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Abstract: Dietary fiber (DF) is a major substrate for the gut microbiota that contributes to metabolic
health. Recent studies have shown that diet-metabolic phenotype effect might be related to individual
gut microbial profiles or enterotypes. Thus, the aim of this study was to examine whether microbial
enterotypes modify the association between DF intake and metabolic traits. This cross-sectional
study included 204 children (6-12 years old) and 75 adults (18-60 years old). Habitual DF intake was
estimated with a Food Frequency Questionnaire and biochemical, clinical and anthropometric data
were obtained. Gut microbiota was assessed through 16S sequencing and participants were stratified
by enterotypes. Correlations adjusting for age and sex were performed to test the associations
between dietary fiber components intake and metabolic traits. In children and adults from the
Prevotella enterotype, a nominal negative correlation of hemicellulose intake with insulin and HOMA-
IR levels was observed (p < 0.05), while in individuals of the other enterotypes, these associations
were not observed. Interestingly, the latter effect was not related to the fecal short-chain-fatty acids
profile. Our results contribute to understanding the enterotype influence on the diet-phenotype
interaction, which ultimate could provide evidence for their use as potential biomarkers for future
precision nutrition strategies.

Keywords: dietary fiber; hemicellulose; insoluble fiber; gut microbiota; enterotypes; school-age
children; adults; HOMA-IR

1. Introduction

Dietary fiber (DF) has been described as an important component of diet due to its
beneficial effects in the host [1]. Currently, a lower DF intake in combination with an
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increased consumption of fat, sugar and high-energy foods is associated with a higher
prevalence of obesity worldwide [2,3], predisposing people to metabolic alterations such
as insulin resistance and type 2 diabetes [4]. Therefore, it has been proposed that higher
DF consumption might prevent or aid in the treatment of some of these alterations [5].

Results from cross-sectional and interventional studies show that DF intake has an
inverse relationship with insulin resistance markers, type 2 diabetes and coronary heart
disease risk [6,7]. The mechanisms of viscous and gel-forming fibers, such as the soluble
types, include lowering of postprandial glucose and insulin responses, decreasing the
absorption rate of certain nutrients as well as modulating gastrointestinal transit time [8].
However, the mechanisms related to the structure of insoluble fibers remain largely under-
investigated. Interestingly, although response to fiber has a common metabolic signature
within the population, it also varies widely among individuals. This high inter-person
variability is likely attributable to biological characteristics, including genetics and other
lifestyle factors. Recently, it has been suggested that this heterogeneity also stems from
different gut microbial profiles [9].

DF is a major dietary component available for the gut microbiota [9,10]. Thus, its
consumption can modify gut microbial composition, their metabolic activities and host
metabolism [11,12]. Indeed, accumulating evidence suggests that bacteria or bacterial-
derived compounds could be partially responsible for some of the biological effects of
DF consumption [9]. Reciprocally, gut microbial profiles can influence the way food
components, including DF, are metabolized [13]. Particularly specific colonic bacteria, by
possessing different carbohydrate-active enzymes, allow these structures to be degraded
and consequently produce a variety of metabolites often not produced by the host [14]. For
instance, short-chain fatty acid (SCFA) production, which has been related to the metabolic
effects of DF consumption, is influenced by gut microbial profiles [15], reinforcing the
notion that diet-phenotype effects might be related to an individual’s gut microbial profile.

Currently, when trying to assess the complexity of the thousands of bacterial species
in our gut, one option available is a categorization method that assigns an individual’s mi-
crobial profile to certain clusters or groups, called enterotypes. These are named depending
on the abundance of signature taxa, such as Bacteroides and Prevotella, the main identified
enterotypes, followed by Ruminococcaceae [16,17]. These enterotypes are suggested to be
biomarkers of gut ecology and stratification and might allow reduction of the large in-
terindividual microbial variation. Recent studies, mainly in European populations, have
found evidence that stratification of individuals according to gut microbial enterotypes or
their proxy Prevotella to Bacteroides ratio allows a better understanding of the relationship
between diet and phenotype [18]. Specifically, they showed that fiber-rich diets induce
greater weight loss in subjects classified as Prevotella enterotype or with a high Prevotella-to-
Bacteroides (P/B), while on a low fiber diet these individuals are more susceptible to weight
gain [19-21]. However, the effect of enterotypes on the diet-metabolic traits relationship
has not been assessed for other ethnic or age groups. Thus, the aim of this study was to
assess whether gut microbial enterotypes modify the relationship between DF intake and
metabolic traits in Mexican school-age children and adults.

2. Methods
2.1. Study Sample and Data Collection

Children included in this cross-sectional study are a subsample (n = 204) from the
“Obesity Research Study for Mexican Children” (ORSMEC), which includes school-age chil-
dren (6 to 12 years) recruited from a summer camp of Mexican Health Ministry employees
(Convivencia Infantil, Sindicato de la Secretaria de Salud) and Hospital Infantil de México
Federico Gémez, as detailed elsewhere [22]. For this study, exclusion criteria included
self-report of obesity-associated metabolic diseases, such as diabetes, as well as antibiotics
use within the past 3 months, while elimination criteria were poorly or unanswered dietary
information or +2.5 SD of mean total energy intake.
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The adult participants (n = 75) were recruited from Hospital Infantil de México Federico
Gomez. The inclusion criteria consisted of age between 18-60 years and the exclusion criteria
included self-report of chronic or obesity-associated metabolic diseases, acute events such
as illness or surgery and self-report of antibiotic use within the past three months. The
elimination criteria were poorly or unanswered dietary information, implausible energy
intake (£2.5 SD of mean total energy intake) or absence of stool sample.

The studies were approved by the Ethics Committee of participant institutions (Insti-
tuto Nacional de Medicina Genomica and Hospital Infantil de México) and were performed in
accordance with the Helsinki Declaration II. An informed consent form was signed by each
participating adult. Likewise, parents or guardians of children who assented to participate
signed the informed consent form.

All participants were assessed through a self-administered questionnaire. For children,
the questionnaire was completed by their parents, while adults completed it by themselves.
This questionnaire provided information about socio-demographic factors, family health
history, physical activity and dietary habits.

2.2. Clinical and Biochemical Measurements

Anthropometric parameters, blood pressure and body composition were measured
following standardized procedures as previously described [23]. Centers for Disease
Control and Prevention (CDC) 2000 growth charts were used as reference to determine
body mass index (BMI) percentiles in children and nutritional status was defined based
on CDC criteria, i.e., for children: underweight < 5th BMI percentile, normal weight
5th < 85th BMI percentile, overweight > 85th < 95 BMI percentile and obesity > 95th
BMI percentile. Cut-off values for adult population were determined according to WHO
criteria: underweight BMI < 18.5 kg/m?, normal weight BMI > 18.5 kg/m? to <25 kg/m?,
overweight BMI > 25 kg/m? to<30 kg/m? and obesity BMI > 30 kg/m?.

Blood samples were collected after 8—12 h of fasting. Serum biochemical analysis
were carried out as previously described [23]. Lipopolysaccharide (LPS) was quantified by
the end-point chromogenic LAL assay according to manufacturer instructions (QCL-1000
kit; Lonza, Walkersville, MD). Insulin resistance was estimated with Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) ((fasting glucose (mg/dL) x fasting insulin
(kU /mL))/405).

2.3. Assessment of Habitual Dietary Intake

A Food Frequency Questionnaire (FFQ), previously validated in a Mexican population,
was completed by individuals or children’s parents to estimate habitual dietary intake over
the previous year. The FFQ included 107 food items classified into 27 food groups and with
ten frequency options: “never”, “less than 1 time per month”, “1 to 3 times per month”,
“1 time per week”, “2 to 4 times per week”, “5 to 6 times per week”, “1 time per day”, ”2 to
3 times per day”, “4 to 5 times per day” and “6 times per day” [24].

Estimations of daily average energy, nutrients and DF components intake were made
through the Evaluation System of Nutritional Habits and Nutrient Intake software, based
on the food composition tables compiled by Instituto Nacional de Salud Publica [25], that
include content of total, soluble and insoluble fiber as well as particular structures such
as hemicellulose, cellulose and lignin. DF consumption was further standardized to
1000 kcal energy intake, to reduce possible variation and interference in the observed
associations [26].

Adequate Intake (Al), established by the Food and Nutrition Board of the Institute
of Medicine of the National Academies, was used to assess adequacy of total fiber intake.
Cut-off values were as follows: for children of 4 to 8 y > 25 g/d, for 9 to 13 y old boys and
girls were >31 g/d and >26 g/d, respectively. For adults, Al was considered >25 g/d for
women up to 50 y and >21 g/d for those over 50 y, while for men Al was >38 g/d up to
50 y and >30 g/d for those over 50 y [27].
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2.4. Gut Microbiota Characterization and Enterotype Stratification

Stool sampling and storage were performed as reported by Lopez-Contreras et al.,
2018 [28]. Samples were transferred within 12 h after collection in a cooler with freezer
packs and stored at —70 °C when received at the research facility. Stool DNA was extracted
using QIAamp DNA Stool Mini Kit (Qiagen, Inc.; Hilden, Germany) for children’s samples,
according to manufacturer’s instructions. For adult samples, DNA was extracted with
QIAamp Power Fecal DNA kit (Qiagen, Inc.; Hilden, Germany), as the QlAamp DNA Stool
Mini kit was no longer available. For all DNA samples the V4 hypervariable region of 165
rRNA gene was amplified using 515F and 806R primers as previously described [28] and
sequenced in the MiSeq 2 x 250 platform.

The Quantitative Insights into Microbial Ecology (QIIME v1.9) pipeline was used for
sequence processing [29]. First, quality filters were used to remove sequences containing
barcode mismatches, ambiguous bases or low-quality reads (Phred quality score < 30).
After trimming barcodes, demultiplexing was performed. Operational taxonomic unit
(OTU) read counts were calculated using the closed reference OTU picking at 97% identity
against the Greengenes database (version 13_08). Potential chimeras were detected with
USearch61 and excluded from further analysis. To estimate alpha diversity, rarefactions
curves were calculated using QIIME, subsampling in the range of 10-17,000 sequences,
with a step of 1000 sequences and ten resamplings on each step. Alpha diversity was
evaluated with Observed OTUs as well as with Shannon and Chaol indexes. Enterotypes
were determined according to the method described by Arumugam et al. [16] and available
in http:/ /enterotype.embl.de/enterotypes.html (accessed on 19 March 2021). Briefly,
after taxonomy assignment, genera represented in the tables were filtered to include only
genera whose average abundance across all samples was greater than 0.01%. The resulting
genus-relative abundance table was used to calculate the distance matrix with the Jensen—
Shannon Divergence metric. This matrix was used as input data for the Partitioning around
medoids clustering algorithm with the “cluster” package. The results were assessed for the
optimal number of clusters using the Calinski-Harabasz (CH) index. Finally, between-class
analysis using the “ade4” package in R was performed to identify the drivers for the
enterotypes, as well as to link each sample with its group. Besides the clustering approach,
Dirichlet multinomial mixture models (DMMs) analysis was also performed for enterotype
analysis [30].

For children (1 = 204), the enterotype distribution was obtained from an extended
dataset analysis of 926 subjects as previously reported [22]. For the adult population
(n = 75) a separate enterotype analysis was performed considering that gut microbial
configuration of school-age children is still immature [31]. In addition, given that the
enterotypes algorithm has been reported to be susceptible to small sample size [32], the
analysis was carried out over an extended dataset that included individuals” data from
the present study combined with a subsample (1 = 125) of another Mexican adult cohort
described in detail elsewhere [33].

Besides enterotypes, a log-transformed Prevotella to Bacteroides (P/B) ratio was used to
stratify participants into high-P/B and low P/B, according to tertiles of the log-transformed
P/B ratio [21]. Individuals in the upper tertile were classified as high P/B, while those
in the bottom tertile were considered low P/B individuals. This analysis was performed
separately for children and adults as shown in Figure 1.
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Figure 1. Overview of the workflow for recruitment, data acquisition and analysis. SCFA: Short-chain fatty acids, DMM:
Dirichlet multinomial mixture models, P/B: Prevotella/Bacteroides. Created with Biorender.com.

2.5. Fecal Short-Chain Fatty Acids Analysis

SCFA were quantified in a subsample of the adult population (n = 47) with available
fecal samples. Content in fecal samples was analyzed by gas chromatography (Agilent
technologies-6850 series 11, Agilent, Santa Clara, CA, USA) with flame ionization detection
(Agilent) and using Agilent ] & W DB-225 ms column as previously described [34].

2.6. Statistical Analysis

Statistical analyses were performed using R and SPSS. Data normality was assessed
with the Kolmogorov-Smirnov test. Since data were non-normally distributed, descriptive
statistics of the study population were obtained by calculating arithmetic median and
interquartile range for continuous variables or percentage for categorical variables. Differ-
ences between enterotypes were performed with U Mann-Whitney or with Kruskal-Wallis
test with Dunn’s post hoc comparison to ascertain any significant differences between
groups. Meanwhile, a chi-squared test was used for categorical data. Partial Spearman
correlations were run separately for children and adults, in R through the “ppcor” package.
For the correlations between habitual DF intake and anthropometrical variables, age and
sex were used as confounding factors. In addition, and given that high body fat mass is
associated with metabolic abnormalities [35], correlations of DF components with biochem-
ical variables were further adjusted by body fat percentage. P values were corrected for
multiple testing using the Benjamini-Hochberg method as implemented in the p.adjust
function in R [36]. Statistical significance was considered when p < 0.05.
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3. Results
3.1. Description of Study Sample

The study includes a total of 204 school-age children with a median age of 9.4 y (IQR:
8.38-10.9) and 75 adults with a median age of 39 y (IQR: 34—42). Among children, 6.4%
were underweight, 57.4% normal weight and 36.3% were overweight or obese. Meanwhile,
among adults 1.3% were underweight, 25.3% normal weight and 73.3% overweight or
obese. Median consumption of total DF in children was 18.0 g/d (IQR: 14.1-23.3), while
soluble and insoluble fiber median intake was 5.18 g/d (IQR: 3.85-6.92) and 10.3 g/d (IQR:
7.88-13.2), respectively. Total, soluble and insoluble fiber median consumption in adults
was 22.8 g/d (IQR: 18.1-28.9), 6.89 g/d (IQR: 5.23-9.69) and 12.7 g/d (IQR: 9.82-15.4),
respectively. Adequate intake of total DF was accomplished only by 11.3% of children and
33.3% of adults. Clinical and anthropometric characteristics of the study population, as
well as energy intake, are presented in Tables 1 and 2.

Table 1. Characteristics of the children included in the study.

Total Sample Bacteroides Prevotella
(n = 204) (n = 136) (n = 68) P

Sex; 1 (%)
Boys 109 (53.4) 69.0 (50.7) 40.0 (58.8) 0.30
Girls 95.0 (46.6) 67.0 (49.3) 28.0 (41.2)
Nutritional status; n (%)
Underweight-normal weight 130 (63.7) 91.0 (66.9) 39.0 (57.4) 0.18
Overweight—obesity 74.0 (36.3) 45.0 (33.1) 29.0 (42.7)
Age (years) 9.40 (8.38-10.9) 9.56 (8.40-10.9) 9.26 (8.30-11.1) 0.98
Waist/hip ratio 0.87 (0.83-0.92) 0.87 (0.83-0.91) 0.89 (0.83-0.93) 0.14
BMI (percentil) 74.7 (31.7-92.4) 68.8 (29.8-90.5) 79.9 (37.0-93.9) 0.19
Body fat (%) 31.5 (24.2-39.1) 30.2 (23.5-38.4) 33.8 (24.8-40.9) 0.20
Sistolic BP (percentil) 45.9 (25.4-69.0) 45.9 (25.0-69.0) 45.9 (27.2-69.0) 0.86
Diastolic BP (percentil) 81.1 (64.4-90.1) 81.5 (66.2-90.3) 80.1 (62.0-89.8) 0.53
Creatinin (mg/dL) 0.46 (0.40-0.51) 0.45 (0.40-0.51) 0.47 (0.40-0.53) 0.13
Uric acid (mg/dL) 4.5 (3.9-5.2) 4.50 (3.90-5.20) 4.50 (4.00-5.50) 0.50
Total cholesterol (mg/dL) 164 (147-184) 163 (144-185) 166 (150-183) 0.41
HDL (mg/dL) 48.0 (42.0-56.0) 47.5 (41.0-56.0) 48.0 (42.0-57.0) 0.99
LDL (mg/dL) 97.0 (83.0-113) 97.5 (84.0-114) 97.5 (82.25-113) 0.75
Triglycerides (mg/dL) 78.0 (54.3-107) 70.5 (51.3-99.5) 91.0 (67.3-134) 1x1073
AST (IU/L) 29.0 (26.0-34.0) 29.0 (27.0-35.0) 29.0 (26.0-34.0) 0.39
ALT (IU/L) 20.0 (16.0-25.0) 20.0 (16.0-26.0) 19.0 (16.0-24.0) 0.62
GGT (IU/L) 13.0 (11.0-16.0) 13.0 (12.0-16.0) 13.0 (11.0-16.0) 0.45
Glucose (mg/dL) 88.0 (85.0-92.0) 88.0 (85.0-92.0) 89.0 (84.3-93.0) 0.56
Insulin (IU/mL) 5.50 (3.60-7.88) 5.15 (3.45-7.45) 5.85 (3.83-9.03) 0.21
LPS (pg/mL) 0.99 (0.48-1.36) 0.70 (0.51-1.38) 0.82 (0.40-1.23) 0.79
C-reactive protein (mg/dL) 0.07 (0.02-0.17) 0.07 (0.01-0.16) 0.07 (0.02-0.18) 0.61
HOMA-IR 1.17 (0.76-1.77) 1.13 (0.76-1.69) 1.24 (0.82-2.01) 0.23
Total energy intake (keal/day) (1431{2892%;24(1)1.73) (1440?5;—622454.09) (1406?52—92528.50) 085
Total DF 10.4 (8.73-11.8) 10.4 (8.81-11.6) 10.2 (8.47-12.0) 0.86

(g/1000 kcal/day)
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Table 1. Cont.
Total Sample Bacteroides Prevotella
(n = 204) (n = 136) (n = 68) P
Soluble fiber
(/1000 keal /day) 2.95 (2.44-3.53) 3.01 (2.50-3.44) 2.90 (2.37-3.59) 0.55
Insoluble fiber
(/1000 keal /day) 5.67 (4.94-6.59) 5.69 (4.99-6.59) 5.62 (4.81-6.72) 0.60
Hemicellulose
(/1000 keal /day) 1.82 (1.53-2.31) 1.82 (1.52-2.29) 1.82 (1.55-2.34) 0.80
Cellulose
(/1000 keal /day) 2.67 (1.96-4.24) 2.66 (2.00-4.05) 2.89 (1.85-4.45) 0.87
Lignin
(/1000 keal /day) 0.46 (0.37-0.57) 0.46 (0.38-0.55) 0.45 (0.35-0.60) 0.91
Al of dietary fiber; n (%) 23.0 (11.2) 13.0 (9.56) 10.0 (14.7) 0.27

Values represent median and interquartile range or n and percentage. Significant p-values are shown in bold. BP: Blood pressure; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; GGT: Gamma glutamyl transferase; DF: Dietary fiber, Al: Adequate intake.

Table 2. Characteristics of adults included in the study.

Total Sample Bacteroides Prevotella Ruminococcaceae
(n=75) (n=27) (n=27) (n=21) P

Sex; n (%)
M 13.0 (17.3) 5.0 (18.52) 6.00 (22.22) 2.00 (9.52) 0.50
F 62.0 (82.7) 22.0 (81.48) 21.0 (77.78) 19.0 (90.48)
Nutritional status; n (%)
leiftw eight-normal 20.0 (26.7) 9.00 (33.3) 5.00 (18.5) 6.00 (28.6) 0.46
Overweight-obesity 55.0 (73.3) 18.0 (66.7) 22.0 (81.5) 15.0 (71.4)
Age (years) 39.0 (34.0-42.0) 40.0 (35.0-43.0) 38.0 (32.0-41.0) 39.0 (35.0-41.5) 0.30
Waist/hip radio 0.85 (0.81-0.90) 0.85 (0.82-0.90) 0.85 (0.80-0.92) 0.82 (0.79-0.89) 0.54
BMI (kg/m?) 27.8 (24.8-30.4) 26.6 (24.0-29.4) 29.0 (26.3-32.5) 27.1 (24.8-29.5) 0.16
Body fat (%) 35.3 (30.5-41.2) 35.0 (28.6-37.0) 38.5 (33.0-42.5) 35.3 (29.0-43.5) 0.13
Sistolic BP (mmHg) 113 (101-122) 113 (93.5-118) 114 (101-126) 116 (103-122) 0.57
Diastolic BP (mmHg) 73.0 (67.0-79.3) 76.0 (61.0-81.0) 71.0 (67.8-78.0) 73.0 (70.0 -80.0) 0.64
Creatinin (mg/dL) 0.66 (0.58-0.74) 0.69 (0.60-0.79) 0.64 (0.57-0.81) 0.66 (0.58-0.71) 0.55
Uric acid (mg/dL) 4.80 (4.30-5.70) 490 (440-550)2 530 (440-620)2  4.40(3.35-4.85)> 4 x 103
Total cholesterol (mg/dL) 192 (164-213) 196 (170-228) 183 (163-198) 192 (163-216) 0.19
HDL (mg/dL) 48.0 (39.0-56.0) 50.0 (42.0-58.0) 43.0 (35.0-54.0) 49.0 (45.0-55.0) 0.12
LDL (mg/dL) 117 (91.8-141) 124 (100-151) 106 (85.6-127) 111 (96.1-139) 0.13
Triglycerides (mg/dL) 117 (95.0-177) 115 (83.0-177) 120 (103-205) 103 (85.0-162) 0.33
AST (IU/L) 22.0 (19.0-27.8) 23.5 (20.0-33.8) 20.0 (19.0-24.0) 22.0 (17.5-27.0) 0.25
ALT (IU/L) 21.0 (15.0-28.0) 25.0 (18.0-28.0) 19.0 (15.0-27.0) 18.0 (13.0-31.5) 0.23
GGT (IU/L) 17.5 (12.0-27.0) 21.0 (14.5-37.5) 16.0 (12.0-31.3) 15.0 (10.0-19.5) 0.06
Glucose (mg/dL) 92.0 (88.0-99.0) 93.0 (87.0-100) 92.0 (88.0-101) 91.0 (88.0-96.0) 0.48
Insulin (IU/mL) 67.0 (46.0-96.0) 57.0 (44.0-96.0) 69.0 (44.0-106) 69.0 (48.5-97.0) 0.60
HOMA-IR 1.66 (1.09-2.34) 1.55 (1.00-2.70) 1.72 (1.19-2.71) 1.58 (1.16-2.12) 0.75
Total energy intake 2085.78 2085.78 2223.51 1772.75 0.39

(kcal/day)

(1583.04-2427.43)

(1581.05-2404.53)

(1602.68-2579.91)

(1575.70-2212.96)
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Table 2. Cont.

Total Sample Bacteroides Prevotella Ruminococcaceae
(n =75) (n=27) (n=27) (n =21) P

Total DF (g/1000 kcal/day) 11.5 (9.25-13.9) 11.7 (9.44-13.5) 11.4 (8.40-14.2) 11.4 (9.52-14.5) 0.86
Soluble fiber (/1000 3.68 (2.63-4.44) 3.75 (2.66-4.42) 3.66 (2.78-4.83) 3.46 (2.57-4.69) 0.89
kcal/day)

Insoluble fiber (g/1000

keal/dlay) 6.07 (4.88-7.25) 6.46 (5.31-7.25) 5.81 (4.29-7.90) 6.29 (5.64-7.24) 0.58
Hemicellulose (g/1000

Keal/ day) 1.91 (1.61-2.50) 1.92 (1.63-2.34) 2.01 (1.31-2.76) 1.79 (1.79-2.14) 0.48
Cellulose (g/1000 kcal/day) 3.62 (2.24-5.12) 2.94 (2.02-4.69) 3.82 (2.40-6.59) 2.79 (2.21-4.53) 0.22
Lignin (g/1000 kcal/day 0.47 (0.34-0.65) 0.47 (0.34-0.79) 0.40 (0.28-0.63) 0.51 (0.38-0.71) 0.48
Al of dietary fiber; n (%) 25.0 (33.3) 9.0 (33.3) 10.0 (37.0) 6.00 (28.6) 0.83

Values represent median and interquartile range or n and percentage. Significant p-values are shown in bold. BP: Blood pressure; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; GGT: Gamma glutamyl transferase; DF: Dietary fiber, Al: Adequate intake.
Different superscript letters indicate statistically significant differences between groups after Dunn’s post hoc test.

3.2. Enterotypes Stratification, Nutrient Intake and Phenotype Differences

We first performed the enterotype analysis following the methodology suggested by
Arumugam to stratify the children and adult samples [16]. For children, two enterotypes
were previously identified in an extended dataset and were driven by Bacteroides and
Prevotella abundance [22]. Classification of the current sample participants within these
enterotypes showed that 66.7% belonged to Bacteroides while 33.3% belonged to Prevotella.
Gut microbiota of those within the Prevotella enterotype harbored a lower diversity as
evaluated by Shannon index when compared to subjects with Bacteroides enterotype
(p <0.05).

Anthropometric, clinical and biochemical parameters were not significantly different
between children from the two enterotypes, except for triglyceride levels, which were
higher in subjects from Prevotella enterotype (p = 0.001). Moreover, energy and nutrient in-
take between enterotypes was not significantly different, nor was intake of DF components
(Table 1 and Supplementary Table S1).

In contrast to the children’s data, the CH index suggested an optimum of three clusters
for the adult sample. These clusters were enriched in Bacteroides, Prevotella and members of
Ruminococcaceae family, thus called after the latter taxa (Supplementary Figure S1). Classifi-
cation of individuals within these enterotypes showed that 36% belonged to Bacteroides,
36% to Prevotella and 29% to Ruminococcaceae. Consistent with children results, the gut
microbiota from individuals classified as Prevotella enterotype showed a lower diversity
as evaluated by the Shannon index when compared to individuals from the other two
enterotypes (p < 0.05; Supplementary Figure S2). No significant differences in anthropomet-
ric, clinical or biochemical variables were observed among the three enterotypes, except
for serum uric acid levels (p < 0.05). Energy, nutrient and DF intake were similar among
enterotypes (Table 2 and Supplementary Table S2).

3.3. Associations between Dietary Fiber Intake and Metabolic Traits in All Participants

We first explored the association of DF intake and its components with metabolic traits,
without stratification. In children, consumption of total DF or its components showed no
correlation with anthropometric traits. For biochemical variables, only a few significant cor-
relations were observed. Soluble fiber was negatively correlated with HDL cholesterol and
weak positive correlations were observed between cellulose intake and serum triglycerides
(TG) and between lignin consumption and serum ALT levels (p < 0.05) (Supplementary
Table S3). In adults, higher intake of insoluble fiber and lignin correlated with lower waist
to hip ratio, while hemicellulose consumption showed a moderate correlation with greater
body fat (p < 0.05). However, none of the previous correlations remained significant after
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FDR correction. Furthermore, no significant correlations were observed between total DF
intake or its components and biochemical variables (Supplementary Table 54).

3.4. Associations between Dietary Fiber Intake and Metabolic Traits within Enterotypes

To test whether the enterotypes modify the association between DF intake and the
metabolic phenotype, we performed correlations between consumption of the different DF
components and metabolic traits within the identified enterotypes in children and adults.

In children from Prevotella enterotype, no significant correlations were observed with
anthropometric traits. However, in these individuals, hemicellulose intake showed negative
correlations with serum insulin levels and HOMA-IR, after adjusting for age, sex and body
fat. Cellulose intake correlated positively with higher serum HDL cholesterol but also with
higher TG levels and diastolic blood pressure percentile. Lignin intake correlated positively
with AST and ALT levels (p < 0.05; Figure 2A). In contrast, in children from the Bacteroides
enterotype, only cellulose intake was negatively correlated with BMI percentile and soluble
fiber intake was negatively correlated with HDL cholesterol levels (p < 0.05; Figure 2A).
After FDR correction, only the positive correlation between lignin intake and serum ALT
levels in children from the Prevotella enterotype remained significant (Pppr < 0.05), while
the correlations between hemicellulose intake and insulin resistance markers were close to
significance (PppRr < 0.2; Supplementary Table S5).

B)
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Figure 2. Correlations between DF intake and metabolic traits within enterotypes for (A) children and (B) adults. Heatmap
represents partial Spearman correlations between daily DF intake (adjusted per 1000 kcal) and metabolic traits. Correlations
with anthropometric traits were adjusted by sex and age, while correlations with biochemical variables were further adjusted
for body fat percentage. #p < 0.10, * p < 0.05 and ** p < 0.01.

We then sought to discover whether the associations identified in children were also
observed in adults. In Prevotella individuals, total DF and hemicellulose intake correlated
positively with adiposity (evaluated as body fat percentage), while cellulose intake corre-
lated with negatively with BMI (p < 0.05) (Figure 2B). Consistent with the results observed
in children, higher intake of hemicellulose correlated negatively with serum insulin levels
and as a trend with HOMA-IR (p = 0.05) (Figure 2B). Higher intake of this type of DF was
also correlated with higher HDL cholesterol and lower serum ALT levels (p < 0.05). Intake
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of total DF, cellulose and lignin showed a negative correlation with serum levels of ALT,
insulin and HOMA-IR that were significant or as a trend (p < 0.05 or p < 0.1, Figure 2B).
After FDR correction, the latter correlations remained as a trend (p < 0.1) or were close to
significance (PppRr < 0.15; Supplementary Table S6).

In adults from Bacteroides enterotype and in contrast to the observed results in
children, cellulose intake was positively correlated with BMI (p < 0.05), while lignin intake
showed a significant negative correlation with waist to hip ratio (p < 0.05). Total and
insoluble fiber as well as hemicellulose and lignin intake were negatively correlated with
LDL cholesterol levels, while higher consumption of total DF and hemicellulose were also
negatively correlated with total cholesterol levels (p < 0.05, Figure 2B). However, none of the
previous correlations remained significant after FDR correction (Supplementary Table S6).

Finally, in individuals within Ruminococaceae enterotype, hemicellulose intake was
positively correlated with body fat percentage (p < 0.05), while soluble fiber and lignin
intake correlated negatively (p < 0.05). Cellulose intake was negatively correlated with
diastolic blood pressure and serum GGT levels, while a positive correlation of insoluble
fiber intake with serum TG was observed (p < 0.05, Figure 2B). After FDR correction,
only the negative correlation between cellulose intake and serum GGT levels remained
significant (Prpr < 0.05, Table S6).

3.5. Association between Hemicellulose Intake and Insulin Resistance Markets among
DMM Enterotypes

Given that gut microbial clustering algorithms for enterotype assignment may yield
different results, we performed enterotype analysis based on Dirichlet multinomial mixture
models (DMMs), which is suggested to be a statistically more rigorous approach [17]. In
children and adults, three enterotypes were identified. The top genus driving community
1 was Bacteroides, for community 2 it was Prevotella and for community 3 it was again
Bacteroides (Supplementary Figures S3 and S4). Interestingly, when we classified indi-
viduals into these enterotypes, most of those initially assigned to Prevotella remained in
this enterotype (84% of children and 85% of adults). Next, we performed the correlations
between dietary fiber intake and metabolic traits. Since most of the correlations did not
remain significant after FDR correction with the previous analysis, we focused only on
those consistent between children and adults. In adults from Prevotella enterotype, hemi-
cellulose was negatively correlated with insulin and HOMA (tho = —0.52, p = 0.022 and
rho = —0.47, p = 0.049, respectively). In children from this enterotype, hemicellulose intake
was negatively correlated with insulin (tho = —0.28, p = 0.039) and as a trend with HOMA
(rho = —0.24, p = 0.075). These correlations were not observed in individuals from the
other enterotypes.

3.6. Association between Hemicellulose Intake and Insulin Resistance Markers Stratifying by
Prevotella to Bacteroides Ratio

Given that Prevotella and Bacteroides genera have been shown to have the largest
variance in terms of relative abundance [17], we sought to discover whether the consistent
association between hemicellulose intake and insulin resistance markers was also valid
using the Prevotella to Bacteroides ratio. The same 68 children initially assigned to Prevotella
enterotype were in the high P/B group, thus the negative correlations between hemicellu-
lose intake and insulin resistance markers were significant (p < 0.05). For adults, 24 out of
27 individuals originally assigned in the Prevotella enterotype were classified as high P/B.
Within this group, hemicellulose intake showed a negative and significant correlation with
insulin (rho = —0.49, p = 0.03) and as a trend with HOMA-IR (rho = —0.44, p = 0.06), as well
as a negative correlation with TG/HDL ratio (tho = —0.45, p = 0.05).

3.7. Association between Dietary Fiber Consumption and Fecal Short-Chain Fatty Acids (SCFA)
among Enterotypes

To test whether differential associations observed between hemicellulose and insulin
resistance markers among enterotypes were related to SCFA production, fecal SCFAs were
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quantified in a subsample of the adult population (n = 47). Individuals within the Prevotella
enterotype showed significant higher fecal levels of propionate, when compared to those in
Bacteroides enterotype (p = 0.04) (Table 3). In addition, total fecal SCFA levels in Prevotella
individuals were positively correlated with body fat percentage (rtho = 0.45, p = 0.03). How-
ever, in these individuals, neither hemicellulose intake nor consumption of other types of
DF were associated with fecal SCFA levels. In contrast, in participants of the Ruminococ-
caceae enterotype, soluble fiber intake showed a weak positive correlation with total fecal
SCFA (rho = 0.076, p = 0.05), while in Bacteroides individuals, higher cellulose consumption
correlated with greater fecal butyrate (rtho = 0.65, p = 0.04). However, these correlations did
not remain significant after FDR correction. Among enterotypes, no significant associations
were observed between individual or total SCFA and biochemical variables.

Table 3. Concentration of fecal short-chain fatty acids in adults.

Total Sample Bacteroides Prevotella Ruminococcaceae
(n=47) (n=12) (n = 26) (n=9) P
Acetate
(mmol/g wet stool) 168 (138-210) 140 (101-186) 181 (153-231) 192 (133-249) 0.10
Propionate » b _ a ab
(mmol/g wet stool) 133 (107-160) 114 (76-139) 143 (114-190) 117 (84.0-144) 0.04
Butyrate
(mmol/g wet stool) 86 (62-119) 67 (39-115) 92.1 (62.8-126) 84.6 (68.3-111) 0.42
Total SCFA 389 (310-499) 319 (236-418) 425 (317-509) 350 (307-515) 0.15

(mmol/g wet stool)

Kruskall-Wallis test between enterotypes. Significant p-values are shown in bold. Different superscript letters indicate statistically
significant differences between groups after a post hoc Dunn'’s test. SCFA: Short-chain fatty acids.

4. Discussion

The purpose of this study was to assess whether gut microbial profiles evaluated as
enterotypes could modify the association between DF intake and the metabolic profile.
Interestingly, when we stratified individuals according to the identified enterotypes we
consistently observed that in children and adults from Prevotella enterotype, hemicellulose
intake correlated negatively with markers of insulin resistance, which was not observed in
the other enterotypes. Interestingly, the association between hemicellulose and HOMA-IR
was not related to fecal SCFA levels.

Observational studies show that high DF consumption has been associated with a
decreased risk for different chronic diseases [37]. In our study, when analyzing the whole
child sample, we only observed minor associations between consumption of some of the DF
components and metabolic traits. This might be related to the dose-response relationship
between DF consumption and chronic disease risk [37]. For instance, when considering
only the children with an adequate DF intake (1 = 23), soluble fiber intake was negatively
correlated with serum insulin levels and HOMA, however no associations with other
dietary fiber components were observed (data not shown). Thus, our results, at least for
soluble fiber consumption, are likely influenced by the fact that only 11% of the children
fulfill the Al intake for total DF. In adults, although only a third of the adults reached the
Al for total DF consumption, the nominal negative correlation between insoluble DF and
waist to hip ratio is consistent with other large-scale studies [38].

Enterotypes have been associated with habitual diets with different nutrient in-
takes [39]. It has been reported that the Prevotella enterotype or a major abundance of this
genus are associated with carbohydrate-enriched long-term diets in children [40-42] and
adults [43-45]. In contrast, Bacteroides enterotype or its abundance, as well as Ruminococ-
caceae enterotype, have been associated with protein- and fat-enriched diets [44,46,47]. Here,
we did not observe significant differences in macronutrient intake between enterotypes
in both age groups. Only when using DMM for enterotype assignment, did children
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classified in community 3, dominated by Bacteroides, show higher insoluble DF intake
when compared to children from the other two enterotypes. This lack of differences in
dietary intake between enterotypes could be related to the nature of our sample, which is
composed of individuals from the same geographic region that in general have a lower DF
intake and similar dietary patterns. In fact, most previous studies have compared samples
from different regions and dietary preferences, where there might also be influence of other
environmental factors.

Even though there were no differences in DF intake between enterotypes, we observed
differential associations between DF components and metabolic traits among enterotypes.
In our study, and despite a modest intake of DF, only in children and adults from Prevotella
enterotype, did hemicellulose intake show nominal negative associations with insulin
serum levels and HOMA-IR, while among children and adults from other enterotypes
no consistent associations were observed. Despite the latter correlations not remaining
significant after FDR correction, when using DMM models for enterotype assignment,
in the Prevotella-dominant enterotype the correlations between hemicellulose intake and
insulin resistance markers were consistent (Supplementary Table S7). Furthermore, by
using the P/B ratio, these associations were also corroborated in children and adults. This
is in agreement with a previous report where individuals with high Prevotella abundance
showed greater improvement in glucose metabolism after a cereal high fiber interven-
tion [48]. Consistently, other studies have also shown that individuals with a high P/B
ratio show the greatest metabolic benefit of high fiber interventions while individuals with
a low P/B appear to have little or no benefit [18]. Interestingly, those studies also show
that in subjects with a high P/B ratio, fiber intake is closely related to HOMA-IR levels [21].
Altogether, it seems that despite the method for enterotype assignment, individuals har-
boring a Prevotella enterotype or a high P/B ratio could be more sensitive to the effects
of fiber consumption, particularly for hemicellulose, even at levels below the adequate
intake. Although more interventional studies are needed to corroborate the latter results,
this could have potential implications to improve efficacy in nutritional interventions.

It has been suggested that differences in taxonomic composition may contribute to
functional and ecological differences among enterotypes. An in vitro study showed that
the dominance of Prevotella in a human fecal inocula produced larger amounts of total
SCFA and especially propionate from different fiber structures included in insoluble fibers,
compared with fermentation with the Bacteroides-enriched sample [49]. Propionate has been
described as an intestinal gluconeogenic substrate that activates a gut-brain neural circuit
to increase insulin sensitivity and glucose tolerance [50]. Thus, in a subsample of adults,
we tested whether the associations between hemicellulose and insulin resistance markers
could be related to a differential production of SCFA, the main metabolites produced
from dietary fiber degradation. Interestingly, despite higher levels of propionate in adults
from the Prevotella enterotype, in these individuals, consumption of hemicellulose or
any other dietary fiber component was not related to fecal SCFA levels, and the latter
were neither associated to insulin resistance markers. This suggests that the association
between hemicellulose intake and insulin resistance among Prevotella individuals might
not necessarily be related to SCFA production. However, there are other mechanisms that
might be involved. Indeed, differences among enterotypes include intestinal transit time
which likely influences nutrient absorption, bile acid metabolism, as well as production
of other bacterial-derived metabolites [17]. For instance, imidazole propionate, a bacterial
metabolite produced from histidine and related to higher insulin resistance, showed a
negative association with dietary fiber consumption and a differential production pattern
among enterotypes [51]. Thus, further studies are warranted to explore whether the
mechanisms underlying the observed associations are related to microbial functional
differences or if enterotypes only serve as biomarkers of gut physiology.

Finally, it was brought to our attention that in children and adults of Prevotella en-
terotype, associations with metabolic traits were mostly observed for hemicellulose and
insoluble fiber components (cellulose and lignin). Even though in general these structures



Nutrients 2021, 13, 3892

13 of 16

have been described as less viscous and with a minor capacity of gel-forming compared to
soluble fibers, properties commonly related to the metabolic effects of DF intake [52,53],
our results underscore the need to explore other mechanisms that by interacting with gut
microbial profile could contribute to their beneficial effects.

We acknowledge several limitations in our study. First, due to its cross-sectional nature,
causality is not demonstrated. Second, the correlations between hemicellulose and insulin
resistance markers did not remain significant after FDR correction. Studies that characterize
the gut microbiota or Prevotella/Bacteroides ratio have described significant correlations
between dietary fiber intake and metabolic parameters, particularly in individuals from the
Prevotella enterotype [19]. Thus, it is plausible that in our study the observed associations are
not true false positive results. However, studies with a larger sample size will be necessary
to confirm them. Third, quantification of SCFA was performed only in a subsample of
adults with available fecal samples which could have influenced the lack of association with
dietary fiber consumption. In addition, there were no children’s fecal samples available,
thus whether SCFA fecal levels are associated with dietary fiber intake in children warrants
further study. Fourth, measurements of other metabolites such as bile acids and imidazole
propionate or of gastrointestinal transit time markers might provide additional information
to understand the potential mechanisms underlying our findings. In contrast, advantages of
our study include the participation of a Latin American population with high prevalence of
obesity and metabolic complications where the role of the gut microbiota in the interaction
between diet and phenotype remains underexplored. Furthermore, the evaluation of
children and adults, with three different models for enterotype assignment or their proxy,
strengthen our results and allowed us to replicate the results in different age groups.

In summary, the results presented here suggest that individuals harboring a Pre-
votella-dominant enterotype may have a greater benefit on insulin resistance markers upon
consumption of hemicellulose rich foods, even at low intake levels. Despite a certain level
of uncertainty, our results contribute to understanding the influence of enterotypes on diet—
phenotype interaction, which could ultimately provide evidence for their use as potential
biomarkers for future precision nutrition strategies aimed for metabolic complications in
children and adults.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nu13113892/s1, Table S1: Habitual nutrient intake in the included school-age children,
Table S2: Habitual nutrient intake in the included adults, Table S3: Correlations of dietary fiber
intake and metabolic traits in school-age children, Table S4: Correlations of dietary fiber intake and
metabolic traits in adults, Table S5: FDR corrected P-values of correlations between dietary fiber
intake and metabolic traits in adults, Table S6: FDR corrected P-values of correlations between dietary
fiber intake and metabolic traits in children, Table S7: Habitual nutrient intake in children based on
Community typing with Dirichlet Multinomial Mixtures, Table S8: Habitual nutrient intake in adults
based on Community typing with Dirichlet Multinomial Mixtures, Figure S1: Relative abundance of
driver taxa among enterotypes identified by clustering, Figure S2: Alpha diversity estimates within
identified enterotypes in adults, Figure S3: Community typing with Dirichlet Multinomial Mixtures
in adults, Figure S4: Community typing with Dirichlet Multinomial Mixtures in children.

Author Contributions: Conceptualization, ].N.M.-M., SM.-R. and R.E-L.; methodology, S.M.-R.,
JN.M.-M,, R.E-L,, BEL.-C.,LRM.-K,, D.G.-M., HV.-R,, PL.-M. and O.G.-P,; resources, B.E.D.-R.-N.,
FJ.G.-P,N.T.,, ART, C.A A-S. and 5.C.-Q.; data curation, ] N.M.-M., SM.-R. and R.E-L., writing—
original draft preparation, ].N.M.-M., SM.-R. and R.E-L., writing—review and editing, SM.-R.,
JN.M.-M,, RE-L.,, BEL.-C,, CA.A.-S. and S.C.-Q., supervision, B.E.D.-R.-N., BE.L.-C., HV.-R,,
FJ.G.-P, N.T.,, AR.T. and C.A.A.-S,, funding acquisition, S.M.-R. and S.C.-Q. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by CONACYT grant #248765 to S.M.-R., JN.M.-M. is in the
Ciencias Biologicas MSc program from Universidad Nacional Auténoma de México (UNAM), and is
supported by a fellowship from CONACyT, México.


https://www.mdpi.com/article/10.3390/nu13113892/s1
https://www.mdpi.com/article/10.3390/nu13113892/s1

Nutrients 2021, 13, 3892 14 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of participant institutions, Instituto
Nacional de Medicina Gendmica and Hospital Infantil de México (Approvals CEI 2017/13 and HIM
2017-90).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author (S.M.-R.).

Acknowledgments: We thank Nayely Reyes, Ricardo Villarruel-Vazquez, Elvira Ocampo-Medina,
Elena Larrieta-Carrasco, Alfredo Mendoza, Luz E. Guillén, Carmen Moreno, Adriana Lopez and
Guadalupe Lopez for their technical assistance. We thank all the family volunteers who participated
in this study.

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

References

1.  Lattimer, ].M.; Haub, M.D. Effects of dietary fiber and its components on metabolic health. Nutrients 2010, 2, 1266-1289. [CrossRef]

2. Lahti-Koski, M.; Pietinen, P.; Heliévaara, M.; Vartiainen, E. Associations of body mass index and obesity with physical activity,
food choices, alcohol intake, and smoking in the 1982-1997 FINRISK Studies. Am. J. Clin. Nutr. 2002, 75, 809-817. [CrossRef]

3. San-Cristobal, R.; Navas-Carretero, S.; Martinez-Gonzalez, M.; Ordovas, ].M.; Martinez, J.A. Contribution of macronutrients to
obesity: Implications for precision nutrition. Nat. Rev. Endocrinol. 2020, 16, 305-320. [CrossRef]

4. Weickert, M.O,; Pfeiffer, A.F.H. Impact of Dietary Fiber Consumption on Insulin Resistance and the Prevention of Type 2 Diabetes.
J. Nutr. 2018, 148, 7-12. [CrossRef] [PubMed]

5. Weickert, M.O.; Pfeiffer, A.F. Metabolic effects of dietary fiber consumption and prevention of diabetes. ]. Nutr. 2008, 138, 439-442.
[CrossRef] [PubMed]

6. Dong, Y,; Chen, L.; Gutin, B.; Zhu, H. Total, insoluble, and soluble dietary fiber intake and insulin resistance and blood pressure
in adolescents. Eur. J. Clin. Nutr. 2019, 73, 1172-1178. [CrossRef] [PubMed]

7. Tucker, L.A. Fiber Intake and Insulin Resistance in 6374 Adults: The Role of Abdominal Obesity. Nutrients 2018, 10, 237. [CrossRef]

8.  Slavin, ]. Fiber and prebiotics: Mechanisms and health benefits. Nutrients 2013, 5, 1417-1435. [CrossRef]

9.  Koh, A.; De Vadder, F; Kovatcheva-Datchary, P; Biackhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332-1345. [CrossRef]

10. Sonnenburg, E.D.; Smits, S.A.; Tikhonov, M.; Higginbottom, S.K.; Wingreen, N.S.; Sonnenburg, ].L. Diet-induced extinctions in
the gut microbiota compound over generations. Nature 2016, 529, 212-215. [CrossRef]

11. Tuncil, Y.E,; Thakkar, R.D.; Marcia, A.D.R.; Hamaker, B.R.; Lindemann, S.R. Divergent short-chain fatty acid production and
succession of colonic microbiota arise in fermentation of variously-sized wheat bran fractions. Sci. Rep. 2018, 8, 16655. [CrossRef]

12.  Williams, B.A.; Grant, L.J.; Gidley, M.]J.; Mikkelsen, D. Gut Fermentation of Dietary Fibres: Physico-Chemistry of Plant Cell Walls
and Implications for Health. Int. . Mol. Sci. 2017, 18, 2203. [CrossRef] [PubMed]

13. Derrien, M.; Veiga, P. Rethinking Diet to Aid Human-Microbe Symbiosis. Trends Microbiol. 2017, 25, 100-112. [CrossRef] [PubMed]

14. Hamaker, B.R.; Tuncil, Y.E. A perspective on the complexity of dietary fiber structures and their potential effect on the gut
microbiota. J. Mol. Biol. 2014, 426, 3838-3850. [CrossRef]

15. Nguyen, N.K,; Deehan, E.C.; Zhang, Z.; Jin, M.; Baskota, N.; Perez-Mufioz, M.E.; Cole, J.; Tuncil, Y.E.; Seethaler, B.; Wang, T.;
et al. Gut microbiota modulation with long-chain corn bran arabinoxylan in adults with overweight and obesity is linked to an
individualized temporal increase in fecal propionate. Microbiome 2020, 8, 118. [CrossRef] [PubMed]

16. Arumugam, M.; Raes, |.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, ].M.; et al.
Enterotypes of the human gut microbiome. Nature 2011, 473, 174-180. [CrossRef]

17. Costea, PI,; Hildebrand, F.; Arumugam, M.; Backhed, F.; Blaser, M.].; Bushman, ED.; de Vos, W.M.; Ehrlich, S.D.; Fraser, C.M.;
Hattori, M.; et al. Enterotypes in the landscape of gut microbial community composition. Nat. Microbiol. 2018, 3, 8-16. [CrossRef]
[PubMed]

18.  Christensen, L.; Roager, H.M.; Astrup, A.; Hjorth, M.F. Microbial enterotypes in personalized nutrition and obesity management.
Am. . Clin. Nutr. 2018, 108, 645-651. [CrossRef] [PubMed]

19. Christensen, L.; Vuholm, S.; Roager, H.M.; Nielsen, D.S.; Krych, L.; Kristensen, M.; Astrup, A.; Hjorth, M.F. Prevotella Abundance
Predicts Weight Loss Success in Healthy, Overweight Adults Consuming a Whole-Grain Diet Ad Libitum: A Post Hoc Analysis
of a 6-Wk Randomized Controlled Trial. J. Nutr. 2019, 149, 2174-2181. [CrossRef] [PubMed]

20. Hjorth, MLE; Bleedel, T.; Bendtsen, L.Q.; Lorenzen, ].K.; Holm, J.B.; Kiilerich, P.; Roager, H.M.; Kristiansen, K.; Larsen, L.H.;
Astrup, A. Prevotella-to-Bacteroides ratio predicts body weight and fat loss success on 24-week diets varying in macronutrient
composition and dietary fiber: Results from a post-hoc analysis. Int. J. Obes. 2019, 43, 149-157. [CrossRef]

21. Hijorth, M.E,; Christensen, L.; Kjolbaek, L.; Larsen, L.H.; Roager, H.M.; Kiilerich, P.; Kristiansen, K.; Astrup, A. Pretreatment

Prevotella-to-Bacteroides ratio and markers of glucose metabolism as prognostic markers for dietary weight loss maintenance.
Eur. ]. Clin. Nutr. 2020, 74, 338-347. [CrossRef] [PubMed]


http://doi.org/10.3390/nu2121266
http://doi.org/10.1093/ajcn/75.5.809
http://doi.org/10.1038/s41574-020-0346-8
http://doi.org/10.1093/jn/nxx008
http://www.ncbi.nlm.nih.gov/pubmed/29378044
http://doi.org/10.1093/jn/138.3.439
http://www.ncbi.nlm.nih.gov/pubmed/18287346
http://doi.org/10.1038/s41430-018-0372-y
http://www.ncbi.nlm.nih.gov/pubmed/30523304
http://doi.org/10.3390/nu10020237
http://doi.org/10.3390/nu5041417
http://doi.org/10.1016/j.cell.2016.05.041
http://doi.org/10.1038/nature16504
http://doi.org/10.1038/s41598-018-34912-8
http://doi.org/10.3390/ijms18102203
http://www.ncbi.nlm.nih.gov/pubmed/29053599
http://doi.org/10.1016/j.tim.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27916707
http://doi.org/10.1016/j.jmb.2014.07.028
http://doi.org/10.1186/s40168-020-00887-w
http://www.ncbi.nlm.nih.gov/pubmed/32814582
http://doi.org/10.1038/nature09944
http://doi.org/10.1038/s41564-017-0072-8
http://www.ncbi.nlm.nih.gov/pubmed/29255284
http://doi.org/10.1093/ajcn/nqy175
http://www.ncbi.nlm.nih.gov/pubmed/30239555
http://doi.org/10.1093/jn/nxz198
http://www.ncbi.nlm.nih.gov/pubmed/31504699
http://doi.org/10.1038/s41366-018-0093-2
http://doi.org/10.1038/s41430-019-0466-1
http://www.ncbi.nlm.nih.gov/pubmed/31285554

Nutrients 2021, 13, 3892 15 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Moran-Ramos, S.; Lopez-Contreras, B.E.; Villarruel-Vazquez, R.; Ocampo-Medina, E.; Macias-Kauffer, L.; Martinez-Medina,
J.N.; Villamil-Ramirez, H.; Leén-Mimila, P.; Del Rio-Navarro, B.E.; Ibarra-Gonzalez, I.; et al. Environmental and intrinsic factors
shaping gut microbiota composition and diversity and its relation to metabolic health in children and early adolescents: A
population-based study. Gut Microbes 2020, 11, 900-917. [CrossRef]

Moran-Ramos, S.; Ocampo-Medina, E.; Gutierrez-Aguilar, R.; Macias-Kauffer, L.; Villamil-Ramirez, H.; Lépez-Contreras, B.E.;
Le6n-Mimila, P.; Vega-Badillo, J.; Gutierrez-Vidal, R.; Villarruel-Vazquez, R.; et al. An Amino Acid Signature Associated with
Obesity Predicts 2-Year Risk of Hypertriglyceridemia in School-Age Children. Sci. Rep. 2017, 7, 5607. [CrossRef]
Hernandez-Avila, M.; Romieu, L; Parra, S.; Hernandez-Avila, J.; Madrigal, H.; Willett, W. Validity and reproducibility of a food
frequency questionnaire to assess dietary intake of women living in Mexico City. Salud Publica Mex. 1998, 40, 133-140. [CrossRef]
[PubMed]

Hernandez-Avila, M.; Resoles, M.; Parra, S.; Romieu, I. SNUT Sistema de Evaluacion de Hdbitos Nutricionales y Consumo de
Nutrimentos; Instituto Nacional de Salud Public: Cuernavaca, Mexico, 2003.

Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997, 65,
12205-1228S; discussion 12295-1231S. [CrossRef]

Lupton, J.R. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids; Institute
of Medicine: Washington, DC, USA, 2002.

Lopez-Contreras, B.E.; Moran-Ramos, S.; Villarruel-Vazquez, R.; Macias-Kauffer, L.; Villamil-Ramirez, H.; Leén-Mimila, P.;
Vega-Badillo, J.; Sanchez-Mufioz, F,; Llanos-Moreno, L.E.; Canizalez-Romadn, A.; et al. Composition of gut microbiota in obese and
normal-weight Mexican school-age children and its association with metabolic traits. Pediatr. Obes. 2018, 13, 381-388. [CrossRef]
[PubMed]

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

Holmes, I.; Harris, K.; Quince, C. Dirichlet multinomial mixtures: Generative models for microbial metagenomics. PLoS ONE
2012, 7, €30126. [CrossRef]

Radjabzadeh, D.; Boer, C.G.; Beth, S.A.; van der Wal, P; Jong, ]. C.K.-D.; Jansen, M.A E.; Konstantinov, S.R.; Peppelenbosch, M.P.;
Hays, ].P; Jaddoe, VW.V,; et al. Diversity, compositional and functional differences between gut microbiota of children and adults.
Sci. Rep. 2020, 10, 1040. [CrossRef]

Koren, O.; Knights, D.; Gonzalez, A.; Waldron, L.; Segata, N.; Knight, R.; Huttenhower, C.; Ley, R.E. A guide to enterotypes across
the human body: Meta-analysis of microbial community structures in human microbiome datasets. PLoS Comput. Biol. 2013, 9,
€1002863. [CrossRef]

Ledén-Mimila, P; Villamil-Ramirez, H.; Lépez-Contreras, B.E.; Moran-Ramos, S.; Macias-Kauffer, L.R.; Acufia-Alonzo, V.; Del
Rio-Navarro, B.E.; Salmeron, J.; Velazquez-Cruz, R.; Villarreal-Molina, T.; et al. Low Salivary Amylase Gene (AMY1) Copy
Number Is Associated with Obesity and Gut Prevotella Abundance in Mexican Children and Adults. Nutrients 2018, 10, 1607.
[CrossRef] [PubMed]

Syeda, T.; Sanchez-Tapia, M.; Pinedo-Vargas, L.; Granados, O.; Cuervo-Zanatta, D.; Rojas-Santiago, E.; Diaz-Cintra, S.A.; Torres,
N.; Perez-Cruz, C. Bioactive Food Abates Metabolic and Synaptic Alterations by Modulation of Gut Microbiota in a Mouse Model
of Alzheimer’s Disease. ]. Alzheimers Dis. 2018, 66, 1657-1682. [CrossRef]

Zhu, S.; Wang, Z.; Shen, W.; Heymsfield, S.B.; Heshka, S. Percentage body fat ranges associated with metabolic syndrome risk:
Results based on the third National Health and Nutrition Examination Survey (1988-1994). Am. J. Clin. Nutr. 2003, 78, 228-235.
[CrossRef] [PubMed]

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289-300. [CrossRef]

Reynolds, A.; Mann, J.; Cummings, J.; Winter, N.; Mete, E.; Te Morenga, L. Carbohydrate quality and human health: A series of
systematic reviews and meta-analyses. Lancet 2019, 393, 434-445. [CrossRef]

Lairon, D.; Arnault, N.; Bertrais, S.; Planells, R.; Clero, E.; Hercberg, S.; Boutron-Ruault, M.C. Dietary fiber intake and risk factors
for cardiovascular disease in French adults. Am. J. Clin. Nutr. 2005, 82, 1185-1194. [CrossRef] [PubMed]

Wu, G.D,; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.;
et al. Linking long-term dietary patterns with gut microbial enterotypes. Science 2011, 334, 105-108. [CrossRef]

De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, ].B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of
diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691-14696. [CrossRef] [PubMed]

De Filippo, C.; Di Paola, M.; Ramazzotti, M.; Albanese, D.; Pieraccini, G.; Banci, E.; Miglietta, F; Cavalieri, D.; Lionetti, P. Diet,
Environments, and Gut Microbiota. A Preliminary Investigation in Children Living in Rural and Urban Burkina Faso and Italy.
Front. Microbiol. 2017, 8, 1979. [CrossRef]

Nakayama, J.; Yamamoto, A.; Palermo-Conde, L.A.; Higashi, K.; Sonomoto, K.; Tan, ].; Lee, Y.K. Impact of Westernized Diet on
Gut Microbiota in Children on Leyte Island. Front. Microbiol. 2017, 8, 197. [CrossRef]

Gu, Y;; Wang, X,; Li, J.; Zhang, Y.; Zhong, H.; Liu, R.; Zhang, D.; Feng, Q.; Xie, X.; Hong, J.; et al. Analyses of gut microbiota and
plasma bile acids enable stratification of patients for antidiabetic treatment. Nat. Commun. 2017, 8, 1785. [CrossRef]


http://doi.org/10.1080/19490976.2020.1712985
http://doi.org/10.1038/s41598-017-05765-4
http://doi.org/10.1590/S0036-36341998000200005
http://www.ncbi.nlm.nih.gov/pubmed/9617194
http://doi.org/10.1093/ajcn/65.4.1220S
http://doi.org/10.1111/ijpo.12262
http://www.ncbi.nlm.nih.gov/pubmed/29388394
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1371/journal.pone.0030126
http://doi.org/10.1038/s41598-020-57734-z
http://doi.org/10.1371/journal.pcbi.1002863
http://doi.org/10.3390/nu10111607
http://www.ncbi.nlm.nih.gov/pubmed/30388780
http://doi.org/10.3233/JAD-180556
http://doi.org/10.1093/ajcn/78.2.228
http://www.ncbi.nlm.nih.gov/pubmed/12885702
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1016/S0140-6736(18)31809-9
http://doi.org/10.1093/ajcn/82.6.1185
http://www.ncbi.nlm.nih.gov/pubmed/16332650
http://doi.org/10.1126/science.1208344
http://doi.org/10.1073/pnas.1005963107
http://www.ncbi.nlm.nih.gov/pubmed/20679230
http://doi.org/10.3389/fmicb.2017.01979
http://doi.org/10.3389/fmicb.2017.00197
http://doi.org/10.1038/s41467-017-01682-2

Nutrients 2021, 13, 3892 16 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Martinez, I.; Stegen, J.C.; Maldonado-Gémez, M.X,; Eren, A.M.; Siba, PM.; Greenhill, A.R.; Walter, J. The gut microbiota of rural
papua new guineans: Composition, diversity patterns, and ecological processes. Cell Rep. 2015, 11, 527-538. [CrossRef] [PubMed]
Schnorr, S.L.; Candela, M.; Rampelli, S.; Centanni, M.; Consolandi, C.; Basaglia, G.; Turroni, S.; Biagi, E.; Peano, C.;
Severgnini, M.; et al. Gut microbiome of the Hadza hunter-gatherers. Nat. Commun. 2014, 5, 3654. [CrossRef] [PubMed]
Gomez, A.; Petrzelkova, K.J.; Burns, M.B.; Yeoman, C.J.; Amato, K.R.; Vlckova, K.; Modry, D.; Todd, A.; Robinson, C.A.].;
Remis, M.].; et al. Gut Microbiome of Coexisting BaAka Pygmies and Bantu Reflects Gradients of Traditional Subsistence Patterns.
Cell Rep. 2016, 14, 2142-2153. [CrossRef]

Lim, M.Y,; Rho, M.; Song, Y.M,; Lee, K.; Sung, J.; Ko, G. Stability of gut enterotypes in Korean monozygotic twins and their
association with biomarkers and diet. Sci. Rep. 2014, 4, 7348. [CrossRef]

Kovatcheva-Datchary, P.; Nilsson, A.; Akrami, R.; Lee, Y.S.; De Vadder, E; Arora, T.; Hallen, A.; Martens, E.; Bjorck, I.; Backhed, F.
Dietary Fiber-Induced Improvement in Glucose Metabolism Is Associated with Increased Abundance of Prevotella. Cell Metab.
2015, 22, 971-982. [CrossRef] [PubMed]

Chen, T,; Long, W.; Zhang, C.; Liu, S.; Zhao, L.; Hamaker, B.R. Fiber-utilizing capacity varies in Prevotella- versus Bacteroides-
dominated gut microbiota. Sci. Rep. 2017, 7, 2594. [CrossRef]

De Vadder, F.; Kovatcheva-Datchary, P.; Zitoun, C.; Duchampt, A.; Backhed, E; Mithieux, G. Microbiota-Produced Succinate
Improves Glucose Homeostasis via Intestinal Gluconeogenesis. Cell Metab. 2016, 24, 151-157. [CrossRef]

Molinaro, A.; Bel Lassen, P; Henricsson, M.; Wu, H.; Adriouch, S.; Belda, E.; Chakaroun, R.; Nielsen, T.; Bergh, P.O.;
Rouault, C.; et al. Imidazole propionate is increased in diabetes and associated with dietary patterns and altered microbial
ecology. Nat. Commun. 2020, 11, 5881. [CrossRef]

Dreher, M.L. Whole Fruits and Fruit Fiber Emerging Health Effects. Nutrients 2018, 10, 1833. [CrossRef]

McRorie, ].W.,, Jr.; McKeown, N.M. Understanding the Physics of Functional Fibers in the Gastrointestinal Tract: An Evidence-
Based Approach to Resolving Enduring Misconceptions about Insoluble and Soluble Fiber. J. Acad. Nutr. Diet. 2017, 117, 251-264.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.celrep.2015.03.049
http://www.ncbi.nlm.nih.gov/pubmed/25892234
http://doi.org/10.1038/ncomms4654
http://www.ncbi.nlm.nih.gov/pubmed/24736369
http://doi.org/10.1016/j.celrep.2016.02.013
http://doi.org/10.1038/srep07348
http://doi.org/10.1016/j.cmet.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26552345
http://doi.org/10.1038/s41598-017-02995-4
http://doi.org/10.1016/j.cmet.2016.06.013
http://doi.org/10.1038/s41467-020-19589-w
http://doi.org/10.3390/nu10121833
http://doi.org/10.1016/j.jand.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27863994

	Introduction 
	Methods 
	Study Sample and Data Collection 
	Clinical and Biochemical Measurements 
	Assessment of Habitual Dietary Intake 
	Gut Microbiota Characterization and Enterotype Stratification 
	Fecal Short-Chain Fatty Acids Analysis 
	Statistical Analysis 

	Results 
	Description of Study Sample 
	Enterotypes Stratification, Nutrient Intake and Phenotype Differences 
	Associations between Dietary Fiber Intake and Metabolic Traits in All Participants 
	Associations between Dietary Fiber Intake and Metabolic Traits within Enterotypes 
	Association between Hemicellulose Intake and Insulin Resistance Markets among DMM Enterotypes 
	Association between Hemicellulose Intake and Insulin Resistance Markers Stratifying by Prevotella to Bacteroides Ratio 
	Association between Dietary Fiber Consumption and Fecal Short-Chain Fatty Acids (SCFA) among Enterotypes 

	Discussion 
	References

