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Abstract

ENGLISH

Alterations in gut microbial composition and functionality may contribute to the
development of obesity and insulin resistance. The identification of specific gut
bacteria and metabolic pathways associated with obesity and related metabolic
disorders represents a promising novel perspective to tailor personalized

interventions.

The main objectives of this doctoral thesis, designed within the frame of the
PREDIMED (PREvencion con Dleta MEDiterranea)-Plus clinical trial, are: (i)
Explore the association between fecal microbiota, body mass index and changes
in total body weight after 12-month lifestyle intervention in elderly subjects (aged
55-75 years) with overweight/obesity and metabolic syndrome; (ii) explore the
association between fecal microbiota and insulin resistance, estimated by

HOMA-IR index, in non-diabetic subjects from the same cohort.

Results shown specific fecal microbiota taxonomic features associated with lower
body mass index and higher weight loss at 12-month follow-up. Specific genera
and related metabolic pathways were negatively associated with higher HOMA-
IR index and linked with improved glucose homeostasis via increased amino acid
breakdown and sulfate reduction. Besides, specific genera and related metabolic
pathways were positively associated with HOMA-IR index and linked to
increased saccharide degradation inducing abnormal butyrate production.

Our results support the identification of specific gut microbiota signatures to
predict obesity treatments’ success, but also to target potential bacterial
candidates for the development of therapies for insulin resistance. These findings
encourage further investigation especially in terms of deepen taxonomic

exploration and metabolomics profiling.
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CASTELLANO

Las alteraciones en la composicion y la funcionalidad de la microbiota intestinal
pueden contribuir al desarrollo de la obesidad y la resistencia a la insulina. La
identificacion de especificas bacterias intestinales y de vias metabdlicas
asociadas a la obesidad y a los trastornos metabdlicos relacionados, representa
una perspectiva novedosa y prometedora para adaptar las intervenciones
personalizadas.

Los principales objetivos de esta tesis doctoral, disefiada en el marco del ensayo
clinico PREDIMED (PREvencién con Dleta MEDiterranea)-Plus, son: (i)
Explorar la asociacion entre la microbiota fecal, el indice de masa corporal y los
cambios en el peso corporal total tras una intervencion de 12 meses sobre el estilo
de vida en sujetos de edad avanzada (entre 55 y 75 afios) con sobrepeso/obesidad
y sindrome metabdlico; (ii) explorar la asociacion entre la microbiota fecal y la
resistencia a la insulina, estimada mediante el indice HOMA-IR, en sujetos no
diabéticos de la misma cohorte.

Los resultados mostraron distintivos taxonémicos especificos de la microbiota
fecal asociados con un menor indice de masa corporal y una mayor pérdida de
peso a los 12 meses de seguimiento. Algunos géneros en concreto y las vias
metabolicas relacionadas se asociaron negativamente con un mayor indice
HOMA-IR y se vincularon con una mejor homeostasis de la glucosa a través de
una mayor descomposicion de aminoacidos y reduccion de sulfatos. Ademas,
otros géneros especificos y las vias metabolicas relacionadas se asociaron
positivamente con el indice HOMA-IR y se relacionaron con una mayor
degradacion de los sacaridos que induce una produccion anormal de butirato.

Estos resultados apoyan la identificacion de distintivos especificos de la
microbiota intestinal para predecir el éxito de los tratamientos contra la obesidad,
pero también para seleccionar posibles candidatos bacterianos para el desarrollo
de terapias contra la resistencia a la insulina. Estos resultados animan a seguir
investigando, especialmente en lo que se refiere a la profundizacion de la
exploracion taxonomica y la elaboracion de perfiles metabolomicos.
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CATALA

Les alteracions en la composici6 i la funcionalitat de la microbiota intestinal
poden contribuir al desenvolupament de 1’obesitat i la resisténcia a la insulina. La
identificacid d’especifiques bactéries intestinals i vies metaboliques associades a
I’obesitat i als trastorns metabolics relacionats, representa una perspectiva

innovadora i prometedora per adaptar les intervencions personalitzades.

Els objectius principals d’aquesta tesi doctoral, dissenyada en el marc de 1’assaig
clinic PREDIMED (PREvenci6é amb Dleta MEDiterrania)-Plus son: (i) Explorar
I’associacio entre la microbiota fecal, I’index de massa corporal i els canvis en el
pes corporal total, després de 12 mesos d’intervencié en I’estil de vida de
persones grans (entre 55 i 75 anys) amb sobrepés/obesitat i sindrome metabolic;
(i1) explorar I’associaci6 entre la microbiota fecal i la resisténcia a la insulina,

estimada per 1'index HOMA-IR, en subjectes no diabétics de la mateixa cohort.

Els resultats van mostrar distintius taxonomics especifics de microbiota fecal
associats a un menor index de massa corporal i una major perdua de pes als 12
mesos de seguiment. Alguns geéneres en concret i les vies metaboliques
relacionades es van associar negativament amb un index HOMA-IR més alt i es
van relacionar amb una millor homeostasi de la glucosa a través d’una major
degradacio dels aminoacids i reducci6 de sulfats. A més, altres géneres especifics
i les vies metaboliques relacionades es van associar positivament amb l'index
HOMA-IR i es van relacionar amb un augment de la degradacio de sacarids que

indueix una producci6 anormal de butirat.

Els nostres resultats donen suport a la identificacio de distintius especifics de
microbiota intestinal per predir I'éxit dels tractaments contra l'obesitat, perd
també per seleccionar possibles candidats bacterians per al desenvolupament de
terapies contra la resisténcia a la insulina. Aquests resultats fomenten el seguir
investigant, especialment pel que fa a I’aprofundiment de 1’exploracio

taxonomica i I’elaboraci6 de perfils metabolomics.



UNIVERSITAT ROVIRA I VIRGILT

GUT MICROBIOTA SIGNATURES ASSOCIATED WITH WEIGHT LOSS AND INSULIN RESISTANCE IN AN ELDERLY
MEDITERRANEAN POPULATION WITH OVERWEIGHT/OBESITY AND METABOLIC SYNDROME

Alessandro Atzeni



UNIVERSITAT ROVIRA I VIRGILT

GUT MICROBIOTA SIGNATURES ASSOCIATED WITH WEIGHT LOSS AND INSULIN RESISTANCE IN AN ELDERLY
MEDITERRANEAN POPULATION WITH OVERWEIGHT/OBESITY AND METABOLIC SYNDROME

Alessandro Atzeni

Abbreviations

WHO World Health Organization
BMI Body mass index

CVD Cardiovascular disease

T2D Type 2 diabetes

LDL Low-density lipoprotein
HDL High-density lipoprotein
SNS Sympathetic nervous system
IR Insulin receptor

PI3K Phosphoinositide-3-kinase

Akt/PKB Protein kinase B

GSK-3p Glycogen synthase kinase-3f3
IRS Insulin receptor substrates
TNF-a Tumor necrosis factor-a
IL-6 Interleukin-6

IL-1B Interleukin-1

ER Endoplasmic reticulum

ATH Adipose tissue hypoxia
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ADA American Diabetes Association

FPG Fasting plasma glucose

OGTT Oral glucose tolerance test

NGSP National Glycohemoglobin Standardization Program
DCCT Diabetes Control and Complications Trial

GWAS Genome wide association studies

SCFA Short-chain fatty acid

LPS Lipopolysaccharide

GF Germ-free

HFD High fat diet

Fiaf Fasting-induced adipocyte factor

Pcg-1a Peroxisomal proliferator-activated receptor coactivator
AMPK Adenosine monophosphate activated protein kinase
WAT White adipose tissue

TLR4 Toll-like receptor

GALT Gut-associated lymphoid tissues

CLA Conjugated linoleic acid

BCAA Branched-chain amino acids
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PAMP Pathogen-associated molecular patterns

MyD88 Myeloid differentiation protein 88

MAL Myd88 adapter-like protein

IRAK IL-1 receptor associate kinase

TRAF6 TNF receptor associated factor

TAK1 Transforming growth factor B-associated kinase

JNK c-Jun N-terminal kinase

IKK I kappa B kinase

NF-xB Nuclear factor kappa B

IxB Nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor

iNOS Inducible nitric oxide synthase
DAMP Damage-associated molecular patterns
GPR43 G-protein-coupled receptors 43
GPR41 G-protein-coupled receptors 41

Treg regulatory T cells

GPBARI1 G protein-coupled bile acid receptor 1

GLP-1 glucagon-like peptide 1

MedDiet Mediterranean diet
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MetS Metabolic syndrome

IG Intervention group

CG Control group

FMT Fecal microbiota transplantation
MEDAS Mediterranean Diet Adherence Screener

HOMA-IR Homeostatic model assessment of insulin resistance

ANOVA One-way analysis of variance

BAM Binary Alignment Map

GMM Gut metabolic module
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1. Obesity

1.1 Definition, epidemiology and public health burden

Obesity is a chronic multifactorial disease characterized by an excess of adipose
tissue accumulation affecting health and often associated to the development of
several related disorders [1]. According to the World Health Organization
(WHO), a body mass index (BMI) > 25 kg/m” is considered overweight, whereas
a BMI > 30 kg/m’ is considered obese [2], however, the use of BMI as
classification criteria has been criticized because does not completely reflect the

total fat mass and its distribution [3].

In the last decades obesity has become a worldwide major public health problem
that has rapidly increased up to reach alarming epidemic proportions in Western
populations [4]. WHO estimated that worldwide, in 2016 more than 1.9 billion
adults were overweight and over 650 millions of these were obese, respectively
39% and 13% of adult population aged 18 years and over. The worldwide
prevalence of obesity nearly tripled between 1975 and 2016 [2]. The Global
Burden of Disease group has estimated that elevated BMI was linked to 4 million
deaths in 2015 [5]. The National Health and Nutrition Examination Survey
conducted in the United States reported that obesity prevalence has reached
almost 40% in 2015-2016 [6]. According on 2005 incidence figures it has been
projected that by 2030 almost 40% of the world's population will be overweight

and one in five people will be obese [7].

Obesity has an important negative impact on health and in reducing the quality
of life, specifically contributing to the global incidence of various conditions
linked with increased mortality such as cardiovascular diseases (CVD), certain
types of cancer, type 2 diabetes (T2D), osteoarthritis, work disability and sleep
apnea [8]. As documented by the Global Burden of Disease Study, obesity is

indeed a major contributor to ill-health, disability and mortality worldwide [9].
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The treatment of obesity and related conditions has also an additional load on

healthcare system [10].

1.2 Pathophysiology and consequences of obesity

Obesity is driven by an imbalance between energy intake and energy expenditure
[11]. The causes of this imbalance involve a complex interplay of genetic,
behavioral, socioeconomic, and environmental factors [12]. Among the
environmental factors, the easier and greater food availability, the increase of
highly processed food consumption and sedentary lifestyle are considered the
major causes of obesity, but culture and socialization also play an important role

[13].

Adipose tissue accumulation evolves slowly over time as a consequence of a
long-term positive energy balance. The accumulation of lipids, mainly
triglycerides, occurs principally in the subcutaneous adipose tissue, and is
accompanied by an increase in the volume of skeletal muscle, liver and other
organs and tissues. There is an increase in macrophages and other immune cell
in the visceral adipose tissue, due to tissue remodeling in response to adipocytes
apoptosis. These immune cells secrete pro-inflammatory cytokines, contributing
to metabolic disturbances associated with obesity [14]. Adipocytes and
macrophages within the adipose tissue synthesize cell-signaling proteins, such as
adipokines, which in case of excessive secretion, bring to low-grade systemic
inflammation [15]. The hydrolysis of triglycerides within adipocytes brings to the
release of free fatty acids in plasma, whereas lipid intermediates accumulate in
non-adipose tissues causing lipotoxicity, with cellular dysfunction and apoptosis
[15]. Lipids are also contained in liposomes, that can access into the cytoplasm
of many cells, like hepatocytes, causing hepatic damage [16,17]. All these factors
contribute to impaired insulin sensitivity, a condition that frequently

characterizes individuals with overweight and obesity, and especially those with
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central obesity [15] and that will be deepen discussed in the next sections of this

thesis introduction.

The metabolic disturbances associated with obesity are one of the mechanisms
underlying the dyslipidemia of obesity, a condition characterized by high levels
of fasting plasma triglycerides and low-density lipoprotein (LDL) cholesterol and
low levels of high-density lipoprotein (HDL) cholesterol; but also other
disturbances such as insulin resistance and T2D and obesity related liver disease
[14]. Moreover, obesity induces hypertension, a chronic medical condition in
which the blood pressure is persistently increased. Mechanisms such as
the activation of the sympathetic nervous system (SNS), increased intra-
abdominal and intra-vascular fat, sodium retention leading to increase in renal
reabsorption, and the renin-angiotensin system, seems to have important
functions in the pathogenesis of obesity-related hypertension. However, the
mechanism by which obesity directly causes hypertension is still under
investigation [18]. The excessive omental and mesenteric fat accumulation could
be also be responsible of mechanical and functional alterations associated to
obesity such us osteoarthritis, restrictive respiratory insufficiency, sleep apnea
syndrome, or cardiac insufficiency, among others. Figure 1 depicts all metabolic

and non-metabolic comorbidities associated to obesity.
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Figure 1: Metabolomic and non-metabolic comorbidities associated to obesity
1.3 Management of obesity

The type of treatments for obesity should be adjusted according with the severity
of the pathology [19]. In any case, weight loss should be recommended to all
patients with overweight, obesity and related comorbidities [20]. Lifestyle
interventions are the first choice for obesity treatment due to safety and contained
costs, and they may include dietary modifications, physical activity promotion,
and behavioral support [21]. However, long-term effectiveness of lifestyle
interventions remains challenging and needs continuous active participations of
patients and regular contacts with specialist during one year or more of follow-
up [20]. Pharmacological therapeutic approaches should be considered for adult
patients with a BMI > 30 kg/m* and BMI 27-29 kg/m* with weight-related
comorbidities [20], and should be used in combination with lifestyle interventions
in order to support long-term weight management, but also in those patients who

did not achieve beneficial results from lifestyle modification approaches [22,23].



UNIVERSITAT ROVIRA I VIRGILT

GUT MICROBIOTA SIGNATURES ASSOCIATED WITH WEIGHT LOSS AND INSULIN RESISTANCE IN AN ELDERLY
MEDITERRANEAN POPULATION WITH OVERWEIGHT/OBESITY AND METABOLIC S Nﬁ?ifl

Alessandrq Atzeni ‘i ﬁODUCTION

Antiobesity drugs aim to reduce caloric intake by improving satiety, helping
patients to achieve better compliance with their diet plan, reducing fat absorption,
or increasing energy expenditure. Again, the support of professionals about
lifestyle changes and food selection in necessary in order to improve the
effectiveness of the combination with pharmacotherapies and avoid weight regain
[24]. Surgical treatments are more effective than other weight loss medical
approaches and are used in case of severe obesity (BMI > 40 kg/m?) or obesity
(BMI 35-39 kg/m?) in presence of weight-related comorbidities. However, these
procedures are more invasive and associated with greater risks [19,23]. Different
surgical techniques may be adopted according to the rate of morbidity and
mortality, the degree of weight loss desired, the weight loss maintenance, and the
rate of comorbidities resolution over time [25]. In general, according to the type
of surgery, weight loss is induced limiting the amount of food consumed by
reducing the size of the stomach (restrictive surgeries) or limiting nutrients
absorption bypassing portions of the small intestine (malabsorptive surgeries)

[25].
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2. Obesity induced insulin resistance and type 2

diabetes

2.1 Glucose homeostasis and insulin resistance
2.1.1 Insulin signaling

Insulin is a peptide hormone that plays an essential role in the process of glucose
homeostasis inducing the access of glucose into muscle, the synthesis of glycogen
in the liver and muscle, and fat deposition into adipocytes. In addition, insulin
enhances the synthesis of proteins, promotes cell survival and growth, prevents
of protein catabolism, and has anti-inflammatory effects [26]. All of the
physiologic effects mentioned are produced by a series of downstream
intracellular signals activated by insulin [27]. Figure 2 shows cellular and
molecular insulin signaling pathway. When insulin binds the insulin receptor
(IR), this is able to phosphorylate various substrates that can activate the
enzyme phosphoinositide-3-kinase (PI3K). PI3K targets and activates the protein
kinase B (Akt/PKB), that drives the above-mentioned metabolic actions of
insulin. In addition, Akt/PKB targets glycogen synthase kinase-3f (GSK-3B),
which is a negative regulator of glycogen synthase, the enzyme that catalyzes the
synthesis of glycogen. GSK-3f also operates as a negative regulator of upstream
insulin signaling attenuating the insulin response by inhibiting the
phosphorylation of insulin receptor substrates (IRS). Increased GSK-3f3 activity
decreases the synthesis of glycogen leading to upstream insulin signaling

impairment [26].
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Figure 2: Cellular and molecular insulin signaling pathway

2.1.2 Cellular and molecular mechanisms of insulin resistance

Insulin resistance is a condition in which beta cells of the pancreatic islets secrete
excessive levels of insulin in order to compensate normal levels of glucose in the
blood, and is caused by a reduced sensitivity or responsiveness to insulin from
peripheral tissues [28]. At intracellular level there is an impaired insulin signaling
from the IR downstream to the final substrates involved in multiple functional
mechanisms [29]. Several animal and human studies have consistently
demonstrated that insulin resistance may be attributed to a reduced strength of
insulin signaling via the IRS and PI3K pathway, resulting in a decrease of glucose
uptake and utilization in insulin target tissues [29]. Among the potential
mechanism involved it seem that serine phosphorylation of IRS proteins, in
response to a number of intracellular serine kinases, can reduce the attraction to
PI3K minimizing its activation, it means that an excessive phosphorylation of

IRS proteins could disturb the insulin signaling downstream, causing insulin
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resistance [29]. Potential triggering mechanisms such as mitochondrial
dysfunction [30], hyperinsulinemia [31], or hyperglycemia [32] have also been
described and confirmed by different studies. A second potential complementary
molecular mechanism involved in the pathogenesis of insulin resistance could be
attributed to an imbalance between PI3K subunits that occurs under certain
circumstances, such as short-term overfeeding, gestational diabetes, steroid- and
GH-induced insulin resistance, obesity and diabetes. However, it seems that a
combination of the two mechanisms above mentioned is necessary in order to

lead to insulin resistance [29].
2.1.3 The link between obesity, insulin resistance, and type 2 diabetes

Obesity has been identified as a major cause for the development of insulin
resistance and hyperglycemia associated with T2D [26], as increased body fat
and abdominal adiposity is an important risk factor for the development of T2D
[28]. Mechanisms linking obesity and insulin resistance are summarized in Figure
3. Opverstressed adipocytes suffer a process of apoptosis, activating an
inflammatory response [33]. In addition, the infiltration of monocytes and
activated macrophages in the adipose tissue promotes the release of pro-
inflammatory cytokines, including tumor necrosis factor-a. (TNF-a), interleukin-
6 (IL-6), and interleukin-1 (IL-1B), from the visceral adipose tissue into the portal
vein, a mechanism which have been directly implicated in the pathogenesis of
insulin resistance [26]. One suggested mechanism of action of these
inflammatory mediators is through serine phosphorylation of IRS [34].
Macrophage infiltration in the liver promotes the development of hepatic

inflammation and steatosis [35].

Another mechanism associating obesity with insulin resistance and T2D seem to
be linked with the accumulation of triglycerides in muscle and liver which might
cause a decrease in mitochondrial function [36]. Excessive and ectopic lipid
accumulation in adipocytes, liver, muscle, and outside may cause insulin

resistance even without inflammatory responses through metabolically toxic

10
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product formation. These lipids may activate signaling pathways that negatively
impact insulin signal transduction like one or more of the protein kinase C
proteins [37]. Further association comes from the assumption that adipocyte,
which are involved in the secretion of many peptide hormones, such as leptin,
retain the capacity to perform their local functions and systemic metabolism in
different organs [37]. In addition, it has been observed that an increase in the level
of adipokines such resistin induces insulin resistance through inhibition of
glucose transport in vitro, and increases hepatic glucose production and fasting

blood glucose concentrations in vivo [38].

Studies revealed that stress of the endoplasmic reticulum (ER) brings to unfolded
protein response which are central factors for insulin resistance and development
of T2D. Enhanced unfolded and/or misfolded proteins in the ER lumen may be
caused by the depletion of calcium stores from the ER. The presence of a high
level of misfolded proteins results in the activation of signaling pathways to
restore homeostasis and may lead to insulin resistance [39]. Adipose tissue
hypoxia (ATH) may stimulate cellular mechanisms for leptin elevation,
mitochondrial dysfunction, macrophage infiltration, chronic inflammation,
adiponectin reduction, ER stress, and adipocyte death in obese individuals. In
addition, inhibition of adipogenesis and triglyceride synthesis by hypoxia may be

a new mechanism for elevated fatty acids in the blood during obesity [40].

Hypothalamic IRs function inhibition results in impaired hepatic glucose
metabolism and insulin resistance [37]. IRs, IRS-1 gene polymorphisms affect
insulin signaling, but also polymorphisms of other genes associated with visceral
obesity, such as uncoupling protein gene, B3 adrenergic receptor gene, and

GLUT-4 gene [41].

11
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Figure 3: Mechanisms linking obesity and insulin resistance
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2.2 Prediabetes and type 2 diabetes

T2D is a chronic metabolic disorder characterized by a progressive disruption of
glucose metabolism and homeostasis [42]. According to the WHO, about 442
million people worldwide, around 9% of the adult population, have diabetes, and
T2D accounts more than 90% of the total [43,44]. T2D is considered an important
public health concern worldwide with a considerable impact on human health and
quality of life, leading to significant morbidity and premature mortality [45].
People with T2D are at increased risk of many complications such as CVD,
nephropathy, retinopathy, diabetic foot, cancer, cognitive decline, sleep apnea,
mood disorders, bone metabolism impairment. Most of these T2D complications
are mainly due to complex and interconnected mechanism such as
hyperglycemia, insulin resistance, low-grade inflammation, accelerated

atherogenesis [46].

12
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The American Diabetes Association (ADA) “Standards of Medical Care in
Diabetes—2021”, described the criteria for the diagnosis of T2D: (i) Fasting
plasma glucose (FPG) > 126 mg/dL (7.0 mmol/L) in at least two consecutive
determinations, with fasting defined as no caloric intake for at least 8 h; (ii)
Plasma glucose concentration 2 hours after oral glucose tolerance test (OGTT)
(ingestion of 75 g of anhydrous glucose dissolved in water) > 200 mg/dL (11.1
mmol/L); (iii) Glycated hemoglobin (HbAlc) > 6.5% (48 mmol/mol), determined
using the method certified by the National Glycohemoglobin Standardization
Program (NGSP) and standardized by Diabetes Control and Complications Trial
(DCCT); (iv) Plasma glucose concentration > 200 mg/dL (11.1 mmol/L)

randomly determined in hyperglycemic patients [47].

T2D is usually preceded by a pre-diabetic stage defined by impaired fasting
glucose and/or impaired glucose tolerance [48]. In other words, prediabetes is a
condition characterized by intermediate hyperglycemia, impaired insulin
sensitivity and reduced function of beta cell that in the 70% of cases induces T2D

development [49].

Several genome wide association studies (GWAS) suggested that genetic
predisposition is one of the major contributors for higher incidence of T2D. In
addition, intrauterine growth restriction during the fetus development and
external environmental factors (mainly obesogenic during the growth) may
contribute to the development T2D [50]. Lifestyle and dietary habits also play a
key role in the pathogenesis of T2D. The excessive consumption of saturated fats,
refined sugars or carbohydrates of low glycemic index can lead to dyslipidemia

and impaired insulin sensitivity [51].

Caloric restriction and physical activity activate cellular mechanisms that can
improve patient’s metabolic state and represent the main approach of the non-
pharmacological treatment of T2D. In case that lifestyle changes do not produce
adequate improvements, the use of antihyperglycemic drugs should be

considered. Metformin is recommended for initial drug treatment, but in case this

13
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drug is contraindicated, poorly tolerated, or inadequately effective, many
therapeutic alternative drugs are available. In any case pharmacological treatment
is individually oriented, depending on the patient’s age, disease stage, body
weight and comorbidities [52]. In the last decades a huge number of antidiabetic
drugs have been developed to control diabetes through different mechanism of

action.

14
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3. The role of gut microbiota in obesity and insulin

resistance

3.1 General characteristics of human gut microbiota

The adult human gut contains up to 100 trillion microorganisms, including
mainly bacteria followed by a smaller proportion of archaea, viruses, fungi and
protozoa. The size of the microbial population inhabiting the human gut exceed
the number of eukaryotic cells in the human body, in fact, the number of genes
in the human gut microbiota is more than 100-fold higher than the human genome
itself[53,54]. In 2005, Biackhed and colleagues defined the human gut microbiota
as a complex collective of genomes (microbiome) that has co-evolved with the
host over thousands of years creating a mutual relationship thanks to the capacity
to communicate between each other [53]. An efficient intercommunication with
the host permits the gut microbes to consume, store, and redistribute energy; to
mediate physiologically important chemical transformations; and to maintain and
repair itself through self- replication [53]. The gut microbiota clearly influences
host’s health of providing a series of benefits including, intestinal epithelium
integrity maintenance [55], protection against pathogens [56], regulation of
immune functions [57] and modulation of energy metabolism [58]. The increased
energy intake from the digested food is linked with the production of metabolites
and microbial products such as short-chain fatty acids (SCFAs), secondary bile
acids, and lipopolysaccharide (LPS), which play a role of signal molecules,
modulating appetite, gut motility, energy uptake and storage, and energy

expenditure [59].

Gut microbial phyla Firmicutes and Bacteroidetes represent the 90% of the gut
microbiota; Clostridium genera represents 95% of the Firmicutes phyla;
Bacteroidetes phyla is mainly constituted by Bacteroides and Prevotella
genus; Actinobacteria phylum is proportionally less abundant and mainly

represented by the Bifidobacterium genus [60]. However, taxonomic variations
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of the gut microbiota undergo among individuals but also individually and

according to the gastro intestinal tract portion [60].

Human intestinal microbial colonization begins during delivery, follows
postpartum, and increments from infancy to adulthood, mainly influenced by
environmental and genetic factors [61]. The first colonizers of the neonatal
intestinal tract are determined by the birth delivery method (natural or cesarean)
[62] and subsequently by feeding method (breastfeeding or formula feeding) [63].
During the first periods of life the intestinal microbiota is also influenced by the
use of prebiotics and antibiotics and by the introduction of complex dietary
substrates during weaning [61], and reaches more stability after around 3 years
of age when it becomes more similar to the adult intestinal microbiota [60].
During adulthood, the healthy gut microbiome is relatively stable, but the

variability and complexity can certainly be driven by lifestyle choices.

Genetic and environmental factors can explain just the 30% of the interindividual
variation of the human gut microbiota, whereas the remaining 70% is attributed
to unpredictable variations driven by stochastic ecological processes [61]. The
high degree of variability makes difficult to establish a specific profile of healthy
gut microbiota, but with the advent of omics, parameters such as microbial
diversity and richness, abundance of SCFAs producers, in addition with host
parameters such as gut barrier function and immunity, can be considered in order

to establish if the gut microbial environment is healthy or not [64].
3.2 The link between gut microbiota and obesity

In the early beginning of century pioneering animal studies were conducted in
order to elucidate the gut microbiota profiles and linked mechanism associated
with obesity. Turnbaugh and colleagues reported that genetically obese (0b/0b)
mice have a significant reduction in relative abundance of Bacteroidetes and a
proportional increase in Firmicutes and Archaea resulting in increased capacity

to harvest energy from diet. Further investigation demonstrated that this trait is
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transmissible: the introduction of 0b/0ob mice gut microbiota in germ free (GF)
mice results in a significant greater increase in total body fat than introduction of
lean mice gut microbiota [65]. Therefore, changes in gut microbial composition
contribute to the development of obesity via a complex interplay between
microbiome genetic factors, host genotype and lifestyle. Backhed and colleagues
observed that transferring the gut microbiota from conventionally raised mice
into GF mice recipients, induced a consistent increase in body fat content within
two weeks [66]. This mechanism take place via bacterial absorption of
monosaccharides from the gut lumen with downstream induction of de novo
hepatic lipogenesis [66]. Few years later they observed that GF mice are protected
against obesity development after high fat diet (HFD) by two complementary but
independent mechanisms that result in increased fatty acid metabolism.
Specifically, (i) elevated levels of fasting-induced adipose factor (Fiaf), a
circulating lipoprotein whose expression is normally selectively suppressed in the
gut epithelium by the microbiota, inducing expression of peroxisomal
proliferator-activated receptor coactivator (Pcg-la); (ii) increased skeletal
muscle and liver levels of phosphorylated AMP-activated protein kinase (AMPK)
[67].

Human research did not totally confirm what was observed in animal studies, but
more information have been added helping to better understand the gut microbial
profile associated with obesity [68]. Among different bacteria inhabiting the
human intestine, Bacteroidetes and Firmicutes phyla are the dominant ones, and
earlier human studies were focused in elucidate the relationship between
Firmicutes-to-Bacteroidetes ratio and obesity [69]. Several studies suggest that
an augmented Firmicutes-to-Bacteroidetes ratio is associated to increased low-
grade inflammatory status and capability to harvest energy from food [70].
However, too many discordant results have been reported in literature, suggesting
that Firmicutes-to-Bacteroidetes ratio can change depending on study population

and/or sequencing method used, and deepen taxonomic identification is required
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in order to better understand the relationship between obesity and intestinal
bacteria [71]. Improvements in high-throughput DNA sequencing technologies
helped to unlock information under this point of view [72]. A systematic review
conducted by Crovesy ef al. in 2019 aimed to describe the differences between
the gut microbiota of individuals with obesity and lean individuals. According to
their assessments obtained from 32 eligible studies, obesity is associated with
higher  Firmicutes-to-Bacteroidetes  ratio,  Firmicutes,  Fusobacteria,
Proteobacteria, Mollicutes, Lactobacillus (reuteri), and lower Verrucomicrobia
(Akkermansia muciniphila), Faecalibacterium (prausnitzii), Bacteroidetes,
Methanobrevibacter smithii, Lactobacillus plantarum and paracasei. Finally
they suggest that gut microbiota of individuals with obesity differ from gut
microbiota of lean individuals [68]. Several studies shown that low microbial
diversity and richness is associated with worst outcome in terms of inflammation
and adiposity [69]. Low bacterial richness and an obese phenotype is associated
with a reduction in butyrate-producing bacteria, a reduction in hydrogen and
methane production, an increase in mucus degradation and an increase in the

potential to manage oxidative stress [73].

Microbes mediate white adipose tissue (WAT) inflammation by activating Toll-
like receptor (TLR4) signaling and increasing serum LPS levels inducing
endotoxemia [73,74]. Although there is a large heterogeneity in the available
current knowledge, a common agreement is that obesity is characterized by gut
dysbiosis. A review conducted by Gomes and colleagues, extensively describes
the possible mechanisms linking obesity with gut dysbiosis: (i) Obese-related
changes in the microbial composition can affect the intestinal barrier integrity
promoted by the gut-associated lymphoid tissues (GALT), leading to the
translocation of pathogenic bacteria; (ii) Translocation of bacterial LPS from gut
lumen into systemic circulation, causing an innate immune response in liver and
adipose tissue; (iii) Reduction of conjugated linoleic acid (CLA) producing

bacteria, with consequent increase in energy extraction from diet, adipogenesis,
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lipolysis and adipocyte apoptosis; (iv) Hyperactivation of the endocannabinoid
system, expressed in tissues that control energy balance and regulates feeding
behavior and metabolism; (v) Alteration of adiposity process; vi) Assimilation of
cholesterol by bacterial cell wall, inhibition of hepatic cholesterol
synthesis, redistribution of cholesterol from the plasma to the liver through the
action of SCFAs and/or deconjugation of bile acids by hydrolysis; (vi) Alterations

in hormones involved in food intake and satiety [75].
3.3 The link between gut microbiota and insulin resistance

The main mechanisms contributing to explain the link between gut microbiota
and insulin resistance involve LPS, SCFAs, bile acids and branched-chain amino

acids (BCAAs) (Figure 5).
3.3.1 Molecular mechanisms of lipopolysaccharide-induced insulin resistance

LPS binds TLR4, which is expressed in most cells and macrophages and
recognizes pathogen-associated molecular patterns (PAMP). The interaction of
LPS with TLR4 activates intracellular signaling pathways inducing inflammatory
response and cytokine expression and secretion [76] (Figure 4). Increased level
of LPS is directly associated with increased intestinal permeability, due reduced
expression of proteins that compose tight junctions, leading to the translocation
of LPS outside the gut lumen into the circulation and causing inflammation [77].
LPS binds and activates TLR4, which dimerizes and recruits downstream adaptor
molecules such as myeloid differentiation protein 88 (MyD88) and Myd88
adapter-like protein (MAL). The molecular cascade that follows involves the
activation of IL-1 receptor associate kinase (IRAK), TNF receptor associated
factor (TRAF6), transforming growth factor B-associated kinase (TAK1), and
serine-kinases c-Jun N-terminal kinase (JNK) and I kappa B kinase (IKK)
complexes. The IKK complex converges at nuclear factor kappa B (NF-kB),
which is maintained in the inactive state by nuclear factor of kappa light

polypeptide gene enhancer in B-cells inhibitor (IxB). This is in turn, degraded by
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proteasomes, resulting in the translocation of NF-kB into the nucleus, activating
the inflammatory response by increasing TNF-o and IL-6. The activation of JNK
and IKK can induce IRSs serine phosphorylation, which has an important role in
insulin resistance [77]. In addition, the molecular cascade activated by LPS-
TLR4 bond leads to increased expression of inducible nitric oxide synthase
(INOS), provoking S-nitrosation/S-nitrosylation of IR and IRS in insulin

sensitive tissues [78].

Different studies demonstrated that the inactivation of TLR4 in tissues and cells
with relevant metabolic roles, such as muscle, adipose tissue, hepatic cells,
protects from insulin resistance and systemic inflammation [79]. In addition,
other TLRs, PAMPs and damage-associated molecular patterns (DAMPs), such
as the inflammasome, may be involved in molecular mechanisms linking gut

dysbiosis, inflammation and insulin resistance [80,81].
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Figure 4: Cellular and molecular pathway of lipopolysaccharide inducing insulin

resistance
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3.3.2 The anti-inflammatory effects of short-chain fatty acids

The microbial community in the large intestine is responsible of the fermentation
of non-digestible carbohydrates, an important fraction of dietary fiber, producing
SCFAs that are absorbed across the colonic mucosa. Acetate, propionate and
butyrate are the primary end-products, and their production have been estimated
to recover 10% of total energy intake from the diet, also increasing the amount
of dietary energy available to the host [82]. Modifications in the gut microbial
composition and metabolism resulting from carbohydrate fermentation can have
beneficial effects in host health [82]. Butyrate plays an important role in
promoting the integrity of the large bowel and small intestinal barrier and
providing energy to epithelial cells in the large intestine. In addition, it seems to
play a role in immune response regulation. Some amount acetate is converted to
butyrate by luminal bacteria, whereas part reaches adipose tissues where induces
lipogenesis and part is oxidized by muscle. Propionate is sequestrated in the liver
where it may induce gluconeogenesis [83]. SCFAs are able to bind G-protein-
coupled receptors 43 and 41 (GPR43 and GPR41) in host immune cells and
inhibit NF-kB activation, inducing anti-inflammatory effects [77]. The reduced
secretion of proinflammatory cytokines and chemokines, diminish local
macrophage infiltration. Butyrate and Propionate can induce the extrathymic
generation and differentiation of anti-inflammatory regulatory T cells (Treg) and
IL-10 production. An increase in Treg cells can reduce macrophage infiltration

in adipose tissue, improving insulin resistance [84].
3.3.3 The action of bile acids and branched-chain amino acids

Bile acids are conjugated to glycine in the liver and then released in the
circulation reaching the intestine, where they are targeted by the gut microbiota.
Secondary bile acids act through G protein-coupled bile acid receptor 1
(GPBARY1) activating glucagon-like peptide 1 (GLP-1) secretion from L-cells

in the intestine, and this secretion can protect against insulin resistance [85].
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An increase in circulating BCAAs, such as leucine, isoleucine and valine,
probably related to altered peripheral amino acid metabolism but also to an

excessive supply from a dysbiotic gut microbiota, induce insulin resistance [77].
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Figure 5: Mechanism contributing to explain the link between gut microbiota
and insulin resistance. Gut dysbiosis increases levels of lipopolysaccharide and
branched-chain amino acids affecting gut permeability and inducing systemic
inflammation. Decreased levels of short-chain fatty acids and secondary bile

acids inhibit anti-inflammatory effects and gluconeogenesis.
3.4 Microbiota modulation to treat obesity and insulin resistance
3.4.1. The role of diet

Is has been observed that the “westernization” of lifestyle and especially diet, is
associated with the growing of several health issues [86], and that the
modification of these habits represent a valid strategy to prevent or alleviate these
issues [73]. Among all the possible lifestyle choices diet represents a dominant

contributing factor to shape the gut microbial composition. Interindividual
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variations are in part explained by the enterotypes [87]. The concept of
enterotypes was introduced in 2011 by Arumugam et al., who defined three
specific host-microbial symbiotic states driven by the dominant bacteria clusters:
Bacteroides (enterotype 1), Prevotella (enterotype 2) and Ruminococcus
(enterotype 3). Each enterotype represents a functional association of several
bacteria genera that characterizes and is conserved in each individual and defines
how these genera are capable to generate energy from fermentable substrates in
the colon. The nature of these enterotypes seems to be driven principally by diet
[87]. The influence of diet on the intestinal microbiota composition has been
widely demonstrated [88]. Different bacterial clusters have been observed by
comparing the gut microbiota of children from rural Africa areas and children
from Italy, exposed to completely different dietary patterns especially in terms of
fiber intake [89]. Dietary carbohydrates intake from diet contribute to big
variations in gut microbiota composition, as observed in a study showing that gut
microbiome of African and South American people clustered together,
correlating with large consumption of plant-based polysaccharides, but contrarily
were different from North Americans mainly consuming low-fiber diet [90]. Wu
and colleagues reported that the prevalence of Bacteroides and Actinobacteria
was positively associated with a HFD and negatively associated with fiber intake,
whereas Firmicutes and Proteobacteria show the opposite associations. High
consumption of animal protein and saturated fats is associated with the
Bacteroides-dominant enterotype, suggesting its prevalence in Western
countries. In contrast, high consumption of carbohydrates and simple sugars is
associated with the Prevotella-dominant enterotype, indicating a correlation with
a carbohydrate based diet more typical of agrarian societies and vegetarians [91].
Diets rich in fiber increase the production of SCFAs by microbes, lowering the
intestinal pH and preventing the growth of pathogenic bacteria [92]. On the other
hand, western diet is considered to be responsible of intestinal dysbiosis by

inducing the proliferation of certain species which can result in increased
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intestinal LPS or by inducing the secretion of bile acids, causing metabolic

endodotoxemia and low-grade inflammation.

Among different dietary patterns, Mediterranean diet (MedDiet) has been
suggested as a valid therapeutic strategy for health promotion. The traditional
MedDiet is characterized by high consumption of vegetables, fruits, nuts,
legumes, and unprocessed cereals; low consumption of meat and meat products;
low consumption of dairy products (with the exception of the long-preservable
cheeses); moderate alcohol consumption in form of wine and, as a rule, during
meals; use of olive oil as primary source of dietary fat for dressing and cooking
[93,94]. Numerous studies and clinical trials have demonstrated the beneficial
effects of MedDiet on human health by reducing the risk of all-cause mortality
and multiple chronic diseases [95,96]. The PREDIMED (PREvencion con Dleta
MEDiterranea) randomized trial, designed to assess the efficacy of MedDiet
supplemented with extra-virgin olive oil or nuts, shown a reduction in the
incidence of major cardiovascular events and mortality compared to a low-fat diet

[96].

Several studies aimed to assess MedDiet influence on gut microbiota [97,98]. A
study conducted in a cohort of 153 individuals following omnivore, vegetarian or
vegan diets, and stratified according to adherence to MedDiet, shown a
significant association between high consumption of vegetables consistent with
a MedDiet and increased levels of SCFAs, Prevotella and some fibre-degrading
Firmicutes [99]. Accordingly, MedDiet score was associated with higher
abundance of Bacteroidetes, Prevotellaceae and Prevotella, lower concentration
of Firmicutes and Lachnospiraceae and higher concentrations of fecal SCFAs in
a cohort of adults with non-declared pathology [100]. In Support to these
evidences Garcia-Mantrana and colleagues observed that higher adherence to
MedDiet was associated with lower ratio of Firmicutes-to-Bacteroidetes and
higher fecal SCFAs levels in 27 healthy volunteers [101]. More recently, the
results of the NU-AGE projects shown that the adherence to MedDiet was
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positively associated with taxa linked with beneficial effects on frailty and
negatively associated with inflammatory markers in 612 participants from
different European countries [102]. An enrichment in Lachnospiraceae and
Ruminococcaceae was observed in the fecal microbiota of adult participants with
metabolic syndrome (MetS) exposed to MedDiet versus habitual non-MedDiet
supplemented with nuts, highlighting the beneficial effects of MedDiet on

cardiometabolic risk factors [103].
3.4.2 Lifestyle interventions

A recent observational study was conducted to assess the effects of weight loss
lifestyle modifications in the composition, richness and predicted functional
profiles of the gut microbiota in children and adolescents (aged 7—18 years) with
obesity. Participants who lost weight after intervention shown a decrease of
Bacteroidetes phylum, Bacteroidia class, Bacteroidales order, Bacteroidaceae
family, and Bacteroides genus, along with increased proportions of Firmicutes
phylum, Clostridia class, and Clostridiales order. Patients who gained weight
after intervention shown decreased Firmicutes phylum, Clostridia class,
Clostridiales order, Lachnospiraceae family, and FEubacterium hallii group
genus, without a change in diversity after the intervention. The functional
metabolic analysis shown that the “Nitrate Reduction VI” and “Aspartate
Superpathway” pathways were predicted to increase significantly in case of
weight loss [104]. Stanislawski and colleagues conducted an ongoing behavioral
weight loss trial, comparing daily caloric restriction to intermittent fasting in
adults (age 18-55) with overweight or obesity during three months of follow-up.
The aim of the study was to determine whether gut microbial signatures assessed
at either baseline or in at three months of follow-up were associated with early
clinical outcomes. The overall microbial community structure and diversity
increased significantly from baseline to three months, whereas in terms of
bacterial relative abundance, there was an increase of genera Parabacteroides,

Alistipes, and Bacteroides, and a decrease of genus Subdoligranulum and
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Collinsella. Analysis by intervention group found increased relative abundance
of Akkermansia in patients exposed to intermittent fasting [105]. The effect of a
one-year intensive lifestyle weight loss intervention on the gut microbiota of
elderly subjects (aged 55-75) with overweight/obesity and MetS was recently
determined. The study conducted within the frame of the PREDIMED-Plus trial
compared an intervention group (IG), in which participants were exposed to an
energy-restricted MedDiet, behavioral support and physical activity, versus a
control group (CG) in which participants underwent just an energy unrestricted
MedDiet. Differential abundance analysis between the two groups shown a
decrease in Butyricicoccus, Haemophilus, Ruminiclostridium, and Eubacterium
hallii and an increase in Coprobacter and uncultured bacteria from Rhodospirales
order in IG compared with CG group. Several other genera especially linked to
the production of SCFAs, shifted in the same direction within both intervention
groups after one year of follow-up, suggesting an overall effect of the MedDiet
on gut microbiota composition and function associated to a better metabolic

profile [106].
3.4.3 Prebiotics and probiotics

Prebiotics are nondigestible polysaccharides that promote the growth of
beneficial intestinal bacteria. Oligofructose, inulin, fructooligosaccharides,
galactooligosaccharides, and few types of pectin have been reported to be
beneficial for obesity management. Other substances such as polyphenols and
polyunsaturated fatty acids can be considered as prebiotic, since their beneficial
effects on health via gut microbiota modulation have been demonstrated [71].
Different studies shown that prebiotics administration is associated with
increased satiety hormones and reduced postprandial hyperglycemia and insulin
secretion [69]. In addition prebiotics have a positive effect on serum lipids, body

weight and serum inflammatory markers [71].

Probiotics are defined as live microorganism that can induce beneficial effects to

the host when administered in appropriate doses [71]. There are several studies
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showing an increase in metabolism, but barrier integrity and reduced
inflammation associated with the use of probiotics. In addition, has been
documented the action of probiotics reduces plasma lipids and pro-inflammatory
genes and increase the production of SCFAs [69]. The use of some probiotics as
therapy to attenuate T2D have been documented. It seems that the efficacy of
these treatments is associated to a reduction of low-grade inflammation, via
improved tight junction function and preventing metabolic endotoxemia [73].
The main targets for probiotic-mediated T2D therapy are the SCFAs, as these
molecules interact with the host enteroendocrine system regulating the expression
of gut hormones affecting gut permeability, satiety, gastric emptying and food
intake [73]. In addition SCFAs are able to increase intestinal gluconeogenesis
contributing to satiety [107]. Another proposed target of probiotics for the
treatment of T2D is the endocannabinoid system, via upregulating the expression
and correcting the localization of intestinal epithelial tight junction proteins

[108].

Several studies have shown that the combination of prebiotics and probiotics have
better efficacy on host health compared to when used individually, as prebiotic

can stimulate the probiotic activity [71].
3.4.4 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) consists in the administration of a fecal
suspension from a healthy donor into the gastrointestinal tract of a recipient in
order to restore a healthy gut microbiota [69]. The use of FMT have been
demonstrated to be an effective therapy for recurrent Clostridium difficile
infection [109]. However, the therapeutic potential of FMT to treat obesity still
needs to be clarified. Some animal studies shown that FMT from obese donors
can increase adiposity and induce metabolic complications [110,111]. There are
just few human studies evaluating the efficacy of FMT for the treatment of
obesity. Among these some shown an improvement in insulin sensitivity in

subjects with MetS after FMT from healthy donors, suggesting that the therapy
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had short-term beneficial effects but not long-term changes of MetS were
observed [112,113]. However, even if FMT is considered a promising strategy
for the treatment of obesity and metabolic disorders, further studies are necessary
in order to standardize the procedure and reduce safety risks for health. Most
short-term risks are associated with the method of administration (endoscopic
procedure) rather than FMT itself. Longer term risks are less well described, and
several longitudinal follow-up studies do not suggest any cause of significant
concern. Some rare cases documented adverse outcomes including the

transmission of antibiotic resistant bacteria, and even death [114].
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Overweight and obesity are considered a major worldwide public health problem
which has rapidly increased up to reach global epidemic proportions. Obesity is
a chronic multifactorial disease characterized by an excess of adipose tissue
accumulation directly associated with several metabolic complications including

insulin resistance, an important risk factor for the development of T2D.

Emerging evidences shown that alterations in intestinal microbial composition
and functionality could play a pathological role in the development of obesity and
insulin resistance. These alterations are the result of a complex interplay between
microbiome genetic factors, host genotype and lifestyle. The main factors linking
obesity-related gut microbial changes are characterized by an increased capacity
to harvest energy from diet, altered adiposity and lipid metabolism, impaired
feeding behavior, among several other mechanism linked. Gut microbiota
alterations affect intestinal barrier integrity inducing endotoxemia with
consequent low-grade systemic inflammation. The activation of intracellular
inflammatory molecular pathways, together with a disproportion in the
production of SCFAs and the action of bile acids and BCAAs, represent the main

factors directly involved in the development of insulin resistance.

Lifestyle modifications based on weight loss dietary interventions as strategy to
manage overweight, obesity and related metabolic disorder through gut
microbiota modulation, have shown promising results. However, even if the
association between gut microbes and weight dynamic has been widely explored,
contrasting results were described, especially because the microbiota represents
a complex environment with a lot of interindividual variability. The identification
of specific bacteria and metabolic patterns associated with obesity and related
metabolic disorders would offer a promising novel perspective to tailor
personalized interventions. Accordingly, the studies enclosed in this doctoral
thesis aimed to explore the association between fecal microbiota, weight loss and

insulin resistance in the framework of a large study population of elderly subjects
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with overweight/obesity and MetS exposed to a lifestyle intervention based on

Mediterranean diet, physical activity and behavioral support.

Promising evidences already provided, the lack of consensus in the current
knowledge, and the need of methodological improvements, are the main reasons
that moves lots of research on this topic nowadays, including the studies enclosed

in this doctoral thesis.
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We hypothesized that specific fecal microbiota taxonomic signatures may be
linked with body weight control in a Mediterranean population of elderly subjects
with overweight/obesity and MetS exposed to a 12-month lifestyle intervention.
Moreover, we hypothesized that specific fecal microbiota genera and metabolic
pathways associated may be linked with insulin resistance in subjects without

T2D from the same cohort.
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Objective 1

Explore the association between fecal microbiota taxonomic signatures, BMI and
changes in total body weight after 12-month lifestyle intervention in a

Mediterranean population of elderly subjects with overweight/obesity and MetS.
Objective 2

Explore the association between fecal microbiota taxonomic and pathway-related
signatures and HOMA-IR index in a Mediterranean population of elderly subjects

with overweight/obesity, MetS, and without T2D.
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1. Study participants: the PREDIMED-Plus trial

The PREDIMED (PREvencion con Dleta MEDiterranea)-Plus trial is an ongoing
multicenter, parallel-group, randomized, single blind clinical trial counting 6874
participants recruited in 23 Spanish recruiting centers between September 2013

and December 2016.

The trial aims to assess the long-term effects of an intensive weight loss lifestyle
intervention based on an energy-restricted MedDiet, physical activity promotion,
and behavioral support (IG) on hard CVD events, versus a CG following an
energy-unrestricted MedDiet without any advice to increase physical activity.
The trial was registered at the International Standard Randomized Controlled
Trial  (http://www.isrctn.com/[SRCTN89898870) and approved by the
institutional review board of all participating institutions. A detailed protocol is

available at the web page http://predimedplus.com/.

Eligible participants were men (aged 55-75 years) and women (aged 60-75
years), without documented history of CVD at enrollment, with
overweight/obesity (BMI >27 and <40 kg/m?) and who met at baseline at least
three components of the MetS. More in detail: waist circumference > 102 c¢cm in
men and > 88 c¢cm in women; serum triglyceride > 150 mg/dL or drug treatment
for elevated triglycerides; HDL cholesterol < 40 mg/dL in men and < 50 mg/dL
in women, or drug use for low HDL-cholesterol; blood pressure > 130/85 mmHg
or antihypertensive drug treatment; and fasting plasma glucose level > 100 mg/dL
or hypoglycemic treatment. The MetS criteria were described in 2009 by the
harmonized definition of the joint statement from the International Diabetes
Federation/National Heart, Lung, and Blood Institute/American Heart
Association [115].

Potential eligible candidates entered a 4-week run-in period comprising three

screening visits aiming to determine the adherence to study procedures.
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Candidates meeting eligibility criteria who had attended all screening visits and
correctly filled in the administered questionnaires and records were randomized
in a 1:1 ratio to either the IG or the CG, using a centrally controlled, computer-
generated random-number internet-based system with stratification by recruiting
center, sex, and age (<65, 65-70, and >70 years). The randomization procedure
was blinded to all staff members and principal investigators and was audited for
all centers. For participant couples sharing the same household, randomization
was done by cluster, with the couple as the unit of randomization. In the specific
cases of couples in which the first spouse was previously recruited at a different
time, the last spouse entering the study was directly assigned (not randomized) to

the same study arm as his/her partner.

2. Clinical and dietary assessment

Information about sociodemographic and lifestyle aspects, education level,

individual and family medical history, and current medication use was collected.

A 17-item questionnaire [116] was used to assess adherence to the energy-
restricted MedDiet at baseline and follow-up visits. This 17-item questionnaire is
a modified version of the previously validated 14-item Mediterranean Diet
Adherence Screener (MEDAS) questionnaire, which was also used in this trial
[117]. In addition, A validated 143- item food frequency questionnaire was also

completed to assess food habits [118].

At each visit waist circumference was measured midway between the lowest rib
and the iliac crest using an anthropometric tape, body weight was measured twice
using high-quality electronic calibrated scales and height was measured twice
using a wall-mounted stadiometer. Systolic and diastolic blood pressure was
measured 3 times using a validated semiautomatic oscillometer (Omron HEM-

705CP, Kyoto, Japan) and the mean of repeated measures was used.
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3. Blood sampling and biochemical analysis

Blood samples were collected after an overnight fast. Tubes of serum and plasma
were collected, and aliquots were coded and stored at -80°C in a central

laboratory until analyses.

Plasma levels of glucose, insulin, total cholesterol, HDL cholesterol and
triglycerides were measured using standard enzymatic methods, LDL cholesterol
was calculated with the Friedewald formula (whenever triglycerides were less
than 300 mg/dL), glycated hemoglobin was measured by a chromatographic
method. Insulin resistance was estimated by the homeostatic model assessment

of insulin resistance (HOMA-IR) [119] using the following formula:

insulin (mU/mL) X FPG(mg/dL)/
405

4. Stool samples collection, microbial DNA

extraction and 16S amplicon sequencing

Stool samples were collected at home by participants and kept frozen till the
delivery to the laboratory. In case of antibiotic or prebiotic supplements use,
samples were collected 15 days after treatment completion. Stool samples were

then separated into 250 mg aliquots and stored at —80 °C, until analysis.

Microbial DNA was extracted using the QIAmp PowerFecal DNA kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. Previous extraction
samples were disrupted in a 5 minutes lysis step using FastPrep-24™ 5G
Homogenizer (MP Biomedicals, Santa Ana, CA, USA). After extraction, the
DNA was stored at —20°C until further processing. DNA concentration and purity
was assessed with the Qubit 2.0 Fluorometer-dsDNA Broad Range Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA).
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Bacterial 16S rRNA gene was amplified with the Ion 16S Metagenomics kit
(Thermo Fisher Scientific, Waltham, MA, USA), using two sets of primers (V2,
V4, V8 and V3, V6-7, V9) covering the multiple hypervariable regions of the
gene. Sequencing libraries were created with Ion Plus Fragment Library Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and barcoded adapters ligated
using the lon Xpress Barcode Adapters kit (Thermo Fisher Scientific, Waltham,
MA, USA). Synthesized libraries were pooled and templated on the automated
Ion Chef system (Thermo Fisher Scientific, Waltham, MA, USA) followed by a
400 bp sequencing on the Ion S5 (Thermo Fisher Scientific, Waltham, MA,
USA). Sequenced reads were generated in BAM (Binary Alignment Map) format
and then converted in FASTQ format using the File Explorer plugin of the
Torrent Suite Server software (Thermo Fisher Scientific, Waltham, MA, USA),
interfaced with the Ion S5.

5. Statistical analysis

5.1. Fecal microbiota analysis

Sequenced reads in FASTQ format were processed using different bioinformatics
pipelines according to the study conducted. These steps are described in the

methods session of the manuscripts included in this doctoral thesis.
5.2. Analysis of participants” clinical characteristics

The clinical characteristics of the study participant were described using the
software IBM SPSS Statistics version 23 (SPSS Inc., Chicago, Illinois, USA).
Data normality was assessed with Shapiro-Wilk test. Normally distributed
variables were described as means and standard deviations, non-normally
distributed variables were described as median and interquartile range, whereas
categorical variables were described as numbers and percentages. Differences

across study groups were evaluated through one-way analysis of variance
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(ANOVA) or Kruskal-Wallis non-parametric test for numerical variables, and
with Pearson’s chi-square test for categorical variables. Student’s t-test or Mann—
Whitney non-parametric test were used to calculate differences between study
groups for numerical variables, Pearson’s chi-square test was used for categorical
variables. All statistical tests were 2-sided and p-value < 0.05 was deemed

statistically significant.
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Abstract: Gut microbiota is essential for the development of obesity and related comorbidities. How-
ever, studies describing the association between specific bacteria and obesity or weight loss reported
discordant results. The present observational study, conducted within the frame of the PREDIMED-
Plus clinical trial, aims to assess the association between fecal microbiota, body composition and
weight loss, in response to a 12-month lifestyle intervention in a subsample of 372 individuals (age
55-75) with overweight/obesity and metabolic syndrome. Participants were stratified by tertiles of
baseline body mass index (BMI) and changes in body weight after 12-month intervention. General
assessments, anthropometry and biochemical measurements, and stool samples were collected. 16S
amplicon sequencing was performed on bacterial DNA extracted from stool samples and microbiota
analyzed. Differential abundance analysis showed an enrichment of Prevotella 9, Lachnospiraceae
UCG-001 and Bacteroides, associated with a higher weight loss after 12-month of follow-up, whereas in
the cross-sectional analysis, Prevotella 2 and Bacteroides were enriched in the lowest tertile of baseline
BMLI. Our findings suggest that fecal microbiota plays an important role in the control of body weight,
supporting specific genera as potential target in personalized nutrition for obesity management. A
more in-depth taxonomic identification method and the need of metabolic information encourages to
further investigation.

Microorganisms 2021, 9, 346. hnps://dainrg/10.3390/microarganism59020346
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1. Introduction

Overweight and obesity are considered a worldwide public health problem which
has rapidly increased up to reach global epidemic proportions [1]. Obesity is a complex
multifactorial disease, characterized by an anomalous or disproportionate adipose tissue
accumulation associated with several metabolic complications [2,3].

In the last few years, gut microbiota has been highlighted as an important factor related
to obesity and its associated comorbidities [4]. Causal evidence linking gut microbiota
to obesity mostly originates from fecal transplant studies conducted in germ free mice
that gained weight when colonized with gut microbes from obese donors [5]. Moreover,
the gut microbiota is able to predict post-dieting weight regain in obese mice [6]. A
recent systematic review of observational studies has reported differences between the
gut microbiota profiles of individuals with obesity and lean individuals, identifying some
bacteria potentially involved in the development of obesity [4]. Bacteroidetes are commonly
less abundant in people with obesity, with this abundance increasing along with weight-
loss [7], whereas Firmicutes phylum as some of their genera as Lactobacillus and Clostridium
have been associated to metabolic dysregulations related to obesity [8], suggesting that
specific bacteria could be beneficial or detrimental to obesity. Whether the gut microbes
are related to weight dynamics in humans has been sparsely studied [9]. In a weight-loss
study conducted over 49 participants from the DIETFITS randomized either to a low-
carbohydrates or low-fat diets, microbiota composition did not predict participants’ weight
loss at 1 year [10]. In contrast, other trials of shorter duration shown that different relative
abundance of specific genera (i.e., Phascolarctobacterium, Dialister, Prevotella-to-Bacteroidetes
ratio) were associated with a higher or lower weight loss [11,12].

Accordingly, the aim of the present study is to identify, in a large sample size, specific
genera associated with baseline body mass index (BMI) and changes in body weight in
response to a lifestyle intervention, in an elderly population with overweight/obesity and
metabolic syndrome.

2. Materials and Methods
2.1. Participants and Study Design

This study was conducted within the frame of the PREDIMED-Plus clinical trial, that
aims to evaluate the long-term effect of an intensive weight-loss lifestyle intervention on
cardiovascular disease and mortality in a population with overweight and obesity (BMI 27—
40 kg/m?), aged between 55 and 75 years old and who at least met 3 criteria for metabolic
syndrome [13]. Participants were randomized in a 1:1 ratio to an intervention group that
encouraged an energy-reduced Mediterranean diet, promoted physical activity, and pro-
vided behavioral support, or to a control group that encouraged an energy-unrestricted
Mediterranean diet without any other specific advice for losing weight. The PREDIMED-
Plus study protocol is available at http:/ /www.predimedplus.com, accessed 18 Novem-
ber 2020, and was registered at the International Standard Randomized Controlled Trial
(http://www.isrctn.com/ISRCTN89898870, accessed 18 November 2020). This trial was
approved by the institutional review board of all participating institutions, and participants
provided written informed consent.

The present observational study included 400 participants (200 participants for each
intervention group) recruited in the PREDIMED-Plus centers of Reus and Malaga in Spain,
randomly selected, matched by sex, age, and BMI, and with stool samples available at
baseline and after 12-month of intervention.

A cross-sectional analysis was conducted stratifying the sample by tertiles of baseline
BML. In addition, a longitudinal analysis was conducted stratifying the sample by tertiles
of changes in body weight after 12-month intervention.
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2.2. General Assessments, Anthropometric and Biochemical Measurements, Samples Collection

Information about disease prevalence, lifestyle and medication use was collected. At
baseline and 12-month timepoint, waist circumference was measured midway between
the the lowest rib and the iliac crest using an anthropometric tape, body weight was
measured using high-quality electronic calibrated scales, height was measured using a
wall-mounted stadiometer. Systolic and diastolic blood pressure was measured 3 times
using a validated semiautomatic oscillometer (Omron HEM-705CP, Kyoto, Japan) and the
mean value recorded.

Blood samples were collected at both timepoints after an overnight fast. Plasma fasting
glucose, total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides
concentrations were measured using standard enzymatic methods, low-density lipoprotein
(LDL) cholesterol concentrations were calculated with the Friedewald formula whenever
triglycerides were less than 300 mg/dL, and glycated hemoglobin was measured by a
chromatographic method.

Baseline and 12-month timepoint stool samples were collected and kept frozen till the
delivery to the laboratory. In case of antibiotic treatment or fiber supplements, samples
were collected 15 days after treatment completion. Stool samples were then separated into
250 mg aliquots stored at —80 °C, until analysis.

2.3. Microbial DNA Extraction, 16S Amplicon Sequencing and Data Processing

Microbial DNA was extracted using the QIAmp PowerFecal DNA kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. In the first step of the extraction, an
additional lysing of 5 min using FastPrep-24™ 5G Homogenizer (MP Biomedicals, Santa
Ana, CA, USA) was conducted. DNA concentration and purity were assessed with the
Qubit 2.0 Fluorometer-dsDNA Broad Range Assay Kit (Invitrogen, Carlsbad, CA, USA).

Targeted sequencing libraries were created with the 16S Metagenomics kit (Life Tech-
nologies, Carlsbad, CA, USA), using a pool of primers to amplify multiple hypervariable
regions (V2, V3, V4, V6-7, V8, V9) of the 16S rRNA gene, in combination with Ion Plus
Fragment Library Kit (Life Technologies, Carlsbad, CA, USA), to ligate barcoded adapters.
Synthesized libraries were pooled and templated on the automated Ion Chef system (Life
Technologies, Carlsbad, CA, USA) followed by a 400 bp sequencing on the Ion S5 (Life
Technologies, Carlsbad, CA, USA). Sequenced reads were generated in BAM (Binary Align-
ment Map) format and then converted in FASTQ format using the File Explorer plugin of
the Torrent Suite Server software (Life Technologies, Carlsbad, CA, USA), interfaced with
the Ton S5.

A customized Python script [14] was used to separate the reads according to the
different hypervariable regions of the 16S rRNA gene, and the V4 data selected and
individually processed with the software QIIME (Quantitative Insight into Microbial
Ecology) 2, version 2020.2 [15]. Sequenced reads were demultiplexed, trimmed to 265 bp,
and denoised into ASVs (amplicon sequence variants) using the denoise-pyro method
of the DADAZ2 plugin [16]. Taxonomic assignment was performed using the consensus-
vsearch method of the vsearch plugin [17], against the 16S rRNA gene reference database
SILVA 132 [18].

2.4. Statistical Analysis

Baseline characteristics of participant were described as means and standard devia-
tions or median and interquartile range (as appropriate) for quantitative variables, and
numbers and percentages for categorical variables. Population was stratified by tertiles of
baseline BMI and by tertiles of changes in body weight after 12-month intervention irrespec-
tive of the intervention group of the trial. Differences across tertiles were evaluated through
one-way analysis of variance (ANOVA) or Kruskal-Wallis test for numerical variables, as
appropriate, and with Pearson’s chi-square test for categorical variables. Student’s t-test
or Mann-Whitney U test were used to calculate differences between tertiles for numerical
variables, Pearson’s chi-square test was used for categorical variables. Statistical analysis
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was carried out using IBM SPSS Statistics version 23 (SPSS Inc., Chicago, IL, USA). All
statistical tests were 2-sided and P value < 0.05 was deemed statistically significant.

ASV counts and taxonomic information generated with QIIME 2, were imported
into R (version 3.6.2) and processed with the package Phyloseq, version 1.30.0 [19]. ASVs
counts table was filtered at 10% prevalence cut off at genus level for both samples and
overall ASVs.

Chaol, Shannon and Simpson indexes were calculated and pairwise comparison
using Wilcoxon rank sum test performed to evaluate differences in microbial diversity
among tertiles of baseline BMI. Bray-Curtis, Jaccard, Weighted and Unweighted Unifrac
distance matrices were calculated and permutational multivariate analysis of variance
(PERMANOVA) performed using the adonis function (“vegan” package, version 2.5-6),
to test differences in groups compositions, whereas permutation test for homogeneity of
multivariate dispersions was performed to test variability among groups.

The log-normalized Firmicutes-to-Bacteroidetes (F/B) ratio was computed based on the
relative abundance between the phylum Firmicutes and Bacteroidetes, the log-normalized
Prevotella-to-Bacteroides ratio (P/B) was computed based on the relative abundance between
the genus Prevotella and Bacteroides. One-way ANOVA was used to test if F/B and P/B
ratios were statistically significant different between tertiles of baseline BMI and tertiles of
changes in body weight after 12-month intervention.

Differential abundant significant ASVs (Benjamini-Hochberg adjusted P value < 0.05)
were identified between tertiles of baseline BMI and tertiles of changes in body weight
after 12-month intervention, using Wald’s test in the DESeq2 package, version 1.26.0 [20],
adjusting for type 2 diabetes prevalence and intervention group as covariates.

3. Results
3.1. Association between Fecal Microbiota and Tertiles of Baseline Body Mass Index

A total of 400 participants, in the framework of the PREDIMED-Plus clinical trial,
were randomly selected and matched by age, sex and BMI. From these 400, stool samples
at baseline and at 12-month timepoint were available for 372, from which bacterial DNA
was extracted and sequenced. Sequence data generated was separated according to the
different hypervariable regions of the 165 rRNA gene, and V4 data selected and processed
with QIIME 2. Few samples were excluded from the analysis because no information was
generated after the denoise step, or because missed or repeated, reducing the number of
participants included in the cross-sectional study to 368. Finally, counts table was filtered at
10% prevalence cut off at genus level for both samples and overall ASVs, further reducing
the number of participants to 364.

The baseline characteristics of the study population categorized by tertiles of baseline
BMI are shown in Table 1. Body weight, BMI, waist circumference, fasting glucose and
glycated hemoglobin levels, the prevalence of type 2 diabetes, and the prevalence of
metformin or other antidiabetic drugs use, were higher in the tertiles 2 and 3 compared to
tertile 1.

Differences in alpha and beta diversity, as well as differences in F/B ratio and P/B ratio
between tertiles were not statistically significant (Supplementary Materials, Tables S1-S5).

A total of 5453 ASVs were detected in 364 samples. Statistically significant differential
abundant ASVs between tertiles of baseline BMI are summarized in Figure 1, whereas
detailed information, including P values are listed in Supplementary Materials, Table S7.
The analysis revealed one ASV representing the genus Prevotella 2, more abundant in tertile
1 versus to tertile 2, one ASV representing the genus Bacteroides in tertile 1 versus tertile 3,
one ASV representing Bacteroides in tertile 2 versus tertile 3 and one ASV representing the
genus Prevotella 2 in tertile 3 versus tertile 2.
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Table 1. Baseline characteristics of the study population according to tertiles of baseline body mass index.

Tertile T1 (n =121) T2 (n =122) T3 (n=121)

Min-Max 25.9-31.5 31.5-35.0 35.0-40.3 PTrend &
Sex, female 58 (47.9) 57 (46.7) 73 (60.3) 0.064
Age, years 649 +5.2 643 +4.8 65.0 £5.1 0.591
Intervention group 55 (45.5) 63 (51.6) 66 (54.5) 0.352
Body weight, kg 794 +9.1 88.4 +10.4 ** 96.9 + 12.0 **+ <0.001
BMI, kg/m2 294+ 14 331 +1.0% 373 £ 1.5%t <0.001
Waist circumference, cm 1022 +7.1 109.7 + 7.4 ** 117.5 + 8.1 **+ <0.001
Smoking
Current smoker 20 (16.5) 21(17.2) 15 (12.4)
Former smoker 48 (39.7) 47 (38.5) 39 (32.2) 0.369
Never smoked 52 (43.0) 54 (44.3) 67 (55.4)
Education
Primary school 64 (52.9) 68 (55.7) 64 (52.9)
Secondary school 37 (30.6) 39 (32.0) 41 (33.9) 0.880
Academic or graduate 20 (16.5) 15(12.3) 16 (13.2)
Recruiting center 0.093
Reus 45 (37.2) 39 (32.0) 55 (45.5)
Malaga 76 (62.8) 83 (68.0) 66 (54.5)
Hypercholesterolemia 77 (63.6) 82(67.2) 75 (62.0) 0.685
Hypertension 110 (90.9) 117 (95.9) 116 (95.9) 0.159
T2DM prevalence 17 (14.0) 33(27.0) * 35(28.9)* 0.012
Insulin treatment 2(1.7) 9(7.4) 10 (8.3) 0.057
Metformin treatment 10 (8.3) 29(23.8)* 26 (21.5)* 0.003
Other anti diabetic drugs use 12(9.9) 27 (22.1) * 28 (23.1)* 0.013
Glucose, mg/dL 1039 +19.8 1124 +28.7* 1129 +258* 0.007
HbAlc, % 5.7 [0.6] 5.9[0.6] ** 5.91[0.8] * 0.001
Triglycerides, mg/dL 152 [100] 147 [90] 155.5 [78] 0.291
Total cholesterol, mg/dL 204.8 + 38.6 197.0 +37.2 203.0 +37.1 0.241
HDL-cholesterol, mg/dL 50.3 +12.9 48.0+ 125 48.6 +11.9 0.316
LDL-cholesterol, mg/dL 122.6 + 34.2 114.8 +33.1 118.8 +33.0 0.193
SBP, mm Hg 139.0 + 18.2 140.2 + 14.8 1413 +17.6 0.589
DBP, mm Hg 788 +9.6 80.6 + 9.6 779 £10.5 0.099

Data shown as mean + SD, median [IQR] or 1 (%); SD; standard deviation; IQR; interquartile range; BMI, body mass index; T2D, type 2
diabetes; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein SBP, systolic blood pressure; DBP,
diastolic blood pressure. & One-way ANOVA, Pearson’s chi-square test or Kruskal-Wallis test used to calculate differences across tertiles;
Pearson’s chi-square test, Student’s t-test or Mann-Whitney test used to calculate differences between tertiles; ** P < 0.001 vs. T1; * P < 0.05
vs. T1; 1 P < 0.001 vs. T2.

3.2. Association between Fecal Microbiota and Tertiles of Changes in Body Weight after 12-Month
Intervention

From 372 participants with available stool samples, 357 were those with available
baseline and correspondent 12-month timepoint sample included in the following steps of
the analysis. Following the counts table filtering step, 12 samples were excluded from the
analysis, further reducing the number of samples to 345.

Baseline characteristics and changes at 12-month timepoint in anthropometric and
biochemical parameters, and blood pressure are shown in Table 2. In average, participants
in tertile 1 and 2 lose weight (=7.2 & 3.4 kg and —2.3 + 1.0 kg, respectively), whereas
participants in tertile 3 increased weight during the intervention. A total 82.6%, 54.8% and
13.0% of subjects allocated in tertiles 1, 2 and 3, respectively, belonged to the intensive
lifestyle intervention group. There were significant differences at baseline in BMI, waist
circumference and glucose levels across tertiles. Glucose levels were higher in those
participants in tertile 2 compared to those in the other tertiles. Total body weight, BMI,
waist circumference, glucose levels, glycated hemoglobin, and diastolic blood pressure
decreased in tertile 1 and increased in tertile 3, with differences in changes significant
between both extreme tertiles of body weight changes.
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Figure 1. Differential abundant ASVs between tertiles of baseline body mass index. (A) tertile 1 versus tertile 2, (B) tertile 1
versus tertile 3, (C) tertile 2 versus tertile 3. Only ASVs with adjusted P-values < 0.05 are depicted.

Differences in F/B ratio and P/B ratio were not statistically significant across tertiles
of changes in body weight (Supplementary Materials, Table S6).

A total of 8060 ASVs were detected in 690 samples. Statistically significant differential
abundant ASVs determined between tertiles of changes in body weight after 12-month
intervention are summarized in Figure 2, whereas detailed information, including P values
are listed in Supplementary Materials, Table S8. A total of six ASVs were differentially
abundant between tertile 1 and tertile 2, of which five (mostly represented by genera
Prevotella 9, Bacteroides, and Lachnospiraceae UCG-001) were more abundant in tertile 1,
whereas one ASV (represented by Prevotella 2 genus) more abundant in tertile 2. A total of
six ASVs were differentially abundant between tertile 1 and tertile 3, all of which (mostly
represented by genera Prevotella 9, Lachnospiraceae UCG-001, Bacteroides and uncultured
bacteria) were more abundant in tertile 1. A total of 18 ASVs were differentially abundant
between tertile 2 and tertile 3, of which two (represented by Bacteroides and Prevotella
2 genus) were more abundant in tertile 2, and 16 (mostly represented by genera Sutterella,
Bacteroides, Prevotella 2, Dialister, Prevotella 9) were more abundant in tertile 2.
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Table 2. Baseline characteristics and changes of the study population according to tertiles of changes in body weight after
12-month intervention.

Tertile T1 (n=115) T2 (n =115) T3 (n =115) P Trend &
Min—Max ~242--45 ~4.5--0.7 ~0.72-11.6 ren
Sex, female 54 (47.0) 62(53.9) 57 (49.6) 0.567
Age, years 644 +£5.1 64.8 +4.8 64.8 +£5.3 0.788
Recruiting center 0.178
Reus 45(39.1) 48 (41.7) 35 (30.4)
Malaga 70 (60.9) 67 (58.3) 80 (69.6)
Intervention group 95 (82.6) 63 (54.8) ** 15 (13.0) ** <0.001
Hypercholesterolemia 69 (60.0) 72 (62.6) 78 (68.7) 0.455
Hypertension 105 (91.3) 110 (95.7) 109 (94.8) 0.345
Type 2 diabetes prevalence 25 (21.7) 35 (30.4) 21(18.3) 0.081
Insulin treatment 4(3.5) 10 (8.7) 6(5.2) 0.226
Metformin treatment 19 (16.5) 26 (22.6) 17 (18.3) 0.268
Other anti diabetic drugs use 19 (16.5) 28 (24.3) 17 (14.8) 0.139
Body weight, kg 89.2+13.0 89.6 + 14.1 86.1 +10.9 0.066
Change in body weight, kg -72+34 -23£1.0* 1.5 &£ 1.7 **++ <0.001
BMI, kg/m? 333 +3.6 338 +3.6 325(3.1) 1 0.018
Change in BMI, kg/m? -26+13 —0.8+0.5* 0.6 + 0.7 **++ <0.001
Waist circumference, cm 1104 = 10.1 111.6 £ 10.2 107.6 9.8 *t 0.007
Change in Wa’:;"'wmfe"ence' ~74+47 —24+38% 12 +38* 4+ <0.001
Glucose, mg/dL 107.9 +£22.7 114.9 +30.5* 106.3 +£21.3 1 0.023
Change in glucose, mg/dL ~78+158 -194211* 3.6 +21.4 %% <0.001
HbAlc, % 5.9[0.6] 5.9[09] 5.710.6] 0.086
Changes in HbAlc, % -0.2[0.4] 0.0[0.3] * 0.1[0.3] **+ <0.001
Triglycerides, mg/dL 137.0 [78.0] 153.0 [98.0] 162.0 [92.0] 0.571
Change :: gt;'éleycendes’ ~19.0 [60.0] ~85[60.2] ~45(76.2] 0.595
Total cholesterol, mg/dL 201.5 +31.1 195.5 + 40.2 205.1 + 40.9 0.169
Change '"n:;f/a('jih°lem’°" ~1.6+£27.3 —08+317 ~49+39.2 0.614
HDL-cholesterol, mg/dL 482 +133 48.0 +£12.0 50.1 4122 0.387
Change in HDL-cholesterol, 30+67 30472 10482 0.065
mg/dL
LDL-cholesterol, mg/dL 1204 +28.7 1139 + 345 120.7 +36.9 0.232
Change ‘“nE:/';Eh"leS‘e“’" ~12+£242 ~0.8+£27.1 ~52+353 0.462
SBP, mm Hg 140.1 £+ 15.6 141.7 £17.3 139.2 +£17.3 0.531
Change in SBP, mm Hg —6.84+13.1 —4.1416.0 —20+16.6 0.058
DBP, mm Hg 79.9 £ 9.6 79.0 £+ 10.2 79.0 +10.1 0.713
Change in DBP, mm Hg ~3.6 =82 -1.0+83* —~1.1+83* 0.027

Data shown as mean + SD, median [IQR] or 1 (%); SD; standard deviation; IQR; interquartile range; BMI, body mass index; T2D, type 2
diabetes; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein SBP, systolic blood pressure; DBP,
diastolic blood pressure. & One-way ANOVA, Pearson’s chi-square test or Kruskal-Wallis test used to calculate differences across tertiles;
Pearson’s chi-square test, Student’s t-test or Man-Whitney test used to calculate differences between tertiles; ** P < 0.001 vs. T1;* P < 0.05
vs. T1; 11 P < 0.001 vs. T2; + P < 0.05 vs. T2.
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Figure 2. Differential abundant ASVs between tertiles of changes in body weight after 12-month intervention. (A) tertile
1 versus tertile 2, (B) tertile 1 versus tertile 3, (C) tertile 2 versus tertile 3. Only ASVs with adjusted P-values < 0.05 are
depicted.

4. Discussion

In our study, conducted on subjects with obesity /overweight and metabolic syndrome,
we found that a significant differential abundance of ASVs representing Prevotella 9, Lach-
nospiraceae UCG-001 and Bacteroides genus, was associated with a higher weight loss after
12-month of follow-up. Our findings support the hypothesis that specific components of
fecal microbiota may be involved in the control of body weight. Consistently, in the cross-
sectional analysis, ASVs representing Prevotella 2 and Bacteroides genus were significantly
differentially abundant in the lowest tertile of baseline BMI.

The role of gut microbiota in the control of body weight was first described by Back-
hed et al. which observed an increase of body fat content and insulin resistance in GF mice
colonized with gut microbiota of conventionally raised mice [7]. A drastic reduction in
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Bacteroidetes and a proportional increase in Firmicutes was described in genetically obese
mice compared to lean and wild type animals fed with the same diet, highlighting the
gut microbiota’s contribution to obesity [21]. Further animal [22] and human studies [7]
confirmed these results; however, these findings are not consistent across different stud-
ies. A study conducted by Duncan et al., with the objective to examine the associations
betweenBMI, weight loss and fecal microbiota, showed no significant differences in the
proportion of Bacteroidetes between individuals with obesity and healthy individuals [23],
whereas other studies, described a higher relative abundance of Bacteroidetes in subjects
with obesity compared with lean subjects [24,25]. Accordingly, we did not find any associa-
tion between F/B ratio neither with baseline BMI nor with weight changes, highlighting
the need for focusing on a deeper taxonomic level rather than just consider the imbalance
in the proportion of Bacteroidetes and Firmicutes phylum [26].

Studies at genus level showed that Bacteroides were lower in individuals with obesity
compared to healthy individuals [27]. In a study conducted by Liu et al. Bacteroides
spp. was found markedly reduced in Chinese individuals with obesity [28]. On the
other hand, a comparative analysis of the gut microbiota of lean, normal, individuals
with obesity and surgically treated Indian individuals with obesity showed higher levels
of Bacteroides among subjects with obesity and its abundance positively correlated with
BMI [25]. On the contrary, in our study, the Bacteroides abundance was significantly
enriched in those patients with lower baseline BMI, and those who lost weight after 12-
month of lifestyle intervention. Bacteroides is known as a mutualist bacterium that could
drive the functionality of others [29]. Moreover, Bacteroides is able to adapt its metabolic
machinery to the food source [30], becoming a key bacterium for dietary and /or weight
loss interventions.

The relative abundance of Prevotella was found increased in individuals with severe
obesity [31], contrarily in our results Prevotella genus was found increased in the lowest
tertile of baseline BMI and in highest tertile of weight loss. Even though, other studies did
not show any correlation between increased abundance of Prevotella and BMI [32].

The P/B ratio was demonstrated to be a useful tool to evaluate weight loss success
in individuals with obesity exposed to ad libitum high fiber diets [12]. Results showed
that individuals with high P/B ratio were more susceptible to lose weight on a diet rich
in fiber and whole grains. A more recent study aimed to investigate the differences in
weight loss maintenance between subjects with low and high P/B ratio and the potential
interactions with markers of glucose metabolism and dietary fiber intake. Results showed
that subjects with high P/B ratio were more susceptible to regain body weight than subjects
with low P/B ratio, especially when dietary fiber intake was low and glucose metabolism
was impaired [33]. Considering these findings, matching diet to gut microbiota profile
may be crucial to increasing the effectiveness of weight loss programs. In a recent study
conducted by Christiansen et al., healthy overweight subjects exposed to different fiber-rich
diet were stratified according to baseline P/B ratios and Prevotella abundance. The Prevotella
abundances correlated inversely with weight changes, whereas P/B ratios did not show
any correlation. Subjects with high Prevotella abundance lost more weight than subjects
with low Prevotella abundance when consuming a fiber-rich diet [34]. These outcomes are
only partly supported by our results, in which no significant differences were observed in
P/B ratio, but Prevotella 9 genus was found to be increased after weight loss.

Changes in the gut microbiota of patients with obesity after weight-loss interventions,
have been described with divergent results between studies in terms of the bacterial
profile involved [7,35]. A study conducted by Korpela et al. presented evidence about
the validity of the baseline microbiota information in predicting the host’s response to
a dietary intervention [36]. Specifically, they identified Clostridium clusters and Bacilli
indicative of the amenability of the gut microbiota to dietary modification, which in turn
was associated with the host’s lipid metabolism. According to these findings, we also
detected an enrichment of uncultured genera belonging to the Clostridiales order in those
patients with more tendency to lose weight after lifestyle intervention.
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Contrary to our expectations in our study we observed that Lachnospiraceae UCG-
001 genus was more abundant at baseline, in those subjects who lose weight after 12-
month intervention, as these genera are producers of short chain fatty acids involved in
an improvement in energy efficiency [37]. However, in a recent review, inconsistencies
across different studies, about the impact of Lachnospiaraceae on the energy efficiency were
reported [37], probably because an adequate amount of short chain fatty acids is necessary
to control energy intake and expenditure.

A recent review showed inconsistent evidence to support baseline gut microbiota as
an accurate predictor of weight loss in obesity, suggesting the need of further investigation
with larger scale [38]. A recent study by Fragiadakis et al., aimed to determine if baseline
gut microbiota was associated with long-term (12-month) diet weight loss success [39].
After 3 months of weight loss, they show differences in gut microbiota profile, however gut
bacteria returned to the original composition at 12 months. Baseline gut microbiota profile
was not associated to long-term changes in total body weight, suggesting a resilience to
perturbation of the microbiota starting profile. Contrary to the aforementioned study, we
have been able to detect differences at genus level after 12-month intervention, supporting
long-term effects on weight loss.

In addition to the large sample size and the homogeneity of our study population (all
with overweight/obesity and metabolic syndrome), this study has some limitations that
deserve comments. First, in our study we did not evaluate short-term changes in body
weight and therefore, we cannot determine resilience of the gut microbiota; second, the
design of our study did not allow it to establish causality; and finally, as this study was
conducted in elderly Spanish individuals with obesity and metabolic syndrome, it cannot
be extrapolated to other populations.

5. Conclusions

We identified specific fecal microbiota signatures at genus level potentially related
to changes in body weight in response to lifestyle intervention in an elderly population
with overweight and obesity. These finding offer a promising novel perspective to support
clinicians to tailor personalized interventions for obesity treatment, in which successful
strategies can be predicted according to the microbiota composition. In any case, the
validity of these microbial signatures has to be reproduced in other populations, taking
into account the gut microbiota at species level. Furthermore, metabolic data are necessary
to integrate these results and identify potential pathways involved, encouraging the need
for further investigation in this field.
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Table S1. Differences in richness metrics, Chaol, Shannon and Simpson, between tertiles of base-
line body mass index.

Differences in Chaol

Tertile 1 Tertile 2
Tertile 2 0957 -
Tertile 3 0.95 0.95
Differences in Sh
Tertile 1 Tertile 2
Tertile 2 0.82 -
Tertile 3 0.82 0.82
Differences in Simpson
Tertile 1 Tertile 2
Tertile 2 0.92 -
Tertile 3 0.92 0.92

* False discovery rate P-value tested by Wilcoxon rank sum test.

Table S2. Differences in beta diversity distances, Bray-Curtis, Jaccard, Weighted Unifrac, Un-
weighted Unifrac, between tertiles of baseline body mass index.

Differences in Bray-Curtis distance

Df Sums of Sqs Mean Sgs F.Model R2 Pr(>F)

Tertile 2 0.762 0.381 1.062 0.006 0.318
Residuals 361 129.461 0.359 0.994
Total 363 130.223 1.000

Differences in Jaccard distance

Df Sums of Sqs  Mean Sqs F.Model R2 Pr(>F)

Tertile 2 0.863 0.431 1.033 0.006 0.323
Residuals 361 150.728 0.417 0.994
Total 363 152.591 1.000

Differences in Weighted Unifrac distance

Df Sums of Sqs  Mean Sqs F.Model R2 Pr(>F)

Tertile 2 0.004 0.002 0.633 0.003 0.535
Residuals 361 1.267 0.003 0.996
Total 363 1.271 1.000

Differences in Unweighted Unifrac distance

Df Sums of Sgs  Mean Sqs F.Model R2 Pr(>F)

Tertile 2 0.218 0.109 0.904 0.005 0.716
Residuals 361 43.552 0.121 0.995
Total 363 43.770 1.000

Df, degrees of freedom; Sqs, squares; Pr(>F), significance on F-test. Differences in beta diversity
distances were tested using PERMANOVA test. Permutations: free; number of permutations 999;
terms added sequentially (first to last).
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Table S3. Variability in beta diversity distances among tertiles of baseline body mass index.

Bray-Curtis distance

Df Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 2 0.0002 0.0001 0.050 999 0.955
Residuals 361 0911 0.002
Jaccard distance
Df Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 2 0.00008 0.00004 0.044 999 0.953
Residuals 361 0.316 0.0009
Weighted Unifrac distance
Df Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 2 0.0009 0.0004 0.439 999 0.644
Residuals 361 0.357 0.001
Unweighted Unifrac distance
Df Sum Sq Mean Sq F N.Perm Pr(>F)
Groups 2 0.0005 0.0002 0.066 999 0.939
Residuals 361 1.323 0.004

Df, degrees of freedom; Sq, square; N.Perm, number of permutations; Pr(>F), significance on F-
test. Permutation test for homogeneity of multivariate dispersions performed to statistically test
variability among groups. Permutation: free; number of permutations: 999; response: distances.

Table S4. Pairwise comparisons of baseline body mass index tertiles mean dispersion.

Bray-Curtis distance

Tertile 1 Tertile 2 Tertile 3
Tertile 1 - 0.885 % 0.871
Tertile 2 0.879 - 0.743
Tertile 3 0.871 0.747 -

Jaccard distance

Tertile 1 Tertile 2 Tertile 3
Tertile 1 - 0.823 0.929
Tertile 2 0.838 - 0.769
Tertile 3 0.931 0.768 -

Weighted Unifrac distance

Tertile 1 Tertile 2 Tertile 3
Tertile 1 - 0.374 0.910
Tertile 2 0.392 - 0.435
Tertile 3 0.927 0.438 -

Unweighted Unifrac distance

Tertile 1 Tertile 2 Tertile 3
Tertile 1 - 0.762 0.738
Tertile 2 0.779 - 0.977
Tertile 3 0.735 0.972 -

? Observed P-value below diagonal. permuted P-value above diagonal, calculated using t-test per-
formed on the pairwise group dispersions.
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Table S5. Results of log normalized Firmicutes-to-Bacteroidetes ratio and Prevotella-to-Bacteroides
ratio between tertiles of baseline body mass index.

N Mean Std dev Min Max
Log2_FB_ratio
Tertile 1 121 0.861 1.388 -5.500 3.536
Tertile 2 122 0.864 1.298 -4.917 2.964
Tertile 3 121 0.915 1.310 -3.917 2.839
Log2_PB_ratio
Tertile 1 121 -0.224 2.786 -11.459 10.071
Tertile 2 122 -0.146 2.543 -9.515 6.104
Tertile 3 121 -0.758 3.154 -12.788 5.687

Log2_FB_ratio one-way ANOVA (F (2, 361) = 0.064, P = 0.938).
Log2_PB_ratio one-way ANOVA (F (2, 361) =1.388, P =0.332).

Table S6. Results of log normalized Firmicutes-to-Bacteroidetes ratio and Prevotella-to-Bacteroides
ratio between tertiles of changes in body weight after 12-month intervention.

N Mean Std dev Min Max
Log2 FB_ratio
Tertile 1 115 0.783 1.367 -2.96 5.22
Tertile 2 115 1.046 1.223 -2.74 421
Tertile 3 115 0.759 1.358 354 4.11
Log2 PB_ratio
Tertile 1 115 -0.289 2.756 -12.47 6.00
Tertile 2 115 -0.270 2.576 -12.70 6.06
Tertile 3 115 -0.295 2.778 -11.46 5.69
Delta_FB_ratio
Tertile 1 115 0.041 1.404 -4.05 4.59
Tertile 2 115 -0.229 1.325 -7.16 2.44
Tertile 3 115 0.116 1.478 -6.86 3.83
Delta_PB_ratio
Tertile 1 115 -0.164 3.297 -12.62 12.47
Tertile 2 115 0.034 2.838 -13.26 9.72
Tertile 3 115 0.293 3.399 -11.79 11.46

Log2_FB_ratio one-way ANOVA (F (2, 342) = 1.680, P = 0.188)

Log2_PB_ratio one-way ANOVA (F (2, 342) = 0.003, P = 0.997).
Delta_FB_ratio one-way ANOVA (F (2, 342) =1.931, P =0.147).
Delta_PB_ratio one-way ANOVA (F (2, 342) = 0.598, P = 0.550).
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Table S7. Differential abundant ASVs, and correspondent assigned genera, identified by DESeq2
in gut microbiota, between tertiles of baseline body mass index.

ASVID baseMean lothal;ogl;IC IfcSE stat pvalue padj Genus
T1vs T2
5b1b61312b
8a8224f1b8 - .
£4df91585f 10.099 29.200 3.568 8.185  2.7x107'° 1.2 x 107" Prevotella 2
76
T1vs T3
6¢03f9ce7c
4e3251103 79 B )
817d98a64 0.442 21.623 3.585 6.032 1.6 107 6.9 x 10 Bacteroides
4563
T2vs T3
6¢03f9ce7c
4e3251103 " i )
817d98a64 0.442 29.927 3.540 8.453 2.8 x10"" 1.2x 10" Bacteroides
4563
5b1b613f2b
8a8224f1b8 _ B ;. "
£4df91585f 10.099 18.876 3.541 533 9.8x107" 2.1 x 107" Prevotella 2
76
1fcSE, log fold change Standard Error; stat, Wald test statistic; padj, Benjamini-Hochberg adjusted
P-value.

Table 8. Differential abundant ASVs, and correspondent assigned genera, identified by DESeq2 in gut microbiota, between
tertiles of changes in body weight after 12-month intervention.

ASV ID baseMean IogZI;‘logl:lCha IfcSE stat p-value padj Genus
T1vs T2
de204b441c2310d40265 o -
1487380471 0.234 23.705 3.671 6.457 1.1%10 7310 Prevotella 9
d7cc2fea278ab0156bde 10 6
erdedbe3dt 0.103 22.482 3.671 6.123  92x10 20% 10 uncultured
czagcfggzlé‘.‘jz%gzgd“d' 0.095 22355 3.671 6088  11x10°  20x10° Lfg“é’é‘fggfea
733ac0a6c00a457793ea 9 6
000 1ad28m0 0.102 22323 3.671 6.080 12% 10 20% 10 NA
c5d6923fc7f11241605 Y . .
G 0.078 22072 3.671 6.011 1.8% 10 25%10 Bacteroides
Sb1b61312b8a8224fTbST - ~ ; .
1585076 8.046 18829  3.670 5.13 29%10 3310 Prevotella 2
T1vs T3
de204b44£c231¢d40265 . -
187380471 0.234 24512 4303 5.697 12% 10 83x10 Prevotella 9
d7cc2fea278ab0156bde N N g 4 .
serdodbe3n) 0.103 23.473 4303 5.454 4910 12%10 uncultured
czag";g;zé‘;?‘;g;gd“d' 0.095 23330 4303 5421 59x10°  12x10% L“:‘[‘J"C"g‘f‘(;gjea
c5d6923fc7f11241605 . . .
3301 Thofbb76 0.078 23.103 4303 5368 7.9 % 10 12%10 Bacteroides
733ac0a6c00a457793ea 3 4
000 1202800 0.102 23.018 4303 5.349 8.8 10 12%10 NA
d00c1161004d40¢7b94b - . .
bbdaTda867of 0355 22.966 4303 5.105 33x%10 37%10 Bacteroides
T2 vs T3
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400c) [GLO0GI0TON 0356 28676 3830 7488 7.0x10M  12x107  Bacteroides
SbIDG) 3 SRS 046 26343 3831 6876  61x10"  47x10°  Prevotella2
e e 0,070 23898 3832 6237  45x10°  17x107  Sutierella
68“‘:;{3‘;;2;331“"“ 0.142 ~24646 3832 6432  13x107°  50x10%  Bacteroides
2IITLDTICTS 0,077 24767 3832 6464  10x10°  44x10°  Prevotella2
§9395c08eGetadTedd 0,095 24929 3832 -6506  7.7x10"  35x10*  Dialister
A0 IBSOSOa0DTII 0,099 24931 3832 6506  77x10"  35x10%  Prevotella9
FabTaT 1T 20 013 24988 3832 6521 67x10"  35x10%  Prevotella9
579“;2;‘3’%‘;51%2‘;5“74 0.181 25015 3832 6528  66x107  35x10%  Bacteroides
I IODATIOATS 0167 26198 3832 6837  81x10"  50x10°  Bacteroides
SEbTL e TSl 0167 26198 3832 6837  81x102  50x10°  Bacteroides
aIBSehocTeabBOTAIZE 0107 26339 3832 6874  62x10"2  47x10°  Bacteroides
IeToIB0BIecade et o 28364 3832 74 13x10"®  13x10"  Bacteroides
OIS QA6 0088 28490 3832 7435  10x10"  12x10"  Prevotella2
4c617€347¢7157738bafc B B} Y o

TeTIT 0.103 28547 3832 7450  93x10 12%10 NA

.

e aae ot 0171 28813 3832 -7520  55x10  12x10%  Prevotella9
d49ea;-zggggg?gz:§576b 0.165 ~29.180 3.832 7615 26 %107 9.0x 10" Bacteroides
O o ™ 0225 33036 3832 8622  66x10"  45x10™  Bacteroides

1fcSE, log fold change Standard Error; stat, Wald test statistic; padj, Benjamini-Hochberg adjusted P-value.
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A total of 400 participants were randomly
selected and matched for age, sex and body
mass index

————— 62 samples were not available
because lost or not found in the
collection

samples from 372 participants (n =
738) were processed with

QIIME 2

=738

—— A total of 10 samples were removed
because no information was generated
after sequencing process, because
correspondent baseline samples were
missed or because repeated

l

368 participants with available
baseline samples were included
in the cross-sectional study

357 participants with
available baseline
samples and

correspondent 12-month

n=368
pair were included in the
longitudinal study
364 participants were retamedoaﬁer 345 participants were retained after
feature-table filtering at 10% feature-table filtering at 10% prevalence
prevalence cut off at genus level for cut off at genus level for both samples
both samples and overall OTUs and overall OTUs and after dropping

out those samples without
correspondent baseline or 12-month pair

Figure S1. Flowchart of study participants.
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Abstract

Objective: An altered gut microbiota has been associated with insulin resistance, a metabolic
dysfunction consisting of cellular insulin signaling impairment. The aim of the present study is to
determine the taxonomic and functional fecal microbiota signatures associated with HOMA-IR index
in a population with high cardiovascular risk.

Methods: A total of 279 non-diabetic individuals (55-75 years aged) with overweight/obesity and
metabolic syndrome were stratified according to tertiles of HOMA-IR index. Blood biochemical
parameters, anthropometric measurements and fecal samples were collected at baseline. Fecal
microbial DNA extraction, 16S amplicon sequencing and bioinformatics analysis were performed.

Results: Desulfovibrio, Odoribacter and Oscillospiraceae UCG-002 were negatively associated with
HOMA-IR, whereas predicted total functional abundances revealed gut metabolic modules mainly
linked to amino acid degradation. Butyricicoccus, Erysipelotrichaceae UCG-003, Faecalibacterium
were positively associated with HOMA-IR index, whereas predicted total functional abundances
revealed gut metabolic modules mainly linked to saccharide degradation. These bacteria contribute
differentially to the gut metabolic modules, being the degree of contribution dependent on insulin
resistance. Both taxa and gut metabolic modules negatively associated to HOMA-IR index were
linked to mechanisms involving sulfate reducing bacteria, improvement of intestinal gluconeogenesis
and production of acetate. Furthermore, both taxa and gut metabolic modules positively associated to
HOMA-IR index were linked to production and mechanisms of action of butyrate.

Conclusions: Specific taxonomic and functional fecal microbiota signatures associated with insulin
resistance were identified in a non-diabetic population with overweight/obesity at high cardiovascular
risk. These findings suggest that tailoring therapies based on specific fecal microbiota profiles could
be a potential strategy to improve insulin sensitivity.

INTRODUCTION

Insulin is a peptide hormone that plays an essential role in the process of glucose metabolism
regulation. Insulin resistance (IR) can be defined as a pathological condition of cellular insulin
signaling impairment with consequent disturbance of intracellular signaling transduction, which
affects several organs and tissues (1,2). Visceral adiposity and increased body fat induce the release
of relatively high levels of free fatty acids and pro-inflammatory cytokines into circulation, causing
the development of hepatic and muscle IR and type 2 diabetes (T2D) (3).

An altered gut microbiota composition has been associated with the pathophysiology of obesity and
IR (4). First evidence was reported in 2004 by Bickhed ef al., who has observed an increase in body
fat and IR in germ-free mice transplanted with gut microbiota from conventionally raised mice
donors (5). A few years later, Vrieze et al., shown that insulin sensitivity improved in a cohort of
human participants with metabolic syndrome (MetS) six weeks after receiving microbiota from lean
healthy human donors (6).

The gut microbiome can induce IR through different mechanisms. Cani et al., were the first to
identify bacterial lipopolysaccharide (LPS) as a causative inflammatory factor of IR (7). LPS
increases intestinal permeability with its consequent translocation from the intestinal lumen to

This is a provisional file, not the final typeset article
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circulation (8,9). At the cell membrane level, LPS binds and activates the toll-like receptor 4 (TLR4),
with consequent downstream cell signaling pathways activation which lead to inflammatory response
and cytokine expression and secretion (10). A reduction of bacterial species able to produce short
chain fatty acids (SCFAs), with well-established anti-inflammatory effects (11-13), also induces IR
(4). However, these findings are still not totally clear due to some controversial results, as those
described by Perry and colleagues, who observed increased production of acetate associated with IR
and obesity in rodents exposed to high caloric diet (14). In addition, the bioconversion of bile acids
carried out by bacteria from human gut, including members of Lactobacilli, Bifidobacteria,
Clostridium and Bacteroides, has been shown contributing to glucose homeostasis (15,16). A study
conducted by Pedersen ef al., aimed to identify the gut microbial profile of non-diabetic individuals
with IR, has demonstrated a positive association between IR and branched-chain amino acids
(BCAA) levels (15). Taken together, these studies suggest that gut microbiome may play an
important role in modulating IR, though it remains unclear which aspects of the microbiome
contribute to this. Therefore, identify potential fecal microbiota profiles and related metabolic
pathways linked with the development of IR is crucial, as characterize the intestinal bacterial
community related to glucose homeostasis would be a useful strategy to ameliorate IR and related
disorders (17). Accordingly, the aim of the present study was to determine the taxonomic and
functional fecal microbiota signatures associated with IR in a population of 279 non-diabetic elderly
individuals with overweight/obesity and MetS.

PATIENTS AND METHODS
Participants and study design

This cross-sectional study was conducted with baseline data of participants recruited for the
PREDIMED-Plus study (18,19), an ongoing parallel-group, randomized and controlled clinical trial
conducted in 23 Spanish centers, which aims to evaluate the effect of an intensive weight loss
intervention (based on an hypocaloric Mediterranean diet (MedDiet), physical activity promotion and
behavioral support) on cardiovascular disease (CVD) events, compared to a control group receiving
usual care advice. The trial was registered at the International Standard Randomized Controlled Trial
(http://www.isrctn.com/ISRCTN89898870) and approved by the institutional review board of all
participating institutions. The full detailed PREDIMED-Plus protocol is available at
http://www.predimedplus.com.

PREDIMED-Plus eligible participants were men and women aged 55-75 years, with overweight or
obesity (body mass index (BMI) 27-40 kg/m2), who satisfied at least three criteria for the MetS
(waist circumference > 102 cm in men and > 88 cm in women; serum triglyceride > 150 mg/dL or
drug treatment for elevated triglycerides; high-density lipoprotein (HDL) cholesterol <40 mg/dL in
men and < 50 mg/dL in women or drug use for low HDL cholesterol; blood pressure > 130/85 mmHg
or antihypertensive drug treatment; and fasting plasma glucose level > 100 mg/dL or hypoglycemic
treatment) and were free of CVD.

A subsample of 400 participants from the PREDIMED-Plus recruiting centers of Reus and Malaga
(Spain) were randomized and matched for age, sex and BMI. For the present cross-sectional study,
we select 279 individuals from this cohort with available stool samples and without T2D.

Clinical assessments and blood biochemical analysis

Body weight was measured using high-quality electronic calibrated scales, height was measured
using a wall-mounted stadiometer, waist circumference was measured midway between the lowest

3
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rib and the iliac crest using an anthropometric tape, blood pressure was measured using a validated
semiautomatic oscillometer (Omron HEM-705CP, Kyoto, Japan).

Blood samples were collected after overnight fasting. Plasma levels of glucose, insulin, total
cholesterol, HDL cholesterol and triglycerides were measured using standard enzymatic methods,
low-density lipoprotein (LDL) cholesterol was calculated with the Friedewald formula (whenever
triglycerides were less than 300 mg/dL), glycated hemoglobin was measured by a chromatographic
method. Insulin resistance was estimated by the homeostatic model assessment of insulin resistance
(HOMA-IR) (20), using the following formula:

insulin (mU/mL) X glucose (mg/dL)/
405

In addition, information regarding lifestyle, education level, disease prevalence and current
medication use was collected, whereas a validated 17-item questionnaire (21) was used to assess the
adherence to the MedDiet.

Fecal DNA extraction and 16S rRNA gene sequencing
A complete workflow including the analytic steps is shown in Figure 1.

Stool samples were collected at home by participants and kept frozen. In case of antibiotic use or
prebiotics supplementation, samples were collected 15 days after completion of treatment. A time
range of 15 days was considered wide enough to gut microbiota recovery after therapeutic antibiotic
usage, taking into account the exposure to short-term treatment with amoxicillin (22). Once delivered
to the laboratory, stool samples were separated into 250 mg aliquots and stored at —80°C until
analysis.

Microbial DNA was extracted with the QIAmp PowerFecal DNA kit (Qiagen, Hilden, Germany),
following the manufacturer’s instructions, and DNA concentration and purity assessed with the Qubit
2.0 Fluorometer-dsDNA Broad Range Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Targeted 16S sequencing libraries were created with the 16S Metagenomics kit (Thermo Fisher
Scientific, Waltham, MA, USA), using a pool of primers to amplify the regions V2-V9 of the 16S
rRNA gene, and barcoded adapters ligated using the Ion Plus Fragment Library Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Synthesized libraries were pooled and templated on the automated
Ton Chef system (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced on the Ion
S5(Thermo Fisher Scientific, Waltham, MA, USA). Reads generated were subsequently converted in
fastq format using the File Explorer plugin of the Torrent Suite Server software (Thermo Fisher
Scientific, Waltham, MA, USA), interfaced with the Ion S5. The quality control of fastq files was
assessed with FastQC using a quality score of 20 as a threshold

(https://www .bioinformatics.babraham.ac.uk/projects/fastqc/).

Statistical analysis

Demultiplexed sequence reads, were imported into R (version 4.0.5), quality filtered, chimera-
checked and clustered in amplicon sequence variants (ASVs) using the R package DADA2 (v 1.16.0)
(23) whereas taxonomy was assigned using the SILVA reference database release 138 (24). Obtained
counts were filtered and transformed using a centered log-ratio (CLR) transformation (25). Principal
component analysis (PCA) was performed to evaluate the distribution of the study population. Alpha
diversity indices, Chaol (26), Shannon (27) and Simpson (28) were calculated and differences
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between tertiles of HOMA-IR index tested. Beta diversity was computed in terms of Aitchison
distance, or Euclidean distance over CLR-transformed counts(25). Permutational multivariate
analysis of variance (PERMANOVA) was performed using the adonis function (“vegan” package,
version 2.5-6) to test differences between groups composition. The association between taxa and
tertiles of HOMA-IR index was tested using generalized linear modelling (GLM), adjusted for 17-
item MedDiet adherence score and recruiting center as covariates. Multiple testing correction was
performed using Storey’s g-value procedure, and ¢ < 0.1 deemed as significant (29).

In order to perform an inferential analysis of the functional potential of the microbiome, DADA2
output files were parsed and used as input for PICRUSt2 in order to generate a table of inferred per-
sample abundances of KEGG genome orthologs (KO) (30). To assess the diversity in metabolic
potential and anaerobic fermentation capacity encoded in (meta-) genomic sequences, we used a
manually curated database of human gut metabolic modules (GMM), that describe enzymatic
processes annotated using exclusively prokaryotic and archaeal KO (31). GMM counts were filtered,
converted to CLR and the association with HOMA-IR index tested with the same GLM setup used
for the analysis of taxa.

In addition to the predicted total functional abundances, PICRUSt2 also includes the predicted
functional contribution per taxa (using the --stratified flag). This information was used to study the
contribution of each taxon of interest to the GMM of interest.

The clinical characteristics of the study population were described using IBM SPSS Statistics version
23 (SPSS Inc., Chicago, Illinois, USA). Data normality was assessed with Shapiro-Wilk test.
Normally distributed variables were described by means and standard deviations, non-normally
distribute variables by median and interquartile range, whereas categorical variables were described
as number and percentages. Differences across tertiles were evaluated through one-way analysis of
variance (ANOVA) parametric test or Kruskal-Wallis non-parametric test for numerical variables,
and with Pearson’s chi-square test for categorical variables. Student’s t parametric test or Mann-
Whitney non-parametric test was used to calculate differences between tertiles for numerical
variables. All statistical tests were 2-sided and p < 0.05 was deemed statistically significant.

RESULTS

Clinical characteristics of the study population

Clinical characteristics of the study population categorized by tertiles of HOMA-IR index are shown
in Table 1. Body weight and waist circumference were significantly lower in those participants in
tertile 1 (T1) of HOMA-IR index than those in tertile 2 (T2) or tertile 3 (T3); BMI, triglycerides,
glucose, insulin and glycated hemoglobin were significantly lower in those participants in T1
compared to T2 and T3 and participants in T2 versus those in T3; HDL-cholesterol was significantly
higher in T1 versus T2 and T3, and in T2 versus T3; MedDiet adherence score was significantly
higher in T2 vs T3.

Microbiome diversity is not associated with HOMA-IR index

PCA analysis over the CLR-transformed microbiome count data revealed that the first two
components account approximately 12.22% and 8.46% respectively. These figures are approximately
in line with literature (32). PCA plots shown that the microbiome sample distribution did not cluster
based on tertiles of HOMA-IR index (Supplementary figure 1). There were no statistically significant
differences across tertiles of HOMA-IR index in the alpha diversity indices Chaol, Shannon and
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Simpson (Supplementary figure 2, Supplementary Table 1). The results of the PERMANOVA
analysis and the permutation test for homogeneity of multivariate dispersions using Aitchison
distance were also not statistically significant across tertiles of HOMA-IR index (Supplementary
table 2).

Several microbial genera and GMM are associated with HOMA-IR index

Taxa and GMM significantly associated with HOMA-IR index are summarized in Table 2. Genera
Desulfovibrio, Odoribacter and Oscillospiraceae UCG-002 were negatively associated with the
highest tertile of HOMA-IR index, whereas genera Butyricicoccus, Erysipelotrichaceae UCG-003
and Faecalibacterium were positively associated with the highest tertile of HOMA-IR index. In
addition, 21 GMM generated from the predicted total functional abundances were associated with the
highest tertile of HOMA-IR index, 8 of these GMM were negatively associated with the highest
tertile of HOMA-IR, whereas 14 GMM were positively associated.

Altered functions are regulated by different microbes based on HOMA-IR status

The contribution of each taxon to the GMM of interest has been displayed at family level (at genus
level in case of taxa of interest) per sample (Supplementary figure 3, Supplementary figure 4) and per
tertile of HOMA-IR index (Supplementary figure 5, Supplementary figure 6). For the generation of
stacked barplots, just the main contributors are represented with a cutoff of 0.3, it means that if a
bacterium never contributes more than 30% to any function is not considered for the plot and is
categorized as “other taxa”. However, the “other taxa” were not excluded from the statistical
analysis.

Just those taxa significantly contributing (¢ <0.1) to those GMM associated with the highest tertile
of HOMA-IR index in from the predicted total functional abundances were depicted.

Taxa contribute differentially to the GMM of interest depending on IR: in case of negative
association with HOMA-IR index, Desulfovibrio, Odoribacter, Oscillospiraceae UCG-002,
significantly contributes to aspartate degradation and glycine degradation (Table 3); in case of
positive association with HOMA-IR, Butyricicoccus, Erysipelotrichaceae UCG-003,
Faecalibacterium, significantly contribute to glutamine degradation II, lactaldehyde degradation,
lactate production and fructan degradation (Table 4).

DISCUSSION

In the current study, we identified 6 different taxa consistently associated with IR. In addition,
exploring the total predicted metagenome we found 21 GMM associated with IR. Finally, we
explored the predicted taxa contribution to the GMM of interest, showing that bacteria contribute
differentially to the function and that the degree of contribution is also dependent on IR. Therefore,
we identified taxonomic signatures and potential metabolic pathways related to IR in a non-diabetic
population at high cardiovascular risk. The relatively large number of altered GMM found may be
understood in light of the altered gut metabolic environment one would expect to typically
accompany a higher IR, thus drastically altering the potential substrates for the microbiome.
Microbial genera Desulfovibrio, Odoribacter and Oscillospiraceae UCG-002, were found negatively
associated with IR. Notably, Desulfovibrio, a genus that is typically associated with worsened host
health (33), was negatively associated with IR. Bacteria of the genus Desulfovibrio are the most
represented sulfate-reducing bacteria (SRB) residing in the human gut. The excessive presence of
SRB in the gut, has been associated with the development of disorders, such as inflammatory bowel
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disease (34) and ulcerative colitis (33). Also, 16S pyrosequencing results shown that members of
Desulfovibrionaceae family were found significantly abundant in murine models of MetS and in
animals with diet-induced obesity (35). In contrast, a significant increase of Desulfovibrio was
described in the fecal microbiota of healthy subjects compared to individuals with obesity analysed
with 16S rRNA sequencing (36), and reduced Desulfovibrio was also found in the gut microbiota
assessed with quantitative PCR of preschool children with obesity compared to healthy controls,
echoing our findings (37). In a study conducted to assess the nutritional effects as well as the
adherence to the MedDiet on the gut microbiota of healthy adults analyzed with 16S rRNA gene
sequencing, Desulfovibrio was found more abundant in lean individuals (38). Accordingly, we found
Desulfovibrio negatively associated with the highest tertile of HOMA-IR index, who includes those
subjects with a significantly higher BMI. Hydrogen sulfide (H2S) is a gas metabolite produced by
SRB in the gut that directly activates the secretion of glucagon-like peptide-1 (GLP-1), a peptide
hormone involved in glucose homeostasis and appetite regulation. Mice treated with a specific SRB
supplemented prebiotic diet has elevated levels of Desulfovibrio piger, detected with targeted real-
time PCR, and increased concentrations of H»S in feces and colon, with consequent stimulation of
GLP-1 and enhancement of insulin secretion, improved oral glucose tolerance, and reduced food
intake (39). Mice treated with liraglutide, an injectable GLP-1 receptor agonist (GLP-1 RA) used in
the treatment of T2D, with demonstrated efficacy in improving glycemic control, has been shown to
produce substantial changes in the gut microbiota assessed with pyrosequencing of 16S rRNA with
enrichment of several genera, of whom Desulfovibrio (40). These findings support the potential
involvement of Desulfovibrio in glucose homeostasis through the production of H»S and activation of
GLP-1 and can partially explain the negative association between this genus and IR observed in our
study.

In the present study HOMA-IR index was negatively associated with GMM linked to amino acid
breakdown. The fraction of amino acids that are not absorbed by the colonic mucosa are metabolized
by the large intestinal microbiota, resulting in the generation of metabolites and end-products such as
SCFA, and hydrogen sulfate ion (HO4S™) (41). Accordingly, we observed that HOMA-IR index was
negatively associated to functions linked to cysteine degradation, resulting in the production of HaS .
Glycine and glutamine are intestinal gluconeogenesis substrates, and it has been observed that
intestinal gluconeogenesis protects against diabetes and obesity by suppressing hepatic
gluconeogenesis and positively regulating glucose homeostasis (42). Furthermore, glutamine
immunomodulatory effects have been described (43). In addition, we observed that in case of
functions linked to aspartate degradation I and glycine degradation II, taxa of interest contribute
significantly to the negative association with HOMA-IR index. Aspartate and glycine are precursors
for the synthesis of acetate (44), who has been demonstrated to play a regulatory role in body weight
control, and insulin sensitivity through effects on lipid metabolism and glucose homeostasis (45).

Odoribacter is an anaerobic nonmotile Gram-negative, succinate-consuming and SCFA-producing
rod-shaped bacteria. This genus has been linked to a decrease in clinical parameters associated with
CVD risk (46). The results of a cross-sectional study conducted in a cohort of Spanish subjects
shown that obesity was associated with elevated levels of circulating succinate concomitant with
impaired glucose metabolism. This increase was associated with specific changes in gut microbiota,
assessed with 16S sequencing, including lower relative abundance of succinate-consuming
Odoribacteraceae family in obese individuals (47). Odoribacter spp. were found to be associated
with a healthy fasting serum lipid profile in women with obesity (48). Wang et al. shown that a high-
fat diet induces reduction in the relative abundance of Odoribacter in mice fecal microbiota analysed
with 16STRNA gene sequencing, then suppressed by the use of capsaicin, suggesting that changes in
the abundance of Odoribacter may play an important role in the effects of treatments for glucose
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intolerance and obesity (49). Our findings are in agreement with the beneficial characteristics
described for this genus in relation to IR, as we observed a negative association with high HOMA-IR
index in our study population.

Oscillospiraceae family negatively correlates with BMI and anti-insulin autoantibodies in type 1
diabetes in children (50) . In addition, members of the family Oscillospiraceae were found depleted
in obese children (51). Accordingly, we find UCG-002 from Oscillospiaraceae family negatively
associated with the highest tertile of HOMA-IR index, that includes those subjects with significantly
higher BMI, and other variables related to obesity and IR.

Therefore, our results suggest that genera negatively associated with IR, may be involved in
mechanisms improving insulin sensitivity in our study population.

On the other hand, in our study we also find some genera positively associated with IR:
Faecalibacterium, Butyricicoccus and Erysipelotricaceae UCG-003. Some Faecalibacterium strains,
like F. prausnitzii, are butyrate producers used as health biomarkers in humans for its
immunomodulatory properties and more specifically for its anti-inflammatory effects (52). Hippe et
al., analyzed through molecular experiments based on qPCR, the different F. prausnitzii phylotypes
and their butyrate producing capacity in non-diabetic individuals with obesity, to determine whether
an excess of butyrate production can be a risk factor for the development T2D. Results shown that
the overproduction of butyrate induced by different F. prausnitzii phylotypes discriminates between
obese developing T2D or not, suggesting possible different inflammatory genesis patterns in the host
(53). Other studies have suggested that the disruption in the relative proportions of butyrate-
producing bacteria, such as F. prausnitzi, in gut microbial populations may contribute to weight gain
and IR (54).

A similar argument can be extended to another genus found positively associated with HOMA-IR
index, Butyricicoccus, which includes butyrate-producing strains considered beneficial for gut health
(55). Despite the large evidence supporting the beneficial effects of butyrate on gut health, its effect
on obesity is still a debated topic. Some studies shown that butyrate induces obesity providing the
substrate for energy expenditure but also by engaging in signaling pathways involved in glycolipid
metabolism (56). This last observation supports our findings showing butyrate-producing taxa such
as Faecalibacterium and Butyricicoccus positively associated with impaired metabolism and IR.

In accordance, our findings also reveal that HOMA-IR index was positively associated with functions
linked to mono-, di-, and polysaccharides degradation. Non-digestible carbohydrates are fermented
by colonic microbes, leading to the production SCFAs such as butyrate (57).

We observed that taxa of interest contribute significantly to the GMM positively associated with
HOMA-IR index linked to fructan degradation, glutamine degradation II, lactaldehyde degradation
and lactate production. Indeed, dietary fibers are the main source of oligosaccharides such as fructan,
which can promote the growth of butyrate-producing bacteria (58). In addition, lactate and
lactaldehyde are fermentation products intermediary in the production of butyrate from carbohydrates
(59,60). Accordingly, it seems that the action of some taxa of interest is mediated by functions
mainly linked to butyrate production, and that this metabolite is playing a role in the association
observed with IR.

Erysipelotrichaceae have been found enriched in case of inflammatory diseases and obesity,
probably because of its involvement in host lipid metabolism (61). In addition, it was found
associated with impaired glucose metabolism (62). Accordingly, we observed a positive association
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between this genus and high levels of IR. Bacteria belonging to Erysipelotrichaceae family use
proteins and saccharides as main substrates for lactate production, one of the functional metabolic
pathways involved in our study (60).

Unsurprisingly, we discovered that the taxa associated with IR were inferred to contribute to several
of the GMM also associated with IR. However, we also found that the degree to which these taxa
contributed to the respective functions was dependent on IR as well. This may have major
implications for our understanding of the role of the microbiome in IR and indeed other conditions
altering host gut metabolism. The altered gut metabolic environment promotes the relative abundance
of different microbes that perform the same functions, in a manner similar to that described by Zhang
and colleagues in their work on ecological guilds (63).

However, both in the taxonomic and functional aspect, previous studies shown discrepancies,
perhaps partially explained by the inherent biases in metagenomic sequencing which make it
problematic to estimate bacterial abundance from sequencing data (64). It is also important to
mention that to overpass such bias we used a compositional approach for the microbiome analysis
(65). Furthermore, is also worth to mention that the sequencing approach conducted in this study is
also prone to bias, as described by Barb and colleagues (66). More complete and complex studies,
including deepen microbial community profiling together with biochemical characterization of the
environment, are needed in order to better understand the taxonomic and functional signatures related
to IR.

There were several limitations in this study. First, due to the nature of 16S sequencing, we were
limited to a genus-level resolution. Similarly, though PICRUSt2 has been shown to be reasonably
reliable, especially in humans, we were restricted by the number and quality of the genomes present
in the database used to infer the functional potential of the microbiome. For the same reasons, we
were unable to assess the non-bacterial fraction of the microbiome. Whole genome shotgun
metagenomics addresses both of these limitations, as it enables the detection and relative
quantification of non-bacterial microbes as well as the bacteriome, and also enables analysis at a
higher resolution and should be considered in the future. Another important point to consider is the
large inherent variance in the microbiome, which is often confounded by host variables (67). The
PREDIMED-Plus cohort by its nature consists late-middle aged and overweight participants. It is
likely that some of the findings cannot be generalized to all ages and weights. Furthermore, this study
only had a single microbiome measurement per participant, thus rendering stability and volatility
analysis of the microbiome beyond our reach (68,69). We eagerly await future studies and
subsequent meta-analyses that will shed further light on this. Furthermore, given the observational
nature of this study, it was not possible to conclude on causality or directionality. Future experiments
using the fecal microbiota transplantation (FMT) technique could be considered to elucidate this last
aspect.

CONCLUSIONS

In the current study we were able to identify taxa and functions associated with IR and to suggest that
bacteria contribute differentially to these functions, also depending on IR. We observed genera
Desulfovibrio, Odoribacter and Oscillospiraceae UCG-002 negatively associated with IR through
mechanism of amino acid degradation that involves H2S, activation of gluconeogenesis,
immunomodulation and beneficial effects of acetate. On the other hand, we observed that the positive
association with IR involves genera such as Feacalibaterium and Butyricicoccus and GMM linked
with the production of butyrate. To conclude, these findings are promising especially for the
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perspective of tailoring therapeutic strategies based on the identification of specific signatures of the
gut bacterial community and using this information to improve the treatments for IR and other
metabolic impairments related to obesity. However, some further investigation, especially under the
metabolic point of view, are needed in order to strengthen these findings.
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Figure 1. Workflow showing the fecal samples analytic process and bioinformatics pipeline.
Bacterial DNA was extracted from frozen fecal and 16S amplicon sequencing performed. Resulting
raw sequences in fastq format were imported into R environment and processed with DADA2
package. Output files followed 3 different pipelines: (1) processed in order to obtain information
about alpha and beta diversity and differential abundant taxa; (2) processed with PICRUSt2 in order
to obtain the predicted total functional abundances, then gut metabolic modules (GMM) were
computed and the association with HOMA-IR determined; (3) processed with PICRUSt2 in order to
obtain the predicted contribution per genus of each GMM previously computed.
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Figure 2. Potential mechanisms explaining the association between fecal microbiome and IR. The
negative association with IR seems to be linked with glucose homeostasis, induced by an increase in
amino acids breakdown and by an increase in sulfate-reducing bacteria, with consequent promotion
of intestinal gluconeogenesis, acetate synthesis and H2S production, in addition to an improved
succinate metabolism. The positive association with IR seems to be linked to an increase in
saccharides degradation that can induce the growth of butyrate-producing bacteria and bring to a
disproportion in butyrate synthesis and an impairment in glycolipid metabolism.

TABLES

Table 1. Characteristics of the study population according to tertiles of HOMA-IR index.

Tertile 1 (n =93) Tertile2(n=93) Tertile3(n=93) p trend®

Female sex 51(54.8) 53 (57.0) 47 (50.5) 0.668
Age (years) 66.0 [7.0] 65.0[7.0] 65.0 [8] 0.619
Recruiting center 0.817

Malaga 33(35.5) 36 (38.7) 32(344)

Reus 60 (64.5) 57(61.3) 61 (65.6)
Body weight (kg) 82.9[12.6] 87.6 [18.3] * 90.0 [16.4] ** <0.001
BMI (kg/m?) 30.7 [4.6] 33.3 [4.8] ** 34.3 [6.0] ** ¥ <0.001
Waist circumference (cm) 105.9+8.2 109.0 £10.3 * 111.7 £9.8 ** <0.001
SBP (mmHg) 139.8 [22.1] 138.0 [19.0] 140.7 [31.3] 0.852
DBP (mmHg) 79.8+10.3 79.8+8.3 79.1£11.1 0.868
Total cholesterol (mg/dL) 209.0 [48.0] 204.0 [51.0] 200.0 [42.0] 0.641
HDL-cholesterol (mg/dL) 54.0[17.0] 49.0 [11.0] * 460 [11.0]**  <0.001
LDL-cholesterol (mg/dL) 124.0 [42.0] 117.0 [44.0] 116.0 [38.0] 0.211
Triglycerides (mg/dl) 118.5 [69.0] 153.0 [83.0] ** 175.0 [107.0] **  <0.001
FPG (mg/dL) 93.0 [15.0] 100.0 [17.0] ** 108.0 [20.0] ** 1 <0.001
Fasting insulin (mU/mL) 10.8 [3.4] 16.6 [3.0] ** 27.6 [10.5]** 4  <0.001
Glycated hemoglobin (%) 5.6[0.4] 5.7[0.5] * 5.8 [0.6] ** <0.001
HOMA-IR index 2.4[0.7] 4.1 [1.0] ** 7.3 [2.7] % 1F <0.001
MedDiet adherence score 8.0 [3.0] 8.0 [2.0] 7.0 [3.0] + 0.009
Hypercholesterolemia 55(59.1) 63 (67.7) 56 (60.2) 0.419
Hypertension 87(93.5) 86 (92.5) 88 (94.6) 0.837
Smoking habits 0.282

Current smoker 12 (12.9) 13(14.0) 15 (16.1)

Former smoker 29(31.2) 30(32.3) 40 (43.0)

Never smoker 52(55.9) 50 (53.8) 38(40.9)
Education 0.641

Primary school 50 (53.8) 56 (60.2) 46 (49.5)

Secondary school 30(32.3) 28 (30.1) 34 (36.6)

University 13 (14.0) 9(9.7) 13 (14.0)

HOMA-IR, homeostatic model assessment for insulin resistance; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure, HDL, high-density lipoprotein; LDL, low-density lipoprotein; FPG, fasting plasma glucose; MedDiet, Mediterranean
diet. Data presented as mean + SD, median [IQR] or number (percentage). *One-way ANOVA, Pearson’s chi-square test or Kruskal-
Wallis test was used to calculate differences across tertiles, Student’s t-test or Mann-Whitney test was used to calculate differences
between tertiles. ** p < 0.001 vs tertile 1; * p < 0.05 vs tertile 1; F1 p <0.001 versus tertile 2; ¥ p < 0.05 versus tertile 2.

Table 2. Taxa and GMM associated with tertile 3 of HOMA-IR index

Taxa Effect size q-value Association with T3
Desulfovibrio -0.724 0.023 Negative
Odoribacter —0.832 0.043 Negative
Oscillospiraceae UCG-002 —0.806 0.088 Negative
Erysipelotrichaceae UCG-003 0.487 0.088 Positive
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Faecalibacterium 0.530 0.088 Positive
Butyricicoccus 0.605 0.088 Positive
GMM

Alanine degradation | -0.201 0.053 Negative
Pectine degradation I1 —-0.101 0.053 Negative
Acetate to acetyl CoA -0.080 0.053 Negative
Aspartate degradation I —-0.071 0.053 Negative
Glycine degradation —-0.063 0.069 Negative
Cysteine degradation II -0.061 0.070 Negative
Glutamine degradation | -0.145 0.072 Negative
Isoleucine degradation —0.069 0.094 Negative
Fructan degradation 0.132 0.047 Positive
Galactose degradation 0.040 0.053 Positive
Sucrose degradation | 0.049 0.053 Positive
Pyruvate formate lyase 0.049 0.053 Positive
Melibiose degradation 0.054 0.053 Positive
Threonine degradation I1 0.056 0.053 Positive
Ethanol production I 0.085 0.053 Positive
Lactate production 0.094 0.053 Positive
Fructose degradation 0.111 0.053 Positive
Threonine degradation I 0.044 0.056 Positive
Lactaldehyde degradation 0.069 0.070 Positive
Bifidobacterium shunt 0.025 0.072 Positive
Glutamine degradation I1 0.028 0.096 Positive
Sucrose degradation II 0.038 0.098 Positive

GLM was used to calculate the association between taxa and tertile 3 (T3) of HOMA-IR and between predicted total functional
abundances GMM and T3 of HOMA-IR. Adjusted Storey’s g-values ¢ < 0.1 deemed as significant.

Table 3. Taxa contribution per tertile to the GMM negatively associated with HOMA-IR index.

GMM Taxa T1 T2 T3 Effect size _g-value
Marinifilaceae_Odoribacter 0.0038 0.0031 0.0023 —0.6466 0.0209
Erysipelatoclostridiaceae 0.0049  0.0067 0.0099 0.7242 0.0251
Oscillospirales_Oscillospiraceae

Aspartate degradation |~ UCG-002 0.0535 0.0550 0.0413 —0.7908 0.0251
Peptostreptococcaceae 0.0021  0.0039 0.0052 0.6368 0.0818
Butyricicoccaceae 0.0017 0.0021 0.0030 0.4768 0.0872
Desulfovibrionaceae_Desulfovibrio  0.0068  0.0054  0.0043  —0.6658 0.0872

Glycine degradation Marinifilaceae_Odoribacter 0.0042  0.0034  0.0023 —0.5255 0.0605

Tl, tertile 1 of HOMA-IR; T2, tertile 2 of HOMA-IR; T3, tertile 3 of HOMA-IR. The contribution was described at family level (at
genus level in case of taxa of interest) with established cutoffs of 0.3. GLM was used to calculate differences between tertiles of HOMA-
IR and adjusted Storey’s g-values ¢ < 0.1 deemed as significant.

Table 4 | Taxa contribution per tertile to the GMMs positively associated with HOMA-IR index

GMM Taxa T1 T2 T3 Effect size g-value
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Butyricicoccaceae_Butyricicoccus 0.0058 0.0072 0.0067 0.5303 0.0993
Fructan degradation Bacteroidaceae 0.0288  0.0303  0.0438 —0.5268 0.0993
Erysipelatoclostridiaceae 0.0333  0.0330 0.0290 —0.8646 0.0993
Anaerovoracaceae 0.0003  0.0002 0.0005 0.4756 0.0112
Fructose degradation Erysipelatoclostridiaceae 0.0146 0.0131 0.0138 -0.8037 0.0516
UCG-010 0.0063  0.0047 0.0022 -0.6337 0.0600
8?2[8;’? rales_Oscillospiraceae 0.0518 0.0492 0.0368 -0.4279  0.0205
Butyricicoccaceae Butyricicoccus 0.0006 0.0008 0.0009 0.6283 0.0304
Marinifilaceae 0.0050  0.0040 0.0033 -0.6122 0.0304
UCG-010 0.0025 0.0017 0.0008 —0.6740 0.0367

Erysipelatoclostridiaceae
Erysipelotrichaceae_ UCG-003

Ruminococcaceae_Faecalibacterium  0.0065  0.0095  0.0095  0.5042 0.0638

Glutamine degradation I1 0.0052  0.0078 0.0093 0.7995 0.0611

Erysipelatoclostridiaceae 0.0079  0.0066 0.0074 -0.7875 0.0638
Muribaculaceae 0.0062  0.0034 0.0060 -0.7419 0.0638
Peptostreptococcaceae 0.0004  0.0007 0.0007 0.4752 0.0638
Tannerellaceae 0.0008 0.0003  0.0002 —-0.4656 0.0235

Erysipelatoclostridiaceae
Erysipelotrichaceae_UCG-003

Erysipelatoclostridiaceae 0.0122  0.0124 0.0104 -0.7217 0.0619

Butyricicoccaceae_Butyricicoccus 0.0027  0.0035 0.0038 0.6145 0.0267
Oscillospirales_Oscillospiraceae

Lactaldehyde degradation 0.0073  0.0112 0.0130 0.6334 0.0619

0.1743  0.1601 0.1281 —-0.4463 0.0267

Lactate production UCG-002
Erysipelatoclostridiaceae 0.0208 0.0192 0.0182 -0.7919 0.0391
UCG-010 0.0058 0.0048 0.0020 —0.6081 0.0391
Marinifilaceae 0.0177 0.0154 0.0134 -0.6546 0.0166
Threonine degradation II
Selenomonadaceae 0.0023  0.0082 0.0122 0.6122 0.0678

Tl, tertile 1 of HOMA-IR; T2, tertile 2 of HOMA-IR; T3, tertile 3 of HOMA-IR. The contribution was described at family level (at
genus level in case of taxa of interest) with established cutoffs of 0.3. GLM was used to calculate differences between tertiles of
HOMA-IR and adjusted Storey’s g-values ¢ < 0.1 deemed as significant.
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SUPPLEMENTAL MATERIAL

Figure S1 | Principal component analysis plot.
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Figure S2 | Box plot showing differences in Chaol, Shannon and Simpson indices between

tertiles of HOMA-IR index.
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Table S1 | Differences in alpha diversity indices Chaol, Simpson, Shannon, between tertiles

of HOMA-IR index.

Tertile 1 Tertile 2 Tertile 3 p-value
Chaol 60.0 +16.2 57.2+15.1 57.9+15.5 0.446
Simpson 0.8[0.1] 0.810.1] 0.91[0.1] 0.720
Shannon 26+04 26+04 26+04 0.855

Data presented as mean + SD or median [IQR]. One-way ANOVA test and Kruskal-Wallis test used to calculate differences
across tertiles of HOMA-IR; p < 0.05 deemed as significant.

Table S2 | Results of PERMANOVA analysis and permutation test for homogeneity of

multivariate dispersions using Aitchison distance.

Df Sums of squares Mean squares  F.Model R2 Pr(>F)
Tertiles 2 281 140.26 0.8247 0.00589 0.802198
Recruitinge. 1 545 544.59 3.2022 0.01144 0.000999 ***
Residuals 274 46769 170.07 0.98266
Total 278 47594 1.00000
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Figure S3 | Taxa contribution (per sample) to the GMMs negatively associated with HOMA-

IR index. Bacteria that did not contribute more than 30% to any function were classified as

“other taxa”.
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Figure S4 | Taxa contribution (per sample) to the GMMs positively associated with HOMA-

IR index. Bacteria that did not contribute more than 30% to any function were classified as

“other taxa”.

Tertiles.

99

Legend
Acdaminococcacese
Bacteroidaceae
Bitdobactenacese
Butyricicaccacese. Buyriccoocus
Costridaceae
Enerobactsriaceae
Erysipelatociostnaceae:
Erysipeltociostriaceas_Erysipelotichacese_ UCG-003
Fusobactriacoae
Lachnospiracese
Oscilospraceae
Pasteurolacese
Prevotelacese
Renolacoae
Ruminococcaceas Faccaibacterium
‘Selenomonadaceae
Suterelaceas
Tannerotaceae

Other taxa

ELDERLY



UNIVERSITAT ROVIRA I VIRGILI

GUT MICROBIOTA SIGNATURES ASSOCIATED WITH WEIGHT LOSS AND INSULIN RESISTANCE IN AN
MEDITERRANEAN POPULATION WITH OVERWEIGHT/OBESITY AND METABOLIC SYNDROME
Alessandro Atzeni

Figure S5 | Taxa contribution (per tertile) to the GMMs negatively associated with HOMA-IR
index. Bacteria that did not contribute more than 30% to any function were classified as “other

taxa”.
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Figure S6 | Taxa contribution (per tertile) to the GMMs positively associated with HOMA-IR
index. Bacteria that did not contribute more than 30% to any function were classified as “other

taxa”.
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The main purpose of this doctoral thesis is to identify specific fecal microbiota
signatures potentially involved in the control of body weight and associated with
insulin resistance in a population of elderly subjects (aged 55-75) with
overweight/obesity and MetS exposed to a lifestyle intervention based on
MedDiet, physical activity and behavioral support. We first explored the
association between fecal microbiota, BMI and changes in body weight after 12-
month of lifestyle intervention; second, we explored the association between
fecal microbiota (taxonomic and pathway-associated) and insulin resistance in
subjects without T2D. This study was conducted within the frame of the
PREDIMED-Plus clinical trial and includes a subsample of participants with

available fecal microbiota information at baseline and after 12-month follow-up.
Fecal microbiota signatures associated with body weight control

In the first study enclosed in this doctoral thesis we observed an association
between genera Prevotella 2 and Bacteroides and lower BMI. Moreover, we
observed an association between genera Prevotella 9, Lachnospiraceae UCG-
001, and Bacteroides, and higher weight loss after 12-month lifestyle
intervention. These findings suggest that specific taxonomic features of the gut
bacterial community may be involved in the control of body weight in response

to a lifestyle intervention.

Our findings are in line with some evidences observed in previous studies
describing reduced abundance of genus Bacteroides in individuals with obesity
[120,121]. The role of Bacteroides in weight loss modulation in response to
dietary intervention can be partially explained by the capacity of this genus to
adapt its metabolic machinery to the food source [122]. In addition, the
mutualistic nature of Bacteroides suggest that it may drive the functionality of
other bacteria in an ecosystem [123]. Moreover, Christensen and colleagues
shown no correlation between Prevotella-to-Bacteroides ratio and changes in

body weight in overweight subjects exposed to different fiber rich diets, but they
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observed higher weight loss in those subjects with high Prevotella abundance
compared to subjects with low Prevotella abundance [124]. Accordingly, we
observed no association between Prevotella-to Bacteroides ratio and changes in
body weight after intervention, and an enrichment in Prevotella in case of weight
loss. An enrichment in genus Lachnospiraceae UCG-001 was also observed in
the highest tertile of weight loss after 12-month follow-up, highlighting the
importance of this genus as SCFA producer. However, there are still too many
discordant opinions about the involvement of Lachnospiraceae in energy
efficiency improvement, probably because a proportionate amount of SCFAs is
necessary in order to control energy intake and expenditure [125]. In addition, we
also observed an enrichment of uncultured genera from Clostridiales order
associated with weight loss after 12-month follow-up. Interestingly, Korpela and
colleagues identified, among different bacteria, Clostridium cluster linked to
dietary modifications and association with host’s lipid metabolism [126]. Taking
together these findings, it emerges that matching diet to gut microbiota profiles
may be crucial in order to increase the effectiveness of weight loss programs. We
also explored the association between Firmicutes-to-Bacteroides ratio, baseline
BMI and changes in body weight after 12-month follow-up without observing
any significant results. Accordingly, Duncan and colleagues shown no
association in the proportion between these two major phyla among fecal bacteria
neither with obesity nor after weight loss interventions exposure [82]. However,
the lack of consensus regarding the link between Firmicutes-to-Bacterodetes
ratio, obesity, and control of body weight, highlights the need of deeper
taxonomic exploration of the gut microbiota [127]. Finally our findings suggest
differences in the gut microbiota at 12-month follow-up, supporting long-term
effects on weight loss, in contrast with other studies in which shifts in the gut
microbiota composition in response to weight loss intervention were observed
after 3-month follow-up after returning to the original composition at 12 months,

suggesting no association to long-term changes in body weight [128].
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Fecal microbiota signatures associated with insulin resistance

In the second part of this doctoral thesis, we identified cross-sectionally fecal
microbiota taxonomic signatures and related metabolic pathways associated with
insulin resistance in participants with overweight/obesity and MetS without T2D.
Specifically, we observed genera Desulfovibrio, Odoribacter, and
Oscillospiraceae UCG-002, negatively associated with higher HOMA-IR index,
whereas genera Faecalibacterium, Butyricicoccus, and Erysipelotricaceae UCG-
003, positively associated with higher HOMA-IR index. In addition, exploring
the total metagenome in the cohort, we observed a total of 21 gut metabolic
modules (GMMs) associated with HOMA-IR index. The relatively large number
of altered GMMs found may be understood in light of the altered gut metabolic
environment and would expect to typically accompany a higher insulin
resistance, thus drastically altering the potential substrates for the microbiome.
Furthermore, we observed that bacteria contribute differentially to the GMMs of
interest and the degree of contribution is also dependent on HOMA-IR index.
This may have major implications for our understanding of the role of the
microbiome in insulin resistance and indeed other conditions altering host gut
metabolism. Perhaps the altered gut metabolic environment promotes the relative
abundance of different microbes that perform the same functions, as described by

Zhang and colleagues [129].

We first described fecal microbiota taxonomic and pathway-related signatures
negatively associated with HOMA-IR index. Among these results, we observed
that genus Desulfovibrio was negatively associated with the highest tertile of
HOMA-IR index, who includes those subjects with a significantly higher BMI,
in accordance with some previous studies where Desulfovibrio was found
associated with BMI <25 in healthy adults with greater adherence to the MedDiet
[101]. This association may be partially explained by the production of hydrogen
sulfide (H,S), a gas metabolite produced by SRB that can directly stimulate
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glucose homeostasis and appetite regulation through GLP-1 activation [18,19].
We also observed a negative association with Odoribacter and higher HOMA-IR
index in our study population. Odoribacter is a succinate-consuming bacterium.
Elevated levels of circulating succinate have been associated with obesity and
impaired glucose metabolism in a cohort of Spanish subjects. This increase was
associated with specific changes in the gut microbiota related to succinate
metabolism and a lower relative abundance of Odoribacteraceae [131]. Among
the genera negatively associated with higher HOMA-IR index and BMI we also
observed an enrichment of Oscillospiraceae genus, which have been found
correlated with BMI and depleted in case of obesity [132,133]. The exploration
of the predicted total metagenome revealed that higher HOMA-IR index was
negatively associated with GMMs linked to amino acids breakdown. The fraction
of amino acids that are not absorbed by the colonic mucosa are metabolized by
the bacteria in the large intestine, resulting in the production of different end-
products which may play a role in the modulation of obesity and insulin resistance
[134]. Specifically, we observed that higher HOMA-IR index was negatively
associated with a GMM linked to cysteine degradation, resulting in the
production of H,S, that as we previously mentioned can improve glucose
homeostasis. Moreover, we observed negative association with GMMs linked
with glycine and glutamine degradation, which are intestinal gluconeogenesis
substrates. It has been proposed that intestinal gluconeogenesis protects against
diabetes and obesity by suppressing hepatic gluconeogenesis and positively
regulating glucose homeostasis [135]. Finally, we observed that for GMMs
linked to aspartate degradation and glycine degradation, taxa of interest
contribute significantly to the negative association with HOMA-IR index.
Aspartate and glycine are precursors for the synthesis of acetate, who has been
demonstrated to play a regulatory role in body weight control, and insulin
sensitivity through effects on lipid metabolism and glucose homeostasis

[136,137].
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Following we explored fecal microbiota taxonomic and pathway-related
signatures positively associated with HOMA-IR index. Some Faecalibacterium
strains, such as F. prausnitzii are butyrate producers with immunomodulatory
properties and anti-inflammatory effects [138]. Surprisingly we found
Feacalibacterium positively associated with higher HOMA-IR index. In support
to our findings, Hippe and colleagues shown that the overproduction of butyrate
induced by different F. prausnitzii phylotypes, observed in a cohort of non-
diabetic individuals with obesity, discriminates between obese developing T2D
or not, suggesting possible different inflammatory genetic patterns in the host
[139]. In addition, we find positive association between butyrate-producing genus
Butyricicoccus and higher HOMA-IR index. Accordingly, the analysis of the
total predicted metagenome revealed positive association between higher
HOMA-IR index and GMMs linked to mono-, di- and polysaccharide
degradation which leads to the production of SCFAs such as butyrate. Moreover,
taxa of interest significantly contribute to the GMMs positively associated with
higher HOMA-IR index linked to fructan degradation, glutamine degradation,
lactaldehyde degradation and lactate production. Indeed, dietary fibers are the
main source of oligosaccharides such as fructans, which can promote the growth
of butyrate-producing bacteria [88]. In addition, lactate and lactaldehyde are
fermentation products intermediary in the production of butyrate from
carbohydrates [140,141]. Accordingly, it seems that the action of some taxa of
interest is mediated by functions mainly linked to butyrate production, and that
this metabolite is playing a role in the association observed with insulin
resistance. Despite the large evidence supporting the beneficial effects of butyrate
on gut health, its effect on obesity remain unclear. In accordance to our findings,
it has been shown that butyrate can induce obesity providing the substrate for
energy expenditure but also by engaging in signaling pathways involved in
glycolipid metabolism [142]. However, due the controversial results especially

considering literature mainly supporting the beneficial role of butyrate, we cannot
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discard reverse causality. Among taxa positively associated with higher HOMA -
IR index we also observed an enrichment in Erysipelotrichaceae, which have
been found involved in host lipid and glucose metabolism impairment [143,144].
Bacteria belonging to Erysipelotrichaceae family use proteins and saccharides as
main substrates for lactate production, one of the functional metabolic pathways

that we found negatively associated with higher HOMA-IR index.
Strengths and limitations of the study

The studies enclosed in this doctoral thesis present some strengths and limitations
that deserve comments. Among its strengths it is important to mention that these
studies were conducted within the frame of a large lifestyle intervention aiming
to provide a clinical approach for long-term weight loss maintenance and
improvement of related metabolic disorders, with high sustainability for the
participants included in the study. Under this point of view, it is also important
to highlight that the study setup provides an ideal scenario to explore specific gut
microbial changes related to pathological conditions such as obesity and insulin
resistance. The large sample size, the long-term setup of the intervention and the
longitudinal assessment in some analyses are additional strengths of the present

studies.

These studies also include some limitations that deserve mention, especially
because important for the interpretation of the results but also for the
improvement of potential future studies related. The observational design of this
study did not make possible to conclude on causality or directionality, as these
results indicate just associations. Even if considering potential confounders, we
cannot exclude residual confounding in the study of association. In addition,
considering the lack of consensus in several aspects related to the association
between gut microbiota, obesity and insulin resistance we cannot discard reverse
causality. As this study was conducted in elderly Spanish individuals with

overweight/obesity and MetS, our results cannot be extrapolated to other
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populations. Also, the resilience of the gut microbiota cannot be determined, as
these studies did not evaluate short-term changes. Under the methodological
point of view, the nature of 16S sequencing limits the taxonomic profiling to
genus-level resolution and reduces the quantity and quality of accessible
information used to infer the functional potential of the microbiome.
Furthermore, we lack metabolomics data, which is crucial in order to make our
results more consistent. To conclude, the absence of a standardized
computational approach to study the microbiota makes challenging to compare

and reproduce the results generated with the other available studies.
Future insights

The above-mentioned limitations should be considered as first encouragement of
further future studies. The large number of studies showing discrepancies in the
taxonomic and functional aspect can be partially explained by the inherent biases
in metagenomic sequencing which make it problematic to estimate bacterial
abundance from sequencing data. Regardless, whole genome shotgun
metagenomics enables analysis at a higher resolution and should be considered
for future improvements. The taxonomic identification of the gut microbiota and
possible associations with disease status could be validated with metabolomics
techniques, which can provide detailed information on functional and metabolic
profiles and offer a valid tool to help tailor personalized interventions in which
successful strategies can be predicted according to this set of information. In
addition, it has been observed that pathology-related gut microbiota alterations
are linked with epigenetic changes, adding further opportunities of potential

future investigations.

A large sample size clinical trial such as the PREDIMED-Plus, which also
includes a huge collection of clinical and biochemical data provides the ideal
platform to study several types of outcomes mediated by the gut microbiota. In

addition, the consortium also benefits of a large collection of clinical samples
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which makes feasible the possibility to improve these studies with multi-omics
approaches. A big variety of opportunities are currently opened also considering
the rapid evolution of computational and statistical methods that can be

implemented.
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In the first study enclosed in this doctoral thesis we observed that specific fecal
microbiota taxonomic features were associated with lower BMI and higher
weight loss after a 12-month lifestyle intervention in a population of elderly
individuals with overweight, obesity and MetS, suggesting that specific member
of the gut bacterial community may be involved in the control of body weight in

response to a lifestyle intervention.

In the second study enclosed in this doctoral thesis we observed that specific fecal
microbiota genera and related predicted metabolic pathways were negatively
associated with higher HOMA-IR index. This association could be linked to
improved glucose homeostasis, induced by an increase in amino acids breakdown
that could induce intestinal gluconeogenesis and acetate synthesis; by an increase
in SRB and consequent H,S production; by improved succinate metabolism. In
addition, specific fecal microbiota genera and related predicted metabolic
pathways, were positively associated with higher HOMA-IR index. This
association could be linked to an increased saccharide degradation that may
stimulate the growth of butyrate-producing bacteria with consequent abnormal

production of butyrate and impaired glycolipid metabolism.

Taking together these findings emerges that the identification of specific gut
microbiota taxonomic signatures could be useful in order to adapt the strategies
for obesity management by predicting treatments’ success according to the
microbiota composition, but also to target potential bacterial candidates for the
development of therapies for insulin resistance. The effectiveness of these
strategies should be validated in the future with appropriate and well-designed

animal and human studies.
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