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LISTA DE ABREVIATURAS

ALR: Absent in melanoma 2-like receptor (receptor similar al ausente en el melanoma 2)
AMP: Adenosine monophosphate (adenosina monofosfato)

AMPK: AMP-activated protein kinase (proteina cinasa activada por AMP)

ASC: Adaptor molecule apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain (molécula adaptadora tipo speck asociada a la
apoptosis que contiene un dominio de activacion y reclutamiento de caspasa)

AT: Adipose tissue (tejido adiposo)

ATF6: Activating transcription factor 6 (factor de transcripcion activador 6)

ATG: Autophagy-related protein (proteina relacionadas con la autofagia)

ATP: Adenosine triphosphate (adenosina trifosfato)

BAT: Brown adipose tissue (tejido adiposo marron)

BECLIN1: Coiled-coil moesin-like BCL2-interacting protein (proteina de bobina
enrollada similar a la moesina que interactiia con BCL2)

BMI: Body mass index (indice de masa corporal)

C3c: Complement component 3 (complemento del componente 3)

CAM: Cell adhesion molecules (moléculas de adhesion celular)

CAT: Catalase (catalasa)

CD: Cluster of differentiation (cluster de diferenciacion)

CHOP: C/EBP homologous protein (proteina homologa de C/EBP)

CMA: Chaperone-mediated autophagy (autofagia mediada por chaperonas)

CRP: C-reactive protein (proteina c reactiva)

CVD: Cardiovascular diseases (enfermedades cardiovasculares)

DAMP: Damage-associated molecular patterns (patrones moleculares asociados al dafio)
DBP: Diastolic blood pressure (presion arterial diastélica)

DHE: Dihydroethidium (dihidroetidio)

DRP1: Dynamin-related protein 1 (proteina relacionada con la dinamina 1)

elF2a: Eukaryotic initiation factor 2a (factor de iniciacion eucariota 2a.)

eNOS: Endothelial nitric oxide synthase (&cido nitrico sintasa endotelial)

ER: Endoplasmic reticulum (reticulo endoplasmatico)

ET1: Endothelin 1 (endotelina 1)

ETC: Electron transport chain (cadena de transporte de electrones)

FADHo>: Flavin adenine dinucleotide (flavin adenin dinucleétido)



FFA: Free fatty acids (acidos grasos libres)

FIS1: Mitochondrial fission protein 1 (proteina de fision 1 mitocondrial)

GPX: Glutathione peroxidase (glutation peroxidasa)

GRP78: 78 kDa glucose-regulated protein (proteina de 78KDa regulada por glucosa)
GTP: Guanosine triphosphate (trifosfato de guanosina)

H>0>: Hydrogen peroxide (peroxido de hidrégeno)

HbA1c: Glycated hemoglobin (hemoglobina glicosilada)

HBSS: Hanks’ balanced salt solution (solucion salina balanceada de Hank)

HDL.: High-density lipoprotein (lipoproteina de alta densidad)

HDLc: HDL cholesterol (colesterol HDL)

HFD: High fat diet (dieta en alto contenido graso)

HIFla: Hypoxia-inducible factor 1a (factor 1a inducible por hipoxia)

HOMA-IR: Homeostatic model assessment for IR (evaluacion del modelo homeostatico
para la IR)

HUVEC: Human umbilical vein endothelial cells (células endoteliales de la vena
umbilical humana)

ICAM: Intercellular adhesion molecule (molécula de adhesion intercelular)

IL: Interleukin (interleucina)

IR: Insulin resistance (resistencia a la insulina)

IRE1a: Inositol-requiring la (proteina la que requiere inositol)

JNK: c-Jun N-terminal kinase (cinasa c-Jun N-terminal)

LAMP: Lysosome-associated membrane protein (proteina de membrana asociada al
lisosoma)

LC3: Microtubule-associated protein 1 light chain 3 (proteina 1 de cadena ligera 3
asociada a microttbulos)

LDL: Low-density lipoprotein (lipoproteina de baja densidad)

LDLc: LDL cholesterol (colesterol LDL)

LIR: LC3 interacting region (region de interaccion LC3)

LPS: Lipopolysaccharide (lipopolisacarido)

MCP1: Monocyte chemoattractant protein 1 (proteina quimioatrayente de monocitos 1)
MetS: Metabolic syndrome (sindrome metabolico)

MFF: Mitochondrial fission factor (factor de fision mitocondrial)

MFN: Mitofusin (mitofusina)

MiD: Mitochondrial dynamics proteins (proteinas dinamicas mitocondriales)


https://en.wikipedia.org/wiki/C-Jun_N-terminal_kinases
https://es.wikipedia.org/wiki/Cinasas_c-Jun_N-terminal

MIEAP: Mitochondria-eating protein (proteina que se alimenta de las mitocondrias)
MPO: Myeloperoxidase (mieloperoxidasa)

mtDNA: Mitocondrial DNA (ADN mitocondrial)

mTOR: Mammalian target of rapamycin (proteina diana de la rapamicina en mamiferos)
mtROS: Mitochondrial ROS (especies reactivas de oxigeno mitocondriales)

NADH: Nicotinamide adenine dinucleotide (nicotinamida adenina dinucle6tido)
NADPH: Nicotinamide adenine dinucleotide phosphate (nicotinamida adenina
dinucleotido fosfato)

NBRL1: Neighbor of the BRCA1 gene (proteina vecino del gen BRCA1)

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

NLR: Nucleotide-binding and leucine repeat receptor (receptor de union a nucleétidos y
de repeticién de leucina)

NLRP3: NLR pyrin domain—containing 3 (dominio de pirina NLR que contiene 3)

NO: Nitric oxide (6xido nitrico)

NRF: Nuclear respiratory factor (factor respiratorio nuclear)

-OH: Hydroxyl radical (radical hidroxilo)

10,: Singlet oxygen (oxigeno singlete)

O2: Molecular oxygen (oxigeno molecular)

O Superoxide (superdxido)

ONOO': Peroxynitrite (peroxinitrito)

OPAL: Optic atrophy 1 (proteina de la atrofia dptica 1)

oxLDL: Oxidized LDL (lipoproteinas de baja densidad oxidadas)

OXPHOS: Oxidative phosphorylation (fosforilacion oxidativa)

p62: Sequestosome 1 (secuestosoma 1)

PAMP: Pathogen-associated molecular patterns (patrones moleculares asociados a
patdgenos)

PBMC: Peripheral blood mononuclear cells (celulas mononucleares de sangre periférica)
PBS: Phosphate buffered saline (tampdn fosfato salino)

PERK: PKR-like ER kinase (cinasa del RE tipo PKR)

PGCla: Peroxisome proliferator-activated receptor-y coactivator 1a (coactivador la del
receptor activado por el proliferador de peroxisomas)

PI13K: Phosphatidylinositol 3-kinase (fosfatidilinositol 3 cinasa)

PINKZ1: Phosphatase and tensin homologue-induced putative kinase 1 (cinasa 1 inducida

por homologos de fosfatasa y tensina)



PMN: Polymorphonuclear leukocyte (leucocito polimorfonuclear)

PRKN: Parkin RBR E3 ubiquitin protein ligase (ubiquitina proteina ligasa parkin RBR
E3)

RAAS: Renin-angiotensin-aldosterone  system  (sistema  renina-angiotensina-
aldosterona)

RNS: Reactive nitrogen species (especies reactivas de nitrégeno)

ROS: Reactive oxygen species (especies reactivas de oxigeno)

RPMI: Roswell Park Memorial Institute

RYGB: Roux-en-Y gastric bypass (bypass gastrico en Y de Roux)

SARS-Cov-2: Severe acute respiratory syndrome coronavirus 2 (coronavirus tipo 2,
sindrome respiratorio agudo severo)

SAT: Subcutaneous AT (tejido adiposo subcutaneo)

SBP: Systolic blood pressure (presion arterial sistolica)

sdLDL: Small dense LDL (lipoproteinas de baja densidad pequefias y densas)

SIRT: Sirtuin (sirtuina)

SOD: Superoxide dismutase (superéxido dismutasa)

sXBP1: Spliced XBP1

T2D: Type 2 diabetes (diabetes mellitus tipo 2)

TBS-T: Tris-buffered saline with tween (solucién salina tamponada con tris con
polisorbato)

TFAM: Mitochondrial transcription factor A (factor de transcripcion A mitocondrial)
TG: Triglycerides (triglicéridos)

TLR: Toll-like receptor (receptor tipo Toll)

TMRM: Tetramethylrhodamine; methyl ester (tetrametilrodamina; metilo de éster)
TNFa: Tumor necrosis factor a (factor de necrosis tumoral o)

UCP: Uncoupling protein (proteina desacoplante)

ULKZ1: Unc-51 like autophagy activating kinase 1 (cinasa 1 activadora de autofagia tipo
Unc-51)

UPR: Unfolded protein response (respuesta a proteinas mal plegadas)

VAT: Visceral adipose tissue (tejido adiposo visceral)

VCAML1: Vascular cell adhesion molecule 1 (molécula de adhesion celular vascular 1)
VDAC: Voltage-dependent anion-selective channel (canal selectivo de aniones
dependiente del voltaje)

VLCD: Very low calorie diet (dieta muy baja en calorias)



VLDL: Very low-density lipoproteins (lipoproteinas de muy baja densidad)
WAT: White adipose tissue (tejido adiposo blanco)

WHO: World Health Organization (Organizacién Mundial de la Salud)
XBP1: X-box binding protein 1 (proteina 1 de union a X-box)
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Introduction

Obesity is a complex and multifactorial disease that represents one of the largest problems
facing public health in modern societies. It is characterized by an imbalance between
excessive intake and low energy expenditure, leading to excess body fat and metabolic
overload. The predominant storage of fat in the visceral adipose tissue (VAT) depot
characteristic of the abdominal obesity phenotype is typically accompanied by a wide
range of abnormalities, including metabolic (insulin resistance [IR], type 2 diabetes
[T2D], and dyslipidemia) and cardiovascular (hypertension, stroke, and endothelial
dysfunction) disorders, musculoskeletal complications, physical disabilities, mental
ilinesses, and cancer. Indeed, excess weight, and particularly accumulation of abdominal
fat, has also been epidemiologically associated with increased cardiovascular morbidity
and mortality. Obesity thus represents a global health challenge, and knowing the causes

and consequences of this disease is essential for prevention and health promotion.

The international diagnostic method for overweight and obesity is the body mass index
(BMI). This value is obtained by dividing the patient's weight by the square of their
height, expressed in kg/m?. Classification is defined as underweight (<18.5 kg/m?),
normal weight (18.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?), grade | obesity (30-34.9
kg/m?), grade 1l (35-39.9 kg/m?), grade III obesity or morbid obesity (>40 kg/m?).
However, it is recommended to complement this measurement with waist circumference

for a more accurate assessment.

Focusing on the prevalence of the disease worldwide, the World Health Organization
(WHO) states that 1.9 billion adults were overweight and 650 million were diagnosed
with obesity in 2016. The global prevalence of obesity has tripled, with an estimated 18%
and 21% obesity rate in men and women, respectively, by 2025. In Spain, the prevalence
of obesity in the adult population represented 21.6% between 2014 and 2015. In addition,
the healthcare resources allocated to the population with obesity increase according to
BMI, where the population with obesity grade Il or higher present a higher risk of
hospitalization. Regarding the causes that trigger obesity, it is postulated that it is the
result of a complex interaction between genetic, epigenetic, behavioral and psychological
risk factors, together with environmental and socioeconomic risks. Currently, the
imbalance between caloric intake and energy expenditure may be conditioned by a
lifestyle of increased consumption of fast food and sugary drinks, lack of physical

activity, sedentary nature and psychological conditions, among others. In addition to the
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previously mentioned risk factors, energy balance can be influenced by individual (social

and family environment) and collective (institutions and public policies) variables.

This translates into an increased risk of morbidity and mortality in patients with obesity.
For example, an association of BMI with the mortality ratio has been demonstrated after
24 years of follow-up, as patients with grade | and Il obesity had a higher risk of all-cause
mortality compared to individuals with normal weight. This disease also affects life
expectancy, with an average reduction of 3 years in patients with grade | obesity and 8
years in patients with grade Ill obesity. Given these premises, strategies that focus on
weight loss in patients with obesity are sure to have a beneficial effect. Specifically,
bariatric surgery can considerably reduce the risk of death from cardiovascular diseases
(CVD), T2D or cancer, pathologies that are highly related to an increase in BMI. In this
sense, knowing the causes and consequences of obesity is essential for prevention and
health promotion, with the aim of reducing the impact of its morbimortality in the actual
society.

Regarding the physiopathology of obesity at the cellular level, the ectopic storage of fat
and excessive storage of free fatty acids (FFA) in the adipocyte as a consequence of high
nutrient input leads to lipotoxicity, hypertrophy and dysfunction of adipose tissue (AT).
This situation induces loss of functionality due to an increase in adipocyte size, ectopic
fat accumulation and induction of proinflammatory cytokines, hypoxia and fibrosis.
Chronic low-grade inflammation is an intrinsic characteristic of obesity and involves AT
(adipose tissue) and leukocytes. First, hypertrophic AT stimulates the secretion of
proinflammatory cytokines, such as tumor necrosis factor a (TNFa), interleukin (IL) 1,
IL6 and monocyte chemoattractant protein 1 (MCP1). In addition, there is an increase in
leptin expression and a decrease in adiponectin expression, with subsequent activation of
immune and endothelial cells. Such alterations in these cytokines promote immune cell
infiltration in metabolic tissues, thus prolonging and exacerbating the inflammatory
response and promoting and maintaining IR. Recruitment of macrophages with an M1-
type phenotype involves an exacerbated immune response by which TNFa and IL6 are
locally releasing, thereby favoring pathological remodeling and amplification of the
inflammatory response of the AT. In addition, during adipocyte hypertrophy, the blood
supply to the AT can be limited and hypoxia-related markers are induced, resulting in
increased expression levels of angiogenic factors and fibrotic factors. Specifically,
hypoxia-inducible factor 1a (HIFla) is elevated in the AT of patients with obesity
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compared to normal-weight individuals. In parallel, the hypertrophic AT signals induce
an inflammatory cascade response in leukocytes by activating toll-like receptors (TLR),
nuclear factor kappa B (NF-kB) and c-Jun N-terminal kinase (JNK) signaling pathways,

all of them resulting in the release of proinflammatory cytokines.

Another tissue involved in the pathophysiology of obesity is the immune system.
Peripheral blood mononuclear cells (PBMC) are known to be capable of reflecting the
nutritional responses of key tissues involved in energy homeostasis. Specifically, they are
closely associated with adiposity since they are able to express key genes of lipid
metabolism. In the context of obesity, an increased recruitment of T lymphocytes has
been shown to correlate with BMI, with greater infiltration in VAT than in the
subcutaneous AT (SAT). Because the leptin receptor is present on T lymphocytes, it is
postulated that increased leptin in obesity affects the activation of Th1l cells (characterized
by TNFa production) rather than a Th2 phenotype. Therefore, T cells may also contribute
to the maintenance of chronic low-grade inflammation. In parallel, neutrophils are a
polymorphonuclear leukocyte (PMN) population and are the first leukocyte line to initiate
an inflammatory response, releasing cytokines involved in the recruitment and activation
of other immune cells. Several cohort studies of patients have shown an increased
percentage and activation of neutrophils in obesity. In addition to immune cells, C-
reactive protein (CRP) and complement component 3 (C3c) are related to immune
mechanisms. Both proteins provide a response to acute phases of inflammation. CRP is
synthesized in the liver in response to the cytokine IL6, while C3c is secreted by
hepatocytes, activated macrophages and adipocytes. Plasma CRP and C3c levels are
elevated in patients with obesity and their increase correlates directly with BMI, body fat,
waist circumference, triglycerides (TG) and IR. Overall, there is a shift towards a

proinflammatory phenotype during obesity.

The progression of obesity-related IR involves a failure of long-term adaptation of B-
cells, reduction in their mass, impaired insulin secretion and T2D progression, all of
which leading to chronic hyperglycemia. Chronic release of FFA by lipolysis of the
adipocytes stimulates B-pancreatic cell dysfunction and hepatic overproduction of TG and
alters the size, density and metabolic characteristics of low-density lipoprotein (LDL)
particles, triggering atherogenic dyslipidemia. This disorder is clinically diagnosed by
presenting elevated levels of TG and small dense LDL (sdLDL), together with a reduced
level of high-density lipoprotein (HDL). sdLDL represents a condition observed in
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individuals with central adiposity and is generally associated with cardiovascular risk.
Together, altered fasting basal glucose, abdominal obesity, hypertension and
dyslipidemia represent key factors in the development of metabolic syndrome. In
contrast, patients with metabolically healthy obesity are characterized by an absence of
these metabolic abnormalities. It is now thought that metabolically healthy obesity is a
transient phenotype that can develop into unhealthy metabolic obesity during the
progression of the disease. Patients with metabolically healthy obesity are characterized
by storage of fat predominantly in the subcutaneous depot, less immune cell infiltration
into the VAT depot, and a favorable inflammatory profile, including a lower release of
TNFa and IL1B. Nevertheless, the risk of developing CVD is still higher compared to

individuals with normal weight.

Obesity is characterized by a metabolic imbalance in vascular homeostasis that promotes
the development of endothelial dysfunction and the atherosclerotic process. Vascular
health is impaired in several ways during obesity, including arterial stiffening, endothelial
dysfunction and atherosclerosis, which are primary phases in the development of major
CVD such as stroke and coronary diseases. In this context, proinflammatory status, IR,
and oxidative stress are recognized as major inducers of vascular damage and endothelial

dysfunction.

Endothelial dysfunction is characterized by a reduction in the bioavailability of
vasodilator components and an increase in endothelium-derived contractile factors.
Mechanisms attributed to the progression of endothelial dysfunction in obesity include
elevated levels of LDL and TG, increased free radicals, and elevated levels of
inflammatory mediators. Proinflammatory cytokines stimulate endothelial NF-xB
signaling, resulting in a procoagulant phenotype that promotes leukocyte adhesion by
increasing the release of cell adhesion molecules (CAM).

The exposure of the intimal endothelium to damaging stimuli such as circulating
proinflammatory cytokines, activated leukocytes and oxidized LDL (oxLDL) particles
triggers the activation of endothelial cells and the initiation of the endothelial adhesion
cascade. In this process, the leukocytes slow down the speed at which they circulate
through the blood vessel and begin to roll over the endothelium. Afterwards, they firmly
adhere to the endothelium and initiate the process of transmigration across the endothelial
barrier. These processes are initiated by CAM selectin-dependent adhesion molecules (E-

selectin and P-selectin) and mediated by intercellular adhesion molecules (ICAM) and
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vascular cell adhesion molecule 1 (VCAML1), which are increased in obesity. oxLDL are
recognized and taken up by specific receptors on infiltrating endothelium macrophages,
a process that generates the accumulation of lipid-laden macrophages (known as foam
cells). The accumulation of this cell type produces large amounts of inflammatory
molecules that maintain the activation of endothelial cells and initiate the activation of
muscle cells and fibroblasts. Chronic inflammation will lead to necrosis of foam cells,
which create a necrotic core characterized by the production of proinflammatory and
proapoptotic signaling. In this inflammatory environment, muscle cells modify their
properties, acquiring the ability to migrate, thus stabilizing the atherosclerotic lesion. This
situation largely perpetuates the inflammatory response and contributes to the vascular

remodeling observed in obesity.

In this context, oxidative stress is recognized as a major inducer of vascular damage and
endothelial dysfunction. Oxidative stress is a hallmark of obesity caused by undermined
antioxidant capacity and increased levels of reactive oxygen species (ROS) production.
There are different types of ROS: superoxide (O27), hydrogen peroxide (H20.), hydroxyl
radical (-OH) and singlet oxygen (*O2). In addition, there are reactive nitrogen species
(RNS) such as peroxynitrite (ONOQO"). In this sense, excess ROS is detected in the AT
and immune cells of patients with obesity. As a whole, hyperlipidemia and hyperglycemia
induce ROS/RSN stress, either by increased free radical production or through
impairment of antioxidant defenses. Previous studies have reported an impairment of the
main antioxidant systems in patients with obesity, including superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPX), which are considered the front line of
enzymatic ROS scavenging. The resulting accumulation of ROS leads to oxidation of
macromolecules that include lipids, proteins and DNA, eventually affecting cellular
homeostasis and function. In particular, oxidizing species cause injury in the vascular
wall by interrupting the bioavailability of NO (nitric oxide) and oxidizing LDL particles.
One of the explanations for the pathological increase in ROS observed in obesity is the
mitochondrial dysfunction that occurs as a consequence of the augmented nutrient supply.
This term includes maladaptive mitochondrial responses to alterations in mitochondrial
metabolism, which promote mitochondrial DNA (mtDNA) mutations, mitochondrial
ROS (mtROS) production and apoptosis. In addition, myeloperoxidase (MPQO) enzyme
activity — a non-mitochondrial source of ROS — is involved in the production of

different ROS. MPO is associated with an increased risk of coronary artery disease and
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overall mortality, and so the excessive or unregulated production of this compound could

exacerbate oxidative stress in leukocytes.

mtROS originate from electrons that do not follow the transfer order in the electron
transport chain (ETC), and they dissipate directly without coupling to ATP (adenosine
triphosphate) synthesis. It is known that excess of energetic substrates in obesity induces
an exacerbated electron supply to the ETC, leading to altered mitochondrial membrane
potential and increased electron leakage. Specifically, the release of mtROS in adipocytes
interferes with fatty acid oxidation and favors the accumulation of TG. This alteration
leads to the release of proinflammatory cytokines, accentuating mitochondrial
dysfunction. Moreover, it is known that adipocyte mitochondria of obese subjects display
a lower oxidative capacity and gene expression of ETC complexes. All this implies a
slowing of mitochondrial respiration and an increase in the nicotinamide adenine

dinucleotide (NADH) reserve, thus enhancing the generation of mtROS.

The induction of the inflammasome complex is also intimately linked to oxidative stress
and mitochondrial dysfunction. In this way, the inflammasome complex is a key
component of the host defense and inflammatory response. It consists of a multimeric
complex formed by the nucleotide-binding and leucine repeat receptor (NLR) or absent
in melanoma 2-like receptor (ALR) sensors; namely, the adaptor molecule apoptosis-
associated speck-like protein containing a caspase activation and recruitment domain
(ASC) and the procaspase 1 effector. The target of the formation of the inflammasome
complex is the activation of caspase 1, which proteolytically activates the cytokines IL1[3

and 1L18, both responsible for generating proinflammatory activity.

The inflammasome complex requires both priming and an activation signal mediated by
pathogen-associated molecular patterns (PAMP) or damage-associated molecular
patterns (DAMP). First, PAMP-mediated TLR-lipopolysaccharide (LPS) adaptor
molecules or cytokines receptors activate nuclear transcription of NF-kB. This nuclear
factor acts by inducing the transcriptional expression of NLR pyrin domain—containing 3
(NLRP3) and pro-IL1B. The second signal of inflammasome activation is triggered by
DAMP, which is thought to activate the NLRP3 inflammasome by inducing various
cellular events, including K* efflux, Ca?* signaling, mitochondrial damage, ROS,
oxidized mtDNA, uric acid crystal and cholesterol. In addition, it is postulated that the
NLRP3 inflammasome can be activated by hyperglycemia, elevated FFA,
proinflammatory cytokines, hyperleptinemia and oxLDL, highly prevalent disorders in
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patients with obesity. In obesity, these metabolic abnormalities are accompanied by
higher levels of both immune cell infiltration and expression of NLRP3, caspase 1 and
IL1p in their VAT. The NLRP3 inflammasome has also been associated with hypertrophy
in the AT of patients with obesity, where increased caspase 1 gene expression was
inversely correlated with insulin sensitivity. Taken together, these data establish a role for
the NLRP3 inflammasome in the identification of obesity-associated danger signals and
in the release of proinflammatory cytokines, and thus in obesity — and IR — induced

inflammation.

Considering the metabolic role of adenosine monophosphate (AMP)-activated protein
kinase (AMPK) in insulin signaling and inflammatory pathways, it has also been
postulated as a key pathogenic factor involved in obesity. It is known that AMPK enables
cellular metabolism to adapt in response to nutritional challenges. In particular, AMPK
Is activated by physiological or pathological inputs involving ATP depletion, thereby
inducing catabolic cellular processes and inhibiting energy-consuming processes. Thus,
under caloric restriction, AMPK activation promotes glucose uptake and glycolysis and
activates lipolysis and oxidation. These changes are associated with a significant
regulation of autophagy, mitochondrial metabolism and endoplasmic reticulum (ER)
stress.

For its part, autophagy is a catabolic process with an important role in the recycling of
cytosolic macromolecules and damaged cellular organelles. It is considered as energy
sensor for cell survival, since autophagy leads to increased availability of amino acids
necessary for the synthesis of new proteins, contributes to the elimination of pathogens
and prevents cellular stress. In this process, cytosolic macromolecules and damaged
organelles are a target for autophagosomal capture following degradation by lysosome
fusion and their release into the cellular environment. Autophagosome formation is
initiated by nutrient deprivation or an increased AMP/ATP ratio, which induces AMPK.
Subsequently, a signaling cascade in the ER involving mammalian target of rapamycin
(mTOR) protein and unc-51 like autophagy activating kinase 1 (ULK1) activation is
initiated. This process continues with the formation and elongation of an isolation
membrane driven by phosphatidylinositol 3-kinase (PI3K) / coiled-coil moesin-like
BCL2-interacting protein (BECLIN1) complex and several autophagy-related proteins
(ATG), catalyzing the conjugation and lipidation of microtubule-associated protein 1

light chain 3 (LC3) | to LC3II, which acts as a bridge between the ubiquitinated cargo
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and autophagosome. The proteins sequestosome 1 (p62) and neighbor of the BRCA1 gene
(NBRZ1) are responsible for ubiquitinating the components to be degraded. These proteins
interact with LC311 via the LC3 interacting region (LIR) domains. Similarly, the selective
engulfment of dysfunctional mitochondria by autophagosomes — referred to as
mitophagy — is driven principally by mitochondria-eating protein (MIEAP) or
phosphatase and tensin homologue-induced putative kinase 1 (PINK1) / parkin RBR E3
ubiquitin protein ligase (PRKN) signaling. When the mitochondrial membrane potential
is disrupted, PINK1 accumulates on the outer mitochondrial membrane and initiates a
signaling cascade through mitochondrial clearance. PRKN-induced polyubiquitination of
mitochondria serves as an anchor point for p62 and facilitates recognition by LC3,
allowing it to bind to the autophagosome, which helps to control mitochondrial quality.

In the context of obesity, the evidence on the modulation of autophagy is controversial.
Obesity or overfeeding can suppress or promote autophagy depending on the nature and
evolution of obesity, as well as the type of tissue or specific cell. In this sense, it would
be expected that obesity — a chronic state of nutrient overabundance — is associated
with the downregulation of autophagy. However, there is strong evidence that autophagy
markers are upregulated in VAT and SAT of patients with obesity in whom there is a
proinflammatory state in the AT. This may be because inflammation can increase
autophagy to mitigate and resolve the production of proinflammatory cytokines. On the
contrary, in PBMC, a high-fat diet was found to lead to a decrease of autophagy markers

and an increase in macrophage polarization to M1, a highly inflammatory phenotype.

To maintain metabolic homeostasis, organisms adjust the capacity and efficiency of ATP
generation according to cellular energy demand. Mitochondria are known to play a key
role in ATP production by oxidative phosphorylation (OXPHQS), as well as regulation
of Ca?" homeostasis and programmed cell death. To deal with these challenges,
mitochondria mediate a series of processes, such as mitochondrial biogenesis and

dynamics, which determine mitochondrial morphology, quality and abundance.

The main responsible for mitochondrial biogenesis is peroxisome proliferator-activated
receptor-y coactivator 1o (PGCla), activated by AMPK and sirtuin (SIRT) 1 in situations
of caloric restriction. Among the mediators activated by PGCla, mitochondrial
transcription factor A (TFAM) and nuclear respiratory factor (NRF) 1 and 2 are involved
in  mitochondrial encoded gene transcription and mMtDNA replication. The

proinflammatory status and hypoxia observed in obesity decreases the PGC1a expression
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in adipocytes, followed by lower TFAM and mtDNA levels in PBMC of patients with IR
and obesity.

In parallel, changes in the architecture of the mitochondrial network involve
mitochondrial fusion and fission. First, fusion of the outer membrane and inner membrane
involves mitofusin (MFN) 1 and 2 and optic atrophy 1 (OPAL) proteins. In turn,
mitochondrial fission is mediated by dynamin-related protein 1 (DRP1), mitochondrial
fission protein 1 (FIS1), mitochondrial fission factor (MFF) and mitochondrial dynamics
proteins (MiD) 49 and 51. Under conditions of energy balance, mitochondria continue to
be distributed around the cytosol without forming complexes; in contrast, under fasting
conditions they tend to fuse together to share mitochondrial structures. There is growing
evidence of a direct connection between mitochondrial dynamics and nutrient availability
status, suggesting that modifications in mitochondrial architecture and networks are a
mechanism of bioenergetic adaptation to metabolic demands. Interestingly, a reduction
in MNF1, MNF2 and OPAL has been associated with an impairment of insulin sensitivity.
In addition, it is known that MFN2 is involved in the stimulation of mitochondrial
respiration, substrate oxidation and ETC proteins. In terms of metabolic demands, cellular
starvation has been linked to the elongation of mitochondria through upregulated fusion
and increased ATP synthesis capacity, while a rich-nutrient environment tends to generate
mitochondrial fragmentation and apoptotic function via increased fission. For its part,
fragmentation probably reduces mitochondrial oxidative metabolism, as displayed in the

adipocytes of animal models and patients with obesity.

The ER is the cell organelle involve in protein synthesis and folding. In situations of
oxidative stress, the possibility of effective protein folding is hindered, resulting in
dysfunctional proteins and provoking a situation of ER stress. In response to ER stress,
the unfolded protein response (UPR) is activated through three transmembrane proteins:
inositol-requiring 1o (IREla), double-stranded RNA-dependent protein kinase (PKR)-
like ER kinase (PERK) and activating transcription factor 6 (ATF6). Upon ER
dysregulation, the dissociation of 78 kDa glucose-regulated protein (GRP78) with these
three proteins is triggered and the UPR is activated. In the case of the first cell signaling
cascade, dissociation of GRP78 activates PERK and phosphorylates eukaryotic initiation
factor 2a (elF2a), thus inhibiting protein translation. The second UPR pathway is ATF6,
which translocates to the nucleus and induces ER stress response genes, such as

chaperones, x-box binding protein 1 (XBP1) and C/EBP homologous protein (CHOP).
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Finally, IRE1a induces the processing of the XBP1 gene into spliced XBP1 (sXBP1) by
deletion of an intron. sXBP1 acts as a transcription factor that induces the expression of
chaperones and genes involved in protein degradation. IREla is also involved in the
activation of kinase signaling cascades, such as JNK, involved in the induction of
inflammatory cascades. The persistent activation of UPR pathways during metabolic
overload can lead to pathological events, including impairment of insulin signaling,
initiation of inflammatory cascades, or even expression of CHOP, a transcription factor

involved in the modulation of numerous proapoptotic factors.

Increased protein folding load can induce depolarization of the inner mitochondrial
membrane, while increased mtROS, on the other hand, produces a decrease in ATP. Thus,
ER stress and oxidative stress potentiate and feedback each other, altering cellular
homeostasis and activating proapoptotic signaling. It has been speculated that when the
capacity of misfolded proteins exceeds the proteasome-mediated degradation system,
autophagy is activated to eliminate these proteins. In this context, it has been reported that
ER stress is upregulated in the SAT of patients with obesity, due to nutrient overload and
the inflammatory state of these individuals. Therefore, ER stress in patients with obesity
may affect metabolic regulation and contribute to obesity-associated comorbidities. In
turn, ER stress has been reported to be reduced in the AT of patients with obesity after
bariatric surgery, suggesting an association between relief of ER stress and metabolic

improvements in this population.

As explained, the different pathophysiological factors involved in obesity make it a
difficult disease to address. Strategies to treat obesity, including lifestyle interventions
and pharmacotherapy, often produce unsatisfactory results. In addition, poor patient
adherence can render these strategies ineffective insofar as achieving long-lasting
benefits. In this sense, Roux-en-Y gastric bypass (RYGB) is a weight loss surgical
technique that has been shown to have consistent short and long-term effects on many
obesity hallmarks, including improvement of classic metabolic syndrome outcomes and
inflammatory and subclinical atherosclerotic parameters. The first-choice medical
approach to achieve glycemic control and reduce cardiovascular risk factors in T2D
patients is oral anti-diabetic medication. Metformin is the most commonly prescribed
drug for T2D and is thought to exert its primary antidiabetic action by suppressing hepatic
glucose production and through a direct effect on cellular metabolism by inducing AMPK
and inhibiting mtROS production through mitochondrial complex 1. Metformin not only
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displays anti-hyperglycemic properties, but also improves endothelial function through
CAM reduction. In addition, it is currently attracting attention due to its role as an immune
system modulator with antiinflammatory properties. RYGB intervention and the use of
metformin in patients with obesity and comorbidities have become the subject of special
interest in recent years. It is postulated that they can modulate the pathophysiology of

obesity, although their main targets and mechanisms of action are largely unknown.

Hypothesis and objectives

Obesity is a multifactorial disease involving a series of metabolic alterations such as
chronic low-grade inflammation, oxidative stress and endothelial dysfunction, which
contribute to the development of comorbidities such as IR, altered lipid profile and arterial
hypertension. It is known that AT and the immune system play a fundamental role in the
pathophysiology of this disease, as they contribute to the development of associated
comorbidities. Specifically, AT hypertrophy induces an excessive release of
proinflammatory cytokines that perpetuates chronic low-grade inflammation. In parallel,
nutrient overload induces an alteration in mitochondrial homeostasis and, as a
consequence, increased electron leakage and ROS formation. These alterations converge
in an overactivation of the cells of the immune system and alteration of the permeability
of the vascular endothelium, resulting in an increase in the interactions of leukocytes with
the endothelium, which contributes to the initiation of the atherosclerotic process and
subsequent development of vascular complications. At the intracellular level, there is
evidence reflecting the involvement of different molecular pathways in the
pathophysiology of obesity, such as autophagy activation, ER stress and alterations in

mitochondrial dynamics.

Currently, there are several pharmacological and surgical treatments that help to improve
the metabolic status of patients with obesity and associated comorbidities, although the
mechanisms by which this improvement is mediated is still poorly understood. In this
context, research into the molecular mechanisms involved in weight loss could help to
increase knowledge of the pathophysiology and lead to the discovery of new therapeutic
targets to combat the disease. Specifically, the use of metformin in patients with metabolic
disease would seem to lead to an improvement in the inflammatory response and
oxidative stress. However, the underlying mechanisms involved in the response in obesity

are unknown.
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Under these premises, we hypothesized that RYGB-induced weight loss and
hypoglycemic drug treatment can modulate several metabolic pathways in leukocytes —
primordial components of the immune system —, and AT — the tissue that is most

affected by obesity —, respectively.

Therefore, the aim of the present PhD thesis is to determine the effect of RYGB surgery
on the modulation of chronic low-grade inflammation, oxidative stress and endothelial
dysfunction, exploring the involvement of the inflammasome complex, autophagy,
mitochondrial dynamics and ER stress. Furthermore, given the beneficial effect of
metformin on ROS production and cellular metabolism, we wondered whether this drug
can improve the metabolic state of AT through modulation of inflammatory and

autophagy pathways.

To this end, we set out the following specific objectives:

1. To explore the effect of RYGB surgery-induced weight loss on the activation and
oxidative status of peripheral blood leukocytes and endothelial dysfunction.

2. To examine whether RYGB surgery-induced weight loss modulates AMPK
activity, ER stress, autophagy and mitophagy in peripheral blood leukocytes.

3. To evaluate whether RYGB surgery-induced weight loss in women modulates
mitochondrial dynamics in peripheral blood leukocytes.

4. To determine whether the molecular mechanisms underlying the
immunomodulatory effects of metformin involve activation of the NLRP3
inflammasome complex and/or modulation of autophagy in VAT of patients with

obesity.

Material and methods

Recruitment of the study population

Patients with obesity undergoing a RYGB surgery protocol were recruited between 2014
and 2019 from the Department of Endocrinology and Nutrition and Department of
General and Digestive System Surgery of University Hospital Dr. Peset (Valencia,
Spain). The entire study population was informed about the objectives and methodology
of the study and signed a written informed consent. The study protocol was approved by
the Hospital's Human Ethics Committee (code 96/16), in line with the guidelines of the
Declaration of Helsinki. The inclusion criteria were patients aged between 18 and 65

years, with a BMI > 35 kg/m? and selected to undergo RYGB surgery. Pregnancy or
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lactation, severe renal or hepatic disease, chronic drug abuse, psychiatric disorders,
malignant tumors, history of CVD, chronic inflammatory disease or secondary obesity
(hypothyroidism, Cushing's syndrome) were considered exclusion criteria. The variables
to be analyzed were obtained at the time of surgery, at a visit prior to surgery or at a visit

12 months post-surgery.

Sample collection

The study cohort attended the Endocrinology and Nutrition Nursing Service for the
extraction of peripheral blood, obtained from the brachial vein under fasting conditions.
Anthropometric measurements including weight, height, systolic blood pressure (SBP)
and diastolic blood pressure (DBP), and waist circumference were obtained during the
physical exploration. Subsequently, BMI, percentage of excess weight loss, and waist-to-
hip ratio were calculated. Serum and plasma were obtained from collection tubes and
aliquots were immediately stored at -80°C for immunoassay analyses or LDL and HDL
subfractions. Biochemical parameters such as lipid profile — total cholesterol, LDL
cholesterol (LDLc), HDL cholesterol (HDLc), TG —, parameters of carbohydrate
metabolism — glucose, insulin, glycated hemoglobin (HbAlc), homeostatic model
assessment for IR (HOMA-IR) —, CRP, C3c and blood count were determined.

Immunoassays
The ELISA technique was used for the quantification of SOD and protein carbonylation,

both of which were evaluated with a commercial kit following the manufacturer's
instructions. The Luminex® 200 analyzer system was used to quantify serum levels of
the proinflammatory molecules IL6, IL13, 1L18, TNFa, ICAM1, P-selectin and MPO.

Analysis of LDLc and HDLc subfractions

LDLc and HDLc subfractions were identified and quantified through polyacrylamide gel
electrophoresis using the Quantimetrix Lipoprint® computer system. For LDL, the
electrophoretic profile is classified according to particle size as pattern A (characterized
by large LDL particles), intermediate pattern, and pattern B (predominance of sdLDL
particles). For the qualitative analysis of HDL, the system differentiates 10 subfractions:
1-3 represents large HDL particles; 4-7 indicates medium HDL particles; and 8-10

represents small HDL particles.
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Isolation of leukocytes and visceral adipose tissue

To isolate the PBMC and PMN population, collected whole blood was mixed and
incubated with 3% dextran for 45 minutes. Subsequently, a Ficoll-Hypaque density
gradient was used to isolate leukocyte populations. After centrifugation at 6509 for 25
min, the PBMC halo was collected and the PMN pellet was incubated with erythrocyte-
specific lysis buffer. Both leukocyte populations were washed with HBSS (Hanks’
balanced salt solution). Finally, cells were quantified with a cell counter. VAT biopsies
of approximately 1.5 — 2.0 g of tissue were extracted from the omentum region, frozen in

liquid nitrogen and stored at -80°C.

Intracellular protein expression analysis

First, PBMC and VAT protein extraction, purification and quantification were performed
using specific kits according to standard protocols. A total of 25 pg of protein was
resolved on SDS-polyacrylamide gels. After electrophoresis, the samples were
transferred to nitrocellulose membranes. Depending on the protein of interest, specific
primary antibodies were incubated (grouped by metabolic pathways): marker of
inflammation — MCP1 —, antioxidant defense — GPX1 —, inflammasome complex
activation — ASC, NF-xB, NLRP3 —, related to energy balance — AMPK,
phosphorylated AMPK —, autophagy mediators — ATG5, BECLINL, LC3, NBR1, p62,
MIEAP, PINK1 —, mitochondrial metabolism — PGCla, TFAM, OXPHOS complex,
MFN1, MFN2, OPAL, FIS1, phosphorylated DRP1 —, ER stress — ATF6, CHOP —
,and actin and voltage-dependent anion-selective channel (VDAC) as loading control
markers. Subsequently, the signal was detected by chemiluminescence and quantification

of protein expression was performed by densitometric analysis.

Static cytometry

Leukocytes were seeded in a 48-well plate and incubated for 30 minutes at 37°C with the
following fluorescent probes: MitoSOX for the detection of mtROS production;
dihydroethidium (DHE) to determine intracellular O>~ and tetramethylrhodamine; methyl
ester (TMRM) to indicate mitochondrial membrane potential; and Hoescht to indicate
nuclear morphology. Fluorescence images were captured and analyzed with an Olympus

IX81 fluorescence microscope coupled to "ScanR" static cytometry software.

Analysis of leukocyte-endothelium interactions

An in vitro adhesion assay model was used to evaluate the interaction between immune

cells and endothelial cells. This model is based on the use of a flow chamber attached to
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an inverted microscope connected to a video camera. The camera had a coverslip with
human umbilical vein endothelial cells (HUVEC). A suspension of 1 million leukocytes
in 1 mL of RPMI (Roswell Park Memorial Institute) medium was drawn across the
HUVEC monolayer and recorded for 5 min. The following parameters were evaluated
during video analysis: leukocyte rolling flux was calculated by counting the number of
leukocytes rolling over 100 um? of HUVEC in 1 minute; rolling velocity was measured
as the average time it took 20 consecutive leukocytes to roll along 100 um of the
endothelial monolayer; and adhesion was assessed by counting the number of leukocytes

that maintained firm contact with the endothelium for at least 30 seconds.

Statistical analysis

SPSS 20.0 software was used for data analysis. The normality of the population
distribution was tested using the Shapiro-Wilk test, which was chosen due to the sample
size. The data of the variables to be compared were analyzed with a Student's t test and
Mann-Whitney U test for parametric variables and a paired Student's t test or Wilcoxon
test for nonparametric variables. Pearson's correlation coefficient was used to determine
the degree of relationship between the study variables in the longitudinal study. A y? test
was used to compare proportions. Potential confounding variables, such as age, were used
as covariates to generate a general univariate linear model to analyze biochemical
parameters. A 95% confidence interval was used for all tests and differences were

considered significant when p < 0.05.

Results and discussion
We will first present the data of the cohort studies that evaluated the effect of weight loss
associated with the RYGB technique, and we will conclude with the cross-sectional study

carried out on the VAT of patients with obesity.

Cohort studies

The 57 patients with obesity who underwent RY GB-induced weight loss had a mean age
of 45 years, and women comprised approximately 84%. The group of patients undergoing
RYGB had an average BMI of 40 kg/m?. At one-year follow-up the patients’ BMI
decreased significantly to 29 kg/m2. In parallel, waist circumference and percentage of
excess body weight were significantly reduced one year after the intervention.

Additionally, patients displayed a drop in SBP and DBP and an improvement in fasting
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glucose levels, insulin, HOMA-IR index and HbAlc with respect to basal values.
Regarding lipid profile, we observed an increase in HDLc levels and a decrease in levels
of TG, total cholesterol, and LDLc. In terms of the qualitative separation of lipoproteins,
in addition to the decrease in LDLc after RYGB, we observed a significant decrease in
the most atherogenic pattern (sdLDL) and a significant increase in the less atherogenic
particles (intermediate pattern). However, no detectable changes in the larger LDL
particles were detected. A significant increase in HDLc was observed, with a significant
increase in large HDL particles and a significant decrease in intermediate and small HDL
particles, which are more proatherogenic subfractions. In light of these data, RYGB
would seem to induce a decrease in the proatherogenic profile and in the cardiovascular
risk associated with a quantitative and qualitative change in cholesterol-carrying

lipoproteins.

Approximately 37%, 23% and 30% of the cohort of study were prescribed
antihypertensive, lipid-lowering and antidiabetic drugs, respectively, and these
percentages were reduced to 16%, 9% and 4%, respectively, after 1-year follow-up. In
this sense, our rates of remission confirmed the successful remission of obesity-associated
metabolic diseases as a result of RYGB, and are higher than those reported by other
studies.

It is worth noting that the literature focuses on inflammation as the main factor relating
obesity to metabolic alterations, and confirms it is ameliorated after weight loss. In line
with this, our results reflect a decrease in the state of chronic inflammation after RYGB,
in which circulating levels of the acute phase inflammation reactants CRP and C3c, blood
leukocyte count, and the cytokines IL6 and TNFa were decreased 1 year post-operation.
This suggests an improvement of the systemic inflammatory response after the
intervention. It is known that CRP rises with the degree of adiposity and is able to induce
IL6 and TNFa secretion by macrophages and adipocytes. Moreover, it is directly involved
in the development of atherosclerosis through complement system activation and
promotion of endothelial dysfunction. Therefore, elevated levels of circulating
inflammatory mediators — in particular CRP — are considered independent predictors
of cardiovascular events. Consequently, RYGB may have attenuate the cardiovascular

risk of the studied cohort.

Obesity-related inflammatory status has been closely linked to cellular oxidative stress.

For example, it is known that leukocytes show an increase in O~ production
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proportionally to BMI, with higher levels when BMI > 40 kg/m?. It has been postulated
that a reduction of oxidative damage in patients with obesity could help to reduce the risk
of the development and progression of atherosclerosis. In our cohort, RYGB-associated
weight loss resulted in a significant decrease in Oz~ production in leukocytes, together
with a lower protein carbonylation and MPO activity at the serum level, which is in
accordance with previous results observed in patients with gastric banding and rodent
models of RYGB. Thus, weight loss associated with RYGB restores MPO activity and
protein carbonylation levels to similar values to those seen in patients without obesity.
Another aspect of obesity is the impairment of antioxidant defenses. In our patients, we
observed a significant increase in serum SOD activity and protein expression of GXP1 in
PBMC, with a clear increase in antioxidant defenses following the intervention. This
increase in antioxidant defenses is consistent with other studies conducted by gastric

banding or hypocaloric diet.

Our results suggest a partial recovery of the oxidative balance mediated by a decrease in
prooxidant signalling in favor of antioxidant responses in both leukocytes and serum,
which leads to a reduction in the risk of the development and progression of
cardiovascular disease. In fact, accumulating scientific evidence suggests an association
between leukocyte prooxidant status, endothelial dysfunction, and increased adherent
phenotype in patients with obesity. One possible explanation is that the O~ and MPO
released by immune cells are involved in an increase of vascular permeability, leukocyte

recruitment and migration across the endothelium.

In the context of obesity, an increase in the number of leukocytes that interact and adhere
to the endothelium depends on the degree of BMI and adiposity. In contrast, weight loss
strategies employing a very low calorie diet (VLCD) are able to reverse this proadherent
effect of obesity. In accordance with this, we observed a significant decrease in the
number of leukocytes that interacted and adhered to the endothelium one year after the
intervention. A molecule closely related to the induction of rolling and firm adhesion of
leukocytes to the endothelium is the MCP1 protein. In fact, it is capable of promoting
macrophage infiltration into tissues, which amplifies and exacerbates the inflammatory
response, thus contributing to the maintenance of IR. In this context, we observed a
decrease in MCP1 protein expression by PBMC one year post intervention. In line with
this result, several studies have reported lower MCP1 expression in VAT and lower
systemic detection in the serum of patients after RYGB. According to this, we have
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observed a similar response in other metabolic cells, such as leukocytes. Therefore, it is
plausible that weight loss induced by RYGB can undermine the induction of
proinflammatory signals that promote endothelial infiltration of leukocytes, which is
associated with the reductions in leukocyte-endothelium interactions that we have

observed.

Based on the response of the leukocytes with respect to their interactions with the
endothelium, the next step was to study whether this process was related to the systemic
release of CAM. Due to their role in the recruitment of leukocytes to the endothelium,
elevated circulating levels of these molecules are known to be associated with endothelial
dysfunction and are prognostic of CVD. In fact, the VAT of obese patients is known to
have elevated gene and protein expression of ICAM1 and VCAML. In contrast to this,
one year after RYGB we observed a significant decrease in serum levels of ICAM1 and
P-selectin, both involved in the initial stages of leukocyte uptake and interaction with the
endothelium. Considered as a whole, the available evidence endorses RYGB surgery as
an effective strategy to relieve endothelial dysfunction by modulating oxidative status,

leucocyte-endothelium interactions and CAM expression.

In light of all of this, it is likely that attenuation of the prooxidant phenotype of leukocytes
after bariatric surgery helps to ameliorate endothelial dysfunction and reduce leukocyte
recruitment, thus protecting against the development of atherosclerosis. In this scenario,
it becomes necessary to evaluate different molecular pathways, such as AMPK activation,
ER stress, autophagy, inflammasome complex formation, and mitochondrial dysfunction

in leukocytes, as these signaling cascades are closely related to oxidative stress.

AMPK is capable of acting as a sensor of changes in energy balance required by
metabolism. Under caloric restriction, AMPK is associated with an undermining of
inflammatory pathways, resulting in the alleviation of ER stress. Moreover, it is linked to
a significant upregulation of autophagy, mitophagy and mitochondrial metabolism. First,
increased AMPK activity has been observed in PBMC one year after bariatric surgery
involving RYGB or sleeve gastrectomy. These antecedents are in line with our results;
we reported that leukocytes expressed an increase in the protein content of total AMPK
and its phosphorylated form one year after RYGB. In terms of the effect of AMPK on
oxidative stress, previous studies showed a negative correlation between increased
AMPK activation, carbonylated proteins and BMI. Furthermore, AMPK was capable of
modulating inflammation by inhibiting signaling cascades promoted by TNFa, IL6, and
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MPC1, being in concordance with our results. In this sense, the decrease in AMPK

activity would appear to be related to IR state and obesity.

Second, there is a close relationship between ER stress activation and metabolic
disturbances. In this context, previous research has highlighted a significant increase in
ER stress markers with high concentrations of FFA, LPS and glucose. In line with this,
ATF6 and sXBP1 expression in adipocytes were shown to be significantly correlated with
BMI and body fat percentage, suggesting that weight loss and metabolic relief can
attenuate ER stress markers. AMPK activation may also mediate ER metabolism, as
AMPK activators have been reported to prevent FFA-induced inflammation through
relieving ER stress in macrophages. Hepatic expressions of GRP78, sXBP1, CHOP were
found to be decreased at 1-year follow-up of RYGB. Our results are consistent with these
studies, in addition to corroborating an association between weight loss, inflammatory
markers and a significant decrease in ATF6 and CHOP in leukocytes one year after
RYGB.

Third, AMPK can directly phosphorylate ULK1, thereby activating autophagy and
selective removal of damaged mitochondria. With respect to the effect of weight loss on
autophagy markers, our results revealed a significant increase in protein expression of
BECLIN1, ATG5-ATG12 complex, LC3I, LC31l and NBR1 in PBMC of obese patients
one year after RYGB. These are markers of the nucleation, elongation and recruitment
steps of the autophagosome formation, respectively. Few studies have evaluated the
possible interaction between autophagy and weight loss in obese models, showing that
the downregulation of hepatic autophagy by means of a high fat diet (HFD) promotes ER
stress and IR, whereas RYGB is reported to improve hepatic lipid metabolism through an
increase in the LC3II/LC3I ratio. It is postulated that autophagy acts as the molecular
effector that restores lipid accumulation and ER stress by activating macroautophagy and
chaperone-mediated autophagy. Considered together, these findings suggest a role for the
activation of autophagic pathways in ameliorating the metabolic consequences of obesity.
Mitophagy is not only regulated by AMPK, but also by PINK1/PRKN-mediated removal
of depolarized mitochondria. We observed a significant increase in MIEAP and PINK1
proteins and a significant decrease in mitochondrial membrane potential (measured
through the TMRM) one year after RYGB, which may be a mechanism of the elimination

and recycling of damaged mitochondria. In concordance, we have previously reported
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that weight-loss through a VLCD induced a significant decrease of TMRM after 6 months
of diet.

Simultaneous to mitophagy, a molecular machinery responsible for cleaving and binding
the mitochondria is required for the correct elimination of damaged mitochondria.
Moreover, these processes require the activation of nuclear transcriptional factors in order
to synthesize new mitochondria. As a whole, autophagy is closely related to
mitochondrial metabolism, which includes processes of biogenesis and mitochondrial

dynamics.

In the context of obesity, chronic low-grade inflammation and oxidative stress lead to
decreased biogenesis and mitochondrial dysfunction, which are associated with IR and
the development of T2D. Specifically, it is known that pgclo gene expression is reduced
in the AT of patients with obesity and that weight loss associated with RYGB and caloric
restriction are able to significantly reverse this condition in muscle, as well as inducing a
significant increase in mtDNA content. In this regard, a significant increase in protein
expression of PGClo and TFAM has been reported in leukocytes one year after RYGB,
suggesting an increase in mitochondrial biogenesis also in this cell type. Because TFAM
induction is able to prevent HFD-induced IR in mouse muscle, it has been suggested that
the increase detected in patients after RYGB contributes to an amelioration of the
metabolic consequences of obesity and a remodeling of the respiratory chain. In this
sense, in our study cohort, surgery induced a significant increase in the complexes
involved in OXPHOS complex | and ATPase, with a marked upward trend in complex
IV. In contrast, no changes were detected in complexes Il and I11 at 1-year follow-up. Our
results suggest that RYGB promotes an increase in the concentrations of proteins
involved in oxidative phosphorylation (initial complex of the electron transport chain and
ATPase). Previous studies in metabolic tissues such as liver, adipose or muscle have
reported an increase in the gene expression of mitochondrial complexes after caloric
restriction or RYGB. In fact, OXPHOS failure can lead to ROS overproduction and
accumulation of unhealthy mitochondria, which need to be repaired or eliminated to
preserve the stability and health of cells. Recently, a novel mechanism has been proposed
for mitochondrial quality control, in which the regulator MIEAP induces
intramitochondrial structures that engulf and degrade damaged mitochondria through the
accumulation of lysosomes. In accordance with this, we observed an increase in the

MIEAP expression of PBMC after 1 year. This effect points to a postsurgical amelioration
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of mitochondrial activity and function that could be associated with the improvement in

metabolic outcomes observed in our cohort.

Finally, there is growing evidence of an intriguing relationship between mitochondrial
dynamics and nutrient status, suggesting that modifications in mitochondrial architecture
represent a mechanism of adaptation to metabolic demands and bioenergetic efficiency.
This corresponds to the coordination of mitochondrial biogenesis and fusion and fission
mechanisms. In particular, researchers have argued that obesity is characterized by
reduced gene expression of opal and mfnl in rat liver and skeletal muscle, which could
contribute to mitochondrial dysfunction. In addition, decreased MFN1 and MFN2 and
increased DRP1 have been reported in the skeletal muscle of patients with obesity.
Although there is increasing evidence that RYGB can enhance mitochondrial fusion, the
data available are still limited and controversial. In our cohort, the study of mitochondrial
fusion markers revealed a slight increase in the protein expression of MNF2 and OPA1
that was accompanied by a significant increase in the protein content of MFN1 in PBMC
1 year after RYGB. In contrast, the mitochondrial fission proteins FIS1 and
phosphorylated DRP1 remained unaltered. We can speculate that the boost in
mitochondrial fusion contributes positively to the enlargement and functionality of the
mitochondrial network by stimulating OXPHOS complex expression and respiration, as

reported previously in the liver of rats with obesity.

Our results improve understanding of the mechanisms underlying the relationship
between obesity and weight loss. In this sense, RYGB surgery promoted pronounced
weight loss in our patients, and was accompanied by an improvement in anthropometric
and biochemical parameters at one-year follow-up. Patients undergoing RY GB exhibited
a decrease in systemic proatherogenic factors such as systemic inflammation (CRP, C3c,
IL6, TNFa and IL1pB), ROS production (MPO and carbonyl proteins), and atherogenic
dyslipidemia profile, and an increase in antioxidant defences (SOD). As a whole, these
improvements may contribute to an amelioration of endothelial dysfunction through a
reduction in CAM expression (ICAML1 and P-selectin), leukocyte rolling and adhesion to
the endothelium. In light of these results, we explored the modulation of intracellular
stress responses in leukocytes after weight loss and observed a decreased production of
intracellular ROS (O27), inflammatory mediators (MCP1, NF-kB), ER stress (ATF6 and
CHOP) and mitochondrial membrane potential associated with increased in antioxidant
defence (GPX1), and enhanced expression of AMPK, phosphorylated AMPK,
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autophagy/mitophagy markers (ATG5, BECLIN1, LC3, NBR1, PINK1 and MIEAP), and
mitochondrial metabolism (PGCla, TFAM, OXPHOS complex and MFN1). As a whole,
these results shed light on possible mechanisms underlying the beneficial role of weight

loss with respect to metabolic control and cellular homeostasis.

Cross-sectional study

To evaluate the possible involvement of metformin in oxidative stress, inflammation and
autophagy in VAT of patients with obesity and T2D, a cross-sectional study was designed
in which 68 patients were divided into two groups: metabolically healthy patients with
obesity (defined as the absence of diagnosis and treatment of comorbidities associated
with obesity, except waist circumference) and patients with T2D. Both groups of
participants were composed of the same number of patients (34), and women represented
85% and 71%, respectively. In this study, significant differences were detected between
the age groups, since the mean age of the metabolically healthy group was 38 years and
that of the T2D group was 52 years. In this sense, a general linear univariate model was
generated, treating age as a confounding or modifying variable. Regarding
anthropometric variables, no differences were detected in BMI, although the group of
patients with T2D treated with metformin had higher waist circumference, waist-to-hip
ratio, SBP, DBP and TG than the metabolically healthy group. However, no differences
in leukocyte count, CRP and lipid profile were detected between the two groups.
Specifically, both groups showed elevated CRP and leukocyte count, which could have
been associated with a higher cardiovascular risk. In contrast, T2D patients treated with
metformin displayed significant differences in glucose metabolism parameters, including
elevated levels of glucose, insulin, HOMA-IR and HbAlc with respect to the
metabolically healthy group.

Once the anthropometric and biochemical characteristics were evaluated, the next step
was to determine whether the mechanisms underlying the molecular effects of metformin
involve activation of inflammatory pathways, the NLRP3 inflammasome complex and/or
modulation of autophagy in the VAT of patients with obesity. Firstly, the results showed
a decrease in the production of mtROS and MPO in T2D patients treated with metformin.
It is known that metformin is able to reduce cellular Oz (molecular oxygen) consumption
in both AT and skeletal muscle through inhibition of mitochondrial complex | and

reduction of substrate oxidation. This implies a decrease in NADH oxidation, proton
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gradient and Oz consumption rate. In accordance with this, several studies have observed
a reduction of mtROS and total ROS in patients treated with metformin, so this drug may
modulate inflammation in metabolic tissues. Since both groups of patients had the same
BMI, it was postulated that obesity-mediated oxidative stress does not contribute to the
increase in ROS, but rather that said increase is mediated through metformin, which
reduces one of the main sources of oxidative stress (mtROS). Simultaneously, we
observed a positive correlation between serum MPO activity — a protein related to
vascular damage — and mtROS production. In addition, systemic cytokine levels of
TNFa and IL6 were significantly lower in T2D patients treated with metformin, which is
in line with previous studies showing a decrease in TNFa and IL6 levels in patients with
IR receiving metformin. A preliminary theory to explain the alleviation of cytokine
secretion is that metformin stimulates the polarization of macrophages to M2, a highly

anti-inflammatory phenotype.

Following the evaluation of ROS in leukocytes and proinflammatory cytokines, we aimed
to evaluate the formation of the NLRP3 inflammasome complex, whose activation is
closely related to chronic low-grade inflammation in obesity. In this sense, we observed
a significant decline in the expression of NF-kB, NLRP3 and ASC in the PBMC of T2D
patients treated with metformin. In turn, this response in leukocytes from T2D patients
treated with metformin could be induced by the reduction of ROS observed previously.
In line with this, we also detected a significant decrease in serum IL1p and a downward
trend in serum 1L18. Thus, metformin could regulate the NLRP3 complex formation
response from its induction to the final release of cytokines. It is postulated that, in
leukocytes, metformin has a direct mechanism of action on NLRP3 mediated through
AMPK activation. Another protein involved in inflammasome activation is MCPL.
Inhibition of MCP1 through metformin treatment by a mechanism involving the NF-«xB
pathway has been demonstrated in a model of palmitate hypertrophied adipocyte
(conditions that mimic obesity). The previously described effect of metformin on
macrophage polarization may also contribute to the reduced release of MCP1, as it is
considered a key protein in macrophage polarization in VAT. In addition, we observed a
positive and significant correlation between NLRP3 and MCP1 protein expression.

In terms of autophagy markers, we detected lower protein levels of ATG5 and BECLIN1
and significantly higher p62 levels with respect to metabolically healthy patients with
obesity. ATG5 and BECLINL1 are known to be regulated by metformin through AMPK-
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mediated induction of autophagy, although the drug may play different roles depending
on the metabolic tissue under study. On the one hand, autophagy is regulated in a
defective manner in the hypertrophic AT of mice and humans, where BMI reduction has
been reported to lead to an attenuation of autophagy in SAT. On the other hand, autophagy
has also been shown to increase progressively in epididymal AT in a lean mouse model
after metformin treatment. Several studies have reported crosstalk between autophagy
and inflammasome activation in macrophages, suggesting that both exhibit an
autoregulatory mechanism to control their proinflammatory function. In this regard, we
observed significant correlations between different markers of these pathways; NF-kB,
NLRP3, ASC, and MCP1 correlated positively with ATG5 and BECLIN1, whereas
systemic IL1p showed a positive association with ATGS5 and a negative association with
p62, which is constantly degraded during the autophagic process. This supports the
hypothesis of a positive association between inflammatory mediators, inflammasome
complex activation and autophagy. Finally, there was a significant decrease the
proapoptotic marker CHOP in the group of T2D patients treated with metformin, which
is consistent with improved AT functionality. In line with this, it has been reported that
metformin prevented NLRP3 inflammasome activation by suppressing ER stress, which
Is consistent with the reduced expression of CHOP — a downstream signal of chronic ER

stress activation — observed in the present study.

To sum up, in the present study we demonstrate that patients with obesity and T2D treated
with metformin present a more favorable immunoinflammatory status than metabolically
healthy patients with obesity. We hypothesize that metformin plays a role in decreasing
leukocyte mtROS production, MPO, systemic inflammatory cytokines and mediators
(CRP, TNFa, IL6, IL1B), inflammasome complex activation (NF-xB, NLRP3, ASC,
MCP1), autophagy (ATG5, BECLIN1) and the apoptosis marker CHOP, and in
increasing p62 protein expression in VAT.

Conclusions

1. RYGB-induced weight loss is associated with a reduction in oxidative stress
parameters in leukocytes from obese patients and with an improvement in
endothelial dysfunction. These responses are mediated by a decrease in
prooxidant species and an increase in antioxidant defenses, in addition to a

reduction in leukocyte-endothelium interactions, adhesion molecules and an
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improvement in the proatherogenic lipid profile. These findings deepen the
understanding of the mechanisms underlying the reduction of cardiovascular risk
associated with the development of atherosclerosis in patients undergoing RYGB

surgery.

RYGB surgery induces an increase in AMPK content and activation that is
associated with attenuation of inflammatory activation, chronic ER stress and
apoptosis markers in patients' PBMCs at one year post intervention. In addition,
we observe an activation of cellular recycling mechanisms through increased
markers of autophagy and mitophagy. These results suggest that RYGB induces
adaptive responses oriented towards partial recovery of cellular homeostasis in

leukocytes, having the potential to exert systemic effects on inflammation and IR.

. When we consider female gender exclusively, RYGB surgery induces an
improvement of mitochondrial function in addition to a reduction of inflammatory
parameters and an increase of markers of biogenesis and mitochondrial dynamics
in PBMCs one year after the intervention. The regulation of mitochondrial
metabolism associated with RYGB-mediated weight loss may contribute to the

improvement of clinical parameters and IR.

Metformin modulates NLRP3 inflammasome complex activation and autophagy
in the VAT of subjects with obesity and T2D. Furthermore, these patients present
a better systemic inflammatory profile and a reduction of mtROS in PBMCs
compared to metabolically healthy patients with obesity. Therefore, we postulate
that there is a cardiometabolic risk in metabolically healthy obese subjects despite

the protective phenotype related with their clinical profile.
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1.1. La obesidad

1.1.1. Definicion y diagndstico

El sobrepeso y la obesidad son enfermedades metabolicas y multifactoriales que se
caracterizan por un exceso de grasa corporal (adiposidad) debido a un desequilibrio entre
la ingesta caldrica y el gasto energético. La poblacién con obesidad presenta un riesgo
elevado de desarrollo de enfermedades cronicas como CVD, gastrointestinales,
genitourinarias,  metabdlicas, musculoesqueléticas, neuroldgicas, obstétricas,
respiratorias, cutaneas y/o reproductivas (Fruh, 2017; Hruby y Hu, 2015). Mencion
especial merece la posible asociacion entre la obesidad y el SARS-CoV-2 (del inglés,
severe acute respiratory syndrome coronavirus 2), donde estadios avanzados de obesidad
representan un predictor independiente de complicaciones asociadas a SARS-CoV-2 y
pueden promover la hospitalizacion e ingresos en unidades de cuidados intensivos (Stefan
etal., 2021).

El método diagndstico de referencia internacional de sobrepeso y obesidad es el BMI.
Este valor, se obtiene al dividir el peso del/la paciente entre el cuadrado de su altura,
obteniendo un dato expresado en kg/m?. Abarca el rango desde bajo peso (< 18,5 kg/m?),
normopeso (< 18,5 kg/m? - 25 kg/m?), sobrepeso (> 25 kg/m?), obesidad grado I (> 30
kg/m?), grado 11 (> 35 kg/m?) y obesidad grado IIT u obesidad severa (> 40 kg/m?) (Hruby
y Hu, 2015). Sin embargo, la principal limitacion del BMI es la falta de consideracién de
las proporciones del AT y del tejido muscular, por lo que no representa el método méas
eficaz para diagnosticar la obesidad. Ante esta premisa, la WHO expone el uso de esta
herramienta antropométrica s6lo como indicador del estado nutricional del/la paciente en
edad adulta. Para una valoracién mas precisa, se recomienda complementar el BMI con
la medicion de la circunferencia de cintura (WHO, 2010). Esta medida se relaciona con
la obesidad abdominal y representa una forma efectiva de identificar esta patologia, donde
los valores de corte estipulados son > 102 cm en hombres y > 88 ¢cm en mujeres. El grupo
de adiposidad visceral de la Sociedad Internacional de Aterosclerosis-Catedra
Internacional de Riesgo Cardiometabolico (IAS-ICCR) apunta que la combinacién de
BMI y circunferencia de la cintura pueden identificar un fenotipo de obesidad de alto
riesgo y recomienda el uso clinico de estas herramientas antropométricas (Ross et al.,
2020).
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Debido a las limitaciones en las herramientas antropomeétricas para clasificar la obesidad,
se han desarrollado otro tipo de técnicas mas complejas: instrumentos de andlisis de
bioimpedancia, absorciometria de rayos X de energia dual, tomografias computerizadas,
resonancia magnética o exploraciones de espectroscopia de resonancia. Estas
metodologias aportan cuantificaciones de volumen y masa del AT o musculo esquelético.
En cambio resultan mucho mas inaccesibles, complicadas y costosas de obtener y evaluar
en comparacion con la medicion de altura, peso y circunferencias (Nimptsch et al., 2019).

1.1.2. Epidemiologia y factores de riesgo

Centrandonos en la prevalencia de la enfermedad a nivel mundial, la WHO afirma que en
el afo 2016 mas de 1.900 millones de adultos presentaban sobrepeso, de ellos, 650
millones fueron diagnosticados con obesidad. La prevalencia global de obesidad
(analizada en la infancia, adolescencia y adultez) se ha triplicado entre los afios 1975 y
2016, donde las estimaciones para el afio 2025 apuntan a un porcentaje de obesidad del
18% y 21% en hombres y mujeres, respectivamente (WHO, 2021a; NCD Risk Factor
Collaboration, 2016). Centrandonos a nivel nacional, la Sociedad Espafiola para el
Estudio de la Obesidad (SEEDO) afirma que la prevalencia de obesidad en la poblacion
adulta represent6 el 22% entre 2014 y 2015, mientras que un 33% corresponde a la
definicion de obesidad abdominal diagnosticada por la circunferencia de cintura, siendo
mas frecuente en mujeres (Caixas et al., 2020). Los recursos sanitarios destinados a la
poblacion con obesidad aumentan en funcion del BMI, donde la poblacion con obesidad
grado Il o superior presentan un mayor riesgo de recibir visitas domiciliarias u

hospitalizaciones (Espallardo et al., 2017).

La etiologia de la obesidad esta constituida por una compleja interaccion entre factores
de riesgo genéticos, epigenéticos, comportamentales y psicolégicos junto con riesgos
ambientales o socioecondmicos, capaces de afectar desde las edades mas tempranas hasta
la poblacion adulta. En la actualidad, el desequilibrio entre la ingesta caldrica y el gasto
energético puede estar condicionado por un aumento en el consumo de comida rapida y
bebidas azucaradas, la falta de actividad fisica, naturaleza sedentaria, condiciones
psicolégicas o promocion de entornos obesogénicos (publicidad y marketing comercial,
escasos espacios verdes, polucion ambiental) (Diaz-Rodriguez et al., 2021; Hruby y Hu,
2015). Ademas de los factores de riesgo previamente mencionados, el equilibrio

energético puede estar influenciado por variables individuales y colectivas como el
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ambiente social y familiar e instituciones y politicas publicas (Gonzélez-Muniesa et al.,
2017).

La obesidad se asocia con un aumento del riesgo de morbilidad y mortalidad. El estudio
Framingham revel6 una asociacion del BMI con el ratio de mortalidad tras 24 afos de
seguimiento dénde los pacientes con obesidad grado | y Il presentaban mayor riesgo de
mortalidad por todas las causas en relacion con individuos con normopeso (Xu et al.,
2018). La esperanza de vida de mujeres y hombres de 40 afios se redujo una media de 3
afios en pacientes con obesidad grado I, donde la obesidad grado Il se asoci6 con una
reduccion mayor a 8 afios respecto a individuos con normopeso (Bhaskaran et al., 2018).
En contraposicion, estrategias que se enfoquen en la pérdida de peso en pacientes con
obesidad muestran un efecto beneficioso en la morbimortalidad. Concretamente, la
cirugia bariatrica es capaz de reducir considerablemente el riesgo de muerte por CVD,
T2D o céancer (Abdelaal et al., 2017) patologias altamente relacionadas con el aumento
del BMI (Lin et al., 2020).

Es por ello que la obesidad constituye un reto para la salud a nivel mundial y, por lo tanto,
conocer las causas y consecuencias de esta enfermedad es esencial para la prevencion y
promocion de la salud, con la finalidad de reducir el impacto de su morbimortalidad en la

sociedad actual.

1.1.3. Fisiopatologia de la obesidad

La obesidad constituye una alteracion metabdlica y anatdmica que induce cambios ante
la alteracion de la homeostasis energética. Un balance energético positivo provoca un
aumento del metabolismo de lipidos y glucosa, que a largo plazo origina la disfuncion del
AT dada su limitada capacidad de amortiguar un almacenamiento excesivo de FFA.
Cuando esta situacion se produce, se favorece la acumulacion ectopica de lipidos en
organos como el higado, pancreas o mausculo, lo que conlleva una condicion de
lipotoxicidad y glucotoxicidad celular (Korac et al., 2021; Redinger, 2007). Es por ello
que en los siguientes apartados se profundizara sobre las consecuencias de la obesidad
especialmente en el AT y el sistema inmunitario, y como se correlaciona con la aparicién

de disfuncion endotelial y aterosclerosis.
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1.1.3.1. Tejido adiposo

El AT es un érgano metabdlicamente activo el cual desempefia una funcién critica en la
homeostasis energética. EI AT esta constituido por dos depdsitos que difieren en
morfologia y funciones metabdlicas. En primer lugar, el BAT (del inglés, brown adipose
tissue) se localiza principalmente en la zona supraclavicular y est4 especializado en la
termogénesis generando calor a través de un desacoplamiento de la cadena de transporte
de electrones mediante la proteina UCP (del inglés, uncoupling protein) 1. Por el
contrario, el WAT (del inglés, white adipose tissue) es el encargado del almacenamiento
de lipidos en forma de TG (Choe et al., 2016; Reyes-Farias et al., 2021). En su conjunto,
el WAT esta formado por adipocitos maduros y fraccion vascular estromal, incluyendo
preadipocitos, fibroblastos, células endoteliales, células inmunitarias (macrofagos,
células T, neutréfilos, linfocitos) y células madre pluripotentes. Anatémicamente, el
WAT esta en contacto con los drganos internos de la cavidad abdominal (VAT) o
extendido bajo la dermis, referido como SAT. En este sentido, la distribucion corporal de
la grasa condiciona las complicaciones asociadas a la obesidad. Concretamente, el exceso
de VAT esta estrechamente asociado con la aparicion de IR y T2D. En cambio, una
acumulacion de SAT podria asociarse con un menor riesgo metabdlico en pacientes con
obesidad (Lee et al., 2013; Choe et al., 2016; Reyes-Farias et al., 2021).

Ademas de la funcién de almacenamiento, el AT es un potente 6rgano endocrino que, a
través de la secrecion de numerosos factores reguladores, se comunica con otros érganos
metabolicos, asi como con el sistema nervioso central. Las adipoquinas leptina,
adiponectina, resistina y RBP4 (del inglés, type 4 retinol binding protein), TNFa, MCP1
e IL6 son las principales mediadoras en los procesos metabolicos. Situaciones que alteren
la funcién de los adipocitos, como en la obesidad, originardn una desregulacion en la
produccion de estas adipoquinas con efectos directos en las respuestas inflamatorias e

instauracién de comorbilidades asociadas a la obesidad (Ouchi et al., 2011; Cao, 2014).

Disfuncion del tejido adiposo e inflamacion cronica de bajo grado

La expansion del AT es el resultado de la combinacion de procesos de hiperplasia e
hipertrofia. En primer lugar, el crecimiento hiperplésico se caracteriza por un aumento
del numero de adipocitos, situacion que garantiza la capacidad de acumulacion de lipidos
con un menor impacto metabolico. En cambio, en la obesidad se produce una disrupcion

en la capacidad hiperplasica del adipocito hacia una expansién y remodelacion
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hipertréfica del AT, situacion que origina la pérdida de funcionalidad al aumentar

patolégicamente el tamafio de los adipocitos (Korac et al., 2021).

La disfuncion del AT e hipertrofia del adipocito caracteristicas de la obesidad van a
desencadenar una serie de consecuencias que promueven la IR, y la instauracion de una
inflamacién crénica de bajo grado. En primer lugar, los adipocitos hipertrofiados
muestran una elevada lipdlisis y movilizacion de FFA hacia otros depdsitos de AT y
organos metabolicos. Se conoce que los FFA estimulan la produccion de TNFa, IL6 e
IL1p en los macrdéfagos y adipocitos, y a su vez, el TNFa induce la lipolisis para aumentar
la liberacién de FFA de los adipocitos (Cao, 2014; de Mello et al., 2018). Por lo tanto, la
acumulacion ectdpica de grasa y el exceso de FFA séricos se asocian con la induccion de
citoquinas proinflamatorias que a su vez, se sabe que provocan una alteracion en la
homeostasis de la glucosa, posiblemente a traveés de las cascadas de sefializacion
inflamatorias que activan las vias INK y NF-kB, dos rutas que desembocan, a su vez, en

la induccidn de citoquinas proinflamatorias (Hammarstedt et al., 2018).

Por una parte, hay un aumento en la expresion de las citoquinas proinflamatorias TNFa,
IL6 y MCP1 en el AT de pacientes con obesidad y, como consecuencia, una elevacion de
la infiltracion de células inmunitarias (neutrdfilos, leucocitos T y macro6fagos). El
reclutamiento de macréfagos infiltrados con un fenotipo tipo M1 supone una respuesta
inmune exacerbada al liberar localmente TNFa e IL6, favoreciendo una remodelacion
patologica y amplificacion de la respuesta inflamatoria del AT. De hecho, se ha
demostrado una mayor expresion de marcadores de superficie de macré6fagos en el AT de
pacientes con obesidad e IR respecto a pacientes sin patologia; con un desequilibrio hacia
la modulacion proinflamatoria al predominar marcadores de los macréfagos M1y menor
expresion de macréfagos M2 (relacionados con la funcion antiinflamatoria) (Kern et al.,
2001; Di Gregorio et al., 2005; Bories et al., 2012; Castoldi et al., 2016). Ademas del
efecto de las citoquinas sobre la activacion de las células inmunes, el TNFa es capaz de
inducir la expresion génica de otras citoquinas como il6 y mcpl en cultivo de adipocitos
humanos (Wang y Trayhurn, 2006). Por otra parte, en la obesidad existe una alteracion
en la expresion de leptina y adiponectina, dos adipoquinas con una potente funcion
inmunomoduladora. La leptina es una hormona orexigénica que regula la ingestion a nivel
hipotalamico, estimula la diferenciacidén de monocitos a macréfagos e induce la liberacion

de TNFa e IL6. Por el contrario, la adiponectina ejerce un efecto contrario a la leptina al
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inhibir la produccion de TNFa en los macrofagos, diferenciacion de monocitos y sintesis
de moléculas de adhesion endotelial. La resistencia a la leptina a nivel hipotalamico, la
hiperleptinemia compensatoria y el descenso de los niveles séricos de adiponectina en la
obesidad se traduce en un desequilibrio a favor de una inflamacion cronica de bajo grado
con posteriores consecuencias en la activacion de las células inmunitarias y endoteliales
(Gregor y Hotamisligil, 2011; de Heredia et al., 2012; Choe et al., 2016; Larabee et al.,
2020).

Durante la hipertrofia de los adipocitos, el suministro de sangre al AT puede ser limitante
e inducir marcadores relacionados con la hipoxia, dando lugar al aumento de los niveles
de expresion de los factores angiogénicos, fibréticos y genes asociados a la respuesta
inflamatoria. Cabe destacar que la expresion genica de kifla Se encuentra elevada en el
AT de pacientes con obesidad morbida respecto a individuos con normopeso (Cancello
et al., 2005), situacion que posiblemente esté acelerando la fibrosis del AT y la respuesta
inflamatoria local debido a la implicacion de HIF1a en estas complicaciones (Rasouli y
Kern, 2008; Choe et al., 2016). Si el AT es incapaz de compensar esta falta de Oz y se
mantiene esta condicion en el tiempo, los adipocitos empezaran a mostrar fenotipos
necrdticos y apoptéticos. En este sentido, se ha evidenciado un aumento significativo de
marcadores de necrosis adipocitaria en biopsias de AT de pacientes con obesidad (Cinti
et al., 2005). Este aumento podria reflejar los efectos citotdxicos de la disfuncion del AT
e inducir la activacion local de los macréfagos residentes presentes en la periferia de los
adipocitos, con un impacto proinflamatorio mayor (Choe et al., 2016; Lindhorst et al.,
2021).

Por lo tanto, la hipertrofia de los adipocitos perjudica la funcién de los mismos a través
de mecanismos dependientes e independientes de la inflamacién, exacerbando y

manteniendo una inflamacion crénica de bajo grado en la obesidad (Figura 1).
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Figura 1. Inflamacion croénica de bajo grado en la obesidad
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Mecanismos asociados a la inflamacion cronica de bajo grado. Debido a un exceso de adiposidad y FFA,
los adipocitos sufren un estado de hipertrofia y disfuncién, originando una respuesta molecular por parte
del adipocito. La induccion de citoquinas proinflamatorias TNFa, IL6, MCP1 y alteracion en la expresion
de leptina y adiponectina origina un estado crénico inflamatorio. Ante la sobrecarga e incapacidad de
recuperar la funcién, el adipocito sufre procesos de hipoxia local y apoptosis. A nivel nuclear, también

existe una modulacion en factores de transcripcion que promueven este estado proinflamatorio.

1.1.3.2. Sistema inmunitario

El sistema inmunitario estd compuesto por un conjunto de procesos cuyo objetivo es
identificar toxinas, alérgenos o patogenos ajenos al cuerpo humano y proceder a su
correcta neutralizacion. En este proceso interviene la inmunidad innata, llevada a cabo
por los monocitos, macrofagos, neutrdfilos, basofilos, eosinofilos, mastocitos, células
dendriticas, células linfoides innatas y NK (del inglés, natural Kkiller) y por la inmunidad
adaptativa que ofrece una respuesta prolongada e induce la sintesis de células
inmunitarias de memoria como los linfocitos T y B, encargados de la sintesis de
anticuerpos. Respecto a la naturaleza de los leucocitos, morfologicamente se dividen en
PBMC que se caracterizan por presentar un unico nucleo redondeado y engloba a los

linfocitos, monocitos y células dendriticas y en PMN, que presentan un nucleo
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polilobulado y granulos en el citoplasma, detectados a partir de tinciones especificas.
Estos Gltimos se clasifican como neutrofilos, baséfilos y eosindfilos (Delves y Roitt,
2008; Marshall et al., 2018).

Se sabe que los PBMC son células capaces de reflejar las respuestas nutricionales de
tejidos claves involucrados en la homeostasis energética (Oliver et al., 2013). Son muy
utilizadas en la investigacion biomédica debido a su fécil biodisponibilidad y su
capacidad de prediccion inicial de la enfermedad tanto en modelos murinos como en
humanos (Oliver et al., 2013; Costa et al., 2021). Ademas, se ha estipulado una clara
asociacion entre los PBMC vy las alteraciones relacionadas con la adiposidad al expresar
genes clave del metabolismo lipidico (Costa et al., 2021), tanto en individuos con

Normopeso como con sobrepeso.

En primer lugar, ademas del ya mencionado aumento de los macréfagos con fenotipo
proinflamatorio en el AT de pacientes con obesidad, también se ha evidenciado un
aumento del reclutamiento de linfocitos T (Duffaut et al., 2009), mediado posiblemente
a través del aumento de antigenos y citoquinas liberadas por el adipocito hipertrofiado.
De hecho, se ha constatado una correlacion positiva entre la subpoblacién linfocitos T
CD (del inglés, cluster of differentiation) 3"y el BMI, siendo mayor en el VAT respecto
el SAT. Debido a que el receptor de la leptina esta presente en los linfocitos T, se postula
que el aumento de la leptina en la obesidad puede afectar a la activacion de células Thl
(caracterizadas por produccion de TNFa) en lugar de un fenotipo Th2 (Chatzigeorgiou et
al.,, 2012). Por lo tanto, los linfocitos T también podrian estar contribuyendo al
mantenimiento de una inflamacién crénica de bajo grado. Por su parte los monocitos
también parecen jugar un papel en la instauracion de la inflamacion. De hecho, se ha
detectado un aumento de la subpoblacion proinflamatoria (CD16)" en pacientes con
obesidad moderada y severa (Poitou et al., 2011), donde se encontré una correlacién
positiva entre el nUmero de macrofagos infiltrados en el AT y el porcentaje de monocitos
CD16", lo que refuerza la importancia del estudio de los PBMC como marcadores de la
disfuncion del AT.

En segundo lugar, en cuanto al grupo de los PMN, los neutréfilos son la primera linea
leucocitaria en iniciar una respuesta inflamatoria, liberando también citoquinas

involucradas en el reclutamiento y activacion de otras células inmunes (Pan et al., 2019).
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Alteraciones metabolicas que supongan una sobreactivacion de los PMN seran mas
propensas a generar una respuesta inmunitaria exacerbada, como es el caso de la obesidad,
donde diversos estudios de cohorte de pacientes han mostrado un mayor porcentaje y
activacion de los neutréfilos (Herishanu et al., 2006; Xu et al., 2015). Por lo tanto, se
observa una alteracion cuantitativa y cualitativa de los leucocitos en las personas con

obesidad, donde ademas se evidencia un cambio hacia un fenotipo proinflamatorio.

Ademas de las células inmunitarias, existen una serie de proteinas que adquieren un papel
importante en los mecanismos de inmunidad. Dos proteinas que cumplen esta funcion y
se relacionan con el grado de adiposidad son la CRP y el C3c, ambas consideradas
reactantes de inflamacion de fase aguda. La CRP se sintetiza en el higado en respuesta a
la citoquina IL6 mientras que el C3c es secretado por los hepatocitos, macréfagos
activados en los focos de inflamacion y adipocitos (Lau et al., 2005; Karkhaneh et al.,
2017). El rango fisiologico de la CRP mediante la deteccion de alta sensibilidad oscila
entre 1mg/l y 3mg/l, donde a partir de este ultimo valor se instaura el riesgo de CVD
(Pearson et al., 2003). Los niveles de CRP y C3c en plasma son elevados en los pacientes
con obesidad y su aumento se correlaciona directamente con el BMI, grasa corporal,
perimetro de cintura, TG e IR (Lau et al., 2005; Park et al., 2005; Lapice et al., 2009;
Karkhaneh et al., 2017). Por lo tanto, se considera a la CRP y el C3c como biomarcadores
utiles para pacientes con MetS (del inglés, metabolic syndrome) y posibles mediadores

en la relacién causal entre la obesidad y T2D (Lau et al., 2005; Karkhaneh et al., 2017).

1.1.3.3. Disfuncién endotelial

El endotelio es una monocapa de células localizada en la pared interna vascular y es
responsable de la regulacion del tono vascular, actividad plaquetaria, la respuesta
inflamatoria, la coagulacion y, por ende, de la homeostasis vascular. La disfuncion
endotelial se caracteriza por una reduccion de la biodisponibilidad de los componentes
vasodilatadores, en particular del NO (del inglés, nitric oxide) y la enzima eNOS (del
inglés, endothelial nitric oxide synthase), y un aumento de los factores contractiles
derivados del endotelio. Un estado especifico del endotelio a favor de la inflamacion,
proliferacion y coagulacion que va a favorecer la aterogénesis y los primeros pasos de la

aterosclerosis subclinica (Fernandez-Sanchez et al., 2011; Vita, 2011).
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En el contexto de la obesidad, hay un desequilibrio en la homeostasis vascular que
promueve el desarrollo de la disfuncion endotelial y el inicio del proceso aterosclerdtico.
Los principales agentes que participan en la disfuncion endotelial en la obesidad son la
IR, la inflamacion mediada por la disfuncién del AT y la disminucion de la
biodisponibilidad del NO. Los mecanismos que se atribuyen a la progresion de la
disfuncion endotelial en la obesidad incluyen (1) niveles elevados de LDL y TG, (2)
aumento de los radicales libres y (3) niveles elevados de mediadores inflamatorios
(Kwaifa et al., 2020). En primer lugar, el déficit en la produccion de adiponectina reduce
la produccion de NO en las células endoteliales (a través de vias dependientes de PI3K)
y aumenta la produccion de O>~ y TNFa, dos moduladores proinflamatorios que reducen
la expresion de eNOS. A su vez, estas moléculas inducen la sintesis de ET1 (del inglés,
endothelin 1) y PAIL (del inglés, plasminogen activator inhibitor type 1), dos mediadores
con una marcada actividad vasoconstrictora. La IR y los elevados niveles de FFA
circulantes caracteristicos de la obesidad promueven la sintesis y liberacién de ROS y
ET1 en las células endoteliales, PBMC y PMN con un desplazamiento del equilibrio
fisiolégico de NO/ET1 hacia el aumento de la contractibilidad de las células musculares
lisas y vasoconstriccion endotelial (Azekoshi et al., 2010; Campia et al., 2012; Rajendran
et al.,, 2013; Virdis, 2016). La prolongada liberacion de citoquinas proinflamatorias
contribuye al desacoplamiento de la eNOS y generacion de O2 ", dafiando el endotelio
vascular y desencadenando un aumento de la permeabilidad vascular, permitiendo el
movimiento de toxinas y componentes inflamatorios como citoquinas y CRP al espacio
subendotelial (Rajendran et al., 2013). Las citoquinas proinflamatorias estimulan la
sefializacion endotelial de NF-xB, dando lugar a un fenotipo procoagulante que favorece
la adhesién leucocitaria, al aumentar la liberacion de las CAM que interactian con las
citoquinas proinflamatorias vasculares y promueven la extravasacion y disfuncién
endotelial (Kwaifa et al., 2020).

Interacciones leucocito-endotelio y placa aterosclerética

En el proceso de migracion de los leucocitos hacia el foco de infeccion intervienen las
CAM, glicoproteinas presentes en la superficie de leucocitos, plaquetas y células
endoteliales que, mediante uniones entre los receptores endoteliales y sus respectivos
ligandos leucocitarios, permiten la interaccion de los leucocitos con el endotelio vascular.
Las etapas de esta interaccion incluyen la captura, el rodamiento, la adhesion del leucocito

al lecho vascular y la posterior migracion al tejido dafiado (Nourshargh y Alon, 2014).
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El primer paso es la captacion de los leucocitos circulantes mediante formacion de
interacciones débiles y transitorias entre el marcador leucocitario PSGL1 (del inglés, P-
selectin glycoprotein ligand 1) y los receptores P- y E-selectina, presentes en las plaquetas
y endotelio, respectivamente. Los leucocitos no captados pueden interaccionar y unirse a
los leucocitos captados mediante el receptor L-selectina. Tras la liberacion de
quimioatrayentes como la MCP1, se inicia una cascada de sefializaciones con el objetivo
de aumentar el niumero y la intensidad de las interacciones. El proceso de rodamiento y
adhesion esta mediado por las integrinas leucocitarias LFAL y VLA4 (del ingleés,
lymphocyte function-associated antigen 1 y very late antigen 4) y los ligandos ICAM1 y
VCAML. ICAML1 se expresa constitutivamente en las células endoteliales vasculares y en
subclases de linfocitos y monocitos, donde su estimulacion por citoquinas
proinflamatorias aumenta su expresion. VCAML1 puede ser liberada por el endotelio,
células dendriticas y fibroblastos. Su expresion estd también inducida por citoquinas
proinflamatorias, ROS, y alta concentracion de glucosa, entre otros (Hubbard y Rothlein,
2000; Cook-Mills et al., 2011; Nourshargh y Alon, 2014). Una vez el leucocito esta
adherido firmemente al endotelio, migra al espacio subendotelial mediante la diapédesis.
Actualmente existen diversos métodos que permiten la valoracion y cuantificacion de las
interacciones leucocito-endotelio in vivo — a través de microscopia intravital
convencional, microscopia de escaneo laser multifotdn o microscopia de fuerza atomica
(Zhang et al., 2004; Jain et al., 2013) — como en ex vivo — mediante cdmaras de flujo
paralelo — que permiten analizar una poblacién de leucocitos sobre un cultivo de células
endoteliales (Anderson et al., 2019).

La disfuncion endotelial constituye el estadio inicial en la formacion de lesiones
ateromatosas y desarrollo de aterosclerosis. La disrupcion de la permeabilidad vascular
supone una mayor infiltracién de citoquinas proinflamatorias, leucocitos y particulas
LDL, las cuales son oxidadas por los ROS presentes en espacio subendotelial originando
oxLDL. Las particulas de oxLDL acumuladas promueven la secrecion de mediadores
inflamatorios y CAM por parte de las células endoteliales y del musculo liso, culminando
en una mayor acumulacion de leucocitos en el espacio subendotelial. El reclutamiento de
células inmunes potencia a su vez la oxidacion de LDL, generando una retroalimentacion
positiva. Las oxLDL son reconocidas y captadas en una forma no regulada por receptores
especificos de los macrdfagos infiltrados, proceso que genera la acumulacién de

macrofagos cargados de lipidos (conocidos como células espumosas). Cuando la carga
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lipidica de estas células excede su capacidad limite conduce a la célula a procesos
apoptaticos, los cuales originan un dafio vascular local y contribuyen a la progresion de
la placa de ateroma al afiadir remanentes antigenicos y trombogénicos a la lesién (Rocha
y Libby, 2009) (Figura 2).

Figura 2. Interacciones leucocito-endotelio y formacion de placa aterosclerotica
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Etapas de adhesion leucocitaria al endotelio vascular y patogénesis del proceso aterosclerdtico. En primer
lugar, mediante intercomunicaciones entre receptores de leucocitos y moléculas de adhesion endoteliales,
se produce la atraccién del leucocito al endotelio (captura del leucocito). Este proceso esta regulado a
través de la reduccion de la velocidad y rodamiento a través del endotelio para finalmente adherirse
firmemente. En situaciones patoldgicas, como en el caso de la disfuncion endotelial, el aumento de la
permeabilidad permite el paso a través del endotelio de las LDL, las cuales son oxidadas por ROS
originando las oxLDL presentes en el espacio subendotelial. Unido a una alta adhesion leucocitaria, los
macrofagos fagocitan las oxLDL dando lugar a células espumosas, las cuales se acumulan junto con

células del masculo liso, colageno y otras células espumosas apoptéticas.

Respecto a la obesidad, se ha constatado un aumento en la expresién génica y proteica de

ICAM1 y VCAML en el VAT (Bosanska et al., 2010) que se asocio a mayores niveles
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séricos de estas moléculas (Miller y Cappuccio, 2006). Ademas, se ha evidenciado un
incremento en la concentracién plasmética de oxLDL en pacientes con un aumento en los
depositos de VAT (Couillard et al., 2005), junto con mayor contenido de células
espumosas (Shapiro et al., 2013). Un estudio histoquimico observo una acumulacion de
células inflamatorias y adipocitos perivasculares productores de MCP1 en regiones
adrticas propensas a la aterosclerosis (Henrichot et al., 2005), donde el aumento de VAT
fue un predictor independiente de la presencia y extension de placas ateroscleroticas
coronarias (Ohashi et al., 2010). Por lo tanto, la respuesta inmune exacerbada y la
disfuncion endotelial instauradas en la obesidad podria elevar el riesgo de formacion de

placas de ateroma y aterosclerosis subclinica en estos pacientes.

1.2. Comorbilidades asociadas a la obesidad

La obesidad desencadena una serie de alteraciones metabdlicas sistémicas donde la
disfuncion del AT y la inflamacion cronica de bajo grado parece desempefiar un papel
central en la desregulaciéon del metabolismo celular y, consecuente, en la aparicion de
hipertensidn arterial, dislipidemia aterogénica e IR (Guh et al., 2009). Estas patologias no
solo afectan en la edad adulta, sino que también puede afectar en edades tempranas y

adolescencia (Sharma et al., 2019).

1.2.1. Hipertension arterial

La presion arterial hace referencia a la fuerza que ejerce la sangre contra las paredes de
las arterias. Se diagnostica hipertension si la SBP es > 140 mmHg y/o la DBP es > 90
mmHg. La hipertension es una de las principales causas de muerte prematura mundial y
aproximadamente el 46% de los pacientes con hipertensién no saben que la padecen
(WHO, 2021b). EI BMI, la SBP y la DBP presentan una asociacion lineal, donde las
estimaciones apuntan a un aumento de riesgo de instauracion de hipertension de 20-30%
por cada aumento del 5% del peso corporal, por lo que la pérdida de peso se asocia con
el restablecimiento de la presion arterial. En este sentido, el normopeso representa un
factor protector en la prevencion primaria de la hipertension. Estudios clinicos con
mujeres premenopausicas concluyen que la obesidad elimina el efecto cardioprotector de
los estrogenos, aumentando el riesgo de instauracion de hipertension en esta poblacion
(Natsis et al., 2020).
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La hipertrofia del adipocito desempefia un papel clave en la instauracion de la
hipertensidn al tener una implicacion directa en la aterogénesis y desarrollo de CVD. En
su conjunto, Chait y den Hartigh (2020) evidencian los diferentes mecanismos que
podrian estar mediando esta respuesta en la obesidad: la elevada liberacidn de citoquinas
proinflamatorias (TNFa, IL6, MCP1) con la infiltraciéon de macréfagos activados en el
endotelio y organos adyacentes, el aumento de FFA y CRP. Estas rutas metabolicas
aterogenicas, a su vez, van a producir el descenso de adiponectina (con una marcada
accion anticoagulante) y agravar el caracter proaterosclerético en los pacientes con
obesidad. La hipertension esta asociada a la activacion del RAAS (del inglés, renin—
angiotensin—aldosterone system), donde el AT perivascular contribuye a la liberacion de
la mayoria de los componentes de RAAS. A su vez, la angiotensina |1, péptido producido
a partir del angiotensindgeno, promueve la secrecion de factores de crecimiento vascular,
moléculas de adhesion (L- y P- selectina), ICAM1, VCAML y sus ligandos. Este estado
contribuye a la vasoconstriccién, aumento de presion arterial y disfuncion vasomotora
(Benigni et al., 2010; Nosalski y Guzik, 2017). En este contexto, otra comorbilidad

intimamente relacionada con la aterosclerosis es la dislipidemia aterogénica.

1.2.2. Dislipidemia aterogénica

Diversos procesos metabdlicos estdn involucrados en la captacion, transporte y
almacenamiento de los lipidos. Tras la ingesta dietética de grasas, los TG vy el colesterol
son captados por receptores en los enterocitos del intestino y ensamblados en forma de
quilomicrones con el objetivo de ser transportados a través de la circulacién periférica al
higado. Estas lipoproteinas son el resultado de la conjuncion de los ésteres de colesterol,
TG y fosfolipidos derivados de los alimentos. El higado sintetiza lipoproteinas ricas en
TG denominadas VLDL (del inglés, very-low density lipoprotein), encargadas de
transportar y ceder TG a las células para su consumo Yy el almacenamiento de energia.
Segun van cediendo TG van reduciendo su diametro durante el proceso de lip6lisis para
formar primeramente IDL (del inglés, intermediate density lipoprotein) y, finalmente,
particulas LDL con bajo contenido en TG vy alto de ésteres de colesterol, encargadas de
transportar el colesterol a los tejidos periféricos (Feingold, 2000; Klop et al., 2013).
Mediante la separacién por ultracentrigufacion, se definen 4 subclases de LDL en funcion
de la densidad y tamafio de la particula, incluyendo las LDL grandes (LDL 1), intermedias
(LDL 1), pequeiias (LDL I11) y sdLDL (LDL IV) (lvanova et al., 2017). El transporte
reverso de colesterol, es decir, aquel que se encarga del transporte del colesterol desde los
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tejidos periféricos al higado para su posterior excrecion a la bilis, se lleva a cabo mediante
las HDL. Se postula que un aumento de las HDL a través de cambios de estilo de vida
ocasiona efectos vasculares positivos. En cambio, los quilomicrones y las particulas LDL
pueden quedar retenidas en el espacio subendotelial para posteriormente ser fagocitadas
por los monocitos y macréfagos. Las sdLDL son més proaterogénicas al tener una mayor
afinidad por los proteoglicanos arteriales, moléculas estructurales de los vasos
sanguineos, lo que origina una mayor retencion de lipoproteinas en el espacio
subendotelial (Klop et al., 2013; Mérz et al., 2017).

La alteracion lipidica conocida como dislipidemia aterogénica se diagnostica
clinicamente al presentar elevados niveles de TG y sdLDL, junto con un nivel reducido
de HDLc. Los cambios cualitativos de las lipoproteinas se inducen principalmente por
anomalias en el metabolismo de los lipidos, debido al aumento de la reserva hepatica de
TG y una sobreproduccion de VLDL (Lechner et al., 2020). La dislipidemia aterogénica
representa la comorbilidad mas comun en la obesidad, seguida de la hipertension y T2D,
donde el indice cintura-cadera y la circunferencia de la cintura son predictores de esta
condicion (Paccaud et al., 2000; Toth et al., 2012). La liberacién cronica de FFA por parte
de los adipocitos estimula la sobreproduccion hepética de TG y altera el tamafio, densidad
y caracteristicas metabdlicas de las particulas LDL. Se conoce que los individuos con
obesidad tienen alterado el perfil lipidico, a favor del aumento de las particulas LDL
(Magkos et al., 2008), donde las sdLDL representan una condicién observada en
individuos con adiposidad central y que generalmente se asocia con riesgo cardiovascular.
Estas particulas muestran una menor afinidad por el receptor de LDL, tienen una vida
media mas larga en el plasma y una mayor susceptibilidad a la oxidacion y la glicacion
(Nikolic et al., 2013; Manna y Jain, 2015). El estado de IR en la obesidad reduce la
expresion del receptor LDL en el higado, aumentando las LDL circulantes y
disminuyendo la sintesis de HDL. Ademas, el exceso de FFA induce la sobreproduccion
de TG hepaticos, hecho que origina el aumento de gotas lipidicas en el higado (originando
acumulacién de grasa hepatica) y elevada secreciéon de VLDL. El resultado global es un

metabolismo lipidico proaterogénico (Choi y Ginsberg, 2011; Ponziani et al., 2015).

1.2.3. Insulin resistencia y diabetes mellitus

En condiciones fisioldgicas, la glucemia se regula a través de hormonas, como la insulina

y el glucagon. Asi, un aumento en los niveles de glucosa circulantes constituye un
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importante regulador de la funcion de las células B pancreaticas, ya que representa el
estimulo para la transcripcion de genes relacionados con la sintesis y secrecion de la
insulina (Cerf, 2013).

Los defectos en la sensibilidad de los tejidos periféricos en la respuesta a la insulina se
manifiestan a través de la IR. La progresion de la IR en el contexto de la obesidad supone
un agotamiento e incapacidad de respuesta de las células B ante una hiperglucemia
cronica. La hiperglucemia cronica estimula continuamente la sintesis de insulina con el
fin de mantener la glucemia en rangos fisioldgicos. Este hecho es clave en las alteraciones
fisiopatologicas de la T2D, provocando finalmente un fallo en la funcion de las células 3
que se caracteriza por la reduccion en su masa y el deterioro de la secrecién de insulina
estimulada por la glucosa (Ying et al., 2020). Se ha constatado una relacién directa y
bidireccional entre la obesidad y la T2D. La IR duplica el riesgo de CVD, donde la pérdida
de peso podria revertir este estado (Andolfi y Fisichella, 2018). Un alto porcentaje de los
pacientes con T2D presentan obesidad, siendo esta a su vez la principal causa de IR (Ying
et al., 2020).

La condicion de IR y fallo de las células B contribuye a aumentar los niveles circulantes
de FFA que a su vez altera la sintesis de insulina y su secrecion mediada por la glucosa
(Algoblan et al., 2014). La inflamacion crénica de bajo grado también tiene una
implicacion directa sobre la diabetes. A nivel sistémico, se ha constatado que los valores
HOMA-IR se asocian significativamente con los niveles plasmaticos de TNFo (Mannay
Jain, 2015). Profundizando en los mecanismos moleculares, se sabe que las citoquinas
TNFa e IL1P liberadas por las células infiltradas, generalmente macrofagos, en el
pancreas pueden provocar la apoptosis celular de las células  a través de la induccion de
estrés oxidativo y del estrés de ER (Cerf, 2013). Experimentalmente se ha observado que
la incubacion de las citoquinas IL1B o TNFa en islotes pancreaticos humanos o cultivos
de células B incrementan la apoptosis celular y reducen la secrecion de insulina mediada
por la glucosa (Ying et al., 2020). Este fallo  pancreatico podria estar mediado a través
de la sefializacién de NF-xB y JNK (Donath et al., 2008). Por lo tanto, estas citoquinas
podrian desempefiar un papel importante en la patogenesis de la insuficiencia progresiva
de las células B en la T2D.
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1.2.4. Sindrome metabolico y obesidad metabdlicamente sana

El MetS se caracteriza por un conjunto de factores de riesgo cardiometabolico que
aumentan el riesgo de padecer CVD. Los componentes que engloban el MetS son la
alteracion de la glucosa basal en ayunas, la obesidad abdominal, la hipertension y la
dislipidemia (Ginsberg y MacCallum, 2009). En cuanto a su diagndstico, varia
ligeramente segun las directrices publicadas en distintos organismos mundiales. Con el
objetivo de homogeneizar los criterios a utilizar, Alberti et al. (2009) recoge en su
publicacion un consenso entre diversas instituciones internacionales relacionadas con la
diabetes, obesidad y sistema circulatorio. Clinicamente, se diagnostica el MetS como la
presencia de tres 0 mas de las siguientes anomalias metabolicas: perimetro de cintura >
102 cm en hombres o > 88 cm en mujeres, niveles de HDL < 40 mg/dl en hombres y <
50 mg/dl en mujeres, TG > 150 mg/dl, SBP > 130 mmHg o DBP > 85 mmHg y niveles
de glucosa en sangre en ayunas > 100 mg/dl. El tratamiento farmacologico para reducir
los TG, la presidn arterial o la glucemia son también indicadores representativos del MetS
(Eckel et al., 2010). La relacion entre el MetS y el aumento del riesgo de CVD se ha
establecido mediante los resultados de ensayos clinicos a gran escala (Ginsberg y
MacCallum, 2009). En cambio, una vez que se instaura la T2D, se postula que el riesgo

cardiovascular se multiplica.

En contraposicién, se encuentra un grupo de pacientes con obesidad que presentan un
fenotipo “cardioprotector”. El concepto de obesidad metabdlicamente sana deriva de
observaciones clinicas de pacientes con BMI mayor de > 30 kg/m? (prevalencia entre 10-
20%) que no muestran alteraciones cardiometabdlicas. Se caracterizan por una funcion
del AT preservada con menor deposito de VAT y una mayor sensibilidad a la insulina
que los obesos con riesgo cardiometabolico y marcadores inflamatorios similares al grupo
de individuos con normopeso. En cuanto a su diagnéstico, Bluher (2020) propone que no
presenten criterios de TG, HDLc, presion arterial y glucemias establecidos para la
definicion de MetS; o no estar en tratamiento para hipertension arterial, dislipidemia o
T2D. Sin embargo, no existe un consenso claro entre la comunidad cientifica respecto a

los criterios de clasificacion.

La obesidad metabdlicamente “sana” es un término que crea controversia y son muchos
los investigadores que postulan las consecuencias perjudiciales a largo plazo. Constituye

un fenotipo de obesidad que predominantemente afecta a mujeres premenopausicas, a

45



1. TEMATICA

pacientes jovenes, con un BMI < 35 kg/m? y descendencia europea (Smith et al., 2019).
Debe de tratarse con cautela ya que el riesgo de desarrollar CVD sigue siendo mayor
respecto a individuos con normopeso, considerandose en muchos casos como una
situacion transitoria (Bluher, 2020). Entre los participantes del estudio prospectivo de
Pizarraetal., alos 6 afios de seguimiento el 21% de la cohorte diagnosticada con obesidad
metabdlicamente sana al inicio desarrollaron T2D (Soriguer et al., 2013). Otros estudios
longitudinales sefialan que entre el 30% y 50% de pacientes con obesidad
metabolicamente sana podrian evolucionar hacia una obesidad con factores de riesgo
cardiometabdlicos de 4 a 20 afios de seguimiento. Postulan que el factor determinante
seria la disminucién de sensibilidad a la insulina y aumento de la glucemia, donde el
mayor riesgo lo tendrian personas con BMI elevado, edad avanzada, estilo de vida

sedentario o consumo de tabaco (Smith et al., 2019).

1.3. Mecanismos moleculares implicados en la fisiopatologia de la obesidad y

comorbilidades

En este apartado nos vamos a centrar en la comprension de los mecanismos que podrian
estar involucrados en la instauracion y desarrollo de la obesidad y sus comorbilidades, asi

como en la identificacién de posibles dianas terapéuticas.

1.3.1. Estrés oxidativo

El estrés oxidativo es un proceso celular causado por el desequilibrio entre la produccion
de ROS y las defensas antioxidantes, destinadas a su neutralizacion. Un radical libre es
una molécula inestable y reactiva que contiene un electron no apareado en un orbital
atomico, pudiendo donarlo a otras moléculas o aceptar un electron de ellas. Existen
diferentes tipos de ROS (027, H20,, -OH y '0,) y RNS (ONOO"). Existe una fuerte
evidencia sobre el papel del estrés oxidativo en la instauracion o desarrollo de
determinadas enfermedades como el cancer, CVD o enfermedades metabdlicas, por lo
que su estudio adquiere un papel fundamental en la fisiopatologia de la obesidad (Lobo
et al., 2010; Pizzino et al., 2017).

Fisioldgicamente, la presencia de ROS es necesaria para llevar a cabo diferentes
sefializaciones celulares como la fosforilacion de proteinas, activacion de factores

transcripcionales o interviniendo en la diferenciacion celular (Rajendran et al., 2014). En
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cambio, elevados niveles de ROS provocan dafio a lipidos, proteinas, carbohidratos y
acidos nucleicos, lo que se traduce en la formacion de perdxidos lipidicos, carbonilacién
de proteinas, compuestos glicados y mutaciones del DNA. Esto supone cambios en la
sefializacion celular y activacion de rutas apoptoticas (Pizzino et al., 2017; Roy et al.,
2017).

Produccion de especies reactivas de oxigeno

Los radicales libres son el resultado de procesos metabolicos a través de reacciones
enzimaticas (cadena respiratoria, fagocitosis, sintesis de prostaglandinas y sistema del
citocromo P-450) y no enzimaticas (reacciones resultantes de compuestos organicos o
iniciadas por radiaciones ionizantes). Su formacion puede activarse a partir de fuentes
enddgenas como la activacion de células inmunes, ejercicio excesivo o el envejecimiento;
o por fuentes exdgenas como la exposicion a contaminantes ambientales (Pizzino et al.,
2017). Centrandonos en la fuente enddgena de produccién de ROS, la mitocondria es el

principal organulo responsable, aunque existen otras fuentes productoras.

Delimitada por una doble membrana y un espacio intermembrana, la mitocondria es la
principal encargada de abastecer energia en forma de ATP a la célula a través de la
respiracion celular. En la matriz y membrana interna mitocondrial se desarrollan dos
procesos metabdlicos esenciales: el ciclo de Krebs y la ETC. El ciclo de Krebs se encarga
de oxidar el piruvato cedido por la glicolisis, produciendo intermediarios energéticos en
forma de NADH y FADH: (del inglés, flavin adenine dinucleotide). Estos compuestos
transportan los electrones necesarios para el funcionamiento de la ETC. La ETC se
localiza en la membrana interna mitocondrial y estd compuesta por los complejos I-1V
junto con la ubiquinona y citocromo C, cuya funcién es el transporte de electrones entre
los diferentes complejos proteicos. El objetivo de la ETC es la creacion de un gradiente
electroquimico, mediante la transferencia de electrones al Oz y el bombeo de protones
desde la matriz hacia el espacio intermembrana. Se conocen dos vias de transporte de
electrones en la ETC: el complejo I/111/IV, con NADH como sustrato y el complejo
I/111/1V, con FADH2 como sustrato. Simultdneamente, los complejos I, 111y IV bombean
electrones al espacio intermembrana creando un gradiente electroquimico. Este gradiente
es empleado por la ATP sintasa para formar ATP o disiparlo a la matriz mitocondrial por
las UCP (Friedman y Nunnari, 2014; Di Meo et al., 2016; Zhao et al., 2019).
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En condiciones fisiologicas, del 0,2 al 2% de los electrones no siguen el orden de
transferencia en la ETC, sino que se disipan directamente sin acoplarse a la generacion
de ATP en un proceso conocido como fuga de electrones, que conduce a la formacion de
mtROS. El complejo I y 111 son los principales complejos involucrados en la produccion
de O2". Los ROS generados por el complejo | se acumulan en la matriz mitocondrial y
reaccionan facilmente con el mtDNA u otros componentes vulnerables al dafio oxidativo,
como los lipidos, mientras que los ROS derivados del complejo 11, localizadas en la
matriz 0 espacio intermembrana, pueden servir como segundos mensajeros en la
sefializacion celular (Bleier et al., 2015; Scialo et al., 2017; Zhao et al., 2019).

En cuanto a otras fuentes de ROS no mitocondriales, el citosol, los peroxisomas, la
membrana plasmatica y los lisosomas estan también involucrados en la formacion de
ROS celulares. En estos compartimentos intervienen las enzimas xantina oxidasa, 6xido
nitrico sintasa y la NADPH (del inglés, nicotinamide adenine dinucleotide phosphate)
oxidasa, entre otras (Di Meo et al., 2016). Otra enzima importante en la generacion de
ROS en los leucocitos es la MPO. Esta presente en organulos unidos a la membrana
citoplasmatica de neutrofilos, linfocitos y macrofagos. Su funcion es captar el H20:
intracelular y oxidar sustratos para dar lugar a la formacidn de diversos &cidos, con el fin
de actuar como bactericida celular. Sin embargo, las actividades antibacterianas de la
MPO suponen la produccién de diferentes ROS y RNS por lo que cualquier produccién
excesiva 0 no regulada de estos compuestos podrian exacerbar el estrés oxidativo en los
leucocitos (Khan et al., 2018).

Por lo tanto, una excesiva producciéon de ROS tanto mitocondriales como no
mitocondriales inducen un aumento de ROS en la célula creandose de esta forma un
circulo vicioso. Es por esto que las defensas antioxidantes tienen un papel fundamental

en la neutralizacion y eliminacion de ROS.

Defensas antioxidantes

Un antioxidante es una molécula que retrasa o inhibe el dafio celular al ser capaz de
neutralizar los radicales libres. Los antioxidantes ejercen su efecto suprimiendo la
formacion de radicales libres, la eliminacién de los radicales ya formados o mediante la
degradacion y eliminacion de las moléculas modificadas por la oxidacion, previniendo su

acumulacién (Lobo et al., 2010).
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En primer lugar, la familia enzimatica SOD estan presentes en la gran mayoria de las
células aerobicas y llevan a cabo la descomposicion del O2~ en Oz y H20,. Existen tres
isoformas de SOD con los siguientes metales asociados: SOD1 (Cu/Zn) localizada en el
citoplasma, es la principal isoforma encargada de neutralizar el O>~ en el espacio
intermembrana de las mitocondrias. La SOD2 (Mn) se localiza en la matriz mitocondrial
y SOD3 (Cu/Zn), que actlia en vasos sanguineos, pulmon y rifidn. Tras la accion de las
SOD, las CAT son las encargadas de la descomposicion del H2O2 en H2O y O, las cuales
se expresan principalmente en el higado y eritrocitos. Por ultimo, el sistema de glutation,
uno de los antioxidantes méas importantes al mantenerse en forma reducida, incluye el
glutation (con 8 isoformas), glutation reductasa, GPX y glutation S-transferasa. Su
mecanismo de accién consiste en la transformacién de H20. en H2O y Oz o el
hidroperdxido organico (ROOH) en el alcohol correspondiente (ROH). A diferencia de
la CAT, la GPX detecta pequefias elevaciones de H>O». Esta enzima tiene una isoforma,
Ilamada GPX1, que es la forma mas abundante en citosol y matriz mitocondrial (Lobo et
al., 2010; Zhang et al., 2019) (Figura 3).
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Figura 3. Estrés oxidativo y defensas antioxidantes
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Mecanismos involucrados en la produccion de ROS y defensas antioxidantes en la célula. En primer lugar,
durante la OXPHOS se genera un flujo de electrones a través de los complejos mitocondriales 1-1V, los
cuales se acumulan en el espacio intermembrana de la mitocondria, para posteriormente retornar a la
matriz mitocondrial mediante el paso por la ATP sintasa. La fuga de electrones, principalmente en el
complejo 1y 111, origina la acumulacion de Oy~ con consecuencias para la mitocondria, otros componentes

celulares y macromoléculas. La enzima SOD?2 es la encargada de neutralizar el O~ en O,y H.0,y la GPX
transforma el H.O; en H,0.

Estrés oxidativo, obesidad y comorbilidades asociadas

El estrés oxidativo representa uno de los mecanismos fisiopatoldgicos mas relevantes en
el desarrollo de las comorbilidades asociadas a la obesidad. Concretamente, se postula
que la inflamacidn cronica, la hiperlipidemia y la hiperglucemia inducen un desequilibrio
oxidativo a través de la elevada produccion de mtROS y una respuesta antioxidante
ineficaz. Como consecuencia de estas alteraciones, el estrés oxidativo desencadena una
alteracion en la homeostasis mitocondrial. Sin embargo, el grado de contribucion de cada

uno de estos factores dependera del estado metabdlico del individuo (Vincent y Taylor,
2006).
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Inflamacion cronica

Las adipoquinas son proteinas que median la inflamacion cronica de bajo grado en la
obesidad con implicacion directa en la induccion del estrés oxidativo. A nivel
mitocondrial, el tratamiento con TNFa en adipocitos 3T3-L1 supuso un aumento de la
fuga de protones, un desacoplamiento del consumo de Oz y una menor produccién
intracelular de ATP. En paralelo, impulsé una mayor liberacién de mtROS, aumento de
la carbonilacion de proteinas y, finalmente, la fragmentacion mitocondrial (Chen et al.,
2010; Hahn et al., 2014). La leptina, la cual esta elevada en pacientes con obesidad, induce
la produccion de mtROS y MCP1 en las células endoteliales adrticas (Yamagishi et al.,
2001). Ademés, como ya hemos indicado previamente, interviene en la diferenciacion de
celulas T hacia un fenotipo proinflamatorio Thl, por lo que desempefia un papel

fundamental en la fase inicial de la inflamacion y estrés oxidativo.

Hiperlipidemia e hiperglucemia

La obesidad esta intimamente relacionada con la alteracion del metabolismo de los lipidos
y la hiperglucemia. El exceso de estos sustratos energéticos induce un suministro
exacerbado de electrones a la ETC, lo que provoca un aumento de la polarizacion de la
membrana mitocondrial (AY) y una mayor probabilidad de fuga de electrones, generando

ROS vy respuestas deletéreas (Zhao et al., 2019).

1) Hiperlipidemia: Los FFA plasmaticos elevados impiden el intercambio de ATP y
ADP (del inglés, adenosine diphosphate) entre la matriz y la membrana interna
mitocondrial por lo que promueven la generacién de O>~ en la ETC mitocondrial
(Manna y Jain, 2015). Elevados niveles de lipidos suponen una mayor
susceptibilidad a la modificacion oxidativa por los ROS en el AT, higado y
musculo esquelético de pacientes con obesidad (Ahmed et al., 2021). A su vez, la
exposicion crénica a elevados niveles de glucosa y FFA supone el aumento de la
produccion de ROS en las células B pancreaticas, disminuyendo su capacidad de
sintesis de insulina, tal y como hemos mencionado anteriormente. A esto se une
que las células B presentan intrinsecamente una baja expresion de enzimas
antioxidantes, por lo que serian mas vulnerables ante el estrés oxidativo (Manna
y Jain, 2015).
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2) Hiperglucemia: La sobrecarga de glucosa intracelular supone un aumento de la
via glucolitica y del ciclo de Krebs, lo que resulta en el aumento de los sustratos
NADH y FADH>, incremento del potencial de membrana mitocondrial y la
consecuente fuga de electrones a través del complejo I, fundamentalmente,
generando Oy~. Este radical libre inhibe a la enzima GAPDH (del inglés,
glyceraldehyde-3-phosphate dehydrogenase) y redirige los metabolitos hacia las
siguientes rutas: (1) via de polioles que aumenta la conversién de glucosa en
sorbitol; (2) via de hexosaminas que inhibe la tiorredoxina; (3) ruta de metilglioxal
(precursor de los AGE (del inglés, advanced glycosylation products) y (4) ruta
diacilglicerol (activacion via PKC [del inglés, protein kinase C]). Estos cuatro
mecanismos inducen el estrés oxidativo mediante la formacion de ROS vy la

inhibicidn de los mecanismos antioxidantes (Manna y Jain, 2015).

En su conjunto, la hiperlipidemia y la activacion de rutas alternativas en la hiperglucemia
induce el estrés oxidativo/nitrosativo, ya sea por el aumento de la produccion de radicales

libres o por el deterioro de las defensas antioxidantes.

Produccion de ROS y respuesta antioxidante ineficaz

En el contexto de la obesidad, la literatura cientifica apunta a una mayor deteccion de
biomarcadores de estrés oxidativo (carbonilacion de proteinas, peroxidacion de lipidos o
MDA [del inglés, malondialdehyde]) en pacientes con obesidad (Dandona et al., 2001;
Olusi, 2002; Ferretti et al., 2005), de manera dependiente al BMI (Keaney et al., 2003).
Por otra parte, centrandonos en las defensas antioxidantes, las actividades de las enzimas
antioxidantes SOD y GPX resultaron ser menores en los eritrocitos de los pacientes con
obesidad (Olusi, 2002; Colak et al., 2020), donde a su vez la capacidad antioxidante fue
inversamente proporcional con el grado de adiposidad (Chrysohoou et al., 2007). Méas
concretamente, en los PBMC de pacientes con obesidad se detectd una reduccion
significativa de las actividades enziméaticas SOD, CAT y GPX, junto con un aumento del
ratio glutation oxidado/reducido (Monzo-Beltran et al., 2017). Se hipotetiza que las
modificaciones en el estilo de vida en pacientes con obesidad (ejercicio o intervenciones
dietéticas) podrian ofrecer una atenuacion del estrés oxidativo al reducir los ROS
(Bevilacqua et al., 2004) y/o aumentar las defensas antioxidantes (Shin et al., 2008).

52



1. TEMATICA

Disfuncion mitocondrial

La disfuncion mitocondrial se define como la incapacidad de las mitocondrias para
generar ATP de acuerdo a los requerimientos energéticos celulares. Este término engloba
las respuestas maladaptativas de la mitocondria ante alteraciones en el catabolismo de
sustratos, mutaciones del mtDNA, produccion de mtROS, dindmica y biogenesis
mitocondrial y apoptosis (de Mello et al., 2018). Las mitocondrias del adipocito (Yin et
al., 2014) y tejido muscular (Sparks et al., 2005) presentan en la obesidad una menor
capacidad oxidativa (entendido como la tasa de consumo de O) y expresion genica de
los complejos de la ETC. Todo esto supone el enlentecimiento de la respiracion
mitocondrial y aumento de la reserva de NADH, potenciando la generacion de mtROS.
La liberacion de mtROS en los adipocitos interfiere en la oxidacion de los &cidos grasos
y favorece la acumulacion de lipidos en forma de TG (Bournat y Brown, 2010) que a su
vez estimula la liberacion de citoquinas proinflamatorias, acentuando la disfuncién
mitocondrial. El estrés oxidativo activa uno de los principales mediadores de la respuesta
inflamatoria, el NF-xB. Este factor de transcripcion, a su vez, media la liberacion de
citoguinas inflamatorias en los PBMC de pacientes con obesidad (Mufioz y Costa, 2013)

a través de los TLR y la formacion del complejo inflamasoma.

1.3.2. Formacion del complejo inflamasoma

El sistema inmunitario es el responsable de mantener la homeostasis frente a agresiones
tanto externas como internas gracias al reconocimiento de patégenos, células dafiadas o
desequilibrios metabolicos. Los factores involucrados en la generacion de una respuesta
inflamatoria se clasifican en PAMP y DAMP (Latz et al., 2013; Zheng et al., 2020).

El complejo del inflamasoma es el principal mediador del sistema inmune. Consiste en
un complejo multimérico formado por los sensores NLR o ALR, por la proteina
adaptadora ASC vy el efector de procaspasa-1. La proteina ASC es la encargada de
establecer un nexo de union entre los sensores y el efector de procaspasa-1. Este Gltimo
sensor activa la caspasa 1, que regula y activa proteoliticamente las citoquinas IL1p e
IL18, responsables de generar una actividad proinflamatoria y muerte celular denominada
piroptosis. Los precursores de IL1f (pro-IL1B) e IL18 (pro-1L18) se localizan en el citosol
y su transcripcion es inducida por NF-kB (en el caso de pro-IL1B) o de manera
constitutiva (pro-1L18), donde su expresion aumenta tras la activacion celular. La

permeabilizacion de la célula por la piroptosis permite liberar sefiales de peligro
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enddgenas con el objetivo de reclutar y activar otras células inmunitarias (Latz et al.,
2013; Rathinam y Fitzgerald, 2016).

Como hemos mencionado previamente, los PAMP y DAMP activan la respuesta
inmunitaria y el inflamasoma. Centrandonos en los PAMP, el inflamasoma NLRP3 puede
ser activado por bacterias Gram-positivas y Gram-negativas, a través de la activacion del
flujo de K™, y por multitud de virus y proteinas viricas. Dentro de la categoria de DAMP
enddgenos, la activacion del inflamasoma NLRP3 puede ser inducida por los siguientes
estimulos: aumento de la concentracion de ATP, alteracion del pH extracelular, aumento
del flujo de iones (K* citosélico y movilizacion de Ca*?), disfuncion mitocondrial
(oxidacion del mtDNA), degradacion de los componentes de la matriz extracelular, ROS
y acumulacion de fibras de B-amiloide, cristales de &cido Urico o colesterol (Pellegrini et
al., 2017; Zheng et al., 2020). Los inductores previamente mencionados de NLRP3
también pueden desencadenar la produccion de ROS y se conoce que el uso de
antioxidantes inhibe la activacion de NLRP3, por lo que el estrés oxidativo parece que

podria mediar la activacién del complejo inflamasoma.

El sensor NLRP3 es el Gnico de su familia cuya activacion se divide en dos pasos: (1)
induccién de factores de transcripcion y (2) oligomerizacion de los componentes. A su
vez, su activacion puede producirse mediante la via candnica y la via no candnica. En la
activacion canonica, el primer paso estd mediado principalmente por PAMP a través de
las moléculas adaptadoras del TLR-LPS y/o receptores de citoquinas (como TNFa) que
activan la transcripcion nuclear de NF-kB y, éste, induce la expresion génica de pro-il18,
pro-il1f y nlrp3. El paso de la oligomerizacion del inflamasoma NLRP3 conduce a la
activacion de la caspasa 1 para la liberacion de las citoquinas IL1f e IL18. La activacion
no candnica del inflamasoma NLRP3 es dependiente de la caspasa 11. Esta via se activa
por la presencia de bacterias Gram negativas que, ademas de inducir los factores de
transcripcion de la via candnica, provocan la sintesis de factores reguladores de IFN (del

inglés, interferon) o/P y caspasa 11 (Pellegrini et al., 2017) (Figura 4).
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Figura 4. Activacién del complejo inflamasoma NLRP3
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Activacion y regulacion del complejo inflamasoma NLRP3. Tras recibir estimulos extracelulares
inflamatorios por medio de receptores de membrana, se activa una cascada de sefializacion que desemboca
en 1) activacion del factor de transcripcién NF-kB, el cual induce la expresion de proteinas NLR y el
precursor inactivo de IL1f e IL18. 2) Induccion del ensamblaje de los componentes del inflamasoma
NLRP3. Formado por NLRP3 y ASC, el inflamasoma NLRP3 complementa su funcién al formar un
complejo con afinidad a la procaspasa 1. Esta union permite la escision a la forma madura de caspasa 1,

la cual interviene en la maduracion de las citoquinas proinflamatorias IL1f e IL18.

Complejo inflamasoma, obesidad y comorbilidades asociadas

La relacion entre la obesidad y la formacion del complejo inflamasoma NLRP3 ha sido
ampliamente estudiada durante los Gltimos afios. Se postula que el inflamasoma NLRP3
se puede activar por la hiperglucemia, FFA elevados, citoquinas proinflamatorias,
hiperleptinemia y oxLDL (Esser et al., 2014; Wani et al., 2021).

Originalmente, se observd una activacion del inflamasoma NLRP3 en células
pancreaticas y macrofagos infiltrados en los islotes pancreaticos (Esser et al., 2014). Estas

investigaciones se complementaron en los macréfagos infiltrados en el AT de humanos y
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ratones, los cuales sintetizan mayores niveles de NLRP3, caspasa 1 e IL1 respecto a
individuos con normopeso. Ademas, estos aumentos se correlacionaron positivamente
con IR, demostrando la implicacion del inflamasoma NLRP3 en la deteccion de sefiales
de peligro asociadas a la obesidad (Vandanmagsar et al., 2011; Esser et al., 2013).
También se ha observado que el inflamasoma NLRP3 se asocia con la hipertrofia en el
AT de adolescentes con obesidad, donde el aumento en la expresion génica de caspasa 1
se correlaciono inversamente con la sensibilidad a la insulina en esta poblacion (Kursawe
etal., 2016). Asimismo, la evidencia cientifica apunta que los linfocitos T y B son también
capaces de inducir una respuesta mediada por el inflamasoma NLRP3. En primer lugar,
se ha observado mayores niveles de mRNA de nlrp3, caspasa 1 e i/ en linfocitos T de
pacientes hipertensos frente a sujetos normotensos (Zhu et al., 2017). En individuos con
sobrepeso, se detectd mayor proporcion de células T CD8+ infiltradas en su VAT, que
correlaciona positivamente con los niveles de actividad de la caspasa 1 (Koenen et al.,
2011). Nishimura et al. (2009) concluyeron que la subpoblacion de células T CD8+ seria
esencial para la acumulacion y activacion de macréfagos durante la disfuncion del VAT
en ratones alimentados con HFD. En conclusion, los estudios apuntan a una asociacién

entre el inflamasoma NLRP3 y la obesidad/IR.

1.3.3. Autofagia

La autofagia es un proceso celular catabolico encargado de la degradacion y el reciclaje
de componentes celulares necesario para mantener la homeostasis celular. La autofagia
conlleva al aumento de la disponibilidad de aminoacidos necesarios para la sintesis de
nuevas proteinas, contribuye a la eliminacion de patogenos y previene el estrés celular

(Orenstein y Cuervo, 2010).

La evidencia cientifica diferencia tres tipos de autofagia: la macroautofagia, la
microautofagia y la CMA (del inglés, chaperone-mediated autophagy). En la
macroautofagia se crea una estructura inicial formada por una membrana, llamada
fagoforo, que se extiende alrededor de una carga a degradar hasta formar una doble
membrana, estructura denominada autofagosoma. Posteriormente, se fusiona con los
lisosomas, formandose el autofagolisosoma, para degradar el contenido celular. La
microautofagia implica la invaginacion directa del material citoplasmatico al lisosoma.
Por ultimo, la CMA consiste en la identificacion de proteinas citosolicas que contienen

un dominio terminal KQFERQ, transporte al lisosoma mediado por las chaperonas
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HSC70 (del inglés, heat shock cognate protein of 70 kDa) y, por ultimo, la union al
receptor de membrana lisosomal LAMP (del inglés, lysosome-associated membrane
protein) 2 (Glick et al., 2010).

Centrandonos en la macroautofagia, podemos discernir entre los tipos en funcion de la
carga citoplasméatica a degradar se encuentra la mitofagia (mitocondria), xenofagia
(microorganismos), ribofagia (ribosomas), agrefagia (proteinas agregadas), pexofagia
(peroxisomas), crinofagia (fusion directa de vesiculas secretoras con lisosomas),
reticulofagia (ER). Este proceso se divide en varias fases, las cuales son: iniciacion,

nucleacion, elongacion, fusion y degradacion (Gonzélez-Polo et al., 2016) (Figura 5).

(1) La fase de iniciacién puede estar inducida por privaciéon de nutrientes, falta de
aminoéacidos o &cidos grasos o aumento de ratio AMP/ATP. La proteina mTOR
es un regulador critico de la induccion de la autofagia donde su inhibicion
promueve la autofagia mediante la activacion del complejo ULK1. La proteina
AMPK induce la autofagia mediante la estimulacion de diferentes proteinas
intermediarias o por inhibicion de mTOR. La iniciacion implica la formacion de
una nueva membrana a partir de otras existentes o de la donacion directa de
lipidos. Las posibles membranas donadoras son el ER, el aparato de Golgi o las

mitocondrias.

(2) Durante la fase de nucleacion, las proteinas BECLIN1, ATG14 y p150 activan la
enzima PI3K que media la formacién del fosfolipido PI(3)P (del inglés,
phosphatidylinositol 3-phosphate) en la membrana original. Esta estructura

servira como punto de ensamblaje del fagéforo.

(3) Durante la elongacion del fagéforo la proteina ATG12 se conjuga con ATG5 en
una reaccion similar a la conjugacion con ubiquitina que requiere ATG7 y
ATG10. Este conjugado es necesario para la union de ATG16 a este complejo,
originando ATG12-ATG5-ATG16 el cual se disocia de la membrana al finalizar
la formacion del autofagosoma. A su vez, en el citosol se localiza LC3 que con la
accion LC3l se procesa a LC3I1 mediante la eliminacion de su extremo C-terminal
y la conjugacion con PE (del inglés, phosphatidylehanolamine) mediante las
enzimas ATG7 y ATG4. Las proteinas p62 y NBR1 interaccionan con LC3lI
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mediante los dominios LIR. Estas proteinas son las encargadas de formar
agregados ubiquitinados en los componentes a degradar y unirlos al

autogafosoma.

(4) El proceso de fusion supone la union del autofagosoma con el lisosoma
(autofagolisosoma) para degradar su contenido mediante las enzimas lisosomales

y posteriormente liberarlo al medio celular.

(Kirkin et al., 2009; Burman y Ktistakis, 2010; Alers et al., 2012; Codogno et al., 2011,
Gonzalez-Polo et al., 2016).

En el caso concreto de la mitofagia, se procede al reciclaje de las mitocondrias
disfuncionales mediante la activacion de diferentes rutas de sefializacion. Por una parte,
en respuesta al dafio mitocondrial, la proteina MIEAP induce la formacién de un poro
entre las membranas mitocondriales, permitiendo la acumulacién de proteinas
lisosomales como LAMP1 o LAMP2 dentro de las mitocondrias. Por lo tanto, MIEAP
esta involucrado en el mantenimiento de la calidad mitocondrial al ser punto de inicio en
la degradacion lisosomal de las mitocondrias dafiadas (Nakamura y Arakawa, 2017). Por
otra parte, la mitofagia puede estar mediada a través de la macroautofagia. Esta ruta de
sefializacion estd mediada principalmente por PINK1 y PRKN. Tras la disipacion del
potencial de la membrana mitocondrial, se acumula PINK1 en la membrana mitocondrial
externa y recluta a PRKN. La poliubiquitinacion inducida por PRKN sirve de punto de
anclaje de p62 y facilita el reconocimiento por LC3, permitiendo asi su unién al

autofagosoma (Song et al., 2020).
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Figura 5. Autofagia y mitofagia
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Cascada de sefializacién involucrada en induccion y formacién de autofagosomas. Tras la deteccion de
falta de nutrientes, se induce la formacion del autofagosoma a través de las fases de induccién, nucleacion,
elongacion, fusion y degradacion del autofagosoma. Durante la elongacién, las proteinas p62 y NBR1 son
las encargadas de unir el objetivo a degradar en la membrana del autofagosoma. La autofagia selectiva
de mitocondrias (mitofagia) se lleva a cabo mediante la sefializacion por PINK1/PRKN, que garantiza la

homeostasis mitocondrial y celular.

Ademaés de los ya mencionados componentes que activan la autofagia, en el contexto de
las enfermedades metabolicas existen otras rutas involucradas en su activacion y
regulacién como son la formacion del complejo del inflamasoma y el estrés oxidativo. La
relacién entre la autofagia y el inflamasoma ha sido estudiada durante estos Gltimos afios
y se postula que ambos procesos celulares presentan un mecanismo de retroalimentacion
positiva y negativa. En primer lugar, estudios sobre lineas celulares de macrofagos
postulan que la induccion de la autofagia depende de la presencia de los sensores AIM2
(del inglés, absent in melanoma 2) o NLRP3 (no dependiendo de ASC o caspasa 1),
observando una colocalizacion entre ASC, p62 y LAMPL. Estos datos sugieren que la

autofagia presenta una regulacion positiva con la actividad del inflamasoma (Shi et al.,
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2012). Por otra parte, la autofagia puede regular negativamente la activacion del
inflamasoma NLRP3 eliminando los activadores del complejo inflamasoma, como las
mitocondrias disfuncionales, componentes del inflamasoma y/o citoquinas (Biasizzo y
Kopitar-Jerala, 2020). Es por ello que se necesitan mas estudios para poder esclarecer la
posible interrelacion entre la autofagia y la activacion del complejo del inflamasoma, con
el fin de elucidar su posible implicacion en enfermedades con base inflamatoria como la
obesidad. En cuanto a la posible interrelacion entre la autofagia y el estrés oxidativo, se
postula que la autofagia se activa en respuesta a situaciones de estres oxidativo con el fin
de prevenir la apoptosis celular, aunque la desregulacion de la autofagia puede provocar
la acumulacion de ROS (debido, por ejemplo, a la incorrecta eliminacion de mitocondrias
dafiadas). Especificamente, el H.O> puede regular la actividad de ATG4 en cultivos
celulares, conduciendo a un aumento de la formacion de autofagosomas (al conjugar LC3)
o lainhibicién de la elongacion de la membrana (al impedir la lipidacion de LC3) (Scherz-
Shouval et al., 2007).

Autofagia, obesidad y comorbilidades asociadas

Las evidencias sobre la modulacion de la autofagia en la obesidad son controvertidas, ya
que la obesidad o la sobrealimentacién pueden suprimir o promover la autofagia en
funcion de la naturaleza y la evolucion de la obesidad, asi como del tipo de tejido o células

analizados.

Centrandonos en el AT, varios estudios postulan un aumento de expresion génica y
proteica de ATG5, ATG7, ATG12 y LC3Il acompariado de un descenso de p62 en tejido
omental, VAT y SAT de pacientes con obesidad (Kovsan et al., 2011; Jansen et al., 2012;
Xu et al., 2018). Este tipo de perfil se asocia con un fenotipo de obesidad de alto riesgo
cardiometabdlico al asociarse con una obesidad central y un aumento del indice
cintura/cadera. En los estudios centrados en pacientes con obesidad y T2D (Ost et al.,
2010; Kosacka et al., 2015), el aumento de la autofagia en ambas poblaciones se asocid
con un estado proinflamatorio en el AT. En el SAT de pacientes con obesidad y T2D, se
detectd un aumento en la expresién de BECLIN1 y formacion de autofagosomas respecto
a una cohorte de pacientes sin patologias, situacion que revirtio al afio de la pérdida de
peso (Nufez et al., 2013). El grupo de Stienstra (Jansen et al., 2012) hipotetiza que la
inflamacion del AT podria aumentar la autofagia para mitigar y resolver la produccion de

citoquinas proinflamatorias. En cuanto a la autofagia selectiva de mitocondrias, se

60



1. TEMATICA

investigo el efecto de altas concentraciones de palmitato en adipocitos 3T3-L1. En este
sentido, observaron una activacién de la via PINK1-PRKN a bajas concentraciones de
palmitato y una inhibicién a concentraciones mas altas (Cui et al., 2018).

La autofagia presenta también un rol en la polarizacién de los macrofagos y la
inflamacidn crénica de bajo grado caracteristica de la obesidad. Los macrofagos aislados
de médula dsea e higado de ratones alimentados con una HFD mostraron una disminucién
del flujo autofagico respecto a ratones con una dieta control. El blogueo de la elongacion
del autofagosoma a través de ATG5 supuso una polarizacion de los macréfagos hacia el
fenotipo M1, altamente inflamatorio, con secrecion de TNFa e IL6; y a su vez, un
descenso en el fenotipo antiinflamatorio M2 (Liu et al., 2015). Durante la inflamacion
mediada por LPS, los macréfagos de ratones con obesidad expresaron menores niveles
de LC3II con una acumulacion de p62 comparado con ratones con normopeso. Tras el
bloqueo génico de ATG7 en este modelo murino, se aumentd la proporcion de
macrdéfagos M1 proinflamatorios, ROS, infiltracion de macrdfagos en el AT y deterioro

la sensibilidad a la insulina (Kang et al., 2016).

En cuanto a la relacién entre la autofagia, la inflamacion y el estrés oxidativo, se ha
evidenciado un descenso de expresion de lamp2, beclinl, LC3Il y la citoquina
antiinflamatoria 1L10 en los PBMC de pacientes con T2D. Junto con ello, hubo un
aumento de p62, TNFa e IL1p las cuales correlacionaron negativamente con los niveles
de LC3. En su conjunto este estudio concluye que existe una relacién entre una autofagia
defectuosa y la inflamacion en T2D (Alizadeh et al., 2018). El proceso de instauracion de
T2D en pacientes prediabéticos podria estar mediado a través del descenso progresivo en
la mitofagia y autofagia e incremento del estrés oxidativo (Bhansali et al., 2017). En su
conjunto, la induccion de la autofagia en los PBMC podria ser un mecanismo de
proteccion frente al ROS y RNS detectado en pacientes con T2D vy dislipidemia
(Chatterjee et al., 2019).

Teniendo en consideracion las evidencias mostradas previamente, la regulaciéon de la
autofagia en la obesidad podria ocurrir en respuesta a estimulos inflamatorios o
disrupciones metabdlicas como mecanismo compensatorio para eliminar las cargas

selectivas como mitocondrias, lipidos, agregados de proteinas y organulos celulares
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dafados; por otra parte, la autofagia disfuncional podria contribuir a la fisiopatogénesis y

conducir a la induccién de comorbilidades asociadas a la obesidad.

1.3.4. Metabolismo mitocondrial

Para mantener la homeostasis metabdlica, los organismos ajustan la capacidad y la
eficiencia de la generacion de ATP a los cambios en la demanda de energia celular. La
actividad mitocondrial puede regularse principalmente a través de la activacion o

inhibicidn de dos rutas metabdlicas: biogénesis y dinamica mitocondrial (Figura 6).

El principal responsable de la biogénesis mitocondrial es PGCla, que puede ser activado
a través de AMPK y SIRT1. Tras la restriccion caldrica y el ayuno, AMPK se activa
debido al aumento de la proporcién de AMP en relacion con el ATP. La activacion de
AMPK induce un aumento simultaneo de los niveles de NAD activando las rutas
catabdlicas (como la autofagia al fosforilar y activar el complejo ULK1 en condiciones
de ayuno) e inhibiendo los procesos que consumen energia. Por efecto contrario, el exceso
caldrico inhibe la actividad de la AMPK debido a los altos niveles de ATP intracelular.
En el estado basal, PGCla esta acetilado (inactivando su actividad) y en situacion de
estrés nutricional, SIRT1 desacetila a PGCla, activandolo y desencadenando biogénesis
mitocondrial y adaptaciones a largo plazo ante situaciones de estrés celular. PGCla
induce la expresion de TFAM y NRF1/2, aumentando la transcripcion del mtDNA y de
las proteinas de la ETC. En el equilibrio entre las tasas de acetilacion y desacetilacion
también intervienen SIRT3 y SIRT5. En este sentido, SIRT3 regula la actividad
mitocondrial al ser inducida en situacion de ayuno y facilita la oxidacion de los acidos
grasos Y transferencia de electrones en la ETC, por lo que ofrece proteccion frente a la
generacion de mtROS (Kim et al., 2011; Gao et al., 2014; Gureev et al., 2019; Wang et
al., 2021).

El segundo proceso del metabolismo mitocondrial es la dindmica mitocondrial y es
necesario para el mantenimiento de la forma, distribucién y tamafio de las mitocondrias.
Los cambios en la arquitectura de la red mitocondrial implican un estrecho equilibrio
entre las proteinas que promueven la fusion y fisién mitocondrial. En primer lugar, en la
fusién de la membrana externa y la membrana interna intervienen las moléculas MFN1,
MFN2 y OPA1. A su vez, la fision mitocondrial es mediada por DRP1, FIS1, MFF y
MiD49/51. En condiciones de equilibrio energético, las mitocondrias permanecen
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distribuidas en el citosol sin formar complejos; en cambio, en condiciones de ayuno
tienden a fusionarse formando mitocondrias interconectadas compartiendo estructuras
mitocondriales. La fusion mitocondrial se produce en cuatro etapas diferentes: (1) la
aproximacion de las membranas externas de dos mitocondrias por MFN1/2, (2) actividad
de la familia enziméatica GTP (del inglés, guanosine triphosphate) para la fusion de las
membranas mitocondriales externas, (3) el acoplamiento de dos membranas para
incrementar la superficie de contacto y (4) fusion de la membrana mitocondrial interna
mediada por OPA1 (Gao et al., 2014; Tilokani et al., 2018).

En cuanto a la division de las mitocondrias, este proceso se compone de diversos pasos:
(1) acumulacion de mtDNA en la matriz mitocondrial que situa el lugar de reclutamiento
por parte del ER encargado de la constriccidon de la membrana interna mitocondrial, (2)
sefializacion del lugar de fision mediante el reclutamiento de proteinas como FIS1, MFF
y MID, que actian como receptores de DRP1 (3) oligomerizacion y acumulacion de
DRP1, (4) polimerizacion de la actina en los sitios de contacto mitocondria-ER para
impulsar la constriccion, (5) hidrolisis de GTP que conduce a la constriccién mitocondrial
preexistente y (6) DNM2 (del inglés, dynamin 2) se recluta en la porcion de la
constriccion mediada por DRP1, donde se ensambla y completa la escision de la
membrana, dando lugar a dos mitocondrias (Gao et al., 2014; Tilokani et al., 2018).

El estado de transicion entre la fusion y fisién permite a las mitocondrias reorganizarse y
eliminar las mitocondrias dafiadas a través de la mitofagia. En particular, cuando los
mecanismos de fusién o fisién no funcionan correctamente, se favorece la disfuncion

mitocondrial.
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Figura 6. Metabolismo mitocondrial
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Esquematizacién de la regulacién de la biogénesis y dinamica mitocondrial. La activacion de la
transcripcion del mtDNA mediada por TFAM, NRF1/2 y PGC1la garantizan la correcta adaptacion de la
mitocondria ante el estrés celular. En cuanto a la regulacion de la dinamica mitocondrial, la fusién
mitocondrial estad mediada por MFN1/2 y OPAL, las cuales se localizan en la membrana externa e interna,
respectivamente. A su vez, la fision mitocondrial se lleva a cabo mediante la actividad de DRP1, FIS1,
MFF y MiD. Ambos procesos permiten crear una red mitocondrial capaz de modularse en funcion de las

necesidades metabélicas.

Metabolismo mitocondrial, obesidad y comorbilidades asociadas

La alteracion de la biogénesis mitocondrial en la obesidad se asocia a alteraciones
metabolicas, IR e inflamacion crdnica de bajo grado. La expresidn proteica y génica de
pgclo estd reducida en los AT de individuos con obesidad (Semple et al., 2004). Por el
contrario, se ha constatado que la adiponectina aumenta la expresion de PGCla (Bournat
y Brown, 2010). En su conjunto estos datos sugieren que la reduccién en los niveles de
PGCla podria jugar un papel en la disfuncion mitocondrial mediado a través de la
biogénesis mitocondrial. De manera similar, el tratamiento con TNFa en adipocitos 3T3-

L1 indujo un descenso de expresion génica de pgcla, sin cambios en tfam o nrfl (Chen
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etal., 2010). En la obesidad, la hipoxia de los adipocitos estimula la liberacion de HIF1a
que promueve la polarizacion de los macrofagos al fenotipo M1, que altera la biogénesis
mitocondrial mediante la inhibicion de PGCla (Wang et al., 2021) lo que podria estar
contribuyendo a la inflamacién crénica presente en la obesidad. Finalmente, los
resultados de un estudio donde se evaluaron mediadores de la transcripcién mitocondrial
en PBMC de adolescentes con obesidad con y sin IR mostraron menores niveles de
TFAM y mtDNA en los pacientes con IR respecto a los que no presentaron IR (Gianotti
et al., 2008).

Sobre las consecuencias moleculares de la obesidad en la dindmica mitocondrial, se
observa un déficit de proteina de MFN2 en el musculo esquelético de ratas Zucker y
sujetos con obesidad y T2D (Zorzano et al., 2009a). De acuerdo con esto, otro estudio
constatd un descenso de la expresion proteica de MFN1, MFN2 y OPA1 en leucocitos de
pacientes con T2D respecto a sujetos control, donde el grupo con peor control glucémico
presentd menores niveles de estas proteinas (Diaz-Morales et al., 2016). Estos resultados
sugieren una asociacion entre la fusion mitocondrial y el control glucémico y apunta a un
papel de la MFN2 en la estimulacion de la respiracion mitocondrial, la oxidacion de
sustratos y las proteinas de la ETC (Zorzano et al., 2009b). Por otra parte, estudios de la
fision mitocondrial apuntan a un aumento de DRP1 en macrofagos tras la presencia de
palmitato (Zezina et al., 2018). Este mismo estudio sugiere que la fisiébn mitocondrial
podria estar relacionada con un posible efecto amortiguador de la respuesta inflamatoria

asociada a la sobrecarga por lipidos.

1.3.5. Estrés de reticulo endoplasmatico y apoptosis celular

El ER es el organulo celular encargado de la sintesis y plegamiento de las proteinas. Para
realizar su funcion requiere de ATP, Ca?" y un estado prooxidante que favorezca la
formacion de los puentes disulfuro para la maduracion de determinadas proteinas. En
situaciones de estrés oxidativo, se dificulta la posibilidad de plegamientos efectivos de
proteinas, lo que da lugar a proteinas disfuncionales y provoca una situacion de estrés de
ER. Ante este efecto, la célula es capaz de responder a las proteinas mal plegadas
mediante la activacion de tres proteinas transmembrana: PERK, ATF6 e IREla. Ante el
correcto funcionamiento del ER, estas rutas moleculares permanecen inactivadas
mediante su asociacion con la proteina chaperona GRP78; en cambio, la deteccion de
proteinas mal plegadas desencadena la disociacion de GRP78 y se activa la UPR cuyo
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objetivo es el restablecimiento de la homeostasis celular. Si este estrés se cronifica y la
UPR no es capaz de resolverlo, se activan rutas celulares apoptéticas. Desglosando la
primera cascada de sefializacion celular, la disociacion de GRP78 activa PERK y fosforila
elF2a activandola e inhibiendo la traduccidn proteica. Aun asi, la fosforilacion de elF2a
permite la traduccion de algunos genes como ATF4 (del inglés, activating transcription
factor 4), un factor de transcripcion que induce genes implicados en el metabolismo de
los amino&cidos. También promueve la activacion del factor de transcripcion de CHOP
la cual promueve la apoptosis celular. La segunda ruta es ATF6, que para ser activada
necesita translocarse al aparato de Golgi. Posteriormente se transloca al nucleo e induce
genes de respuesta al estrés de ER, como chaperonas, XBP1 y CHOP (Szegezdi et al.,
2006). Un estudio reciente (Yang et al., 2020) ha descrito el papel de ATF6 en las
dindmicas de CHOP respecto a las otras rutas de ER mediante modelos de prediccion,
concluyendo que la ruta ATF6 influye en la induccion temprana del factor proapoptético
CHOP en lineas celulares. Por ultimo, IREla induce, mediante su actividad
endonucleasa, el procesamiento del gen XBP1 en su forma activa sSXBP1 mediante la
eliminacién de un intrén. sXBP1 actda como un factor de transcripcion que induce la
expresion de chaperonas y genes involucrados en la degradacion de proteinas (Figura 7).
IRElo también esta involucrado en la activacion de cascadas de sefializacion de quinasas,
como JNK, que intervienen en la induccién de cascadas de inflamacion y apoptdticas

como BAX (del inglés, Bcl-2-associated X protein) (Szegezdi et al., 2006).

Como se ha mencionado previamente, la apoptosis celular es un evento estrechamente
relacionado con el ER. En el contexto del estrés de ER, la principal proteina proapoptotica
es CHOP, la cual se induce transcripcionalmente por las tres vias de UPR. La sefializacién
de CHOP vy otras proteinas apoptoticas derivan en la activaciéon de las caspasas, unas
proteinas con alta capacidad proteolitica, por rutas dependientes e independientes de la
mitocondria. En humanos, la familia de las caspasas esta compuesta por 11 proteinas y se
dividen en proapoptoticas y proinflamatorias. Actlan al interactuar con receptores
apoptoticos y son capaces de agruparse formando una estructura conocida como

apoptosoma (Szegezdi et al., 2006; Li y Yuan, 2008).

Ante un aumento de carga de plegamiento de proteinas se puede descompensar el
equilibrio entre la produccion de ROS vy la respuesta antioxidante del ER, conduciendo a

una situacion de estrés de ER que se caracteriza por la liberacion de Ca?* que, por una
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parte, induce la despolarizacion de la membrana mitocondrial interna y, por otra, aumenta
los mtROS al provocar un descenso de ATP. El estrés de ER y el estrés oxidativo se
potencian y retroalimentan mutuamente, alterando la homeostasis celular y activando
sefializaciones proapoptdticas (Malhotra y Kaufman, 2007; Cao y Kaufman, 2014). El
inflamasoma NLRP3 también esta implicado en la respuesta inflamatoria inducida por el
estrés de ER. De acuerdo con esta premisa, un estudio demostrd una relacion entre la
activacion de IREla y el aumento de los niveles de mtROS en los macr6fagos de modelos
murinos, situacion que induce la activacion del inflamasoma NLRP3 (Bronner et al.,
2015). Ademas, el aumento de Ca?* liberado al citosol y presencia de CHOP durante el
estrés de ER es una sefial de activacion del inflamasoma NLRP3. La respuesta a proteinas
mal plegadas atenua la traduccion de proteinas, lo que lleva a la disociacion del complejo
NF-xB y IkBa (del inglés, inhibitor of nuclear factor kappa B) y a la translocacion nuclear
de NF-kB y posterior expresion de genes inflamatorios (Li et al., 2020). Del mismo modo,
en cuanto a la relacion entre el estrés de ER y autofagia, se especula que cuando la
cantidad de proteinas mal plegadas supera la capacidad del sistema de degradacién
mediado por el proteasoma, se activaria la autofagia para eliminar estas proteinas. PERK,
IRE1 y el aumento de la concentracion de Ca?* citosélico estan implicados como
mediadores de la autofagia inducida por el estrés de ER en las células de mamiferos,
donde el Ca?" estd relacionado con las rutas de la CAMKKp (del inglés,
calcium/calmodulin-dependent protein kinase kinase ), AMPK y mTOR (Hgyer-Hansen
y Jaatteld, 2007).
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Figura 7. Estrés de reticulo endoplasmatico
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Activacion de la respuesta UPR en el reticulo endoplasmético. El aumento de proteinas defectuosas induce
la disociacion de GRP78 que activa tres rutas de rescate: IRElo, PERK y ATF6. Su regulacion modula la
expresién de factores de transcripcion hacia la expresién de genes antioxidantes y otras proteinas que
contribuyen al plegamiento proteico. Por contraposicion, una respuesta exacerbada de la UPR induce

inflamacién — al activar INK — y apoptosis celular — mediada por CHOP —.

Estrés de reticulo endoplasmatico, apoptosis, obesidad y comorbilidades asociadas

El estrés de ER esta causado, entre otros, por condiciones patolégicas que favorezcan la
acumulacion de colesterol y fosfolipidos, debido al poco contenido en colesterol y FFA
de la membrana del ER. Una alteraciéon en su composicion, causada por la obesidad,
origina la salida del Ca?* del ER que favorece el mal plegamiento de las proteinas. Se
sabe que el estrés de ER en el hipotalamo, higado, AT y musculo tiene implicacion directa
en la fisiopatologia de la obesidad. El estrés de ER hipotalamico se asocia con la
resistencia a la leptina e IR a traves de la activacion de TLR4, JNK, NF-kB, TNFa y
elevada fosforilacion de PERK. Respecto al efecto del estrés de ER en el higado, la
esteatosis hepatica en ratones con obesidad provoca el descenso de elF2a fosforilado, la

activacion de JNK vy la alteracion en la sefializacion de la insulina. Asimismo, se induce
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gluconeogénesis y lipogénesis a través de la activacion de JNK (por IREla o PRK [del
ingles, protein quinase]) lo que conlleva a la hiperglucemia e hiperlipidemia (Cnop et al.,
2012; Tripathi y Pandey, 2012).

El estrés de ER en el AT puede deberse a la sobrecarga de nutrientes ocasionada durante
la obesidad, junto con un aumento de la sintesis proteica, IR y disminucion de la
vascularizacion. Se conoce que la UPR es una respuesta adaptativa, pero esta situacion
mantenida en el tiempo o0 una respuesta exacerbada induce inflamacion. Esto puede ser
debido en parte a alteraciones en el ensamblaje y la secrecion de adipoquinas, al disminuir
significativamente la expresion del mRNA de adiponectina y aumentar la resistencia a la
leptina (Tripathi y Pandey, 2012). En cuanto a su activacion, se ha observado un aumento
de ATF6, elF2a, IREla, INK y XBP1 en el SAT de pacientes con obesidad respecto a
individuos con normopeso (Boden et al., 2008; Sharma et al., 2008). En cambio, en el
VAT se detectan mayores niveles de XBP1 respecto al SAT dentro del grupo de pacientes
con obesidad severa (Vendrell et al., 2010). Tras inducir estrés de ER en adipocitos 3T3-
L1, se observd una menor expresion de receptores de insulina, adiponectina y mayor
secrecion de IL6 por lo que favorece la IR en los adipocitos (Xu et al., 2010). La
sefializacion de la insulina es muy sensible a las alteraciones de la homeostasis del ER y
el estrés oxidativo. Ademas de la ya mencionada activacion de JNK, la glucotoxicidad
derivada de la IR induce la UPR a favor de la apoptosis — al inducir CHOP, IREla y
JNK — asi como estrés oxidativo en células B pancreaticas (Cao y Kaufman, 2014). Por
consiguiente, el estrés de ER en los pacientes con obesidad podria afectar a la regulacién
metabolica y contribuir a las comorbilidades asociadas a la obesidad.

1.4. Abordaje terapéutico de la obesidad

Después de exponer en detalle los mecanismos fisiopatoldgicos asociados a la obesidad
y sus comorbilidades, nos planteamos qué es lo que podemos hacer con el objetivo de

reducir la prevalente morbimortalidad mundial de esta enfermedad.

1.4.1. Intervenciones en el estilo de vida

Las intervenciones del estilo de vida engloban programas multifactoriales y selectivos en
funcién del riesgo y necesidades del paciente, incluyendo modificaciones en la dieta y

ejercicio fisico en los pacientes con obesidad. Este tratamiento debe de estar dividido en
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dos partes: una fase de pérdida de peso y una fase de mantenimiento. Tras la realizacion
de modificaciones en el estilo de vida de pacientes con obesidad a medio y largo plazo,
se ha observado una reduccion del peso corporal y mejora de la dislipidemia, presion
arterial, inflamacion y estado proaterogénico (Galani y Schneider, 2007; McCafferty et
al., 2020).

Atendiendo a cada intervencion, en primer lugar, nos referiremos a las modificaciones en
la dieta. Se recomienda una pérdida de peso del 5% al 10% en individuos con obesidad o
sobrepeso con comorbilidades, ya que se ha demostrado que hay una mejoria significativa
en las comorbilidades relacionadas con la obesidad y reduccion de la mortalidad. La
pérdida de peso se realiza mediante la reduccién de la ingesta caldrica total, sin modificar
las proporciones de carbohidratos, grasas y proteinas en la dieta. Se recomienda una
restriccion de 500 kcal diarias o una dieta de 1200 kcal para mujeres y 1500 kcal para los
hombres, aunque una mejora de la calidad nutricional de los alimentos sin restriccion
calorica, por ejemplo mediante la dieta mediterranea, también es Gtil para la pérdida de
peso (Wing et al., 2011; Kushner, 2014; Fruh, 2017; Gonzalez-Muniesa et al., 2017). En
cambio, se hace especial hincapié en la obtencidn de objetivos dietéticos realistas debido
al problema de la adherencia al poner altas expectativas (como pérdidas del 20-30% de
peso corporal). Otro método mucho mas drastico para lograr la pérdida de peso consiste
en las VLCD, cuyo aporte calorico se restringe entre 600 kcal y 800 kcal durante varias
semanas. En una pequefia cohorte de pacientes con obesidad y T2D se observo que las
VLCD fueron eficaces y seguras para restaurar la glucemia a corto plazo (2 semanas) y
una remisién de T2D en el 79% de los pacientes a las 12 semanas. En cambio, al afio de
la intervencidn, la remision de T2D se alcanz6 en un 30% (Umphonsathien et al., 2019).
La reduccion calorica es el componente mas importante para lograr la pérdida de peso,
mientras que el aumento y la continuidad del ejercicio fisico son indispensables para
mantener el peso perdido (Kushner, 2014).

Otras recomendaciones para la pérdida de peso son el ejercicio fisico e intervenciones
conductuales. La Sociedad Americana del Corazén (McCafferty et al., 2020) recomienda
la actividad fisica de alto nivel 200-300 minutos por semana para perder peso, mientras
que actividad fisica moderada durante 150 minutos por semana para evitar la ganancia de
peso. Recomiendan la complementacién con modificaciones dietéticas, puesto que solo

con el ejercicio aerdbico se consigue una pérdida de peso de 3%-5% en pacientes con

70



1. TEMATICA

obesidad. Esta estrategia es beneficiosa para la salud independientemente de la pérdida
de peso, puesto que se estipula que niveles moderados de actividad fisica reducen el riesgo
de desarrollar T2D y CVD. El tipo de actividad fisica (ejercicio aerdbico - resistencia o
actividad de alta intensidad - baja intensidad) no parece intervenir en la pérdida de peso
global (Gonzalez-Muniesa et al., 2017). Se ha observado en un estudio prospectivo con
20 afios de seguimiento (Hankinson et al., 2010) que el mantenimiento de actividad fisica
mitiga significativamente el aumento de peso, particularmente en mujeres con obesidad.
De hecho, las personas activas ganaron menos peso durante el periodo de seguimiento en

comparacion con las que eran sistematicamente inactivas.

1.4.2. Tratamiento farmacoldgico

Una alternativa para el abordaje terapéutico de la obesidad es a través del tratamiento
farmacoldgico. La organizacion internacional Endocrine Society ha estipulado las
siguientes directrices para la inclusion de recibir tratamiento: la complementacion de
farmacoterapia con la dieta, ejercicio y cambios de comportamiento en pacientes con BMI
> 30 kg/m? 0 > 27 kg/m? con al menos una comorbilidad que no pudieran perder y
mantener el peso. Si el paciente ha perdido el 5% de su peso inicial en los 3 meses de
tratamiento, se procedera a la continuacion del tratamiento farmacolégico (Yarborough
et al., 2018). La Agencia Europea de Medicamentos (EMA) afiade el requerimiento de
una reduccion de > 10% del peso corporal basal a 1 afio, que debe ser al menos un 5%
superior a la alcanzada con placebo, para la prescripcion del tratamiento farmacoldgico
(EMA, 2016).

La obesidad estd altamente regulada por hormonas y neuropéptidos (centrales y
periféricos) que actan sobre el hipotalamo, &reas relacionadas con la memoria y
emocion, corteza cerebral y el sistema de recompensa. Actualmente estan surgiendo
nuevas terapias basadas en disminucion del apetito e ingesta, aumento del gasto
energético o disminucion de la absorcion de lipidos. Algunos ejemplos de medicamentos
aprobados por la Administracion de Alimentos y Medicamentos (FDA) son la liraglutida
(estimula secrecion de insulina y controla el apetito), lorcaserina (disminuye la ingesta y
actividad del sistema limbico), fentermina/topiramato (suprime el apetito),
naltrexona/bupropién (disminuye la ingesta) y el orlistat (disminuye la cantidad de acidos

grasos absorbidos). Otros medicamentos aprobados para el tratamiento de la T2D que
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también originan la pérdida de peso son la metformina y los inhibidores de SGLT2 (del

inglés, sodium-glucose co-transporter 2) (Pilitsi et al., 2019).

Ademas del efecto en la homeostasis de la glucosa, la evidencia cientifica postula la
posible accion de la metformina en el contexto de estrés oxidativo y metabolismo celular.
Por una parte, la metformina inhibe el complejo | de la ETC reversiblemente, lo que
supone una disminucion de la oxidacion del sustrato NADH y menor bombeo de protones
a través de la membrana mitocondrial interna (Foretz et al., 2019). Como resultado, se ha
observado una reduccion en la produccion de ROS y mtROS en PBMC (Hartwig et al.,
2021; de Marafion et al., 2022). Por otra parte, la metformina fue capaz de aumentar las
defensas antioxidantes y presentar un efecto antiinflamatorio a través del descenso de IL1
y TNFa en PBMC de pacientes sanos estimulados in vitro con LPS (Buldak et al., 2014)
y a nivel sistémico en adolescentes con obesidad e IR (Evia-Viscarra et al., 2012) o en
pacientes con T2D (de Marafion et al., 2022). En células endoteliales, la metformina
inhibid la activacion de NF-kB y CAM inducida por TNFa (Hattori et al., 2006). A nivel
mecanistico, se postula que este efecto antiinflamatorio se podria atribuir a la disminucién
de la actividad de NF-kB dependiente de la AMPK (Hattori et al., 2006; Foretz et al.,
2019). De hecho, se ha demostrado que la metformina induce la activacion de AMPK a
través de mecanismos que involucran a las mitocondrias y lisosomas (Rena et al., 2017).
El uso de los farmacos en la obesidad es a largo plazo y depende de la adherencia al
tratamiento del paciente y la heterogeneidad de la enfermedad. Mientras que algunos
pacientes pierden peso, otros pueden incrementar su peso y fracasar en el tratamiento.
Otro factor a tener en cuenta en la efectividad de los tratamientos es la respuesta
individual, donde la eleccion de la terapia mas adecuada para cada paciente es un punto
decisivo. Reconocer y dirigir los fenotipos de obesidad en una fase temprana de
tratamiento puede condicionar favorablemente la resolucién de la enfermedad. Es por ello
que la investigacion actual se centra en la deteccion de marcadores predictivos para una
respuesta clinica favorable del paciente con obesidad (Bessesen y Van Gaal, 2018;
Srivastava y Apovian, 2018).

Con estas premisas, el procedimiento mas aceptado para abordar la obesidad es la cirugia
bariatrica, donde se induce una mayor pérdida de peso y resultados mas estables, ademas
de una mejoria de los parametros cardiometabdlicos (Pilitsi et al., 2019) en comparacion

con la farmacoterapia.
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1.4.3. Cirugia metabdlica: Bypass gastrico en Y de Roux

La cirugia bariatrica es el conjunto de procedimientos quirdrgicos utilizados para resolver
la obesidad como alternativa al tratamiento no quirdrgico. Las guias de recomendacién
actuales sittian a los pacientes con BMI > 40 kg/m? o > 35-40 kg/m? con comorbilidades
asociadas como seleccionables para la cirugia bariatrica (Di Lorenzo et al., 2020). La
cirugia bariatrica es el tratamiento mas eficaz de la obesidad morbida ya que no solo
consigue la pérdida de peso mantenida en el tiempo, sino que es capaz de revertir las
comorbilidades asociadas, por lo que también se le conoce como cirugia metabdlica (Li
et al., 2016). El estudio Swedish Obese Subjects (SOS) muestra que, tras un seguimiento
de 20 afios, los pacientes que se sometieron a cirugia bariatrica redujeron su peso un 18%,
en comparacién con un 1% de perdida a través de tratamiento médico. Estudios
observacionales retrospectivos no controlados y ensayos clinicos aleatorios demostraron
la superioridad de la cirugia bariatrica en cuanto a la pérdida de peso y comorbilidades
comparandolas con intervenciones de estilo de vida (Pucci y Batterham, 2019). Las
técnicas de cirugia bariatrica llevadas a cabo mundialmente son la gastrectomia en manga,
el RYGB y la banda gastrica ajustable por laparoscopia (Angrisani et al., 2017).

El RYGB representa el procedimiento “gold standard” de las cirugia bariatrica debido a
su eficacia y remision de factores de riesgo cardiovascular (Li et al., 2016). En cuanto al
componente del género, un estudio que analiza la prevalencia entre 2002-2011 en Estados
Unidos concluye que el 80,7% de los participantes a inclusién fueron mujeres (Young et
al., 2016), independientemente de la tasa de obesidad entre los sexos (Aly et al., 2020).
A nivel internacional, segun el informe de La Federacion Internacional para la Cirugia de
la Obesidad y los Trastornos Metabolicos (IFSO) se concluye que la proporcion de
mujeres sometidas a esta técnica quirurgica fue un 77,1% (IFSO, 2019) durante 2018-
2019. ElI RYGB consiste en la division del estmago generando una bolsa gastrica (de
aproximadamente 20-30 ml de capacidad) que se anastomosa con el yeyuno medio,
creando el brazo alimentario. La rama biliopancreatica también se anastomosa al yeyuno,
permitiendo el drenaje de los &cidos biliares y secreciones pancreéticas al yeyuno, que se
mezcla con los nutrientes ingeridos. La gastrectomia en manga fue la primera opcion en
pacientes con BMI > 50 kg/m? y se consideraba un procedimiento puramente restrictivo,
aunque también ofrece una pérdida de peso significativa y beneficios metabdlicos. La
gastrectomia crea un nuevo estdmago a partir de la escision del fondo y el cuerpo gastrico,
donde el contenido gastrico pasa directamente al duodeno. En comparacion con técnicas

no quirdrgicas, el RYGB y la gastrectomia en manga conducen a un aumento de las
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hormonas de la saciedad y una mayor secrecion de acidos biliares (Pucci y Batterham,
2019).

Ante la cuestion sobre qué procedimiento de cirugia bariatrica es mas eficaz, un
metaanalisis apunta a una mayor eficacia del RYGB frente a la gastrectomia en términos
de pérdida de peso y resolucién de comorbilidades, especialmente la T2D, donde los
pacientes que se sometieron a RYGB presentaron una mayor tasa de remision al afio del
procedimiento (pero no a partir del segundo afio, donde observaron resultados similares
entre las dos técnicas quirurgicas) (Borgeraas et al., 2020). Otros estudios clinicos no
detectaron diferencias significativas en pérdida de peso absolutas a los 5 afios de la
intervencion o s6lo evidenciaron una mayor pérdida de peso visceral en pacientes RYGB
(Pucci y Batterham, 2019). Sin embargo, parece ser mas eficaz en la resolucion de
hipertension y dislipidemia (Li et al., 2016). En este contexto bibliografico, seria
interesante elucidar los mecanismos moleculares que subyacen a las mejorias en las

comorbilidades asociadas a la obesidad.
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La obesidad es una enfermedad multifactorial la cual implica una serie de alteraciones
metabdlicas como la inflamacion cronica de bajo grado, el estrés oxidativo y la disfuncion
endotelial que contribuyen a la instauracion de comorbilidades como IR, la alteracion en
el perfil lipidico y la hipertension arterial. Se sabe que el AT y el sistema inmunitario
juegan un papel fundamental en la fisiopatologia de esta enfermedad ya que contribuyen
al desarrollo de las comorbilidades asociadas. Concretamente, la hipertrofia del AT
induce la excesiva liberacion de citoquinas proinflamatorias que perpetdan una
inflamacion cronica de bajo grado. En paralelo, la sobrecarga de nutrientes induce una
alteracion en la homeostasis mitocondrial y, como consecuencia, un aumento de fuga de
electrones y formacion de ROS. Estas alteraciones convergen en una sobreactivacion de
las células del sistema inmune y alteracion de la permeabilidad del endotelio vascular,
resultando en un aumento de las interacciones de los leucocitos con el endotelio lo cual
contribuye al inicio del proceso aterosclerético y posterior desarrollo de complicaciones
vasculares. A nivel intracelular, existen evidencias que reflejan la implicacién de
diferentes rutas moleculares como la activacion de la autofagia, el estrés de ER vy

alteraciones de la dindmica mitocondrial en la fisiopatologia de la obesidad.

Actualmente, existen diversos tratamientos farmacoldgicos y quirdrgicos que podrian
ayudar a mejorar el estado metabodlico de los pacientes con obesidad y comorbilidades
asociadas, aunque los mecanismos por los cuales media esta mejoria son todavia poco
conocidos. De hecho, la investigacion de los mecanismos moleculares implicados en la
pérdida de peso podria ser relevante para aumentar el conocimiento de la fisiopatologia y
centrar los esfuerzos en el descubrimiento de nuevas dianas terapéuticas para combatir la
enfermedad. En concreto, el uso de metformina en pacientes con enfermedad metabdlica
sugiere una mejora en la respuesta inflamatoria y estrés oxidativo. En cambio, se

desconocen los mecanismos subyacentes implicados en la respuesta en la obesidad.

Bajo estas premisas nos planteamos la hipotesis de que la pérdida de peso inducida a
través de RYGB vy el tratamiento farmacoldgico hipoglucemiante pueden modular varias
vias metabdlicas en los leucocitos — componentes primordiales del sistema inmunitario

—yen el AT — principal tejido afectado en la obesidad —, respectivamente.
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Por lo tanto, el objetivo de la presente tesis doctoral es determinar el efecto de la cirugia
RYGB en la modulacién de la inflamacion crénica de bajo grado, estrés oxidativo y
disfuncion endotelial, profundizando en la implicacion del complejo del inflamasoma, la
autofagia, la dinamica mitocondrial y el estrés de ER. Ademas, dado el efecto beneficioso
de la metformina sobre la produccion de ROS y el metabolismo celular, nos planteamos
si este farmaco puede mejorar el estado metabdlico del AT a través de la modulacion de
las vias inflamatorias y de autofagia.

Para ello nos planteamos los siguientes objetivos concretos:
1. Explorar el efecto de la pérdida de peso inducida por la cirugia de RYGB sobre la
activacion y el estado oxidativo de los leucocitos de sangre periférica y la

disfuncion endotelial.

2. Examinar si la pérdida de peso inducida por la cirugia de RYGB modula la
actividad de la AMPK, el estrés de ER, la autofagia y la mitofagia en leucocitos

de sangre periférica.

3. Evaluar si la pérdida de peso inducida por la cirugia de RYGB en mujeres modula

la dindmica mitocondrial en leucocitos de sangre periférica.

4. Determinar si los mecanismos moleculares que subyacen a los efectos
inmunomoduladores de la metformina implican la activaciéon del complejo del
inflamasoma NLRP3 y/o la modulacién de la autofagia en el VAT de pacientes
con obesidad.
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3.1. Reclutamiento de la poblacién a estudio

Para la realizacion de la presente Tesis Doctoral, se reclutaron pacientes con obesidad
incluidos en protocolo de cirugia RYGB. Esta poblacion ha sido reclutada entre 2014 y
2019 por el Servicio de Endocrinologia y Nutricion, y sometida a RYGB por el Servicio
de Cirugia General y del Aparato Digestivo del Hospital Universitario Dr. Peset
(Valencia, Espafia). Toda la poblacion de estudio fue informada sobre el objetivo y la
metodologia, firmando el consentimiento informado por escrito. Todos los datos
obtenidos fueron tratados como an6nimos, se asigné un nimero y se gestionaron en
funcién de la ley organica de proteccion de datos (LOPD). El protocolo del estudio fue
aprobado por el Comité de Etica Humana del Hospital (codigo 96/16), en linea con las
directrices de la Declaracion de Helsinki. Una subcohorte de pacientes evaluados
pertenecen a un estudio clinico registrado en https://clinicaltrials.gov con el nimero de
estudio NCT05071391 vy titulo: “Autofagia e inflamasoma en la obesidad: efecto de la

pérdida de peso y posibles implicaciones terapéuticas”.

Los criterios de inclusion estipulados en los articulos fueron pacientes con una edad entre
18 y 65 afios, con un BMI > 35 kg/m? seleccionados para someterse a una cirugia RYGB.
El embarazo o lactancia, enfermedades severas renales o hepaticas, abuso de drogas
cronico, desérdenes psiquiatricos, tumores malignos, historial de CVD, de enfermedad
inflamatoria cronica u obesidad secundaria (hipotiroidismo, sindrome de Cushing) fueron
considerados criterios de exclusion. Dependiendo del disefio del estudio a realizar
(transversal) las variables a analizar se obtuvieron en el momento de la intervencion (para
el VAT), en una visita previa a la intervencion quirurgica (condicion basal) o en una visita

a los 12 meses post intervencion quirdrgica.

3.2. Recogida de muestras y pruebas de laboratorio

La cohorte de estudio acudio al Servicio de Enfermeria de Endocrinologia y Nutricién
para la extraccién de 30 ml de sangre periférica, obtenidos de la vena braquial en
condiciones de ayuno (8:00-9:30 horas). Los tubos de recoleccion de sangre se destinaron
al Servicio de Laboratorio de Andlisis Clinicos y al Laboratorio de Investigacion del
Hospital Universitario Dr. Peset para realizar las determinaciones bioguimicas y

moleculares, respectivamente.
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Antes de obtener la muestra sanguinea, el Servicio de Enfermeria evalud y registro las
mediciones referentes al peso, altura, SBD, DBP, circunferencia de cintura y de cadera
del paciente. Todas estas variables se obtuvieron durante la exploracion fisica mediante
balanzas electronicas, estadiémetro, esfigmomandmetro automatico y cinta métrica,
respectivamente. Posteriormente, el BMI se calculé dividiendo el peso por el cuadrado
de la altura (kg/m?), el porcentaje de exceso de pérdida de peso se calculd con la formula
([peso preoperatorio-peso actual] / [peso preoperatorio - peso ideal de BMI = 25 kg/m?])
x 100 y, por ultimo, el indice cintura/cadera al dividir el valor registrado de la cintura

dividido entre el valor de la cadera.

La metodologia empleada por el Servicio de Analisis Clinicos del Hospital fue la
siguiente: niveles séricos de glucosa, colesterol total, TG y HDLc se determinaron
mediante ensayos enzimaticos por el analizador Beckman LX20 (Beckman Coulter Inc.,
Brea, CA, EEUU); el LDLc mediante la formula de Friedewald (si los niveles de TG eran
< 300 mg/dl). El porcentaje de HbAlc se obtuvo con un analizador de glicohemoglobina
(Arkray Inc., Kyoto, Japdén). La insulina se determind mediante un ensayo de
inmunoquimioluminiscencia (Abbott, Chicago, IL, EEUU) y se calcul6 el HOMA-IR con
la formula ([insulina en ayunas (WUI/ml) x glucosa en ayunas (mg/dl)] / 405). Los niveles
sisttmicos CRP y C3c se analizaron mediante un ensayo inmunonefelométrico (Behring
Nephelometer 11, Dade Behring, Inc., Newark, DE, EEUU) con un coeficiente de
variacion intraensayo < 5,5%. Para finalizar, los leucocitos totales se cuantificaron
mediante el analizador COULTER® LH 500 (Beckman Coulter Inc., Brea, CA, EEUU).

El suero y el plasma fueron obtenidos de los tubos de recoleccidn sin anticoagulante o
recubiertos de EDTA, respectivamente. Se aislaron mediante una centrifugacion durante
10 minutos a 1500g y 4°C. Las alicuotas de suero y plasma restantes se almacenaron
inmediatamente a -80°C para los andlisis de inmunoensayos o las subfracciones de LDL
y HDL.

3.3. Inmunoensayos

En cuanto a la determinacion de las variables que se obtienen a través de analisis
inmunoquimicos, en primer lugar se realizo la técnica de ensayo ELISA para la

cuantificacion de SOD vy carbonilacion de proteinas. La actividad de la SOD sérica se
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evalué con un kit comercial (Cayman Chemical, Ann Arbor, MI, EEUU) vy la
concentracion de grupos carbonilo se determind con el kit OxiSelectTM Protein Carbonyl
(Cell Biolabs, Inc., San Diego, CA, EEUU) siguiendo las recomendaciones y el protocolo

del fabricante.

Por otra parte, mediante el sistema analizador Luminex® 200 (Luminex Corporation,
Austin, TX, EEUU), se cuantificd los niveles séricos de las moléculas proinflamatorias
IL6, IL1B, IL18, TNFa, ICAML, P-selectina y MPO. En todos los casos, se siguieron los
procedimientos del fabricante del kit Milliplex® (Millipore Corporation, Billerica, MA,
EEUU). Los analitos se determinaron por duplicado con coeficientes de variacion
intraserie e interserie de < 5,0% y < 15,0%, respectivamente.

3.4. Analisis de las subfracciones de LDLcy HDLc

Las subfracciones de LDLc y HDLc se identificaron y cuantificaron utilizando el sistema
computarizado de Quantimetrix Lipoprint® (Quantimetrix Corporation, Redondo Beach,
CA, EEUU) junto con el programa NIH version 1.62 (NIH, Bethesda, MD, EEUU). Como
control de calidad se utiliz6 el kit Liposure® (Quantimetrix Corporation, Redondo Beach,
CA, EEUU). A través de una electroforesis en gel de poliacrilamida, este ensayo in vitro
separa las distintas subfracciones de lipoproteinas en funcién de su tamafio. Para las LDL,
el perfil electroforético se clasifica segun el tamafio de la particula como patrén A
(didmetro de corte > 268 A) caracterizado por las particulas de LDL grandes; patrén
intermedio (didmetro de corte > 265 y < 268 A); y patrén B (didmetro de corte < 265 A),
con predominio de particulas de LDL pequefias y densas. En cuanto al analisis cualitativo
de las HDL, el sistema diferencia 10 subfracciones: 1-3 representaban particulas HDL
grandes, 4-7 indicaban particulas HDL medianas y 8-10 representaban particulas HDL

pequefas.

3.5. Aislamiento de leucocitos y tejido adiposo visceral

El siguiente paso fue aislar las poblaciones leucocitarias de PBMC y PMN. Para ello, la
sangre total extraida y recogida en tubos con citrato (BD Vacutainer®) se mezclo e incubo
con dextrano al 3% durante 45 minutos a temperatura ambiente. Posteriormente, el
sobrenadante resultante se coloc6 sobre Ficoll-Hypaque (GE Healthcare, Uppsala,

Suecia) y se centrifugd a 650g durante 25 minutos a temperatura ambiente. Tras la
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centrifugacion, se visualizo un halo que contenia las PBMC que se recogio y se centrifugd
durante 10 minutos a 650g y un sedimento o pellet de PMN el cual se incub6 con un
tampon de lisis eritrocitaria especifico (Sigma-Aldrich, Inc., St. Louis, MO, EEUU)
durante 5 min. El siguiente paso fue el lavado de las PBMC y PMN en HBSS (Capricorn,
Ebsdorfergrund, Alemania). Por Gltimo, se procedio a cuantificar las PBMC y los PMN
con un contador de células Scepter 2.0 (Millipore Corporation, Burlington, MA, EEUU)

para realizar las alicuotas con la concentracion determinada para los posteriores analisis.

En cuanto al aislamiento del VAT, durante la cirugia RYGB se extrajeron biopsias de
aproximadamente 1,5-2,0 gr de tejido de la region del epiplén (abdominal), que se

congelaron inmediatamente en nitrégeno liquido y se almacenaron a -80°C.

3.6. Extraccion de proteina y electrotransferencia

En primer lugar, la proteina se extrajo de las PBMC previamente almacenadas a -80°C
resuspendiendo el pellet en un tampon de lisis celular y en hielo durante 15 minutos. Este
tampdn de lisis estaba compuesto por 20 mM HEPES pH 7,5, 400 mM NaCl, 20%
glicerol, 0,1 mM EDTA, 10 pM Na2MoOQg, 0,5% NP-40 y 1 mM ditiotreitol en presencia
de una mezcla de inhibidores de proteasas (10 mM NaF, 1 mM NaVOs, 10 mM PNP, 10
mM B-glicerolfosfato) o por el tampdn de lisis comercial RIPA (Thermo Fisher Scientific,
Waltham, MA, EEUU).

En cuanto a la extraccion de proteinas del VAT, se peso y lavo aproximadamente 150 mg
con PBS (del inglés, phosphate buffered saline) para posteriormente retirar con pinzas el
posible tejido cauterizado. Tras este paso, se homogeniz6 con la Ultra-Turrax® vy el
tampdn de lisis del kit Ne-Per® (Thermo Fisher Scientific, Waltham, MA, EEUU) en
presencia de inhibidores de proteasas y fosfatasas (Sigma Aldrich, St. Louis, MO,
EEUU). Siguiendo el protocolo del fabricante, las muestras se centrifugaron dos veces a
150009 durante 20 minutos a 4°C para poder purificar la proteina y eliminar los lipidos.
A continuacion, tanto para las PBMC como para el VAT, se recogio el sobrenadante y se
cuantifico la proteina total mediante el método BCA (del inglés, bicinchoninic acid)
siguiendo las indicaciones del fabricante (Pierce ® BCA Protein Assay Kit, Thermo
Fisher Scientific, Waltham, MA, EEUU).
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Un total de 25 pg de proteina previamente desnaturalizada se resolvio en geles de SDS-
poliacrilamida de gradiente 8-16% o0 4-20% segun el tamafio de la proteina de interés
(Invitrogen, Carlsbad, CA, EEUU) junto con un marcador de peso molecular “Precision
plus protein Kaleidoscope Standard” (Bio-rad Laboratories, Hercules, CA, EEUU). Tras
la electroforesis, las muestras se transfirieron a membranas de nitrocelulosa. El tiempo de
transferencia establecido vari6 en funcion de la composicion del gel (60 a 70 minutos) a
400A. Con el colorante rojo ponceau (Abcam, Cambridge, UK) se confirmé que el
proceso de transferencia se habia realizado correctamente. Dependiendo de la proteina de
interés, se realizaron diversos cortes longitudinales a la membrana y se bloquearon con
leche desnatada al 5% en TBS-T (del inglés, tris-buffered saline with tween) 1X o BSA
(del inglés, bovine serum albumin) al 5%, durante una hora a temperatura ambiente.
Seguidamente, se incubaron los anticuerpos primarios especificos diluidos en el tampon
de bloqueo correspondiente a 4°C durante toda la noche. Los anticuerpos primarios

utilizados en la presente Tesis Doctoral estan especificados en la Tabla 1.

Al dia siguiente, se afiadieron los anticuerpos secundarios especificos tras 3 lavados en
agitacion suave con TBS-T 1X y se incubaron durante 1 hora a temperatura ambiente.
Después, tras otros 3 lavados con TBS-T 1X, la sefial de quimioluminiscencia se detecto
afiadiendo el reactivo ECL Plus (GE Healthcare, Little Chalfont, Reino Unido),
SuperSignal™ West Pico plus o SuperSignal™ West Femto (Thermo Fisher Scientific,
Waltham, MA, EEUU) a las membranas. La visualizacion se llevé a cabo con un sistema
de adquisicion Fusion FX5 y la cuantificacion de la expresion de proteinas se realizd
mediante un analisis densitométrico con el software BiolD v15.03a (Vilber Lourmat,

Marne-La Vallée, Francia).

Tabla 1. Anticuerpos primarios, diluciones y especificaciones empleadas

Anticuerpos primarios
Objetivo | Dilucién | Fuente Proveedor
Actin 1/2000 | Rabbit Sigma-Aldrich, Inc., St. Louis, MO, EEUU
1/2000 | Mouse Cell Signaling Tech, Danvers, MA, EEUU
AMPK 1/1000 | Mouse Abcam, Cambridge, Reino Unido
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pPAMPK | 1/1000 | Rabbit Abcam, Cambridge, Reino Unido
ASC 1/1000 | Mouse Santa Cruz Biotechnology, Dallas, TX, EEUU
ATF6 1/1000 | Mouse Abcam, Cambridge, Reino Unido
ATG5 1/1000 | Rabbit Cell Signaling Tech, Danvers, MA, EEUU
BECLIN1 | 1/1000 | Rabbit Abcam, Cambridge, Reino Unido
CHOP 1/1000 | Mouse Thermo Fisher Scientific, Waltham, MA, EEUU
pDRP1 1/1000 | Rabbit Cell Signaling Tech, Danvers, MA, EEUU
FIS1 1/500 | Rabbit Merck-Millipore, Burlington, MA, EEUU
GPX1 1/1000 | Rabbit Thermo Fisher Scientific, Waltham, MA, EEUU
LC3 1/1000 | Rabbit Cell Signaling Tech, Danvers, MA, EEUU
MCP1 1/1000 | Rabbit Abcam, Cambridge, Reino Unido
MFN1 1/1000 | Rabbit Merck-Millipore, Burlington, MA, EEUU
MFN2 1/1000 | Rabbit Merck-Millipore, Burlington, MA, EEUU
MIEAP | 1/1000 | Rabbit Abcam, Cambridge, Reino Unido
TFAM 1/500 | Mouse Santa Cruz Biotechnology, Dallas, TX, EEUU
NBR1 1/1000 | Rabbit Proteintech, Rosemont, IL, EEUU
NF-xB 1/1000 | Mouse Thermo Fisher Scientific, Waltham, MA, EEUU
Mouse R&D Systems, Minneapolis, MN, EEUU
NLRP3 1/1000 | Rabbit Cell Signaling Tech, Danvers, MA, EEUU
OPAl 1/1000 | Mouse Merck-Millipore, Burlington, MA, EEUU
OXPHOS | 1/1000 | Mouse Abcam, Cambridge, Reino Unido
p62 1/1000 | Mouse Santa Cruz Biotechnology, Dallas, TX, EEUU
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PGCla | 1/1000 | Rabbit Abcam, Cambridge, Reino Unido
PINK1 1/1000 | Rabbit Sigma-Aldrich, Inc., St. Louis, MO, EEUU
VDAC 1/1000 | Mouse Abcam, Cambridge, Reino Unido

Anticuerpos secundarios

Rabbit 1/2000 | Goat Vector Laboratories, Burlingame, CA, EEUU
Millipore Ibérica, Madrid, Espafia

Mouse 1/2000 Goat Thermo Fisher Scientific, Waltham, MA, EEUU

3.7. Citometria estatica

En los resultados de la presente Tesis Doctoral, se ha determinado la cuantificacion de
mtROS, produccién de O>~ y potencial de membrana mitocondrial mediante citometria
estatica utilizando un microscopio de fluorescencia Olympus 1X81 acoplado al software
de citometria estatica ScanR version 2.03.2 (Olympus, Hamburgo, Alemania). En primer
lugar, para detectar mtROS, se sembraron leucocitos en una placa de 48 pocillos (Merck-
Millipore, Burlington, MA, EEUU), y se incubaron durante 30 minutos (1,5x10°
células/pocillo) a 37°C con la sonda MitoSOX (Thermo Fisher Scientific, Waltham, MA,
EEUU) preparado a 5 uM en HBSS. En segundo lugar, para determinar el O>~ intracelular
se incubaron los leucocitos con la sonda DHE (Thermo Fisher Scientific, Waltham, MA,
EEUU) vy, por ultimo, para el potencial de la membrana mitocondria se utilizé la sonda
TMRM (Thermo Fisher Scientific, Waltham, MA, EEUU). En todos los casos, los
nucleos se visualizaron con la tincion nuclear Hoechst 33342 (Thermo Fisher Scientific,

Waltham, MA, EEUU) y se analizaron un total de 16 imagenes por pocillo de la placa.

3.8. Extraccion de celulas endoteliales y analisis de las interacciones leucocito-

endotelio

Para evaluar la interaccién entre las células inmunitarias y la monocapa de células
endoteliales, se utilizé un modelo de ensayo de adhesion in vitro. Este modelo se basa en
el uso de una camara de flujo acoplada a un microscopio invertido (Nikon Eclipse
TE2000-S, Nikon Instruments Inc, Amstelveen, Paises Bajos) conectado a una camara de

video (Sony Exwave HAD, Koeln, Alemania) (Imagen 1). La camara se mont6 encajada

85



3. METODOLOGIA

en un cubreobjetos con células HUVEC confluentes. Las células endoteliales se habian
aislado previamente de los cordones umbilicales mediante digestion con colagenasa tipo
Il (Thermo Fisher Scientific, Waltham, MA, EEUU) a 1 mg/ml en PBS durante 17
minutos a 37°C. El contenido se recogio, se le afiadid medio de cultivo RPMI (Gibco,
Thermo Fisher Scientific, Waltham, MA, EEUU) y se centrifugé a 700g durante 10
minutos. Luego, las células se cultivaron sobre placas de petri de plastico recubiertas de
fibronectina en un medio completo EGM-2 (del inglés, endothelial growth medium)
(Lonza, Basilea, Suiza) suplementado con el kit SingleQuots® (Lonza, Basilea, Suiza)
compuesto por FBS (del ingles, fetal bovine serum) 2% v/v, hidrocortisona 0,4% vl/v,
hFGF-B (del inglés, human basic fibroblast growth factor) 0,4% v/v, VEGF (del inglés,
vascular endothelial growth factor) 0,1% v/v, rhEGF (del inglés, recombinant human
epidermal growth factor) 0,1% v/v, gentamicina 0,1% v/v, heparina 0,1% v/v, penicilina
50 unidades/ml, estreptomicina 50 pg/ml y fungizona 2,5 pg/ml. Se ajustaron las
condiciones de cultivo a 5% CO,, humedad y temperatura constante de 37°C. Se
comprobo el crecimiento y grado de confluencia en un microscopio invertido (Nikon
eclipse Ti-S) diariamente, donde el medio de cultivo se cambiaba cada 48h. El dia del
experimento, la cdmara de flujo se purgaba de posibles burbujas de aire y se hizo pasar
una suspension de 1 millén de leucocitos en 1 ml de medio a traves de la monocapa de
HUVEC a 0,36 ml/min mientras se grababa una porcion de 5x25 mm del cultivo celular
durante 5 minutos. Durante el anélisis de video se evaluaron los siguientes parametros:
El flujo de rodamiento de los leucocitos se calcul6 contando el nimero de leucocitos que
rodaban sobre 100 pum? de HUVEC en 1 minuto; la velocidad de rodamiento se midié
como el tiempo promedio que tardaron 20 leucocitos consecutivos en rodar a lo largo de
100 um de la monocapa endotelial; y la adhesion se evalud contando el nimero de
leucocitos que mantenian un contacto firme con el endotelio durante, al menos, 30

segundos.
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Imagen 1. Montaje del sistema de camara de flujo en microscopio.

A. Monitor de ordenador, B. Microscopio y videocdmara, C. Cubreobjetos
con HUVEC, D. Alicuota de PMN, E. Regulador de temperatura, F. Bomba
de perfusion.

3.9. Andlisis estadistico

Para el analisis de los datos se utilizé el programa informatico SPSS 20.0 (IBM SPSS
Statistic, Chicago, IL, EEUU). Los datos paramétricos mostrados en las tablas se expresan
como media * desviacion estandar, mientras que los datos no paramétricos se muestran
como mediana y rango intercuartil (percentiles 25% y 75%). Los datos cualitativos se
expresan como porcentajes. Los graficos de barras de las figuras muestran la media +
error estandar de la media. Se comprobd la normalidad de la distribucion de la poblacién

empleando la prueba de Shapiro-Wilk debido al tamafio de la muestra.

Los datos de las variables a comparar se analizaron con una prueba t de Student y prueba
U de Mann-Whitney para las variables paramétricas; y t de Student pareada o prueba de
Wilcoxon para las variables no paramétricas. Se emple6 el coeficiente de correlacion de
Pearson para determinar el grado de relacion entre las variables del estudio en el estudio

longitudinal. Se utilizé una prueba X2 para comparar proporciones. En este estudio, las
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posibles variables de confusion, como la edad, se utilizaron como covariables para
generar un modelo lineal general univariante para analizar los parametros bioquimicos.
En todos los articulos, se utiliz6 un intervalo de confianza del 95% para todas las pruebas

y las diferencias se consideraron significativas cuando p < 0,05.
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4. RESULTADOS Y DISCUSION

La obesidad representa una enfermedad que conlleva diferentes complicaciones
metabdlicas y esta asociada a una elevada mortalidad, por lo que el preocupante aumento
de su prevalencia a nivel mundial cobra especial interés. EI cambio en los habitos de vida
de la sociedad actual, el sedentarismo y el intenso ritmo de vida en muchas ocasiones
imposibilitan la adopcidn de un estilo de vida saludable. Por lo tanto, en la actualidad,
existe un gran interés en el abordaje de nuevas estrategias para revertir la obesidad y las
comorbilidades asociadas, con el objetivo de poder frenar el avance de la enfermedad. En
este contexto, la comunidad cientifica y los profesionales de la salud han avanzado hacia
el conocimiento de esta enfermedad desde un punto de vista fisioldgico tanto a nivel
basico como clinico, para poder abordar el problema a un nivel de prevencion y

promocion de la salud.

La presente Tesis Doctoral se enfoca en el estudio de los mecanismos moleculares
implicados en la etiologia de la obesidad y comorbilidades a través de las diversas
cascadas de sefializacion celulares en leucocitos y AT, abordando también si el enfoque
terapéutico podria modular estas rutas y proteger frente a las alteraciones metabdlicas.
Para ello, se han llevado a cabo estudios observacionales y se han analizado distintas
cohortes de pacientes con obesidad sometidos a RYGB que fueron atendidos en la
Seccion de Endocrinologia y Nutricion en colaboracion con el Departamento de Cirugia
General y del Aparato Digestivo (ambos en el Hospital Universitario Dr. Peset), donde se

realizé el reclutamiento, seguimiento y la intervencion quirdrgica.

En cuanto a la distribucion de los resultados a presentar en la Tesis Doctoral, en primer
lugar, se procedera a exponer la informacién y objetivos alcanzados de los estudios de
cohortes que evallan el efecto de la pérdida de peso asociada a RYGB para
posteriormente, finalizar con el estudio transversal realizado en el VAT de pacientes

obtenido en el momento de la intervencion quirdrgica.

ESTUDIO DE COHORTES: PERDIDA DE PESO ASOCIADA A RYGB
De manera general, la poblacién con obesidad sometida a la pérdida de peso inducida por
RYGB estaba compuesta por 57 pacientes con una edad media de 45 afios, donde las
mujeres formaban, aproximadamente, el 84%. En cuanto al BMI, el grupo de pacientes
sometidos a RYGB presentaba de media 40 kg/m?, donde al afio de RYGB el BMI

descendio significativamente hasta 29 kg/m?.

90



4. RESULTADOS Y DISCUSION

Debido al riesgo elevado de desarrollar comorbilidades, observamos que algunos
pacientes presentaban hipertension, dislipidemia'y T2D. Aproximadamente el 37%, 23%
y 30% de los pacientes con obesidad tenian prescritos farmacos antihipertensivos,
hipolipemiantes y antidiabéticos, respectivamente. Tras el seguimiento de un afio, el
diagnostico y tratamiento de estas comorbilidades se redujo hasta un 16%, 9% y 4%,
respectivamente. Esto implica un porcentaje de remision del 57% en hipertension, 62%
para la dislipidemia y un 88% en el caso de la T2D. De hecho, la tasa de remision de T2D
tras el RYGB de esta cohorte resultd ser superior que la propuesta por otros estudios
(Puzziferri et al., 2014; Zhang et al., 2017) al afio de RYGB.

En paralelo a la pérdida de peso inducida por RYGB, la circunferencia de cintura se redujo
significativamente al afio de la intervencion. Estos resultados se interpretan como una
reduccion de la grasa visceral, ya que la circunferencia de cintura se correlaciona con la
acumulacion de adiposidad abdominal y, junto con el BMI, son potentes predictores de
la misma (Cho et al., 2018). La circunferencia de cintura también presenta una asociacion
positiva con la mortalidad por todas las causas (Cerhan et al., 2014), por lo que la cirugia

RYGB podria estar reduciendo el riesgo de mortalidad en nuestra poblacion estudiada.

En cuanto a la necesidad de cuantificar y buscar una prediccion de resultados clinicos
post cirugia, un valor utilizado es el porcentaje de exceso de peso corporal, el cual
describe el porcentaje de pérdida de peso en relacion con la obtencion de un BMI "ideal”
de 25 kg/m? (Dixon et al., 2005). A este respecto, la literatura sefiala que pérdidas de
exceso de peso entre un 50%-75% son consideradas como buenos resultados tras la
cirugia y 75%-90% como muy buenos mientras que un porcentaje menor que 50%
supondria unos resultados no satisfactorios (Barhouch et al., 2016). En este sentido, hubo
una media de 80% de pérdida de exceso de peso corporal con valores entre el 51% y
109%. Estos resultados estan en la linea con otros estudios de cohortes retrospectivos
donde se observaron medias de 69% de cambio con caracteristicas de pacientes similares
anuestra cohorte (Torquati et al., 2007) y un rango de cambio entre 15%-155% en grandes
cohortes al afio de RYGB (Ma et al., 2006; Barhouch et al., 2016), lo que indica una
amplia variacion entre los resultados. Relacionando este porcentaje de reduccién con las
mejoras clinicas que puede ofrecer el RYGB, Buchwald et al. (2004) concluyen que una
pérdida media del 61% del exceso de peso corporal en pacientes sometidos a RYGB se

acompariaba de una mejoria en pacientes con hipertension, dislipidemia, T2D y apnea del
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suefio. En linea con estas premisas, los resultados post operatorios de nuestras cohortes
se han clasificado como buenos y muy buenos, con un mayor porcentaje de pérdida de
peso respecto a los articulos previos y una tasa de remision de comorbilidades elevada,

asociada también con la pérdida de peso.

Se considera que la pérdida de peso representa un mecanismo eficaz no farmacoldgico
para la prevencion primaria de la hipertension (Stevens, 2001), por este motivo, el
siguiente paso fue evaluar el efecto de la pérdida de peso sobre la presion arterial en
nuestra cohorte pacientes. En general, hemos observado una disminucion significativa de
SBP y DBP respecto a sus valores basales, concretamente hubo una bajada media de
9mmHg y 7 mmHg, respectivamente. Estos pardmetros también han sido evaluados en
un estudio llevado a cabo por Ahmed et al. (2009), los cuales observaron una reduccion
de 15 mmHg en SBP y 9 mmHg en la DBP al afio de RYGB aunque en este estudio el
58% de pacientes eran hipertensos antes de la operacion. Por su parte, Carson et al. (1994)
registraron reducciones de 10 y 9 mmHg en la SBP y DBP, respectivamente, en pacientes
con obesidad e hipertensién 1 afio después de RYGB. Nuestro estudio esta en la linea con
Carson et al. ya que aproximadamente un tercio de la poblacion de estudio tenia prescrito
antihipertensivos mientras que las mayores reducciones de SBP y DBP se constatan en
pacientes con unos valores mas elevados previos a la cirugia, tal como estipula el estudio
de Ferstrom et al. (2006). Por lo tanto, el RYGB podria reducir el riesgo cardiovascular
mediante la resolucién o la mejoria del mecanismo a través del cual se produce la

hipertension.

Analizando el perfil bioguimico, el RYGB mejoré claramente los parametros del
metabolismo hidrocarbonado al reducir significativamente los niveles de glucemia,
insulina y HbAl1c. Tal y como era de esperar, estos resultados se asociaron con una
mejoria en la IR, que se corroboré al disminuir el HOMA-IR al afio de la intervencion.
Estos resultados concuerdan con los presentados por Cazzo et al. (2014) que observaron
una disminucién de glucosa, HbAlc y HOMA-IR al afio de seguimiento tras el RYGB.
Esta disminucion fue también constatada por Camastra et al. (2011), quienes observaron
que los pacientes intervenidos presentaron mayor sensibilidad a la insulina que los
pacientes de peso similar sin haber sido sometidos a la cirugia independientemente de la
T2D. Es de destacar que un trabajo llevado a cabo por Wolfrum et al. (2004) sugieren

que la hiperinsulinemia promueve la inhibicion de FOXA2 (del inglés, forkhead box
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protein A2), un regulador de la oxidacion de los &cidos grasos, conduciendo a la
acumulacion de lipidos en el higado, a la resistencia hepética a la insulina y, en Gltima
instancia, a T2D. Por lo tanto, el descenso observado en la insulina podria mejorar la

oxidacion de acidos grasos libres y disminuir los FFA en la cohorte de pacientes.

A su vez, hemos demostrado que el perfil lipidico mejoro cuantitativamente al reducir los
niveles de colesterol total, LDL y TG, con un aumento de las HDL. Estas consecuencias
bioquimicas estan en concordancia con la bibliografia publicada al afio de la intervencion
(Asztalos et al., 2010; Minervino et al., 2015). Por ejemplo, Garcia-Marirrodriga et al.
(2012) mostraron una correlacion positiva entre el porcentaje de exceso de peso corporal
perdido y la reduccién de colesterol total, LDL y TG por lo que podria estar en linea con
nuestros resultados. Por otra parte, el RYGB también indujo un descenso en el riesgo de
aterosclerosis asociado al cambio cualitativo de las lipoproteinas que transportan
colesterol. En este sentido, ademas de evidenciar un descenso del LDLc tras la operacion
RYGB, hay un descenso significativo en el patron mas aterogénico (LDL pequefias y
densas) y un aumento significativo en las particulas menos aterogénicas (patrén
intermedio), sin cambios detectables en las particulas LDL de mayor tamafio (lvanova et
al., 2017). En cuanto al aumento significativo del HDLc, a nivel cualitativo se observa un
aumento significativo de las particulas HDL grandes (las cuales se relacionan
inversamente con riesgo cardiovascular) y descenso significativo en las intermedias y
pequefias, subfracciones mas proaterogénicas (Kontush, 2015). Sin embargo, existe cierta
controversia en cuanto al efecto de RYGB sobre el perfil cualitativo lipidico de los
pacientes. En un estudio prospectivo de cohortes, Kjellmo et al. (2018) reportaron un
descenso en las particulas LDL y aumento de las HDL grandes mientras que no
encontraron diferencias en las LDL pequefias y densas o HDL pequefias, si bien el 21%
de los participantes fueron sometidos a una cirugia distinta a RYGB. En cambio, Coimbra
et al. (2019) mostraron un aumento en las particulas HDL grandes, intermedias y
pequefias pero no evidenciaron cambios en las subfracciones de LDL. Aunque
evidenciaron un descenso de los niveles de oxLDL, lo que asociaron a una mejora de la

funcién endotelial y un descenso del estrés oxidativo.

Por ultimo, centrandonos en los marcadores inflamatorios agudos, cabe sefialar que la
inflamacion es el principal factor que relaciona la obesidad con las alteraciones

metabolicas asociadas (Ellulu et al., 2017), mejorando tras la pérdida de peso. Nuestros
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resultados mostraron una disminucion sistémica significativa de la CRP, el C3c, la IL6,
el TNFa y los leucocitos totales tras la pérdida de peso. La CRP es capaz de inducir la
secrecion de IL6 y TNFo por macrofagos y adipocitos (Badimon et al., 2018),
correlacionandose a su vez con los niveles de C3c (Gémez-Abril et al., 2016) y con un
aumento del recuento de leucocitos (Hanusch-Enserer et al., 2003). El descenso colectivo
de estos mediadores inflamatorios también se ha constatado por otros autores. Entre ellos
Kopp et al. (2003) demostraron una reduccion de CRP e IL6 tras el RYGB ademas de la
reduccion de HOMA-IR, aunque no observaron cambios significativos en TNFa. En otros
estudios (Dallal et al., 2012; Viana et al., 2013) si que detectan un descenso sistémico
significativo de TNFa e IL6 y concentracion de leucocitos, respectivamente, lo que esta
en linea con nuestros resultados, incluso a los 6 meses de la RYGB y manga gastrica
(Villarreal-Calderon et al., 2021). Se sabe que los niveles elevados de citogquinas
inflamatorias circulantes, y en particular la CRP, se consideran predictores
independientes de eventos cardiovasculares (Badimon et al., 2018), incluso méas que los
niveles de LDL (Ridker et al., 2002). Por ultimo, la cantidad total de leucocitos se
correlaciona positivamente con la grasa visceral, esteatosis hepatica (Ryder et al., 2014)
y BMI (Garcia-Prieto et al., 2019), revirtiéndose su aumento significativamente al afio de
intervencion. Por lo tanto, el descenso significativo de leucocitos en nuestras cohortes
podria estar reflejando esta mejora metabdlica asociada a la pérdida de peso por RYGB.
Se ha demostrado que los procedimientos de cirugia bariatrica, incluido el RYGB,
alcanzan objetivos de pérdida de peso y la reduccién de comorbilidades metabdlicas,
incluida la incidencia de eventos cardiovasculares (Benotti et al., 2017). Como era de
esperar, nuestros pacientes se beneficiaron de una pérdida de peso sustancial, junto con
una disminucion de la circunferencia abdominal, una reduccion de la presion arterial y de

la IR, y mejoras significativas en el perfil lipidico e inflamatorio al afio de la intervencion.

Una vez abordados los cambios en los marcadores inflamatorios sistémicos y, sobre todo,
en el perfil lipidico tras la RYGB, se procedio a la evaluacion de la implicacion del estrés
oxidativo sobre la activacion de los leucocitos y su papel sobre la disfuncién endotelial y

los marcadores subrogados de aterosclerosis.

Como se ha comentado previamente, el estrés oxidativo es uno de los principales
mecanismos que subyacen a la obesidad, la disfuncion endotelial y el desarrollo de la

aterosclerosis. Aunque el AT adquiere un papel relevante como generador de estrés
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oxidativo asociado a la obesidad, los leucocitos también estan involucrados debido al
aumento significativo en la produccion de Oz~ en funcion del BMI, siendo mayores los
niveles cuando el BMI > 40 kg/m? (Lopez-Doménech et al., 2018). En este sentido, la
reduccion del dafio oxidativo en pacientes con obesidad podria contribuir a la reduccion

del riesgo de desarrollo y progresion de la aterosclerosis.

El efecto de la cirugia bariatrica sobre los marcadores de estrés oxidativo a nivel sistémico
ha sido evaluado previamente en varios articulos. En nuestro caso, la pérdida de peso
asociada a RYGB supuso una disminucion significativa de la produccién de O2™ en los
leucocitos junto con una menor deteccion de carbonilacion de proteinas y MPO a nivel
sérico. Sin embargo, son escasos los estudios que han explorado los cambios en la
produccién de ROS en leucocitos tras RYGB. El estudio llevado a cabo por Roberts et al.
(2018) coincide con nuestros resultados al detectar una disminucion de la produccion de
O2~ por parte de células inmunitarias pero, a diferencia, los pacientes fueron operados
con banda géstrica. Ademas, en un estudio que evalué el efecto de RYGB en modelo de
ratones con obesidad, también detectaron una menor produccion de ROS en los

hepatocitos, sin cambios en la capacidad antioxidante (Sacks et al., 2018).

En concordancia con nuestros datos, se ha detectado una reduccion significativa de
carbonilacion de proteinas y peroxidacion lipidica a los 3 (Xu et al., 2015) 6 y 12 meses
tras RYGB, alcanzando niveles similares a pacientes con normopeso (Schmatz et al.,
2017). Ademés, los niveles séricos de MPO descendieron tras 6 meses (Roberts et al.,
2018) y un afo de la intervencion, llevada a cabo mediante RYGB (da Silva et al., 2012)
y banda géstrica (Roberts et al., 2018), lo que coincide con los resultados obtenidos en
nuestro estudio. La MPO participa en el proceso de degranulacién de los neutrdfilos,
oxidacidn de las particulas de LDL y en el deterioro de la funcion de la NOS (Carr et al.,
2000), asociandose a un mayor riesgo de enfermedad arterial coronaria y mortalidad
general (Brennan y Hazen, 2003; Ndrepepa, 2019).

Por otra parte, otro componente alterado en la obesidad y que condiciona notablemente
el estrés oxidativo es el déficit de defensas antioxidantes. En nuestro estudio hemos
constatado un aumento significativo de la actividad sérica de SOD y la expresion proteica
de GXP1 en PBMC, siendo evidente un aumento de defensas antioxidantes tras la

intervencion. Estos resultados son similares a los publicados por Schmatz et al. (2017)
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quienes evidenciaron un aumento de la actividad de SOD y CAT a los 6 y 12 meses tras
RYGB. En este contexto, Monzo-Beltran et al. (2017) también evidenciaron una
respuesta antioxidante adaptativa de los leucocitos a través de una mayor actividad de
GPX, SOD y CAT, aunque en este caso en la gastrectomia en banda. A su vez, la pérdida
de peso mediada a través de una dieta hipocalorica también logré aumentar las defensas
antioxidantes — glutation y CAT —, disminuir la produccion de O2~ en sus leucocitos y
la actividad sérica de MPO (Lopez-Domeénech et al., 2019b).

La mejoria del perfil lipidico y de los marcadores de estrés oxidativo de los leucocitos
tras la cirugia bariatrica podria trasladarse a una menor presencia de oxLDL, tal y como
mostraron en un estudio reciente el grupo de Peinado-Onsurbe et al. al postular un
descenso del 49% de las oxLDL respecto a los valores previos a la intervencién
(Carmona-Maurici et al., 2020). Estos resultados sugieren una recuperacion parcial del
equilibrio redox mediado por una disminucion de la sefializacién prooxidante a favor de
las respuestas antioxidantes, tanto en los leucocitos como en el suero y, en consecuencia,
la reduccion del riesgo de desarrollo y progresion de enfermedades cardiovasculares. La
evidencia cientifica acumulada sugiere una asociacion entre la disfuncion endotelial, el
estado prooxidante de los leucocitos y su fenotipo adherente en pacientes con obesidad y
T2D (Hernandez-Mijares et al., 2013; Lépez-Domeénech et al., 2018). La excesiva
liberacion de O2~ por parte de las células inmunitarias provoca un aumento de la
permeabilidad vascular y favorece su reclutamiento y migracion a través del endotelio
(Csényi et al., 2009). Ademas, este proceso se ve facilitado por la MPO que promueve la
atraccion de los leucocitos al endotelio (Klinke et al., 2011). Por lo tanto, en el siguiente
apartado abordaremos el estudio de la funcién endotelial mediante el analisis de las
interacciones del leucocito al endotelio y las moléculas de adhesidn solubles secretadas

al torrente sanguineo.

En primer lugar, aunque no se produjeron cambios en la velocidad de rodamiento de los
PMN, si se observo una disminucion significativa del namero de leucocitos que
interaccionaron y se adhirieron al endotelio al afio de la intervencion. En cuanto a la
bibliografia disponible, existen pocos articulos que evalten la implicacion de la perdida
de peso sobre estos marcadores. En el contexto de la obesidad, previamente hemos
publicado un trabajo en el que evaluamos las interacciones leucocito-endotelio en una

poblacién en funcién del BMI y adiposidad. Los resultados mostraron un descenso de la
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velocidad de rolling, un aumento del nimero de PMN que interaccionan con el endotelio
junto con una mayor adhesion en los pacientes con obesidad (Lépez-Domeénech et al.,
2018). En linea con nuestros resultados, Lépez-Domeénech et al. (2019b) analizaron la
influencia de la pérdida de peso, mediada a través de VLCD, en pacientes con obesidad
morbida sobre las interacciones leucocito-endotelio, concluyendo que la dieta
hipocaldrica fue capaz de disminuir significativamente el nimero de PMN adheridos al
endotelio.

Una molécula estrechamente relacionada con la induccion del rodamiento y adhesion
firme de los leucocitos al endotelio es la proteina MCP1 (Gerszten et al., 1999). De hecho,
es capaz de promover la infiltracion de macrofagos en los tejidos, ampliar y exacerbar la
respuesta inflamatoria, contribuyendo asi a mantener la IR (Monteiro y Azevedo, 2010).
También presenta relacion con la patogénesis del MetS, puesto que se ha encontrado un
aumento significativo de la concentracion de MCP1 en suero en los pacientes con MetS
respecto a con participantes sanos, correlacionandose positivamente con el perimetro de
cintura (Savas et al., 2020). En este contexto, observamos un descenso en la expresion
proteica de MCP1 por parte de los PBMC al afio de la intervencion. En linea con este
resultado, un estudio concluyé también una reduccion significativa de la expresion génica
de mcpl en el VAT de pacientes a los 3 meses post RYGB (Cancello et al., 2005), y a los
6 meses (Monte et al., 2012) y al afio a nivel sistémico (Billeter et al., 2017). Por lo tanto,
se podria pensar que hay una menor induccion de sefiales proinflamatorias que
promueven la infiltracién endotelial de los leucocitos, asociandose a las reducciones en

las interacciones leucocito-endotelio que hemos constatado.

Una vez analizada la activacion leucocitaria, el siguiente paso fue analizar marcadores de
disfuncion endotelial mediados a través de las CAM. En general, los niveles circulantes
elevados de CAM (resultantes de la activacion de las células inmunitarias y endoteliales)
revelan disfuncion endotelial y son prondsticos de CVD (Bielinski et al., 2015), ya que
participan en el reclutamiento de leucocitos por parte de la pared vascular. De hecho,
transcurrido un afio de la cirugia, observamos un descenso significativo de los niveles
séricos de ICAM1 y P-selectina, los cuales forman parte de los primeros estadios de
captacion e interaccion del leucocito al lecho vascular. En concordancia con nuestros
resultados, estudios previos longitudinales postulan una disminucion del 60% en los

niveles de ICAM1 tras los 6 meses (Netto et al., 2015) y 1 afio post RYGB en una cohorte
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de mujeres con obesidad severa (Swarbrick et al., 2008). A este respecto, una revision
sistematica que agrupa las distintas técnicas realizadas en la cirugia bariatrica concluye
una reduccion de la concentracion circulante de ICAM1 y E-selectina, sin detectar
cambios significativos en VCAML (Seyyedi y Alizadeh, 2020), lo cual esta en linea con
nuestros resultados. En este sentido, se sabe que los productos liberados durante la
activacion de las plaquetas pueden afectar a la funcién tanto de los macréfagos como de
las células endoteliales, pudiendo regular la expresion génica de icaml (Gidlof et al.,
2013). Por lo tanto, la secrecion de P-selectina podria estar relacionada con los niveles de
ICAML. En nuestro contexto, la reduccion evidenciada de P-selectina asociada a RYGB
ha sido constatada también por Heffron et al. (2019) con un descenso significativo a los
6 meses de intervencion, aunque el disefio de investigacion fue realizado en mujeres con

obesidad sometidas a gastrectomia en manga.

Por lo tanto, es probable que la atenuacion del fenotipo prooxidante de los leucocitos tras
la cirugia bariatrica contribuya a mejorar la disfuncién endotelial y reducir el
reclutamiento de leucocitos, protegiendo asi del desarrollo de la aterosclerosis. En este
escenario, se hace necesario evaluar diferentes rutas moleculares como la autofagia, la
formacion del complejo del inflamasoma, el estrés de ER y la disfuncion mitocondrial en
los leucocitos, ya que estas cascadas de sefializacion estan estrechamente relacionadas

con el estrés oxidativo.

Como hemos discutido previamente, la cirugia de RYGB promovio6 una acusada pérdida
de peso, acompafiada de una mejora en los parametros metabolicos e inflamatorios. En
este sentido, la AMPK es capaz de actuar como sensor de las alteraciones del equilibrio
energético causadas por el metabolismo a nivel celular y sistémico. En los pacientes con
obesidad, la disminucidn de la actividad de AMPK se ha asociado a un aumento de IR
sistemica, donde la actividad de AMPK era menor en el AT de pacientes con IR respecto
a pacientes con una adecuada sensibilidad a la insulina (Gauthier et al., 2011). En cuanto
al efecto de la pérdida de peso, la restriccidn cal6rica indujo una activacion de AMPK y
un descenso de TG e IR (Fritzen et al., 2015). Del mismo modo, se ha observado un
aumento de la actividad de AMPK en los PBMC un afio despues de la cirugia bariatrica
— mediante bypass laparoscopico o gastrectomia en manga — (Angelini et al., 2019;
Garcia-Prieto et al., 2019). Igualmente, se detecté una correlacion negativa entre una

mayor activacion de AMPK, proteinas carboniladas y BMI. Estos antecedentes estan en
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concordancia con nuestros resultados, donde los leucocitos expresaron un aumento del

contenido proteico de AMPK total y su forma fosforilada al afio de RYGB.

En cuanto a la relacion de AMPK con el estrés oxidativo y la regulacion de la inflamacion,
se constato un aumento en la expresion y actividad de AMPK en el SAT entre 3y 6 meses
después de RYGB, acompafiandose de una reduccion del estrés oxidativo y los
marcadores inflamatorios (Xu et al., 2015; Ferraz-Bannitz et al., 2021). Se postula que
AMPK podria estar modulando el estrés oxidativo a través de la disminucion de la
actividad de NOS y NADPH oxidasa; interfiriendo también en la actividad de MCP1 de
los macréfagos y modulando la expresion de las CAM (Salt y Palmer, 2012). AMPK
también es capaz de modular la inflamacion al inhibir cascadas de sefializacion
promovidas por TNFa, IL6 e IL1p, las cuales inducen la activacion de NF-kB (Mancini
et al., 2017) en macréfagos (Sag et al., 2008), de tal manera que la supresion de la
expresion de AMPK fue capaz de inducir la expresion génica de il6 y tnfa. En células
endoteliales, se ha observado que la activacion de AMPK mediada por agonistas de
PPARa (del inglés, perosyxome proliferator-activated receptor o) inhibi6 la activacion de
NF-kB inducida por citoquinas (Okayasu et al., 2008). En este sentido, los leucocitos de
nuestra cohorte también experimentaron un descenso significativo de NF-xB — factor de
transcripcion involucrado en las primeras etapas de activacion del complejo inflamasoma
NLRP3 — y una reduccion sistémica de IL1p al afio de la intervencion. Sobre la base de
todos estos hallazgos, podriamos sugerir que las estrategias que activan AMPK parecen
ser eficaces para reducir las vias proinflamatorias, las cuales, a su vez, se asocian con

estrés oxidativo y con la activacion del complejo inflamasoma NLRP3.

Por otra parte, existe una estrecha relacion entre la activacion de rutas inflamatorias y la
activacion del estrés de ER. En este contexto, previas investigaciones han asociado la
obesidad con un aumento significativo de los marcadores de estrés de ER — elF2a y
ATF6 — en adipocitos sometidos a elevadas concentraciones de FFA, LPS y glucosa,
condiciones fisiopatoldgicas que mimetizan la obesidad y sus comorbilidades (Alhusaini
et al., 2010). La expresion de ATF6a y sXBP1 en adipocitos se correlacionaron
significativamente con el BMI y el porcentaje de grasa corporal (Sharma et al., 2008).
Uno de los primeros estudios en abordar el efecto de RYGB sobre los marcadores de
estrés de ER al afio de la cirugia, constaté una reduccion de los marcadores GRP78,
sXBP1, CHOP y elF2a fosforilado hepaticos (Gregor et al., 2009). Nuestros resultados

99



4. RESULTADOS Y DISCUSION

son coherentes con los estudios mencionados anteriormente, ademas de corroborar una
asociacion entre la pérdida de peso y la disminucion significativa de ATF6 y CHOP en
leucocitos al afio de la RYGB. La activacion de AMPK también puede intervenir en el
metabolismo del ER ya que se ha descrito que los activadores de AMPK previenen la
inflamacidn inducida por FFA a traves del alivio del estrés de ER en macréfagos (BoR et
al., 2016). En conjunto, estos datos demuestran una posible regulacion del estrés de ER
en la pérdida de peso inducida por la RYGB.

Cada vez existen mas evidencias sobre el papel de AMPK en la fisiopatologia de la
obesidad y su relacion con procesos catabdlicos como la glucélisis y la autofagia (Garcia
y Shaw, 2017) tanto en el AT (Ha et al., 2015) como en células leucocitarias (Diaz-
Morales et al., 2018). En relacién a este Gltimo, AMPK reduce la actividad de mTOR en
condiciones de estrés energético (Kim et al., 2011) y, de forma directa, AMPK puede
fosforilar directamente a ULK1, activando la autofagia y la eliminacion selectiva de las
mitocondrias dafiadas (Egan et al., 2011). Centrandonos en el efecto de la pérdida de peso
sobre los marcadores de autofagia, nuestros resultados evidenciaron un aumento
significativo en la expresion proteica de BECLIN1, complejo ATG5-ATG12, LC3l,
LC3Il y NBR1 tras 1 afio de RYGB. Estos marcadores representan los pasos de
nucleacion, elongacion y reclutamiento del contenido a degradar. Investigaciones previas
en hepatocitos han demostrado gque en la obesidad inducida por HFD, hay un defecto en
la autofagia, promoviendo el estrés de ER e IR (Yang et al., 2010; Soltis et al., 2017)
mientras que la RYGB mejor6 el metabolismo lipidico a traveés del aumento de
LC3II/LC31 y descenso de mTOR en ratas con obesidad y diabetes (Ma et al., 2020). En
el caso de los preadipocitos 3T3-L1, los trabajos publicados por Zhang et al. (2020) y Yin
et al. (2015) sefalan a la autofagia como la efectora molecular que restablece la
acumulacion de lipidos y las vias del estrés de ER-NF-«xB inducidas por el palmitato
mediante la activacion de la macroautofagia y la autofagia mediada por chaperonas. En
conjunto, estos hallazgos implican la activacion de las vias autofagicas en la mejora de

las consecuencias metabélicas de la obesidad.

Junto con la induccion de la macroautofagia en los leucocitos, observamos un aumento
significativo de las proteinas MIEAP y PINK1 y descenso significativo en el potencial de
membrana mitocondrial (medido a través del TMRM) al afio de RYGB, posiblemente

como mecanismo de eliminacién y reciclaje de las mitocondrias dafiadas (Sarparanta et
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al., 2017). Como se menciono previamente, la mitofagia no solo esta regulada por AMPK,
sino también por la eliminacion de las mitocondrias despolarizadas mediada por PINK1
y PRKN (Nguyen et al., 2016). Tal y como hemos discutido previamente, el estres
oxidativo dafia irreversiblemente las mitocondrias por lo que un descenso significativo en
la produccion de Oz~ después de RYGB favoreceria el aclaramiento mitocondrial a través
de la mitofagia y mejoria la funcion mitocondrial después de la intervencion. En cuanto
al efecto de la pérdida de peso en el potencial de membrana mitocondrial, de acuerdo con
nuestros hallazgos Lopez-Domeénech et al. (2019a) evidencio un descenso del potencial
de membrana mitocondrial y mtROS en leucocitos tras 6 meses de restriccion calorica,

en este caso mediada por VLCD.

Simultdneamente al proceso de mitofagia y para una correcta eliminacion de las
mitocondrias dafiadas, la célula posee una maquinaria molecular encargada de escindir y
aislar (fision) y, por otra parte, unir las mitocondrias que sean funcionales (fusion).
Ademas, estos procesos requieren de la activacion de factores transcripcionales nucleares
para poder sintetizar nuevas mitocondrias y, de esta manera, reducir la disfuncion
mitocondrial. Asi, en su conjunto, la autofagia se encuentra estrechamente relacionada
con el metabolismo mitocondrial (Palikaras y Tavernarakis, 2014), el cual incluye
procesos de biogénesis y dindmica mitocondrial.

A este respecto, en la presente Tesis Doctoral hemos constatado que un afio después de
la intervencion de RYGB, observamos un aumento significativo de la expresion proteica
de PGCla y TFAM en los leucocitos, lo que sugiere un aumento de la biogénesis
mitocondrial. En el contexto de la obesidad, la inflamacién crénica de bajo grado vy el
estrés oxidativo provoca un descenso en la biogénesis y una disfuncion mitocondrial, lo
que se relaciona con IR y desarrollo de T2D (Liu et al., 2009). Concretamente, se sabe
que la expresion génica de pgclo esta reducida en el AT de pacientes con obesidad
(Semple et al., 2004) y que la pérdida de peso asociada a la RYGB es capaz de revertir
significativamente esta condicion en el musculo esquelético (Gastaldi et al., 2007) a partir
de los 3 meses post intervencion. Concretamente, los pacientes con sobrepeso
experimentaron un aumento de expresion génica de pgclo y tfam tras la pérdida de peso
inducida por una restriccion calorica, ademas de aumentar significativamente el
contenido de mtDNA (Civitarese et al., 2007). Se sugiere que TFAM es capaz de prevenir

la IR inducida por una HFD en el muasculo de ratones y, por lo tanto, su deplecién podria
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inducir obesidad y diabetes (Koh et al., 2021), probablemente debido a una remodelacion
de la cadena respiratoria y el descenso de multiples proteinas implicadas en la
fosforilacion oxidativa. Las alteraciones del contenido y la actividad metabdlica
mitocondrial han surgido como caracteristicas de la obesidad a través de su estudio en el
AT y masculo esquelético en humanos (Antoun et al., 2015; Heinonen et al., 2015). De
hecho, el defecto en la fosforilacion oxidativa puede conducir a la sobreproduccién de
ROS y acumulacién de mitocondrias dafiadas (Bhatti et al., 2017), que deben ser
reparadas o eliminadas para preservar la funcionalidad celular (Shadel y Horvath, 2015).
En nuestra cohorte de estudio, la RYGB indujo un aumento significativo de los complejos
involucrados en la fosforilacion oxidativa del complejo | y ATPasa, con una tendencia
marcada al aumento en el complejo IV. Por el contrario, no se detectaron cambios en los
complejos Il y Il al afio de seguimiento. Nuestros resultados sugieren que RYGB
promueve un aumento en los niveles de las proteinas involucradas en la fosforilacion
oxidativa (complejo inicial de la cadena de transporte de electrones y la ATPasa). Previos
estudios llevados a cabo en diferentes tejidos diana (higado, adiposo o musculo) y
modelos (celulares o animales) han puesto de manifiesto el aumento de la expresion
génica de los complejos mitocondriales tras la restriccion calorica (Ghosh et al., 2011) o
post RYGB (Coen et al., 2015; Hansen et al., 2015). Centrandonos en los PBMC,
Nijhawan et al. (2013) observaron un aumento significativo de las tasas de respiracion
mitocondrial basal y méaxima después de la cirugia, mientras que en el musculo

esquelético permanecieron inalterados.

Es importante sefialar que el control de la calidad mitocondrial esta modulado por la
coordinacion de la biogénesis mitocondrial y los mecanismos de fusion y fision (Picca et
al., 2018), los cuales constituyen mecanismos de la homeostasis mitocondrial que regulan
la eficiencia bioenergética. En nuestra cohorte, el estudio de marcadores de fusion
mitocondrial mostré un ligero aumento en la expresion proteica de MNF2 y OPAL que
se acompafd de un aumento significativo del contenido proteico de MFN1 en los
leucocitos al afio de seguimiento de RYGB. En cambio, las proteinas de fision
mitocondrial FIS1 y DRP1 fosforilado permanecieron inalteradas. En consonancia con
estos hallazgos, estudios previos llevados a cabo en pacientes con obesidad, han revelado
una asociacion directa entre la dindmica mitocondrial y el equilibrio bioenergético, lo que
sugiere que la remodelacién de la dindmica mitocondrial podria constituir una adaptacién

a las alteraciones metabolicas (Zorzano et al., 2009b; Liesa y Shirihai, 2013). Se postula
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que el aumento en la fusién mitocondrial podria contribuir positivamente a la ampliacién
y funcionalidad de la red mitocondrial al estimular la expresion de los complejos
mitocondriales, como se ha comprobado en el higado de ratas con obesidad (Sacks et al.,
2018). En particular, varios investigadores han argumentado que la obesidad se
caracteriza por una expresion génica reducida de los marcadores de fusion, los cuales
podrian contribuir a la disfuncién mitocondrial (Putti et al., 2015). Aunque cada vez
existen més evidencias de que la RYGB podria mejorar la fusién mitocondrial (Peng y
Murr, 2013; Verbeek et al., 2015), los datos aun son limitados y controvertidos.
Recientemente, Kugler et al. (2020) no encontraron cambios en estas proteinas en
miotubos de pacientes con obesidad 7 meses despues del RYGB. En el caso de las
proteinas de fision mitocondrial, existe una controversia en torno a los efectos del RYGB
sobre los niveles de las proteinas FIS1 y DRP1 (Putti et al., 2015; Kristensen et al., 2018;
Kugler et al., 2020).

Para concluir, nuestros resultados profundizan en la comprension de los mecanismos
subyacentes a la relacion entre la obesidad y la pérdida de peso. En este sentido, la cirugia
de RYGB promovié una pérdida de peso pronunciada en nuestros pacientes, y se
acompafd de una mejoria de los parametros antropométricos y bioquimicos al afio de
seguimiento. Los pacientes sometidos a RYGB mostraron una disminucion de los factores
proaterogenicos sistémicos, como la inflamacion sistémica (CRP, C3c, IL6, TNFa e
IL1pB), la produccion de ROS (MPO y carbonilacién de proteinas) y el perfil de
dislipidemia aterogénica, y un aumento de las defensas antioxidantes (SOD). En conjunto,
estas mejoras pueden contribuir a mejorar la disfuncién endotelial a través de una
reduccion en la expresion de CAM (ICAML1 y P-selectina), el rodamiento de leucocitos y
la adhesion al endotelio. A la luz de estos resultados, exploramos la modulacién de las
respuestas de estrés intracelular en los leucocitos después de la pérdida de peso y
observamos una produccion disminuida de ROS intracelular (O27), mediadores
inflamatorios (MCP1, NF-xB), estrés ER (ATF6 y CHOP) y potencial de membrana
mitocondrial asociado con un aumento en la defensa antioxidante (GPX1) y una expresion
mejorada de AMPK, AMPK fosforilada, marcadores de autofagia/mitofagia (ATGS5,
BECLIN1, LC3, NBR1, PINK1 y MIEAP) y metabolismo mitocondrial (PGCla, TFAM,
complejos mitocondriales y MFN1). En conjunto, estos resultados arrojan luz sobre los
posibles mecanismos subyacentes al papel beneficioso de la pérdida de peso con respecto

al control metabdlico y la homeostasis celular.
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ESTUDIO TRANSVERSAL: OBESIDAD METABOLICAMENTE SANA Y T2D
Con el objetivo de poder evaluar el estrés oxidativo, inflamacién y autofagia en el VAT
de pacientes con obesidad y T2D tratados con metformina, se disefié un estudio
transversal compuesto por 68 pacientes divididos en los dos grupos: obesidad
metabolicamente sana (definida como la ausencia de diagnostico ni tratamiento de
comorbilidades asociadas a la obesidad, excepto la circunferencia de cintura) y pacientes
con T2D (definida en funcion de las directrices de la Asociacion Americana de Diabetes
[(American Diabetes Association, 2018)]). Ambos grupos de participantes estuvieron
compuestos por el mismo numero de pacientes (34), donde las mujeres representaron el

85% y 71%, respectivamente.

En este estudio se detectaron diferencias significativas entre los grupos de edad puesto
que el grupo metabdlicamente sano presentaba una media de 38 afos y el grupo con T2D,
52 afios. Para poder minimizar la posible implicacion de la edad sobre los pardmetros
antropométricos y bioquimicos, se generdé un modelo lineal general univariante tratando
a la edad como una variable de confusion o modificadora. En cuanto a los parametros
antropomeétricos, no se detectaron diferencias en el BMI, aunque el grupo de pacientes
con T2D present6 mayor circunferencia de cintura, indice cintura-cadera, SBP y DBP.
Mientras que el grupo con obesidad metabdlicamente sana no tenian ningin farmaco
prescrito para comorbilidades asociadas a la obesidad, el 62% de pacientes con T2D
tomaba hipotensivos, un 67% hipolipemiantes y el 100% metformina como tratamiento

de eleccion hipoglucemiante.

Como era de esperar, los pacientes con T2D mostraron diferencias significativas en los
parametros del metabolismo de la glucosa, incluyendo niveles elevados de glucosa,
insulina, HOMA-IR y HbA1c con respecto al grupo con obesidad metabdlicamente sana.
En este estudio, no se detectaron diferencias en el colesterol total, HDL o LDL. En
cambio, el grupo con T2D presentd mayores niveles de TG respecto a pacientes
metabolicamente sanos. Se conoce que el BMI y porcentaje de grasa se asocia
significativamente con la CRP (Forouhi et al., 2001). En nuestro estudio, ambos grupos
presentaron unos niveles similares de CRP, posiblemente debido a que presentan el
mismo BMI. No obstante, Ilama la atencion los niveles elevados en ambos grupos
(>3mg/l) por lo que podria asociarse con mayor riesgo cardiovascular (Pearson et al.,

2003). Ademas, una serie de estudios prospectivos han demostrado que los niveles de
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CRP predicen el desarrollo de T2D independientemente del grado de adiposidad,
distribucion de la grasa e IR (Esser et al., 2014). Por lo tanto, el grupo de obesidad
metabdlicamente sana podria tener un riesgo subclinico de inflamacién crénica y
desarrollo de T2D respecto a pacientes con normopeso, tal y como ha sido descrito
recientemente (Bliher, 2020; Wu et al., 2022). Por dltimo, la cantidad de leucocitos
totales fue similar entre los dos grupos de estudio. El recuento de leucocitos puede estar
asociado con la patogénesis de las complicaciones macrovasculares en pacientes con T2D
(Tsai et al., 2007). Al no detectar diferencias entre ambos grupos del estudio, se podria
asociar a un mismo nivel de riesgo de sufrir complicaciones vasculares. Una vez
discutidas las caracteristicas antropométricas y bioquimicas, el siguiente paso fue
determinar si los mecanismos moleculares que subyacen a los efectos
inmunomoduladores de la metformina implican la activacion del complejo del
inflamasoma NLRP3 y/o la modulacion de la autofagia en el VAT de pacientes con

obesidad.

En primer lugar, se procedio a evaluar parametros de estreés oxidativo e inflamatorios a
nivel sistémico, ya que como hemos ido mencionando a lo largo de esta Tesis Doctoral,
los leucocitos son uno los principales mediadores de la respuesta inflamatoria. A este
respecto, por una parte, observamos un descenso significativo en la produccion
leucocitaria de mtROS y una reduccién en los niveles de MPO vy, por otra parte, menores
niveles séricos de TNFa e IL6 en los pacientes con T2D tratados con metformina respecto
a los pacientes con obesidad metabolicamente sana. La metformina es capaz de reducir el
consumo celular de oxigeno tanto en WAT, BAT y en el musculo esquelético (Breining
et al., 2018; Kulkarni et al., 2018). EI mecanismo a través del cual media estos efectos
parece estar influenciado por la inhibicion del complejo | mitocondrial y la reduccion de
la oxidacion del substrato. Esto supone la disminucion de la oxidacién del NADH,
gradiente de protones y tasa de consumo de O (Pernicova y Korbonits, 2014; Vial et al.,
2019). Estudios llevados a cabo por nuestro grupo (Diaz-Morales et al., 2017) concluyen
qgue la metformina redujo significativamente la produccion de mtROS en PMN de
pacientes con T2D respecto a pacientes T2D sin metformina. Ademas, Buldak et al.
(2014) postulan una disminucion de ROS y un aumento de las defensas antioxidantes en
monocitos y macrofagos de pacientes sanos tratados con metformina, lo que sugiere que
este farmaco podria ser el responsable de la modulacion de la respuesta observada en los

leucocitos de los pacientes con T2D.
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Simultdneamente, se sabe que la MPO almacenada en los neutrofilos también contribuye
al estrés oxidativo (Sena et al., 2018) y se relaciona con el dafio vascular. En base a esto,
hemos observado una correlacion positiva entre la actividad MPO sérica y la produccion
de mtROS. Pocos estudios han evaluado el efecto de la metformina sobre la actividad de
la MPO en pacientes con T2D, aungue se han constatado descensos significativos de la
MPO en modelos de ratones con sepsis (Ghavimi et al., 2018), con inflamacion
miocérdica inducida por LPS (Liu et al., 2017) y con lesiones hepatica inducidas por
endotoxina (Yuan et al., 2012). En nuestro estudio, al presentar ambos grupos de
pacientes el mismo BMI, se postula que el estrés oxidativo mediado por la obesidad no
estaria contribuyendo a la formacion de ROS, sino que la metformina podria estar
reduciendo una de las fuentes principales de estrés oxidativo, como es la mitocondrial.
Esto sugiere una posible mejoria sobre la oxidacion de las proteinas, lipidos y acidos

nucleicos, componentes alterados en la obesidad y la T2D.

En cuanto a las citoquinas proinflamatorias circulantes, estudios previos han demostrado
la asociacion de metformina con la reduccion de TNFa ¢ IL6 en pacientes con obesidad
y T2D. En una poblacion de adolescentes con obesidad e IR, se observd un descenso
significativo en niveles de TNFa tras 3 meses de tratamiento aunque no se detectaron
diferencias significativas en el HOMA-IR (Evia-Viscarra et al., 2012). Estos resultados
también se corroboraron mediante otro estudio junto con la deteccion de menores niveles
significativos de IL6 (Fidan et al., 2011), tal y como sucede en nuestra cohorte de
pacientes. A nivel de la polarizacion de los macréfagos, la metformina mejoré el estado
inflamatorio in vivo e in vitro mediado por una polarizacion hacia la M2, reduciendo la
secrecion de TNFa e IL6 en macrofagos de ratones con HFD (Jing et al., 2018). Estos
resultados sugieren que la metformina podria presentar efectos subclinicos en la
reduccion de la inflamacion cronica mediada por el mtROS y las citoquinas

proinflamatorias.

Tras la evaluaciéon de ROS en leucocitos y citoquinas proinflamatorias, nos propusimos
evaluar la ruta de formacién del complejo inflamasoma, cuya activacion esta
estrechamente relacionada con una inflamacion crénica de bajo grado. En primer lugar,
encontramos un descenso significativo en la expresion proteica de NF-kB, NLRP3 y

ASC, tres componentes esenciales de la formacion del complejo inflamasoma, en
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leucocitos de pacientes con T2D tratados con metformina en comparacion a pacientes con
obesidad metabdlicamente sana. Como se ha mencionado anteriormente, el NF-«B es el
principal mediador de la sefial del inflamasoma NLRP3, al inducir la transcripcion de
proteinas fundamentales en la formacidn de este complejo multiproteico. Por lo tanto, la
inhibicidn de la expresion de NF-xB podria estar implicada en la reduccion significativa
de la proteina NLRP3 (Liu et al., 2017) y ASC, la cual es una mediadora de la activacion
de NF-xB (Masumoto et al., 2003). Ademas, esta respuesta se confirma al encontrar
correlaciones significativas y positivas entre NF-kB, NLRP3 y ASC. A su vez, esta
respuesta en los leucocitos de pacientes con T2D tratados con metformina podria estar

inducida por la reduccién de ROS debido a su estrecha relacion (Abais et al., 2015).

En cuanto al posible factor causal de esta respuesta, se sabe que la metformina es capaz
de aliviar la activacion de NF-xB y marcadores de apoptosis en fibroblastos sometidos a
elevadas concentraciones de glucosa (Soydas et al., 2018). Este farmaco también es capaz
de modular la expresion de NLRP3 en leucocitos y AT, tal y como han postulado en
varios articulos. En primer lugar, los leucocitos de pacientes con T2D tratados con
metformina mostraron una menor expresion proteica de NLRP3 respecto a pacientes no
diabéticos (lannantuoni et al., 2019). Otro estudio constata un descenso de la expresion
génica y proteica de NLRP3 mediado por metformina en macréfagos de pacientes con
CVD estimulados con oxLDL, posiblemente a través de la activacion de AMPK (Zhang
etal., 2019). En modelos murinos, el tratamiento con elevadas concentraciones de glucosa
mostrd un aumento significativo de NLRP3 en el AT respecto a ratones sanos, mientras
que esta situacion se revirtio significativamente tras el tratamiento con metformina (Li et
al., 2016). Sin embargo, Esser et al. (2013) encontraron una mayor expresion génica de
nlrp3 y activacion del inflamasoma en el VAT y SAT de pacientes con MetS, respecto a
pacientes sin MetS. El 35% de los pacientes tenian diagndéstico de T2D, con la insulina
como tratamiento antidiabético, lo que parece reforzar el hecho que la metformina es
capaz de modular la expresion del inflamasoma NLRP3 en pacientes con T2D y que este

efecto no se observa si el tratamiento antidiabético es la insulina.

Como se mencion0 previamente, la MCP1 es una adipocitoquina involucrada en la
infiltracion y reclutamiento de macrdfagos hacia los sitios de lesion o inflamacion del

tejido que se sobreexpresa en la obesidad. En un modelo de adipocitos hipertrofiados con
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palmitato, se demostré que MCP1 se inhibia de forma significativa mediante el
tratamiento con metformina por un mecanismo que implicaba la via del NF-xB (Morita
et al., 2018). A su vez, estos resultados concuerdan con lo observado en nuestros
pacientes, al haber menor expresion proteica de NF-kB y MCP1 conjuntamente en el
VAT de pacientes tratados con metformina. Ademas, esta respuesta se produjo tanto en
VAT como en SAT aunque la liberacion de MCP1 es mayor en el VAT en comparacion
con el SAT (Bruun et al., 2005). Los efectos de la metformina en la polarizacion de
macrofagos hacia el M2 también podrian estar contribuyendo a la menor liberacion de
MCP1, ya que se considera una proteina clave en la polarizacion de los macrofagos en el
VAT (Rajasekaran et al., 2019). En conjunto, estas evidencias estan en consonancia con
nuestros resultados y sugieren un papel de la metformina en la reduccion de la
inflamacion sistémica y formacion del complejo inflamasoma, con una accién especifica
sobre el AT, donde reduce la expresion de MCP1 y NF-«xB, por una parte, y NLRP3 y
ASC por otra. Ademas, evidenciamos una correlacion positiva y significativa entre la
expresion proteica de NLRP3 y MCP1, por lo que ambos marcadores podrian estar

asociados.

Por ultimo, en cuanto al andlisis de las citoquinas resultantes de la activacion del complejo
del inflamasoma NLRP3, encontramos un descenso significativo en los niveles sistémicos
de IL1p en pacientes con T2D tratados con metformina, con tendencia estadistica a la
reduccién en los niveles de IL18. Previamente se ha publicado que los leucocitos de
pacientes tratados con metformina presentan una menor expresion sistémica y génica de
IL1B e IL18 en comparacion con pacientes no diabéticos (lannantuoni et al., 2019), lo que
estd en linea con nuestros resultados. Es mas, la metformina fue capaz de reducir los
niveles de transcripcion y expresion génica de i//f en macrofagos tratados con LPS
(Postler et al., 2021).

Centrando la atencidn en la evaluacién de la expresion de marcadores relacionados con
la autofagia en el VAT, se observd una reduccion general de esta via en los pacientes
tratados con metformina; en particular, se detectaron menores niveles de expresion
proteica de ATG5 y BECLIN1 y niveles de p62 significativamente mayores en
comparacion con los pacientes con obesidad metabdlicamente sana. Se sabe que ATG5 y
BECLIN1 estan regulados por la metformina, a través de la induccion de la autofagia

mediada por AMPK (Lu et al., 2021). En cambio, se conoce que la autofagia puede
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desempefiar distintos papeles en funcion de la célula a estudiar. Por una parte, en los
PBMC de pacientes con T2D tratados con metformina se detecta un descenso de beclinl
y atg7 respecto a pacientes sin tratamiento con metformina (Diaz-Morales et al., 2018).
Por otra parte, en un modelo de raton alimentado con HFD, la metformina indujo un
aumento de LC3 y AMPK en el higado, mientras que LC3 descendié en el AT del
epididimo (Li et al., 2017).

Varios estudios han constatado una disonancia entre la autofagia y la activacion del
inflamasoma en los macrofagos, lo que sugiere que la primera ruta acompafia a la segunda
como mecanismo autorregulador para frenar su funcion proinflamatoria (Shi et al., 2012;
Zhong et al., 2016). En este sentido, observamos asociaciones entre distintos marcadores
de estas rutas, donde NF-kB, NLRP3, ASC, y MCP1 se correlacionaron positivamente
con ATGS y BECLINI, mientras que la IL1p sistémica mostrd una asociacion positiva
con ATG5 y una asociacion negativa con p62, que se degrada constantemente durante el
proceso autofagico (Bjarkey et al., 2009). Este hecho avala una asociacion positiva entre

mediadores inflamatorios, la activacion del complejo del inflamasoma y la autofagia.

Por altimo, también se evalu6 el marcador proapoptético CHOP, que mostré un descenso
significativo en el grupo de pacientes tratados con metformina, en consonancia con una
mejor funcionalidad del AT. La metformina es capaz de inhibir la respuesta al estrés de
ER en células hepaticas tratadas con palmitato a través de la reduccion de la expresion de
CHOP (Kim et al., 2010). En células de islotes pancreaticos humanos cultivadas con
palmitato, la metformina mejor6 la disfuncion de las células B inducida por
glucotoxicidad y lipotoxicidad a través del descenso significativo de CHOP (Cen et al.,
2018). Cuando evaluamos la expresion de esta proteina en nuestra cohorte de pacientes,
observamos una correlacion positiva con ATG5, BECLIN1 y los mediadores del
complejo del inflamasoma NF-kB, NLRP3 e IL1j sérica.

En el presente estudio, se demuestra que los pacientes con obesidad y T2D tratados con
metformina presentan un estado inmunoinflamatorio mas favorable que los pacientes con
obesidad metabdlicamente sana: a saber, una reduccion de la produccién de ROS de los
leucocitos, MPO, citoquinas y mediadores inflamatorios sistémicos (CRP, TNFa, IL6,
IL1B, IL18), activacion del complejo inflamasoma (NF-kB, NLRP3, ASC, MCP1),
autofagia (ATG5, BECLIN1) y el marcador de apoptosis CHOP, y en el aumento de la
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expresion de la proteina p62 en el VAT. Se podria considerar que los pacientes con
obesidad metabolicamente sana, a pesar de no presentar factores de riesgo cardiovascular,
experimentan un mayor nivel de estrés oxidativo, liberacion de citoquinas y activacion de
rutas inflamatorias, que finalmente activan y exacerban la induccion de marcadores de

autofagia y proapoptoticos.
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1. La perdida de peso inducida por RYGB se asocia con una reduccion en los
parametros de estrés oxidativo en leucocitos de pacientes con obesidad y con una
mejoria de la disfuncion endotelial. Estas respuestas estan mediadas por un
descenso de especies prooxidantes y un aumento de las defensas antioxidantes,
ademaés de una reduccion de las interacciones leucocito-endotelio, moléculas de
adhesion y una mejora del perfil lipidico proaterogénico. Estos hallazgos
profundizan en el entendimiento de los mecanismos que subyacen a la reduccion
del riesgo cardiovascular asociado al desarrollo de aterosclerosis en los pacientes

que se someten a la cirugia de RYGB.

2. Lacirugia de RYGB induce un aumento del contenido y activacion de AMPK que
se asocia a la atenuacion de la activacion inflamatoria, del estrés de ER crénico y
de los marcadores de apoptosis en los PBMC de los pacientes al afio de la
intervencion. Ademas, evidenciamos una activacion de los mecanismos de
reciclaje celular a través del aumento de marcadores de autofagia y mitofagia.
Estos resultados sugieren que la RYGB podria ser capaz de inducir respuestas
adaptativas orientadas hacia la recuperacién parcial de la homeostasis celular en

los leucocitos, con potenciales efectos sistémicos sobre la inflamacién y la IR.

3. Considerando exclusivamente al género femenino, la cirugia de RYGB induce
una mejoria de la funcién mitocondrial ademas de una reduccion de los
parametros inflamatorios y un aumento de marcadores de biogénesis y dindmica
mitocondrial en los PBMC de las pacientes al afio de la intervencion. La
regulacion del metabolismo mitocondrial asociado a la pérdida de peso mediada
por RYGB podria contribuir a la mejoria de los pardmetros clinicos y de la IR.

4. La metformina modula la activacion del complejo del inflamasoma NLRP3 y la
autofagia en el VAT de pacientes con obesidad y T2D. Ademas, estos pacientes
presentan un mejor perfil inflamatorio sistémico y una reduccién de mtROS en
los PBMC respecto a los pacientes con obesidad metabdlicamente sana. Por lo
tanto, se postula que en los pacientes con obesidad metabolicamente sana podria
subyacer un riesgo cardiometabdlico a pesar del fenotipo protector que evidencia

su perfil clinico.
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1. RYGB-induced weight loss is associated with a reduction in oxidative stress
parameters in leukocytes from obese patients and with an improvement in
endothelial dysfunction. These responses are mediated by a decrease in
prooxidant species and an increase in antioxidant defenses, in addition to a
reduction in leukocyte-endothelium interactions, adhesion molecules and an
improvement in the proatherogenic lipid profile. These findings deepen the
understanding of the mechanisms underlying the reduction of cardiovascular risk
associated with the development of atherosclerosis in patients undergoing RYGB

surgery.

2. RYGB surgery induces an increase in AMPK content and activation that is
associated with attenuation of inflammatory activation, chronic ER stress and
apoptosis markers in patients' PBMCs at one year post intervention. In addition,
we observe an activation of cellular recycling mechanisms through increased
markers of autophagy and mitophagy. These results suggest that RYGB induces
adaptive responses oriented towards partial recovery of cellular homeostasis in

leukocytes, having the potential to exert systemic effects on inflammation and IR.

3. When we consider female gender exclusively, RYGB surgery induces an
improvement of mitochondrial function in addition to a reduction of inflammatory
parameters and an increase of markers of biogenesis and mitochondrial dynamics
in PBMCs one year after the intervention. The regulation of mitochondrial
metabolism associated with RYGB-mediated weight loss may contribute to the

improvement of clinical parameters and IR.

4. Metformin modulates NLRP3 inflammasome complex activation and autophagy
in the VAT of subjects with obesity and T2D. Furthermore, these patients present
a better systemic inflammatory profile and a reduction of mtROS in PBMCs
compared to metabolically healthy patients with obesity. Therefore, we postulate
that there is a cardiometabolic risk in metabolically healthy obese subjects despite

the protective phenotype related with their clinical profile.
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Abstract: Little is known about the mechanisms underlying the cardioprotective effect of Roux
en-Y gastric bypass (RYGB) surgery. Therefore, the aim of the present study was to investigate
whether weight loss associated with RYGB improves the oxidative status of leukocytes and ameliorates
subclinical atherosclerotic markers. This is an interventional study of 57 obese subjects who underwent
RYGB surgery. We determined biochemical parameters and qualitative analysis of cholesterol,
leukocyte and systemic oxidative stress markers —superoxide production, glutathione peroxidase 1
(GPX1), superoxide dismutase (SOD) activity and protein carbonylation—, soluble cellular adhesion
molecules —sICAM-1 and sP-selectin—, myeloperoxidase (MPO) and leukocyte-endothelium cell
interactions—rolling flux, velocity and adhesion. RYGB induced an improvement in metabolic
parameters, including hsCRP and leukocyte count (p < 0.001, for both). This was associated with
an amelioration in oxidative stress, since superoxide production and protein carbonylation were
reduced (p < 0.05 and p < 0.01, respectively) and antioxidant systems were enhanced (GPX1; p < 0.05
and SOD; p < 0.01). In addition, a significant reduction of the following parameters was observed
one year after RYGB: MPO and sICAM (p < 0.05, for both), sPselectin and pattern B of LDL particles
(p < 0.001, for both), and rolling flux and adhesion of leukocytes (p < 0.05 and p < 0.01, respectively).
Our results suggest that patients undergoing RYGB benefit from an amelioration of the prooxidant
status of leukocytes, metabolic outcomes, and subclinical markers of atherosclerosis.

Keywords: obesity; bariatric  surgery; oxidative  stress; atherosclerosis;
leukocyte-endothelium interactions
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1. Introduction

Obesity is an endocrine disease with an important inflammatory component [1] that underlies
the development of clinical complications such as type 2 diabetes (T2D), arterial hypertension,
dyslipidemia and metabolic syndrome, all of which are considered major risk factors for cardiovascular
disease (CVD) [2]. Indeed, excess weight and, particularly, accumulation of abdominal fat have
also been epidemiologically associated with increased cardiovascular morbidity and mortality [3,4].
Vascular health is impaired in several ways during obesity, including arterial stiffening, endothelial
dysfunction and atherosclerosis, which are primary phases in the development of major cardiovascular
complications including stroke and coronary diseases. In this context, proinflammatory status, insulin
resistance (IR), and oxidative stress are recognized as major inducers of vascular damage and endothelial
dysfunction [5-7].

Oxidative stress is a hallmark of obesity caused by undermined antioxidant capacity in conjunction
with increased levels of reactive oxygen species (ROS) production. In this sense, excess ROSis detected in
adipose tissue and immune cells of obese patients and is closely related with alterations in mitochondrial
function due to excess nutrient supply [8,9]. Previous studies have reported an impairment of the
main antioxidant systems in morbid obesity, including superoxide dismutase (SOD), catalase and
glutathione peroxidase (GPX) [10,11], which are considered the front line of enzymatic ROS scavenging.
The resulting accumulation of ROS leads to oxidation of macromolecules including lipids, proteins and
DNA, eventually affecting cellular homeostasis and function. In particular, oxidizing species cause
injury in the vascular wall by interrupting NO bioavailability and oxidizing LDL particles [7].

At the onset of the atherosclerotic process, the exposure of the intimal endothelium to damaging
stimuli such as circulating proinflammatory cytokines, activated leukocytes and oxidized LDL (oxLDL)
particles triggers the activation of endothelial cells following leukocyte recruitment and transmigration
across the endothelial barrier, a process initiated by selectin-dependent adhesion molecules (E-selectin
and P-selectin) and mediated by vascular cellular adhesion molecules (VCAM) and intercellular
adhesion molecules (ICAM) [12,13]. Once in the subendothelial space, leukocytes scavenge oxLDL
particles and transform into foam cells, largely perpetuating the oxidative and inflammatory response
and contributing to vascular remodelling. In this regard, our group and others have reported that
circulating leukocytes of patients with IR-disorders including obesity, T2D, and polycystic ovary
syndrome (PCOS) are in a proinflammatory and prooxidant state, and are associated with the extent of
the vascular injury [8,14-16]. This accumulating evidence supports a relevant role of immune cells in
the pathogenesis of atherosclerosis.

Bariatric surgery has become the most effective therapeutic approach for the treatment of obesity.
In particular, the Roux-en-Y gastric bypass (RYGB) offers consistent short- and long-term effects on
weight loss maintenance and overall resolution of obesity-associated metabolic comorbidities, resulting
in reduced total mortality and incidence of cardiovascular events [17,18]. Accumulating evidence
suggests an improvement of vascular function, systemic oxidative stress, and inflammation after
bariatric surgery [19,20]. However, little is known about the modulation of immune cell response after
surgery-mediated weightloss and the role it plays in the cardioprotective effect of the intervention. In the
present study, we aimed to explore the effect of weight loss induced by RYGB surgery on the activation
and oxidative status of leukocytes and the endothelial dysfunction associated to obesity. Hence, the
primary end-point was to evaluate potential changes in leukocyte-endothelial cell interactions one year
after the RYGB. Secondly, we aimed to clarify whether the intervention was associated with changes
in subclinical mechanisms of atherosclerosis, including systemic and intracellular oxidative stress,
inflammation, and atherogenic dyslipidemia.
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2. Materials and Methods

2.1. Study Population

For this interventional study, a cohort of fifty-seven obese patients with body mass index (BMI) >
35 kg/m? and scheduled for RYGB surgery were recruited between January 2014 and September 2019
from the Outpatient’s Clinic of the Department of Endocrinology and Nutrition, and the Department of
General and Digestive System Surgery of the University Hospital Dr. Peset (Valencia, Spain). The study
protocol was approved by the hospital’s Human Ethics Committee (code 96/16) and conducted
according to the guidelines of the Declaration of Helsinki. All the participants were informed about
the objective and methodology of the study and signed a written informed consent.

The inclusion criteria were age 18-65 years, BMI > 40 or > 35 kg/m? with comorbidities, and
assignment of RYGB surgery. Exclusion criteria were pregnancy or lactation, active infectious disease,
thromboembolism, stroke or documented history of CVD, severe disease including malignancies,
severe renal or hepatic disease, drug abuse, chronic inflammatory disease, and secondary obesity
(hypothyroidism, Cushing’s syndrome).

All the patients were examined and the study variables recorded at baseline and 12 months after
the surgical intervention.

2.2. Clinical and Biochemical Determinations

Anthropometric measurements including weight, height, systolic and diastolic blood pressure,
and waist circumference were obtained during a physical exploration by means of electronic scales,
stadiometer, sphygmomanometer, and metric measuring tape, respectively. BMI was calculated by
dividing weight by the square of height. The percentage of excess weight loss (EWL) was calculated with
the formula [(preoperative weight—current weight)/(preoperative weight — ideal weight (considering
BMI = 25 kg/m?))] x 100.

Blood samples were collected from the antecubital vein in fasting conditions at 8:00-9:30 a.m.
at baseline and one year after RYGB surgery. Biochemical determinations were performed at the
Hospital’s Clinical Analysis Service as follows: Glucose, total cholesterol (TC), and triglycerides
(TG) serum levels were determined by the enzymatic assay; HDL cholesterol (HDLc) concentration
was measured using a Beckman LX20 analyser (Beckman Coulter Inc., Brea, CA, USA); and LDL
cholesterol (LDLc) was calculated by Friedewald’s formula when circulating levels of TG did not exceed
300 mg/dL. The percentage of glycated haemoglobin (HbA1c) was obtained with a glycohaemoglobin
analyser (Arkray Inc., Kyoto, Japan). Insulin was determined by an immunochemiluminescence
assay and the Homeostatic Model Assessment for Insulin Resistance index (HOMA-IR) calculated
with the formula ([fasting insulin (WUI/mL) x fasting glucose (mg/dL)]/405). Systemic levels of high
sensitivity C-reactive protein (hsCRP) and C3 fraction of the complement (C3c) were analysed using an
immunonephelometric assay (Behring Nephelometer I, Dade Behring, Inc., Newark, DE, USA) with
an intra-assay coefficient of variation < 5.5%. Total leukocytes were determined in a COULTER® LH
500 hematology blood analyser (Beckman Coulter Inc., Brea, CA, USA). The remaining serum aliquots
were immediately stored at -80 °C for subsequent analysis.

2.3. Evaluation of Cellular Adhesion Molecules (CAMSs) and Myeloperoxidase (MPO)

Levels of soluble CAMs—sICAM-1 and sP-selectin— and MPO were measured in serum with a
Luminex 200 analyser system (Luminex Corporation, Austin, TX, USA) following the Milliplex® MAP
Kit manufacturer’s procedure (Millipore Corporation, Billerica, MA, USA). All samples were analysed
in duplicate. For all determinations, the intra-serial and inter-serial variation coefficients were <5.0%
and <15.0%, respectively.
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2.4. SOD Activity Assay and Carbonylation of Serum Protein

Activity of serum SOD was evaluated with a commercial kit (Cayman Chemical, Ann Arbor,
MlI, USA) and the amounts of carbonyl groups in serum proteins were determined with the
OxiSelect™ Protein Carbonyl ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA) according to
the manufacturer’s protocol.

2.5. Isolation of Leukocytes from Blood Samples

Blood samples from BD Vacutainer® citrated tubes were mixed and incubated with dextran 3% for
45 min at room temperature (RT) and the resulting supernatant was then layered over Ficoll-Hypaque
(GE Healthcare, Uppsala, Sweden) and centrifuged at 650x g for 25 min at RT. After lysing the
remaining erythrocytes with a specific lysis buffer (Sigma-Aldrich, Inc., St. Louis, MO, USA) the pellet
was washed and resuspended in HBSS (Capricorn Scientific, Ebsdorfergrund, Germany).

2.6. Fluorescence Imaging of Superoxide Production

Determination of superoxide production was assessed by fluorometry using an IX81 Olympus
fluorescence microscope coupled with the static cytometry software ScanR version 2.03.2 (Olympus,
Hamburg, Germany). Leukocytes were seeded in a 48-well plaque and incubated for 30 min at 37 °C
with a Dihydroethidium (DHE) probe for intracellular superoxide determination and with Hoechst
33342 to visualize cell nuclei. Both fluorescent dyes were purchased from Life Technologies (Thermo
Fisher Scientific, Waltham, MA, USA).

2.7. Western Blotting

For protein extraction leukocytes were lysed on ice for 15 min with a cell lysis buffer (20 mM
HEPES pH 7.5, 400 mM NaCl, 20% glycerol, 0.1 mM EDTA, 10 uM Na;MoQy, 0.5% NP-40, 1 mM
dithiothreitol) in the presence of a protease inhibitor mix (10 mM NaF, 1 mM NaVOj3, 10 mM PNP, 10 mM
-glycerolphosphate). The protein concentration was estimated with a BCA protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). Twenty five ug of protein was resolved by electrophoresis in a
SDS-polyacrylamide gel and then transferred onto a nitrocellulose membrane. The membranes were
blocked for 1 h with 5% skimmed milk in TBS-T and then incubated overnight at 4 °C with the primary
antibodies anti-GPX1 (Thermo Fisher Scientific, Waltham, MA, USA) and anti-Actin (Sigma-Aldrich,
Inc., St. Louis, MO, USA). The chemiluminescence signal was detected with the ECL plus reagent
(GE Healthcare, Little Chalfont, UK) following a proper binding step with the HRP-goat anti-rabbit
secondary antibody (Millipore Iberica, Madrid, Spain). The Fusion FX5 Acquisition System permitted
visualization and the software BiolD version 15.03a (Vilbert Lourmat, Marne-la-Vallée, France) was
employed to quantify the signal by densiometry.

2.8. Dynamic Flow-Chamber-Based Adhesion Assay

To evaluate the interaction between immune cells and the endothelium an in vitro model of
adhesion assay was used. This model is based on the use of a dynamic parallel-plate flow chamber
coupled to an inverted microscope (Nikon Eclipse TE 2000-S, Amstelveen, The Netherlands) connected
to a video recorder camera (Sony Exwave HAD, Koeln, Germany). The chamber was assembled with a
coverslip of confluent Human Umbilical Vein Endothelial Cells (HUVEC). Endothelial cells had been
previously isolated from umbilical cords by collagenase digestion (1 mg/mL in PBS for 17 min) and
then cultured over fibronectin-coated plastic small petri dishes in a complete EGM-2 medium (Lonza,
Basel, Switzerland). After assembling the chamber, a suspension of 1 million leukocytes in 1 mL of a
RPMI medium (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) was drawn across the HUVEC
monolayer at 0.36 mL/min while a 5 X 25 mm portion of the cell culture was recorded for 5 min. During
the video analysis the following parameters were evaluated: Leukocyte rolling flux was calculated
by counting the number of leukocytes rolling over 100 pm? of HUVEC in 1 min; rolling velocity was
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measured as the mean time it took 20 consecutive leukocytes to move along 100 um of the endothelial
monolayer; and adhesion was evaluated by counting the number of leukocytes maintaining a firm
contact with endothelium for 30 s.

2.9. LDL and HDL Subfractions

LDLc and HDLc subfractions were identified using the Quantimetrix Lipoprint® system and
quantified by the computerized method of the Quantimetrix Lipoprint® system (Quantimetrix
Corporation, Redondo Beach, CA, USA) and NIH program version 1.62 (NIH, Bethesda, MD, USA).
The Liposure® kit (Quantimetrix Corporation, Redondo Beach, CA, USA) was used for quality control.
The LDL electrophoretic profile showed three patterns: Pattern A (cut-off diameter > 268 A) with
predominance of large and buoyant LDL particles; Intermediate Pattern (cut-off diameter > 265 and
< 268 A); and Pattern B (cut-off diameter < 265 A), with a predominance of small and dense LDL
(sdLDL) particles. The qualitative HDL size analysis divided HDL into 10 subfractions: 1-3 represented
large HDL particles, 4-7 indicated medium HDL particles, and 8-10 represented small HDL particles.

2.10. Statistical Analysis

This study was primarily designed to achieve a power of 80% and to detect differences in relation
to the primary efficacy criterion—i.e., leukocyte adhesion > 5 cells/mm?—assuming a common SD of
eight units. Under these considerations, a minimum of 21 subjects were required. SPSS 20.0 (IBM SPSS
Statistic, Chicago, IL, USA) was used to carry out the statistical analysis. Parametric data are expressed
as the mean + SD or mean + SE and non-parametric data as the median and interquartile range (25%
and 75% percentile). Differences between parametric variables were compared with a paired Student’s
t-test and a Wilcoxon test was used for comparisons of non-parametric data. An X? test was used to
compare proportions. Statistically significant differences were considered when p < 0.05.

3. Results

This study evaluated a total of 57 obese patients (7 men and 50 women) undergoing RYGB with
an average BMI of 39.8 and an age of 45.4 years old at the beginning of the study. Anthropometric and
metabolic parameters of the study cohort before and after the intervention are shown in Table 1.

One year after RYGB patient EWL was 80.4% and their BMI and waist circumference decreased
significantly (p < 0.001), indicating the efficacy of RYGB in terms of body weight reduction. In addition,
patients experienced a drop in systolic and diastolic blood pressure (p < 0.001 and p < 0.01, respectively)
and an improvement of parameters of glucose metabolism, including fasting glucose levels, insulin,
HOMA-IR, and HbA1c with respect to the basal condition (p < 0.001). The lipid profile was improved
by rising HDLc levels (p < 0.001) and decreasing levels of TG (p < 0.001), TC (p < 0.001), and LDLc
(p < 0.001). Furthermore, there was a reduction in blood leukocyte count (p < 0.001) and a significant
decrease in levels of the acute phase inflammation reactants hsCRP and C3c (p < 0.001), thus suggesting
an amelioration of the systemic inflammatory response. Following these clinical changes, the prevalence
of metabolic comorbidities associated with obesity—hypertension, hyperlipidemia, and T2D—within
the study population fell from 37%, 23%, and 30%, respectively at the beginning of the study to 16%, 9%,
and 4%, respectively one year after the surgical intervention, thus confirming the successful remission
of obesity-associated metabolic diseases mediated by RYGB.
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Table 1. Anthropometric and biochemical parameters of the cohort population before and after Roux
en-Y gastric bypass (RYGB) intervention.

Parameters Before After
n (females %) 57 (84.5)
Age (years) 45.39 + 1049
Weight (kg) 109.3 + 16.1 78.6 + 13.0 ***
BMI (kg/m?) 39.8+5.3 28.9 + 4.3 ***
Waist (cm) 1155+ 11.2 89.0 + 11.8 ***
EWL (%) - 80.4 +29.0
SBP (mmHg) 131.8 +15.9 122.4 +17.6 ***
DBP (mmHg) 81.3 +£10.3 74.1 £ 10.6 **
Glucose (mg/dL) 98.6 + 23.6 85.8 + 11.4 ***
Insulin (WU/mL) 147 +7.6 6.9 + 3.0 ***
HOMA-IR 38+32 1.45 + 0.7 ***
HbAlc (%) 55+0.7 52+ 0.4 **
TC (mg/dL) 187.7 + 34.5 166.6 + 26.4 ***
HDLc (mg/dL) 46.5 + 8.8 55.0 + 9.6 ***
LDLc (mg/dL) 122.0 £39.7 95.9 + 21.0 ***
TG (mg/dL) 98.5 (77, 144) 75 (55, 100) ***
hsCRP (mg/L) 3.7 (2.0,5.5) 0.6 (0.2, 1.2) ***
C3c (mg/L) 126.7 £22.9 95.6 + 17.6 ***
Leukocytes (cells x 103/uL) 76+23 6.3 +£ 1.9 ***
Treatment
Hypertension % (1) 37 (21) 16 (9)
Hyperlipidemia % (1) 23 (13) 9 (5)
T2D % (n) 30 (17) 4(2)

Data are expressed as the mean + SD or percentage (). TG and hsCRP are represented as the median and IQ
range (25% and 75% percentile). Values were statistically compared with a paired Student’s ¢-test or Wilcoxon test
and were considered significant when ** p < 0.01, and *** p < 0.001. BMI: Body mass index; EWL: Excess weight
loss; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; HOMA-IR: Homeostatic Model Assessment for
Insulin Resistance index; HbAlc: Glycated haemoglobin; TC: Total cholesterol; LDLc: LDL cholesterol; HDLc: HDL
cholesterol; TG: Triglycerides; hsCRP: High sensitive C-reactive protein; C3c: Complement component 3; T2D: Type
2 diabetes.

3.1. Systemic and Leukocyte Oxidative Stress Parameters

To explore whether the RYGB surgery resulted in amelioration of the oxidative stress status,
we analysed several parameters in leukocytes and serum from patients in our study population before
and after the intervention (Figure 1).

We observed a diminished leukocyte superoxide production (p < 0.05, Figure 1A) and upregulation
of the protein expression of the antioxidant enzyme GPX1 (p < 0.05, Figure 1B) after the gastric bypass.
Moreover, these intracellular changes were accompanied by a drop in systemic levels of MPO (p < 0.05,
Figure 1C) and an increase in antioxidant SOD activity (p < 0.01, Figure 1D), resulting in a significant
reduction of the number of carbonyl groups in serum proteins (p < 0.01, Figure 1E). Altogether, these
results suggest a partial recovery of the redox balance supported by a decrease in prooxidant signalling
in favour of antioxidant responses in both leukocytes and serum.
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Figure 1. Evaluation of prooxidant/antioxidant responses and oxidative stress markers in obese patients
before and 12 months after RYGB intervention. (A) Superoxide production in leukocytes, measured
as arbitrary units of DHE fluorescence and their representative fluorescence microscopy 100x images
(n =17). (B) Levels of GPX1 protein expression in leukocytes and representative Western blot images
(n =20). (C) MPO levels (n = 46) and (D) SOD activity in serum. (E) Carbonyl groups in serum proteins
(n = 14). Data are represented as the mean + SE. * p < 0.05 ** p < 0.01 when compared using a paired
Student’s t-test. RYGB: Roux-en-Y gastric bypass; DHE: Dihydroethidium; RFU: Relative fluorescence
units; GPX1: Glutathione peroxidase 1, MPO: Myeloperoxidase; SOD: Superoxide dismutase.

3.2. Leukocyte-Endothelial Cell Interactions and CAMs

To address the effect of RYGB-induced weight loss on leukocyte activation and endothelial
dysfunction, we analysed leukocyte-endothelial cell interactions and the levels of CAMs released into
the serum (Figure 2).

Although there were no changes in leukocyte rolling velocity (Figure 2A), we did notice a
significant decrease in the number of leukocytes rolling along (p < 0.05, Figure 2B) and adhering to
the endothelium (p < 0.01, Figure 2C) one year after the intervention. Accordingly, we observed a
significant drop of sSICAM-1 (p < 0.05, Figure 2D) and sP-selectin (p < 0.001, Figure 2E) serum levels.
These data suggest that the weight loss induced by RYGB reduced the interactions between leukocytes
and the vascular wall and diminished endothelial dysfunction.
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Figure 2. Evaluation of leukocyte-endothelial cell interactions and serum levels of CAMs in obese
patients before and 12 months after RYGB intervention. (A) Rolling flux, measured as cells per minute
(n = 24). (B) Leukocyte rolling velocity, expressed as umy/s (n = 24). (C) Leukocyte adhesion, expressed
as cells/mm? (n = 24). Serum levels of (D) sSICAM-1 (n = 46) and (E) sP-selectin (1 = 46). Data are
represented as the mean + SE. * p < 0.05, ** p < 0.01, *** p < 0.001 when compared using a paired
Student’s t-test. CAMs: Cellular adhesion molecules; RYGB: Roux-en-Y gastric bypass; sSICAM-1:
Soluble intracellular adhesion molecule; sP-selectin: Soluble platelet selectin.

3.3. LDL and HDL Subfractions

To better understand the modifications in our subjects’ clinical lipid profile after the RYGB
intervention we performed a more profound analysis of the circulating cholesterol subfractions
(Figure 3).

Beyond the reduction of LDLc levels after the intervention (see Table 1), the evaluation of LDL
patterns showed a substantial decrease in the percentage of the more atherogenic sdLDL particles
(Pattern B), and an increase in the less atherogenic particles (Intermediate Pattern) (p < 0.001), with no
significant changes observed with respect to the large LDL particles (Pattern A) (Figure 3A). Further
analysis of HDL subfractions revealed a significant increase in the percentage of the considerably
antiatherogenic large HDL particles at the expense of a reduction in that of intermediate and small
particles (p < 0.001, Figure 3B). These observations indicate that patients benefit not only from a
quantitative change in cholesterol levels after an RYGB, but also from a parallel qualitative improvement
of circulating LDL and HDL subfractions, thus reflecting a less proatherogenic profile.
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Figure 3. Cholesterol subfractions in obese patients before and 12 months after RYGB intervention,
determined by the Quantimetrix Lipoprint® system. (A) LDL electrophoretic profiles are expressed
as the percentage of patients (n = 25) displaying a particular LDL pattern. Patterns refer to the
size of LDL particles, as follows: Pattern A (cut-off diameter > 268 A); Intermediate Pattern (cut-off
diameter 264267 A) and Pattern B (cut-off diameter < 265 A). (B) HDL profile, expressed as the
percentage of patients (n = 25) displaying a particular HDL pattern: Large, intermediate, or small.
Data are represented as a percentage of LDL patterns or mean + SE. *** p < 0.001 when proportions
were compared using a X? test or a paired Student’s t-test. RYGB: Roux-en-Y gastric bypass; LDL:
Low-density lipoprotein; HDL: High-density lipoprotein.

4. Discussion

In our cohort of middle-aged obese subjects, RYGB surgery induced a substantial weight loss one
year after the intervention, and this was accompanied by improvements in blood pressure, glycaemic
control, inflammation, and lipoprotein particles profile. Beyond these clinical changes, the patients
also exhibited a shift from a prooxidant status by which their antioxidant mechanisms were bolstered.
In this sense, we observed a drop in superoxide production within leukocytes and systemic MPO
levels, while expression of the antioxidant GPX1 enzyme and SOD activity were increased, resulting in
lower serum carbonylated proteins. In parallel, we observed an improvement of endothelial function,
manifested by a reduction of sSICAM-1 and sP-selectin levels and fewer interactions of leukocytes with
the vascular wall. As a whole, the present results provide novel and valuable evidence about the
molecular mechanisms underlying the protective effects of bariatric surgery against cardiovascular
risk and development of atherosclerosis.

Endemic rates of obesity worldwide have fuelled efforts to develop weight loss strategies.
Metabolic surgery procedures, including RYGB, have been shown to accomplish, not only weight loss
targets, but also recovery from metabolic comorbidities, including the incidence of cardiovascular
events. As expected, our patients benefitted from substantial EWL, together with a decrease in BMI and
abdominal circumference, reduced blood pressure and IR, and significant improvements in lipid profile
one year after the intervention. These gains were reflected in remission rates for hypertension, T2D,
and hyperlipidemia of 57.1%, 88.2%, and 61.5%, respectively, which are higher than those reported by
other studies [21] and represent a diminished risk of CVD in our obese population.

Atherogenic dyslipidemia is a major contributor to the increased cardiovascular risk currently
seen in the general population [22]; it results from a combination of elevated levels of TG and
highly atherogenic sdLDL particles together with a decrease in circulating antiatherogenic HDL
molecules. As we and other groups have shown, patients after RYGB surgery benefit, not only
from quantitative reduction of clinical LDLc and TG levels and an increase in HDLc [23-25], but
from a complementary qualitative improvement of lipoprotein particles, including a reduction in
the percentage of sdLDL and an increased presence of larger HDL [26], which frequently display
inverse relationships with cardiovascular risk in epidemiological studies [27]. Furthermore, elevated
levels of circulating inflammatory cytokines, and particularly hsCRP, are considered independent
predictors of cardiovascular events, even more so than LDLc levels [28]. Indeed, hsCRP is known to
rise with the degree of adiposity [8] and is directly involved in the development of atherosclerosis
through complement system activation and endothelial dysfunction [29]. In the present study, we
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report a significant decrease in serum levels of hsCRP, C3c, and total leukocyte count after weight
loss induced by RYGB, which is in accordance with previous studies [20,23,24]. Such evidence
endorses the long-lasting therapeutic value of bariatric surgery against inflammatory and lipid-related
cardiovascular risk [25]. However, few studies have explored the modulation of immune cells response
after RYGB. We have gone one step further by focusing on leukocytes as key mediators of inflammation
and oxidative stress in the early stages of the atherosclerotic process in obesity.

Oxidative stress is a major mechanism linking obesity, endothelial dysfunction, and the
development of atherosclerosis. Although adipose tissue is the main contributor to the oxidative
imbalance, other sources of ROS have been implicated in the alteration of NO availability and vascular
homeostasis, including excess ROS release by the endothelial NADPH enzyme [30], and mitochondrial
dysfunction and subsequent overproduction of superoxide in peripheral leukocytes [8,15,16]. Herein,
we report a decrease in superoxide production in the leukocytes of obese patients after RYGB that was
associated with upregulation of the expression of antioxidant GPX1, a major scavenger of mitochondrial
ROS. Only two previous studies have explored changes in the prooxidant state of leukocytes after
bariatric surgery. While Roberts et al. reported diminished superoxide production by immune
cells under stimulation [31], Monzo-Beltran et al. observed an adaptive antioxidant response of
leukocytes after bariatric surgery in terms of higher intracellular GPX, SOD, and catalase activity [32],
which is in line with the present findings. Furthermore, the contribution of rising circulating levels
of MPO enzyme to the role of immune cells in endothelial dysfunction is also worthy of mention.
This prooxidant enzyme, resulting from the degranulation process of neutrophils, participates in the
oxidation of LDL particles and the impairment of eNOS function, and has been associated with an
increased risk of coronary artery disease [33-35]. In line with this, we have recently demonstrated an
association between MPO and sdLDL/sP-selectin levels [36]. In the present study, we detected a drop
in MPO serum levels one year after the RYGB intervention, which is in line with previous reports [31].
Additionally, our results revealed a strengthening of systemic antioxidant responses one year after
RYGB surgery, since patients showed higher activity of serum SOD and a marked drop in the amount
of carbonyl groups in circulating proteins, which is considered a clear biomarker of systemic oxidative
stress. In line with these findings, some previous studies have reported a reduction in serum indicators
of oxidative stress, including carbonyl proteins, lipid peroxidation, and 8-oxo-dG, which has been
associated with an increase in SOD and catalase activity after bariatric surgery [20,32,37]. Considered
together, the available evidence endorses RYGB surgery an effective strategy to reduce oxidative
damage in patients with obesity by modulating systemic prooxidant and antioxidant responses.

It is generally accepted that elevated circulating levels of CAMs (resulting from immune and
endothelial cells activation) reveal endothelial dysfunction and are prognostic of CVD [38], since they
are involved in the recruitment of leukocytes by the vascular wall. In the present study, downregulation
of MPO and systemic and leukocyte oxidative stress was accompanied by a drop in levels of the
adhesion molecules sSICAM and sP-selectin, resulting in a marked reduction in the number of leukocytes
rolling and firmly adhering to the endothelium after the intervention. Accumulating evidence suggests
an association between endothelial dysfunction, the prooxidant state of leukocytes, and their adherent
phenotype in patients with obesity and T2D [8,15], since excess superoxide release from immune cells
triggers vascular permeability and favours their recruitment and migration [30]. In addition, MPO
derived from neutrophils promotes their attraction to the endothelium through physical forces [39].
Conversely, targeting excess ROS production within leukocytes seems to reduce their interaction
with the endothelium and the extent of the vascular injury produced [40,41]. Hence, it is likely that
an attenuation of the prooxidant phenotype of leukocytes after bariatric surgery contributes to the
amelioration of endothelial dysfunction and recruitment of leukocytes, thus protecting against the
development of atherosclerosis.

To our knowledge, this is the first time that a decrease in leukocyte activation and endothelial
dysfunction after bariatric surgery has been demonstrated by means of a dynamic system in which an
in vivo blood flow is simulated and interaction with endothelial cells can be visualised. Previous studies



Antioxidants 2020, 9, 734 11 of 14

investigating classic functional and structural markers of early atherosclerosis, such as flow-mediated
dilation and carotid artery intima-media thickness, have provided inconsistent results concerning the
effects of bariatric surgery on endothelial function [19,42]. Indeed, the mechanisms involved in the
early asymptomatic stages of atherosclerosis can be triggered many years before clinical signs are
manifested [7], thus suggesting that a leukocyte-endothelial cell interaction-based approach would be
useful for early detention of subclinical atherosclerosis risk. In this sense, our findings provide more
reliable and valuable data on immune response modulation, contributing to a better understanding
of the mechanisms underlying the protective effect of bariatric surgery on CVD and atherosclerosis.
However, the present study has some limitations, including the relatively small size of the study
population, though we would like to point out that it was supported by a sample size calculation. In
addition, modifications of functional endothelial markers or the atherosclerotic plaque have not been
assessed; however, as commented on above, the evaluation of leukocyte-endothelial cell interactions
would allow the early detection of changes in the atherosclerotic process. On the other hand, the scale
of the changes studied after RYGB would be more precisely defined by comparison with a control
healthy group. Finally, the effect of bariatric surgery on subclinical atherosclerotic mechanisms from a
gender perspective is an aspect yet to be explored.

5. Conclusions

To conclude, bariatric surgery is an effective strategy for body weight reduction and recovery
from metabolic diseases in obese subjects. In addition to confirming these clinical effects, we go a step
further by describing the effects of surgically-induced weight loss on the underlying mechanisms of
atherosclerosis, including oxidative stress, leukocyte activation, and recruitment to the vessel wall, and
atherogenic lipid profile. These novel findings endorse the therapeutic value of bariatric surgery as a
way of reducing cardiovascular risk in an obese population.
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Abstract: Obesity is characterized by low-grade chronic inflammation, metabolic overload, and
impaired endothelial and cardiovascular function. Roux-en-Y gastric bypass (RYGB) results in
amelioration of the pro-oxidant status of leukocytes and the metabolic profile. Nevertheless, little is
known about the precise mechanism that drives systemic and metabolic improvements following
bariatric surgery. In this cohort study, we investigated the effect of RYGB on molecular pathways
involving energy homeostasis in leukocytes in 43 obese subjects one year after surgery. In addition to
clinical and biochemical parameters, we determined protein expression of systemic proinflammatory
cytokines by Luminex®, different markers of inflammation, endoplasmic reticulum (ER) stress,
autophagy/mitophagy by western blot, and mitochondrial membrane potential by fluorescence
imaging. Bariatric surgery induced an improvement in metabolic outcomes that was accompanied by
a systemic drop in hsCRP, IL6, and IL1j3 levels, and a slowing down of intracellular inflammatory
pathways in leukocytes (NF-kB and MCP-1), an increase in AMPK content, a reduction of ER stress
(ATF6 and CHOP), augmented autophagy/mitophagy markers (Beclin 1, ATG5, LC3-1, LC3-II, NBR1,
and PINKI1), and a decrease of mitochondrial membrane potential. These findings shed light on the
specific molecular mechanisms by which RYGB facilitates metabolic improvements, highlighting the
relevance of pathways involving energy homeostasis as key mediators of these outcomes. In addition,
since leukocytes are particularly exposed to physiological changes, they could be used in routine
clinical practice as a good sensor of the whole body’s responses.

Keywords: autophagy; inflammation; leukocytes; obesity; RYGB

1. Introduction

Obesity is a chronic low-grade inflammatory disease characterized by an imbalance
between excessive intake and low expenditure of energy, which leads to metabolic overload.
Obesity, per se, is associated with lower life expectancy, mainly due to related comorbidi-
ties, including metabolic (insulin resistance (IR), type 2 diabetes (T2D), and dyslipidemia)
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and cardiovascular disorders (hypertension, stroke, and endothelial dysfunction), muscu-
loskeletal complications, physical disabilities and limitations, diverse mental illnesses, and
cancer [1]. Strategies to treat obesity, including lifestyle interventions and pharmacotherapy,
often produce unsatisfactory results [2]. In contrast, Roux-en-Y gastric bypass (RYGB) is a
weight loss surgical technique that has been shown to bring clear health benefits to obese
patients [3], including improvement of classic metabolic syndrome outcomes as well as
inflammatory and subclinical atherosclerotic parameters [4—-6]. However, the underlying
molecular mechanisms mediating these clinical improvements are poorly understood.

Chronic low-grade inflammation is an intrinsic characteristic of obesity involving
adipose tissue and leukocytes. Ectopic storage of fat stimulates the secretion of proin-
flammatory cytokines, such as tumor necrosis factor o« (TNF), interleukin 13 (IL13), and
interleukin 6 (IL6), which initiates an inflammatory cascade in leukocytes through Toll-
like receptors (TLR) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) signalling, resulting in the release of several chemokines, including monocyte
chemoattractant protein-1 (MCP-1). In turn, MCP-1 promotes macrophage infiltration in
metabolic tissues and prolongs and exacerbates the inflammatory response, thus helping to
maintain IR [7].

Considering the metabolic role of AMP-activated protein kinase (AMPK) in insulin
signalling and inflammatory pathways, it has also been proposed as a key pathogenic
factor involved in obesity. Genetic ablation of the hematopoietic AMPK (1 subunit has
been shown to increase adipose tissue macrophage infiltration and inflammatory markers
and to reduce rates of fatty acid oxidation [8], while increased AMPK activity enhances
lipid metabolism and anti-inflammatory actions in the liver and macrophages, offering
protection against diet-induced obesity and the insulin resistant phenotype [9-11].

On the other hand, AMPK—one of the main metabolic sensors involved in energy
homeostasis—enables cellular metabolism to adapt in response to nutritional challenges.
In particular, AMPK is activated by physiological or pathological inputs involving ATP
depletion, thereby inducing catabolic cellular processes [12]. Thus, under caloric restriction,
AMPK activation promotes glucose uptake and glycolysis and activates lipolysis and
oxidation. These changes are associated with a significant up-regulation of mitochondrial
metabolism, mitophagy and autophagy and the attenuation of protein translation, resulting
in the alleviation of endoplasmic reticulum (ER) stress [13,14].

In response to ER stress, the unfolded protein response (UPR) is activated through
three different branches—inositol-requiring 1oc (IRElc), double-stranded RNA-dependent
protein kinase (PKR)-like ER kinase (PERK) and activating transcription factor 6 (ATF6)—to
prevent a rise in misfolded proteins and to activate the ER-associated degradation(ERAD)
system and/or autophagy. However, persistent activation of UPR pathways during
metabolic overload can lead to pathological events, including impairment of insulin sig-
naling, initiation of inflammatory cascades [15], or even expression of CCAAT /enhancer-
binding protein (C/EBP) homologous protein (CHOP), a transcription factor involved
in the modulation of numerous pro-apoptotic factors [16,17]. In this context, it has been
reported that ER stress is reduced in the adipose tissue of obese subjects after bariatric
surgery, suggesting an association between ER stress relief and metabolic improvements in
these patients [18,19].

For its part, autophagy is a catabolic process with an important role, not only in
the recycling of cytosolic macromolecules and damaged cellular organelles, but also as
an energy sensor for cell survival [20]. This process involves the formation and elonga-
tion of an isolation membrane driven by Phosphatidylinositol 3-kinase catalytic subunit
type 3 (PI3KC3)/Phosphatidylinositol 3-kinase (VPS34)/Beclin 1 complex and different
autophagy-related enzymes (ATGs proteins), catalysing the conjugation and lipidation
of microtubule-associated protein 1A /1B-light chain 3 (LC3)-1 to LC3-1I, which acts as
a bridge between the ubiquitinated cargo and autophagosome. Similarly, the selective
engulfment of damaged mitochondria by autophagosomes—referred to as mitophagy—is
driven principally by parkin RBR E3 ubiquitin ligase (PRKN) and serine/threonine kinase
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phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1). When mito-
chondrial membrane potential is disrupted, PINK1 accumulates on the outer mitochondrial
membrane and initiates a signalling cascade through mitochondrial clearance, thereby con-
trolling mitochondrial quality and integrity [21]. Previous studies have described increased
expression of autophagy markers in adipose tissue of obese subjects [22-24], that decreased
after body mass reduction following bariatric surgery [23]. In contrast, reduced autophagic
flux has been reported in isolated subcutaneous adipocytes from obese patients compared
with non-obese controls, and weight loss after bariatric surgery was found to partially
ameliorate autophagy of adipocytes [25]. However, studies of autophagy pathways in
leukocytes are scarce [26,27] and, as far as we are aware, none of them has addressed this
issue after weight loss induced by bariatric surgery.

Given the well-known role of AMPK as a metabolic sensor and its involvement in
the inflammatory response and IR in obesity, it is possible that the improvement of these
metabolic outcomes after RYGB is mediated by alterations in AMPK activity and down-
stream molecular pathways. Therefore, the aim of the present study was to explore whether
RYGB-induced weight loss modulates AMPK activity and, following UPR, autophagy and
mitophagy in leukocytes of obese patients.

2. Materials and Methods
2.1. Study Population

The present study was conducted in a sub-cohort of patients selected from a larger
study of patients with obesity who underwent RYGB [6], registered in clinicaltrials.gov
(accessed on 12 January 2022) under study number NCT05071391. All the study subjects
were recruited between January 2017 and September 2019 from the Outpatients Clinic of the
Endocrinology and Nutrition Service and the Department of General and Digestive System
Surgery of the University Hospital Doctor Peset in Valencia (Spain). This prospective cohort
study was carried out using 43 patients with a body mass index (BMI) > 30 kg/m? who
were prescribed bariatric surgery to treat their obesity and related comorbidities. Patients
aged 18 or older were eligible for inclusion. Exclusion criteria were pregnancy or lactation,
severe renal or hepatic disease, history of drug abuse, previous history of cardiovascular or
inflammatory diseases, and secondary obesity (hypothyroidism, Cushing’s syndrome).

The study complied with the Declaration of Helsinki. The hospital’s Ethics Committee
approved all the procedures involving patients (code 96/16; October, 2016). Written
informed consent was obtained from all the participants.

2.2. Clinical and Biochemical Determinations

All variables were determined at baseline and one year after the RYGB interven-
tion. Systolic and diastolic blood pressure, weight, height, and waist circumference were
recorded and BMI was calculated. Percentage of excess weight loss (EWL) was determined
by the formula [(preoperative weight — current weight)/(preoperative weight — ideal
weight (considering BMI = 25 kg/m?))] x 100.

Serum levels of glucose, total cholesterol (TC), high-density lipoprotein (HDL) choles-
terol and triglycerides (TG) were measured by an enzymatic method, using a Beckman
LX-20 analyser (Beckman Coulter, La Brea, CA, USA), and low-density lipoprotein (LDL)
cholesterol was measured by Friedewald’s formula. Glycated haemoglobin (HbAlc) was
measured with a glycohaemoglobin analyser (Arkray Inc., Kyoto, Japan). Insulin levels
were determined by an immunochemiluminescent assay and IR status by the Homeostatic
Model Assessment for IR index (HOMA-IR) formula ((fasting glucose in mg/dL x fasting
insulin in pUI/mL)/405). Systemic levels of high sensitivity C-reactive protein (hsCRP)
were analysed by means of an immunonephelometric assay (Behring Nephelometer II,
Dade Behring, Inc., Newark, DE, USA) (intra-assay coefficient variation (CV) < 5.5%).
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2.3. Evaluation of Systemic Cytokines IL6 and IL1p

Plasma samples were obtained by centrifuging (1500 x g, 10 min, 4 °C) blood that was
collected in EDTA-coated tubes and immediately stored at —80 °C. Levels of the proinflam-
matory cytokines IL6 and IL1p were then evaluated with a Luminex® 200 analyser system
(Luminex Corporation, Austin, TX, USA) according to the MILLIPLEX®Kit manufacturer’s
procedure (Millipore Corporation, Billerica, MA, USA). All samples were evaluated twice,
resulting in intra- and inter-serial CV of < 5.0% and < 15.0%, respectively.

2.4. Isolation of Leukocytes from Blood Samples

In order to isolate peripheral blood mononuclear cells (PBMCs) and polymorphonu-
clear leukocytes (PMNSs), citrated blood samples were incubated with dextran 3% at room
temperature (RT) for 45 min. The supernatant was then placed over Ficoll-Hypaque (GE
Healthcare, Uppsala, Sweden) and then centrifuged for 25 min at 650 g. The resulting
halo of PBMC was collected and centrifuged for 10 min at 650x g. The PMN pellet was
incubated with Red Blood Cell Lysis Buffer (Sigma-Aldrich, Inc., St. Louis, MO, USA).
PBMCs and PMNs were washed and resuspended in Hank’s Balanced Salt Solution (HBSS;
Capricorn, Ebsdorfergrund, Germany) for subsequent analysis.

2.5. Fluorescence Imaging of Mitochondrial Membrane Potential

Mitochondrial membrane potential was determined by fluorescence static cytome-
try, using an IX81 Olympus microscope and ScanR version 2.03.2v software (Olympus,
Hamburg, Germany). In short, PMNs were seeded in duplicate in 48-well plates and then
incubated (30 min, 37 °C) with tetramethylrhodamine methyl ester (TMRM) and Hoechst
33,342 (Thermo Fisher Scientific, Waltham, M A, USA) for nuclei visualization. A total of
16 images per well were analysed.

2.6. Immunoblotting

Leukocytes were lysed for 15 min on ice with a buffer containing 20 mM HEPES
pH 7.5, 0.4 M NaCl, 20% glycerol, 0.1 mM EDTA, 10 uM Nap;MoQy, 0.5% NP-40, 1 mM
dithiothreitol and a protease inhibitor mix constituted by 10 mM NaF, 1 mM NaVO;,
10 mM PNP and 10 mM (-glycerolphosphate. Next, samples were vortexed for 30 s and
centrifuged at 16,100 x g for 15 min at 4 °C. Total protein was then estimated by BCA assay
(Thermo Fisher Scientific, Waltham, MA, USA). A total of 25 ug of protein was resolved
in SDS-polyacrylamide gel by electrophoresis and then transferred onto a nitrocellulose
membrane. After blocking the membranes for 1 h with 5% skimmed milk in TBS-T, the
proteins of interest were detected by overnight blotting at 4°C with the following antibodies:
monoclonal anti-autophagy related protein 5 (ATG5) and polyclonal anti-LC3A /B (Cell
Signaling Technology, Danvers, MA, USA), monoclonal anti-Beclin 1, monoclonal anti-
AMPKa1a2, monoclonal anti-AMPKa1 (phospho T183) «2 (phospho T172), monoclonal
anti-ATF6, and polyclonal anti-MCP-1 (Abcam, Cambridge, UK), monoclonal anti-CHOP
and monoclonal anti-NF-«B (Thermo Fisher Scientific, Waltham, MA, USA), polyclonal
anti-PINK1 (Sigma-Aldrich, Inc., St. Louis, MO, USA), and polyclonal anti-neighbour of
BRCAL1 gene 1 (NBR1) (Proteintech, Rosemont, IL, USA). Monoclonal anti-actin (Sigma-
Aldrich, St. Louis, MO, USA) was incubated as a protein loading control. Secondary
antibodies HRP-goat anti-rabbit (Millipore Iberica, Madrid, Spain) or HRP-goat anti-mouse
(Thermo Fisher Scientific, Waltham, MA, USA) were then incubated for 1 h at RT and the
chemiluminescence signal was detected by adding ECL Plus reagent (GE Healthcare, Little
Chalfont, UK) or SuperSignal™ West Femto (Thermo Fisher Scientific, Waltham, MA, USA)
to the membranes. Visualization was carried out using a Fusion FX5 Acquisition System,
and the software Bio1D version 15.03a (Vilbert Lourmat, Marne-la-Vallée, France) was used
to quantify the signal by a densitometry method.
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2.7. Statistical Analysis

This study was designed to achieve a power of 80% and to detect significant (p < 0.05)
differences of 20% in relation to the primary efficacy criterion—protein detection by western
blot—assuming a common SD of 25 units. Accordingly, a minimum of 13 patients was
required, as a loss to follow-up rate of 0% was estimated. For the statistical analysis of vari-
ables before and after the surgical intervention, we employed the statistics program SPSS
20.0 software (SPSS Statistics Inc., Chicago, IL, USA). Normal distribution was assessed by
the Shapiro-Wilk test. In the case of parametric data, variables are represented as mean +
standard deviation (SD) (in table) or mean + standard error (SE) (in figures), and as median
and 25th to 75th percentiles for non-parametric data; qualitative results are expressed
as percentages. All data were analysed using a paired Student’s t-test (parametric data)
or Wilcoxon test (non-parametric data) to compare variables at baseline and at one year
follow-up. The confidence interval was 95% for all tests, and variables were considered
significantly different when p < 0.05.

3. Results
3.1. Anthropometric and Biochemical Parameters following RYGB Surgery

This study was carried out in an obese cohort of 43 patients undergoing RYGB surgery
(mean age 45.1 £ 11.4 years). Women constituted 84% of the total population (Table 1).

Table 1. Anthropometric parameters before and after RYGB.

Parameters Before After
n (females %) 43 (83.7)
Age (years) 45.1+114
Weight (kg) 108.7 £ 15.6 79.2 £ 13.0 ***
BMI (kg/m2) 39.6 £ 4.9 292 4 4.4 %
Waist (cm) 115.0 £10.2 88.6 £ 11.5 ***
EWL (%) 79.1 + 30.6
SBP (mmHg) 133.2 £15.6 123.8 £17.3 **
DBP (mmHg) 81.4 +10.7 739 £ 9.8 **
Glucose (mg/dL) 98.7 £ 26.3 86.0 £ 12.3 ***
Insulin (wU/mL) 146 +7.8 7.0 4 3.2 %%
HOMA-IR 3.8+35 1.5 £ 0.7 ***
HbAlc (%) 55+0.7 52 4+ 0.5 ***
TC (mg/dL) 187.0 £ 33.6 166.9 £+ 27.7 **
HDLc (mg/dL) 47.0 + 8.9 55.1 4+ 10.0 ***
LDLc (mg/dL) 1226 £41.4 96.4 £ 21.4 ***
TG (mg/dL) 96 (74, 143) 78 (55, 100) **
hsCRP (mg/L) 3.7(17,6.3) 0.6 (0.3, 1.2) ***
IL6 (pg/mL) 4.0+ 3.0 33+23*
IL1B (pg/mL) 1.2+09 1.0+£0.7*
Treatment
Hypertension % (1) 34.8 (15) 9.3 (4)
Hyperlipidemia % (n) 23.3 (10) 9.3 (4)
T2D % (n) 30.2 (13) 4.6 (2)

Data are expressed as mean = SD or percentage (7). TG and hsCRP are represented as median and IQ range
(25th and 75th percentile). Values were statistically compared using a paired Student’s t-test or Wilcoxon test and
were considered significant when * p < 0.05, ** p < 0.01, and *** p < 0.001. BMI, body mass index; DBP, diastolic
blood pressure; EWL, excess weight loss; HbAlc, glycated haemoglobin; HDLc, HDL cholesterol; HOMA-IR,
Homeostatic Model Assessment for IR index; hsCRP, high-sensitivity C-reactive protein; IL1, interleukin 14; IL6,
interleukin 6; LDLc, LDL cholesterol; RYGB, Roux-en-Y gastric bypass; SBP, systolic blood pressure; TC, total
cholesterol; TG, triglycerides; T2D, type 2 diabetes.

Patients undergone RYGB surgery showed a significant reduction in their BMI
(p < 0.001), waist circumference (p < 0.001), systolic blood pressure (SBP), and diastolic
blood pressure(DBP) (p < 0.01), which were accompanied by an improvement in glucose
metabolism parameters—glucose, insulin, HOMA-IR, and HbA1lc (p < 0.001 for all). Lipid
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profiles showed a significant decrease in TC content (p < 0.01), LDL cholesterol (p < 0.001),
TG (p < 0.01), and a rise in HDL cholesterol levels (p < 0.001). When we focused on an acute
phase inflammatiory reactant—hsCRP (p < 0.001)—and systemic cytokines—IL6 and IL13
(p < 0.05, for both)—we observed a significant decline in these inflammatory mediators.

As a whole, we observed a marked reduction in cardiovascular disease risk factors
and systemic inflammatory parameters in obese patients one year after RYGB.

3.2. Inflammatory Response, AMPK Activation and ER Stress Markers in Leukocytes following
RYGB Surgery

To determine the impact of RYGB on intracellular inflammatory pathways, activation
of AMPK and ER stress markers, we evaluated different protein mediators in leukocytes
before and after surgery (Figure 1).
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Figure 1. Evaluation of markers related to inflammation, AMPK expression, and ER stress in
leukocytes of obese patients at one year follow-up. Protein expression and representative western
blot images of (A) the transcription factor NF-«B (n = 22), (B) MCP-1 (n = 14), (C) AMPK (n = 18),
(D) pAMPK (n = 18), ER components (E) ATF6 (n = 30) and (F) CHOP (n = 29). Data are expressed as
mean + standard error, * p < 0.05 and ** p < 0.01 when compared using a two-sided paired Student’s
t-test. (p)AMPK, (phosphorylated)AMP-activated protein kinase; ATF6, activating transcription
factor 6; CHOP, CCAAT/enhancer-binding protein (C/EBP) homologous protein; ER, endoplasmic
reticulum; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; MCP-1, monocyte
chemoattractant protein 1.
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The results show a decrease in NF-kB, which plays a central role in inflammation
through its ability to induce transcription of proinflammatory genes, including MCP-1
(Figure 1A,B, p < 0.05 for both), one year after surgery. The effect of the surgical procedure
on the activation of AMPK was assessed in leukocytes by quantifying total AMPK protein
expression and its activation through T183 and T172 phosphorylation. We observed a
significant rise in total and activated AMPK (Figure 1C,D, p < 0.01 and p < 0.05, respectively),
one year after the intervention. Finally, given the link between AMPK and the attenuation
of protein translation, we evaluated changes in ATF6 and CHOP, markers involved in the
UPR and apoptosis in response to chronic cellular stress, observing a drop in the protein
expression levels of these mediators (Figure 1E,F, p < 0.01 for both).

Overall, these results suggest that RYGB leads to an improvement in the inflammatory
response, manifested by a down-regulation of leukocyte activation and chronic stress, that
would seem to be mediated by AMPK activation.

3.3. Autophagy and Mitophagy in Leukocytes following RYGB Surgery

After analysing the impact of RYGB surgery on the inflammatory status and UPR of
leukocytes, the next step was to specifically evaluate autophagy and mitophagy pathways
in these cells (Figure 2).
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Figure 2. Autophagy and mitophagy markers evaluated in leukocytes of obese patients at one year
follow-up. Protein expression and representative western blot images of (A) Beclin 1 (n = 21), (B) ATG5
(n=21), (C) LC3-I (n =19), (D) LC3-1I (n = 19), (E) NBR1 (1 = 16) and mitophagy marker (G) PINK1
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(n = 20). Fluorescence microscopy images (100x) of (F) TMRM (n = 26) as an indicator of mitochon-
drial membrane potential. Data are expressed as mean + standard error, * p < 0.05 when compared
using a two-sided paired Student’s t-test. ATG5, autophagy related 5; LC3, microtubule-associated
protein light chain 3; NBR1, neighbour of Brcal; RFU, relative fluorescence units; TMRM, tetram-
ethylrhodamine methyl ester; PINK1, serine/threonine kinase phosphatase and tensin homolog
(PTEN)-induced putative kinase 1.

We observed a significant increase in the expression of all the autophagy markers
evaluated—Beclin 1, ATG5, LC3-I, LC3-1I, and NBR1, including autophagy nucleation,
elongation and, maturation of autophagosome (Figure 2A-E, respectively, p < 0.05 in all
cases). In addition to the up-regulation of autophagy, we also sought to evaluate potential
changes in mitophagy. Alteration of the mitochondrial membrane potential is considered
the first signal of mitochondrion clearance. In this respect, we detected a decrease in
the TMRM fluorescence signal (Figure 2F, p < 0.05) that was accompanied by an increase
in PINK1 (Figure 2G, p < 0.05), suggesting a restoration of mitochondrial homeostasis
following the surgical intervention.

These results provide evidence that RYGB induces intracellular clearance through the
regulation of autophagy in leukocytes, improving mitochondrial turnover as a consequence.

4. Discussion

In the present study we demonstrated that, in our cohort of middle-aged obese subjects,
RYGB surgery promoted pronounced weight loss, accompanied by an improvement in
metabolic and inflammatory parameters one year later. We observed an up-regulation
of AMPK in circulating leukocytes after the intervention, and this was accompanied by
an amelioration of proinflammatory signalling, ER stress and proapoptotic markers and
the activation of cell clearance mechanisms through autophagy/mitophagy. Considering
the essential role of AMPK as a metabolic regulator in obesity, our results suggest that
RYGB stimulates adaptive responses in leukocytes that may facilitate the partial recovery
of cellular homeostasis, with potential systemic effects on inflammation and IR. In sum, the
present results represent novel and valuable evidence about the molecular mechanisms that
seem to underlie the protective effects of bariatric surgery against metabolic comorbidities
in obesity.

There is accumulating evidence that RYGB produces an improvement in lipid profile,
loss of excess BMI and a lower risk of cardiovascular events, all of which are maintained
one year after surgery [28] and remain for six [29] to eight years [30], thus having a
durable impact on cardiovascular health. Clinical and metabolic parameters had improved
considerably in our study population one year after surgery, with relevant decreases
observed in blood pressure and systemic inflammation, and improvements in glucose
homeostasis and lipid profile, all of which is in the line with the findings of previous studies.

Moreover, weight loss induced by surgical intervention may modify regulators that
control catabolic and anabolic cellular processes. We used leukocytes to evaluate these
cellular pathways because they are particularly exposed to physiological changes and
act as a sensor of the whole body’s responses to disease [31]. Specifically, it has been
reported that the mitochondrial physiology of lymphocytes in response to the nutritional
state is related to that of other cell types [32]. In addition, dysregulation of the immune
cell response is a major contributor to chronic systemic inflammation in obesity, with
deleterious consequences for insulin sensitivity and endothelial function [33].

Growing evidence has highlighted an important role for AMPK in the pathophysiol-
ogy of obesity, particularly in the organs involved in energy metabolism, such as white
adipose tissue, skeletal muscle and liver [9,34]. Focusing on adipose tissue, Luo et al. [35]
observed that metformin-induced activation of AMPK reversed fat fibrosis and IR in obese
mice, while suppression of AMPK contributed to a persistent aberrant extracellular ma-
trix in human visceral adipose tissue. In obese patients, decreased AMPK activity has
been associated with increased expression of inflammatory genes in adipose tissue and
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systemic IR [36], whereas weight loss intervention (caloric restriction) has been found
to induce increased metabolic capacity and enhanced AMPK activation [37]. However,
only a few studies have evaluated the effect of bariatric surgery on AMPK in humans.
Increased expression and activity of AMPK was reported in subcutaneous adipose tissue
3-6 months after RYGB, and was accompanied by a reduction in oxidative stress, ER stress
and inflammatory markers [19,38]. Similarly, AMPK activity was found to be increased in
PBMCs one year after bariatric surgery—via laparoscopic bypass or sleeve gastrectomy—
inducing chaperone-mediated autophagy, a reduction in protein oxidative damage and
hsCRP [39,40]. In accordance with these results, our study highlights an increase in AMPK
activity associated with a reduction in systemic inflammatory markers—IL6, 1L13, and
hsCRP—and intracellular proinflammatory mediators—NF-kB and MCP-1—in leukocytes.
Interestingly, AMPK inhibits the acute proinflammatory response by targeting the NF-«B
signalling pathway in leukocytes [41], and AMPK activators relieve ER stress and MCP-1 in
human monocytes /macrophages treated with palmitate or lipopolysaccharide (LPS) [42,43],
which is also in line with our results. On the basis of all these findings, strategies that
activate AMPK should be harnessed for ameliorating inflammatory pathways.

Pathological conditions involving inflammation have been implicated in the activation
of ER stress. In this context, previous research has associated obesity with an increase in
ER stress markers in subcutaneous adipose tissue that correlates with adiposity [44,45].
Moreover, Gregor et al. [18] reported reduced expression of ER stress markers in the liver
(glucose-regulated protein 78 kDa (GRP78), phosphorylated eukaryotic translation initia-
tion factor 2A (p-EIF2«x)), subcutaneous adipose tissue (X-box binding protein 1 (sXBP1),
GRP78, CHOP and p-EIF2«x) one year after RYGB intervention. In line with this, Ferraz
Bannitz et al. [19] observed a drop in ER stress expression (PERK and calreticulin(CALR))
in subcutaneous adipose tissue 3—6 months after surgery. Both studies described changes
mainly in transcripts in subcutaneous adipose tissue; as far as we are aware, we are the
tirst group to describe the effects of RYGB on ER stress protein markers in leukocytes.
Our results are not only in accordance with those of the aforementioned reports but are
also in line with our previous study describing the amelioration of chronic ER stress in
leukocytes of obese patients after diet-induced weight loss, revealed by a diminished ATF6
and CHOP expression [46]. As a whole, these data demonstrate a significant regulation of
ER stress in the weight loss provided by RYGB, and a possible link with amelioration of the
inflammatory response [15].

Another important role of the AMPK pathway is the regulation of different phases
of autophagy. On the one hand, AMPK reduces mechanistic target of rapamycin (mTOR)
activity under conditions of energy stress [47]. Alternatively, AMPK may directly phospho-
rylate unc-51 like autophagy activating kinase 1 (ULK1) which is important, not only for
autophagy, but also for the selective removal of damaged mitochondria [48], ATG9 [49],
VPS34 and Beclin 1 [50]. However, few studies have evaluated the possible interaction
between autophagy and weight loss in obese models. Previous research has shown that the
downregulation of hepatic autophagy in high-fat diet-induced obesity promotes ER stress
and IR [51,52], whereas RYGB is reported to improve hepatic lipid metabolism through an
increase in the LC3-1I/LC3-I ratio and the down-regulation of mTOR [53]. In the case of
3T3-L1 preadipocytes, the recent report published by Zhang et al. [54] points to autophagy
as the molecular effector that restores lipid accumulation in adipocytes through activation
of autophagy and chaperone-mediated autophagy. In accordance with these previous
studies, we have detected an up-regulation of the autophagy markers involved in the
nucleation, elongation, and formation of autophagosomes and cargo receptors—Beclin 1,
ATG5-ATG12 complex, LC3, and NBR1, respectively—in leukocytes after RYGB. Alto-
gether, these findings implicate the activation of autophagic pathways in the amelioration
of obesity-associated comorbidities in metabolic tissues, whereas, in leukocytes, autophagy
has an immunological function involving the control of inflammation (see [55] for review).
In line with this, previous studies have shown that B cells present a skewed profile and
lose the function by which they facilitate T cell inflammation after RYGB, which results
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in a significantly elevated frequency of anti-inflammatory IL10-producing cells and a re-
duced frequency of IL6-producing cells [56], in line with the systemic reduction of IL6 we
report herein.

Mitophagy is not only regulated by AMPK through ULK phosphorylation [57], but
also by PINK1/PRKN -mediated removal of depolarized mitochondria [58]. In the present
study, we have shown that an increase in AMPK expression after RYGB is associated with a
reduction in mitochondrial membrane potential and an increase in the mitophagy mediator
PINK1. Furthermore, we have previously demonstrated in a larger cohort of obese patients
that leukocytes undergo a drop in superoxide levels after RYGB [6], thus suggesting that
mitochondprial clearance through mitophagy improves mitochondrial function after the
intervention. In accordance with our findings, Kirwan and colleagues reported increased
expression of the mitochondrial fusion protein mitofusin 1(MFN1) and the mitophagy
marker Bcl-2/adenovirus E1B 19-kDa interacting protein (BNIP3) in the liver of obese rats
following RYGB [59].

The principal strength of our study is that we have evaluated the molecular pathways
that involve inflammation, autophagy, and stress sensors in the leukocytes of obese patients
one year after RYGB. In addition, as far as we know, this is the first study that has evaluated
these markers in human obese patients, and our results suggest an interconnection between
AMPK activation, inflammation, autophagy, mitochondrial function, and ER markers.
However, since causality cannot be inferred from our data, further analyses are required
to determine how these intracellular signalling pathways are interrelated. Furthermore,
our findings need to be corroborated over a long-term period. Finally, further prospective
research employing direct and functional methods (e.g., confocal and electron microscopy)
to assess autophagy flux and mitochondrial dynamics would help to reinforce the validity
of our findings.

5. Conclusions

In summary, the results of the present study extend our understanding of the molecular
mechanisms underlying the metabolic improvements that obese patients display when
weight loss is achieved by RYGB. Interestingly, we show that the improvements in systemic
inflammation and metabolic outcomes are mirrored by an increase in AMPK content,
the attenuation of inflammatory markers and chronic ER stress, and the activation of
cell clearance mechanisms through autophagy/mitophagy. Our findings highlight the
relevance of restoration of leukocyte homeostasis—including different cellular signaling
pathways—as a potential target in the treatment of metabolic complications of obesity.
Therefore, since AMPK plays a central role in energy homeostasis, future research should
be focused on development of strategies that activate this molecular pathway.
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Abstract: The chronic low-grade inflammation widely associated with obesity can lead to a prooxi-
dant status that triggers mitochondrial dysfunction. To date, Roux-en-Y gastric bypass (RYGB) is
considered the most effective strategy for obese patients. However, little is known about its molecular
mechanisms. This interventional study aimed to investigate whether RYGB modulates oxidative
stress, inflammation and mitochondrial dynamics in the leukocytes of 47 obese women at one year
follow-up. We evaluated biochemical parameters and serum inflammatory cytokines -TNFe, IL6
and IL1(3- to assess systemic status. Total superoxide production -dHe-, mitochondrial membrane
potential -TMRM-, leucocyte protein expression of inflammation mediators -MCP1 and NF-kB-,
antioxidant defence -GPX1-, mitochondrial regulation—PGC1la, TFAM, OXPHOS and MIEAP- and
dynamics -MFN2, MNF1, OPA1, FIS1 and p-DRP1- were also determined. After RYGB, a significant
reduction in superoxide and mitochondrial membrane potential was evident, while GPX1 content
was significantly increased. Likewise, a marked upregulation of the transcription factors PGCla and
TFAM, complexes of the oxidative phosphorylation chain (I-V) and MIEAP and MFN1 was observed.
We conclude that women undergoing RYGB benefit from an amelioration of their prooxidant and
inflammatory status and an improvement in mitochondrial dynamics of their leukocytes, which is
likely to have a positive effect on clinical outcome.

Keywords: bariatric surgery; obesity; mitochondrial dynamics; oxidative stress; inflammation

1. Introduction

Obesity is a complex and multifactorial disease currently affecting 650 million people
worldwide and represents one of the largest problems facing public health in modern
societies. Similar to other chronic diseases, it has been linked to several health complications,
including dyslipidemia, hypertension, insulin resistance (IR), type 2 diabetes (12D), heart
disease and strokes, sleep apnoea and cancer, which are responsible for the significant
morbidity and mortality associated with this global epidemic [1].

Lifestyle and pharmacological approaches are the most prescribed interventions to
overcome this disease [2,3]. However, poor patient adherence can render these strategies
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ineffective insofar as achieving long-lasting benefits. In this sense, Roux-en-Y gastric bypass
(RYGB) is a surgical weight loss treatment for morbidly and severely obese patients [4]
that has consistent short- and long-term effects on many obesity hallmarks. [5,6]. Recent
data indicate that, despite similar obesity rates among men and women, there is substantial
gender disparity in the use of bariatric surgery, with women comprising 80% of the patients
undergoing the procedure [7]. These differences may, in part, be due to gender-based
differences in perceptions of obesity-related quality of life and body weight, which may
affect the motivation for seeking surgery interventions and treatments.

Previous studies have highlighted the importance of reducing the inflammatory re-
sponse and oxidative stress—mediated by increased antioxidant capacity and diminished
levels of reactive oxygen species (ROS) production—as underlying mechanisms of the
cardiometabolic changes associated with RYGB [6,8]. Mitochondria are known to play a
key role in these processes, since not only are they the primary sources of cellular ROS,
but their functions include ATP production by oxidative phosphorylation (OXPHOS), as
well as regulation of calcium homeostasis and programmed cell death [9]. To deal with
these challenges, mitochondria are amazingly plastic organelles that mediate a series of
dynamic processes, such as mitochondrial fusion and fission, mitophagy and mitochondrial
biogenesis, which determine mitochondrial morphology, quality and abundance.

There is growing evidence of an intriguing direct connection between mitochondrial
dynamics and nutrient availability status [10], suggesting that modifications in mitochon-
drial architecture and networks are a mechanism of bioenergetic adaptation to metabolic
demands. Interestingly, a reduction in the mitochondrial proteins mitofusin (MNF)1, MNF2,
optic atrophy 1 (OPA1) and the dynamin-related protein 1 (DRP1) has been associated with
an impairment of OXPHOS capacity, as well as defects in energy production in several
metabolic diseases, including type 2 diabetes and obesity [11-13]. In line with this, a
recent study reported that sedentary—and not active—subjects displayed an age-associated
downregulation in MNF1, MNF2, DRP1 and OPA1, a process related to weight gain, muscle
loss and inflammation [14].

In terms of metabolic demands, cellular starvation has been linked to the elongation of
mitochondria through upregulated fusion [15] and increased ATP synthesis capacity [16],
while a rich-nutrient environment tends to generate mitochondrial fragmentation [16,17]
and apoptotic function via increased fission [18]. For its part, fragmentation probably
reduces the mitochondrial oxidative metabolism, as displayed in the adipocytes of obese
animal models and humans [19-21].

Despite enormous interest in the management of obesity, relatively little is known
about the effects of RYGB surgery on the intricate biogenesis and function of mitochondria.
RYGB has been reported to provide beneficial effects on the liver mitochondrial dynamics
of diet-induced obese rats [22]; an increase in mitochondrial complexes I-V have been
observed after surgery, as well as modifications in the expression of several mitochondrial
proteins involved in mitophagy, mitochondrial biogenesis, fusion and fission. Moreover,
consistent with previous studies performed on human adipose tissue [23] and skeletal
muscle [24], RYGB showed an increase in the peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGCl«x) [22], a key transcription factor regulating energy
efficiency, as well as mitochondrial quality control and fatty acid oxidation [25]. Among
the downstream mediators of PGCl«, the transcription factor A mitochondria (TFAM) is a
transcription factor for mitochondrial DNA (mtDNA) implicated in mitochondrial-encoded
gene transcription and mtDNA replication, whose expression is downregulated in the
adipose tissue of obese patients [26]. In this line, myocytes derived from severely obese
subjects undergoing RYGB show improved mitochondrial function in association with
reduced Drp1 phosphorylation [27], while mitochondrial basal and maximal respiration
rates in peripheral blood monocytes have been shown to increase rapidly after surgery [28].

However, to date, no studies have highlighted the effects of this surgical procedure
on mitochondrial dynamics in human leukocytes. Therefore, based on the importance of
reducing the obesity-associated inflammatory and prooxidative status, the present study
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aimed to explore whether RYGB-induced weight loss modulates fission and fusion proteins
as well as overall mitochondrial quality control mechanisms in the leukocytes of obese
women.

2. Materials and Methods
2.1. Subjects

The study cohort was composed of forty-seven obese patients undergoing RYGB,
recruited at the Endocrinology and Nutrition Outpatient’s Department and the Department
of General and Digestive System Surgery of the University Hospital Doctor Peset, Valencia
(Spain). Recruitment was carried out from May 2017 to September 2019. All subjects agreed
with the objectives and methodology of the study and gave their written informed consent
to participate. The hospital’s Ethics Committee for Clinical Investigation approved the
study (code 96/16), which was in line with the World Medical Association’s Declaration of
Helsinki.

It is important to note that this study has arisen as part of a wider project, registered in
clinicaltrials.gov under the study number NCT05071391. During the course of this project,
we have revealed the implication of inflammation and oxidative stress in the pathogenesis
of obesity and its comorbidities and have explored in depth the mechanisms associated
with RYGB-induced weight loss [6,29].

Women aged from 18 to 65 years, with a body mass index (BMI) of >35 kg/m? and
assigned to RYBG intervention were eligible to be included in the study. Pregnancy or
lactation, active infectious disease, thromboembolism, stroke or documented history of
cardiovascular diseases, malignancies, severe renal or hepatic disease, drug abuse, chronic
inflammatory disease and secondary obesity (hypothyroidism, Cushing’s syndrome) were
established as exclusion criteria. We only targeted the female population to reduce potential
bias due to gender confounding and interindividual variations.

2.2. Sample Collection, Anthropometric and Biochemical Determinations

The study cohort was composed of forty-seven obese patients undergoing RYGB,
recruited at baseline and post-surgical (12 months after RYGB) appointments attended by
subjects, during which blood samples were collected from the brachial vein under fasting
conditions (10-12 h) between 8:00 and 9:30 a.m. Several anthropometric parameters were
then measured as follows: systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were measured twice consecutively by an automatic sphygmomanometer; weight and
height were measured with an electronic scale and stadiometer, respectively; BMI was cal-
culated as weight (kg)/ (height (m))?, and waist circumference was measured at the 10th rib
and the iliac crest using a measuring tape. The percentage of excess weight loss (EWL) was
calculated according to the formula [(preoperative weight—current weight)/(preoperative
weight-ideal weight (considering BMI = 25 kg/m?))] x 100.

Levels of fasting glucose, total cholesterol, HDL cholesterol and triglycerides were
obtained with a Beckman LX20 analyzer (Beckman Corp., Brea, CA, USA). Friedwald’s
formula was employed to calculate LDL cholesterol. Insulin was measured with an im-
munoassay using the Architect Insulin Reagent Kit, and insulin resistance was estimated
using the Homeostasis Model of Assessment (HOMA-IR = (fasting insulin (uWU/mL) X fast-
ing glucose (mg/dL)/405)). Glycated haemoglobin (HbA1lc) was analysed employing an
automated glycohemoglobin analyser (Arkray Inc., Kyoto, Japan). Serum levels of high
sensitivity C-reactive protein (hsCRP) were analysed using an immunonephelometric assay
(Behring Nephelometer II, Dade Behring, Inc., Newark, DE, USA) with an intra-assay
coefficient of variation < 5.5%. Total leukocytes and neutrophils were determined in a
COULTER® LH 500 haematology blood analyser (Beckman Coulter Inc., Brea, CA, USA).

2.3. Isolation of Leukocytes

Blood collected in BD Vacutainer® citrated tubes (approximately 15 mL) was mixed
and incubated with dextran 3% for 45 min at room temperature (RT). The supernatant
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was placed over Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) and centrifuged at
650 g for 25 min at RT. The resulting halo of peripheral blood mononuclear cells (PBMCs)
was collected and centrifuged for 10 min at 650x g. The pellet of polymorphonuclear
leukocytes (PMN) was incubated with a specific erythrocyte lysis buffer (Sigma-Aldrich,
Inc., St. Louis, MO, USA) for 5 min. Finally, PBMCs and PMN pellets were washed twice in
Hank’s Balanced Salt Solution (HBSS; Capricorn, Ebsdorfergrund, Germany) prior to the
following experiments.

2.4. Protein Expression Analysis

PBMCs were lysed on ice for 15 min with RIPA Lysis Buffer supplemented with pro-
tease plus phosphatase inhibitors, and total protein concentration was quantified using
the BCA assay (all reagents from Thermo Fisher Scientific, Waltham, MA, USA). Aliquots
of 25 pg of protein were resolved on 8-16% or 4-20% gradient SDS-polyacrylamide gels
(Invitrogen, Carlsbad, CA, USA) and then transferred to nitrocellulose membranes. Mem-
branes were then blocked with 5% BSA or 5% skimmed milk in TBS-T for 1 h at RT with
soft shaking. Proteins of interest were detected by incubating membranes overnight at 4 °C
with the following primary antibodies: mouse monoclonal anti-OPA-1 (Ref. MABN737),
rabbit polyclonal anti-MFN1 (Ref. ABC41), rabbit polyclonal anti-MFN2 (Ref. ABC42) and
rabbit polyclonal anti-FIS-1 (Ref. ABC67) from Merck-Millipore (Burlington, MA, USA);
mouse monoclonal anti-OXPHOS (Ref. ab110411), rabbit monoclonal anti-MIEAP (Ref.
ab180154), rabbit polyclonal anti-PGClo (Ref. ab54481) and rabbit polyclonal anti-MCP-1
(Ref. ab73866) from Abcam (Cambridge, UK); rabbit monoclonal phospho-DRP1 (Ser®'°)
from (Ref. 4494s) Cell Signalling Technology (Danvers, MA, USA); mouse monoclonal
anti-mtTFA (Ref. sc-376672) from Santa Cruz (Dalas, TX, USA); mouse monoclonal anti-
NF-xB (Ref. 33-9900) and rabbit polyclonal anti-GPX1 (Ref. PA5-30593) from Thermo
Fisher Scientific (Waltham, MA, USA). Mouse monoclonal anti-actin (Ref. 3700T) from Cell
Signalling Technology (Danvers, MA, USA), rabbit polyclonal anti-actin (Ref. A5060) from
Sigma-Aldrich (San Luis, MO, USA) and mouse monoclonal anti-VDAC (Ref. ab14734)
from Abcam (Cambridge, UK) were used as protein loading controls. The following day,
membranes were incubated for 60 min at RT with the following secondary antibodies:
goat anti-rabbit from Vector Laboratories (Ref. PI-1000-1) (Burlingame, CA, USA) and goat
anti-mouse (Ref. 31430) from Thermo Fisher Scientific (Waltham, MA, USA). A summarised
table (Table S1) of all antibodies used has been included as supplementary material. The
chemiluminescence signal was detected with SuperSignal West Pico Plus or Femto from
Thermo Fisher Scientific (Walthman, MA, USA) using the Fusion FX5 (Vilber Lourmat,
Marne-La Vallée, France) imaging system. The quantification of protein levels was per-
formed by densitometric analysis with BiolD software v15.03a (Vilber Lourmat, Marne-La
Vallée, France).

2.5. Evaluation of Systemic Cytokines TNF«, IL6 and IL1B

Blood in EDTA-coated tubes was used to obtain plasma samples by centrifugation
(1500 g, 10 min, 4 °C). Serum concentrations of TNFe, IL6 and IL1$3 were analysed in
duplicate with a Luminex® 200 analyser system (Luminex Corporation, Austin, TX, USA)
according to the Milliplex-Kit manufacturer’s procedure (Millipore Corporation, Billerica,
MA, USA). Validation settings were intra- and inter-serial coefficient variations (CV) of
<5.0% and <15.0%, respectively.

2.6. Superoxide Production and Mitochondrial Membrane Potential

The determination of superoxide production and mitochondrial membrane potential
was assessed by static fluorometry using an IX81 Olympus fluorescence microscope coupled
with the static cytometry software ScanR v2.03.2 (Olympus, Hamburg, Germany). In brief,
1.5 x 10° PMN/wells were seeded in a 48-well plaque and incubated for 30 min at 37 °C
with Dihydroethidium (DHE) and tetramethylrhodamine methyl ester (TMRM) probes for
intracellular superoxide and mitochondrial membrane potential determination, respectively.



Antioxidants 2022, 11, 1302

50f15

Hoechst 33,342 was used to visualise cell nuclei. All fluorescent dyes were purchased from
Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Statistical Analysis

This study was designed to achieve a power of 80% and detect significant (p < 0.05)
differences of 20% in relation to the primary efficacy criterion—protein detection by West-
ern blot—assuming a common SD of 25 units. Based on these premises, a minimum of
13 patients were required, as a loss-to-follow-up rate of 0% was estimated. SPSS 20.0 (IBM
SPSS Statistic, Chicago, IL, USA) was employed to conduct the statistical analysis. Nor-
mality was checked by employing the Shapiro—Wilk test due to sample size. Parametric
values are expressed as the mean =+ standard deviation (SD) and non-parametric values as
the median and interquartile range (25th—75th percentile). Qualitative data are expressed
as percentages. Bar graphs were represented by the mean + standard error (SE). The paired
Student’s t-test and Wilcoxon test were used to compare parametric and non-parametric
data, respectively. Statistical significance was considered when p < 0.05 in all comparisons,
with a confidence interval of 95%.

3. Results

This study was carried out on a cohort of 47 obese female patients with a mean age of
45.5 £ 10.2 years and a BMI of 40.3 + 5.3 kg/m?. As expected, after RYGB surgery patients
showed a considerable decrease in waist circumference (p < 0.001), BMI (p < 0.001), SBP
and DBP (p < 0.01 for both) (Table 1).

Table 1. Clinical features of the study population before and after RYGB.

Parameters Before After
n (females %) 47 (100)
Age (years) 455 +10.2
Weight (kg) 107.1 £ 15.6 76.3 £+ 12.0 ***
BMI (kg/m?) 40.3 +5.3 29.0 4 4.3 ***
EWL (%) 81.1 +£29.7
Waist (cm) 114.3 £ 105 88.8 £ 12.0 ***
SBP (mmHg) 130.6 + 16.1 121.6 +£ 18.3**
DBP (mmHg) 80.6 +10.2 735+ 11.0**
Glucose (mg/dL) 96.4 +12.5 84.0 + 6.9 ***
Insulin (WU/mL) 144 +76 7.0 £ 3.1**
HOMA-IR 3.52 +£2.18 1.44 + 0.72 ***
HbAlc (%) 5.47 +0.54 5.16 4 0.35 ***
TC (mg/dL) 190.0 + 32.6 169.8 + 26.2 ***
HDLc (mg/dL) 48.1 8.1 59.5 + 9.6 ***
LDLc (mg/dL) 125.1 +40.2 97.2 4 21.0 ***
TG (mg/dL) 95.5 (73.8, 136.5) 76.0 (56.0, 100.5) ***
hsCRP (mg/L) 4.69 (2.08, 8.29) 0.79 (0.28, 1.48) ***
Leukocytes (103 /uL) 7.74 + 241 6.39 + 1.98 *
Treatment
Hypertension % (n) 36.2 (17) 14.9 (7)
Hyperlipidemia % (n) 21.3 (10) 10.6 (5)
T2D % (n) 27.7 (13) 0 (0)

Data are expressed as mean £ SD or percentage (n). TG and hsCRP are represented as median and IQ range (25%
and 75% percentile). Values were statistically compared with a paired Student’s ¢-test or Wilcoxon test and were
considered significant when * p < 0.05, ** p < 0.01 and *** p < 0.001. BML, Body mass index; DBP, Diastolic blood
pressure; EWL, Excess weight loss; HbAlc, Glycated haemoglobin; HDLc, HDL cholesterol; hsCRP, High sensitive
C-reactive protein; IL13, Interleukin 13; IL6, Interleukin 6; LDLc, LDL cholesterol; SBP, Systolic blood pressure;
TC, Total cholesterol; TG, Triglycerides; T2D, Type 2 diabetes.

Glucose metabolism parameters, such as HbAlc, insulin, glucose, and HOMA-IR
(p <0.001 for all), also improved. Similarly, triglycerides (p < 0.001), LDL cholesterol
(p <0.001) and total cholesterol (p < 0.001) showed a significant decrease, while HDL
cholesterol levels (p < 0.001) had fallen one year after the intervention. Acute phase reactant
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hsCRP (p < 0.001) and total leukocyte count (p < 0.05) were lower after the intervention
(Table 1).

These changes were accompanied by reductions in systemic proinflammatory
cytokines—TNF« (Figure 1A, p < 0.05), IL6 (Figure 1B, p < 0.05) and IL13 (Figure 1C,
p < 0.001) —and were mirrored by a decline in intracellular mediators of inflammatory
response in leukocytes—MCP1 and NF-«B proteins (Figure 1D,E, p < 0.05 for both).
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Figure 1. Proinflammatory markers in obese patients before and after RYGB. Serum levels of
(A) TNF«x (n = 32), (B) IL6 (n = 36) and (C) IL1p (n = 35). Leukocyte protein expression of in-
flammatory mediators and representative Western blot images of (D) MCP1 (n = 13) and (E) NF-kB
(n = 21). Data are represented as the mean + SE. * p < 0.05, *** p < 0.001 when compared using a paired
Student’s t-test. IL1j3, interleukin 1§3; IL6, interleukin 6; MCP1, monocyte chemoattractant protein 1,
NF-kB, nuclear factor kB; RYGB: Roux-en-Y gastric bypass; TNF«, tumor necrosis factor alpha.

Since obesity-related inflammatory status has been closely linked to cell oxidative
stress, we also aimed to analyse superoxide production, antioxidant defences and mito-
chondrial membrane potential (Figure 2) in leukocytes, widely known to be sensors of the
whole-body’s responses to disease [30].

Our findings showed a significant decrease in total superoxide (Figure 2A, p < 0.01) and
mitochondrial membrane potential (Figure 2B, p < 0.05) and a restoration of the antioxidant
enzyme GPX1 (Figure 2C, p < 0.05). Taken together, these results suggest a partial recovery
of redox balance thanks to a decrease in ROS production and an increase in the antioxidant
response. In line with these findings, and given the close relationship between obesity,
oxidative stress and processes of mitochondrial dynamics, we decided to determine the
impact of RYGB on several regulators and transcriptional coactivators of mitochondrial
biogenesis in leukocytes of obese subjects before and after surgery (Figure 3). One year
after the intervention, we observed a significant increase in the transcriptional coactivator
PGCla (Figure 3A, p < 0.05) and its downstream mediator TEFAM (Figure 3B, p < 0.05),
suggesting a mitochondrial network turnover.
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Figure 2. Oxidative stress and mitochondrial dysfunction markers in leukocytes of obese patients
before and after RYGB. Evaluation of (A) total superoxide (n = 20) and (B) mitochondrial membrane
potential (n = 21), expressed as arbitrary units of fluorescence and with representative images stained
respectively with dHE (red) and TMRM (red), and Hoechst 33,342 for nuclei (blue). (C) Leukocyte
protein expression of GPX1 and representative western blot images (1 = 19). Data are represented
as the mean + SE. * p < 0.05 ** p < 0.01 when compared using a paired Student’s t-test. dHE,
Dihydroethidium; TMRM, ethyl ester of tetramethylrhodamine; GPX1, Glutathione peroxidase 1.
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Figure 3. Transcription factors of mitochondrial biogenesis in leukocytes of obese patients before
and after RYGB. Protein expression and representative Western blot images of (A) PGCl«x (n = 10)
and (B) TFAM (n = 16). Data are represented as the mean + SE. * p < 0.05 when compared using a
paired Student’s t-test. PGCle, Peroxisome proliferator-activated receptor y co-activator 1; TFAM,
Transcription Factor A Mitochondrial.

Our next step was to determine changes in the protein expression of the five mitochon-
drial OXPHOS complexes (Figure 4).
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Figure 4. Mitochondrial complexes involved in the electron transport chain and MIEAP in leukocytes
of obese patients before and after RYGB. Protein expression and representative Western blot images
of (A) Mitochondrial complex I (n = 15), (B) Mitochondrial complex II (n = 15), (C) Mitochondrial
complex III (1 = 13), (D) Mitochondrial complex IV (1 = 14), (E) Mitochondrial complex V (n = 14)
and (F) MIEAP (n = 9). Data are represented as the mean + SE. * p < 0.05, ** p < 0.01, *** p < 0.001
when compared using a paired Student’s t-test. MIEAP, mitochondria-eating protein.

These assemblies provide most of the energy required for cellular function through
an electrochemical proton gradient (or a proton motive force) between the mitochondrial
matrix and the intermembrane space. After RYGB, our patients showed an increase in
complexes I and V (Figure 4AE, p < 0.05 and p < 0.001, respectively) and an upward
trend in complex IV (Figure 4D, p = 0.089), which was also accompanied by a substantial
upregulation of MIEAP (Figure 4F, p < 0.05).

Finally, associated with these changes, we detected intriguing alterations in mitochon-
drial dynamics post-surgery (Figure 5).

Although the increase in MNF2 (Figure 5A) and OPA1 did not reach statistical sig-
nificance (Figure 5C), a significant increase in MFN1 protein content (Figure 5B, p < 0.05)
was observed in leukocytes after RYGB. In contrast, the fission proteins FIS1 and p-DRP1
(Ser®!®) remained unchanged (Figure 5D,E, respectively). As a whole, these results lead us
to hypothesise that RYGB restores mitochondrial homeostasis by reducing the inflamma-
tory response and oxidative stress parameters and by modulating mitochondrial dynamics
through activation of transcriptional factors involved in the synthesis and degradation of
mitochondrial components, OXPHOS complexes and fusion and fission processes, though
this requires further confirmation.
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Figure 5. Mitochondrial fusion and fission markers in leukocytes of obese patients before and after
RYGB. Leukocyte protein expression and representative Western blot images of (A) MFN2 (n = 12),
(B) MNF1 (n = 13), (C) OPAL1 (n = 14), (D) FIS1 (1 = 16) and (E) p-DRP1 (n = 14). Data are represented
as the mean + SE. * p < 0.05 when compared using a paired Student’s {-test. FIS1, mitochondrial fission
1; MNF1, mitofusin 1; MFN2, mitofusin 2; OPA1, optic atrophy protein 1; p-DRP1, dynamin-related
protein 1.

4. Discussion

In the present study, we have seen how obese women undergoing RYGB exhibited
improvements in several clinical and metabolic outcomes, including sustained weight
loss, enhanced glucose homeostasis and lipid profile, as well as a reduction in systemic
inflammatory parameters. These improvements were accompanied by a reduction in
intracellular inflammatory pathways in leukocytes and a slowing down of oxidative stress.
Interestingly, our findings revealed that RYGB regulates several processes of mitochondrial
dynamics, including fusion/fission, the repair or removal of dysfunctional organelles and
mechanisms of mitochondrial biogenesis. Altogether, these findings represent novel and
relevant evidence of the physiological and molecular mechanisms involved in the beneficial
effects of this surgical procedure in obesity and its associated metabolic comorbidities.

The pathophysiological mechanisms underlying the relationship between obesity and
metabolic dysfunction are likely to be multifactorial. Over the last few years, bariatric
surgery has proven to be successful in treating morbid /severe obesity, improving patient
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quality of life and providing durable and effective results with respect to various metabolic
parameters—namely, weight loss, improvement of lipid profile, reduction of cardiovascular
risk and glycaemic control [31-35], which our findings affirm. It is worth noting that
inflammation is reported to be the main player linking obesity with its related metabolic
perturbations [36] and is ameliorated after weight loss. A significant reduction in systemic
cytokines—TNF«, IL6 and IL13—and decreased MCP1 and NF-«B protein expression
were detected in the leukocytes of our patients after RYGB, which is in line with previous
reports of an overall reduction in inflammatory markers in leukocytes [37] and adipose
tissue [23]. The complex inflammatory network that characterises obesity is mostly acti-
vated by an oxidative stress status. Indeed, we have previously reported that increasing
fat accumulation leads to both excessive ROS release and mitochondrial dysfunction in
peripheral leukocytes [38]. Of note, and consistent with our previous study carried out in
both sexes [6], an amelioration of oxidative stress parameters was observed after bariatric
surgery. In this sense, Monzo-Beltran et al. also reported an adaptive antioxidant response
of leukocytes after RYGB, manifested by higher intracellular SOD1, GPX1 and catalase
activity [39].

Mitochondprial biogenesis is a self-renewal route by which new mitochondria originate
from those that already exist in order to reduce mitochondrial dysfunction, which is
regulated by AMP-activated protein kinase (AMPK), a major energy sensor of the cell [40].
Specifically, alterations in cellular energy consumption, energy production and AMP/ATP
ratio can lead to the activation of this Ser/Thr kinase. In such a scenario, AMPK shuts down
energy-consuming anabolic systems while switching on catabolic pathways to generate
ATP [40]. Simultaneously, the kinase downregulates the expression of lipid synthesis genes
while enhancing the expression of genes associated with glycolysis, glucose transport and
mitochondrial activity [41-43]. Regarding this last point, it is important to note that the
expression of genes involved in either mitochondrial activity or lipid oxidation in skeletal
muscle was induced in transgenic mice overexpressing an activated form of the AMPK-
v-3 subunit. [44,45]. In contrast, increased mitochondrial respiration and biogenesis in
response to energy deprivation was not observed in mice expressing a dominant negative
form of AMPK [46]. In this way, these studies, and others [47], have identified AMPK as an
essential regulator of mitochondrial biogenesis. Interestingly, evidence suggests that AMPK
activity is reduced in obesity, suggesting it may be a therapeutic target [48]. In this regard,
we have recently reported an upregulation of this kinase after RYGB surgery [29]. This
tightly coordinated process implicates several transcriptional regulators (mainly PGCl«,
NRF1 and NRF2) that activate TFAM [49], thus, leading to mitochondrial transcription and
mitochondrial genome replication and, in turn, to the generation of new organelles. Among
these intricate transcriptional regulators, PGClx has attracted great attention within the
field of obesity research due to its essential role in regulating the efficiency of energy
metabolism, as well as in mitochondrial quality control and fatty acid oxidation [25,50].
Its expression has been found to be reduced in the adipose tissue of obese humans [26,51],
while it is upregulated after weight loss induced by RYGB [23,24], thus, explaining the
increase in PGC1la we observed in leukocytes at one-year follow-up. Studies have suggested
that these changes were associated with a significant increase in TFAM, a key regulator
of mtDNA replication. TFAM deletion in mutant mice induces obesity and diabetes [52],
probably due to a remodelling of the respiratory chain through the downregulation of
multiple proteins involved in oxidative phosphorylation.

Alterations of mitochondrial content and activity have emerged as critical features of
obese in rodents [53] and humans [54,55]. In fact, OXPHOS failure can lead to ROS over-
production and accumulation of unhealthy mitochondria [56], which need to be repaired
or eliminated to preserve the stability and health of cells [57]. Recently, a novel mechanism
has been proposed for mitochondrial quality control, in which the regulator MIEAP in-
duces intramitochondrial structures that engulf and degrade damaged mitochondria by
the accumulation of lysosomes [58].
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Our results suggest that RYGB drives an upregulation of levels of the OXPHOS
proteins CI and CV (initial and final complexes in the electron transport chain), along
with an increase in MIEAP. This points to a post-surgical amelioration of mitochondrial
activity and function that could be associated with the improvement in metabolic outcomes
observed in our cohort. Previous studies focused on different target tissues (liver, adipose
or muscle) and models (cellular or animal) have highlighted the upregulation of OXPHOS
complex expression upon caloric restriction [59] or RYGB [22,60-62]. In accordance with
Nijhawan et al., who reported that mitochondrial basal and maximal respiration rates
in peripheral blood monocytes increased rapidly after surgery [28], we highlight the
effects of this surgical procedure on the mitochondrial dynamics of human leukocytes
from obese women. It is relevant to note that mitochondrial quality control also implies
events of fusion and fission, by which cells mediate morphological plasticity and regulate
energy expenditure and bioenergetic efficiency. These processes are in turn mediated
by large guanosine triphosphatases (GTPases), including MNF1, MTE2, OPA1, DRP1
and FIS1 [63,64], which help to balance the fusion and division of the two lipid bilayers
that surround mitochondria. In line with these findings, previous studies performed
on obese humans have revealed a direct relationship between mitochondrial dynamics
and the balance of nutrient supply/energy demand, suggesting that the remodelling of
mitochondrial morphology and networks constitutes bioenergetic adaptation to metabolic
requests [18,65]. In particular, several authors have argued that obesity is characterised by
a reduced gene expression of OPA1 and MFNT1 in rat liver and skeletal muscle, which may
contribute to mitochondrial dysfunction [66]. Decreased MFN1 and MFN2 and increased
DRP1 have also been reported in the skeletal muscle of obese patients [65,67-69].

Although there is increasing evidence that RYGB can improve mitochondrial fu-
sion [70,71], data are limited and controversial. Saks et al. observed significant increases in
the expression of hepatic MFN1 and OPAL in the liver of obese rats following RYGB
surgery [22], while, more recently, Kugler et al. found no changes in these proteins
when analysed in myotubes derived from severely obese individuals seven months after
RYGB [27]. In the case of mitochondrial fission proteins, there is controversy surrounding
the effects of RYGB on FIS1 and DRP1 protein levels [22,27,69], which calls for future
investigation. Our findings bring the knowledge a step further by illustrating how bariatric
surgery influences mitochondrial dynamics in leukocytes of obese humans through an
increase in MEN1. In contrast, the changes we observed in MNF2, OPA1, DRP1 or FIS1 did
not reach statistical significance, which points to a tissue-specific regulation. This boosted
mitochondrial fusion might contribute positively to the enlargement and functionality of
the mitochondrial network by stimulating OXPHOS expression and respiration, as reported
in the liver of obese rats [22].

The strengths of our study include its design, based on a population of women with
obesity, which allows an accurate comparison of the implications of weight loss. We
have evaluated intracellular responses to weight loss following RYGB, thus, representing,
as far as we know, the first study to address changes in mitochondrial dynamics in the
leukocytes of obese women. However, the present study has some limitations, including
the relatively small size of the study population, though we would like to point out that our
data are supported by sample size calculation. Additionally, we notice the impossibility
of demonstrating a causal relationship between the improvement in metabolic outcomes
induced by RYGB and the modulation of mitochondrial dynamics processes. Therefore,
future randomised investigations are needed to determine the mechanism underlying the
metabolic improvement detected in women after RYGB-induced weight loss. Such studies
will undoubtedly constitute an important step toward developing strategies for preventing
and treating obesity.

5. Conclusions

The present study endorses bariatric surgery as a novel strategy that improves the
clinical hallmarks of obesity and its related comorbidities. Our findings suggest that women
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undergoing RYGB benefit from an amelioration of their prooxidant and inflammatory status
and enhanced mitochondrial dynamics in their leukocytes, which could be responsible for
the overall improvement in anthropometric and clinical features reported after surgery.

Given the essential role of mitochondria in energy metabolism, a better understanding
of the molecular mechanisms that underlie mitochondrial dynamics may help to iden-
tify therapeutic targets to prevent and treat numerous diseases based on mitochondrial
dysfunction, such as obesity and its associated comorbidities.
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Abstract: Obesity is a low-grade inflammatory condition affecting a range of individuals, from
metabolically healthy obese (MHO) subjects to type 2 diabetes (T2D) patients. Metformin has been
shown to display anti-inflammatory properties, though the underlying molecular mechanisms are
unclear. To study whether the effects of metformin are mediated by changes in the inflammasome
complex and autophagy in visceral adipose tissue (VAT) of obese patients, a biopsy of VAT was
obtained from a total of 68 obese patients undergoing gastric bypass surgery. The patients were
clustered into two groups: MHO patients and T2D patients treated with metformin. Patients treated
with metformin showed decreased levels of all analyzed serum pro-inflammatory markers (TNF«,
IL6, IL13 and MCP1) and a downwards trend in IL18 levels associated with a lower production of
oxidative stress markers in leukocytes (mitochondrial ROS and myeloperoxidase (MPO)). A reduction
in protein levels of MCP1, NF«B, NLRP3, ASC, ATGS5, Beclinl and CHOP and an increase in p62
were also observed in the VAT of the diabetic group. This downregulation of both the NLRP3
inflammasome and autophagy in VAT may be associated with the improved inflammatory profile
and leukocyte homeostasis seen in obese T2D patients treated with metformin with respect to MHO
subjects and endorses the cardiometabolic protective effect of this drug.

Keywords: visceral adipose tissue (VAT); obesity; type 2 diabetes (T2D); inflammatory cytokines;
autophagy; oxidative stress; metformin

1. Introduction

Obesity represents a risk factor for diverse clinical and metabolic disturbances, leading to increased
mortality and shortened life expectancy. The predominant storage of fat in the visceral adipose tissue
(VAT) depot characteristic of the abdominal obesity phenotype is typically accompanied by a wide range
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of metabolic abnormalities, including dyslipidemia, insulin resistance, hypertension and endothelial
dysfunction [1,2]. These effects are exacerbated by the particularly aberrant release of cytokines
and adipokynes by the VAT [3], which contributes to systemic low-grade inflammation, increased
cardiovascular risk and development of type 2 diabetes (T2D).

The first-choice medical approach to achieve glycemic control and reduce cardiovascular risk
factors in T2D patients is oral anti-diabetic medication. Metformin is the most commonly prescribed
drug for T2D and is thought to exert its primary anti-diabetic action by suppressing hepatic glucose
production and through a direct effect on cellular metabolism by inducing AMP-activated protein kinase
(AMPK) and inhibiting mitochondrial reactive oxygen species (ROS) production through mitochondrial
complex I. Metformin not only displays anti-hyperglycemic properties, but also improves endothelial
function, lipid profile and hemostasis [4]. In addition, it is now attracting attention due to its role as an
immune system modulator with anti-inflammatory properties [5-7], though the molecular mechanisms
underlying these pleiotropic effects have not yet been determined. Emerging evidence suggests
that metformin displays anti-inflammatory effects via direct and indirect targeting of tissue-resident
immune cells in metabolic organs such as the liver, gastrointestinal tract and adipose tissue [8].

In contrast to obese T2D patients, who constitute a paradigm population of metabolic complications,
there is a sub-cluster of “metabolically healthy” obese (MHO) subjects characterized by an absence
of metabolic abnormalities. It is now thought that MHO is a transient phenotype that can turn into
unhealthy metabolic obesity during the natural course of the disease [9]. Such patients are characterized
by the storage of fat predominantly in the subcutaneous depot, less immune cell infiltration into the
VAT depot, and a more favorable adipokine secretion pattern and inflammatory profile, including
a lower release of tumor necrosis factor alpha (TNFx) and interleukin 13 (IL13) [10-12] compared
to that released by VAT. In this way, the inflammasome complex is a key component of our innate
immune system, representing the backbone of the host defense and inflammatory response. Activation
of the nucleotide-binding oligomerization domain (NOD), leucine-rich repeats (LRR) and pyrin
domain-containing protein 3 (NLRP3) inflammasome usually requires both priming and an activation
signal. The nuclear factor kB (NFkB) transcription factor, which is activated by Toll-like receptor
(TLR) ligands and cytokines, such as TNFa and IL1{, is the main mediator of the priming signal, and
acts by inducing the transcriptional expression of NLRP3 and pro-IL1p [13]. The second signal of
inflammasome activation is triggered by various microbial components (pathogen-associated molecular
patterns (PAMPs)) or molecules released by necrotic cells and damaged tissues (damage-associated
molecular patterns (DAMPs)) [14], which are thought to activate NLRP3 by inducing various cellular
events, including K* efflux, Ca?* signaling and mitochondrial and lysosomal damage, all of which
release substances such as ROS, oxidized mitochondrial DNA and lysosomal proteases [15,16].
Metabolic abnormalities in obese patients are accompanied by higher levels of both immune cell
infiltration and expression of NLRP3 and IL1# in VAT than those seen in MHO subjects [12,17].
However, whether metformin exerts its anti-inflammatory effect by modulating the activation of the
inflammasome complex in the VAT of obese patients has been poorly studied to date [18,19].

Autophagy not only constitutes a mechanism of cell recycling necessary for cellular homeostasis
and viability, but it is also increasingly recognized as an important component of both innate and
acquired immunity to pathogens [20]. In this process, cytosolic macromolecules and damaged organelles
are a target for autophagosomal capture following degradation by lysosome fusion [21]. This process
involves a heterogeneous network of protein signaling pathways named mammalian autophagy-related
(ATG) proteins, which are organized in six functional protein groups and proteins, including Beclin1,
microtubule-associated protein 1A/1B-light chain 3 (LC3) and sequestosome 1 (p62) [22]. Since classic
autophagy is known to be activated principally by pathways that mediate the nutrient deficiency/low
energy state that induces AMPK and inhibits mechanistic target of rapamycin (mTOR) activity [20], it
would be expected that obesity—a chronic state of nutrient overabundance—is associated with the
downregulation of autophagy. However, there is strong evidence that autophagy levels are upregulated
in obese adipocytes and adipose tissue explants [23-25], even in diabetic conditions, which leads to
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attenuated mTOR signaling [26]. Although metformin has been found to induce an upregulation of
autophagy mediators in cardiomyocytes, melanoma cells and hepatocytes [27-29], few studies have
investigated the effect of metformin on the induction of autophagy in adipose tissues [29,30].

Given the well-known contribution of VAT accumulation and the chronic inflammation and
metabolic disturbances characteristic of diabetes and obesity, it is possible that the beneficial effects of
metformin on the modulation of immune cell response, oxidative stress and subclinical low-grade
inflammation [31,32] can be mediated by targeting adipose-specific activities. For this reason, the
present study was undertaken to explore whether the underlying molecular mechanisms of the
systemic anti-inflammatory and immune regulatory effects of metformin involve NLRP3 complex
activation and/or modulation of the autophagy pathway in the VAT of obese subjects. Hence, we first
aimed to confirm the effect of metformin on serum proinflammatory cytokines and systemic oxidative
stress markers. Secondly, and more importantly, we evaluated the association between these systemic
responses and VAT-specific pathways, including the NLRP3 inflammasome and autophagy.

2. Materials and Methods

2.1. Study Population

This was a transversal study of 68 obese patients between the ages 30 and 60 that were recruited
from the Outpatient’s Department of Endocrinology and Nutrition at University Hospital Dr. Peset
(Valencia, Spain). The patients were clustered into two groups: metabolically healthy obese (MHO)
subjects and obese patients with T2D treated with metformin, all of whom underwent a laparoscopic
Roux-en-Y gastric bypass (RYGB). The MHO group consisted of subjects who did not meet any of the
following clinical criteria for metabolic syndrome—fasting glucose > 100 mg/dL or use of anti-diabetic
treatment, systolic blood pressure > 130 mmHg and/or diastolic blood pressure > 85 mmHg or use of
antihypertensive drugs, triglyceride concentrations > 150 mg/dL or high-density lipoprotein cholesterol
(HDLc) < 40 mg/dL for men and < 50 mg/dL for women or the use of lipid-lowering medication [33]
(n = 34). The T2D group was defined according to the criteria of the American Diabetes Association
Guidelines [34] (n = 34). Exclusion criteria were severe disease (including malignancies, severe renal or
hepatic disease, alcohol or drug abuse and psychiatric disorders), history of cardiovascular or chronic
inflammatory disease, and secondary obesity (hypothyroidism and Cushing’s syndrome).

The study protocol was approved by the Ethics Committee of the hospital (reference code 96/16)
and was regulated according to the guidelines set out in the Declaration of Helsinki. Written informed
consent was obtained from all subjects.

2.2. Clinical and Biochemical Determinations

Anthropometric measures—weight, height, waist circumference, body mass index (BMI)
and systolic (SBP) and diastolic blood pressure (DBP)—were obtained by physical examination.
Blood samples were collected from the antecubital vein in fasting conditions between 8:00 a.m.
and 9:30 a.m. for biochemical and molecular determinations. To obtain serum, centrifugation was
performed at 650% g for 10 min at 4 °C. Glucose, total cholesterol (TC) and triglyceride (TG) serum
levels were determined by enzymatic assay (Beckman Corp. Brea, CA, USA). The percentage of
HbAlc was obtained with an automatic glycohemoglobin analyzer (Arkray inc., Kyoto, Japan). HDLc
concentration was measured using a Beckman LX20 analyzer (Brea, CA, USA) and low-density
lipoprotein cholesterol (LDLc) levels were calculated with Friedewald’s formula. Insulin levels were
measured by immunochemiluminescence (Abbott, Chicago, IL, USA) and the homeostatic model
assessment of the insulin resistance (HOMA-IR) index was calculated as ((fasting insulin (uU/mL)
x fasting glucose (mg/dL))/405). High-sensitivity C-reactive protein (hsCRP) was analyzed using a
latex-enhanced immunonephelometric assay (Behring Nephelometer II; Dade Behring, Inc., Newark,
DE, USA) and leukocytes were counted with a COULTER® LH 500 Hematology Blood Analyzer from
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Beckman Coulter (Brea, CA, USA). All biochemical determinations were performed in the hospital’s
Clinical Analysis Department.

2.3. Cell Isolation

Citrated blood samples were incubated with dextran (3%) for 45min in order to isolate
polymorphonuclear leukocytes (PMNs). The supernatant, layered over Ficoll-Hypaque (GE Healthcare,
Uppsala, Sweden), was then centrifuged at 650x g for 25 min. Lysis buffer was added to remove the
erythrocytes remaining in the pellet. PMNs were washed twice and re-suspended in Hanks’s balanced
salt solution (HBSS; Sigma Aldrich, MO, USA). Finally, PMNs were counted with a Scepter 2.0 cell
counter (Millipore, MA, USA).

2.4. Analysis of Oxidative Stress Markers and Serum Cytokines

To detect mitochondrial ROS, leukocytes were seeded in a 48-well plate (1.5 x 10° cells/well) and
incubated for 30 min with MitoSOX dye (Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) prepared at 5 pM in HBSS. The nuclei were visualized using the nuclear stain Hoechst 33342.
The fluorescence signal was detected with an IX81 Olympus fluorescence microscope and analyzed
with ScanR software version 2.03.2 (Olympus, Shinjuku, Japan).

Serum levels of interleukin 6 (IL6), IL13, interleukin 18 (IL18), TNFx and myeloperoxidase (MPO)
were measured with a Luminex® 200 analyzer system (Austin, TX, USA) following the Milliplex®
MAP Kit manufacturer’s procedure (Millipore Corporation, Billerica, MA, USA). The intra-serial and
inter-serial variation coefficients were <5.0% and <20.0%, respectively.

2.5. VAT Protein Analysis

During RYGB surgery, approximately 1.5-2.0 g VAT biopsies were retrieved from the omentum area
and immediately frozen in liquid nitrogen and stored at —80 °C. For protein isolation, 150 mg of VAT were
homogenized with Ultra-Turrax® in the protein lysis buffer provided by the Ne-Per® Kit (Thermo Fisher
Scientific, Waltham, MA, USA) in the presence of protease and phosphatase inhibitors (Sigma Aldrich,
St. Louis, MO, USA). Following the manufacturer’s protocol, samples were centrifuged twice at 15,000x g
for 20 min at 4 °C to remove superficial fat. The total concentration of proteins was quantified using a
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Waltham, MA, USA).

To determine protein expression levels, 25 g of protein samples were resolved on polyacrylamide
gels and then transferred onto nitrocellulose membranes. Next, membranes were blocked and incubated
overnight at 4 °C with the following primary antibodies: monoclonal anti-NF«B (R&D Systems,
Minneapolis, MN, USA), monoclonal anti-monocyte chemoattractant protein 1 (MCP1; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), monoclonal anti-NLRP3 (Cell Signaling Technology, Danvers,
MA, USA), monoclonal anti-apoptosis-associated speck-like protein containing a C-terminal caspase
recruitment domain (CARD) (ASC; Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal
anti-autophagy related protein 5 (ATGS5; Cell Signaling Technology, Danvers, MA, USA), monoclonal
anti-Beclinl (Abcam, Cambridge, UK), monoclonal anti-p62 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), monoclonal anti-CCAAT enhancer-binding protein homologous protein (CHOP; Thermo
Fisher Scientific, Waltham, MA, USA). Monoclonal anti-actin (Sigma-Aldrich, St. Louis, MO, USA)
was used to assess loading protein control. Horseradish peroxidase (HRP) -goat anti-mouse (Thermo
Fisher Scientific, Waltham, MA, USA) and HRP-goat anti-rabbit (Millipore Iberica, Madrid, Spain) were
employed as secondary antibodies. Membranes were exposed to ECL Plus reagent (GE Healthcare,
Little Chalfont, UK) or SuperSignal West Femto (Thermo Fisher Scientific, Waltham, MA, USA).
The chemiluminescence signal was detected with the Fusion FX5 acquisition system and quantified by
densitometry using BiolD software version 15.03a (Vilbert Lourmat, Marne La Valleé, France).



Antioxidants 2020, 9, 892 50f 14

2.6. Statistical Analysis

SPSS 20.0 software (IBM SPSS Statistic, Chicago, IL, USA) was used for data analysis.
The parametric data shown in the tables are expressed as mean + SD, whereas non-parametric
data are shown as median and interquartile range (25th and 75th percentiles). Bar graphs show
mean + SEM. Data were compared with an unpaired Student’s t-test or Mann-Whitney U test for
parametric and non-parametric variables, respectively. Pearson’s correlation coefficient was employed
to determine the degree of relationship between the study variables. Possible confounding variables,
such as age, were used as covariates to generate a univariate general linear model for analyzing
biochemical parameters and serum lipids. A confidence interval of 95% was used for all the tests, and
differences were considered significant when p < 0.05.

3. Results

3.1. Anthropometric and Biochemical Parameters

Our study analyzed anthropometric and biochemical parameters and prescribed medication in 68
obese patients, most of whom were women, and all of whom underwent RYGB surgery (Table 1). All the
diabetic patients were taking metformin as an oral anti-diabetic drug; 62% were under hypotensive
medication, 67% were on lipid-lowering drugs and 35% were receiving all three drugs.

Table 1. Anthropometric and biochemical parameters of the study cohort.

Parameters MHO T2D-Met Corrected by Age
n (females %) 34 (85.3) 34 (70.6)
Age (years) 38.1+9.1 51.8 £ 9.1 ***
BMI (kg/m?) 38.8+4.3 39.6 £4.6 p>0.05
Waist (cm) 111+11 120 + 12 ** p <0.01
Waist-to-hip ratio 0.86 = 0.06 0.93 £ 0.10 ** p <0.05
SBP (mmHg) 120+ 9 138 + 20 *** p <0.001
DBP (mmHg) 76+7 84 +15% p <0.05
Glucose (mg/dL) 90 +8 119 + 37 *** p <0.001
Insulin (uU/mL) 12.90 £ 6.11 18.18 £9.76 * p <0.001
HOMA-IR 2.96 + 1.60 5.81 +9.12 ** p <0.001
HbAlc (%) 5.24 +0.32 6.20 £ 0.88 *** p <0.001
TC (mg/dL) 182 + 37 181 + 42 p>0.05
HDLc (mg/dL) 46 + 8 45+9 p>0.05
LDLc (mg/dL) 116 + 31 107 + 36 p>0.05
TG (mg/dL) 85 (66, 109) 122 (98, 163) ** p <0.05
hsCRP (mg/L) 4.79 (3.42,11.05) 4.00 (1.34,7.98) p>0.05
Leukocytes (cells x 103/uL) 73+18 7.8+1.9 p>0.05
Treatment n (%)
Hypertension - 21 (62%)
Hyperlipidemia - 23 (67%)
T2D - 34 (100%)

Data are expressed as mean + SD or n (percentage). TG and hsCRP are represented in median and interquartile
ranges (25% and 75% percentile). Values were statistically compared with an unpaired Student’s t-test or Wilcoxon’s
test, and were considered significantly different when * p < 0.05 ** p < 0.01 and *** p < 0.001. BMI, body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure; HbAlc, glycated hemoglobin; TC, total cholesterol;
LDLc, Low-density lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol; TG, triglycerides; hsCRP,
high-sensitivity C-reactive protein; MHO, metabolically healthy obese; T2D-Met, type 2 diabetic patients treated
with metformin.

The diabetic group treated with metformin had higher waist circumference (p < 0.01), waist-to-hip
ratio (WHR) (p < 0.01), SBP (p < 0.001), DBP (p < 0.05) and TG (p < 0.01) than MHO subjects,
whereas BMI distribution, leukocyte count, hsCRP and lipid profile were similar in the two groups
(Table 1). As expected, T2D patients treated with metformin displayed significant differences in glucose
metabolism parameters, including elevated levels of glucose (p < 0.001), insulin (p < 0.05), HOMA-IR
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(p < 0.01) and HbAlc (p < 0.001) with respect to the MHO group. Finally, although diabetic patients
were generally older, differences remained significant when we introduced age as a covariant in the
general linear model (Table 1).

3.2. Systemic Oxidative Stress Markers and Pro-Inflammatory Cytokines

Oxidative stress markers and cytokines were assessed in the leukocytes and serum of patients
(Figure 1). The results showed a decrease in the production of mitochondrial ROS (Figure 1A, p < 0.05)
in leukocytes of diabetic patients treated with metformin. In addition, we determined MPO levels
in serum, since it is a potent pro-oxidant, derived mainly from neutrophils, that mediates vascular
damage. The results showed that MPO was markedly reduced in the diabetic population (Figure 1B,
p < 0.05), although their total leukocyte count remained unchanged (Table 1), thus suggesting a reduced
MPO release by the leukocyte defense system. Moreover, systemic levels of TNFx and IL6 were also
lower in T2D patients treated with metformin (Figure 1C,D, p < 0.05).
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Figure 1. Evaluation of systemic oxidative stress markers and cytokines in the serum of MHO and
obese T2D patients treated with metformin. Levels of mitochondrial ROS production (A) expressed as
arbitrary units and the representative images of their leukocytes stained with MitoSox (red) and Hoechst
33,342 (blue) and visualized by fluorescence microscopy (1 = 20 in MHO and n = 17 in T2D-Met), serum
levels of (B) MPO (n = 11 in MHO and 7 = 16 in T2D-Met), (C) TNF«x (n = 14 in MHO and n = 15 in
T2D-Met) and (D) IL6 (n = 12 in MHO and n = 15 in T2D-Met). Data are expressed as mean + standard
error. * p < 0.05 when compared using unpaired Student’s f-test. ROS, reactive oxygen species; RFU,
relative fluorescence units; MPO, myeloperoxidase; IL6, interleukin 6; TNF«, tumor necrosis factor
alpha; MHO, metabolically healthy obese; T2D-Met, type 2 diabetic patients treated with metformin.
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3.3. NLRP3 Inflammasome Complex Activation in VAT

The inflammatory status of VAT was evaluated by assessing the expression of different proteins of
the NLRP3 inflammasome complex and pro-inflammatory mediators. Firstly, we observed a decrease
in the protein expression levels of all the analyzed markers in the VAT of diabetic patients treated with
metformin (Figure 2). Specifically, our results showed a decline in the percentage of the expression
of NFkB (Figure 2A, p < 0.01), NLRP3 (Figure 2B, p < 0.05) and ASC (Figure 2C, p < 0.05) in the
metformin-treated group compared to MHO subjects, which was accompanied by a significant drop in
the expression of the chemoattractant signal MCP1 (Figure 2D, p < 0.05).
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Figure 2. Evaluation of inflammasome complex mediators and interleukins in the VAT and serum of
MHO and obese T2D patients treated with metformin. Relative protein expression and representative
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western blot images of the inflammatory transcription factor (A) NF«B (n =9 in MHO and n = 10 in
T2D-Met), inflammasome complex components (B) NLRP3 (n = 11 in MHO and n = 9 in T2D-Met) and
(C) ASC (n = 12 per group), (D) MCP1 (n =9 in MHO and # = 13 in T2D-Met) and serum levels of
(E) IL1B (n = 10 in MHO and n = 14 in T2D-Met) and (F) IL18 (n = 13 per group). Data are expressed
as mean + standard error. * p < 0.05 and ** p < 0.01 when compared using unpaired Student’s t-test.
VAT, visceral adipose tissue; MHO, metabolically healthy obese; T2D-Met, type 2 diabetic patients
treated with metformin; NFkB, nuclear factor kB; MCP1, monocyte chemoattractant protein 1; NLRP3,
NACHT, LRR and PYD domain-containing protein 3; ASC, apoptosis-associated speck-like protein
containing a caspase recruitment domain; IL13, interleukin 1 beta; IL18, interleukin 18.

When we evaluated serum levels of cytokines released by the formation of the NLRP3
inflammasome complex, a significant decrease in serum IL1 (Figure 2E, p < 0.05) and a downward
trend in serum IL18 (Figure 2F, p = 0.146) were observed in diabetic patients treated with metformin
with respect to MHO subjects.

3.4. Protein Expression of Autophagy Mediators in VAT

When different autophagy markers were analyzed in VAT, a general downregulation of this
pathway was observed in patients treated with metformin (Figure 3); in particular, lower protein levels
of ATG5 (Figure 3A, p < 0.01) and Beclinl (Figure 3B, p < 0.05) and significantly higher p62 levels
(Figure 3C, p < 0.05) were detected when compared with MHO subjects. Finally, the proapoptotic
marker CHOP was also evaluated, showing a significant drop (Figure 3D, p < 0.01) in the diabetic
group, in line with the improved adipose tissue functionality.
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Figure 3. Evaluation of autophagy mediators and CHOP in the VAT of MHO and obese T2D patients
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treated with metformin. Relative protein expression and representative western blot images of (A) ATG5
(n =12in MHO and n = 13 in T2D-Met), (B) Beclin1 (n = 12 in MHO and n = 13 in T2D-Met), (C) p62
(n=12in MHO and 7 = 11 in T2D-Met) and proapoptotic marker (D) CHOP (n = 12 in MHO and n = 10
in T2D-Met). Data are expressed as mean + standard error. * p < 0.05 and ** p < 0.01 when compared
using unpaired Student’s t-test. CHOP, CCA AT/enhancer-binding protein (C/EBP) homologous protein;
VAT, visceral adipose tissue; MHO, metabolically healthy obese; T2D-Met, type 2 diabetic patients
treated with metformin; ATG5, autophagy related 5.

3.5. Analysis of Correlations between Variables

Pearson’s correlation studies revealed a significant and positive correlation between mitochondrial
ROS in leukocytes and systemic MPO (r = 0.665, p = 0.004, n = 17). When we analyzed the inflammatory
profile, systemic cytokine IL13 was positively associated with VAT expression of ATG5 (r = 0.598,
p =0.031, n = 13). Both IL13 and IL6 were negatively correlated with the autophagic flux protein p62
(r=-0.577,p =0.049, n = 12; r = —0.682, p = 0.010, n = 13), and the expression of the inflammatory
mediator NF«B in VAT was positively associated with Beclinl (r = 0.613, p = 0.005, n = 19), ATG5
(r=10.664, p = 0.003, n = 18), NLRP3 (r = 0.626, p = 0.017, n = 14) and ASC (r = 0.813, p = 0.000, n = 18).
At the same time, NLRP3 and ASC both correlated with the autophagic markers ATG5 (r = 0.809,
p =0.000, n =19; r = 0.734, p = 0.000, n = 23, respectively) and Beclin 1 (» = 0.614, p = 0.005, n = 19;
r =0.574, p = 0.004, n = 23, respectively). Additionally, MCP1 expression was positively associated
with ATGS, Beclinl and NLRP3 (r = 0.631, p = 0.002, n = 21; r = 0.542, p = 0.011, n = 21 and r = 0.606,
p = 0.008, n = 18, respectively). When we evaluated the expression of the proapoptotic protein CHOP,
we observed a positive correlation with ATG5 (r = 0.535, p = 0.012, n = 21), Beclin1 (r = 0.458, p = 0.032,
n = 22) and mediators of the inflammasome complex NF«kB (r = 0.537, p = 0.026, n = 17), NLRP3
(r=0.655, p = 0.003, n = 18) and serum IL1p (r = 0.605, p = 0.037, n = 12).

4. Discussion

In the present study, we demonstrate that obese T2D patients treated with metformin display a
more favorable immuno-inflammatory status than MHO subjects: namely, a reduction in leukocyte
ROS production, an improved systemic inflammatory profile, and an amelioration in the activation
of the inflammasome complex, autophagy and apoptosis mediators measured in VAT. In the context
of its emerging role as an immune system modulator, we suspect that metformin mediates these
anti-inflammatory responses and improves the cardiometabolic profile of T2D patients, even with
respect to obese individuals that do not apparently exhibit overt metabolic abnormalities.

Consistent data show that mitochondria are the main subcellular target of metformin, wherein it
reduces ROS production as a direct consequence of mitochondrial complex I suppression [4]. In line
with this, our present data reveal a decrease in mitochondrial ROS production by leukocytes of obese
diabetic patients treated with metformin compared with MHO subjects. These results are in apparent
conflict with our previous results in which T2D patients showed higher ROS production than MHO
subjects [35]. However, there are differences between the two study designs that need to be taken into
consideration. In the study by Bafiuls et al., previous metformin treatment was not considered as an
inclusion criterion, and patients with T2D displayed higher BMI than those with MHO, a characteristic
we have previously shown to increase oxidative stress [36]. In addition, metformin treatment reduced
mitochondrial ROS and increased antioxidant levels with respect to non-metformin-treated T2D
patients [37], which is in accordance with our present findings and those of Buldak et al., who showed
that macrophages treated with metformin express less ROS and display increased antioxidant activity
and reduced inflammatory cytokine production [38].

Simultaneously, MPO, which is stored mainly in neutrophils, can also contribute to vascular
injury and oxidative stress, thus exacerbating the inflammatory response [39]. Our data support these
findings, as they show a positive correlation between MPO and mitochondrial ROS production in
leukocytes. Among the few studies published about the effect of metformin on MPO, one reported
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that metformin significantly reduced MPO activity in pulmonary tissue [40], which is in accordance
with our findings.

Under conditions of obesity, adipose tissue and leukocytes are crucial mediators of a chronic
low-grade inflammatory state, since they secrete proinflammatory mediators and contribute to insulin
resistance [41]. Previous clinical studies have shown that metformin reduces systemic inflammatory
markers such as IL6 and TNFo in obese and T2D patients [42,43]. Furthermore, it has been demonstrated
that metformin diminishes TNFa and MCP1 production in adipose tissue in a rodent obesity model
with insulin resistance [18]. MCP1 is an adipocytokine that is crucial for triggering macrophage
infiltration into adipose tissue and recruiting more macrophages to sites of infiltration, where these
activated macrophages further stimulate MCP1 production. In a model of hypertrophied adipocytes,
MCP1 protein was shown to be significantly inhibited by treatment with metformin by a mechanism
involving the NFkB pathway [44]. As a whole, these previous results are in line with our present
findings, and together they confirm a role for metformin in ameliorating systemic inflammation, with
a specific action in adipose tissue, where it reduces expression of MCP1 and NF«B.

As mentioned previously, NF«B is the main mediator of the priming signal of the NLRP3
inflammasome. Thus, the inhibition of NF«B expression could be involved in downregulation of
the NLRP3 inflammasome [45]. In fact, when compared with obese subjects without metabolic
complications, our obese diabetic patients treated with metformin exhibited a significantly lower
expression of the inflammasome components NRLP3 and ASC and a drop in the systemic release of
IL1$ and IL18, the specific cytokines resulting from NLRP3 inflammasome activation. This response
could have been mediated by the well-known effect of metformin on NF«B and ROS decline [44,46].
In line with this, Li et al. reported that metformin prevented NLRP3 inflammasome activation by
suppressing endoplasmic reticulum (ER) stress, indicated by dephosphorylation of IRE1x and elF2«
in the adipose tissue of diabetic mice [19]. These findings are consistent with the reduced expression of
the proapoptotic factor CHOP observed in the present study, which is a downstream signal of chronic
ER stress activation. Furthermore, we have previously reported that leukocytes from patients treated
with metformin present impaired production of NLRP3 and reduced levels of IL1{3 and IL18 compared
with non-diabetic subjects [47], which is also in line with our present findings.

Several studies have reported a crosstalk between autophagy and inflammasome activation in
macrophages, suggesting that the former accompanies the latter as an autoregulatory mechanism to
restrain its pro-inflammatory function [48,49]. Accordingly, we observed that NLRP3 and ASC were
both positively correlated with ATG5 and Beclinl, while systemic IL1 showed a positive association
with ATGS5 and a negative association with p62, which is constantly degraded during the autophagic
process [50]. This endorses a positive correlation between activation of the inflammasome complex
and autophagy.

Compelling evidence suggest that metformin could display its effect on the regulatory mechanism
of autophagy in a tissue-dependent fashion. Thus, in a diet-induced obesity model, metformin
was shown to improve autophagy in the liver, while it was inhibited in the epididymal adipose
tissue [29], which is in line with the inhibition of autophagy in VAT observed in the present work,
and mediated by a significant drop in protein expression of Beclin 1 and ATG5 and an increase in
p62 (autophagy initiation, elongation and cargo recognition, respectively). In contrast, autophagy
has been shown to increase progressively in epididymal adipose tissue in a lean mouse model after
metformin treatment [30]. We can speculate about whether these differential responses to metformin
treatment could be modulated by obesity. Indeed, autophagy is regulated in a defective manner in
the hypertrophic adipose tissue of mice and humans. In a study in lean mice, caloric deprivation was
shown to result in a significant increase in the expression of markers of autophagy in VAT, while it was
reduced in obese mice. A similar response has been found in human obese subjects, in which body
mass reduction led to an attenuation of autophagy in subcutaneous adipose tissue [51].

One of the main strengths of the present study is that we included an MHO group without any
cardiometabolic risk or pharmacological treatment. Moreover, as far as we know, this is the first
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study to report a modulation of the NLRP3 inflammasome and autophagy activation in the VAT of
obese patients treated with metformin. Indeed, the significant correlation between these specific
tissue markers and circulating cytokines IL6 and IL1p supports the modulation of these molecular
pathways in highly metabolically active VAT as contributors to the systemic anti-inflammatory effect
of metformin.

Although these results undoubtedly broaden our understanding of the global action of metformin,
the transversal nature of the study limits the inference of causality, and therefore more mechanistic
studies are required to confirm this notion. One weakness of the study is the lack of a group of
drug-naive diabetic patients, though it should be stressed that patients undergoing RYGB are closely
monitored with respect to medication. In addition, we chose to carry out our analyses in VAT, which is
composed of a diverse cell population that includes adipocytes, vascular stromal cells and various
immune cells with an important role in obesity. In this way, whole-tissue changes may mask specific
regulation of molecular pathways in a particular cell population and/or may reflect changes in the
cellular composition of the tissue.

5. Conclusions

To summarize, our findings provide evidence that obese T2D patients treated with metformin exhibit
an improved inflammatory and oxidative status with respect to MHO subjects. This improvement seems
to be modulated by changes in the activation of the inflammasome complex and autophagy in VAT,
suggesting—despite common belief—that MHO subjects are not as cardiometabolically protected
as expected. Future mechanistic studies should aim to determine the direct targets of metformin
responsible for mediating these responses.
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