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Resumen 

El papel de la telomerasa en el envejecimiento y el rejuvenecimiento. 

Búsqueda de compuestos bioactivos que regulen su actividad. 

El envejecimiento es un proceso biológico fundamental que ocurre de forma 

universal en el que se producen diferentes cambios tanto a nivel molecular como 

celular, dando lugar a la aparición de diferentes enfermedades como la diabetes, 

las enfermedades degenerativas, el síndrome metabólico, la inflamación crónica e 

incluso el cáncer. Por ello, en la actualidad existe un gran interés por ralentizar o 

retrasar el proceso de envejecimiento, así como las enfermedades relacionadas con 

el mismo. 

 En esta Tesis, hemos desarrollado modelos de envejecimiento prematuro, 

incluyendo los producidos por acortamiento telomérico o inflamación de bajo 

grado, para el cribado fenotípico de fármacos. Es importante destacar que la 

fisiología y la respuesta química se conservan en su mayoría entre el pez cebra y 

los mamíferos, incluyendo los procesos que conducen al envejecimiento. Hemos 

combinado estrategias de cribado de VS e in vivo para elegir los mejores 

compuestos. Se han aplicado métodos basados en la estructura (acoplamiento 

proteína-ligando) y en el ligando (mapeo farmacóforo) al resveratrol y al navitoclax 

como moléculas diana. Las técnicas de VS revelaron una lista de polifenoles y 

compuestos senolíticos que se probaron en modelos de pez cebra de envejecimiento 

prematuro.   

Los resultados obtenidos permitieron identificar una novedosa e inesperada 

función antiinflamatoria para los senolíticos y funciones protectoras 

antienvejecimiento para las moléculas antioxidantes en nuestros modelos de 

envejecimiento prematuro. Se necesita mucha más investigación para aclarar el 

mecanismo de acción de ambos tipos de compuestos (senolíticos y polifenoles) que 



esperamos puedan ayudar a mejorar las enfermedades asociadas al envejecimiento 

y a mejorar la esperanza de vida.  

Palabras Clave: Envejecimiento, modelos de pez cebra, escrutinio in silico e 

in vivo.  

Términos Tesauro: Biología Celular (24;07;00); Bioquímica (23;02;00).  

 

 

 

 

 

 

 

 



 

Abstract 

The role of telomerase in aging and rejuvenation. Search for bioactive 

compounds that regulate their activity.  

           Aging is a fundamental biological process that occurs universally in 

which different changes occur at both the molecular and cellular level, leading to 

the appearance of different diseases such as diabetes, degenerative diseases, 

metabolic syndrome, chronic inflammation, and even cancer. Therefore, there is 

currently a great interest in slowing down or delaying the aging process as well as 

the diseases that are related to aging. 

 In this Thesis, we have developed models of premature aging, including 

those produced by telomere shortening or low-grade inflammation, for phenotypic 

screening of drugs. It is important to note that the physiology and chemical 

response are mostly conserved between zebrafish and mammals, including the 

processes leading to aging. We have combined strategies of VS and in vivo 

screening to choose the best compounds.  Structure-based (protein-ligand docking) 

and ligand-based (pharmacophore mapping) methods have been applied to 

resveratrol and navitoclax as target molecules. VS techniques revealed a list of 

polyphenols and senolytic compounds that were tested in zebrafish models of 

premature aging.   

The results obtained allowed us to identify a novel and unexpected anti-

inflammatory function for senolytics and protective anti-aging functions for 

antioxidant molecules in our models of premature aging. Much more research is 

needed to clarify the mechanism of action of both types of compounds (senolytics 

and polyphenols) that we hope can help to ameliorate diseases associated with 

aging and improve the healthspan.  

Keywords: Aging, Zebrafish models, in silico and in vivo screening.  

Términos Tesauro: Biología Celular (24;07;00); Bioquímica (23;02;00).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

AGRADECIMIENTOS 

En primer lugar, quiero dar las gracias a mis directores de Tesis Paqui, 

Horacio y María Luisa, ya que sin ellos este trabajo no hubiera sido posible. 

Siempre agradeceré la oportunidad que me brindaste al permitirme poder 

iniciar mi carrera científica en vuestro grupo. 

Paqui, como todos te llamamos yo te conocí poco tiempo después de 

llegar al grupo, pero desde el primer momento que llegaste me acogiste 

super bien en el grupo y me hiciste estar super bien junto con el resto de mis 

compañeros, además no quiero dejar pasar esta oportunidad para darte una 

vez más las gracias por todo lo que has hecho por mí.  

Horacio, desde el primer momento que te conocí me transmitiste tu 

amor por la química computacional, y supiste trasmitirme todos los 

conocimientos básicos necesarios para realizar la Tesis Doctoral con toda la 

paciencia del mundo, después de esas tardes interminables explicando lo 

que hacíamos en la pizarra que siempre acababa llena, estos momentos 

nunca se olvidarán. No dejar pasar esta oportunidad para darte las gracias 

por todo. 

María Luisa, lo primero de todo, muchísimas gracias por darme la 

oportunidad de poder entrar en tu grupo para realizar la Tesis Doctoral con 

vosotros. Desde el primer momento que llegué me sentí super a gusto y me 

sentí arropado en una ciudad que no era la mía donde me encontraba solo, 

pero gracias a ti y tu grupo me he sentido como en casa.  

También me has trasmitido el amor por el pez cebra, la telomerasa y a 

la ciencia en general, ya que eres una persona que quiere ayudar a todo el 

mundo, ya sea con la investigación o a nivel personal. Ya han pasado 5 años 

desde que yo tuve la gran oportunidad de entrar en tu grupo y, aunque 

siempre hay momentos buenos, otros no tan buenos, tan solo puedo decir 

que he aprendido mucho, he crecido muchísimo tanto a nivel personal como 

laboral y solo me queda poder las gracias una vez más por estos años de 

aprendizaje.  



 

 

 

 

 

 

 

 

 

 

 



 

CITA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cada aprendizaje de la vida nos  

hace más sabios,  

y más capaces de afrontarla  

(Anónimo). 

 

 



 



 

ÍNDICE GENERAL 

AUTORIZACIÓN DE LOS DIRECTORES 

RESUMEN 

ABSTRACT  

INDICE GENERAL 

I.INTRODUCTION ..................................................................................................... 31 

I.1 Telomeres and telomerase. ..................................................................... 33 

I.2 Cellular senescence. ................................................................................ 37 

I.3 Aging and rejuvenation. ......................................................................... 40 

I.3.1 Strategies to achieve rejuvenation. 41 

I.3.1.1 Overexpression of telomerase. 41 

I.3.1.2 Anti-aging drugs. 42 

I.3.1.3 Fasting and caloric restriction. 46 

I.4 Zebrafish models to study aging ............................................................ 48 

I.4.1 Telomeres and telomerase in zebrafish. 50 

I.4.2 Immunosenescence in zebrafish. 53 

I.4.3 Chronic inflammation and oxidative stress in zebrafish. 54 

I.5 Virtual Screening (VS) ............................................................................ 57 

I.5.1 Structure-Based Methods (SBVS) 58 

I.5.2 Ligand-Based Methods (LBVS) 59 

I.5.3 Pharmacophoric Methods 60 

I.5.3.1 Combination OF SBVS and LBVS 63 

I.6 Combination of virtual screening and zebrafish models. .................... 64 

I.6.1 Xenograft. 66 

I.6.2 Infection models. 66 

I.6.3 Drug toxicity testing. 67 



16 David Hernández Silva 

II. JUSTIFICACIÓN ............................................................................................... 70 

III. OBJETIVOS ......................................................................................................... 74 

IV. MATERIALS AND METHODS ...................................................................... 78 

IV.1 Maintenance of zebrafish. ...................................................................... 80 

IV.2 Gene expression analysis. ...................................................................... 81 

IV.3 Telomerase activity assay. ...................................................................... 82 

IV.4 Telomeric length measurement. ............................................................. 82 

IV.5 Senescence-associated β-galactosidase (SA β-gal) activity assay. ........ 83 

IV.6 Measurment the oxidative stress levels (H2O2 analysis). .................... 83 

IV.7 Acridine Orange (AO) Staining Assay. ................................................. 84 

IV.8 Imaging of zebrafish larvae. ................................................................... 84 

IV.9 Survival curves. ....................................................................................... 84 

IV.10 Molecule File. .......................................................................................... 85 

IV.11 Ligand database. ..................................................................................... 85 

IV.12 Virtual Screening. ................................................................................... 85 

IV.13 Ligand-Based Virtual Screening. ........................................................... 85 

IV.14 Toxicity assay. ......................................................................................... 85 

IV.15 Chemical treatment. ................................................................................ 85 

IV.16 Diet Preparation and Feeding of Zebrafish Larvae. .............................. 86 

IV.17 Statistical analysis. .................................................................................. 86 

V.1 In vivo models of premature aging in zebrafish. ......................................... 89 

V.1.1 Shortened telomere-induced premature aging, the ST2 model. ............... 89 

V.2 Premature aging induces by DNA damage caused by chemotherapy, the 

QiDD model. .............................................................................................................. 95 

V.3 High-cholesterol diet-induced metainflammation zebrafish model, the 

HCD model. ............................................................................................................... 98 

V.4 Inflammaging zebrafish model, the Spint1a-deficient model. ............... 101 

V.5 Evaluation of the anti-aging potential of resveratrol and navitoclax in the 

ST2 model. A proof of concept. ............................................................................ 103 



CAPITULO I: INTRODUCTION 17 

V.6 In silico discovery of new drugs with anti-aging potential. .................... 108 

V.6.1 Natural antioxidants derived from resveratrol. ................................... 108 

V.6.1.1 Structure-based virtual screening (SBVS) method: protein-ligand 

docking. 108 

V.6.1.2 Ligand-based virtual screening (LBVS) method: pharmacophore 

mapping. 108 

V.7 Drugs derived from senolytics. ..................................................................... 113 

V.7.1 Ligand-based virtual screening (LBVS) method: navitoclax 

pharmacophore mapping. ................................................................................ 113 

V.7.2 Ligand-based virtual screening (LBVS) method: Dasatinib 

pharmacophore mapping. ................................................................................ 114 

V.8 In vivo validation of candidates with anti-aging potential in different 

aging zebrafish models for repurposing. ........................................................... 117 

V.8.1 Analyzed the toxicity assay. ................................................................. 117 

V.8.2 Shortened telomere-induced premature aging, the ST2 model. ........ 118 

V.8.3 Premature aging induced by DNA damage caused by chemetherapy, 

the QiDD model. .............................................................................................. 121 

V.9 High-cholesterol diet-induced metainflammation zebrafish model, the 

HCD model. ............................................................................................................. 125 

V.10 Inflammaging zebrafish model, the Spint1a-deficient model. ............... 130 

VI. DISCUSSION ................................................................................................... 143 

VI.1 In vivo zebrafish models of premature aging. .................................... 146 

VI.2 Evaluation of the anti-aging potential of resveratrol and navitoclax in 

the ST2 model. A proof of concept. ................................................................. 148 

VI.3 In silico discovery of new drugs with anti-aging potential. ............... 149 

VI.4 In vivo validation of candidates with anti-aging potential in different 

aging zebrafish models for repurposing. ....................................................... 150 

VII. CONCLUSIONS ............................................................................................... 155 

VIII. LIMITACIONES Y FUTURAS LINEAS DE INVESTIGACIÓN ............ 159 

IX. REFERENCES ................................................................................................... 164 



18 David Hernández Silva 

X. ANEXOS ............................................................................................................ 192 

X.1 ANEXO: CALIDAD DE LAS PUBLICACIONES..................................... 194 

X.1.1. Senescence-Independent Anti-Inflammatory Activity of the Senolytic 

Drugs Dasatinib, Navitoclax, and Venetoclax in Zebrafish Models of Chronic 

Inflammation. ................................................................................................... 194 

X.1.2  Virtual and zebrafish screening models in tandem, for drug discovery 

and development. ............................................................................................. 195 

X.2 ANEXO: PATENTES. ................................................................................. 195 

X.3 ANEXO: OTRAS COMUNICACIONES .................................................. 195 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CAPITULO I: INTRODUCTION 19 

 

SIGLAS Y ABREVIATURAS 

AD  Autodock 4 

AK  Autodock Vina 

ADMET Administration, distribution, Metabolism and Excretion 

AMPK  AMP-activated protein kinase 

AVV  Adeno-associated virus 

Bcl-2  B cell lymphoma 2 

CHT  Caudal Hematopoietic Tissue  

CR  Caloric Restriction 

CPU  Central Processing Unit 

CVD Cardiovascular disease 

DB  Drug Bank 

DDRs  DNA damage responses  

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic Acid   

Dpf  Days post-fecundation  

FDA  Food and Drug Administration  

F            Forward, direct primer  

gDNA  Genomic DNA 

GSH  Glutation  

HCC  Hepatocellular carcinoma 

HCD  High Cholesterol diet 

HGFA  Hepatocyte growth factor 

Hpf  Hours post-fecundation  

HTS  High-throughput screens  

HSCs  Hematopoietic stem cells 

H2AX  Phosphorylated Histone 



20 David Hernández Silva 

IG  Immunoglobulin 

iPSC  Pluripotent stem cells  

IUPAC  International Union of Pure and Applied Chemistry  

IGF  Insule Growth Factor 

Kb  Kilobases 

KDa  Kilodaltons 

LBVS  Ligand-Based Methods 

LF  LeadFinder 

mTOR  Mammalian Target of Rapamycin 

MMPs  Matrix Metalloproteinase  

NAD  Nicotinamide phosphoribosyl 

NAMPT Nicotinamide phosphoribosyltransferase 

NAFLD Non-alcoholic fatty liver disease 

NASH  Non-alcoholic steatohepatitis 

ND  Normal Diet 

NF-κB  Nuclear proinflammatory factor κB  

NMR  Nuclear magnetic resonance spectroscopy 

Nt  Nucleotides 

OMIN  Online Mendelian Inheritance in Man 

PARP1  Poly(ADP-ribose) polymerase 1 

PCR  Polymerase Chain Reaction  

PDB  Brookhaven Protein Data Bank  

qPCR  Quantitative Polymerase Chain Reaction  

Q-TRAP Quantitative-TRAP Telomeric Repeat Amplification Protocol  

QiDD  Chemotherapy-induced DNA damage 

R            Reverse primer 

RT  Room Temperatures 

RNA  Ribonucleic Acid 



CAPITULO I: INTRODUCTION 21 

RNP  Ribonucleoprotein  

ROS  Species Reactive Oxygen  

rps11  Ribosomal protein subunit 11 encoding gene 

RTA   Relative Telomerase Activity  

SASP  Phenotype secretor-associated senescence  

SA β-gal Senescence-associated beta-galactosidase  

SB  Structure based  

SBVS  Structure-Based Methods  

SEM  Standard Error of Mean 

SISPS  Stress-induced premature senescence 

SIRT1  Sirtuin-1 

ST2  Short telomeres 2º generation 

TERC  Telomerase RNA Component  

TERT  Telomerase catalytic subunit  

TGF-β  Transforming Growth factor β 

TNF α  Tumor necrosis factor 

VEGF  Vascular Endothelial Growth Factor  

VS  Virtual Screening  

Wt  Wild type 

zf  Zebrafish 

zfTert    Reverse transcriptase 

zfTR  RNA component of telomerase  

36b4  Acidic ribosomal phosphoprotein P0 

 

 

 

 



22 David Hernández Silva 

 



CAPITULO I: INTRODUCTION 23 

ÍNDICE DE FIGURAS, DE TABLAS Y DE ANEXOS 

ÍNDICE DE FIGURAS 

Figure 1. Telomeres and telomerase……………………………………………........34 

Figure 2. Consequences of telomere shortening. ……………………………….…36  

Figure 3. Different methods that induce senescence………………………….…..38 

Figure 4. Senescence as a central hallmark of aging……………………..………..40 

Figure 5. The nine hallmarks of aging……………………………………….….…..41 

Figure 6. Telomerase gene therapy to promote health span in mice……..……..43  

Figure 7. Anti-aging drugs………………………………………...…………………..47 

Figure 8. Caloric restriction (CR)-related processes involved in improving 

health and longevity…………………………………………………………………...48 

Figure 9. Advantages of the zebrafish model………………………………………51 

Figure 10. Telomerase-deficient premature aging zebrafish model…………….53 

Figure 11. Rag1-deficient zebrafish immunosenescence model…………………55 

Figure 12. Spint1a-deficient zebrafish inflammaging model……………………56 

Figure 13. NAFLD/NASH zebrafish metainflammation model…………………57 

Figure 14. Schematic representation of the different types of VS methods……59 

Figure 15: Graphic representation of the different molecular descriptors……..61  

Figure 16: Ligand-protein interaction zone, the conformation of the ligand in 

the active center (yellow box)…………………………………………………………62 



24 David Hernández Silva 

Figure 17: Pharmacophoric model of the ligand…………………………………...63 

Figure 18. Combination of virtual screening and in vivo target-based screening 

in zebrafish……………………………………………………………………………..66 

Figure 19. Workflow for the generation of the ST2 model and phenotype…….90 

Figure 20. Telomeric characterization of the ST2 model…………………………..91 

Figure 21. The ST2 larvae show increased cellular senescence……………….….92 

Figure 22. The ST2 larvae show increased oxidative stress levels…………….…93 

Figure 23. The ST2 larvae show increased cell death levels………………………94 

Figure 24. The ST2 larvae show premature death………………………………….95 

Figure 25: General workflow for the generation of the QiDD model…………..96 

Figure 26. The QiDD larvae show a drastic attrition of telomere length...……..97 

Figure 27. The QiDD larvae show a limited survival……………………………..98  

Figure 28: General workflow for the generation of the zebrafish model of 

metainflammation produced by a 10% cholesterol diet…………………………..99 

Figure 29. Characterization of the HCD-induced metainflammation zebrafish 

model…………………………………………………………………………………...100 

Figure 30. HCD-induced metainflammation larvae do not show telomere 

shortening……………………………………………..……………………………….101 

Figure 31. Spint1a-deficient zebrafish larvae do not show premature aging…..102 

Figure 32. The Spint1a-deficient larvae show increased cell death levels……...103 

Figure 33: General workflow for the treatment the ST2 zebrafish larvae………104 



CAPITULO I: INTRODUCTION 25 

Figure 34. Resveratrol improves telomerase expression, activity, and telomere 

length in the ST2 model of premature aging……………………………………….105 

Figure 35. Navitoclax treatment decreases cellular senescence levels in the ST2 

model of premature aging…………………………………………...………………106 

Figure 36. Resveratrol treatment decreases cell death levels in the ST2 model of 

premature aging……………………………………………………………………….107 

Figure 37. Resveratrol treatment increases the ST2 larvae survival……………..108 

Figure 38. Schematic representation of pharmacophoric features……...………110 

Figure 39. Pharmacophoric method for resveratrol…………………….....………111 

Figure 40. 3D representation of the predicted interaction between resveratrol-

derived candidates and the catalytic subunit of telomerase 

(TERT)…………………………………………………………………………………..113 

Figure 41. Schematic representation of pharmacophoric features……………...114 

Figure 42: Schematic representation of pharmacophoric features………..…….116 

Figure 43. Pharmacophoric method for dasatinib…………...…………………….117  

Figure 44. Candidate toxicity assessment……………………………..……………118 

Figure 45. General workflow for antioxidant treatment in the ST2 model of 

premature aging……………………………………………………………………….119 

Figure 46. Telomeric characterization of the ST2 model after antioxidant 

treatment……………………………………………………………………………….120 

Figure 47. Effect of resveratrol-derived antioxidants on ST2 larvae 

survival…………………………………………………………………………………121 



26 David Hernández Silva 

Figure 48: General workflow for the evaluation of antioxidants in the QiDD 

model…………………………………………………………………………………...122 

Figure 49. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival…………………………………………………………………………………123 

Figure 50. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival…………………………………………………………………………………124 

Figure 51. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival…………………………………………………………………………………125 

Figure 52. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival…………………………………………………………………………………125 

Figure 53. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival…………………………………………………………………………………125 

Figure 54. General workflow for the evaluation of antioxidants in the HCD-

induced metainflammation model…………………...…………………..…………126 

Figure 55. Evaluation of selected antioxidant compounds in the HCD-induced 

metainflammation model…………………………………………………………….127 

Figure 56. General workflow for the evaluation of navitoclax in the HCD-

induced metainflammation model………………………………………………….128 

Figure 57. Evaluation of selected antioxidant compounds in the HCD-induced 

metainflammation model…………………………………………………………….129 

Figure 58. Navitoclax increased genes related to inflammation phenotype of 

HCD-fed larvae………………………………………………………………………..130 

Figure 59. General workflow for the evaluation of antioxidants in the Spint1a-

deficient inflammaging model………………………………………………………131 



CAPITULO I: INTRODUCTION 27 

Figure 60. Apigenin, genestein, naringenin, sakuranetin and tricetin ameliorate 

the skin inflammation phenotype of Spint1a-deficient larvae………………….132 

Figure 61. Genestein, naringenin and sakuranetin, contrary to resveratrol, 

ameliorate the skin inflammation phenotype of Spint1a-deficient larvae……134 

Figure 62. Apigenin and genestein ameliorate oxidative stress levels of Spint1a-

deficient larvae………………………………………………………………………...135 

Figure 63. Apigenin, genestein, hesperetin, quercetin and sakuranetin ameliorate 

the cell death levels of Spint1a-deficient larvae…………………………..……….137 

Figure 64. General workflow for the evaluation of senolytics in the Spint1a-

deficient inflammaging model………………………………………………………138 

Figure 65. Senolytics ameliorate the skin inflammation phenotype of Spint1a-

deficient larvae………………………………………………………………………...139 

Figure 66. Senolytics ameliorate the skin inflammation phenotype of Spint1a-

deficient larvae………………………………………………………………………...141 

Figure 67. Senolytics ameliorate genes related to inflammation phenotype of 

Spint1a-deficient larvae……………………………………………………………...142 

 

 

 

 

 



28 David Hernández Silva 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CAPITULO I: INTRODUCTION 29 

ÍNDICE DE TABLAS 

Table I: Primers used for gene expression……………………………………….….82 

Table II: Primers used for telomere length………………………………..……..…..84 

Table III: Interaction between resveratrol-derived candidates and the telomerase 

catalytic subunit (TERT)…………………….………...……………………..…….…112 

Table IV. Summary of the effect of the adjuvant treatment…………………….125 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

I. INTRODUCTION 

 

 

 

 

 

 

 

 

 

 



32 David Hernández Silva 

  



CAPITULO I: INTRODUCTION 33 

INTRODUCTION 

I.1 Telomeres and telomerase. 

Genomic stability is the key to preserve the genomic information and to 

ensure its pass to next generations, guaranteeing the survival of the species. In 

eukaryotic organisms, the edges of chromosomes are one of the most vulnerable 

parts of the genome. Together with a specific complex of proteins collectively 

known as shelterin, telomeres form specialized structures that ensure their 

integrity preventing chromosome shortening, chromosome fusion, or chromosome 

degradation if they are recognized as double-strand DNA breaks by the DNA 

repair machinery (Simon et al., 2015; Smith et al., 2020). Hence, structure and 

function of telomeres are highly conserved throughout evolution (review by Galati 

et al., 2013). 

Telomeres consist of long extensions of linear DNA made up of a guanine 

rich sequence motif (TTAGGG) repeated in tandem that vary in length according 

to the species (Srinivas et al., 2020). Exceptionally, the chromosome ends of a few 

insect species (Drosophila and some dipterans), instead of telomeric motifs, possess 

tandem arrays of retrotransposons (Abad et al., 2004). 

Under normal conditions, because DNA synthesis requires an RNA template 

to initiate DNA replication and this template is eventually degraded, a short single 

stranded region would be left at the end of chromosomes. The ‘end replication 

problem’ is responsible for the shortening of telomeres in most somatic cells with 

each cell division because DNA synthesis is unidirectional (5’→3’) and requires an 

RNA sequence to prime DNA replication. On the leading strand, the synthesis is 

continuous; but, on the lagging strand, DNA synthesis is discontinuous, in 

fragments (called ‘Okazaki fragments’) that require RNA primers to provide the 5' 

starting point. Once the lagging strand is completed and the RNA primer removed, 

the lagging strand results shorter than the leading one (Lindqvist et al., 2015).  

During ontogenesis, eukaryotic organisms solved this problem by recruiting 

the enzyme telomerase, a specialized and unique RNA-dependent DNA 

polymerase that synthesizes telomeric repeats in chromosomal ends, thus 
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maintaining them at a ‘safe’ telomeric length, since a reduced telomere length is an 

initial requirement for cell replication (Blackburn, 2005; Smith et al., 2020).  

Telomerase complex is a ribonucleoprotein composed by the telomerase 

reverse transcriptase (TERT, the catalytic subunit), telomerase RNA (TR, which 

provides the template for the reverse transcription of new telomere DNA by TERT), 

and species-specific accessory proteins that regulate telomerase biogenesis, 

subcellular localization, and its function in vivo (Wyatt et al., 2010) (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1. Telomeres and telomerase. Telomeres are located at the end of 

chromosomes and serve a chromosome protection function (1). While the 

synthesis of the leading strand of telomeric DNA is continuous (2), the lagging 

strand is discontinuous (3). Therefore, once the RNA primer (4) is removed, the 

lagging strand results shorter than the leading one with each cell division. To 

overcome this ‘end replication problem’, telomerase reverse transcriptase 

(TERT) adds telomere sequences along the leading strand (5) by using the RNA 

component (TERC) as a template. Adapted from Lindqvist et al., (2015). 
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Telomerase is generally active only during embryogenesis and development. 

In adults, its expression is restricted to rapidly dividing cells (Ulaner & Giudice, 

1997). Consequently, in most adult cells, after a few cell divisions throughout life, 

telomeres reach a critical length and chromosomes become uncapped and are 

recognized as damaged DNA, leading to the DNA damage response (DDR). This 

is followed by activation of the tumor suppressor protein p53, which leads to cell 

cycle arrest, or also called replicative senescence, which leads to cellular senescence 

and apoptosis affecting cells that are dividing very rapidly, including cells that are 

dividing very rapidly, including cells that are dividing very rapidly, including cells 

that are dividing very rapidly, including cells that are dividing very rapidly, 

including cells that are dividing very rapidly that divides very rapidly, including 

blood cells (Sahin et al., 2011).  

 Both cell death and senescence can trigger stem cell dysfunction, leading to 

degenerative diseases and even tissue death. When p53 activation does not occur, 

cells with critical telomere length can survive, leading to genomic instability that 

could result in cancer. Critically short telomeres also affect cells with a slower cell 

cycle, leading to decreased mitochondrial activity and lower energy production, 
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with an increased release of oxygen free radicals (ROS), leading to further damage 

to both telomeres and other cellular components (Tümpel & Rudolph, 2012) (Fig. 2). 

  

Figure 2. Consequences of telomere shortening. Critically short telomeres (1) 

initiate DNA damage responses (2) and activation of the tumor suppressor 

protein p53, which can lead to cell cycle arrest, cell senescence and apoptosis 

(3). Activation of p53 can also triggers mitochondrial DNA damage and 

dysfunction, reducing mitochondrial biogenesis (4). This results in releasing of 

excessive amounts of reactive oxygen species (ROS) (5) which, in turn, further 

damage telomeres and other cellular components. Adapted from Lindqvist et al., 

(2015). 
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I.2 Cellular senescence. 

Cellular senescence consists of a state of permanent cell cycle arrest that can 

be induced in primary cells in response to a variety of stimuli. Originally identified 

as replicative senescence (Hayflick, 1965), it has been also described a different type 

of senescence induced by the activation of the RAS oncogene in a process known 

as ‘oncogene-induced senescence’ (OIS), showing the potential role of senescence 

as an anti-cancer mechanism designed to suppress proliferation of cells with 

oncogenic mutations (Serrano et al., 1997).  

Telomere shortening is the main molecular mechanism responsible for 

cellular senescence. In addition to replication stress, telomeres can be shortened 

and damaged by either exogenous or endogenous sources through a process called 

stress-induced premature senescence (SIPS) (de Magalhães & Passos, 2018). An 

example of an exogenous source is chemotherapy (Schmitt et al., 2002). The 

genotoxic effects of chemotherapeutic agents are the main treatment in the fight 

against cancer, since they attack and destroy highly proliferative cells, but they are 

not specific to cancer cells, but also to healthy cells, causing a high cell toxicity with 

multiple powerful side effects. But chemotherapy toxic effects last much longer, 

even after the disease is overcome. It has been observed that cancer survivors show 

DNA damage-induced premature aging that causes shortened life expectancy (Ness 

& Wogksch, 2020).  

Telomeres can also be damaged by different endogenous sources from the 

organism’s own metabolism. For example, it is known that high oxidative stress 

levels, through the generation of reactive oxygen species (ROS), induce telomere 

shortening (Stillman et al., 2005), predisposing cells to senescence or apoptosis 

(Blasco, 2005; López-Otín et al., 2013). It has been observed that older organisms 

tend to develop a chronic pro-inflammatory status with low-grade inflammation, 

termed inflammaging. Inflammaging is characterized by high levels of pro-

inflammatory markers in cells and tissues, and chronic activation of the innate 

immune system, even in the absence of risk factors and clinically active diseases 

(Franceschi et al., 2000). One of the main stimuli that fuels inflammaging is nutrient 

excess through the so-called metainflammation process (Franceschi et al., 2018). 

High nutrient intake is a critical contributor to the onset of insulin resistance and, 

specifically, excessive pro-inflammatory fatty acids result in an increased activation 
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of inflammatory responses that affect adipose tissue, liver, pancreas, muscle, and 

brain (Gregor & Hotamisligil, 2011). 

In this context, senescence is a protective mechanism that prevents the 

proliferation of old, damaged, and potentially tumorigenic cells. The negative 

consequence is their accumulation and increased aging at the organismal level. 

However, there are also beneficial effects of senescence, for example in the context 

of embryonic development (Muñoz-Espín et al., 2013), tissue repair/regeneration 

(Demaria et al., 2014), and cellular reprogramming (Mosteiro et al., 2016; Wanner 

et al., 2021) (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Senescent cells are resistant to apoptosis and exhibit phenotypic changes and 

senescence markers that accumulate in aging tissues (Dimri, Leet, et al., 1995) such 

  

Figure 3. Different methods that induce senescence. Cells are subjected to a 

variety of stresses including oncogenes, oxidative damage, DNA damage, 

telomeric dysfunction and embryonic development that can cause cellular 

senescence. Adapted from Wanner et al., 2021. 
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as senescence-associated β-galactosidase (SA β-gal) activity, senescence-associated 

heterochromatin foci, sustained expression of cell cycle inhibitors (p21/CDKN1A 

and p16/CDKN2A), and a pronounced senescence associated secretory phenotype 

SASP (Kumari & Jat, 2021). SASP is composed mainly of pro-inflammatory 

cytokines, especially interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-8 (IL-

8), and chemokines such as MCP-1, as well as factors of growth, such as insulin 

growth factor (IGF), tumor necrosis factor-alpha (TNF-α), and metalloproteinases 

(Maduro et al., 2021). While in the short term the SASP helps promote recognition 

and clearance of senescent cells by phagocytosis, long term secretion has a variety 

of age-related deleterious effects (Xue et al., 2007). SASP reinforces several aspects 

of senescence including growth arrest and the SASP itself via an autocrine loop. 

Secretion of MMPs and factors such as VEGF can remodel the surrounding tissue, 

inducing angiogenesis and reducing fibrosis. Finally, secretion of molecules such 

as TGF-β can spread the senescence phenotype in a paracrine manner to 

surrounding cells (McHugh & Gil, 2018).  

Under normal conditions, the immune system is responsible for detecting 

and eliminating senescent and apoptotic cells to prevent them from causing 

inflammation and to promote cell renewal. The immune system, which demands a 

high rate of cell proliferation and renewal, is one of the most affected by telomere 

shortening and undergoes its own aging process called immunosenescence that 

culminates in cessation of replication (Pawelec, 2012). This phenomenon is 

associated with lymphopenia, the progressive depletion of naïve T cells and the 

reduced proliferation ability of T cells (Goronzy et al., 2015; Wherry & Kurachi, 2015). 

The combination of immunosenescence and inflammaging results in a diminished 

capacity of the immune system to remove senescent cells (Antonangeli et al., 2019; 

Prata et al., 2018). This leads to an accumulation of senescent cells in tissues that 

amplifies the SASP signal and induces chronic inflammation, which negatively 

affects tissue regeneration and function, rendering the tissue more vulnerable to 

inflammation and aging-related diseases (Childs et al., 2015; Bernardes de Jesus & 

Blasco, 2012) (Fig. 4).  
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I.3 Aging and rejuvenation.  

When senescence processes affect the entire organism, we call it aging. This 

biological process occurs in all eukaryotic organisms. Consist of a gradual and 

general decline in capacity because of the accumulation of damage in molecules, 

cells, and tissues over a lifetime, with an increased probability of many chronic 

diseases such as diabetes, cardiovascular and neurodegenerative diseases, and 

even cancer (Rodríguez-Rodero et al., 2011). A series of conserved hallmarks of 

aging has been proposed, including: i) telomere attrition; ii) genomic instability; iii) 

epigenetic alterations; iv) loss of proteostasis; v) deregulated nutrient sensing; vi) 

mitochondrial dysfunction; vii) cellular senescence; viii) stem cell exhaustion; and 

ix) altered intercellular communication (López-Otín et al., 2013) (Fig. 5).  

 

Figure 5. The nine hallmarks of aging. Adapted from López-Otín  et al., (2013). 



CAPITULO I: INTRODUCTION 41 

Aging depends not only on the chronological age but also on the biological 

age, which is related to the physiological state of the cells, tissues, and organs. 

Therefore, the manner and rate of biological aging depends on everyone (Angarola 

& Anczuków, 2021; Melzer et al., 2020). In the last century, the great advances in both 

public health and medicine have allowed the increase in life expectancy globally. 

This implies that more than 2.1 billion people in 2050 will be over 60 years old, 

leading to a 5-fold increased risk in age-related diseases, which is a major public 

health problem from the social and economic point of view (Melzer et al., 2020). 

Having a longer life expectancy but suffering from age-related diseases is not 

desirable. Geroscience is a new research field focused on understanding the basic 

mechanisms driving aging and the link between aging and age-related chronic 

diseases. Its goal is to provide novel preventive or diagnostic measures and 

treatments with the aim of rejuvenating, understanding rejuvenation as reducing 

the burden of age-related diseases and disabilities and delaying the onset of aging 

to increase healthy life expectancy (Kennedy et al., 2014).  

I.3.1 Strategies to achieve rejuvenation. 

Several approaches have been explored to slow down aging, including 

overexpression of telomerase (Cox & Mason, 2010), fasting (de Cabo & Mattson, 2019), 

caloric restriction (Pifferi & Aujard, 2019), exercise (Galloza et al., 2017), 

nutraceuticals (Jian-Guo Jiang et al., 2016) and senolytic drugs to selectively induce 

apoptosis in senescent cells (Kirkland & Tchkonia, 2020).  

I.3.1.1 Overexpression of telomerase. 

Telomere shortening is the main factor causing aging, so the overexpression 

of telomerase is a tempting strategy to achieve rejuvenation. However, it has been 

demonstrated in mice that transgenic overexpression of the catalytic subunit of 

telomerase, mTERT, increases cancer incidence, therefore masking the potential 

beneficial effects of constitutive telomerase activation (González-Suárez et al., 

2005). This setback has been overcome by over-expressing mTERT in a cancer 

protective background with increased expression of tumor suppressor genes, 

which results in extension of the median lifespan (Tomás-Loba et al., 2008). The 
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combination of caloric restriction (CR), that partially mimics a tumor suppressive 

condition, attenuates telomere erosion associated to aging and synergizes with 

mTERT overexpression, resulting in increasing healthspan and extending mouse 

longevity (Vera et al., 2013). Another successful approach is the use of a gene 

therapy with non-integrative adeno-associated virus (AVV). In this way, 

overexpression of mTERT in old mice delays aging symptoms, improves memory 

and increases longevity but not cancer incidence (Bernardes de Jesus & Blasco, 2012) 

(Fig. 6).  

 

 

 

 

 

 

 

 

 

I.3.1.2 Anti-aging drugs. 

Some FDA approved drugs target one or more molecules to reduce cellular 

damage, slow down aging-associated diseases and prolong the healthspan, such as 

(summarized in Fig. 7): 

  

Figure 6. Telomerase gene therapy to promote healthspan in 

mice. Overexpression of the catalytic subunit of telomerase gene (TERT) by 

using a modified adenovirus vector (rAAV) corrects aging associated telomere 

erosion and extends short telomeres in a variety of tissues. Consequently, 

animals show improved healthspan and extended lifespan. Adapted from 

Boccardi et al., (2012). 
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i) Resveratrol. A polyphenol that is abundant in grape skin and seeds, shows 

antioxidant, anti-inflammatory and anticancer properties (Galiniak et al., 

2019). Resveratrol is involved in anti-aging as an activator of the sirtuin 

family and the Nrf2 pathway (Cao et al., 2018; Price et al., 2012; Wang et al., 

2016). In addition, resveratrol can act directly on transcriptional regulators 

thus acting as an anti-inflammatory and antioxidant, ameliorating aging-

related diseases such as inflammatory and cardiovascular diseases, and 

even Alzheimer's disease through various mechanisms (Park et al., 2012; 

Sawda et al., 2017; Tsai et al., 2014; Xia et al., 2017; Y. Zhu et al., 2019). It has 

been also reported the effect of resveratrol on telomerase activation, 

pointing to a great therapeutic potential of resveratrol for a wide variety of 

cardiovascular diseases (Gutlapalli et al., 2020). But, unlike in animal 

models, the effects of resveratrol in humans are controversial, so it is 

difficult to use resveratrol in large-scale clinical trials at this stage. 

Therefore, it would be very desirable to test whether other resveratrol-

derived molecules give better results. 

ii) TA-65. A natural molecule containing Astragalus membranaceus extract 

induces telomerase activation both in vitro (Molgora et al., 2013; Tsoukalas 

et al., 2019) and in vivo. In murine models, TA-65 dietary supplementation 

results in the increasement of healthspan without increasing cancer 

incidence and in the amelioration of aging-induced deteriorations in the 

liver (Alshinnawy et al., 2021; de Jesus et al., 2011). In humans, several pilot 

studies have shown that oral administration of TA-65 improves the macular 

function in patients with early macular degeneration (Dow & Harley, 2016) 

and reduces cardiovascular disease risk by reducing inflammation in 

patients with metabolic syndrome.  

iii) Metformin.  A hypoglycemic drug used to treat type 2 diabetes (Pryor & 

Cabreiro, 2015) has been shown to reduce the pathogenesis and mortality of 

cardiovascular diseases (Palmer et al., 2016; Schlender et al., 2017). In 

addition, it has been reported the positive effect of metformin on cancer, 

neurodegenerative diseases, dementia, and cognitive impairment (Barzilai 

et al., 2016; Ng et al., 2014). Metformin targets the major pathways of aging 

because it affects inflammatory, cellular stress and autophagy responses, 

etc. by acting both inside and outside the cell. Extracellularly, metformin 
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decreases insulin levels and IGF-1 signaling while influencing multiple 

cytokines to participate in anti-aging processes (Liu et al., 2011). 

Intracellularly, metformin reduces ROS production by inhibiting 

mitochondrial complex I in the electron transport chain generation and 

AMPK activation (Batandier et al., 2006; Cho et al., 2015). Metformin also 

reduces DNA damage (Algire et al., 2012; Cabreiro et al., 2013) and triggers 

a simultaneous increase in mechanistic target of rapamycin (mTOR) protein 

kinase signal inhibition and SIRT1 activation, which results in a longer 

lifespan (Nair et al., 2014; Pérez-Revuelta et al., 2014). In addition to glucose 

homeostasis, metformin also affects the tumor suppressor pathway, 

exerting excellent anti-cancer effects (DeCensi et al., 2010). However, it has 

been also reported that 745 proteins are regulated by metformin long-term 

treatment (Stynen et al., 2018) which could explain both the positive effects 

but also the side effects of metformin treatment throughout life. Therefore, 

before considering metformin as an anti-aging drug, more research is 

needed to determine its broader effects, the molecular mechanism of action, 

and its safety implications. 

iv) Rapamycin. A macrolide produced by Streptomyces hygroscopicus 

initially discovered as an antifungal agent, is currently the only known 

pharmacological substance to prolong lifespan in all studied model 

organisms and the only one in mammals (Weichhart, 2018) through the 

inhibition of mTOR signalling pathway. Short-term or intermittent 

administration of rapamycin specifically inhibits mTORC1, reducing 

protein and nucleotide synthesis, promoting autophagy responses, while 

also reducing cellular stress responses (Saxton & Sabatini, 2017) These effects 

of rapamycin may delay age-related diseases and promote longevity (Bitto 

et al., 2016; Carosi & Sargeant, 2019; C. L. Chung et al., 2019; Mannick et al., 2014; 

Neff et al., 2013). In contrast, long-term administration of rapamycin results 

in the inhibition of mTORC2, leading to metabolic dysfunction and reduced 

lifespan, through a still not clear mechanism (Arriola Apelo & Lamming, 2016). 

Therefore, further experiments are needed to determine the beneficial 

effects of rapamycin on aging and age-related diseases through mTORC1 

inhibition while minimizing the side effects associated with mTORC2 

inhibition. 
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v) Senolytic. Are drugs that selectively induce apoptosis in senescent cells, 

which are apoptosis-resistant cells (Zhu et al., 2018), being a promising 

strategy for extending both healthspan and lifespan. It has also been 

reported the effectiveness of senolytics for some age-related diseases, such 

as idiopathic pulmonary fibrosis, sarcopenia, osteoarthritis, and 

glomerulosclerosis (Kim & Kim, 2019). For example, navitoclax or ABT263 is 

a Bcl-2 family inhibitor, leading to apoptosis of senescent cells, regardless 

of cell type (Chang et al., 2016). Navitoclax is also used to treat lymphoid 

neoplasms and chronic lymphocytic leukaemia among others (Billard, 2013; 

Wendt, 2008). Dasatinib is another senolytic approved by the FDA for 

clinical use since 2006. Dasatinib is a potent inhibitor of tyrosine kinase 

BCR/ABL, promoting cell apoptosis through a series of receptors called 

dependence receptors such as ephrins (Kirkland & Tchkonia, 2020). Like the 

previous one, dasatinib is being used to treat different cancer including 

chronic myeloid leukaemia, Philadelphia chromosome-positive acute 

lymphoblastic leukaemia, advanced prostate cancer and thyroid cancer 

(Breccia & Alimena, 2011; Chan et al., 2012). Venetoclax or ABT-199 is a 

selective, oral BCL-2 inhibitor presenting antitumor activity against non-

Hodgkin’s lymphoma (Souers et al., 2013), chronic lymphocytic leukaemia 

(Vogler et al., 2013) and acute leukaemias (Khaw et al., 2014; R. Pan et al., 

2014) in vitro. Several in vivo mouse xenograft studies also showed activity 

against aggressive (Myc+) lymphomas (Vandenberg & Cory, 2013) as well 

as acute leukaemia (Peirs et al., 2014). Although these exciting anti-aging 

effects of senolytics, their use has its own limitations. Navitoclax causes 

severe thrombocytopenia and neutropenia, which limits its application 

(Niedernhofer & Robbins, 2018). Another potential problem is tissue 

atrophy caused by massive senescent cell removal. Moreover, senolytics 

eliminate both the harmful and the beneficial effects of senescent cells. For 

example, senescent cells also play a positive role as an effective barrier 

against tumorigenesis in the early stages of cancer (Calcinotto et al., 2019). 

This dual function of senolytics should be considered and therefore, it is 

necessary to improve the targeting of senolytics to selectively inhibit their 

harmful effects on cells and tissues. 
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I.3.1.3 Fasting and caloric restriction. 

Fasting and caloric restriction (CR) are increasingly recommended not only 

for weight loss, but also for the reduction of obesity-induced aging-related diseases 

(Salvestrini et al., 2019). CR has a positive effect on DNA repair and telomere 

mechanisms. It has been reported that CR significantly reduces the incidence of 

tumors in telomerase transgenic (TgTert) mice, prolonging their lifespan (Vera et 

al., 2013). CR increases metabolic efficiency and prevents cell damage (Picca et al., 

2017). CR also extends the lifespan of rodents and humans by reducing insulin, 

glucose, and the IGF-1 signaling pathway (Hwangbo et al., 2020; Pifferi & Aujard, 

2019). Both expression and activity of sirtuins, which are closely related to aging, 

are induced by CR (Imai & Guarente, 2010). CR also is able to ameliorate 

inflammation and insulin resistance in a rat model of age-associated inflammation 

Figure 7. Anti-aging drugs. Resveratrol is known to ameliorate mitochondrial 

dysfunction associated with aging. Senolytics are drugs that selectively 

eliminate senescent cells. On the other hand, rapamycin and metformin 

increase lifespan by inhibiting the mTOR pathway.  Adapted from Hoi-Hung 

Cheung et al., (2015) 

 



CAPITULO I: INTRODUCTION 47 

through the regulation of GSH redox status and NF-κB, SIRT1, and FoxOs (H. Y. 

Chung et al., 2011; Horrillo et al., 2011).  

CR or CR mimickers, such as resveratrol or metformin, by reducing insulin 

resistance, contribute to preventing the onset and the progression of metabolic 

diseases (Gerhart-Hines et al., 2007). The reduction of nutrient intake can reduce 

cardiovascular disease (CVD) by controlling the mechanisms that maintain cardiac 

activity during aging, such as autophagy, proteasome-mediated turnover, 

apoptosis, and mitochondrial quality (Rattan, 2014). In healthy, non-obese 

individuals, CR could reduce the incidence of CVD by 30% (Most et al., 2018). 

Moreover, a long-term CR without malnutrition could reduce oxidative damage to 

tissues and organs (Redman et al., 2018), and induce significant suppression of 

inflammation (Meydani et al., 2016) (Fig. 8).  
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But, again, CR can also exert negative effects. For example, CR should not 

be used for treating diseases in the elderly population with malnutrition (Pifferi & 

Aujard, 2019) or in people with a low body mass index (BMI, less than 21 kg/m2) 

because CR could lead to rapid weight loss increasing the risk of further health 

problems (Picca et al., 2017). In mice, it has been demonstrated that the combination 

of CR with exercise could cause bone loss (McGrath et al., 2020). In humans, CR 

could decrease bone mineral density, increasing the risk of osteoporotic fractures 

(Villareal et al., 2016). Therefore, before engaging in CR as a therapy to slow down 

aging, many factors should be taken into consideration. 

I.4 Zebrafish models to study aging 

Around 70% of human genes have at least one clear zebrafish orthologue, 

based on comparison with the human reference genome. Interestingly, despite 

having no identifiable zebrafish orthologue for a few notable human genes (Howe 

et al., 2013). Zebrafish proteins with functionally similar activities may exist. In 

addition, in the Online Mendelian Inheritance in Man (OMIM) database, 3176 

genes are described that are related to different diseases, of which 82% (2601 genes) 

have an orthologue in zebrafish (Howe et al., 2013).  

 Tools have recently emerged which are able to easily manipulate the 

zebrafish embryo’s genome and this together with the knowledge of both the 

Figure 8. Caloric restriction (CR)-related processes involved in improving 

health and longevity. CR influences cellular pathways that produce an 

organism-wide response, leading to more efficient metabolism, providing 

greater protection against cellular damage and activation of remodelling 

mechanisms, whereas less efficient metabolism leads to blockade of these 

synthetic pathways. IGF-1, insulin-like growth factor-1; TOR, target of 

rapamycin; AMPK, AMP-dependent kinase; FoxOs, hairpin box proteins; 

eNOS, endothelial nitric oxide synthase; ROS, reactive oxygen species. Adapted 

from Picca et al., (2017). 
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disease-leading genes in humans and the sequences of their zebrafish orthologs 

makes for a powerful methodology to create disease-specific models for the 

validation of novel drugs and the discovery of new therapeutics. 

It is worth mentioning, human genes that are associated with many zebrafish 

genes (the ‘one-human-to-many-zebrafish’ class), with an average of 2.28 zebrafish 

genes for each human gene (Howe et al., 2013). This is because of an ancestor 

undergoing an additional round of whole-genome duplication. Gene redundancy, 

from an evolution point of view, helps an organism to survive when one copy of 

the homologs becomes non-functional or malfunctions or acquires a new function. 

However, it is undesirable for either the forward genetic approach to screen 

phenotypic mutants or reverse genetics to generate null alleles for target genes 

because the redundant genes might obscure the phenotypic drug screening or 

analysis. 

Although the zebrafish is an aquatic animal, most zebrafish organs perform 

the same functions as their counterparts in humans, such as the pancreas (Matsuda, 

2018), cardiovascular system (Rödel & Abdelilah-Seyfried, 2021) hematopoietic 

system (Robertson et al., 2016), they also conserve critical parts of the innate and 

adaptive immune system. The inflammatory response has also been found to be 

well-conserved with humans (Meijer, 2016; Y. Xie et al., 2021). The zebrafish brain 

and olfactory system share a significant degree of molecular and anatomical 

conservation with humans (Saraiva et al., 2015).  

As above, processes such as aging or cancer are conserved (Anchelin et al., 

2011, 2013). Interestingly, the human telomere length is more like that of zebrafish 

than of rodents, adding to a list of cases in which zebrafish physiology may be more 

relevant that its rodent counterpart as has been observed in their cardiac 

electrophysiology, vision dominated by cones, and diurnal behavior (Calado & 

Dumitriu, 2013; MacRae & Peterson, 2015).  

Due to all these advantages, in recent decades, the zebrafish has positioned 

itself as an excellent in vivo model for studying a multitude of both physiological, 

pathological processes, including aging (Cayuela et al., 2019) (Fig. 9). 
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I.4.1 Telomeres and telomerase in zebrafish.     

Since the coding sequence of the catalytic subunit of zebrafish telomerase 

(zftert) was sequenced and cloned, and the expression of telomerase at both mRNA, 

protein, and functional levels carried out a few years ago (Spence et al., 2008), the 

zebrafish has been considered a good model for conducting studies on aging, 

regeneration, and cancer. In addition, the RNA component of telomerase (zfTR), 

was also characterized through bioinformatic studies of secondary structure 

analysis and functional analysis in comparison with other known small vertebrates 

of five teleost fish, including zebrafish, observing that both structure and function 

are conserved, thus supporting the use of zebrafish as a model organism for the 

study of telomerase biology (Xie et al., 2008).  

The characterization of the behavior of telomeres and telomerase in both 

aging and regeneration in zebrafish demonstrates that both telomeric length and 

telomerase activity are closely linked throughout the life cycle of zebrafish.  

Therefore, these two parameters can be used as biomarkers for the study of 

aging in zebrafish (Anchelin et al., 2011; Carneiro, de Castro, et al., 2016; Carneiro, 

Henriques, et al., 2016). As both telomere length and telomerase expression are 

  

Figure 9. Advantages of the zebrafish model. Besides being an excellent model 

to study development, the application of genetic approaches makes the 

zebrafish a good model to study the function of genes and signalling pathways 

involved in different diseases.   Adapted from Chitramuthu et al., (2013). 
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limiting factors for the useful life of zebrafish, it is possible to study telomere 

shortening in normal individuals. Unlike the mouse model, zebrafish show limited 

telomerase activity and a telomeric length like that of humans so, with each cell 

division, telomere shortening occurs just as it occurs in humans, as a biological 

clock for cell division (Anchelin et al., 2011; Henriques & Ferreira, 2012).  

The aging phenotype of zebrafish has been well described by using a 

premature aging model, the telomerase-deficient zebrafish line (tert-/-). This 

publicly available tert mutant line generated by ENU mutagenesis at the Sanger 

Institute (hu3430) has a nonsense mutation (T>A) resulting in a premature stop 

codon and truncated protein with only the first 156 aa out of 1088 aa, as well as the 

absence of the RNA binding and reverse transcriptase domains.  

The phenotype included lacking telomerase activity, telomere shortening, 

chromosomal instability, sustained decrease in cell proliferation, acute apoptotic 

response, accumulation of DNA damage responses (DDRs), senescence, and, 

finally, tissue atrophy (Anchelin et al., 2013; Henriques et al., 2013). For these 

reasons, the zebrafish is another complementary model to the murine (mouse) 

model for the study of diseases caused by a dysfunction in telomerase. Other 

studies have highlighted that telomerase is necessary for the useful life of zebrafish, 

since zebrafish with telomerase deficiency presents a series of symptoms of 

premature aging from the first generation, such as infertility, curvature in the spine, 

weight loss, degeneration of both the liver and the retina (Henriques et al., 2013) 

(Fig. 10).  
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However, while the life expectancy of the first-generation Tert-deficient 

zebrafish model is still too long, the second-generation show a morphological 

phenotype so severe that larvae do not survive (Anchelin et al., 2013). For this, the 

generation of a hasty aging zebrafish model that is useful to do drug screening is 

very desirable. 

 

 

 

Figure 10. Telomerase-deficient premature aging zebrafish model. First-

generation telomerase mutant zebrafish show progressively body wasting and 

die prematurely. Adapted from Henriques et al. (2013). 
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I.4.2 Immunosenescence in zebrafish. 

In mammals, recombination activating gene 1 and 2 (RAG1 and RAG2) 

translate a lymphoid-specific endonuclease (RAG1/2), initiating a programmed 

DNA rearrangements in progenitor lymphocytes to assemble the vastly diverse 

immunoglobulin (Ig) and T-cell receptor (TCR) genes (Bassing et al., 2002). Rag1-

deficient zebrafish present a point mutation that results in a premature stop codon 

in the rag1 catalytic domain, which completely blocks Ig gene assembly removing 

the adaptive immune system (Wienholds et al., 2002). Contrary to RAG1-deficient 

humans, Rag1-deficient zebrafish reach adulthood and become fertile without 

obvious signs of infectious disease in standard, non-sterile aquarium facilities. In 

fact, it rag1−/− zebrafish respond faster to a viral infection and have increased 

survival (García-Valtanen et al., 2017). However, compared to their wild-type 

siblings, the Rag1-deficient zebrafish show: i) a premature aging phenotype, with 

a reduced lifespan; ii) a higher incidence of cell cycle arrest and apoptosis; iii) a 

greater amount of phosphorylated histone H2AX and oxidative stress; iv) an 

upregulated expression of senescence-related genes and senescence-associated b-

galactosidase (SA β-gal) activity; v) diminished telomere length; and vi) abnormal 

self-renewal and repair capacities in the retina and liver. As expected, the treatment 

of rag1−/− zebrafish with the senolytic navitoclax can reduce both the expression of 

senescence markers and SA β-gal staining in the skin. (Fig. 11). 
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The accumulation of DNA damage over time and the involvement of chronic 

inflammation and oxidative stress, along with the fact that the absence of mature 

lymphocytes in rag1−/− fish generate a higher accumulation of senescent cells, 

explain the premature aging phenotype, and presents Rag1-deficient zebrafish line 

is an excellent model of immunosenescence (Novoa et al., 2019). 

I.4.3 Chronic inflammation and oxidative stress in zebrafish.     

The zebrafish line with a hypomorphic mutation of spint1a, the gene 

encoding the serine protease inhibitor, kunitz-type, 1a (a growth factor also known 

as hepatocyte-activator inhibitor 1, hai1a) has been described as a chronic skin 

inflammation model. Spint1a-deficient larvae show; i) neutrophil infiltration in the 

skin; ii) keratinocyte hyperproliferation that results in aggregate foci; iii) epithelial 

Figure 11. Rag1-deficient zebrafish immunosenescence model. 1 year-old 

rag1-/- zebrafish show SA-β-gal activity in the skin and altered survival. Adapted 

from Novoa et al., (2019). 
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integrity disruption; and iv) chronic skin inflammation (Carney et al., 2007; Mathias 

et al., 2007). This inflammatory process is mediated by parthanatos cell death 

because of hyperactivation of poly (ADP-ribose) polymerase 1 (Parp1) in response 

to ROS-induced DNA damage and is fuelled by nicotinamide 

phosphoribosyltransferase (NAMPT)-derived NAD+ (Martínez-Morcillo et al., 

2021). So, the chronic skin inflammation Spint1a-deficient model shows all the 

characteristics that define inflammaging (Franceschi et al., 2000) (Fig. 12). 

 

 

 

 

 

 

 

 

 

 

 

 

Another zebrafish model originally described as a non-alcoholic fatty liver 

disease/non-alcoholic steatohepatitis (NAFLD/NASH) model, can be also 

described as a nutrient excess-induced chronic inflammation or metainflammation 

 

Figure 12. Spint1a-deficient zebrafish inflammaging model. 24-hpf Spint1a-

deficient larvae (A’) showing (48 hpf): epithelial integrity disruption (B’), 

neutrophil infiltration in the skin (C’), keratinocyte aggregate foci (D), and 

skin inflammation (E). Adapted from Mathias et al., (2007). 
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model. Fish fed with a high-cholesterol diet (HCD) for 11 days develop non-

resolving inflammation in the liver with increased neutrophil infiltration, altered 

macrophage polarization, reduced T-cell density, and enhanced cancer progression 

(de Oliveira et al., 2019) (Fig. 13). This metainflammation model is very useful to 

search for new drugs with preventive-aging or anti-aging effects.  
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I.5 Virtual Screening (VS)  

Virtual screening techniques were born in the 1980s, but it was not until 1997 

that the first virtual screening publication appeared (Horvath, 1997).  

  This is a computational or in silico technique, which allows cost-effective 

identification of new bioactive substances from large libraries of compounds 

(Surabhi & Singh, 2018) consisting of 1 dimension (D), 2D, and 3D chemical 

structures (Duan et al., 2010; Ivanciuc et al., 2000; Jørgensen & Pedersen, 2001; 

Rollinger et al., 2008). Virtual screening acts as a funnel, filtering large libraries of 

compounds that are available, producing a selection of the best or most promising 

molecules for subsequent in vitro assays (Cheng et al., 2012; Maia et al., 2020; 

Svensson et al., 2012). The fundamental premise of virtual screening is based on 

ligand-protein recognition, therefore only the most promising molecules are 

synthesized (Shen et al., 2003).  

 On the other hand, VS is also able to identify compounds that may be 

potentially toxic or present unfavorable pharmacokinetics or pharmacodynamics 

(Ma et al., 2009; Maia et al., 2017; Shen et al., 2003).  VS can be classified in 2 types: 

structure-based virtual screening (SBVS) and ligand-based virtual screening 

(LBVS) (Fig. 14). 

 

 

Figure 13. NAFLD/NASH zebrafish metainflammation model. At the top, 

nutrient excess triggers to inflammatory stress that leads to DNA damage and 

cell cycle dysregulation in hepatocytes. Eventually, this metainflammation 

leads to the development of HCC.  At the bottom, zebrafish fed with HCD 

shows metainflammation in the liver, with changes in macrophage 

polarization, increased infiltration of neutrophils and TNFα-positive 

macrophages and reduced T cell infiltration.  Metformin treatment can 

ameliorate this metainflammation phenotype.  NAFLD: non-alcoholic fatty 

liver disease; NASH: non-alcoholic steatohepatitis. HCD: high cholesterol diet. 

Adapted from Lu et al., (2015) and de Oliveira et al., (2019). 



58 David Hernández Silva 
 

 

 

 

 

 

 

 

 

 

I.5.1 Structure-Based Methods (SBVS) 

Structure-based virtual screening (SBVS) methods predict the interaction 

between the ligand and the molecular target (ligand-receptor). In this type of VS, 

compounds are ranked from a database by a scoring function that predicts ligand-

receptor affinity and is implemented in the molecular docking process (Brink & 

Exner, 2009; S. Y. Huang et al., 2010; Leelananda & Lindert, 2016). SBVS shows the 

following advantages  (Leelananda & Lindert, 2016): i) Regarding computational 

cost of VS methods, SBVS methods are generally more expensive than LBVS 

methodologies (Batool et al., 2019; Gorgulla et al., 2020; Vázquez et al., 2020); ii) 

Since each docking simulation typically only needs a few minutes (Bender et al., 

2021) when using a single CPU core; iii) When compared to full library wet-lab 

screening, fewer molecules are synthesized or purchased since only the top-ranked 

compounds are evaluated in the laboratory; iv) Existence of available software tools 

(https://www.click2drug.org/) that help to perform SBVS.  

Nevertheless, SBVS also have disadvantages that are detailed as follows 

(Leelananda & Lindert, 2016). Other tools work better in specific cases (Lionta et 

al., 2014). Low accuracy in predicting ligand-receptor binding affinity and 

subsequent classification of compounds although it can be increased when using 

  

Figure 14. Schematic representation of the different types of VS methods. 

https://www.click2drug.org/
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more advanced SB methods such as Free Energy Perturbation (Cournia et al., 2020) 

of Thermodynamic Integration (Sahakyan, 2021); and finally, they can generate 

false positives as well as false negatives. 

Search algorithms are used to predict the orientations (Carpenter et al., 2018; 

Carregal et al., 2017; Dutkiewicz & Mikstacka, 2018) and conformations that ligands 

can adopt at the binding site by the target molecule (Carpenter et al., 2018; Carregal 

et al., 2017; Dutkiewicz & Mikstacka, 2018; Mugumbate et al., 2017; Nunes et al., 

2019; Surabhi & Singh, 2018; Wójcikowski et al., 2017). 

Accordingly, a good docking protocol will obtain more realistic ligand-

receptor conformations and binding positions at the binding site. When processing 

a large compound database during a virtual screening calculation, a good docking 

protocol should be able to efficiently rank the compounds according to the 

predicted binding affinity values (Huang et al., 2006; Palacio-Rodríguez et al., 

2019), and to predict the 3D structure of resulting binding poses (Huang et al., 

2006). But also important, the docking workflow should have a high computational 

throughput (Puertas-Martín et al., 2020) and be as fast as possible when predicting 

both ranking and structure. 

This algorithm performs a global search for most of the possible positions 

that can occur between the ligand and the receptor-binding site including rotational 

and translational degrees of freedom to the ligand (Maia et al., 2020). 

In addition, include the descriptions of algorithms used in molecular docking 

and a list of software used: i) Autodock Vina (Trott & Olson, 2009); ii) Glide (Friesner 

et al., 2004; Repasky et al., 2007); iii) Lead Finder (Stroganov et al., 2008); iv) FRED 

(McGann, 2012); and v) Autodock 4 (Morris et al., 1639). 

I.5.2 Ligand-Based Methods (LBVS)  

Ligand-based virtual screening (LBVS) uses both structural information and 

the physicochemical properties of the structure of molecules, and if these molecules 

are active, it performs a VS under the principle of a previously defined similarity 

metric. 

Thus, from a set of known active molecules, new candidate compounds can 

be identified that should bind to a molecular target by a similar mechanism and 

hence exert a similar biological effect on the starting molecule. This method 
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includes different molecular descriptors, these descriptors can be 1D and 2D that 

offer information about the chemical nature and topological characteristics of the 

compounds, on the other hand, we find the 3D molecular descriptors that are 

associated with molecular fields both in shape and volume and pharmacophores 

(Rollinger et al., 2008; Vázquez et al., 2020) (Fig. 15). 

 

I.5.3  Pharmacophoric Methods 

According to the International Union of Pure and Applied Chemistry 

(IUPAC) definition, a pharmacophore is ‘a set of steric and electronic characteristics 

that is necessary to ensure optimal supramolecular interaction with a specific 

biological target and to activate or block its biological response´. This concept is 

based on the interactions observed in molecular recognition. Such interactions can 

be hydrogen bonds, positive or negative charges of the molecules, and 

hydrophobic regions. This type of mapping has proved to be a very useful and 

Figure 15: Graphic representation of the different molecular descriptors. A) 

Molecular descriptors 1D., B) Molecular descriptors 2D. C) Molecular 

descriptors 3D. 



CAPITULO I: INTRODUCTION 61 

successful tool in understanding the recognition process between the protein 

(receptor) and the ligand (Rojas et al., 2012). 

To generate a pharmacophore model, in addition to knowing the interaction 

that occurs between the receptor protein and the ligand, in this case of structure-

based virtual screening (SBVS), it is necessary for the 3D structure of the receptor 

to be known (Sanders et al., 2012). Currently, there is a platform in which we can 

find 3D structures of proteins, expressly, the Brookhaven Protein Data Bank (PDB) 

(Berman et al., 2000; Rollinger et al., 2008; Scapin, 2006). Along with the ligand-

binding site, where we can generate a 3D structural model of the most relevant 

ligand-based interactions (Rollinger et al., 2008) (Fig. 16). 

 

 

 

 

 

 

 

 

 

 

 

The LigandScout software (Wolber & Langer, 2005) allows the analysis and 

interpretation of the structural information of ligands and the posterior generation 

of pharmacophore models. This software allows the detection of the most relevant 

interaction site that exists between the ligand and the receptor protein, and the 

  

Figure 16: Ligand-protein interaction zone, the conformation of the ligand in 

the active center (yellow box). Figure obtained from PDB: 4HDA. Graphic 

representation obtained with Ligand Scout 4.4. 
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binding that is generated between them can be visualized in a very detailed way 

(Rollinger et al., 2008) (Fig. 17).  

 

 

 

 

 

 

 

 

 

In contrast, when pharmacophore models are used for screening new ligands, 

the ranking prediction is based on a similarity metric (Rollinger et al., 2008) with 

respect to the initial pharmacophore model derived from the experimental protein-

ligand crystallographic structure. This type of screening yields many possible 

candidates, although it has a several other advantages including discrimination of 

non-binder compounds. Furthermore, the computational level has a lower cost 

when compared to other techniques such as high throughput docking (Rollinger et 

al., 2008). 

This VS method can be used if a group of ligands (compounds) is active and 

their 3D structure is known, so their pharmacophores can be defined (Gad, 2008). 

Such a pharmacophore can serve as a model to perform VS, especially since this 

  

Figure 17: Pharmacophoric model of the ligand. The interaction between the 

ligand and the protein. Spheres of exclusion are represented gray spheres 

exclusion. Hydrophobic sites are represented by yellow spheres. Electron 

donor are represented by green arrow. Molecule obtained from PDB: 4HDA. 

Graphic representation obtained with Ligand Scout 4.4. 
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model is used when the 3D structure of the receptor is unknown and thus, SBVS 

cannot be performed (Rollinger et al., 2008).  

With this pharmacophoric approach, better performance is usually obtained 

than using just ligand similarity, since this method operates using a wider set of 

active molecules containing completely different chemical structures but showing 

the same pharmacophoric features (Rollinger et al., 2008). 

However, Pharmacophore-based VS methods do show some disadvantages: 

i) both conformation and molecule overlap might be inaccurate or insufficient 

(Leach et al., 2010); ii) they might exhibit ambiguities in the pharmacophore model 

(this is related to the protonation and tautomer state of the compounds) (Leach et 

al., 2010); iii) they might show inadequate binding sites in the active center of the 

target molecule when ligand structures are not available, leading to incorrect 

ligand-receptor binding affinity (Leach et al., 2010). 

I.5.3.1 Combination OF SBVS and LBVS  

Molecular modeling methods based on both ligands and structure that exist 

today have been very successful in VS by retrieving new compounds as potential 

candidates for the process of creating new drugs. These methods, as well as others, 

display some disadvantages. For example, in the structure-based (SB), 

pharmacophoric method, the selection of the main pharmacophoric features is not  

trivial, having to consider the potential ligand conformations.  

These types of disadvantages must be considered when choosing the method 

to be used (Lavecchia & di Giovanni, 2013).  

The pharmacophore model is a very important when we do not know the 

active form of the ligand or the structure of the target protein (receptor), because in 

this case, it offers an advantage, aside from being able to identify a novel 

compounds, which is that a series of profiles can be designed to avoid the side 

effects that can occur when exerting a function foreign to the target protein 

(Schuster, 2010). The SB pharmacophore model is provided by the structure of the 

target protein, after a prior investigation of all possible interaction zones in the 

binding cavity is performed (Leach et al., 2010).  

Relevant interaction zones can be identified by energy- or geometry-based 

methods, resulting in a pharmacophore method. When all the necessary 
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information about the ligand is available, such as 3D structure and pharmacophoric 

characteristics, among others, the structure-based pharmacophore model is used, 

where all possible interaction zones between the protein and the ligand are 

described.  

The magnified advantage the SB pharmacophore method possesses is the 

higher probability for the identification of compounds that can be potentially 

active, leading to a higher computational cost which is a disadvantage (Leach et al., 

2010; Miles & Ross, 2021). The combination of both techniques has delivered both 

good and bad results since at present there is an inability in the fusion strategies 

between the two methods to be able to consistently offer superior performance 

concerning techniques separately (Leach et al., 2010). 

Different drugs discovery by VS techniques are already commercial, 

including saquinavir, ritonavir, and indinavir (anti-retroviral agents), saquinavir, 

ritonavir and indinavir (three drugs for the treatment of human immunodeficiency 

virus,) and others, that are in clinical phase III, such as nolatrexed, for the treatment 

of liver cancer (Devi et al., 2015; Nunes et al., 2019; Sliwoski et al., 2014; Talele et 

al., 2010). As previously, there are also different studies in which the combination 

of both VS techniques (SBVS and LBVS) is applied, where different drugs were 

found that are much more potent than that which currently exists, such as 

inhibitors of 17β-hydroxysteroid dehydrogenase type 1 (17β-HSD1)  (Debnath et 

al., 2019; Spadaro et al., 2012). It is worth mentioning that the use of these 

techniques for the development, improvement, and repositioning of drugs is in 

general terms a much faster and less expensive way than using a traditional 

experimental method. A key example is the discovery of specific inhibitors of 

histone deacetylase 8 (HDAC8). 

I.6 Combination of virtual screening and zebrafish models. 

Surprisingly, despite the success in drug discovery (DD) using virtual 

screening (VS) and high throughput screening (HTS) in zebrafish, the combination 

of both tools has not been fully exploited. Using both models in tandem provides a 

way of offering great potential for both new drug discovery and drug repurposing 

for different diseases. Importantly, innovations in silico target identification tools, 
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mentioned above, allow faster and more accurate specific target determination, 

making target-based screening popular again (Fig. 18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A selection of different combined VS and in vivo target-based screening 

strategies is illustrated below.  

 

  

Figure 18. Combination of virtual screening and in vivo target-based 

screening in zebrafish. A second round of screening is indicated in case of 

refinement of molecules is necessary. 
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I.6.1  Xenograft.  

Fascin 1 is a vital actin-bundling protein involved in cancer invasion and 

metastasis whose expression correlates with poor prognosis. Therefore Fascin 1 is 

an excellent therapeutic target in cancer treatment. In silico screening calculations 

of 9591 compounds, including 2037 approved by the FDA, were performed, and 

analyzed by VS to identify a potential fascin1 blocker (Alburquerque-González et 

al., 2020).  Among the 20-30 top candidate compounds, imipramine (anti-

depressants) and raltegravir (anti-retroviral) were selected by different techniques 

such as thermofluor, fluorescence titration and in vitro characterization. Finally, 

both compounds were tested using the xenograft transplantation in zebrafish 

larvae approach to evaluate their inhibitory activity in tumor growth, invasion, and 

metastasis. Imipramine is being already tested in an approved phase II clinical trial 

(Alburquerque‐gonzález et al., 2021). The combination screenings allowed the 

repurposing to take place in less than 3 years and the number of compounds tested 

in vitro/in vivo was greatly reduced (99,5 % of the library were eliminated in silico).  

I.6.2  Infection models.  

Tuberculosis (TB) is the second leading infectious disease-causing mortality 

worldwide. It is caused by Mycobacterium tuberculosis (Mtb). Topoisomerase I (Topo 

I), an essential mycobacterial enzyme, is heavily involved in the viability of the Mtb 

pathogen. Accordingly, the protein structure of Mtb Topo I 3D was employed for 

VS of 5 million compound libraries in an identification process of various Mtb Topo 

I inhibitors (Ott et al., 2016). Hydroxycamptothecin was one of the compounds 

identified. Its structural derivatization yielded a set of 15 compounds that were 

screened in vivo for anti-mycobacterial activity by using a zebrafish infection model 

(Bouz & al Hasawi, 2018). One of them was found to be more effective when 

compared to first-line anti-tuberculosis drugs, such as isoniazid and rifampicin 

(Bouz & al Hasawi, 2018).  

 Currently, there is an ongoing global pandemic of coronavirus disease 2019 

(COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2). This has caused a serious global public health emergency and with it, an 

unprecedented challenge to identify novel drugs for prevention and treatment. 
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Although a concerted effort has been undertaken for DD using VS (Aloufi et al., 

2022; Hakami et al., 2022; Yamamoto et al., 2022) nothing has yet been published 

regarding the combination of VS with zebrafish.  

Several laboratories have tried to analyze how useful zebrafish is as a model 

for COVID. These studies revealed that zebrafish showed an inflammatory reaction 

to SARS-CoV-2 rSpike protein (fragment N-terminal 16 to 165), which led to organs 

(liver, kidney, ovaries, and brain) being damaged in a similar pattern to what 

happens in severe cases of COVID-19 in humans (Ventura Fernandes et al., 2022). 

In addition, it is known that anosmia or loss of smell is a prevalent symptom of 

SARS-CoV-2 infection. Interestingly, the RBD fragment of SARS-CoV-2 S1 protein, 

caused olfactory pathology and loss of smell in adult zebrafish (Kraus et al., 2022). 

But all these experiments have been performed in adult zebrafish, while only larvae 

are most suitable for high-throughput drug screening.  

Despite the low infectivity of SARS-CoV-2 observed in zebrafish larvae, it has 

been descripted a viral RNA stabilization after virus inoculation in the swim 

bladder, which is an aerial organ sharing similarities with the mammalian lung 

(Laghi et al., 2022). In this regard, a humanized model has been generated by xeno-

transplantation with human lung epithelial cells (A549 cell line), into zebrafish 

swim bladder to study DD and test the safety of vaccines and immune response 

against SARS-CoV-2 and COVID-19 (Bauer et al., 2021). Future generation of 

transgenic zebrafish expressing human ACE2, will be needed to unlock the full 

potential of the zebrafish larvae in the DD to fight against COVID-19. 

I.6.3 Drug toxicity testing.  

Zebrafish is fast becoming an in vivo platform to predict toxicity (with a 

particular focus on cardio-, neuro-, hepato-, and nephrotoxicity) and teratogenicity 

of new compounds in the context of the whole animal, which could help to shift 

compound attrition to an early stage of drug development (Bauer et al., 2021; 

Eimon & Rubinstein, 2009; Raldúa & Piña, 2014; Sukardi et al., 2011). As such, the 

developmental toxicity assay with zebrafish has become an interesting endgame 

for in silico screening. 

Such is the case of a structure-based VS of the Enamine database with 1.7 

million compounds that were applied to identify novel acetylcholinesterase 
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(AChE) inhibitors (Targowska-Duda KM et al., 2022). In this case, VS determined 

29 compounds. Zebrafish were used as a toxicity and safety in vivo model. Finally, 

3 compounds were chosen.  

Similar strategies have been followed for detecting inhibitor toxicity of O-

GlcNAc transferase (OGT), NEDD8 activating enzyme and iNOS, which would be 

used in potential anti-tumor, anti-inflammatory and anti-neurodegenerative 

applications (Check Hayden, 2014; Sukardi et al., 2011). 

All this proves once again that zebrafish assays in tandem with 

computational screening significantly improve the efficiency of identifying specific 

regulators of biological targets and their toxicity, having been replicated in 

laboratories worldwide.



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. JUSTIFICACIÓN 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CAPITULO II: JUSTIFICACIÓN 71 

  II - JUSTIFICACIÓN 

En los últimos 50 años la esperanza de vida ha mejorado considerablemente. 

Este incremento se debe a la mejora en la calidad de vida y fundamentalmente a 

los avances en la ciencia médica que se han producido en las últimas décadas. Los 

individuos están alcanzando edades que eran impensables en épocas anteriores, 

aumentando de manera significativa el número de personas octogenarias. Como 

consecuencia también ha aumentado la incidencia de enfermedades relacionadas 

con envejecimiento, entre las que se encuentran las enfermedades cardiovasculares, 

el cáncer o las enfermedades neurodegenerativas.  

Sin embargo, los cambios producidos en los estilos de vida y en la dieta (rica 

en grasas saturadas, azúcar, con aditivos, sal y muy calóricas), así como la 

exposición a sustancias tóxicas o a terapias severas están haciendo que aparezcan 

dolencias que se asemejan a las enfermedades asociadas a edades más tempranas. 

Tal es el caso de la diabetes tipo 2, la obesidad, y enfermedades crónicas de hígado 

(hígado graso o hepatitis no infecciosas) y pérdida prematura de capacidades 

cognitivas. Por lo tanto, es probable que se revierta la tendencia longeva observada 

entre nuestros jóvenes. Por ejemplo, se predice que el número de adolescentes con 

diabetes tipo 2, una enfermedad prevenible, está aumentando rápidamente en 

sociedades con estilos de vida occidentales y altas tasas de obesidad infantil.  Estos 

adolescentes pierden ~15 años de la expectativa de vida promedio. También cabe 

destacar los supervivientes de cáncer (siendo más dramático en los 

supervivientes de cánceres pediátricos) que, debido a los tratamientos oncológicos 

también ven reducida tanto sus expectativas como su calidad de vida.   

Además de todo lo anterior, habría que añadir a aquellos pacientes que 

presentan enfermedades raras llamadas telomeropatías, que, a pesar de su baja 

incidencia, también sufren las consecuencias de un envejecimiento prematuro. 

Por lo tanto, la búsqueda de tratamientos rejuvenecedores deberían ser 

objetivos urgentes de los esfuerzos de Salud Pública. De hecho, muchos son los 

laboratorios que están interesados en la búsqueda de compuestos que aminoren las 

consecuencias del envejecimiento e incluso lleguen a rejuvenecer.  
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La sobreexpresión de la telomerasa (TERT) produce el alargamiento de los 

telómeros presentando un efecto rejuvenecedor sobre el metabolismo y las 

capacidades cognitivas en modelos de ratón.  

Los efectos rejuvenecedores han sido observados con los fármacos 

senolíticos, estos compuestos producen la eliminación específica de las células 

senescentes. Estas células senescentes segregan una serie de factores solubles 

asociados a senescencia (SASP), estos contribuyen al envejecimiento del organismo 

cuando se produce su acumulación al no poder ser eliminadas por el sistema 

inmunitario eficientemente.  

Por tanto, el objetivo fundamental de esta Tesis Doctoral es la identificación 

de moléculas naturales (nutracéuticos) capaces de mejorar la actividad enzimática 

de TERT o de producir la lisis de células senescentes. Para ello hemos combinado 

la potencia de las técnicas de cribado; in silico e in vivo.   

Por un lado, el escrutinio virtual in silico constituye una herramienta rápida 

y barata que nos permite procesar grandes bibliotecas de compuestos. Por otro 

lado, las larvas de pez cebra constituyen un modelo vertebrado que permite el 

cribado in vivo de grandes cantidades de compuestos en el contexto de un animal 

completo.  

Es importante destacar que la fisiología y la respuesta química se conservan 

en su mayor parte entre el pez cebra y los mamíferos.   

  En este trabajo de investigación se han aunado dos campos de conocimiento 

(Química computacional y Biología de sistemas) para la identificación de moléculas 

rejuvenecedoras y ha abierto nuevas líneas de investigación donde se deberán 

caracterizar los mecanismos moleculares implicados en los efectos fisiológicos 

observados.  
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 III - OBJETIVOS  

The specific objectives of the present work are: 

1. Development of zebrafish models of premature aging for anti-aging drug 

screening.  

2. Validation of the models by using two reference anti-aging compounds: 

resveratrol (antioxidant) and navitoclax (senolytic).    

3.  Discovery of new drugs with anti-aging potential by using virtual screening (VS) 

techniques. 

4. In vivo validation of candidates with anti-aging potential in different aging 

zebrafish models for repurposing.    
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IV - Materials and methods: 

IV.1 Maintenance of zebrafish. 
Wild-type AB zebrafish (Danio rerio) were obtained from the Zebrafish 

International Resource Center and mated, staged, raised, and processed using 

standard procedures. Briefly, adult fish were maintained in recirculating tanks at 

26°C, with a 14:10 hour light:dark cycle and were fed twice daily, once with dry 

flake food (PRODAC) and   once   with   live   artemia (MC   450, 

INVEAQUACULTURE).  Zebrafish embryos were maintained in egg water at 

28.5°C and were fed at 5 days with NOVOTOM and with live artemia at 11 days of 

life (DOI:dx.doi.org/10.17504/protocols.io.mrjc54n) (Widrick et al., 2018).  

The tert mutant line (allele hu3430) was obtained from the Sanger Institute 

and has been previously described (Anchelin et al., 2013; Henriques et al., 2013).  

The spint1a-deficient line was kindly provided by (Carney et al., 2007). The 

transgenic zebrafish lines Tg(lyz:dsRED2)nz50,5 (Hall et al., 2007) and 

Tg(mpeg1:EGFP)gl22 (Ellett et al., 2011) have been described previously. The mutant 

zebrafish line spint1ahi2217 (Carney et al., 2007) was isolated from an insertional 

mutagenesis screen.  

The performed experiments comply with the Guidelines of the European 

Union Council (Directive 2010/63/EU) and the Spanish RD 53/2013. The animal 

study protocol was approved by the Institutional Ethics Committee of the 

University Hospital “Virgen de la Arrixaca” (protocol code A13211202) and by 

Albert Einstein College of Medicine Institutional Animal Care and Use Committees 

(IACUC) (protocol code 00001166). 

 

http://dx.doi.org/10.17504/protocols.io.mrjc54n
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IV.2 Gene expression analysis. 

Total RNA was extracted from larvae 3 or 16 dpf larvae with TRIzol reagent 

(Thermo Fisher Scientific, Waltham, MA, USA) using a Direct-zol RNA Miniprep 

kit (Zymo Research) following the manufacturer’s instructions. RNA was treated 

with DNase I, RNAsa free (Qiagen) on the column. SuperScript™ VILO™ cDNA 

Synthesis Kit (Invitrogen, Waltham, MA, USA) was used to synthesize first-strand 

cDNA following the manufacturer’s instructions. Real-time PCR was performed 

with a StepOnePlus instrument (Applied Biosystems) using SYBR® Premix Ex 

Taq™ (Perfect Real Time) (Takara). Reaction mixtures were incubated for 30 

seconds (sec) at 95°C, followed by 40 cycles of 5 sec at 95°C, 20 sec at 60°C, and 

finally a melting curve protocol. Ribosomal protein S11 (rps11) was used for 

normalization of zebrafish mRNA expression (Table I), respectively, using the 

comparative Ct method (2-Δ∆Ct). In all cases, each PCR was performed with 

triplicate samples and repeated, at least, with two independent samples. 

 

Table I: Primers used for gene expression. 

zf TERT-F 5´- CGGTATGACGGCCTATCACT - 3´ 

zf TERT-R 5´- TAAACGGCCTCCACAGAGTT - 3´ 

zf p53-F 5´- GATGGTGAAGGACGAAGGAA - 3´ 

zf p53-R 5´- AAATGACCCCTGTGACAAGC - 3´ 

zf p21-F 5´- AACGCTGCTACGAGACGAAT - 3´ 

zf p21-R 5´- CGCAAACAGACCAACATCAC - 3´ 

zfrps11-F 5´- ACAGAAATGCCCCTTCACTG - 3´ 

zf rps11-R 5´- GCCTCTTCTCAAAACGGTTG - 3´ 

zf il1β-F 5´- GCCTGTGTGTTTGGGAATCT-3´ 

zf il1β-R 5´- TGATAAACCAACCGGGACA-3´ 

zf tnfα-F 5´- GCGCTTTTCTGAATCCTACG-3´ 

zf tnfα-R 5´-TGCCCAGTCTGTCTCCTTCT-3´ 

zf cxcl8b.1-F 5´-GCTGGATCACACTGCAGAAA-3´ 
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zf cxcl8b.1-R 5´-TGCTGCAAACTTTTCCTTGA-3´ 

zf bcl2-F 5´- TGTTACGGGATGCTGGAGAT-3´ 

zf bcl2-R 5´- GTCCCACCAAACTCGAAGAA-3´ 

IV.3 Telomerase activity assay. 

 A real-time quantitative TRAP (Q-TRAP) analysis was performed 

(Anchelin et al., 2011; Herbert et al., 2006). Briefly, a total of 20 zebrafish larvae were 

mechanically homogenized and proteins were extracted using ice-cold CHAPS 

Lysis buffer. Real-time Q-TRAP was performed with 0.1 and 1 µg protein extracts. 

For making the standard curve, a 1:10 dilution series of a telomerase-positive 

sample (HeLa cells) was used. Control samples were obtained by treating the 

zebrafish extracts with 1 µg RNase at 37 °C for 20 min. Data were collected and 

converted into Relative Telomerase Activity units performing the calculation: RTA 

of sample = 10(Ct sample-Δint)/slope. The standard curve obtained was y = -3.2295x 

+ 23.802. 

IV.4 Telomeric length measurement. 

gDNA from both kinds of samples was obtained using Wizard Genomic 

DNA Purificacion Kit (Promega, Madison, WI, USA) following the manufacturer’s 

instructions. Telomere length was measured by qPCR following the protocol 

described by Lau (Lau et al., 2013), using the primers described in the Table II. and 

40 ng of gDNA as template. Real-time PCR was performed with an ABI PRISM 

7700 instrument (Applied Biosystems) using TB Green PCR Core Reagents 

(Applied Biosystems). Reaction mixtures were incubated for 15 min at 95°C, 

followed by 40 cycles of 15 s at 95°C, 2 min at 54°C, and finally, 15 s at 95°C, 1 min 

at 60°C, and 15 s at 95°C. For each DNA genomic, gene expression was corrected 

by the rRNA11S content in each sample (Table II). Using the comparative Ct 

method (2-ΔΔCt). In all cases, each PCR was performed with triplicate samples.  
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Table II: Primers used for telomeric length. 

telom F 5′- GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3′ 

telom R 5′-TCCCGAACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3′ 

rps11 F 5′-ACAGAAATGCCCCTTCACTG-3′  

rps 11 R 5′-GCCTCTTCTCAAGGTTG-3′  

IV.5 Senescence-associated β-galactosidase (SA β-gal) activity assay. 

The measurement of the senescence-associated with β-galactosidase (SA β-

gal) activity is recognized as a standard procedure for detecting cellular senescence 

(Dimri et al., 1995). At 24 hpf, larvae were treated with 1-phenyl 2-thiourea (PTU) 

(3.8 µM) added to avoid the formation of melanocytes. After 4 days, the larvae were 

fixed in 4% paraformaldehyde (PFA) at 4 °C overnight with stirring, then washed 

3 times with PBS (pH 7.4) and a fourth wash with PBS (pH 6.0) at 4 ºC. Staining was 

carried out overnight at 37 °C with the corresponding staining solution (40 mM 

phosphate/citrate buffer (pH 6.0), 150 mM NaCl, 5 mM potassium ferrocyanide, 5 

mM potassium ferricyanide, MgCl2 2 mM, and 1 mg/ ml X-gal in DMSO), with 

stirring. After staining, the larvae were transferred to a Petri dish with PBS (pH 7.0) 

and imaged using a Leica M150C magnifying glass equipped with a digital camera 

(DMC 5400, Leica). The quantification of SA-β-gal activity staining was performed 

with ImageJ software by calculating the percentage of a blue area at the indicated a 

common region of interest (ROI).  

IV.6 Measurment the oxidative stress levels (H2O2 analysis). 

 H2O2 release was quantified using the live cell fluorogenic substrate acetyl-

pentafluorobenzene sulfonyl fluorescein (Cayman Chemical) (Candel et al., 2014; 

de Oliveira et al., 2015). About 72 hpf embryos were collected in a 96-well plate 

with 50 µM of the substrate in 1% DMSO for 1 hr. ImageJ software was used to 

determine the mean intensity fluorescence of a region of interest (ROI) placed in 

the dorsal fin for quantification of H2O2 production. 
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IV.7 Acridine Orange (AO) Staining Assay.  

gDNA from both kinds of samples was obtained using Wizard Genomic 

DNA Purificacion Kit (Promega, Madison, WI, USA) following the manufacturer’s 

instructions. It was performed by staining Acridine Orange, preparation the 

Acridine Orange (Sigma A6014) is prepared at 1 mg/mL (100X) in milliQ water and 

stored at -20ºC (light protected). Zebrafish larvae at 3 dpf were incubated in E3 

medium with Acridine Orange 1X for 30 min at room temperature (RT). The 

staining was stopped by washing 3 times for 10 min. After staining, zebrafish larvae 

with tricaine (200 mg/ml) or an equivalent anaesthetic (1X) and visualize dead cells. 

Imaging was performed with a fluorescence magnifying glass, Leica M205 FA 

equipped with a digital camera Leica DFC 365 FX with a green, fluorescent filter.  

IV.8 Imaging of zebrafish larvae. 

Live imaging of 3 or 16 dpf larvae was obtained employing buffered tricaine 

(200 mg/mL) dissolved in egg water. Images of 3 dpf larvae were captured with a 

fluorescence magnifying glass (Leica M205 FCA) equipped with a digital camera 

(Leica DFC 365 FX) and set up with green and red fluorescent filters. The images 

were analyzed to quantify the number of neutrophils, their distribution in the 

larvae, the number of macrophages, and the keratinocyte aggregates in a common 

region of interest (ROI) indicated in each figure. For 16 dpf larvae, images were 

taken by using a Nikon CSU-W1 spinning disk confocal and analysed with Imaris 

software (version 9.7.2). 

IV.9 Survival curves. 

A total of 30 zebrafish larvae with different genotypes treated with senolytics 

or flavonoids were monitored every 24 h over 18 days for clinical signs of disease 

and mortality under the magnifying glass Leica M150C equipped with a digital 

camera (DMC 5400, Leica).  20 larvae per condition were plated in 6-well plates, 

making triplicates of each condition. 
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IV.10 Molecule File.   

Pymol software, 2.3.4. version, was used as a ligand resource, (RCSB PDB, 

PDB:4hda; 3sxr; 4lvt, resource). For ligand conversion, MOE software, extension 

.mol2, and Autodock Tools software, extension .pdbqt, were used.   

IV.11  Ligand database. 

Drugbank database, extensions .pdbqt and .mol2, where 15000 entries (DB), 

including 2,700 approved small molecule drugs, 1,500 approved biologics 

(proteins, peptides, vaccines, and allergens), 132 nutraceuticals, and over 6,700 

experimental (discovery-phase) drugs can be found, was used as the main resource 

of main resource of ligands. 

IV.12 Virtual Screening. 

AutoDock, AutoDock Vina, LeadFinder software was used for docking 

calculations. 

IV.13 Ligand-Based Virtual Screening. 

Pharmacophore models development and candidate screening were 

performed using Ligand Scout 4.4. software.    

IV.14 Toxicity assay.  

The test doses of all the chosen compounds were determined in wt larvae and 

observed during the first 72 hours for both morphology and physiology of the 

larvae. It was decided to test first the 10 µM dose because it is the standar 

concentration used in the high-throughput screening.   

IV.15 Chemical treatment. 

The senolytics were re-suspended in 1mM DMSO, the treatment was added 

zebrafish models wt, ST2 and spint 1a -/-; +/+, larvae were maintained for 3 days 

with the different treatments: ABT-263 (10 µM + 1% DMSO), dasatinib (0.1 µM + .1 

% DMSO) or vehicle alone (1% DMSO), the antioxidants using a (10 µM + 1% 

DMSO), the genistein (5 µM + 1% DMSO). The chemotherapy doses (indicated in 
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each figure) were stablished according to developmental criterial. The water was 

renewed daily throughout the experiment period, in all the trials the treatment was 

added at 1 dpf. 

IV.16 Diet Preparation and Feeding of Zebrafish Larvae. 

Prior to any experimental procedure, the larvae were fasted for 24 h. At 3 dpf, 

the larvae were pre-selected for mpeg1:EGFP (green macrophages), and lyz:dsRED2 

(red neutrophils), using a fluorescence magnifier (Leica M205 FCA) equipped with 

a digital camera (Leica DFC 365 FX), and green and red fluorescence filters. Normal 

and high cholesterol diets (ND and HCD, respectively) were prepared as described 

previously (Michael et al., 2021), using Golden Pearl Diet 5–50 nm—Active Spheres. 

At 5 dpf, zebrafish larvae were separated in different tanks and maintained in the 

system. They were kept in medium size tanks with a density of 80 larvae per tank 

and fed for 8 days with ND or HCD (4 mg per day). At 13 dpf, the larvae were 

separated into small breeding boxes (20–30 larvae) and treated with vehicle (0.1% 

DMSO) or navitoclax (10 µM in 0.1% DMSO) for 3 days or apigenin (10 µM in 0.1% 

DMSO), naringenin (10 µM in 0.1% DMSO) and sakuranetin (10 µM in 0.1% DMSO) 

for 3 days with daily water renewal and fed with ND or HCD (2.5 mg per day). 

IV.17 Statistical analysis. 

Statistical analysis was performed by using GraphPad Prism 8. The differences 

between the two samples were analyzed by parametric or non-parametric test. Data 

with more than two samples were analyzed by analysis of variance (ANOVA) or 

mixed-effect analysis (see Figure legends for further details). 
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 V – Results  

V.1 In vivo models of premature aging in zebrafish. 

V.1.1 Shortened telomere-induced premature aging, the ST2 model. 

We generated a new zebrafish model to study aging and rejuvenation at the 

larvae stage from the Tert-deficient model (tert-/-) and corresponding to the 2nd 

generation of Tert-deficient zebrafish (Fig. 19A-B). By 48 hours post fertilization 

(hpf), most of the larvae showed a wild-type phenotype (94.9%), while the rest 

presented a mild (0.85%) or severe phenotype (4.24%) (Fig. 19C).  
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From the telomeric point of view (Fig. 20), at 3 days post fertilization (dpf) 

this new model presented a significant reduction of tert mRNA level (Fig. 20A). 

Consequently, telomerase activity was also significantly reduced (Fig. 20B), and 

this translated into a significant telomere shortening (Fig. 20C), for which we have 

called the new model as ST2 (Short Telomere, 2nd generation).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Workflow for the generation of the ST2 model and phenotype. A) 

Generation of telomerase-haplodeficient fish (tert +/-, ST1) by crossing wild-

type fish (wt, tert +/+) with telomerase-deficient fish (tert -/-). B) The ST2 model 

was generated by crossing ST1 with tert -/- fish. The spawn was made up of 50% 

tert +/- and 50% tert -/- fish. C) Representative images and D) Classification of 

48 hpf larvae according to phenotype. In D, differences are not statistically 

significant according to Two-way ANOVA followed by Sidak’s multiple 

comparison test. Scale bar: 500 µM. 
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Next, as telomere attrition leads cellular senescence, and cellular senescence 

can trigger premature aging, we determined the level of cellular senescence in the 

ST2 model by measuring the senescence-associated β-galactosidase (SA β-gal) 

biomarker in 3 dpf larvae. The whole larvae β-gal staining revealed a high level of 

cellular senescence compared to control (Fig. 21). 

 

 

 

 

 

 

 

 

 

 
 

Figure 20. Telomeric characterization of the ST2 model. A) The mRNA level 

of tert was determined by real-time RT-qPCR and normalized against rps11 in 

3 pdf zebrafish larvae. The graph shows the mean±SEM of 20 pooled larvae 

(n=20) and triplicate samples from 2 independent experiments (N=2). B) 

Telomerase activity was measured quantitatively in 3 dpf zebrafish larvae by 

Q-TRAP (relativized to telomerase-positive cells) using 0.1 µg of protein 

extract. Results are expressed as the mean±SEM of 25 pooled larvae (n=25) and 

triplicate samples from 2 independent experiments (N=2). C) The telomere 

length was measured in 3 dpf zebrafish larvae by qPCR using 16 ng of gDNA 

and determined as the telomere content relative to the single copy gene rps11. 

The graph shows the mean±SEM of 25 pooled larvae (n=25) and triplicate 

samples from 2 independent experiments (N=2). ns, non-significant; * p<0.05; 

**** p<0.0001, according to Mann-Whitney test.   
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The increase in senescence also affects the mitochondria, which was reflected 

as an increase in the production of reactive oxygen species (ROS) in the ST2 model 

(Fig. 22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, as both critically short telomeres and the increase in ROS 

induce apoptosis, we evaluated the cell death level in the ST2 model by performing 

an acridine orange (AO) assay, and we found an increased DNA fragmentation 

level in the ST2 larvae compared to control (Fig. 23B). We also checked the gene 

Figure 21. The ST2 larvae show increased cellular senescence. A) 

Representative images of b-gal staining of 3 dpf WT and ST2 larvae where b-

gal+ cells are stained in blue. B) Quantification of the cellular senescence levels. 

The violin plots with the median shown as a horizontal line show the 

distribution of b-gal+ cells. The graph shows the accumulation of 3 independent 

experiments (N= 3). *** p<0.01, according to unpaired t-test with Welch’s 

correction. b-gal: b-galactosidase. Scale bar: 500 µm. 

  

Figure 22. The ST2 larvae show increased oxidative stress levels.  A) 

Representative images of ROS staining of 3 dpf WT and ST2 larvae, where ROS 

+ cells are stained in green. The discontinuous white square represents the ROI 

for quantification. B) Quantification of the cellular oxidative stress levels. The 

violin plots with the median shown as a horizontal line show the distribution 

of ROS+ cells. The graph shows the accumulation of 2 independent experiments 

(N= 2). *** p<0.001, according to unpaired t-test with Welch’s correction. ROS: 

reactive oxygen species. ROI: region of interest. Scale bar: 500 µm. 
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expression profile of the pro-apoptotic genes p53 and p21, and the anti-apoptotic 

gene bcl-2. In our ST2 model, the expression of both p53 and p21 was induced, while 

the expression of bcl-2 was inhibited compared to control, supporting the previous 

results (Fig. 23C).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 23. The ST2 larvae show increased cell death levels. A) Representative 

images of AO staining of 3 dpf WT and ST2 larvae, where AO+ cells are stained 

in green. The discontinuous white square represents the ROI for quantification. 

B) Quantification of the DNA fragmentation levels. The violin plots with the 

median shown as a horizontal line show the distribution of AO+ cells and are 

overlaid with the raw data, where each dot represents an individual. C) The 

mRNA levels of apoptosis-related genes were determined by real-time RT-

qPCR and normalized against rps11 in 3 pdf zebrafish larvae. The bars show 

the mean±SEM of 20 pooled larvae (n=20) and triplicate samples from 2 

independent experiments (N=2). * p<0.05; ** p<0.01; **** p<0.0001, according to 

unpaired t-test with Welch’s correction (B-C). AO: acridine orange. ROI: region 

of interest. Scale bar: 500 µm.   
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Finally, although spawning viability was good and the larvae did not present 

any striking phenotype (Fig. 19C), the overall survival of the ST2 larvae was 

drastically compromised compared with the wild-type (wt) control. The ST2 larvae 

died prematurely during the second week of life, being unable to exceed the larval 

stage (Fig. 24).  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 
 

 Altogether, these results validate the ST2 model as an excellent model of 

premature aging in larvae. This new model will be very useful for the rapid 

evaluation of the anti-aging effect of molecules through drug screening by using as 

read out, for instance, the survival or the telomere length. 

  

Figure 24. The ST2 larvae show premature death. Kaplan-Meier 

representation of the survival of WT (n=101) and ST2 larvae (n=183). The 

discontinuous line represents the half-life. The graph shows the accumulation 

of 5 independent experiments (N= 5). **** p<0.0001, according to Log Rank test.  
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V.2 Premature aging induces by DNA damage caused by chemotherapy, the 

QiDD model. 

We have generated chemotherapy-induced DNA damage-induced 

premature aging, the QiDD model, by treating wild-type zebrafish larvae with the 

chemotherapeutic agents used for the treatment of acute lymphoid leukemia (ALL) 

(Fig. 25). 

 

 

 

 

 

 

 
 

  

 As suspected, two cycles of treatment with cytarabine, daunoblastina, 

dexamethasone, methotrexate, and vincristine in and 7-dpf larvae were sufficient 

to trigger a significant telomere shortening (Fig. 26). 

  

Figure 25: General workflow for the generation of the QiDD model. 

Zebrafish larvae were treated with chemotherapeutic drugs at 3 dpf and 5 dpf 

for telomere length and survival study. Qx: chemotherapy. 
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Figure 26. The QiDD larvae show a drastic attrition of telomere length. 

Telomere length was measured in 7 dpf zebrafish larvae by qPCR using 16 ng 

of gDNA and determined as the telomere content relative to the single copy 

gene rps11. The graph shows the mean±SEM of 25 pooled larvae (n=25) and 

triplicate samples from 2 independent experiments (N=2). **** p<0.0001, 

according to Kruskal-wallis/Dunnett´s.   
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 This telomere shortening caused a notable reduction in half-life to around 8-

9 days in all cases but methotrexate to 15 dpf, and a limited survival (Fig. 27).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This new model will be very useful for the rapid evaluation of the anti-aging 

effect of molecules through drug screening by using as read out, for instance, 

survival or telomere length.  

 

 

 

 

  

Figure 27. The QiDD larvae show a limited survival. Kaplan-Meier 

representation of the survival of vehicle (n=37), cytarabine (n=85), 

daunoblastina (n=79), dexamethasone (n=84), methotrexate (n=93), and 

vincristine (n=76) treated larvae. The discontinuous line represents the half-life. 

The graph shows the accumulation of 5 independent experiments. **** p<0.0001, 

according to Log Rank test.  
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V.3 High-cholesterol diet-induced metainflammation zebrafish model, the 

HCD model. 

We also generated a zebrafish model with metainflammation induced by 

nutrient excess by feeding wild-type larvae with a high-cholesterol diet (HCD) for 

11 days (Fig. 28).  

 

 

 

 

 

Fish fed with a HCD developed non-resolving inflammation throughout the 

larvae (Fig. 29A), with increased neutrophil numbers (assayed in a transgenic line 

with labelled neutrophils, lyz:DsRED2) and macrophage numbers (assayed in a 

transgenic line with labelled macrophages, mpeg1; EGFP) (Fig. 29B, C). 

 

 

 

 

 

 

Figure 28: General workflow for the generation of the zebrafish model of 

metainflammation produced by a 10% cholesterol diet. 5 dpf zebrafish larvae 

were fed with a high (10%) cholesterol diet for 11 days, for imaging and 

sampling at 16 dpf.   
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Figure 29. Characterization of the HCD-induced metainflammation zebrafish 

model. A) Representative images and classification of the phenotype of 

neutrophils (yellow) and macrophages (purple) distribution of 16 dpf (lyz: 

DsRED2; mpeg1:EGFP) larvae. B) Representative images and quantification of 

total neutrophils (yellow, lyz+ cells) and macrophages (purple, mpeg+ cells). The 

violin plots with the median shown as a horizontal line show the distribution of 

the neutrophils and the macrophage cells and are overlaid with the raw data, 

where each dot represents an individual. The graphs show the accumulation of 

3 independent experiments (N= 3). **** p<0.0001, according to Two-way ANOVA 

followed by Sidak’s multiple comparison test (A) and unpaired t test with 

Welch´s correction (B). HCD: high-cholesterol diet. Scale bar: 500 µm.  
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 Then, we studied the effect of nutrient excess on telomere length, observing 

that larvae fed with HCD showed mild but not statistically significant telomere 

shortening compared to larvae fed with a normal diet (ND) (Fig. 30).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This model will be very useful for the rapid evaluation of the anti-

inflammatory effect of molecules through drug screening by using as read out, the 

inflammatory phenotype or the total neutrophil numbers.  
 

 

 

 

 

 

 

Figure 30. HCD-induced metainflammation larvae do not show telomere 

shortening. Telomere length was measured in 16 dpf zebrafish larvae by qPCR 

using 16 ng of gDNA and determined as the telomere content relative to the 

single copy gene rps11. The graph shows the mean±SEM of 25 pooled larvae 

(n=25) and triplicate samples from 3 independent experiments (N=3). Results 

were non-significant according to unpaired t-test.   
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V.4 Inflammaging zebrafish model, the Spint1a-deficient model. 

The spint1a-deficient model was previously characterized, showing 

neutrophil infiltration in the skin, keratinocyte aggregate foci, and epithelial 

integrity disruption (Carney et al., 2007; Mathias et al., 2007).  Although it is well-

established that chronic inflammation leads to premature aging, we checked the 

aging stage in the spint1a-deficient model at 3 dpf. First, telomere length was not 

affected (Fig. 31A) and, consequently, the senescence-associated β-galactosidase 

(SA β-gal) staining revealed development-associated senescence in the head and 

muscle of both wild type and spint1a-deficient larvae, whereas no staining was 

observed in the skin (Fig. 31B).  
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Next, we determined the cell death level with an acridine orange (AO) assay, 

and spint1a-deficient larvae showed high levels of cell death in the skin (Fig. 32).  

 

 

 
 

 

Figure 31. Spint1a-deficient zebrafish larvae do not show premature aging. 

A) Telomere length was measured in 3 dpf zebrafish larvae by qPCR using 40 

ng of gDNA and determined as the telomere content relative to the single copy 

gene rps11. The graph shows the mean±SEM of 25 pooled larvae (n=25) and 

triplicate samples from 2 independent experiments (N=2). B) Representative 

images of b-gal staining of 3 dpf spint1a+/+ and spint1a-/- larvae, where β-gal+ 

cells are stained in blue. C) Quantification of the cellular senescence levels in 

the Spint1a-deficient larvae by b-gal staining assay. The violin plots with the 

median shown as a horizontal line show the distribution of b-gal+ staining and 

are overlaid with the raw data, where each dot represents an individual. The 

graph shows the accumulation of 2 independent experiments (N= 2). Results 

were non-significant according to unpaired t-test with Welch’s correction (A, 

C). Discontinuous black squares represent the ROI for quantification. β-gal: β-

galactosidase. Scale bar: 500 µm. 
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This new model will be very useful for the rapid evaluation of the anti-

inflammatory effect of molecules through drug screening by using as read out, 

neutrophil dispersion or the state of skin. 

V.5 Evaluation of the anti-aging potential of resveratrol and navitoclax in the 

ST2 model. A proof of concept. 

Once validated the ST2 model as a good premature aging model, we decided 

to evaluate the effect of two reference molecules, resveratrol and navitoclax, 

representing polyphenols and senolytics, respectively (Fig. 33).  
 

 

 

 

 

 

 

 

 

Figure 32. The Spint1a-deficient larvae show increased cell death levels. A) 

Representative images of AO staining in 3 dpf larvae, where AO+ cells are 

stained in green. Discontinuous white squares represent the ROI for 

quantification. B) Quantification of the DNA fragmentation levels in 3 dpf 

spint1a+/+ and spint1a-/- larvae. The violin plots with the median shown as a 

horizontal line show the distribution of AO+ cells and are overlaid with the raw 

data, where each dot represents an individual. The graph shows the 

accumulation of 3 independent experiments (N= 3). **** p<0.0001, according to 

unpaired t-test with Welch’s correction. AO: acridine orange. ROI: region of 

interest. Scale bar: 500 µm. 

 

Figure 33: General workflow for the treatment the ST2 zebrafish larvae. 

Zebrafish larvae were treated with resveratrol and navitoclax at 1 dpf and 2 

dpf. 
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Related to telomeres, the treatment with both resveratrol and navitoclax 

resulted in an increase of the mRNA level of tert (Fig. 34A). However, only 

resveratrol was able to induce telomerase activity (Fig. 34B) and, consequently, to 

increase the telomere length (Fig. 34C).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 34. Resveratrol improves telomerase expression, activity, and telomere 

length in the ST2 model of premature aging. A) The mRNA level of tert was 

determined by real-time RT-qPCR and normalized against rps11 in 3 pdf ST2 

larvae treated with resveratrol or navitoclax. B) Relative telomerase activity 

was measured quantitatively in 3 dpf zebrafish larvae treated with resveratrol 

or navitoclax by Q-TRAP using 0.1 µg of protein extract. C) Telomere length 

was measured in 3 dpf larvae treated with resveratrol or navitoclax by qPCR 

using 16 ng of gDNA and determined as the telomere content relative to the 

single copy gene rps11. In A, B, C) the graph shows the mean±SEM of 25 pooled 

larvae (n=25) and triplicate samples from 2 independent experiments (N=2). * 

p<0.05; **** p<0.0001, according to Kruskal-Wallis followed by uncorrected 

Dunn´s multiple comparison test (A, B, C).    
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Regarding cellular senescence, only navitoclax was able to reduce the 

senescence-associated β-gal positive area compared to untreated ST2 control (Fig. 

35).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 35. Navitoclax treatment decreases cellular senescence levels in the 

ST2 model of premature aging. A) Representative images of b-gal staining of 

3 dpf ST2 larvae after treatment, where β-gal+ cells are stained in blue. B) 

Quantification of the cellular senescence levels. The violin plots with the 

median shown as a horizontal line show the distribution of β-gal+ cells. The 

graph shows the accumulation of 3 independent experiments (N= 3). **** 

p<0.0001, according to Brown-Forsythe and Welch ANOVA test. Β-gal: β-

galactosidase. Scale bar: 500 µm. 



106 David Hernández Silva 
 

The effect of these molecules on telomere length was reflected in cell death 

levels. While the treatment with resveratrol was able to reduce the DNA 

fragmentation level significantly, navitoclax did not affect it (Fig. 36). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, we evaluated the effect of resveratrol and navitoclax on the life 

expectancy of ST2 larvae. The treatment with resveratrol, but not with navitoclax, 

was able to increase the half-life of ST2 larvae by 12.5%, and survival by 6.25%, (Fig. 

37). 

 

 

 

  

Figure 36. Resveratrol treatment decreases cell death levels in the ST2 model 

of premature aging. A) Representative images of AO staining in 3 dpf ST2 

larvae after treatment, where AO+ cells are stained in green. The discontinuous 

white square represents the ROI for quantification. B) Quantification of the 

DNA fragmentation levels in 3 dpf larvae. The violin plots with the median 

shown as a horizontal line show the distribution of AO+ cells and are overlaid 

with the raw data, where each dot represents an individual. The graph shows 

the accumulation of 2 independent experiments (N= 2). ** p<0.001, according to 

Kruskal-Wallis followed by uncorrected Dunn´s multiple comparison test. AO: 

acridine orange. ROI: region of interest. Scale bar: 500 µm. 
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At this point, due to the good results obtained with resveratrol, we decided 

to do an in silico screening to find new drugs with anti-aging potential for 

repurposing. And we did the same with navitoclax, although its anti-aging profile 

was not as evident as resveratrol. 

 

 

 

 

 

 

  

Figure 37. Resveratrol treatment increase the ST2 larvae survival. Kaplan-

Meier representation of the survival of vehicle (n=446), resveratrol (n=168) and 

navitoclax (n=65) ST2 treated larvae. The discontinuous line represents the half-

life. The graph shows the accumulation of 5 independent experiments. *** 

p<0.001, according to Log Rank test.  
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V.6 In silico discovery of new drugs with anti-aging potential. 

V.6.1 Natural antioxidants derived from resveratrol. 

V.6.1.1 Structure-based virtual screening (SBVS) method: protein-ligand 

docking. 

As one of the main targets of resveratrol is the protein sirtuin-1 SIRT1 

(Konrad T. Howitz et al., 2003), different virtual screening calculations were carried 

out based on their structure by using the protein data bank (PDB:4hda). First, we 

located the interaction sites between resveratrol and SIRT1 and thus knowing all 

the residues involved in the interaction. With the use of the docking engines 

LeadFinder (LF), Autodock 4 (AD) and Autodock Vina (AK), we checked the reliability 

in the prediction of the interactions between resveratrol and SIRT1. Next, by using 

the docking engines LF, AD and AK, and the target SIRT1, we performed the 

calculations against the Drugbank (DB) compound library, containing more than 

10000 compound entries. We obtained a list of compounds for each of the docking 

engines used. Finally, we cross-checked the three lists of candidates, and we 

obtained a single list with the 550 compounds that were common.  

V.6.1.2 Ligand-based virtual screening (LBVS) method: pharmacophore 

mapping. 

In this case, continuing with resveratrol as a reference (Fig. 38A), we carried 

out an in silico approach based on its pharmacophoric properties. First, we obtained 

a pharmacophore map of resveratrol by using the software Ligand Scout 4.4.  

According to IUPAC, the pharmacophore is the set of structural features in a 

molecule necessary to ensure the optimal supramolecular interactions responsible 

for the biological activity of that molecule. The analysis showed 3 pharmacophoric 

characteristics for resveratrol corresponding to; i) six hydrogens bonds, both 

electron donors (3) and acceptors (3); ii) two hydrophobic sites and iii) two 

aromatics rings that correspond with the blue circles (Fig. 38B, C).  
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Next, we performed the calculations against the more than 10000 compound 

entries of the DB library, obtaining a list with more than 5000 compounds like 

resveratrol, both in structure and pharmacophoric characteristics. Then, we 

classified these compounds by the degree of similarity between structures and 

pharmacophoric characteristics, being resveratrol with score 1, and the candidates 

sorted by descending score. We selected a total of 10 compounds (apigenin, 

naringenin, isoliquiritigenin, quercetin, kaempherol, hesperetin, sakuranetin, 

tricetin, genestein and liquiritigenin), whose score was in a range of 1-0.70 (Fig. 39).  
 

  

Figure 38. Schematic representation of pharmacophoric features. A) The 

three-dimensional (3D) structure of resveratrol. B) The pharmacophoric 

characteristics of resveratrol obtained with the LigandScout software. Hydrogen 

bonds are represented green and red spheres, respectively. Hydrophobic sites 

are represented by yellow spheres. Aromatic rings are represented by blue 

circles.  C) Pharmacophoric features of resveratrol molecule. PDB: 4hda. 
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Figure 39. Pharmacophoric method. The structure of resveratrol is shown in 

red and in gray, the antioxidants selected by the VS method and the 

pharmacophoric characteristics. The pharmacophoric characteristics: i) 

hydrogen bonds are represented green and red spheres, respectively. ii) 

hydrophobic sites are represented by yellow spheres. iii) aromatic rings are 

represented by blue circles. 3 compounds are shown overlaid with resveratrol, 

to show their similarity. I: Apigenin, II: Naringenin, III: Isoliquiritigenin, IV: 

Quercetin, V: Kaempherol, VI: Hesperetin, VII: Sakuranetin, VIII: Tricetin, IX: 

Genestein, X: Liquiritigenin.  
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A further cross-checked between these 10 compounds and the final list 

obtained by the protein-ligand docking technique, confirmed their presence. 

Finally, we repeated the protein-ligand docking approach with the docking engines 

LF, AD and AK, taking the catalytic subunit of telomerase (TERT) as protein and 

using protein data bank (PDB:3du6), and each of the 10 compounds plus resveratrol 

as ligand to identify the interaction sites between TERT and the candidates and to 

highlight the aminoacids responsible for interaction in base of their conservation 

(Table III).  
 

 

 

 

 

 

 

 

 

 

 

 

The docking calculations showed the same protein-ligand interaction zone 

between TERT and apigenin, naringenin and sakuranetin. Tricetin presents almost 

the same interaction zone as the compounds mentioned above. It is noteworthy 

that all protein-ligand binding predictions occurred in cluster 1, 2 and 3, which 

means they are very likely interactions that can occur in the in vivo model.  

Surprisingly, the reference molecule resveratrol does not present a great homology 

in the binding residues compared to the other compounds, which indicates that the 

interaction is not very likely to occur. The results obtained with the AD docking, 

also with the LF and AK docking that have obtained similar results (data not 

Table III. Interaction between resveratrol-derived candidates and the 

telomerase catalytic subunit (TERT). The interaction results have been 

performed with the AD docking. They were also performed with AK and LF 

docking, obtaining similar results (data not shown for clarity).   
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shown) (Table III). We can observe the interaction zone of the telomerase complex 

with the different polyphenols (Fig. 40).  
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Figure 40. 3D representation of the predicted interaction between resveratrol-

derived candidates and the catalytic subunit of telomerase (TERT). TERT is 

represented in green. Candidates, represented in different colors, are located at 

the calculated interaction zone by AD docking. 
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In summary, using the VS approach we have been able to select 10 natural 

antioxidant compounds with anti-aging potential out of a total of 10000, based on 

the similarity of both their structure and pharmacophoric properties compared to 

resveratrol. These compounds would have the ability to bind to TERT, favoring its 

biological function and, therefore, are candidates for screening in zebrafish aging 

models.  

V.7 Drugs derived from senolytics.  

V.7.1 Ligand-based virtual screening (LBVS) method: navitoclax pharmacophore 

mapping.  

We also took as reference the senolytic navitoclax (Fig. 41) to perform the in 

silico approach. First, by using the software Ligand Scout 4.4, we obtained the 

pharmacophoric map (Fig. 41B). Navitoclax showed 5 pharmacophoric 

characteristics corresponding to: i) eight hydrogen bonds, both electron donors (3) 

and acceptors (5). Among them, one hydroxyl group behaves both as an electron 

donor and acceptor; ii) four hydrophobic sites; iii) four aromatic rings; iv) one 

nitrogen group that is positively ionized; and finally, v) one chloride group acting 

as a halogen bond donor, (Fig. 41C). Next, we performed the calculations against 

the more than 10000 compound entries of the DB library, but no satisfactory results 

were obtained. 
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V.7.2 Ligand-based virtual screening (LBVS) method: Dasatinib pharmacophore 

mapping.  

In view of the lack of results with navitoclax, we decided to perform the in 

silico approach with another senolytic, dasatinib (Fig. 42). We obtained its 

pharmacophoric map by using the software Ligand Scout 4.4 (Fig. 42B). Dasatinib 

showed 5 pharmacophoric characteristics corresponding to: i) five hydrogen 

bonds, both electron donors (3) and acceptors (2). Among them, one hydroxyl 

group behaves both as an electron donor and acceptor; ii) five hydrophobic sites; 

iii) aromatic rings that correspond to the blue rings; iv) one nitrogen group that is 

Figure 41. Schematic representation of pharmacophoric features. A) The 

three-dimensional (3D) structure of navitoclax. B) The pharmacophoric 

characteristics of navitoclax were obtained with the Ligand Scout software. 

Electron-donor and -acceptor hydrogen bonds are represented by green and 

red spheres, respectively. Hydrophobic sites are represented by yellow spheres. 

Aromatic rings are represented by blue circles. C) Pharmacophoric features 

diagram for navitoclax molecule. PDB: 4LVT. 
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positively ionised and represented by a blue star; and finally, v) one chloride group 

acting as a halogen bond donor and represented by a violet arrow (Fig. 42C). 

 

 

 

 

 

 

 

Next, we performed the calculations against the more than 10000 compound 

entries of the drugbank (DB) library, we obtained a list with more than 600 

compounds that were similar both in structure and pharmacophore characteristics, 

but in this case, we did not obtain the highest score for our molecule, but we found 

a molecule that presented a score of 0.62 which was the highest, not having many 

pharmacophore characteristics in common and neither the structure (Fig. 43). 

 

 

Figure 42: Schematic representation of pharmacophore features: A) The three-

dimensional (3D) structure of dasatinib. B) The pharmacophore characteristics 

of Dasatinib were obtained with the Ligand Scout software. Electron-donor and 

-acceptor hydrogen bonds are represented by green and red spheres, 

respectively. Hydrophobic sites are represented by yellow spheres. Aromatic 

rings are represented by with blue circles.  C) Pharmacophoric features of the 

dasatinib molecule. PDB: 3SXR. 
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Figure 43. Pharmacophoric method. The structure of dasatinib is shown in red 

and in gray, the candidate obtained by the VS method. The pharmacophoric 

characteristic; i) electron-donor and -acceptor hydrogen bonds are represented 

by green and red spheres, respectively. ii)hydrophobic sites are represented by 

yellow spheres. iii) aromatic rings are represented by with blue circles. (I: 2'-(4-

dimetilaminofenil)-5-(4-metil-1-piperazinil)-2,5'-bi-benzimidazole), the 

compounds are shown overlaid with dasatinib, to show their similarity. 
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V.8 In vivo validation of candidates with anti-aging potential in different aging 

zebrafish models for repurposing.  

V.8.1 Analyzed the toxicity assay.  

First, we evaluated toxicity at 24 hpf, 48 hpf. 72 hpf we evaluated the 

development during the first 72 hours of WT zebrafish larvae to determine the 

working doses (Fig. 44). 
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V.8.2 Shortened telomere-induced premature aging, the ST2 model.  

By using the ST2 model zebrafish larvae, we evaluated the anti-aging 

properties of the non-toxic resveratrol-derived compounds. (Fig. 45). 

 

 

 

 

 

Isoliquiritigenin and kaempherol were discarded based on toxicity assay, so 

we evaluated the anti-aging effects of the rest of candidates in the ST2 premature 

aging model. Treatment of 1-day post fertilization (dpf) ST2 larvae with naringenin, 

sakuranetin and tricetin for 3 days showed an induction of telomerase activity, 

while hesperetin caused a decrease compared to vehicle (Fig. 46A). However, the 

effect on telomerase activity was effective only in the case of resveratrol, as 

sakuranetin and tricetin did not affect telomere length. ST2 larvae treated with 

naringenin showed even greater telomere attrition than vehicle and, contrary, 

hesperetin produced a lengthening of telomeres compared to control (Fig. 46B). 

 

 

Figure 44. Candidates are non-toxic for wild-type zebrafish larvae. A) 

Representative images of the toxicity assay of candidates in wild-type zebrafish 

larvae. B) Classification of 72 hpf larvae according to phenotype. In B, 

differences are not statistically significant according to Two-way ANOVA 

followed by Sidak’s multiple comparison test. 

  

Figure 45. General workflow for antioxidant treatment in the ST2 model of 

premature aging. 1 dpf larvae were treated with resveratrol-derived 

antioxidants for 2 days before imaging and sampling. 
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The effect of apigenin, naringenin, resveratrol and sakuranetin on life 

expectancy of ST2 larvae was consistent with telomere length results, as naringenin 

treatment reduced survival by 25%, resveratrol increased survival by 12.5% 

compared to untreated larvae. Unexpectedly, although apigenin did not improve 

telomere length, it was able to increase half-life by 12.5% (Fig. 47). 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Telomeric characterization of the ST2 model after antioxidant 

treatment. A) Telomerase activity was measured quantitatively in 3 dpf ST2 

zebrafish larvae treated with antioxidants by Q-TRAP using 0.1 μg of protein 

extract. B) Telomere length was measured in 3 dpf ST2 zebrafish larvae treated 

with antioxidants by qPCR using 16 ng of gDNA and determined as the 

telomere content relative to the single copy gene rps11. In (A, B) the graph 

shows the mean±SEM of 25 pooled larvae (n=25) and triplicate samples from 2 

independent experiments (N=2). ns, non-significant; * p<0.05; ** p<0.001; **** 

p<0.0001, according to Kruskal-Walis followed by uncorrected Dunn’s multiple 

comparison test. 
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V.8.3 Premature aging induced by DNA damage caused by chemetherapy, the 

QiDD model.  

To evaluate the anti-aging effects of some natural antioxidants candidates for 

their repositioning as adjuvants in cancer treatment, we used a chemotherapy-

induced DNA damage, the QiDD model. We continued using apigenin, 

naringenin, resveratrol and sakuranetin as adjuvants in chemotherapy treatment 

to study their effect on larval survival compared to chemotherapeutics alone (Fig. 

48). 

 

 

 

 

 

 

 

Figure 47. Effect of resveratrol-derived antioxidants on ST2 larvae survival. 

Kaplan-Meier representation of vehicle (n=244), apigenina (n=35), naringenin 

(n=33), resveratrol (n=246) and sakuranetin (n=33) treated ST2 larvae and wild-

type (n=101). The graph shows the accumulation of 2-4 independent 

experiments (N=2-4). ** p<0.05; *** p<0.001; **** p<0.0001, according to Log Rank 

test respect to vehicle. 

  

Figure 48: General workflow for the evaluation of antioxidants in the QiDD 

model. 3 dpf and 5 dpf zebrafish larvae were co-treated with antioxidants and 

Qx before telomere length measurement. QiDD: chemotherapy-induced DNA 

damage. Qx: chemotherapy. 
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We observed a clear and beneficial effect on survival when apigenin and 

naringenin were co-treated with cytarabine (Fig. 49). 

 

 

 

 

 

 

In the case of daunoblastine, co-treatment with naringein, resveratrol and 

sakuranetin also improved survival compared to daunoblastine alone (Fig. 50). 

 

 

 

 

 

 

 

 

 

  

Figure 49. Effect of resveratrol-derived antioxidants on QiDD larvae survival. 

Kaplan-Meier representation of cytarabine 50 μM alone (n=85) or in 

combination with apigenin 10 μM (n=39), naringenin 10 μM (n=101), resveratrol 

10 μM (n=24) and sakuranetin 10 μM (n=77). The graph shows the accumulation 

of 3 independent experiments (N= 3). *** p<0.001; **** p<0.0001, according to 

Log Rank test. 
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However, while naringenin was beneficial for larvae survival when co-

treated with dexamethasone, the effect of resveratrol and sakuranetin was the 

opposite (Fig. 51).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Effect of resveratrol-derived antioxidants on QiDD larvae survival. 

Kaplan-Meier representation of daunoblastine 1 μM alone (n=79) or in 

combination with apigenin 10 μM (n=25), naringenin 10 μM (n=83), resveratrol 

10 μM (n=29) and sakuranetin 10 μM (n=78). The graph shows the accumulation 

of 3 independent experiments (N= 3). **** p<0.0001, according to Log Rank test. 

  

Figure 51. Effect of resveratrol-derived antioxidants on QiDD larvae 

survival. Kaplan-Meier representation of dexamethasone 0.5 μM alone (n=84) 

or in combination with apigenin 10 μM (n=26), naringenin 10 μM (n=85), 

resveratrol 10 μM (n=22) and sakuranetin 10 μM (n=55). The graph shows the 

accumulation of 3 independent experiments (N=3). * p<0.05; ** p<0.001, 

according to Log Rank test. 
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None of the antioxidant candidates improved the methatrexato-treated 

larvae survival (Fig. 52). 

 

 

 

 

 

 

 

And finally, we observed a positive effect on the vincristine-treated larvae 

survival when co-treated with both apigenin and naringenin (Fig. 53). 

 

 

 

 

 

 

 

 

  

Figure 52. Effect of resveratrol-derived antioxidants on QiDD larvae survival. 

Kaplan-Meier representation of methatrexato 0.2 μM alone (n=84) or in 

combination with apigenin 10 μM (n=18), naringenin 10 μM (n=100), resveratrol 

10 μM (n=29) and sakuranetin 10 μM (n=45). The graph shows the accumulation 

of 3 independent experiments (N=3). * p<0.05; **** p< 0.0001, according to Log 

Rank test. 
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All these results are summarized for clarity in Table IV.  

V.9 High-cholesterol diet-induced metainflammation zebrafish model, the HCD 

model.  

We also evaluated some antioxidants in a zebrafish model with 

metainflammation induced by a high-cholesterol diet (HCD) (Fig. 54). 

 

 

 

 

 

 

Figure 53. Effect of resveratrol-derived antioxidants on QiDD larvae survival. 

Kaplan-Meier representation of vincristine 2.5 μM alone (n=76) or in 

combination with apigenin 10 μM (n=34), naringenin 10 μM (n=96), resveratrol 

10 μM (n=24) and sakuranetin 10 μM (n=48). The graph shows the accumulation 

of 3 independent experiments (N= 3). **** p<0.0001, according to Log Rank test. 

Table IV. Summary of the effect of the adjuvant treatment of apigenin, 

naringenin, resveratrol and sakuranetin with different chemotherapeutic 

agents on larval survival. 
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The treatment with apigenin, naringenin and sakuranetin triggered an 

amelioration of the inflammation phenotype (Fig. 55A) characteristic of the HCD 

model that, in the case of naringenin, also resulted in a significant reduction in the 

total number of neutrophils (Fig. 55B) and macrophages (Fig. 55C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54. General workflow for the evaluation of antioxidants in the HCD-

induced metainflammation model. 13 dpf HCD-fed larvae were treated with 

antioxidants for two days before imaging and sampling. HCD: high cholesterol 

diet. 
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These results highlight the anti-inflammatory properties of naringenin, so it 

could be a candidate for preventive use against metainflammation.  

Despite the little success of the in silico screening using navitoclax and 

dasatinib as a reference, we decided to evaluate the anti-aging effect of navitoclax 

in the context of metainflammation (Fig. 56).  

 

 

 

 

 

Figure 55. Evaluation of selected antioxidant compounds in the HCD-

induced metainflammation model. A) Representative images and 

classification of the distribution of neutrophils (yellow) and macrophages 

(purple) of 16 dpf (lyz:DsRED2; mpeg1:EGFP) larvae after navitoclax treatment 

for 3 days. B) Quantification of total neutrophil numbers (lyz+ cells). C) 

Quantification of total macrophage numbers (mpeg+ cells). In B, C) the violin 

plots with the median shown as a horizontal line show the distribution of 

neutrophil and macrophage cells and are overlaid with the raw data, where 

each dot represents an individual. The graphs show the accumulation of 3 

independent experiments (N= 3). * p<0.05; **** p<0.0001, according to Two-way 

ANOVA followed by Sidak’s multiple comparison test (A) and Brown-Forsythe 

ANOVA followed by Dunnett’s T3 multiple comparison test compared to 

untreated HCD larvae (B, C). 

  

Figure 56. General workflow for the evaluation of navitoclax in the HCD-

induced metainflammation model. 13 dpf HCD-fed larvae were treated with 

navitoclax for 3 days before imaging and sampling. HCD: high cholesterol diet. 
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The treatment of the HCD-fed group with navitoclax for 3 days dampens 

emergency myelopoiesis by reversing neutrophilia and monocytosis in the HCD-

fed larvae (Fig. 57A). In the case of navitoclax, also resulted in a significant 

reduction in the total number of neutrophils (Fig. 57B) and macrophages (Fig. 57C). 
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Unexpectedly, navitoclax failed to ameliorate the transcript levels of il1β, tnf-

α, and cxcl8b.1 genes (Fig. 58).  

 

 

 

 

 

 

 

These results confirm the senescence-independent therapeutic benefits of 

navitoclax in the context of chronic inflammation.  

 

Figure 57. Evaluation of selected antioxidant compounds in the HCD-

induced metainflammation model. A) Representative images and 

classification of the distribution of neutrophils (yellow) and macrophages 

(purple) of 16 dpf (lyz:DsRED2; mpeg1:EGFP) larvae after navitoclax treatment 

for 3 days. B) Quantification of total neutrophil numbers (lyz+ cells). C) 

Quantification of total macrophage numbers (mpeg+ cells). In B, C) the violin 

plots with the median shown as a horizontal line show the distribution of 

neutrophils and macrophage cells respectively and are overlaid with the raw 

data, where each dot represents an individual. The graphs show the 

accumulation of 3 independent experiments (N= 3). **** p<0.0001, according to 

Two-way ANOVA followed by Dunnett’s multiple comparison test (A) and 

Brown-Forsythe ANOVA followed by Dunnett’s T3 multiple comparison test 

(B, C). 
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V.10 Inflammaging zebrafish model, the Spint1a-deficient model.  

To evaluate the anti-inflammatory properties of antioxidants in the spint1a-

deficient model of inflammaging, 1-dpf spint1a-deficient larvae were treated with 

candidates for 48 hours (Fig. 59). 

 

 

 

 

 

 

We observed that treatment with apigenin, genestein, naringenin, 

sakuranetin and tricetin was able to decrease neutrophil dispersion, assayed in a 

transgenic line with labelled neutrophils (lyz:DsRED2) (Fig. 60B), even though only 

apigenin, hesperetin reduced the total number of neutrophils (Fig. 60C). 

 

 

 

Figure 58. Navitoclax increased genes related to inflammation phenotype of 

HCD-fed larvae. The mRNA level of il1b, tnf-α, cxcl8b.1 was determined by RT-

qPCR and normalized against rps11. The bars show the mean±SEM of 20 pooled 

larvae (n=20) and triplicate samples from 2 independent experiments (N=3). ** 

p<0.01; *** p<0,001 **** p<0.0001 according to Kruskal-Wallis followed by 

Dunn’s multiple comparison test. 

  

Figure 59. General workflow for the evaluation of antioxidants in the 

Spint1a-deficient inflammaging model. 1 dpf Spint1a-deficient larvae were 

treated with antioxidants for 3 days before imaging and sampling. 
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 Regarding the number of keratinocyte aggregate foci, the effect of 

antioxidants was quite similar to that of neutrophil dispersion in the skin, 

observing a decrease with genestein, naringenin and sakuranetin, and a slight 

increase with resveratrol (Fig. 61B). 

 

 

 

 

 

 

 

 

 

Figure 60. Apigenin, genestein, naringenin, sakuranetin and tricetin 

ameliorate the skin inflammation phenotype of Spint1a-deficient larvae. A) 

Representative images of neutrophil phenotype of 3 dpf larvae (neutrophils 

labeled in red, lyz:DsRED2). Discontinuous white squares represent the ROI for 

quantification. B) Quantification of the number of neutrophils out of the CHT. 

(C) Quantification of the total neutrophils numbers. In B, C) the violin plots 

with the median shown as a horizontal line show the distribution of DsRED2+ 

cells, and are overlaid with the raw data, where each dot represents an 

individual. The graphs show the accumulation of 3 independent experiments 

(N=3). * p<0.05; **** p<0.0001 according to Kruskal-Wallis followed by Dunn’s 

multiple comparison test. ROI: region of interest. CHT: caudal hematopoietic 

tissue. Scale bar: 500 μm. 
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Figure 61. Genestein, naringenin and sakuranetin, contrary to resveratrol, 

ameliorate the skin inflammation phenotype of Spint1a-deficient larvae. A) 

Representative images of skin phenotype of 3 dpf larvae. Discontinuous black 

squares represent the ROI for quantification. B) Quantification of the 

keratinocyte aggregate foci at the skin of 3 dpf larvae. The violin plots with the 

median shown as a horizontal line show the distribution of keratinocyte 

aggregate foci, and are overlaid with the raw data, where each dot represents 

an individual. The graph shows the accumulation of 3 independent 

experiments (N= 3). ** p < 0.01; *** p < 0.001; according to Kruskal-Wallis 

followed by Dunn’s multiple comparison test. ROI: region of interest. Scale bar: 

500 µm. 
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With respect to oxidative stress, we found that only the treatment with 

apigenin and genestein resulted in a strong reduction (Fig. 62B).   
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These results were further supported by the robust reduction of cell death 

levels, not only by apigenin and genestein, but also by hesperetin, quercetin and 

sakuranetin (Fig. 63B).  

 

 

 

 

 

 

 

 

Figure 62. Apigenin and genestein ameliorate oxidative stress levels of 

Spint1a-deficient larvae. A) Representative images of ROS staining of 3 dpf 

Spint1a-deficient larvae, where ROS+ cells are stained in green. Discontinuous 

black squares represent the ROI for quantification. B) Quantification of the 

oxidative stress levels of 3 dpf Spint1a-deficient larvae. The violin plots with 

the median shown as a horizontal line show the distribution of ROS+ cells, and 

are overlaid with the raw data, where each dot represents an individual. The 

graph shows the accumulation of 3 independent experiments (N= 3). The graph 

shows the accumulation of 3 independent experiments (N=3). ** p<0.001; **** 

p<0.0001, according to Kruskal-Wallis followed by uncorrected Dunn’s 

multiple comparison test. ROS: reactive oxygen species. ROI: region of interest. 

Scale bar: 500 µm. 
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Taken together, all these results highlight the anti-inflammatory effect of 

apigenin and genestein especially, in the context of chronic inflammation, so their 

preventive use against aging associated with chronic inflammation could be 

assessed. 

Even though we had already shown that the larvae did not present premature 

aging, we decided to also evaluate the effect of some senolytics, not only dasatinib 

and navitoclax, but also venetoclax, as it has its target on a different target (Souers 

et al., 2013) (Fig. 64).  
 

 

 

 

 

 

 

 

 

Figure 63. Apigenin, genestein, hesperetin, quercetin and sakuranetin 

ameliorate the cell death levels of Spint1a-deficient larvae. A) Representative 

images of AO staining of 3 dpf Spint1a-deficient larvae, where AO+ cells are 

stained in green. Discontinuous white squares represent the ROI for 

quantification. B) Quantification of the DNA fragmentation levels of 3 dpf 

Spint1a-deficient larvae. The violin plots with the median shown as a 

horizontal line show the distribution of AO+ cells, and are overlaid with the raw 

data, where each dot represents an individual. The graph shows the 

accumulation of 3 independent experiments (N= 3). * p<0.05** p<0.001; **** 

p<0.0001, according to Kruskal-Wallis followed by uncorrected Dunn’s 

multiple comparison test. AO: acridine orange. ROI: region of interest. Scale 

bar: 500 µm. 

 

Figure 64. General workflow for the evaluation of senolytics in the Spint1a-

deficient inflammaging model. 1 dpf Spint1a-deficient larvae were treated 

with senolytics for 3 days before imaging and sampling.  
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Surprisingly, treatment of larvae with dasatinib, navitoclax, and venetoclax 

for 48 h was able to decrease neutrophil dispersion, assayed in a transgenic line 

with labelled neutrophils (lyz:DsRED2) (Fig. 65).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Capítulo V: RESULTS 139 
 

 

 

 

 

 

 

 

 

 

 

The same effect was observed in the number of keratinocyte aggregates, 

although dasatinib was less potent than navitoclax and venetoclax (Fig. 66).  

 

 
 

 

 

 

 

 

 

 

 

Figure 65. Senolytics ameliorate the skin inflammation phenotype of 

Spint1a-deficient larvae. A) Representative images of neutrophil phenotype of 

3 dpf larvae with neutrophils labeled in red (lyz:DsRED2). Discontinuous white 

squares represent the ROI for quantification. B) Quantification of the number 

of neutrophils out of the CHT of 3 dpf larvae with neutrophils labeled in red 

(lyz:DsRED2). The violin plots with the median shown as a horizontal line show 

the distribution of lyz+ cells, and are overlaid with the raw data, where each dot 

represents an individual. The graph shows the accumulation of 3 independent 

experiments (N=3). ** p<0.01; **** p<0.0001 according to Kruskal-Wallis 

followed by uncorrected Dunn’s multiple comparison test. ROI: region of 

interest. CHT: caudal hematopoietic tissue. Scale bar: 500 µM. 
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Figure 66. Senolytics ameliorate the skin inflammation phenotype of 

Spint1a-deficient larvae. A) Representative images of skin phenotype of 3 dpf 

larvae. Discontinuous black squares represent the ROI for quantification. B) 

Quantification of the keratinocyte aggregate foci at the skin of 3 dpf larvae. The 

violin plots with the median shown as a horizontal line show the distribution 

of keratinocyte aggregate foci, and are overlaid with the raw data, where each 

dot represents an individual. The graph shows the accumulation of 3 

independent experiments (N=3). * p<0.05; **** p<0.0001 according to Kruskal-

Wallis followed by uncorrected Dunn’s multiple comparison test. ROI: region 

of interest. Scale bar: 500 µM. 
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These results were further supported by the robust reduction of the mRNA 

levels of the genes encoding pro-inflammatory interleukin-1 (Il1β), tumor necrosis 

factor alpha (Tnf-α), and chemokine (C-X-C motif) ligand 8b, duplicate 1 (Cxcl8b.1) 

by all senolytics, except for tnf-α by navitoclax (Fig. 67). 

 

 

 
 

 

 

 

Our results point to a new anti-inflammatory potential of dasatinib, 

navitoclax, and venetoclax in the context of chronic skin inflammation. 

 

 

Figure 67. Senolytics ameliorate genes related to inflammation phenotype of 

Spint1a-deficient larvae. The mRNA level of il1b, tnfa, cxcl8b.1 was determined 

by RT-qPCR and normalized against rps11 in fin folds. The bars show the 

mean±SEM of 20 pooled larvae (n=20) and triplicate samples from 2 independent 

experiments (N=2). ** p<0.01; **** p<0.0001 according to Kruskal-Wallis followed 

by uncorrected Dunn’s multiple comparison test.  
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  VI – DISCUSSION 

Advances in both public health and medicine have made it possible to 

increase life expectancy, but also the predisposition to many diseases associated 

with aging (Calvin B. et al., 1990). Currently, there is great interest in understanding 

the basic mechanisms that drive aging and the relationship between aging and age-

related chronic diseases to slow or delay their onset, thus increasing healthy life 

expectancy (Kennedy et al., 2014). The main mechanism responsible for aging is the 

progressive telomere shortening that occurs through the process of replicative 

senescence (Blasco, 2005; López-Otín et al., 2013). At this point, cells enter a state of 

cellular senescence (view section I.2). As the immune system requires a high rate of 

cell proliferation and renewal to perform its functions correctly, telomere 

shortening is greatly affecting, leading to an immune-specific aging process known 

as immunosenescence (Goronzy et al., 2015; Pawelec, 2012; Wherry & Kurachi, 

2015).  

On the other hand, in older organisms it has been observed a chronic pro-

inflammatory state, presents a low-grade inflammation with chronic activation of 

the innate immune system, which is called inflammation (Franceschi et al., 2000). 

This process has been cataloged as another molecular mechanism influencing aging 

along with telomere shortening. The processes of immunosenescence and chronic 

inflammation reflect a decrease in the capacity of the immune system to eliminate 

senescent cells (Antonangeli et al., 2019; Prata et al., 2018), thus leading to their 

accumulation in different tissues, which results in the appearance of many aging-

related diseases (Childs et al., 2015; Bernardes de Jesus & Blasco, 2012).   

Animal models are essential for aging research, both to study diseases at the 

organism level and, but not least, for drug development and repurposing. 

Nowadays, mammalian models are the most widely used due to the availability of 

a huge variety of preclinical models of human diseases (Hayden, 2014). During 
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clinical trials, many compounds have failed, the attrition rate reaches 96%, due to 

unfavorable ADMET (Administration, Distribution, Metabolism and Excretion), or 

because the research model is not well characterized (Lin et al., 2003). This fact 

triggers a large consumption of time, money, and human resources, which finally 

results in a lack of improvement in the health of patients. Therefore, the aim of this 

Thesis has been to make a synergy between in silico and in vivo research to help 

make the development of anti-aging drugs faster.   

VI.1 In vivo zebrafish models of premature aging. 

Due to its characteristics, the zebrafish is an excellent model to study aging, 

since the different molecular mechanisms associated with aging are highly 

conserved (Carneiro, de Castro, et al., 2016). As in aged humans, both telomere 

shortening and accumulation of senescent cells in different tissues occur in aged 

zebrafish (Carneiro et al., 2016; Dimri et al., 1995; Kishi et al., 2003). Since the study 

of aging is a long process, obtaining models of premature aging at short ages would 

be of great interest. For this reason, we have generated a model of shortened 

telomere-induced premature aging, termed as ST2 model, which is an improved 

version of the emblematic telomerase-deficient model (Fig. 20C). ST2 zebrafish 

larvae showed the main characteristics of shortened telomere-induced premature 

aging: i) reduced telomerase gene (tert) expression; ii) decreased telomerase 

activity; and iii) telomere attrition (Fig. 20A, B). Because of telomere shortening, we 

also observed an accumulation of senescent cells and an increase in oxidative stress 

levels in ST2 larvae compared to its wild-type (wt) counterpart. Associated with 

the above, ST2 model showed a greater cellular death, determined by both the 

DNA fragmentation level and the quantification of mRNA levels of different genes 

related to cell cycle arrest such as p53 and p21, or related to cell survival like bcl-2 

(Fig. 23). As a result of these signs of premature aging, the ST2 line died 
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prematurely during the larval stage (Fig. 24), which is a great advantage for 

studying aging. Altogether, these results validate the ST2 model as an excellent 

model of premature aging in larvae that can be very useful for the rapid evaluation 

of the anti-aging effect of molecules through drug screening by using as read out, 

for instance, telomere length or survival.  

 On the other hand, it has been observed that child cancer survivors develop 

premature aging and show a shortened life expectancy (Armenian et al., 2019; 

Guida et al., 2021). Because of the genotoxic effect of chemotherapeutic drugs, the 

DNA is damaged, which induces aging (Ness & Wogksch, 2020). Therefore, until 

Science finds a better alternative than chemotherapy to treat cancer, it is necessary 

to identify new adjuvant molecules that help alleviate the toxic effects on healthy 

cells (Lin et al., 2019). To address aging from the point of view of DNA damage by 

an external agent, we generated a chemotherapy-induced DNA damage model, the 

QiDD model, by treating wild-type zebrafish larvae with different 

chemotherapeutic agents. As suspected, two cycles of chemotherapy in 3- and 5-

pdf larvae were sufficient to trigger a significant telomere shortening that 

presumably caused a notable reduction in half-life and limited survival (Fig. 27), 

although we cannot rule out that this effect is a side effect of the treatment itself. 

This model can be very useful for the rapid evaluation and identification of new 

molecules that can be used as adjuvants to alleviate the aging effects of 

chemotherapy.  

Aging can also be addressed from the context of chronic inflammation. In this 

sense, we used 2 different approaches.  

The first one is in the context of metabolic inflammation, as it is known that 

nutrient excess is the main stimulus that triggers inflammaging (Franceschi et al., 

2018; Gregor & Hotamisligil, 2011). We used a zebrafish larvae model of 

metainflammation induced by a high-cholesterol diet (HCD), originally described 
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as a non-alcoholic fatty liver disease/non-alcoholic steatohepatitis (NAFLD/NASH) 

zebrafish model, where the HCD promotes non-resolving inflammation in the liver 

and enhances cancer progression (de Oliveira et al., 2019). Although this state of 

metabolic inflammation was not sufficient to induce premature aging in larvae, as 

they did not exhibit telomere shortening (Fig. 30), the model allows a search for 

preventive treatments.  

The second model is a chronic skin inflammation model, the Spint1a-deficient 

model. During the first week of life, larvae show characteristics of the inflammation 

process such as neutrophil infiltration in the skin, keratinocyte aggregate foci, 

epithelial integrity disruption, and high cell deth levels (Carney et al., 2007; Mathias 

et al., 2007) through parthanatos cell death as a consequence of hyperactivation of 

PARP1 in response to ROS-induced DNA damage (Martínez-Morcillo et al., 2021). 

Again, this state of chronic skin inflammation was not sufficient to induce 

premature aging in larvae, as they did not exhibit telomere shortening or increased 

cellular senescence (Fig. 31), so we cannot say Spint1a-deficient larvae is a model of 

inflammaging, at least at the time assayed, but a model of chronic inflammation in 

a stage prior the induction of senesce. So, with this model we can search new anti-

inflammatory drugs.  

VI.2 Evaluation of the anti-aging potential of resveratrol and navitoclax in the 

ST2 model. A proof of concept. 

The search for molecules with a potential anti-aging effect is necessary to 

reduce the burden of age-related diseases and disabilities to increase healthy life 

expectancy (Kennedy et al., 2014). As a starting point, we decided to evaluate the 

effects of two reference molecules, resveratrol, and navitoclax, in our ST2 

premature aging model. Resveratrol and navitoclax represent polyphenols and 

senolytics, respectively, which have been widely studied and proposed to treat 
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aging (Gutlapalli et al., 2020; Li et al., 2018). As expected, navitoclax was able to 

reduce the senescence-associated β-gal positive area compared to untreated ST2 

control (Fig. 35). Regarding telomere biology, the treatment with resveratrol 

increased both the mRNA level of tert and telomerase activity and the telomere 

length. However, the induction of tert expression produced by treatment with 

navitoclax, had no repercussion on telomerase activity or telomere length (Fig. 16). 

As a response to the effect of resveratrol on telomere length, we observed a 

significant reduction in the DNA fragmentation level (Fig. 18), which ultimately 

translated into an increased half-life of ST2 larvae by 12.5% and survival by 6.25% 

(Fig. 19). At this point, we considered using resveratrol and navitoclax as references 

to carry out an in silico scrutiny and discover molecules derived from them. 

VI.3 In silico discovery of new drugs with anti-aging potential. 

Virtual Screening (VS) is the main technique used for in silico discovery of 

new drugs. VS can be performed in a fast and low-cost manner, as there are several 

docking programs and other tools that are free for academic use. VS not only 

significantly increases the identification of potential drugs but also reduces the 

number of molecules screened significantly, from millions to tens. As resveratrol is 

a natural antioxidant approved by the FDA to reduce cellular damage and prolong 

the healthspan, as has also been confirmed in the ST2 model of premature aging, 

we used it as a reference to look for other natural antioxidants by VS.  

After several VS calculations based on the similarity of both the structure and 

pharmacophoric properties compared to resveratrol, we obtained a list of 10 

natural antioxidant compounds with anti-aging potential out of a total of 10000 

(Fig. 21). These compounds would have also the ability to bind to TERT (Fig. 22), 

favoring its biological function and, therefore, were candidates for screening in 

aging models of zebrafish. Another molecule that is a firm candidate to fight 
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against aging is navitoclax, which has senolytic properties (Mohamad Anuar et al., 

2020). We performed the same in silico screening process with navitoclax as the 

reference molecule. However, due to the high structural and pharmacophoric 

complexity of the molecule, we could not find any molecule with enough structural 

or pharmacophoric characteristics in common with navitoclax (Fig. 23). At this 

point, we decided to try another reference senolytic called dasatinib (Breccia & 

Alimena, 2011; Chan et al., 2012; Montero et al., 2011)but, again, the complexity of 

the molecule did not allow us to get positive results (Fig. 25). 

Zebrafish is a promising and unique model in that it offers the opportunity 

of screening quickly and cost-effectively under in vivo conditions, bridging the gap 

between in vitro and rodent studies. The in tandem work of VS and zebrafish aging 

models allows the testing of selected compounds with anti-aging potential in the 

context of an in vivo organism, making it possible to advance candidate molecules 

to clinical trials in a shorter time frame. 

VI.4 In vivo validation of candidates with anti-aging potential in different aging 

zebrafish models for repurposing. 

The next step was the in vivo evaluation of the anti-aging effect of VS 

candidate natural antioxidant molecules in the different zebrafish models 

described above. The candidates have been already cataloged as anti-aging and 

anti-inflammatory compounds (Jiang et al., 2016). Naringenin participates in the 

regulation of INS/IGF-1, a pathway that influences the life expectancy of different 

organisms including humans. In addition, both naringenin and apigenin act by 

producing a decrease of ROS and oxidative stress level (Lim & Kim, 2018; Qin et 

al., 2016). On the other hand, quercetin participates in pathways directly related to 

aging (Jiang et al., 2016). Genestein and sakuranetin, are also related to the 

reduction of oxidative stress (Charles et al., 2014). Hesperetin protects neurons 
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against H2O2-induced apoptosis and reduces oxidative damage (Pan et al., 2012). 

Liquiritigenin and tricetin have anti-inflammatory properties (Majidinia et al., 

2020). 

Once assessed the toxicity, isoliquiritigenin and kaempherol were discarded, 

so we evaluated the anti-aging effects of the rest of candidates in the ST2 premature 

aging model. Unfortunately, none of the molecules behaved like resveratrol. 

However, some of them caught our attention: apigenin, despite good VS results, 

did not affect neither telomerase activity, nor telomere length; hesperetin and 

naringenin had conflicting effects on telomerase activity and telomere length, and 

both sakuranetin and tricetin induced telomerase activity, but without affecting 

telomere length (Fig. 28). Then, we selected apigenin, naringenin, sakuranetin, and 

resveratrol to check their effect on ST2 life expectancy. Hesperetin and tricetin were 

not available for a while and we decided to continue the study without them. The 

results on survival were consistent with telomere length, except in the case of 

apigenin, which was able to increase half-life by 12.5% despite not lengthening 

telomeres (Fig. 29) 

Nowadays, chemotherapy is the most common cancer treatment despite 

chemotherapeutic drugs are genotoxic (Ness & Wogksch, 2020) agents and their 

effectiveness are limited. Moreover, cancer survivors, and especially childhood 

cancer survivors, show premature aging and their life expectancy is reduced 

because of the DNA damage produced by these drugs. Therefore, it is necessary to 

search for new anti-aging adjuvant compounds for the treatment of cancer (Abaza 

et al., 2015). Therefore, we performed the treatment of the chemotherapy-induced 

DNA damage-induced premature aging (QiDD) larvae with five different 

chemotherapeutic agents in combination with the candidates apigenin, naringenin, 

resveratrol and sakuranetin. We evaluated the anti-aging adjuvant effects on larval 

survival compared to chemotherapeutics alone. The results showed a clear and 
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beneficial effect on survival when naringenin was co-treated with all 

chemotherapeutic compounds but methotrexate. However, the effects of apigenin, 

resveratrol, and sakuranetin were not as robust, but dependent on the 

chemotherapeutic agent they combined with (Table IV). These results are in line 

with other studies. Naringenin has been reported to present many protective 

effects, such as anti-inflammatory, antioxidant, anti-atherogenic, anti-cancer, and 

neuroprotective, and significantly reduces the DNA damage induced by 

chemotherapy (Ganaie et al., 2019). The use of naringenin and metformin in 

combination the chemotherapeutic agent doxorubicin results in an improved 

tumor activity compared to doxorubicin alone (Pateliya et al., 2021). On the other 

hand, the use of apigenin and resveratrol as chemoprotective agents has also been 

recently reported (Xiao et al., 2019). Regarding sakuranetin, several studies have 

shown not only its protective role against chemotherapy, but also its anti-cancer 

role, through induction of cancer cell death by apoptosis both in vitro and in vivo 

experiments (Stompor, 2020). 

We also had the chance to assess the effect of some candidates in the context 

of chronic inflammation. First, by using the zebrafish model of metainflammation 

induced by a high cholesterol diet (HCD), we showed a reduction of both 

neutrophils and macrophages after apigenin, naringenin and sakuranetin 

treatment, confirming their anti-inflammatory properties. This result led us to 

evaluate the anti-inflammatory effect of natural antioxidants on the chronic skin 

inflammation of Spint1a-deficient model. We identified apigenin, naringenin, 

sakuranetin and tricetin as the molecules with the greatest effect on reducing 

neutrophil infiltration in the skin (Fig. 42). Contrary to resveratrol, genestein, 

narigenin and sakuranetin were also able to decrease the keratinocyte aggregates 

(Fig. 43). Again, apigenin and genestein were effective in reducing oxidative stress 

(Fig. 44). The list of successful candidates increased by 50% with the measurement 
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of cell death level, being apigenin, genestein and hesperetin those who reduced it 

the most (Fig. 45). In general, all these results highlight the anti-inflammatory effect 

of most natural antioxidants in the context of chronic inflammation, their 

preventive use to avoid the possible development of chronic inflammation-induced 

aging could be assessed. Finally, despite the little success of the in silico screening 

using navitoclax and dasatinib as a reference, we did not want to miss the 

opportunity to test the effect of navitoclax in the context of metainflammation. 

Surprisingly, navitoclax dampened emergency myelopoiesis by reversing 

neutrophilia and monocytosis (Fig. 39), but without reversing the inflammation-

related genes il1b, tnfa, and cxcl8b.1 (Fig. 40). These results are not fully unexpected, 

since navitoclax has been shown to effectively remove senescent bone marrow 

hematopoietic stem cells (HSCs) in aged mice, mitigating premature aging of the 

hematopoietic system (Chang et al., 2016). Therefore, our results pave the way for 

future studies aimed at investigating whether emergency hematopoiesis promotes 

the senescence of HSCs or navitoclax can regulate hematopoiesis by a senolytic-

independent mechanism. 

These results prompted us to assess the effect of not only navitoclax, but 

dasatinib and venetoclax in the Spint1a-deficient zebrafish chronic skin 

inflammation model. Accordingly, two days of treatment with the senolytics 

dasatinib, navitoclax, and venetoclax was sufficient to ameliorate the phenotype of 

skin inflammation in terms of neutrophil skin infiltration, keratinocyte aggregate 

foci, and the mRNA levels of genes encoding major proinflammatory cytokines 

(Fig. 47-49). To date, dasatinib, navitoclax, and venetoclax are well documented as 

drugs with senolytic activity, inducing apoptosis, specifically in senescent cells 

(Montero et al., 2011; Souers et al., 2013; Tse et al., 2008). Although their senolytic 

activity usually ameliorates inflammation by reducing the senescence-associated 

secretory phenotype (SASP), which is associated with inflammation, senolytic-
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independent anti-inflammatory activities have not been reported to date. However, 

it is not uncommon for a molecule to have different properties. In fact, the senolytic 

potential of curcumin on senescent intervertebral disc cells by reducing the SASP 

and back pain by modulating the Nrf2 and NF-κB pathways has been recently 

reported (Cherif et al., 2019; Mantzorou et al., 2018). In addition, curcumin has also 

been demonstrated to be effective as adjuvant therapy for psoriasis, reducing skin 

inflammation and serum IL-22 levels (Antiga et al., 2015), these effects being 

independent of its senolytic activity. Something similar occurs with quercetin, 

which has been shown to reduce the inflammatory response in patients undergoing 

coronary artery bypass surgery following an acute coronary syndrome and 

improves endothelial function by eliminating senescent vascular endothelial cells 

(Dagher et al., 2021). The multipurpose properties of these nutraceuticals support 

our results, which point to an anti-inflammatory effect of dasatinib, navitoclax, and 

venetoclax, acting even before the cell surrounded by a chronic inflammatory 

microenvironment becomes senescent. Although the mechanism for this new anti-

inflammatory effect is not yet sufficiently detailed and more experiments are 

needed, these drugs could be repurposed as anti-inflammatory agents to treat 

chronic inflammatory disorders.  
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CONCLUSIONS 

The result obtained in this work lead to the following conclusions: 

1. Zebrafish models with telomeric shortening, either due to telomerase 

deficiency or to exposure to chemotherapeutic agents, constitute an ideal 

model for anti-aging drugs screening. The ST2 larvae model has 

demonstrated its validity for screening by means of a pilot trial with 

antioxidant (resveratrol) and senolytic (navitoclax) reference molecules.    

2. Spint1a-deficient zebrafish model and larvae fed with a high cholesterol 

diet (HCD) model do not show cellular senescence or premature aging. 

Therefore, they are not models of chronic inflammation-induced aging, at 

least up to the short times observed.  

3. A list of natural antioxidant compounds has been identified by virtual 

screening techniques using resveratrol as reference molecule.   

4. Polyphenols do not show a clear role in the rescue of aging markers in ST2 

models.  

5. In models of premature aging due to exposure to chemotherapy, a 

protective effect of polyphenols was observed on co-treatment. The effect 

of each polyphenol depends on the therapeutic agent. In general, we can 

say that narigenin is the polyphenol with the best protection against most 

of the chemotherapeutic tested.  

6. Apigenin and sakuranetin show anti-inflammatory activity in models of 

chronic inflammation, improving the phenotypes in both cases.   

7. Dasatinib, navitoclax and venetoclax show anti-inflammatory effects 

independent of their senolytic activity. Thus, they can reduce chronic 

inflammation in zebrafish models that do not. 

 

 



158 David Hernández Silva 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

VIII. LIMITACIONES Y 

FUTURAS LINEAS 

DE INVESTIGACIÓN 
 

 

 

 

 

 

 

 

 

 

 



160 David Hernández Silva 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Capítulo VIII: LIMITACIONES Y FUTURAS LINEAS DE INVESTIGACIÓN 161 
 

Limitaciones:  

La limitación principal del estudio del envejecimiento es que se trata de un 

proceso lento que consume tiempo. Por tanto, la obtención de resultados también 

lleva tiempo ya que se precisa que los modelos animales envejezcan. Para resolver 

ese problema, uno de los objetivos de esta Tesis Doctoral fue generar modelos que 

mostraran los síntomas de envejecimiento precozmente.  En concreto buscábamos 

un envejecimiento prematuro en las primeras semanas de vida de las larvas, lo que 

no sólo permite ver antes los fenotipos de envejecimiento, sino que además 

facilitaba su utilización en escrutinios de manera rápida y sencilla.  

 Otra limitación de la Tesis es la correcta elección de los compuestos de 

referencia "rejuvenecedores” para hacer un cribado virtual y posteriormente un 

cribado in vivo. Muchas son las moléculas que se han descrito que tienen un efecto 

beneficioso en el organismo, entre ellas los polifenoles y los senolíticos. En un 

escrutinio siempre está el riesgo de no tener éxito. Con el fin aumentar la 

probabilidad de encontrar moléculas rejuvenecedoras se eligieron dos senolíticos y 

un polifenol como moléculas de referencia, y además se establecieron hasta 4 

modelos de envejecimiento prematuro (2 por acortamiento telomérico y 2 por 

inflamación crónica)   

A pesar de que los tiempos de envejecimiento de las larvas se redujeron a dos 

semanas, la reversión de los fenotipos por los tratamientos es compleja. No se 

conoce la dosis correcta de los compuestos, todos los experimentos son in vivo y 

requieren de ensayos complejos que además necesitan de análisis de imagen. Se 

precisa cruces constantes de las distintas líneas modificadas para la obtención de 

gran cantidad de larvas lo que a veces no se consigue semanalmente.  
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Futuras líneas de investigación: 

En vista de los resultados, se abren nuevas líneas de investigación.  

Se precisa una mejor caracterización de otros procesos, entre ellos las 

capacidades cognitivas, ya que uno de los síntomas de envejecimiento es la pérdida 

progresiva de las mismas. 

Se estudiará el mecanismo molecular por el que los compuestos ejercen su 

función protectora sobre los diferentes modelos de envejecimiento prematuro. 

Posiblemente el más interesante sea el efecto protector de los compuestos 

antioxidantes cuando se co-trata con quimioterapéuticos. Los supervivientes de 

cáncer, especialmente los pediátricos, después de conseguir vencer a esta temible 

enfermedad, ven acortada la esperanza de vida y la calidad debido a los efectos 

severos de los tratamientos oncológicos. Por tanto, es de especial importancia 

entender cómo ejerce esa función y poder disponer de ellos para estos pacientes.   

Una vez conocido el mecanismo molecular podría revelar nuevas dianas 

terapéuticas, que podrían ser objeto de escrutinios in silico y revelar nuevos 

compuestos a ensayar in vivo.   

Por último, sería deseable proponer el mejor candidato para un ensayo 

clínico, donde se puedan evaluar los efectos beneficiosos en la salud de las 

personas.  
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X.1 ANEXO: CALIDAD DE LAS PUBLICACIONES. 

Esta Tesis Doctoral ha dado lugar a la publicación de un primer artículo 

científico y un artículo de revisión (revisado y pendiente de aceptación), ambos en 

revistas de alto nivel situadas en el primer cuartil (Q1) según el índice JCR y con 

un factor de impacto igual o superior a 3. Actualmente, otros dos artículos 

científicos están en proceso de redacción y serán enviados próximamente.  

Los datos relativos a la calidad de las revistas se detallan en los siguientes 

apartados.  

X.1.1. Senescence-Independent Anti-Inflammatory Activity of the Senolytic 

Drugs Dasatinib, Navitoclax, and Venetoclax in Zebrafish Models of 

Chronic Inflammation. 

El artículo científico Senescence-Independent Anti-Inflammatory Activity of the 

Senolytic Drugs Dasatinib, Navitoclax, and Venetoclax in Zebrafish Models of Chronic 

Inflammation (https://doi.org/10.3390/ijms231810468) ha sido publicado en la revista 

International Journal of Molecular Sciences. A continuación, se muestran los datos 

relativos a la calidad de dicha revista: 

ISSN: 1422-0067 

Impact Factor (2021): 6.208 

5-year Impact Factor: 6.628 

JCR category rank: Q1, Biochemistry & Molecular Biology.  

                                  Q2, Chemistry, Multidisciplinary 

 

https://doi.org/10.3390/ijms231810468
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X.1.2  Virtual and zebrafish screening models in tandem, for drug discovery and 

development. 

El artículo de revisión (por invitación) Virtual and zebrafish screening models in 

tandem, for drug repurposing, discovery and development está depositado en la 

plataforma Preprints (ID: preprints-63000). Ha sido revisado y está pendiente de 

aceptación en la revista Expert Opinion on Drug Discovery. A continuación, se 

muestran los datos relativos a la calidad de dicha revista: 

ISSN: 1746-0441 

Impact Factor (2021): 7.050 

5-year Impact Factor: 6.466 

JCR category rank: Q1, Pharmacology & Pharmacy.  

                                 

X.2 ANEXO: PATENTES. 

El desarrollo de esta Tesis Doctoral ha dado lugar al depósito de una 

patente: 

Número de solicitud: 202230840  

Cayuela Fuentes, María Luisa; Alcaraz Pérez, Francisca; Hernández Silva, 

David; Pérez Sánchez, Horacio; Mulero Méndez, Victoriano; Cantón 

Sandoval, Joaquín. Compuestos antienvejecimiento. P202230840 (2022). 

 

X.3 ANEXO: OTRAS COMUNICACIONES 

El desarrollo de esta tesis ha dado lugar a una serie de publicaciones en 

congresos, jornadas y seminarios adicionales a los artículos: 

1. Título:  Anti-inflammatory property of senolytics in skin inflammation and 

metaflammation. 
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      Autores: David Hernández Silva; Joaquín Cantón Sandoval, Francisco Juan 

Martínez Navarro, Elena Naranjo Sánchez, Horacio Pérez Sánchez, Sofia de 

Oliveira, Victoriano Mulero, Francisca Alcaraz-Pérez, María L Cayuela. 

.    Tipo de comunicación: Escrita (póster). 

      Nombre del Congreso: ZDM15 

      Fecha de celebración: 5/09/2022 - 9/09/2022. 

      Ciudad de celebración: Sheffield, Inglaterra. 

 

2. Título: In silico and in vivo strategies for the development of molecules with 

antiaging effects.   

Autores: David Hernández Silva; Miriam Roca Martínez; María Dolores 

López Abellán; Jorge De la Peña García; María Mulero; Miriam Fernández 

Lajarín; Elena Martínez Balsalobre; Elena Naranjo Sánchez; Elena Gómez 

Abenza; María Concepción López Maya; Ruth Conde Garrosa; Victoriano 

Mulero Méndez; Horacio Emilio Pérez Sánchez; Francisca Alcaraz Pérez; 

María L. Cayuela Fuentes.  

Tipo de comunicación: Escrita (póster). 

Nombre de la Jornada: V Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 23/11/2020 - 24/11/2020. 

Ciudad de celebración: Murcia, España. 

 

3. Título: Efecto de las relaciones intergeneracionales en las capacidades 

cognitivas del pez cebra.   

Autores: Miriam Roca Martínez; David Hernández Silva; Isadora Marqués 

Paiva; Miriam Fernández Lajarín; Elena Naranjo Sánchez; Elena Martínez 

Balsalobre; Jesús García Castillo; Cynthia María Cabello Villalba; Francisca 

Alcaraz Pérez; María L. Cayuela Fuentes.  

Tipo de comunicación: Escrita (póster). 

Nombre de la Jornada: V Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 23/11/2020 - 24/11/2020. 

Ciudad de celebración: Murcia, España. 

 

4. Título: Función del componente de ARN de la telomerasa en la modulación 

de la inflamación crónica en piel.   

Autores: Elena Naranjo Sánchez; Joaquin Cantón Sandoval; Jesús García 

Castillo; Elena Martínez Balsalobre; Miriam Fernández Lajarín; David 
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Hernández Silva; Francisca Alcaraz Pérez; Victoriano Mulero Méndez; 

María L. Cayuela Fuentes.  

Tipo de comunicación: Escrita (póster). 

Nombre de la Jornada: V Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 23/11/2020 - 24/11/2020. 

Ciudad de celebración: Murcia, España. 

 

5. Título: In silico and in vivo strategies for the development of molecules with 

antiaging effects.   

Autores: David Hernández Silva; Miriam Roca Martínez; María Dolores 

López Abellán; Jorge De la Peña García; María Mulero; Miriam Fernández 

Lajarín; Elena Martínez Balsalobre; Elena Naranjo Sánchez; Elena Gómez 

Abenza; María Concepción López Maya; Ruth Conde Garrosa; Victoriano 

Mulero Méndez; Horacio Emilio Pérez Sánchez; Francisca Alcaraz Pérez; 

María L. Cayuela Fuentes.  

Tipo de comunicación: Escrita (póster). 

Nombre de la Jornada: IV Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 11/11/2019 - 11/11/2019. 

Ciudad de celebración: Murcia, España. 

 

6. Título: Predicción in-silico y caracterización in vivo de compuestos con 

actividad telomerasa mejorada.   

Autores: David Hernández Silva; Francisca Alcaraz Pérez; María L Cayuela 

Fuentes; Jorge Peña García; Horacio Emilio Pérez Sánchez.  

Tipo de comunicación: Oral. 

Nombre del Congreso: Ciencia sin fronteras.  

Fecha de celebración: 31/05/2019 - 31/05/2019. 

Ciudad de celebración: Murcia, España. 

 

7. Título: Telomerase contributes to tumor aggressiveness through a non-

canonical mechanism of direct regulation of microRNAS. 

Autores: Manuel Bernabé García; Elena Martínez Balsalobre; Diana García 

Moreno; Beatriz C. Revilla Nuin; Jesús García Castillo; Miriam Fernández 

Lajarín; David Hernández Silva; Elena Naranjo Sánchez; María C. López 

Maya; Victoriano Mulero Méndez; Francisca Alcaraz Pérez; María L. Cayuela 

Fuentes.  
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Tipo de comunicación: Escrita (póster). 

Nombre de la Jornada: III Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 19/11/2019 - 20/11/2019. 

Ciudad de celebración: Murcia, España. 

 

8. Título: Zebrafish is the first animal model to study alternative lengthening of 

telomeres mechanism. 

Autores: Elena Martínez Balsalobre; Monique Anchelin; Jesús García Castillo; 

Manuel Bernabé García; Francisca Alcaraz Pérez; Miriam Fernández Lajarín; 

Elena Naranjo Sánchez; David Hernández Silva; Victoriano Mulero Méndez; 

María L. Cayuela Fuentes. 

Tipo de comunicación: Oral 

Nombre de la Jornada: III Jornadas Científicas del IMIB-Arrixaca.  

Fecha de celebración: 19/11/2019 - 20/11/2019. 

Ciudad de celebración: Murcia, España. 

 

9. Título: Telomerase lncRNA recruits RNA polymerase II to target genes to 

promote myelopoiesis. 

Autores: Jesús García Castillo; Francisca Alcaraz Pérez; Diana García 

Moreno; Elena Martínez Balsalobre; Manuel Bernabé García; Miriam 

Fernández Lajarín; David Hernández Silva; Elena Naranjo; Marlies 

Rossman; Isaac Adatto; Leonard I Zon; Victoriano Mulero; María L Cayuela 

Fuentes. 

Tipo de comunicación: Oral 

Nombre del Congreso: 11th Annual Zebrafish Disease Models Conference. 

Fecha de celebración: 10/07/2018 - 13/07/2018. 

Ciudad de celebración: Leiden, Holanda. 

 

10. Título: Zebrafish as a new model to study telomerase-independent telomere 

maintenance mechanism: regeneration and cancer. 

Autores: Elena Martínez Balsalobre; Monique Anchelin; Jesús García Castillo; 

Manuel Bernabé García; Francisca Alcaraz Pérez; Miriam Fernández Lajarín; 

Elena Naranjo; David Hernández Silva; Victoriano Mulero; María L Cayuela.  

Tipo de comunicación: Oral 

Nombre del Congreso: 11th Annual Zebrafish Disease Models Conference. 

Fecha de celebración: 10/07/2018 - 13/07/2018. 
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Ciudad de celebración: Leiden, Holanda. 

 

11. Título: Telomerase RNA component: A lncRNA which recruits RNA 

polymerase II to target genes to promote myelopoiesis. 

Autores: Jesús García Castillo; Francisca Alcaraz Pérez; Diana García 

Moreno; Elena Martínez Balsalobre; Manuel Bernabé García; Miriam 

Fernández Lajarín; David Hernández Silva; Elena Naranjo; Leonard I Zon; 

Victoriano Mulero; María L Cayuela. 

Tipo de comunicación: Oral 

Nombre del Congreso: Telomere biology in health and human disease. 

Fecha de celebración: 01/05/2018 - 06/05/2018. 

Ciudad de celebración: Tróia, Portugal. 

 

 

 

 

 


