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  RESUMEN 

Título: Desarrollo de nuevas estrategias tecnológicas para la obtención de 

jamón curado con alto contenido en péptidos bioactivos. 

 

Introducción: El jamón curado, alimento tradicional de la dieta mediterránea 

altamente valorado por los consumidores, presenta un elevado contenido de sodio 

que se ha asociado con efectos negativos sobre la salud. La proteólisis que tiene 

lugar durante su proceso de curado y maduración favorece la liberación de 

péptidos bioactivos, que han demostrado poseer entre otras, actividad 

antioxidante, antihipertensiva y antidiabética. Sin embargo, la influencia de 

factores tecnológicos durante el procesado como pueden ser la reducción de sal, la 

sobremaduración, el incremento de temperatura o los cambios en las sales de 

curado sobre la generación y biodisponibilidad de dichos péptidos ha sido poco 

estudiada. Con el desarrollo de la presente tesis doctoral se pretende evaluar el 

efecto de dichos cambios y, al mismo tiempo, potenciar la generación de péptidos 

bioactivos.  

 

Objetivos: El objetivo principal del estudio es encontrar diferentes técnicas y 

estrategias de procesado que permitan aumentar la concentración de péptidos 

bioactivos del jamón sin comprometer su calidad. Se persigue caracterizar los 

diferentes perfiles peptídicos generados bajo las diferentes estrategias empleadas y 

validar el potencial funcional de los péptidos obtenidos mediante ensayos in vitro, 

in silico e in vivo, determinando su funcionalidad en un modelo biológico. 

 

Resultados: Los resultados de la tesis doctoral se exponen mediante una 

sucesión de ocho capítulos distintos que comienzan con una revisión del 

conocimiento existente de las bioactividades de los péptidos generados durante el 

proceso de curado del jamón, destacando su potencial antihipertensivo, 

antioxidante, antidiabético, antimicrobiano y antiinflamatorio.  

En el segundo capítulo tras experimentar con técnicas de sobremaduración 

en jamones ibéricos, deshuesados y reducidos en sal, demostrando que el 

incremento en el tiempo de maduración intensificaba la proteólisis y la 



 

acumulación de aminoácidos libres sin afectar de manera significativa ni a la 

textura ni a la aceptabilidad sensorial del jamón, lo que abría la puerta a evaluar el 

incremento de la producción de péptidos mediante esta estrategia. Estos resultados 

se exponen durante el tercer capítulo de la tesis que además evalúa el efecto de la 

temperatura revelando que los jamones sobremadurados a una temperatura 

controlada de 30°C obtuvieron un perfil peptídico con mayor actividad 

antioxidante e  inhibidora de la enzima convertidora de angiotensina, mientras que 

a una temperatura controlada de 36°C se alcanzaba una mayor proporción de 

péptidos identificados pero sin desembocar en una mejora significativa de las 

bioactividades estudiadas.  

En el capítulo cuatro se estudió el impacto de la variación durante el curado 

de las sales nitrificantes y la sobremaduración, mostrando que la combinación de 

reducción o modificación parcial del contenido de sales nitrificantes durante el 

proceso de salado mantenía la seguridad y calidad sensorial, a la vez que modulaba 

la proteólisis, la liberación de aminoácidos y los atributos de color y textura. Una 

vez evaluados estos parámetros y no obteniendo resultados que afectaran 

significativamente a la calidad del producto final o a la aceptación sensorial se 

continuo con el desarrollo del siguiente capítulo. 

En el capítulo cinco se aplicaron técnicas in vitro e in vivo para evaluar y/o 

predecir la bioactividad de los péptidos identificados procedentes de los jamones 

elaborados con diferentes tratamientos de sales nitrificantes y distinto tiempo de 

maduración, observando un aumento en la concentración de péptidos con bajo 

peso molecular en maduraciones avanzadas, identificando en las mismas una 

mayor concentración de dipéptidos que mediante análisis in silico mostraron 

potencial antioxidante, inhibidor de la enzima convertidora de angiotensina e 

inhibidora de la dipeptidil peptidasa-4, mostrando algunos de estos dipéptidos 

identificados y cuantificados, similitud con fármacos ya aprobados y 

comercializados por la FDA (Food and Drug Administration, EEUU). Estos 

resultados alentaron al estudio de una reducción aún más potencial del contenido 

de sales nitrificantes y sodio en el jamón, evaluando la reducción de este en un 50% 

del contenido de sales nitrificantes y sodio, confirmando durante el capítulo seis 

que se podían mantener perfiles físico-químicos adecuados y una aceptación 

sensorial positiva de los distintos jamones evaluados sin comprometer la seguridad 

y calidad, lo que valida la viabilidad industrial de este enfoque. De manera 



complementaria, el capítulo siete evaluó el impacto de esta reducción del 50% sobre 

la generación de péptidos, demostrando mediante distintas técnicas in vitro e in 

silico que esta estrategia no solo no compromete la bioactividad, sino que la 

potencia, aumentando la liberación de péptidos antioxidantes e inhibidores de la 

enzima convertidora de la angiotensina.  

Finalmente en el capítulo ocho se evaluó la funcionalidad de los péptidos 

obtenidos durante el estudio anterior en un modelo in vivo, Caenorhabditis elegans, 

donde los péptidos derivados del jamón curado incrementaron la longevidad y la 

resistencia al estrés oxidativo, redujeron los niveles de ROS e indujeron la expresión 

de genes como GST-4, GST-10 y SKN-1, consolidando así la evidencia de que el 

jamón curado mediante innovaciones tecnológicas durante su procesado puede 

transformarse en un alimento funcional con aplicaciones reales en la prevención de 

enfermedades y el cuidado de la salud. 

 

Conclusiones: El jamón curado puede transformarse en un alimento 

funcional. Diversas estrategias tecnológicas, como la reducción del contenido de 

sal, la modificación en la composición de las sales de curado o la aplicación de 

procesos de sobremaduración, han demostrado favorecer la generación de 

péptidos bioactivos con potenciales efectos beneficiosos para la salud. Los 

diferentes cambios implementados durante el procesado de los jamones sientan las 

bases para la producción de jamones curados con mayor contenido en péptidos 

bioactivos, con un claro potencial para contribuir a la prevención de enfermedades 

crónicas relacionadas con la hipertensión y el estrés oxidativo.    

Palabras Clave: Antioxidantes en los Alimentos; Nutrientes; Péptidos; 

Productos de Origen Animal; Propiedades de los Alimentos; Proteínas; Tecnología 

de los Alimentos. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

Tittle: Development of new technological strategies for obtaining cured ham 

with a high content of bioactive peptides. 

 

Introduction: Dry-cured ham, a traditional food in the Mediterranean diet 

that is highly valued by consumers, has a high sodium content that has been 

associated with negative health effects. The proteolysis that occurs during the 

curing and maturing process promotes the release of bioactive peptides, which 

have been shown to have antioxidant, antihypertensive, and antidiabetic 

properties, among others. However, the influence of technological factors during 

processing, such as salt reduction, over-maturation, increased temperature, or 

changes in curing salts, on the generation and bioavailability of these peptides has 

been little studied. The aim of this doctoral thesis is to evaluate the effect of these 

changes and, at the same time, to enhance the generation of bioactive peptides.  

 

Objectives: The main objective of the study is to find different processing 

techniques and strategies that allow increasing the concentration of bioactive 

peptides in ham without compromising its quality. The aim is to characterize the 

different peptide profiles generated under the different strategies employed and to 

validate the functional potential of the peptides obtained through in vitro, in silico, 

and in vivo tests, determining their functionality in a biological model. 

 

Results: The results of the doctoral thesis are presented in a series of eight 

different chapters, beginning with a review of existing knowledge on the 

bioactivities of peptides generated during the ham curing process, highlighting 

their antihypertensive, antioxidant, antidiabetic, antimicrobial, and anti-

inflammatory potential.  

In the second chapter, over-maturation techniques were tested on Iberian 

hams, deboned and reduced in salt, demonstrating that increasing the maturation 

time intensified proteolysis and the accumulation of free amino acids without 

significantly affecting the texture or sensory acceptability of the ham, which 

opened the door to evaluating the increase in peptide production using this 



 

strategy. These results are presented in the third chapter of the thesis, which also 

evaluates the effect of temperature and revealed that hams overripened at a 

controlled temperature of 30°C obtained a peptide profile with greater antioxidant 

activity and angiotensin-converting enzyme inhibitory potency, while at a 

controlled temperature of 36°C a higher proportion of identified peptides were 

identified, but without leading to a significant improvement in the bioactivities 

studied. 

Chapter four examined the impact of  variation during the curing of nitrifying 

salts and overripening, showing that the combination of reduction or partial 

modification of the nitrifying salt content during the salting process maintained 

safety and sensory quality, while modulating proteolysis, amino acid release, and 

color and texture attributes. Once these parameters had been evaluated and no 

results were obtained that significantly affected the quality of the final product or 

sensory acceptance, the development of the next chapter continued. 

In chapter five, in vitro and in vivo techniques were applied to evaluate and/or 

predict the bioactivity of the peptides identified from hams produced with 

different nitrite salt treatments and different maturation times, observing an 

increase in the concentration of low molecular weight peptides in advanced 

maturations, identifying in them a higher concentration of dipeptides that, through 

in silico analysis, showed antioxidant potential, angiotensin-converting enzyme 

inhibitor, and dipeptidyl peptidase-4 inhibitor, Some of these identified and 

quantified dipeptides showed similarity to drugs already approved and marketed 

by the FDA (Food and Drug Administration, USA). These results encouraged the 

study of an even greater potential reduction in the nitrite and sodium content of 

ham, evaluating a 50% reduction in nitrite and sodium content. Chapter six 

confirmed that adequate physicochemical profiles and positive sensory acceptance 

of the different hams evaluated could be maintained without compromising safety 

and quality, which validates the industrial viability of this approach. 

Complementarily, chapter seven evaluated the impact of this 50% reduction on 

peptide generation, demonstrating through various in vitro and in silico techniques 

that this strategy not only does not compromise bioactivity, but enhances it, 

increasing the release of antioxidant peptides and angiotensin-converting enzyme 

inhibitors.  



Finally, chapter eight evaluated the functionality of the peptides obtained 

during the previous study in an in vivo model, Caenorhabditis elegans, where 

peptides derived from cured ham increased longevity and resistance to oxidative 

stress, reduced ROS levels, and induced the expression of genes such as GST-4, 

GST-10, and SKN-1, thus consolidating the evidence that cured ham, through 

technological innovations during its processing, can be transformed into a 

functional food with real applications in disease prevention and health care. 

 

Conclusions: Dry-cured ham can be transformed into a functional food. 

Diverse technological strategies, such as reducing salt content, modifying the 

composition of curing salts, or applying overripening processes, have been shown 

to promote the generation of bioactive peptides with potential health benefits. The 

different changes implemented during ham processing lay the foundations for the 

production of cured hams with a higher content of bioactive peptides, with clear 

potential to contribute to the prevention of chronic diseases related to hypertension 

and oxidative stress.    

 

Keywords: Antioxidants in Food; Nutrients; Peptides; Animal Products; 

Food Properties; Proteins; Food Technology. 
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I - INTRODUCTION 

In recent years, growing public concern about the relationship between diet 

and health has led to a rethinking of the role of food in the prevention of chronic 

diseases. Numerous reports from international organizations, such as the World 

Health Organization, warn of the negative effects of excessive salt consumption, 

which is directly associated with hypertension, cardiovascular disease, and certain 

types of cancer (Grillo et al., 2019; Kwong et al., 2023; B. Wu et al., 2021). Ultra-

processed products, which have a high sodium content, are one of the main sources 

of this mineral in the diet, contributing to the population's daily intake far 

exceeding the established recommendations (Monteiro et al., 2024; Popkin et al., 

2024). In this context, reducing the presence of salt in processed foods while 

ensuring their sensory and microbiological quality is one of the major challenges 

facing the food industry. 

At the same time, research in the field of functional foods has experienced 

remarkable growth (Ponte et al., 2025; Sgroi et al., 2024). These foods, in addition 

to providing basic nutrients, offer additional physiological benefits or help reduce 

the risk of chronic diseases (Mittal et al., 2024; Vignesh et al., 2024). Among the 

compounds of greatest interest are bioactive peptides, protein fragments that are 

released by enzymatic action during digestion or technological processing and that 

can exert antioxidant, antihypertensive, antidiabetic, anti-inflammatory, or 

immunomodulatory effects (Ashraf et al., 2020; Mittal et al., 2024; Purohit et al., 

2024). 

Cured ham, an emblematic product of the Mediterranean diet, is an example 

of a traditional food that can become a vehicle for functional compounds. Its 

prolonged curing process involves intense proteolysis of myofibrillar and 

sarcoplasmic proteins, resulting in a wide variety of low molecular weight peptides 

with bioactive potential (del Olmo et al., 2015; Escudero et al., 2013a; Gallego et al., 

2020, p. 201). In fact, it has been reported that during the maturation of ham, the 

concentration of di- and tripeptides capable of exerting antioxidant, 

antihypertensive, or immunomodulatory effects increases (Heres et al., 2021, 2023; 

Mora, Escudero, et al., 2015). 
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However, the consumption of cured ham is also associated with high sodium 

and nitrite content, ingredients that are essential for the microbiological safety, 

texture, and flavor of the product, but whose excessive consumption is linked to 

chronic diseases. Despite growing interest, existing studies on the effect of salt 

reduction, variation in curing salts, or changes in processing conditions on the 

generation of bioactive peptides in ham are still scarce, and even less so in 

innovative formats such as boneless ham. 

Given this lack of knowledge, competitive projects were launched, 

FUNPROBIOPET – CD/AG/CA2A, whose objective has been to develop healthier 

hams through strategies to reduce sodium and nitrifying salts, while enhancing the 

release of bioactive peptides. These projects were based on the hypothesis that 

technological modifications, such as over-maturation, temperature variation, or 

partial salt substitution, could increase proteolysis and promote the appearance of 

new bioactive peptides without deteriorating sensory quality or compromising 

product safety. 

This doctoral thesis is developed within this framework and brings together 

a series of studies designed to comprehensively evaluate how changes in ham 

processing influence the generation, characterization, and bioactivity of peptides. 

Its approach responds to several gaps in knowledge and specific needs: 

 

• Lack of information on how technological changes in processing (sodium 

reduction, use of alternative salts, overripening, temperature variations, nitrite 

reduction) affect the generation and concentration of bioactive peptides in ham. 

 

• Lack of comprehensive studies combining in vitro, in silico, and in vivo 

approaches to demonstrate the bioactivities of ham-derived peptides. To date, most 

research has been limited to sequence identification, without advancing their 

bioavailability or functional validation in cellular or animal models. 

 

• Lack of safe and sustainable reformulation strategies that reduce sodium 

and nitrites while maintaining sensory and microbiological stability and improving 

the health benefits of ham. 
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The central hypothesis of this study is that by optimizing curing conditions 

and using alternative salt formulations, it is possible to increase the generation of 

new bioactive peptides in ham, resulting in a product with greater health benefits 

without compromising its sensory quality. To this end, a series of studies was 

designed combining alternative technological strategies, advanced proteomic 

analyses, and bioactivity tests at different levels (in vitro, in silico, and in vivo). 

 

The thesis is presented in the form of a compendium of publications, 

consisting of eight scientific articles that, taken together, address this issue from 

different perspectives. The following sections justify the studies carried out, 

placing their contribution in the current scientific and technological context and 

showing how, taken together, they respond to the overall objective of the thesis. 
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II - JUSTIFICATION 

The purpose of this doctoral thesis is based on the need to move towards the 

production of healthier meat products that respond to current public health 

challenges and consumer demands. Cured ham, an emblematic product of the 

Mediterranean diet and of great socioeconomic importance in Spain, is a food with 

recognized sensory properties but also a high sodium and nitrite salt content, 

which limits its consideration as a healthy product. For this reason, reformulating 

ham to reduce its salt content and enhance its functional value has become a major 

technological, scientific, and social challenge. 

 

The starting point for this research is found in the first chapter, which 

consisted of a comprehensive review of the state of the art on peptides derived from 

cured ham and their potential bioactivities. The decision to begin with this work 

responds to the need to establish a solid and up-to-date conceptual framework on 

the state of the art, given that, despite advances in knowledge of bioactive peptides 

in other food matrices—such as dairy products, soybeans, and fish—the specific 

literature on cured ham was very limited until a few years ago (Escudero et al., 

2013a; L. Fu et al., 2021; Gallego et al., 2014). 

 

This review systematically compiles and analyses existing findings on 

peptide generation mechanisms during the curing process (proteolysis by 

cathepsins, calpains, and exopeptidases), sequences identified in cured hams using 

advanced proteomics techniques, described bioactivities, highlighting the 

antioxidant, antihypertensive, immunomodulatory, and antidiabetic properties of 

different low molecular weight peptides. However, it also revealed significant 

gaps: the absence of comprehensive studies combining in vitro, in silico, and in vivo 

approaches; the lack of information on the influence of salt and nitrifying salt 

reduction on the generation of these peptides; and the virtual absence of research 

on boneless hams, a format of growing industrial interest. Thus, this first chapter 

not only compiled existing knowledge, but also clearly justified the need for the 
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experimental studies that make up the following chapters. Thus, this first study not 

only compiled existing knowledge, but also clearly justified the need for the 

experimental studies that make up the following studies. 

The second study was conceived as a direct consequence of the conclusions 

of the review: if ham is a matrix rich in bioactive peptides, what technological 

strategies could enhance their release? One of the most interesting hypotheses was 

that overripening could increase proteolysis and, therefore, favor the accumulation 

of free amino acids and functional peptides, even in salt-reduced boneless Iberian 

hams. Traditionally, reducing sodium in ham has posed a risk of loss of sensory 

quality and microbiological stability, but to date, it has not been evaluated whether 

extending maturation could compensate for these limitations.  In the ham industry, 

overripening is traditionally considered a risky process, as excessive proteolysis 

can lead to texture defects (softening) and bitter flavors (Cilla et al., 2005). 

However, it has also been observed that longer maturation times can promote the 

release of free amino acids and small peptides, with possible functional effects 

(Gallego, Mora, & Toldrá, 2018b).  

Results showed that overripening intensified proteolysis without negatively 

altering the texture or sensory acceptability of reduced-salt boneless Iberian hams. 

From a sensory point of view, although slight variations in texture and flavor were 

observed, these did not reach levels that would cause consumers to reject the 

product. This evidence justified overripening as a viable strategy for combining salt 

reduction and deboning with the generation of bioactive peptides, opening a new 

avenue of research. 

 

Once this effect had been verified, the next study took a more ambitious step 

by exploring the influence of temperature in combination with overripening in 

deboned, reduced-salt Iberian hams. If the initial review had indicated that 

enzymatic activity depends largely on technological factors such as time and 

temperature, it seemed logical to check how controlled variations could modulate 

the bioactive profile of the ham. The tests confirmed that processing at 30 °C 

enhanced antioxidant activity and angiotensin-converting enzyme inhibition, 

while at 36 °C a greater diversity of sequences was achieved, with more than a 

thousand peptides being identified using peptidomic techniques.  
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These findings justified that precise temperature control during over-

maturation allows the generation of peptides to be directed towards specific 

bioactivities, providing useful tools for designing functional foods with specific 

applications in the prevention of hypertension and oxidative stress. 

 

Having demonstrated in previous chapters that overripening and 

temperature variation could increase the release of bioactive peptides in boneless, 

reduced-salt Iberian hams, the next step would have been to continue working with 

this line of hams. However, regulatory restrictions imposed by the Protected 

Designation of Origin (PDO) do not allow boneless products to be marketed as 

“Iberian ham.” As a result, despite following a similar production process and 

using raw materials of comparable quality, economic profitability is significantly 

lower. This limitation means that it is not an economically viable product, even 

though it has excellent sensory characteristics. Given this situation, it was decided 

to focus the research on hams obtained from a more economical raw material, but 

with compositional characteristics similar to those of Iberian ham, especially with 

regard to intramuscular fat infiltration. For this reason, subsequent work was 

carried out with animals of the Duroc genetic line. 

 

The next step was to address a critical aspect of ham reformulation: the 

presence of nitrite salts. Their technological and safety importance is indisputable, 

but their excessive use is increasingly being questioned by health authorities and 

consumers. The next study focused precisely on evaluating different formulations 

of nitrite curing salts and maturation times to see if it was possible to reduce nitrites 

and nitrates, obtaining healthier hams without compromising product quality. The 

results showed that it was feasible to reduce these salts and that, together with the 

reduction in sodium, the quality and acceptability of the ham were maintained and 

the generation of bioactive peptides increased, which justified that the 

reformulation of ham was also viable in this line of hams. This consolidates the idea 

that it is possible to move towards safer and healthier hams, responding to health 

recommendations and growing consumer demand.  
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At this stage, a new research question emerged: whether the peptides 

generated under these reformulated conditions are capable of retaining their 

bioactivity after digestion and demonstrating real bioavailability. To address this 

question, this study combined two complementary approaches: in vitro digestion 

to simulate the gastrointestinal process and evaluate the release and potential 

bioavailability of peptides, and in silico analysis using bioinformatic databases and 

molecular modelling to predict the possible biological activities of the identified 

peptides. The tests made it possible to simulate gastrointestinal digestion and 

predict, using bioinformatic tools, the bioactivity of the identified peptides. Di- and 

tripeptides with antioxidant activity, angiotensin-converting enzyme inhibitor 

activity, and dipeptidyl peptidase-IV inhibitor activity were observed, some of 

which had structural similarities to FDA-approved drugs. This chapter 

demonstrates that the integration of in vitro and in silico techniques is essential for 

validating the functionality of peptides and guiding the development of processing 

strategies that increase their generation. 

 

After reviewing the results obtained in previous studies, we moved on to 

address a complementary challenge: we attempted to produce ham with 50% less 

salt, modifying both the formulation of the salt used during the rubbing and curing 

process and the grain size of the salt used to bury the hams. The rationale behind 

this was those partial reductions, although beneficial, make it difficult to achieve 

public health objectives. It was necessary to assess whether such a drastic reduction 

could maintain adequate physical-chemical parameters, texture, color, and 

stability, as well as positive consumer acceptance. The results showed that, under 

controlled conditions, it is possible to maintain the technological and sensory 

quality of the ham even with such drastic reductions, thus justifying the feasibility 

of transferring these strategies to an industrial scale. 

 

The importance of this study lies in the fact that it is one of the first systematic 

approaches to the impact of reducing such a high percentage of sodium in boneless 

dry-cured white Spanish hams, in line with public health recommendations and 

consumer demands. Furthermore, it opens the possibility of combining the 

reduction of sodium and with other strategies, such as overripening, to enhance 

the generation of bioactive peptides without compromising safety or acceptability. 
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The results showed that reducing sodium content increased the generation of 

bioactive peptides, some of which had remarkable antioxidant and 

antihypertensive properties. Similarly, in silico analysis identified sequences with 

high potential for interaction with physiological targets related to blood pressure 

regulation and oxidative stress. This study demonstrated that salt reduction is not 

only feasible from a sensory and technological point of view but can even promote 

the generation of peptides with functional activities. This study complemented the 

previous study, offering a comprehensive view of the effects of sodium and nitrite 

reduction on both product quality and functional profile. 

 

Finally, to corroborate the biological activity of the peptides, a test was 

performed using an in vivo model, Caenorhabditis elegans. Until then, studies had 

mainly used in vitro approaches (antioxidant assays, ACE inhibition, digestions) 

and in silico approaches (molecular modelling, prediction of biological targets). 

However, it was still necessary to corroborate these results in a living organism. To 

this end, the nematode Caenorhabditis elegans was used, a model widely used in 

biomedical research due to its genetic simplicity, its molecular homology with 

humans, and its suitability for studying processes related to aging, oxidative stress, 

and immune responses. 

Results showed that the peptide extracts obtained from hams with 25% less 

sodium through changes in processing in the previous study significantly 

improved the nematodes' resistance to acute and chronic oxidative stress, 

prolonging their survival against pro-oxidant agents and also modulating the 

expression of antioxidant genes such as GST-4, GST-10, and SKN-1. This finding 

constitutes the first in vivo evidence of the bioactivity of peptides derived from 

cured ham, confirming that the results observed in in vitro and in silico analyses 

have real physiological relevance. The development of this study consolidated the 

methodological approach proposed in the thesis, which advances from 

technological optimization of processing to biochemical and functional 

characterization and, finally, in vivo validation. 

 

This thesis responds to one of the main demands of society and the food industry today: the 

development of healthier traditional products without compromising their quality and 
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safety attributes. Throughout its chapters, it has been justified and demonstrated that it is 

possible to reformulate the cured ham production process by reducing sodium and nitrites, 

over-maturing and controlling temperature to increase the generation of bioactive peptides 

with beneficial health functions
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III - OBJECTIVES 

The main objective of this doctoral thesis focuses on developing and 

evaluating new technological strategies in cured ham processing that enhance the 

generation of bioactive peptides in order to revalue a traditional food as a healthy 

product with nutraceutical potential. 

 

In addition to the general objective, this thesis includes the following specific 

objectives: 

 

• Analyze the available scientific evidence on peptides derived from 

cured ham, describing their most relevant biological activities and 

their potential application in the development of functional foods. 

• Evaluate the effect of over-maturation on boneless, reduced-salt 

Iberian hams on their physicochemical properties, proteolysis, amino 

acid generation, acceptability, and sensory quality. 

• Determine how over-maturation and increased temperature during 

the curing process influence the diversity, quantity, and bioactive 

potential of the peptides generated in boneless, reduced-salt Iberian 

hams. 

• Study the impact of different nitrite salt formulations and different 

curing times on the physicochemical parameters, proteolysis, amino 

acid release, and sensory quality of cured ham. 

• Identify, quantify, and predict the bioactivities associated with 

bioactive peptides generated under different curing strategies with 

different nitrite salt formulations and different processing times using 

different in vitro and in silico techniques. 

• Analyse the physical-chemical and biochemical profile, as well as the 

sensory quality and acceptance, of cured hams with up to 50% less 
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nitrite salt content, with the aim of validating the industrial viability 

of their production. 

• Evaluate how reducing nitrifying salt content by up to 50% can 

influence the generation of bioactive peptides, through in vitro studies 

and in silico predictions of their possible functional activities. 

• Corroborate the possible antioxidant effects of peptides derived from 

cured ham in an in vivo model widely used in molecular biology, 

Caenorhabditis elegans, studying the impact on longevity, resistance to 

oxidative stress, and the regulation of genes associated with defense 

against oxidative stress.
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V - DISCUSION 

This doctoral thesis has evaluated the potential of boneless dry-cured ham as 

a functional food, focusing on the influence of different processing strategies; over-

maturation and temperature control, modulation of nitrifying salts, and reduction 

of sodium content; on the generation of bioactive peptides. This approach has made 

it possible to evaluate dry-cured ham not only from its traditional and gastronomic 

perspective, but also as a matrix capable of providing benefits in the context of 

chronic diseases such as hypertension, oxidative stress, and metabolic syndrome. 

Although the endogenous proteolysis of ham releases a wide variety of peptides, 

clinical evidence in humans remains scarce, making it necessary to advance a 

multidisciplinary approach. Thus, this thesis integrates in vitro and in silico studies 

that have made it possible to characterize sequences with antioxidant and 

antihypertensive activity, as well as in vivo validations in simple models such as 

Caenorhabditis elegans, and sensory and technological evaluations aimed at 

consumer acceptability despite the different processing technologies used. All this 

forms an approach that combines peptidomic techniques, bioinformatic assays, 

cellular models, living organisms, and quality tests, with the aim of positioning 

reduced sodium boneless dry-cured ham as a healthier product with functional 

potential in the prevention of chronic diseases. 

2.1. BEYOND ITS GASTRONOMIC VALUE: CURED HAM IS A FOOD OF INTEREST DUE TO 

ITS FUNCTIONAL PROPERTIES. 

Dry-cured ham is an emblematic product of the Mediterranean diet, whose 

appeal has transcended purely gastronomic interests to enter the field of nutritional 

and functional research. The study of the peptides generated during curing has 

revealed bioactive potential with applications in the prevention of chronic diseases, 

especially those linked to metabolic syndrome. However, it is necessary to critically 

analyze these findings, considering both methodological limitations and 

comparison with other protein matrices of animal and plant origin. 
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Endogenous proteolysis processes, mediated by calpains, cathepsins, and 

exopeptidases, release a wide range of low molecular weight peptides, many of 

which have antihypertensive, antioxidant, antidiabetic, and antimicrobial 

properties (Hernández Correas et al., 2025; Toldrá et al., 2020). Among the most 

notable, angiotensin-converting enzyme (ACE) inhibitor peptides such as 

AAPLAP, KPVAAP, and KAAAAP have shown potencies comparable to those of 

peptides derived from milk caseins (such as VPP and IPP) widely used in 

functional foods (Dellafiora et al., 2015; van Platerink et al., 2008). However, unlike 

fermented dairy products, where peptides have been validated in extensive clinical 

studies and have achieved some commercial application, in the case of cured ham, 

evidence in humans remains incipient and limited to trials with small samples 

(Montoro-García et al., 2017, 2022). 

Another relevant aspect is the gastrointestinal stability of peptides. Although 

significant activity has been observed in vitro, simulated digestion studies indicate 

that many long fragments degrade rapidly, releasing smaller di- and tripeptides 

that could be the real culprits behind the physiological effects (Paolella et al., 2015). 

This coincides with observations in milk proteins and fish proteins, where 

antihypertensive and antioxidant activity is concentrated in fragments of 2–3 

amino acids (Abachi et al., 2019; Liu et al., 2024). Therefore, beyond peptidomic 

identification, it is essential to evaluate actual bioavailability and metabolic profile 

under physiological conditions. 

The multifunctionality of cured ham peptides, which are capable of acting 

simultaneously as ACE inhibitors, DPP-IV modulators, and antioxidants, is a 

particularly interesting characteristic (Gallego, Mora, Hayes, et al., 2019). However, 

this phenomenon is not exclusive to cured meats. In the case of milk proteins, 

peptides derived from β-lactoglobulin and α-casein also exhibit multifunctional 

effects, having even achieved nutraceutical developments approved in Japan and 

Europe (Udenigwe & Aluko, 2012). Similarly, fish hydrolysates represent another 

recognized source of bioactive peptides, with antihypertensive, antioxidant, and 

anti-inflammatory activities documented in both in vitro trials and animal models 

(Abachi et al., 2019; Ashraf et al., 2020). 

Comparatively, cured ham presents both advantages and challenges. On the 

one hand, it is a traditional food with widespread cultural acceptance and a 

production process that favors prolonged and complex proteolysis, which is 
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difficult to replicate in other systems (Petrova et al., 2015). On the other hand, the 

high variability derived from curing conditions (time, salinity, humidity, pig 

genetics) introduces a degree of heterogeneity that can hinder the standardization 

of bioactivity, something less pronounced in dairy or marine products, where 

technological processes are more controlled. 

The antioxidant peptides identified in cured ham, such as SNAAC or 

AEEEYPDL, show remarkable potency, even superior to reduced glutathione in 

some trials (Gallego, Mora, Reig, et al., 2018; Gallego, Mora, & Toldrá, 2018a). 

However, a parallel can be observed with plant peptides, especially those derived 

from soybeans and legumes, where short sequences rich in proline and glycine 

have demonstrated similar antioxidant efficacy and metal chelation capacity (T.-T. 

Zhang et al., 2024). The fundamental difference lies in the fact that, while plant 

peptides are usually studied in controlled fermentation or enzymatic hydrolysis 

contexts, in cured ham the origin is a spontaneous and prolonged maturation 

process, which adds complexity but also uniqueness to the bioactive profile. 

As for anti-inflammatory activity, studies on cured ham are still preliminary 

and mostly based on peptide mixtures (Xing et al., 2023). In contrast, in other 

animal proteins such as deer (velvet antler), specific peptides with clear and 

reproducible anti-inflammatory activity have already been isolated and identified 

(L. Zhao et al., 2016). This indicates that dry-cured ham indeed holds potential, but 

further work is needed regarding its isolation, characterization, and validation. 

 

2.1.1. Nutraceutical prospects and technological challenges 

The application of cured ham peptides in nutraceuticals or functional foods 

is promising but faces several challenges. Microencapsulation and 

nanoencapsulation have proven to be effective tools for improving the stability and 

bioavailability of peptides in dairy and marine matrices (Jiang et al., 2024; Sun et al., 

2021). Their adaptation to cured ham seems feasible, although it will require 

adjusting techniques to protect peptides that are sensitive to pH or temperature 

variations. 

One point of difference from other matrices is the possibility of valorizing by-

products. Ham bones have been shown to be a source of hydrolyzed collagen with 
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anti-inflammatory peptides such as GPTGF (Hao et al., 2023), which opens the door 

to comprehensive use of the production chain, in line with sustainability. In 

comparison, this type of by-product utilization is already well established in the 

fishing industry (Liu et al., 2024), which could serve as a model for the meat sector. 

 

2.2. PROCESSING TECHNOLOGIES – INFLUENCE ON THE QUALITY AND BIOACTIVE 

PEPTIDES GENERATION OF BONELESS CURED IBERIAN HAM 

After reviewing the literature on bioactive peptides present in cured ham 

(Hernández-Correas et al., 2025), it became clear that further research was needed 

into the technological factors that modulate their generation. Although 

peptidomics has made it possible to identify multiple sequences with bioactive 

potential, their concentration and profile depend largely on processing conditions. 

In this context, the next logical step was to evaluate how controlled modifications 

in processing technology—in particular, sodium reduction and prolonged 

maturation (overripening) in this case in boneless Iberian dry cured hams—could 

influence not only proteolysis and the release of amino acids and bioactive 

peptides, but also the sensory quality and acceptability of the product (Hernández 

Correas et al., 2024)  

The first trials were carried out on boneless Iberian hams. However, because 

the regulations governing Protected Designations of Origin (PDO) do not allow 

Iberian ham to be marketed in boneless form under that designation and 

considering the need to ensure the industrial viability of the proposal, it was 

necessary to change the raw material. Therefore, subsequent studies worked with 

white hams from animals with Duroc genetics (50% Duroc × 50% Landrace × Large 

White), a line recognized for providing characteristics similar to those of Iberian 

ham in terms of fat infiltration and technological quality. 

This change is important because the animal's genetics, muscle 

microstructure, and intramuscular fat content directly influence the intensity of 

proteolysis, the composition and diversity of the peptide profile generated during 

maturation, and the thermal sensitivity of endogenous enzymes. 

One of the most relevant findings was the increase in the proteolysis index 

(PI) and non-protein nitrogen (NPN) content in the batches subjected to longer 
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maturation times and, especially, to high temperatures (36 °C in the final phase). 

These results confirm that prolonging the processing favors protein degradation 

and the release of soluble nitrogen compounds, thereby generating bioactive 

peptides, coinciding with what has been previously described in Jinhua and Parma 

hams (Soresi Bordini, 2004; G. H. Zhou & Zhao, 2007). The intensification of 

proteolysis under these conditions has been attributed to increased activity of 

cathepsins B and L, enzymes whose function is modulated by pH, salt, and 

temperature (Toldrá, 2006; G. M. Zhao et al., 2005). 

Sodium reduction has been shown to enhance proteolysis, in agreement with 

Armenteros et al., 2012, who demonstrated that partial replacement of NaCl with 

other chloride salts does not inhibit muscle peptidase activity. In fact, a lower 

sodium content may stimulate the activity of certain cathepsins (Chen et al., 2025; 

Harkouss et al., 2014; Yalınkılıç et al., 2025), which would explain the elevated 

NPN values observed in the reduced-salt ham batches. 

The increase in maturation time and the application of higher temperatures 

promoted a significant accumulation of free amino acids (FAA)—notably 

glutamate, alanine, leucine, and proline (Hernández Correas et al., 2024). This 

trend is supported by investigations in Chato Murciano dry-cured hams showing 

FAA rising progressively during curing until advanced stages where their 

concentration stabilizes and even decreases (Salazar et al., 2020). Furthermore, in 

meat systems with modified salt conditions, low-sodium salt substitution was 

shown to enhance the protein hydrolysis index and to upregulate cathepsin B and 

L activities (J. Li et al., 2024). Additional evidence from activation strategies (e.g. 

electrical stimulation) confirms that cathepsin B and L activities may increase 

dramatically, accelerating proteolysis (X. Zhang et al., 2024). These free amino acids 

not only enrich the flavor profile (umami from glutamate, sweetness from alanine, 

slight bitterness from leucine) but also serve as essential precursors for the 

generation of bioactive peptides. Thus, elevated FAA levels in overripened hams 

under thermal intensification may be viewed as an indirect marker of enhanced 

functional potential.  

The relationship between FAA and bioactivity has also been observed in 

other meat products. Guo et al., 2021 reported that increased FAA in cured lamb 

ham was associated with a higher content of peptides with antioxidant and 

antihypertensive properties. Similarly, Muñoz-Rosique et al., 2023 demonstrated 
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that sodium reduction in boneless Iberian dry-cured hams increased the bioactivity 

of peptide extracts, confirming that FAA can be considered markers of 

functionality. 

Despite the increase in proteolysis, no significant changes were observed in 

the instrumental hardness, elasticity, or chewiness of the overripened hams. The 

only parameter that differed was adhesiveness, which was slightly higher in the 

batches subjected to longer maturation and higher temperatures. This result 

contrasts with that described in Italian studies, where excessive maturation periods 

led to textural defects (soft paste, stickiness) and a reduction in sensory 

acceptability (Benedini et al., 2012). The fact that no such defects were detected in 

this case may be linked to the boneless format and the controlled management of 

humidity and temperature, which prevent destabilizing proteolysis. 

In terms of color, overripening caused a slight decrease in brightness (L*), 

attributed to the concentration of pigments such as nitrosyl-myoglobin due to 

dehydration (Sanabria et al., 2004). This change did not significantly affect the a* 

and b* parameters, coinciding with what has been reported in previous studies on 

cured hams with different maturation times (Costa-Corredor et al., 2009; Pérez-

Santaescolástica et al., 2018). 

Consumer analysis showed that changes in processing methodology did not 

negatively affect overall acceptability. Only the color showed slight differences, 

while the flavor, smell, and texture were rated similarly between batches. These 

results coincide with those obtained by Cilla et al., 2005 in Serrano hams, where the 

sensory attributes remained stable during prolonged maturation as long as no 

textural defects appeared. Similarly, in Celta-type hams, Bermúdez et al., 2014 

found that extending the curing time increased aromatic complexity without 

decreasing consumer acceptance. 

This finding is particularly important in the current context of sodium 

reduction in meat products, where one of the main concerns is the loss of flavor 

and consumer acceptance (Hunter et al., 2022; Taormina, 2010). The results suggest 

that technological strategies such as overripening can compensate for these 

shortcomings by intensifying proteolysis and increasing FAA, while maintaining a 

positive sensory profile. 
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Although this study did not directly identify the peptides generated under 

the conditions applied, the increase in PI and FAA is a clear indication that 

overripening may favor the release of bioactive peptides, as has been documented 

in other studies (Escudero et al., 2013a; Gallego, Mora, & Toldrá, 2019). 

Furthermore, the use of controlled maturation conditions in reduced-sodium hams 

is in line with the need to produce healthier foods without sacrificing sensory 

quality, in accordance with innovation trends in the European meat industry 

(Petrova et al., 2015; Ventanas Barroso, 2012). 

However, complementary peptidomic and in vitro studies are required to 

confirm that the peptides released under these conditions maintain bioactivity 

(ACE inhibition, antioxidant activity, DPP-IV modulation, etc.). It is also essential 

to move towards clinical trials to verify the efficacy of consuming reduced-sodium, 

overripening Iberian ham in modulating cardiovascular and metabolic parameters, 

as has already been suggested in preliminary trials with traditional cured ham 

(Montoro-García et al., 2017; 2022). 

 

2.2.1. Bioactive Peptide Generation 

After verifying that overripening and temperature control did not 

compromise the sensory quality or acceptability of boneless Iberian hams with 

reduced sodium content, and in line with the necessary complementary studies, it 

was decided to determine whether these same technological strategies could 

significantly enhance the release of bioactive peptides and improve their 

physiological functions. Thus, this study delved into the characterization and 

evaluation of specific biological activities (antioxidant and angiotensin-converting 

enzyme (ACE) inhibitor), in order to establish a direct link between processing 

conditions and the biofunctional profile of boneless reduced-sodium Iberian dry-

cured ham (Hernández-Correas et al., 2024). 

This study provided robust evidence on how overripening and moderate 

temperature increases modulate the generation of bioactive peptides in boneless 

reduced-sodium Iberian dry-cured hams, confirming the hypothesis that 

prolonged curing time favors proteolysis and the release of bioactive sequences 

(Mora, Gallego, et al., 2015). The results showed that both overripening at 30 °C 
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and at 36 °C significantly increased antioxidant capacity compared to the 

traditional control. Overripening boneless Iberian dry-cured ham at 30 °C stood 

out, with an IC₅₀ of 1,144 mg/mL, lower than that of traditional batches and values 

reported in other cured ham studies (Hu et al., 2023; P. Li et al., 2022). This high 

capacity is attributed to the abundance of hydrophobic amino acids (leucine, 

isoleucine, valine, alanine) in key positions, known to enhance antioxidant activity 

(Saiga et al., 2003; J. Wang et al., 2021). 

The observation that excess temperature (36 °C) did not improve bioactivity 

is consistent with findings in other meat products, where overheating promotes 

more aggressive proteolysis, with degradation of functional peptides (Y. Fu et al., 

2017; C.-Z. Zhu et al., 2013). In fact, studies on Jinhua ham have shown that high 

temperatures can accelerate proteolysis but do not always guarantee the stability 

of bioactive sequences (Luo et al., 2021). Thus, the data reinforces the idea that 30°C 

represents an optimal thermal window for preserving antioxidant functionality. 

In addition, extracts from overripened hams showed a remarkable ability to 

inhibit ACE, with significantly lower IC₅₀ values in overripening boneless Iberian 

dry-cured ham at 30 °C (0.131 mg/mL) compared to the control (0.172 mg/mL). This 

indicates greater hypotensive potential, in line with previous studies that linked 

prolonged curing times to an increase in the concentration of dipeptides such as 

Ala-Ala (AA) and Val-Pro (VP), with ACE-inhibitory activity (Escudero et al., 2012, 

p. 2; Heres et al., 2021). 

However, bioactivity was lower in overripening boneless Iberian dry-cured 

ham at 36 °C, suggesting that excess temperature may inactivate critical proteolytic 

enzymes or degrade the released peptides. The divergence may stem from inherent 

genetic and compositional differences: Iberian pork is characterized by 

substantially higher intramuscular fat, distinct muscle microstructure and 

associated microbiota, conditions that may render endogenous enzymes more 

heat-sensitive in this matrix (Abril et al., 2023; Kaur et al., 2021). 

2.2.1.1. Identification and biostatistical analysis 

nLC-MS/MS analysis revealed substantial differences in the number and 

diversity of peptides: 411 sequences in the control batch, 954 in overripening 

boneless Iberian dry-cured ham at 30 °C and 1,313 in overripening boneless Iberian 

dry-cured ham at 36 °C. The high diversity in overripening boneless Iberian dry-
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cured ham at 36 °C confirms that high temperatures intensify proteolysis, although 

not necessarily to the benefit of bioactivity. Many of these fragments contained 

bioactive motifs described in the BIOPEP database, associated with antioxidant, 

anti-inflammatory, hypolipidemic, or enzyme-inhibiting activities such as DPP-IV 

and HMG-CoA reductase (Heres et al., 2021; Minkiewicz et al., 2022). 

Among the relevant sequences, peptides derived from actin and myosin with 

ACE inhibitory (APAPAPPKE, AGFAGDDAPR) and antioxidant (AKEWGYAD, 

YETDAIQR) potential were identified, coinciding with what has been previously 

described in Serrano and Xuanwei hams (Escudero et al., 2013a; Nie et al., 2020). 

Fragments with possible anti-inflammatory properties (PA, DA, DG) were also 

detected, in line with recent studies in cell models (Xing et al., 2023). 

Biostatistical analyses showed that overripening conditions favor not only 

classic bioactivities (antioxidant, anti-ACE), but also other less explored ones, such 

as immunomodulatory, hypolipidemic, anti-amnesic, or osteoanabolic activities. 

Although these associations are derived from bioinformatic predictions rather than 

direct testing, they suggest a much broader potential for Iberian ham as a functional 

food. This approach is in line with the current trend in food peptide research, where 

multifunctionality is considered key to nutraceutical applications 

(Peighambardoust et al., 2021; Zaky et al., 2022). 

The results highlight the importance of fine temperature control: while 30°C 

favors maximum bioactivity, 36°C increases peptide diversity but with lower 

functionality. This observation raises a technological dilemma between peptide 

quantity and quality, making it necessary to prioritize strategies that optimize 

bioactivity rather than mere diversity.  

This study confirms that overripening and thermal control are key tools for 

modulating the peptide bioactivity of boneless reduced-sodium Iberian dry-cured 

ham. Unlike previous work, which focused on physicochemical and sensory 

aspects, this study directly demonstrates that these conditions enhance antioxidant 

and antihypertensive activities, as well as expanding the diversity of potential 

bioactivities.  
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2.3. NITRIFYING SALTS – INFLUENCE ON THE QUALITY OF BONELESS CURED HAM AND 

BIOACTIVE PEPTIDES GENERATION ON BONELESS DRY-CURED HAMS 

After confirming that overripening and increased temperature could enhance 

proteolysis and the release of bioactive peptides in boneless reduced-sodium 

Iberian dry-cured hams (Hernandez Correas et al., 2024) and, due to the turn of 

events that resulted from the change in the type of raw material used, another 

critical component in curing became apparent: nitrifying salts. Their role is 

essential in inhibiting microorganisms such as Clostridium botulinum (Torres-Baix 

et al., 2023), in stabilizing the typical pink color through the formation of 

nitrosylmyoglobin (Honikel, 2008; Toldrá et al., 2009) and in the development of 

aroma. However, their use also carries risks: nitrites are highly reactive, oxidize 

easily or convert to nitrates, and can lead to the formation of nitrosamines, 

compounds with recognized carcinogenic potential (Bedale et al., 2016; Demeyer 

et al., 2008; Herrmann et al., 2015; Sebranek & Bacus, 2007).  

Although alternatives have been proposed in recent decades, such as 

partially replacing NaCl with KCl, MgCl₂, or CaCl₂ salts (Armenteros et al., 2012; 

Barat et al., 2013; Blesa et al., 2008), or applying emerging technologies (high 

pressure, ultrasound) to ensure safety in low-salt products (Coll-Brasas et al., 2019; 

Duranton et al., 2012; Gao et al., 2014), knowledge of how variations in nitrate and 

nitrite content specifically affect the physicochemical, biochemical, and sensory 

profile of cured ham remained limited. Furthermore, studies on the dynamics of 

nitrates (a more stable reservoir) and their conversion to nitrites by reducing 

bacteria (mainly staphylococci) have shown that this balance is decisive for both 

the safety and final quality of the product (Armenteros et al., 2012; Wakamatsu, 

2022). 

Therefore, an experimental study was designed on boneless white hams (50 

% Duroc and 50 % Landrace x Large White ), applying different formulations of 

nitrifying salts (with variations in nitrite, nitrate, and their combinations) and two 

maturation times (standard and overripening), with the aim of evaluating their 

impact on composition, proteolysis, free amino acid profile, the generation of 

volatile compounds, color, texture, and sensory acceptability. 

The results obtained show that both the composition of the nitrifying salts 

and the degree of maturation significantly influence moisture, water activity (aw), 
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non-protein nitrogen (NPN), and the proteolysis index (PI). Overripening 

markedly reduced moisture and aw (<0.89 in all cases), values that are below the 

growth threshold of Clostridium botulinum and most pathogenic bacteria (Affairs, 

2018; Torres-Baix et al., 2023), thus ensuring product safety even when the 

nitrite/nitrate concentration was reduced. 

The increase in PI and NPN in hams with lower amounts of nitrifying salts, 

treatments VI (Standard nitrifying salt concentration without nitrates) and VII 

(Standard nitrifying salt concentration with higher nitrite proportion), confirms 

that these nitrifying salts have an inhibitory effect on muscle proteolytic enzymes 

(Toldrá, 2006; C.-Y. Zhou et al., 2019). A lower concentration of nitrifying salts 

favors the activity of cathepsins and aminopeptidases, increasing the release of 

peptides and free amino acids (Gratacós-Cubarsí et al., 2013; Muñoz-Rosique et al., 

2022). This effect is comparable to that observed in other low-salt cured products, 

such as “cecina de potro” (Cittadini et al., 2020) or Jinhua-type hams (J. Zhang et al., 

2011), where the reduction of protein metabolism inhibitors intensified proteolysis. 

However, it is important to note that excessive proteolysis can lead to 

undesirable textural defects and bitter flavors, as reported in Italian hams that have 

been overripened (Benedini et al., 2012; Cilla et al., 2005). In this regard, treatment 

I (Standard concentration + 60%), with higher nitrate residue (213–227 mg/kg), 

presented a more balanced profile: lower FAA accumulation and a more moderate 

PI, but with the best overall sensory score, suggesting that some limitation of 

proteolysis may be positive from an organoleptic point of view. 

The total free amino acid (FAA) content increased significantly with 

overripening, especially in treatments with a lower proportion of nitrifying 

bacteria. Among the most representative amino acids were alanine, proline, and 

serine (sweet flavors), as well as leucine, valine, and isoleucine (bitter flavors) 

(Toldrá et al., 2000; Virgili & Schivazappa, 2002). These FAAs, in addition to 

directly influencing flavor, are key precursors in the formation of volatile 

compounds derived from Maillard and Strecker reactions, which are responsible 

for the characteristic aroma of cured hams (C. Li et al., 2021). The higher 

concentration of FAAs in hams with reduced nitrates/nitrites indicates a potential 

increase in the formation of these compounds. 

However, excess bitter-tasting FAA could compromise acceptance, as 

observed in some treatments VII and IX (Standard nitrifying salt concentration 
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with higher nitrite proportion), where the accumulation of valine and isoleucine 

was associated with lower flavor scores. This finding supports the hypothesis that 

the balance between sweet and bitter flavors is essential for sensory acceptability 

(Virgili & Schivazappa, 2002).  

The analysis of volatiles showed that overripening increased the presence of 

aldehydes (hexanal, pentanal, heptanal), alcohols, and short-chain fatty acids, 

indicators of greater lipid oxidation. Hams with lower concentrations of nitrifying 

agents had higher levels of aldehydes, confirming the antioxidant role of nitrite, 

which is capable of slowing down the oxidation of lipids and myoglobin (Akköse 

et al., 2016; Sebranek & Bacus, 2007). 

This protective effect had already been documented in products such as 

pastırma, where adequate levels of nitrate significantly reduced the accumulation 

of hexanal and rancid compounds (Akköse et al., 2016). In the present study, the 

treatments with higher nitrate residues, I (Standard concentration + 60%) and VIII 

(Double concentration) showed more balanced volatile profiles, with a 

predominance of notes associated with curing, while the reduced formulations 

tended to generate more oxidized profiles. 

Color is one of the attributes most sensitive to the modification of nitrifying 

salts. Treatments with higher nitrate/nitrite levels had higher a* values (redness 

intensity), attributable to greater formation of nitrosylmyoglobin (Honikel, 2008). 

In contrast, the batches with marked reduction showed less intense tones, which 

coincides with what has been described in Iberian hams with partial replacement 

of NaCl and nitrites by other salts (Armenteros et al., 2012; Barat et al., 2013). 

Overripening slightly reduced brightness (L*), a result consistent with the 

progressive darkening reported in Parma and Celta hams during prolonged curing 

(Bermúdez et al., 2014). 

In terms of texture, prolonged drying increased hardness and chewiness, 

associated with water loss and protein compaction (Ruiz et al., 2006). However, no 

significant differences were detected between nitrite salt treatments, suggesting 

that nitrite/nitrate modulation affects biochemistry and color more than mechanical 

texture. 

Finally, sensory analysis revealed that all hams were acceptable, with average 

scores above 2.5 on a hedonic scale of 1 to 5. However, there were differences: 
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treatment I (Standard concentration + 60%) was the highest rated in overall 

acceptance (3.92), associated with a more attractive color and firm texture, while 

treatment IX (Standard nitrifying salt concentration with higher nitrite proportion) 

obtained the lowest ratings (3.18), due to lower color intensity and perceived excess 

salinity. 

The reduction in nitrates/nitrites tended to decrease the rating of color and 

cured flavor, although it did not cause widespread rejection, which is consistent 

with the findings of Cilla et al. 2005 and Armenteros et al. 2012, who demonstrated 

that consumers tolerate formulations with fewer additives as long as overall quality 

is maintained. 

 

2.3.1. Bioactive Peptide Generation 

After analyzing the effect of reducing nitrifying salts and overripening on 

composition and sensory analysis, it was necessary to evaluate how these 

conditions directly influenced the generation of bioactive peptides and their 

potential physiological effects. Previous studies had shown that prolonged curing 

increases proteolysis and the release of free amino acids, suggesting an increase in 

bioactive potential (Gallego et al., 2015; Muñoz-Rosique et al., 2023; Virgili et al., 

2007). Likewise, the partial replacement or reduction of nitrifying salts, although 

useful from a public health perspective, could modify the enzymatic profile and 

stability of the peptides generated (Armenteros et al., 2012; Barat et al., 2013). 

However, to date, most studies have focused on characterizing sensory or 

compositional parameters, with little information on how these technological 

modifications affect biological functionality. Research on peptide bioactivity in 

cured ham has grown over the last decade (Escudero et al., 2012, 2013b; Gallego, 

Mora, Hayes, et al., 2019; Heres et al., 2021, 2022), but it has mostly been 

approached from a peptidomic or in vitro perspective, without integrating 

simulated digestion analysis or advanced molecular predictions. In this context, 

this new study represented an integrative effort by combining in vitro analysis 

(antihypertensive and antioxidant activity) with in silico approaches to digestion, 

docking, and pharmacophore similarity, as well as the quantification of dipeptides 

after simulated gastrointestinal digestion. This multidimensional approach allows 
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us to discuss not only which peptides are generated under different technological 

conditions, but also their actual viability as functional compounds in the body, a 

key aspect at the frontier between food science and clinical nutrition. 

 

2.3.1.1. In vitro analysis 

The inhibitory capacity of angiotensin-converting enzyme (ACE) in cured 

ham extracts depended mainly on the maturation time, rather than on the 

composition of the nitrifying salts used (nitrites and nitrates proportion). This 

observation is consistent with what was previously described by Escudero et al. 

2012, 2013, who demonstrated that prolonged curing periods favor the action of 

muscle peptidases that release low molecular weight fragments with potent ACE-

inhibitory activity. (M. A. Sentandreu & Toldrá, 2007; M. Sentandreu & Toldrá, 

2001) had already pointed out the importance of endogenous dipeptidases in the 

generation of short peptides such as Ala-Ala or Val-Pro, which are responsible for 

much of this bioactivity. 

Similarly, Heres et al., 2021 and Hernández-Ledesma et al., 2011 confirmed 

that prolonged maturation in meat products intensifies the accumulation of ACE 

inhibitors, comparable to bioactive peptides derived from fermented dairy 

products. Consequently, the formulation of nitrifying curing salts appears to play 

a secondary role in this regard, as antihypertensive activity is more closely linked 

to the advancement of natural proteolysis during curing. 

In the case of antioxidant activity, the results showed more marked 

differences between nitrifying salt treatments and ripening stages. The variation in 

bioactivity according to nitrifying salt type coincides with the findings of Nan et al. 

2024, who observed greater generation of peptides <3 kDa with antioxidant 

capacity in low-salt hams. The relevance of hydrophobic residues in the 

neutralization of free radicals (Tyr, Trp, Met, Cys) has been widely documented (J. 

Wang et al., 2021; Zheng et al., 2016), explaining why treatments and curing times 

that favor their release lead to greater antioxidant capacity. 

The identification analysis revealed a significant increase in the amount of 

low molecular weight peptides (<1.5 kDa) in the prolonged maturation phases, 

which is consistent with the results of Heres et al., 2023 and P. Li et al., 2022, who 
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associated these fragments with greater bioavailability and functional activity. 

(Harnedy et al., 2017) also pointed out that both size and amino acid composition 

are determinants of the antioxidant and antihypertensive potential of protein 

hydrolysates, reinforcing the importance of this finding. 

The abundance of dipeptides such as EE, VG, VD, DA, and DG, already 

described in other studies by Gallego et al. 2019, 2022 and Heres et al. 2021, 2022, 

suggests multifunctionality that may range from ACE inhibition to the modulation 

of metabolic enzymes such as HMG-CoA reductase or DPP-IV, with direct 

implications for the prevention of cardiovascular and metabolic diseases (Bailey 

et al., 2023; Nie et al., 2020). 

 

2.3.1.2. In silico analysis 

Simulation of gastrointestinal digestion and in silico analysis provided 

additional information on the potential of the peptides generated. Dipeptides such 

as DG and DA were identified as potential ACE inhibitors and antioxidants, while 

VD and PA were associated with DPP-IV inhibition, suggesting a relevant role in 

glycemic regulation (Makrilakis, 2019; T. Zhang et al., 2021). 

Predicted molecular interactions with proteins such as Hsd11b2, KLK1, or 

CPA3 are consistent with physiological mechanisms involved in blood pressure 

regulation (Hunter et al., 2022; Sotiropoulou et al., 2009). In the antioxidant field, 

interactions with enzymes that generate reactive oxygen species (AKR1C1, 

ACOX1) have been described, whose inhibition could have protective effects 

against oxidative stress (Matsunaga et al., 2013; Zeng et al., 2017). 

Although these approaches are valuable, it is important to highlight their 

limitations: in silico predictions require experimental validation in animal or human 

models. Previous studies on ham (Paolella et al., 2015) showed that many long 

peptides are degraded during digestion, with di- and tripeptides actually reaching 

the systemic circulation. Simulated gastrointestinal digestion corroborated the 

stability of key peptides such as EE, VG, and VD after passing through 

gastrointestinal conditions, with relevant concentrations exceeding 10 mg/mL in 

prolonged stages. These data coincide with the observations of Paolella et al. (2015), 

who showed that longer curing times increase the release and bioavailability of 
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dipeptides in digestion simulations. Likewise, the stability of these fragments 

during digestion is consistent with that described by Escudero et al. (2014), who 

demonstrated that some ACE inhibitors derived from ham are resistant to gastric 

and pancreatic hydrolysis, retaining their bioactivity. 

This study represents a breakthrough by integrating peptidomics, in vitro and 

in silico assays to link different formulations of nitrifying salts (with variations in 

nitrite, nitrate, and their combinations) and two maturation times (standard and 

overripening) with functional bioactivity. However, it should be noted that most 

of the evidence comes from prediction models and simulated digestion. To confirm 

the clinical relevance of these results, clinical trials would be necessary. 

Compared to other protein sources, such as fermented dairy products 

(Udenigwe & Aluko, 2012) or fish hydrolysates (Abachi et al., 2019; Ashraf et al., 

2020), cured ham offers the advantage of being a traditional food where bioactivity 

arises from the maturation process itself, without the need for external enzymatic 

hydrolysis. However, the variability introduced by genetic and technological 

factors (del Olmo et al., 2015, p. 20; Mora et al., 2016) requires standardization 

strategies if nutraceutical applications are to be developed. 

 

2.4. UP TO 50% REDUCTION IN SODIUM CONTENT IN BONELESS CURED HAM. EFFECT 

ON QUALITY, SENSORY ACCEPTANCE AND BIOACTIVE PEPTIDES GENERATION. 

Following previous studies that confirmed that technological modifications 

such as overripening, controlled temperature increase, and reduction of nitrifying 

salts could modulate proteolysis and enhance the release of bioactive peptides, the 

next challenge was to directly address the main nutritional risk factor of cured ham: 

its high sodium content. Excessive NaCl intake is strongly associated with 

hypertension and cardiovascular disease (He & MacGregor, 2009; Desmond, 2006), 

which has prompted the meat industry to explore progressive salt reductions. Until 

now, most studies on cured ham had demonstrated reductions of around 25% 

without compromising safety or quality (Muñoz-Rosique et al., 2022; Pinna et al., 

2020), but there was no clear evidence on the feasibility of reductions close to 50%. 

In addition, the impact of salt particle size had hardly been studied, despite the fact 

that this factor influences the rate of dissolution, diffusion, and, therefore, the 
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dehydration and enzymatic kinetics of the process (Aheto et al., 2019). The study 

presented here evaluated these two strategies in boneless cured hams, analyzing 

their effect on physicochemical parameters, mineral composition, free amino acid 

profile, instrumental texture, and sensory acceptability. 

It is important to note that in all study trials, we used a control produced with 

the standard curing treatment. Therefore, the real challenge was to demonstrate 

that it was possible to achieve a 50% reduction in sodium without compromising 

the microbiological safety, quality, and sensory acceptability of the final product, 

with the additional aim of increasing the generation of bioactive peptides. This 

objective meant going beyond the reductions usually considered in the meat 

industry, providing evidence that cured ham with half the sodium can maintain 

technological and sensory characteristics comparable to the conventional product. 

One of the main questions when drastically reducing the sodium content in 

cured hams is whether microbiological safety can be maintained. NaCl plays an 

essential role in decreasing water activity (aw), creating a hostile environment for 

pathogens such as Clostridium botulinum (Sebranek & Bacus, 2007). In this study, 

even with a 50% reduction in sodium, the hams achieved aw values <0.91, which is 

below the risk threshold described in the literature (Affairs, 2018). This is consistent 

with the results of Blesa et al. (2008), who showed that hams cured with partial salt 

substitutions remained safe as long as the drying phase was prolonged and relative 

humidity and temperature parameters were controlled. 

The lower NaCl content slowed dehydration, generating slightly higher aw 

values, a phenomenon previously observed in reduced-salt Italian hams (Pinna 

et al., 2020). However, the values converged with the traditional controls, 

confirming that adjustments in curing time are sufficient to ensure safety. This 

aspect is key, as other salt reduction strategies, such as the application of high 

pressure (Duranton et al., 2012) or ultrasound (Gao et al., 2014), have proven 

effective in cooked products, but in long-cured hams, maturation management 

appears to be the most practical and realistic tool.  

The proteolysis index was lower in batch 1 (around 28% sodium reduction), 

while batch 2 (around 50% sodium reduction) showed values comparable to the 

control, indicating that the medium salt grain compensated for the reduction by 

promoting proteolytic activity. This finding is explained by the inhibitory effect of 

NaCl on cathepsin and aminopeptidase activity, already documented by Zhao et 
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al. (2005) and confirmed in recent reviews on cured hams (Schivazappa & Virgili, 

2020). In fact, studies on other meat products such as Galician pork shoulder 

(Lorenzo et al., 2015) showed that partial replacement of NaCl with K, Mg, or Ca 

salts intensified the release of free amino acids, a pattern similar to that observed 

in this study. 

The FAAs detected in higher proportions included glycine, alanine, and 

serine (sweet flavors), as well as glutamate (umami). These amino acids play a key 

role in compensating for the reduced saltiness, as previously noted by Toldrá et al. 

2000 and Virgili & Schivazappa. 2002. Fang & Zhu, 2025 demonstrated that in 

reduced-salt meat products, an increase in sweet and umami FAAs contributes to 

improving overall consumer acceptance. The fact that no excessive accumulation 

of bitter FAAs (e.g., histidine, arginine) was observed indicates that the proteolytic 

balance was maintained within a favorable range, avoiding flavor defects. 

In addition, the increase in FAA may have biofunctional implications: 

glutamate, leucine, and proline are known to be part of sequences with 

antihypertensive and antioxidant potential (Escudero et al., 2013; Gallego et al., 

2018; Heres et al., 2021). Therefore, reducing sodium not only does not compromise 

safety or flavor, but could increase the nutraceutical potential of ham. 

The reduction in sodium resulted in a final sodium content of 1.2–1.5%. At 

the same time, a relative increase in potassium was observed, derived from the use 

of potassium nitrates and ion exchanges in a lower sodium environment. This 

result is positive from a nutritional point of view, as a higher intake of K helps to 

counteract the hypertensive effects of Na (Bidlas & Lambert, 2008). 

This pattern coincides with that described in cured hams made with partial 

substitution of NaCl by KCl (Armenteros et al., 2012; Barat et al., 2013), where the 

final product had a more balanced mineral profile, with potentially beneficial 

implications for cardiovascular health. 

Color, a critical parameter for ham acceptability, remained stable in sodium-

reduced hams. The a* values (redness) were not affected, indicating that 

nitrosylmyoglobin formation did not depend on NaCl content, but rather on the 

availability of residual nitrites and bacterial reducing activity (Honikel, 2008). This 

result is consistent with that described in Serrano and Parma hams with partial salt 

reductions, where the characteristic red color was maintained as long as the curing 
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process was sufficiently long (Costa-Corredor et al., 2009; Pinna et al., 2020). The 

slight decrease in L* (lightness) in sodium-reduced hams may be due to higher 

residual moisture and the intensification of oxidation and Maillard reactions in 

advanced stages, a phenomenon also observed in Jinhua hams (Zhu et al., 2013). 

In terms of texture, the reduction in sodium caused a decrease in 

cohesiveness and a slight increase in elasticity, attributable to the higher degree of 

proteolysis and lower osmotic force. Similar results have been described in other 

studies on reduced-salt hams (Harkouss et al., 2014; Lorenzo et al., 2015), as well as 

in cooked products where lower NaCl levels increase protein solubility and modify 

the myofibrillar network (Inguglia et al., 2017). However, the other parameters 

(hardness, chewiness) remained within acceptable values, demonstrating that the 

50% reduction in sodium does not compromise the overall structure of the product.  

Consumers rated the control hams and the reduced-sodium hams similarly, 

confirming that a 50% reduction is sensorially acceptable. This finding is in line 

with reports from other studies, where reductions of 25–30% in NaCl did not cause 

rejection (Armenteros et al., 2012; Muñoz-Rosique et al., 2022). The explanation lies 

in the fact that the higher concentration of sweet and umami FAAs compensates 

for the lower salty perception (Toldrá et al., 2000; Fang & Zhu, 2025). It is important 

to note that current consumption trends, increasingly oriented towards “healthy” 

and “clean label” products, facilitate the acceptance of less salty products 

(Taormina, 2010; Yin et al., 2023). In this regard, the 50% reduction in sodium in 

cured ham is in line with World Health Organization recommendations to reduce 

sodium intake to below 5 g/day. 

Although a significant effect of salt grain size on initial NaCl absorption was 

expected, at the end of the process the results showed minimal differences between 

treatments. Aheto et al., 2019 demonstrated that reducing particle size accelerates 

salt diffusion and dissolution, but in long-maturing products these differences are 

diluted over time. Only slight variations in hardness and salting kinetics were 

observed, suggesting that this parameter is more relevant for optimizing process 

times than for our objective, which was to obtain faster salt diffusion to counteract 

the effect of sodium reduction. 

In addition, the reduction of NaCl makes the process more dependent on 

environmental factors (temperature, humidity) and the action of residual nitrifying 

agents to ensure color and stability. 
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Finally, according to the EU Regulation 1924/2006 on nutrition claims, both 

reduced-sodium batches (28 and 50% less sodium) qualify for the claim “reduced 

sodium content”, since they exceed the minimum 25% reduction required 

compared with conventional dry-cured hams. However, the stricter claims “low 

sodium” or “sodium-free” are not applicable to this type of product due to its 

intrinsic composition. 

In short, this work represents a step forward in the healthy reformulation of 

cured ham, showing that it is possible to significantly reduce sodium without 

compromising perceived quality or safety. 

2.4.1. Bioactive Peptide Generation 

After seeing that it was possible to reduce the sodium content in boneless 

cured hams up to 50% while maintaining safety, color, and sensory acceptance, we 

evaluated how these technological modifications influence the generation of 

bioactive peptides and their bioactivity in vitro and in silico. Until then, studies had 

shown that reducing NaCl intensifies proteolysis and increases the accumulation 

of free amino acids (Muñoz-Rosique et al., 2022; Pérez-Santaescolástica et al., 2018), 

suggesting greater functional potential. However, it remained to be seen whether 

sodium reduction actually favored the release of sequences with antihypertensive, 

antioxidant, antidiabetic, or antimicrobial activities, as previously described in 

cured hams (Escudero et al., 2013b; L. Fu et al., 2021; Gallego, Mora, & Toldrá, 

2018b; Xu et al., 2025). This new study addressed this question by applying a 

comprehensive approach that included peptidomic analysis, in vitro ACE 

inhibition and antioxidant capacity assays, gastrointestinal digestion simulations, 

and in silico predictions of bioactivity and pharmacophore similarity. 

 

2.4.1.1. In vitro analysis 

The peptide extracts from the three batches showed strong ACE inhibitory 

activity, with inhibitions close to 90% at the highest concentrations. Although the 

differences between treatments were not statistically significant, a trend toward 

greater potency was observed in hams with up to 50% less sodium. This result is 
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consistent with the hypothesis that sodium reduction enhances proteolysis and the 

release of short ACE-inhibiting peptides (Mora et al., 2015; Heres et al., 2021). 

The presence of peptide sequences such as KPVAAP or KAAAAP, derived 

from myosin and sarcoplasmic proteins, supports this trend (Escudero et al., 2014; 

Gallego et al., 2019). Previous studies on Iberian and Italian hams had shown that 

prolonged curing and reduced sodium content favored the generation of peptides 

such as Ala-Ala or Val-Pro, with efficacy comparable to antihypertensive milk 

peptides (M. Sentandreu & Toldrá, 2001; Udenigwe & Aluko, 2012).  

The antioxidant capacity evaluated using DPPH confirmed that all boneless 

dry-cured ham batches are a significant source of antioxidant peptides, achieving 

inhibitions of 80–90% at high concentrations. Batches with less sodium showed 

significantly higher bioactivity (p<0.05), especially those made with medium-grain 

salt. This effect can be attributed to the release of fragments rich in aromatic amino 

acids (Trp, Tyr, Phe), whose ability to donate protons or chelate pro-oxidant metals 

is well documented (Gallego et al., 2018; Harnedy et al., 2017; Zheng et al., 2016). 

The intensification of proteolysis under low salt conditions, also described by 

Muñoz-Rosique et al. 2023, reinforces the hypothesis that reducing sodium 

increases the antioxidant potential of cured ham. This finding is relevant in 

comparison with other protein sources: while in dairy products and legumes 

antioxidant peptides require controlled enzymatic hydrolysis (Peighambardoust 

et al., 2021), in ham they are generated naturally during maturation. 

Peptidomic analysis identified more than 1,000 sequences <1.5 kDa in the 

batches with lower sodium content, compared to slightly lower values in the 

control. This result confirms that sodium reduction promotes the release of short, 

bioavailable peptides, which is consistent with observations in other cured hams 

such as Panxian, where a higher proportion of small peptides associated with 

multifunctional bioactivity was detected (Li et al., 2022). The relevance of this 

finding lies in the fact that low molecular weight peptides are more likely to resist 

digestion and reach the systemic circulation (Escudero et al., 2014; Harnedy et al., 

2017). In addition, sequences such as Ala-Ala, Pro-Val, and aromatic dipeptides 

have been consistently linked to antihypertensive, antioxidant, and 

cardioprotective effects (Heres et al., 2021; Gallego et al., 2018). 

The gastrointestinal simulation confirmed the release of dipeptides such as 

EE, DG, VD, ES, and AA after digestion, with no significant variations between 
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batches except for increases in EE, ES, IE and VD in the control. Dipeptides are the 

most stable fragments and are most likely to be absorbed intact (Paolella et al., 2015; 

Escudero et al., 2014). The presence of EE and DG, previously linked to ACE 

inhibition and reduction of reactive oxygen species (Heres et al., 2023; Bailey et al., 

2022), confirms that sodium reduction does not compromise the actual 

bioaccessibility of peptides and could even enhance it by promoting proteolysis.  

2.5. BIOACTIVE PEPTIDES FROM DRY-CURED HAM: IN VITRO AND IN VIVO 

ANTIOXIDANT EFFECTS USING A CAENORHABDITIS ELEGANS MODEL. 

After demonstrating that different technological curing strategies intensify 

proteolysis and promote the release of bioactive peptides with antihypertensive 

and antioxidant activities, both in in vitro analyses and in silico simulations, it was 

necessary to take a more decisive step: to validate the functionality of these 

peptides in a living organism.  

Although cellular models such as Caco-2 had confirmed the absence of 

cytotoxicity and the ability of peptides to reduce intracellular ROS generation 

(Gallego et al., 2020; Hu et al., 2023), it remained to be demonstrated whether these 

effects translate into a real improvement in oxidative stress resistance and 

longevity. In this context, the nematode Caenorhabditis elegans, a model widely used 

in studies of nutraceuticals and antioxidants (Mudd et al., 2022; Urbizo-Reyes et al., 

2022), was used for the first time to evaluate the in vivo bioactivity of peptides 

derived from cured ham after simulated digestion. 

This study used peptide fractions obtained from boneless cured hams with a 

50% reduction in sodium, developed as part of the previous study in this thesis. 

These fractions, released after simulated gastrointestinal digestion, form the 

experimental basis for evaluating the antioxidant effects both in vitro and in an in 

vivo model of Caenorhabditis elegans. Thus, this chapter is not an isolated study, but 

rather a direct continuation of the previous work, where the technological process 

was optimized to maximize the generation of bioactive peptides in sodium-

reduced ham. 
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2.5.1. Antioxidant potential after simulated gastrointestinal digestion 

The antioxidant potential of cured ham peptides was evaluated using, on one 

hand, fractions subjected to simulated gastrointestinal digestion to generate 

digested ham peptides (HDP) and, on the other hand, fractions derived from 

undigested peptides (HPF) to determine the effect of digestion on antioxidant 

capacity. 

The results of chemical assays (ABTS and DPPH) showed that peptides 

derived from cured ham after gastrointestinal digestion exhibit significantly higher 

antioxidant activity than undigested peptide fractions. This increase can be 

explained by the fact that digestion promotes the release of short, electrically 

charged fragments with a greater capacity to donate electrons or protons, which 

increases their neutralizing action on free radicals (Hernández-Ledesma et al., 

2007; L. Zhu et al., 2008). This behavior has also been described in other protein 

matrices. In fish hydrolysates (Abachi et al., 2019; Y. Wu et al., 2022) and in cereals 

such as corn and rice, enzymatic hydrolysis has been shown to release short 

peptides with a higher antioxidant effect than intact proteins (Cai et al., 2022; Ren 

et al., 2018). Therefore, the pattern observed in cured ham is part of a general trend. 

 

2.5.2. Cytooxicity and bioactivity in intestinal cells Caco-2 

The use of human intestinal Caco-2 cells as a model provided key information 

on the safety and functionality of the peptides. To evaluate the cytotoxicity of the 

ham-derived peptides, two types of extracts were tested: the ham peptide fraction 

(HPF) and the ham digested peptides (HDP) obtained after simulated 

gastrointestinal digestion of the sodium-reduced dry-cured hams. Caco-2 intestinal 

cells were exposed to increasing concentrations (0.25–2.5 mg/mL) of HDP to 

determine their effect on cell viability using the MTT assay.  No cytotoxic effects 

were detected until relatively high concentrations (2.5 mg/mL), which is consistent 

with previous results obtained in milk protein hydrolysates (Hernández-Ledesma 

et al., 2007) and vegetable protein hydrolysates (Liang et al., 2018; Q. Zhang et al., 

2019). The absence of negative effects on cell viability allows these peptides to be 

considered safe candidates for the development of nutraceuticals.  
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The ham digested peptides (HDP) fractions obtained were also used to 

investigate the intracellular antioxidant activity in Caco-2 cells. Cells were treated 

with different concentrations of HDP (0.5, 1.0, and 1.5 mg/mL) and subjected to 

oxidative stress. Two complementary assays were performed: DHE, which 

specifically detects superoxide anions, and DCFDA, which measures general 

intracellular ROS levels. In both tests, pre-incubation with HDP significantly 

reduced ROS accumulation in a dose-dependent manner, with the strongest effects 

observed at 1.0 and 1.5 mg/mL (p < 0.05). These results demonstrate that the 

digested peptide fractions from sodium-reduced hams are capable not only of 

scavenging free radicals in chemical assays, but also of modulating antioxidant 

defenses at the cellular level. This dual action supports their potential role in 

protecting intestinal cells against oxidative stress. These data are consistent with 

those observed in Jinhua ham hydrolysates, which also showed a reduction in ROS 

in cells exposed to oxidative stress (Hu et al., 2016). Similarly, seed and legume 

extracts have been shown to modulate cellular antioxidant defenses and attenuate 

oxidative damage (Urbizo-Reyes et al., 2022). 

Overall, the evidence indicates that cured ham peptides are not only safe for 

the human intestinal epithelium, but also act as protectors against intracellular 

oxidative stress, which is essential for their consideration as functional ingredients. 

 

2.5.3. Validation in Caenorhabditis elegans 

The use of C. elegans was a decisive step in transferring the findings to the in 

vivo context. This nematode is a well-established model in antioxidant and 

nutraceutical studies due to its similarity in genetic pathways to mammals (An & 

Blackwell, 2003; Inoue et al., 2005; Oliveira et al., 2009).  Supplementation with ham 

digested peptides (HDP) significantly improved survival under conditions of 

oxidative stress, both acute (exposure to t-BOOH) and chronic (exposure to 

paraquat). 

For the acute oxidative stress assays, we used ham digested peptides (HDP) 

obtained after simulated gastrointestinal digestion of boneless dry-cured hams 

with 50% sodium reduction. C. elegans nematodes at the L4 stage were pre-

incubated for 24 or 48 h with HDP at different concentrations (0.25–2.0 mg/mL) and 
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subsequently exposed to tert-butyl hydroperoxide (t-BOOH) to induce acute 

oxidative stress. The results demonstrated that pre-treatment with HDP 

significantly increased nematode survival in a dose- and time-dependent manner 

compared to the control group without peptides. The best protective effect was 

observed at 1.0 and 1.5 mg/mL, where mean survival increased from 390 min in 

controls to 600–630 min in treated worms. These findings confirm that peptides 

derived from sodium-reduced ham digestion enhance resistance to acute oxidative 

stress by activating endogenous defense mechanisms. 

The same fractions were used to evaluate the effect of chronic oxidative 

stress. L4-stage C. elegans were pre-incubated with HDP (0.25–2.0 mg/mL) for 24 or 

48 h and then exposed to paraquat, a mitochondrial toxicant that generates reactive 

oxygen species. Nematodes pretreated with HDP showed significantly greater 

longevity than controls. The most consistent results were again found at 1.0–1.5 

mg/mL, where average survival increased from 3 days in controls to 4.5–5 days in 

treated worms (p < 0.05). No additional benefits were observed at the highest 

peptide concentrations. These results indicate that these peptides also provide 

sustained protection under chronic oxidative stress conditions, likely through the 

modulation of intracellular antioxidant enzymes. 

The increase in survival in nematodes treated with peptides is comparable to 

that observed in studies with plant extracts such as açai (Bonomo et al., 2014), with 

peptides derived from ginseng (Q. Wang et al., 2016), or with marine protein 

hydrolysates (Yu et al., 2020). In all cases, the organisms showed greater resistance 

to oxidative stress, confirming that the antioxidant action of peptides goes beyond 

the direct neutralization of radicals and is linked to endogenous regulatory 

mechanisms. 

 

2.5.3.1. Reduction of ROS and activation of gene overexpression pathways 

Analysis of intracellular ROS levels in C. elegans confirmed a significant 

reduction following treatment with the peptides, accompanied by overexpression 

of antioxidant genes such as GST-4, GST-10, SOD-3, and SKN-1. The latter, 

homologous to the Nrf2 factor in mammals, plays a central role in antioxidant 

defense and longevity extension (An & Blackwell, 2003; Inoue et al., 2005). The 

activation of SKN-1 has also been described in nematodes supplemented with 
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antioxidant peptides from sesame and rice (Wang et al., 2016; Cai et al., 2022), 

reinforcing the hypothesis of a conserved mechanism. The increased expression of 

SOD-3, a key enzyme in the elimination of superoxide radicals, supports the idea 

that peptides do not act solely as direct antioxidants, but rather induce the 

expression of endogenous defenses. This type of mechanism has also been 

observed in edible insect extracts, where supplementation prolonged the lifespan 

of C. elegans under conditions of oxidative stress (Mudd & Liceaga, 2022). The 

partial activation of DAF-16, linked to the insulin/IGF-1 signaling pathway, 

suggests an indirect effect on longevity, possibly mediated by interactions between 

the SKN-1 and DAF-16 pathways (Back et al., 2010; Chávez et al., 2007). This 

finding connects cured ham peptides with conserved molecular mechanisms of 

healthy aging. 

Although the results are promising, it is important to highlight the 

limitations. The C. elegans model, while useful and highly conserved, does not 

reproduce the full physiological complexity of mammals. It is essential to validate 

these effects in higher models and, above all, in clinical trials with consumers. 

Similarly, the possible synergistic effects of cured ham peptides with other 

nutrients, as well as their stability in complex matrices, must be evaluated. The 

multifunctionality observed (antioxidant, antihypertensive, antidiabetic, 

antimicrobial) suggests great potential, but also the need to explore interactions 

that may modulate bioavailability or final efficacy (Gallego et al., 2019; Heres et al., 

2022). 
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VI - CONCLUSIONS 

This doctoral thesis demonstrates that, by optimizing curing strategies 

(sodium reduction, nitrite and nitrate modulation, increased maturation time 

[overripening], and temperature control), it is possible to obtain boneless cured 

ham with an acceptable sensory profile, lower sodium content, and, at the same 

time, a high potential for bioactive peptides with antioxidant, antihypertensive, 

and antidiabetic functions, making this food an ideal candidate to be considered a 

functional food. 

 

The conclusions presented below respond to all the objectives set for the 

development of the thesis: 

 

FIRST. The review of the state of the art confirmed that cured ham is a 

relevant source of bioactive peptides (antioxidants, anti-ACE, antidiabetics, among 

others) and highlighted the need to move from in vitro trials and in silico predictions 

to in vivo validations, establishing the conceptual framework and gaps that 

motivate the experimental plan of the thesis. 

 

SECOND. The application of overripening in boneless, reduced-salt Iberian 

ham intensified proteolysis and promoted a significant increase in the 

concentration of free amino acids, without producing a negative impact on the 

sensory quality of the product. This behaviour indicates that overripening acts as 

an effective technological tool to stimulate the release of bioactive peptides, even 

in matrices with lower sodium content, where salt reduction could limit hydrolysis. 

 

THIRD. The combination of overripening and temperature modulated both 

the diversity and peptide functionality of reduced-salt boneless Iberian hams: at 

30°C, antioxidant activity and ACE inhibition was maximized, while at 36°C, a 

greater number of peptides were detected without a proportional increase in 
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bioactivity. Peptide precursors with the potential to generate bioactive di- and 

tripeptides of interest (such as AA, VP, EE, DG, and VD) after digestion were also 

detected. 

 

FOURTH. The reduction of nitrifying salts in boneless cured ham was shown 

to be technologically feasible, allowing a significant decrease in nitrite and nitrate 

content without compromising the microbiological safety or sensory acceptance of 

the product. The reduction of these salts modified the dynamics of proteolysis and 

the free amino acid profile, indicating a direct effect on enzymatic processes during 

curing. Likewise, specific changes were observed in color stability (particularly in 

the a* parameter) and in the formation of volatile compounds, both indicators of 

the influence of nitrifying agents on final quality. Overall, the results demonstrate 

that it is possible to produce healthier cured hams with a lower nitrite additive 

load, while maintaining the safety, quality and sensory properties. 

 

FIFTH. Reference to hams obtained under different nitrite salt treatments, the 

integration of in vitro and in silico approaches demonstrated that curing conditions 

have a decisive influence on the generation and physiological fate of bioactive 

peptides. In vitro assays confirmed notable activities, especially antioxidant and 

anti-ACE, while in silico gastrointestinal digestion simulations predicted the release 

of di- and tripeptides with a high probability of intestinal absorption. This 

prediction was corroborated by the actual quantification of selected peptides, 

which allowed their effective presence to be associated with measured bioactivity. 

Additionally, the pharmacological similarity assay reinforced the potential of 

sequences such as EE, DG, VD, and AA by demonstrating structural similarity with 

compounds known to act on cardiovascular and metabolic targets. Taken together, 

these results consolidate a dual approach that not only identifies bioactive peptides 

in cured ham but also validates their functional relevance and potential as 

nutraceutical ingredients. 

 

SIXTH. Reducing the sodium content in boneless cured ham by up to 50% 

was technologically feasible, resulting in hams with up to 50% less sodium while 

maintaining adequate physicochemical profiles, microbiological safety, and 
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sensory acceptance of the product. Despite the significant reduction in salt content, 

the hams retained color, texture, and mineral composition parameters within 

ranges comparable to traditional controls, without compromising their overall 

quality. The curing strategy effectively achieved the objective of sodium reduction, 

obtaining hams with up to 50% less sodium than conventional products. Batch 1 

reached 1.69 g Na/100 g (28% less sodium), while Batch 2 achieved 1.19 g Na/100 g 

(64% less sodium), confirming the successful development of lower-sodium dry-

cured hams without compromising product quality or bioactive peptide formation. 

 

SEVENTH. The reduction of up to 50% of sodium in boneless cured ham did 

not compromise proteolysis or peptide release but rather favored the formation of 

low molecular weight peptides with recognized bioactivity. In vitro analyses 

confirmed an increase in antioxidant activity. Numerous peptide precursors were 

also identified which, after simulated in vitro gastrointestinal digestion, released 

dipeptides and tripeptides of functional interest. Actual quantification of selected 

sequences supported these observations, confirming the effective presence of 

bioactive peptides in the matrix. Taken together, these results demonstrate that 

reducing sodium by up to 50% in cured ham is not only compatible with 

technological and sensory quality but also enhances its role as a source of bioactive 

peptides with nutraceutical potential. 

 

EIGHTH. Validation in Caenorhabditis elegans confirmed that the digested 

peptides derived from boneless, reduced sodium cured ham exert antioxidant 

effects in vivo, resulting in greater resistance to oxidative stress, a significant 

reduction in intracellular ROS, and increased longevity. At the molecular level, the 

induction of defensive pathways associated with the overexpression of key genes 

such as GST-4, GST-10, and SKN-1 was observed, consolidating the role of these 

peptides as modulators of the endogenous antioxidant response. These findings 

represent a decisive step forward, as they provide real physiological evidence of 

the functionality of the peptides previously identified through in vitro and in silico 

analyses. Overall, the study demonstrates that it is possible to transform traditional 

cured ham into a healthier food, with lower sodium content but higher 

concentration and effectiveness of bioactive peptides, making it an ideal candidate 

for consideration as a functional food. 



 

 

 

 



 

 

VII – LIMITATIONS AND 

FUTURE LINES OF 

RESEARCH 
 



 



 CHAPTER VII – LIMITATIONS AND FUTURE LINES OF RESEARCH 319 

VII - LIMITATIONS AND FUTURE LINES OF RESEARCH 

Limitations 

The development of this doctoral thesis has demonstrated that dry-cured 

ham can evolve from a traditional product with a high salt content to a food with 

functional properties derived from its richness in bioactive peptides. However, like 

all experimental work, it has a number of limitations that must be considered when 

interpreting the results, as well as multiple opportunities for improvement that 

pave the way for future research. 

 

Although very solid results have been obtained in vitro and, in the C.elegans 

model, no mammalian trials or clinical studies in humans have been conducted yet, 

so the translation of the bioactive effects of ham-derived peptides to the end 

consumer is not guaranteed. 

 

Despite the identification of peptides by LC-MS/MS, their absolute 

quantification, and the establishment of a clear dose–bioactivity relationship, 

remain unresolved challenges. It is also necessary to further explore the possible 

synergistic or antagonistic interactions between peptides, both within the food 

matrix and after digestion, as these could substantially modulate the functional 

outcomes. 
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Future lines of research 

Future work should aim to confirm the physiological relevance of ham-

derived peptides in mammalian models, assessing their bioavailability, 

pharmacokinetics, effective doses and safety. Subsequently, it will be necessary to 

carry out controlled clinical studies in humans to validate their impact on 

cardiovascular, metabolic and oxidative stress biomarkers, consolidating their role 

as functional ingredients or nutraceuticals. 

 

From a technological perspective, it is relevant to explore targeted strategies 

to intensify peptide release, beyond extended maturation or temperature 

modulation. This could include: 

 

The application of emerging technologies such as high hydrostatic pressure 

or ultrasound to promote proteolysis, and the use of starter cultures adapted to 

ham fermentation, capable of directing enzymatic activity and enhancing the 

generation of peptides with proven bioactivity, without altering product safety or 

sensory acceptance. 

 

Finally, given the large peptide diversity identified, future research should 

focus on the absolute quantification of key sequences (e.g., di- and tri-peptides with 

anti-ACE or antioxidant properties), the establishment of structure–activity 

relationships, and the validation of specific biomarkers of intake and efficacy in 

humans. Such work will be decisive to consolidate the positioning of reduced-

sodium cured ham as a functional meat product with real health-promoting 

potential.
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