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Context: Gut microbiota, which acts collectively as a fully integrated organ in the host metabolism,
can be shaped by long-term dietary interventions after a specific diet.

Objective: Theaimwas tostudythechanges inmicrobiotaafter1year’s consumptionofaMediterranean
diet (Med diet) or a low-fat, high-complex carbohydrate diet (LFHCC diet) in an obese population.

Design: Participants were randomized to receive the Med diet (35% fat, 22% monounsaturated)
and the LFHCC diet (28% fat, 12% monounsaturated).

Setting and Participants: The study was conducted in 20 obese patients (men) within the Coronary
Diet Intervention With Olive Oil and Cardiovascular Prevention (CORDIOPREV) study, an ongoing
prospective, randomized, opened, controlled trial in patients with coronary heart disease.

Main Outcome Measure: We evaluated the bacterial composition and its relationship with the
whole fecal and plasma metabolome.

Results: The LFHCC diet increased the Prevotella and decreased the Roseburia genera, whereas the
Med diet decreased the Prevotella and increased the Roseburia and Oscillospira genera (P � .028,
.002, and .016, respectively). The abundance of Parabacteroides distasonis (P � .025) and Faeca-
libacterium prausnitzii (P � .020) increased after long-term consumption of the Med diet and the
LFHCC diet, respectively. The changes in the abundance of 7 of 572 metabolites found in feces,
including mainly amino acid, peptide, and sphingolipid metabolism, could be linked to the changes
in the gut microbiota.

Conclusions: Our results suggest that long-term consumption of the Med and LFHCC diets exerts
a protective effect on the development of type 2 diabetes by different specific changes in the gut
microbiota, increasing the abundance of the Roseburia genus and F. prausnitzii, respectively. (J Clin
Endocrinol Metab 101: 233–242, 2016)
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Obesity was formerly thought to be caused only by a
positive caloric balance when caloric intake exceeds

caloric expenditure and the excess of energy is stored in
adipose tissue (1). However, this simple idea has been al-
tered for different reasons, because gut microbiota was
proposed as an additional contributing factor to the
pathophysiology of obesity—a link between gut microbial
ecology and obesity (2). In fact, several studies have sug-
gested that changes in the gut microbiota trigger patho-
genic mechanisms to promote the development of obesity,
type 2 diabetes (T2D), and metabolic syndrome (3, 4).

Gut microbiota, the complex, diverse, and vast micro-
bial community harbored in the human intestine (5, 6),
acts collectively as a fully integrated organ in the host
metabolism, involved in extracting energy from nutrients,
regulating innate and adaptive immunity, and helping to
control the energy balance (7). Animal model studies have
shown that obesity is associated with an increase in the
Firmicutes/Bacteroidetes ratio, also known as “obese mi-
crobiota,” which is transmissible between individuals (2).
Moreover, the intestinal absorption of bacterial compo-
nents, such as the endotoxin lipopolysaccharide, bacterial
DNA, and flagellins, activate the Toll-like receptors, in-
ducing inflammation, which favors insulin resistance (8),
although it is not well established whether insulin resis-
tance precedes the changes in the microbiota or vice versa
(9). In addition, microbiota produces bioactive metabo-
lites, such as short-chain fatty acids (SCFAs), originated by
the fermentation of carbohydrates, which are involved in
energy metabolism and appetite regulation, promoting
healthy body weight, and secondary bile acid, which play
a key role in glucose metabolism (10, 11).

Studies in humans have shown that gut microbiota
seem to have coevolved with the dietary habits of the pop-
ulation. For example, the microbiota of children in
Burkina Faso is adapted to extract calories from the po-
lysaccharide-rich (carbohydrates and fibers) diet con-
sumed in that country (12). Thus, the human gut micro-
biota community seems to be very stable and more
influenced by ambient and dietary factors than by genetic
factors. However, there have been very few studies on the
modification of microbiota composition by dietary inter-
vention (13). Moreover, it has been shown that the con-
sumption of a Western diet increases endotoxemia, which
suggests a disruption of the intestinal barrier in addition to
an increase in the Gram-negative bacterial content of the
microbiota (14). In fact, a high-fat, high-carbohydrate
meal induces comprehensive endotoxemia and inflamma-
tion, increasing the expression of Toll-like receptor-4, the
specific receptor for endotoxin, and suppressor of cyto-
kine signaling-3, a protein that interferes with insulin sig-
nal transduction (15), whereas a high-fruit, high-fiber

meal or the intake of orange juice or a polyphenol prep-
aration with resveratrol does not induce any of these ef-
fects (16, 17).

Although previous studies have pointed out that mi-
crobiota is individual specific and shows high stability and
resistance to perturbations over time (18, 19), recent re-
search indicates that changes in gut microbiota composi-
tion may occur after dietary interventions (14, 20–22). In
addition, whereas short-term dietary interventions tend to
induce only minor changes, long-term periods of con-
sumption of a specific diet may affect the microbiota to a
substantial degree (13). For example, it has been shown
that the consumption of a high-fat, high-protein diet in-
creases the abundance of Bacteroidetes vs Prevotella,
which is more abundant after high-carbohydrate diets
(21). In addition, we have shown that the consumption of
a Mediterranean diet (Med diet) partially restores the al-
teration in the gut microbiota composition observed in
patients with metabolic syndrome (22).

Our aim was to study the lasting changes in the micro-
biota after the long-term consumption (1 year) of a Med
diet and a low-fat, high-complex carbohydrate diet
(LFHCC diet) in an obese population with coronary heart
disease (CHD), using the 16S sequencing method and an-
alyzing the relationship between specific bacteria and the
metabolomics profile found in feces and plasma.

Materials and Methods

Study subjects
The current work was conducted in a subgroup of 20 obese

patients (men) within the Coronary Diet Intervention With Olive
Oil and Cardiovascular Prevention (CORDIOPREV) study
(ClinicalTrials.gov registrationno.NCT00924937), anongoing
prospective, randomized, opened, controlled trial in patients
with CHD, who had their last coronary event more than 6
months before enrollment on 2 different dietary models (Med
diet and LFHCC diet) over a period of 5 years, in addition to
conventional treatment for CHD. CORDIOPREV inclusion and
exclusion criteria are summarized as follows: patients were eli-
gible if they were �20 but �75 years old, had established CHD
without clinical events in the last 6 months, were thought to
follow a long-term dietary intervention, and did not have severe
diseases or an estimated life expectancy of �5 years (23). Anti-
biotic usage was included as an exclusion criterion for the current
study, in addition to the general exclusion criteria defined in the
CORDIOPREV study. All the subjects were receiving a stan-
dardized treatment for CHD. No differences were observed be-
tween groups. All patients gave written informed consent to par-
ticipate in the study. The trial protocol and all amendments were
approved by the local ethic committees, following the Helsinki
Declaration and good clinical practices. The baseline character-
istics of the study subjects are shown in Table 1.
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Study design
The study design was described previously (23). In brief, par-

ticipants were randomized to receive 2 diets: a Med diet and an
LFHCC diet. The compositions were as follows: the LFHCC diet
contained 28% fat (12% monounsaturated; 8% polyunsatu-
rated and 8% saturated) and the Med diet contained 35% fat
(22% monounsaturated; 6% polyunsaturated and 7% satu-
rated). To ensure that the main fat source of the Med diet (olive
oil) was identical for all patients in this group, the olive oil was
given to the participants by the research team. Food packs, in-
cluding low-fat foods (eg, cereals, biscuits, and pasta) of similar
cost, were provided for the patients randomized to the low-fat
group.

Clinical plasma parameters
Blood was collected in tubes containing EDTA to give a final

concentration of 0.1% EDTA. The plasma was separated from
red cells by centrifugation at 1500 � g for 15 minutes at 4°C.
Analytes determined in frozen samples were studied centrally by
laboratory investigators of the Lipid and Atherosclerosis Unit at
the Reina Sofia University Hospital, Córdoba, Spain, who were
unaware of the interventions. An oral glucose tolerance test
(OGTT) was performed (75 g of dextrose monohydrate in 250
mL of water) with sampling at 0, 30, 60, and 120 minutes to
establish plasma glucose and insulin levels (for details, see Sup-
plemental Materials and Methods).

DNA extraction from fecal samples
DNA extraction was performed using the QIAamp DNA

Stool Mini Kit Handbook (QIAGEN), following the manufac-
turer’s instructions, and quantified using a NanoDrop ND-1000
v3.5.2 spectrophotometer (NanoDrop Technology).

Microbiota analysis
A total of 40 fecal samples (20 basal and 20 after a year of

dietary intervention, for each participant) were used for the mi-
crobial community analysis using the 454 Life Sciences (Roche)

Junior platform, according to standard 454 platform protocols
(see Supplemental Materials and Methods).

Phylogenetic analysis of sequencing reads
The samples were processed and analyzed using the Quanti-

tative Insights into Microbial Ecology (QIIME) pipeline (version
v1.8.0; http://qiime.org/) with default parameters unless other-
wise noted (see Supplemental Materials and Methods).

Metabolomic analysis
Samples were sent to Metabolon and prepared using the au-

tomated MicroLab STAR system from Hamilton Company (see
Supplemental Materials and Methods).

Statistical analysis
All of the data presented are expressed as means � SEM.

PASW statistical software, version 20.0 (IBM Inc) was used for
the statistical analysis of individual data. We analyzed the
changes in the abundance of bacterial genera and species when
detected in at least 8 subjects per diet. The normal distribution of
variables was assessed using the Kolmogorov-Smirnov test. The
data were analyzed using ANOVA for repeated measures with
time as the intrasubject factor and diet as the intersubject factor.
Post hoc statistical analysis was performed by using the Bonfer-
roni multiple comparison test. A study of the relationship among
parameters was also performed using the Pearson linear corre-
lation coefficient. A P value of �.05 was considered significant.

Results

Baseline characteristic of the study population
No significant differences (P � .05) were observed in

the baseline characteristics of the 20 obese people partic-
ipating in the dietary intervention (Table 1). In brief, the
subjects (20 men) had an average age of 63.3 � 2.0 years
and an average body mass index of 32.2 � 0.5 kg/m2.

Effect of the dietary intervention on the main
metabolic variables

No statistically significant differences (P � .05) were ob-
served in the main metabolic variables of the 20 obese people
after 1 year of dietary intervention (Table 2). However, we
observed an increase in the insulin sensitivity index for both
the LFHCC and Med diets (P � .019 and P � .005, respec-
tively), when measured from an OGTT performed at basal
time and after 1 year of dietary intervention.

Microbiota composition of the study population

Global pattern
For the bacterial community analyses of the 40 sam-

ples, after screening our data for poor quality sequences,
we recovered 162 871 high-quality 16S rRNA gene se-
quences with an average of 4072 � 2745 (SD) sequences
per sample. From those, we obtained a total of 140 566
sequences (86% of the total), which could be classified

Table 1. Baseline Characteristics of the Study
Population

Parameter
LFHCC
Diet Med Diet

P
Value

Age, y 61.4 � 2.6 65.2 � 3.2 .362
Weight, kg 86.9 � 1.9 88.3 � 1.8 .606
Waist circumference, cm 105.9 � 2.5 109.6 � 2.2 .285
BMI, kg/m2 31.6 � 0.8 32.8 � 0.5 .214
Glucose, mg/dL 94.2 � 3.1 91.2 � 2.7 .466
HbA1c, % 6.3 � 0.1 6.0 � 0.1 .312
SBP, mm Hg 129.0 � 9.4 136.0 � 3.7 .495
DBP, mm Hg 72.7 � 3.6 75.1 � 3.5 .635
TG, mg/dL 102.2 � 8.1 98.7 � 7.6 .757
TC, mg/dL 149.8 � 6.8 150.2 � 7.0 .968
HDL, mg/dL 41.7 � 2.5 42.1 � 1.9 .900
LDL, mg/dL 83.7 � 4.9 88.0 � 6.4 .599

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure;
HbA1c, glycated hemoglobin A1c; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; SBP, systolic blood pressure; TC, total
cholesterol; TG, triglycerides. Values are means � SEM. One-way
ANOVA P values.
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into operational taxonomic units (OTUs) with a mean of
3514 classifiable sequences per sample, that were used in
the subsequent analyses (range, 945–13 788). Of these
nonsingleton OTUs, 74 430 were found in the subjects
that consumed the low-fat diet, and 68 136 were found in
the subjects that consumed the Med diet.

The phylogenetic characterization of all the samples
uncovered 3 main bacterial phyla in the following pro-
portions: Bacteroidetes (57.3%), Firmicutes (39.6%), and
Proteobacteria (1.8%). Less abundant bacterial phyla
(�0.4%–0.001%) including Tenericutes, Actinobacteria,
Fusobacteria, Verrucomicrobia, and Lentisphaerae were
also present (Figure 1). Across all taxa, 116 genera and
10 480 OTUs, with an average of 768 observed OTUs per
sample, were identified. The main taxa that accounted for
70.5% of the sequences were Bacteroides (33.0%), Pre-
votella (13.7%), unknown Lachnospiraceae (6.2%),
Faecalibacterium (4.1%), unknown Clostridiales (3.1%),
unknown Ruminococcaceae (3.0%), Oscillospira (2.7%),
Parabacteroides (2.4%), and unknown Bacteroidales
(2.3%). At the species level, 3 unknown Bacteroides
(3.9%), 2 Prevotella copri (2.6%), Bacteroides uniformis
(1.5%), Bacteroides plebeius (0.8%), and 1 unknown
Lachnospiraceae (0.7%) represented the most abundant
taxa (10.2%).

�- and �-diversity and taxon representation patterns
between diet samples

First, we used jackknifed hierarchical clustering (un-
weighted pair group method with arithmetic mean), based
on weighted UniFrac distances, to investigate the relation-
ships among the bacterial communities of the different
samples according to the diet, after 1 year of intake. In an
initial analysis, we examined the results from 40 samples
and 2 sequencing runs in which the sampling yielded suf-
ficient depth (�1000 sequences per samples, with the ex-
ception of 1 sample). With this analysis, most samples,
with the exception of those for 2 individuals, were
grouped according to the subject independently of the
sampling period. In this way, samples from each patient at
time zero (T0) and after 1 year of dietary intervention (T1)
were grouped together. To test whether the outgrouping
of those 2 subjects was due to amplification or sequencing
errors, we performed a third run including 6 subjects at
both sampling times (12 samples). The clustering of the
samples from this new run paired them with the expected
sample from previous runs, which supported the idea that
a major change in gut microbiota occurred for those 2
subjects in 1 year. Finally, we combined all of the se-
quences from the 3 runs for each patient to have only 1
dataset per patient and sampling period for downstream
analysis. Unweighted UniFrac analysis based on either a

Table 2. Effect of the Dietary Intervention on the Main Metabolic Variables in the Population in Study

LFHCC Diet Med Diet

P Value

Diet Time Interaction

Glucose (mg/dL)
Basal 94.2 � 3.1 91.2 � 2.8 .609 .059 .679
1 year 97.9 � 3.6 96.8 � 3.5

HbA1c (%)
Basal 6.30 � 0.17 6.06 � 0.16 .520 .049 .115
1 year 6.06 � 0.14 6.03 � 0.13

ISI
Basal 3.07 � 0.58 3.13 � 0.58 .762 .001 .660
1 year 5.40 � 1.13a 6.02 � 1.13a

TG (mg/dL)
Basal 102.2 � 7.9 98.7 � 7.9 .350 .499 .313
1 year 104.8 � 11.5 85.8 � 11.5

TC (mg/dL)
Basal 149.8 � 6.9 150.2 � 6.9 .696 .254 .501
1 year 142.2 � 5.8 148.2 � 5.8

HDL (mg/dL)
Basal 40.3 � 2.4 42.1 � 2.4 .240 .459 .250
1 year 39.7 � 2.0 44.8 � 2.0

LDL (mg/dL)
Basal 83.7 � 5.7 88.0 � 5.7 .526 .410 .917
1 year 81.0 � 5.1 85.9 � 5.1

Abbreviations: DBP, diastolic blood pressure; HbA1c, glycated hemoglobin A1c; HDL, high-density lipoprotein; ISI, insulin sensitivity index; LDL, low-
density lipoprotein; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides. Values are means � SEM. ANOVA for repeated-measures P
values.
a P � .05, post hoc Bonferroni’s multiple comparison tests between the values at 1 year and the values at baseline.
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hierarchical unweighted pair group method with arithme-
tic mean tree or principal coordinates analysis did not
segregate the subject samples into different clusters ac-
cording to the diet intervention or the sampling period,
suggesting that the microbiota of the subjects was stable
and similar in terms of proportion of the main taxonomic
phyla. Thus, the global bacterial profile of feces samples

from each individual cluster together and separately from
those of other subjects (Supplemental Figure 1).

When �-diversity indexes (Chao1, richness and PD es-
timation) for the samples at the level of 800 per sample
were analyzed, the samples from the different diets after 1
year of intake showed similar numbers of the 3 estimated
�-diversity indexes (P � .180) as determined by a non-

Figure 1. Microbiota composition of the study population.

doi: 10.1210/jc.2015-3351 press.endocrine.org/journal/jcem 237

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/233/2806797 by guest on 19 M
ay 2023



parametric two-sample t test. The rarefaction �-diversity
curves level off, showing that the sequencing effort was
sufficient to detect most of the OTUs for all samples (Sup-
plemental Figure 2).

Changes in specific bacterial taxa and their
relationships with the consumption of different
diets

To assess whether specific changes occurred in some
bacterial taxa after the intake of each diet, we compared
the frequency of occurrence of each taxa between both
sampling times for each diet after intrasubject normaliza-
tion. We observed an increase in the relative abundance of
the Prevotella bacterial genus with the LFHCC diet,
whereas a decrease was observed after the Med diet
(time � diet interaction P � .028). Furthermore, the Med
diet increased the relative abundance of Roseburia and
Oscillospira bacterial genera (P � .017 and P � .001,
respectively), whereas the LFHCC diet decreased the rel-
ative abundance of Roseburia without changing the abun-
dance of the Oscillospira bacterial genera (time � diet

interaction P � .009 and .016, re-
spectively) (Figure 2). On the other
hand, in terms of bacterial species,
long-term consumption of the Med
diet increased the relative abundance
of Parabacteroides distasonis (P �
.025), whereas the LFHCC diet in-
creased Faecalibacterium prausnitzii
(P � .020) (Table 3).

Relationship between diet-
induced changes in metabolome
and changes in microbiota

A total of 572 compounds were
identified in feces. Analysis by ANOVA
for repeated measures identified 37
compounds exhibiting a significant
interaction between time and diet.
The main diet-induced effects on the

fecal metabolome were changes in amino acid, peptide,
and sphingolipid metabolism. The plasma analysis iden-
tified 697 compounds. Analysis by ANOVA for repeated
measures identified 6 compounds exhibiting significant
interaction between time and diet, principally in amino
acid and peptide metabolism. To analyze the relationship
between the observed changes in both microbiota com-
position and fecal and plasma metabolome, we performed
a correlation analysis between the individual fold changes
in the bacterial genera and species whose abundance sig-
nificantly changed by the consumption of either of the
diets (6 bacterial genera and 2 bacterial species), and the
individual fold changes of the metabolites with diet-in-
duced statistically significant changes (43 metabolites: 37
metabolites in feces and 6 metabolites in plasma). This
strategy allowed us to avoid interindividual variability,
and in addition, search for relationships between fold
changes (relationship in a dynamic system) instead of us-
ing the values obtained at basal or at the end of the inter-
vention (relationship in a static system), thus strengthen-

Figure 2. Microbiome changes by diet in the bacterial genus most commonly represented in our
population. Values represent means � SEM of the fold change after the consumption of LFHCC
or Med diet. Fold change was calculated by dividing the bacterial abundance at 1 year by the
abundance at baseline. #, P � .05 between sampling time by diet interaction in the ANOVA for
repeated measures. *, P � .05 in the post hoc Bonferroni multiple comparison tests between the
bacterial abundance at 1 year and the abundance at baseline.

Table 3. Microbiome Changes by Diet in the Bacterial Species Most Commonly Represented in Our Population

Bacterial Species LFHCC Diet Med Diet

P Value

Time Interaction

Bacteroides ovatus 1.37 � 0.42 0.78 � 0.20 .734 .236
Bacteroides plebeius 1.75 � 0.46 1.56 � 0.67 .147 .836
Bacteroides uniformis 0.98 � 0.23 0.83 � 0.21 .556 .667
Parabacteroides distasonis 1.42 � 0.40 2.32 � 0.62a .034 .296
Coprococcus eutactus 2.28 � 0.88 1.51 � 0.45 .104 .469
Faecalibacterium prausnitzii 1.91 � 0.27a 1.53 � 0.33 .007 .516

Means values � SEM of the abundance of bacterial species; fold change was calculated by dividing the bacterial abundance at 1 year by the
abundance at baseline. ANOVA for repeated-measures P values.
a P � .05, post hoc Bonferroni’s multiple comparison tests between the abundance at 1 year and the abundance at baseline.
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ing our findings. Our results showed that the changes in 7
of 572 metabolites in feces and 3 of 697 metabolites in
plasma were related to the changes in 3 bacterial genera
and 2 bacterial species (Table 4).

Discussion

Based on the jackknifed hierarchical clustering analysis,
our data suggest that interindividual differences in the mi-
crobiota are greater than the changes undergone by the
diet. However, after we normalized between individuals,
several diet-induced changes were observed after 1 year of
dietary intervention. The principal findings were an in-
crease in relative abundance of Prevotella and a decrease
in Roseburia genera after the LFHCC diet, whereas the
Med diet significantly increased the abundance of the
Roseburia and Oscillospira genera. Finally, a complete
fecal metabolome analysis showed changes in the feces of
10 metabolites involved in amino acid, peptide, and sph-
ingolipid metabolism, reflecting the changes in gut
microbiota.

The increase in the Prevotella genus with the LFHCC
diet might be expected, in agreement with the findings in
the Burkina Faso population. It is known that Prevotella
(together with other genera such as Xylanibacter, Butyr-
ivibrio, and Treponema) may enhance the ability to ex-
tract calories from resistant starch and oligosaccharides,
as well as carbohydrates that escape digestion in the small
intestine and are fermented in the gut (24). In addition,
another study showed the strong association of the Pre-
votella-rich enterotype with long-term diets rich in carbo-
hydrates (21). In addition, an interesting finding was that
the LFHCC diet increased the abundance of F. prausnitzii,
a butyrate-producing bacteria whose abundance has been

found to decrease in patients with T2D (25, 26) and that
is negatively associated with inflammatory markers in
T2D (27). Moreover, we have previously shown that Med
diet consumption increases the abundance of several bu-
tyrate-producing bacteria including F. prausnitzii in pa-
tients with metabolic syndrome, whereas no changes were
observed in this bacterial species after the consumption of
an LFHCC diet (22), which suggests that the degree of
dysbiosis associated with the pathophysiological condi-
tions may be a determinant in the response to a specific
therapeutic diet-based treatment. Although Roseburia
spp. have been shown to decrease after high-fat feeding in
animal models (28), in humans this does not seem to be the
case, as Med diet consumption increased its abundance,
despite it being a high-fat diet compared with the LFHCC
diet. This butyrate-producing genus comprises a high pro-
portion of the human bacteria and could play an impor-
tant role in the maintenance of gut health (29), taking into
account the fact that the abundance of this genus, known
to be anti-inflammatory, has been found to be low in T2D
patients (25, 26). This finding suggests a protective effect
of Med diet consumption on the development of T2D, as
evidenced from epidemiological studies (30, 31). Consid-
ering that Roseburia produces an inhibitory substance
against Bacillus subtilis (28), this result suggests that some
of the changes in the microbiota induced by the Med diet
could be mediated by the antimicrobial effect of this gen-
era, which modifies the microbial population in the colon.
In addition, the Med diet increased the relative abundance
of Oscillospira, a genus belonging to the Ruminococ-
caceae family, associated with the feeding of fresh forage
in ruminants such as cattle and sheep, suggesting a micro-
biota adaptation to a vegetable-rich diet such as the Med
diet (32). In agreement with that, Med diet consumption

Table 4. Relationship Between the Observed Changes in Both Microbiota Composition and Fecal and Plasma
Metabolome

FC
LFHCC
Diet

FC Med
Diet

P Value
Interaction

Bacterial Genera
and Species

Pearson
Coefficient

P Value for
Pearson
Correlation

Metabolite in feces
N-Acetylaspartate 0.50 1.01 .020 Roseburia 0.734 �.001
Glutamate 1.25 0.69 .018 Prevotella; Oscillospira 0.498; �0.520 .025; .019
Arginylproline 1.78 0.85 .007 Prevotella; Roseburia 0.490; �0.467 .028; .044
Leucylvaline 1.87 0.79 .039 Faecalibacterium prausnitzii 0.470 .037
Pantothenate 1.56 0.69 .027 Oscillospira �0.474 .035
cis-Vaccenate (18:1n7) 0.43 1.41 .010 Oscillospira 0.511 .021
3,7-Dimethylurate 2.48 0.29 .044 Prevotella 0.499 .025

Metabolite in plasma
XHWESASXXR 0.02 1.72 .042 Roseburia 0.479 .038
Valylglutamine 0.26 0.99 .045 Oscillospira 0.563 .010
Glycocholenate sulfate 1.14 0.84 .027 Bacteroides uniformis 0.450 .049

Abbreviation: FC, fold change in metabolite abundance calculated by dividing the bacterial abundance at 1 year by the abundance at baseline. P
value interaction: ANOVA for repeated-measures P value for time by diet interaction.
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has been associated with the low rate of cardiovascular
mortality found in Mediterranean countries (33, 34).

In summary, the abundance of 2 bacterial populations
related with T2D (25–27), the Roseburia genus and the
bacterial species F. prausnitzii, was modulated by diet. On
the one hand, the consumption of the Med diet increased
the abundance of the Roseburia genus (found to be low in
patients with T2D), in parallel with an increase in insulin
sensitivity after the consumption of this diet for 1 year. On
the other hand, LFHCC consumption decreased the abun-
dance of this genus, while increasing the abundance of
another diabetes-protective bacterial species, F. praus-
nitzii (found to be low in patients with T2D). These 2
changes could have a protective influence for the preven-
tion of T2D, as suggested by the findings of an improve-
ment in insulin sensitivity after the consumption of the
LFHCC (evaluated with the OGTT). These data suggest
that the consumption of the LFHC and Med diets could be
a therapeutic and preventive tool for T2D, and this could
open a new hypothesis to be tested in the future in bigger
populations: on whether the consumption of healthy diets
reduces the risk of T2D by influencing the microbiota
profile.

The metabolic activity of the gut microbiota involves
the anaerobic breakdown of dietary fiber, carbohydrates,
protein, and peptides (35), producing SCFAs, which play
an important role in maintaining intestinal health (36),
and also at a systemic level (37). In line with this, the
adaptation of the microbiota to the LFHCC diet, with an
increase in the Prevotella genus and F. prausnitzii, facili-
tates the fermentation of the carbohydrates that escape
intestinal digestion and increases the production of SCFAs
(24). In contrast, the Med diet decreases the abundance of
this genus but increases other SCFA-producing genera
such as Roseburia (38). These apparently opposite
changes in terms of bacterial populations seem to have a
neutral net effect in terms of the production of SCFAs,
based on the short- or medium-chain fatty acid levels in
feces and plasma (7 and 10 fatty acids from 4 to 12 atoms
of carbon in feces and plasma, respectively), which did not
change after the dietary intervention. Furthermore, we did
not observe any changes in other microbiota-derived me-
tabolites, such as secondary bile acid (feces, 13 secondary
bile acids; plasma, 15 secondary bile acids). These results
suggest that the changes in gut microbiota composition
may be functionally compensated for in terms of their
capacity to metabolize or produce metabolites or bioac-
tives, thus having a neutral net effect, as shown for SCFAs
and secondary bile acid.

However, the changes in the abundance of 10 metab-
olites (7 in feces and 3 in plasma), mainly related with
amino acid, peptide, and sphingolipid metabolism, can be

explained by the changes in 3 bacterial genera and 2 bac-
terial species. In addition, the correlation analysis results
suggest that the fecal metabolome changes observed after
the dietary intervention may occur through changes in
microbiota.

Finally, because dietary proteins are absorbed in the
gastrointestinal tract after their degradation, the relation-
ship between protein-related metabolites and microbiota,
found in our study, explains how the composition of the
intestinal microbial community may influence amino acid
digestibility, a term that describes the proportion of con-
sumed amino acid that is absorbed as a result of the in-
teraction between the food and the individual eating it
(39). In fact, it is known that the quantities of amino acids
absorbed intact from the large intestine are very low, as the
microbiota alters the amino acid composition (39, 40).

In conclusion, our results suggest that long-term con-
sumption of both healthy diets, the Med diet and the
LFHCC diet, exerts a protective effect on the development
of T2D by different specific changes in the gut microbiota,
which increase the abundance of the Roseburia genus and
F. prausnitzii, respectively. In addition, the changes in the
gut microbiota after 1 year’s consumption of both diets
may be linked to amino acid digestibility. Our study pro-
vides insight into microbial functions and their role in
mediating the effect of diet when used as a therapeutic tool
in human health; however, further studies are required to
fully understand the potential role of gut microbiota mod-
ification by diet in the prevention of metabolic diseases.
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