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ACRONIMS | ABREVIATURES

Nota: Algunes sigles provenen de I'anglés i es mantenen per coheréncia amb la terminologia
cientifica internacional.

5-HT: serotonina

ACC1.: acetyl-CoA carboxylase 1 (acetil-CoA carboxilasa 1)

AGCC: acids grassos de cadena curta

AhR: aryl hydrocarbon receptor (receptor d’hidrocarburs arilics)

AMPK: proteina quinasa activada per AMP

AUC: area under the curve (area sota la corba)

BCAA: branched-chain amino acids (aminoacids ramificats)

BPG: bypass gastric

CB: cirurgia bariatrica

ChREBP: carbohydrate response element-binding protein (proteina d’uni6 a I'element de
resposta als carbohidrats)

DCA: acid desoxicolic

DM2: diabetis mellitus tipus 2

EECs: enteroendocrine cells (cél-lules enteroendocrines)

EWL: excess weight loss (percentatge de perdua del pes excedent)

FAS: fatty acid synthase (sintasa d’acids grassos)

FFARZ2/3: free fatty acid receptor 2/3 (receptors d’acids grassos lliures 2i 3)

FIAF: fasting-induced adipose factor (factor adip6s induit pel dejuni)

FTO: fat mass and obesity-associated gene (gen associat a massa grassa i obesitat)
FXR: farnesoid X receptor (receptor farnesoide X)

GABA: acid gamma-aminobutiric

GIP: glucose-dependent insulinotropic peptide (péptid insulinotropic dependent de glucosa)
GLP-1: glucagon-like peptide 1 (péptid similar al glucago tipus 1)

GLP-1R: glucagon-like peptide 1 receptor (receptor de GLP-1)

GLP-2: glucagon-like peptide 2 (péptid similar al glucagé tipus 2)

GWAS: genome-wide association study (estudi d’associacié del genoma complet)
GPCR: G protein-coupled receptor (receptors acoblats a proteina G)

HDAC: histone deacetylase (histona desacetilasa)

IDF: International Diabetes Federation

IKK: IkB kinase (quinasa d’IkB)

IL-1B: interleucina-1 beta

IL-6: interleucina-6

IMC: index de massa corporal



IRS-1: insulin receptor substrate 1 (substrat 1 del receptor d’insulina)

JNK: c-Jun N-terminal kinase

KCNJ11: potassium inwardly rectifying channel subfamily J member 11

LCA: acid litocolic

LPL: lipoproteina lipasa

LPS: lipopolisacarid

MCP-1: monocyte chemoattractant protein-1 (proteina quimioatractant de monocits-1)
MI: microbiota intestinal

MTT: meal test (prova d’apat mixt)

NF-kB: nuclear factor kappa B (factor nuclear kappa B)

PPARG: peroxisome proliferator-activated receptor gamma

PYY: péptid YY

preDM: prediabetis

RE: reticle endoplasmatic

RI: resisténcia a la insulina

SEEDO: Societat Espanyola per a I'Estudi de I'Obesitat

SG: sleeve gastrectomy (gastrectomia vertical)

SREBP-1: sterol regulatory element-binding protein 1 (proteina d’'unié a I'element regulador
d’esteroides 1)

TCF7L2: transcription factor 7-like 2

TGR5: Takeda G-protein bile acid receptor 1 (receptor de I'acid biliar unit a proteina G)
TLRA4: toll-like receptor 4 (receptor tipus Toll 4)

TMAO: trimethylamine N-oxide (0xid de trimetilamina)

TNF-a: tumor necrosis factor alpha (factor de necrosi tumoral alfa)

TRPAL: transient receptor potential ankyrin 1 (receptor potencial transitori de tipus Al)
WOF: Federaci6é Mundial de I'Obesitat
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Resum

Resum

L’'obesitat i la diabetis mellitus tipus 2 (DM2) constitueixen dos dels principals reptes de
salut publica a escala mundial. En els darrers anys, la microbiota intestinal (MI) ha
emergit com un factor clau en la regulacié del metabolisme energétic i glucidic, aixi com
en la patogénesi de laresisténcia a la insulina (RI) i de la disfuncié metabolica associada.
Els acids grassos de cadena curta (AGCC), metabolits derivats de la fermentacié
bacteriana, exerceixen un paper rellevant en la modulacio de la inflamacid, la sensibilitat
alainsulina i la secrecié d’hormones intestinals com les incretines GLP-1 (glucagon-like
peptide 1) i GLP-2 (glucagon-like peptide 2). Aquesta tesi doctoral analitza de manera
integrada la relacio entre la Ml, els seus metabolits i la resposta incretinica en diferents

escenaris metabdlics, aixi com la seva modulacio després de la cirurgia bariatrica (CB).

En primer lloc, en una cohort poblacional mediterrania, es van caracteritzar les
alteracions de la Ml i dels AGCC al llarg del continu glucémic, des de la normoglucémia
fins a la DM2. Es va observar una reducci6 progressiva d’espeécies productores dAGCC
i de les concentracions fecals d’acetat i propionic, juntament amb un augment de
bacteris proinflamatoris com Escherichia/Shigella. En segon lloc, en pacients amb DM2
sotmesos a bypass gastric (BPG), es van registrar millores significatives del control
glucémic i una major secreci6 de GLP-1 i GLP-2, en paral-lel a una remodelacio
profunda de la Ml i a una reduccié dels marcadors de permeabilitat intestinal. Finalment,
en pacients amb obesitat sense diabetis sotmesos a gastrectomia vertical o sleeve
gastrectomy (SG), es va constatar que el grau de RI condiciona tant la resposta
incretinica com la remodelacié microbiana: els individus amb menor Rl van mostrar una

resposta hormonal més robusta i un perfil bacteria orientat a la produccié d’AGCC.

En conjunt, els resultats aporten evidéncia que la disbiosi intestinal i la reduccié dels
AGCC constitueixen esdeveniments precocos en la disfuncié metabolica, mentre que la
CB pot revertir parcialment aquests desequilibris mitjancant la restauracié de la Ml i de
la resposta incretinica. Aquesta tesi consolida el paper de I'eix microbiota—AGCC-
incretines com a mecanisme fisiopatoldgic rellevant en la relacié entre obesitat, Rl i DM2,
i obre noves perspectives per al desenvolupament d’estrategies terapéutiques dirigides

a modular la Ml i els seus metabolits per millorar la salut metabdlica.
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Abstract

Obesity and type 2 diabetes mellitus (T2DM) are major global public health challenges.
In recent years, gut microbiota (GM) has emerged as a key regulator of energy and
glucose metabolism and as a contributor to insulin resistance and metabolic dysfunction.
Short-chain fatty acids (SCFAs), metabolites derived from bacterial fermentation, play a
critical role in modulating inflammation, insulin sensitivity, and the secretion of intestinal
hormones such as the incretins GLP-1 and GLP-2. This doctoral thesis provides an
integrated analysis of the relationships between GM, its metabolites, and the incretin
response across different metabolic states, as well as their modulation following bariatric

surgery (BS).

First, in a Mediterranean population cohort, alterations in GM composition and SCFA
levels were characterized along the glycemic continuum, from normoglycemia to T2DM.
A progressive reduction of SCFA-producing species and of fecal acetate and propionate
concentrations was observed, together with an increase in pro-inflammatory bacteria
such as Escherichia/Shigella. Second, in patients with T2DM undergoing Roux-en-Y
gastric bypass, significant improvements in glycemic control and enhanced GLP-1 and
GLP-2 secretion were accompanied by profound microbial remodeling and reduced
intestinal permeability markers. Finally, in individuals with obesity but without diabetes
undergoing sleeve gastrectomy, the degree of insulin resistance (IR) was found to
modulate both the incretin response and microbial remodeling: participants with lower IR
displayed a stronger hormonal response and a microbiota profile oriented towards SCFA

production.

Overall, the findings indicate that intestinal dysbiosis and decreased SCFA production
are early events in metabolic dysfunction, whereas BS may patrtially restore these
imbalances through reconfiguration of the GM and enhancement of the incretin
response. This thesis supports the role of the gut microbiota—SCFA—incretin axis as a
key physiological mechanism linking obesity, IR, and T2DM, and highlights potential
therapeutic strategies aimed at modulating the GM and its metabolites to improve

metabolic health.
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1. Introducci6

1.1. Context clinic de les malalties metaboliques: obesitat, resisténcia a

lainsulina i diabetis tipus 2
1.1.1. Obesitat: prevalencai bases fisiopatologiques

La MI humana constitueix un ecosistema dens i divers, amb una poblaci6 estimada
d’aproximadament 3,8x10"® microorganismes i prop de 1.000 espécies diferents, que
resideixen L'obesitat és una malaltia cronica complexa i multifactorial caracteritzada per
un excés de teixit adipds, i que associa un estat d’'inflamacioé cronica de baix grau i sovint

de RI, amb importants implicacions per a la salut.
Prevalenca i impacte clinic

L'obesitat s'ha convertit en una malaltia cronica complexa amb una prevalenca alarmant
en augment tant a nivell mundial com nacional. D'acord amb la Societat Espanyola per
a I'Estudi de I'Obesitat (SEEDO), la prevalenca global de I'obesitat s'ha gairebé triplicat
en els darrers cinquanta anys, i les projeccions actuals apunten a una tendéencia encara
més accentuada en les proximes décades (1). En aquesta linia, I'Atlas 2025 de la
Federacio Mundial de I'Obesitat (WOF) estima que el nombre total d’adults amb obesitat

augmentara més d’un 115% entre 2010 i 2030, passant de 524 milions a 1.130 milions

).

A Espanya, segons dades de I'Organitzacié Mundial de la Salut, gairebé una de cada
quatre persones adultes (23,8%) presenta obesitat, i el sobrepes afecta més del 60% de
la poblacié (3).

Aquest creixement en la prevalenga té un impacte directe en la salut publica. Segons el
mateix informe de la WOF, 'any 2021 es van registrar 1,6 milions de morts prematures
(abans dels 70 anys) atribuibles directament a un IMC elevat, la majoria per malalties

no transmissibles com la diabetis, el cancer o els accidents cerebrovasculars (2).

Malgrat que a la practica clinica s’utilitza I'index de massa corporal (IMC) per definir-la,
sabem que la distribuci6 del teixit adipds constitueix un factor de risc més determinant
per a l'aparicié de malalties metaboliques i cardiovasculars que I'excés d’adipositat
global. En particular, 'acumulacié de teixit adipds visceral —i, en menor mesura,
I'expansio del teixit adipds subcutani profund— s’associa de manera positiva amb el
desenvolupament de comorbiditats vinculades a 'obesitat i amb una major mortalitat per

totes les causes (4).
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Bases fisiopatologiques de I’obesitat

El teixit adip6s no nhomés actua com a reservori energeétic, sind que exerceix també
funcions endocrines, immunologiques i metabdliques. Esta format per una gran
heterogeneitat cel-lular, i inclou tant el teixit adipdés blanc, especialitzat en
'emmagatzematge de triglicérids, com el teixit adipds marro, implicat en la termogénesi
adaptativa. Ambdos tipus mostren una gran capacitat plastica i poden modificar la seva
activitat segons les necessitats fisiologiques (5,6). Els adipocits secreten diverses
hormones i péptids en diferents condicions fisiologiques i patoldgiques, coneguts
globalment com a adipocines, que exerceixen un paper clau en la regulacié de

I'hnomeodstasi energética i la inflamacié, entre d’altres (7,8).

En condicions d’excés energétic, 'expansio del teixit adipds pot conduir a un estat de
disfuncié caracteritzat per lipolisi desregulada, infiltracié de lipids en altres organs
condicionant la seva disfuncié (lipotoxicitat), alteracio del perfil d’adipocines i activacio
de la resposta inflamatoria. Aquest estat contribueix al desenvolupament de RI, DM2,
malalties cardiovasculars, esteatosi hepatica i altres trastorns associats degut a la

infiltracié de la major part d'organs i teixits per teixit adipds ectopic i excessiu.

Diversos factors genétics i epigenétics influeixen en la predisposicié a I'obesitat. Estudis
familiars i d’associacié del genoma complet (GWAS) han estimat que entre el 40% i el
70% de la variabilitat del pes corporal pot ser hereditaria (9). La major part dels casos
d’obesitat comuna soén poligénics, i impliquen la interaccié de multiples variants
genétiques amb factors ambientals (10). Perd les variants genétiques identificades
només expliquen part de la diferent susceptibilitat a I'obesitat. A més dels factors
geneétics, els mecanismes epigenétics, com la metilacid6 del DNA, les modificacions

d'histones i els microARNs, també influeixen en l'obesitat (11).

Els factors ambientals com la dieta, I'activitat fisica, els contaminants i I'estrés poden
afavorir I'acumulacié de greix i el desenvolupament de l'obesitat. Actuen com a
desencadenants externs que poden superar la capacitat adaptativa del teixit adipés,
especialment en individus amb una predisposicid genética. A més, poden ser els

causants dels canvis epigenétics que s’han associat a I'obesitat (12).

Finalment, el sistema hormonal juga un paper central en la regulacié de la gana i del
balan¢ energétic. Hormones com la leptina, la grelina, la insulina i les incretines
intestinals entre d’altres, participen en la comunicacié entre el teixit adipos i altres

organs metabolicament actius. El seu desequilibri pot contribuir al desenvolupament i
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manteniment de I'obesitat, i constitueix una diana terapéutica rellevant en el tractament

actual i futur(7).

En resum, l'obesitat és una malaltia multifactorial i cronica en la qual interaccionen
factors genetics, epigenétics i ambientals. El coneixement d'aquests mecanismes és
essencial per al desenvolupament de noves estrategies de prevencio i tractament

personalitzat de I'obesitat.
1.1.1. Diabetis tipus 2: magnitud del problema i implicacions cliniques

La DM2 és la forma més prevalent de diabetis, representa aproximadament el 90 % dels
casos globals i s’ha consolidat com una de les principals causes de morbiditat i mortalitat
prematura associada a malalties no transmissibles (13). El seu impacte creixent sobre
la salut publica es deu tant al volum de casos com a les seves complicacions a llarg

termini i a la carrega econdmica que genera.
Prevalencai projeccions de futur

Segons I'IDF Diabetes Atlas 2025, s’estima que 589 milions d’adults d’entre 20 i 79 anys
viuen amb diabetis arreu del mon, dels quals més del 90 % pateixen DM2. D’aquest total,
fins a un 43 % dels casos (aproximadament 252 milions de persones) no estan

diagnosticats, la qual cosa incrementa el risc de complicacions evitables (14).

A Espanya, es calcula que 4,66 milions d’adults (20—79 anys) tenen diabetis, amb una
prevalenga estimada del 13,1 %. D’aquests, el 35,5% estarien sense diagnosticar.
Donat que la DM2 representa la major part dels casos, es pot inferir que més de 4 milions
d’espanyols conviuen amb aquesta patologia, moltes vegades sense saber-ho. A més,
'any 2024, la diabetis va ser responsable de 22.125 morts al pais en aquest mateix grup
d’edat (14). Un estudi poblacional de seguiment realitzat a Espanya indica una
incidéncia acumulada del 6,4 % en un periode de 7,5 anys, amb una taxa ajustada de
11,6 casos per 1.000 persones-any, fet que subratlla I'elevat risc de desenvolupament

de DM2 en la poblacié general (15).

A escala mundial, les projeccions epidemiologiques apunten a un augment del 59,7 %
en la prevalenga estandarditzada per edat entre 2021 i 2050, arribant a superar els 1.310
milions de persones afectades. Aquest increment estara impulsat principalment per
I'expansioé de la DM2 (amb un creixement estimat del 61,2 %) i per factors com I'obesitat

i 'envelliment poblacional (13). Tot i que no es disposa de dades de projeccio
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especifiques per a Espanya, es preveu una tendencia ascendent també en aquest

context, tenint en compte els elevats percentatges d’obesitat i I'envelliment demografic.
Implicacions cliniques i socioeconomiques

Des del punt de vista clinic, la DM2 multiplica per 2 o 3 el risc de patir malalties
cardiovasculars com linfart agut de miocardi, lictus o la insuficiéncia cardiaca,
responsables de prop de la meitat de les morts atribuides a la malaltia (16). Les
complicacions microvasculars —retinopatia, nefropatia i neuropatia diabéetica— so6n
altament prevalents i contribueixen al deteriorament funcional i de la qualitat de vida
(17).

També s’observa un impacte emocional significatiu, amb major risc d’ansietat i depressio
associats a les complicacions i al mal control metabolic que es pot agreujar per factors
socials com el nivell educatiu baix o el sedentarisme (18). La baixa adheréncia
terapéutica, condicionada per barreres socioeconomiques i manca de suport continuat,

n’agreuja el pronostic.

En conjunt, la prevalenca elevada, la naturalesa progressiva i la frequiéncia de
complicacions prevenibles exerceixen una forta pressio sobre els sistemes sanitaris.
Malgrat els avencos, la deteccié precog, el control multifactorial i 'accés equitatiu als
tractaments efectius continuen essent reptes prioritaris, que reclamen un abordatge

proactiu i personalitzat (19).

Des d'una perspectiva econdmica, la carrega sanitaria de la diabetis a Espanya és
notable: s’estima una despesa anual de prop de 12.300 milions d’euros, equivalent a
uns 2.640 € per persona amb diabetis, incloent-hi costos directes i indirectes derivats de

les complicacions i la pérdua de productivitat (14).

1.1.2. Relaci6é entre obesitat i disfunci®6 metabolica: resisténcia a la insulina i

progressio cap ala DM2

Des del punt de vista fisiopatologic, el desenvolupament de la DM2 s’explica per una
interaccié complexa entre la RI periférica, la disfuncié progressiva de les cél-lules
pancreatiques i les alteracions derivades de la disfuncio del teixit adipds. L'obesitat, en
particular 'acumulacié de teixit adipds visceral, actua com a factor iniciador d’aquesta
cascada metabolica, afavorint un estat pro inflamatori cronic i la secrecié desregulada
d’adipocines i acids grassos lliures, que interfereixen amb la senyalitzacié insulinica i

promouen un entorn de lipotoxicitat sistémica (20,21).
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Els canvis estructurals i funcionals del teixit adipds, com la hipertrofia adipocitaria, la
hipoxia tissular i la fibrosi, comprometen la seva capacitat demmagatzematge energétic
i afavoreixen I'abocament ectopic de lipids cap a teixits com el fetge, el muscul
esquelétic i el pancrees. Paral-lelament, la infiltraci6 de cél-lules immunes
proinflamatories (com els macrofags M1) en el teixit adipds incrementa la produccio local
de citocines com TNF-a i IL-6, que perpetuen I'estat inflamatori i activen vies com el
factor nuclear kappa B (NF-kB) i la c-Jun N-terminal kinase (JNK), que interfereixen amb

la transduccio del senyal insulinic (21,22).

A nivell cel-lular, diversos mecanismes contribueixen a la RI. L'estrés del reticle
endoplasmatic (ER), induit per la sobrecarrega secretora i I'excés de nutrients, activa la
resposta a proteines desplegades i compromet la funcionalitat dels substrats del
receptor d’insulina (IRS) (22,23). La disfuncié mitocondrial, habitual en 'obesitat, redueix
la producci6 d’ATP i augmenta la generacié d’espécies reactives d’oxigen (ROS),
afavorint I'estrés oxidatiu. A més, 'acumulacié de lipids bioactius com ceramides i
diacilglicerols activa quinases que bloquegen la senyalitzacié insulinica, mentre que els
acids grassos saturats poden activar receptors tipus Toll (TLR4) i linflamasoma,

exacerbant la inflamacié metabdlica (24).

A mesura que la RI s’agreuja, les ceél-lules B pancreatiques intenten compensar la
pérdua de sensibilitat periférica augmentant la secrecié d’insulina. Aquesta fase
compensatoria, pero, pot fallar en individus amb predisposicié genética o exposicions
metaboliques adverses, donant lloc a defectes funcionals precogos en la secrecio
d’insulina, fins i tot abans de produir-se una reducci6 significativa de la massa cel-lular
(25). Amb el temps, la hiperglucémia sostinguda genera un entorn de glucotoxicitat i
lipotoxicitat que afavoreix I'estrés del ER, I'apoptosi cel-lular i la desdiferenciacié de les
cél-lules B. L'activacié de vies inflamatories i la infiltracid immune dels illots pancreatics
contribueixen encara més a la pérdua de funcié i massa [3, determinant la transicié cap

a la diabetis manifesta (26—28).

La variabilitat interindividual en aquesta progressié metabolica pot estar determinada
per factors genetics que modulen la reserva funcional de les cél-lules B i la seva
capacitat adaptativa davant I'estrés metabolic. S’han descrit variants en gens com
TCF7L2, KCNJ11 i PPARG associades a una major susceptibilitat a la DM2 (29). A més,
factors ambientals com la dieta, I'activitat fisica i I'estrés psicosocial poden condicionar
la velocitat de descompensacié metabolica i el moment d’aparicio clinica de la malaltia
(30).
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1.2. El paper funcional de la microbiota intestinal en la regulacié

metabolica
1.2.1. Composici6 i funcions generals de la microbiota intestinal

La MI humana constitueix un ecosistema dens i divers, amb una poblacié estimada
d’aproximadament 3,8x10"® microorganismes i prop de 1.000 espécies diferents, que
resideixen majoritariament al colon (31). Aquest ecosistema ha evolucionat en simbiosi
amb I'hoste huma al llarg de milions d’anys, desenvolupant mecanismes sofisticats de
comunicacio bidireccional amb implicacions essencials en la regulacid metabdlica,

endocrina i immune (32).
Composicid i diversitat microbiana

El genoma col-lectiu de la microbiota —conegut com a microbioma— conté
aproximadament 3 milions de gens, enfront dels 23.000 del genoma huma, fet que
reflecteix una capacitat metabolica i funcional extraordinaria (33). Els quatre filums
predominants sén Firmicutes (60-80 %), Bacteroidetes (15-25 %), Actinobacteria (3—
5 %) i Proteobacteria (<5 %) (34).

La composicio i riquesa microbiana varien notablement entre individus i al llarg de la
vida, influenciades per factors genétics, dietétics, ambientals, farmacologics i clinics.
Durant la infancia, la diversitat alfa —que mesura la riquesa i equitat d’espécies dins
d’un individu— augmenta de forma progressiva fins a estabilitzar-se en I'edat adulta. La
diversitat beta, que compara diferéncies entre individus o grups, permet identificar

patrons associats a estils de vida, estats de salut o patologies (35).
Funcions metaboliques, endocrines i immunes
La MI exerceix multiples funcions essencials:

e Fermentacié de substrats no digerits (fibres i midons resistents), amb produccié
d’AGCC —aceétic, propionic i butiric—, que actuen com a fonts energetiques,
moduladors de la sensibilitat insulinica i reguladors de la inflamacio via receptors
com free fatty acid receptor 2/3 (FFAR2/GPR43 i FFAR3/GPR41) i com a inhibidors
d’histona deacetilases (HDAC) (36,37).

e Sintesi de vitamines com riboflavina, niacina i folat, aixi com transformacié d’acids

biliars, modulant I'activitat sobre receptors com com el farnesoid X receptor (FXR) i
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el Takeda G-protein-coupled bile acid receptor 5 (TGRS5, receptor d’acids biliars unit
a proteina G), implicats en la regulacié metabdlica i de la resposta inflamatoria (36).

e Estimulacié de la secreciod d’incretines, com el GLP-1 i el péptid YY (PYY), des de
les cel-lules enteroendocrines, amb efectes directes sobre la homeostasi glucémica
i el control de la gana (37).

e Modulacié del sistema immunitari, tant innat com adaptatiu, afavorint la maduracié
de la barrera epitelial intestinal i la tolerancia immune (38).

e Producci6 de compostos neuroactius com serotonina, GABA, dopamina i
endocannabinoides, que poden actuar a nivell local i sistémic, contribuint a I'eix

microbiota-intesti-cervell (39).
Implicacions per a la salut

En condicions d’eubiosi, la M| contribueix activament al manteniment de 'homeostasi
metabolica, endocrina i immune. Tanmateix, alteracions en la seva composici i
funcionalitat —conegudes com a disbiosi— poden comprometre aquestes funcions i
s’han associat amb diverses malalties croniques com I'obesitat, la diabetis tipus 2 i les
malalties inflamatories intestinals. Aquesta relacié situa la microbiota com un element
clau en la interaccié entre nutricié, immunitat i metabolisme, aixi com un potencial

objectiu terapéutic en I'abordatge de trastorns metabalics i inflamatoris (35).

1.2.2. Produccié de metabolits bacterians: AGCC i altres compostos actius

La MI humana produeix una amplia gamma de metabolits bioactius, entre els quals els
AGCC so6n els més abundants i fisiologicament rellevants (40,41). Els principals AGCC
inclouen acetat, propionat i butirat, que representen aproximadament el 95 % del total
produit al colon. Aquests compostos actuen com a molécules de senyalitzacié clau entre
la microbiota i I'hoste, modulant processos metabdlics, immunitaris i endocrins

essencials (40-42).
Acetat

Es TAGCC més abundant, amb més del 50 % del total detectat en femtes. Es forma
principalment per fermentacié de carbohidrats, tot i que un ter¢ pot derivar de bacteris
acetogenics a través de la via de Wood-Ljungdahl (40). Les vies de producci6 d’acetat

estan ampliament distribuides entre diferents grups bacterians (41).
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Propionat

La seva sintesi es realitza mitjangant tres rutes principals: la via del succinat (dominant
i caracteristica de Bacteroidetes i algunes Firmicutes), la via de 'acrilat (a partir de lactat,
en Veillonellaceae i Lachnospiraceae) i la via del propanodiol (a partir de desoxi-sucres)
(40). L’abundancia relativa de Bacteroidetes s’ha relacionat amb concentracions fecals
de propionat, i espécies com Akkermansia muciniphila s’identifiquen com a productores

clau associades a la degradacié de mucina (41).

Butirat

Es produeix principalment a través de la via butiril-CoA:acetat CoA-transferasa,
utilitzada per géneres com Faecalibacterium, Eubacterium i Roseburia. La fermentacio
de mido resistent, dominada per Ruminococcus bromii, és una font clau de butirat.
Malgrat la diversitat microbiana intestinal, només un petit nombre d’espécies sembla

responsable de la major part de la seva produccié (40,41).

Alimentacio6 creuada bacteriana (cross-feeding)

Els AGCC també es generen gracies a la cooperacié metabdlica entre especies. Per
exemple, Faecalibacterium prausnitzii pot utilitzar I'acetat produit per Bacteroides
thetaiotaomicron, mentre que els bifidobacteris generen lactat i acetat que serveixen de
substrat per a bacteris butirogénics com Roseburia o Eubacterium (40). Aquest
mecanisme garanteix una explotacié més eficient dels substrats disponibles i contribueix
a I'equilibri final ’AGCC.

Altres metabolits bacterians

A més dels AGCC principals, la fermentacid6 microbiana genera altres compostos
rellevants. El lactat, produit per la fermentaci6 de carbohidrats rapidament fermentables,
és utilitzat per altres espécies en vies de cross-feeding. El formiat participa en processos
com la metanogénesi i augmenta en condicions inflamatories. La fermentacié dels
aminoacids provinents de les proteines dona lloc a la formacié d’aminoacids de cadena
ramificada (BCAA), que poden intervenir en diversos processos de regulacié metabolica
(41).

La informacié resumida sobre els principals AGCC i altres metabolits bacterians,
incloent-ne les vies de produccid, els efectes fisiologics i les referéncies clau, es

presenta a la Taula 1.
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Taula 1. Acids grassos de cadena curta (AGCC) i altres metabolits: sintesi i efectes

principals
Metabolit  Fonts principals Funcions clau Implicacions Referéncies
metaboliques i
cliniques
Acetat Fermentacio de Substrat Regulalaganaila (40-43)]
carbohidrats; via energetic; sintesi lipidica;
acetogénica lipogénesi increment circulant
hepatica; d’AGCC associat a
activacio de millora metabdlica
GPCR
Propionat Vies del succinat, Substrat Redueix triglicerids (40-43)
acrilat i propanodiol;  gluconeogénic intrahepatics; millora
degradacio de hepatic; inhibicié6  sensibilitat a la
mucina (A. de lipogenesi insulina
muciniphila)
Butirat Fermentacio de Font energética Millora homeostasi (41,42,44)
mido resistent i de colonacits; glucémica,
fibres; productors inhibidor d’'HDAC; sensibilitat a la
clau (F. prausnitzii, activacio ’AMPK insulina i té efectes
Roseburia, antiinflamatoris i
Eubacterium) protectors en
obesitat i DM2
Lactat Bifidobacterium i Metabolit Modulacié del pH (42)
altres bacteris intermedi; intestinal; font per a
fermentadors substrat per a cross-feeding
propionat i butirat
Formiat Producte secundari  Substrat per a Contribueix a (45)
de fermentacié metanogens com  I'eliminacié d’H, i
M. smithii millora I'eficiéncia
fermentativa
BCAA Fermentacio Substrats Poden contribuir a (41)
d’aminoacids de alternatius; inflamacio6 intestinal i

cadena ramificada

produccio de
compostos

nitrogenats

desregulacié

metabolica

Nota. BCAA: aminoacids ramificats; GLP-1: péptid similar al glucagé tipus 1; GPCR: receptors acoblats a
proteina G; PYY: peptid YY; HDAC: histona desacetilasa; DM2: diabetis mellitus tipus 2.

15



Implicacions de la microbiota en les malalties endocrinometaboliques

Metanogenesi i Methanobrevibacter smithii

L’arquea Methanobrevibacter smithii €s el principal metanogen intestinal i té un paper
crucial en I'eliminacié d’hidrogen i altres subproductes de la fermentacio, millorant aixi
I'eficiéncia energética global de la microbiota. Aquesta espécie pot consumir format, H,,
metanol i etanol, i estableix interaccions sintrofigues amb bacteris com B.

thetaiotaomicron, afavorint la produccié d’acetat (45).

Mecanismes moleculars d’accio

Els AGCC, especialment el butirat, actuen com a moduladors epigenetics, inhibint HDAC
i regulant aixi I'expressid génica immune i metabolica (42). A més, activen receptors
acoblats a proteines G (GPCRs) com FFAR2/GPR43 i FFAR3/GPR41, presents en
cel-lules immunitaries, adipocits i cel-lules enteroendocrines, modulant la secrecio
d’hormones intestinals, també anomenades Incretines, com el GLP-1 i el PYY (42,46).
Finalment, presenten funcions especifiques en el metabolisme energeétic: el butirat és la
font energética preferida dels colondcits, el propionat s’utilitza al fetge com a substrat

gluconeogénic i 'acetat és TAGCC més abundant en circulacio (42).

Efectes fisiologics i implicacions cliniques

Els AGCC impacten en multiples dimensions de la salut metabdlica. En 'ambit hormonal,
com s’ha mencionat, afavoreixen la secrecié de GLP-1 i PYY, contribuint a la regulacié
de la glucemia i de la ingesta alimentaria (46,47). En el metabolisme de la glucosa, el
propionat redueix triglicérids intrahepatics i millora la sensibilitat insulinica, mentre que
el butirat redueix la glucemia i millora el control ponderal (41,44). En relaci6 amb el
metabolisme lipidic, el propionat inhibeix la lipogénesi de novo i la colesterogenesi,
mentre que lacetat hi contribueix (41). Finalment, el butirat exerceix efectes
antiinflamatoris a través de la inhibici6 de NF-kB i HDAC, i redueix citocines

proinflamatories com TNF-a, MCP-1 i IL-13 en models animals (41,44).

Aquests mecanismes expliquen per qué nivells reduits de bacteris productors de butirat
i alteracions en el perfil ’AGCC s’han associat amb obesitat, diabetis tipus 2 i malaltia
renal diabética (44,48,49). A més, estudis recents mostren que la dieta mediterrania pot
potenciar la produccié d’AGCC i reforcar la integritat de la barrera intestinal mitjangant
la millora de les unions estretes epitelials i la reduccié de la permeabilitat intestinal,

mecanismes directament dependents de I'activitat del butirat (50,51).
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1.2.3. Interaccio6 entre disbiosi, alteraci6 de la barreraintestinal i inflamacio6 de baix

grau

La interaccié entre la MI, la integritat de la barrera epitelial i la inflamacio sistemica
constitueix un eix fisiopatologic fonamental en el desenvolupament de malalties
metaboliques com l'obesitat i la DM2 (52,53). La disbiosi afavoreix la disrupcié de la
barrera intestinal i aixi, la translocacié de productes microbians, que actuen com a
inductors d’inflamacié cronica de baix grau i contribueixen a la Rl i a la disfuncié

metabolica (54).

Disbiosi i composicié microbiana

La disbiosi es defineix com una alteracié qualitativa i quantitativa de la comunitat
intestinal que compromet la seva funcié metabdlica i immune. En condicions d’obesitat,
s’ha descrit un increment de Firmicutes i Actinobacteria i una disminucié concomitant de
Bacteroidetes, un patr6 que afavoreix una major extraccid d’energia de la dieta i

I'acumulacio lipidica en el teixit adipos (54).

Integritat de la barrera intestinal i translocacié bacteriana

La barrera intestinal és la primera linia de defensa contra la translocaci6 bacteriana. La
seva integritat depén de proteines de les unions estretes (tight junction proteins), com
lazonula occludens-1 (ZO-1) i la occludina, que es veuen alterades en models animals
d’obesitat i DM2 (52). Aquesta disrupcié augmenta la permeabilitat paracel-lular i permet
el pas de lipopolisacarids (LPS) i altres productes microbians cap a la circulacié
sistémica, procés que es coneix com a endotoxémia metabolica, caracteritzada per
nivells cronicament elevats de LPS (53,54). Estudis en ratolins mostren que una dieta
rica en greixos augmenta la translocacid bacteriana, amb deteccié de bacteris Gram-

negatius i E. coli en mucosa ileal, sang i teixit adip6s mesentéric (55).

La incretina GLP-2, secretat per cel-lules enteroendocrines, juga un paper clau en
aquest procés: la suplementaci6 amb fructooligosacarids (FOS) en ratolins obesos
augmenta Lactobacillus i Bifidobacterium, restaura la permeabilitat intestinal i redueix la
endotoxémia, efecte que desapareix quan s’administra un antagonista del GLP-2.
L’administracié directa de GLP-2 millora de manera similar la permeabilitat i la inflamacié

sistemica (56).
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Mecanismes moleculars implicats

Diversos mecanismes connecten disbiosi, alteracio de la barrera i inflamaci6 sistemica:

Sistema endocannabinoide (eCB): en obesitat, 'eCB es troba sobreactivat tant
a l'intesti com al teixit adipds, amb augments d’anandamida (AEA), activacié del
receptor CB1 i reduccié de I'enzim degradador FAAH. El bloqueig del receptor
CB1 redueix la permeabilitat intestinal, els nivells plasmatics de LPS i la
inflamacié hepatica, mentre que la seva activacio té efectes contraris (52,53,56).
Tanmateix, resultats en models KO de CB1 suggereixen que el seu paper pot
dependre del context, ja que aquests animals presenten disfuncié addicional de
la barrera colonica (56).

AGCC: especialment el butirat, mantenen I'energia dels enterocits, estimulen
I'expressio de proteines de les unions estretes regulant la barrera intestinal i
exerceixen efectes antiinflamatoris via inhibicié6 de HDAC. La disbiosi redueix la
produccio d’AGCC i debilita la funcié de barrera intestinal (53).

Activaciéo immune via TLR4/NF-kB: durant la endotoxemia sistemica el LPS
translocat activa receptors TLR4 en ceél-lules immunitaries i parenquimals,
iniciant una cascada que culmina en I'activacié de NF-kB i en la produccié de
citocines proinflamatories (TNF-a, IL-6, IL-1B). La cooperacié entre TLR2 i TLR4
afavoreix l'activaciéo de quinases inflamatories (JNK, IKKB), que interfereixen
amb la senyalitzacié insulinica mitjangant la fosforilacié inhibidora de I'RS-1
(substrat 1 del receptor d'insulina) (54).

Alteraci6 de defenses epitelials: la disbiosi pot afectar les cél-lules de Paneth,
productores de péptids antimicrobians com les defensines i la lisozima, afavorint
I'expansié de Proteobacteria i perpetuant el cercle de permeabilitat intestinal-

endotoxemia-inflamaci6 sistémica (53).

Consequéncies metaboliques i sistémiques

Aguest eix microbiota—alteracié de la barrera intestinal—inflamacié promou un estat

d’inflamacioé cronica de baix grau que deteriora la senyalitzacio insulinica i contribueix a

la progressio cap a la DM2 (54). L'impacte metabdlic s'estén també al teixit adipos:

ratolins lliures de gérmens presenten un 40 % menys de massa grassa que els

convencionalitzats, mentre que la transferéncia de microbiota d’individus amb obesitat

indueix un augment de la quantitat de massa grassa (53). A més, biomarcadors

indicatius d’uns permeabilitat intestinal elevada s’han associat a inflamacié sistémica i

deteriorament cognitiu en cohorts humanes (32).
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En conjunt, aquests mecanismes evidencien com la disbiosi i la pérdua d’integritat de la
barrera intestinal estableixen una dinamica de retroalimentacioé d’inflamacié i disfuncio
metabolica, que obre la porta a noves estrategies terapéutiques basades en la

modulacié de la microbiota.

1.2.4. Interaccié entre microbiota i sistema endocri intestinal

La MI exerceix un paper clau en la regulacio del sistema endocri intestinal a través de
la modulacié de les cél-lules enteroendocrines i la secrecid d’hormones intestinals,
establint un eix de comunicacié essencial per al control de I'homeostasi energética i

glucémica.
Cel-lules enteroendocrines: interficie microbiota-hoste

Les cel-lules enteroendocrines (EECs) constitueixen el major organ endocri del cos
huma i sén responsables de la secrecié de més de 20 hormones diferents al llarg del
tracte gastrointestinal (57). Actuen com a sensors quimics, detectant nutrients i
metabolits derivats de la Ml mitjangcant receptors a les membranes apical i basolateral, i
responen amb la secrecid d’hormones que regulen el metabolisme energeétic i glucidic.
La MI influeix de manera decisiva en la maduracio, densitat i funcid6 de les EECs,
modulant els perfils de secrecié hormonal (57,58). Els estudis amb ratolins lliures de
germens han mostrat alteracions en la deteccié de nutrients i en la secrecié de GLP-1 i

PYY, demostrant la importancia de la microbiota en la fisiologia enteroendocrina (58).
Metabolits microbians com areguladors hormonals

Els productes metabdlics de la microbiota actuen com a senyals clau en la regulacié

endocrina intestinal;

e AGCC: acetat, propionat i butirat estimulen la secrecié de GLP-1i PYY a través
dels receptors FFAR2/GPR43 i FFAR3/GPRA41 en cel-lules L intestinals, aixi com
mitjangant mecanismes intracel-lulars dependents d’ATP i calci (36,46,57).

e Acids biliars modificats: els acids biliars secundaris, com l'acid desoxicolic
(DCA) i I'acid litocolic (LCA), activen TGRS, estimulant la secrecié de GLP-1 i
PYY i millorant la tolerancia a la glucosa. En canvi, I'activaci6 de FXR
principalment per I'acid quenodesoxicolic (CDCA), redueix la secrecioé de GLP-1
mitjancant la regulacio a la baixa del gen del proglucag6 (36,37,57).

o Metabolits del triptofan: Els derivats indolics activen el receptor d’hidrocarburs

arilics (AhR, aryl hydrocarbon receptor), estimulant la secreci6 de GLP-1 i
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exercint efectes antiinflamatoris hepatics (36). Paral-lelament, l'indol activa el
receptor potencial transitori de tipus Al (TRPAL, transient receptor potential
ankyrin 1) a les cél-lules enterocromafins, afavorint I'alliberament de serotonina

(5-HT), un neurotransmissor intestinal clau en la motilitat (57,58).

Hormones intestinals clau i disbiosi

e GLP-1: incretina secretada per les cél-lules L intestinals que estimula la secrecié
d’insulina, inhibeix la secrecié de glucagé i retarda el buidatge gastric. La
microbiota modula el seu alliberament a través dels AGCC i dels acids biliars
(37,46,57).

e PYY: co-secretat amb GLP-1, redueix la ingesta alimentaria i la motilitat intestinal
mitjangant I'activacio dels receptors Y2 localitzats principalment a I'hipotalem i a
les aferéncies vagals. Els AGCC i els acids biliars també en regulen la secrecié
(46,57).

e GIP: secretat per les cél-lules K intestinals, respon especialment als greixos de
la dieta. El butirat i el propionat poden estimular-ne 'alliberament, tot i que el seu
paper en |'obesitat i la DM2 continua en discussio (37,57).

e GLP-2: co-secretat amb GLP-1, té efectes trofics sobre la mucosa intestinal,
millorant la integritat de la barrera i reduint la permeabilitat (59).

e Serotonina (5-HT): produida per les cel-lules enterocromafins, esta fortament
modulada per la microbiota, especialment per bacteris productors d’espores com
Clostridiales (57,58).

En la disbiosi associada a I'obesitat i DM2, es redueix la producciéo d’AGCC i la secrecio
de GLP-1 i PYY, afavorint un estat de RI, hiperfagia i acumulacié de greix visceral
(20,58).

Per sintetitzar els principals mecanismes descrits, a la Taula 2 es resumeixen les
principals hormones intestinals regulades per la microbiota, els seus efectes metabolics

i els metabolits bacterians implicats.
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Taula 2. Regulacié hormonal intestinal per metabdlits derivats de la microbiota

L .. Receptor/s Hormona/s  Efectes metabolics
Metabolit microbia ) o Ref.
implicat/s regulades principals
FFAR2 (GPR43), o .
1 secrecio d’insulina, 1
FFAR3 (GPR41), ) ]
AGCC (acetat, . GLP-1, PYY, sacietat, | buidament (36,46,
) ) mecanismes o i
propionat, butirat) GIP gastric, millora 57,58)
intracel-lulars o o
sensibilitat insulinica
dependents d’'ATP
GLP-1, PYY o
o . 1 tolerancia a la
Acids biliars (TGRS5); L
. o glucosa, 1 oxidacio (36,37,
secundaris (LCA, TGR5, FXR inhibicio o ) .
lipidica, millora funcio 57)
DCA) GLP-1 ) )
barrera intestinal
(FXR)
Derivats del ) 1 motilitat intestinal,
oo ) Serotonina L o
triptofan (indol, modulacié inflamacié (36,57,
) AhR, TRPA1 (5-HT), GLP- . y
indol-3-acetat, 1 hepatica, preservacio 58)
IPA) funcio p-pancreatica
) 1 motilitat intestinal,
5-HT (produida . ]
. Receptors 5-HT regulacio glucosa i
per bacteris o 5-HT o o (57,58)
o (entérics i centrals) lipids en teixits
Clostridial i EECs) .
periferics
Prebiotics
(inulina, ] .
. 1 sacietat, 1 funcié
oligofructans) — GLP-1, PYY, ) )
» ~ FFAR2, GLP-1R barrera intestinal, | (58,60)
produccié AGCC i GLP-2

modulacié

microbiota

inflamacio sistemica

AGCC: acids grassos de cadena curta; LCA: acid litocolic; DCA: acid desoxicolic; FFAR2/3: receptors
d’'acids grassos lliures 2 i 3 (GPR43/GPR41); FXR: receptor farnesoide X; AhR: receptor d’hidrocarburs

arilics; TRPA1: receptor potencial transitori de tipus Al; 5-HT: serotonina; EECs: céel-lules enteroendocrines;

GLP-1: peptid similar al glucago6 tipus 1; GLP-2: peptid similar al glucagé tipus 2; PYY: peéptid YY; GIP:

péptid insulinotropic dependent de glucosa; GLP-1R: receptor de GLP-1.

Implicacions cliniques i terapéutiques
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La modulacié de la microbiota podria restaurar 'eix incretines-intesti-metabolisme. Els
prebiotics, com la inulina i els oligofructans, promouen el creixement de bacteris
productors d’AGCC i milloren la secrecidé de GLP-1 i PYY, afavorint aixi la sacietat i la
reduccié de la ingesta (58). De manera similar, la dieta mediterrania, rica en fibra i
polifenols, augmenta la diversitat microbiana i potencia la produccié6 d’AGCC, amb
efectes beneficiosos sobre la regulaci6 hormonal i la resposta inflamatoria (60).
Finalment, la CB, especialment el BPG, s’associa amb un augment sostingut de GLP-1
i GLP-2, que contribueix a la millora metabolica observada després de la intervencio
(59).

Aixi, la interacci6 bidireccional microbiota—sistema endocri intestinal s’ha consolidat com
un eix fonamental en la regulaci6 metabodlica i representa una diana terapéutica

prometedora i segurament important per a I'obesitat i la DM2.

1.2.5. Relaci6 entre microbiota intestinal i obesitat

L’'obesitat es caracteritza per una etiologia complexa que inclou factors dietétics,
genetics i ambientals. Entre aquests, la Ml ha emergit com un modulador clau del balang
energeétic i del metabolisme lipidic i glucidic (61,62). Els estudis en animals i en humans
han demostrat diferencies caracteristiques tan en la composici6 com en la funcié

microbiana entre individus amb obesitat i individus amb normopés (43,63).

Canvis de composicié microbiana associats a obesitat

La MI esta constituida basicament per cinc filums principals: Actinobacteria,
Bacteroidetes, Firmicutes, Proteobacteria i Verrucomicrobia (64). En l'obesitat, sovint
s’observa un augment relatiu de Firmicutes i una reduccié de Bacteroidetes, tot i que
aquest patré no és universal en totes les cohorts (61,65). En models animals, els ratolins
amb obesitat (ob/ob) mostren una proporcié de Bacteroidetes un 50% inferior i un
augment relatiu de Firmicutes en comparaci6 amb els controls normopés (61). De
manera similar, alguns estudis en humans han associat un increment de la relacio
Firmicutes/Bacteroidetes amb una major capacitat d’extraccié energética dels nutrients,
és a dir, una eficiencia mes gran en la fermentaci6 i aprofitament caloric dels substrats
no digeribles (64).

Bacteris associats a un perfil metabolic saludable
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Akkermansia muciniphila és un bacteri degradador de mucina inversament correlacionat
amb obesitat i sindrome metabolica (66,67). La seva abundancia s’associa a un perfil
inflamatori i metabolic més favorable, ja que restaura la capa de moc intestinal, millorant
la integritat de la barrera intestinal, reduint 'endotoxémia metabdlica, inhibeix el sistema
endocannabinoide estimulant I'alliberament de GLP-1 i GLP-2, i incrementa la secrecio
de péptids antimicrobians. Aquest efecte només s’observa amb bacteris vius, no amb

cél-lules inactivades (67).

La familia Christensenellaceae (dins el filum Firmicutes) també s’ha relacionat amb un
fenotip més magre. Es el taxon més heretable de la M| (h2 = 0,39), i es troba en major
abundancia en individus prims i en menor proporcidé en persones amb obesitat o
sindrome metabolica. L’addicié experimental de Christensenella minuta a mostres fecals
humanes va reduir guany ponderal i adipositat en ratolins, reforcant el seu paper
protector (68).

Disminuci6 de bacteris productors de butirat

Un tret comu en I'obesitat és la reduccié d’espécies productores de butirat, especialment
Faecalibacterium prausnitzii (64,69). El butirat té efectes antiinflamatoris i preserva la
integritat de la barrera intestinal (69). Aixi mateix, també s’ha observat una reducci6 de
Roseburia spp., un altre génere productor de butirat, i la seva restauracié mitjancant
prebidtics s’ha associat amb millores en la sensibilitat insulinica, la homeostasi

glucémica i el perfil inflamatori (53).
Mecanismes fisiopatologics

e Extracci6 energética augmentada: la microbiota d’individus amb obesitat és
més eficient en degradar polisacarids complexos i generar AGCC, augmentant
la disponibilitat energetica (61,62).

e Regulacié lipogeénica: la colonitzacié microbiana indueix I'expressié d’enzims
lipogénics hepatics com I'acetil-CoA carboxilasa 1 (ACC1) i la sintasa d’acids
grassos (FAS), aixi com de factors de transcripci6 com el Sterol Regulatory
Element-Binding Protein 1 (SREBP-1) i el Carbohydrate Response Element-
Binding Protein (ChREBP), afavorint 'acumulacié de triglicerids. A més, la
supressid del fasting-induced adipose factor (FIAF), també conegut com a
angiopoietina-like 4 (ANGPTL4), a I'epiteli intestinal augmenta l'activitat de la
lipoproteina lipasa (LPL) en adipocits (62).
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e Inflamacio i endotoxémia metabolica: la disbiosi afavoreix la translocacio de
LPS, que activa TLR4 i la cascada NF-kB, promovent la produccié de citocines
proinflamatories (TNF-a, IL-6, IL-1B). L’activacié concomitant de JNK i IKK (IkB
quinasa) altera la senyalitzacié de la insulina mitjangant la fosforilacié de I'lRS-1
(63).

e Regulacié hormonal: les alteracions en la secreci6é de GLP-1, PYY i GLP-2, aixi

com de serotonina, contribueixen a 'augment de la ingesta i la Rl (53,64).

Evidencia en models animals i humans

Els trasplantaments fecals han demostrat que la microbiota d’individus amb obesitat pot
transferir el fenotip obesitat a ratolins lliures de gérmens (61). Estudis de bessons
discordants i cohorts humanes mostren que una baixa diversitat microbiana es
correlaciona amb obesitat, RI i inflamaci6 sistémica (68,70). A més, perfils microbians
especifics, com l'enriquiment en Prevotella copri, s’han associat amb major risc de
progressié de NAFLD a NASH (71).

Estudis recents suggereixen que dins de la poblacié amb obesitat poden identificar-se
subgrups diferenciats segons el perfil de MI, amb diferéncies en parametres metabdlics
i inflamatoris. Un treball basat en el perfilatge de vesicules extracel-lulars fecals (EVS)
va descriure dos enterotips principals: un de predominat per Prevotellaceae, associat a
menor diversitat microbiana i nivells més elevats d’'IL-1[3, i un altre de predominat per
Akkermansia/Bacteroides, vinculat a menor inflamacio sistémica i perfils metabdlics més
favorables (72). Aquestes dades reforcen la idea que la composicié i activitat funcional
de la microbiota pot ajudar a explicar la heterogeneitat clinica de I'obesitat i a estratificar

el risc metabolic entre individus aparentment similars.

Factors moduladors

e Dieta: una dieta alta en greixos i sucres afavoreix disbiosi i endotoxémia
metabdlica (64,70).

o Fibraidietamediterrania: dietes riques en fibra, com la mediterrania, promouen
la produccié d’AGCC i milloren la salut metabodlica (70).

e Prebiotics: compostos com la inulina i els arabinoxilans afavoreixen bacteris
beneficiosos (Bifidobacterium spp., Akkermansia muciniphila, F. prausnitzii) i

redueixen I'endotoxémia (53).

Sintesi i implicacions cliniques

24



1. Introducci6

La relacié entre microbiota i obesitat és bidireccional: I'obesitat altera la comunitat
microbiana, mentre que la disbiosi contribueix a 'acumulacié de greix i a la disfuncié
metabolica. Els trets més caracteristics inclouen un augment relatiu de Firmicutes, una
reduccié de Bacteroidetes, la pérdua d’espécies productores de butirat i una menor
diversitat microbiana. Aguests canvis afavoreixen una extraccio energética més eficient
dels nutrients, un estat inflamatori de baix grau i alteracions en la regulacié hormonal i
de la barrera intestinal, situant la microbiota com un actor clau en la fisiopatologia de

I'obesitat i les seves complicacions metaboliques (53,66,67,70).

Tanmateix, la relaci6 entre microbiota i obesitat no és homogeénia. Els patrons
microbians varien entre individus i poden explicar diferencies en el risc metabolic i
inflamatori. Aquesta heterogeneitat reforca la idea que el perfil de la Ml pot ser una eina

util per estratificar subtipus d’obesitat i orientar intervencions més personalitzades.

1.2.6. Relaci6 entre microbiota intestinal i diabetis tipus 2

La DM2 s’ha associat de manera consistent amb alteracions en la composicio i funcié
de la MI. Aquestes alteracions impacten en mecanismes clau com la produccié d’AGCC,
la modulacié de la inflamacio de baix grau, la regulacié de la permeabilitat intestinal i la
secrecio d’incretines, establint un eix microbiota—intesti-hoste que contribueix a la

patogénesi de la malaltia (20,73).

Canvis composicionals i perdua de diversitat

Les primeres evidencies metagenomiques van mostrar que la DM2 s’associa amb una
pérdua de diversitat i una disbiosi caracteritzada per una reduccié de Bacteroides i un
augment de generes com Dorea, Prevotella i Collinsella (74). Estudis posteriors van
confirmar una disminucié de bacteris productors de butirat (Clostridium spp.,
Faecalibacterium prausnitzii, Roseburia) i un augment d’espécies de Lactobacillus,
correlacionats amb pitjors perfils metabolics (75). La reduccié de bacteris butirogénics
és especialment rellevant, ja que el butirat reforca la barrera intestinal i té efectes

antiinflamatoris (76).

En estudis longitudinals, la diversitat microbiana es veu disminuida en pacients amb
DM2 recentment diagnosticada, mentre que millora parcialment amb el tractament
farmacologic, coincidint amb la recuperacié de géneres com Akkermansia i Blautia (77).

Aix0 suggereix que alguns trets de disbiosi podrien ser reversibles.

Evidéncia en prediabetis
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Les alteracions microbianes apareixen ja en fases de prediabetis (preDM), amb una
reduccié de A. muciniphila i espécies de Clostridium, juntament amb un augment de
géeneres com Dorea, Ruminococcus i Streptococcus (78). Aquesta disbiosi primerenca
s’ha vinculat a inflamacié sistémica de baix grau, la qual cosa reforca la seva possible

implicacié en la transicié cap a DM2.

Espécies clau i rols funcionals

Faecalibacterium prausnitzii i Roseburia sén bacteris butirogénics que es troben
sistematicament reduits en la DM2, la qual cosa compromet la produccié dAGCC i la

regulacioé epigenetica i endocrina intestinal (75,76).

Akkermansia muciniphila presenta una abundancia disminuida en preDM, pero estudis
recents han evidenciat un paper protector: secreta la proteina P9, capa¢ d’induir GLP-1
i millorar la termogénesi, a més de modular vies com PI3K—Akt (relacionada amb la RI)
i FGF19 (homeostasi acids biliars i metabolisme hepatic) (79,80). Tant la suplementacio
amb Akkermansia viva com pasteuritzada millora la funcié de la barrera intestinal i
'endotoxémia metabdlica, i la seva abundancia augmenta sota tractament amb
metformina (77,79,80).

Prevotella copri té un paper controvertit: mentre algunes soques produeixen AGCC
beneficiosos, altres sintetitzen BCAA, LPS i metabolits del triptdfan, associant-se a Rl i
inflamacié (81,82). Aquesta heterogeneitat suggereix que I'impacte de P. copri depén

de la soca dominant en cada microbioma.

Mecanismes fisiopatoldgics

e Reduccié d’AGCC: menor produccié de butirat i propionat — menys estimul
incretinic (GLP-1, PYY), alteracié del metabolisme glucidic i pérdua d’efectes
antiinflamatoris (73,76).

e Endotoxémia metabolica: augment de LPS de bacteris gramnegatius
(Proteobacteria) — activaci6 TLR4/NF-kB — secrecié de citocines (IL-1, IL-6,
TNF-a) — Rl i inflamaci6 sistémica (73).

o Alteracioé d’acids biliars: reduccio d’acids biliars secundaris — desregulacié de

FXR/TGR5 — impacte en metabolisme glucidic, lipidic i inflamacié (76).

e Metabolisme de carbohidrats: pacients amb RI mostren un augment de

monosacarids fecals (fructosa, galactosa, manosa, xilosa) i alteracié de glicosidases

bacterianes, amb correlacio negativa amb bacteris com Bacteroides i Alistipes (83).
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La Figura 1 il-lustra de manera esquematica I'impacte de la disbiosi intestinal sobre

la salut metabolica mitjancant diversos mecanismes interrelacionats.

Impacte de la Disbiosi Intestinal en la
Salut Metabolica

2 ia A Alteracio dels Acids
Reduccioé dAGCC

Biliars
Estimul Incretinic Reduccid d'Acids Biliars
Disminuit Secundaris
Metabolisme Glucidic Desregulacio de =)
Alterat FXR/TGRS '\ \&2)

X, X
. Disfuncions
«. Metaboliques

Correlacio Negativa 0l

amb Bacteris -

Beneficiosos /

Secrecio de Citocines
Proinflamatories

Alteracio de

Activacio de TLR4/NF
Glicosidases

KB /
Bacterianes |
Endotoxémia Metabolisme de & /
Metabdlica Carbohidrats Alterat 0

Figura 1. Impacte de la disbiosi intestinal en la salut metabdlica. La reducciéo ’AGCC, I'alteracio dels acids
biliars i I'activacio de vies inflamatories contribueixen al desenvolupament de disfuncions metaboliques.

Figura elaborada per I'autora amb Napkin.
Evidéncia experimental i clinica

Els trasplantaments fecals han confirmat que la microbiota d’individus amb RI pot
transferir el fenotip metabolic a ratolins, augmentant BCAA circulants i reduint la
sensibilitat a la insulina (81). En humans, diversos assaigs mostren que el
trasplantament fecal de donants sans millora parametres glucémics en pacients amb

DM2, tot i que els resultats son encara heterogenis (84).

Implicacions cliniques i terapéutiques

La metformina, a més del seu efecte directe, actua modulant la microbiota, afavorint
I'expansio d’Akkermansia i millorant la produccié d’AGCC (80). La dieta mediterrania i la
fibra fermentable promouen la diversitat microbiana i els bacteris beneficiosos, mentre
gue els prebidtics (com la inulina) i probiotics especifics han mostrat millores en la

secrecio d’'incretines i la Rl (79,84). El desenvolupament de postbiotics (per exemple, la
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proteina P9) i d’intervencions personalitzades segons signatures microbianes

constitueix una de les linies més prometedores de recerca.

La DM2 s’associa amb una disbiosi intestinal caracteritzada per la pérdua de bacteris
beneficiosos productors de butirat, alteracions en espécies clau com A. muciniphila i P.
copri, reduccié d’AGCC i endotoxémia metabolica. Malgrat la variabilitat interindividual i
metodologica, aquestes troballes consoliden la microbiota intestinal com un actor central

en la fisiopatologia de la DM2 i com una potencial diana terapeutica.

L’eix microbiota—intesti—-metabolisme i els seus desequilibris en disbiosi es representen

a la Figura 2.

Eix microbiota—-intesti-metabolisme:
disbiosi vs equilibri
Eubiosi Disbhiosi

A. muciniphila P copri
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+ Inflamacd sistémica
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< &
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i e : Ressténcia a la insulina
Reguiacid de la gana (GLP-1. PYY)
- = Inflamacié crénica de balx grau
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Neduccio ‘||r:;|m:u, 10 Ssiemica A
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Progressio cap a DM2 | obesitat

Figura 2. Eix microbiota—intesti-metabolisme en condicions d’eubiosi i disbiosi.

En I'eubiosi, els bacteris productors d’AGCC estimulen la secrecié d’hormones intestinals com GLP-1i PYY,
afavorint la sacietat, la sensibilitat a la insulina i la integritat de la barrera intestinal. En la disbiosi, la reduccié
d’aquests bacteris i 'augment de LPS proinflamatoris promouen la secreci6 de citocines (IL-6, TNF-a) i la
resisténcia insulinica, contribuint al desenvolupament de DM2. AGCC, acids grassos de cadena curta; GLP-
1, glucagon-like peptide 1; PYY, péeptid YY; LPS, lipopolisacarid; IL-6, interleucina 6; TNF-a, factor de
necrosi tumoral alfa; DM2, diabetis mellitus tipus 2. Figura elaborada per I'autora amb BioRender.
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1.3. La cirurgia bariatrica com a model d’estudi de la interaccio

microbiota-incretines-metabolisme

Entre les modalitats de tractament disponibles per a I'obesitat, la CB ha demostrat de
manera consistent una eficacia superior en la reduccié de la morbiditat associada,
resultant en una pérdua de pes significativa i sostinguda, una millora del metabolisme
de la glucosa i una disminucié de la inflamacié sistémica (85,86). A diferencia de les
estratégies convencionals —farmacologiques o dietetiques—, la CB modifica de manera
directa la fisiologia gastrointestinal i endocrina, produint canvis metabolics profunds que
van més enlla de la simple restriccid calorica i que possiblement contribueixen a I'efecte

terapéutic principal que és la pérdua de pes(87,88).

Els efectes beneficiosos s’observen sovint en el periode postoperatori immediat, abans
d'una pérdua ponderal rellevant, la qual cosa suggereix I'existéncia de mecanismes
independents de la pérdua de pes corporal (59,89). Tanmateix, diversos estudis han
posat de manifest resultats divergents en els efectes a llarg termini dels diferents
procediments sobre les comorbiditats metabdliques, incloent la DM2, la dislipémia i la

hipertensié arterial (89,90).

En aquest context, és essencial comprendre com els diferents tipus de CB —
principalment el BPG i la SG— actuen sobre la fisiologia digestiva i endocrina per

generar aquests efectes metabolics profunds.

Els seglents apartats descriuen, en primer lloc, els mecanismes i resultats globals
d’aquestes tecniques i, posteriorment, la seva interaccié amb la microbiota intestinal i la

resposta hormonal postquirdrgica.
1.3.1. Tipus de cirurgia bariatrica i efectes metabolics generals

La CB engloba un conjunt de procediments amb mecanismes fisiologics diferenciats que
actuen més enlla de la simple restriccié calorica. A diferencia de les estratégies
convencionals, la CB modifica profundament la funcié gastrointestinal i endocrina,
provocant millores metabdliques que sovint es manifesten abans d’una pérdua ponderal
rellevant (87,88).

Les dues técniques principals —el BPG i la SG— combinen en diferents proporcions
efectes restrictius, malabsortius i hormonals. El BPG crea una petita bossa gastrica i
deriva el flux alimentari cap a lintesti distal, afavorint I'estimulacié de les cel-lules L

secretores d’incretines (59). En canvi, la SG redueix el volum gastric en aproximadament
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un 80%, eliminant el fundus —principal font de grelina— i modificant el flux de nutrients

sense desviacio intestinal (85,90).

Aguestes transformacions anatomiques desencadenen canvis immediats en la secrecio
d’hormones intestinals, la sensibilitat a la insulina i la composicié de la microbiota,

configurant un nou estat metabolic que sovint precedeix la pérdua de pes (88,89).

Les millores en el control glucemic sén especialment rellevants: les concentracions
postprandials de GLP-1i PYY poden augmentar entre 10 i 20 vegades després del BPG,
contribuint a normalitzar els seus valors, a la restauracid de la secrecié d’insulina
dependent de glucosa i a la reduccié de la gana (59). Paral-lelament, s’observen també
efectes favorables sobre el perfil lipidic (| triglicérids, 1 HDL), la tensio arterial i els

marcadors inflamatoris sistémics (86,89).

Les taxes de remissio de la DM2 es situen habitualment entre el 60-80% als dos anys
(85,87). En estudis comparatius, el BPG mostra una resposta hormonal més
pronunciada i una millora superior de la sensibilitat a la insulina que la SG, tot i que
aquesta Ultima presenta resultats similars de resoluci6 o millora glucémica i una

recuperaciéo més rapida de la terapia antidiabética (89,91).

1.3.2. Remodelaci6 de la microbiota intestinal i resposta hormonal postquirdrgica

Més enlla dels canvis anatomics i hormonals descrits, la CB indueix una transformacio
profunda en la microbiota intestinal que contribueix de manera decisiva als seus efectes

metabodlics i endocrins (87,88).

Després de procediments com el BPG i la SG, s’observa una remodelacié significativa
de la composici6 i diversitat microbiana. Alguns estudis mostren un augment de géneres
com Akkermansia, Veillonella, Streptococcus, Lactobacillus i altres bacteris
aerotolerants, juntament amb un increment notable d’Escherichia coli i del grup
Bacteroides/Prevotella. En el cas del BPG, destaca l'increment del filum Proteobacteria
—que pot representar prop del 37% de lincrement bacteria total— i de la familia
Bacteroidaceae, amb una disminucié concomitant del filum Firmicutes (92,93).
En canvi, la SG s’ha associat a un augment de Blautia, Eubacterium, Haemophilus i del
filum Actinobacteria, aixi com de les families Rikenellaceae i Christensenellaceae
(92,94).

La reduccié de Prevotella i d’espéecies associades a Rl és un patr6 comd en ambdds

procediments (93). Aquestes modificacions s’associen amb un augment de la diversitat
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alfa i amb una major produccié de metabolits beneficiosos, com els AGCC i els acids
biliars secundaris (92,94). D’entre els bacteris beneficiosos, Faecalibacterium prausnitzii
augmenta significativament després de la cirurgia i es correlaciona negativament amb
marcadors inflamatoris com la proteina C reactiva, la IL-6 i l'orosomucoide,

independentment dels canvis en la ingesta alimentaria (93).

Respostes hormonals post quirargiques

La CB provoca un increment sostingut de les hormones intestinals GLP-1, GLP-2 i PYY,
principalment per I'estimulacié directa de les ceél-lules L distals deguda a l'arribada
accelerada de nutrients no digerits als segments intestinals amb alta densitat d’aquestes
cél-lules (59,90). El GLP-1 pot augmentar fins a 30 vegades els valors basals i mantenir-
se elevat fins a dues décades després de la cirurgia, mentre que el GLP-2 actua com a
factor trofic intestinal responsable de la hiperplasia de la mucosa i de la millora de la
funcié de barrera. EI PYY (en la seva forma activa PYY3-36) mostra una secrecio
marcadament exagerada i, juntament amb el GLP-1, contribueix de manera clau a la
reduccio de la ingesta alimentaria i a la regulacié de la sacietat (59). A més, lI'increment
de GLP-2 redueix la permeabilitat intestinal i la inflamacié sistémica (87), mentre que el
GLP-1 millora la sensibilitat a la insulina i restaura la secrecié d’insulina de primera fase,
fortament deteriorada en la DM 2 (88,89).

Interaccié causal microbiota—incretines—metabolisme

Les millores metaboliques observades després de la CB no es deuen Unicament a la
pérdua de pes, sind a una reconfiguracié funcional de I'eix intesti—microbiota—cervell
(87,88).

Els experiments de trasplantament fecal han demostrat que la microbiota post-BPG pot
transferir parcialment el fenotip metabolic beneficiés a models animals, fet que evidencia

un paper causal directe de la microbiota en els efectes metabolics de la cirurgia (87).

Els canvis en la composicio i la funcié6 de la MI després de la CB modifiquen el
metabolisme dels acids biliars, incrementant-ne la circulacio enterohepatica i alterant el
balanc¢ entre acids biliars conjugats i desconiugats. Aquestes modificacions afavoreixen
lactivacié dels receptors TGR5 i FXR, que contribueixen de manera rellevant a

'augment de la secreci6 de GLP-1 i a la millora de la homeostasi glucémica (87,88).

A més, la concentracio total d’acids biliars fecals s’ha associat negativament amb la

pérdua de pes excessiva i positivament amb marcadors com I'HbA1c i THOMA-R,

31



Implicacions de la microbiota en les malalties endocrinometaboliques

suggerint un paper regulador d’aquests metabdlits en la resposta metabdlica post
(94).

Christensenellaceae també s’associa amb nivells reduits d’acids biliars fecals, refor¢ant

quirurgica L’augment de families bacterianes com Rikenellaceae i
la connexié entre microbiota i metabolisme (94). Finalment, aquestes modificacions,
juntament amb alteracions en BCAA i en el metabolit oxid de trimetilamina (TMAO),
s’han vinculat a la remissio de la DM2 i a la magnitud de la pérdua de pes aconseguida

(87).

Per sintetitzar els principals canvis observats en la composicié microbiana i els seus
mecanismes metabolics associats després de la CB, la Taula 3 resumeix les diferéncies

meés rellevants entre BPG i la SG.

Taula 3. Principals canvis en la microbiota intestinal després de cirurgia bariatrica

Parametre

Bypass gastric (BPG)

Gastrectomia vertical
(SG)

Referéncies

Generes que

augmenten
Akkermansia (A. Augment pronunciat; Augment similar, (92,94)
muciniphila) millora de la barrera correlacionat amb

intestinal sensibilitat a la insulina
Bacteroides / Increment del grup, Augment moderat; patré (92,93)
Prevotella especialment més equilibrat

Bacteroides; correlacio

negativa amb IMC
Escherichia coli Augment marcat (fins Augment moderat, més (93)

al 37% de l'increment transitori

total bacteria)
Veillonella, Augment d’espécies Augment similar, pero (92)
Streptococcus aerotolerants i menys persistent

fermentadores
Rikenellaceae, Augment moderat; Augment més pronunciat;  (92,94)
Christensenellaceae correlacié amb pérdua  associacié amb reduccié

de pes d’acids biliars fecals
Faecalibacterium Augmentat; correlacio Increment menor pero (93)

prausnitzii

negativa amb IL-6 i
PCR

consistent

Geéneres que

disminueixen
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Prevotella spp. Disminucié marcada; Disminuci6 similar (93)

associada a menor RI

Bifidobacterium spp. Disminucié transitoria Disminucié moderada (92,93)

Canvis en filums

principals
Proteobacteria Augment marcat Augment moderat (92,93)
Firmicutes Disminucio Disminucié moderada (92,93)
significativa; millora de
la ratio F/B
Bacteroidetes Augment pronunciat Augment moderat (92,94)
Actinobacteria Augment moderat Augment pronunciat (92)
Diversitat
microbiana
Alfa-diversitat (index Augment sostingut Augment sostingut (92,94)
Shannon, Chaol) postcirurgia (>6
mesos)
Riquesa génica Augment i Augment mantingut a llarg ~ (93,94)
estabilitzaci6 a 6-12 termini
mesos
Marcadors | IL-6, PCR; correlaci6 | IL-6, PCR (93)
inflamatoris amb F. prausnitzii
% EWL (excés Associat amb Associat amb (92,94)
perdua de pes) Rikenellaceae i Christensenellaceae
Bacteroidaceae
Acids biliars fecals Reduccio significativa Reducci6 temporal post- (94)
post-BPG SG
AGCC Produccio Augment significatiu (92,94)
augmentada; activacié
FFAR2/GPR43

BPG: bypass gastric; SG: gastrectomia vertical; AGCC: acids grassos de cadena curta; FFAR2/GPRA43:
receptors d’acids grassos lliures 2 i 3; F/B: ratio Firmicutes/Bacteroidetes; IL-6: interleucina 6; PCR: proteina

C reactiva; EWL: percentatge de perdua del pes excedent.

En conjunt, la CB constitueix un model translacional excepcional per estudiar en humans
la interaccio entre microbiota intestinal, hormones incretiniques i metabolisme energeétic.
L’analisi conjunta d’aquests processos ofereix una via privilegiada per comprendre els
mecanismes que sustenten la millora metabolica postquirargica i per inspirar noves

estratégies terapéutiques orientades a la modulacié del microbioma intestinal.
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2. Justificacio | hipotesi

L’obesitat i la DM2 representen dos dels principals reptes de salut publica global, amb
una incidéncia creixent i una elevada carrega de morbiditat associada. Malgrat compartir
factors de risc metabolics i ambientals, ambdues entitats presenten una fisiopatologia
complexa i heterogeénia, en la qual la microbiota intestinal ha emergit com un actor clau

en la regulacié del metabolisme energetic i glucidic.

En els darrers anys, nombrosos estudis han posat de manifest que la disbiosi intestinal
—caracteritzada per una reduccido de la diversitat microbiana, pérdua d’espécies
productores dAGCC i un augment de bacteris proinflamatoris— s’associa a RI,
inflamaci6 sistémica de baix grau i alteracié de la secrecié hormonal intestinal. Aquests
mecanismes poden contribuir de manera significativa a la desregulacié metabolica

prévia a I'aparicio de la DM2.

Tanmateix, la naturalesa i la seqliéncia d’aquests canvis al llarg del continuum metabolic
—des de la normoglucémia fins a la preDM i la DM2— no han estat completament
definides. La majoria dels estudis existents es centren en poblacions amb obesitat o
diabetis establerta, mentre que els estadis intermedis, com la Rl o la preDM, continuen
insuficientment caracteritzats tot i representar fases clau per a la prevencio i la

intervencio primerenca.

D’altra banda, la CB constitueix un model clinic idoni per a I'estudi de la interaccio
microbiota—incretines—metabolisme. Més enlla de la perdua de pes, els seus efectes
beneficiosos sobre la sensibilitat a la insulina i el control glucémic apareixen de manera
precog i s’associen a profunds canvis en la composicié microbiana i en la secrecié
d’hormones intestinals com GLP-1 i GLP-2. Aguesta resposta permet analitzar els
mecanismes fisiopatologics implicats i distingir aquells que sén dependents o

independents de la pérdua ponderal.

Malgrat aquests avencos, persisteixen importants incognites sobre el paper especific de
la microbiota i dels seus metabolits derivats en els diferents estadis de disfuncié
metabolica, aixi com sobre els mecanismes pels quals la CB pot modular aquesta
interaccio i contribuir a la restauracié de 'homeodstasi metabdlica en els pacients amb

obesitat.

A partir d’'aquestes evidéncies, es planteja que les alteracions de la Ml i dels seus
metabolits bacterians —en especial els AGCC— juguen un paper determinant en la
disfunci6 metabolica associada a la Rl i a la preDM, contribuint posteriorment al
desenvolupament de la DM2. Aixi mateix, la CB ofereix un escenari Unic per explorar
aguests mecanismes, ja que pot revertir parcialment la disbiosi intestinal i restaurar la

resposta incretinica, afavorint la millora metabdlica global.
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En conjunt, es formula la hipotesi que:

La disbiosi intestinal i I'alteracid dels seus metabolits bacterians, especialment els
AGCC, participen en els mecanismes que vinculen I'obesitat amb la Rl i la progressié
cap ala DM2. La CB constitueix un model fisiopatologic idoni per analitzar la reversibilitat
d’aquests processos, atés que indueix modificacions profundes en la composicio i la
funcionalitat de la MI, en la produccié d’AGCC i en la resposta incretinica, contribuint
aixi a la comprensioé dels mecanismes inicials de la disfunci6 metabolica associada a

I'obesitat.
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Objectiu principal

Analitzar el paper de la Ml i dels seus metabdlits, especialment els AGCC, en la disfuncio

metabolica associada a la Rl i a la progressio cap a la DM2, aixi com la seva modulacio

després de la CB, per identificar mecanismes microbiota—incretines—metabolisme

implicats en la regulacié de 'homeodstasi glucémica.

Objectius secundaris

1.

2.

3.

Caracteritzar els perfils de microbiota i els nivells fecals d’AGCC en individus amb
normoglucemia, preDM i DM2, i avaluar-ne el valor predictiu sobre 'estat glucémic
mitjangcant models multivariants ajustats per factors clinics i metabolics.

Avaluar els canvis en la composicié de la Ml i en la resposta incretinica (GLP-1 i
GLP-2) després de la CB (BPG) en pacients amb obesitat i DM2, i identificar
signatures microbianes associades a la millora metabdlica i a la remissié de la
diabetis.

Analitzar com el grau de Rl s’associa amb la remodelacié de la microbiota i la
resposta incretinica, aixi com amb els canvis metabdlics i la pérdua de pes
observats després de la CB.

Integrar les evidéncies dels tres models d’estudi (continu glucémic, DM2 post-
cirurgia i obesitat sense DM2) per proposar un model mecanistic que expliqui la
interaccié entre microbiota, AGCC i resposta incretinica en la disfuncié metabdlica

i la seva possible reversibilitat amb la CB.
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Titol: Fecal Short-Chain Fatty Acids to Predict Prediabetes and Type 2 Diabetes Risk:
An Exploratory Cross-Sectional Study.

Autors: Rocio Puig, Marina ldalia Rojo-L6pez, Josep Julve, Esmeralda Castelblanco,
Julia Ponomarenko, Susana Amézqueta, Joan Vendrell, Josep Franch-Nadal, Josep

Lluis Torres, Didac Mauricio, Sara Ramos-Romero.

Revista: Nutrients. 2025;17(18):3003. doi:10.3390/nu17183003.
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Background/Objectives: Gut microbiota is profoundly influenced by dysglycemic states,
including prediabetes (preDM) and type 2 diabetes (T2D), Although short-chain fatty
acids (SCFAs) may serve as proxies reflocting these microbial changes, their predictive robe
remains elusive. This study aimed to evaluate the assocation between fecal SCFA concen-
trations and glycemic status (preDM and T2D), using individuals with normoglycemia
(NonDM) as the reference group in a Mediterranean adult population. Methods: This study
included a total of 8 participants from the Di@bet.es study who were classified into three
groups according to the American Diabetes Association criteria: NonDM (45%), preDM
(277%), and T2D (28%), respectively. We evaluated gut microbiota populations through
massive sequencing and determined SCFAs concentration using gas chromatography-mass
spectrometry. Adjusted multiple logistic regression models were used to estimate asso-
ciations between SCFAs and metabolic status. Results: The mean age of subjects with
preDM and T2D was approximately 68 years, older than that of NonDM participants
{about 60 years). About 50% of the subjects in the NonDM and preDM groups were female,
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whereas in the T2D group, females represented about 25%, The analysis revealed that
only fecal acetic acid was significantly reduced in T2D compared to NonDM (p = (,036)
and pre2M (p = 0.018) groups. Remarkably, fecal acetic acid was negatively associated
with T2D risk when taking preDM as the reference state (OR = 0,561 [95"% CI:0,371-0.846),
pr=0009), Intriguingly, fecal acetic ackd was identified as a significant positive predictor of
preDM sk, taking the NonDM group as reference (OR = 1.422; p = 0.028), while propionic
acid was inversely assoctated with prelDM (OR = 0.714; pr = 0028). Conclusions: Our
analysis showed that fecal acetic acid levels were associated with a reduced risk of T2 but
also with an increased risk of preDM: however, the biological relevance of these findings
remains uncertain.

Keywords: dysglycemia; dietary intake; clinical studies; microbial metabolites; gut
microblota; SCFA profiles; metabolic risk factors

1. Introduction

The worldwide incidence of prediabetes (preDM), recognized as the preclinical phase
of type 2 diabetes (T2D), has shown a steady increase over time, representing a substantial
public health challenge. The occurrence of preDM s contingent upon the demographic
characteristics of the studied cohort as well as the diagnostic criteria employed [1]. The
Intemational Diabetes Federation (IDF) projected that in the year 2021, approximately
541 million individuals globally were afflicted with impaired glucose tolerance |2]. Roughly
nine out of ten diabetes diagnoses correspond to T2D [3].

PreDM and T2D result from a complex interplay of modifiable and non-modifiable
individual, social, and environmental factors [4]. Understanding these factors and their
interplay is crucial for developing effective prevention and management strategies. Both
conditions have a strong genetic component and are closely associated with obesity and a
sedentary lifestyle. A dietary pattern characteristic of Western populations—high in refined
carbohydrates, red/ processed meats, and added sugars—has been consistently linked to
higher risk of preDM and T2D [5]. Conversely, heaithier dietary patterns, such as those rich
in vegetables, fruits, and whole grains, have been shown to reduce the incidence of preDM,
and therefore the risk of T2D [6]. Genetic factors also influence the relationship between
diet and T20) sk, making individuals with specific genetic backgrounds more susceptible
to the adverse effects of unhealthy dietary patterns [7]. Moreover, the relationship between
insulin resistance and obesity is well recognized, with central obesity acting as a key driver
in the onset of metabolic dysfunction-assoclated steatotlc liver disease (MASLD), a disorder
commanly seen in preDM and T2D [8]),

Emerging evidence highlights the key role of gut microbiota (GM) in regulating en-
ergy balance and metabolism through compounds like short-chain fatty acids (SCFAs),
which interact with host tissues [2]. SCFAs play a key role in energy and lipid metabolism,
with research showing that butyric supplementation in high-fat dicts reduces obesity and
insulin resistance in experimental animals |10]; however, these results cannot be directly
extrapolated to humans [11]. Moreover, alterations in gut microbial composition have been
linked to the development of obesity and T2D, primarily through mechanisms involving
inflammation, metabolic endotoxemia, and disrupted nutrient metabolism [12]. Studies
have observed reduced gut microbial diversity in individuals with prediabetes and newly
diagnosed T2D compared to those without diabetes [13]. However, knowledge about gut
dysbiosis in the early stages of glucose intolerance remains limited. Previous research
has shown variations in the gut microbiome of preDM and individuals with established
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T2D compared to healthy individuals, with distinct microbial profiles associated with the
disease [13). Furthermore, longitudinal and cross-sectional studies have demonstrated
a complex, stage-dependent interaction between the GM and the host during the pro-
gression from prediabetes to type 2 diabetes [14,15]. In this context, the Mediterranean
dietary pattern has been associated with higher fecal SCFA concentrations and lower levels
of intestinal permeability markers, suggesting a clear mechanistic link between SCFAs,
intestinal barrer integrity, and diet [16],

Clanfying the interplay between gut microbial composition, SCFA production, and
the development of prediabetes and type 2 diabetes could provide key insights into dis-
ease mechanisms. We hypothesized that distinct fecal SCFA patterns are associated with
glycemic status and reflect underlying alterations in gut microbiota compasition, There-
fore, this study aimed to evaluate the associations between gut microbiota composition,
fecal SCFAs, and glycemic status (normoglycemia, preDM, and T2D) in adults from a
Mediterranean population.

2. Materials and Methods
2.1. Stndy Design and Subjects

This work is a cross-sectional sub-study of the Difbet.es cohort, a population-based
study conducted in Spain to investigate the epidemiology and risk factors of diabetes [17].

For the present study, 88 Individuals from the Mediterranean region participating
in the Didbet.es study were selected based on the availability of complete clinical data
and fecal, urine, and plasma samples [18]. Participants were distributed into three groups
according to glycemic status: NonDM (i = 39, 45%), preDM (nr = 24, 27%), and T2D
(=25, 28%). The mean age of participants with preDM and T2D was approximately
68 years, higher than that of NonDM (-60 years). About half of the NonDM and preDM
groups were female, whereas only 25% of the T2D group were women. Exclusion criteria,
as defined in the original Did@@bet.es study, included being institutionalized, severe iliness,
pregnancy, or recent delivery. The study was approved by the Ethics and Clinical Research
Committee of IDIAFP Jordi Gol (P17/085, 26 Apnil 2017), with written informed consent
acquired from all individuals involved,

Urine and fecal samples from participants were frozen at —80 "C until analysis and
thawed on the day of processing,

2.2 Study Procedures

Clinical and biochemical variables, including serum lipid profile, waist arcumference,
body mass index (BMI), and other anthropometric measures, were obtained following the
methodology of the Didibet.es stucly, as previously described [17,15],

2.3, Classtfication of Glycemic Status

Participants were categorized as NonDM, preDM, or T2 based on American Diabetes
Association (ADA) diagnostic thresholds [19),

2.4. Food Fregieency Questionnine

A qualified nutritionist administered a qualitative food frequency questionnaire (FRQ),
which had been previously employed in a population-based investigation conducted in
Spain [20]. The nutritionists were informed of the participants’ prior diabetic condition,
The FFQ was facilitated face-to-face, and participants provided a single response for each
food item indicating the froquency of consumption, The questionnaire assessed the annual
frequency of consumption of 50 food items categorized into 11 groups: never/seldom, 1
and 2-3 times/month, 1, 2-3, and 4-6 times /week, and 1, 2, 3, 4, and >4 times/day. For the
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present analysis, food items were grouped into the following categories: vegetables, fruit,
daliry, potatoes, legumes, nuts, non-refined cereals, fish, red meat, white meat, wine, beer,
coffee, and sweeteners.

2.5, Urinary Sugar Excretion Analysis

Sucrose, glucose, and fructose were quantified in first-morning urine using a com-
mercial enzymatic assay (Saccharose/ D-Glucose/ D-Fructose kit; Bochringer Mannheim,
R-Biopharm, Darmstadt, Germany; No. 10716260035) and measured with a UV-VIS spec-
trophotometer (SPS001, Dinko Instruments, Barcelona, Spain). On the assay day, urine
samples were homogenized and centrifuged (15,000 rpm, 4 °C, 4 min) prior to measure-
ment. Only those samples with glucose concentrations above the detection range of the
enzymatic kit were diluted 1/10 (0/0) with water.

Glucese, creatinine, and albumin measures were further determined using commerdal
kits (Roche Diagnostics) adapted to a COBAS c501 autoanalyzer (Roche Diagnostics Cobas
6000 ¢501 GmbH, Mannheim, Germany) for verification purposes.

2.6. Fegal DNA Extraction and Sequencing for Micrabwta Populiations Analysss

Extraction of total DNA from fecal material was performed with the QlAamp™ DNA
Stool Mini Kit (QIAGEN, Hilden, Germany). The V3-V4 segments of the 165 rRNA gene
were subsequently amplified and sequenced using Hllumina MiSeq technology (paired-end
2 x 300 bp). Bioinformatic analysis of sequencing data was performed using the mothur
software (v1.44.1) |21], with taxonomic classification based on the SILVA v132 database |22]
and clustering at the genus level into operational taxonomic units (OTUs). Chimeric and
nosvbacterial sequences wene removed prior o statistical analysis. Further methodological
details are provided in the Supplementary Methods.

2.7. Fecal Short-Chain Falty Acids

SCFAs in stool were quantified with gas chromatography using a Trace2000 system
coupled to a flame iomization detector (ThermoFmnigan, Waltham, MA, USA) and an
HP-FFAP capillary column (30 m = .53 mm « | um; Agilent, Santa Clara, CA, USA),
Helium was employed as carrier gas at 5 mL/min. The oven temperature program started
at 80 °C (1 min), then increased to 120 "C at 15 °C/min (4 min), followed by 130 °C at
5 7C/min (4 min), and finally to 235 "C ot 8 "C/min (4 min). The final detector temperatune
was 240 "C, External calibration was performed for six SCFAs (acetate, propionate, butyrate,
isobutyrate, valerate, isovalerate) using ethylbutyric acid as internal standard. Extraction
from feces was performed with acetonitrile /water foxalic acid, and quantification was
based on the respective calibration curves. Total SCFA concentration was obtained as the
sum of individual acids.

2.8, Statistical Analyses

All analyses werne performed using R software (version 4.3.1), with data cleaning,
management, and visualization conducted in an R Markdown notebook to ensure full
traceability and reproducibility. The packages dplyr, tidyr, and purrr were used for data
manipulation; mice for imputing missing values; compareGroups for group comparisons;
broom and FSA for inferential statistics; and ggplot2 and kableExtra for tables and plots.

Categorical vanables were tested using Chissquare tests, and continuous variables
with Wilcoxon or Kruskal-Wallis tests when non-normal distributions were present. Results
are reported as mean == SD or median with interquartile range.

The 165 eRNA OTUs counts were analyzed using the R package Phyloseq (version
1.36.0) |23] in R yersion 4.1.0. Statistical significance of the relative abundances of taxa
(>0.01) was evaluated using the Wald test of the DESeq2, version 1.32.0, [24]. In addi-
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tion, the R package microblome (version 1.13.12) [25] was used to caleulate indexes to
estimate within-sample a-diversity, which is the distribution of taxonomic units’ relative
abundances in a given sample into a single number, including those for richness (ie,,
Chaol index), evenness (i.e., Pielou, Simpson, and Bulla indexes), dominance (1., Simpson,
Berger-Parker, Relative, and Gini indexes), rarity (i.e., low abundance index), and diversity
(i, Shannon and Inverse Simpson indexes). Furthe representation of similarith
or distances between samples, referred to as between-sample f-diversity (i.e., principal
coordinate analysis of unweighted and weighted Unifrac distance), and its significance
to differentiate groups (Permanova analysis with Adonis) were calculated using the R
packages Phyloseq and vegan (version 2.5.7) [26].

Multiple Jogistic regression models (gim, family = “binomial”) were used to estimate
associations between independent variables {e.g., dietary patterns, clinical markers, bacte-
rial composition) and metabolic status, adjusting for confounders. Results are presented as
odds ratios (ORs) with 95% confidence intervals, using broom for output.

Correlations between bacterial taxa and clinical or dietary factors wene assessed with
Spearman coefficients, Volcano plots {(ggplot2} were generated to visualize correlation
strength and statistical significance (—log10{p-value)).

Several figures, mcluding plots of the logistic regression models, correlation heatmaps,
and relative abundance barplots, were generated using Python in Google Colab (matplotlib
3.8.0, seaborn 1.12.2), ensuring reproducibility through a shared Python notebook.

3. Results
3.1. Demographic and Clinical Characteristics

The dinical and metabolic characteristics of subjects included in the study are shown
in Table 1.

Table 1. Demographic, clinical, and analytical data.

Varizble NonDM PreDM 7D p-Value NanDM NoaDM  PreDM s
In = 39) nw=24) (n=235) {Global) s PreDM vs. T2D ”n
Chinical variables
Agv () @14 138 WAL82 7054 94 <01 015 <0 0
Sex, women 19 (45.7%) 11 (45.8%) 02825 a12¢ 0823 ans? 10
BMI (kg/m?) ALAT 292145 N5+ 42 sy (I 0142 Lo
Waist circamfurence S1+ 15 959+ 1256 10 =124 00 [RE2) <001 .50
Smoking habit S(238%) 588 w{429%) adeh 362 0234 1516
Hypertemsion, n {%) PRI 468 16 {64.0%) ol WSt ane 01654
Dyslipidemia, n (%) TO7.9%) B(333%) 14 {5a0%) any 1,163 an 0110
Medication wee
Antidiabetic ‘:)mw- (ADO) <0008
yes 0 (000%) 1) 21 {8eirn)
o 3 (100%) 23955%) 3(16.0%)
Insulin therapy (%) a0
yea 0 O00%) 0 {n00s) 4(164r%)
no % (100%) 20078 21 {8400}
Serum biochemistry
T Glucow {mg/dL) 9295 M9+ 186 15124510 <B.0m1 DOT  <nml <l
Insuin (miU/L) 1AL s 1244120 0544k [ L0 L000 100
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Table 1. Cont.

Vasiabi NonDM PreDM 7o P Value NonDM NoaDM FreDM v
(n w39) (n=23) (n =25) {Global) ws. PreDM vs. T2D ™o

HbALC (%) 53403 58403 70+ 00 <0 0001 <001 001
Cholesterol (mg/dL) MO=75 W0 ED 1059 o 10 a2 0012
LDLe {mg/dLi 1260 = 318 1334311 106 =272 anoe 100 anK 1013
HDLe (mg/dL) N21116 264 136 £34103 ‘aot3 100 anz 1160
Triglyverides {mg /<L) W65 1Wene) 150 =000 a4 451 0055 10w

AST 198+ 51 1856 480 23+ 84 0604 0558 0854 1601

oGt L3159 059K 240123 06t 97 0236 1684

Fatty Tiver imdex (FLI) 724254 TR+ 145 773 4254 0515 1000 1000 100
Unm;y WImy '

Ghicose (/1) 0,45 (142) 0,08 40.5) 231¢6.21) 051 L0 019 1412

Froctos (g/L) 0053 (O06) 001 fice) 0,68 (2.53) a3el L0 0568 0481

Sucrose {g/L] 0.08 (022 0,06 (0.19) 191 (5.99) 013 100 LK LOW

Continuous variables are summariond 45 moan 1S0) and categorioal vardables as counts with pescentages. Ditfor-

CTNES A0TOss g:oops wm wulwuled wnth Qu-squur for casigoricad data and with Wikcoxon or Kruskal-Wallis
fests far contl me wpare Coonps package in K. AST, aspartate aminotrars-
ferase, B, body M lndex. GGT. 5 yi fi HW high-density lipoprotein cholesteral.
LDLe, Wow-density Rpoprosein dmlnwml NmDM indwiduals with normoglvceming preDM, prediabetes,
T2, type 2 diabwdten.

The waist circumference was significantly higher only in the group of subjects with
T2D when compared with NonDM (p < 0.01). Both glucose and HbAle were increasingly
higher across the groups of subjects with preDM and T2D and were significantly elevated
compared with NonDM subjects. Lipid analysis revealed that total cholesterol was sig-
nificantly reduced in the group of subjects with T2D compared with the preDM group
and, though marginally, with the NonDM group. The latter was mainly due to concomi-
tant reductions in the low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol in the T2D group compared with the other two groups. Total triglycerides were
marginally elevated in the preDM and T2D groups compared with the NonDM group, As
expected, urinary glucose was higher in individuals with T2D (231 = 621 g/1) compared
to those with preDM (0,08 =+ 0,05 g/L) and NonDM (0,45 £ 1.42 g/L), with a pvalue close
to significance {p = 0.051), Fructose and sucrose levels were also higher in T2D, although
differences did not reach statistical significance.

3.2 Dictary Intake Patterns

The frequency of intake of fiber-rich food groups {e.g., vegetables, legumes, whole
grains), fish, read meat or nuts did not differ among groups (Supplementary Table S1). By
contrast, some food groups and beverages showed significant differences across glycemic
categories (Table 2).

Table 2. Dictary variables showing significant differences between glycemic groups.

Food NonDM PreDM T7p All NonDM vs, NonDMvs, PreDM vs.
Group n=239 n=24 n=25 L PreDM 2D T2D

Dairy 127314 571 +£282 492+205 0079 0.040 0,354 0,347
White meat 134471 127+75 243+227 0.060 614 0.055 0.027
Beer 73118 47+ 102 41472 0.047 0.019 0177 0237
Coffee 423 324 633 £310 480+ 214 0021 0.010 0.269 0.056

Data are exp d as P frequency (Hmes per thy. Vialues are p d as meun = standard
deviation (S0). NonlIM, & duale with &l prel! pnﬁ.\b-ms, F2D, Typo 2 diabetes
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The complete dietary dataset, including variables without significant differences, is
avadlable in Supplementary Table S1.

Dairy consumption was higher in individuals with preDM compared to NonDM
subjects (p = 0.040), Intake of white meat was significantly higher in individuals with T2D
compared to those with preDM (p = 0027} and marginally higher compared to NonDM
(p=0.055). Among beverages, coffee consumption was significantly higher in the preDM
group compared to NonDM (p = 0,010) and approached statistical significance between
preDM and T2D (p = 0.056). Beer intake was lower in individuals with preDM and
T2D compared to NonDM (p = 0.047), with a significant difference between NonDM and

preDM (p = 0.019).

3.3 Composition of Gut Microbiota i Feces

Microbial alpha diversity did not differ significantly between glycemic status groups
(x? = 102, p = 0.60). Microbial beta diversity analysis showed a marginally significant
difference in overall community compaosition across groups (R* = 0.033, p = 0.05). The
relative abundance of the main bacterial phyla—Bacteroidetes, Firmicutes, Proteobacte-
ria, and others—across glycemic groups (NonDM, preDM, and T2D) is summarized in
Supplementary Figure S1 and detailed in Supplementary Table 52.

At the phylum level, Firmicutes were predominant in all groups, representing over

% of the total. No statistically significant differences were found between groups for

any phylum.

At the genus level, several bacterial genera showed significant differences across
plycemic groups (Figure | and Supplementary Table S3).
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Figure 1. Relative abundance of seven bacterial genera in NonDM (blue), preDM (orange), and
T2D {green) groups. Boxplots show simulated individual values based on reported means and SDs.
Genera with relative abundance values close to zero were omitted for clarity. pevalues indicate overall
group differences (p < (.05}, The arcles in the box plots represent outliers. These are individual data
points that fall outside the maln disteibution of the data shown by the box. NonDM, Individuals with
normoglycemia; preDM, prediabetes; T2, type 2 diabetes.
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In preDM, the abundance of Firmicutes unclassified was significantly higher compared
to NonDM (p = 0.014) and T2D (p = 0.012) groups. Conversely, Romboutsia was already
significantly reduced in preDM compared to NonDM (p = 0.010) and further decreased
in T2D (p < 0.001) was significantly reduced in preDM compared to NonDM (p = 0.010)
and further decreased in T2D (p < 0.001), Lawsomibacter abundance was also significantly
lower in T2D compared to preDM (p = 0.030). In contrast, Alphaproteobacteria unclassified
was significantly enriched in prel?M compared to NonDM (p = 0.004), while Granulcatella
showed i decreasing trend in preDM that reversed in T2D (p » 0.027).

In T2D, Clostrudinm sensy stricto and Romboutsia were both significantly reduced com-
pared to NonDM (p = 0.011 and p < 0.001, respectively), whereas Lactobacillus was sig-
nificantly enriched (p = 0.002). Escherichia/Shigelia abundance was significantly higher in
T2D compared to both NonDM and preDM {p = 0,007 for both comparisons), although
no difference was observed between NonDM and preDM. Rothis abundance was globally
different across groups (p = 0,009), but post hoe comparisons did not reach significance.

3.4 Fecal Short-Chain Fatty Acids (SCFAs)

We further examined the fecal concentrations of short-chain fatty acids (SCFAs) across
groups as a proxy for shifts in gut microbial activity (Table 3). Among the measured SCFAs,
only fecal acetic add concentrations were significantly lower in individuals living with T2D
compared to both NonDM (p = (0.036) and those with preDM (p = 0.018). Fecal propionic
and butyric acid levels showed a trend towards lower concentrations in people with T2D
compared either to NonDM (p = 0.091) and preDM (p = 0.09)), respectively; however, these
differences did not reach statistical ssgnificance. Lastly, none of the branched-chain SCFAs
(isobutyric, isovaleric) or valeric acid differed significantly among groups.

Table 3. Fecal SCFA concentrations (mmol /kg) by diagnostic group.

SCFA NonDM PreDM T2D p-Value NonDMvs. NonDMvs.  PreDM vs.
(mmolkg)  (n=39) (n=24) {n=25) (Overall) preDM 2D 2D
Acetic 173 =121 179 + 109 115 £ 646 0.061 (LB53 0,036 0.018
Propionic  525+359 450+£311 381+248 0.230 0433 0,091 0.409
Isobutyric 558 =344 554280 534+29 0954 0.956 0774 0.817
Butyric 427 +£303 435278 3154192 0206 0.914 0112 0.090
Isovaleric 916 +785 S00+444 8285 +£500 0772 0.539 0.628 0.842
Valeric 761 £437 696£226 7724569 0.826 0.536 0.934 0.572
Data are p it s mean { dard deviation, SD) in mmwl Sk, foces. Overall and painwise povalues were
ukuhkd using the Krushl-WnlIh 052, with post hov pairvise ! dj d foe multiple testing, Bolded

pevalues indicate statistical significarce (g < 005). NenDM, \mvmglymur md?v-iuals. prelM, prediabetes,
T2, type 2 diabetiss.

3.5. Correlation Betsoven SCFAs and Gut Microbinl Genera

To explore the assoclations between gut microbiota and fecal SCFAs, a correlation
heatmap was generated (Figure 2).

The analysis identified several statistically relevant genus-fevel correlations with 5C-
FAs concentrations. For instance, Clastridium sensu stricfo showed a positive correlation
with butyric acid, while Lactonifactor was positively associated with propionic acid. In
contrast, we found that Coriobacteriia unclassified correlated negatively with both acetic
and butyric acid levels, Notably, Romboutsio exhibited a positive correlation with propi-
onic acid and was significantly reduced in individuals with stablished diabetes {Figure 1,
Supplementary Table 53), whereas Corlobacteriia unclassified was increased in diabetes
(Figure 1, Supplementary Table S3) and showed a negative correlation with acetic acid.
Correlations between Akkermansiicene abundance and fecal SCFA concentrations could
not be estimated due fo insufficent variability in this genus within our dataset (NA in
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correlation output). A complete list of significant correlations between individual SCFA
species and bacterlal genera is provided in Supplementary Table S4.
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Figure 2. Correlation h p bet short-chain fatty acids and gut microbial geners. Spearman
correlation coefficients between SCFAs (acetic, batynic, isobutynic, isovaleric, propionic, and valeric
acids} and the relative abundance of microbial genera, Positive correlations are shown in red and
negative correlations in blae, gray cells indicate non-significant assoclations (i = 0.05), The heatmap
was generated using the complete sample set (all participants combined), without stratification by
study groups. SCFAs, short-chain fatty acids.

3.6. Micratial and Metabolic Predictors of Dysglycemia

We designed different adjusted multivariable logistic regression models to assess the
potential of various fecal SCFA species to predict either preDM or T2D, after adjustment
for clinical covariates commonly associated with altered glycemic status and metabolic
risk. All main results presented below are based on models using normalized SCFA data to
ensure comparability across individuals; detailed results from these normalized models are
provided in Supplementary Table S5 and illustrated in Figure 3.
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3.6.1. PreDM vs, NonDM

Using normoglycemia as the reference category, the full-adjusted logistic regression
analysis based on normalized SCFA values showed that higher levels of acetic acid were
positively associated with preDM (Model 2: OR = 14219 [95% C1: 1.049-1.9273), p = 0.028),
while propionic acid levels were inversely associated with this condition (OR = 0714
[95% CI: 0.5338-0.9551], p = 0.028). No significant associations were observed for other
SCFAs. Waist circumference was also independently associated with higher odds of preDM
(OR = 1.0164 [95% CT: 1.0029-1.0301], p = 0.0215), whereas sex, age, and triglyceride levels
were not significant predictors (Figure 2a).

3:6.2. T2D vs. NonDM

In the fully adjusted multivariable model comparing T20 to NonDM. no SCFA species
showaed statistically significant associations. Age was the only independent variable signifi-
cantly associated with higher odds of T2D, with each additional year increasing the odds
by approximately 1.2% (OR = 1.012 [95% CI: 1.013-1.0228]; p = 0.033) (Figure 3b).
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3.6.3, T2D vs. PreDM

Using preDM as the reference category revealed that higher levels of acetic acid
concentration were associated with lower odds of T2D (OR = 0.5605 [95% CI: 0.3713-0.8461];
= 0.008). None of the other SCFA species or clinical covariates demonstrated statistically
significant associations. Furthermore, none of the clinical variables, including age, were
significantly associated with T2D status in this moded (Figune ).

e ] et d
e sy —_——
g —y e ————
e et by — e ——
tere breial = S —
— gl ———— Sts
v pstng) RN, S NS
[RSp— .
S — —_— e ————
- | ’
Vv | 4 13
B T T I R I R S T S T R R TR
. . e
1
et Ml 3
A |y ¢
A w | ——y ]
e jomgl{ U GRS —_——
——ee
— | v—— Statt— RO —
L r—l ——— ——
e mrm e -
ot — P —
e -
— .
- - L] “ - . - » e .
e L L) W e 1T
b
M 4 )
-ons pmm——ve! | g ‘o
wml‘ - 1 ‘o .
S gy p——
Pt bt - .
|
{
sty | | e ‘ e
- p—— . | -
| j_&
N — ‘ —-—-
|
-t { .
|
vt i .
. 1] ' L] . . ] | L s
- T

Figure 3. Forest plots showing odds ratios (ORs, 95% CI) from multivariable logistic regression
models assessing the assaclation of normalized fecal SCFA concentrations with glyoemic statzs. Both
unadjusted (Madel 1) and adjusted models (Model 2, adjusted foe walst clecumference, sex, age, and
trighyceride levels) are shown for each comparison: {a) Prediabetes vs, Normoglycemia; (b) Type 2
Diabetes (T2D) vs. Normoglycemia (NonDM|; and (¢) T2D vs. Prediabetes (PreDM),
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4. Discussion

An accumulating body of evidence suggests that the GM profoundly influences glu-
cose metabolism and may contribute to glucose intolerance and T2D progression [13,27].
While mast of the studies have been focused on the identification of gut microbial al-
terations in T2D, the understanding of specific changes in GM in subclinical stages of
glucose intolerance remaing largely elusive [258,29]. Additionally, the potential of using
circulating or fecal SCFAs as functional readouts of microbial composition under dysg-
lycemic conditions is still under investigation, with conflicting findings reported in the
literature [0}

In the current study, we sought to address these gaps by comparing microbiota com-
position and SCFA concentrations across normoglyoemia, prediabetes and T20D. We found
a significant increase in Escherichia /Shigella abundance in subjects with T2D compared to
those without T2D individuals with prediabetes, consistent with previous studies linking
these taxa to increased gut permeability and metabolic endotoxemia in T2D [31,52] Con-
versely, acetic-producing genera, such as Rombowtsia and Clostridien sensu stricto, exhibited
a consistent and significant decline from normoglycemia to prediabetes and further in T2D,
supporting the hypothesis of a loss of beneficial SCFA producers associated with impaired
glucose metabolism [32-35]. Interestingly, individuals with prediabetes displayed a dis-
tinct microbiota profile, with significant increases in taxa such as Firmicutes unclassified
and Alphaproteobacteria unclassified compared to non-diabetic individuals, However,
Firmicutes unclassified levels dropped significantly in T2D, returning to levels similar o
those observed in normoglycemia. This non-linear pattern suggests that some microbiota
alterations may be specific to the prediabetic state rather than reflecting a progressive shift
across glycemic stages. These patterns suggest that GM shifts may precede the progres-
sion to T2D at least in part by contributing to metabolic dysregulation in subjects with
prediabetes [13,36]).

Consistent with these compositional changes —namely, a significant increase in £s-
cherichia/Singella and a marked reduction in acetic-producing genera such as Rombontsia and
Clostridfun sensu stricto—individuals with T2D showed significantly lower fecal acetic con-
centrations compared to both NonDM and those with preDM, while propionic and butyric
concentrations were at best marginally lower, when T2D is compared with participants
without diabetes and with prediabetes, respectively. Our observations align with previous
studies reporting reduced acetic production in individuals with T2D, reflecting impained
fermentative capacity and dysbiosis associated with metabolic deterioration [37—11]. While
fatty acid profiles can be influenced by both dict and host factors [11], our analysis revealed
some group-specific differences in dietary intake, such as higher dairy consumption in
individuals with prediabetes and increased white meat intake in those with T2D, However,
these dictary differences were modest and do not fully align with the observed reductions
in fecal acetic acid concentrations. This sugpests that alterations in gut microbiota composi-
tion may play a more prominent role in shaping SCFA profiles than dietary patterns alone.
Nevertheless, it is important to consider the Mediterranean background of all study partici-
pants, which is generally characterized by higher fiber and olive oil intake. While dietary
intake was assessed in our cohort and no major differences in food group consumption
were observed across glycemic status groups, the overall dietary pattern may still shape
gut microbiota composition and SCFA profiles. These population-specific characteristics
highlight the need for cross-population validati dies to confirm the generalizability of
our findings.

Beyond their key roles in maintaining gut barrier integrity and modulating metabalic in-
flammation, SCFAs—especially acetic and butyric—may also target glucose metabolism {4244,
Our analysss revealed that higher fecal concentrations of acetic acid were assocated with a
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reduced risk for T2D. This cbservation is in line with the notion that acetic is the main fermen-
tative product and the main clrculating SCFA form in humans and rodents [45]. Consistently,
oral administration of acetic acid in drinking water protected against 12D in mice without
obesity [+4]. Intriguingly, fecal acetic acid was linked to increased risk for prediabetes. The
biclogical significance of this finding remains unclear, particularly given the lack of significant
differcnces in acetic acd concentrations between normoglycemic and subjects with prediabetes.
This chservation should be regirded as prefiminary and hypothesis-generating, and the positive
association observed in the preDM model could be revealing hidden relationships not apparent
in simple group comparisons even after covariate adjustment or could simply result from
statistical fluctuation rather than a true biological effect.

Our analysis also showed that elevations of fecal levels of propionic acid were associ-
ated with lower odds of prediabetes, suggesting a potential protective role of this SCFA
during early stages of glucose dysregulation. This observation is consistent with previous
evidence indicating that propionic acid may enhance insulin sensitivity and exert anti-
inflammatory effects, which together may delay or prevent metabolic deterioration [46,47].

In contrast, fecal butyric concentrations did not differ signiticantly across groups,
and they were not predictive of predisbetes or T2D in any of the models. These findings
stand in contrast to the prevailing hypothesis that the GM of subjects with T20 exhibits a
decreased representation of butyric-producing taxa |13], Furthermore, our findings also
differed from those of a recent prospective study based on the same Dilbet.es cohort, which
evaluated the predictive value of circulating SCFA for incident T2D over a 7-year follow-up
period [45]. Notably, in that study, clevated circulating butyric levels were significantly
associated with increased risk of developing T2D. These inconsistent associations across
studies may, at least in part, reflect differences between the blood and fecal concentrations
of specific SCFA species [#9], which are likely influenced by the biological compartment
assessed. In fact, whereas fecal SCFA levels may primarily reflect microbial production,
plasma concentrations also capture absorption dynamics, host metabolic utilization, or
compensatory physiological responses. Collectively, these findings highlight the involve-
ment of SCFA-related pathways In glucose dysregulation, although their intetpretation
appears to be highly dependent on the physiological context or disease stage.

To further investigate functional relationships, genus-level correlation analyses re-
vealed several meaningful associations. For instance, Romboutsin correlated positively
with propionic levels and was significantly reduced in subjects with T2D. In contrast,
Escherichia/Shigella—primarily recognized as acetic consumens [50]—were more abundant
in subjects with T2, supparting their potential role in contributing to gut dysbiosis and
reduced SCFA availability. Notably, the relative abundance of Akkermumsiz did not differ sig-
nificantly across glycemic groups, underscoring the functional and ecological heterogeneity
of this genus, despite its frequently proposed protective role in metabolic health [51-53],

Taken together, our findings reinforce the hypothesis that specific compesitional shifts—
characterized by a loss of beneficial fermenters and an enrichment of proinflammatory
or opportunistic bacteria—may directly impair the gut microblota’s metabolic capacity fo
produce SCFAs. These results further suggest that interventions aimed at restoring SCFA-
producing bacteria or attenuating the abundance of detrimental taxas could represent promis-
ing microbiota-targeted strategies to support metabolic health in subjects with dysglycemia,

Our study has several limitations. Most notably, the relatively small sample size
restricts the generalizability of the findings. Although the limited sample size reduces
the statistical power and increases the potential influence of random error, these findings
provide preliminary insights and should be regarded as hypothesis-generating, pending
confirmation in larger studies. Nevertheless, our results are consistent with previous re-
ports describing similar microbial and metabolic alterations in dysglveemia [35,41], which
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reinforces the plausibility of our observations despite the limited sample size. Moreover,
the absence of detailed information on specific classes of antidiabetic and lpid-lowering
medications may represent an important confounding factor, as such treatments can modu-
late GM composition and fecal SCFA levels. In addition, SCFAs were quantified exclusively
in fecal samples, which primarily reflect excreted intestinal microbial production and may
not accurately reflect actual colonic production or systemic absorption. Another limitation
of our study concerns dietary data, While intake was recorded for major food groups, the
lack of detailed nutrient-level information, such as total energy, fiber, or micronutrient
content, prevents a precise assessment of how these dietary factors may have influenced
gut microbial composition and SCFA production. Finally, the small sample size also lmited
our ability to use predictive metabolic pathway tools like PICRUSt or HUMARNZ, which
require larger cohorts and multi-omics data for reliable results. This limits functional
interpretation of microbiota-SCFA relationships. Future research with larger datasets and
integrated approaches is warranted to explore functional links between microbiota and
SCFA production. Nevertheless, a key strength of this study is the inclusion of detailed
dietary intake data, While some differences were observed, these were modest and unlikely
to fully explain the microbial and SCFA differences, Future research should prioritize
longitudinal and mechanistic approiches, ideally including both fecal and circulating SCFA
measurements, detailed pharmacological data, and targeted interventions to modify gut
microbiota composition or SCFA production, in order to clarify causal relationships and
explore their therapeuatic potential. Furthermore, in vitro and animal model studies will
be interesting to clarify the specific mechanisms through which SCFAs, such as acetic and
propionic acid, affect insulin sensitivity, glicose homeostasis, and inflammatory responses,

5. Conclusions

Our findings suggest that fecal SCFAs—particularly acetic—may serve as protective
biomarkers for T2D. Unexpectedly, acetic acid was revealed to predict prediabetes. How-
ever, in this last case, the physiological relevance remains unclear. Interestingly, higher fecal
levels of propionic acid were inversely associated with prediabetes, pointing to a potential
protective role in early glucose dysregulation. Further longitudinal research is needed to
clarify the role of SCFA concentrations as indicators of gut microbial metabolic activity and
to assess their potential in predicting the development and progression to T2D over time,

Suppl tary Materials: The following supporting information can be downloaded at: hitps
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Results: Thirteen patients aged 52.6 + 6.5 years, BM| 39.3 + 1.4 kg/n’, HbA;,
762 + 15% were evaluated After mRYGH. 2onulin decreased and an Increase in
AUC after MTT was observed for GLP-1 (pre 9371 4 5973 vs post 15788 + 8021
pM, P<0.05), GLP-2 (pre 732 + 182 vs post 1190 « 447 ng/ml, A<0 0011 and C-
peptide, as well as after LT Species belonging to Streptococaceae.
Akkermansiaces, Rickenellaceas, Sutterellaceas, Enterobacteriaceas,
Owillospiraceas, Veslionellacese, Enterobacterales_ouc. and Fusobacteriaceae
families Increased after intervention and correlatad pesitively with AUC of
GLP-1 and GLP-2, and negatively with glucose, HbA,, . triglycerides and
adiposity markers Ciostndium perfringens and Rossburla sp 407 behaved
similarly. In contrast. some species belonging to Lachnospiraceae,
Erysipelotricaceae, and Rumnicocaceae familles decreased and showed
opposite correlations. Higher initial C-peptide was the only predictor for T20
remission, which was achinved in 69% of patients

Conclusions: Patients with obesty and T2D submitted to mRYGS show an
enhanced Incretin response. a reduced gut permeability and a metabolic

Impravement. associated with o specific microbiota signature,

LEYWORDT
incretin, microb

1 Introduction

Bariatric surgery (S} is u highly effective therapy for patients
with obesity and type 2 diabetes mellitts (T2D), and many
mecharisms have been proposed foe its bolic benefits (1),
One of the main devers of T2D improvement s the enhanced
delivery of nutrsents and bile to the distal gastrointestinal (G1) trace
“wa q ol ical 18 along with a tapid
gastric emptying leading to Increased nutrient- stimulated secretion
of such gut harmwees as ghucagon:like peptide | (GLP- 1), peptide
YY and oxyntomodulin, implicated in the imp af ficell
function and food intake regulation (1) (3) (4). Also, calaric
restriction, weight loss, reduction in insulin resistance (IR) and
decreased pancreatic and bepatic fat deposits have been implicated
in T2D remission. Mose recently, bile acid diversion and gut
microbrome have been rocognized as impartant factors in the
complex oetwotk of glicuse homeostasts afler BS 15) (6) (7) (8)
9), Although current knowledge Tinks gt microbiota 1o bost
glucose bolism, the mechanisms are stll usdear (10} (11),

Lowy jos of Firml and an in the relative
Bundance of G bacteria and Akk AR

v ’

after Roux-en: ¥ gastric bypass (RYGB) have been observed among

‘ KYGH. Metbollc Houk-en'¥ gaairic bypass TID: Type 2
dabetes. MTT! Meal 1derance test; LT Liphd test: AUC: Acea under the conve;
GLP-1 Glucagnn ke peprade- 1 GLPY. Ghacagom -Whe pepide-20 L4

erbevdin i 1B tnaulin 15: Lpopolysacchands RYGH Bogs-m-
Y gastrxc bypasy Mo Seeve paatrectomy: (IMD: Body mes ioudess TWL: Toal
woghtt S
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Type 2 Sevare obusty, Dariatric surgary

humans (12) (03) (14) (15) and vodents (16) (17) (18], These
chanpes seem 0 ibute 1o d od | | permeability,
improving IR, Few previous studies have characterized the
microbiots directly linked to metabolic improverwent and T2D
remission after RYGH, although findings have been
heterogeneous. [n some, a more significant number of
Actinobacterss was observed (19), In others, there was a higher
banscl of Eubateriocone and Alistipes putrecinis pre-surgery,
unnd Lachmospiracenie and Roseburta 12 months after sungery, in
patientz achieving 120 remissson (20), However, studics analyxing
the direct refatioaship between incretin secretson and specific gut
microbiots species are scarce i human subjects with obesity (21)
and absent in subjects with severe chesty and T200,
In this scenario, we aimed to determine the changes in
1. 1, ine 'S 1, 1 1. " t 1

permeability and

bi modificationy 12 ths after
metabolic RYGB (mRYGE) in patients with obesity and TID.
Ao, we studied the relatonship between these changes and the
metaballe improvement. The follow-up thme was st o 12 manths
since this is the point where the weigght reaches its nadir after
barlatric surgery and then stablizes (22). For this reson, we
consider that it is the best time 1o study changes in body
composition, metabalism, and microbiata.

2 Materials and methods

A prospective sangle-center, non-blinded non-randomized
controdled trial study was conducted, Inchsling patients with
classes 11 ared 11 obesity and T2D undergoang mRYGR. Patents

hontersr org
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were consecutively recruited from the obesity outpatient clnic of
Bellvitgy University Hospital. The includon criteria were as follows:
e between 18 and 60 years old, body maass index (BM1) 35-43 kg/
', T20 on hypoglycemic agents, insuli, or both. The exclisi

Article 2
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sensitivity kit (HS600C, USA R&D Systems, Inc, Minneapolis,
MN) and ELISA (K5601, 1 §i ik AG, Benshei
German), respectively. Glocose and d\olm:-ml were qumuﬁ«!

aﬂcmmthcfolovdnglypc 1 dsabetes ar pasitivity for ghatamic

using mokecular absorp spectroenetry, anpluylig the Cobas®

000 system by Roche Daagnotics. Specifically, ghacose levels were

acid decurbaxy fary forms of diabetes,  determined using the GLUC3 Gen3 wsay on the cobas <503
acute bali phicatinns in the previous & hs liver platform (Roche Dagnostics, reference number 08057800150),
disease, renal dys P BS, pregnancy. breastfeeding,  while LDU cholesteral fevels were assessed with the HiCo Gen
oc desired pregnancy in the 12 hs following inclusion, and ymmm‘lﬂ)mmhmﬁ:(‘plﬁmm(we
corticoid use by oral or intravenous route for more than 14 Diag ber SI68538100). Additionally, HDL
consecative days in the previous three hs. All p signed  chol Iewhmmmvdm;ﬂx(]ohsC-(dHDlm
inf | the p | sty (PI1401997) was approved 5004 assay (Roche Diagnostics, her (17528582190).
by the Qlinical Reseurch Ethics Committe (reference PR 198/14)
and conducted in acoording with the principles of the Dedlaration
of Helsinki. 2.1 Surgical procedures

At baseline und cne year after sargery, patients underwent 4n
anthropometric and body composition analysis with DEXA mRYGH combined restrictsan, g & small gastric pouch of

[HoQDR 4500, Hologic Inc., Waltham, MA), a complete
biochemical ion, 3 standardized meal tol e test
(MTT), and a lipid test (LT). MTT consisted in the intake of
200ml of 3 standard meal (16% proteiny, 9% carbobyd; and
30% dipids {320 keall; Bsosvurce Energy™, Nestle Health Science)
over 5 min, Hood was sampled before meal ingestion (time 0 min)
and ar 15, 30, &0 and 120 min afier meal ingestion, The LT was
performed usng an oral lpid solunon ingested over 5 min,
comtainkny 30 g of fat kn 100 mL of solation, of whidh 0% was
waturated, 49% was monounsaturated, and 21% was
poly d. Blood samples were drawn at fasting state {time
U min) and at 60, 124, and 150 min atter bpid mpestion.

All pharmacological treatment was stopped three days before the
femctioenal tests, except insulin which was stopped 12 hours
befoee the tests. Praton pump inbabiton were presceibed afier surgery
for only three months. In the month preceding the surgical
procedure, all patients adhered 1o & very low-calorte diet,

100 ml. with hypo sbsorption that was accomplished by a 200 cm
biliopancreatic limb and an alimentary limb of 100 cm.

2.2 T2D Remission

After ane year of fillow-up, ph ponn was defined as
an HbA,, .mlnlhuhmuofhypoﬁtmuctmumu‘ﬂ To
sider that the p achieved complete remisslon, we verified
Ilmﬂ\cyhaduﬂbAlcd!smywaaa:mmdmlhmk
hypoglycemic treatment for at least 3 months previous 1o follow-

up evaluation,

2.3 Stool sample collection, DNA
extraction, and metagenomic sequencing

chamcerized by an intake of <800 keal/iday. This dictary regimen To assess Ic wnd Functional changes in focol samph
was achieved through the implems of meal repl with  collected we used shotgun sequencmg of stoof DNA fr whole
Optifasr™ Nestle Healths which Is composad of 0.7 kaal'ml Fysis. Patlents collected their fresh stoal samples at
with & macronutrient distribution of 40% proteins, W% bm:.\\hlch wuuhen immedinzly&mmlhmlmmfmnzfn
carhobydrates, and 0% s Foflowing the surgical intervention,  -20°C, Fromen sumples were delivered to the haspatal within two
diligent oversight way maintained over all patints by liccrsed  days using imsulating polystyrene foam and wore kepe at

dietitlans, who provided guidance o achering to a well-balunced
diet, inclusive of all essential nutoents s stipulsted by dimcal
gukdelines for wastric bypass surgery (13), Problotics were not
sdministered to any of the pmﬂm (o prevent potestial
Inserference with the microbi
During the MTT and LT, plmm. msulin, C-peptide, GLP- | and
GLP-2 were determined at all-tinse paints, whereas succinate, 116
and zonulin concentrations were only defermined in the fasting
nm Plasma Imulm and C-peplide were determined by
bemit ic assay {ADVIA Centaur, Sicmens
Healthcary, mabamy).mnlphm-(d!]mdbﬂl
by ELISA technigue (respectively, EZGLPET-36K and EZGLP-2-
37K, Merck KGaA. I, dt, G Y, tespectively) und plasma
succanate on plasma filtrate (10,000 kD) wsleg a £ ric assay

SC untll analysds DNA extraction was petformed sieg the
Qlaamp DNA stood kir (Qiagen. Hilden, Germany). DNA
quantification was performed using o Qubin 30 Fluorometer
(Thermo Fisher Scientific, Carlsbad, CA), and one ng of cach
sample (07 ng/pl) was wsed for shotgan libeary preparation
using the Nextera XT DNA Library Preparation Kit ([Bumina,
Ine, San Diego, CA). Sequencing was carried out on & NextSeq
300 sequencer ([umina) with 130-5p paired end chemisiey at the
Sequencing and Bioinformatic Service of FISARIO
(Valencia, Spain).

Tavonamic asignments of tutal DNA metagenamic seguencing
were carriod oat through Kalju (25), a progeam for computitionally
efficient and sensitive tronamie classification of high-throughpat

(EnzyChromTM Succinate Assay Kit, BloAssay Systems, USA).
Fasting 114 and zonulin were smalyzed by using ELISA high

Fronmmrs o Endecrnsiogy

quencing reads from metagenemics sequencing cxperiments, by
which each sequencing read & d to a taxon in the NCBI
taxonomy (https://www,ncbinlm nih gov/taxonomy) by

hontersr org

67



Implicacions de la microbiota en les malalties endocrinometaboliques

Herndodaz- Montodu et al

comparing it to the microbial subset of the NCBI BLAST non:
redundant protein database, not incloding fungi and

micrabial cukaryotes

2.4 Statistical analysis of taxonomical and
clinical features

Sequence data were analyzed using the phyloseqR (version 1280)
(26), vegan {version 15 5) (X kmmécq(vmhu l.&l)(m)
u’w 1 12X 2 .,. lhnr 2ondl el

S0.336%enaa 2025 1EAIT44

muawzedumwnhmmb«ofmumdmmmu
concerning the total. When Y, the dati
quantitative variables war calculated using Pearson's ar
Spoarman’s ol Falred t-tests and Wilcoxon signed-rank tests
were wsed b0 evaluate the Impoct between groops sccording 1o
each metabolic distribatson. The ared under the time coocentratian
curve (AUC) for GLP-1, GLP-2, insulin, and glacose, was calculated
using the trapezoidal nele (15),
Logistic regression analysis was used to determine variables
d with T2D The model mcluded the folloning

MMJMMMM(-«ML
Abundance raw-dats counts were normalized uving the
aumulitive sum scaling (CSS) method (28], The zero-inflated

tabloc initial Copeptide lovels, HbA,, succinate concentrations,
thene of T20 duration. insudin treatment. tolal weight loss, amd GLP-1
md‘mpmnbpmnmnsmk»mvhtmwwdmmw

cathons Ixtwoen I krohial abasdance counts, at a

Gamstan mixture model (FtZig), was applicd over the cumulative
sum scaling-normalized data 1o sccount for abundance differences
of species between pre-and post -treatment, by including the patient
identifier variable (IDPAT) a4 a covariate in the aralysis to account
ﬁrdxpaldmmdlbcdmﬂmapwmhhapmmmk
more effective than ble differential at methods
such as DESeq. adgeR or Voom (29].

To evaluate alpha diversity of bacterial communities, Shannon's
index and OTUs (Observed species) were alculated using the
plviosegh package. The propartion and compaosition of the most
abuindant species in the data was aggregacad at both Phytum and
Familly levels. The beta diversity was comprted unider the Bray-Curtis
disssmilarity index (%) and linked to clinkal varsbles using the
distance based Adoais procedure (31). Implementation in the

ponapal component analysis (PCA) oa the €SS fized data

species kvl with reported dinical vartables. fowvadues were then
adjusted with the false rate discovery method, Corrdations and
adyasted P-values were camputed with R package stats (version L.1.5).

3 Results

Froms June 2016 to June 2017, 15 patients with severe abesity
and T2D wore cotsecutively recruited and included in the study;
two oould ot complete the follow-up due to sudden death (r=1)
and svere pocamonia with prolonged hospitalizaon In anather
patient (ne 1) Firally, 13 g were Included in the analysis. The
stucied cohort had a mean age of 526 + 6.5 years, a mean BMI of
3934 L4 kyg/m’, and an initial HbA |, of 7.62 4 1.5% with 69.2% of

th under lin treatment, Table | summarizes the

was applied to represent the p tage of explained data vari in
the most selevant dimcal variabes, oy well 25 to Wentity potential
outhers and rare species. Clinical varialles wore tested for norsality
using thse Shupiro-Wilk test before running inferential statistics. Non-

duta were evaluated by the Wil rank-sum test, while
numllydhtﬂhud riables were ¢ d by Stadent's t-test. P-
vdnulmmowmmdd«cdtwﬁamd\uwmﬂw
lmpmmlh:hhet;mwlﬂemq, dure. The hig

duncu:ﬂmcs of the participants.

3.1 Metabolic profile changes after surgery

Twelve months after mRYGB, o dramatic reducton was
ahserved i welght with 342 4 6.1% of tatal weight kass (TWL) at
ﬂtexpuuenhﬁlmuﬂb.l 4 5.1%, As expected, a sgnificant

clinical variables and slpha dvensity was evaluzied
using a fnear mixed efiect model, consklermg the alpha diversity as
response varmble, the clinical variable as fixed effect and the pationt s
randons effict. Spearman's rank corrdation was used Lo Investigite
assoctations b microbinl data and reported dinical varables
ustng & custoentead 2-scare metric supported by o global sgnature
comrection approach (32) (33) ().

Spearman’s rank correlation was also used 1o investigate

Mial bk

wsociathons b fzod covnts, M a
species level, with reported dinical vanables, Povalues were then
adjtsted with the false rate di y method. Corrdations and

adjusted P-values were computed with R package stats {version 4 013).

2.5 Statistical analysis

Data are presented as mean |+ S0) or percentage for normally
distributed quantitative variables or median and quartile range
for non- noomally distribated g bles. The categurical

after surgery was found with a decrease in
fasting phuma gucase, HOMA-TR. HbA I¢ levels, and Fipid profile
(Tabde 1). T2D remissson was achicved in 69% of patsentx.

Followityg MTT, AUC fur glucose significantly decreased after
the infervention (pre 1677 vs post 1049 mmal/L, P03}, wheress
an increse In Copeptide AUC was observed (pee 277 vs past 325
mmol/l, P0001) (Bgure 1), Posaprandal seram C-peplide 1o
plasma gl ratsy significantly increased after
surgery 0,24 £ 0.27 vs 098 £ 091, P <005,

As markers of systemic inflammation, [L-6 showed & trend to
decrease after surgery, but without reaching statistical significance,
and fasting plasma succinate was significantly reduced after surgery
at 79.74 = 28.8 v, 5097 £ 153 pmol/L, P=0.001.

3.2 Evaluation of intestinal permeability

Zonulin plasmatic levels are 4 relishle biomarker of the

Fromumrs o Endecrmsiogy

estizal barrier integrity of the small intestine (36). It circulates
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TAULE L Pwrtcipars characimatacs @t baseline and 1 yesr post-surgery.

Pre Post
surgery

surgery

SN tASe

Agx (yowns | 516 2806
Weight hg! LLARIA ) . L ERSLH) 80|
natl (kgim') AL R p- Y RL T =001
Waisk fem) 128 2104 ‘ LRI et
i (e O T
Fot Maws (N1 s s0a . LT aul
Tean Mo 05} AT a7 wlriuw wsT
Body Vet (5} AL s TR e
Trualis weatment,
Nng:
Yo iN il 170}
Noisy s 12 (920}

PG () W 5Weld ans
1EbA, (%) TR AN SAL A )
TOMA IR [E o P 150 038 clm)
Tutal Chaddesteral A :.u‘u . 07 208 an
(b1}

um.u--m Lid 2o I 128 =028 i O.il;

DL Comncdily 290 1007 l 130 thé s
Trighycersdes {menel 1) 29 2wy 123 su15e oy
L4 (pgimly Al p2LES S 1) oy
Zuvvalin Ing/ml) ENEESF L) ‘ 249 000 el
Aecchnute (ndkal) 9 2284 . ay! =154 )

e are enpoesed ot sovont = 510 P ey woene Galobotnd ianig penrnd 10 o Iy el
Seody e e meanad by DE0A RS By rraie doe: FIGL Pasting plewtie ghaome
HOMA LI Monnaonitic ptode] ssesnrr of taudis soomuoce: (LA IMeieskis &

in the Bood and bands 10 a receptor In the ytes leading to
dysfunction of tight junctians that finally increases small intestine
permeabdity (17)

Zonulin sgnificantly decreased atter mEYGHE 313 & 045 vs
249 1 141 ng'mL, (F=0.01)

3.3 Incretin profile changes with surgery

When analyzing the incretin profile after MTT, & restoration of
the typical slope for GLP-1 and GLP-1 was observed with the
cornresponuding increase in AUC for both hormones after surgery:
GLP-1 AUC pre 9731 vs post 15788 pM, P<05 and GLP-2 AUC
pre 732 vs post 1190 mg/ml, P<0.001 (Figure 2), The same bebavior

Fromurs o Endecrnsiogy
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was found after LT for both GLP- 1 {AUC pre 13751 vs, post 21070
M, P=0.01) and GLP-2 (AUC pre-1160 vs. post-1654 ng/
mh, #=001).

Within the study sample comprising 13 participants, of which 9
were fernade, representing over 30% of the cohort, an nvetigation
wto posential differences i GLP-1 and GEP-2 levels before and

after surgical intervention was conducted g the fenuale
bgrouy isting of 4 pre- J and 5 past-menopasal
individuals. The analysi led that thers were no statistically

significant distinctions in GLP-1 and GLP-2 leveds between the pre.
pansal and post pausal groups before and after the
surgical procedure.

3.4 Changes in gut microbiota
and relationship with
anthropometric parameters

The surgical intervention had no significant impact on richness
angd evenness, measured by the Shannon diversity index.
Nonctheless, it affected beta diversity (P=0.005) estimated by the
Deay distance as & nuetric to describe overnll microbsota stoucture. A

feature of microbe data anafysis was the statistical
sparsity and the lack of hamogeneousty distributed varlables among
mdividuals. This limitation wis overcome by applylng the FiZig
mixture model (24), This analysis of the elapsed studied time
revealed that 111 different species significantly increased (P
adj<0.05) after the follow-up, amd 67 other species reduced
considerably (# adh<205) in abund alter the mterventy

Most of the significantly increased taxa after the follow-up
belonged to the Streptococcaccae (Streptococous salivarie,
Streprococcis _uc., Strepracocens witibuliers and Strepracoccus
parwsanguins), Akker lncese (Akkermuansia sp. CAG:344),
Rickenellacese (Alistipes ap. HGBS and Alistipes finegolithi
CAG:H8), Sutterellaceae (Surterella_uc and Sutterella
wadsworthensis), Enterobacteriacenc (Escherichia coli, Shigefla
sounvl, Kiebheielle pacononiae, and Klebeiolla_uc,), Oscllagpinacene
{Oscillitvcter sp. 57_20), Vellonelaceae { Veillorefln _oc, Veiltonella
atypica, Veillonella dispar and Veillonella parvula),

b _uc, and Pusobacteriacene (Fisobictorium_uc)
families. They sbowed a signilicant negative correlation (P
adien 03} with some cinical and metabolic parameters studied
{weight, BMI, wasst chreumference, body fat, HbA,, glucose and
trighycerides). (Figure 3}

OF note. Closteulium perfringens (Clostridiaceae family) and
Raselreka sp. 40_7 (1achnospi family) that increased after
follow-up showed 4 significant negative corrdation with body fat
and BMI, even beloaging to families that generally decreased after
the inter and had opposite correlati

On the vther hand, downsegufatod species after sargery bdong
10 the Clostridlacear family (Clostridiam sp. CAG:169, Clostridiam
. KLE 1755, and Clostridium ph ). Lachnaosy Camily
(Blawia »p, CAG257, Lachmospiracede bacterium 1_4_S6FAA,
Wautin Marseilie-P3201T). Eryapelotricoccas (Hold ha_uc
and Coprobaccillus_uc), Clostridia_uc, and Romnicocaceae
{uncultured Faecalibacterium sp., Subdoligranulum wirlabile,
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Fagcalibacterium sp. CAGH2, Ruminococcus sp, 37_24,
Ruthenibacterium lactatiformans, Faecalibacterium_uc,

the Streptococcacese (Streprococous saltwerius, SINPIOCcus_uc.,
Streptococcus westibularis and Steeprococcus parasanguinis),

Ruminococews sp. CAGA77 and R uc) showed a

significant positove correlation with some clinical and metabalic
parameters ceported (Fgure )

We also analyzed the correlation of microbiota familices with
other variables, such as ot permesbility markers (ronuling but
found no assocition. Of pote, pre-surpical ronulin cornedated
positively wih weght (=061, P=0.027), and with pre-surgical
AUC glixose (=075, P=0.03),

3.5 Gut microbiota and incretin response

Akl iaceac [Akkermansia sp, CAG:344), Rickenellaccac
(Alistipes sp. HGBS and Alistipes fincgoldii CAG:68),
Suttereliscese (Sutterelle_vc and Sutierella wadsoorthensis),
Enterobucteriaceae (Eschurichia coli, Shigelli somned, Kiebsielhe
privumoniae, and Klebsiolla_ue.), Oscillospiraceac (Oscillifsicter sp,
57_20), Velllonellacese (Veillomella _uc, Velllonella arypical,
Vellfomelta dispvar and Veillonella parvada), Enterobacesales_uc,
and Fusobacteriaceae (Fusobacteriom_uc) (amilles, revealed ¢
gnificant positive carrel (P adj<05) with AUC of GLP-)
und/or GEP-2 after MTT and LT. Moreover, Clastridium
perfringers (Clowtridiaceae family) and Roscburia sp. 407
(Lachnospi family) that i 1 after follow-up showed a

A close relationship bet gut microbiota and i

response after BS wan ;ound in our study. Most of the species
that incrosed after BS that were previousdy mentioned belonged to

Fronmmrs o Endecrnsiogy

pouti laton with AUC GLP-1 durmg the MTT. {Figure 31

By contrast, some species thal were downnegulated after surgery
belong to Lachnospiraceae (Lachnospiracene bacterium
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1_4_S6FAA, Bluntin sp. Marscille PANIT), Trysiped

i were not found to be ds of T2D

{Caprohaciiies_uc), R icocaceae (Subvlol variabile
and Faccalibacterium sp. CAG:82} hmxhca and showed a
significant negative correlation with AUC for GLP- | amibior GLP-

2 after MTT and LT (Fagare 3).

3.6 T2D remission

Despite the association of the above species with some metabolic
parameters, no specibic species were linked to T2D remission.
4 Discussion

This stedy points to an assoclation between a apecific
mouommnuvwﬂhzmmmdllxmcmlnmpon&

Patients achieving complete T21) remixsion (69% of the sample)
had higher initill C-peptide LE3 £ 095 va (.67 & 026 nmaol/L
[P=0.M0), hagher p | serum C-peptice to plasima gh
concentration ratio 1.28 £ 0.93 vy 030 £ 022 (P=0.015), lower T2D
duration 96 + 83 vs 162 £ B4 years (P=0.216), but similar
proportion of insulin 1 pared 10 non-remitters,
Higher presurgical and post-surgical AUC for C-peptide and
insulin after MTT were observed in patieats achieving T2D
remission, However, AUC for GLP-1 aod GLP-2 befoare and after
surgery were skmilar, indepundently of metabolic outcomes.

In the multiple regression analyss, only higher initial C-peptide
levels predicted better metabolic autcomes (R* © (1351, Pa0014l1),
wheres presurgery A, TWL AUC for GLP-L, GLP-2, or

Fronmmrs o Endecrnsiogy

urdd lic mp after mRYGH in patients with 121,
mcludiog a new player i post-surgery diabetes remission.

4.1 Association between gut
microbiota, incretin response
and metabolic parameters

A significant Inceease in GLP-1 and GLE-2 secretion during the
MTT and LT after mRYGE was associred with changes in
the o)

To our knowledge, no previous study has analyzed the
relationship between incretin response and the gut microbiota

hontersr org
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profile after metabollc surgery in patients with severe obesity
and 12D,

In cur cobvont, a greater presence afler sungery of species bedongiog, ©
the families of Streptocnccacese, Akkermansincee, Ridenellicese,
Fraeroboctiriscee, Osalospimcme, Vellondbicoe, Entercbocterses._ne,
and Fuscbacteriaceae, typically observed after massive veright loss in these
potients, was assxcivied with the impeovensent in the mcretin (AUC for
GLI 1 and GLP-2) g imetabolic profile. merostiigly, species bfooging
W Rumdeococcaoee, Erysipdotrichaceie, and Lachexspiraceae families
thae decressed afier surppery showad an imverse asssoctason with (he incresn
respronese after an ol stimadus and with metabolic pasimstens. In cootrs
s other of thedr Sy specks, Closidinnn perfrivgers amd Rossbsania sp,

Franmumrs o Endecrmsiogy

407 ncressed afier surgery and cormelatod lversely with adipossry

paramecters and pesttivedy with incretin response.
Earlier studies have shown that BS induces a favomable shift into
a healthier microbiome prodile ch wxed by | d microbial

richness (38) (%), and the dhanges are greater in RYGE compared
to sbeeve gustrectomy (5G) (40) (12). 1n our study, the overall
changes after mRYGE in gut microbéots are similar 1o those
previously described (40) (12) (41) (42) (43) (44) (45). However,
with current evidence, it is difficult 10 associate the Firmiowtes!
Bacteroldetes ratio with & determined health status, including
abesity (46), Our resudis showad that the species that decreasad
after sargery all bedonged 10 the phytuen Firmicutes. but the species
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that mncreased were heterogencous, belonging to both the
Firmicutes and B: idetes phiyla, an well 23 others.

These modications cmn be explained by several factons other thun
dict modifications, such oy the gastrobmetingl tract's nearrangement, o
redevint anstoeical shift, a deterména n bile aclds production, and
luminal pH chaoges (47). The Jower jastric aod exposare might
promaote the proliferation of phylotypes from the aral cavity, such as
Escherichia, Veillonella, Streptococcus geous (48), and also
Akkermansia, which grows in a higher pH than the gastric microbes
[49). Of note. these bacteria can ferment aming acids and
carbohydrates into metabolites such as propionate and batyrate
which have been associated with weight reduction (51), reduced gut
permeshility (31) (52) (33) (34) and 2 beoefical mesaboke profike (55)
(36), In line with the findings describenl bn our study, On the ather
Hand, we obscrvid a decresse (n species belooging 10 the Gmilics of

Article 2
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undergoing RYGB, this bacterium was positively related o GLP-1
Sevids {61). Regarding Vellonelbiceae, no previous dinect assoclation
uih sncreting has been previously described. However, in o study

$on patients with noa-skcoholic futty liver treated with »
ﬁhoblulpmh factor- 19 analog, which decreased toske bile aclds,
Velllorefla was the only taxa eshibiting a significant increase (68).
Theredore, as Viailone(li seems 10 be a bile ackd-sensitve bacterium,
and these are known toggers of GLP-| secretion, the association
found in our study is reasonable and may be mediated by bife acid
changes after BS. G | Clostridia are ngly involved in
maintaining the overall gut function: in a previcus study,
Clostridium aspuragiforme and Clostridiales bactetium
1_7_47FAA incressed and were positively correlated with
postprandial GLE-1 in patients with obesity afier G (63),
Another stady Incrossing Clastridium sp. CAG:27 has been

Ruminococaacese, Eryspelotrchaceae, uexl Lachnospi which
beloeg to the Firmm phylum, As a phylum, Firmicutes are more
acid adaptive and the i 3 alkali emiummmlmmg
mRYGH is a factor along with 2 diet that mught cxplain their
reduction {371 As in other stlies, we observed n decresse i the
Clatricium species (with the exceptiva of Clostridium perfringers),
which could be partly explaimal b bypassing the duod
introduces sonse axygen W the gastrointestionl tract, inhibitng the
growth of obilgate amacrbes (56), Howevey, dwanges in Iale ackds
specifically the Jower levels of all primary and secondary conjugated
bile acids i the colon content after RYGEP has boen Bnked In rodents
with higher relative abundances of Clostridium perfringens, in
agrevment with par fndings ().

Ont pmpnmd mechanism by which gut microbiota can
i in its potential ability to modify
incretin secretion, among wiher gastzointestinal hormones (60). In
rodent stodies. 1t has been repoeted that healthier intestinal
micrabiome cin provide incressed lumiml-derivid secondary bile
achds and propsorate, sctivating the L-cell secretion of GLP-1 and
GLE-2, enhancing msalin secretion and malntaining gus barrier
Integrity, respectively (61) (62}, Also in mice, the use of problotics,

d with GLP-2 response in subjects without severe abesity
after diet-induced weight boss (21), Nevertheless, our finding of
Clostrichum perfringers association with GLP-1 has never been
ltpomdmdnqlmuhnbumalym-umyuﬂmm
benchicial effects of this species in the xt of a | |
technique. unmmwwmmwcw
can be a potential pathogets, it is ¢ ubigquitows bacterium and part of
the ecological community in the intestinal tract of humans (69),

Our data revealed that & better metabolic and incretin profile
after surgery was linked 10 0 specific gut micrabsota compasition.
SUIL the stady falled to chanacterize a particular gat microblots
related 10 T2D remisaion, probably because it was underpowerad 1o
reu:h ugliﬁanue. Previous studies have described an increase in

i lis in patients achieving remsssion atter RYGE

and 5G (20) (19), and Akkermurnsin mucinipliln bas been linked 10
1 better metabolic profile maindy affer SG (40) (701, As pronousty
exposed. we observed an inceease In Roseburin sp. and
Akkermansiacese family that was positively related 1o an
enhanced incret ¥ and i ly with adverse adiposity
and metabolic paramcten.

mainly Lactohacillus, has been associated with an enhancement of
GLI 1 resp and imp of holic p (6),

It & imp 1o take (nto account that there are numerous
interspecies and inter-gut section interactions that profiles

Hmr. to date, there Is scarce information linking specific

ia with incretin dy affer BS in animal models (57)
(64) ot hunsany (65). In other cinical settings, such 25 in healthy,
normal weight subjects fed with eesisgant starch, o high baseline
bunk of Sy Ias beent wssectated with (ncresved
postprandial levels of GLP-1, losalin, and C-peptide (66),
Accordingly In our study, sme species of Strep e fansily

ial functionality.

4.2 Gut permeability

Althoogh micrebsots has heen linked w0 o reductan in gut
permeability, we wore unable 10 find an assockation of plasma
i with the gut macrohiome stulied.

Increased after surgery, and showed a significant pasitive
association with AUC GLP-) and GLP-2 after the MTT.
Furthermore, in car study, increased GLP-2 secretion after an
aral lipid load was also associated with some Akkermansiacear
specios, and strikingly, GLP'-1 was also d with the
Valloodlacene family and Clostridium perfringens. Although we
cannot assume cassality in these associations, sonw in vivn studies
I ke and i witre aslag heman Lcell found thar Akkermura
reuchnipheili stimulated GLP-1 by the of a protetn named

4.3 T2D remission predictors

Some predictive pre-surgical factors of metabolic outcomnes
ﬁa&hﬁtbmﬂmﬁhlndamm-hoﬂam
d perative C-peptide lovels, and the absence of insudin
treatment hdue wargery, which are all associated with highes

P9, which binds to ICAM-2 receptors in Locell (67). In rats

Fronmmrs o Endecrnsiogy

rases (21) (64) (71) (72) (23), C-peptide levels weee the
anly significant predictor of T2D remission in our study.
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4.4 Limitations

We acknowledge several Timitations of this study. Sample size
limiations can have influenced the statistical power 1o detext
changes in T2D) remission after sargery. Moreover, we wore
unable 10 study the composition of the diet followed by the
participanss after surgery, which may affect the results. We have
abso observed o high interindividial vaniation in gur microbial
compasition, which makes the analysis between metabalic
varishles and mxcrobiome difficult, We are aware of the absence
of causality in the findings &:trtbed ’m our study. For these reasons,

S0.336%enaa 2025 1EAIT44
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Abstract:

Background

This study aims to assess the impact of insulin resistance (IR) on gut microbiota (GM)
composition, incretin responses, and metabolic outcomes following sleeve gastrectomy
(SG) in people with severe obesity who do not have diabetes.

Methods

A prospective single-center study encompassed patients with severe obesity and normal
glucose tolerance who underwent SG. Participants were stratified into two cohorts based
on the magnitude of their insulin resistance state, as determined by the Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) index: high-TR (ITi-IR: HOMA-IR
> 95th percentile) and low-IR (Lo-IR: HOMA-IR < 25th percentile). Body composition
measurements, biochemical analyses, and microbiota assessments were performed before
and six months post-surgery. Additionally, the responses to a standardized meal tolerance
test (MTT) of glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2)
were evaluated.

Results

The study cohort consisted of 18 patients (9 with Hi-IR and 9 with Lo-IR), with 2 mean
age of 48.8 + 9.2 years and a mean body mass index (BMT) of 45.03 + 4.82 kg/m?. Six
months post-surgery, the mean percentage of total weight loss (WL) was 26.5 £ 6%, with
both groups exhibiting enhanced sceretion of GLP-1 and GLP-2 following MTT.

At baseline, participants exhibited distinct microbiota profiles; the Hi-IR group showed a
higher relative abundance of Prevotella species, which are previously associated with
adverse metabolic and inflammatory profiles. Post-surgery, both groups exhibited

positive incretin responses and significant modifications in GM composition. Notably,
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Hi-IR people experienced more pronounced changes in microbial diversity, including
increascs in Akkermansia and Feillonella species and decreases in Prevorella species.
Enhanced GLP-1 and GLP-2 responses were correfated with WL and metabolic
improvement, particularly in the Lo-IR population,

Conclusions

These findings underscore the role of GM in metabolic changes and surgical outcomes
after SG. Targeting gut microbiota may offer a promising avenue for improving obesity

lreatment strategies.

KEYWORDS: Insulin resistance; incretin: microbiota: severe cbesity: bariatric surgery.

LIST OF ABBREVIATIONS

AUC  Area under the receiver operating characteristic curve
BA  Bile acids

BMI Body mass index

BS Bariatric surgery

CSS  Cumulative sum scaling

CV  Coefficient of vanation

DXA  Dual-energy X-ray absorptiometry

EE Energy expenditure

ELISA  Enzyme-linked immunosorbent assay

FC Fold change

FFMI  Fat-free mass index
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SG  Sleeve gastrectomy
WL Weight loss
INTRODUCTION

Severe obesity is charscterized by insulin resistance (IR) and chronic low-grade
inflammation. Bariatric surgery (BS) remains the most effective treatment for achieving
substantial weight loss (WL), improving glucose metabolism, und reducing
comorbidities. However, long-term outcomes are variable (1,2), and some patients fail to
reach WL goals or experience weight regain (3). Identifying predictors of long-term
success, particularly after sleeve gastrectomy (SG), remains a research priority (4.5).
SG, a less invasive option compared to malabsorptive techniques, induces major
metabolic benefits (6). Improved insulin sensitivity after SG is attributed mainly to WL
(7), and both SG and Roux-en-Y gastric bypass (RYGB) show comparable improvements
in hepatic and peripheral insulin resistance (8.9).

Beyond WL, other mechanisms contribute to BS benefits. Incretin responses, which
regulate insulin secretion and appetite, are markedly enhanced after surgery (10,11),
while long-term gastrointestinal adaptations may influence incretn secretion and WL
durability. Gut microbiota (GM) remodeling also emerges as a determinant of outcomes
(12,13), with effects on enteroendocrine signaling (14), short-chain fatty acid production
(15), and host metabolism (16). However, GM may return to baseline or reach a new
equilibrium, potentially limiting WL durability (17).

Body composition is another determinant. preserving lean mass sustains energy
expenditure, while excessive loss may predispose to regain (3,18). Yet its role in long-
term WL after BS remains unclear.

Finally, severe obesity encompasses a heterogeneous range of metabolic phenotypes.

While most patients display marked IR, some remain insulin sensitive despite severe
10
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adiposity, showing more favorable profiles (19,20). Such baseline differences may affect
WL and metabolic responses after surgery (21).

A deeper understanding of how IR, incretin responses, GM, and body composition
interact in the context of BS may provide valuable insights into the mechanisms
underlying variable postoperative outcomes. We therefore hypothesize that, in people
with severe obesity, baseline IR is associated with distinct incretin secretion, GM
composition, and body composition, which in turn may influence postoperative WL,

metabolic outcomes, and microbiota remodeling after SG.

MATERIAL/SUBJECTS AND METHODS
Study population

This study included a cohort of eighteen patients with severe obesity and normal glucose
tolerance, defined as a fasting plasma glucose <100 mg/dL. (5.6 mmol/L), and a HbA ¢
<5.7% according to American Diabetes Association criteria (22). All participants
underwent consecutive SG procedures at our facility from September 2014 10 January
2015 The participants were divided into two groups based on their status of IR,
determined by the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR). To
maximize phenotypic contrast within a relatively homogeneous population (people with
severe obesity and without diabetes), we selected individuals at the extremes of the cohort
distribution: the Hi-IR group comprised subjects above the 95th percentile of HOMA-IR,
and the Lo-IR group comprised subjects below the 25th percentile. Each group included
nine participants. The use of cohort-specific percentile cut-offs, rather than fixed
thresholds, is consistent with prior metabolic studies, where extreme percentiles (e.g.,
75th-95th) have been applied to define IR and metabolic risk groups (23,24) The study

was approved by the Ethics Committee of Germans Trias i Pujol Hospital {protocol Pl-
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14-103). Written informed consent was obtained from all participants before their

inclusion in the study
Methodology section

All patients underwent comprehensive clinical assessments in accordance with our
mstitutional BS protocol, which is aligned with the guidelines of the Spanish Society of
Endocrinology and Nutrition (25). Assessments included anthropometry, body
composition, and fasting blood sampling, which were conducted preoperatively and at 6
months postoperatively, Demographic and clinical data (age, diabetes history, and
hypertension) were collected at both time points. Weight-loss outcomes were documented
S years post-surgery. Exclusion criteria included type 2 diabetes, inflammatory or

gastrointestinal disorders, and recent antibiotic use,
Anthropometric measurements

Body Mass Index (BM1) was calculated by dividing the weight in kilograms by the height
in meters squared. Waist circumference was measured at the highest point of the iliac
crest by the same endocrinologist. The percentage of WL (%WL) was calculated as
(baseline weight - follow-up weight) / baseline weight * 100, At 5 years after SG, patients
were classified as responders if they achieved >20% WL, and as non-responders

otherwise.
Body composition assessment

Body composition was assessed by dual-energy X-ray absorptiometry (DXA: Hologic
QDR 4500, Hologic Inc., Waltham, MA_ USA) at baseline and six months after surgery,
Fat-free mass (FFM) and fat-free mass index (FFMI) were denived using standard
formulas. Further technical details are provided in the Supplementary Methods

(Supplementary File 1).
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Surgical procedure

All patients underwent laparoscopic SG performed by the same surgical team using a
standardized technique with a 36-Fr bougic for calibration and resection from 4-6 cm
proximal to the pylorus wp to the angle of His. Staple-line reinforcement and
intraoperative leak testing were routinely performed. Detailed operative steps and

perioperative care are provided in the Supplementary Methods (Supplementary File 1).
Biochemical measurements

Blood samples were obtained after an overnight fast. Plasma glucose. lipid profile, and
HbA lc were determined using standard clinical laboratory methods. Insulin resistance
was assessed by HOMA-IR, and fatty liver risk was estimated using the Fatty Liver Index
(FLI). Zonulin was measured as a marker of intestinal permeability (see Supplementary

Methods for technical details).
Standard meal test

A standardized mixed meal tolerance test (MTT) was performed at baseline and 6 months
after SG, following an overnight fast. Participants ingested 200 mL of 4 liquid meal (320
keal, 16% protein, 49% carbohydrate, 30% fat) within 5 minutes, and venous blood
samples were collected at 0, 15, 30, 60, and 120 minutes. Total GLP-1 and GLP-2
concentrations were measured by ELISA in duplicate using paired pre- and postoperative
samples from each participant. Incretin responses were evaluated as percentage change
from baseline to peak and by calculating the area under the curve (AUCO0-120). Full

methodological details are provided in Supplementary Methods (Supplementary File 1),

Statistical analysis
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Continuous variables were expressed as mean =+ SD or median (interquarntile range),
depending on the distribution (Shapiro-Wilk test), Wilcoxon matched-pairs test was used
for within-group comparisons (pre- vs. post-surgery), and Student’s t-test or Wilcoxon
rank-sum test for between-group analyses. A p-value <0.05 was considered significant.
Analyses were performed using Stata v14 (StataCorp, College Station, TX, USA). Full
details of extended regression analyses and multiple testing procedures are available in

the Supplementary Methods (Supplementary File 1).
Stool sample collection, DNA extraction, and metagenomic sequencing

Stool samples were obtained at baseline and 6 months post-surgery, immediately frozen
at 20 °C, and stored at —-80 °C until analysis. DNA was extracted using the QlAamp
DNA stool kit (Qiagen) and sequenced on an Hlumina NextSeq 500 platform. Extended
protocols for library preparation, sequencing, and bioinformatics are provided m the

Supplementary Methods (Supplementary File 1),
Bioinformatics analysis

Taxonomic and functional analyses were conducted using established pipelines.
Taxonomic assignment was performed with Kaiju (28), and functional annotation was
based on KEGG orthology. Alpha diversity (Shannon index, observed species) and beta
diversity (Bray-Curtis dissimilarity) were computed, and differential abundance was
assessed using zero-inflated Gaussian mixture models. Further details of the workflow,
software versions, and parameters are provided in the Supplementary Methods

(Supplementary File 1).
Microbiome data analysis

Microbiome data were processed and analyzed in R using standard pipelines (phyloseq,
vegan, metagenomeSeq. and ggplot2) (33.34). Alpha diversity (Shannon index and
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observed species) and beta diversity (Bray-Curtis dissimilarity with Adonis testing) were
calculated using CSS-normalized data. Differential abundance was assessed using the
zero-inflated Gaussian mixture model (FitZig), with statistical significance defined as an
adjusted p-value < 0.05 after the Benjamini-Hochberg correction to control the false
discovery rate (FDR). Group differences and associations with clinical variables were

evaluated as described in detail in Supplementary Methods (Supplementary File 1),
Statistical testing and correlation analysis

Normality of clinical variables was assessed with the Shapiro-Wilk test. Group
comparisons were performed using parametric or non-parametric tests, as appropriate,
and p-values were corrected for multiple testing using the Benjamini-Hochberg method,
Associations between microbial abundances and clinical variables were examined by

Spearman’s rank correlation (details in Supplementary Methods, Supplementary File 1).
Intervention success and WL prediction

An unnested two-step machine leaming approach was employed to discover potential
microbial species for intervention success (1S) and WL predictions. The first step used all
taxa that passed the prevalence filter and involved feature selection using bootstrap
sampling with replacement (B=100) of 2/3 of the dataset, followed by cross-validation
with glmnet (k=5). Features selected in at least 5% of the bootstraps were retained for the

next step,

The second step involved model evaluation and prediction using Random Forest
(ntree=100) with cross-validation (k=3) on all samples. For predicting intervention
success, the threshold between success and fatlure was determined using the Youden
index. For WL prediction, a regression-based random forest was used, utilizing the same

selected variables as in the first step.
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Successful WL after BS was defined as WL above 20% at 5 years post-treatment.
RESULTS

Baseline results

Clinical and biochemical characteristics

A roral of I8 patients with severe obesity (13 females, 5 males) were enrolled, matched
by age and gender. The mean age was 48.83 = 9.2 years. and the preoperative BMI was

45.03 + 4 82 kgm?,

Clinical, biochemical, and hormone data for the Hi-IR and Lo-IR groups are shown i

Table 1.
Incretin response

Before surgery, fasting GLP-1 levels were significantly higher in the Hi-IR compared to
the Lo-IR group, whereas fasting GLP-2 did not differ. Dunng the mixed-meal test, GLP-
1 showed a greater relative peak increase in Lo-IR compared with Hi-IR subjects (median
% increase: 76.9% vs. 52.0%; p = 0.030), while AUCe-12 did not differ significantly
between groups. For GLP-2, the relative peak increase was comparable between groups,

but Hi-IR subjects displayed a higher total AUC (p = 0,038) (Table 2, Figure 1),
Correlutions

The GLP-1 response to the MMT correlated positively with the GLP-2 response (r = 0,58,
p=0.018) and HDL-¢ (r = 0.66, p = 0.003), and negatively with HOMA-IR (r = -0.53, p
=0.02). HOMA-IR correlated positively with triglycendes {r = 0.52, p=0.02) and FLI (r
= 0.55, p = 0.02), while FLI also correlated positively with fat mass (r = 0.49, p = 0.04).

Zonulin levels were negatively correlated with HDL cholesterol (r = -0.49, p = 0.03).
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Six months post-SG outcomes
Clinical and biochemical charucteristics

After 6 months, the mean %WL for the entire cohort was 26.5 = 6%, with no significant
differences between groups. HOMA-IR levels decreased significantly in both groups,

with no differences between them post-BS (Table 1),

Only the Hi-IR group showed improvements in triglycerides, HDL-c, IL-6, and zonulin.
The FLI decreased significantly in both groups (Lo.IR: p = 0.002; Hi-IR: p = 0.008), with
a more pronounced reduction in the Lo-IR group (56.21 + 27.56% vs. 30.70 + 20.1 1%, p

= 0.05, trend).
Incretin response

Fasting GLP-1 and GLP-2 concentrations decreased in both groups, reaching statistical
significance only in Lo-IR subjects. After SG, the relative peak increase in both GLP-1
and GLP-2 was significantly greater in Lo-IR compared with Hi-IR patients (p = 0.021
and p = 0,009, respectively), In contrast, no differences were observed between groups
for total AUC (p = 0.171 and p = 0.354). Within-group analyses revealed a significant
postoperative increase in GLP-2 AUC in Lo-IR subjects (p = 0.028) and a trend toward
higher GLP-1 AUC (p = 0.066) (Table 2, Figure 1). When evaluating relative changes
from baseline, GLP-1 responsiveness increased by 478.7 £ 437.1% in Lo-IR versus 250 4
= |88.5% m Hi-IR. although this difference did not reach statistical significance. By
contrast, GLP-2 responsiveness improved significantly more in Lo-IR (732.9 £ 576.1%)

than in Hi-IR (80.1 = 111,1%, p < 0.001)

Correlations
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The % WL at six months correlated positively with the improvement in GLP-1 response
to the MMT (r = 0.468, p = 0.058, trend only) and strongly with reduction in fat mass (r

=0.8. p<0.001).
Five-year follow-up

At five vears, the “WL. was similar between the Lo-IR and Hi-IR groups (24.96 + 13,47%
vs. 23.08 = 8.87%, p = ns). At this time point, 66.6% of patients (55.5% of Lo-IR and
83.3% of Hi-IR, p = ns) were classified as responders (220% WL). Baseline FFMI was
significantly higher in responders compared to non-responders (21.40 £ .69 vs. 19.50 «
1.08, p=0.037). The secretory patterns of GLP-1 and GLP-2 at baseline or at six months
did not differ between responders and non-responders. %WL at five years correlated
positively with *WL at six months (r = 0.70, p = 0.004) and with reductions in waist
circumference (r = 0.63, p =~ 0.01) and fat mass (r = 0,60, p = 0.03) during the first six

months post-surgery,
Microbiota results
Taxonomy basal composition of the study population

Before surgery, we assessed the baseline microbiota abundance levels, distinguishing
between Lo-IR and Hi-IR patients. Figure 2 illustrates a distinctive signature when
comparing both groups based on their imsulin resistance (IR) status. The yellow and
purple bars represent the Log2FC values of these species, which showed a greater
increase in HI-IR compared to Lo-IR patients. Note that a higher Log2FC value indicates
a greater relative change in the abundance of a specific species, not necessarily higher
microbial diversity. Hi-IR patients were enriched in taxa such as Prevotella, while Lo-

IR patients showed higher abundance of Akkermansia, Clostridium, and Dialister.
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We conducted a correlation analysis between bacterial species showing significant
differences in abundance between the two groups and incretin levels. The Prevotella
genus, which was more abundant in Hi-IR patients, correlated positively with higher basal
incretin levels and a blunted postprandial response. In contrast, Lo-IR patients displayed
the opposite pattern (Figure 2), When we examined parameters related to obesity and
inflammation, we found that species prevalent in the Lo-IR group, mainly species of
Clostridium, were negatively correlated with baseline incretin levels, weight, BMI, fat

mass, glucose, HbAlc, FLI, miglycerides, and [L-6.

Impact of surgical intervention on microbial ecology

Following surgical intervention, we observed differential effects on microbiota ecology
based on insulin resistance status. In Lo-IR patients. surgery did not induce statistically
significant alterations in microbial richness (p = 0.668) or alpha diversity evenness (p =
0.841), indicating a stable microbiota composition. Conversely, Hi-IR patients exhibited
significant changes mn microbial nchness (p = 0.002) and beta diversity (p = 0.006) post-
surgery compared to Lo-IR patients. This indicates a substantial shift in microbiota
composition towards a greater diversity, specifically in Hi-IR patients following the
intervention. Before intervention, no significant beta diversity differences existed
between groups (p = 0.2), suggesting that the potentially beneficial effect of the surgery

on gut microbiota was primarily observed in the Hi-IR group.

Impact of intervention on microbiota composition and clinical parameters

Post-surgery, significant compositional changes were detected in both groups (31 species
in Lo-IR, 84 in Hi-IR: adjusted p < 0.05, Supplementary Table S1). As shown in Figure
3, Hi-IR patients primarily drove the reduction in Prevereila spp. and Bacieroides

coprocola, ogether with increases in Akkermansia, Velllonella, and Strepiococens. Lo-
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IR patiems showed decreases in Dialister and Megamonas, and increases in
Methanobrevibacter, Alistipes, Ruminococeus, and Roseburia. Overall, taxa that
decreased post-surgery (mainly Prevorella) were associated with higher adiposity,
inflammation, and poorer incretin responses, whereas taxa that increased (Clostridium,
Ruminococcus, Akkermansia, Streptococeus) correlated with improved metabolic and

hormonal parameters

Intervention success and WL prediction

We developed a predictive model of intervention success using baseline microbiota
abundances, defining success as >20% body WL five years post-surgery. Figure 4
(Bottom) illustrates the species contributing most to the model's probability of success or
failure. The model’s predictive performance was evaluated using the area under the
receiver operating characteristic curve, yielding an AUC of 0.870. An optimal threshold
wis determined by the Youden index of 0.645 (Fig 4, Top-Right) Additionally, we
constructed a regression-based model to predict the % WL at five vears post-surgery (Fig,

4, Top-Left).

DISCUSSION

This prospective study offers novel msights into the impact of IR on incretin response
and alterations in GM composition following SG in people with obesity without diabetes.
Our findings reveal significant modifications in GM composition and its associations with

metabolic parameters before and after surgical intervention, mainly related to the IR state.
Baseline microbiota and metabolic associationy
Before surgery, the Hi-IR group exhibited a higher prevalence of Prevotelia spp.,

particularly Prevatella coprt, previously linked to branched-chain amino acid production
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and IR (35,36). Consistent with prior human studies in obesity and IR, Prevorella
abundance was higher in the Hi-IR group compared to their Lo-IR counterparts (37). In
our cohont, Prevotellaceae correlated positively with waist circumference, FLI, and
baseline incretin levels (GLP-1, GLP-2), and inversely with meal-induced incretin
responses. These associations suggest that Prevotella abundance may serve as a microbial
marker associated with incretin resistance and adverse metabolic profiles, although

causality cannot be inferred.

Conversely, Lo-IR patients exhibited a higher abundance of Akkermansia muciniphila, a
genus consistently associated with improved metabolic status and gut-barrier function in
human and experimental studies (38). Dialister species (1. succinatiphilus and D.
inmvisus) were also more prevalent in this group, in line with previous reports linking
Dialister abundance to favorable metabolic states before diabetes onset (39.40).
Additionally, Clostridium species enriched in Lo-IR patients correlated inversely with
adiposity and inflammatory markers, in line with observational data linking members of

this group to healthier metabolic outcomes (41, 42).
Post-surgery incretin responses

After SG, incretin responses improved overall, although the magnitude and pattern
differed by IR status (Table 2), Lo-IR patients exhibited a significantly greater relative
peak increase in both GLP-1 and GLP-2 compared with Hi-IR, despite simitar %WL and
HOMA-IR values at follow-up. However, when analyzed by AUC, no between-group
differences were observed, underscoring the importance of the metric in capturing
hormonal dynamics. Within-group analyses showed that Lo-IR patients displayed a
significant postoperative increase in GLP-2 AUC and a trend toward higher GLP-1 AUC,

Recent work also confirmed pronounced postprandial GLP-1 increases after both SG and
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RYGB, reflecting enhanced enteroendocrine stimulation and activation of the ileal brake

(11).

The role of GLP-2 i banatric outcomes remains less well defined. In our cohort, the
marked GLP-2 response observed in Lo-IR patients did not correlate with WL or
metabolic changes. in line with prior studies indicating that GLP-2 may support intestinal
adaptation, glucose homeostasis, and barrier integrity, but without consistent links to

body weight regulation (43,44).

Based on our observations, we cautiously propose the concept of “incretin resistance” 1o
describe a state in which ineretin hormones are secreted at normal or elevated levels but
fail to clicit an adequate metabolic response, This concept, directly analogous to “insulin
resistance,” does not reflect a defect in hormone secretion per se, but rather an attenuated
functional effectiveness. In our cohort, insulin-resistant individuals exhibited higher basal
GLP-1 concentrations together with blunted postprandial responses, a dissociation
consistent with impaired incretin responsiveness. While preliminary, this framework may

help interpret interindividual vanability in metabolic and surgical outcomes.
Post-surgical microbioia shifis

The surgical procedure had distinct effects on microbiota ecology in both groups, Still,
the impact was more pronounced in Hi-IR patients, who exhibited significant increases
in microbial richness and beta diversity. These findings suggest that surgery may confer
an additional benefit by enhancing microbial diversity in metabolically unfavorable
phenotypes. At the compositional level, Hi-IR patients exhibited marked reductions in
Prevotelfa species, accompanied by mncreases in Adkkermansia, Streptococeus, and
Veillonella, These shifts—reduced Prevotella and increased Akkermansta, Vedllonella,

and Streptococous—are consistent with recent bariatric studies reporting associations
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with improved metabolic status, gut barrier function, and enhanced incretin responses
(12,45-48). Notably, Streptococeus enrichment has also been linked to GLP-1 and GLP-

2 secretion in patients with type 2 diabetes after RYGB (39,49).

Some of the changes observed in Hi-IR patients, including increases in Akkermansia,
Streptococeus, Veillonella, and Clostridium species, mirror our previous findings in
patients with type 2 diabetes undergoing RYGB (29). This concordance across procedures
and metabolic contexts suggests that these microbial shifts represent reproducible features

of bariatric surgery rather than surgery-specific phenomena.

In the Lo-IR group, surgery enriched Roseburia, Alistipes, and Ruminococcus, taxa
involved in complex substrate fermentation and short-chain fatty acid production, all
recognized for supporting gut health (50). Roseburia, a major butyrate producer,
increased markedly; butyrate promotes barrier integrity and has anti-inflammatory
effects, consistent with the inverse correlations we observed with adiposity and
inflammation and the positive association with incretin responsiveness (48,51,52). Both
groups also showed increased Methanobrevibacter, in line with reports linking
methanogens to carbohydrate metabolism and long-term weight regulation (53.54).
Overall, these shifts suggest that Lo-IR patients may benefit particularly from taxa

promoting barrier protection, anti-inflammatory activity, and hormonal responsiveness.

Predictive value of baseline microbiota for weight outcomes

We also examined the relationship between pre-surgery GM composition and WL
outcomes. Despite the small sample size (18 participants), our predictive model aligns
with previous studies linking baseline microbiota to weight trajectories after BS. These
findings suggest that microbial signatures may contribute to long-term  weight

management, although validation in larger cohorts is required. Beyond microbiota,
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genetic background, psychological factors, dietary patterns, and physical activity likely
interact to influence outcomes. Notably, we observed reductions in Prevotella—
previously associated with adverse metabolic profiles and blunted incretin responses—
together with enrichment of taxa linked to healthier states, such as Akkermansia,
Roseburia, and Methanobrevibacter. These patterns, consistent with prior reports
{52,55,56), support the hypothesis that SG may help establish a gut microbial
environment associated with improved metabolic profiles, parucularly in individuals with

baseline IR

Surgical considerations

All participants in our study underwent SG, which allowed us to minimize variability and
focus on the role of basetine IR. It is, however, well recognized that incretin responses
are generally more pronounced after RYGB or BPD than after SG, due to stronger
stimulation of L-cells through nutrient rerouting (8,57). This may partly explain why the
incretin response in Hi-IR patients remained attenuated despite weight loss. Moreover,
long-term evidence suggests that SG may be less effective than bypass procedures in
individuals with very high BMI or severe IR, raising the possibility that SG might not
represent the optimal strategy in all subgroups (6). Future comparative studies including
different surgical techmiques are needed to clarify whether more potent incretin
stimulation could mitigate this phenotype or whether “incretin resistance™ persists

independently of procedure type.

This study has certain constraints, mainly the small sample size and the unnested design
of the machine learning model, which limit the generalizability of our findings and may
increase the risk of overfitting to our cohort. Additionally, data on post-surgical physical

activity and dietary intake were not collected. These variables are known to strongly
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influence both weight trajectories and GM composition, and their absence limits our
ability to disentangle the relative contributions of surgery versus lifestyle to the observed
outcomes. It is important to note that our findings do not establish causality; instead, they
should be viewed as hypothesis-generating, Further research is required to deepen our
understanding of the observed changes in microbiota composition following banatric
surgery and their potential links to metabolic outcomes. Finally, the HOMA-IR cut-offs
used 1o define Hi-IR and Lo-IR groups were derived from the cohort distribution. While
this strategy enhances internal consistency, external validation in independent cohorts

will be necessary to confirm the broader applicability of these thresholds.

CONCLUSIONS

In conclusion, this prospective study reveals distinet gut microbiota patterns between
people with obesity and differing degrees of insulin resistance before and after sieeve
gastrectomy. Post-surgically, we observed improved incretin responses together with
decreases i Prevotella and increases in taxa such as Akkermansia, Roseburia, and
Methanobrevibacier, all of which were associated with more favorable metabolic
markers. Our findings also suggest potential associations between pre-surgical gut
microbiota composition and weight-loss outcomes, pointing 1o the potential relevance of
microbial signatures in shaping individual responses. Given the limited sample size, these
observations should be regarded as exploratory. Larger studics are required to validate
these associations and to clarify their potential application in developing personalized

approaches to banatric surgery.
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FIGURE LEGENDS

Figure 1. GLP-1 and GLP-2 responses to MMT at baseline and 6 months in Lo-IR

and Hi-IR.

GLP-1 and GLP-2 responses to the meal tolerance test (MTT) at baseline and 6 months

in participants with low (Lo-IR) and high insulin resistance (Hi-IR). Panels A and B

represent mean + standard deviation plasma concentrations of GLP-1 (1A) and GLP-2

(1B), respectively, measured at each time point during the MTT. Lo-IR participants are

shown in green, and Hi-IR participants are shown in blue. Dashed lines indicate baseline

data; solid lines indicate 6-month follow-up. Abbreviatons: GLP-1, glucagon-like

35

Article 3

113



787

788

789

791

792

793

795

796

797

798

799

801

802

803

807

808

810

811

Implicacions de la microbiota en les malalties endocrinometaboliques

peptide-1; GLP-2, glucagon-like peptide-2; Lo-IR, low insulin resistance; Hi-IR, high

insulin resistance; MTT, meal tolerance test,

Figure 2. Baseline gut microbiota abundance and correlations with clinical and
hormonal variables. Baseline microbiota abundance levels. Log fold change (FC) and
Spearman correlation analyses of the relative abundance at the species level of gut
microbiota and clinical variables and incretin hormones in all individuals, For FC
analysis, a zero-inflated Gaussian mixture model (fitZig) from the metagenomeSeq R
package was used. The subject factor in IDPAT is used as a batch effect. The yellow and
purple bars represent the Log2FC values of these species. All adjusted p-values <0.05 in
FC and + p-value <0.05: "adjusted p-value<0.05 for Spearman correlation analyses,
Abbreviations: FC, fold change; Log:FC, logs-transformed fold change; BMI, body mass
index; FMI, fat mass index: FFMI, fat-free mass index; HbA I¢, glycated hemoglobin:
HOMA-IR, homeostatic model assessment for insulin resistance; GIP, gastric inhibitory

polypeptide; GLP-1, glucagon-like peptide-1; TL-6, interleukin-6.

Figure 3. Surgical-induced microbiota changes and associations between species and
variables related to metabolic health status. Log fold change (FC) and Spearman
correlation analyses of the relative abundance at the species level of gut microbiota and
clinical variables and incretin hormones in all individuals. A zero-inflated Gaussian
mixture mode! (fitZig) from the metagenomeSeq R package was used for FC analysis.
Contrast 6M/basal. All adjusted p-values <0.05 in FC and + p-value <0.05; *adjusted p-
value<0.05 for Spearman correlation analyses. Abbreviations: LogaFC, loga-transformed
fold change; Lo-IR, low insulin resistance; Hi-IR. high insulin resistance. BMI, body
mass index; FMI, fat mass index; FFMI, fat-free mass imdex; HbAlc, glyeated
hemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; GLP-1,
glucagon-like peptide-1; GLP-2, glucagon-like peptide-2; 1L-6, interleukin-6.
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Figure 4. Gut metagenomic signature predicts intervention success at S-year follow-
up. A predictive model (glmnet for feature selection and Random Forest for binary
classification) identified potential microbial taxa associated with intervention success,
These taxa were subsequently used in a weight loss regression model. Top-left: predicted
probabilities of intervention success and predicted values of weight loss; Top-right:
classification mode! performance (AUC=0870); Bottom: classification model most
important taxa, ranked by cumulative importance across folds. Abbreviations: AUC, area
under the ROC curve; ROC, receiver operating characteristicc. OTU, operational

taxonomic unit.
Supplementary Information Summary

Supplementary Methods and Supplementary Table S1 are available at Iwernational

Jouwrnal of Obesity website,

File name: Supplementary Methods pdf
File format: PDF document

Title of data: Supplementary Methods

Description of data: Extended methods covering body composition assessment, surgical
technique, meal test, incretin assays, stool collection. sequencing. biocinformatics

pipeline, and statistical analyses,
File name: Supplementary Table S1.xlsx
File format: Excel spreadsheet ( xlsx)

Title of data: Differentially abundant microbial species post-intervention in Lo-IR and

Hi-IR patient groups (adjusted p < 0.05)
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834  Description of data: Complete list of species showing significant changes in relative
835  abundance afler intervention, stratified by insulin resistance group. Includes log: fold

836  changes and adjusted p-values computed using the fitZig model
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Table 1. Main anthropometric and metabolic variables at baseline and 6 months

post-surgery.

BMI (Kg/m?)
Waist (cm)
Fat Mass ()
Lean  Mass
(%)

FFM (Kg)
FFEMI
(Kg/m2)

%% WL

PG
(mmol/L)
Insulin
(pmol/L)
HOMA-IR
HbAlc (%)
Total
cholesterol
(mmol/L)
HDL-
cholesterol

(mmol'L)

LO-IR (n=9)
Basal
41.76+3.66
116774689
53.8949.92

51.79+8.28

49.5249.03

[R97L2 69

4.96:0.45

sS40
(43.4-84.7)
2662114
5352016

4.7630,69

1,3240.22

6-month
30.58+2.82
92047 83
30.07+7 46

46412744

»
n
[
B
=
w

24.722.7-
3L

4.654032

283
(22.9-38.7)
1.2840.39
5.77+1.56

4.5240.79

1302021

P

0.007
0.007
0.007

0,007

0015

0.020

013

0.007

0.007

0.26

0.26

0.40

HI-IR (5=9)
Basal
48.30=3 46"
1302729, 117
65.59=7.26"

54.93=8.72

4282693

16.46=2 K83

94.6
(R3.5-107)
4.48£1.147
5.47:0.37

4.70:0.84

1.06£0.2"

6-month
35.52:4.4%
104 16£11.61°
39.59=11.03

49.64+8.12

5542:9.43

2112247

271 {209-
325

455035

334
(26.6-52.T)
1.47:0.96
5.260.25

5.08:0.78

1I8£0.13

P
0.007
0.007
0.007

0.007

0,007

0,007

0.007

0.03

0.007

0.15

0.31
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LDL- 283066 2734071

cholesterol

(mmol/L)

Triglycerides | 11

(mmol/L) (0.9-1.2) (0.9-13)

FLI 9465 39.75
(90.65- (23.85-
97.59) 59.53)

IL-6 1.8420.62 1.5740.78

pg/mL

Zonulin 272:035 250043

ng/ml

#p <005, #4 p<0.0] (Lo-IR vs. Hi-IR).

0.63

0.83

0018

0.44

0.08

276098

1.45
(0.9-1.7)
99.30™

(U8 89-99.71)

2.9420.91"

290036

3342068

1.1
(1-1.4)
65.41"

(57.45-82.12)

1.9310.69

2.67+0.35

07

0nm

0007

0.017

0.038

Data are expressed as median (25th—75th percentiles) or mean = SD, as appropriate. Fat,

lean, and body mass were measured by DXA, Abbreviations: BMI, body mass index;

FPG, fasting plasma glucose; WL, Weight loss; HOMA-IR, Homeostatic Model

Assessment of Insulin Resistance; FLI, fatty liver index; IL-6, interleukin 6,
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Table 2, GLP-1 and GLP-2 fasting levels, peak responses, and AUC before and after

sleeve gastrectomy,

(A) Fasting GLP-1 and GLP-2 levels

Group

GLP-1 Lo-IR
(pmolL)

GLP-1 Hi-IR
(pmol/L)

GLP-2 Lo-IR
(ng/ml.)

GLP-2 Hi-IR
(ng/mL)

Pre-SG

29.14
(19.25-
29.75)

3423
(29.17-
4291)

360
(3.44-
431

4139
(3.69-
499)

Post-SG

16.63
(16.00-
18.99)

23.00
(21.58
35.12)

302
(2.75-
3.13)

189
(374
421)

p-value p-value p-value
(pre vs, (Lo vs. Hi, (Lo vs. Hi,

post) pre) post)
0.010 0.011 0.057
0,138
0.007 0.085 0,004
0,173

(B) GLP-1 and GLP-2 response (% increase-to-baseline)

Group

GLP-1 (%) Lo-IR

GLP-1 (%) Hi-IR

GLP-2 (%) Lo-IR

Pre-SG

76,93
(69,19
140.18)

51.96
(3754
67.68)

2241
(12.14-
41.95)

Post-SG

531.67
(283 94—
804.16)

16643
(127.93-
283.12)

195,59
(90,99
267.99)

p-value p-value
(pre vs. (Lo vs. Hi,
post) pre)
0.007 0.030
0.012

0.007 0.965

p-value
(Lo vs. Hi,

post)

0.021
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GLP-2(%) Hi-IR

27.10
(15.05-
33.80)

3111
(21.86-
68.04)

(C) GLP-1 and GLP-2 responses (AUCo—ne min)

Group

AUCGLP-1  Lo-IR

AUC GLP-1 Hi-IR

AUCGLP-2  Lo-IR

AUCGLP-2  Hi-IR

Pre-SG

4365.1
(37156
47322)

51706
(46440
6230.1)

48K.K
(4702~
hEINY)

5822
{549.6-
668.3)

Post-SG

6694.6
40419
8927.5)

43999
(34%).1-
5043.0)

7293
(521.7-
9601.6)

5970
(504.5-
637.1)

0.050

p-value
(prevs.
post)

0.066

0.110

0.028

0441

p-value
(Lo vs. Hi,
pre)

0.070

0.038

p-value
(Lo vs. Hi,
post)

0171

0354

Median fasting concentrations (A), percentage increase from baseline (B), and area under
the curve (AUCe-10 min) of GLP-1 and GLP-2 (C) measured before and 6 months after
sleeve gastrectomy in participants with low (Lo-IR) and high (Hi-IR) insulin resistance.

Comparisons were made within each group (pre- vs. post-SG; Wilcoxon signed-rank test)

and between Lo-IR and Hi-IR at each time point (Mann Whitney U test). Values are

reported as median (25th-75th percentiles). Abbreviations: GLP-1, glucagon-like

peptide-1; GLP-2, glucagon-like peptide-2; Lo-IR, low insulin resistance; Hi-IR, high

insulin resistance; SG, sleeve gastrectomy.
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5.1. Perfil de microbiota i metabolits bacterians en els diferents estadis

de disfuncié glucemica

Per caracteritzar les alteracions de la Ml i dels seus metabolits al llarg del continu
glucémic, es va dur a terme un estudi transversal en el marc de la cohort poblacional
Di@bet.es (vegeu Article 1, Nutrients 2025), que incloia 88 participants adults
classificats segons els criteris de I'’American Diabetes Association en tres grups:
normoglucemia (NonDM), prediabetis (PreDM) i diabetis tipus 2 (DM2).

Els resultats van mostrar que les concentracions d’acid acétic fecal van ser inferiors en
els individus amb DM2 en comparacié amb els grups NonDM i PreDM. En els models
ajustats, nivells més elevats d’acid acétic es van associar amb un menor risc de DM2
(OR =0,561; p =0,009), mentre que I'acid acétic es va comportar com a predictor positiu
de preDM respecte al grup NonDM (OR =1,422; p = 0,028).

Els nivells d’acid propionic fecal es van associar inversament amb la preDM (OR =0,714;
p = 0,028). Les concentracions de propionic i butiric van mostrar tendéncies a valors
més baixos en DM2, pero les diferéncies no foren significatives, i no es van detectar

associacions per als acids isobutiric, isovaléric ni valéric.

L’analisi taxondmica va revelar canvis progressius en la composicié microbiana segons
'estat glucemic. Els participants amb DM2 van presentar una major abundancia
d’Escherichia/Shigella i una reduccié de bacteris productors d’acetat, com Romboutsia i
Clostridium sensu stricto. En els individus amb PreDM es van detectar increments de
Firmicutes i Alfaproteobacteria no classificats, que van disminuir novament en DM2.

L’abundancia de Lawsonibacter va ser inferior en DM2 respecte a PreDM.

Les analisis de correlacié van mostrar relacions positives entre Clostridium sensu stricto
i 'acid butiric, Lactonifactor i I'acid propionic, i Romboutsia i el propionic fecal. En sentit
contrari, les Coriobacteriia no classificades es van correlacionar negativament amb les
concentracions d’acetat i butirat. L’abundancia més alta d’Escherichia/Shigella en DM2

va coincidir amb valors més baixos d’acid aceétic fecal.

En resum, I'estudi va identificar diferéncies en les concentracions fecals ¢AGCC i en la
composiciéo microbiana al llarg del continu glucemic. Els AGCC més associats amb
'estat metabdlic van ser I'acid acétic i el propionic, mentre que els canvis microbials van
incloure una pérdua progressiva de bacteris productors d’AGCC i un augment de

géneres potencialment proinflamatoris.
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5.2. Remodelacié microbianairespostaincretinica després de la cirurgia

bariatrica en pacients amb DM2

Per avaluar els efectes metabolics i microbians de la CB, es va dur a terme un estudi

prospectiu en pacients amb DM2 sotmesos a BPG, amb un seguiment de 12 mesos.

Es van analitzar els canvis en el pes corporal i els parametres metabolics, la resposta
incretinica (GLP-1 i GLP-2), la permeabilitat intestinal i la composicié de la microbiota

fecal. La mostra va incloure tretze participants adults amb obesitat greu i DM2.

Després de la intervencio, es va registrar un percentatge de pérdua de pes total del 34%
i una reducci6 de la massa grassa del 36%. Es van observar descensos significatius en
la glucosa plasmatica en deju, HOMA-IR, HbAlc i triglicérids, aixi com millores generals
del perfil lipidic. Els nivells del péptid C van augmentar de manera significativa després
de la cirurgia. La remissio completa de la DM2 (HbAlc < 6% sense tractament

hipoglucemiant durant almenys tres mesos) es va assolir en el 69% dels pacients.

L’area sota la corba (AUC) de GLP-1 i GLP-2 durant la prova d’apat mixt (meal test,
MTT) van augmentar significativament, mostrant una restauracié de la resposta
incretinica postprandial. Augments similars es van observar durant la prova d’'ingesta
amb sobrecarrega lipidica. Els nivells plasmatics de zonulina i succinat van disminuir de

manera significativa, mentre que la IL-6 va mostrar una reduccié no significativa.

L’analisi de la Ml va revelar un canvi significatiu en la diversitat beta (p = 0,005), sense
modificacions rellevants en la diversitat alfa. Després de la cirurgia, es van observar
increments en espécies de les families Streptococcaceae, Akkermansiaceae,
Veillonellaceae, Sutterellaceae i Rickenellaceae, juntament amb reduccions en

Lachnospiraceae, Ruminococcaceae, Clostridiaceae i Erysipelotrichaceae.

Entre les espécies més destacades, Akkermansia muciniphila, Veillonella dispar i
diversos Streptococcus spp. es van correlacionar negativament amb el pes, I'lMC, la
circumferéncia de la cintura i el greix corporal, i positivament amb els nivells d’AUC de
GLP-1 i GLP-2. En canvi, les espécies reduides després de la cirurgia —pertanyents
principalment a Lachnospiraceae, Ruminococcaceae i Erysipelotrichaceae— van
mostrar correlacions positives amb els parametres metabolics desfavorables i una

relacio inversa amb la resposta incretinica.
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Els nivells inicials més elevats de péptid C van constituir I'inic predictor significatiu de

remissié de la DM2.

En conjunt, al cap de dotze mesos del BPG, els pacients van presentar millores
metaboliques i hormonals significatives, juntament amb canvis consistents en la Ml cap
a un perfil metabolicament més favorable junt amb una reduccié del marcador de
permeabilitat intestinal (zonulina). Les espécies bacterianes que van augmentar després

de la cirurgia es van associar a nivells més alts d’incretines i a millors perfils metabdlics.
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5.3. Relaci6 de la resistencia a la insulina en la resposta microbiana i

hormonal després de la cirurgia

Per avaluar la relaci6 de la Rl amb la resposta metabolica, hormonal i microbiana a la
CB, es va dur a terme un estudi prospectiu en divuit pacients amb obesitat greu
sotmesos a SG. Els participants es van estratificar en dos grups segons I'index HOMA-
IR basal: alta RI (Hi-IR) i baixa RI (Lo-IR).

Canvis hormonals i metabolics

Abans de la cirurgia, els pacients amb Hi-IR presentaven nivells més alts de GLP-1 en
deju i una resposta postprandial atenuada durant el MTT, en comparacié amb el grup

Lo-IR. Els nivells de GLP-2 van ser similars entre grups.

Als sis mesos de la SG, tots dos grups van experimentar una reduccio significativa de la
RI, sense diferéncies en la pérdua de pes entre grups (24,7% en el grup Lo-IR i 27,1%
en el grup Hi-IR). No obstant aix0, el grup Lo-IR va mostrar una resposta més gran de
GLP-1i GLP-2 després del MTT i una reduccié més marcada del fatty liver index (FLI).
El grup Hi-IR va presentar una disminucié de les concentracions de triglicérids, HDL-c,

IL-6 i zonulina.

Als cinc anys, la perdua de pes es va mantenir comparable entre grups i es va
correlacionar positivament amb la perdua de pes, la reduccié de la massa grassa i de la
circumferéncia de cintura observades als sis mesos. El fat-free mass index basal va ser
més alt en els pacients que van mantenir una pérdua de pes 220% (millors responedors).
No es va identificar una relacié entre la milloria en resposta incretinica observada en la
fase activa de la pérdua ponderal inicial (primers 6 mesos) i la pérdua de pes a llarg

termini (als 5 anys).

Canvis en la microbiota intestinal

Abans de la cirurgia, els pacients amb Hi-IR presentaven enriquiment en Prevotella,
mentre que els del grup Lo-IR mostraven major abundancia d’Akkermansia, Clostridium
i Dialister. Després de la intervencid, la riquesa microbiana i la diversitat beta van
augmentar principalment en el grup Hi-IR, indicant una remodelacié més intensa de la

comunitat bacteriana.
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Els canvis més destacats van incloure la reduccié de Prevotella spp. i Bacteroides
coprocola, i 'augment d’Akkermansia, Veillonella i Streptococcus en Hi-IR, mentre que

en Lo-IR es van observar increments de Ruminococcus, Alistipes i Roseburia.

En ambdéds grups, els taxons que van disminuir —especialment Prevotella— es van
associar a majors valors d’adipositat i menor resposta incretinica, mentre que els que

van augmentar es van relacionar amb parametres metabolics més favorables.

El model predictiu basat en la microbiota basal va aconseguir una AUC de 0,870 per

predir una perdua de pes superior al 20% als cinc anys.

Resum global

Després de la SG, els pacients amb alta Rl van mostrar una remodelacié microbiana
més profunda, mentre que els de baixa Rl van presentar una recuperacio de la resposta
incretinica més accentuada i una millora més notable d’alguns parametres metabolics.
En ambdos grups, la pérdua de pes es va mantenir a llarg termini i es va relacionar amb

canvis en la composicié de la microbiota intestinal a un perfil menys inflamatori.
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5.4. Resultats integrats del conjunt d’estudis: patrons comuns en la

relaciéo microbiota—AGCC—incretines

La integracio dels resultats dels tres estudis permet descriure un conjunt de patrons
comuns en la interaccio entre la MI, els metabolits bacterians —principalment els

AGCC—i la resposta incretinica, tant en la disfuncié glucemica com després de la CB.

En els estadis inicials de disfuncié metabdlica (preDM) no es van detectar diferéncies
significatives en les concentracions fecals d’AGCC. En canvi, en la DM2 es va observar
una reduccié significativa de I'acid acétic en comparaci6 amb els individus amb
normoglucemia i preDM. Aquest descens es va associar amb una menor preséncia de
bacteris fermentadors com Romboutsia i Clostridium sensu stricto, i amb un augment

d’espécies potencialment consumidores d’acetat com Escherichia/Shigella.

Després de la CB, tant el BPG com la SG van induir canvis consistents en la Ml i en la
resposta hormonal intestinal. En pacients amb DM2, el BPG es va associar a increments
de la secrecio de GLP-1 i GLP-2 després del MTT, a una reduccié dels marcadors de
permeabilitat intestinal i a una major abundancia d’espécies pertanyents a les families

Akkermansiaceae, Veillonellaceae, Streptococcaceae i Alistipes.

En el cas de la SG, la composicié microbiana i la resposta hormonal van variar segons
el grau de RI: els pacients amb menor Rl van mostrar una resposta incretinica més
elevada, mentre que aquells amb major RI van presentar una remodelacié microbiana
més marcada, amb disminucié de Prevotella i augment d’Akkermansia, Ruminococcus i

Streptococcus.

De manera global, els tres estudis descriuen un eix microbiota—AGCC-incretines en qué

s’observen:

(1) una associacio entre la disbiosi intestinal i la reduccio dels AGCC, especialment de

I'acid acétic, observada en la DM2 perd no en les fases inicials de disglucémia;

(2) una recuperacio6 parcial de la secrecié d’incretines i de la integritat intestinal després
de la CB; i

(3) una coexisténcia de modificacions microbianes i hormonals en diferents contextos

metabolics i tipus de cirurgia.
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En conjunt, els resultats mostren patrons coincidents de modificacié de la microbiota
intestinal, dels seus metabdlits i de la resposta incretinica al llarg del continu metabolic

analitzat.

AlaFigura 3 esrepresenta de manera esquematica la integracio dels resultats obtinguts
en els tres estudis inclosos en aquesta tesi, mostrant els principals patrons comuns en
la relacié entre la microbiota intestinal, els AGCC i la resposta incretinica al llarg del

continu metabolic i després de la cirurgia metabdlica.

A. Canvis en la microbiota intestinal en la disglucémia
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B. Remodelacio de la microbiota i resposta incretinica després del RYGB en

pacients amb DM2
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L’obesitat i la DM2 representen dos dels principals reptes de salut publica del segle XXI,
tant per la seva elevada prevalenga com per I'impacte que tenen en la morbiditat i la
mortalitat cardiovascular (13,95). La seva fisiopatologia és complexa i multifactorial,
resultat de la interacci6 entre factors geneétics, ambientals, metabolics i
immunoinflamatoris. En els darrers anys, la Ml ha emergit com un element clau en
aquesta xarxa d’interrelacions, actuant com a modulador del metabolisme energétic, de

la inflamacié de baix grau i de la sensibilitat a la insulina (33,36).

Els avencos en la metagenomica i en la metabolomica han permes establir que la
disbiosi intestinal —caracteritzada per la pérdua de diversitat microbiana, la reduccio de
bacteris fermentadors beneficiosos i 'expansié de taxons proinflamatoris— contribueix
al desenvolupament de la R, la intolerancia a la glucosa i la DM2 (75,78,81). A més, els
metabolits bacterians, en particular els AGCC com l'acetat el propionat i el butirat,
exerceixen un paper central en la comunicacié entre la microbiota i I'hoste, ja que
modulen la secrecio d’incretines, la gluconeogénesi hepatica i la integritat de la barrera
intestinal (40,96,97).

En aquest context, la CB i metabdlica constitueix un model clinic idoni per explorar la
relacio entre la microbiota intestinal, els seus metabolits i la resposta hormonal.
Intervencions com el BPG o la SG provoquen profunds canvis anatomics i fisiologics
gue es tradueixen en millores rapides de la glucoregulacié, sovint abans de la pérdua
ponderal substancial, la qual cosa suggereix mecanismes addicionals més enlla de la
restriccio calorica (98,99). Entre aquests mecanismes, destaquen la remodelacio de la
MI, 'augment de la secrecié d’incretines (GLP-1, GLP-2, PYY) i la modulacio dels acids

biliars, que en conjunt configuren I'eix microbiota—intesti-metabolisme (80,100,101).

Aquesta tesi doctoral, estructurada en tres estudis originals, ha abordat de manera
integrada aquest eix fisiopatoldgic. El primer estudi va caracteritzar les alteracions de la
microbiota i dels AGCC fecals al llarg del continu glucémic en una cohort poblacional
mediterrania; el segon va analitzar la remodelacié microbiana i hormonal després del
BPG en pacients amb DM2 i el tercer va explorar la relacié entre la Rl i la resposta
incretinica i microbiana després de la SG en pacients sense diabetis. En el seu conjunt,
els resultats aporten una visio integrada i aprofundida dels mecanismes pels quals la Mi
i els seus metabdlits contribueixen a la interconnexié entre I'obesitat, la disfuncié

glucemica i la recuperacié metabolica posterior a la CB.
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Les seccions seguents integren i discuteixen els resultats principals dels tres estudis, tot
examinant-ne les implicacions fisiopatologiques i translacionals dins del marc

conceptual de I'eix microbiota—AGCC—incretines.
6.1. Discussi6 general

L’obesitat i la DM2 comparteixen mecanismes fisiopatoldgics complexos en qué la Mi
emergeix com un factor clau en la regulacio del metabolisme energetic, la inflamacio i la
sensibilitat a la insulina. En aquesta tesi s’ha analitzat de manera integrada el paper de
la Ml i dels seus metabolits —especialment els AGCC—, aixi com la seva interaccié amb
la resposta incretinica en diferents escenaris metabdlics, des de la normoglucémia fins

ala DM2, i com aquest eix microbiota-AGCC- incretines canvia després de la CB.

Els resultats dels tres estudis mostren un patré6 coherent de remodelacié microbiana i
hormonal intestinal associat tant a la disfuncié glucémica com a la seva reversio post
quirdrgica. En el context de la disglucémia, s’observa una reduccié d’espécies
productores d’AGCC (Romboutsia, Clostridium sensu stricto) i un augment de bacteris
oportunistes com Escherichia/Shigella, concordant amb el que han descrit altres cohorts
en prediabetis i DM2 (78,102). Aquest patrd s’associa a concentracions fecals més
baixes d’acetat i propionat, fet que suggereix una activitat fermentadora colonica menys
eficient i una produccié reduida d’AGCC, compostos clau en la regulacio de la glucémia
i la integritat intestinal, com ja han apuntat altres estudis sobre el paper protector dels

SCFA en la homeostasi de la glucosa (51,97).

Després del BPG, es produeix una restauracié parcial de I'eix microbiota—incretines—
metabolisme, amb un augment de la secrecié de GLP-1 i GLP-2 i una major abundancia
d’espécies com Akkermansia muciniphila, Streptococcus i Veillonella. Aquests canvis,
descrits també per Palleja et al. i Fouladi et al. (103,104), s’han vinculat a una millor
integritat intestinal i a la potenciacié de la resposta incretinica, reforcant la idea que la
CB actua més enlla de la pérdua ponderal mitjangant mecanismes endocrins i microbials
integrats (105).

Finalment, en pacients sense diabetis sotmesos a SG, el grau de RI es va relacionar
amb diferencies en la resposta incretinica i en la remodelacié microbiana després de la
cirurgia. Els individus amb menor RI, i per tant millor perfil metabdlic, van mostrar canvis
més favorables metabolicament con s6n una resposta més robusta de GLP-1 i GLP-2 i
una associacié amb taxons beneficiosos com Akkermansia, Roseburia i Ruminococcus.

Aquest patré és coherent amb el paper atribuit a aquests bacteris en la modulacié de la
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sensibilitat a la insulina i en la millora de la funcié metabolica (67,80). Els pacients amb
major RI, en canvi, van presentar canvis més pronunciats en la composicié de la
microbiota, caracteritzats per una reduccié de Prevotella —genere sovint associat a
inflamacié de baix grau i endotoxemia metabolica— i un augment de la diversitat

microbiana, tot i gue amb una resposta incretinica més atenuada.

En conjunt, aquesta tesi aporta evidéncia solida sobre la interconnexié funcional entre
la MI, els AGCC i les incretines, tant en la disfuncié metabolica com en la seva reversioé
postquirdrgica. Alhora, ofereix un enfocament integrador que analitza simultaniament
aguests tres eixos fisiopatoldgics, contribuint a una comprensié més profunda de com la
restauracié d’'un ecosistema intestinal saludable pot afavorir la millora de la resposta

hormonal i del metabolisme glucémic.

6.2. Discussio integrada dels resultats

6.2.1. Disbiosi intestinal i alteracions dels AGCC en estadis precocos de

disfuncié glucémica

Aquest estudi va caracteritzar els canvis en la composicio de la Ml i en la produccié
d’AGCC al llarg del continu glucémic —de la normoglucémia a la preDM i la DM2— en

una poblacié adulta mediterrania.

Els resultats mostren una disbiosi progressiva amb pérdua d’espécies productores
d’AGCC (Romboutsia, Clostridium sensu stricto) i augment de bacteris proinflamatoris
com Escherichia/Shigella, en linia amb estudis previs en cohorts amb hiperglucémia
(78,102). Aquesta alteracié s’associa amb una reducci6 significativa dels nivells fecals
d’'acid acétic i amb una tendéncia a nivells més baixos de propionic, confirmant el vincle
descrit entre disbiosi, menor produccié d’AGCC i un perfil metabolic desfavorable en

altres estudis poblacionals (106,107).

L’associacié inversa entre I'acid acétic fecal i el risc de DM2 suggereix un possible paper
protector d’aquest metabdlit, atesa la seva accid antiinflamatoria i sensibilitzadora a la
insulina (97,108). En canvi, 'associacio positiva entre acetat fecal i preDM podria reflectir
un estat metabolic transicional, coherent amb estudis que proposen un paper dual dels
SCFA segons el context metabolic i el grau d’absorcié colonica. Aquesta absorcié depen
de diversos factors fisiologics, com el pH luminal, la integritat de la mucosa colonica i
'expressid de transportadors especifics —MCT1 (monocarboxylate transporter 1) i

SMCT1 (sodium-coupled monocarboxylate transporter 1)—, els quals poden veure’s
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modulats per la inflamacio, la dieta i la composicié microbiana (109). Aquesta variabilitat
en la biodisponibilitat dels AGCC podria contribuir a explicar les diferéncies observades
entre acids especifics, com el propionic, els nivells més elevats del qual es van associar
en el nostre estudi amb un menor risc de preDM. Aquest resultat és coherent amb el
treball de Chambers et al. (110), que descriu el propidonic com a modulador de la

gluconeogénesi hepatica i la sensibilitat a la insulina.

Pel que fa a la composicié bacteriana, els pacients amb DM2 van presentar un increment
d’Escherichia/Shigella, associat a major permeabilitat intestinal i endotoxémia
metabolica (111), mentre que els géneres productors d’acetat Romboutsia i Clostridium
sensu stricto van mostrar una disminucio lineal i significativa des de la normoglucémia
fins a la DM2, reforgant la hipotesi que la pérdua progressiva de productors ’AGCC
contribueix al deteriorament del metabolisme glucidic (77,78). Paral-lelament, en la
preDM es va observar un predomini transitori de Firmicutes i Alfaproteobacteria no
classificats, suggerint que aquesta fase podria correspondre a un estat d’inestabilitat
ecologica més que no pas a un punt intermedi lineal dins del continu metabolic
(102,112).

Tot i les limitacions inherents a la mida de la mostra i a l'avaluacié dels SCFA
exclusivament en femta, els resultats aporten evidéncia que la pérdua de bacteris
productors d’AGCC i la reduccio de la seva activitat fermentadora constitueixen un dels
primers esdeveniments associats a la disglucémia. Aquestes troballes s6n coherents
amb la hipotesi plantejada per Cani et al. (100) i Rastelli et al. (36) sobre I'eix microbiota—

AGCC-metabolisme com a modulador de la Rl i la progressié cap a la DM2.

6.2.2. Remodelacié microbiana, respostaincretinicai millora metabolica després

del bypass gastric

Aquest estudi va avaluar I'impacte del BPG sobre la Ml, la resposta incretinica i el perfil
metabolic en pacients amb DM2 al cap d’un any de la cirurgia. Els resultats van mostrar
una millora metabdlica i hormonal significativa, en paral-lel a una pérdua ponderal

superior al 30% i a una elevada taxa de remissio de la diabetis.

Canvis hormonals i metabolics

Després de la cirurgia, es va observar una millora marcada del control glucémic i lipidic,
acompanyada d’un augment significatiu de la secrecié de GLP-1 i GLP-2 durant el MMT,

indicant una restauracid funcional de [l'eix enteroendocri. Aquestes troballes
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coincideixen amb el paper clau de les incretines en la millora del control metabdlic
postbariatric descrit per Jargensen et al. i per Batterham i Cummings, i ajuden a explicar
la millora clinica que experimenten els pacients amb diabetis quan se sotmeten a una
cirurgia bariatrica abans d’haver assolit una pérdua de pes significativa(105,113).
L’augment postprandial d’aquestes incretines s’ha vinculat a I'activacio del “fre ileal” i a
I'estimulacié de les cél-lules L intestinals, afavorida pel rapid transit alimentari que
comporta el BPG. Aquests mecanismes contribueixen a millorar la secrecié d’insulina
per accio del GLP-1 i a reforgar la integritat de la barrera intestinal mitjancant el GLP-2
(114,115).

Remodelacié de la microbiota intestinal

El BPG va induir una remodelacié profunda de la MIl, amb increments d’espécies de les
families Streptococcaceae, Akkermansiaceae, Rikenellaceae, Veillonellaceae i
Enterobacteriaceae, i una reducci6 de Lachnospiraceae, Ruminococcaceae i
Erysipelotrichaceae. Aquests canvis coincideixen amb els descrits per Palleja et al. (103)
i Fouladi et al. (104), que van identificar un augment sostingut d’Akkermansia muciniphila
i Streptococcus després del BPG. L’enriquiment d’aquests taxons s’ha associat a una
millor funcié de la barrera intestinal i a una secrecié incrementada d’incretines (67,80),
mentre que la reduccié de Lachnospiraceae i Ruminococcaceae podria reflectir la menor

exposicié luminal a nutrients complexos derivada del nou circuit intestinal (116).

Associacions entre microbiota i respostaincretinica

La majoria d’espécies que van augmentar després del BPG van mostrar una correlacio
positiva amb 'AUC de GLP-1 i GLP-2, destacant Clostridium perfringens i Roseburia sp.
40_7, associades a una millor resposta incretinica i a una reduccio de la massa grassa.
Agquesta relacio recolza el vincle funcional entre composicié microbiana i secrecio
hormonal intestinal, en linia amb I'evidéncia que la microbiota pot modular les incretines

mitjangant la generacié d’acids biliars secundaris i AGCC (117).

Permeabilitat intestinal i inflamaci6

Després de la cirurgia, es va observar una reduccié significativa de la zonulina i del
succinat plasmatic, indicant una millora de la integritat intestinal i una disminucié de la
inflamacié sistemica. Aquests resultats concorden amb estudis previs que vinculen la

reduccido de zonulina post-BPG amb la restauracio de la permeabilitat intestinal
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(100,118). La IL-6 va mostrar una tendencia descendent sense assolir significacio, un

patré ja observat en cohorts similars (119).

Predictors de remissi6 de la DM2

Entre les variables analitzades, només els nivells basals més elevats de péptid C van
predir la remissi6 completa de la DM2, en concordanca amb altres estudis que
identifiguen la reserva pancreatica com a determinant principal de la recuperacié
metabolica (120,121).

Sintesi

En conjunt, el BPG promou una interaccio coordinada entre remodelacié microbiana,
millora de la permeabilitat intestinal i potenciacié incretinica, contribuint a la
normalitzacié glucémica i a la remissio de la DM2. Aquests resultats reforcen la hipotesi
que la CB indueix una reprogramacié funcional de [I'eix microbiota—incretines—
metabolisme que, més enlla dels efectes derivats de la pérdua ponderal, podria alhora

contribuir a la millora del control glucemic i a la remissié de la malaltia (104,116,122).

6.2.3. Relacio de la resisténcia a la insulina amb la resposta incretinica i la

remodelacié microbiana després de la gastrectomia vertical

Aquest estudi va analitzar com el grau de RI es relaciona amb la resposta hormonal i la

remodelacié de la M| després de la SG en pacients amb obesitat sense diabetis.

Resultats basals i patrons de microbiota

Abans de la cirurgia, els pacients amb més Rl mostraven una major abundancia de
Prevotella spp., especialment P. copri, associada a la produccié d’aminoacids de cadena
ramificada i a la disfunci6 metabdlica (81,82). En canvi, els pacients amb baixa RI
presentaven un perfil enriquit en Akkermansia muciniphila, Clostridium i Dialister, taxons
relacionats amb una millor integritat intestinal i estat metabolic (67,123). Aquest patrd
diferencial suggereix que la composicio basal de la Ml pot reflectir el grau de sensibilitat

metabolica abans de la intervencié.

Resposta incretinica postprandial i modulacio per la Rl
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Sis mesos despreés de la SG, la resposta incretinica va millorar en ambdds grups, pero
la magnitud del canvi va dependre del grau de RI. Els pacients Lo-IR van mostrar
augments més pronunciats en el pic relatiu de GLP-1 i GLP-2, tot i que la millora també
va ser present, encara que més moderada, en el grup Hi-IR.
Aquesta diferéncia suggereix una “resisténcia incretinica funcional” en els individus amb
RI elevada: concentracions basals elevades de GLP-1 amb una resposta postprandial
atenuada, un fenomen descrit recentment com a paral-lel a la Rl (124). Els increments
de GLP-2, particularment en el grup Lo-IR, podrien reflectir un paper especific d’aquesta
incretina en la restauracié de la funcié de la barrera intestinal després de la cirurgia, més

que no pas en la regulaci6 directa del pes corporal (125).

Canvis de microbiota després de la SG

La SG va induir modificacions diferenciades segons el grau de RI. En els pacients Hi-IR
es van observar increments significatius de la riquesa i de la diversitat beta, amb
reduccio de Prevotella i Bacteroides coprocola, i augment d’Akkermansia, Veillonella i
Streptococcus, patrons associats a una millor resposta incretinica i a una menor
resposta inflamatoria (94,119). En canvi, els pacients Lo-IR van mantenir una microbiota
més estable perd amb increments d’espécies productores d’AGCC com Roseburia,

Ruminococcus i Alistipes, coherents amb perfils metabolicament saludables (126,127).

Associacions metaboliques i predicci6 de resposta ponderal

Els taxons reduits després de la cirurgia, principalment Prevotella, es van associar amb
adipositat més elevada, inflamaci6 i menor resposta incretinica, mentre que els que van
augmentar (Akkermansia, Clostridium, Roseburia, Ruminococcus) es van relacionar

amb una millora dels parametres metabolics i hormonals.

El model predictiu basat en la composicié6 microbiana basal va mostrar una bona
capacitat per anticipar la pérdua de pes a cinc anys (AUC = 0,87), resultat que concorda
amb estudis recents en pacients amb obesitat greu sotmesos a BPG (128) i en cohorts
amb obesitat i DM2 tractades amb SG o BPG (129), que proposen la microbiota

prequirdrgica com a marcador pronostic de resposta a la CB.

Sintesi

En conjunt, la RI basal no només es relaciona, sind que potser podria condicionar la
magnitud de la resposta incretinica i la remodelacié microbiana després de la CB tipus

SG. Els pacients amb baixa RI presenten un perfil orientat a la produccié d’AGCC i una
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resposta hormonal més eficient, mentre que aquells amb alta Rl mostren una
reconfiguracié6 més amplia perd funcionalment menys favorable. Aquestes troballes
reforcen el concepte que la CB actua modulant I'eix microbiota—incretines—metabolisme,

amb un impacte diferent segons el fenotip metabolic de I'hoste.

6.2.4. Patrons comuns i interpretacié mecanistica

La integracid dels tres estudis permet identificar patrons consistents de remodelacié
microbiana i de resposta incretinica al llarg del continu metabolic, des de la disfuncié
glucémica inicial fins a la milora metabdlica posterior a la CB.
Tot i les diferencies de disseny i de poblacié6 —cohort poblacional en el primer estudi,
pacients amb DM2 sotmesos a BPG en el segon i pacients amb obesitat sense diabetis
sotmesos a SG en el tercer—, emergeixen tres eixos fisiopatoldgics comuns:
(1) la pérdua progressiva de bacteris productors d’AGCC en la disglucémia,
(2) la restauracid parcial daquest perfii després de la CB, i

(3) larelacié entre la Ml i la secrecié d’incretines.

Aquests elements s’integren en un model fisiopatoldgic comu que connecta la microbiota
intestinal, els AGCC i la resposta incretinica al llarg del continu metabolic, des de la

disfuncié glucémica fins a la recuperacio postquirtrgica (Figura 4).
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Eix microbiota~AGCC-incretines en la
disfuncio i recuperacié metabolica
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Figura 4. La interaccid entre la microbiota intestinal, el metabolisme dels AGCC i la resposta incretinica
emergeix com un eix fisiopatologic comu que enllaga I'obesitat, la disglicémia i la recuperacié metabdlica
postquirtrgica, més enlla dels efectes derivats de la pérdua ponderal. Figura adaptada per I'autora a partir

d’una plantilla de BioRender.com.

6.3. Sintesi final i implicacions del conjunt d’estudis

Els resultats d’aquesta tesi doctoral ofereixen una visié global i integradora del paper de
la Ml i dels seus metabolits en la regulacié metabdlica i hormonal associada a la R, la
preDM i la DM2, aixi com de la seva modulacié després de la CB. En conjunt, els tres
estudis presentats contribueixen a definir un model fisiopatoldgic coherent que connecta
la disbiosi intestinal, la produccié d’AGCC i la resposta incretinica dins d’'un mateix eix
funcional microbiota—intesti-metabolisme, d’acord amb la hipotesi que la Ml actua com
un organ metabdlic capag d’influir directament en la homeostasi energética i glucémica
de 'hoste (100).

En primer lloc, I'estudi de la cohort Di@bet.es va permetre caracteritzar per primera
vegada en una poblacié mediterrania els patrons de disbiosi i les alteracions dels AGCC
fecals associats a la disglucémia. Es va observar una disminucié progressiva d’espécies
productores d’acetat com Romboutsia i Clostridium sensu stricto, juntament amb una
reduccio dels nivells fecals d’acid acetic i un augment d’espécies proinflamatories com
Escherichia/Shigella. Aquest patrd suggereix que la transicié des de la normoglucémia

cap a la DM2 implica una péerdua gradual de la capacitat fermentativa de la Ml i una
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menor generacido de senyals metabolics beneficiosos derivats dels AGCC. Aquests
resultats concorden amb estudis previs que vinculen la reduccié dels AGCC i la disbiosi
intestinal amb la Rl i la inflamacié sistémica de baix grau, consolidant el paper dels

AGCC com a mediadors clau en la regulacié de la glucemia.

En segon lloc, I'estudi en pacients amb DM2 sotmesos a BPG va demostrar que la CB
no nomeés actua com una intervencié de pérdua ponderal, siné també com un model de
restauracio funcional de I'eix microbiota—incretines. L’augment significatiu de la secreci6
postprandial de GLP-1 i GLP-2 va coincidir amb profunds canvis en la composicié
bacteriana, incloent I'enriquiment d’espécies de les families Streptococcaceae,
Akkermansiaceae i Rikenellaceae, i la reducci6 de Lachnospiraceae i
Ruminococcaceae. Diversos d’aquests taxons van correlacionar-se positivament amb la
resposta incretinica i negativament amb marcadors d’adipositat i glucémia, suggerint
gue la millora metabolica posterior al BPG depén en part de la reestructuracié de la Ml i
del refor¢ de la comunicacio intesti—pancrees. Aquestes troballes son coherents amb
estudis recents que descriuen una sinergia entre els canvis anatomics de la cirurgia i la

modulacié microbiana com a mecanismes clau per a la remissio de la DM2 (99).

Finalment, I'estudi en pacients amb obesitat sense DM2 sotmesos a SG va evidenciar
que el grau de RI s’associa tant amb la resposta hormonal com amb la remodelacié
microbiana després de la cirurgia. Els pacients amb baixa RI van presentar una resposta
postprandial més intensa de GLP-1 i GLP-2 i millores metaboliques més pronunciades,
mentre que els pacients amb pitjor perfil metabolic i amb alta Rl van mostrar una major
reconfiguracié del microbioma, amb increments d’Akkermansia, Veillonella i
Streptococcus i una marcada reduccié de Prevotella. Aquestes observacions apunten a
una interaccié bidireccional entre la microbiota i la sensibilitat a la insulina, i suggereixen
gue la CB pot revertir parcialment la disbiosi, tot i que la magnitud de la resposta

hormonal podria dependre del fenotip metabolic previ.

Els treballs realitzats en pacients sotmesos a CB, tant amb com sense DM2, amplien el
coneixement sobre la remodelacié de la resposta metabolica i inflamatoria que té lloc
després de la intervencio. Aquests estudis integren I'analisi dels canvis en la resposta
incretinica, en la Ml i en els parametres metabdlics en cohorts diferenciades segons
I'estat glucémic, un enfocament poc explorat fins ara, ja que la majoria de treballs previs
s’han centrat exclusivament en pacients amb DM2. Aquest abordatge global permet
connectar observacions prévies aillades sobre la funci6 incretinica i la microbiota, oferint
una visi6 més completa dels mecanismes que vinculen la salut intestinal amb la

regulacié metabolica.
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La integracié dels tres estudis permet delinear un model unificat en que la disbiosi
intestinal i la pérdua de productors d’AGCC contribueixen al desenvolupament de la RI,
mentre que la CB —tant el BPG com la SG— actua com a modulador de la Ml i de la
resposta incretinica, facilitant la restauracid de 'homeostasi metabolica. D’aquesta
manera, la MI emergeix com un actor actiu i potencialment modificable en la

fisiopatologia i el tractament de les malalties metaboliques.

Cal reconéixer algunes limitacions comunes als tres estudis: la mida de les mostres,
propia d’estudis fisiopatologics, pot limitar la generalitzacié dels resultats, i les analisis
basades en mostres fecals no capten del tot la interaccié mucosa—microbiota. A més, la
manca de dades metaboliques circulants complementaries (com els AGCC plasmatics)
i d’'informacié dietética longitudinal restringeix la interpretacié mecanistica. Tanmateix,
la consistencia dels patrons observats en poblacions diferents i amb metodologies

complementaries reforga la solidesa de les conclusions.

En conjunt, aquesta tesi aporta una comprensié meés integrada dels mecanismes que
vinculen la Ml amb la regulacié metabdlica i hormonal en la RI, la preDM i la DM2, i
destaca la CB com un model idoni per estudiar la reversibilitat d’aquests processos. Els
resultats obtinguts estableixen una base solida per al desenvolupament d’estratégies
terapéutiques dirigides a modular la Ml o els seus metabolits com a via per millorar la

sensibilitat a la insulina, el control glucémic i la prevencio de la progressio cap a la DM2.
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La microbiota intestinal presenta alteracions caracteristiques ja en la prediabetis,
reflectint un paper clau en la disfuncié metabolica primerenca.

Els perfils d’acids grassos de cadena curta, especialment l'acetat i el butirat,
mostren relacions diferencials amb 'estat glucémic i podrien constituir biomarcadors
metabolics inicials.

La cirurgia bariatrica remodela profundament la microbiota intestinal i afavoreix la
recuperacio de la resposta incretinica, promovent la restauracio de la sensibilitat a
la insulina.

La resistencia a la insulina preoperatoria es relaciona, i podria condicionar, la

magnitud dels canvis microbians i hormonals després de la cirurgia, modulant els
resultats metabolics.
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8. LINIES FUTURES D’INVESTIGACIO
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Els resultats obtinguts en aquesta tesi aporten noves evidéncies sobre el paper de la
MI, els AGCC i laresposta incretinica en la regulacié metabolica i en la millora observada
després de la CB. Tanmateix, obren multiples vies per a futures linies de recerca que
permetin confirmar les relacions causals i aprofundir en els mecanismes subjacents a

aguests fenomens.

e Confirmar la rellevancia causal dels AGCC en la disglucéemia.

Es requereixen estudis longitudinals i mecanistics que integrin determinacions
fecals i plasmatiques d’AGCC per dilucidar fins a quin punt les variacions en la
seva produccid i absorcié contribueixen directament al desenvolupament o
reversio de la Rl i la preDM.

o Explorar el paper fisiologic de I'acid acétic i propidnic segons I'estadi metabolic.
L’associacié paradoxal observada entre I'acetat fecal i el risc de prediabetis, aixi
com el possible efecte protector del propionic, requereixen estudis que avaluin
la seva funcié diferenciada en fases inicials i avangades de disfuncié glucémica.

o Ampliar 'abast poblacional i les dades contextuals.

Calen cohorts més grans i multicentriques que permetin validar les troballes en
poblacions no mediterranies i integrar informacié dietética, farmacologica i
genetica detallada per identificar factors moduladors de la relacié microbiota—
metabolisme.

e Analitzar la relacié causal entre els canvis de la microbiota i la resposta

incretinica després del BPG.
Futurs estudis haurien de determinar si la remodelacié microbiana observada
després del BPG patrticipa activament en la millora/recuperacio de la secreci6 de
GLP-1 i GLP-2 o si representa un efecte secundari del canvi anatomic i
metabolic.

¢ Integrar enfocaments multiomics per desxifrar mecanismes funcionals.

La combinacié de dades metagendmiques, transcriptdmiques, metabolomiques
i protedmiques podria permetre identificar vies especifiques de comunicacio
microbiota—intesti—-metabolisme i noves dianes terapéutiques.

o Estudiar la variabilitat interindividual i el paper de la RI.

La diferent resposta microbiana i incretinica observada segons el grau de RI
suggereix la necessitat de dissenyar estudis estratificats per fenotip metabolic i
de valorar la “resisténcia incretinica” com a nou concepte fisiopatologic.

e Comparar I'impacte de diferents técniques quirargiques bariatriques.
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Estudis comparatius entre SG, BPG i altres procediments podrien ajudar a
identificar quins patrons de remodelacié microbiana i secreci6 hormonal sén
comuns o especifics de cada tecnica.

Desenvolupar estrategies no quirdrgiques dirigides a I'eix microbiota—AGCC—
incretines.

La validacié del paper metabolic dels AGCC i de determinats taxons com
Akkermansia muciniphila, Roseburia o Ruminococcus obre la possibilitat de
dissenyar intervencions nutricionals, prebiotiques o probiotiques encaminades a

reproduir els beneficis metabdlics de la cirurgia.
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