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ABSTRACT

Obesity is an alarming public health problem. Tailored nutritional therapy is advisable since
emerging evidence on complex cross-talks among multifactorial agents. In this picture, the gut
microbiota is highly individualized and intricately dependent on dietary patterns, with implications
for obesity management. Most of the papers on the topic are observational and often conflicting.
This review aimed to systematically organize the body of evidence on microbiota deriving from
dietary trials in adult obesity giving the most certain phylogenetic, and metabolomic signatures
in relation to both the host metabolism and phenotype changes published until now. We
retrieved 18 randomized control trials on 1385 subjects with obesity who underwent several
dietary interventions, including standard diet and healthy dietary regimens. Some phyla and
species were more related to diets rich in fibers and others to healthy diets. Weight loss,
metabolism improvements, inflammatory markers decrease were specifically related to different
microorganisms or functions. The Prevotella/Bacteroides ratio was one of the most reported
predictors. People with the burden of obesity comorbidities had the most significant taxonomic
changes in parallel with a general improvement. These data emphasize the possibility of using
symbiotic approaches involving tailored diets, microbiota characteristics, and maybe drugs to
treat obesity and metabolic disorders. We encourage Authors to search for specific phylogenetic
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associations beyond a too generally reported Firmicutes/Bacteroides ratio.

Introduction

Obesity is an alarming public health problem, rapidly grow-
ing both in developed and developing countries, enough to
be considered as an epidemic: in the US, more than
two-thirds of the adults are classified as overweight, more
than one-third are classified as obese, with a prevalence that
is expected to increase further in the closer future (Ng et al.
2014). Personal, social, and economic costs of obesity
comorbidities (i.e., cardiovascular diseases, cancer, diabetes,
and other chronic conditions) represent a considerable issue
(Tremmel et al. 2017); thus, the identification of consistently
effective and, possibly, as more personalized as possible
weight-reduction therapies are desirable.

The Mediterranean diet (MD) is recognized as one of the
healthiest dietary regimens since it results in a reduced inci-
dence of insulin resistance, hypertension, cardiovascular dis-
eases (CVD), type 2 diabetes mellitus (T2DM), and metabolic
syndrome (Estruch et al. 2018). The traditional MD is

characterized by the consumption of a high intake of
extra-virgin olive oil, fruits, cereals, nuts, legumes, and vege-
tables; moderate to low intake of fish and seafood, eggs, white
meat, and dairy products; low intake of red and processed
meats, and sweets. The MD exerts its beneficial effects through
the synergistic mechanisms of several bioactive food compo-
nents, which include unsaturated fatty acids, phytosterols, poly-
phenols, complex carbohydrates, fibers, vegetable protein, and
non-sodium minerals. The PREDIMED multi-center random-
ized trial on 7,447 participants with high CVD risks receiving
an energy-unrestricted MD supplemented with extra-virgin
olive oil or nuts demonstrated decreased incidences of cardio-
vascular events compared to control diet (Salas-Salvado et al.,
2008; Babio et al. 2014; Estruch et al. 2018).

Other dietary patterns demonstrated to have a role in
decreasing weight and cardiovascular risks are low-carbohydrate
(low-carb) and low-fat diets. The basic principle of the low-carb
diet is to restrict the total daily calories from carbohydrate
intake to less than 45% of daily calories. Similarly, a low-fat
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diet is characterized by the reduction of total calories coming
from fat to less than 20% of daily calories, with the acquisition
of the remaining ones through the consumption of vegetables,
fruits, and lean protein sources (Pace and Crowe 2016).
According to a recent meta-analysis of randomized clinical
trials (Mansoor et al. 2016), participants on low-carb diets
experienced a greater reduction in body weight compared with
participants on low-fat diets, but, at the same time, a greater
increase in HDL-cholesterol and LDL-cholesterol, demonstrat-
ing an opposite change in two important cardiovascular risk
factors. Moreover, the Primary care-led weight management
for remission of T2DM (DiRECT) trial demonstrated that
825-853kcal/day formula diet for 3-5months (59% carbohy-
drate, 13% fat, 26% protein, 2% fiber) resulted in diabetes
remission in almost half of participants (Lean et al. 2018).

Thus, the importance of tailored obesity nutritional ther-
apy is clear. To date, different dietary interventions can lead
to weight loss, although a substantial variability in diet
success outcomes is visible (Johnston et al. 2014).

The emergence of the gut microbiota as a key regulator of
health and disease has further complicated this issue. Since a
mutualistic relation exists between diet and gut microbiota,
dietary factors are among the most potent modulators of
microbiota composition and function. Intestinal microbial com-
munities in turn influence the absorption, metabolism, and
storage of ingested nutrients, with potentially profound effects
on the host physiology. Gut microbiota is highly individualized
and intricately dependent on the quantity and quality of nutri-
ents extracted from our diets, with direct implications for
obesity (Ley et al. 2006; Turnbaugh et al. 2006; David et al.
2014). Microbial metabolites and proteins are known to com-
municate with the host influencing appetite control (Cani and
Knauf 2016). Data collected over the past decade have iden-
tified the gut microbiota as an important factor defining inter-
individual variation in disease risk and dietary response. In
spite of this, the current knowledge of the role of diet on
microbiome-mediated health outcomes in humans mainly relies
on observational studies in which confounding factors affect
the conclusions (Grosso et al. 2017). Intervention studies to
address the causal effects of diet on microbiome functions are
still scarce or have been performed in animal models. Despite
their cost and complexity, randomized controlled trials (RCTs)
are the gold standard for evidence-based medicine and are an
appropriate tool for identifying a causal relationship of a spe-
cific nutrient or diet on a health outcome in humans (Blumberg
et al. 2010).

The aim of our systematic review (SR) is to explore the
effects of MD diet, low-carb, and low-fat diet, and other
standardized dietary habits on metabolic outcomes in sub-
jects with overweight and obesity in relation to changes in
the gut microbiota composition or function.

Methods
Literature search

We conducted a systematic review of randomized controlled
trials (RCTs) on the effects of dietary habits in humans. To
achieve this goal, the study protocol was organized according

to PRISMA-P guidelines (Shamseer et al. 2015), and the
resulting report was written according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (Moher et al. 2015).

PICO methodology (Population: obese and overweight
adult subjects; Intervention: MD diets or low-carb diet or
low-fat diet, or other standardized healthy dietary habits;
Comparison: other dietary patterns; Outcomes: metabolic
parameters and gut microbiota composition or function) to
develop a search strategy based on medical subject headings
(MeSH) and keywords were used.

The Cochrane Central Register of Controlled Trials,
PubMed, and EMBASE databases (until December 2020)
were systematically used. The reference lists of identified
studies and key review articles, including previously pub-
lished reviews, were also searched for all randomized clinical
trials assessing the effects of MD, low-carb diet, or low-fat
diet on metabolic outcomes together with gut microbiota
composition. No country restrictions were imposed.

The search terms used included “diet” and “microbiota”
and “metabolic” and “human” and “adult” The search strat-
egy used both keywords and MeSH terms. No further lim-
itations were made so the search terms would be as sensitive
as possible. The research was restricted to RTCs only. In
addition, we checked the references of eligible articles for
further papers that were not captured by our search strategy,
and we corresponded with authors when the relevant infor-
mation was missing in the paper. Only articles in English
were considered. The review has been registered on
PROSPERO (CRD42022301419).

Outcome measures

The primary outcome measures were as follows:

1. body weight, body weight excess (e.g., overweight,
obesity), body mass index (BMI), metabolic syn-
drome (MetS), arterial hypertension, lipid profile,
glucose levels, insulin resistance

2. gut microbiota composition (16S rDNA, metagenom-
ics, metaproteomics, shotgun metagenomics), gut
microbiota function (short-chain fatty acids, lactic
acid, end-metabolic products, metabolomics).

Included studies had to report at least results on gut
microbiota composition.

Inclusion and exclusion criteria

For inclusion, studies were required to (i) include overweight
or obese adult subjects; (ii) be published in peer-reviewed
journals in the English language; (iii) be a randomized inter-
ventional study.

We excluded studies on subjects affected by diabetes mellitus.

Identification of relevant studies

Potentially relevant papers were selected by reading the titles
and abstracts. If abstracts were not available or did not



provide enough results the entire article was retrieved and
screened to determine whether it met the inclusion criteria.

Data extraction and synthesis

A form was generated to register whether individual studies
met eligibility criteria and to collect data regarding the study
design and methodological quality. Four authors (MC, SP,
AC, and EA) independently reviewed the titles and the
abstracts to identify studies to be included in the review.
Any disagreement was discussed with the other three review-
ers (FP, MM, EB). Finally, the full texts of articles that
passed the screening and eligibility steps were retrieved and
read by the same reviewers and all the other authors.

Any difference in opinion about the studies was resolved
by discussion between all the investigators. The following
data were extracted: author, date of publication, study design,
characteristics of the participants, type of diet intervention,
assessment methodology and reliability and validity of
dietary measures, length of follow-up, methods of evaluation
of gut microbiota, clinical outcomes, and changes in gut
microbiota composition or function. This information is
summarized in Table 1.

Quality assessment

The methodological quality of the included studies was assessed
according to the Cochrane’s revised risk of bias tool RoB 2
(Sterne et al. 2019). Two authors independently evaluated the
following domains for risk of bias: (1) randomization process;
(2) deviations from intended interventions; (3) missing outcome
data; (4) measurement of the outcome; (5) selection of the
reported result. For each domain, there are three categories
for risk of bias judgements: low risk, high risk, and some
concerns (Sterne et al. 2019). The study was classified as having
a low risk of bias if all domains were judged as at low risk of
bias and as having a high risk of bias if it was at high risk of
bias in any one domain or if it had some concerns in multiple
domains. Otherwise, the study was considered as having some
concerns (Sterne et al. 2019). Consequently, for visualizing
risk-of-bias assessments for the selected studies, two figures
were generated using the web app robvis (McGuinness and
Higgins 2021). Disagreements were resolved by discussion with
a third reviewer.

Results

Cumulatively, our search identified a total of 727 potentially
eligible studies. After duplicates removal, there were 355 resid-
ual records. Of these, 319 were excluded as judged irrelevant
according to titles. The remaining 36 records were screened
by reading abstracts and 7 further were excluded because
including diabetic patients (n=3) or normal-weight subjects
(n=4) in the study population. Thus, 29 articles were retrieved
and underwent full-text assessment. Among these, 7 were
excluded for reasons related to the randomization process
(n=2) or to the intervention dietary pattern (n=2), or because
of being post-hoc analysis of RCTs conducted irrespective of
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the randomized dietary intervention (n=3). The selection pro-
cess is summarized in Figure 1.

Study characteristics

The 22 articles included in SR were publications of results
from 18 RCTs. All RCTs had been deposited in the
ClinicalTrial.gov registry except 2 which had been set up
before clinical trial registration was required by law regard-
less of intervention type (Russell et al. 2011; Walker et al.
2011; Salonen et al. 2014).

Articles included collectively encompassed 1385 subjects
who completed the studies, 48.7% of whom were women
(N=675). These numbers may be overestimated as some
studies were conducted in a subset of subjects recruited in
a larger parental trial and may have included the same
participants while 2 studies certainly involved the same
population (Salonen et al. 2014; Walker et al. 2011). However,
since the outcome differs in different papers, we decided to
consider data from all reports.

At baseline, subjects’ age ranged from a mean of
27.6£59years to a mean of 63.72+1.70 years. The maximum
BMI was 39.37+1. Kg/m? and 338 patients (24.3%) were
affected by metabolic syndrome. Subjects came from 9 coun-
tries (Spain, Denmark, USA, Italy, United Kingdom, Finland,
France, Netherlands, Canada). Characteristics of included
studies are detailed in Table 1.

Risk of bias within studies

The risk of bias assessment for the selected studies is presented
in Figures 2 and 3. Most studies (68.2%) (Russell et al. 2011;
Walker et al. 2011; Christensen et al. 2013; Fava et al. 2013;
Lappi et al. 2013; Salonen et al. 2014; Haro et al. 2016a, 2016b,
2017; Vuholm et al. 2017; Bendtsen et al., 2018; Kopf et al.
2018; Fragiadakis et al. 2020; Grembi et al. 2020; Johnstone
et al. 2020) were judged to have some concerns in at least one
domain, especially in bias arising from the randomization pro-
cess (45.5%) (Russell et al. 2011; Walker et al. 2011; Christensen
et al. 2013; Fava et al. 2013; Salonen et al. 2014; Haro et al.
2016b, 2017; Vuholm et al. 2017; Kopf et al. 2018; Johnstone
et al. 2020) and in the selection of the reported result (54.5%)
(Russell et al. 2011; Walker et al. 2011; Christensen et al. 2013;
Fava et al. 2013; Lappi et al. 2013; Salonen et al. 2014; Haro
et al. 2016a, 2016b, 2017; Bendtsen et al. 2018; Fragiadakis
et al. 2020; Grembi et al. 2020), mainly due to lack of infor-
mation regarding allocation concealment or unavailable pro-
tocol study, respectively. Only 2 RCTs (9%) (Haro et al. 2016b;
Lappi et al. 2013) were classified as having a high risk of bias:
one probably didn’t conceal allocation adequately (Lappi et al.
2013), while the other provided no information about the
extent of missing outcome data (Haro et al. 2016b). All trials
(Russell et al. 2011; Walker et al. 2011; Christensen et al. 2013;
Fava et al. 2013; Lappi et al. 2013; Salonen et al. 2014;
Vitaglione et al. 2015; Haro et al. 2016a, 2016b, 2017; Beaumont
et al. 2017; Vuholm et al. 2017; Bendtsen et al. 2018; Hjorth
et al. 2018; Kopf et al. 2018; Schutte et al. 2018; Mayengbam
et al. 2019; Roager et al. 2019; Fragiadakis et al. 2020; Grembi
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Excluded according to title N = 319

Excluded according to abstract N =7

Studies including diabetic patients N =3
Studies including normal BMI subjects N = 4

Full text excluded N=7

Randomization not clear N =2
Dietary pattern not specified N = 2

c Records identified

K=l N =727

g

I

(]

= Records after duplicates removed
N =355

e]4]

£

c

T}

g Records screened

u N =36

P

3 Full-text articles assessed for eligibility

2 N =29

i

o

(]

Ee}

= Studies included in systematic review

£ N =22

Post hoc-analysis of RCTs N = 3

Figure 1. Flow diagram for study retrieval and selection.

et al. 2020; Johnstone et al. 2020; Meslier et al. 2020) were
considered at low risk both for bias due to deviations from
intended interventions and bias in the measurement of the
outcome.

Clinical results

Intervention diets are detailed in Table 2. In particular, 3
studies evaluated the effects of the MD and low-fat diet
(N=365) (Haro et al. 2016a, 2016b, 2017), 1 of MD only
(N=82) (Meslier et al. 2020), 1 of low dairy versus high
dairy diet (N=52) (Bendtsen et al., 2018), 1 of New Nordic
Diet (N=62) (Hjorth et al. 2018), 2 of low-carb or low-fat
diet (N=171) (Fragiadakis et al. 2020; Grembi et al. 2020);
the other studies considered different standardized healthy
dietary patterns (N=653). The control diets were specified
in 8 studies only (average Danish diet, western diet, limited
fruit and vegetable intake, Finnic diet, Netherland diet, UK
diet) (N=451) (Lappi et al. 2013; Vitaglione et al., 2015;
Vuholm et al., 2017; Hjorth et al. 2018; Kopf et al. 2018;
Schutte et al. 2018; Johnstone et al. 2020; Meslier et al. 2020).

No intervention on physical activity was considered. One
study estimated physical activity by International Physical
Activity Questionnaire (Vitaglione et al., 2015).

Most studies recorded data about adherence to diet by food
frequency questionnaires (Lappi et al. 2013; Haro et al. 2016a,
2016b, 2017; Kopf et al. 2018), some on a recall-based meth-
odology (Vitaglione et al., 2015; Grembi et al. 2020) or by

food diaries (Fava et al. 2013; Vitaglione et al., 2015; Beaumont
et al. 2017; Vuholm et al. 2017; Bendtsen et al, 2018; Kopf
et al. 2018; Schutte et al. 2018; Meslier et al. 2020). Three
studies evaluated the fasting concentrations of plasma alkylre-
sorcinols, phenolic lipids, used as biomarkers for people who
eat wholegrains wheat and rye rather than refined cereals
(Vuholm et al. 2017; Schutte et al. 2018; Roager et al. 2019).

Most, but not all studies, evaluated clinical changes related
to anthropometric or metabolic parameters during the inter-
vention diet (Christensen et al. 2013 Fava et al. 2013; Lappi
et al. 2013; Salonen et al. 2014; Vitaglione et al., 2015; Haro
et al. 2016a, 2017; Beaumont et al. 2017; Bendtsen et al., 2018;
Vuholm et al. 2017; Hjorth et al. 2018; Kopf et al. 2018; Schutte
et al. 2018; Fragiadakis et al. 2020; Grembi et al. 2020;
Johnstone et al. 2020; Meslier et al. 2020). Two studies con-
sidered the results according to the Prevotella/Bacteroides (P/B)
ratio (Hjorth et al. 2018; Grembi et al. 2020). One study eval-
uated the P/B ratio as a prognostic marker for successful body
fat loss on two diets differing greatly in dietary fiber and
whole-grain content (New Nordic Diet and Average Danish
Diet). For this purpose, fecal samples were collected at baseline
and the relative abundance of Prevotella spp. and Bacteroides
spp. was determined. This resulted in a clear bimodal separa-
tion of subjects based on the log Prevotella spp. to Bacteroides
spp. ratio, allowing designation of low P/B (<0.01) or high P/B
(>0.01) ratio subjects (Hjorth et al. 2018). Similarly, another
study investigating the correlation between pre-diet P/B ratio
and weight loss success on low-carb or low-fat diet classified
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Figure 2. Traffic light plot presenting the risk of bias within the RCTs included in the systematic review.
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Figure 3. Summary plot presenting the risk of bias within the RCTs included in the systematic review.

subjects as having high or low P/B ratio, although using a
lower P/B ratio cutoff value (0.003) due to the lower prevalence
and quantity of Prevotella spp. in fecal samples (Grembi
et al. 2020).

Standard diet regimens

MD and low-fat diet reduced triglycerides levels in male
obese subjects affected by metabolic syndrome (Haro et al.
2017). Moreover, the two dietary patterns were associated
with an improvement in insulin sensitivity index measured
from OGTT (Haro et al. 2016a).

An isocaloric MD (Meslier et al. 2020) reduced total
plasma cholesterol and HDL-cholesterol if compared to the
Western diet. A low-carb diet and low-fat diet showed sim-
ilar effects on reduction in BMI, body fat, waist circumfer-
ence, blood pressure, insulin, glucose levels, and resting
energy expenditure. A low-carb diet compared to a low-fat
diet caused an increase in LDL and HDL levels and a reduc-
tion in triglycerides and in respiratory exchange ratio
(Fragiadakis et al. 2020).

Hypocaloric (daily 500-kcal of energy deficit compared
with the estimated energy requirement of each subject)
high-dairy and low-dairy diets were associated with a reduc-
tion in body weight, fat mass, hip, and waist circumference
but a low-dairy diet resulted in greater loss of hip circum-
ference (Bendtsen et al., 2018).

Other or healthy dietary regimens

Dietary interventions promoting a high intake of whole
grains, fruits, and vegetables showed no difference in BMI,
while whole grains diet reduced TNFa, or IL6 and C-reactive
protein (Vitaglione et al., 2015; Kopf et al. 2018; Roager
et al. 2019) compared to western diet (Kopf et al. 2018)
or selected refined wheat products (Vitaglione et al., 2015),
and fruits and vegetable diet reduced IL-6 compared to
western diet (Kopf et al. 2018).

A whole-grain diet, compared to a refined grain diet,
reduced body weight, fat-free mass and showed a tendency
in reduction of fat mass (p=0.057), reduced sagittal abdo-
men diameter, and a similar tendency was observed for
waist circumference (Roager et al. 2019). Moreover,
whole-grain wheat diet compared to refined wheat diet was
associated with a reduction in liver steatosis measured with
proton magnetic resonance spectroscopy (1H-MRS) was used
to quantify lipid content in the liver (3-Tesla whole-body
MRI scanner) (Schutte et al. 2018).

Rye bread diet, compared to refined white wheat bread,
in subjects with metabolic syndrome had similar effects
on body weight, markers of glucose metabolism,
and inflammation but a decrease in high sensitivity
C-reactive protein concentration was recorded (Lappi
et al. 2013).

High MUFA/low glycemic index (GI) diet (HM/HG:
total fat 38%, saturated fat 10%, MUFA 20%, PUFA 6%,
CHO 45%, GI 53%), high carbohydrate/high GI diet (HC/
HG: total fat 28%, SFA 10%, MUFA 11%, PUFA 6%, CHO
55%, GI 51%) and high carbohydrate/low GI diet (total
fat 28%, saturated fat 10%, MUFA 11%, PUFA 6%, CHO
55%, GI 51%) reduced plasma total and LDL cholesterol
compared to the starting high saturated fat diet- high GI
diet (HS/HG: total fat 38%, high saturated fat 18%, MUFA
12%, PUFA 6%, CHO 45%, GI 64%). HDL cholesterol was
slightly decreased after a high carbohydrate/high GI diet
compared to a high saturated fat/HG diet. The concentra-
tion of NEFA increased after intervention with high car-
bohydrate/high GI compared to high saturated fat/high GI
diet, while it decreased after intervention with high car-
bohydrate/low GI diet. Fasting plasma glucose concentra-
tions were significantly lower after intervention with both
high carbohydrate diets and high carbohydrate/high GI
also decreased plasma insulin concentrations compared to
baseline with high saturated fat diet- high GI diet (Fava
et al. 2013).
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Microbiome results

Microbiota changes in ecology and function are detailed in
Table 3 and in Figure 4. Twenty studies sequenced 16S
rDNA and the last two studies used the FISH technique
(Russell et al. 2011; Fava et al. 2013). Among studies using
16S rDNA, two of them also performed a shotgun metag-
enomic sequencing analysis (Roager et al. 2019; Meslier
et al. 2020), and the other two a quantitative real-time PCR
(Walker et al. 2011; Christensen et al. 2013). Thirteen stud-
ies evaluated fecal and/or blood metabolic end-products of
microbiota (Russell et al. 2011; Haro et al. 2016a; Fava et al.
2013; Salonen et al. 2014; Vitaglione et al., 2015; Beaumont
et al. 2017; Vuholm et al. 2017; Bendtsen et al. 2018; Kopf
et al. 2018; Mayengbam et al. 2019; Roager et al. 2019;
Meslier et al. 2020; Johnstone et al. 2020).

Microbiota composition

Standard diet regimens. The four studies which analyzed
MD reported several species or genera that increased
or decreased after the dietary intervention (Haro et al.
2016a, 2016b, 2017; Meslier et al. 2020). Increases in
Faecalibacterium prausnitzii, Parabacteroides distasonis,
and Roseburia, Prevotella, Rumninococcus, and Eubacterium
rectale were the most frequently reported changes in
comparison to a low-fat high-carbohydrate diet. Changes
after the MD were influenced by the metabolic phenotype
being more pronounced in subjects more compromised
at baseline or showing a greater improvement in insulin
resistance during the intervention.

Furthermore, studies with low-fat high-carbohydrate diets
or low dairy products generally observed decreases in some
species or genera, including some reported above as
Faecalibacterium prausnitzii, Parabacteroides distasonis, and
Roseburia, (Haro et al. 2016a, 2016b, 2017; Bendtsen et al.,
2018; Fragiadakis et al. 2020; Grembi et al. 2020). Firmicutes/
Bacteroidetes ratio, Streptococcus and Clostridium genera
decreased, and Prevotella and generally Bacteroidetes
increased, as microbiome plasticity. Changes were again
more prevalent in subjects with a worse metabolic phenotype
at baseline. A high saturated fat diet with a high glycemic
index reported an increase in F prausnitzii, meanwhile, high
MUFA diets (with low or high glycemic index) reported a
decrease in total bacteria with respect to diets with high
carbohydrate with a high glycemic index or high saturated
fat diet- high glycemic index (Fava et al. 2013). Some
changes were indistinguishable after one year, suggesting
resilience and an “obesity memory” (Fragiadakis et al. 2020).

Not standard or healthy dietary regimens. Most of the
other dietary regimens described interventions with fibers,
resistant starch, whole wheat, vegetables, and fruits with
respect to conventional weight-loss diets or diets rich in
foods with refined carbohydrates. The diet compositions,
mainly regarding the glycemic index, fats, and type
of fibers influenced the microbiome composition with

more numerous genera and species described. Increases
in Bacteroidetes, Ruminococcus bromii, F. prausnitzii,
Roseburia, Prevotella, Eubacterium rectale, and Oscillobacter
were the most frequently reported changes in comparison
to control diets. Furthermore, decreases in Bacteroides,
in particular thetaiotaomicron, Fecalibacterium, Blautia,
Alistipes, and Bifidobacterium were also reported (Walker
et al. 2011; Christensen et al. 2013; Lappi et al. 2013;
Salonen et al. 2014; Vitaglione et al., 2015; Vuholm et al.
2017; Kopf et al. 2018; Schutte et al. 2018; Mayengbam
et al. 2019; Roager et al. 2019; Johnstone et al. 2020). Fewer
modifications than dietary models described above were
described with high-protein diets that reported decreases
in Roseburia, Eubacterium rectale, and Bacteroidetes
(Russell et al. 2011; Beaumont et al. 2017).

Microbiota metabolic end-products

Standard diet regimens. The MD did not modify stool
SCFAs in any study (Fava et al. 2013; Haro et al. 2016a,
2016b, 2017; Meslier et al. 2020), except for a control
diet rich in high-saturated fats in which SCFAs increased
(Fava et al. 2013). Diversely, a reduction in stool content
of BCFAs (valerate, isovalerate, isobutyrate, and 2- methyl
butyrate) and biliary acids (deoxycholic and lithocholic
acid) and an increase in urinary urolithin glucuronides
were reported, in relation with changes in the intake
of some foods (decrease in meat and increase in nuts
consumption) (Meslier et al. 2020). Serum metabolites
expressed a shift of energy production from beta-oxidation
to glycolysis in the previous models (Meslier et al. 2020)
or also amino acid, and sphingolipid metabolism if a
low-fat high carbohydrate diet is included (Haro et al.
2016a). The latter metabolites were mainly related with
3 bacterial genera and 2 bacterial species (Roseburia;
Prevotella; Oscillospira; Faecalibacterium prausnitzii;
Bacteroides uniformis) (Haro et al. 2016a).

Not standard or healthy dietary regimens. Fecal SCFA
decreased in some (Salonen et al. 2014; Vuholm et al.
2017; Mayengbam et al. 2019) but not all the studies
(Kopf et al. 2018; Roager et al. 2019; Johnstone et al.
2020) on the role of whole grain/resistant starch/fibers
in comparison to other dietary models. Pea-derived fibers
decreased fecal primary, secondary, and total bile acids
(Mayengbam et al. 2019). Consumption of whole-grain was
associated with high levels of fecal ferulic acid and serum
dihydro-ferulic acid (DHFA) that were mostly related
to an increase in Bacteroidetes abundance in one study
(Vitaglione et al., 2015), and several urinary biomarkers
of whole-grain intake, including phenolic metabolites
(Roager et al. 2019). Although the microbial variations
were negligible, diets rich in protein demonstrated a shift
in bacterial metabolism toward amino acid degradation



m
e}
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

(panunuod)

ainypuadxa ABisus Bunsar
uonRIdXd

wnpjed [e30} pue [e334 IRIP d1

(Oy) yuanonb Aiojendsar
uonRIdXd

wnid[ed [e30} pue |34 |131p dH
SY9IM {7 1SN0 pRIIYIP

DY ul abueyd dnoib-usamiaq ayl
dHdsy pue ‘y4IN ‘ulnsul
‘3500n|6 ‘DY ‘|0131$3|0Y>-1aH

pue ‘-1a1 -|e30) d9Q d9S <
1Ip aH

SA (7 Ul sso| duasywndid diy |
19Ip @H pue
@7 Ul 9dU3JJWNIID ISIem pue

diyp ‘ssew 1eyp ybram Apoq

SEENE 4

dnolb
AOS Ul ainssaid poojq u__oum>$

19Ip dH

SA 7 Ul uoiRIX3a ABIaud |BIDY <>
1Ip

@H SA @7 Ul UOIIBIDX3 1B} [BID) <>
dnoib

AQS Ul SUOAR|JOSI pue Ul0}ae |,
dnoib sy>
ul a1eyns |Asaid-d ayjogerswod
9y} pue ‘a1e4AingAxolpAy-¢

‘a1e19|eAoSIAX0IPAY-€ |
dnoib g sa sdnoib sy>H

pue AQS ul auiwein|bjf1adejfuayd

pue ‘aujwein|bjA1adejfusyd

pue 31ej|ns |Axopul $311j0qeISWOd

1S0y-ej01qOoIdIW ‘d3eIAINGOS]

$311]0qeISW [BLIS1R] PIALISP-YY
JO SUOIIRIIUDUOD BARJA |
:awojoqgelsw Aleuln
dnoib AQS ul ulo3ade |

dnoib AQS ul (duiwelky

pue ‘aje1adejAuayd ‘aieidjen)

$311]0qeISW [BLIS1RY PIALISP-YY
[BI9ASS JO UOIIRIIUIDUOD BANR[A |

dnoib g sA sdnoib AQS pue Sy

ul 91esAIngjAylaw-z aujoqersw
[B14910RG PAABP-3UIDN3|OSI |
dnoib sy ul Hd |eddy |

dnoib

AW sA sdnoib AQS pue SyD ul
1e1A1Nq JO UO[1RIIUDUOD dANR[RI |

sdnoib

AW pue A0S sA dnoib sy ul syy

dnoub 131p jo Jusapuadapul ‘sso| N4 |e10}

9y} pue (apadpidodouiwny Ajiwey) 1a1o0qijjidpd
JO dUBpUNQE SAIE[3] US3MISQ UOIIR[31I0D SOd
a1 ut snuab pjjauojiap
ANSIDAIP D >

siskjeue Bupuanbas
2uab YNy
S9L 4o uoibai yA+EA

siskleue J1dH pue

Aydeiborewoiyd syo
awoldudsuel) [esodNy
siskjeue Bupuanbas

uofysodwod ejolqo.diw
Inb uo spayd g1 pue gH
wstjogelaw pidi|
pue ‘ainssaid poojq
‘(33Y) ainypuadxd
KB1aua buisal
‘uonRIdxd ABIsus
pue wnpjed [e334
uo yeyul Ailep Jo $129yd
‘q1 4o QH Jo
SYIIM {Z JINO UOIIDIIXD
1e} [e334 Jo/pue 810¢
‘sSO| N4 ‘sSO| Mg dseaidul “le 19 uasIpuag

esodnw
Jeunisaiul abie| syl uo

saduanbasuod ayy pue

AuAnde djjogelaw pue

uonisodwod ejoigonIw
nb 3y} uo suidyoid

sdnoib sy) pue UlRY2-PaLURI] SUOIIRIIUSDUOD [@23)] auab yNy4 Kiera1p 4o 3d1nos /10T
AOS Ul eain Aieuun pue poojg |, :2WojogeIaW (834 sjuswieal} Klealp usamiaq ANsIanp g pue b <> 591 jo uoibal pA - €A pue Auenb ayy jo saye ‘e 19 Juowneag
s)nsas [edruld sabueypd £301qOIDIW UO S)NSY poyIs S3W0INQ 1eak

>1|0geIaW pPajeIpawW-e30Iqo.dI

‘leusnof Joyiny

'SaIPN1S PapN|dul 3yl JO SYNSaY ‘€ d|qeL



suljaseq
SA IDH/WH Yim L-INVDI 3|qnjos |
I9H/OH Yim
uonesuaduod ujnsul ewseld 4
Juljaseq SA S1I91p DH Y1oq
yum asodnib ewseld bunseq ¢
suljaseq
SA |DH/DH Ul |0431s9|0Yd TAHT
duljaseq SA S13Ip ||e ul
[0431$3]0Y> 17 PUB |10} BWSE|d]
I9H/JH
pue SH |01ju0d sA |57/DH Ul V4INT
suljaseq
SA |D7/WH Ul 9U313Jwndiid Isiem |
auljaseq sA [DH/DH ul 1ey Apoq o 1
S13IP G Y} UIIMIDQ
LIDAI woiy AUARISUSS ulnsul
pue ‘(dHd ‘L-WVDI ‘L-Ivd ‘unda)
‘unsut ‘as0on|6 “IgH 141
71 ‘'D1) siv1aweled [ed1waydolq
‘ainssaid poojq ‘ou1awodoiyiue >
9-11 YuMm saznoiuwiil{ —
$a1n2]W.i4{ JO dduepUNde
9AI3R|34 Y} YUM unssaid
poo|q dI1jo1seIp pue 1j01sAs  —
abejuadiad
1eJ yuni) pue sbejuadiad
Sssewl e} pue sa}aploa)ong
wnjAyd syy jo aduepunge
dAIR[3L(IBIP MY) sajdwes
ul-unJ uj UoneRuod DN  —
abejuadiad
18J yunil pue sbejuadiad
ssewl 18} YUm wnrajdbqopylg
JO sduepunge aAneps —
$3]apl04a)obg pue
9|dwes |euibuo ay} jo Hd |e2R4 -
(391p M)
sa|dwes ul-uni ul uone|a1I0d SOd
dduesisal [elpyuda-suesy
UO J31EM [BD3) JO SIS >

M. CAPUTO ET AL.

auljaseq

SA GH [043U0D Ul J1z3nuspid wnlia120qI|pI3D 1
dUIRWINID Isiem ‘NG ‘Wbram Apoq ui T Yyum

paleIdosse ‘auljaseq SA [DH/DH Ul ‘dds sapioiaidopg 1
(IDH/DH 10} KJuo) SH |043U0D JO 3uljdseq

SA |D1/DH pue [9H/JH ul ‘dds wnuaipqopyld |,

I97/JH pue [DH/DH Ul eud)deq [e10) <>
auljaseq pue

IDH/DH SA 191/WH PUe [9H/IWH Ul euaideq [eo)

Suljaseq SA SH ul a1elking-u
pue ‘ajeuoidoid ‘ajejade [eddy |
s1Ip § bunedwod y4ds <>

$193[qns | Ul dulaseq woly sapndfuLly |
MY Ul $3p1012120g 1

MM Ul Wnua1opqopylg |,

uonisodwod ejoigonIw <>

HSI4

sauab YNy S9L

9y} ulyum suoibai

Bunabier yod
dwi} [eal dAieIUERND

sijlewolq
9sEISIP JR[NdSRAOIPIED
pue dijogelsw
uo sabueyd |eiqoniw
b Aue jo 1edw)
SN
SY1 wouy buuayns o
su e, s313[gns uewny
Ul UOI1_IUSWLID) DIUO|0D
pue ejoiqoniw b
uo 31eipAyoqied pue
18} fie1aip jo Auenb

pue adAy ayy jo s1dYd €107 '[e 12 eAeq

My 1o
MM YUM paydLIus 3o1p
paisal-Abiaua ayy
Aq pasned uonisodwod €107
Jeaydeq INH Ul sabueyd ‘e 13 uIsuISUYD)

s)nsas [edtuld

sabueyd £301qOIDIW UO S)NSdY

dljoge1aW paleIpaw-e101qo.dI

poysw

sawodIn0 1eak
‘lewsnof “Jjoyiny

<
el
<
-
—

(panunuo) ¢ ajqeL



wn
O
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

(panunuo))

1al
“10H DL 'O DLYgH ‘8500n|9 <>
(L150) xaput Ayaiisuas urnsul |
9Ip 47 40 @IW Jeak |

}J0Yyo> uonepije jou

Ing AI9A0DSIP Ul 13IP CUBI-MO|
uo s13[gns g/d Mo| sA g/d

yb1y oy sso| 1ybram yuow-z| |

SIIp yloq
ur aunyipuadxs Abisus bHunsay T
19Ip 4TH sA
DTH ur ones sbueydxs Aiojeldsays
wIp
47H sA JTH ul<Hl 1 pue IaH |
JTH ual |
S19lp
yroq ui asodn|6 pue ‘uynsul
‘ainssaid poojq ‘@dualajwindi
Islem ‘e Apoq 9% ‘INg T

spioe 3jiq A1epuodas pue y4ds <>

ewse|d ul a1ej|ns 31eU3|0Y204|D

ur sabueyd yum uonepuiod SOd -
S|ulojiun saploaong
$339) Ul aul|eAjAdna]
ur sabueyd yum uonepuod Sod -
J1zyusnpid wnlia1opqlpIap
ewse|d ul saulwein|bjAjep pue
S99} Ul (LU[:g) d1BUIIIBA-SID
ur sabueyd yum uonepuod Sod -
5329y
Ul 91eU3YIOIUBY pue dleweln|y
ul sebueyd yum uoneRod DIN -
:011ds0)[12sO
$929) Ul dleinjAylawig-£s
pue ‘suijoidjAuibly ‘S1ewein|o
ur sabueyd yum uonepuod SOd -
:D|210A3Id
$929) ul auljoid|Auibiy
ul sabueyd yum uoneEUod DIN -
ewseld Ul YXXSYSIMHX
pue 329} ul ajeyedse|f1dy-N
ur ssbueyd yum uonepuiod SOd -
:p1INQasoyY
:ul sabuey)

SIUOSDISIP $3pI01210DGDID]

‘e13u3b [en310Rq DIISOJI2SO PUR DLNGSOY | +
snuab [euadeq pjjp30M3id | ¢

I PaN

eJouab |eudldeq bidsolISO <> -

1z3usnbid Wni3DqlpIaD4 ‘DUNGASOY]  *
snuab [euadeq pjjp3oMdld | -

291p 41

»Ip
1BJ-MO| 3y} UO s}3[qns 1o} syamQ| Jano Aydnserd
yum paleaiod sod sem Adnseld 1aip-aid Ajleqg
‘uondwnsuod ajeipAyoqued 1o uidloid ey ‘Uaqy
suljaseq woly Ajpuspuadapul <> Apnse|d 1a1p-aid
S321p yjoq ul
SA Ul SY99amQL pue 0L usamiaq Aidused eloiqoniuw |
131p 1BJ-MO]| UO S$II3[GNS (SN) [NYsSadNsuUN sA
(SA) Inyssadans A1an ur Aydnsed ejoiqoniw Jaip-aid |
duaIaype Aieyalp
10 x3apul ssew Apoq ‘ybram 191p-aid 1opuab
‘abe ‘K10631ed $5920NS S5O ybram yiuow-g|
Aq J4315N|> 10U pIp uonIsodwod e1oIqo.dIW 131P-3id
AUSISAIP D >
1yBIam Yyum paieidosse §Od d49M Sazndjuiil
ybm yum
pajeosse DN a1am piidsouyop] pue piidsoj|IdsO
121p 1B} MO| pUE QUBD MO| Ul Yl0q | $3]3pl04a}oDg
(Anurey
apaspiidsouydp - e1RUIb piInpjg pue paioQ)
elAyd sapndjuii4 Y3 pue buaILQOUNdY 1 I3IP 41H
(Ajlwey apaspuoLIqirojnsag - eiduab
olginoyinsag pue pjiydojig) ejkyd sapnojwil
pue ‘sa}apiosa)ovg ‘DLId}IDGO310Id |, 331P JTH
g Y

siskjeue Bupuanbas
auab YNYI S9L

siskjeue
bupuanbas auab
VNY4 S9L Jo uoibas yA

siskjeue
bupuanbas auab
VNY4 S9L Jo uoibas yA

ewse|d pue

$323) Ul punoy 3jyoud

sojwojogedw 3y}

pue euaideq dypads
usamiaq diysuone|ai

SIp

Ayyeay jo uondwnsuod

wJd) buo| Jaye

aHD yum 3jdoad asaqo
Jo ejolqosiw Ul sabueyd

sso| ybram

Sziwixew o) saibajesls

uonuanaul £1ealp jo

uonezijeuosiad oy 131p

>ydads e Uuo $$320NS 10

/pue 3sualaype 1d1paid

ued jeyy ejoiqoniw

nb ay1 jo sainjesy
121p-a1d Buikynuap)

'sso| ybram

Yuow-g| [nyssadxdns o}

s|enpialpul asodsipaid

ejolqoniw nb jo 020t
saInqu1e Jayeym alojdx3 ‘e 19 Iquialn

e910¢ ‘e 1o oleH

syluow | 1e
abueyd jybiam uo 1a1p
(DTH) 1eiphyoqued-mo|
Ayyeay e sa 101p (47H) 020¢
1e)-Mm0| Ay1jeay e Jo 139 ‘e 19 spjepeibely



M. CAPUTO ET AL.

el
O
<
—
—

sdnoib gOUON-SISNUON

pue qO-SIBWUON S|9A3| D] <>
WIp 47 10

Q3N 19Ye gO-SIBIN Ul S|PA9| DL 1

01 sA 9O-SISIWUON
pue gOUON-SISNUON Ul elolqondIW <> —
40-SISN Ul 19Ip A3 J19le
sa1dads |eualdeq nzyusnpid | pue S|uosDlsIp
d pue eidusb snxdodoujwny pue pungasoy | —
g40-SIDN Ul 47 Jaye essuab wnipliso;) pup
$N230203da.1S ‘01el $213pI042IODg /SAAMIWIS | —
0L SA 4740 GIW YHM gO-SIB Ul eI3USD
winla1o0q|[paD4 Pue DJ|2J0Adid ‘SaploIdIDg || —
JOUON-SISNUON SA gO-SISWUON SA g-SIS
uorsodwod ejolqosiw 1o AYSISAIP [elReq > —
1s1edh ¢
gJOUON-SISINUON
SA 4O-SW /1ZHusnpid4 pue sjuospisipd 1 —
JOUON-SIBNUON SA
90-SI9W e13uab wnipliso|) pue sn»odoidans | —
gJOUON-SISINUON
SA §O-SIDW SNI2030UjWINY PUe ‘WNL3}ODqIIDI3DH
'DLINGasOY 'D|[210AII 'SaploIadDg | —
gJOUON-SISNUON
SA 4O-SI9N Ol1el $31apI0IdIODG/SANMIUIS | —
FJOUON-SISNUON SA gO-SIBIN
ul pjAyd $a1ap10421oDg PUB DLIIDQOUNDY]  —
GOUON-SISNUON SA gO-SISIWUON SA g-SIS
uorsodwod e101qosdIw 1o AYSISAIP [elRe] > —
‘0L
dnoib juaned SIS Ul SIUOSDISIP d <>
dnoib S1B-uou dyy ul sluospISIp d T
1191p 18} MOT
SIBN-UOU By} Ul PRI T | —
SN
9yl ul wnbuoy *g pue ‘sipuadsajopp °g ‘zyusnoid
J ‘UOIJWODIOIDIdY] g ‘SIUOSDISIp d || —
191p BN
SIBW-UOU SA SIDNN
D124 wniia3obgn3 pue ‘dnoibgns suaidbjaaby
SN22020UIWINY “SIIU3ISIJOPD WINLIAIIDLGOPYIG
‘wnbuo| wna32pqopylg ‘wnpajanu
wna)opqosnd “l1zyusnpid wnia)opqipIap
‘U0I2ILIOD]OIDIAY] S3PI0IaIdDg ‘SIUOSDISIP
$9p1042350qDiDd ‘dn0Ib sijibpy sapiosa1dbg)  —
SI9N-UOU SA SIS|N Ul eIBUSD
SNj|I2Dqo1>DT PUR ‘WiNLAIIDGNT ‘S3PI0IaIdDY | —
0L

uondunysAp

Jljogelaw Jo aabap

9y} uo buipuadap
syuaned 3saqo ul

s1So1qsAp awolqodIw
1nb Jo uoielolsal

siskjeue Bupuanbas
auab yNYI S9L

‘uoiysodwod ejoiqosiw

nb ayy bunolsal

ul s131p Ay1jeay

om} jo uondwnsuod
wia3-buo| ay1 Jo 11ays

syuaed

SI9JUOU pue SIBN

ul 3In1dNs AUNWWod
|el1eq Y] Ul SIIUIIYIP

siskjeue Bupuanbas
auab yNYI S9L

£10¢ °[e 19 oleH

qoL0c '|e 39 oteH

s)nsas [edruld

sabueyd
51j0geIdW PajeIPaW-RI0IqOIN

£10140JdIW UO S)nsay

POyl Sow0d1nQ

1eak
‘lewsnof “Jjoyiny

(panunuo) ¢ ajqeL



N
el
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

(panunuo))

sijewolq Aiojewwepul <>
WM-D Ul | sjiym WM-SY
J13)je 3dUBUIIUIBW SBM 1D3Y3 SIY]|
‘pouiad
19Ip W SA 191p M J9)je ulnsut 1
|eaw 359} Jaye
d|youd 3sodn|b ewsejd ulw-0g| <>
pouad
191P IM SA IWM-Sd pue WM-D 19yje
spde A1} payLIRISIUONT
WLIP W sA WM-SH
pue WMW-D 191e saplidA|bul
IM 19348 sapLdA|bL
Bunsey pue “1q7 ‘|01R1s9|0YD [030}
AWM-D
191 SA INM-SY 18l %50 Aq 1
IM 1348
asoon|b Bunsey %g'¢ 1
163 0) uolleAlIOW <>
WM-SY
pue WM-D buunp wd /g ¢~ 1
TM Ul dUIJWNID
diy ur wdGE'Z pue 3dUIRJWNIID
slem ul wd /57 1
M 13348 aunssaid poojq
(9%S) d1j01selp pue (969) d1j0IsAs ¢
SSewl 1ej pue uea| Jo sso| <>
€6'L F B 19°€ :s50] ybram ueapy
s19(qns g/d mo| ul B9/°Z
spalqgns
ones g/d ybiy ur ybrom <>
(9/d moj w1
By 9/T | ‘a/d ubly ur By €T LT)
sdnoib g/4 usamiaq ggn o1
ssaudAlsuodsal ul aduaIaylp by 66'c
:dn mojjoy Jeak |
DUUJWINDID ISIEM WD GE'E —
1ej Apoq By /2T —
{(mol-ybiy
sdnoib g/d ayl usamiaq sIp
03 ssaudAIsuodsal ul adualaYIQ
dagy pue gNN usamiaq HM pue
‘Mg 18} Apoq <> ‘ones g/d Mo —
aay sA NN Ul DM Wi Sy
pue ‘sso| mg B 6v°€ | ‘sso] ey
Apoq By SL€ ones g/d YbiH —
:dn-moj|o} $)99M 9

191eM

|e39) ul spunodwod 0SoIHU-N <>
WM-Sd 10 W SA WM-D 10 TM

13)je 91eIAINQ-0S| pue 3)eId|eA-0SI 1
sa|dwes |ed3} ul

91e1A1nq Jo ‘a1euoidoid ‘s1e1dR >

9s50on|6 poojq

pue sadisoauy snuab syl usamiaq uoleIOSSE SOd

WM-SY Ul 1izajusnpid winiia3opq)|pdap |

19IP IM SA WM-SY Ul bhnojg 1

1BIP WM-D SA 191p

WM-SY 13)e $122D§ DIINQasOY 3|p}IaI WinldLGNT |
191P IM SA 191p WM-SY J9)je

(nwoiq snadodouwny Ajjenadss) snaxodounwny |
WP WM-D

SA WM-SY J9)je bLINQasoy pue snddodoujwiny |,
*winti23o0q||pI2a04

pue ‘sn>x0>0ulwiny ‘DLINGasOY O uoledYIpow

‘Y Jo uonippy

(%EY F §'S) DHUNGasOY pue (%78 F %L'9)
wnadpqopylg
"(%¥'v F %6°L) PINDIF “(%9'S F %i'8) saploia1dDg
"(%€'9 F %6'8) snadodouiwny (%9 F %ETL)

wnu21o0qipIap4 :(elep ||e) esauab |eusideq [edpuly
(%1'8 T %L'9) eU3IRQOUNDY

pue ‘(%L'6 F %LL) se1aploiaideg (%L 0L F %STL)
saln2Iwil4
:(e3ep ejje) uoiysodwod [eIqoIN

SIAIIRALIDP
[KnsiAyzswipiAing-3
0} UOISI9AUOD
Buimoyjoy
9o Asejided
Aq paulwilap
sem sajdwes
|29} JO JUAUOD Y4IS
siskjeue Bupuanbas
auab yNYI S9L

siskjeue Bupuanbas
auab YNYI S9L

'SUOI}IPUOD
BUIAI]-9314 Ul SI93)UNJOA
1yBIaMISA0 pue 35370
ng Ayyeay ui sajyoid

suowuoy nb ewsed pue

ej01qo.nIw
b 3y1 eIA SwisiueyIIW

Jeriualod uo s1aqy ay3 jo
edwi ay) ssassy

'sso| 1ybiam Jayje
ddueuIIUlRW IYBIIM

uo siaqy 3|qnsabipuou jo
1039 ay) aebnsanul

JUUO0D ufeIb-3jOYM
pue Jaqy Aleyalp

ur Ajpeasb buuayip
S12Ip OM} UO SSO|

18} Apoq |nyssadns 1oy
1aysew dnsouboud e se
olles (4/d) saplolardeg
-0)-2|[910A3Id

jJuswiealy-aid

0c0c
‘|e 19 auoisuyor

81L0T ‘e 12 yuoly



Jjoyod|je woly

9yeiul AbIUS Yum pale|aliod SOd WNsoLjuaA '3 —
speaiq
91IYM pauyal JO Jeyl YUm palejasiod HIN d|iym
‘speaiq DA\ pue “1aqy ulelb 4aqy |ejol jo Iyelul

9Y) YUM pa1e|a1I0d SOd Ja/ 13 Sibulisajul Y  —
Speaiq UYM pauyal Jo djelul

9y} Yum paie|auiod DN ‘ja4 12 nzyusnoid o —
auuebiew pue ‘spunodwod
PaALISP-1B) J9Y10 ‘QuZig| JO MeIul Ay}
Y}IM Pa1RI3LI0d SO ‘[a4 12 SIIDIO  pub “|ai 12

aDJIauUUD] d “|aJ 13 SNIDAO g “[a4 12 snIbbinA ‘g —
:(elep ||e) sayelul pooj/auaLinu a|buls

pue dnoib |ela1deq [eNpIAIPUI USIMID] SUOIIR[D1I0D)

13qy utesb pue Jaqy |0y —

speaiq UYM pauyal pue D\ —
:(%0S-0) uoneiea

s19onpoid 91e1fing yum pajeposse sajgeren Aielalq

Speaiq pauyai pue D\ —

cug:g| woly AbIaud 95 —
(uoneuen

%0€~) 9uUZ:8L pue y4nd woiy eyl ABidus 9 —
((%0L<) uoleuea

191SNJ> S3P10J31ORYG YIIM paleldosse saqelien Aleiaiq
syuedpiied gy 905~ ul 1 osje

UdIYM (%61) ‘24 32 sn1eb|nA °g ui 4 ueaw 3sabre] -
(‘121 19 SeJBUUR) B|910ADI4 PUE ‘31 13 SnlebjnA °g

‘12113 snixgald sapiosapeg) wnjfyd sajaplosddeg 1 —
("dds wniqodoly pue e||asuljjod) bL1ODqOUIDY

dnoib gy
9yl UIYyUM uoljesuIdUod uRloid
andeal-) Auaisuas ybiy ayy ur
uonewwepul
pue wsijogelaw 350dn|6
Jo siasew “ybiam Apoq <>

pue (‘|3 39 SUBINWIIOPO XUBIOAOIDRUY)
IX PUe ‘(|31 13 SIUIWOYI|0D SNJUNJ10JaRUY
pue “|31 13 1SO|N||3 WNIPUISO[) “|34
12 wnyda| WINIPUISO|D) Al 423SNJ> WNIPLISO) | —
uljeseq sA gMM
dMM Ul suabixalpwiiof pjja1uphig
| 40j 1dadxe
gMM pue gy usamiaq uoisodwod ejoiqoniw <>
OM pue A4 D ul
winuadpqIpI{  —
A pue ‘Om pue 5 ul p
‘wnuappqopylg  —
OM pue A4 D ul |
:(seadeuidsouyder)
snaojouiwiny  —

OM pue A Ul p DUl

dwolpuhs

Jljoqelaw yum

s323[qns uonisodwod

2]010.DIW [RUIISIIUI

9y} U0 3yelUl pealq

9f1 13qy-ybiy pue

VNY4 S91 Jo suoibas DM pue peaiq leaym
9A pue LA uo diydilH

Ausaqo 1o ybiamiano

19qy-MO| pauyal Jo S1BYd

€107 '[e 12 Idde

A U9l :(9e3dR200d0UIWNY) Aq paiaye sjenpialpul
z DM Ul DANL T snxxooouiwiny  — ur uonisodwod
= (Apn1s ayy buunp 491 OM Ul | ‘Ad pue D ul ¢ ejolqoniw nb pue
o ul 9sealdap Jajealb e pamoys saplosappg  — si9yew Alojewwepul
2 dUI|aseq 1e $319P10Jl1deg JIMO| :(ueaw) Apnis ay3 Jo pud Uo 19IP UIDISIM [ed1dAy
S pue saimdiwllq Jaybiy yum 9yl 0] auljaseq woJj eudIdeg Jueulwop ul abuey)  siskjeue bupuanbas e jJo punoibyoeq ay}
s sjenpialpul) A4 pue DM ul g411 STEN R auab YNy isutebe A4 4o DM 4O
d4d-sy ‘lnNg < SY4DS (@39} > A4 ut Ausisap-o | 591 jo uoibas GA+HA  9yeiul buiseanur jo 1edwi 8107 ‘|e 19 jdoy
S} nsai [ed1ul]) sabueyd £101COJDIW UO S}NSay poyla S9WO02INQ 1eak

[oe]
O
<
—
—

dljoge1aW paleIpaw-e101qo.dI

‘lewsnof “Jjoyiny

(panunuo) ¢ ajqeL



fe}
O
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

(panuruod)

L-1¥d pue uljejsia
‘unsisas ‘spndad -) ‘unds)
‘L-d19 dI9 ‘uijp1yb ‘uobedn|b
‘OVINL ‘utnsur ewsejd qy) -sy
wnids ‘YWOH ‘@s0dn|b poolq <>
(9181 ddUIBYPE N O}
Jeuolyiodoid) quo) sA gpa ul
SaM JaYje [0431s3j0yd-(1aH)
pue |osa1s3j0y> ewse(d (103}

UOIJUSAIDIUI ISAO QPIN Ul

91esAIngjAyidw -z pue 3ielkIngosi
‘31eI3]eA0s| ‘dleid|eA Sy4dg T —

9jeuoidoid
‘91e1fIng ‘a3e1dde SY4IS > —

AP Ul $}o9Mm8g

pue { Jalje pide dljoys0yy]
pue d1joydAxoap [e33) T —

dUI9Seq SA UOIJUIAIDIUI
Buunp gpa u1 syg (edd) 1 —

quo) sA

ap3aW Ul (A|iwey seade|;ay1ab63 |)
sapluoindn|6 uiyyjoin Areunn |- —
:sabueyd sayjoqeIsy

‘dnoib gpapy

3y} Ul paulelulew yo)-|Auoloid 0}
uonepeibap ajewein|b up JuswydLU
"SY99M g 9148 UOIIRLIBA 0459

‘dnoib gpap ur yo)-jAuoion

0} uolnepelbap arewein|b

pue y0)-|A1328 JO UOISIIAUOD

pue ‘uonepelbap uial0idod4|b

pue apuadA|buy ‘a1eipAyoqied
‘pIdE OUIWE Ul JUSWYILIUT

"Juswieal) jo

S}9aMm ¢ Jaye sajnpow dljogelaw

nb Aq paimded |ennusiod
d1|0geISW dY) Ul UO[IRLIBA 98]

syg &
:mz| Jaye dnoib Q)
seg |e10) pue pie
J1j0ydAx03p syg Aiepuodas pue
‘poe d1joYd£X03pOUIYd pue pide
dloy> (syg) poe 3)iq Atewud [edayp
31eI3|eAOSIT
ajele |
:mg| 19ye dnoib 44

dp3aW uo syaamy 1e uondnpal YWOH buimoys
s13lgns ul sjaA3)] 11dod ¢ pue “ds e||910A3id
1 pue sapads saplosaloeg [BI9ASS JO S|9A3| duljaseq |
@uo) SA gP3W Ul exe) apadpJidsouyop
pue puNQqasoy ‘liziusnpid WnLIOLGIIDIADS |
Q@uo) sA gpaW Ul snjiydowayl
$N230201da.3S ‘snApbub snadod0ujwiny pue sanbio}
$nN22020uUjWNY ‘abpiawl $apl0Ja31apqpivd ‘1Iinpjd
103ODHIUOAD| ‘SUDWIOJIIDIOD] WINLIBIODQIUIYINYG T
:quo) pue gpaW uamiaq (dSW) swouabued
sapads dlwouabelayy wepunge Ajjenuaiayip |
JNY-2502n|6 pue pluLWIAPJOH
SUOIBIIUIDUOD D1R13IL0IDIE ‘Y4DS
|e10} ‘a1euoidold pue sduepunge pjjajoAaldpind —
(21e4K3nq 0S|
pue 3)eI3|eAOSI) SY4DS PayduRIq YUM DJj2J0AdId —
‘|oA9] 91L1328 YUM duepunge piidsouysp] —
‘(e3ep |[B) UONERII0d SO
'¥J170s! pue y)Q se yons syg pue endso||nsg  —
91eshing
pue a1euoirdosd yum ejjasuljjod pue sadAwoundy —
s]oA3] auljoid pue d1eiAingAxoipAy-¢
‘91e1KingAxo0IpAy-z pue sadisosseuy —
9ouepunge esidsouyde pue ybiam Apoq —
:(e1ep |e) uonea110d HIN
(omdw Loeyd) dnoib 44 3 0D ut AusiaAlp b
DJ[230A2.dpiDd pue piidsouysp |
‘Dj[210A314
pue 4a13pqipn|pd ‘Djjasuljjo) ‘sadisoiauy |,
L-yTS Pue abadpjjausyly
‘apad0pPUOW0IAYdIOG ‘2DIID|1210AdId |,
:dnoib 0D
piidsouydo] l
DiIdSOj[12SO pue DIUDWIAP[OH ‘sadAwouldy 1
apadpj[ajsauivg |
apaspjadAwoundy
:dnoib 44

(sjouaydAjod
Kreuun pue sapndad
Jeunsajuloseb
ewseld ‘OYWL
ewse|d pue Aieun
dY¥D-sy ‘aso0dn|b poojq
bunsey ‘aunssaid poo|q)
9s5easIp dijogelaw
JO s19yiew ul sabueyd .
ejoiqo.diw
inb ul sabueyd -
1S9W0dIN0 AIepuodas -
SY4DS S[9A9) [eds) -
spidi] ewse|dsawodIno
Aewnd -

(dSW) dwouabued

sa1pads diwouabeiapy
solwouabepw unbioys
siskjeue Bupuanbas

auab yNYI S9L

0co¢
REREREIEEIN

uorne|nbal

9)39dde pue 3duels|0}
9s0dn|b ‘ssew 1ey ‘ybiam

Kpoq

sanoidwl Jaqy paxiw

panuap-ead yosym Aq

siskjeue Bupuanbas swisiueydaw pajejal inb
2uab YNY/ S9L |ennuajod 2y 31ebnsSaAuUl

610C
‘|e 39 weqgbuakepy




11470 M. CAPUTO ET AL.

eyde JNL < -
utes6 sjoym ur L7 ‘91 d¥dT -
uiesb ajoym ui
unda| ewsejdq yum pajerdosse
Ajpuesyiubis yyoq ayeul
AB1aua pue yybram Apogpuresb
3joym ul DM IO} PIAISSCO
sem £d>uapua} Jejiwis e pue
1a12welp uswopae |exbesy  —
uresb sjoym ur (£50°0=d)
ssew e} ulp 4oy Aouspusy pue
ssew dai-1ey Wbom Apogp —
dd
dlj03seIp/21|03sAS pue z-d1D pue
L-d719 ‘unda| Jo SuoIeIIUSDUOD
ewse(d bunsey 1V ‘IS
‘(Y44 pue |o131s9]0yd |IO] pUuE
1d1 “1QH DL JO suonesusduod
wnias bupisey) wsijogeiaw
pidi] ‘uinsur pue asodn|b

sauab aselaysuell-yo) djelade <>
sawAzua annde djeipAyoqied <>
13Ip utesb djoym yum (SL6SLN
0)) 9sesajsuesy reydsoyd
-1-1As03A|6 e pue (88LOLY

oY) usroad buipuig-slensqns

wsAs 1i0dsuel) asoulgele-1/3s01de| |,

ybram

Apoq pue ‘ppe didipejAylaw-¢
JO suolesuaduod Aleuun

44D yum 31ejns-jousydouwe-g
pue apiuoindn|b-joydared0.4d
JO suoiesuadUod Aleuun

ddd

pue 9-7| Y10g JO SUOI}RIIUIDUOD
wnJas pue apiuondn|b-yddHA
JO suoiesuadUod Aleuun

:U99MI3Q UO011eOSSe DIN

‘pouad uresb sjoym

Buunp (pe didipejlAylaw-¢
‘31e4ns-joydaledoifd
‘aptuoinon|b-joydaiedoiAd
‘91ej|ns-jousydoulwe-g
‘ap1uoindn|b-yddHa)

saljogedw Aleuun aAy l

UOIIUSAIRIUL UlRIB SjoYMm By} JaYe

je1£1ng Jo suonejuaduod ewseld |

spoliad UOIIUSAIIUI BY) UIIMIDQ UOIIIIXD
uaboipAy yieaiq |eipueidisod Jou bunsey <>
9-11 yum pajerosse

SOd Sem wnsowbJ wnjplisoj>01pjadisAiz
el Jaqy pue ureib sjoym

YlIM pa1eId0SSe DIN Sem UO0IDIWOD]OIDIdY] °g
‘el

1aqy pue uiesb 3joym yim palerdosse SOd 4am
Hzyusnpid 4 pue s3|pipli}so[D) JO sulel)s |RIIAIS
uondwnsuod utesb pauyas Jaye | pue ujesb
3J0YM I3}je | UOIDIWOD]IOIDI3Y] SaPIoIaIIDg
uondwnsuod

uresb pauyas Jaye 1 pue ulesb sjoym

13ye | 1dod pj[2310A3id 3O pue Nizyusnoid
winiia}dpqIp23b JO Sulells JdUnSIp INoy

Aujeuorduny

nb pue yyeay

dljogelaw Jo siayiewolq
1S9W02IN0 AI1RPU0IIS

awolqo.iw

b uo suonesdye

pue A1ARISUSS ulnsul

Buinosdwiy uy surelb

dJoym Yyum suiesb

bupusnbas
Jlwouabelaw unbioys

Bunsey ‘apndad-) wnias SUOI}RIIUIIUOD sapads [el1a1oeg [ENPIAIPUL JO dUepUNgER <> siskjeue Bupuanbas pauyas burdejdal jo 6107
Bunsey DLYqH ‘YI-YWOH < — v4Ds ewseld Bunsey <> ssauydl pue Aysianlp auab [eiqodI <> auab YNY4 S91 109449 :SW0dIN0 Klewid ‘e 19 1abeoy
s}nsal [ed1uld sabueyd 10|OIW UO S} NS3Y poyiap S3WOdINQ Jeak

dljoge1aW paleIpaw-e101qo.dI

‘lewsnof “Jjoyiny

(panunuo) ¢ ajqeL



~
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

(panunuo))

ulnsul pue bLAdLQOPYIY

|e29} U99MI3Q UO[IR[31I0d SOd
A1IA1MISUDS

uljnsut pue y43S | 19Ip TM

(W dSN ‘s¥) s121p
9dueudUIRW 331y} Y} ul [eubis
VNY4 SOL Ylm pejejaiod HIN
“IM pue Sy ul y4dS uteyd paypuelq |

(W dSN ‘S¥) s121p
ddUBUIIUIRW d3IY} Y} Ul Y4OS
dnoib sn>dodoujwinyg Al 191sn|d
pue y4JS U33MIaq UOIR[110d DIN
(W dSN ‘SH) s121p @dueudjulRW

931y} 3y} Ul y4OS Jofew pue |30}
y10q Jo suolesudUod pue |eubis
VNYJ S9L U9MI3] UOIIR[D1I0d SOd
19Ip W pue dSN sA
TM PUB Sy Ul SpIDe UOI}eIUSWID)
Joulw | pue deuidns pue
‘31e1A1nq ‘s1euoidoid ‘a1e13de Y{OS 0
wIp
W Yyum 1euordoud pue ‘a1e1fing
‘a1e33de snid sdnoub |el91deq
SNOLBA SB [|9M SB ‘SIAIIRALIdP Yo
Buipnpui ‘seujoqelsw dljousyd —
SE]s)
utaroid yb1y yUM uonEeIIUIIUOD
pie diade [Ausyd pue ‘s1e1de)
‘1eIdjeA ‘Sy{Dg ‘SDON (B33 —
:uol3ePOosse SOd
1°IP DNdH Ul
pie dianikd-¢-ajopul | pue djopup
19IP W sA DWdH
pue JIdH Ul SUOIRIIUIIUOD YYd |,
191p JdH Ul SuOI1eJIUSOUOD
pie duordoid|fusyd
131p J1dH Ul pe diadejAuayd
paininsqns-AxolpAyip-4'€
~Axoyrow-gAxolpAy-i e pue
‘p1de d10zuagAxolpAyIp-G'e (
210zudqAX0IPAYIP-G'7) pIde Disi
19Ip W SA J1dH
ul s3U|0geIdW S} pue pide dijndy
19Ip W sA DWdH
pue J1dH Ul spunodwod 0soHU-N |
BIp W pue
DWWdH SA J1dH Ul Jalem [e3d) Jo Hd |
19Ip W SA DWdH pue
J1dH Ul 21eIKINGOS| pue 3)eId(eAOS] |,
1BIP W SA JTdH Ul d1eiingp
J1dH Ul v4DS [e10) 1

19Ip M Ul DIYLIOMSPOM

D[24233NS ‘1230201307 |, /D1I2}2DGO3}0I] pue

411P0g ‘plIIODGOPYIGT

(e3dedd000UIWNY) *dds 42)opqoJ0IdS pue “dds
padsojji>sQ “1sofnjjas D ‘winidaj D 1 sijeso
e[|910A31d pue sniebjnA saploialdeg o) paie|al

eLd)ORq |, ‘(eLR1ORQOUNDY) WNL2IODGaUAI0) pue

pjjasuljjod ‘pjjay1ia663 |,

19Ip dSN

13Ip dS pue | SA 13Ip dSN Ul apadpJidsouydDT |
(€8-11 supioatuiinur -y pue sadKyojhyd
painynoun pajeal | pue gzsa wniaieq
painynoun sy} pue gjp1ras ‘3| “tejndned

Ul IBAIX J31SN|> winipulso|)) aeadelidsouyde
‘(s919pl1013deg)

'dds sadistjy] “(Al 493sN]> WNIPLISO|D) ISO[Njja3 )
‘winyda) winipL1sol) ‘siwia)

12120q010dS “11W01q Y ‘lipuowiiajjinb viIdsolIdsO |,

191 SY

131p Sy ul Ayssaap o ¢

131p Y pue W ul AusidAp g 1

1BIP W SA J1dH Ul dds saprosa1opgq
‘nzyusnpid

winlaopqIpIab4 pue apadpiidsouysn] <>
J1dH Ul euU1deq |e10} Jo

uorpiodoid se dnoub ajp1das wWiniia1IPqN3/DIINGISOY Y
JWdH

pue JTdH SA 33Ip | Ul BU31DR] JO JaquInu [e30} |

‘sadA1ojAyd |els1deq
VYNY JUBUIWOP UO SI3IP
S91 9y) Jo suoibai ay1 ul sa1espAyoqied
d|qenertadAy 9|qnsabip-uou
9\ pue LA 40 3dA} Jofew ayy
uo Aeueoniw diydIH ul sabueyd ay1 Jo s12943

sajlj0geIdW
[e33) jo abues spim

e UO S13Ip $SO|-1yblam
91eIpAyoqued-paonpai
pue uiaoid-ybiy

siskjeue Hs|4 e JO 10943 dy} Joyuow

¥10C

‘e 19 uauo|es

L10T

‘|e 33 ||9ssny



11472 M. CAPUTO ET AL.

S¥99My Jayje DM Ul 0L |,
S 9emg Isye HW ul DINL |
ejwadf|b
pue ‘spidi| ewsejd ‘uopisodwod
Apoq ‘elep >ujawodolyiue <>
XO1 pue ‘6dWI ‘19491 ‘890D
‘9€0D ‘Y11dONY “1d7 sauab ayy
Jo uoissaidxa ‘azis a1k>odipe >
auyaseq
SA UOIJUIAJIUI I3 MOM
ur Ajjeipueidisod yi sjaas| 1|
MDM
ur g4 pue y plojfwe wniasp
V43N [elpuesdisod pue
‘199 ‘1SV ‘ITv ewsed bunsey <>
MDM Ul SIS01e3ls Yum s193[qnsopp
MY Ul siso1eals yum s3afqnsg, |
My
ul 3puadA|6Ly d1edayenur ul %6V,
ssew (1yA) anssi asodipe
|e1ddsIA pue (1ys) anssi asodipe
SNO’UBINJYNS [RUIWIOPJR >
4I-¥YWOH pue ‘ulnsul
350on|6 ‘Sy4IN ‘sDL ‘|0431S3|]0Yd
TQH ‘|0193153j0Y> |e10} <>

(%9°L 01 %L°€ WoiT)
winipliisof) YIm pareldosse
DIN SIBYM ‘(9%L°6L O} %E'SL
wouy ) seandiwily pue (%Sl
0} %9'6 WOY |) $213pI0Ia1oDg
YHUM paleldosse SOd V4
|22} Juawieas) Jaye APAndadsal
‘uolla.NXad Aleuun pue nb
3l Ul ¥4 | YUM paJedosse %96
JO $3JapI0Ja1dbg pue 9%0'S Jo
(eH91ORQOUNDY) S3IPLIdIdDLGOPYIY
40 QL e duepunge sAnepRs 1 —
L-IVd Yyum paiejaiiod
D3IN V4HA pue y4 Leuun -
AM-g I12)Je 4
[e234 | e ‘y4 Aeuun | asoyy up —
V4HQ Adeuun pue |eda3y
YIM pa3e|auIod SOd Y4 Aeunn —
V4HA
WINJ3S Y}M Pa3e|a1I0d SOd YoM g
pue { 1e SUOILIJIUIIUOD WNISS V4 —
$}99M g J3}je UOIIDIOXD
Areuun y4 ul aseandul pjoy g0 —
S}99M g pue § Jaye v
[BJ3) Ul 3SeaDUl P|O)-§'0 pue -€' | —
$Ya9aM g pue t Jayje y4Hd
WNJas ul aSeaNU| pPloy-§ pue -z —
:UOIJUIAIAIUI DM
01 1e s13[gns jo13u0d
pue o woyy sajdwes |edibojoiq
ul spide dijouayd [e101 pue 3jbuls <>

Syaamg Jaye

OM Ul DINL T YUM 931894103 %C1°0 03 %E0'0 Woiy
SN|[192q01R PUB 9%/} L O} %6'6 WO S3pI0IalDyg |,

OM Ul (%6°0 01 %8'L Wolj) pjjasuljjod pue

'(9£°9 01 9%/°6 Woi)) bIIND|G ‘(%E'S 01 %9°9 WOI))
wnla120bqopylg (%9°0 01 %S'C Woij) Jaisipig 1
DM Ul (%S'E 01 %8'L) DJ|210A3ld |,

MOM pue My
UIIMIDQ aD3dIDII0I0UIWINY PUe aDadpiIdsouyIDT <>

MDM Ul ANSISAIp D <>
MY ur Ausianip o

sisk|jeue
bupusnbas ausb
VN4 S9L Jo uoibai pA

siskjeue
bupusnbas ausb
VYNYI S9L Jo uoibai pA

siolneyaq ajK1sayl| pue

fieaip [ewndogns yum

s13(qns ul sjouaydAjod

1esaym HMm jo

9|01 d1bojoisAyd ayy pue

‘UOI124OX3 ‘UOIIRIIUSIUOD
Bunenaud ssasse

s107
‘|e 13 auol|benp

‘si9}owesed pajedosse
pue yijeay JaAl| uo
uondwnsuod pY Yyum
pasedwod uondwnsuod

MDM JO sigausq
|ennualod ay1 ajebnsanul

810¢C
‘e 1@ annyds

s)nsas [edtuld

sabueyd
>lj0ge}aW PajeIpaW-e30Iqo.dIN

£10140JdIW UO S)nsay

poysw

sawodIn0 1eak
‘lewsnof “Jjoyiny

(panunuo) ¢ ajqeL



™!
N
<

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION

'spe A11ey uleyd-payduelq sy4dg ‘spunodwod 0sosHu-N SHON ‘P2 d1joyd0yl| I ‘pIde d1joydAxoap ydQ ‘osessysuely [Aweinib-A (9o ‘pioe dinisy 14 ‘pIde dijn1joIpAyip y4HA
‘spioe A11e} ureyd 10ys :sy4ds ‘uivlold buipuiq sapueyddeskjododi| :dg7 ‘Opixo -N aulweljAyawil :QyWL Sp1e A1e) payualsauou ewseld :y43N ‘Opndad aandeal-) Auanisuas ybiy :gydsy ‘ainssaid poojq dijoiselp :dgd
‘ainssaid poojq d1j03sAs :4gs 191p 1npoid Aliep ybiy :gH 91p 1pnpoid Allep moq g7 ‘uisrododi] Alsusp mo| :1@7 ‘utsrosdodil Asusp ybiH TTQH ‘|0431s3j0yd [e103 D] ‘sapuadA|Bi i) °'y uiqojboway paiedA|b yqH

usboupAy yieaiq <
Aujigeswiad jeunsaiul <>
MY SA ¥ pue g syaam
18 dnoib Yo ur Aoudisisuod
[ools 1 ‘Aouanbaiy [o0ls |
My
SA YOM pue MOM ul anbneyr  —
My
SA YOM pue MOM ul Buneojqp  —
MY SA
4OM pue MOM ul sdusniey | —
:swoydwAs |9

91euoidoid pue ‘y{ds |e101
‘3jeiAIng JO uonesUIdUOD 834 |

:dnoib Yy s1a1p buowe

9jeuoidoud ‘sy4DS |e103 ‘Hd |eID) >

eaeydIe djuaboueyldy <>
191p TMT Pue 13Ip SY | 9jp12aJ 'J pue DLNGIsoY
nzyusnpid 4 <
SI9Ip SdN
pue W sA TM pue Sy ul sauabiduajpA Ja130qlI3s0 |,
191p SSAN SA 131p Sy ul (snqjp

" PUB SUBIDDJaADY " “lui0Iq ") Se3de0d0UIWNY |

12Ip TM Ul SUBIDJ0IBD DjAsULjjOD 1

12IP SH Ul JJW04q sn23030UjWNy PUB 3[D123i T |,
e119102] 031014 O BLIS1IRGOUIdY

‘S9INdIWII4 ‘s319plosaideg Jo uofiodold <>

uswom ul My
SA YOM Ul apadp2d0d0uUjWNY 40 snudb paubisseun |
dduepunge aAne|a) erusb <>

KUSISAIP [eLIRDR] >

S3LIJRW IDURISIP deI{IuN <>

591 jo uoibal g jo
sisaioydoads|d |9b

juaipesb buunieusp
ddd

dwi} [eal dAlIRIIUBND
siskjeue Bupuanbas
2uab YNy

S9L Jo uolbal GA — TA

siskjeue Bupuanbas

2uab YNy
S91 o uolbal yA-EA

'sadA10]Ayd [eualdeq
JUBUIWOP UO SI3IP
3y} ul sajelpAyoqied
9|qnsabip-uou
Jo adAy Jofew ayy

ul sabueyd sy Jo s1943

yyjeay nb panoidwi

%M 9 Joj sulesb pauyai

0} paJedwod sujesb

3joym jo uondwnsuod

12y1aym 21enjead

LLOTZ ‘[e 3° Ij[em

£10C
‘le 33 wjoynp



11474 M. CAPUTO ET AL.

Figure 4. Microbiota main changes in individuals with obesity following classical or healthy dietary regimens in comparison to several control diets. MD:
Mediterranean Diet, compared to low-fat high carbohydrate diet in 'Haro et al. (2016a, 2016b, 2017) and to a habitual western diet in 2Meslier et al. (2020).
LFHC: Low-fat high-carbohydrate diet shows changes in comparison to MD ('Haro et al. 2016a, 2016b, 2017; P. diastonis only in the non-MetS group; Streptococcus
and Clostridium in MetS-OB) and in microbiome plasticity (3Fragiadakis et al. 2020; *Grembi et al. 2020). HFD: High fat diet; F. prausnitzii increased in high
saturated fat diet with a high glycemic index as opposed to baseline (*Fava et al. 2013). HPD: high protein diet presents variations in Roseburia/Eubacterium
rectale as proportion of total bacteria and decreased of Bacteroidetes versus MD (Russell et al. 2011; ‘Beaumont et al. 2017). *Others: dietary interventions
with resistant-starch weight maintenance diet (RS-WM) versus control weight maintenance diet (C-WM diet) (8Johnstone et al. 2020); whole grain (WG) and
fruits and vegetables (FV) interventions versus baseline (°Kopf et al. 2018). WG diet was also studied against refined grain (RG) consumption ('°Roager et al.
2019; "Vitaglione et al. 2015), with correlation in women ('*Vuholm et al. 2017); resistant starch (RS) diet, non-starch polysaccharides (NSPs) diet and weight
loss (WL) diet versus Run-in maintenance diet (protein/carbohydrate/fat % as 13:52:35 of metabolizable energy) ("'Salonen et al. 2014, '* Walker et al. 2011).

Created with BioRender.com.

with different metabolite profiles according to the protein
source (Russell et al. 2011; Beaumont et al. 2017). The
butyrate concentration in stools was directly related to
the content of carbohydrates (Russell et al. 2011).

Microbiota relation with host metabolism
A decrease in Prevotella copri was associated with an
improvement in insulin resistance in subjects on the MD
(Meslier et al. 2020) and a decrease in Holdemania with
amelioration in glucose levels during an oral glucose toler-
ance test on a pea fiber diet (Mayengbam et al. 2019).
Furthermore, the highest reduction in fecal biliary acids was
related to a reduced relative abundance of Bilophila wad-
sworthia (Meslier et al. 2020). Taxonomic changes after MD
reported in the previous paragraphs were more pronounced
in subjects more metabolically compromised at baseline
(Haro et al. 2016b, 2017). Weight was negatively associated
with genera Lachnospira and Oscillospira, whereas
Faecalibacterium, Clostridiales, and Clostridium were posi-
tively associated with it (Fava et al. 2013; Mayengbam et al.
2019). Furthermore, Bacteroides spp., and mainly Prevotella
abundance, were associated with a decrease in body weight,
BMI, waist circumference, fat mass percentage, and trunk
fat percentage in several dietary models including a diet
rich in fiber and whole grain or with high carbohydrate/
high glycemic index (Christensen et al. 2013; Fava
et al. 2013).

Healthy diet regimens resulted in improvements in
inflammatory biomarkers related to some taxa. Individuals

with higher Firmicutes and lower Bacteroidetes showed a
greater decrease in lipopolysaccharides binding protein
during the study (Kopf et al. 2018). Reduced TNF-a was
associated with an increased abundance of Bacteroides and
Lactobacillus (Vitaglione et al. 2015), meanwhile
Erysipelatoclostridium ramosum positively with IL-6 (Roager
et al. 2019).

Studies stratifying analysis according to prevotella/
bacteroides ratio

High P/B ratio (> 0.01) subjects after 26-week of New
Nordic Diet (very high in dietary fiber, whole grain, fruit
and vegetables; dietary fiber 43.3 g/M]J, protein 18.1%, fat
30.4%, carbohydrates 46.6%) compared to Average Danish
Diet (dietary fiber 28.6 g/MJ, protein 16.4%, fat 33.8%, car-
bohydrates 45.3%), showed a 3.15kg and a 3.49kg larger
body fat and body weight loss respectively, and a 4.75cm
reduction in waist circumference, whereas no difference in
such parameters was observed between NND and ADD
among individuals with low P/B ratio (<0.01). A 2.27kg
body fat difference in responsiveness to the diets was found
between the P/B groups, which came from a difference in
response to NND. Similar differences in responsiveness to
the diets were found for waist circumference (3.95cm) and
were borderline significant for body weight (2.33kg) (Hjorth
et al. 2018). During the 1-year follow-up period, subjects
with the high P/B ratio changing from ADD to being rec-
ommended NND maintained their weight (-1.23kg; NS),
whereas subjects with the low P/B ratio changing from ADD



to being recommended NND regained 2.76kg (Hjorth
et al. 2018).

Considering high P/B (>0.003) and low P/B (<0.003)
ratio subjects on a low carb-diet compared to a low-fat diet
(reduction of daily intake of carbohydrate or fat to 20 g/day,
followed by slow increments of 5-15g/day, according to
individuals’ satisfaction with their daily intake and weight
loss progress, with the ultimate objective of finding the
lowest level of carbohydrate or fat they could achieve and
conceivably maintain), high P/B ratio subjects on the
low-carb diet had more weight loss than those with low
P/B ratio, although this finding was not confirmed in a
validation cohort. No association was found between weight
loss and P/B ratio for subjects on the low-fat diet (Grembi
et al. 2020).

Discussion

Recent literature strongly suggests that dietary approaches
in obesity should be tailored to patients, and microbiota
composition and function could be markers to select the
best regimen. However, microbiota findings are still quite
confusing. For the first time, we have tried to systematically
review the dietary interventions with standard or healthy
dietary patterns in controlled trials in adult obesity with a
focus also on the microbiota.

First, standard diet regimens, including low-carbohydrate,
low-fat, or MD resulted in decreasing weight and BMI,
whereas other healthy regimens related to the promotion of
whole grain, fruits, and vegetables could be related or not
to a weight decrease (Johnstone et al. 2020; Fava et al. 2013;
Lappi et al. 2013; Bendtsen et al. 2018; Hjorth et al. 2018;
Kopf et al. 2018, Roager et al. 2019; Fragiadakis et al. 2020;
Grembi et al. 2020). However, the latter interventions were
clearly followed by a better phenotype, by decreasing inflam-
mation, and improving glucose metabolism, lipid profile,
and metabolic syndrome (Fava et al. 2013; Lappi et al. 2013;
Vitaglione et al., 2015; Kopf et al. 2018; Schutte et al. 2018;
Roager et al. 2019) similarly to the standard regimens (Haro
et al. 2016a, 2017; Bendtsen et al. 2018; Meslier et al. 2020;
Fragiadakis et al. 2020).

Second, the diet regimens clearly modified the microbiota
signature in a dependent fashion mainly related to the mac-
ronutrient composition. Percentage in carbohydrates, fats,
and fibers seem to be the master regulators of the micro-
biome composition, richness, and function, at least in a
relatively short-term period, whereas increasing protein
influenced relatively few species and genera. Bacteroides,
and Prevotella sp, belonging from Bacteroidetes phylum,
were among the species most frequently changed in their
relative abundance, mainly when the dietary regimens were
rich in fibers, as in the Mediterranean and Nordic diet, or
because fruits, vegetables, and whole cereals were promoted
(Russell et al. 2011; Christensen et al. 2013; Fava et al. 2013;
Lappi et al. 2013; Vitaglione et al. 2015; Haro et al. 2016a,
2016b, 2017; Kopf et al. 2018; Mayengbam et al. 2019;
Roager et al. 2019; Fragiadakis et al. 2020; Meslier et al.
2020). These results indicated a metabolic shift that included
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important changes in carbohydrate metabolism. Subjects
with a higher abundance of Bacteroides appeared to have
lower fiber- degrading potential than the Prevotella abundant
subjects (Christensen et al. 2013; Vuholm et al. 2017; Hjorth
et al. 2018). In line with this, in cross-sectional studies
vegans and vegetarians had an abundance of Prevotellaceae,
Ovo-Lacto vegetarians were characterized by the presence
of Prevotella micans, Bacteroides vulgatus, and Faecalibacterium
prausnitzii, and they presented the highest abundance of
microbial carbohydrate- and protein-hydrolyzing enzymes
(Ferrocino et al. 2015; De Angelis et al. 2020). The distinc-
tion in Prevotella abundance might help explain metabolic
differences in response to a fiber-rich, whole-grain diet
among people with metabolic diseases, and should be one
of the first microbiota signatures to exploit large clinical
trials on tailored nutrition. Furthermore, they are in line
with the involvement of the Firmicutes/Bacteroidetes ratio
in the obesity phenotype, likely related to usual diet com-
position, among the pathophysiological mechanisms (Ley
et al. 2006; Cani 2019). However, by the analyzing data
deriving from of all the papers we summarized, it appears
clear that this ratio is too general to be considered a hall-
mark of obesity. Host’s characteristics and dietary interven-
tions have a strong influence, frequently ignored in
observational studies on obesity, and signatures of obesity
are not consistent when the data are analyzed with consistent
methods (Walters, Xu, and Knight 2014; Sze and Schloss
2016; Magne et al. 2020; Manor et al. 2020). Herein, most
of the studies are burdened by confounding factors masked
by the genetic traits for niche competitiveness between
Firmicutes and Bacteroidetes sp. as determined by advanced
phylogenetic assessments though shotgun sequencing
(Bradley, Nayfach, and Pollard 2018).

In agreement with these considerations, moving from gen-
eralized categories, to species and genus levels, Parabacteroides
distasonis, Roseburia sp., Rumninococcus sp., and Eubacterium
rectale showed also a relative increased abundance after the
MD or diets rich in fibers (Walker et al. 2011; Russell et al.
2011; Salonen et al. 2014; Haro et al. 2016a, 2016b, 2017;
Vuholm et al. 2017; Kopf et al. 2018; Meslier et al. 2020;
Johnstone et al. 2020). Similarly to Prevotella, Roseburia,
Rumnicoccus, and Eubacterium rectale, belonging of the phy-
lum Firmicutes, and Parabacteroides distasonis, belonging from
Bacteroides, are known to ferment complex polysaccharides
entering the colon to butyrate or succinate and acetate as a
terminal product (Hillman et al. 2020; Ezeji et al. 2021;
Steimle et al. 2021), and have demonstrated decreased in
low-carb diets dependently by the carbohydrate total amount
in cross-sectional studies (Duncan et al. 2007; Russell et al.
2011). Furthermore, Roseburia was strongly associated with
a high Alternate Healthy Eating Index and Mediterranean
Diet Score and a high intake of fruits, vegetables, legumes,
and whole grains in the Cooperative Health Research in the
Region of Augsburg (KORA) FF4 study (Breuninger et al.
2021). All these species seem to be a master signature of
healthy diets, although their abundance could be modulated
by the preexistent microbiota as well as mechanisms of resil-
ience to return to an obesity microbiota phenotype (Xu and
Knight 2015; Fragiadakis et al. 2020).
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Interestingly, Faecalibacterium prausnitzii increased both
after diets rich in fibers, including the MD (Lappi et al.
2013; Ferrocino et al. 2015; Haro et al. 2017; Roager et al.
2019; De Angelis et al. 2020; Meslier et al. 2020; Johnstone
et al. 2020), and diets high in fats (Fava et al. 2013). E
prausnitzii, belonging to the Ruminococcaceae family
(Clostridium cluster, Firmicutes), is one of the most abun-
dant commensal bacteria, and was found to be a character-
istic species also in subjects who followed a vegetarian diet
(Ferrocino et al. 2015; De Angelis et al. 2020), in line with
our results on fibers, and has recently been shown having
the probiotic ability to produce vitamin B12 and hydrolyze
lactulose and galacto-oligosaccharides increasing the content
of fructose into the gut to support colonic epithelium growth
(Cecchini et al. 2013; Fagundes et al. 2021). It has also been
recognized as one of the most abundant butyrate producers
in human feces (Cecchini et al. 2013). Since no more data
than those in the papers we reviewed explain a role or
modulation in relation to the dietary fat content, cross-feeding
interactions with other species could be hypothesized
(Kim 2020).

Although most of the reviews discussed the role of
changes in SCFA production to drive some bacterial meta-
bolic effects, we failed to observe a significant change in
their quantity or balance in studies on the MD despite the
fibers (Fava et al. 2013; Haro et al. 2016a, 2016b, 2017;
Meslier et al. 2020). These findings suggest that the mod-
ulation of gut microbiota composition we discussed before
may have a neutral effect. Phylogenetic changes may be
functionally compensated for main metabolic end-products
because other primary sources as amino acids could be used
for SCFA production. On the other hand, SCFA decreased
more often after dietary models were rich in fibers (Salonen
et al. 2014; Vuholm et al. 2017; Mayengbam et al. 2019).
Since fibers are known to increase SCFA production
(Cummings and Macfarlane 1991), these findings in certain
studies could result from a threshold effect of fiber intake
or specific fiber subgroups that could differently modulate
higher fermentation in the proximal colon, reduced fermen-
tation in the distal one, or changes in the transit rate time
(Govers et al. 1999). Unfortunately, the papers did not con-
tain enough details to be conclusive on this point.

Two out of three studies evaluating bile acids reported
a decrease in the content of both primary and secondary
forms in stools after diet or foods rich in fibers (Haro et al.
2016b; Mayengbam et al. 2019; Meslier et al. 2020). Bile
acids are synthesized from cholesterol and excreted through
the stools. These findings in patients with obesity are in
line with the demonstration that mixed fibers diluted bile
acids by increasing fecal mass and transit time (Woodbury
and Kern Jr, Woodbury and Kern 1971), and contrasting
data could result from the content of insoluble fibers in the
patients’” diet. The decrease in bile acids could be also related
to a reduction in meat consumption when fibers were
increased (Draper et al. 2018).

In general, the concordant decreased concentrations of
BCFAs and the better metabolism of some phenolic com-
pounds (Russell et al. 2011; Vitaglione et al., 2015; Desai

et al. 2016; Beaumont et al. 2017; Mayengbam et al. 2019;
Roager et al. 2019; Johnstone et al. 2020; Meslier et al. 2020;
Benitez-Paez et al. 2021) suggested that both the MD and
the healthy regimens could improve the inflammatory state
of subjects with obesity and that some effects of diets are
driven by microbiota functions.

Interestingly, microbiota composition at baseline or after
interventions was associated with clinical and metabolic
characteristics of the host.

Weight and weight decrease (BMI, waist circumference,
trunk fat depending on the studies) was strongly associated
with Prevotella abundance, mainly in the context of a high
fiber diet (Fava et al. 2013; Christensen et al. 2013; Desai
et al. 2016; Hjorth et al. 2018, 2020; Grembi et al. 2020;
Benitez-Paez et al. 2021). Hjorth and coworkers proposed
that Prevotella, in particular Prevotella copri — dominant in
high-P/B subjects - has a greater potential to ferment dietary
fiber than the low P/B subjects instead who had high abun-
dances of Bacteroides spp. Moreover, an inverse association
of the Prevotella genus with android fat post-weight-loss in
older individuals, and an increased abundance of P. copri
in high-responders was observed. Furthermore, subjects with
a high P/B ratio lost more weight also in a low-carb diet
regimen and regained less weight in the follow-up than
those with a low P/B abundance (Hjorth et al. 2018, 2020).
These results clearly indicated a post-weight-loss metabolic
shift that included important changes in carbohydrate
metabolism. In agreement with these findings, as stated
before, other authors reported that subjects associated with
a higher percentage of Bacteroides appeared to have lower
fiber-degrading potential than the higher abundant Prevotella
subjects (Vieira-Silva et al. 2019). This distinction might
help to explain weight and metabolic differences in response
to a fiber-rich, whole-grain diet.

The mechanisms through which Prevotella sp. could act
on weight balance are still a matter of debate. Prevotella
abundant patients may produce higher levels of SCFAs, pro-
pionate and succinate metabolism, that contribute to greater
weight loss (Hjorth et al. 2020). Propionate is formed almost
completely through the succinate pathway, characteristic of
Bacteroidetes, including Prevotella (Reichardt et al. 2014;
Precup and Vodnar 2019) and has been shown to be metab-
olized mainly in the liver. Its implication in reducing serum
cholesterol and decreasing hepatic lipogenesis, acting on
anti-inflammatory pathways, and preventing weight gain in
overweight adult humans has been hypothesized based on
consistent data in rodents (Chambers, Morrison, and Frost
2015). Furthermore, the potential role of propionate in
enhancing satiety (Arora and Sharma 2011) is of increasing
interest. Enhancing propionate production in the colon
through dietary intervention with non-digestible carbohy-
drates is an attractive approach for increasing satiety and
maintaining health and weight; however, in-depth knowledge
of propionate producers within the gut microbiota is required
for the development of tailored dietary strategies (Reichardt
et al. 2014). Furthermore, very recently, a short intervention
trial giving arabinoxylan-oligosaccharides to subjects with
overweight has demonstrated that in individuals with low



P/B ratio the prevalence of Bacteroides cellulosilyticus was
the main predictor of body weight gain during the fiber
rich diet and had an impact on host metabolism, mainly
cholesterol levels, without changes in SCFAs (Christensen
et al. 2020). Indeed, information beyond genus level could
help in explaining mechanisms.

Weight was also negatively associated with genera
Lachnospira and Oscillospira, whereas Faecalibacterium,
Clostridiales, and Clostridium were positively associated with
it in our results (Fava et al. 2013; Mayengbam et al. 2019).
Although the studies we selected focused on these bacterial
species, other components of the microbiota resulted to be
associated with bodyweight loss in observational studies.

Dhakal and coworkers recently observed that high-responder
subjects to losing weight with retail programs had a different
abundance of Bacteroides eggerthii, Akkermansia muciniphila,
Turicibacter sp., and Christensenella sp. (Dhakal, McCormack,
and Dey 2020). Moreover, other species such as Lactobacillus
and Bifidobacterium are currently used as probiotics and con-
sumed for health promotion, including weight loss, although
the evidence is still anecdotic or conflicting (Guazzelli
Marques et al. 2020; Vallianou et al. 2020; Solito et al. 2021).
All these findings suggest that microbiota composition is
related to weight, but specific dietary interventions seem to
modulate more frequently some phyla and, more importantly,
species in obesity. Further studies are needed in populations
with different microbiota signatures as well as studies with
shotgun sequencing techniques to provide further insights
and obtain consensus signals supporting a coherent and note-
worthy association between diet, gut microbiota and health
(Walters, Xu, and Knight 2014; Sze and Schloss 2016; Bradley,
Nayfach, and Pollard 2018; Magne et al. 2020; Manor
et al. 2020).

In contrast with data on weight, an improvement in insu-
lin resistance in subjects on the MD was related to a
decrease in Prevotella copri (Meslier et al. 2020) in line with
other authors that reported a detrimental role of it on glu-
cose metabolism and insulin resistance (Pedersen et al.
2016). On the other hand, a Swedish, high-fiber, barley-kernel
intervention was found to improve glucose metabolisms
among subjects with high Prevotella abundances, and P. copri
was highly abundant in the metagenome of responders,
probably because it promotes glycogen storage into the liver
(Kovatcheva-Datchary et al. 2015), and similar findings have
been reported recently in the PREDICT-1 study (Asnicar
et al. 2021). These differences could be linked to the nature
of the studies (randomized vs observational), the selected
cohorts, and the diet-driven selection on P. copri machinery.
It has been shown that P. copri strains related to an omniv-
orous diet have a high prevalence of genes involved in the
branched-chain amino acid synthesis, a risk factor for glu-
cose intolerance, and type 2 diabetes mellitus (Tett et al.
2021; Beaumont and Blachier 2020). This hypothesis is in
line with the better metabolism of some phenolic com-
pounds after a MD discussed before (Russell et al. 2011;
Vitaglione et al.,, 2015; Beaumont et al. 2017; Mayengbam
et al. 2019; Roager et al. 2019; Johnstone et al. 2020; Meslier
et al. 2020). To help in clarifying all these results, a recent
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study has shown that P. copri is not a monotypic species
but encompasses four distinct clades (A, B, C, and D) with
functional diversity in carbohydrate metabolism
(Fehlner-Peach et al. 2019; Tett et al. 2019). Since western
diet demises its abundance, P. copri seems to confer a host
metabolic benefit under a fiber-rich diet, but not if fats are
abundant (Pedersen et al. 2016; Fehlner-Peach et al. 2019;
Tett et al. 2019). These data shed light on the pivotal role
also of the source and subtype of macronutrient substrates
and considering them in studies will contribute to pitch
microbiota-diseases signatures (Fehlner-Peach et al. 2019;
Tett et al. 2019), as also discussed before regarding B. cel-
lulosilyticus (Christensen et al. 2020). On the other hand,
the apparently discrepant results about Prevotella abundance
on weight and P copri on the glucose metabolism stress
again the interpretative bias caused by different methodol-
ogies and the lack of correspondence with health of too
generalist microbial categories.

A decrease in Holdemania was associated with ameliora-
tion in glucose levels during an oral glucose tolerance test
on pea fiber diet (Mayengbam et al. 2019), in agreement
with another report (Lippert et al. 2017). Holdemania, a
Firmicutes belonging to the family Erysipelotrichaceae, is
capable of fermenting sugars such as fructose, glucose, and
sucrose but not complex carbohydrates including polyols or
starch (Willems et al. 1997). It also contributes to the break-
down of the mucin layer (Raimondi et al. 2021). We can
hypothesize that a diet rich in fibers favors species with
metabolism for complex carbohydrates with a parallel drop
of relative abundance of others as Holdemania that could
contribute to the absorption and metabolism of sugars and
leaky gut. Furthermore, generally healthy dietary patterns
were associated with a reduction of inflammatory markers.
These findings are all concordant with other research indi-
cating that the modification of the microbiota in various
diseases, in these cases diet-driven, can blunt inflammation
and improve the metabolic profile, with a signature related
to the disease and the intervention (Barber et al. 2021).

Last, subjects with the worse metabolic profile at the
starting of the trials were those who presented the most
significant taxonomic changes and parallel metabolic
improvement (Haro et al. 2016b, 2017). This means that
subjects with the worse phenotype are those characterized
by a more pronounced reduction in the abundance of genera
with saccharolytic activity, which likely leads to the produc-
tion of energy from amino acids and, therefore, branch
chain amino acids that impair glucose metabolism as dis-
cussed before. These results strengthen the importance of
strongly promoting chances in lifestyle habits in subjects
with obesity and related diseases.

Some limits exist regarding our data since populations
and dietary intervention are heterogeneous, but the risk of
bias was generally low. Most of the currently published
papers are observational and often conflicting. Controlled
clinical interventions are spare, but this review aimed to
organize the body of evidence on microbiota deriving from
dietary trials in adult obesity giving the most certain sig-
natures that should lead to further studies.
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In conclusion, our findings support the importance of
tailored dietary approaches to improve host metabolism as
well as microbiota composition and function in obesity. Some
phyla and species are more strictly related to diets rich in
fibers and others to healthy diets. Changes in weight and
metabolism are related to different microorganisms or func-
tions and should be approached with in-depth further trials.
The Firmicutes/Bacteroidetes ratio, so cited in many obser-
vational studies on obesity, is frequently a wrong or mislead-
ing conception to provide any association with health status,
due to lack of the evaluation of masked factors, first of all
diet and niche competitiveness. We encourage researchers to
use more specific metrics, focusing on genus and species
levels, and ever consider diet. Deeply identifying associations
among host lifestyle factors, health, and microbiota signatures
at genus and species levels can enable to design the roadmap
of personalized interventions and clinical trials. These data
emphasize the possibility of using a symbiotic approach
involving both tailored diet, microbiota changes, and maybe
drugs to treat obesity and metabolic disorders.
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