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https://clickserve.dartsearch.net/link/click?lid=39700075718401337&ds_s_kwgid=58700008330234192&ds_a_cid=1066561563&ds_a_caid=19860760734&ds_a_agid=148860608122&ds_a_lid=dsa-1389435750220&&ds_e_adid=72911674988190&ds_e_target_id=dat-2324711178864864:loc-170&&ds_e_network=o&ds_url_v=2&ds_dest_url=https://www.sigmaaldrich.com/US/en/search/dimethyl-sulfoxide-(dmso)-(1l)?page=1&perpage=30&sort=relevance&term=dimethyl%20sulfoxide%20(dmso)%20(1l)&type=product&gclid=0204bc0d478e114990f1d8f8fde24f2b&gclsrc=3p.ds&&msclkid=0204bc0d478e114990f1d8f8fde24f2b&utm_source=bing&utm_medium=cpc&utm_campaign=all%20product_dsa_WW_(bing%20ebizpfs)&utm_term=product%20&utm_content=all%20products
https://www.excedr.com/resources/deoxynucleotide-triphosphates-dntp
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EndMT: Endothelial-to-mesenchymal transition  
ER stress: Endoplasmic reticulum stress 
ERK: Extracellular signal-regulated kinase  
ETC: Electron transport chain  
FA: Fatty acid 
FAD+, FADH2: Flavin adenine dinucleotide oxidized/reduced 
FAS: Fatty acid synthase 
FBSi: Inactivated fetal bovine serum  
FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
FITC: Fluorescein isothiocyanate  
FMN: Flavin mononucleotide 
G3P: Glycerol-3-phosphate 
G3PD: Glycerol-3-phosphate dehydrogenase 
G6P: Glucose-6-phosphate 
G6PDi: G6PD inhibitor 
GAPDH: Glyceraldehyde phosphate dehydrogenase  
GAPDH: Glyceraldehyde phosphate dehydrogenase 
GAS: IFN-γ-activated sequences 
GLS: Glutamine synthase 
GLUT: Glucose transporter  
GlycoATP: Glycolytic ATP 
GPAT: Glycerol-3-phosphate acyltransferase 
GPAT: Glycerol-3-phosphate acyltransferase 
GSSG/GSH: Glutathione disulfide oxidized/ glutathione reduced 
GTP, GMP: Guanosine tri, mono phosphate 
GlycoPER: Glycolytic Proton Efflux Rate 
HCR: Hybridization chain reaction 
HDL: High density lipoprotein 
HIF: Hypoxia inducible factor   
HIF-1α: Hypoxia inducible factor 1α  
HK: Hexokinase 
HRP: Horseradish peroxidase 
ICAM-1: Intercellular adhesion molecule 1  
IDH: Isocitrate dehydrogenase 
IFN: Interferons  
IFNAR: Interferon α/β receptor  
IFNGR: Interferon γ receptor  
IL: Interleukin  
IMP: Inosine monophosphate  
IRF: Interferon regulatory factor  
JAK: Janus kinases  
JNK: c-Jun N terminal kinase 2  
KDa: Kilodalton 
LAC: Lactate 
LacNa+: Sodium lactate 
LDH: Lactate dehydrogenase 
LDL: Low density lipoproteins 
Lp (a): Lipoprotein a 
LPS: Lipopolysaccharide  
M: Mass 
MAPK: Mitogen-activated protein kinases  

https://en.wikipedia.org/wiki/Carbonyl_cyanide-p-trifluoromethoxyphenylhydrazone
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MCAD: Medium-chain acyl-coenzyme A dehydrogenase  
MCT: Monocarboxylate transporter 
MDH: Malate dehydrogenase 
ME: Malic enzyme 
MitoATP: Mitochondrial ATP 
MMP: Matrix metalloproteinase  
MPC: Monocarboxylate pyruvate carrier  
mRNA: messenger ribonucleic acid 
MyD88: Myeloid differentiation primary response protein 88  
NAC: N-acetyl-L-cysteine 
NAD+/NADH: Nicotinamide adenine dinucleotide oxidized/ reduced 
NADP+/NADPH: Nicotinamide adenine dinucleotide phosphate oxidized/reduced 
NADS: NAD+ synthetase 
NAM: nicotinamide mononucleotide 
NAMN: nicotinic acid mononucleotide 
NAMNPT: nicotinamide phosphoribosyltransferase 
NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells  
NMNAT: nicotinamide mononucleotide adenyltransferase 
NOX: NADPH oxidase 
NS: non-significant 
Nuc: Nuclei 
OAA: Oxaloacetate  
OCR: Oxygen consumption rate  
OGM: Osteogenic medium 
Ox-LDL: Oxidized LDL 
OxPPP: Oxidative phase of pentose phosphate pathway 
OXPHOS: Oxidative phosphorylation   
PAMP: Pathogen-associated molecular patterns  
PAVEC: Porcine aortic valve endothelial cell 
PAVIC: Porcine aortic valve interstitial cell 
PBS: Phosphate-buffered saline 
PDC: Pyruvate dehydrogenase complex  
PDK: Pyruvate dehydrogenase kinase 
PDMS: poly-dimethylsiloxane 
PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
PGE2: Prostaglandin E2  
Pi: Inorganic phosphate  
PI3K: Phosphatidylinositol 3 kinase  
PI3K: Phosphoinositide 3-kinase 
PKM: Pyruvate kinase 
Poly (I:C): Polyinosinic:polycytidylic acid  
PPARA: Peroxisome proliferator-activated receptor alpha 
PPARG: Peroxisome proliferator-activated receptor gamma 
PPP: Pentose Phosphate Pathway 
PRPP: Phosphoribosyl pyrophosphate 
PVDF: Polyvinylidene Fluoride 
PYR: Pyruvate 
qPCR: Quantitative polymerase chain reaction  
qVIC: Quiescent valvular interstitial cells  
R5P: Ribose-5-phosphate 
Redox: Reduction-oxidation 

https://en.wikipedia.org/wiki/Medium-chain_acyl-coenzyme_A_dehydrogenase_deficiency
https://en.wikipedia.org/wiki/Peroxisome_proliferator-activated_receptor_alpha
https://en.wikipedia.org/wiki/Peroxisome_proliferator-activated_receptor_alpha
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RNA: Ribonucleic acid 
ROS: Reactive oxygen species  
Rot/AA: Rotenone/antimycin A 
RPMI: Roswell Park Memorial Institute medium 
RT: Retrotranscriptase  
Ru5P: Ribulose-5-phosphate 
RUNX2: Runt-related transcription factor-2  
Ruxo: Ruxolitinib 
SD: Standard deviation  
SDH: Succinate dehydrogenase  
SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
siRNA: Small interference RNAs   
SIRT: Sirtuin 
SOD: Superoxide dismutase 
STAT: Signal transducer and activator of transcription  
SVi: Stroke volume index 
TCA: Tricarboxylic acid  
TGF-β: Transforming growth factor-β  
TIMP: Tissue inhibitor of matrix metalloproteases  
TIRAP: TIR domain-containing adaptor protein 
TLR: Toll-like receptor  
TMRM: Tetramethylrhodamine methyl ester 
TNF-α: Tumor-necrosis factor-α  
TRAF: Tumor necrosis factor receptor (TNF-R)-associated factor. 3  
TRAM: TRIF-related adaptor molecule 
TRIF: TIR-domain-containing adapter-inducing interferon-β 
UMP: uridine monophosphate 
UPLC/MS: Ultra Performance Liquid Chromatography Mass Spectrometry 
VCAM-1: Vascular cellular adhesion molecule  
VEC: Valvular endothelial cells  
VEGF: Vascular endothelial growth factor  
VIC: Aortic valve interstitial cells  
VSMC: Vascular smooth muscle cell  
VSMC: Vascular smooth muscle cells 
WB: Western blot 
X5P: Xylulose-5-phosphate 
α-KG: α-ketoglutarate 
α-SMA: α-Smooth muscle actin  
  
 
 
 
 

  
 
 
 
 

https://www.sciencedirect.com/topics/chemistry/ultra-performance-liquid-chromatography-mass-spectrometry
https://pubmed.ncbi.nlm.nih.gov/22222531/
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Introduction and objectives: Inflammation has been linked to metabolic reprogramming in several diseases, 

including cardiovascular pathogenesis. Calcific aortic valve disease (CAVD) is an increasingly prevalent 

valvulopathy, yet surgical replacement is the only available therapy. CAVD is characterized by a damaged 

endothelium, inflammation, exaggerated matrix remodeling, calcification, and metabolic changes. At the 

cellular level, recent evidence disclose the interplay between innate immunity/inflammatory pathways, i.e., 

Toll-like receptors (TLR)3/4 and interferon-γ receptor signaling, on the differentiation, calcification, and 

inflammation of valve interstitial cells (VIC) via stabilization of hypoxia-inducible factor (HIF)-1α. Given that 

this transcription factor is associated with metabolic reprogramming in several diseases, inflammation and 

metabolism may work in an interconnected manner in CAVD. Therefore, the main goal of this study was to 

investigate the metabolic reprogramming of VIC under inflammatory settings, and its contribution to the 

processes relevant to CAVD pathogenesis. 

Material and methods: Human VIC from patients with no valve disease were used as a model. To 

mimic an inflammatory environment, cells were treated with pro-inflammatory cytokines and pathogen 

patterns recognized by TLRs. Metabolic analysis was performed by real-time metabolic analysis using 

Seahorse extracellular flux assays, and [U-13C]-glucose tracing, by liquid chromatography/mass spectrometry. 

Metabolic gene profiles and metabolite production were evaluated by qPCR, Western blot, and commercial 

kits. Inflammation, calcification, and apoptosis were studied using Western blot, ELISA, qPCR, 

immunofluorescence, flow cytometry, gene silencing, and in vitro calcification assays. Validation of findings 

in human VIC was performed in quiescent VIC dedifferentiated from human VIC, in porcine 3D VIC-valve 

endothelial cell co-cultures, as well in valve leaflets and VIC explanted from patients with/without CAVD.  

Results: The main finding of the study is that inflammatory stimuli drive a metabolic reprogramming of 

VIC to a hyperglycolytic phenotype that mimics the metabolic phenotype in calcified valves. It is 

characterized by enhanced glycolysis and glycolytic ATP production, impaired pentose phosphate pathway 

(PPP), as well as damaged mitochondrial function with uncoupling of electron transport chain (ETC) and 

oxidative phosphorylation (OXPHOS). Furthermore, metabolic dysregulation is associated with reactive 

oxygen species (ROS) production, as well as increased reliance on glucose uptake for energy production and 

metabolite accumulation. Pharmacological approaches to metabolic routes demonstrate the role of 

glycolysis upregulation in processes relevant to CAVD, such as VIC differentiation, calcification, and 

inflammation, and have further highlight the contribution of PPP and oxidative stress in these processes. Our 

findings further reveal the involvement of the Janus kinase (JAK)-STAT/HIF-1α and nuclear factor (NF)-kB 

pathways in the metabolic reprogramming. Finally, the shift in VIC, also found in 3D VIC-VEC co-cultures 

exposed to inflammatory stimuli, replicates the hyperglycolytic profile of calcified cells and valve leaflets. 

Conclusion:  Inflammation drives a metabolic shift in human VIC, mirroring the glycolytic phenotype in 

calcified valves, which is characterized by hyperglycolysis that is necessary to support inflammation, 
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calcification, and osteogenic differentiation of VIC. Additional reprogramming of complementary catabolic 

pathways, such as PPP, tricarboxylic acid cycle, and oxidative phosphorylation, generates redox homeostasis 

alterations that further contribute to pathological processes in VIC. Thus, inflammation-triggered changes in 

metabolic phenotypes may play a relevant pathogenic role in the initial stages of CAVD, and the identified 

metabolic routes may provide therapeutic clues for the disease.  
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Introducción y objetivos: La inflamación se ha relacionado con la reprogramación metabólica en varias 

enfermedades, incluyendo en el ámbito cardiovascular. La estenosis aórtica calcificada (CAVD) es una 

valvulopatía cada vez más prevalente, sin embargo, la sustitución quirúrgica es la única terapia disponible. La 

CAVD se caracteriza por el daño endotelial, una respuesta inflamatoria desregulada, la remodelación 

exagerada de la matriz extracelular, la calcificación y los cambios metabólicos. A nivel celular, estudios 

recientes han puesto de manifiesto la interacción entre la inmunidad innata y las vías inflamatorias, 

específicamente los receptores tipo Toll (TLR) 3/4 y la señalización del receptor de interferón-γ, en procesos 

de inflamación, calcificación y diferenciación de las células intersticiales de la válvula (VIC) a través de la 

estabilización del factor de transcripción dependiente de hipoxia (HIF)-1α. Dado que HIF-1α se ha asociado 

con la reprogramación metabólica en varias enfermedades, estas evidencias sugieren que la inflamación y el 

metabolismo pueden trabajar de manera interconectada en CAVD. Teniendo esto en cuenta, el objetivo 

principal de este estudio fue investigar la reprogramación metabólica de las VIC en entornos inflamatorios y 

su contribución a procesos relevantes en la patogénesis de CAVD. 

Material y métodos: Se utilizaron VIC humanas de pacientes control para generar el modelo de la 

enfermedad. Para generar un entorno inflamatorio, las células se trataron con citoquinas proinflamatorias y 

patrones asociados a patógenos reconocidos por los TLRs. Para el análisis del metabolismo celular se utilizó 

el analizador metabólico en tiempo real Seahorse además de experimentos fluxómica y trazado de [U-13C]-

glucosa mediante cromatografía líquida/espectrometría de masas. Los perfiles de genes metabólicos y los 

metabolitos se evaluaron mediante qPCR, Western blot y kits comerciales. La inflamación, calcificación y 

apoptosis se estudiaron utilizando Western blot, ELISA, qPCR, inmunofluorescencia, citometría de flujo y 

ensayos de calcificación in vitro. Para la validación de los resultados obtenidos en VIC humanas, se utilizaron 

técnicas de desdiferenciación de células VIC a células con fenotipo quiescente y de co-cultivos de VIC-VEC en 

3D.  Además, los resultados también se validaron en válvulas y VIC explantadas de pacientes con o sin CAVD. 

Resultados: El hallazgo principal es la reprogramación metabólica de las VIC hacia un fenotipo 

hiperglucolítico inducido por agentes inflamatorios. Se caracteriza por el aumento de la glucólisis y la 

producción de ATP glucolítico, la alteración de la ruta de la pentosa fosfato (PPP), así como el daño en la 

función mitocondrial con desacoplamiento de la cadena de transporte de electrones (ETC) y la fosforilación 

oxidativa (OXPHOS). Además, la desregulación metabólica está relacionada con la producción de especies 

reactivas de oxígeno (ROS) y con una mayor dependencia de la captación de glucosa para la producción de 

factores de energía y la acumulación de metabolitos. Aproximaciones farmacológicas de rutas metabólicas, 

demostraron el papel de la sobrerregulación de la glucólisis y de la producción de ROS, así como la 

desregulación de PPP en procesos relevantes para CAVD, como inflamación, calcificación y diferenciación de 

las VIC. Nuestros hallazgos también revelaron el papel de la PKM2 y de las vías del factor nuclear (NF)-κB y 

Janus kinase (JAK)-STAT/HIF-1α en la reprogramación metabólica. Finalmente, el cambio metabólico 
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caracterizado en VIC, también se encontró en los co-cultivos 3D expuestos a estímulos inflamatorios y replica 

el perfil hiperglucolítico de las células y válvulas de pacientes con CAVD.  

Conclusión: El ambiente inflamatorio induce una reprogramación metabólica de VIC, que refleja el 

fenotipo glucolítico de las válvulas estenóticas. Esta reprogramación se caracteriza por el aumento de la 

glucólisis, necesario para mediar la inflamación, la calcificación y la diferenciación osteogénica de las VIC. La 

reprogramación adicional de vías catabólicas complementarias, como la vía de las pentosas fosfato, el ciclo 

de los ácidos tricarboxílicos y la fosforilación oxidativa, genera alteraciones en la homeostasis redox que 

también contribuyen a los procesos patológicos en VIC. Por lo tanto, las alteraciones metabólicas 

desencadenadas por un ambiente inflamatorio podrían desempeñar un papel patogénico relevante en las 

etapas tempranas de CAVD, y las rutas metabólicas identificadas pueden ser potenciales dianas terapéuticas 

para la enfermedad. 
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Based on (i) the link between Inflammation and metabolic reprogramming in health and disease 

(reviewed in Pearce et al., 2013 & Phadwal et al., 2021), (ii) the association between immune/inflammatory 

mediators and receptors to CAVD, i.e., the cytokine IFN released by activated T lymphocytes in aortic valves 

(Nagy et al., 2017), and the pathogen pattern sensors TLR3/4 (reviewed by García-Rodríguez et al., 2018); (iii) 

the reported interplay between TLR3/4 and IFNGR on immune non-hypoxic stabilization of HIF-1α and 

subsequent  VIC calcification via JAK-STAT pathway (Parra-Izquierdo et al., 2019, 2021); (iv) the link between 

HIF-1α transcription factor and metabolic rewiring (reviewed in Semenza et al., 2011), we hypothesized that 

an inflammatory milieu could play a key role in the early phases of CAVD by promoting a metabolic 

reprogramming of human VIC thus contributing to processes relevant to CAVD pathogenesis like 

inflammation, differentiation, and calcification. 

The main goal of this study was to characterize the basal metabolism of human VIC and to elucidate 

the metabolic reprogramming induced by an inflammatory milieu and the ensuing impact on VIC 

physiopathology. The specific objectives of this study are as follows:  

1. To characterize the basal metabolic profile of human VIC and their reliance on different metabolic 

pathways for energy and biomass production.  

2. To investigate the effect of an inflammatory environment generated by cytokines and pathogen 

patterns on the metabolic phenotype of VIC, particularly focusing on catabolic pathways such as 

glycolysis, PPP, TCA, and OXPHOS, leading to redox homeostasis dysregulation. 

3. To elucidate the impact of the metabolic shift, intermediate metabolites, and oxidative stress on VIC 

physiopathology, particularly investigating processes related to CAVD, such as differentiation, 

calcification, and inflammation. 

4. To identify the molecular mechanisms mediating the inflammatory stimuli-induced metabolic 

reprogramming of VIC. 

5. To confirm the in vitro findings in the quiescent VIC and 3D VIC-VEC (swine) co-culture model, as well 

as in the valve tissue and VIC from patients with and without CAVD.  
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I.1- The heart valves 

The heart is a complex muscle composed by red muscle and it is responsible for circulating blood 

through the three segments of the circulatory system: the coronary system (supplying blood to the heart), 

the pulmonary system (involving the heart and lungs), and the systemic system (supplying blood to the 

body's organs and tissues). The heart is comprised of three distinct layers: the outermost layer, the 

epicardium; the middle layer, the myocardium; and the innermost, the endocardium (Figure I). 

There is an atrium and a ventricle on each side of the heart. The right atrium receives deoxygenated 

blood from the heart and superior and inferior vena cava, which then moves through the right 

atrioventricular valve or tricuspid valve, which only opens in one direction to prevent the blood from 

flowing back. Once the right ventricle is filled, it pumps blood through the pulmonary arteries to the lungs, 

where it undergoes reoxygenation. Following its passage through the pulmonary arteries, the right 

semilunar valves or pulmonary valves shut to prevent any backward flow of blood into the right ventricle. 

Next, the left atrium receives oxygen-rich blood from the lungs via the pulmonary veins. The left 

atrioventricular valve or mitral valve separates the chambers on the left side of the heart. Once the blood 

passes through the bicuspid valve, it enters the left ventricle, where it is subsequently pumped through the 

aorta, carrying oxygenated blood to the body's muscles and organs. After the blood is ejected from the left 

ventricle into the aorta, the aortic semilunar valve or aortic valve (AV) closes, thus preventing any blood 

from flowing back into the left ventricle.  

The heart functions as a pump through a combination of electrical and mechanical events, known as 

the cardiac cycle, which is based on pressure changes resulting in the movement of the blood through the 

different chambers of the heart and the body. The cardiac cycle is divided into two phases. During the 

diastolic phase, the atrioventricular valves open, permitting blood flow into the heart and ventricles. Once 

the ventricles are filled, the atrioventricular valves close, and the semilunar valves open. During this 

transition, electrochemical changes in the myocardium create pressure alterations, leading to the concentric 

contraction of cardiac muscle, resulting in the systolic or contraction phase. During systole, electrical 

impulses prompt the ventricles to contract, propelling blood into the pulmonary and aorta arteries. At this 

point, the valves are responsible for maintaining the direction of the blood, leading to the movement of the 

blood to the next chamber. Therefore, maintenance of the physiology and function of the four valves is 

crucial for heart function. However, infections, degeneration, and congenital disorders can cause valve 

malfunctions, thereby affecting the overall functionality of the heart (Pollock et al., 2023). 
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I.1.1- Heart valve structure and cellular composition  

I.1.1.1-Valve types and composition 

There are two atrioventricular valves, as shown in Figure II: the right atrioventricular or tricuspid valve 

and the left atrioventricular or mitral valve. Each valve is a complex arranged by an orifice that is surrounded 

by a ring, two or three cusps that extend centrally to close the orifice, and supporting structures known as 

the chordae tendineae and papillary muscles. The term chordae tendineae or tendinous cords refers to 

collagen structures that function as bridges between the leaflets and papillary muscles. In contrast, papillary 

muscles are muscular extensions that participate in mechanical activity. Finally, a leaflet or cusp is a 

projection of the valve, whose function is to occlude the valve orifice when apposed with adjacent leaflets, 

preventing retrograde flow.  

In contrast, there are two semilunar valves, as shown in Figure II; on the right, the pulmonary valve is 

at the root of the pulmonary artery. On the left side, the AV is found at the root of the ascending aorta. Each 

valve has a supporting fibrous skeleton and associated cusp, but they lack the typical chordae tendineae or 

papillary muscle attachments present in the atrioventricular valves. The pulmonary valve has three cusps, 

called anterior, right, and left, attached to the root of the pulmonary artery (Anderson et al., 2000). 

Conversely, the AV is larger than the pulmonary valve and consists of three cusps: right coronary, left 

coronary, and non-coronary cusps. In this case, the cusps are attached to the aorta via a fibrous annulus 

(Anderson, 2000). Specifically, in humans, the AV is an avascular tricuspid structure smaller and thicker than 

1 mm; however, it is richly innervated by a highly preserved network of afferent and efferent nerves that 

contribute to valve structure and function (Gerald Litwack, 2018). 

Figure I. Circulatory system circuits and representation of the human heart anatomy. The pulmonary system 
involving the heart and lungs. The systemic system supplying blood to the body's organs and tissues. Heart 
composition on the left and right sides and the layers composing the heart: endocardium, myocardium, 
epicardium, and pericardium. Created with BioRender.com. 
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I.1.1.2- Valve structure 

Valve functionality is accomplished by a complex and specialized organization of cells and extracellular 

matrix (ECM) layers, as shown in Figure II. Generally, the same composition and cell types were found in the 

four heart valves. Valve surfaces are covered by continuous endothelium, and the valve interstice is 

arranged by three layers of connective tissue. Semilunar valves are divided into (i) the ventricularis, which is 

oriented to the ventricle and is directly in contact with pulsatile blood. It is composed of elastin fibers 

oriented radially, allowing valve flexibility. (ii) Spongiosa, located between the ventricularis and fibrosa, is 

composed of glycosaminoglycans and proteoglycans, whose major function is to support and facilitate the 

movement of valve cups. Proteoglycans are highly hydrated and function as ‘‘shock absorbers’’ during 

different parts of the cardiac cycle. (iii) Fibrosa oriented to the major arteries. It is composed of dense 

connective tissue containing circumferentially oriented collagen fibers that support most of the 

hemodynamic challenges of the valve (reviewed in Rutkovskiy et al., 2017). The structure is the same in the 

case of atrioventricular valves, with the only difference being that in these valves, the ventricularis layer is 

called the atrialis because it is directed towards the atrium.  

 

Figure II. Structure of the four heart valves and layer composition of the AV. Structure and location of the 
pulmonary, aortic, tricuspid, and mitral valves. Composition of the AV layers: (i) ventricularis, which is oriented to 
the ventricle and composed of elastin fibers. (ii) The spongiosa, located between the ventricularis and fibrosa, is 
composed of glycosaminoglycans and proteoglycans. (iii) Fibrosa, which is oriented to the major arteries or atrium 
and is composed of dense connective tissue containing collagen fibers. Created with BioRender.com. 

I.1.1.3- Valve cellular composition  

During development, AV is formed from endocardial cushions, which originate when endothelial 

cells migrate into the cardiac jelly, followed by the endothelial-to-mesenchymal transition (EndMT). This 
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process is the initial step in subsequent tri-layered AV formation. The migration, differentiation, and 

delamination of these cells is a tightly regulated sequence of events that is dependent on specific signaling 

molecules, such as NOTCH1, transforming growth factor β (TGF-β), and the WNT/β-catenin pathway, as well 

as hemodynamic cues (Y. Li et al., 2018), Most of the signals that are operational during morphogenesis 

continue to influence growth and adaptation in postnatal life as demonstrated by valvular endothelial cells 

(VEC) expressing α-smooth muscle actin (α-SMA) due to its EndMT, which could be helpful for valve repair 

and interstitial cell regeneration (reviewed in Y. Li et al., 2018), 

● Valvular endothelial cells (VEC) 

VEC define the endothelium as a continuous cell layer that covers the valve. For many years, aortic 

VEC have been thought to be passive structures with no relevant role in valve physiology, only responding to 

changes in transvalvular pressure. However, several studies have demonstrated that aortic VEC have 

homeostatic functions in nutrient exchange and ECM synthesis, play a role in inflammation, and maintain the 

VIC phenotype (reviewed in Driscoll et al., 2021). 

Although valve endothelial cells share certain functions with vascular endothelial cells, such as the 

expression of Von Willebrand factor, nitric oxide synthesis, production of prostacyclin and ECM proteins, and 

presence of typical endothelial cellular junctions (Manduteanu et al., 1988), there are several differences 

between them. For example, whereas the vascular endothelium aligns itself with the long axis of the cell 

parallel to flow (except in areas of turbulent flow), VEC are oriented perpendicular to the direction of flow 

(Deck., 1986). Furthermore, a comparison of the transcriptional profiles of vascular and valvular endothelial 

cells revealed phenotypic differences in terms of inflammatory and osteogenic genes as well as a major 

influence of shear stress (Butcher et al., 2006). In addition, it has been recently reported that VEC lining the 

aortic and ventricular sides support different shear stresses and exhibit differences during disease. 

Histologically, AV calcification occurs exclusively on the aortic side of the valve; thus, VEC on the aortic side 

are less resistant to calcification (El-Hamamsy et al., 2010). 

● Valvular interstitial cells (VIC) 

VIC can originate in endothelial cells because of EndMT. VIC are distributed along the three layers of 

the valve, and they are reported to respond differently to cytokines in their environment depending on the 

cell location. For example, VIC located in fibrosa demonstrated greater in vitro calcification potential that the 

ones derived from ventricularis (Schlotter et al., 2018) 

VIC are a heterogeneous population of different cell types, mainly fibroblasts, smooth muscle cells, 

and myofibroblasts, which are crucial for maintaining valve function. Under homeostatic conditions, most 

cells are quiescent fibroblasts (qVIC) that do not express α-SMA. They are mainly responsible for the 

generation, maintenance, and repair of the ECM owing to their secretory properties; however, they do not 
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have ECM remodeling or contracting properties. Additionally, smooth muscle cells exhibit both secretory and 

contractile properties (reviewed in Rutkovskiy et al., 2017). Intriguingly, there is a small part of qVIC, which 

have been partially activated and have acquired a myofibroblast-like phenotype and are called activated VIC 

(aVIC). aVIC are characterized by proliferative and contractile properties, and their function is to contract the 

ECM (reviewed in Rutkovskiy et al., 2017). These cells are α-SMA-positive and secrete growth factors, 

cytokines, and molecules related to matrix remodeling, such as matrix metalloproteinases (MMP) and their 

counterparts, tissue inhibitors of metalloproteinases (TIMP). In fact, myofibroblasts are believed to account 

for calcification nodules due to the formation of cell aggregates, which lead to the sedimentation of calcium 

salts, collagen type I and elastin chains, bone sialoprotein, apoptotic bodies, and others.  

The proper function of the valve depends on the transition and equilibrium between the VIC 

phenotypes. VIC imbalance can trigger valve disease (reviewed in Bian et al., 2021). When valve homeostasis 

is disrupted, interstitial cells have been demonstrated to undergo a transition into an osteoblast-like 

phenotype, leading to valve calcification. Osteoblastic differentiation of VIC is similar to physiological 

osteogenesis and is largely orchestrated by Runt-related transcription factor 2 (Runx2) and bone 

morphogenetic proteins (BMPs). The osteoblastic pathway does not normally involve the activation of α-

SMA or contraction of the ECM, although there is a certain degree of overlap (reviewed in Rutkovskiy et al., 

2017). 

For in vitro studies, the main source of cells with close anatomical similarity to humans is porcine AV. 

Other important animal models include sheep and cows. More recently, VIC have been successfully isolated 

and cultured from mice. The main disadvantage of using animal cells is that the experiments must be 

replicated using human cells before further clinical application. However, the use of human cells has several 

drawbacks, including patient age, sex, and concomitant diseases. The major variables that play a crucial role 

are the amount of calcium, the pressure gradient, and the valve anatomy. Human cells used as controls are 

mainly obtained from: (i) donor hearts that were considered unusable for transplantation, (ii) hearts 

removed from recipients of heart transplantation without a history of AV disease, (iii) non-calcified AV 

removed because of valve insufficiency, (iv) pediatric valves removed due to congenital abnormality, (v) 

valves extracted during surgery for aortic dissection, and (vi) non-calcified cusps (or portions of the cusp) of 

the calcified valve (reviewed in Rutkovskiy et al., 2017). 

● Stem cells 

Recently, a population of resident stem cells has been identified in advanced valvular lesions. Chen et 

al., 2009 found high frequencies of mesenchymal progenitors (48.0 ± 5.7%) and osteoprogenitors (44.1 ± 

12.0%) in AV lesions. These cells seem to originate from hematopoietic-derived stem cells towards the 
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cardiac valves. Although they do not have an identified role in the valve, they are thought to contribute to 

valve repair and cell regeneration and participate in valve calcification in some disease stages.  

● Immune cells 

Immune cells have been detected not only in human stenotic valves but also in healthy ones 

(reviewed in Raddatz et al., 2019 & Bartoli-Leonard et al, 2021). Although the presence of immune cells is 

limited and highly regulated in healthy valves, it plays a key role in maintaining tissue integrity by keeping 

the balance between inflammation and tissue repair and preventing infection. Up to 15% of cells in the 

healthy valve are immune cells such as macrophages and T lymphocytes, and the number further increase in 

calcified valves (reviewed in Raddatz et al., 2019). Activation of resident immune cells could participate in 

the inflammation-induced mechanisms leading to calcification. Additionally, Coté et al. (2013) reported that 

chronic inflammatory cell types, such as CD45+ leukocytes, CD68+ macrophages, and scattered CD3+ T cells, 

were present in the valve near the calcified areas. This inflammatory infiltrate in the valve has been 

associated with several indices of remodeling, suggesting that inflammation may participate in 

mineralization and fibrotic processes (Coté et al., 2013). The infiltrated immune cells can secrete a wide 

range of active inflammatory cytokines, such as tumor necrosis factor (TNF)-α or interleukins (IL), such as IL-

6, IL-8, and IL-1β, as well as ECM remodeling molecules, such as MMP, that can be sensed by VIC and 

activate pathological responses.  

I.1.2- Heart valve disease  

The incidence of valve heart disease is growing so quickly that it causes a marked increase in 

cardiovascular morbidity and mortality in all geographical areas, including both developed and developing 

nations. In fact, a recent large-scale community echocardiographic screening revealed that half of the 

population over 65 years of age suffers from several types and grades of valvular diseases (Arcy et al., 2016). 

Therefore, valve heart diseases require a better understanding of the mechanisms that trigger and underlie 

them, as well as the development of novel treatments.  

Healthy valve leaflets can fully open and close during the heartbeat; however, diseased valves may not 

be fully open and closed. Any valve in the heart can become diseased; however, the AV is the most affected. 

In general, the two main outcomes of valvular heart disease are stenosis and regurgitation. In both cases, 

the heart must work harder to overcome the problems and pump, which can lead to cardiac failure, 

ventricular hypertrophy, stroke, sudden cardiac arrest, and death. 

(i) Regurgitation (or leakage of the valve): The valve cannot close completely during diastole, causing 

blood to flow backward through the valve.  
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(ii) Stenosis (or narrowing of the valve): The valve loses its homeostasis and generates exacerbated 

remodeling as well as calcific nodules. These processes lead to valve thickening and incomplete 

opening, thus leading to a limited blood flow through the aorta. 

I.1.2.1- Valvulopathies 

As mentioned, the four valves can experience stenosis or regurgitation, although aortic valve stenosis 

is the most common. 

● Mitral valve diseases: Mitral valve stenosis has a low prevalence, affecting 0.2% of the population 

aged > 75 years. However, mitral valve regurgitation is one of the most common valvular diseases, 

with a prevalence of 9.3% in the population over 75 years old, affecting 24 million people worldwide. 

The final consequence of mitral regurgitation is cardiac muscle hypertrophy (reviewed in Coffey et 

al., 2021). 

● Tricuspid valve disease: Tricuspid valve stenosis is a rare disease, which is often a consequence of 

tricuspid regurgitation and mitral stenosis. However, tricuspid regurgitation has a prevalence of 10% 

in all populations and its prevalence has increased in developed nations. It is also commonly 

associated with mitral regurgitation (reviewed in Coffey et al., 2021). 

● Pulmonary valve diseases: The pulmonary valve rarely suffers from acquired valve disease; however, 

pulmonary stenosis accounts for approximately 8% of all congenital heart defects. Owing to the 

increase in pressure due to stenosis, subsequent tricuspid regurgitation can occur (reviewed in 

Coffey et al., 2021). 

● Aortic valve diseases: AV frequently suffer from acquired valve disease in comparison to pulmonary 

valves, even though their structures are similar. AV stenosis leading to calcific aortic valve disease 

(CAVD) is the most common valvular pathology in developed nations. It affects 9 million people 

worldwide, and its prevalence has been increasing with population aging and an increase in 

atherosclerosis. It has been estimated that approximately 34% of the population over 65 years of 

age suffer from early and asymptomatic AV lesions called AV sclerosis, and it has been demonstrated 

that over time, 16% of AV sclerosis progresses into aortic stenosis. On the other hand, regurgitation 

is present in 2% of the population over 75 years of age in developed countries (reviewed in Coffey et 

al., 2021). 

Due to the fact that AV is the most diseased valve and the lack of pharmacological treatment for 

CAVD, yet surgical replacement and transcatheter aortic valve implantation (TAVI) are the only available 

treatments, it is extremely important to understand the molecular processes underlying CAVD progression in 

order to identify new targets for the treatment and/or prevention of the disease.  
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I.2-Calcific aortic valve disease (CAVD) 

Calcific aortic valve disease (CAVD) is the most prevalent valve heart disease in the elderly population of 

developed countries with projected disease burden expected to increase from 2.5 million in 2000 to 4.5 

million in 2030 (Yutzey et al., 2014). CAVD was initially thought to be a passive process consequence of valve 

tissue degeneration. However, it is currently considered an active disease characterized by cell-mediated 

processes that lead to disease onset and progression (reviewed in Rajamannan et al., 2011). CAVD and 

atherosclerosis share some risk factors, including hypertension, advanced age, male sex, high cholesterol 

levels, smoking, renal failure, and low-density lipoproteins (LDL) (reviewed in Moncla et al., 2023).  

The initial stages of CAVD that lead to valve sclerosis are similar to those of atherosclerosis, and 

endothelial damage, inflammation, and lipid deposition play key roles in the first stages of both diseases. 

However, later stages of stenosis involving structural changes and macrocalcification are more complex than 

atherosclerotic ones, which could be the reason why pharmacological approaches used for atherosclerosis 

treatment, i.e., statins, have not been efficient for the treatment of CAVD (reviewed in Alushi et al., 2020). A 

potential explanation for this failure could be the late intervention since lipids play a pathogenic roles in 

early but not in advanced stages of the disease. 

Generally, the symptoms are minimal and appear at the end of the disease; therefore, the pressure 

overload generated due to AV stenosis can lead to progressive left ventricular hypertrophy, life-threatening 

symptoms (angina and syncope), and in the worst scenario, could lead to heart failure and, without 

intervention, death within months to a few years.  

I.2.1-CAVD risk factors 

Some Retrospective and prospective studies have revealed that age, male sex, hypertension, smoking, 

and some metabolism-related factors, such as diabetes mellitus, obesity, and elevated plasma lipoprotein 

(Lp)-a and low-density lipoprotein (LDL) cholesterol, are associated with the risk of CAVD (reviewed in Junco-

Vicente et al., 2020). 

• Hypertension:  A high arterial pressure condition is considered when systolic blood pressure is 

higher than 140 mmHg and/or diastolic pressure is higher than 90 mmHg. Hypertension has been 

associated with faster progression of AV stenosis, as shown by the Helsinki Aging Study (Lehti et al., 

2021) and the PROGRESSA study (Tastet et al., 2017). Additionally, the MESA study results showed 

that higher pressure and wave reflection promote abnormal hemodynamics, which leads to 

calcification and ECM remodeling (Owens et al., 2010).  

• Age: This is the most important risk factor for CAVD, and it is an increasing risk factor with a two-fold 

increase every ten years. In fact, the rise in prevalence is related to an increase in life expectancy, as 

demonstrated by the Cardiovascular Health Study (CHS) (reviewed in Moncla et al., 2023). 
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• Cigarette Smoking: In general, it is associated with a decrease in life expectancy of up to 10 years. 

Additionally, several studies have associated smoking with a two-fold increase in the risk of 

developing cardiovascular diseases, especially CAVD, as reported by the MESA study (Owens et al., 

2010). 

• Male sex: Epidemiological studies such as the Framingham Offspring Study (FOS) and CHS have 

demonstrated a two-fold increase in the risk of CAVD in men compared to women (reviewed in 

Alushi et al., 2020). 

• Obesity: Several studies, such as the Cohort of Swedish Men and the Swedish Mammography 

Cohort, have demonstrated that overall and visceral obesity are associated with the incidence and 

progression of CAVD (Kaltoft et al., 2020). Visceral fat is associated with increased LDL and 

inflammatory cytokine production as well as reduced HDL and atherogenic adipokines. The oxidation 

of lipids and apolipoprotein B by free oxygen radicals generates oxidized LDL, which can stimulate 

the inflammation and differentiation of valve myofibroblasts (Peltier et al., 2003). 

• Congenital valve malformation: an altered number of aortic valve cups, bicuspid or unicuspid, has 

been associated with CAVD risk (reviewed in Alushi et al., 2020 & Junco-Vicente et al., 2020). 

Bicuspid AV (BAV), which is three times more common in men than in women, is the most common 

congenital cardiac abnormality causing CAVD (Kong et al., 2020). The most common malformation of 

the bicuspid valve is the fusion of the left and right coronary cusps, which affects hemodynamic 

regulation, and wall shear stress supported by the tissue increases the predisposition to CAVD (Kong 

et al., 2020). 

• Lipids: It is well known that the accumulation of LDL-cholesterol is associated with greater odds of 

developing aortic sclerosis and stenosis. Other lipids, such as Lp (a), a transporter of oxidized 

phospholipids, have been demonstrated to be risk factors for cardiovascular disease (Zheng et al., 

2019). In fact, immunohistological studies have found the colocalization of apolipoprotein-(a) and 

apolipoprotein-(b) with calcium in stenotic lesions and has been associated with faster disease 

progression (Zheng et al., 2019). 

• Diabetes mellitus: It was associated with a greater risk of CAVD and cardiovascular disease in the 

Cardiovascular Health in Ambulatory Care Research Team cohort (Tu et al., 2015). In fact, increased 

calcium content has been demonstrated in the AV of diabetic patients (Katz et al., 2006). A recent 

study in VIC demonstrated an upregulation of glycolysis and oxidative phosphorylation (OXPHOS) 

under high-level insulin or glucose treatment, leading to increased proliferation and collagen type I 

production, and decreased α-SMA. This suggests a potential role of diabetes in the early phases of 

AV degeneration (Selig et al., 2019).  
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• Kidney dysfunction and mineral metabolism: CAVD is prevalent in patients suffering from renal 

failure. In fact, kidney dysfunction has been associated with a faster and more severe progression of 

CAVD (Rattazzi et al., 2013). The cause of this association could be the elevated levels of some ions, 

such as calcium, phosphate, and calcium-phosphate molecules, at the end-stage of renal disease. In 

fact, high serum phosphate levels have been associated with a greater risk of AV calcification and 

sclerosis (Linefsky et al., 2011). 

I.2.2-CAVD diagnosis, risk stratification and treatment  

I.2.2.1- Diagnosis 

The early detection of aortic stenosis initial stages has significant value in preventing future 

cardiovascular complications resulting from CAVD. The conventional diagnostic approach for CAVD was two-

dimensional echocardiography; however, its limitations have prompted clinicians to explore novel and 

complementary techniques.  

(i) Echocardiography: This non-invasive procedure uses sound waves to provide morphologic and 

hemodynamic evaluation of the valve, enabling the evaluation of blood flow through the heart and 

its valves. This method can identify weakened heart muscle and determine the severity of AV 

stenosis. 

(ii) Exercise or stress tests: These tests involve monitoring the heart while the individual walks on a 

treadmill or rides a stationary bike to determine if symptoms of CAVD occur during physical activity.  

(iii) Cardiac computerized tomography scan: It combines multiple X-ray images and provides detailed 

cross-sectional views of the heart. This procedure is mainly performed to assess the calcification 

burden of the valve and confirm the diagnosis obtained by echocardiography. This method can 

measure the size of the aorta and provide information regarding the condition of the AV. 

(iv) Cardiac magnetic resonance imaging (MRI) scans using magnetic fields and radio waves provide 

detailed images of the heart. Although it is not recommended for diagnosis of AS, it can be 

sometimes useful in determining the size of the aorta and assessing the severity of AV stenosis.  

(v) Cardiac catheterization: Cardiac catheterization: Crossing the calcified valve with the catheter is not 

currently recommended for the diagnosis of AV disease, except for very specific cases where all the 

other technics did not provide great evaluation. 

I.2.2.2- Risk stratification 

Risk stratification of CAVD-diagnosed patients is vital for providing personal treatment, predicting 

disease progression and complications, stabilizing the time of intervention, applying preventive therapies 
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such as cholesterol-lowering therapies, and allowing appropriate recruitment of people for studying 

different disease stages in clinical trials. Currently, prediction relies on traditional cardiovascular risk factors 

and established algorithms such as the Framingham Risk Score, Pooled Cohort Equations, and European 

SCORE Risk Charts (reviewed in Junco-Vicente et al., 2020). However, these predictive methods are not 

sufficiently accurate for assessing the disease severity. 

Depending on the parameters determined by the diagnosis and risk score tests, four different grades 

of CAVD severity can be defined (Vahanian et al., 2022). (i) High-gradient aortic stenosis is characterized by a 

valve area of 1 cm2 or less and a mean gradient of > 40 mmHg. (ii) Low-flow, low-gradient aortic stenosis 

with reduced ejection fraction: valve area ≤ 1 cm2, mean gradient < 40 mmHg, ejection fraction < 50%, and 

stroke volume index (SVi) ≤ 35 mL/m2. (iii) For low-flow, low-gradient aortic stenosis with preserved ejection 

fraction: valve area of 1 cm2 or less, mean gradient below 40 mmHg, ejection fraction of 50% or higher, and 

SVi of 35 mL/m2 or less. (iv) normal-flow, low-gradient aortic stenosis with preserved ejection fraction: valve 

area of 1 cm2 or less, mean gradient below 40 mmHg, ejection fraction of 50% or higher, and SVi greater 

than 35 mL/m2. 

I.2.2.3- Treatment 

Currently, the only available therapies are surgical valve replacement and transcatheter AV 

implantation. Additionally, as recently reviewed by the European Society of Cardiology (ESC) and the 

European Association for Cardio-Thoracic Surgery (EACTS), no medical treatment has been approved or 

recommended for directly addressing CAVD, and surgery remains the only recommended option (Vahanian 

et al., 2022):  

(i) Valve Repair: It has been used since 1920 and applied in the case of a bicuspid aortic valve. It is based 

on remodeling of the valve cusps to obtain an appropriate way of opening and closing. The main 

advantage of this method is the low mortality risk and the lack of complications such as infection. 

However, it has been replaced by modern practices (reviewed in Moncla et al., 2023).  

(ii) Balloon aortic valvuloplasty: The objective of this method is to dilate the narrowed opening of the 

valve by introducing a balloon directly into the stenosed valve, which can cause complications, such as 

coronary occlusion, myocardial ischemia, and ventricular dysfunction. Additionally, it does not provide 

long-term results, as the dilated valve can be restenosed in adults (reviewed in Moncla et al., 2023). 

(iii) Surgical aortic valve replacement: It is the most common treatment for severe CAVD. It consists of 

surgery to replace the stenotic valve with a new one, which is inserted directly into the aortic root. This 

treatment has advantages related to survival improvement but also some risks of thrombosis, stroke, 

https://pubmed.ncbi.nlm.nih.gov/35188539/
https://pubmed.ncbi.nlm.nih.gov/35188539/
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or heart attack. Additionally, the new valve can be calcified over time (reviewed in Boskovsky et al., 

2021). Two main kinds of valves are used for valve replacement.  

o Mechanical valves:  They are composed of pyrolytic carbon, metal, or plastic, and can open 

pivotally. The main advantage is their durability of up to 25 years, but they have an elevated risk of 

thrombosis as they are more sensitive to shear stress owing to their mechanical structure. These valves 

have rigid leaflets that can create high-velocity jets of blood flow when they open, leading to areas of 

increased shear stress in the surroundings, which can result in valve damage and activation of platelets. 

Additionally, the mechanical movement of the valve leaflets can disrupt the smooth laminar flow of 

blood, leading to turbulent flow patterns near the valve orifice. Turbulent flow generates higher shear 

forces and increases the risk of platelet activation and blood clot formation. For these reasons, patients 

who have been replaced with a mechanical valve must be treated in parallel with anticoagulants, which 

increase the risk of bleeding, stroke, cardiac tamponade, and death (reviewed in Boskovsky et al., 2021). 

o Bioprosthetic heart valves: These are made from animal tissue, mostly porcine or bovine 

pericardium, but sometimes human donors can be used. The main limitation of these valves is their 

short durability (close to 15 years) due to deterioration or new calcification. The main advantage is that 

patients only need to be treated with anticoagulants for a short period of time after surgery since during 

the manufacturing process, before the replacement, the bioprosthetic valve is treated with anti-

coagulants and anti-mineralization agents. In recent years, attempts have been made to solve the 

durability problem by treating patients with anti-calcification and anti-mineralization drugs after surgery 

(reviewed in Boskovsky et al., 2021).  

(iv) Transcatheter aortic valve implantation: This is a less invasive technology that is used in older patients 

who are at risk of undergoing surgery. The process is like arterial stent collocation, as it consists of a 

stented valve that is delivered to the location of the stenotic one. It is delivered through a catheter, 

and once it reaches its destination, it is expanded to replace the damaged valve (reviewed in Moncla et 

al., 2023). 

Several pharmacological approaches are currently under investigation. A review by Myasoedova et al. 

(2018) presented oxidized LDL, oxidized phospholipids, lipoproteins associated with phospholipase A2, Lp 

(a), and other factors related to lipid metabolism as targetable components for the prevention and 

treatment of aortic stenosis in humans. However, as reviewed by Moncla et al. (2023), randomized clinical 

trials evaluating the reduction of LDL cholesterol levels with the use of statins did not show a benefit on the 

progression of CAVD. Additionally, there are ongoing trials testing novel antisense oligonucleotides and small 

interfering ribonucleic acid (RNA) targeting the production of Lp (a) by the liver. These trials have shown 

promising results, with an 80% reduction in plasma Lp (a) levels (reviewed in Moncla et al., 2023). On the 



                                                                                                                          INTRODUCTION 

39 
 

other hand, mineral turnover was proposed as a potential target. However, a small-scale randomized clinical 

trial evaluating the effects of denosumab, an antibody to TNFSF11, and alendronic acid, a bisphosphonate, 

on the progression of CAVD, did not show any effect (reviewed in Moncla et al., 2023). Furthermore, other 

metabolism-related targets are druggable, have been proposed to be targetable such as insulin-like growth 

factor LysoPA, leukotrienes, platelet activation, RAAS, cadherin 11, and NADPH-oxidase (NOX)-2 (reviewed in 

Moncla et al., 2023). Finally, β-blockers and angiotensin-converting enzyme inhibitors (ACE inhibitors) are 

used in patients with CAVD to manage symptoms such as hypertension (high blood pressure) and to control 

heart rate, but not to treat the valve disease (reviewed in Moncla et al., 2023). 

I.3- Calcific aortic valve disease pathogenesis  

At first, CAVD was considered a passive degenerative process related to aging. However, accumulating 

evidence has shown that CAVD is an active inflammatory disease triggered by several factors (reviewed in 

Aikawa et al., 2012 & Rajamannan et al., 2011). The paradigm change is based on studies identifying the role 

of chronic inflammation, lipoproteins, renin-angiotensin, and molecular mediators on calcification in stenotic 

valves. Additionally, this evidence is supported by the identification of signaling pathways and genetic 

factors mediating valve pathogenesis. Thus, the new paradigm points to several etiologies of the disease: 

infective, degenerative, or only congenital (reviewed in Miller et al., 2011). 

The pathological mechanisms underlying the progression of CAVD include endothelial injury, 

inflammatory reactions, and oxidative stress. When the endothelium is disrupted, damage can be repaired 

to maintain valve homeostasis (reviewed in Pawade et al., 2015). However, sometimes endothelium damage 

cannot be repaired or over-repaired, thus leading to subsequent processes such as altered cell composition 

and valve remodeling, causing valve thickening and calcification nodule formation. Together, these 

alterations result in diseased nonfunctional valves and hemodynamic changes. The disease occurs in three 

stages, as shown in Figure III (Aikawa et al., 2012). The first stage is aortic valve sclerosis, characterized by 

endothelial damage, ECM secretion, and infiltration of inflammatory cells, leading to an inflammatory state 

(reviewed in Rajamannan et al., 2011). Later, during the progression phase, these processes trigger partial 

activation of VIC to a myofibroblast lineage and later lead to the formation of emerging small calcification 

nodules (reviewed in Pawade et al., 2015). Finally, the calcification phase is the formation of huge calcium 

deposits, causing the valve leaflet to stiffen and deform, generating an altered hemodynamic. Additionally, 

the number of VIC in the valve is reduced because they undergo osteogenic transformation upon lipid 

infiltration and oxidation (Aikawa et al., 2012). 
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I.3.1-Initiation phase: endothelial disruption and inflammation 

I.3.1.1-Endothelial cell dysfunction 

Endothelial damage and cell dysfunction are mainly caused by mechanical forces, bacterial and viral 

infections, and molecular mediators. Endothelial cells are sensitive to hemodynamics forces thanks to 

“environmental sensors” like ion channels, integrins, intercellular junction proteins, caveolae, the glycocalyx, 

G protein-coupled receptors and tyrosine kinase receptors. These sensors convert mechanical stimuli into 

biomechanical signals to elicit biological responses (Tarbell et al., 2014). Among the VEC responses, the first 

event that occurs during CAVD initiation is the production of reactive oxidative stress. Experiments using an 

inhibitor of endothelial nitric oxide synthase significantly reduced oxidative stress in calcified valves, 

demonstrating that the endothelium is the major source of oxidative stress (Miller et al., 2008). 

Under physiological conditions, most of the pressure received by VEC is laminar shear force, although 

to a lesser extent, they are also exposed to oscillatory shear stress. However, under pathological conditions, 

such as a long-term increase in arterial blood pressure or enhancement in cardiac load, oscillatory shear 

stress is highly increased on endothelial cells. When VEC are exposed to continuously disturbed blood flow, 

the valve endothelium is altered, leading to damage in the basement membrane and protective barrier. At 

the cellular level, disturbed flow can activate not only the VEC layer, but also VIC from the fibrosa layer, 

thereby contributing to the progression of the first stages of the disease. VEC respond by changing their 

morphology, gene regulation, protein expression, transendothelial transport, alignment, and release of 

molecules and proteins from the surface (Deb et al., 2022 & Driscoll et al., 2021). 

In addition to hemodynamic alterations, other factors that induce endothelial dysfunction include pro-

inflammatory cytokines. Specifically, TNF-α can be secreted not only by immune-infiltrated cells but also by 

endothelial cells under stress conditions and can alter the ECM (Dahal et al., 2017 & Mahler et al., 2008), 

leading to EndMT, which can function as a source of osteogenic cells. Therefore, an interplay between 

hemodynamics and other factors, such as infection or increased serum levels of inflammatory mediators, 

may play a key role in CAVD initiation (Arjunon et al., 2017). 

I.3.1.2- Inflammation  

Inflammation is a hallmark of CAVD. Both innate and adaptive immunity play important roles in 

disease initiation and propagation, as supported by clinical and cellular studies (reviewed in Bartoli-Leonard 

et al., 2021 & Raddatz et al., 2019). Interestingly, recent studies have described the interconnectivity 

between the immune system and resident valve cells (Schlotter et al., 2018).  

Inflammation is the primary response of innate immunity and occurs after endothelial dysfunction, 

immune cell infiltration, and lipid deposition. Both cellular and humoral innate immune responses are 

implicated in this process. The role of innate immunity is to overcome inflammatory stimuli and repair 
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damage. However, if the insult persists, inflammation progresses over time (reviewed in Bartoli-Leonard et 

al., 2021). In fact, the innate immunity response pathway plays an important role in signal integration in 

both VEC and VIC and can be activated by different extracellular signals, such as angiotensin II, ox-LDL, CD40 

ligand, advanced glycation end-products, and cytokines via toll-like receptors (TLR) and the nuclear factor-κB 

(NF-κB) pathway (reviewed in Bartoli-Leonard et al., 2021; García-Rodríguez et al., 2018). The NF-κB pathway 

leads to the expression of adhesion molecules, mainly intercellular adhesion molecule (ICAM)-1 and vascular 

endothelial molecule (VCAM)-1, after endothelial injury, which facilitates subsequent infiltration of immune 

cells (reviewed in Raddatz et al., 2019). Additionally, VIC also participate actively in the regulation of 

inflammation by producing cytokines via NF-κB activation such as IL6, which has been found to be highly 

expresses in severe CAVD and to be a strong inducer of in vitro calcification (reviewed in Raddatz et al., 

2019). 

● Immune cell infiltration and cytokine secretion 

As a consequence of the valve endothelium disruption, immune cells can infiltrate the valve. Over time, 

several studies have detected increased T lymphocytes, monocytes, and antigen-presenting cells, such as 

macrophages, leukocytes, and B cells, in stenotic valves (reviewed in Raddatz et al., 2019). In fact, the 

population of leukocytes (10-15%) was arranged by bone marrow-derived progenitor cells and molecular 

histocompatibility complex II dendritic cells or antigen-presenting cells. Thus, antigen presentation has been 

described to promote lymphocyte T activation, leading to the first step of adaptive immunity and interferon 

(IFN)-γ secretion. IFN-γ, in combination with lipopolysaccharide (LPS), has been shown to stimulate 

macrophage polarization through an inflammatory state M1, in which they can release inflammatory 

interleukins such as IL-12 and TNF-α. Additionally, IFN-γ-activated macrophages cooperate with osteogenic 

progenitor cells found in calcified regions to promote skeletal bone formation in diseases involving 

heterotopic ossification (reviewed in Raddatz et al., 2019). 

Additionally, other cytokines have been found to be upregulated in calcified valves, such as IL-1β, 

which has been found in valves with more severe remodeling as it can enhance the expression of MMP, 

exacerbating the process of valvular stenosis via NF-κB (Isoda et al., 2010). Supporting this finding, IL-1R, 

which opposes the effect of IL-1β was found to be downregulated in stenotic valves (reviewed in Raddatz et 

al., 2019). On the other hand, IL-6 is also upregulated in stenotic valves and can be sensed not only by T-cells 

leading to their maturation but also by other valve resident cells. Furthermore, TGF-β, which can be secreted 

by immune cells and fibroblasts, has been demonstrated to be present in stenotic valves and is associated 

with osteogenic, fibrotic, and apoptotic activity (reviewed in Raddatz et al., 2019). These inflammatory 

cytokines have been described to increase the expression of bone morphogenetic protein 2 (BMP2) and 

alkaline phosphatase enzyme, leading to osteoblast-like phenotype transformation and CAVD initiation 

(Zeng et al., 2016).  
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● Lipids deposition 

It has been detected the presence of lipids deposited in the valve cusps upon endothelial injury. These 

lipid droplets include ox-LDL, lp (a), apolipoproteins B and E, and renin-angiotensin converting enzyme (ACE), 

which can trigger a chronic inflammatory response by attracting immune cells (reviewed in Towler, 2013).  

• OxLDL: LDL are infiltrated and deposited within the valve and are oxidized during the process (oxLDL) 

because of the cell oxidative status. In fact, Ox-LDL are highly cytotoxic and stimulate inflammation and 

ossification in the later stages of CAVD. Strikingly, oxLDL, inflammatory cells, and TNF-α expression 

have been reported to colocalize in calcified valves (reviewed in Nsaibia et al., 2022). 

• Lp-(a): It carries a high content of lysophosphatidylcholine, which is related to inflammation, 

mineralization, and calcification of the AV (Zheng et al., 2019).  

• Arachidonic acid route: Arachidonic acid is the precursor of lipid mediators, such as leukotrienes and 

prostaglandins. The enzyme involved in leukotriene synthesis, which is overexpressed in CAVD, is 5-

lipoxygenase and plays a role in inflammation (Nagy et al., 2011). Additionally, the inducible enzyme 

cyclooxygenase 2 (COX-2), normally has a low activity in normal tissue/cells. However, it is induced 

over 10-80 times in VIC isolated from stenotic valves, increasing the contents of PGE2, PGI1, and PGE1 

(Wirrig et al., 2015). 

• Renin-angiotensin system activation 

The renin-angiotensin-converting enzyme (ACE) and its product angiotensin II can be detected in 

calcification lesions usually associated with apolipoprotein B and LDL. The role of ACE in inflammation 

development and CAVD progression has been reported since the receptor type I of angiotensin II, was found 

to be expressed by fibroblasts of diseased valves. Further studies in mice have associated angiotensin II with 

leaflet thickening in the early phase of aortic stenosis (reviewed in Bian et al., 2021). 

• Pathogen-derived molecules  

Infections can also trigger immune response once endothelium has been damaged. Several studies 

have demonstrated the presence of some bacteria (Chlamydia pneumoniae, Helicobacter pylori) and viruses 

(Cytomegalovirus, Epstein-Barr virus, and Herpes simplex) associated with immune cells in inflamed areas of 

calcified valves (Nakano et al., 2006). Pathogen molecular patterns or PAMP from viral and/or bacterial 

infections can be recognized by the Toll-like receptor (TLR), innate receptors found upregulated in stenotic 

valves and associated with inflammation-induced calcification, as reviewed by García-Rodríguez et al., 2018 

and addressed in the section 1.4.1. 
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I.3.1.3- Valve cell differentiation and microcalcification  

Several studies have pointed to calcification as an active cellular-mediated process involving a 

phenotypic shift of resident valve cells (Zhu et al., 2015). Although both cells in the valve have been shown 

to play a role in calcification formation, VIC is the most important regulator, as reviewed by Rutkovskiy et al. 

(2017). The way in which VIC trigger calcification is by sensing the pro-inflammatory environment around 

them through TLR and cytokine receptors (Meng et al., 2008). However, VIC are also sensitive to shear stress 

in a more indirect way than VEC since they do not possess the same sensory and signaling mechanisms but 

they can indirectly sense mechanical forces, including shear stress, through mechanotransduction by 

converting mechanical forces into biochemical signals. Taken together, evidence shows a strong involvement 

of inflammation in the initiation phase of the disease, a role that loses relevance in the propagation and late-

stage phases, where calcification and fibrosis-related pathways play a key role (Aikawa et al., 2012). 

In healthy conditions, most cells in the valve interstice are quiescent (qVIC), and only 5% are activated 

(aVIC) and exhibit a myofibroblast phenotype. However, under pathological conditions, this balance is 

disrupted and the percentage of myofibroblasts increases. When this situation is not reversed in a brief 

period and a high percentage of myofibroblasts is prolonged, CAVD development is promoted (reviewed in 

Rutkovskiy et al., 2017). Three mechanisms have been described for calcification of VIC:  

(i) First, dystrophic calcification is the most common method of VIC calcification (Aikawa et al., 2007). 

At first, it was considered a passive process in the degeneration of connective tissues. Currently, this 

mechanism is known to be based on the formation of calcified nodules by matrix vesicles contain 

several enzymes and ions. These vesicles originate from cellular necrotic and apoptotic bodies 

containing calcium and inorganic phosphate (Pi) ions, promoting the formation of hydroxyapatite 

crystals, which play a fundamental role in calcific lesion formation (Bertazzo et al., 2013). 

(ii) The second mechanism of VIC calcification is called osteogenic calcification or heterotopic 

ossification. It is considered an active process in abnormal tissue repair. It is based on the formation 

of true mature lamellar bone structures, as suggested by a previous analysis showing osteoid cells, 

collagen scaffold, multinucleated osteoclast-like, and fatty marrow pockets in stenotic valves (Torre 

et al., 2016).  

(iii) A third mechanism has been proposed to resolve the discordance between the low amount of true 

bone formation in calcified valves and high prevalence of osteogenic marker expression (Aikawa et 

al., 2007). Some VIC have been proposed to present an osteogenic-like phenotype that differs from 

the true bone formation (reviewed in Miller et al., 2011). Additionally, endothelial cells have been 

described to suffer an inflammatory-induced differentiation into osteogenic cells via EndMT leading 

to an altered ECM (Mahler et al., 2008).  
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I.3.2-Propagation phase: fibrosis, osteogenesis, and angiogenesis 

ECM remodeling is a pivotal process in maintaining valve homeostasis, and ECM alteration is an early 

event in the progression of CAVD. The key point for maintaining ECM homeostasis under normal conditions 

is the balance between MMP and its agonist, TIMP, which is tightly regulated. In patients with CAVD, the 

expression of MMP and cathepsins has been found to be upregulated, i.e., MMP-1, 2,3 and 9 altering the 

MMP/TIMP balance thus promoting fibrosis in the valve (reviewed in Raddatz et al., 2019). This abnormal 

matrix remodeling, which includes collagen degradation and the expression of some proteoglycans, leads to 

increased stiffness, which further promotes VIC activation and calcification (Yip et al., 2009). In fact, the 

expression of proteoglycans, such as biglycan, decorin, and versican, has been reported to be increased in 

valves from patients with CAVD compared to control valves. It has been proposed that this overexpression 

could act as an endogenous danger signal by promoting inflammation and later mineralization via TLR2 

(reviewed in García-Rodríguez et al., 2018). An interesting feature of CAVD is that calcified valves exhibit sex-

specific differences in the degree of fibrosis and mineralization.  

I.3.2.2- Osteogenesis process  

Human valves exhibit high plasticity, and VIC can transdifferentiate into activated myofibroblasts, 

osteoblast-like cells, or adipocytes. In fact, human calcified valves exhibit overexpression of several 

osteogenic genes and transcription factors compared to healthy valves (Bossé et al., 2009). A recent report 

has identified a subpopulation of VIC that expresses elevated levels of CD44 and co-markers (CD29+ CD95+ 

CD37+ CD45low) as a disease-driver cell population with multilineage potential and osteogenic activity 

(Decano et al., 2022). The interaction between CD44 and its ligands osteopontin and hyaluronan, which are 

glycosaminoglycans present in the valve, promotes mineralization in VIC in vitro (reviewed in Rutkovskiy et 

al., 2017). Furthermore, stenotic valve tissue expresses markers and transcription factors associated with 

mineralization and osteogenic processes. For example, RUNX2 has been proposed to be the most important 

gene mediating osteogenic processes in CAVD. Indeed, RUNX2 promotes the expression of alkaline 

phosphatase, an ectonucleotidase crucial in mineralization regulation (Rajamannan et al., 2014). Other 

ectonucleotidases, such as ectonucleotide pyrophosphate-phophodiesterase family member 1 and 5’-

nucleotidase, are dysregulated in CAVD because they are important to produce nucleotide derivatives and 

inorganic phosphate production, which promotes calcification in the valve (Côté et al., 2012 & Zheng et al., 

2019). Additionally, some other transcription factors such as osterix and homeobox protein MSX-2 are 

upregulated in diseased valves and can contribute to osteogenesis (Boström et al.,2011). 

Another family related to osteogenic signaling are morphogens, which have been found to be 

upregulated in calcified valves. Particularly, BMP-2, which is a potent osteogenic differentiation factor 

belonging to TGF-β signaling (Rajamannan et al., 2014). Several in vitro studies have shown that BMP2 
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induces VIC mineralization (reviewed in Rutkovskiy et al., 2017). Additionally, BMP2 has been described to 

function as a downstream mediator of TLR-induced osteogenesis by triggering the expression of RUNX2 and 

other differentiation mediators such as osteopontin, osteocalcin, and bone sialoprotein (reviewed in 

Rutkovskiy et al., 2017). 

Some evidence emphasizes the role of some pathways involved in development, WNT, and NOTCH in 

the VIC transition to osteoblast-like cells (Bossé et al., 2009). In this context, NOTCH1 has been identified as 

a negative regulator of RUNX2 and BMP2 expression (Bossé et al., 2009). Finally, remodeling factors of 

osteogenic metabolism have been identified to promote VIC calcification, such as receptor activator of NF-κB 

(RANK) and its ligand RANKL (reviewed in Pawade et al., 2015). During CAVD, RANKL is overexpressed, and 

one possible explanation could be through IL-6 pathway activation, which subsequently produces ECM and 

calcification (Wada et al.,2006). Remarkably, while in the bone, the binding of RANKL to RANK promotes 

osteoclast activity and osteoporosis, in vascular and valvular cells, it has the opposite effects (Hjortnaes et 

al., 2010). 

I.3.2.3- Neovascularization process 

Healthy mature valves are normally avascular, while diseased valves have been reported to have a 

pathological formation of new vascular vessels, due to an imbalance between pro-angiogenic and anti-

angiogenic factors, suggesting the importance of angiogenesis in the propagation phase of the disease 

(reviewed in Rajamannan et al., 2011). In healthy valves, chondromodulin-1, an anti-angiogenic factor, is 

highly expressed, but it is downregulated in diseased valves, thus leading to the upregulation of vascular 

endothelial growth factor (VEGF)-A, an angiogenic factor. In late lesions, histopathological experiments show 

new vessels in calcified areas associated with the expression of angiogenic factors, such as VEGF, endothelial 

nitric oxide synthase, and a member of the hypoxia-inducible factor (HIF) family, HIF-2α, suggesting a role for 

the HIF/VEGF-A axis in controlling the development of new vessels (Akahori et al., 2014). Finally, some 

authors have proposed that the endothelium surface, circulating endothelial progenitor cells, and/or 

resident VIC are the source of endothelial cells forming vessels (reviewed in Bian et al., 2021). 

I.3.3-Last phase  

In the last step of CAVD development, valve leaflets are completely thickened and vascularized, and 

calcification change from microcalcifications to macrocalcifications, which are widespread (Figure III). The 

importance of inflammation at the initial stages, loss importance in this phase, and processes totally differ 

from atherosclerosis (Aikawa et al., 2012). At this point, valve degeneration occurs and could later lead to 

additional cardiac problems such as left ventricular hypertrophy. Finally, when the valve is highly calcified, 

the area of the valve is significantly reduced, and aortic regurgitation can sometimes occur. At this point, 

valve replacement is necessary within two years. 
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Figure III. Scheme of the three stages of the disease. The scheme represents the three distinct stages of the 
disease, and the different cellular types and processes that occur. aVIC indicates partially active myofibroblast; 
End-MT, endothelial-mesenchymal transition; LDL, low-density lipoproteins; qVIC, quiescent valve interstitial cells. 
Created with BioRender.com. 

I.4- Inflammation as an initiator of CAVD 

I.4.1 Cytokines and CAVD  

Cytokines and their signaling pathways have been associated with CAVD. TGF-β has been 

demonstrated to be present in the aortic valve and increases upon disease, and it is associated with 

osteogenic, fibrotic, and apoptotic activity (reviewed in Raddatz et al., 2019). TGF-β has also been shown to 

be induced by shear stress in VIC (X. Wang et al., 2017). Additionally, TNF-α has been associated with 

processes underlying CAVD and is a key communicator between endothelial and interstitial cells in valves 

(Driscoll et al., 2021 & Parra-Izquierdo et al., 2021). However, in mitral valve interstitial cells, TNF-α and IL-1β 

have been reported to suppress myofibroblast activation in 3D-cultures (Zhu et al., 2021). Furthermore, IL-6 

has been found to be upregulated in stenotic lesions and has been described as an osteogenic-

differentiation inductor of VIC (reviewed in Bian et al., 2021). Remarkably, interferons (IFN) have been 

associated with atherosclerotic and aortic valve lesions (Boshuizen et al., 2015). This section focuses on IFN 

types, signaling pathways, and their role on CAVD pathogenesis.  

I.4.1.1-Interferons (IFN) 

IFN are soluble glycoproteins which have a role in innate and adaptive immune responses (reviewed in 

Ivashkiv, 2014;2018). The IFN family is divided into three groups, type I, II and III, being type I and II are the 

best characterized. This classification is based on specific receptors and the cellular types that produce them.  
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Type I IFN are pleiotropic cytokines secreted by most cell types in response to viral infections. The 

family of type I IFN includes protein isoforms: IFN-α, β, κ, δ, ε, τ, ω, and ζ. IFN-α and IFN-β are primarily 

produced because they can inhibit viral replication and induce the expression of major histocompatibility 

complex type I in virus-infected cells, thus inducing an adaptive T cell response (reviewed in Ivashkiv et al., 

2014). All type I interferons are recognized by receptors composed of two subunits, IFN-α/β receptor 

(IFNAR)-1 and 2, which signal through the JAK-STAT pathway. Currently, it is known that type I IFNs also 

contribute to the antibacterial response, as they are produced in response to the activation of TLR4 and 

TLR3. In addition, type I IFN can also be induced by other endogenous pro-inflammatory mediators such as 

TNF-α (reviewed in Ivashkiv et al., 2014). 

The only member of the type II IFN group is IFN-γ, which is secreted mainly by innate immune cells, 

such as lymphocytes, activated macrophages, and natural killer cells. Additionally, IFN-γ can also be 

produced by adaptive immune cells, such as T helper lymphocytes and cytotoxic lymphocytes CD8+. 

However, it has been described that endothelial cells, and vascular smooth muscle cells (VSMC) can produce 

IFN-γ. In fact, it has been narrowly associated with atherogenesis (Boshuizen et al. 2015). IFN-γ is produced 

in response to viruses and mediates a wide variety of immune responses. When an infection starts, helper T 

lymphocytes secrete IFN-γ, thus activating macrophages and resulting in the secretion of inflammatory 

mediators such as IL-12 and IL-18 to overcome the infection. Under the influence of IFN-γ, antigen 

presentation is increased because major histocompatibility complexes are upregulated on activated 

macrophages, thus resulting in a second wave of T cell activation, joining innate and adaptive immunity 

(reviewed in Ivashkiv, 2018). 

Type III IFN have been described primarily as three isoforms of IFN-λ (IFN-λ1, IFN-λ2, and IFN-λ3), also 

known as IL-29, IL-28, and IL-28B. Their biological activity is similar to that of type I interferons. They are 

secreted by almost all cell types, but their receptors are primarily expressed in epithelial cells (Kotenko et al., 

2017). 

I.4.1.2-IFN receptors and Janus Kinase (JAK)-STAT signaling pathway  

IFN receptors are structurally different cell surface receptors that signal through different factors, 

depending on the sensed IFN type:  

● IFN-α/β receptor (IFNAR): These receptors are heterodimeric cell surface receptors (IFNAR1 and 

IFNAR2) that recognize type I IFN (Figure IV). After type I IFN binds to its receptor, 

heterodimerization occurs, leading to the activation of the kinases JAK1 and TYK2, which directly 

phosphorylate primarily the transcription factors STAT1-STAT2 that heterodimerize and associate 

with interferon related factor (IRF)-9 for their function. This complex, known as IFN-stimulated gene 

factor 3, binds to IFN response elements to initiate transcription of type I IFN-induced genes 
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(reviewed in Ivashkiv et al., 2014). However, type I IFN can also activate other members of the STAT 

family, such as STAT3, 4, 5, and 6, in various cell types, leading to the assembly of many other 

homodimers or heterodimers, depending on the cell type (reviewed in Ivashkiv et al., 2014). For 

example, type I IFN have been demonstrated to stimulate the homodimerization of STAT1, leading 

to the transcription of IFN-γ-activated genes. 

● IFN-γ receptor (IFNGR): These heterodimeric membrane receptors IFNGR1 and IFNGR2 sense type II 

IFN-γ (Figure IV). When IFN-γ binds to its receptor, heterodimerization of the two subunits occurs, 

leading to activation of JAK1 and JAK2 kinases, which phosphorylate their substrate STAT1. STAT1 

can homodimerize and bind to IFN-γ-activated sequences (GAS), thereby activating the transcription 

of genes controlled by these sequences (reviewed in Ivashkiv, 2018). 

In some cases, type I and type II interferons can be secreted in parallel during the same immune 

response, and current evidence suggests the possibility of crosstalk between type I and type II IFN signaling. 

In fact, it is known that both signaling pathways are interconnected at several levels. For example, IFN-γ can 

induce the formation of the IRF-3 complex, thereby activating the expression of genes related to type I IFNs 

(reviewed in Ivashkiv et al., 2014). Additionally, it has also been observed that IFNAR1 can interact with 

IFNGR2, inducing the expression and activation of STAT1, which promotes the homodimerization of STAT1, 

which is characteristic of IFN-γ signaling, resulting in an enhanced response to IFN-γ (Gough et al., 2010). 

The JAK-STAT pathway not only transduces IFN signals (Figure IV) but is also the master regulatory 

pathway involved in the sensing of more than 50 different cytokines. The JAK-STAT family is composed of 

three groups of proteins. On the one hand, receptors are necessary for sensing cytokines and growth factors. 

These receptors have multiple transmembrane polypeptides associated with the next most important 

effector, JAK tyrosine kinases, which are important for activating the signaling cascade (reviewed in Ivashkiv 

et al., 2014; 2018). Once the ligand binds to the receptor, the receptor dimerizes, and JAK proteins get closer 

and are auto-activated through tyrosine residue trans-phosphorylation. Finally, STAT are the final effectors 

of the pathway, which are recruited to JAK docking sites by their Src-homology 2 (SH2) domains where they 

are phosphorylated. This phosphorylation allows STAT to dimerize and translocate to the nucleus, where 

they function as transcription factors (reviewed in Ivashkiv et al., 2014; 2018). There are several STAT factors 

namely STAT 1, 2, 3, 5, and 6, which are recruited differently depending on the sensed stimuli.  

Alternatively, IFN can also signal through alternative signaling pathways in addition to JAK/STAT. For 

example, IFN can activate the PI3K-AKT-NF-kB and ERK-AP-1, which can cooperate with the JAK/STAT 

pathway. IFN-activated pathways are cell type- and IFN-type-specific (Boxel-Dezaire et al., 2006). 
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Figure IV. Schematic representation of canonical type I and II IFN signaling pathways GAS indicates IFN-γ-
activated sequences; ISRE, IFN-sensitive response elements; IRF9, interferon response factor 9; ISGF3, interferon-
stimulated gene factor 3. Created with BioRender.com. 

I.4.1.3-IFN signaling and JAK-STAT in CAVD  

Both IFN types have been associated with CAVD as they trigger human VIC calcification, as they have 

been demonstrated to play a key role in apoptosis, resulting in the formation of an inflammatory necrotic 

core, which later leads to mineralization of nodules in CAVD pathogenesis (Tabas et al., 2010).  

On the one hand, type I IFN has been associated with AV calcification. The first evidence of the 

relationship between enhanced type I IFN and early onset of calcification in non-skeletal tissues, such as the 

aortic valve, comes from a rare autosomal dominant disease, Singleton-Merten syndrome (Singleton et al., 

1973). Other evidence supporting the association between type I interferons and CAVD is that IFN-inducible 

cytokines are increased in stenotic aortic valves. Additionally, in vitro studies on human VIC have recently 

demonstrated that type I IFN promotes inflammation, differentiation, and calcification in VIC (Parra-

Izquierdo et al., 2018). Surprisingly, our group also demonstrated an association between TLR3 activation 

and type I IFN production as well as IFN-inducible cytokines (Parra-Izquierdo et al., 2021). 

On the other hand, type II IFN-γ is reported to play a key role in atherosclerosis, particularly in vascular 

cell proliferation and tissue remodeling, as well as in obesity, neural cells, and metabolic syndrome 

(reviewed in Ivashkiv., 2018). The role of IFN-γ in non-immune cells is due to the fact that IFNGR is 

ubiquitously expressed. Thus, non-immune cells can induce an IFNGR-induced response by producing 

chemokines that promote immune cell recruitment and suppress cell proliferation and survival (reviewed in 

Ivashkiv, 2018). Recent in vitro evidence supports the relationship between IFN-γ and CAVD. The first 

evidence of a causal relationship between IFN-γ and increased calcification was demonstrated by Nagy et al. 
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(2017), who showed the presence of CD8+ T lymphocytes, which release IFN-γ, in calcified areas of the valve. 

They also demonstrated that IFN-γ could disrupt the calcium resorption potential of osteoclasts, thus 

contributing to increased calcification. Additionally, T lymphocytes present in valve lesions can secrete other 

cytokines, such as IL-6, which can also activate JAK-STAT signaling in VIC and promote calcification. Later, 

some recent in vitro studies in valve cells support the association between IFN-γ and VIC differentiation, 

inflammation, and calcification as well as the adhesion of VEC to monocytes, suggesting a link between IFN-γ 

and CAVD (Parra-Izquierdo et al., 2019; 2021a; 2021b).  

JAK-STAT signaling is known to play a role in several disorders, including cardiovascular diseases 

(reviewed in Baldini et al., 2021). In fact, the role of JAK-STAT alterations can vary depending on the context. 

For example, while STAT3 has been identified as a protective transcription factor in hypertrophy, the 

activation of STAT1 in the heart has been linked to cell death and the progression of ischemic diseases 

(reviewed in Baldini et al., 2021). In addition, in the cardiovascular system, some effects of IFN-JAK/STAT 

signaling are potentiated by crosstalk with TLR signaling pathways (Niessner et al., 2007). 

I.4.2- Innate immune receptor TLR and CAVD  

The receptors of the innate immune system called Toll-like receptors (TLR) are specialized in 

recognizing conserved motifs present in pathogens, known as pathogen-associated molecular patterns 

(PAMP), and endogenous molecules released as a result of tissue damage, known as damage-associated 

molecular patterns (DAMP). TLR are type I transmembrane proteins characterized by an ectodomain that 

recognizes PAMP and a cytoplasmic domain known as the Toll/interleukin-1 receptor (TIR) domain, which is 

necessary for intracellular signaling (reviewed in Kawasaki et al., 2014). Each member of the TLR family 

recognizes a specific set of molecular patterns derived from various microorganisms, including bacteria, 

viruses, protozoa, and fungi (reviewed in Akira et al., 2006). In total, 10 TLRs have been identified in humans, 

and they can be classified based on the PAMP they recognize or based on their subcellular localization. While 

TLR1, 2, 4, 5, and 6 are located on the plasma membrane, TLR3, 7, 8, and 9 are located in intracellular 

compartments such as endosomes (reviewed in Akira et al., 2006).  

I.4.2.1- TLR pattern recognition and signaling 

The first TLR to be described was TLR4, which, together with its co-receptors, recognizes 

lipopolysaccharide (LPS), an endotoxin produced by gram-negative bacteria. On the other hand, TLR2, 

together with its cofactors TLR1 and TLR6, is capable of detecting peptidoglycans, lipoproteins, and 

lipopeptides from gram-positive bacteria, mycoplasma, and fungi (reviewed in Akira et al., 2006). 

Additionally, TLR2/4 are also sensitive to DAMP, heat shock proteins, reactive oxygen intermediates, and 

products resulting from ECM breakdown (reviewed in García-Rodríguez et al., 2018). On the other hand, 

TLR10 is believed to dimerize with TLR2 and TLR1, although its ligands are still unknown. Meanwhile, TLR5 is 
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highly expressed in intestinal epithelial cells where it recognizes flagellin. Finally, molecules derived from 

viruses and host-derived nucleic acids are sensed by intracellular-nucleic acid-sensing TLRs, such as TLR3 and 

TLR7-9 (reviewed in Akira et al., 2006).  

Once the ligand is recognized by the receptor, dimerization of the receptor and a common signaling 

pathway occur. The intracellular signaling is mediated by myeloid differentiation primary response gene 88 

(MyD88), except for TLR3, which uses a different adaptor called the TIR domain-containing adaptor inducing 

IFN-β (TRIF). In addition, some other adaptors have been identified, such as TIR domain-containing adaptor 

protein 43 (TIRAP), TRIF-related adaptor molecule (TRAM), and sterile α and heat-armadillo motif-containing 

protein (SARM). Since MyD88 is the most common TLR adaptor, TLR-mediated signaling is classified as 

follows: 

(i) MyD88-dependent pathway: All TLR, except TLR3, can signal via this pathway.  

(ii) TRIF-dependent pathway: This pathway is activated by TLR3 in response to ds-RNA and requires 

another adaptor protein, TRIF. TLR4 can also signal through a TRIF-dependent pathway via recruitment 

of a different adaptor, TRAM.  

Both TLR-activated pathways can signal through the NF-κB and mitogen-activated protein kinases 

(MAPK) pathways. NF-κB transcription factor regulate the expression of some pro-inflammatory genes, such 

as TNF-α, IL-1β, ICAM-1, VCAM-1, and COX-2, as well as genes related to cell survival, differentiation, 

and proliferation (reviewed in García-Rodríguez et al., 2018). On the other hand, the MAPK pathway is 

formed by a family of serine-threonine protein kinases whose role is connecting cell-surface receptors to 

regulatory targets inside the cell. In response to TLR, MAPK activation is based on the phosphorylation of 

three main MAPK: extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinases (JNK). 

The MAPK pathway finally activates several transcription factors involved in inflammation, cell 

proliferation, and survival (Gu et al., 2009). However, the TRIF-dependent pathway can specifically 

activate interferon-related factor (IRF)-3, which subsequently induces type I IFN transcription (Zhang et 

al., 2015). 

I.4.2.2- TLR 2/3/4 pathways and CAVD  

Numerous studies have linked TLR to various diseases, such as sepsis, asthma, and autoimmune 

diseases, as well as cardiovascular diseases, such as atherosclerosis, ischemic injury, and CAVD (reviewed in 

García-Rodríguez et al., 2018). The presence of pathogenic Chlamydia pneumoniae and bacteria associated 

with chronic periodontal infection in the fibrous layer of stenotic valves has led researchers to investigate 

the potential role of TLRs in CAVD, demonstrating a direct relationship between oral bacteria and valve 

calcification (Nakano et al., 2006). 
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Several conserved motifs in pathogens have been associated with inflammation and osteogenesis in 

the aortic valve through TLR signaling, such as TLR2, TLR3, and TLR4 (reviewed in García-Rodríguez et al., 

2018). This evidence underlies the possible role of TLR4/2/3-NF-κB in osteogenesis and supports the 

existence of inflammation-driven calcification (Figure V). In vitro evidence demonstrates that the TLR4 

agonist LPS, present in gram-negative bacteria, acts as a pro-inflammatory factor via NF-κB signaling in VIC 

derived from healthy valves (Babu et al., 2008; Meng et al., 2008), an effect potentiated in VIC from patients 

with CAVD (Fernández-Pisonero et al., 2014 & Rutkovskiy et al., 2017). Notably, TLR4/2 ligands are pro-

calcific factors that upregulate BMP2, RUNX2, and alkaline phosphatase and promote in vitro calcification in 

studies using β-glycerophosphate or elevated levels of inorganic phosphate (Babu et al., 2008 & Meng et al., 

2008). TLR2 agonists, such as peptidoglycan, present in the membrane of gram-positive bacteria, and 

synthetic peptides, such as Pam3, can also promote a pro-calcific phenotype in VICs (López et al., 2012 & 

Rutkovsky et al., 2017). Finally, TLR3, through its activation by poly (I:C), a double-stranded (ds)RNA, has 

been associated with calcification, inflammation, and cellular differentiation in VIC (López et al., 2012 & Zhan 

et al., 2015). Notably, an interplay between TLR4/TLR3 and cytokines like IFN-γ has been described to 

potentiate pathological processes in VIC (Parra-Izquierdo et al., 2018; 2019; 2021). 

On the other hand, DAMP have also recently been associated with the pathogenesis of CAVD through 

their effects on TLR (Figure V). For example, biglycan is dysregulated in CAVD pathology, and in vitro studies 

have demonstrated its pro-inflammatory and pro-osteogenic role in VICs via the MAPK pathway and the 

induction of BMP2 and TGF-β (reviewed in García-Rodríguez et al., 2018). Additionally, elevated levels of 

HMGB1, a TLR4 ligand, have been associated with CAVD. In fact, in vitro studies have demonstrated its role 

as a pro-inflammatory cytokine, leading to increased osteogenic markers and calcium deposition in human 

VIC (Shen et al., 2017). Other DAMP associated with the disease include matrilin-2, galectin-3, and heat 

shock proteins, which have been found accumulated in calcification nodules in human valves (reviewed in 

García-Rodríguez et al., 2018).  
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Figure V. Overview of TLR signaling pathways triggered by PAMPs and DAMPs in VIC. TLR2/4-MyD88 stimulation 
leads to NF-κB and MAP kinases activation and the subsequent induction of inflammatory mediators that 
promote the osteogenic reprogramming of VIC. Endosomal TLR3-TRIF stimulation triggers non-canonical NF-κB 
signaling, and IRF activation most likely promotes upregulation of inflammatory and osteogenic mediators. ALP, 
alkaline phosphatase; ICAM-1, Intercellular Adhesion Molecule 1; PGN, peptidoglycan. With permission from 
Garcia-Rodriguez et al. (2018) 

I.4.3- Interplay between TLR and cytokine receptors in CAVD 

Evidence in the cardiovascular system, specifically in atherogenesis, suggests that the potentiation of 

some effects of IFN-JAK/STAT signaling occur via crosstalk with TLR signaling pathways (Niessner et al., 

2007). As mentioned, these pathways have been independently associated with CAVD, and more recently, 

cooperation between them on inflammation and calcification of human VIC has been described. Remarkably, 

the interplay between IFNGR and TLR4/3 has been associated with the non-hypoxic immune stabilization of 

HIF-1α, which is IFN-γ-specific and mediated via JAK/STAT signaling (Parra-Izquierdo et al., 2019; 2021). 

Notably, IFNGR-TLR4/3 interplay triggers a potent cellular response, including inflammation, differentiation, 

and calcification of VIC, as well as the upregulation of pro-angiogenic factors (Figure VI) (Parra-Izquierdo et 

al., 2019; 2021) like VEGF, detected in stenotic human valves (Perrotta et al., 2015). Additionally, Parra-

Izquierdo et al. (2021) described an association between TLR3 activation and type I IFN production as well as 

IFN-inducible cytokines.  

 



INTRODUCTION 

54 
 

 

Figure VI. Interplay between TLR3/4 and IFNGR in the immune non-hypoxic activation of HIF-1α. Co-stimulation 
of VIC with IFNGR and TLR3/TLR4 ligands leads to JAK-SAT/HIF-1α activation and the subsequent induction of pro-
inflammatory and pro-angiogenic molecules and calcification. Modified from Parra-Izquierdo et al. (2019). 

I.5-Metabolic reprogramming in disease  

In recent years, the role of metabolic reprogramming in several cell types has allowed us to consider 

immunometabolism as an emerging field of research that is susceptible to application in the search for 

therapeutic targets.  

I.5.1- Metabolic rewiring in health and disease 

The first evidence of metabolic rewiring in disease was found in the last century by Otto Warburg et 

al. (1926) in tumor cells. This metabolic rewiring is called the Warburg effect and consists of an increased 

uptake of glucose, glycolytic flux, and lactate production, even in the presence of oxygen. This phenomenon 

was described to be mediated by transcription factor HIF-1α and was called aerobic glycolysis. Notably, the 

production of ATP from glycolysis in the cytosol, despite being less efficient than OXPHOS, is approximately 

100 times faster than that in the mitochondria, thus allowing cells to compete more effectively for limited 

fuel sources, giving them a survival advantage (reviewed in Vaupel et al., 2019). For decades, the Warburg 

effect has been described as a consequence of mitochondrial damage. However, more recently, it has been 

demonstrated that not only non-defective OXPHOS can occur during aerobic glycolysis but also an increase, 

as described in many contexts (reviewed in Vaupel et al., 2019). Nowadays it has been elucidated that 

metabolic reprogramming is different according to cell type, stimuli, time of stimulation or the availability of 

nutrients in the environment (Pearce et al., 2013). In fact, several recent metabolic studies have 
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demonstrated that proliferating cells that exhibit increased glucose consumption and lactate release also 

exhibit increased oxygen consumption and mitochondrial coupling efficiency (reviewed in Yao et al., 2019). 

More recently, the term immunometabolism has been used to describe metabolic rewiring induced by 

immune signals in the immune system based on the Warburg effect. Although the term has been recently 

used, the first discovery in this field was in 1976, when Michl et al. demonstrated that macrophages 

increased glycolytic flux in response to inflammatory stimuli, leading to a pro-inflammatory response (Michl 

et al., 1976). Furthermore, in dendritic cells, a glycolytic reprogramming mediated by TLR has been described 

to be necessary for their activation (Everts et al., 2014). In fact, recent evidence in the immune context 

indicates that the activation of PAMP receptors involves a necessary metabolic reprogramming to carry out 

immune functions such as cytokine production and the polarization of the T lymphocyte response (Wolf et 

al., 2017).  

Beyond the immune system, there is evidence of immune signals promoting cellular metabolic 

rewiring in non-immune cells. For example, TGF-β-induced metabolic reprogramming has been observed in 

lung myofibroblasts, leading to pulmonary fibrosis (Bernard et al., 2015). Furthermore, in endothelial cells, 

inflammatory mediators have been shown to modulate glycolysis, OXPHOS, and the pentose phosphate 

pathway (PPP), thus promoting inflammation and playing a role in cardiovascular pathogenesis (Xiao et al., 

2021). 

I.5.2-HIF-1α as a transcriptional regulator driving metabolic reprogramming 

HIF-1α is a nuclear transcription factor that was initially identified as a hypoxia-inducible factor. Under 

normoxic conditions, it is constitutively degraded through its hydroxylation by prolyl hydroxylase. While, 

under hypoxia, HIF-α is not hydroxylated thus leading to its stabilization (reviewed in Masoud et al., 2015). 

However, its non-hypoxic stabilization and its role in metabolic reprogramming have been described in 

several contexts such as immune cells (reviewed in Semenza et al., 2011). In fact, in certain contexts such as 

cancer, its direct stabilization has been described due to the accumulation of certain metabolites, mainly 

fumarate, succinate and hydroxyglutarate, which operate by inhibiting 2-oxoglutarate-dependent enzyme 

reactions that regulate gene expression and the response to hypoxia. Other metabolites, such as lactate, 

kynurenine, methylglyoxal, sarcosine, glycine, hypotaurine, and (2R,3S)-dihydroxybutanoate, are also 

involved in HIF-1α stabilization. The accumulation of these metabolites plays a role in assisting cell 

proliferation and malignancy progression (reviewed by Beyoğlu et al., 2021). In the context of CAVD, recent 

evidence in human VIC disclosed HIF-1α stabilization by inflammatory and immune insults, and its 

association with VIC calcification. These findings may be relevant to initial stages of CAVD (Parra-Izquierdo et 

al., 2019 & Parra-Izquierdo et al., 2021). 
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HIF-1α is a transcriptional regulator of metabolic genes, mainly those regulating glycolysis, such as 

glucose transporter 1 (GLUT1), hexokinase II (HKII), fructose-2,6-biphosphatase 3 (PFKFB3), Pyruvate Kinase 

2 (PKM2), and Lactate Dehydrogenase A (LDHA) (Gordan et al., 2008). Other studies in the immune context 

also demonstrated that HIF-1α can modulate the expression of cytochrome C oxidase (COX7A1), complex IV 

of the mitochondrial respiration chain (reviewed in Semenza et al., 2011). Additionally, direct regulation of 

the pentose phosphate pathway by HIF-1α has been shown to play a role in ribose-5-phosphate generation 

for subsequent nucleotide synthesis (Tong et al., 2009). 

I.6- Energetic cellular metabolism  

Metabolic pathways generally fulfill three main functions: i) energy generation, ii) production of 

"building blocks" necessary for cellular maintenance and proliferation, and iii) modulation of cellular 

responses.  

I.6.1- Glycolysis 

The glycolysis pathway takes place in the cytoplasm after glucose is taken up by glucose transporter 

type 1 (GLUT1) and metabolized into pyruvate, which involves the transformation of a six-carbon molecule 

into two three-carbon molecules. The fate of pyruvate can be its entry into the mitochondria for oxidation 

by the pyruvate dehydrogenase complex (PDC) or its reduction to lactate by lactate dehydrogenase A (LDHA) 

(Figure VII). Glycolysis occurs in both the aerobic and anaerobic states. In the presence of O2, pyruvate 

enters the mitochondria for complete oxidation to CO2 and H2O in the tricarboxylic acid (TCA) cycle and 

electron transport chain (ETC), whereas in the absence of oxygen, pyruvate is reduced to lactate. 

Additionally, it has been described the use of aerobic glycolysis in the presence of O2 in many cellular models 

other than cancer (Palsson-Mcdermott et al., 2013). Glycolysis is an energetically inefficient pathway as it 

generates a net total of two adenosine triphosphate (ATP) molecules per glucose molecule but provides a 

faster source of energy than other pathways, as well as the production of important metabolic 

intermediates, such as ribose-5-phosphate (R5P) for nucleotide synthesis, serine for purine synthesis and 

other amino acids, pyruvate for fatty acid synthesis through citrate formed in the TCA cycle, and reduction 

equivalents in the form of nicotinamide adenine dinucleotide (NADH). The main regulators of glycolytic 

pathways are listed below. 

Hexokinase (HK) is a tissue-specific enzyme that phosphorylates glucose to glucose-6-phosphate 

(G6P), which is the first step in glycolysis and the starting point of PPP. Four isoforms of HK have been 

identified in mammals. HK- II has two hexokinase domains (N-terminal and C-terminal) and a high affinity for 

glucose, even at low concentrations (below 1 mM), and it is inhibited by its reaction product G6P. HK-II is 

considered the inducible form of HK, as its expression can increase approximately 100-fold in Th17 cells, and 

its inhibition with 2-deoxy-D-glucose (2-DG) suppresses Th17 cell differentiation (Semenza et al., 2011).  
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Pyruvate kinase (PKM) catalyzes the final irreversible step of glycolysis, which converts 

phosphoenolpyruvate to pyruvate by transferring a phosphate group to adenosine diphosphate (ADP), thus 

generating ATP. In mammals, there are four isoforms of pyruvate kinase encoded by two genes, PKLR and 

PKM, whose expression is regulated by tissue-specific factors and alternative splicing (reviewed in Vaupel et 

al., 2019). There are two main isoforms of PKM: PKM1 and PKM2. While PKM1 is upregulated in healthy 

tissues that demand a massive supply of energy, such as the heart, PKM2 is expressed in proliferating cells, 

especially in tumors. It has been reported that during immune and cancer cell metabolic reprogramming, 

PKM1 expression decreases in favor of PKM2 expression. It is an active enzyme whose activity depends on 

complex allosteric regulation. In the cytosol, PKM2 exhibits two main conformations: (i) high-activity 

tetramers, which increase lactate production and diminish pyruvate flux, probably due to the formation of a 

supramolecular complex with LDH (Mazurek et al., 2001); and (ii) low-activity dimers favored by Tyr105 

phosphorylation, which can act as transcriptional cofactors favoring gene expression (reviewed in Puckett et 

al., 2021). 

6-phosphofructo-1-kinase (PFK-1) controls the conversion of fructose-6-phosphate (F6P) to fructose-

1,6-bisphosphate (F1,6P2). This step is considered the rate-limiting step of glycolysis (reviewed in Vaupel et 

al., 2019). PFK-1 is activated by fructose 2,6-bisphosphate (F2,6P2), an allosteric regulator that is the product 

of 6-phosphofructo-2-kinase (PFKFB3). PFKFB3 is a protein that plays a role in glycolysis by increasing the 

affinity of PFK-1 for F6P, overriding the inhibitory effect of ATP on PFK-1 (Judge et al., 2020). PFKFB3 is 

expressed in various tissues, particularly proliferating tissues, transformed cells, solid tumors, and leukemia 

cells. Its expression can be induced by factors such as hypoxia, progestin, and estradiol through the 

interaction of specific transcription factors such as HIF-1α, progesterone receptor, and estrogen receptor 

with response elements in the PFKFB3 promoter (reviewed in Beyoğlu et al.,2021). Additionally, recent 

studies have revealed that PFKFB3 can localize to the nucleus in several cell lines stimulating cellular 

proliferation without affecting glucose metabolism (reviewed in Beyoğlu et al.,2021). 

 Lactate dehydrogenase A (LDHA), a key player in glycolysis, converts pyruvate into lactate, which 

plays an important role in aerobic glycolysis. Elevated expression of LDHA is commonly observed in rapidly 

proliferating cells, and blunted LDHA expression has been shown to inhibit tumor cell growth and 

vascularization (Khurshed et al., 2017). In addition to an increased lactate production, under hypoxic 

conditions, the expression of monocarboxylate transporter (MCT) 4 has been reported to increase, thus 

leading to a raise in lactate secretion, while the expression of MCT1 and MCT2 remained unchanged (Yetkin-

Arik et al., 2019). Nowadays it has been widely described that lactate is not only a product of anaerobic 

metabolism but can also function as a signaling molecule via specific receptor G protein-coupled receptor 81 

or monocarboxylate transporters (reviewed in Li et al., 2022). 
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Beyond its role in glycolysis, LDHA activity has been related to NAD+ level replenishment since during 

glycolysis, NADH levels are increased while NAD+ decreased. First, glyceraldehyde 3-phosphate (G3P) is 

oxidized to 1,3-bisphosphoglycerate by enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH). This 

transformation is coupled with the reduction of cytosolic NAD+ to NADH. There are three distinct 

mechanisms for oxidizing NADH in the cytosol and regenerating NAD+. The first two mechanisms depend on 

the cytosolic enzyme malate dehydrogenase 1 and glycerol 3-phosphate dehydrogenase 1, which are 

components of malate-aspartate and glycerol-3-phosphate shuttles, respectively. The third mechanism for 

oxidizing NADH involves the reduction of pyruvate to lactate by LDH. Additionally, during its role in NAD+ 

generation, LDH has been related to hydrogen peroxide (H2O2) production (reviewed in Corkey et al., 2020). 

I.6.1.1- Glycolytic offshoots pathways 

(i) Pentose phosphate pathway (PPP) 

The PPP is an important part of glucose metabolism that takes place in the cytosol and supplies 

nicotinamide adenine diphosphate (NADPH) and ribose-5-phosphate (R5P). As mentioned earlier, the second 

metabolite generated during glycolysis is G6P, which results from the phosphorylation of glucose by HK. 

Instead of continuing its pathway in glycolysis towards pyruvate production, alternatively G6P can enter the 

PPP. This pathway is divided into two phases. 

● The oxidative phase of PPP (oxPPP): The main objective is generating reducing power in the form of 

NADPH, which is subsequently needed for anabolic pathways to be used as a substrate of lipid synthesis 

and NADPH oxidases. The latter enzymes participate in pathogen elimination (reviewed in Piacenza et 

al.,2019), and the production of reduced glutathione (GSH) to control reactive oxygen species and 

oxidative damage (Krüger et al., 2011) (Figure VII). In the oxPPP, G6P is metabolized by the rate-limiting 

glucose-6-phosphate dehydrogenase (G6PD), which dehydrogenates G6P and catalyzes the first reaction 

of NADP+ reduction to NADPH. Subsequently, another reduction reaction generates one more NADPH 

molecule, and the final product of this phase, ribulose-5-phosphate (Ru5P), in a reaction releasing an H+ 

ion and one molecule of CO2 (Stincone et al., 2015). 

● Non-oxidative phase of PPP non-oxPPP: The main objective of this phase is generating ribose-5-

phosphate (R5P), which serves as a precursor for nucleotides and coenzymes such as ATP, NAD, flavin 

adenine dinucleotide (FAD), and coenzyme A (reviewed in Tong et al., 2009). Another important 

carbohydrate generated by this pathway is erythrose-4-phosphate, which is necessary for the synthesis 

of aromatic amino acids (Figure VII). R5P can be generated through different reversible reactions. First, it 

can be generated by the isomerization of Ru5P by pentose-5-phosphate isomerase. Additionally, the 

direct incorporation of glycolytic metabolites, such as fructose-6-phosphate (F6P) and G3P, in the non-

oxPPP has been described. These metabolites, through reversible reactions catalyzed by transketolases 
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and transaldolases, can generate R5P. Because these are reversible reactions, ribose-5-phosphate can 

also be converted back to glycolytic intermediates to feed glycolysis according to cellular needs. 

Therefore, this phase of the pathway connects the metabolic processes that generate NADPH with those 

that produce macromolecule synthesis, i.e., NADH and ATP (Stincone et al., 2015). 

(ii) Synthesis of non-essential amino acid 

Different intermediate metabolites from glycolysis can serve as precursors for the synthesis of non-

essential amino acids, such as alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine, 

glycine, proline, serine, and tyrosine. Alanine is derived from the direct condensation of pyruvate with 

glutamate to release α-ketoglutarate (Figure VII). Tyrosine is formed by a condensation reaction between 

glycolytic phosphoenolpyruvate and erythrose-4-phosphate from the PPP (Figure VII). Additionally, 3-

phosphoglycerate is used for the synthesis of serine, glycine, and cysteine. Serine is generated through 

reduction and transamination reactions with glutamate. Glycine is synthesized from serine by removing a 

carbon atom using the tetrahydrofolate carrier. Cysteine synthesis requires serine as the carbon backbone 

and methionine for the sulfur atom (Litwack, 2018). This metabolic pathway has been targeted in diseases 

such as lymphoblastic leukemia by inhibiting the carbon transfer to tetrahydrofolate (Gerald Litwack, 2018). 

 

Figure VII. Schema of glucose uptake, canonical glycolysis, and pathways offshoot of glycolysis: pentose 
phosphate pathway and non-essential amino acid synthesis. ADP, adenosine monophosphate; ATP, adenosine 
triphosphate; CTP, cytosine triphosphate; DHAP, dihydroxyacetone phosphate; E4-P, erythrose-4-phosphate; FAD, 
flavin adenine dinucleotide; GLUT1, glucose transporter 1; GSSG, glutathione disulfide; GTP, guanidine 
triphosphate ; G3P, glyceraldehyde-3-phosphate; G6PD, glucose-6-phosphate dehydrogenase; HKII, hexokinase II; 
LDH, lactate dehydrogenase; NAD/NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine 
dinucleotide phosphate; PFKFB3, 6-phosphofructo-2-kinase; UTP, uridine triphosphate; 3PG, 3-phosphoglycerate. 
Created with BioRender.com. 
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I.6.2- Tricarboxylic acid cycle (TCA) 

The tricarboxylic acid cycle (TCA) or citric acid cycle, also known as the Krebs cycle, serves as the 

mitochondrial hub for the last steps in carbohydrate catabolism. The main functions of the citric acid cycle 

are: (i) to produce metabolites that can act as HIF-1α inductors or in nucleotide and amino acid synthesis 

(Tannahill et al., 2013); (ii) to capture the electrons that are released from molecules oxidation for later 

transference to ETC; and (iii) it has been recently described to have a role in NADPH mitochondrial 

production (reviewed in Bradshaw, 2019).  

Under aerobic conditions, pyruvate generated by glycolysis passes through the pores of the outer 

mitochondrial membrane and is transported across the inner mitochondrial membrane by the mitochondrial 

pyruvate carrier (MPC). In the mitochondrial matrix, pyruvate is converted to acetyl-CoA and CO2 in an 

irreversible reaction by the pyruvate dehydrogenase complex (PDC). The NADH formed in this reaction 

donates a hydride ion to complex I of the ETC. PDC, a hub between cytosolic and mitochondrial metabolism, 

is composed of three subunits and requires some cofactors for its function: thiamine pyrophosphate, lipoic 

acid, FADH2, and NADH. The complex is highly regulated primarily by covalent modifications; it can be 

allosterically activated by pyruvate and NAD+, and inhibited by acetyl-CoA and NADH. The phosphorylation of 

PDC, conducted by pyruvate dehydrogenase kinase (PDK), decreases enzyme activity, and PDC can be 

dephosphorylated by a calcium-mediated phosphatase (Figure VIII). 

The oxidation of acetyl-CoA, derived from glucose or fatty acids, takes place in the TCA cycle. The TCA 

cycle is composed of eight enzymes located in the mitochondrial matrix, except for succinate dehydrogenase 

(SDH), which is located in the inner mitochondrial membrane. Four of the eight chemical reactions 

conforming TCA are oxidation reactions, in which the oxidation energy is efficiently preserved in the form of 

reduced coenzymes NADH and FADH2, which are directly transported to the mitochondrial ETC. To initiate a 

cycle, acetyl-CoA donates its acetyl group to the four-carbon compound oxaloacetate (OAA), so that citrate 

synthase assembles the six carbons of citrate. The resulting mitochondrial citrate can exit the mitochondria 

through the SLC25A1 transporter, which exchanges mitochondrial citrate for cytosolic malate, or it can 

continue in the citric acid cycle by converting it to isocitrate through the action of aconitase. The overall 

citric acid cycle is connected to the ETC, and one of the enzymes in the cycle, succinate dehydrogenase, 

which converts succinate to fumarate by oxidation, has the unique property of being part of the cycle, while 

also being complex II of the ETC. 

Beyond the TCA function in energy production, different metabolites from the TCA cycle can serve as 

precursors for non-essential amino acid synthesis. In most amino acid synthesis pathways, the required 

amino group is derived from glutamate through a transamination reaction. Therefore, the direct synthesis of 

glutamate from α-ketoglutarate of TCA and NH4 is essential. This direct amination is conducted by NADPH-
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dependent glutamate dehydrogenase, located in the mitochondrial matrix. Once glutamate is synthesized, 

other amino acids can be produced, such as glutamine, which is derived from glutamate amination by 

glutamine synthetase, arginine, and proline. Glutamate can also be used for glutathione (γ-L-glutamyl-L-

cysteinylglycine) synthesis, which is a tripeptide present in the body that is important for antioxidant 

processes and drug metabolism, acting as an enzyme substrate of glutathione peroxidase, glutathione S-

transferase, and thiol transferase. Glutathione is usually present in its reduced form, GSH, which is 

maintained at the expense of NADPH, but GSH can be oxidized into GSSG under oxidative stress conditions. 

GSSG is a disulfide derivative derived from two glutathione molecules connected by a disulfide bond. 

Another TCA metabolite used for the direct synthesis of non-essential amino acids is oxaloacetate, which 

captures the amino group from glutamate, generating aspartate and α-ketoglutarate. This aspartate then 

captures another amino group from glutamine in an ATP-dependent reaction to generate asparagine and 

glutamate (Gerald Litwack, 2018) (Figure VIII). 

I.6.2.1- TCA alternative pathways 

Mitochondrial citrate can have different destinations depending on cellular conditions and needs. It 

can continue in the TCA cycle or exit the cytosol through the SLC25A1 transporter. In the cytosol, citrate is 

metabolized by ATP citrate lyase (ACLY) to form acetyl-CoA and OAA. The generated OAA can be converted 

to malate in the cytosol by cytosolic malate dehydrogenase (MDH), regenerating NAD+. Malate can then 

reenter the mitochondria through the SLC25A1 transporter and be reincorporated into TCA, or it can be 

converted to pyruvate in the cytosol by malic enzyme 1 (ME1), generating NADPH in the process. If pyruvate 

is produced, it can go through different pathways (Figure VIII): (i) it can be converted to lactate by LDH in the 

cytosol; (ii) it can enter the mitochondria, where it can be metabolized by PDH to generate acetyl-CoA; or (iii) 

it can be directly transformed into malate in the mitochondria by malic enzyme 2 (ME2), which is called the 

citrate-pyruvate shuttle. Therefore, mitochondrial citrate has different fates, providing metabolic flexibility 

and adaptation to cellular needs (Arnold et al., 2022). 

In contrast, cytosolic acetyl-CoA may have several destinations. 

(i) Acetylation 

Acetyl-CoA can play a key role in chromatin remodeling by modifying histone acetylation facilitating 

the transcription of genes (Figure VIII). The accessibility of transcription factors to deoxyribonucleic acid 

(DNA) depends on histone modifications such as methylation, acetylation, phosphorylation, and sumoylation 

(reviewed in Judge et al., 2020). When histones are acetylated in the amino group (by acetylase enzymes), 

their positive charge is reduced, decreasing their interaction with DNA, relaxing chromatin condensation, 

and allowing the access of transcription factors. Histone deacetylation, conducted by NAD+-dependent 

deacetylases called sirtuins, has the opposite effect, silencing gene transcription. The regulation of histone 
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acetylation depends not only on the balance between acetylase and deacetylase enzymes, but also on 

nutrient availability and acetyl-CoA levels (reviewed in Boukouris et al., 2016). In the context of aortic valve 

and CAVD, the reduction of histone deacetylase 6, which promotes aortic valve calcification via the ER stress-

mediated osteogenic pathway, has been recently reported (Fu et al., 2019).  

(ii) Lipid synthesis 

Acetyl-CoA can serve as a substrate for lipid synthesis in several steps of NADPH-dependent reactions 

(Figure VIII). Excess of lipids can be conjugated with proteins and secreted into the circulation or accumulate 

in cells in the form of lipid droplets. In the aortic valve and CAVD context, circulating lipids and lipid 

deposition have been associated with early CAVD onset.  

I.6.3- Glutaminolysis 

Glutaminolysis is a catabolic pathway that converts the amino acid glutamine into α-ketoglutarate in 

two steps. Glutamine is highly present in the blood and is considered a key anaplerotic substrate used by 

cells to replenish the TCA cycle and participate in ATP synthesis (Judge et al., 2020). The first step in 

glutaminolysis is the hydrolysis of the amino group of glutamine, catalyzed by glutaminase (GLS1), a 

mitochondrial enzyme that generates glutamate and ammonia (NH3). Both reaction products can be later 

used for nucleotide synthesis but can also be transferred to a ketoacid, leading to the synthesis of non-

essential amino acids. The glutamate generated can be secreted or transformed into α-ketoglutarate to fuel 

the TCA cycle. The conversion of glutamate to α-ketoglutarate can occur through three enzymes: glutamate 

dehydrogenase, alanine transaminase, and aspartate transaminase, the latter being part of the malate-

aspartate shuttle. In these reactions, aspartate, CO2, and ammonia are also generated (Judge et al., 2020) 

(Figure VIII). 

Glutaminolysis occurs in proliferative cells, such as lymphocytes, and especially in tumor cells (Judge et 

al., 2020). In some tumor cells, the TCA is truncated by aconitase, an enzyme catalyzing the conversion of 

citrate to isocitrate, which is damaged by high concentrations of reactive oxygen species (Raineri et al., 

1995). Furthermore, tumor cells overexpress glutaminase and malate decarboxylase or malic enzymes to 

generate alternative pathways for energy production from α-ketoglutarate. In summary, glutaminolysis is 

another fundamental pillar for energy production in malignant cells because, apart from being unaffected by 

ROS production, it provides the cell with significant energy (reviewed in Kodama et al., 2020). 
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Figure VIII. Schema of the lower part of glucose metabolism: tricarboxylic acid cycle and its alternative 
pathways and glutaminolysis. ACLY, indicates acetyl-CoA citrate lyase; ACO, aconitase; ATP, adenosine 
triphosphate; CS, citrate synthase; FH, fumarate dehydrogenase; GLS1, glutamine synthase 1; IDH3, isocitrate 
dehydrogenase 3; MDH1, malate dehydrogenase 1; MDH2, malate dehydrogenase 2; ME1, malic enzyme 1; ME2, 
malic enzyme 2; MPC1, mitochondrial pyruvate carrier 1; NADH, nicotinamide adenine dinucleotide; NADPH, 
nicotinamide adenine dinucleotide phosphate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase complex; 
PDK4, pyruvate dehydrogenase kinase 4; SDH, succinate dehydrogenase.  Created with BioRender.com. 

I.6.4- Mitochondrial electron transport chain (ETC) and oxidative phosphorylation (OXPHOS)  

The main goal of the oxidation of carbohydrates, fatty acids, and amino acids is to generate energy in 

the form of ATP via OXPHOS through reactions that involve the transfer of electrons from NADH and FADH2 

to O2, taking place in the ETC (Figure IX). ATP is the molecule that carries energy within cells, in addition to 

other functions, such as signaling and transducer molecule, as well as DNA synthesis. In fact, a significant 

role of ATP and adenosine as endogenous signaling molecules in immunity and inflammation has been 

reported (Bours et al., 2006).  

The objective of the last stage of cellular respiration through the ETC is to transfer energy from 

electron carriers to ATP molecules in a reaction called OXPHOS. The ETC is composed of five transmembrane 

protein complexes that function as dehydrogenase enzymes capable of accepting and donating electrons: 

complexes I, II, III, IV, and V, also called ATP synthase. The electrons transported by ETC come from the 

reduction equivalents from the upper catabolic pathways, glycolysis, and the TCA cycle, in the form of 

reduced nicotinamide (NADH or NADPH) and flavin nucleotides (FMN or FADH2). The ETC begins with 

complex I capturing electrons from NADH, and complex II or SDH (consisting of four subunits, A, B, C, and D) 

capturing electrons from succinate and FADH2. The electrons captured by both complexes are transported by 

ubiquinone to the next complex. Complex III transports electrons from ubiquinone to cytochrome C (cyt C), 

allowing electrons to reach complex IV, which transfers electrons from cytochrome C to the final electron 
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acceptor, O2. In healthy mitochondria, the ETC is coupled to ATP synthesis. When electrons pass from one 

carrier to another, the energy they lose is used to pump hydrogen ions from the mitochondrial matrix to the 

intermembrane space, creating an electrochemical gradient and a proton-motive force. Through the ATP 

synthase complex, this force drives the protons back into the mitochondrial matrix, generating the energy 

necessary for ATP synthesis from ADP and inorganic phosphate (reviewed in Yin et al., 2021) (Figure IX). 

In the case of the TCA cycle, the reduction equivalents reach the transport chain directly, whereas the 

NADH generated in glycolysis must cross the mitochondrial membrane, which is relatively impermeable. 

Therefore, they require shuttle systems that are necessary not only for transport but also for the more 

efficient regeneration of cytosolic NAD+ (reviewed in Yin et al., 2021). The shuttle systems are detailed 

below: (i) Malate-aspartate shuttle: Transfers the reduction equivalents from cytosolic NADH to cytosolic 

OAA to generate malate through cytosolic MDH. Malate then enters the mitochondria through the malate-

aspartate shuttle. In mitochondria, malate is converted back to OAA by mitochondrial MDH, generating 

NADH (Judge et al., 2020) (Figure IX). (ii) Glycerol-3-phosphate shuttle: The reduction equivalents are 

transferred from cytosolic NADH to dihydroxyacetone phosphate by cytosolic glycerol-3-phosphate 

dehydrogenase to generate glycerol-3-phosphate. Subsequently, the electrons pass directly from G3P to 

ubiquinone, which is part of the ETC (Langston et al., 2019) (Figure IX). 

 

Figure IX. Schema of mitochondrial shuttles, electron transport chain and oxidative phosphorylation. ATP, 
adenosine triphosphate; CoQH2, coenzyme Q; CytC, Cytochrome C; DHAP, dihydroxyacetone phosphate; ETC, 
electron transport chain; FAD/FADH2 flavin adenine dinucleotide; GA3P, glyceraldehyde-3-phosphate; G3P, 
glycerol-3-phosphate; G3PDH, glycerol-3-phosphate dehydrogenase; NAD/NADH, nicotinamide adenine 
dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; MDH1, malate dehydrogenase 1; MDH2, 
malate dehydrogenase 2; 3PG, 3-phosphoglycerate; OAA, oxaloacetate. Created with BioRender.com. 
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I.7- Other metabolic pathways 

I.7.1- Synthesis of nucleotides  

The nucleotide synthesis pathway is important due their multiple cellular functions. Nucleotides have 

a structural role, since 5'-monophosphate nucleotides, ribonucleotides, and deoxyribonucleotides are the 

monomers for building up cellular DNA and RNA. Additionally, they play a role in storing and providing 

chemical energy, primarily through adenosine phosphates, owing to the phosphoester bond between 

adenine and phosphoric acid molecules, thereby generating AMP, ADP, or ATP. Other molecules analogous 

to ATP are guanosine triphosphate (GTP), cytidine triphosphate (CTP), and uridine triphosphate (UTP); 

however, they have a more limited role as energy sources. Additionally, nucleotides are also components of 

cofactors such as NAD, NADP, FAD, and coenzyme A. Finally, some nucleotides can function as chemical 

intracellular messengers. For example, cyclic adenosine monophosphate (cAMP) is formed in cells from ATP 

and can function as a mediator of many hormonal processes by transducing and amplifying signals. 

The de novo synthesis of nucleotides requires R5P generated in PPP, which needs to be activated to 

phosphoribosyl-1-pyrophosphate (PRPP) through the enzyme PRPP synthase, an ATP-dependent reaction. 

This pathway also requires amino acids, such as glycine, glutamine, and aspartate, derived from the 

synthesis of non-essential amino acids, CO2, tetrahydrofolate, and NH3. Although the metabolites required 

for nucleotide synthesis are the same, metabolic pathways differ between the synthesis of purine bases 

(adenine and guanine) or pyrimidine bases (thymine, cytosine, and uracil) (reviewed in Huang et al., 2021). 

On the one hand, purines are composed of a bicyclic structure and the first step is the transfer of an 

amino group from glutamine to PRPP, catalyzed by the enzyme glutamine phosphoribosylpyrophosphate 

amidotransferase (GPAT), the most critical in purine synthesis. The synthesis continues in nine additional 

steps, culminating in the synthesis of inosine monophosphate (IMP), which is later transformed into AMP 

and GMP. The conversion of IMP to AMP or GMP requires energy in the form of GTP or ATP, respectively. 

The generated monophosphate nucleotides can be further converted into di- or triphosphate forms 

(reviewed in Huang et al., 2021) (Figure X). 

On the other hand, the synthesis of pyrimidine bases does not involve PRPP in the first step but later. 

The initial step of the pathway starts with the synthesis of carbamoyl phosphate from glutamine, CO2, and 

two ATP molecules in a reaction catalyzed by carbamoyl phosphate synthetase II. Following this, five 

reactions requiring aspartate in the second step and PRPP in the fifth step led to the synthesis of uridine 

monophosphate (UMP). Like IMP, UMP serves as an intermediate for the synthesis of other pyrimidines that 

can be phosphorylated later (reviewed in Huang et al., 2021) (Figure X). 
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Figure X. Schema of nucleotide and coenzyme synthesis using PRPP derived from PPP-generated R5P. In this 
scheme, carbons are represented as circles labeled with C of different colors, depending on their precedence. 
NH3 groups are represented as small circles of different colors depending on the amino acid they originate from. 
AMP, indicates adenosine monophosphate; ATP, adenosine triphosphate; CMP, cytidine monophosphate; GMP, 
guanosine monophosphate; IMP, inosine monophosphate; PRPP, phosphoribosyl pyrophosphate; THF, 
tetrahydrofolate; UMP, uridine monophosphate. Created with BioRender.com. 

I.7.1.1- Synthesis of cofactors from nucleotides 

Coenzymes are organic, non-protein cofactors that do not have a specific substrate but are necessary 

as support for the function of other enzymes that act specifically. These enzymes catalyze oxidation and 

reduction reactions in the cell, and coenzymes help them by transferring electrons. Therefore, coenzymes 

typically exist in two forms, oxidized, and reduced. They function as carriers of functional groups, electron 

donors or acceptors, or carriers of specific chemical groups during enzymatic reactions. Examples of 

coenzymes include NAD+, NADP+, FAD, and coenzyme A. 

In mammals, NAD+ is synthesized by three pathways, both of which require PRPP (Figure XI): de novo 

synthesis from tryptophan, the Preiss-Handle, and the salvage pathway. In the de novo and Preiss-Handle, 

tryptophan, and nicotinic acid, respectively, are condensed with PRPP to generate nicotinic acid 

mononucleotide (NAMN). NAMN is subsequently condensed with ATP by nicotinamide mononucleotide 

adenyltransferase (NMNAT). Finally, the conversion of the nicotinic acid moiety to nicotinamide by 

glutamine-dependent NAD+ synthetase (NADS) generates NAD+. In the salvage process, precursors such as 

vitamin B3 compounds nicotinamide (NAM) or nicotinamide ribose (NR) generate nicotinamide 

mononucleotide (NMN) by nicotinamide phosphoribosyltransferase (NAMPT) or nicotinamide riboside 

kinase (NRK). Finally, NMN is condensed with ATP by the NMNAT enzymes to synthesize cellular NAD+. On 
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the other hand, NADP+ has the same formulation as NAD+, but it has a phosphate group linked to carbon 2’ 

of adenine, which is transferred to NAD+ by NAD kinase (reviewed in Audrito et al., 2020). 

The NAD+/NADH balance is crucial, as NAD+ is required for the proper functioning of many metabolic 

enzymes and NADH is necessary for driving ATP synthesis in the electron chain. Additionally, NAD+ plays a 

significant role in signaling pathways, post-translational modifications, and epigenetic changes owing to its 

role as a cofactor for poly(ADP-ribose) polymerase 1 and NAD-dependent deacetylases (sirtuins) (reviewed 

in Chini et al., 2021). On the other hand, NADP+ is essential in both anabolic and catabolic reactions. 

Catabolic pathways provide energy, among other things, in the form of NADPH, which acts as a cofactor for 

many enzymatic reactions. Subsequently, NADPH is used in anabolic processes, where it serves as a cofactor 

for reductases, providing the energy necessary for the synthesis of macromolecules from small molecules. As 

previously mentioned, the major source of NADPH in humans is the oxPPP, which supplies 60% of the cell 

requirements (Krüger et al., 2011).  

Another group of cofactors belongs to the flavin nucleotide family, which is a derivative of riboflavin 

(vitamin B2), a nucleoside composed of a flavin nitrogenous base and ribitol pentose, derived from R5P. Two 

oxidized forms are primarily found, flavin mononucleotide (FMN), which is a phosphoric acid molecule 

attached to riboflavin and, the most common form, flavin adenine dinucleotide (FAD), which has the same 

structure than FMN but is attached to an adenine nucleotide. These cofactors also function as electron 

carriers in redox reactions, although the most common form in metabolic reactions is FADH2. However, the 

main difference with nicotinamide coenzymes is that flavin coenzymes are tightly bound to enzymes; 

therefore, they are considered prosthetic groups. 
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Figure XI. Schematic of cofactor synthesis using PRPP derived from PPP-generated R5P. ATP, adenosine 
triphosphate; NAD+, nicotinamide adenine dinucleotide; NADP+, nicotinamide adenine dinucleotide phosphate; 
NAMN, acid mononucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NMN, nicotinamide 
mononucleotide; NMNAT, nicotinamide mononucleotide adenyltransferase; PRPP, phosphoribosyl 
pyrophosphate. Created with BioRender.com. 

I.8- Metabolism and CAVD 

Evidence from previous studies has highlighted the importance of metabolism in the development of 

CAVD. The first evidence was in 1995, when a metabolic aspect, such as the increased serum levels of Lp (a) 

were associated with AV sclerosis (Gotoh et al., 1995). Years later, other lipidic component such as LDL-

cholesterol, was found in valve areas developing sclerosis and stenosis (Mothy et al., 2008 & Nkomo et al., 

2006). From that point until the present, several studies have associated other lipids such as apolipoprotein-

(a) and (b) with calcium in stenotic lesions and faster disease progression (Zheng et al., 2019). As a 

consequence of these discoveries, several other studies have been performed to understand the 

mechanisms implied in this association as well as lipid-lowering therapies (reviewed in Nsaibia et al., 2022). 

More recently, Surendran et al., 2020, in a metabolic analysis of the signature of aortic stenosis, discovered 

19 metabolites that were differentially expressed in healthy versus stenotic valves, according to the AV 

calcification score (C-Score). The three most significantly altered pathways were involved in lipid metabolism 

and biosynthesis: glycerophospholipid metabolism, linoleic acid metabolism, and bile acid biosynthesis. In 

line with this altered lipid metabolism, a recent  in vitro study using the VIC model in Garaikoetxea et al., 

2022 showed that fatty acid-binding protein 4 (FABP4) expression and secretion are upregulated in VIC 

exposed to osteogenic media along with enhancement of inflammatory, pro-apoptotic, and osteogenic 

markers. FABP4 is a chaperone that plays a role in metabolism by regulating lipolysis, leading to cholesterol 
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ester accumulation, foam cell formation, and endothelial damage. Additionally, the secreted form can act as 

an adipokine that plays a role in the regulation of metabolism and inflammation (Li et al., 2021). 

The first evidence related to glucose metabolism was published in Heather et al. (2011), who 

demonstrated a downregulation of genes regulating fatty acid and oxidative metabolism, accompanied by 

the upregulation of glucose transporters in heart biopsies of patients with hypertrophy and aortic valve 

impairment. Interestingly, some of these genes are known to be transcriptionally regulated by HIF-1α factor, 

which has also found to be present in stenotic valves (Perrotta et al., 2015). Moreover, other studies from 

2015 started to associate glucose uptake with RUNX2 expression, since glucose inhibits the AMPK-

dependent proteasomal degradation of Runx2, thus leading to osteoblast differentiation (Wei et al., 2015). 

In the context of glucose metabolism, other studies on VIC derived from sheep and exposed to diabetic 

conditions, have demonstrated an upregulation of glycolysis, mitochondrial metabolism and OXPHOS under 

high-level insulin or glucose treatment, leading to increased collagen type I production while decreasing α-

SMA but no morphological or mineralization changes, suggesting a potential role of diabetes in the early 

phases of aortic valve degeneration (Selig et al., 2019). Additionally, it has been described that pressure 

overload in AS triggers not only structural but also metabolic remodeling, increasing the risk of 

decompensation into heart failure going through left ventricular hypertrophy. The most common metabolic 

reprogramming occurring in AS is an abnormal cardiac substrate use going through the downregulation of 

fatty acid oxidation with the increased reliance on glucose metabolism and subsequent lipid accumulation 

on the myocardium (reviewed in Monga et al., 2022). Very recent evidence revealing new insights into the 

metabolic aspects of CAVD by Fu et al. (2022), S. Wang et al. (2022), Liu et al. (2023) and Zhong et al. (2023) 

will be discussed in the Discussion section.  

Metabolic changes in many cellular models have been linked to alterations in cellular homeostasis and 

ROS generation of reactive oxygen species. Metabolic rewiring has been associated with changes in 

NAD+/NADH, NADP+/NADPH, and GSSG/GSH ratios, as well as the production of superoxide anion (O2
-) and 

H2O2. In CAVD, H2O2 and the absence of antioxidant enzymes have been found to be significantly increased in 

valves of stenotic patients, particularly in areas close to calcified regions (Miller et al., 2008 & Hilaire et al., 

2022). Moreover, the potential role of ROS in initiating CAVD has been described, as ROS has also been 

observed in patients with sclerosis before stenosis occurs (Branchetti et al., 2013). A direct role for ROS in 

the calcification of porcine aortic interstitial cells via the MAPK cascade has been reported (Das et al., 2013).  

In conclusion, the association between inflammation and metabolism in CAVD pathogenesis is poorly 

understood, and the scrutiny of the metabolic pathways will shed light into the initial stages of the disease, 

and it might disclose novel therapeutic alternatives to end-stage valve replacement.  
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M.1-Valve samples 

M.1.1- Human aortic valve samples 

Human aortic valve samples were obtained from patients undergoing cardiac surgery in the Hospital 

Clínico Universitario of Valladolid. Diagnostic protocols and surgical procedures for heart transplantation and 

valve replacement followed the current European guidelines for heart transplantation. Moreover, the study 

was conducted in accordance with the Helsinki Declaration and approved by the Review Board and Ethics 

committee of the Hospital Clínico Universitario of Valladolid (IRB protocol number PI 15-263). All patients 

were informed and provided written consent.  

This study used a total of 45 control aortic valves (34 male/11 female patients), and 20 calcified aortic 

valves (12 male/8 female patients) (Figure XII). Details of the donor clinical characteristics are shown in 

Table I. Control non-mineralized valves were from recipients of heart transplantation with valve disease 

excluded by echocardiography. Calcified valves were obtained from patients with non-rheumatic severe 

aortic valve stenosis. Non-mineralized valves, used as control, were obtained from recipients of heart 

transplantation with no valve disease, confirmed by echocardiography. Patients’ age ranges from 55 to 76 

years old and were not biased for gender (Table I). Criteria for the inclusion of calcified valves in the study 

include having an aortic valve area of 0.7 ± 0.2 cm2, a hemodynamic peak gradient of 88 ± 22 mmHg and a 

mean gradient of 56 ± 15 mmHg. Representative pictures of control and calcified valves are shown in Figure 

XII. After surgery, a small part of the valves was stored at -80oC for later RNA extraction while the rest of the 

valve was used for valve cell isolation and culture. It is important to highlight that throughout this study, N 

indicates the number of VIC isolates from independent valve donors.  

 

 

 

 

 

 

 

 

 

 

Figure XII. Photographs of a control (left) and a calcified (right) aortic valve included in this study. 
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Table I. Clinical characteristics of the valve donors in the study. All patients were Caucasian. Data are expressed 
as mean average ± SD for continuous variables or percentage of patients (%) for categorical variables. P-value was 
calculated using the Student´s t test (categorical variables), Fisher´s exact (frequency under 5) or chi-square tests 
(continuous variables). Characteristics and comorbidities were not significantly different between male and 
female groups. 
     Control valves Calcified valves 

 Male  

(N=34) 

Female  

(N=11) 

p-value Male 

(N=12) 

Female 

(N=8) 

p-value 

Age 

 

56.51±10.78 

(17-71) 

58.27±7.86 

(47-70) 

0.623 77.38±5.61 

(63-84) 

78.38±4.41 

(75-82) 

0.676 

Hypertension 6 (17.65%) 1 (9.10%) 0.663 4 (33.33%) 6 (75%) 0.169 

Hypercholesterolemia 8 (23.53%) 2 (18.18%) >0.99 6 (50%) 4 (50%) 0.373 

Diabetes mellitus 11 (32.35%) 3 (27,27%) >0.99 3 (25%) 2 (25%) >0.99 

Smoking 10 (29.41%) 1 (9.10%) 0.246 4 (33.33%) 0 (0%) 0.117 

Renal failure 2 (5.88%) 0 (0%) >0.99 1 (8.33%) 0 (0%) >0.99 

 

 

Etiology of heart failure 

-Ischemic 18 (52.94%) 

-Idiopathic 10 (29.41%) 

-Sarcoidosis 1 (2.94%) 

-Cardiomyopathic 

hypertrophy 2 (5.88%) 

-Non-compaction 

cardiomyopathy 2 (5.88 %) 

-Valvular 1 (2.94%) 

-Ischemic 4 

(36.36%) 

-Idiopathic 6 

(54.55%) 

-Cardiomyopathic 

hypertrophy 2 

(5.88%) 

 

0.643 - - - 

 

 

 

 

 

Aortic valve area (cm2)    0.78±0.12 0.76±0.17 0.851 

Peak gradient (mmHg)    66.91±14.93 78.2±14.94 0.169 

Mean gradient (mmHg)    44.31±12.93 46±11.34 0.863 

Statins    5 (41.67%) 5 (62.5%) 0.649 

 

M.1.2-Porcine aortic valve samples 

Porcine valves, widely used as analogue for endothelial and interstitial adult human valve cells, were 

used to validate alterations in metabolic gene profile in human valve cells. Porcine cells were used under 

supervision of Dr Butcher during a short-term stay in Cornell University, Ithaca. Non-mineralized porcine 

valves were used to isolate Porcine Aortic Valvular Endothelial Cells (PAVEC) and Porcine Aortic Valvular 

Interstitial Cells (PAVIC). These valves were kindly provided by Shirk Meats, Dundee, NY.  
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M.2- Human VIC and porcine VIC and VEC isolation and culture 

M.2.1- Cell isolation and culture of human VIC and porcine VIC and VEC 

Human VIC were isolated from human tricuspid aortic valve following protocols previously described 

(Meng et al., 2008 & López et al., 2012). First, valve cusps were rinsed with M199 medium (Corning Life 

Science, Tewksbury, MA) and then digested with 2.5 mg/mL type II collagenase (Invitrogen, Carlsbad, CA) 

also in M199 medium for 30 minutes at 37oC in a shaking bath. Next, samples were quickly vortexed to 

remove endothelial valve cells. VIC populations were obtained by an additional digestion of valve leaflets 

with a 0.8 mg/mL collagenase solution for 3h at 37oC in a shaking bath. The cell suspension was then quickly 

vortexed and centrifuged at 500 x g for 8 minutes at 4oC. The supernatant was spun again at 1100xg for 8 

min at 4 ºC. The cells were resuspended in M199, seeded into 75 cm2 flask and cultured as indicated in the 

section M.2.2.  

PAVIC and PAVEC were isolated from porcine tricuspid valves also using a collagenase digestion 

procedure (Butcher et al., 2004). First, valve cusps were rinsed with PBS and digested in collagenase type II 

(600 U/mL in DMEM) for 10 minutes and 37oC in a sterile incubation at 5% CO2. The leaflets were then softly 

swabbed to remove the endothelial layer without disrupting the interstitium. Later, the cell suspension 

containing PAVEC was centrifuged at 300 x g for 5 min twice to gently collect all the endothelial cells, which 

were later resuspended in DMEM. Cells were seeded in 1% gelatin coated 25 cm2 flasks. The remaining 

tissue was further incubated with 600 U/mL collagenase at 37oC for 12-18 hours to isolate interstitial cells. 

After incubation, the cell suspension containing PAVIC was centrifuged at 300 x g for 5 min and PAVIC were 

collected, rinsed, and then seeded in DMEM in 25 cm2 flasks. 

M.2.2- Valve cell culture 

Human VIC were cultured in M199 growth media (Corning Life Science, Tewksbury, MA) 

supplemented with 10% heat-inactivated fetal bovine serum (FBSi) (Hyclone, Carlsbad, CA) and 1% 

antibiotic-antimycotic solution (100 units penicillin, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin) 

(Gibco Invitrogen, Carlsbad, CA). Human VIC were later cultured in a 5% CO2 incubator at 37oC under humid 

atmosphere. Media was replaced twice a week. Cells were grown to 85-90% confluence and detached using 

trypsin-ethylenediaminetetraacetic (EDTA) solution, and then passed 1:3 or 1:4. For experimental purposes, 

only cells between passages 3 to 7 were used. For long-term storage in liquid nitrogen only passages 1 to 4 

were processed. Cells were first frozen in FBSi supplemented with 10% of dimethyl sulfoxide (DMSO) at -

80oC and then transferred after 24h to liquid nitrogen containers.  

PAVIC and PAVEC were screened for phenotype characterization by RT-qPCR, immunofluorescence, 

and Western blot techniques (Gould et al., 2010). Only VEC cultures with consistent CD31 and VE-Cadherin 
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positive expression, cobblestone morphology, and non-detectable α-SMA markers were used for further 

experiments. PAVIC were cultured in tissue-culture treated flasks at 37oC and 5% CO2 in DMEM 

supplemented with 10% FBS (Invitrogen, Carlsbad, CA), 1% penicillin-streptomycin (P/S) (Invitrogen, 

Carlsbad, CA). PAVEC were cultured in flasks coated with 50 μg/ml rat-tail collagen I (BD Biosciences, San 

Jose, CA) at 37oC and 5% CO2 in DMEM supplemented with 10% FBS 1% penicillin-streptomycin. PAVIC were 

used at passages 3 to 6, while PAVEC were used at passages 3 to 5. 

M.2.3- Porcine 3D VIC-VEC co-cultures 

Collagen hydrogels were prepared as previously described (Butcher et al., 2006), consisting in 

constrained 3D-culture platforms made with polycarbonate negative molds to form circular wells from cast 

SylGard 184® poly-dimethylsiloxane (PDMS) (Dow Corning, Midland, MI, USA) (Figure XIII). Beveled edges 

were machined into the geometry to secure a Type 310 stainless steel compression spring (Lee Spring, 

Brooklyn, NY, USA). This configuration provides an equi-biaxial mechanical constraint of casted cellularized 

collagen hydrogels (Figure XIII). Type I rat tail collagen (Ibidi, Madison, WI, USA) hydrogels containing PAVIC 

were prepared as previously described (Butcher et al., 2006). Briefly, PAVIC cells were encapsulated within 

the collagen gel suspension (2 mg/mL) at 400,000 cells/mL density and seeded into the poly-

dimethylsiloxane scaffold. Hydrogels were then allowed to cast for 1h at 4oC, 1h at room temperature, and 

for 1h at 37oC. Later, PAVEC were topically seeded at 50,000 cells/cm2 density. Hydrogels were kept in 

general media (DMEM, supplemented with 10% FBS and 1% penicillin-streptomycin) for 24h prior to 

activation with inflammatory stimuli.  

 

Figure XIII. Schematic representation of in vitro 3D co-culture. Remodeling of collagen hydrogels containing 
encapsulated VIC over time. Hydrogels are contained by custom PDMS culture wells with inset stainless steel 
compression spring. Black arrows (left schematic) indicate inward gel compaction. On the right image, primary cell 
culture configurations for valve endothelial cells (VEC), valve interstitial cells (VIC) and co-culture of VEC + VIC. 
Modified from Gee et al., 2021. 

M.3- Protocol for cell activation 

Prior to activation, human VIC were cultured for at least 6 hours with activation media (M199 

supplemented with 2% FBSi and 1% antibiotic-antimycotic solution) and then treated with the indicated 

stimulus for the specified times in a final volume of 1 mL/well. When indicated, inhibitors, agonists, and 

drugs modulating metabolic routes were incubated for 1 prior to cell activation. A list of inflammatory 

stimuli, cytokines, TLR ligands and other metabolic activators, as well as working concentrations are shown 
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in Table II while a list of signaling and metabolic inhibitors with their corresponding working concentrations 

are listed in Table III.  

PAVIC and PAVEC hydrogels were kept in general media (DMEM, supplemented with 10% FBS and 1% 

penicillin-streptomycin) for 24h prior to activation with inflammatory stimuli LPS (100 ng/mL) + IFN-γ (5 

ng/mL), optimized to minimize cell death. Alternatively, hydrogels were exposed to osteogenic media 

(DMEM, supplemented with 10% FBS, 1% penicillin-streptomycin, 10 mM β-glycerophosphate, 50 µg/mL 

ascorbic acid and 100 ng/mL dexamethasone) to induce VIC differentiation into an osteoblast-like 

phenotype. Treatments were renewed every other day for 7 days. Microscopy images were taken along the 

experiment as control purposes. Hydrogels were processed either for protein or RNA extraction and FISH 

experiments, as detailed in following sections.  

 Table II. Stimuli used in this study. 
 
 

Stimuli Target Working concentration Vendor 

Diethyl succinate GPR91 5-10 mM Sigma Aldrich, St Louis, MO 

IFN-α (human recombinant) IFNAR 1/2 100 ng/mL Peprotech Inc, London, UK 

IFN-γ (human recombinant) IFNGR 1/2 100 ng/mL Peprotech Inc, London, UK 

IFN-γ (porcine recombinant) IFNGR 1/2 5 ng/mL R&D systems, Minneapolis, MI 

TGF-β (human recombinant) TGFR-β 10 ng/mL Peprotech Inc, London, UK 

TNF-α (human recombinant) TNFR 5 ng/mL Cell Biolabs, Rocky Hill 

LPS from E. Coli O111B4 TLR4 1 µg/mL in human cell cultures 
100 ng/mL in porcine 3D cultures 

Sigma-Aldrich, St. Louis, MO 

Poly (I:C) (HMW) TLR3 1 µg/mL Invivogen, San Diego, CA 

Sodium citrate SLC13A5 5 mM Sigma-Aldrich, St. Louis, MO 

Sodium lactate GPR81 15 mM Sigma-Aldrich, St. Louis, MO 

 

Table III. Pharmacological inhibitors, agonists and antagonists used in this study. 
 
 

Inhibitor Target Working 
concentration 

Vendor 

Antimycin A Mitochondrial complex III inhibitor 0.5 µM Sigma Aldrich, St Louis, MO 

BPTES Glutamine synthase I inhibitor 3 µM Sigma Aldrich, St Louis, MO 

Dimethyl malonate Succinate dehydrogenase A inhibitor 5 mM Sigma Aldrich, St Louis, MO 

FCCP Oxidative phosphorylation uncoupler 10 µM Sigma Aldrich, St Louis, MO 

G6PDi Glucose-6-phosphate dehydrogenase 10 µM Sigma Aldrich, St Louis, MO 

Metformin Mitochondrial Complex I inhibitor 
Mitochondrial glycerol-3-phosphate 
dehydrogenase inhibitor 
AMPK agonist 

5 mM Sigma Aldrich, St Louis, MO 

N-acetyl-L-cysteine GSH production enhancer 
ROS inhibitor 

10 mM Sigma Aldrich, St Louis, MO 

NF-κB SN50 NF-κB translocation inhibitor 50 µg/mL Calbiochem, Darmstad, 
Germany 

Oligomycin ATP synthase inhibitor 1.5 µM Sigma Aldrich, St Louis, MO 

PX-478 HIF-1α inhibitor 40 µM MedChem Express, Monmouth 
Junction, NJ 

Rotenone Mitochondrial complex I inhibitor 1 µM Sigma Aldrich, St Louis, MO 

Ruxolitinib JAK1/JAK2 inhibitor 6 µM InvivoGen, San Diego, CA 

Sodium Pyruvate dehydrogenase kinase 5 mM Sigma Aldrich, St Louis, MO 
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dichloroacetate inhibitor 

Sodium oxamate Monocarboxylate transporter-4 
inhibitor 

10 mM Sigma Aldrich, St Louis, MO 

Tunicamycin N-linked glycosylation inhibitor 10 µM Calbiochem, Germany 

TEPP-46 Pyruvate kinase M2 activator 50 µM Sigma Aldrich, St Louis, MO 

UK-5099 Mitochondrial Pyruvate Carrier 
Inhibitor 

50 µM Sigma Aldrich, St Louis, MO 

2-Deoxy-D-glucose Hexokinase II inhibitor 10 mM Sigma Aldrich, St Louis, MO 
 

M.4- Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

RT-qPCR is a method used for quantification of specific gene expression. First, complementary DNA 

(cDNA) is generated from total RNA using a reverse transcriptase. cDNA is later used as a template for q-PCR 

reaction based on the measurement of fluorophore incorporation within DNA in each amplification cycle.  

M.4.1- RNA extraction 

For the analysis of human VIC, total RNA was extracted using Tri Reagent® (Invitrogen, Carlsbad, CA) 

following the manufacturer´s protocol. Typically, 1 mL of reagent was used per 100,000 cells. Then, 

chloroform extraction was performed by adding 200 µL per 1mL of Tri Reagent. Samples were mixed 

thoroughly and centrifuged at 12,000 x g for 10 min at 4oC. The RNA-containing aqueous phase was collected 

and 500 µL of isopropanol were added. After mixing and incubating for 10 min at room temperature, 

samples were centrifuged at 12,000 x g for 10 min at 4oC. Supernatant was discarded and pellet was washed 

with 75% ethanol, air-dried, and resuspended in 15 µL of diethyl pyrocarbonate (DEPC)-treated water. Total 

RNA was measured by spectrophotometry using Nanodrop 1000 (Thermo Scientific, Waltham, MA).  

For the analysis of human valve leaflets, 35-50 mg of tissue from non-stenotic and stenotic valves from 

patients, stored at -80oC, were homogenized in 1mL of TRI Reagent® using mechanical disintegration with an 

Omni tissue homogenizer (Omni International, Atlanta, GA). Samples were then centrifuged at 12000 rpm 

for 10 min at 4oC and supernatants were collected for RNA extraction, as described above for human VIC. 

For the analysis of 3D porcine VIC-VEC co-culture model before RNA extraction cells were extracted 

from the hydrogel using collagenase digestion. 3D cultures were washed with PBS and digested with 

collagenase type II (600 U/mL) for 15 min at 37oC. Cells were then collected with Leibowitz media (Thermo 

Scientific, Carlsbad, MA) and wells were washed with Hank's Balanced Salt Solution (HBSS) before a second 

digestion with collagenase in the same conditions. Finally, cells were collected with Leibowitz media and 

centrifuged at 500 x g for 5 min. Cellular pellet was used for RNA extraction using E.Z.N.A. ® MicroElute® 

Total RNA kit (Omega, Bio-tek, Norcross, GA, USA) as described by the manufacturer. Total RNA was 

quantified using Nanodrop 1000 (Thermo Scientific, Waltham, MA). 
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M.4.2- Retrotranscriptase reaction to generate cDNA 

For the analysis of human VIC and valve leaflets, 1500 ng of total RNA was used to generate 

complementary DNA by retrotranscriptase reaction. First, RNA was mixed with 300 ng of random primers 

(Invitrogen, Carlsbad, CA), 1 µL of 10 nM triphosphate deoxyribonucleotides mix (dNTPs) (Amersham 

Biosciences, London, UK) and distilled water up to 12.5 µL. Samples were incubated for 5 min at 65oC. Then, 

4 µL of 5x First Strand Buffer (Invitrogen, Carlsbad, CA), 2 µL of 2 mM dithiothreitol (DTT) (Invitrogen, 

Carlsbad, CA) and 0.5 µL of ribonucleases inhibitor (RNAsin®) (Promega, Madison, WI) were added. Mixture 

was incubated for 2 min at 37oC. Finally, 1 µL of 200 U/ µL Moloney Murine Leukemia Virus retro-

transcriptase (M-MLV) (Invitrogen, Carlsbad, CA) was added. Samples were incubated at 25oC for 10 min, 

then at 37oC for 50 min and finally, at 70oC for 15 min.  

For the analysis of 3D porcine cells co-culture model, 1000 ng of total RNA were used to generate 

cDNA using a q-Script cDNA synthesis kit (Quantabio, Beverly, MA, USA), which is a mixture of an engineered 

M-MLV RT and a ribonuclease inhibitor protein. The protocol was performed as described by the 

manufacturer: 1 µL of M-MLV, 4 µL of 5x q-Script reaction buffer and distilled water up to 20 µL. Conditions 

used for retro-transcription reaction were: 5 min at 25oC, 30 min at 42oC and 5 min at 85oC.  

M.4.3- Quantitative PCR 

For the analysis of human VIC, 20 ng of cDNA were mixed with 0.4 µL of 10 µM of each primer for 

target genes, KAPA SYBR FAST ® master mix kit (Sigma Aldrich, St Louis, MO) and purified water was added 

to a final volume of 20 µL. Primers of human genes of interest used in the study are listed in Table IV, were 

obtained from previous reports and tested for 100% of complementarity with the target gene in the 

bioinformatics tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The qPCR was performed in a 

LightCycler480® (Roche Diagnostics, Rotkreuz, Switzerland) using the following conditions: (i) 5 min of 

denaturalization at 95oC, (ii) 45 cycles of 15 seconds at 95oC, 20 seconds at 60oC and 5 seconds at 72o, (iii) 

last cycle of 5 seconds 95oC, 1 min at 55oC and 10 seconds at 4oC. Transcription levels of each gene were 

normalized to GAPDH expression, a housekeeping gene used as an endogenous control. Data were 

expressed as 2-ΔCt (Ct=cycle threshold; ΔCt=Ct of gene-Ct of GAPDH). Samples amplifying at >37 cycles were 

considered non-detectable.  

For the analysis of swine 3D VIC-VEC co-cultures, 25 ng of cDNA were used. cDNA was mixed with 1 µL 

of 10 µM of each primer for the indicated target genes and 1X SYBR Green PCR master mix (Applied 

Biosystems, Foster City, Canada), and purified water was added up to 20 µL of final volume. The qPCR was 

conducted in a MiniOpticon Real-Time PCR Detection System (Bio-Rad, Hercules, Canada). The protocol 

included a total of 40 cycles, each of them consisting of 30 seconds at 95oC, 5 seconds at 95oC and 30 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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seconds at 60oC for PCR reaction followed by 10 seconds at 95oC, 5 seconds at 60oC and 5 seconds at 95oC 

for melting curve. Primers used are listed in Table IV and indicated with “p” which means they are porcine.  

Table IV. Sequences of primers used in the study. (h) indicates human, (p) porcine. 
 
 

Gene name Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

ACTA2 (h) (α-SMA)  CCGACCGAATGCCAGAAGGA ACAGAGTATTTGCGCTCCGAA 

BAX (h) CCCACCAGCTCTGAACAGTTC CCAGCCACAAAGATGGTCAC 

BCL2 (h) GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC 

BMP2 (h) 
BMP2 (p) 

ACCCGCTGTCTTCTAGCGT 
AGCTTCCACCACGAAGAATC 

CTCAGGACCTCGTCAGAGGG 
CTCCCGAAAGACCTGAAGTT 

BNIP3 (h) GCCATCGGATTGGGGATCTAT GCCACCCCAGGATCTAACAG 

COX7A1 (h) 
COX7A1 (p) 

TGACATCCCGTTGTACCTGAA 
CACCTACTGGACGAATCC 

AAGGAGGCCCAGCCAAG 
AGGTCCCGAGGTATTACAG 

FAS (h) TGGGCTTGCATGTATTCAAA AGATGGCTTCAAGGAGCAAG 

GAPDH (h) TGCCAAATATGATGACATCAAGAA GGAGTGGGTGTCGCTGTTG 

GLS1 (h) CTGGAAGCCTGCAAAGTAAAC TGAGGTGTGTACTGGACTTGG 

G6PD (h) 
G6PD (p) 

TGACCTGGCCAAGAAGAAGA 
GGCAACAGATACAAGAACGTGAAG 

CAAAGAAGTCCTCCAGCTTG 
GCAGAAGACGTCCAGGATGAG 

HIF1A (h) AGTGTACCCTAACTAGCCGA GTGCAGTGCAATACCTTCC 

HKII (h) 
HKII (p) 

TCACGGAGCTCAACCATGAC 
GTTCCTGGCTCTGGATCTTGG 

GCTCCAAGCCCTTTCTCCAT 
GGGATGGCGTAGATCTGGTTC 

IDH3 (h) ATCGGAGGTCTCGGTGTG AGGAGGGCTGTGGGATTC 

IL6 (h) CACCTCTTCAGAACGAATTG CTAGGTATACCTCAAACTCC 

IL8 (h) ATGACTTCCAAGCTGGCCCGT TCCTTGCAAAACTGCACCT 

MCT4 (h) 
MCT4 (p) 

CTCGTGGTCTTCTGCATCTT 
CCCGTGTTCGTGGTGAGCTA 

AAAATCAGGGAGGAGGTGAG 
TGAAGAGGTAGACGGAGTAA 

MDH2 (h) TCGGCCCAGAACAATGCTAAA GCGGCTTTGGTCTCGATG 

ME1 (h) ACCCTGGAAGAGAGACAGCA CCAATTTACCCACAGGGATG 

ME2 (h) AGAGCTAGCCCAAGGGAGAC TCAACACGTCTACCCCAACA 

MMP1 (h) CTGCTTACGAAATTTGCCGACAGA GTTCTAGGGAAGCCAAAGGAGCTG 

NAMPT (h) ATCCTGTTCCAGGCTATTCTGT CCCCATATTTTCTCACACGCAT 

NMNAT1 (h) TCATCATGGCAGAACTTGCT TGGCACAGCTTTTGTTTTTG 

NMNAT2 (h) GGCACCGTCTCATCATGTGTCAG CCCAAGATCTTGGCTGCAGTG 

NMNAT3 (h) CCCTGCAAATAGCAGCTACC TGAGAAGCTGCGAGGTCTTT 

NOX5 (h) ACTATCTGGCTGCACATTCG  ACACTCCTCGACAGCCTCTT  

NOX2 (h) TGTTCAGCTATGAGGTGGTGA  TCAGATTGGTGGCGTTATTG  

NOX4 (h) AACCGAACCAGCTCTCAGAA CCCAAATGTTGCTTTGGTTT 

PDK4 (h) CCCGCTGTCCATGAAGCAGC CCAATGTGGCTTGGGTTTCC 

PFKBF3 (h) 
PFKBF3 (p) 

CCGTTGGAACTGACGCAGA 
GACCCGCTACCTCAACTGG 

CACAGGATCTGGGCAACGAG 
TGGCATCAAAAACCGCAAT 

PKM1 (h) GCATCATGCTGTCTGGAGAA AACTATCAAAGCTGCTGCTA 

PKM2 (h) 
PKM2 (p) 

CTATCCTCTGGAGGCTGTGC 
GGAGGGTGGAGTGTTTGTCT 

ACGATTATGGCCCCACTGCS 
CTTAGCCTCCCTCACTCCC 

PTGS2 (h) (COX2) 
PTGS2 (p) 

TTCAAAGATTGTGGGAA 
GGAGAGACAGCATAAACTGC 

AGATCATCTCTGCCTGAGTA 
GTGTGTTAAACTCAGCAGCA 

SDHA (h) CAGCATGTGTTACCAAGCT  GGTGTCGTAGAAATGCCAC  

SDHB (h) GACACCAACCTCAATAAGGTCTC GGCTCAATGGATTTGTACTGTGC 

SLC25A1 (h) (GLUT1) 
SLC25A1 (p) 

CTGCTCATCAACCGCAAC 
GATGAAGGAGGAGTGCCG 

CTTCTTCTCCCGCATCATCT 
CAGCACCACGGCGATGAGGAT 

XBP1 (h) TAAGACAGCGCTTGGGGATGGA ATACCGCCAGAATCCATGGGGA 

18S (p) AAGGTCGGAGTGAACGGATT CATTTGATGTTGGCGGGAT 
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M.5- Protein immunodetection by Western Blot 

Western blot analysis was performed for the identification and semi-quantitation of target proteins in 

whole cell extracts. Proteins were separated by size in a polyacrylamide gel using electrophoresis, using the 

original sodium dodecyl sulphate (SDS-PAGE) method and denaturing conditions described by Laemmli 

method (Laemmli, 1970), followed by the transfer to a membrane and immunological detection.  

M.5.1- Protein extraction and quantitation by the bicinchoninic acid assay (BCA) 

Cells were grown to 80% confluence in 6-well plates and activated as previously described. For the 

isolation of whole cell extracts, cells were lysed with 75 µL/well of lysis buffer TNE (20 mM Tris–HCl pH 7.4, 

150 mM NaCl, 5 mM EDTA) with phosphatase inhibitors (1 mM Na3VO4, 5 mM NaF) and protease inhibitors 

(10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF)). Then, cells were 

scraped and collected in an Eppendorf tube and later centrifuged at 7000 x g for 20 min at 4oC. Supernatants 

containing proteins were collected in a new tube. For the isolation of cytoplasmic and nuclear extracts, cells 

were lysed using the Active Motif Nuclear and cytoplasmic extract kit (Active Motif, Rixensart, Belgium) 

following manufacturer’s protocol.  

Total protein concentration in cell lysates was measured using the BCA method, based on the ability of 

proteins to reduce Cu2+ to Cu+ in an alkaline environment. In this case, PierceTM BCA protein assay kit 

(Thermo Scientific, Carlsbad, MA) was used. Briefly, 5 µL of the total protein extract was mixed with 100 µL 

of BCA reagent in a 96-well plate. BCA reagent was prepared with 50 parts of reagent A containing 

bicinchoninic acid in alkaline buffer and 1 part of reagent B containing cupric sulfate. The mixture was 

incubated for 30 min at 37oC, and the absorbance was measured at 570 nm in Versamax microplate reader 

(Molecular Devices, Sunnyvale, Canada). The protein concentration was calculated by interpolating the 

absorbance results in a standard curve made with known concentrations of BSA. 

M.5.2. Western blot procedure: SDS-PAGE and transfer 

First, 30 µg of protein lysates were prepared in a final volume of 75 µL and then mixed with 17.5 µL 

Laemmli buffer 5X (325 mM Tris-HCl pH 7.5, 50% glycerol, 10% (w/v) SDS, 10% β-mercaptoethanol, and 

0,01 mg/mL bromophenol blue). Samples were then heated at 100oC for 5 min. Proteins were separated by 

electrophoresis using denaturing conditions in an 8-10% polyacrylamide gel in electrophoresis buffer (25 

mM Tris hydroxymethyl aminomethane, 192 mM glycine and 0.1% (w/v) SDS, pH 8.3). Electrophoresis 

was set at constant 25 mA for each gel and 200 V. A molecular weight protein ladder was run in parallel as 

size standard (Bio-Rad). Later, proteins were transferred to a hybond polyvinylidene difluoride (PVDF) 

membrane using a wet-transfer system (Bio-Rad, Hercules, CA) set at 400 mA for 2h. PVDF membranes were 

previously activated in methanol for 1 min and washed with distilled water for 2 min.  
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M.5.3- Protein immunodetection and visualization by chemiluminescence 

Prior to immunodetection, to eliminate non-specific bindings, membranes were first blocked for 1h at 

room temperature using blocking buffer (TBS-0.5% Tween buffer (TTBS) and 5% non-fat powdered milk) on a 

rocker platform. Then, incubation with the corresponding primary antibody was performed overnight at 4oC. 

Primary antibodies were prepared as recommended by the manufacturer, usually in 5% non-fat milk or 5% 

BSA in TTBS with 0.02% sodium azide, as indicated in Table V. Next, membranes were washed 3 times with 

TTBS for 10 min at room temperature, and later incubated for 1h at room temperature with the 

corresponding secondary antibody conjugated to horseradish peroxidase (HRP) in 3% milk-in TTBS. 

Membranes were washed again as described, and then incubated with HRP blotting substrate ECL. The 

chemiluminescence was detected by exposing membranes to autoradiography films. Protein bands were 

scanned with a densitometer GS-800 (Bio-Rad) and quantified using Quantity One software (Bio-Rad). Anti-β-

Tubulin antibody was used as a loading control. Results were expressed as arbitrary units (au) normalized to 

the loading control and referred to basal conditions. A list of antibodies used in this study is shown in Table 

V. 

Table V. Primary and secondary antibodies used in this study. 
 
 

Target protein Molecular 
weight 

Primary antibodies 
Working dilution/Secondary 

antibody 

Vendor 

HIF-1α 120/110 1:1000 (TTBS-5% milk)/Rabbit Novus Biologicals, Madrid, Spain 

ICAM-1 100 1:1000 (TTBS-5% milk)/Rabbit Santa Cruz Biotech Inc, Santa Cruz, 
CA 

p-p44/42 MAPK 
(Erk1/2) 
(Thr202/Tyr204) 

44/42 1:1000 (TTBS-5% BSA)/Rabbit Cell Signaling, Danvers, MA 

p-STAT1 
(Tyr701) 

95 1:1000 (TTBS-5% BSA)/Rabbit Cell Signaling, Danvers, MA 

p-PKM2 
(Tyr105) 

42 1:1000 (TTBS-5% BSA)/Rabbit Cell Signaling, Danvers, MA 

p-AMPK 
(Thr172) 

46 1:1000 (TTBS-5% BSA)/Rabbit Cell Signaling, Danvers, MA 

p-Acly 
(Ser455) 

120 1:1000 (TTBS-5% BSA)//Rabbit Cell Signaling, Danvers, MA 

VCAM-1 110 1:200 (TTBS-5% milk)// Mouse Santa Cruz Biotech Inc, Santa Cruz, 
CA 

β-tubulin 55 1:20000 (TTBS-5% milk)// Mouse Sigma-Aldrich. St. Louis, MO 

SOD-2 27 1:1000 (TTBS-5% milk)//Mouse Abcam, Cambridge, UK 

Secondary antibodies (HRP-conjugated) 

Goat-anti-mouse IgG 1:3000 (TTBS-3%milk) Bio-Rad, Hercules, CA 

Goat-anti-rabbit IgG 1:2000 (TTBS-3% milk) Agilent Technologies, Sta Clara, CA 
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M.6- Enzyme linked immunosorbent assay (ELISA) 

ELISA is an antibody-based technique that allows the detection of secreted proteins based on their 

binding to a specific antibody attached to a solid surface, and then complexed to a second antibody 

conjugated to an enzyme, typically HRP. Detection is done by measuring the conjugated enzyme activity by 

oxidation of chromogenic reagents by a peroxidase like the HRP chromogenic substrate 

(3,3’,5,5’,tetramethylbenzidine) producing a detectable color change.  

Protein secretion was measured in the supernatants of human valve cells activated for 24h or for 7 

days in 3D VIC-VEC co-culture models. The volume of activation medium was 1mL in both cases. 

Supernatants were collected and stored -80oC until use. Before performing the ELISA, supernatants were 

centrifuged at 1000 x g for 10 min to discard cellular debris and diluted as indicated in Table VI. Protein 

concentration was quantified using commercial ELISA kits following manufacturer’s protocol. Absorbance 

was measured at 450 nm using a Versamax microplate reader (Molecular Devices, Sunnyvale, CA). Protein 

concentration was calculated by extrapolating data in a standard curve of the corresponding target protein. 

Values were normalized to total cell protein content, which was quantified as in M.6.1 section.  

Table VI. Commercial ELISA kits and dilutions used in this study. 
 
 
 

Target protein Supernatant dilution Vendor 

IL-6 (Human) Untreated and inhibited: 1/20 
Stimulated: 1/100 

Stimulated upon inhibition: 1/50 

Diaclone, San Diego, CA 

IL-6 (Swine) Untreated: 1/20 
Stimulated: 1/50 

Invitrogen, Carlsbad, CA 

IL-8 (Human) Untreated and inhibited: No dilution. 
Stimulated: 1/40 

Stimulated upon inhibition: 1/10 

Diaclone, San Diego, CA 

PGE2 (Human) None Arbor assays 

 

M.7- In vitro calcification assays 

 Calcification assays were performed using high inorganic phosphate and low serum conditions as 

previously described (Villa-Bellosta et al., 2015). Human VIC were cultured until 90% confluence in 6-well 

plates. Cells were then treated with the corresponding stimuli in calcification media (M199 media, 1% FBSi, 

2.6 mM Pi and 1% antibiotic-antimycotic solution) for 7 days. Media and stimuli were renewed every two 

days for 7 days. Then, two different quantification methods were used to quantify mineralization and 

calcium. 
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M.7.1-Alizarin Red Staining (ARS) for detection of mineralization 

This method allows the visualization and a semi-quantitation of mineralization based on the use of an 

anthraquinone derivative, Alizarin Red (Sigma-Aldrich, St. Louis, MO). Briefly, cells were washed with PBS 

and stained with a dye solution (1.4% Alizarin Red in water, pH 4.2) for 30 min. Cells were washed 3-5 times 

with PBS and images were taken using a phase-contrast microscope (Nikon Eclipse TS100) connected to a 

digital camera. Alizarin Red dye was later extracted with 10% acetic acid for 30 min as previously reported by 

(Gregory et al., 2004). Briefly, cells were incubated in 10% acetic acid for 2 h at room temperature and then 

harvested by scraping. The solution was then heated at 85 ºC for 15 min, followed by cooling on ice for 10 

min. After centrifugation, the aqueous phase containing ARS was neutralized with NH4OH and absorbance 

was measured at 450 nm using a Versamax microplate reader (Molecular Devices, Sunnyvale, CA). Data were 

expressed as fold increase referred to basal conditions.  

M.7.2-Calcium deposits quantification 

Ca2+ deposits were quantified using colorimetric methods, specifically, Calcium QuantichromTM kit 

(Bioassay Systems, Hayward, CA), a method based on the binding of phenolsulfonephthalein dye to free 

calcium generating a stable and blue colored complex. For this purpose, cells were washed with PBS and 

then incubated with 0.6N HCl for 24h at 4oC. Supernatants were then collected and 5 µL were used to 

measure calcium deposits as described by the manufacturer, by quantifying absorbance at 612 nm. In 

parallel, protein extracts were obtained by lysing cells with 0.1N NaOH and 0.1% SDS, and protein 

concentration was determined by the BCA method. Data were expressed as mg/dL of calcium and 

normalized to total protein content.  

M.8- In vitro VIC differentiation and dedifferentiation 

Cultured VIC were treated with the indicated agents for 14 days and cell morphology was evaluated by 

microphotography during the process. 

M.8.1- VIC differentiation assays 

Human VIC with myofibroblastic phenotype, were cultured up to 80-90% confluence. Osteogenic 

differentiation experiments were conducted in growth media, M199 medium with 10% FBSi and 1% 

antibiotic-antimycotic, for 21 days. Cells were activated with the specified inflammatory stimuli, and, when 

indicated, preincubated with the corresponding inhibitor for 1 h. Medium and stimuli were changed every 

two days. Microphotography was performed using a phase-contrast microscope (Nikon Eclipse TS100) 

connected to a digital camera. Additionally, to confirm the differentiation process, the levels of the 

myofibroblastic marker ACTA2 and the osteogenic marker BMP2 were measured by qPCR, as previously 

detailed. 
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M.8.2- In vitro dedifferentiation of VIC to qVIC  

To dedifferentiate VIC (myofibroblast) to quiescent VIC (fibroblast), we used a method reported by 

Latif et al., 2015 that is based on the treatment with a fibroblast formulation media (FIB). Human VIC were 

cultured up to 80-90% confluence. Dedifferentiation experiments to generate fibroblast phenotype were 

performed using either control media (M199, 10% FBSi and 2mM L-Glutamine) or FIB (M199, 2% FBSi, 50 

ng/mL insulin, 10 ng/mL fibroblast growth factor-2, and 2mM L-Glutamine) for 14 days as previously 

described (Latif et al., 2015). Media was changed every two days and microphotography was used to 

evaluate morphological changes (Figure XIV). After 14 days of treatment, the dedifferentiation process was 

confirmed by the spindle-shape cell morphology and by the downregulation of markers ACTA2 and COL3A1 

(Figure XIV) as performed by Latif et al., 2015. These fibroblast-like cells were used for the analysis of RNA, 

protein, RNA, and metabolism. 

 

Figure XIV. Analysis of dedifferentiation of VIC to qVIC. Human VIC were cultured either on control media of FIB 
media for 14 d. A) Microphotographs of VIC in control media (above) and FIB media (below). (B) Expression levels 
of ACTA2. (C) Expression levels of COL3A1. (N=6). Black line indicates 50 µm; **, p<0.005. 

M.9- Quantification of total Reactive Oxygen Species (ROS)  

The production of ROS was measured using a cell-membrane permeable probe called 2’,7’-

dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma-Aldrich, St. Louis, MO), which is deacetylated by 

cellular esterases to form 2’,7’-dichlorodihydrofluorescein (H2DCF). In the presence of ROS, H2DCF is quickly 

oxidized to 2’,7’dichlorofluorescein (DCF), a green, fluorescent probe. 

First, 30,000 cells were seeded in black 96-well plates with transparent bottom. Cells were allowed to 

attach for 24h and then activated with the indicated inflammatory stimuli for 24h and cultured in the 

conditions described in M.2.2. Then, media was removed, and cells were washed with PBS and incubated  

with 5 µM DCFH-DA in PBS for 30 min at 37oC in darkness. Finally, cells were washed with PBS and 

fluorescence was measured in a Cytation 5 microplate reader (Biotek/Agilent, Santa Clara, CA), using 488 nm 

excitation and 525 nm emission wavelength. Data were expressed as arbitrary units and referred to basal 

conditions.  
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M.10- Live-cell Metabolic Analysis 

Real-time metabolic analysis was performed using the Agilent Seahorse XFe24 (Agilent, Sta Clara, CA). 

This equipment can measure the two main metabolic pathways: mitochondrial respiration and glycolysis by 

evaluating the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of live cells in a 

multi-well plate. This method uses fluorescent probes that detect free O2 and H+. Briefly, the Seahorse 

metabolic analyzer measures basal OCR and ECAR rates before adding metabolic inhibitors. OCR is reported 

in units of pmol/minute and ECAR in mpH/minute. Inhibitors that have been preloaded into the drug 

delivery ports of the cartridge are then injected sequentially into the cells, thus allowing to calculate 

different metabolic parameters. Several assays can be performed by using a combination of different 

metabolic inhibitors. Later, an offline analysis of data is performed using the Seahorse Analytics software. 

M.10.1- Cell seeding and activation and cartridge preparation 

Prior to the metabolic analysis, both cells and cartridge required some preparations. 48h before the 

experiment, human VIC were seeded at a concentration of 30,000 cells/well in a Seahorse XF24 Cell Culture 

and allowed to attach overnight. The following day, cells were activated with the indicated inflammatory 

stimuli in activation media for 24h. When required, cells were pretreated for 1h with the indicated drugs. 

The day of assay, media was changed to Seahorse XF RPMI Medium, pH 7.4 supplemented with 2mM L-

glutamine, 25 mM D-glucose and 1 mM pyruvate, and cells were incubated for at least 45 min in a 37oC 

incubator without CO2 incubator to allow outgassing from the plate. Then, cells were ready to be used in 

XFe24 Seahorse analyzer (Agilent, Sta Clara, CA). 

In addition, one day prior to the assay, the sensor cartridge was hydrated with 1000 µL of Seahorse XF 

calibrant in a 37oC incubator without CO2 overnight. The day of assay, the corresponding metabolic 

modulators were loaded in the cartridge, which was used for Seahorse analyzer calibration for 15 min before 

use. 

M.10.2- Analysis of mitochondrial function by Seahorse Cell Mito Stress Test 

The Agilent Seahorse Cell Mito Stress test is based on the sequential injection of three modulators of 

mitochondrial respiration: oligomycin, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) and 

rotenone/antimycin A (Figure XV). The injection of these modulators in the proper order allows the 

calculation of key parameters in mitochondrial function. To normalize data, cells were quantified by nuclei 

staining with Hoechst 1 µM. Cell counting was done using Cytation 5 microplate reader (Biotek/Agilent Santa 

Clara, CA, USA) connected to the Seahorse analyzer. A software owned by Agilent, “Seahorse Analytics”, was 

used to calculate several key parameters (https://seahorseanalytics.agilent.com) such as: basal ECAR 

(mpH/min/104cells), basal respiration (pmol/min/104cells), maximal respiration (pmol/min/104cells), ATP 

https://seahorseanalytics.agilent.com/
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production linked to oxidative phosphorylation (pmol/min/104cells), proton leak (pmol/min/104cells), spare 

respiratory capacity (pmol/min/104cells), and non-mitochondrial respiration (pmol/min/104cells), as 

represented in Figure XV. 

A variant of this Mito Stress assay was used to characterize the role of glutaminolysis in VIC 

metabolism both, basally and after cell activation. The variation consisted of the first injection of 3 µM bis-2-

(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), a glutaminolysis inhibitor, or vehicle, as 

control, followed by the injection of the mentioned modulators in the proper order (Figure XVI).This 

variation allowed the analysis of the metabolism of cells seeded in the same well before and after the 

injection comparing the effect of BPTES versus vehicle and also, comparing the metabolism after BPTES 

injection in untreated and activated cells.   

 

 

 

 

Figure XVI. Schema of Seahorse Mito Stress assay with acute injection. This figure illustrates the injection time 
course of modulators required for Mito Stress Assay with the acute injection of a glutaminolysis modulator, 
BPTES. 

-Oligomycin (1.5 µM): ATP synthase inhibitor: 
               ↓ mitochondrial respiration 
               ↓ ATP synthesis 
 
 
 
 

-FCCP (2 µM): Uncoupling agent of electron transport 
chain and oxidative phosphorylation: 
               ↓ mitochondrial membrane potential 
               ↑ complex IV OCR 
 
 
 
 
 

-Rotenone/Antimycin (0.5 µM): Complex I/III inhibitors: 
                ↓ mitochondrial respiration 

 

  

Figure II. Cell Mito Stress Test profile showing the key parameters of mitochondrial function and the sequence 
of metabolic modulators injections. This figure illustrates the sequential injection of modulators for the Mito 
Stress Assay their working concentrations, and their target and the subsequent metabolic effect. 
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M.10.3- Measurement of ATP production by Seahorse Real-Time ATP Rate Assay 

This assay allows not only the determination of the total adenosine triphosphate (ATP) production, 

the dominant energy source in cells, but also elucidates the amount of ATP produced by OXPHOS and 

glycolysis, the two main metabolic pathways responsible for ATP production in mammalian cells.  

For the ATP rate assay, a different combination of metabolic modulators was used: oligomycin 

followed by rotenone/antimycin (Table VII). Hoechst 1 µM was added for cell counting using Cytation 5 and 

the Seahorse analytics software, as indicated above. Key parameters obtained in this assay are glycolytic ATP 

production rate (GlycoATP, pmol ATP/min/104cells), mitochondrial ATP production rate (mitoATP, pmol 

ATP/min/104cells) and total ATP production rate (pmol ATP/min/104cells).  

Table VII. Metabolic modulators used for Seahorse Real-Time ATP Rate Assay 
 
 
 

Port Inhibitor Concentration Target Effect 
A Oligomycin 1.5 µM ATP synthase (Complex IV) Inhibition of total ATP obtained from 

OXPHOS. 

B Rotenone/ 
Antimycin 

0.5 µM Complex I/Complex III Total inhibition of mitochondrial 
respiration and induction in 
glycolytic ATP production. 

 

M.10.3.1- Glycolytic ATP production rate calculation 

During the conversion of glucose to lactate in glycolysis process, two molecules of ATP, H+ and lactate 

are produced as shown in equation 1: 

Eq 1: Glucose + 2ADP + 2 Pi → 2 Lactate + 2ATP + 2H2O + 2H+ 

Considering the stoichiometry of the glycolytic pathway, the rate of ATP production by glycolysis 

(glycoATP production rate) is equivalent to Glycolytic Proton Efflux Rate (GlycoPER) and can be calculated 

using the same approach validated for Glycolytic rate assay (Romero et al., 2017) as shown in equation 2: 

Eq 2: glycoATP production rate (pmol ATP/min) = glycoPER (pmol H+/min) 

M.11.3.2- Mitochondrial ATP production rate calculation 

The rate of OCR that is coupled to ATP synthesis linked to OXPHOS can be calculated as the OCR that is 

inhibited by the ATP synthase inhibitor, oligomycin, as shown in equation 3: 

Eq 3: OCRATP (pmol O2/min) = OCR (pmol O2/min) - OCROligo (pmol O2/min) 

Conversion of OCR linked to ATP production to the rate of mitochondrial ATP production is done by 

multiplying by 2 (to convert to Oxygen atoms (O)). Then, it is necessary to multiply the P/O ratio, which is the 

number of ADP molecules phosphorylated to ATP per atom of O reduced by an electron pair going through 

the mitochondrial chain (equation 4). Seahorse Analytics software uses an average value for P/O which is 

2.75 that was validated by (Romero et al., 2017). 
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Eq 4: mitoATP Prod Rate (pmol ATP/min) = OCR ATP (pmol O2/min) * 2 (pmol O/pmol O2) * P/O(pmol 

ATP/pmol O) 

Finally, the total ATP production rate is the sum of the glycolytic and mitochondrial ATP production 

rates, as shown in equation 5: 

Eq 5: ATP Prod Rate (pmol ATP/min) = glycoATP Prod Rate (pmol ATP/min) + mitoATP ProdRate (pmol 

ATP/min) 

M.10.4- Analysis of Glycolytic function in XFe24 Seahorse Analyzer 

There are two different assay protocols for measuring glycolytic parameters using the Seahorse 

analyzer: (i) the Seahorse Glycolytic Rate assay and (ii) the Seahorse Glycolytic Stress Kit that differ in the set 

of metabolic modulators and the glycolytic parameters elucidated. The main difference between them is 

that cells were seeded and activated in glucose-free media for Glycolytic Stress Kit and resuspended before 

the analysis in Seahorse XF RPMI Medium not supplemented with D-Glucose.  

M.10.4.1- Seahorse Glycolytic Rate Assay 

The Seahorse Glycolytic Rate Assay provides a precise measurement of glycolysis in live cells. This 

assay allows to quantify the proton efflux specific to glycolysis by calculating and subtracting mitochondrial-

produced acidification. Metabolic modulators used in this assay were: rotenone/antimycin and 2-DG (Figure 

XVII). Cell counting and data analysis were performed as described in M.11.2. This assay allows the 

quantification of several key parameters such as basal glycolysis (pmol/min/104cells), compensatory 

glycolysis (pmol/min/104cells), proton efflux rate (PER) (pmol/min/104cells), and glycolytic proton efflux rate 

(pmol/min/104cells) (Figure XVII). 

 

 

 

M.11.4.2- Seahorse Glycolytic Stress Test  

- Rotenone/Antimycin (0.5 µM): Complex I/III: 
           ↓ OXPHOS 
           ↑ glycolysis 
 
 
-2-DG (50 mM): Hexokinase II: 
           ↓ glycolysis 
           ↓ ATP synthesis 
 

 

 

  
Figure XIIIII. Seahorse Glycolytic Rate Assay profile showing the key parameters of glycolysis and the sequence 
of metabolic modulators injections. This figure illustrates the sequential injection of modulators required for 
glycolytic rate assay, their working concentrations, and their target and the subsequent metabolic effect. 
Glyc=glycolysis. Acidif= acidification.  
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The Seahorse XF Glycolysis Stress Test is the standard assay for measuring glycolytic function in living 

cells. It is based in the direct measurement of the extracellular acidification rate (ECAR) reached by a cell 

after the addition of saturating amounts of glucose and allows to measure key parameters such as basal 

glycolysis (mpH/min/104), glycolytic Capacity (mpH/min/104), glycolytic Reserve (mpH/min/104), as well as 

non-glycolytic acidification (mpH/min/104). These calculations are based on the acidification caused by the 

extrusion of protons generated during the conversion of glucose to pyruvate and, later, to lactate. The 

sequential injection of modulators include glucose, oligomycin and 2-DG (Figure XVIII). Cell quantification 

and analysis were performed as described above (M.11.2). 

 

 

 

 

 

 

 

 

 

M.11- RNA interference assays for silencing HIF1A gene 

RNA interference assays were performed for silencing the target gene HIF1A and then analyzing VIC 

response to inflammatory stimuli. VIC were transiently transfected with small interference RNAs (siRNAs) of 

20-25 nucleotides directed against the sequence of HIF1A mRNA. For this assay, Ambion® Silencer® 

predesigned and validated siRNA duplexes against HIF1A (ID s6539, Thermo Scientific, Carlsbad, MA) and an 

unspecific Silencer® (Ref. 4390843, Thermo Scientific, Carlsbad, MA) were used as Parra-Izquierdo et al., 

2019. First, both siRNAs’ duplexes were resuspended in 100 µL of nuclease-free water generating a 50 µM 

stock solution stored at -20 ºC until use, which further diluted to the working concentration of 10 nM.  

The transient transfection of these siRNAs was performed using a lipid-based method with 

Dharmafect-1 transfection reagent (Dharmacon, Lafayette, CO) as previously reported by our group 

(Fernández-Pisonero et al., 2012) based on the previous protocols described by Meng et al., (2008). Briefly, 

VIC were cultured up to 90% confluence in 6-well plates. Then, 4 µL of the 10 nM siRNA duplexes were 

diluted in 200 µL of Optimem medium (Gibco Invitrogen, Carlsbad, CA) and 6 µL of Dharmafect-1 reagent 

were also diluted in 200 µL of optimum medium. Both solutions were incubated separately for 5 min at room 

- Glucose (10 mM): Glycolysis: 
↑ glycolysis 

 
-Oligomycin (1.5 µM): ATP synthase: 

↑ glycolysis 
↓OXPHOS 

 
-2-DG (50 mM): Hexokinase II: 

↓ glycolysis 
 

 

  

Figure XIVII. Seahorse Glycolysis Stress Test profile showing the key parameters of glycolytic function and the 
sequence of metabolic modulators injections. 
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temperature. Then, siRNA dilution was added into the Dharmafect dilution and incubated for 20 min at room 

temperature to allow the formation of RNA-lipid complexes. Finally, 1.6 mL of M199 medium, supplemented 

with 10% FBSi but no antibiotic, was added to each tube and the mixture was added to the cells and 

incubated for 24h. Cell medium was then replaced by M199 supplemented with 10% FBSi and 1% antibiotic-

antimycotic solution and cells were cultured for 24h. The next day, transfected cells were activated with the 

indicated stimulus in activation media for additional 24h and gene silencing was confirmed by the analysis of 

protein or RNA with Western Blot or q-PCR, respectively. In parallel, transiently transfected cells were used 

for metabolic analysis. 30,000 cells were seeded into Seahorse plates prior to activation with the indicated 

stimulus for 24 h, and then analyzed in the metabolic analyzer Seahorse XFe24.  

M.12- Apoptosis and necrosis assay by flow cytometry 

Flow cytometry detection of positive cells for annexin V and propidium iodide was used to evaluate 

cell apoptosis and necrosis, a method based on the capacity of annexin V to bind to phosphatidylserine 

residues exposed in the cell surface in the presence of calcium, an early event of canonical apoptosis 

(Haanen et al., 1995). In addition, propidium iodide is a non-permeable dye that can only enter the cell when 

the membrane is damaged and binds stoichiometrically to double strand DNA.  

For the assay, approximately 100,000 human VIC were grown to confluence and then treated with the 

indicated stimuli for 7 days in calcification media. Media and stimuli were changed every 2 days. Cells were 

detached using StemPro Accutase (Thermo Scientific, Carlsbad, CA;), then spun down and the cell pellet 

was resuspended in Annexin V binding buffer (140 mmol/L NaCl, 2.5 mmol/L CaCl2, 10 mmol/L HEPES pH 

7.4). Cell staining was performed following manufacturer's protocol by incubating with FITC ApoScreen® 

annexin V (Ref. 10040-02, Southern Biotech, Birmingham, AL) for 15 min on ice, followed by two washes and 

then staining with ApoScreen® propidium iodide (Ref. 10040-01, Southern Biotech, Birmingham, AL). Finally, 

stained cells were analyzed by a GalliosTM Flow Cytometer (Beckman Coulter Inc, US). Data were analyzed 

using Kaluza® Flow Analysis Software (Beckman Coulter Inc, US), and expressed as the percentage of 

apoptotic cells, which was calculated based on the number of annexin-V positive cells (B2+B4 quadrants). 

M.13- Caspase 3/7 enzymatic activity assay 

For the assay, 20,000 human VIC were seeded in 96-well treated plates. After attaching, cells were 

activated for 24h in calcification media. Then, caspase-3 and -7 enzymatic activities were determined using 

the Caspase-Glo® 3/7 assay following manufacturer's protocol (Promega, Madison, WI). Briefly, cells were 

scraped and mixed with 100 µL of the Caspase-Glo® 3/7 Reagent. The mixture was incubated for 1h at room 

temperature and then plated in a luminometer white plate for measuring luminescence in a 

MicroLumatPlusLB96V luminometer (EG&G Berthold, Germany).  
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M.14- Mitochondrial potential assay by flow cytometry 

This assay quantifies changes in mitochondrial membrane potential in live cells by flow cytometry 

using tetramethylrhodamine methyl ester (TMRM), a cationic cell-permeant dye that accumulates in 

mitochondria with intact membrane potentials. For the assay, approximately 100,000 human VIC were 

grown to confluence in a 6-well plate and then treated with the indicated stimuli for 24h in activation media. 

The next day, cells were washed with PBS and then incubated with 25 nM TMRM) for 30 min at 37oC in 

darkness. Cells were then detached using StemPro Accutase (Thermo Scientific, Carlsbad, MA), spun down, 

and washed twice with PBS. Finally, stained cells were analyzed by a GalliosTM Flow Cytometer (Beckman 

Coulter Inc, US) using a 488 nm laser for excitation and a 570 ±10 nm emission filter. Data analysis was 

performed using Kaluza® Flow Analysis Software (Beckman Coulter Inc, US).  

M.15-Quantitation of intracellular metabolites by Ultra performance liquid 

chromatography-Mass spectrometry in tandem (UPLC-MS) 

Intracellular metabolites produced by glycolysis, TCA, PPP, and nucleotide synthesis were assayed 

using UPLC-MS in tandem, a method allowing a quantitative analysis of molecules by combining the physical 

separation abilities of ultra performance liquid chromatography with the mass analysis capabilities of mass 

spectrometry. While UPLC separates components based on their size, mass spectrometry provides spectral 

information that helps identify each separated component and quantify the concentration of each 

component even in low doses. In the study, metabolic fluxes of D-[U13C6] Glucose isotopic tracer were 

determined. The assay included four steps: (i) Cell culture with D-[U13C6] Glucose(ii) sample preparation, (iii) 

chromatographic separation and metabolic analysis, and (iv) data analysis. 

(i) Cell culture with D-[U13C6] Glucose: Approximately, three 6-well plates of cultured cells 

grown to confluence were used for each experimental point (3-4·106 cells). First, cells were 

washed twice with M199 glucose-free media supplemented with 10% FBSi and 1% antibiotic-

antimycotic. Then, M199 glucose-free media with 10% FBSi and 1% antibiotic-antimycotic was 

supplemented with 5.5 mM D-[U13C6] Glucose and activated with indicated stimuli or vehicle for 

the specified times. In parallel, controls with D-[12C6] Glucose were performed: Then cells were 

harvested using a trypsin-EDTA solution and centrifuged at 1500 rpm for 5 min. Cells were 

washed twice with cold-PBS. 

(ii) Sample preparation: Metabolite extraction was performed using 1mL of a solution composed 

by methanol:acetonitrile:H2O (2:2:1, v/v/v) for lysing cells. The solution was vortexed for 30 

seconds and frozen for 1 min in liquid nitrogen (-192oC). Samples were allowed to thaw at room 

temperature and were sonicated for 15 min at 4oC. Then, a second cycle of freeze and sonication 
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was performed following the same conditions. Later, samples were incubated for 1h at -20oC and 

centrifuged at 16000 x g for 15 min at 4oC to get deproteinization. Pellets containing proteins 

were used for protein quantification by the BCA method, while supernatants containing 

metabolites were collected and evaporated to dryness using a SpeedVac evaporator (Thermo 

Scientific, Carlsbad, MA). Next, pellets containing metabolites were solubilized in acetonitrile:H2O 

(1:1, v/v) and sonicated for 10 min at 4oC. Then, samples were centrifuged 16000 x g for 15 min 

to eliminate insoluble particles. Finally, prior to the analysis by UPLC-MS, samples were 

evaporated to dryness and resuspended in ultrapure water.  

(iii) Chromatographic separation and metabolic analysis: It was performed at the molecular 

analysis and metabolomics facility in the Centro para el Desarrollo de la Biotecnología, CSIC, 

Boecillo, Spain. The separation was carried out with a Acquity CORTECS UPLC_ C18, 100 x 2.1 mm 

column with particles of 1.6 µM (Waters, MA) directly interfaced into the electrospray ionization 

source of a Q-TOF mass spectrometer (SYNAPT HDMS G2, Waters). An elution gradient involving 

the eluents (A) H2O:methanol:formic acid (95:5:0.1, v/v/v) with 5 mM ammonium formate, and 

(B) 100% acetonitrile with 0.1% formic acid and 5 mM ammonium formate, was run from 95% A 

to 20% A gradient in 4 min, then isocratic until 4.5 min, to rise again to 95% A at 6 min and kept 

to 95% A for an additional period of 2 min (8 min elution period), at a flow rate of 0.2 mL/min. Of 

note, chromatographic separation of ac-CoA was performed with a column Luna ® Omega Polar 

C18, 50 x 2.1 mm, with 1.6 µM particles (Phenomenex, Torrance, CA). The eluent for the 

separation was composed of (A)H2O with 15 mM ammonium acetate and (B) 

methanol:acetonitrile (2:8, v/v) with 8.3 mM of ammonium acetate. Metabolites were detected 

in the positive ion mode.  

(iv) Analysis: MS analysis was performed in the negative ion mode using a MSE method that 

allows simultaneous detection of analytes through a low energy function (full scan) and a high 

energy function (collision energy) with ion partial fragmentation. All the metabolites were 

detected as M+H when unlabeled carbon or M+2, M+5, M+10 when incorporating 13C from 

glucose. Data were either expressed as % of incorporation or nmol metabolite/mg protein. 

M.16- Measurement of extracellular lactate by bioluminescence 

The levels of L-lactate were measured in the supernatants of human VIC by the bioluminescent 

Lactate-GloTM Assay (Promega, Madison, Wisconsin), which is based on the coupling of lactate oxidation and 

NADH production with a bioluminescent NADH detection system, following the manufacturer’s protocol. 

Briefly, for the assay, 30,000 cells were cultured in 96-well plates and incubated with either stimuli or vehicle 

(in 100 µL of activation media) for 24h. Supernatants were stored at -80oC until use. Prior to the assay a 1:40 
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dilution of supernatants in PBS was made. Then, 50 µL of the mixture were incubated with 50 µL of “lactate 

detection reagent”, which contains lactate dehydrogenase (LDH), NAD+ reductase, reductase substrate and 

luciferase, prepared as described by the manufacturer, for 1h at room temperature. The luminescent signal, 

proportional to the amount of lactate in the sample, was measured in a MicroLumatPlusLB96V luminometer. 

Data were expressed as luminescence arbitrary units referred to basal conditions.  

M.17- Determination of reduction/oxidation (redox) state 

The term redox potential is used to describe a system’s overall reducing or oxidizing capacity, which is 

intimately related to the metabolic state of the cell. In this study, we were interested in measuring 

NAD+/NADH, NADP+/NADPH ratios and GSSG/GSH.  

M.17.1- Determination of nicotinamide adenine dinucleotide (NAD)+/NADH ratio 

NAD+ in an enzymatic cofactor involved in many redox reactions acting as a biological carrier of 

reducing equivalents. Ratios of the oxidized and reduced forms of these coenzymes offer perspective into 

the metabolic activity of the cell.  

The NAD+/NADH ratio was measured with the NAD+/NADH Quantitation Kit (Sigma Aldrich), a 

colorimetric method based on an enzymatic cycling reaction in which NAD is reduced to NADH, which reacts 

with a probe producing a colored product Instructions provided by the manufacturer were followed. Briefly 

for the assay, 2 wells out of 6-well plates with 90% confluent cultures of human VIC were used (1.5-2·105 

cells). Cells were activated with the corresponding stimulus in activation media for 24h and later harvested 

with trypsin-EDTA and washed twice with cold PBS. Then, cells were extracted with 400 µL of NADH/NAD+ 

extraction buffer by 2 cycles of 20/10 min of freeze/thaw on dry ice. Samples were vortexed and centrifuged 

at 13,000 x g for 10 min to remove insoluble material. Cell lysates were deproteinized before use by filtering 

through a 10 kDa cut-off spin filter to eliminate enzymes that consume NADH rapidly. Next, 50 µL of the 

eluted sample were added in duplicate in a 96-well plate to later mix with 100 µL of the master mix reagent 

and measure total NADH+NAD+ levels. To detect NADH only, NAD+ was first decomposed by heating the rest 

of the extracted samples at 60oC for 30 min. Once samples were cold on ice, 50 µL of this NADH-only fraction 

were transferred in duplicate to the 96-well plate. Finally, 100 µL of the master reaction mix, prepared as 

described by the manufacturer, were mixed with the samples, and incubated for 5 min at room temperature 

to convert NAD+ to NADH. Then, 10 µL of NADH developer were added in each well and incubated from 1-4 

hours at room temperature. Absorbance was measured at 450 nm in a clear bottom plate using Versamax 

microplate reader (Molecular Devices). Then, NAD+ and NADH concentrations were calculated using a 

calibration curve plot with the values of NADH standards, and data were normalized to the total amount of 

protein, measured by the BCA method described in M.11.2. Data were expressed as NAD+/NADH ratio.  
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M.17.2- Determination of nicotinamide adenine dinucleotide phosphate (NADP)+/NADPH ratio 

The levels of NADP+ and NADPH were measured using the colorimetric NADP+/NADPH Quantification 

Kit (Sigma Aldrich). The protocol was performed as recommended by the manufacturer. Briefly for the assay, 

three 6-well plates with 90% confluence (3·106 VIC) were used per experimental point. Cells were activated 

with the indicated stimulus in activation media for 24 h and harvested with trypsin-EDTA solution and 

washed twice with cold PBS. Then, cells were extracted with 800 µL of NADP+/NADPH extraction buffer, 

placed on ice for 10 min and centrifuged at 10,000 x g for 10 min to remove debris. 50 µL of the total 

fraction were plated in duplicate in a 96-well plate to later mix with 100 µL of master mix reagent, prepared 

as described by the manufacturer. To detect NADPH only, NADP+ was previously decomposed by heating the 

samples at 60oC for 30 min. Once samples were cold on ice, 50 µL of this NADPH-only fraction were 

transferred in duplicate to the 96-well plate and mixed with 100 µL of the master reaction mix. Mixture was 

incubated for 5 min at room temperature to convert NADP to NADPH. Then, 10 µL of NADPH developer were 

added in each well and incubated from 1-4 hours at room temperature. Absorbance measure and data 

analysis were performed as described in M.18.1. 

M.17.3- Determination of glutathione disulfide (GSSG)/GSH ratio 

The levels of GSSG and GSH were evaluated with the colorimetric GSSG/GSH Quantification Kit (Sigma-

Aldrich), which is based on the use of DTNB (5,5’-dithiobis-(2-nitrobenzoic acid), a sulfhydryl reagent used to 

characterize reactive SH groups. When DTNB reacts with SH groups generating a colored product whose 

absorbance can be measured at 412 nm.  

Manufacturer´s instructions were followed. Briefly, 3 plates of 6-well with 90% confluent cultures of 

human VIC were used for each experimental condition (≈2·106 cells). Cells were activated for 24h in 

activation media with the indicated stimuli. Then, cells were harvested with trypsin-EDTA and washed twice 

with cold PBS. For each experimental condition, cells were resuspended with 2 mL of cold PBS, split in two 

different tubes, and processed differently. One tube was used for determining GSSG, and the other one for 

the total glutathione (GSSG+GSH). Then, cells were lysed by sonication with 200 µL of cold lysis buffer (50 

mM monobasic sodium phosphate pH=7 and 1 mM EDTA disodium salt). 20 µL of the scavenger reagent 

provided by the commercial kit was added into the GSSG-only tube to degrade the GSH specie, but not to 

the tube designed to measure total glutathione (GSSG+GSH). Samples were then centrifuged at 10,000 x g 

for 15 min at 4oC and supernatants were later deproteinized with 5% orto-phosphoric acid (MPA) prepared 

in ultrapure water. 65 µL of MPA were added to 25 µL of sample, vortexed and centrifuged 14,000 x g for 5 

min. Finally, 6 µL of the supernatant were mixed with 244 µL of the assay buffer. 200 µL of this mixture were 

transferred to a 96-well plate and mixed with 100 µL of working reagent, prepared as described by the 

manufacturer and, absorbance at 412 nm was measured at point 0 and after 10 min of incubation. 
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Calculations of GSH and GSSG concentration were done using a glutathione standard curve as described by 

the protocol, and normalized to the total amount of protein, measured by the BCA method, as described in 

M.11.2. Data were expressed as GSSG levels (μM) and GSSG/GSH ratio.  
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R.1- Characterization of human VIC basal metabolism 

First, the metabolic gene profile of human VIC, which are partially activated myofibroblast, was 

characterized. To achieve this aim, the transcription levels of metabolic genes participating in several 

catabolic and anabolic pathways were measured by qPCR in untreated VIC (Figure 1). As shown in Figure 1, 

glycolytic genes such as pyruvate kinase M2 (PKM2) and lactate dehydrogenase A (LDHA) were the most 

abundant in VIC. The transcript levels of other glycolytic genes, such as PKM1 and monocarboxylate 

transporter 4 (MCT4), genes involved in TCA, and the gene encoding the rate-limiting enzyme controlling 

PPP, glucose-6-phosphate dehydrogenase (G6PD), were 5-10 times lower. Interestingly, the fatty acid-

degrading enzyme, adipose triglyceride lipase (ATGL), is also highly expressed in VIC, while enzymes 

participating in fatty acid (FA) synthesis, glutaminolysis, and OXPHOS are less abundant. Finally, genes 

participating in NAD synthesis were expressed at lower levels than the aforementioned. Collectively, these 

data revealed that human VIC exhibited a metabolic gene profile enriched in some glycolytic genes and the 

FA oxidation gene ATGL.  

 

Figure 1. Expression levels of metabolic genes controlling the main anabolic and catabolic pathways in basal 
VIC. Transcript levels of metabolic enzymes were measured by qPCR in untreated VIC. Data are expressed as 2-ΔCt 

(N=4-10). N indicates the number of VIC isolates obtained from independent valve donors.  

Next, to measure the contribution and importance of glucose uptake in basal cell metabolism, we 

performed [U13C]-glucose tracing assays (Figure 2A). Liquid chromatography-mass spectrometry results 

elucidated that the main metabolic fate of glucose was lactate, the end product of aerobic glycolysis. 

Glucose was readily metabolized into several metabolites. The incorporation of [U-13C]-glucose carbon into 

intracellular lactate, 35 ± 10% (Figure 2B), and acetyl-CoA, 28 ± 3.2% (Figure 2C), was detected as early as 6h, 

further increased at 12h, and maintained until 72h. In contrast, a slower and lower incorporation of [U-13C]-

glucose carbon into the TCA metabolites succinic and citric acids, was found (Figure 2D-E).  
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On the other hand, glucose uptake seemed to be important for energy factor and reducing power 

production, as shown by a quick-6h incorporation of [U-13C]-glucose into the ATP structure, which increased 

at 12h (Figure 2F). Notably, ATP was labeled in 5 carbons (M+5) corresponding to the ribose moiety. 

Additionally, results highlight the importance of glucose uptake in the synthesis of metabolic cofactors such 

as NAD and FAD, given the quick incorporation of [U-13C]-glucose carbons into both cofactors, which was 

increased and maintained until 72h (Figure 2G-H). Notably, several labeled forms of NAD were detected, 

M+10 and M+5 species corresponding to one or two ribose moieties, respectively. Together, data revealed a 

basal glucose flux into glycolysis, energy production, and PPP for the synthesis of ribose-5-P (R5P).  

 

Figure 2. Glucose fluxes into glycolysis, energy production, and PPP in basal VIC. [U-13C]-Glucose tracing analysis 
of untreated VIC by UPLC/MS. Cells were incubated in M199 supplemented with either 10 mM [U-13C]-glucose for 
indicated times or [U-12C]-glucose (unlabeled, 24h), the latest used as control of the natural presence of U-13C in 
metabolites. (A) Schematic showing the primary labeling patterns of [U-13C]-Glucose tracing into glycolysis, PPP, 
and TCA. (B-G) Graphics show the kinetics of the isotopologue distribution. Data are expressed as the percentage 
of U-13C incorporated into lactate M+3 (B), acetyl-CoA M+2/M+5 (C), and citric acid (D). succinic acid M+5 (E), 
ATP M+5 (F), NAD M+2, M+5, M+10 and M+2 (G), and FAD M+5 (G). Data are shown as the mean ± SD (N=3). N 
indicates the number of VIC isolates obtained from independent valve donors.  
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Next, real-time metabolic analysis of basal VIC using a Seahorse XFe24 analyzer was performed to 

assay the contribution of glycolysis and OXPHOS to ATP production. First, Seahorse ATP rate assay 

quantitation elucidated that ATP production was basally 54 ±10% from OXPHOS and 46±7% from glycolysis in 

VIC (Figure 3), indicating an equal reliance on OXPHOS and glycolysis for ATP generation in basal VIC.  

 

Figure 3. Basal VIC rely equally on OXPHOS and glycolysis for ATP production. Cells were analyzed using the 
Seahorse ATP rate assay. GlycoATP, indicates glycolytic ATP; MitoATP, mitochondrial ATP; ns, non-significant 
difference. Graph bars represent mean ± SD (N=4). N indicates the number of VIC isolates obtained from 
independent valve donors.  

Later, to study the contribution of glutaminolysis to basal respiration and acidification, metabolic 

analysis was performed using Seahorse with acute BPTES injection, an inhibitor of glutaminolysis. Results did 

not demonstrate any influence of glutaminolysis inhibition on basal extracellular acidification rate (ECAR) 

values, but the oxygen consumption rate (OCR) was significantly decreased upon BPTES treatment, 

suggesting the basal contribution of glutaminolysis to OCR, but not to ECAR in VIC (Figure 4). 

 

Figure 4. Basal VIC rely on glutaminolysis for mitochondrial respiration. Cells were plated in seahorse plates, and 
the Mito Stress assay was performed with an acute injection of 1 µM BPTES, a glutaminolysis inhibitor. Measures 
before and after the acute injection were compared to calculate the participation of glutaminolysis in ECAR and 
OCR. Data are expressed as the mean ± SD (N=3). N indicates the number of VIC isolates from independent valve 
donors; ns, non-significant differences; **, p<0.01. Student´s paired t test. 

Collectively, the characterization of human VIC metabolism elucidated the abundance of some 

catabolism-related genes, particularly some glycolytic genes, the glucose uptake with fast carbon 

incorporation into glycolysis, mainly lactic acid, TCA, and PPP, as well as the reliance on glycolysis and 

mitochondrial respiration for energy production and on glutaminolysis for feeding the mitochondrial 

respiratory chain.  
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R.2- The role of inflammatory cytokines in the metabolic rewiring of human VIC 

Several cytokines have been detected in stenotic lesions and related to pathogenic processes, i.e. TNF-

α (Kaden et al., 2005 & Lee et al., 2020), TGF-β (Raddatz et al., 2019 & Yousefi et al., 2020), and IFN-α/γ  

(Parra-Izquierdo et al., 2018). Additionally, increasing evidence links inflammation and metabolic 

reprogramming not only to cancer but also to immune and cardiovascular disorders (reviewed in Kuhn et al., 

2022 & O’Neil et al., 2016), and a metabolic shift from fatty acids to glucose has been reported in 

cardiomyocytes from patients undergoing CAVD (Heather et al., 2011). Taking this into account, we 

investigated whether these cytokines induce a metabolic rewiring in human VIC and if this effect was 

cytokine specific. Metabolic data from the Seahorse analyzer and the Seahorse Mito Stress assay showed 

that all tested cytokines significantly increased the extracellular acidification rate (ECAR) (Figure 5A), while 

no significant effect on oxygen consumption rate (OCR) (Figure 5B), although variability of response among 

patients. The metabolic profile revealed changes in the main energy source used by VIC exposed to 

cytokines. The energy map (OCR vs. ECAR plots) showed that all cytokines induced a shift in VIC to a more 

glycolytic phenotype (Figure 5C). Further characterization of VIC metabolism showed no significant 

alterations in maximal respiration (Figure 5D) upon cytokine stimulation but elucidated some cytokine-

specific effects. While most cytokines did not alter proton leak, IFN-α specifically decreased it (Figure 5E). 

Also, non-mitochondrial oxygen consumption increased upon TGF-β, IFN-γ, and IFN-α treatment, but not 

under TNF-α conditions (Figure 5F). Moreover, ATP production coupled to OXPHOS was decreased upon IFN-

γ and IFN-α treatment, but not by TNF-α, while a minor increase was measured upon TGF- β stimulation 

(Figure 5G).  
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Figure 5. Metabolic reprogramming of VIC is induced by several inflammatory cytokines. Real-time metabolic 
analysis using Seahorse Cell Mito Stress Assay performed in VIC treated with 5 ng/mL TNF-α, 10 ng/mL TGF-β, 1 
µg/mL IFN-γ, 100 ng/mL IFN-α, or vehicle for 24h. (A) Representative ECAR plot (N=5) and its quantitation. (B) 
Quantitation of OCR (N=5). (D) Energy map (OCR vs. ECAR plots). (D-G) Bar graph corresponding to maximal 
respiration (D) proton leak (E), non-mitochondrial oxygen consumption (F), and ATP production linked to 
OXPHOS (G). Data are expressed as mean ± SD (N=6/7). N indicates the number of independent cell isolates; ns, 
non-statistical significance; *, p<0.05; **, p<0.01. One-way ANOVA followed by Dunnett post-hoc test (vs. 
untreated).  
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Together, these data demonstrate that VIC exposed to inflammatory cytokines exhibited a glycolytic 

shift characterized by increased ECAR and no changes in OCR or maximal respiration. Additionally, data 

elucidated cytokine-specific effects on some parameters, i.e., proton leak, non-mitochondrial respiration, 

and ATP production coupled to mitochondrial respiration.  

 The next aim was to explore whether the co-stimulation of IFN-α/γ with the TLR4 ligand LPS, 

potentiated the metabolic effects of IFN type I and II, based on previous work of our laboratory linking IFN-

TLR4 interplay on VIC calcification and HIF-1α stabilization (Parra-Izquierdo et al., 2018; 2019). Seahorse Cell 

Mito Stress assay showed no effect of LPS on ECAR or OCR in human VIC (Figure 6A-B). Notably, LPS further 

potentiated IFN-α- and IFN-γ-mediated increase in ECAR, being the effect of LPS + IFN-γ statistically 

significantly higher (Figure 6A) but did not change OCR (Figure 6B). Moreover, the energetic map revealed a 

shift into a more glycolytic phenotype, with maximal changes under co-stimulation with LPS + IFN-γ (Figure 

6C). Further characterization of respiratory parameters obtained from Seahorse Mito Stress assay, showed 

non-significant alterations in maximal respiration upon cytokine-only stimulation or by co-stimulation with 

LPS and IFN-α, but a specific inhibitory effect by TLR4-IFNGR interplay (Figure 6D). Inflammatory effects in 

non-mitochondrial oxygen consumption were specific to IFN-ΑR, IFNGR and TLR4 activation but there was 

not a synergy when combining IFNs and LPS (Figure 6E). Finally, the downregulation of ATP production linked 

to OXPHOS seemed to be cytokine-specific and was not additionally altered by co-stimulation with LPS and 

IFNs (Figure 6F). 
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Figure 6. TLR4 activation potentiates the IFNGR/IFNΑR-mediated glycolytic shift in VIC. Cells treated with 1 
µg/mL IFN-γ, 100 ng/mL IFN-α, and 100 ng/mL LPS for 24h were analyzed with a Seahorse Cell Mito Stress assay. 
(A) Representative ECAR plot and quantitation (N=4). (B) Quantitation of OCR upon (N=4). (D) Energetic map 
showing ECAR vs. OCR. (E) Bar graph corresponding to the calculation of maximal respiration, (E) non-
mitochondrial oxygen consumption, and (F) ATP production linked to OXPHOS. Data are expressed as the mean ± 
SD (N=4/6). N indicates, the number of independent cell isolates; ns, non-significant differences; *, p<0.05; **, 
p<0.01. One-way ANOVA followed by Dunnett post-hoc test (vs. untreated).  

Data in this section demonstrated that human VIC exposed to inflammatory cytokines exhibited a 

glycolytic shift characterized by increased ECAR and cytokine-specific effects on some parameters. 

Additionally, the TLR4 ligand LPS induced no metabolic changes, but potentiated the IFN-mediated glycolytic 

shift in VIC, with the co-stimulation of IFN-γ with LPS exhibiting the maximal changes in glycolysis and 

maximal mitochondrial respiration.  
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R.3- Metabolic reprogramming triggered by the interplay of TLR4 and IFNGR 
signaling routes in human VIC 

Due to the cooperation between IFNGR and TLR4 signaling on HIF-1α stabilization reported in human 

VIC (Parra-Izquierdo et al., 2019) and on metabolic rewiring to a more glycolytic phenotype described in 

Section R2, we aimed to characterize in depth the metabolic shift in VIC exposed to a highly inflammatory 

milieu, co-stimulation with LPS and IFN-γ, and the impact on VIC physiopathology. 

R.3.1- LPS and IFN-γ team up to enhance glucose metabolism via glycolysis in VIC 

Since Seahorse data from Figure 6 showed that co-stimulation of VIC with LPS and IFN-γ exhibited the 

highest metabolic shift, increase in ECAR, and no significant changes in OCR, for the rest of the study, we 

used these inflammatory stimuli to investigate more in depth the metabolic shift in VIC. First, we performed 

qPCR analysis to quantify the expression levels of HIF-1α-regulated metabolic genes, including several 

glycolytic genes, such as glucose transporter-1 (GLUT1 or SLC2A1), and glycolytic enzymes i.e., fructose-2,6-

bisphosphatase 3 (PFKFB3), hexokinase 2 (HKII), pyruvate kinase 2 (PKM2), and lactate dehydrogenase A 

(LDHA). Results showed an upregulated expression of glucose transporter (GLUT1), key glycolytic enzymes as 

well as lactate transporter (MCT4) gene, while no significant changes in LDHA expression (Table 1).  

Table 1. Inflammatory-induced changes in glycolytic gene expression in VIC. RNA from VIC activated or not 
with LPS + IFN-γ was analyzed by qPCR. Relative transcript levels were calculated based on the 2-ΔΔCt method, 
where ΔCt is the Ct gene-Ct GAPDH. Fold-change data vs. untreated conditions; mean ± SD (N=8-10). 
Student’s unpaired t-test. Ns, non-significant differences; *, p<0.05; **, p<0.01.  

GENE FOLD CHANGE STATISTICS 
SLC2A1 (GLUT1) 2.89 ± 0.97 ** 

HKII 2.48 ± 0.60 *  

PFKFB3 3.94 ± 1.67 ** 

PKM2 2.40 ± 0.89 **  

LDHA 1.39 ± 0.95 ns  

SLC16A4 (MCT4) 4.72 ± 1.28 *  
 

Next, the comparison of the two main isoforms of PKM enzyme, PKM1 and PKM2, was performed. The 

first one is found to be upregulated in healthy tissues demanding a massive supply of energy, such as the 

heart, and the second is expressed in proliferating cells, especially in tumors (reviewed in Puckett et 

al.2021). qPCR analysis revealed that PKM2 is the most abundant isoform in basal VIC (Figure 7A), and in 

contrast to PKM2 (Table 1), PKM1 expression was not altered upon cell activation (Figure 7B). Furthermore, 

WB analysis revealed an increase in PKM2 phosphorylation upon cell stimulation (Figure 7C) and its 

detection in both cytoplasmic and nuclear fractions (Figure 7D). 
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Figure 7. PKM2 is highly expressed in VIC and further increased upon treatment with LPS and IFN-γ. (A) 
Comparison of basal transcript levels of PKM isoforms. (B-D) Cells were activated with 100 ng/mL LPS and 1 µg/mL 
IFN-γ for 24h: PKM1 transcript levels (B). Western blot analysis of PKM2 phosphorylation in total cell extracts (C). 
Cytoplasmic (Cyt) and nuclear (Nuc) protein extracts (D) (representative of N=3). Data are represented as mean ± 
SD (N=8/9). Ns, non-significant differences; ***, p<0.001. Student's unpaired t-test. 

To further assess whether the glycolytic gene expression alterations had a functional effect on 

glycolysis and given the lack of effects in OCR and the great variability among patients, Seahorse analysis was 

performed to confirm these results in a higher number of VIC from independent patients (Figure 8 A-C).  

 
Figure 8. Co-stimulation of VIC with LPS and IFN-γ generates a strong metabolic shift to a glycolytic phenotype. 

Real-time metabolic analysis using Seahorse Cell Mito Stress Assay was performed in VIC treated with 100 ng/mL 

LPS and 1 µg/mL IFN-γ for 24h. (A) Representative ECAR plot (N=5). (B) Quantitation of ECAR (N=21). (C) 

Quantitation of OCR (N=21). (D) Energetics map (ECAR vs. OCR). Ns, non-significant differences; ****, p<0.0001. 

Student's unpaired t-test. 

Next, since the sources of ECAR can include not only lactate secretion and glycolytic proton efflux, but 

also mitochondrial transport chain proton efflux due to TCA activity, we aimed to elucidate the source of 

acidification in VIC exposed to inflammatory stimuli. Seahorse Glycolytic rate assay and Glycolysis Stress kit 

data indicated that the activation of TLR4 and IFNGR signaling increased basal glycolysis (Figure 9A), which 

includes the conversion of glucose to lactate, a metabolite with a crucial role in HIF-1α-driven aerobic 

glycolysis (reviewed in Vaupel et al., 2019). To determine whether this increase was due to both proton 

efflux and lactate secretion, further calculations using Seahorse analytics software and the extracellular 

lactate assay demonstrated that potentiation of both glycolytic proton efflux (Figure 9B) and lactate 

secretion (Figure 9C) contributed to the increased extracellular acidification under inflammatory conditions. 

Notably, %PER from glycolysis was high in basal VIC since ≈75% of protons were from glycolysis (Figure 9D), 
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thus suggesting the relevance of glycolysis in VIC basal bioenergetics. However, under an inflammatory 

milieu, the contribution of glycolysis further increased to nearly 95%. Moreover, other results suggested the 

increased relevance of glycolysis in an inflammatory milieu, including an upregulation in compensatory 

glycolysis upon VIC stimulation (Figure 9E), thus indicating the increased ability of VIC to fulfill energetic 

requirements when OXPHOS was inhibited. Finally, despite the increase in glycolysis and lactate secretion 

upon stimulation, glucose tracing experiments did not exhibit an increase in labeled intracellular lactate 

(M+3), in fact, a significant decrease was measured (Figure 9F), which is consistent with the increased 

secretion of lactate (Figure 9C). 

As the main objective of metabolism is to generate energy, we next analyzed the levels of adenosine 

triphosphate (ATP), the most important molecule carrying and transferring energy (reviewed in Yin et al., 

2021). In healthy differentiated cells, the main ATP source is OXPHOS, as it is the most efficient pathway, 

although a change in substrate use to aerobic glycolysis has been reported in tumors or highly proliferative 

cells. Notably, Seahorse ATP rate assay showed an increase in total ATP production upon inflammatory 

stimulation of VIC, and further revealed a switch in their main ATP source (Figure 9G). While basal VIC 

generated 55% of ATP from OXPHOS (mitoATP) and 45% from glycolysis (glycoATP), activated VIC exhibited 

decreased mitoATP, up to 23%, in favor of increased glycoATP, up to 77%. 

 
Figure 9. VIC metabolic rewiring is characterized by an increase in glycolytic function. Cells were activated with 

100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and then analyzed. Seahorse Glycolytic rate assay showed the 

contribution of glycolysis (A) and proton efflux (B) in ECAR increase (N=5). (C) Quantitation of extracellular lactate 

(N=12). (D) Seahorse Glycolytic rate assay calculations of the percentage of protons from glycolytic function and 

(E) compensatory glycolysis (N=5). (F) Glucose tracing data are expressed as the percentage of incorporation into 

M+3 lactic acid (N=6). (G) Characterization of ATP source under basal and activated conditions. MitoATP, 

mitochondrial ATP; glycoATP, glycolytic ATP. Student’s unpaired t-test. *p<0.05; **p<0.01, ***p<0.001, 

****p<0.0001.  



                                                                                                                                   RESULTS 

109 
 

Together, results from this section demonstrated an increase in glycolytic metabolism in VIC upon 

stimulation. The inflammation-induced increase in the glycolytic phenotype was characterized by an 

upregulation of glycolytic enzymes that led to increased proton efflux and lactate secretion, as well as both 

total and glycolytic ATP production. 

R.3.2- Inflammatory mediators downregulate the rate-limiting enzyme of the oxidative arm of 
the pentose phosphate pathway and alter the reduction-oxidation homeostasis 

Since co-stimulation with LPS + IFN-γ stabilizes HIF-1α in human VIC (Parra-Izquierdo et al., 2019), and 

HIF-1α activity has been demonstrated to influence the PPP (Zhao et al., 2010), the next aim was to 

investigate whether an inflammatory milieu would modulate the PPP. First, the expression of G6PD, the 

rate-limiting enzyme of the oxidative PPP, was evaluated. qPCR revealed a marked decrease in G6PD 

transcript levels (Figure 10A). To further confirm if oxidative PPP was affected, we measured NADP+ and 

NADPH cofactors. Data revealed an increase in NADP+/NADPH ratio due to a marked abrogation of NADPH 

levels upon immune stimulation (Figure 10B). Additionally, due to the role of PPP in reduction-oxidation 

(redox) homeostasis (Krüger et al., 2011), we sought to measure the expression of NADPH oxidases (NOX), 

strongly associated with ROS production (reviewed in Bradshaw et al., 2019). qPCR results showed that NOX 

expression was markedly blunted upon immune stimulation (Figure 10C), which agreed with the 

downregulation of NADPH levels. Moreover, since NADPH is known to be necessary for the conversion of 

oxidized glutathione (GSSG) to reduced glutathione (GSH), thus preventing oxidative stress, glutathione 

species were analyzed. [U13C]-glucose tracing analysis (Figure 10D) disclosed an increased incorporation of 

glucose carbons into GSSG synthesis upon VIC activation, as indicated by the higher M+2/M ratio (Figure 

10E). Consistent with these data, the quantitation of GSSG and GSH levels by a commercial kit showed an 

increase in GSSG/GSH ratios and further revealed higher GSSG levels upon stimulation (Figure 10F), which is 

in accordance with decreased levels of NADPH (Figure 10B). Together, these results highlighted the 

importance of glucose uptake in VIC redox homeostasis and suggested an increased glucose flux into TCA to 

generate glutamate that is necessary for GSSG synthesis.  
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Figure 10. Inflammatory-induced metabolic changes include a reduction in PPP rate-limiting enzyme and 
alterations in the redox state of VIC. Cells were treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h or vehicle, 
and then analyzed. (A) Expression levels of G6PD. (N=7). (B) NADP+/NADPH ratios and NADPH levels determined 
with commercial assays (N=6). (C) Expression levels of NOX2, NOX4, and NOX5 (N=5). (D) Schematic showing the 
primary labeling patterns of [U-13C]-glucose tracing in glycolysis, TCA, and GSSG synthesis. (E) [U-13C]-Glucose 
incorporation into GSSG expressed as the ratio M+2/M (N=10). (F) The GSSG/GSH ratio and GSSG levels measured 
with commercial assays. *p<0.05; **, p<0.01. Student’s unpaired t-test. 

Glucose tracing analysis further revealed the induction of [U13C]-glucose flux into the ribose moieties 

(M+5) of the nucleotide ATP upon VIC stimulation (Figure 11A-B). These data disclosed an increased glucose 

flux into R5P synthesis and suggest that the non-oxPPP may be the source of R5P, since the oxPPP seems 

impaired (Figure 11A). Notably, an enhanced [U13C]-glucose incorporation into 5 (M+5) or 10 carbons 

(M+10) of NAD was identified, which was also probably due to the upregulation of [U13C]-glucose 

incorporation into R5P synthesis (Figure 11C). Thus, since NAD+ synthesis was altered upon stimulation, we 

decided to measure NAD+/NADH. Measurement of NAD+/NADH ratios elucidated a downregulation in NAD+ 

levels in favor of NADH (Figure 11D).  
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As explained in the introduction, in mammals, NAD+ is synthesized by the salvage pathway, the Preiss-

handler and the de novo pathway, and nicotinamide mononucleotide adenylyltransferase (NMNAT) is the 

common ATP-dependent enzyme of both pathways leading to NAD+ synthesis. We found that this enzyme 

was significantly downregulated in VIC upon stimulation (Figure 11E). In contrast, nicotinamide 

phosphoribosyltransferase (NAMPT), which is the key-limiting enzyme of the salvage pathway, was 

significantly increased in immune-activated VIC (Figure 11F).  

 

Figure 11. Metabolic rewiring by co-stimulation with LPS and IFN-γ is characterized by an increased glucose flux 
into the ribose moieties of nucleotides and cofactors. Cells were incubated with M199 media supplemented with 
10% FBSi and 10 mM [U-13C]glucose, activated with 100 ng/mL LPS and 1 µg/mL IFN-γ, and the extracted 
metabolites were analyzed by UPLC-MS. (A) Schema showing the primary labeling patterns of [U-13C]-glucose 
tracing in glycolysis, PPP, and nucleotide and cofactor synthesis. (B-C) [U-13C] incorporation to ATP M+5 (N=9) (B), 
NAD synthesis M+2, M+5 and M+10 (N=9) (C). (D) Quantitation of NAD levels, reduced and oxidized species, using 
commercial assays after 24h activation, expressed as NAD+/NADH ratio (N=7). (E) Transcript levels of NMNAT 
isoforms (N=5): NMNAT1, NMNAT2, and NMNAT3. (F) Expression levels of the rate-limiting enzyme NAMPT (N=6). 
*p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  Student's unpaired t-test.  

Once we confirmed that the homeostasis of redox mediators was disrupted in activated VIC, we aimed 

to assess its effects on VIC redox status. Seahorse Mito Stress assay data revealed that non-mitochondrial 

oxygen consumption was significantly increased in VIC activated with inflammatory stimuli for 24h (Figure 

12A). Next, we measured reactive oxygen species (ROS) as they have been related to non-mitochondrial 

enzyme activity and non-mitochondrial oxygen consumption. DCFH-DA fluorescent probe demonstrated that 

co-stimulation with LPS and IFN-γ triggered the production of ROS (Figure 12B). To further characterize the 

role of inflammation in ROS production, we analyzed the expression of superoxide (SOD)-2, enzyme 
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catalyzing the conversion of O2- to H2O2. Western blotting data showed increased expression upon 

inflammatory activation (Figure 12C). 

 

Figure 12. Non-mitochondrial oxygen consumption and ROS production are increased in VIC exposed to 
inflammatory stimuli. Cells were treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and then analyzed. (A) 
Seahorse Mito Stress assay (N=21). (B) Fluorescent probe DCFH-DA for measuring total ROS production. Data 
were expressed as fluorescence a.u. (N=9). (C) Western blot analysis of SOD2 expression (N=5). Data are 
expressed as the mean ± SD. *p<0.05; **p<0.01, ***p<0.001. Student’s unpaired t-test. 

Altogether, results from this section unveiled an inflammatory-induced dysregulation of PPP 

characterized by the decrease of the rate-limiting enzyme of the oxidative arm, thus altering redox 

homeostasis. In addition, the non-oxidative arm seemed to be active and upregulated, given the increased 

glucose carbon incorporation in the ribose moieties of nucleotides and cofactors.  

 

R.3.3- Inflammatory insults favor the entrance of pyruvate into TCA cycle and accumulation of 
metabolic intermediates 

Glycolysis generates pyruvate that can diffuse into the mitochondria and enter the TCA or citric acid 

cycle (Figure 13A), which generates ATP and TCA related metabolites like fumarate and succinate. Taking 

this into account, we sought to investigate the status of TCA in VIC exposed to inflammatory conditions. 

Real-time metabolic analysis using Seahorse Glycolytic rate assay, showed an increase in non-glycolytic 

acidification (Figure 13B), in addition to the glycolytic acidification previously shown (Figure 8-9), suggesting 

an increase in ECAR due to TCA activity. Next, we used fluxomic analysis to trace the uptake of [U-13C]-

glucose into the TCA cycle. Data showed a low but consistent increase of [U-13C] incorporation into M+2 and 

M+5 isotopologues of acetyl-CoA upon LPS + IFN-γ treatment (Figure 13C). Additionally, glucose carbon 

incorporation into M+2 isotopologue of citric acid when expressed as % of incorporation was not affected by 

cell activation, but the M+2 levels were significantly increased comparing M+2 citrate levels in untreated 

versus activated VIC (Figure 13D). Additionally, an increase of [U-13C]-glucose incorporation into succinic acid 

synthesis was also detected, in both cases, when calculating % of incorporation, but also M+2 succinic acid 

upon inflammatory treatment (Figure 13E). In contrast, no changes in OAA levels were observed in the 

presence of inflammatory insults (Figure 13F).  
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Figure 13. Inflammation-induced metabolic rewiring is characterized by an increased accumulation of some TCA 
metabolites. (A) Schema showing the glucose catabolism and primary labeling patterns of glucose tracing. (B) VIC 
were treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and analyzed using the Seahorse glycolytic stress kit. 
(C-F) Metabolites extracted from VIC incubated with 10 mM [U-13C]-glucose and activated for 24h were analyzed 
by LC-MS analysis. The labeled fractions of acetyl-CoA (M+5, M+2) (C), and the label fraction and levels (nmol/mg 
protein) of: citric acid (M+2); (D) succinic acid (M+2); (E) oxaloacetate (AAA; M+2) (F). Ns, non-significant 
difference. *p<0.05; **, p<0.01. Data are expressed as mean ± SD (N=9). Student’s unpaired t-test. 

Acetyl-CoA, a metabolite produced during glucose catabolism to fuel the TCA cycle, which is the 

essential building block for FA synthesis, is metabolized in the mitochondria to citrate, which can then go out 

to the cytosol, where it can be converted to acetyl-CoA by the enzyme ATP citrate lyase (ACLY). Thus, to 

investigate the potential fate of acetyl-CoA in VIC exposed to inflammatory stimuli, we analyzed the 

activation of ACLY. Western blot analysis of whole cell extracts from VIC revealed a significant increase in the 

phosphorylated form of ACLY in VIC treated with LPS + IFN-γ (Figure 14A), suggesting the activation of ACLY 

and the subsequent upregulation of cytosolic acetyl-CoA production. The analysis of cytosolic and nuclear 
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protein extracts further showed an inflammation-induced increase of p-ACLY in the cytoplasm (Figure 14B), 

where it produces acetyl-CoA for fueling FA synthesis and histone acetylation.  

 

Figure 14. ACLY phosphorylation in the cytosol increases upon inflammatory activation. VIC were treated with 
100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and the p-ACLY was analyzed by WB. (A) Analysis of whole cell extracts 
(N=7). (B) Analysis of cytoplasmic (Cyt) and nuclear (Nuc) protein extracts. Image is representative of N=3. Data 
are expressed as mean ± SD. ***p<0.001. Student’s unpaired t-test  

 Since recent evidence showed that in addition to the role of TCA in metabolite production, it is also 

important in NADPH mitochondrial production due to the activity of enzymes in canonical and non-canonical 

TCA (reviewed in Bradshaw et al., 2018), we aimed to evaluate in VIC the expression of relevant TCA 

enzymes. qPCR results disclosed the downregulation of genes involved in canonical TCA, i.e., pyruvate 

dehydrogenase kinase (PDK4), a negative regulator of the entrance to TCA, isocitrate dehydrogenase 3 

(IDH3), and malate dehydrogenase 2 (MDH2), as well as the malic enzyme 1 (ME1), participating in non-

canonical TCA (Table 2). In contrast, no transcriptional changes in succinate dehydrogenase subunits A 

(SDHA), B (SDHB), or ME2 were observed upon stimulation (Table 2). 

Table 2. Inflammatory-induced changes in the expression of genes encoding TCA enzymes in human VIC. RNA 
from untreated and LPS + IFN-γ-activated VIC was analyzed by qPCR. Relative transcript levels were referred to 
the Ct of GAPDH and the Ct of untreated conditions. Data are expressed as mean + SD (N=8). Student's unpaired t-
test. *p<0.05, **p<0.01, ns; non-significant. 

GENE FOLD CHANGE STATISTICS 
PDK4 0.26 ± 0.06 * 

IDH3 0.35 ± 0.05 ** 

SDHA 1.04 ± 0.27 ns 

SDHB 0.99 ± 0.89 ns 

MDH2 0.61 ± 0.14 * 

ME1 0.32 ± 0.07 * 

ME2 0.80 ± 0.19 ns 

 

Altogether, data from this section suggested the upregulation of pyruvate entrance to mitochondria 

for the TCA cycle and metabolite production that could serve as biomass for cell proliferation and lead to 



                                                                                                                                   RESULTS 

115 
 

HIF-1α stabilization in VIC co-stimulated with LPS and IFN-γ. Additionally, the activation of ACLY in the 

cytosol suggested the inflammatory-induced production of cytoplasmic acetyl-CoA.  

R.3.4- Inflammatory stimuli decrease respiratory capacity and impair mitochondrial ATP 
production 

Next, we assessed mitochondrial metabolism, the main source of cellular energy in the form of ATP, 

since alterations in OXPHOS have been associated with disease (reviewed in Vaupel et al., 2019). First, we 

evaluated the expression levels of cytochrome C oxidase (COX7A1), which encodes complex IV of the 

respiratory mitochondrial chain, since HIF-1α is reported to upregulate the expression of COX7A1 (Fukuda et 

al., 2007). qPCR analysis revealed a decrease in COX7A1 transcript levels upon VIC activation in response to 

inflammatory stimuli (Table 3). In addition, since mitochondrial function has been related to mitochondrial 

biogenesis in contexts such as myofibroblast differentiation (Bernard et al., 2015), we assessed the 

expression of the main marker of mitochondrial biogenesis, PGC1α gene (PPARGC1A1), and found no 

alterations upon VIC stimulation (Table 3). 

Table 3. LPS + IFN-γ-induced downregulation of cytochrome C oxidase gene in human VIC. The relative 
expression of the indicated genes is expressed as 2-ΔΔCt where ΔCt is the Ct gene-Ct GAPDH, later referred to Ct of 
untreated. Data are expressed as mean ± SD (N=8). Student's unpaired t-test. *p<0.05, ns; non-significant. 

GENE FOLD CHANGE STATISTICS 

COX7A1 0.42 ± 0.13 * 

PPARGC1A1 1.05 ± 0.45 ns 
 

 

 

 

 

To assess mitochondrial respiration in depth, we performed Seahorse Mito Stress assays (Figure 15A). 

The results revealed the lack of changes in basal OCR upon stimulation (Figure 15B), in accordance with the 

lack of alteration of the mitochondrial biogenesis marker (Table 3). In contrast, activated VIC significantly 

decreased their maximal respiration capacity (Figure 15B), which is the maximal oxygen consumption rate 

achieved by the injection of the uncoupling agent FCCP that mimics a physiological energy demand by 

stimulating the respiratory chain to operate at full capacity. In addition, a decrease in spare respiratory 

capacity upon VIC activation was measured (Figure 15B), indicating the lack of flexibility of activated VIC to 

respond to an energetic demand and denoting that they were working less close to their maximal 

respiration. Notably, mitochondrial ATP production (OXPHOS-ATP) significantly decreased upon VIC 

stimulation (Figure 15B). Considering that basal OCR did not change while the final OXPHOS product, ATP, 

decreased, the Mito stress assay allowed the calculation of two other parameters, helping to elucidate a 

potential ineffective respiration. Data disclosed a tendency to increase proton leak, which could lead to an 

impaired mitochondrial membrane potential (Figure 15B) accompanied by a significant abrogation of the 

coupling efficiency between ETC and OXPHOS after VIC stimulation (Figure 15C).  

The next goal was to assess the role of ETC in metabolic switch, particularly the reliance of activated 

and untreated VIC in complexes I/III and ATP synthase for oxygen consumption. OCR measurements after 
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rotenone/antimycin injection showed a reduced dependency on complex I/II for oxygen consumption after 

VIC activation (Figure 15D), suggesting a potential damage induced by inflammatory agents. Additionally, 

activated VIC exhibited a decreased dependency on ATP synthase for oxygen consumption (Figure 15D). 

Together, these data supported the notion of inflammatory-induced alteration of mitochondrial respiration. 

 

Figure 15. Co-stimulation with LPS and IFN-γ does not affect basal OCR but alters mitochondrial complexes and 
decreases ATP production in human VIC. (A) VIC were treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and 
then analyzed using Seahorse Mito Stress metabolic analysis. (B) Bar graph corresponding to the calculation of 
basal OCR, maximal respiration, ATP production linked to OXPHOS and proton leak (N=21). (C) Bar graphs 
corresponding to coupling efficiency (%) (N=10). (D) OCR measures after oligomycin and rot/AA injection were 
referred to basal OCR for calculating the percentage of reliance in respiratory complexes (N=7/8). Data are 
expressed as the mean ± SD. Ns, non-significant differences; *, p<0.05; **, p<0.01; ***, p<0.001. Student’s 
unpaired t-test.  

Taken together, our data suggested that mitochondrial respiration was partially altered upon 

activation of VIC, and in consequence, ATP production linked to mitochondrial respiration was reduced. 

R.3.5- Glutaminolysis is necessary to fulfill cell energy requirements upon inflammatory 
activation 

Since glutamine is highly present in blood and is a key anaplerotic substrate used by cells to replenish 

the TCA cycle, and thus participates in ATP synthesis (Altman et al., 2016), we investigated the role of 

glutaminolysis in VIC. Glutamine is metabolized via glutaminolysis and converted to glutamate by the 
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mitochondrial enzyme glutaminase (GLS1) (Figure 16A). qPCR analysis in VIC showed a decrease in transcript 

levels of the first enzyme metabolizing glutamine, GLS1, upon exposure to LPS + IFN-γ (Figure 16B). 

 

 

 

 

 

 

To further characterize the role of glutaminolysis in the inflammation-induced metabolic rewiring in 

VIC, we used BPTES, a GLS1 inhibitor. Seahorse metabolic analysis data showed a significant decrease of 

ECAR when glutaminolysis was abrogated in activated VIC, but not in untreated cells (Figure 17A). In 

contrast, OCR was significantly downregulated by BPTES inhibitor in both basal and activated VIC (Figure 

17B). Interestingly, the contribution of glutaminolysis to the OCR significantly increased upon stimulation 

(Figure 17B). Notably, BPTES reduced the levels of ATP coupled to OXPHOS, thus indicating the participation 

of glutaminolysis in ATP synthesis in both untreated and inflammatory-activated VIC (Figure 17C).  

 
Figure 17. Glutaminolysis participates in extracellular acidification and oxygen consumption upon inflammatory 
stimuli-induced metabolic rewiring. VIC were plated in seahorse plates and then treated with 100 ng/mL LPS and 
1 µg/mL IFN-γ for 24h. (B) ECAR levels of activated and non-activated cells in BPTES and vehicle-injected cells. (C) 
OCR levels of cells in BPTES injected and control. (D) ATP production linked to OXPHOS in presence or absence of 
BPTES. Calculations were performed as detailed in M.11.2. Data are expressed as mean ± SD (N=3). Ns, indicates 
non-statistical significance. *p<0.05, **p<0.01, ***p<0.001. One-way ANOVA followed by Tukey post-hoc 
analysis. 

 

 Figure 16. The rate limiting enzyme of glutaminolysis is transcriptionally downregulated in VIC. (A) Schema of 
glutamine metabolism. (B) VIC were treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and then transcript 
levels of GLS1 were measured by qPCR. Data are expressed as mean ± SD (N=7). *p<0.05. Student’s unpaired t-
test. 
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Altogether, data showed that glutaminolysis played a role in maintaining mitochondrial respiration in 

activated and basal VIC, increasing its contribution upon immune stimulation. Additionally, glutaminolysis 

was relevant for extracellular acidification upon inflammatory activation.  

R.3.6- Inflammatory environment and metabolic switch affect apoptosis pathways in VIC 

Because of the previously established relationship between HIF-1α, metabolic stress, ROS, and 

apoptosis (Mason et al., 2011), we aimed to study the link between metabolism and apoptosis in VIC. qPCR 

results indicated a marked induction in FAS ligand (FAS), an extrinsic apoptotic mediator, but no alterations 

in caspase 8 (CASP8) transcription levels upon treatment of VIC with LPS and IFN-γ (Table 4). Additionally, 

upregulation of intrinsic pathway-participating genes, i.e., BNIP3, PMAIP (NOXA), BAK, and BAX was detected 

(Table 4). Finally, the common mediators of the extrinsic and intrinsic pathways were analyzed. Although the 

expression levels of caspase 9 (CASP9) were not altered (Table 4), the enzymatic activity of caspase 3/7 

increased significantly upon VIC activation in a time-dependent manner (Figure 18A). To further characterize 

whether these changes led to apoptosis in VIC, flow cytometry analysis of Annexin V and propidium iodide 

staining was performed, and the results indicated an inflammation-induced increase in VIC apoptosis (Figure 

18B).  

Table 4. LPS + IFN-γ-induced changes in apoptotic gene expression in human VIC. Relative gene levels were 
calculated using the 2-ΔΔCt method, where ΔCt is the Ct gene-Ct GAPDH and fold-change data vs. untreated. Data, 
mean + SD (N=7). Student's unpaired t-test. *p<0.05, **p<0.01, ns; non-significant. 

GENE FOLD CHANGE STATISTICS 
EXTRINSIC PATHWAY 

FAS 10.25 ± 2.5 * 

CASP8 0.99 ± 0.40 ns 

INTRINSIC PATHWAY 

BNIP3 3.87 ± 1.63 * 

PMAIP1 (NOXA) 25.05 ± 3.96 ** 

BAK 3.47 ± 0.97 * 

BAX 2.23 ± 0.65 * 

COMMON EFFECTORS 

CASP9 0.87 ± 0.21 ns  
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Figure 18. Extrinsic and intrinsic apoptotic pathways are upregulated by LPS + IFN-γ activation in VIC. Cells were 
treated with 100 ng/mL LPS and 1 µg/mL IFN-γ in calcification media for the indicated times (A) or 1 week (B). (A) 
Caspase 3/7 activity was determined at different time points (N=3). (B) Apoptosis assay by cytometric analysis of 
Annexin V-FITC and propidium iodide staining (N=6). Data are expressed as mean ± SD. Ns, non-statistical 
significance; *, p<0.05; **, p<0.01; ***, p<0.001. Student’s unpaired t-test  
 

Together, results demonstrated the LPS + IFN-γ-induced apoptosis in VIC and further suggested the 

TLR4-IFNGR interplay on the induction of both extrinsic and intrinsic apoptotic pathways. 
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R.4- Metabolic reprogramming triggered by TLR3 signaling and its cooperation with 
IFNGR 

Poly (I:C), a TLR3 ligand, has been described to stabilize HIF-1α via JAK/STAT, and this effect is further 

potentiated by IFNGR signaling (Parra-Izquierdo et al., 2021). Based on this evidence, we aimed to study 

whether Poly (I:C) would cooperate with IFN-γ to promote a metabolic shift and to elucidate potential TLR-

specific effects. 

R.4.1- Poly (I:C) and IFN-γ team up to enhance glucose metabolism via glycolysis in VIC 

To evaluate the metabolic changes exhibited by VIC under TLR3 and IFNGR signaling activation, 

Seahorse Mito Stress assay was performed. Poly(I:C), a synthetic dsRNA and TLR3 ligand, significantly 

increased ECAR (Figure 19A) in contrast to LPS (Figure 8). Conversely, Poly(I:C) potentiated the effects of 

IFN-γ in ECAR, showed no effect on OCR, and promoted a metabolic shift into a glycolytic phenotype (Figure 

19) in a comparable manner to the TLR4 ligand LPS (Figure 8). 

Next, we elucidated the contribution of glycolytic acidification to the total ECAR increase. Seahorse 

Glycolytic Stress and rate assays revealed an upregulated glycolytic function by Poly(I:C)+IFN-γ treatment 

since basal glycolysis (Figure 19D) and basal glycolytic proton efflux (Figure 19E) were significantly increased. 

Additionally, increased extracellular lactate by Poly(I:C)+IFN-γ demonstrated that, at least in part, 

extracellular acidification was due to enhanced lactate secretion (Figure 19F). Notably, the inflammatory 

milieu also induced the %PER from glycolysis; ≈ 95% of protons came from glycolysis upon stimulation 

(Figure 19G), as well as compensatory glycolysis (Figure 19H), supporting the relevance of glycolysis in VIC 

activated with Poly(I:C)+IFN-γ.  

Next, we analyzed ATP levels. Seahorse ATP rate assay data unveiled an increased total ATP 

production, but also a switch in the main ATP source (Figure 19I); while basal VIC were generating 60% of 

ATP from OXPHOS (mitoATP) and 40% from glycolysis (glycoATP), activated showed a decrease in mitoATP 

up to 25% in favor of a significant upregulation of glycoATP up to 75%, similar to the data found in VIC co-

stimulated with LPS and IFN-γ (Figure 9). 

In summary, data disclosed a TLR3-specific effect on extracellular acidification, but similar interplay 

between TLR3/4 and IFNGR in the induction of a metabolic shift to glycolysis in VIC.  
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Figure 19. Co-stimulation with Poly (I:C) and IFN-γ inflammatory agents generates a metabolic shift to a 
glycolytic phenotype in human VIC. Real-time metabolic analysis using Seahorse was performed in VIC treated 
with 1 µg/mL Poly (I:C) and 1 µg/mL IFN-γ for 24h. (A) Representative ECAR plot (N=8) and its quantitation. (B) 
Quantitation of OCR (N=8). (C) Energetics map (ECAR vs. OCR). (D-E) Glycolytic rate assay to calculate (E) Basal 
glycolysis (N=4) and (E) proton efflux (N=4). (F) Quantitation of extracellular lactate (N=6). (G-H) Seahorse 
Glycolytic Rate assay to calculate (G) Percentage of protons due to glycolytic function and, (H) compensatory 
glycolysis (N=4). (I) Seahorse ATP rate assay to calculate ATP production (N=5). Data are expressed as the mean ± 
SD. glycoATP, indicates glycolytic ATP; mitoATP, mitochondrial ATP; ns, non-significant differences; *. p<0.05; **, 
p<0.01. Student’s unpaired t-test. 

R.4.2- Poly (I:C) and IFN-γ affect pentose phosphate pathway metabolite synthesis and alter 
redox homeostasis  

Next, we investigated whether Poly(I:C) + IFN-γ would also have an impact on the PPP and redox state 

in VIC, as observed with LPS + IFN-γ treatment (Figures 10-12). Glucose tracing analysis disclosed no changes 

in the incorporation of [U-13C]-glucose into GSSG (Figure 20A), opposite to the results obtained for TLR4 and 

IFNGR activation in Figure 10. However, increased incorporation of [U-13C]-glucose in the ribose moieties of 

nucleotides such as ATP (Figure 20B) and cofactors such as NAD+ (Figure 20C) occurred in the same manner 

as TLR4 and IFNGR activation (Figure 11). These results supported the notion of an inflammatory-mediated 
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increase in the PPP non-oxidative route thus providing a source of ribose-5-P for the enhanced synthesis of 

nucleotides and cofactors. 

 
Figure 20. Metabolic rewiring by Poly(I:C)+IFN-γ is characterized by increased glucose flux into the ribose 
moieties of nucleotides and cofactors. Cells were incubated with M199-10% FBSi and 10 mM [U-13C]-glucose and 
activated with 1µg/mL Poly (I:C) and 1 µg/mL IFN-γ. Extracted metabolites were then analyzed by UPLC-MS 
analysis. (A) [U-13C] incorporation into M+2 GSSG expressed as the ratio M+2/M (N=7). (B-C) [U-13C] incorporation 
into M+5 ATP (N=7); and into M+2, M+5, and M+10 NAD (N=7). Data are expressed as mean ± SD. N indicates the 
number of VIC isolates from independent valve donors; ns, non-significant differences; *, p<0.05; ****, p<0.0001. 
Student’s unpaired t-test  

Subsequently, we studied the potential alterations in redox homeostasis by Poly (I:C) + IFN-γ 

treatment in VIC, which may be a consequence of PPP impairment. For this purpose, we used a seahorse 

analyzer and Mito Stress assay to measure non-mitochondrial oxygen consumption, which increased upon 

activation of VIC (Figure 21A). To clarify whether this increase was due to ROS production, we used a 

fluorescent probe (DCFH-DA) to measure total ROS, and the results showed a significant increase in ROS 

production upon activation (Figure 21B). 

 

Figure 21. Non-mitochondrial ROS production is increased upon Poly (I:C) + IFN-γ-induced metabolic shift. VIC 
were treated with 1 µg/mL Poly (I:C) and 1 µg/mL IFN-γ for 24h and then analyzed. (A) Seahorse metabolic 
analysis of non-mitochondrial oxygen consumption (N=7). (B) ROS production evaluated with the fluorescent 
DCFH-DA was expressed as fluorescence a.u. (N=5). *p<0.05. Student’s unpaired t-test.  

R.4.3- Poly (I:C) and IFN-γ team up to increase pyruvate entrance to TCA 

Next, we investigated whether Poly(I:C) + IFN-γ would also have an impact on pyruvate entrance to 

the TCA cycle, as observed with LPS + IFN-γ treatment (Figures 13). [U-13C]-Glucose tracing analysis revealed 

a significant decrease in unlabeled (M) acetyl-CoA while a tendency to increase in [U-13C] glucose flux into 
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(M+5) acetyl-CoA (Figure 22A). Glucose flux into TCA metabolites, such as citrate and succinate, was poorly 

detected in untreated VIC, although a small but consistent and significant raise in [U-13C]-glucose 

incorporation was detected (Figure 22B, C). Moreover, a significant increased incorporation of label glucose 

into citrate (M+2) was measured. Although the % of incorporation expressed as (M+2/M) was not significant, 

marked differences were measured when comparing M+2 citrate levels in untreated versus activated VIC 

(Figure 22B). In the case of succinate, differences were significant when expressing data as % of 

incorporation and when comparing M+2 succinate levels in untreated and activated cells (Figure 22C). In 

contrast, no changes in OAA levels were observed in the presence of inflammatory insults (Figure 22D). 

 

Figure 22. Metabolic rewiring induced by Poly (I:C) + IFN-γ is characterized by glucose flux into TCA.VIC were 
incubated with M199 -10% FBSi and 10 mM [U-13C]-glucose and activated with 1 µg/mL Poly (I:C) and 1 µg/mL 
IFN-γ for 24h. Then, metabolite extraction was performed followed by UPLC-MS analysis. (A) % incorporation of 
[U-13C]-glucose carbon into M+2 and M+5 acetyl-CoA (N=9). (B-D) % incorporation of U-13C and nmol/mg protein 
(N=9) of (B) M+2 citric acid, (C) M+2 succinic acid, (D) M+2 OAA. Data are expressed as mean ± SD. N indicates the 
number of VIC isolates from independent valve donor.; ns, non-significant differences. *p<0.05; **p<0. 01.. 
Student’s unpaired t-test. 

Together, results showed a tendency to increase the glucose flux into the first metabolite undergoing 

TCA, acetyl-CoA, while low but consistent incorporation in subsequent TCA metabolites, such as succinic acid 

and citric acid. 
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R.4.4- Activated VIC decrease respiratory capacity and impair mitochondrial ATP production 

 The next step was to assess the status of mitochondrial respiration in VIC exposed to Poly(I:C) + IFN-γ. 

Real time Seahorse Mito Stress analysis disclosed some differences between TLR3 and TLR4 agonists. Poly 

(I:C) + IFN-γ had no effect on either basal OCR or maximal respiration capacity but showed a tendency to 

decrease ATP linked to OXPHOS (Figure 23A), in contrast to the reduction of maximal respiration and ATP 

linked to OXPHOS induced by LPS + IFN-γ treatment (Figure 15). Then, we measured proton leak and 

coupling efficiency to evaluate a potential ineffective respiration. After Poly (I:C) + IFN-γ activation, proton 

leak showed a tendency to increase, whereas coupling efficiency did not show alterations (Figure 23A, B), 

differing from the results obtained upon co-stimulation with LPS and IFN-γ (Figure 15). 

Finally, to elucidate the role of mitochondrial respiratory chain after stimulation, we calculated the 

reliance on complexes I and III for mitochondrial respiration. Cell activation with Poly (I:C) + IFN-γ did not 

alter the reliance on complex I/III complexes (Figure 23C), in contrast to LPS + IFN-γ treatment (Figure 15). In 

contrast, the % dependence of oxygen consumption on ATP synthase diminished upon Poly (I:C)+ IFN-γ 

activation (Figure 23C), as observed in Figure 15. 

 

Figure 23. Metabolic reprogramming induced by Poly (I:C) + IFN-γ does not affect mitochondrial respiration 
parameters. VIC were treated with 1 µg/mL Poly (I:C) and 1 µg/mL IFN-γ for 24h and then analyzed using 
Seahorse Mito Stress metabolic analysis. (A) Bar graph corresponding to basal OCR, maximal respiration, ATP 
production linked to OXPHOS and proton leak (N=5/6/7). (B) Bar graphs corresponding to the coupling efficiency 
(%) (N=4). (C-D) OCR measures after rot/AA and oligomycin injection, respectively, referred to basal OCR for 
calculating the percentage of reliance in respiratory complexes (N=5). Data are expressed as the mean ± SD. Ns, 
non-statistical significance; *, p<0.05. Student’s unpaired t-test.  
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Altogether, data revealed a decrease in mitochondrial ATP production, but no changes in oxygen 

consumption rate or maximal respiration, upon Poly (I:C) + IFN-γ activation that may be due to the proper 

function of complex I/III but altered ATP synthase. Additionally, these results disclosed some differences 

between TLR3 and TLR4 in the interplay with IFNGR on mitochondrial respiration in VIC.  
 

R.4.5- TLR3 promotes the activation of apoptotic pathways and decrease the mitochondrial 
membrane potential in VIC 

Considering that (i) the TLR3 agonist Poly (I:C) induced a proglycolytic metabolic shift in VIC (Figure 

19), (ii) Poly (I:C) is reported to stabilize HIF-1α and then induce VIC calcification (Parra-Izquierdo et al., 

2021), and (iii) HIF-1α has been associated not only with metabolic stress but also with ROS generation and 

apoptosis (Mason et al., 2011), we aimed to investigate the effects of Poly (I: C) on apoptosis and 

mitochondrial membrane potential in VIC. qPCR analysis of VIC activated with Poly (I:C) for 24h indicated 

upregulation of genes related to the extrinsic apoptotic pathway, such as FAS-ligand (FAS) receptor and 

caspase 8 (CASP8) (Table 5), and genes from the intrinsic pathway,  such as BNIP3, PMAIP (NOXA), BBC3 

(PUMA), BAK, and BAX (Table 5). Transcription analysis of common effectors revealed no changes in CASP9 

transcripts, but CASP3 upregulation upon VIC activation (Table 5). Thus, the analysis of caspase 3/7 activity 

showed an increased caspase 3 activity upon stimulation (Figure 24A). To further characterize if these 

changes were leading to membrane damage and mitochondrial potential disruption, we used the fluorescent 

probe TMRM. FCCP, a potent uncoupler of mitochondrial oxidative phosphorylation, was used as a control. 

Flow cytometry analysis showed a decrease in fluorescence in Poly (I:C) activated as compared to untreated 

VIC (Figure 24B), thus elucidating a TLR3-induced inhibition of mitochondrial membrane potential that 

would lead to metabolic changes such as ATP depletion and may later induce VIC apoptosis.  

Table 5. Changes in apoptotic gene expression in Poly (I:C)-activated vs. untreated VIC. The comparison of the 
expression for the indicated genes is expressed as 2-ΔΔCt, where ΔCt is the Ct gene-Ct GAPDH. Table includes fold 
change data vs. untreated, mean + SD (N=5). Student's unpaired t-test. *p<0.05, **p<0.01,***p<0.001, ns; non-
significant. 

GENE FOLD CHANGE STATISTICS 
EXTRINSIC PATHWAY 

FAS 10.05 ± 3.75 *** 

CASP8 4.00 ± 2.49 *  

INTRINSIC PATHWAY 

BNIP3 3.00 ± 1.59 ** 

PMAIP1 (NOXA) 12.64 ± 1.21 *** 

BAK 2.87 ± 0.64 * 

BBC3 (PUMA) 2.09 ± 0.74 * 

APAF1 2.75 ± 1.10 * 

COMMON EFFECTORS 

CASP9 1.16 ± 0.32 ns 

CASP3 2.15 ± 0.64 * 
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Figure 24. Poly(I:C) upregulates extrinsic and intrinsic apoptotic pathways and reduces the mitochondrial 
membrane potential of VIC. Cells were treated with 1 µg/mL Poly (I:C) for 24h and then analyzed. (A) Caspase 3 
activity in cells activated as indicated for 24h was analyzed with a luminescent assay kit. RLU, relative 
luminescence units are directly proportional to caspase 3 activity. N=6. (B) Flow cytometry analysis of cells stained 
with fluorescent dye TMRM, representative of N=3. The uncoupling agent, FCCP, was used as a control. Data are 
shown as the mean ± SD. *p<0.05. Student’s unpaired t-test  

Since the main apoptotic changes are mediated by the tumor suppressor p53, which is known to 

regulate cell metabolism by directly inducing ETC and repressing glycolytic enzymes (Bensaad et al., 2006 & 

Matoba et al., 2006), the next step was to assess p53 in VIC. WB analysis showed an early increase in p53 

expression 8h after Poly (I:C) activation, which decreased after 24h of treatment (Figure 25A-C). In addition, 

WB analysis of nuclear and cytoplasmic protein extracts unveiled Poly (I:C)-induced accumulation of p53 in 

both cytoplasm and nuclei (Figure 25D), where it could function as a transcriptional factor. 

Figure 25. p53 accumulation in both the cytoplasm and nuclei of VIC is increased by Poly (I:C) activation. VIC 
were treated with 1 µg/mL Poly (I:C) and then analyzed by WB. (A-C) Representative immuno-blot and 
quantitation of p53 protein in whole cell extracts from cells activated for (B) 8h (N=6) or (C) 24h (N=7). (D) 
Representatives immunoblot of the time-course of p53 in nuclear (Nuc) and cytoplasmic (Cyt) extracts. Data are 
shown as mean ± SD. *p<0.05. Student’s unpaired t-test. 

Together, data disclosed that Poly(I:C) reduced mitochondrial membrane potential and induced 

intrinsic and extrinsic apoptotic pathways and p53 accumulation in human VIC, suggesting that p53, a key 

factor in apoptosis regulation, could play an early role in the induction of apoptosis.  
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R.5-Role of inflammation-induced increase in glycolysis in pathogenic processes 
underlying CAVD: inflammation, differentiation, and calcification.  

Once characterized the TLR4-IFNGR interplay on increased glucose uptake and catabolism, we 

investigated whether this increase in glycolysis could contribute to CAVD pathological processes such as 

inflammation, differentiation, and calcification. Firstly, we used the pharmacological blockade of glycolysis 

via 2-Deoxy-D-glucose (2-DG), a competitive inhibitor of HKII. HKII phosphorylates 2-DG to 2-deoxy-D-

glucose-6-phosphate, which cannot be further metabolized (S. Yu et al., 2010). Likewise, due to its structural 

similarity with mannose, 2-DG exerts a greater competitive effect with mannose than with glucose, since 

mannose is found in tissues in much lower concentrations (Kurtoglu et al., 2007). To validate the results 

obtained upon glycolysis inhibition, glucose deprivation was used. Notably, the fact that 2-DG blocks 

mannose and glucose metabolism affects post-translational protein modifications, such as mannosylation 

and glycosylation, leading to unfolded protein accumulation and response, and endoplasmic reticulum 

stress.  

R.5.1- 2-DG pre-treatment and glucose deprivation blunt metabolic effects orchestrated by co-
stimulation with LPS and IFN-γ  

To directly assay the role of glycolysis in the inflammatory-induced metabolic rewiring described in 

Figures 8-9, real-time metabolic analysis was performed in presence of 2-DG or in glucose-free conditions. 

First, Seahorse Mito Stress assay showed that glycolysis blockade significantly blunted the LPS + IFN-γ-

triggered increase in ECAR levels and also upregulated OCR levels both in untreated and inflammatory-

activated cells (Figure 26A-B). In addition, the energetic map confirmed the abrogation of the shift to a more 

glycolytic phenotype acquired upon inflammatory induction by 2-DG (Figure 26C). Additionally, Glycolytic 

rate assay showed that glycolysis blockade significantly decreased some glycolytic parameters that were 

upregulated upon LPS + IFN-γ treatment: glycolytic acidification, basal glycolysis, and basal proton efflux 

(Figure 26D). Similarly, a Glycolytic Stress assay showed that 2-DG abrogated the LPS + IFN-γ-induction of 

glycolytic capacity and compensatory glycolysis (Figure 26E). Moreover, Seahorse analysis of VIC activated in 

glucose-free medium further confirmed that glucose deprivation significantly blunted LPS + IFN-γ-induced 

ECAR (Figure 26F), and markedly increased OCR (Figure 26G) and reversed the metabolic rewiring induced 

by inflammatory insults (Figure 26H). 
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Figure 26. Glycolysis blockade inhibits inflammation-induced glycolytic shift in VIC. (A-E) VIC were pre-incubated 
with 10 mM 2-DG for 1h and treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and then analyzed using 
Seahorse metabolic Mito Stress assay. (A) Representative ECAR and OCR plots. (B) Bar graphs of basal ECAR and 
OCR (N=6). (C) Energetic map (ECAR vs. OCR plot). (D-E) Bar graphs of the indicated glycolytic parameters 
(N=3/6/7). (F-H) Cells were activated in glucose-free medium and ECAR and OCR rates were analyzed (N=5/6). (H) 
Energy map. Data are expressed as the mean ± SD. Ns, non-statistical significance. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. One-way ANOVA followed by Tukey’s post-hoc test in panels B, D, and E. Student’s 
unpaired t-test in G and H.  

Next, we evaluated the impact of glycolysis blockade on other downstream metabolic pathways. 

Seahorse Mito Stress assay data showed that glycolysis blockade blunted all the mitochondrial respiratory 



                                                                                                                                   RESULTS 

129 
 

effects induced by TLR4 and IFNGR stimulation (Figure 15). 2-DG reversed the effects of LPS + IFN-γ on 

maximal respiration, non-mitochondrial oxygen consumption, proton leak, coupling efficiency, and ATP 

production linked to OXPHOS (Figure 27A-E). Additionally, the Seahorse ATP rate assay showed that 2-DG 

reversed the inflammatory-induced switch in ATP sources in VIC by reducing glycoATP and total ATP levels 

and increasing mito-ATP (Figure 27F).  

 

Figure 27. Metabolic changes affecting mitochondrial respiration and ATP production upon LPS + IFN-γ 
activation are blunted when blocking glycolysis. VIC were pre-incubated with 10 mM 2-DG and then treated with 
100 ng/mL LPS and 1 µg/mL IFN-γ for 24h and analyzed mitochondrial parameters by Seahorse Mito Stress Assay. 
(A) Maximal respiration, (B) non-mitochondrial oxygen consumption, (C) proton leak, (D) coupling efficiency, and 
(E) ATP production coupled to OXPHOS. (F) ATP production rate assay showing the main sources of ATP. Data are 
shown as the mean ± SD (N=6/7). N indicates the number of VIC isolates from independent valve donors; ns, non-
significant differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA followed by Tukey’s 
post-hoc test. 

Given that JAK-STAT1/HIF-1α is reported to mediate LPS + IFN-γ-induced inflammation and 

calcification in VIC (Parra-Izquierdo et al., 2019), and the role of HIF-1α in metabolic reprogramming 

(Warburg et al., 1926), we sought to investigate the potential role of glycolysis in the activation of the JAK-

STAT1/HIF-1α pathway. Notably, WB results disclosed that glycolysis blockade with 2-DG significantly 

decreased the STAT1 phosphorylation and HIF-1α stabilization induced upon LPS + IFN-γ treatment, and this 

effect was reversed by mannose (Figure 28A-C). Next, we analyzed the expression of limiting enzymes 

involved in glucose metabolism regulated by HIF-1α. qPCR data revealed that 2-DG significantly inhibited LPS 

+ IFN-γ-triggered effects on GLUT1 (Figure 28D) and PDK4 (Figure 28E) gene expression. Additionally, the 

effects of glycolysis inhibition were significantly reversed by mannose treatment (Figure 28D-E). To further 

confirm if the observed 2-DG effects were a consequence of glycolysis blockade, WB analysis in glucose-free 
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medium showed that blunting glucose uptake in an inflammatory environment significantly decreased HIF-

1α stabilization and STAT1 phosphorylation (Figure 28F-H).  

Altogether, results confirmed that glycolysis blockade inhibits glycolytic flux, thus preventing the 

glycolytic shift induced by LPS + IFN-γ, and further disclosed that when glycolysis was blunted, VIC tried to 

restore the mitochondrial respiratory chain to maintain cell bioenergetics and fulfill energy requirements. 

Notably, glycolysis is required for LPS + IFN-γ-mediated STAT1 activation and HIF-1α stabilization. 

 

Figure 28. Glycolysis blockade inhibits LPS + IFN-γ-induced STAT1 activation, HIF-1α stabilization, and metabolic 
gene enzyme alterations, and mannose reverses these effects. (A-E) VIC were pre-incubated with 10 mM 2-DG 
for 1h and activated with 100 ng/mL LPS, 1 µg/mL IFN-γ and 1mM mannose for 24h. (A-C) Representative blots 
and quantitation of HIF-1α and pSTAT1. (D) qPCR analysis of GLUT1 (SLC2A1) and (E) PDK4 expression. (F-H) VIC 
were activated in glucose-free or regular media. Representative blots and quantitation of HIF-1α and pSTAT1. 
Data are shown as the mean ± SD (N=8/9). Ns, non-significant difference; *, p<0.05; **, p<0.01; ***, p<0.001; 
****, p<0.0001. One-way ANOVA with Tukey’s post-hoc test in panels B-D. One-way ANOVA followed by 
Dunnett’s post-hoc test (vs. untreated) in E. Student´s unpaired t-test in G and H.  
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R.5.2- Glycolysis inhibition abrogates inflammation induced upon TLR4 and IFNGR co-stimulation 

Given the association of JAK-STAT signaling and inflammation and calcification reported in human VIC 

(Parra-Izquierdo et al., 2019), we sought to investigate the role of glycolysis on inflammation. WB analysis 

showed that LPS + IFN-γ induced strong activation of the master regulator of inflammation, NF-κB, and this 

induction was blunted when glycolysis was blocked, and the effect was reversed by mannose treatment 

(Figure 29A-B). We then explored adhesion molecules regulated by NF-κB, such as ICAM-1 and VCAM-1, 

whose serum levels were increased in patients with non-rheumatic valve disease (Death et al., 1997). Our 

data confirmed the LPS + IFN-γ–induction of ICAM-1 (Figure 29A, C), as previously reported by our group 

(Parra-Izquierdo et al., 2019), and further disclosed the upregulation of VCAM-1 protein levels (Figure 

29A,D). Glycolysis blockade with 2-DG abrogated the LPS + IFN-γ-mediated induction of both adhesion 

molecules. Notably, 2-DG reduced the molecular weight of both detected proteins (Figure 29A, C, D), 

indicating the inhibition of their post-translational modifications, consistent with the 2-DG disruption of N-

glycosylation. Furthermore, 2-DG effects on protein expression and glycosylation were reversed by mannose 

(Figure 29A-D). 

Next, a glucose deprivation analysis was performed to confirm the role of glucose uptake in 

inflammation. WB analysis in glucose-free medium showed that activation of NF-κB by LPS + IFN-γ was 

blunted in the absence of glucose (Figure 29E-F). Additionally, glucose depletion also reduced the 

inflammatory-induction expression of ICAM-1 and VCAM-1 (Figure 29E, G, H).  
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Figure 29. Glycolysis inhibition blunts the inflammation-mediated activation of NF-κB, as well as the expression 
and post-translational modifications of adhesion molecules. (A-D) VIC were activated and analyzed as in Figure 
28A-C. Representative blots (glycolysis blockade with 2-DG) and quantitation of pNF-κB, ICAM-1, and VCAM-1 
levels. (E) VIC were activated and analyzed as in Figure 28F-H. Representative blots (glucose-free medium), and 
quantitation of pNF-κB, ICAM-1 and VCAM-1, Data, mean ± SD (N=5/7). ns, non-significant differences. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Tukey’s post-hoc in panels B, C, D. Student’s 
unpaired t-test performed in F, G, H.  

To further examine the role of glycolysis on inflammation, we explored the transcription of 

inflammatory molecules and cytokines with a reported role in CAVD such as IL-6, IL-8, and COX-2 (PTGS2) 

(Mathieu et al., 2015). qPCR data showed the abrogation of LPS + IFN-γ-induced upregulation of IL6, IL8, and 

PTGS2 transcripts by pre-incubating VIC with 2-DG, and the effect was reversed by mannose (Figure 30A-C). 

Moreover, ELISA analysis confirmed that co–stimulation of VIC with LPS + IFN-γ significantly induced  the 

secretion of the cytokines IL-6/8 and the lipid mediator and product of the COX-2 pathway prostaglandin E2 

(PGE2), which was blunted upon glycolysis inhibition, and further showed a partial reversion by mannose 

(Figure 30D-F). Experiments performed in glucose-free medium confirmed the role of glycolysis by showing a 

decrease in LPS + IFN-γ-induced IL6 and IL8 transcripts and IL-6 secretion in the absence of glucose (Figure 

30G-H).  
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Figure 30. Glycolysis blockade inhibits inflammation-induced expression of COX2 and cytokine secretion. (A-F) 
VIC were activated and analyzed as in Figure 28A-C, (glycolysis blockade with 2-DG). (A-C) qPCR analysis of IL6, 
IL8, and PTGS2 transcripts. (D) ELISA results showing secretion of IL-6, IL-8, and PGE2. (G-I) VIC were activated and 
analyzed, as in Figure 28F-H (glucose-free medium). (G-H) qPCR analysis of IL6 and IL8 in glucose-free medium. (I) 
IL-6 secretion. Data are expressed as mean ± SD (N=3-8). Ns, non-significant differences; *, p<0.05; **, p<0.01; 
***, p<0.001; ****, p<0.0001. One-way ANOVA with Dunnett post-hoc (vs. LPS + IFN-γ) in panels A, B, C, D, E, F. 
Student’s unpaired t-test in G, H, I.  

Finally, in contrast to 2-DG (Figure 30C), glucose deprivation did not inhibit the upregulation of PTGS2 

transcripts upon activation with LPS + IFN-γ (Figure 31A). The inhibition of PTGS2 by 2-DG treatment could 

be due to the known role of 2-DG in ER stress induction and the reported role of ER stress in COX-2 

expression and glycosylation inhibition (Yu et al., 2010). In fact, inflammatory-induced PTGS2 levels were 

significantly decreased upon tunicamycin, a well-known inductor of ER stress (Figure 31B). 
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Figure 31. Inflammatory-induced upregulation of PSTG2 transcripts is not altered by glucose deprivation but 

inhibited by an ER stress inducer. (A) PTGS2 expression in VIC activated for 24h with 100 ng/mL LPS and 1 µg/mL 
IFN-γ with or without 10mM glucose (B) PTGS2 transcript levels of VIC treated as indicated for 24 h; 100 ng/mL 
tunicamycin. ns, non-significant differences. **p<0.01, ***p<0.001. Data are expressed as mean ± SD (N=6/7). 
Student’s unpaired t-test. 

Together, data disclosed that glycolysis was necessary for the inflammatory-mediated induction of the 

secretion of cytokines IL-6/8 and the expression of adhesion molecules in human VIC, and further showed 

that glycolysis is required for the glycosylation of the adhesion molecules ICAM-1 and VCAM-1.  

R.5.3-Glycolysis blockade blunts VIC differentiation and matrix remodeling upon LPS + IFN-γ 
activation 

Human calcified valves exhibit overexpression of several osteogenic genes and bone-related pathways 

compared to healthy valves (Bosse et al., 2009). In fact, our laboratory has previously shown that long-term 

treatment of cells with IFN-γ induced VIC differentiation to an osteoblast-like phenotype that was further 

potentiated by TLR4 activation (Parra-Izquierdo et al., 2019). Taking this into account, we addressed whether 

glycolysis is required for LPS + IFN-γ-triggered differentiation of VIC. Microphotographs showed an 

osteoblast-like morphology when treating VIC with inflammatory stimuli for 14 days, and notably, glycolysis 

blockade with 2-DG promoted the dedifferentiation of VIC, as suggested by the acquisition of a fibroblast-

like phenotype with large, elongated and spindle-shaped cells (Figure 32A). Moreover, qPCR analysis 

confirmed the loss of the myofibroblast marker alpha-smooth muscle actin (α-SMA; ACTA2) in VIC exposed 

to 2-DG (Figure 32B). In addition, the addition of mannose to the media resulted in partial reversion to a 

myofibroblast-like phenotype (Figure 32A).  

Next, we addressed the levels of bone morphogenetic protein (BMP)-2, a potent osteogenic signaling 

morphogen overexpressed in calcified valves (reviewed in Rajamannan et al., 2014) and associated with 

osteoblast-like differentiation of VIC and the ensuing calcification (Gomez-Stallons et al., 2016). qPCR data 

disclosed that 2-DG significantly inhibited the upregulation of BMP2 transcripts upon VIC exposure to LPS + 

IFN-γ for 24h, and these effects were partially reversed by mannose (Figure 32C). Additionally, because 

exaggerated matrix remodeling is another feature of CAVD (Miller et al., 2011), we explored the role of 

glycolysis in metalloproteinase expression. qPCR data showed that the upregulation of the matrix 
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metalloproteinase 1 (MMP1) upon stimulation was significantly decreased in the presence of 2-DG, while 

mannose partially reversed this effect (Figure 32D). Furthermore, inflammatory-induced upregulation of 

BMP2 and MMP1 gene expression was reduced in glucose-free medium (Figure 32E-F).  

Together, data highlighted the role of glycolysis in the inflammatory-induced VIC differentiation into 

an osteoblast-like phenotype and in the upregulation of osteogenic and matrix remodeling markers in 

human VIC.  

 

Figure 32. Glycolysis is necessary for the inflammatory-induced osteoblast-like phenotype and upregulation of 
osteogenic and matrix remodeling markers in VIC. (A) VIC were pre-incubated with 10 mM 2-DG and 1mM 
mannose and then treated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 14 days in M199+10% FBSi media. 
Representative of N=3. Black line indicates 50 µm. (B) VIC were treated with 2-DG for 24h and ACTA2 expression 
levels were measured by qPCR. (C) BMP2 and (D) MMP1 expression levels. (E-F) VIC were pre-incubated with 
glucose-free medium for 1h and then stimulated as described for later PCR analysis of BMP2 and MMP1 
expression levels. Data are presented as mean ± SD (N=6/7). Ns, non-significant differences; *, p<0.05; **, 
p<0.005; ***, p<0.001; ****, p<0.0001. One-way ANOVA with Dunnett’s post-hoc test (vs. LPS + IFN-γ) in panel B. 
One-way ANOVA with Tukey’s post-hoc test in panel C. Student’s unpaired t-test in E, F.  
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R.5.4-Glycolysis is necessary for inflammatory-induced calcification and apoptosis in VIC 

 The next step was to study whether the inflammatory-induced increase of glycolysis had a role in 

promoting calcification in human VIC. In vitro calcification assays revealed both that co-stimulation with IFN-

γ and LPS induced mineralization and Ca2+ deposition, confirming data from our group (Parra-Izquierdo et al., 

2019), which was further blunted by pre-incubation with the glycolysis inhibitor 2-DG (Figure 33A-B). 

Surprisingly, the effect of 2-DG was not reversed by mannose, as expected, but was further potentiated in 

Ca2+ deposits (Figure 33B). The role of glycolysis on inflammation-induced calcification was further 

confirmed by glucose deprivation experiments showing the reduction of LPS + IFN-γ-mediated mineralization 

and Ca2+ deposition in VIC (Figure 33C-D). 

 

Figure 33. Glycolysis inhibition abrogates inflammatory-induced mineralization and Ca2+ deposition in VIC. VIC 
were pre-incubated with 10 mM 2-DG or glucose-free medium for 1 h and then treated with 100 ng/mL LPS, 1 
µg/mL IFN-γ and 1mM mannose for 7 days in calcification media and then analyzed. (A) ARS staining and its 
quantitation when pre-incubating cells with 2DG. (B) Ca2+ deposits. (C) ARS staining and its quantitation in 
glucose-free medium. (D) Ca2+ deposits. Data are expressed as mean ± SD (N=7/8). Black line indicates 50 µm; ns, 
non-significant differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A one-way ANOVA with Tukey’s post-
hoc test is shown in panels A and B. Student’s unpaired t-test is shown in panels C and D.  
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It is known that both osteogenic and dystrophic calcifications are found in stenotic valves (Torre et al., 

2016), and apoptosis has been reported to contribute to LPS + IFN-γ-induced calcification in human VIC 

(Parra-Izquierdo et al., 2019). For this reason, we aimed to assess apoptosis. Flow cytometry analysis of 

annexin-stained VIC revealed that glycolysis blockade with 2-DG did not alter the number of apoptotic VIC 

(Figure 34A), while the pre-treatment with mannose further decreased apoptosis (Figure 34A). Therefore, 

results suggested a potential anti-apoptotic role of mannose, which could also explain why the abrogation of 

VIC calcification by 2-DG was not reversed by mannose (Figure 33A-B). The upregulation of a well-known 

anti-apoptotic gene, B-cell lymphoma 2 (BCL2), by mannose also suggested its role as an anti-apoptotic 

agent in VIC (Figure 34B).  

 

Figure 34. Mannose reduces the apoptosis induced by LPS + IFN-γ and upregulates the anti-apoptotic gene in 
VIC. (A) VIC were pre-incubated with 10 mM 2-DG and treated with 100 ng/mL LPS, 1 µg/mL IFN-γ and 1mM 
mannose for 7 days in calcification media and then analyzed by flow cytometry to evaluate Annexin V FITC-
stained cells (B2+B4) (N=6). (B) BLC2 transcription levels in VIC treated with or not with 1mM D-mannose (N=10). 
Ns means non-significant differences; *, p<0.05. One-way ANOVA with Dunnet post-hoc (vs. 2-DG + LPS + IFN-γ) in 
panel A. Student’s unpaired t-test in B.  

Collectively, data highlighted the requirement of glycolysis to support the LPS + IFN-γ-induced 

calcification and revealed a potential role of mannose as an anti-apoptotic agent.  

R.5.5- Increase in PKM2 activity directly contributes to inflammation, differentiation, and 
calcification processes in VIC 

The next aim was to address whether PKM2 activation had a role in the inflammatory-induced 

glycolytic reprogramming, since PKM2 expression is upregulated by inflammatory stimuli in VIC (Figure 7). 

This enzyme catalyzes the last step in glycolysis, the conversion of phosphoenolpyruvate to pyruvate 

generates ATP. Both its conformation and activity can be allosterically modified by metabolic intermediates 

and pharmacological compounds. Firstly, human VIC were treated with the compound ML-265 (also called 

TEPP46) which enhances PKM2 tetramerization and converts it into a highly glycolytic enzyme that increases 

glycolytic flux and decreases pyruvate flux to mitochondria (Anastasiou et al., 2012 & Christofk et al., 2008). 

Seahorse Mito Stress assay revealed that the activation of PKM2 tetramerization with TEPP46 promoted a 

significant increase in ECAR, while non-significant changes in OCR, resulting in a metabolic shift to a more 
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glycolytic phenotype in VIC (Figure 35A-C) that resembled the inflammatory-induced shift (Figures 6,8). 

Other metabolic parameters related to OXPHOS showed that PKM2 activation did not alter maximal 

respiration (Figure 35D) but enhanced non-mitochondrial oxygen consumption (Figure 35E). Moreover, as 

expected, VIC treated with TEPP46 showed no changes in proton leak, but decreased ATP production linked 

to OXPHOS (Figure 35F-G). To further characterize if PKM2 participated in glycolytic ATP production, which is 

the main ATP source in inflammatory-activated cells, Seahorse ATP rate assay was performed. Data showed 

that PKM2 tetramerization induced glycolytic ATP production and decreased mitochondrial ATP production 

(Figure 35H).  

 

Figure 35. PKM2 tetramerization leads to a glycolytic shift in human VIC. (A-G) Cells were incubated with 50 µM 
TEPP46 for 24h and then analyzed using Seahorse Mito Stress assay. (A) ECAR quantitation. (B) OCR quantitation 
(C) Energetic map (ECAR vs. OCR plot). (D) Maximal respiration. (E) Non-mitochondrial oxygen consumption. (F) 
Proton leak. (G) ATP production linked to OXPHOS. (H) Main sources of ATP were evaluated by ATP rate assay. 
Data are expressed as the mean ± SD (N=6/7). ns, indicates non-significant differences; *, p<0.05; **, p<0.01. 
Student’s unpaired t-test. 

Due to the association between PKM2 and HIF-1α since it has been previously described that dimeric 

PKM2 is present in the nuclei of tumor cells and is responsible for the Warburg effect by interacting with HIF-

1α (reviewed in Puckett et al., 2021), we analyzed HIF-1α stabilization after PKM2 activation. WB analysis 

showed an increase in HIF-1α stabilization upon PKM2 induction with TEPP46 (Figure 36A-B).  

Next, we explored the potential role of PKM2 in VIC inflammation. WB blot analysis revealed increased 

activation of the master inflammation regulator NF-κB, as shown by its phosphorylation (Figure 36A, C). 

Then, the expression of pro-inflammatory cytokines regulated by NF-κB was measured using qPCR. Data 

elucidated an upregulated expression of IL6 and IL8 upon TEPP46 treatment (Figure 36D-E), indicating that 

PKM2 activation was associated with inflammation in human VIC.  
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Figure 36. PKM2 activation increases HIF-1α stabilization and inflammation in VIC. VIC were incubated with 50 
µM TEPP46 for 24h and then analyzed. (A) Immunoblot showing HIF-1α and NF-κB phosphorylation levels. (B) 
Quantification of HIF-1α levels. (C) Quantitation of p NF-κB levels. (D) PCR expression levels of IL6. (E) qPCR results 
of IL8 expression. Data are expressed as the mean ± SD (N=4/6). *p<0.05, **p<0.01. Student’s unpaired t-test. 

Next, we asked if PKM2 was playing a role in processes such as differentiation and calcification. First, 

human VIC treated with TEPP46 in growth media for 21 days exhibited some morphological changes 

resembling an incipient osteoblast-like phenotype (Figure 37A). Additionally, qPCR measurement of the 

osteoblast marker BMP2, after 24h of TEPP46 treatment showed a significant induction (Figure 37B). Next, 

in vitro calcification assays for 7 days showed that TEPP-46 increased nodule formation and Ca2+ deposits 

(Figure 37C-D). Finally, to evaluate the potential mechanisms supporting PKM2-induced calcification, WB 

analysis revealed enhanced ERK phosphorylation upon TEPP46 treatment (Figure 37E), consistent with the 

reported MAPK signaling activation previously associated with VIC calcification (Gu et al., 2009).  

 

Figure 37. PKM2 activation potentiates VIC differentiation and calcification and promotes ERK activation. (A) 
VIC were incubated with 50 µM TEPP46 for 21 days and imaged. Images representing N=3. Black line indicates 50 
µm. (B) BMP2 expression levels after 24h of stimulation. (C) VIC were activated for 7 days in calcification media: 
(C) alizarin red staining images and quantitation (D) and Ca2+ deposits. (E) Representative immunoblots and 
quantitation of ERK phosphorylation upon 24h stimulation. Data are expressed as the mean ± SD (N=5/9). N 
indicates the number of VIC isolates from independent valve donors; ns, non-significant differences; *, p<0.05; 
***, p<0.001. Student’s unpaired t-test. 
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Together, data from this section highlighted the role of PKM2 in VIC metabolic reprogramming and 

triggering inflammation, cell differentiation, and calcification processes underlying CAVD pathogenesis.  

R.5.6- Inflammation-induced lactate secretion has a key role in inflammation, differentiation, and 
calcification processes in VIC 

Considering our previous results showing an increase in lactate secretion (Figure 9C) as well as 

overexpression of the lactate transporter gene MCT4 (Table 1), we sought to assay the role of lactate 

production in pathogenic processes underlying CAVD by blocking the enzyme LDH with the inhibitor sodium 

oxamate. Since lactate has been reported to have a direct role in HIF-1α stabilization leading to osteogenesis 

in osteoblast-lineage cells (Y. Wu et al., 2017), we first analyzed HIF-1α expression. WB data showed that 

inhibition of lactate production significantly abrogated the stabilization of HIF-1α induced by co-stimulation 

with LPS and IFN-γ, while no significant effect was observed on STAT1 activation (Figure 38A-C). 

Later, due to the recent association of lactate to immune induction and inflammation (Beyoğlu et al., 

2021 & Haas et al., 2015) and considering the crucial role of inflammation in CAVD pathogenesis, we 

measured the activation of NF-κB, and the expression of inflammatory molecules regulated by this factor. 

WB data showed a tendency for LPS + IFN-γ-induced NF-κB phosphorylation to decrease when lactate 

production was blunted with oxamate (Figure 38D), as well as ICAM-1 (Figure 38E), and VCAM-1 expression 

(Figure 38F). In addition, sodium oxamate significantly inhibited the expression of PTGS2, a gene encoding 

COX2 (Figure 38G) that has been associated with CAVD calcification (Wirrig et al., 2015). Finally, ELISA assay 

showed that blunting lactate production abrogated the IL-6 secretion induced upon inflammatory 

stimulation (Figure 38H). These data suggest a role for lactate in inflammation triggered by VIC exposure to 

inflammatory stimuli. 
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Figure 38. Inhibition of lactate production directly blunts LPS + IFN-γ-induced HIF-1α stabilization and the 
expression of inflammatory mediators. (A-F) VIC were pre-incubated with 10 mM sodium oxamate and later 
activated for 24h with 100 ng/mL LPS and 1 µg/mL IFN-γ and analyzed by WB. (A) Representative-blots and 
quantitation of (B) STAT1 phosphorylation. (C) HIF-1α stabilization. (D) NF-κB phosphorylation. (E) ICAM-1 
expression. (F) VCAM-1 expression. (F) qPCR analysis of PTGES2 (COX2) transcription levels. (G) ELISA for IL-6 
secretion Data are expressed as the mean ± SD (N=4/7). Ns, non-significant differences; *, p<0.05; **, p<0.01; 
***, p<0.001; ****, p<0.0001. One-way ANOVA with Tukey post-hoc in panels D, H. One-way ANOVA with 
Dunnett’s post-hoc test (vs. LPS + IFN-γ) in B, C, E, F, and G. 

Next, we addressed the role of lactate production in VIC differentiation and in vitro calcification. The 

analysis of cell morphology after 21 days of treatment disclosed morphological changes by the inhibition of 

lactate production with sodium oxamate. Microphotographs unveiled that the inhibition of lactate 

production partially blunted the osteoblast-like phenotype induced upon LPS + IFN-γ treatment (Figure 39A). 
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Then, in vitro calcification assays for 7 days, showed that sodium oxamate blunted the inflammatory-induced 

mineralization (Figure 39B). Notably, sodium oxamate significantly inhibited basal calcification in VIC (Figure 

39B). Taken together, these data indicate a role for lactate in VIC differentiation and calcification. 

 

Figure 39. Lactate production blockade significantly inhibits inflammatory-mediated VIC differentiation and 
calcification. VIC were pre-incubated with 10 mM sodium oxamate and activated with 100 ng/mL LPS and 1 
µg/mL IFN-γ. (A) Microphotographs of VIC treated for 21 days in M199 media. Representative of N=4. Black line 
indicates 50 µm. (B) Representative images and alizarin red staining quantitation of cells treated for 7 days in 
calcification media and quantitation (N=11). *p<0.05, **p<0.01, ****p<0.0001. One-way ANOVA with Tukey’s 
post-hoc test. 

Considering that lactate has been described as a signaling molecule (reviewed in Xiaolu et al., 2022) 

and the increased lactate secretion detected in the supernatants of activated VIC (Figure 9C), we next 

explored the potential role of secreted lactate in surrounding VIC. For this purpose, we exposed the cells to 

sodium lactate for 24h and assayed metabolic and pathogenic markers. WB analysis revealed that 

extracellular sodium lactate induced HIF-1α stabilization in VIC (Figure 40A). Moreover, Seahorse Mito Stress 

assay showed that exposure of VIC to sodium lactate enhanced the ECAR rate (Figure 40B), which was 

consistent with increased HIF-1α stabilization and glycolysis. Interestingly, Seahorse assay unveiled a direct 

role of extracellular lactate in the upregulation of non-mitochondrial oxygen consumption (Figure 40C), 

suggesting increased ROS production. In addition, sodium lactate significantly inhibited coupling efficiency 

(Figure 40D), suggesting some potential mitochondrial damage leading to a tendency in decreasing 

mitochondrial ATP production (Figure 40E). Furthermore, extracellular lactate altered VIC phenotype since 

after 21 days of treatment, VIC exhibited an osteoblast-like phenotype when compared with untreated cells 

(Figure 40F). 
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Data from this section indicated that lactate production was necessary for inflammatory-induced 

inflammation, differentiation, and calcification, most likely via HIF-1α stabilization. Notably, this metabolite, 

secreted by inflammatory activation of VIC, may exert some effects as a signal molecule by inducing 

metabolic changes in the neighboring VIC. 

 

 

 

 

 

 

 

Figure 40. Extracellular lactate induces HIF-1α stabilization, metabolic changes, and VIC differentiation. (A-
D) VIC were treated as indicated for 24 h. LacNa+, 15 mM sodium lactate. (A) Western blot analysis of HIF-1α 
expression. (B) Seahorse Mitrostress assay. ECAR rate. (C) Non-mitochondrial oxygen consumption. (D) 
Coupling efficiency measure. (E) ATP production linked to OXPHOS. (F) Microphotographs of VIC treated with 
LacNa+ for 21 days. Representative of N=4. Black line indicates 50 µm. Data, mean ± SD (N=4/8). ns, non-
significant differences. *p<0.05, ***p<0.001. Student’s unpaired t-test. 
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R.6-Role of pentose phosphate pathway in inflammatory-induced metabolic 
reprogramming and redox homeostasis 

As HIF-1α activity has been demonstrated to influence the pentose phosphate pathway (Majmundar 

et al., 2010) and considering data suggesting a decrease in the oxidative arm of PPP (oxPPP) based on the 

downregulation of its rate-limiting enzyme in VIC (Figure 10) and its influence in redox homeostasis 

alteration (Figure 12), we addressed the role of the oxPPP in VIC physiopathology by analyzing processes 

relevant to CAVD pathogenesis as well as in redox alteration.  

R.6.1- G6PD inhibition increases glycolytic shift in human VIC  

To characterize the role of oxPPP inhibition in disease processes, we used G6PDi, a specific inhibitor of 

the rate-limiting enzyme, G6PD. Cells were pre-incubated with G6PDi, for at least 45 min and then 

inflammatory activated for 24h. Seahorse metabolic analysis showed that inhibition of G6PD induced a 

metabolic rewiring characterized by an increase in ECAR, while no significant changes in OCR (Figure 41A-B). 

Notably, the energy map unveiled that G6PD blockade promoted a similar metabolic rewiring to glycolytic 

phenotype as the co-stimulation of VIC with LPS and IFN-γ but showed no further potentiation of 

inflammatory stimuli effects (Figure 41C). Next, since metabolism was altered upon oxPPP inhibition, we also 

measured the transcription levels of key glycolytic genes and found that PFKFB3 transcript levels were 

upregulated by G6PDi (Figure 41D). Data highlight the role of oxPPP downregulation in glycolytic shift in VIC. 

 

Figure 41. The inhibition of the limiting enzyme of the oxPPP promotes a metabolic rewiring to a glycolytic 
phenotype. VIC were pre-incubated with 10 µM G6PDi and activated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 
24h. (A) ECAR levels (N=4), (B) OCR levels (N=6), and (C) energetic map (ECAR vs. OCR plot). (D) qPCR analysis of 
PFKFB3 transcript levels (N=8). *p<0.05, **p<0.01, ****p<0.0001. One-way ANOVA with Dunnett’s post-hoc test 
(vs. untreated) is shown in panel A. Student’s unpaired t-test in D.  

R.6.2- G6PD inhibition upregulates inflammation, differentiation, and calcification in VIC 

To further characterize the role of the oxPPP in other processes underlying CAVD, we assessed the 

impact of G6PD downregulation on inflammatory responses in human VIC. WB results showed that G6PDi 

activated the key regulator of inflammation, NF-κB, and further potentiated LPS + IFN-γ-mediated activation 

of NF-κB (Figure 42A-B). Moreover, G6PDi increased the expression of adhesion molecules, such as VCAM-1, 
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although no further potentiation was observed when combined with inflammatory stimuli (Figure 42A, C). In 

addition, qPCR analysis showed that IL6 transcript levels were upregulated upon G6PD inhibition (Figure 

42D). Next, we explored the potential role of the oxPPP inhibition in VIC differentiation and ECM 

remodeling. Notably, qPCR data disclosed that G6PD inhibition downregulated ACTA2 expression, while 

upregulating BMP2 and MMP1 transcript levels (Figure 42E-G), indicating a role in VIC differentiation and 

ECM remodeling.  

 

Figure 42. The inhibition of G6DP enzyme induces inflammatory routes and mediators and upregulates markers 
of differentiation and extracellular matrix remodeling. VIC were pre-incubated with 10 µM G6PDi and then 
activated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h. (A-C) Representative blots and quantitation of NF-κB 
phosphorylation and VCAM-1 expression (N=3/4). (D-G) qPCR analysis of IL6, ACTA2, BMP2, and MMP1 transcript 
levels (N=5-8). *p<0.05, ***p<0.001, ****p<0.0001. Data are expressed as mean ± SD. One-way ANOVA with 
Tukey post-hoc analysis in C. One-way ANOVA with Dunnett’s post-hoc analysis (vs. untreated) in panel A. 
Student’s unpaired t-test in D-G.  

Next, in vitro calcification assays unveiled that G6PDi promoted VIC mineralization but was not able to 

further potentiate the effects of inflammatory stimuli (Figure 43A). Later, when addressing the underlying 

mechanisms, we found that G6PDi significantly increased ERK phosphorylation (Figure 43B), thus suggesting 

the involvement of the ERK pathway in mediating calcification induced by blockade of the oxPPP.  
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Figure 43. Blockade of the limiting enzyme of the oxPPP increases in vitro calcification in VIC and activates the 
ERK routes. VIC were pre-incubated with 10 µM G6PDi and then activated with 100 ng/mL LPS and 1 µg/mL IFN-γ 
for 7 days in calcification medium (A), or for 24 h in activation medium and analyzed (B). (A) Representative 
Alizarin red staining and quantitation (N=8). Black line indicates 50 µm. (B) Representative blot and quantitation 
of ERK phosphorylation (N=3). Ns, non-significant differences; *, p<0.05; **, p<0.01; ***, p<0.001; ****, 
p<0.0001. Data are expressed as mean ± SD. One-way ANOVA with Tukey’s post-hoc analysis in A. One-way 
ANOVA with Dunnett’s post-hoc analysis (vs. untreated) in B. 

R.6.3- G6PD inhibition and a ROS inducer promote non-mitochondrial oxygen consumption in 
human VIC 

To further elucidate the association between oxPPP inhibition and redox homeostasis alteration, as 

described in other models such as phagocytes and animal models of ischemic stroke (reviewed in Bradshaw 

et al., 2019), we first analyzed non-mitochondrial oxygen consumption. Seahorse analysis showed that 

G6PDi triggered non-mitochondrial oxygen consumption, but no further potentiated LPS + IFN-γ effects 

(Figure 44A). Thus, we sought to investigate the potential role of ROS in redox homeostasis and metabolic 

rewiring. Seahorse metabolic analysis of VIC treated with H2O2, a known ROS inducer, showed a direct 

association between ROS and non-mitochondrial oxygen consumption increase (Figure 44B). In addition, 

H2O2 treatment also induced ECAR (Figure 44C), suggesting a direct interplay between ROS and metabolic 

reprogramming.  

 

Figure 44. Inhibition of the limiting enzyme of the oxPPP arm and H2O2 treatment increase non-mitochondrial 
oxygen consumption and ECAR. (A) VIC were pre-incubated with 10 µM G6PDi and then activated with 100 
ng/mL LPS and 1 µg/mL IFN-γ for 24h and non-mitochondrial oxygen consumption was measured with Seahorse 
metabolic analyzer. (B-C) Cells were treated with 100 µM H2O2 and analyzed by Seahorse Mito Stress assay; 
(B)Non-mitochondrial oxygen consumption was measured. (C) Representative graph of ECAR and its quantitation. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed as mean ± SD (N=6/7). One-way ANOVA with 
Dunnett post-hoc (vs. untreated) in panel A. Student’s unpaired t-test in C, D.  
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Taken together, results indicated that inhibition of G6PD, the rate-limiting enzyme of PPP, enhanced 

non-mitochondrial oxygen consumption, which could be associated with an increase in ROS production, and 

subsequently play a direct role in the induction of glycolytic phenotype induction in VIC.  

R.7-Role of oxidative stress in inflammatory-mediated responses in VIC  

R.7.1- Reduction of oxidative stress by the antioxidant NAC abrogates inflammation, 
differentiation, and calcification processes induced in VIC exposed to inflammatory stimuli 

Oxidative stress is usually generated by an imbalance between ROS formation and degradation 

mechanisms. To reduce the cellular damage caused by ROS, N-acetylcysteine (NAC) is converted into 

metabolites that stimulate the synthesis of glutathione, generating its reduced form (GSH), which functions 

as a free radical scavenger. Considering this, we sought to further characterize the role of oxidative stress 

generated by metabolic reprogramming and PPP impairment in inflammation-induced inflammation, 

differentiation, and calcification. First, WB analysis revealed that the antioxidant NAC partially inhibited the 

stabilization of HIF-1α, and VCAM-1 expression induced by the co-stimulation of VIC with LPS + IFN-γ (Figure 

45A-B). Furthermore, the inflammation-induced upregulation of other inflammatory cytokines, such as IL6 

and IL8, was significantly blunted when oxidative stress was inhibited (Figure 45C-D). To explore the role of 

oxidative stress in VIC differentiation, BMP2 marker expression was measured. qPCR data showed 

downregulation of inflammatory-induced BMP2 expression by the antioxidant NAC (Figure 45E), suggesting 

that oxidative stress generated upon inflammatory activation triggered osteoblast-like differentiation. 

Finally, in vitro calcification assay elucidated that NAC treatment significantly inhibited the LPS + IFN-γ-

induced mineralization (Figure 45F).  

Together, results suggested a significant role of inflammatory-induced oxidative stress in 

inflammation, differentiation, and calcification in VIC exposed to an inflammatory milieu.  
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Figure 45. The antioxidant NAC reduces inflammatory-induced effects on HIF-1α stabilization, inflammatory 
differentiation markers, and VIC mineralization. VIC were pre-incubated with 10 mM NAC and then activated 
with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h. (A-B) Representative blot and quantitation of HIF-1α stabilization 
and VCAM-1 expression (N=3/4). (C-E) qPCR analysis of transcript levels of IL8, IL6, and BMP2 (N=5/7). (F) VIC 
were pre-incubated with 10 mM NAC and then activated for 7 days in calcification media. Alizarin red staining and 
quantitation (N=10). Black line indicates 50 µm; ns, non-significant differences; *, p<0.05; **, p<0.01; ***, 
p<0.001; ****, p<0.0001. Data are expressed as mean ± SD. One-way ANOVA with Tukey’s post-hoc test in A-B. 
One-way ANOVA with Dunnett’s post-hoc test (vs. LPS + IFN-γ) in C-F. 
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R.8- Role of the tricarboxylic acid cycle in JAK-STAT/HIF-1α pathway, inflammation, 
and differentiation in VIC exposed to inflammatory stimuli 

As disclosed by fluxomic experiments, [U-13C]-glucose carbons were incorporated into acetyl-CoA 

synthesis and consequently into some TCA metabolites such as citrate and succinate (Figure 13). Acetyl-CoA 

is produced in the mitochondria and has several fates, as previously described. Taking this information into 

account, we assessed the role of acetyl-CoA production and pyruvate entry into the mitochondria in CAVD 

pathological processes. First, we used dichloroacetate (DCA), a pharmacological inhibitor of pyruvate 

dehydrogenase kinase 4 (PDK4), to mimic the PDK4 decrease observed in LPS + IFN-γ-activated VIC (Table 2). 

As previously mentioned, PDK4 is a negative regulator of PDH that controls the conversion of pyruvate to 

acetyl-CoA in the mitochondria. WB analysis revealed that direct inhibition of PDK4 by DCA increased HIF-1α 

stabilization and STAT1 phosphorylation (Figure 46A-B), indicating the activation of both transcription 

factors. Additionally, experiments using UK5099, an inhibitor of mitochondrial pyruvate carrier 1 (MPC1), the 

transporter of pyruvate to mitochondria, further confirmed the importance of pyruvate entrance for the 

inflammatory-induced HIF-1α stabilization (Figure 46C).  

Next, we assayed the effects of pyruvate entry into the mitochondria and acetyl-CoA production on 

inflammatory routes and mediators. Experiments using DCA showed a significant increase in NF-κB 

phosphorylation (Figure 46D, E), as well as the expression of downstream inflammatory mediators, such as 

ICAM-1 (Figure 46D, F) and IL6 transcript levels (Figure 46D,G), indicating a role of PDK4 inhibition in 

inflammation. 
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Figure 46. Pyruvate entry into mitochondria and acetyl-CoA production are important in JAK-STAT/HIF-1α and 
NF-κB pathway activation and downstream production of inflammatory mediators. VIC were incubated with 
5mM DCA or pre-incubated for 1h with 50 µM UK5099 and then activated with 100 ng/mL LPS and 1 µg/mL IFN-γ 
for 24h. (A-B) WB analysis of HIF-1α stabilization and STAT1 phosphorylation upon DCA treatment. (C) WB of HIF-
1α stabilization upon UK5099 and inflammatory stimulation. (D-F) Representative immuno-blot of pNF-κB and 
ICAM-1 upon DCA treatment, and quantification. (G) qPCR results for IL6 transcription levels. N indicates the 
number of VIC isolates from independent valve donors; ns, non-significant; *, p<0.05; **, p<0.01; ****, p<0.0001. 
Data are expressed as mean ± SD (N=4-8). One-way ANOVA with Tukey post-hoc analysis in panel C. Student's 
unpaired t-test in A, B, E, F, G.  

Later, the role of acetyl-CoA production and pyruvate entry into the mitochondria during 

differentiation and calcification was assessed. qPCR analysis showed that the treatment of VIC with DCA 

resulted in the downregulation of the myofibroblast marker, ACTA2 (Figure 47A), and upregulation of the 

osteogenic marker BMP2 (Figure 47B), suggesting that the inhibition of PDK4 and subsequent activation of 

PDH, which catalyzes the conversion of pyruvate to acetyl-CoA, played a role in VIC differentiation. Then, 

calcification assays blocking the pyruvate transporter exhibited a reduction in LPS + IFN-γ-induced 

calcification of VIC (Figure 47C). In addition, WB analysis revealed that inhibiting pyruvate transporter with 

UK5099 inhibited ERK phosphorylation by inflammatory stimuli (Figure 47D), while inhibiting PDK4 with DCA 

increased ERK activation (Figure 47E). Data suggest a role of MAPK pathway in induced calcification upon 

pyruvate entrance to mitochondria and acetyl-CoA production.  
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Figure 47. Pyruvate entry into mitochondria and acetyl-CoA production play a role in VIC differentiation and 
calcification via ERK activation. VIC were incubated with 5mM DCA or pre-incubated for 1h with 50 µM UK5099 
and then activated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24h. (A-B) qPCR analysis of ACTA2 and BMP2 
transcript levels upon DCA activation. (C) Alizarin red staining and its quantification. (D-E) Western blot analysis of 
ERK phosphorylation upon indicated treatments. Ns, non-significant differences; *, p<0.05; **, p<0.01; ***, 
p<0.001. Data are expressed as mean ± SD (N=3-8). One-way ANOVA and Tukey post-hoc test in panels C and D. 
One-way ANOVA and Dunnett post-hoc (vs. untreated) in E. Student's unpaired t-test in panels A and B. 

Finally, to further characterize the role of acetyl-CoA entrance in the TCA cycle and subsequent 

metabolite production, we used several approaches. First, to assess the role of succinate accumulation in 

pathological processes, we used dimethyl malonate (DMM), a selective pharmacological inhibitor of SDH 

subunit A, to mimic the accumulation of succinate observed in VIC exposed to LPS + IFN-γ (Figure 13). WB 

analysis of HIF-1α protein revealed that succinate accumulation did not show a basal effect but further 

potentiated the inflammation-induced stabilization of HIF-1α (Figure 48A). Additionally, to further address 

the role of succinate, we used diethyl succinate, which can be recognized by the succinate receptor SUCNR1 

that typically resides in the endoplasmic reticulum and relocates to the plasma membrane under hypoxic 

conditions (reviewed in K. Wu et al., 2023). Diethyl succinate treatment induced the stabilization of HIF-1α 

(Figure 48B) as well as changes in VIC morphology (Figure 48C), suggesting alterations in VIC phenotype. 

Finally, due to the importance of TCA metabolite production, but mainly acetyl-CoA, we investigated the role 

of exogenous citrate, a metabolite that can enter the cell by different transporters, such as plasma 

membrane-specific variant of SLC25A1 (Mycielska et al., 2018), as well as members of the SLC13 sodium 

sulfate/carboxylate symporter family (Judge et al., 2020). Taking this evidence into account, we treated VIC 
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with exogenous citrate for 21 days and observed morphological modifications (Figure 48C), suggesting the 

induction of phenotypic changes.  

 

Figure 48. Succinate accumulation potentiates inflammation-induced HIF-1α stabilization and extracellular 
metabolites alter the VIC phenotype. (A) VIC were pre-incubated with 5mM DMM for 1h and then activated with 
1µg/mL LPS and 100 ng/mL IFN-γ for 24 were used for WB analysis of HIF-1α (N=3). (B) VIC were treated with 10 
mM diethyl succinate for 24h and were analyzed as in (A) (N=5). (C) VIC were treated with 10 mM diethyl 
succinate or 5 mM sodium citrate for 14 days in M199 medium. Representative microphotographs of N=3. Black 
line indicates 50 µm. Succinate indicates 10 mM diethyl succinate; *, p<0.05; **, p<0.01; ****, p<0.0001. Data are 
expressed as mean ± SD. One-way ANOVA with Tukey post-hoc in panel A. Student's unpaired t-test in B.  

Altogether, data suggested that pyruvate entry into mitochondria and TCA metabolites were 

necessary for HIF-1α stabilization and VIC differentiation. Additionally, pyruvate transport to mitochondria 

showed a direct role in the activation of inflammatory pathways as well as VIC mineralization.  
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R.9- Role of OXPHOS modulation in JAK-STAT/HIF-1α pathway and subsequent 
metabolism rewiring  

As described in the Introduction, the respiratory chain is composed of several complexes that allow 

the transport of electrons through the mitochondrial membrane while creating a proton-motive force that is 

finally used for ATP synthesis. Therefore, in this section, our aim was to evaluate whether any of the 

complexes participate in the LPS + IFN-γ-induced metabolic reprogramming of VIC. 

R.9.1- Complex I does not play a role in inflammation-induced metabolic shift or subsequent 
inflammation, differentiation, and calcification in VIC.  

To investigate the role of mitochondrial respiration chain complexes in VIC physiopathology, we used 

pharmacological inhibitors of complex I, rotenone, and metformin. In bioenergetic experiments using 

Seahorse metabolic analyzer rotenone showed a tendency, even non-significant changes, to increase ECAR 

in VIC untreated and exposed to inflammatory insults (Figure 49A). In contrast, OCR measurement showed a 

significant inhibition of oxygen consumption by rotenone in basal VIC, while a tendency to decrease OCR in 

LPS + IFN-γ activated cells (Figure 49B). Furthermore, WB analysis of HIF-1α showed no alteration of HIF-1α 

when inhibiting complex I before LPS + IFN-γ treatment (Figure 49C). In contrast, metformin, a well-known 

antidiabetic drug that is also a complex I inhibitor, significantly blunted the LPS + IFN-γ-induced stabilization 

of HIF-1α (Figure 49D). Later, when assessing the expression of some HIF-1α target genes, we found that 

metformin reversed the inflammatory-induced effects on PDK4 gene expression (Figure 49E).  

 

Figure 49. Inhibition of complex I inhibition by rotenone and metformin exhibit opposite effects in HIF-1α 
stabilization. VIC were pre-incubated with 1 µM rotenone or 5 mM metformin and then activated with 100 ng/mL 
LPS and 1 µg/mL IFN-γ for 24h. (A-B) Seahorse Mito Stress assay of ECAR and OCR (N=8). (C-D) Representative blot 
and quantitation of HIF-1α (N=4/7). (E) qPCR analysis of PDK4 transcript levels (N=7). ns, non-significant 
differences. **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Tukey’s post-hoc test. 
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Considering the partial effect that complex I seemed to have in VIC physiopathology, we next 

addressed the effects in some inflammation and differentiation markers. qPCR results evidenced that 

although inflammatory effects induced by LPS + IFN-γ in IL6 and PTGES2 expression were not significantly 

altered in the presence of rotenone, a tendency to increase was observed upon rotenone-only treatment 

(Figure 50A-B). As for differentiation markers, rotenone potentiated the upregulation of MMP1 gene 

expression by LPS + IFN-γ (Figure 50C) but had no effect on BMP2 transcript levels (Figure 50D). In addition, 

experiments with metformin disclosed a significant effect on inflammatory cytokine expression by inhibiting 

the inflammatory-induced upregulation of IL6 and PTGES2 transcripts, as well as subsequent secretion of 

PGE2 (Figure 50E-G). 

 

Figure 50. Complex I inhibition by metformin, but not by rotenone, downregulates inflammatory mediators. VIC 
were pre-incubated with 1 µM rotenone or 5 mM metformin and then activated with 100 ng/mL LPS and 1 µg/mL 
IFN-γ for 24h. (A-D) qPCR analysis of (A) IL6, (B) PTGES2, (C) MMP1, and (D) BMP2 after rotenone treatment. (E-F) 
qPCR analysis of IL6 and PTGES2 after metformin treatment. (G) PGE2 secretion. Mean ± SD (N=3-6). ns, non-
significant differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Tukey’s post-hoc 
test was performed. 

Finally, we assayed the role of Complex I in the calcification process. In sights of the different 

pathways for the effects of rotenone and metformin, both inhibitors were used to perform in vitro 

calcification assays. Rotenone inhibition of complex I did not show significant effects on calcification, either 

in combination with LPS + IFN-γ or alone (Figure 51A). Notably, metformin treatment significantly decreased 

inflammatory-induced and basal calcification (Figure 51B). These differences suggested that metformin was 

conducting its effects by other pathways, in addition to complex I inhibition. In fact, several other targets 

have been described for metformin action, i.e., HIF-1α and PKM2. Additionally, recent evidence has shown 
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that metformin inhibits valvular calcification via AMPK and insulin signaling activation (En et al., 2021). 

Taking this information into account, we assayed downstream routes, such as PI3K and ERK, by WB. As 

shown in Figure 51C-D, metformin significantly inhibited the inflammatory-induced phosphorylation of ERK 

while induced AKT phosphorylation, suggesting that both mechanisms could mediate the role of metformin 

in calcification abrogation, in agreement with previous reports demonstrating a protective role of AKT in VIC 

calcification (Parra-Izquierdo et al., 2018 & Moorhead III et al., 2020).  

 

Figure 51. Differential effects of rotenone and metformin on calcification and PI3K and Akt activation. VIC were 
pre-incubated with 1 µM rotenone or 5 mM metformin and then activated with 100 ng/mL LPS and 1 µg/mL IFN-γ 
for 1 week in calcification media: (A-B) Alizarin red staining its quantitation. Black line indicates 50 µm. (C-D) 
Western blot analysis after 24h of activation. (C) ERK phosphorylation and its quantitation. (D) AKT 
phosphorylation and its quantitation. Data are expressed as the mean ± SD (N=3/6/9). ns, non-significant 
differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way analysis with Tukey’s post-hoc test. 

Together, data suggested that inhibition of complex I by rotenone exhibited no effect on HIF-1α 

stabilization, metabolic rewiring, cytokine production, or calcification either basally or upon LPS + IFN-γ 

treatment in VIC. In contrast, metformin inhibited these processes, which could be mediated by the insulin-

signaling pathway.  

R.9.2- ATP synthase inhibition increases ECAR, inflammatory gene expression, and in vitro 
calcification of human VIC 

Next step was investigating ATP synthase or complex V using a pharmacological approach, oligomycin. 

Bioenergetic experiments showed that oligomycin induced a significant ECAR increase in basal VIC and a 

tendency to potentiate the effect of activated VIC (Figure 52A). In contrast, OCR results showed a significant 
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inhibition of oxygen consumption after oligomycin treatment in basal VIC, while this inhibition was not 

significant upon inflammatory stimuli (Figure 52B). Subsequently, the impact of oligomycin on the 

inflammatory gene profile upon LPS + IFN-γ activation was analyzed. qPCR results revealed that ATP 

synthase inhibition potentiated the effect of immune stimuli on the expression of some inflammatory 

cytokines and mediators such as IL6 and PTGES2, and the osteogenic marker BMP2 (Figure 52C-E). 

To further investigate whether ATP synthase inhibition had a role in the induction of metabolic 

reprogramming, HIF-1α stabilization was assayed. Western blot analysis showed a tendency to upregulate 

HIF-1α stabilization upon complex V inhibition, as well as when combining oligomycin and inflammatory 

stimuli (Figure 52F). Based on these data, we investigated the effect on in vitro calcification and found that 

oligomycin increased nodule formation but did not potentiate LPS + IFN-γ-triggered mineralization of VIC 

(Figure 52G). 

 

Figure 52. Inhibition of ATP synthase increases ECAR and calcification in untreated VIC and potentiates the 
upregulation of inflammatory mediators and osteogenic markers in activated VIC. Cells were pre-incubated with 
1.5 µM oligomycin and activated with 100 ng/mL LPS and 1 µg/mL IFN-γ (A) ECAR levels after 24h of activation 
(N=7). (B) OCR levels (N=7). (C-E) qPCR analysis of (C) IL6, (D) PTGES2, and (E) BMP2 genes, upon 24h stimulation. 
(F) WB analysis of HIF-1α stabilization upon 24h incubation with the indicated treatments. (G) ARS after 1 week of 
treatment and its quantification. Data are expressed as mean ± SD (N=3/4–8). ns, non-significant differences. 
*p<0.05, **p<0.01, ***p<0.001. One-way ANOVA with Tukey post-hoc in panels A, B, C, D, E, F, G. 

Together, data suggested that ATP synthase may play a role in maintaining VIC metabolism by 

preventing hyperglycolysis and calcification in basal VIC and the upregulation of inflammatory mediators in 

VIC exposed to an inflammatory milieu.  
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R.9.3- Increase in mitochondrial respiration abrogates inflammation and calcification processes in 
VIC exposed to an inflammatory milieu 

Based on the alterations in mitochondrial respiration and ATP synthesis promoted by inflammatory 

stimulation of VIC (Figure 15), as well as the recent evidence of a protective role of OXPHOS in the context of 

immune-induced inflammation in vascular endothelial cells (Xiao et al., 2021), we addressed the effect of 

increasing mitochondrial respiration in the processes underlying CAVD. To achieve this aim, FCCP, a 

mitochondrial uncoupler that dissipates the proton gradient between the intermembrane space and the 

matrix, thus allowing the cell to reach its maximum OCR, was used. Seahorse metabolic analysis using Mito 

Stress assay demonstrated that FCCP did not alter ECAR basally or upon LPS + IFN-γ activation (Figure 53A). 

In contrast, FCCP significantly increased the OCR (Figure 53B). Moreover, WB revealed that FCCP inhibited 

the inflammation-induced STAT1/HIF-1α pathway (Figure 53C) and its downstream metabolic gene GLUT1 

(Figure 53D). 

 

Figure 53. Mitochondrial uncoupling increases OCR and inhibits inflammation-mediated activation of the JAK-
STAT/HIF-1α pathway and a HIF-1α-regulated metabolic gene. VIC were pre-incubated with 10 µM FCCP and 
activated with 100 ng/mL LPS and 1 µg/mL IFN-γ for 24 h. (A-B) Seahorse Mito stress analysis (N=6/8). (A) ECAR 
measurement and (B) OCR measurement. (C) Western blot analysis of protein lysates (N=4). (D) qPCR analysis of 
GLUT1 levels. ns, non-significant differences. *p<0.05, **p<0.01, ***p<0.001. One-way ANOVA with Tukey post-
hoc analysis.  

Later, the impact of FCCP on apoptotic markers and inflammatory cytokines was assessed. qPCR 

results elucidated that forcing mitochondria to reach its maximal respiration significantly blunted the 

inflammatory induction of BNIP3 expression (Figure 54A), a mitochondrial-mediated apoptotic marker 

(Greijer et al., 2004). In addition, FCCP showed a tendency to decrease the inflammatory-induced 
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upregulation of IL8 expression (Figure 54B). Moreover, qPCR analysis revealed that LPS + IFN-γ induction of 

BMP2 and MMP1 transcript levels was significantly decreased by FCCP (Figure 54C-D), suggesting the 

inhibition of VIC differentiation and ECM remodeling. Based on this, we performed in vitro calcification and 

found that inflammatory-induced calcification was significantly blunted by FCCP (Figure 54E).  

 

Figure 54. The mitochondrial uncoupler FCCP inhibits the upregulation of osteogenic markers and in vitro 
calcification of VIC exposed to inflammatory stimuli. (A-D) Cells were pre-incubated with 10 µM FCCP, activated 
with 100 ng/mL LPS and 1 µg/mL IFN-γ, and analyzed. qPCR analysis of apoptotic, inflammatory, and 
differentiation genes: (A) BNIP3, (B) IL8, (C) BMP2, and (D) MMP1. (E) Calcification assay performed for 1 week. 
Alizarin red staining and its quantitation. Black line indicates 50 µm. Data are represented as mean ± SD 
(N=3/4/6/8). ns, non-significant differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA 
with Tukey’s post-hoc test 

Together, data showed that mitochondrial uncoupling increases OCR and inhibits the JAK-STAT/HIF-

1α-mediated upregulation of metabolic genes, differentiation markers, and VIC calcification. These data 

suggested that mitochondrial respiration may play a protective role in VIC differentiation, inflammation, and 

calcification. 
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R.10- JAK-STAT/HIF-1α and NF-κB pathways involvement in metabolic 
reprogramming 

Next, we aimed to elucidate the molecular mechanisms responsible for the metabolic reprogramming 

induced by LPS + IFN-γ. Our focus was on the JAK-STAT/HIF-1α pathway and other downstream pathways, 

such as NF-κB, AKT, and MAPK, which are reported to be downstream of IFNGR and TLR4 signaling in VIC 

(Parra-Izquierdo et al., 2019).  

R.10.1- JAK1/2 inhibition partially abrogates the metabolic shift induced upon LPS + IFN-γ 
treatment 

To assay the role JAK-STAT pathway, we used ruxolitinib, a well-known inhibitor of JAK1/2, which is 

already used in the treatment of other diseases such as cancer and myelofibrosis (Han et al., 2018 & 

Plosker, 2015). First, we assayed the bioenergetic status of activated VIC in the presence of the inhibitor. As 

shown by the Seahorse Mito Stress assay, the LPS + IFN-γ–induced increase in ECAR was markedly blunted 

when VIC was pre-incubated with ruxolitinib, while no effects on OCR were observed (Figure 55A-B). The 

energy map revealed that ruxolitinib reversed the inflammation-induced glycolytic phenotype (Figure 55C). 

Next, we investigated respiratory changes and found non-significant differences in the presence of 

ruxolitinib, although the inflammatory-stimulation of maximal respiration seemed to be partially reversed by 

JAK-STAT inhibition (Figure 55D). In addition, pre-incubation of VIC with ruxolitinib significantly abrogated 

the inflammation-induced inhibition of ATP production linked to OXPHOS (Figure 55E) and coupling 

efficiency (Figure 55F). Furthermore, JAK inhibition showed a tendency to blunt the LPS + IFN-γ induction of 

non-mitochondrial oxygen consumption (Figure 55G). Due to the importance that JAK-STAT signaling 

seemed to have in the metabolic reprogramming induced by LPS + IFN-γ, we sought to measure the 

expression of glycolytic enzymes altered by the inflammatory environment (Table 1,2). qPCR results shown 

in Table 6 disclosed that the inflammatory induced expression of genes related to glycolysis, GLUT1, PDK4, 

HKII, MCT4, and PFKFB3 was mediated by JAK-STAT signaling. 
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Figure 55. The JAK-STAT pathway mediates the glycolytic shift induced by inflammatory stimuli. VIC were 
treated with 1 µg/mL IFN-γ and 100 ng/mL LPS for 24h and metabolic analysis was performed. (A) ECAR 
quantitation (N=8). (B) Quantitation of OCR (N=8). (C) Energetics map (ECAR vs. OCR plot). (D) Maximal respiration 
(N=5). (E) ATP production linked to OXPHOS (N=5). (F) Coupling efficiency (N=5). (G) Non-mitochondrial oxygen 
consumption (N=5). Data are represented as the mean ± SD. ns, non-significant differences; ruxo, 6 µM 
ruxolitinib. *p<0.05, **p<0.01, ****p<0.0001. One-way ANOVA with Tukey’s post-hoc analysis. 

Table 6. Reversal of LPS + IFN-γ-induced changes in metabolic gene expression by ruxolitinib. Table includes fold 
change data (mean ± SD (N=6)): the comparison of the expression for the indicated genes is expressed as 2-ΔΔCt 
where ΔCt is the Ct gene-Ct GAPDH and % of fold change reversion calculated as the % that ruxolitinib reversed 
the inflammatory induced effect (considered as 100%). Table also shows one-way ANOVA with Tukey post-hoc 
statistical analysis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns; non-significant. 

GENE FOLD CHANGE % REVERSION BY RUXOLITINIB 
SLC2A1 (GLUT1) 2.85±0.58 (***) 24.34±2.52 (****) 

PFKFB3 4.52±1.25 (***) 21±1.39 (***) 

HKII 1.76±0.46 (*) 60±0.99 (*) 

SLC16A4 (MCT4) 4.96±1.56 (**) 37.14±1.98 (*)  

PDK4 0.49±0.24 (*) 30±2.98 (***) 

 

Together, data elucidated that the JAK-STAT pathway was partially controlling the inflammatory-

induced metabolic rewiring in VIC by regulating metabolic enzyme expression, as well as ECAR and OXPHOS. 

R.10.2- Non-hypoxic HIF-1α stabilization mediates the inflammatory induced metabolic rewiring 
in VIC 

Given that LPS + IFN-γ was demonstrated to stabilize HIF-1α downstream of STAT1 in VIC (Parra-

Izquierdo et al., 2019), we next addressed the role of HIF-1α in metabolic rewiring using a well-known 

chemical stabilizer of HIF-1α, CoCl2 (Wu et al., 2011). Bioenergetic assays using Seahorse analyzer showed 

that CoCl2 increased ECAR (Figure 56A), while reducing OCR inhibition (Figure 56B), resembling the 
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proglycolytic shift by LPS + IFN-γ and suggesting the involvement of HIF-1α in extracellular acidification. We 

then used a selective pharmacological inhibitor of HIF-1α, PX-478 (Koh et al., 2008), which has been reported 

to inhibit LPS + IFN-γ-mediated stabilization of HIF-1α in VIC (Parra-Izquierdo et al., 2019), and found that PX-

478 inhibited ECAR in inflammatory-activated VIC (Figure 56C) but had no effect on OCR (Figure 56D). The 

energy map showed a strong shift to glycolysis induced by CoCl2, as well as inhibition of the inflammatory-

induced glycolytic phenotype by PX-478 (Figure 56E).  

To further confirm the involvement of HIF-1α, given that PX-478 may exert some potential off-target 

effects on transcription at high doses (Venardos et al., 2015), the next step was to perform loss-of-function 

experiments on the HIF1A gene using a siRNA. First, qPCR analysis confirmed the HIF1A gene knockdown, as 

shown by the reduced HIF1A transcript levels up to a 35% (Figure 56F), and WB analysis confirmed the 

reduction of inflammatory-induced HIF-1α protein levels up to a 25% (Figure 56G). Bioenergetic assays 

showed that HIF1A gene silencing blocked the inflammation-induced increase in the ECAR (Figure 56H). 

Additionally, the abrogation of HIF1A expression directly exerted an upregulation effect of OCR levels in both 

basal and activated VIC when comparing with non-silenced conditions (Figure 56I). Moreover, the energetic 

map showed that HIF1A silencing abrogated the inflammatory-induced glycolytic rewiring in VIC (Figure 56J), 

thus demonstrating the involvement of HIF-1α in the metabolic shift.  
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Figure 56. HIF-1α stabilization plays a role in inflammatory-induced glycolytic shift. (A-E) VIC were treated with 
the indicated compound or stimuli for 24h and then analyzed using Seahorse Mito Stress assay. CoCl2 indicates 
100 µM cobalt chloride (HIF-1α inducer), and 40 µM PX-478 (HIF-1α inhibitor), pre-incubated before activation. 
(A) ECAR levels. (B) OCR levels. (C) ECAR levels. (D) OCR levels. (E) Energetic map (ECAR vs. OCR plot). (F-J) VIC 
were transfected either siRNA to silence HIF1A (si-HIF1A) or a siRNA negative control (Ctrl siRNA) as indicated in 
methods, and then activated for 24 h. (F) HIF1A mRNA levels by qPCR to confirm gene silencing. (G) Western blot 
analysis of HIF-1α protein upon activation of silenced and unsilenced VIC and its quantitation. (H-J) Seahorse 
analysis of ECAR and OCR levels and energetic map (ECAR vs. OCR blot). Mean ± SD (N=4/5/8). ns, non-significant 
differences. *p<0.05, **p<0.01, ***p<0.001. One-way ANOVA with Tukey post-hoc in panels C, D. Student's 
unpaired t-test in A, B, F, G, H, I. 

Later, we further examined some mitochondrial respiration parameters using both approaches: 

chemical induction of HIF-1α and gene silencing. First, ATP rate assay analysis showed that CoCl2 reduced the 

production of ATP from mitochondria while increasing the ATP from the glycolytic source in VIC (Figure 57A). 

These data suggest a HIF-1α-induced switch in the main ATP source to glycolysis that resembles the shift 

observed in VIC under an inflammatory milieu (Figures 9G and 19I), although CoCl2 did not mimic the 

increase in total ATP. In addition, Mito Stress assay showed a decrease in coupling efficiency (Figure 57B) 
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and maximal respiration capacity after treating VIC with CoCl2 (Figure 57C). Moreover, HIF1A silencing 

prevented the decrease in ATP production linked to OXPHOS induced by LPS + IFN-γ treatment (Figure 57D), 

thus confirming the role of HIF-1α in the reduction of mitochondrial ATP under inflammatory conditions.  

Finally, considering the effects of HIF-1α on the metabolic rewiring induced upon inflammatory 

stimuli, we examined the expression of glycolytic genes altered upon inflammatory activation in VIC (Table 

1,2), which have been previously described as HIF-1α targets (Leung et al., 2017). qPCR analysis using PX-478 

and HIF1A silencing showed that the inflammatory-induced effects on SLC2A1/GLUT1, G6PD, and PDK4 

transcription levels were reversed by the pharmacological inhibition of HIF-1α (Figure 57E). Moreover, HIF1A 

knocking-down further confirmed these results (Figure 57F), thus indicating the role of HIF-1α in the 

metabolic shift by regulating their expression.  

 

Figure 57. HIF-1α is involved in mitochondrial damage and subsequent reduction of mitochondrial ATP, as well 
as in the regulation of glycolytic genes induced by inflammatory stimuli. (A-F) VIC were either treated with the 
HIF-1α inducer CoCl2 (A-C), with the HIF-1α inhibitor PX-478 (E) or transfected and activated as in Figure 56 (D, F). 
(A) Seahorse ATP rate assay results showing main sources of ATP production (N=4). (B-D) Seahorse Mito Stress 
Assay data. (B) Coupling efficiency and (C) maximal respiration (N=5). (D) ATP production linked to OXPHOS. (E) 
qPCR analysis of SCL2A1 (GLUT1), G6PD and PDK4 transcripts (N=7-9). (F) siRNA assay for HIF-1α silencing and 
qPCR analysis as in (E) (N=4-6). CoCl2=100 µM, PX-478=40 µM; IFN-γ, 1 µg/mL IFN-γ, and LPS, 100 ng/mL LPS. Data 
are represented as mean ± SD. ns, non-significant differences. **p<0.01. Student's unpaired t-test.  
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Together, data from this section indicated that HIF-1α mediated the inflammatory-induced glycolytic 

rewiring in VIC by regulating the expression of some glycolytic genes, and by promoting mitochondrial 

damage leading to decreased mitochondrial ATP and the switch in the main source of ATP. 

R.10.3- NF-κB pathway participates in metabolic rewiring induced upon LPS + IFN-γ 

As aforementioned, NF-κB pathway has been associated with inflammation induction in human VIC 

exposed to LPS + IFN-γ (Parra-Izquierdo et al., 2019), and recent evidence has demonstrated the role of the 

NF-κB-PFKFB3 axis in inflammation-induced metabolic rewiring in vascular endothelial cells (Xiao et al., 

2021). For this reason, we assessed the role of this pathway in the inflammatory stimuli-induced metabolic 

reprogramming of VIC. Bioenergetic metabolic analysis by Mito Stress assay showed that NF-κB SN50, a well-

known inhibitor of NF-κB translocation to the nucleus, had no effect on the induction of ECAR by co-

stimulation with LPS and IFN-γ (Figure 58A). Notably, NF-κB SN50 treatment induced non-mitochondrial 

oxygen consumption in basal VIC and further potentiated the effects of inflammatory stimuli (Figure 58B). 

Finally, qPCR analysis showed a direct role for NF-κB in PFKFB3 upon inflammatory induction (Figure 58C).  

 

Figure 58. Inhibition of NF-ΚB shows no inhibitory effects in ECAR and non-mitochondrial oxygen consumption 
induced by LPS + IFN-γ, but downregulated inflammatory-induced PFKFB3 expression. VIC were pre-incubated 
with 50 µg/mL NF-κB SN50 (SN50) for at least 30 min, then treated with 1 µg/mL IFN-γ and 100 ng/mL LPS for 24h, 
and metabolic analysis was performed. (A) ECAR quantitation (N=5). (B) Non-mitochondrial oxygen consumption 
(N=6). (C) qPCR analysis of PFKFB3 mRNA levels (N=5). Data are represented as the mean ± SD. ns, non-significant 
differences. *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA test with Dunnett post-hoc (vs. untreated) in A, B. 
One-way ANOVA test with Tukey post-hoc in C. 

Together, results from this section elucidated that NF-κB was not directly involved in some of the early 

metabolic changes induced by an inflammatory milieu, namely extracellular acidification, and non-

mitochondrial oxygen consumption, but it had a direct role in regulating the expression of PFKFB3, the rate-

limiting enzyme of glycolysis, which could later affect metabolic parameters.  
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R.11- Validation of the inflammation-mediated metabolic rewiring in quiescent VIC 
and 3D VIC-VEC co-cultures and correlation of metabolic profile changes in valve 
leaflets and VIC from patients with CAVD 

As mentioned in the introduction, interstitial cell population in the human aortic valve comprises a 

number of different phenotypic states, mostly quiescent fibroblasts (qVIC), with <5% exhibiting an activated 

phenotype, while in vitro cultures exhibit a predominant myofibroblast (aVIC) phenotype (Taylor et al., 

2000), resulting in >90% of aVIC (Spadaccio et al., 2016), referred in this thesis as VIC. Therefore, the 

dominance of the aVIC phenotype in in vitro cultures is likely to significantly diminish their accuracy for 

studying VIC activation or mimicking healthy valve conditions. Our study was performed in human VIC in 

culture (myofibroblasts) as a model to study osteoblast-like differentiation and subsequent calcification. To 

study the relevance of inflammation as an inducer of metabolic rewiring that is required for mineralization in 

CAVD pathogenesis and validate major findings in 2D-human VIC cultures, we evaluated metabolic changes 

in qVIC dedifferentiated from VIC cultures and in 3D VIC-VEC co-cultures mimicking the valve setting. 

Further, we compared the metabolic gene profile and bioenergetics of valve leaflets and explanted VIC from 

patients with or without CAVD.  

R.11.1- Quiescent VIC exhibit a metabolic rewiring and phenotypic changes upon exposure to 
inflammatory stimuli via JAK-STAT/HIF-1α activation 

Firstly, we investigated whether qVIC could be metabolically reprogrammed and differentiated upon 

co-stimulation with LPS and IFN-γ. To get this aim we first used a method described by Latif et al., (2015) 

based on a fibroblast formulation media (FIB) to dedifferentiate VIC (myofibroblast) to qVIC (fibroblast) 

phenotype. As shown in Figure 59A, qVIC exposed to inflammatory stimuli for 14 days underwent 

morphological changes that resembled the osteoblast-like phenotype found previously in activated VIC 

(Parra-Izquierdo et al., 2019). These phenotypic changes were further confirmed by qPCR analysis of markers 

in cells activated for 24h. We confirmed that ACTA2 levels were higher in VIC than in qVIC, consistent with 

their phenotypic differences, and further showed a significant decrease in both cell types after exposure to 

inflammatory stimuli (Figure 59B). Notably, the osteogenic differentiation marker BMP2 was significantly 

upregulated after inflammatory stimulation in both qVIC and VIC (Figure 59C), thus indicating osteogenic 

differentiation of qVIC in response to an inflammatory milieu. 
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Figure 59. qVIC acquire an osteoblast-like phenotype upon LPS + IFN-γ treatment. VIC were incubated with 
control media or FIB for 14 days as described in methods and then activated with 100 ng/mL LPS and 1 µg/mL IFN-
γ. (A) Representative microphotographs showing morphological changes (N=6). (B) qPCR analysis of ACTA2, and 
(C) BMP2 levels. Mean ± SD (N=3/6). ns, non-significant differences. *p<0.05, **p<0.01. Student's unpaired t-test. 

The next step was to compare the metabolic gene profiles of qVIC and VIC under basal conditions. 

Notably, qVIC and VIC exhibited distinct metabolic gene profiles, with differences in the transcript levels of 

metabolic enzymes and transporters such as GLUT1, HKII, PKM2, MCT4, PDK4, and COX7A1 (Figure 60A). In 

line with these results, metabolic analysis using Seahorse unveiled a significantly higher OCR in qVIC than in 

VIC (Figure 60B) while similar ECAR levels in both cell types (Figure 60C). The energetic map revealed that 

qVIC exhibited a more aerobic and energetic metabolism than VIC (Figure 60D). Consistently, ATP levels 

coupled to OXPHOS were markedly higher in qVIC than in VIC (Figure 60E). These results were further 

confirmed using the Seahorse ATP Rate assay, which revealed higher mitochondrial ATP levels in basal qVIC 

than in VIC, whereas the glycolytic ATP was significantly lower in qVIC, and total production of ATP was 

similar in both cell types (Figure 60F). Together, data disclose a more energetic phenotype in qVIC different 

from the more glycolytic phenotype exhibited by VIC.  
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Figure 60. qVIC exhibits a more energetic basal metabolism than VIC with higher ATP coupled to OXPHOS and 
lower glycolytic ATP. Cells were incubated with control media (VIC) or FIB (qVIC) for 14 days and then analyzed. 
(A) Metabolic profile showing metabolic gene expression by qPCR analysis: GLUT1, HKII, PFKFB3, PKM2, MCT4, 
PDK4, COX7A1. (B) Seahorse Mito Stress Assay(B) OCR measure, (C) ECAR measure, (D) Energetic map (ECAR vs. 
OCR plot). (E) ATP production linked to OXPHOS. (F) Main source of ATP production measured by Seahorse ATP 
Rate Assay. Data are expressed as mean ± SD (N=3/4/5). Ns, non-significant differences. *p<0.05, **p<0.01. 
Student's unpaired t-test. 

The following step was to compare the metabolic rewiring induced upon LPS + IFN-γ in both VIC and 

qVIC. Seahorse analysis revealed that in qVIC, the OCR decreased upon activation to reach rates like those of 

the activated VIC (Figure 61A). In addition, an increase in ECAR was observed in both cell types upon 

stimulation (Figure 61B). The energetic map showed an inflammatory-induced shift to a more glycolytic 

phenotype in qVIC, as observed in VIC (Figure 61C). Additionally, Seahorse Mito Stress assay showed that 

inflammatory-activated qVIC tended to increase non-mitochondrial oxygen consumption (Figure 61D). 

Finally, mitochondrial ATP production significantly decreased upon cell activation in both VIC and qVIC, 

reaching similar levels (Figure 61E). ATP rate assay further confirmed the shift from mitochondrial ATP 

source to glycolytic ATP in both cases (Figure 61F). Subsequently, the expression of metabolic enzymes was 

measured in both cell types upon inflammatory insults. Data in Table 7 confirmed that upregulation of 

GLUT1, PFKFB3, PKM2, and MCT4, and downregulation of PDK4, COX7A1, and GLS1 were induced by 

inflammatory agents in both VIC and qVIC. However, in qVIC, HKII levels were basally so high that no changes 

were measured in qVIC, in contrast to the VIC results.  
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Figure 61. qVIC, as well as VIC, undergo metabolic rewiring to a more glycolytic phenotype upon inflammatory 
stimulation. VIC were incubated with control media or FIB for 14 days, then activated with 100 ng/mL LPS and 1 
µg/mL IFN-γ, and later analyzed in a Seahorse analyzer. (A) OCR quantitation (N=5), (B) ECAR quantitation (N=5), 
(C) Energetic map (ECAR vs. OCR plot), (E) Oxygen consumption rate by non-mitochondrial processes (N=3). (F) 
ATP production rate linked to OXPHOS (N=3). (G) ATP Rate Assay showing the main source of ATP production 
(N=3). Data are expressed as mean ± SD (N=3/5). Ns, non-significant differences; *, p<0.05; **, p<0.01. Student's 
unpaired t-test. 

Table 7. Comparison of inflammatory-induced changes in metabolic gene expression in VIC and qVIC. Cells 
activated or not with LPS + IFN-γ for 24h were analyzed by PCR. Data (N=5) are expressed as 2-ΔΔCt where ΔCt is 
the Ct gene-Ct GAPDH, and then compared to untreated. Mean + SD and Student's unpaired t-test. *, p<0.05; **, 
p<0.01; ns, non-significant. 

GENE FOLD CHANGE (VIC) FOLD CHANGE (qVIC) 
SLC2A1 (GLUT1) 3.11±1.23 (*) 4.98±1.88 (**) 

HKII 3.63±0.92 (*) 0.94±0.36 (ns) 

PFKFB3 4.61±1.97 (*) 5.74±1.99 (*) 

PKM2 2.81±1.06 (*) 2.48±1.36 (p=0.052) 

SLC16A4 (MCT4) 3.75±1.10 (*) 10.75±3.40 (**) 

PDK4 0.18±0.07 (*) 0.27±0.10 (*) 

GSL1 0.13±0.05 (*) 0.33±0.10 (*) 

COX7A1 (Cyt C oxidase) 0.42±0.07 (*) 0.21±0.08 (*) 

 

Finally, we sought to characterize whether these inflammation-induced changes in qVIC were 

mediated by the JAK-STAT/HIF-1α pathway, as described for VIC (Figure 55,56). Western blot analysis 

demonstrated that both STAT1 phosphorylation and HIF-1α stabilization increased upon inflammatory 

stimuli in qVIC (Figure 62A-C). In addition, another pathway related to calcification in VIC, MAPK, was 
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analyzed and the phosphorylation of ERK was found to be increased upon activation in qVIC (Figure 62A, D). 

WB was used to characterize the inflammatory profile induced upon inflammatory treatment of qVIC and 

results showed that the master inflammatory regulator NF-κB was significantly activated (Figure 62E-F), and 

further revealed increased expression of adhesion molecules such as ICAM-1 (Figure 62E,G) and VCAM-1 

(Figure 62E,H).  

 

Figure 62. Co-stimulation with LPS and IFN-γ induces the JAK-STAT/HIF-1α and NF-κB pathways in qVIC. VIC 
were incubated with control media or FIB for 14 days as described in the Methods section, activated with 100 
ng/mL LPS and 1 µg/mL IFN-γ, and later analyzed by WB. (A) Representative immuno-blots of the indicated 
proteins. (B) pSTAT1 quantitation, (C) HIF-1α quantitation and (D) pERK quantitation. (E) Representative immuno-
blots of the indicated proteins. (F) pNF-κB quantitation, (G) ICAM-1 quantitation and (H) VCAM-1 quantitation 
(N=3). Data are expressed as mean ± SD (N=3/4). N indicates the number of VIC isolates from independent valve 
donors; ns, non-significant differences; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Student's unpaired t-
test. 

Collectively, data from this section unveiled different metabolic phenotypes in qVIC and VIC and 

further disclosed that inflammatory stimuli such as LPS + IFN-γ promoted metabolic reprogramming to a 

more glycolytic phenotype in both VIC and qVIC, leading to cell differentiation and inflammation.  

R.11.2- Validation of metabolic rewiring VIC and VEC 3D co-culture: correlation in HIF-1α 
upregulation and an altered profile of metabolic genes 

Next, we validated data in VIC-VEC 3D co-culture hydrogels to mimic the valve structure. This model 

was performed with porcine aortic valve interstitial and endothelial cells (PAVIC and PAVEC, respectively), as 

described in the Methods section. The 3D co-culture was set as described, and hydrogel compaction was 

observed every day to approach cell differentiation (Gee et al., 2021). Once we determined that the 
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hydrogel was compacting and cells were differentiating, we directly assayed HIF-1α expression and found 

increased HIF-1α stabilization in cultures exposed to inflammatory stimuli (Figure 63). 

Next, we analyzed metabolic genes, some of which are HIF-1α targets. To further confirm the 

upregulation of metabolic genes, we performed qPCR analysis after seven days of co-culture. Notably, the 

results revealed the upregulation of several metabolic genes, namely GLUT1, HKII, PFKFB3, PKM2, and MCT4, 

while downregulation of G6PD and COX7A1 in LPS + IFN-γ inflammatory conditions in 3D co-culture (Table 

8), a similar change in metabolic profile compared to that observed in 2D (Tables 1-3). Strikingly, osteogenic 

media promoted a similar change in the metabolic profile of 3D co-cultures (Table 8).  

 

Figure 63. Inflammatory stimuli promote HIF-1α stabilization in 3D VIC-VEC co-culture. Porcine 3D VIC-VEC co-
cultures were established as detailed in the methods section and were treated with 100 ng/mL LPS and 5 ng/mL 
IFN-γ for 1 week. Western blot analysis of HIF-1α stabilization upon inflammatory stimulation (representative of 
N=2).  

Table 8. Comparison of changes in metabolic gene expression in 2D-VIC cultures and 3D-VIC+VEC co-cultures upon 
activation. Cell cultures, 2D-human VIC, or 3D-porcine VIC+VEC, were treated as indicated and analyzed by qPCR. Gene 
expression is expressed as relative to housekeeping genes and to untreated conditions. Data are expressed as fold 
change vs. untreated (mean + SD (N=5)). Student's unpaired t-test. *p<0.05, **p<0.01. 

GENE FOLD CHANGE 

2D-human VIC 
(LPS + IFN-γ treated) 

3D- porcine VIC+VEC 
(LPS + IFN-γ treated) 

3D- porcine VIC+VEC 
(OGM treated) 

SLC2A1 (GLUT1) 2.89±0.97 (**) 2.67±0.71 (**) 2.48±1.20 

HKII 2.48±0.60 (*) 5.89±1.97 (*) 1.67±0.29 (p=0.09) 

PFKFB3 3.94±1.67 (**) 5.98±1.97 (*) 10.79±2.40 (*) 

PKM2 2.40±0.89 (**) 3.20±1.02 (*) 1.99±0.33 (**)  

SLC16A4 (MCT4) 4.72±1.28 (*) 6.89±1.59 (*) 3.41±0.55 (*) 

G6PD 0.51±0.20 (*) 0.67±0.14 (*) 0.67±0.06 (p=0.07) 

COX7A1 (Cyt C oxidase) 0.42±0.13 (*) 0.53±0.09 (*) 0.34±0.08 (*) 

 

Together, data from 3D co-cultures of VIC-VEC (swine) revealed an inflammation-induced upregulation 

of HIF-1α stabilization, as well as inflammatory- and osteogenic-triggered changes in metabolic gene profile 

that resembled inflammatory-induced alterations in human VIC (2D).  
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R.11.3- Stenotic human aortic valve tissue and explanted cells mimic the metabolic rewiring 
induced in VIC exposed to inflammatory stimuli  

First, we analyzed potential changes in the metabolic profile of explanted VIC from patients with 

and without CAVD. Real time metabolic analysis of explanted VIC unveiled an increase in extracellular 

acidification rate in stenotic VIC as compared to non-stenotic VIC (Figure 64A), while similar OCR levels 

(Figure 64B). The energetic map showed a metabolic shift to a more glycolytic phenotype in diseased 

VIC (Figure 64C). In addition, Seahorse Mito Stress assay comparing ATP production rate between 

control and stenotic VIC further showed a significant decrease in ATP production linked to OXPHOS in 

stenotic vs. non-stenotic VIC (Figure 64D). 

Next, the differential metabolic gene profile was analyzed in VIC and valve tissue from patients 

with and without CAVD. We found upregulation of metabolic enzymes in stenotic VIC as compared to 

non-stenotic VIC, including some enzymes controlling glycolysis, such as GLUT1 and PKM2 (Figure 64E-

F), while downregulation of the main negative regulator of TCA entrance, PDK4 (Figure 64G). Moreover, 

qPCR analysis of stenotic and non-stenotic valve tissue elucidated similar alterations in the gene 

metabolic profile, with upregulation of some limiting enzymes controlling glycolysis, such as PFKFB3 and 

PKM2 (Figure 64H-I), while downregulation of PDK4 in stenotic versus non-stenotic tissue (Figure 64J).  

Together, data highlight changes in VIC bioenergetics with a metabolic shift to glycolysis in VIC 

from CAVD patients and changes in metabolic profile to glucose use in both valve leaflets and VIC from 

CAVD patients, which resembles the metabolic rewiring found in non-stenotic VIC exposed to 

inflammatory stimuli.  
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Figure 64. Metabolic rewiring occurs in explanted stenotic VIC and tissue. Analysis of VIC (A-G) and valve tissue 
from patients with CAVD (stenotic) or without (control) (H-J). (A-D) Seahorse metabolic analysis by Mito Stress 
assay VIC. (A) Extracellular acidification rate. (B) Oxygen consumption rate. (C) Energetic map (ECAR vs. OCR plot). 
(D) ATP linked to OXPHOS. (E-G) Analysis by qPCR of (E) GLUT1, (F) PFKFB3, and (G) PDK4 in VIC (N≥6 for each 
group). (H-J) qPCR analysis in control and calcified valves of (H) PFKFB3, (I) PKM2, (J) PDK4 (N≥6 for each group). 
Data are expressed as mean ± SD. In basal VIC experiments N indicates the number of VIC isolates from 
independent valve donors and in valve experiments N indicates the number of independent valve tissues; ns, 
indicates non-significant; *, p<0.05; **, p<0.01. Student's unpaired t-test. 
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This study unravels the interrelation between inflammation and metabolism in a cellular model of CAVD, 

human primary VIC culture, by identifying a novel shift in cell metabolism to glycolysis required for 

calcification, inflammation, and cell differentiation, and further showing that this shift mimics the metabolic 

phenotype in calcified valves and stenotic VIC. Moreover, this study demonstrates the role of impairment in 

other metabolic pathways such as PPP, TCA, and OXPHOS, by generating oxidative stress, in disease. These 

metabolic changes are mediated through the JAK-STAT/HIF-1α axis and NF-κB pathways. Finally, validation 

strategies confirm some of the metabolic alterations in diseased human aortic valves in comparison with 

healthy ones.  

D.1- VIC in the basal state exhibit a fast glycolytic catabolism for feeding their 
higher reliance on glycolysis energy production than qVIC 

New finding of this study is the metabolic genotype of human primary VIC and quiescent VIC (qVIC). 

Human VIC in culture exhibit a metabolic profile with high expression of genes encoding for proteins 

involved in cellular catabolism, mainly glycolysis, PPP, and fatty acid oxidation, while lower expression of 

enzymes involved in TCA cycle, OXPHOS, glutaminolysis and other non-canonical pathways. These findings 

are supported by the fact that glucose tracing demonstrates that lactate and NAD, synthesized using the R5P 

coming from PPP, are the predominant metabolic fates of glucose in VIC. Additionally, while VIC rely equally 

in glycolysis and OXPHOS to generate ATP, qVIC show a more energetic phenotype with the most reliance on 

OXPHOS. Moreover, gene expression analysis disclosed that the basal metabolic phenotype of VIC is 

different from qVIC, demonstrating differences with a lower expression of GLUT1 and higher expression of 

HKII and PDK4 in qVIC.  

Therefore, basal VIC metabolism differs from qVIC metabolism. Metabolic differences between 

myofibroblast and fibroblast have been previously described in several contexts. In fact, a microarray study 

comparing gene expression between freshly isolated porcine VIC and cultured porcine VIC demonstrated 

over 4,000 differentially expressed genes in just 6 days of in vitro culture, including the upregulation of 

mitochondrial and lipid metabolism genes in cultured VIC when comparing with freshly isolated qVIC (Wang 

et al., 2013). Additionally, a recent characterization of fibroblast metabolism has demonstrated the reliance 

on OXPHOS for energy production (Algieri et al., 2022). Moreover, in several contexts, the metabolic switch 

from fibroblast to myofibroblast phenotype has been described to be necessary in processes underlying 

macrophage-induced disease, such as fibrosis (Setten et al., 2022). Specifically, in the context of pulmonary 

fibroblasts, an increase in OXPHOS and glycolysis has been reported during the TGF-β-mediated 

transformation into a myofibroblast phenotype necessary for pulmonary fibrosis thus leading to an equal 

participation of both pathways for maintaining myofibroblast identity (Bernard et al., 2015).  
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Furthermore, the metabolic reprogramming required for fibroblast differentiation, has been 

associated with a metabolic gene profile alteration, as happens in this study. For example, in lung fibroblast, 

TGF-β-mediated myofibroblast differentiation has been described to induce GLUT1 expression, due to the 

necessity of increasing glucose uptake for glycolysis (Azuelos et al., 2016). In contrast to our findings, in lung 

fibroblast, TGF-β has been described to induce differentiation into myofibroblast phenotype, which has 

higher levels of HKII (Bernard et al., 2015). Additionally, in renal fibroblast, TGF-β has been described to 

induce PDK expression, thus leading to PDH inhibition, thus leading to an acetyl-CoA inhibition (Smith et al., 

2020), which is opposed to our findings in VIC, arguing for tissue and cell specific effects. 

Based on this evidence and our data, VIC seem to have a metabolism adaptable to their environment. 

One may speculate that in culture, VIC undergo a first metabolic rewiring that supports the change in 

phenotype from fibroblast to myofibroblast. Additionally, a feasible explanation to the discrepancies 

observed in the metabolic gene expression of qVIC versus other fibroblast, could be due to tissue and cell 

specificity or to the stimuli used. Additionally, considering the composition of dedifferentiation FIB media, 

insulin could be leading to an increased HKII expression, since it has been previously described its direct 

regulation (Vogt et al., 1998).  

Strikingly, glucose tracing analysis revealed a fast flux of glucose carbons into the ribose moieties of 

NAD in basal VIC. This may be relevant for myofibroblast function, i.e., by supporting the synthesis of 

macromolecules required for the maintenance of the extracellular matrix. Moreover, fluxomics analysis 

showed that glucose is quickly metabolized into acetyl-CoA, but more slowly and to a lower extent into TCA 

metabolites such as succinate and citrate. As mentioned above, several studies have described that acetyl-

CoA can have different fates, not only its entry in TCA, but also lipid synthesis and histone acetylation 

(reviewed in Shi et al., 2015). This evidence, together with the lower incorporation of labeled carbon into 

succinate, suggest that the TCA cycle is active but slowed down or alternatively, TCA metabolites may exhibit 

a high turnover. Taking this into account, we hypothesize that pyruvate is entering mitochondria and 

transforming into acetyl-CoA, which next is transformed to citrate. Most of this citrate may be going to the 

cytosol where it is converted to acetyl-CoA for lipid synthesis and histone acetylation, and the minor part of 

citrate may be metabolized to isocitrate for continuing in TCA cycle.  

Real-time metabolic analysis of VIC also demonstrates that glutaminolysis exhibits a role in 

maintaining OCR, thus suggesting the incorporation of glutamate derived from glutaminolysis into TCA cycle 

as α-KG allowing the second part of TCA to fulfill ETC and OXPHOS. Accordingly, glutaminolysis has been 

described as an alternative pathway to fulfill TCA and OXPHOS in many cellular models (reviewed in Kodama 

et al., 2020). Therefore, one may hypothesize that in VIC model, glutaminolysis exerts an active role in 

maintaining mitochondrial respiration via its participation in TCA maintenance. This fact leads to a feasible 
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explanation of the fact that, even with a low contribution of [13C]-glucose into TCA metabolite synthesis, the 

cells were able to obtain 50% of their energy from OXPHOS.  

Together, our data support the notion that VIC are highly metabolic cells relying on a fast glucose 

uptake for feeding catabolic routes like glycolysis, OXPHOS and PPP. Notably, qVIC and VIC exhibit distinct 

metabolic gene profile and bioenergetics. While qVIC exhibit a more aerobic metabolism with higher reliance 

on mitochondrial ATP, VIC rely on equal ATP production from glycolysis and mitochondria.  

D.2- Pro-inflammatory cytokines induce metabolic rewiring to a hyperglycolytic 
phenotype that is potentiated by PAMP in VIC  

This thesis unravels that inflammatory cytokines promote a metabolic shift leading to a more 

glycolytic phenotype in VIC, mimicking the metabolic alterations occurring in stenotic VIC. This metabolic 

reprogramming is characterized by an increased glycolysis with no mitochondrial respiration alterations, but 

an impairment in ATP synthesis linked to OXPHOS, which is cytokine specific. 

In agreement with these inflammation-induced effects, metabolic reprogramming induced by 

inflammatory mediators has been described in several contexts such as immune cells, cancer cells or 

vascular endothelial cells (Everts et al., 2014; Mancebo et al., 2022; S. Wang et al., 2019; Xiao et al., 2021). 

Remarkably, TGF-β-induced metabolic reprogramming has been observed in lung fibroblasts, conferring 

them a myofibroblastic phenotype that promotes fibrosis (reviewed in Hamanaka et al., 2021). However, 

metabolic rewiring in VIC is peculiar and differs from other systems. While lung fibroblasts exhibit an 

increased glycolysis but also an enhanced ETC and OXPHOS, human VIC show an increased glycolysis, with no 

alterations in ETC but impaired OXPHOS-ATP synthesis. One may speculate that this difference may be 

attributed to the fact that in cultured VIC-myofibroblast, the increase in OCR and OXPHOS has already 

occurred during the transition from fibroblast to myofibroblast.  

In addition to the inflammatory-induced metabolic rewiring, the most striking finding of our study is 

that VIC explanted from stenotic patients exhibit a metabolic rewiring to hyperglycolysis with no changes in 

OCR but a decrease in ATP production linked to OXPHOS, which correlates with the metabolic 

reprogramming observed in cultured VIC in an inflammatory environment. Our data confirm the recent 

research of Liu et al. (2023), which has described a Warburg effect occurring in stenotic valves and VIC 

treated under osteogenic conditions. This metabolic reprogramming is characterized by an increased 

glycolysis, non-altered OCR and mitochondrial ATP, and upregulation of total ATP. In addition to their results, 

we also found other altered metabolic pathways, as discussed in following sections, i.e., PPP, TCA and 

OXPHOS.  
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This study also elucidates cytokine-specific effects on the mitochondrial function of human VIC. While 

proton leak is not affected by exposure to TNF-α, TGF-β or IFN-γ treatment, it is decreased by treatment 

with IFN-α without affecting mitochondrial ATP synthesis. Although there are no publications associating 

IFN-α and proton leak parameter, one may hypothesize that metabolic differences upon IFN-α treatment 

could be attributed to the specific signaling pathways used by IFN-α, such as the STAT2 factor or the 

interferon response elements that are specifically activated in response to this cytokine (reviewed in 

Schindler et al., 2007). An increase in proton leak is linked to a decrease in coupling efficiency, thus having a 

role in blunting mitochondrial ATP synthesis (reviewed in Nanayakkara et al., 2019). In contrast, in the 

human VIC context, IFN-α is decreasing proton leak while blunting mitochondrial ATP, which could be 

explained since although proton leak is the predominant mechanism responsible for the incomplete coupling 

of substrate oxidation and ATP synthesis, other mechanisms may account for ATP reduction. For example, a 

slip in the respiratory chain (electron transfer without concomitant proton pumping) can, in principle, cause 

this phenomenon (reviewed in Divakaruni et al., 2023).  

Additionally, our data also elucidate that non-mitochondrial oxygen consumption and ATP synthesis 

linked to OXPHOS are altered upon treatment with TGF-β, IFN-γ and IFN-α, but not by TNF-α. Cytokine- 

specific effects on mitochondrial ATP synthesis agree with previous reports demonstrating that cell exposure 

to IFN-γ exhibited an impairment in ATP synthesis linked to ETC in several cellular models such as 

cardiomyocytes and antigen-presenting cells (Kiritsy et al., 2021; Silva-Nunes et al., 2021). Conversely, lung 

fibroblast exposure to TGF-β showed an increase in mitochondrial ATP production (Bernard et al., 2015), 

which disagrees with the results obtained in our VIC model showing non altered ATP production linked to 

OXPHOS upon TGF-β stimulation. Additionally, TNF-α has been demonstrated to increase OXPHOS in 

endothelial cells from vasculature (Xiao et al., 2021). Therefore, the lack of TNF-α effect in mitochondrial ATP 

synthesis in VIC upon activation is opposite to previous findings. Furthermore, effects induced by IFN-α in 

mitochondrial ATP induction in dendritic cells metabolic reprogramming upon a viral infection (D. Wu et al., 

2016) have been described to be different to the ones measured through this thesis in VIC model.  

On the other hand, the effect of inflammatory cytokines on non-mitochondrial oxygen consumption 

has been described in the context of cardiomyocytes under 48h of IFN-γ and TNF-α co-exposure, which 

exhibited an upregulated non-mitochondrial oxygen consumption (Silva-Nunes et al., 2021). Additionally, 

TGF-β has also been described to induce non-mitochondrial oxygen consumption during the differentiation 

process of lung fibroblast into myofibroblast (Bernard et al., 2015). However, no evidence has associated 

directly IFN-α with non-mitochondrial oxygen consumption, but with ROS production, mainly in the context 

of immune cells (Glenon-Alti et al., 2021). Together, data suggest that these cytokine-specific differences in 

mitochondrial function could be explained by the specific signaling pathways used for each one and by the 

different responses described through the literature depending on the cell type and/or the time of exposure. 
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This study further elucidates IFN- and pathogen pattern- specific effects. While ECAR increases by IFN-

(α/γ), LPS does not affect ECAR, but potentiates the effects of both IFN types, being the co-stimulation with 

LPS and IFN-γ signaling the strongest shift into a glycolytic phenotype. The metabolic rewiring induced upon 

IFN treatment, has been previously reported in other contexts such as immune cell as well as the 

potentiation of the metabolic effect by LPS has been demonstrated in macrophages (Seim et al., 2019; F. 

Wang et al., 2018). Conversely, the pathogen pattern LPS did not significantly alter extracellular acidification 

of VIC. This finding was unexpected, since LPS-induced glycolytic reprogramming has been well documented 

in immune cells like macrophages and endothelial vascular cells (Seim et al., 2019; F. Wang et al., 2018; Xiao 

et al., 2021). Discrepancy may be explained by cell-specific differences in the activation of HIF-1α, a 

transcription factor associated with metabolic reprogramming in various contexts like cancer and immune 

cells (Tannahill et al., 2013; Semenza et al., 2011), since previous data from Parra-Izquierdo et al., (2019; 

2021) showed that IFN and Poly (I:C) independently, but not LPS, promote HIF-1α stabilization in human VIC. 

Another finding is that the combination of both, LPS or Poly (I:C) with IFN, significantly inhibits ATP 

synthesis linked to OXPHOS and LPS potentiates the effects of both IFN. Data are consistent with recent 

evidence reporting specific effects of IFNAR and IFNGR in the synthesis of ATP linked to OXPHOS in 

cardiomyocytes and antigen presenting cells (Kiritsy et al., 2021; Silva-Nunes et al., 2021).  

This work also elucidates that non-mitochondrial oxygen consumption is induced by both, IFN-γ, IFN-

α, Poly (I:C), and LPS. Non-mitochondrial oxygen consumption has been associated with oxidative stress in 

different contexts such as breast tumor, where it has been related to the induction of apoptosis and 

neuronal activation (Banh et al., 2016; Liao et al., 2023). This evidence leads us to think that an inflammatory 

milieu may promote oxidative stress in VIC as a consequence of the induced metabolic alterations. 

Collectively, these findings demonstrate that the metabolic phenotype of human VIC is dynamic and 

under inflammatory environments exhibit a shift to glycolysis that resembles the metabolic phenotype of 

stenotic VIC. This study further highlights the interplay between IFN receptors and TLR signaling pathways in 

the metabolic shift to increased glycolysis, and IFN and TLR-specific responses.  

D.3- TLR3/4-IFNGR interplay on glycolytic reprogramming supports the processes of 
inflammation, differentiation, and calcification in VIC and human valves 

This thesis unveils the role of inflammatory environment on hyperglycolysis induction, thus promoting 

glycolytic ATP increase, enzymes, and metabolites. Additionally, pharmacological approaches targeting 

glycolysis reveal a direct role of glycolysis on VIC inflammation, differentiation, and in vitro calcification. This 

metabolic rewiring is mirrored in stenotic valves and explanted VIC.  
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D.3.1- Inflammation induces alterations in glycolytic gene profile and its functional effects on 
glycolysis enhancement in VIC  

This study unravels that the co-stimulation of VIC with LPS and IFN-γ alters the metabolic gene 

expression profile of VIC, with upregulation of main regulators of glycolytic function such as GLUT1, HKII, 

PFKFB3 and PKM2, and the lactate transporter MCT4. These changes correlate with functional alterations 

characterized by an increased extracellular acidification and lactate, as well as glycolytic ATP production. 

Importantly, inflammatory-induced increase in glycolytic gene expression has been validated in human qVIC 

and in porcine 3D co-culture, and in the latter also in osteogenic conditions. Remarkably, some of those 

changes are observed in calcified valve leaflets from patients. Furthermore, the bioenergetic phenotype of 

stenotic VIC is mirrored by the metabolic rewiring observed in non-stenotic VIC under pro-inflammatory 

settings. Together, data confirm this metabolic rewiring as a novel mechanism underlying CAVD and suggest 

that inflammation triggers a metabolic shift that may be relevant to initial stages of its pathogenesis. 

A relevant finding of this thesis is that the expression of PFKFB3, GLUT1, PKM2 is upregulated in VIC 

activated with inflammatory stimuli and in stenotic leaflets. The altered expression of metabolic enzymes 

mediating reprogramming has been previously reported in different contexts. In vascular endothelial cells, 

PFKFB3 has been described as a key mediator of glycolytic flux and glycolytic ATP production induction upon 

treatment with TFG-β (Xiao et al., 2021). A recent report in VIC demonstrates that PFKFB3 regulates the 

calcifying conditions-induced inflammation and differentiation and the palmdelphin-induced inflammation 

but may not be the key regulator of palmdelphin-induced osteogenic differentiation (S. Wang et al., 2022). 

Additionally, Heather et al., 2011 elucidated a metabolic shift from fatty acid to glucose in heart biopsies of 

patients with hypertrophy and aortic valve impairment, which goes through the increase of GLUT1 and 

PKM2 expression. Moreover, B. Fu et al. (2022) in a metabolomics and proteomics-based analysis, have 

described the higher levels of hypoxia-inducible factor 1 (HIF-1) signaling pathway and GLUT1 protein 

expression in human stenotic valves versus healthy ones. In line with this report, Liu et al., (2023) have 

elucidated differences in the metabolic protein profile in stenotic and osteogenic-activated VIC versus 

control ones with upregulated protein levels of GLUT1, PFK1, HKII and LDHA, in accordance with the results 

obtained in our study. In agreement with these previous publications, it has been recently described that 

pressure overload in AS triggers not only structural but also metabolic remodeling increasing the risk of 

decompensation into heart failure. This metabolic remodeling goes through the downregulation of FA 

oxidation and the increased reliance on glucose metabolism, thus leading to lipid accumulation and heart 

failure (reviewed in Monga et al., 2022). 

Our data also elucidate the functional role of the inflammatory-induced glycolytic gene expression in 

VIC metabolic reprogramming. Until these last years there was not much evidence related to the role of VIC 

metabolism in CAVD. However, recently, Liu et al., (2023) have described a Warburg effect occurring in 
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stenotic valves and VIC treated under osteogenic conditions. This Warburg effect is mediated by the 

upregulation of RhoA/ROCK1 pathway, generally activated by shear stress, which inhibits AMPK 

phosphorylation, thus leading to the metabolic reprogramming characterized by an increased glycolysis, 

non-altered OCR or mitochondrial ATP, and increased total ATP levels. These changes together have a direct 

role on RUNX2 upregulation due to the lack of AMPK-mediated proteasome degradation, thus leading to 

osteogenesis and calcification. This study is confirming some of our findings, but also is complementary. 

While Liu et al. described a shear stress-induced pathway, our findings unravel inflammation as a driver of 

the metabolic reprogramming in VIC. Additionally, our study provides a deeper understanding of the 

metabolic shift, which is not a mere Warburg effect, but a more complex reprogramming that affects the 

oxidative PPP route as well as mitochondrial function. In support of a more complex metabolic rewiring, a 

recent report analyzing the metabolomics and proteomics profiles in cardiac valves from patients with and 

without CAVD showed significant alterations of 229 metabolites and 549 proteins. After a statistical study of 

the relationship between altered metabolites and proteins, they found a total of 34 metabolites, 52 proteins, 

and 23 interconnected signaling. The main metabolic pathways were: (i) adenosine triphosphate-binding 

cassette transporters, (ii) starch and sucrose metabolism, (iii) hypoxia-inducible factor 1 (HIF-1) signaling, 

and (iv) purine metabolism. Among the most important hubs, they found the activation of the 

Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) pathway and the decrease of the 

calcium2+/calmodulin-dependent protein kinase II delta (CAMK2D) pathway, which directly interacted with 

the low levels of ADP, sorbitol, glucose-6-P, glucose-1-P, OAA, and aspartic acid in diseased valves compared 

to healthy ones. Additionally, ATP binding cassette subfamily a member 8 (ABCA8), which was decreased, 

directly interacted with choline levels (B. Fu et al., 2022).  

This thesis also unveils that human VIC exposed to inflammatory milieu exhibit no significant effect on 

OCR despite variability between patients but show a decrease in mitochondrial ATP production. In many 

cellular models, the glycolytic shift is accompanied by a parallel decrease in OXPHOS. However, the activity 

of OXPHOS is reported to be dependent on the cellular maturation state, immune context, and stimuli used 

(Everts et al., 2014; Krawczyk et al., 2021 & O’Neil et al., 2013). For example, in pulmonary fibroblasts an 

increase in both glycolysis and OXPHOS is required for their differentiation to myofibroblast leading to 

pulmonary fibrosis (reviewed in Hamanaka et al., 2021; Vaupel et al., 2019). However, different disease 

models have shown an increase in glycolytic ATP production while a decrease in mitochondrial ATP since 

although less efficient, cells can generate ATP more quickly via glycolysis and produce metabolic 

intermediates necessary for the synthesis of other molecules which are necessary for proliferation (reviewed 

in Liberti et al., 2016). 

Additionally, our findings demonstrate that although qVIC and VIC are different cellular types, their 

exposure to an inflammatory milieu leads them to a similar metabolic rewiring, induction of the glycolytic 
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phenotype and glycolytic ATP production, and inhibition of mitochondrial ATP production. Conversely to our 

data, some reports have elucidated a different cytokine-induced metabolic rewiring required for 

transforming from fibroblast to myofibroblast. For example, in the context of lung fibroblast, the metabolic 

requirements during TGF-β-induced differentiation of fibroblasts to myofibroblasts involved a parallel 

increase in OCR and ECAR (reviewed in Hamanaka et al., 2021). However, in the context of some other 

fibrotic diseases, such as heart, liver and kidney fibrosis, a metabolic rewiring involving an impaired 

mitochondrial ATP synthesis has been described to leads to apoptosis and disease progress (reviewed in 

Xinyu Li et al., 2020). Interestingly, in line with our data of ATP sources used by activated VIC and qVIC, which 

are osteoblast-like cells, it has been described that osteoblasts equally utilize both energy sources, OXPHOS 

and glycolysis, during the differentiation process, but once differentiated, they become more dependent on 

glycolysis than OXPHOS (Guntur et al., 2014). Additionally, it has been demonstrated that VSMC and VIC pre-

osteoblasts generate most of their ATP through glycolysis during osteogenic process (Liu et al., 2023). These 

pieces of evidences together with the fact that qVIC undergo the metabolic rewiring and phenotype 

transformation at the same time-period than VIC could suggest direct transformation from fibroblast into 

osteoblast-like phenotype, without going through a myofibroblast phenotype, a mechanism recently 

described in Lu et al., 2019. 

Together, our data support the notion that although basal metabolic differences, both VIC and qVIC 

respond to inflammatory stimuli by acquiring a similar metabolic shift characterized by hyperglycolysis, 

which could be leading to an osteoblast-like differentiation. Finally, differences in metabolic reprogramming 

induced in other cell types by other cytokines suggest tissue, cytokine, and cell specific differences.  

D.3.2- Inflammation-induced glycolysis mediates VIC differentiation, inflammation, and 
calcification 

One of the main findings of this study is that glycolysis is necessary for inflammatory-induced 

processes like inflammation, differentiation, and calcification in VIC. Indeed, glycolysis abrogation not only 

inhibits pathological processes underlying CAVD, but also induces a fibroblast-like phenotype characterized 

by a more metabolically quiescent phenotype than the one exhibited by qVIC, equal ECAR levels but a 

decrease in OCR consumption in comparison to VIC.  

D.3.2.1- The role of inflammatory-induced glycolysis in VIC phenotype and osteogenic differentiation 

This study demonstrates that glycolysis is necessary for inflammatory-induced osteoblast-like 

differentiation. It further shows that while VIC relies equally on glycolysis and OXPHOS, the exposure to an 

inflammatory milieu increases the reliance on glycolysis. Since this pro-glycolytic shift correlates with 

phenotypic changes, one may speculate that the increase in glycolysis provides the energy necessary for the 

demand required in the differentiation process of VIC. Additionally, the thesis unravels the role of mannose 

in reverting the inhibitory effects of 2-DG on inflammatory-induced differentiation.  



                                                                                                                           DISCUSSION 

183 
 

Our findings are consistent with reported evidence describing the requirement of increased glycolysis 

for cell differentiation in many contexts such as lung fibroblast, immune cells, and cancer (Bernard et al., 

2015; Everts et al., 2014; Warburg et al.,1926; S. Wang et al., 2019). Interestingly, it has been recently 

described that osteoblasts use equally OXPHOS and glycolysis, during the differentiation process, but once 

differentiated, they become more glycolytic (Guntur et al., 2014). Additionally, last year, S. Wang et al., 

(2022) manifested that in VIC, palmdelphin directly induced differentiation in a glycolytic-dependent way via 

NF-κB activation although independent of PFKFB3 while calcifying conditions induced osteogenic 

differentiation and inflammation in a dependent manner of both, NF-κB and PFKFB3. Therefore, one may 

conclude that inflammatory-induced glycolytic rewiring is energetically supporting the osteoblast-like 

differentiation of VIC. Finally, the fact that mannose plays a reverting role in 2-DG blocking immune-effects is 

because 2-DG is a mannose epimer and exerts a greater competitive effect with it than with glucose, since 

mannose is found in tissues in much lower concentrations (Kurtoglu et al., 2007). 

An interesting finding is that glycolysis is relevant to maintain the VIC phenotype since blocking 

glycolysis reverts the myofibroblast phenotype to fibroblast-like by acquiring a spindle-shape form and 

decreasing the expression of ACTA2. This finding is consistent with glycolysis blockade of VIC changing the 

metabolic phenotype to a more energetic and less glycolytic phenotype that resembles the metabolic 

phenotype of qVIC. Thus, the metabolic phenotype of VIC is dynamic and adaptive, and the increase in 

glycolysis energetically supports the phenotype and differentiation state. Previous reports have also 

demonstrated a similar effect in myofibroblasts from other tissues. In myofibroblast from kidney has been 

described that the inhibition of glycolysis blocks TGF-β-induced activation and therefore reverses the 

myofibroblastic phenotype and promotes a quiescent fibroblast phenotype (Ding et al., 2017).  

Together, these findings support the hypothesis that changes in the reliance on glycolysis are required 

for the phenotypic changes of interstitial valve cells in homeostasis and disease. These results highlight that 

adaptations in substrate use occur under inflammatory conditions and may contribute to the metabolic shift 

in valves from patients with CAVD. 

D.3.2.2 -The role of inflammatory-induced glycolysis in VIC inflammatory responses  

This thesis reveals that glycolysis is required for the inflammatory response triggered by exposure of 

VIC to IFNγ and pathogen patterns. The role of glycolysis on inflammation induction has been well 

documented in several disease models such as macrophage proinflammatory response, atherosclerosis, 

endothelial to mesenchymal transition and cancer (Tannahill et al., 2013; Xiao et al., 2021). Additionally, the 

role of inflammatory agents in inflammatory response in VIC as well as the role of inflammation in CAVD 

initiation and progress have been reported by Boström et al., (2011); New et al., (2011) & Parra-Izquierdo et 

al., (2018; 2019). Recently, it has also been associated osteogenic-induction and palmdelphin expression in 
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VIC with an enhanced glycolysis, which directly induces inflammation through TNF-α family and NF-κB 

activation, thus leading to an upregulation of adhesion molecules expression such as ICAM-1 (S. Wang et al., 

2022). Although our data confirm some of their findings, we further identified other metabolic pathways 

playing a direct role on the metabolic reprogramming-dependent inflammation.  

This study also reveals that glycolysis is necessary not only to the inflammation-mediated induction of 

adhesion molecules, ICAM-1 and VCAM-1, but also to their post-translational modifications in VIC and the 

effects of 2-DG on these proteins are reverted by mannose. These findings agree with the fact that the tool 

used for glycolysis blockade, 2-DG, also affects protein modifications in ER due to the lack not only of 

glycolysis, but also mannose metabolism, both required for post-translational modifications. In line with 

these results, other reports have described that both proteins VCAM-1 and ICAM-1 are highly glycosylated 

and mannosylated for proper functioning (He et al., 2014 & Montes-Sánchez et al., 2009). In fact, the lack of 

post-translational modifications leads to ICAM-1 reduction and diminished inflammatory response in HUVEC 

and mice. Notably, these effects are reverted by mannose (He et al., 2014). Thus, the effect observed in 

adhesion molecules expression when blocking glycolysis are consequence not only of glycolysis abrogation 

and pNF-κB decrease, but also to the lack of post-translational modifications, as a consequence of ER-stress 

induced by 2-DG and these effects can be reverted by mannose. 

Notably, through this thesis, the role of glycolysis in inflammatory-triggered upregulation of PTGS2 

(COX2) expression was demonstrated by blockade with 2-DG, but not by glucose deprivation. This apparent 

discrepancy on the role of glycolysis in COX2 expression may be due to the reported role of 2-DG in ER-

stress. In support of this, our experiments with tunicamycin, an ER stress inducer, mimic the effects of 2-DG 

on PTGS2 expression. Additionally, previous studies reported that ER-stress induced by 2-DG reduced COX2 

expression and N-glycosylation and induces a loss of COX2 activity in rabbit articular chondrocytes (Yu et al., 

2010), although this is controversial since the opposite conclusion has been reported in human chondrocytes 

(Rasheed., 2012). Therefore, data and evidence show the need to study in depth the mechanism underlying 

this 2-DG-induced ER-stress and its subsequent effect on COX2 expression and translational modifications in 

human VIC.  

Collectively, evidence and data together highlight the role of glycolysis upregulation upon 

inflammatory stimulation on triggering inflammatory response that could further contribute to pathological 

processes like calcification in human VIC.  

D.3.2.3- The role of glycolysis in inflammation-triggered calcification of VIC  

This study unravels the role of increased glycolysis and glycolytic ATP in supporting and fueling the 

inflammatory-induced in vitro calcification in VIC as well as the potential effect of mannose as an anti-

apoptotic agent. Several previous publications in the atherosclerosis context have associated glycolysis 
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upregulation with calcification. A recent study has related glycolysis upregulation and OXPHOS impairment 

with VSMC calcification due to an increased mitochondrial calcium overload and apoptosis (Zhu et al., 2023). 

Other studies have associated mitochondrial dysfunction and VSMC calcification with an increase in 

oxidative stress, apoptosis, aerobic glycolysis, mitochondrial fission, and a decrease in OXPHOS, 

mitochondrial biosynthesis, and mitochondrial fusion and mitophagy (reviewed in Izquierdo-García et al., 

2022).  

In the context of CAVD, two recent studies have described a direct association between glycolysis and 

calcification. First, S. Wang et al., (2022) described that palmdelphin overexpression induced a glycolysis 

enhancement, under control and calcifying conditions, which is required for later calcification occurring via 

caspase 3-dependent apoptosis. Later, Liu et al., (2023) have described a Warburg effect occurring in 

stenotic valves and osteogenic-activated VIC characterized by an increased glycolysis, which has a direct role 

on RUNX2 upregulation and calcification. Therefore, our data confirm some of their findings on the role of 

glycolysis in VIC calcification, but we further demonstrate the importance of inflammation as a driver of a 

metabolic shift leading calcification that is characterized not only by a glycolytic shift, but by additional 

metabolic changes also contributing to calcification. Their studies are focused on characterizing the role of 

shear-stress-induced pathway Rho/ROCK1 and other initiation factors such as genetics, hypertension, 

diabetes, and elevated phosphate, in metabolic reprogramming on CAVD context.  

When addressing the role of glycolysis, mannose was used to reverse glycolysis blockade by 2DG. We 

found that mannose does not revert the effect of glycolysis-blockade on VIC calcification, while it does on 

VIC differentiation and inflammation, which could be explained by a role of mannose on apoptosis. This idea 

was supported by the fact that mannose reduced the apoptosis induced by inflammatory agents and 2-DG in 

VIC, as well as the increased expression of the anti-apoptotic gene, BCL2, induced in VIC by mannose. 

However, the role of mannose on apoptosis is controversial. A recent study has proposed mannose as a new 

strategy for tumor treatment due to its role in apoptosis induction, thus leading to the sensitizing of tumors 

to antitumoral drugs (Gonzalez et al., 2018). Conversely, other studies performed in the context of rat 

chondrocytes demonstrated the role of mannose treatment in promoting proliferation, enhancing 

autophagy, and reducing apoptosis upon IL-1β-treated chondrocytes, thus suppressing osteoarthritis (Lin et 

al., 2021). Therefore, we speculate the potential role of mannose as an anti-apoptotic effector that could 

prevent dystrophic calcification of VIC. However, further experiments characterizing the role and 

mechanisms of action of mannose in VIC would be necessary. 

Collectively, our findings support the notion that enhanced glycolysis is required to support the 

process of calcification in VIC exposed to an inflammatory milieu.  
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D.3.2.4- Interplay between glycolysis blockade and other catabolic pathways induction 

Beyond the role of glycolysis in pathological processes in CAVD, this thesis also unravels the interplay 

between glycolysis and other metabolic pathways. Glycolysis blockade in VIC triggers ETC and OXPHOS as 

well as glutaminolysis in both basal stimulated conditions, probably as a compensatory mechanism for 

energy production and homeostasis maintenance. A compensatory mechanism has recently been described 

in different contexts. On the one hand, long-term intermittent treatment of mice with 2DG showed an 

increase of the proteome of the respiratory chain in the heart without affecting vascularization, 

hypertrophy, or fibrosis (Dodson et al., 2022). On the other hand, in cancer cells the blockade of glycolysis 

upregulates mitochondrial function, thus shifting their metabolism towards OXPHOS, mainly through 

glutaminolysis, which allows the entry of metabolites into the second half of the TCA cycle, thereby 

promoting the proper function of ETC and OXPHOS (Shiratori et al., 2019). In fact, the increase in OXPHOS 

could be acting not only as a compensatory but also as a protective mechanism, based on a recent study 

disclosing a protective role of OXPHOS against inflammation and EndMT in vascular endothelial cells (Xiao et 

al., 2021). Conversely, in the context of CAVD, Zhong et al. (2023) reported that stenotic patients have 

increased Piezo 1, an ion channel, expression levels in AV tissue, and elevated glutaminolysis in plasma. 

Deeper in vitro experiments revealed that the induction of Piezo 1 by an agonist induced an overload of 

intracellular Ca2+, thus leading to the increased expression of YAP protein (calcium-dependent Yes-

associated), which is responsible for the induction of GLS1 and glutaminolysis. This increase in glutamine 

metabolism later affects the TCA cycle by increasing the production of acetyl-CoA, which finally influences 

the acetylation of histone 3 of the RUNX2 promoter, inducing the expression of RUNX2 and subsequent 

osteogenesis. 

Therefore, our data manifests that glycolysis is necessary for maintaining the VIC phenotype but 

hyperglycolysis leads to CAVD pathology. However, glycolysis blockade forces VIC to fulfill their energetic 

requirements using other pathways such as OXPHOS, as shown by the increase in mitochondrial ATP upon 2-

DG treatment. Taking evidence in the literature showing the downregulation of β-oxidation in CAVD, and our 

results showing the participation of glutaminolysis in VIC metabolism basally and upon activation, one may 

hypothesize that glutaminolysis is the pathway implicated in OXPHOS maintenance when glycolysis is 

blocked. However, more experiments would be required for confirming our hypothesis. 

D.3.3- The role of Pyruvate kinases in metabolic reprogramming of VIC and subsequent 
calcification, differentiation, and inflammation processes   

This study identifies PKM2 as the most abundant metabolic gene in VIC, and further highlights its role 

in the inflammatory-induced metabolic shift of VIC leading to calcification, differentiation, and inflammation. 

PKM2 is the only isoform transcriptionally upregulated upon stimulation, and is found as dimers, as shown 

by its phosphorylation in Y105, and tetramers, assayed using TEPP46, in activated VIC. Dimeric PKM2 is 
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reported to be the isoform related to metabolic reprogramming in different contexts such as tumor cells 

(reviewed in Yang et al., 2013). Additionally, PKM2 has been also recognized for its role in regulating gene 

expression as a co-activator of transcription factors in other disease models of heart, kidney, liver, lung, 

adipose tissue, and pancreas (reviewed in Puckett et al., 2021). Notably, PKM2 isoform has been associated 

with pulmonary hypertension progression in a rat model (reviewed in Puckett et al., 2021). Beyond these 

reports, PKM2 has been described to participate in the phosphorylation of histone 3 by its direct interaction 

with it, which is required for the later dissociation of histone deacetylase from gene promoters and 

subsequent histone 3 acetylation, thus leading to gene expression (Yang et al., 2012). 

This thesis also shows that PKM2 is phosphorylated at Y105 in activated VIC. These data suggest the 

existence of PKM2 in its dimeric form, which is located in the nucleus upon immune stimulation of VIC. 

According to the literature, PKM2 is associated with different activities depending on its conformation and 

localization (reviewed in Boukouris et al., 2016). Dimeric PKM2 has lower glycolytic activity and can function 

as a transcriptional coactivator of HIF-1α by dimerizing with it (reviewed in Yang et al., 2013). This complex 

can later activate the transcription of genes involved in cell proliferation and differentiation in epithelial to 

mesenchymal transition (Hamabe et al., 2014), metabolism (reviewed in Vaupel et al., 2019), inflammation 

(Palsson-Mcdermott et al., 2015) and apoptosis (reviewed in Puckett et al., 2021). Of note, PKM2 dimer has 

been also reported to have a dual role in apoptosis. Some reports demonstrate its role in protecting against 

apoptosis when it is translocated to mitochondria in response to H2O2 to phosphorylate and stabilize Bcl2 

(Saleme et al., 2019). Conversely, other authors have described PKM2 to form a complex with MDM2 and 

p53 in the nucleus and function as a master regulator of pro-apoptotic genes (H.Wu et al., 2016). 

Our study also discloses that tetrameric PKM2 plays a role in metabolic rewiring, inflammation, 

differentiation, and calcification in VIC. Some previous reports have described the higher glycolytic activity of 

PKM2 tetramers leading to increased lactate production and a decreased pyruvate flux and propose that this 

is likely due to the formation of a supramolecular complex with lactate dehydrogenase (Anastasiou et al., 

2012 & Christofk et al., 2008). Interestingly, tetrameric PKM2 has been reported to induce the mitochondrial 

fusion leading to the decrease of mitochondrial ATP levels and the reduction of expression level of ETC 

complex I, III and V (reviewed in Puckett et al., 2021). Surprisingly, tetrameric PKM2 has also been associated 

with apoptosis depending on the intracellular redox state; in highly oxidized environments, PKM2 tetramer is 

oxidized in its cysteine 423 and it suppresses p53 activity while in a reduced environment exhibits the 

opposite effect (Saleme et al., 2019).  

Together, our data indicate the coexistence of both dimeric and tetrameric forms of PKM2 in activated 

VIC. One may speculate that each of these isoforms can be acting differently. The detection of PKM2 in the 

nuclei of activated VIC suggests that the dimeric PKM2 form could be acting as a co-factor of HIF-1α leading 

to the transcription of glycolytic genes, as described in murine macrophages (Palsson-McDermott et al., 
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2015) or directly participating in histone phosphorylation and acetylation (Yang et al., 2012), a process 

previously related to VIC calcification (Fu et al., 2019; Song et al., 2017). On the other hand, data upon PKM2 

tetramerization, discloses that tetrameric PKM2 increases glycolysis and stabilizes HIF-1α, and subsequently 

induces VIC calcification, inflammation, and differentiation. Additionally, both isoforms could promote 

apoptosis leading to dystrophic calcification, but more experiments would be required to demonstrate the 

link. Supporting our findings of isoforms coexistence, it has been previously described that once the 

tetramer or dimer has performed its activity, it can be converted into the other form (Christofk et al., 2008). 

Accordingly, one may speculate that PKM2 plays a dual role in the disease depending on the active isoform. 

However, further experiments would be required in our system to develop a solid hypothesis regarding the 

activity and isoforms of PKM2. Additionally, the fact that PKM2 activity can also be regulated by post-

translational modifications such as phosphorylation, acetylation, or oxidation (Yang et al., 2013) makes it 

more difficult to formulate a definitive hypothesis. 

D.3.4- The role of lactate in inflammation-induced differentiation, calcification, and inflammation 
in VIC 

This thesis unveils the role of lactate production and secretion, as a by-product of glycolysis, in 

inflammatory-induced inflammation, differentiation, and calcification of VIC. We found increased aerobic 

glycolysis and lactate secretion after exposure of VIC to an inflammatory milieu. There is compelling 

evidence of lactate production under fully aerobic conditions. Lactate production has been linked to 

metabolic rewiring and disease in several contexts, where it has been reported not only as a source of 

energy, i.e., in cancer cells (reviewed in Beyoğlu et al., 2021),  but also as a direct HIF-1α stabilizer that 

further leads to osteogenesis of osteoblast-lineage cells (Y. Wu et al., 2017). Additionally, lactate 

accumulation has been associated with the generation of chronic inflammation in several diseases such as 

cancer and arthritis rheumatoid (reviewed in Certo et al., 2021). Finally, a recent report links lactate to 

vascular calcification via fibroblast differentiation to osteoblast-like phenotype and via dystrophic 

calcification induced by ROS and mitochondrial damage (Zhu et al., 2020).  

Therefore, blockade of lactate production by LDH inhibition allows us to speculate that inflammatory-

triggered lactate production is directly involved in HIF-1α stabilization leading to inflammation, 

differentiation, and in vitro calcification. Additionally, our findings support a role of increased lactate 

secretion in VIC metabolic reprogramming acting as a HIF-1α stabilizer. These findings agree with the notion 

that lactate production is essential for HIF-1α stabilization in macrophages (Colegio et al., 2014). The 

fluxomics analysis of basal VIC, showed a rapid incorporation of the carbons of [13C]-labeled glucose into 

lactic acid, but it did not statistically change upon VIC activation for 24h. This apparent inconsistency could 

be explained by the fact that lactate is readily secreted to extracellular media, and fluxomics analyzes 

intracellular metabolites.  
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One finding of this study is that lactate can function as a signaling molecule in VIC. Extracellular lactate 

can be captured by VIC and induces VIC differentiation, mitochondrial uncoupling, non-mitochondrial oxygen 

consumption and HIF-1α stabilization. There is compelling evidence of the role of lactate as a signal 

molecule. Lactate is reported to function as an intercellular and inter-tissue redox signaling molecule not 

only in neighboring cells but also in distant cells through circulation (reviewed in Xiaolu et al., 2022). As a 

signaling molecule, lactate has been demonstrated to regulate fibroblast and macrophage IL-6 secretion 

through a specific lactate transporter. Extracellular lactate has been described to be captured via 

monocarboxylate transporter (MCT) or G protein-coupled receptors, specifically GPR81 and it carries out 

several functions. 

On the one hand, lactate has been associated with ROS production and metabolic reprogramming. In 

dermal fibroblasts cultured in a medium where lactate was the only energy source, they exhibited reduced 

PDH activity, thus inhibiting TCA cycle and impairing OXPHOS leading to a glycolytic shift mediated through 

ROS-mediated HIF-1α stabilization (Kozlov et al., 2020). Additionally, lactate oxidation by lactate oxidase 

leads to the generation of ROS, which can result in oxidative damage to cells (reviewed in Corkey et al., 

2020). Additionally, lactate has been associated with the modification of lysine residues of histones 

(reviewed in Certo et al., 2021). They showed that lactate-derived lactylation of histone lysine residues 

serves as an epigenetic modification that directly stimulates gene transcription from chromatin. 

Therefore, although the mechanism of lactate entering to VIC is not identified in this study, 

extracellular lactate can be captured by VIC leading to impairment in ATP mitochondrial production and HIF-

1α stabilization, and mostly inducing metabolic rewiring and ROS production. Additionally, we could 

hypothesize that lactate could be acting as an histone-activity modulator in VIC, leading to an increase in 

gene transcription. However, deeper investigations would be required for identifying the mechanisms of 

lactate action and the exact role of lactate in metabolic rewiring in VIC exposed to an inflammatory milieu.  

D.4- TLR3/4- IFNGR interplay on downregulating the rate-limiting enzyme of the 
oxPPP and its role in inflammation, differentiation and calcification in VIC and 
human valves 

Our data indicate a complex role of the PPP in VIC physiopathology. One of the most striking findings 

of our study is the downregulation of the limiting enzyme of the oxidative phase of PPP induced by 

inflammatory stimuli and its further association to VIC calcification. On the other hand, the non-oxidative 

phase remains active and further potentiated upon inflammatory stimuli. This conclusion is based on the 

increase of labeled R5P synthesis found incorporated into cofactors and energetic factors.  
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D.4.1- Inflammatory stimuli downregulate G6PD and promote VIC inflammation, differentiation, 
and calcification 

This study discloses the inflammatory-mediated downregulation of G6PD, the rate-limiting enzyme of 

oxPPP via HIF-1α, thus leading to NADPH levels decrease and oxidative stress. These findings are supported 

by the pharmacological blockade of G6PD, which demonstrates the protective role of oxPPP against 

inflammation-induced differentiation, inflammation, calcification, and redox alterations in VIC. The inhibition 

of G6DP expression has been validated in the 3D VIC-VEC co-culture model. 

Silencing and pharmacological evidence revealed that HIF-1α participates in the inflammatory-induced 

downregulation of G6PD and redox homeostasis alteration. Several previous reports demonstrate that HIF-

1α activity influences PPP. Specifically, Zhao et al., 2010 described in drug resistant leukemia cells that HIF-

1α could directly increase the non-oxidative phase of the PPP, while decreasing oxPPP by directly inhibiting 

the G6DP enzyme. Moreover, R5P is considered the main product of non-oxPPP (reviewed in Tong et al., 

2009) while the production of NADPH by the oxPPP has been described as the main mechanism maintaining 

redox homeostasis, thus NADPH is used as a marker of the state of oxPPP (reviewed in Krüger et al., 2011). 

NADPH is further required for the conversion of oxidized glutathione (GSSG) to reduced glutathione (GSH), 

necessary for eliminating ROS (Aon et al., 2012; Bradshaw, 2019). In the context of ROS generation, NADPH 

oxidases (NOX), whose levels are NADPH-dependent, have been described as the main enzymes producing 

ROS upon inflammasome activation (reviewed in Bradshaw, 2019). However, controversial reports about 

NOX expression in stenotic valves have been published (reviewed in Greenberg et al., 2022). For example, 

the analysis of NOX2 and NOX4 mRNA levels in calcified regions of stenotic valves were significantly 

decreased when compared to normal valve tissue. However, in contrast to these findings, another study 

revealed a marked increase in NOX2 expression around calcifying regions in human sclerotic and stenotic 

valves (reviewed in Greenberg et al., 2022). In addition, the fact that NOX are downregulated in the VIC 

model exposed to inflammatory stimuli suggest that they are not the responsible for ROS production in VIC. 

These findings could be explained by the activity of dioxygenases, which in a reaction involving three co-

substrates: divalent iron, 2-oxoglutarate, and molecular oxygen, provide the oxygen atom for the hydroxyl 

group, while decarboxylates 2-oxoglutarate to succinate and generates ROS as a by-product in the form of 

superoxide anion (Sengupta et al., 2020). In addition to this potential explanation, other sources of ROS in 

CAVD has been reported, i.e., inducible nitric oxide synthase or semicarbazide-sensitive amine oxidase, 

which is able to generate H2O2 from endogenous amines (reviewed in Greenberg et al., 2022). 

We found that the inhibition of G6PD mimics the inflammation-induced metabolic shift and redox 

alteration in VIC. This fact agrees with previous reports in the context of breast cancer cells demonstrating 

that when the main enzymes controlling PPP are silenced, G6PD and transketolase, glycolytic flux is 

upregulated, lipid synthesis is reduced, and glutamine uptake is increased. Additionally, this silencing also 
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directly induces oxidative stress while reducing proliferation and cell survival (Benito et al., 2017). 

Additionally, data from this thesis parallel the changes found in the hypertrophied hearts, which 

demonstrates that changes in alternative glucose pathways such as PPP directly affects the reliance on 

glycolysis for energy production (reviewed in Kolwicz et al., 2011). Moreover, redox alterations, based on 

non-mitochondrial respiration changes, have been associated with ROS production, which have been later 

associated with calcification processes due to the induction of apoptosis (reviewed in Qiao, 2022).  

Based on the blockade of G6PD emulating the inflammatory-induced shift and VIC responses, an 

important finding of this thesis is that calcification, inflammation, and differentiation are coupled to 

impairment of the oxPPP. The main explanation for this data could be due to the glycolytic reprogramming 

induced upon G6PDi treatment, since all the mentioned processes have been demonstrated to be glycolysis 

dependent in section D3. On the one hand, the role of G6PD inhibition in calcification has been previously 

described in the context of vascular cells (Dhagia et al., 2021). This work states that G6PD knockdown 

significantly decreases histone deacetylase, leading to gene expression, SMC differentiation, and 

calcification. Finally, the role of G6DP in inflammation has been published in several studies, ones in the line 

of our results, and others in the opposite line. Some reports supporting our findings show the protective role 

of PPP against the oxidative and inflammatory state as well as the EndMT of endothelial vascular cells (Xiao 

et al., 2021). Additionally, in a model of HeLa cells, it has been demonstrated that the overexpression of 

G6PD and upregulation of NADPH levels were associated with higher levels of GSH, lower levels of ROS, and 

reduced activation of the NF-κB factor, thereby preventing inflammation (Schafer et al., 2001). In contrast to 

our findings, in the context of immune cells, the upregulation of oxPPP has been associated with 

inflammatory activation (Britt et al., 2022 & Prange et al., 2018).  

Together, one may conclude that inflammatory-induced metabolic changes in PPP regulation are 

stimulus and cell specific. In VIC, the inflammation-induced oxPPP impairment may lead to ROS production 

as a consequence of NADP+/NADPH and GSSG/GSH disequilibrium, and also contribute to a glycolytic shift 

necessary to support VIC inflammation, differentiation, and calcification. Thus, we can speculate the 

potential protective role of the PPP against pathological processes in CAVD, likely due to its role in 

maintaining cellular homeostasis and its protective role against ROS production. In fact, the relationship 

between ROS and metabolic reprogramming is supported by our data obtained upon VIC treatment with 

H2O2, which directly induces a metabolic reprogramming towards a glycolytic phenotype and ROS production 

in VIC.  
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D.4.2- Non-oxidative phase of PPP is active in VIC exposed to an inflammatory environment  

Although we have not directly explored the non-oxidative PPP in VIC, the inflammation-induced 

increase in the flux of [U-13C]-glucose carbons into the ribose moieties of coenzyme A of acetyl-CoA, NAD+, 

and ATP show a major contribution of the PPP to the production of enzyme cofactors and nucleotides.  

Interestingly, in some other contexts, there has been a parallel potentiation of non-oxPPP despite the 

inhibition of the oxPPP as a direct consequence of HIF-1α stabilization (reviewed in Majmundar et al., 2010). 

This mechanism was possible because the non-oxPPP could be maintained thanks to the direct incorporation 

of metabolites generated in glycolysis, such as glyceraldehyde-3-phosphate or fructose-6-phosphate 

(reviewed in Ge et al., 2020). Additionally, although no role of PPP has been demonstrated in myofibroblast 

differentiation during fibrosis process, high levels of R5P has been found in lung tissue from patients with 

pulmonary fibrosis while metabolic tracing experiments have shown that flux through the oxidative arm of 

the PPP is low in lung fibroblasts and not induced by TGF-β (reviewed in Hamanaka et al., 2021). Finally, in 

the context of endothelial cells from vasculature, Xiao et al. (2021) described that upon LPS treatment the 

incorporation of [14C]-glucose into R5P was increased.  

On the other hand, several pathways have been described to participate in the synthesis of NAD+. The 

most common altered upon disease is the salvage pathway, which synthesize NAD from nicotinamide 

(NAM), nicotinic acid (NA), nicotinamide riboside (NR), and nicotinamide mononucleotide (NMN) via the 

rate-limiting enzyme NAMPT (reviewed in Xie et al., 2020). Additionally, salvage pathway has been described 

as the most important in mammalian cells. In fact, the deletion of NAMPT gene in mice has been reported to 

be lethal (reviewed in Audrito et al., 2020). Furthermore, recently, the direct regulation of NAMPT 

transcription by the transcription factors STAT1, HIF-1α and NF-κB has been described in several contexts 

such as tumor-associated macrophages (reviewed in Audrito et al., 2020). Interestingly, in the context of 

immune cells and fibroblast, NAMPT expression has been described to be induced by LPS as well as by pro-

inflammatory cytokines induced as a response to LPS stimulation via HIF-1α stabilization (reviewed in 

Audrito et al., 2020).  

Together, data highlight the role of TLR4 and IFNGR interplay on downregulating the rate-limiting 

enzyme of oxPPP, in a HIF-1α-dependent manner, and its association to VIC calcification. Additionally, our 

findings support the inflammatory-induced non-oxPPP activation for R5P synthesis and its later 

incorporation into nucleotide synthesis, which seems to be maintained via transketolase and transaldolase 

reactions despite the oxPPP inhibition. One may speculate that the salvage pathway is involved, as suggested 

by the upregulation of the rate-limiting enzyme NAMPT upon VIC activation, in NAD synthesis, and that 

STAT1 may be involved in the transcription of NAMPT. However, more experiments analyzing specific 

enzymes or intermediates of non-oxidative PPP would be required for confirming these hypotheses.  
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D.5- TLR4-IFNGR interplay promotes oxidative stress with a role in inflammatory-
induced differentiation, calcification, and inflammation in VIC 

An important finding of this study is that the inflammation-induced redox imbalance caused by the 

increase of ROS and the alterations of NAD+/NADH, NADP+/NADPH and GSSG/GSH ratios generates oxidative 

stress, subsequently promoting HIF-1α stabilization, inflammation, differentiation, and calcification of VIC.  

D.5.1- Inflammation-induced ROS production and redox disequilibrium  

This study has demonstrated an inflammatory-induced ROS production, despite the upregulation of 

SOD2 antioxidant, and further showed a direct association of ROS, using H2O2, with glycolytic rewiring in VIC.  

Our findings are consistent with previous reports supporting the importance of ROS in valve sclerosis, 

by the induction of DNA damage (Branchetti et al., 2013). Additionally, Branchetti et al. (2013) described the 

downregulation of antioxidant enzymes such as SOD2 in stenotic valves when comparing with control ones. 

Their study also elucidated that H2O2 treatment of VIC, directly induces DNA damage and further histone 

H2AX phosphorylation and its subsequent accumulation in the nuclei, thus leading to the transcription of 

differentiation factors such as RUNX2. This study was consistent with a previous one describing a direct role 

of H2O2 on CAVD (Miller et al., 2008). In fact, H2O2 was found close to calcified regions, in valve cusps at the 

initial stages of CAVD due the dysregulation of antioxidant mechanisms (Miller et al., 2008). In another study 

of diseased valves, it has been demonstrated that inflammation triggers an uncoupling between nitric oxide 

synthase and the nitric oxide scavenger thus leading to a reduction in catalase activity and higher levels of 

H2O2, which directly induced osteogenic genes (Byon et al., 2008). Additionally, in the context of cancer cells, 

H2O2 has been reported to exert a role in glycolytic reprogramming, due to the damage of OXPHOS 

(Molavian et al., 2016). However, the fact that the antioxidant enzyme SOD2 is upregulated upon VIC 

stimulation is not consistent with previous reports. Thus, one may speculate that upon inflammatory 

stimulation, cells are attempting to counteract oxidative stress caused by O2
- by generating H2O2 via SOD2. 

H2O2 may not be eliminated probably due to catalase dysfunction. However, more experiments studying 

catalase activity would be required for confirming this theory.  

This study elucidates an imbalance in redox state by alterations in the NAD+/NADH and the increase in 

NADP+/NADPH and GSSG/GSH ratios in VIC in response to inflammatory activation as a mechanism 

underlying ROS production. Previous reports have described that the alteration of NAD+/NADH ratios are 

due to the action of glycolytic and TCA enzymes, which are known to require NAD+ as a cofactor for electron 

transfer, thus generating NADH (reviewed in Bradshaw et al., 2019). The maintenance of NAD+/NADH ratio 

plays a role in inhibiting mitochondrial ROS production since NADH acts as a redox hinge directing electrons 

to OXPHOS and to antioxidant systems through transhydrogenase via NADPH (reviewed in Bajic et al., 2019). 

In fact, in models of old mice the decline in NAD+ levels in skeletal muscle correlates with compromised 
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mitochondrial function, decreased expression of mitochondrial respiratory units, and promotes an 

imbalance in mitochondrial ATP production (Gomes et al., 2013). Interestingly, we found similar changes in 

activated VIC. Additionally, lactate, whose secretion is upregulated in VIC, can also contribute to the changes 

in NAD+/NADH ratios, like reported in T lymphocytes where lactate was found to limit lymphocyte 

proliferation by altering the NAD+/NADH redox state (Iii et al., 2020). Additionally, in dendritic cells, a recent 

work has determined that lactate promotes the decrease of NAD+ in favor of NADH production (reviewed in 

Navarro et al., 2021). In the context of macrophages, LPS has been demonstrated to decrease NAD+ levels as 

a consequence of the induction of ROS, which induce DNA damage, thus leading to the activation of NAD+-

dependent enzymes. Moreover, the decrease in NAD+ is generally accompanied by an increase in NAMPT, 

the rate limiting enzyme of the synthesis of NAD+ through the salvage pathway (reviewed in Navarro et al., 

2021). 

Beyond the role of the NAD+/NADH in metabolism and ROS production, ratios are also important in 

the function of other enzymes such as CD37 and sirtuins (SIRT), which are NAD+-dependent for its activity. 

CD37 deficit has been associated with calcification progress in CAVD (reviewed in Audrito et al., 2020). 

Additionally, sirtuins are deacetylases distributed in the nucleus (SIRT1, SIRT6, and SIRT7), cytoplasm (SIRT2), 

and mitochondria (SIRT3-5). Sirtuins can modulate the cell adaptation to the energy state through 

controlling the acetylation or deacetylation of genetic material (Chalkiadaki et al., 2015). Thus, low levels of 

NAD+ inhibit sirtuin activity and, therefore, histone deacetylation, later promoting the initiation and 

progression of calcification, inflammation and osteogenic differentiation in VIC, as previous studies have 

shown (Fu et al., 2019 & Song et al., 2017). In fact, in another study of old mouse skeletal muscle, the 

decrease in NAD+ levels concurred with a decrease in SIRT1 activity, and these events were associated with 

an increase in HIF-1α and defective mitochondrial ATP synthesis (Gomes et al., 2013).  

Based on these evidence and our data, one may speculate that NAD+/NADH ratio alterations could be 

due to a possible damage in mitochondrial respiration complexes that are not able to oxidize all the 

generated NADH to NAD+ and/or to mitochondrial shuttles alteration. Additionally, some glycolytic enzymes 

may not be able to oxidize all NADH when excessive amounts of NADH are generated by catabolic routes. 

Furthermore, one may speculate that alterations in NAD+/NADH ratios could be affecting ROS production. 

Finally, an alternative hypothesis is that the alteration of NAD+/NADH ratios may have a role in initiation and 

progression of calcification due to its role in sirtuins activity. However, more experiments would be required 

to confirm our hypothesis.  

Our data unveils increased NADP+/NADPH ratio in VIC upon immune stimulation due to a decrease in 

NADPH linked to an increased GSSG/GSH ratio and GSSG levels. As discussed before (D.4), this decrease in 

NADPH production linked to the increase of GSSG is mainly due to the inhibition of the oxPPP. However, 

other sources of NADPH have been described, such as malic enzyme 1, an enzyme of the non-canonical TCA. 
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Additionally, the interconnection of NADH and NADPH by directing electrons from NADH to NADPH is 

important for mitochondria to control ROS emission through the GSSG/GSH redox system (Aon et al., 2012). 

Interestingly, the balance of GSSG/GSH represents the main redox buffer in cells, and under healthy 

conditions, GSH is the predominant form (reviewed in Schafer et al., 2001). Many studies have linked an 

imbalance in this ratio to the development of cardiovascular diseases, not only due to the generation of 

oxidative stress, but also of protein glutathionylation (reviewed in Narasimhan et al., 2015). In fact, patients 

with atherosclerosis show increased levels of serum glutathionylated proteins that can later induce 

apoptosis (Nonaka et al., 2007).  

Together, data unveil that ROS may be both the cause and the consequence of inflammatory-triggered 

metabolic reprogramming in VIC. While ROS are partially generated through the redox disequilibrium 

generated upon metabolic rewiring induction, they also seem to exert a role in glycolytic reprogramming, 

through the accumulation of H2O2. 

D.5.2- Inflammation-induced oxidative stress and its effect on VIC inflammation, differentiation, 
and calcification 

Increasing evidence highlights the role of ROS in cardiovascular diseases, particularly in the initiation 

and propagation of the CAVD (reviewed in Greenberg et al., 2022). Our findings associate Inflammation-

mediated increase in ROS production and oxidative stress with VIC differentiation and calcification, based on 

pharmacological approaches.  

D.5.2.1- The role of ROS an oxidative stress in VIC calcification 

Data obtained through our work showing a direct effect of oxidative stress on VIC calcification are 

supported by previous reports elucidating that high levels of ROS and oxidative stress play a significant role 

in the initiation and development of vascular and valvular calcification (reviewed in Qiao, 2022; Xue et al., 

2017). Moreover, in porcine VIC, inflammatory cytokines such as TGF-β1 are found to induce the production 

of ROS, which directly contributes to calcium nodule formation via the MAPK cascade and MEK1/2/ERK1/2 

pathways (Das et al., 2013). The mechanism of ROS action in calcification is not well understood, but recent 

studies highlight their role on: (i) Activation of apoptosis, which can occur via endoplasmic reticulum stress- 

dependent or other pathways (reviewed in Redza-Dutordoir et al., 2016). (ii) Activation of the NLRP3 

inflammasome, which can subsequently induce apoptosis (Xu et al., 2020). (iii) Activation of oxidative stress-

mediated autophagy, which ultimately leads to vascular calcification (reviewed in Lee et al., 2020).  

Together, data and evidence do not allow us to elucidate the exact mechanism by which ROS are 

inducing calcification in VIC, but one may hypothesize that it is related to the glycolytic rewiring induced by 

ROS, previously shown to be necessary for apoptosis and calcification.  
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D.5.2.2- The role of ROS and oxidative stress in VIC differentiation 

Our findings unveil a potential association between oxidative stress and VIC differentiation, as shown 

by pharmacological approaches targeting oxidative stress generation. These data agree with the previous 

description of a direct relation between ROS, DNA-damage response and cellular transdifferentiation, which 

is reversible by antioxidant enzymes (Branchetti et al., 2013). Additionally, VSMC differentiation into 

osteoblast-like cells has been described to be due to ROS-induction of osteoinductive signals that may be 

regulated by Gas6/Axl pathway or AMP-activated protein kinase (AMPK) (reviewed in Lee et al., 2020). 

Additionally, ROS has been linked to epigenetic phenomena, including altered microRNA levels, DNA 

methylation, and histone modifications that are also linked to osteogenic gene expression (reviewed in Lee 

et al., 2020). In addition to the already explained role of histone modification in CAVD (Fu et al., 2019 and 

Song et al., 2017), DNA methylation has been also associated with VIC calcification (Zhou et al., 2019). 

Moreover, other cellular phenomena that affect ROS-mediated osteoinductive intracellular signaling, include 

autophagy, ER stress, and mitochondrial dysfunction (reviewed in Lee et al., 2020). Finally, conversely to our 

data, other mechanisms related to osteoblastic VIC differentiation has been the reduction in antioxidant 

enzyme levels markers in human VIC (Xue et al., 2017).  

Taken together, data highlight the association between oxidative stress and VIC differentiation. 

Regarding the mechanism, one may hypothesize that oxidative stress could be activating VIC differentiation 

through different signaling pathways: ER-stress, MAPK, histone modifications, autophagy, and mitochondrial 

dysfunction, but more experiments would be required to identify the exact mechanisms. Additionally, the 

fact that we found an increase in SOD2 concurrent with VIC differentiation could be explained as in section 

D.5.1. 

D.5.2.3- The role of inflammatory-induced oxidative stress in HIF-1α stabilization in VIC 

Our data unravels the direct role of the inflammation-triggered oxidative stress on HIF-1α 

stabilization, which could be later important for further inducing glycolytic reprogramming. These findings 

agree with previous reports demonstrating a direct relationship between ROS and HIF-1α stabilization, which 

leads to glycolytic reprogramming in human umbilical vein endothelial and microvascular endothelial cells 

(Paik et al., 2017). In this work, they demonstrate that human endothelial cells under hypoxic conditions, 

directly stabilize HIF-1α through the ROS-activated protein-C-kinase pathway. A recent report has also 

demonstrated a direct role of lactate-induced ROS in HIF-1α stabilization and its subsequent role in 

osteoblast-like differentiation through a glycolytic reprogramming mediated by PDC in fibroblasts (Kozlov et 

al., 2020). 

Together, all data from section D.5.2 based on antioxidant NAC pharmacological approaches, 

demonstrate the role of ROS and oxidative stress in the response of VIC to inflammatory activation, 
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particularly in the induction and maintenance of HIF-1α stabilization, which subsequently leads to the 

activation of the glycolytic reprogramming necessary for the inflammation-induced VIC calcification, 

inflammation, and differentiation. One may speculate that both the increase in glycolysis and lactate 

production, as well as the inhibition of the oxPPP and the uncoupling of ETC and OXPHOS, contribute to the 

direct alteration of redox homeostasis and the production of ROS.  

D.6- TLR3/4-IFNGR interplay in TCA dysregulation and its role in inflammatory-
induced differentiation, calcification, and inflammation in VIC  

Main findings of this research related to the status of TCA cycle upon VIC inflammatory stimulation 

elucidate the downregulation of PDK4, a negative regulator of TCA and the increase of cytosolic ACLY, the 

enzyme generating acetyl-CoA in the cytosol. Notably, PDK4 downregulation has been validated in valve 

tissue from stenotic patients. Based on pharmacological approaches, the study elucidates a role of 

mitochondrial pyruvate on inflammation-induced VIC calcification, as well as the relevance of PDK4 

downregulation on VIC differentiation, inflammation, and calcification pathways. Additionally, data also 

unravel the importance of TCA metabolites on VIC differentiation.  

D.6.1-The role of inflammatory environment in TCA unbalance 

A remarkable finding of this study is that there is an increase in the readily glucose flux into acetyl-CoA 

and, low but consistent, into citrate, and succinate but not OAA upon inflammatory-stimulation of VIC. 

Consistent with this increase, the expression of the negative regulator of TCA entrance, PDK4, is 

downregulated upon stimulation, thus suggesting an increased activity of PDH and conversion of pyruvate 

into acetyl-CoA. Additionally, the co-stimulation of VIC with LPS and IFN-γ induces the activation of ACLY, 

which catalyzes the production of cytosolic acetyl-CoA.  

The role of TCA metabolite production and accumulation in disease have been reported in context 

such as cancer (reviewed in Beyoğlu et al., 2021), or immune cells (reviewed in Martínez-Reyes et al., 2020) 

for biosynthetic purposes, as signaling molecules with functions controlling chromatin modifications, DNA 

methylation, the hypoxic response, and immunity. In fact, in immune cells, several different possible TCA 

alterations have been described upon inflammatory (reviewed in Pearce et al., 2013): (i) in activated 

neutrophils or M1 macrophages stimulated with TLR agonists, a Warburg reprogramming through glycolysis 

induction is the strongest response, with most of the pyruvate going to lactate. In this environment, TCA is 

decreased leading to an inhibited OXPHOS, but maintenance of mitochondrial potential to maintain cell 

survival. (ii) In activated T cells both OXPHOS and glycolysis are triggered. Although most pyruvate is 

excreted as lactate, some is entering TCA. Additionally, glutaminolysis is also participating in maintaining TCA 

and OXPHOS.  
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In line with our findings, recent evidence supports the notion of an “alternative” TCA participating in 

cell differentiation (Arnold et al., 2022). Through this study, they performed experiments in totally 

differentiated cells as well as in more dedifferentiated cells. In fact, when comparing not fully 

differentiated cells, such as myoblasts, with differentiated myotubes, they found that myoblasts 

rely the more on the non-canonical pathway. Among this non-canonical TCA, citrate derived from 

the mitochondria is quickly exported to the cytoplasm, where it is metabolized by ACLY to 

cytoplasmic acetyl-CoA and OAA, which can re-enter mitochondria to complete the cycle. Through 

this reaction, citrate (M+2) is metabolized into labeled acetyl-CoA (M+2) while unlabeled OAA. They also 

consider that low levels of M+2 TCA intermediates downstream of citrate can reflect the degree to which 

cells engage the transport of citrate to the cytosol (Arnold et al., 2022). Therefore, considering this study, 

one may speculate that inflammatory stimulation of VIC leads to an altered TCA. The low increase in M+2 

citrate found in fluxomics analysis could be due to its rapid conversion into cytosolic acetyl-CoA by ACLY. 

Thus, the exit of acetyl-CoA to cytoplasm could explain, at least in part, why low [U-13C]-glucose flux is 

detected in subsequent TCA metabolites. Additionally based on the study of Arnold et al., 2022 we speculate 

that although part of citrate is rapidly transported to cytosol, a small amount of citrate enters the TCA and 

produces a low rise of M+2 succinate. Moreover, the fact that glucose tracing reveals an increased 

incorporation of [U-13C]-glucose into GSSG in activated VIC, indirectly demonstrates that TCA is active for 

feeding cells requirements, since α-ketoglutarate is the precursor of GSSG. Finally, the lack of increase in 

M+2 OAA upon VIC stimulation could be explained by the fact that the OAA liberated upon ACLY activity is 

non-labeled and [U-13C] succinate is accumulating without being metabolized into OAA. 

Additionally, our study points to the generation of cytosolic acetyl-CoA as a potential event 

participating in disease. Acetyl-CoA has been reported as a critical substrate for de novo synthesis of fatty 

acids and sterols and could be used for lipid synthesis, a reaction that requires NADPH. Moreover, acetyl-

CoA can donate an acetyl group for histone acetylation, which is known to contribute to chromatin 

relaxation that facilitates gene transcription. In fact, acetyl-CoA levels control the activity of histone 

acetyltransferases and histone deacetylase. In this line, recent evidence highlights the link between the 

reduction of histone deacetylase 6 and VIC calcification (Fu et al., 2019). Thus, we speculate that once acetyl-

CoA is in the cytoplasm, it may be used by VIC for histone acetylation or for FA and lipid synthesis that could 

later be accumulated and favor valve calcification (reviewed in Nsaibia et al., 2022). 

In conclusion, further analysis of the citrate-malate shuttle, which transports citrate to the cytosol and 

back to mitochondria the malate generated upon citrate conversion into OAA and, later, into malate, as well 

as study of histone acetylation, and lipid synthesis anabolic pathways would be required to confirm our 

hypothesis. 
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D.6.2- The role of inflammatory-stimuli-induced TCA alterations on VIC inflammation, 
differentiation, and calcification  

Based on pharmacological approaches blocking mitochondrial pyruvate carrier (MPC1), the study 

unravels the importance of pyruvate entrance to mitochondria on inflammation-induced VIC calcification. 

Moreover, the pharmacological inhibition of PDK4 demonstrates its role on VIC differentiation, 

inflammation, and calcification pathways. Additionally, this thesis elucidates the importance of TCA 

metabolite accumulation on HIF-1α stabilization, and VIC differentiation.  

To discuss our findings is important to note that there is an important connection between pyruvate 

entrance to mitochondria, PDK4 downregulation, PDH activation and pyruvate transformation into acetyl-

CoA, thus PDK4 is considered the main regulator of metabolic reprogramming. Additionally, it is important to 

note that in VSMC, PDK4 isoform has been the only one found to be regulated and to control PDC 

phosphorylation (reviewed in Ma et al., 2020). However, there are several controversial publications related 

to this topic. On the one hand, in the same line as our results, mitochondrial pyruvate has been associated 

with β-glycerophosphate-induced VSMC differentiation (Alesutan et al., 2020). Additionally, Xiao et al., 2021 

described a direct role of TNF-α and LPS in inhibiting PDK4 expression in endothelial cells, thus leading to a 

direct increase in OXPHOS and the subsequent protection against inflammation and EndMT transition. This is 

not exactly the mechanism occurring in VIC, since PDK4 inhibition in VIC does not lead to an increase in 

OXPHOS nor inhibition of inflammation. However, oppositely to our results and Xiao et al., 2021, in VSMC, 

the induction of PDK4 leading to PDH and acetyl-CoA inhibition, has been described to play a direct role in 

VSMC osteogenesis and calcification via glycolysis induction and OXPHOS inhibition (reviewed in Ma et al., 

2020). In line with this evidence, in TGF-β-mediated myofibroblast differentiation and fibrosis induction, the 

most important isoform participating in metabolic rewiring is PDK1, which is upregulated upon treatment 

and its inhibition leads to fibrosis blockade (reviewed in Hamanaka et al., 2021). These findings disagree with 

the findings of this thesis, since in VIC the pharmacological inhibition of PDK4 leading to PDH activation and 

acetyl-CoA production, leads to pathological processes such as VIC differentiation and inflammation. 

Therefore, according to the fact that pyruvate entrance and TCA inhibition leads to abolishing 

pathological calcification in VIC, our data from pharmacologically induction of TCA via inhibiting PDK4 shows 

an increase of VIC differentiation and inflammation. The possible explanation for the differences between 

VSMC and VIC behavior could be due to the fact that VSMC is going through a metabolic reprogramming that 

differs in terms of mitochondrial metabolism from the rewiring undergone by VIC. Additionally, another 

important factor to consider is that PDK4 is not only regulated transcriptionally, but also by protein 

modifications such as phosphorylation (reviewed in Ma et al., 2020). 

As previously mentioned, our findings highlight the role of succinate accumulation on inflammation-

mediated stabilization of HIF-1α, and VIC differentiation. These data are based on fluxomics experiments 
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revealing an increased incorporation of [U-13C]-glucose into succinate, but not in OAA. Additionally, these 

findings are supported by pharmacological approaches mimicking succinate accumulation, and extracellular 

succinate and citrate treatment of VIC.  

Our findings are consistent with several reports. In the context of macrophage polarization, it has 

been described a metabolic rewiring going through an increase in glycolysis reliance for energy production 

accompanied by a decrease in ATP synthesis through OXPHOS maintaining the flow of TCA metabolites with 

succinate being a key metabolite. In this context through the action of complex II of ETC (SDH), succinate is 

metabolized to fumarate, generating FADH2 that donates electrons to the ETC, subsequently leading to 

reverse electron transport from complex II towards complex I. This process promotes an increase in ROS 

production and, consequently, a decrease in ATP production through OXPHOS (Mills et al., 2016). Although 

this model fits with the metabolic rewiring found in VIC upon inflammatory stimulation: increased glycolysis, 

active TCA, and defective OXPHOS, the evidence supporting the idea of succinate accumulation, the 

potential possible alteration of complex II discussed in D.7.1, lead us to think that this may not be the 

mechanisms in activated VIC. Additionally, succinate accumulation upon VIC activation, even non-

transcriptional alteration of SDHA or B, could be due to the fact that other isoforms are participating, or the 

regulation occurs at the protein level. In this line, the maintenance of an altered TCA cycle downstream 

acetyl-CoA has been described to later lead to an abnormal electron flux through ETC generating more ROS 

and a maintenance of mitochondrial oxygen consumption while decreasing OXPHOS ATP as reviewed in 

cancer cells (Shiratori et al., 2019).  

Supporting the idea of the role of TCA metabolites in HIF-1α stabilization, VIC differentiation, and 

disease progression, several reports have associated the accumulation of TCA metabolites with 

neurometabolic disorders and tumors (reviewed in Kang et al., 2021). In fact, in some disease models the 

regulation of TCA cycle has been described to be inhibited by pathological NADH levels (reviewed in 

Martínez-Reyes et al., 2020), and this situation could be occurring in VIC. Additionally, in macrophages, 

succinate acts as an inflammatory signal reported to induce IL-1β through HIF-1α stabilization (Tannahill et 

al., 2013). Furthermore, succinate as well as fumarate, have been described to inhibit histone 

demethylation, as well as promote histone succinylation thus promoting the transcription or repression of 

different genes leading to the altered expression of genes participating in cell differentiation (reviewed in 

Kang et al., 2021). In addition to the role of intracellular succinate accumulation, it can be secreted and 

function as extracellular signal, which has been associated with epithelial damage, macrophage activation, 

and fibroblast transdifferentiation via SUCNR-1-mediated signaling pathways (reviewed in K. Wu et al., 

2023). 
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To sum up, VIC exposed to an inflammatory environment exhibits an altered TCA cycle, which later 

exerts a role in processes underlying CAVD pathogenesis, probably via HIF-1αinduced metabolic 

reprogramming.  

D.7- TLR3/4- IFNGR interplay in mitochondrial metabolism impairment and its role 
in VIC inflammation, differentiation, and calcification 

Mitochondrial metabolism is an important source of ATP in VIC in the basal state, but it is decreased 

by inflammatory stimuli. Our findings elucidate the alteration of the ETC as well as OXPHOS upon 

inflammatory-stimulation, in a JAK-STAT/HIF-1α dependent manner and point to a potential role of 

mitochondrial respiration in protecting VIC against calcification. Additionally, these findings correlate with 

data in qVIC, and VIC explanted from stenotic valves as compared to controls.  

It is important to note that in addition to generating ATP, mitochondria is involved in several process 

that have also been associated with CAVD disease, such as calcium caption, ROS generation, and apoptotic 

cell death induction (reviewed in Redza-Dutordoir et al., 2016).Therefore, an altered mitochondrial function 

could be the responsible for VIC pathological processes. Additionally, our findings agree with different 

metabolic reprogramming reported. First, the Warburg effect was originally described as a consequence of 

mitochondrial damage (Warburg et al., 1926). However, recent evidence has demonstrated that not only 

defective OXPHOS can occur during aerobic glycolysis (reviewed in Vaupel et al., 2019), but also an increase 

in OXPHOS has been described in many contexts during metabolic reprogramming.  

D.7.1-Inflammatory-induced alterations in mitochondrial respiratory complexes and its role in VIC 
mitochondrial oxygen consumption  

This thesis highlights the TLR-IFNGR interplay in the reduction of mitochondrial maximal respiration in 

VIC and differential responses depending on the pathogen pattern, Poly (I:C)+IFN-γ or LPS+IFN-γ, while no 

alteration in basal respiration. Several pieces of evidence support the fact that maximal respiration can be 

affected without changes in basal respiration, and different regulatory mechanisms of basal and maximal 

respiration have been elucidated (Dranka et al., 2010 & Pfleger et al., 2015). Notably, oxidative stress has 

been associated with maximal respiration alterations while no basal respiration changes: low levels of ROS 

have minimal impact on basal respiration, but they have a significant impact on maximal respiratory 

capacity, as a result of protein modifications like S-thiolation in the ETC (Dranka et al., 2010). Finally, other 

factors involved in the regulation of basal mitochondrial respiration include mitochondrial homeostasis, 

represented by the mitochondrial biogenesis marker, PGC-1α (Vazquez et al., 2013), which is not altered in 

VIC upon inflammatory stimulation.  

Inflammatory stimuli reduce the maximal respiratory capacity and, in parallel, ATP production from 

OXPHOS in VIC. The maximal respiratory capacity is the mitochondrial capacity to fulfill energy demands that 

exceed the basal level in response to cellular stress, to avoid a crisis in ATP synthesis. This parameter 
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determines the health status of the mitochondria, and low levels of maximal respiration have been 

associated with pathological conditions, particularly cardiovascular diseases (reviewed in Hill et al., 2012). It 

has been described that decreased maximal respiration may correspond to mitochondrial dysfunction, not 

detectable under basal conditions, but evident when the respiratory ratio approaches its upper limit 

(reviewed in Li et al., 2020). Maximal respiratory capacity can be influenced by several factors: (i) the 

availability of nutrients that fuel the TCA cycle or fatty acid oxidation, (ii) the activity of respiratory chain 

components, and (iii) the proper assembly of ETC components (Carbognin et al., 2016). Additionally, a 

decrease in maximal respiration has been associated with all ETC complexes. 

This thesis elucidates a potential role of complex I in maximal respiration abrogation. Data 

demonstrates that the % dependence of oxygen consumption on complex I/III is reduced by co-stimulation 

with LPS + IFN-γ. This finding is supported by our data showing a decrease in the NAD+/NADH upon 

stimulation since it is well known that complex I is the first catalyzing the oxidation of NADH. Additionally, it 

is important to note that tetrameric PKM2, the isoform discussed in D.3.3, has been described to directly 

inhibit the function of complex I and III (reviewed in Pucket et al., 2021). Our speculations agree with 

previous reports demonstrating that overexpression of Complex I is responsible for supporting elevated 

levels of maximal respiration in mouse embryonic stem cells (Carbognin et al., 2016). Additionally, B. Fu et al. 

(2022) have recently described in a proteomics and metabolomics-based assay the higher accumulation of 

rotenone metabolite in aortic valve tissue from CAVD patients in comparison with control ones, thus 

suggesting a potential inhibition of complex I during disease. Therefore, one may hypothesize the possible 

functional or structural alteration of complex I upon stimulation. However, we must consider that rotenone 

alone does not affect inflammatory-induced differentiation, calcification, or inflammation in VIC, thus 

suggesting that complex I alone may not account for the induction pathological processes of CAVD in VIC. 

Considering data of succinate accumulation and its role in cell differentiation discussed in section 

D.6.2, this thesis unveils a potential altered function of complex II (SDH) upon inflammatory activation of 

VIC. Complex II has been described in cardiomyocytes as the main source of the reserve respiratory capacity 

that is regulated by metabolic sensors (Pfleger et al., 2015). In fact, the direct inhibition of the SDHA 

(complex II) abrogates maximal respiratory capacity without affecting basal respiration (Pfleger et al., 2015). 

Based on this evidence and our findings we speculate that the reason why complex I basal inhibition with 

rotenone-only does not have harmful effects on VIC could be explained since complex II is still functionally 

active. Additionally, considering the results of succinate accumulation, we speculate that the impaired 

function of complex II upon inflammatory activation of VIC could account for the decrease in maximal 

respiratory capacity.  

According to our findings, reduction in the % dependence of oxygen consumption on complex I/III 

points to complex III as a potential responsible for inflammatory stimuli-induced reduction of maximal 
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respiration. In fact, previous publication also associated a defective complex III with maximal respiration 

abrogation in leukemia cells (Sriskanthadevan et al., 2016). However, we did not study complex III and its 

effect independently, thus further experiments using a specific inhibitor of this complex would be necessary. 

This thesis unveils that complex IV, responsible for transferring electrons to O2 and maintaining basal 

OCR, is not altered upon stimulation although a decrease in expression of cytochrome C oxidase (COX7A1, 

complex IV). Supporting this finding, previous studies have demonstrated that not only transcription 

alterations of complex IV but also enzymatic, can also lead to a decrease in maximal respiration in 

cardiomyocytes under stress conditions (J. Chen et al., 2001). One may speculate that in our VIC model, 

complex IV is not damaged since it is the terminal complex of the mitochondrial respiratory chain, 

responsible for about 90% of oxygen consumption in mammals (reviewed in Brown., 2001). However, more 

experiments would be required for confirming our hypothesis.  

Therefore, data and evidence together allow us to conclude that maximal respiratory capacity 

depends on multiple mitochondrial parameters, and it is not possible to identify a single regulatory 

mechanism, which can be different depending on the cell type. However, taking data obtained in VIC into 

account, one may speculate that complex I and II are damaged upon immune stimulation leading to a 

decrease in maximal respiratory capacity without affecting basal oxygen consumption, relying on the most in 

complex IV. In fact, the transcription factor PGC-1α controlling mitochondrial biogenesis is not altered in 

activated VIC, supporting the idea of a basal OCR maintenance. However, to clearly elucidate the 

participation of each complex, I would perform more experiments of oxygen consumption reliance on each 

complex in an independent way. 

D.7.2- The protective role of mitochondrial respiration in VIC calcification  

A remarkable finding of this work is the role of mitochondrial respiratory capacity in protecting VIC 

against the inflammatory-induced responses leading to VIC differentiation, inflammation, and in vitro 

calcification.  

According to our highlight, several reports have associated mitochondrial respiration with disease 

specifically with cardiovascular calcification (reviewed in Qiao et al., 2022). Three models have been 

proposed for the association of mitochondria with calcification: (i) decrease of mitochondrial function by 

mineral overload in mitochondria such as calcium and phosphate, which leads to apoptosis and calcification, 

(ii) increase of ROS production, previously associated also with VIC apoptosis and calcification in porcine VIC 

(reviewed in Qiao et al., 2022), and (iii) decrease in NAD+/NADH ratios leading to defective histone 

deacetylation and complex II dysfunction (Finley et al., 2011). The latter is relevant to VIC, since the lack of 

histone deacetylation has been related to VIC calcification (Fu et al., 2019 & Song et al., 2017). Additionally, 

SIRT3, dependent of NAD+, has been described to directly control the deacetylation of SDHA at lysine 13, 
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resulting in increased enzymatic activity (Finley et al., 2011), thus low levels of NAD+ would result in a 

decrease of SIRT3 activity and SDHA function.  

Beyond the role of mitochondrial dysfunction in disease, it has also been reported the protective role 

of mitochondrial respiration. The exposure of neurons to FCCP, a mitochondrial uncoupler forcing 

mitochondrial respiration, reduces the membrane potential and inhibits mitochondrial calcium uptake, 

thereby preventing cell death induced by excessive calcium accumulation (Nicholls et al., 2000). Additionally, 

increased membrane potential has been associated with ROS levels and apoptosis. In the context of immune 

cells, the inhibition of mitochondrial membrane potential with and uncoupler agent significantly inhibits ROS 

production, thus inhibiting apoptosis (reviewed in Mills et al., 2026). Finally, a recent study by Xiao et al., 

(2021) has postulated the protective role of mitochondrial respiration and OXPHOS on immune-induced 

inflammation and the subsequent EndMT of endothelial vascular cells.  

Collectively, our data suggest that the impairment of mitochondrial respiration upon VIC immune 

stimulation is leading to processes such as inflammation, differentiation, and calcification. One may 

speculate that several mechanisms participate in mitochondrial-induced calcification, such as ROS 

accumulation, mineral mitochondrial overload, and NAD+/NADH ratios alteration. Thus, one may think that 

upregulating mitochondrial respiration through pharmacological approaches may prevent the inflammation-

triggered pathological processes in VIC. In this context, it is important to highlight the importance of optimal 

FCCP dose that leads to uncontrolled respiration without inducing early cell death, since an excess of FCCP 

could exert the opposite effect inducing ROS-dependent cell death (reviewed in Kunz, 2003). Our hypothesis 

is further supported by comparing metabolic data of qVIC and VIC: mitochondrial respiration contributes to 

maintaining the metabolic phenotype of qVIC while changes in the environment will alter mitochondrial 

respiration and cell differentiation.  

D.7.3-Inflammation-induced impairment of proton leak, coupling efficiency and mitochondrial 
ATP and its role in VIC calcification, inflammation, and differentiation 

A relevant finding of this thesis is the decrease in the coupling efficiency between ETC and OXPHOS 

resulting in reduced production of mitochondrial ATP in VIC exposed to LPS + IFN-γ. In fact, the reduction in 

mitochondrial ATP synthesis directly induces calcification and potentiates the inflammatory stimuli-induced 

differentiation and inflammation in VIC. 

Through the years, coupling efficiency has been described as the ability of coupling the proton-motive 

forces generated through ETC and OXPHOS for ATP synthesis. Decoupling has been described to occur when 

protons leak back from the intermembrane space to the mitochondrial matrix, thus reducing the 

mitochondrial membrane potential and causing uncoupling between ETC and OXPHOS-ATP synthesis 

(reviewed in Nanayakkara et al., 2019). Several factors have been described as responsible for decoupling. 

The excess of substrate oxidation and imbalance in NAD+/NADH ratios can exceed the capacity of complex IV 
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to transfer electrons to molecular oxygen, thus leading to premature electron leakage, the production of 

mitochondrial ROS, and the impairment in mitochondrial ATP synthesis (reviewed in Vercellino et al., 2022). 

Notably, in some contexts, the inhibition of ATP synthase has been associated with a phenomenon called 

mitohormesis, which is an induced mechanism to compensate for the defect in ATP synthesis by OXPHOS, 

via AMPK and NF-κB by inducing glycolytic metabolism (reviewed in García-Aguilar et al., 2018). This 

phenomenon had been previously reported in Bernard et al. (2015) in lung fibroblasts, who demonstrated 

that blocking ATP synthase, directly induced glycolysis. 

Therefore, our hypothesis is a role of inflammatory environment in decoupling ETC and OXPHOS in VIC 

due to the accumulation of NADH and the collapse of mitochondrial complexes leading to proton leak and 

the loss of proton-motive gradient resulting in the inhibition of mitochondrial ATP synthesis. Based on 

reported evidence of the compensatory mechanism called mitohormesis, we propose a protective role of 

mitochondrial ATP synthesis against the glycolysis-mediated immune-induced HIF-1α, calcification, 

inflammation, and differentiation of VIC. This potential protective role is further supported by the fact that 

qVIC exhibit a higher mitochondrial ATP synthesis than VIC.  

D.7.4- Different interplay between TLR4 and TL3 and IFNGR in maximal mitochondrial respiration 
and coupling efficiency in VIC 

We found similar effects of TL3/4-IFNGR interplay on the metabolic shift in VIC but striking differential 

response of VIC in maximal respiration and coupling efficiency upon IFNGR and TLR3 or TLR4 activation. 

While LPS + IFN-γ decrease maximal respiration and coupling efficiency, Poly (I:C) + IFN-γ do not affect any of 

those mitochondrial parameters, which is consistent with the fact that Poly (I:C)+IFN-γ stimulation does not 

affect the % dependence of oxygen consumption on complex I/III while LPS + IFN-γ does. 

Conversely, previous reports have demonstrated the role of TLR3 signaling in inducing mitochondrial 

dysfunction through the decrease in maximal respiration in human hepatocytes (Djafarzadeh et al., 2011), 

although cells were not co-stimulated with IFN. Oppositely, previous evidence supports the idea of different 

effects of TLR4 and TLR3 due to their signaling pathways. In fact, metabolic effects have been found to be 

different upon TLR4 or TLR3 monocyte stimulation (Lachmandas et al., 2017). In this work they show that 

Poly (I:C) increases the oxidative capacity of monocytes while LPS decreases OXPHOS. They suggest that 

since TLR4 signals through both TRIF and MyD88 signaling pathways while TLR3 exclusively through TRIF, it is 

unlikely that LPS is contributing to OXPHOS decrease via TRIF but through MyD88. Therefore, distinct roles of 

TLR ligands may depend on the time exposure, concentration, the way of treatment delivery, and cell type 

(Kurte et al., 2020). Considering our data, previous reports do not agree at all with our statements, since in 

VIC model, Poly (I:C) + IFN-γ stimulation is not having any effect, increase nor decrease, different from the 

context of monocytes. This could be explained by the participation of IFNGR/JAK-STAT signaling in 

combination with TLR3-TRIF.  
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To note, HIF1A silencing shows that the decrease in maximal respiration upon LPS + IFN-γ directly 

depends on HIF-1α stabilization in VIC. However, HIF-1α has been described to reach similar levels of non-

hypoxic immune stabilization via JAK-STAT upon Poly (I:C) + IFN-γ and LPS + IFN-γ treatments of VIC, leading 

to calcification, differentiation, and inflammation (Parra-Izquierdo et al., 2019; 2021). Taking this into 

account, a feasible hypothesis could be that the co-stimulation of TLR3 and IFNGR, either via TRIF-dependent 

pathway or other routes, could lead to the activation of some factors regulating maximal respiration. A 

deeper study of mitochondrial function status would be necessary to elucidate the exact differential 

mechanism between TLR3 and TLR4 stimulation in maximal respiration and coupling efficiency. 

D.8-The potential interplay between metabolic rewiring, mitochondrial damage, 
and apoptosis upon inflammatory stimulation of VIC 

A new finding of this study is that inflammatory stimulation induces apoptosis through intrinsic and 

extrinsic pathways in a HIF-1α dependent way, as suggested by the HIF-1α-dependent expression of the 

apoptotic gene BNIP3. Both pathways lead to mitochondrial caspase-3 mediated apoptosis in VIC.  

A link between metabolism, mitochondria, and apoptosis has been reported in cancer cells. Besides 

the production of ATP, mitochondria participate in buffering cellular calcium, generation of ROS, and 

apoptotic cell death initiation (reviewed in A. Li et al., 2022). Interestingly, factors related to intrinsic 

apoptotic pathway, such as BNIP3, BAX, or BAK, have been previously implicated in inducing cell death under 

conditions of anoxia due to defects in mitochondrial respiration (reviewed in Yin et al., 2021). In fact, HIF-1α 

has been demonstrated to inhibit anti-apoptotic proteins such as Bcl2 while increasing Bax, Fas/CD95, Bnip3 

and activating caspases-3/8 and-9 in human uterosacral ligament fibroblast (Greijer et al., 2004). In contrast, 

several studies have demonstrated a protective role of HIF-1α-BNIP3 pathway against lactate-induced 

valvular calcification (Zhu et al., 2020), renal ischemia (Zong-jie Fu et al., 2020), myocardial ischemia-

reperfusion injury and renal fibrosis (J. Li et al., 2023) by inducing mitophagy and ROS inhibition. 

This thesis also discloses that p53 expression in VIC upon TLR3 ligand exposition is time-dependent: it 

is increased in short periods and decreased upon longer expositions. Along the literature, p53 is recognized 

as a key regulator of apoptosis. Interestingly, several and controversial connections have been established 

between p53 and cellular metabolism, indicating that p53 can directly respond to the metabolic state of the 

cell to induce cell death (Bensaad et al., 2006). For example, the synthesis of cytochrome C oxidase 2, which 

is required for the assembly of the respiratory chain complex IV, is dependent on p53. Cells with impaired 

p53 signaling show decreased mitochondrial oxygen consumption and compensatory increase in glycolysis 

rates (Matoba et al., 2006). Beyond that, p53 downregulates the expression of certain glycolytic enzymes to 

redirect metabolites towards the PPP and protect against ROS (Bensaad et al., 2006). Accordingly, enhanced 

glycolysis can inhibit p53 protecting cells from apoptosis (reviewed in Mason et al., 2011). Supporting these 
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publications, tetrameric glycolytic PKM2 has been described to be able to regulate p53 depending on redox 

status of the cell (Saleme et al., 2019). 

Therefore, our findings in VIC suggest that apoptotic mechanisms involving mitochondria occur upon 

TLR3/4 and IFNGR activation in VIC and they may be associated with impaired mitochondrial respiration and 

OXPHOS, thus leading to apoptosis and dystrophic VIC calcification. In addition, one may speculate a dual 

role of p53 upon VIC activation. As shown, p53 is upregulated in short periods, while downregulated in 

longer ones. Thus, we propose that in short periods p53 leads to an early mitochondrial damage, which 

triggers apoptotic events and induces an upregulated glycolysis to compensate for the lack of proper 

mitochondrial function. Later, the induction of glycolysis could lead to p53 inhibition, as described in Mason 

et al., 2011. However, more experiments would be required for confirming our hypothesis.  

D.9- JAK-STAT/HIF-1α and NF-κB pathways mediate the inflammation-induced 

glycolytic rewiring in VIC 

This thesis unravels the mechanisms mediating the inflammatory-induced metabolic rewiring in VIC, 

JAK-STAT/HIF-1α and NF-κB pathways. While JAK-STAT/HIF-1α directly exerts a role in the inflammatory-

mediated effects on ECAR, glycoATP, and glycolytic and apoptotic genes upregulation as well as on maximal 

mitochondrial respiration, mitoATP and G6PD and PDK4 downregulation, NF-κB is directly regulating PFKFB3 

transcription. Our findings agree with the fact that glycolytic genes have been previously reported as HIF-1α 

direct targets in different contexts such as tumors (Leung et al., 2017). Additionally, as mentioned in section 

D.4.1 and D.8, the inhibition of G6PD and the induction of BNIP3 have been reported to be controlled 

directly by HIF-1α (Zhao et al.,2010 & Zhu et al., 2020). However, some discrepancies exist in the context of 

PDK4, in VSMC, HIF-1α correlates positively with PDK4 expression, leading to a protective mechanism against 

the calcification induced by glycation end-products (Yang et al., 2019). In addition, JAK-STAT pathway has 

been also recently associated with hypoxia-induced lipid metabolic reprogramming in cancer (Yang et al., 

2022) as well as previously reported to mediate inflammatory-induced inflammation, calcification, and 

differentiation of VIC in a HIF-1α-dependent manner (Parra-Izquierdo et al., 2019).  

Finally, the potential role of NF-κB-PFKBF3 pathway on metabolic rewiring elucidated in VIC model 

agrees with recent studies demonstrating a direct role of NF-κB-PFKFB3 pathway in metabolic 

reprogramming of vascular endothelial cells leading to EndMT and atherosclerosis progression (Xiao et al., 

2021). However, last year, S. Wang et al., (2022) described the role of PFKFB3-mediated glycolysis in VIC 

differentiation, calcification, and inflammation upon calcifying stimuli but they stated that PFKFB3 increase 

expression mediated by palmdelphin overexpression was not dependent on NF-κB activation in VIC. The 

differences of our results with S. Wang et al. (2022) study could be explained by other targets of palmdelphin 

that could be exerting the opposite role than NF-κB inhibitor on PFKFB3 expression. Finally, some studies in 



DISCUSSION 

208 
 

lung fibroblast have identified the MAPK pathway as a mediator of the energetic reprogramming induced by 

TGF-β during fibrosis process. In addition, the recent study of Liu et al., 2023 demonstrates that Rho/ROCK1 

pathway is also mediating the metabolic rewiring in VIC via AMPK/RUNX2 pathway. 

Considering all the evidence, one may speculate that the metabolic rewiring in VIC could be mediated 

by a combination of signaling pathways working synergistically. Therefore, JAK1 and JAK2 inhibitor, 

ruxolitinib, which is and FDA-approved drug, may be a potential therapeutic strategy for CAVD treatment.  

Overall, our data, summarized in Figure 65, uncovers a fresh insight into the mechanisms underlying 

inflammation-induced development of CAVD. Inflammation, the main trigger of the initial stages of the 

disease, has been identified as a driver of a complex metabolic remodeling of human VIC that is necessary to 

provide energy, metabolites, and cofactors required for the major cellular remodeling occurring during the 

differentiation and calcification processes. A recent report disclosed a metabolic reprogramming in VIC 

mediated by the shear stress-induced pathway RhoA/ROCK1 (Liu et al., 2023), while this thesis unravels 

another pathway mediating inflammation-induced metabolic reprogramming: NF-κB and JAK-STAT/HIF-1α 

pathways, thus suggesting potential targetable pathways in CAVD treatment. Together, evidences from Liu 

and colleagues and from this thesis support that VIC metabolic remodeling necessary for VIC calcification can 

be initiated by either mechanical strain or inflammation and suggest its potential relevance in early stages of 

CAVD. Additionally, our data provides a more comprehensive analysis of metabolic reprogramming and 

unveils a more complex metabolic remodeling than a Warburg effect. Furthermore, this thesis presents a 

complex interconnected metabolic rewiring of several catabolic pathways going through an increased 

glycolysis that produces higher levels of ATP in a quicker way, thus leading to an impaired TCA cycle, which 

ultimately promotes impaired OXPHOS. Notably, a novel finding of this study is that an important pathway 

for biomass synthesis and oxidative stress protection, PPP, is dysregulated with a decreased oxPPP. 

Together, these metabolic alterations lead to the production of ROS and the generation of oxidative stress, 

which is closely related to the pathological processes underlying CAVD: inflammation, differentiation, and 

calcification, a previous described (reviewed in Greenberg et al., 2022). Additionally, as summarized in Figure 

66, data further disclose that quiescent VIC exhibit a more energetic metabolic phenotype with higher 

reliance on OXPHOS for energy than VIC, and undergo a similar metabolic rewiring than VIC in an 

inflammatory milieu characterized by the upregulation of glycolytic enzymes and subsequent increase in ATP 

from glycolysis and decrease in ATP from OXPHOS. 
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Figure 65. Schematic representation of inflammatory-induced metabolic reprogramming and ROS production in 
VIC and its role in VIC differentiation, inflammation, and calcification. Ac-CoA indicates acetyl-CoA; ATP, 
adenosine triphosphate; ETC, electron transport chain; GP6, glucose-6-phosphate dehydrogenase; GSSG/GSH, 
Glutathione disulfide oxidized/ glutathione reduced; LAC, lactate; NAD, nicotinamide adenine dinucleotide; 
NADPH, nicotinamide adenine dinucleotide phosphate; non-oxPPP, non-oxidative phase of PPP; OXPHOS, 
oxidative phosphorylation; oxPPP, oxidative phase of PPP; PPP, pentose phosphate pathway; PYR, pyruvate; ROS, 
reactive oxygen species; R5P, ribose-5-phosphate; TCA, tricarboxylic acid cycle. Created with BioRender.com. 
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Figure 66. Schematic representation of differences in bioenergetics between qVIC and VIC, and the similar 
metabolic rewiring undergone upon exposure to an inflammatory environment. COX7A1, cytochrome oxidase C; 
ETC, electron transport chain; GLUT1, glucose transporter 1; MCT4, monocarboxylate transporter 4; OXPHOS, 
oxidative phosphorylation; PKM2, pyruvate kinase M2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase; PYR, pyruvate; TCA, tricarboxylic acid cycle. Created with BioRender.com. 
 

D.10- Limitations of the study  

Throughout this study, we have faced numerous difficulties that have slowed down or complicated the 

research. Firstly, a low availability of control valves, due to shortage in heart transplantation, and of stenotic 

valves, due to the smaller number of patients undergoing surgery replacement in favor of TAVI. In addition, 

the experimental work conducted from 2019 until 2023, has been delayed due to COVID-19 restrictions 

preventing access to the laboratory and the hospital stopped providing valve samples for a year and a half. 

Furthermore, our CAVD disease model is based on a 2D cell culture system that has been used in the 

last decades. Culture plate’s plastic surfaces have the limitation of being stiffer than the extracellular matrix, 

leading to the activation of quiescent fibroblasts, which populate the healthy valve into a partially activated 

VIC phenotype. Nevertheless, despite that human VIC are in a pre-pathological state of activation and exhibit 

a myofibroblastic phenotype, they are a valuable model to study inflammation-mediated osteogenic 

differentiation and calcification since a potential therapeutic intervention at the early stages of CAVD is likely 

only plausible when VIC are already activated, as diagnostic tools and biomarkers for CAVD are currently 

insufficient to detect its initiation during the initial transition from qVIC to VIC. Moreover, to overcome this 

limitation, we have validated the main findings in cellular models preserve a fibroblastic phenotype. The use 

of a dedifferentiation medium formula that reverses the VIC phenotype to qVIC (Latif et al., 2015 & Porras et 
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al., 2017), validated the inflammation-triggered metabolic shift (Figure 66). Further, some findings were 

validated 3D co-culture model hydrogels that not only maintains the qVIC phenotype, but also mimics the 

valve structure and VIC-VEC interactions (Butcher et al., 2006). However, not every finding has been 

validated in the 3D co-culture model due to time limitations, as it was a technique performed during a short 

stay in Cornell University, and due to the technical difficulties of integrating this 3D culture model into a 

Seahorse analyzer.  

We have also been constrained by the significant individual variability observed among patients, as 

metabolism is highly influenced by other medical conditions such as diabetes, obesity, hypertension, and 

cholesterol levels. We have attempted to find a relationship between different medical variables, but the 

limited availability of valves from different patients with the same co-morbidities has not allowed us to 

perform statistical analysis. 

On the technical level, we have been limited by the number of cells available for conducting 

experiments. VIC are primary cell cultures, which grow very slowly and take a long time to proliferate and 

multiply, making it challenging to obtain a large number of cells from the same patient at the same passage 

for experiments. Additionally, there were some experiments that required a significant quantity of cells, such 

as UPLC-MS or some commercial kits. In addition, we have also faced the difficulty of finding effective 

antibodies that can efficiently recognize proteins involved in metabolism. Therefore, we have been unable to 

measure metabolic proteins in addition to measuring the transcriptional levels of some metabolic genes. 

The use of 3D co-culture model had some limitations. Validation of data from VIC was shown in 3D 

VIC-VEC co-cultures and not in 3D VIC cultures due to some technical issues. (i) The concentrations of 

inflammatory stimuli in hydrogel cultures had to be significantly reduced to avoid cell death /apoptosis. (ii) 

The survival rate of 3D VIC cultures after 7 days exposure to inflammatory agents significantly decreased, 

thus resulting in insufficient amounts of RNA or protein for conclusive data. It should be noted that despite 

this limitation, validation of metabolic changes in a 3D model grouping VICs and VECs is physiologically 

relevant since this model system arraigns these cellular populations in a more physiologically relevant 

format, with VEC lining the pseudo-tissue surface and VIC within the intimal space and recapitulates VIC-VEC 

communication (Gee et al, 2021). 

Furthermore, the results obtained in valvular tissue through qPCR would require further investigation 

with more precise techniques such as western blotting, immunohistochemistry, or transcriptomics and 

proteomics. Since our discoveries are confined to in vitro experiments and the examination of valve tissue, it 

would be valuable to assess the impact of immune mediators and inflammatory cytokines in suitable animal 

models of the disease.  
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D.11- Future perspectives 

As mentioned above, several aspects remain open to future studies. This thesis identifies a novel shift 

in VIC metabolism required for calcification, particularly hyperglycolysis, as well as alterations in PPP routes, 

and further shows that this shift can be blocked via JAK-STAT/HIF-1α inhibition; however, further studies are 

needed to deepen on the functional relevance of these results and identify potential therapeutic targets. 

Future investigations should address glucose catabolic routes in depth, particularly the less-studied pentose 

phosphate routes, as well as explore potential sex differences in the metabolic shift. Other interesting lines 

of investigation would be the identification of the specific sources of ROS in VIC under inflammatory 

exposure, the investigation of potential alterations in mitochondrial metabolism and function, and the 

analysis of other metabolic pathways, such as β-oxidation and lipid synthesis. It would of great benefit to the 

field to further study the metabolic signature of initiating events such as inflammation and mechanical 

strain; and exploring the potential interplay between mechanical strain and inflammatory agents will mimic 

a more physiologically relevant setting that may provide novel metabolic routes or metabolites with an 

important role in early stages of the disease. Finally, the identification of the JAK-STAT/HIF-1α-dependent 

metabolic changes will provide new cues for therapeutic intervention using Jakinibs. 

In future studies, it would be of interest to evaluate real-time metabolism in human valve leaflets - 

subdivided into portions representing disease progression-, as well as in 3D cultures of human VIC, VEC, and 

VIC-VEC co-cultures. Furthermore, the use of cutting-edge techniques such as proteomics and 

metabolomics, using intraleaflet subclassification to help removing individual variability and clinical severity, 

will allow the identification of metabolic signatures that specifically define a progressing valvular pathology. 
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The conclusions of this thesis are:  

1. Human aortic valve interstitial cells (VIC) in culture are metabolically active myofibroblasts exhibiting 

equal reliance on glycolysis and oxidative phosphorylation for energy production, which differs from 

the more energetic metabolism relying on oxidative phosphorylation (OXPHOS) exhibited by 

quiescent VIC. 

2. The inflammatory milieu generated by inflammatory cytokines related to valve disease, induces a 

metabolic shift to a more glycolytic phenotype in VIC, which is potentiated by pathogen patterns 

recognized by Toll-like receptors (TLR)-3 and 4, and exhibits some cytokine- and TLR-specific 

differences. 

3. Co-stimulation of human VIC with interferon (IFN)-γ and pathogen patterns LPS or  Poly (I:C) induces 

metabolic rewiring to a hyperglycolytic phenotype, characterized by increased expression of 

glycolytic enzymes, accumulation of aerobic glycolysis metabolites, and synthesis of glycolytic ATP, 

thus providing energy and biomass necessary to support inflammatory-induced differentiation, 

calcification, and inflammation in VIC. 

4. The interplay between the IFN-γ receptor and TLR4 signaling in VIC leads to impairment of the 

oxidative phase of the pentose phosphate pathway (PPP), with the inhibition of the rate-limiting 

enzyme leading to the induction of hyperglycolytic reprogramming, thus generating oxidative stress 

and fueling processes such as inflammation, differentiation, and in vitro calcification in VIC. 

5. The exposure of VIC to IFN-γ and TLR4 ligand leads to increased acetyl-CoA synthesis, followed by a 

slow accumulation of tricarboxylic acid cycle (TCA) metabolites. The entry of pyruvate into the 

mitochondria and subsequent TCA metabolites play a role in HIF-1α stabilization, differentiation, and 

in vitro calcification in VIC. 

6. Co-stimulation with IFN-γ and TLR4 ligand promotes alterations in the mitochondrial electron 

transport chain (ETC) with an impaired maximal respiratory capacity and non-altered basal 

respiration, in parallel with the uncoupling of ETC and OXPHOS, thus resulting in blunted 

mitochondrial ATP synthesis, which subsequently leads to mitochondria-mediated apoptosis and 

calcification in VIC.  

7. Inflammation-induced metabolic alterations include increasing reliance on glucose for energy, 

metabolite, and cofactor production and the generation of oxidative stress in VIC inducing reactive 

oxygen species (ROS) production and redox homeostasis alteration in VIC. Notably, oxidative stress 

plays a role in HIF-1α stabilization and subsequent inflammation, differentiation, and in vitro 

calcification in VIC. 
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8. Metabolic rewiring induced by the inflammatory milieu is controlled by the JAK-STAT/HIF-1α and NF-

κB pathways, and this shift can be blocked by ruxolitinib, a Jakinib currently used in clinics. 

9. Inflammation-driven metabolic reprogramming in 2D-VIC cultures is reproduced in quiescent VIC as 

well as in the 3D VIC-VEC co-culture model. Moreover, calcified valve leaflets and VIC from stenotic 

patients exhibit glycolytic gene profile and metabolism, thus arguing for the relevance of metabolic 

changes in the initial stages of valve disease. 

 

General conclusion 

Collectively, data unveil inflammation as a driver of metabolic rewiring in human VIC and further show 

this shift mimics the glycolytic profile in calcified cells and valves. JAK-STAT/HIF-1α-triggered hyperglycolysis 

and impairment of the oxidative PPP provide rapid fuel, metabolites, cofactors, and oxidative stress 

necessary to support a major cell remodeling during differentiation and calcification processes, which are 

relevant to the initial stages of valve disease pathogenesis. Also, this thesis provides new cues for therapeutic 

intervention by targeting JAK-STAT/HIF-1α and NF-κB-mediated glycolysis and suggests the potential second 

use of drugs like Jakinibs and metformin that are currently used in other diseases. 
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Las conclusiones de esta tesis son las siguientes: 

1. Las células intersticiales de la válvula aórtica humana (VIC) en cultivo son miofibroblastos 

metabólicamente activos que dependen por igual de la glucólisis y la fosforilación oxidativa para la 

producción de energía, esto difiere del metabolismo más enérgico basado en la fosforilación 

oxidativa (OXPHOS) que muestran las VIC quiescentes. 

2. El entorno inflamatorio generado por citoquinas inflamatorias relacionadas con enfermedades de la 

válvula induce un cambio metabólico hacia un fenotipo más glucolítico en VIC, el cual se potencia 

mediante patrones de patógenos reconocidos por los receptores tipo Toll (TLR)-3 y 4, y muestra 

algunas diferencias dependiendo de las citoquinas y los TLRs. 

3. La coestimulación de las VIC humanas con interferón (IFN)-γ y patrones de patógenos como LPS o 

Poly (I:C) induce una reprogramación metabólica hacia un fenotipo glucolítico, caracterizado por un 

aumento en la expresión de enzimas glucolíticas, acumulación de metabolitos de la glucólisis 

aeróbica y síntesis de ATP glucolítico, proporcionando así la energía y biomasa necesaria para la 

inducción inflamatoria de calcificación, inflamación, y diferenciación de VIC. 

4. La interacción entre el receptor de IFN-γ y la señalización de TLR4 en VIC conduce a la alteración de 

la fase oxidativa de la vía de la pentosa fosfato (PPP), que cursa con la inhibición de la enzima 

limitante. Esta inhibición induce la reprogramación glucolítica, generando así estrés oxidativo y 

alimentando procesos como la inflamación, la diferenciación y la calcificación in vitro en las VIC. 

5. La exposición de las VIC a IFN-γ y ligandos de TLR4 conduce a un aumento en la síntesis de acetil-

CoA, seguido de una lenta acumulación de metabolitos del ciclo de ácido tricarboxílico (TCA). La 

entrada de piruvato en las mitocondrias y los siguientes metabolitos del TCA desempeñan un papel 

en la estabilización de HIF-1α, la diferenciación y la calcificación in vitro en las VIC. 

6. La coestimulación con IFN-γ y ligandos de TLR4 promueve alteraciones en la cadena de transporte de 

electrones mitocondrial (ETC) con una capacidad respiratoria máxima disminuida y una respiración 

basal inalterada, junto con un desacoplamiento de ETC y OXPHOS, lo que resulta en una síntesis de 

ATP mitocondrial disminuida, lo que posteriormente conduce a la apoptosis mediada por 

mitocondria y la calcificación en VIC. 

7. Las alteraciones metabólicas inducidas por la inflamación incluyen una mayor dependencia de la 

glucosa para la producción de energía, metabolitos y cofactores, y la generación de estrés oxidativo 

en VIC, induciendo la producción de especies reactivas de oxígeno (ROS) y alteración de la 

homeostasis redox. Además, el estrés oxidativo desempeña un papel en la estabilización de HIF-1α y 

la posterior inflamación, diferenciación y calcificación in vitro en VIC. 
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8. La reprogramación metabólica inducida por el entorno inflamatorio es principalmente controlada 

por las vías JAK-STAT/HIF-1α y NF-κB, y este cambio puede ser bloqueado por ruxolitinib, un Jakinib 

actualmente utilizado en la práctica clínica. 

9. La reprogramación metabólica mediada por agentes inflamatorios en cultivos de VIC en 2D se 

reproduce tanto en VIC quiescentes como en un modelo de cocultivo 3D de VIC-VEC. Además, las 

válvulas calcificadas y las VIC de pacientes estenóticos también muestran un metabolismo glucolítico 

y un perfil de genes glucolíticos exacerbados. Esto apoya el papel relevante de los cambios 

metabólicos en las primeras etapas de la patogénesis de CAVD. 

 

Conclusión general:  

En conjunto, los datos revelan que la inflamación es un inductor de la reprogramación metabólica en 

VIC humanas y demuestran que este cambio imita el perfil glucolítico que ocurre en las células y válvulas 

calcificadas. El aumento glucolítico mediado por JAK-STAT/HIF-1α y la alteración de la PPP oxidativa 

proporcionan rápidamente energía, metabolitos, cofactores y estrés oxidativo necesarios para respaldar la 

remodelación celular de VIC que ocurre durante los procesos de diferenciación y calcificación, lo cual es 

relevante para las primeras etapas de la patogénesis de CAVD. Además, esta tesis proporciona nuevas pistas 

para la intervención terapéutica de la enfermedad. Propone dianas terapéuticas como la vía JAK-STAT/HIF-

1α y NF-κB, y sugiere el potencial uso de medicamentos como los Jakinibs y la metformina que se utilizan 

actualmente en otras enfermedades. 
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