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Abstract

Purpose We evaluated the effect of low-calorie mediterranean (MD) and vegetarian (VD) diets on gut microbiome (GM)
composition and short-chain-fatty acids (SCFA) production.

Methods We performed next generation sequencing (NGS) of 16S rRNA and SCFA analysis on fecal samples of 23 over-
weight omnivores (16 F; 7 M) with low-to-moderate cardiovascular risk. They were randomly assigned to a VD or MD, each
lasting 3 months, with a crossover study design.

Results Dietary interventions did not produce significant diversity in the GM composition at higher ranks (family and
above), neither between nor within MD and VD, but they did it at genus level. MD significantly changed the abundance of
Enterorhabdus, Lachnoclostridium and Parabacteroides, while VD significantly affected the abundance of Anaerostipes,
Streptococcus, Clostridium sensu stricto, and Odoribacter. Comparison of the mean variation of each SCFA between MD
and VD showed an opposite and statistically significant trend for propionic acid (+10% vs —28%, respectively, p=0.034).
In addition, variations of SCFA were negatively correlated with changes of some inflammatory cytokines such as VEGF,
MCP-1, IL-17, TP-10 and IL-12, only after MD. Finally, correlation analyses showed a potential relationship—modulated
by the two diets—between changes of genera and changes of clinical and biochemical parameters.

Conclusions A short-term dietary intervention with MD or VD does not induce major change in the GM, suggesting that a
diet should last longer than 3 months for scratching the microbial resilience. Changes in SCFA production support their role
in modulating the inflammatory response, thus mediating the anti-inflammatory and protective properties of MD.
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the host in a symbiotic way: the host provides the nutrients
to the GM while the GM makes it capable to digest certain
foods which are indigestible for human enzymes, balances
the immune and metabolic functions and provides protection
against opportunistic pathogens. Furthermore, the bacterial
fermentation of dietary fiber produces biologically active
short chain fatty acids (SCFA), such as acetate, butyrate and
propionate, which lead to favorable effects, ranging from
glucose and lipid homeostasis to cancer protection [2].

A structurally and functionally balanced GM is necessary
for optimal health status; therefore, this dynamic microbial
community has fueled research investigating a potential
impact on different aspects of human physiology and patho-
logical disorders, such as obesity [3], inflammatory diseases
[4] immune system [5], and susceptibility to disease [6, 7].

Among the various environmental factors, diet is a source
of dominant variation of the entire intestinal microbial com-
munity [8]. At the same time, diet represents also one of the
most important modifiable factors for the cardiovascular pre-
vention. In this regard, Mediterranean diet (MD) and vege-
tarian diet (VD) are certainly two of the most studied dietary
profiles for their potential beneficial effects on human health.
MD is a dietary pattern typical of countries bordering the
Mediterranean Sea, characterized by large quantities of fruit,
vegetables, cereals, legumes, olive oil as the main source of
fats, moderate quantities of fish, poultry and dairy products
and low quantities of red meat and wine. VD is characterized
by abstention from the consumption of meat and meat prod-
ucts, poultry, fish, seafood and flesh from any other animal
and a large amount of plant-derived foods. These two dietary
patterns have proved to be widely useful for patients with
a well-established disease and for subjects with traditional
risk factors for chronic diseases [9, 10].

Regarding the dietary impact on GM composition, to
date, few studies have finely investigated the link between
nutrition and GM composition. Wu and colleagues showed
the association of different dietary profiles with three ente-
rotypes [11]: a carbohydrate-dominated metabolism and the
VD were associated with genus Prevotella; diets high in pro-
tein and of animal origin (mostly omnivorous) were associ-
ated with Bacteroides, and finally a westernized fat-based
diet was related to Firmicutes [8]. De Filippis et al. reported
that nutritional models rich in plant-based foods promote
a more favorable GM profile based on the high amount of
dietary fiber and SCFA [12]. In a cross-sectional study, the
GM of two USA omnivorous and vegan cohorts was com-
pared with negligible differences [13]. Recently, Shankar
et al. explored the differences in the GM structure of two
groups of adolescents (USA vs Egypt) based on their diets,
documenting an enrichment of polysaccharide-degrading
genera in the guts of Egyptian teenagers [14]. Given the
information on the influence of the habitual diet on GM
and its metabolism, the present paper aims to evaluate and
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compare GM composition and SCFA production in a group
of subjects in primary prevention for cardiovascular disease
that underwent two different nutritional interventions based
on MD and VD.

Methods
Study participants and design

The study population consisted of 23 clinically healthy
Caucasian subjects (16 women, 7 men; mean age
58.6+9.8 years) enrolled in the CARDIVEG study, a die-
tary intervention study aimed at comparing the effect of
MD and VD on cardiovascular risk factors of people with a
low-to-moderate cardiovascular risk profile [15]. The study
protocol has been previously described [16]. Briefly, the
study participants were asked to follow a MD or VD for
3 months each and then they were crossed. Both diets were
hypocaloric with respect to the energy needs of subjects, but
they were isocaloric between them and consisted of about
50-55% of energy from carbohydrate, 25-30% from total fat
and 15-20% of proteins. The MD was characterized by the
consumption of all food groups, including meat and meat
products, poultry and fish. The VD was characterized by
abstinence to consume meat and meat products, poultry, fish,
seafood and flesh from any other animal, but included eggs
and dairy products. The data collection and follow-up meas-
ures were performed at the Clinical Nutrition Unit of the
Careggi University Hospital (Florence, Italy). Body weight
and body composition were measured at each clinical evalu-
ation. Venous blood samples and fecal samples were col-
lected at baseline and at the end of each intervention phase.
Blood samples were used to assess a number of laboratory
measurements (i.e., blood chemistry tests, plasma oxidative
stress profile, and serum inflammatory cytokines) as previ-
ously reported [15, 16]. Stool sample collection kits, includ-
ing containers, were provided for the participants. Fecal
samples (four or five scoops totaling 4 g) were collected in
sterile containers before and after each intervention phase—
for a total of three fecal samples for each participant—and
immediately frozen at —20 °C, before being transferred to
— 80 °C until analysis. Prior to enrollment, informed writ-
ten consent was obtained from each participant. The study
was approved by the Ethics Committee (SPE 15.054) of
the Tuscany Region, Careggi University Hospital and reg-
istered at https://www.clinicaltrials.gov (Unique identifier:
NCT02641834). The study was adhered to the principles
of the Declaration of Helsinki and the Data Protection Act.


https://www.clinicaltrials.gov
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Laboratory analysis
Fecal Samples collection

Total DNA was extracted using the DNeasy PowerLyzer
PowerSoil Kit (Qiagen, Hilden, Germany) from frozen
(— 80 °C) fecal samples according to the manufacturer’s
instructions [17]. In particular, 0.25 g of fecal samples
were added to a bead beating tube and homogenized rap-
idly and thoroughly using a FastPrep instrument (Qiagen,
Hilden, Germany). Cell lysis occurred by mechanical and
chemical interaction. Total genomic DNA was captured
on a silica membrane in a spin column format. DNA was
washed and eluted from the membrane. The quality and
quantity of extracted DNA was assessed using the Nan-
oDrop ND-1000 (Thermo Fisher Scientific, Waltham,
US) and the Qubit Fluorometer (Thermo Fisher Scien-
tific), respectively.

Analysis of 16S rRNA Sequences and profiling of the gut
microbiota

Amplicons of the V3—V4 region of the bacteria 16s rRNA
were obtained and sequenced with a 2 X 300 bp paired-
end approach on the Illumina MiSeq platform (IGA tech-
nology services, Udine, Italy), according to the Illumina
16S Metagenomic Sequencing Library Preparation pro-
tocol [17]. Demultiplexed sequence reads were merged
using PEAR [18] and quality-checked using dedicated
tool included in the QIIME suite (v. 1.9) [19]. Merged
amplicons were then processed with USEARCH 6.1 [20]
to detect potential chimera sequences and to generate
cluster of operational taxonomic units (OTUs), with a
minimum pair-wise identity threshold of 97%. A quality-
filtering step was performed on the generated OTUs to
filtered out those OTUs showing a relative abundance
less than 0.005% [21]. The SILVA database (release
128) was employed for taxonomic classification [22].
Microbial alpha (Richness, Simpson’s, Gini-Simpson’s,
inverse Simpson and Shannon’s indices, evenness and
dominance) and beta (Weighted UniFrac and Bray—Cur-
tis dissimilarity) diversity measures were assessed using
QIIME (v. 1.9) [19]. To infer the functional contribu-
tion of microbial communities on 16S rDNA sequenc-
ing data, metagenomes prediction was carried out using
PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) evaluating KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways
[23]. The presence of potential distinguishing biomarker
among subjects’ categories was assessed through the
Linear Discriminant Analysis (LDA Effect Size (LEfSe)
analysis [24].

Short-chain fatty acids measurements

Methanol and tert-butyl methyl ether (Chromasolv grade),
sodium bicarbonate and hydrochloric acid (Reagent grade),
[2H3]acetic, [2H3]propionic, [2H7]isobutyric and [2H9]
isovaleric (used as internal standards or ISTDs), acetic acid,
propionic acid, butyric acid, isobutyric acid, valeric acid and
isovaleric acid (analytical standards grade) were purchased
by Sigma-Aldrich (Milan, Italy). MilliQ water 18 MQ was
obtained from Millipore’s Simplicity system (Milan, Italy).
The short chain fatty acids analyses were performed by agi-
lent gas chromatography—mass spectrometry system com-
posed with 5971 single quadrupole mass spectrometer, 5890
gas chromatograph and 7673 autosampler. The SCFA in the
samples were analyzed as free acid form using a Supelco
Nukol column 30 m length, 0.25 mm internal diameter and
0.25 pm of film thickness with the temperatures program as
follows: initial temperature of 40 °C was held for 1 min, then
it was increased to 150 °C at 30 °C/min, finally grow up to
220 °C at 20 °C/min. A 1 pl aliquot of extracted sample was
injected in spitless mode (spitless time 1 min) at 250 °C,
while the transfer line temperature was 280 °C. The carrier
flow rate was maintained at 1 mL/min.

Statistical analyses

Statistical analyses were performed using R for Statistical
Computing 3.5.1. In detail, permutational analysis of vari-
ance (PERMANOVA) were performed using the package
‘vegan’ [25], based on 999 permutations. Categorical varia-
bles were presented in terms of frequencies and percentages.
The dichotomous variables were analyzed by the Chi square
test. Data were treated as paired samples from a crossover
study: for each subject, they were clustered into four groups:
before MD (MD,), after MD (MD),), before VD (VD,), and
after VD (VD,). The two interventions were analyzed by
combining the results obtained in the two phases of both
groups. p values less than 0.05 were considered as statisti-
cally significant.

Data normalization was conducted to exclude the poten-
tial confounding effect of sequencing depth in differential
abundance analysis.

Principal component analysis (PCA) and partial least
squares discriminant analysis (PLSDA) were applied to bac-
terial relative abundances at each taxonomic level (Genus,
Family, Order, Class and Phylum) to identify possible simi-
larities of the samples within the four groups. Afterwards,
PCA was integrated with co inertia analysis (CIA) [26] to
identify potential shared biological trends between the four
groups.

Principal coordinate analysis (PCoA) was applied to the
Weighted Unifrac and the Bray—Curtis beta diversity met-
rics to identify potential patterns of the samples within the
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four groups. For each alpha diversity index, bacterial abun-
dance and predicted KEGG pathway abundance, minimum,
maximum and quartiles were reported for each group at each
taxonomic level (Genus, Family, Order, Class and Phylum),
and boxplots were used to represent the results graphically.
The Wilcoxon signed-rank test was applied to assess the
effect of each dietary intervention (MD,, versus MD,, and
VD, versus VD,). The Kruskal-Wallis test was applied to
compare the effect of the two dietary interventions (AMD
versus AVD).

Permutational analysis of variance (PERMANOVA) was
applied with three objectives: to assess the effect of the die-
tary interventions on PCoA scores of beta diversity metrics;
to assess the effect of the dietary interventions on the whole
predicted KEGG pathways; to assess the effect of the dietary
interventions and of several metadata (SCFA’ levels, nutri-
ents’ intake, clinical and biochemical parameters) on the
whole microbial composition. In the last chance, the analy-
sis was performed at each taxonomic level (Genus, Fam-
ily, Order, Class and Phylum), with a separated model for
each metadata. Each analysis was performed using a model
including both the main effects and the interaction of the two
dietary interventions.

Spearman correlation coefficients between the changes
in microbial composition, SCFA’ levels, nutrients’ intake
and in clinical and biochemical parameters were computed
and statistically tested for each dietary intervention. Results

were visualized through heatmaps with hierarchical cluster-
ing based on the complete linkage algorithm.

Results

To investigate the effect of MD and VD on GM, we per-
formed next generation sequencing (NGS) of 16S rRNA
amplicons on fecal samples collected at three time points
from 23 healthy subjects, 11 of which started to follow a MD
and 12 a VD. The amount of genomic DNA extracted from
the fecal sample of a subject after MD intervention was not
sufficient to perform the NGS analysis. The baseline charac-
teristics of the study population, according to the first dietary
randomization, are reported in Table 1. No significant dif-
ferences were observed in demographic, anthropometric and
clinical parameters, as well as in dietary habits between the
two groups. Overall, the OTU table generated with QIIME
included 210 observations and 69 samples, with 7,590,334
total sequences and 110,004 mean sequences per sample.

Impact of the dietary interventions on microbiota
composition

To obtain an overview of the GM composition, we first ana-
lyzed the microbiota profile in terms of taxonomic assign-
ment and more abundant taxa. Analysis of the taxonomic

Table 1 Baseline characteristics

of the study population MD (==11) VD (n=12) P" (b v vo)
according to the first dietary Mean age, years 62.36 + 1.81 55.17 £3.32 0.574
randomization Anthropometric parameters
Weight, kg 84.95 +2.32 82.90 + 2.06 0.632
BMI, kg/m? 31.06 + 0.67 30.10 + 0.61 0.291
Fat mass, kg 3257 +1.50 32.09 +1.48 0.972
Fat-free mass, kg 5237+ 148 50.80 + 1.17 0.872
Blood parameters
Total cholesterol, mg/dl 214.19 +5.57 210.50 + 4.39 0.585
HDL-cholesterol, mg/dl 56.40 + 1.86 54.88 +1.67 0.425
LDL-cholesterol, mg/dl 132.68 + 4.66 130.75 + 3.89 0.757
Triglycerides, mg/dl 125.57 + 8.02 124.35 + 8.38 0.784
Glucose, mg/dl 92.40 + 1.54 89.85 + 1.47 0.296
Dietary intake
Energy, kcal/day 2057.04 +209.03 1939.20 + 100.28 0.976
Carbohydrates, % of energy 46.39 +2.50 50.41 + 1.87 0.379
Protein, % of energy 18.18 + 1.35 1552 +1.01 0.608
Total fats, % of energy 3751+ 1.61 35.90 + 1.53 0.379
Saturated fat, % of energy 8.14 + 1.19 7.98 +0.59 0.999
Fiber, g/day 41.76 + 22.68 20.06 + 1.78 0.976
Cholesterol, mg/day 183.84 + 23.83 180.68 + 13.46 0.928

All data are presented as mean =+ standard error. MD Mediterranean diet, VD vegetarian diet, BMI body
mass index. *p value yp , vp Was calculated using Mann—Whitney test
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composition of all the subjects’ GM at baseline revealed that
over 98% of the collected sequences belonged to 4 phyla:
Firmicutes (64.9%), Actinobacteria (14.8%), Bacteroidetes
(13.6%), and Verrucomicrobia (4.7%). The bar plots of rela-
tive abundances at each taxonomic level are shown in the
online Data Supplement (Supplemental Figure 1). Next, we
investigated the richness and evenness of the GM in all sam-
ples. No significant differences were observed at all levels
and between different time points in any groups. The com-
parison of the alpha diversity indices between and within
the dietary interventions did not reveal significant changes
(online Data Supplement, Supplemental Table 1). Similarly,
the Firmicutes/Bacteroidetes ratio was not statistically dif-
ferent before and after each intervention phase (MD, vs
MD,: p=0.545; VD, vs VD,: p=0.689) as well as between
the two diets (AMD vs AVD: p=0.756). We observed a
similar situation for the Firmicutes/Proteobacteria ratio:
no significant difference was found after each intervention
phases (MD,, vs MD,: p=0.082; VD, vs VD,: p=0.708) as
well as between the two diets (AMD vs AVD: p=0.385).
Detailed results can be found in the online Data Supplement
(Supplemental Table 2).

To explore the composition of the GM between and
within dietary intervention, PCA, CIA and PLSDA were
performed. The PCA with two components was applied
to the abundances relative to the bacterial taxa to identify
possible clustering between the four groups (MD,, MD,,
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Fig. 1 Principal Coordinate Analysis (PCoA). Scatterplot of princi-
pal coordinate scores obtained from beta diversity dissimilarities a
Weighted Unifrac, b Bray—Curtis. Subjects are colored according to
the group (MDO, MD1, VDO, VD1). Each axis label shows the per-
centage of explained variance of the corresponding component. The

VD,, VD,) (Supplemental Figure 2, online Data Supple-
ment). Data obtained through PCA were integrated using
the CIA to explore the biological trends shared between the
two dietary interventions. In agreement with PCA, the CIA
did not provide clearly separated clusters based on the type
of diet (Supplemental Figure 3, online Data Supplement).
To find a separation between the 4 groups, the PLSDA with
two-variate classification rule was applied to the relative
abundances of bacterial taxa. The variance explained by the
PLSDA was almost 38% at the phylum level (Supplemen-
tal Figure 4, online Data Supplement). A trend of separa-
tion between groups was only collected at the genus level,
explaining 9.3% of total variance.

The PCoA on beta diversity computed using the Weighted
Unifrac and the Bray—Curtis dissimilarity metrics did not
provide clearly separated clusters based on the type of
diet (Fig. 1). Similarly, the search for presumed distinctive
microbial biomarkers, performed through the LEfSe tool,
did not show significantly discriminating characteristics
based on the type of diet (data not shown).

We performed univariate analyses to identify the bac-
terial taxa influenced by MD and VD. Among the taxo-
nomic ranks, no significant changes were observed except
for genus level; in detail, 7 genera reported a statistically
significant variation (p <0.05) due to diets (Fig. 2a). In par-
ticular, MD resulted in a significant change in the abun-
dance (median pre vs post) of Enterorhabdus (151 vs 240,

Weighted Unifrac PCoA (56.5%)
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total percentage of variance explained by the two coordinates is indi-
cated at the top of each scatterplot. MDO before Mediterranean die-
tary intervention, MDI after Mediterranean dietary intervention, n
number of samples, VDO before vegetarian dietary intervention, VD1
after vegetarian dietary intervention
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Fig.2 Effect of dietary intervention on fecal microbiota variation. a
Boxplot showing the abundance of the genera associated with a statis-
tically significant variation due to the Mediterranean dietary interven-
tion (MD) or vegetarian dietary intervention (VD) assessed with Wil-
coxon signed-rank test (p <0.05). b Boxplot showing the abundance
of genera associated with a statistically significant variation between

p=0.002), Lachnoclostridium (211 vs 417, p=0.039),
Parabacteroides (190 vs 40.5, p=0.037), while VD deter-
mined a significant change in Anaerostipes (280 vs 502,
p=0.041), Clostridium sensu stricto (66 vs 26, p =0.020),
Odoribacter (9 vs 5, p=0.025) and Streptococcus (78 vs
183, p=0.038). Furthermore, to test the different impact
of the two diets on the GM, the mean variation of each
microorganism within any taxonomic rank (post—pre diet)
between MD and VD was compared. We found an oppo-
site and statistically significant effect of the two treatments
concerning the following bacterial genera: Anaerostipes
(AMD =-64.5 vs AVD =58, p=0.048), Clostridium
sensu stricto (AMD =15 vs AVD=-18; p=0.005), Enter-
orhabdus (AMD =83, AVD=-17; p=0.003), Veillonella
(AMD=1.5 vs AVD=-1; p=0.029) (Fig. 2b). Detailed
results can be found in the online Data Supplement Sup-
plemental Table 3.

To compare the entire bacterial composition within and
between dietary interventions, PERMANOVA analysis was
performed. The results obtained (online Data Supplement,
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Supplemental Table 4) did not show statistically significant
difference in the entire microbiota composition due to treat-
ments in any taxonomic rank.

Impact of the dietary interventions on fecal SCFA’
concentrations

Overall, the most representative SCFA at baseline were ace-
tic acid [39.31 (4.42) umol/g], butyric acid [17.77 (2.69)
pmol/g], and propionic acid [14.46 (1.96) umol/g]. The mean
change in SCFA according to the prescribed diet is shown
in Table 2. No statistically significant differences in the
amount of SCFA for MD were observed. On the other hand,
a marginal reduction in fecal propionate and an increase in
both branched chain SCFA, isobutyric and isovaleric acid
(»p=0.034) emerged for VD. Furthermore, the comparison
of the mean variation of each SCFA (post—pre diet) between
MD and VD showed an opposite and statistically significant
trend for propionic acid (p =0.034); in particular, MD led
to an increase of 10%, while VD to a decrease of —28%
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Table 2 SCFA variations according to the prescribed diet
MD, MD, p* VD, VD, p* AMD AVD p'

Acetic acid, pmol/g 50.92 (33.78) 45.90 (16.18) 0.874 49.71 (18.00) 44.55(32.64) 0.325 0.26 (29.42) -6.32(31.39) 0.115
Propionic acid, umol/g  14.68 (10.80) 15.33 (7.41) 0.849 15.71(13.04) 12.76(7.72) 0.074 1.32(8.97) —3.33(7.47) 0.034
Butyric acid, umol/g 19.50 (15.93) 18.39(12.52) 0.924 20.37(18.27) 17.99(15.58) 0.196 1.47(18.74) —3.56(12.90) 0.109
Isobutyric acid, umol/g ~ 1.34 (2.38) 1.25(1.18) 0.129  1.04 (0.87) 1.55(1.20) 0.034 0.25(1.33) 0.46 (1.21) 0.103
Isovaleric acid, umol/g ~ 0.95 (2.36) 0.96 (0.81) 0.105 0.67(0.71) 1.512(0.91) 0.034 0.09 (1.16) 0.37 (0.84) 0.077
Valeric acid, umol/g 1.56 (2.29) 1.99(1.65) 0305 1.58(1.13) 1.66 (1.96) 0.702 0.14 (1.90) 0.07 (1.39) 0.828

All data are presented as median (interquartile range, IQR). MD, Mediterranean diet, pre., MD, Mediterranean diet, post., VD, vegetarian
diet, pre., VD, vegetarian diet, post. *p value post—pre for changes within each group, calculated using Wilcoxon signed-rank test. 'p value
Aynp — Ayp for changes within each dietary intervention, calculated using Kruskal-Wallis test
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Fig.3 Effect of dietary intervention on fecal SCFA’ levels variation.
Boxplot showing the difference of levels (difference pre—post) of
short chain fatty acids (umol/g) between Mediterranean and vegetar-
ian dietary intervention. MD Mediterranean dietary intervention, VD
vegetarian dietary intervention

(Fig. 3). To examine the association between the taxonomic
composition of GM at the genus level and the bacteria’s
end-products within each dietary intervention, a Spearman
correlation was conducted and a network diagram was con-
structed to show the correlations between bacterial genera
and SCFA (Fig. 4a). In detail, focusing on the relationship
between the SCFA and modified genera, within or between
the dietary interventions, we observed a negative correla-
tion between Veillonella and isobutyrate and isovalerate
(p <0.05) in subjects following MD intervention (Fig. 4b).

To find the association between nutrients and SCFA vari-
ations, Spearman’s correlation was calculated between nutri-
ent intake (post—pre intervention) and SCFA (post—pre inter-
vention) for each diet. By plotting the correlation between

SCFA and dietary information, it was possible to detect the
influence of the diet on the SCFA levels (Fig. 5a). The nutri-
ents that seem to be most associated with the variation of
SCFA are total fats, in particular saturated fats and polyun-
saturated fatty acids omega-3, carbohydrates and fiber. Nota-
bly, SCFA that were negatively correlated with fat intake
was acetic acid, propionic acid, valeric acid and isobutyric
acid, whereas the carbohydrate was positively correlated
with butyric acid in MD. In contrast, energy intake, carbo-
hydrates and fiber seemed to be negatively associated with
isobutyric and isovaleric acids in VD.

Finally, correlation analyses were calculated between
the changes in SCFA and the differences in the inflamma-
tory cytokines evaluated after the two dietary interventions
(Fig. 5b). Some registered correlations have suggested that
different SCFA have a linear relationship with cytokines.
During the MD period, the variations of the most repre-
sentative SCFA—propionic, acetic and butyric acid—were
negatively correlated with the variations of some inflam-
matory cytokines such as VEGF, MCP-1, IL-17, IP-10 and
IL-12. In detail, propionate showed a negative correlation
with IP-10, IL-12 (p < 0.05), and with VEGF (p <0.01); ace-
tic acid with IP-10, IL-10, II-17 (» < 0.05), VEGF, and IL-12
(p <0.01); butyric acid with VEGF, MCP-1 (p <0.05), IL-12
and IL-17 (p <0.01); isovalerate with IL-1RA (p <0.05);
isobutyric acid with IL-1RA and MCP-1(p <0.05). On the
other hand, only few modifications appeared after the VD
period: isobutyric acid was negatively associated with both
MCP-1 and IL-12 (p <0.05), while isovaleric acid was nega-
tively associated with MCP-1 (p <0.05) (Fig. 5b).

Quantification of the dietary impact on microbiota,
clinical and biochemical variables

PERMANOVA analysis was subsequently used to seek for
possible associations between some biochemical variable
and GM composition. Variables significantly associated
(p <0.05) with the microbial composition at any rank
were: butyrate, isobutyrate, isovalerate, IL-10, white blood
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Moreover, to find a potential association—modulated by
the diet—between taxa and metadata (clinical and biochemi-
cal parameters) the Spearman correlation was conducted
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Parabacteroidetes was positively correlated with MCP-1

Finally, the variation of Lachnoclostridium was related to
negative variations of IL-6, AST*, ALT and vitamin B12.
A greater number of associations emerged also for VD.
The variation of Anaerostipes was found to be positively
correlated with total cholesterol*, serum iron and IP-10,
while AST showed a negative correlation. The change in
the abundance of Clostridium sensu stricto was positively
associated with IL-10 and LDL-cholesterol, while a negative
correlation was observed with changes in insulin levels. A

between variations of microorganisms that showed statis-
tically significant changes after dietary interventions and
variation of clinical parameters (Fig. 6). We found several
statistically significant correlations (p <0.05, excepting *:
p<0.01) for MD and VD. In particular for MD, the varia-
tion of Anaerostipes was positively correlated with LDL-
cholesterol and total cholesterol.; changes in Clostridium
sensu stricto was positively associated with serum ferritine.
HDL-cholesterol and IFN-gamma* were negatively corre-
lated with the variations of Enterorhabdus. The variation in
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Fig.6 Correlation between fecal microbiota and clinical and nutri-
and biochemical parameters and the changes in the abundance of

tional variables. Heatmap of correlations between changes in nutri-

ents’ intake, clinical and biochemical parameters and genera that
showed significant differences after the two dietary intervention,
according to Mediterranean (a) or vegetarian (b) diet. Rows and col-
umns are clustered by Euclidean distance with Ward linkage hierar-
chical custering. The intensity of colors represents the degree of asso-
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negative correlation between Enterorhabdus and the oxida-
tive profile emerged, notably M-derived ROS*, L-derived
ROS*, G-derived ROS and AST; variations in Veillonella
were positively associated with VEGF*, serum urea and
triglycerides, whereas on the contrary MCV and IL-6 were
negatively associated. The variation in Odoribacter abun-
dance showed a positive correlation with serum calcium*
and glucose, and a negative correlation with IL-17*. Finally,
Streptococcus was positively associated with serum uric
acid, glucose and HOMA index, as well as eicosapentae-
noic acid, docosahexaenoic acid and glucose from the diet.

Finally to infer the functional contribution of microbial
communities on the 16S rDNA sequencing data, metage-
nome prediction was performed using PICRUSt, which
revealed some significant, but not relevant, differences in the
main functional classes (KEGG), resulting from functional
acquisitions associated with different dietary habits (online
Data Supplement Supplemental Table 6).

Discussion

Increasing evidence suggests that diets with low animal pro-
tein and high vegetable and fiber intake are associated with
the prevention of cardiovascular disease. A recent publica-
tion about the first results of the CARDIVEG study, docu-
mented that VD and MD are equally effective in reducing
cardiovascular risk [15]. Current trend in nutritional therapy
involves the beneficial use of diet to improve human health
through GM performances [27], although the mechanisms
underlying this association are not fully clarified. Research
on the microbiome is expanding rapidly thanks to technolog-
ical and computational advances that make DNA sequencing
cheaper and data analysis easier.

To deepen our knowledge in this field, we used the fecal
sample of a cohort of omnivorous with a low-to-moderate
cardiovascular risk profile previously enrolled in the CAR-
DIVEG study to evaluate, for the first time, the impact of
short-term fully controlled low-calorie MD and VD on the
functional composition of the fecal microbiota. The crosso-
ver design of the study, in which each subject has its own
control, was selected to evaluate the quantification of the
dietary impact on GM composition and on the anthropomet-
ric, clinical and nutritional parameters of the host. Although
it is conceivable that a long-term dietary intake is able to
change the GM structural composition [11, 12, 28-31], it
is unclear how rapidly the human GM responds to short-
term dietary changes; thus, the understanding of the GM
resilience is crucial for determining the effectiveness of
therapeutic diets.

In our study, a 3-month intervention period did not lead to
marked changes in the composition and diversity of micro-
biota at higher ranks (family and above), either between the

dietary interventions or within, suggesting a modest effect of
a short-term Mediterranean or vegetarian profile in modeling
gut microbial communities. In accordance with the previous
results [28], the two short-term dietary interventions have
produced small changes in the composition of the micro-
biota in our subjects. In fact, a slight separation between
the groups was only collected at the genus level, explaining
9.3% of the total variance. Anyway, such variance is not
negligible, given the high individual genetic, environmental
and clinical variability of the subjects enrolled.

Interestingly, our findings align with other previous
studies that have shown a stability of the general pattern
of GM in response to short-term dietary changes [11, 28].
For example, diets high in fat/low in fiber or low in fat/high
in fiber for 10 days [11] or 3 months in a vegetarian diet
[28] were associated with small variations in species and/
or genetic content when compared to baseline interpersonal
changes.

In our report the overall GM composition of our omnivo-
rous subjects was made up mostly by the phylum Firmicutes,
often associated with a westernized fat-based diet in the
literature [8, 29]. Many papers have identified a relatively
low Firmicutes to Bacteroidetes (F/B) ratio in association
with health and elevated ratios with metabolic disorders [29,
32]. However, we did not observe significant changes in the
abundance of Firmicutes or in F/B abundance ratio after the
dietary interventions, despite an improvement in the meta-
bolic conditions previously reported in these subjects [15].
In any case, considerable changes in F/B ratio may be due
to several factors [29, 32], so that it cannot be considered an
absolute indicator of gut wellbeing and, therefore, of human
health [33].

Looking at the changes produced by dietary interventions,
the MD was associated with change in the abundance of
three genera (Enterorhabdus, Lachnoclostridium and Para-
bacteroides; Fig. 1) whereas VD of 4 genera (Anaerostipes,
Clostridium sensu stricto, Odoribacter and Streptococcus).
In particular, Lachnoclostridium and Enterorhabdus abun-
dance increased after MD intervention, whereas Parabac-
teroides decreased after MD intervention. Enterorhabdus
belonging to Actinobacteria phylum was previously identi-
fied only in lean, but not obese or diabetic animals [34].
Interestingly, the enrichment of the genus Parabacteroides
has recently been proposed as a microbial marker for hyper-
tension [35], therefore, our findings may support the cardio-
vascular protection offered by the MD. On the other hand,
the VD intervention produced an increase in the abundance
of Streptococcus and Anaerostipes genera and the reduction
of Clostridium sensu stricto and Odoribacter genera. It is
believed that Anaerostipes promote the gut barrier integ-
rity of the host through anti-inflammation, anti-tumorigen-
esis, and the exclusion of the pathogen in the colon [36]
thus mediating a beneficial role of the VD. Regarding the
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increase in Streptococcus genus abundance, our result is in
contrast to previous studies, where this type negatively cor-
relates with the plant-based diet patterns [12]. It also seems
beneficial to reduce the bacteria belonging to the genus
Clostridium sensu stricto, which are generally perceived
as pathogens [37] as well as an indicator of a less healthy
microbiota [38]. To be noted, Clostridium spp. have been
reported to be strong inducers of colonic T regulatory cell
(Treg) accumulation [39], whereas Odoribacter are known
for their ability to produce butyrate, which plays a key role
in promoting the development of Treg and in the regula-
tion of the Treg/Th17 balance [40]. Overall, the reduction of
these two genera, together with the decrease in fecal butyrate
observed in VD, could be associated with the promotion of
a Th17 profile, consistent with the increase in the level of
interleukin-17 previously reported in our subjects after VD
intervention [15]. In conclusion, our results on the VD inter-
vention are in agreement with two recent works that report
a significant decrease of Clostridium, and an increase of
the Lactobacillus genera, such as Streptococcus, in subjects
consuming plant protein [41, 42].

To compare the effects of the proposed dietary pattern
on the composition of the microbiota, we compared the GM
taxonomic structure between the two diets, observing an
opposite and statistically significant variation in 4 different
genera. To deepen this aspect, we have analyzed the type
and amount of fecal SCFA, because changes in the amount
of fiber intake and the consequent microbiota modulation
have an impact on the production of microbial metabolites.
According to previous studies, in all the subjects enrolled,
acetate was the predominant fecal SCFA, followed by pro-
pionate and butyrate.

In our study, the two dietary interventions appear to have
opposite effects on the fecal concentrations of SCFA, with
a not significant, but only suggestive increase after MD and
a decrease after VD. In particular, in VD we observed a
reduction trend in propionic acid, which, in turn, shows an
increasing trend after MD. This is in line with the opposite
variation of abundance of Veillonella in VD compared to
MD, which is one of the leading propionate producers via
the succinate pathway [43]. Furthermore, there was an oppo-
site trend for acetic and butyric acid, although not statisti-
cally significant. In contrast, both dietary interventions are
associated with increasing levels of isobutyric, isovaleric
and valeric acid that have reached statistical significance for
isobutyrate and isovalerate after VD. Isovalerate and isobu-
tyrate are microbial metabolites named “Branched Chain
Fatty Acids (BCFA)”, which are mainly produced in the dis-
tal colon. While saccharolytic fermentation is a major source
of luminal SCFA, protein fermentation leads to the release of
marked quantities of BCFA which may have multiple effects
on the colonic epithelium, that have been poorly described.
BCFA contribute very little (5%) to total SCFA production,
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but they are most often considered detrimental for gut integ-
rity and metabolic health [44]. In vitro experiments showed
that both isovalerate and isobutyrate were able to induce
apoptosis [45]. In our study, the significant increment of
isovalerate and isobutyrate suggests an increase in microbial
fermentative activity after VD. Interestingly, this result is in
contrast with the previous studies where the intake of dairy
and processed meats, that provided cholesterol and a small
amount of fiber, was associated with increased production
of BCFA [46].

SCFA exerts an immunoregulatory effect and influences
the metabolism of lipids, cholesterol and glucose, thus
playing consequently a role in various disorders, such as
metabolic and cardiovascular disease [47]. Hence, we cor-
related the changes in SCFA with the dissimilarity of the
inflammatory cytokines after the two dietary interventions.
Interestingly, changes in the amount of propionic, acetic,
butyric, isovaleric and isobutyric acids after MD interven-
tion were negatively associated with some pro-inflammatory
cytokines, like VEGF, MCP-1, IL-17, IP-10, IL-12 MCP-1
and IL-1RA, which supports the anti-inflammatory proper-
ties of the MD [48]. Conversely, SCFA variations after VD
intervention often showed an opposite correlation with the
evaluated cytokines, thus suggesting a possible pro-inflam-
matory effect of this nutritional intervention.

Finally, our correlation analysis showed the influence of
various metadata (clinical and biochemical parameters) on
the composition of the microbiota and on the amount of fecal
SCFA, thus confirming a complex interaction between diet
and the gut microbes.

Our study presents main limitations related to the low
number of subjects investigated and short duration of the
dietary intervention, which may have influenced the statis-
tical power of the study. To confirm these results, studies
with a larger population and longer duration are needed. It
is also important to consider that it is very difficult to per-
form a dietary intervention study that includes a change of
nutritional habits such as that considered with VD in a group
of omnivorous subjects. However, the study includes also
several strengths, such as the rate of adherence, the crossover
design, the comparability between the two diets in terms
of total energy and contribution from macronutrients, the
number of blood and fecal parameters analyzed in the same
group at different time points.

In summary, our study indicates that a short-term Medi-
terranean or vegetarian dietary pattern does not induce
major changes in the structural composition of GM, thus
confirming that dietary interventions should last for longer
periods to scratch the resilience of GM. Anyway, we have
shown some differences in the abundance of specific bacte-
rial genera, and in the production of SCFA. In particular, the
negative association between SCFA and a number of inflam-
matory cytokines reported only after MD, seems to support



European Journal of Nutrition (2020) 59:2011-2024

2023

the anti-inflammatory properties of the MD. Furthermore,
several associations between certain bacterial groups, SCFA,
clinical and nutritional parameters, let us hypothesized that
the cardiovascular protection associated with the two diets
could be due—at least in part—to a modulation of the GM.
However, as previously stated, studies with larger number
of subjects and longer periods of dietary intervention are
needed to confirm the present results.
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