H

oy metabolites

LU

Article

Dynamics of Gut Microbiota and Clinical Variables after
Ketogenic and Mediterranean Diets in Drug-Naive Patients
with Type 2 Diabetes Mellitus and Obesity

Andrea Deledda 1@, Vanessa Palmas 2't, Vitor Heidrich 34, Michele Fosci >(©, Mauro Lombardo ¢©,
Giulia Cambarau !, Alessio Lai 7, Marietta Melis !, Elisabetta Loi 1, Andrea Loviselli 5, Aldo Manzin 2%

and Fernanda Velluzzi 1:*#

check for
updates

Citation: Deledda, A.; Palmas, V.;
Heidrich, V.; Fosci, M.; Lombardo, M.;
Cambarau, G.; Lai, A.; Melis, M.; Loi,
E.; Loviselli, A.; et al. Dynamics of
Gut Microbiota and Clinical Variables
after Ketogenic and Mediterranean
Diets in Drug-Naive Patients with
Type 2 Diabetes Mellitus and Obesity.
Metabolites 2022, 12, 1092.
https://doi.org/10.3390/
metabo12111092

Academic Editor: Anna Ferrulli

Received: 6 October 2022
Accepted: 8 November 2022
Published: 10 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Obesity Unit, Department of Medical Sciences and Public Health, University of Cagliari, 09124 Cagliari, Italy
Department of Biomedical Sciences, University of Cagliari, 09042 Monserrato, Italy

Departamento de Bioquimica, Instituto de Quimica, Universidade de Sao Paulo, Sao Paulo 05508-900, Brazil
Centro de Oncologia Molecular, Hospital Sirio-Libanés, Sao Paulo 01308-050, Brazil

Endocrinology Unit, Department of Medical Sciences and Public Health, University of Cagliari,

09042 Monserrato, Italy

Department of Human Sciences and Promotion of the Quality of Life, San Raffaele Roma Open University,
00166 Rome, Italy

7 Diabetologia, P.O. Binaghi, ASSL Cagliari, 09126 Cagliari, Italy

Correspondence: fernandavelluzzi@gmail.com

G R W N e

t  These authors contributed equally to the work.
1 These authors contributed equally to the work.

Abstract: Type 2 diabetes mellitus (T2DM), the most common form of diabetes, is a progressive
chronic metabolic disease that has increasingly spread worldwide, enhancing the mortality rate,
particularly from cardiovascular diseases (CVD). Lifestyle improvement through diet and physical
activity is, together with drug treatment, the cornerstone of T2DM management. The Mediterranean
diet (MD), which favors a prevalence of unprocessed vegetable foods and a reduction in red meats
and industrial foods, without excluding any food category, is usually recommended. Recently,
scientific societies have promoted a very low-calorie ketogenic diet (VLCKD), a multiphasic protocol
that limits carbohydrates and then gradually re-introduces them, with a favorable outcome on body
weight and metabolic parameters. Indeed, gut microbiota (GM) modifications have been linked to
overweight/obesity and metabolic alterations typical of T2DM. Diet is known to affect GM largely, but
only a few studies have investigated the effects of VLCKD on GM, especially in T2DM. In this study,
we have compared anthropometric, biochemical, lifestyle parameters, the quality of life, and the GM
of eleven patients with recently diagnosed T2DM and overweight or obesity, randomly assigned to
two groups of six and five patients who followed the VLCKD (KETO) or hypocaloric MD (MEDI)
respectively; parameters were recorded at baseline (T0) and after two (T2) and three months (T3).
The results showed that VLCKD had more significant beneficial effects than MD on anthropometric
parameters, while biochemical improvements did not statistically differ. As for the GM, despite the
lack of significant results regarding the alpha and beta diversity, and the Firmicutes/Bacteroidota
ratio between the two groups, in the KETO group, a significant increase in beneficial microbial
taxa such as Verrucomicrobiota phylum with its members Verrucomicrobiae, Verrucomicrobiales,
Akkermansiaceae, and Akkermansia, Christensenellaceae family, Eubacterium spp., and a reduction in
microbial taxa previously associated with obesity (Firmicutes and Actinobacteriota) or other diseases
(Alistipes) was observed both at T2 and T3. With regards to the MEDI group, variations were limited
to a significant increase in Actinobacteroidota phylum at T2 and T3 and Firmicutes phylum at T3.
Moreover, a metagenomic alteration linked to some metabolic pathways was found exclusively in
the KETO group. In conclusion, both dietary approaches allowed patients to improve their state of
health, but VLCKD has shown better results on body composition as well as on GM profile.
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1. Introduction

Type 2 diabetes mellitus (T2DM), the most common form of diabetes, is a progressive
chronic metabolic disease with a growing prevalence worldwide, which leads to increased
mortality, in particular from cardiovascular diseases (CVD) [1].

T2DM, whose main feature is hyperglycemia [2,3], is caused by a combination of
defects in the secretion and peripheral action of insulin. The loss of glycemic homeostasis is
linked to several genetic and environmental causes; in particular, genetic [4] and epigenetic
susceptibility [5] predispose to the development of T2DM, while the environmental factors
are fundamental to the onset and clinical manifestations of the disease. Among the environ-
mental factors, an incorrect and unhealthy lifestyle (sedentary behavior, high-caloric, and
poor eating habits), the consequent condition of overweight or obesity [6], and especially
the related deficit of metabolically active lean mass play a key role.

Other factors, such as sleep quality, mental disturbances, or psychiatric disorders,
frequently observed in obesity [7,8], are associated with increased diabetes risk [9].

Regarding obesity, the risk of T2DM is more proportional to the presence of vis-
ceral and ectopic fat than to weight excess, usually assessed by Body Mass Index (BMI)
value. Indeed, visceral and ectopic fat deposition is associated with adipocyte dysfunction,
adipokine dysregulation, inflammation, and insulin resistance [10,11].

Insulin resistance (IR), defined as a reduction of the biological efficiency of insulin and
insulin sensitivity in peripheral tissues, is the basis of the pathophysiology of T2DM [12].
In addition, the alteration of the leptin signal, caused by an increased release of leptin from
excess adipose tissue, can promote the loss of the hypothalamic control over energy intake
and expenditure and carbohydrates metabolism [13-15], with consequent alterations in
endocrine-metabolic regulation and in nutrients partitioning [16].

Among the causes of the altered metabolic control typical of T2DM, the most known
is the release of proinflammatory cytokines and free fatty acids (FFA) by adipose tissue in-
filtrated by macrophages [17] and a proinflammatory diet rich in packaged foods [18],
industrial fructose [19], low-quality fats [20], and Advanced Glycation End Products
(AGEs) [21]. Other emerging causes are dysfunctional mitochondria [22], which alter
pancreatic insulin secretion [23], oxidative stress, which amplifies inflammation [24], expo-
sure to endocrine disruptors, especially during intrauterine life [25,26], and misalignment
of circadian rhythms [27].

The gut microbiota (GM), the bacterial community resident in the intestine, which has
a well-known effect and link with the state of health, and whose alterations are associated
with several health problems, such as metabolic, allergic, and autoimmune diseases [28,29],
has recently acquired a primary role in the pathogenesis of IR and T2DM. In particular,
an altered microbiota pattern can release proinflammatory factors that, in the presence of
an altered intestinal permeability, enter the bloodstream favoring a constant immune and
inflammatory response. In addition, it can affect glucose metabolism by regulating insulin
sensitivity, glycogen storage, glucose uptake, and gluconeogenesis enzymes; fatty acid
oxidation, synthesis, and energy expenditure; pharmacodynamics and pharmacokinetics of
diabetes drugs [30].

Moreover, there is a complex bidirectional relationship between body weight and
GM [31], and despite the not univocal data [32], the main characteristics of overweight or
obesity are an increased Firmicutes/Bacteroidetes ratio and a reduced diversity [33].

Regarding T2DM, Bifidobacterium, Bacteroides, Faecalibacterium, Akkermansia, and Rose-
buria were observed to be negatively associated, whereas Ruminococcus, Fusobacterium, and
Blautia are positively associated with the disease [30].
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All the aforementioned factors interact with each other by reducing insulin sensitivity
and favoring the condition of hyperglycemia, which causes inflammation per se, progression
of the disease, and damage to the vascular endothelium, leading to microvascular or
macrovascular complications and increased CV risk [6,34-36]. In addition, diabetic patients
are also more susceptible to tumors [37] and neurodegenerative diseases [38].

Because of its complexity, the treatment of T2DM requires a multidimensional patient-
centered approach [39]. Current international guidelines recommend lifestyle improve-
ments by means of dietary interventions and physical activity training, pharmacological
therapies based on different classes of glucose-reducing drugs [40], nutraceutical supple-
ments [41], and bariatric surgery [42] as therapeutic strategies [2].

1.1. Nutritional Treatment in T2DM

In recent years, several scientific associations have developed various guidelines
concerning the nutritional treatment of T2DM. In contrast with previous guidelines, which
mainly focused on caloric intake without particular indications of foods to be preferred,
the common feature of the most recent guidelines is an improvement in the quality of diets
and the sources of macronutrients [43—45].

Several dietary approaches have been shown to improve the metabolic status [46,47];
however, the Mediterranean diet (MD), predominantly based on plant and unprocessed
foods, rich in healthy monounsaturated fats (MUFA) derived from extra-virgin olive oil, and
low in saturated fats derived from red meats, is generally considered the most appropriate
and the best dietary model to reduce CV risk [48,49].

Among the beneficial biological effects attributed to MD, anti-inflammatory, antihy-
pertensive, antidiabetic, and antiatherogenic effects are demonstrated by both mechanistic
and intervention trials. The MD also appears to reduce the incidence of numerous types of
cancers [50-52] and is associated with the reduction of the risk of dermatological [53-55],
allergic, and asthmatic [56] diseases. Furthermore, MD also has a positive impact on pollu-
tion and environmental sustainability, and these features also contribute to reducing the
risk of CVD and promoting overall wellness [57,58].

Finally, it has been shown that MD can positively modulate GM composition and
diversity [59], particularly in overweight and obese patients [60].

Regarding T2DM, MD, due to its antioxidant and anti-inflammatory properties, as
well as the positive changes in GM, has proven to be beneficial in both the prevention and
the progression of the disease [61].

Recently, a new agreement regarding the definition of remission from T2DM has been
reached [62]. Both aggressive dietary treatment [63,64] and bariatric surgery [42] have
shown to induce remission of T2DM, and in general, a weight loss of more than 10% could
lead to remission in newly diagnosed T2DM patients [65].

It is not clear which diet can increase the chances of remission, but the reduction
and/or exclusion of junk foods and the consumption of fresh and unprocessed foods
appear to play an important role [62]. Furthermore, a recent meta-analysis reports that
dietary programs which include a hypocaloric formula ‘total diet replacement’ were the
most effective in inducing T2DM remission in one year [66].

1.2. Ketogenic Diet

The Ketogenic diet (KD) is defined as a diet capable of inducing a state of ketosis,
namely the presence of physiologically relevant blood ketones levels (~4 mmol/L), due
to the action of the liver, which condenses the overproduced acetyl-CoA to form ketone
bodies (KBs) [67].

Ketosis can be induced by a few days of fasting or a drastic reduction of carbohydrate
intake (<50 g/day). In these conditions, KBs begin to be used as an alternative energy
source by the Central Nervous System (CNS) [67].
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The therapeutic role of KD was reported nearly a century ago, when it was initially
used as a protocol to manage severe epilepsy [68], and in recent years, growing evidence has
indicated KD as an adjuvant treatment for neurodegenerative and psychiatric diseases [69].

Since the 1960s, KD has been used to encourage weight loss, becoming more popular
in the 70s and 80s as the slimming protocol Protein-Sparing Modified Fasting (PSMF),
introduced by Blackburn. To achieve quick and significant weight loss, KD is used in its
very low-calorie intake form (VLCKD) [70].

The large caloric deficit favors the oxidation of storage fats as the main source of
energy for the body [71], and at the same time, ketosis suppresses appetite [72] while
promoting the preservation of lean mass; nevertheless, the effect of VLCKD on lean mass
does not seem different from that obtained with other weight loss interventions [73].

Although some perplexities persist in the scientific community, in recent years, several
scientific societies have suggested the use of VLCKD as a safe and effective way to manage
weight loss in people affected by obesity with and without T2DM, specifying that this diet
can lead to the improvement of metabolic parameters in a similar and sometimes better
way than the MD [67,74], and releasing specific guidelines with detailed indications and
contraindications [71,73,75-78].

Regarding the effects of KD on the GM, they have been predominantly reported
in animal models or, in humans, in case of neurological diseases, in which microbiota
modulation appears to be one of the mechanisms contributing to the neurological effects of
KD, justifying its use in treating epilepsy, migraines and, potentially, other neurological
and psychiatric diseases [79-81].

On the contrary, there are still few studies that have investigated GM and KD for
weight loss, especially in T2DM patients [82,83].

Due to the paucity of data on this issue, the aim of our study is to evaluate the short-
term effects on GM of a lifestyle intervention focused on nutritional treatment in a sample
of newly diagnosed T2DM patients associated with obesity; the study focuses in particular
on the comparison of the effects of two dietary models, MD and VLCKD, also evaluating
the effectiveness of the two diets on anthropometric, metabolic, lifestyle, and quality of life
parameters.

2. Materials and Methods
2.1. Study Design and Characteristics of the Sample

The study included twelve patients (6 Males and 6 Females) with an age range between
45 and 65, recruited among the outpatients attending the Obesity Unit of the AOU of
Cagliari (Italy) and the Diabetology Unit of the PO Binaghi (ASSL of Cagliari, Italy) after a
new diagnosis of T2DM, from March to May 2020. The COVID-19 pandemic, and especially
the lockdown period, limited the recruitment of patients; thus, the total number was slightly
lower than that provided in the original design of this study. The data were collected at
baseline (T0) and after two (T2) and three months (T3).

The study was approved by the Local Ethical Committee of the AOU of Cagliari (Prot.
N. PG/2020/9435) and carried out according to the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans. The selected
patients were clearly and comprehensively informed about the purpose and the design of
the study, and they signed an informed consent to join the research.

The Inclusion criteria were the presence of a newly diagnosed and not complicated
T2DM (according to IDF/ADA criteria) [2,3], a glycosylated hemoglobin (HbAlc) value of
6.5-8.9%, a Body Mass Index (BMI) >28 Kg/m?, and the condition of drug-naive patients
for T2DM.

The exclusion criteria were the presence of TIDM, serious heart diseases, severe and/or
uncontrolled hypertension, severe or uncompensated kidney, liver, or thyroid diseases,
painful pathologies with severe functional limitations, tumors in chemo/radiotherapy, se-
vere psychopathology, gastrointestinal diseases, therapy with corticosteroids, proton pump



Metabolites 2022, 12, 1092

5 of 37

inhibitors, antimicrobials, prebiotic or probiotic intake, and any dietary supplements or
participation to other dietary regimes in the three months preceding the sample collection.

After the enrollment, at baseline (T0), the selected patients underwent a multidimen-
sional evaluation including clinical, metabolic, anthropometric, lifestyle, and quality of life
assessment. At the same time, the analysis of GM was performed.

Patients were then randomly assigned to the specific nutritional intervention (NI):
6 patients (3M, 3F) were assigned to a low-calorie MD according to ADA guidelines (MEDI
group) [46] and 6 patients (3M, 3F) to a VLCKD diet (KETO group) [76].

During the first month of NI, one female patient of the MEDI group was excluded
because of COVID-19 infection; thus, the sample study included eleven patients (6M, 5F):
6 (3M, 3F) in the KETO group and 5 (3M, 3F) in the MEDI group.

All patients underwent the same scientific procedural rigor, and the same conditions
(operators, environment, breaks/holidays, etc.) were guaranteed in the two groups to limit
the influence of independent variables and to consolidate the reliability of the results.

The same evaluation performed at TO was carried out three months after the baseline
assessment (T3) for the comparison of results. After the first and second month of NI (T1,
T2), a short anthropometric and clinical (glycometabolic status) evaluation and a brief
interview aimed at ascertaining the adherence to the nutritional program was performed to
analyze any critical issues or strengthen motivation, particularly, in KETO patients the T1
and T2 aimed at monitoring the state of ketosis, and modulating their nutritional treatment
structured on well-defined phases, as described in the paragraph “Dietary protocols.”
Moreover, at T2 (end of the ketosis phases in the KETO group), the GM analysis was
repeated in both study groups.

2.2. Clinical, Metabolic, Anthropometric, Lifestyle, and Health Status Evaluation

The clinical examination, performed by the endocrinologist, included the collection
of a full medical history, detailed information on drug use, physical examination, stan-
dardized Blood Pressure (BP) and Heart Rate (HR) measurement, as well as the quality of
life assessment.

The metabolic assessment consisted of a 12 h fasting blood sample for determina-
tion with standard methods of fasting plasma glycemia (FPG), glycosylated hemoglobin
(HbAlc), C peptide, total cholesterol, HDL (LDL calculated by Friedwald’s formula),
total triglycerides, creatininemia, aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), uricemia, blood count, protein electrophoresis, sodium (Na*), potassium
(K*), calcium (Ca2*), thyroid stimulating hormone (TSH), urine test, microalbuminuria
determinations.

The anthropometric measurements were taken by the same expert nutritionist accord-
ing to current standards [84]. Weight expressed in kilograms (kg) was measured with an
impedance scale (Model TANITA BC420 MA, Amsterdam, The Netherlands) while patients
were in a fasting state, wearing only light clothes. Height, expressed in centimeters (cm),
was measured by a stadiometer (SECA, Hamburg, Germany) on barefoot patients with
heels together and the body kept in an upright position. The reading was approximated to
the nearest cm.

The Body Mass Index (BMI) was calculated according to the weight (kg) to height
squared ratio (kg/m?). The waist circumference (WC), expressed in cm, was measured
according to the NHANES III protocol [84].

The analysis of body composition (BIA) at TO and T3 was carried out by the bio-
electrical impedance analyzer (Mascaretti, Ancona, Italy). The exam was performed as
suggested by the European Society of Parenteral and Enteral Nutrition (ESPEN) [85]. The
data obtained corresponds with the resistance and reactance, which inserted in the software
indicated fat mass (FM%), fat-free mass (FFM kg), and phase angle (phA®).

The intermediate anthropometric evaluation (T1, T2) consisted exclusively of the
weight, BMI, and WC measurements.



Metabolites 2022, 12, 1092

6 of 37

The lifestyle evaluation, carried out by the nutritionist during an individual interview,
included the nutritional and physical activity level assessment.

The nutritional assessment consisted of the administration of a standardized and
validated questionnaire aimed at establishing the degree of adherence to the MD through
a score (Mediterranean Diet Score, MDS, range 0-55) [86] and a detailed report in the
form of a food diary in the three days of the weekend preceding the visit, analyzed
using the Winfood® software (Medimatica, Colonnella, Italy). More specifically, the
description of the Mediterranean Diet Score, and food diary analysis, can be found as
Supplementary Materials in the section “Nutritional evaluation”.

The administration of the International Physical Activity Questionnaire (IPAQ), used
in its short version, allowed the ascertainment of the level of physical activity (PAL) and
the degree of sedentariness. The PAL was calculated according to the estimated energy
expenditure derived from the reported physical activity (vigorous, moderate, and walking)
and expressed in Metabolic Equivalent of Task-minutes per week (METs/w), while the
sedentary behavior was estimated by assessing the average daily sitting time (h/day) [87].

The assessment of the Quality of Life and perceived health status was performed
through the administration of the standardized questionnaire SF-36, which consists of
a series of questions aimed at investigating eight aspects of physical and mental health;
results expressed as a score ranging between 0 and 100, can be reported as two summary
scores: the physical component summary (PCS) score and the mental component summary
(MCS) score [88].

2.3. Dietary Protocols

The two study groups (KETO and MEDI) underwent, respectively, a VLCKD and a
low-calorie MD protocol.

The MEDI group followed a traditional Mediterranean diet characterized by a macronu-
trient intake with a predilection for carbohydrate sources from wholegrain products and
moderate consumption of proteins and fats [48]. The daily caloric intake was moderately
low and was calculated on the estimated requirement, based on anthropometric measures,
with a medium daily calorie deficit of 300-500 kcal, not less than the Resting Metabolic
Rate (RMR).

The diet was structured with multiple isocaloric choices in the same food group,
including protein, glycidic, and lipid sources in the three main meals and at least five daily
servings of fruit and vegetables.

As regards the frequency of food consumption, no precise indications have been
provided; however, it was advisable to vary the food choices, favoring fish, legumes, white
meat, and extra-virgin olive oil as seasoning, typical of the Mediterranean style, and reduce
the intake of red meat, full-fat dairy products, and refined foods. However, such products
could be consumed as an exception to the diet.

The KETO group followed a multiphasic protocol, with exclusive initial use of protein
meal replacement products (Therascience, Monaco, Principality of Monaco) and at least two
daily servings of non-starchy vegetables. In addition, according to guidelines, omega-3,
multivitamins, and multimineral supplementation were prescribed [76]. Each meal re-
placement product consisted of approximately 18 g of high-value proteins per serving;
therefore, the number of products used daily was proportional to the protein requirement
indicated by guidelines as 1.2-1.5 g/kg of ideal body weight [76]. This first phase (phase
1) lasted 30 days, while during the second and third phases, both lasting 15 days (phases
2 and 3), the first one and then two meals with natural protein foods (meat, fish, eggs)
were inserted. After sixty days of ketosis, carbohydrates were gradually added, starting
with fruit (phase 4); subsequently, every week (phases 5, 6, 7), a different food category
containing carbohydrates (dairy products, legumes, cereals) was reintroduced, leading to a
low-calorie Mediterranean diet, as that of MEDI group, in three months. The maintenance
of the state of ketosis was ascertained by measuring blood levels of 3-hydroxybutyrate
(BOHB) through a finger-prick test and a handheld 3-ketone analyzer (Menarini Areo,
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Florence, Italy). The test was performed before starting KD (T0) and during the sixty days
of ketosis, specifically at T1 and T2.

2.4. Gut Microbiota Analysis
2.4.1. Sample Collection

Stool samples from each subject were independently collected and transported to
the laboratory within 3 h. Fresh samples were aliquoted and stored at —80 °C until
further processing.

2.4.2. Genomic DNA Extraction, Bacterial DNA Quantification, and 16S Libraries
Preparation and Sequencing

Genomic DNA extraction from stool samples and quantification of bacterial DNA
was performed as previously described [89]. The protocol of library preparation has been
described in detail elsewhere [32]. 16S barcoded amplicon libraries were generated using
primers targeting the V3-V4 hypervariable region of the bacterial 16S rRNA gene, and the
Nextera XT index kit (Illumina, Inc., San Diego, CA, USA), and their size and quality were
verified using D1000 reagents kit (Agilent Technologies, Santa Clara, CA, USA) on the
Tapestation 4200 system (Agilent Technologies, Santa Clara, CA, USA). Amplicon libraries
were quantified on the DeNovix QFX fluorometer by using the DeNovix dsDNA HS Assay
Kit, normalized to a concentration equal to 4 nM, then pooled. Pooled libraries and the
adapter-ligated library PhiX v3 used as a control were denatured and diluted to equal
concentration (6 pM) and subsequently combined to obtain a PhiX concentration equal to
20% of the total volume. Combined 16S library and PhiX control were further denatured
and sequenced on the MiSeq platform (Illumina) on a v3 paired-end run (300 X 2 cycles)
using MiSeq v3 Reagent Kit (Illumina).

2.5. Bioinformatic and Statistical Analysis

Anthropometric, metabolic, lifestyle, and health status data, which represent continu-
ous variables, are reported as Mean Value £ Standard Deviation (M = SD). The comparison
of data before and after NI in each group was performed using a t-test for paired data,
while a t-test for independent samples was performed to compare the mean difference
(TO-T3) of the same variables between the two groups; a p-value (p) < 0.05 was considered
statistically significant.

As regards GM data, reads were processed using QIIME 2 [90]. First, primers were
removed using cutadapt [91] (g2-cutadapt QIIME 2 plugin). Using DADAZ2 [92] (q2-dada2
QIIME 2 plugin), reads were truncated at 3’ ends and filtered by quality. High-quality reads
were denoised and merged to produce amplicon sequence variants (ASVs). Chimeric ASVs
were filtered using VSEARCH [93] (g2-vsearch QIIME 2 plugin) and the SILVA database
(v138) [94] as reference. Taxonomic assighment of ASVs was performed using a Naive-Bayes
taxonomic classifier [95] (q2-feature-classifier QIIME 2 plugin) trained in a custom version of
the SILVA database generated using RESCRIPt [96] (q2-rescript QIIME 2 plugin). Finally,
non-bacterial ASVs (e.g., mitochondrial) were removed. The final taxonomic profiles were
used as the input of PICRUSt2 [97] (q2-picrust2 QIIME 2 plugin) to infer functional potential
profiles from taxonomic data.

All microbiome analyses (plotting and statistics) were performed in R, and all plots
were built with the R package ggplot2 [98].

To account for different sequencing depths, samples were normalized to 22,173 reads
(the lowest number of reads per sample) by Scaling with Ranked Subsampling (SRS) [99]
using the SRS R package [100].

Alpha-diversity was assessed considering the ASV richness (observed ASVs) and
the Shannon index, calculated with the R package phyloseq [101], and the Pielou’s J index,
calculated with the R package microbiome, as alpha-diversity metrics. Alpha diversity
differences between the two nutritional groups at each time point were assessed using the
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Mann-Whitney U test; alpha diversity differences across time points within each nutritional
group were assessed using the Wilcoxon paired test.

Beta-diversity based on the Bray—Curtis distance matrix (calculated with the R pack-
age phyloseq), unweighted and weighted UniFrac metrics (calculated with the R package
rbiom [102]) was compared between the two different nutritional groups at each time point
and between each time point within the same nutritional intervention group using PCoAs
and the PERMANOVA test.

The Generalized Linear Mixed-effects Model implemented in MaAsLin2 [103] was
used to find significant longitudinal changes in bacterial taxa abundances (from phylum
down to species level) during each diet. The patient was considered a random effect. The
statistical significance was tested considering p < 0.05, with a Benjamini—-Hochberg (BH)
correction cut-off at g < 0.25.

3. Results
3.1. Anthropometric, Metabolic, Lifestyle, and Health Status Evaluation

Table 1 reports the anthropometric, metabolic, lifestyle, and health status data of the
KETO and MEDI groups at baseline, which did not differ significantly from each other.

Table 1. Anthropometric, metabolic, lifestyle, and health status in KETO and MEDI groups at baseline.

Variable (M £ SD) KETO MEDI p-Value
Body weight (kg) 952 £15.2 86.7 + 16.8 0.4
BMI (kg/m?) 353 +£43 302 +4.2 0.07
WC (cm) 115.8 £ 6.6 109 + 8.6 0.2
FM (%) 385+ 8.2 348+ 8.6 0.5
FFM (kg) 59.1 + 15.6 56.5 + 12.3 0.8
phA (°) 6.1+04 56+0.5 0.07
FPG (mg/dL) 127.7 £29.4 133.8 £10.2 0.7
HbA1lc (%) 6.6 £0.9 71409 0.4
Total Cholesterol (mg/dL) 215.5 £ 66.3 2192 £11.6 0.9
LDL Cholesterol (mg/dL) 137.3 £57.0 139.8 £ 12.8 0.9
HDL Cholesterol (mg/dL) 48.7 £11.9 53.4+9.2 0.5
Triglycerides (mg/dL) 146.3 £+ 82.7 130.4 £73.1 0.7
SBP (mmHg) 133 + 154 151.0 £ 114 0.06
DBP (mmHg) 785 +£9.0 81.0 +10.8 0.7
MDS 257+73 26.8 +4.6 0.8
PAL(METs/week) 915.8 +1190.8 708.0 £ 559.9 0.8
Daily sitting time (h/day) 6.0+23 72427 04
SF-36 PCS 408 £9.6 50.4 +4.2 0.07
SF-36 MCS 46.3 £ 119 49.0 £ 15.0 0.7

BMI = Body Mass Index; WC = Waist Circumference; FM = Fat Mass; FFM; Free Fat Mass; phA = phase Angle; FPG
= fasting plasma glucose; HbA ¢ = glycosylated hemoglobin; SBP = Systolic Blood Pressure; DBP = Diastolic Blood
Pressure; MDS = Mediterranean Diet Score; PAL = Physical Activity Level; METs/week = Metabolic Equivalent of
Task-minutes per week; SF-36 PCS = Physical Component Summary of SF-36; SF-36 MCS = Mental Component
Summary of SF-36.

Tables 2 and 3 show the anthropometric, metabolic, lifestyle, and health status data
of KETO and MEDI groups before and after three months of NI. Both diets improved the
anthropometric and metabolic status, mostly in the KETO group, which showed more
significant results (Table 2). Patients following the VLCKD have achieved significant
major progress in total weight reduction (—14.3 vs. —3.04 kg; p < 0.0001), BMI (—5.3 vs.
—-1.1 kg/mz; p < 0.0001), WC (—12.9 vs. —4.7 cm; p = 0.0006), and FM% (—7 vs. —3.1;
p = 0.03) reduction, compared to MEDI group, while differences in FFM kg (—2.8 vs. +0.3;
p = 0.053), FPG levels (—24.8 vs. +6.8 mg/dL; p = 0.08), HbAlc values (—1.15 vs. —0.7%;
p = 0.45), lipid status, and BP values were not significant (Table 3). Moreover, a slight
reduction and an increase, albeit not significant, of the phA were observed in the KETO
and MEDI groups at T3, respectively; nonetheless, when the phA T0-T3 variation between
the two groups was compared, a significant result was found (—0.2 vs. +0.3; p = 0.004).
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Table 2. Anthropometric, metabolic, lifestyle, and health status evaluation in KETO and MEDI groups

at TO and T3.
KETO MEDI
Variable (M £ SD)
T0 T3 p-Value TO T3 p-Value

Body weight (kg) 952+ 15.1 809 +12.3 <0.0001 86.7 +16.8 83.6 £18.3 0.02
BMI (kg/m?) 353+43 30.0+34 <0.0001 30.2+42 29.1+48 0.02
WC (cm) 1158 £ 6.6 103.5+7.8 <0.0002 109 £ 8.6 1043 £95 0.004

FM (%) 385+82 31.5+93 0.001 348+ 8.6 31.8+£9.6 0.07

FFM (kg) 59.1 +15.6 56.2 +15.0 0.01 56.5+12.3 56.7 +13.2 0.88

phA (°) 6.1+04 59+ 05 0.36 56+£05 59+0.6 0.25

FPG (mg/dL) 127.7 £29.4 102.8 £17.5 0.08 133.8 £10.2 140.6 + 23.5 0.57
HbA1lc (%) 6.6 +0.9 55+ 0.5 0.012 71+£09 64+08 0.22

Total Cholesterol (mg/dL) 215.5 + 66.3 168 + 40.7 0.08 219.2 £11.6 210.2 +£20.7 0.36
LDL Cholesterol (mg/dL) 137.3 £ 57.0 103.6 £ 39.1 0.13 139.8 £ 12.8 1242 +12.4 0.09
HDL Cholesterol (mg/dL) 48.7 +11.9 488 +9.1 0.9 53.4+9.2 59.6 + 8.4 0.16
Triglycerides (mg/dL) 146.3 £ 82.7 62.5+19.4 0.08 130.4 £73.1 131.6 + 96.4 0.92
SBP (mmHg) 133.0 £ 15.4 139.0 £ 159 0.14 151.0 £ 11.4 147.0 £17.2 0.33

DBP (mmHg) 785 +9.0 80.8 3.8 0.45 81.0 +£10.8 85.0 £ 135 0.5

MDS 257 +73 30+5.7 0.2 26.8 +4.6 304 +5.6 0.4

PAL (METs/week) 915.8 4+ 1190.8 755 £ 590.4 0.78 708.0 £ 559.9 754 + 501 0.92
Daily sitting time (h/day) 6+23 57+19 0.57 72+27 6.6 £33 0.6
SF-36 PCS 40.8+9.6 46.8 +8.8 0.05 504 +4.2 46.6 +8.1 0.25

SF-36 MCS 46.3 +11.9 539+ 8.8 0.03 49.0 £15.0 40.8 +9.6 0.23

Bold values denote statistical significance at the p < 0.05 level. BMI = Body Mass Index; WC = Waist Circumference;
FM = Fat Mass; FFM; Free Fat Mass; phA = phase Angle; FPG = fasting plasma glucose; HbA;c = glycosylated
hemoglobin; SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; MDS = Mediterranean Diet Score;
PAL = Physical Activity Level; METs /week = Metabolic Equivalent of Task-minutes per week; SF-36 PCS = Physical
Component Summary of SF-36; SF-36 MCS = Mental Component Summary of SF-36.

Table 3. Anthropometric, metabolic, lifestyle, and health status T0-T3 variations in KETO and MEDI

groups.

Variable (A T0-T3) KETO MEDI p-Value
Body weight (kg) —143+£3.1 —-3.04+19 <0.0001
BMI (kg/m?) —53409 —11407 <0.0001
WC (cm) —-129+3.1 —47+18 0.0006
FM (%) -7+27 —31+27 0.03
FFM (kg) —28+18 +0.2+2.38 0,053
phA (°) -02+02 +0.3 £0.5 0.04
FPG (mg/dL) —24.8 £279 +6.8 £ 25.3 0.08
HbA1lc (%) —-1.15£07 —-07£11 0.45
Total Cholesterol (mg/dL) —47.5 + 549 -38+217 0.13
LDL Cholesterol (mg/dL) —30.5+47.2 —15.6 £ 16.3 0.52
HDL Cholesterol (mg/dL) +0.17 £ 6.1 +6.2 £ 8.1 0.19
Triglycerides (mg/dL) —83.8 £ 96.4 -12+27 0.09
SBP (mmHg) +6.5+9.3 —4.0+£82 0.08
DBP (mmHg) +40+7.6 +4.0 £ 13.9 0.99
MDS +6 +£5.9 +3.6 = 8.6 0.59
PAL (METs/week) +19.2 + 1263 +46 + 1001 0.97
Daily sitting time (h/day) —-03+14 —06+24 0.8
SE-36 PCS +6.2 £ 3.1 —38=+64 0.007
SF-36 MCS +7.5+ 6.8 —82+133 0.03

Bold values denote statistical significance at the p < 0.05 level. BMI = Body Mass Index; WC = Waist Circumference;
FM = Fat Mass; FFM; Free Fat Mass; phA = phase Angle; FPG = fasting plasma glucose; HbA;c = glycosylated
hemoglobin; SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; MDS = Mediterranean Diet Score;
PAL = Physical Activity Level; METs/week = Metabolic Equivalent of Task-minutes per week; SF-36 PCS = Physical
Component Summary of SF-36; SF-36 MCS = Mental Component Summary of SF-36.
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Regarding the nutritional evaluation, both groups reduced the daily caloric intake and
improved the adherence to MD, although that change did not reach a statistical significance;
in addition, at T3, the KETO group significantly increased protein intake (19.7 & 2.1% vs.
26.7 £ 2.6%; p = 0.004) and MDS scores relative to fish (1.7 4= 0.8 vs. 2.8 & 0.7; p= 0.01) and
vegetables (3.3 & 1.5 vs. 5 & 0; p = 0.04) intake. The detailed nutritional analysis results of
both groups are reported in Supplementary Table S1 online.

The physical activity level and the daily sitting time remained unchanged in both
groups. The SF-36 analysis showed a significant improvement of both PCS and MCS
indicators, exclusively in the KETO group, while in the MEDI group, a slight decrease in
both scores was observed (Table 2). Moreover, the SF-36 TO-T3 comparison between the
two groups showed a significant result (Table 3).

Finally, the brief evaluation performed at T2, corresponding to the end of the ketosis
phase of the VLCKD protocol, highlighted a significant reduction of body weight, BMI,
and WC compared to baseline in the KETO group (p < 0.0001) and a significant reduction
of WC (p = 0.004), but not of body weight and BMI in the MEDI group. Regarding these
anthropometric variables, we also compared the results obtained at T2 and T3, observing
a further significant reduction of body weight and BMI (p = 0.007), but not of WC in the
KETO group, and a slightly significant reduction of BMI (p = 0.04) in the MEDI group.

As for the metabolic evaluation, the results of the auto-monitoring revealed an im-
provement of FPG exclusively in the KETO group, which at this time point showed evidence
of the state of ketosis through the finger-prick test; moreover, one patient of this group
reported the reduction of the anti-hypertensive therapy.

3.2. Gut Microbiota Analysis

First, the sequencing depth for each sample was assessed by calculating the Good’s
coverage, which showed an excellent coverage (>99.993% for all samples). It has also been
confirmed that all the microbiota diversity was sampled by drawing rarefaction curves,
which showed that adequate sequencing depth was achieved (see Figure 1).

250

200

ASVs
150

100
L

50

6 20,000 40,000 60,000 80,000
Sequencing depth
Figure 1. Amplicon sequence variants (ASVs) rarefaction curves per sample. Reads were selected by
random subsampling without replacement at incremental steps of 50 reads.

3.2.1. Alpha and Beta Diversity Analysis

To account for different sequencing depths, samples were normalized to 22,173 reads
(the lowest number of reads per sample).

The Mann-Whitney U test showed no statistically significant differences in the ASV
richness and in the Shannon index across the two nutritional groups over time, while
the Pielou’s ] index, at baseline, was significantly higher in KETO, compared to MEDI
(p = 0.017, see Figure 2 and Supplementary Table S2 online).
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Figure 2. Gut microbiota alpha diversity comparison between diets at each time point. Each subplot
concerns a different alpha diversity metric (Observed ASVs, Shannon, or Pielou’s J). The boxes
highlight the median value and cover the 25th and 75th percentiles, with whiskers extending to the
more extreme value within 1.5 times the length of the box. Statistical significance was evaluated
by the Mann-Whitney U test, and it was indicated as follows: ns, non-significant; *, p < 0.05.
KETO = 6 patients who followed a very-low-calorie ketogenic diet (VLCKD), MEDI = 5 patients who
followed a low-calorie Mediterranean diet (MD).

Moreover, no statistically significant differences in all alpha diversity indices through-
out the duration of each nutritional intervention were observed, which was assessed
by performing a Wilcoxon paired test between different time points (see Figure 3 and
Supplementary Tables S3 and S4 online).

Concerning the beta diversity, the compositional trajectory of each patient along the
nutritional intervention is shown in Figure 4.

The Principal Coordinates Analysis (PCoA) based on the Bray-Curtis dissimilarity
matrix showed a marked separation between the GM communities of KETO and MEDI at
baseline (see Figure 5 and Supplementary Table S5 online), confirmed by PERMANOVA
analysis, which indicated a significant difference in beta diversity between cohorts (sum
of squares = 0.599, mean of squares = 0.599, F = 1.727, R? =0.161, p = 0.013). However,
the beta diversity based on the unweighted and weighted UniFrac metrics across the two
nutritional groups did not show any statistically significant difference over time, as shown
in Figure 5 and in Supplementary Table S5 online.
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Figure 3. Gut microbiota alpha diversity comparison between time points for each diet. Each subplot
concerns a different combination of alpha diversity metric (Observed ASVs, Shannon, or Pielou’s
J) and diet (KETO or MEDI). Samples from the same patient are linked by a gray line. The colored
lines depict the mean values at each timepoint. Statistical significance was evaluated by the paired
Wilcoxon signed-rank test, and it was indicated as follows: ns, non-significant. KETO = 6 patients who
followed a very-low-calorie ketogenic diet (VLCKD), MEDI = 5 patients who followed a low-calorie
Mediterranean diet (MD). Samples were analyzed at baseline (T0), after two months (T2), and after
three months (T3) of nutritional intervention.
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Figure 4. Principal coordinate analysis plots showing gut microbiota compositional changes along

time points for each diet. Each subplot concerns a different beta diversity metric (Bray-Curtis,

unweighted UniFrac, or weighted UniFrac). Samples from the same patient are linked by a gray line.
KETO = 6 patients who followed a very-low-calorie ketogenic diet (VLCKD), MEDI = 5 patients who
followed a low-calorie Mediterranean diet (MD). Samples were analyzed at baseline (T0), after two

months (T2), and after three months (T3) of nutritional intervention.
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Figure 5. Principal coordinate analysis plots with comparisons of gut microbiota composition between

diets at each time point. Each subplot concerns a combination of beta diversity metric (Bray-Curtis,

unweighted UniFrac, or weighted UniFrac) and timepoint (TO, T2, or T3). Ellipsoids depict the

90% compositional confidence interval. Statistical significance was evaluated by the PERMANOVA

test, with statistical summaries included in each subplot. KETO = 6 patients who followed a very-

low-calorie ketogenic diet (VLCKD), MEDI = 5 patients who followed a low-calorie Mediterranean
diet (MD).

Similarly, no statistically significant differences in beta diversity throughout each
nutritional intervention were obtained by performing a pairwise analysis between each
time point (see Figure 6 and Supplementary Tables S6 and S7 online).
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Figure 6. Principal coordinate analysis plots with comparisons of gut microbiota composition between

time points for each diet. Each subplot concerns a combination of beta diversity metric (Bray-Curtis,
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unweighted UniFrac, or weighted UniFrac) and diet (KETO or MEDI). Ellipsoids depict the 90%
compositional confidence interval. Samples from the same patient are linked by a gray line. Statistical
significance was evaluated by the PERMANOVA test, with statistical summaries included in each sub-
plot. KETO = 6 patients who followed a very-low-calorie ketogenic diet (VLCKD), MEDI = 5 patients
who followed a low-calorie Mediterranean diet (MD). Samples were analyzed at baseline (T0), after
two months (T2), and after three months (T3) of nutritional intervention.

3.2.2. Compositional Analysis of Intestinal Microbiota

Although some volunteers presented huge variations in the Firmicutes/Bacteroidota
ratio during the nutritional intervention, no statistically significant differences were detected
between timepoints in both diet groups (see Figure 7 and Supplementary Tables S8 and S9
online).

KETO MEDI

ns 1L ns ns 1L ns

Firmicutes/Bacteroidota ratio
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Figure 7. Gut microbiota Firmicutes/Bacteoroidota ratio comparison between time points for each
diet. Each subplot concerns a different diet (KETO or MEDI). Samples from the same patient are
linked by a gray line. The colored lines depict the mean values at each time point. A logjy y-axis
was used. Statistical significance was evaluated by the paired Wilcoxon signed-rank test, and it
was indicated as follows: ns, non-significant. KETO = 6 patients who followed a very-low-calorie
ketogenic diet (VLCKD), MEDI = 5 patients who followed a low-calorie Mediterranean diet (MD).
Samples were analyzed at baseline (T0), after two months (T2), and after three months (T3) of
nutritional intervention.

The Generalized Linear Mixed-effects Model, confirmed after multiple testing correc-
tions, with a cut-off at g < 0.25, showed several significant microbial markers associated
with the nutritional intervention, almost exclusively with the ketogenic one (see Figure 8).
Specifically, we performed a pairwise analysis between each GM community time point
within the specific study group.

As regards the KETO group, results showed that after two months of dietary protocol,
twenty-one bacterial taxa significantly increased, while thirteen were significantly reduced;
after three months of NI, twenty-two microbial taxa were significantly elevated, and ten
were significantly depleted. Moreover, the comparison between GM communities at T2
and T3 time points showed that three taxa were enriched in T3 and five taxa were enriched
in T2 (see Figure 8 and Table 4). Results were ranked by their MaAsLin2 coefficient: the
Verrucomicrobiota phylum was identified as the main biomarker in KETO, together with
its members Verrucomicrobiae, Verrucomicrobiales, Akkermansiaceae, and Akkermansia,
both at T2 and T3 of nutritional intervention; while within the Firmicutes phylum the
strongest associations were related to Christensenellales order and Christensenellaceae
family in the same time points. At the same time, the Actinobacteroidota phylum was
significantly depleted both at T2 and T3; while, within the Firmicutes phylum, genera



Metabolites 2022, 12, 1092

15 of 37

p:Verrucomi

c:Vel
o:Vern rol
TAkkermansiaceae
o:Christensenellales
f:Christensenellaceae
s:Genus_Eubacterium
9:X.Eubacterium._eligens_group
s:Family_Peplococcaceae
s:Genus_Christensenellaceae_R.7_group
s:Parabacteroides_distasoni:

1
«© g:Christensenellaceae.
E] g:Family_Peptoco
|=s:Genus_.Eubacterium._xylanophilul

g:X.Eubacterium._xylanophilum_group

fRuminoco

oPeptostreptococcales. Tissierellales

9:Subdoligranulum

belonging to Lachnospiraceae family (Agathobacter, Anaerostipes, Fusicatenibacter, and Dorea),
to Ruminococcaceae family (Subdoligranulum) were significantly depleted as a consequence
of two months of NI in KETO and the Barnesiella and Butyricimonas genera (belonging to
Bacteroidota phylum and Bacteroidales order), the Lachnoclostridium and X Ruminococcus
torques group genera (belonging to Firmicutes phylum and Lachnospiraceae family) were
significantly reduced after three months of NI in the same patients compared with baseline.
Furthermore, the UCG 010 family and its unclassified members at the genus and species
level showed a strong association in KETO as a consequence of the NI from T2 to T3;
by contrast, the genus Lachnoclostridium and a Lachnoclostridium unclassified species (be-
longing to Firmicutes phylum), the Tannerellaceae family and its members Parabacteroides
and Parabacteroides distasonis (Bacteroidota phylum) were significantly associated at T2
compared with T3 (see Figure 8 and Table 4).
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Figure 8. Changes in gut microbiota taxa abundances between time points for each diet. Each
subplot concerns a comparison between timepoints (T0 vs. T2, TO vs. T3, or T2 vs. T3) in one of the
diets (KETO, green MEDI, purple). Statistical significance was evaluated by running a Generalized
Linear Mixed-effects Model with MaAsLin2. Effect size is represented by the MaAsLin2 model
coefficients and respective standard errors. Only taxa abundance changes at p < 0.05 and g < 0.25 are
considered statistically significant. g: p adjusted for Benjamini-Hochberg (BH) correction test with
a cut-off at g < 0.25. KETO = 6 patients who followed a very-low-calorie ketogenic diet (VLCKD),
MEDI = 5 patients who followed a low-calorie Mediterranean diet (MD). Samples were analyzed at
baseline (T0), after two months (T2), and after three months (T3) of nutritional intervention.

As regards the MEDI group, we observed that no taxa varied significantly after two
months of the dietary protocol. The Actinobacteroidota phylum was identified as the only
taxon that increased after three months of NI compared to baseline; while, by comparing
the GM communities of T2 and T3 time points, in addition to Actinobacteroidota, also
strong associations were related to Firmicutes phylum at T3. The Desulfobacterota phylum
and a species belonging to the genus Bacteroides were significantly associated with T2 time
points compared to T3 in the same patients (see Figure 8 and Table 5).
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Table 4. Changes in gut microbiota taxa abundances between timepoints in the KETO group.

Phylum Class Order Family Genus Species Ref. Group 14 q Wy Coeff. Std.Err.
Actinobacteriota TO-T2 0.073 0.218 b —1.85 0.92
Actinobacteriota TO-T3 0.087 0.224 b —1.75 0.92
Bacteroidota TO-T3 0.068 0.218 1 —0.64 0.32

Bacteroidia Bacteroidales TO-T3 0.048 0.242 J —0.70 0.31
Tannerellaceae TO-T2 0.016 0.136 T 1.71 0.59
Tannerellaceae T2-T3 0.029 0.179 J —1.50 0.59
Parabacteroides T0-T2 0.043 0.220 T 1.40 0.60
Parabacteroides T2-T3 0.027 0.204 I —1.57 0.60
Parabacteroides_distasonis TO-T2 0.007 0.113 0 2.36 0.69
Parabacteroides_distasonis T2-T3 0.027 0.226 J —-1.79 0.69
Bacteroidaceae Bacteroides TO-T3 0.018 0.203 J —1.01 0.36
Barnesiellaceae Barnesiella T0-T3 0.034 0.204 b —2.44 1.00
Rikenellaceae Alistipes TO-T2 0.011 0.203 1 -1.31 0.42
Rikenellaceae Alistipes TO-T3 0.032 0.204 1 —1.05 0.42
Alistipes_shahii TO-T2 0.023 0.199 b —1.66 0.62
Marinifilaceae Butyricimonas TO-T3 0.041 0.220 J —1.51 0.64
Firmicutes TO-T2 0.009 0.120 1 —0.74 0.23
Firmicutes TO-T3 0.050 0.218 N —0.51 0.23
Clostridia TO-T2 0.015 0.162 J —0.55 0.19
Peptostreptococcales. TO-T2 0.013 0.129 ! 142 0.47
Tissierellales
Christensenellales TO-T2 0.010 0.129 T 4.00 1.25
Christensenellales TO-T3 0.008 0.129 T 4.14 1.25
Christensenellaceae TO-T2 0.010 0.131 T 3.99 1.25
Christensenellaceae T0-T3 0.008 0.131 T 4.16 1.25
Christensenellaceae_ TO-T2 0.014 0.203 T 2.16 0.72
R.7_group
Christensenellaceae_ TO-T3 0.011 0.203 1 224 0.72
R.7_group
Ge“us—cgr;“ense“e”aceae— TO-T2 0.005 0.110 1 257 0.72
.7_group
Genus_Christensenellaceae_ TO-T3 0.004 0.110 4 270 0.72

R.7_group
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Table 4. Cont.

Phylum Class Order Family Genus Species Ref. Group 4 q A Coeff. Std.Err.

Clostridia_UCG.014 T0-T3 0.013 0.129 T 1.87 0.62
Clostridia_UCG.014 T0-T3 0.012 0.136 T 1.89 0.62
Clostridia_UCG.014 TO-T3 0.024 0.204 T 1.70 0.64
Genus_Clostridia_UCG.014 T0-T3 0.009 0.113 0 221 0.68
Oscillospirales TO-T2 0.019 0.135 1 —0.85 0.30
Ruminococcaceae TO-T2 0.008 0.131 I —1.30 0.39
Subdoligranulum TO-T2 0.019 0.203 J —1.88 0.67
UCG.010 T0-T3 0.009 0.131 ) 1.26 0.39
UCG.010 T2-T3 0.002 0.131 T 1.60 0.39
UCG.010 TO-T3 0.048 0.226 T 1.05 0.46
UCG.010 T2-T3 0.007 0.203 T 1.57 0.46
Genus_UCG.010 TO-T3 0.002 0.110 ) 1.62 0.39
Genus_UCG.010 T2-T3 0.003 0.110 ) 1.55 0.39
Oscillospiraceae Intestinimonas TO-T2 0.025 0.204 T 2.69 1.02
UCG.005 Genus_UCG.005 T0-T3 0.016 0.157 T 2.54 0.87
Lachnospiraceae ~ Cubacterium._ TO-T2 0.046 0.226 ? 149 065

xylanophilum_group
Lachnospiraceae ~ Eubacterium._ T0-T3 0.002 0.203 1 269 0.65

xylanophilum_group
Genus._.Bubacterium. _ T0-T2 0.009 0.113 1 181 056

xylanophilum_group
Genus_.
Lachnospiraceae Eubacterium._xylanophilum_ TO-T3 0.000 0.039 T 3.06 0.56
group
Lachnospiraceae ~ <Cubacterium._ T0-T2 0.018 0.203 1 278 105
eligens_group
Lachnospiraceae X Eubacterium._ TO-T3 0.032 0.204 1 249 1.0
eligens_group
. Genus_.Eubacterium._
Lachnospiraceae : TO-T2 0.005 0.110 T 3.28 0.99
eligens_group
Genus_Eubacterium._ T0-T3 0.008 0.113 1 3.03 0.99
eligens_group

Lachnospiraceae Lachnoclostridium TO-T3 0.042 0.220 1 -1.74 0.75
Lachnospiraceae Lachnoclostridium T2-T3 0.006 0.203 —2.57 0.75
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Phylum Class Order Family Genus Species Ref. Group 4 q A Coeff. Std.Err.

Genus_Lachnoclostridium T2-T3 0.009 0.113 I —2.48 0.77

Lachnospiraceae Anaerostipes T0-T2 0.033 0.204 { —2.37 0.96

Lachnospiraceae Dorea T0-T2 0.032 0.204 1l —1.85 0.74

Lachnospiraceae Agathobacter TO-T2 0.013 0.203 1 —2.65 0.87

Lachnospiraceae Fusicatenibacter T0-T2 0.016 0.203 1 —2.12 0.73

Lachnospiraceae ﬁi‘;ﬁe‘;‘fgggsf TO-T3 0.041 0.220 ! ~1.40 0.60

Peptococcales T0-T2 0.026 0.143 0 224 0.85

Peptococcaceae TO-T2 0.025 0.175 T 2.24 0.85

Pepf;gizl e TO-T2 0.033 0.204 1 2.06 0.83

Family_Peptococcaceae TO-T2 0.011 0.123 T 2.73 0.88

Family_Peptococcaceae TO-T3 0.021 0.198 1 241 0.88

Verrucomicr TO-T2 0.014 0.120 1 5.07 1.70
obiota

Verrucomicr TO-T3 0.020 0.120 + 469 1.70
obiota

Verrucomicrobiae TO-T2 0.014 0.162 T 5.06 1.70

Verrucomicrobiae TO-T3 0.020 0.162 T 4.69 1.70

Verrucomicrobiales TO-T2 0.014 0.129 T 5.03 1.70

Verrucomicrobiales TO-T3 0.021 0.135 T 4.65 1.70

Akkermansiaceae TO-T2 0.014 0.136 0 5.02 1.69

Akkermansiaceae TO-T3 0.020 0.157 T 4.66 1.69

Akkermansia TO-T2 0.016 0.203 T 4.72 1.63

Akkermansia TO-T3 0.024 0.204 T 4.34 1.63

Statistical significance was evaluated by running a Generalized Linear Mixed-effects Model with MaAsLin2. Effect size is represented by the MaAsLin2 model coefficients and respective
standard errors. Only taxa abundance changes at p < 0.05 and g < 0.25 are considered statistically significant. g: p adjusted for Benjamini-Hochberg (BH) correction test with a cut-off at
q < 0.25. Samples were analyzed at baseline (T0), after two months (T2), and after three months (T3) of the nutritional intervention. KETO = 6 patients who followed a very-low-calorie
ketogenic diet (VLCKD); Ref. group = time points compared; | = significantly reduced in the second term of the pairwise group; 1 = significantly increased in the second term of the

pairwise group.
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Table 5. Changes in gut microbiota taxa abundances between timepoints in the MEDI group.

Phylum Class Order Family Genus Species GIr{:fl'p 4 q U Coeff. Séf;
Actinobacteriota TO-T3 0.029 0.212 T 1.90 0.71
Actinobacteriota T2-T3 0.056 0.212 T 1.59 0.71

Firmicutes T2-T3 0.057 0.212 T 0.61 0.27
Desulfobacterota T2-T3 0.048 0.212 1 —2.45 1.05
Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae  Bacteroides Genus_Bacteroides T2-T3 0.002 0.246 1 —2.17 0.49
Statistical significance was evaluated by running a Generalized Linear Mixed-effects Model with MaAsLin2. Effect
size is represented by the MaAsLin2 model coefficients and respective standard errors. Only taxa abundance
changes at p < 0.05 and g < 0.25 are considered statistically significant. q: p adjusted for Benjamini-Hochberg
(BH) correction test with a cut-off at g4 < 0.25. Samples were analyzed at baseline (T0), after two months (T2), and
after three months (T3) of nutritional intervention. MEDI = 5 patients who followed a low-calorie Mediterranean
diet (MD); Ref. group = time points compared; | = significantly reduced in the second term of the pairwise group;
1 = significantly increased in the second term of the pairwise group.

Abundance changes between time points can be further contemplated by representing
the relative abundance fluctuations along the nutritional intervention (see Figure 9). Be-
cause most MaAsLin? associations for KETO occur at the genus level and most MaAsLin2
associations for MEDI occur at the phylum level, Figure 9 depicts significantly enriched or
depleted taxa at the genus and phylum levels for KETO and MED], respectively.

KETO MEDI
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B subdoigranuium B ucc.010 B intestinimonas
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Genus || Lachnoclostridium Anaerostipes Dorea
Agathobacter Fusicatenibacter [Ruminococcus]_torques_group
Family_F B Par |1 Bacterides
| Bamesiela 0 Alistipes Butyricimonas

Figure 9. Relative abundance changes in gut microbiota taxa between time points for each diet. Only
taxa significantly enriched or depleted during the nutritional intervention (according to MaAsLin2
models) are shown (at the genus level for KETO and at the phylum level for MEDI). Genera are
colored in the KETO plot based on the phylum to which each genus belongs (red: Verrucomicro-
bia; blue: Firmicutes; green: Bacteroidota). KETO = 6 patients who followed a very-low-calorie
ketogenic diet (VLCKD), MEDI = 5 patients who followed a low-calorie Mediterranean diet (MD).

Samples were analyzed at baseline (T0), after two months (T2), and after three months (T3) of
nutritional intervention.
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Predicted function

3.2.3. Functional Metagenome Prediction Analysis

Comparative prediction analysis of the functional metagenome was performed using
PICRUSt2. A total of seventy significant metabolic pathways were identified in KETO over
time (see Figure 10 and Supplementary Table S10 online). In particular, the common twenty-
two pathways were significantly increased both at T2 and T3 compared with baseline, while
the common seventeen pathways were significantly reduced at the same time points. Of the
remaining thirty-one pathways, eleven and six were significantly increased and reduced,
respectively, after two months of NI and, similarly, after three months, although with small
effect size; seven and six were significantly increased and reduced, respectively, after three
months of NI and, at the same time, after two months, although with small effect-size.
In addition, only one pathway (phenylalanine metabolism) significantly decreased at T3
compared with T2, consistently with a reduction at T2 and T3 compared with baseline,
although with a small effect size.

KETO

Enriched in TO | Enviched in T2 Enriched in T | Enriched in T3

--.nIIIIIIII

Predicted function

ll[n.

MaAsLin2 coef.

E

MaAsLin2 coef

Enriched in T2 | Enviched In T3

Predicted function

MaAsLin2 coef

Figure 10. Changes in gut microbiota predicted function abundances between time points for each
diet. Each subplot concerns a comparison between time points (TO vs. T2, TO vs. T3, or T2 vs.
T3). Statistical significance was evaluated by running a Generalized Linear Mixed-effects Model
with MaAsLin2. Effect size is represented by the MaAsLin2 model coefficients and respective
standard errors. Only predicted function abundance changes at p < 0.05 and g4 < 0.25 are considered
statistically significant. KETO = 6 patients who followed a very-low-calorie ketogenic diet (VLCKD).
Samples were analyzed at baseline (T0), after two months (T2), and after three months (T3) of
nutritional intervention.

In KETO, the strongest associations were positively related to steroid biosynthesis,
carotenoid biosynthesis, and non-homologous end-joining pathways both at T2 and T3
compared with baseline, while penicillin and cephalosporin biosynthesis, limonene, and
pinene degradation and ethylbenzene degradation pathways were strongly and negatively
associated with the same time points. Moreover, among other strongly associated pathways,
xylene degradation was significantly and negatively associated at T2, while at T3, it was
reduced, although with a small effect size; carbohydrate digestion and absorption were
the most strongly and negatively associated pathway with T3 compared with baseline,
while at T2 it was reduced, although with small effect-size. No pathway was significantly
associated with MEDI over time.

4. Discussion

This study evaluated the short-term impact of two dietary models (VLCKD and
MD) on the GM and its functional profile of eleven patients with overweight or obesity,
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recently diagnosed with T2DM; among them, six subjects followed the VLCKD (KETO
group) [76], while five subjects followed the low-calorie MD (MEDI group) [46]. At baseline
and after 3 months of NI, all patients underwent a multidimensional evaluation including
anthropometric, clinical, metabolic, lifestyle, and quality of life assessment, while the GM
evaluation was also performed after 2 months of NI along with a brief anthropometric
assessment.

Lifestyle interventions are an essential element in the treatment of patients with T2DM,
overweight or obesity, and metabolic alterations, especially in the initial phase of T2DM,
with the aim of losing weight, reducing visceral fat, and managing the disease without
drugs [39,104]. Nonetheless, it remains to be ascertained which type of physical activity
to be practiced, the best dietary protocol to be followed, and whether the improvement
in the metabolic profile is to be attributed to weight loss, regardless of the proposed
dietary approach.

Several randomized clinical trials have shown that an increase in physical activity
associated with proper nutritional education allows a significant reduction in body weight
and an improvement in blood pressure, lipid profile, and glycemic control in elderly
patients with T2DM [105,106], supporting the key role of regular practice of physical
activity to preserve muscle and bone mass during weight loss, especially in such kind of
patients [107]. On the other hand, adapted programs, including different types of moderate
exercise not associated with a nutritional intervention [108], although they have been
shown to improve overall physical and psychological health [109-111], were not able to
reduce body weight and to improve dysmetabolism in older adults with overweight [112].

As for nutrition, MD, in its different variations, is commonly considered the best way
to manage T2DM [46] due to the simplicity and frugality of the dishes it promotes, its
versatility, the possibility of sporadically indulging in extra foods, its richness in healthy
nutrients paired with a low caloric density, and its support to the microbiota [24,113,114]. In
this regard, a recent study found that in nine patients with T2DM, the increased adherence
to MD after a three months NI resulted in beneficial changes in the GM profile, which
seemed to precede the FPG and HOMA index reduction, hypothesizing a relevant role of
the diet-related GM modulation on the metabolic improvement [115].

Nonetheless, new dietary approaches with lower carbohydrate quantities, such as
VLCKD, could be used to manage carbohydrate dysmetabolism better and promote
greater weight loss even in the long term [73], but there are still little data concerning
the effects of VLCKD, especially in T2DM patients, on the GM. On this issue, the Firmi-
cutes/Bacteroidetes ratio that often characterizes the microbiota of obese patients [33] has
shown only a slight modification after a VLCKD, while plasma metabolome and fecal bile
acid composition present larger variations [116].

A study by Gutierrez-Repiso et al. [117] has compared the MD, KD, and Bariatric
Surgery (BS; in this case, sleeve gastrectomy), showing that microbiota variations were
related to the approach used. In particular, MD increased the activity of Short-Chain Fatty
Acid (SCFA) producers, also known as metabolic regulators, while KD and BS presented
common traits, such as Lactobacillus reduction. The effects of Lactobacillus on obesity seem
to be species-dependent, i.e., some strains are linked to weight gain, others to weight
loss [118].

Furthermore, a recent review by Rondanelli et al. has analyzed various types of
KD [116], finding a reduction in SCFA production and, among bacteria, the reduction of
Roseburia and Eubacterium rectale, the two main producers of butyrate. In addition, an
increase in Christensenellaceae and Akkermansia was also observed, while for F. prausnitzii,
usually considered a marker of good health, data were mixed, and its low levels could be
linked to the presence of T2DM [119].

In the same review, the analysis of the microbiota composition during the different
phases of KD showed an initial reduction in Bifidobacteria and Lactobacillus due to the
lack of substrate to use, i.e., cereal fibers, and an increase in Bacteroides, probably due
to the prevalence of proteins. Nonetheless, if proteins of vegetable origin are used, the
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increase in Bacteroides is reduced [120]. On the other hand, in the phases of reintroduction of
carbohydrate sources, recovery of Bifidobacteria and Lactobacillus was observed, suggesting
that these changes are transient and more linked to the composition of diet than to weight
loss. The reduction of Bifidobacteria may also promote a reduction of Th-17 cells, whose
activation is associated with autoimmune diseases [121]. Other species that tend to increase
are Alistipes and Parabacteroides [116].

To avoid damaging the microbiota and losing friendly species during KD, the review
by Paoli et al. recommends using fermented foods which do not interfere with ketosis,
the use of prebiotics and probiotics, a correct balance between omega 3 and omega 6 fatty
acids, and the presence of sources of MUFA, such as olive oil. In addition, it suggests
the restriction of animal proteins and the use of meal replacements, including vegetable
proteins, such as pea-derived ones, along with whey proteins [122].

Recently, a trial showed that the administration of a symbiotic, formed by Bifidobacte-
ria and a prebiotic fiber, can improve weight loss and metabolic state during VLCKD by
working on the microbiota with consequent reduction of inflammation. The influence on
GM was apparently minimal, but SCFA production was markedly increased [123]. This
finding highlights that the use of probiotics and/or prebiotics could be encouraged in
VLCKDs and, in general, in slimming diets [124]. Avoiding sweeteners and particularly us-
ing the galacto-oligosaccharides and fructo-oligosaccharides bifidogenic fibers can further
contribute to the health of the microbiota [122].

In our study, after three months of NI, both groups of patients had a significant weight
and BMI loss, but patients subjected to VLCKD showed a significantly higher reduction
in body weight, BMI, WC, and FM, compared to those following the MD, without any
significant difference in FFM variations. The slight difference observed in the variation of
the phA between the KETO and MEDI groups in the third month of NI could be attributed
to slight dehydration and a reduction of cell metabolism in the KETO group. In fact, the
phA is known as a marker of cell integrity, and its association with good adherence to
MD has been reported [54]. On the other hand, the metabolic status improved similarly in
both groups. In particular, the HbAlc value, a marker of diabetes glycometabolic control,
showed a more significant decrease in the KETO group after three months of NI; however,
the comparison of variations obtained at T3 between the two groups did not show any
significant difference. This finding is similar to the result obtained by Gardner et al., who
compared the metabolic effects of a well-formulated KD and an MD in a study including
patients with pre-diabetes and T2DM. However, these authors did not report any significant
difference in weight loss between the two diets [125]. As regards weight loss, our results
partly confirm those of Moriconi et al., who reported a statistically significant BMI reduction
exclusively in patients with T2DM and obesity following a three months VLCKD compared
to a control group following a standard low-calorie diet (LCD) [126]. In this study, VLCKD,
but not LCD, was also associated with a significant reduction of HbAlc values and a
significant improvement in eating patterns and quality of life [126].

In our patients, the lifestyle evaluation highlighted an improvement in eating habits in
both groups, with an increase in adherence to MD not only in the MEDI group, according
to expectations, but also in the KETO group, which significantly increased the daily intake
of fish and vegetables. However, it should be pointed out that the follow-up assessment
was performed after three months of NI when both groups were following a similar dietary
protocol based on MD principles. This result is in line with the study of Landry et al.,
who found a similar mean adherence between ketogenic and Mediterranean diets among
patients with prediabetes or T2DM [127]. On the contrary, the mean value of physical
activity level did not vary during the intervention period, although, considering individual
data, four out of eleven patients enrolled (two in each group) who were sedentary at
baseline became moderately active at T3. In this regard, it should be emphasized that most
of the data were collected during the lockdown period in Italy (March-May 2020), with
obvious logistical difficulties and complications for the subjects of the study to carry out
structured and outdoor physical activity. Moreover, unlike for NI, for physical activity,
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no specific indications, but only general recommendations, have been given, and the
assessment was performed based on self-reported data using the IPAQ but not objectively
measured [128].

Furthermore, the KETO group showed a significant improvement in both physical
and mental synthetic scores on the quality of life questionnaire, while the MEDI group
showed a slight reduction. The comparison of the variations between the two groups at
T3 was also significant. This result could be related to an improved perceived mood and
energy level previously described after a low-glucose, not ketogenic diet compared to a
high-glucose [129], and, limited to PCS, also reported in women affected by ovarian or
endometrial cancer after 12 weeks of KD [130]. Moreover, a significant improvement in
physical and mental health scores of the SF-36 questionnaire was found in diabetic patients
subjected to VLCKD in the aforementioned study by Moriconi et al. [126].

Concerning the short-term impact of the two dietary models on GM, we first evaluated
whether the gut microbial community was different, at baseline, between the two study
groups by evaluating alpha and beta diversity. Specifically, we observed a significantly
greater evenness of the microbial structure in the KETO group than in the MEDI group
at baseline, although significance was lost over time. However, neither the richness of
the number of species nor the Shannon index (a mathematical expression that combines
species richness and evenness as a measure of alpha diversity) was significantly different
between the two study groups. As regards the beta diversity, PERMANOVA analysis
indicated a significant difference based on the Bray-Curtis distance matrix between the GM
communities of KETO and MEDI only at baseline, although the beta diversity based on the
unweighted and weighted UniFrac metrics across the two nutritional groups did not show
any statistically significant difference at baseline and over time. Nonetheless, it should be
pointed out that at baseline, there was no significant difference in anthropometric, clinical,
or lifestyle variables between the two study groups.

No statistically significant differences in all alpha and beta diversity indices throughout
treatments were observed. It should be emphasized that although significant differences
are found at higher microbiome resolution, these are not always confirmed by differences
in summary metrics such as alpha and beta diversity, as observed after NI on other study
cohorts [60,131].

Although some volunteers presented huge variations in the Firmicutes/Bacteroidota
ratio along the NI, no statistically significant differences between time points in both diet
groups were detected.

By deepening GM characterization through taxonomic analysis, by means of the Gen-
eralized Linear Mixed-effects Model, confirmed after multiple testing corrections, with
a cut-off at g < 0.25, we observed several significant microbial markers associated with
the NI and, but almost exclusively with the ketogenic one. Results were ranked by their
MaAsLin2 coefficient: the Verrucomicrobiota phylum was identified as the main biomarker
in KETO, together with its members Verrucomicrobiae, Verrucomicrobiales, Akkermansi-
aceae, and Akkermansia, both at T2 and T3 of NI. Interestingly, these beneficial taxa showed
a significant increase up to three months of NI in KETO but not in MED], although in the
former, the NI at the end of phase T3 corresponded to the low-calorie MD of the MEDI
group, whereas the T2 of KETO corresponded to the end of the ketosis phases. Akkermansia
muciniphila represents the most studied microorganism belonging to these taxa, which
is considered a significant biomarker of intestinal homeostasis, whose physiological ef-
fects in promoting intestinal integrity for its capacity to stimulate the mucous turnover
rate are well documented [132,133]. A. muciniphila contributes to intestinal health and
glucose homeostasis [132,134] and has been shown to improve the metabolic status and
clinical outcomes after a dietary intervention in overweight/obese adults [135], and have
protective effects on diet-induced obesity [136,137]. Moreover, it has been proposed to
regulate adipose tissue metabolism and the accumulation of fat [138] and its increase has
been associated with KD [116]. A. muciniphila supplementation in patients with over-
weight/obesity was associated with reduced inflammation marker levels and improved
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several metabolic parameters [139], while in animal models of diabetes and obesity re-
stored the integrity of the epithelial mucosa, improved glucose tolerance, and metabolic
parameters [140]. Contrariwise, its depletion has been associated with many diseases, such
as inflammatory bowel disease and metabolic disorders [141]. As confirmation of their
beneficial effect, the Verrucomicrobia phylum, together with its members Verrucomicrobi-
aceae, Akkermansia, and Akkermansia muciniphila, was identified as the main biomarker in
centenarian subjects [32,142-144]. Within the Firmicutes phylum, the strongest associations
were also related to the Christensenellales order and Christensenellaceae family both at
T2 and T3 of VLCKD, as previously described [116]. An unclassified genus and species
from Christensenellaceae_R.7_group were also strongly associated, albeit with a lower
MaAsLin2 coefficient.

This constitutes an interesting finding on the impact of the ketogenic diet on obese
patients with T2DM, considering that a reduction in Christensenellaceae was observed
in individuals with pre-type 2 diabetes [145]. Christensenellaceae are involved in the
fermentation of proteins and fibers and have been associated with a diet low in refined
sugars and high in fruit and vegetables, with a consumption of dairy products and an
increase in animal products in the diet [146]. These pieces of evidence are consistent with a
protein and non-starchy vegetable intake in the first sixty days of the ketogenic diet in KETO,
followed by the gradual introduction of fruit, dairy products, legumes, and cereals until T3.
Furthermore, Goodrich et al. showed that the inoculation of the obese human microbiome
in germ-free mice fed a high-fiber diet induced a reduction in adiposity only in mice
receiving fecal transplant modified with the addition of Christensenella minuta, compared to
those receiving unmodified stools or stools containing non-viable C. minuta [147].

Interestingly, the Christensenellaceae family has been associated with a lean phe-
notype, negatively correlated with visceral fat mass, trunk fat, android fat [102], waist
circumference, and waist/hip ratio [146]; and it is increased after a reduction in body
weight in obese postmenopausal women following NI [148]. These data are consistent with
a significantly greater reduction in body weight, BMI, WC, and FM in our KETO cohort
compared to MEDI, in which no significant increase in these bacteria taxa was observed.

The Christensenellaceae family has also been negatively associated with dyslipi-
demia [149,150] and positively associated with healthy glucose metabolism [151,152]. Con-
sistently, fasting blood glucose showed a greater improvement, although not significant, in
the KETO group than in MEDI; moreover, as regards the value of HbAlc, a more signifi-
cant decrease was reported in the KETO group after three months of NI. Similarly to the
Verrucomicrobia phylum and its members, Christensenellaceae has also been associated
with human longevity [142,144,153,154], being a marker of human health.

In the KETO group, the T2 and T3 time points also shared the increase, within the
Firmicutes phylum, in some taxa belonging to the Lachnospiraceae family (the unclassified
species from Eubacterium xylanophilum group and Eubacterium eligens group, and their related
genera) and in the unclassified Family Peptococcaceae species. In line with the typical dietary
regimen of our cohorts, the presence of Eubacterium spp. in the gut has been associated with
increased intake of dietary fibers, as several species are able to utilize digestion-resistant
complex carbohydrates [155]. In addition, the abundance of Eubacterium spp. can be positively
modulated following a diet rich in omega-3 polyunsaturated fatty acids, which our KETO
patients took as a supplement [155]. For their beneficial implications, such as the modulation
of gut inflammation through SCFAs, multiple species of the Eubacterium genus are currently
considered promising targets for therapeutic strategies.

As regards the Peptococcaceae family, Sha Di et al. in 2019 observed that fatty acids
produced by many bacteria, such as the Peptococcaceae family, are involved in the regula-
tion of glucose homeostasis, lipid metabolism, and insulin sensitivity, as well as choline,
produced by the same family [156]. Previous studies also found that fasting serum levels of
glycerol, monounsaturated fatty acids, and saturated fatty acids are strongly associated
with a lower abundance of Peptococcaceae, while polyunsaturated fatty acids, including
omega-6, docosahexaenoic acid (DHA), omega 3 and linoleic acid are positively associ-
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ated [145]. Furthermore, the role of Peptococcaceae has yet to be defined, given that they
have been negatively associated with pathological conditions [157] but also identified
as biomarkers of the chronic progressive disease course of experimental autoimmune
encephalitis (CP-EAE) [158].

The T2 and T3 time points also share a significant reduction in Firmicutes and Acti-
nobacteriota phyla and in the Alistipes genus (Bacteroidota phylum). The reduction in
Firmicutes is not surprising, considering that this phylum was significantly increased
in obesity, as well as several of its members that express propionate production path-
ways [159,160], and was reduced in obese patients following a moderately hypocaloric
MD [60]. With regards to the Actinobacteria phylum, it was found to be elevated in obese
patients [32,161], while Alistipes is implicated in colorectal cancer and associated with
depression and inflammation [162].

With reference only to the ketosis phase, therefore to the T2 time point, we observed
the reduction in several taxa belonging to the Firmicutes phylum and, in particular, the
Clostridia class, the order Peptostreptococcales, Tissierellales, and the order Oscillospirales,
together with its members Ruminococcaceae family (and its Subdoligranulum genus) and
Lachnospiraceae family (and its Anaerostipes, Dorea, Agathobacter, and Fusicatenibacter gen-
era). The Alistipes shahii species belonging to the Bacteroidota phylum was also reduced.
The reduction in members of the Lachnospiraceae family following KD is not surprising,
considering that it was also observed as a consequence of other hypocaloric diets (high
protein, fiber-rich, or with prebiotic supplementation) [60,159,160,163]. Members of this
family can hydrolyze starch and other sugars to produce butyrate and other SCFAs and play
a central role in the mechanisms of bacterial cross-feeding [164]. Although Lachnospiraceae
are known as beneficial bacteria, their increased proliferation has been associated with
metabolic diseases in both human and animal studies and with obesity [32]. At the same
time, higher SCFA production (acetate, propionate, and butyrate) was associated with
intestinal dysbiosis and obesity [165,166], and emerging evidence indicates the patholog-
ical effects, in various disorders, including obesity, of specific SCFA, such as acetate and
propionate [167,168].

As regards Subdoligranulum, higher abundances were observed in GIT neoplasms [169],
and its association with chronic inflammation and poor metabolic control [170], with blood
markers of inflammation and endotoxemia in Type 1 diabetes mellitus (T1DM) [171] has
been demonstrated.

At the end of the ketosis phase, the Intestinimonas genus belonging to the Oscil-
lospiraceae family (Firmicutes phylum) and the Peptococcales order with its members
Peptococcaceae and an unclassified genus from Peptococcaceae family (Firmicutes phylum)
were increased. Interestingly, Intestinimonas was found to be elevated in diabetic models of
mice undergoing treatment with Lycium barbarum (LBP), a polysaccharide used to alle-
viate T2DM through the modulation of intestinal microbiota [172]. Moreover, in Swedish
subjects naive for diabetes treatment and grouped by glycemic status, Intestinimonas was
found to be depleted in the group with impaired fasting glucose (IFG) [173], while an
increased abundance of Intestinimonas butyriciproducens and Akkermansia muciniphila has
been reported, together with improvements in glucose and insulin sensitivity, in high
cardiometabolic risk subjects following an MD [174,175].

A further result of our research was the strong association at T3 in the KETO group of
the UCG 010 family and its unclassified members at genus and species level (Firmicutes
phylum) as a consequence of the NI from T2 to T3 and from TO to T3. It should be noted that
these taxa, whose physiological role remains to be defined, were not significantly increased
at T2 compared to TO; therefore, they were associated with the MD only after following
the KD.

Lachnoclostridium was found to be depleted at the end of T3, both in T3 versus T0 and in
T3 versus T2, but not in T2 compared to TO. Interestingly, despite Lachnoclostridium harboring
species that produce SCFAs, mainly butyrate, to which favorable immunomodulating
actions are ascribed [176,177], its reduction was observed in Diabetes-Induced Cognitive
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Impairment (DCI) models following the treatment with the bioactive compound tanshinone
IIA (TAN) [178], or in mice with T2DM following the anti-hyperglycemic treatment [179].

Concerning the Tannerellaceae family and its members, Parabacteroides and Parabac-
teroides distasonis (Bacteroidota phylum), we have observed an inconsistent trend through-
out the NI in the KETO group. In particular, these taxa increased at T2 compared with
baseline and decreased at T3 compared with T2, without significant variation between TO
and T3, suggesting that their increase is strictly associated with the purely ketogenic diet.
A significant decrease in the relative abundance of Parabacteroides genus and P. distasonis
species was observed in Sardinian obese patients [32], consistent with what was previously
observed by Del Chierico et al., which have associated both Parabacteroides and Parabac-
teroides distasonis with normal body weight [180]. The metabolic benefits of Parabacteroides
distasonis on decreasing weight gain, hyperglycemia, and hepatic steatosis in ob/ob and
high-fat diet (HFD)-fed mice have also been reported [181], although its administration has
been shown to induce depressive-like behavior in mouse models [182].

Our research highlighted the significant change in some taxa limited to the comparison
between T3 and baseline in the KETO group. Specifically, the increase in the order Clostridia
UCG.014 and its unclassified family, genus, and species taxa, together with the increase
in the unclassified Genus UCG.005 species belonging to the family Oscillospiraceae was
observed; whereas the reduction in the X.Ruminococcus._torques_group genus (Firmicutes)
and Bacteroidota phylum together with several of its members, such as the Bacteroidales
order and the Bacteroides (Bacteroidaceae), Barnesiella (Barnesiellaceae) and Butyricimonas
(Marinifilaceae) genera has also been observed. The biological relevance of the increase
in Clostridia UCG.014 needs further investigation, as a study on the effect of berberine
on hyperglycemia and gut microbiota composition in type 2 diabetic Goto-Kakizaki rats
showed a decrease [183]. On the other hand, to support our findings, Clostridia_UCG-014
was found to be significantly elevated as a consequence of physical activity in more active
older adults with insomnia and positively correlated with physical activity levels [184]. It
should be pointed out that despite the mean value of physical activity level did not vary
during the intervention period in our study, four out of twelve patients enrolled (two in
each study group) who were sedentary at baseline became moderately active at T3.

The Ruminococcus torques group significantly decreased at T3 in our KETO group,
which is thought to be a detrimental factor in diabetic nephropathy together with the
genera Alistipes, Bacteroides, Subdoligranulum, and Lachnoclostridium [185]. In addition,
Ruminococcus torques decreased after bariatric surgery and diabetes remission [186].

As regards the MEDI group, we observed that no taxa varied significantly after two
months of the dietary protocol. The Actinobacteroidota phylum was identified as the
only biomarker after three months of NI; while, by comparing the GM communities of
T2 and T3 time points, in addition to Actinobacteroidota, strong associations were also
related to the Firmicutes phylum at T3 and to Desulfobacterota phylum and an unclassified
species from the Bacteroides genus at T2. A recent systematic review of the changes in
intestinal microbial profiles caused by T2DM treatment [187] identified an increase in
Actinobacteria following Roux-Y gastric bypass (RYGB) [186,188]. Furthermore, an increase
in Actinobacteria concurrently with that of Firmicutes has been observed in most of the
studies analyzed, and that increase in Actinobacteria was associated with better glycemic
control or lipid profile at follow-up [187], hypothesizing the involvement of these two
bacterial phyla on better glycemic control. In fact, the genus Bifidobacterium, belonging
to the Actinobacteroidota phylum, has protective effects in T2DM as it is involved in the
production of SCFA precursors and in the regulation of glucose homeostasis [189,190].

Concerning the comparative prediction analysis of the functional metagenome, in the
KETO group, the strongest associations were related to steroid and carotenoid biosynthesis
and non-homologous end joining (NHE]) pathways both at T2 and T3 compared with
baseline. Carotenoids are molecules with antioxidants and nutraceutical functions, benefi-
cial for human health, to the point of considering the use of microbiological systems for
their biotechnological production [191]. The NHE] pathway constitutes a type of double-
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stranded DNA repair pathway (DSB) predominant in human cells that prevents genomic
instability, and its deregulation can promote carcinogenesis [192]. Steroid hormones are
used in the treatment and prophylaxis of various acute and chronic inflammatory and
autoimmune diseases [193]. Despite their effectiveness, glucocorticoids (GC) have been
associated with a high risk of developing hyperglycemia and overt DM [194-196]. In light
of their side effects, further studies are needed to clarify the physiological significance of
the increase in steroid biosynthesis in our patients, given that KETO showed, instead, an
improvement in the anthropometric and metabolic status.

Overall, we have observed in KETO after NI the reduction in the degradation pathways
of different alkylbenzenes, such as benzoate, ethylbenzene, and xylenes, while toluene was
significantly increased at T2. Moreover, limonene and pinene degradation were strongly
and negatively associated in the same cohort. The significance of the reduction in this
pathway should be investigated to understand whether it can be considered a direct
consequence of the diet or of the reduction in blood glucose levels. Indeed, limonene was
shown to reduce hyperglycemia and attenuate diabetes-associated complications, while
pinene has been shown to reduce hyperglycemia and hyperlipidemia and exert antioxidant
activity in diabetic rats [197].

We also observed an increase in other glycan degradation pathways over time (signifi-
cant at T2) and in two-component system pathways over time (significant at T3). A deple-
tion in glycan metabolism in obese patients was observed in previous studies [32], [180,198],
while two-component signal transduction systems, a communication system through which
bacteria adapt their cellular physiology to changes in the environment, was found to be
increased in healthy long-lived subjects [199].

Consistent with the results of the taxonomic analysis, no pathway was significantly
associated with MEDI over time.

5. Conclusions

Our study suggested the potential benefits of a VLCKD protocol in drug-naive patients
with T2DM and overweight/obesity, at least in the short term. In particular, these benefits
seem to be higher than those observed with a classical MD regarding weight loss and the
impact on GM, although further investigations are needed.

Indeed, the VLCKD has shown greater improvements in anthropometric measures
(weight, BMI, FM%, and WC) and in quality of life compared to the MD. Nevertheless,
changes in metabolic variables were not statistically significant between the two diets. The
results also highlighted an improvement in eating habits, with an increase in adherence to
MD in both groups. The progressive shift to a Mediterranean-style diet after two months of
KD allows patients not to be excessively restrictive about many food groups and to reduce
their carbon footprint. Still, physical activity levels remained unchanged in both groups.

Consistently, our findings highlight a more beneficial impact of the VLCKD on the
intestinal microbial phenotype, suggesting that this diet could be considered a valid ap-
proach to managing newly diagnosed diseases without drugs. Overall, in the KETO group,
both after two months (ketosis phase) and after 3 months of NI (shift to MD), there was
a significant increase in biomarkers of intestinal homeostasis, such as Verrucomicrobiota
phylum with its members Verrucomicrobiae, Verrucomicrobiales, Akkermansiaceae, and
Akkermansia, as well as in microbial taxa associated with a lean phenotype and with a
healthy glucose metabolism, such as the Christensenellaceae family and in beneficial taxa
capable of modulating gut inflammation through SCFAs production (Eubacterium spp.);
while the reduction in microbial taxa previously associated with obesity (Firmicutes and
Actinobacteriota) or other diseases (Alistipes) was observed. Greater clarity must be made
regarding the association of the Peptococcaceae family due to the discordant data in the
literature on their beneficial role.

The ketosis phase (T2) was associated with the reduction in taxa belonging to the
Lachnospiraceae family, in taxa associated with GIT neoplasms and poor metabolic control
(Subdoligranulum) and with the increase in taxa already shown to be enriched in diabetic
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mice undergoing treatment to alleviate type 2 diabetes through the modulation of intestinal
microbiota. (Intestinimonas).

Phase T3 of the VLCKD was associated with taxa whose physiological role remains to
be defined (UCG 010 family, unclassified UCG 010 genus and species, and Clostridia_UCG-
014), with taxa previously associated with physical activity in pathogen models (Oscil-
lospiraceae UCG-005) and with the reduction in taxa for which a lower abundance in mice
with T2DM following the anti-hyperglycemic treatments (Lachnoclostridium) and a lower
abundance after bariatric surgery and diabetes remission (Ruminococcus torques group) had
already been demonstrated.

An inconsistent trend (increase at T2 compared with baseline and decrease at T3
compared with T2, without variation between TO and T3) was found for taxa associated
with leanness and metabolic benefits (Parabacteroides and P. distasonis), although its admin-
istration has been shown to induce depressive-like behavior in mouse models.

On the other hand, our findings indicate that the MD, at least in the short term, has
less impact on the GM of patients with T2DM and obesity compared to the VLCKD, the
significance of which needs further investigation. We can hypothesize that for MD, a
longer-lasting NI and greater weight loss are needed to induce more significant changes in
GM composition.

Consistent with the results of the taxonomic analysis, no pathway was significantly
associated with MEDI over time, whereas the strongest associations were related to steroid
and carotenoid biosynthesis and to non-homologous end-joining pathways in KETO cohort;
in the same cohort, penicillin and cephalosporin biosynthesis, limonene and pinene degra-
dation and ethylbenzene degradation pathways were strongly and negatively associated.

Our study is limited by its small sample size due to the COVID-19 pandemic and
especially to the lockdown period that forced the interruption of the enrollment of patients;
moreover, a female patient assigned to the MEDI group has been excluded during the
follow-up period due to the COVID-19 infection, further reducing the number of patients
of MEDI group.

Therefore, despite the potential benefits obtained with the ketogenic diet in the short
term, these findings need to be confirmed by larger study cohorts with longer follow-ups
to validate the use of KD as an effective dietary model in the treatment of newly diagnosed
T2DM with obesity. In the same way, greater sample sizes and longer-lasting therapeutic
interventions are needed to confirm the impact of the Mediterranean diet in the same
patient category and the extent of its effectiveness compared to the ketogenic diet.

Supplementary Materials: Supporting information can be downloaded at: https:/ /www.mdpi.com/
article/10.3390/metabo12111092/s1. Nutritional evaluation; Table S1: Nutritional analysis in Keto
and Medi Groups; Table 52: Alpha diversity analysis between KETO and MEDI; Table S3: Alpha diver-
sity analysis in KETO over time; Table S4: Alpha diversity analysis in MEDI over time; Table S5: GM
beta diversity analysis between KETO and MEDI; Table S6: GM beta diversity analysis in KETO over
time; Table S7: GM beta diversity analysis in MEDI over time; Table S8: Firmicutes/Bacteroidota
ratio analysis in KETO over time; Table S9: Firmicutes/Bacteroidota ratio analysis in MEDI over
time; Table S10: Changes in gut microbiota predicted function abundances between timepoints in
KETO group.

Author Contributions: A.D. conceptualization, patients recruitment, investigation, data curation,
visualization, writing—original draft preparation, writing—review and editing; V.P. conceptualiza-
tion, sampling, data curation, formal analysis, methodology, metagenomic analysis, visualization,
writing—original draft preparation, writing—review and editing; V.H. data curation, statistical and
bioinformatics analysis, visualization, writing—review and editing; M.F. visualization, data curation,
writing—review and editing; M.L. writing—review and editing, supervision; G.C. data curation; A.L.
(Alessio Lai) investigation, data curation, and funding acquisition; M.M. investigation, data curation;
E.L. investigation, data curation; A.L. (Andrea Loviselli) conceptualization, visualization, funding
acquisition; A.M. conceptualization, visualization, writing—review and editing, supervision; EV.
conceptualization, statistical analysis, visualization, writing—review and editing, supervision. All
authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/metabo12111092/s1
https://www.mdpi.com/article/10.3390/metabo12111092/s1

Metabolites 2022, 12, 1092 29 of 37

Funding: This research was funded by AMD (Associazione Medici Diabetologi) onlus “Bando
borsa di studio Adolfo Arcangeli 2019” (13 November 2019). V.H. was supported by Fundacao
de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP, process No. 13996-0/2018). The meal
replacement products were supplied by Laboratoire Therascience, 3 Rue de 1'Industrie, 98000 Monaco.
www.therascience.com (5 March 2020).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committees of the University of Cagliari, Italy (PROT.
PG/2020/9435, 20/05/2020).

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

Data Availability Statement: Our sequence data for the 16S rRNA gene was deposited in the
European Nucleotide Archive (ENA) (https://www.ebi.ac.uk/ena, accessed on 29 September 2022),
under the study accession number PRJEB56373 (ERP141305); https:/ /www.ebi.ac.uk/ena/browser/
view /PRJEB56373 (accessed on 29 September 2022).

Acknowledgments: The authors thank Bianca M. Manzin for her support in the English editing of
the manuscript and Therascience for providing ketogenic meals and supplements free of charge. The
authors acknowledge the CeSAR (Centro Servizi Ricerca d’Ateneo) core facility of the University of
Cagliari and Marta Costa for assistance with the generation of 16S sequencing data.

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

References

1.  Reed,].; Bain, S.; Kanamarlapudi, V. A Review of Current Trends with Type 2 Diabetes Epidemiology, Aetiology, Pathogenesis,
Treatments and Future Perspectives. Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 3567-3602. [CrossRef] [PubMed]

2. American Diabetes Association. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2021. Diabetes
Care 2021, 44, S15-S33. [CrossRef] [PubMed]

3. World Health Organization; International Diabetes Federation. Definition and Diagnosis of Diabetes Mellitus and Intermediate
Hyperglycemia: Report of a WHO/IDF Consultation; World Health Organization: Geneva, Switzerland, 2006. [CrossRef]

4. Sirdah, M.M.; Reading, N.S. Genetic predisposition in type 2 diabetes: A promising approach toward a personalized management
of diabetes. Clin. Genet. 2020, 98, 525-547. [CrossRef] [PubMed]

5. Dayeh, T.; Volkov, P; Sal6, S.; Hall, E.; Nilsson, E.; Olsson, A.H.; Kirkpatrick, C.; Wollheim, C.B.; Eliasson, L.; Ronn, T.; et al.
Genome-Wide DNA Methylation Analysis of Human Pancreatic Islets from Type 2 Diabetic and Non-Diabetic Donors Identifies
Candidate Genes That Influence Insulin Secretion. PLoS Genet. 2014, 10, €1004160. [CrossRef] [PubMed]

6.  Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. ]. Mol. Sci. 2020, 21, 6275. [CrossRef]

7. Muscogiuri, G.; Tuccinardi, D.; Nicastro, V.; Barrea, L.; Colao, A.; Savastano, S. Sleep disturbances: One of the culprits of
obesity-related cardiovascular risk? Int. J. Obes. Suppl. 2020, 10, 62-72. [CrossRef]

8. Pinna, F; Sardu, C.; Orru, W.; Velluzzi, E; Loviselli, A.; Contu, P.; Carpiniello, B. Psychopathology, psychosocial factors and
obesity. Riv. Psichiatr. 2016, 51, 30-36. [CrossRef]

9.  Kolb, H.,; Martin, S. Environmental/lifestyle factors in the pathogenesis and prevention of type 2 diabetes. BMC Med. 2017, 15,
1-11. [CrossRef]

10. Neeland, L].; Ross, R.; Després, J.-P.; Matsuzawa, Y.; Yamashita, S.; Shai, L; Seidell, ].; Magni, P; Santos, R.D.; Arsenault, B.; et al.
Visceral and ectopic fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes Endocrinol. 2019, 7,
715-725. [CrossRef]

11. Okamura, T.; Hashimoto, Y.; Hamaguchi, M.; Obora, A.; Kojima, T.; Fukui, M. Ectopic fat obesity presents the greatest risk for
incident type 2 diabetes: A population-based longitudinal study. Int. ]. Obes. 2019, 43, 139-148. [CrossRef]

12.  Sesti, G. Pathophysiology of insulin resistance. Best Pract. Res. Clin. Endocrinol. Metab. 2006, 20, 665-679. [CrossRef] [PubMed]

13. Kalra, S.P; Kalra, P.S. Neuroendocrine Control of Energy Homeostasis: Update on New Insights. Prog. Brain Res. 2010, 181, 17-33.
[CrossRef] [PubMed]

14.  Araujo, E.P; Moraes, ].C.; Cintra, D.; Velloso, L. Mechanisms in endocrinology: Hypothalamic inflammation and nutrition. Eur. J.
Endocrinol. 2016, 175, R97-R105. [CrossRef]

15. Meek, T.H.; Nelson, ].T.; Matsen, M.E.; Dorfman, M.D.; Guyenet, S.J.; Damian, V.; Allison, M.B.; Scarlett, ]. M.; Nguyen, H.T.;
Thaler, ].P; et al. Functional identification of a neurocircuit regulating blood glucose. Proc. Natl. Acad. Sci. USA 2016, 113,
E2073-82. [CrossRef] [PubMed]

16. Manceau, R.; Majeur, D.; Alquier, T. Neuronal control of peripheral nutrient partitioning. Diabetologia 2020, 63, 673-682. [CrossRef]

17. Zatterale, F.; Longo, M.; Naderi, ]J.; Raciti, G.A.; Desiderio, A.; Miele, C.; Beguinot, F. Chronic Adipose Tissue Inflammation

Linking Obesity to Insulin Resistance and Type 2 Diabetes. Front. Physiol. 2019, 10, 1607. [CrossRef]


www.therascience.com
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena/browser/view/PRJEB56373
https://www.ebi.ac.uk/ena/browser/view/PRJEB56373
http://doi.org/10.2147/DMSO.S319895
http://www.ncbi.nlm.nih.gov/pubmed/34413662
http://doi.org/10.2337/dc21-S002
http://www.ncbi.nlm.nih.gov/pubmed/33298413
http://doi.org/10.1016/S0167-7306(09)60009-0
http://doi.org/10.1111/cge.13772
http://www.ncbi.nlm.nih.gov/pubmed/32385895
http://doi.org/10.1371/journal.pgen.1004160
http://www.ncbi.nlm.nih.gov/pubmed/24603685
http://doi.org/10.3390/ijms21176275
http://doi.org/10.1038/s41367-020-0019-z
http://doi.org/10.1708/2168.23450
http://doi.org/10.1186/s12916-017-0901-x
http://doi.org/10.1016/S2213-8587(19)30084-1
http://doi.org/10.1038/s41366-018-0076-3
http://doi.org/10.1016/j.beem.2006.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17161338
http://doi.org/10.1016/s0079-6123(08)81002-3
http://www.ncbi.nlm.nih.gov/pubmed/20478430
http://doi.org/10.1530/EJE-15-1207
http://doi.org/10.1073/pnas.1521160113
http://www.ncbi.nlm.nih.gov/pubmed/27001850
http://doi.org/10.1007/s00125-020-05104-9
http://doi.org/10.3389/fphys.2019.01607

Metabolites 2022, 12, 1092 30 of 37

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Denova-Gutiérrez, E.; Munoz-Aguirre, P.; Shivappa, N.; Hébert, ].R.; Tolentino-Mayo, L.; Batis, C.; Barquera, S. Dietary
Inflammatory Index and Type 2 Diabetes Mellitus in Adults: The Diabetes Mellitus Survey of Mexico City. Nutrients 2018, 10, 385.
[CrossRef]

Bray, G.A. Energy and Fructose From Beverages Sweetened With Sugar or High-Fructose Corn Syrup Pose a Health Risk for
Some People. Adv. Nutr. Int. Rev. ]. 2013, 4, 220-225. [CrossRef]

Rahati, S.; Shahraki, M.; Arjomand, G.; Shahraki, T. Food Pattern, Lifestyle and Diabetes Mellitus. Int. |. High Risk Behav. Addict.
2014, 3, e8725. [CrossRef]

Sergi, D.; Boulestin, H.; Campbell, EM.; Williams, L.M. The Role of Dietary Advanced Glycation End Products in Metabolic
Dysfunction. Mol. Nutr. Food Res. 2021, 65, €1900934. [CrossRef]

Szendroedi, J.; Phielix, E.; Roden, M. The role of mitochondria in insulin resistance and type 2 diabetes mellitus. Nat. Rev.
Endocrinol. 2011, 8, 92-103. [CrossRef] [PubMed]

Supale, S.; Li, N.; Brun, T.; Maechler, P. Mitochondrial dysfunction in pancreatic (3 cells. Trends Endocrinol. Metab. 2012, 23,
477-487. [CrossRef] [PubMed]

Deledda, A.; Annunziata, G.; Tenore, G.; Palmas, V.; Manzin, A.; Velluzzi, F. Diet-Derived Antioxidants and Their Role in
Inflammation, Obesity and Gut Microbiota Modulation. Antioxidants 2021, 10, 708. [CrossRef] [PubMed]

Farrugia, F,; Aquilina, A.; Vassallo, J.; Pace, N. Bisphenol A and Type 2 Diabetes Mellitus: A Review of Epidemiologic, Functional,
and Early Life Factors. Int. ]. Environ. Res. Public Health 2021, 18, 716. [CrossRef] [PubMed]

Vanni, R.; Bussuan, R.M.; Rombaldi, R.L.; Arbex, A K. Endocrine Disruptors and the Induction of Insulin Resistance. Curr.
Diabetes Rev. 2021, 17, 1-16. [CrossRef]

Chellappa, S.L.; Qian, J.; Vujovic, N.; Morris, C.J.; Nedeltcheva, A.; Nguyen, H.; Rahman, N.; Heng, SW.; Kelly, L.; Kerlin-
Monteiro, K.; et al. Daytime eating prevents internal circadian misalignment and glucose intolerance in night work. Sci. Adv.
2021, 7, eabg9910. [CrossRef]

Vijay, A.; Valdes, A.M. Role of the gut microbiome in chronic diseases: A narrative review. Eur. J. Clin. Nutr. 2021, 76, 489-501.
[CrossRef]

Chen, Y.; Zhou, J.; Wang, L. Role and Mechanism of Gut Microbiota in Human Disease. Front. Cell. Infect. Microbiol. 2021,
11, 625913. [CrossRef]

Gurung, M,; Li, Z.; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of gut microbiota in type 2 diabetes
pathophysiology. EBioMedicine 2020, 51, 102590. [CrossRef]

Sierra, A.C.; Ramos-Lopez, O.; Riezu-Boj, J.I.; Milagro, EI; Martinez, J.A. Diet, Gut Microbiota, and Obesity: Links with Host
Genetics and Epigenetics and Potential Applications. Adv. Nutr. 2019, 10, S17-530. [CrossRef]

Palmas, V.; Pisanu, S.; Madau, V.; Casula, E.; Deledda, A.; Cusano, R.; Uva, P.,; Vascellari, S.; Loviselli, A.; Manzin, A.; et al. Gut
microbiota markers associated with obesity and overweight in Italian adults. Sci. Rep. 2021, 11, 1-14. [CrossRef] [PubMed]
Duan, M.; Wang, Y.; Zhang, Q.; Zou, R.; Guo, M.; Zheng, H. Characteristics of gut microbiota in people with obesity. PLoS ONE
2021, 16, €0255446. [CrossRef] [PubMed]

Bornfeldt, K.E. Does Elevated Glucose Promote Atherosclerosis? Pros and Cons. Circ. Res. 2016, 119, 190-193. [CrossRef]

An, J.; Nichols, G.; Qian, L.; Munis, M.; Harrison, T.N.; Li, Z.; Wei, R.; Weiss, T.; Rajpathak, S.; Reynolds, K. Prevalence
and incidence of microvascular and macrovascular complications over 15 years among patients with incident type 2 diabetes.
BM] Open Diabetes Res. Care 2021, 9, e001847. [CrossRef] [PubMed]

Garcia-Garcia, PM.; Getino-Melian, M. A.; Dominguez-Pimentel, V.; Navarro-Gonzalez, ].F. Inflammation in diabetic kidney
disease. World ]. Diabetes 2014, 5, 431-443. [CrossRef]

Rey-Refones, C.; Baena-Diez, ] M.; Aguilar-Palacio, I.; Miquel, C.; Grau, M. Type 2 Diabetes Mellitus and Cancer: Epidemiology,
Physiopathology and Prevention. Biomedicines 2021, 9, 1429. [CrossRef]

Ferreira, L.S.S.; Fernandes, C.S.; Vieira, M.N.N.; De Felice, F.G. Insulin Resistance in Alzheimer’s Disease. Front. Neurosci. 2018,
12, 830. [CrossRef]

Doyle-Delgado, D.K.; Chamberlain, ].J.; Shubrook, D.J.H.; Skolnik, N.; Trujillo, J. Pharmacologic Approaches to Glycemic
Treatment of Type 2 Diabetes: Synopsis of the 2020 American Diabetes Association’s Standards of Medical Care in Diabetes
Clinical Guideline. Ann. Intern. Med. 2020, 173, 813-821. [CrossRef]

Linea Guida della Societa Italiana di Diabetologia (SID) e dell’ Associazione dei Medici Diabetologi (AMD); Sistema Nazionale Linee
Guida Dell’istituto Superiore Di Sanita: Rome, Italy, 2021; Available online: https:/ /www.siditalia.it/pdf/LG_379_diabete_2_
sid_amd.pdf (accessed on 15 September 2022).

Leahy, J.L.; Aleppo, G.; Fonseca, V.; Garg, S.K.; Hirsch, I.B.; McCall, A.L.; McGill, ].B.; Polonsky, W.H. Optimizing Postprandial
Glucose Management in Adults With Insulin-Requiring Diabetes: Report and Recommendations. J. Endocr. Soc. 2019, 3, 1942-1957.
[CrossRef]

Deledda, A.; Pintus, S.; Loviselli, A.; Fosci, M.; Fantola, G.; Velluzzi, F. Nutritional Management in Bariatric Surgery Patients. Int.
J. Environ. Res. Public Health 2021, 18, 12049. [CrossRef]

Davies, M.].; D"Alessio, D.A.; Fradkin, J.; Kernan, W.N.; Mathieu, C.; Mingrone, G.; Rossing, P.; Tsapas, A.; Wexler, D.].; Buse, J.B.
Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and
the European Association for the Study of Diabetes (EASD). Diabetes Care 2018, 41, 2669-2701. [CrossRef] [PubMed]


http://doi.org/10.3390/nu10040385
http://doi.org/10.3945/an.112.002816
http://doi.org/10.5812/ijhrba.8725
http://doi.org/10.1002/mnfr.201900934
http://doi.org/10.1038/nrendo.2011.138
http://www.ncbi.nlm.nih.gov/pubmed/21912398
http://doi.org/10.1016/j.tem.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22766318
http://doi.org/10.3390/antiox10050708
http://www.ncbi.nlm.nih.gov/pubmed/33946864
http://doi.org/10.3390/ijerph18020716
http://www.ncbi.nlm.nih.gov/pubmed/33467592
http://doi.org/10.2174/1573399816666201022121254
http://doi.org/10.1126/sciadv.abg9910
http://doi.org/10.1038/s41430-021-00991-6
http://doi.org/10.3389/fcimb.2021.625913
http://doi.org/10.1016/j.ebiom.2019.11.051
http://doi.org/10.1093/advances/nmy078
http://doi.org/10.1038/s41598-021-84928-w
http://www.ncbi.nlm.nih.gov/pubmed/33750881
http://doi.org/10.1371/journal.pone.0255446
http://www.ncbi.nlm.nih.gov/pubmed/34375351
http://doi.org/10.1161/CIRCRESAHA.116.308873
http://doi.org/10.1136/bmjdrc-2020-001847
http://www.ncbi.nlm.nih.gov/pubmed/33397671
http://doi.org/10.4239/wjd.v5.i4.431
http://doi.org/10.3390/biomedicines9101429
http://doi.org/10.3389/fnins.2018.00830
http://doi.org/10.7326/M20-2470
https://www.siditalia.it/pdf/LG_379_diabete_2_sid_amd.pdf
https://www.siditalia.it/pdf/LG_379_diabete_2_sid_amd.pdf
http://doi.org/10.1210/js.2019-00222
http://doi.org/10.3390/ijerph182212049
http://doi.org/10.2337/dci18-0033
http://www.ncbi.nlm.nih.gov/pubmed/30291106

Metabolites 2022, 12, 1092 31 of 37

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Cosentino, F.; Grant, PJ.; Aboyans, V.; Bailey, C.J.; Ceriello, A.; Delgado, V.; Federici, M.; Filippatos, G.; Grobbee, D.E.; Hansen,
T.B.; et al. 2019 ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD.
Eur. Heart J. 2020, 41, 255-323. [CrossRef] [PubMed]

Arslanian, S.; Bacha, F; Grey, M.; Marcus, M.D.; White, N.H.; Zeitler, P. Evaluation and Management of Youth-Onset Type
2 Diabetes: A Position Statement by the American Diabetes Association. Diabetes Care 2018, 41, 2648-2668. [CrossRef] [PubMed]
Evert, A.B.; Dennison, M.; Gardner, C.D.; Garvey, W.T.; Lau, KH.K.; MacLeod, J.; Mitri, J.; Pereira, R.F.; Rawlings, K.; Robinson, S.;
et al. Nutrition Therapy for Adults With Diabetes or Prediabetes: A Consensus Report. Diabetes Care 2019, 42, 731-754. [CrossRef]
[PubMed]

Leroith, D.; Biessels, G.J.; Braithwaite, S.S.; Casanueva, EE; Draznin, B.; Halter, ].B.; Hirsch, I.B.; McDonnell, M.; Molitch, M.E.;
Murad, M.H; et al. TReatment of diabetes in older adults: An endocrine society clinical practice guideline. J. Clin. Endocrinol.
Metab. 2019, 104, 1520-1574. [CrossRef]

Martinez-Gonzalez, M.A.; Gea, A.; Ruiz-Canela, M. The Mediterranean Diet and Cardiovascular Health. Circ. Res. 2019, 124,
779-798. [CrossRef]

Mazzocchi, A.; Leone, L.; Agostoni, C.; Pali-Scholl, I. The Secrets of the Mediterranean Diet. Does [Only] Olive Oil Matter?
Nutrients 2019, 11, 2941. [CrossRef]

Schwingshackl, L.; Schwedhelm, C.; Galbete, C.; Hoffmann, G. Adherence to Mediterranean Diet and Risk of Cancer: An Updated
Systematic Review and Meta-Analysis. Nutrients 2017, 9, 1063. [CrossRef]

Laudisio, D.; Barrea, L.; Muscogiuri, G.; Annunziata, G.; Colao, A.; Savastano, S. Breast cancer prevention in premenopausal
women: Role of the Mediterranean diet and its components. Nutr. Res. Rev. 2020, 33, 19-32. [CrossRef]

Farinetti, A.; Zurlo, V.; Manenti, A.; Coppi, F.; Mattioli, A.V. Mediterranean diet and colorectal cancer: A systematic review.
Nutrition 2017, 43-44, 83-88. [CrossRef]

Katsimbri, P.; Korakas, E.; Kountouri, A.; Ikonomidis, I.; Tsougos, E.; Vlachos, D.; Papadavid, E.; Raptis, A.; Lambadiari, V.
The Effect of Antioxidant and Anti-Inflammatory Capacity of Diet on Psoriasis and Psoriatic Arthritis Phenotype: Nutrition as
Therapeutic Tool? Antioxidants 2021, 10, 157. [CrossRef] [PubMed]

Barrea, L.; Fabbrocini, G.; Annunziata, G.; Muscogiuri, G.; Donnarumma, M.; Marasca, C.; Colao, A.; Savastano, S. Role of
Nutrition and Adherence to the Mediterranean Diet in the Multidisciplinary Approach of Hidradenitis Suppurativa: Evaluation
of Nutritional Status and Its Association with Severity of Disease. Nutrients 2018, 11, 57. [CrossRef] [PubMed]

Velluzzi, F.; Anedda, J.; Pisanu, S.; Dell’Antonia, M.; Deledda, A.; Boi, A.; Ferreli, C.; Atzori, L. Mediterranean Diet, Lifestyle and
Quality of Life in Sardinian Patients Affected with Hidradenitis Suppurativa. J. Public Health Res. 2021, 11, jphr-2021. [CrossRef]
Garcia-Larsen, V.; Del Giacco, S.R.; Moreira, A.; Bonini, M.; Charles, D.; Reeves, T.; Carlsen, K.-H.; Haahtela, T.; Bonini, S.; Fonseca,
J.; et al. Asthma and dietary intake: An overview of systematic reviews. Allergy 2016, 71, 433-442. [CrossRef] [PubMed]
Serra-Majem, L.; Tomaino, L.; Dernini, S.; Berry, E.M.; Lairon, D.; Ngo de la Cruz, ].; Bach-Faig, A.; Donini, L.M.; Medina, E-X,;
Belahsen, R.; et al. Updating the Mediterranean Diet Pyramid towards Sustainability: Focus on Environmental Concerns. Int. .
Environ. Res. Public Health 2020, 17, 8758. [CrossRef] [PubMed]

Lim, C.C.; Hayes, R.; Ahn, J.; Shao, Y,; Silverman, D.T.; Jones, R.R.; Thurston, G.D. Mediterranean Diet and the Association
Between Air Pollution and Cardiovascular Disease Mortality Risk. Circulation 2019, 139, 1766-1775. [CrossRef]
Garcia-Mantrana, I.; Selma-Royo, M.; Alcantara, C.; Collado, M.C. Shifts on Gut Microbiota Associated to Mediterranean Diet
Adherence and Specific Dietary Intakes on General Adult Population. Front. Microbiol. 2018, 9, 890. [CrossRef]

Pisanu, S.; Palmas, V.; Madau, V.; Casula, E.; Deledda, A.; Cusano, R.; Uva, P; Vascellari, S.; Boi, F.; Loviselli, A.; et al. Impact
of a Moderately Hypocaloric Mediterranean Diet on the Gut Microbiota Composition of Italian Obese Patients. Nutrients 2020,
12,2707. [CrossRef]

Martin-Peldez, S.; Fito, M.; Castaner, O. Mediterranean Diet Effects on Type 2 Diabetes Prevention, Disease Progression, and
Related Mechanisms. A Review. Nutrients 2020, 12, 2236. [CrossRef]

Taylor, R.; Ramachandran, A.; Yancy, W.S.Y., Jr.; Forouhi, N.G. Nutritional basis of type 2 diabetes remission. BM]J 2021, 374,
n1449. [CrossRef]

Lean, M.E.; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya, S.; Al-Mrabeh, A.;
Hollingsworth, K.G.; et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): An open-label,
cluster-randomised trial. Lancet 2018, 391, 541-551. [CrossRef]

Taheri, S.; Zaghloul, H.; Chagoury, O.; Elhadad, S.; Ahmed, S.H.; El Khatib, N.; Amona, R.A.; El Nahas, K.; Suleiman, N.;
Alnaama, A.; et al. Effect of intensive lifestyle intervention on bodyweight and glycaemia in early type 2 diabetes (DIADEM-I):
An open-label, parallel-group, randomised controlled trial. Lancet Diabetes Endocrinol. 2020, 8, 477-489. [CrossRef]

Jacob, E.; Avery, A. Energy-restricted interventions are effective for the remission of newly diagnosed type 2 diabetes: A systematic
review of the evidence base. Obes. Sci. Pract. 2021, 7, 606-618. [CrossRef] [PubMed]

Churuangsuk, C.; Hall, J.; Reynolds, A.; Griffin, S.J.; Combet, E.; Lean, M.E]. Diets for weight management in adults with
type 2 diabetes: An umbrella review of published meta-analyses and systematic review of trials of diets for diabetes remission.
Diabetologia 2022, 65, 14-36. [CrossRef]

Paoli, A.; Rubini, A.; Volek, ].S.; Grimaldi, K.A. Beyond weight loss: A review of the therapeutic uses of very-low-carbohydrate
(ketogenic) diets. Eur. J. Clin. Nutr. 2013, 67, 789-796. [CrossRef]


http://doi.org/10.1093/eurheartj/ehz486
http://www.ncbi.nlm.nih.gov/pubmed/31497854
http://doi.org/10.2337/dci18-0052
http://www.ncbi.nlm.nih.gov/pubmed/30425094
http://doi.org/10.2337/dci19-0014
http://www.ncbi.nlm.nih.gov/pubmed/31000505
http://doi.org/10.1210/jc.2019-00198
http://doi.org/10.1161/CIRCRESAHA.118.313348
http://doi.org/10.3390/nu11122941
http://doi.org/10.3390/nu9101063
http://doi.org/10.1017/S0954422419000167
http://doi.org/10.1016/j.nut.2017.06.008
http://doi.org/10.3390/antiox10020157
http://www.ncbi.nlm.nih.gov/pubmed/33499118
http://doi.org/10.3390/nu11010057
http://www.ncbi.nlm.nih.gov/pubmed/30597889
http://doi.org/10.4081/jphr.2021.2706
http://doi.org/10.1111/all.12800
http://www.ncbi.nlm.nih.gov/pubmed/26505989
http://doi.org/10.3390/ijerph17238758
http://www.ncbi.nlm.nih.gov/pubmed/33255721
http://doi.org/10.1161/CIRCULATIONAHA.118.035742
http://doi.org/10.3389/fmicb.2018.00890
http://doi.org/10.3390/nu12092707
http://doi.org/10.3390/nu12082236
http://doi.org/10.1136/bmj.n1449
http://doi.org/10.1016/S0140-6736(17)33102-1
http://doi.org/10.1016/S2213-8587(20)30117-0
http://doi.org/10.1002/osp4.504
http://www.ncbi.nlm.nih.gov/pubmed/34631138
http://doi.org/10.1007/s00125-021-05577-2
http://doi.org/10.1038/ejcn.2013.116

Metabolites 2022, 12, 1092 32 of 37

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

Martin-McGill, K.J.; Jackson, C.F.; Bresnahan, R.; Levy, R.G.; Cooper, P.N. Ketogenic diets for drug-resistant epilepsy. Cochrane
Database Syst. Rev. 2018, 11, CD001903. [CrossRef]

Grigolon, R.B.; Gerchman, E; Schoffel, A.C.; Hawken, E.R.; Gill, H.; Vazquez, G.H.; Mansur, R.B.; McIntyre, R.S.; Brietzke,
E. Mental, emotional, and behavioral effects of ketogenic diet for non-epileptic neuropsychiatric conditions. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 2020, 102, 109947. [CrossRef]

Casanueva, FF.; Castellana, M.; Bellido, D.; Trimboli, P; Castro, A.L; Sajoux, I.; Carnero, M.G.R.; Gomez-Arbelaez, D.; Crujeiras,
A.B.; Olmos, M.M. Ketogenic diets as treatment of obesity and type 2 diabetes mellitus. Rev. Endocr. Metab. Disord. 2020, 21,
381-397. [CrossRef]

Masood, W.; Annamaraju, P.; Uppaluri, K.R. Ketogenic Diet. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021;
pp. 158-167.

Gibson, A.A.; Seimon, R.V,; Lee, CM.Y,; Ayre, |.; Franklin, J.; Markovic, T.P.; Caterson, I.D.; Sainsbury, A. Do ketogenic diets really
suppress appetite? A systematic review and meta-analysis. Obes. Rev. 2015, 16, 64-76. [CrossRef]

Muscogiuri, G.; El Ghoch, M.; Colao, A.; Hassapidou, M.; Yumuk, V.; Busetto, L. Obesity Management Task Force (OMTF) of the
European Association for the Study of Obesity (EASO) European Guidelines for Obesity Management in Adults with a Very
Low-Calorie Ketogenic Diet: A Systematic Review and Meta-Analysis. Obes. Facts 2021, 14, 222-245. [CrossRef]

Ludwig, D.S. The Ketogenic Diet: Evidence for Optimism but High-Quality Research Needed. . Nutr. 2020, 150, 1354-1359.
[CrossRef] [PubMed]

Amerio, M.L.; Angrisani, L.; Annuzzi, G.; Bagnato, C.; Brunani, A.; Buccianti, M.; Busetto, L.; Capodaglio, P.; Carbonelli, M.G;
Caregaro Negrin, L.; et al. Standard Italiani per la Cura dell’Obesita SIO-ADI 2016-2017; SIO (Societa Ital. dell’Obesita): Pisa, Italy,
2017; pp. 1-292.

Caprio, M.; Infante, M.; Moriconi, E.; Armani, A.; Fabbri, A.; Mantovani, G.; Mariani, S.; Lubrano, C.; Poggiogalle, E.; Migliaccio,
S.; et al. Very-low-calorie ketogenic diet (VLCKD) in the management of metabolic diseases: Systematic review and consensus
statement from the Italian Society of Endocrinology (SIE). J. Endocrinol. Investig. 2019, 42, 1365-1386. [CrossRef] [PubMed]
Wheless, ] W. The Ketogenic Diet: An Effective Medical Therapy With Side Effects. ]. Child Neurol. 2001, 16, 633—635. [CrossRef]
Qu, C;; Keijer, J.; Adjobo-Hermans, M.].; van de Wal, M.; Schirris, T.; van Karnebeek, C.; Pan, Y.; Koopman, W.J. The ketogenic diet
as a therapeutic intervention strategy in mitochondrial disease. Int. J. Biochem. Cell Biol. 2021, 138, 106050. [CrossRef] [PubMed]
Rawat, K.; Singh, N.; Kumari, P; Saha, L. A review on preventive role of ketogenic diet (KD) in CNS disorders from the gut
microbiota perspective. Rev. Neurosci. 2021, 32, 143-157. [CrossRef] [PubMed]

Cabrera-Mulero, A.; Tinahones, A.; Bandera, B.; Moreno-Indias, I1.; Macias-Gonzalez, M.; Tinahones, F.J. Keto microbiota: A
powerful contributor to host disease recovery. Rev. Endocr. Metab. Disord. 2019, 20, 415-425. [CrossRef] [PubMed]

Vascellari, S.; Palmas, V.; Melis, M.; Pisanu, S.; Cusano, R.; Uva, P; Perra, D.; Madau, V.; Sarchioto, M.; Oppo, V,; et al. Gut
Microbiota and Metabolome Alterations Associated with Parkinson’s Disease. mSystems 2020, 5, e00561-20. [CrossRef]

Hang, H.J.; Battousse, O.; Ramadas, A. Modulation of gut microbiota by dietary macronutrients in type 2 diabetes: A review.
Prog. Microbes Mol. Biol. 2021, 4, 1-16. [CrossRef]

Yuan, W.; Lu, W,; Wang, H.; Wu, W.; Zhou, Q.; Chen, Y.; Lee, YK ; Zhao, J.; Zhang, H.; Chen, W. A multiphase dietetic protocol
incorporating an improved ketogenic diet enhances weight loss and alters the gut microbiome of obese people. Int. J. Food Sci.
Nutr. 2021, 73, 238-250. [CrossRef]

Lohman, T.J.; Roache, A.F,; Martorell, R. Anthropometric Standardization Reference Manual. Med. Sci. Sport. Exerc. 1992, 24, 952.
Available online: https://journals.lww.com/acsm-msse/Fulltext/1992/08000/ Anthropometric_Standardization_Reference_
Manual.20.aspx (accessed on 10 September 2022).

Kyle, U.G.; Bosaeus, I.; De Lorenzo, A.D.; Deurenberg, P; Elia, M.; Gémez, ].M.; Heitmann, B.L.; Kent-Smith, L.; Melchior,
J.-C.; Pirlich, M.; et al. Bioelectrical impedance analysis—Part II: Utilization in clinical practice. Clin. Nutr. 2004, 23, 1430-1453.
[CrossRef]

Panagiotakos, D.B.; Pitsavos, C.; Stefanadis, C. Dietary patterns: A Mediterranean diet score and its relation to clinical and
biological markers of cardiovascular disease risk. Nutr. Metab. Cardiovasc. Dis. 2006, 16, 559-568. [CrossRef] [PubMed]

Craig, C.L.; Marshall, A.L.; Sjostrém, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.L.; Yngve, A.; Sallis,
J.E; et al. International Physical Activity Questionnaire: 12-Country Reliability and Validity. Med. Sci. Sports Exerc. 2003, 35,
1381-1395. [CrossRef] [PubMed]

Ware, ].E.].; Sherbourne, C.D. The MOS 36-item short-form health survey (SF-36). I. Conceptual framework and item selection.
Med. Care 1992, 30, 473-483. [CrossRef] [PubMed]

Santoru, M.L.; Piras, C.; Murgia, A.; Palmas, V.; Camboni, T,; Liggi, S.; Ibba, I.; Lai, M.A.; Orrt, S.; Blois, S.; et al. Cross sectional
evaluation of the gut-microbiome metabolome axis in an Italian cohort of IBD patients. Sci. Rep. 2017, 7, 1-14. [CrossRef]
Bolyen, E.; Rideout, J.R.; Dillon, M.R; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, Interactive, Scalable and Extensible Microbiome Data Science using QIIME 2. Nat. Biotechnol.
2019, 37, 852-857. [CrossRef]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. . 2011, 17, 10-12. [CrossRef]
Callahan, B.J.; Mcmurdie, PJ.; Rosen, M.].; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA,;: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef]


http://doi.org/10.1002/14651858.CD001903.pub4
http://doi.org/10.1016/j.pnpbp.2020.109947
http://doi.org/10.1007/s11154-020-09580-7
http://doi.org/10.1111/obr.12230
http://doi.org/10.1159/000515381
http://doi.org/10.1093/jn/nxz308
http://www.ncbi.nlm.nih.gov/pubmed/31825066
http://doi.org/10.1007/s40618-019-01061-2
http://www.ncbi.nlm.nih.gov/pubmed/31111407
http://doi.org/10.1177/088307380101600901
http://doi.org/10.1016/j.biocel.2021.106050
http://www.ncbi.nlm.nih.gov/pubmed/34298163
http://doi.org/10.1515/revneuro-2020-0078
http://www.ncbi.nlm.nih.gov/pubmed/33070123
http://doi.org/10.1007/s11154-019-09518-8
http://www.ncbi.nlm.nih.gov/pubmed/31720986
http://doi.org/10.1128/mSystems.00561-20
http://doi.org/10.36877/pmmb.0000182
http://doi.org/10.1080/09637486.2021.1960957
https://journals.lww.com/acsm-msse/Fulltext/1992/08000/Anthropometric_Standardization_Reference_Manual.20.aspx
https://journals.lww.com/acsm-msse/Fulltext/1992/08000/Anthropometric_Standardization_Reference_Manual.20.aspx
http://doi.org/10.1016/j.clnu.2004.09.012
http://doi.org/10.1016/j.numecd.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17126772
http://doi.org/10.1249/01.MSS.0000078924.61453.FB
http://www.ncbi.nlm.nih.gov/pubmed/12900694
http://doi.org/10.1097/00005650-199206000-00002
http://www.ncbi.nlm.nih.gov/pubmed/1593914
http://doi.org/10.1038/s41598-017-10034-5
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1038/nmeth.3869

Metabolites 2022, 12, 1092 33 of 37

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. Peer] 2016,
2016, €2584. [CrossRef]

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P; Peplies, J.; Glockner, F.O. The SILVA Ribosomal RNA Gene
Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef]
Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J]. Optimizing
taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 2018, 6, 90.
[CrossRef]

Ii, M.S.R.; O'Rourke, D.R.; Kaehler, B.D.; Ziemski, M.; Dillon, M.R.; Foster, ].T.; Bokulich, N.A. RESCRIPt: Reproducible sequence
taxonomy reference database management. PLoS Comput. Biol. 2021, 17, €1009581. [CrossRef]

Douglas, G.M.; Maffei, V.J.; Zaneveld, ].R.; Yurgel, S.N.; Brown, ].R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685-688. [CrossRef] [PubMed]

Valero-Mora, PM. ggplot2: Elegant graphics for data analysis. J. Stat. Softw. 2010, 35, 1-3. [CrossRef]

Beule, L.; Karlovsky, P. Improved normalization of species count data in ecology by scaling with ranked subsampling (SRS):
Application to microbial communities. Peer] 2020, 8, €9593. [CrossRef] [PubMed]

Heidrich, V,; Karlovsky, P; Beule, L. ‘SRS’ R Package and ‘q2-srs” QIIME 2 Plugin: Normalization of Microbiome Data Using
Scaling with Ranked Subsampling (SRS). Appl. Sci. 2021, 11, 11473. [CrossRef]

McMurdie, PJ.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, €61217. [CrossRef]

Robinson, D.; Hayes, A.; Couch, S. Index @ Cran.R-Project.Org. 2020. Available online: https:/ /cran.r-project.org/package=
miceadds (accessed on 15 September 2022).

Mallick, H.; Rahnavard, A.; Mclver, L.].; Ma, S.; Zhang, Y.; Nguyen, L.H.; Tickle, T.L.; Weingart, G.; Ren, B.; Schwager, E.H.; et al.
Multivariable association discovery in population-scale meta-omics studies. PLoS Comput. Biol. 2021, 17, €1009442. [CrossRef]
Ross, R.; Neeland, 1.].; Yamashita, S.; Shai, L; Seidell, J.; Magni, P.; Santos, R.D.; Arsenault, B.; Cuevas, A.; Hu, EB.; et al. Waist
circumference as a vital sign in clinical practice: A Consensus Statement from the IAS and ICCR Working Group on Visceral
Obesity. Nat. Rev. Endocrinol. 2020, 16, 177-189. [CrossRef]

Franz, M.].; Boucher, ].L.; Rutten-Ramos, S.; VanWormer, ] .J. Lifestyle Weight-Loss Intervention Outcomes in Overweight and
Obese Adults with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomized Clinical Trials. J. Acad. Nutr. Diet.
2015, 115, 1447-1463. [CrossRef]

Huang, X.-L.; Pan, ].-H.; Chen, D.; Chen, J.; Chen, F,; Hu, T.-T. Efficacy of lifestyle interventions in patients with type 2 diabetes: A
systematic review and meta-analysis. Eur. J. Intern. Med. 2016, 27, 37-47. [CrossRef]

Villareal, D.T.; Apovian, C.M.; Kushner, R.E; Klein, S. Obesity in older adults: Technical review and position statement of the
American Society for Nutrition and NAASO, The Obesity Society. Am. J. Clin. Nutr. 2005, 82, 923-934. [CrossRef] [PubMed]
Carta, M.G.; Cossu, G.; Pintus, E.; Zoccheddu, R.; Callia, O.; Conti, G.; Pintus, M.; Gonzalez, C.I.A.; Massidda, M.V.; Mura, G.;
et al. Active elderly and health—Can moderate exercise improve health and wellbeing in older adults? Protocol for a randomized
controlled trial. Trials 2021, 22, 1-10. [CrossRef] [PubMed]

Carta, M.G.; Cossu, G.; Pintus, E.; Zaccheddu, R.; Callia, O.; Conti, G.; Pintus, M.; Gonzalez, C.I.A.; Massidda, M.V.; Mura, G.;
et al. Moderate Exercise Improves Cognitive Function in Healthy Elderly People: Results of a Randomized Controlled Trial. Clin.
Pract. Epidemiol. Ment. Health 2021, 17, 75-80. [CrossRef]

Fragala, M.S.; Cadore, E.L.; Dorgo, S.; Izquierdo, M.; Kraemer, W.]J.; Peterson, M.D.; Ryan, E.D. Resistance Training for Older
Adults. J. Strength Cond. Res. 2019, 33, 2019-2052. [CrossRef]

Carta, M.G.; Velluzzi, E;; Monticone, M.; Gonzalez, C.I.A.; Minerba, L.; Pau, M.; Musu, M.; Atzori, L.; Ferreli, C.; Cauli, A.; et al.
Exercise Improves the Impact of Chronic Pain in Older Adults: Results of an RCT. Open Pain . 2022, 15, 1-5. [CrossRef]
Velluzzi, F.; Cossu, G.; Fosci, M.; Montisci, R.; Zaccheddu, R.; Minerba, L.; Musu, M.; Pintus, E.; Fortin, D.; Romano, F.; et al. Effect
of a Low-Moderate Exercise Program on Dysmetabolism in Older Adults: Results of a Randomized Controlled Trial. Nutrients
2022, 14, 3337. [CrossRef]

Barrea, L.; Muscogiuri, G.; Frias-Toral, E.; Laudisio, D.; Pugliese, G.; Castellucci, B.; Garcia-Velasquez, E.; Savastano, S.; Colao, A.
Nutrition and immune system: From the Mediterranean diet to dietary supplementary through the microbiota. Crit. Rev. Food Sci.
Nutr. 2021, 61, 3066-3090. [CrossRef] [PubMed]

Beam, A.; Clinger, E.; Hao, L. Effect of Diet and Dietary Components on the Composition of the Gut Microbiota. Nutrients 2021,
13, 2795. [CrossRef] [PubMed]

Ismael, S.; Silvestre, M.; Vasques, M.; Araujo, J.; Morais, J.; Duarte, M.; Pestana, D.; Faria, A.; Pereira-Leal, J.; Vaz, J.; et al. A Pilot
Study on the Metabolic Impact of Mediterranean Diet in Type 2 Diabetes: Is Gut Microbiota the Key? Nutrients 2021, 13, 1228.
[CrossRef]

Rondanelli, M.; Gasparri, C.; Peroni, G.; Faliva, M.A.; Naso, M.; Perna, S.; Bazire, P.; Sajoux, I.; Maugeri, R.; Rigon, C. The
Potential Roles of Very Low Calorie, Very Low Calorie Ketogenic Diets and Very Low Carbohydrate Diets on the Gut Microbiota
Composition. Front. Endocrinol. 2021, 12, 662591. [CrossRef]

Gutiérrez-Repiso, C.; Molina-Vega, M.; Bernal-Lépez, M.; Garrido-Sanchez, L.; Garcia-Almeida, J.; Sajoux, I.; Moreno-Indias, L;
Tinahones, F. Different Weight Loss Intervention Approaches Reveal a Lack of a Common Pattern of Gut Microbiota Changes. J.
Pers. Med. 2021, 11, 109. [CrossRef] [PubMed]


http://doi.org/10.7717/peerj.2584
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1186/s40168-018-0470-z
http://doi.org/10.1371/journal.pcbi.1009581
http://doi.org/10.1038/s41587-020-0548-6
http://www.ncbi.nlm.nih.gov/pubmed/32483366
http://doi.org/10.18637/jss.v035.b01
http://doi.org/10.7717/peerj.9593
http://www.ncbi.nlm.nih.gov/pubmed/32832266
http://doi.org/10.3390/app112311473
http://doi.org/10.1371/journal.pone.0061217
https://cran.r-project.org/package=miceadds
https://cran.r-project.org/package=miceadds
http://doi.org/10.1371/journal.pcbi.1009442
http://doi.org/10.1038/s41574-019-0310-7
http://doi.org/10.1016/j.jand.2015.02.031
http://doi.org/10.1016/j.ejim.2015.11.016
http://doi.org/10.1093/ajcn/82.5.923
http://www.ncbi.nlm.nih.gov/pubmed/16280421
http://doi.org/10.1186/s13063-021-05278-6
http://www.ncbi.nlm.nih.gov/pubmed/33962664
http://doi.org/10.2174/1745017902117010075
http://doi.org/10.1519/JSC.0000000000003230
http://doi.org/10.2174/18763863-v15-e2202070
http://doi.org/10.3390/nu14163337
http://doi.org/10.1080/10408398.2020.1792826
http://www.ncbi.nlm.nih.gov/pubmed/32691606
http://doi.org/10.3390/nu13082795
http://www.ncbi.nlm.nih.gov/pubmed/34444955
http://doi.org/10.3390/nu13041228
http://doi.org/10.3389/fendo.2021.662591
http://doi.org/10.3390/jpm11020109
http://www.ncbi.nlm.nih.gov/pubmed/33567649

Metabolites 2022, 12, 1092 34 of 37

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Crovesy, L.; Ostrowski, M.; Ferreira, D.M.T.P.; Rosado, E.L.; Soares, M. Effect of Lactobacillus on body weight and body fat in
overweight subjects: A systematic review of randomized controlled clinical trials. Int. J. Obes. 2017, 41, 1607-1614. [CrossRef]
[PubMed]

Furet, ].-P,; Kong, L.-C.; Tap, ].; Poitou, C.; Basdevant, A.; Bouillot, J.-L.; Mariat, D.; Corthier, G.; Doré, J.; Henegar, C.; et al.
Differential Adaptation of Human Gut Microbiota to Bariatric Surgery-Induced Weight Loss. Diabetes 2010, 59, 3049-3057.
[CrossRef]

Basciani, S.; Camajani, E.; Contini, S.; Persichetti, A.; Risi, R.; Bertoldi, L.; Strigari, L.; Prossomariti, G.; Watanabe, M.; Mariani, S.;
et al. Very-Low-Calorie Ketogenic Diets With Whey, Vegetable, or Animal Protein in Patients With Obesity: A Randomized Pilot
Study. J. Clin. Endocrinol. Metab. 2020, 105, 2939-2949. [CrossRef] [PubMed]

Ang, Q.Y,; Alexander, M.; Newman, ].C.; Tian, Y.; Cai, J.; Upadhyay, V.; Turnbaugh, J.A.; Verdin, E.; Hall, K.D.; Leibel, R.L.; et al.
Ketogenic Diets Alter the Gut Microbiome Resulting in Decreased Intestinal Th17 Cells. Cell 2020, 181, 1263-1275.e16. [CrossRef]
Paoli, A.; Mancin, L.; Bianco, A.; Thomas, E.; Mota, J.F.; Piccini, F. Ketogenic Diet and Microbiota: Friends or Enemies? Genes 2019,
10, 534. [CrossRef]

Gutiérrez-Repiso, C.; Herndndez-Garcia, C.; Garcia-Almeida, ].M.; Bellido, D.; Martin-Nufiez, G.M.; Sanchez-Alcoholado, L.;
Alcaide-Torres, J.; Sajoux, I; Tinahones, FJ.; Moreno-Indias, I. Effect of Synbiotic Supplementation in a Very-Low-Calorie
Ketogenic Diet on Weight Loss Achievement and Gut Microbiota: A Randomized Controlled Pilot Study. Mol. Nutr. Food Res.
2019, 63, 1900167. [CrossRef]

Barengolts, E. Gut Microbiota, Prebiotics, Probiotics, and Synbiotics in Management of Obesity and Prediabetes: Review of
Randomized Controlled Trials. Endocr. Pract. 2016, 22, 1224-1234. [CrossRef]

Gardner, C.D.; Landry, M.].; Perelman, D.; Petlura, C.; Durand, L.R.; Aronica, L.; Crimarco, A.; Cunanan, K.M.; Chang, A.; Dant,
C.C,; et al. Effect of a ketogenic diet versus Mediterranean diet on glycated hemoglobin in individuals with prediabetes and type
2 diabetes mellitus: The interventional Keto-Med randomized crossover trial. Am. J. Clin. Nutr. 2022, 116, 640-652. [CrossRef]
Moriconi, E.; Camajani, E.; Fabbri, A.; Lenzi, A.; Caprio, M. Reply to Berk et al. Comment on “Moriconi et al. Very-Low-Calorie
Ketogenic Diet as a Safe and Valuable Tool for Long-Term Glycemic Management in Patients with Obesity and Type 2 Diabetes.
Nutrients 2021, 13, 758”. Nutrients 2021, 13, 3639. [CrossRef]

Landry, M.; Crimarco, A.; Perelman, D.; Durand, L.; Petlura, C.; Aronica, L.; Robinson, J.; Kim, S.; Gardner, C. Adherence
to Ketogenic and Mediterranean Study Diets in a Crossover Trial: The Keto-Med Randomized Trial. Nutrients 2021, 13, 967.
[CrossRef] [PubMed]

Pisanu, S.; Deledda, A.; Loviselli, A.; Huybrechts, I.; Velluzzi, F. Validity of Accelerometers for the Evaluation of Energy
Expenditure in Obese and Overweight Individuals: A Systematic Review. J. Nutr. Metab. 2020, 2020, 1-22. [CrossRef] [PubMed]
Breymeyer, K.L.; Lampe, ].W.; McGregor, B.A.; Neuhouser, M.L. Subjective mood and energy levels of healthy weight and
overweight/obese healthy adults on high-and low-glycemic load experimental diets. Appetite 2016, 107, 253-259. [CrossRef]
[PubMed]

Cohen, C.W,; Fontaine, K.R.; Arend, R.C.; Soleymani, T.; Gower, B.A. Favorable Effects of a Ketogenic Diet on Physical Function,
Perceived Energy, and Food Cravings in Women with Ovarian or Endometrial Cancer: A Randomized, Controlled Trial. Nutrients
2018, 10, 1187. [CrossRef] [PubMed]

Willis, H.J.; Slavin, J.L. The Influence of Diet Interventions Using Whole, Plant Food on the Gut Microbiome: A Narrative Review.
J. Acad. Nutr. Diet. 2020, 120, 608-623. [CrossRef] [PubMed]

Belzer, C.; De Vos, WM. Microbes inside—From diversity to function: The case of Akkermansia. ISME J. 2012, 6, 1449-1458.
[CrossRef]

Ganesh, B.; Klopfleisch, R.; Loh, G.; Blaut, M. Commensal Akkermansia muciniphila Exacerbates Gut Inflammation in Salmonella
Typhimurium-Infected Gnotobiotic Mice. PLoS ONE 2013, 8, €74963. [CrossRef]

Johansson, M.E.V,; Larsson, ].M.H.; Hansson, G.C. The two mucus layers of colon are organized by the MUC2 mucin, whereas
the outer layer is a legislator of host-microbial interactions. Proc. Natl. Acad. Sci. USA 2011, 108, 4659-4665. [CrossRef]

Dao, M.C; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F,; Chilloux, J.; Hoyles,
L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: Relationship with
gut microbiome richness and ecology. Gut 2016, 65, 426—436. [CrossRef]

Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad.
Sci. USA 2013, 110, 9066-9071. [CrossRef]

Greer, RL.; Dong, X.; de Moraes, A.; Zielke, R.A ; Fernandes, G.R; Peremyslova, E.; Vasquez-Perez, S.; Schoenborn, A.A.; Gomes,
E.P; Pereira, A.C.; et al. Akkermansia muciniphila mediates negative effects of IFNy on glucose metabolism. Nat. Commun. 2016,
7,13329. [CrossRef] [PubMed]

Lukovag, S.; Belzer, C.; Pellis, L.; Keijser, B.J.; de Vos, W.M.; Montijn, R.C.; Roeselers, G. Differential Modulation by Akkermansia
muciniphila and Faecalibacterium prausnitzii of Host Peripheral Lipid Metabolism and Histone Acetylation in Mouse Gut
Organoids. mBio 2014, 5, e01438-14. [CrossRef] [PubMed]

Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.; Delzenne,
N.M,; et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: A proof-of-concept
exploratory study. Nat. Med. 2019, 25, 1096-1103. [CrossRef] [PubMed]


http://doi.org/10.1038/ijo.2017.161
http://www.ncbi.nlm.nih.gov/pubmed/28792488
http://doi.org/10.2337/db10-0253
http://doi.org/10.1210/clinem/dgaa336
http://www.ncbi.nlm.nih.gov/pubmed/32484877
http://doi.org/10.1016/j.cell.2020.04.027
http://doi.org/10.3390/genes10070534
http://doi.org/10.1002/mnfr.201900167
http://doi.org/10.4158/EP151157.RA
http://doi.org/10.1093/ajcn/nqac154
http://doi.org/10.3390/nu13103639
http://doi.org/10.3390/nu13030967
http://www.ncbi.nlm.nih.gov/pubmed/33802709
http://doi.org/10.1155/2020/2327017
http://www.ncbi.nlm.nih.gov/pubmed/32832147
http://doi.org/10.1016/j.appet.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27507131
http://doi.org/10.3390/nu10091187
http://www.ncbi.nlm.nih.gov/pubmed/30200193
http://doi.org/10.1016/j.jand.2019.09.017
http://www.ncbi.nlm.nih.gov/pubmed/31787587
http://doi.org/10.1038/ismej.2012.6
http://doi.org/10.1371/journal.pone.0074963
http://doi.org/10.1073/pnas.1006451107
http://doi.org/10.1136/gutjnl-2014-308778
http://doi.org/10.1073/pnas.1219451110
http://doi.org/10.1038/ncomms13329
http://www.ncbi.nlm.nih.gov/pubmed/27841267
http://doi.org/10.1128/mBio.01438-14
http://www.ncbi.nlm.nih.gov/pubmed/25118238
http://doi.org/10.1038/s41591-019-0495-2
http://www.ncbi.nlm.nih.gov/pubmed/31263284

Metabolites 2022, 12, 1092 35 of 37

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Vaiserman, A.M.; Koliada, A.K.; Marotta, F. Gut microbiota: A player in aging and a target for anti-aging intervention. Ageing Res.
Rev. 2017, 35, 36—45. [CrossRef] [PubMed]

Derrien, M.; Belzer, C.; de Vos, W.M. Akkermansia muciniphila and its role in regulating host functions. Microb. Pathog. 2017, 106,
171-181. [CrossRef] [PubMed]

Kong, F; Hua, Y.; Zeng, B.; Ning, R.; Li, Y.; Zhao, J. Gut microbiota signatures of longevity. Curr. Biol. 2016, 26, R832-R833.
[CrossRef]

Tuikhar, N.; Keisam, S.; Labala, R.K.; Imrat; Ramakrishnan, P.; Arunkumar, M.C.; Ahmed, G.; Biagi, E.; Jeyaram, K. Comparative
analysis of the gut microbiota in centenarians and young adults shows a common signature across genotypically non-related
populations. Mech. Ageing Dev. 2019, 179, 23-35. [CrossRef]

Kim, B.-S.; Choi, C.W,; Shin, H,; Jin, S.-P; Bae, J.-S.; Han, M.; Seo, E.Y.; Chun, J.; Chung, ].H. Comparison of the Gut Microbiota of
Centenarians in Longevity Villages of South Korea with Those of Other Age Groups. J. Microbiol. Biotechnol. 2019, 29, 429-440.
[CrossRef]

Org, E.; Blum, Y.; Kasela, S.; Mehrabian, M.; Kuusisto, ].; Kangas, A J.; Soininen, P.; Wang, Z.; Ala-Korpela, M.; Hazen, S.L.; et al.
Relationships between gut microbiota, plasma metabolites, and metabolic syndrome traits in the METSIM cohort. Genome Biol.
2017, 18, 1-14. [CrossRef]

Waters, J.L.; Ley, R.E. The human gut bacteria Christensenellaceae are widespread, heritable, and associated with health. BMC
Biol. 2019, 17, 1-11. [CrossRef]

Goodrich, ] K.; Waters, J.L.; Poole, A.C.; Sutter, J.L.; Koren, O.; Blekhman, R.; Beaumont, M.; Van Treuren, W.; Knight, R; Bell, ].T.;
et al. Human Genetics Shape the Gut Microbiome. Cell 2014, 159, 789-799. [CrossRef] [PubMed]

Aleman, J.O.; Bokulich, N.A.; Swann, J.R.; Walker, ].M.; De Rosa, J.C.; Battaglia, T.; Costabile, A.; Pechlivanis, A.; Liang, Y.;
Breslow, J.L.; et al. Fecal microbiota and bile acid interactions with systemic and adipose tissue metabolism in diet-induced
weight loss of obese postmenopausal women. J. Transl. Med. 2018, 16, 1-17. [CrossRef] [PubMed]

Fu,J.; Bonder, M.J; Cenit, M.C,; Tigchelaar, E.F.,; Maatman, A.; Dekens, ].A.M.; Brandsma, E.; Marczynska, J.; Imhann, F.; Weersma,
R.K; et al. The Gut Microbiome Contributes to a Substantial Proportion of the Variation in Blood Lipids. Circ. Res. 2015, 117,
817-824. [CrossRef] [PubMed]

Hibberd, A.; Yde, C.; Ziegler, M.; Honoré, A.; Saarinen, M.; Lahtinen, S.; Stahl, B.; Jensen, H.; Stenman, L. Probiotic or synbiotic
alters the gut microbiota and metabolism in a randomised controlled trial of weight management in overweight adults. Bernef.
Microbes 2019, 10, 121-135. [CrossRef] [PubMed]

Lim, M.Y,; You, H.J.; Yoon, H.S.; Kwon, B.; Lee, ].Y.; Lee, S.; Song, Y.-M.; Lee, K.; Sung, J.; Ko, G. The effect of heritability and host
genetics on the gut microbiota and metabolic syndrome. Gut 2017, 66, 1031-1038. [CrossRef] [PubMed]

Lippert, K.; Kedenko, L.; Antonielli, L.; Gemeier, C.; Leitner, M.; Kautzky-Willer, A.; Paulweber, B.; Hackl, E. Gut microbiota
dysbiosis associated with glucose metabolism disorders and the metabolic syndrome in older adults. Benef. Microbes 2017, 8,
545-556. [CrossRef]

Wang, F; Yu, T.; Huang, G.; Cai, D.; Liang, X.; Su, H.; Zhu, Z; Li, D.; Yang, Y.; Shen, P; et al. Gut Microbiota Community and Its
Assembly Associated with Age and Diet in Chinese Centenarians. J. Microbiol. Biotechnol. 2015, 25, 1195-1204. [CrossRef]

Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480-1485. [CrossRef]

Mukherjee, A.; Lordan, C.; Ross, R.P.; Cotter, P.D. Gut microbes from the phylogenetically diverse genus Eubacterium and their
various contributions to gut health. Gut Microbes 2020, 12, 1802866. [CrossRef]

Dj, S.; Wang, Y.; Han, L.; Bao, Q.; Gao, Z.; Wang, Q.; Yang, Y.; Zhao, L.; Tong, X. The Intervention Effect of Traditional Chinese
Medicine on the Intestinal Flora and Its Metabolites in Glycolipid Metabolic Disorders. Evid.-Based Complement. Altern. Med. 2019,
2019, 1-13. [CrossRef]

Zhu, W.; Gregory, ].C.; Org, E.; Buffa, ].A.; Gupta, N.; Wang, Z.; Li, L.; Fu, X.; Wu, Y.; Mehrabian, M.; et al. Gut Microbial
Metabolite TMAO Enhances Platelet Hyperreactivity and Thrombosis Risk. Cell 2016, 165, 111-124. [CrossRef] [PubMed]
Gandy, K.A.O.; Zhang, J.; Nagarkatti, P.; Nagarkatti, M. The role of gut microbiota in shaping the relapse-remitting and
chronic-progressive forms of multiple sclerosis in mouse models. Sci. Rep. 2019, 9, 1-17. [CrossRef] [PubMed]

Russell, W.R,; Gratz, S.W.; Duncan, S.H.; Holtrop, G.; Ince, J.; Scobbie, L.; Duncan, G.; Johnstone, A.M.; Lobley, G.E.; Wallace, R ].;
et al. High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic health.
Am. ]. Clin. Nutr. 2011, 93, 1062-1072. [CrossRef] [PubMed]

Pataky, Z.; Genton, L.; Spahr, L.; Lazarevic, V.; Terraz, S.; Gaia, N.; Rubbia-Brandt, L.; Golay, A.; Schrenzel, J.; Pichard, C. Impact
of Hypocaloric Hyperproteic Diet on Gut Microbiota in Overweight or Obese Patients with Nonalcoholic Fatty Liver Disease: A
Pilot Study. Am. J. Dig. Dis. 2016, 61, 2721-2731. [CrossRef] [PubMed]

Turnbaugh, PJ.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480-484. [CrossRef]

Parker, B.J.; Wearsch, P.A.; Veloo, A.C.M.; Rodriguez-Palacios, A. The Genus Alistipes: Gut Bacteria With Emerging Implications
to Inflammation, Cancer, and Mental Health. Front. Immunol. 2020, 11, 906. [CrossRef]

Candela, M.; Biagi, E.; Soverini, M.; Consolandi, C.; Quercia, S.; Severgnini, M.; Peano, C.; Turroni, S.; Rampelli, S.; Pozzilli, P,;
et al. Modulation of gut microbiota dysbioses in type 2 diabetic patients by macrobiotic Ma-Pi 2 diet. Br. ]. Nutr. 2016, 116, 80-93.
[CrossRef]


http://doi.org/10.1016/j.arr.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28109835
http://doi.org/10.1016/j.micpath.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26875998
http://doi.org/10.1016/j.cub.2016.08.015
http://doi.org/10.1016/j.mad.2019.02.001
http://doi.org/10.4014/jmb.1811.11023
http://doi.org/10.1186/s13059-017-1194-2
http://doi.org/10.1186/s12915-019-0699-4
http://doi.org/10.1016/j.cell.2014.09.053
http://www.ncbi.nlm.nih.gov/pubmed/25417156
http://doi.org/10.1186/s12967-018-1619-z
http://www.ncbi.nlm.nih.gov/pubmed/30176893
http://doi.org/10.1161/CIRCRESAHA.115.306807
http://www.ncbi.nlm.nih.gov/pubmed/26358192
http://doi.org/10.3920/BM2018.0028
http://www.ncbi.nlm.nih.gov/pubmed/30525950
http://doi.org/10.1136/gutjnl-2015-311326
http://www.ncbi.nlm.nih.gov/pubmed/27053630
http://doi.org/10.3920/BM2016.0184
http://doi.org/10.4014/jmb.1410.10014
http://doi.org/10.1016/j.cub.2016.04.016
http://doi.org/10.1080/19490976.2020.1802866
http://doi.org/10.1155/2019/2958920
http://doi.org/10.1016/j.cell.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26972052
http://doi.org/10.1038/s41598-019-43356-7
http://www.ncbi.nlm.nih.gov/pubmed/31061496
http://doi.org/10.3945/ajcn.110.002188
http://www.ncbi.nlm.nih.gov/pubmed/21389180
http://doi.org/10.1007/s10620-016-4179-1
http://www.ncbi.nlm.nih.gov/pubmed/27142672
http://doi.org/10.1038/nature07540
http://doi.org/10.3389/fimmu.2020.00906
http://doi.org/10.1017/S0007114516001045

Metabolites 2022, 12, 1092 36 of 37

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Vacca, M.; Celano, G.; Calabrese, EM.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The Controversial Role of Human Gut
Lachnospiraceae. Microorganisms 2020, 8, 573. [CrossRef]

de la Cuesta-Zuluaga, J.; Mueller, N.T.; Alvarez-Quintero, R.; Velasquez-Mejia, E.P; Sierra, J.A.; Corrales-Agudelo, V.; Carmona,
J.A.; Abad, ].M.; Escobar, ].S. Higher Fecal Short-Chain Fatty Acid Levels Are Associated with Gut Microbiome Dysbiosis, Obesity,
Hypertension and Cardiometabolic Disease Risk Factors. Nutrients 2018, 11, 51. [CrossRef]

Kim, K.N.; Yao, Y.; Ju, S.Y. Short Chain Fatty Acids and Fecal Microbiota Abundance in Humans with Obesity: A Systematic
Review and Meta-Analysis. Nutrients 2019, 11, 2512. [CrossRef]

Tirosh, A.; Calay, E.S.; Tuncman, G.; Claiborn, K.C.; Inouye, K.E.; Eguchi, K.; Alcala, M.; Rathaus, M.; Hollander, K.S.; Ron, I; et al.
The short-chain fatty acid propionate increases glucagon and FABP4 production, impairing insulin action in mice and humans.
Sci. Transl. Med. 2019, 11, eaav0120. [CrossRef] [PubMed]

Perry, R].; Peng, L.; Barry, N.A.; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, A.L.; Shulman,
G.I. Acetate mediates a microbiome-brain—f-cell axis to promote metabolic syndrome. Nature 2016, 534, 213-217. [CrossRef]
[PubMed]

Youssef, O.; Lahti, L.; Kokkola, A.; Karla, T.; Tikkanen, M.; Ehsan, H.; Carpelan-Holmstrom, M.; Koskensalo, S.; Bohling, T.;
Rautelin, H.; et al. Stool Microbiota Composition Differs in Patients with Stomach, Colon, and Rectal Neoplasms. Am. J. Dig. Dis.
2018, 63, 2950-2958. [CrossRef] [PubMed]

Chumpitazi, B.P,; Hollister, E.B.; Oezguen, N.; Tsai, C.M.; McMeans, A.R.; Luna, R.A ; Savidge, T.C.; Versalovic, J.; Shulman, RJ.
Gut microbiota influences low fermentable substrate diet efficacy in children with irritable bowel syndrome. Gut Microbes 2014, 5,
165-175. [CrossRef] [PubMed]

De Groot, PF; Belzer, C.; Aydin, O.; Levin, E.; Levels, ] H.; Aalvink, S.; Boot, F;; Holleman, F.; Van Raalte, D.H.; Scheithauer,
T.P,; et al. Distinct fecal and oral microbiota composition in human type 1 diabetes, an observational study. PLoS ONE 2017, 12,
e0188475. [CrossRef]

Ma, Q.; Zhai, R.; Xie, X.; Chen, T.; Zhang, Z.; Liu, H.; Nie, C.; Yuan, X,; Tu, A.; Tian, B.; et al. Hypoglycemic Effects of Lycium
barbarum Polysaccharide in Type 2 Diabetes Mellitus Mice via Modulating Gut Microbiota. Front. Nutr. 2022, 9, 916271.
[CrossRef]

Wu, H.; Tremaroli, V.; Schmidt, C.; Lundqvist, A.; Olsson, L.M.; Kramer, M.; Gummesson, A.; Perkins, R.; Bergstrom, G.; Backhed,
F. The Gut Microbiota in Prediabetes and Diabetes: A Population-Based Cross-Sectional Study. Cell Metab. 2020, 32, 379-390.e3.
[CrossRef]

Cunningham, A.L.; Stephens, ].W.; Harris, D.A. Gut microbiota influence in type 2 diabetes mellitus (T2DM). Gut Pathog. 2021, 13,
1-13. [CrossRef]

Vitale, M.; Giacco, R.; Laiola, M.; Della Pepa, G.; Luongo, D.; Mangione, A.; Salamone, D.; Vitaglione, P; Ercolini, D.; Rivellese,
A.A. Acute and chronic improvement in postprandial glucose metabolism by a diet resembling the traditional Mediterranean
dietary pattern: Can SCFAs play a role? Clin. Nutr. 2020, 40, 428-437. [CrossRef]

Biddle, A.; Stewart, L.; Blanchard, J.L.; Leschine, S. Untangling the Genetic Basis of Fibrolytic Specialization by Lachnospiraceae
and Ruminococcaceae in Diverse Gut Communities. Diversity 2013, 5, 627-640. [CrossRef]

Bedu-Ferrari, C.; Biscarrat, P.; Langella, P.; Cherbuy, C. Prebiotics and the Human Gut Microbiota: From Breakdown Mechanisms
to the Impact on Metabolic Health. Nutrients 2022, 14, 2096. [CrossRef] [PubMed]

Zheng, Y.; Zhou, X.; Wang, C.; Zhang, J.; Chang, D.; Liu, W.; Zhu, M.; Zhuang, S.; Shi, H.; Wang, X.; et al. Effect of Tanshinone ITA
on Gut Microbiome in Diabetes-Induced Cognitive Impairment. Front. Pharmacol. 2022, 13, 890444. [CrossRef] [PubMed]

Ge, X.; He, X,; Liu, J.; Zeng, E; Chen, L.; Xu, W,; Shao, R.; Huang, Y.; Farag, M.A.; Capanoglu, E.; et al. Amelioration of type 2
diabetes by the novel 6, 8-guanidyl luteolin quinone-chromium coordination via biochemical mechanisms and gut microbiota
interaction. J. Adv. Res. 2022. S2090-1232(22)00129-1. [CrossRef] [PubMed]

Del Chierico, F.; Abbatini, F.; Russo, A.; Quagliariello, A.; Reddel, S.; Capoccia, D.; Caccamo, R.; Ginanni Corradini, S.; Nobili, V.;
De Peppo, F; et al. Gut Microbiota Markers in Obese Adolescent and Adult Patients: Age-Dependent Differential Patterns. Front.
Microbiol. 2018, 9, 1210. [CrossRef] [PubMed]

Wang, K.; Liao, M.; Zhou, N.; Bao, L.; Ma, K.; Zheng, Z.; Wang, Y.; Liu, C.; Wang, W.; Wang, J.; et al. Parabacteroides distasonis
Alleviates Obesity and Metabolic Dysfunctions via Production of Succinate and Secondary Bile Acids. Cell Rep. 2019, 26,
222-235.e5. [CrossRef]

Gomez-Nguyen, A.; Basson, A.R.; Dark-Fleury, L.; Hsu, K.; Osme, A.; Menghini, P,; Pizarro, T.T.; Cominelli, F. Parabacteroides
distasonis induces depressive-like behavior in a mouse model of Crohn’s disease. Brain Behav. Immun. 2021, 98, 245-250.
[CrossRef]

Zhao, J.-D.; Li, Y.; Sun, M; Yu, C.-].; Li, J.-Y,; Wang, S.-H.; Yang, D.; Guo, C.-L.; Du, X.; Zhang, W.-].; et al. Effect of berberine on
hyperglycaemia and gut microbiota composition in type 2 diabetic Goto-Kakizaki rats. World J. Gastroenterol. 2021, 27, 708-724.
[CrossRef]

Magzal, F.; Shochat, T.; Haimov, I.; Tamir, S.; Asraf, K.; Tuchner-Arieli, M.; Even, C.; Agmon, M. Increased physical activity
improves gut microbiota composition and reduces short-chain fatty acid concentrations in older adults with insomnia. Sci. Rep.
2022, 12, 1-14. [CrossRef]

Chen, W.; Zhang, M.; Guo, Y.; Wang, Z.; Liu, Q.; Yan, R.; Wang, Y.; Wu, Q.; Yuan, K.; Sun, W. The Profile and Function of Gut
Microbiota in Diabetic Nephropathy. Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 4283-4296. [CrossRef]


http://doi.org/10.3390/microorganisms8040573
http://doi.org/10.3390/nu11010051
http://doi.org/10.3390/nu11102512
http://doi.org/10.1126/scitranslmed.aav0120
http://www.ncbi.nlm.nih.gov/pubmed/31019023
http://doi.org/10.1038/nature18309
http://www.ncbi.nlm.nih.gov/pubmed/27279214
http://doi.org/10.1007/s10620-018-5190-5
http://www.ncbi.nlm.nih.gov/pubmed/29995183
http://doi.org/10.4161/gmic.27923
http://www.ncbi.nlm.nih.gov/pubmed/24637601
http://doi.org/10.1371/journal.pone.0188475
http://doi.org/10.3389/fnut.2022.916271
http://doi.org/10.1016/j.cmet.2020.06.011
http://doi.org/10.1186/s13099-021-00446-0
http://doi.org/10.1016/j.clnu.2020.05.025
http://doi.org/10.3390/d5030627
http://doi.org/10.3390/nu14102096
http://www.ncbi.nlm.nih.gov/pubmed/35631237
http://doi.org/10.3389/fphar.2022.890444
http://www.ncbi.nlm.nih.gov/pubmed/35899118
http://doi.org/10.1016/j.jare.2022.06.003
http://www.ncbi.nlm.nih.gov/pubmed/35700921
http://doi.org/10.3389/fmicb.2018.01210
http://www.ncbi.nlm.nih.gov/pubmed/29922272
http://doi.org/10.1016/j.celrep.2018.12.028
http://doi.org/10.1016/j.bbi.2021.08.218
http://doi.org/10.3748/wjg.v27.i8.708
http://doi.org/10.1038/s41598-022-05099-w
http://doi.org/10.2147/DMSO.S320169

Metabolites 2022, 12, 1092 37 of 37

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Murphy, R.; Tsai, P; Juillig, M.; Liu, A.; Plank, L.; Booth, M. Differential Changes in Gut Microbiota After Gastric Bypass and
Sleeve Gastrectomy Bariatric Surgery Vary According to Diabetes Remission. Obes. Surg. 2017, 27, 917-925. [CrossRef]
Merkevicius, K.; Kundelis, R.; Maleckas, A.; Velickiené, D. Microbiome Changes after Type 2 Diabetes Treatment: A Systematic
Review. Medicina 2021, 57, 1084. [CrossRef] [PubMed]

Lee, C.J.; Florea, L.; Sears, C.L.; Maruthur, N.; Potter, ].J.; Schweitzer, M.; Magnuson, T.; Clark, ].M. Changes in Gut Microbiome
after Bariatric Surgery Versus Medical Weight Loss in a Pilot Randomized Trial. Obes. Surg. 2019, 29, 3239-3245. [CrossRef]
[PubMed]

LE, TK.C,; Hosaka, T.; Nguyen, T.T.; Kassu, A.; Dang, T.O.; Tran, H.B.; Pham, T.P,; Tran, Q.B.; Da Pham, X. Bifidobacterium
species lower serum glucose, increase expressions of insulin signaling proteins, and improve adipokine profile in diabetic mice.
Biomed. Res. 2015, 36, 63-70. [CrossRef] [PubMed]

Sun, Y.; O'Riordan, M.X.D. Regulation of Bacterial Pathogenesis by Intestinal Short-Chain Fatty Acids. In Advances in Applied
Microbiology; Elsevier: Amsterdam, The Netherlands, 2013; Volume 85, pp. 93-118. ISBN 978-0-12-407672-3.

Ozdemir, O. RETRACTED: Preventative and Therapeutic Role of Probiotics in Various Allergic and Autoimmune Disorders: An
Up-to-Date Literature Review of Essential Experimental and Clinical Data. J. Evid.-Based Integr. Med. 2013, 18, 121-151. [CrossRef]
Sishc, B.J.; Davis, A.]. The Role of the Core Non-Homologous End Joining Factors in Carcinogenesis and Cancer. Cancers 2017, 9,
81. [CrossRef]

Coutinho, A.E.; Chapman, K.E. The anti-inflammatory and immunosuppressive effects of glucocorticoids, recent developments
and mechanistic insights. Mol. Cell. Endocrinol. 2011, 335, 2-13. [CrossRef]

Bonaventura, A.; Montecucco, F. Steroid-induced hyperglycemia: An underdiagnosed problem or clinical inertia? A narrative
review. Diabetes Res. Clin. Pract. 2018, 139, 203-220. [CrossRef]

Geer, E.B.; Islam, J.; Buettner, C. Mechanisms of Glucocorticoid-Induced Insulin Resistance. Endocrinol. Metab. Clin. N. Am. 2014,
43,75-102. [CrossRef]

Aberer, F; Hochfellner, D.; Sourij, H.; Mader, ]. A Practical Guide for the Management of Steroid Induced Hyperglycaemia in the
Hospital. J. Clin. Med. 2021, 10, 2154. [CrossRef]

Al Kury, L.T.; Abdoh, A ; Ikbariah, K.; Sadek, B.; Mahgoub, M. In Vitro and In Vivo Antidiabetic Potential of Monoterpenoids: An
Update. Molecules 2021, 27, 182. [CrossRef]

Hou, Y.-P; He, Q.-Q.; Ouyang, H.-M.; Peng, H.-S.; Wang, Q.; Li, ].; Lv, X.-F,; Zheng, Y.-N.; Li, S.-C.; Liu, H.-L.; et al. Human Gut
Microbiota Associated with Obesity in Chinese Children and Adolescents. BioMed Res. Int. 2017, 2017, 1-8. [CrossRef] [PubMed]
Palmas, V.; Pisanu, S.; Madau, V.; Casula, E.; Deledda, A.; Cusano, R.; Uva, P,; Loviselli, A.; Velluzzi, F.; Manzin, A. Gut Microbiota
Markers and Dietary Habits Associated with Extreme Longevity in Healthy Sardinian Centenarians. Nutrients 2022, 14, 2436.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11695-016-2399-2
http://doi.org/10.3390/medicina57101084
http://www.ncbi.nlm.nih.gov/pubmed/34684121
http://doi.org/10.1007/s11695-019-03976-4
http://www.ncbi.nlm.nih.gov/pubmed/31256356
http://doi.org/10.2220/biomedres.36.63
http://www.ncbi.nlm.nih.gov/pubmed/25749152
http://doi.org/10.1177/2156587212461279
http://doi.org/10.3390/cancers9070081
http://doi.org/10.1016/j.mce.2010.04.005
http://doi.org/10.1016/j.diabres.2018.03.006
http://doi.org/10.1016/j.ecl.2013.10.005
http://doi.org/10.3390/jcm10102154
http://doi.org/10.3390/molecules27010182
http://doi.org/10.1155/2017/7585989
http://www.ncbi.nlm.nih.gov/pubmed/29214176
http://doi.org/10.3390/nu14122436
http://www.ncbi.nlm.nih.gov/pubmed/35745166

	Introduction 
	Nutritional Treatment in T2DM 
	Ketogenic Diet 

	Materials and Methods 
	Study Design and Characteristics of the Sample 
	Clinical, Metabolic, Anthropometric, Lifestyle, and Health Status Evaluation 
	Dietary Protocols 
	Gut Microbiota Analysis 
	Sample Collection 
	Genomic DNA Extraction, Bacterial DNA Quantification, and 16S Libraries Preparation and Sequencing 

	Bioinformatic and Statistical Analysis 

	Results 
	Anthropometric, Metabolic, Lifestyle, and Health Status Evaluation 
	Gut Microbiota Analysis 
	Alpha and Beta Diversity Analysis 
	Compositional Analysis of Intestinal Microbiota 
	Functional Metagenome Prediction Analysis 


	Discussion 
	Conclusions 
	References

