temporal instability of these parameters. To the best of
our knowledge, this is the first work to report the stability of intestinal cutC and urinary TMAO levels
over time.

This study has several limitations:

1. First, we quantified the abundance of a gene of the intestinal microbiome without considering if
and how much this gene was expressed. This could therefore limit the possibility of associating
the abundance of this gene with its product.

2. Furthermore, the production of TMA, in addition to the presence of the bacterial gene that allows
its production (cutC), depends on the availability of the choline substrate, which mainly comes
from the diet.

3. Nonetheless, the contribution to the TMA produced in the intestine and, consequently, to the
TMAO generated in the liver, derives from different chemical moieties (mainly choline, betaine,
and carnitine) and includes different microbial metabolic pathways, such as those involving the
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carnitine monooxygenase CntAB and the glycine betaine reductase GrdH, in addition to the
choline TMA-lyase CutC [40].

4. In addition, TMAO urinary levels may also depend on host factors that may largely vary from
subject to subject, such as (i) the gut-to-blood barrier permeability to TMA [41], (ii) the oxidation
of TMA in the liver by flavin monooxygenase [5], and the kidney function [42].

5. Finally, TMAO can also be ingested directly from foods such as fish and seafood, which are
naturally rich in this molecule [43].

However, despite the limitations described above, this study showed that changes in urine TMAO
levels are associated with changes in the fecal abundance of the cutC gene and variations in the relative
abundance of several bacterial taxonomic units of the fecal microbiota. In particular, TMAO was
significantly associated with the levels of a specific subcategory of the cutC gene, which we named
cut-Kp here. This result could be explained by the relative abundance of cut-Kp, which, by qPCR
results, was approximately six-times higher than that of cut-Dd. According to correlation analysis, the
most important contribution to cut-Kp gene abundance is provided by Proteobacteria, particularly by
Enterobacteriaceae. This result is supported by the fact that cut-Kp has been quantified with primers
designed on a cluster of gene sequences having the cutC of the Enterobacteriaceae species K. pneumoniae
as a reference. Reportedly, the analysis of human gut metagenomes revealed a high proportion of the
genera Klebsiella and Escherichia, which harbor three potential TMA-producing pathways, suggesting
the importance of these bacteria for TMA cycling in the human gut [44].

Most OTUs that were found to be significantly associated with TMAO also had cut-Kp, confirming
the relationship between TMAO and cut-Kp levels. A few OTUs were also associated with cut-Dd.
All the taxonomic units associated with TMAO and cutC belong to only two taxonomic orders,
Bacteroidales and Clostridiales. In particular, almost all the OTUs are attributable to only three
families: Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae. Notably, these families have been
identified as the most metabolically active bacteria of the human microbiota and play a dominant
role in the colonic fermentation of dietary fibers [45,46]. Reportedly, many of these bacteria do not
display choline-utilization activities (e.g., cut genes have never been identified in Bacteroidetes and
Faecalibacterium). Nonetheless, we can hypothesize an indirect association of these bacteria with cutC
and TMAO based on the speculation that the higher presence of these bacteria might determine a
greater utilization of the available nutritional sources in the colon, reducing substrates for the remaining
bacterial communities. The latter may then receive selective pressure for the expansion of the activities
related to the metabolization of the residual energy and carbon sources such as choline, resulting in
increased TMA production.

5. Conclusions

Here, we described the results of a preliminary method-development study, which suggests the
existence of a relationship between the levels of TMAO excreted in urine, some intestinal taxonomic
groups belonging to the most active bacterial families of the colonic microbiota, and a subgroup
of the cutC gene ascribable to the choline-TMA conversion enzymes of Enterobacteriaceae, named
cut-Kp, whose relative abundance can be determined with the qPCR protocol developed in this study.
Nonetheless, considering the limitations listed above, particularly concerning dietary intake, it is
plausible to hypothesize that the results of this study may vary in other populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/62/s1,
Figure S1: UPGMA hierarchical clustering based on ClustalW alignment of amino acid sequences of the choline
trimethylamine lyase CutC. Figure S2. Verification of choline utilization and TMA production by single bacterial
strains. Figure S3: Bacterial community structure of fecal samples. Figure S4: Tukey box and whisker plots
representing the most abundant genera (A) and families (B) detected by 16S rRNA gene profiling in fecal samples
collected from the adult volunteers participating in this study. Figure S5: Correlations among the fecal relative
abundances of the choline TMA-lyase gene cutC and bacterial taxa. Table S1: Bacterial strains used for the
screening of choline utilization activity. Table S2: Basic characteristics of the study participants.

65



Nutrients 2020, 12, 62

Author Contributions: Conceptualization, S.G. and P.R.; methodology, S.G., A.D.V., V.T., I.V., V.G., G.R., E.R.,
C.G., V.D.V. and A.P.; formal analysis, S.G. and G.G; investigation, A.D.V., V.T., G.R., I.V., G.L.V. and A.P.; resources,
S.G., V.G. and A.P.; data curation, S.G., A.D.V., V.T., G.G., and A.P.; writing—original draft preparation, S.G.;
writing—review and editing, all authors; visualization, S.G., G.G. and A.D.V.; supervision, S.G, V.T. and P.R.;
project administration, S.G.; funding acquisition, S.G., P.R. and V.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by the University of Milan Funding “Linea 2-2016”, PRISM
Project. We acknowledge the European Joint Programming Initiative “A Healthy Diet for a Healthy Life”
(JPI-HDHL—http://www.healthydietforhealthylife.eu/) and Mipaaft (Italy; D.M. 8245/7303/2016) for contributing
to the grant awarded to G.G.

Acknowledgments: We thank Renata Piccinini for kindly providing the S. dysgalactiae strains.

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

References

1. Mohajeri, M.H.; Brummer, R.J.M.; Rastall, R.A.; Weersma, R.K.; Harmsen, H.J.M.; Faas, M.; Eggersdorfer, M.
The role of the microbiome for human health: From basic science to clinical applications. Eur. J. Nutr. 2018,
57, 1–14. [CrossRef] [PubMed]

2. Claus, S.P.; Guillou, H.; Ellero-Simatos, S. The gut microbiota: A major player in the toxicity of environmental
pollutants? NPJ Biofilms Microbiomes 2016, 2, 16003. [CrossRef] [PubMed]

3. Ridlon, J.M.; Harris, S.C.; Bhowmik, S.; Kang, D.J.; Hylemon, P.B. Consequences of bile salt biotransformations
by intestinal bacteria. Gut Microbes 2016, 7, 22–39. [CrossRef] [PubMed]

4. Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal microbial
metabolism of phosphatidylcholine and cardiovascular risk. N. Engl. J. Med. 2013, 368, 1575–1584. [CrossRef]
[PubMed]

5. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.;
Chung, Y.M.; et al. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature
2011, 472, 57–63. [CrossRef]

6. Nowinski, A.; Ufnal, M. Trimethylamine N-oxide: A harmful, protective or diagnostic marker in lifestyle
diseases? Nutrition 2018, 46, 7–12. [CrossRef]

7. Huc, T.; Drapala, A.; Gawrys, M.; Konop, M.; Bielinska, K.; Zaorska, E.; Samborowska, E.;
Wyczalkowska-Tomasik, A.; Paczek, L.; Dadlez, M.; et al. Chronic, low-dose TMAO treatment reduces
diastolic dysfunction and heart fibrosis in hypertensive rats. Am. J. Physiol. Heart Circ. Physiol. 2018, 315,
H1805–H1820. [CrossRef]

8. Collins, H.L.; Drazul-Schrader, D.; Sulpizio, A.C.; Koster, P.D.; Williamson, Y.; Adelman, S.J.; Owen, K.;
Sanli, T.; Bellamine, A. L-Carnitine intake and high trimethylamine N-oxide plasma levels correlate with low
aortic lesions in ApoE(-/-) transgenic mice expressing CETP. Atherosclerosis 2016, 244, 29–37. [CrossRef]

9. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al.
Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med.
2013, 19, 576–585. [CrossRef]

10. Zeisel, S.H.; Blusztajn, J.K. Choline and human nutrition. Annu. Rev. Nutr. 1994, 14, 269–296. [CrossRef]
11. Zeisel, S.H.; Mar, M.H.; Howe, J.C.; Holden, J.M. Concentrations of choline-containing compounds and

betaine in common foods. J. Nutr. 2003, 133, 1302–1307. [CrossRef] [PubMed]
12. Wiedeman, A.M.; Barr, S.I.; Green, T.J.; Xu, Z.; Innis, S.M.; Kitts, D.D. Dietary choline intake: Current state of

knowledge across the life cycle. Nutrients 2018, 10, 1513. [CrossRef] [PubMed]
13. Wallace, T.C.; Blusztajn, J.K.; Caudill, M.A.; Klatt, K.C.; Natker, E.; Zeisel, S.H.; Zelman, K.M. Choline:

The underconsumed and underappreciated essential nutrient. Nutr. Today 2018, 53, 240–253. [CrossRef]
[PubMed]

14. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Dietary reference values for choline. EFSA
J. 2016, 14, 70.

15. Craciun, S.; Balskus, E.P. Microbial conversion of choline to trimethylamine requires a glycyl radical enzyme.
Proc. Natl. Acad. Sci. USA 2012, 109, 21307–21312. [CrossRef] [PubMed]

66



Nutrients 2020, 12, 62

16. Roberts, A.B.; Gu, X.; Buffa, J.A.; Hurd, A.G.; Wang, Z.; Zhu, W.; Gupta, N.; Skye, S.M.; Cody, D.B.;
Levison, B.S.; et al. Development of a gut microbe-targeted nonlethal therapeutic to inhibit thrombosis
potential. Nat. Med. 2018, 24, 1407–1417. [CrossRef]

17. Rath, S.; Heidrich, B.; Pieper, D.H.; Vital, M. Uncovering the trimethylamine-producing bacteria of the
human gut microbiota. Microbiome 2017, 5, 54. [CrossRef]

18. Martinez-del Campo, A.; Bodea, S.; Hamer, H.A.; Marks, J.A.; Haiser, H.J.; Turnbaugh, P.J.; Balskus, E.P.
Characterization and detection of a widely distributed gene cluster that predicts anaerobic choline utilization
by human gut bacteria. mBio 2015, 6, e00042-15. [CrossRef]

19. Xu, K.Y.; Xia, G.H.; Lu, J.Q.; Chen, M.X.; Zhen, X.; Wang, S.; You, C.; Nie, J.; Zhou, H.W.; Yin, J. Impaired
renal function and dysbiosis of gut microbiota contribute to increased trimethylamine-N-oxide in chronic
kidney disease patients. Sci. Rep. 2017, 7, 1445. [CrossRef]

20. Langille, M.G.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.;
Burkepile, D.E.; Vega Thurber, R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities
using 16S rRNA marker gene sequences. Nat. Biotechnol. 2013, 31, 814–821. [CrossRef]

21. Craciun, S.; Marks, J.A.; Balskus, E.P. Characterization of choline trimethylamine-lyase expands the chemistry
of glycyl radical enzymes. ACS Chem. Biol. 2014, 9, 1408–1413. [CrossRef] [PubMed]

22. Kalnins, G.; Kuka, J.; Grinberga, S.; Makrecka-Kuka, M.; Liepinsh, E.; Dambrova, M.; Tars, K. Structure and
function of CutC choline lyase from human microbiota bacterium klebsiella pneumoniae. J. Biol. Chem. 2015,
290, 21732–21740. [CrossRef] [PubMed]

23. Cattaneo, C.; Gargari, G.; Koirala, R.; Laureati, M.; Riso, P.; Guglielmetti, S.; Pagliarini, E. New insights
into the relationship between taste perception and oral microbiota composition. Sci. Rep. 2019, 9, 3549.
[CrossRef] [PubMed]

24. Gargari, G.; Taverniti, V.; Gardana, C.; Cremon, C.; Canducci, F.; Pagano, I.; Barbaro, M.R.; Bellacosa, L.;
Castellazzi, A.M.; Valsecchi, C.; et al. Fecal clostridiales distribution and short-chain fatty acids reflect bowel
habits in irritable bowel syndrome. Environ. Microbiol. 2018, 20, 3201–3213. [CrossRef] [PubMed]

25. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335–336. [CrossRef] [PubMed]

26. Johnson, D.W. A flow injection electrospray ionization tandem mass spectrometric method for the
simultaneous measurement of trimethylamine and trimethylamine N-oxide in urine. J. Mass Spectrom. 2008,
43, 495–499. [CrossRef]

27. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw.
Artic. 2015, 67, 1–48. [CrossRef]

28. Chhibber-Goel, J.; Singhal, V.; Parakh, N.; Bhargava, B.; Sharma, A. The metabolite Trimethylamine-N-Oxide
is an emergent biomarker of human health. Curr. Med. Chem. 2017, 24, 3942–3953. [CrossRef]

29. Janeiro, M.H.; Ramirez, M.J.; Milagro, F.I.; Martinez, J.A.; Solas, M. Implication of Trimethylamine N-Oxide
(TMAO) in disease: Potential biomarker or new therapeutic target. Nutrients 2018, 10, 1398. [CrossRef]

30. Ufnal, M.; Nowinski, A. Is increased plasma TMAO a compensatory response to hydrostatic and osmotic
stress in cardiovascular diseases? Med. Hypotheses 2019, 130, 109271. [CrossRef]

31. Zeisel, S.H.; Warrier, M. Trimethylamine N-Oxide, the microbiome, and heart and kidney disease. Annu. Rev.
Nutr. 2017, 37, 157–181. [CrossRef] [PubMed]

32. Jameson, E.; Fu, T.; Brown, I.R.; Paszkiewicz, K.; Purdy, K.J.; Frank, S.; Chen, Y. Anaerobic choline metabolism
in microcompartments promotes growth and swarming of Proteus mirabilis. Environ. Microbiol. 2016, 18,
2886–2898. [CrossRef] [PubMed]

33. Falony, G.; Vieira-Silva, S.; Raes, J. Microbiology meets big data: The case of gut microbiota-derived
Trimethylamine. Annu. Rev. Microbiol. 2015, 69, 305–321. [CrossRef] [PubMed]

34. Zarzycki, J.; Erbilgin, O.; Kerfeld, C.A. Bioinformatic characterization of glycyl radical enzyme-associated
bacterial microcompartments. Appl. Environ. Microbiol. 2015, 81, 8315–8329. [CrossRef] [PubMed]

35. Fracalanzza, S.A.; Scheidegger, E.M.; Santos, P.F.; Leite, P.C.; Teixeira, L.M. Antimicrobial resistance profiles
of enterococci isolated from poultry meat and pasteurized milk in Rio de Janeiro, Brazil. Mem. Inst. Oswaldo
Cruz 2007, 102, 853–859. [CrossRef] [PubMed]

36. Colombo, E.; Franzetti, L.; Frusca, M.; Scarpellini, M. Phenotypic and genotypic characterization of lactic
acid bacteria isolated from Artisanal Italian goat cheese. J. Food Prot. 2010, 73, 657–662. [CrossRef] [PubMed]

67



Nutrients 2020, 12, 62

37. De Jong, A.; Simjee, S.; Rose, M.; Moyaert, H.; El Garch, F.; Youala, M.; Group, E.S. Antimicrobial resistance
monitoring in commensal enterococci from healthy cattle, pigs and chickens across Europe during 2004-14
(EASSA Study). J. Antimicrob. Chemother. 2019, 74, 921–930. [CrossRef]

38. Bennett, B.J.; de Aguiar Vallim, T.Q.; Wang, Z.; Shih, D.M.; Meng, Y.; Gregory, J.; Allayee, H.; Lee, R.;
Graham, M.; Crooke, R.; et al. Trimethylamine-N-oxide, a metabolite associated with atherosclerosis, exhibits
complex genetic and dietary regulation. Cell Metab. 2013, 17, 49–60. [CrossRef]

39. Zhang, A.Q.; Mitchell, S.; Smith, R. Fish odour syndrome: Verification of carrier detection test. J. Inherit.
Metab. Dis. 1995, 18, 669–674. [CrossRef]

40. Jameson, E.; Quareshy, M.; Chen, Y. Methodological considerations for the identification of choline and
carnitine-degrading bacteria in the gut. Methods 2018, 149, 42–48. [CrossRef]

41. Ufnal, M.; Pham, K. The gut-blood barrier permeability—A new marker in cardiovascular and metabolic
diseases? Med. Hypotheses 2017, 98, 35–37. [CrossRef] [PubMed]

42. Johnson, C.; Prokopienko, A.J.; West, R.E., 3rd; Nolin, T.D.; Stubbs, J.R. Decreased kidney function is associated
with enhanced hepatic flavin monooxygenase activity and increased circulating Trimethylamine N-Oxide
concentrations in mice. Drug Metab. Dispos. Biol. Fate Chem. 2018, 46, 1304–1309. [CrossRef] [PubMed]

43. Seibel, B.A.; Walsh, P.J. Trimethylamine oxide accumulation in marine animals: Relationship to acylglycerol
storage. J. Exp. Biol. 2002, 205, 297–306. [PubMed]

44. Jameson, E.; Doxey, A.C.; Airs, R.; Purdy, K.J.; Murrell, J.C.; Chen, Y. Metagenomic data-mining reveals
contrasting microbial populations responsible for trimethylamine formation in human gut and marine
ecosystems. Microb. Genom. 2016, 2, e000080. [CrossRef]

45. Wilson, M. The indigenous microbiota of the gastrointestinal tract. In The Human Microbiota in Health and
Disease: An Ecological and Community-Based Approach, 1st ed.; CRC Press, Taylor & Francis Group: Boca Raton,
FL, USA, 2018; 472p.

46. Gosalbes, M.J.; Durban, A.; Pignatelli, M.; Abellan, J.J.; Jimenez-Hernandez, N.; Perez-Cobas, A.E.; Latorre, A.;
Moya, A. Metatranscriptomic approach to analyze the functional human gut microbiota. PLoS ONE 2011, 6,
e17447. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

68



nutrients

Article

Mice Microbiota Composition Changes by Inulin
Feeding with a Long Fasting Period under
a Two-Meals-Per-Day Schedule

Hiroyuki Sasaki 1,2,†, Hiroki Miyakawa 1,†, Aya Watanabe 1, Yuki Nakayama 1, Yijin Lyu 1,

Koki Hama 1 and Shigenobu Shibata 1,*
1 Laboratory of Physiology and Pharmacology, School of Advanced Science and Engineering,

Waseda University, Shinjuku-ku, Tokyo 162-8480, Japan; hiroyuki-sasaki@asagi.waseda.jp (H.S.);
hgbbst-hiroki@toki.waseda.jp (H.M.); aya_watanabe7115@suou.waseda.jp (A.W.);
yukibecky-6991@akane.waseda.jp (Y.N.); ikin@fuji.waseda.jp (Y.L.); koby_frekoi418@ruri.waseda.jp (K.H.)

2 AIST-Waseda University Computational Bio Big-Data Open Innovation Laboratory (CBBD-OIL),
National Institute of Advanced Industrial Science and Technology, Shinjuku-ku, Tokyo 169-8555, Japan

* Correspondence: shibatas@waseda.jp; Tel.: +81-3-5369-7318
† These authors contributed equally to this work.

Received: 23 October 2019; Accepted: 14 November 2019; Published: 16 November 2019

Abstract: Water-soluble dietary fiber is known to modulate fecal microbiota. Although there are
a few reports investigating the effects of fiber intake timing on metabolism, there are none on
the effect of intake timing on microbiota. Therefore, in this study, we examined the timing
effects of inulin-containing food on fecal microbiota. Mice were housed under conditions with
a two-meals-per-day schedule, with a long fasting period in the morning and a short fasting period in
the evening. Then, 10–14 days after inulin intake, cecal content and feces were collected, and cecal
pH and short-chain fatty acids (SCFAs) were measured. The microbiome was determined using 16S
rDNA sequencing. Inulin feeding in the morning rather than the evening decreased the cecal pH,
increased SCFAs, and changed the microbiome composition. These data suggest that inulin is more
easily digested by fecal microbiota during the active period than the inactive period. Furthermore,
to confirm the effect of fasting length, mice were housed under a one-meal-per-day schedule. When the
duration of fasting was equal, the difference between morning and evening nearly disappeared. Thus,
our study demonstrates that consuming inulin at breakfast, which is generally after a longer fasting
period, has a greater effect on the microbiota.

Keywords: microbiota; inulin; circadian rhythm; feeding timing

1. Introduction

In the gut of mammals, the microbiota includes 100 trillion bacteria. Disordered microbiota
alteration is involved in the development of various diseases [1]. Firmicutes are bacteria related to
obesity, while Bacteroidetes suppress fat accumulation in mice fed a high-fat diet (HFD) [2]. When the
feces of obese mice are transplanted into germ-free mice, obesity develops [3]. Moreover, Fusobacterium,
including Fusobacterium nucleatum, are increased in patients with colorectal cancer compared with
healthy subjects [4,5]. In addition to physical illnesses, a relationship of microbiota with psychological
illness has also been reported. In patients with major depression, Bacteroidetes, Proteobacteria,
and Actinobacteria are significantly increased compared with healthy subjects [6]. These results
suggest that intestinal bacteria are related to the development of diseases and that maintaining
homeostasis of the microbiota is important for the mental and physical health of the host.

Short-chain fatty acids (SCFAs) are produced when the microbiota ferments and degrades
non-digestible food components [7]. The SCFAs lower intestinal pH, suppress the growth of pathogenic
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bacteria in the gut, and function as a regulator of metabolism and immunity [8]. Among SCFAs,
acetic acid is a liver energy substrate used for fat synthesis, and propionic acid is used as a material
for gluconeogenesis in the liver. Butyrate promotes the induction of regulatory T cells in the large
intestine [9,10]. Furthermore, SCFAs also increase insulin sensitivity in the liver and muscles through
GPR43, a receptor for SCFAs in white fat, as well as increase energy efficiency [11].

The circadian rhythm, controlled by clock genes, plays an important role in daily locomotor
activity rhythms and physiological events, such as the sleep–wake cycle, hormone secretion, and the
sympathetic nervous system [12,13]. Clocks in peripheral tissues are regulated by the central clock in
the suprachiasmatic nucleus and external cues such as food, temperature, and exercise [14–16]. It has
been reported that circadian rhythms are also present in the intestinal flora and controlled by dietary
composition [17–20]. Furthermore, disturbance of the circadian clock due to jet lag alters microbial
populations. For example, when the stool of jet-lagged mice is transplanted into germ-free mice,
the recipient mice become obese [19]. Recently, however, it has been reported that SCFAs produced by
gut microbiota can synchronize the circadian clock [21].

The microbiota composition changes depending on food components. In particular, foods rich in
dietary fiber have a strong effect on the microbiota and are known as prebiotics [22]. According to
Gibson et al., prebiotics are defined as “nondigestible food ingredients that beneficially affect the host
by selectively stimulating the growth and/or activity of one or a limited number of bacterial species
already resident in the colon, and thus attempt to improve host health” [23]. Inulin is a water-soluble
dietary fiber and, thus, a prebiotic. It is particularly involved in the growth of bacteria that produce
lactic acid [24] and promote the absorption of minerals such as calcium and magnesium [25,26].

It has been suggested that meal timing and daily eating habits may affect the development and
prevention of lifestyle-related diseases such as obesity. A study by Hatori et al. demonstrates that
restricted feeding in an activity period for mice without reducing calorific intake prevents metabolic
diseases in mice fed a HFD [27]. Mice consuming milk fat late in the activity period have elevated
hepatic fat and increased serum triglycerides and free fatty acids [28]. In addition, scheduled access
to a HFD during the inactivity period increases body weight in mice compared with access during
the activity period [29,30]. Moreover, in human experiments, the combination of a late dinner with
a short sleep duration is associated with the risk of obesity [31]. In addition, the risk of obesity has
been related to eating supper after 20:00 in the evening [32]. In recent years, it has been suggested that
the influence of food on lipid metabolism is different depending on the time of food intake. In mice
fed a high-fructose diet, fish oil given earlier in the activity period rather than later more effectively
lowered lipids [33].

There are many reports indicating that time of food intake affects energy metabolism, but there
are still relatively few reports describing the effect of eating time on microbiota. Furthermore, there are
few reports on the dual effect of food type, particularly dietary fiber, and intake time on microbiota.
Therefore, in the current study, we investigated whether inulin intake during the morning has a stronger
effect on the microbiota than inulin intake during the evening with a two-meals-per-day schedule
in mice.

2. Materials and Methods

2.1. Mice

In this study, we used eight-week-old male ICR mice (Tokyo Laboratory Animals, Tokyo, Japan).
The mice were kept in a room maintained on a 12 h light/12 h dark (LD) cycle (lights on from 08:00
to 20:00). Zeitgeber time 0 (ZT0) was designated as lights-on time and ZT12 as lights-off time under
the LD cycle. The mice were housed either in groups (five mice per cage; experiments 1 and 2) or
individually (experiments 3 and 4) in plastic cages. The cages were maintained at a temperature of
22 ± 2 ◦C, humidity of 60 ± 5%, and light intensity of 100–150 lux. The mice were provided with a HFD
containing 45% kcal of fat (Diet 12451; Research Diets Inc., New Brunswick, NJ, USA) with cellulose

70



Nutrients 2019, 11, 2802

(Oriental Yeast Co., Ltd., Tokyo, Japan) or inulin (Fuji FF; Fuji Nihon Seito Co., Tokyo, Japan) [34,35]
and water ad libitum. This HFD is a diet used as a model for obesity, diabetes, and fatty liver in
rodents [36,37]. Inulin has been reported to attenuate HFD-induced lipid metabolism and microbiota
change [38]. In addition, the metabolic syndrome caused by obesity and abnormal lipid metabolism
in the liver are related to microbiota change [39–41]. Therefore, we used an HFD to enhance the
attenuating effects of inulin with the condition of microbiota change. The animal experiment was
conducted with permission from the Committee for Animal Experimentation of the School of Science
and Engineering at Waseda University (permission # 09A11, 10A11) and in accordance with the law
(No. 105) and notification (No. 6) of the Japanese government.

2.2. Scheduled Feeding

We prepared two types of feeding conditions. In type 1 (experiments 1 and 2), only the feeding
time was controlled, while in type 2 (experiments 3 and 4), both the start time of feeding and the
amount of food were controlled.

In type 1 feeding, all of the mice could approach the feed box during the permitted time. We defined
the morning as ZT12–20 and the evening as ZT20–4. The mice had free access to the feed box for
predetermined four-hour periods (morning meal as ZT12–16 and evening meal as ZT20–0). Throughout
the remaining time, the feed box was locked. Food intake was calculated by measuring the weight
of the food in the feed box at the start and end of the experiment. The total consumed food was
divided by the number of mice and the number of days in the experiment. In the type 1 experiments,
we housed the mice as a group to avoid the stress induced by individual housing.

In type 2 feeding, all of the mice were housed in cages containing food dispensers that released
food pellets under the regulation of a timer. The mice were fed 90% of the amount of food that was
consumed in experiment 1 (Figure 1c). In experiment 3, the mice were fed two meals per day at ZT12
(defined as morning) or ZT20 (defined as evening); the meal size was 1.8 g. In experiment 4, the mice
were fed one meal per day at ZT12 (morning) or ZT20 (evening); the meal size was 3.6 g.

We adjusted the concentration of dietary fiber so that the amount of inulin was approximately
equal between experiments.

2.3. Cecal pH Measurement

The cecal pH was measured by inserting the glass tip of an electrode of a pH meter (pH Spear;
Eutech Instruments, Vernon Hills, IL, USA) directly into the cecum.

2.4. Measurement of SCFAs

The SCFAs were measured via gas chromatography and flame ionization detection (Shimadzu
Corp., Kyoto, Japan) as described by a previous report [42] with some modifications. A total of 0.05 g
of cecal content was acidified with 0.05 mL sulfuric acid (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan). Then, the SCFAs were extracted by shaking with 0.4 mL of diethyl ether (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) and 0.2 mL of ethanol (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan), which was then centrifuged at 14,000 rpm at room temperature for 30 s. A total of 1 μL of the
organic phase was injected into the capillary column (InertCap Pure WAX (30 m× 0.25 mm, df= 0.5 μm);
GL Science Inc., Tokyo, Japan). The initial temperature was 80 ◦C, and the final temperature was 200 ◦C.
Helium was used as a carrier gas. Quantification of the samples was performed using calibration
curves for acetic, lactic, propionic, and butyric acids. A standard curve for each acid was conducted for
their quantitation in the samples.

2.5. Fecal DNA Extraction

The fecal DNA was extracted as previously described, with some modifications [43]. About 0.2 g
of the fecal sample was suspended in a 50 mL Falcon tube containing 20 mL PBS. The suspension was
filtered through a 100-μm mesh nylon filter (Corning Inc., New York NY, USA). The debris on the
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filter was washed with 10 mL of Phosphate buffered salts (PBS). The filtrates were centrifuged at 4000
rpm for 20 min at 4 ◦C, and each precipitate was then suspended with 1.5 mL of TE10 buffer (10 mM
Tris-HCl (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)/10 mM ethylenediaminetetraacetic acid
(EDTA) (DOJINDO, Tokyo, Japan)). The suspensions were transferred to 2-mL microtubes before being
centrifuged at 10,000 rpm for five minutes at 4 ◦C. Following this, each precipitate was suspended
again with 0.8 mL of TE10 buffer. The DNA was extracted using 1 mL of PCI (Invitrogen, Carlsbad,
CA, USA) and isolated with 0.1 mL of lysozyme (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)
and 0.02 mL of achromopeptidase (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan). The DNA
was purified via treatment with RNase (Promega Corp., Madison, WI, USA), followed by precipitation
with 20% PEG solution (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan). Finally, the DNA was
rinsed with 70% ethanol and dissolved in 50 μL TE buffer.

2.6. 16 S rDNA Gene Sequencing

The 16S rDNA gene sequencing was performed according to the instructions of Illumina. V3–V4
variable regions of the 16S rDNA gene were amplified by PCR using the following primers:

forward primer = 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTA

CGGGNGGCWGCAG-3′;
reverse primer = 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGGACTACHVGGGTATCTAATCC-3′.

The PCR amplification was performed with 2.5 μL microbial DNA (5 ng/μL), 5 μL of each primer
(1 μmol/L), and 12.5 μL 2 × KAPA HiFi HotStart Ready Mix (Kapa Biosystems Inc., Wilmington, MA,
USA). The following PCR procedure was used: 95 ◦C for three minutes, followed by 25 cycles of 95 ◦C
for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s. Finally, an extension was performed at 72 ◦C for five minutes.
The Amplicon PCR products were purified using AMPure XP beads (Beckman Coulter, Inc., Brea,
CA, USA), according to the manufacturer’s instructions. A Nextera XT Index Kit v2 (Illumina Inc.,
Hayward, CA, USA) was used for the Illumina sequencing adapters and attachment of the dual indices.
An index PCR was performed with 5.0 μL PCR product, 5.0 μL of each of the Nextera XT Index Primers,
25 μL 2× KAPA HiFi HotStart Ready Mix, and 10 μL PCR-Grade Water. The PCR was performed via
the following procedure: 95 ◦C for three minutes, followed by eight cycles of 95 ◦C for 30 s, 55 ◦C for
30 s, and 72 ◦C for 30 s. Finally, an extension was performed at 72 ◦C for five minutes. The index PCR
products were purified using AMPure XP beads (Beckman Coulter, Inc., Brea, CA, USA). The quality
of the purifications was checked using the Agilent 2100 Bioanalyzer with a DNA1000 Kit (Agilent
Technologies Inc., Santa Clara, CA, USA). Finally, the DNA library was diluted to 4 nmol/L.

Then, the DNA library was sequenced using the Miseq Reagent Kit v3 (Illumina Inc.) in the
Illumina Miseq 2 × 300 bp platform, according to the manufacturer’s instructions.

2.7. Analysis of 16S rDNA Gene Sequences

The 16S rDNA sequence reads were processed by the Quantitative Insights into Microbial Ecology
(QIIME) pipeline version 1.9.1 [44]. The quality-filtered sequence reads were assigned to operational
taxonomic units at 97% identity with the UCLUST algorithm [45]; these reads were then compared with
reference sequence collections in the Greengenes database (August 2013 version). A total of 6,680,549
reads were obtained from the 91 samples. On average, 73,412 ± 4606 reads were obtained per sample.
The taxonomy summary at the phylum to genus levels, alpha diversity such as the Simpson diversity
index, beta diversity, and principal coordinate analysis (PCoA) were calculated and generated using
QIIME. A PCoA analysis was also calculated using weighted UniFrac distances.
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2.8. Predicted Metagenomes

In experiments 3 and 4, the functional profiles of microbial communities were predicted by the
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) [46].
The functional predictions were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG)
ortholog functional profiles of microbial communities via 16S sequences. We selected and examined
categories related to “carbohydrate metabolism” for simplification and clarity of the analysis.

2.9. Statistical Analysis

The data were expressed as means ± standard error of the mean (SEM). All statistical analyses
were performed using GraphPad Prism (version 6.03, GraphPad Software Inc., San Diego, CA, USA).
We checked whether the data showed a normal or non-normal distribution and equal or biased variation
via the D’Agostino-Pearson test/Kolmogorov–Smirnov test and F-value test/Bartlett’s test, respectively.
If the data showed a normal distribution and equal variation, the statistical significance was determined
by the Student’s t-test or one-way ANOVA with a Tukey’s test or two-way ANOVA with a Tukey’s
post-hoc analysis if the interaction was significant. If the interaction was not significant but the main
effect was, Sidak’s post-hoc analysis was used. If the data showed a non-normal distribution or biased
variation, the statistical significance was determined by the Mann–Whitney test or Kruskal–Wallis test
with a Dunn post-hoc analysis and a two-stage linear step-up procedure of the Benjamini, Krieger,
and Yekutieli test for multiple comparisons. The permutational multivariate analysis of variance
(PERMANOVA) was used to assess the change of the microbiota composition. The PERMANOVA was
analyzed by QIIME.

3. Results

3.1. Inulin Intake Changed Microbiota Composition under Both Morning and Evening Timings

In this experiment, cellulose, an insoluble dietary fiber, was added to the HFD as a control for
inulin because the dietary fiber contained in this HFD was cellulose. The amount of dietary fiber in the
food was kept the same between each group. Indeed, when comparing the HFD with and without
cellulose, there was no significant difference in the body weight, food intake, cecal pH, amount of
SCFAs, or microbiota composition of the mice (Figure S1). Therefore, this concentration of cellulose
did not appear to affect these factors.

Some reports have suggested that inulin consumption induces changes in the microbiota
composition [47–50]. Here, we divided the mice into two groups. Group 1 received cellulose
and was fed an HFD with 2.5% cellulose in the morning and evening. Group 2 received inulin and was
fed HFD with 2.5% inulin in the morning and evening. The mice were housed under each condition
for 10 days, after which they were sacrificed at ZT20 (four hours after the morning intake) or ZT4
(four hours after the evening intake) on days 10–11 (Figure 1a). We sampled the cecal content and feces
from the rectum and measured the cecal pH. There was no significant difference in the body weight
between the two groups before sacrifice (Figure 1b), nor was there was a difference in the food intake
between them (Figure 1c). There were no standard error bars in the food intake volume because of the
group housing.

The cecal pH was significantly lower in the inulin group than in the cellulose group at both ZT20
and ZT4 (Figure 1d). The propionic acid level was significantly higher in the inulin group than in the
cellulose group at ZT4, and the lactic acid level was significantly higher in the inulin group than in the
cellulose group at ZT20. At ZT4, there was only a slight increase in the inulin group compared with
the cellulose group. In the cellulose group, the lactic acid level was significantly different between
ZT20 and ZT4. There were no significant differences in the acetic acid, propionic acid, and total SCFA
levels between the cellulose and inulin group at either ZT20 or ZT4 (Figure 1e–i).

As the propionic and lactic acid increased and the cecal pH decreased, the microbiota may have
changed due to inulin feeding. Therefore, we extracted 16S rDNA from the mice feces and analyzed the
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microbiota. In the cellulose group, the values of alpha-diversity as described by the Simpson index were
significantly higher at ZT4 than at ZT20. The Simpson index was significantly higher in the inulin group
than in the cellulose group at ZT20, but there was no significant difference observed at ZT4 (Figure 1j).
Next, we examined the differences in the changes of the relative abundance of taxa between the inulin
group and cellulose group. Some of the detected bacteria are shown in Figure 2. At the phylum level,
the relative abundance of Firmicutes was significantly lower in the inulin group than in the cellulose
group at ZT20. However, there was no significant difference in the relative abundance of Bacteroidetes
between the inulin and cellulose groups, though the levels were increased slightly in the former
(Figure 2a). At the genus level, the relative abundance of Lactococcus and Streptococcus significantly
decreased in the inulin group at ZT20, and the relative abundance of Oscillospira significantly decreased
in the inulin group at ZT4 (Figure 2b). We analyzed the PCoA of the weighted UniFrac distances
and determined the beta-diversity of the microbiota composition (Figure S2a). In this experiment,
we focused on the influence of inulin on the microbiota; thus, we primarily compared cellulose and
inulin feeding. The beta-diversity of the microbiota composition was significantly different between
the cellulose and inulin groups at ZT20 but not at ZT4 (Figure S2b,c).

These results suggest that inulin consumption changes microbiota composition. In addition,
the inulin feeding time may have different effects on the microbiota because changes in the microbiota
were more prominent at ZT20 (morning) than at ZT4 (evening), which showed significant and
non-significant differences, respectively, compared with the cellulose group.

 
Figure 1. Inulin feeding decreased cecal pH and increased short-chain-fatty-acids. (a) Experimental
schedule, where the white and black bars indicate environmental 12 h light and dark conditions,
respectively. The gray bar indicates feeding with a high-fat-diet (HFD) and 2.5% cellulose. The yellow bar
indicates feeding with HFD and 2.5% inulin. The black arrowhead indicates the sampling time. (b) Body
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weight before sampling. (c) Average daily food intake. (d) Cecal pH of mice housed for 10 days for
each group. (e–i) The short-chain fatty acids (SCFAs) of mice, including (e) acetic acid, (f) propionic
acid, (g) lactic acid, (h) butyric acid, and (i) total SCFAs. (j) Bacterial alpha diversity. Comparison of
the Simpson index estimation of the 16S rDNA gene libraries at 97% similarity from the sequencing
analysis. All values except (c) are represented as mean ± SEM (cellulose at ZT20 (n = 5) and 4 (n = 5);
inulin at ZT20 (n = 5) and 4 (n = 5)). * p < 0.05, evaluated using the two-way ANOVA with Tukey’s
post hoc test. $$ p < 0.01, $ p < 0.05, evaluated using the two-way ANOVA with Sidak’s post hoc test.
# p < 0.05, evaluated using the Mann–Whitney test with a two-stage linear step-up procedure of the
Benjamini, Krieger, and Yekutieli test for multiple comparisons.

Figure 2. Inulin feeding changed the relative abundance of some bacteria. (a) Phylum level. (b) Genus
level. All values are represented as mean ± SEM (cellulose at ZT20 (n = 5) and 4 (n = 5); inulin at ZT20
(n = 5) and 4 (n = 5)). ** p < 0.01, * p < 0.05, evaluated using the two-way ANOVA with Tukey’s post
hoc test. # p < 0.05, evaluated using the Mann–Whitney test with a two-stage linear step-up procedure
of the Benjamini, Krieger, and Yekutieli test for multiple comparisons.

3.2. Inulin Intake in the Morning Rather than the Evening Strongly Affected the Microbiota Composition under
Time-Restricted Feeding Conditions

In this study, inulin may have had different effects on the microbiota depending on the feeding
times. However, in experiment 1, we did not measure the effect of the feeding pattern. It is possible
that the effect of inulin was increased at ZT20 (four hours after the morning intake) due to the high
consumption in the morning. In the next experiment, we examined whether morning or evening inulin
feeding affected the microbiota under the two meals-per-day schedule. The mice were divided into
three groups. Group 1 received cellulose and was fed an HFD with 5% cellulose in the morning and
evening. Group 2 received inulin in the morning and was fed an HFD with 5% inulin in the morning
and an HFD with 5% cellulose in the evening. Group 3 received inulin in the evening and was fed
an HFD with 5% cellulose in the morning and an HFD with 5% inulin in the evening. The mice were
housed under each condition for 10 days, after which they were sacrificed at ZT20 and ZT4 on days
10–11 (Figure 3a). We sampled cecal contents and feces and measured the cecal pH. There was no
significant difference in body weight between any group before sacrifice (Figure 3b), nor was there
a large difference in total food intake between them. However, the total food intake was slightly
higher if inulin intake was in the morning rather than in the evening (Figure 3c). The cecal pH was
significantly lower in the morning inulin group than in the morning cellulose or evening inulin groups
at ZT20. On the contrary, the pH was significantly lower in the evening inulin group than in the
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evening cellulose and morning inulin groups at ZT4 (Figure 3d). The acetic acid, propionic acid,
lactic acid, butyric acid, and total SCFA levels were significantly higher in the morning inulin group
than in the morning cellulose or evening inulin groups at ZT20. However, the acetic acid, propionic
acid, lactic acid, butyric acid, and total SCFA levels were significantly higher in the evening inulin
group than in the evening cellulose or morning inulin groups at ZT4 (Figure 3e–i).

 
Figure 3. Morning inulin feeding decreased cecal pH and increased short-chain-fatty-acids more than
evening inulin feeding. (a) Experimental schedule, where white and black bars indicate environmental
12 h light and dark conditions, respectively. The gray bar indicates feeding with a high-fat-diet (HFD)
and 5% cellulose. The yellow bar indicates feeding with HFD and 5% inulin. The black arrowhead
indicates the sampling time. (b) Body weight before sampling. (c) Average daily food intake. The gray
bar indicates the average daily food intake of cellulose, and the yellow bar indicates the average
daily food intake of inulin. (d) Cecal pH of mice housed for 10 days for each group. (e–i) SCFAs of
mice, including (e) acetic acid, (f) propionic acid, (g) lactic acid, (h) butyric acid, and (i) total SCFAs.
(j) Bacterial alpha diversity. Comparison of the Simpson index estimation of the 16S rDNA gene libraries
at 97% similarity from the sequencing analysis. All values except (c) are represented as mean ± SEM
(cellulose at ZT20 (n = 5) and 4 (n = 5); morning inulin at ZT20 (n = 5) and 4 (n = 5); evening inulin
at ZT20 (n = 5) and 4 (n = 5)). ** p < 0.01, * p < 0.05, evaluated using the two-way ANOVA with
Tukey’s post hoc test. # p < 0.05, evaluated using the Kruskal–Wallis test with Dunn post hoc test
with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli test for multiple
comparisons. Cellulose, morning inulin, and evening inulin are C, M, or E, respectively.

Next, we extracted 16S rDNA from the mice feces and analyzed the microbiota. The value of
alpha-diversity as determined by the Simpson index was significantly higher in the morning inulin
group than in the morning cellulose or evening inulin groups at both ZT20 and ZT4 (Figure 3j). We also
examined the differences between the changes of the relative abundance of taxa between the inulin
and cellulose groups. Some of the detected bacteria are shown in Figure 4. At the phylum level,
the relative abundance of Bacteroidetes was significantly higher in the morning inulin group than in the
morning cellulose group at ZT20. Meanwhile, the relative abundance of Firmicutes was significantly
lower in the morning inulin group than in the morning cellulose and evening inulin groups at ZT20
as well as significantly lower in the evening inulin group than in the evening cellulose group at ZT4
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(Figure 4a). At the genus level, the relative abundance of Lactococcus was significantly decreased in the
morning inulin group at both ZT20 and ZT4 and in the evening inulin group at ZT4, while the relative
abundance of Dorea and Allobaculum was significantly increased in the morning inulin group (Figure 4b).
We analyzed the PCoA of the weighted UniFrac distances and determined the beta-diversity of the
microbiota composition (Figure S3a). At ZT20, the beta-diversity of the microbiota was significantly
different between the cellulose and morning inulin groups and the morning and evening inulin groups
(Figure S3b). At ZT4, the beta-diversity of the microbiota composition was significantly different
among all of the groups (Figure S3c).

 
Figure 4. Morning inulin feeding changed the relative abundance of some bacteria. (a) Phylum level.
(b) Genus level. All values are represented as mean ± SEM (cellulose at ZT20 (n = 5) and 4 (n = 5);
morning inulin at ZT20 (n = 5) and 4 (n = 5); evening inulin at ZT20 (n = 5) and 4 (n = 5)). ** p < 0.01,
evaluated using the two-way ANOVA with Tukey’s post hoc test. # p < 0.05, evaluated using the
Kruskal–Wallis test with Dunn post hoc test with a two-stage linear step-up procedure of the Benjamini,
Krieger, and Yekutieli test for multiple comparisons. Cellulose, morning inulin, and evening inulin are
C, M, or E, respectively.

These results suggest that morning inulin feeding affected the microbiota more than evening
inulin feeding. However, the inulin intake was higher in the morning inulin group. Therefore,
the increased consumption of the morning inulin group may have had more of an impact on the
microbiota. To eliminate the effects of different food intakes, we prepared an apparatus to supply equal
food amounts at two meals per day in the next experiment.

3.3. Inulin Feeding in the Morning Affected the Microbiota Composition More than that in the Evening under
Restricted Food Amount Conditions

In this experiment, we provided the mice with two meals per day of 1.8 g of food at ZT12 (morning)
and ZT20 (evening) to achieve equal food intake. The mice were divided into three groups. Group 1
received cellulose and was fed 1.8 g of an HFD with 5% cellulose in both the morning and evening.
Group 2 received inulin in the morning and was fed 1.8 g of an HFD with 5% inulin in the morning
and 1.8 g of an HFD with 5% cellulose in the evening. Group 3 received inulin in the evening and
was fed 1.8 g of an HFD with 5% cellulose in the morning and 1.8 g of an HFD with 5% inulin in the
evening. The mice were housed under each condition for 14 days, after which they were sacrificed at
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ZT20 and ZT4 on days 14–15 (Figure 5a). We sampled cecal content and feces and measured the cecal
pH. There was no significant difference in body weight between any group before sacrifice (Figure 5b).
The cecal pH was significantly lower in the morning inulin group than in the morning cellulose group
and significantly lower in the evening inulin group than in the evening cellulose group. Moreover,
the cecal pH was significantly lower in the morning inulin group than in the evening inulin group
(Figure 5c). The propionic acid, lactic acid, butyric acid, and total SCFA levels were significantly higher
in the morning inulin group than in the morning cellulose group, while the propionic acid level was
significantly higher in the evening inulin group than in the evening cellulose group (Figure 5d–h).

Figure 5. Morning inulin feeding decreased cecal pH and increased short-chain-fatty-acids more than
evening inulin feeding under equivalent feeding conditions. (a) Experimental schedule, where white
and black bars indicate environmental 12 h light and dark conditions, respectively. The gray cylinder
indicates the 1.8 g of high-fat-diet (HFD) with 5% cellulose. The yellow cylinder indicates the 1.8 g
of HFD with 5% inulin. The black arrowhead indicates the sampling time. (b) Body weight before
sampling. (c) Cecal pH of mice housed for 14 days for each group. (d–h) SCFAs of mice, including
(d) acetic acid, (e) propionic acid, (f) lactic acid, (g) butyric acid, and (h) total SCFAs. (i) Bacterial
alpha diversity. Comparison of the Simpson index estimation of the 16S rDNA gene libraries at 97%
similarity from the sequencing analysis. All values are represented as mean ± SEM (cellulose at
ZT20 (n = 4) and 4 (n = 4); morning inulin (n = 5); evening inulin (n = 5)). $$ p < 0.01, $ p < 0.05,
evaluated using the two-way ANOVA with Sidak’s post hoc test. # p < 0.05, evaluated using the
Mann–Whitney test with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli
test for multiple comparisons.

Next, we extracted 16S rDNA from the mice feces and analyzed the microbiota. The value of
alpha-diversity as determined by the Simpson index showed no significant difference between any
group (Figure 5i). We also examined the differences in the changes of the relative abundance of taxa.
Bacteria detected in over half of all samples are shown in Table 1. At the phylum level, the relative
abundance of Proteobacteria was significantly increased in the morning inulin group, while the relative
abundance of TM7 was significantly decreased in the morning and evening inulin groups (Table 1a).
At the genus level, the relative abundance of Butyricimonas was significantly increased in the morning
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inulin group, while the relative abundance of AF12, Staphylococcus, Lactococcus, Oscillospira, Bilophila,
and Desulfovibrio was significantly decreased in the morning inulin group. Meanwhile, the relative
abundance of AF12, Odoribacter, and Oscillospira was significantly decreased in the evening inulin group
(Table 1b). The number of bacteria changed by inulin feeding in the morning was higher than that
changed by inulin feeding in the evening. We analyzed the PCoA of the weighted UniFrac distances
and determined the beta-diversity of the microbiota composition (Figure S4a). The beta-diversity
of the microbiota was significantly different between the cellulose group and morning inulin group
(Figure S4b), but no significant difference was observed between the cellulose group and evening
inulin group (Figure S4c). We predicted the functional profiles from sequencing data with PICRUSt.
Among the categories related to “carbohydrate metabolism”, the relative abundance of fructose and
mannose metabolism was significantly increased in the morning inulin group but not in the evening
inulin group (Figure S4d).

These results suggest that inulin feeding in the morning may affect the microbiota, even if the
food intake amount is the same in the morning and evening.

Table 1. The relative abundance of some bacteria under the condition of two meals per day. (a). Phylum
level. (b). Genus level.

a. Phylum Level

Bacterial
ZT20 ZT4

Cellulose M-Inulin p-Value Cellulose E-Inulin p-Value

Actinobacteria 0.0072 ± 0.0039 0.0103 ± 0.0081 0.7143 0.0690 ± 0.0647 0.0907 ± 0.0440 0.8254
Bacteroidetes 0.1535 ± 0.0463 0.2499 ± 0.0654 0.669 0.1647 ± 0.0467 0.3644 ± 0.1203 0.2085
Deferribacteres 0.0011 ± 0.0010 0.0005 ± 0.0004 0.9999 0.0002 ± 0.0002 0.0004 ± 0.0003 0.8413

Firmicutes 0.8221 ± 0.0467 0.6863 ± 0.0713 0.3232 0.7486 ± 0.0228 0.5294 ± 0.0865 0.0743
Proteobacteria 0.0111 ± 0.0033 0.0019 ± 0.0004 0.0159 # 0.0152 ± 0.0030 0.0054 ± 0.0017 0.1905

TM7 0.0043 ± 0.0025 0.0004 ± 0.0003 0.0159 # 0.0017 ± 0.0002 0.0001 ± 0.0001 0.0159 #

Verrucomicrobia 0.0006 ± 0.0003 0.0473 ± 0.0219 0.1905 0.0003 ± 0.003 0.0132 ± 0.0117 0.1032

b. Genus Level

Bacterial
ZT20 ZT4

Cellulose M-Inulin p-Value Cellulose E-Inulin p-Value

Bifidobacterium 0.0022 ± 0.0018 0.0080 ± 0.0077 0.5556 0.0063 ± 0.0062 0.0088 ± 0.0044 0.6825
Adlercreutzia 0.0046 ± 0.0019 0.0022 ± 0.0004 0.2344 0.0047 ± 0.0014 0.0026 ± 0.0006 0.6428
Bacteroides 0.0463 ± 0.0175 0.1100 ± 0.0262 0.0993 0.0701 ± 0.0238 0.1953 ± 0.0627 0.1352

Parabacteroides 0.0010 ± 0.0003 0.0009 ± 0.0002 0.8247 0.0015 ± 0.0006 0.0010 ± 0.0003 0.6229
AF12 0.0075 ± 0.0023 0.0011 ± 0.0006 0.0435 # 0.0052 ± 0.0013 0.0009 ± 0.0002 0.0317 #

Butyricimonas 0.0004 ± 0.0001 0.0008 ± 0.0004 0.0317 # 0.0005 ± 0.0003 0.0002 ± 0.0001 0.7937
Odoribacter 0.0017 ± 0.0003 0.0006 ± 0.0002 0.1795 0.0020 ± 0.0008 0.0003 ± 0.0001 0.0308 $

[Prevotella] 0.0144 ± 0.0085 0.0303 ± 0.0098 0.2857 0.0118 ± 0.0064 0.0375 ± 0.0279 0.9762
Staphylococcus 0.0013 ± 0.0006 0.0002 ± 0.0001 0.0397 # 0.0009 ± 0.0006 0.0005 ± 0.0002 0.8254
Lactobacillus 0.0294 ± 0.0230 0.0136 ± 0.0036 0.6825 0.1152 ± 0.0811 0.0631 ± 0.0323 0.873
Lactococcus 0.2862 ± 0.0453 0.0957 ± 0.0128 0.0159 # 0.1691 ± 0.0446 0.0856 ± 0.0136 0.2857

Streptococcus 0.0034 ± 0.0016 0.0011 ± 0.0002 0.1545 0.0037 ± 0.0016 0.0019 ± 0.0010 0.357
Clostridium 0.0002 ± 0.0001 0.0001± 0.00005 0.3889 0.0014 ± 0.0012 0.0003 ± 0.0002 0.3889

Dehalobacterium 0.0018 ± 0.0002 0.0017 ± 0.0006 0.873 0.0010 ± 0.0001 0.0010 ± 0.0007 0.1746
Coprococcus 0.0049 ± 0.0009 0.0081 ± 0.0032 0.9999 0.0035 ± 0.0007 0.0019 ± 0.0005 0.1905

Dorea 0.0032 ± 0.0011 0.0032 ± 0.0012 0.9966 0.0041 ± 0.0031 0.0020 ± 0.0012 0.5089
Roseburia 0.0018 ± 0.0010 0.0053 ± 0.0038 0.9762 0.0005 ± 0.0004 0.0004 ± 0.0001 0.5635

[Ruminococcus] 0.0305 ± 0.0113 0.0384 ± 0.0105 0.6271 0.0327 ± 0.0129 0.0240 ± 0.0094 0.5957
Oscillospira 0.0803 ± 0.0131 0.0290 ± 0.0088 0.0148 $ 0.0600 ± 0.0173 0.0172 ± 0.0074 0.0404 $

Ruminococcus 0.0096 ± 0.0019 0.0067 ± 0.0032 0.4961 0.0056 ± 0.0017 0.0025 ± 0.0010 0.161
Allobaculum 0.0017 ± 0.0007 0.1764 ± 0.0544 0.1905 0.0662 ± 0.0649 0.1669 ± 0.1094 0.5238

Bilophila 0.0013 ± 0.0003 0.0003 ± 0.0002 0.0159 # 0.0011 ± 0.0005 0.0002 ± 0.0001 0.1111
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Table 1. Cont.

b. Genus Level

Bacterial
ZT20 ZT4

Cellulose M-Inulin p-Value Cellulose E-Inulin p-Value

Desulfovibrio 0.0037 ± 0.0011 0.0006 ± 0.0004 0.047 # 0.0021 ± 0.0007 0.0019 ± 0.0002 0.371
Akkermansia 0.0006 ± 0.0002 0.0473 ± 0.0219 0.1905 0.0003 ± 0.0003 0.0132 ± 0.0117 0.1032

(a) Number of bacteria significantly changed by M-inulin/all number of bacteria well-detected = 2/7. Number of
bacteria significantly changed by E-inulin/all number of bacteria well-detected = 1/7. # p < 0.05, evaluated using the
Mann–Whitney test with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli test for multiple
comparisons. (b) Number of bacteria significantly changed by M-inulin/all number of bacteria well-detected = 7/24.
Number of bacteria significantly changed by E-inulin/all number of bacteria well-detected = 3/24. $ p < 0.05,
evaluated using the two-way ANOVA with Sidak post hoc test. # p < 0.05, evaluated using the Mann–Whitney test
with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli test for multiple comparisons.

3.4. A Relationship Was Observed between the Length of Fasting Time and Inulin Feeding Stimulation

In experiment 3, it was observed that inulin intake in the morning may have an effect on the
microbiota and that the fasting time factored into this effect in the morning. The morning inulin
group fasted for 16 h after the previous feeding, while the evening inulin group fasted for 8 h after
the previous feeding, meaning that the time until breakfast was longer than the time until dinner.
Therefore, the difference in the length of fasting time may have changed the effect on the microbiota.
To test this hypothesis, we prepared an experiment with equal fasting times based on one meal a day,
in which 3.6 g of food was given to the mice at either ZT12 (morning) or ZT20 (evening). The mice
were divided into four groups. Group 1 received cellulose in the morning and was fed 3.6 g of an HFD
with 5% cellulose in the morning. Group 2 received inulin in the morning and was fed 3.6 g of an
HFD with 5% inulin in the morning. Group 3 received cellulose in the evening and was fed 3.6 g of
an HFD with 5% cellulose in the evening. Group 4 received inulin in the evening and was fed 3.6 g
of an HFD with 5% inulin in the evening. The mice were housed under each condition for 14 days,
after which they were sacrificed at ZT20 and ZT4 on days 14–15 (Figure 6a). We sampled cecal content
and feces and measured the cecal pH. The body weight was significantly increased in the evening
cellulose and inulin groups compared with the morning cellulose and inulin groups. (Figure 6b).
The cecal pH was significantly lower in the morning and evening inulin groups than in the morning
and evening cellulose groups (Figure 6c). The propionic and lactic acid levels were significantly higher
in the morning inulin group than in the morning cellulose group. In addition, the butyric acid level
was higher, albeit not significantly, in the morning inulin group than in the morning cellulose group.
Meanwhile, the lactic and butyric acid levels were significantly higher in the evening inulin group
than in the evening cellulose group, and the propionic acid level was higher, albeit not significantly,
in the evening inulin group than in the evening cellulose group (Figure 6d–h).

Next, we extracted 16S rDNA from the mice feces and analyzed the microbiota. The value of
alpha-diversity as determined by the Simpson index was significantly higher in the morning cellulose
group than in the evening cellulose group (Figure 6i). We also examined the differences in the
changes of the relative abundance of taxa. Bacteria detected in over half of all samples are shown in
Table 2. At the phylum level, the relative abundance of Actinobacteria was increased in the morning
inulin group, but there was no significant difference in the relative abundance in the evening inulin
group (Table 2a). At the genus level, the relative abundance of Bifidobacterium and Allobaculum was
significantly increased in the morning inulin group, while the relative abundance of Streptococcus,
Oscillospira, and Ruminococcus was significantly decreased in the morning inulin group. Meanwhile,
the relative abundance of Dorea and Allobaculum was significantly increased in the evening inulin
group, and the relative abundance of Staphylococcus and Lactococcus was significantly decreased in
the evening inulin group (Table 2b). The number of bacteria changed by inulin feeding in either the
morning or the evening was similar. We analyzed the PCoA of the weighted UniFrac distances and
determined the beta-diversity of the microbiota composition (Figure S5a). The beta-diversity of the
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microbiota was not significantly different between the cellulose and inulin groups in either the morning
or evening (Figure S5b,c). We predicted the functional profiles from sequencing data with PICRUSt.
Among the categories related to “carbohydrate metabolism”, the relative abundance of fructose and
mannose metabolism was not significantly different between the cellulose and inulin groups in either
the morning or evening (Figure S5d). These results suggest that inulin intake in either the morning or
evening with equal fasting periods does not change microbiota beta-diversity.

 
Figure 6. When fasting times are equal, the difference between morning and evening inulin feeding
disappears. (a) Experimental schedule, where white and black bars indicate environmental 12 h light
and dark conditions, respectively. The gray cylinder indicates the 3.6 g high-fat-diet (HFD) with 2.5%
cellulose. The yellow cylinder indicates the 3.6 g of HFD with 2.5% inulin. The black arrowhead
indicates the sampling time. (b) Body weight before sampling. (c) Cecal pH of mice housed for 14
days for each group. (d–h) SCFAs of mice, including (d) acetic acid, (e) propionic acid, (f) lactic acid,
(g) butyric acid, and (h) total SCFAs. (i) Bacterial alpha diversity. Comparison of the Simpson index
estimation of the 16S rDNA gene libraries at 97% similarity from the sequencing analysis. All values
are represented as mean ± SEM (morning cellulose (n = 6); morning inulin (n = 6); evening cellulose
(n = 6); evening inulin (n = 6)). $ p < 0.05, evaluated using the two-way ANOVA with Sidak’s post hoc
test. # p < 0.05, evaluated using the Mann–Whitney test with a two-stage linear step-up procedure of
the Benjamini, Krieger, and Yekutieli test for multiple comparisons. The table in (j) indicates the results
using permutational multivariate analysis of variance (PERMANOVA). Morning cellulose, morning
inulin, evening cellulose, or evening inulin are represented as M-cellulose, M-inulin, E-cellulose or
E-inulin, respectively.
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Table 2. The relative abundance of some bacteria under the condition of one meal per day. (a). Phylum
level. (b). Genus level.

a. Phylum Level

Bacterial
ZT20 ZT4

Cellulose M-Inulin p-Value Cellulose E-Inulin p-Value

Actinobacteria 0.0041 ± 0.0017 0.0364 ± 0.0199 0.0174 # 0.0321 ± 0.0154 0.0871 ± 0.0380 0.1797
Bacteroidetes 0.0759 ± 0.0296 0.1372 ± 0.0337 0.3748 0.1024 ± 0.0275 0.1609 ± 0.0411 0.4069
Deferribacteres 0.0037 ± 0.0016 0.0018 ± 0.0006 0.5714 0.0007 ± 0.0004 0.0002± 0.00006 0.4459

Firmicutes 0.80427± 0.0240 0.7513 ± 0.0306 0.1797 0.7832 ± 0.0207 0.6906 ± 0.0373 0.1298
Proteobacteria 0.1119 ± 0.0161 0.0706 ± 0.0120 0.0799 0.0790 ± 0.0141 0.0568 ± 0.0102 0.4449
Verrucomicrobia 0.0001 ± 0.0001 0.0025 ± 0.0011 0.0606 0.0025 ± 0.0022 0.0042 ± 0.0036 0.5455

b. Genus Level

Bacterial
ZT20 ZT4

Cellulose M-Inulin p-Value Cellulose E-Inulin p-Value

Bifidobacterium 0.0004 ± 0.0003 0.0305 ± 0.0192 0.0043 ## 0.0266 ± 0.0151 0.0785 ± 0.0367 0.1775
Adlercreutzia 0.0036 ± 0.0017 0.0037 ± 0.0010 0.5714 0.0051 ± 0.0008 0.0041 ± 0.0008 0.3874
Bacteroides 0.0222 ± 0.0103 0.0327 ± 0.0078 0.4395 0.0149 ± 0.0051 0.0313 ± 0.0101 0.1801

Parabacteroides 0.0059 ± 0.0027 0.0032 ± 0.0010 0.8983 0.0048 ± 0.0012 0.0025 ± 0.0005 0.3874
Butyricimonas 0.0002± 0.00008 0.0001± 0.00004 0.6623 0.0003 ± 0.0001 0.0002 ± 0.0001 0.6591
Odoribacter 0.0015 ± 0.0003 0.0022 ± 0.0012 0.8983 0.0023 ± 0.0004 0.0031 ± 0.0007 0.3874
[Prevotella] 0.0066 ± 0.0031 0.0151 ± 0.0102 0.5541 0.0033 ± 0.0018 0.0056 ± 0.0045 0.9805

Mucispirillum 0.0037 ± 0.0016 0.0018 ± 0.0006 0.5714 0.0007 ± 0.0004 0.0001± 0.00006 0.4459
Staphylococcus 0.0005 ± 0.0002 0.00005± 0.00003 0.145 0.0009 ± 0.0004 0.00007± 0.00002 0.0022 ##

Lactobacillus 0.0080 ± 0.0031 0.0088 ± 0.0027 0.8983 0.1050 ± 0.0530 0.01225± 0.0046 0.1797
Lactococcus 0.2490 ± 0.0332 0.1468 ± 0.0205 0.094 0.3408 ± 0.0271 0.1824 ± 0.0494 0.0078 $$

Streptococcus 0.0048 ± 0.0011 0.0013 ± 0.0002 0.0087 ## 0.0037 ± 0.0005 0.0023 ± 0.0006 0.0931
SMB53 0.0102 ± 0.0079 0.0130 ± 0.0078 0.9394 0.0467 ± 0.0224 0.0132 ± 0.0076 0.1688

Dehalobacterium 0.0017 ± 0.0004 0.0024 ± 0.0006 0.5628 0.0007 ± 0.0002 0.0021 ± 0.0008 0.132
Blautia 0.0004 ± 0.0001 0.0003± 0.00008 0.7381 0.0002 ± 0.0001 0.0003 ± 0.0001 0.1991

Coprococcus 0.0093 ± 0.0009 0.0116 ± 0.0026 0.7879 0.0028 ± 0.0005 0.0048 ± 0.0016 0.3874
Dorea 0.0017 ± 0.0004 0.0034 ± 0.0007 0.077 0.0011 ± 0.0003 0.0042 ± 0.0006 0.0016 $$

Roseburia 0.00006± 0.00002 0.00005± 0.00003 0.9242 0.00007± 0.00002 0.0001± 0.00007 0.3398
[Ruminococcus] 0.0652 ± 0.0085 0.0509 ± 0.0082 0.3544 0.0299 ± 0.0059 0.0347 ± 0.0073 0.882
Anaerotruncus 0.0004 ± 0.0001 0.0001± 0.00005 0.1797 0.0001± 0.00004 0.0003 ± 0.0001 0.8312
Oscillospira 0.0473 ± 0.0076 0.0213 ± 0.0052 0.0043 $$ 0.0217 ± 0.0042 0.0158 ± 0.0022 0.6797

Ruminococcus 0.0082 ± 0.0009 0.0034 ± 0.0007 0.0012 $$ 0.0035 ± 0.0008 0.0020 ± 0.0003 0.7285
Allobaculum 0.0011 ± 0.0006 0.1122 ± 0.0562 0.0022 ## 0.0327 ± 0.0157 0.1703 ± 0.0513 0.0449 #

Catenibacterium 0.0005 ± 0.0001 0.0003 ± 0.0001 0.3874 0.0004± 0.00009 0.0003 ± 0.0001 0.474
Desulfovibrio 0.0010 ± 0.0005 0.0011 ± 0.0007 0.9073 0.0006 ± 0.0002 0.0023 ± 0.0009 0.1001
Citrobacter 0.0030 ± 0.0011 0.0026 ± 0.0004 0.7879 0.0026 ± 0.0004 0.0015 ± 0.0003 0.0931
Klebsiella 0.0417 ± 0.0147 0.0328 ± 0.0138 0.5714 0.0412 ± 0.0105 0.0291 ± 0.0124 0.1797

Akkermansia 0.0001 ± 0.0001 0.0025 ± 0.0011 0.4545 0.0024 ± 0.0022 0.0041 ± 0.0036 0.5455

(a) Number of bacteria significantly changed by M-inulin/all number of bacteria well-detected = 1/6. Number
of bacteria significantly changed by E-inulin/all number of bacteria well-detected = 0/6. # p < 0.05, evaluated
using the Mann–Whitney test with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli
test for multiple comparisons. (b) Number of bacteria significantly changed by M-inulin/all number of bacteria
well-detected= 5/28. Number of bacteria significantly changed by E-inulin/all number of bacteria well-detected= 4/28.
$$ p < 0.01, evaluated using the two-way ANOVA with Sidak post hoc test. ## p < 0.01, # p < 0.05, evaluated using
the Mann–Whitney test with a two-stage linear step-up procedure of the Benjamini, Krieger, and Yekutieli test for
multiple comparisons.

4. Discussion

In this study, inulin intake changed the composition and profile of the gut microbiota, increased
SCFAs, and decreased the cecal pH (Figure 1, Figure 2 and Figure S2). SCFAs are important for health
because they improve energy metabolism in the liver and muscles and immune function in the large
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intestine [9–11]. In addition, the effect of inulin on the microbiota was dependent on the timing of
inulin intake. Therefore, we gave inulin to the mice in either the morning or evening. The microbiota
was more affected by inulin feeding in the morning than in the evening (Figure 5 and Figure S4)
because the fasting period was longer for the latter. There has been previous research on fasting time
and dietary effects. Previous studies examining postprandial glucose metabolism have shown that
breakfast, rather than dinner, can suppress postprandial hyperglycemia and that one of the primary
factors is the difference in fasting time [51]. Additionally, in a previous study examining the circadian
clock, a meal after a long fasting period strongly synchronized the peripheral clock [52,53]. Under
a two-meals-per-day schedule in mice, the same amount of chow after 16 h of fasting could reset the
Per2 gene expression rhythm in the liver clock compared with the same amount of chow after 6 h of
fasting; in the two-meal experiments presented here, we used exactly the same protocol. In the current
experiment, there was no difference in the cecal pH or SCFAs measurements between morning and
evening with the same fasting duration (Figure 6c,h). Considering actual human life, the fasting time
until breakfast is generally the longest among the three meals. Thus, these results, along with those
of the previous study [53], support that inulin intake in the morning is most effective at attenuating
HFD-induced changes of the gut microbiota. However, since the gut microbiota is also related to
the circadian clock, there may be a difference between morning and evening in the gut microbiota
composition, regardless of the fasting time. In addition to the daily feeding model used in this study,
a feeding model for equalizing fasting time has been considered [52,54,55]. By using these feeding
models, the relationship between fasting time and the effects of foods may be clarified. Moreover,
the feeding model of this study has too long a starvation period compared with actual human life.
Therefore, a feeding model that mimics the actual human lifestyle of three meals a day, as reported by
Kuroda et al., may be considered for future experiments [52].

In this study, we first regulated the access time to inulin-containing food under a two-meals-per-day
schedule because mice access food in the morning rather than in the evening under ad-lib food
conditions [54,56]. Under these feeding conditions, we found clear effects of inulin in the morning.
Therefore, in ad-lib feeding conditions, functional food intake at an earlier time during the active
period may be a considerable factor in microbiota changes. Next, we regulated the food volume under
a two-meals-per-day schedule. Once again, inulin in the morning had a clear effect on the microbiota,
clarifying the importance of inulin intake in the morning on the beta-diversity and profile of the
microbiota. However, in these experimental conditions, we did not control feeding and/or digestive
speed; therefore, volume- and speed-controlled feeding systems may be required to determine the
effect of feeding time.

The first meal after a long fast, most often breakfast, resets the phase of peripheral clock [52,53].
We recently demonstrated that cellobiose, a water-soluble dietary fiber, produces SCFAs, allowing
them to reset the peripheral clock [21]. Taken together, these results suggest that the intake of
inulin-containing foods in the morning may help reset the peripheral clock through SCFAs production.

Previous studies have reported that inulin consumption increases Bifidobacteria and Akkermancia
muciniphila and decreases gram-positive cocci in humans and mice [47–50]. In this study,
the gram-positive cocci Streptococcus and Staphylococcus decreased, but the A. muciniphila was not
significantly changed. We considered that the degree of polymerization of inulin is one of the reasons
that the results of this study differ from previous studies. In the structure of inulin, fructose is
a monomer linked by 2–60 molecules with β-glycosidic bonds. The inulin used in this study had 16
fructose bonds (a degree of polymerization of 16) [34]. It has been reported that the influence on the
microbiota is different depending on the degree of polymerization of inulin [48]. Therefore, the results
may have been different with other degrees of polymerization.

Streptococcus is known to produce lactic acid [57,58], and Streptococcus mutans increases in
the intestines of type 2 diabetes patients and is induced by a high-calorie diet [59]. Furthermore,
Staphylococcus aureus is increased in obese patients, and Staphylococcus has a positive correlation with
energy intake [60,61]. The SCFAs produced by inulin feeding increase the concentration of GLP-1 in
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the blood and promote insulin secretion [62]. Furthermore, SCFAs regulate insulin activity in adipose
tissue through the GPR43 receptor [11]. Therefore, it has been suggested that inulin may be an effective
food against diabetes. In fact, in rats and humans, inulin consumption inhibits blood glucose levels
and lowers blood triglyceride levels and total cholesterol levels [35,63,64]. In this study, the species
level was not fully detected, and blood glucose levels and triglycerides were not measured. If these
factors were measured, we may have been able to clarify the relationship between the gut microbiota
and glucose metabolism.

It has been reported that SCFAs produced by ingestion of water-soluble dietary fiber prevent fat
accumulation in adipose tissue via GPR43 [11]. However, it has also been reported that water-soluble
dietary fiber does not involve SCFAs and suppresses fatty acid accumulation itself. For example,
water-soluble dietary fiber may form a highly viscous matrix in the small intestine, increase the viscosity
of the small intestine, and then physically suppress fat absorption [65,66]. These reports should be
considered when investigating the association between gut microbiota and lipid metabolism.

The analysis of the carbohydrate metabolism identified a significant association with the fructose
and mannose metabolism in the morning inulin group under two meals per day but not under one
meal per day. Inulin is a fructan polymerized with fructose. Therefore, it may be possible that fructose
metabolism is more activated by inulin in the morning than in the evening. Furthermore, the production
of SCFAs may be increased because fructose is metabolized in the morning. In addition, fructose
metabolism may also be related to fasting time. PICRUSt is only a predictive tool. To determine accurate
functional information of the related bacteria, metagenomic studies should be conducted. Additionally,
the number of mice in each group should be increased to provide more accurate explanations regarding
the microbiota and PICRUSt analysis.

5. Conclusions

In summary, inulin intake in the morning rather than in the evening affected the gut microbiota,
promoted SCFAs production, and lowered the cecal pH. The difference between the morning and
evening results was related to the fasting duration, suggesting that there may be a relationship between
fasting duration and meal stimulation regarding control of the microbiota.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/11/2802/s1,
Figure S1: the addition of cellulose does not affect the microbiota. Figure S2: inulin feeding in the morning
changed the microbiota composition more than in the evening. Figure S3: morning inulin feeding changed
the microbiota composition more than evening inulin feeding. Figure S4: morning inulin feeding changed the
microbiota composition and the relative abundance of inferred functional profile more than evening inulin feeding
under equivalent feeding conditions. Figure S5: the microbiota composition and the relative abundance of inferred
functional profile was not significantly changed by inulin feeding, even under the condition of one meal per day.
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Abstract: Microbiota contributes to the regulation of eating behavior and might be implicated in the
pathophysiology of anorexia nervosa. ClpB (Caseinolytic peptidase B) protein produced mainly by
the Enterobacteriaceae family has been identified as a conformational mimetic of α-MSH, which could
result in similar anorexigenic effects. The aim of this study was to highlight the role of the microbiome
and the ClpB protein in deregulation and self-maintenance of anorexia pathology. Male C57Bl/6
mice were undergone to the ABA (Activity-Based Anorexia) protocol: after 5 days of acclimatization,
both ABA and LFA (Limited Food Access) mice had progressively limited access to food until D17.
At the end of protocol, the plasma ClpB concentration and Enterobacteriaceae DNA in colonic content
were measured. As expected, dietary restriction induced lost weight in LFA and ABA mice. At D10,
colonic permeability and plasma concentration of the ClpB protein were significantly increased in
LFA and ABA mice vs. controls. At D17, plasma concentration of ClpB was increased in LFA and
ABA mice and, it was correlated with proportion of Enterobacteriaceae in the faeces. These abnormally
high ClpB concentrations and all associated factors, and therefore might contribute to the initiation
and/or perpetuation of anorexia nervosa by interfering with satiety signaling.

Keywords: anorexia; food restriction; ClpB; microbiota; Enterobacteriaceae

1. Introduction

Eating Disorders (ED) are public health problems that have continued to worsen in recent years
with a prevalence of 3.5% from 2000–2006 to 7.8% in 2013–2018 [1]. Among these disorders, anorexia
nervosa (AN) is characterized by a difficulty in maintaining a minimum weight and an obsession
with weight and body shape [2], the pathophysiology of which is multifactorial and remains partially
debated [3].

Nutrients 2019, 11, 2514; doi:10.3390/nu11102514 www.mdpi.com/journal/nutrients89
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Among the proposed mechanisms of AN, the role of the gut microbiota in regulating the physiology
of AN is increasingly recognized [4,5]. Indeed, studies have shown that intestinal microbial composition
is influenced directly by food, in the short and long term [6–8]. Conversely, behavior [9] and appetite [10]
are modulated at least in part by several gut-microbiota derived signals, among which bacterial products
(e.g., peptides, neurotransmitters) have been shown to influence peripheral and central mechanisms of
satiety, reward [11,12] and anxiety [13]. Finally, microbiota composition is implicated in the regulation
of body composition: dysbiosis has been reported both in obese individuals [14] and in patients with
AN [15]. Moreover, increased Escherichia coli, a leading representative of Enterobacteriaceae in gut
microbiota was also observed in anorexic patients [16]. Altogether, these data strongly suggest that
dysfunction of the microbiota-intestine-brain axis in response to exogenous triggering factors might be
a key factor in the onset and/or perpetuation of ED [10,17]. Communication between microbiota, gut
and brain may rely on various microbiota-derived signals, such as proteins, peptides, monoamines,
metabolites, or even gut-produced immunoglobulins gaining access to the brain or modulating afferent
neuronal or hormonal regulations generated in the splanchnic area [17]. Among bacterial proteins,
ClpB (Caseinolytic peptidase B), a heat shock protein produced by Enterobacteriaceae [18] including
E. coli is of particular relevance to the control of satiety [19] since it holds in common a six amino acid
discontinuous epitope sharing molecular mimicry with α-melanocyte-stimulating hormone (α-MSH),
the main central neuropeptide signaling satiety in the hypothalamus [20,21]. In addition, other studies
have shown that α-MSH could also be found at peripheral level [22]. Moreover, α-MSH could induce
the activation of MC4R present on intestinal enteroendocrine L cells [22,23]. Through this specificity,
ClpB could stimulate the secretion by enteroendocrine L cells of the satiating hormones GLP-1 or PYY
and activate vagal and hormonal pathways leading to hypothalamic activation of the POMC neurons
releasing α-MSH [10,11]. In accordance with a role of this protein in the physiological and pathological
regulation of eating behavior, ClpB was found naturally in the plasma of healthy subjects and at a
higher level in patients with eating disorders [24].

In addition to the direct effect of ClpB mentioned previously, the hypothesis that microbial proteins
may also modulate eating behavior through the intestinal production of specific immunoglobulins
(Ig) can be suggested. Indeed, previous reports have detected Ig which react with α-MSH, in the
sera of both healthy individuals and rats [25]. The levels of these Ig correlate with psychological
traits characteristic of eating disorders [25]. This suggests that α-MSH reactive Ig may interfere with
melanocortin signaling in both normal and pathological conditions. Moreover, a recent study showed
that the levels of α-MSH-reactive IgG, the binding of melanocortin 4 receptor (MC4R) and the cellular
internalization rate of MC4R-expressing cells were all lower in obese subjects [26]. Inverse results
were found in anorexic and bulimic patients [26]. Other studies also confirmed the implication of
α-MSH reactive Ig in the physiological regulation of feeding and mood [27]. In patients with eating
disorders, increasing ClpB plasma levels correlated with plasma levels of anti-ClpB and anti-α-MSH
Ig [19]. These factors emphasize the physiological involvement of anti-α-MSH Ig in the regulation of
food intake.

Thus, bacterial ClpB protein appears as a candidate for interfering with endogenous pathway of
satiety regulation. To get further insights in its involvement during food restriction, we performed the
present study in a well-established model of food restriction in rodents, the Activity-Based Anorexia
(ABA) model, and evaluated the impact of food restriction on the plasma ClpB protein and its related
Ig and on the proportion of Enterobacteriaceae.

2. Materils and Methods

2.1. Animal Experimentation

Animal experimentation procedures were approved by the Local Ethical Committee of Normandy
(approval CENOMEXA n◦1112–05). Male C57Bl/6 mice (Janvier Labs, Genest-Saint-Isle, France), at 7
weeks old were kept in holding cages (four mice per cage) at environmental conditions 22 ◦C ± 3 ◦C

90



Nutrients 2019, 11, 2514

and relative humidity of 40 ± 20% on a 12 h light-dark cycle with lights on at 10:00 a.m. During
acclimatization period, all mice were given ad libitum access to water and standard food (Kliba Nafag,
Germany).

At D1 of the protocol, all mice were randomized individually into 3 groups: An ad libitum group
(Control, n = 16), a limited-food access group (LFA, n = 16) and an activity-based anorexia group (ABA,
n = 16). ABA mice were placed individually in cages with an activity wheel connected to Running
Wheel ® software (Intellibio, Seichamps, France).

Food access was progressively limited in ABA and LFA groups from 6 h per day at D6, to 3 h at
D9 and until the end of the experiment. Mice always had free access to water. Body weight, water and
food intake were measured at 9:00 a.m. each day.

At D10, 8 mice of each group were chosen according to their weight and were anaesthetized
by ketamine/xylazine (Imalgene® 1000, Murial/Xylazine Rompun 2%, Bayer) intraperitoneally and
were euthanized by decapitation. Blood samples were taken from the mesenteric artery before
decapitation. The hypothalamus was taken to perform qPCR to analyze the anorexigenic (POMC) and
orexigenic (AgRP) neuronal populations. Intracolonic faeces were taken to perform qPCR to analyze
the Enterobacteriaceae DNA. The plasma was recovered after centrifugation (3000× g, 20 min, 4 ◦C).
Samples were taken and stored at −80 ◦C if their analysis was not done immediately.

At D17, the end of the experiment, remaining mice underwent the same procedures as D10.

2.2. Permeability

Colon permeability was assessed by measured FITC-dextran (4 kDa) (Sigma) by Ussing chambers.
FITC-dextran (5 mg/mL) was placed on the mucosal side. After 3 h at 37 ◦C, medium from the
serosal side was removed and stored at −80 ◦C. The fluorescence level of FITC-dextran (excitation at
485 nm, emission at 535 nm) was measured in a 96-well black plate with spectrometer Chameleon
V (Hidex, Turku, Finland). Values were converted to concentration (mg/mL) using a concentration
standard curve.

2.3. ClpB Concentration

The presence of the protein ClpB was measured by the technique of enzyme linked immunosorbent
assay (ELISA) previously described by Breton et al., 2016 [9]. For this, two antibodies were used: rabbit
polyclonal anti-ClpB (Delphi Genetics, Brussels, BEL) and a mouse monoclonal antibody anti-ClpB
(Delphi Genetics, Brussels, BEL). The optical density was determined at 405 nm using a microplate
reader Infinite F50 (Tecan Life Sciences, Switzerland). Each determination was performed in duplicate.

2.4. ClpB and α-MSH Ig Assay

Plasma levels of Ig reacting with ClpB or α-MSH were measured using enzyme-linked
immunosorbent assay according to a published protocol [28]. For this, a concentration of 2 μg/mL
of ClpB protein (Delphi Genetics, Brussels, BEL) or α-MSH peptides (Bachem, Budendorf, Swiss)
were used to coat 96-well Maxisorp plates (Nunc, Rochester, NY, USA). Mice plasma samples were
diluted at 1:200 in dissociative buffer (3 M NaCl and 1.5 M glycine buffer, pH 8.9) to determine the
total Ig levels. Two antibodies were used for detection: Alkaline phosphatase (AP)-conjugated goat
anti-mouse IgG or anti-mouse IgM (1:2000) (Jackson ImmunoResearch Laboratories, St. Thomas Place,
Ely, UK). The optical density was determined at 405 nm using an Infinite F50 microplate reader (Tecan
Life Sciences, Switzerland). Blank optical density values (without the addition of plasma samples)
were subtracted from the sample optical density values. Each sample was done in duplicate.

2.5. qPCR Assay for Faecal Enterobacteriaceae DNA

Enterobacteriaceae DNA in faeces were extracted with the ZymoBIOMICS Kit according to the
protocol given by the supplier (ZymoResearch, Irvine, CA, USA). After extraction, the total DNA
was quantified using a NanoDrop spectrophotometer (ThermoScientific, Waltham, MA, USA). qPCR
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was performed on 1 ng/μL of DNA and with Light Cycler®480 SYBR® Green I Master (Roche,
Swiss). The primers for detection of Enterobacteriaceae were: 5′-TGTGCCCAGATGGGATTAGC-3′
and 3′-TTAACCTTGCGGCCGTACTC-5′. The relative quantity of each DNA was calculated using
standard curves normalized to a reference 16s DNA gene.

2.6. RT-qPCR Assay for Hypothalamus Neuronal Populations mRNA

Hypothalamic total RNA was extracted within cold TRIZOL reagent (Invitrogen, Carlsbad,
CA, USA). After extraction, the total RNA was quantified using a NanoDrop spectrophotometer
(ThermoScientific, Waltham, MA, USA). cDNA was generated by reverse transcription with 1 μg of total
RNA using M-MLV Reverse Transcriptase (200 U/μL) (ThermoFisher, Waltham, MA, USA). RT-qPCR
was performed on all samples using a BioRad CFX96 Real Time PCR System (BioRad, Hercules, CA,
USA) and SYBR Green Master Mix (Life Technologies, Carlsbad, CA, USA). The primers for detection
of pomc were: 5′-CCTCCTGCTTCAGACCTCCA-3′ and 5′-GGCTGTTCATCTCCGTTGC-3′; for agrp,
5′-GCAGACCGAGCAGAAGAT-3′ and 5′-CTGTTGTCCCAAGCAGGA-3′. The relative quantity of
each mRNA was calculated from standard curves, normalized to a reference gapdh gene.

2.7. Statistical Analysis

Data are shown as means +/− standard error of means (SEM). Before statistical analysis the
normality was evaluated by the Kolmogorov-Smirnov test. Then, statistical significance was calculated
by the unpaired t-test, one-way ANOVA or two-way ANOVA, as appropriate. All statistical calculations
were performed using Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA) and p < 0.05
was considered as significant.

3. Results

3.1. Body Weight and Food Intake

During the adaptation phase (D1–D6), the animals had the weight between 20 g and25 g. From the
beginning of the dietary restriction (D6), the animals started to lose weight. The ABA and LFA mice
lost significant weight compared to the control (** p < 0.01, D7, D8). This difference in weight loss
continues until the end of the experiment (D17) (*** p < 0.001, D9 to D17). From D10 until the end of
endurance, ABA mice lost significantly more weight than the LFA mice (* p < 0.05, D10, D12; ** p < 0.01,
D13 to D17) (Supplementary data, Figure S1A).

Food intake (Supplementary data, Figure S1B) of ABA mice increased between D4 and D6 as
compared to LFA and the control mice (*** p < 0.001) (Supplementary data, Figure S1B), (*** p < 0.001,
D6) (Supplementary data, Figure S1C). However, since the beginning of the limited access to food (D7),
food intake decreased significantly in all groups (*** p < 0.001) (Supplementary data, Figure S1B,C).
At D10, when access time to food is shortest, food intake was significantly reduced compared to D6
(before restriction) (*** p < 0.001) with a reduction of 34% in the LFA group and 58% in the ABA group
(Supplementary data, Figure S1C).

From D11, restriction was even intensified for the ABA group compared to the LFA group
(* p < 0.05, D12; ** p < 0.01, D13; *** p < 0.001, D15) (Supplementary data, Figure S1B) until the end of
this experiment (reduction of 16.4%) (Supplementary data, Figure S1C).
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Figure 1. Intestinal permeability measure and ClpB concentration in plasma. The intestinal permeability
was measured by an ELISA assay after FITC-dextran passage in the ussing chamber (A) at D10 and (B)
at D17. The ClpB concentration was measured in plasma in pM by an ELISA assay (C) at D10 and (D)
at D17. Data are means ± SEM. Unpaired Mann-Whitney test (A, p = 0.0541) or ne-way ANOVA test
with Holm-Sidak’s post-tests (C,D); *** p < 0.001, ** p < 0.01, * p < 0.05.

3.2. Wheel Activity

Total wheel activity increased during the restriction phase (D6–D10) of ABA mice. (Supplementary
data, Figure S2A,B) as compared to the adaptation phase (D2–D5) which resulted mainly from an
increased activity during the dark phase. (Supplementary data, Figure S2C,D). From D9, wheel activity
decreased during the dark phase (Supplementary data, Figure S2C,D), while it increased during the
light phase (Supplementary data, Figure S2E,F) vs. D6–D10.

3.3. Intestinal Permeability, ClpB and Immunoglobulins Plasma Levels

Intestinal permeability assessed in vitro by FITC-dextran flux increased at D10 (Figure 1A) while
no difference was observed at D17 (Figure 1B).

ClpB protein concentration in plasma increased significantly at D10 (Figure 1C) and D17 (Figure 1D)
in ABA and LFA groups vs. controls.

The plasma levels of anti-α-MSH IgG were increased at D10 and D17 in LFA vs. controls and the
ABA group (Figure 2A,B). IgM anti-α-MSH levels were increased at D10 and D17 in LFA and ABA vs.
controls (Figure 2E,F). The anti-ClpB IgG were increased at D17, but not at D10 in LFA vs. controls and
ABA group (Figure 2C,D). The anti-ClpB IgM were increased at D10 but not at D17 in LFA vs. controls
and vs. ABA group at D10 (Figure 2G,H).
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Figure 2. Impact of food restriction and physical activity on modulation of anti-α-MSH and anti-ClpB
IgG and IgM. Anti-α-MSH and anti-ClpB IgG antibodies (%) (A,C) at D10 and (B,D) at D17 were
measured in plasma. Anti-α-MSH and anti-ClpB IgM were measured in the same way at (E,G) at D10
and (F,H) at D17 in plasma. Data are means ± SEM. Unpaired Mann-Whitney test (D,F) or unpaired
t-test (A,B,E,G,H); ** p < 0.01, * p < 0.05, $ p < 0.10.
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3.4. Faecal Enterobacteriaceae DNA

Relative quantitative amount of Enterobacteriaceae DNA in faeces was not different at D10
(Figure 3A) but increased at D17 (Figure 3B). This increased in Enterobacteriaceae DNA is positively
correlated with the ClpB plasma concentration (Figure 3C).

Figure 3. Enterobacteriaceae DNA in faeces and correlation with ClpB Plasma concentration. Relative
quantitative expression of Enterobacteriaceae DNA in faeces by qPCR (A) at D10 and (B) at D17. The
relative expression was calculated with a 1 ng/μL Enterobacteriaceae concentration normalized by
16sDNA gene. (C) Correlation between Enterobacteriaceae DNA in faeces and ClpB plasma concentration
(pM). Data are means ± SEM. Unpaired Mann-Whitney test (A,B) or Pearson correlation (C); ** p < 0.01,
* p < 0.05.

3.5. Hypothalamic Neuropeptides

Hypothalamic POMC mRNA relative expression increased in LFA and ABA groups at D10
(Figure 4A) and D17 (Figure 4B). AgRP mRNA relative expression was not altered at either D10
(Figure 4C) or D17 (Figure 4D).
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Figure 4. Impact of food restriction on neuronal population gene expression. Relative quantitative
expression of (A,B) POMC and (C,D) AgRP mRNA in the hypothalamus by qPCR. The relative
abundance of mRNA was calculated as the ratio of the normalized level (SQ of gene of interest
mRNA/SQ of GAPDH mRNA). Data are means ± SEM. Unpaired t-test (A,B); ** p < 0.01, * p < 0.05.

4. Discussion

In this study, we highlighted that an increase of ClpB plasma concentration correlated with the
relative amount of Enterobacteriaceae in faeces of food restricted mice. As expected in the ABA model,
mice significantly lost weight which was amplified by the wheel activity of ABA mice [29,30]. Reduced
food intake in ABA was not a consequence of wheel activity, since activity ceased when food was again
available, which rather suggests that the hyperactivity was a consequence of food restriction.

Several studies have previously reported an increase permeability in the colon of ABA mice [31,32]
which suggests that a dysfunction of the intestinal barrier may occur during anorexia nervosa. In the
present study, the increased intestinal permeability observed at D10 was associated with an increase
in the plasma concentration of the ClpB protein. Accordingly, a previous study from our group [33]
reported alterations of the colonic mucosa proteome in ABA mice, suggesting that a decreased energy
supply to the colonic mucosa may compromise its functional integrity metabolism [33].

No difference in intestinal permeability or ClpB levels were observed between the LFA and ABA
groups. This suggests that physical activity alone has no significant effect on colonic barrier function in
this model, and that food restriction induces the increase of ClpB protein plasma level. This increased
ClpB may result from an increased transcellular passage of this protein across the enterocytes. In fact,
the enterocyte endocytosis of intact proteins is a well-established process. Milk proteins such as
β-lactoglobulin (18.36 kDa) and α-lactalbumin (14.2 kDa) can cross the enterocytes via a non-specific
liquid phase endocytosis mechanism and reach the basolateral side by a transcytosis mechanism [34].
Even larger proteins such as the 44 kDa glycoprotein Horseradish Peroxidase (HRP) can enter the
intestinal absorptive cells by apical endocytosis [35]. Thus, endocytosis of the whole 96 kDa ClpB
looks plausible.

Alternatively, paracellular passage may be possible for lower molecular weight proteins or
fragments. An increased paracellular passage may be allowed by a degradation of the intercellular
tight junction proteins network (e.g., occludin, claudin-1) [36], as already reported in inflammatory
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bowel diseases [37,38], irritable bowel syndrome [39,40], obesity [41] and malnutrition states [42]
including the ABA model [31], and several intestinal diseases [43]. This paracellular pathway may be
of relevance for the fragments of ClpB. Indeed, the ClpB protein has a capacity to fragment naturally as
shown in vitro (Mogk et al., 1999), and smaller fragments may access the basolateral space before finally
reaching the plasma compartment. This hypothesis is consistent with the increased ex vivo colonic
passage of the FITC Dextran molecule (4 kDa) observed in food restricted mice. Our home-made
ELISA test probably identified both the whole ClpB protein and several of its fragments.

In the present study, we also observed that food restriction induced changes in the plasma levels
of anti-α-MSH IgG and IgM. The most consistent finding was an increase of anti-α-MSH IgG and
IgM in the LFA group at D10 and D17. This immune activation may result from the activation of the
hypothalamo-pituitary axis with the increased release of CRF and related-peptides such as α-MSH [44],
and consequently an increase in the corresponding Ig. Our results suggest a higher increase of
anti-α-MSH Ig as compared to anti-ClpB Ig. This may reflect the fact that the primary antibodies
used for the ELISA assay may recognize other epitopes in the α-MSH structure in addition to those in
common with ClpB. Furthermore, this increase could be a consequence of food restriction, with or
without activity, which is stressful for mice. A previous study showed that repeated exposure of rats to
mild stress induced by food restriction and repeated blood sampling increased the levels and affinity
of α-MSH reactive IgG Ig [27]; passive transfer of these Ig purified from the blood of stressed to naïve
animals induced acute food intake and suppressed anxiety. This suggests that the production of these
Ig might be an adaptive response to stress aiming to counteract its effects by blunting the satiating
effect of α-MSH. The moderate increase of anti-α-MSH Ig in the ABA group raises the question of a
possible immunosuppressive effect caused by intense physical activity, which remains debated [45].
Although other studies need to be done, these results confirm the hypothesis proposed by Fetissov et
al. that the anorexia physiopathology performed from altered signaling between the gut microbiota,
the immune system and the neuropeptides involved in feeding behavior regulation [46].

In our study, colonic content analysis showed an increase proportion of Enterobacteriaceae DNA in
the ABA group at D17 compared to controls, with intermediate values in the LFA group. This is in
accordance with the increased ClpB plasma level at D17, since Enterobacteriaceae are known to produce the
ClpB protein [18,24]. Already at D10 an increased production and/or release of ClpB by Enterobacteriaceae
may have occurred before a significant growth of this family. Accordingly, the Enterobacteriaceae DNA
correlated with ClpB plasma concentration across groups. Moreover, the significant correlation
between the ClpB protein plasma levels and the relative amount of Enterobacteriaceae seen only in
the anorexic mice suggests that dietary restriction impairs microbiota composition. The increased
Enterobacteriaceae and ClpB protein production is in accordance with previous papers reporting
increased Enterobacteriaceae in patients with anorexia and in malnourished animals [15]. Under critical
dietary restriction conditions, an increased production of ClpB may also be an adaptive process to
support the survival of the microorganism since ClpB is a chaperone protein [47]. Accordingly, Breton
et al. reported that the production of ClpB by in vitro E. coli was increased in the stationary growth
phase, after the disposal of added nutrients during the exponential phase [11]. The food restriction led
to an increase in Enterobacteriaceae population, combined with an increase in both ClpB production and
colonic permeability, together these factors have led to abnormally high plasma levels of ClpB.

The increased plasma concentration of ClpB or its fragments allows a direct central effect at the
hypothalamic level of stimulating the POMC-related satiating pathways [11] which in turn contribute
to either the onset or the perpetuation of anorexia and hyperactivity which could be explain by a
satiating and anxiogenic effects of ClpB mimicking α-MSH [19].

It is important to emphasize that this biological approach of anorexia nervosa does not come
in contradiction with the well-established triggering role of psychological stress. Indeed, stress
might reduce food intake at the hypothalamic level or via the mesocorticolimbic system, but also at
the peripheral level by increasing intestinal permeability [48,49] and altering microbiota virulence,
proliferation and release of pro-inflammatory and anorexigenic signals acting on neuronal afferents [50,
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51]. Using the data from this article and others, we can propose anintegrative perspective (Figure 5)
which links dietary restriction, stress, microbiota-gut-brain axis dysregulation (including increased
ClpB signaling) and the on-going self-maintenance of anorexia nervosa. When fully confirmed, this
approach may open innovative therapeutic perspectives via modulation of gut microbiota by different
nutritional, microbial or pharmacological approaches [52,53].

 

Figure 5. Vicious circle of the physiopathology of anorexia nervosa. Anorexia is characterized by
psychological disorders (deformation of the self-image, obsessive fear of gaining weight) which are the
cause of a restriction of food intake. This limited dietary intake leads to dysbiosis, characterized by an
increase in Enterobacteriaceae within the microbiota. This increase generates an increased production
of the ClpB protein, resulting from the prolongation of the stationary growth phase of these bacteria.
In parallel, dietary restriction also causes an increase in intestinal permeability, which explains the
increased passage of this protein through the intestinal mucosa. This protein is then found in the
bloodstream with the other satietogenic peptides (GLP-1, PYY) released via the activation of the MC4R
receptor present on the L cells. The mechanism of passage of this protein through the mucosa remains
unknown, but hypotheses suggest that it may pass through the mucosa in fragments or through
a mechanism of endocytosis. Finally, because of its anorectic action, the ClpB protein can activate
anorexigenic neuronal populations such as POMC, whose response will lead to an increase in satiety.
As well, the vicious cycle of the physiology of anorexia nervosa will can continue...

5. Conclusions

In conclusion, we have shown here that bacterial ClpB plasma levels increase during dietary
restriction in mice, regardless of physical activity, and correlates with amount of Enterobacteriaceae
in feces. This brings additional arguments for the role of the gut microbiota in the mechanisms of
eating disorders and so, suggests its impact in the perpetuation and self-maintenance of the anorexia.
These data suggest that nutritional or probiotic interventions aiming to restore gut microbiota may be
useful in the therapeutic strategy of eating disorders.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/10/2514/
s1, Figure S1: Food restriction model confirmation–Body weight and Food intake, Figure S2: ABA model
confirmation–Wheel activity.
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Abstract: Autism Spectrum Disorder (ASD) is a complex neurological and developmental disorder
characterized by behavioral and social impairments as well as multiple co-occurring conditions,
such as gastrointestinal abnormalities, dental/periodontal diseases, and allergies. The etiology of ASD
likely involves interaction between genetic and environmental factors. Recent studies suggest that oral
and gut microbiome play important roles in the pathogenesis of inflammation, immune dysfunction,
and disruption of the gut–brain axis, which may contribute to ASD pathophysiology. The majority of
previous studies used unrelated neurotypical individuals as controls, and they focused on the gut
microbiome, with little attention paid to the oral flora. In this pilot study, we used a first degree-relative
matched design combined with high fidelity 16S rRNA (ribosomal RNA) gene amplicon sequencing
in order to characterize the oral and gut microbiotas of patients with ASD compared to neurotypical
individuals, and explored the utility of microbiome markers for ASD diagnosis and subtyping of
clinical comorbid conditions. Additionally, we aimed to develop microbiome biomarkers to monitor
responses to a subsequent clinical trial using probiotics supplementation. We identified distinct
features of gut and salivary microbiota that differed between ASD patients and neurotypical controls.
We next explored the utility of some differentially enriched markers for ASD diagnosis and examined
the association between the oral and gut microbiomes using network analysis. Due to the tremendous
clinical heterogeneity of the ASD population, we explored the relationship between microbiome and
clinical indices as an attempt to extract microbiome signatures assocociated with clinical subtypes,
including allergies, abdominal pain, and abnormal dietary habits. The diagnosis of ASD currently
relies on psychological testing with potentially high subjectivity. Given the emerging role that the
oral and gut microbiome plays in systemic diseases, our study will provide preliminary evidence for
developing microbial markers that can be used to diagnose or guide treatment of ASD and comorbid
conditions. These preliminary results also serve as a starting point to test whether altering the oral
and gut microbiome could improve co-morbid conditions in patients with ASD and further modify
the core symptoms of ASD.
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1. Introduction

Autism Spectrum Disorder (ASD) is a complex neurological and developmental disorder with a
rapidly increasing prevalence on a global scale [1]. The etiology of ASD likely involves an interplay
between genetic and environmental factors, as well as both systemic inflammation and inflammation
of the central nervous system (CNS) [2–4]. Recent studies suggest that microbiome dysregulation
plays an important role in the pathogenesis of inflammation [5–8], which may contribute to the
manifestation of ASD symptoms [9–12]. Evidence from animal studies supports a link between
microbiome dysregulation, inflammation in the body, and development of ASD [13,14]. Patients with
autism often have difficulties maintaining a balanced diet, due to multiple factors such as highly
selective food preference, organic gastrointestinal (GI) diseases, and oral motor difficulties, and they
show high rates of gut dysbiosis compared to neurotypical individuals [9,12]. Notably, some studies
demonstrated a correlation between the severity of GI dysfunction and the severity of behavioral
symptoms [15]. Gut dysbiosis may affect the CNS via the vagus nerve, microbial metabolites and
neuroinflammation [16–18].

While most studies agree that the microbiome composition is different between autistic and
neurotypical populations, these studies have yielded inconsistent results as to the nature or extent of
these GI bacterial community differences [12,19]. Environmental factors are the dominant determinants
for gut microbiome composition [20–22], yet most previous studies using age and sex matched
controls have not adequately controlled for environmental influences [12,23,24]. In addition, compared
to the gut, the oral microbiome is understudied, despite dental plaque and saliva samples being
easier to obtain than stool samples. Alterations of the oral microbiota are associated with not only
periodontal diseases [25], but also the upper GI tract flora [26], systemic diseases such as Rheumatoid
Arthritis [27] and neurological conditions such as Alzheimer’s disease [28]. Epidemiological studies
have demonstrated a higher prevalence of oral health issues among patients with ASD, as compared to
neurotypical individuals [29]. Only two studies to date have explored differences in oral microbiota
between children with autism and controls [30,31]. Results from these studies have low degrees of
concordance, likely due to the different sequencing methodologies and study designs.

Here, we have designed a pilot study to investigate the oral and gut microbiome simultaneously in
patients with ASD and their first-degree family members. This would control for genetic and lifestyle
factors while investigating the existence of ASD-microbiome signatures and whether these signatures
hold any diagnostic value. Furthermore, to explore the poorly understood oral microbiome, we have
directly compared oral and gut microbiome to explore their relationship in ASD and their association
with systemic clinical indices. These questions are important to address in order to detail the roles of the
human microbiome in ASD, and its utility in guiding diagnosis of ASD, clinical subtypes, and potential
targeted interventions.

Given the multitude of factors that influence microbiome-host interactions, a secondary goal of
the study attempts to characterize the potential relationships between the gut and oral microbiome and
relevant clinical indices, including allergy, abdominal pain and dietary habits. Previously, Plaza-Diaz
investigated gut microbiome in ASD patients with or without mental regression and found microbiome
signatures associated with different psychiatric subtypes [32]. However, the association between
medical subtypes and microbiome has been poorly explored in ASD patients.

Research on high impact diseases such as Rheumatoid Arthritis has revealed fascinating
associations between oral and gut microbiomes [27]. Our study will serve as a starting point to
address the complex interplay between the oral microbiome and the gut microbiome in the phenotypic
presentation and pathophysiology of ASD. We believe that this study will open new horizons and
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opportunities in disease investigation and management. As a pre-probiotics clinical trial pilot project,
we hope that this study and its continuation will provide insight for whether this new methodology
with combined oral and fecal data can be used to (1) screen, diagnose, and determine subtypes of
ASD, (2) stratify patients who may respond to probiotics therapy, (3) provide guidance on treatment
strategies and develop targeted probiotic formulation, and (4) help to monitor treatment efficacy.

2. Materials and Methods

2.1. Study Participants

We recruited 20 patients diagnosed with ASD (autism spectrum disorder) and compared them with
19 family members (parent or sibling) as neurotypical controls. Patients had been diagnosed with ASD
according to DSM-5 (Diagnostic and Statistical Manual of Mental Disorders) criteria [33]. Individuals
with ASD between 7–25 years old with a disease duration of at least 6 weeks were enlisted. Exclusion
criteria for all subjects included known genetic conditions, clinically evident serious infections or
inflammatory conditions, history of cancer, severe dental/periodontal diseases or possession of dental
braces. Subjects who had received probiotic treatment were asked to stop treatment at least one week
prior to sample collection and subjects were excluded if they had taken antibiotics in the preceding
month. Neurotypical controls had to meet the following criteria: biological sibling or biological parent
of autistic subjects with IQ equal to or greater than 80 who do not have a diagnosis of ASD, attention
deficit hyperactivity disorder, other intellectual developmental disorders, or psychiatric conditions.
For recruitment of control subjects, siblings of the same gender and comparable age (+/− 5 years apart)
received the highest priority, but an opposite-gender sibling was recruited for a control as needed. If the
subject with ASD had no siblings, a parent acting as primary caretaker was recruited. Demographics
and characteristics of study subjects are available in Table S1 and summarized in Table 1. Visual dental
inspections were performed to determine oral health status for all subjects. Lifestyle questionnaires
were distributed to assess factors that could affect microbiome status and create a GI clinical indices
(GSI) score (Table 1, Table S1) [34,35].

Table 1. Characteristics of study participants and microbiome lifestyle factors.

Autistic Neurotypical

Subjects 20 19

Age (1st–3rd quartile) 15 (13–18) 29 (11–50)

Gender (n)
Female 25% (5) 58% (11)
Male 75% (15) 42% (8)

Neighborhood in last 5 years (n)
Cities 10% (2) 11% (2)
Suburbs 90% (18) 89% (17)
Countryside 0% (0) 0% (0)

Pets (n)
Yes 10% (2) 11% (2)
No 85% (17) 84% (16)
n/a 5% (1) 5% (1)

Abdominal tenderness during exam (n)
Yes 0% (0) 0% (0)
No 95% (19) 95% (18)
n/a 5% (1) 5% (1)
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Table 1. Cont.

Autistic Neurotypical

Allergies (n)
Yes 60% (12) 37% (7)
No 40% (8) 63% (12)

Drink alcohol (n)
Yes 0% (0) 11% (2)
No 95% (19) 84% (16)
n/a 5% (1) 5% (1)

Recreational drugs (n)
Yes 0% (0) 0% (0)
No 95% (19) 19% (18)
n/a 5% (1) 5% (1)

Tobacco products (n)
Yes 0% (0) 0% (0)
No 95% (19) 95% (18)
n/a 5% (1) 5% (1)

First 6 months of life
Breast Fed 70% (14) 74% (14)
Bottle Fed 15% (3) 5% (1)
Both 25% (5) 16% (3)
n/a 5% (1) 5% (1)

Picky Eater
Yes 20% (4) 11% (2)
No 80% (16) 84% (16)
n/a 0% (0) 5% (1)

Servings of vegetables and fruits per day (n)
Less than three 65% (13) 74% (14)
Three 30% (6) 21% (4)
More than three 5% (1) 5% (1)

ASD patients were recruited from clinics at Massachusetts General Hospital (MGH), Beth Israel
Deaconess Medical Center, community ASD education events, and charity ASD programs in Boston.
The study was approved by institutional review board of MGH (Boston, MA, USA, IRB protocol
number: 2017P000573). Informed consents were obtained from subjects or the legal guardians of the
subjects. All methods were performed in accordance with the relevant guidelines and regulations.

2.2. Sample Handling and Collection

To obtain oral microbiome samples, participants were asked to produce 1–3 mL of saliva after
refraining from eating, drinking and oral hygiene practice for 1 h. Samples were collected with sterile
DNA- and RNA-free 15 mL Falcon tubes and immediately frozen at −80 ◦C. De-identified and coded
samples were shipped to Precidiag Inc. (Natick, MA, USA) for DNA extraction and sequencing on
dry ice. Stool samples were collected by the participants at home under the supervision of trained
parents with a HR-Easy Stool Collection Kit (Precidiag, Inc.) and stored at room temperature, followed
by de-identification and shipment to a Precidiag CLIA-certified laboratory for DNA extraction and
sequencing analysis. The HR-Easy Stool Collection Kit provides a superior method for collection,
storage and stabilizing stool samples for microbiome study at ambient temperature for up to a month
with minimal alterations when compared with freshly-collected samples (Yu et al., manuscript in
preparation). Microbial DNA was then extracted using a HR-Easy Fecal DNA Kit (Precidiag, Inc.)
according to the manufacturer’s instructions and DNA samples were carefully quantified with a
nanodrop spectrophotometer. A260/A280 ratios were also measured to confirm high-purity DNA yield.
DNA samples were frozen at −20 ◦C until use.
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2.3. 16S rRNA Gene Amplicon Sequencing

Microbial 16S rRNA V3-V4 genomic regions from total oral and gut DNA samples were amplified
with the following primers 341F: 5′AATGATACGGCGACCACCGAGATCTA-CACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCCTACGGGAGGCAGCAGCCTACGGGNBGCASCAG3′ and 805R:
5′CAAGCAGAAGACGGCATACGAGATNNNNNNG-TGACTGGAGTTCAGACGTGTGCTCTTT
CCGATCTGACTACNVGGGTATCTAATCC3′ via polymerase chain reaction (PCR) (95 ◦C for 2 min,
followed by 25 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension at
72 ◦C for 5 min). PCR products were purified and analyzed using a Bioanalyzer DNA kit, followed
by quantification with real-time PCR. Serially diluted PhiX control library (Illumina, San Diego, CA,
USA) was included as a standard. DNA libraries were pooled and sequenced on an Illumina MiSeq
next-generation sequencing system (Illumina; CA) using a V2 2 × 250 bp paired-end protocol with
overlapping reads.

Of note, we included strict quality control processes involving microbial DNA extraction, 16S rRNA
gene amplicon amplification, and amplicon sequencing with a set of controls that enabled us to evaluate
the potential introduction of contaminants or off-target amplification. Non-template controls (extraction
chemistries) were included in the microbial DNA extraction process and the resulting material was
subsequently used for PCR amplification. Additionally, at the step of amplification, another set of
non-template controls (PCR-mix) was included to evaluate the potential introduction of contamination
at this step. Similarly, a positive control comprised of known and previously characterized microbial
DNA was included at this step to evaluate the efficiency of the amplification process. Before samples
were pooled together, sequencing controls were evaluated, and samples were rejected if the presence
of amplicons in any of the non-template controls or the absence of amplicons in the positive control
was detected. In the present study, no amplicons were observed in the non-template controls and a
negligible number of raw reads were recovered after sequencing.

2.4. Sequencing Data Processing

Sequencing data were processed and analyzed with a QIIME software package v. 2018.2.0 [36].
The sequencing reads with a low quality score (average Q < 25) were truncated to 240 bp, followed by
filtering using the deblur algorithm with default settings [37]. The remaining high-quality reads were
aligned with the reference library using mafft [38]. Next, the aligned reads were masked to remove
highly variable positions, and a phylogenetic tree was generated from the masked alignment using
the FastTree method [39]. Taxonomy assignment was performed using the feature-classifier method
and naïve Bayes classifier trained on the Greengenes 13_8 99% operational taxonomic units (OTUs)
(Table S2).

2.5. Biostatistical Analysis

2.5.1. Variables Measured

The main variables are the compositions of oral and gut microbiome, and quantities of microbes
on genus and phylum level within each sample (OTUs). Other variables include patients’ demographic
information, baseline medical conditions, lifestyle factors and clinical indices.

2.5.2. Alpha and Beta Diversity

Alpha diversity was calculated on the basis of the gene profile for each sample based on the
Shannon index, Faith’s index, and Simpson’s evenness index [40–42]. Beta diversity was calculated on
the unweighted and weighted UniFrac distances, Jaccard and the Bray–Curtis dissimilarity [43,44].
Alpha and beta-diversity estimates were computed using QIIME2 [36]. Alpha and beta diversity
metrics and Principal Component Analysis plots based on the Jaccard distance were generated using
default QIIME2 plugins [36,43,45–47].
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Kruskal–Wallis tests were used to compare alpha diversity between ASD patients and controls
for oral or gut microbiome respectively. A cut off false discovery rate (FDR) of 0.05 based on the
Benjamini–Hochberg (BH) method was applied [48]. Comparison of beta diversity indices were
calculated by Permutational multivariate analysis of variance (PERMANOVA).

2.5.3. Statistical Analyses of Differentially Enriched Microbiome Taxa

Significant differences in the relative abundance of microbial genera and phyla between individuals
with ASD and controls were identified by Kruskal–Wallis tests and BH adjustment for multiple
comparisons. In addition, we performed a paired Wilcoxon signed-rank test on the relative abundances
with BH adjustment. Furthermore, we explored differential bacteria enrichment on all taxonomy levels
using the ANCOM (Analysis of Composition of Microbiomes) method, an algorithm that accounts for
compositional constraints to reduce false discoveries in detecting differentially abundant taxa at an
ecosystem level, while maintaining high statistical power [49]. An FDR cutoff of 0.2 was applied for
taxa-level comparison [50].

2.6. Microbiome Biomarker Discovery

In order to measure whether the relative abundance of gut and oral microbial taxa and the
dysbiosis markers could classify ASD and control groups correctly, we created a receiver operator
characteristics (ROC) curve using Prism GraphPad (version 7.00 for Mac, GraphPad Software, La Jolla,
San Diego, CA, USA, www.graphpad.com). Statistical significance of areas under the curves (AUCs)
for dysbiosis markers were performed with the default plugin of Prism GraphPad.

2.7. Microbiome Network Analysis

In order to assess the taxonomic relatedness/association within the gut and oral microbiota as
well as between oral and gut microbiota, we performed correlation-based network analysis using
the SparCC (Sparse Correlations for Compositional data) method [51,52]. We performed SparCC for
microbiome data on phylum and genus level from all subjects, as well as within ASD and control
groups, respectively (Correlation coefficient cut-off = 0.3).

2.8. Influence of Clinical and Lifestyle Factors

Kruskal–Wallis tests with BH adjustment for FDR were used to assess differential abundance
of dysbiosis markers and bacterial taxa (phylum and genus level) between binary clinical classifiers
(i.e., presence or absence of allergy, constipation and abdominal pain) with a FDR cut off of 0.2. Relevant
clinical indices were treated as binary even though some data were collected as ordinal (e.g., GSI scores).
Analysis was further stratified by ASD and control groups. Genus level analysis was performed with
genera that have a relative abundance of at least 0.5%. We compared the dietary habits between
ASD patients and neurotypical controls based on numerical scores from baseline survey questions.
The responses for each question were recorded on a numerical scale from 0 to 4, where a larger score
indicated that the subject exhibited the behavior with greater prominence. We next assessed the
correlation between eating habit scores, allergy/autoimmunity scores, GSI total score, and key ASD gut
microbiome markers in patients with ASD. We used the Spearman’s correlation and an FDR cutoff
of 0.05.

2.9. Softwares Used

QIIME software package v. 2018.2.0 [36], RStudio (RStudio Team, 2017), R (R Core Team, 2017)
and Prism GraphPad version 7.00 for Mac (GraphPad Software, La Jolla, CA, USA) were used for
statistical testing and graph generation. Adobe Illustrator CC was used for figure editing.
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3. Results

To characterize the gut and oral microbiota associated with autism, we recruited 20 autistic
subjects and 19 controls (Table 1). Of the controls, 8 were neurotypical biological parents and 11 were
neurotypical biological siblings. Demographic information is summarized in Table 1. One family had
1 parental control with 2 ASD children. Overall, there were significant inter-subject and inter-pair
variabilities in microbiota composition (Figure 1A,B, Figures S1 and S2).

Figure 1. Bar plots of bacterial phylum-level relative abundances of the salivary (A) and gut
(B) microbiomes. Each bar represents one subject. (C) Salivary microbiome class-level heatmap
expression profile. (D) Gut microbiome class-level heatmap expression profile.
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3.1. Autistic Subjects Harbor an Altered Oral Microbiota Compared to First Degree-Family Member Controls

Consistent with previous studies, analysis of alpha diversity calculated by the Shannon index
revealed no significant differences between autistic and neurotypical subjects’ salivary microbiota
(Figure S2, Table S3). A heatmap (Figure 1C) visiually demonstrates that the beta diversity calculated
on the unweighted, weighted UniFrac distances and the Bray–Curtis dissimilarity revealed no
significant difference between the ASD and control groups for oral flora (Figure 2A, Figure S3, Table S4,
PERMANOVA). The major phyla that contributed to the oral microbiome in ASD and control groups
are summarized in Figure 2C. On the genus level, the ASD and control groups share 9 out of 10 most
abundant genera, including Prevotella, Fusobacterium, Rothia, Haemophilus, Streptococcus, Neisseria,
Veillonella, and an unknown genus in the Neisseriaceae family.

Figure 2. PCA of bacterial beta diversity of saliva (A) and gut (B) microbiomes based on the Bray–Curtis
dissimilarity for ASD and neurotypical subjects. ASD and neurotypical subjects are colored in blue and
red, respectively. (C) The major contributing phyla of gut and oral microbiome, in ASD and control
subjects. The values used to compose the figures represent group mean relative abundances. (D,E)
Box plots depicting relative abundances of the most differentially abundant salivary or gut bacterial
phyla between patients with ASD and control subjects. Single asterisk indicates p < 0.1 with adjusted
FDR > 0.2; double asterisk indicates p < 0.05 with adjusted FDR > 0.2, triple asterisk indicates p < 0.05
and adjusted FDR < 0.2, Kruskal–Wallis test.

We found differential enrichment of bacterial taxa in the oral microbiota of autistic individuals
compared to the controls. On the phylum level, ASD patients showed a trend of lower relative
abundance of TM7 bacteria (Figure 2D, Figure S4). In total, 6 genera showed altered relative abundance
between the two groups (Kruskal–Wallis test, p < 0.05, Figure 3A, Figure 4B, Table S5). In particular,
the relative abundance of an unspecified genus in the class of Bacilli was statistically significant after
adjusting for the false discovery rate (FDR) (Figure 5B, Table S5).
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3.2. Autistic Subjects Harbor an Altered Bacterial Gut Microbiota Compared to First Degree-Family
Member Controls

Consistent with previous studies, the analysis of gut alpha and beta diversity as well as principal
component analysis (PCA) revealed no significant differences between autistic and neurotypical
subjects (Figure 2B, PERMANOVA, Table S4, Figure S3), as visualized by a heatmap (Figure 1D).
On the phylum level, Firmicutes, Bacteroidetes and Proteobacteria are the most abundant gut phyla in
both ASD patients and control subjects, comprising more than 90% of all operational taxonomic units
(OTUs) (Figure 2C). On the genus level, ASD and control groups share 9 out of 10 most abundant
genera, including Bifidobacterium, Blautia, Prevotella, Bacteroides, Faecalibacterium, and unknown genera
in Ruminococcaceae family, Lachnospiraceae family, Enterobacteriaceae family and Clostridiales order.

Figure 3. (A,B) Box plot representations of the relative abundances of differentially abundant salivary
or gut bacterial genera in patients with Autism Spectrum Disorder (ASD) and control subjects. (C) Box
plots representation of gut phylum-level dysbiosis marker Firmicutes/Bacteroidetes ratio, in patients with
ASD and control subjects. ASD and neurotypical subjects are colored in blue and red, respectively.
Single asterisk indicates p < 0.1 with adjusted FDR > 0.2; double asterisk indicates p < 0.05 with adjusted
FDR > 0.2, triple asterisk indicates p < 0.05 and adjusted FDR < 0.2, Kruskal–Wallis test. (D) receiver
operator characteristics (ROC) curve of the 3 differentially abundant gut or oral genera and dysbiosis
markers that have the highest area under the curve (AUC), and p < 0.05 based on two-sided Z-test
for ROC.
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Figure 4. (A,B) Overlap of differentially abundant gut or salivary genera based on Kruskal–Wallis test
and paired Wilcoxon test. Results are for taxa with unadjusted p < 0.05. (C,D) Paired-test representation
of the relative abundances of top most differentially abundant salivary bacterial genera between ASD
patient–family member control pairs. (E,F) Paired-test representation of the relative abundances of
top most differentially abundant gut bacterial genera between ASD patient–family member control
pairs. Single asterisk indicates p < 0.1 with adjusted FDR > 0.2; double asterisk indicates p < 0.05 with
adjusted FDR > 0.2, triple asterisk indicates p < 0.05 and adjusted FDR < 0.2, Wilcoxon’s paired test.

Further analysis of the dysbiosis markers revealed differences in the gut microbiota of subjects with
autism and their family member controls. Several phylum level markers showed statistically significant
changes between ASD and control, including Firmicutes/Bacteroidetes ratio (Figure 3C) likely driven by
Bacteroidetes (Figure 2E, Figure S4). The phylum Proteobacteria is associated with metabolic syndrome
and inflammatory bowel disease (IBD), and normally makes up less than 10% of the gut microbiome
in healthy individuals [53]. Among the six subjects with significant Proteobacteria overgrowth (with
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relative abundance values greater than 30%), 4 were ASD patients (Table S1). On the genus level, 6 taxa
showed trends of altered abundance between the two groups, including Paraprevotella, Granulicatella,
Butyricimonas, cc_115, Peptoniphilus and Eubacterium (Figure 5A, Table S5).

Axis 1 (30.02 %)

Axis 2 (6.992 %)

Axis 3 (4.940 %)

Figure 5. (A) Phylum-level heat map expression profiles of gut and oral microbiomes in ASD patients.
(B) PCA of bacterial beta diversity based on Bray–Curtis dissimilarity for saliva and gut (all subjects are
represented). Saliva and gut microbiome are colored in yellow and green, respectively. (C–E) Gut and
oral microbiome phylum level co-occurrence network using the Sparse Correlations for Compositional
data (SparCC) method with a correlation cut-off >0.3 ((C) all subjects, (D) control only, (E) ASD only).
Each node represents a saliva (Sl) or stool (St) phylum, and saliva and stool microbiomes are colored
in yellow and green, respectively. The dotted red circle highlights a co-occurrence cluster with the
greatest inter-nodal correlations.
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3.3. Gut and Saliva Biomarkers Can Classify ASD and Control Groups

In order to measure how correctly the relative abundance of gut and oral microbial taxa and the
dysbiosis markers could classify two groups of samples, we created a receiver operator characteristics
(ROC) curve, which is a common methodology used to evaluate classification performance of potential
biomarkers (Figure 3D). The performance of a potential classifier (binary) can be evaluated by measuring
the area under the curve (AUC), which represents true versus false positive rates. An AUC value
of 0.5 corresponds to random classification and a value of 1.0 corresponds to perfect classification.
Taking all gut and saliva genera as well as gut dysbiosis markers that showed statistically significant
differential expression (Kruskal–Wallis tests) from previous analyses, two genera (gut Butyricimonas,
saliva Parvimonas, Figure 3A,B) and the well-recognized dysbiosis marker gut Firmicutes/Bacteroidetes
ratio (Figure 3C), all showed the highest AUC values (up to 0.724) with p value < 0.05 (Figure 3D,
Table S8).

3.4. Results of Paired Analysis Overlap Partially with Group Analysis

Due to the nature of paired study design, we also performed paired a Wilcoxon signed-rank test
on the relative abundance of the OTUs, in addition to Kruskal–Wallis tests, by subject groups (ASD vs.
control). Those with significant Wilcoxon’s p values had partial overlap with results from grouped
Kruskal–Wallis tests (Figure 4A,B). However, after adjustment for multiple comparison, FDRs from
paired analyses were not statistically significant (Table S6). Examples of gut and oral genera that
showed the most significant pairwise changes are recorded in Figure 4C–F. Due to high inter-individual
variabilities, subsequent analysis consisted of group-wise approaches.

In addition to Kruskal–Wallis tests with FDR adjustment, we explored differential bacteria
enrichment on all taxonomy levels using the more conservative ANCOM method [49]. This method did
not reveal statistically significant differences in the enrichment patterns detected by the Kruskal–Wallis
test (Table S7).

3.5. Exploring the Relationship between Gut–Oral Microbiome and Their Co-Occurrence Network

Since the current project characterized gut and oral microbiota samples from the same subjects,
we explored the relationship between gut and oral microbiota within individuals. Consistent with
previous publications, we found that the gut and oral microbiome are distinct, based on beta diversity
indices and PCA (Figure 5B, PERMANOVA). This can be seen through heatmap clustering (Figure 5A)
as well as the OTU level ANCOM analysis (Figure S5, Table S7).

In order to assess the taxonomic association within the gut and oral microbiota as well as between
oral and gut microbiota in a non-biased manner, we performed correlation-based network analysis
using the Sparse Correlations for Compositional data (SparCC) method [51,52] (Figure 5C). This method
is capable of estimating correlation values from compositional data and has been validated as a superior
analysis technique than Pearson’s correlation methods for compositional data such as 16S rRNA gene
amplicon sequencing [51]. The goal of this analysis is to infer any potential synergistic relationships
between bacterial taxa within a community and between communities. We also hoped to detect GI
dysbiosis purely using salivary microbial markers because, due to high prevalence of constipation
in the ASD population, it is much easier to obtain saliva samples than stool samples. The salivary
microbiome could then serve as a diagnostic window into the GI environment of the ASD patients.
Previously, network correlation analysis has yielded important insights regarding bacterial community
structures related to enterotypes [54].

Overall, the oral microbiome exhibits a denser co-occurrence network compared to the gut, both at
the phylum and genus level (Figure 5C–E). The same trend holds true when analyzing ASD subjects and
control subjects separately (Figure 5D,E). Within the salivary co-occurrence network at the phylum level,
the highest correlations are observed in a cluster consisting of Actinobacteria, Proteobacteria, Firmicutes
and Bacteroidetes (Figure 5C, dotted circle), especially between Firmicutes and Actinobacteria (Figure S6).
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Importantly, some gut and oral phylum show positive inter-community co-occurrence. There is a
positive correlation between saliva Verrucomicrobia and gut Actinobacteria (Figure 5C). In the ASD
population but not the controls, gut Firmicutes, which is a known dysbiosis marker, showed positive
correlation with saliva level of Chloroflexi (Figure 5D,E). We then computed the co-occurrence network
on the genus level using bacteria genera that make up at least 0.5% of all OTUs. The genus-level
co-occurrence density was notably higher compared to phylum level (Figure S6B,C), as many genera
demonstrated intra-community co-occurring relationships. In terms of inter-community co-occurrence,
several gut genera, including Bifidobacteria, Dialister, Escherichia, SMB53 and an unspecified genus in
Enterobacteriaceae all exhibited positive correlation with salivary genera in the control subjects, whereas
only Escherichia and an unspecified genus of Clostridiales showed co-occurrence with saliva genera in
ASD patients (Figure S7).

Alpha diversity has been conventionally used as an index for dysbiosis, as low alpha diversity
indicates diminished community richness and potentially diminished resilience to disturbances.
Alpha diversity shows a positive correlation between the gut and oral microbiota, although it is not
statistically significant (Table S3, Figure S8).

3.6. Microbiome Signatures in Clinical Subtypes

Due to the tremendous clinical heterogeneity of the ASD population, we explored the relationship
between microbiome and clinical indices as an attempt to extract microbiome signatures assocociated
with clinical subtypes. We focused on three major medical comorbidities that have previously reported
associations with microbiome, including allergy, GI disturbances and poor diet.

3.7. Allergies

We first investigated whether phylum level dysbiosis markers (including gut Proteobacteria,
Firmicutes, and Bacteroidetes, and oral SR1 and Synergistetes) may be associated with disease states.
Among all clinical indices assessed, the incidences of allergy were notably higher in the ASD group
(7/19 vs. 11/18, Chi-square test, p value < 0.05). The relative abundance of oral SR1 is significantly lower
in ASD patients who also have allergies, in comparison to ASD patients without allergies, but this
trend is not present in control subjects (Kruskal–Wallis, Figure 6A). Subjects with allergies also showed
increased relative abundance of gut Proteobacteria, a phylum previously associated with autoimmune
conditions (Kruskal–Wallis, Figure 6B). These differences are detected only in ASD patients and not
in controls (Figure 6B). All ASD subjects who had significant gut Proteobacteria overgrowth (>30%)
also suffered from allergies (4/4), whereas none of the 2 control subjects with Proteobacteria overgrowth
did (0/2).

We next performed genus level correlation analysis of the oral and gut bacterial relative abundances
against allergy status, using bacteria genera that make up at least 0.5% of all OTUs. No salivary or
gut genus was significantly and differentially enriched by allergy status, after stratifying by ASD and
control group (Table S9).
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Figure 6. Box plot representation of the relative abundances of oral (A–A”) and gut (B–B”) bacterial
phyla correlating with the allergy status of the subjects enrolled in this study. (A) Oral SR1 relative
abundance in all subjects with no allergy and those with allergy; (A’) Oral SR1 relative abundance
in ASD subjects with no allergy and patients with allergy; (A”) Oral SR1 relative abundance in
neurotypical subjects with no allergy and neurotypical subjects with allergy. (B) Gut Proteobacteria
relative abundance in all subjects with no allergy and those with allergy; (B’) Gut Proteobacteria relative
abundance in ASD subjects with no allergy and patients with allergy; (B”) Gut Proteobacteria relative
abundance in neurotypical subjects with no allergy and neurotypical subjects with allergy. Box plot
representation of the gut alpha diversity (Shannon index) that correlated with the allergy status of the
subjects enrolled in this study. (C) Gut alpha diversity in all subjects with no constipation and those
with constipation; (C’) Gut alpha diversity in ASD subjects with no constipation and patients with
constipation; (C”) Gut alpha diversity in neurotypical subjects with no constipation and neurotypical
subjects with constipation. Single asterisk indicates p < 0.1 with adjusted FDR > 0.2; double asterisk
indicates p < 0.05 with adjusted FDR > 0.2, triple asterisk indicates p < 0.05 and adjusted FDR < 0.2,
Kruskal–Wallis test.

3.8. GI Disturbances

Patients with autism suffer from many co-occurring GI conditions [55]. Previous studies found that
gut microbiome is associated with and may play important roles in GI symptoms such as constipation
and abdominal pain [23]. We performed genus level correlation analysis of the gut bacterial relative
abundances by constipation and abdominal pain status, using gut genera that make up at least 0.5% of
all OTUs. Roseburia and Bacteroides were differentially enriched in subjects without abdominal pain
(Figure 7A, Kruskal–Wallis, Table S10), and this difference in Roseburia remained statistically significant
after FDR adjustment (pain 2.7% vs. no pain 5.7%). After stratifying by ASD and control subjects, ASD
patients without abdominal pain had significantly higher levels of Bacteroides, as compared to ASD
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patients with abdominal pain, whereas control subjects without abdominal pain had lower levels of
Bacteroides, as compared to control subjects with abdominal pain (Figure 7A, Kruskal–Wallis, Table S10).

Figure 7. Bar plot representation of the relative abundances of gut (A–A’) and oral (B–B’) bacterial
genera correlating with the abdominal status of the subjects enrolled in this study. (A) The most
differentially abundant gut genera in all subjects with no abdominal pain and those with abdominal
pain; (A’) The most differentially abundant gut genera in ASD patients with no abdominal pain and
patients with abdominal pain. (B) The most differentially abundant oral genera in all subjects with
no abdominal pain and those with abdominal pain; (B’) The most differentially abundant oral genera
in ASD patients with no abdominal pain and patients with abdominal pain. Single asterisk indicates
p < 0.1; double asterisk indicates p < 0.05, Kruskal–Wallis test.

Given the concordance between the oral microbiome and upper GI microbiome [26], it is possible
that the oral microbiome may be associated with upper GI health and contribute to abdominal
pain. We explored phylum and genus levels correlation analysis of the oral bacterial relative
abundances between subjects with or without abdominal pain. No oral phylum showed differential
enrichment, but several oral genera are differentially enriched based on abdominal pain status, including
Porphyromonas, Megasphaera, Haemophilus (Figure 7B, Kruskal–Wallis test, Table S10). Remarkably,
Porphyromonas is significantly less abundant in subjects without abdominal pain after FDR adjustment
(pain 0.7% vs. no pain 2.2%). When stratifying based on ASD status, ASD patients with abdominal
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pain showed a higher trend of Actinomyces, as compared to ASD patients without abdominal pain
(Figure 7B, Kruskal–Wallis test, Table S10).

The gut alpha diversity showed no difference between the constipated and non-constipated group
(Figure 6C). When stratifying patients with ASD from the control group, there was an increased trend
of gut alpha diversity in constipated ASD patients but not in constipated controls (Figure 6C’,C”),
consistent with a previous study showing increased gut alpha diversity in functional constipation
patients [56].

3.9. Dietary Habits and Gut Microbiome Markers

Previous studies indicate dietary challenges in ASD patients, but the association between altered
dietary patterns with gut dysbiosis has not been explored in ASD patients. We found that ASD
patients exhibit a statistically more restricted diet, while finding it more difficult to accept certain foods
and try new foods (Mann–Whitney U test, Figure 8A–C). However, no significant differences were
found between groups in respect to the amount, rate, interest, environment, or multitasking habits
while eating.

Figure 8. Box plot representation of abnormal dietary habit severity scores in ASD and control subjects.
(A) Unwilling to try new foods. (B) Diet lacks variety. (C) Refuse to eat certain foods. Single asterisk
indicates p < 0.1; double asterisk indicates p < 0.05, Mann–Whitney U test. (D) Spearman’s correlation
matrix between habit scores, allergy/autoimmunity scores, gastrointestinal severity indices (GSI) total
score, and selected ASD gut microbiome markers in patients with ASD (results with FDR < 0.05
were shown).

We next assessed correlation between eating habit scores, allergy/autoimmunity scores, GSI total
score, and key ASD gut microbiome markers in patients with ASD. Examined gut microbiome markers
include Shannon alpha diversity index, gut Firmicutes/Bacteroidetes ratio and relative abundances of
gut butyricimonas, paraprevotella, granulicatella, eubacterium, and cc_115 genera which showed
significant difference between ASD and control groups based on previous grouped or paired analysis
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(Figure 4). Most notably, we found that ASD individuals uniquely display correlations between gut
butyricimonas relative abundance, eating habit total score, and allergy/immune functions (Figure 8D).
Firmicutes/Bacteroidetes ratio is negatively correlated with allergy/immune function while the same
trends are not observed in neurotypical controls. Assessed variables lacking significant correlations
with gut microbiome markers are not shown.

4. Discussion

In this cross-sectional study, we conducted a comparative analysis between the gut and oral
microbiota of ASD children and that of healthy, first-degree relative co-inhabitant controls. Our study
is the first to use a first-degree relative matched subject design combined with high fidelity next
generation sequencing technology to investigate the microbiome of ASD individuals. We believe
that this study design better controls for variations in genetic background and environmental factors,
and therefore has better specificity for detecting ASD-related microbial signatures [23,24]. This paired
control scheme has been increasingly used in microbiome studies for diseases that have strong genetic
and environmental contributing factors, such as IBD [57].

Our analysis detected differences between ASD and control subjects in both their gut and oral
microbiomes. We identified an unspecified oral Bacilli genus, the relative abundance of which is
significantly different between the ASD and control groups (FDR < 0.05), which has not been described
by previous reports [30,31]. Parallel to this observation, amounts of bacteria in the class Bacilli were
significantly higher in the gut of ASD individuals compared to controls (0.7% vs. 0.4%, Kruskal–Wallis
test, p < 0.05), consistent with findings of Adams et al. [15]. Previous studies of the gut microbiome
have revealed significant increases in facultative anaerobic commensal bacteria belonging to the
class Bacilli seen in individuals with IBD, supporting a potential connection between Bacilli and gut
inflammation [58]. It is unknown whether the simultaneous upregulation of Bacilli species in the
mouth and the gut environment of ASD patients represents any common causal environmental factor
(such as diet), or whether overgrowth of Bacilli in the mouth could lead to overgrowth of Bacilli in the
gut. Answers to these questions would help elucidate further the interactions between gut and mouth
microbiomes, as well as provide insight into potential ASD pathology.

Consistent with prior reports, ASD patients demonstrated a significantly higher gut Firmicutes/
Bacteroidetes ratio [59,60], which is a measure associated with inflammatory conditions such as
IBD [61,62]. Overgrowth of Proteobacteria has been associated with diarrheal diseases, metabolic
syndrome and IBD [53], and 4 out of the 6 subjects who exhibited significant Proteobacteria overgrowth
were ASD patients. Proteobacteria overgrowth observed in our study is unlikely due to confounding
factors: none of the six subjects were under 5 years-old (age range: 15–45), and none had used antibiotics
in the past month. We also explored other putative combined phylum level relative abundance or
ratios as dysbiosis markers, which all appear to be abnormal in patients with ASD.

4.1. Microbial Signatures Can Serve as Potential Diagnostic Markers for ASD

Although oral and gut microbiomes are distinct, we showed that analysis of both can be combined
to classify ASD subjects from controls. Among the dysbiosis markers and differentially expressed
taxa in the present study, three promising candidates stood out from our analysis: gut Butyricimonas,
saliva Parvimonas, and gut Firmicutes/Bacteroidetes ratio. In support of our findings is the work done by
Kang et al. (2013) which also reported decreased Butyricimonas in the gut of ASD patients as compared
to controls [24]. Butyricimonas is prevalent in healthy individuals and produces butyrate, which has
been shown to improve gut health [63]. In addition, recent work on multiple sclerosis suggests that
it may play an important role in immune tolerance and prevention against disease pathogenesis
and progression [64,65]. Butyricimonas had negative correlations with gene expression implicated in
cytokine signalling molecules IFN and IL-2, and activation of receptors PPAR and RXR [64]. Given the
important association between autoimmune conditions and ASD, it will be important to further explore
the role of Butyricimonas in the pathogenesis and autoimmune manifestation of ASD patients. Another
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study reported thedepletion of oral Parvimonas in IBD patients, although this has not been reported in
ASD patients [66,67].

Currently, ASD diagnosis is guided by criteria in the DSM-5, which are based solely on clinical
symptoms without any objective laboratory measures. Utilizing a combination of gut and oral
microbiome signatures could improve the diagnosis and screening process of ASD individuals.
This could also identify subclinical or clinical subgroups of ASD patients with potential GI involvement,
autoimmunity, or inflammation. Future studies should explore whether these microbiome markers
can predict a patient’s response to treatment. This would be particularly useful to guide treatment
with probiotics or drug options during probiotics therapy and anti-inflammatory interventions, as it
could individualize treatment and improve outcomes for patients with ASD.

4.2. Gut and Oral Co-Occurrence Network Reveal Possible Connections between Distinct
Microbial Communities

Our study is the first to co-analyze stool and oral microbiota in patients with ASD. We explored
methodologies to investigate the relationship between the oral and gut microbiomes using unbiased
approaches. Our analysis revealed novel co-occurrence networks within and between microbial
communities that may hold diagnostic significance for ASD. Given how environmental factors (such as
diet) can facilitate competitive and cooperative relationships between microbial groups [68], it is
possible that such effects can span across distant communities along the digestive tract. The SparCC
co-occurrence network analysis revealed an overall denser correlation network of the saliva microbiome
compared to the gut. It is known that inter-individual variability of gut microbiota is higher compared
with that of salivary microbiota [26], which may explain this observed difference.

Interestingly, some gut and oral taxa show evidence of co-occurrence despite the distal separation.
For example, gut Firmicutes and saliva Chloroflexi showed strong correlation in the ASD population.
From a diagnostic perspective, it would be pertinent to explore whether oral Chloroflexi can serve as
a read-out for the status of gut Firmicutes in patients with ASD, thereby using oral microbiome
as a more convenient tool to assess dysbiosis of the gut when stool samples are not readily
available. More significant oral–gut co-occurrence clusters were observed at the genus level. The oral
microbiome may help predict the levels of Bifidobacteria, Escherichia and Clostridiales genera in the gut,
which all showed positive correlations with oral genera and are likely correlated with GI and/or ASD
pathophysiology [12,69,70].

4.3. Clinical Correlates of ASD Microbiome

Despite the recognized importance of the gut microbiota in health and disease, our study is
the one of the few designed to investigate the relationship between the human microbiota and
medical comorbidities of ASD patients. Previously, Plaza-Diaz investigated gut microbiome in ASD
patients with or without mental regression and found microbiome signatures associated with different
psychiatric subtypes [32]. We analyzed gut alpha diversity, as well oral and gut phylum and genus
levels of relative abundance in the context of three common co-occurring medical conditions affecting
the ASD individuals: allergies, abdominal pain and poor dietary habits.

We found ASD patients tend to have more unhealthy and restricted dietary habits. This is consistent
with previous studies, showing that up to 79% of children with ASD suffer from feeding-related
difficulties or nutritional challenges [71] and strong preference for nutrient-poor foods [72]. Given the
correlation between severity of poor dietary habits and relative abundances of gut microbiome
biomarkers, it is conceivable that the unhealthy dietary habits may be driving gut dysbiosis [73].

Second, we detected a significantly higher prevalence of allergies in ASD patients with than
those without. Gut Proteobacteria overgrowth is also over-represented in ASD patients and its relative
abundance is positively correlated with allergy status. Overgrowth of Proteobacteria has been implicated
in autoimmune disorders such as IBD [74]. This is opposite to the trend of Bacteroidetes, a marker for
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healthy flora. We also report a negative association between oral SR1 numbers and allergy status, but
this association is only present in ASD patients and not healthy controls.

Little is known about the connection between allergies and autism. In a recent, large population-based,
cross-sectional study of data provided by the National Health Interview Survey (NHIS) from 1997–2016,
Xu et al. found that children with ASD were more likely to have a food allergy (11.25% versus 4.25%),
respiratory allergy (18.73% versus 12.08%), and skin allergy (16.81% versus 9.84%) than neurotypical
children. Further, the odds ratio of ASD among children with a food allergy is nearly triple the ratio of
ASD among those without a food allergy [75].

The “bi-directional” association between allergies and ASD raises the following questions:
(1) whether these dysbiosis markers are simply associated with allergy or whether an abnormal
microbiome is involved in the pathogenesis of allergy in ASD, (2) if a pathogenic mechanism could
be established, whether ASD patients are more vulnerable to it than neurotypical individuals, and
(3) whether there are common underlying mechanisms, potentially involving the dysregulation of
the immune system and gut and oral microbiota, that could induce the development of both allergy
and ASD. Future studies using animal models, immunology markers, genomics and metabolomics
approaches are needed to elucidate the mechanisms of possible causal relationships.

In analyzing the relationship between microbiota and GI pathology, we found significantly higher
levels of gut Roseburia in subjects without abdominal pain. The genus Roseburia consists of obligate
Gram-positive anaerobic commensal bacteria that affect one’s health in many ways. These bacteria
produce short-chain fatty acids such as butyrate, affect colonic motility, maintain the immune response,
and contribute anti-inflammatory factors to their environments [76]. Although previous studies have
linked Roseburia abundance to some disease states such as irritable bowel syndrome and IBD [77],
certain species in the genus likely play a positive role in GI health. One recent study found that
treatment with the Roseburia hominis bacterium provided protection against dextran sulfate sodium
(DSS)-induced colitis due to its immunomodulatory properties [78].

Interestingly, the oral genus Porphyromonas is significantly more abundant in subjects with
abdominal pain. Many members of this genus have been associated with periodontal diseases [79].
The most well-characterized species, Porphyromonas gingivalis, has been linked to systemic diseases
including upper GI tract inflammation and cancer due to upregulation of systemic cytokine release [80].
Further investigations should consider the mechanistic roles these genera could play in abdominal
pain, and whether these gut and oral genera can serve as markers for the diagnosis and treatment
monitoring of abdominal symptoms in patients with ASD.

The correlation between abdominal pain status and differential expression of bacterial genera
differs between the ASD and control groups. Previously, Strati et al. found that constipation status
is correlated with different amounts of bacterial taxa depending on whether an individual has ASD
or not [23]. Notably, Bacteroides is one genus that shows the most prominent differential patterns:
whereas Bacteroides appears to be protective against abdominal pain in ASD patients (higher levels
are associated with no abdominal pain), the association is the opposite in controls. Bacteroides genus
harbor species that can have either positive or negative effects on GI health. Some Bacteroides species
synthesize lipopolysaccharide, an important bacterial virulence factor, and can cause diseases such as
GI infection and septicemia in children. Many other Bacteroides species can be healthy commensals [81].
A recent meta-analysis concluded that a lower level of Bacteroides in the gut microbiota is associated
with IBD [82], and functional analysis showed that Bacteroides expresses polysaccharide A, which can
induce regulatory T-cell growth and cytokine expression to protect against colitis [83]. It is possible
that ASD patients may be more prone to positive effects of Bacteroides than control subjects, potentially
through the action of bacterial metabolites and the gut–brain axis [13]. This is supported by a mouse
study which found that administration of Bacteroides fragilis corrects gut permeability, alters microbial
composition and ameliorates ASD-related defects [13]. The ASD mice also display an altered serum
metabolomic profile, and B. fragilis modulates levels of several metabolites. Further species-level
analysis with higher 16S rRNA gene amplicon sequencing resolution and functional studies could
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elucidate the roles of different Bacteroides species on abdominal pain in ASD subjects. Future studies
should also investigate the relationships between abdominal pain, Bacteroides abundance, and the
severity of ASD symptoms.

5. Conclusions

In conclusion, our study is the first to use a first degree-relative matched design combined with
high fidelity 16S rRNA gene amplicon sequencing technology to characterize the microbiome of
patients with ASD compared to neurotypical individuals. To our knowledge, this study is the first
to co-analyze the oral and gut microbiomes in patients with ASD, as well as explore the relationship
between the two microbial communities and clinical indices. This study identified distinct features
of gut and salivary microbiota that differ between individuals with and without an ASD diagnosis.
The diagnosis of ASD currently relies on psychological testing with potential high subjectivity
and inconsistencies. We suggest improvement of current diagnostic approaches based on gut and
oral microbial signatures and co-occurrence networks. Given the emerging role that the human
microbiome plays in systemic diseases, we hope that these analyses will provide clues for developing
microbial markers for diagnosing ASD and comorbid conditions, and to guide treatment. In particular,
ASD patients have disproportional gastrointestinal symptoms compared to neurotypical individuals.
Therefore, developing “gut microbiome markers” is particularly important for monitoring GI health or
guiding interventions of the gut. For example, these preliminary results can serve as a starting point to
test whether changing the microbiome (e.g., with probiotics) would improve co-morbid conditions in
patients with ASD and further modify the core and GI symptoms of ASD.

The explorations of causal relationships between microbiomes, ASD status and co-morbidities
await future investigations. Further research could explore metabolomics profiles to characterize
microbiome-related inflammatory factors and metabolites in the oral and gut cavity such as interleukins
and short-chain fatty acids. Other areas of future study should include exploring the role of microbiota
in inflammatory conditions such as allergy and autoimmunity, investigating their genetic and/or
epigenetic linkage, researching mechanism of the gut–brain axis and relevant neural circuits, and
ultimately inquiring more about the pathogenesis of ASD. These indices and studies will improve the
algorithm for ASD screening, diagnosis, and treatment monitoring in the future.

Limitations of the current study include: (1) The use of both sibling and parental controls, where
age could contribute to the large inter-individual variability. Future studies should focus on only
age-matched sibling controls, if possible. (2) The small sample size, which likely contributed to high
FDR in the majority of our analyses and the difficulty in distinguishing true differences from noise.
Verification of our findings with a larger cohort is required. The current study was not sufficiently
powered for detecting clinically relevant biomarkers. However, with the methodologies in hand,
we will be able to expand the study to develop clinically biomarkers in the future. That being said,
even with the relatively small sample size, we were able to find biomarkers that have withstood
rigorous statistical testing and adjustment. (3) Our genus level differential expression patterns showed
discrepancies from previous reports that used neurotypical controls [12,23], but this likely reflects
the differences in study design [12]. For example, we did not detect changes in Prevotella, Bacteroides,
Clostridium cluster I/II, or Lactobacillus, which have been reported by some studies to be differentially
expressed between ASD and control groups [12], but previous studies using sibling-matched designs
also did not detect these differences [84–86].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/9/2128/s1.
Figure S1. Saliva and gut microbiome OTU-level relative abundance, all subjects. Figure S2. Box plots of saliva
and stool alpha diversity by groups (saliva_ASD, saliva_control, stool_ASD, stool_control), by ASD-control pairs,
and by individual subjects. Figure S3. PCA beta diversity plots based on Bray–Curtis, Unweighted Unifrac,
and Weighted Unifrac dissimilarity index. Figure S4. Differential abundances of saliva and gut microbiome
in ASD and control subjects at phylum level, shown as fold changes in mean relative abundances. Figure S5.
ANCOM volcano plots of saliva vs. gut microbiome OTU level differential expression in control and ASD
subjects, respectively. Figure S6. Pearson’s correlations of salivary Actinobacteria, Bacteroidetes, Firmicutes
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and Proteobacteria co-occurrence cluster identified from SparCC co-occurrence analysis. Figure S7. Gut and
oral microbiome genus level SparCC co-occurrence network (Corr > 0.3 and Corr > 0.7). Figure S8. Correlation
between gut and oral alpha diversity (Shannon index). Table S1. Metadata, subject characteristics and clinical
indices. Table S2. Salivary and gut phylum and genus level OTU table. (XLS, 195KB). Table S3. Salivary and
gut alpha Diversity raw data and statistics (Kruskal–Wallis test). Table S4. Statistics of beta diversity indices
(PERMANOVA). Table S5. Stool and saliva phylum and genus level differential relative abundances (group means,
p values, FDR adjustment with BH method, Kruskal–Wallis test). Table S6. Saliva and gut genus level paired
Wilcoxon test, ASD vs. Control subjects (Wilcoxon’s F statistic, p values, FDR adjustment with BH method, Paired
Wilcoxon’s test). Table S7: Differential abundances by ANCOM (ASD: saliva vs. stool, Control: saliva vs. stool,
Saliva: ASD vs. Control, Stool: ASD vs. control). Table S8: ROC curve AUC and test statistics for significant
biomarkers that distinguish ASD and control groups. Table S9: Saliva and stool genus level relative abundances
based on allergy status using genera with at least 0.5% mean relative abundances (group means, p values, FDR
adjustment with BH method, Kruskal–Wallis test). Table S10: Saliva and stool genus level relative abundances
based on abdominal pain status using genera with at least 0.5% mean relative abundances (group means, p values,
FDR adjustment with BH method, Kruskal–Wallis test).

Author Contributions: Author Contributions: X.K. devised the project and the main conceptual ideas. X.K. and
J.L. worked out almost all of the technical details, and X.K., J.L., M.K., H.H., A.A., P.H. and J.Z. performed data
collections and measurements. J.L., R.S., and M.C. conceptualized and performed bioinformatics analyses and
statistical analyses, with assistance from H.R. and input from X.K. X.K. and J.L. wrote the manuscript, with
assistance from M.K.,K.L, and input from A.B.O. J.L. drafted the figures with input from R.S., M.C., and A.B.O.,
and K.L. X.K., J.L., C.H. and M.K. participated in manuscript editing.

Funding: This study was funded by Massachusetts General Hospital grant number 230361 at the Athinoula A.
Martinos Center for Biomedical Imaging, Boston, MA.

Acknowledgments: This work was conducted with support from Harvard Catalyst|The Harvard Clinical and
Translational Science Center (National Center for Advancing Translational Sciences, National Institutes of Health
Award UL 1TR002541) and financial contributions from Harvard University and its affiliated academic healthcare
centers. We thank Georg Gerber for extensive feedback on methodology, Dong Kong and Zuoteng Yu for assistance
with manuscript preparation. We thank Bruce Paster and Hattice Hasturk for advice on study design.

Conflicts of Interest: Author Hugh Russell was employed by company Precidiag INC. Xuejun Kong served as a
short term consultant for Precidiag more than two years ago. All other authors declare no competing interests.
The funding agencies and Precidiag INC have no role in the study design, implementation, the interpretation of
the results.

Nomenclature

ANCOM Analysis of Composition of Microbes
ASD Autism Spectrum Disorder
AUC area under the graph
BH Benjamini–Hochberg
CNS central nervous system
DSM-5 Diagnostic and Statistical Manual of Mental Disorders
FDR false discovery rate
GI gastrointestinal
IBD inflammatory bowel disease
MGH Massachusetts General Hospital
OTU operational taxonomic unit
PCA principal component analysis
PCR polymerase chain reaction
PERMANOVA Permutational multivariate analysis of variance
ROC receiver operator characteristics
rRNA ribosomal RNA
SparCC Sparse Correlations for Compositional data
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Abstract: Several health-promoting effects of kefir have been suggested, however, there is limited
evidence for its potential effect on gut microbiota in metabolic syndrome This study aimed to
investigate the effects of regular kefir consumption on gut microbiota composition, and their relation
with the components of metabolic syndrome. In a parallel-group, randomized, controlled clinical
trial setting, patients with metabolic syndrome were randomized to receive 180 mL/day kefir (n = 12)
or unfermented milk (n = 10) for 12 weeks. Anthropometrical measurements, blood samples, blood
pressure measurements, and fecal samples were taken at the beginning and end of the study. Fasting
insulin, HOMA-IR, TNF-α, IFN-γ, and systolic and diastolic blood pressure showed a significant
decrease by the intervention of kefir (p ≤ 0.05, for each). However, no significant difference was
obtained between the kefir and unfermented milk groups (p > 0.05 for each). Gut microbiota
analysis showed that regular kefir consumption resulted in a significant increase only in the relative
abundance of Actinobacteria (p= 0.023). No significant change in the relative abundance of Bacteroidetes,
Proteobacteria or Verrucomicrobia by kefir consumption was obtained. Furthermore, the changes in
the relative abundance of sub-phylum bacterial populations did not differ significantly between the
groups (p > 0.05, for each). Kefir supplementation had favorable effects on some of the metabolic
syndrome parameters, however, further investigation is needed to understand its effect on gut
microbiota composition.

Keywords: kefir; gut microbiota; metabolic syndrome

1. Introduction

Metabolic syndrome (MetS) is a pathologic condition that includes abdominal obesity, insulin
resistance, dyslipidemia, and arterial hypertension [1]. Each component of MetS is known as a risk
factor for the development of type 2 diabetes and cardiovascular diseases. It was found that the risk of
type 2 diabetes was five times, the risk of cardiovascular disease was two times, and the risk of death
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was one-half times higher in individuals with MetS compared to those without the syndrome. Due to
its high prevalence and related health problems, the MetS is currently considered as a significant public
health problem [1,2].

MetS has a multi-factorial etiology comprising complex interactions between genetic
predispositions and environmental factors including diet, physical activity, and other lifestyle
factors [3,4]. Since Turnbaugh et al. showed the linked between gut microbiota and obesity, there has
been growing evidence that suggests a causal relationship between gut microbiota and the components
of MetS [5]. Primary, the low-grade chronic inflammation state in MetS has been explained by the
metabolic endotoxemia that was a result of gut dysbiosis [6,7]. Most of the animal and human studies
have reported that obesity and insulin resistance are associated with an altered ratio of Firmicutes
and Bacteroidetes [8,9]. In addition to the effects on immune function, the gut microbiota also exerts
its role through the influence on host energy metabolism and gut barrier integrity [10,11]. Therefore,
the gut microbiota has been suggested as a potential target to modify the risk factors that contribute to
conditions of MetS.

The modification of diet using prebiotics and probiotics has been suggested as a useful strategy to
improve metabolic health via the modulation of gut microbiota. Although the effects of probiotic and
prebiotic supplementation on metabolic health have been examined in previous studies, the results
are inconsistent due to the choice of probiotic strain, formulation of the probiotic, outcome of interest,
and duration of the intervention [12–14]. Furthermore, ingestion of probiotics through traditional
fermented foods has not been widely examined in terms of their efficiency on MetS components. Kefir is
a fermented milk product, traditionally produced with kefir grains that have a specific combination of
bacteria and yeasts [15,16]. Microbial composition of kefir varies depending upon the type of kefir
grains, the type and composition of milk, culture medium, fermentation period and temperature,
and also storage conditions [17]. Lactobacillus, Lactococcus, Streptococcus Leuconostoc, and acetic acid
bacteria are the most common bacteria; and Saccharomyces, Kluyveromyces, and Candida species are mostly
found yeasts in kefir [18]. Animal studies have suggested that kefir has anticarcinogenic, antimicrobial,
anti-inflammatory activities, and thus may ameliorate MetS components [19–23]. However, there is
still limited clinical evidence for its potential effects on MetS patients. To our knowledge, especially,
the effects of kefir on MetS components via the modulation of gut microbiota have not been examined
widely in clinical settings. To address the research gap, this study aimed to investigate the effects of
daily kefir consumption on gut microbiota composition and their relation with the components of
metabolic syndrome in adults with MetS.

2. Materials and Methods

2.1. Subjects

Subjects with MetS, aged 18–65 years, were recruited from the outpatient clinic of the Department
of Endocrinology and Metabolism at the Ege University, Izmir, Turkey. MetS was diagnosed using the
IDF-2005 guidelines [24]. The eligibility of a subject was confirmed following a physical examination
by the research endocrinologist and a nutritional assessment by the research dietitian in the screening
period. Adults were excluded if they (1) were using antibiotics in the past 1 month or during the
intervention period, (2) were using dietary supplements (probiotic, prebiotic, or symbiotic) during the
past three months or during the intervention period, (3) were pregnant or lactating, (4) had severe
liver, kidney, heart, or immune deficiency, (5) had chronic gastrointestinal system diseases, type 1
diabetes or cancer, (6) had allergy to the dairy products or lactose intolerance, (7) were currently taking
prescribed drugs that can modulate lipid profile or glycaemic control, and (8) did not comply with the
consumption of test drinks.

The compliance was assessed by interviewing the participants and reviewing the record of their
consumption in each visit. Non-compliance was defined as consuming< 80% of the scheduled serving
during the study period.
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The study protocol was approved by the Ethics Committee of Clinical Research at Ege University
Faculty of Medicine (15-2.1/14) and registered at clinicaltrials.gov (NCT03966846). All procedures were
performed in accordance with the Declaration of Helsinki. Written informed consent was obtained
from all participants.

2.2. Study Design

A parallel-group, randomized, controlled clinical trial was performed. A total of 40 eligible
participants were randomized, and 20 participants in each group were allocated to intervention.
Five participants in the kefir group and four participants in the unfermented milk group did not
receive the allocated intervention due to medical conditions and not providing the fecal samples,
and also three participants in the kefir group and six participants in the unfermented milk group
discontinued the intervention due to taking antibiotics and declined consent. Therefore, the study
was completed with 22 participants and an allocation ratio of 55%. The recruitment and follow up
of participants were conducted between March 2015–July 2017. Participants were randomized into
two groups (kefir group and unfermented milk group as control) by the research physicians using
a stratified block randomization method. The random allocation sequence was provided by the
Department of Biostatistics, Hacettepe University. Participants visited the research center 5 times in
total. The first visit included the screening of individuals in terms of inclusion and exclusion criteria.
The second visit (Week 0) included recording general characteristics, medical history, and lifestyle
behaviors of participants, assessing the nutritional status of participants using 24-h dietary recall and
anthropometrical measurements, collecting the initial blood and fecal samples, measuring the blood
pressure, and also proving information about the consumption and storage of test drinks. The third
(Week 4) and forth (Week 8) visits included the assessment of the compliance in terms of consumption
of test drinks and dietary intake. The fifth visit (Week 12) included the assessment of the nutritional
status of participants using 24-h dietary recall and anthropometrical measurements, collection of the
final blood and fecal samples, and the measurement of blood pressure (Figure 1).

The primary outcome of the study was the change in the relative abundance of microorganisms
in gut microbiota by regular kefir consumption. The potential correlations between the changes in
dietary intake, anthropometrical measurements, biochemical parameters, or blood pressure and the
change in microbiota composition were all secondary outcomes.
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Figure 1. Timeline of the study.

2.3. Intervention

During a 12-week intervention period, kefir group (n = 12) received kefir (180 mL/day) while
control group (n = 10) received unfermented milk (180 mL/day) regularly. Participants were asked to
maintain their habitual diet and physical activity. Additional products that contain probiotics were not
allowed during the intervention period. No dietary supplement use was recorded before or during
the study.

2.4. Test Drinks

Two dairy products (kefir and unfermented milk) were tested in parallel groups. Kefir was
prepared using the culture of DC1500I (Danisco, Olsztzyn, Poland) containing Lactococcus lactis
subsp. lactis, Lactococcus lactis subsp. cremoris, Lactococcus lactis subsp. diacetylactis, Leuconostoc
mesenteroides subsp. cremoris, Lactobacillus kefir, Kluyveromyces marxianus, and Saccharomyces unisporus
at Ege University Faculty of Agriculture, Department of Dairy Technology. Kefir was derived from
the full-fat (3.5%) homogenized and pasteurized (at 85 ◦C) milk that was used as a control drink at
the same time. The beverages were distributed and stored at 4 ◦C. The test drinks were received to
participants twice a week, and they consumed the test drinks between 1 and 4 days of post-production.

2.5. Dietary Assessment

Dietary intake was assessed using 24-h dietary recall method by research dietician in each visit.
A photographic atlas of food portion sizes was used to clarify the amounts of food items consumed.
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Dietary energy, macro- and micronutrient intakes were analyzed using BeBIS software (Ebispro for
Windows, Stuttgart, Germany; Turkish Version BeBIS, Nutrition Information System, Version 8).

2.6. Anthropometrical Measurements

Body weight and composition (fat mass and fat-free mass) were measured by Tanita BC418 (USA),
and height was measured by a calibrated stadiometer (Nan Tartı, TR). Body Mass Index (BMI) was
calculated by dividing body weight (in kilograms) by the square of height (in meter). The waist
circumference was measured at the midpoint between the lower ribs and the iliac crest, and hip
circumference was measured horizontal at the largest circumference of hip. Waist-to-hip ratio (WHR)
was calculated.

2.7. Biochemical Analysis and Blood Pressure

Venous blood samples were drawn after a 10-h overnight fasting excluding only the
water at the Visit 1, Visit 2 (Week 0), and Visit 5 (Week 12). Serum glucose, insulin, HbA1c,
total cholesterol, high-density lipoprotein (HDL-C), low-density lipoprotein (LDL-C), triglycerides,
homocysteine, high-sensitivity C-reactive protein (hs-CRP), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and gamma-glutamyl transferase (GGT) were analyzed at Ege University,
Hospital of Medical School, Laboratory of Clinical Biochemistry. All biomarkers were analyzed using
routine methods by Roche/Cobas analyzer series. Serum concentrations of tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10) and interferon-gamma (IFN-γ) were determined by
enzyme-linked immunosorbent assay (ELISA) using standard kits, and the analyses were conducted
as described by the manufacturer (DIAsource ImmunoAssays, Louvain-la-Neuve, Belgium). Insulin
resistance was assessed using Homeostatic Model Assessment (HOMA-IR) model calculated with the
equation of “the fasting insulin level (μU/L) × fasting plasma glucose (mg/dL)/405”. Systolic (SBP) and
diastolic blood pressure (DBP) were measured at the brachial artery of right upper arm after 15 min
rest. Both blood pressures were measured twice at 5-min intervals and recorded on average.

2.8. Specimen Processing, 16S rRNA Amplification and Sequencing

Fecal samples from individuals enrolled in the study were collected in sterile containers and kept
frozen at −80 ◦C. A sterile spatula was used to obtain 4–5 pieces of frozen chunks from the surface
and internal portions of the specimen. They were combined for a 150–200 mg total weight for each
and mixed by vortexing. Following a bead-beated step described by Tomas et al. and Wu et al. [25,26],
DNA was extracted using Qiagen Stool Mini Kit (Qiagen, Hilden, Germany) as directed by the
manufacturer. DNA amount of 50 ng/μL was prepared for each specimen, using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Hennigsdorf, Germany).

The 16S rRNA sequences were amplified using previously-described primers targeting the V3-V4
region, frequently used to study bacterial diversity [27], with Illumina adapter overhang sequences
added, as directed by the manufacturer. Attachment of sequencing adapters to PCR products,
amplification and library preparation were performed using the Nextera XT Index and Nextera DNA
Library Prep kits (Illumina, San Diego, CA, United States), as suggested by the manufacturer. Product
clean-up, library quantification, and optimization were carried out using the Agencourt AMPure
XP reagent (Beckman Coulter Biosciences, Krefeld, Germany) standard protocol and a Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Rochester, NY, USA). The sequencing runs were performed in
an Illumina MiSeq sequencer (Illumina Inc., New York, USA).

2.9. Data Handling, Phylogenetic and Statistical Analyses

The raw sequencing data were de-multiplexed and extracted in fastq format. Sequence data
handling and taxonomic assignment were carried out using Geneious v11.1 (Biomatters Ltd., Auckland,
New Zealand), MALT V0.3.8 and MEGAN v6.11 [28]. Trimming for read quality and length and
adaptor sequence removal were performed using Trimmomatic v0.35 [29,30]. Trimmed reads were
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mapped to the NCBI-NT RefSeq 16S database via MALT V0.3.8, with hits down to 95% identity. For the
operational taxonomic unit (OTU) identification and taxonomic binning, LCA-assignment algorithm
(with 95% minimum identity) and 16s percent identity filter (species assignment at 99% identity) were
employed. Relative bacterial abundance on the genus and species levels were calculated using the
reads numbers of the corresponding OTUs.

Various alpha and beta diversity metrics were calculated for bacterial diversity and composition
analyses. For this purpose, raw data were imported into QIIME2 [31], filtered and controlled for
quality and chimeric sequences using DADA2, q2-demux, and dblur scripts [32,33]. The trimmed reads
were subsequently mapped to the GreenGenes [34] and SILVA [35] databases for OTU identification
and taxonomic binning. Faith phylogenetic diversity (PD), Pielou, Shannon, and Jaccard indices and
Bray–Curtis and UniFrac distances were computed and evaluated using Kruskal–Wallis, Spearman,
or permutational multivariate analysis of variance (PERMANOVA) tests as appropriate.

Data were analyzed using the Statistical Package for the Social Sciences (SPSS), version 22.0.
(SPSS Inc., Chicago, IL, USA). Data normality was tested by Shapiro–Wilk test prior to further analyses.
Kruskal–Wallis and Mann–Whitney U tests were employed for comparisons among groups where
appropriate. Spearman’s rank-order correlation was used to analyze the correlation analysis between
microbial taxa and biochemical and blood pressure measurements. A value of p < 0.05 was considered
as significant.

3. Results

Baseline characteristics of the participants were summarized in Table 1. There were no differences
in terms of age, dietary intake, anthropometrical measurements, and biochemical parameters except
serum insulin levels between groups.

Table 1. Baseline characteristics of kefir and unfermented milk groups.

Characteristics Kefir Group Unfermented Milk Group

Baseline Baseline p

Sex (Female/Male) 10/2 6/4 0.348

Age (year) 52.00 (47.50–60.50) 53.00 (45.00–60.00) 0.821

Dietary intake

Energy (kcal/day) 1694.16 (1590.92–1936.72) 1655.35 (1423.52–2026.12) 0.821

Carbohydrate (g) 182.87 (166.79–205.74) 155.79 (141.61–224.90) 0.283

Protein (g) 73.12 (59.29–83.91) 65.23 (47.55–75.36) 0.254

Fat (g) 73.89 (68.16–97.67) 85.21 (68.06–105.53) 0.418

Fibre (g) 26.11 (18.42–36.90) 23.28 (17.11–26.23) 0.418

Anthropometrical measurements

Weight (kg) 84.05 (69.23–88.78) 87.65 (75.60–100.60) 0.180

Body mass index (kg/m2) 30.67 (26.94–34.66) 32.38 (29.18–34.59) 0.381

Body fat mass (%) 37.05 (31.33–44.05) 37.45 (27.05–41.45) 0.582

Waist circumference (cm) 100.50 (90.75–110.00) 106.75 (102.25–119.00) 0.228

Hip circumference (cm) 111.50 (106.00–116.50) 112.00 (106.00–119.25) 0.771

Waist–to–hip ratio 0.92 (0.86–0.99) 0.97 (0.92–1.00) 0.203

Lipid profile

Total cholesterol (mg/dL) 243.50 (217.25–265.25) 220.00 (199.75–249.00) 0.228

HDL cholesterol (mg/dL) 45.00 (39.00–55.75) 42.50 (34.50–56.25) 0.456

LDL cholesterol (mg/dL) 154.50 (135.75–177.00) 141.00 (114.50–177.50) 0.283

Triglycerides (mg/dL) 185.00 (114.50–216.75) 164.50 (126.25–220.75) 0.923

Homocysteine (μmoL/L) 10.01 (8.64–12.40) 13.10 (10.73–15.25) 0.050
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Table 1. Cont.

Characteristics Kefir Group Unfermented Milk Group

Baseline Baseline p

Glycaemic status

Glucose (mg/dL) 105.00 (93.75–109.75) 101.50 (97.00–107.25) >0.99

Insulin (mU/L) 15.94 (11.75–17.64) 19.04 (18.09–25.49) 0.011 *

HbA1c (%) 5.60 (5.25–5.88) 5.65 (5.20–6.03) 0.872

HOMA–IR 4.18 (2.86–4.59) 4.52 (4.29–6.65) 0.180

Inflammation–related indicators

hs–CRP (mg/dL) 0.22 (0.69–0.80) 0.27 (0.21–0.41) 0.722

TNF–α (pg/mL) 12.01 (0.76–43.05) 8.51 (0.49–25.85) 0.418

IL–6 (pg/mL) 15.82 (11.52–29.75) 19.73 (13.85–28.71) 0.418

IL–10 (pg/mL) 4.38 (1.13–32.90) 1.45 (1.13–9.34) 0.456

IFN–γ (IU/mL) 1.23 (0.12–2.19) 0.56 (0.02–3.04) >0.99

ALT (U/L) 18.50 (16.50–24.00) 25.00 (20.75–31.25) 0.140

AST (U/L) 19.00 (18.00–20.00) 19.00 (18.00–20.25) 0.923

GGT (U/L) 15.00 (10.75–23.00) 19.00 (16.00–40.50) 0.169

Blood pressure

Systolic blood pressure (mmHg) 134.50 (115.25–140.50) 132.50 (123.75–144.00) 0.722

Diastolic blood pressure (mmHg) 85.00 (77.50–92.00) 89.00 (81.00–92.00) 0.497

Data are given as median (25th percentile–75th percentile). Mann–Whitney U test was used to compare differences
between groups. Fisher’s exact test was used to compare gender between groups. HDL: High Density Lipoprotein, LDL:
Low Density Lipoprotein, HbA1c: Glycosylated Hemoglobin, HOMA-IR: Homeostasis Model of Assessment Insulin
Resistance, hs-CRP: High-sensitivity C-reactive Protein, TNF: Tumor Necrosis Factor, IL: Interleukin, IFN: Interferon,
ALT: Alanine Aminotransferase, AST: Aspartate Aminotransferase, GGT: Gamma-glutamyl Transferase. * p < 0.05.

The changes in dietary intake, anthropometrical measurements, biochemical parameters, and blood
pressure during the intervention period were given in Table 2. Intakes of energy and macronutrients
did not change significantly during the intervention period in either kefir or unfermented milk groups
(p > 0.05, for each). In terms of anthropometrical measurements, body weight and fat mass showed
slight reductions after the 12-weeks intervention of kefir compared to unfermented milk, however,
the changes in any of anthropometrical measurement from baseline to after the intervention did not
differ significantly between the groups (p > 0.05, for each). Among the biochemical biomarkers, almost
all parameters of lipid profile and glycaemic status showed amelioration by the intervention kefir
group, however, only the difference in fasting insulin and thereby HOMA-IR from baseline to after
intervention was significant (p = 0.050). Furthermore, TNF-α and IFN-γ showed a significant decrease
after the intervention of kefir (p = 0.015 and p = 0.013, respectively), whereas IL-6 showed a slightly
larger decrease in the unfermented milk group (p = 0.047). Both systolic blood pressure and diastolic
blood pressure decreased significantly after the intervention in the kefir group (respectively p = 0.041
and p = 0.019), while only systolic blood pressure showed a modest decrease in the unfermented milk
group (p = 0.047).
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In regard to the analysis of gut microbiota composition, the mean number of total reads per sample
was 90627 (Standart Deviation (SD): 44912; range: 31198–183068) at baseline and 118025 (SD:38831;
range 39248–171915) after the intervention in kefir group, while it was recorded as 138775 (SD: 29961,
range: 100922–195456) at the baseline and 95058 (SD: 23740, range: 55853–124889) after the intervention
in the unfermented milk group. The gut microbiome of the participants was composed of phyla
Bacteroidetes (51%), Firmicutes (30%), Proteobacteria (11%), Verrucomicrobia (0.02%) and Actinobacteria
(0.003%) at the baseline in kefir group; the relative abundance of these phyla were detected as 39%,
39%, 10%, 0.03%, and 0.04% respectively after the intervention of kefir. Only the increase in the relative
abundance of Actinobacteria was found to be statistically significant (p = 0.023). In the unfermented milk
group, the phyla Bacteroidetes (66%), Firmicutes (27%), Verrucomicrobia (0.01%), Actinobacteria (0.01%),
and Proteobacteria (0.03%) were detected at the baseline, however, the relative abundance of these phyla
were changed to 33%, 56%, 0.03%, 0.04%, and 0.02% respectively after the intervention (Figure 2).
When the changes in the relative abundance of each phyla distribution from after the intervention to
baseline were compared between the groups, no significant difference was obtained (p > 0.05, for each).
In the kefir group, the median of Firmicutes/Bacteroidetes ratio was 0.62 (range:0.06–10.01) at the baseline,
and 1.77 (range:0.14–46.16) after the intervention (p = 0.388). This ratio was 0.30 (range:0.03–25.27)
and 2.22 (range:0.34–12.04) respectively at baseline and end of the intervention in the unfermented
milk group (p = 0.333). No significant difference was obtained between the changes in Firmicutes to
Bacteroidetes ratio of groups (p > 0.05).

 

Kefir
Group_Before
Intervention

Kefir
Group_After
Intervention

Control
Group_Before
Intervention

Control
Group_After
Intervention

Other

Verrucomicrobia

Actinobacteria

Proteobacteria

Firmicutes

Bacteroidetes

Figure 2. Gut microbiota composition before and after the intervention in each group.

The changes in the relative abundance of Bacteriodetes and Firmucutes by the consumption of
test drinks were given in Figure 3. The phyla Bacteroidetes was composed of five dominant genera;
Bacteroides, Odoribacteraceae, Porphyromonadaceae, Prevotellaceae, and Alistipes in the gut microbiome
of participants. Bacteroides (54% in kefir group and 44% in unfermented milk group), Prevotellacea
(26% in kefir group and 40% in unfermented milk group) and Alistipes (11% in kefir group and 7% in
unfermented milk group) were respectively most abundant families among Bacteroidetes at baseline.
The relative abundance of Bacteroides changed to 59% in kefir group and 50% in unfermented milk group;
Prevotellacea changed to 25% in kefir group and 29% in unfermented milk group; Alistipes changed to 9%
in kefir group and 10% in unfermented milk group after the intervention. Despite the modest changes in
the relative abundance of some genera, no significant difference was obtained when the changes in the
relative abundances were compared between groups (p > 0.05, for each). Among Firmicutes, Clostridia,
Erysipelotrichaceae, Veillonellaceae, and Lactobacillales were obtained in the fecal samples of participants.
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Although an increase in the relative abundance of Clostridia (from 73% to 85%) and Lactobacillales
(2% to 5%), and also a decrease in the relative abundance of Veillonellaceae (from 9% to 6%) were
obtained from baseline to after the intervention in kefir group, none of these changes were statistically
significant (p > 0.05, for each). In the unfermented milk group, the relative abundance of Clostridia
was increased from 75% to 89%, whereas Lactobacillales (5% to 2%) and Veillonellaceae (from 5% to 4%)
were decreased from baseline to after the intervention. Similar to the phyla Bacteriodetes, no significant
difference was obtained in the changes of the relative abundance of Firmicutes at genus level between
the kefir and unfermented milk groups (p > 0.05, for each) (Figure 3). Among the phyla Actinobacteria,
the relative abundance of Bifidobacterium was increased from 31% to 39% by the intervention of kefir,
and from 23% to 32% by the intervention of unfermented milk. However, these changes were not
found significant when compared between the groups (p > 0.05). Furthermore, Bifidobacterium species
were detectable in only 50% of participants’ the fecal samples at the baseline, whereas they could be
detected in 91.7% after the intervention of kefir (data not shown). On the contrary, Verrucomicrobia
was obtained less frequently from baseline (75% of participants) to after the intervention (58.3% of
participants) in the kefir group.

The correlation between the change in gut microbiota composition and the change in physiological
characteristics, including anthropometrical measurements, biochemical markers, or blood pressure were
conducted to examine the potential associations. Correlations between the changes in anthropometrical
measurements and fecal microbiota composition at phylum and subphylum level were summarized in
Table 3. The body weight and BMI were positively correlated with the relative abundance of Firmicutes
and Proteobacteria. However, they were negatively correlated with the relative abundance of Clostridia
(p < 0.05, for each). The body fat mass was negatively correlated with the relative abundance of
Bacteroidetes (p < 0.01), and positively correlated with the relative abundance of Porphyromonadaceae,
Firmicutes, and Actinobacteria (p< 0.05, for each). The waist circumference was negatively correlated with
the relative abundance of Clostridia and positively correlated with the relative abundance Veillonellaceae
(p < 0.05, for each).

Table 4 summarizes the correlation between the change in gut microbiota composition and
biochemical markers. The changes in the relative abundance of Bacteroides was negatively correlated
with both total and LDL cholesterol while the changes in the relative abundance of Veillonellaceae
was negatively correlated with only LDL cholesterol (p < 0.05, for each). The change in the relative
abundance of Bacteroidetes was negatively, and the change in the relative abundance of Odoribacteraceae
and Alistipes groups was positively correlated with the change in serum glucose. The change in the
relative abundance of Verrucomicrobia was positively correlated with changes in serum homocysteine
and insulin (p < 0.05, for each). When we analyzed the correlation between the change in gut
microbiota composition and blood pressure in the phylum level, the change in the relative abundance of
Actinobacteria and Proteobacteria was positive, whereas Bacteroidetes was negatively correlated with the
change in blood pressure. In the sub–phylum level, the change in the relative abundance Lactobacillales
was positively correlated with the change in systolic and diastolic blood pressure (p < 0.05).

We further assessed several alpha and beta diversity metrics to assess bacterial biodiversity
in specimens collected in week 0 and 12 from kefir and unfermented milk groups. No statistically
significant differences were observed in OTU counts (Figure 4). Alpha diversity indices, indicating
species richness and evenness with/without phylogenetic relations; namely, Shannon, Jaccard, and
Faith PD indices, were similar between the study groups (Figure 5) (Jaccard plots not provided).
Biodiversity between study cohorts, assessed by Bray–Curtis and weighted/unweighted UniFrac
distances revealed no significant variation among study groups or in different time points. The PCoA
plots of the unweighted UniFrac distances were given in Figure 5. No differences in OTU counts,
alpha or beta diversity measures were observed when specimens from week 0 and 12 were assessed,
regardless of the study group.

No side effect was reported by the participants during or after the intervention period that
included the consumption of kefir.
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Figure 3. Bacterial changes in the relative abundance of Bacteriodetes (a) and Firmucutes (b) by the
consumption of test drinks.
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Figure 5. Principal coordinate analysis (PCoA) plot of the unweighted (A) and weighted (B) UniFrac
distance matrices in the study groups. The plots were generated using EMPeror [36]. Axis titles indicate
the percentage variations. The colors indicate sampling time (red: week 0, blue: week 12).

4. Discussion

In this parallel–group randomized controlled study, regular kefir consumption during 12 weeks
provided some improvements in anthropometrical measurements, lipid profile, glycaemic status,
and inflammation in participants with MetS. In particular, insulin and HOMA–IR levels were
significantly decreased, and also pro–inflammatory cytokines (TNF–α and IFN–γ) and blood pressure
were ameliorated by kefir consumption. However, the magnitude of the improvements stayed
insignificant when compared to unfermented milk. The effects of kefir on metabolic status were
previously investigated in both animal models and human studies [37–39]. Some animal models
suggested that kefir might have a potential to benefit the management of MetS by reducing body
weight, fasting blood glucose, insulin, total, and LDL cholesterol, triacylglycerol, and pro–inflammatory
cytokines, including IL–1β and IL–6 [38]. However, the evidence from human studies has been
controversial. For instance, Ostadrahimi et al. reported that consumption of 600 mL/d kefir containing
Lactobacillus casei, Lactobacillus acidophilus, and Bifidobacteria species had beneficial effects on fasting
blood glucose and HbA1c compared to the control drink in patients with type 2 diabetes [37]. On the
other hand, St–Onge et al. showed that 500 mL/day of kefir consumption for four weeks had no effect on
lipid profile [40]. Furthermore, Fathi et al. showed that two servings of kefir in a day during eight weeks
led a similar improvement both in lipid profile and weight management compared with milk [41,42].
The variation in response to the kefir consumption could be mainly explained by the variation of kefir
composition, and the characteristics of study samples in different studies. Many different bacteria and
yeast might be used for kefir production, and this might lead to distinct effects on metabolism and gut
microbiota. Kefir used in this study contained Lactococcus lactis subsp. lactis, Lactococcus lactis subsp.
cremoris, Lactococcus lactis subsp. diacetylactis, Leuconostoc mesenteroides subsp. cremoris, Lactobacillus
kefir, Kluyveromyces marxianus, and Saccharomyces unisporus, and differed from the kefir samples used in
other studies [37,38]. Furthermore, the initial metabolic profile of the participants was suggested an
essential factor for the efficacy of probiotic interventions. Fuentes et al. showed that probiotics are
more effective in patients with high baseline total cholesterol levels (251–300 mg/dL) compared to the
patients with low baseline total cholesterol levels (200–250 mg/dL) [43]. Similarly, Nikbakht found
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out that probiotic supplementation was only effective in patients with baseline fasting blood glucose
level above 126 mg/dL [44]. In our study, the median of total cholesterol levels was 243.50 mg/dL and
220.00 mg/dL, and the baseline glucose levels were 105.00 mg/dL and 101.50 mg/dL for kefir group and
unfermented milk group, respectively. This may partly explain the lack of efficacy of kefir on metabolic
status in our study.

Alterations in gut microbiota diversity, composition, and function were suggested to play a
significant role in the development of MetS [12]. Ameliorating the intestinal dysbiosis with prebiotics
and probiotics have gained considerable attention in recent years for the management of MetS [45].
However, the studies have yielded inconsistent results regarding the influence of probiotics on
fecal microbial diversity and composition [46–52]. Furthermore, the effects of kefir as a probiotic
on gut microbiota have been examined very limited and mainly with animal studies. Kim et al.
revealed that three-week oral administration of kefir provided a decrease in the number of Firmicutes,
Proteobacteria, and Enterobacteriaceae, and an increase in the number of Bacteroidetes, Lactobacillus,
Lactococcus, and total yeast compared to milk group in mice [53]. However, in their follow–up study,
no significant difference apart from the increase in Lactobacillus/Lactococcus populations was observed
in the kefir group compared to control [39]. Similarly, an increase in Lactobacillus and Bifidobacterium
populations and a reduction in Clostridium populations by consumption of kefir have been reported
in mice previously [54–56]. The present study is one of the first reports showing the impact of
kefir on human microbiota composition in patients with MetS. In this study, regular kefir and milk
consumption for 12 weeks resulted in some alterations in the gut microbiota composition. For instance,
Lactobacillus and Bifidobacterium spp. were increased by kefir consumption. However, apart from
the increase in the relative abundance of Actinobacteria, no significant change by kefir consumption
was recorded. Furthermore, the changes in the relative abundance of bacterial populations did not
differ significantly between the groups. In some studies, following the probiotic supplementation,
increases in the supplemented genera without an additional impact on the main microbial groups
were observed [57,58]. Previously, Yılmaz et al. showed that 400 mL/day kefir consumption for four
weeks in patients with inflammatory bowel diseases resulted in the significant increase of Lactobacillus
bacterial load in feces [59]. Our study also showed an increase from 2% to 5% in the relative abundance
of Lactobacillales by kefir consumption, albeit lacking statistical significance. It has suggested that the
change of the microbiota composition may be related to several factors such as age, gender, initial
microbiota composition, dietary intake, lifestyle factors, menopausal status, and medical therapy of the
individuals [60,61]. Moreover, the microbiota composition of the product (kefir) that was tested [17,18]
and the consumption pattern, including the period and frequency of consumption and amount of
the product should be considered as the factors that have potential to influence the magnitude of the
changes in gut microbiota [62]. Therefore, evaluating the effect of probiotics or fermented foods such
as kefir on an individual basis may be set as a goal for future studies.

In this study, the correlations between changes in microbiota and anthropometric measurements
or biochemical status were demonstrated. Our results pointed out a negative correlation between
body fat mass and abundance of Bacteroidetes, whereas a positive correlation with the abundance of
Firmicutes and Actinobacteria were observed. Although the data regarding the abundance of Bacteriodetes
and Firmicutes phyla in obese and lean individuals is inconsistent, an overall analysis of results
indicates an increase in Firmicutes with obesity [63]. Our results supported the previous reports,
which revealed increased Firmicutes and decreased the abundance of Bacteroidetes are associated with
obesity [64]. Turnbaugh et al. revealed a higher proportion of Actinobacteria in obese individuals
compared to lean individuals [65]. In this study, we observed a positive correlation between body
fat mass and abundance of Actinobacteria, which is in line with Turnbaugh et al.’s work. Members
of the phylum of Proteobacteria are gram–negative bacteria and include several common human
pathogens. An association between the increased relative abundance of Proteobacteria and increased
risk of cardio–metabolic disorders was suggested previously [66]. In parallel with these findings,
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our study showed a positive correlation between an increased relative abundance of Proteobacteria
and both body weight and diastolic blood pressure.

In terms of glycaemic status, Larsen et al. showed a lower abundance of Firmicutes and Clostridia,
and a higher abundance of Bacteroidetes and Betaproteobacteria in diabetic patients compared to the
non–diabetics [67]. Accordingly, we observed a lower abundance of Firmicutes and a higher abundance
of Bacteroidetes in both groups at the beginning of the study. However, only the change in the relative
abundance of Bacteroidetes by the dietary intervention was negatively correlated with the change
in fasting blood glucose. This was parallel to results of the study conducted by Egshatyan et al.,
which found that microbiota of glucose–intolerant subjects were represented by Firmicutes phylum and
to a lesser degree by Bacteroidetes phylum [68]. In the subphylum level, studies mostly indicate higher
levels of Bacteroides and Prevotella and lower levels of butyrate producing–bacteria in type 2 diabetic
patients [68,69]. In this study, we have observed a positive correlation between the relative abundance
of Odoribacteraceae and Alistipes, and fasting plasma glucose. The correlation between Alistipes and
blood glucose was also observed in a previous study [70].

Many researchers demonstrated a link between dysbiosis of gut microbiota and blood pressure.
Yang et al. reported an increase in Firmicutes/Bacteroidetes ratio in hypertensive rats and humans.
They also recorded a lower abundance of Actinobacteria as well as acetate– and butyrate–producing
bacteria [71]. Yan et al. indicated higher levels of Proteobacteria but lower levels of Actinobacteria in
hypertensive subjects [72]. In this study, the change in the relative abundance of Bacteroidetes was
negatively correlated with the change in systolic and diastolic blood pressure as reported previously.
Surprisingly, we observed a strong positive correlation with systolic and a weak positive correlation
with diastolic blood pressure, respectively, with Actinobacteria abundance. The phylum Actinobacteria
includes Bifidobacterium genera, possessing probiotic features [73]. Studies that report reductions
of Actinobacteria in hypertensive patients explained this relationship mostly with Bifidobacterium
levels [71,74]. In our study, when we analyzed the association between Bifidobacterium and blood
pressure, no significant correlation was noted. This may be due to the lack of significant changes in
Bifidobacterium abundance after the intervention. The species other than Bifidobacterium within the
Actinobacteria phylum might be further investigated in terms of their contributions to hypertension.

Apart from fermentation, unfermented dairy products may also affect the gut microbiota [75,76].
In our study, regular milk consumption that was used as control also led to some changes in microbiota
composition compared to the baseline. Firmucutes and Verrucomicrobiota were increased with milk
consumption. However, Bacteroidetes group was decreased compared to the baseline. In accordance with
our results, Ntemiri et al. also found out that whole milk consumption was associated with an increase
in taxons belonging to Firmicutes and a higher Firmicutes/Bacteroidetes ratio [76]. In another randomized
cross–over study, consumption of probiotic yogurt and milk acidified with D-(+)-glucono-δ-lactone
showed some distinct effects on microbiota composition. In both groups, the abundance of Bilophila
wadsworthia was reduced. However, only the abundance of Bifidobacterium species was increased
with acidified milk intake, and it was suggested that gluconic acid in milk might possess prebiotic
activity [75]. In a like manner, exopolysaccharides such as kefiran derived from kefir also suggested
as bioactive compounds due to their potential prebiotic effects and relation to alteration of intestinal
microbiota [77]. These results support a strong interaction between diet and microbiota even without
probiotic intervention.

Studies showed that not only the composition of microbiota but also its functionality plays a
role in the metabolic status [78,79]. This study focused only on the composition of gut microbiota;
any consideration of its functionality was not taken into account. Using the metabolites of microbiota,
such as postbiotics, as markers of the efficiency might have provided a better understanding. This should
be noted as the main limitation of the study. The small number of participants in each arm could also
be considered as the other limitation of the study.
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5. Conclusions

In conclusion, to our knowledge, this was the first report exploring the effect of kefir on microbiota
composition in patients with metabolic syndrome. This study indicated that kefir consumption could
provide some potential improvements, especially in glycaemic status, inflammation–related indicators,
and blood pressure, however, none of these improvements might stay significant when compared the
changes led by unfermented milk consumption. Regarding to microbiota composition, the relative
abundance of Actinobacteria phylum were increased in the kefir group compared to the baseline, even
though a similar change by unfermented milk was also reported. Furthermore, this study underlined
the potential alterations in gut microbiota composition that can be correlated with some indicators of
the metabolic status led by both kefir and milk consumption, even if the magnitude of the efficiency
remained limited. Further studies, especially randomized controlled trials, are needed to clarify the
efficiency of kefir on gut microbiota and its link to metabolic status.
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Abstract: Excessive intake of saturated fat has been linked to hypertension. Gut microbiota and
their metabolites, short-chain fatty acids (SCFAs), are known to be involved in the development
of hypertension. We examined whether maternal and post-weaning high-fat (HF) diet-induced
hypertension in adult male offspring is related to alterations of gut microbiota, mediation of SCFAs
and their receptors, and downregulation of nutrient-sensing signals. Female Sprague–Dawley rats
received either a normal diet (ND) or HF diet (D12331, Research Diets) during pregnancy and
lactation. Male offspring were put on either the ND or HF diet from weaning to 16 weeks of age, and
designated to four groups (maternal diet/post-weaning diet; n = 8/group): ND/ND, HF/ND, ND/HF,
and HF/HF. Rats were sacrificed at 16 weeks of age. Combined HF/HF diets induced elevated blood
pressure (BP) and increased body weight and kidney damage in male adult offspring. The rise in BP is
related to a downregulated AMP-activated protein kinase (AMPK)–peroxisome proliferator-activated
receptor co-activator 1α (PGC-1α) pathway. Additionally, HF/HF diets decreased fecal concentrations
of propionate and butyrate and decreased G protein-coupled receptor 41 (GPR41), but increased
olfactory receptor 78 (Oflr78) expression. Maternal HF diet has differential programming effects on
the offspring’s microbiota at 3 and 16 weeks of age. Combined HF/HF diet induced BP elevation
was associated with an increased Firmicutes to Bacteroidetes ratio, increased abundance of genus
Akkermansia and phylum Verrucomicrobia, and reduced abundance in genus Lactobacillus. Maternal
gut microbiota-targeted dietary interventions might be reprogramming strategies to protect against
programmed hypertension in children and their mothers on consumption of a fat-rich diet.

Keywords: AMP-activated protein kinase; butyrate; developmental origins of health and disease
(DOHaD); gut microbiota; high fat diet; hypertension; nutrient-sensing signals; propionate; short
chain fatty acids

1. Introduction

Non-communicable diseases (NCDs) are increasingly becoming the leading causes of global
morbidity and mortality [1]. Among NCDs, hypertension-related diseases are the most common
causes of deaths. Despite substantial advances in therapy, the global epidemic rise of NCDs remains a
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significant challenge. Early-life exposure can program the onset of chronic NCDs [2], now framed as
the “developmental origins of health and disease” (DOHaD) [3].

Perinatal nutrition affects fetal development and long-term health of the offspring. Imbalanced
maternal diet may induce fetal programming that permanently alters the morphology and function
of fetal organs and systems, leading to various NCDs, including hypertension [4]. The high-fat (HF)
diet model has been used to study obesity-related disorders like hypertension [5,6]. Along these lines,
using a rat model of maternal plus post-weaning HF diets, we have demonstrated that adult male
offspring exposed to HF intake develop hypertension [7].

Among the proposed mechanisms linking maternal nutritional insults to offspring adverse
outcomes, changes of gut microbiota and their metabolites have recently received more attention [4,8].
Diet is an instrumental factor in shaping the gut microbiota. Increasing evidence links gut microbiota
dysbiosis to the development of a variety of diseases [9]. During pregnancy, the diet–gut microbiota
interactions can mediate epigenetic regulation of gene expression not only in mother but also in the
fetus via the contact with their metabolites [10]. The offspring gut microbiota is highly sensitive to the
early-life environmental stimuli. Accordingly, maternal diet can influence the gut microbiota of mothers
and their offspring, consequently driving developmental programming of chronic diseases in adult
offspring [11,12]. Although several microbial markers have been reported related to HF consumption,
like increased abundance of phylum Firmicutes and decreased Bacteroidetes [9], whether a similar
pattern of results can be obtained from offspring born to mothers fed with HF diet is largely unknown.

The gut microbiota produces a variety of metabolites like short-chain fatty acids detectable in
host circulation [13]. Short-chain fatty acids (SCFAs, e.g., acetate, butyrate, and propionate) and their
receptors are reported to be involved in the regulation of blood pressure (BP) [14]. In line with this, a
recent study from our laboratory reported that prebiotic or probiotic therapy can alter gut microbiota,
regulate SCFAs and their receptors, and mediate nutrient-sensing signals to protect adult male offspring
against hypertension programmed by high-fructose diet [15].

Nutrient-sensing signals are regarded as key players in the developmental programming of
hypertension, such as 5’-adenosine monophosphate-activated protein kinase (AMPK), peroxisome
proliferator-activated receptor (PPAR), and PPARγ co-activator 1α (PGC-1α) [4,16]. Activation of
AMPK by resveratrol can affect PGC-1α activity to regulate the downstream expression of PPAR
target genes [17]. Our recently published study demonstrated that HF diet-induced hypertension is
correlated to inhibitory AMPK/PGC-1α pathway and altered gut microbiota [18].

Our objective in this study was to examine whether maternal and post-weaning HF diet cause
differential effects on BP, gut microbiota, SCFAs and their receptors, and nutrient-sensing signals in
adult offspring.

2. Materials and Methods

2.1. Animal Model

This study was followed the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee
of the Kaohsiung Chang Gung Memorial Hospital (IACUC permit number: 201721408). Virgin female
Sprague–Dawley (SD) rats (n = 12) were obtained from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan)
and maintained in an Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC)-approved animal facility in our hospital. The rats were housed in a in a
controlled environment with 12:12 light-dark cycle and humidity of 55%, throughout the study. Male
SD rats were caged with female rats until mating. The presence of the plug confirmed mating. Female
rats were weight-matched and assigned to receive either a normal diet with regular rat chow (ND;
Fwusow Taiwan Co., Ltd., Taichung, Taiwan; 52% carbohydrates, 23.5% protein, 4.5% fat, 10% ash,
and 8% fiber) or a 58% high-fat diet (D12331, Research Diets, Inc., New Brunswick, NJ, USA; 58% fat
(hydrogenated coconut oil), 25.5% carbohydrate, 16.4% protein, and 0% fiber) during pregnancy and

154



Nutrients 2019, 11, 1982

lactation. After birth, litters were culled to eight from each mother to standardize the received quantity
of milk and maternal pup care. Since men are much more likely to be hypertensive than women at a
younger age [19], only male offspring were used. Male offspring were weaned at 3 weeks of age, and
onto either the normal diet (ND) or HF diet ad libitum from weaning to 16 weeks of age. Rats were
assigned to four experimental groups (maternal diet/postweaning diet; n = 8/group): ND/ND, HF/ND,
ND/HF, and HF/HF.

We used BP-2000 tail-cuff system (BP-2000, Visitech Systems, Inc., Apex, NC, USA) to measure BP
in conscious rats at 3, 4, 8, 12, and 16 weeks of age [7]. Rats were allowed to adapt to restraint and
tail-cuff inflation for 1 week prior to the experiment. Rats were placed on the specimen platform. Their
tails were passed through a cuff and immobilized by adhesive tape. Following a 10-min warm-up
period, 10 preliminary cycles were performed to allow the rats to adjust to the inflating cuff. For each
rat, three stable measures were taken and averaged. Fresh feces samples were collected at 3 and 16
weeks of age, frozen, and stored at −80 ◦C until use. At 16 weeks of age, rats were anesthetized by
intraperitoneally injecting ketamine (50 mg/kg body weight) and xylazine (10 mg/kg body weight)
and were euthanized by intraperitoneally injecting an overdose of pentobarbital for sacrifice. Blood
samples were collected. Kidneys were harvested and stored at −80 ◦C in a freezer for further analysis.

2.2. Gas Chromatography-Flame Ionization Detector (GC-FID)

We used gas chromatography-mass spectrometry (GCMS-QP2010; Shimadzu, Kyoto, Japan) with a
flame ionization detector (FID) to measure levels of acetate, butyrate, and propionate in the plasma and
feces [15]. We used internal standards in analytical standard grades for acetate and propionate (from
Sigma-Aldrich, St. Louis, MO, USA), and for butyrate (from Chem Service, West Chester, PA, USA).
The working solutions of used as internal and external standards were prepared at the concentration
of 10 mM. These solutions were kept at −20 ◦C in a freezer. Dry air, nitrogen, and hydrogen were
supplied to the FID at 300, 20 and 30 mL/min, respectively. A 2-μL aliquot of sample was injected into
the column. The inlet and FID temperature were set at 200 and 240 ◦C, respectively. The total running
time was 17.5 min.

2.3. Analysis of Gut-Microbiota Composition

Metagenomic DNA was extracted from frozen fecal samples after centrifugation. All polymerase
chain-reaction amplicons were mixed together and sent to the Genomic and Proteomic Core Laboratory,
Kaohsiung Chang Gung Memorial Hospital (Kaohsiung, Taiwan) for sequencing using an Illumina
Miseq platform (Illumina, San Diego, CA, USA) [15]. Amplicons were prepared according to the
16S Metagenomics Sequencing Library Preparation protocol (Illumina, San Diego, CA, USA), and
sequenced with the Illumina MiSeq platform (Illumina, San Diego, CA, USA). Sequences (Illumina,
San Diego, CA, USA) with a distance-based similarity of 97% or greater were grouped into operational
taxonomic units (OTUs) using the USEARCH algorithm. To determine the significantly differential
taxa, we applied linear discriminant analysis effect size (LEfSe) to compare samples between groups.
The LEfSe uses linear discriminant analysis (LDA) to estimate the effect size of each differentially
abundant feature. The threshold of the linear discriminant was set to two.

2.4. Western Blot

Western blot analysis was performed using the methods published previously [7]. Protein samples
(200-μg kidney cortex) were boiled with gel-loading buffer for 5 min, subjected to 10–15% SDS-PAGE,
and then transferred to a nitrocellulose membrane (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ, USA). To verify equal loading, the membranes were incubated with Ponceau S red (PonS) stain
solution (Sigma-Aldrich, St. Louis, MO, USA) for 10 min on the rocker. Two nutrient-sensing signals,
AMPKα2 and PGC-1α, were analyzed. Additionally, we determined the protein abundance of three
SCFA receptors, including G protein-coupled receptor 41 (GPR41), GPR43, and olfactory receptor
78 (Olfr78). We used the following primary antibodies: a rabbit polyclonal anti-rat phosphorylated
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AMPKα1/2 antibody (1:1000, overnight incubation; Santa Cruz Biotechnology), a rabbit polyclonal
anti-PGC-1α antibody (1:1000, overnight incubation; Abcam, Cambridge, MA, USA), a rabbit polyclonal
anti-GPR41 antibody (1:500, overnight incubation; USBiological, Salem, MA, USA), a rabbit polyclonal
anti-GPR43 antibody (1:500, overnight incubation; Millipore, Burlington, MA, USA), and a rabbit
polyclonal anti-Olfr78 antibody (1:500, overnight incubation; Assay Biotech, Fremont, CA, USA). Next,
the membrane was washed five times with 0.1% T-TBS, incubated for 1h with a peroxidase-labeled
secondary antibody diluted 1:1000 in T-TBS, and then developed using Chemi Doc (Bio-rad Image
Lab 5.0). Bands were quantified by densitometry as integrated optical density (IOD). IOD was then
normalized to total protein PonS staining. The protein abundance was represented as IOD/PonS.

2.5. Immunohistochemistry Staining

Paraffin-embedded tissues sectioned at 3-μm thickness were deparaffinized in xylene and
rehydrated in a graded ethanol series to phosphate-buffered saline. Following blocking with
immunoblock (BIOTnA Biotech., Kaohsiung, Taiwan), the sections were incubated for 2 h at room
temperature with an anti-phosphorylated AMPKα2 antibody (1:400, Cell Signaling, Danvers, MA,
USA) or an anti-PGC-1α antibody (1:200, Abcam, Cambridge, MA, USA). Immunoreactivity was
revealed using the polymer-horseradish peroxidase (HRP) labeling kit (BIOTnA Biotech). For the
substrate–chromogen reaction, 3,30-diaminobenzidine (DAB) was used. An identical staining protocol
omitting incubation with primary antibody was employed to prepare samples that were used as
negative controls. Renal cells positive for immunostaining were examined in 10 randomly selected
×400 microscopic fields per section. The number of immunostained cells was expressed as we described
previously [18].

2.6. Statistical Analysis

Data are reported as the mean ± standard error of mean (SEM). A value of p < 0.05 was considered
statistically significant. Statistical analysis was conducted with one-way analysis of variance (ANOVA)
with a Tukey post hoc test for multiple comparisons. Analyses were performed using the SPSS software
14.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. The Effects of Maternal and Post-Weaning HF Diet on Morphological Values and BPs

Post-weaning consumption of HF diet caused a greater body weight (BW) compared with controls
and the HF/ND group, with the greatest BW in the HF/HF group (Table 1). The kidney weights and the
ratios of kidney weight-to-body weight were lower in the ND/HF and HF/HF groups compared to
controls and the HF/ND groups. At 16 weeks of age, maternal and post-weaning HF diet increased
systolic BP by 5 and 11 mmHg compared to controls, respectively. There is a synergistic effect of
maternal and post-weaning HF diet on systolic BP, resulting in an increase of ~26 mmHg in the HF/HF
group versus control. Similarly, diastolic BP and mean arterial pressure were higher in the HF/ND
and ND/HF group compared with those in the control group, with the highest in the HF/HF group.
Figure 1 shows the systolic BPs of ND/HF and HF/HF group were significantly higher than those in
the control group from 8 to 16 weeks. By 12 weeks of age, the systolic BP had significantly increased
in the HF/HF group relative to the other three groups. The plasma creatinine level was higher in
HF/HF group compared to the controls. These findings indicate that maternal or post-weaning HF diet
more or less caused a rise in BW and BPs, which was enhanced to a greater extent in the combined
HF/HF diets. However, only combined HF/HF diet resulted in kidney damage, represented by elevated
creatinine levels.
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Table 1. Measures of morphological values, blood pressure, and renal function in 16-week-old male
offspring exposed to high-fat diet (HF).

Groups ND/ND HF/ND ND/HF HF/HF

Body weight (BW) (g) 580 ± 8 561 ± 10 680 ± 22 a,b 715 ± 26 a,b,c

Left kidney weight (g) 2.44 ± 0.06 2.17 ± 0.07 a 2.14 ± 0.09 a 2.14 ± 0.09 a

Left kidney weight/100 g BW 0.42 ± 0.01 0.39 ± 0.01 0.32 ± 0.01 a,b 0.30 ± 0.01 a,b

Systolic blood pressure (mm Hg) 142 ± 0 147 ± 1 a 153 ± 1 a,b 168 ± 1 a,b,c

Diastolic blood pressure (mm Hg) 65 ± 2 70 ± 3 73 ± 2 a 76 ± 2 a

Mean arterial pressure (mm Hg) 91 ± 1 96 ± 2 a 99 ± 2 a 107 ± 2 a,b,c

Creatinine (μM) 14.5 ± 0.9 16.2 ± 1.1 17.2 ± 1.1 20 ± 1.8 a

ND/ND, maternal plus post-weaning normal diet; HF/ND, maternal high-fat diet plus post-weaning normal diet; ND/HF,
maternal normal diet plus post-weaning high-fat diet; HF/HF, maternal plus post-weaning high-fat diet. BW, body weight;
n = 8/group; a p < 0.05 vs. ND/ND; b p < 0.05 vs. HF/ND; c p < 0.05 vs. ND/HF.
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Figure 1. Effects of maternal and postnatal high-fat (HF) diet on systolic blood pressure in male
offspring from 3 to 16 weeks. ND/ND, maternal plus post-weaning normal diet; HF/ND, maternal
high-fat diet plus post-weaning normal diet; ND/HF, maternal normal diet plus post-weaning high-fat
diet; HF/HF, maternal plus post-weaning high-fat diet. * p < 0.05 vs. ND/ND; # p < 0.05 vs. HF/ND;
† p < 0.05 vs. ND/HF.

3.2. The Effects of Maternal and Post-Weaning HF Diet on Nutrient-Sensing Signals

We evaluated key elements in the nutrient-sensing pathway, including phosphorylated AMPKα2
and PGC-1α. As shown in Figure 2, the renal protein level of phosphorylated AMPKα2 (Figure 2B) was
lower in the HF/ND, ND/HF, and HF/HF group compared with that in the ND/ND group. Additionally,
the HF/HF diet caused a significant reduction of PGC-1α versus the controls in offspring kidneys
(Figure 2C). We next evaluated phosphorylated AMPKα2 (Figure 3) and PGC-1α (Figure 4) in the
offspring kidneys by immunohistochemistry.
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Figure 2. (A) Representative western blots showing phosphorylated AMP-activated protein kinase
(AMPKα2, ~63kDa), peroxisome proliferator-activated receptor co-activator 1α (PGC-1α, ~90kDa),
G protein-coupled receptor 41 (GPR41, ~38kDa), GPR43 (~47kDa), and olfactory receptor 78 (Oflr78)
(~35kDa) bands in offspring kidneys at 16 weeks of age. Relative abundance of renal cortical
(B) phosphorylated AMPKα2, (C) PGC-1α, (D) GPR41, (E) GPR43, and (F) Oflr78 were quantified.
ND/ND, maternal plus post-weaning normal diet; HF/ND, maternal high-fat diet plus post-weaning
normal diet; ND/HF, maternal normal diet plus post-weaning high-fat diet; HF/HF, maternal plus
post-weaning high-fat diet. n = 8/group. * p < 0.05 vs. ND/ND; # p < 0.05 vs. HF/ND; † p < 0.05
vs. ND/HF.
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Figure 3. (A) Light microscopic findings of phosphorylated AMPKα2 immunostaining in the kidney
cortex in 16-week-old male offspring. Bar = 50 μm; (B) Quantitative analysis of phosphorylated
AMPKα2-positive cells per microscopic field (400×); * p < 0.05 vs. ND/ND; # p < 0.05 vs. HF/ND;
† p < 0.05 vs. ND/HF.
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Immunostaining of phosphorylated AMPKα2 in the glomeruli and renal tubules indicated intense
staining in the ND/ND group (150 ± 15 positive cells), an intermediate level of staining in the HF/ND
group (72 ± 11 positive cells) and ND/HF group (85 ± 21 positive cells), and little staining in the HF/HF
group (24± 17 positive cells) (Figure 3B). Similar to phosphorylated AMPKα2, maternal or post-weaning
HF diet significantly decreased PGC-1α expression in the HF/ND group (112 ± 14 positive cells) and
the ND/HF group (121 ± 21 positive cells) vs. the ND/ND group (220 ± 29 positive cells) (Figure 4A).
Combined maternal and post-weaning HF diets caused the reduction of PGC-1α expression to a greater
extent (36 ± 14 positive cells) (Figure 4B). Taken together, these findings indicated that HF/HF diet
synergistically downregulated AMPK–PGC-1α pathway.
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Figure 4. (A) Light microscopic findings of PGC-1α immunostaining in the kidney cortex in 16-week-old
male offspring. Bar = 50 μm; (B) Quantitative analysis of PGC-1α-positive cells per microscopic field
(400×); * p < 0.05 vs. ND/ND; # p < 0.05 vs. HF/ND; † p < 0.05 vs. ND/HF.

3.3. The Effects of Maternal and Post-Weaning HF Diet on SCFAs and Their Receptors

It was reported previously that SCFAs are involved in the development of hypertension [14].
We investigated whether HF diet causes a rise in BP is related to alterations of SCFAs production and
the expression of SCFA receptors. Our results demonstrated that post-weaning HF diet decreased fecal
concentrations of acetate compared to the ND/ND and HF/ND group (Table 2). Fecal propionate and
butyrate levels were lower in the ND/HF group than those in the ND/ND and HF/ND group. Similarly,
combined maternal and post-weaning HF reduced fecal concentrations of propionate and butyrate
compared to controls. We next evaluated the protein levels of SCFA receptors. Renal GPR41 expression
was lower in the ND/HF and HF/HF group compared to that in the ND/ND group (Figure 2D). GPR43
protein level in offspring kidney was not different among the four groups (Figure 2E). However,
combined HF/HF diets resulted in a significant increase of renal Olfr78 expression compared to the
other three groups (Figure 2F).
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Table 2. Fecal levels of acetate, propionate, and butyrate in in male offspring exposed to high-fat diet
(HF) at 16 weeks of age.

Group ND/ND HF/ND ND/HF HF/HF

Acetate, mM/g feces 3.68 ± 0.13 3.62 ± 0.22 1.34 ± 0.13 a,b 2.46 ± 0.57
Propionate, mM/g feces 0.84 ± 0.06 0.75 ± 0.05 0.25 ± 0.05 a,b 0.47 ± 0.14 a

Butyrate, mM/g feces 1.68 ± 0.21 1.51 ± 0.29 0.22 ± 0.02 a,b 0.27 ± 0.05 a,b

ND/ND, maternal plus post-weaning normal diet; HF/ND, maternal high-fat diet plus post-weaning normal diet;
ND/HF, maternal normal diet plus post-weaning high-fat diet; HF/HF, maternal plus post-weaning high-fat diet.
BW, body weight; n = 8/group; a p < 0.05 vs. ND/ND; b p < 0.05 vs. HF/ND.

3.4. The Effects of Maternal and Post-Weaning HF Diet on Gut Microbiota

We further analyzed bacterial populations in the gut at the phylum and genus levels at 3 weeks
(Figure 5) and 16 weeks of age (Figure 6). At 3 weeks, the age of weaning, the main phyla in the offspring
born of dams fed with regular chow (ND) or HF diet were Firmicutes, Bacteroidetes, Verrucomicrobia,
Proteobacteria, and Actinobacteria. Maternal HF intake caused a remarkable increase in the phylum
Firmicutes (72.3 ± 4% vs. 52.9 ± 3.7%; p = 0.002), but a decrease in the Verrucomicrobia (10.3 ± 2.6% vs.
25.9 ± 4.5%; p = 0.007) and Proteobacteria (2.4 ± 0.2% vs. 4.8 ± 0.4%; p < 0.001) (Figure 5A). The Firmicutes
to Bacteroidetes ratio has been considered a signature for hypertension [20,21]. In the current study,
the Firmicutes to Bacteroidetes ratio was higher in the HF group (8.3 ± 1.6) compared to that in the
control group (4.2 ± 0.6, p = 0.03) (Figure 5B). Additionally, the main bacterial genera were Akkermansia,
Blautia, Clostridium, Parabacteroides, Lactobacillus, Alkaliphilus, Ruminococcus, Sarcina, Natronincola, and
Flavobacterium (Figure 5C). Among them, maternal HF diet decreased abundance of genus Akkermansia
(9.7 ± 2.4% vs. 25 ± 4.3%; p = 0.006) (Figure 5D). Conversely, abundance of genus Clostridium was
induced in the HF group (19.9 ± 2.6%) compared with that in control (10.4 ± 1.2%; p = 0.03).
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Figure 5. Effect of maternal high-fructose (HF) diet on offspring gut microbiota at 3 weeks of age.
(A) Relative abundances of the top five phyla. (B) The Firmicutes to Bacteroidetes ratio. (C) Relative
abundances of the top 10 genera. (D) Relative abundances of the genus Akkermansia. n = 16/group.
* p < 0.05 vs. ND.
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As shown in Figure 6A, the main phyla in the offspring gut microbiota at 16 weeks were identical
to those at 3 weeks of age. Combined HF/HF diet significantly reduced the abundance of the
phylum Bacteroidetes (15.1 ± 1.7% vs. 30.2 ± 0.7%; p < 0.001), while augmenting the abundance of the
Verrucomicrobia (15.6 ± 2.2% vs. 0.5 ± 0.2%; p < 0.001). Additionally, the Firmicutes to Bacteroidetes
ratio was the highest in the HF/HF group compared to that in the other three groups (All p < 0.05)
(Figure 6B).

Maternal HF intake decreased the abundance of genera Lactobacillus (HF/ND vs. ND/ND = 4.3 ± 0.8%
vs. 13.7± 2.5%, p= 0.005) and Turicibacter (HF/ND vs. ND/ND = 0.9 ± 0.3% vs. 2.1± 0.4%, p= 0.035). The
post-weaning HF diet caused an increase of genus Akkermansia (ND/HF vs. ND/ND = 9.4 ± 3.8% vs. 0.4 ±
0.2%, p = 0.002), and decreased the abundance of genera Lactobacillus (3 ± 0.5%, p = 0.002) and Turicibacter
(0.6 ± 0.1%, p = 0.01). Combined HF/HF diet caused increases of several bacterial genera, including
Akkermansia, Clostridium, and Alkaliphilus (Figure 6C; all p < 0.05). Conversely, the abundance of genera
Parabacteroides, Lactobacillus, and Ruminococcus was reduced by HF/HF exposure (Figure 6C; all p < 0.05).
Of note is that maternal (HF/ND: 4.3 ± 0.8%) and post-weaning HF diet (ND/HF: 3 ± 0.5%) both resulted
in the reduced abundance in genus Lactobacillus compared to the ND/ND group (13.7 ± 2.5%; both
p < 0.05). The combined HF/HF diet caused the reduction of genus Lactobacillus abundance to a greater
extent (0.8 ± 0.3%, all p < 0.05) (Figure 6D).
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Figure 6. Effect of maternal and post-weaning high-fructose (HF) diet on offspring gut microbiota
at 16 weeks of age. (A) Relative abundances of the top five phyla. (B) The Firmicutes to Bacteroidetes
ratio. (C) Relative abundances of the top 10 genera. (D) Relative abundances of the genus Lactobaccilus.
n = 8/group. * p < 0.05 vs. ND/ND; # p < 0.05 vs. HF/ND; † p < 0.05 vs. ND/HF.

The main bacterial species modified by the maternal HF diet were Leptolyngbya laminosa (LDA
score = −3.1), Enterococcus avium (LDA score = −2.3), and Enterococcus casseliflavus (LDA score = −2.2)
(Figure 7A). The post-weaning HF diet showed an increase in species Lactococcus lactis (LDA score = 2.6)
and Streptococcus dentirousetti (LDA score = 2), and caused a decrease in the species Leptolyngbya laminosa
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(LDA score = −2.5) and Enterococcus casseliflavus (LDA score = −2.1) as compared to the ND/ND group
(Figure 7B). Of note, there was a remarkable decrease in several species of Lactobaccilus in the HF/HF
group vs. the ND/ND group (Figure 7C). Conversely, HF/HF diet caused an increase of in species
Akkermansia muciniphila (LDA score = 2.1).
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Figure 7. Effect of maternal and post-weaning high-fructose (HF) diet on 16-week-old offspring gut
microbiota at the species level. Linear discriminant analysis (LDA), along with effect size measurements,
was applied to identify enriched bacterial species. Most enriched and depleted species (LDA score
(log10) > 2.0) in the (A) HF/ND (red) vs. ND/ND (green), (B) ND/HF (red) vs. ND/ND (green), and (C)
HF/HF (red) vs. ND/ND (green). n = 8/group.

4. Discussion

This study provides a novel insight into the mechanisms responsible for the development of
hypertension programmed by maternal and post-weaning HF diet with particular emphasis on gut
microbiota-derived metabolites SCFAs and nutrient-sensing signals. The main findings of this study
are as follows: (1) combined maternal plus postweaning HF diets induced elevated BP and increased
BW and kidney damage in male adult offspring; (2) The combined HF/HF diets caused a rise in BP,
which is related to a downregulated AMPK–PGC-1α pathway; (3) The offspring exposed to HF/HF
diets had decreased fecal concentrations of propionate and butyrate, decreased renal GPR41 protein
levels, and increased renal Oflr78 expression; (4) At 3 weeks of age, the maternal HF diet increased the
Firmicutes to Bacteroidetes ratio and abundance of genus Clostridium, and decreased the abundance of
genus Akkermansia in the gut microbiota in offspring; and (5) The HF/HF diet caused the rise of BP at
16 weeks of age, which was associated with the increased Firmicutes to Bacteroidetes ratio and reduced
abundance in genus Lactobacillus.

In line with previous studies showing that maternal HF intake induces elevated BP in offspring [22,23],
our results demonstrated that systolic BP was approximately 5 mmHg higher in the HF/ND group
than that in the ND/ND group. Maternal HF diet-induced programmed hypertension may be related
to a downregulated AMPK–PGC-1α pathway, an increased Firmicutes to Bacteroidetes ratio, and a
decreased abundance of the genera Akkermansia and Lactobacillus. Additionally, we found that there is
a synergistic effect between maternal and post-weaning HF diet causing a rise in BP and body weight,
in support of our previous study showing that effect of maternal nutritional insults on the fetus are not
set in stone and can be amplified by changes in the postnatal environment [24,25].
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The observed effect of maternal HF diet on BP increase may be related to the inhibition of
AMPK–PGC-1α pathway. The interplay between AMPK and other nutrient-sensing signals, driven
by maternal nutritional insults, is known to regulate PPARs and their target genes, thus leading to
programming of hypertension [17]. AMPKα2 knockout mice expressed activation of the renin-angiotensin
system (RAS) to favor the development of hypertension [26]. Also, uni-nephrectomized rats developed
hypertension, which was associated with decreased AMPK expression and activation of the RAS [27].
On the contrary, the AMPK activation has been shown to regulate the RAS, resulting in protection from
hypertension in different models of programming [28,29]. Recently, AMPK activation has emerged
as a reprogramming strategy, via regulating other nutrient-sensing signals like PGC-1α, to protect
against hypertension and kidney disease with developmental origins [30]. In the current study, maternal
or post-weaning HF diet reduced phosphorylated AMPKα2 and PGC-1α expression. Remarkably,
combined maternal and post-weaning HF diets caused the reduction of phosphorylated AMPKα2 and
PGC-1α expression to a greater extent in the HF/HF group. These results reconfirmed our previous study
showing that combined HF/HF diet-induced hypertension is associated with reduced phosphorylated
AMPKα2 and PGC-1α expression. These changes were restored by AMPK activation through resveratrol
treatment [7]. These observations suggest that pharmacological therapies aimed at AMPKα2 as a
reprogramming intervention to prevent hypertension programmed by maternal HF intake deserve
further evaluation.

The results of this study showed that changes of SCFAs and their receptors are another mechanism
contributing to HF/HF-induced hypertension. Although maternal HF diet had a neglectable effect on
fecal SCFA levels and their receptors, post-weaning HF diet significantly reduced fecal propionate
and butyrate concentrations. Propionate and butyrate have been reported to induce vasodilatation
via mediating GPR41 and GPR43 receptor [14]. Conversely, acetate is a ligand for Olfr78 to raise
BP [14]. Our report showed that combined HF/HF diet decreased fecal propionate and butyrate levels,
decreased GPR41 expression, and increased Oflr78 expression in adult offspring kidneys, all of which
may favor the development of hypertension. AMPK can be activated by SCFAs, like propionate
and butyrate [31,32]. SCFAs have been report to protect against ethanol-induced gut leakiness via
AMPK activation [33]. On the other hand, AMPK activation altered microbial populations, which
promotes SCFA production [34]. In line with increasing evidence of a link between gut microbiota,
SCFAs, and AMPK [35], our study demonstrated that HF/HF-induced hypertension is associated with
inactivation of AMPK signaling and the reduction of SCFA production. Additional studies warranted
to clarify whether microbiota-derived SCFAs regulate AMPK signaling contributing to hypertension
programmed by HF diet.

Additionally, we observed the major acetate-producing bacteria could be either decreased (e.g.,
Lactobacillus) or increased (e.g., Clostridiums and Akkermansia) in the HF/HF group with hypertension.
Unlike a previous study demonstrating that hypertension-associated dysbiosis is characterized by
increases in lactate-producing bacteria [21], results of this study showed that the abundance of genera
Lactobacillus and Turicibacter, which are lactate-producing bacteria, were decreased in the ND/HF
and HF/ND-induced hypertension groups. Thus, additional studies are required to clarify whether
the imbalance of gut acetate-, butyrate-, and propionate-producing bacterial populations directly
contribute to BP control in a variety of programming hypertension models.

The detrimental effects of HF diet may also relate to alterations in gut microbiota composition.
Emerging evidence shows that the development of hypertension is related to gut microbiota dysbiosis
in animal models of hypertension [20,21]. Microbiota dysbiosis in early life has deleterious effects
and may have long-term consequences leading to many diseases in later life [31]. Our results go
beyond previous studies, demonstrating that altered gut microbiota links early-life HF intake to the
developmental programming of hypertension. Although the interactions between dietary fat with
the gut microbiota have been well explored in human and experimental studies [36], little is known
about the impact of maternal fat intake on the offspring gut microbiota. Previous studies showed that
maternal HF consumption can alter the offspring microbiome in various animal species [7,37,38]. In
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line with this, our study demonstrated that maternal HF diet resulted in a considerable impact on the
infant microbiota (i.e., 3 weeks of age), as reflected in a higher Firmicutes to Bacteroidetes ratio, higher
abundance of genus Clostridium, and lower abundance of genus Akkermansia. However, these changes
in microbiota compositions seem not persistent until adulthood (i.e., 16 weeks of age). An increased
Firmicutes to Bacteroidetes ratio has been related to obesity in animals fed with saturated fat [36].
Our results go beyond previous reports, showing that mother rats exposed to HF intake caused an
increase of the Firmicutes to Bacteroidetes ratio in their offspring’s microbiota. We found it notable
that a certain change in this ratio was persistent until adulthood in the HF/HF group, which had
significant BP increases. Given previously published studies using this ratio as a microbial marker
for hypertension [20,21], we speculate that this ratio might be a marker to predict hypertension of
developmental origins.

Akkermansia muciniphila is the main genus classified in the Verrucomicrobia phylum, and recent
studies revealed its beneficial effects against obesity and cardiometabolic disease [39]. According to our
data, maternal HF diet reduced abundance of genus Akkermansia in 3-week-old offspring microbiota.
Conflicting with previous reports showing that Akkermansia muciniphila abundance inversely correlated
with obesity and hypertension [40,41], our results demonstrated that the combined HF/HF diet caused
a more than a 100-fold increase of Akkermansia muciniphila abundance. Also, HF/HF diet increased
abundance of genus Akkermansia and phylum Verrucomicrobia in offspring microbiota at 16 weeks
of age. One possible reason was because we were experimenting in the model of developmental
programming, which is more complex than the established disease models. Thus, further studies are
needed to elucidate whether Akkermansia muciniphila may serve as a microbial marker for hypertension
in other developmental programming models. Additionally, we observed that combined HF/HF
diets caused a remarkable decrease in abundance of Lactobacillus, which is generally considered as a
beneficial microbe [42]. Certain probiotic strains like Lactobacillus have shown hypotensive effects [43].
As we observed, several Lactobacillus spp. were depleted in the HF/HF group, and our previous study
demonstrated that maternal Lactobacillus casei treatment protected adult offspring against programmed
hypertension [15], there is a need to further explore whether early probiotic supplementation may
serve as a reprogramming strategy to prevent hypertension programmed by HF/HF diets as well as in
other programming models.

Our study has a few limitations. First, we did not examine serial changes in the composition
of offspring microbiota. The alterations in gut microbiota we observed in adult offspring may
reflect postnatal plasticity rather than programmed processes. Second, we did not analyze other
organs controlling BP. The hypertensive effect of HF diet might be attributed to other organs, such
as the heart, brain, and vasculature. Third, we employed 16S rRNA gene amplicon analysis to
determine proportional changes among bacterial taxonomies. Further studies addressing gene
functions contributed by the gut microbiome rather than abundance of taxa to hypertension of
developmental origin are required. With the exception of hypertension, maternal HF diet has been
used to model other DOHaD-related NCDs [5,44]. It remains to be determined whether changes in
microbial composition and their metabolite SCFAs observed in the current study are involved in the
pathogenesis of other NCDs. Last, only male offspring were studied in the present study. Given that
sex differences appear in gut microbiota and hypertension [19,45], additional studies are required to
clarify whether sex-specific interactions between gut microbiota and hypertension exist in mechanisms
underlying hypertension programmed by HF diet.

5. Conclusions

In conclusion, several important mechanisms are involved in the development of hypertension
programmed by maternal and post-weaning HF diet, including alterations of gut microbiota, SCFAs
and their receptors, and nutrient-sensing signals. Targeting AMPK signaling, gut microbiota, and
SCFAs might be a reprogramming strategy to reverse the development of hypertension programmed
by high fat consumption. Although reprogramming strategies from animal models still await further
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clinical translation, our findings highlight that pregnant women and children’s caretakers must pay
attention to avoid excessive foods that have high fat content.
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Abstract: Previous studies have reported that probiotics may improve clinical and inflammatory
parameters in patients with obesity and metabolic syndrome (MetS). Lactobacillus (L.) reuteri V3401
has shown promising results on the components of MetS in animal studies. We aimed to evaluate the
effects of L. reuteri V3401 together with healthy lifestyle recommendations on adult patients with
MetS. Methods: We carried out a randomized, crossover, placebo-controlled, single-center trial in
which we included 53 adult patients newly diagnosed with MetS. Patients were block randomly
allocated by body mass index (BMI) and sex to receive a capsule containing either the probiotic
L. reuteri V3401 (5 × 109 colony-forming units) or a placebo once daily for 12 weeks. Anthropometric
variables, biochemical and inflammatory biomarkers, as well as the gastrointestinal microbiome
composition were determined. Results: There were no differences between groups in the clinical
characteristics of MetS. However, we found that interleukin-6 (IL-6) and soluble vascular cell adhesion
molecule 1 (sVCAM-1) diminished by effect of the treatment with L. reuteri V3401. Analysis of
the gastrointestinal microbiome revealed a rise in the proportion of Verrucomicrobia. Conclusions:
Consumption of L. reuteri V3401 improved selected inflammatory parameters and modified the
gastrointestinal microbiome. Further studies are needed to ascertain additional beneficial effects of
other probiotic strains in MetS as well as the mechanisms by which such effects are exerted.

Keywords: metabolic syndrome; gastrointestinal microbiome; Lactobacillus reuteri V3401;
probiotics; obesity
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1. Introduction

Obesity is a chronic disease, affecting developed and developing countries, that has multiple
comorbidities and deteriorates quality of life. It is characterized by an increase of fat mass, which can
consequently produce hypertrophy of the adipocytes, leading to an altered adipose tissue functionality.
Individuals who are obese can develop an insulin resistance syndrome, also called metabolic syndrome
(MetS). MetS is defined by insulin resistance, dyslipidemia, hypertension, and increased abdominal
circumference, and it is associated with the development of type 2 diabetes (DM2), cardiovascular
disease (CVD), and nonalcoholic fatty liver disease (NAFLD). This condition is associated with a
two-fold increase in the risk of coronary heart disease, cerebrovascular disease, and a 1.5-fold increase
in the risk of all-cause mortality [1], constituting a major public health challenge worldwide.

Nowadays, there is sound evidence linking the metabolic dysfunction seen in MetS to a
proinflammatory state. Adipose tissue is, in part, responsible of this low-grade inflammatory
state through the increasing release of proinflammatory molecules, such as leptin and tumor necrosis
factor α (TNF-α), and the inhibition of adiponectin secretion, an anti-inflammatory adipokine [2].
In recent years, it has become evident that alteration of the gastrointestinal microbiome, also called
gastrointestinal dysbiosis, may also contribute to the development of insulin resistance associated
with obesity [3–5]. Furthermore, different studies have linked gastrointestinal dysbiosis with the
development of obesity and other hallmarks of MetS [6,7]. In this sense, a decreased ratio of
Bacteroidetes/Firmicutes has been described in individuals who are obese compared to normal-weight
individuals [7]. Likewise, individuals with a low bacterial richness have more dyslipidemia, insulin
resistance, inflammatory phenotype, and overall adiposity than individuals with high bacterial
richness [8]. In addition, an aberrant gastrointestinal microbiome can promote subacute systemic
inflammation, insulin resistance, and increased risk of CVD by mechanisms that include exposure to
bacterial products, such as lipopolysaccharide (LPS), which is responsible for the metabolic endotoxemia
related to MetS [9].

In the last years, treatment of the hallmarks of MetS with probiotics has emerged as a promising
therapy. Probiotics are living microorganisms that confer health benefits to the host when administered
in adequate amounts [10]. Bifidobacterium and Lactobacillus are the most frequently used genera of
probiotics used in humans. Some of the beneficial effects of probiotics are mediated by their capacity
to normalize the gastrointestinal microbiome, reinforce the gut barrier function composition [11,12],
and their immunomodulatory actions [12,13]. Therefore, the addition of probiotics to a healthy diet
could represent an interesting tool to fight obesity, MetS, and associated inflammation when used
alongside dietary management and lifestyle modifications (e.g., increased physical activity). In this
regard, some studies have found an improvement of anthropometric parameters and a decrease in
inflammatory biomarkers in this disease after probiotic administration [14]. However, the beneficial
effects of probiotics on MetS components are contradictory [15], probably because of the different
probiotic strains, doses, and clinical study designs.

Lactobacillus (L.) reuteri V3401 strain, deposited in the Spanish Type Culture Collection (CECT)
with accession number CECT 8695, was isolated from cow’s raw milk on Mark, Rogosa and Sharper
(MRS) agar medium, and 16S gene sequence analysis was carried out for its identification. In addition,
its carbohydrate fermentation ability was characterized by the Analytical Profile Index (API) CH50
test [16]. This strain has been shown to reduce the absorption of fluoresterol, a fluorescent cholesterol
analogue, by HT-29 human enterocytes [16]. Furthermore, Wistar rats fed a hypercholesterolemic diet
supplemented with the probiotic strain for 57 days showed HDL levels similar to those of a healthy
control group fed a standard diet [16]. Regarding glycemic levels, hypercholesterolemic animals
supplemented with the probiotic strain showed similar values to those of normocholesterolemic mice,
whereas animals under a hypercholesterolemic diet without the probiotic strain exhibited higher levels
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than normocholesterolemic mice [16]. Higher glucose levels are related to insulin resistance, which is
normally associated with hypercholesterolemia and low HDL levels, both of them components of MetS.
In this setting, supplementation with L. reuteri V3401 might offer an additional metabolic advantage
together with healthy diet and exercise recommendations in patients with MetS.

All things considered, the present study aimed to evaluate whether the consumption of the
probiotic strain L. reuteri V3401, together with healthy lifestyle (hypocaloric diet and physical activity)
recommendations, was capable of improving MetS components. For this purpose, we designed a
double-blind, crossover, placebo-controlled, single-center, randomized clinical trial (RCT).

2. Materials and Methods

2.1. Ethical Statement

All research and procedures performed during the study complied with the Declaration of
Helsinki and the Guidelines of Good Clinical Practice. After receiving a complete verbal description
of the study, patients signed a written informed consent. The study protocol was approved by the
local Ethics Committee of both Granada and Jaén (references CEI-Jaén 25022016 and CEI-Granada
28022016, respectively).

2.2. Subjects and Experimental Design

We performed a randomized, double-blind, crossover, placebo-controlled, single-center trial in
patients with a new diagnosis of MetS, according to the criteria of the International Diabetes Federation
(IDF). The complete study design including sample size, randomization, and the trial protocol have
been previously published [17] and registered at www.clinicaltrials.gov as NCT02972567. The study
was conducted in agreement with the Standard Protocol Items: Recommendations for Interventional
Trials (SPIRIT) guidelines.

Sample size was calculated based on the range and median value of lipopolysaccharide (LPS) and
assuming a power of 80% and a significant level of 5% [17]. In brief, a total of 53 out of 60 adult patients
were recruited at the Endocrinology and Nutrition Clinical Management Unit, University Hospital of
Jaén (Jaén, Spain) by qualified personnel. Patients were block randomly allocated, by BMI and sex, in a
1:1 ratio to receive a capsule containing either the probiotic L. reuteri V3401 (5 × 109 colony-forming
units) or the placebo (maltodextrin) once daily for 12 weeks.

Both capsules, probiotic and placebo, were provided by Biosearch Life (Granada, Spain).
In addition, participants received an intensive lifestyle intervention program that included nutritional
and physical counseling to achieve and maintain a 7% loss of initial body weight and increase
moderate-intensity physical activity for at least 150 min/week. In Figure 1 we summarized the
experimental design of the study.
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Figure 1. Illustration of the experimental design: A randomized, double-blind, crossover, placebo-
controlled, single-center trial comparing the effect of consumption of Lactobacillus reuteri V3401 for
12 weeks on various clinical, biochemical, and inflammatory biomarkers and gastrointestinal microbiota.
w: weeks; t: time; x: sample collection.

2.3. Anthropometric, Biochemical, Inflammatory, and Cardiovascular Data

We performed a systematic symptom evaluation on each visit, with special emphasis on
gastrointestinal symptoms, and a physical examination. Body weight (kg), height (cm), and waist
circumference (cm) were measured by the same person using standardized procedures. Blood pressure
was taken 3 times by the same person, and the mean of the three values was included. The biochemical
analyses, including lipid and glucose metabolism, were performed at the University Hospital of Jaén
following internationally accepted quality control protocols. Homeostasis assessment model for insulin
resistance (HOMA-IR) was calculated using fasting plasma glucose and insulin values.

Blood samples were collected from each patient and after 12 h of fasting, at the beginning and the
end of each intervention period. Serum and plasma samples were collected by centrifugation of blood
samples and kept at −80 ◦C until analysis.

Plasma adipokines as well as cardiovascular and inflammatory biomarkers—adiponectin,
leptin, resistin, IL-6, IL-8, TNF-α, total plasminogen activator inhibitor-1 (PAI-1), hepatocyte
growth factor (HGF), monocyte chemoattractant protein 1 (MCP-1), soluble intracellular adhesion
molecule 1 (sICAM-1), soluble vascular cell adhesion molecule 1 (sVCAM-1), and myeloperoxidase
(MPO)—were analyzed on a Luminex 200 system (Luminex Corporation, Austin, TX, USA) with
human monoclonal antibodies (EMD Millipore Corp, Billerica, MA, USA) using MILLIplex™
kits (HADK1MAG-16K, HSTCMAG-28SK, HAD2MAG-61K, HCVD2MAG-67K) according to the
manufacturer’s recommendations.

LPS and LPS-binding protein (LBP) were determined in serum samples using CEB526GE and SEB406
HU ELISA kits (Cloud-Clone Corp, TX, USA), respectively, following the manufacturer’s instructions.

2.4. Fecal Samples, DNA Extraction, and Next-Generation Sequencing

Fecal samples were collected from each patient at each time (t1, t2, t2, t4, t5, and t6). Fecal samples
were placed inside of a sterile plastic bottle and kept at −80 ◦C until analysis. DNA was extracted
using a QIAamp DNA stool Mini Kit (QIAGEN, Barcelona, Spain) according to the manufacturer’s
instructions, with the exception that samples were incubated with the lysis buffer at 95 ◦C instead of
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70 ◦C to guarantee the lysis of both Gram-positive and Gram-negative bacteria. Extracted DNA samples
were sequenced at facilities of the Department of Microbiology, University Hospital Campus de la Salud
(Granada, Spain). A 16S metagenomics sequencing was performed following the Illumina protocol.

In summary, the V3-V4 region of the bacterial 16S rRNA gene was amplified using the primers
described by Klindworth et al., 2013 [18]. The PCR mixture was composed of 5 μL for each forward
and reverse primers (1 μM, Macrogen, Seoul, Korea), 2.5 μL of DNA template samples, and 12.5 μL
of 1x Hot Master Mix (KAPA HiFi HS RM, Roche, Basilea, Switzerland) to a final volume of 25 μL.
Five microliters of elution solution was used for the negative control. The PCR conditions were:
initial denaturation at 95 ◦C for 3 min, followed by 25 cycles of denaturation at 95 ◦C for 30 s, primer
annealing at 55 ◦C for 30 s, extension at 72 ◦C for 30 s, and a final elongation at 72 ◦C for 5 min. The PCR
products were demonstrated by electrophoresis on a 2% agarose gel. No amplification product was
observed in the negative control. The amplifications were subjected to purification using Ampure
beads (Agencourt Bioscience, La Jolla, CA, USA), the eluted DNA product was quantified using the
assays of the Qubit kit (Invitrogen, Life Technologies, Waltham, Massachisetts, USA), and then all
samples were pooled in equal concentrations for sequencing. Bioanalyzer 2100 was used with the
DNA 1000 Chip kit (Agilent, Palo Alto, CA, USA) to evaluate the quality of the final products for each
sample individually. Sequencing was carried out using Illumina MiSeq paired-end sequencing in an
Illumina MiSeq device (Illumina Inc., San Diego, CA, USA) with 600 cycles (300 cycles for each paired
reading and 12 cycles for the sequence of bar codes) according to the manufacturer’s instructions.
Sequence analysis was performed using the metagenomic workflow based on 16S of MiSeq Reporter
v2.3 (Illumina Inc., San Diego, CA, USA).

2.5. Taxonomic Analysis

The “Quantitative Insights Into Microbial Ecology 2” (QUIIME 2) package was used to analyze
sequence data [19]. Denoising quality, chimera check, and clustering were performed using the DADA2
plugins implemented in QUIIME 2. Amplicon sequence variants (ASVs) with a relative proportion
lower than 0.1% were eliminated; as a result, the total numbers of ASV were reduced to 2015 but with
a very low impact on the total data. The GreenGenes database (version 13.8), together with the naïve
Bayes algorithm, was used as the reference 16S database.

2.6. Statistical Analysis

For the anthropometric, biochemical, and inflammatory biomarkers, results are presented
as the mean values ± standard deviation (SD), unless otherwise indicated. For those variables
not following a normal distribution, we applied the logarithmic transformation (insulin, HOMA
index, glycated hemoglobin, total cholesterol, triacylglycerols, alanine aminotransferase (GPT),
gamma glutamiltransferase (γGT), C reactive protein (CRP), IL-6, IL-8, adiponectin, resistin, HGF,
sICAM, sVCAM and LBP) or the inverse transformation (high-density lipoprotein (HDL), aspartate
aminotransferase (GOT).

Only patients with less than 5 missing data were considered, resulting in a final number of
34 patients. Missing data in these patients were imputed using principal component analysis (PCA)
and trimmed score regression (TSR) [20]. The treatment effect in anthropometric, biochemical, and
inflammatory biomarkers was evaluated according to the approach described by Wellek et al. [21]. Two
tests were carried out: (i) a pretest for significance of carryover effects, and (ii) a test for significance of
treatment effects. The treatment effects were considered significant for those biomarkers for which the
null hypothesis of the pretest was not rejected and the null hypothesis of the test was rejected (p < 0.05),
confirming that the biomarker presented statistically significant differences only due to treatment
effects. p-value computations were confirmed with different state-of-the-art multivariate approaches,
including multivariate analysis of variance (MANOVA) [22], partial least-squares discriminant analysis
(PLS-DA) [23], and ANOVA simultaneous component analysis (ASCA) [24]. TheMEDA toolbox
(https://github/josecamachop/MEDA-Toolbox) and the MANCOVAN toolbox (http://www.mathworks.
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com/matlabcentral/fileexchange/27014-mancovan) in Matlab (Mathworks) were used to perform the
statistical analysis.

For the gastrointestinal microbiota analysis, the generated sequences, ASV, were normalized by
means of the rarefaction method (Figure S1). The alpha diversity was measured by means of the
Shannon index, whereas the unique fraction metric (Unifrac), both weighted and unweighted, was used
to determine the beta diversity. When comparing the incremental of relative bacteria proportions
before and after treatment (delta), a pairwise Wilcoxon signed-rank test was used. p-values were
adjusted by False discovery rate-FDR (q-values).

3. Results

3.1. Anthropometric, Biochemical, and Inflammatory Data

Anthropometric and biochemical characteristics of the subjects are described in Table 1, whereas
in Table 2 the inflammatory biomarkers determined in blood samples are described.

In the case of BMI, diastolic blood pressure, GOT, and LBP, we found that the washout period
was not long enough to avoid the carryover effects. We found significant differences for Il-6, sVCAM
(Figure 2), and insulin levels (Table 1); however, we did not find any significant results for HOMA
index (Table 1).

 

Figure 2. Inflammatory biomarkers throughout the study. The levels of interleukin 6 (IL-6) and soluble
vascular cell adhesion molecule 1 (sVCAM) were modified by the probiotic consumption (p < 0.05).
Continuous line: probiotic group. Discontinuous line: placebo group.

3.2. Gastrointestinal Microbiome Composition

We characterized the gastrointestinal microbiome composition of the participants at the beginning,
middle, and end of each intervention period (Table S1). However, we were unable to determine the
specific presence of the L. reuteri V3401 strain in fecal samples due to the lack of specific primers for
this strain. As shown in Figure 3, at the beginning of the intervention, the most abundant phyla were
Firmicutes and Bacteroidetes followed by Proteobacteria, Actinobacteria, Verrucomicrobia, and Cyanobacteria.
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Figure 3. Baseline gastrointestinal microbiome composition. Taxonomic composition of the
gastrointestinal communities at the beginning of the intervention. The figure shows bar charts of
the relative abundance of bacteria at the phylum level. Each column represents a participant.

Regarding the bacterial diversity, we did not find significant differences in the alpha diversity
throughout the study, measured as the Shannon index (H) (Figure S2), or in the beta diversity (Figure S3).
Therefore, our next analysis was to determine the evolution of the relative proportion of specific taxa,
namely Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Proteobacteria, Fusobacteria, Cyanobacteria,
Elusimicrobia, Tenericutes, and Lentisphaerae. It is worth mentioning there was an increase in the relative
proportion of the Verrucomicromia phylum in the participants that consumed the probiotic strain
(Figure 4A). The same results were found in the Akkermansia genus (Figure 4B).

Based on the results described above, we decided to determine whether there were significant
differences in the relative abundance of these taxa due to the treatment (probiotic versus placebo).
We, therefore, performed a pairwise comparison [25]. During the first intervention (t1, t2, and t3) we
observed a significant increase in the delta values (t3–t1) in the Verrucomicrobia phylum due to the
treatment (probiotic versus placebo). However, during the crossover intervention, the differences
(t6–t4) were not statistically significant, although we found a significant trend (FDR p = 0.07) (Figure 5).
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Figure 4. Trend of the relative proportion of Verrucomicrobia phylum and Akkermansia genus. The thick
lines with error bars represent the means of both groups (Group 1: blue lines; group 2: orange lines).
Dashed lines represent the means ± 2 and 3 standard deviations. Group 1 started the intervention
receiving the placebo (t1, t2, and t3) and then was switched to receive the probiotic strain (t4, t5, and t6).
Group 2 started the intervention receiving the probiotic strain (t1, t2, and t3) and then was switched to
receive the placebo (t4, t5, and t6). (A) Temporal trend of Verrucomicrobia phylum; (B) Temporal trend
of Akkermansia genus.

 

Figure 5. Relative abundance of the delta values of Verrucomicrobia phylum. The box plots indicate
the relative abundance of Verrucomicrobia phylum between the final and the beginning points of each
intervention—t3-t1 (A) and t6-t4 (B)—due to the treatment and the number of patients (n) of each
group and treatment. (A) shows data for the first part of this intervention study (First intervention, 1:
placebo; 2: L. reuteri V3401), whereas (B) shows data from the intervention after the crossover (Second
intervention, 1: L. reuteri V3401; 2: placebo). (C) describes the Wilcoxon signed-rank test values and the
significant levels by means of p and FDR p-values. FDR: False discovery rate; �: outliers data values.

4. Discussion

To the best of our knowledge, the PROSIR study is the first randomized, crossover clinical trial in
humans that evaluates whether the strain L. reuteri V3401 is capable of improving the components
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of MetS in humans when added to a healthy lifestyle. We did not find any differences in the clinical
features of the syndrome between groups. This may be due to the fact that all subjects included in
the study lost weight and improved their metabolic status as a result of the counseling to follow a
healthy lifestyle that included diet and physical activity. However, we did find a decrease in IL-6 and
sVCAM levels in patients who consumed the probiotic strain, together with a modification of the
gastrointestinal microbiome, in particular, an increase in the Verrucomicrobia phylum.

Other studies have shown that consumption of Lactobacillus casei Shirota reduces sVCAM-1 levels
in individuals who suffer from MetS, although in this study no effects on insulin sensitivity, endothelial
function, or the inflammatory biomarkers were observed [26]. Bernini et al. [14] showed in another
work that consumption of fermented milk enriched with Bifidobacterium lactis HN019 resulted in a
reduction in BMI, an improvement in the lipid profile, and a significant decrease in proinflammatory
cytokines (TNF-α and IL-6).

Systemic low-grade inflammation has an important role in the development of MetS. In this
sense, IL-6 is a cytokine that has been associated with insulin resistance. Specifically, IL-6 is able to
induce insulin resistance in both liver and adipocytes through reduction of phosphorylation of the
insulin receptor substrate (IRS), or by transcription inhibition of the IRS [27,28]. In addition, adhesion
molecules, such as sVCAM-1, are necessary for normal development and function of the heart and
blood vessels, and they have been related to the development of CVD [29]. In the adult Spaniard
population, impaired glucose metabolism has been related to increased levels of sVCAM-1 [30].

Results regarding the utility of probiotics in the treatment of MetS have been contradictory.
This may be due to various facts: (i) the particular probiotic strain used in each trial; (ii) the experimental
design—most of the studies have been parallel-group randomized trials, whereas a crossover study
is a more appropriated approach to determine health benefits of clinical interventions; in crossover
studies each participant serves as their own control, but in addition, this clinical design demands
a lower sample size than parallel-group studies [21]; and (iii) the duration of the treatment. In our
study, 12 weeks might not have been a long enough treatment to reverse, or at least improve, a chronic
proinflammatory state as the one observed in MetS.

In recent years, it has become clear that the gut microbiota plays a role in the development of MetS.
Specific bacterial groups have been described to be involved in obesity and related metabolic diseases.
Among these bacteria, Akkermansia muciniphila has been proposed as a contributor to the maintenance
of gut health and glucose homeostasis [31]. Administration of A. muciniphila to diet-induced obese
animals improve their metabolic endotoxemia adipose tissue inflammation and insulin resistance [32].
It is worth mentioning that Akkermansia was the only genus of the Verrucomicrobia phylum present in the
gastrointestinal samples [33]. In humans, A. muciniphila has been found to be decreased in prediabetic
patients compared to normal glucose tolerance subjects [34]. Conversely, other studies have shown
an increase of A. muciniphila in type 2 diabetes [35]. More recently, A. muciniphila has been reported
to be associated with a healthy metabolic status in overweight and obese individuals, in agreement
with previous results in murine studies [31]. Additionally, higher A. muciniphila abundance has been
described in subjects with high bacterial gene richness, which is associated with a healthier metabolic
status, in French and Danish population [8,31]. Although we found an increase in the proportion of
the Verrucomicrobia phylum in the group that received the probiotic, we did not find any significant
correlation between the delta proportions of Verrucomicrobia and any inflammatory biomarker.

It is important to highlight the age of the subjects that participated in our study. Our patients were
younger compared to other previously published trials [14,15,36], and still we observed a decrease
of inflammatory biomarkers and an increase in the abundance of Verrucomicrobia phylum in this
pretreatment phase of the disease. This is consistent in both intervention periods, although in the case
of gastrointestinal microbiome, the results only showed a trend in the second intervention, probably
because of the dropout number we had, which is usual in large clinical intervention studies.
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5. Conclusions

In conclusion, our data point to a beneficial effect of supplementation with L. reuteri V3401 in
subjects with MetS when added to a hypocaloric diet and regular physical activity. In particular,
these effects may be mediated by an improvement of dysbiosis and a decreased proinflammatory
state, both features of this condition. However, further studies with longer periods of intervention
are needed, in animals and clinical studies, to confirm these results and to elucidate the underlying
mechanisms of action.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/8/1761/s1:
Figure S1, Rarefaction curves; Figure S2, Alpha diversity measured by means of the Shannon index (H); Figure S3,
Bacterial beta diversity; Table S1, Gastrointestinal microbiome normalized data.
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Abstract: Gut microbiota dysbiosis has been recognized as having key importance in obesity-
and metabolic-related diseases. Although there is increasing evidence of the potential benefits
induced by probiotics in metabolic disturbances, there is a lack of large cross-sectional studies to
assess population-based prevalence of probiotic intake and metabolic diseases. Our aim was to
evaluate the association of probiotic ingestion with obesity, type 2 diabetes, hypertension, and
dyslipidemia. A cross-sectional study was designed using data from the National Health and
Nutrition Examination Survey (NHANES), 1999–2014. Probiotic ingestion was considered when a
subject reported consumption of yogurt or a probiotic supplement during the 24-h dietary recall or
during the Dietary Supplement Use 30-Day questionnaire. We included 38,802 adults and 13.1%
reported probiotic ingestion. The prevalence of obesity and hypertension was lower in the probiotic
group (obesity-adjusted Odds Ratio (OR): 0.84, 95% CI 0.76–0.92, p < 0.001; hypertension-adjusted
OR: 0.79, 95% CI 0.71–0.88, p < 0.001). Accordingly, even after analytic adjustments, body mass index
(BMI) was significantly lower in the probiotic group, as were systolic and diastolic blood pressure
and triglycerides; high-density lipoprotein (HDL) was significantly higher in the probiotic group
for the adjusted model. In this large-scale study, ingestion of probiotic supplements or yogurt was
associated with a lower prevalence of obesity and hypertension.
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1. Introduction

Obesity is a pro-inflammatory state that plays a central role in the progression of several diseases,
such as type 2 diabetes, hypertension, and dyslipidemia [1]. The pathophysiology of obesity and
metabolic-related diseases is complex, resulting from the imbalance between environmental and
genetic factors. The human gastrointestinal tract is populated by a complex ecosystem—the gut
microbiota—which is responsible for the regulation of essential functions for the maintenance of health,
including protective, structural, and histological functions [2]. New insights emphasize the role of
gut microbiota in energy homeostasis, giving rise to the “The Metagenome Hypothesis” as a key
player in the comprehension of metabolic diseases [3–5]. Accordingly, recent studies have shown
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the relationship between intestinal dysbiosis, which is defined as a change in the composition of gut
microbiota and glucose and lipid metabolism deregulation in obesity and type 2 diabetes [6,7]. Obesity
has been linked to an increase in Firmicutes and a decrease in Bacteroidetes [5,8]. Likewise, two
large metagenome-wide association studies reported that type 2 diabetes had a lower proportion of
butyrate-producing Clostridiales (Roseburia and Faecalibacterium prausnitzii) and greater proportions of
Clostridiales that do not produce butyrate [7,9]. On one hand, distinct differences in gut microbiota result
in a greater increase in harvesting energy from the diet by fermentation and the absorption of dietary
polyssacharides, promoting hepatic lipogenesis. On the other hand, gut microbiota regulate intestinal
permeability and an increase in the translocation of lipopolysaccharide-containing gut microbiota
increases the inflammatory state, which is named metabolic endotoxemia, accompanied by weight
gain and insulin resistance [10]. Understanding this interplay between gut microbiota and the host
has created interest in shaping microbiota to prevent, treat, or delay obesity, type 2 diabetes, and
metabolic-associated complications.

Probiotics are food components or supplements with living microorganisms that confer health
advantages to the host [11]; specific strains have been increasingly studied as a potential therapeutic
approach to shape gut microbiota composition, with possible benefits for weight control and diabetes
management [12–15]. The administration of probiotics may restore the crosstalk between human host
and gut microbiota, controlling homeostatic functions during obesity and metabolic-related disorders.
Although there is increasing evidence of the potential benefits of probiotics in metabolic diseases,
there is a lack of large cross-sectional studies to evaluate the population-based prevalence of probiotic
intake and metabolic differences in those exposed to probiotics compared to those who are not. Large
population surveys can create powerful information about population health status and trends. To date,
there are no published studies about the large-scale use of probiotic supplements and yogurts and
possible associations with metabolic diseases. This type of analysis can produce high-quality data
for the real-life use of these types of food and supplements. Our aim was to assess the association of
probiotic ingestion, through yogurt or supplements, with the prevalence of obesity and associated
metabolic disturbances, namely type 2 diabetes, hypertension, and dyslipidemia.

2. Materials and Methods

2.1. Study Design and Settings

We designed a cross-sectional analysis, using data from the National Health and Nutrition
Examination Survey (NHANES). NHANES is a national research survey designed to collect
demographic, socio-economic, health, and nutritional statuses from a representative sample of
the non-institutionalized civilian resident population of the United States of America. NHANES is a
major program of the National Centre for Health Statistics (NCHS), which is part of the Centers for
Disease Control and Prevention (CDC), and the detailed methodology is described in the literature [16].
NHANES was approved by the NHANES Institutional Review Board (IRB) and the NCHS Research
Ethics Review Board (ERB) (after 2003).

2.2. Participants and Data Collection

We included adults aged 18 years or older, who had been included in NHANES between 1999
and 2014. Pregnant women were excluded. NHANES participants without physical examination
or laboratory data and with no dietary data or implausible dietary data (24-h dietary recall) were
also excluded. Figure S1 (supplementary material) shows the flowchart of the study population.
NHANES data collection was performed through an in-home interview for demographic and basic
health information data collection, together with a health examination in a Mobile Examination Centre
(MEC), where participants were examined and surveyed. NHANES MEC examinations included
anthropometric measurements, blood pressure assessment, and blood workup. Data were collected
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by a trained interviewer who had completed an intensive training course administered by the US
Department of Agriculture and the US Department of Health and Human Services.

2.3. Assessment and Definition of Probiotic Exposure

In all NHANES cycles, from 1999 to 2014, a 24-h dietary recall was collected. Using an automated
multiple-pass method, a detailed dietary intake (quality and quantity) for the 24-h period before
the interview was recorded. For participants in the 1999–2002 NHANES, only one in-person 24-h
dietary recall was performed. From 2003 onward, an additional telephone dietary recall interview
was also performed 3 to 10 days following the in-person dietary interview. For the participants of the
2003–2014 NHANES, we used the mean of the nutritional information from both recalls (in-person
recall and telephone recall). To assess probiotic supplementation exposure, we also used the Dietary
Supplement Use 30-Day (DSQ), which assesses food supplement use during the preceding 30 days.
Table S1 (supplementary materialsupplementary material) lists the probiotic supplements included.

Probiotic ingestion was considered when a subject reported consumption of a probiotic supplement
or yogurt (as a dietary source of probiotics) during the 24-h dietary recall or of a probiotic supplement
during the DSQ. Non-yogurt foods containing probiotics were classified as probiotic supplements.

2.4. Definition of Metabolic Comorbidities, Smoking, and Physical Activity

Obesity was defined as a body mass index (BMI) ≥30 Kg/m2. Type 2 diabetes was defined
as glycated hemoglobin (HbA1c) ≥6.5%, fasting plasma glucose level ≥126 mg/dL, or current
glucose-lowering drug use. Dyslipidemia was assumed if participants had low-density cholesterol
(LDL) ≥160 mg/dL, high-density cholesterol (HDL) <40 mg/dL, triglycerides ≥200mg/dL, total
cholesterol ≥240 mg/dL, or if they were being treated with lipid-lowering drugs. Systolic and
diastolic blood pressures (BP) were determined by the mean of 3 or 4 consecutive blood pressure
readings. Hypertension was defined as systolic blood pressure ≥140 mmHg, or diastolic blood pressure
≥90 mmHg, or current medication for hypertension.

Smoking status was classified as former and current smokers. Current smokers were those who
reported smoking at least 100 cigarettes during their lifetime and were currently smoking every day,
or some days. Former smokers were those who reported smoking at least 100 cigarettes during their
lifetime, but do not currently smoke.

Physical activity was measured differently along NHANES cycles. We classified participants using
variables that allowed categorization of physical activity level into three categories (low, intermediate,
and high). From 1999 to 2006 the physical activity level was assessed with the question “compare activity
with others of the same age” (participants answering “less active” were classified into category “low”,
“about the same” into category “intermediate”, and “more active” into category “high”). From 2007 to
2014, the weekly metabolic equivalents (MET) minutes of physical activity (accounting for vigorous
work-related activity, moderate work-related activity, walking or bicycling for transportation, vigorous
leisure-time physical activity, and moderate leisure-time physical activity) was divided into tertiles
(participants were classified as “low” if included in the lower MET-minute tertile, as “intermediate” if
in the middle MET-minute tertile, and as “high” if in the higher MET-minute tertile).

2.5. Statistical Analysis

Statistical analysis took into account the complex survey design of the NHANES dataset and was
performed according to the CDC analytic recommendations [17].

Continuous variables were described as mean ± standard deviation (SD) and categorical variables
were described as absolute and relative frequencies. To assess the association between probiotic exposure
and metabolic comorbidities (obesity, diabetes, hypertension, and dyslipidemia), we performed
unadjusted and adjusted logistic regression models. To evaluate the association between probiotic
exposure and cardiomatebolic parameters (BMI, HbA1c, fasting plasma glucose, systolic BP, diastolic
BP, LDL, HDL, and triglycerides), we performed unadjusted and adjusted multivariate linear regression
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models. We excluded those participants who were being treated with anti-hypertensive drugs from
systolic and diastolic BP analysis, participants treated with anti-dyslipidemic drugs from analysis
concerning lipid profiles, and patients treated with antidiabetic drugs from HbA1c and fasting plasma
glucose analysis.

In the adjusted analyses, we used the following models (Table S2): Model 1, including age, sex,
ethnicity (Mexican American, other Hispanic, non-Hispanic white), annual family income (<$25,000,
$25,000 to $75,000, >$75,000), and education (<9th grade, ≥9th grade); model 2, including all model 1
covariates plus alcohol intake, smoking status (never a smoker, current smoker, or former smoker),
physical activity (low, intermediate, high), ingested kcal per day, ingested carbohydrates/kcal per day,
ingested protein/kcal per day, ingested fiber/kcal per day, and ingested polyunsaturated/saturated
fatty acids ratio. In model 2, we also included BMI in all analyses except in the obesity analysis and
sodium intake per day only in the hypertension and blood pressure analyses. As a supplementary
analysis, we performed an additional model (model 3) that classified the diet pattern using the Dietary
Approaches to Stop Hypertension (DASH) score. In model 3 we included all model 1 covariates
plus alcohol intake, smoking status, physical activity, and the DASH dietary pattern score. Model 3
also included BMI in all analyses except the obesity analysis and sodium intake per day only in the
hypertension and blood pressure analyses. The DASH score is based on 9 target nutrients (sodium,
total fat, saturated fat, protein, fiber, cholesterol, calcium, magnesium, and potassium), as previously
described [18]. Individuals meeting the DASH goal were given a score of 1.0 for that nutrient; if they
attained an intermediate goal, they were given a score of 0.5 for that nutrient. The DASH score is
the sum of the score for each individual nutrient. Logistic regression results were expressed as an
odds ratio (OR) and a 95% confidence interval (95% CI). A two-sided p-value of <0.05 was considered
statistically significant. Analyses were performed with Stata (version 14.2).

3. Results

3.1. Baseline Characteristics According to Probiotic Consumption

We included 38,802 adults, of whom 13.1% had exposure to probiotic supplements or yogurt.
Baseline population characteristics according to probiotic consumption are described in Table 1.
Participants in the group exposed to probiotic supplements or yogurt were more likely to be female,
older, non-Hispanic white and to have a higher income and education level. Ingestion of kcal/day was
similar between groups.

Table 1. Baseline population characteristics according to probiotic consumption (n = 38,802).

No Exposure to
Probiotics

Exposure to
Probiotics

p Value

Participants, n (%) 33,719 (86.9%) 5083 (13.1%) n.a.

Socio-economic characteristics
Male gender, % 50.2 % 35.0 % <0.001 *
Age, years ± SD 46.0 ± 15.3 48.9 ± 13.2 <0.001 *

Annual family income <$25000, % 30.7% 19.6% <0.001 *
Education level less than 9th grade, % 6.4% 2.7% <0.001 *

Ethnicity <0.001 *
Non-Hispanic White, % 68.4% 79.5%
Non-Hispanic Black, % 11.9% 5.4%
Mexican American, % 8.5% 5.0%

Other Hispanic, % 5.2% 4.1%
Other ethnicities, % 6.0% 5.9%
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Table 1. Cont.

No Exposure to
Probiotics

Exposure to
Probiotics

p Value

Risk factors
Current smokers, % 20.2% 7.6% <0.001 *
Former smokers, % 28.3% 31.7% 0.002 *

Alcohol consumption >20 g/day, % 15.7% 13.9% 0.028 *

Physical activity level # 0.028 *
Low 28.8% 26.9%

Intermediate 36.6% 39.3%
High 34.6% 33.8%

Nutritional characteristics
Kcal/day, kcal ± SD 2060.7 ± 648.9 2042.4 ± 529.3 0.163

Carbohydrates/day, g/100 kcal ± SD 12.3 ± 2.3 12.6 ± 1.8 <0.001 *
Protein/day, g/100 kcal ± SD 3.9 ± 0.9 4.2 ±0.8 <0.001 *
Fiber/day, g/100 kcal ± SD 0.8 ± 0.3 0.9 ± 0.3 <0.001 *

Polyunsaturated/saturated fatty acids ratio ± SD 0.7 ± 0.3 0.8 ± 0.3 0.001 *
Sodium per day, mg 3389.2 ± 1272.3 3282.3 ± 1024.4 <0.001 *

DASH score (0–9) 2.66 ± 1.15 3.33 ± 1.12 <0.001 *

Cardiometabolic parameters
BMI, kg/m2 28.5 ± 5.8 27.8 ± 5.1 <0.001 *
HbA1c, % 5.6 ± 0.8 5.5 ± 0.6 <0.001 *

Glucose, mg/dL 97.9 ± 28.4 96.0 ± 22.4 0.001 *
Systolic BP, mmHg 122.8 ± 15.7 120.5 ± 13.9 <0.001 *
Diastolic BP, mmHg 71.2 ± 10.1 70.2 ± 8.4 <0.001 *

HDL, mg/dL 51.9 ± 13.6 56.7 ± 12.6 <0.001 *
LDL, mg/dL 116.5 ± 29.5 115.5 ± 25.5 0.398

Triglycerides, mg/dL 139.1 ± 100.1 121.1 ± 61.5 <0.001 *

BMI: body mass index; BP: blood pressure; HDL: high-density lipoprotein; LDL: low-density lipoprotein; n.a.: Not
applicable; * statistically significant. # See methods regarding physical activity level definition.

3.2. Prevalence of Metabolic Comorbidities According to Probiotic Consumption

The prevalence of metabolic comorbidities according to probiotic supplement or yogurt exposure
is represented in Figure 1. All four studied comorbidities were lower in the exposed group.
The comorbidities that showed higher differences in prevalence between groups were obesity and
hypertension; 5.4% and 2.9% lower, respectively. Diabetes prevalence difference was only 1.6%, but
this was still significant in our analysis.

3.3. Modulation of Metabolic Comorbidities According to Probiotic Consumption

Table 2 summarizes the results of metabolic disturbances by using unadjusted and adjusted
models of the prevalence of comorbidities according to probiotic supplement or yogurt exposure.
For unadjusted analysis, participants exposed to probiotics manifested a 22% reduction in the odds of
having obesity (OR: 0.78, 95% CI 0.71–0.86; p < 001), a 16% reduction in the odds of having diabetes
(OR: 0.84, 95% CI 0.73–0.96; p = 0.020), and a 12% reduction in the odds of having hypertension (OR:
0.88, 95% CI 0.81–0.96; p = 0.004). No significant differences were found in dyslipidemia prevalence.

After adjusting for potential confounders, obesity and hypertension prevalence remained
significantly lower in the probiotic exposed group (Table 2). In turn, diabetes prevalence became
similar between groups.
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Figure 1. Prevalence of obesity, diabetes, hypertension, and dyslipidemia, according to probiotic exposure.

Table 2. Odds ratios of disease in subjects exposed to probiotics compared to non-exposed subjects.

Unadjusted,
OR (95% CI)

p Value
Model 1, OR

(95% CI)
p Value

Model 2, OR
(95% CI)

p Value

Obesity 0.78 (0.71–0.86) <0.001 0.82 (0.75–0.90) <0.001 0.83 (0.76–0.92) <0.001 *
Diabetes 0.84 (0.73–0.97) 0.020 0.96 (0.82–1.13) 0.650 0.97 (0.81–1.17) 0.783
Hypertension 0.88 (0.81–0.96) 0.004 0.76 (0.68–0.84) <0.001 0.79 (0.71–0.89) <0.001 *
Dyslipidemia 0.93 (0.85–1.02) 0.141 0.95 (0.86–1.05) 0.356 1.01 (0.90–1.13) 0.863

Model 1: Age, sex, race, income and education; model 2: Model 1 + alcohol intake, smoking status, physical activity,
kcal per day, carbohydrates/kcal per day, protein/kcal per day, fiber/kcal per day, and polyunsaturated/saturated
fatty acids ratio. Model 2 also includes BMI in all analyses except in the obesity analysis and includes sodium intake
per day only in the hypertension analysis. * Statistically significant.

Table 3 summarizes the results of cardiometabolic parameters according to probiotic supplement or
yogurt exposure. In the unadjusted analysis, all the studied markers were lower in the probiotic-exposed
group, with the exception of HDL (which was higher in the exposed group) and LDL (no differences
were seen). After adjusting for potential confounders, BMI, and systolic BP, diastolic BP and triglycerides
remained significantly lower in the probiotic-exposed group and HDL remained significantly higher
(Table 3). Tables S3 sand S4 summarize the odds ratios of disease and the variation of cardiometabolic
parameters, respectively, according to probiotic supplement or yogurt exposure, after accounting for
the DASH dietary pattern score. The associations of probiotic supplement or yogurt ingestion with
cardiometabolic parameters were not different after adjusting for DASH diet adherence.

Table 3. Variation of cardiometabolic parameters in participants exposed to probiotics compared to
non-exposed participants.

Unadjusted p Value Model 1 p Value Model 2 p Value

BMI, kg/m2 −0.74 (−1.01 to −0.46) <0.001 * −0.47 (−0.75 to –0.20) 0.001 * −0.41 (−0.67 to −0.15) 0.002 *
HbA1c a, % −0.03 (−0.05 to −0.01) 0.003 * −0.01 (−0.03 to 0.01) 0.382 0.01 (−0.01 to 0.03) 0.590

Glucose a, mg/dL −0.94 (−1.71 to −0.18) 0.016 * −0.55 (−1.29 to 0.19) 0.146 −0.17 (−0.90 to −0.55) 0.641
Systolic BP b, mmHg −2.43 (−3.33 to −1.53) <0.001 * −1.99 (−2.83 to −1.16) <0.001 * −1.48 (−2.31 to −0.66) <0.001 *
Diastolic BP b, mmHg −0.92 (−1.46 to −0.38) 0.001 * −1.13 (−1.71 to −0.55) <0.001 * −0.86 (−1.45 to −0.27) 0.005 *

LDL c, mg/dL 0.03 (−2.53 to 2.59) 0.980 −0.93 (−3.50 to 1.63) 0.472 −0.02 (−2.59 to 2.55) 0.988
HDL c, mg/dL 4.93 (4.10 to 5.75) <0.001 * 1.89 (1.12 to 2.66) <0.001 * 1.43 (0.69 to 2.17) <0.001 *

Triglycerides c, mg/dL −16.82 (−22.64 to
−10.99) <0.001 * −11.74 (−18.14 to

−5.33) <0.001 * −8.52 (−15.18 to
−1.86) 0.013 *

Model 1: Age, sex, race, income and education; model 2: Model 1 + alcohol intake, smoking status, physical activity,
kcal per day, carbohydrates/kcal per day, protein/kcal per day, fiber/kcal per day, and polyunsaturated/saturated
fatty acids ratio. Model 2 also includes BMI in all analyses except in the BMI analysis and includes sodium intake
per day only in the BP analyses. a Excluding participants treated with anti-hypertensive drugs. b Excluding
participants treated with anti-dyslipidemic drugs. c Excluding participants treated with antidiabetic drugs. *
Statistically significant.
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The odds of metabolic comorbidities according to the origin of probiotics is presented in Figure 2.
Among those participants exposed to probiotics, 95.7% were exposed to yogurt and 5.4% were exposed
to probiotic supplements. The odds of obesity, diabetes, hypertension, and dyslipidemia for participants
exposed to yogurt or to probiotic supplements alone were similar to the odds for participants exposed
to any type of probiotic. Although the confidence intervals were wider in the analysis of probiotic
supplements (due to the smaller number of exposed individuals), the point estimates for the association
with comorbidities was similar to the association with exposure to any probiotic or exposure to yogurt,
with the exception of diabetes. Although the association in both analyses was not significant, the odds
ratio for diabetes was 0.92 (95% CI 0.77–1.10) among participants exposed to yogurt and 1.28 (95% CI
0.71–2.23) among those exposed to probiotic supplements.

Figure 2. Odds ratio of disease in participants exposed to probiotics compared to those not
exposed, according to the origin of probiotics (all probiotics, yogurt, or probiotic supplements).
Logarithmic regression models adjusted for age, sex, race, income, education, alcohol intake, smoking
status, physical activity, carbohydrates/kcal per day, protein/kcal per day, fiber/kcal per day, and
polyunsaturated/saturated fatty acids ratio (model 2). Model 2 also includes BMI in all analyses except
in the obesity analysis and includes sodium intake per day only in the hypertension analysis.

4. Discussion

We conducted a cross-sectional analysis on a large and representative US population, for a total of
38,802 adults, and found that 13.1% reported the use of probiotic supplements or yogurt ingestion.
Although there are several studies addressing the possible beneficial associations of probiotic ingestion
and several metabolic outcomes, there is a lack of large cross-sectional studies to objectively assess
population-based prevalence of probiotic intake and metabolic differences in those exposed and not
exposed to probiotics. To our knowledge, this was the first large cross-sectional analysis aiming to
assess the association of probiotic ingestion, either by probiotic supplements or yogurt, with metabolic
disturbances. Probiotic ingestion was associated with a 17% lower prevalence of obesity and a
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21% lower prevalence of hypertension. Furthermore, HDL cholesterol was significantly higher and
triglyceride levels were significantly lower in the probiotic group.

Probiotics modulate gut microbial communities, exerting beneficial metabolic effects through the
regulation of multitudinous physiological metabolic pathways. Among the molecular mechanisms,
the regulation of adipogenesis, stimulation of insulin signaling, improvement of gut barrier function,
reduction of metabolic endotoxemia, and down-regulation of cholesterol levels are some of the
suggested key players in the crosstalk between probiotics and metabolic disorders [19].

4.1. Obesity

We found that probiotic ingestion, via supplements or yogurt, was associated with a lower
prevalence of obesity (17% reduction), before and after adjusting for demographics and potential
confounders. Although subjects that consumed probiotics had a higher consumption of carbohydrates,
fiber, and protein, the effects of probiotics on BMI were significant, even after adjustment for confounders
(−0.41 Kg/m2 between groups in model 2). Furthermore, there were no differences in total energy
intake per day between groups and, also, there was no linear association of physical activity level (low,
intermediate, and high) and probiotic ingestion. The only thing observed was a higher proportion of
intermediate physical activity level, but lower proportions of high and low physical activity levels
in the probiotic-exposed group. Putting this all together, these results support our hypothesis of the
beneficial impact of probiotic ingestion per se on metabolic health, namely its effects on the regulation
of body weight. In agreement with our study, a recent meta-analysis of randomized clinical trials
with 957 subjects, with a mean BMI of 27.6 kg/m2, showed that probiotic administration significantly
reduced body weight by −0.60 kg and BMI by −0.27 kg/m2 [20]. NHANES’s data between 1999–2004
also showed that yogurt consumption was associated with a lower likelihood of having obesity (OR:
0.57, 95% CI 0.40–0.82; p < 0.05) [21]. A prospective study including 120,877 US individuals evaluated
lifestyle factors and weight change at four-year intervals, with multivariable adjustments. The four-year
weight change was negatively associated with yogurt ingestion [22], which further supports our results.

4.2. Diabetes

In the unadjusted analysis, probiotic supplement and yogurt consumers had lower odds of having
diabetes and, accordingly, lower glycemia and HbA1c levels. However, when adjusted for individual
characteristics and confounders, the difference was no longer significant. One possible explanation
for this is that diabetes is largely determined by individual demographic characteristics, such as
age, ethnicity and, mainly, BMI [23]. Therefore, there are no longer differences after adjusting for
individual factors. Furthermore, in another meta-analysis of randomized controlled trials, Ruan I
et al. [14]. concluded that probiotics had a greater effect on fasting blood glucose for people with
diabetes. On the contrary, those without diabetes only show a trend of a glucose-lowering effect,
which shows that probiotic supplementation may have a greater benefit for individuals with higher
fasting glucose levels [14]. In three prospective cohorts in the US, yogurt intake was consistently
and inversely associated with type 2 diabetes risk [24]. Probiotic supplementation seems to be more
effective in reducing HbA1c in diabetic patients with higher baseline BMIs and, furthermore, probiotic
supplements with greater bacterial species may be more effective [25], which we could not evaluate in
our study. Yao K et al. [26] conducted a meta-analysis in patients with type 2 diabetes to investigate the
effects of probiotics on glucose metabolism, and, similar to our results, they did not find a significant
effect on fasting blood glucose levels, although HbA1c was improved with probiotic supplementation.
In the analysis according to the origin of probiotics, we found a non-significant trend to higher odds of
diabetes in participants exposed to probiotic supplements, which was not seen in participants exposed
to yogurt. This may be explained by a reverse-causality relationship. Participants with diabetes may
be more prone to consuming probiotic supplements due to their known potential to improve glucose
control in diabetes.

190



Nutrients 2019, 11, 1482

4.3. Dyslipidemia

We did not find differences in the odds of dyslipidemia according to probiotic ingestion, however,
we did observe some beneficial aspects in the lipid profile of the probiotic-exposed group. HDL was
significantly increased and triglycerides were significantly decreased in the probiotic group, even after
adjustment. Our results are in line with a study by Fu et al. [27], with 893 subjects, which showed that
gut microbiota was associated with a 4.5% variance in BMI, a 6% variance in blood levels of triglycerides,
and a 4% variance in HDL, but had little effect on LDL or total cholesterol. In contrast, a meta-analysis
including 1624 participants (828 in the probiotic and 796 in the placebo group) demonstrated that
probiotics reduced total cholesterol and LDL cholesterol by 7.8 mg/dL and 7.3 mg/dL, respectively but
had no significant effects on HDL cholesterol or triglycerides [28]. Human clinical studies have yielded
different results on the association of lipid profiles with probiotic supplementation. Differences in the
type of probiotics and in the experimental designs, including the clinical heterogeneity of participants,
namely their baseline levels of blood lipids, may affect the role of probiotics in lipid metabolism and
explain the different results. Given the clinical correlation between obesity and related metabolic
disorders, it is possible that the observed associations between gut bacterial composition and lipid
levels can be mediated, in part, through the effects on BMI.

4.4. Hypertension

Ingestion of probiotic supplements or yogurt resulted in a 21% reduction in the odds of
hypertension after adjusting for potential confounders. Both systolic BP and diastolic BP were
significantly lower. A meta-analysis of randomized clinical trials supports our results, showing that
probiotic consumption significantly reduced systolic BP by −3.56 mmHg and diastolic blood pressure
by −2.38 mmHg, compared with control groups [29]. In our study, for the adjusted model, probiotic
ingestion was associated with a lower systolic BP by 1.48 mmHg and a lower diastolic BP by 0.86 mmHg.
The modulation of BP by probiotics may be linked to several mechanisms, including their capacity to
improve lipid profiles, to reduce BMI, and to produce bioactive peptides with angiotensin-converting
inhibitory activity [30–32].

4.5. Strengths and Limitations

Our study has a number of strengths and limitations, which need to be highlighted. We
conducted an analysis of a large cross-sectional survey, which was representative of the US population.
To the best of our knowledge, this is the first cross-sectional study aiming to assess the association
of probiotic ingestion, through supplements or yogurt, and metabolic disturbances. A previous
study on the NHANES population was carried out, aiming to evaluate the association between
dairy products (which included yogurt ingestion) with obesity and other disturbances of metabolic
syndrome; however it did not evaluate probiotic supplementation [21]. We also developed an analytic
strategy that included adjusted logistic regression models to obviate confounders such as physical
activity, alcohol consumption, and smoking status. One of the limitations of this type of analysis
is that we cannot deduce causation; however, we were able to show strong associations between
probiotic ingestion and the prevalence of some metabolic disturbances. The participants in the
probiotic-exposed group were more likely to be non-Hispanic white. It has been previously stated that
gut microbiome varies by geographic ancestry [33], which may limit the extrapolation of these results
to other ethnic groups. Furthermore, inter-individual differences in the composition of gut microbiota
were previously associated with different responses to probiotics [34], including non-responders to gut
microbiota modulation. The absence of individual gut microbiota analyses in our study may have
hampered the analysis of these type of responders. The assessment of probiotic exposure was based on
self-reported information, however, NHANES only provides dietary information that is considered
to be reliable [35]. In our study, we defined probiotic ingestion as being either yogurt or probiotic
supplement consumption. Assuming that there could be differences between the types of ingestion,
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we performed a sensitivity analysis based on the origin of probiotics. There were no significant
differences in associations according to the source of exposure to probiotics. Probiotic supplements
and yogurts vary in the amounts of bacteria per serving they are composed of. In our study, the
population was classified according to whether or not they were exposed to probiotic supplements or
yogurt. The duration and quantity of exposure were not taken into account, which may have diluted
the magnitude of the association between probiotic consumption and metabolic disturbance.

In summary, our study supports the beneficial association of probiotic supplement or yogurt
ingestion with metabolic health, specifically obesity and hypertension. Furthermore, probiotic ingestion
was significantly associated with higher HDL cholesterol and lower triglyceride levels. Our study
supports the possibility of gut microbiota modulation by the use of probiotics as an attractive therapeutic
target to prevent and treat obesity and related cardiometabolic disorders. Future research should focus
on understanding the gut microbiota ecosystem and on identifying individuals who benefit the most
from selective modulation of microbiota.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1482/s1.
Figure S1: Flowchart of the study population; Table S1: Probiotic supplements included; Table S2: Variables
included in the adjusted models; Table S3: Odds ratio of disease in subjects exposed to probiotics compared to
non-exposed (model 3); Table S4: Variation of cardiometabolic parameters in participants exposed to probiotics
compared to non-exposed (model 3).
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Abstract: This study examined the effect of an exercise intervention on the composition of the
intestinal microbiota in healthy elderly women. Thirty-two sedentary women that were aged 65 years
and older participated in a 12-week, non-randomized comparative trial. The subjects were allocated to
two groups receiving different exercise interventions, trunk muscle training (TM), or aerobic exercise
training (AE). AE included brisk walking, i.e., at an intensity of ≥ 3 metabolic equivalents (METs).
The composition of the intestinal microbiota in fecal samples was determined before and after the
training period. We also assessed the daily physical activity using an accelerometer, trunk muscle
strength by the modified Kraus–Weber (K-W) test, and cardiorespiratory fitness by a 6-min. walk
test (6MWT). K-W test scores and distance achieved during the 6MWT (6MWD) improved in both
groups. The relative abundance of intestinal Bacteroides only significantly increased in the AE group,
particularly in subjects showing increases in the time spent in brisk walking. Overall, the increases in
intestinal Bacteroides following the exercise intervention were associated with increases in 6MWD.
In conclusion, aerobic exercise training that targets an increase of the time spent in brisk walking
may increase intestinal Bacteroides in association with improved cardiorespiratory fitness in healthy
elderly women.

Keywords: intestinal microbiota; intestinal Bacteroides; cardiorespiratory fitness; trunk muscle
training; aerobic exercise training; brisk walking

1. Introduction

“All disease begins in the gut”., a quotation from the ancient Greek physician Hippocrates,
highlights the potential roles of intestinal microbiota in various disease risks, which have recently
attracted considerable attention from researchers. The presence of an imbalanced, low-diversity,

Nutrients 2019, 11, 868; doi:10.3390/nu11040868 www.mdpi.com/journal/nutrients195
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intestinal microbiota is known as dysbiosis and it is associated with a variety of pathologies, including
constipation [1], obesity [2], diabetes [3], colon cancer [4], coronary artery disease [5], inflammatory
bowel disease [6], and depression [7]. Aging also strongly affects the composition of the intestinal
microbiota. In general, the intestinal microbiota of the elderly show reduced species diversity [8].
In addition, intestinal Bifidobacterium and Bacteroides, which are known to be related to obesity, are also
reduced [8], which potentially contributes to the high prevalence of obesity in the elderly population.
Overall, the intestinal microbiota could be regarded as an indicator of host health.

Multiple factors, including host genetics [9], method of childbirth (i.e., by vaginal delivery or
caesarian section) [10], age [8], nutrition [11], and antibiotic intake [8], have been suggested to affect
the composition of the intestinal microbiota. Recent studies demonstrated the association between
exercise training, i.e., a low-cost health strategy, and lower risks of colon cancer [12,13], a disease that
is known to at least partly arise from imbalanced intestinal microbiota [4]. Therefore, exercise may also
have potential for modifying the composition of the intestinal microbiota, although these studies did
not directly examine the effect of exercise on intestinal microbiota.

In fact, animal studies have demonstrated the changes in the composition of the intestinal
microbiota by exercise training [14–16]. A number of cross-sectional human studies have confirmed the
associations between physical activity or cardiorespiratory fitness and the composition of the intestinal
microbiota [17–19]. For example, rugby players were found to have a greater diversity of intestinal
microbiota and an enlarged abundance of Akkermansia—which is known to prevent diabetes—when
compared to sedentary adults [17]. Other studies showed that cardiorespiratory fitness or physical
activity level is associated with greater microbial diversity in healthy humans [18–20]. Furthermore,
trained elite race walkers show increased relative abundance of Bacteroides, in combination with high
fat diet [21]. However, these studies did not examine the effect of exercise alone on intestinal microbiota
independent of the dietary habits that may have the greater impact on intestinal microbiota than
exercise. Therefore, the potential impact of exercise interventions on human intestinal microbiota has
not been fully clarified.

In the present study, we examined the effects of exercise interventions on intestinal microbiotic
composition in healthy elderly women. We hypothesized that an improvement of cardiorespiratory
fitness would be crucial to exercise-induced changes in the intestinal microbiota. We compared the effects
of two exercise modalities on the intestinal microbiota: aerobic exercise, which specifically enhances
cardiorespiratory fitness, and trunk muscle training as a control condition to verify this hypothesis.

2. Materials and Methods

2.1. Subjects

Thirty-two healthy sedentary women that were aged 65 years and over were recruited from the
residents of Osaka City, Japan, by an advertisement in a local magazine. The selected 32 subjects
voluntarily opted for enrollment in either of the two exercise programs, aerobic exercise training (AE)
or trunk muscle training (control condition; TM). Prior to the study, none of the subjects engaged in a
regular exercise for more than 1 h per week. Health status and the use of medication were assessed by
structured interview. Applicants presenting a history of ischemic heart disease, chronic heart failure,
stroke, severe hypertension, diabetes, or neuropsychiatric disorder were excluded from the study.
Applicants who were judged by a physician to be unable or ill-equipped to participate in the exercise
program were also excluded. Consequently, none of the 32 subjects was excluded. The Institutional
Review Board of Osaka City University Graduate School of Medicine approved the study protocol
(approval no. 3501, approved on August 30, 2016). The authors also confirm that all of the ongoing
and related trials for this intervention are registered in the University Hospital Medical Information
Network Clinical Trials Registry (UMIN 000023930). Written informed consent was obtained from all
of the participants after explanation of the study purpose. The study protocol also conformed to the
ethical guidelines of the 1975 Declaration of Helsinki.
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2.2. Study Design

The study design involved a 12-week non-randomized, comparative trial, in which the allocation
of the participants to either of the two exercise groups, AE and TM, was based on their own preference.
This study was conducted between the first recruitment of the participants on 12 September 2016
and the final follow-up of the participants on 24 January 2018. Before study enrollment, all of the
applicants visited our research center at Osaka City University for baseline measurements, e.g., body
composition, motor ability, and clinical laboratory analyses, as well as an assessment of daily physical
activity levels, nutrient intake, and bowel habits. In addition, fecal samples were collected. All of the
baseline assessments were conducted at least 1 week before the first training session. Finally, 18 and 14
applicants who met the inclusion criteria were enrolled in the AE group and the TM group, respectively,
after which they were started on the selected 12-week exercise programs. The measurements during
the baseline session were repeated at least one week after the final session of the exercise program.

2.3. Exercise Intervention

The subjects in the TM group received a 1-h group training weekly for 12 weeks, which aimed at
strengthening the trunk muscles. All of the sessions were held at Sumiyoshi Sports Center, a gymnasium
located in Osaka City, and supervised by a trained instructor. A training session comprised 5–10
min. of warm-up, followed by 45 min. of targeted resistance training of the trunk muscles and 5–10
min. of cool down exercises. Figure 1 shows examples of the trunk muscle training. The training
was composed of several kinds of exercises, including arching–swaying, plank, pelvic rotation in the
supine position, and diagonal lifting while standing on all fours. The contraction duration was set at 3
to 5 s, and each exercise was performed in two sets of 10 repetitions. The subjects were also instructed
to work out at home daily. Adherence to group sessions, as well as to the home exercises, was recorded
weekly by the instructor throughout the 12-week intervention period.

Figure 1. Exercises during trunk muscle training. (A) Arching–swaying while standing on all fours,
(B) plank, (C) lying pelvic rotation, and (D) diagonal lifting while standing on all fours.

The subjects in the AE group were instructed to perform 60 min. of brisk walking at an intensity of
≥ 3 metabolic equivalents (METs) daily for 12 weeks. They wore a three-axis accelerometer (Mediwalk®

MT-KT02DZ, TERUMO, Tokyo, Japan [22,23]) throughout the intervention period, except while
sleeping and bathing, to record their daily number of steps and time that is spent in brisk walking.
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The instructor shared the accelerometer data with the participants once a week and was encouraged
them to increase the intensity and duration of their brisk walking regimen gradually as much as
possible. The subjects were also instructed to keep good posture while walking.

2.4. Analysis of Intestinal Microbiota

The fecal samples were collected in a container with guanidine thiocyanate as a preservative
solution (TechnoSuruga Laboratory, Shizuoka, Japan) and refrigerated at 4 ◦C until transfer to the
laboratory within seven days. We conformed to the protocol [24] for the representative extraction of
DNA from bacterial populations in feces. Terminal restriction fragment length polymorphism (T-RFLP)
analyses to determine the relative abundance of intestinal microbiota phylogenetic groups from each
fecal sample were performed at the TechnoSuruga Laboratory (Shizuoka, Japan) [25,26]. T-RFLP
analysis is one of the most well-established and reliable 16S ribosomal RNA-based methods, especially
when considering its high throughput and reproducibility. Briefly, the fecal samples (approximately
4 mg each) were suspended in a 1200 μL solution containing 100 mM Tris-HCl (pH 9.0), 40 mM
ethylenediaminetetraacetic acid, 4 M guanidine thiocyanate, and 0.001% bromothymol blue. A FastPrep
24 device homogenized the Fecal solids in the suspension (MP Biomedicals, Irvine, CA, USA) with
zirconia beads being set at 5 m/s for 2 min. DNA was then extracted from a 200 μL suspension using
magLEAD 12gC (Precision System Science; Chiba, Japan). MagDEA® Dx SV (Precision System Science)
was used as the reagent in automatic nucleic acid extraction. PCR was performed with a Takara
Thermal Cycler Dice TP650 (Takara Bio, Shiga, Japan) in 20 μL of a reaction mixture containing 1× PCR
buffer, with each deoxynucleotide triphosphate at a concentration of 200 μM, 1.5 mM MgCl2, each
primer at a concentration of 0.2 μM, 10 ng of fecal DNA, and 0.2 U of HotStarTaq DNA polymerase
(Qiagen, Hilden, Germany). 5′ FAM-labeled 516f (5’-TGC-CAGCAGCCGCGGTA-3’; Escherichia coli
positions 516−532) and 1510r (5’-GGTTACCTTGTTACGA-CTT-3’; E. coli positions 1510−1492) were the
primers used. The amplification program used was as follows: preheating at 95 ◦C for 15 min, 35 cycles
of denaturation at 95 ◦C for 30 s, annealing at 50 ◦C for 30 s, extension at 72 ◦C for 90 s, and finally,
terminal extension at 72 ◦C for 10 min. Electrophoresis and purified using a MultiScreen PCR μ96
Filter Plate verified amplified DNA (Millipore, Billerica, MA, USA). The purified 16S rDNA amplicons
were treated with 10 U of FastDigest BseLI (Thermo Fisher Scientific, Waltham, MA, USA) for 10 min.
An ABI PRISM 3130xl genetic analyzer (Thermo Fisher Scientific) was used to analyze the resultant
DNA fragments, i.e., fluorescent-labeled terminal restriction fragments (T-RFs). GeneMapper software
(Thermo Fisher Scientific) was used to determine the T-RF length and the peak area for each sample.
T-RFs were divided into 29 operational taxonomic units (OTUs). The individual OTUs were quantified
as the percentage of all OTUs combined based on the area under the curve (% AUC). The reference
database, Human Fecal Microbiota T-RFLP profiling (http://www.tecsrg-lab.jp/t_rflp_hito_OTU.html),
was used to putatively match the bacteria in each classification unit to the corresponding OTU. T-RFLP
analyses enabled the classification of the sampled intestinal microbiota into the following 10 groups:
Bifidobacterium, Lactobacillales, Bacteroides, Prevotella, Clostridium cluster IV, Clostridium subcluster XIVa,
Clostridium cluster IX, Clostridium cluster XI, Clostridium cluster XVIII, and others.

2.5. Anthropometrical Measurements

The body mass index (BMI) was calculated as body weight/(height)2, as expressed in kg/m2.
Bioelectrical impedance analysis using a body composition analyzer estiated the percentages of fat and
muscle mass of the trunk and lower extremities (Nippon Shooter Ltd., Physion MD, Tokyo, Japan).

2.6. Physiological Performance

Quadriceps muscle strength was assessed using a strain gage dynamometer (ST-200S, MUL-TECH,
Tokyo, Japan). Each subject performed two attempts on each leg and the maximum value of these
four trials was marked for later analysis. The modified Kraus–Weber (K-W) test was used to assess
trunk muscle strength [27]. This simple exercise test was based on the K-W Minimum test that was
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developed by Drs. Hans Kraus and Sonja Weber in the 1950s [28] to assess the strength and endurance
of the trunk muscles. The trunk muscle strength of each subject was rated based on the total scores
(full marks = 40) of the test (Supplementary Figure S1).

Four physical performance tests were conducted to evaluate motor ability and fitness: maximal
step length (MSL), Timed Up and Go (TUG) test, single-leg standing, and the 6-min. walk test
(6MWT). MSL was determined as the maximum possible stride per step of a subject. In the TUG test,
we measured the time that is required for a subject to stand up from a chair, walk 3 m, turn, walk
back to the chair, and sit down. In single-leg standing, we measured the maximum time that a subject
could stand on one leg. In case a subject continued single-leg standing for over 120 s, the test was
discontinued. All of the functional tests were conducted twice and the best scores were marked for
analysis. Cardiorespiratory fitness was evaluated by the 6MWT according to the guidelines of the
American Thoracic Society [29]. In short, he subjects were instructed to walk back and forth on a 25-m
course as fast as possible for 6 min under the supervision of a medical doctor. They were permitted to
stop and rest in case of fatigue. The investigator encouraged the subjects with routine phrases (e.g.,
“you are doing well” and “keep up the good work”) once per minute during the test. The total distance
(in meters) walked after 6 min. (6MWD) was recorded and used as an indicator of cardiorespiratory
fitness, since performance on the 6MWD strongly correlates with peak oxygen uptake [30,31].

2.7. Daily Physical Activity Level

The parameters reflecting the daily physical activity level of the participants included the number
of steps and the time spent in brisk walking—i.e., at an intensity of three METs or more—was estimated
using the same three-axis accelerometer as that used during training in the AE group. This device also
automatically calculates ethe nergy expenditure (EE) from METs based on a widely-accepted formula
(EE (kcal) = 1.05 ×METs × time (h) × body weight (kg) [32]). All of the subjects were instructed to wear
the accelerometer throughout the one-week measurement period, except while sleeping and bathing,
and to continue with daily activities as usual. The assessments were conducted before and after the
12-week intervention. The data, which were automatically stored on the device, were subsequently
transferred to a computer while using specialized software (HR Joint® Smile Data Vision, TERUMO,
Tokyo, Japan). The mean daily values of all parameters recorded during the one-week monitoring
period were used for further analysis.

2.8. Laboratory Measurements

The blood samples were collected at 9 AM under standardized 12-h fasting conditions. Serum
samples were stored at −80 ◦C until further analysis. The hexokinase UV method measured the
plasma glucose levels, whereas serum insulin levels were determined by chemiluminescent enzyme
immunoassay. Serum triglycerides, low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) were determined by enzymatic methods. The homeostasis model
assessment of insulin resistance (HOMA-IR), which is an established surrogate index of insulin
resistance [33], was also determined. The HOMA-IR was obtained from fasting plasma glucose (FPG)
and serum insulin (FIRI) levels according to the original method by Matthews et al. [34] while using
the following formula:

HOMA-IR = FPG (mmol/L) × FIRI (μU/mL)/22.5 (1)

A higher HOMA-IR value represents higher insulin resistance.

2.9. Nutrient Intake

Nutrient intake was estimated using a food frequency questionnaire (FFQ), which the Japan
Public Health Center-based Prospective Study developed and previously validated [35]. The FFQ
consists of 138 food and beverage items and measures nine intake frequency categories: never or
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seldom, 1–3 times/month, 1–2 times/week, 3–4 times/week, 5–6 times/week, once/day, 2–3 times/day,
4–6 times/day, and more than seven times/day. All of the subjects were asked to complete the
questionnaire before and after the 12-week intervention. FFQ data were analyzed with the help of
Education Software Co., Ltd. (Tokyo, Japan), and then converted to quantitative estimates of the daily
consumed amounts of energy, protein, lipid, carbohydrates, saturated fat, and dietary fiber.

2.10. Defecation Assessment

Defecation patterns were assessed using the Japanese version of the Constipation Assessment Scale
(CAS-J), which was modified from the original scale that was developed by McMillan et al. [36] to assess
constipation in Japanese populations [37]. The CAS-J comprises eight questions, i.e., “The abdomen
appears distended or swollen”, “The amount of flatus”, “The frequency of defecation” “The rectum
appears to be filled with feces”, “Pain of the anus during defecation”, “The amount of feces”, “Ease of
defecation”, and “Diarrhea or watery stools”. Each item includes a three-point rating scale: 0 (“no
problem”), 1 (“some problem”), and 2 (“severe problem”). Thus, the maximum possible CAS-J score is
16, with higher scores indicating more severe cases of constipation.

2.11. Statistical Analyses

The data are presented as median and interquartile ranges. Changes in clinical parameters
and relative abundances of specific classes of intestinal microbiota following intervention in each
group were examined by the Wilcoxon Signed-rank test. The Spearman’s rank correlation coefficient
test examined the relationships between the parameters and changes in the relative abundance of
specific types of intestinal microbiota. Stepwise regression analysis was also performed to identify
the factors that determined the change in the relative abundance of specific microbiota. Finally, the
Mann–Whitney U-test was used to compare the changes in the relative abundance of specific types
of intestinal microbiota between the exercise groups according to the increase in time spent in brisk
walking. All of the statistical procedures were performed using SPSS statistical software (version 24.0,
IBM, New York, NY, USA). P values less than 0.05 were considered to be statistically significant.

3. Results

3.1. Clinical Characteristics of the Subjects

Figure 2 shows the procedural flowchart of the enrollment, measurement, intervention, and data
analysis of this study. Two participants in the TM group and one in the AE group dropped out during
the intervention period. A total of 12 participants in the TM group and 17 participants in the AE
group completed the study. We could confirm that all of the subjects in the TM group participated in
90% or more of the sessions and that the mean adherence to the home exercise was 96.0%. The mean
percentage of attendance at weekly meetings with the instructor was 97.1% in the AE group. Table 1
summarizes the clinical characteristics of both groups. The median age was 70 (65–77) years in the TM
group and 70 (66–75) years in the AE group.
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Figure 2. Flowchart of the screening, enrollment, intervention, and data analysis of the study.
Abbreviations: TM, trunk muscle training; AE, aerobic exercise training.

Table 1. Clinical characteristics of the subjects.

Total TM Group AE Group

n 29 12 17
Age (years) 70 (66–75) 70 (66–77) 70 (66–75)
BW (kg) 51.8 (47.8–56.5) 49.8 (48.3–56.8) 52.0 (46.9–56.0)
BMI (kg/m2) 21.4 (18.8–23.1) 20.6 (18.7–24.0) 21.7 (18.9–23.1)
Body fat (%) 29.0 (23.6–32.7) 26.6 (22.9–32.2) 30.6 (25.1–33.0)
SBP (mmHg) 141 (120–152) 129 (114–151) 142 (124–154)
DBP (mmHg) 82 (74–92) 81 (74–86) 85 (74–93)

Present illness n (%)
No 17 (58.6) 9 (75.0) 8 (47.1)
Yes 12 (41.4) 3 (25.0) 9 (52.9)

Past history n (%)
No 15 (51.7) 7 (58.3) 8 (47.1)
Yes 14 (48.3) 5 (41.7) 9 (52.9)

Medication n (%)
No 19 (65.5) 10 (83.3) 9 (52.9)
Yes 10 (34.5) 2 (16.7) 8 (47.1)

Data are presented as median (interquartile range) for age, BW, body fat, SBP, and DBP, and as n (%) for present
illness, past history, and medication. Abbreviations: TM, trunk muscle training; AE, aerobic exercise training;
BW, body weight; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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3.2. Changes in Body Composition, Muscle Strength, Physical Performance, and Daily Physical Activity
Following the Intervention

Table 2 shows the changes in body composition, muscle strength, physical performance, and daily
physical activity following the intervention in both groups.

Table 2. Changes in the parameters following the intervention.

TM Group (n = 12) AE Group (n = 17)

Baseline Post Baseline Post

BMI (kg/m2) 20.6 (18.7–24.0) 20.8 (18.8–23.8) 21.7 (18.9–23.1) 21.3 (18.8–23.5)

Body fat (%) 26.6 (22.9–32.2) 27.4 (23.7–31.9) 30.6 (25.1–33.0) 28.6 (25.1–33.75)

Leg muscle mass (kg) 8.08 (7.06–8.29) 7.82 (6.80–8.16) 7.29 (7.03–8.08) 7.44 (7.12–8.25)

K-W test score (/40) 15.5 (8.5–24.8) 27.5 (22.0–31.8) * 13.0 (9.0–16.5) 21.0 (15.5–29.0) *

Quad. muscle strength (kg) 22.7 (20.1–29.2) 23.5 (22.1–30.8) 26.2 (19.9–32.5) 24.8 (20.6–29.2)

MSL (cm) 111.6
(107.6–123.2)

111.5
(107.0–125.5)

112.9
(108.9–120.0)

113.1
(104.3–119.5)

TUG (sec) 6.19 (5.60–6.77) 5.80 (5.40–6.50) 6.14 (5.50–6.80) 5.87 (5.59–6.42)

Single-leg standing (sec) 28.6
(12.3–120.0) 70.9 (32.3–120.0) 98.5

(39.9–120.0) 120.0 (79.0–120.0)

6MWD (m) 540.8
(521.0–570.0)

567.5
(538.0–627.6) *

550.0
(510.9–579.7)

582.7
(541.0–618.7) *

Number of steps (steps/day) 6348
(5256–7267) 6438 (4443–8073) 7869

(6456–10246)
10297

(7396–14117) *

Time spent in brisk
walking (min/day) 10 (2–15) 9 (2–17) 16 (8–30) 45 (16–52) *

Total EE (kcal/day) 1561.0
(1418.3–1672.8)

1561.5
(1406.3–1613.3) *

1598.0
(1478.0–1724.0)

1633.0
(1469.5–1844.0) *

Exercise-induced EE (kcal/day) 125.5
(99.5–140.0) 125.5 (85.5–154.0) 161.0

(118.5–211.5)
228.0

(153.5–318.0) *

FPG (mmol/L) 5.9 (5.5–7.0) 5.7 (5.3–6.8) 5.8 (5.2–6.1) 5.3 (5.1–6.3)

TG (mmol/L) 1.08 (0.87–1.27) 1.07 (0.91–1.54) 0.89 (0.75–1.17) 1.06 (0.91–1.53)

LDL-C (mmol/L) 3.45 (3.23–3.77) 3.40 (2.95–4.25) 3.72 (3.25–4.19) 3.72 (3.21–4.24)

HDL-C (mmol/L) 1.60 (1.27–2.26) 1.66 (1.29–2.43) 1.73 (1.42–2.03) 1.68 (1.44–2.06)

Insulin (pmol/L) 29.8 (21.7–33.7) 32.3 (25.8–60.4) 38.0 (26.2–54.5) 40.2 (25.1–59.6)

HOMA-IR 1.10 (0.74–1.45) 1.14 (0.86–2.55) 1.36 (0.84–2.05) 1.31 (0.80–2.32)

All values are presented as median (interquartile range). Changes in clinical parameters following intervention in
each group were examined by the Wilcoxon Signed-rank test. *: p < 0.05 compared with baseline. Abbreviations:
TM, trunk muscle training; AE, aerobic exercise training; BMI, body mass index; K-W test score, Kraus–Weber test
score; Quad. muscle strength, Quadriceps muscle strength; MSL, maximal step length; TUG, Timed Up & Go;
6MWD, distance in the 6-min. walk test; EE, energy expenditure; FPG, fasting plasma glucose; TG, triglyceride;
LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostatic
model assessment of insulin resistance.

The number of steps (p = 0.004) and the time spent in brisk walking (p = 0.003), as well as the
exercise-induced EE (p = 0.003), were significantly increased following the intervention in the AE group
only. Total EE was significantly increased in the AE group (p = 0.012), while it was decreased in the TM
group (p = 0.049) following the intervention. The K-W test scores (TM group: p = 0.008; AE group:
p < 0.001) and 6MWD (TM group: p = 0.028; AE group: p = 0.001) were equally improved following
the intervention in both groups. No further significant changes were observed in other parameters of
motor ability following the interventions in either group.
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3.3. Changes in Laboratory Measurements Following the Intervention

Table 2 shows the changes in the laboratory measurements following the intervention in both
groups. FPG and blood levels of triglycerides, LDL-C, HDL-C, and insulin as well as HOMA-IR
remained unchanged after the intervention in both groups.

3.4. Changes in Nutrient Intake and Defecation Pattern Following the Intervention

Table 3 shows the changes in nutrient intake and the CAS-J scores following the intervention.
Significant differences in nutrient intake patterns as well as total energy intake were found neither
at baseline nor after the interventions. Regarding the patterns of defecation, the CAS-J scores were
significantly decreased in the AE group only (p = 0.036) following the interventions. For individual
components of the CAS-J, the score on “Ease of defecation” was significantly decreased following the
intervention in the AE group. On the other hand, the score in “The rectum appears to be filled with
feces” was significantly improved following the intervention in the TM group only.

Table 3. Changes in nutrient intake and defecation pattern following the intervention.

TM Group (n = 12) AE Group (n = 17)

Baseline Post Baseline Post

Nutrient intake

Total energy (kcal/day) 1863
(1827–1908)

1878
(1839–1942)

1874
(1795–1956) 1828 (1796–1942)

Carbohydrates (g/day) 244.8
(237.6–252.7)

248.0
(243.0–255.3)

246.7
(240.8–258.1)

243.4
(238.9–255.2)

Protein (g/day) 76.5 (74.2–83.1) 76.8 (74.4–84.2) 75.6 (71.6–82.9) 75.3 (71.8–82.1)

Lipid (g/day) 59.2 (57.8–60.5) 59.9 (59.1–64.5) 58.9 (56.2–64.0) 58.5 (55.8–63.9)

Saturated fat (g/day) 17.1 (16.7–17.7) 17.7 (16.7–20.0) 17.7 (16.1–19.1) 16.9 (16.0–19.1)

Fiber (g/day) 17.6 (17.1–17.9) 18.2 (17.3–18.8) 17.6 (17.2–18.5) 17.7 (17.0–18.2)

Defecation pattern

CAS-J (/16) 3.50 (2.25–5.75) 3.50 (2.00–5.75) 2.00 (1.00–4.50) 2.00 (0.00–3.00) *

Abdomen appears distended or swollen (/2) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–0.0)

Amount of flatus (/2) 1.0 (0.0–1.0) 1.0 (0.0–2.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0)

Frequency of defecation (/2) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–0.5)

Rectum appears to be filled with feces (/2) 1.0 (0.0–1.0) 0.0 (0.0–0.8) * 0.0 (0.0–1.0) 0.0 (0.0–0.0)

Pain of the anus during defecation (/2) 0.0 (0.0–1.0) 0.0 (0.0–0.8) 0.0 (0.0–0.5) 0.0 (0.0–0.0)

Amount of feces (/2) 0.0 (0.0–0.8) 0.0 (0.0–1.0) 0.0 (0.0–0.0) 0.0 (0.0–0.0)

Ease of defecation (/2) 0.5 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) *

Diarrhea or watery stools (/2) 0.0 (0.0–1.0) 0.0 (0.0–0.0) 0.0 (0.0–1.0) 0.0 (0.0–0.0)

All values are presented as median (interquartile range). Changes in clinical parameters following intervention in
each group were examined by the Wilcoxon Signed-rank test. *: p < 0.05 compared with baseline. Abbreviations: TM,
trunk muscle training; AE, aerobic exercise training; CAS-J, Japanese version of the Constipation Assessment Scale.

3.5. Composition of Intestinal Microbiota

Figure 3 shows the composition of the intestinal microbiota in both groups. Following the
interventions, the relative abundance of Bacteroides was significantly increased, and that of Clostridium
subcluster XIVa was only decreased in the AE group. The relative abundance of Clostridium cluster IX
was only significantly increased in the TM group. After the interventions, the relative abundance of
other microbiota groups remained unchanged in both of the groups.
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Figure 3. Changes in the composition of the intestinal microbiota following the intervention. The relative
abundance of intestinal Bacteroides was significantly increased, and that of the Clostridium subcluster
XIVa was decreased only in the AE group (by the Wilcoxon Signed-rank test). The relative abundance
of Clostridium cluster IX was significantly increased only in the TM group. *: p < 0.05 compared with
baseline. Abbreviations: TM, trunk muscle training; AE, aerobic exercise training.

3.6. Relationship between Changes in the Parameters and Change in the Relative Abundance of Intestinal
Bacteroides after the Intervention

We examined the relationships between age, the relative abundance of intestinal Bacteroides
before the intervention (pre-Bacteroides), or the changes in the parameters that were modulated by the
exercise intervention and the change in the relative intestinal abundance of Bacteroides (Δ%Bacteroides).
Pre-Bacteroides was negatively correlated with Δ%Bacteroides (r = −0.519, p = 0.004) when analyzing
all of the subjects combined. A significant positive correlation was also found between the change in
6MWD (Δ6MWD; r = 0.431, p = 0.020) or that in time spent in brisk walking (ΔTime spent in brisk
walking; r = 0.371, p = 0.047) and the Δ%Bacteroides following the intervention in all subjects (Figure 4).
There were no significant correlations between changes in other parameters and Δ%Bacteroides among
all the subjects combined (Table 4).

To identify the factors that contribute to Δ%Bacteroides, we performed stepwise multiple regression
analysis, in which Δ%Bacteroides was included as the dependent variable and age, pre-Bacteroides,
Δ6MWD, and ΔTime spent in brisk walking were included as the possible independent variables.
In this analysis, Δ6MWD (β = 0.370, p = 0.034) and pre-Bacteroides (β = −0.356, p = 0.041) were found
to be independent contributors (R2 = 0.317).
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Table 4. Correlation coefficients in simple regression analysis between clinical factors and the changes
in the relative abundance of intestinal Bacteroides following the exercise intervention in all subjects.

Related Factors Correlation Coefficient p Value

Age −0.343 0.068

Pre-Bacteroides −0.519 0.004 *

ΔK-W test score 0.327 0.083

Δ6MWD 0.431 0.020 *

ΔNumber of steps 0.210 0.275

ΔTime spent in brisk walking 0.371 0.047 *

ΔTotal EE 0.216 0.261

ΔExercise-induced EE 0.250 0.191

ΔCAS-J 0.071 0.715

The relationships between the parameters and changes in the relative abundance of specific types of intestinal
microbiota were examined by Spearman’s rank correlation coefficient test. *: p < 0.05. Abbreviations: Pre-Bacteroides,
the relative abundance of the intestinal Bacteroides before the intervention; K-W test score, Kraus–Weber test score;
6MWD, distance in the 6-min. walk test; EE, energy expenditure; CAS-J, Japanese version of the Constipation
Assessment Scale.

Figure 4. Relationship between changes in the distance during the 6MWT (6MWD) (A), changes in the
time spent in brisk walking (B), and changes in the relative abundance of intestinal Bacteroides by the
intervention. Improvements in 6MWD and time spent in brisk walking were positively correlated with
increases in the relative abundance of intestinal Bacteroides in all subjects. Abbreviations: TM, trunk
muscle training; AE, aerobic exercise training; 6MWT, 6-min. walk test; 6MWD, distance in the 6MWT.

3.7. Effect of Increased Daily Physical Activity on Changes in the Relative Abundance of Intestinal Bacteroides
Following the Intervention in the AE Group

Although the improvement of 6MWD was observed in each group, a significant increase in the
relative abundance of intestinal Bacteroides was only found in the AE group. Therefore, we focused on
the effect of the increased time spent in brisk walking on Δ%Bacteroides following the intervention in
the AE group. The subjects in the AE group were divided into two groups according to whether they
had increased their time spent in brisk walking by more or less than 20 min. following the intervention.
As shown in Figure 5, Δ%Bacteroides in subjects who added > 20 min. of time spent in brisk walking
was greater than that in the subjects who added ≤ 20 min. (9.7% (4.7%–14.2%), n = 10 vs. –3.5% (–4.2%
– 2.4%), n = 7; p = 0.025).

205



Nutrients 2019, 11, 868

Figure 5. Effect of increased daily physical activity on changes in the relative abundance of intestinal
Bacteroides following the intervention in the AE group. Increases in intestinal Bacteroides in subjects
who increased the daily time spent in brisk walking for 20 min. or more were greater than in those who
did not (by the Mann–Whitney U-test). Horizontal bars indicate the minimum values, the 25th, 50th,
75th percentile levels, and the maximum values. Abbreviations: AE, aerobic exercise training.

4. Discussion

The aim of the present study was to investigate whether exercise intervention modifies the
composition of intestinal microbiota in healthy elderly women. Our main findings were that a
12-week aerobic exercise program that consists of daily episodes of brisk walking increased the
relative abundance of intestinal Bacteroides, while improving cardiorespiratory fitness without any
changes to nutrient intake. Moreover, the increase relative abundance of intestinal Bacteroides was
especially marked in subjects who increased the time spent in brisk walking by more than 20 min.
We also found that aerobic exercise improved the pattern of defecation independently of Δ%Bacteroides.
Meanwhile, the elderly subjects who engaged in the trunk muscle training showed neither a significant
Δ%Bacteroides nor changes in the defecation pattern.

To date, the primary findings of animal studies suggested that the level of exercise may
modulate the composition of the intestinal microbiota. In rodents, six days of wheel running exercise
increased Bifidobacterium and Lactobacillus, which are widely recognized as health-promoting intestinal
bacteria [14]. It was also reported that the exercise-induced changes of the intestinal microbiota in mice
depend on the exercise modalities (voluntary wheel running or forced treadmill running) and that
voluntary wheel running reduced Turicibacter spp., which are associated with immune dysfunction
and bowel diseases [15]. Another study demonstrated that a six-week schedule of interval treadmill
running in mice enhanced the diversity of intestinal microbiota, with marked increases in the relative
abundance of Bacteroidetes [16]. On the other hand, few data in humans have been published regarding
the effect of exercise interventions on the intestinal microbiota. In a recent report by Allen et al.
a six-week aerobic exercise training altered the intestinal microbiota differently, depending on body
weight status [38]. The present study could further elaborate these results by demonstrating that
a 12-week aerobic exercise program that consists of brisk walking—in contrast to training of trunk
muscles—increased the relative abundance of intestinal Bacteroides. This suggests that aerobic exercise
may beneficially modify the intestinal microbiota in healthy elderly women. In previous studies, the
maintenance of an optimal intestinal environment has been shown to contribute to the prevention
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of various types of diseases [1–7]. The results of our study suggest a practical approach, i.e., aerobic
exercise, as a strategy to attain the optimization of the intestinal microbiota in humans.

The 12-week aerobic exercise training increased the relative abundance of intestinal Bacteroides,
in parallel with an improvement in cardiorespiratory fitness. Interestingly, a cross-sectional study has
shown that cardiorespiratory fitness is associated with a larger proportion of Bacteroides in the intestinal
microbiota of premenopausal women [18]. The results from our interventional study are consistent
with—and augment—the significance of this observation. We also demonstrated that increases in the
relative abundance of Bacteroides in the large intestine were greater in the subjects who improved the
daily time spent in brisk walking at an intensity of ≥ 3 METs by more than 20 min. On the basis of the
findings of the Nakanojo Study, brisk walking at an intensity of > 3 METs for 20 min. or more on most
days are recommended for the elderly to reduce the risk of lifestyle-related diseases [39]. In particular,
such exercise levels reduce the incidence of osteoporosis [40], metabolic syndrome, hypertension, and
hyperglycemia [41]. Based on these considerations, we initially set the target volume of brisk walking
for the AE group in our study at 20 min. per day. Our results demonstrate that this regimen also
effectively modifies and optimizes the composition of the intestinal microbiota.

By contrast, trunk muscle training did not change the composition of the intestinal microbiota in
subjects within our TM group, although it did improve the cardiorespiratory fitness. An improvement
in cardiorespiratory fitness in the TM group may have resulted from the strengthening of the respiratory
muscles by the trunk muscle training [42]. It may have also occurred because the subjects commuted
to the sports center once weekly during the study period. However, the improvement in the
cardiorespiratory fitness in the TM group did not coincide with a changed composition of the intestinal
microbiota. Furthermore, in the present study, the increase in the time spent in brisk walking was
positively correlated with the increase in the relative abundance of intestinal Bacteroides. To put these
result into perspective, cardiorespiratory fitness may need to be improved by aerobic exercise, such as
brisk walking, when the goal is to modify the intestinal microbiota.

There are some candidate mechanisms by which aerobic exercise might increase intestinal
Bacteroides. Changes in the colonic transit time result in changes in pH within the colonic lumen that
may be key in affecting the composition of the intestinal microbiota. Prolonged colonic transit time
is known to limit the diversity of intestinal microbiota [43], and this coincides with a greater rise
in pH during transit from the proximal to the distal colon [44]. Aerobic exercises, such as jogging
and cycling at a moderate intensity, decrease intestinal transit time in healthy people [45] as well
as middle-aged patients with chronic constipation [46], probably via increases in the visceral blood
flow, increased release of gastrointestinal hormones, mechanical stimulation, and strengthening of
the abdominal muscles [46]. Furthermore, aerobic exercise increases the fecal concentrations of the
short-chain fatty acids (SCFA) [47], which slightly lowers the colonic-luminal pH [48]. Bacteroides
species prefer mildly acidic conditions (pH 6.7) for their survival in the colonic lumen, whereas they
grow poorly at pH 5.5 [49]. This may explain why aerobic exercise increases intestinal Bacteroides,
although, of course, a more detailed analysis of the underlying factors remains necessary.

Bacteroides species are opportunistic bacteria: whether they positively or negatively affect host
health depends on the characteristics of their intestinal environment. Bacteroides spp. play a role in
protecting against inflammatory bowel disease [50,51], whereas they may increase infants’ susceptibility
to chronic allergic disease, such as early-onset atopic eczema [52]. Thus, future studies will need to
detail the clinical consequences of aerobic-exercise-induced increases in Bacteroides. Nonetheless, it is
widely accepted that lower levels of Bacteroides are associated with the higher prevalence of obesity and
metabolic syndrome and that Bacteroides species may help in suppressing metabolic dysfunction [53,54],
although we unfortunately could not evaluate waist circumference as a surrogate index of visceral fat
accumulation in the present study. However, in the present study, the increase in intestinal Bacteroides
in the AE group did not decrease insulin resistance, as assessed by HOMA-IR. This may be because the
sedentary but healthy subjects that were included in the present study presented with good insulin
sensitivity at baseline, making further improvements in insulin sensitivity following exercise difficult
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to attain. Further studies should clarify whether aerobic exercise might improve insulin sensitivity
through the increase of intestinal Bacteroides in obese and/or insulin-resistant subjects.

It is widely accepted that Bifidobacteria and Lactobacillales contribute to intestinal health, preventing
diarrhea and various infectious, allergic, and inflammatory conditions [55]. The relative abundances
of these bacteria are decreased in elderly people [8], which may at least partly result in intestinal
barrier dysfunction in the population [56]. In addition to some factors, such as probiotics and
dietary fiber [56,57], vigorous exercise also has the potential for increasing these bacteria based on
rodent studies [14]. However, in the present study, the relative abundance of Bifidobacterium, the
only Bifidobacteria that can be identified by our T-RFLP analysis, as well as Lactobacillales remained
unchanged in both groups. This may be because the quantity (time and intensity) of our brisk walking
was not enough to increase these bacteria. Exploring an exercise prescription that can increase these
bacteria will benefit intestinal health in elderly people.

A few limitations of the present study should be noted. First, our non-randomized study design
with a relatively small subject sample size may have been insufficiently powered to detect differences in
efficacy between the two exercise programs to affect the clinical outcomes, such as trunk muscle strength,
cardiorespiratory fitness, defecation pattern, and the composition of the intestinal microbiota. Second,
we confirmed that the participants had no substantial exercise habits before exercise intervention.
However, exercise-induced energy expenditure at the baseline was greater in the AE than in the TM
group. The reason for this may have been that the subjects who opted for the AE training were more
aware of the health benefits of walking, which may have resulted in a superior effect of brisk walking
to trunk muscle training on increasing intestinal Bacteroides. Finally, we classified fecal intestinal
microbiota into only 10 major groups, which were present in the fecal samples of all the subjects.
Therefore, it was impossivly to evaluate the effects of the exercise intervention on the diversity of
the intestinal microbiota. A greater diversity of the intestinal microbiota is generally considered to
provide various health benefits. It might have been possible to detect an increase in the diversity of
the intestinal microbiota following the exercise intervention if the adopted microbiotic classification
scheme had included several hundred subdivisions.

5. Conclusions

Aerobic exercise training targeting an increase of the time spent in brisk walking may have a
potential for increasing intestinal Bacteroides, while also improving cardiorespiratory fitness in healthy
elderly women. Exercise intervention may provide a practical means of acquiring a more optimal
composition of intestinal microbiota. Further studies are needed to clarify the mechanism by which
exercise exerts it effect on the composition of the intestinal microbiota.
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Abstract: Infertility is a medical concern worldwide and could also have economic consequences
in farmed animals. Developing an efficient diet supplement with immediate effects on sperm
quality is a promising tool for human reproduction and for domesticated animal species. This study
aims at elucidating the effect of a short-time probiotic supplementation consisting of a mixture
of two probiotic bacteria with proven antioxidant and anti-inflammatory activities on zebrafish
sperm quality and male behavior. For this purpose, three homogeneous groups of males in terms
of motility (<60%) were established. The control group was fed with a normal standard diet.
The other received supplements: One group (vehicle control) was fed with maltodextrin and the
other received a probiotic preparation based on a mixture (1:1) of Lactobacillus rhamnosus CECT8361
and Bifidobacterium longum CECT7347. The feeding regime was 21 days corresponding with a single
spermatogenesis in zebrafish. The preparation did not modify animal weight, positively affected the
number of fluent males, increased sperm concentration, total motility, progressive motility, and fast
spermatozoa subpopulations. Moreover, the animals fed with the supplement showed different
behavior patterns compared to control groups. Our results suggest a diet-related modulation on the
exploration activity indicating a lower stress-like conduct. The studied formulation described here
should be considered as advantageous in male reproductive biotechnology.

Keywords: sperm quality; probiotics; zebrafish; motility; behavior

1. Introduction

Infertility is a highly ubiquitous global health problem. It has been recognized as a public health
issue worldwide by the World Health Organization (WHO) and is predicted to affect 9% of the world
population on average [1]. Altered production of functional and motile spermatozoa is a causal factor
in up to 70% of infertility cases [2]. Sperm concentration has reduced by half in Western countries in
the last four decades, without evidence of improvement [3]. Moreover, a high proportion of young
men have sperm counts below the fertile threshold [4]. A variety of environmental factors may
be contributing to reduced semen quality [4]. One of them is diet [5]. For example, there exists
vast evidence regarding the adverse consequences of high-fat diets on male reproductive success [6].
Describing the dietary factors that can influence male fertility potential is of high interest. Nowadays,
there is strong and consistent evidence about antioxidants as essential factors for sperm defense [7].
Selenium, vitamin E, vitamin C, folate, carotenoids, zinc, or carnitine are antioxidants naturally found
in semen samples. The main function of these molecules is helping to overcome reactive oxygen species
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(ROS) production from free radicals [8]. Since subfertile men have been identified as having lower
levels of these scavengers in their semen [9], they have become an object of study for reproductive
biologists [10].

Probiotics are living microorganisms that improve animal health status when integrated in the
diet [11]. These microorganisms act by balancing the gut microbiota, regulating the intestinal transit,
modulating intestinal villi, and protecting nutrient digestion and absorption. The intestinal microbiome
is a complex ecosystem, which provides numerous crucial functions to the host organism [12].
During the last decades, gut microbiota (16S rRNA surveys are used to taxonomically identify the
microorganisms in the environment [13]) has emerged as a key factor which regulates host metabolism
and different gut microbiome phenotypes (the genes and genomes of the microbiota, as well as the
products of the microbiota and the host environment [13]) have been associated with diseases [14].
Therefore, being able to regulate intestinal microbiota is of huge interest for scientists due to the
potential implications in several fields of knowledge. To date, a myriad of species from Bacillus,
Enterococcus, Lactococcus, Streptococcus, Bifidobacterium, or Lactobacillus have been used as probiotics [15],
with the last two genera being the most used for this purpose [16].

Nowadays, zebrafish (Danio rerio) is accepted by the scientific community as a vertebrate model
for the study of genetics, development, and diseases among others [17,18]. This teleost is also a good
model for probiotic-related experiments [19] since zebrafish microbiota is comparable to that of human
as well as gut colonization [20,21]. The aim of this study was to provide, by in vivo experimentation,
new insights into the potential positive effects of probiotics on male reproductive biology. The finding of
new ways to increase sperm quality would be useful for clinical protocols and the possible applications
derived from the potential beneficial effects of probiotics on reproductive biology will be of interest not
only in human reproduction, but also in animal production where nutrition is a key element.

Our hypothesis is that probiotics during a single spermatogenesis cycle can improve sperm quality
as well as animal welfare. In order to validate this hypothesis, in this work we use zebrafish since it is
an optimal model for reproductive biology because of its easy reproduction, low-cost maintenance,
and fast cystic spermatogenesis (21 days) [22]. To verify whether a short-term exposure to probiotics
has effects on sperm quality and animal behaviour, we exposed zebrafish adult males with different
initial sperm quality to a multistrain probiotic combination containing two previously described
bacteria with antioxidant and anti-inflammatory activities: Lactobacillus rhamnosus CECT8361 and
Bifidobacterium longum CECT7347 [23,24].

2. Materials and Methods

2.1. Ethics Statement

The institutional Animal Care and Use Committee at the Marine Culture Plant El Bocal of the
Spanish Institute of Oceanography in Santander (Spain) approved the experimental design and all
protocols and procedures including animals (PI-10-16). All animals were manipulated in accordance
with the Guidelines of the European Union Council (86/609/EU, modified by 2010/62/EU), following
Spanish regulations (RD/1201/2005, abrogated by RD/2013) for the use of laboratory animals.

2.2. Animals

Wild-type zebrafish (Ab strain) were housed in the Marine Culture Plant El Bocal zebrafish
platform of the Spanish Institute of Oceanography in Santander (Spain). Fish were bred and maintained
according to standard protocols. In all trials, males were anesthetized in 110 mg/L buffered tricaine
methane sulfonate (MS222). All efforts were made to reduce suffering and a humane endpoint was
applied with a lethal dose of anesthetic if fish reached a moribund state.
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2.3. Visible Implant Elastomer Tags (VIE) Tagging

VIE tags were prepared following manufacturer’s indications adapted for the minimal volume
(Northwest Marine Technology, Shaw Island, WA, USA). Green and red fluorescent elastomers
(viscoelastic polymers) were used in the experiment. A code combining colors, number of tags,
and positions (taking as reference the anteroposterior and dorsoventral axis) was generated and
individually associated to a specific male in the zebrafish colony (Figure 1A). An expert hand injected
small amounts of elastomers (dot shaped) in each anesthetized male. After injection, tag retention and
injury evaluation (not registered) was evaluated in the recovery tanks. Health status was checked daily.

Figure 1. Study design summary. (A) Animals participating in the experiment (n = 40) were tracked
with fluorescent visible implant elastomers. Each male carried a unique code visible under white and
UV light. (B) Only males that reached the inclusion criteria described in the flowchart (n = 36) were
selected for creating homogeneous experimental groups in terms of total motility. (C) Each group
(n = 12) received a different diet during 21 days corresponding to a Danio rerio spermatogenesis cycle.
“C”, “M”, and “P” refer to the experimental groups: Control, maltodextrin, and probiotics, respectively.
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2.4. Inclusion Criteria, Experimental Group Definition, Study Design, and Feeding Regimes

Adult zebrafish males were anesthetized and sperm samples were collected and evaluated with
a CASA (computed assisted sperm analysis) system (see below for procedure). Only males showing
a total motility under 60% were selected for the experiment (Figure 1B). The inclusion criterion was
established this way to analyze the effect of the probiotic strains mixture on diverse quality sperm
samples. The cutoff value of 60% was chosen with the aim that there would be an improvement margin
in the samples after the treatment. Semen samples over 60% can be considered acceptable samples
in terms of motility. Males reaching the inclusion criteria were used to generate three homogeneous
groups (n = 12) in terms of motility (Figure 1B). Each group had a different feeding regime: (1)
The control group “CTRL” ingested only a commercial diet; (2) the vehicle control group “MALTO”
received the commercial diet and two doses of 0.11 g of maltodextrin; and (3) the experimental group
“PROBIO” received the commercial diet and a probiotic treatment consisting of a daily 109 Colony
Forming Units (CFU) mixture (1:1) of lyophilized L. rhamnosus CECT8361 and B. longum CECT7347
strains carried in 0.22 g of maltodextrin. Strains were kindly provided by the company Biopolis S.L.
(Valencia, Spain) and the commercial diet provided to all animals within the experiment twice a day
(55% min. crude protein, 15% min. crude fat, 1.5% max. crude fiber, and 12% max. moisture) was
purchased from Aquatic Animals (Apopka, FL, USA). In order to guarantee the ingestion, supplements
(vehicle or probiotic mixture) were provided to experimental males in rearing water 30 min before each
routine feeding. All experimental groups were held under the same conditions during all experiments.
The experiment was replicated three times, including four males per experimental group each time
(final population for each experimental group, n = 12). Sperm analysis was performed at t = 0 days
and t = 21 days of each experimental replicate. Feeding regimes were maintained during the 21 days
according to a spermatogenesis cycle in the species (Figure 1C).

2.5. BiometricAnalysis

At day 0 and day 21, fish weight was determined using a microbalance (Mettler MT5, Mettler
Toledo, Spain).

2.6. Sperm Sampling

At 0 days and at 21 days, semen was collected approximately 1h after the lights of the zebrafish
facility were turned on. Each fish was identified by checking its VIE tag code and after that, they were
anesthetized one by one. Once the absence of reflexes was corroborated, the animals were gently
located on a sponge, the surrounding area of the urogenital pore was dried and sperm collection
was performed by abdominal massage using glass flat forceps as tools to smoothly press both sides
according to routine protocols. Ejaculates were collected with a micropipette and diluted in 10 μL of
buffered Hank’s solution (0.137 M NaCl; 5.4 mM KCl; 0.25 mM Na2HPO4; 0.44 mM KH2PO4; 1.3 mM
CaCl2; 1.0 mM MgSO4; 4.2 mM NaHCO3). The diluted samples were stored at 22ºC until analysis
(5 min).

2.7. CASA Sperm Analysis

The activation of motility was performed by diluting 1 μL of sperm with 9 μL of system water
(~300 mOsm/L) at 28 ◦C. Sperm motility, kinetics, and concentration were analyzed using a CASA
system with ISAS software (ISAS, PROiSERR+D, S.L. Spain). Activated sperm was loaded into a Makler
counting chamber (10 μm depth; Sefi Medical Instruments, Haifa, Israel). The CASA system consisted
of a tri-ocular optical phase-contrast Nikon Eclipse Ts2R microscope (Nikon, Tokyo, Japan) using
a 10× objective equipped with Basler A312fc digital camera (Basler Vision Technologies, Ahrensburg,
Germany). The ISAS software was used with specific settings for fish spermatozoa (1 μm2 < particle
area < 20 μm2; cell description according to VCL (curvilinear velocity): 10 μm/s < slow < 45 μm/s <
medium < 100 μm/s < fast); and it rendered the following parameters: (1) Concentration; (2) percentage
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of motile spermatozoa (MOT,%); (3) percentage of progressive spermatozoa (P-MOT,%) defined as the
percentage of spermatozoa which swim forward in 80% of a straight line; (4) curvilinear velocity (VCL,
μm/s) defined as the time per average velocity of a sperm head along its actual curvilinear trajectory;
(5) average path velocity (VAP, μm/s) defined as the time per average velocity of a sperm head along
its spatial average trajectory; (6) straight-line velocity (VSL, μm/s) defined as the time per average
velocity of a sperm head along the straight line between its first-detected position and its last position;
(7) linearity of the curvilinear path (LIN, %), expressed as VSL/VCL; (8) straightness (STR,%) defined as
VSL/VAP; (9) wobble (WOB,%) expressed as VAP/VCL; (10) amplitude of the lateral head displacement
(ALH, μm); and (11) beat cross frequency (BCF, Hz) based on VCL crossing VAP per second. Motility
parameters were evaluated at 15 s after activation to avoid drifting and to corroborate that all samples
were measured at an exact equal time post activation. At least, 200 spermatozoa were analyzed for
each sample. Three fields per sample were evaluated. If samples reported very low concentrations,
more than three fields were captured.

2.8. Behavior Analysis

To test the exploratory behavior of the animals, we used a novel tank test (NTT), which evokes
motivational conflict between the “protective” diving behavior and subsequent vertical examination
following established procedures. Briefly, each animal was individually placed in the evaluation
arena (20 cm (x) × 18 cm (y) × 8 cm (z); swimming volume: 3.5 L). Males were let to acclimate to the
new environment for 3 min and right after animal behaviour was filmed (1920 × 1080 px) for 3 min.
Individual male swimming activity was monitored using the free digital video tracking software
Tracker (physlets.org/tracker/). The actual position of the animal was manually located every 20
frames to avoid possible inaccuracies of the automatic option of the software. Then, each resulting
track was evaluated using a virtual grid pattern with upper and lower subareas in order to allow
quantification and comparison between experimental groups. For each animal we quantified two
estimates of exploratory behavior: Number of crossings between the upper-half subarea and the lower
one and the percentage of time spent in the upper half of the arena.

2.9. Data Analysis

Results are expressed as the mean ± standard error. Statistical differences between mean values
of each variable at 0 and 21 days were determined using a t-Student test for correlated variables for
normally distributed variables or a Wilcoxon test for paired samples for non-parametric variables.
A principal component analysis was performed for the set of observed variables for CASA parameters.
All statistical analysis were performed using Prism 8 (GraphPad Software, San Diego, CA, USA) and
SPSS V. 22 (SPSS Inc., Chicago, IL, USA). P-values < 0.0500 were considered statistically significant.

3. Results

3.1. Effects of Probiotic Mixture Supplementation on Total Body Weight and Spermiation Capacity

In order to investigate the effects of probiotic supplementation in male zebrafish on growth
parameters, we weighed the animals included in the experiment at t = 0 days and t = 1 days (Figure 1).
As expected, taking into account the short temporal frame of our experiment, our analysis revealed
no statistical differences (p > 0.0500) at day 21 in any of the experimental groups: Control (C; CTRL);
maltodextrin, the vehicle control (M; MALTO); or probiotic-fed (P; PROBIO) (Figure 2A; Supplementary
File Table S1). These data provide confidence about the suitability of maltodextrin as a carrier in our
probiotic-fed group.
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Figure 2. Probiotic mixture supplementation effects on zebrafish males and sperm quality after
a cycle of spermatogenesis exposure. (A) None of the studied diets modified male total body weight.
(B) Spermiation ability of studied males before and after the experiment. (C) Concentration, (D) total
motility, and (E) progressive motility at 0 and 21 days obtained for each experimental group represented
with violin graphs. “C”, “M”, and “P” refer to the experimental groups: Control, maltodextrin,
and probiotics respectively. Furthermore, “c”, “d”, and “e” are before–after graphs for the PROBIO
group where “M#” indicates the number of the male. Asterisks show statistically significant differences:
* (p < 0.0500), ** (p < 0.0100).

As a first general parameter regarding spermatogenesis, we focused our attention on spermiation
ability. As a result of a correct spermatogenesis, mature spermatozoa are released from cysts into the
lumen of the tubules and therefore ejaculated. At day 0, we arranged population homogeneously with
three (25%; CTRL), four (33%; MALTO), and three (25%; PROBIO) non-spermiating males in each
group. After a single cycle of spermatogenesis (21 days) the non-fluent male percentage changed as
follows: four (33%; CTRL), two (20%; MALTO), and one (8.33%; PROBIO). Interestingly, a spermiation
modulation was suggested with this data in males supplemented with bacteria strains (PROBIO).
In this group, only one male did not provide sperm at day 21 sampling (Figure 2B).

3.2. Effects of the Probiotic Mixture on Concentration, Total Sperm Motility, and Progressive Motility

To study the effects of the ingested probiotic strains on a single cycle of spermatogenesis, we studied
individually, using VIE tagging for male tracking, the sperm samples in terms of concentration,
total motility, and progressive motility. At day 0, all males included in this study presented an initial
total motility below 60%. Groups were created including a wide range of sperm motility values from
0% motility to the 60% threshold (Figure 1B). Results regarding sperm concentration, total motility,
and progressive motility are presented in Figure 2.

Bacteria ingestion strongly modified (p = 0.0050) sperm count (108 cells/mL; mean ± s.e.) in
the PROBIO group after 21 days of supplementation (Figure 2C; Table S2). The mean value for this
variable increased from 44.58 ± 16.40 to 110.10 ± 23.13. Controls reported lower concentrations at day
21: 30.19 ± 10.15 (CTRL) and 41.57 ± 18.16 (MALTO), respectively.
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Regarding total motility (%; mean ± s.e.), controls showed similar values (p > 0.0500) before
and after the experiment. Mean values were: 26.44 ± 6.528 (day 0) vs. 28.97 ±6.194 (day 21) for
the CTRL group and 24.56 ± 5.53 (day 0) vs. 24.97 ±6.77 (day 21) for the MALTO group (Figure 2D;
Table S2). In contrast, the animals with a feeding regime supplemented with probiotics (PROBIO)
revealed a substantial rise (p = 0.0018) in total motility from 28.39 ± 6.46 (day 0) to 48.36 ± 7.32 (day
21). When a detailed individual evaluation of data was performed, results showed strong increments
(>40%) in 11 of 12 studied males. Four fish increased their sperm motility more than 100%: M3, M8,
M10, and M12 (Figure 2D.d). These results evidence a very strong positive effect of probiotic ingestion
on zebrafish sperm quality. Please find individual before–after graphs for CTRL and MALTO groups
in Figure S1.

Moreover, and concomitantly with total motility, progressive motility (P-MOT) was also
significantly raised (p = 0.0137) after 21 days in the PROBIO group from 15.22% ± 4.71% to 22.73%
± 5.09% (Figure 2E; Table S2). P-MOT is another key parameter in sperm quality since it influences
fertilization success, and it is a focus of attention in zebrafish research [25,26]. In our experiment,
we considered progressive those cell in which swimming track was forwards in 80% of a straight line.

3.3. Effects of the Probiotic Mixture on Sperm Kinematic Parameters

We studied sperm kinetics in depth since it has been reported that external-fertilizing fish have
the highest known intensity of sperm competition of any external fertilizing vertebrates. Thus,
the presence of fast subpopulations within the motile cells seems to be an advantage and, therefore,
it can be considered a parameter of sperm quality. In this experiment subpopulations were clustered in
terms of VCL. Four groups were established and set up in the CASA software: Static, slow, medium,
and fast according to the following thresholds: 10 μm/s < slow < 45 μm/s< medium < 100 μm/s <
fast. Interestingly, only the PROBIO group showed statistical differences at the end of the experiment
(Figure 3A) in the four subpopulations: Static (p = 0.006), slow (p = 0.0208), medium (p = 0.0270),
and fast (p = 0.0323) cells.

Concerning kinematic parameters, there was no overall difference (p > 0.0500) in sperm velocities
(VCL, VSL, VAP), linearity (LIN), straightness (STR), wobble (WOB), amplitude of the lateral head
displacement (ALH), or beat cross frequency (BCF). Figure 3B shows these results for the PROBIO
experimental group. These results suggest that the effect of probiotic bacteria do not fine tune zebrafish
sperm kinetics. PCA results can be found in Figure S2.
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Figure 3. Probiotic mixture supplementation effects on zebrafish sperm kinematics after a cycle of
spermatogenesis exposure. (A) Sperm subpopulations within the motile population according to speed
parameters before and after the experiment for each group. (B) Detailed sperm kinetics rendered by the
CASA system for the PROBIO group. Asterisks show statistically significant differences; * (p < 0.0500).
Abbreviations: VCL—curvilinear velocity, VSL—straight line velocity, VAP—average path velocity,
LIN—linearity of the curvilinear path, STR—straightness, WOB—wobble, ALH—amplitude of the
lateral head displacement, BCF—beat cross frequency.

3.4. Effects of the Probiotic Mixture on Male Behavior

After three minutes of adaptation time to a new environment, tracking analysis were performed
to evaluate the anxiety status of the fish. Quantification of the novel tank test (NTT) was carried
out attending to two variables: (1) The percentage of positions scored in each of the two virtual
zones (upper and lower) of the novel tank and (2) the number of crossings from one to another
(Figure 4A). The novel tank test (NTT) is the conceptual equivalent of the rodent open field (OF)
paradigm; NTT induces motivational conflict between the “defensive” diving behavior and following
vertical exploration [27,28]. Each male was analyzed at the beginning and at the end of the experiment
a day before sperm squeezing (t = −1 day and t = 20 days). Summaries of each animal behavior were
created for easier evaluation (Figure 4B). As can be checked in Figure 4C,E, there was a non-statistical
(p > 0.0500) trend toward PROBIO fish spending more time in the top of the tank, close to the 50% in
mean values, at day 21 (47.92% ± 8.37%) compared to day 0 (39.25% ± 4.71%). The number-of-crossings
evaluation revealed again significant differences (p = 0.0373) only in the PROBIO population doubling
the mean values of the variable (Figure 4D; Table S3). Moreover, a moderate correlation (p = 0.0018;
r = 0.5595) between fish behavior and total motility of squeezed ejaculates was observed (Figure 4F).
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Figure 4. Probiotic bacteria ingestion modulates male behavior in zebrafish. (A) Schematic
representation of the novel tank test (NTT). (B) Individual summaries of the track for each animal
in the experiment at 0 and 21 days. (C) Organized summaries from higher to lower scores in the
lower subarea. (D) Comparison of the scores registered in the upper zone before and after treatment.
(E) Comparison of the number of crossings between the two subareas of the arena at 0 and 21 days.
(F) Correlation between “number of crossings” and “total motility” variables integrating data from the
three experimental groups after probiotic treatment. Asterisk shows statistically significant differences
* (p < 0.0500).

4. Discussion

Nutrition could have a positive or negative impact on reproduction. Nowadays, decrease in
sperm quality could be considered a global health problem. Indeed, asthenozoospermia is one of the
male subfertility pathologies described by the WHO (2010) as a condition in which the percentage of
progressively motile sperm is abnormally low [29]. Since the development and optimization during
the last decades of the artificial reproductive technologies (ARTs): Intracytoplasmic sperm injection
(ICSI), ovarian stimulation, intrauterine insemination (IUI), or in vitro fertilization (IVF) many infertile
couples have found a solution to conceive. Although they have become a major worldwide focus
of attention, these techniques are expensive and invasive. Possible clinical approaches may include
antioxidant ingestion as a preliminary or concomitant treatment to reproductive techniques to improve
fertility outcomes.

The definition of oxidative stress (OS) is the overabundance of reactive oxygen species (ROS) or
a deficiency of antioxidants [30]. The imbalance produced by ROS causes cell damage. The deleterious
effects of this damage on spermatozoa have been known since the 80 s [31]. There exists evidence
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regarding the need of certain amounts of ROS for normal sperm functions of both in mammals [32]
or teleost [33] mainly produced by the mitochondria. However, excessive quantities become
pathophysiological and lead to DNA damage and even apoptosis [7]. Endogenous or exogenous
factors may be the cause of high levels of ROS. The most common exogenous causes of OS are obesity,
smoking, environmental contaminants, alcohol intake, and malnutrition [9]. Natural antioxidants can
scavenge ROS, inactivate them, and repair the cellular damage [34]. Spermatozoa, due to their high
specialization, do not present cytoplasm after spermatogenesis and they depend on seminal plasma,
which is rich in antioxidants [35]. Moreover, in spermatozoa, polyunsaturated fatty acids (a highly
oxidizable substrate) enrich the cell membrane, provoking a high vulnerability to lipid peroxidation
from ROS both in mammals [5] and teleost [36]. Oxidative damage affects the sperm flexibility and
therefore motility, which is the excellence parameter to assess sperm quality. The spermatozoal
heightened vulnerability to OS has caused enormous interest in the role of diet antioxidants in the
management of infertile men [7].

Nowadays, the probiotic market is increasing globally as a cheap and well accepted (by the
consumers) supplement source all around the world. There exists an increase in the demand of these
kinds of products to improve health or prevent human illness. The developing observation that the
gut microbiota plays a central role in regulating the host’s physiology has supported the significance
of the probiotic concept. The modulation of the intestinal microbiota composition has been proposed
as one of the main mechanism of probiotic activity [37]. In a previous study, our group reported that
the effects of a commercial probiotic diet supplement (Bactocell®, Lallemand Animal Nutrition S.A.,
Blagnac, France), containing a lactic acid bacteria strain (Pediococcus acidilactici) improved molecular
sperm quality markers in zebrafish testicular cells after a short period (10 days) [38], providing
initial data regarding the potential use of probiotic supplementation on zebrafish male reproductive
performance. In the present study, the ingestion of a supplement containing probiotic strains on
a single cycle spermatogenesis evidenced a positive effect of the host’s sperm quality after a single
cycle of spermatogenesis in zebrafish model. Specifically, the present study was undertaken to evaluate
the combined effects of two strains: L. rhamnosus CECT8361 and B. longum CECT7347. These strains
were selected because they belong to the most-used genera as probiotics nowadays [16] and they
have been previously described as strains with antioxidant activity [23]. Additionally, B. longum
CECT7347 has been assigned with anti-inflammatory activity. This strain has been described to reduce
the inflammatory effects of the dysbiotic intestinal microbiota of individuals with coeliac disease on
peripheral blood mononuclear cells partially via the induction of IL-10 production [24,39]. B. longum
CECT7347 has also been demonstrated to decrease the cytotoxic and inflammatory effects of gliadin
peptides on epithelial cell in vitro degradation [40,41]. Furthermore, in the gliadin-induced enteropathy
animal model, this strain has been shown to reduce the peripheral CD4+ T cells, rise IL-10, and shrink
TNF-α production [42]. The other strain used in this experiment belongs to the Lactobacillus genera,
which has been repeatedly shown as the predominant bacteria in the semen, accompanied by a flexible
composition of other taxa [43–45]. L. rhamnosus species has been described as a highly adhesive bacteria
in zebrafish [21]. The specific mechanism by which these bacterial strains are modifying fish behaviour
and sperm quality in the present study is unclear. It is known that the ingestion of antioxidants can
improve sperm motility [7], but the anti-inflammatory properties of B. longum CECT7347 could not
be ignored and cannot be separately evaluated in our study. In fact, in humans, it has been reported
that the ingestion of a combination of the two strains L. rhamnosus and B. longum modulated the
gut microbiota composition, leading to a significant reduction of potentially harmful bacteria and
an increase of beneficial ones [46]. Indeed, the combination of specific bacterial strains belonging to
these two species can act in optimal synergy for restoring the intestinal balance [47] even better than
individually [48].

In the present study, it was demonstrated that in the zebrafish model, males fed with the probiotic
formulation increased sperm quality. In particular, in terms of sperm counts, 11 of the 12 males within
the PROBIO group showed an improvement in concentration (Figure 2C), independent of initial values
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after 21 days of ingestion. The individual track of animals was available thanks to the use of VIE tagging.
This technique is starting to spread among facilities since this inert, non-immunogenic polymer is
useful for many purposes. The results achieved by this in vivo study clearly showed that the ingestion
of the combination of L. rhamnosus CECT8361 and B. longum CECT7347 increased the percentage of
motile cells after a single cycle of spermatogenesis (Figure 2D). After 21 days of exposure, a clear
induction of total motility was found in all males within the PROBIO group, contrary to control cohorts
(Figure 2D). These results are in line with our previous observations in asthenozoospermic human
samples [23] on the ability of the same couple of probiotics reporting an increase of total motility after
treatment. In the current study, total motility improved with a 1.7-fold change. Concomitantly to the
increment in total motility values, progressive motile cells were also improved (Figure 2D), although
the fold-change before and after the probiotics ingestion was lower. In our results, the increment
of total motility was also accompanied by a modulation of sperm subpopulations within the motile
population (Figure 3). All slow, medium, and fast motile cell populations were increased after 21 days
in the probiotic-fed animals contrary to diet-controlled and vehicle-fed ones (Figure 3). Interestingly,
the spermatozoa kinetics did not show differences after the experimental time indicating that probiotic
bacteria are not able to alter these parameters in the zebrafish model. Altogether, the capability of L.
rhamnosus CECT8361 and B. longum CECT7347 to modulate sperm quality was remarkably corroborated.
Our results regarding sperm quality improvement are further supported by some studies [49,50]
involving the use of probiotics in other animal models, which reported a potentially positive effect
of probiotics in terms of sperm quality parameters. In particular, Dardmeh and colleagues [50]
demonstrated that L. rhamnosus PB01 (DSM 14870) may have an effect on weight after eight weeks of
treatment as well as a modulation of sperm kinetics and hormone levels in mice with diet-induced
obesity. It has also been suggested that the use of Bacillus amyloliquefaciens TOA5001 as a probiotic
has potential positive effect on broiler breeders, since the strain was able to increase sperm count and
sperm viability after six weeks of treatment [49].

The scientific community is starting to elucidate the mechanisms provoking these beneficial
effects of probiotic ingestion on sperm quality. Recently, Kelton Tremellen has published a novel
theory [51], the GELDING theory (Gut Endotoxin Leading to a Decline IN Gonadal function) in which
it is postulated that “the trans-mucosal passage of bacterial lipopolysaccharide from the gut lumen into
the circulation is a key inflammatory trigger underlying male hypogonadism”. The author has also
linked the theory to a described positive effect of probiotics on human sperm samples from infertile
patients [52]. This new and interesting theory is remarkable after analysing our results. The synergy
between antioxidant and anti-inflammatory properties of the two bacteria used in the present study
may explain the registered improvement in zebrafish sperm quality. According to Tremellen’s theory,
this assumption may be accepted.

Noticeably, in the present study, we offer evidence that in adult male zebrafish, short ingestion
of probiotics modulates behavior pattern (Figure 4). Zebrafish is an interesting model organism to
investigate behavior. Founded on geotaxis—an innate escape “diving” behavior of fish in novel
environments—the novel tank test (NTT) has long been used to analyze adult zebrafish behaviors [53]
and drug responses [54]. Adult zebrafish initially spend more time at the lower part of the tank
when they are exposed to a novel environment. Concomitantly, they reduce “top” swimming and
reveal more unpredictable movements and show freezing/immobility events [55]. Subsequent, because
of habituation to the NTT novelty, animals gradually explore the top area (theoretically less safe
for zebrafish in their wild habitats due to predator risk) [28]. Although our results did not report
statistically significant differences in the number of scores in the upper subarea of the novel arena
before and after probiotic administration, the number of crossing between the bottom and the upper
area revealed differences (Figure 4). These results suggest that L. rhamnosus CECT8361 and B. longum
CECT7347 modulate the exploration activity of the males after only 21 days of exposure showing a lower
stress-like conduct. The microbiota signals to the central nervous system (CNS) via several potential
pathways [56]. Probable mechanisms of communication embrace production of various metabolites
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that cross the intestinal barrier into the circulatory system, and/or microbe-derived metabolites that
can signal through the immune system [57]. Moreover afferent pathways of the vagus nerve from
the enteric nervous system (ENS) to the CNS have been associated as a key route of communication
concerning the microbiota and CNS [58]. Our results are in accordance with a number of recent findings
reporting that the use of various Lactobacillus and/or Bifidobacterium strains can lighten anxiety-and
depressive-like behavior and alleviate stress responses in animal models [58–61].

5. Conclusions

In conclusion, our study showed that 21 days of treatment (a spermatogenesis cycle) with
a probiotic mixture with described antioxidant and anti-inflammatory activities significantly improved
zebrafish sperm quality and increased the number of fluent males. These data highlight the promising
use of this probiotic mixture to improve reproductive performance in different quality sperm samples
by increasing sperm total motility, progressive motility, concentration, and fast sperm populations.
Furthermore, behavior analysis revealed a modulation in probiotics-fed males suggesting a lower
anxiety-like pattern, which may be correlated with the improvement of sperm quality parameters
in this model. Considering the simplicity and economical effectiveness of the studied multistrain
product, the results presented here strengthen the potential use of this preparation in male reproductive
biotechnology, which may be useful in the aquaculture industry and reproductive biology fields.
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in a principal component plane; Table S1: Weight values (mean ± s.e.) for the groups before and after treatment;
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Abstract: Sweeteners that are a hundred thousand times sweeter than sucrose are being consumed as
sugar substitutes. The effects of sweeteners on gut microbiota composition have not been completely
elucidated yet, and numerous gaps related to the effects of nonnutritive sweeteners (NNS) on health still
remain. The NNS aspartame and acesulfame-K do not interact with the colonic microbiota, and, as a
result, potentially expected shifts in the gut microbiota are relatively limited, although acesulfame-K
intake increases Firmicutes and depletes Akkermansia muciniphila populations. On the other hand,
saccharin and sucralose provoke changes in the gut microbiota populations, while no health effects,
either positive or negative, have been described; hence, further studies are needed to clarify these
observations. Steviol glycosides might directly interact with the intestinal microbiota and need bacteria
for their metabolization, thus they could potentially alter the bacterial population. Finally, the effects of
polyols, which are sugar alcohols that can reach the colonic microbiota, are not completely understood;
polyols have some prebiotics properties, with laxative effects, especially in patients with inflammatory
bowel syndrome. In this review, we aimed to update the current evidence about sweeteners’ effects
on and their plausible biological interactions with the gut microbiota.

Keywords: nonnutritive sweeteners; sweetening agents; gut microbiota

1. Introduction

Excessive sugar consumption has become an important public health concern due to its adverse
effects on health and metabolic consequences such as obesity, insulin resistance, metabolic syndrome,
cardiovascular diseases, and type 2 diabetes. One century ago, sweetening agents or sweeteners—sugar
substitutes that mimic the sweet taste—emerged as an alternative to sucrose and glucose–fructose
syrups consumption to reduce energy intake [1,2]. However, the impact of sugar consumption on health
continues to be a controversial topic in relation to its effects on metabolic disease [3]. Some contradictory
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results were published in 2015 about sweeteners and gut microbiota. Suez et al. concluded that some
sweeteners may affect the human microbiome, and consequently more studies are needed [4]. In contrast,
Frankelfeld et al. [5] reported no differences in median bacterial abundance across consumers and
non-consumers of sweeteners.

Sweeteners are between several hundred to thousands of times sweeter than sucrose and they
do not contain too many calories. They include nonnutritive sweeteners (NNS), which have a higher
sweetening intensity than other sweeteners, such as acesulfame K (ace-K), advantame, aspartame,
aspartame–acesulfame salt, cyclamate, neohesperidin dihydrochalcone, neotame, saccharin, steviol
glycosides (including 10 different glycosides), sucralose, and thaumatin, low-calorie sweeteners (LCS),
such as polyols or sugar alcohols and other new sugars which are low-digestible carbohydrates derived
from the hydrogenation of their sugar or syrup sources. Polyols are around 25%–100% as sweet as
sugar and include erythritol, hydrogenated starch hydrolysates (sometimes listed as maltitol syrup,
hydrogenated glucose syrup, polyglycitol, polyglucitol, or simply HSH), isomalt, lactitol, maltitol,
mannitol, sorbitol, and xylitol. All of them are considered safe for human consumption as long as
they are consumed within the acceptable daily intake [6]. This safety was claimed by the European
Food Safety Authority (EFSA) except for cyclamate, which is not approved by the US Food and
Drug Administration [1,7,8].

In 2019, we reviewed the effects of sweeteners on the gut microbiota, considering both experimental
studies and clinical trials, and we reported that, among NNS, only saccharin and sucralose shift the
populations of the gut microbiota, although more human studies are needed to clarify those observations.
Within nutritive sweeteners (NS), only stevia extracts seem to affect gut microbiota composition,
while some polyols, such as isomalt and maltitol which can reach the colon, increase Bifidobacterium
in healthy subjects and might act as prebiotics. Besides, lactitol can decrease Bacteroides, Clostridium,
coliforms, and Eubacterium, increasing butyrate and IgA secretion in humans [1]. Thus, we concluded
that still more studies are needed; however, as the plausible biological interaction between sweeteners
and intestinal microbiota has not been reported elsewhere, we aimed to review and update the current
knowledge about sweeteners and gut microbiota interactions in humans.

A comprehensive literature search was conducted in PubMed, Embase®, and Scopus using different
combinations of the following keywords: aspartame, acesulfame-K, cyclamate, sucralose, saccharin,
steviol glycosides, erythritol, isomalt, lactitol, maltitol, sorbitol, mannitol, xylitol, and microbiota,
with special attention and interest to what was published from February 2018 to March 2020.

2. Biological Plausibility: Which Low- and Non-Calorie Sweetener (LNCS) Could Potentially
Affect the Colonic Microbiota?

Biological plausibility is one component of a method of reasoning that can establish a
cause-and-effect relationship between a biological factor and a particular disease or adverse effect
based on assessing the strength of evidence, since the work of Bradford Hill [9]. Here, we will assess
biological plausibility between different sweeteners and gut microbiota composition. Although we
usually refer to the different low- and non-calorie sweeteners (LNCS) as if they were a single molecule,
it is well known that they do not share their absorption, distribution, metabolism, and excretion
(ADME) profiles. Therefore, the extrapolation of the effect of a particular LNCS on the intestinal
microbiota to all LNCS is unappropriated. These differences are crucial to understanding if each LNCS
has the potential to alter the intestinal microbiota, directly or indirectly. For more detailed information
on the metabolic fate of each LNCS beyond its relationship with the colonic microbiota, the excellent
review by Magnuson et al. (2016) [10] can be consulted.
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2.1. Effects of Non-Nutritive Low-Calorie Sweeteners on the Gut Microbiota

2.1.1. Aspartame

Aspartame is a methyl ester of a dipeptide composed of L-phenylalanine and aspartic acid.
When ingested, this dipeptide undergoes enzymatic hydrolysis in the gastrointestinal lumen and in
the cells of the internal intestinal mucosa (by peptidases and intestinal esterases), so that virtually no
aspartame enters the general circulation [11,12]. Hence, aspartame as an intact molecule cannot interact
directly with the colonic microbiota. The three digestion products (aspartic acid, L-phenylalanine,
and methanol) are rapidly absorbed in the duodenum and jejunum [12], reaching the systemic
circulation without passing through the colon [10]. These degradation products are presented in
the same way as when they are absorbed from vegetables, fruits, dairy, or meat, and at much lower
concentrations than when they are derived from such foods [11]. These products follow their usual
metabolic pathways.

Methanol enters the portal circulation into the liver and, by the enzymatic action of alcohol
dehydrogenase, is metabolized to formaldehyde, which in turn, by the action of formaldehyde
dehydrogenase, is oxidized to formic acid. Formic acid can be eliminated by the respiratory tract
as carbon dioxide or excreted into the urine [10,11]. Aspartate undergoes a transamination reaction
in the enterocytes, becoming oxalacetate. Oxalacetate and aspartate are interconverted in the body
and can participate in the urea cycle and gluconeogenesis in the liver. Excess aspartate is eliminated
in the urine [10]. Phenylalanine is absorbed in the gastrointestinal tract mucosa. It enters the liver
through portal circulation, where, by the action of phenylalanine hydroxylase, can be converted
into tyrosine. Phenylalanine that reaches the systemic circulation can be distributed throughout the
body [11]. Its excess is excreted in the urine [13].

Based on the abovementioned information, the finding of a positive association between intake of
aspartame and alteration of the colonic microbiota of rodents could be in fact due to the effect of what
the animals stop eating rather than to the effect of aspartame intake itself. This last concept applies to all
LNCS. However, a recent study carried out in female Sprague Dawley rats subjected to a high-fat/sucrose
(HFSD), a HFSD+ aspartame (5–7 mg kg−1 day−1), or a HFSD+ stevia (2–3 mg kg−1 day−1) diet showed
an increase of body fat in the offspring at weaning following maternal consumption of aspartame
and stevia in the HSFD. In addition, glucose tolerance was altered, particularly with aspartame.
Akkermansia muciniphila and Enterobacteriaceae concentrations were higher in mothers compared with
their offspring. Regarding the cecal microbiota, a reduced abundance of Enterococcaceae, Enterococcus,
and Parasutterella and an increased abundance of Clostridium cluster IV were found in the aspartame
group. Moreover, fecal transplantation from offspring to germ-free mice produced an altered gut
microbiota, causing impaired adiposity and glucose tolerance. In addition, increased concentrations of
Porphyromonadaceae in males and females obese–aspartame and obese–stevia offspring were found [14].
In contrast, in the study by Suez et al., food intake in mice assigned to a water group with LNCS
(aspartame, sucralose, and saccharin) was reduced by up to 50%. It is known that dietary factors are
key determinants of the composition of the intestinal microbiota; indeed, differences in both total
caloric intake and the type of food consumed can lead to a different microbial composition [15–17].

Thus, the intestinal microbiota might have been altered by a reduced consumption of fiber, protein,
fat, and carbohydrates; therefore, it seems uncertain that the reported change in the intestinal microbiota
was caused by the LNCS, and the changes that diet per se may provoke in the intestine should be considered.
Nonetheless, there are studies that reveal possible modifications of the microbiota due to the use of
aspartame. The study by Mahmud et al. analyzes the combined and individual effects of the administration
of low concentrations of aspartame and Ace-K. Induction of Escherichia coli growth and expression of
some important genes which may be related to its colonization in the gut were observed [18]. In another
study with human fecal samples, aspartame administration significantly increased Bifidobacterium and
Blautia coccoides growth and decreased the Bacteroides/Prevotella ratio; nevertheless, the aspartame-based
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sweetener used in this study was rich in maltodextrin, thus, the authors did not study the effect of
aspartame alone [19].

2.1.2. Potassium Acesulfame (Ace-K)

After its intake, Ace-K is absorbed almost completely in the small intestine as an intact molecule
and distributed by the blood to different tissues. Without undergoing any metabolization, more than
99% of Ace-K is excreted in the urinary tract within the first 24 h, with less than 1% being eliminated
in the feces [10,20]. The minimum amount of Ace-K ingested, its rapid absorption, and its urinary
excretion causes the Ace-K concentration that reaches the fecal or colonic bacteria to be negligible [10,21].
Therefore, it is extremely unlikely that this LNCS could have a direct effect on the colonic microbiota [16].
However, some studies have reported small shifts in the gut microbiota composition following
Ace-K intake.

A cross-sectional study was conducted in humans and showed no modifications in the intestinal
microbiota nor significant differences by sex, contrary to the study conducted in rats by Bian X et al. [22].
Other studies also indicate that Ace-K causes changes in the microbiota and their metabolites, such as
butyrate and pyruvate [22,23]. The study carried out by Uebanso et al. suggests that the daily intake
of maximum adequate diary intake (ADI) levels of Ace-K does not affect the relative amount of
the Clostridium cluster XIVa in the fecal microbiome [24]. In contrast, a study in mice that received
150 mg kg−1 of Ace-K by free drinking during 8 weeks, showed that lymphocyte recruitment was
increased, with augmented expression of inflammatory cytokines and adhesion molecules [25].
Recent studies in rats indicate that administration of a mixture of sucralose and Ace-K at concentrations
near the upper limit of ADI for human consumption during mice pregnancy has consequences on the
progeny, causing metabolic and microbiome alterations. The authors observed an increase in Firmicutes
and a depletion of A. muciniphila, which is a beneficial bacterium inversely correlated with fat mass
gain, type 1 diabetes, and inflammatory bowel syndrome (IBS) [26]. The researchers also indicated an
increase in the variety of species in the microbiota; however, A. muciniphila was significantly depleted,
suggesting that the divergence between mothers’ and pups’ microbiomes was due to increasing
NNS concentrations [27].

Regarding the bacteriostatic effect of Ace-K, this sweetener shows a strong inhibitory effect on the
growth of E. coli HB101 and E. coli K-12 [28]. In contrast, using a concentration of Ace-K of 2.5 mg/mL,
the result was an induction in E. coli growth, whereas the growth stimulation decreased gradually
when higher concentrations of sweetener were used [18].

2.1.3. Cyclamate

Cyclamate is the sodium or calcium salt of cyclamic acid (cyclohexanesulfamic acid), which itself
is prepared by the sulfonation of cyclohexylamine and is eliminated in the feces [29]. In a study carried
out by Vamanu et al. [30], the authors determined the effect of sweeteners on the microbiota pattern
using an in vitro model. In this study, the total quantity of synthesized short-chain fatty acids (SCFA)
and the number of microorganisms were decreased, and a negative influence on the fermentative profile
was observed, although with an increase of Bifidobacterium. The ratio of butyric/propionic acids was
also affected, indicating that those SCFA could affect the gut microbiota composition. Cyclamate also
exerts a positive effect, producing an inhibitory anaerobic fermentation of glucose in a rat model of
intestinal gut microbiota [28].

Cyclamate and sucralose can alter the ratio between butyric and propionic acids [30]. SCFA have
multiple effects on human health. Butyric acid has anti-obesogenic effects, reduces insulin resistance,
and improves dyslipidemia [31]. Lower concentrations of propionic and butyric acids have been
positively correlated with the four subtypes of IBS and can be harmful to people with that disease [32].
Overall, it seems that cyclamate has some effects on gut microbiota composition, but more studies on
its possible effect on human health are needed.
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2.1.4. Sucralose

Sucralose has a very low level of absorption (less than 15%) and it is practically not metabolized.
Therefore, after intake, more than 85% of sucralose reaches the colon unchanged [10]. The small
proportion of sucralose that is absorbed is eliminated in the urine mainly unchanged, though two
glucuronides of sucralose were also detected in a small proportion (approximately 2%) [33].

Although more than 85% of the ingested sucralose contacts the colonic microbiota, between 94%
and 99% of this LNCS is recovered in the feces without any structural change, thus indicating little
or no metabolism by the gut microbiota [10]. Thus, sucralose does not appear to be a substrate for
the colonic microbiota [16]. Nevertheless, considering the practically null microbial metabolism of
sucralose, we must be cautious when interpreting the results of studies that indicate an alteration of
the intestinal microbiota after sucralose consumption [17]. In those cases, it will be worth investigating
whether pure sucralose or a commercial formulation was used in the research, since these formulations
usually contain around 1% of sucralose and 99% of the carriers maltodextrins [16].

On the other hand, it has been shown that sucralose promotes inflammation in a mouse
model of human Crohn’s disease-like ileitis as well as dysbiosis of the gut microbiota [34].
Furthermore, sucralose causes a decrease in the number of Firmicutes species [35]. This result is the
opposite to that reporter by Olivier-Van Stichelen et al., who found that Firmicutes doubled, including
the Clostridiales families Lachnospiraceae and Ruminococcaceae (e.g., Oscillospira), in mice’s pups [27].
Wang et al. observed an increase of Firmicutes and a tendency to decrease for Bacteroidetes [28].
These authors did not observe changes in Actinobacteria and Proteobacteria phyla in mice fed with
a chow diet, but they reported a synergistic effect when sucralose was provided in the context of a
high-fat diet. On the other hand, a chow diet might cause a significant increase in Bifidobacterium [28].
A study carried out in humans examined the short-term effect of sucralose consumption on glucose
homeostasis and gut microbiome in healthy male volunteers. The authors concluded that no changes
occurred in the gut microbiome due to sucralose intake [36]. In contrast, another study shows an
increase in the abundance of pro-inflammatory bacteria like Turicibacter, which was associated with
hepatic inflammation, after sucralose administration [37].

Splenda administration in mice was associated with a high presence of Bacteroidetes, an enhanced
overgrowth of E. coli, and the expansion of Proteobacteria [38]. The effect of sucralose was analyzed
in fecal samples from 13 healthy volunteers. The authors found increased abundances of Escherichia,
Shigella, and Bilophila. With regard to SCFA, increased production of valeric acid was observed [19].

A recent publication evaluated the short-term effect of sucralose consumption on glycemic control
and its interaction with the intestinal microbiota (comparison before/after the intervention by 16S rRNA
sequencing) in healthy subjects. This study concluded that consumption of high doses of sucralose
(75% of the ADI) for 7 days did not alter glycemic control, insulin resistance, or intestinal microbiome
at the phylum level [36].

Although previous human studies showed similar results concerning glycemic control
(glycosylated hemoglobin, fasting blood glucose, C-peptide), both in diabetic [39] and in non-diabetic
populations [40], this is the first time that a randomized, controlled, double-blind study concomitantly
evaluated the composition of the intestinal microbiome in healthy subjects, thus providing a better
level of evidence in comparison to other earlier published trials.

2.1.5. Saccharin

After intake, more than 85% of saccharin is absorbed as an intact molecule, since it does not undergo
gastrointestinal metabolism. Once absorbed, it binds to plasma proteins and is distributed throughout
the body. Finally, it is eliminated by urine through active tubular transport [10,41,42]. The small
percentage of non-absorbed saccharin is excreted into the feces, indicating that high concentrations
of this LNCS could lead to changes in the composition of the intestinal microbial population [16].
It is important to highlight that one of the main studies that reported an alteration of the intestinal
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microbiota with the consumption of saccharin [17] was carried out by administering the full ADI of
saccharin, which does not correspond to what happens with habitual human consumption.

In an in vitro model study, saccharin produced an increase in Bifidobacterium. Not only saccharin
but also sucralose caused a decrease in the number of Firmicutes species, directly correlated with the
SCFA level [30].

Some herbicides, which are considered nowadays safe, can change the gut microbiota of animals
in the early stages of embryonic development. Indeed, exposure to glyphosate and glyphosate in
combination with saccharin contributes to the broader reproduction of pathogenic bacteria such as
Klebsiella, Citrobacter, Enterobacter, and Pseudomonas [43]. On the other hand, studies show that saccharin
administration can also disrupt monolayer integrity and alter paracellular permeability in a Caco-2 cell
monolayer model [44].

Overall, saccharin administration also promotes Bacteroidetes, Turicibacter, and Clostridiales and
reduces Firmicutes abundances. The Turicibacter bacteria increases have been related to a pro-inflammatory
effect of saccharin [37].

The effect of a mixture of fiber–prebiotics and saccharin–eugenol has been evaluated in dogs.
Four diets were prepared: control diet, containing 5% of cellulose; diet containing a 5% fiber and
prebiotic blend; diet containing 0.02% of saccharin (sweetener SUCRAM) and eugenol and 5% of a
fiber and prebiotic blend plus 0.02% of saccharin and eugenol. The use of saccharine did not affect
species richness measured by alpha-diversity or alter the proportions of bacterial phyla. No changes
were observed in fecal microbial communities [45]. More studies are needed to confirm these saccharin
effects using different concentrations and animal models.

2.1.6. Steviol Glycosides

Steviol glycosides can be extracted from the leaves of Stevia rebaudiana. They all have a central
steviol structure, conjugated with different sugar residues, such as stevioside and rebaudioside A,
which all are steviol glycosides. Steviol glycosides are hydrolyzed neither by enzymes nor by the acid
present in the upper gastrointestinal tract [46]. Therefore, they pass through the upper portion of the
gastrointestinal tract without being absorbed and enter the colon as intact molecules [47]. In the colon,
bacteria of the Bacteroidacea family eliminate the sugar residues that are conjugated to steviol [47,48].
While these sugar residues may represent a source of energy for the microbiota [49], it is worth noting
that the energy contribution is negligible, given the low total daily intake of steviol glycosides [50].
The resulting steviol is not a substrate for the intestinal microbiota, since it is resistant to bacterial
degradation [48]. Hence, steviol is completely absorbed and reaches the liver where it is conjugated
with glucuronic acid. Steviol glucuronide is mainly excreted in the urine in humans [51,52].

While steviol glycosides interact with the colonic microbiota, there are no reports indicating that
these compounds could affect bacteria negatively [30]. A recent study showed that steviol incubation
in the GIS1–phase 2 system, an in vitro system that simulates the human intestinal microbial ecosystem,
reduced the ammonium level and Bifidobacterium and exerted a negative influence on the fermentative
profile, resulting in higher pH and SCFA ratio [30].

S. rebaudiana is another natural steviol glycoside 250 times sweeter than sucrose [53]. In Europe,
only the purified steviol glycosides are approved for use in food, and the ADI of 4 mg kg−1 of body
weight per day is safe (EU Regulation (EU) 1129/2011) [1,7,54]. Another study recently reported that a
low dose of stevia rebaudioside A alters gut microbiota composition and reduces nucleus accumbens
tyrosine hydroxylase and dopamine transporter mRNA levels in rebaudioside A-supplemented rats.
Nonetheless, the oligofructose-enriched inulin prebiotic, in the presence or absence of rebaudioside A,
reduced fat mass, food intake, gut permeability, and cecal SCFA concentration. However, only stevia
rebaudioside A increased SCFAs acetate and valerate, which are positively correlated with fat mass and
total weight. Hence, stevia rebaudioside A seems to decrease the “healthy” status of the gut microbiota [55].

Chronic stevia consumption has effects on gut microbiota and immunity in the small intestine of
young mice. In 21-day-old mice treated with sucrose, Splenda, and stevia, mice preferred the consumption
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of Splenda and stevia. Besides, those mice showed an increase in CD3+ lymphocytes in Peyer’s patches,
but only stevia induced an increase in the lamina propria. Both Splenda and stevia elevated leptin,
C-peptide, IL-6, and IL-17 and decreased resistin. Stevia modified the predominantly genera Bacillus
such as Bacillus aerius, Bacillus circulans, Bacillus licheniformis, and Bacillus safensis, although the authors
observed effects on Streptococcus saliviloxodontae, Oceanobacillus sojae, and Staphylococcus lugdunensis.
Even though the results of this study are significant, they have some limitations. The modifications
observed in the immune system of the mucous membranes and in the microbiota of the small intestine in
young mice after weaning depend on age and diet. This study used culture media and not metagenomic
approaches, and some results might be related to some carriers present in the evaluated products,
such as maltodextrins [56].

Recently, by testing stevia glycosides and erythritol, which are often combined in food preparation
to minimize changes in the organoleptic profile, in an in vivo Cebus apella model, changes in bacteria
growth and gut microbial structure and diversity have been observed [57]. Overall, stevia seems to
modify the gut microbiota; however, further studies are needed to clarify its specific effects.

Although different changes in the intestinal microbiota have been described in relation to the
influence of sweeteners on the immune system, the wide use of aspartame, ace-K, cyclamate, sucralose,
saccharin and steviol glycosides makes it necessary to carry out other analyses to complete the picture
of the influence that these sweeteners have on the intestinal microbiota.

2.2. Effects of Nutritive Low-Calorie Sweeteners on the Gut Microbiota

2.2.1. Polyols

Polyols are a group of compounds used in an increasingly wide variety of commercial foods as
additives. They are quite stable at high temperatures and various pH and do not interfere in Maillard
reactions, conferring organoleptic characteristics to the foods. Polyols are naturally present in fruits,
vegetables, and mushrooms and are used to produce food without added sugar, reducing the sugar
content in recipes. In addition, polyols are non-cariogenic, do not induce salivation, and do not
interfere with insulin and glucose levels in the blood. Nevertheless, the excessive consumption of
polyols causes gastrointestinal symptoms and laxative effects, which can be even worse in patients with
IBS. As we described previously, the FDA, the Codex Alimentarius, and the EFSA have approved eight
different polyols, i.e., erythritol, hydrogenated starch hydrolysates, isomalt, lactitol, maltitol, mannitol,
sorbitol, and xylitol, for use as bulk sweeteners in human foods [1,58]. Indeed, in September 2019,
EFSA launched an open consultation on the “Protocol for the assessment of hazard identification and
characterization of the sweeteners”, which will be used for the evaluation of the safety of sweeteners
under the re-evaluation program of food additives. The evaluation should be completed by the end
of 2020 [59].

2.2.2. Erythritol

Erythritol (E-968) is a four-carbon sugar alcohol that has a fast absorption through the small
intestine with a very low metabolization and it is over 90% excreted unchanged in the urine [58].
Furthermore, an unabsorbed part (~10%) is fermented in the large intestine by the colonic microbiota,
which consequently rarely leads to gas production [60]. Hence, the limited amount of erythritol that
reaches the colon could be the explanation of the lack of evidence of effects of erythritol on the gut
microbiota in humans, based on clinical trials as we previously reported [1]. Nevertheless, a recent
in vitro study demonstrated that low doses of erythritol (25 μg mL−1, 50 μg mL−1, and 100 μg mL−1)
did not exert any effect on the growth of Escherichia, Enterococcus, Lactobacillus, Ruminococcus and
Bacteroides in the human gut microbiota. Moreover, erythritol doses did not disrupt alpha and beta
diversities or the composition of the human gut microbial community [57]. In contrast, butyric and
pentanoic acids were increased significantly after erythritol consumption, indicating that this polyol
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may be able to affect the function of the human gut microbiota. Indeed, the authors reported that this
change in SCFAs production was due to the 10% of erythritol that reaches the human colon [57].

2.2.3. Isomalt

Hydrogenated isomalt, isomaltitol (E-953), is not absorbed by the small intestine and is easily fermented
in the colon by the microbiota [61]. This fermented fraction of ingested isomalt is approximately 90% [62].
Therefore, it is expected that isomalt is capable of altering the bacterial population. Isomalt has been proposed
as a prebiotic carbohydrate that might contribute to a healthy luminal colonic mucosal environment,
with bifidogenic properties and high butyrate production [63]. Accordingly, besides evidence reported
in Ruiz-Ojeda et al., 2019 [1], a recent study based on the administration of buckwheat honey
to human gut microbes cultures reported that the principal constituents of buckwheat honey are
oligosaccharides with a low degree of polymerization, including isomalt and isomaltotriose, which may
serve as food to promote the growth of indigenous intestinal probiotics such as Bifidobacterium [64].
In addition, an increase in the abundance of Escherichia/Shigella and Streptococcus was also reported,
while the alpha diversity, as well as the abundance of Prevotella, Faecalibacterium, and Lachnospiraceae
incertae sedis, were decreased, thus fostering a reduction of pathogenic bacteria in the gut tract [64].
However, this might be also explained by the polyphenols composition of the buckwheat honey studied,
since polyphenols also markedly affect the gut microbiota [64]. Indeed, the authors concluded that
phenolic compounds and oligosaccharides in buckwheat honey appear to synergistically impact human
intestinal microbes to enhance the growth of probiotics. More efforts, especially in vivo, are required
to elucidate the possible specific impact of isomalt on the gut microbiota.

2.2.4. Lactitol

Lactitol (E-966) is a disaccharide normally not absorbed in the small intestine [65] that therefore
reaches the lower gut where it is fermented, producing both gases and SCFA [66]. Lactitol mitigates
pathogenic translocation in the small intestine by the reduction of permeability and stimulates the
growth of bifidobacteria and lactobacilli [67]. Thus, similarly to isomalt, lactitol could act as a prebiotic,
enhancing the composition of the intestinal microbiota, even when consumed at low doses as a
sweetener, normally 10 grams [68]. Nevertheless, it is important to highlight that lactitol, due to its
limited sweetening power, is usually used in combination with other intense sweeteners [69] or a set
of prebiotics [70], and this could disturb the results concerning its effect on the intestinal microbiota.
Furthermore, it has also been studied as a synbiotic product along with Lactobacillus acidophilus
NCFM and jointly promoted beneficial changes since it led to a decrease in the abundance of the
Blautia coccoides–Eubacterium rectale bacterial group and Clostridium cluster XIVab counts in the elderly
population [71]. Since 2018, two studies were identified regarding lactitol and the gut microbiota.
One trial was based on the administration of probiotics, synbiotics, probiotics together with lactitol,
or only lactitol to mice with acute colitis. The authors found that the lactitol group showed higher
levels of Akkermansia compared with the control, probiotic (Bifidobacterium and Lactobacillus), and synbiotic
(probiotics and inulin) groups. It is worth highlighting this work, since Akkermansia seems to ameliorate
the inflammatory response and insulin resistance in obese and diabetic patients [72], protecting the
intestinal epithelial cells and enhancing the mucosal barrier function [73]. As the genome of Akkermansia
was proved to be able to encode a wide variety of secretory proteins such as glycohydrolyzases [74],
the authors speculated that Akkermansia might be able to decompose lactitol and promote its own
proliferation [75]. Furthermore, the supplementation of probiotics and prebiotics, including lactitol,
induced an increment of the proportion of helpful bacteria and regulated the balance of the intestinal
microbiota [75]. For instance, the abundance of Bifidobacterium was increased in all the experimental
groups in comparison with the control. However, the observed effect might not be exerted by lactitol
itself [75]. Another study was performed in Korean adults to evaluate the efficacy of supplementation
with the prebiotic UG1601 (based on inulin (61.5%), lactitol (34.6%), and an aloe vera gel (3.9%))
for 4 weeks to alleviate the symptoms of constipation associated with the gut microbiota [70].
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Here, the clinical trial showed that the prebiotic UG1601 in patients with mild constipation resulted in
decreased serum concentrations of the bacterial endotoxin lipopolysaccharide and its receptor CD 14.
Additionally, it increased the abundance of Roseburia hominis, a major butyrate producer, which could
be related to the observed reduction of the levels of these endotoxemia markers [70]. In summary,
lactitol along with other compounds, may induce changes in the gut microbiota, but further studies are
needed to demonstrate whether lactitol itself triggers an effect on the gut microbiota.

2.2.5. Maltitol

Maltitol (E-965) is obtained through the hydrolysis, reduction, and hydrogenation of starch.
This polyol has a very slow absorption rate, being fermented in the colon. Thus, as we previously
mentioned, it is expected that maltitol is susceptible fermentation by the gut microbiota [1]. To date,
only one clinical trial has been reported which studied the effect of maltitol present in experimental
chocolate on the gut microbiota. The authors concluded that both maltitol and polydextrose, as well as
maltitol alone, increased the amount of fecal bifidobacteria, lactobacilli, and SCFA compared with the
control chocolate [26]. Besides evidence reported by Ruiz-Ojeda et al., 2019 [1], there are no additional
studies. Although maltitol could be a good alternative with high sweetening capacity (~90%), safe,
and non-cariogenic, data to determine the specific effects of maltitol on the gut microbiota are not
still sufficient.

2.2.6. Sorbitol

Sorbitol or D-glucitol (E-420) is partially absorbed in the upper gastrointestinal tract, where it
undergoes digestion, while the non-absorbed portion is extensively fermented to SCFA and gases by the
colonic microbiota [62]. Consumers can suffer slight gastrointestinal symptoms, such as flatulence or
bloating, or more severe symptoms when it is ingested at high doses as 20 g d−1 [76]. Overall, studies on
this isomeric polyol and its effect on the gastrointestinal tract are mostly focused on the symptomatology
induced by sorbitol than on its possible capacity to alter the gut microbiota. Since the 1930s, it is known
that sorbitol can be fermented by bacteria like E. coli, Lactobacillus spp., and Streptococcus spp. [77]
which are present in our intestinal microbiota. However, so far, there has been no thorough study and
there is not enough evidence to define the specific effects of sorbitol on the gut microbiota.

2.2.7. Mannitol

Mannitol (E-421) is an isomer of sorbitol, and both are listed as hydrogenated monosaccharides.
Approximately, 75% of ingested mannitol reaches the large intestine [78]. The intestinal bacteria
metabolize D-mannitol to butyrate and propionate in animal models. Indeed, D-mannitol has been
suggested as a prebiotic, due to its stimulation of colonic butyrate and propionate production [79].
Although no data are available so far about the effects of mannitol on the gut microbiota, its role as
a substrate reflects an interaction between this polyol and the intestinal microbiota that should be
studied more deeply.

2.2.8. Xylitol

Xylitol (E-967) is a five-carbon polyol obtained from the hydrogenation of D-xylose, called wood
sugar or birch sugar. Xylitol can be directly metabolized mainly in the liver, remaining unchanged
in the gastrointestinal tract [80]. Furthermore, only a certain proportion of the ingested xylitol is
absorbed slowly from the intestinal lumen and fermented by the intestinal microbiota. Besides minor
amounts of gases such as H2, CH4, and CO2, the end products of the bacterial metabolism of xylitol
are mainly SCFA, (i.e., acetate, propionate, and butyrate). Xylitol might cause osmotic diarrhea when
the amounts consumed are too high [81]. Hence, it is expected that this polyol is capable of altering
the intestinal microbiota. Interesting results were reported, as previously mentioned, in our recent
review [1], but further studies were not reported since then.
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In summary, according to the new findings reported from February 2018, erythritol, lactitol,
and maltitol have shown to exert beneficial effects on the gut microbiota by themselves.
Nevertheless, because of the promising effect of lactitol to enhance Akkermansia proliferation in
mice with acute colitis, we encourage corroborating this finding by further studies in humans.
Overall, the latest evidence is not still enough to establish firm conclusions in relation to how polyols
influence the gut microbiota. In addition, it is necessary to highlight that some polyols could induce
laxative effects, and it would be more reliable to evaluate their effects separately. Figure 1 summarizes
the effects of different sweeteners on intestinal microbiota.

 

Figure 1. Schematic representation of sweeteners’ effects on the gut microbiota. Abbreviations.
IgA, Immunoglobulin A; N/A, not available information; SCFA, short-chain fatty acids.

3. Conclusions and Future Perspectives

The effects of sweeteners on gut microbiota composition are still in discussion. Even though there
are some gaps in the evidence related to the health effects of NNS in both healthy and non-healthy
populations, authorities such as FDA, EFSA, and Codex Alimentarius consider them safe and
well-tolerated, as long as the appropriate ADI is not exceeded. Regarding NNS, neither aspartame
nor its degradation products make contact with the colonic microbiota. In contrast, though Ace-K is
absorbed and eliminated by urine and almost does not contact the colonic microbiota, surprisingly,
it increases Firmicutes and depletes A. muciniphila. However, further research is required in order to
firmly establish an effect in humans. We previously reported that saccharin and sucralose seem to
change the composition of the gut microbiota. However, it is necessary to take account that only 15%
of the consumed saccharin contacts the colonic microbiota, so only high doses could alter the intestinal
microbiota composition. On the contrary, more than 85% of the consumed sucralose reaches the colon;
therefore, sucralose could potentially either alter or change the gut microbiota composition, but it is not
practically metabolized by intestinal bacteria. On the other hand, steviol glycosides directly interact
with the intestinal microbiota and need bacteria for their metabolization, so they could potentially alter
the bacterial population.

In summary, in the absence of biological plausibility, results indicating a possible alteration of
the intestinal bacteria population after the consumption of LNCS should be explained by alternative
mechanisms, such as alterations in the dietary pattern, administration of exaggerated LNCS doses,
and co-administration of carriers.
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Abstract: The importance of gut microbiota in health and disease is being highlighted by numerous
research groups worldwide. Atherosclerosis, the leading cause of heart disease and stroke,
is responsible for about 50% of all cardiovascular deaths. Recently, gut dysbiosis has been identified
as a remarkable factor to be considered in the pathogenesis of cardiovascular diseases (CVDs). In this
review, we briefly discuss how external factors such as dietary and physical activity habits influence
host-microbiota and atherogenesis, the potential mechanisms of the influence of gut microbiota in
host blood pressure and the alterations in the prevalence of those bacterial genera affecting vascular
tone and the development of hypertension. We will also be examining the microbiota as a therapeutic
target in the prevention of CVDs and the beneficial mechanisms of probiotic administration related to
cardiovascular risks. All these new insights might lead to novel analysis and CVD therapeutics based
on the microbiota.

Keywords: cardiovascular diseases; atherosclerosis; gut microbiota; microbiome

1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders of heart and blood vessels, including
hypertension (high blood pressure), coronary heart disease (disorder of the blood vessels supplying
the cardiac muscle), cerebrovascular disease (disorder of the blood vessels supplying the brain),
peripheral vascular disease, heart failure, rheumatic heart disease, congenital heart disease and
cardiomyopathies [1]. Globally, CVD is the major cause of morbidity and mortality [2]; an estimated
17.9 million people died from CVDs in 2016, representing 31% of all global deaths. Of these deaths,
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85% were due to ischemic heart disease and stroke [3]. Atherosclerosis, the precursor of myocardial
infarction, or coronary artery disease, happens over periods and is related to long-term and accumulative
contact to causal changeable risk factors. Different processes such as endothelial dysfunction, chronic
inflammation, hyperglycemia and oxidative stress cause atherosclerosis, a complex process present in
CVDs in which an inflammation response to injury is caused [4]. In atherosclerosis, the early start
leading to the onset is characterized by the increase of lipids and fibrous tissue to the internal lining of
arterial walls. Increased intimal thickening may eventually lead to reduced or complete occlusion of
blood flow to vital organs such as the heart and brain, resulting in myocardial infarction or stroke,
respectively [5].

The atherosclerosis development is defined as the formation and accumulation of foam cells
within the lipid-rich subendothelial space of the affected artery. Monocytes attracted to the area will
differentiate into tissue macrophages. Due to lipid metabolic pathways dysregulation, lipid-dense
macrophages called foam cells are accumulated inside the arterial lining and a characteristic ‘fatty
streak’ with atherogenic functions, including the release of extracellular-matrix-degrading enzymes,
leading to a greater likelihood of plaque rupture and consequently blood vessel occlusion [5].

Low- and middle-income countries are affected by CVDs, out of the 17 million premature deaths
(under the age of 70) due to noncommunicable diseases in 2015, 82% were in low- and middle-income
countries, of which 37% were caused by CVDs [1] and happened nearly equally in men and women.
Although preventive measures such as reductions in smoking, blood pressure and atherogenic lipids
and advances in treatments have led to a major reduction in age-standardized death rates for CVD in
high-income regions, its prevalence is rising in developing countries [1]. The factors that influence to
the progress of CVD are genetic sources and epigenetic factors, environmental sources, or a combination
of both [6]. On the one hand, a lesser amount of one-fifth of attributable CVD risk has been accounted
for genetic determinants [7,8]. On the other hand, among environmental CVD risk factors, are
contaminants (e.g., atmospheric pollution and noise), tobacco smoking, physical activity, sedentariness
and what we eat, the diet. If atherosclerosis remains, it is also frequently accompanied by body weight
increase, blood pressure changes, lipidemia, serum glucose, endothelial dysfunction, inflammation
and thrombosis [9].

Studies in human populations and model organisms have shown that intestinal microbiota
changes might be associated with CVD [10,11]. In addition, some obesity-associated comorbidities,
namely type 2 diabetes (T2D) and nonalcoholic fatty liver disease (NAFLD), also exhibit perturbation
of the intestinal microbiota [12,13]. Microbiota communication generates complex pathways via
intestinal microbiota-generated metabolites and has been shown to disturb relevant phenotypes to
CVD, covering from inflammation, insulin resistance and obesity to more direct processes similar to
atherosclerosis and thrombosis susceptibility [10,14–20].

This review discusses the role of the human intestinal microbiota in the development of CVDs
with special emphasis on atherosclerosis, some nutritional aspects, microbiota targeted therapeutics
and prevention of CVD.

2. Relationship between Microbiota and Cardiovascular Diseases

When we talk about microbiota we refer to the ecological community of commensal, symbiotic
and pathogenic microorganisms that coexist on and within an organism [21]. This comprises bacteria,
archaea, fungi, protozoa and even viruses [22]; bacteria are in the spotlight due to the lack of efficient
methods to study the other organisms. However, the resolution is increasing in all omics-based
profiling, and the cost is decreasing as as well, which is facilitating the characterization of these other
organisms [23].

The research on the human microbiota, especially gut microbiota, has come to be one of the most
innovative areas when it comes to the study of different pathologies [16]. It has been demonstrated
that specific microbial communities may be related with the development of several diseases like
obesity [24,25], cancer [26–29], inflammatory bowel disease [30,31] and rheumatic disease [32,33]; some
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experiments have shown a direct connection between changes in gut microbiome and cardiovascular
health and disease [15,34–38]. The presence of microbes in our intestine endows us with a protective
milieu by inhabiting biological places that may otherwise be colonized by potentially pathogenic
microorganisms [39]. Also, it is known that the microbial community exerts an effect on the host immune
response and that this is an important aspect to take into consideration in the study of autoimmune
diseases [40]. Besides, the microbial community has the potential for providing microbiota-derived
specific molecules, such as short-chain fatty acids (SCFAs) which directly feed colonocytes and
thus prevent inflammation and gut leakage [41–43], increase nutrient harvest [44] and alter appetite
signaling [45]. The quality and quantity of each SCFA depend not only on the diet’s indigestible
fraction [46] but also on a cross-feeding mechanism established in the bacterial community [47,48].
The most abundant SCFAs are acetic, propionic and butyric acids, which together represent nearly
90–95% of the SCFA present in the colon [49]. Acetate is a net product of carbohydrate fermentation of
most anaerobic bacteria, while propionic and butyric acid are generated from carbohydrate or protein
fermentation by a distinct subset of bacteria [50,51].

Each person can present a wide variety of microorganisms in the gut depending on several things,
like their lifestyle [52–55]. It is known that the microbiota varies widely during the first year of life,
then it stabilizes as a consortium that resembles that of adults [56]. The major taxa present in gut
microbiota are Firmicutes and Bacteroidetes, whose magnitudes seem to remain remarkably constant
over time [57,58].

In connection to the vast diversity of microbes among individuals, the nutritional status has a
strong impact in gut microbiota modeling [59], to such an extent that specific diets such as those high
in fats or sugars might lead to variations in the microbial population that, eventually, might facilitate
the development of diseases [60]. Furthermore, exercise training is also considered a physical activity
that modifies the gut microbiota composition and functional capacity [61]. Another important factor
to take into account is the mental status of the individual since the presence of disorders such as
anxiety [62] or depression are related with fluctuations in the gut microbiome [63]. The focus on the
bidirectional association between the brain and gut microbiota, also known as gut-microbiota–brain
axis, in neuropsychiatric disorders is a current field in the research of human microbiota [64,65].

2.1. Diet, Gut Microbiota and Cardiovascular Diseases

The gut microbiota might influence multiple metabolic and physiological processes and the
modifications in these microbial structures are related with the progress of metabolic disorders such as
obesity [16,66–70], insulin resistance [16,66–70] and atherosclerosis.

Foods abundant in fats (saturated, polyunsaturated and monounsaturated) are frequently copious
in dietary nutrients possessing trimethylamine (TMA) moiety, such as phosphatidylcholine (PC)
(lecithin), choline and L-carnitine. Mammals do not have TMA lyases, and the use of these enzymes
by gut microbes, which are able to leave the C-N bond of the aforementioned nutrients, release
the TMA moiety as a remaining product, so that gut microbiota are able to use these nutrients as a
carbon fuel source. Portal circulation transport carries the TMA to a cluster of hepatic enzymes, the
flavin-monooxygenase-3-dependent FMOs (particularly FMO3), that efficiently oxidize TMA, thus
forming TMA-N-oxide (TMAO) [71–74].

Direct ingestion of PC, principally found in meat, poultry, fish, dairy foods, pasta, rice and
egg-based dishes and the main nutritional source of choline in omnivores [75–77], was shown to be
accompanied with increases in choline, betaine and TMAO levels [78]. Studies have shown that TMAO
plasma levels are related with CVD risk [78]. Nevertheless, in other human studies, these elevated
TMAO plasma levels have been independently associated with the prevalence of CVD and incident
risks for myocardial infarction, stroke, death and revascularization, so more research is needed to
understand the current mechanism [78–83].

Other studies have shown that L-carnitine, an another TMA-containing nutrient found almost
completely in red meat, works as a nutritional precursor to gut microbial production of TMA and
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TMAO in mice and humans [79]. Foods abundant in cholesterol and fats, such as red meat, liver and
egg yolk have the highest levels of choline and L-carnitine, and, despite the fact that many large-scale
epidemiologic studies have related red meat consumption with intensified mortality and CVD risks,
the association between egg ingestion and CVD risks [84,85] has shown contradictory results [84–93].
A recent study has investigated the relationship between acute consumption of egg yolk and increased
plasma and urine TMAO concentrations [94]. Whereas plasma levels of choline, betaine and TMAO
were related with increased CVD risk in 1876 subjects with cardiac risk evaluation [78], further
analyses in cohorts exposed that the predictive significance was mostly limited to the TMAO formation,
especially from choline and L-carnitine [79,95].

In a prospective clinical study employing more than 4000 subjects undertaking elective coronary
angiography, high TMAO levels projected major adverse cardiac events such as death, myocardial
infarction and stroke over 3 years. The major differences were observed in the patients in the upper
quartile for TMAO levels with a 2.5-fold increased risk of suffering a cardiac event compared with the
lowest quartile [80].

Some evidence shows a clear positive correlation of Atopobium to different anthropometric
variables like waist circumference, weight and body mass index and also to fat and protein intake
reported in a 24 h dietary recall study [96]. Additionally, metagenomic studies have demonstrated a
positive correlation between Clostridium and TMAO formation [79] and a positive correlation between
Clostridium histolyticum/perfringens and waist circumference, weight, body mass index and fat mass [96];
these studies suggest that the Clostridium species mentioned above and Atopobium may be considered
as markers of inflammation and CVD risk.

Gut microbiota metabolites might contribute to both hypertension and inflammation [97]. Blood
pressure and plasminogen activator inhibitor-1 (PAI-1) levels have been associated to the gut microbiota
composition in overweight and obese pregnant women. The butyrate-producing genus Odoribacter
abundance has been oppositely correlated with systolic blood pressure. Butyrate production capacity
is lower and PAI-1 concentrations higher in obese pregnant women. In addition, PAI-1 levels have
been conversely correlated with the butyrate kinase expression and Odoribacter abundance [97]. A
recent meta-analysis from prospective studies has concluded that elevated TMAO concentrations
and its precursors were related with increased risks of major adverse cardiovascular events and
all-cause mortality independently of traditional risk causes [98]. After the administration of wine with
polyphenols, the authors reported a significant increase of 4-hydroxyphenylacetate in a healthy cluster.
Other results in humans have shown gut microbiota responsive phenotypes to wine polyphenols
intervention [99].

Preliminary results of the Prevention with Mediterranean Diet (PREDIMED) study have shown that
baseline plasma concentrations of choline and hydroxyproline were associated with higher CVD risk
independent of traditional risk factors, while no significant association between plasma concentrations
of TMAO and CVD was found. The plasma concentrations of choline and hydroxyproline were
associated with a 2.13-fold higher risk of CVD across extreme quartiles and a 1.99-fold higher risk of
stroke, and baseline betaine/choline ratio was inversely associated with CVD. Compared to participants
with a score below the median and randomized to the Mediterranean diet, the hazard ratio of developing
CVD was 2.56 for participants with a gut microbiota score above the median and randomized to the
control group [100]. TMAO levels have also been correlated with brain-type natriuretic peptide and
associated with both heart failure severity and heart failure mortality [101].

Three recent meta-analyses have established that elevated TMAO blood levels are related with
increased CVD risks and all-cause mortality [98,102,103], nevertheless, some criticism exists about the
TMAO and CVD relationship because fish could contain high concentrations of TMAO and TMA [104].
However, fish consumption is related with heart health [105–107]. Also, there is a study without
association with measures of atherosclerosis and TMAO [108]. More randomized clinical trials and larger
studies are needed to clarify if TMAO is a marker or mediator in CVD. The contribution of gut microbiota
in our health, immune function and disease development, continue to be generally unknown areas.

248



Nutrients 2020, 12, 605

Other compounds such as intestinal-derived endogenous endotoxins, e.g., lipopolysaccharides [109],
indoxyl sulfate [110] and para-cresyl sulfate [111], have been suggested to play important metabolic
roles in conditions ranging from atherosclerosis to cardio-renal dysfunction [112–114].

A recent study in mice showed that the products generated by the intestinal microbiota such as
SCFAs, secondary bile acids, endotoxins and tryptophan metabolites, are often altered in diets rich in
fat (coconut oil and soybean oil) and low in fiber and would then impact L-cell glucagon-like peptide
(GLP)-1 secretion [115].

2.2. Microbiota and Cardiovascular Diseases

It has been investigated whether metabolites derived from microbiota could influence the
composition of fluids within the human body. such as blood and urine, and whether they may regulate
fat absorption and bile acid/cholesterol metabolism among other physiological functions [116]. The gut
microbiota can possibly affect host blood pressure through multiple mechanisms. Bacteria belonging
to Bifidobacterium, Lactobacillus, Streptococcus and Escherichia genera can produce neurotransmitters
within the autonomic nervous system [117]. Modifications in the prevalence of these bacteria might
change the vascular tone and contribute to the hypertension development or other CVD [97,118–120].
Metabolomics approach have shown that dietary lipid phosphatidylcholine and its metabolites betaine,
TMAO and choline are risk factors for CVD [78]. One study that comprised three different groups of
men distributed according to the European Society of Hypertension criteria based on 24-h ambulatory
blood pressure measurements supports this since the results obtained indicated a positive correlation
between blood pressure and SCFA levels [121]. Another study on patients with prehypertension and
stage 1 hypertension found that hippurate, phenylacetylglutamine and 4-cresyl sulfate found in urine
were related with blood pressure [122].

A systematic review of human studies has reported that the Faecalibacterium, Bifidobacterium,
Ruminococcus and Prevotella abundances are conversely linked to different low-grade inflammation
markers such as high sensitivity C-reactive protein and interleukin (IL)-6. The existing relationships
between the gut microbiota and low-grade inflammation markers in humans and the benefit of a
therapeutic strategy to prevent and treat atherosclerotic CVD considering the gut microbiota and
its relation with the innate and adaptive immune system [123] underline the importance of the
investigation into the human gut microbiota as a potential diagnostic tool.

It has been observed how the bacteria located in the oral cavity might be related to CVD [124].
A study in patients admitted for acute coronary syndrome showed a higher subgingival bacterial load
when compared to controls; the species that were mostly increased in this study were Streptococcus
intermedius, S. sanguis, S. anginosus, Tannerella forsythensis, T. denticola and Porphyromonas gingivalis.
Hence, these species could be risk issues for the development of acute coronary syndrome [125].
Furthermore, a possible association between Actinobacillus actinomycetemcomitans present in the oral
cavity and both coronary heart disease and stroke has been described after several sero-epidemiologic
studies [126,127].

2.3. Microbiota and Atherosclerosis

In mice, a choline-rich diet increased TMAO levels and atherosclerosis, depending on gut
microbiota activity, as shown by broad-spectrum antibiotics treatment [128]. On the other hand,
gut microbiota influences the host inflammatory response, altering endothelial function, which can
influence host blood pressure. SCFAs production by the gut microbiota is associated with hypertension,
as a result of the influence of SCFA on vascular tone [43,109,129].

Another study on men with atherosclerotic plaque on the carotid wall who consumed a drink with
high numbers of Lactobacillus plantarum (DSM9843), showed an increased bacterial diversity compared
to the placebo group as well as a decrease in the concentration of some SCFA [130], suggesting that
the consumption of this strain might be a strategy to favor the intestinal diversity in patients with
atherosclerotic plaque on the carotid wall.
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Recent studies have directly related high levels of TMAO with an increase in cardiovascular risk
and its severity [131,132]. Accordingly, TMAO levels have been correlated both with atherosclerotic
plaque size and cardiovascular events [78]. Other research studies have observed that atherosclerotic
plaques contain bacterial DNA, and the bacterial taxa observed were also present in the gut and
oral microbiota of the same individuals [133,134]. Several epidemiological studies have associated
periodontal disease and CVD [135–137]; an oral microbiota role in the CVD pathophysiology has also
been studied [133,137–139].

In addition, metagenomic analyses have shown that microbial composition is altered in patients
with unstable compared with stable plaques; unstable plaques are related with reduced Roseburia
fecal levels and both increased theoretical capacity of the microbiome to produce proinflammatory
peptidoglycans and reduced production of anti-inflammatory carotenes [11].

Other examples of the relationships between microbiota and atherosclerosis are the administration
of metformin and whole grains; metformin is a biguanide antidiabetic drug widely used in adults that
have shown to exert positive effects to fight against CVD risk and that might be used safely in patients
with heart failure and even reduce its occurrence or mortality, not only by direct effects [140], but also
because of the possible effects produced through gut microbiota remodeling [141]. Also, the diet seems
to be a potential therapy to diminish the risk of CVD since a study on a specific population of Danish
adults showed that a diet abundant in whole grain compared to refined grain reduces body mass and
systemic inflammation [142], which are risk factors to a bad prognosis of CVD.

2.4. Other Microbiota Aspects Related to Cardiovascular Diseases

One of the most studied pathogen-associated molecular patterns (PAMPs) concerning
cardiovascular function and the increase in CVD risk is lipopolysaccharide (LPS), a Gram-negative
bacterial cell wall component [143,144]. Circulating LPS is raised in at-risk individuals and predicts
future CVD [145–147]; accordingly, administration of low-doses of LPS induces vascular inflammation
and atherosclerosis in experimental animals [148,149]. Another significant PAMP is the peptidoglycan
that can trigger the nucleotide-binding oligomerization domain (NOD) receptors. NOD receptors
can identify bacterial determinants once they are phagocytosed by macrophages and dendritic cells.
NOD2-deficient mice fed with a high-fat diet have shown increased bacterial translocation and insulin
resistance [150]. Additionally, human genetic and mouse knockout studies have investigated the role
of NOD2 in atherosclerosis [151,152].

2.4.1. Microbiota, Choline and Homocysteine Cycle

Recently, a study reported that microorganisms in the gut microbiota hydrolyze PC to obtain
choline for downstream metabolism [153,154]. A previous study reported that gut microorganisms can
anaerobically convert choline to TMA, which is further metabolized by the host to TMAO [78]. Analysis
in gnotobiotic mice has revealed that specific bacteria might increase the TMAO formation [155].

Choline is an essential nutrient that is usually grouped within the vitamin B complex. Choline
and its metabolite betaine are methyl donors along with folate, and are metabolically linked to
transmethylation pathways including synthesis of the CVD risk factor homocysteine [78]. Deficiency
in both choline and betaine has been suggested to produce epigenetic changes in genes linked to
atherosclerosis [156,157], and acute choline and methionine deficiency in rodent models causes
lipid accumulation in liver (steatohepatitis), heart and arterial tissues [158]. Homocysteine,
a sulfhydryl-containing amino acid produced via demethylation of methionine and essential for
intravascular metabolism [159], has been supposed as a reasonable risk issue for the atherosclerotic
vascular disease leading to CVD and stroke [160]. Highly elevated homocysteine levels in genetic
hyperhomocysteinemia are pathogenic to the vascular system, and homocysteine, at comparably high
levels, also exerts proinflammatory effects on vascular cells in vitro [161].
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Higher dietary choline intake was associated with a lower risk of incident ischemic stroke in
African-American participants; also, higher dietary betaine intake was associated with a nonlinear
higher risk of incident coronary heart disease [162].

2.4.2. Vitamin B-Complex and Microbiota

Commensal bacteria are suppliers and consumers of B vitamins and vitamin K. While dietary B
vitamins are generally absorbed through the small intestine, bacterial B vitamins are produced and
absorbed mainly through the colon [163,164], showing that dietary and gut microbiota-derived B
vitamins are probably controlled differently by the human body.

In a prospective study with Korean men, the authors found that higher dietary intake levels
of vitamin B6 were associated with a reduced CVD risk [165]. Vitamin B3 might increase all-cause
mortality, which was probably associated with its adverse effects on glycemic response [166,167].

Vitamin B9 and B-vitamin complex reduced risk for stroke, and vitamin B9 reduced risk for
total CVD events. There was no evidence of a reduction of CVD risk with any other vitamins or
supplements, and no supplements reduced mortality [168]. A recent meta-analysis found that vitamin
B9 supplementation significantly reduced the risk of stroke in patients with CVD [169].

2.4.3. Low-Grade Inflammation

Evidence exists that inflammation and oxidative stress are influenced by the diet, and it may,
therefore, be possible to reduce or delay the effects of age-related changes in these parameters through
appropriate dietary intervention and/or use of nutraceutical dietary supplements [170].

Some studies have investigated the relationship between gut microbiota and markers of chronic
low-grade inflammation in humans. An opposite association among Prevotella and inflammatory
markers and an increased abundance of certain Prevotella species were associated with low-grade
inflammation in systemic diseases, such as rheumatoid arthritis [171]. In addition, Prevotella abundance
was inversely associated with LPS and high sensitivity C-reactive protein. Furthermore, individuals
with obesity have a lower abundance of Prevotella species in their gut [171].

The RISTOMED project is an open-label study that investigated the diet as a means to improve
health-related quality of life for older people and to prevent aging-related diseases and also the
concomitant administration of VSL#3, a mixture of probiotic strains, in the possible reduction of
high-sensitivity C-reactive protein plasma concentration and microbiota changes due to the fact that this
protein is defined as a cardiovascular risk in this population by the American Heart Association [170].
Changes in the aforementioned outcomes were observed in a subgroup analysis in participants with
low-grade inflammation. The RISTOMED diet plus VSL#3 administration has shown a reduction in
high-sensitivity C-reactive protein and also an increase in Bifidobacterium species [170,172]. Further
analyses with more participants in the study have shown similar results in high-sensitivity C-reactive
protein and microbiota [173]. Similar studies, involving the administration of probiotics in elderly
human trials have shown no effects on inflammatory outcomes [174–178], augmented levels of fecal
prostaglandin E2 [179] and diminished plasma endotoxin, the soluble cluster of differentiation 14 and
LPS binding protein levels [180].

Recently, Gil-Cruz et al. reported that mimic peptides from commensal bacteria can promote
inflammatory cardiomyopathy in genetically susceptible individuals [181].

In brief, several studies have established the relationship between homocysteine, PAMP, low-grade
inflammation, microbiota and CVD. In this regard, further studies are needed to determine the specific
factors and the underlying mechanism in the progression and prevention of CVD.
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3. Microbiota-Targeted Therapeutics

3.1. Physical Activity, Microbiota and Cardiovascular Diseases

In the last 10 years, it has been observed that there is a possible relationship between the intestinal
microbiota and the cardiovascular system [11,144,182,183]. Human cardiometabolic health has been
related with variations in the gut microbiota composition (dysbiosis) [184]. Kelly et al. reported that
subjects with a high lifetime burden of CVD risk factors had less microbial wealth compared to those
with a low lifetime burden, identifying a high number of Bacteroidetes and Firmicutes [185].

The benefits of regular physical activity against cardiovascular problems are widely known.
Recent studies have revealed how physical exercise affects gut microbiota [186–190]. Increased levels of
Bacteroidetes and decreased of Firmicutes were observed in obese adults who had moderate to severe
aerobic exercise for 10 weeks [191]. Although no direct evidence supports the idea that physical exercise
prevents atherosclerotic CVD through changing the gut microbiota and by improving systematic
inflammation, many studies have supported this hypothesis [186]. Zuheng Liu et al. reported that the
changes in the gut microbial organization that are produced by physical exercise are associated with
cardiac function in myocardial infarction mice [192].

It is known that voluntary running exercise modifies the microbiota composition of the cecum
and increases the n-butyrate concentration in the cecal content [189]. Butyrate is one of the three
most important SCFAs, and several studies have shown that it may have effects on cardiovascular
function [97,144,183]. Nevertheless, more studies are needed to explore the principal physiological
mechanisms that relate regular exercise to SCFA levels and its effect on blood pressure and inflammation.

3.2. Probiotic Administration, Microbiota, Bile Acids and Cardiovascular Diseases

It has been demonstrated that probiotics can affect the structure of gut microbiota and the interaction
with the microbial community and the host health through different mechanisms [12,193–195]. These
effects are mediated by the direct or indirect action of probiotics and can involve the modulation of the
immune system or that of remote organs like the brain and liver due to the production of metabolites
finally localized in these organs [193,196–199].

Obesity is one of the primary risk factors for the development of CVD and presents a major
risk for T2D, hypertension and hyperlipidemia and predisposes to coronary heart disease [200,201].
Hypercholesterolemia is directly associated with the prevalence of ischemic heart disease in both men
and women [202]. Dietary modifications are the first line of treatment and offer an effective means of
reducing blood cholesterol levels. However, the low rate of patient dietary compliance means that drug
administration is one of the most effective treatments to control plasma cholesterol, triacylglycerols
and blood sugar levels.

There is evidence supporting that probiotics can improve some parameters of the risk factors
of CVD, like obesity. A recent systematic review reported that specific strains from Lactobacillus and
Bifidobacterium have been generally used as probiotic treatment in well-established animal models of
obesity [203] and in blood lipid index, T2D and hypertension [200,201,204–206].

The potential probiotic mechanisms related to the hypocholesterolemic effect could involve
active bile salt hydrolase (BSH), cholesterol co-precipitation with deconjugated bile salts, bacterial
cell membrane assimilation and incorporation of cholesterol, conversion of cholesterol to coprostanol
through the cholesterol reductase enzyme and SCFA production [207]. The BSH increased fecal
excretion of free bile acids, preventing their reabsorption and compensatory increased use of cholesterol
to produce bile acids, which could lead to a reduction in the cholesterol present in serum. SCFAs can
inhibit the hepatic activity of the 3-hydroxymethyl-3-glutaryl-CoA reductase, the hepatic enzyme in
the process of hepatic cholesterol synthesis, while the propionate can stimulate the bile salts hepatic
synthesis through increasing the activity of 7α-hydroxylase [208].

The antihypertensive effects of probiotics have been related to their metabolites; some studies have
reported specific bioactive tripeptides. These compounds have an angiotensin-converting enzyme
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(ACE)-inhibitory properties [209]. However, other studies have related these bioactive peptides with
up to 12 peptides in length of fermented milk containing probiotics with similar antihypertensive
effects [210].

Probiotics improve T2D symptoms, glucose biomarkers and insulin resistance by restoring
homeostasis of gut microbiota. Furthermore, a meta-analysis suggests that the supplementation of
probiotics has a modest effect on the serum level of fasting blood sugar as well as oxidative stress
biomarkers [211]. Mechanisms that have been proposed are as follows: improved intestinal integrity,
decreased systemic lipopolysaccharide levels, decreased endoplasmic reticulum stress and improved
peripheral insulin sensitivity [204,212]. Data from clinical studies and animal models have shown a
reduction in lipopolysaccharide translocation, endotoxemia and inflammation, reducing stimulation of
the proinflammatory genes like tumor necrosis factor alpha (TNF-α), IL-6 and IL-1β [204,213].

In contrast, negative results have been found in other studies and meta-analyses regarding the
effectiveness of probiotics in diarrhea prevention in children [214], adults [215] and the elderly [216,217].
A consistent and sufficient probiotic consumption might produce a number of health benefits including
reducing CVD risk factors [201], nevertheless, further studies in different models are necessary for
a better understanding of the beneficial mechanisms of probiotic administration in CVD risk alone
or accompanied by foods; certainly, probiotics act in a strain-specific manner and are often used as
coadjuvant therapy. Likewise, recent individual studies and meta-analyses should be, mainly due to
the different probiotic strains used, carefully interpreted.

3.3. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) has become popular in recent years. FMT is the
transplantation of functional bacteria from feces of healthy donors into the gastrointestinal tract
of patients to repair the balance of the intestinal microbiota [218]. The process involves the collection of
filtered stools collected from either a healthy donor or from the recipient himself (autologous FMT) at a
time point before initiation of disease and associated dysbiosis and its installation into the intestinal
tract of a patient suffering from a certain medical condition [219]. FMT is effective in the treatment
Clostridium difficile infection (CDI) in humans [220,221]. The first report of FMT application in the
treatment of CDI dated from 1983 [222]; in 2010, the United States Infectious Diseases Society of
America and Society for Healthcare Epidemiology of America recommended FMT as a treatment plan
for CDI in their clinical guidelines [223]. Recently, some studies have shown that there is a very strong
potential application for FMT in the field of cardiometabolic disorders [224,225], such as atherosclerosis,
metabolic syndrome and T2D [226]. However, FMT is currently restricted due to its associated risks,
including the possible transfer of endotoxins or infectious agents that could cause new gastrointestinal
complications [227,228].

Further studies are needed to examine whether FMT might be extended to other facets of
cardiometabolic disorders. Instead of fecal contents, the transplantation of only a defined group of
bacteria may be a rational alternative to FMT. Also, further research is needed to better define the
optimal fecal microbial preparation, dosing and method of delivery.

3.4. Personalized Nutrition

Evidence shows that variations occasioned by dietary interventions in host metabolism are
person-specific [229], and, because not all individuals respond to diet in the same way (e.g., weight
gain, postprandial glucose, etc.), personalized nutrition is a new therapeutic possibility for prevention
and control of disease [230]. Recent studies of cohorts have revealed great differences in post-meal
glucose levels between individuals eating the same mealtimes [229,231].

Healthy participants who exhibited enhanced glucose metabolism following barley kernel-based
bread (BKB) consumption were related with a greater Prevotella abundance [232]. Another study in
humans has reported that the whole grains ingestion induced anti-inflammatory responses and blood
glucose level changes of different magnitudes; participants with greater blood IL-6 improvements
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had higher Dialister levels and lower Coriobacteriaceae species in their stools [233]. Furthermore,
on a calorie-restricted diet, overweight and obese adults with higher levels of baseline Akkermansia
muciniphila presented a greater improvement in insulin sensitivity and lipid metabolism, as well as a
greater reduction in body fat [234]. Another cohort including 800 overweight or obese nondiabetic
individuals showed high interpersonal variability in the postprandial glycemic response to identical
foods, which was predicted accurately by different factors, i.e., the gut microbiome, dietary habits,
blood parameters and anthropometrics, using a machine learning approach [229]. These results
concluded that microbiota-based nutrition can be used to expect variable clinical phenotypes in
metabolic syndrome as well as gastrointestinal disorders; individuals can then be classified into
responders and nonresponders based on different outcomes such as dietary components, age, serum
parameters and the microbiome, all contributing to personalized predictions [230].

Interindividual variability regarding the efficacy of certain nutrients in optimizing an individual’s
health and the identification of factors that give to an individual’s response to diet, as well as developing
methods of personalizing dietary references, are shown to be critical [235]. Figure 1 summarizes the
relationship between microbiota and related metabolites and CVD.

Figure 1. Schematic representation of the relationships between microbiota and cardiovascular
disease (CVD). Abbreviations. LPS, lipopolysaccharide; PAMP, pathogen-associated molecular
patterns; NFκB, nuclear factor kappa-B; SCFA, short-chain fatty acids; TLR, toll-like receptor; TMAO,
trimethylamine N-oxide.
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4. Prevention of Cardiovascular Diseases

The balance between pathogenic and nonpathogenic microorganisms in the gut is critical to
maintaining the lifelong health of humans. As previously mentioned, the diet is an external factor that
influences the gut microbiota composition. Different studies have analyzed diets and their implications
with the gut microbiota and the prevention of CVD. The Mediterranean diet, based on the regular
ingestion of plant foods, the moderate consumption of fish, seafood and dairy, a low-to-moderate
alcohol (mostly red wine) intake, balanced by a comparatively limited use of red meat and other
meat products, with olive oil being the main source of fat consumed in this diet, is nowadays
universally recognized as beneficial to health by medical professionals and could be an emerging
medical prescription [236] based on the reduction incidences of insulin resistance, hypertension, CVD,
T2D and metabolic syndrome [236]. Other important diets for the prevention of CVD are plant-based
diets, which are characterized by high consumption of seeds, cereals, fruit, berries, nuts and vegetables.
Both diets are important sources of fibers and bioactive compounds, which are metabolized by microbes
to produce different metabolites [237] such as acetate, propionate and butyrate, which are involved in
suppressing inflammatory responses. The mechanisms by which these diets exert their beneficial effects
remain to be elucidated, but their bioactive food components such as unsaturated fatty acids [238],
complex carbohydrates and fibers [237] and polyphenols [239] are very implicated.

Unsaturated fatty acids, in particular n-3 polyunsaturated fatty acids, are generally considered
cardiovascular-protective. Fish oil is the main source of animal oil whereas flaxseed oil is obtained from
plants [238]. Both fish oil and flaxseed oil could modulate gut microbiota and enhance the microbial
production of SCFAs, with fish oil being more effective than flaxseed oil in promoting the growth
of SCFA-producing bacteria and lowering microbial generation of LPS; both oils are implicated in
the reduction of TMAO, with fish oil being the most effective in exacerbating atherogenesis [238].
Beta-glucan, a natural polysaccharide from the plant cell walls, belongs to one of the dietary fiber
fractions considered to be a prebiotic which stimulates the growth of beneficial intestinal bacteria [240],
produces SCFA [237] and reduces cholesterol and glucose concentrations in the blood, all of which
reduces the risk of CVD and diabetes.

Polyphenols, mainly founded in the Mediterranean and plant-based diets, are a group of
phytochemicals abundant in the human diet and considered to be very important in the prevention of
diseases by their ability to modulate the microbiota. In animal models, polyphenols increase bacteria
that cause SCFA production and decrease bacteria that produce LPS. The most important polyphenols
groups, mainly founded in fruits, are flavonoids, flavones and flavonols [239]. Accordingly, it has been
shown that the intake of whole fruits is a good strategy for the prevention of diseases by increasing the
growth of beneficial bacteria (i.e., Bifidobacterium and Lactobacillus) [241], which is in agreement with
previous research with pomegranate polyphenol extracts [242] and in animal studies [239].

In conclusion, the consumption of a healthy diet based on unsaturated fatty acids, fruits and
vegetables is the best strategy in the prevention and treatment of diseases that are modulated by
gut microbiota.

5. Further Directions and Perspectives

The gut microbiota influences drug responses altering both pharmacodynamics and
pharmacokinetics. Activity from the gut microbiota can thus result in altered drug pharmacokinetics,
activation of prodrugs and the unwanted formation of toxic metabolites or inactivation of drugs [243].
Each patient displays significant variations in response to treatment and drug-associated injurious
effects, which results in considerable variations in morbidity and mortality [244–246].

Personalized nutritional approaches can be established to change an individual’s microbiome
and further develop the response to a specific diet. The future of personalized nutrition will allow for
the rational design of diets. A prior step would include the individual analysis of the microbiome,
the prediction of particular responders and nonresponders and the identification of beneficial foods
for the different microbiome types and desired outcomes. In relation to CVD and atherosclerosis,
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the personalized diet recommendation would depend on the patient microbiota, the TMAO blood
levels and the family history [230].

A greater understanding of the interactions between the patient microbiome and the response to
treatments will be fundamental for the improvement of CVD therapies and the development of novel
approaches targeting the microbiota in CVDs.
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Abstract: The vaginal microbiota has importance in preserving vaginal health and defending
the host against disease. The advent of new molecular techniques and computer science has
allowed researchers to discover microbial composition in depth and associate the structure of
vaginal microbial communities. There is a consensus that vaginal flora is grouped into a restricted
number of communities, although the structure of the community is constantly changing. Certain
Community-State Types (CSTs) are more associated with poor reproductive outcomes and sexually
transmitted diseases (STDs) meanwhile, CSTs dominated by Lactobacillus species—particularly
Lactobacillus crispatus—are more related to vaginal health. In this work, we have reviewed how
modifiable and non-modifiable factors may affect normal vaginal microbiota homeostasis—including
sexual behavior, race or ethnicity, and hygiene. Special interest has been given to how the use of
probiotics, diet intake, and use of hormone replacement therapies (HRTs) can potentially impact
vaginal microbiota composition.

Keywords: vaginal microbiome; bacterial communities; vaginal dysbiosis; bacterial vaginosis; risk
factors; nutrition; probiotics; hormone replacement therapy

1. Introduction

The human body accommodates ecological communities of commensal, symbiotic and pathogenic
organisms—known as the microbiota—that reside on surfaces and cavities exposed or not to the
exterior environment [1]. The kinds of organisms present include bacteria, archaea, protists, fungi
and viruses, and these may differ greatly between body sites and between individuals [2]. The
impact that microbiota communities have on the host human body was revealed by studies led by
the National Institute of Health in 2008 with the development of the Human Microbiome Project
(HMP). Results from this project focused on two main facts: (i) the healthy human body is habited
by a large diverse microbiota with more genetic material—a presence that exceeds ours in a 10:1
ratio [3,4]—than the host itself; and (ii) the use of new molecular techniques and statistical methods
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that use high-performance DNA and RNA sequencing technology instead of culture-dependent
techniques make possible the identification of complex microbial communities of microorganisms,
demonstrating the great impact of microbiota on the host at different levels: metabolic homeostasis,
nutrients acquisition, programmed acquisition of immunity and protection against pathogens among
others [1,5–7]. In the context of genomics, the term microbiome denotes either the collective genetic
material of microbiota microorganisms that reside in an environmental niche or the microorganisms
themselves. This term, microbiome, has generated some controversy in the scientific community
since its definition. Recently reviewed in [1], it was proposed that this term should refer to an entire
habitat that includes the belonging microorganisms, their genomes (i.e., genes), and the surrounding
environmental conditions in contrast to the definition that simply considers a mere collection of genes
and genomes of the members of a microbiota. The new concept is based on that of “biome”, the biotic
and abiotic factors of given environments. It is argued that this is the definition of the metagenome,
which, combined with the environment, constitutes the microbiome.

2. Materials and Methods

For the review, a search of the scientific literature was conducted using PubMed/Medline with
the following search keywords: “vaginal microbiota (or microbiome)”, “vaginal dysbiosis”, “bacterial
vaginosis”, “bacterial vaginosis and age”, “bacterial vaginosis and ethnicity (or race)”, “bacterial
vaginosis and stress”, “bacterial vaginosis and pelvic inflammatory disease”, “bacterial vaginosis
and preterm birth (or pregnancy)”, “probiotics and vaginal microbiota”, and “hormone replacement
therapy and vaginal microbiota”. Pertinent original articles and reviews that were peer reviewed,
indexed in PubMed/Medline and written in English were included. The publication dates were not
limited in order to fully review the literature available until September 2019.

3. Results

3.1. Human Vaginal Microbiota

3.1.1. Human Vaginal Microbiota: Role as a Natural Barrier

At the histological level, the vagina is a fibromuscular structure that has three main layers or
tunics known as mucosa, muscle, and adventitia. The mucous layer forms numerous transverse folds
called “wrinkles” or vaginal folds that, in turn, have two layers: stratified squamous epithelium and
lamina propria, an unattached connective tissue that joins the epithelium with the muscle layers.
Fundamentally, it is in this squamous epithelium where microorganism communities, formerly called
the vaginal microbiota, reside. This vaginal microbiota might play a crucial role in gynecologic wellness
and in healthy women, consists classically of a diversity of anaerobic and aerobic microorganisms,
with the lactobacilli species being the most predominant microorganisms with a determinant function
in preventing urogenital diseases such as bacterial vaginosis (BV), yeast infections, STDs, urinary tract
infections, and Human Immunodeficiency Virus (HIV) infections [8–20].
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The use of new generation molecular sequencing techniques has revealed that vaginal bacterial
communities are grouped in three to nine discrete groups—the majority of which are led by
lactobacilli [21–23]. Ravel et al. [24] analyzed the vaginal microbiota in a cohort of 396 non-pregnant,
fertile and asymptomatic North American women from four ethnic groups. Vaginal bacterial
communities found in these women were grouped into five main types of CSTs (Table 1). Four
of these types of CSTs, found in 73% of women, were dominated by different species of Lactobacillus
(L. crispatus, CST I; L. gasseri, CST II; L. iners, CST III; and L. jensenii, CST V). The last 27% of the
communities (CST IV) were varied and formed by a great proportion of obligate anaerobic bacteria,
including Atopobium, Gardnerella, Prevotella spp. and other bacterial species (Table 1). These communities
are frequently found in asymptomatic healthy women—mainly of the Black and Latin races—but they
are also commonly related with high Nugent score [25], a Gram stain commonly conducted in the
diagnosis of BV. High Nugent score or changes in the vaginal microbiota have been related with a high
risk of STDs, HIV infections, preterm birth (PTB), adverse pregnancy outcomes such as post-abortion
sepsis, early, late and recurrent abortions, adverse perinatal outcomes due to PTB and/or histological
chorioamnionitis and postpartum endometritis [26–31]. Subsequent studies have tuned CTS IV into
subgroups IV-A and IV-B (Table 1); both varied in composition, although CST IV-B containing fewer
lactobacilli and more anaerobic bacterial taxonomic groups (here Gardnerella, Atopobium, Leptotrichia,
Sneathia spp. and other organisms related with BV have been included). Many studies have also
reported that the important finding that around 20% to 30% of women at any given time have a diverse
microbiome deficient in Lactobacillus, which historically has not been considered healthy [24,32–34].
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Lactobacillus spp. are Gram-positive anaerobic bacteria capable of colonizing the vaginal mucosa,
preventing the establishment or excessive development of other microorganisms that may become
potentially pathogenic for the host. This protection is performed through two mechanisms: (i) by
the specific adhesion to epithelial cells and, (ii) by the production of compounds with antimicrobial
properties. In the first place, the ability of the lactobacilli to self-aggregate and adhere to the vaginal
epithelium through glycoproteins present on the surface of the epithelial cells (i.e., fibronectin) in
a binding that is favored by an acidic pH environment has been described [47]. Although further
studies are necessary, it is thought that, in addition to the cellular epithelium of the host, proteins,
carbohydrates, glycoproteins, lipoteic acids and divalent cations from microbiota species also play an
important role [35].

The presence of lactic acid is key to a healthy homeostasis of the vagina and its production
comes from two different sources: by the vaginal epithelium (mainly L-lactate representing 20% of the
total lactic acid) and by the microbiota, responsible for metabolizing approximately 80% of glycogen
producing the two isoforms of lactic acid with a predominance of D-lactic acid [48,49]. When the
squamous epithelium requires energy in the form of ATP, the glycogen from the vaginal epithelial
cells is converted to glucose, then to pyruvate, and from this to lactic acid, which is released into the
vaginal lumen as the epithelium undergoes desquamation [50,51]. This production of lactic acid is
performed under the control of the estrogen levels present in the blood, as these promote maturation and
deposition in the vaginal epithelial cells. Therefore, due to the known change in estrogens production
throughout the woman’s life cycle, the vaginal ecosystem can be subjected to modifications [50]. The
second and main mechanism for producing lactic acid comes from the glycogen found in the vaginal
lumen, which is catabolized by alpha amylases to produce maltose, maltotriose and alpha dextrins,
which are subsequently converted into lactic acid, due to the action of the Lactobacillus-stimulated
lactic dehydrogenase [50,52]. The presence of lactic acid in the vaginal lumen has the consequence that
the vaginal pH remains acidic, at levels of approximately 3.5–4.5, generating a protective environment
in the mucosa that, partially or totally, inhibits the growth of pathogenic microorganisms [36,53].
Other compounds produced by lactobacilli that play a secondary control in the vaginal flora are
hydrogen peroxide (H2O2) and bacteriocins (reported in Table 1) [36,37]. It has been described that
some strains of vaginal lactobacilli can produce H2O2 protecting the mucosa against alterations caused
by opportunistic microorganisms, including those that cause sexually transmitted infections (STIs). On
the other hand, bacteriocins are polypeptides synthesized at the ribosomal level whose antimicrobial
activity has only been proven in vitro [36,54].

3.1.2. Composition of Vaginal Microbiota Is Defined but Highly Dynamic

Vaginal microbiota composition can be highly dynamic in some women. In short periods, it
can go from being dominated by communities led by Lactobacillus species to other communities
lacking such abundant numbers in these species, while in other women this does not occur, being
relatively stable [27]. In both scenarios, there is a certain consensus in the scientific community that
vaginal microbial composition has important compositional fluctuations during the woman’s life cycle:
birth, puberty, menopause, and transition stages, where steroid sex hormones play a key role in the
maintenance of the composition and stability of this microbiota [55–58]. Among the changes that the
vaginal microbiome may undergo, some reports have focused on that these changes may be preferred
from one CST towards a specific community condition [34,38]. Also, there is evidence that the CST I
community tends to be the most stable in promoting the stability of the vaginal community [22,33,34,38],
while CST IV seems to have frequent transitions to many other conditions [38]. On the other hand, it
has been reported that a microbiome controlled by Lactobacillus species, different from L. iners is optimal
for vaginal wellness [22,39]. In this sense, it has been shown that the existence of lactobacilli, especially
L. crispatus, is strongly related with the lack of BV [25,38–40]. Very interestingly, it has been observed
that the production of lactic acid is an indicative marker in all healthy vaginal communities [59]. Lactic
acid has inhibitory properties over pathogenic bacteria [39,56], altering bacterial cell membranes and
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also improving the host immunity when bacterial lipopolysaccharide is present [60]. In a more precise
manner, it has been described that the L-lactic acid isomeric form—either produced by lactobacilli and
by epithelial vaginal cells of the host—activates a certain type of immune cells and may encourage that
epithelial cells release pro-inflammatory cytokines [61].

Importantly, results obtained on vaginal microbiota composition during pregnancy are of special
interest. To date, results are still scarce, and few authors have analyzed the vaginal microbiota
composition of pregnant women with methods independent of culture [62,63]. Initially, Verstraelen
et al., using a methodology based on Gram stain, culture and terminal restriction of polymorphism
fragments, revealed that L. crispatus and L. gasseri species were important in the maintenance of
stable vaginal microbiota in a female population collected once in each trimester [62], being this the
agreement accepted and extracted from similar methodologies on the vaginal microbiota during a
normal gestation. Based on 16S rRNA gene sequencing methods, several papers are considered of
reference. On the one hand, the studies carried out by Romero and collaborators showed that: (i)
the vaginal microbiota of healthy pregnant women is different from that of non-pregnant women in
composition and stability and, (ii) the microbiota is similar in pregnant women whose pregnancy
ended at term or prematurely [64]. Contrary to these latest results, DiGiulio et al. observed variations
in vaginal microbiota composition in women who finally had a preterminal termination. Here, an
imbalance in the Lactobacillus species normally found in the vaginal microbiota was observed, a
proliferation of other non-native organisms other than the members of the genus Lactobacillus, as well
as it was demonstrated that a period of less than 1 year between gestations constituted a high risk of
preterm pregnancy due to infection of the amniotic cavity [65].

3.2. Vaginal Dysbiosis: An Imbalance in Vaginal Microbiota Composition

Sometimes the concentrations of lactobacilli within the vaginal community are modified, producing
an imbalance statement or dysbiosis of the microbiota, which is generally defined as a polymicrobial
condition characterized by a low prevalence of Lactobacillus spp. and by an increase in anaerobic
microorganisms. The most common form of dysbiosis is bacterial vaginosis (BV). This condition
is described for three main changes in the environment in vagina [66,67]: (i) a change in vaginal
microbiota composition from Lactobacillus spp. to facultative anaerobes; (ii) the production of amino
compounds by the new bacterial microbiota and; (iii) an increase in vaginal pH to more than 4.5.
These are the conditions that mainly favor the development of opportunistic microorganisms that
behavior like pathogens, whether they are usually found in the vagina or if they come exogenously [36].
Therefore, diversity in the vaginal microbiota, so-called unhealthy microbiome, is less resistance to
alteration and more susceptibility to diseases, including the acquisition of STDs and reproductive and
obstetric outcomes [20,33,38,68].

3.2.1. Risk Factors Associated with Vaginal Dysbiosis

Here, in this section, the main risk factors associated with vaginal dysbiosis (VD) are reviewed.
Like in other diseases, risk factors can be categorized as those inherent to the human condition (known
as non-modifiable factors) and those related to social conduct or habitats, so-called modifiable factors
(Figure 1).
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Figure 1. Modifiable and non-modifiable risk factors associated with vaginal homeostasis and dysbiosis.
Inherent human conditions linked to vaginal homeostasis and associated with vaginal dysbiosis risk
are depicted in the top part of the panel, while modifiable factors are shown in the bottom part. Top and
bottom left sections -defined by a double pointed arrow- report those factors that contribute positively
to homeostasis. Conversely, right top & bottom sections report those factors associated to vaginal
dysbiosis risk. Both of them are associated with a microbiota rich in diverse facultative anaerobes
microorganism opposite to those rich in Lactobacillus spp. (left sections).

Age and Hormone Physiology

Vaginal microbiota composition changes over time. It is well established that vaginal physiology is
modified not only due to estrogen production and concentration—which in turn favors the existence of
glycogen—but also to vaginal microbiota composition. During pregnancy, it has been thought for years
that the fetus develops sterile (now under consideration), and the first microbial colonization occurs at
the time of delivery, which comes from the vagina or skin, depending on the route of birth. In newborns,
the vulva and the vagina of the infant are influenced by the presence of transplacental estrogenic
residues and these favor glycogen supply, which is metabolized by endogenous bacteria, lowering
the vaginal pH. As these estrogens are metabolized, a loss of the vaginal glycogen content occurs and
thus, the pH is neutralized or alkalized [69]. With respect to childhood, it has been determined that
vaginal pH remains neutral or alkaline, with a diphteroid’s colonization (Corynebacterium spp. 78%),
Staphylococcus epidermidis (73%) as well as by Mycoplasma spp. [70]. During puberty, maturation of
adrenal glands and gonads provoke a rising in the levels of estrogens increasing as well the intracellular
production. Two predominant colonies have been determined at this stage of life: Lactobacillus spp.
and Atopobium and Streptococcus spp. [70].

In women at reproductive stage, it has been reported that meanwhile menstruation and sexual
activity have undesirable consequences on the vaginal microbiota stability—estrogen levels decreased,
pH is closed to neutrality which it difficult the growth of lactobacilli (reported in Figure 1)—the secretory
phase of the menstrual cycle (described for higher estrogen and progesterone concentrations) is more
stable in terms of microbiota composition which correlates high levels of steroid sex hormones [34,71,72].
In the same group of women, hormonal contraceptive administration has been associated with a
decrease in the risk of presenting BV, because it generates greater estrogenic stability [36,70,73,74].
Subsequently, as estrogens decrease until menopause, the dominance of Lactobacillus decreases and it is
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stabilized [52]. In postmenopausal women, the decrease in estrogen causes again an increase in pH,
which facilitates the presence of enteric bacteria (Figure 1) [75].

Ethnicity

It is a fact that the prevalence of suffering from BV, the main consequence of a dysbiotic statement,
varies according to the ethnic group. The reasons for the aforementioned differences are not fully
understood, although it is speculated that genetic differences determined by the host could govern the
composition of species in the vaginal communities [36,52,74,76]. The acquisition of BV has long been
associated with black race in the United States (US) (Figure 1) [52,74–76] and that this association persists
even after using adjustments with variables associated with sexual practices and other confounding
factors [52,74,76–78]. In other locations such as the United Kingdom and Canada, the prevalence of
BV was also higher among Afro-Caribbean and Aboriginal populations, respectively, while in studies
performed in countries such as Spain and China, BV prevalence was found higher in Gipsy and
Tibetan ethnic groups, respectively [74]. Supporting these results, it has also been reported in other
studies about the composition of species in the vaginal microbiome of black and white women born
in the US, a significant difference between these two groups, in which black women have a greater
microbial diversity and a lower probability of lactobacilli colonization than white women [24,79]. In
other studies, conducted in sub-Saharan African countries, a smaller proportion of L. crispatus in the
vaginal communities compared to women of European or Asian descent has been found [24,79,80].
Here, African communities were dominated by L. iners and by a variable mixture of facultative
anaerobic bacteria [24,68,81]. Similarly, in a Dutch study about the composition of vaginal microbiome
it was significantly associated with ethnic groups where women from African descents had the main
occurrence of clusters determined by Gardnerella vaginalis or dysbiosis [82].

There is even reported evidence that the genetic variation of the host—which can sometimes
associate with race or ethnic groups—may be able to affect the microbiome composition. At this point,
a large study using metagenomic data from the HMP revealed several associations with key genes of
the host related with immune function and abundance of specific microbial taxonomic groups at four
distinct locations in the body, although the association with the vagina was not included [83]. Finally,
in a retrospective cross-sectional study performed with a small cohort of black South African women,
the Black women had a different cervical microbiota without Lactobacillus predominance; nevertheless,
additional studies are needed to examine whether this microbiota represents abnormal, intermediate
or variant states of health [84].

Tobacco

Smoking cigarettes has been related with the increased BV prevalence in several epidemiological
studies and occasionally in a dose-dependent manner [70,85]. Certainly, a number of compounds
resulting from smoking have been identified in the cervical mucus of smokers [70]. Data analysis from
sequences have shown an association between smoking and VD even after adjusting for confounding
factors (reported within modifiable factors in Figure 1) [79]. In this sense, a 2014 study found two
shreds of evidence: (i) that it was significantly more likely that smokers’ vaginal microbiota had a
low Lactobacillus prevalence and; (ii) metabolites produced during smoking were increased in higher
Nugent scores [70]. Recently, the vaginal metabolome of smokers and non-smokers was compared in a
cross-sectional study. Smoking was related with differences in vaginal metabolites. Among women
categorized to the CST-IV community, biogenic amines were higher in smokers; these amines can affect
the virulence of infective pathogens and contribute to vaginal malodor [86].

Stress

Stress is defined as any physical or psychological challenge that threatens or has the potential
of threatening the balance, homeostasis, of an organism’s internal background [87–89]. These
challenges can be lifetime events, emotions, and relations that unfavorably affect the individual’s
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comfort or generate perceived detrimental responses. Very recently, the role of stress over the female
lower genital tract has been reviewed [90]. For instance, working with animal models, it has been
reported that the persistent exposure to psychosocial stress can lead to an encouragement of the
hypothalamic–pituitary–adrenal and sympathetic–adrenal–medullary axes. This, in turn, drives a
cortisol-induced inhibition of glycogen deposition in vagina, which is translated into an interruption in
epithelial maturation that is crucial to keep vaginal homeostasis (included as negative modifiable factor
in Figure 1). This phenomenon is especially relevant during pregnancy, where local production of high
levels of corticotropin-releasing hormone occurs in the decidua, fetal membranes and placenta [90].

3.2.2. Other Factors That Influence Vaginal Dysbiosis

Sexual Activity

The number of reports published in recent years that try to find associations between human
sexual behavior and BV, as the main form of VD, is growing and diverse. Related to the number
of vaginal coitus, it has been found that a higher frequency is related with a major risk of suffering
from BV [85]. Related to the fact of having multiple, new, or numerous male partners, there is a
direct association with BV [81,91]. The maintenance of unprotected sex has been associated with a
risk—greater than double—of suffering BV and recurrent BV [91,92], which is adversely related with
the quantity and presence of healthy Lactobacillus species [81].

Regarding sexual contacts with people of the same gender, a significant relationship between BV
and female sexual mates has been found [78], because women in homosexual relationship seem to
be at greater risk (Figure 1) compared to women who have heterosexual sex [78,93]. Other reports
have studied the impact of certain sexual practices on BV. Although they are moderately limited,
strong associations have been found. For example, the association is direct with BV when vaginal
intercourse is performed immediately after receptive anal intercourse [85]. On the other hand, there
is some controversy about the relationship between receptive oral sex and BV [93]. The increase in
the recognition and copy number of G. vaginalis genes in the oral cavity among women who have
homosexual sex with BV enhances approximately biological plausibleness to a direct association [94].
However, other studies have been unsuccessful to demonstrate such a relationship with receptive oral
sex [93]. The controversy persists in studies that seek to find a relationship between BV and receptive
oral or anal sex [93]. Finally, digital receptive sex (either vaginal or anal) does not appear to be related
with BV [93].

Lifestyle and Daily Practices

There are certain types of daily practices that can influence the levels of vaginal acidity, which
may significantly predispose the excessive proliferation of opportunistic pathogens [75,95]. These
practices can be classified into local and systemic. Within local practices, the use of feminine hygiene
products including the use of tampons could alter the vaginal immune barrier having an impact on
cellular integrity. Others, like vaginal showers have long been associated with the acquisition of BV
(Figure 1). In this regard, longitudinal studies suggest that women who attend these practices have
an increased risk of BV incident [96]. The consequences of other intravaginal procedures are not
entirely well understood, being some of them more associated with risks of suffering from BV than
others [97,98]. Given the heterogeneity of the type of intravaginal practices, the variety of products
for this purpose and their wide dissemination among cultures/races, additional research is desirable
to clarify the effects on resident microbial communities of vaginal flora [79,81,83]. In addition, it has
also been reported that the alkalinity of menstruation or semen neutralizes vaginal pH temporarily
and could impact the vaginal microbiota [36,76,90]. Relative to systemic practices, the improper or
prolonged use of antibiotics can permeate vaginal exudate, causing alteration in the ecosystem of the
vagina. Within this category the aforementioned smoking cigarettes impact and nutrition habits (see
below) are also included.
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3.3. Pathogenesis Associated with Bacterial Vaginosis

As mentioned above, BV is a VD that is defined by a lack of lactic acid—producing lactobacilli
and proliferation of facultative and strict anaerobes [99]. BV is the most frequent cause of vaginal
discharge [78] and is related with distinct adverse consequences, including an increased risk of PTB,
pelvic inflammatory disease (PID), as well as the acquirement of human immunodeficiency virus (HIV)
and other sexually transmitted pathogens [20,33,38,68]. Here, in this section, the pathogenesis of BV
is reviewed.

3.3.1. Bacterial Vaginosis and Sexually Transmitted Diseases (STDs)

STDs are produced by a wide variety of microorganisms comprising bacteria, protozoa, viruses
and fungi. Among bacteria, epidemiological studies have related BV with an increased risk of infection
by gonorrhea and chlamydia [20]. In vitro, for instance, it has been proven how vaginal lactobacilli
inhibit the growth of Neisseria gonorrhoeae [100,101] and other bacterial pathogens [102]. Patients with
Nugent scores higher than three were related to a four-fold gain in the gonorrhea infection risk and
a triple increase in chlamydial infection risk in a cross-sectional study [15]. In this sense, several
longitudinal studies have also established this relationship, being the main study one that shows
an augmented risk of chlamydia and gonorrhea incident in women with scores of Nugent greater
than 3 [103]. Furthermore, the treatment of asymptomatic BV with intravaginal metronidazole was
considerably related with a decrease, by more than triple, in incidental chlamydia in a randomized
study [104]; however, recent data from a randomized prospective study showed that detection at home
and treatment for BV did not decrease the incidence of chlamydia or gonorrhea [105], results that,
taking into account previous research, question the design of this study.

Trichomonas vaginalis infection has also been closely associated with BV [103]. In a National
Health and Medical Examination Survey performed in 2001–2004, concurrence happened in, around
50% of the women infected with T. vaginalis [106]. Trichomoniasis has been linked to low levels of
healthy vaginal characterized for the presence of lactobacilli and has been positively associated with an
increase in Nugent score [107]. An in vitro evidence shows that the presence of T. vaginalis decreases
the lactobacilli linked with the epithelium but not the species related with BV [108]. In longitudinal
analyses, it has been proven that a Nugent score higher than three was related to a higher risk of
T. vaginalis infection [109]. To date, few studies use sequencing techniques focusing on the presence of
T. vaginalis and vaginal microbiome’s composition. In one of these few studies, it was found that the
CST-IV community type was considerably related with the detection of T. vaginalis [110]. In addition,
T. vaginalis and BV were independently associated with an increase in the spread of HIV-1 in the vagina,
and their concurrence was greatly related with increased probabilities of vaginal spread [111].

BV and herpes simplex virus (HSV) have been epidemiologically connected in multiple
cross-sectional and prospective studies. Initial research by Cherpes and colleagues—in a study
with 670 women during a year—found that the BV diagnosis was related with a double risk of HSV-2
seroconversion [11]. Subsequently to this, a meta-analysis reported that this relationship could be
bidirectional: HSV-2 infection was related in a dependent manner with episodes of BV in sex workers
and demonstrated a relative risk of 1.55 for BV incident in women infected with HSV-2 [112]. At the
population level, Nugent scores of four or higher have been related with a 32% increase in concurrent
HSV-2 and, an 8% increase in HSV-1 [113]. In addition, a meta-analysis has reported that the prevalence
of BV was 60% higher among HSV-2 women compared to negative HSV-2 [114]. A recent study
revealed that antibiotic-induced VD in mice resulted in a fall of antiviral protection against HSV-2
infection [115]. Furthermore, the association between BV and HSV-2 has also been confirmed in a
recent study in South Africa with a large (n = 2750) cohort of patients [116]. In this study, women who
had an HSV-2 infection at enrolment were shown to be at increased risk for incident BV infections
and, certain risk factors like young age, unmarried and having a partner that has other partners, were
significantly related with subsequent BV.
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The relationship between BV and Human Papilloma Virus (HPV) is also consistent and well
reported in the literature as it is reviewed now. Early longitudinal studies showed a greater relationship
of prevalent and incident of HPV in women with both intermediate microbiota and BV [14]. A small,
but significant increase in the risk of prevalent HPV, an increase in the chances of incident HPV and
late HPV disappearance in women with a Nugent score of seven or higher was reported [117]. In
two molecular-based analysis, researchers found that women with HPV positive had a minor fraction
of lactobacilli than HPV negative diagnosed women [118,119]. In addition, women with vaginal
microbiota dominated by L. gasseri appeared to have augmented HPV disappearance rates [119].
Furthermore, other studies have shown that intraepithelial dysplasia severity was significantly related
with an increased in microbial diversity in vagina, regardless of HPV condition and showed that
the type of community condition had a significant relationship with predominant HPV and that the
CST IV-B was linked with HPV positivity [120]. In a retrospective study between 2012 and 2017 with
7081 HPV available cases, authors found that there is a significant association between BV, positive
HPV infection, and great-score of squamous intraepithelial lesions [121]. In this study, BV patients
with negative HPV infection showed more squamous abnormalities than BV-negative HPV-negative
patients [121]. Prevalence of HPV genotypes (HPV59, HPV73, HPV52, and HPV58) increases in women
presenting cervical cytological abnormalities has also recently described [122].

There is substantial information that correlates VD with a gained risk of HIV-1 acquisition and
transmission. A meta-analysis showed that BV was related with a 60% increment in the risk of contract
HIV-1; this comprised four longitudinal studies that inspected HIV-1 incident infection [123]. A
model of vaginal mucosa has shown that lactobacilli, predominantly L. crispatus, repressed HIV-1
replication [41]. The cervicovaginal mucus with augmented levels of D-lactic acid and a microbiome
dominated by L. crispatus efficiently stuck HIV-1 in a better way than mucus dominated by distinct
microorganisms [41], in addition to the fact that lactic acid at the concentrations obtained in the vagina
can incapacitate HIV much effectively in vitro than other acids [124]. Notably, a study in Rwandan sex
workers showed that those with a microbiota dominated by L. crispatus had a lower incidence of HIV
and STIs and that dysbiosis augmented the risk of contracting HIV and STDs in a dose-response manner;
in addition, significantly less HIV positive women with microbiota dominated by Lactobacillus spp.
had demonstrable cervicovaginal levels of HIV-1 [125]. Very recent research has focused on the
identification of specific bacterial taxa in the vaginal niche and an increased HIV risk [126]. This
analysis demonstrates associations between individual bacterial taxa and pro-inflammatory cytokines
(tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β), suggesting that individual bacterial
taxa might show an important role in determining the inflammatory state of the vagina and hence, an
increased HIV risk [126].

3.3.2. Bacterial Vaginosis and Pelvic Inflammatory Disease (PID)

PID, infection and inflammation of the uterine lining (endometritis) and fallopian tubes (salpingitis),
is a common condition between young women that regularly have the following consequences: tubal
factor infertility, chronic pelvic pain and recurrent PID disease [127]. Although PID is a recognized
complication of Chlamydia trachomatis and Neisseria gonorrhoeae infections [128,129], the etiology of
up to 70% of cases may be diverse: other cervical, enteric, BV-associated, and respiratory pathogens,
including Mycobacterium tuberculosis [130,131], may be involved. Truly, early studies revealed that
PID frequently occurs in the lack of understood STDs and its etiology [132–134]. For instance, in a
large longitudinal cohort study it was reported that vaginal transport of organisms associated with
BV double increased the risk of incident PID [135]. The application of 16S rRNA bacterial gene
sequencing has revealed the presence of specific novel bacterial species in BV [23], some of them are
Gram-negative anaerobes such as Sneathia (Leptotrichia) sanguinegens/amnionii, have been related in
case reports of postpartum fever [42], endometritis [42], tubo ovarian abscesses [136], amnionitis and
preterm labor [137] and; Gram-positive anaerobes such as Atopobium vaginae has been related with
tubo ovarian abscess, tubal factor infertility [43] endometritis [44] and fetal death [45]. Hebb et al.
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identified bacterial 16S sequences in the fallopian tubes of the 24% of women with salpingitis but in
none of the controls [138] including phylotypes closely related to Leptotrichia and A. vaginae.

In last years, a prospective study has demonstrated that S. sanguinegens, S. amnionii, BV-associated
bacterium 1 (BVAB1) and A. vaginae were related with PID, disappointment of the Centers for Disease
Control and Prevention-recommended treatment to eliminate short term endometritis, recurrent
PID and infertility, suggesting that optimal antibiotic regimens for PID might need the treatment
of new BV-associated microbes [139]. Very recently, in a cross-sectional analysis nested within the
PID Evaluation and Clinical Health study has been evaluated if Toll-Like Receptor (TLR) genetic
variants are or not related with particular BV-associated microbes that are connected with infertility
following pelvic PID. TLRs are part of the native immune system and cooperate in the elimination
of pathogens through nuclear factor kappa-b (NF-kB) signaling. Results from this study suggested a
modest association of host gene variants in TLR2 signaling pathways with cervical A. vaginae—through
excessive inflammatory responses—in women with clinical PID [140].

3.3.3. Bacterial Vaginosis and Pregnancy

PTB is the leading cause of neonatal morbidity and mortality and constitutes an important cost
cargo on medical management [141]. The PTB etiology is multifactorial although the culmination-shared
pathway is always the same. Infection and/or inflammation are major causes [141–143] representing
up to 40% of the cases [142,144] and probably this is much greater in initial gestations where mortality
and morbidity are more frequent [145,146]. BV has been related with adverse repercussions in
childbirth. However, the mechanism by which dysbiosis might alter pregnancy continues unclear [147].
Importantly, it has also pointed out that some organisms could affect pregnancy outcomes in a different
manner than others and, even that they could impact pregnancy at different gestational ages [148].

Some initial studies have reported that VD cases due to BV in pregnant women have a 5-fold
increased risk of PTB before 34 completed gestation weeks [149] and a 7-fold increased risk if BV is
detected before 16 weeks [150]. In these cases, clindamycin administration before 22 completed weeks of
gestation was related with an 80% reduction in the rate of miscarriage and a significant 40% decrease in
PTB [151,152]. Molecular-based techniques have brought a shed of light about how vaginal microbiota
impact wellness and illness [153]. The more recent the studies have been conducted, the greater is
the association originated between microbiota composition and PTB [38,154–158]. Nevertheless, to
date, evidence is limited, and results are, in certain cases, contradictive. Truly, a certain association
between preterm labor with diverse vaginal communities has been revealed [38,155]. In this sense,
a longitudinal study reported that no woman with delivery at term had CST IV-B [64]. Meanwhile,
in a study with a large cohort of pregnant women with intermediate vaginal microbiota, the lack of
lactobacilli was related with preterm delivery [159].

In the design of molecular-based studies, the importance of the type of species belonging to
Lactobacillus genera that resides abundantly on vaginal communities was recently shown. In this
study, L. iners was significantly overrepresented in vaginal microbiota from women who delivered
early preterm (67%), compared to those who delivered late preterm (31%), or at term (29%). On
the other hand, L. crispatus was related with subsequent term birth compared with early PTB, and
a comparatively longer duration of pregnancy than that associated with L. iners [160]. Plausible
explanation to this association can be because L. crispatus takes benefits over L. iners with respect
to the chirality ratio between the productions of the D- and L-isomer of lactic acid, having these
major functional implications [161]. Another hypothesis could be that occasionally L. iners might be
potentially more pathogenic than a vaginal symbiont [162,163].

280



Nutrients 2020, 12, 419

3.4. Impact of Nutrition in Maintaining Vaginal Homeostasis

3.4.1. Dietary Intake Consequences on Vaginal Homeostasis

Genital tract infections are common in women, with BV being the single most public inferior
reproductive tract infection in a population of childbearing age. As already seen here, risk factors
for BV include some socio demographic factors, including race and, lifestyle/behavioral factors such
as smoking, contraceptive use, douching, sexual behavior and stress. In recent years, researchers
have begun to theorize that nutrition is another recognized factor for BV. While little is known about
how nutrition may impact vaginal homeostasis, nevertheless, in other body locations such as gut
microbiome studies have revealed the surprising effect of the diet on the composition and function of the
bacterial community which appears to have a deep impact on human well-being and related diseases
including: metabolic disorders, obesity, inflammatory bowel disease and cancer [164]. Furthermore,
pro-inflammatory effects of altered intestinal microbiota on distal systems of the body are increasingly
recognized [164]. In addition, it is known that the intestine can work as an extravaginal reservoir for
lactobacilli and bacteria associated with BV [94].

The investigations published by Neggers et al. and Tohill et al. have constituted the first critical
evidence about the role of suboptimal nutrition in BV and other gynecological infections in women
of childbearing age. In the first, Neggers et al. have described that subclinical iron and vitamin D
deficiencies during pregnancy are related with an increased BV risk [75]. This was also suggested
in the studies of Verstraelen et al. [165]. Parallel to the studies, Tohill et al. demonstrated that lesser
serum concentrations of vitamins A, C, and E, and β-carotene were associated with BV, and lower iron
status was related with increased prevalence of Candida colonization in a large cross-sectional study
of women with or at risk of HIV. In this work, higher serum zinc concentrations were related with a
minor risk of HPV [166].

Subsequently to these studies, Bodnar et al. revealed the contrary relationship between vitamin
D and the BV risk during the first trimester of pregnancy [167]. Despite evidence, Klebanoff and
Turner [168], in a large longitudinal study, did not find a relationship between vitamin D and BV
using a statistical seasonal variable. However, recent results by Akoh et al. again have suggested
that minor vitamin D maternal status can increase the infection risk across gestation [169]. Being
more precise, authors have observed significant inverse associations between vitamin D and IL-6 and
TNF-α in the mother at delivery and between vitamin D and IL-6 and hepcidin in the neonate at birth.
Furthermore, authors have revealed that the existence of BV influenced the relationship between IL-6
and vitamin D at delivery suggesting that vitamin D could influence changes in pro inflammatory
cytokine production during pregnancy and infections might moderate these relationships. Deeping in
the association between nutrients and vaginal health, on certain subsets of women, it has been found
an association between the increased of fat in the diet, a higher glycemic load and lower nutritional
density [75,170] with BV, and in addition, an contrary relationship between BV and the bigger folate,
vitamin E and calcium intake [75]. Besides this, in the latter, the glycemic load was related with the
progress and perseverance of BV [170].

BV has also been epidemiologically connected with obesity [78]. In fact, it has been proposed that
the increase in saturated fat consumption increases the incidence of BV, and on the other hand, the
folate, vitamin E and calcium consumption decreases the BV risk. In the case of pregnant women, iron
and vitamin D deficiencies have been related with an increased BV risk [170].

3.4.2. Probiotics Influence on Vaginal Microbiota

It is thought that the vaginal microbiota is mostly formed by the rise of microbes from the
rectum. In the vagina, the quantities and categories of residing microbes fluctuate according to certain
factors such as hormone levels, sexual contact, douching practices, diet, among others [171]. Vaginal
microbiota is a critical actor in gynecologic health, in which bacteria are able to change to a dysbiotic
state causing a pathogenic process [172]. BV, the main cause of VD, is the most common genital tract
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infection in women throughout their reproductive life and it has been related with serious adverse
reproductive and obstetric health outcomes, such as PTB and acquisition or transmission of several
sexually transmitted agents [170]. Being polymicrobial in nature, BV is considered by a decrease in
positive lactobacilli and a significant increase in number of anaerobic bacteria, including G. vaginalis,
A. vaginae, Mobiluncus spp., Bacteroides spp. and Prevotella spp. BV includes the existence of a thick
vaginal multi-species biofilm, where G. vaginalis is the predominant specie [173]. The standard of-care
for BV, an antibiotic therapy based on metronidazole or clindamycin, is incapable to completely
eradicate vaginal biofilms, which may explain the existence of high recurrence rates of BV [174]. In
addition, prolonged antibiotic therapy can also harm the healthy vaginal microbiota [173]. These issues
generated the interesting emerging different therapeutic strategies such as the use of prebiotics and/or
probiotics [175]. Probiotics are extensively used to progress gastrointestinal health, but they might also
be beneficial to prevent or treat gynecological disorders. In obstetrics and gynecology, probiotics are
living microorganisms—mostly formed by Lactobacillus spp.—mainly used to restore the physiologic
vaginal microbiota in order to treat, besides BV, vulvovaginal candidiasis (VVC) and PTB [176]. Despite
this, considerable heterogeneity in probiotic’s effectiveness has been detected during clinical trials [174],
which are reviewed in this section.

Probiotics in Non-Pregnant Women

The recognized favorable effect of probiotic administration for the BV and VVC treatments
has been evaluated in numerous meta-analysis [177–180] and recently reviewed in [176]. Relative
to VVC, it is estimated that approximately seven women out of ten women will live at least one
experience of VVC in their lives [181], where recurrence is quite often. This fact has made probiotics
a real option to be considered together with current antifungal therapies. In a Cochrane systematic
review [180], the efficiency of probiotic treatment for VVC in non-pregnant women was recently
under evaluation. The conclusions from 10 randomized controlled trial (RCTs) (1656 participants)
studying the influence of probiotics used by oral and vaginal routes, as a coadjuvant therapy to
antifungal drugs, were that probiotics slightly enhanced the temporary clinical and mycological cure
rate and reduced the 1 month relapse rate. Nevertheless, no influence of probiotic administration
was observed on continuing clinical or mycological cure rate (3 month post-treatment evaluation). In
addition to this, one of the main and unsolved topics related to the VVC treatment is the extraordinary
proportion of reappearances even after the use antifungal (azoles) treatment [182,183], a fact that might
be due to augmented presence of azole-drug resistance [184]. For these cases of azole-resistance, it
has been proven the effectiveness-protecting role of specific Lactobacillus species, an example of this is
L. plantarum P17630 [184].

Relative to the treatment of BV with probiotics, in 2013, a systematic review by Huang et al. [179]
already reinforced the possible favorable effect of probiotics for the treatment of BV. The analysis
included 12 RCTs where probiotics were implemented either orally or vaginally with continuation
periods from 4 weeks to 6 months. The results revealed that probiotic administration was capable
to increase the cure rate in adult BV patients, although some subgroup of analysis failed to prove a
positive effect of probiotic administration in long-term treatment (>1 month) [177]. In further analysis,
authors investigated the effect of metronidazole administration alone or in combination with probiotics.
Five RCTs containing a total of 1186 participants were chosen, and the benefit of combined therapy
was proven over metronidazole alone on BV.

Probiotics in Pregnant Women

The recognized role of probiotics administered orally on the vaginal niche in the prevention of
PTB has been suggested in several studies [185,186]. The rates of PTB differ through different countries,
ranging from 5% to 9% in Europe to 13% in US [142]. Although PTB has a multifactorial etiology, it
has been expected that approximately one-third of cases are due to intrauterine inflammation [142]
triggered by migrant ascending vaginal infections. Remarkably, pre-existing BV give the impression to
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be intensely related with PTB [187]. Due to this, it has been hypothesized that probiotics could display
the possible capacity to transfer and kill resident pathogens in a dysbiotic vagina. Mechanisms in
which probiotics might be involved comprise the progress of anti-inflammatory cytokines and the
decline of the vaginal pH favoring a vaginal environment that becomes suitable for the growth of
healthy bacteria [186,188]. In addition, it has also suggested that, during pregnancy, probiotics might
recover maternal glucosidic metabolism over the variation of gut microbial composition and function,
as well as an insulin sensitivity improvement [189].

However, the latest published studies do not agree that probiotics have a significantly beneficial
role during pregnancy. Some of them are chronologically summarized now. Gille et al. [190] examined
the recognized character of oral probiotics on vaginal micro-environment in 320 pregnant women in a
triple-blind RCT with oral probiotic supplementation or placebo. After eight weeks of treatment, oral
probiotics did not rise the quantity of normal vaginal microbiota compared to placebo.

Subsequently to this work, Jarde et al. [185] have achieved a systematic review and meta-analysis
about PTB risk and others unpleasant pregnancy outcomes in pregnant women receiving probiotics.
Five studies (1017 women) examined the risk of preterm birth before 34 weeks of gestation, whereas in
eleven studies (2484 women) the risk < 37 weeks. Conclusions from these highlighted that the use of
probiotics during pregnancy neither decreased nor increased the PTB risk before 34 or before 37 weeks.
In addition, it was not seen a protecting effect of probiotic administration over gestational diabetes,
preterm premature rupture of membrane (PPROM), and small and large for gestational age infants.
Conversely with these results, Daskalakis and Karambelas have previously shown some positive effects
in women with PPROM after probiotic administration [191]. In their study, patients were distributed
to receive vaginal probiotic in with antibiotic prophylaxis or standard antibiotic treatment alone for
10-days. Women that received the double regimen have higher mean gestational age at birth (35.49 vs.
32.53 weeks) and latency period (5.60 vs. 2.48 weeks) in comparison to control group, although the
size sample in this study is questionable (n = 59 and n = 57, respectively).

Very recently, in a prospective study, Nordqvist et al. [192] evaluated the possible
relationship among the probiotic milk consumption and the appearance of PTB and preeclampsia
incidences. Maternal inflammatory response is a common background of these two pathologic
conditions, and the potential anti-inflammatory effect of probiotics represents the criterion for their
selection [193,194]. The study revealed that consumption of probiotic milk in late pregnancy was
related with a preeclampsia-reduced risk. Regarding PTB, the probiotic milk ingestion of during early
pregnancy was related with a decrease in the PTB risk. In both cases, no dose-response manner was
found. Despite these promising results, in both cases, no relationship has been found between the
dose applied and the obtained respond. Finally, the results from the studies of Haahr et al. [195] and
Olsen et al. [196] do not support the probiotic treatment of BV-positive pregnant women with the
objective of (i) diminishing the spontaneous PTB risk and, (ii) reducing the colonization rate of Group
B Streptococcal (GBS) on the vagina.

In summary, from the aforementioned latest studies it appears that the use of probiotics during
pregnancy neither decreased nor increased the risk of PTB before 34 or before 37 weeks. In a similar
manner, no clear profits from the probiotic administration have emerged for PPROM, and for the
gestational age of infants.

Other Results Obtained with Probiotics

In the success or failure of a probiotic therapy, a good selection of Lactobacillus species seems to be
crucial. For instance, the putative beneficial effect as probiotic of L. rhamnosus BPL005 was recently
proven in an in vitro model of bacterial colonization of primary endometrial epithelial cells with the
presence of anaerobe microbes such as A. vaginae, G. vaginalis, P. acnes, and S. agalactiae [1]. When
co-cultured with these pathogens, the L. rhamnosus BPL005 was capable at low pH and produced
organic acids, producing a significant decrease in P. acnes and S. agalactiae levels, in contrast, A. vaginae
and G. vaginalis strains were not affected for lactobacilli strain. Furthermore, it has been proven that
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the L. rhamnosus BPL005 colonization in the culture diminished IL-6, IL-8, MCP-1—increased in the
existence of pathogens- and raised IL-1RA and IL-1β abundance [172].

3.5. Restoration of Vaginal Microbiota through Hormone Replacement Therapy (HRT)

Sex hormones, in particular estrogens, appear to have a significant importance in vaginal
health, stimulating the growing of lactobacilli by encouraging glycogen accumulation in the vaginal
mucosa [58,197]. In healthy pregnant women, high levels of estrogens contribute to the stability
of the microbiota increasing the prevalence of Lactobacillus spp. [198]. On the other hand, during
menstruation it has been reported a significant microbiota alteration, although this may depend on
the type of community [34,40]. Following menopause, the deterioration in estrogen excretion might
harmfully affect the vaginal mucosa, leading to vaginal atrophy and reduced glycogen levels that
result in low abundance of vaginal lactobacilli. Thus, it has been shown that postmenopausal women
who are not under hormonal treatment have significantly inferior free glycogen levels and lower levels
and diversity of Lactobacillus spp., compared with those using hormonal treatment with higher levels
of Lactobacillus spp. [199].

In one meta-analysis it was demonstrated that all routes of estrogen administration are effective
for relief of menopausal symptoms, especially hot flashes [200]. Focusing in oral administration, one
study examined the composition of microbiota of 19 postmenopausal women who were already taking
oral estrogen therapy (Premarin-conjugated equine estrogen; CEE). After three months, results from
the analysis of vaginal swabs revealed that all the patients were populated by Lactobacillus species,
especially for L. iners and L. crispatus [201]. Supporting this, additional studies have found a minor
presence of anaerobic bacteria in women under hormonal treatment compared to results from women
without a replacement therapy and, equally to first evidence, all women on therapy had Lactobacillus
existing species in their vagina [202,203]. Focusing in the treatment on symptoms like vaginal dryness
and concurrent irritation, a study of women treated with CEE reported improvement subsequently
with a treatment of three months, (placebo vs CEE treatment) [204]. Similarly, it has been demonstrated
that women who use vaginal estrogen for symptoms of dyspareunia and vulvovaginal atrophy (VVA)
score much higher on scales measuring quality of life and sexual health than those women who do not
use a hormone replacement-based therapy [205].

3.6. Impact of Contraceptives on Vaginal Microbiota

Contraception methods may include the use of estrogen hormones (i.e., estradiol or
ethynyl estradiol) or not by progestins, such as medroxyprogesterone acetate (MPA). Routes of
administration can be oral, injectable (depot medroxyprogesterone acetace DMPA, or ethinyl estradiol
(Net-EN) implants (levonorgestrel or etonogestrel) and intrauterine devices IUDs (such as cupper
intrauterine devices).

Relative to BV treatment there is a stable relationship between the use of oral contraceptives
and a reduction in BV prevalent [78,206,207]. Together with this latter, a recent meta-analysis has
demonstrated a robust undesirable relationship between any hormonal contraception, regardless of
type (excluding intrauterine devices), and prevalent, incident, or BV recurrent [208]. However, it has
also been reported that certain kinds of hormonal contraceptives may alter vaginal microbiota in a
negative manner. For instance, some studies have shown a reduction in prevalent BV in women who
use injectable or implanted depot MPA [206]. However, it has also been observed that this contraceptive
decreases vaginal Lactobacillus [78,209] and is associated in some studies with an augmented risk
of acquisition and transmission of HIV possibly partly intermediated by effects of the microbiota on
cervicovaginal inflammation [210]. Comparing the effects on vaginal microbiota from the use of oral
contraceptives versus the use of intrauterine systems (IUS) Brooks et al. reported that women using
oral contraceptives had a microbiota less colonized by BV-associated microorganisms, meanwhile in
patients using levonorgestrel (LNG)-releasing intrauterine systems (IUS) microbiota was colonized by
BV-associated microorganisms [211]. Conversely to this latter, Bassis et al. did not find changes in
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the microbiome consistent with BV in women using the LNG-IUS [212]. Finally, Achilles et al. [213]
have recently reported that the use of hormonal contraceptives did not change vaginal microbiota in a
period of 6 months, while the use of copper-IUD was related with an increase in the risk of BV and its
associated microbiota, including G. vaginalis and A. vaginae bacteria.

Since contraceptive methods are used extensively by women worldwide, the development of
refined research that better elucidates the impact on vaginal microbiota and risk of suffering from
BV should be desired. Future research should be focused on precise factors such as the nature of the
contraceptives alone or combined with, including a range of applied doses, improvement in routes
of administration and extension in the duration of their application—all of them in well-designed
controlled population groups of study to achieve more consistent applied results.

4. Conclusions

Microbial populations are essential for vaginal wellness. The advance in the characterization of
the communities of microorganisms that inhabit the vagina has been extremely fast in recent years
although important research gaps still remain unclear. For instance, it is significant to achieve a better
understanding of the metabolic interactions between microbiota members and between them and the
host. In this regard, multiple studies have begun to clarify the functionality of the microbiome [214]
although up to now further evaluation about protein transcription of both microorganisms and the host
is needed. This fact will contribute to filling gaps of information over the pathogenesis of interactions
between dysbiosis, microorganisms, and the host that lead to adverse clinical consequences, plus to
the evaluation of interventions that attempt to maintain or repair a healthy vaginal environment.

The impact of the diet on the composition of vaginal microbiota has also been considered. Being
non-inherent in nature, the female population need to start thinking that lactobacilli-based microbiota
is favored following healthy practices of alimentation. Summarized here, it has been reported that
diets enriched in nutrients such as vitamins (A, C, D, E), B-carotene and minerals (such Ca and Zn)
have been positively related with vaginal wellness, including a reduction in the prevalence of BV and
HPV. Meanwhile, diets deficient in these nutrients and hence enriched in sugars (glycemic load) or fats
(fatty acids) have negative consequences on homeostasis as well as being related with BV [75,165–170].

BV is the most frequent single infection of the lower reproductive tract. Since BV current cure rates
range between 50% and 80% after treatment with metronidazole, recurrence being very common [215],
more effective treatments are needed. The consequences of the alteration of the biological films—mainly
colonized by anaerobic G. vaginalis—[216] and the benefits of the administration of probiotics [217]
should be studied in more detail to achieve a better cure and prevention of recurrent infections,
respectively. The primary aim of probiotics in obstetrics and gynecology is the restoration of a
functional vaginal microbiome. However, given the inconclusive results for the use of probiotics,
some international guidelines, such as the Centers for Disease Control and Prevention [218], do not
support the use of any available lactobacilli-based formulations as probiotics as coadjuvant therapy in
women with VVC and BV. Very surprisingly, the guideline for probiotics differs between countries,
without a universal background [219]. Indeed, if probiotics are prescribed in the treatment with specific
disorders, they should be regulated as drugs rather than foods or supplements. Under this formula,
adverse consequences connected to the use of probiotics should be shared and registered by health
authorities [220]. Nowadays, probiotic effects seem to be strain specific and dose dependent, and
the lack of standardized manufacturing procedures affect multiple factors such as microbial survival,
their growth, and their viability [220]. At the research level, active work in the field is needed and
well-designed studies in the future should also focus on other aspects such as: (i) the efficacy and
search of distinct mixtures of strains of probiotic species in the restoration of vaginal microbiota, (ii) a
consensus in the duration of the treatment with probiotics and colony-forming units employed for
restoration in launched studies, and (iii) a better understanding of the combination of antibiotics and
probiotics when both are provided together [39].
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Relative to risk factors associated with BV and other pathogenesis linked with dysbiosis, from
now and in the immediate future, the performance of studies that focus on the impact of social
sexual networks in the conformation and transmission of the vaginal microbiota and the prevalence
of BV is significant. Given the importance of the structure of current social sexual networks for the
transmission and prevalence of STDs [221], it is possible that these factors are similarly significant
in the composition of the vaginal microbiota. For instance, it would be necessary to conduct further
comprehensive longitudinal studies based in the consequences and effect of overlapping couples and
how the duration of concurrent couples may have on the vaginal microbiota in distinct populations
and cultures [46,74]. These studies could greatly contribute to explaining that racial differences are
seen consistently in vaginal microbiota. In addition, other studies that focus on sexual habits, such as
order of sexual acts and coital frequency might contribute to explaining variances in the composition of
the vaginal microbiota and, in parallel, might facilitate relevant information to reduce risks of dysbiosis
for women. The treatment of sexual companions of women with recurrent BV has not diminished
recurrence in several RCTs, although this could be due to limitations of the study design and ineffective
treatments [221] so profound research would be needed on the efficiency of the management of sexual
partners. In addition, the mode of birth effect on the creation and maintenance of a healthy vaginal
microbiome may be important an important research area since it has been shown that cesarean
sections significantly affect the composition of the intestinal microbiome [222,223], and thus its possible
influence on vaginal health.

Hormone replacement therapy-based studies outlined herein reported women having a vaginal
microbiota dominated by Lactobacillus species, which corroborates that levels of estrogens have a
profound effect on vaginal community and structural bacteria. Indeed, estrogens not only improve
vaginal symptoms such as dryness and VVA but permit re-colonization of the postmenopausal vagina
with lactobacilli and, hence, reduce the risk of BV and VVC among others. Hormone replacement
therapy has also been correlated to improve sexual quality of life of postmenopausal women, perhaps
linked to the aforementioned lactobacilli presence; however, there is a lack in holistic studies that
correlate fluctuations in the vaginal microbiota directly to improved sexual wellness and quality of
life [224]. Special care with the hormone replacement therapy (HRT) should be taken, cause not all the
formulations works properly, as seen here in the case of medroxyprogesterone acetate [206] treatment
with negative consequences for vaginal microbiota.

Contraception is a widely used practice in women worldwide and thus knowing how it impacts
on microbiota is of great importance. To date, hormonal contraception seems to have more beneficial
results over vaginal homeostasis and hence diminishing the risk of suffering from BV, by mean of
favoring a lactobacilli-based microbiota as reported in [211]. Conversely, research about the use of
IUs (i.e., levonorgestrel (LNG)-releasing intrauterine systems or Cooper intrauterine device, Cu-IUD)
has revealed that even at mid-term (i.e., 180 days) abundance of anaerobic bacteria associated with
BV increase and scoring higher in Nugent Gram stain [212,213]. However, frequently found in the
literature are weak points of research related to the presence of contraceptives (if alone or combined
with), the dose applied, questioning the routes of administration and the difficulties for the selection of
controlled groups of population to perform very consistent results.
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Abstract: Ischemia-reperfusion (I/R) injury is an unresolved problem in liver resection and
transplantation. The preexisting nutritional status related to the gut microbial profile might contribute
to primary non-function after surgery. Clinical studies evaluating artificial nutrition in liver resection
are limited. The optimal nutritional regimen to support regeneration has not yet been exactly defined.
However, overnutrition and specific diet factors are crucial for the nonalcoholic or nonalcoholic
steatohepatitis liver diseases. Gut-derived microbial products and the activation of innate immunity
system and inflammatory response, leading to exacerbation of I/R injury or impaired regeneration
after resection. This review summarizes the role of starvation, supplemented nutrition diet, nutritional
status, and alterations in microbiota on hepatic I/R and regeneration. We discuss the most updated
effects of nutritional interventions, their ability to alter microbiota, some of the controversies, and
the suitability of these interventions as potential therapeutic strategies in hepatic resection and
transplantation, overall highlighting the relevance of considering the extended criteria liver grafts in
the translational liver surgery.

Keywords: ischemia-reperfusion injury; nutritional status; supplemented nutrition; gut microbiota;
partial hepatectomy; liver transplantation

1. Introduction

An ischemic period is commonly required during hepatectomy or transplantation to avoid possible
bleeding or blood transfusions. However, reduction of blood flow damages the liver and impairs
liver regeneration [1]. Although ischemia-reperfusion (I/R) injury is commonly associated with poor
post-operative results after liver surgery [2], no effective strategies are currently available to resolve
this clinical problem. The mechanisms responsible for I/R injury are extremely complex, different
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depending on the liver type (steatotic versus non-steatotic), and involve a wide range of different
cells and pro-inflammatory mediators [1–6]. Warm ischemia is associated with hepatic resections, and
warm and cold ischemia is associated with liver transplantation (LT). The type of ischemia must be
distinguished due to existing debate about the specific pathophysiological mechanisms of each surgical
procedure. Other factors to be characterized in I/R injury are the percentage and duration of hepatic
ischemia applied and the presence of regeneration (associated with hepatic resections) [7,8]. Steatotic
livers have been demonstrated to be less tolerant of I/R injury than non-steatotic livers; therefore, the
presence of fatty infiltration in the liver is associated with poor outcome following surgery [9–12].
Steatotic LT shows increased rates of graft failure compared with the post-operative outcomes of
non-steatotic LT [9,13,14]. Similarly, complication rates following resection are two–three-fold higher in
patients with hepatic steatosis [10,15]. Given the increasing prevalence of steatosis, and consequently
the increase in the number of steatotic livers subjected to surgical conditions [16], the development of
protective strategies in liver surgery are required.

Recent advances suggest new concerns about the pathophysiology of hepatic I/R injury. Preexisting
nutritional status might affect the post-operative metabolism, liver function, inflammation, and
regenerative capacity [17,18]. Starvation exacerbates warm ischemic injury due to the amount of
glycogen stored in the liver [19–22]. Adenosine-5′-triphosphate (ATP) depletion during ischemia
induces an acceleration of glycolysis [23]. Although glycolysis is essential for cell survival, its effects
may also be detrimental due to lactate accumulation [23]. Overnutrition and specific diet factors
are crucial for the pathogenesis and progression of nonalcoholic fatty liver disease (NAFLD) or
nonalcoholic steatohepatitis [24]. Although there have been a wide variety of experimental studies on
factors and nutritional substrates supporting or inhibiting liver regeneration after resection, a limited
number of clinical studies have been addressed [25]. The intestinal microbiota is important to regulate
liver functions [26,27] and is crucial in the pathogenesis of NAFLD [28–30]. Dietary components,
host-intrinsic factors of the gastrointestinal tract affect microbial composition [27,31]. The activation of
innate immunity and inflammation caused by gut-derived microbial compounds can exacerbate I/R
injury or impair regeneration after liver resections.

The aim of the present review was to summarize the current knowledge from 2014 to 2019 about
the effect of starvation, nutritional interventions, and gut microbiota alterations on morbidity and
mortality in both experimental and clinical studies of liver surgery. A clear distinction between warm
and cold I/R injury (associated with liver resections and LT, respectively) is discussed. The complicated
differentiation on experimental models using steatotic and non-steatotic livers is addressed to elucidate
the mechanisms responsible of liver I/R injury and for the establishment of new targets and protective
strategies. The different results regarding the potential benefits of starvation, nutritional diets, and gut
microbiota alterations in different studies (experimental, translational, and clinical studies) in hepatic
surgery are discussed. All of this might be useful for the design of appropriate experimental models
and treatments in clinical liver surgery.

2. Starvation Effects on I/R Injury Associated with Liver Surgery

Experimental studies have shown that liver I/R injury is influenced by different nutrients. For
instance, protein restriction improved hepatic I/R injury by up-regulating hydrogen sulfide [32].
The supplementation of vitamins C and E in the diet protected against hepatic I/R injury. This
effect was exerted by the up-regulation of antioxidant enzymes as well as the down-regulation of
cell adhesion molecules [33]. However, although these experimental studies have demonstrated
some beneficial effects of pre-operative diet restriction/fasting in liver I/R injury, the underlying
mechanisms remain to be clarified. Other findings are contradictory [34–36]. Experimental studies
have shown that fasting exacerbates normothermic ischemic injury [19–22]. Therefore, to support
the clinical translation of starvation, the mechanisms behind the fasting-induced protection against
I/R injury need to be elucidated [37]. Nil per os (NPO) status in patients undergoing hepatectomy
to avoid potential problems, potentially associated with the general anesthesia, may be associated
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with immunomodulation risks to patients [38,39]. The NPO-associated fasting induces inflammatory
responses in surgery [40]. The fasting state results in hyperglycemia, post-surgical infections, and
increased length of stay [41–44]. Similarly, in clinical transplantation, donor starvation because the
prolonged hospitalization or lack of an appropriate nutritional support would favor hepatic damage
and primary nonfunction [45].

2.1. Studies of Short-Term Starvation (12–24 h)

The most recent preclinical studies investigating the effects of short-term starvation (12–24 h) on
experimental models of normothermic I/R injury are summarized in Table 1. Twelve hours’ fasting
protected against apoptosis and necrosis associated with I/R injury [46]. Higher levels of serum
β-hydroxybutyric acid (BHB) and, consequently, forkhead box protein O1 (FOXO1) over-expression
were detected following the 12 h fast, thereby increasing antioxidant mechanisms including heme
oxygenase 1 (HO-1) and autophagy activity. BHB inhibited the nucleotide oligomerization domain-like
receptor family, pyrin domain containing 3 (NLRP3) inflammasome activity, the high-mobility group box
1 (HMGB1) release, and nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) activation [46].
In an ex vivo perfused rat liver model based on 60 min of ischemia and 60 min of reperfusion, the
authors reported that starvation for 18 h fails to provide protection against liver I/R injury. The benefits
of feeding were explained, at least partially, by increased energy metabolism (availability of energetic
substrates) such as glycogen and high ATP levels [47]. These contradictory results [46,47] could be
explained by the use of different experimental models of I/R (in vivo and ex vivo, respectively).

Table 1. Starvation approach in the setting of ischemia-reperfusion (I/R) injury in studies from 2014
to 2019.

Starvation Time Model Specie Main Therapeutic Effects

Short-term:
12 h

Ischemia
WIT: 60 min

RT: 0, 1, 3, 6, 12 h [46]
Mice ↓ Liver injury, inflammation, apoptosis

↑ BHB, FOXO1 and HO-1

Short-term:
18 h

Ex vivo Ischemia
WIT: 60 min

RT: 60 min [47]
Rats ↑ Liver injury, inflammation, apoptosis

↓ Energetic substrates (ATP, glycogen)

Short-term:
24 h

Ischemia
WIT: 60 min
RT: 6 h [37]

Mice ↓ Liver injury, inflammation, HMGB1
↑ Sirt1 activity, autophagy

Ischemia
WIT: 90 min
RT: 6 h [48]

Mice
↓ Liver injury, inflammation, caspase-3
↑ Sirt1 activity, autophagy, anti-apoptotic

proteins

Ischemia
WIT: 60 min
RT: 6 h [49]

Humans
↓ Liver injury, inflammation, oxidative

stress
↑ Nrf2, HO-1 and Nqo1

Long-term:
2–3 days

Ischemia
WIT: 60 min
RT: 6 h [37]

Mice ↑ Liver injury, inflammation, HMGB1

Ischemia
WIT: 90 min
RT: 6 h [48]

Mice
↓ Liver injury, inflammation, caspase-3
↑ Sirt1 activity, autophagy, anti-apoptotic

proteins

Long-term:
3–7 days

Ischemia
WIT: 30 min
RT: 24 h [50]

Mice ↓ Liver injury

Note: ATP, adenosine triphosphate; BHB, β-hydroxybutyric acid; FOXO1, forkhead box protein O1; h, hour; HMGB1,
high-mobility group box 1; HO-1, heme oxigenase 1; min, minute; NF-κB, nuclear factor kappa-light-chain-enhancer
of activated B cells; Nqo1, NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear factor erythroid-derived 2-related
factor 2; RT, reperfusion time; Sirt1, sirtuin 1; and WIT, warm ischemia time.

Short-term fasting for 24 h protected against hepatic I/R injury by regulating the response of innate
immune cells [37]. Authors have shown that such benefits might be explained by the reduction in the
circulating HMGB1 levels, which induces changes in sirtuin 1 (Sirt1) and autophagy, resulting in the
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anti-inflammatory regulation of short-term fasting [37]. In contrast with the results obtained in the ex
vivo perfused rat liver model after 18 h fasting [47], the authors failed to find a correlation between
the energy parameters, such as hepatic glycogen stores and fasting-induced protection. Altogether
this suggests the relevance of using in vivo I/R models that simulate the clinical conditions as much
as possible.

Qin et al. showed that starvation for 24 h inhibited hepatic I/R damage [48]. The authors suggested
that starvation had anti-apoptotic effects in I/R by increasing the expression of anti-apoptotic protein
such as B-cell lymphoma (BCL)-2/BCL-xl/phospho-protein kinase B (P-Akt) and decreased caspase-3
activity [48]. Similar to Rickenbacher et al. [37], the authors also concluded that starvation induced
autophagy in the liver via the Sirt1 pathway [48]. Therefore, the results obtained in preclinical studies
of fasting for 24 h suggest that starvation reduces cell death during hepatic I/R. Fasting-activated Sirt1
induced autophagy and promoted anti-apoptosis [48].

In the clinical context, liver resection is usually carried out under vascular occlusion to regulate
bleeding [51]. Regeneration affects the mechanisms responsible of I/R injury, and I/R negatively affects
liver regeneration. Thus, the beneficial effects of starvation reported to date might not be extrapolated
to surgical conditions requiring partial hepatectomy (PH) under I/R.

To the best of our knowledge, only Zhan et al. [49] recently analyzed the effects of short-term
fasting on PH under I/R in humans (Table 1). Thus, in a prospective, single-blinded, randomized study
of 30 patients per group, 24 h fasting reduced damage, inflammation, and oxidative stress through
regulation of nuclear factor erythroid-derived 2-related factor 2 (Nrf2), HO-1, and NAD(P)H quinone
dehydrogenase 1 (Nqo1) signaling pathways [49]. However, postsurgical complications of control and
fasting groups were similar [49]. Further clinical studies are required to confirm the benefits of 24 h of
fasting in PH.

2.2. Studies of Long-Term Starvation (Two to Seven Days)

In addition to the investigations on the effects of short-term fasting for 24 h, Rickenbacher et
al. [37] and Qin et al. [48] studied the effects of long-term starvation for two and three days (Table 1).
Rickenbacher et al. showed that fasting for 24 h, but not two or three days, can reduce I/R injury via
the Sirt1-mediated down-regulation of HMGB1 in circulation [37]. However, Qin et al. [48] found
even more protective effects against I/R injury at two and three days of fasting than 24 h of fasting in
mice. The reasons for these different findings may be related to the different experimental model used,
such as duration of ischemia (60 min versus 90 min of ischemia). Three days of fasting or one week of
preoperative protein/energy restriction decreased transaminases and hemorrhagic necrosis after 30
min of ischemia [50].

Further experimental investigations and clinical trials are needed to determine the effects of
starvation and the exact fasting duration (one, two, or three days) to produce the greatest advantages in
patients. Long-term diet restriction (more than 24 h) may be difficult to apply for human preoperative
management. Experimental models that reproduce the clinical conditions might be useful for the
implementation of protective treatments in clinical conditions in the short-term [52]. The studies
mentioned above have been reported in non-steatotic livers. The prevalence of obesity ranges from
24% to 45% of the population; therefore, increases in the number of steatotic livers subjected to liver
surgery are expected. Steatotic livers show poor regenerative response and increased vulnerability to
I/R injury, and the mechanisms involved in the I/R pathology and protective strategies are different
depending on the type of the liver (presence or absence of steatosis) submitted to surgery. Thus, future
research in experimental models of PH with I/R and LT are required to understand the underlying
mechanisms of starvation, especially in sub-optimal livers in order to ameliorate the viability of livers
subjected to surgery and reduce consequently the post-operative problems.
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3. Nutritional Support by Nutraceuticals and Functional Foods on Liver Surgery under Hepatic
Ischemia-Reperfusion

The preoperative nutritional state considerably affects postoperative metabolism, organ function,
and inflammatory responses [17], and nutritional status affects the liver regenerative capacity [18].
Therefore, the basal alimentary condition of the patient plays an important role in predicting
postoperative complications. Patients with end-stage liver diseases who undergo LT usually present
with malnutrition, which directly impacts the deterioration of the patient’s clinical condition, affecting
post-transplantation survival [24]. The post-transplantation survival is even more relevant in the case
of liver steatosis (the main feature of NAFLD) as these organs show high vulnerability to I/R injury
and regenerative failure in comparison with non-steatotic livers [53].

As mentioned above, coinciding with the progressive adoption of the Western lifestyle and
changes in nutritional habits, many studies have evidenced the increased incidence and prevalence of
NAFLD and other related disorders [54]. Also, malnutrition induces dysbiosis with translocation of
bacteria- and/or pathogen-derived components from the gut to the liver [55].

Conversely, several dietary components significantly benefit health [56], presenting antioxidant
or anti-inflammatory properties as well as contributing to modifying the gut microbiome [18]. As a
result, the re-establishment and maintenance of the correct nutritional status by these nutraceuticals
and functional foods before, during, and/or after surgery could lead to improvements in complications
related to I/R injury, representing a potential approach alone or in combination with other therapies to
improve patient outcomes. Eventually, strategies based on nutrition support could become a major
adjunct to the conventional management of I/R injury.

Combination of different nutrition tools like anthropometry, and body composition analysis, have
been reported to formulate a composite score for malnutrition assessment [57]. The goals of nutritional
therapy are mainly focused on improving protein malnutrition and regulate nutrient deficiencies.
Studies to address I/R injury complications by dietary supplementation and functional foods in liver
surgery covering 2014 to 2019 are summarized in Table 2.

3.1. Plant-Derived Supplements and Other Food Additives

Three studies focusing on nutrition support based on plant-derived supplements and other
food additives were reported from 2014 to 2019 [58–60]. All of them targeted oxidative stress and
inflammatory responses related to I/R injury in murine models. The more remarkable findings were
strengths of the antioxidant defense systems and anti-inflammatory properties after the intervention.
For instance, ankaflavin, a traditional food additive used in Eastern Asia and China, significantly
decreased the proliferation of Kupffer cells and the protein expression of inflammatory cytokines
(tumor necrosis factor α (TNF-α), interleukin (IL)-6, and IL-1β) and reduced apoptosis and liver
steatosis in high-fat-diet-fed mice [58].

A similar plant-derived strategy tested the potential benefits of apocynin (4-hydroxy-
3-methoxyacetophenone) in rats under I/R injury. In this case, a single dose of apocynin 30 min
before surgery induced the production of superoxide dismutase (SOD), reduced lipid peroxidation,
and decreased glutathione (GSH) limiting the cellular stress triggered by ischemia [59]. Also,
Korean red ginseng extract, which contains ginsenosides, phenolic compounds, polysaccharides,
and polyacetylenes, showed a chemopreventive effect through antioxidant, apoptotic, and anti-cell
proliferation in various cancers. In concordance with these findings, a study conducted in rats in which
hepatic cancer had previously been induced, supplementation starting two weeks before surgery and
eight weeks after PH revealed chemopreventive effects by prevention of oxidative stress and regulation
of redox-enzymes [60]. The potential limitation of all these studies is related to the limited specificity
of the different plant-derived supplements and additives. The relevance of the changes on oxidative
stress, TNF-α, IL-6, and/or IL-1β induced by such treatment requires further investigation. Studies
aimed at evaluating if such benefits can be extrapolated in steatotic liver undergoing surgery might
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be of clinical and scientific relevance. The potential toxicity and side effects of these components,
dependent on the concentrations, required to confer protection should be investigated.

Table 2. Studies to address hepatic I/R injury by dietary supplementation and functional foods.

Drug Administration Model Specie Main Therapeutic Effects

Ankaflavin (food
additive) [58]

Gavage (orally) 0.624 mg/kg daily for 1
week

Ischemia, fatty liver
WIT: 60 min

RT: 3 h
Mice

↓ Liver injury, steatosis, oxidative stress,
apoptosis, inflammatory cytokines

(TNF-α, IL-6, IL-1β)

Apocynin (organic
compound related to

vanillin) [59]

Intraperitoneally 20 mg/kg 30 min
before surgery

Ischemia
WIT: 60 min
RT: 60 min

Rats ↓ Oxidative stress (MPO)
↑ Antioxidant levels (SOD)

Korean red ginseng
extract [60]

Orally
0.5%, 1%, or 2% for 10 weeks

PH
RT: 7 weeks Rats

↓ Lipid peroxidation, cytochrome P450
signaling pathway

↑Antioxidant levels (tGSH, GST, GPx),

Antioxidative
nutrient-rich enteral diet
(Polyphenols, Vitamin C

and E) [33]

Orally
ad libitum for 7 days

Ischemia
WIT: 60 min

RT: 6 h
Mice

↓ Liver injury, necrosis, inflammatory
cytokines (IL-6, CXCL1), MDA, cell

adhesion molecules, neutrophils and
macrophage infiltration

↑ Antioxidant levels (SOD1, SOD2)

Dexpanthenol (analogue
of provitamin B5) [61]

Intraperitoneally 500 mg/kg during the
ischemic period

Ischemia
WIT: 60 min
RT: 60 min

Rats
↓ Oxidative stress (MPO), histologic

tissue damage
↑ Antioxidant levels (SOD, tGSH)

Vitamin C [62] Intravenous
50–200 mg/kg after surgery

Ischemia
WIT: 3 × 15 min pringle

maneuver with 5 min between
occlusion

RT: 4 h

Swine
↓ Inflammatory cytokines (IL-1β, IL-8,
TNF-α), procoagulant response (PAI-1,

tissue factor)

Rosa mosqueta oil [63] Orally 0.4 mL/g/day for 21 days
Ischemia

WIT: 60 min
RT: 20 h

Rats

↓ Liver injury, inflammation, oxidative
stress

↑ α-linolenic acid, EPA and DHA fatty
acids levels

Tilapia fish oil [17] Gavage (orally)
0.4% body weight for 3 weeks

Ischemia
WIT: 30 min

RT: 1, 12, and 24 h
Rats

↓ Liver injury, antioxidant levels (CAT,
SOD, GPx), tissue TBARS, histological

tissue damage

Fish oil [64] Gavage (orally)
12 mL/kg daily

PH
RT: 1, 2, 3, and 5 days Mice

↓ Liver injury, total bilirubin
↑ Proliferation, AMPK activation,
liver-to-body weight ratio, tight

junction, and BSEP protein expression

L-arginine [65]
Gavage (orally) 10% in 1 mL/100g of

solution 15 min before surgery and 24 h
until date of death

PH
RT: 24 h, 72 h, and 7 days Rats ↑ Alkaline phosphatase

No effect in regeneration

L-glutamine [66] Gavage (orally) 1 mL/100g body weight
6 h and 15 min before surgery

PH
RT: 24 h, 72 h, and 7 days Rats ↑ Regeneration, albumin

No effect in liver function

Omega-3 fatty acids
[67] Orally 10 mg/kg/day for 28 days PH

RT: 7 days Rats ↓ Inflammatory cellular infiltrate
No effect in regeneration

Omega-3 fatty acids [18]
Gavage (orally)

1 mL/100g (10% v/v) 15 min and 24 h
before surgery

PH
RT: 24 h, 72 h, and 7 days Rats ↓ GGT

No effect in regeneration

Immunonutrients (EPA,
arginine, and nucleotides)

[68]

Orally
1000 kcal/day for 5 days before surgery

PH
RT: 1, 3, 7, and 14 days Humans

↓ Inflammatory response (IL-6),
infection, severe complications

↑ Resolving E1

Immunonutrientes (EPA,
arginine, and nucleotides)

[69]

Orally
3 × 237 mL 1020 kcal, 54 g protein, 12.6

g arginine, 1.3 g nucleotides, 3.3 g
EPA/day × 5 days before surgery

PH
RT: 1, 3, 5, 7, 10, and 30 days Humans No benefits

Immunomodulating diet
enriched with HWP [70]

Intravenous
20 mL/h 24 h after surgery

LDLT
CIT: 132 ± 100 min

RT: 0, 1, 2, 3, and 4 weeks
Humans ↓ Incidence of bacteremia

Hydrolyzed whey
peptide (HWP) [71]

Orally
4 mL every 6 h after reperfusion

Ischemia, steatotic liver
WIT: 30 min

RT: 6 and 12 h
Rats

↓ Liver injury, inflammatory cytokines
(TNF-α, IL-6), iNOS, oxidative stress

(UCP-2), necrosis
↑ Survival

Lipid emulsion [72] Intravenous
5 mL 4 h after surgery

PH + I/R, steatotic liver
WIT: 60 min

RT: 12, 24, and 48 h
Rats

↓ Liver injury, TGF-β
↑ Regeneration (HGF, cyclin A and E),

IL-6, ATP, phospholipid levels

BCAA [73]

Orally
1000 mg valine, 2000 mg leucine, 1000

mg isoleucine in 500 mL until 2 h before
surgery

PH
RT: 0 day Humans ↓ Lactate levels

No effect in morbidity rates

BCAA [74]

Orally
4 g BCAA granules with: 952 mg

L-isoleuciene, 1904 mg L-leucine, 1144
mg L-valine twice daily for 6 months

PH
RT: 1–2 weeks until 1, 3, and 6

months
Humans

↑ Functional regeneration
No effect in infectious, nutritional and

immunologic status

Note: AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BCAA, branched chain amino acids; BSEP,
bile salt export pump; CAT, catalase; CXCL1, chemokine ligand 1; DHA, docosahexaenoic acid; EPA, eicosapentaenoic
acid; GGT, gamma glutamyltransferase; GPx, glutathione peroxidase; GST, glutathione s-transferases; HGF, hepatic
growth factor; HWP, hydrolyzed whey peptide; I/R, ischemia reperfusion; IL, interleukin; iNOS, nitric oxide
synthase; LDLT, living donor liver transplantation; mg, milligram; min, minutes; MPO, myeloperoxidase; PH,
partial hepatectomy; PAI-1, plasminogen activation inhibitor-1; RT, reperfusion time; S1P, sphingosine-1-phosphate;
SOD, superoxide dismutase, TBARS, thiobarbituric acid reactive substances; TGF-β, tumor growth factor β; tGSH,
total glutathione; TNF-α, tumor necrosis factor α; UCP2, uncoupling protein 2; and WIT, warm ischemia time.
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3.2. Vitamins

Various vitamins deficiencies have been reported in receptors submitted to LT. Folate deficiency is
caused by a decreased intake and absorption, dysregulation in renal excretion and limited hepatic
storage. Folate and B12 supplementation is crucial to protect liver against alcoholic hepatitis [75].
Hypovitaminosis A is associated with impairment in immune function and increased risk of fibrosis,
which are risk factors in liver surgery [76]. An anti-oxidative nutrient-rich enteral ordinary diet
enhanced with vitamins C and E and supplemented with polyphenols (a combination of catechin and
proanthocyanidin) for seven days before ischemic insult in mice was able to mitigate liver I/R injury,
improving antioxidant and inflammatory parameters that reduced hepatocellular damage [33].

Dexpanthenol, also known as pro-vitamin B5, is oxidized to pantothenic acid (PA), which increases
GSH content, coenzyme A (Co A), and ATP synthesis, thus playing a crucial role against oxidative
stress and inflammation. In an experimental model of hepatic I/R in rats, a single dose of dexpanthenol
before I/R induced the suppression of oxidative stress and increased antioxidant levels [61]. In a swine
model of multiple injuries including I/R injury and hemorrhage, the authors observed a moderate
improvement in coagulation dysfunction after intravenous provision of high-dose vitamin C and a
reduction in proinflammatory/procoagulant response [62].

All these studies indicate the potential importance of vitamins in reducing the inflammation and
damage in surgical conditions of I/R. The usefulness of vitamins in the presence of steatosis and in
surgical conditions requiring ischemia and regeneration, such as liver resection or liver-related LT,
remains to be elucidated.

3.3. Fish and Rosa Mosqueta Oils

Based on the well-established protective components of rosa mosqueta oil (i.e., α-linolenic
acid (ALA) and tocopherols), Dossi et al. reported that rosa mosqueta oil supplementation before
the induction of I/R in rats increased liver ALA and its derived eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) fatty acid contents, with increases in α- and γ-tocopherols, normalized
liver oxidative stress parameters, and ameliorated liver and serum inflammation indexes [63].

Fish-oil-supplemented diets have been shown to reduce I/R injury. In this sense, a study conducted
to identify the effect of tilapia fish oil, which is rich in unsaturated fatty acids, administrated to rats by
gavage during three weeks before I/R revealed that after ischemia and 1, 12, and 24 h of reperfusion,
antioxidant enzyme activities of catalase (CAT), SOD, and glutathione peroxidase (GPx) decreased in
the intervention group. Lipid peroxidation and liver damage decreased in this group [17]. Similarly,
daily oral supplementation for 12 days with fish oil, comprising 40% DHA and 40% EPA, induced
AMP-activated protein kinase (AMPK) activation and promoted the recovery of liver function during
PH [64]. The role of each component included in either rosa-mosqueta- or fish-oil-supplemented diets
on the mechanisms responsible for hepatic I/R remains unknown. The main mechanism involved in
the effects of such treatments on I/R damage remain to be elucidated. This is a potential problem due
to difficulties for the establishment of target signaling pathways in liver surgery. The effect of rosa
mosqueta and fish oil supplementation in steatotic liver undergoing PH under vascular occlusion as
well as in LT should be investigated.

3.4. Fatty Acids, Arginine, and Nucleotides

Polyunsaturated fatty acids (PUFAs) are fatty acids with two or more double bonds in their carbon
chain. PUFAs can be further categorized according to the location of the first double bond relative to the
terminal methyl group: Omega-3 and omega-6 and are characterized by the presence of a double bond
three and six atoms away from the methyl terminus, respectively [77]. Long-chain PUFAs (LC-PUFAs),
particularly omega-3 LC-PUFAs EPA and DHA, are associated with beneficial health effects [78].

305



Nutrients 2020, 12, 284

In experimental and clinical studies performed in animals and humans, fatty acids, arginine, and
nucleotides have shown the ability to modulate immune and inflammatory responses [18,69]. These
nutrients, among others, have been labeled as pharmaconutrients [18].

Supplementation with amino acids, such as arginine, affects urea genesis, gluconeogenesis, and
protein synthesis. Diets enriched with these amino acids increases the hepatic catabolism functions [79].
Enteral immunonutrition with arginine reduces the risk of infections in patients submitted to major
operations [80]. The supplementation with L-arginine diet in rats hepatectomized was unable to
confirm benefits in liver regeneration [65]. Conversely, a similar study using supplementation of
L-glutamine in the diet of rats after PH revealed an increase in the amount of albumin and beneficial
effects for liver regeneration [66]. Glutamine favors liver regeneration [66].

Omega-3 fatty acids affect the production of pro-inflammatory mediators, such as growth factors,
chemokines, and matrix proteases, showing anti-inflammatory and immunomodulatory effects due to
their rapid incorporation into cell membranes [67,68]. However, their effect on regeneration in livers
undergoing resection has not been widely reported. Two studies evaluated whether omega-3 fatty
acids protect against regeneration failure in PH in rats. Neither long-term supplementation before
surgery [67] nor a preoperative supplementation plus the same dose every 24 h during the seven days
post-surgery [18] showed any influence on the liver regeneration.

Concerning EPA, a study conducted in patients who underwent major hepatobiliary resection
reported that preoperative immunonutrition decreased inflammation and protected against
post-surgery infections and complications [68]. However, these benefits cannot be exclusively
attributed to EPA because the oral supplementation was also enriched with arginine and nucleotides.
A similar approach but with controversial results was conducted by Russell et al. Indeed, any benefit
of preoperative immunonutrition was reported with arginine and n-3 fatty acids [69]. In a retrospective
study reported by Kamo et al., liver recipients suffering from infection after LT were submitted to
enteral immunonutrition enriched with nucleotides, arginine and omega-3 fatty acids, and hydrolyzed
whey peptide (HWP) (an immunonutritional liquid). The main finding was a lower incidence of
bacteremia in the intervention group compared with the control group [70].

For steatotic livers, Nii et al. tested the effects of HWP on hepatic I/R injury in rats with steatotic livers
administered immediately after reperfusion and every six hours thereafter. This treatment ameliorated
liver damage, improving function, histology, and survival following I/R [71]. In conditions of PH under
I/R, a lipid emulsion comprising 52% linoleic acid, 22% oleic acid, 3% palmitic acid, 8% linolenic acid,
4% stearic acid, 1% other fatty acids, 8.184 g/L egg phospholipids, and 15 g/L glycerine infused in rats
immediately after surgery for four hours protected against damage and regenerative failure [72].

3.5. Branched-Chain Amino Acid

A branched-chain amino acid (BCAA) is an amino acid with an aliphatic side-chain with a branch.
BCAAs promote protein synthesis and glucose metabolism and are involved in fatty acid oxidation [81].
BCAAs favor liver regeneration, nutrition status, and hepatic encephalopathy. BCAAs have the ability
to reduce oxidative stress and liver inflammation as well as lactate production [73].

A randomized controlled trial conducted in patients submitted to hepatectomy showed that
supplementation with BCAAs administered two times a day for six months after surgery improved
liver functionality and regenerative capacity [74]. Similarly, in patients submitted to liver resection, the
preoperative BCAA supplementation decreased blood lactate, which is exacerbated by surgical stress
patients [73].

3.6. Probiotics

Probiotics are cultures of single or multiple microbes that can regulate the properties of the existing
gut microbiota. Probiotics can promote anti-inflammatory effects in gut, thereby preventing bacterial
translocation and endotoxin generation [82] and are involved in the synthesis of antimicrobial agents
that inhibit the invasion of pathogenic bacteria [83]. Probiotics might regulate the immune system,
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inhibiting the release of cytokines like TNF-α [84] and inducing the release of anti-inflammatory
cytokines like IL-10 and tumor growth factor β (TGF-β) [85].

Current evidence has indicated the advantages resulting from the use of probiotics to prevent the
infections after LT, as well as to improve the circulatory diseases associated with cirrhosis, hepatic
encephalopathy, and Child–Pugh class [86,87]. The improvement in the neutrophil phagocytic capacity
induced by probiotics regulated the infections, preventing bacterial translocation. These effects resulted
in the restoration of the immune system [88–90].

In addition to the different types of nutritional support, the routes of administration should be
considered. Oral intake is the first line therapy used to treat malnutrition and decrease the complications
(hepatic encephalopathy, infections, and ascites among others) in liver diseases. However, the impact
on survival remain to be elucidated [91,92]. It has been described that an increased dietary intake by
oral nutrition improved liver function and lowered mortality compared with the enteral and parenteral
nutrition [93,94]. Hasse et al. [95] demonstrated early enteral feeding beneficial effects like improved
nitrogen balance and fewer viral infections associated with LT. Parenteral nutrition might be used
as a second line approach in those who cannot be fed adequately by the oral or enteral route for
instance in patients with unprotected airways and advanced hepatic encephalopathy [96,97]. All
these data are not conclusive for selecting the most appropriate administration route of nutritional
support. In a comparison between parenteral and early enteral nutrition, both strategies were equally
effective to the maintenance of nutritional state [97]. The European Society for Parenteral and Enteral
Nutrition (ESPEN) guidelines for organ transplantation recommend enteral nutrition or oral nutritional
supplementation to improve nutritional status and liver function [93,98–101]. Enteral nutrition reduces
the incidence of viral and bacterial infections. For enteral nutrition, the ESPEN guidelines recommend
the use of more concentrated high-energy formulas in patients with ascites and BCAA-enriched
formulas in hepatic encephalopathy patients [95].

4. Gut Microbiota and Hepatic Ischemia Reperfusion in Liver Surgery

The gut microbiota is crucial to the effects of diet, drugs, and disease [102]. The microorganisms
that exist within the gastrointestinal ecosystem are termed gut microbiota, playing an essential role
in the stimulation of immune response [103], the maintenance of intestinal barrier integrity [104],
modulation of host–cell proliferation and vascularization [105,106], and regulation of neurological [107]
and endocrine [108] functions. The human gut microbiota provides an energy source [109], is involved
in the synthesis of vitamins and neurotransmitters [110], metabolizes bile salts [111], and eliminates
toxins [112].

Disequilibrium in the microbiota composition, commonly referred to as dysbiosis, may lead to
several diseases [113,114]. The gut and liver (the gut–liver axis) (Figure 1) communicate bidirectionally
through the biliary tract, the portal vein, and the systemic circulation [115]. The translocation of
bacterial products from the intestine to the liver induces inflammation in different cell types, such
as Kupffer cells and a fibrotic response in hepatic stellate cells, resulting in deleterious effects on
hepatocytes [116]. Bacterial translocation and fungal cell wall components are increased in experimental
models of ethanol-induced liver disease [117].

Alterations in gut microbiota are important for determining the occurrence and progression of
alcoholic liver disease (ALD) [118–120], NAFLD [121,122], nonalcoholic steatohepatitis (NASH) [123,124],
cirrhosis [125,126], and hepatocellular carcinoma (HCC) [127]. Fecal microbiota transplantation could
induce hepatitis B virus e-antigen (HBeAg) clearance in patients with persistent positive HBeAg, even
after long-term antiviral treatment [128]. Ferrere et al. [129] observed that ALD in mice were reduced by
fecal transplantation from alcohol-fed mice resistant to ALD or with prebiotics.

Evidence points to the involvement of the gut microbiota in the pathogenesis of NAFLD [130,131].
Cogger et al. showed that liver sinusoidal endothelial cells (LSECs) fenestrae are inversely and
positively correlated with the gut abundance of Bacteroidetes and Firmicutes, respectively [132]. The
gut microbiota also has an emerging role in NASH as a source of inflammatory stimuli [130,133].
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Increased intestinal permeability and elevated plasma lipopolysaccharide (LPS) [134,135] observed in
NASH may also contribute to LSECs’ pro-inflammatory function [136].

Gut microbiota shifts the influence of hepatic metabolism through regulation of hepatic gene
expression without direct contact with the liver [137,138].

 

Figure 1. Gut microbiota and hepatic I/R. The dotted box summarizes the mechanisms involved in
hepatic I/R injury and how some of these have been altered in the liver by changes in the gut microbiota.
ALD, alcoholic liver disease; ATP, adenosine triphosphate; Cyt c, cytochrome c; EC, endothelial cell; ET,
endothelin; HCC, hepatocellular carcinoma; ICAM, intracellular cell adhesion molecule; IL, interleukin;
INF, interferon; KC, Kupffer cell; LTB4, leucotriene B4; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; NO, nitric oxide; PAF, platelet activating factor; ROS, reactive oxygen
species; SC, stellate cell; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule; and
X/XOD, xanthine/xanthine oxidase.

As a result, ischemia produced during liver surgery (i.e., LT or liver resection) is expected to alter
the microbiota profile, potentially affecting inflammation, the immune response, and even regeneration.
The gut–liver axis is widely implicated in the pathogenesis of liver diseases such as NAFLD, NASH,
HCC, and acute liver failure [139]. The gut microbiota may also contribute to the generation of
memory alloreactive T cells. T cells were reported to be important in transplant rejection and many
experimental and clinical studies have shown that the intestinal microbiota is altered after allogeneic
transplantation [140].

In the context of I/R injury, hepatic steatosis is a key factor to consider due to negative influences
on patients’ outcomes [141]. Gut microbiota fundamentally influences processes such as lipogenesis,
which is affected by the absorption of monosaccharides in the intestinal lumen by the microbiota [142],
and bile acids, since they are able to de-conjugate them and turning them into secondary bile acids,
which are capable of interacting with a nuclear receptor of the farnesoid receptor X [143]. Changes in
gut microbiota promote the development of NAFLD since affect inflammation, insulin resistance, bile
acids, and choline metabolism. The Western diet is associated with intestinal microbial dysbiosis [144]
and the development and prevalence of NAFLD [145]. I/R injury is a common cause of rejection when
grafts are sourced from NAFLD donors; the prevalence of the problem is increasing [141].

The gut microbiota alterations in NAFLD patients remain to be characterized [114]. Several
reviews have highlighted studies focused on strategies to prevent and target gut microbiota (probiotics,
prebiotics, diet or fecal microbiota transplantation, among others) in NAFLD [114,115,140,146]. Others
have addressed the management of nutrition in patients with end-stage liver disease undergoing
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LT [146,147]. However, studies evaluating changes in gut microbial populations and diversity caused
by hepatic I/R and their consequences in liver function and regeneration are limited. From 2014 to 2019,
authors only examined the effect of therapeutic approaches on intestinal microbiota and hepatic injury
and such strategies were mainly based in the use of antibiotics. Despite this, the effects of antibiotics
on hepatic damage being caused by regulation of the intestinal microbiota remain to be clarified. None
of these studies aimed to improve damage induced by I/R in steatotic livers.

Intestinal microbial characterization and alteration in early phase and subsequent intestinal barrier
dysfunction during acute rejection after LT have been reported [148–153]. Due to the high sensitivity
of microbial changes during acute rejection after LT, intestinal microbial variation has been suggested
to predict acute rejection in the early phase after LT [148]. Therefore, gut microbial profiles have been
suggested as predictive injury biomarkers in LT [153].

Gut microbiota might affect immune mediators such as IL-6 and regulate liver regeneration.
Following the administration of antibiotics (Table 3), the number of CD1d-dependent natural killer T
(NKT) cells was reduced after partial hepatectomy (PH) [154]. NKT cells and activated Kupffer cells
produced high levels of interferon-γ (IFNγ) and IL-12. Thus, antibiotic administration after PH could
negatively affect regenerative response [154]. It has been reported that PH resulted in an upregulation
of more than 6000 bacterial genes, some of them involved in regeneration and was also accompanied
by changes in the gut microbiota (e.g., an increase in Bacteroidetes and Rikenellaceae, and decreases in
Clostridiales, Lachnospiraceae, and Ruminococcaceae) [155,156].

Table 3. Therapeutic strategies in modulation of gut microbiota in liver surgery from 2014 to 2019.

Drug Administration Model Specie Main Therapeutic Effects

Ampicillin, neomycin
sulfate, metronidazole and

vancomycin [154]

Orally
1 g/L ampicillin, neomycin sulfate,

metronidazole, and
500 mg/L vancomycin for 4 weeks

PH Mice ↓ Liver regeneration
↑ IFNγ, IL-12

Gentamicin [157] Gavage
2 mL daily for 3 weeks

LT
CIT: Not indicated
RT: 1 week and 2

weeks

Rats ↓ Liver injury, necrosis,
inflammation

Rifaximin [158] Orally
550 mg twice daily for 28 days

LT
CIT: 440 min

RT: not indicated
Humans ↓ Liver injury, inflammation,

early allograft dysfunction

Amoxicillin [159] Gavage
50 mg/mL for 10 days before LT

LT
CIT: 18 h
RT: 6 h

Mice
↓ Liver injury, inflammation,

CHOP, mTORC1 activity
↑ PGE2, EP4, autophagy

Neomycin, erythromycin
and ampicillin-sulbactam

[159]

Orally
1 g neomycin, erythromycin 4× and

3 g ampicillin-sulbactam before or on
day of LT

LT
CIT: not indicated
RT: not indicated

Humans

↓ Liver injury, inflammation,
CHOP, early allograft

dysfunction
↑ EP4, LC3B, autophagy

Cyclosporine A [160]
Intragastrically

2 mg/kg twice daily for 28 days after
LT

LT
CIT: not indicated

RT: 28 days
Rats ↓ Liver injury, inflammation

Tacrolimus [161]

Subcutaneously,
1.0, 0.5, or 0.1 mg/kg every 12 h for 7

days and intragastrically
once daily for 8–29 days after LT

LT
CIT: not indicated

RT: 30 days
Rats ↓ Liver injury

Retinoic acid [162]
Gavage

25 μg/g body weight 48 h before
surgery

PH Mice ↑ Liver regeneration, FGF21

Probiotics [163]

Orally
2 g/day LP, LA-11, and BL-88, total of
2.6 × 1014 CFU daily for 6 days before

surgery and 10 days after surgery

PH
RT: 10 days Humans

↓ Infectious complications,
septicemia, plasma endotoxin,
serum zonulin concentration

↑ Liver barrier

Time-restricted feeding
[164]

Food restriction: 8–10 h/day, 12 weeks
before surgery

Ischemia
WIT: 60 min

RT: 6, 12, 24 h
Mice ↓ Liver injury, inflammation,

oxidative stress, apoptosis

Note: BL-88, Bifido-bacterium longum 88; CFU, colony forming units; CHOP, CCAAT/enhancer-binding protein
homologous protein; CIT, cold ischemia time; EP, prostaglandin E2 receptor; FGF21, fibroblast growth factor 21;
IFNγ, interferon-gamma, IL, interleukin; LA-11, Lactobaciullus acidophilus 11; LC3B, Light Chain 3 isoform B; LP,
Lactobacillus plantarum; LT, liver transplantation; mTORC1, mammalian target of rapamycin complex 1; PGE2,
prostaglandin E2; PH, partial hepatectomy; RT, reperfusion time; and WIT, warm ischemia time.

The administration of antibiotics reduces hepatic injury in rats submitted to LT with acute
rejection, but the microvilli of the ileum epithelial cells were destroyed, inducing alterations in
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microbiota [157]. Further studies are required for a more understanding of the immunity interactions
between gut microbiota and the rejection after LT [157]. Two retrospective studies support the notion
that antibiotics (rifaximin, neomycin, erythromycin, and ampicillin-sulbactam) administration prior
to LT reduce infections associated with LT, thus reducing the liver injury, inflammation, and early
allograft dysfunction [158,159]. However, further randomized controlled clinical trials are required to
elucidate the exact mechanisms of action of such antibiotics, their target signaling pathways, and the
optimal duration of treatment. Further experiments in animal LT models will be required to elucidate
the specific molecular signaling pathways through which antibiotics may exert their actions, as well as
to investigate whether the protection on hepatic damage induced by the treatment with antibiotics is
exerted throughout changes in the gut microbiome.

Survival outcomes after LT have constantly improved using upgraded immunosuppressive
agents [165]. However, the inadequate or excessive immunosuppression is associated with a higher risk
of rejection, higher incidence of infection, drug toxicity, and increased mortality [166–170]. Experimental
studies in rats have investigated the effect of immunosuppressive agents on the intestinal microbiota in
LT. The results showed that cyclosporine A ameliorated hepatic injury and partially restore the intestinal
microbiota after LT [160]. An optimal dosage of tacrolimus (FK506) induced normal graft function, and
stable gut microbiota after LT in rats. This resulted in increased probiotics, including Faecalibacterium
prausnitzii and Bifidobacterium spp. and decreased pathogenic endotoxin-producing bacteria, such as
the Bacteroides–Prevotella group and Enterobacteriaceae. Thus, the use of the gut microbiota might be a
novel strategy for the assessment of the dosage of immunosuppressive medications and its effects in
receptors submitted to LT [161].

Retinoic acid, naturally present in the gastrointestinal tract, has a relevant effect in regulating lipid
homeostasis [171,172] and can facilitate PH-induced liver regeneration [173,174]. Given the intimate
relationship between gut-derived signaling and liver regeneration, authors hypothesized that retinoic
acid may regulate gut microbiota thereby promoting liver regeneration [162]. Retinoic-acid-accelerated
liver regeneration was associated with a reduction in the ratio of Firmicutes to Bacteroidetes. Retinoic
acid had benefits on lipid circulation and regulated the FGF21-LKB1-AMPK pathway, which promoted
energy metabolism and consequently the regenerative process in the liver [162]. Further studies will
be required to elucidate the interaction between the modulation of microbiota and the improvement
in proliferation induced by the retinoic acid. This will allow the development of clinical therapeutic
strategies to promote liver regeneration.

In line with the results described above, the evidence suggests that probiotics play an important
role in the stability of the intestinal microbiological environment and regulate intestinal microbiota.
A double-center and double-blind randomized clinical trial conducted in colorectal liver metastases
patients showed that the incidence of infectious complications after preoperative and postoperative
supplementation with probiotics decreased blood Escherichia coli, Staphylococcus aureusm, and
Aeruginosin populations, improved intestinal barrier function, and reduced postoperative infection
rate [163].

As time-restricted feeding (TRF) is a promising intervention against the worldwide trend of
obesity and other metabolic diseases [175], a study conducted in mice investigated whether alteration
in gut microbiota caused by TRF could alleviate hepatic I/R injury [164]. The results confirmed the
adverse effect of I/R on the gut microbial population. However, TRF prior to surgery reduced the
damage, oxidative stress, and inflammatory biomarkers associated with I/R, likely due to intestinal
increases in Firmicutes phylum, Clostridia and Bacilli classes, Clostridiales and Lactobacillales orders,
and Lachnospiraceae and Ruminococcaceae families, which could be hallmarks of a healthy gut [164].

5. Future Perspectives and Conclusions

The temporary occlusion of hepatic inflow is commonly used during liver resection or LT, creating
an unsolved problem in clinical practice associated with post-operative morbidity and mortality.
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Experimental studies have shown that liver I/R injury is influenced by various nutrients, suggesting
the importance of dietary control for preventing I/R injury.

Today, starvation is not a feasible strategy in clinical practice. Future clinical and preclinical studies
on PH with I/R and LT are required to understand the underlying mechanisms of starvation to increase
the quality of livers subjected to surgery and reduce the post-operative disorders. Controversial results
have been reported in experimental models of starvation under I/R conditions [37,48], which might be
explained by the use of different times of ischemia (60 or 90 min). The literature draws upon research
data that support the duration of ischemia differentially affects hepatic I/R injury [176–178]. This is
of clinical interest since, in clinical practice, the timing of ischemia dependent on the complications
associated with surgery cannot be predicted, whereas the effects resulting from starvation are dependent
on the duration of ischemia and the duration of starvation. In clinical practice, long-term diet restriction
of more than 24 h is difficult to apply for preoperative management in LT. Liver donors are often
kept in the intensive care unit for periods no longer than six hours after diagnosis of brain death.
The time frame between the declaration of brain death and organ procurement provides a shorter
window for the starvation intervention. The effects of starvation on steatotic livers undergoing surgery
should be evaluated since the mechanisms responsible for I/R and consequently the useful therapeutic
strategies in clinical practice might be different in steatotic and non-steatotic livers submitted to surgery.
The number of steatotic livers submitted to surgery is expected to increase, though steatotic livers
show regenerative failure responses and reduced tolerance to I/R injury compared with non-steatotic
livers. Therefore, research in experimental models of PH with I/R and LT that closely reproduce the
clinical conditions is required to understand the underlying mechanisms of starvation, especially in
sub-optimal livers.

To summarize, several nutrients and dietary supplements have antioxidant or anti-inflammatory
properties and contribute to modifying the gut microbiome. These properties might warrant
investigations using them as potential strategies to counteract I/R injury complications and promote
regeneration from a nutritional point of view. The diagnosis of nutritional status and its re-establishment
and maintenance, as well as providing adequate nutritional support during all phases of the surgery,
could be considered the first step to formulating adequate I/R injury therapy. From our view, studies
using this approach are insufficient, with only 20 studies from 2014 to 2019, with considerable variability
in models, time, and administration. This suggests that the effects of such approaches on hepatic I/R
injury are specific for each surgical procedure (for instance, warm ischemia associated with hepatic
resections versus LT, times of ischemia, and type of treatment: Short or prolonged fasting).

Most studies based on nutrients and dietary supplements reported benefits on liver function and
oxidative stress parameters, but we did not find many studies aimed to improve liver regeneration (six
of 20) and only three reported improvements in this parameter. As steatotic grafts show increased
vulnerability to I/R when they are transplanted and pre-existing steatosis is related with impairment of
liver regeneration following PH [53,141], more than the only three studies performed in steatotic liver
seems to be warranted. We only found one study reporting the use of probiotics as a strategy. As a
dysbiotic microbiota induces the translocation of several bacterial components into the portal vein and
favors the activation of innate immunity and inflammation [114], modulation of gut microbiota from a
nutritional point of view is mandatory for evaluating and modifying alterations associated with I/R
injury and, in consequence, further studies in this area are needed.

In our view, a strategy more appropriate for clinical practice is the re-establishment and
maintenance of the correct nutrient deficiencies using nutraceuticals and functional foods before,
during, and/or after surgery, dependent on the patient’s requirements. In hepatic resections, this
strategy is suitable for the treatment of patients before during or after surgery, whereas in the case of
LT, this strategy was only possible after LT with considerable difficulties during liver surgery.

For us, the use of plant-derived supplements, fish, and rosa mosqueta oils show limitations
and are inadvisable due their limited specificity and the potential toxicity and side effects of these
components. Vitamins, branched-chain amino acid, fatty acids, arginine, and nucleotides can be
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administered in clinical practice only if deficiencies exist in the patients. Thus, exhaustive studies
in patients are required since, for instance, hypervitaminosis is associated with toxic effects. Given
the limited studies on the effect of administering vitamins in surgery, conclusions about their efficacy
cannot be drawn. Before the administration of fatty acid, the deficiencies in specific types of fatty acid
in the patient must be determined. In some cases, for instance EPA supplementation, benefits have been
reported but whether the potential benefits are exclusively attributed to EPA is unknown because oral
supplementation was also enriched with arginine and nucleotides. Only through exhaustive studies of
the patient’s deficiencies can we select the most effective treatment for the patient. Unfortunately, these
studies are not performed routinely in clinical practice since, in many cases, surgery is performed an
emergency situation but the techniques that evaluate such components are complex, time consuming,
and expensive.

Although I/R is known to have detrimental effects on the gut microbial population, studies
reporting interventions targeting gut microbiota in the I/R setting are limited. A more accurate
characterization of the gut microbiome and host responses using different liver surgery models,
stages of liver disease, and larger cohorts of patients is required. A comprehensive understanding
of the intestine microbiota’s role during hepatic surgery is lacking. Maintaining the stability and/or
restauration of the intestinal microbiological environment could be a safe and sustainable tool for
mitigating I/R injury, which could even effect regeneration. Although regulation of the gut microbiota
has been primarily achieved through the use of probiotics, as well as through dietary intervention,
studies recently reported using mainly antibiotics and mostly focused on avoiding graft rejection
and infectious complications post-surgery [148,158,159,163]. Further investigations are required to
elucidate whether personalized and precision medicine approaches based on gut microbiota are
necessary dependent on the type of surgical procedure. Dose, frequency, and route of modulation of
gut microbiota should be addressed.

Probiotics supplementation requires special consideration. This is associated with the regulation
of infections by altering gut microbiota and improvements in inflammation and immunological
problems associated with liver surgery. Of clinical interest, gut microbial profiles have been suggested
as predictive injury biomarkers in LT. However, before the application of probiotics, an exhaustive
examination of the alterations in the intestinal microbiota must be performed for the administration
of specific probiotics that counteract such deficiencies in the patients. An alternative to the use of
probiotics would be the administration of antibiotics. However, the specificity and the appropriate
dose must be determined to prevent harmful effects to ileum epithelial cells and the mucosal barrier.
Rapid techniques that routinely evaluate intestinal microflora would be necessary if the aim is to
establish probiotics as a useful strategy in clinical of liver surgery, especially in LT. Consequently,
nutritional support must be personalized based on the patient’s deficiencies. To date, I/R injury is
a common complication for patients undergoing liver surgery and its relationship with changes in
the gut microbiota is not totally understood. The understanding of such changes and mechanisms
involved could help with restoring unhealthy microbial diversity and the richness of species, providing
a potential therapeutic tool for treating I/R damage.
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Abbreviations

AKT Protein kinase B
ALA α-linolenic acid
ALD Alcoholic liver disease
AMPK AMP-activated protein kinase
ATP Adenosine triphosphate
BCAA Branched-chain amino acid
BCL B-cell lymphoma
BHB β-hydroxybutyric acid
CAT Catalase
Co A Coenzyme A
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
ESPEN European Society for Parenteral and Enteral Nutrition
FOXO1 Forkhead box protein O1
GSH Glutathione
HBeAg Hepatitis B virus e-antigen
HCC Hepatocellular carcinoma
HMGB1 High mobility group box 1
HO-1 Heme oxygenase 1
HWP Hydrolyzed whey peptide
I/R Ischemia-reperfusion
IFNγ Interferon-gamma
IL Interleukin
LC-PUFAs Long-chain PUFAs
LSEC Liver sinusoidal endothelial cells
LT Liver transplantation
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NKT Natural killer T
NLRP3 Nucleotide oligomerization domain-like receptor family, pyrin domain containing protein 3
NPO Nil per os
Nqo1 NAD(P)H quinone dehydrogenase 1
Nrf2 Nuclear factor erythroid-derived 2-related factor 2
PA Pantothenic acid
PH Partial hepatectomy
PUFAs Polyunsaturated fatty acids
Sirt1 Sirtuin 1
SOD Superoxide dismutase
TGF-β Tumor growth factor beta
TNF-α Tumor necrosis factor alpha
TRF Time restricted feeding
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Abstract: Pregnancy induces a number of immunological, hormonal, and metabolic changes that are
necessary for the mother to adapt her body to this new physiological situation. The microbiome of
the mother, the placenta and the fetus influence the fetus growth and undoubtedly plays a major
role in the adequate development of the newborn infant. Hence, the microbiome modulates the
inflammatory mechanisms related to physiological and pathological processes that are involved in
the perinatal progress through different mechanisms. The present review summarizes the actual
knowledge related to physiological changes in the microbiota occurring in the mother, the fetus,
and the child, both during neonatal period and beyond. In addition, we approach some specific
pathological situations during the perinatal periods, as well as the influence of the type of delivery
and feeding.

Keywords: microbiome; pregnancy; fetus; placenta; newborn; infancy; critical illness; sepsis; allergy

1. Introduction

Pregnancy induces a number of immunological, hormonal, and metabolic changes necessary for the
normal development of the fetus and for a timely onset of labor and successful delivery [1]. It has been
described that maternal microbiota influences prenatal and early postnatal offspring development and
health outcomes [2,3]. There is a lack of consensus about the real nature of microbiome changes during
pregnancy, since discrepant and unpredictable findings have been described [4–6]. These differences
could be explained by the difference in gestational age, genetics, ethnicity, and environmental factors
surrounding the participants included in those studies. Indeed, it has been described that maternal
microbiota composition during pregnancy is related to maternal diet [7–9], and by pre-pregnancy
weight and weight gain over the course of pregnancy [10–13]. Koren et al. described that the amounts
of anti-inflammatory butyrate-producer commensal bacteria present in non-pregnant women gut
microbiota decrease while bacteria associated with pro-inflammatory responses, such as Proteobacteria,
increase during pregnancy [4]. Similarly, bacterial diversity tends to be reduced in vaginal microbiota
during pregnancy while increasing vaginal Streptococci along with several specific Lactobacilli strains,
which are thought to prevent the growth of pathogenic bacteria, as well as to help human digestion,
and influence host innate and adaptive immune system responses [4,14]. Furthermore, the classical
paradigm of the fetus as a sterile organism is under discussion, since a characteristic microbiome has
been identified in the placenta, the amniotic fluid, and the fetus in healthy pregnancies [15,16]. However,
this issue is under discussion. Perez-Muñoz et al. argued the weakness of evidence supporting the
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“in utero colonization hypothesis”, due to methodological difficulties, and concluded that current
scientific evidence does not support the existence of microbiome within the healthy fetal milieu [17].

Gut microbiota influences the immune function [18], and thus may modulate the response
through different microbial-derived metabolites, especially short-chain fatty acids (SCFAs) such as
butyrate, acetate, or propionate [19]. These are the key drivers of T-cell subset proliferation and
activity [19,20]. Gastrointestinal bacteria generate SCFAs after fermentation of complex dietary
carbohydrates. These metabolites may have an influence both in the mother and in the newborn by
down-regulation of pro-inflammatory responses at the specific sites where the allergens are located,
which typically precedes asthma in childhood [21]. In addition, the may also influence bone marrow
stimulation by reprogramming the immunological tone of the mammalian ecosystem [22].

Finally, it is important to consider that the discrepancies of the data obtained to date could be
influenced by a number of factors such as the dietary pattern, the ethnicity, the geographic location,
and the research methodology. The limitations of classical culturable methods have been improved
with new molecular methods used to characterize the microbiota. However, these new methods
have their own limitations, as reagent, laboratory contamination, and the inability to differentiate
living and dead microorganisms. Indeed, recent research complements the study of microbiome
with metabolomics and proteomic analysis in order to complete the whole metabolic picture of the
microbiota and its metabolic status. Therefore, further studies are needed to confirm the evolution of
microbiota during pregnancy and its influence in healthy and complicated labors and the newborn [23].

The present review summarizes the actual knowledge related to changes in maternal and fetal
microbiota occurring during pregnancy, which may influence the newborn and infant development.
In addition, changes in specific pathological infancy situations have also been revised.

2. Changes in the Microbiome during Pregnancy

During pregnancy, the female body undergoes hormonal, metabolic, and immunological changes
to preserve the health of both the mother and the offspring [1]. These changes alter the mother
microbiota at different sites such as the gut, the vagina, and the oral cavity. However, published data
are not consistent, since a number of factors might influence the microbiota profile such as the diet,
antibiotic, or other supplement intakes, as well as the methodology of research. Therefore, a holistic
approach is needed to understand all this information.

2.1. Gut Microbiota

The gut microbiota shifts substantially throughout the progression of the pregnancy and is
characterized by reduced individual richness (alpha-diversity) (Figure 1), and increased inter-subject
beta-diversity [4]. These changes are not related to, although they may be influenced by, the diet,
antibiotic treatments, gestational diabetes, or pre-pregnancy body mass index, but are vital for a healthy
pregnancy [4]. It has been suggested that other factors, such as the state of the host immune and
endocrine systems, may actively contribute to the observed modifications [24]. During the first
trimester, the gut microbiota pattern is similar in many aspects to that of healthy non-pregnant women,
showing a predominance of Firmicutes, mainly Clostridiales, over Bacteroidetes [25]. Then, maternal
gut microbiota declines in butyrate-producing bacteria, while Bifidobacteria, Proteobacteria, and lactic
acid-producing bacteria increase from the first to the third trimester, when the microbiota resembles
an unpredictably disease-associated dysbiosis that differs greatly among normal pregnancies [4].
Changes in the host immune system of the gastrointestinal mucosa together with metabolic hormonal
changes may trigger a low-grade pro-inflammatory status that could facilitate an increased diffusion
of glucose from the gut epithelium towards the lumen, and thus may induce weight gain while
modifying the gut microbiota during normal pregnancies [26]. Indeed, changes in the microbiota
may contribute to the evolution of this process. In addition, disruption of maternal gut microbiota
during the third trimester [27] may affect host metabolism in order to provide an energy supply for
the fetus [4,26]. Moreover, it has been reported that the gut microbiota during pregnancy is a critical
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determinant of offspring health [13,28], and that potentially determines the development of atopy and
autoimmune phenotypes in the offspring [28]. However, the relationship among the immune system,
the gut microbiota, and metabolism in pregnancy is unclear, and more research is needed to stablish
final conclusions.

 
Figure 1. Alpha-diversity changes in gut microbiota during pregnancy.

2.2. Vaginal Microbiota

The composition of the vaginal microbiota is dynamic, corresponding with hormonal fluctuations
throughout the woman’s reproductive life, and also during pregnancy. A number of protective lactic
acid-producing Lactobacillus species dominates the healthy vaginal microbiota in most reproductive-age
women. These bacteria protect against vaginal dysbiosis and inhibit opportunistic infections through
the direct and indirect protective effects of Lactobacillus products, such as lactic acid and bacteriocin
among others. Lactic acid decreases vaginal pH and thus inhibits a broad range of infections [29],
can directly affect host immune functions, by inhibiting pro-inflammatory responses, and also help
to release mediators from vaginal epithelial cells and stimulate antiviral response [30]. In addition,
Lactobacillus-derived bacteriocins may inhibit pathogen growth [31]. The degree of protection varies
according to the predominant Lactobacillus specie [30]. Vaginal dysbiosis is comprised of a wide array
of strict and facultative anaerobes that correlate to increased risk of infection, diseases, and poor
reproductive and obstetric outcomes [32].

During normal pregnancy, the composition of the vaginal microbiota changes as a function of
gestational age, with an increase in the relative abundance for Lactobacillus spp., such as L. crispatus,
L. jensenii, L. gasserii, L. vaginalis, and a decrease in anaerobe or strict anaerobe microbial species, such as
Atopobium, Prevotella, Sneathia, Gardenerella, Ruminococcaceae, Parvimonas, Mobilincus [33]. Those authors
reported for the first time, that the composition and stability of the vaginal microbiota of normal
pregnant women is different from that of non-pregnant women. In fact, low risk pregnant women have
more stable vaginal flora throughout the pregnancy than non-pregnant women. Normal changes in
the vaginal flora during pregnancy are transitions to another Lactobacillus community, and this stability
would protect against ascending infections through the genital tract. In addition, they reported that
Lactobacillus communities vary depending on the ethnicity of the women [33]. Stout et al. [34] confirmed
that vaginal microbiota richness and diversity remained stable during the first and second trimesters
of gestation in pregnancies ended at term, whereas in woman with preterm born, the richness and
diversity decreased early in pregnancy. Therefore, early pregnancy may be an important environment,
modulating preterm delivery. A meta-analysis reported significant diversity differences in vaginal
microbiomes in the first trimester, between women with term and preterm outcomes, indicating
a potential diagnostic utility of microbiome-related biomarkers [35]. In addition, the increase of
pathogens in the vagina is associated with complications of pregnancy, in particular with an increased
risk of preterm birth and spontaneous abortion [6].
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2.3. Oral Microbiota

An increase in the microbial load in the oral cavity during pregnancy has been described. It has
been hypothesized that pregnancy creates a nutrient environment that is more favorable to some
sensitive strains [36]. The presence of pathogenic bacteria Porphyromonas gingivalis and Aggregatibacter
actinomycotemcomitans in gingival sulcus were significantly higher during early and middle stages
of pregnancy compared to non-pregnant women [37]. The oral alpha-diversity index was higher
in the third trimester compared to non-pregnant women, and this may be related to the increase of
progesterone and estradiol. [38]. One underlying mechanism refers to estrogens being substituted
for vitamin K in bacterial anaerobic respiration, especially for black-pigmented Bacteroides such as
Bacteroides melaninogenicus and Prevotella intermedia [38].

2.4. Placental Microbiota and Fetal Colonization

The classical paradigm of fetal environment as a sterile harbor has traditionally explained that
microbes, and thus microbiome, are acquired both vertically (from the mother) and horizontally (from
other humans or from the environment) during and after birth. However, recent data have questioned
the traditional accepted dogma of human microbiome acquisition, proposing that neither the placenta,
the amniotic fluid, nor the fetus are sterile.

Several findings using both culture and metagenomic techniques have suggested the presence of
a low biomass microbial community in the healthy placenta [39–43]. The abundance of different species
of Lactobacillus, Propionibacterium, and members of the Enterobacteriaceae family have been detected
by DNA-based studies in placental tissue of pregnant women at term and it is under debate [16].
In addition, other authors have confirmed a distinct microbiota in both the placenta and amniotic
fluid of healthy women at the time of elective C-section, characterized by low richness, low diversity,
and the predominance of Proteobacteria [44]. Similarly, other studies have found microbes in amniotic
fluid and umbilical cord blood in healthy asymptomatic women, as well as in those with pregnancy
complications [45–47].

However, it is unclear where the fetal microbiota comes from, and when is the first fetal exposition.
The presence of a different placental microbiota compared to the vagina raises the possibility that
the infant may be first seeded in utero from other sources. Microorganism may pass through the
placenta and colonize the fetus ascending from the vagina, from the oral cavity, from the urinary track,
or from the intestinal lumen of the mother. These microorganisms may reach via the hematogenous
route, the placenta, and then be transmitted to the fetus [48]. Some of those oral bacteria, such as
Fusobacterium nucleatum, may be transmitted hematogenously during placentation by binding to
the vascular endothelium, and modifying its permeability and the translation of other common
commensals, such as Escherichia coli [49]. In addition, Franasiak et al. observed that Flavobacterium and
Lactobacillus represent the majority of endometrial bacterium at the time of embryo transfer, supporting
a new hypothesis of the endometrial environment participation [50].

Different studies have also detected microbiome in the first baby fecal sample, the meconium,
supporting the in utero exposure to bacteria [51,52]. Staphylococcus has been reported as the most
prevalent bacteria in meconium samples, followed by Enterobacteriaceae, Enterococcus, Lactobacillus,
and Bifidobacterium even in infants born by C-section [52,53]. Modification in placental microbiota may
be related with adverse pregnancy outcomes of pregnancy or symptoms of clinical infection [40].

On the contrary, Perez-Muñoz et al. [17] critically revised scientific evidence supporting both
the “sterile womb” and “in utero colonization” hypotheses. These authors concluded that there
is more evidence supporting a sterile womb environment. They suggest that methodological
approaches, in which contamination is very easy at different steps and does not use appropriate
controls, are responsible for the microorganism colonization described in utero. One well-controlled
study compared oral, vaginal, and placenta samples with paired contamination controls. This study
reported that when using molecular methods, placental samples were undistinguishable from their
paired-contaminated samples. They concluded that while there were distinctive microbial signatures
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in oral and vaginal samples, they did not find a characteristic placental microbiota, evidencing a sterile
environment [54]. Therefore, conclusions remain unachievable, and more studies are needed in
this area.

3. Changes in the Microbiome Related to the Type of Delivery

There is great controversy in the scientific community about the relationship of the meconium
and infant gut microbiota profile, and the type of delivery. Microbiome studies on early infancy
have demonstrated a significant influence of the mode of delivery on the microbiome composition,
suggesting the likely association of the infant gut bacteria with maternal vaginal or skin microbiome
habitats. A systematic review has concluded that the diversity and colonization pattern of the gut
microbiota were significantly associated to the mode of delivery during the first three months of
life, which is a critical period of life for immunological programming [55]. However, the observed
differences disappear after 6 months of infants’ life, when solid foods are included in the diet [56].
It is important to clarify the influence of factors commonly accompanying C-section delivery on the
microbiome, due to the potential influence on some non-communicable diseases, such as neonatal skin
infection, asthma, allergies, obesity, inflammatory bowel disease, or type I diabetes mellitus [56,57].

Vaginally delivered newborn have shown bacterial communities resembling their own mother’s
vaginal microbiota, dominated by Lactobacillus, Prevotella, or Sneathia spp. In contrast, C-section-born
infants harbored bacterial communities similar to those found on the skin surface niche, dominated by
Staphylococcus, Corynebacterium, and Propionibacterium spp. [58] or potentially pathogenic microbial
communities such as Klebsiella, Enterococcus, and Clostridium [57]. Other authors have reported that
Bifidobacterium [59] and Bacteroides [55] seem to be significantly more frequent in vaginally compared
with C-section delivered infants, which were mainly colonized by Clostridium and Lactobacillus [55].
The high abundance of Bifidobacterium species in infants is considered to promote the maturation
of the healthy immune system, while high presence of Clostridium difficile is considered as one of
the major intra-hospital hazards of severe gastrointestinal infections during infancy [55]. Another
study proposed that some species of Propionibacterium were most abundant in the meconium of
vaginally delivered Chinese infants, whereas C-section-born children had higher amounts of Bacillus
licheniformis. In addition, the diversity of the microbial composition was also higher in vaginal
than in C-section deliveries, although no correlation with maternal microbiome was reported [60].
Similarly, a metagenomic analysis found a Propionibacterium-enriched meconium in vaginal delivery
mothers, which may proceed from skin or fecal microbes through direct contact during the natural
labor [61]. Therefore, there is no consensus regarding the most colonizable pattern of the first
microbiota community in the first three days after birth, although it seems that according to phyla,
vaginal deliveries are more related to Actinobacteria and Bacteroidetes, while C-section deliveries are
more related to Firmicutes. In addition, it has also been suggested that the transfer of maternal vaginal
microbes plays a minor role in seeding infant stool microbiota since the overlap of maternal vaginal
microbiota and infant faecal microbiota is minimal, while the similarity between maternal rectal
microbiota and infant microbiota was more pronounced [62].

The discrepances of the results obtained could be due to different factors associated to C-section
delivery such as antibiotic administration, but also to breastfeeding, maternal obesity, gestational
diabetes mellitus, and even the analytical methodology. In addition, the diversity from Firmicutes and
Bacteroides colonization levels on infants gut microbiota may be influenced by geographical variation
such as the latitude [63].

Some authors have proposed that the lower presence of Bifidobacteria and Bacteroides, and the
abundance of Clostridia and Lactobacillus, in infants delivered by C-section could be explained
by perinatal antibiotics administration [55]. Mothers delivering by C-section receive antibiotic
prophylaxis before the beginning of surgery or, in some countries, after the cord clamping to minimize
the direct exposure of the neonate to antibiotics [64]. In addition, Azad et al. determined that
intrapartum antibiotics both in C-section and vaginal deliveries are associated with infant gut

328



Nutrients 2020, 12, 133

microbiota dysbiosis, although breastfeeding modifies some of these effects [65]. Nevertheless,
Martinez et al. [66] performed antibiotic-free C-section delivery in mice and determined that these mice
did not have the dynamic developmental gut microbiota changes observed in control natural born
mice, evidencing the involvement of maternal vaginal bacteria in a proper metabolic development
even in absence of antibiotics supporting the hypothesis of the antibiotic-modulated dysbiosis. It is
worth to take into account that perinatal antibiotic administration may be associated with increased
risk of developing morbidities such as asthma, allergies and obesity, which may be influenced by
dysbiosis. In accordance, epidemiological data show that atopic diseases appear more often in infants
born by C-section than after vaginal delivery [67,68].

Furthermore, bacterial richness and diversity were lower in the infant gut of babies born after
elective C-section and higher in emergency C-section, suggesting that colonization may be affected
differently in both situations. It is important to highlight that emergency C-section and vaginal delivery
labor are frequently accompanied by rupture of fetal membranes, and exposing the fetus to maternal
vaginal bacteria [65].

Importantly, C-section may decrease the colonization of milk-digested bacteria including the
genus Lactobacillus in newborns during the first months of life [58]. In addition, the mode of delivery
has a relevant impact on the microbiota composition of colostrums and milk [69,70], which also may
be influenced by antibiotics administrated during C-section. It has been proposed that infants born
by C-section lacked the early provision of breast milk essential to attain a proper gut microbiota that
contains microbes such as Lactobacilli and Bifidobacteria. This could explain the higher colonization
rates of these genera in vaginal compared to C-section-delivered infants [71]. In fact, Sakwinska et
al. reported that only vaginal delivered and fully breastfed infants had gut microbiota dominated by
Bifidobacteria [62].

Finally, there are several potential preventive intervention strategies to restore the gut microbiota
after C-section [72]. The intervention could be focused on maternal administration of probiotics and
prebiotics during gestation. There is a great interest about “seeding approaches” as “vaginal seeding” to
reverse the effects of C-section delivery mode on the microbiome in early life, but at the same time there
are critical voices concerned about safety and efficacy of this practice [56,72]. In addition, the intervention
could concentrate on the neonate using “seeding” methods such as encouraging breastfeeding instead
of formula feeding, or the use of infant enriched formulas. In this sense, supplementation with
symbiotic, the combination of synergistic pre- and probiotics, might offer an innovative strategy to
re-establish the delayed colonization of Bifidobacterium spp. in C-section-delivered children [73].

4. Microbiome and the Type of Feeding

Maternal diet establishes long-lasting effects on offspring gut microbial composition, which may
have important clinical implications [74,75]. Complex interactions between breast milk cytokines and
microbiota guide the microbiological, immunological, and metabolic programming of infants’ health,
which may explain the higher risk of obesity in infants with overweight and excessive weight gain
mothers [76]. In addition, data supporting the notion of bacterial translocation from the maternal gut
to extra-intestinal sites during pregnancy are emerging and potentially explain the presence of bacteria
in breast milk [28].

Some authors have reported changes in meconium microbiota when delaying the collection of
meconium samples by one day, supporting that the type of feeding or the environment has an influence
after the birth, which may be more determinant to establish the intestinal microbiome during
childhood [53]. Breast milk has been recognized as the gold standard for human nutrition [77]. The type
of feeding has an important impact on gut microbial composition in preterm infants. In preterm infants,
breast milk has been associated with improved growth and cognitive development [78] and a reduced
risk of necrotizing enterocolitis and late sepsis onset [76,79,80]. Occasionally, the absence of mother’s
own milk (MOM) requires the use of donated human milk (DHM). A prospective cohort study has been
launched to determine the impact of DHM upon preterm gut microbiota admitted in a neonatal intensive
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care unit. Despite the high variability of DHMs, no differences in microbial diversity and richness
were found, although feeding type significantly influenced the preterm microbiota composition and
predictive functional profiles. Inferred metagenomic analyses showed higher presence of Bifidobacterium
in the MOM, a genus related to enrichment in the glycan biosynthesis and metabolism pathway, as well
as an unclassified Enterobacteriaceae and lower unclassified Clostridiaceae compared with the DHM
or in the formula fed groups. After adjusting for gender, postnatal age, weight, and gestational age,
the diversity of gut microbiota increased over time and was constantly higher in infants fed their MOM
relative to infants with other types of feeding. In addition, DHM favors an intestinal microbiome
more similar to MOM despite the differences between MOM and DHM [81]. Preterm infants are
prone to develop free radical-associated conditions [82] that may be influenced by the microbiota.
In a recent study, urine oxidative stress biomarkers such as 8-hydroxy-deoxyguanosine (8OHdG/2dG),
orto-tyrosine, and F2 isoprostanes, neuroprostanes, neurofurans, and di-homo-isoprostanes were
longitudinally measured in preterm infants fed either MOM or DHM using validated mass spectrometry
techniques. No significant differences for any of the markers studied were found between preterm babies
fed MOM or DHM [83]. However, exfoliated epithelial intestinal cells transcriptome of preterm infants
fed their MOM or a DHM induced a differential gene expression of specific genes which may contribute
to a more efficient antioxidant response in the postnatal period [84]. Therefore, using DHM could have
potential long-term benefits on intestinal functionality, the immune system, and metabolism [85–87].
However, available pasteurization methods cause changes that may blunt many of the positive aspects
derived from the use of MOM [88–90]. Further studies are needed to understand the complex links
between microbiome and breastfeeding, its impact on health programming, and to develop sensitive
methods capable of providing human milk as similar as possible to their MOM, when the latter is
not available.

5. Microbiome in Pathological and Adverse Pregnancy Outcomes

Some studies have compared the fetal and mother microbiome in relation to adverse outcomes
such as prematurity or low birth-weight without reaching firm conclusions. Ardissone et al. [91]
compared the meconium microbiome in newborn before and after 33 weeks of gestation and concluded
that Enterococcus and Enterobacter negatively correlated with gestational age, and Lactobacillus and
Phortorhabdus were more abundant in newborns with less than 33 weeks of gestation. They indicated
that the composition of the microbiome may be involved in the inflammatory response that
leads to premature birth more than the colonization alone. Specifically, preterm subjects with
severe chorioamnionitis had higher abundance of Ureaplasma parvum, Fusobacterium nucleatum,
and Streptococcus agalactiae [16]. The placental microbiome varies as a consequence of an excess
of gestational weight gain, but is not related to obesity among women with spontaneous preterm
birth. Indeed, this placental dysbiosis affects different bacterially encoded metabolic pathways that
may be related to pregnancy outcomes [92]. Furthermore, it has been reported high abundance of
Burkholderia, Actinomycetales, and Alphaproteobacteria in placental samples from gravidae delivered
preterm, and of Streptococcus and Acinetobacter in placental samples from patients with a history of
antepartum urinary infection. In contrast, Paenibacillus predominated in term placental specimens [15].
Other authors have proposed that the fetal intestinal microbiota derives from swallowed amniotic fluid,
and that they may trigger an inflammatory response which leads to premature birth [91]. Considering
that some Lactobacillus strains may possess potential anti-inflammatory activities, and could regulate
blood glucose levels in diabetic humans [93], the low abundance of Lactobacillus in placentas of low
birth weight neonates reported by Zheng et al. [94] might be related to a pro-inflammatory status in
these pregnancies. Thus, the higher sensitivity of fetal intestinal tissue to inflammatory stimuli may
induce labor due to an immune-mediated reaction. However, as mentioned previously, the presence
of placental microbiota is under discussion due to methodological doubts, and these data have to be
discussed with caution.
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Finally, a number of bacteria, viruses, and protozoa infections have been associated with pregnancy
complications. Liu et al [95] analyzed the gut microbiome in pregnant women affected by preeclampsia.
They showed an overall increase in pathogenic bacteria such as Clostridium perfringens and Bulleidia
moorei and a reduction in probiotic bacteria Coprococcus catus. A correlation between periodontitis and
the risk of spontaneous abortion or miscarriage has also been described [96]. More well-controlled
studies should be carried out in order to identify interactions between pregnancy microbiome and
mother and children health which might help to predict gestational and newborn complications and
search for new therapeutic targets in adverse obstetrical conditions.

6. Microbiome and Obese Pregnancy

Epidemiological evidence shows that 50% of women in childbearing age and 20%–25% of pregnant
women in Europe can be affected by overweight or obesity [97], increasing the cardiometabolic risk in
mothers [98] and the susceptibility to metabolic diseases in offspring [99–102]. Pregnancy-associated
changes are different in overweight or obese women compared to normal-weight pregnant women.
Overweight pregnant women show a reduction in the number of Bifidobacterium and Bacteroides,
and an increase in the number of Staphylococcus, Enterobacteriaceae, and Escherichia coli [11]. Additionally,
higher levels of Staphylococcus and Akkermansia muciniphila, and lower levels of Bifidobacterium were
detected in women with excessive weight gain during pregnancy as compared to normal-weight
ones [76]. Consequently, this altered maternal microbiome will contribute to shape an altered
composition of the offspring’s microbiome [103,104] and thus influence their future health.

Vaginal-born neonates from overweight or obese mothers show increased numbers of Bacteroides
and depleted in Enterococcus, Acinetobacter, Pseudomonas, and Hydrogenophilus [104]. When specifically
examining phyla level relative taxonomic abundance among preterm women by virtue of maternal
weight gain, other authors have reported an appreciable and significant increased abundance of
Firmicutes, Actinobacteria, and Cyanobacteria, and decreased relative abundance of Proteobacteria [92].
Furthermore, this altered maternal microbiota composition may be transferred from mother to fetus
during the prenatal period [94] and through lactation [105].

In addition, gut microbiota can induce obesity in children by several mechanisms. For example,
lower amounts of Bifidobacteria can affect weight gain in infants through mucosal host-microbe crosstalk,
and immune and inflammatory dysregulation. Moreover, higher presence of Bacteroides, Clostridium,
and Staphylococcus can stimulate greater energy extraction from food, combined with a reduced control
of inflammation during the first six months of life in infants of overweight mothers [12]. These first
months of life are of great importance since rapid weight gain during this period is associated with
an increased risk of obesity during childhood, and this influence is even more important than the birth
weight [106].

7. Microbiome in Critical Ill Children

Critical illness itself or its treatment can influence the composition of microbiota [107,108].
Although broad-spectrum antibiotics are probably the factor which further alters its composition,
other factors can alter the ecosystem in which develops the microbiota, such as enteral or parenteral
feeding, drugs administration, disease co-morbidities, central venous catheters, or intubation and
mechanical ventilation. These studies have shown that the intestinal microbiota of critical patients
has low diversity, with a shortage of key commensal bacteria and overgrowth of pathogenic bacteria
such as Clostridium difficile, and some species of Enteococcus, Escherichia and Shigella [107,109–111].
In addition, the microbiota changes throughout the stay in the intensive care units (ICU) [112], and the
possibility of pathogenic colonization increases with the time of stay in the unit.

To our best knowledge, only one study has analyzed the microbiota in children in a pediatric ICU
(PICU) [113]. These authors found that the skin, oral, and fecal microbiota differs sharply from critically
ill children compared with healthy children and adults. They reported a PICU-associated dysbiosis
with less alpha-diversity, different composition (beta-diversity), and the loss of body site-specificity,
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increasing the abundance of nosocomial pathogens across all body sites and reducing gut commensals
such as Faecalibacterium [113]. A number of studies have shown an association between the microbiota
and the immune function [114], the systemic inflammation [115], the metabolism of nutrients [116],
the function of the central nervous system [117], the circadian rhythm [118], and the digestive
system [119]. Therefore, PICU-associated dysbiosis may contribute to malnutrition, nosocomial
infection, neurocognitive alteration, organ dysfunction, and sepsis associated to critical illness [113],
and may also have an effect on the lung, the brain, and the kidneys [107].

Critically ill patient conditions may contribute to changes in the oropharynx microbiota, such as the
increase of Klebsiella or Pseudomonas proliferation. On one hand, sedation and endotracheal intubation
decrease mucociliary clearance and cough, reducing the elimination of microorganisms. On the other
hand, mechanical ventilation, pneumonia, and acute respiratory distress syndrome (ARDS) favor
alveolar edema, increasing the amount of nutrients available and decreasing the amount of oxygen
in some areas. These facts stimulate bacterial proliferation [120], and increase the risk of nosocomial
infection and ARDS [121].

In addition to the critical patients, associated dysbiosis, hypoperfusion, and reperfusion of the
intestinal wall produce an intense inflammation of the digestive mucosa which alters the gradient of
oxygen concentration and increases the concentration of nitrates favoring the growth of pathogenic flora.
Furthermore, the slowing down of intestinal transit, frequent drugs (sedatives, opioids, catecholamines),
and the alteration of the mechanisms of microbial elimination (decreased production of bile salts and
IgA, pharmacological alkalinization of pH, etc.) may also influence the alteration of the digestive
functions [122]. Freedberg et al. observed that colonization by some microorganisms prior to admission
in ICU was associated with increased risk of infection by that same germ, and subsequently increased
mortality [123]. This fact indicates that the gastrointestinal microbiome can help stratification and early
identification of the risk of ICU patient complications.

8. Microbiome and Sepsis in the Newborn

The modification of the normal microbiota pattern can contribute to the development of
a systemic inflammatory response with increased cytokine production, sepsis, multi-organ failure,
and morbi-mortality [107,109–111]. In spite of variation in net incidence, neonatal sepsis remains one
of the leading causes of preventable neonatal morbidity and mortality throughout the world. The main
agents responsible for sepsis are group B Streptococcus (GBS), Escherichia coli, and coagulase-negative
Staphylococci (CONS) [124]. However, this scenario may be modified depending on the use of antibiotics
and/or the implementation of non-culture diagnostic techniques [125].

In recent years, there has been growing interest in the role of commensal bacteria in an individual´s
susceptibility to infection. A few studies have evaluated the maternal vaginal microbiota in relation
to GBS carrier status. Although it seems that some specific taxa might be associated with the
presence of GBS [126], there is no apparent parallel reduction of the predominant commensal bacteria
Lactobacilli [127]. Indirect evidence suggests that the neonatal gut microbiome might be of relevance
in GBS infection, since different colonizing species have been found in the stool of infants from
GBS positive and negative mothers, while the protective effect of pre and probiotics has also been
suggested [127].

It seems that gastrointestinal microbiota might induce an increase in permeability, modulating gut
and systemic immune response, and decreasing the tight junction integrity [128]. As a consequence,
intestinal bacteria can promote the systemic inflammatory response syndrome, facilitate bacterial
translocation, and cause late-onset sepsis and necrotizing enterocolitis, especially affecting premature
neonates. Most, but not all, of the evidence suggests that premature newborns with low microbiome
gut diversity, or with predominance of Staphylococcus, Firmicutes, and Proteobacteria are associated
with increased risk for late-onset sepsis compared to those premature infants at lower risk [129].
Furthermore, gut colonization with Bifidobacterium and increased presence of prebiotic oligosaccharides
in feces, has been related to less disruption of the mucosal barrier and gut epithelial translocation,
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providing an improved gut development and protection [130]. It remains unclear if invasion of
the bloodstream during sepsis is caused by the same microorganisms identified in stool [131] or by
others [129], in which case the gut microbiota would act as a facilitating mechanism by interfering with
the gut barrier or intestinal immune function. Further studies are needed to tease out if the differences
observed in gut colonization in ICU patients predispose to sepsis or if they respond to other factors
such as the diet, site differences in initiating and advancing feeds, breastfeeding, the use of antibiotics,
or interpatient transmission within the neonatal intensive care units [131].

9. Microbiome and Allergic Conditions

Allergy disorders represent an important global health burden with an increasing prevalence in
infants and children, mainly as food allergies, atopic eczema [132], and respiratory pathologies such as
rhinitis [133] or asthma [134]. Their causes are multifactorial and contemplate interactions between
genetic, environmental, and socioeconomic factors leading to different symptoms or phenotypes [135].
Among this heterogeneity, a restricted microbial exposure at early life seems to play an important role
influencing allergic diseases, and asthma onset [136].

9.1. Gut Microbiome and Atopy

Eczema or atopic dermatitis (AD) is the first typical allergic manifestation in newborns [137].
A recent study has reported a high proportion of Faecalibacterium prausnitzii on the gut microbiome
from AD subjects. The presence of these bacteria is lower in Crohn’s disease patients, as well as
anti-inflammatory fecal bacteria metabolites [138]. Besides, it has been shown that infants with AD
improved their symptomatology when the abundance of fecal Coprococcus eutactus, a butyrate-producing
bacterium, is increased [139]. Consequently, it has been proposed that dysbiotic gut microbiota and
subsequent dysregulation of the gut inflammation may promote an aberrant Th2-type immune response
to allergens altering the epithelial barrier in AD skin [140].

9.2. Gut Microbiome and Food Allergy

Available literature on animal models suggests that gut microbiome may have an important role
in the susceptibility to food sensitization and food allergy, mainly at early stages of life [141]. Chen et
al. [142] recently showed both lower microbiota alpha-diversity and altered gut microbiota composition
(an increased number of Firmicutes in detriment of Bacteroidetes) in children with food sensitization in
early life compared with children without these conditions. Among the causes, the increasing use of
antibiotics both in humans and in agriculture, and the lower intake of dietary fiber may have an impact
on these situations [143].

9.3. Gut Microbiome and Asthma

Allergies are the strongest risk factors for childhood asthma in Western countries [144], but the
relationship between asthma and the microbiota is not clear. Although it seems that the diversity
of the gut microbiota in infancy is even more determinant for asthma onset than the prevalence of
specific bacterial taxa, it has been suggested that there might be specific important bacterial species
related to the prevention of asthma, and that gut microbial diversity during the first month of life
may be the most important factor associated with asthma development at school age than with other
allergic manifestations [136]. In addition, another study has indicated that the neonatal gut microbiota
influences susceptibility to childhood allergic asthma via alterations in the gut microenvironment
that modulates CD4+ T-cell proliferation and functions. These authors have observed a characteristic
depletion of dihomo-γ-linoleate, a precursor of anti-inflammatory ω-3 polyunsaturated fatty acid and
prostaglandins that may be related [145].

As described previously, different factors have been associated with infant microbiome and the
risk of asthma, such as furry pets exposure [146], gestational age, the mode of delivery (vaginal vs.
C-section), and antibiotic treatment (direct vs. indirect via mother) among others [147,148]. However,
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there is no doubt that a key issue is the type of feeding. A systematic review addressing the effect of
breastfeeding in the development of asthma concluded that children who were breastfed for a longer
time during the first two years of life had a lower risk of developing asthma, and this effect could be
mediated by an adequate and early shaping of the gut microbiota [149,150], although whether the
dysbiotic microbiota is the cause or the consequence of atopic and allergic diseases is still unknown [140].
Besides, interventional studies have suggested that pre- and probiotics could prevent or down-regulate
the severity of some diseases, such as asthma or allergies, but the biological mechanisms, as well as the
best taxa or type of intervention, require further research [151].

10. Microbiome and Infection in Infants

The role of microbiome diversity and its variations in the incidence and susceptibility to infection
has also aroused great interest beyond the neonatal period. In view of the interaction between the
microbiota and the immune system, the implications are probably major and remain challenging,
but for some authors, is even more attractive the idea of its usefulness as a diagnostic tool, a preventive
strategy, or even a therapeutic target. As described in the neonatal period, in most infectious diseases
scenarios, a decrease in alpha and beta diversity of the microbiota seems to be present. Regarding
respiratory infections, diversity of the oropharyngeal and nasopharyngeal microbiota in children
with pneumonia was lower compared with healthy controls. Furthermore, a correlation between the
presence of certain taxa in sputum and the clinical course of community acquired pneumonia has been
described [152,153].

HIV infected children present reduced gastrointestinal microbial diversity [154]. Modulation of
the intestinal microbiome through nutritional supplementation, with the aim of decreasing bacterial
permeability, has been attempted in the context of HIV infection with scarce success [155,156].
In addition, the microbiome has been suggested to impact the risk of different infectious diseases.
Both vaginal and penile microbiotas modify the risk of sexual acquisition of HIV, due to their influence
on inflammatory pathways and metabolization of antiretroviral drugs [157,158]. Recent studies have
shown how an altered vaginal microbioma increases the risk of vertical transmission of HIV [159].
These studies beautifully exemplify the potential influence of the microbiome on the risk of infections,
as well as its implications in pharmacokinetics modulating bacterial metabolism.

Finally, based on the potential role of the gut microbiota as a modulator of the immune function,
attempts of supplementation with pre and probiotics have also been carried out. Two randomized
controlled trials have analyzed the impact of probiotic supplementation on children with acute
gastroenteritis without proving any beneficial clinical outcome [160,161]. Supplementation with
prebiotics or probiotics may also enhance vaccine response and thus becomes a new tool for the
improvement of vaccine efficacy [162]. However, results have been controversial in this field and
warrant further investigation. The evidence for a beneficial effect of probiotics on vaccine response was
strongest for oral vaccinations and for parenteral influenza vaccination, and depended on the choice of
probiotic, strain, dose, viability, purity, and the time and duration of administration [163].

11. Conclusions

There are many data confirming the interaction of microbiota in pregnancy and in the newborn
period, on the establishment of labor, children growth and development, and susceptibility to infections
and diseases. However, most studies are descriptive and entangling factors influencing the human
microbiome such as the age, race, type of feeding, mother’s diet, and antibiotics treatments is
challenging. Whatever it is, what is clear is that a number of microbiota-derived substances may easily
reach the bloodstream, and impact human metabolism.

Recent advances in genome sequencing technologies, metabolomics, proteomics, transcriptomics,
and bioinformatics will enable researchers to explore the fascinating field of the microbiota and,
in particular, its functions at a more detailed level. Therefore, larger and prospective studies are needed
to characterize the evolution of the microbiota during different conditions and its influence on healthy
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and pathological pregnancies, on labor onset, and on the perinatal period, in order to promote the
development of new preventive, diagnostic, and therapeutic tools.
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Abstract: Xylitol has been widely documented to have dental health benefits, such as reducing
the risk for dental caries. Here we report on other health benefits that have been investigated for
xylitol. In skin, xylitol has been reported to improve barrier function and suppress the growth of
potential skin pathogens. As a non-digestible carbohydrate, xylitol enters the colon where it is
fermented by members of the colonic microbiota; species of the genus Anaerostipes have been reported
to ferment xylitol and produce butyrate. The most common Lactobacillus and Bifidobacterium species
do not appear to be able to grow on xylitol. The non-digestible but fermentable nature of xylitol
also contributes to a constipation relieving effect and improved bone mineral density. Xylitol also
modulates the immune system, which, together with its antimicrobial activity contribute to a reduced
respiratory tract infection, sinusitis, and otitis media risk. As a low caloric sweetener, xylitol may
contribute to weight management. It has been suggested that xylitol also increases satiety, but these
results are not convincing yet. The benefit of xylitol on metabolic health, in addition to the benefit of
the mere replacement of sucrose, remains to be determined in humans. Additional health benefits
of xylitol have thus been reported and indicate further opportunities but need to be confirmed in
human studies.

Keywords: sugar alcohol; prebiotic; bowel function; immune function; respiratory tract infections;
otitis media; sinusitis; weight management; satiety; bone health

1. Introduction

Xylitol is a five-carbon sugar alcohol (C5H12O5, Figure 1) with a molecular weight of 152.15 g/mol,
which is commonly used as a sweetener in sugar-free confectionery. It also naturally occurs in fruits
and vegetables (plums, strawberries, cauliflower, and pumpkin [1]). It is equisweet to sucrose and has
a very similar sweetness-time intensity to sucrose. Xylitol is the sweetest of all polyols [2]. Xylitol
is best known for its dental benefits, such as reducing the risk for dental caries [3]. This is thought
to function through three mechanisms: xylitol replaces cariogenic sucrose, xylitol may stimulate
salivation, and xylitol may have specific inhibitory effects on Streptococcus mutans—the main causative
microbe of dental caries [4]. Although a recent meta-analysis concluded that there is a need for
high-quality studies on the dental benefits of xylitol, the same study concluded nevertheless that
xylitol is an effective strategy as a self-applied caries preventive agent [3]. Furthermore, the European
Food Safety Agency has approved a health claim “xylitol chewing gum reduces the risk of caries in
children” [5]. Here, however, we want to focus on other potential health benefits of xylitol, such as
skincare, respiratory, digestive, immune health, and weight management.

Approximately half of the consumed xylitol is absorbed; the liver readily converts it to xylose by a
non-specific cytoplasmic NAD-dependent dehydrogenase. The formed xylose is phosphorylated via a
specific xylulokinase to xylulose-5-phosphate, an intermediate of the pentose-phosphate pathway before
conversion to glucose, which is only slowly released into the bloodstream or stored as glycogen [6,7].
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Figure 1. Chemical structure of xylitol©DuPont Nutrition & Biosciences.

Xylitol is safe for human consumption and in general well tolerated. However, as with all sugar
alcohols, overconsumption (>20 g) is associated with digestive symptoms such as bloating and loose
stools [8]. When consumption is seized, the symptoms disappear.

2. Skin

2.1. Skin Introduction

The skin acts as a barrier between the body and its surrounding environment. The epidermis
is made up of the stratum corneum (outermost layer of the skin, Figure 2); formed by terminally
differentiated epidermal keratinocytes and lipids, which play a main role as a physical and chemical
permeability barrier. Under this lies the stratum granulosum, which forms a paracellular barrier that
regulates the loss of moisture through the skin, as shown in Figure 2. Below that are the stratum
spinosum, basal cells, and melanocytes, which are also part of the epidermis. The epidermal barrier,
which is constantly being renewed, is characterized by its capacity to adapt to changing conditions in
the environment [9]. The dermis, the next layer, supports the epidermis and produces matrix proteins
such as elastin and collagen, as shown in Figure 2.

Figure 2. Proposed effects of xylitol on skin health. ©DuPont Nutrition & Biosciences.

2.2. Xylitol Benefits to Skin

Xylitol (100 mM) for 2 h has been observed, in an epidermal-equivalent skin model, to improve
lipid fluidity in the uppermost layer of the stratum granulosum. The model consisted of normal human
epidermal keratinocytes (NHEKs); isolated from donated skin samples; cultured ex vivo, and studied
microscopically using lipid specific staining. The improved lipid fluidity accelerated the release of
lipids and accelerates the exocytosis of lamellar bodies to the intercellular domain between stratum
granulosum and stratum corneum thereby improving the lamellar structure and accelerating epidermal
permeability barrier recovery [10]. Indeed, volunteers (n = 7) who had the inside of their forearms
mechanically irritated by repeated tape stripping, were observed to have significantly less moisture
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loss; approximately 20%, when exposed to 100 mM xylitol for 10 min as compared to water. This was
measurable both 1.5 and 2 h after exposure [10].

Further studies with NHEKs have shown that the viability and intracellular calcium concentration
were not affected by 0.0045%–0.45% xylitol (calcium regulates keratinocyte differentiation) after 24 and
48 h as compared to the cell culture medium alone. However, xylitol up-regulated the expression
of filaggrin, loricrin, involucrin, and occludin mRNA as measured by qPCR [11]. These proteins are
involved in barrier function and tight junction (TJ) formation in the skin; occludin is the major protein
in TJs, filaggrin or filament aggregating protein is a filament associated protein that binds keratin fibers
in epithelial cells, loricrin is the major protein in cornified cells and contributes to barrier function of
the skin, involucrin is bound to loricrin [12]. Moreover, 0.45% xylitol stimulated the mitogen-activated
protein kinase (MAPK) pathway in the NHEKs and induced the activation-dependent translocation
of protein kinase Cδ, after 48h as determined by Western blotting, a key promoter of epidermal
differentiation [11]. The effect on the other cell types in the epidermis was not investigated in this
model. Twelve healthy volunteers with dry skin received topical exposure to a combination of 5%
glycerol and 5% xylitol for 14 days. This was observed to be associated with increased hydration,
reduced moisture loss and increased dermal and epidermal thickness, as measured from biopsies and
histological staining, compared to the untreated control arm of the same volunteer. In agreement with
the above-described ex vivo keratinocyte studies, increased expression of filaggrin in epidermal cells in
biopsies taken from the volunteers was also observed [13]. The separate contribution of xylitol and
glycerol in the observed effects cannot be determined from this study.

In a study with hairless mice (23/group), skin irritation induced by 3 h topical application of 5%
sodium dodecyl sulfate (SDS) was reduced with concomitant exposure to 8.26% xylitol or 5% glycerol
(same osmolarity); transepidermal water loss was reduced and in the irritated area blood flow was
reduced as well, as determined by videomicroscopy. Histological staining indicated that the epidermal
thickness was increased in response to xylitol treatment compared to SDS alone [14]. Also in healthy
adult volunteers (n = 16), the transepidermal water loss induced by experimental irritation with 0.1%
SDS could be inhibited by simultaneous exposure for 24 h to 4.5% or 15% xylitol and 2.6% or 9.0%
glycerol, but not 5.4% or 18% mannitol (same osmolarity) as compared to another site on the same arm
with 0.1% SDS alone for 24 h [15]. These results suggest a polyol-specific response.

In a study with male rats, the inclusion of 10% xylitol to basic chow for 20 months was observed
to be associated with a thicker skin and more acid-soluble collagen was observed, as determined from
biopsies. Also, less collagen fluorescence was observed, which is a marker for collagen glycosylation
and aging [16]. However, no difference in collagenase soluble and insoluble collagen was observed nor
more total collagen as compared to control animals fed the same chow without xylitol [17]. Three months
dietary supplementation with 10% xylitol in basic chow has been reported to increase the amounts of
acid-soluble and total collagen (expressed as hydroxyproline) in the skin of streptozotocin-induced
type 1 diabetic male rats (10 animals/group) as compared to type 1 diabetic animals fed unsupplemented
chow. Also here, reduced hexose concentrations of acid-soluble collagen and reduce fluorescence of
the collagenase-soluble fraction; indicating reduced glycosylation were observed. Similar observations
on increased were made for non-diabetic rats (10 animals/group) after three months on 10% xylitol
supplemented chow as compared to non-diabetic rats fed unsupplemented chow; for acid-soluble
and total collagen, as well as reduced hexose concentrations of acid-soluble collagen and reduced
fluorescence of the collagenase-soluble fraction in the skin [18].

The selective antimicrobial activity of xylitol, observed in dental health, has also been applied
to wound care. In vitro studies with a Lubbock Chronic Wound Biofilm model have shown that
the application of 2%, 10%, and 20% xylitol in water reduced growth Pseudomonas aeruginosa,
Staphylococcus aureus, and Enterococcus faecalis compared to the water control. The highest concentration
was observed to completely abolish biofilm formation [19]. Furthermore, another in vitro study
showed that the combination of 5% xylitol and 2% lactoferrin could reduce the biofilm formation of
P. aeruginosa and methicillin-resistant S. aureus after 72 h in a colony drip flow reactor, as compared to
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base wound dressing alone [20]. The anti-S. aureus potential of xylitol has also been investigated in
human volunteers. Seventeen volunteers with atopic dermatitis received skin lotion with or without a
combination of 5% xylitol and 0.2% farnesol on either arm for seven days. Compared to the control
arm treated with unsupplemented lotion, S. aureus was significantly reduced, and skin moisture
increased [21]. The contribution of xylitol alone cannot be deduced from this study. A further potential
benefit of xylitol in wound care is the negative dissolution energy [2] which gives a cooling effect to
the tissue.

2.3. Conclusions

Topical exposure of the skin with xylitol has thus been shown to reduce skin moisture loss.
The mechanism appears to relate to increased tight junction and barrier formation in the skin. Also,
dietary exposure to xylitol has been found to improve skin thickness. The antimicrobial activity
against skin pathogens has been documented mainly in combination with other compounds and the
contribution of xylitol to the observed effects needs to be determined. Furthermore, many of these
results have been obtained in vitro and in animal models at relatively high doses (10% of the diet); their
applicability to humans thus still needs to confirmed.

3. Digestive Tract

3.1. Introduction

The digestive tract can be largely divided into the stomach, small intestine, and large intestine
(colon). Much of the digestion and nutrient absorption takes place in the stomach and small intestine.
Although the upper digestive tract harbors a microbiota [22], it is especially the colon that is host
to a diverse and extensive microbiota [23]. This colonic microbiota ferments non-digested dietary
components, mainly fiber, and other components that have escaped digestion as well as sloughed-off
cells and secretions. The colon absorbs the fermentation products together with water from the digesta;
in particular short-chain fatty acids are an important additional energy source.

Xylitol is not digested by human enzymes and approximately 50% of the consumed xylitol is
absorbed through passive diffusion in the small intestine [6]. The remaining 50% of the dietary xylitol
thus enters the colon where it can serve as an energy and carbon source for the intestinal microbiota
and leads to the formation of short-chain fatty acids which provide energy to the host and support
immune system homeostasis [24]. These properties of xylitol are very similar to what is expected from a
prebiotic; a substrate that is selectively utilized by host microorganisms conferring a health benefit [25].
The increased concentration of xylitol in the digesta leads to an increased osmotic pressure which
contributes to water retention in the digesta and thus may lead to laxative effects when consumed in
excess (>20 g) [8,24]. However, this property of xylitol can also be used to address constipation; which
is in line with the prebiotic nature of xylitol.

3.2. Prebiotic Benefits of Xylitol

Simulations of fermentation by the colonic microbiota in vitro have shown that exposure
of this microbiota to xylitol leads to a rapid disappearance of the xylitol, as determined by
enzymatic colorimetry, indicating that it is readily fermented by the simulated intestinal microbiota.
Gas chromatographic analysis of the simulated colonic digesta showed an increased formation of
butyric acid compared to the non-supplemented control simulations [26]. Strains from the genus
Anaerostipes have been observed by 16S rRNA denaturing gradient gel electrophoresis (DGGE) analyses
to be associated with the increased production of butyric acid in fecal cultures [27]. Production of
butyric acid is considered beneficial for colonic health as it is the preferred energy source for colonocytes
and is thought to be associated with a reduced risk for colorectal cancer [28]. Furthermore, butyric
acid promotes the generation of regulatory T-cells that promote immune system balance [29]. In rats
(at least 5 animals/group), early fecal microscopy studies indicated that 20% of dietary xylitol caused a
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shift from fecal Gram-negative to Gram-positive bacteria after six weeks compared to animals fed an
unsupplemented diet; the magnitude of this change was, however, not reported. Similar observations
were made in humans; six volunteers, after an overnight fast, consumed in a cross-over design
randomly a single 30 g dose of xylitol or a single 30 g dose of glucose (control) in 200 mL water. Fecal
microscopy indicated an increase in Gram-positive bacteria from 20%–30% to 50%–55% for glucose and
xylitol, respectively, and a concomitant decrease in Gram-negative bacteria was observed. Furthermore,
a reduction in the fecal level of yeasts was reported, from Log10 9.2–9.4 colony forming units (CFU)/g
feces during the control phase to Log10 7.2–7.5 CFU/g feces after xylitol consumption [30]. The type of
yeast that was reduced was not reported, but in vitro studies have reported that xylitol can suppress
the growth of Candida with a minimal inhibitory concentration of 200 mg/mL and a 99.95% reduction
in colony-forming units at 400 mg/mL [31]. Recent mouse studies (5 animals/group) have reported
that consumption of xylitol (40 or 194 mg/kg body weight/day) for 15 weeks was associated with an
increase in the genus Prevotella, the phyla Eubacteria and Firmicutes and a reduction in the phylum
Bacteroidetes by DGGE analysis [32]. Others have made similar observations, terminal restriction
fragment length polymorphism (TRFLP) analysis indicated reduced levels of Bacteroides and Clostridium
cluster XIVa and increased levels of Prevotella in mice (7 animals/group) fed 5% xylitol for 28 days as
compared to animals fed unsupplemented chow [33]. In studies with cyclophosphamide-immune
suppressed mice, 5%–10% xylitol (12 animals) was observed to lead to significantly lower fecal counts
of Candida albicans (7.58 vs. 5.22 Log10 CFU/g, control and xylitol respectively) and significantly less
and fewer cases of C. albicans invasion of the gastric wall as compared to animals not fed xylitol
(10 animals); 80% vs. 10% of animals, control and xylitol respectively [34]. Furthermore, urinary HPLC
analysis indicated an increased metabolism of daidzein to equol when mouse diet (7 animals/group)
was supplemented with 0.05% daidzein (control) or 0.05% daidzein and 5% xylitol for 28 days [33];
this may contribute improved bone health.

These observations are in agreement with the definition of prebiotics [25]; furthermore, xylitol
is utilized only by a limited number of organisms and changes the metabolism of the microbiota;
as expected for a prebiotic, Table 1. As Table 1 also clearly shows, commercial probiotics have been
shown to be unable to grow on xylitol as sole carbon and energy source.

Table 1. Non-exhaustive list of organisms that are able to grow or not to grow in the presence of xylitol,
or that have the capacity to metabolize xylitol in vitro or not.

Organisms Reported to
Grow on Xylitol

Reference
Organisms Reported Not to

Grow on Xylitol
Reference

Anaerostipes hadrus
(strain dependent), A. caccae [27]

Lactobacillus plantarum 299v, L. plantarum 931,
L. rhamnosus GG, L. rhamnosus LB21, L. paracasei F19,

L. reuteri PTA5289
[35]

Bifidobacterium lactis 1100, B. lactis Bb-12, B. longum
913, B. lactis 420, L. acidophilus NCFM, L. casei 921,
L. casei Shirota, L. bulgaricus 365, L. johnsonii LA1,

L. paracasei F19, L. plantarum 299v, L. reuteri SD2112,
L. rhamnosus GG, L. rhamnosus, Lc-705,

Streptococcus mutans Ingbritt

[36]

L. plantarum 299v, L. reuteri DSM17938 [37]

Coprococcus catus, Eubacterium halli, E. limosum,
E. rectale, Faecalibacterium prausnitzii,

Megasphera elsedenii, Ruminococcus faecis, R. hominis,
R. intestinalis, R. inulinivoruans

[27]

S. pneumoniae

S. mutans, S. salivarius, S. sanguis

Candida albicans, S. mutans [38]

Staphylococcus epidermidis, Staphylococcus aureus,
Pseudomonas aeruginosa
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Even though organisms may not be able to metabolize and grow on xylitol, there may still be
an opportunity for synergy with xylitol and probiotic bacteria, as was shown with the combination
of Lactobacillus plantarum Inducia in combination with 5% xylitol which was reported to completely
stop spore germination of Clostridioides (formerly Clostridium) difficile, in vitro after 48 h. In addition,
prefeeding with a single dose of 0.2 g xylitol improved the survival of hamsters in a C. difficile
challenge model (5 out of 9 survived in the xylitol test against 2 out of 15 in the unsupplemented
group). Fecal colonization with C. difficile quantified by real-time PCR was lower in the xylitol group,
3.5 vs. 4.9 Log10 gene copy number/g in the control group. Real-time PCR Lactobacillus fecal counts,
however, were highest in the xylitol group, 6.6 vs. 4.6 Log10 gene copy number/g in the control group [39].

3.3. Benefits of Xylitol on Bowel Function

Similar as other prebiotics [40], xylitol has been used to relieve constipation. To investigate
the normalization of bowel function post-laparoscopic surgery; 60 patients were randomized to
consume xylitol chewing gum (amount not reported) three times per day and 60 patients allocated to a
non-chewing gum control group. The time to first flatus (−5.7 h) and first bowel sounds (3.8 h) was
observed to be significantly reduced compared to the control group. There was, however, no influence
on time to first bowel movement [41]. This result is very similar to what was observed with xylitol
chewing gum (2.40–2.74 g xylitol/dose) every two hours until first flatus, for normalizing bowel
function after Caesarian section; 40 women in xylitol chewing gum group and 40 women in non-xylitol
chewing gum control group. Time to first bowel sounds (−1.1 h) and first flatus (−0.9 h) were
significantly reduced, but no effect was observed for time to first bowel movement compared to the
control group [42]. However, xylitol chewing gum (0.86 g xylitol/dose; 43 subjects) three times/day has
been shown to contribute to earlier normalization of bowel function after elective proctectomy; time to
first flatus (−6.9 h) and time to first stool (−12.3 h) were significantly reduced compared to the control
group (no chewing gum; 46 subjects). Interestingly, also post-operative opioid use was reduced in
the xylitol chewing group by approximately 20% as compared to the control group. No differences in
post-operative complications were observed [43].

3.4. Conclusions

Xylitol has been shown to modulate intestinal microbial composition and activity in vitro and in
animal studies. Although these data are promising, data in humans are limited. Similarly, for improving
bowel function, human data exists but are limited to specific patient groups. There is thus a need for
studies in, otherwise healthy, humans with constipation.

4. Nose, Throat and Ear

4.1. Introduction

As all the body sites that are exposed to the outside environment, also the respiratory tract is
colonized by a microbiota. An important function of this microbiota is to hamper the establishment of
exogenous microbes; in particular potential pathogens. As with the microbiota in other body sites,
the respiratory microbiota evolves from birth to an ‘adult-like’ microbiota [44]. In contrast to viral
gastrointestinal infections, it seems that during an upper respiratory tract viral infection the nasal
microbiota is relatively stable as was demonstrated in an experimental rhinovirus challenge study
in humans [45]. The microbiota composition also differs at different sites along the respiratory tract.
The anterior nares may be colonized by Staphylococcus spp., Cutibacterium (formerly Propionibacterium)
spp., Streptococcus spp. and Corynebacterium spp. [46]. The nasopharyngeal microbiota demonstrates
considerable overlap with the anterior nares and consists of Moraxella spp., Staphylococcus spp.,
Corynebacterium spp., Dolosigranulum spp., Haemophilus spp. and Streptococcus spp. [46]. The microbiota
of the oropharynx is characterized by Streptococcus spp., Neisseria spp., Rothia spp., Veillonella spp.,
Prevotella spp. and Leptotrichia spp. [46]. Some of these potential pathogens can spread from the
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nasopharynx into the sinus cavity during viral respiratory infection and cause sinus infection; S. aureus,
Staphylococcus epidermidis, and Gram-negative bacteria such as P. aeruginosa and Klebsiella pneumoniae,
predominate in chronic rhinosinusitis [47]. Acute otitis media (AOM) is defined as the presence of
middle ear effusion (thick or sticky fluid behind the eardrum in the middle ear) and a rapid onset
of signs or symptoms of middle-ear inflammation, such as ear pain, discharge from the ear or fever.
Also here, the key step in the pathogenesis is the colonization of the upper airways with pathogenic
bacteria; in particular S. pneumoniae and H. influenzae, which move from the nasopharynx through the
eustachian tube to the middle ear [48].

4.2. Benefits of Xylitol in Respiratory Health

In vitro studies have shown that 1% and 5% xylitol markedly reduced the growth of alpha-hemolytic
streptococci, including S. pneumoniae in a dose dependent manner. The inhibitory growth pattern was
similar to that previously seen with S. mutans. Xylitol reduced slightly the growth of beta-hemolytic
streptococci but not that of H. influenzae or Moraxella catarrhalis [49]. Although in vitro inhibition of
S. pneumoniae was observed, nasal infection of rats (20 animals/group) with S. pneumoniae could not be
reduced, as evaluated by PCR, with 3 day exposure to dietary xylitol (20%) or nasal spray with 5%
xylitol compared to control animals not exposed to xylitol [50].

Furthermore, 250 μl of 5% xylitol sprayed for 4 days into each nostril of 21 healthy volunteers
significantly decreased the number of nasal coagulase-negative Staphylococcus compared with saline
control treatment in the same volunteers. Counts were reduced from 597 CFU/nasal swab during
the control treatment to 99 CFU/nasal swab during the xylitol treatment; no other organisms were
assessed [51].

A nasal spray with xylitol has been reported to improve the quality of life in patients with
non-allergic nasal congestion. Subjects were randomized to either receive xylitol spray twice daily
for 5 days (n = 14) or saline (n = 14). Objective rhinometry measures were not significantly different
from control and baseline, and subjective measures of nasal obstruction, by questionnaire, only
exhibited a trend for improvement from baseline. However, the Rhinoconjunctivitis Quality of Life
Questionnaire indicated a significant improvement from baseline for the xylitol group, but not for the
control group [52].

Despite some anti-pathogenic effects by xylitol on some potential pathogens of the upper respiratory
tract, the consumption of 5 pieces of 15% xylitol-containing chewing gum by 106 pharyngitis patients
for three months was not found to be associated with a reduction in pharyngitis and did not perform
better in reducing symptoms; difficulty in swallowing and sore throat as compared to no chewing
gum control subjects (n = 110). Data were collected by questionnaire [53]. Inhalation of xylitol
aerosol has been suggested to reduce salt concentration in airway surface liquid (ASL); increased salt
concentrations are associated with reduced antimicrobial activity of ASL and may partially explain the
pathogenesis of cystic fibrosis [51].

As will be discussed below under immune-modulatory effects of xylitol (Section 6.2) there is
substantial animal model data indicating a benefit of xylitol consumption and immune modulation
which improves resistance to experimental viral infections by the human respiratory syncytial virus
(hRSV) and influenza A virus (H1N1).

4.3. Benefits of Xylitol in Sinusitis

A reduction of the ionic composition of ASL by xylitol has been hypothesized to be beneficial not
only for respiratory tract infections but also for the treatment of sinusitis. In vitro, 5% and 10% xylitol
in saline significantly reduced S. epidermidis and S. aureus biofilm formation after 1 h, and after 24 h
also of P. aeruginosa compared to saline. After 4 h 5% and 10% xylitol significantly reduced the growth
of planktonic S. epidermidis, S. aureus, and P. aeruginosa compared to saline. There was no difference
between 5% and 10% xylitol [54]. As mentioned above, 2%, 10%, and 20% xylitol in water have also
been shown to inhibit the growth of P. aeruginosa in a biofilm model [19].
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Indeed, in experimental sinusitis through P. aeruginosa infection of 26 rabbits, and local
pre-administration (20 min) of 0.1 mL 5% xylitol for five days, reduced the number of recovered
P. aeruginosa compared to administration with saline in the other sinus of the same rabbit (control).
Culturing showed counts of 5.37 × 106 CFU in control sinuses and 1.93 × 106 CFU in xylitol pretreated
sinuses. However, simultaneous or subsequent administration of xylitol and P. aeruginosa infection
resulted only in a non-significant reduction in P. aeruginosa [55].

A 10-day nasal irrigation with a 5% xylitol solution by 15 subjects with chronic rhinosinusitis
resulted in a significant reduction in Sino-Nasal Outcome Test 20 (SNOT-20) score compared to control
irrigation with saline. The volunteers, however, did not self-report an improvement in their sino-nasal
wellbeing. No adverse events were reported [56]. In a subsequent study with 30 patients with chronic
rhinosinusitis, nasal irrigation with a 5% xylitol solution for 30 days has indeed been found to lead
to an improvement in symptoms of chronic rhinosinusitis reported as SNOT-22 [57]. As a potential
mechanism, a reduction in the viscoelasticity of mucus has been proposed [58].

4.4. Acute Otitis Media

As noted above, S. pneumoniae is one of the main causative agents of AOM; 1% and 5% xylitol
has been shown to inhibit the growth of S. pneumoniae in vitro [49]. Ultrastructural analysis of the
pneumococci showed that the cell wall became more diffuse, the polysaccharide capsule became
ragged and the proportion of damaged pneumococci increased after exposure to 5% xylitol for 2 h,
but not after exposure to other sugars or control medium [59]. In fact, exposure to 5% xylitol lowered
pneumococcal capsular locus (cpsB) gene expression levels significantly compared with those in the
control and glucose media [60]. However, in clinical trials, xylitol did not decrease nasopharyngeal
carriage of pneumococci; even though AOM risk was reduced. Nevertheless, xylitol at 0.5% solution
has been observed to reduce the growth of 20 pneumococcal clinical isolates in vitro compared to other
carbon sources. Also in vitro pneumococcal biofilm formation was reduced and expression of genes
involved in biofilm formation—capsule, competence, and autolysin—was reduced [61].

A recent Cochrane review investigated the benefit of the prophylactic administration of xylitol to
healthy children up to 12 years of age on the risk for the development of AOM. In all, 5 clinical trials
were identified and included in the analysis, which involved 3405 children in total. Doses used ranged
from 8.4 to 10 g/day. The authors concluded that there is moderate-quality evidence that xylitol (in any
form) can reduce the risk of AOM from 30% in the control group to approximately 22%. However,
xylitol was not found to be effective in reducing AOM among healthy children during respiratory
infection or among otitis-prone healthy children [48]. Furthermore, the authors expressed the concern
that there is only a limited number of studies, mainly from the same research group. In that sense, it is
interesting to see that at least two clinical trials are on the way to investigate the effect of xylitol on
AOM (clinicaltrials.gov: NCT02950311 and NCT03055091 [62]).

4.5. Conclusions

Some subjective benefits for xylitol were observed in relieving congestion; overall these results
are not convincing. Also for sinusitis, results are inconclusive. For AOM, however, there is quite
convincing evidence on the potential benefit of xylitol in reducing its risk.

5. Bone

5.1. Introduction

Although bone may appear to be a rather static tissue, it is actually in continuous turnover.
It is, therefore, important that there is a correct balance in the resorption and reconstruction of bone
tissue. There is a continued risk for reduced reconstruction and especially with aging a risk for
osteoporosis. Dietary means to improve mineral absorption, bone mineral density, and bone strength
are thus welcome.
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5.2. Effects of Xylitol on Bone Strength

In non-challenged animals (12 rats/group) on a diet supplemented with 10% or 20% (w/w) xylitol
for 40 days, higher levels of both serum Ca2+ (double and triple that of the control group for 10% and
20% xylitol, respectively) and 25% and 80% increase in alkaline phosphatase activity (for 10% and 20%
xylitol, respectively) were observed compared to the unsupplemented control group. Microfocus X-ray
computed tomography did not show significant differences in the three-dimensional bone structure
or trabecular bone structure of the femur. However, the histological analysis indicated an increase
in trabeculae. Furthermore, both xylitol groups showed 3% and 6% higher bone density for 10%
and 20% xylitol, respectively, than the control group fed an unsupplemented diet [63]. Xylitol has
also been shown to reduce bone resorption by 42% in tetracyclin-challenged animals (10 rats/group)
on a diet supplemented with 1 molar xylitol per kilogram dry feed for 31 days, compared to the
control animals on a non-supplemented basal diet [64]. A similar study with 5%, 10% and 20% dietary
xylitol in tetracyclin-challenged animals (10 rats/group) for 31 days noted a retarding effect on bone
resorption of about 25% in the 10% xylitol group, about 40% in the 20% xylitol group, and undetectable
in the 5% xylitol group. Furthermore, the effect was detected as early as 2 days after the beginning of
xylitol-feeding and was maintained throughout the experimental period of 31 days compared to the
unsupplemented control group [65]. This is in an agreement with observations in an ovariectomized
rat model (10 animals/group). After three months on a 10% (w/w) xylitol diet, humeral ash, calcium
and phosphorus loss was abrogated as compared to animals not supplemented with xylitol and no
significant difference compared to sham operated animals. Furthermore, there was no loss of stress and
strain resistance upon xylitol supplementation compared to sham operated animals; while elasticity
was maintained. Diets between the groups were isocaloric [66].

In an injected type II collagen-induced arthritis model with 20 rats/ group, administration of
10% dietary xylitol for 17 days led to a significant protective effect against the imbalance in bone
metabolism. This was seen in greater values of osteoid thickness, as well as in lower values of the
number of osteoclasts on bone surface, trabecular separation, and eroded surface/bone surface in the
xylitol-fed animals as compared to arthritic animals few the unsupplemented diet. In the case of
trabecular bone volume, trabecular number and trabecular separation this was not different from the
non-arthritic rats [67]. These observations can partially be explained by an increased bone formation
activity induced by xylitol and a diminished bone resorption activity. Also, in a streptozotocin-induced
type I diabetic osteoporosis model with ten rats/group, 3-month dietary supplementation with 10%
and 20% xylitol has been shown to reduce the loss of trabecular bone volume and bone strength. Tibia
density and ash weight in both xylitol groups were significantly different from diabetic rats fed the
unsupplemented diet but similar to unsupplemented healthy rats. This was similar for tibia and
femur stress tolerance and for histomorphometric assessed tibia trabecular bone volume; both xylitol
groups were significantly different from diabetic rats fed the unsupplemented diet but similar to
unsupplemented healthy rats [68].

As discussed above, in a mouse study, 28 days of 5% dietary xylitol was observed to stimulate the
conversion of daidzian to equol [33]. The conversion of isoflavones to equol has been suggested to be
responsible for their positive effects on bone health [69], whether dietary xylitol plus isoflavonoids
exert a favorable effect on bone health remains, however, to be studied [33].

5.3. Conclusions

The ability of xylitol to positively influence bone health is in line with its prebiotic properties.
Being undigestible but fermented in the colon, leads to a production of short-chain fatty acids and
a reduction in pH of the digesta. This improves the solubility and absorption of minerals such as
calcium. Furthermore, it has been shown in mice that butyrate stimulates bone formation via regulatory
T cell-dependent mechanisms [70] thus linking the butyrogenic effect of xylitol [18] to bone health.
These observations are, however, all in animals. Human studies are required to validate these benefits.
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Furthermore, the levels of dietary xylitol in animal studies are high (up to 20%) and not feasible
for humans.

6. Immune Function

6.1. Introduction

As the first line of defense against foreign compounds and potential pathogenic micro-organisms,
the body has physicochemical barriers such as the skin and mucous membranes. As mentioned above,
xylitol may beneficially affect the skin barrier function, and as will be discussed below, xylitol also
improves mucous membrane function; especially in the oropharynx. Below these barriers, the body
relies on the immune system which can roughly be divided into a non-specific, fast-working, innate
immunity and highly specific, but slower reacting, acquired immunity [71]. Xylitol may exert its effects
on the immune system indirectly by prebiotic effect as discussed above or directly by influencing host
(e.g., immune) cell metabolism [72].

6.2. Immune Modulatory Effects of Xylitol

Xylitol has been found to potentiate immune responses mainly in animal models. A single 0.5 mL
dose of 20% xylitol within 24 h after hatching of ten female broiler chicks was found to improve
splenocyte proliferation by B-cell and T-cell mitogens (concanavalin A and pokeweed mitogen)
compared to 0.5 mL of 20% glucose. Furthermore, antibody titers to keyhole limpet hemocyanin (KHL)
and Mycobacterium butyricum injected at day 5 were higher at day 12 post-hatching compared to animals
that received glucose [73]; indicating an improved acquired immune response development in chicks.
The effect of xylitol on innate immunity has been studied in rats. Rats (20 animals/group) fed 20%
dietary xylitol exhibited a 6.7% higher increase in the percentage of activated neutrophils from baseline
than in the unsupplemented control group after 2 weeks. Likewise, the strength of the oxidative burst
per neutrophil was 13.5% higher in the xylitol group as compared to the control group [74]. When
rats (20 animals/group) were infected with an intraperitoneal inoculation of Streptococcus pneumoniae
after two weeks supplementation with 10% or 20% dietary xylitol, or no supplementation (control).
The mean survival time was 11 h longer in the 10% xylitol and 12 h longer in the 20% group compared
to the control group [74].

Anti-bacterial effects of xylitol have been well documented especially against oral [75] and
respiratory pathogens [19]; see also earlier sections. However, only a few studies have investigated
its effect on viral infections. Human respiratory syncytial virus (hRSV) is the most common cause of
bronchiolitis and pneumonia in infants. There is a need for prophylactic and therapeutic strategies to
control hRSV infection. Mice (5/group) receiving dietary xylitol (3.3–33 mg/kg/d in phosphate-buffered
saline; PBS) for 14 d prior to hRSV challenge and for a further 3 d post-challenge had significantly
lower lung virus titers compared to PBS only, control mice. In line with lower viral load, also fewer
CD3(+) and CD3(+)CD8(+) lymphocytes were found in bronchoalveolar lavage, indicating less need
for lymphocyte recruitment to control the viral infection [76]. Similar effects were observed for
the anti-viral drug ribavirin (40 mg/kg/d during the 3 days post hRSV infection) in the study [76].
The results indicate an improved innate immune response but nevertheless combined with a reduced
inflammatory response to hRSV infection. Another mouse study (five mice/group) investigated the
effect of xylitol consumption (3.3 or 33 mg/kg/d) during 5 days prior to influenza infection and three
days post-infection. Mortality in mice infected with influenza A virus (H1N1) could not be influenced
by prophylactic oral application of xylitol or red ginseng. However, combining the two remarkably
reduced mortality. With a higher dose of xylitol (33 mg/kg body weight/day) being more effective than
the lower xylitol dose (3.3 mg/kg body weight/day). Interestingly, dietary administration of 33 mg/kg/d
xylitol significantly reduced the lung viral titer compared the PBS control [77].
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6.3. Anti-Inflammatory Effects of Xylitol

The studies discussed above indicate that xylitol may have anti-inflammatory effects on skin
by improving the epithelial tight junctions and thus limiting the leakage of microbial and other
foreign components into the host. It has been further shown that 0.0045%–0.45% xylitol exerts
direct anti-inflammatory effects after 24 and 48h on NHEKs stimulated ex vivo with toll-like receptor
agonists lipopolysaccharide (LPS), lipoteichoic acid and polyl:C, as compared to the cell culture
medium alone [11]. Although the authors noted some skin donor-dependent effect, xylitol was in
general effective in suppressing inflammatory cytokine interleukin (IL)-1α and IL-1β upregulation,
and also in decreasing tumor necrosis factor (TNF)-α after polyl:C induction. It can be hypothesized
that this reduced inflammatory response contributes to improved skin barrier function. Further
evidence on anti-inflammatory effects was observed in a hairless mouse model (23 animals/group).
Inflammatory responses induced by irritation of the skin for 3h with 5% SDS were substantially
reduced by concomitant topical xylitol administration (at 8.26% or 16.52%); normalizing the level
of lymphocytes and reducing the expression of inflammatory cytokines IL-1β and TNF-α, but not
IL-1α in skin biopsies, compared to biopsies only treated with 5% SDS [14]. On the other hand,
intraperitoneal injection of Escherichia coli LPS caused an increase in α1 acid glycoprotein in 10 and
12-day-old male broiler chicks (16 animals/group) as expected. This acute-phase inflammatory marker
protein was, however, not affected by the inclusion of 6% xylitol (+9% glucose) in the diet for 7 days [78].
Nevertheless, the LPS induced reduction in body weight gain, feed intake and feed efficiency were
partially prevented by the xylitol diet as compared to the 15% dietary glucose control; suggesting a
reduced physiological stress response to the immune challenge.

6.4. Conclusions

In animal models, xylitol has been observed to stimulate innate and acquired immunity;
mainly against bacterial infectious agents. For viral infections, results are less conclusive. Also,
the anti-inflammatory effects of xylitol are somewhat inconclusive and based on animal studies.
Information on the potential effects on human inflammatory responses is lacking.

7. Weight Management

7.1. Introduction

Overweight and obesity are an increasing health risk not only in affluent countries but increasingly
also in developing countries. Strategies to aid consumers with weight management are thus very
welcome and xylitol may play a role here. A potential mechanism by which xylitol could contribute
to weight management and reduced energy intake is through the induction of satiety. In addition to
weight management, there may also be a benefit in counteracting the consequences of overweight and
obesity, commonly referred to as metabolic syndrome; insulin resistance, high serum cholesterol and
hyperlipidemia [79].

7.2. Effects of Xylitol on Weight Management

An obvious contribution of xylitol to weight management is through the replacement of sucrose.
The caloric value of sucrose is 3.87 kcal/g and for xylitol approximately 2.4 kcal/g [2]. As xylitol is
equisweet to sucrose, replacing sucrose with xylitol will reduce the caloric value of a particular food
while maintaining taste. In confectionery, xylitol will also contribute the same bulk as sucrose. Whether
this will contribute to long-term weight loss is uncertain.

For short-term weight management, a high-fat diet animal model (6 rats/group), reported a
smaller bodyweight increase after an 8-week intervention, with less visceral (−12.9% and −15.5%)
and epididymal fat (−15.5% and −17%) was observed in rats on 1 and 2 g xylitol/100 kcal of diet,
respectively, as compared to animals fed an unsupplemented high-fat diet. This may be explained by
the observation that adipose tissue of the xylitol-fed rats exhibited significantly higher levels of mRNAs
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encoding peroxisome proliferator-activated receptor (PPAR)γ, adiponectin, hormone-sensitive lipase
(HSL) and adipose triglyceride lipase (ATGL). These factors regulate lipid metabolism and storage
and may have caused a miniaturization of adipocytes, lipolysis, and liver fatty acid oxidation [7].
Further animal studies (12 rats/group) have also reported lower weight for animals consuming 10%
or 20% dietary xylitol for 40 days; with 10% xylitol approximately 5% lower body weight and with
20% approximately 15% lower body weight [63]. In a fructose-streptozotocin-induced type 2 diabetic
rat model, 7 animals/group, were fed 0 (control), 2.5%, 5% and 10% dietary xylitol for 4 weeks.
A dose-dependent reduction in food and fluid intake was noted compared to diabetic control animals,
where 10% xylitol was not different from non-diabetic animals. Bodyweight gain was, however, similar
to the control animals but less than the healthy animals [80].

A one-year study with 91 obese subjects suggests an inverse relation between xylitol consumption
and weight loss; a high intake of xylitol would predict for a small weight loss. People in the two lower
quartiles had a 5.5-fold greater chance of losing more than 10% weight, while subjects in the highest
quartile and a 14 chance of losing less than 10% weight [81]. Whether this is just a correlation or an
actual causality remains to be determined.

7.3. Benefits of Xylitol on Satiety

Nasogastric administration of 50 g xylitol in 300 mL water to 10 obese and 10 lean volunteers
after an 8 h fasting, induced an increase in cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1)
compared to water alone [82]; both are indicated as satiation hormones. This was associated with
an increased time to gastric emptying in both groups as compared to the control (water). However,
subjective feelings of appetite were not influenced compared to the water control [82]. Similarly,
an earlier study indicated that 25 g xylitol in yogurt for 10 days had no influence on reported fullness in
16 healthy lean adults. However, the combination of 12.5 g xylitol and 12.5 g polydextrose resulted in
an increased subjective feeling of fullness [83]. Interestingly, clinical studies have reported that a single
dose of 30 g xylitol in 200 mL water resulted in a change in gastric emptying half-time from 39.8 min
during the glucose control to 77.5 min during the xylitol test with 5 healthy volunteers in a cross
over design study. This delay in gastric emptying was associated with increased plasma motilin [84].
Motilin is involved in the regulation of small intestinal motility [85]. After ingestion of 25 g of xylitol
in 50 mL water by ten healthy volunteers, the gastric emptying halftime was increased from 58 min to
91 min compared to the water only control as well as the 25 g glucose comparator in a crossover study.
Food intake after xylitol preloading was reduced from 920 (water control) to 690 kcal [86]. Similar
observations were made by King and co-workers [83] who observed that during a ten-day ingestion of
yogurt containing 25 g of xylitol, 90 min prior to lunch, reduced the combined caloric intake by 11.9%.
This difference did, however, not reach statistical significance compared to control.

7.4. Benefits of Xylitol on Metabolic Health

Xylitol, although having a similar sweetness as sucrose and glucose, has different molecular
properties and thus does not lead to an increase in blood glucose or insulin levels [83]. Xylitol has a
glycemic index of 7 ± 7 compared to a value of 100 for glucose; not surprisingly, the serum insulin and
C-peptide responses to xylitol are negligible [87]. Carbohydrate and lipid oxidation were not observed
to be influenced when eight healthy non-obese males consumed a single dose of 25 g xylitol after an
overnight fast [87].

In animal models of type-2 diabetes (7 rats/group), induced through high-fructose feeding and
injection of streptozotocin, administration of xylitol at 2.5%, 5% and 10% in drinking water during 4,
respectively 5 weeks has been observed to improve serum insulin concentration at all tested xylitol
concentration and glucose tolerance at 10% but not 2.5% and 5% xylitol [80,88]. In a study with 10 obese
and 10 lean, non-diabetic volunteers; nasogastric administration of 50 g xylitol in 300 mL water after an
8 h fasting, resulted in a small but significant increase in serum glucose after administrations of xylitol
compared with placebo. The authors hypothesized that this could be due to a decrease in plasma
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glucose over time after placebo intake rather than an increase in plasma glucose after xylitol intake [82].
However, the small increase is in line with earlier reports [87] and can be explained by the normal
metabolism of absorbed xylitol to glucose by the liver [7].

In a non-diabetic non-high-fat diet rat model, total cholesterol and low-density lipoprotein
(LDL)-cholesterol were significantly reduced (approximately 50% and 75%, respectively) after
three weeks in the 10% xylitol drinking water group (6 animals) compared to water only control
(5 animals) [89]. In a fructose-streptozotocin-induced type 2 diabetic rat model, 7 animals/group,
were fed 0 (control), 2.5%, 5%, and 10% dietary xylitol for 4 weeks a dose-dependent reduction in
serum cholesterol was observed. This was in particular driven by a dose-dependent reduction in
LDL-cholesterol, where 10% xylitol reached a level lower than the non-diabetic control animals [80].
A similar trend has been reported for humans as well, but only with high doses (40–100 g/day) of
xylitol [90].

In a high-fructose streptozotocin-induced, diabetes animal model (7 rats/group), administration of
10% xylitol in drinking water was not found to improve serum triglycerides after 5 weeks as compared to
diabetic animals in the unsupplemented control group [88]. However, a fructose-streptozotocin-induced
type 2 diabetic rat model, 7 animals/group, were fed 0 (control), 2.5%, 5%, and 10% dietary xylitol
for 4 weeks observed a dose-dependent increase in serum triglycerides [80]. A differential lipidemic
response between healthy and type 2 diabetic animal models and humans has been suggested [91].

7.5. Conclusions

While there is some indication for improved short-term weight loss in animal models, the long-term
data in humans is inconclusive. There is some indication that xylitol may influence satiety hormones
and gastric emptying in humans. Whether this translates into an effect on weight management remains
to be determined. The benefit of xylitol on metabolic health; in addition to the benefit of the mere
replacement of sucrose, remains to be determined in humans. Although there are indications for
reduced LDL-cholesterol with xylitol consumption, this would need to be confirmed with lower dietary
doses in humans as well as the effect of xylitol on serum triglycerides.

8. Discussion

The dental health benefits of xylitol are well established [3]. Here, we have highlighted that xylitol
also has other potential health benefits, Figure 3. Many of these are related to oral-pharyngeal health.
Changes in the respiratory microbiota are associated with positive effects on respiratory infections,
sinusitis, and acute otitis media. Also, the immune function modulating effects of xylitol may
contribute to the reduction in respiratory-related infections. Furthermore, topical or oral administration
of xylitol seems to have anti-inflammatory effects on immune function and could be beneficial in
controlling for example skin inflammation. As a non-digestible, non-absorbed, selectively fermentable
carbohydrate, xylitol also exhibits the characteristics of prebiotics. Xylitol consumption is associated
with changes in microbiota composition and metabolic activity, and influences bowel and immune
function, and positively influences bone health. Being a low caloric sweetener, xylitol may contribute
to weight management; but also by stimulating satiety and contributing to improved serum cholesterol
levels. Finally, the topical application of xylitol is associated with improved skin moisture and improved
skin barrier.

There are thus many opportunities for additional health benefits of xylitol. However, a limitation is
that many of these novel health end-points are mainly based on in vitro and animal studies, and limited
human intervention studies. This is helpful for the exploration of new health targets and for their
mechanistic understanding. Furthermore, it should be observed that animal studies often used 6%–20%
of xylitol in the diet, which obviously is beyond what is feasible for human consumption. There is,
therefore, a rationale and especially a need to investigate the feasibility of these potential health benefits
in humans.
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Figure 3. Summary of non-dental health benefits of xylitol. Arrow thickness indicates the level of
documentation. Thin arrows indicate only in vitro or animal data, while thick arrows indicate some
level of human data.

The purpose of the current review was to focus on xylitol. However, it may be relevant to place
this into the perspective of other sugar alcohols; without embarking on an in-depth review. In addition
to 4 g/day xylitol, one month of 4 g/day sorbitol and to a lesser degree 4 g/day mannitol but not
3 g/day erythritol reduced tetracycline induced bone resorption in rats [64]. Inhaled mannitol may
improve some lung functions in cystic fibrosis patients as indicated in a recent Cochrane review [92].
Some polyols, such e.g., lactitol [93] and sorbitol [94], have been suggested to have prebiotic potential.
For improving bowel function, lactitol appears to be the sugar alcohol of choice [95]. Mannitol can
work as an antioxidant and protect hyaluronic acid in the skin [96]. Lactitol has been reported to
stimulate secretory IgA production [97]. Erythritol causes no increase in blood serum glucose level [82].
While sorbitol and erythritol have been shown to reduce glucose absorption from the intestine and
improve muscular glucose absorption ex vivo [98–100]. Thus, while other sugar alcohols have multiple
potential beneficial health effects, xylitol seems to be the more versatile or more investigated one.
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Abstract: The gut microbiome plays an important role in human health and influences the development
of chronic diseases ranging from metabolic disease to gastrointestinal disorders and colorectal cancer.
Of increasing prevalence in Western societies, these conditions carry a high burden of care. Dietary
patterns and environmental factors have a profound effect on shaping gut microbiota in real time.
Diverse populations of intestinal bacteria mediate their beneficial effects through the fermentation
of dietary fiber to produce short-chain fatty acids, endogenous signals with important roles in
lipid homeostasis and reducing inflammation. Recent progress shows that an individual’s starting
microbial profile is a key determinant in predicting their response to intervention with live probiotics.
The gut microbiota is complex and challenging to characterize. Enterotypes have been proposed using
metrics such as alpha species diversity, the ratio of Firmicutes to Bacteroidetes phyla, and the relative
abundance of beneficial genera (e.g., Bifidobacterium, Akkermansia) versus facultative anaerobes (E. coli),
pro-inflammatory Ruminococcus, or nonbacterial microbes. Microbiota composition and relative
populations of bacterial species are linked to physiologic health along different axes. We review the
role of diet quality, carbohydrate intake, fermentable FODMAPs, and prebiotic fiber in maintaining
healthy gut flora. The implications are discussed for various conditions including obesity, diabetes,
irritable bowel syndrome, inflammatory bowel disease, depression, and cardiovascular disease.

Keywords: gut microbiota; nutrition; habitual diets; Western diet; obesity; cardiometabolic risk
factors; chronic health conditions; gastrointestinal disorders; prebiotics and probiotics

1. Introduction to Gut Microbiota and Disease

The intestinal microbiome has recently been implicated in a host of chronic diseases ranging
from inflammatory bowel disease (IBD), type 2 diabetes (T2D), and cardiovascular disease (CVD) to
colorectal cancer [1–3]. The community of ~200 prevalent bacteria, virus, and fungi inhabiting the
human gastrointestinal (GI) tract provide unique metabolic functions to the host and are fundamentally
important in health and disease [4,5]. Microbiome refers to the collective genomes of all microorganisms
inhabiting an environment. While isolating and culturing each individual species is an intractable
task, a cutting-edge method of sequence analysis, metagenomics, has enabled the reconstruction of
microbial species and their function from the collective nucleotide contents contained in a stool sample.
Shotgun metagenomic sequencing analysis discovered 1952 unclassified bacteria species in the human
gut microbiome in addition to the 553 bacteria previously cultured from the gut [6]. A central question
in medicine concerns the nature of the relationship between human health and the gut microbiota,
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which refers to the community of microorganisms themselves, the relative abundance of individual
species populations, and their function.

Metagenomics and analysis of twins data has revealed that environmental factors such as diet
and household cohabitation greatly outweigh heritable genetic contributions to the composition
and function of gut microbiota [7]. Analogous to the genetic heritability statistic, Rothschild et al.
constructed a microbiome-association index. Significant associations are observed between the gut
microbiome and host phenotypes for body mass index (BMI) (25%), waist-to-hip ratio (24%), fasting
glucose levels (22%), glycemic status (25%), high-density lipoprotein (HDL) cholesterol levels (36%),
and monthly lactose consumption (36%) [7]. Compared to BMI, waist-to-hip ratio is an anthropometric
measurement of central obesity and stronger predictor of diastolic and systolic blood pressure, total
cholesterol/HDL, and triglycerides [8] as well as death from CVD [9].

The Western diet has profound effects on the diversity and populations of microbial species that
make up gut flora [10]. The U.S. is home to the largest number of immigrants in the world, many
of whom develop metabolic diseases post immigration. Earlier epidemiological evidence revealed
a fourfold increase in obesity risk is possible within 15 years of emigrating to the U.S. compared
to populations remaining in their birth country [11]. In a recent cross-sectional and longitudinal
study of a multi-generational Asian American cohort, emigrating to the U.S. was shown to reduce
gut microbial diversity and function [12]. Alpha diversity was measured using the Shannon entropy,
a quantitative index that accounts for the abundance and evenness of species residing in the host,
as opposed to species richness, which is the number of species present. Within the gram-negative
Bacteroidetes phylum, bacterial strains from the genus Prevotella, whose enzymes degrade plant fiber,
became displaced by dominant strains from the genus Bacteroides according to an individual’s time
spent in the U.S. The ratio of Bacteroides to Prevotella increased by factors of 10, correlating with the
time in decades spent in the U.S. Prior to this study, metagenomics had identified three clusters of
variation in the human gut, referred to as enterotypes [13]. The first enterotype, high in Bacteroides
and low in Prevotella, is found in individuals on a long-term Western diet high in animal protein, the
nutrient choline, and saturated fat [14]. The second enterotype is high in Prevotella, low in Bacteroides,
and associated with a plant-based diet rich in fiber, simple sugars, and plant-derived compounds.
While less distinct, a third potential enterotype was found with a slightly higher population of genus
Ruminococcus within the phylum Firmicutes. Enriched Ruminococcus is associated with irritable bowel
syndrome (IBS) [15], and transient blooms of pro-inflammatory Ruminococcus have been associated
with active flare-ups in IBD [16]. R. gnavus, a prevalent gut microbe that proliferates in IBD, has been
found to secrete a unique L-rhamnose oligosaccharide that induces tumor necrosis factor alpha (TNFα),
a major pro-inflammatory cytokine [17].

2. Microbiota, the Immune Response, and Diet in IBD

IBD is a chronic GI disorder characterized by an overactive immune response to the gut microbiome.
A serious, debilitating condition, IBD affects growth and development in children, increases the risk
of colorectal cancer, and can lead to life-threatening complications [18]. There are two forms of IBD,
Crohn’s disease and ulcerative colitis, that differ in the inflamed areas of the intestine. Normally,
anaerobic microbes in the gut derive their nutrients from fermentation of indigestible oligosaccharides
and other carbohydrates escaping proximal digestion [19]. In IBD, respiratory electron acceptors
generated as a byproduct of the inflammatory host response become environmental stressors that
support bacterial growth [20]. The disorder results in oxidative stress for the host and the microbiome,
leading to gut dysbiosis in the form of decreased community richness and proliferation of facultative
anaerobic Enterobacteriaceae and adherent invasive strains of Escherichia coli [16,20,21]. Drug therapies
for IBD have traditionally included immunosuppressants in the form of corticosteroids, antimetabolite
agents, or anti-TNF antibodies, often with ancillary administration of antibiotics [22]. An alternative
treatment, given predominantly to children, is a defined enteral nutrition formula. Dietary therapy has
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the advantage of obviating the need for immunosuppression and is thought to work by altering the
composition of gut microbiota.

A longitudinal study involving metagenomic analysis was conducted of 90 children initiating
treatment for Crohn’s disease [22]. GI symptoms, mucosal inflammation, and microbial communities
were compared for dietary and anti-TNF therapy and antibiotic use relative to healthy children.
Microbial communities separated into two clusters based on composition. The dysbiotic community
associated with active disease was characterized by increased fungal representation, increased
lactose-fermenting bacteria (Streptococcus, Lactobacillus, Klebsiella), and the presence of human DNA
in the stool (from epithelial cells and white blood cells). Crohn’s patients also had reduced relative
abundance of Prevotella and increased Escherichia compared to healthy children. Treatment with
antibiotics in the last six months was strongly associated with microbial dysbiosis [22], consistent
with earlier findings that oral antibiotics for acne are a risk factor for new onset Crohn’s disease [23].
Antibiotic-treatment was observed to enrich fungi such as Candida and Saccharomyces [22]. Treatment
with the enteral nutrition [24] or antibody therapies, on the other hand, reduced inflammation and
markedly improved gut microbiota. The relative populations of fungi were reduced within one week
of receiving the defined dietary formula, which lacked fiber [22]. Since a defined formula was effective
for restoring healthy microbiota, it is conceivable that a more general oral diet with the proper nutrition
can restore the intraluminal environment [25–27].

3. Microbial Metabolites and Short-Chain Fatty Acids

3.1. SCFA Receptor Activation

Short-chain fatty acids (SCFAs) have attracted considerable attention for their role in human
health [28]. Obligate anaerobic bacteria (phyla Firmicutes and Bacteroidetes) encode a variety of
enzymes for hydrolyzing complex carbohydrates (chains of sugar molecules) not digestible by the host
such as resistant starch and fiber. Certain genera such as Lactobacillus and Bifidobacterium specialize in
oligosaccharide fermentation, utilizing galactooligosaccharides (GOS), fructooligosaccharides (FOS),
and polysaccharide inulin [29]. Carbohydrate fermentation by anaerobes provides the host with
important SCFAs such as acetate, propionate, and butyrate [30]. Several receptors have been identified
for SCFAs such as free fatty acid receptor 3 (FFAR3 or GPR41) and niacin receptor 1 (GPR109A) [31].
GPR41 and GPR109A are G-protein coupled receptors (GPCRs) found on intestinal epithelial cells,
immune cells, and adipocytes. As endogenous agonists in GPCR signal transduction, SCFAs have
a profound effect on physiological processes [32,33] independent of delivering calories to the host
as carbon molecules [34]. GPR41 is associated with increased energy expenditure, leptin hormone
expression, and decreased food intake [31,35]. Analogous to the activity of niacin, butyrate activates
GPR109A to suppress colonic inflammation and colon cancer development [36]. Niacin is a known
lipid-lowering agent: GPR109A inhibits triglyceride hydrolysis (lipolysis) in adipocytes, lowering
blood levels of triglyceride and low-density lipoprotein (LDL) to reduce atherogenic activity. Acetate
and propionate activate cell surface receptor GPR43 to induce neutrophil chemotaxis. GPR43 is
anti-lipolysis and implicated in IBD, but contradictory results in mouse models leave doubt as to
whether an agonist or antagonist will best treat colitis [35]. There is a growing interest in pursuing
GPR41 and GPR43 as drug targets for the chronic inflammatory disorders asthma, arthritis, and
obesity [37]. Much work remains to be done to establish the appropriate disease models needed to
study these conditions.

Colonic epithelial cells (colonocytes) are the control switch separating microbial homeostasis
from gut dysbiosis [38]. It is known that antibiotics deplete microbes that ferment essential SCFAs
such as butyrate, which are normally responsible for maintaining microbial homeostasis [24,39]. The
lack of butyrate silences metabolic signaling in the gut. Mitochondrial beta-oxidation in colonocytes
becomes disabled, resulting in a transfer of oxygen, which freely diffuses across cell membranes from
the blood to the GI lumen. Oxygen in the colon then allows for pathogenic facultative anaerobes
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such as E. coli [40] to outcompete the benign obligate anaerobes that characterize a healthy gut [41,42].
Microbial homeostasis is normally maintained by peroxisome proliferator-activated receptor gamma
(PPAR-γ). PPAR-γ is a nuclear receptor activated by butyrate and other ligands, is found in adipocytes
and colonocytes, and is responsible for activating genes involved in glucose and lipid metabolism.
Lack of butyrate signaling results in nitrate electron acceptors being released into the colon, which
facultative anaerobes can also use for cell respiration, breaking down carbohydrates into carbon dioxide
rather than fermenting them [20]. Facultative anaerobes, including Proteobacteria, could further
affect nutrition by catabolizing SCFAs present in the lumen [38]. The metabolic reprogramming of
colonocytes is analogous to that of macrophages, which become polarized toward anaerobic glycolysis
in response to proinflammatory signals. In ulcerative colitis, excessive epithelial repair results in lower
PPAR-γ synthesis, which reduces beta-oxidation and increases oxygenation of colonocytes. Inflamed
mucosae in colitis patients are increased in Proteobacteria, a major phylum of gram-negative bacteria,
but decreased in gram-positive Firmicutes. Treatment with PPAR-γ agonist, however, can improve the
microbial balance [43].

3.2. Fecal Biomarkers and IBS

Fecal biomarkers such as inflammatory proteins, antimicrobial peptides, and SCFA levels are
emerging as a non-invasive screening tool for assessing and diagnosing various health conditions [44].
Patients with IBD have lower fecal levels of acetate, propionate and butyrate, and higher levels of lactic
and pyruvic acids than healthy individuals [45]. Given the relationship between bacterial fermentation
products and atherosclerosis, ongoing research aims to characterize the fecal microbiota and SCFA
signatures of individuals with high blood lipid levels [46]. High levels of isobutyric acid could be
one such biomarker for hypercholesterolemia. Colonoscopy is an invasive exam relied on in the
United States as a periodic screen for colorectal cancer [18], but annual screening is performed in many
countries using a non-invasive fecal immunochemical test, which looks for microscopic blood in the
stool [47]. Current efforts are underway to identify novel microbial biomarkers for colorectal cancer
given that it is associated with increased fecal levels of F. nucleatum, a promoter of tumorigenesis [3].

Unlike structural disorders such as IBD, IBS is a functional disorder and collection of GI symptoms
observed in the absence of macroscopic signs of inflammation. Despite affecting 10–15% of the
population and the potential for low quality of life, its etiology is unclear and current drug treatments
are largely ineffective [48]. Diagnosis has traditionally relied on symptom criteria, stool characteristics,
and questionnaires, once all other pathologies are ruled out [49]. The Rome criteria sets classifications
for four subtypes: IBS with predominant diarrhea (IBS-D), IBS with predominant constipation (IBS-C),
and IBS with mixed or alternating-type bowel habits (IBS-M) depending on whether >25% of bowel
movements belong to soft or hard type stool categories or both, respectively, followed by IBS unclassified
(IBS-U) [50]. It has been known for some time that IBS patients have reduced microbial diversity
compared to healthy subjects [51], see also References 6–9 in [51]. Inflammatory proteins such as human
β-defensin 2, a bactericide, have been identified as a useful fecal biomarker in IBS and IBD [48,51,52].
Lastly, the concentration difference in two SCFAs, propionic minus butyric acid, has been shown to be
positive for all four IBS subtypes but negative in healthy subjects [53].

3.3. Leaky Gut

Elevated levels of interleukin 6, a pro-inflammatory peptide cytokine, and plasma levels of
lipopolysaccharide (LPS) endotoxin, a marker of gram-negative bacterial translocation, were found
to be elevated in a subpopulation of IBS-D patients with small intestinal permeability, analogous to
that observed in celiac disease [54]. It is hypothesized that psychological stress can exacerbate the
inflammatory condition by allowing translocation of harmful bacterial products across the intestinal
epithelium. Known as “leaky gut”, a compromised epithelial barrier allows toxins and antigens in the
GI lumen to enter the bloodstream. A healthy gut flora is important in maintaining the intestinal barrier.
By increasing the expression of tight cell junction proteins, beneficial probiotics such as Lactobacillus
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and Bifidobacterium can limit the development of autoimmune diseases in genetically susceptible
individuals [55] and fatty liver disease in obese individuals [56]. In alcoholic liver disease, alcohol
consumption causes gut permeability by reducing the expression of REG3, a bactericidal protein
normally responsible for restricting the mucosal colonization of luminal bacteria [57].

3.4. Gut-Brain Interactions

In the last decade, it has been discovered that the enteric and central nervous systems are linked
via a bidirectional communication network termed the gut-brain axis. Gut-brain communication is
disrupted in the cases of IBS and microbial dysbiosis [58], in the former leading to changes in intestinal
motility and secretion and causing visceral hypersensitivity (hyperalgesia) [59]. Recurrent abdominal
pain is a hallmark characteristic of IBS. Autism spectrum disorder, which is often associated with
constipation, has been connected to gut dysbiosis in the form of an increased Firmicutes/Bacteroidetes
ratio and high levels of facultative anaerobes Escherichia/Shigella and the fungal genus Candida [60,61].
It is suggested that leaky gut contributes to the pathogenesis of autism by increasing systemic
metabolites that alter the neuroimmune and neuroendocrine systems, thus affecting the brain and
neurodevelopment [61–63].

For the last century, the ketogenic diet (KD) has been used to treat refractory epilepsy in
children’s hospitals [64], achieving a 50% reduction in seizure rates [65]. KD restricts the proportion of
carbohydrate intake to create a state of ketosis in which the body relies on ketone bodies for energy
rather than glucose. Clinical studies are now investigating the use of KD for treating neurological
conditions including autism, Alzheimer’s, and Parkinson’s disease, with promising results obtained
for small cohorts [66]. The mechanism of action was initially thought to result from the normalization
of aberrant energy metabolism associated with these disorders, but the role of the gut microbiota is
now coming into focus. A recent comparison of KD-fed conventionally raised mice versus mice treated
with antibiotics or reared germ-free revealed that alterations in the gut microbiota are required to
reproduce the anti-seizure effects of KD [67]. Following KD was observed to enrich the populations
of the anaerobic genera Akkermansia and Parabacteroides. Moreover, increased levels of the inhibitory
neurotransmitter γ-aminobutyric acid (GABA) were detected in metabolite profiles of the brain
hippocampus of KD-fed mice and were observed to be microbiota-dependent. GABA is a principal
means of reducing communication between brain cells, and neuronal excitability is enhanced in
neurological conditions such as epilepsy, anxiety, and Alzheimer’s disease [66,68]. Besides dietary
intervention, these and other observations suggest that supplementation with prebiotics or probiotics
could be used to improve cognitive symptoms associated with neurological conditions ranging from
autism to Alzheimer’s and Parkinson’s [69,70], giving rise to the notion of “psychobiotics” [71,72].

Fecal microbiota transplantation (FMT) is yet another therapeutic option, which involves the
engraftment of microbes from a healthy donor [73]. In a study of 18 autistic children, an eight-week
course of FMT resulted in behavioral improvement and an 80% reduction in GI symptoms and
abdominal pain associated with autism [74]. Outcomes remained improved when assessed eight
weeks after treatment had ended, lending support to the hypothesis that gut microbiota are at least
partially responsible for autism symptoms. Analysis of microbiota composition showed that FMT
increased overall bacterial diversity and the abundance of fermentative Bifidobacterium and Prevotella in
autistic individuals even after treatment cessation. In other clinical studies, FMT has demonstrated
a 90% success rate for treating recurrent Clostridioides difficile infection, clinical remission rates of up
to 78% in treating IBD, and symptom resolution or improvement in up to 70% of IBS patients [75].
Interest is now growing for the application of FMT in other disorders ranging from Parkinson’s to
metabolic syndrome [75,76]. In patients with metabolic syndrome, FMT was shown to improve insulin
sensitivity for those with decreased baseline microbial diversity, but the effects did not persist in the
long-term [77].

Other lines of clinical evidence on the gut-brain interaction show that gut microbiota influences the
central nervous system by alterations in the release of neuroendocrine hormones and neurotransmitter
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activity. Dysfunctions in GABA receptor signaling are implicated in anxiety and depression, and
beneficial bacteria Lactobacillus and Bifidobacterium convert the amino acid glutamate into GABA [78,79].
Metagenomic analysis of a 1054-person Flemish cohort revealed that butyrate-producing Faecalibacterium
and Coprococcus associate with higher quality of life and improved mental health, while Dialister and
Coprococcus are depleted in cases of depression [79]. To improve cognitive symptoms associated with
clinical depression and anxiety, beneficial probiotic strains of B. longum and L. helveticus have been
administered clinically with promising results [72,80]. In a study comparing young and middle-aged
mice, dietary supplementation with prebiotic inulin was observed to increase Bifidobacterium and
Akkermansia, reduce neuroinflammation and anxiety, and improve cognition in middle-aged mice [81].
The fact that alterations in gut microbiota can provide cognitive symptom relief could offer one basis
for the relationship observed between quality of diet and one’s mental health status [82].

4. Gut Microbiota and Metabolic Syndrome

4.1. Obesity, Microbial Diversity, and SCFA Supplementation

Clear links are emerging between the microbiome and its effects on host metabolism, with
profound implications for human health given the rise of obesity and metabolic syndrome in Western
society [83]. A study of four twin pairs discordant for obesity by Ridaura et al. revealed differences in
their microbiota [84], with the lean individuals exhibiting an increase in bacterial SCFA fermentation
and transformation of bile acids. To show that SCFA production was transmissible, the human fecal
microbiota was transplanted into lean and obese mice. Obese mice were also cohoused with lean
mice for 10 days, which countered weight gain due to an invasion of their microbiome by specific
members of Bacteroidetes when a low-fat diet was administered. Such findings highlight the role of
environmental factors in shaping gut microbiota and the development of obesity.

A study of human and mouse microbiota correlated obesity with differences in the relative
abundance of two dominant bacterial divisions and showed that obese individuals have an increased
capacity to harvest energy from the diet [85]. Relative to lean mice and humans, obese individuals
have an increased relative abundance of Firmicutes, and reduced abundance of Bacteroidetes. The
observation that reduced microbial diversity enhances calorie harvesting is also supported by a
metagenomic analysis comparing microbiotas belonging to identical and fraternal twins and their
mothers [86]. More recent work demonstrated that individuals with low microbial gene count
have more systemic inflammation, adiposity, insulin resistance, and dyslipidemia [87]. Low gene
count individuals gained more weight over time and were dominant in Bacteroides and Ruminococcus
genera, while 36 genera including Faecalibacterium, Bifidobacterium, Lactobacillus, and Akkermansia were
significantly associated with high gene count, lean individuals. In an analogous study involving 49
overweight or obese individuals, following an energy-restricted diet for six weeks was observed to
partially restore microbial gene richness [88].

In human and rodent studies, one species of the Verrucomicrobia phylum inversely correlates
with obesity and T2D, Akkermansia muciniphila, a mucus colonizer that can use mucin as its sole
carbon and nitrogen source in times of caloric restriction. Treatment in mice with a probiotic strain of
A. muciniphila or its prebiotic FOS was shown to reverse high fat diet-induced weight gain and insulin
resistance, increase intestinal endocannabinoids controlling inflammation and the gut barrier, and
counteract diet-induced decreases in mucus layer thickness [89]. In mouse fed a high-fat/high-sucrose
diet, polyphenol-rich cranberry extract was found to protect against metabolic syndrome and intestinal
inflammation by increasing the relative abundance of Akkermansia [90]. In humans, A. muciniphila
levels at baseline and after a six-week calorie restriction diet were observed to correlate inversely with
fasting glucose, waist-to-hip ratio, and plasma triglycerides [91]. A recent pilot study was conducted in
overweight or obese insulin-resistant volunteers. Daily oral supplementation with 1010 A. muciniphila
cells was found to improve insulin sensitivity, reduce insulinemia, and decrease body weight over a
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three-month period [92]. Such successful studies suggest that A. muciniphila could find use as a next
generation probiotic to combat metabolic syndrome [93].

Roux-en-Y gastric bypass (RYGB) surgery is one of the most effective treatments for morbid obesity
and T2D. RYGB reduces adiposity, improves glucose metabolism, increases resting energy expenditure,
and results in rapid and sustained weight loss, but these effects cannot simply be attributed to decreased
food intake and absorption [94,95]. In patients post-gastric-bypass, the abundance of Firmicutes has
been found to decrease [96]. Prevotella is observed to increase three months after surgery relative
to obese individuals, while Faecalibacterium prausnitzii is lower in diabetic subjects and correlates
negatively with low-grade inflammatory markers [97]. In a mouse model, RYGB has been shown to
restructure microbiota via a rapid and sustained increase in the relative abundance of Akkermansia
downstream of the site of surgery in the gut [94].

Jiao et al. examined the effects of orally administering doses of the SCFAs acetic, propionic, and
butyric acid to weaned pigs [98]. SCFA administration was observed to decrease serum levels of
triglycerides, total cholesterol, and insulin, while increasing serum concentrations of the leptin hormone.
Remarkably, the study demonstrated that SCFAs attenuate fat deposition by inhibiting feed intake,
reducing lipogenesis, and enhancing lipolysis. Another study of 12 men undergoing colonic infusions
showed that receiving an enema containing SCFAs can increase fasting fat oxidation and resting
energy expenditure [99]. In a healthy diet, the bacterial fermentation of fiber into SCFAs promotes
microbial diversity and is one mechanism by which high fiber intake inhibits weight gain [100,101],
even outweighing heritable contributions to obesity [102].

The metabolic effects of butyrate were measured in a study of mice fed a high-fat diet (60%
of calories from lard) [103]. Oral but not intravenous administration of butyrate was shown to act
on the gut-brain circuitry via the vagus nerve, decreasing food intake and preventing diet-induced
obesity, hyperinsulinemia, hypertriglyceridemia, and fatty liver disease. Interestingly, butyrate also
promoted fat oxidation and activated brown adipose tissue. The finding that butyrate improves energy
metabolism without eliciting any ill effects suggests that oral supplementation might be a promising
strategy for combatting cardiometabolic disease [104]. Butyrate was further shown to alter the gut
microbiota independent of the vagus nerve [103]. Specific genera within the subclass Erysipelotrichia
were significantly increased, bringing the relative abundance of the Firmicutes phylum from 26% to
32% relative to controls, while the Bacteroidetes phylum decreased from 71% to 66%. The ratio of
Firmicutes to Bacteroidetes increased by 21% upon butyrate administration. Given that Firmicutes
generally correlate with a less beneficial metabolic profile [105], it appears that specific species of
Erysipelotrichia are beneficial to host energy metabolism.

4.2. Microbiota in Diabetes

Both obesity and diabetes are characterized by insulin resistance and low-grade inflammation. A
mouse study by Cani et al. points to bacterial LPS as a causative factor of insulin resistance, obesity, and
diabetes [106]. Feeding and fasting cycles increased or decreased plasma levels of LPS, respectively,
and metabolic endotoxemia was observed in mice fed a four-week high-fat diet that increased the
proportion of gram-negative bacteria in the gut, raising plasma LPS concentration by a factor of two to
three. Endotoxemia could also be induced via subcutaneous infusion of LPS for four weeks, resulting in
weight gain and increased fasting hyperglycemia and hyperinsulinemia. LPS produces inflammation
in adipocytes through the activation of toll-like receptor 4 signaling [107]. Thus, prebiotics that improve
intestinal microbiota and reduce intestinal permeability are of potential clinical use for the treatment
of diabetes [108,109]. Randomized controlled trials have reported improvements in glycemia and
cardiovascular markers in T2D patients taking resistant starch, resistant dextrin, or inulin [110].

Consumption of dietary fiber has positive metabolic health effects including increased satiety,
decreased weight gain, and lowered blood glucose and cholesterol levels, serving to reduce the risk of
CVD and T2D [111–113]. Fiber has historically been classified as either soluble or insoluble, but plant
cell walls often contain both and this distinction does not always predict physiological function [114].
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It can be more useful to classify fibers into four categories based on whether they are readily fermented
and whether they form a viscous cross-linked gel [115]. Insoluble fiber (wheat bran) is poorly fermented
and does not alter viscosity. Soluble, nonviscous fiber (inulin, wheat dextrin, resistant starch) is readily
fermented. Conversely, viscous gel-forming fibers can be fermentable (β-glucan) or not (psyllium).
Improvements in metabolism can arise from three factors: microbial fermentation of soluble fiber into
SCFAs [33,95,100], delayed nutrient absorption and improved cholesterol/glucose due to viscous gel
formation [115,116], and the ability of insoluble fiber to reduce insulin resistance by interfering with
protein absorption [112]. In conventional rats, a high-fat diet was found to reduce butyrate formation
and increase liver cholesterol and triglyceride content compared to rats fed a low-fat diet, but these
effects could be partially reversed by adding fermentable dietary fiber to the high-fat diet [117]. In a
12-week mouse study, supplementing a high-fat diet with 10% fermentable flaxseed fiber dramatically
increased butyrate production, energy expenditure, and Bifidobacterium and Akkermansia levels, while
countering weight gain [118]. In contrast to the Western diet, consuming daily servings of fiber, fruit,
and vegetables promotes the alpha diversity of bacterial species in the gut [12,102,119–121].

Suez et al. investigated the impact of non-caloric artificial sweeteners (NAS) on glucose
tolerance [122]. Commercial formulations of saccharin, sucralose, or aspartame were added to
the drinking water of lean mice for 11 weeks. The 10% NAS solutions were well below the known toxic
doses given per kg body weight. While mice drinking water, glucose, or sucrose had similar glucose
tolerance curves, all three NAS-consuming groups developed glucose intolerance, which could be
reversed upon antibiotic treatment. NAS was also shown to induce changes in gut microbiota previously
observed in T2D; notably, the over-representation of gram-negative Bacteroides and under-representation
of gram-positive Clostridiales. Bacterial taxa were enriched in the metabolic pathways involved in
glycan degradation, contributing to enhanced capacity for energy harvest [85]. Lastly, Suez et al.
assessed long-term NAS consumption in a clinical nutrition study using a food frequency questionnaire
given to 381 non-diabetic individuals. Significant positive correlations were found between NAS
consumption and measures of metabolic syndrome including increased weight, waist-to-hip ratio,
fasting blood glucose, and hemoglobin A1c [122].

The link between NAS consumption in mice and alterations in gut microbiota lends support
to the notion that individuals can have a personalized response to dietary components based on
existing or acquired differences in their microbiota. A study of 800 healthy and prediabetic Israelis
revealed high interpersonal variability in their postprandial glucose responses to the same foods,
which could be attributed to differences in gut microbiota and other factors [123]. A machine learning
algorithm was developed by Zeevi et al. and found to accurately predict personalized glycemic
responses to real-life meals using information on blood parameters, dietary habits, anthropometric
measures, physical activity, and gut microbiota. Twenty-six new participants were then recruited for a
randomized controlled trial. The algorithm was found to be capable of choosing a personalized diet
that successfully lowered the post-meal glycemic responses for each individual [123]. An analogous
study of Midwestern Americans predicted glycemic responses once the abundances of Prevotella and
Bacteroides were taken into account [124]. Such studies highlight the significance of individual microbial
profiles in constructing therapeutic interventions, of great potential relevance to the emerging field of
personalized nutrition [125].

Finally, diabetes medications have been connected to positive changes in gut microbiota.
Metagenomic analysis of 345 Chinese volunteers revealed that diabetics have a decrease in
butyrate-producing bacteria and an increase in opportunistic pathogens relative to healthy subjects [126].
A four-month placebo-controlled study was recently performed on 40 newly diagnosed T2D
patients [127]. In individuals given the gold standard T2D drug, metformin, rapid alterations
were observed in the composition of the gut microbiome. In the entire cohort, a negative association
was observed between hemoglobin A1c blood levels and B. adolescentis, a species whose replication
rate was increased by metformin. Transfer of fecal samples before and after metformin treatment to
germ-free mice showed that improved glucose tolerance can arise solely from the metformin-altered
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microbiota. At the chemical level, the antidiabetic effects were attributed to increased microbial
production of SCFAs and changes observed in the bacterial expression of metal-binding proteins [127].

In a rodent study, mice fed a high-fat diet containing lard oil had reduced expression of sodium
glucose cotransporter-1 (SGLT1) [128]. SGLT1 is normally required for healthy glucose sensing in the
upper small intestine in order to lower endogenous glucose production by the liver. Treatment with
metformin was observed to restore SGLT1 expression and enhance intestinal glucose uptake. Metformin
also increased the abundance of Lactobacillus bacteria in the upper small intestine. The antidiabetic
effect was transmissible upon fecal transplantation, showing that the intestinal microbiota restores
SGLT1 expression and glucose sensing in untreated obese rats. Before treatment, mice consuming
the high-fat diet had a decreased abundance of gram-positive phylum Actinobacteria, while phylum
Proteobacteria and genus Escherichia were increased relative to the control group consuming regular
chow. The molecular link to SGLT1 expression is unknown, but it is likely that microbial metabolites
such as SCFAs activate glucose sensing. Metagenomic analysis of a Dutch cohort corroborated that
SCFA concentrations are higher in metformin users compared to diabetics not taking metformin [120].
Analysis of a Colombian community found that metformin users had higher levels of SCFA-producing
A. muciniphila, B. bifidum, and Prevotella [129].

A subset of patients cannot tolerate metformin due to adverse GI effects including abdominal
pain, bloating, nausea, and diarrhea. A small clinical trial was recently conducted in nondiabetic
individuals, confirming that metformin alters gut microbiota independent of glycemic status [130].
Interestingly, the bacterial abundance of 12 genera at baseline predicted whether healthy individuals
would experience adverse GI effects upon treatment with metformin. This observation provides a
glimpse at how gut microbiota, which are shaped by diet, can mediate individualized therapeutic
responses to a medication. Lastly, diabetes medication acarbose is a minimally absorbed glucoamylase
inhibitor that prevents starch digestion by humans. A mouse study monitored acarbose-treated mice
fed either a Western-style high-starch diet or a high-fiber diet rich in plant polysaccharides [131].
Analogous to metformin treatment, high doses of acarbose were sufficient to alter gut bacterial
taxa and increase butyrate production even in those consuming a high-starch diet, but the bacterial
composition quickly reverted upon cessation of acarbose treatment. Altogether, these studies suggest
that alterations in the gut microbial community are prominent contributors to the mechanism of action
in antihyperglycemic agents.

4.3. Dietary Choline and Atherosclerosis

Metabolomic analysis was used to monitor 2000 metabolites present in the blood plasma of
patients undergoing cardiac evaluation in order to identify potential predictors of CVD events [132].
Three small molecules were found to predict CVD risk: choline, trimethylamine N-oxide (TMAO),
and betaine. Each are metabolites of phosphatidylcholine, a dietary lipid found in high quantities
in egg yolk, liver, and other high-fat animal products. Choline, also called lecithin, is an essential
nutrient that is marketed as a dietary supplement. Hydrolysis of phosphatidylcholine liberates choline,
which is metabolized by gut microbes into trimethylamine (TMA) gas, which the liver in turn converts
into TMAO. In mice fed radiolabeled phosphatidylcholine, increased blood levels of TMAO were
revealed to contribute to greater arterial plaque development [132]. In another study, atherosclerosis
susceptibility could be transmitted from atherogenic-prone mouse strains to atherogenic-resistant
strains via cecal microbial transplantation [133].

The National Institutes of Health funded two prospective clinical studies on TMAO [134]. In the
first study, the phosphatidylcholine challenge, plasma levels of TMAO were observed to rise after
consumption of two eggs traced with isotope-labeled phosphatidylcholine. TMAO generation could be
suppressed by administering a weeklong course of antibiotics to reduce gut bacteria. One month after
withdrawal of antibiotics, TMAO generation returned in a follow-up choline challenge test. In a second
cohort of 4007 adults undergoing cardiac evaluation, participants with the highest quartile of fasting
plasma TMAO levels had a significantly increased risk of experiencing a major adverse CVD event
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within the three-year follow-up period (hazard ratio, 2.5, relative to lowest quartile). Another study of
patients with stable coronary artery disease found a four-fold increase in all-cause five-year mortality
risk for those in the highest TMAO quartile [135]. The atherogenicity of choline metabolite TMAO helps
explain the correlation that exists between CVD and excessive consumption of animal products [136].
A causal link between dietary cholesterol and CVD, on the other hand, has not been demonstrated and
would be difficult to prove given the fact that cholesterol-containing foods are also high in saturated
fat, with the exception of eggs and shrimp [137]. A long-term study of 29,615 participants recently
showed that consuming eggs with yolk elevates one’s CVD risk in a dose-dependent fashion [138],
with each half an egg consumed per day elevating absolute risk by 1.1% and all-cause mortality by
1.9%. One egg yolk contains 120 mg choline.

A structural analog of choline and natural product found in some foods, 3,3-dimethyl-1-butanol
(DMB), has been shown in mice to reduce TMAO levels by non-lethal inhibition of TMA lyase [139],
giving credence to the notion of “drugging the microbiome.” In a study of mice fed a Western diet, DMB
reduced plasma TMAO and prevented cardiac dysfunction, inflammation, and fibrosis, but had no effect
on body weight and dyslipidemia [140]. Efforts are underway to determine the TMA-forming potential
of different bacterial species and develop new treatment strategies for restraining the proliferation
of TMA producers [141]. L-carnitine is another trimethylamine abundant in red meat that is also
sold as a dietary supplement. Similar to choline, studies in rodents and humans show that carnitine
increases plasma TMAO levels, accelerates atherosclerosis, and increases CVD risk [142]. Interestingly,
comparison of carnitine challenge tests in habitual omnivores versus vegans/vegetarians reveals that
omnivores harbor a microbiota capable of generating 20-fold higher levels of TMAO [142,143].

The connection between TMAO and CVD has important implications for meat consumption given
that beef and pork contain 100 mg choline per 100-g serving (veal: 400 mg). Fish and chicken are not far
behind with 70–80 mg choline per serving. Some studies have observed a modest increase in relative
risk of CVD mortality (between 26% and 34%) for the highest quantile consumption of unprocessed
red meat or both processed and unprocessed red meat [144,145]. Comparative risk assessment using a
national survey, however, did not find a significant contribution for unprocessed red meat alone [146],
and an earlier meta-analysis calculated its relative risk ratio per 100-g serving to be 1.00 (95% confidence
interval: 0.81–1.23) [147]. It is likely that the quality of the comparison diet is a confounding variable
contributing to disparate findings on the contribution of meat to CVD [148].

Improved cardiovascular health has been associated with one’s degree of adherence to a
Mediterranean-style diet, which limits consumption of red meat and dairy while emphasizing
plant-based foods and healthy fats [149–151]. The relative reduction in CVD morbidity risk obtained
for those in the highest quantile of adherence to the Mediterranean diet, considering all dietary
components combined, is observed from meta-analyses to be in the vicinity of 30%, or even up to
45% for high risk populations [152]. The microbiome was recently assessed by De Filippis et al. in
123 Italian individuals habitually following omnivore, vegetarian, or vegan diets [153]. To score their
adherence to the Mediterranean diet, individuals were stratified along an 11-food unit dietary index.
Individuals consuming vegetable-based diets had higher adherence to the Mediterranean diet, were
increased in Prevotella and fiber-degrading bacteria, and had higher fecal levels of SCFAs. Omnivores
on the other hand had a higher ratio of Firmicutes to Bacteroidetes in the gut and elevated TMAO in
the urine [153].

The scientific community has also debated the extent to which red meat elevates the risk of
colorectal cancer, another condition prominent in Western society [154,155]. Gut microbiota associated
with colorectal cancer were recently shown to have an increase in genes associated with TMA lyase
and protein catabolism, while microbe carbohydrate degradation pathways were depleted [156,157].
Dietary choline is not observed to correlate with cancer incidence, while betaine, a methyl group
donor, is associated with reduced colorectal cancer risk [158]. Again, overall diet quality is likely
a significant factor. A study using a polyposis cancer model in mice showed that a high-fiber diet
increases SCFA-producing bacteria as well as the expression of butyrate receptor GPR109A, serving
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to suppress colon carcinogenesis [159]. A case-control study conducted in China found an inverse
association between vegetable fiber intake and colorectal cancer (Q4 versus Q1 odds ratio: 0.51; 95%
confidence interval: 0.31–0.85) [160]. Strong associations were also observed for total, soluble, and
insoluble fiber intakes, but not fruit, soy, or grain fiber. A comparative risk assessment estimated that
suboptimal food group intake levels account for 38% of new colorectal cancer cases [161]. Microbial
overgrowth was recently shown to fulfill the ecological Koch’s postulates [162] of disease causation in
colorectal cancer. Rather than a specific pathogen, a matrix-enclosed ecosystem of bacteria, or biofilm,
extracted from tumor patients was found to induce tumorigenesis in mice [163].

5. Microbial Interventions

5.1. Probiotics

Probiotics are defined as “live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” [164]. Probiotics are available over-the-counter or by prescription
containing microorganisms similar to the commensal bacteria found in the gut, most commonly
lactic acid-producing Bifidobacterium and Lactobacillus spp. As a whole, there is clinical evidence to
support the use of probiotics for treating acute infectious diarrhea, antibiotic-associated diarrhea,
C. difficile-associated diarrhea, ulcerative colitis, and irritable bowel syndrome, but not for acute
pancreatitis or Crohn’s disease [165–170]. Commonly prescribed antibiotics carry a risk of C. difficile
infection, which can cause severe complications and has an estimated treatment cost of $24,205 USD
per patient. Co-administration of probiotics, which lower the risk of C. difficile infection, has therefore
been proposed as a prophylactic whenever antibiotics are prescribed [171]. Clinical research into
probiotics is species- and often strain-specific, with particular bacteria investigated for separate disease
states [172]. Probiotic bacteria can potentially provide various health benefits through normalizing
perturbed microbiota and intestinal motility, competitively excluding pathogens, and increasing SCFA
production [173–175].

Different probiotic species have been studied for ameliorating GI symptoms, though it is not
always clear which species or strains are most beneficial [176]. Earlier work observed that the ratio of
Firmicutes to Bacteroidetes was elevated in 62 IBS patients relative to 46 control subjects in Helsinki,
Finland [177]. Surprisingly, both groups were dominant in the relative abundance of Firmicutes (90%
and 83%, respectively), leaving doubt as to the representativeness or overall health of the small cohort
(64% was estimated for an 1135-person Dutch cohort [120]). Bifidobacterium was one genus of strictly
anaerobic gram-positive Actinobacteria whose numbers were markedly decreased (16–47%) in patients
diagnosed with IBS-M, IBS-D, or IBS-C relative to healthy controls [177]. Other studies have confirmed
that probiotic supplementation with bifidobacteria results in modest improvement of GI symptoms
experienced in IBS-C and IBD patients [167,178]. Correlating microbial profiles to gut health is more
complicated for other species. Within the Firmicutes phyla, Streptococcus are found to be decreased
in IBS-C but increased in IBS-D, while Allisonella are decreased in IBS-C and IBS-D but increased
in IBS-M [15]. Genera within Bacteroidetes such as Prevotella and Bacteroides may be increased or
decreased in IBS [15,177]. It has been noted that there is a strong positive association between IBS
and small intestinal bacterial overgrowth (SIBO) [179]. This gave rise to the initial idea of treating the
condition with antibiotics, but patient response varies widely and GI symptoms may even worsen.
Recent antibiotic exposure actually correlates positively with the development of SIBO [180]. SIBO and
GI symptoms have been shown to be exacerbated in healthy individuals who switch to a high-sugar,
low-fiber diet for only seven days, leading to a decrease in small intestinal microbial diversity and an
increase in epithelial permeability [180].

One challenge with the probiotic market is that, unless specific disease-related claims are made,
commercial products are poorly regulated. Probiotics are trademarked by brand rather than by bacterial
strain, and formulations or manufacturing protocols can change over time, having a dramatic impact
on efficacy [181]. It has been shown in particular that strains within the same genus or species can have
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substantially different effects on the host, differing in their ability to grow and survive the intestinal
environment, adhere to intestinal epithelial cells, and inhibit pathogen invasion [182,183]. After the
isolation of E. coli Nissle 1917 from the stool of a World War I soldier who did not catch dysentery,
nonpathogenic strains of E. coli gained some acceptance as probiotics. E. coli is unique in that it relies
on monosaccharide and disaccharide nutrients broken down from complex carbohydrates by strict
anaerobe species of bacteria [184]. Beneficial E. coli strains have been used to treat patients suffering
from infectious diseases, likely due to their ability to outcompete enteric pathogens for nutrients [40].
Recent mouse studies give cause for caution, however. Cocolonization of E. coli O157:H7, a notorious
foodborne pathogen, with a nonpathogenic strain of E. coli in germ-free mice actually increased the
pathogen’s virulence and production of Shiga toxins, which are encoded by viral prophage genes, by
up to 12-fold [185]. In another study, probiotic E. coli Nissle 1917 was observed to undergo genomic
adaptation in response to selective and diet-dependent host pressures within a transit period of five
weeks [186] To gain advantage especially in low-diversity guts, competitive adaptations in genes were
acquired that affected intestinal adhesion and the utilization of carbohydrates and mucin components
as carbon energy sources. In mice that were previously exposed to antibiotics, the E. coli strains
acquired mutations responsible for antibiotic resistance [186]. Such studies underscore the centrally
important role that horizontal gene exchange plays in the evolution of gut bacteria [187].

Several species of Lactobacillus and Bifidobacterium have now become the staples in the field
of probiotics. Notable commercial multi-strain formulations have been subjected to clinical studies
including Visbiome® (formerly VSL#3) [188], BIO-25 [189], and Ther-Biotic®Complete [190]. Visbiome®

contains several strains from well-known probiotic species L. plantarum DSM24730, Streptococcus
thermophilus DSM24731, B. breve DSM24732, L. paracasei DSM24733, L. delbrueckii subsp. bulgaricus
DSM24734, L. acidophilus DSM24735, B. longum DSM24736, and B. infantis DSM24737. Lactobacilli and
bifidobacteria such as these have been extensively tested for their anti-inflammatory effects in colitis as
well as their beneficial effects on gut motility, particularly for the treatment of constipation [173,191–193].
While E. coli is LPS-producing, B. breve has been shown to reduce LPS-induced epithelial cell shedding,
which is observed in relapsing IBD patients [194]. Populations of Lactobacillus are reduced in alcohol
consumption and in high fat diet-induced obesity [55,195]. Supplementation with probiotic strain L.
rhamnosus GG has been shown to decrease microbial overgrowth, restore mucosal integrity, reduce
microbial translocation, and ameliorate alcohol-induced liver injury [55,196]. Lastly, the use of
probiotics has been proposed as an alternative or adjuvant to antibiotic treatment [197]. In the case of
enterohemorrhagic E. coli O157:H7, antibiotics are not effective due to the release of additional toxin.
Probiotics L. acidophilus R0052 and L. rhamnosus R0011 have been observed to prevent epithelial injury
by reducing adhesion of E. coli O157:H7 and also enteropathogenic E. coli O127:H6 [198].

A clinical study of healthy adults given the probiotic L. paracasei DG revealed that the changes
observed in the underlying gut microbiota can depend on an individual’s starting microbial profile [199].
Study participants with low initial fecal butyrate levels experienced a four-fold increase in butyrate
production and a 55% decrease in Ruminococcus, a member of the Clostridia class responsible for
degrading resistant starch. On the other hand, individuals with high starting butyrate levels experienced
a 49% decrease in butyrate production and a decrease in six Clostridia genera including Faecalibacterium,
an anti-inflammatory butyrate producer beneficial to mental health [79]. Other studies corroborate that
a patient’s initial fecal microbial pattern can help predict their response to a probiotic intervention [189],
suggesting it will one day be possible to optimize the dose of bacterial strains administered for an
individual [200]. An individual’s microbiome has also been shown to influence the production of
butyrate upon dietary supplementation with fermentable resistant starch according to which bacterial
taxa become amplified [201]. Given the relation between the microbiome and metabolic disease, current
research is now exploring probiotic interventions as an adjuvant therapy for improving cardiometabolic
profiles [202,203]. Positive results have been obtained using the multi-strain formulation Ecologic®

Barrier for T2D [204]. In rats, Ecologic® Barrier was previously shown to improve depression-related
behavior independent of consumption of a high-fat Western-style diet [205]. Ecologic® Barrier contains
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the following strains: Bifidobacterium bifidum W23, B. lactis W52, Lactobacillus acidophilus W37, L. brevis
W63, L. casei W56, L. salivarius W24, Lactococcus lactis W19, and Lc. lactis W58. Lastly, two strains of
L. gasseri isolated from human intestine and breast milk were found to reduce visceral fat mass in
obese adults, but the effects diminished once treatment with SBT2055 was ceased, indicating that the
probiotic needs to be continually supplied [206,207].

5.2. Prebiotics

In some clinical studies, a probiotic is administered in combination with a prebiotic compound
that promotes bacterial growth, together termed a synbiotic. The requirements of a prebiotic are
that it is not digested in the upper GI tract, can be fermented by intestinal microbiota, selectively
stimulates beneficial bacteria growth and diversity, and has a positive effect on host health [208,209].
Prebiotics include FOS, GOS, and polyol sugar alcohols used as nutritive sweeteners [193,210]. Inulin
is a soluble fiber and fructan, or variable length polymer of fructose, that is indigestible to humans
and has minimal impact on blood glucose levels [211]. Believed to be most effective in nurturing the
growth of many species of probiotic [193], inulin has been tested in successful synbiotic treatments for
ulcerative colitis [191,211]. More recently, supplementation with butyrate and inulin was found to
lower diastolic blood pressure, fasting blood sugar, and waist-to-hip ratio in T2D patients [104].

Numerous studies reveal that significant health benefits can be obtained from prebiotic
administration alone [110,193,211]. Prebiotics such as GOS and FOS have been shown to improve
microbial profiles by increasing bifidobacteria and decreasing E. coli [193,212]. See Table 5 in
Reference [193] for a summary of prebiotic clinical trials. In a double-blind, randomized controlled
trial of two separate cohorts in Canada, 16 weeks of FOS-enriched inulin supplementation (8 g/day)
decreased body fat, serum triglycerides, and interleukin 6 in overweight or obese children compared to
those given an isocaloric dose of maltodextrin placebo [213]. Bifidobacteria in fecal samples increased
from 6% to 10% of mean bacterial abundance with prebiotic treatment, while Firmicutes decreased from
69% to 63% and Ruminococcus from 2.3% to 1.4%. In an animal study, rats fed a high-fat/high-sucrose
diet along with FOS experienced a normalization in insulin resistance, leptin levels, dyslipidemia,
and gut microbiota [214]. Moreover, prebiotic FOS was observed to limit knee joint damage in this
diet-induced model of osteoarthritis, to levels approaching that obtained with moderate aerobic
exercise. The effects of prebiotic therapy also depend on individual’s starting microbial profile. In
a study comparing FOS, sorghum and arabinoxylan, equally high SCFA production was observed
in volunteers whose microbiota was dominant in fiber-utilizing Prevotella, but Bacteroides-dominated
individuals showed different SCFA levels in response to each fiber [215].

Given the relationship between gut microbiota and inflammation, research is underway to
examine the effects of anti-inflammatory omega-3 polyunsaturated fatty acids (PUFAs) on microbial
diversity. Consuming a Western diet high in animal protein is known to elevate the ratio of omega-6
to omega-3 PUFAs by up to a factor of 10, producing an inflammatory response mediated by
hormone-like eicosanoids in the body [149,216]. The omega-3 PUFAs docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA), however, are inflammation-resolving and have anti-colorectal cancer
activity, see References 4–6 in [217]. Human studies show that dietary supplementation with EPA
and DHA increases the intestinal abundance of Bifidobacterium and Lactobacillus, while decreasing
Faecalibacterium [217,218]. Conflicting results were reported for the effect of omega-3 fatty acids on
the ratio of Firmicutes to Bacteroidetes phyla. Lastly, a metabolomic analysis was recently conducted
of 876 adult female twins. After adjusting for dietary fiber intake, the consumption and circulating
levels of omega-3 fatty acids were found to be significantly correlated with microbial alpha diversity as
measured by the Shannon index [219].
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6. Implications for Diet and Nutrition

6.1. Dietary and other Microbiome Covariates

A metagenomic analysis was conducted of 1135 participants from a Dutch population using deep
sequencing [120]. The sequencing data enabled the detection of associations in microbiota with 126
different environmental factors including diet, disease, and medication use. Higher intakes of total
carbohydrates were most strongly associated with decreased microbiome diversity: bifidobacteria
increased while Lactobacillus, Streptococcus, and Roseburia genera decreased. The Shannon diversity
index decreased according to intake levels of total carbohydrates, followed by sugar-sweetened
beverages, bread, beer, savory snacks, and, to a lesser extent, total fats, pulses, and legumes. Diversity
was also reduced in individuals self-reporting IBS, and antibiotic use was associated with decreases
in two species of Bifidobacterium. On the other hand, microbial diversity increased with fruit, coffee,
vegetable, and red wine intake and to a smaller extent eating breakfast and drinking tea. Red wine
consumption was associated with an increased abundance of F. prausnitzii [120], an anti-inflammatory
species implicated in lean-type, high-richness microbiota [87]. Coffee, tea, and red wine are high in
polyphenols, compounds associated with prebiotic and bifidogenic activity, see References 19–21 in
Reference [120]. In a recent meta-analysis, consuming up to three cups/day in coffee was found to
decrease all-cause and CVD mortality in a dose-dependent fashion irrespective of caffeine content [220].

A similar population-level analysis of an 1106-person Belgian cohort across 69 covariates [221]
showed that the Bristol stool scale, an indicator of gut transit time, and the use of medications have
the largest explanatory value for microbiome variation. A total bacterial richness of 664 genera was
found, but variance between individuals arose primarily from differences in the relative abundance
of 14 core genera. Consistent with previously characterized enterotypes [13], bacterial taxa with the
largest variation in abundance were Prevotella, Bacteroides, and Ruminococcaceae. Prevotella correlated
with softer type stools, while Ruminococcaceae was the dominant family in hard type stools. Overall
species richness declines with shorter gut transit times and the abundance of core species increases,
likely because specific bacteria are selected for with a fast growth potential or high degree of mucosal
adherence to avoid washout [221,222]. Other factors that turned out to be microbiome covariates
were recent smoking history as well as the use of antibiotics, osmotic laxatives, IBD drugs, and
antidepressants [221]. In a recent mouse study, six days of treatment with over-the-counter laxative
polyethylene glycol had long-term effects on the gut [223]. Bacterial family S24-7 went from 50% of total
microbial abundance to apparent extinction, while family Bacteroidaceae, also in order Bacteroidales,
experienced an expansion from 20% to 60% microbial abundance. Osmotic stress was observed to
decimate the mucus barrier and cause the immune system to generate a lasting antibody response
against commensal bacteria [223]. Fecal samples were recently collected from 758 Korean men to
examine the effects of cigarette smoking on the microbiome [224]. While no differences were observed
between former smokers and those who never smoked, current smokers had an increased proportion
of Bacteroidetes and decreased levels of Firmicutes and Proteobacteria.

Notable dietary covariates in the Belgian population study included consumption of fruits, alcohol,
meat, soy products, and soda as well as one’s preference for dark chocolate [221]. Surprisingly, mode
of birth and history of breastfeeding were not associated with one’s adult microbiota composition,
and household pets only predicted a minimal fraction of microbiome variation [221]. An earlier
study showed that household dogs primarily alter their owner’s skin microbiota rather than the gut
microbiota [225]. More dominant influencers of the microbiome are the urbanization of outdoor
areas, increased building confinement, and cleaning, each of which diminish overall microbial
diversity, shifting from gram-positive (e.g., Actinobacteria) to gram-negative and potentially pathogenic
species [226–228].

Consistent with the Belgian [221] and other studies [7,120], earlier analysis of the Dutch population
cohort revealed that bacterial taxa could explain BMI and blood lipids independent of age, gender,
and host genetics [229]. Species richness was negatively correlated with both BMI and triglycerides
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and positively correlated with protective levels of HDL cholesterol [120,229]. A significant correlation
is not observed, however, between gut microbiota and LDL or total cholesterol levels [7,120,221,229].
The absence of correlation between plasma LDL and the microbiome is notable given that the latter
is associated with metabolic disease. Despite plasma LDL being used as the principal target in
lipid-lowering therapy for the last three decades, recent evidence suggests that triglyceride, HDL, and
apolipoprotein B blood levels may be more useful CVD predictors [230–235]. Many factors confound
the relationship between plasma LDL concentration and CVD. While one in three individuals are
hyper-responders to dietary cholesterol, the ratio of LDL to HDL is minimally affected when others,
particularly the elderly, consume an additional 100 mg/day [236]. For individuals with similar LDL
concentrations, a predominance of small dense LDL particles (sdLDL) increases one’s CVD risk [236],
as does a higher proportion of covalently modified LDL particles, known as lipoprotein(a) [237].
Widely prescribed statin drugs are effective at lowering LDL and to some extent apolipoprotein B
concentration, but they do not decrease the proportion of sdLDL and have been found to raise plasma
lipoprotein (a) by up to 20%, contributing to what has been termed “residual” CVD risk [238,239]. The
lack of an association between plasma LDL concentration and the microbiome is not surprising given
these confounding factors.

6.2. FODMAPs and Gut Health

Fermentable oligosaccharides (fructans, GOS), disaccharides (lactose), monosaccharides (fructose),
and polyols (sorbitol, xylitol) are termed FODMAPs [240]. Consumption of dietary FODMAPs pulls
water into the small intestine and colon, causing luminal distension. Fermentation of FODMAPs by
gut bacteria and yeast then produces hydrogen or methane gas. Restricting FODMAPs in one’s diet
has been shown to help alleviate functional GI symptoms in IBS patients (bloating, abdominal pain,
diarrhea), but no effects have been reported for intestinal inflammation in IBD [27,240]. Wheat, rye
and barley contain fructans and supply much of the FODMAPs contained in the Western diet. A
double-blind crossover challenge was conducted of 59 adults self-reporting non-celiac gluten sensitivity
(NCGS), who had previously followed a gluten-free diet for at least six months [241]. Participants
completed three seven-day challenges in which a muesli bar was consumed containing either FOS,
wheat gluten, or placebo, with the amounts of fructan/gluten equal to that contained in four slices
of wheat sandwich bread. IBS symptom scores worsened in the fructan challenge (P = 0.04), while
symptoms were actually slightly improved relative to placebo upon consumption of gluten (P = 0.55).
The finding that fructans are responsible for GI symptoms in self-identified NCGS patients, and not
gluten, is also supported by a crossover trial in which 37 subjects with NCGS and IBS followed a
low-FODMAP diet before switching to a high- or low-gluten diet [242]. Regardless of the source of
symptoms, NCGS and IBS at least have overlapping features and are not entirely separate entities [243].

Long-term implementation of a low-FODMAP diet is problematic due to the restriction of healthy
plant foods and the fact that FODMAPs are prebiotics that support gut microbiota. Apples, pears, and
stone fruits are high in fructose and other FODMAPs. Legumes and pulses are also high FODMAP,
as are several vegetables including onion, garlic, and cauliflower. When administered properly by
a trained dietitian, the FODMAP elimination diet is intended to be a process rather than a rigid
exclusion diet. The initial elimination phase lasts 2–6 weeks in order to get GI symptoms under control.
In the challenge phase, specific foods or types of FODMAPs are reintroduced one at a time and in
increasing amounts. The patient is instructed to keep a detailed food diary so they can learn what
FODMAPs are best tolerated and can eventually be incorporated into the final integration phase
of the diet. Two clinical challenges can occur during this process: a patient’s symptoms may not
respond, or they do respond and then the patient becomes reluctant to reintroduce FODMAPs [244].
While long-term studies are lacking, following a low-FODMAP diet reduces the diversity and quality
of dietary components being consumed [245], and healthy diet diversity has been linked to more
diverse microbiota and better health outcomes [246]. Short-term FODMAP restriction has been shown
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to disturb the gut microbiota in as little as 2–3 weeks, reducing total bacterial abundance and the
population of Bifidobacterium, while increasing the ratio of Firmicutes to Bacteroidetes [247,248].

6.3. Ketogenic Diet

KD and low-carbohydrate diets have become a popular and effective tool for losing weight and
can improve blood CVD parameters in the short-term [249,250]. However, 20-year studies involving
a large prospective cohort reveal that diet quality and the source of protein and fat can ultimately
determine health outcomes in low (40% of caloric intake) carbohydrate diets [251,252]. In research by
de Koning et al., it was found that high plant-based intake of protein and fat reduces the hazard ratio
(HR) for T2D to 0.78, whereas high intake of animal protein and fat maximizes the risk (HR: 1.37) [251].
Adjusting for red and processed meat intake was observed to lower the association with animal sources
(HR: 1.11). In strict KD, below ground vegetables and legumes high in net carbs, and most fruits, are
restricted in order limit total carbohydrate intake to 50 g/day. Restricting plant-based carbohydrates
can have considerable effects on gut microbiota given that fiber and prebiotics are required for bacterial
diversity [65,119,208]. The reduction in fiber can also contribute to constipation, a common side effect
of KD.

In an anti-seizure mouse model, KD was shown to reduce gut bacterial alpha diversity, while
elevating the relative abundance of A. muciniphila, but KD was only followed for three weeks [67]. A
much longer study of 10 multiple sclerosis patients found that total bacterial abundance and diversity
decreased in the short-term but recovered during weeks 12–24 of KD treatment [253]. Akkermansia was
observed to increase initially but then declined during long-term KD and pioneer bacteria steadily
declined [253]. Pioneer bacteria such as Bifidobacterium and Clostridium are the first to colonize newborns
and patients recovering from a course of antibiotic treatment. Twenty children with refractory epilepsy
were recently treated with KD for six months [254]. Treatment lowered alpha diversity and decreased
the Firmicutes/Bacteroidetes ratio. In 10 of the children who were non-responsive to treatment (<50%
seizure reduction), the relative abundance of Ruminococcaceae and Clostridia became enriched,
suggesting specific bacteria may serve as an efficacy biomarker or potential therapeutic target [254].
Such alterations in gut microbiota associated with long-term KD suggest the importance of a properly
balanced, high quality diet [65].

6.4. Role of Carbohydrate Intake

Consuming excess carbohydrates as part of a Western diet high in refined grains, starch, and
added sugar negatively impacts gut microbiota. The first connection between the microbiome and
metabolic health was noted in 1970, when the International Sugar Research Foundation found that a
high-sugar diet led to high serum triglycerides in conventional rats but not germ-free rats [255]. In
a modern Dutch population study, the largest dietary predictor of low gut bacterial diversity was
the total intake of carbohydrates, followed by consumption levels of beer, bread, and soda [120].
A study of 178 elderly subjects by Claesson et al. found that patients in long-term residential care
consumed a diet higher in fat and lower in fiber than seniors living in their community [246]. Diet
diversity was scored using the healthy food diversity index, which differentiates between healthy and
unhealthy foods across all food groups, and found to positively correlate with gut bacterial diversity.
Individual microbiota clustered based on long-term care or community living status, and microbiota
composition significantly correlated with frailty, co-morbidity, and inflammation markers [246]. While
obesity research has traditionally compared low versus high fat diets, a rat study found that a
low-fat/high-sucrose diet led to reduced bacterial diversity, increased Firmicutes: Bacteroidetes, a
bloom in Ruminococcaceae, gut inflammation, altered vagal gut-brain communication, and obesity,
similar to an isocaloric high-fat/high-sucrose diet [105].

Diets high in total carbohydrates and sugar correlate with increased fungus Candida and
methanogen Methanobrevibacter, genera from different domains of life that correlate negatively with
consumption of amino acids, protein, and fatty acids [256]. Methanobrevibacter smithii is the most
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prevalent archaeon in the human gut and can comprise up to 10% of all anaerobes in healthy adults.
In a mouse model, M. smithii has been shown to increase host adiposity by directing Bacteroides
thetaiotaomicron to ferment plant polysaccharides (fructans) in the diet to the SCFA acetate [257].
Bacterial fermentation of undigested dietary polysaccharides into SCFAs is estimated to account for 5
to 10% of daily caloric intake in the typical diet [258]. Elevated M. smithii has also been identified in
IBS patients, especially those with IBS-C, in whom methane gas delays gut transit [259]. M. smithii
copy number was observed to correlate inversely with stool frequency (R = −0.42).

Candida are the predominant fungal species capable of colonizing the gut. Overall the mycobiome
is less stable than the microbiome [260]. While bacterial population structure primarily associates
with long-term diet [14,246], Candida can vary extensively in time in response to recent carbohydrate
consumption, antibiotic use, and environmental sources [22]. In a study of 98 healthy volunteers
by Hoffmann et al., Candida correlated positively with long-term intake of total carbohydrates and
sugar, and was strongly associated with recent carbohydrate intake [256]. Unlike Candida and
Methanobrevibacter, bacterial populations were observed to associate more strongly with long-term
dietary habits than with recent food consumption. Prevotella and Ruminococcus increased with
carbohydrate intake and decreased with animal products, while the reverse effect was observed for
Bacteroides [256]. A model of syntrophy was proposed in which methanogenesis supports Ruminococcus
metabolism and Candida degrades starch into simple sugars, allowing for substrate fermentation by
Prevotella.

Stool sample studies have found Candida in 63% of individuals, with 11% showing Candida
overgrowth [261]. Overgrowth can lead to invasive, systemic fungal infection in cancer patients
or immunocompromised individuals, resulting in a high mortality rate. In a mouse chemotherapy
model, C. albicans infection was observed to drive mucosal dysbiosis, allowing Stenotrophomonas,
Alphaproteobacteria, and lactic acid-fermenting Enterococcus to proliferate while bacterial diversity
declined [262]. Antibiotic treatment is also a strong risk factor for systemic candidiasis. In cell growth
assays, SCFAs and lactic acid are shown to have a fungistatic but not fungicidal effect, suggesting
that a healthy microbiome prevents Candida overgrowth [263]. Lactic acid is responsible for the
antimicrobial activity of lactobacilli towards pathogens. Beneficial probiotic strain L. rhamnosus GG
was additionally shown to bear an exopolysaccharide that interferes with Candida growth, hypha
formation, and intestinal adhesion [264].

Excessive sugar or starch consumption can lead to Candida dysbiosis. Candidiasis is mostly
attributed to C. albicans, a species which has intrinsic resistance to the fungistatic effect of SCFAs.
Interestingly, SCFA resistance is dependent on monomeric glucose being present in the growth media;
growth rates are attenuated when the disaccharide maltose is used as a nutrient source [263]. In a
study of 120 individuals with chronic intestinal Candida overgrowth, diet therapy cured 85% of patients
three months after conventional antifungal therapy, compared to 42% of subjects receiving nystatin
alone [261]. Patients in the diet group avoided foods high in simple sugars and starch, cured and fatty
meats, milk and dairy products, and alcohol.

The notion of cutting starch and sugar to promote intestinal health can be traced to the 1920s,
when gastroenterologist Sydney Haas began treating celiac patients using the specific carbohydrate
diet (SCD) [265]. SCD was later popularized as a diet for reducing microbial overgrowth by biochemist
Elaine Gottschall, who created a dictionary of legal/illegal foods and ingredients [266,267]. The
diet prohibits grains (wheat, barley, oats, rice, corn), potatoes, processed meats, added sugars, and
disaccharides (lactose, sucrose), while allowing fresh (not canned) fruit, vegetables, and juices not
from concentrate [268]. SCD limits dairy to butter, eggs, and aged cheeses containing minimal lactose.
Beer, sweet wine, liqueurs, and mucilaginous fibers are restricted as are additives and preservatives
like maltodextrin, pectin, guar/gums, and FOS. Sugar alcohols are prohibited, and honey is the
recommended sweetener in SCD. A strict three-month period is first observed to starve off overgrowing
bacteria and yeast, after which legumes may be selectively introduced. Unlike a low-FODMAP dietary
strategy, SCD is intended to be a long-term exclusion diet. While avoiding FODMAPs can improve IBS
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symptoms in the short-term, cases of drug-free clinical remission have been reported in IBD patients
following SCD, with complete resolution of mucosal inflammation in some Crohn’s patients [27,269].

Artificial food ingredients are specifically being linked to gut dysbiosis. Maltodextrin, a
polysaccharide derived from starch hydrolysis, is a common food additive that enables adherent
invasive strains of E. coli to adhere to intestinal epithelial cells and grow into biofilm, contributing to
gut dysbiosis and intestinal inflammation [21]. Polysorbate-80, an emulsifier used in processed foods,
has been shown to enhance translocation of pathogenic E. coli strains across colonocytes [21]. In a
mouse study by Chassaing et al., low (0.1–1.0%) mass concentrations of emulsifiers polysorbate-80 and
carboxymethylcellulose induced low-grade inflammation, obesity, and dysglycemia in wild-type mice
and promoted robust colitis in mice predisposed to the disorder [270]. Fecal transplants to germ-free
mice demonstrated that changes in microbiota were responsible. The emulsifiers reduced microbial
diversity and levels of health-promoting Bacteroidales, while increasing mucolytic Ruminococcus
gnavus and pro-inflammatory Proteobacteria. Reduced mucus thickness was also observed in the
emulsifier-treated mice, along with bacterial encroachment into the normally sterile inner mucus
layer [270]. Microbiota encroachment has been implicated in IBD and metabolic syndrome. In humans,
the average bacterial-epithelial distance of closest bacteria correlates inversely with BMI, fasting glucose
levels, and hemoglobin A1c [271]. Such observations point to the consumption of processed foods as
one potentiator of the global obesity epidemic [272].

6.5. Intermittent Fasting

Excessive caloric intake results in fat being stored in white adipose tissue, while energy expenditure
by fat oxidation predominantly occurs from thermogenesis of brown adipose tissue. Conversion of
white adipocytes, known as beiging, is thus a promising strategy for treatment of metabolic disease.
Recently, Li et al. were able to selectively induce the beiging of white adipose tissue in mice using the
natural strategy of intermittent fasting [273]. Mice placed on an every-other-day fasting regimen had the
same cumulative food intake as the ad libitum control group, but experienced a shift in gut microbiota,
increase in fermentation products acetate and lactate, and a reversal of diet-induced obesity. Transport
of acetate and lactate across the adipocyte membrane is driven by monocarboxylate transporter 1,
whose expression was found to be upregulated in beige cells. Beiging was not observed in germ-free
mice, but could be restored upon fecal transplantation of gut microbiota [273]. A previous study in
mice demonstrated that cold exposure activates white fat beiging and increases insulin sensitivity via
changes in the microbiome [274]. These observations reveal the existence of a microbiota-beige fat axis.
In other work, Panda et al. found that diet-induced obesity dampens daily cyclical fluctuations in mice
microbiota [275]. Restricting feeding to an eight-hour window each day partially restored circadian
fluctuations, including a decrease in the abundance of Lactobacillus observed during the feeding phase.
Intermittent fasting, longer multiday fasts, and fasting-mimicking diets have been shown to improve
gut barrier function, increase microbial diversity, enhance antioxidative microbial pathways, and even
reverse intestinal inflammation in models of IBD [276–278].

7. Other Considerations

7.1. Endocannabinoid System

In addition to altered microbiota and low-grade inflammation, obesity is characterized by increased
endocannabinoid (eCB) system tone. A study of the eCB system in lean and obese mice was performed
by blocking or activating cannabinoid receptor 1 (CB1) [279]. SR141716A, a CB1 antagonist that reduces
food intake, significantly reduced gut permeability and plasma LPS levels in obese mice, decreasing
both adiposity and blood glucose levels. In contrast, agonist HU-210 increased eCB system tone
in lean mice and raised plasma LPS. Increased gut permeability with HU-210 was attributed to a
decrease in the expression of two epithelial tight junction proteins. By comparing diet-induced obesity
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and intervention with antibiotics or prebiotics, microbiota associated with obesity were shown to be
responsible for increasing the expression levels of CB1 in colonocytes and adipose tissue [279].

Endocannabinoids are an appealing therapeutic strategy for many conditions such as treating
inflammation in IBD [280]. Cannabinoid antagonist cannabidiol has been shown to counteract the
inflammatory environment induced by LPS in mice and in human colonic cultures derived from
ulcerative colitis patients, at least in part due to PPAR-γ activation [281]. The use of CB1 agonists
has been proposed for increasing GI transit time in IBS-D, while antagonists could prove useful for
IBS-C [282]. Partial agonist tetrahydrocannabinol (THC) increases food intake in the short-term, but
in epidemiological surveys, obesity is observed to be less prevalent among cannabis users [283]. In
mice fed a high-fat diet, chronic treatment with THC was recently shown to stave off increases in the
ratio of Firmicutes to Bacteroidetes, increase the abundance of A. muciniphila, and prevent diet-induced
obesity [284].

7.2. Medication Dysbiosis

Oral administration of high dose antibiotics can result in rapid changes to gut microbiota and is
implicated in dysbiosis [22,285–287]. Over-the-counter and prescription non-antibiotic medicines also
influence the gut microbiome. Proton pump inhibitors (PPIs) are a widely used class of drugs that
function by raising gastric pH. PPIs are an effective short-term indicated therapy for gastroesophageal
reflux, peptic ulcers, and H. pylori infection, but many chronically afflicted patients take long-term
or off-label dosing. Meta-analyses have shown that PPI use increases the risk of developing SIBO
and C. difficile infection (odds ratios: 1.71 and 1.99; 95% confidence intervals: 1.20–2.43 and 1.73–2.30,
respectively) [288,289]. Antibiotics, PPIs, and atypical antipsychotics have each been implicated in
reducing alpha microbial diversity [286,290,291]. Second-generation antipsychotic medications, which
contribute to weight gain and metabolic syndrome, gradually increase the ratio of Firmicutes to
Bacteroidetes in association with BMI and decrease the abundance of Akkermansia [292,293]. Efforts
are now underway to examine how bacterial taxa each respond to treatment with drugs from other
common therapeutic classes [290,294]. Opioids can cause severe constipation and at high doses in mice
enable bacterial translocation through disruption of the gut barrier [290,295]. Changes in microbiota
have been implicated in the creation of intestinal lesions by nonsteroidal anti-inflammatory drugs,
which reduce blood flow to the gut and weaken the hydrophobic mucosal barrier. Lastly, GI symptoms
are a common side effect of statins, which affect bile acid metabolism and have been shown to increase
the abundance of five bacterial families including Enterobacteriaceae [290].

The interrelationships discussed in this article between diet, environmental factors, gut microbiota,
and their physiological outcomes are summarized in Table 1.
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Table 1. Summary of diet-microbiota interactions in health and disease.

Healthy Microbiota Gut Dysbiosis Other Cause/Consequence

High dietary fiber intake [115] Western diet; low core diversity
[10,83]

High in choline/fat/added sugar
[105,117]

Plant foods low in choline [151] High [TMAO] in blood [134] Arterial plaque formation [135]

Fruits and vegetables;
prebiotic-containing foods [4]

Low fiber intake/low FODMAP
carbs [244]

Beer, bread,
sugar/artificially-sweetened

beverages [120,122]

High α species diversity;
butyrate-producing [4,105,120]

Low short-chain fatty acid
fermentation [100] Intestinal inflammation [25,117]

Anti-inflammatory omega-3 [217] Diet high in omega-6 fatty acids Pro-inflammatory [149]

Lean body mass, increased
lipolysis [84]

Obesity, vagal remodeling,
increased energy harvest [85,105]

Increased appetite/lipogenesis
[103]

High Prevotella/low Bacteroides;
abundance of A. muciniphila

[12,14,91]

Abundance of Ruminococcus
[16,105]

High Firmicutes:Bacteroidetes
ratio [85,105]

Glucose and lipid homeostasis
[100]

Insulin resistance, bacterial
encroachment [76,106,271] Cardiovascular disease [111,151]

Beneficial bacteria/probiotics:
Bifidobacterium, Lactobacillus

[192,206]

Oxidative stress; facultative
anaerobes; E. coli [38]

Broad-spectrum antibiotics
[22,39,287]; medication dysbiosis

[290]

Gut-brain interactions [78] Mental health issues or visceral
pain [72,296]

Leaky gut, plasma endotoxin,
psychological stress; emulsifiers

[54,272]

Regular intestinal motility
[222,259]

Structural or functional bowel
disorders [22,50] Colorectal cancer [3]

Healthy fecal biomarkers [53] Need butyrate/inulin
supplementation [81,104,213]

Potential for fecal transplant
[73,76]

Intermittent fasting; adipose
beiging [273]

Excess starch/sugar consumption
[120]

Candida overgrowth; gluten
sensitivity [241,256]

8. Conclusions and Future Directions for Research

The past decade of research has begun to reveal the overarching roles the gut microbiome plays
in human health. Particular species of Bifidobacterium, Akkermansia, and Lactobacillus are beneficial to
the human host and are included in many probiotic preparations, but genera such as Bacteroides and
Ruminococcus are implicated in negative health outcomes. Antibiotic use and modern sanitation have
contributed to a decrease in the diversity of the human microbiome [287]. Core microbial diversity
and the ratio of Firmicutes to Bacteroidetes are general indicators of health and may change with age,
though inter-individual variation is large and quality of diet and environmental factors play a dominant
role [246,297–299]. Future research will need to characterize the changes in bacterial composition
accompanying different disease states and the corresponding expression patterns in genes of both
microbe and host [296,300]. Increased age is associated with oxidative stress and a pro-inflammatory
state, and improvements in microbiota have been shown to extend life span in animal models of
aging, though human aging studies are lacking [81,278,301,302]. Prebiotics and dietary fiber increase
the relative abundance of beneficial anaerobic bacteria, increase butyrate fermentation, and have
favorable metabolic effects. Propionate, on the other hand, is an SCFA used as a food preservative
that has recently been linked to insulin resistance when consumed in typical concentrations [303].
Lastly, negative results are being reported for gut microbiota-produced acetate. In rats fed a high-fat
diet, increased acetate production was found to promote obesity and metabolic syndrome [304]. In
an analogous rat model, colonic infusion with resistant starch plus exogenous acetate delayed the
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development of obesity and insulin resistance and protected the mucosal barrier [305]. Genera such
as Faecalibacterium and Roseburia were observed to enable the conversion of acetate into butyrate,
increasing serum and fecal butyrate levels.

While our knowledge of commensal and pathogenic bacteria has grown considerably, future
research will need to further address the role of nonbacterial microbes in the human gut, including
viruses, eukaryotes, yeasts, and archaea [256,306,307]. Viruses parasitic to bacteria, known as
bacteriophages, have been shown to coexist over time with the bacterial species they prey on. Phage
predation can also lead to cascading effects on other species, including blooms in non-targeted
bacteria [308]. An abnormal enteric virome has been found in IBD patients, in whom an increase
in bacteriophage richness contributes to decreasing bacterial diversity and gut dysbiosis [309]. The
most prevalent eukaryote in the human intestine, Blastocystis, is a single-celled heterokont protist that
colonizes a considerable fraction of individuals in industrialized (0.5–30%) and developing (30–76%)
nations [310]. It has been hypothesized that Blastocystis can prey on bacterial species in the gut in its
ameboid form [306] and can contribute to the pathogenesis of IBS [311]. In a mouse study by Yason et
al., infection with a pathogenic subtype of Blastocystis (ST7) was observed to decrease intestinal levels
of beneficial Bifidobacterium and Lactobacillus while increasing E. coli content, seeming to fulfill Koch’s
postulate that infection of a healthy individual leads to disease [312]. In asymptomatic individuals,
however, nonpathogenic Blastocystis correlates positively with microbial diversity and inversely with
BMI, fecal calprotectin levels, Crohn’s disease, and colorectal cancer [313]. As a genus, species of
Blastocystis have incredibly divergent genomes. The percentage of proteins unique to each subtype
ranges from 6% to 20%, and orthologous proteins have a median amino acid sequence identity of only
60% [314].

Diet and nutritional status are important determinants in human health. Efforts to characterize
the relationship between diet and health have pivoted from studying the effects of individual nutrients
to examining the roles of dietary patterns and specific diets [149–151]. The role of diet in shaping gut
microbiota, host metabolism, and lipid homeostasis is changing our view of the steps a person can
take to make improvements in their systemic health [10,315]. Correlations between microbial diversity
across as many as 60 different dietary covariates reveal the importance of a high quality, balanced
diet [120], supporting the view that dietary supplementation of individual nutrients does not take
the place of a sound diet [316]. Observations that individual foods stimulate the growth of specific
bacterial taxa suggest that intestinal bacteria could actually be serving to guide our food preferences,
appetite, and feelings of satiety [221,317]. By influencing metabolism and inflammation, diet and
nutrition can outweigh genetic and environmental factors in determining health outcomes for chronic
Western conditions such as diabetes, obesity, IBS, IBD, colorectal cancer, and depression [1,2,318].

One research question that remains is what constitutes an optimal health-promoting microbiome,
and how individuals with different starting microbiota can achieve such microflora. In characterizing
gut eubiosis and dysbiosis, the effects of particular microbial species cannot be considered simply in
isolation, giving rise to the notion of ecological Koch’s postulates of disease causation [162]. Changes in
stool consistency and water content have hampered quantification of absolute microbial loads, and new
methods are needed to identify pathological markers [319]. While fecal samples are generally thought
to be representative of colonic microbial communities, further research is needed to characterize the
different microbial communities that occur along the length of the GI tract [320]. A study of five gut
sections taken from pigs found a predominance of Lactobacillus in the small intestine and Prevotella in
the colon, suggesting that rapid utilization of simple carbohydrates drives microbial competition in the
upper intestine, while polysaccharide fermentation is left mainly to the colon [321].

Inter-individual variation in gut microbiota could explain the disparity in outcomes often observed
with lifestyle interventions and why one-size-fits-all diets are not always effective [83,125,201]. The
influence of diet type on the relative abundances of microbial populations can be complex and
difficult to reproduce across different clinical studies, in part due to the number of individual species
involved in each phylum and genus [142]. Individuals have been shown to have highly personalized
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microbiome responses to different foods depending on their prior history of dietary diversity [322].
Rapid modifications in gut microbiota are possible when adopting a new dietary strategy, such as
following an exclusively plant- or animal-based diet [323]. Microbial markers have even been proposed
as an objective means of measuring adherence to a given dietary pattern in order to more accurately
correlate resultant health outcomes [150]. Microbes collectively encode 150-fold more genes than the
human genome [5]. Enzymes in gut bacteria across the main taxonomic groupings have been shown to
metabolize 176 common oral drugs, suggesting that differences in gut microbiota may shape individual
responses to drug therapy [324]. Ultimately, determining the full landscape of host-microbiota
interactions will enable advances in personalized medicine, precision nutrition [125,325], and the
development of next-generation probiotics tailored to the individual [326].
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Abbreviations

BMI body mass index
CB1 cannabinoid receptor 1
CVD cardiovascular disease
DHA docosahexaenoic acid
DMB 3,3-dimethyl-1-butanol
eCB endocannabinoid
EPA eicosapentaenoic acid
FMT fecal microbial transplantation
FODMAP fermentable oligo-, di-, mono-saccharides and polyols
FOS fructo-oligosaccharide
GABA γ-aminobutyric acid
GI gastrointestinal
GOS galacto-oligosaccharide
GPCR G-protein coupled receptor
GPR109A niacin receptor 1
GPR41 free fatty acid receptor 3
HR hazard ratio
HDL high-density lipoprotein
IBD inflammatory bowel disease
IBS irritable bowel syndrome
IBS-C IBS with predominant constipation
IBS-D IBS with predominant diarrhea
IBS-M IBS with alternating bowel habits
KD ketogenic diet
LDL low-density lipoprotein
LPS lipopolysaccharide (endotoxin)
NAS non-caloric artificial sweetener
NCGS non-celiac gluten sensitivity
P probability value
PPAR-γ peroxisome proliferator-activated receptor gamma
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PPI proton pump inhibitor
PUFA polyunsaturated fatty acid
R Pearson correlation coefficient
RYGB Roux-en-Y gastric bypass
SCD specific carbohydrate diet
SCFA short-chain fatty acid
sdLDL small dense low-density lipoprotein particle
SGLT1 sodium glucose cotransporter-1
SIBO small intestinal bacterial overgrowth
THC tetrahydrocannabinol
TMA trimethylamine
TMAO trimethylamine N-oxide
TNF tumor necrosis factor
T2D type 2 diabetes
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