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Resumen 

La enfermedad cardiovascular (ECV) es la principal causa de morbi-mortalidad a nivel mundial. 

Las estrategias para reducir la ECV incluyen la estimación del riesgo cardiovascular (RCV), que 

es el riesgo de sufrir una ECV a lo largo de un periodo de tiempo determinado. La estimación 

del RCV normalmente descuida poblaciones con bajo RCV a corto plazo como los adultos 

jóvenes y las mujeres, así como poblaciones consideradas de muy alto RCV como la anciana y 

aquella con historia de ECV. El RCV se estima en función de los factores de RCV, los cuales 

se asocian con el estrés oxidativo. El estrés oxidativo puede inducir un daño vascular que 

incrementa el RCV. Por este motivo, nuestra hipótesis es que el estrés oxidativo se asocia con 

el RCV en poblaciones descuidadas independientemente de los factores de RCV tradicionales. 

Debido a que actualmente no existe un parámetro estándar para determinar el estrés oxidativo, 

hemos desarrollado un índice multimarcador para determinar de forma global el daño oxidativo 

(OxyScore), que incluye biomarcadores de daño oxidativo en proteínas (grupos carbonilo), 

lípidos (lipoproteína de baja densidad oxidada, oxLDL), ADN (8-hidroxi-2'-deoxiguanosina, 8-

OHdG), y la capacidad pro-oxidante enzimática de la xantina oxidasa (XOD); así como la 

defensa antioxidante (AntioxyScore), que incluye la capacidad antioxidante enzimática de la 

catalasa y la superóxido dismutasa (SOD), y la capacidad antioxidante total (TAC) de los 

antioxidantes de bajo peso molecular. Describimos una asociación significativa y positiva entre 

el RCV y el oxLDL, 8-OHdG, la actividad de catalasa y TAC en una población joven. Además, 

el OxyScore se asoció con el RCV a largo plazo independientemente de los factores de RCV 

tradicionales. La fuerte asociación entre el oxLDL y el RCV, y la su independencia del 

colesterol total y LDL llevó a la hipótesis de que el oxLDL induce ECV independientemente de 

la enfermedad aterosclerótica. Por tanto, estudiamos el efecto agudo in vitro del oxLDL en el 

manejo del Ca2+ en cardiomiocitos ventriculares de rata adulta. El oxLDL indujo anomalías en la 

función de los cardiomiocitos y aumentó los eventos arritmogénicos. Posteriormente, 

estudiamos si el perfil de estrés oxidativo se mantiene en una población anciana, describiendo 

un desequilibrio en los grupos carbonilo, el 8-OHdG y la actividad de catalasa. Esto sugiere que 

los mecanismos subyacentes a la ECV en poblaciones jóvenes y ancianas son diferentes. 

Finalmente, los niveles de estrés oxidativo en pacientes con historia de ECV fueron similares a 

los niveles encontrados en personas con bajo RCV tanto en la población joven como en la 

anciana, sugiriendo que la terapia intensiva reduce los niveles de estrés oxidativo. 

Los resultados presentados en esta Tesis Doctoral indican que el estrés oxidativo se asocia 

con el RCV a lo largo de la vida, aunque las interacciones con los factores de RCV y los 

mecanismos subyacentes varían entre poblaciones jóvenes, ancianas o con ECV. Además, el 

oxLDL induce disfunción cardiaca independientemente de la enfermedad aterosclerótica.  
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Abstract 

Cardiovascular disease (CVD) is the leading cause of death and disability worldwide. Attempts 

to reduce CVD burden include the estimation of cardiovascular risk (CVR) which is the risk of 

suffering a CVD in a defined time frame. CVR estimation usually neglects populations with low 

CVR in the short-term such as young adults and women, as well as populations considered at 

especially high CVR such as older populations and subjects with history of CVD. CVR is 

estimated on the basis of CVR factors, which are associated with oxidative stress. Additionally, 

oxidative stress induces vascular damage that further increase CVR. We hypothesized that 

oxidative stress is associated with CVR in neglected populations independently of traditional 

CVR factors. 

Since there is not a gold-standard parameter to determine oxidative stress, we developed a 

multimarker approach to globally determine oxidative damage (OxyScore), including biomarkers 

of oxidative damage to proteins (protein carbonyls), lipids (oxidized low-density lipoprotein, 

oxLDL), DNA (8-hydroxy-2'-deoxyguanosine, 8-OHdG), and the enzymatic pro-oxidant capacity 

of xanthine oxidase (XOD); and antioxidant defense (AntioxyScore), including the enzymatic 

antioxidant capacity of catalase, and superoxide dismutase (SOD), and the total antioxidant 

capacity (TAC) of low molecular weight antioxidants. 

We found significant positive associations between CVR and oxLDL, 8-OHdG, catalase activity 

and TAC in a young population. Moreover, OxyScore was associated with long-term CVR 

independently of traditional CVR factors. The strong association between oxLDL and CVR, and 

the independency of total and LDL cholesterol led to the hypothesis that oxLDL may induce 

atherosclerotic-independent CVD. Therefore, we studied the in vitro acute effect of oxLDL on 

Ca2+ handling in adult rat ventricular cardiomyocytes. oxLDL indeed induced anomalies in 

cardiomyocyte function and increased arrhythmic events. 

Subsequently, we assessed whether the oxidative stress profile is maintained in an older 

population, finding an imbalance in protein carbonyls, 8-OHdG, and catalase activity. This 

suggested that the underlying mechanisms leading to CVD in the young and the older are 

different. Finally, the levels of oxidative stress in subjects with history of CVD were similar to 

those with low CVR in both young and older populations, suggesting that intensive therapy 

reduces the burden of oxidative stress.  

The results presented in this Doctoral Dissertation indicate that oxidative stress is associated 

with the risk of suffering a CVD throughout life, although the interactions with CVR factors and 

underlying mechanisms vary between young, old and stable CVD populations. Moreover, 

oxLDL induces cardiac dysfunction independently of atherosclerotic CVD.  



 

 

 

 

 

 

 

 

 

 

 

 

TABLE OF CONTENTS 
  



 

xv 

 

Table of contents 

ACKNOWLEDGMENTS ................................................................................................................ i 

RESUMEN ..................................................................................................................................... v 

ABSTRACT ................................................................................................................................... ix 

TABLE OF CONTENTS .............................................................................................................. xiii 

ABBREVIATIONS ....................................................................................................................... xix 

INTRODUCTION ........................................................................................................................... 1 

1. CARDIOVASCULAR DISEASE ............................................................................................ 3 

1.1 Traditional cardiovascular risk factors ............................................................................. 4 

2. CARDIOVASCULAR RISK ASSESSMENT .......................................................................... 9 

2.1 Short-term cardiovascular risk for primary prevention in the general population .......... 11 

2.2 Lifetime cardiovascular risk for primary prevention in the general population .............. 17 

2.3 Short-term cardiovascular risk for primary prevention in older populations .................. 19 

2.4 Short-term cardiovascular risk for secondary prevention in the general population ..... 22 

3. CARDIAC DYSFUNTION AS A CONTRIBUTOR TO CVR ................................................ 24 

4. CARDIOVASCULAR DRUG THERAPEUTICS .................................................................. 27 

5. OXIDATIVE STRESS AS A GLOBAL MECHANISM UNDERLYING CVD......................... 29 

5.1 Generation and Scavenging of ROS ............................................................................. 29 

5.2 Biomarkers of oxidative stress ...................................................................................... 32 

5.3 Oxidative stress and CVRFs ......................................................................................... 34 

5.4 Oxidative stress and EC-coupling ................................................................................. 38 

5.5 Antioxidant effects of cardiovascular therapeutics ........................................................ 39 

OBJECTIVES .............................................................................................................................. 41 

ARTICLES ................................................................................................................................... 45 

ARTICLE 1: Lifetime cardiovascular risk is associated with a multimarker score of systemic 

oxidative status in young adults independently of traditional risk factors................................ 47 

ARTICLE 2: Oxidized low-density lipoprotein associates with ventricular stress in young 

adults and triggers intracellular Ca2+ alterations in adult ventricular cardiomyocytes ............. 65 



 

xvi 

 

Table of contents 

ARTICLE 3: Analysis of global oxidative status using multimarker scores reveals a specific 

association between renal dysfunction and diuretic therapy in older adults ........................... 83 

DISCUSSION .............................................................................................................................. 97 

CONCLUSIONS ........................................................................................................................ 111 

CONCLUSIONES ..................................................................................................................... 115 

REFERENCES .......................................................................................................................... 119 

APPENDIX ................................................................................................................................ 143 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

ABBREVIATIONS 
 



 

xxi 

 

Abbreviations 

8-OHdG - 8-hydroxy-2'-deoxyguanosine 

8oxodG - 8-oxo-2'-deoxyguanosine 

ACE - angiotensin converting enzyme 

ADA/EASD - American Diabetes 

Association/European Association for the 

Study of Diabetes 

ARB - angiotensin receptor blocker 

BAP - biological antioxidant potential 

BMI - body mass index 

CAD - coronary artery disease 

CaMKII - Ca2+/calmodulin-dependent 

protein kinase II 

CKD - chronic kidney disease 

CRP - C-reactive protein 

CVD - cardiovascular disease 

CVR - cardiovascular risk 

CVRF - cardiovascular risk factor 

DALY - disability adjusted life year 

d-ROMs - derivatives of reactive oxygen 

metabolites 

EC - excitation-contraction  

eGFR - estimated glomerular filtration rate 

eNOS - endothelial NO synthase 

ESRD - end-stage renal disease 

GLP-1 - glucagon-like peptide-1 receptor 

agonist 

GPx - glutathione peroxidase  

GSH - glutathione 

HbA1c - glycosylated hemoglobin  

HDL - high-density lipoprotein 

HF - heart failure 

HNE - hydroxynonenal  

KEAP1 - Kelch-like ECH-associated protein 

1 

LDL - low-density lipoprotein  

LOX-1 - lectin-like oxLDL receptor 1 

MAPK - mitogen-activated protein kinase 

MPO - myeloperoxidase 

NCX - Na+-Ca2+ exchanger  

NICE - National Institute for Health and 

Care Excellence  

NO - nitric oxide 

NOX - NADPH oxidases  

Nrf2 - nuclear factor-E2 related factor-2 

NT-proBNP - N-terminal pro-B-type 

natriuretic peptide 

oxLDL - oxidized LDL 

PKA - protein kinase A 

 



 

xxii 

 

Abbreviations 

PLB - phospholamban 

RAAS - renin-angiotensin-aldosterone 

system 

ROS - reactive oxygen species 

RyR2 - type 2 ryanodine receptors 

SBP - systolic blood pressure 

SCAD - stable coronary artery disease 

SCD - sudden cardiac death 

SERCA2a - sarcoplasmic/endoplasmic 

reticulum Ca2+ ATPase 2a  

SGLT2i - sodium-glucose cotransporter-2 

inhibitor 

SOD - superoxide dismutase 

SR - sarcoplasmic reticulum 

T2DM - type 2 diabetes mellitus 

TAC - total antioxidant capacity 

WHO - World Health Organization 

XOD - xanthine oxidase 

 

CLINICAL TRIALS 

ARIC - Atherosclerosis Risk in 

Communities 

CARDIA - Coronary Artery Risk 

Development in Young Adults 

CLARIFY - prospeCtive observa- tional 

LongitudinAl RegIstry oF patients with 

stable coronary arterY disease 

CORE - coronary risk in the elderly 

EISNER - Early Identification of Subclinical 

Atherosclerosis by Noninvasive Imaging 

EPIC - European Prospective Investigation 

into Cancer 

ERICE - Ecuación de Riesgo 

Cardiovascular Española 

Health ABC - Health, Aging, and Body 

Composition  

INTERHEART - Effect of potentially 

modifiable risk factors associated with 

myocardial infarction 

LIFE-CVD - LIFEtime-perspective model for 

individualizing CardioVascular Disease 

MESA - Multi-Ethnic Study of 

Atherosclerosis 

PCE - Pooled Cohort Equations 

PESA - Progression of Early Subclinical 

Atherosclerosis 

preDIVA - Prevention of Dementia by 

Intensive Vascular care  

PREVENT - Prospective Randomized 

Evaluation of the Vascular Effects of 

Norvasc Trial 



 

xxiii 

 

Abbreviations 

PROCAM - Prospective Cardiovascular 

Münster 

PROSPER - PROspective Study of 

Pravastatin in Elderly at Risk 

REACH - Reduction of Atherothrombosis 

for Continued Health 

SCORE-OP - Systematic COronary Risk 

Evaluation -old people 

SCORE - Systematic COronary Risk 

Evaluation 

SMART - Secondary Manifestations of 

Arterial Disease 

SPRINT - Systolic Blood Pressure 

Intervention Trial 

  



 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

  



 

3 

 

Introduction 

1. CARDIOVASCULAR DISEASE 

Cardiovascular disease (CVD), defined by the World Health Organization (WHO) as the group 

of disorders of the heart and blood vessels, is the leading cause of death and disability 

worldwide, accounting for 6.2 million deaths of individuals aged 30-70 years only in 2019 (Roth 

et al., 2020) and 45% of all deaths in Europe (Piepoli et al., 2020). The concept of CVD 

encompasses an heterogeneous set of pathologies, including those affecting the heart vessels 

(coronary artery disease [CAD], also known as coronary heart disease or ischemic heart 

disease), brain vessels (cerebrovascular disease, including ischemic and hemorrhagic stroke, 

and transient ischemic attack among others), arms or legs vessels (peripheral artery disease), 

the heart muscle or its valves (cardiomyopathies, heart failure [HF], cardiac arrhythmias, among 

others), or other parts of the body where blood clots block the blood flow (deep vein thrombosis, 

or pulmonary embolism). CAD is the attributed cause of 49.2% of cardiovascular deaths, 

followed by ischemic stroke (17.7%) and hemorrhagic stroke (15.5%) (Roth et al., 2020). Recent 

data from the Rotterdam Study has shown that the risk of CAD and stroke after 55 years of age 

is 27.2% and 22.8% for men, and 16.9% and 29.8% for women, respectively (Ikram et al., 

2020). The prevalence of this set of pathologies has steadily risen since the beginning of 

registries in the last century, and is expected to keep rising due to population aging and the 

decrease in fatality rates (overall global 5-15% reduction in age-standardized CVD death rate 

between 2010 and 2019, with exceptions) (Koch et al., 2015; Roth et al., 2020). In the year 

2018, 26.1 million adults >20 years old were estimated to suffer CVD, including CAD, HF, and 

stroke, pointing to a global prevalence of 9.3% (Virani et al., 2021). 

The main subtypes of CVD, CAD and cerebrovascular disease, develop silently 

(asymptomatically) during an individual’s lifespan due to continuous damage to the 

endothelium, which is the innermost layer of blood vessels. Damage to the endothelium causes 

a decrease in the levels of the major vascular vasodilating agent, nitric oxide (NO), and an 

imbalance in the deposition of elastin and collagen fibers in the arterial wall that leads to arterial 

rigidity or stiffness. Consequently, the vascular system develops an imbalance between 

vasodilation and vasoconstriction known as endothelial dysfunction (Medina-Leyte et al., 

2021). The underlying molecular mechanism of endothelial dysfunction is intimately associated 

with a pro-inflammatory/pro-oxidant environment that is further discussed in Section 5. 

Therefore, the process of endothelial dysfunction is one of the main mechanisms underlying 

and leading to CVD. Multiple pathologies accelerate the progression of endothelial dysfunction, 

increasing the likelihood of suffering a CVD in the short- or long-term. This likelihood of suffering 
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a CVD is referred to as cardiovascular risk (CVR), and the pathologies or lifestyle factors that 

increase CVR are consequently known as CVR factors (CVRFs). Due to the silent progression 

of CVD throughout life, aging is the main non modifiable CVRF (Donato et al., 2018). Other 

important non modifiable CVRFs include sex, ethnicity or family history of CVD. However, the 

highest burden of CVR is conferred by modifiable CVRFs (Table 1), which include high systolic 

blood pressure (SBP), abnormal levels of cholesterol subtypes or dyslipidemia, smoking, type 2 

diabetes mellitus (T2DM), overweight/obesity, or chronic kidney disease (CKD). Moreover, non-

traditional CVRFs have been identified including biomarkers of cardiac stress and damage, 

inflammation, vascular remodeling, or renal damage, but their additive prognostic value to 

traditional CVRFs is very limited (Melander et al., 2009; Rana et al., 2012; Wang et al., 2006; 

Wang et al., 2012). Improving modifiable traditional CVRFs and maintaining a healthy lifestyle 

may prevent approximately 70% of cardiovascular events in the US (Bundy et al., 2021), and 

expand life expectancy in 14 years for males and 12.2 years for females (Li et al., 2018).  

1.1 Traditional cardiovascular risk factors 

Aging is the main non-modifiable CVRF. The risk of suffering a CVD increases dramatically 

from the age of 50 in men and approximately 10 years later in women (Maas et al., 2021), being 

the main cause of death in the older population (Benjamin et al., 2017; Dugani et al., 2021). 

CVR of older populations is nearly 25 times greater than that of young adults (Benjamin et al., 

2017). Moreover, aging is an important condition for the development of other CVRFs including 

hypertension (Nowak et al., 2018), T2DM (Costantino et al., 2016) and CKD (O'Sullivan et al., 

2017). Therefore, the burden of modifiable CVRFs accumulates with age, further increasing 

CVR. Importantly, improvement in life expectancy is sharply increasing the older population, 

which is expected to account for 150 million people in Europe in the next 50 years (Olsen et al., 

2016).  

Family history of premature CVD (<55 years old in men and <65 years old in women) is 

considered an important CVRF for shared decision-making, especially among subjects <50 

years old (Arnett et al., 2019; Piepoli et al., 2016). The increased CVR in subjects with family 

history of premature CVD is suggested to be associated with genetic variants that worsen 

pathological molecular mechanisms. However, the effect of potentially modifiable risk factors 

associated with myocardial infarction (INTERHEART) study suggested that the burden of CVR 

conferred by family history might be attributed to similar lifestyle between parents and offspring 

leading to similar patterns of modifiable CVRFs such as smoking or obesity (Yusuf et al., 2004).  
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Male sex has been traditionally considered as a major CVRF because men have a significantly 

higher risk of CVD than women until mid-life. However, the CVR of women increases 

exponentially to similar or even higher levels than their male peers after mid-life, especially for 

stroke. Accordingly, while 490000 annual deaths are attributed to CVD in European men <65 

years old and 193000 in European women <65 years old, this rate is conversed considering all 

ages (1.8 million men and 2.2 million women) (Mach et al., 2020). Several hypotheses have 

been suggested to explain this phenomenon, but menopause is in the spotlight due to the tight 

association between estrogen levels and pathways associated with endothelial dysfunction 

(Farukhi & Mora, 2021). However, post-menopausal hormone therapy does not have beneficial 

effects on primary or secondary prevention (Garcia et al., 2016; Maas et al., 2021), and the 

CVR conferred by T2DM, hypertension, obesity, and smoking is greater in women than in their 

male peers independently of age (Benjamin et al., 2017; Dugani et al., 2021; Farukhi & Mora, 

2021; Garcia et al., 2016; Humphries et al., 2017).  Therefore, the paradigm of a lower CVR in 

women is changing, although women continue to be usually underrepresented in clinical trials 

(Humphries et al., 2017), and undertreated for both primary and secondary prevention (Farukhi 

& Mora, 2021; Rachamin et al., 2021; Singh et al., 2018). 

Ethnicity determines the risk of premature CVD mainly because of differences in the incidence 

of traditional CVRFs (Agarwala et al., 2019). Results from Coronary Artery Risk Development in 

Young Adults (CARDIA) study showed that differences in CVRF profile between whites and 

blacks were largely conditioned by socioeconomic factors (Whitaker et al., 2018). Therefore, 

CVRFs might confound the absolute CVR conferred by ethnicity. Accordingly, the 

INTERHEART study performed on subjects from 52 countries suggested that the relative risk of 

modifiable CVRFs including smoking, dyslipidemia, obesity, T2DM, hypertension and 

psychosocial factors is homogeneous across geographic regions, ethnic groups, sex and age, 

accounting for over 90% of the overall risk of suffering an acute myocardial infarction (Yusuf et 

al., 2004). However, clinical practice guidelines recommend assessing risks conferred by 

ethnicities to patients (Arnett et al., 2019; Piepoli et al., 2016).  

Cigarette smoking is among the leading preventable causes of death in the world, and a 

CVRF also in light and passive smokers (Kondo et al., 2019). Cigarette smoking increases CVR 

by double (Piepoli et al., 2016), causing over 8 million deaths only in 2019 (Virani et al., 2021). 

Importantly, smoking cessation is associated with a reduction in CVR also in older populations 

(Kondo et al., 2019). However, the global prevalence of cigarette smoking is over 10% in US 

adults (Huffman et al., 2012), reaching 20-35% in Europe (Kotseva et al., 2016). 
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Table 1. Modifiable cardiovascular risk factors 

Hypertension 
(Unger et al., 2020; 

Whelton et al., 2018; 
Williams et al., 2018) 

Category SBP 
(mmHg) 

DBP 
(mmHg) 

Optimal/ 
Normal <120 <80 

Normal/ 
Elevated 120-129 80-84/ 

<80 

High-normal/ 
Stage 1 130-139 85-89/ 

80-89 

Hypertension/ 
Stage 2 ≥140 ≥90 

Dyslipidemia 
(Grundy et al., 2018; 
Mach et al., 2020) 

Management  LDL-cholesterol 
(mg/dL) 

Lifestyle advice <70 

Lifestyle advice + 
intervention if very high CVR 70-99 

Lifestyle advice + 
intervention if high CVR 100-189 

Intervention >190 

Overweight/Obesity 
(Garvey et al., 2016) 

Category BMI 
(Kg/m2) 

Underweight <18.5 

Normal weight 18.5-24.9 

Overweight 25-29.9 

Obese ≥30 

T2DM 
(American Diabetes 
Association, 2019; 
Cosentino et al., 

2020) 

Category HbA1c 
(%) 

Fasting plasma 
glucose (mg/dL) 

Normal <5.7 <100 

Pre-diabetes 5.7-6.4 100-125 

T2DM ≥6.5% ≥126 

CKD 
(Inker et al., 2014) 

Category eGFR 
(mL/min/1.73m2) 

Normal function 
(stage 1) ≥90 

Mildly decreased function 
(stage 2) 60-89 

Mildly to severely decreased 
function (stage 3) 30-59 

Severely decreased function   
(stage 4) 15-29 

Kidney failure 
(stage 5) <15 

SBP, systolic blood pressure; DBP, diastolic blood pressure; CVR, cardiovascular risk; LDL, low-density lipoprotein; 
BMI, body mass index; T2DM, type 2 diabetes mellitus; HbA1c, glycosylated hemoglobin; CKD, chronic kidney disease; 
eGFR, estimated glomerular filtration rate. 
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Hypertension is the leading cause of preventable mortality worldwide (Olsen et al., 2016; Yusuf 

et al., 2004). Hypertension is diagnosed when BP ≥140/90 mmHg in Europe (Williams et al., 

2018) and globally (Unger et al., 2020), and when BP ≥130/80 mmHg in US (Whelton et al., 

2018) (Table 1). This discrepancy is based on clinical trials underscoring the association 

between BP and CVR even from BP levels which are considered normal (Whelton et al., 2018). 

Results from the Systolic Blood Pressure Intervention Trial (SPRINT) showed that target BP of 

<120 mmHg significantly reduces the incidence of CVD (Wright et al., 2015). Therefore, US 

guidelines for the detection, evaluation and management of high BP in adults consider that 

reducing the threshold of hypertension is cost-effective despite an estimated increase in the 

prevalence of hypertension from 32% to 46% (Whelton et al., 2018). The global prevalence of 

hypertension is also over 31% (Mills et al., 2016), and increases annually despite being easily 

preventable by acquiring healthy lifestyle habits (Roth et al., 2020). Moreover, hypertension is 

frequently misdiagnosed and, consequently, not controlled, which significantly increases the risk 

of CVD development and progression. It is estimated that approximately 7% of the global 

population have untreated or uncontrolled hypertension (Beaney et al., 2018), and that most 

young adults (24-32 years old) with hypertension are unaware of their condition (Gooding et al., 

2014).  

Hypertension induces early vascular aging, which is the premature development of vascular 

stiffness, by renin-angiotensin-aldosterone system (RAAS) overactivation (Guzik & Touyz, 

2017). In response to decrease in renal perfusion pressure, kidneys synthesize renin, which is 

secreted into the blood. At blood level, renin converts angiotensinogen into angiotensin I. 

Further, angiotensin I is converted into angiotensin II by angiotensin converting enzyme (ACE). 

Angiotensin II is the main effector of RAAS, inducing fluid retention and reduced natriuresis at 

renal tubules, and vasoconstriction at vascular level. Moreover, the effects at renal level are 

enhanced by the synthesis of aldosterone, which is secreted from the adrenal gland in response 

to angiotensin II and promotes fluid and sodium retention. These mechanisms contribute to 

increasing BP when needed, but the pathological RAAS overactivation ultimately leads to the 

development of endothelial dysfunction, arterial stiffness, and hypertension (Te Riet et al., 

2015). 

Dyslipidemia is an imbalance in the levels of low high-density lipoprotein (HDL) cholesterol, 

non-HDL cholesterol, low-density lipoprotein (LDL) cholesterol and triglycerides (Grundy et al., 

2018; Mach et al., 2020). High blood cholesterol levels have long been known as an important 

CVRF (Klag et al., 1993). However, the closest association between cholesterol and CVD is 

between LDL cholesterol and atherosclerosis, which is among the main CVRFs in subjects <60 
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years old (Tsimikas et al., 2005). LDL cholesterol is the chief precursor of atherosclerosis 

development and progression, a process intimately associated with oxidative stress and 

inflammatory pathways that is discussed in Section 5.3, and which ultimately leads to 

atherosclerotic plaque disruption, and CAD or ischemic stroke. Moreover, LDL cholesterol is an 

important CVRF to suffer CVD in the long-term in apparently healthy subjects considered at low 

short-term CVR (Abdullah et al., 2018), and prolonged exposure to high LDL cholesterol from 

young adulthood confers higher CVR after the age of 50 (Domanski et al., 2020; Navar-Boggan 

et al., 2015).  Accordingly, there is a 20% reduction in the incidence of major adverse 

cardiovascular events rate per mmol/L reduction of LDL cholesterol (Collins et al., 2016). 

Therefore, although there is not an established threshold for diagnosis of dyslipidemia, 

treatment recommendations are based on the levels of LDL cholesterol (Table 1). However, the 

prevalence of high LDL cholesterol is still far from being controlled globally (Andersson & 

Vasan, 2018; Roth et al., 2020). 

Overweight/obesity is another modifiable CVRF (Calle et al., 1999) whose importance is 

utmost because it may worsen other CVRFs including high BP, plasma glucose and blood lipids 

(Piché et al., 2018; Roth et al., 2020). Overweight/obesity is diagnosed with the body mass 

index (BMI), and stratified into categories defined in Table 1. However, waist circumference 

may also be assessed to determine the burden of visceral fat, which is associated with CVR 

(Piché et al., 2018). There are no thresholds to diagnose overweight/obesity with waist 

circumference, but CVR significantly increases in men ≥94 cm and women ≥80 cm (Piché et 

al., 2018). Importantly, overweight increases relative CVR by 21% in men and by 20% in 

women (Lennon et al., 2018), and the presence of obesity yields an increase in CVR since 

childhood (Ayer et al., 2015). Therefore, strategies to control overweight should start before 

adulthood. However, the estimated global prevalence of obesity by 2015 was estimated to be 

5.0% among children, and 12.0% among adults (Afshin et al., 2017). 

High fasting plasma glucose is one of the CVRFs that is experiencing a steeper rise in its 

global prevalence (Andersson & Vasan, 2018; Roth et al., 2020). The levels of high fasting 

plasma glucose combined with glycosylated hemoglobin (HbA1c) are used to diagnose T2DM 

(Table 1). The likelihood to suffer a CVD increases dramatically in patients with T2DM, with an 

overall fold-increase >1.5 in the risk of suffering CAD in comparison to the general population 

(Nelson et al., 2019). The 2018 American Diabetes Association/European Association for the 

Study of Diabetes (ADA/EASD) consensus report on the management of hyperglycemia in 

T2DM remarks that atherosclerotic CVD is the leading cause of mortality in subjects with T2DM, 

and that the comorbidity burden is high in this population (Davies et al., 2018). The prevalence 
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of traditional CVRFs among patients with T2DM is estimated to be 89.0% for obesity, 68.4% for 

hypertension, 43.5% for dyslipidemia, and 37.0% for CKD (Centers for Disease Control and 

Prevention, 2020). T2DM affects 1/10 adults in the US but its prevalence is expected to 

increase to 1/3 by 2050 due to the sharp increase in overweight/obesity (Nelson et al., 2019). 

Strikingly, according to Centers for Disease Control and Prevention, approximately 21.4% of US 

adults  with T2DM are undiagnosed (Centers for Disease Control and Prevention, 2020). 

CKD is the abnormal structure or function of the kidney for >3 months, and is classified 

according to the estimated glomerular filtration rate (eGFR) as shown in Table 1. eGFR is 

calculated on the basis of creatinine excretion in urine. In addition to eGFR, the levels of urine 

albumin:creatinine may be considered to estimate the risk of the patient, as moderately 

increased albuminuria and severely increased albuminuria are also associated with an overall 

increase in CVR (Inker et al., 2014). The decline in kidney function is characterized by a 

progressive loss of nephrons, which reduces glomerular filtration rate leading to a reduction in 

natriuresis and development of volume overload that finally originate end-stage renal disease 

(ESRD). However, the risk of progressing to ESRD among patients with CKD is lower than the 

risk of dying from a CVD (Go et al., 2004; Thompson et al., 2015). Moreover, the burden of 

cardiovascular comorbidities is very high among patients with CKD (Go et al., 2004), as in many 

cases CKD is developed as a consequence of T2DM and RAAS overactivation during 

hypertension. Therefore, preventing the progression of renal dysfunction is challenging. 

Accordingly, the global prevalence of CKD is estimated to be of 14.8% (Virani et al., 2021). In 

addition, CKD aggravates the control of both high glucose and high BP in a vicious cycle that 

further increases CVR. Therefore, CVR increases even when eGFR is only mildly decreased 

(Arbel et al., 2013; Schillaci et al., 2001), and cardiovascular mortality dramatically increases 

when eGFR ≤60 mL/min/1.73m2 (Gansevoort et al., 2013). In this sense, while the number of 

age-standardized disability adjusted life years (DALYs) attributed to other CVRFs decreased by 

39.3% in the last 30 years, those attributed to CKD only decreased by 7.7% (Roth et al., 2020).   

2. CARDIOVASCULAR RISK ASSESSMENT 

CVR of a given subject can be estimated in an individualized manner by considering the burden 

of CVRFs. This approach is paramount for both primary and secondary prevention of CVD as a 

tool to identify patients at risk of CVD and to implement adequate strategies to prevent the 

onset or delay the progression of CVD. European guidelines on CVD prevention already 

included the recommendation to estimating CVR in 1994 (Pyörälä et al., 1994), and over 300 



 

10 

 

Introduction 

CVR estimators were developed up to 2016 (Damen et al., 2016). However, most of them lack 

validation on external cohorts. 

CVR assessment is currently based on prediction models that estimate the individual likelihood 

of developing a CVD in the short- or long-term. CVR estimators are typically evaluated on the 

basis of receiver operating characteristic curve analysis, which plots true-positive rate versus 

false-positive rate over the entire range of possible cutoff values. Then, the perfect test would 

have a true-positive rate of 100% and a false-positive rate of 0%, obtaining an area under the 

curve or c-statistic of 1.00, while a useless test would have the same rates for true-positives and 

false-positives, obtaining a c-statistic of 0.50 (Greenland & O'Malley, 2005). Therefore, a c-

statistic of 0.70, which is the commonly accepted threshold to consider a good discriminatory 

model, means that we are 70% confident that a high-risk individual according to the model is 

indeed a high-risk individual. 

Numerous CVR estimators have been developed for the general population or for specific 

populations at increased CVR. Some of these estimators have been included in clinical practice 

guidelines such as the Framingham Risk Score –subsequently atherosclerotic CVD risk 

estimator plus– (Arnett et al., 2019), Systematic Coronary Risk Evaluation (SCORE) (Piepoli et 

al., 2016) or QRisk (National Institute for  Health and Care Excellence, 2014). CVR estimators 

include CVRFs such as age, sex, smoking, cholesterol levels or SBP, but some include other 

important parameters such as the presence of T2DM, CKD, or statin-based lipid-lowering or 

antihypertensive therapies. The inclusion of a CVRF to the model depends on the 

characteristics of the study population and the endpoints definition, which can vary substantially 

between studies. However, the c-statistics do not vary considerably, finding c-statistics of 

approximately 0.70. This suggests that, although CVR estimators are sufficiently acceptable to 

identify people at high risk, a burden of CVD is still not explained by traditional CVRFs.  

CVR estimators were firstly developed for primary prevention in the short-term in the general 

population. Posterior validations demonstrated a general overestimation in different populations 

at especially high CVR such as diabetics, older subjects or subjects with history of CVD. 

Therefore, CVR estimators have been fitted for patients with T2DM (Berkelmans et al., 2019; 

Kengne et al., 2011; Raghavan et al., 2020) and older patients (Cooney et al., 2016; Koller et 

al., 2012; Rodondi et al., 2012; Stam-Slob et al., 2017; van Bussel et al., 2019), as well as for 

secondary prevention (Dorresteijn et al., 2013; Kaasenbrood et al., 2018; Pocock et al., 2020; 

Wilson et al., 2012). In contrast, CVR estimators tend to underestimate CVR of populations 

such as women and young adults because they usually have low CVR in the short-term (Michos 
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et al., 2006). The cumulative effect of CVRFs such as hypertension (Reges et al., 2021) and 

LDL cholesterol (Zhang et al., 2019) is known to significantly increase CVR in the long-term. 

The first description of lifetime CVR as the likelihood to suffer a CVD during the remaining 

lifespan showed that approximately half of subjects included in Framingham Heart Study free of 

CVD at the age of 50 would suffer a CVD during their remaining lifespan (Lloyd-Jones et al., 

2006). However, subjects with a low burden of CVRFs by the age of 50 have a low CVR during 

their lifespan, which improves their long-term survival (Berry et al., 2012; Lloyd-Jones et al., 

2006). Therefore, long-term or lifetime CVR estimators were also developed to estimate CVR in 

underestimated populations. 

Many CVR estimators are freely available as online tools. In an attempt to make them more 

accessible and user-friendly, the University of Utrecht developed an online tool recommended 

by the European Association of Preventive Cardiology (www.U-Prevent.com) to easily estimate 

CVR in different patient populations, including those without CVD, vascular patients, patients 

with T2DM, and older patients (Rossello et al., 2019). Importantly, some CVR estimators also 

include how different treatment approaches or CVRF modifications would affect CVD-free life 

expectancy, which makes them more attractive for patient communication and shared decision-

making (Brotons et al., 2019; Hippisley-Cox et al., 2017; Kaasenbrood et al., 2018; Lloyd-Jones 

et al., 2017).  

2.1 Short-term cardiovascular risk for primary prevention in the general 

population 

CVR estimators have been primarily developed in a short-term perspective, establishing a 10-

year window for incident CVD as the standard. The pioneering CVR estimator was the 

Framingham Risk Score, derived from the Framingham Heart Study in the US (Wilson et al., 

1998). This CVR estimator computed the 10-year risk of suffering CAD defined as coronary 

death, myocardial infarction, coronary insufficiency, or angina pectoris, and included sex, age, 

total cholesterol, HDL cholesterol, BP, T2DM, and smoking as CVRFs. The c-statistic of the 

model was >0.70, but a more general CVR estimator was subsequently developed with data 

from Framingham Heart and Offspring studies to include additional outcomes such as 

cerebrovascular events, peripheral artery disease, and HF (D'Agostino et al., 2008) (Table 2). 

The c-statistic of this model was significantly improved, encouraging researchers to continue 

improving CVR assessment by the addition of new CVRFs to the model. However, posterior 

attempts to improve Framingham Risk Score with data from the Framingham Offspring (Wang 

et al., 2006; Wang et al., 2012), Early Identification of Subclinical Atherosclerosis by 
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Noninvasive Imaging (EISNER) research (Rana et al., 2012) or Malmö Diet and Cancer 

(Melander et al., 2009) studies showed that, although biomarkers of inflammation, and cardiac 

and renal function predict the incidence of major adverse cardiovascular events, their addition to 

the already established model for CVR prediction did not significantly improve the discriminatory 

capacity of the model. Moreover, this model calculates the estimated vascular age as a way to 

make results more accessible to the general population. 

The use of Framingham Risk Score was recommended by National Cholesterol Education 

Program Adult Treatment Panel III guidelines until 2013, when the new pooled cohort equations 

(PCE) model, including cohorts from the Atherosclerosis Risk in Communities (ARIC), 

cardiovascular health, CARDIA, and Framingham Heart and Offspring studies, was developed 

(Goff et al., 2014) (Table 2). This model estimates 10-year risk of atherosclerotic CVD, and is 

referred to as ASCVD risk estimator plus. Currently, American guidelines for the primary 

prevention of CVD (Arnett et al., 2019), and management of blood cholesterol (Grundy et al., 

2018) recommend the use of this CVR estimator to guide initiation of statin therapy. Subjects at 

high 10-year CVR (≥7.5%) would refer to prevention guidelines, and subjects at low 10-year 

CVR (<7.5%) younger than 60 years of age would refer to lifetime CVR estimation and be 

informed on lifestyle interventions. This estimator also calculates the optimal atherosclerotic 

CVR, which is the CVR of a subject of the same age with optimal CVRFs, as well as the therapy 

impact on CVR.  

The Reynolds Risk Score (Table 2) was another precursor of CVR estimation in the US 

(Ridker et al., 2007) included in clinical practice guidelines until inclusion of ASCVD risk 

estimator plus. This 10-year estimator of CVD was derived from the Women’s Health Study, and 

thus only included women ≥45 years old (Ridker et al., 2007). Subsequently, it was adapted to 

a male population from the Physicians Health Study II (Ridker et al., 2008). Additionally, this 

estimator calculates the relative risk with respect to a subject of the same age with optimal 

CVRFs.  

In Europe, data from 12 cohort studies from Finland, Russia, Norway, UK, Denmark, Sweden, 

Belgium, Germany, Italy, France and Spain were pooled into the SCORE Project (Table 2) to 

develop a CVR estimator of fatal atherosclerotic events (Conroy et al., 2003). SCORE was 

subsequently recalibrated to different countries including the Netherlands (van Dis et al., 2010), 

Belgium (De Bacquer & De Backer, 2010), and Spain (Sans et al., 2007). European guidelines 

on CVD prevention in clinical practice (Piepoli et al., 2016) recommend the use of SCORE for 

CVR assessment in adults >40 years old, and consider treatment initiation in subjects with 
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SCORE >5%, which is the defined threshold for high CVR. However, a marked increase on total 

cholesterol or BP, T2DM, or renal insufficiency would immediately reclassify a patient as high 

CVR independently of his/her SCORE. In this sense, the validation of SCORE in Germany 

demonstrated that, among subjects with high CVR, 1/3 men and 9/10 women had a SCORE 

<5% but were reclassified because of the presence of CVRFs, suggesting that SCORE 

significantly underestimates CVR (Diederichs et al., 2018). The main reason for this discrepancy 

was attributed to the fact that SCORE only computes the risk of fatal cardiovascular events, 

which leads to underestimation of the total burden of CVD. Importantly, 34.4 million DALYs are 

attributed to CVD worldwide (Roth et al., 2020), and CVR increases exponentially after a non-

fatal cardiovascular event. Therefore, primary prevention should consider both fatal and non-

fatal CVD in order to reduce all detrimental aspects of CVD. In this sense, although European 

guidelines on CVD prevention recommend CVR estimation with SCORE, estimators including 

both fatal and non-fatal cardiovascular events were developed in European countries including 

Spain (Brotons et al., 2019; Gabriel et al., 2015), Italy (Ferrario et al., 2005), Germany 

(Assmann et al., 2002; Assmann et al., 2007), or Scotland (Woodward et al., 2007). Moreover, 

the SCORE estimator was recently recalibrated, i.e. SCORE2, to include non-fatal CVD 

outcomes and more geographic areas (SCORE2 working group and ESC Cardiovascular risk 

collaboration, 2021) (Table 2). SCORE2 was validated externally in European, North-African 

and West-Asian countries, showing better c-statistics in low and moderate risk regions than in 

high and very high risk regions. However, data on important CVRFs such as medication use, 

family history of CVD, renal function, or ethnicity were not included in the algorithm because 

they were not available in cohorts and registries used for model derivation and recalibration. 

Among country-specific European CVR estimators, the Ecuación de Riesgo Cardiovascular 

Español (ERICE) model is a 10-year CVR estimator developed from 7 population-based cohort 

studies in Spain (Gabriel et al., 2015) (Table 2). Despite showing good discrimination, it has not 

been further validated. Therefore, a more recent CVR model was developed to estimate CVR in 

Spanish populations ranging 18-76 years old (Brotons et al., 2019). This estimator, called 

IBERLIFERISK (Table 2), has a slightly improved discrimination, but the main improvement is 

the capacity to also estimate long-term CVR. Moreover, as in the case of ASCVD risk estimator 

plus, IBERLIFERISK calculates the optimal CVR. In Italy, the CUORE Cohort Study (Table 2) 

included 11 cohorts to estimate 10-year risk of major coronary events and stroke with a good 

discrimination capacity (Ferrario et al., 2005). The German Prospective Cardiovascular Münster 

(PROCAM) model (Table 2) was developed to estimate 10-year risk of suffering acute coronary 

events in middle aged men (Assmann et al., 2002). Despite having a good discrimination the 
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inclusion of only men was an important limitation. Therefore, PROCAM was recalibrated to men 

and women with an age range 20-75 (Assmann et al., 2007). Another important CVR estimator, 

which was the first to include social deprivation as a CVRF, is the ASSIGN Score (Woodward et 

al., 2007) (Table 2). The ASSIGN Score was derived from 2 Scottish cohort studies to estimate 

10-year risk of CVD. 

Importantly, UK National Institute for Health and Care Excellence (NICE) guidelines for clinical 

practice do not recommend the use of SCORE in UK (National Institute for  Health and Care 

Excellence, 2014). Instead, NICE guidelines recommend the use of QRisk, which was 

developed from the QRESEARCH database in the UK including patients 35-74 years old 

(Hippisley-Cox et al., 2017; Hippisley-Cox et al., 2010; Hippisley-Cox et al., 2008). The model 

QRisk2 (Hippisley-Cox et al., 2008) estimates the 10-year risk of CVD with good discrimination. 

However, an improved model to predict 10-year CVR in people 25-84 years old, i.e. QRisk3 

(Table 2), was developed with a c-statistic of 0.88 for men and 0.86 for women (Hippisley-Cox 

et al., 2017). QRisk3 includes the variables incorporated in QRisk2, as well as stage ≥3 CKD, 

migraine, corticosteroid treatment, systemic lupus erythematosus, atypical antipsychotic 

treatment, severe mental illness, erectile dysfunction and BP variability. Given the heterogeneity 

of the included CVRFs, the QRisk2 model was recalibrated with the derivation variables in this 

population, i.e. QRisk2-2017 (Table 2). In this case, the threshold to classify a patient with high 

CVR is 10%. These are among the most user-friendly estimators, as they also calculate the 

optimal CVR, the relative risk, and the healthy heart age, which is the age at which a healthy 

(optimal CVRFs) subject of the same age has the same 10-year CVR.  

Finally, in order to overcome potential discrepancies in CVR estimation between different 

regions of the globe, the WHO derived the WHO HEARTS (Table 2) project across 21 global 

regions (WHO CVD Risk Chart Working Group, 2019), and a collaboration based at Harvard TH 

Chan School of Public Health, Imperial College London and The George Institute for Global 

Health at Oxford University derived the Globorisk estimator (Table 2) across 182 countries 

(Hajifathalian et al., 2015; Ueda et al., 2017). Importantly, these models were adapted to avoid 

laboratory-based CVRFs by replacing total cholesterol and T2DM, which might be difficult to 

measure in low-income regions, by BMI. This strategy did not show significant differences in the 

c-statistic of laboratory-based and non laboratory-based models, and had a fairly good 

performance, paving the way for CVR stratification in low-income areas.   
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2.2 Lifetime cardiovascular risk for primary prevention in the general 

population 

Short-term CVR estimation is a feasible approach to identify individuals at high CVR in order to 

initiate aggressive prevention strategies. However, CVD starts developing early in life, and the 

clinical manifestation may not emerge until decades later. In this sense, autopsy studies from 

the Bogalusa Heart Study showed that the presence of asymptomatic atherosclerosis is 

associated with age, smoking, overweight, SBP, total cholesterol, LDL cholesterol and 

triglyceride levels antemortem in children and adults <38 years old, and that the severity of 

atherosclerotic lesions increased with the number of CVRFs (Berenson et al., 1998). 

Accordingly, age, total cholesterol, SBP, and cigarette smoking predict incident CVD in the long 

term in young men (Navas-Nacher et al., 2001).  Moreover, the Young Finns Study 

demonstrated that high levels of LDL cholesterol and SBP during adolescence determine the 

presence of atherosclerotic lesions after 30 years follow-up (Hartiala et al., 2012). These results 

underscore the importance of estimating CVR in young subjects. However, as previously 

discussed, age is the main CVRF, and CVR increases exponentially in subjects >50 years old. 

Therefore, people <50 years old are usually excluded from CVD prevention strategies because 

their short-term CVR is below the established thresholds to considering high CVR. Strikingly, 

the YOUNG-MI registry, including young patients (<50 years old) with premature myocardial 

infarction but not treated with statins prior myocardial infarction onset, demonstrated that statin 

treatment would not be recommended in 51% of subjects because 10-year CVR estimated with 

ASCVD risk estimator plus was <5% (Singh et al., 2018). However, 83% patients had at least 

one CVRF, of which atherosclerosis was the most prevalent. Therefore, there is a general 

misclassification of young patients below the treatment threshold regardless of the CVRF 

burden (Berry et al., 2007). Treatment initiation with statins in young subjects at low short-time 

CVR substantially reduce long-term CVR, especially when LDL cholesterol is high (Pencina et 

al., 2020), but studies are needed to assess the efficacy and safety of long-term statin treatment 

in these patients (Penson et al., 2020). 

In addition, correct assessment of CVR improves self-perception of CVR, and leads to 

reductions in blood cholesterol and BP (Usher-Smith et al., 2015). However, despite awareness 

that over 1/3 of all deaths in subjects >35 years old are attributed to CAD (Benjamin et al., 

2017), self-perceived lifetime CVR is often inaccurate across subjects 18-65 years old, and 

more influenced by personal factors than by the individual burden of CVRFs (Petr et al., 2014). 

Accordingly, asymptomatic middle age patients tend to underestimate their CVR, as 72.3% of 

subjects with intermediate lifetime CVR, and 53.9% of subjects with high lifetime CVR perceive 
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themselves as low risk subjects (Katz et al., 2015). Therefore, although CVRFs may be 

prevented and managed with the appropriate lifestyle and treatment interventions, young 

subjects tend to develop unhealthy habits that confer them an increase in CVR. 

Behavioral CVRFs such as smoking or an unhealthy diet are usually more prevalent in young 

adults (<50 years old) who are still unaware of their long-lasting CVR. Pathophysiologic CVRFs 

such as high SBP, blood cholesterol and glucose, and overweight appear as the consequence 

of this unhealthy lifestyle in middle age (>50 years old) and older (>65 years old) adults 

(Andersson & Vasan, 2018). The case of women is even more alarming. Despite being the 

leading cause of death in women, awareness of CVR among US women has declined from 

2009 to 2019 according to the national American Heart Association Survey of Women’s 

Cardiovascular Disease Awareness (Cushman et al., 2021). Particularly, misconception of CVR 

was more pronounced among young women (<34 years old). Importantly, while 82% US adults 

are at low short-term CVR, 1/3 of this population is at high lifetime CVR, and most of the 

subjects with low short-term/high lifetime CVR are women and younger men (Marma et al., 

2010). Consequently, lifetime CVR estimators have been developed to accurately determine 

and communicate CVR in neglected populations such as young adults and women (Michos et 

al., 2006). Lifetime CVR estimators are recommended by clinical practice guidelines to increase 

awareness of CVR and establish shared decision-making between clinicians and patients for 

primary prevention (Arnett et al., 2019; Piepoli et al., 2016). 

There are different attempts to communicate long-term CVR which are not strictly lifetime CVR 

estimations. The online tool of the Reynolds Risk Score (Table 2) computes the 10-year CVR 

of the patient in the case that all CVRFs remain unchanged by the age of 55, 65 and 75 (Ridker 

et al., 2007; Ridker et al., 2008). Although this is not a lifetime CVR estimator, this tool is 

important to increase awareness of CVR and reduce the CVRF burden. Moreover, the low 

accuracy in estimating lifetime CVR with the short-term Framingham Risk Score model, 

especially among young subjects (Lloyd-Jones et al., 2004), led to the development of the first 

long-term model of CVR, the 30-year Framingham Risk Score (Pencina et al., 2009). The 30-

year Framingham Risk Score (Table 2) has good discrimination (c-statistic >0.80), and 

includes sex, age, SBP, antihypertensive treatment, smoking, T2DM, total cholesterol, HDL 

cholesterol, and BMI. 

Subsequently, lifetime CVR estimators were developed from prior short-term CVR estimators. 

The QRESEARCH database was used to develop a lifetime CVR estimator to be used in the 

UK, which is known as Lifetime QRisk (Hippisley-Cox et al., 2010) (Table 2). This estimator is 
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very similar to QRisk2-2017, and has a c-statistic of 0.84 for women and 0.83 for men. More 

recently, two lifetime CVR estimators were developed in Spain (Brotons et al., 2019), and in 

Europe and the US (Jaspers et al., 2020). The Spanish lifetime CVR estimator was developed 

in the frame of IBERLIFERISK (Table 2), which is discussed in Section 2.2, and the 

European/US lifetime CVR estimator was developed from patients from Multi-Ethnic Study of 

Atherosclerosis (MESA), ARIC, Heinz Nixdorf Recall, European Prospective Investigation into 

Cancer (EPIC)-Netherlands, and EPIC-Norfolk studies (Jaspers et al., 2020) (Table 2). This 

latter estimator receives the name of LIFEtime-perspective model for individualizing 

CardioVascular Disease (LIFE-CVD), and presents additional data on the effect of smoking 

cessation, and lipid-lowering, antihypertensive or antithrombotic therapies on CVD-free life 

expectancy, showing that the gain in CVD-free life years is greater when preventive therapies 

start in younger ages.  

2.3 Short-term cardiovascular risk for primary prevention in older 

populations 

The previous estimators are paramount for primary prevention in the general population. 

However, these estimators are known to overestimate CVR in older populations because the 

association between CVR and CVRFs such as BP or cholesterol levels varies with aging 

(Nanna et al., 2020). CVR in older populations increases dramatically (Liberale & Camici, 2019), 

and thus older individuals with optimal CVRFs exceed the 7.5% ASCVD risk estimator plus 

threshold by 65 years of age (men) or 71 years of age (women) and the NICE 10% QRISK2 risk 

threshold by 65 years of age (men) or 68 years of age (women) (Mortensen & Falk, 2018). 

However, since CVD is the main cause of death among older subjects, primary prevention is 

crucial in order to improve their quality of life and independency.  

Again, CVR estimators for older populations were mainly developed from short-term CVR 

estimators for the general population. Moreover, given the shorter life-expectancy of older 

subjects, these estimators have a shorter time frame, ranging between 5-year and 10-year CVR 

estimation. The Framingham Risk Score was recalibrated for older subjects with data from the 

Health, Aging, and Body Composition (Health ABC) Study (Rodondi et al., 2012) (Table 3). 

Subsequently, adjustment of the PCE to and older population within the ARIC study (PCE-

ARIC) and including HF as primary outcome significantly improved CVR estimation to a c-

statistic of 0.65 (Saeed et al., 2018) (Table 3). Given the attenuation of traditional CVRFs power 

in older populations, addition of markers of cardiac damage (cardiac troponin T) and stress (N-
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terminal pro-B-type natriuretic peptide [NT-proBNP]) improved prediction to a c-statistic of 0.69 

and 0.74, respectively (Saeed et al., 2018).  

In Europe, SCORE-old people (OP) (Table 3) was developed in subjects ≥65 years old in an 

attempt to overcome the overestimation of CVR in older subjects when using the SCORE 

estimator (Cooney et al., 2016; Mortensen & Falk, 2017). Indeed, c-statistic obtained with 

SCORE versus SCORE-OP was improved in men from 0.68 to 0.70 and in women from 0.74 to 

0.79. External validation in the Berlin Initiative Study showed that SCORE-OP still 

overestimates CVR, but to a lesser extent than SCORE (Piccininni et al., 2020). As in the case 

of SCORE, SCORE-OP only estimates the risk of fatal CVD. Therefore, SCORE2-OP (Table 3) 

was recently developed and validated to estimate 5- and 10-year risk of non-fatal and fatal CVD 

across Europe, UK, Norway, US, Northern-Africa, and Western Asia, in subjects >70 years old 

(SCORE2-OP working group and ESC Cardiovascular risk collaboration, 2021). Age-related 

confounders such as kidney function and BMI were not included in SCORE2-OP due to lack of 

data (SCORE2-OP working group and ESC Cardiovascular risk collaboration, 2021). The c-

index of SCORE2-OP was inferior to that of SCORE-OP, but the inclusion of multiple globe 

regions and the addition of non-fatal CVD improves the applicability of this estimator. 

Other CVR estimators for older populations include the coronary risk in the elderly (CORE) 

model (Table 3), developed from data of the Cardiovascular Health and Rotterdam Studies 

(Koller et al., 2012), the Prevention of Dementia by Intensive Vascular care (preDIVA) (Table 

3), developed in the Netherlands (van Bussel et al., 2019), and the Prospective Study of 

Pravastatin in Elderly at Risk (PROSPER) (Table 3), developed for European populations 

(Stam-Slob et al., 2017). Since the power of some CVRFs is attenuated with aging, the CORE 

estimator did not include smoking within its variables, and the preDIVA estimator did not include 

total cholesterol, BP and BMI. Moreover, an important advantage of the PROSPER estimator is 

the inclusion of prior vascular disease as an independent CVRF, which enables the use of this 

estimator for both primary and secondary prevention. 

Nevertheless, the performance of the estimators for CVD in older populations is much lower 

than that for the general population, underscoring the importance to uncover CVRFs in the 

older. 
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2.4 Short-term cardiovascular risk for secondary prevention in the general 

population 

Secondary prevention of CVD is aimed to minimizing the effects of an established CVD in order 

to prevent a second or recurrent cardiovascular event, and to improve the quality of life of the 

patient. CVR estimation for secondary prevention has received less attention than primary 

prevention (Omland & White, 2017), as the population with established CVR is considered at 

the highest CVR in clinical management guidelines (Grundy et al., 2018; Mach et al., 2020; 

Whelton et al., 2018; Williams et al., 2018). It is well known that established CVD significantly 

increases CVR, but appropriate assessment of the real CVR in this population may improve 

communication and clinical management. In this sense, proper management of CVRFs 

significantly decreases 10-year CVR in patients with established CVD (Kaasenbrood et al., 

2018).  

A 2-year CVR estimator derived from Framingham Heart and Offspring Studies was already 

developed two decades ago for patients with history of CAD or ischemic stroke, but the model 

performance was not reported (D'Agostino et al., 2000) (Table 4). Subsequently, another 2-year 

CVR estimator for recurrent cardiovascular events was developed in the frame of the Reduction 

of Atherothrombosis for Continued Health (REACH) registry (Table 4) including patients from 

44 countries in America, Europe, Asia, Middle East and Australia with a c-statistic of 0.67, which 

was improved to 0.74 in estimating the risk of cardiovascular death (Wilson et al., 2012). 

However, such short-term follow up is very limited. In this sense, the Secondary Manifestations 

of Arterial Disease (SMART) risk score (Table 4) was developed in Europe as a 10-year 

estimator of recurrent CVD in patients with established vascular disease (Dorresteijn et al., 

2013). A model including imaging (carotid ultrasound) was also developed, but the model with 

clinical parameters was superior and easier to implement in the clinical practice. Subsequent 

attempts to improve model performance included the combination of different registries. The 

SMART and REACH studies were combined to determine the life expectancy without recurrent 

cardiovascular events and, importantly, the potential gain in life expectancy after different 

therapies (Kaasenbrood et al., 2018) (Table 4). However, the performance of the model was not 

improved. 
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More recently, a 5-year CVR model for patients with stable CAD (SCAD) was derived from the 

prospective observational longitudinal registry of patients with SCAD (CLARIFY) registry 

including 45 countries (Ford et al., 2021) (Table 4). Addition of heart function parameters did 

not significantly improve the model based on traditional CVRFs, demonstrating that, as in 

primary prevention, there is still a lack of knowledge on independent mechanisms for CVD 

progression. In this line, results from the TIGRIS registry showed that inclusion of patient’s self-

reported health status using the EuroQo-5 dimensions survey significantly improved the model 

(Pocock et al., 2020), suggesting that psycho-social factors are also important for secondary 

prevention of CVD. The Tigris registry includes data of patients from 25 countries in Europe, 

America, Asia and Australia to estimate the risk of a recurrent cardiovascular event in the next 2 

years. 

3. CARDIAC DYSFUNTION AS A CONTRIBUTOR TO CVR 

Some of the previous estimators focus mainly in atherosclerotic CVD. Therefore, sudden 

cardiac death (SCD) is neglected when CVR is estimated with Framingham Risk Score, ASCVD 

Risk Estimator Plus or QRisk. SCD is the unexpected pulseless condition of cardiac etiology 

caused by a spontaneous ventricular arrhythmia, and is fatal unless immediately treated with 

cardiopulmonary resuscitation and defibrillation (Adabag et al., 2010). CAD is known as the 

main cause of SCD in patients >35 years old (Andersson & Vasan, 2018). Therefore, most 

cases of SCD would be prevented by also preventing atherosclerosis progression. Accordingly, 

LDL cholesterol predicts the risk of SCD in patients with angina (Benchimol et al., 2000) or with 

acute myocardial infarction (Liu et al., 2006). Moreover, lipid-lowering treatment with statins 

reduces the incidence of ventricular arrhythmias in patients with CAD (Mitchell et al., 2003; Vyas 

et al., 2006), and in hypercholesterolemic patients (Gualdiero et al., 2002). However, recent 

studies reported an overestimation of the burden of SCD attributed to CAD (Tseng et al., 2018), 

and statins are suggested to exert antiarrhythmic effects independent of their lipid-lowering 

mechanism (Oesterle & Liao, 2019). Therefore, dyslipidemia might affect cardiac function by 

mechanisms independent of atherosclerotic CVD. 

Cardiac function relies on the correct function of the chief heart cells, cardiomyocytes, at 

electrophysiological and contractile levels, which is controlled by Ca2+ cycling (Bers, 2002). The 

process from electrical excitation to contraction receives the name of excitation-contraction 

(EC)-coupling. The first step in the process of EC-coupling involves triggering of the action 

potential, which depolarizes the cardiomyocyte sarcolemma by increasing intracellular Na+ 

concentration. This depolarization induces the opening of voltage-dependent L-type Ca2+ 



 

25 

 

Introduction 

channels located in the transverse tubules (T-tubules) of the sarcolemma, allowing a small Ca2+ 

influx from the extracellular medium into the cytoplasm. The increase in intracellular Ca2+ 

induces the opening of type 2 ryanodine receptors (RyR2) located at the membrane of the 

sarcoplasmic reticulum (SR). Upon opening, RyR2 release a massive amount of Ca2+ from the 

SR into the cytosol, in a process known as Ca2+-induced Ca2+ release. This transient increase in 

intracellular Ca2+ concentration receives the name of Ca2+ transient. Subsequently, Ca2+ binds 

to troponin C in the sarcomere myofilaments to promote cell contraction (Berlin et al., 1994). 

Finally, Ca2+ must be removed from the intracellular space to allow relaxation. Ca2+ is mainly 

pumped back into the SR by sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a) 

and, to a lesser extent, extruded to the extracellular space by Na+-Ca2+ exchanger (NCX) (Bers, 

2002). SERCA2a is usually inhibited by phospholamban (PLB), which must undergo 

phosphorylation to release SERCA2a and allow Ca2+ pump back into the SR lumen (Figure 1, 

left panel). Ca2+ handling during EC-coupling is tightly controlled, and abnormalities lead to 

defective cell contraction and relaxation, triggered activity, and, ultimately, arrhythmia (Bers, 

2014; Nattel et al., 2007).  

 
Figure 1. Pathophysiology of cardiac EC-coupling. In physiological conditions (left), the action potential triggers the 
opening of voltage-dependent L-type Ca2+ channels, allowing the entrance of Ca2+ into the cell. Ca2+ sensitizes type 2 
ryanodine receptors (RyR2) to release Ca2+ from the sarcoplasmic reticulum (SR) and induce contraction. Ca2+ is 
pumped back into the SR by sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a), which is activated upon 
phosphorylation of phospholamban (PLB), and extruded outside of the cell by Na+-Ca2+ exchanger (NCX), among 
others. In pathological conditions (right), this equilibrium is broken because of an increased phosphorylation of RyR2, 
which increase the spontaneous release of Ca2+ during diastole, and a decreased activity of SERCA2a. This leads to a 
decrease in the SR Ca2+-load, cytosolic Ca2+ overload during diastole, and ultimately defective contractility and 
arrhythmia development. 
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EC-coupling malfunction is predominant in HF and after a myocardial infarction. These are 

usually characterized by a reduction in the amplitude of Ca2+ transients that leads to contractile 

dysfunction, and an increase in SR Ca2+ leak during diastole that frequently leads to arrhythmia 

development (Nattel et al., 2007; Val-Blasco et al., 2021) (Figure 1, right panel). The amplitude 

of Ca2+ transients may be reduced because of a decrease in SR Ca2+ load, which is caused by 

a decrease in SERCA2a expression, activity or regulation by PLB that hinders Ca2+ return into 

the SR. However, intracellular Ca2+ concentration needs to be reduced to allow relaxation, 

which can be compensated by increasing the activity of NCX (Nattel et al., 2007). Importantly, 

the increase in NCX activity also aggravates the pathologic condition, as it implies an increase 

in intracellular Na+ that may affect the action potential by triggering cellular depolarization. This 

favors the occurrence of arrhythmic events, as well as that Ca2+ does not flow back into de SR, 

which further decreases SR Ca2+ load. 

In addition, pathologic conditions are usually associated with an increase in RyR2 spontaneous 

activity during the refractory period, which is mainly caused by RyR2 phosphorylation by 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) and protein kinase A (PKA) (Val-Blasco 

et al., 2021). This is known as SR Ca2+ leak, and further promotes a decline in SR Ca2+ load. 

Moreover, the increase in intracellular Ca2+ during diastole caused by SR Ca2+ leak may also 

lead to development of arrhythmic episodes. Small amounts of Ca2+ spontaneously released 

into the cytoplasm are known as Ca2+ sparks (Shannon et al., 2002). The frequency of Ca2+ 

sparks in the healthy heart is very low and not clinically relevant. However, when the amount of 

released Ca2+ is sufficiently high or RyR2 is over-sensitized, Ca2+ may induce the opening of 

RyR2 clusters and trigger a larger release of SR Ca2+ into the cytosol in the form of Ca2+ waves. 

Further, Ca2+ waves may activate NCX and trigger an independent action potential that induces 

arrhythmogenic depolarizations (George et al., 2007). Moreover, transmission of triggered 

activity to adjacent cells may propagate in the heart and induce an arrhythmic episode. 

In this scenario, the reduction in Ca2+ transients and subsequent cardiomyocyte contractility 

also reduces cardiac output, which leads to volume and pressure overload in the left ventricle 

(Magnussen & Blankenberg, 2018). These induce ventricular wall stretch, which is the main 

signal triggering the expression of the prohormone proBNP (Burke & Cotts, 2007; Magnussen & 

Blankenberg, 2018). proBNP is cleaved into BNP and NT-proBNP in equimolar quantities 

(Magnussen & Blankenberg, 2018). Importantly, while BNP is the active form of the hormone, 

increasing vasodilation and natriuresis, NT-proBNP is more stable. Consequently, both BNP 

and NT-proBNP may be measured in plasma samples as markers of HF with a threshold of 35 

pg/mL BNP and 125 pg/mL NT-proBNP to diagnose HF (Magnussen & Blankenberg, 2018). 
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NT-proBNP and BNP are also associated with CVR in patients with SCAD (Ahluwalia et al., 

2013; Mishra et al., 2014; Omland & White, 2017) and in the general population at levels lower 

than those established to diagnose HF (BNP >23.3 pg/mL (Wang et al., 2004), and NT-proBNP 

>114.2 pg/mL in a German population raging 25-74 years (Dietl et al., 2016) or >100 pg/mL in 

an individual-participant data meta-analysis including eight European studies (Natriuretic 

Peptides Studies Collaboration, 2016)). In fact, CVR of subjects with low levels of BNP and 

history of HF is lower than the CVR of apparently healthy subjects with high levels of BNP 

(Daniels et al., 2010). 

Therefore, the association between ventricular stress and CVR is already present in apparently 

healthy subjects. CVRFs such as hypertension or kidney dysfunction induce volume overload, 

which might also lead to proBNP synthesis. However, the association between CVR and BNP is 

independent of traditional CVRFs (Dietl et al., 2016; Natriuretic Peptides Studies Collaboration, 

2016; Wang et al., 2004). This suggests subclinical cardiac dysfunction in subjects at moderate 

or high CVR, although the underlying mechanisms involved in cardiomyocyte dysfunction 

related to specific CVRFs have not been studied in depth. 

4. CARDIOVASCULAR DRUG THERAPEUTICS 

Lifestyle changes are recommended in patients with high BP (Whelton et al., 2018; Williams et 

al., 2018), lipids (Grundy et al., 2018; Mach et al., 2020) or glucose (Davies et al., 2018), as well 

as high BMI (Garvey et al., 2016). Lifestyle changes include regular physical activity, weight 

loss, salt restriction, smoking cessation, or moderate alcohol intake. However, specific lines of 

treatment should be initiated to control these CVRFs when hypertension, dyslipidemia, or T2DM 

are diagnosed, as well as in patients with high CVR. 

First-line treatment to reduce BP includes RAAS blockers, thiazide diuretics, and Ca2+ channel 

blockers, which have shown to also reduce CVR (Whelton et al., 2018; Williams et al., 2018). 

First-line RAAS blockers include ACE inhibitors and angiotensin receptor blockers (ARBs), 

which respectively block the conversion of angiotensin I into angiotensin II, and angiotensin II 

signaling at tissue level. Diuretics reduce BP by inhibiting different cotransporters at the renal 

tubule, which ultimately leads to diuresis and natriuresis. There are two major classes of 

diuretics according to the site of action: thiazide and loop diuretics. Thiazide diuretics inhibit the 

sodium-chloride cotransporter at the distant convoluted tubule (Tamargo et al., 2014a), while 

loop diuretics inhibit the sodium-phosphate-chloride cotransporter at the loop of Henle 

(Tamargo et al., 2014b). Therefore, combination therapy, also known as sequential nephron 
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blockade, might be used in cases when single-diuretic up-titration is not effective (Felker et al., 

2020; Tamargo et al., 2014b). Both thiazide and loop diuretics have extra-renal actions exerting 

vasodilator effects (Felker et al., 2020; Rapoport & Soleimani, 2019; Tamargo et al., 2014b). 

Ca2+ channel blockers inhibit Ca2+ entry into vascular smooth muscle cells, thus alleviating 

vasoconstriction and reducing heart tone (Triggle, 2007). Second-line treatments to control BP 

include further RAAS blockade with mineralocorticoid receptor antagonists, which block the 

effect of aldosterone in hypertensive patients who do not respond to first-line antihypertensive 

treatments (Ruilope et al., 2019). Moreover, in hypertensive patients at very high CVR or with 

established CAD, treatment with β-blockers is initiated due to their capacity to reduce the risk 

of recurrent CAD or stroke (Whelton et al., 2018; Williams et al., 2018). β-blockers inhibit β-

adrenoceptors, thus reducing heart rate and myocardial contractility (do Vale et al., 2019). 

In contrast, lipid-lowering treatment is mainly based on statin intake. Statins inhibit 3-hydroxy-3-

methyl-glutaryl-coenzyme A reductase, which catalyzes the rate-limiting step in cholesterol 

synthesis in the liver, reducing blood cholesterol levels. As a consequence, LDL receptors are 

synthesized in the liver, and LDL cholesterol uptake and recycling increase. Therefore, statins 

also reduce the levels LDL cholesterol (Mach et al., 2020). Due to the close association 

between cholesterol and CAD, statins are recommended not only in cases of dyslipidemia, but 

also in patients at high CVR for both primary and secondary prevention (Arnett et al., 2019; 

Piepoli et al., 2016). Moreover, statin treatment is associated with a reduction in ventricular 

fibrillation in patients with CAD (Mitchell et al., 2003).  

Finally, first-line treatment for T2DM is based on metformin, which reduces blood glucose 

through multiple mechanisms including a reduction of glucagon secretion and glucose 

absorption during digestion, and an increase in peripheral glucose uptake (Rena et al., 2017). In 

the case that HbA1c is above target, glucagon-like peptide-1 receptor agonists (GLP-1) or 

sodium-glucose cotransporter-2 inhibitors (SGLT2i) are also recommended to reduce CVR 

(Davies et al., 2018). GLP-1 receptor agonists stimulate insulin secretion and reduce glucagon 

secretion, improving satiety and promoting weight loss, and SGLT2i enhance urinary excretion 

of glucose, making it a good option to also reduce BP in patients with T2DM and hypertension 

(Davies et al., 2018). 

Notably, some antihypertensive and lipid-lowering treatments have pleiotropic effects reducing 

the levels of oxidative stress and inflammation, which have been proposed as independent 

mechanisms in reducing the burden of CVR (D'Oria et al., 2020; Daiber et al., 2021; Lim & 

Barter, 2014). 
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5. OXIDATIVE STRESS AS A GLOBAL MECHANISM UNDERLYING 

CVD 

Cellular physiology involves multiple mechanisms that lead to the production of reactive oxygen 

species (ROS), including cellular respiration or defense against infectious agents. ROS are 

molecules containing an unpaired electron in their orbital that confers high reactivity to the 

molecule. Therefore, they can initiate chain reactions to acquire stability by gaining the lacking 

electrons. The most common ROS are superoxide anion (O2
·-), hydroxyl radical (·OH), hydrogen 

peroxide (H2O2) and singlet oxygen (1O2·) (Martin-Ventura et al., 2017). 

ROS play an essential role as secondary mediators to maintaining homeostasis, but non 

physiological elevations of ROS induce damage to biomolecules leading to altered response 

patterns in cell proliferation, differentiation, migration and angiogenesis, as well as activation of 

pro-inflammatory pathways (Sies & Jones, 2020; Sorriento et al., 2018). Therefore, ROS must 

be scavenged before they cause damage to macromolecules including proteins, lipids and 

DNA. The set of mechanisms aimed at scavenging ROS is called the antioxidant system, and 

unbalance between ROS production and antioxidant systems is known as oxidative stress 

(Sies & Cadenas, 1985). Oxidative stress contributes to the development of pathologies 

including atherosclerosis, hypertension, diabetes mellitus and ischemia/reperfusion injury, as 

well as CKD, cancer, and neurological or infectious diseases. 

5.1 Generation and Scavenging of ROS 

Over 50 enzymes are described to generate ROS in different tissues. ROS are mainly produced 

at the mitochondria, where complexes I, II and III of the electron transport chain release O2
·- that 

is transported to the cytosol through the mitochondrial membrane transition pore (Sies & Jones, 

2020). The other major source of ROS is the family of NADPH oxidases (NOX), which are 

located in the cell membrane of different cell types, including endothelial cells, vascular smooth 

muscle cells, adventitial fibroblasts, and infiltrating macrophages, and catalyze the oxidation of 

NADPH into NADP+ and O2
·- (Martin-Ventura et al., 2017). At the vasculature, NOX1, NOX2, 

NOX4, and NOX5 isoforms are the main generators of ROS. Other sources of ROS include 

xanthine oxidase (XOD), fenton reaction, or myeloperoxidase (MPO) (Martin-Ventura et al., 

2017). XOD catalyzes the oxidation of xanthine, a product of purine metabolism, into hydrogen 

peroxide and uric acid. However, it can also catalyze the production of O2
·- (Figure 2). 

Moreover, MPO, which is present in neutrophil granulocytes, catalyzes the formation of 
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hypochlorous acid in defense against pathogens. H2O2 can also be transformed into ·OH by 

fenton reaction using Fe2+ as cofactor (Figure 2).  

 
Figure 2. Representative scheme of ROS generation and scavenging. eNOS, endothelial nitric oxide synthase; 
NOX, NADPH oxidase; XOD, xanthine oxidase; NO, nitric oxide; SOD, superoxide dismutase; GPx, glutathione 
peroxidase, GSH, glutathione; GR, GSH reductase; MPO, myeloperoxidase; PRX, peroxiredoxin; Trx, thioredoxin; 
KEAP1, Kelch-like ECH-associated protein 1; Nrf-2, nuclear factor-E2 related factor-2; vitE, vitamin E; vitC, vitamin C; 
AOPPs, advanced oxidation protein products; HNE, hydroxynonenal; MDA, malondialdehyde; oxLDL, oxidized low-
density lipoprotein; 8-oxodG, 8-Oxo-2'-deoxyguanosine; 8-oxoGuo, 8-oxo-7,8-dihydroguanosin; 8-OHdG, 8-hydroxy-2'-
deoxyguanosine. 

At the endothelium, O2
-· reacts with NO to produce peroxynitrite, thus reducing NO 

bioavailability and inducing vasoconstriction. Moreover, peroxynitrite decompose into NO2· and 

·OH, increasing the ROS burden and oxidizing tetrahydrobiopterin. Tetrahydrobiopterin is a 

cofactor of endothelial NO synthase (eNOS), the main source of NO at the vasculature. Under 

normal conditions, eNOS synthesizes NO using L-arginine as substrate, but, when the levels of 

L-arginine or tetrahydrobiopterin are reduced, eNOS undergo a process known as eNOS 

uncoupling. In this context, eNOS activity is shifted towards O2
-· production (Figure 2). 

Consequently, ROS are produced in a positive feedback loop that enhances endothelial 

dysfunction by reducing both synthesis and bioavailability of NO (Akhigbe & Ajayi, 2021; Brito et 

al., 2015).  

On the other hand, redox homeostasis is maintained mainly by the nuclear factor-E2 related 

factor-2 (Nrf-2)/Kelch-like ECH-associated protein 1 (KEAP1) axis. Under physiological 

conditions, Nrf-2 is inhibited by KEAP1, which is highly sensitive to oxidative stress. When the 

ROS burden increases, cysteine residues in KEAP1 undergo oxidation, leading to the 

translocation of Nrf-2 into the nucleus to activate transcription of antioxidant proteins including 
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superoxide dismutase (SOD) and catalase, among others (Daiber et al., 2021; Sies & Jones, 

2020). The SOD family of enzymes encompasses 3 human isoforms including SOD1 (Cu-Zn-

SOD), SOD2 (Mg-SOD), and SOD3. SODs are the main scavengers of O2
-·, leading to the 

formation of H2O2 and molecular oxygen. However, H2O2 is another important ROS that needs 

to be scavenged. H2O2 can be directly reduced into water and diatomic oxygen by catalase 

(Sies & Jones, 2020) (Figure 2). 

Moreover, H2O2 may be decomposed by other mechanisms requiring cysteine residues. 

Cysteine residues are the major reservoir of thiol groups, which are susceptible to oxidation 

and a surrogate marker of the overall oxidative status of a system. They are present in proteins 

such as peroxiredoxin or thioredoxin, and in low-molecular weight molecules such as 

glutathione (GSH) (Frijhoff et al., 2015; Sies & Jones, 2020). Peroxiredoxins decompose H2O2 

forming a disulfide bridge between two peroxiredoxin molecules. Then, peroxiredoxin can be 

restored to the reduced form by thioredoxin, which forms a disulfide internal bridge upon 

oxidation (Sharifi-Rad et al., 2020). Similarly, two molecules of GSH may become oxidized to 

reduce hydrogen peroxide in a reaction catalyzed by GSH peroxide (GPx). Then, glutaredoxin 

catalyzes the reaction to break the disulfide bridge between the two GSH molecules using 

NADPH as cofactor (Figure 2).  

In addition to GSH and peroxiredoxins, multiple non-enzymatic low molecular weight 

antioxidants such as vitamins, bilirubin, carotenoids or polyphenols are known to scavenge 

ROS. Vitamins E and C are the most studied exogenous ROS scavengers. Vitamin E 

encompasses a group of molecules named tocopherols, and which are potent lipid-soluble 

antioxidants. Vitamin E is known to prevent lipid peroxidation and therefore atherosclerosis 

development (Niki, 2014). However, studies on antioxidant therapies to prevent CVD focused 

on vitamin E show conflicting results (Ziegler et al., 2020). Vitamin C or ascorbate is a potent 

water-soluble antioxidant that reacts with the oxidized forms of vitamin E, GSH or carotenoids to 

restore their antioxidant properties. Conversely, the oxidized form of vitamin C can also be 

restored by GSH (Figure 2). Moreover, vitamin C upregulates eNOS and downregulates NOX in 

vitro (Brito et al., 2015). Therefore, studies also focused on vitamin C supplementation, but 

failed to show benefits (Buglak et al., 2018).  

Finally, uric acid deserves a special mention because, despite showing antioxidant properties, 

it is considered a CVRF. Uric acid is generated from purine metabolism by XOD, and is known 

to be a potent antioxidant in vitro by reducing O2
-· and producing allantoin (Lee et al., 2020). In 

contrast, experimental studies demonstrated that hyperuricemia induces activation of RAAS, 
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inhibition of eNOS and stimulation of oxidative stress, leading to arterial stiffness (Ejaz et al., 

2020; Lee et al., 2020; Yu et al., 2010). Therefore, although there are conflicting results showing 

no association between serum uric acid and CVD after adjusting for potential confounders 

(Culleton et al., 1999; Moriarity et al., 2000), hyperuricemia is in general considered as a risk 

factor for development of hypertension, T2DM or CKD, as well as a CVRF itself (Borghi et al., 

2021; Ejaz et al., 2020; Gaubert et al., 2020). 

5.2 Biomarkers of oxidative stress  

ROS are highly unstable molecules with an extremely short half-life, which hiders their 

assessment on biological matrices such as plasma or urine. Therefore, oxidative stress may be 

determined by evaluating the expression or activity of pro-oxidant/antioxidant systems, or by 

evaluating the end-products of protein, lipid and DNA oxidation.  

In terms of enzymatic pro-oxidant or antioxidant systems, they may be assessed at the level of 

gene expression, protein expression or activity. Of these, gene and protein expression might be 

confounded by post-transcriptional and post-translational modifications, respectively. Therefore, 

assessment of pro-oxidant or antioxidant capacity is the preferred option to determine the real 

endogenous effect of the selected enzyme.  

Measurement of low-molecular weight antioxidants individually may lead to inaccurate results 

because they are known to act synergistically. In this case, there are methods to estimate the 

total antioxidant capacity (TAC) of low-molecular weight antioxidants in order to overcome 

this important issue. TAC is a measure of the combined antioxidant effect of the non-enzymatic 

defenses in biological fluids, including urate, bilirubin, vitamins C and E, thiols, flavonoids, or 

carotenoids (Griendling et al., 2016; Saleh & Plieth, 2010). Therefore, it does not take into 

account the enzymatic antioxidant systems such as SOD, catalase, and GPx. Additionally, the 

antioxidant capacity may be measured by biological antioxidant potential (BAP) assay, which 

determines the capacity of plasma to reduce Fe3+ into Fe2+. However, this reaction is not as 

global as that of TAC. Similarly, global oxidative stress may be determined by derivatives of 

reactive oxygen metabolites (d-ROMs) assay, which determines the levels of H2O2 in plasma. 

However, H2O2 are unstable compared to end-products of oxidative damage. 

Oxidative damage to proteins induces the formation of protein aggregates and protein 

malfunction. The main targets of ROS on proteins are thiol groups in cysteine residues, leading 

to the formation of cysteine bridges (Krata et al., 2018). Therefore, the burden of cysteine/thiol 

groups is a feasible marker of the extent of oxidative stress (Griendling et al., 2016). Oxidative 
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cleavage of protein backbones or oxidative deamination of lysine and glutamic acid generates 

protein carbonyls, which are associated with aging, obesity or T2DM (Frijhoff et al., 2015). 

Moreover, proteins can undergo nitrosylation on tyrosine residues (Krata et al., 2018) and react 

with chloramines or hypochlorous acid to form advanced oxidation protein products (Figure 2).  

Peroxidation of fatty acids affects membrane structure and fluidity. The main markers of lipid 

peroxidation are hydroxynonenal (HNE), malondialdehyde, isoprostanes, and other aldehydes 

(Frijhoff et al., 2015; Griendling et al., 2016; Krata et al., 2018) (Figure 2). Moreover, the 

process of LDL oxidation, which is promoted by different ROS including ·OH and peroxynitrite 

(Sorriento et al., 2018), is initiated with the peroxidation of the lipid fraction of LDL followed by 

oxidation of apolipoprotein B. Therefore, oxidized LDL (oxLDL) is also considered a marker of 

lipid oxidation (Figure 2). 

Finally, oxidative damage to DNA/RNA leads to genomic instability and cell senescence. In 

DNA and RNA, the main target for oxidation are guanine moieties, which are excreted into urine 

in the form of 8-oxo-2'-deoxyguanosine (8oxodG), 8-oxo-7,8-dihydroguanosin or 8-hydroxy-2'-

deoxyguanosine (8-OHdG) (Frijhoff et al., 2015; Griendling et al., 2016; Krata et al., 2018) 

(Figure 2). 

In summary, oxidative stress may be assessed by multiple biomarkers. However, these 

biomarkers reflect different aspects and mechanisms of oxidative stress. There are currently no 

gold-standard circulating biomarkers of oxidative stress in humans. Therefore, measurement of 

independent biomarkers of different aspects of oxidative stress is recommended (Griendling et 

al., 2016). Moreover, measurement of global oxidative stress is biased if mechanisms of 

antioxidant defense are not determined. In order to assess a global index of oxidative stress, 

Veglia et al. developed a multimarker approach including different markers of oxidative stress, 

which was called OXY-SCORE (Veglia et al., 2010; Veglia et al., 2006). This approach showed 

better discrimination between healthy subjects and patients with CAD than each individual 

biomarker. Similar estimators have been used in populations with different etiologies (Condezo-

Hoyos et al., 2013; Ruiz-Hurtado et al., 2014). However, OXY-SCORE does not consider 

oxidative damage to proteins and DNA/RNA, or pro-oxidant and antioxidant enzymatic activities. 

Another index named oxidative-INDEX was associated with T2DM, dyslipidemia, smoking, and 

the presence of CAD (Vassalle et al., 2008). However, oxidative-INDEX only includes BAP and 

d-ROMs. Therefore, there is still a need to develop reliable multimarker indexes of oxidative 

stress. 
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5.3 Oxidative stress and CVRFs 

Oxidative stress is known to be both a precursor and a consequence of different CVRFs since 

the last century. The free radical theory of aging, postulated in 1956, states that aging is the 

consequence of the accumulation of ROS, which modify different biomolecules inducing a 

progressive decline in normal cell function (Harman, 1956). This theory has been demonstrated 

subsequently and has been adapted to recent findings establishing a vicious cycle in which 

oxidative stress accelerates aging, and the process of aging induces an activation of pro-

oxidant pathways and a decline in antioxidant mechanisms (Daiber et al., 2021; Ungvari et al., 

2019). Moreover, oxidative stress generated during aging contributes to age-dependent 

endothelial dysfunction, which ultimately leads to CVD development and progression 

(Costantino et al., 2016; Donato et al., 2018). 

In this sense, endothelial dysfunction hinders vascular relaxation and promotes arterial stiffness, 

contributing to development of hypertension. Therefore, another vicious cycle between aging, 

oxidative stress and hypertension has been long established (Sorriento et al., 2018). The main 

hallmark of hypertension is RAAS hyperactivation, which is an important activator of NOX-

dependent ROS production (Aldosari et al., 2018). Moreover, XOD-dependent ROS production 

is also upregulated in hypertension (Brito et al., 2015). This burst in ROS production further 

triggers endothelial dysfunction by reducing NO bioavailability and promoting eNOS uncoupling. 

Consequently, hypertension also induces early vascular aging, which is the premature 

development of vascular stiffness and is associated with an increase in ROS production (Guzik 

& Touyz, 2017). Given the increase in oxidative stress in hypertension, multiple serum, plasma 

or urine biomarkers of oxidative stress have been associated with hypertension, including high 

levels of oxLDL, malondialdehyde, isoprostanes, and 8oxodG, as well as reduced levels of GPx, 

TAC, GSH, and SOD (Cammisotto et al., 2021; Chrysohoou et al., 2007; Sorriento et al., 2018). 

Endothelial dysfunction also promotes endothelial permeability, which favors that circulating 

LDL infiltrate into the tunica intima of the arterial wall. The accumulation of cholesterol in the 

arterial wall causes a lesion known as fatty streak. Fatty streaks are the first step in the 

development of atherosclerosis, and may progress to intermediate lesions and fibrous plaque 

(Figure 3). In this process, the endothelial wall also becomes permeant to ROS produced by 

NOX, eNOS or XOD, which oxidize LDL in the tunica intima. Moreover, endothelial cells express 

adhesion molecules that attract monocytes that then migrate into the tunica intima and 

differentiate into macrophages. Monocyte-derived macrophages uptake oxLDL by scavenging 

receptors, mainly lectin-like oxLDL receptor 1 (LOX-1) and CD36, promoting macrophage 
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differentiation into foam cells (Kattoor et al., 2019). Importantly, LDL must become oxidized to 

promote atherosclerosis, as scavenging receptors do not recognize native LDL (Steinberg et al., 

1989). Therefore, the association between oxLDL and atherosclerosis progression is 

independent of native LDL (Wallenfeldt et al., 2004). 

 
Figure 3. Atherosclerotic plaque development and progression. EC, endothelial cell; VSMC, vascular smooth 
muscle cell; ROS, reactive oxygen species; LDL, low-density lipoprotein; oxLDL, oxidized LDL; IFN- γ, interferon-γ; IL-
1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α. 

The formation of foam cells is the main hallmark of intermediate lesions, and the major driver of 

atherosclerotic plaque progression and disruption. Foam cells secrete pro-inflammatory 

cytokines including interferon-γ, interleukin-1β, interleukin-6 or tumor necrosis factor-α, as well 

as a high yield of ROS that further oxidize LDL to increase the burden of foam cells (Gianazza 

et al., 2019). This pro-inflammatory environment promotes the recruitment of more monocytes 

and lymphocytes into the lesion acting in a positive feedback loop. Moreover, oxLDL uptake by 

vascular smooth muscle cells promotes migration into the tunica intima. Vascular smooth 

muscle cells secrete extracellular matrix components that form a fibrous cap around the plaque, 

which is known as the fibrous plaque (Figure 3). The fibrous plaque contains cholesterol and 

foam cells, which undergo apoptosis and release their content, including cholesterol, ROS, and 

pro-inflammatory mediators. The accumulation of cell debris is known as the necrotic core of the 

atherosclerotic plaque. Finally, rupture of the fibrous cap exposes pro-coagulant molecules to 

the blood, leading to thrombus formation (Libby et al., 2011). 
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Although oxLDL is the main biomarker associated with atherosclerosis development and 

progression, other markers are associated with hypercholesterolemia including 

malondialdehyde, GSH, SOD, catalase, and isoprostanes (Cammisotto et al., 2021; Gianazza 

et al., 2019). 

In addition, given the high burden of dyslipidemia and endothelial dysfunction among obese 

patients, it is expected that oxidative stress may be affected in this pathology. Indeed, oxidative 

stress is tightly associated with the development of obesity-related complications 

(Cammisotto et al., 2021), and the reduction in adipose tissue is associated with a decrease in 

oxidative stress (García-Prieto & Fernández-Alfonso, 2016). Particularly, obesity is associated 

with an increase in markers of lipid peroxidation including HNE, malondialdehyde, isoprostanes, 

and oxLDL (Akhigbe & Ajayi, 2021; Cammisotto et al., 2021; Gianazza et al., 2019). Moreover, 

obesity is known to affect 8-OHdG, SOD, TAC, GPx, and GSH (Cammisotto et al., 2021). 

In line with metabolic disorders, T2DM is often associated with aging, hypertension, 

dyslipidemia or obesity (Almourani et al., 2019). Oxidative stress is both a cause and a 

consequence of T2DM. Pancreatic beta-cells are especially susceptible to oxidative damage 

due to their low burden of antioxidant mechanisms, which leads to β-cell dysfunction and 

activates pathways associated with insulin resistance (Bigagli & Lodovici, 2019). Moreover, 

hyperglycemia induces protein glycation in protein carbonyl groups, which promotes ROS 

production at the mitochondria and NOX, inducing another positive feedback loop that further 

aggravates the pro-oxidant state (Bigagli & Lodovici, 2019; Fakhruddin et al., 2017; Sharifi-Rad 

et al., 2020). Therefore, T2DM is associated with biomarkers of lipid peroxidation, including 

isoprostanes, oxLDL, or malondialdehyde, DNA/RNA damage, and protein damage, as well as 

defective antioxidant systems, which are mainly characterized by a reduction in GSH, but 

results are conflicting (Bigagli & Lodovici, 2019; Cammisotto et al., 2021; Gianazza et al., 2019).  

The pro-oxidant state induced by the above mentioned CVRFs, including mainly aging 

(Carracedo et al., 2020), hypertension (Podkowińska & Formanowicz, 2020) and T2DM 

(Fakhruddin et al., 2017), may induce CKD development and progression (Satoh, 2012). The 

uremic state induced upon progressive renal dysfunction is reflected in a progressive increase 

in ROS production by NOX, XOD, mitochondria, and uncoupled eNOS, which increase oxidative 

damage (isoprostanes, oxLDL, AOPPs, malondialdehyde, 8-OHdG) and decrease antioxidant 

defense mechanisms (SOD, catalase, GPx, GSH, thiol groups) (Carracedo et al., 2020; Duni et 

al., 2017; O'Sullivan et al., 2017; Podkowińska & Formanowicz, 2020). Moreover, RAAS 

overactivity during CKD further increases ROS production (Satoh, 2012), which contributes to 
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nephron depletion (Podkowińska & Formanowicz, 2020) and aggravates renal dysfunction. In 

this sense, albuminuria development in hypertensive patients is tightly associated with an 

increase in oxidative stress, which is mainly promoted by protein carbonyls (Ruiz-Hurtado et al., 

2014).  

Finally, soluble components of cigarette smoke increase ROS production by inducing eNOS 

uncoupling, and mitochondrial, NOX and XOD alterations, as well as Nrf-2 impairment (Fratta 

Pasini et al., 2012; Golbidi et al., 2020; Wang & Kang, 2020). Smoking also promotes pro-

inflammatory pathways and the expression of cell adhesion molecules, which favors endothelial 

permeability and further induces endothelial dysfunction (Golbidi et al., 2020). However, the 

endothelial damage induced by smoking may be partially reversed after smoking cessation 

(Golbidi et al., 2020). 

CVRFs have the common characteristic to induce oxidative stress and endothelial dysfunction. 

Consequently, the association between CVR and oxidative stress has also been suggested. 

Brunelli et al. demonstrated that BAP is decreased in patients at the highest CVR estimated 

with the CUORE model, although there were no differences in the levels of d-ROMs (Brunelli et 

al., 2017). In contrast, different markers of antioxidant defense (TAC (Seyedsadjadi et al., 

2017), peroxiredoxin (Abbasi et al., 2012), bilirubin (Kim et al., 2012)) and oxidative damage 

(oxLDL (Reddy et al., 2015)) are associated with CVR estimated with Framingham Risk Score. 

Moreover, PROCAM correlates positively with O2
-· production, TBARs, and SOD, and negatively 

with thiol groups independently of traditional CVRFs (Stefanović et al., 2009). However, and as 

expected because of its tight association with atherosclerosis development and progression, 

oxLDL is the most studied marker of oxidative stress in relation to CVR. Indeed, oxLDL was 

shown to be associated with increased risk of CVD and mortality (Daiber et al., 2021; Gao et al., 

2017), even in apparently healthy middle-age men with moderate short-term CVR (Meisinger et 

al., 2005). Moreover, it has been suggested that oxidative stress is the underlying mechanism of 

women-specific CVRFs including parity, gestational hypertension or menopause (Castelao & 

Gago-Dominguez, 2008). Accordingly, isoprostanes are associated with cardiovascular 

mortality and stroke independently of traditional CVRFs in post-menopausal women after 18 

years follow-up (Daiber et al., 2021). 

ROS are overproduced under ischemic conditions, and are spread in the surroundings after 

reperfusion (Aldosari et al., 2018; Bar-Or et al., 2015; D'Oria et al., 2020). Therefore, acute 

phases of ischemic events such as myocardial infarction or stroke are associated with increases 

in oxidative stress, and oxidative stress is also associated with the severity of the ischemic 
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episode (Bar-Or et al., 2015; Milanlioglu et al., 2016). Accordingly, results from the Prospective 

Randomized Evaluation of the Vascular Effects of Norvasc Trial (PREVENT) showed that 

malondialdehyde is strongly associated with the incidence of cardiovascular events in patients 

with SCAD (Walter et al., 2004).  

Importantly, the above-mentioned studies determined the association between CVR and 

specific biomarkers of CVR, but did not assess a global perspective of oxidative stress. 

5.4 Oxidative stress and EC-coupling 

ROS are produced in the myocardium in physiological conditions by the mitochondria, NOX or 

XOD (Nikolaienko et al., 2018). Consequently, oxidative stress may also develop at myocardial 

level. Prior studies in hypertrophic cardiomyopathy (Nakamura et al., 2005), the failing heart 

(Arcaro et al., 2016; Nakamura et al., 2002) and post-ischemic myocardium (Lefer & Granger, 

2000) demonstrated a cardiac increase in ROS production, which may result in cardiomyocyte 

hypertrophy and apoptosis. Therefore, cardiac oxidative stress can ultimately lead to cardiac 

fibrosis and dysfunction (D'Oria et al., 2020). However, the association between cardiac 

dysfunction and oxidative stress may develop before the onset of a cardiovascular event in the 

presence of certain CVRFs. Mitochondrial ROS are associated with the development of cardiac 

dysfunction during the physiologic aging process (Hamilton & Terentyev, 2019; Martín-

Fernández & Gredilla, 2016), and in models of obesity-induced (Jiménez-González et al., 2020) 

and cardiac-specific (Joseph et al., 2016) lipid overload. Therefore, metabolic disturbances such 

as obesity or dyslipidemia are suggested to cause arrhythmia through ROS-dependent 

mechanisms (Chugh et al., 2008; Gowen et al., 2020).  

In terms of Ca2+ handling and cardiac EC-coupling, ROS may directly modify EC-coupling 

proteins. In particular, oxidative modifications of RyR2 favor RyR2 opening (Niggli et al., 2013; 

Nikolaienko et al., 2018), and oxidative modifications of SERCA2a and its inhibitor PLB hinder 

Ca2+ reuptake to the SR (Arcaro et al., 2016; D'Oria et al., 2020; Sovari et al., 2011). Therefore, 

oxidative stress can induce an increase in diastolic SR Ca2+ leak and Ca2+ overload that lead to 

arrhythmia and contractile dysfunction in cardiac pathologies such as HF and myocardial 

infarction (Nikolaienko et al., 2018). Accordingly, myocytes exposed to ROS have transient 

increases in contractility and in diastolic Ca2+ levels due to intracellular Ca2+ overload 

(Josephson et al., 1991).  
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5.5 Antioxidant effects of cardiovascular therapeutics 

There are almost no drugs acting via antioxidant mechanisms, but most cardiovascular drug 

therapeutics such as RAAS blockers, statins, or β-blockers have pleiotropic antioxidant 

properties (Daiber et al., 2021). In first instance, the antioxidant effect of RAAS blockers was an 

expected side effect, as RAAS is a potent inducer of NOX-dependent ROS production. 

Therefore, blockade of any step of this system would immediately reduce the ROS burden. 

However, the antioxidant effect of statins or β-blockers are suggested to be independent of their 

lipid-lowering and sympathetic deactivation activities, respectively. 

Statins enhance NO bioavailability, promoting vasodilation, and alleviate inflammation at the 

atherosclerotic plaque (Liberale et al., 2020). Moreover, statins reduce NOX expression and 

increase different antioxidant mechanisms including catalase, SOD and GSH (Lim & Barter, 

2014). Therefore, statins may reduce atherosclerosis progression not only by reducing the 

levels of LDL cholesterol, but also by reducing the oxidation of LDL cholesterol. In addition, it 

has been suggested that the antiarrhythmic effects of statins are partially mediated by their 

antioxidant and inflammatory effects (Williams et al., 2020).  

Similarly, some β-blockers such as propanolol, nebivolol, carvedilol and celiprolol have shown 

antioxidant properties reducing lipid peroxidation (Sorriento et al., 2018). Moreover, β-blockers 

may increase NO bioavailability and inhibit NOX (Silva et al., 2019). Therefore, although the 

antioxidant effect of β-blockers depends on the drug family, β-blockers have shown an overall 

antioxidant effect (Sabbatino et al., 2021).  
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Grounded in the context described in the introduction section, the hypothesis of this study is 

that the global oxidative status may be associated with the stratification of CVR independently 

of traditional CVRFs from young adulthood to older ages. In this sense, oxidative end-products 

may contribute to cardiac pathologies independently of traditional CVRFs. 

Therefore, the main objectives of this Doctoral Dissertation were:  

1. To develop a multimarker approach to assess global oxidative status in human 

populations 

2. To evaluate the association between the multimarker approach of oxidative status and 

lifetime CVR in a young population, as well as its dependency on traditional CVRFs  

3. To analyze the effect of the oxidative stress end-product oxLDL on intracellular Ca2+ 

handling in adult native ventricular cardiomyocytes 

4. To determine whether the association between the multimarker approach of oxidative 

status and CVR is maintained in an older population 

5. To assess whether the association between the multimarker approach of oxidative 

status and CVR is maintained in subjects with history of CVDs 
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ARTICLE 1: Lifetime cardiovascular risk is associated with a 

multimarker score of systemic oxidative status in young adults 

independently of traditional risk factors 

Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Jennifer Aceves-Ripoll, 

Laura González-Lafuente, Nerea Corbacho-Alonso, Paloma Martínez, Eva Calvo-Bonacho, Gloria 

Álvarez-Llamas, María G Barderas, Luis Miguel Ruilope, and Gema Ruiz-Hurtado 

Published in Translational Research, 2019;212:54-66, doi: 10.1016/j.trsl.2019.06.002, PMID: 

31295436. IF: 5.411 (D1 in Medical Laboratory Technology). 

 

The incidence of CVD before the age of 50 is much lower than that after 50 years of age. 

Therefore, young subjects usually have a low short-term CVR just because of their age. In order 

to overcome CVR underestimation in young subjects, CVR may be determined during the 

remaining lifespan, which is known as lifetime CVR. Lifetime CVR estimators rely strongly on 

modifiable CVRFs such as high BP or dyslipidemia. CVRFs are associated with different 

molecular mechanisms including inflammation and oxidative stress. However, the association 

between oxidative stress and lifetime CVR has not been studied. The aim of this study was thus 

to assess the association between lifetime CVR and oxidative stress. 

This cross-sectional study was performed on a population of 72 adults aged 30-50 years old. CVR 

was estimated with QRisk estimator and ASCVD risk estimator plus in subjects free of CVD, and 

SMART risk score on subjects with SCAD. QRisk-lifetime was used for stratification in subjects 

free of CVD into low and high lifetime CVR. Subjects with SCAD were considered as very high 

CVR according the clinical management guidelines.  

We analyzed oxidative damage in proteins by carbonyl groups, lipids by oxLDL, and DNA by 8-

OHdG, as well as the plasma enzymatic pro-oxidant activity of XOD. Moreover, we analyzed 

plasma TAC of low molecular weight antioxidants, and the plasma enzymatic antioxidant activity 

of SOD and catalase. Subjects with high lifetime CVR had significantly higher levels of oxLDL, 8-

OHdG, TAC and catalase activity than subjects with low lifetime CVR or with SCAD. CVR 

correlated positively with oxLDL, TAC and catalase activity in subjects free of CVD, and with 

carbonyls and SOD activity in those with SCAD. 
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It is important to note that oxidative stress is a multifactorial condition without a gold-standard 

biomarker. Therefore, we also developed multimarker approaches of oxidative damage 

(OxyScore) and antioxidant defense (AntioxyScore) including relevant biomarkers of oxidative 

damage and defense to comprehensively assess the global oxidative status. OxyScore was 

computed as the sum of the standardized values of carbonyl groups, oxLDL, 8-OHdG, and XOD 

activity, using the low lifetime CVR group as reference. AntioxyScore was equally computed with 

TAC, and SOD and catalase activities. OxyScore and AntioxyScore were significantly higher in 

subjects with high lifetime CVR than with low lifetime CVR or with SCAD. However, only 

OxyScore was associated with lifetime CVR independently of traditional CVR factors including 

SBP, glycaemia, smoking, BMI, and cholesterol subtypes. 

We conclude that oxidative damage is positively associated with the risk of developing CVD 

during the lifespan of asymptomatic young adults and with the risk of CVD progression in young 

adults with SCAD. 

 

Personal contribution: 

I participated in the biochemistry analyses including the determination of all markers of oxidative 

damage and antioxidant defense. I also performed the statistical analyses of the study, including 

the determination of the CVR estimators. As fist author, I also shared responsibilities in drafting 

and reviewing of the manuscript. 
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Supp Figure 1. Multivariate regression analysis of OxyScore and AntioxyScore with SMART Risk 
Score. ß-coefficients and P-values of models unadjusted and adjusted for the following cardiovascular risk 
factors: sex and age, smoking, body mass index (BMI), glycaemia, systolic blood pressure (SBP), total 
cholesterol, high density lipoprotein (HDL)-cholesterol, low density lipoprotein (LDL)-cholesterol, 
triglycerides, estimated glomerular filtration rate (eGFR), familiar history of cardiovascular (CV) disease, 
antihypertensive treatment and statin treatment.  
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Supp figure 2. Variation of OxyScore and AntioxyScore with the number of cardiovascular risk 
factors. (A) OxyScore and (B) AntioxyScore are presented as median±interquartile range. Cardiovascular 
risk factors described as hypertension (yes/no), hypercholesterolemia (yes/no), smoking (yes/no), diabetes 
mellitus (yes/no) and obesity (yes/no).  
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ARTICLE 2: Oxidized low-density lipoprotein associates with 

ventricular stress in young adults and triggers intracellular Ca2+ 

alterations in adult ventricular cardiomyocytes 

Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Laura González-Lafuente, 

Jennifer Aceves-Ripoll, Sara Vázquez-Sánchez, Jonay Poveda, Elisa Mercado-García, Nerea 

Corbacho-Alonso, Eva Calvo-Bonacho, María Fernández-Velasco, Gloria Álvarez-Llamas, María 

G Barderas, Luis Miguel Ruilope, Gema Ruiz-Hurtado 

Published in Antioxidants, 2020;9(12):1213, doi: 10.3390/antiox9121213, PMID: 33271910. IF: 

6.312 (D1 in Food Science & Technology and Chemistry, Medicinal). 

 

As shown in article 1, oxLDL is the oxidative stress biomarker more strongly associated with 

lifetime CVR in young subjects, which may be anticipated because oxLDL is the major promotor 

of atherosclerosis development and progression. However, oxLDL also induces cardiomyocyte 

injury and apoptosis. Previous studies have demonstrated an effect of oxLDL on the 

cardiomyocyte action potential and contraction, but the direct effect of oxLDL on cardiomyocyte 

Ca2+ handling was not analyzed. Therefore, the aim of the present study was to investigate 

whether oxLDL affects intracellular Ca2+ cycling and its consequences on cardiomyocyte function. 

We first studied the association between the marker of ventricular stress NT-proBNP and oxLDL 

in the young population described in article 1. NT-proBNP and oxLDL were positively associated 

independently of sex, LDL, BMI, SBP, and the marker of inflammation C-reactive protein (CRP), 

suggesting some degree of ventricular stress in patients with increased levels of oxLDL. 

To determine the intracellular mechanisms involved in the cardiac effects of oxLDL, we analyzed 

the in vitro effect of oxLDL on intracellular Ca2+ handling in adult rat ventricular cardiomyocytes 

using confocal microscopy. Acute challenge of adult ventricular cardiomyocytes to oxLDL reduced 

systolic Ca2+ transients and SR Ca2+ load. Moreover, diastolic spontaneous Ca2+ leak in the form 

of Ca2+ sparks and waves, both considered as Ca2+-dependent pro-arrhythmogenic events, 

increased significantly after acute exposure to oxLDL. 

We conclude that oxLDL associates with NT-proBNP in young subjects and directly induces 

relevant Ca2+ mishandling in adult native ventricular cardiomyocytes. Therefore, oxLDL may 

predispose cardiomyocytes to cardiac dysfunction and arrhythmogenicity. 
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Personal contribution: 

I participated in the biochemistry analyses of human plasma samples and in the analyses of Ca2+ 

handling in adult rat ventricular cardiomyocytes. I also performed the statistical analyses of the 

study, including the human and the animal studies. As fist author, I also shared responsibilities in 

drafting and reviewing of the manuscript. 
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ARTICLE 3: Analysis of global oxidative status using multimarker 

scores reveals a specific association between renal dysfunction and 

diuretic therapy in older adults 

Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Jennifer Aceves-Ripoll, 

Laura González-Lafuente, Nerea Corbacho-Alonso, Montserrat Baldan-Martín, Felipe Madruga, 

Gloria Álvarez-Llamas, María G Barderas, Luis Miguel Ruilope, Gema Ruiz-Hurtado 

Published in The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 

2021;76(7):1198-1205, doi: 10.1093/gerona/glab012, PMID: 33423057. IF: 6.053 (D1 in 

Gerontology). 

 

Aging induces a progressive decline in renal function, which may lead to development of CKD. 

Likewise, CKD is known to induce premature aging, and is an important CVRF throughout life. 

Therefore, older subjects with CKD have especially high CVR. However, CVR estimation in the 

older is usually based on other traditional CVRFs such as high BP, dyslipidemia or 

overweight/obesity. The strength of these traditional CVRFs is attenuated with aging, and 

consequently CVR estimators in the older usually have poor performance. We previously 

demonstrated that oxidative stress is associated with lifetime CVR and with the risk of a recurrent 

cardiovascular event in young subjects (article 1), but the association between CVR and oxidative 

stress in the older has not been well studied. Therefore, the aim of the present study was to 

determine the association between CVR and oxidative stress in an older population. 

We determined the OxyScore and AntioxyScore as described in article 1 in a cohort of 93 older 

subjects (≥75 years old). The population was stratified into those with normal to moderately 

decreased renal function (eGFR >60 mL/min/1.73m2), those with moderately to severely 

decreased renal function (eGFR <60 mL/min/1.73m2), and those with a recent cardiovascular 

event (stroke or acute coronary syndrome in the last 3 years). The group with eGFR >60 

mL/min/1.73m2 was used as reference for OxyScore and AntioxyScore estimation. 

Subjects with eGFR <60 mL/min/1.73m2 had significantly higher levels of carbonyl groups and 

catalase activity, and lower levels of 8-OHdG than subjects with eGFR >60 mL/min/1.73m2. 

Moreover, subjects with a recent cardiovascular event had significantly lower levels of 8-OHdG 

and SOD activity than subjects with eGFR >60 mL/min/1.73m2, and XOD activity, catalase activity 

and SOD activity than subjects with eGFR <60 mL/min/1.73m2. Accordingly, OxyScore and 
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AntioxyScore were higher in subjects with eGFR <60 mL/min/1.73m2 than in peers with eGFR 

>60 mL/min/1.73m2 or a recent cardiovascular event. Multivariate linear regression analysis 

revealed that eGFR, but not traditional CVRFs including age, SBP, total cholesterol, and 

glycaemia, was independently associated with OxyScore and AntioxyScore. 

Interestingly, AntioxyScore was also associated with diuretic treatment, and a more pronounced 

increase was seen in subjects receiving combined diuretic therapy. The associations of 

AntioxyScore with diuretic treatment and eGFR were mutually independent. 

We conclude that eGFR is the major contributor to the imbalance in oxidative stress in this older 

population. Therefore, we propose that the inclusion of renal function parameters in CVR 

estimators for older populations might improve their modest performance. 

 

Personal contribution: 

I participated in the biochemistry analyses including the determination of all markers of oxidative 

damage and antioxidant defense. I also performed the statistical analyses of the study. As fist 

author, I also shared responsibilities in drafting and reviewing of the manuscript. 
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Suppl. Fig. 1. 8-hydroxy-2'-deoxyguanosine (8-OHdG) standardized by creatinine in 
older adults stratified by estimated glomerular filtration rate (eGFR) or a recent 
cardiovascular event (CVE). *p<0.05. 
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Suppl. Fig. 2. Abundance of low molecular weight antioxidants in an elderly population 
stratified by estimated glomerular filtration rate (eGFR) or by a recent cardiovascular 
event (CVE). A uric acid, B bilirubin, C glutathione (GSH), D thiol groups, E correlation 
between eGFR and uric acid, F correlation between eGFR and GSH. ***p<0.001 vs eGFR 
>60mL/min/1.73m2; ###p<0.001 vs eGFR <60 mL/min/1.73m2. 
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Suppl. Table 1. Correlation of eGFR with markers of oxidative damage and antioxidant 
defense. 

 
r p-value 

Protein carbonyls -0.259 0.013 
oxLDL 0.004 0.969 
8-OHdG 0.239 0.032 
XOD activity -0.171 0.106 
Catalase activity -0.368 <0.001 
SOD activity -0.247 0.025 
TAC -0.203 0.051 

 

oxLDL, oxidized low-density lipoprotein; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; XOD, 
xanthine oxidase; SOD, superoxide dismutase; TAC, total antioxidant capacity. 
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CVD may be prevented by achieving control of behavioral or modifiable CVRFs including 

smoking, overweight/obesity, high BP, dyslipidemia, and T2DM. In order to increase population 

awareness and guide clinical management for primary and secondary prevention of CVD, CVR 

estimators have been developed. CVR estimators are based on traditional CVRFs including the 

above-mentioned together with age, sex, or cardiovascular therapies. However, CVR estimators 

overall explain 70% of the CVR burden, and addition of non-traditional biomarkers repeatedly 

showed a dependency on traditional CVRFs. Therefore, there is still a lack of knowledge on the 

underlying pathophysiological mechanisms associated with CVD development and progression.  

Despite being intimately associated with traditional CVRFs, several biomarkers of oxidative stress 

were shown to be associated with CVR independently of traditional CVRFs (Abdulle et al., 2020; 

Xuan et al., 2019; Xuan et al., 2018). However, there is still a need to study the incremental value 

of oxidative stress to traditional CVRFs in CVR assessment (Daiber et al., 2021). Moreover, there 

is a lack of knowledge on the overall association between oxidative stress and CVD, as most 

studies focus on one or few biomarkers of oxidative damage, and frequently neglect the 

antioxidant defense mechanisms. 

The present study aimed at evaluating the association between CVR and global oxidative status 

by means of a new multimarker approach (OxyScore and AntioxyScore) that considers different 

aspects of oxidative damage and antioxidant defense from young adulthood to older ages. 

Moreover, we described that the oxidized fraction of LDL may be associated with CVD 

independently of atherosclerotic CVD. 

1. Oxidative stress is associated with lifetime CVR in young adults 

In this Doctoral Dissertation, we described for the first time an association between lifetime CVR 

and oxidative status. We assessed different aspects of both oxidative damage and antioxidant 

defense in order to obtain a wide perspective of the variations in oxidative stress with lifetime 

CVR. By using this approach, we found a positive association between lifetime CVR and oxidative 

damage to lipids assessed by oxLDL, and DNA assessed by 8-OHdG; while oxidative damage to 

proteins and the pro-oxidant activity of XOD were not associated with lifetime CVR (Figure 1 and 

Table 2, Article 1). oxLDL is the main driver of atherosclerosis development and progression, 

and is directly associated with the risk of CAD (Gao et al., 2017; Meisinger et al., 2005). 

Moreover, cellular damage induced at the atherosclerotic plaque is associated with an increase in 

8-OHdG (Martinet et al., 2002). Therefore, the increase in these specific markers indicates that 

atherosclerosis may underlie the increased CVR of this young population, which is also supported 
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by the imbalance in the HDL and LDL cholesterol levels of this population (Table 1, Article 1). 

Accordingly, previous proteomic investigations demonstrated an association between CVR and 

atherosclerosis in a similar cohort of young subjects (Baldan-Martin et al., 2018), and the 

Progression of Early Subclinical Atherosclerosis (PESA) study showed that the prevalence of 

subclinical atherosclerosis is associated with short- and long-term CVR estimated with 

Framingham Risk Score, ASCVD risk estimator plus or SCORE (Fernández-Friera et al., 2015). 

In addition, catalase activity and TAC, but not SOD activity, were associated with CVR (Figure 1 

and Table 2, Article 1). SOD directly scavenges O2
-·, while catalase and low-molecular weight 

antioxidants scavenge more advanced ROS and oxidative modifications to macromolecules. 

Therefore, our results suggest that oxidative damage is established in subjects with high lifetime 

CVR, and thus although antioxidant defense mechanisms are aimed at controlling both O2
-· 

dissemination and oxidative modifications, they are more oriented towards removal of oxidative 

modifications.  

Interestingly, measurement of only protein carbonyls, XOD activity, or SOD activity would lead to 

contrary results, which underscores the importance of multimarker approaches in oxidative stress 

assessment. Several multimarker approaches have been developed to assess oxidative stress. 

However, they do not consider important aspects such as oxidation end-products or the 

enzymatic antioxidant defense. The index OXY-SCORE includes standardized values of 

malondialdehyde, isoprostanes, oxidized-to-reduced GSH ratio, total GSH, vitamin E, and plasma 

antioxidant activity (Veglia et al., 2010), while the oxidative-INDEX includes d-ROMs and TAC 

(Vassalle et al., 2008). We decided to include markers of enzymatic ROS production (XOD 

activity), oxidative damage to DNA (8-OHdG), and oxidative damage to proteins (carbonyl groups) 

to encompass different aspects of oxidative damage. Moreover, we replaced measurements of 

vitamin E, which is included in TAC assay, by the enzymatic antioxidant capacity of SOD and 

catalase. Therefore, we developed a new multimarker approach that considers a wider set of 

aspects of oxidative damage (OxyScore) and antioxidant defense (AntioxyScore) to acquire a 

more precise perspective of the oxidative status (Figure 4). 

In this line, d-ROMs and BAP may be considered as global estimators of oxidative damage and 

antioxidant defense, as they assess the levels of plasma H2O2 and the plasma capacity to reduce 

Fe3+, respectively. By using this approach, Brunelli et al. demonstrated that BAP decreased in 

T2DM, obesity, aging, female sex, and with increasing SBP, total cholesterol, and CVR estimated 

with the CUORE model, while d-ROMs remained constant between groups (Brunelli et al., 2017). 

The study concluded that antioxidant defense decreases in subjects with high CVR. In contrast, 

the results obtained in the present Dissertation point to a parallel increase in oxidative damage 
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and antioxidant defense mechanisms with increasing CVR (Figure 3, Article 1). These 

apparently opposite results may be due to the fact that d-ROMs and BAP cannot be translated 

into global processes, as they do not consider oxidative damage end-products or enzymatic 

antioxidant capacity. Therefore multimarker approaches such as OxyScore and AntioxyScore are 

preferred to single measurements. 

The simultaneous increase in OxyScore and AntioxyScore with high lifetime CVR (Figure 3, 

Article 1) also deserves further attention, as oxidative stress is traditionally described as an 

increase in ROS production and a decrease in antioxidant defense mechanisms (Daiber et al., 

2021). However, oxidative stress is also the main activator of antioxidant defense mechanisms 

through Nrf2/KEAP pathway as a compensatory mechanism to balance the ROS production 

(Ungvari et al., 2019). In fact, the improvement in endothelial dysfunction and increase in 

antioxidant mechanisms found after caloric restriction in rat models of obesity is preceded by an 

increase in H2O2 production (García-Prieto et al., 2019). Our results indicate that the young 

population with high lifetime CVR is still able to respond to the oxidative insult, although the 

increase in oxidative end-products suggests that ROS may overwhelm the antioxidant capacity, 

which is also supported by the increase in catalase activity and TAC, but not SOD activity. 

Moreover, the association between lifetime CVR and OxyScore was independent of traditional 

CVRFs, while the association between AntioxyScore and lifetime CVR was not independent of 

SBP, BMI, and age and sex (Figures 4 and 5, Article 1). These results suggest that, while 

CVRFs are likely the trigger to initiate the oxidative damage cascade, additional independent 

pathways may be involved in a positive feedback loop. In contrast, antioxidant defense 

mechanisms may be induced in response to CVRF-dependent oxidative stress. This may also 

explain the impossibility to overcome oxidative damage despite a simultaneous increase in 

antioxidant mechanisms, as antioxidant systems may only scavenge the oxidative damage 

burden directly caused by CVRFs. Studies on the interaction between antioxidant biomarkers and 

CVR are conflicting, as recent results from the PREVEND study showed that subjects of the 

general population with lower levels of serum-free thiol groups are at higher risk of suffering CVD 

independently of CVRFs (Abdulle et al., 2020), while other studies described that the associations 

of GPx, SOD and catalase activities with CAD development are attenuated after adjustment for 

CVRFs (Flores-Mateo et al., 2009). Therefore, further studies in larger populations are needed to 

confirm the interactions between antioxidant mechanisms and CVRFs on CVD development.  

In summary, we identified different biomarkers of oxidative stress associated with lifetime CVR in 

a young population (Figure 4), which suggest that atherosclerosis may be the main enhancer of 
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CVR in this population. Moreover, in order to also assess the global oxidative status, we 

developed a new multimarker approach (OxyScore and AntioxyScore) that is associated with 

lifetime CVR in young adults (Figure 4).  

2. oxLDL is associated with ventricular stress and induces Ca2+ 

mishandling in adult native ventricular cardiomyocytes 

We hypothesized that atherosclerosis is the major driver of oxidative stress in the young 

population because of the tight association between oxLDL and lifetime CVR. However, we also 

found a positive significant association between oxLDL and NT-proBNP in the same population 

(Figure 1, Article 2). NT-proBNP is synthesized in response to ventricular stress, which is mainly 

induced by volume and pressure overload. This is the hallmark of HF, which may develop after 

CAD. However, patients with SCAD showed low levels of both oxLDL and NT-proBNP. We 

speculated that this may be caused by the tight control of CVRFs, as the levels of oxLDL depend 

on LDL cholesterol, and the levels of NT-proBNP vary with traditional CVRFs including high BP, 

BMI, or cholesterol (Burke & Cotts, 2007; Tanaka et al., 2017). Therefore, the simultaneous 

decrease in oxLDL and NT-proBNP in patients with SCAD may show a mutual dependency on 

the stringent control of CVRFs. In order to discard traditional CVRFs as potential confounders, we 

adjusted the association between oxLDL and NT-proBNP by traditional CVRFs, showing that the 

association between oxLDL and NT-proBNP was independent of LDL cholesterol, sex, BMI, and 

SBP (Table 2, Article 2). Therefore, our results confirm that oxLDL is associated with cardiac 

stress independently of traditional CVRFs in the general population. 

We also included CRP in the multivariate analysis because oxLDL and CRP share common pro-

inflammatory pathways. CRP is one of the main mediators of inflammation, triggering the 

secretion of other inflammatory cytokines in several cell types. Moreover, CRP is associated with 

CVRFs including the lipid profile, BP, BMI and T2DM (Haybar et al., 2019). Therefore, CRP may 

also associate with NT-proBNP. However, there were no associations between CRP and NT-

proBNP (Table 2, Article 2), likely because the levels of CRP were not stabilized in subjects with 

SCAD. Accordingly, although both CRP and NT-proBNP are associated with CVR, CRP has a 

limited performance in the general population (Leistner et al., 2013; Natriuretic Peptides Studies 

Collaboration, 2016) and in patients with SCAD and CAD (Ahluwalia et al., 2013; Nikorowitsch et 

al., 2020). Therefore, the association between oxLDL and NT-proBNP was also independent of 

the underlying inflammatory burden. 
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oxLDL has been previously described to induce the expression of BNP in mouse atrial 

cardiomyocytes (Chandrakala et al., 2012), and to negatively correlate with cardiac function in the 

general population after adjustment for classical CVRFs, inflammation and prevalent vascular 

damage (Rietzschel et al., 2008). Moreover, oxLDL correlates with left ventricle ejection fraction in 

patients with dilated cardiomyopathy (Tsutamoto et al., 2001) and congestive HF (Tsutsui et al., 

2002). In fact, serum lipids were suggested to affect cardiac function independently of the 

vascular system, although studies on this aspect are scarce (Yao et al., 2020). Therefore, 

although oxLDL is among the main inducers of atherosclerotic CVD, we next hypothesized that it 

may also induce cardiac dysfunction independently of atherosclerotic CVD. 

Since the chief mechanism of cardiac function is intracellular Ca2+ handling, we studied how it is 

affected by oxLDL in adult ventricular cardiomyocytes of disease-free rats. At this level, oxLDL 

was described to increase the peak systolic Ca2+ without affecting the diastolic Ca2+ (Liu et al., 

1993). However, the study by Liu et al. only showed significant results at very high doses of 

oxLDL (100-200 µg/ml) and after sustained timing (>10 min). Moreover, sustained treatment with 

oxLDL showed a reduction in cell shortening in adult ventricular cardiomyocytes (Schlüter et al., 

2017; Zorn-Pauly et al., 2005). Notably, oxLDL induces cell damage and apoptosis to neonatal rat 

cardiomyocytes by inflammatory- and oxidative stress-dependent mechanisms (Iwai-Kanai et al., 

2001; Wang et al., 2016). Inflammation and oxidative stress are known to induce Ca2+ 

mishandling in adult ventricular cardiomyocytes (Val-Blasco et al., 2021; Val-Blasco et al., 2017). 

Therefore, results on the sustained effect of oxLDL may be confounded by the induction of other 

molecular pathways. By studying the acute effect of oxLDL in adult ventricular cardiomyocytes, 

we overcame this important confounding factor. 

In this Doctoral Dissertation, we report a decrease in systolic Ca2+ transients (Figure 2A-D, 

Article 2), SERCA2a activity (Figure 2F, Article 2), and SR Ca2+ load (Figure 3B, Article 2), 

together with a pro-arrhythmogenic phenotype characterized by an increase in the frequency of 

spontaneous Ca2+ sparks (Figure 4, Article 2) and waves (Figure 5, Article 2) during diastole. 

These effects may be triggered by LOX-1, which is the major receptor of oxLDL and is expressed 

in cardiomyocytes. LOX-1 is known to induce cardiomyocyte apoptosis and defective contractile 

function by activating the mitogen-activated protein kinase (MAPK) pathway (Barreto et al., 2021; 

Schlüter et al., 2017). As described in section 3, CaMKII- and PKA-dependent phosphorylation of 

RyR2 and dephosphorylation of PLB contribute to deplete SR-Ca2+ load by increasing diastolic 

SR Ca2+ leak and reducing SERCA2a activity, respectively. In this scenario, inhibition of p38 

MAPK pathway is associated with an increase in PLB phosphorylation in the CaMKII site, 

suggesting that the MAPK pathway may be involved in modulating the activity of EC-coupling 
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proteins through phosphorylation (Romero-Becerra et al., 2020). However, further studies are 

needed to confirm the exact mechanism by which oxLDL induces the described anomalies in 

cardiomyocyte intracellular Ca2+ handling. 

In conclusion, we showed that oxLDL indeed induces vascular-independent anomalies at cardiac 

level in healthy adult rat ventricular cardiomyocytes. Such anomalies are associated with Ca2+ 

mishandling, which finally leads to a pro-arrhythmogenic cellular phenotype (Figure 4). 

3. Oxidative stress is associated with CVR in older adults 

Next, we assessed whether the association between oxidative stress and CVR was maintained in 

an older population. We did not expect to find the same strong association with oxLDL or 

atherosclerosis because the burden of traditional CVRFs is attenuated in older populations (Beer 

et al., 2011; Brunner et al., 2019; Dugani et al., 2021; Nanna et al., 2019; Ravnskov et al., 2016; 

Vaes et al., 2020; van Bussel et al., 2019). Studies suggest that this attenuation of traditional 

CVRFs is caused by the age bias, which implies that only the subjects with the best CVRF profile 

in young and middle age survive until older ages (Lind et al., 2018). Indeed, the levels of blood 

glycaemia, pressure, and cholesterol subtypes were tightly controlled in our older population 

(Table 1, Article 3). Therefore, CVR estimated with SCORE-OP was very homogeneous in this 

older population, although more than half of the population without established CVD had renal 

dysfunction (eGFR <60 mL/min/1.73m2). 

CKD is an important CVRF even with only moderate decreases in renal function (Ruiz-Hurtado et 

al., 2016). A recent meta-analysis including 72 datasets with over 9 million individuals >30 years 

old demonstrated that including renal parameters into ASCVD risk estimator plus and SCORE 

models improved CVR estimation (Matsushita et al., 2020). The improvement in CVR stratification 

by inclusion of renal parameters is also significant in older populations (de Ruijter et al., 2009; 

Odden et al., 2014; Zethelius et al., 2008). Strikingly, CVR estimators for older adults do not 

include parameters of renal function. Instead, clinical management guidelines include CKD as a 

CVR-enhancing factor that directly locates subjects with CKD into the high-risk category (Arnett et 

al., 2019; Piepoli et al., 2016). An important limitation in this approach for older populations is the 

lack of a numerical CVR, which hampers the performance of regression analyses as that 

performed in the young population (Article 1). Therefore, stratification was performed according 

to eGFR (>/<60 mL/min/1.73m2) instead of SCORE-OP. 

By using this stratification strategy, we confirmed that the increase in OxyScore and AntioxyScore 

in subjects with high CVR (eGFR <60 mL/min/1.73m2) was also present in an older population 
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(Figure 1 and Table 2, Article 3). However, the drivers of oxidative stress imbalance in this 

population were protein carbonyls, SOD and catalase activities, TAC, and a decrease in 8-OHdG 

(Supplementary Table 1, Article 3), again highlighting the importance of assessing multimarker 

indexes of oxidative stress. In the present study, OxyScore increased in subjects with high CVR 

despite showing lower levels of 8-OHdG. Previous studies described an increase in plasmatic 8-

OHdG as renal function declines from stage 1 CKD to stage 5 CKD (Dai et al., 2019). Importantly, 

we assessed 8-OHdG in urine because its measurement in blood is confounded by the DNA-

bound 8-OHdG. The decrease in urine excreted 8-OHdG may be thus caused by the decrease in 

renal function. However, normalization by creatinine levels showed the same results 

(Supplementary Figure 1, Article 3), indicating that the decrease in 8-OHdG was not due to a 

decrease in the excretion rate. Moreover, previous studies reporting urinary levels of isoprostanes 

showed an similar decrease in patients with CKD (Upadhyay et al., 2011). Therefore, further 

studies are needed to clarify why urinary markers of oxidative damage are decreased in patients 

with CKD independently of renal function.  

In addition, although oxidative stress is usually defined by a decrease in antioxidant defense 

mechanisms, AntioxyScore followed the same profile in this older population as in the younger 

population (Figure 1 and Table 2, Article 3). This increase in antioxidant defense mechanisms 

may be as well caused by the increase in oxidative damage, as previous studies on animal 

models of CKD showed a simultaneous increase in oxidative damage and expression of Nrf2 and 

SOD (Avin et al., 2016). Moreover, an inverse association between eGFR and TAC was 

described in subjects 28-84 years old (Dounousi et al., 2006). Uric acid is the main contributor to 

TAC, and uric acid is known to increase as renal function declines, which might confound our 

results. However, GSH, bilirubin and antioxidant enzymes followed similar profiles as uric acid 

(Supplementary Figure 2, Article 3). Therefore, although the retention of uric acid might 

contribute to the increase in AntioxyScore in subjects with reduced renal function, other pathways 

must be involved in this process.   

Importantly, SCORE-OP was not associated with OxyScore or AntioxyScore, likely because of the 

exclusion of renal parameters in the model. The robust association between oxidative stress and 

eGFR independently of the remaining traditional CVRFs (Table 2, Article 3) suggests that CKD 

should be considered for CVR stratification. Despite CKD being considered as a CVR-enhancing 

factor in clinical management guidelines, inclusion of renal parameters into CVR estimators would 

consider the progressive increase in CVR from mildly decreased renal function to correctly assess 

CVR in the older. 



 

106 

 

Discussion 

In summary, the increase in oxidative damage and antioxidant defense described in young 

subjects with high CVR was also present in a population of older subjects (Figure 4). Moreover, 

we highlighted the importance of renal function for CVR stratification in older subjects (Figure 4). 

4. Oxidative stress is associated with the risk of a recurrent cardiovascular 

event and with cardiovascular therapies  

Subjects with stable CVD were analyzed separately because of their high CVR and the 

impossibility to extrapolate CVR estimation in the general population to secondary prevention. It is 

important to note that, while CAD was the only CVD found in young subjects, older subjects 

suffered from prior CAD or cerebrovascular disease. This was expected because the incidence of 

stroke is delayed with respect to CAD, as the incidence of stroke outstands mainly from 65 years 

of age (Hollander et al., 2003). Moreover, and linked to the age bias, subjects that suffered CAD 

in their young adulthood or middle-ages are not likely to survive until older ages.  

The levels of oxidative stress are known to increase during acute coronary syndromes (Elesber et 

al., 2006; Holvoet et al., 1998) and acute stroke (Jayaraj et al., 2019), but they decrease in the 

following weeks or months (Demirkaya et al., 2001; Milanlioglu et al., 2016; Žitňanová et al., 

2016). Moreover, a prior study showed that the decrease in oxLDL in subjects with SCAD was 

independent of the levels of LDL cholesterol (Emekli-Alturfan et al., 2007). In the present study, 

the global burden of oxidative stress in subjects with established CVD was similar to that of 

subjects with low CVR, and significantly lower than that of subjects with high CVR (Figure 3, 

Article 1; Figure 1, Article 3), suggesting that oxidative stress increases progressively with CVR, 

but decrease after the cardiovascular event probably due to the strict cardiovascular therapy to 

prevent a recurrent cardiovascular event.  

Effective control of CVRFs in subjects with manifest vascular disease can significantly reduce 

CVR to low levels in approximately half of the patients (Kaasenbrood et al., 2016). However, 

studies comparing the levels of oxidative stress biomarkers between subjects with established 

CVD and healthy volunteers led to conflicting results. A study on patients ranging 35 to 80 years 

old with history of CAD showed no differences in the levels of isoprostanes (Schwedhelm et al., 

2004), while other study on subjects 23-92 years old showed an increase in oxLDL, SOD and 

GPx in subjects with SCAD (Weinbrenner et al., 2003). However, healthy volunteers of the latter 

study had less BMI, triglycerides, and blood glucose, and more HDL cholesterol than patients with 

SCAD, which might confound the results. Accordingly, another study showed that the increase in 
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TAC found in patients with CAD was confounded by hypertension (Bagheri et al., 2016). 

Therefore, stringent control of CVRFs might underlie the decrease in oxidative stress. 

Patients with established CVD who achieve successful stabilization are tightly controlled in order 

to prevent a recurrent cardiovascular event. In this sense, several cardiovascular 

pharmacotherapies have pleiotropic effects on oxidative stress, which includes statins and β-

blockers (Lim & Barter, 2014; Silva et al., 2019). These are the major therapies in patients with 

established CVD. Therefore, the low levels of oxidative stress found in subjects with established 

CVD might be caused, at least in part, by these therapies. However, it is important to remark that 

specific antioxidant therapies have not shown a beneficial effect on cardiovascular outcomes 

(Buglak et al., 2018). One of the main weaknesses of studies on antioxidant therapies is the 

selection of the target population and the lack of assessment of baseline oxidative stress. In the 

case of cardiovascular therapies, it is known that the cardiovascular pharmacotherapy was 

initiated or intensified in a determined set of patients (acute CVD) after the acute cardiovascular 

event (high burden or oxidative stress at baseline). Therefore, the pleiotropic antioxidant 

properties may be more significant because of the selection of the population and the timing for 

initiation. 

Notably, there were no differences in treatments in older subjects (Table 1, Article 3). However, 

there were a high proportion of patients treated in all groups, which might mask the effect of 

different therapeutics. Therefore, the decrease in oxidative stress in this population might be 

associated with an up-titration of the established therapies or with other kind of approaches such 

as rehabilitation training (Hsieh et al., 2014; Tofas et al., 2019). Nevertheless, the levels of ARB 

and diuretics were significantly increased in subjects with impaired renal function. We assessed 

their association with OxyScore and AntioxyScore, finding a significant and independent 

association between AntioxyScore and diuretic treatment (Figure 2 and Table 3, Article 3). To 

the best of our knowledge, the antioxidant effects of diuretics have not been studied so far (Silva 

et al., 2019), which is striking considering that most cardiovascular pharmacotherapies have an 

effect on oxidative stress and that some diuretics have extra-renal targets associated with 

vasodilation (Felker et al., 2020; Malha & Mann, 2016; Rapoport & Soleimani, 2019).  

This stringent control of CVRFs might confound the association between CVR and oxidative 

stress. Accordingly, Battes et al. suggested that BP did not predict CVR in patients with 

established CAD because most patients were treated with RAAS and β-blockers (Battes et al., 

2013). However, the associations between the risk of a recurrent cardiovascular event in young 

subjects, and OxyScore and AntioxyScore were significant independently of antihypertensive and 
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statin therapies (Supplemental Figure 2, Article 1). In contrast, these associations were not 

independent of traditional CVRFs including cholesterol subtypes, BMI, and blood glucose. 

Vassalle et al. demonstrated a significant association between high oxidative stress and the risk 

of recurrent cardiovascular events independently of traditional CVRFs in subjects with CAD 

(Vassalle et al., 2012). Therefore, the reduced number of study participants might be the cause of 

the low power of the statistical analysis. Further studies are needed to confirm the association 

between the risk of a recurrent cardiovascular event in young subjects with SCAD and oxidative 

stress. Nevertheless, the oxidative stress biomarkers associated with the risk of a recurrent 

cardiovascular event were different from those associated with the risk of the first cardiovascular 

event (Table 2, Article 1), again underscoring the importance of determining multimarker scores 

for oxidative stress measurement, and suggesting different underlying mechanisms for CVD 

progression before and after the onset of disease. 

The lack of estimators for secondary prevention in older populations hinders translation of these 

results to our older population. However, we have included older subjects with and without 

established CVD in the multivariate analysis on the association between traditional CVRFs, and 

OxyScore and AntioxyScore (Table 2, Article 3). In this analysis, eGFR was the only traditional 

CVRF independently associated with OxyScore and AntioxyScore, suggesting that the 

association between CVR, which is led by CKD in this population, and oxidative stress remains 

present after the stabilization of CVD in older subjects. Therefore, inclusion of renal function 

parameters in the older should also be considered for secondary prevention. 

In summary, we demonstrated that patients with established CVD have low levels of oxidative 

stress, which might be caused by the tight control of CVRFs to prevent a recurrent cardiovascular 

event (Figure 4). However, oxidative stress remained significantly associated with CVR in young 

and older subjects with established CVD (Figure 4). 
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Figure 4. Schematic summary of the Doctoral Dissertation. Two multimarker approaches were developed to 
comprehensively determine oxidative damage (OxyScore) and antioxidant defense (AntioxyScore). OxyScore 
encompasses the levels of protein carbonyls, oxidized LDL (oxLDL), xanthine oxidase (XOD) activity, and 8-hydroxy-2'-
deoxyguanosine (8-OHdG), while AntioxyScore encompasses the levels of catalase activity, superoxide dismutase (SOD) 
activity, and total antioxidant capacity (TAC). OxyScore and AntioxyScore increase with increasing cardiovascular risk 
(CVR), but decrease to levels of low CVR after a cardiovascular even due to the intensive treatment in subjects with 
adequate management of CVRFs. Oxidative stress was associated with short-term and long-term CVR estimated with 
QRisk and ASCVD risk estimators in young adults, and 8-OHdG, oxLDL, catalase activity and TAC were the drivers of this 
association. Of these, oxLDL induces abnormal Ca2+ handling in adult ventricular cardiomyocytes, which is characterized 
by a decrease in systolic Ca2+release and sarcoplasmic reticulum (SR)-Ca2+load, leading to an increase in diastolic pro-
arrhythmogenic Ca2+events in the form of Ca2+ sparks and Ca2+ waves. In the older, oxidative stress is associated with the 
estimated glomerular filtration rate (eGFR) but not with the SCORE-OP estimator based on traditional CVR factors, and 
this association is driven by protein carbonyls, 8-OHdG, and SOD and catalase activities. In stable subjects with history of 
a cardiovascular event, the association between SMART risk score and oxidative stress is based on protein carbonyls and 
SOD activity. 
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The main conclusions obtained from this Doctoral Dissertation are the following: 

 

1. Oxidative status may be comprehensively assessed in human studies by means of the 

multimarker indexes OxyScore and AntioxyScore. 

2. In young subjects, lifetime CVR is associated with an increase in OxyScore independently 

of traditional CVRFs, while AntioxyScore shows a dependency on traditional CVRFs. 

3. The association between lifetime CVR and OxyScore is mainly determined by the marker 

of lipid oxidation and atherosclerosis progression oxLDL. 

4. oxLDL induces Ca2+ mishandling in adult native ventricular cardiomyocytes, which may 

lead to atherosclerotic-independent cardiovascular events such as arrhythmia. 

5. In older subjects, OxyScore and AntioxyScore are associated with decreased renal 

function as a surrogate marker of CVR independently of traditional CVRFs, suggesting 

that inclusion of renal function parameters may improve CVR stratification in older 

populations. 

6. AntioxyScore increases in older subjects under diuretic therapy, especially in those under 

combination diuretic therapy. 

7. In young and older subjects with history of CVD, the levels of OxyScore and AntioxyScore 

are similar to those of subjects at low CVR, which may be due to the intensive therapy to 

prevent a recurrent cardiovascular event.  

8. OxyScore and AntioxyScore are also associated with the risk of a recurrent 

cardiovascular event in young subjects, although these associations are not independent 

of traditional CVRFs. 
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Conclusiones 

Las principales conclusiones obtenidas de la presente Tesis Doctoral son las 

siguientes: 

 

1. El estatus oxidativo puede ser determinado en estudios humanos a través de los índices 

multimarcador OxyScore y AntioxyScore. 

2. En individuos jóvenes, el RCV de por vida se asocia con un incremento en el OxyScore 

independientemente de los factores de RCV, mientras que el AntioxyScore muestra una 

dependencia de los factores de RCV. 

3. La asociación entre el RCV de por vida y el OxyScore se debe principalmente al 

marcador de oxidación lipídica y progresión de aterosclerosis oxLDL. 

4. El oxLDL induce alteraciones en el manejo del Ca2+ en cardiomiocitos ventriculares de 

rata adulta, lo que puede conllevar a eventos cardiovasculares independientes de la 

enfermedad aterosclerótica, como las arritmias. 

5. En sujetos ancianos, el OxyScore y el AntioxyScore se asocian con una reducción en la 

función renal como marcador subrogado del RCV independientemente de los factores de 

RCV tradicionales, sugiriendo que la inclusión de parámetros de función renal podría 

mejorar la estratificación del RCV en poblaciones ancianas. 

6. El AntioxyScore aumenta en sujetos ancianos bajo tratamiento diurético, especialmente 

en aquellos bajo tratamiento diurético combinado. 

7. En individuos jóvenes y ancianos con historia de ECV, los niveles del OxyScore y del 

AntioxyScore son similares a aquellos encontrados en los pacientes con bajo RCV, lo 

que podría deberse a la terapia intensiva aplicada para prevenir un evento cardiovascular 

recurrente. 

8. El OxyScore y el AntioxyScore se asocian con el riesgo de sufrir un evento 

cardiovascular recurrente en sujetos jóvenes, aunque estas asociaciones no son 

independientes de los factores de RCV tradicionales.  
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1. Prediction of the early response to spironolactone in resistant hypertension by the 

combination of matrix metalloproteinase-9 activity and arterial stiffness parameters 

Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Jennifer Aceves-Ripoll, 

Laura González-Lafuente, Montserrat Baldan-Martin, Fernando de la Cuesta, Gloria Alvarez-

Llamas, María G Barderas, Julián Segura, Luis Miguel Ruilope, Gema Ruiz-Hurtado 

 

Aims: The aim of present study was to determine whether arterial stiffness assessed with the 

biochemical parameter active matrix metalloproteinase (MMP)-9 and the clinical parameters pulse 

pressure (PP) and pulse wave velocity predicts the response to spironolactone in resistant 

hypertension (RH). 

Methods and results: Ambulatory blood pressure (BP) and active MMP-9 (measured by 

zymography and ELISA) were measured at baseline, and patients were classified as having 

pseudo-RH or RH. Patients with RH received spironolactone and the response was determined 

after 8 weeks by ambulatory BP monitoring: those who achieved BP goals were considered 

controlled (CRH) and those who did not were considered uncontrolled (UCRH). Plasma active 

MMP-9 was significantly higher in patients with RH than with pseudo-RH, and correlated with 24-

hour systolic BP and PP. Receiver operating characteristic analysis indicated that active MMP-9 

could predict the response to spironolactone, and its combination with 24-hour PP and pulse 

wave velocity significantly improved this prediction. Moreover, plasma of patients with UCRH 

induced the MMP-9 expression pathway. 

Conclusion: We propose active MMP-9 as a useful biomarker to identify patients with RH who 

will not respond to spironolactone. Combining MMP-9 activity with classical arterial stiffness 

parameters improves the prediction of the clinical response to spironolactone and might 

contribute to guide the most appropriate therapeutic decisions for patients with RH. 
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Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Jennifer Aceves-Ripoll, 
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Evangelina Mérida-Herrero, Amado Andrés, Manuel Praga, Mario Fernández-Ruiz, José María 

Aguado, Julián Segura, Luis Miguel Ruilope, Gema Ruiz-Hurtado 

 

Renal replacement therapy (RRT) is complicated by a chronic state of inflammation and a high 

mortality risk. However, different RRT modalities can have a selective impact on markers of 

inflammation and oxidative stress. We evaluated the levels of active matrix metalloproteinase 

(MMP)-9 in patients undergoing two types of dialysis (high-flux dialysis (HFD) and on-line 

hemodiafiltration (OL-HDF)) and in kidney transplantation (KT) recipients. Active MMP-9 was 

measured by zymography and ELISA before (pre-) and after (post-) one dialysis session, and at 

baseline and follow-up (7 and 14 days, and 1, 3, 6, and 12 months) after KT. Active MMP-9 

decreased post-dialysis only in HFD patients, while the levels in OL-HDF patients were already 

lower before dialysis. Active MMP-9 increased at 7 and 14 days post-KT and was restored to 

baseline levels three months post-KT, coinciding with an improvement in renal function and 

plasma creatinine. Active MMP-9 correlated with pulse pressure as an indicator of arterial 

stiffness both in dialysis patients and KT recipients. In conclusion, active MMP-9 is better 

controlled in OL-HDF than in HFD and is restored to baseline levels along with stabilization of 

renal parameters after KT. Active MMP-9 might act as a biomarker of arterial stiffness in RRT. 
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Conventional High Flux Hemodialysis and on-Line Hemodiafiltration 

Authors: José Alberto Navarro-García*, Elena Rodríguez-Sánchez*, Jennifer Aceves-Ripoll, 

Judith Abarca-Zabalía, Andrea Susmozas-Sánchez, Laura González-Lafuente, Teresa Bada-

Bosch, Eduardo Hernández, Evangelina Mérida-Herrero, Manuel Praga, Luis Miguel Ruilope, 

Gema Ruiz-Hurtado 

* Both authors contributed equally 

 

Hemodialysis patients experience high oxidative stress because of systemic inflammation and 

depletion of antioxidants. Little is known about the global oxidative status during dialysis or 

whether it is linked to the type of dialysis. We investigated the oxidative status before (pre-) and 

after (post-) one dialysis session in patients subjected to high-flux dialysis (HFD) or on-line 

hemodiafiltration (OL-HDF). We analyzed carbonyls, oxidized LDL (oxLDL), 8-hydroxy-2'-

deoxyguanosine, and xanthine oxidase (XOD) activity as oxidative markers, and total antioxidant 

capacity (TAC), catalase, and superoxide dismutase activities as measures of antioxidant 

defense. Indices of oxidative damage (OxyScore) and antioxidant defense (AntioxyScore) were 

computed and combined into a global DialysisOxyScore. Both dialysis modalities cleared all 

markers (p < 0.01) except carbonyls, which were unchanged, and oxLDL, which increased post-

dialysis (p < 0.01). OxyScore increased post-dialysis (p < 0.001), whereas AntioxyScore 

decreased (p < 0.001). XOD and catalase activities decreased post-dialysis after OL-HDF (p < 

0.01), and catalase activity was higher after OL-HDF than after HFD (p < 0.05). TAC decreased in 

both dialysis modalities (p < 0.01), but remained higher in OL-HDF than in HFD post-dialysis (p < 

0.05), resulting in a lower overall DialysisOxyScore (p < 0.05). Thus, patients on OL-HDF 

maintain higher levels of antioxidant defense, which might balance the elevated oxidative stress 

during dialysis, although further longitudinal studies are needed. 
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4. Association between renal dysfunction and metalloproteinase (MMP)-9 activity in 

hypertensive patients 

Authors: Elena Rodríguez-Sánchez, José Alberto Navarro-García, Jennifer Aceves-Ripoll, 

Gloria Álvarez-Llamas, Julián Segura, María G Barderas, Luis Miguel Ruilope, Gema Ruiz-

Hurtado 

 

Background and objective: Matrix metalloproteinases (MMPs) are involved in deleterious tissue 

remodeling associated with target organ damage in renal disease. The aim of this study was to 

study the association between renal dysfunction and activity of the inflammatory 

metalloproteinase MMP-9 in hypertensive patients with mild-moderate chronic kidney disease 

(CKD). 

Material and methods: Plasmatic active MMP-9, total MMP-9, tissue inhibitor of MMP-9 (TIMP-

1), MMP-9/TIMP-1 ratio and MMP-9-TIMP-1 interaction were analyzed in 37 hypertensive patients 

distributed by estimated glomerular filtration rate (eGFR) in 3 groups:>90, 90-60 y 60-

30mL/min/1.73 m2. 

Results: Total MMP-9 was not different as eGFR declines. TIMP-1 was significantly increased in 

hypertensive patients with eGFR 60-30mL/min/1.73 m2 (P<.01 versus>90mL/min/1.73 m2). This 

relates to the significant decrease in the interaction between MMP-9-TIMP-1 observed in patients 

with eGFR 60-30mL/min/1.73 m2 (P<.01 versus>90mL/min/1.73 m2). Despite the systemic 

elevation of TIMP-1, active MMP-9 was significantly increased in hypertensive patients with eGFR 

60-30mL/min/1.73 m2 (P<.05 and P<0.01 versus>90 and 90-60mL/min/1.73 m2, respectively). 

TIMP-1, active MMP-9 and MMP-9-TIMP-1 interaction significantly correlate with the decline in 

renal function, which was not observed with total MMP-9. 

Conclusions: The progression of CKD, even in stages where the decline of renal function is still 

moderate, is associated with an increase in MMP-9 activity, which could be considered as a 

potential therapeutic target. 
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5. Rapid, Automated, and Specific Immunoassay to Directly Measure Matrix 

Metalloproteinase-9-Tissue Inhibitor of Metalloproteinase-1 Interactions in Human Plasma 

Using AlphaLISA Technology: A New Alternative to Classical ELISA 

Authors: Helena Pulido-Olmo*, Elena Rodríguez-Sánchez*, José Alberto Navarro-García*, 

María G Barderas, Gloria Álvarez-Llamas, Julián Segura, Marisol Fernández-Alfonso, Luis Miguel 

Ruilope, Gema Ruiz-Hurtado  
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The protocol describes a novel, rapid, and no-wash one-step immunoassay for highly sensitive 

and direct detection of the complexes between matrix metalloproteinases (MMPs) and their tissue 

inhibitor of metalloproteinases (TIMPs) based on AlphaLISA® technology. We describe two 

procedures: (i) one approach is used to analyze MMP-9-TIMP-1 interactions using recombinant 

human MMP-9 with its corresponding recombinant human TIMP-1 inhibitor and (ii) the second 

approach is used to analyze native or endogenous MMP-9-TIMP-1 protein interactions in samples 

of human plasma. Evaluating native MMP-9-TIMP-1 complexes using this approach avoids the 

use of indirect calculations of the MMP-9/TIMP-1 ratio for which independent MMP-9 and TIMP-1 

quantifications by two conventional ELISAs are needed. The MMP-9-TIMP-1 AlphaLISA® assay is 

quick, highly simplified, and cost-effective and can be completed in less than 3 h. Moreover, the 

assay has great potential for use in basic and preclinical research as it allows direct determination 

of native MMP-9-TIMP-1 complexes in circulating blood as biofluid. 
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