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Y por supuesto, a los incondicionales, mi familia. Los que me han dado sus alas 

para poder llegar cuando mis piernas ya no daban más de sí. Los que me han seguido 

allá donde he ido, y me han hecho descubrir nuevos lugares. Los que siempre tienen 

una solución sea cual sea el problema y si no existe, la inventan. Los que si no voy 

yo, no dudan en venir ellos. Papá, Mamá, no veo mejor oportunidad para agradecer 

todo lo que os habéis esforzado y todo lo que habéis hecho por mí. Esto es vuestro, por 

todo el cariño y apoyo que me habéis dado siempre. Sestra, gràcies, per cuidar de tu 

“Nesinú”,  per fer tot el possible per poder veure’ns, per ser sempre tot un exemple a 

seguir i, en definitiva, per ser la millor germana gran que es pot tenir. Ari, a tu també. 

Gràcies per aportar cordura a esta panda de boixos i per donar-nos lliçons 

magistrals de parxís. Espero veure-us complint juntes tots els somnis i projectes que 

tingueu. A todo el resto de familia, tíos, primos, sobrinos… a todos, ¡Gracias! 

Perdonadme si estos años he estado más ausente de lo que debiera, no me lo tengáis en 

cuenta. Espero que os sintáis tan orgullosos de mi como yo me siento de pertenecer a 

esta gran familia. No os lo digo lo suficiente, pero os quiero mucho. 

A mi yo de ayer: gracias por sufrirlo.  

A mi yo de mañana: perdona, era necesario. 
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A mi familia; 

a los míos; 

a tí, que estás leyendo esto. 
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“Lo importante es el camino; y en él, 

caer, levantarse, insistir, aprender.” 

 Txus di Fellatio (Mägo de Oz) 
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ABSTRACT 

Inflammation is a common factor in many pathologies such as arthritis and 

neurodegenerative disorders. Therefore, there is a trend towards the development of 

selective COX-2 inhibitors. In addition, neuroinflammation promotes the synthesis of 

enzymes such as prolyl oligopeptidase (POP), and inhibition of this enzyme has been 

proposed as a therapeutic target for the development of neuroprotective drugs for 

Alzheimer’s disease (AD). In this regard, bioactive peptides obtained from food and agri-

food by-products have emerged as good candidates as functional ingredients in the 

prevention of inflammatory-associated diseases. In this context, this doctoral thesis 

focused on developing protein hydrolysates from animal by-products with anti-

inflammatory or neuroprotective properties and identifying their bioactive peptides. In 

the first part of the study, hydrolysate H8 from pigskin collagen showed the highest COX-

2 inhibitory activity, which was selective for COX-2. The peptide fraction <10 kDa of H8 

hydrolysate prevented localized acute inflammation in a carrageenan-induced paw edema 

model and exhibited antinociceptive capacity in an acute pain model after topical 

application. This peptide fraction reduced nitric oxide production, COX-2 activity, and 

COX-2 and inducible nitric oxide synthase protein expression in lipopolysaccharide-

stimulated RAW 264.7 cells. Moreover, the anti-inflammatory peptides AGERGEQ and 

GSKGRPG were identified in the hydrolysate H8. In the second part of this thesis, twelve 

hydrolysates were obtained from an animal protein-rich by-product using different 

enzymatic hydrolysis conditions. The hydrolysates CFH3 and CFH5 showed good POP 

inhibitory activity and their neuroprotective effects were studied in Caenorhabditis 

elegans strain CL4176, a model of AD. CFH3 delayed paralysis induced by amyloid-ß 

aggregation in C. elegans in a dose-dependent manner, demonstrating its neuroprotective 

effects. Twenty-three novel peptides were identified in CFH3, nine of them with potential 

activity according to the PeptideRanker score. 

The results obtained support the potential of these hydrolysates as preventive tools for 

localized inflammation and neuroprotection, as well as for promoting sustainability and 

circular economy in the agri-food sector. The developed hydrolysates and the identified 

peptides could be useful for food and pharmacological industries to develop anti-

inflammatory and neuroprotective products. 
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RESUMEN 

La inflamación es un factor común en muchas patologías. Los principales fármacos 

antiinflamatorios, los no esteroideos (AINE), actúan inhibiendo las ciclooxigenasas 

(COX). La inhibición prolongada de COX-1 se asocia con efectos secundarios por lo que 

se buscan inhibidores selectivos para COX-2. Además, la neuroinflamación promueve la 

síntesis de la enzima prolil oligopeptidasa (POP), y la inhibición de esta enzima se ha 

propuesto como una diana terapéutica para el desarrollo de fármacos neuroprotectores 

para la enfermedad de Alzheimer (EA). En este sentido, los péptidos bioactivos obtenidos 

de alimentos y subproductos agroalimentarios se han convertido en buenos candidatos 

para su uso como ingredientes funcionales en la prevención de enfermedades con un 

componente inflamatorio. En este contexto, esta tesis doctoral se centró en el desarrollo 

de hidrolizados de proteínas a partir de subproductos animales con propiedades 

antiinflamatorias o neuroprotectoras, y en la identificación de sus péptidos bioactivos. En 

la primera parte del estudio, el hidrolizado H8 obtenido de colágeno de piel de cerdo 

mostró la mayor actividad inhibidora de la COX-2, que fue selectiva para COX-2. La 

fracción peptídica <10 kDa de H8 previno la inflamación aguda localizada en un modelo 

de edema de pata inducido por carragenato y mostró capacidad antinociceptiva en un 

modelo de dolor agudo después de su aplicación tópica. Esta fracción redujo también la 

producción de óxido nítrico, la actividad COX-2 y la expresión proteica de COX-2 y 

óxido nítrico sintasa inducible en células RAW 264.7 estimuladas con lipopolisacárido. 

Además, se identificaron los péptidos antiinflamatorios AGERGEQ y GSKGRPG en H8. 

En la segunda parte de esta tesis, se obtuvieron doce hidrolizados de un subproducto 

animal utilizando diferentes condiciones de hidrólisis enzimática. Los hidrolizados CFH3 

y CFH5 mostraron una buena actividad POP inhibitoria y sus efectos neuroprotectores se 

estudiaron en la cepa transgénica CL4176 de Caenorhabditis elegans, un modelo de EA. 

CFH3 retrasó la parálisis inducida por la agregación de ß-amiloide de manera dosis 

dependiente, demostrando sus efectos neuroprotectores. Se identificaron 23 péptidos 

nuevos en CFH3, 9 de ellos con potencial actividad según la puntuación PeptideRanker. 

Los resultados muestran el potencial de estos hidrolizados como herramientas preventivas 

para inflamación localizada y neuroprotección, así como para promover la sostenibilidad 

y la economía circular en el sector agroalimentario. Los hidrolizados desarrollados y los 

péptidos identificados podrían ser útiles para las industrias alimentaria y farmacológica 

para el desarrollo de productos antiinflamatorios y neuroprotectores.  
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RESUM 

La inflamació és un factor comú en moltes patologies. Els principals fàrmacs 

antiinflamatoris, els no esteroidals (AINE), actuen inhibint les ciclooxigenases (COX). 

La inhibició prolongada de COX-1 s'associa amb efectes secundaris pel que es busquen 

inhibidors selectius per a COX-2. A més, la neuroinflamació promou la síntesi de 

l'enzim prolil oligopeptidasa (POP), i la inhibició d'aquest enzim s'ha proposat com una 

diana terapèutica per al desenvolupament de fàrmacs neuroprotectors per a la malaltia 

d'Alzheimer. En aquest sentit, els pèptids bioactius obtinguts d'aliments i subproductes 

agroalimentaris s'han convertit en bons candidats per al seu ús com a ingredients 

funcionals en la prevenció de malalties amb un component inflamatori. En aquest context, 

aquesta tesi doctoral es va centrar en el desenvolupament d'hidrolitzats de proteïnes a 

partir de subproductes animals amb propietats antiinflamatòries o neuroprotectores, i en 

la identificació dels seus pèptids bioactius. En la primera part de l'estudi, l'hidrolitzat H8 

obtingut de col·lagen de pell de porc va mostrar la major activitat inhibidora de la COX-

2, que va ser selectiva per a COX-2. La fracció peptídica <10 kDa d'H8 va prevenir la 

inflamació aguda localitzada en un model d'edema de pota induït per carragenat i va 

mostrar capacitat antinociceptiva en un model de dolor agut després de la seva aplicació 

tòpica. Aquesta fracció va reduir també la producció d'òxid nítric, l'activitat COX-2 i 

l'expressió proteica de COX-2 i òxid nítric sintasa induïble en cèl·lules RAW264.7 

estimulades amb lipopolisacàrid. A més, es van identificar els pèptids 

antiinflamatoris AGERGEQ i GSKGRPG en H8. En la segona part d'aquesta tesi, es van 

obtenir dotze hidrolitzats d'un subproducte animal utilitzant diferents condicions 

d'hidròlisi enzimàtica. Els hidrolitzats CFH3 i CFH5 van mostrar una bona activitat POP 

inhibitòria i els seus efectes neuroprotectors es van estudiar un model transgènic de 

malaltia d'Alzheimer (Caenorhabditis elegants, CL4176). CFH3 va retardar la paràlisi 

induïda per l'agregació de ß-amiloide de manera dosi depenent, demostrant els seus 

efectes neuroprotectors. Es van identificar 23 pèptids nous en CFH3, 9 d'ells amb 

potencial activitat segons la puntuació PeptideRanker. Els resultats mostren el potencial 

d'aquests hidrolitzats com a eines preventives per a inflamació localitzada 

i neuroprotecció, així com per a promoure la sostenibilitat i l'economia circular en el 

sector agroalimentari. Els hidrolitzats desenvolupats i els pèptids identificats podrien ser 

útils per a les indústries alimentària i farmacològica per al desenvolupament de productes 

antiinflamatoris i neuroprotectors. 
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LIST OF ABBREVIATIONS 

aa Amino acid 

ACE Angiotensin.converter enzyme 

AD Alzheimer's disease 

APP Amyloid precursor protein 

AUC Area uder the curve 

Aβ Amyloid-β 

BCA Bicinchoninic acid 

BW Body weight 

COX Cyclooxygenase 

COX-1 Cyclooxygenase isoform 1 

COX-2 Cyclooxygenase isoform 2 

DAMPs Damage-associated molecular patterns 

DH Degree of hydrolysis 

DMEM Dulbecco's modified Eagle medium 

DPP-IV Dipeptidyl peptidase IV 

E/S Enzyme/substrate 

eNOS Endothelial nitric oxide synthase 

FBS Fetal bovine serum 
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MAPK Mitogen activated kinase 

MAPKAPK MAPK-Activated protein kinase 

MAPKK MAPK kinase 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



MAPKKK MAPKK kinase 

MS Mass 

mtNOS Mitochondrial nitric oxide synthase 

MTT Methylthiazolyl Tetrazolium 

NED N-(1-Naphthyl)ethylenediamine 

NF-kB Nuclear factor-kappa B 

NGM Nematode growth medium 

NIK NF-kB-inducing kinase 

nNOS Neuronal nitric oxide synthase 
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ROS Reactive oxygen species 
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STAT Signal transducer and activator of transcription 

TLR Toll-like receptor 

TMPD N, N, N’, N’-tetramethyl-p-phenylenediamine 

TNF-α Tumor necrosis factor-alpha 

UHPLC Ultra-high performance liquid chromatography 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



INTRODUCTION

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



1. Inflammation

Inflammation is a natural response of an organism to nocuous stimuli or conditions

such as infection, tissue damage, and stress [1]. It has long been recognized for its five 

cardinal signs: calor (fever), rubor (redness), tumor (swelling and edema), dolor (pain), 

and function laesa (loss of function) [2]. The physiological role of inflammation is to 

maintain or restore homeostasis in tissues, and the response depends on the nature of the 

inducer [3,4]. However, if it gets uncontrolled and remains prolonged in time, it can 

lead to the development of all kinds of diseases and pathologies. Indeed, inflammation, 

in a lower or higher grade, is a common factor in a wide range of pathologies such as 

obesity, arthritis, inflammatory bowel disease, asthma, neurodegenerative diseases, or 

cancer, among others [1]. Chronic inflammatory diseases are identified by the World 

Health Organization as the leading cause of mortality globally, with 3 out of every 5 

deaths worldwide attributed to them [5]. Moreover, the prolonged use of anti-

inflammatory drugs, habitual in chronic pathologies, usually leads to undesired side 

effects [6]. Thus, the necessity to prevent inflammation-associated diseases, and to 

obtain less harmful anti-inflammatory therapies is evident [7].   

1.1. Phases of inflammatory response 

A typical inflammatory response occurs in three phases: induction, activation, and 

resolution. Figure 1 graphically shows the processes that occur in these inflammatory 

phases. The inflammatory response can be induced by exogenous or endogenous factors 

[3]. The most studied inflammatory response is triggered by exogenous inducers, 

specifically microbial factors (bacteria, viruses, or other microorganisms), not 

necessarily derived from pathogens [4]. The inflammatory response after infection is 

triggered by the recognition of pathogen-associated molecular patterns (PAMPs), or 

virulence factors [8]. However, a sterile inflammatory response may occur under 

chemical or physical insults such as toxins, allergens, injury, or trauma [9]. In this case, 

the role of inflammation is to protect the affected zone from opportunistic pathogens 

and induce the regeneration of damaged tissue [10]. The immune response can be 

triggered by some endogenous intracellular molecules released from dead, damaged, or 

stressed cells, known as damage-associated molecular patterns (DAMPs) [11].  

PAMPs and DAMPs are both recognized by pattern recognition receptors (PRR) 

expressed in innate immune cells, such as macrophages, neutrophils, and dendritic cells 

[12]. When PRRs are activated, intracellular responses occur leading to the expression 
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of a wide variety of pro-inflammatory genes and finally, the edema formation via the 

secretion of pro-inflammatory cytokines and chemokines, which attract and recruit 

circulating immune cells to the affected zone [1,8]. The recruited cells, especially 

macrophages and neutrophils, are also activated and secrete inflammatory mediators 

that amplify the response [13]. Moreover, other mechanisms are triggered such as 

phagocytosis, secretion of different hydrolytic enzymes, or formation of free radicals 

and reactive species of oxygen (ROS) or nitrogen (RNS) are triggered [14]. There is 

also an interaction with nociceptors, which are the receptors of pain, to locally protect 

the zone. Some inflammatory mediators, such as prostaglandins, can reduce the pain 

threshold by increasing the sensitivity of nociceptors [15,16]. In the brain, the 

inflammatory response is similarly orchestrated by microglial cells, which are activated 

by DAMPs and secrete pro-inflammatory mediators [17,18]. Under pathological 

conditions, microglia may also be activated by peripheral DAMPs entering the brain 

through a damaged blood-brain barrier [1,19]. During acute inflammation, the 

inflammatory response disappears when the pathogen is eliminated or the damaged 

tissue is regenerated [10]. However, progression from acute to chronic inflammation 

can occur if the resolution process is not well-managed [20]. After a few days, acute 

inflammation reaches a transition state, the subacute inflammation. This phase lasts 

from 2 to 6 weeks, and if inflammation persists, is considered as chronic inflammation, 

which may last for months or years [13]. 

Chronic inflammation, characterized by prolonged activation of the immune 

system, plays an important role in the development and progression of various diseases 

[21]. This persistent immune response can induce tissue damage and dysfunction in 

various organs and tissues, contributing to the pathogenesis of several diseases such as 

cardiovascular diseases, autoimmune disorders, and neurodegenerative diseases [22]. In 

addition, chronic inflammation, closely related to aging, is implicated in the occurrence 

of inflammaging, which is characterized by low-grade systemic inflammation and is 

increasingly recognized as a hallmark of aging and a key factor in health [23]. It is 

associated with several age-related diseases such as osteoarthritis and neurodegenerative 

disorders. In osteoarthritis, chronic inflammation aggravates the disease [24]. For 

example, following joint injuries, the resulting inflammation may contribute to the 

progression of osteoarthritis [25]. In addition, systemic inflammation associated with 

inflammaging may also play a role in the development and progression of osteoarthritis 

[26]. Similarly, in neurodegenerative diseases, such as Alzheimer's disease (AD), 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



inflammaging is thought to contribute to neuroinflammation and neuronal damage, 

further highlighting the interconnection between chronic inflammation, inflammaging, 

and diseases [27]. 
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Figure 1: Phases of inflammatory response. Phase 1 (induction): Inflammation is 

usually induced by exogenous (microbes, toxins, allergens, etc.) or endogenous 

(cellular components) factors, which are recognized as pathogen-associated molecular 

patterns (PAMPs) or damage-associated molecular patterns (DAMPs). Phase 2 

(activation): PAMPs and DAMPs activate cells of the innate immune system (mainly 

macrophages, neutrophils, and dendritic cells) to execute the inflammatory response. 

Phase 3 (resolution): The inflammatory response disappears when the pathogen is 

eliminated or the damaged tissue is regenerated. Chronification: Sustained 

inflammatory stimuli may lead to progressive tissue damage and various diseases. 

 

1.2. Inflammatory response mechanisms 

1.2.1. Inducers and receptors 

As mentioned, the inflammatory process starts with the recognition of virulence 

factors, or PAMPs, and DAMPs. PAMPs refer to a specific and restricted collection of 

conserved molecular patterns present in all microorganisms belonging to a particular 

class, regardless of whether they are pathogenic or commensal [4]. DAMPs include a 

wide set of intracellular molecules, passively released from dying cells or induced by 

any kind of traumatic cell stress or tissue injury, such as surgical procedures, blows, 
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thermal traumas, or metabolic traumas [11]. These molecules include high-mobility 

group box 1 (HMGB1), heat shock proteins, histones, free nucleic acids (nuclear and 

mitochondrial), and uric acid, among others [9]. All these PAMPs and DAMPs are 

recognized by specific PRRs. The Toll-like receptors (TLRs) family, are one of the most 

important PRRs, and each isoform is associated with specific ligands. HMGB1 and 

lipopolysaccharides (LPS) are recognized by this class of receptors, for example [1]. 

Virulence factors are a wide variety of inducers, restricted to pathogen microbial. They 

are not sensed directly by specialized sensors, but the effects of their activity instead, 

such as the pores formed by exotoxins of certain bacteria [4].  

1.2.2. Signaling pathways 

PRR activation triggers intracellular responses through several signaling pathways. 

The most common pro-inflammatory signaling pathways are nuclear factor kappa-B 

(NF-kB), mitogen-activated protein kinase (MAPK), and Janus kinase (JAK)- signal 

transducer and activator of transcription (STAT) [12,28,29]. NF-kB is a highly 

ubiquitous family of five related transcription factors involved in cell survival, 

proliferation, and differentiation, but their main role is in inflammation and autoimmune 

responses [30]. In basal conditions, the inhibitor of NF-kB (IkB) is retaining NF-kB in 

the cytoplasm. Once the inflammation pathway has been started, the IkB kinase (IKK), 

through phosphorylation, inhibits IkB (canonical pathway) or activates the NF-kB-

inducing kinase (NIK) (non-canonical pathway). Both, IkB inhibition or NIK activation, 

trigger NF-kB nuclear translocation and expression of pro-inflammatory genes [31]. 

MAPKs are a wide family of serine/threonine kinases that play critical cellular 

functions such as cell cycle progression, cell adherence, cell metabolism, or 

inflammatory cytokines expression [32]. Despite a large amount of possible 

combinations between them, a MAPK signaling pathway consists, of at least, three 

components: a MAPK, a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). 

In subsequential phosphorylations, a MAPKKK activates a MAPKK, which in turn 

activates a MAPK, and this ends phosphorylating and activating a MAPK-Activated 

protein kinase (MAPKAPK) [33]. These last are responsible for transmitting the signal 

by phosphorylating other substrates at different levels. The response can be regulated by 

activating transcription factors, but also phosphorylation of histones or mRNA 

stabilization are other possible mechanisms for the MAPKAPK to continue triggering 
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the inflammatory process [34]. Due to the wide range of stimuli that MAPKKK can 

integrate, the MAPK signaling pathway is a very versatile response.   

JAK/STAT is a highly phylogenetically conserved signaling pathway [29]. The 

activation of the specific receptor triggers a conformational change that brings the 

associated JAKs closer together and allows them to phosphorylate each other and the 

intracellular region of the receptor [35]. These phosphorylations create docking sites for 

the cytoplasmic latent STATs, which undergo further phosphorylation by the JAKs, 

dimerization, and DNA binding after nuclear translocation [36]. Different combinations 

of JAKs and STATs (depending on the stimulus) trigger different responses [35]. 

Therefore, the JAK/STAT signaling pathway is a mechanism that gives direct and 

specific responses to a wide range of extracellular factors.  

 All three signaling pathways lead to the release of pro-inflammatory cytokines and 

mediators, such as interleukin (IL) -1ß, IL-6, tumor-necrosis factor - α (TNF-α), or 

interferon-gamma (IFN-). The principal cytokines and their functions are well 

summarized in Chen et al. (2018) [1]. NF-kB, MAPK, or JAK/STAT pathways 

malfunction is associated with chronic inflammatory, autoimmune, and metabolic 

diseases [31,33,36]. 

 

1.3. Key pro-inflammatory enzymes 

Many enzymes are implicated in the inflammatory process, and some of them are 

of special interest because they are responsible for the production of inflammatory 

mediators. Specifically, cyclooxygenases and nitric oxide synthases are common targets 

for the development of anti-inflammatory therapies.  

 

1.3.1. Cyclooxygenases 

Cyclooxygenase (COX) enzymes, also known as prostaglandin endoperoxidase 

synthases, are responsible for prostaglandin synthesis. More precisely, COX enzymes 

catalyze the conversion of arachidonic acid to prostaglandin H2 (PGH2) through bis-

oxygenation [37]. PGH2 serves as a precursor for various prostaglandins, thromboxanes, 

and prostacyclins, collectively known as eicosanoids [38]. Additionally, PGH2 synthesis 

involves ROS generation, which increases oxidative stress [39]. Moreover, ROS can 

induce the NF-kB pathway, producing the expression of pro-inflammatory cytokines 

such as NO, IL-6, and TNF-α [40]. COX isoform 1 (COX-1) is constitutively expressed 

in many tissues and organs such as the stomach, intestine, or kidney, and is mainly 
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involved in the regulation of homeostatic functions through the production of 

thromboxane A2 and various prostaglandins (PGs) (PGD2, PGF2α, PGI2, and PGE2) 

[6,41]. However, COX isoform 2 (COX-2) is induced in response to inflammatory 

stimuli and is expressed in fibroblasts, activated macrophages, and other cells [42]. 

COX-2, in combination with microsomal PGE synthase-1, produces PGE2, which is 

implicated in inflammation, fever, and pain [41,43]. Moreover, it intensifies the 

inflammatory response by strengthening and prolonging the signals generated by other 

pro-inflammatory substances, such as bradykinin, histamine, and neurokinins [44].  

1.3.2. Nitric oxide synthase 

Nitric oxide synthase (NOS) is a metalloenzyme that catalyzes the conversion of L-

arginine into L-citrulline, liberating NO [45]. The NOS family comprises four isoforms: 

endothelial NOS (eNOS), neuronal NOS (nNOS), mitochondrial NOS (mtNOS), and 

inducible NOS (iNOS) [46]. All isoforms have a calmodulin (a calcium-regulating 

enzyme) binding domain, indicating the necessity of calcium for their activity and 

regulation [45]. However, the function and structure of mtNOS have not yet been 

clarified [47]. nNOS is not only expressed in the brain but also in skeletal muscle, 

vascular smooth muscle, spinal cord, and sympathetic ganglia [48]. eNOS, which is 

mainly expressed in endothelial cells, is the main regulator of endothelial function and 

produces vasodilation through NO release. Moreover, eNOS might play a role in 

inflammatory processes, increasing microvascular hyperpermeability to 

macromolecules and promoting edema formation [49]. iNOS is not normally expressed 

in cells and its expression and activity are induced by bacterial lipopolysaccharides 

(LPS), cytokines, and other factors [50]. Once expressed, iNOS is continuously 

activated, without calcium regulation, and secretes large amounts of NO that produce 

cytotoxicity and tissue damage, in combination with ROS and RNS [48]. The reduction 

of NO secretion has been widely used as an in vitro screening tool for anti-inflammatory 

drugs, in LPS-stimulated macrophages [51,52]. 

1.4. Treatments 

Many classes of anti-inflammatory treatments have been developed. Anti-

inflammatory drugs, especially non-steroidal (NSAIDs), are, in fact, the most common 

class of drugs, utilized for a variety of disorders, including headaches, pain states, fever, 

and others [53].  
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COX enzymes are the target enzyme NSAIDs, such as ibuprofen, naproxen, 

aspirin, or diclofenac [37]. Traditional NSAIDs inhibit both COX isoforms, leading to 

gastrointestinal and renal side effects owing to the inhibition of COX-1 [6,53]. 

Consequently, the development of selective COX-2 inhibitors has been pursued in 

recent decades [40,54,55]. Moreover, some of them have been incorporated into gels, 

creams, or patches for topical application [56,57]. 

Other anti-inflammatory drugs include corticosteroids or monoclonal antibodies 

against specific interleukins such as TNF-α. Some of these, also inhibit the pain, 

exerting whether nociceptive or analgesic effects [58]. They are commonly used for 

both acute and chronic inflammation. However, the prolonged use of anti-inflammatory 

drugs has been related to undesirable side effects, hence, more natural therapies are 

emerging [59]. 

2. Neuroinflammation and Alzheimer’s disease

It is important to highlight that inflammation occurs as well in the central nervous

system. Indeed, neuroinflammation is a common condition in multiple 

neurodegenerative diseases, such as AD [18]. AD is a progressive neurodegenerative 

disorder and the most common form of dementia. AD is responsible for 40 million of 

the 55 million dementia cases worldwide [60]. However, there is not yet a cure or an 

effective treatment [61], and prevention through lifestyle changes, including diet and 

bioactive compounds, is a crucial strategy [62,63]. The main risk factor for this disease 

is aging, and as a consequence of increased life expectancy and an increasingly aging 

population, it is believed to triple its prevalence by 2050 [63]. AD is irreversible and 

disabling and is quickly becoming one of the largest socioeconomic burdens of this 

century [64]. The physiopathology of AD is characterized by two fundamental 

hallmarks: the extracellular accumulation of amyloid-ß (A) peptides and the 

hyperphosphorylation of intracellular tau proteins in a neuroinflammatory context [65]. 

A is a 40-42 amino acids-long peptide cleaved from the amyloid precursor protein 

(APP) by - and - secretases. According to the A hypothesis, A accumulation occurs 

when there is an imbalance between A production and clearance [66]. The clearance 

mechanisms include the ubiquitin-proteasome system, autophagic processes, proteolytic 

enzymes, transportation across the blood-brain barrier, cellular uptake, and heat shock 

proteins [67]. When these mechanisms are insufficient, A aggregation impairs cell-to-
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cell communication and produces neurotoxicity [68]. Moreover, it is believed that there 

is a synergistic effect between A aggregation and tau hyperphosphorylation [69]. 

Under non-pathological conditions, tau proteins support neuronal structure and function. 

Under pathological conditions, this protein accumulates phosphorylations and 

aggregates as neurofibrillary tangles (hyperphosphorylated tau aggregates) [68,70]. 

Additionally, the phosphorylation of tau impairs its binding to the microtubules, 

affecting neuronal activities and leading to neuronal cell death [71,72].  

Both, A aggregation and cell death triggered by tau hyperphosphorylation, induce 

a neuroinflammatory state that aggravates protein aggregation, thereby generating a 

complex feedback scenario (Figure 2) [18]. 

Alzheimer’s disease

The role of microglia in the progression of Alzheimer´s disease

γ-secretase

β-secretase

Ab aggregation 
Microtubule-associated Tau

Hyper-

phosphorylation

Tau monomers
Tau oligomers

Neurofibrillary tangle 

formation and cell death

Resting 

microglia

Aβ clearance

Activated 

microglia
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Chronically 
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Aβ clearance 

failure
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activation of γ-secretase
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Kinase activating 
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Amplification of 
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Neuron death induced 
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Figure 2: Role of microglia in Alzheimer’s disease (AD). AD is characterized by A 

aggregation and neurofibrillary tangle formation owing to tau hyperphosphorylation. 

These phenomena lead to neuronal toxicity and cell death, thereby favoring disease 

progression. Microglia play an essential role in the progression of AD mainly through 

three different mechanisms: i) chronically activated microglia activates -secretases 

and secrete metals that facilitate A aggregation (feedback loop 1), ii) activates 

kinases leading to tau hyperphosphorylation due to pro-inflammatory signaling 

mediators, and iii) secretes an array of pro-inflammatory cytokines that, as a chronic 

stimulus, promote neuronal death (feedback loop 2). APP: amyloid-precursor protein; 

A: amyloid-; DAMPs: damage-associated molecular patterns. 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



After an inflammatory insult, or A-aggregation-derived activation, activated 

microglia secrete a wide set of pro-inflammatory mediators, enzymes, and cytokines, 

including ROS and NO [27]. This secretion amplifies the immune response, leading to 

neurotoxicity and cell death after chronic activation, which liberates DAMPs and 

produces positive feedback in the inflammatory process [73]. Secreted pro-

inflammatory mediators also activate kinases, which will phosphorylate tau proteins 

[68]. Activated microglia might induce -secretase activity increasing the cleavage of 

A fragments from the APP and also enhancing its solubilization and aggregation by 

secreting metals [18]. Moreover, neuroinflammation can be triggered by low-grade 

chronic inflammation associated with aging (inflammaging), suggesting an initiating 

role in AD [74,75]. 

2.1. Prolyl oligopeptidase and Alzheimer’s disease 

During the neuroinflammatory context, microglia cells also secrete inflammation-

related enzymes, such as Prolyl oligopeptidase (POP). POP (EC:3.4.21.26), also known 

as prolyl endopeptidase, PREP, PO, or PEP, is a conserved intracellular serine protease 

[76]. It has both catalytic and non-catalytic domains, where the enzymatic activity 

hydrolyzes the bonds at the carboxyl side of the Pro amino acid, and the non-catalytic 

domain limits access to the active site to peptides larger than approximately 30 amino 

acids [77]. POP, which is distributed throughout the body and highly expressed in the 

brain, has been associated with multiple biological implications (Figure 3). 

For instance, it is involved in the development and breakdown of several 

neuropeptides and hormones (thyrotropin-releasing hormone, substance P, vasopressin, 

thymosin β4, angiotensin I, and angiotensin II) that contain Pro in their amino acid 

sequence [78].  

POP has demonstrated in vitro a role in the modulation of neuronal plasticity via 

the degradation of neural cell adhesion molecules [79]. Thus, the aberrant activity of 

this enzyme could trigger poor cellular adhesion and loss of neuronal functionality. In 

addition, the action of this enzyme appears to be linked to an inflammatory process 

[19,80,81]. POP knock-out mice are resistant to microglial activation by 

lipopolysaccharides (LPS), and LPS-stimulated microglial cells have a reduced 

inflammatory response when treated with a POP inhibitor [80]. Under 

neuroinflammatory conditions, POP is secreted by microglia into the extracellular 
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matrix, and systemic inflammation has been demonstrated to increase POP protein 

expression in AD models and patients [19,81]. Moreover, the POP enzyme has been co-

localized with Aβ and tau aggregates in the postmortem brains of patients with AD, 

suggesting a role in the generation of neurotoxic peptides [82]. Finally, it has been 

elucidated that POP might be a negative regulator of autophagy and the inhibition of 

this enzyme might enhance the clearance of protein aggregates [83].  

Considering all this, the inhibition of this enzyme emerges as a promising 

therapeutic target, particularly considering the lack of effective treatments for 

neurodegenerative diseases [61]. Moreover, given the increasingly aging population, the 

risk of developing AD or other neurodegenerative disorders is a growing concern [65], 

hence the importance of exploring the therapeutic potential of POP is highlighted 

[84,85].    

POP (Prolyl oligopeptidase)
Hydrolysis of peptide bonds formed by proline 

Homeostasis Neuroinflammation

Microglia

POP

- Development and breakdown of neuropeptides

and hormones

- Modulation of neural plasticity

POP

Microglia

↑ degradation of adhesion

proteins

↓ autophagy

Poor neural adhesion Protein aggregation

Figure 3: Prolyl oligopeptidase (POP) implications. The role of POP in homeostasis 

and under neuroinflammatory conditions. 

3. Bioactive peptides in preventive healthcare

Due to the lack of effective treatments or the side effects of conventional drugs,

medicine is shifting to a more preventive approach; from “sick care” to “health care”. 

Natural compounds from the diet have emerged as potential tools to reduce the risk of 

developing a wide range of diseases [86–88]. A nutrient or a bioactive compound 

administered as a preventive tool for a disease is known as nutraceutical, while its use in 

cosmetics is known as cosmeceutical [89,90]. Many different groups of molecules have 

been studied for these purposes, such as fatty acids, fiber, polyphenols, or other 
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secondary metabolites from plants [87,91]. Bioactive peptides are a group of bioactive 

compounds of increasing interest because they have shown a wide range of bioactivities 

such as cardioprotective, neuroprotective, antidiabetic, or anti-inflammatory effects 

[92,93]. 

Bioactive peptides are short amino acidic sequences that exhibit beneficial 

bioactivities for the health of organisms once released from the native protein [94]. The 

bioactivity of the peptides is determined by their amino acid sequence, which usually 

consists of 2 - 20 amino acid residues in length, and their intrinsic characteristics such 

as molecular weight, hydrophobicity, or presence of certain amino acids such as Pro 

[95].  

3.1. Animal by-products as a source of bioactive peptides 

  Traditionally, the most common protein sources have been eggs, milk (and dairy 

products), and legumes such as soybeans [96–98], but currently, bioactive peptides are 

obtained from all kinds of biological sources, including animal, vegetal, or fungi [99–

101]. Moreover, there is a trend to obtain bioactive peptides and protein hydrolysates 

more sustainably [102]. In this sense, the use of by-products from the agri-food industry 

plays a major role. In line with the circular economy principles, it reduces waste and 

contributes to waste management, adding value to a by-product that otherwise would be 

discarded, or used to produce compost, bio-gas, and low-value products [103]. By-

products from many agri-food industries, including fish, dairy, cocoa, or winery, have 

been valorized through the generation of bioactive hydrolysates [104–106]. However, 

meat industry by-products are gaining importance as a source of bioactive peptides 

[107]. Although it might seem contrary to the increasing vegan and vegetarian currents 

in the last decades, the fact is that the meat industry generates every year over 300 

million metric tons of meat products [108]. Thus, tons of by-products are generated 

exerting a relevant impact on the environment, remarking the necessity of improving 

their management [109]. Moreover, most of these by-products are rich in protein, 

especially collagen [107]. 

  Collagen is the major structural and one of the most ubiquitous proteins found in 

vertebrates, especially in bones, joints, and skin [110]. It is one of the most abundant 

components of the extracellular matrix and accounts for more than one-third of the 

protein weight of the body [24]. The collagen structure is shown in Figure 4. At the 

most basic level of the molecule, its amino acid sequence is usually defined as the 
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repetition of the sequence Gly-X-Y, where X and Y are often Hyp and Pro, forming a 

left-handed helix [111]. A single collagen helix polymerizes to form a right-handed 

triple helix (tropocollagen), which can be homotrimeric or heterotrimeric. At the same 

time, tropocollagen molecules assemble to form microfibrils and lastly, macroscopic 

fibers and networks, creating a complex supramolecular structure [112]. Specific 

macromolecular combinations of tropocollagen lead to different types of fibers with 

different localizations and functions. There are at least 28 types of collagen but types I 

and III, with a widespread location, represent 80 % of the total collagen in the body 

[113]. 

Collagen fibers 

(complex supramolecular structure)

Collagen fibrils

Collagen molecules 

(triple helices)

Amino acid sequence

Hyp

Gly

Pro Hyp

Gly

Pro Hyp

Gly

Pro

Figure 4: Collagen structure. Collagen is a complex supramolecular structure 

composed of collagen fibrils. Collagen fibrils are formed by a right-handed triple helix 

of the collagen molecules. Single collagen molecules are formed by a sequence of the 

following amino acids: Gly (glycine), Hyp (Hydroxyproline), Pro (Proline).   

As an aging natural consequence, collagen is gradually lost although the process is 

accelerated by various external factors such as inflammation derived from intense 

physical exercise, trauma, or obesity [114]. This depletion of collagen can lead to 

several pathologies, including osteoarthritis, owing to an imbalance between the 

synthesis and degradation of this molecule [24]. In the skin, which is the principal 

barrier against the external environment, collagen plays a crucial role in maintaining its 

structural integrity and function. The inflammatory response after exposure to 

environmental factors such as solar radiation or pollution can accelerate collagen loss, 

accelerating skin aging and reducing the protective function of the skin [114]. Collagen 

supplementation has been widely used in the cosmetic and pharmaceutical industries, 
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and different studies have shown that collagen consumption can mitigate collagen loss 

[115–118]. Recent studies suggest promising outcomes with collagen supplementation 

in reducing pain and stiffness of the joints [86,117,118]. Supplementation with collagen 

provides the necessary amino acids, particularly Pro and Hyp, for the synthesis of 

endogenous collagen and stimulates its production [119]. Moreover, other mechanisms 

might be considered, such as the suggested immunomodulatory effect of the collagen 

peptides [115,120]. 

3.2. Obtainment of protein hydrolysates and bioactive peptides 

Although there are many protocols for obtaining bioactive peptides, a consensus 

can be reached on the working methodology to obtain peptides with the desired 

bioactivity.  A schematic explanation of this process is shown in Figure 5.  

The first step is to select the protein source. Some factors, including the protein 

content or the amino acid profile, are relevant to consider. In this sense, a higher protein 

amount will facilitate the obtention of bioactive peptides. Additionally, some 

bioactivities, like angiotensin-converting enzyme (ACE) or POP inhibition, are 

enhanced with hydrophobic sequences or the presence of certain amino acids such as 

Pro or branched-chain amino acids, for example [121]. Thus, a protein source rich in 

these specific amino acids may facilitate the obtention of the desired bioactivity [122]. 

Moreover, some processing methods for the raw material can be carried out depending 

on their characteristics to facilitate protein release. Physicochemical processing is 

usually necessary and may include anything from milling or ultrasound application to 

temperature or pH changes to facilitate protein solubilization [123]. Solid protein 

sources, such as soybeans, meat, and other animal by-products, might require a grinding 

process, while liquid sources, such as milk, can be directly hydrolyzed. However, 

additional steps such as defatting or protein extraction have been reported to facilitate 

protein solubilization [124,125].  

Multiple strategies have been utilized to generate bioactive peptides, such as 

chemical (acid or alkali) hydrolysis, or enzymatic hydrolysis using microbial 

fermentation, gastrointestinal digestion, or commercial enzymes [122]. Regarding this 

last process, numerous enzymes have been used to produce bioactive peptides from 

food. The most commonly used proteases for obtaining bioactive peptides include 

trypsin, pepsin, papain, Alcalase, Protamex, and Flavourzyme [126]. Temperature 

(usually from 40 to 60 ºC), time, pH (6.0 - 8.0), and substrate/enzyme ratio are 
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hydrolysis conditions that determine the generated peptides, and thus, they might 

remain controlled to minimize the variability [123]. Hydrolysis ends with heat 

inactivation of enzymes or bacteria at temperatures between 80 and 95 ◦C for 15 – 30 

min. Finally, it is common to include a filtering or centrifugation step to remove 

insoluble solids [127]. In some cases, an ultrafiltration step is also included to obtain the 

3 – 10 kDa fraction to purify and concentrate the bioactive peptides [128].  

Figure 5: Bioactive peptides obtention. After the identification of target bioactivity 

and the protein source, obtainment of bioactive peptides can be schematized in the 

following steps: 1) Raw material pre-treatments, 2) protein solubilization, 3) 

hydrolysis process, 4) optional purification steps, 5) screening for bioactivity in vitro 

or in vivo, as well as in clinical trials, and 6) peptide identification.   

Once protein hydrolysates are obtained, their bioactivity is usually evaluated via in 

vitro techniques [129–132], which are faster and more economical than in vivo studies. 

Most of these methodologies of bioactivity screening are based on the potential of these 

hydrolysates to inhibit enzymes involved in the progression of deleterious conditions, 

such as ACE for hypertension or dipeptidyl peptidase IV for type-II diabetes mellitus 

[94]. However, other mechanisms, such as radical scavenging activity or ion chelation 

activity are also evaluated to identify antioxidant bioactive peptides [133]. After 

demonstrating the effects in vitro, these protein hydrolysates can be tested in more 
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complex in vitro systems, such as cell cultures, in silico approaches, ex vivo assays, or 

in vivo models with fewer ethical considerations (e.g. D. melanogaster, C. elegans, or 

D. rerio) than mammalian models [134–137]. Murine models are the most extended in 

vivo models for pre-clinical trials of hydrolysates and bioactive peptides [134]. Finally, 

clinical trials are performed with these hydrolysates and peptides with satisfying pre-

clinical trial results [138,139]. 

Complementary, once the bioactivity is determined, subsequent purification steps, 

such as ultrafiltration with membranes with different molecular weight cutoffs followed 

by reverse-phase HPLC fractionation, are used for the isolation and identification of the 

bioactive peptides potentially responsible for the observed effects [101]. 

 

3.3. Anti-inflammatory hydrolysates derived from animal agri-food by-products 

Bioactive peptides derived from agri-food by-products of animal origin as 

nutraceuticals or cosmeceuticals are good candidates for the prevention of 

inflammation-associated diseases or pathologies [140–142]. Known peptides with anti-

inflammatory activities do not share clear common characteristics. However, length (2-

20 amino acids), low molecular weight (<1 kDa), the presence of hydrophobic amino 

acids (Val, Ile, Pro), or positively charged amino acids (His, Arg, Lys) could enhance 

the anti-inflammatory effect [131,143]. Thus, the high abundance of Pro and Hyp in 

collagen molecules makes animal by-products good candidates for the obtainment of 

anti-inflammatory bioactive peptides and hydrolysates. Some representative examples 

of both in vitro and in vivo studies are collected in Table 1 and Table 2, respectively. 

As stated in Table 1, the majority of anti-inflammatory peptides and hydrolysates 

derived from collagen-rich by-products have been obtained from fish by-products, 

especially skin and scales. Their anti-inflammatory bioactivity was assayed in vitro 

using many cell models of inflammation, which was induced with either TNF-α or LPS. 

Treatment with collagen-rich by-product hydrolysates reduced the expression and 

secretion of several pro-inflammatory cytokines and mediators, including TNF-α, NO, 

IL-1β, IL-6, or PGE2. In addition, some components of the MAPK and NF-kB signaling 

pathways have been reported to be downregulated by treatment with collagen-rich by-

product hydrolysates [144,145]. Additionally, some hydrolysates reduced the 

expression of iNOS and the protein levels of COX-2 [144,146]. Liu and Li 2022 

identified the amino acid sequences APD, QA, KA, and WG in a Salmo salar skin 

collagen hydrolysate, which reduced the secretion of NO, IL-6, IL-1β, and TNF-α in 
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inflammatory macrophages. QA was the peptide showing the highest bioactivity with an 

IC50 value of 849.3 μM in reduction of NO production [147]. In terms of 

neuroinflammation, the inhibition of POP has been demonstrated by hydrolysates 

elaborated from bovine lung [148], pigskin collagen, and many fish skin hydrolysates 

[149,150]. 

Table 1: In vitro studies of collagen-rich by-products anti-inflammatory hydrolysates. 

By-product Model Effect Ref. 

Oreochromis genus 

scales 

TNF-α-

stimulated 

HaCaT cells 

↓MAPK and NF-kB pathways 

↓Tnf-α, ↓iNos, ↓Il-1  
[144] 

Salmo salar skin 

LPS-induced  

RAW 264.7 

cells 

↓NO, ↓Tnf-α, ↓ IL-6, ↓ IL-1 [147] 

Gallus gallus feet 

TNF-α - 

activation 

HUVECs 

↓iNos, ↓ IL-8 [151] 

Clarias batrachus, and 

Pangasius pangasius 

skin 

LPS-induced  

RAW 264.7 

cells 

↓Tnf-α, ↓ Il-6, ↓ Il-1 

↓ NO secretion 

↓ TNF-α, ↓ IL-6, ↓ NF-kB, 

↓ p-IkB 

[145] 

Oreochromis genus 

scales 

LPS-

stimulated 

chondrocytes 

↓ TNF-α, ↓ IL-6, ↓ IL-1 , ↓ NO, ↓ PGE2 

↓ COX-2, ↓ p-IkB 
[146] 

Bovine lung POP inhibition - [148] 

Oreochromis genus, 

Chanos chanos,  

Hippoglossus 

hippoglossus, and 

Salmo salar skin 

Pigskin collagen 

POP inhibition - [149] 

Barbus barbus skin POP inhibition - [150] 

Abbreviations: COX-2: cyclooxygenase 2; HUVEC: Human umbilical vein endothelial cell; IL: 

Interleukin; iNOS: inducible nitric oxide synthase; LPS: Lipopolysaccharide; MAPK: mitogen-

activated protein kinase; NF-kB: nuclear factor kappa b; NO: nitric oxide; PGE2: Prostaglandin 

E2; p-IkB: phosphorylated inhibitor of NF-kB; POP: Prolyl oligopeptidase; TNF-α: tumor 

necrosis factor-α. 
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The anti-inflammatory effects of several hydrolysates were also evaluated in vivo 

(Table 2). Most of the anti-inflammatory bioactive peptides and hydrolysates derived 

from collagen-rich by-products tested in vivo were obtained from fish by-products, 

especially skin. Similar to the in vitro studies, the expression and secretion of several 

pro-inflammatory cytokines, and mediators, including IFN-, TNF-α, IL-6, NO, IL-1, 

and PGE2 were reduced after the treatment with the collagen-rich by-product 

hydrolysates. It was also observed a reduction in the chemoattractant chemokine Cxcl1 

expression [152], and protein [139]. This chemokine is one of the most important 

molecules in cell recruitment [153]. In addition, an increase in both the expression and 

protein levels of the anti-inflammatory interleukin IL-10 has been reported after the 

consumption of fish by-product hydrolysates [139,152]. Moreover, some components of 

the NF-kB and MAPK signaling pathways were downregulated after treatment with 

several collagen-rich by-product hydrolysates [146,154,155]. Additionally, some of the 

by-products were able to reduce the expression of iNos and Cox2 [156] and the protein 

levels of COX-2 [146].  

It is worth mentioning that all hydrolysates were orally administered. Thus, there is 

no evidence as to whether these collagen-rich by-product hydrolysates could have anti-

inflammatory effects after topical administration. This might be an interesting anti-

inflammatory approach, given that topical application of NSAIDs for localized 

inflammation is associated with fewer side effects [57,157], and small peptides are 

known to penetrate skin [140].   

Finally, the reported studies evaluated the anti-inflammatory effects of the 

hydrolysates in different diseases or conditions with inflammatory components, 

including atherosclerosis [158], low-grade inflammation in obesity [156], colitis [152], 

skin photoaging [154,155], osteoarthritis [146], and intestinal bowel disease in human 

patients [139]. However, neuroinflammation has not been targeted by collagen-rich by-

products in in vivo models.  
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Table 2: In vivo studies of collagen-rich by-products anti-inflammatory hydrolysates. 

By-product Model Administration Effect Ref. 

Gallus gallus legs 
C57BL/6 KOR-

ApoEshI Mice 
Chow ↓TNF-α, ↓ IL-6 in plasma [158] 

 Raja kenojei skin 
HFD - C57BL/6 

Mice 
Oral ↓ iNos, ↓ Cox2, ↓ Il-6 [156] 

Salmo salar and 

Scomber 

scombrus head 

and backbone. 

Platichthys flesus 

skin collagen 

DSS-induced 

colitis in 

C57BL/6 mice 

Chow 
↓ Tnf-α, ↓ Il-6, ↓ Cxcl1, 

↑ Il-10 in intestine 
[152] 

Katsuwonus 

pelamis skin 

UV-irradiated 

SD rats 
Drinking water 

↓MAPK and NF-kB 

patwhways 

↓ IL-1, ↓ IL-6 in skin 

[154] 

Theragra 

chalcogramma 

skin 

UV-irradiated 

SD rats 
Drinking water 

↓MAPK and NF-kB 

patwhways 

↓ IL-1ß, ↓ IL-6 in skin 

[155] 

Oreochromis 

genus scales 

MIA-induced 

osteoarthritis in 

SD rats 

Oral 

↓ TNF-α, ↓ IL-6, 

↓ IL-1, ↓ NO, 

↓ PGE2, ↓ COX-2,↓ p-IkB 

[146] 

Fish skin 

(undetermined) 

Intestinal bowel 

diseases patients 
Oral 

↓ IFN-, ↓ TNF-α, 

↓ IL-1,↓ IL-6, ↓ Cxcl1, 

↑ IL-10 in monocytes 

[139] 

Abbreviations: COX-2: cyclooxygenase 2; Cxcl1: CXC motif chemokine ligand 1; DSS: 

Dextran sulfate sodium; HDF: high-fat diet; IFN-: Interferon-; IL: Interleukin; iNOS: 

inducible nitric oxide synthase; MAPK: mitogen-activated protein kinase; MIA: mono 

iodoacetate; NF-kB: nuclear factor kappa b; PGE2: Prostaglandin E2; NO: nitric oxide; p-IkB: 

phosphorylated inhibitor of NF-kB; SD: Sprague-Dawley; TNF-α: tumor necrosis factor-α; UV: 

ultra-violet. 

In summary, all the findings mentioned show the potential of collagen-rich animal 

by-product hydrolysates and their derived peptides as functional ingredients for the 

prevention of inflammation-related diseases, highlighting the importance of more 

effective and safer preventive anti-inflammatory strategies. 
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Inflammation is a common factor in multiple pathologies including metabolic syndrome-

associated diseases and arthritis. NSAIDs, which target COX, are commonly used to 

alleviate inflammation, pain, and fever. However, many of these drugs do not selectively 

inhibit COX-2, which is involved in the inflammatory processes. In contrast, COX-1 

inhibition is associated with different side effects. Therefore, there is a trend towards the 

development of new selective COX-2 inhibitors. Moreover, inflammation is present in 

neurodegenerative diseases, where it enhances the synthesis of different enzymes such as 

POP. Inhibition of this enzyme, which is associated with AD, has been targeted in many 

anti-neurodegenerative therapies. 

In the search for new anti-inflammatory compounds, those obtained from natural sources, 

such as bioactive peptides, are preferred. These compounds have shown a plethora of 

biological activities, including anti-inflammatory and neuroprotective effects. Some have 

already been used as functional ingredients in food, nutraceuticals, and cosmetic creams. 

These bioactive peptides can be obtained from different sources, including food and agri-

food by-products, which contribute to their valorization. In this regard, collagen, an 

important protein in animal agri-food by-products, is an interesting source of bioactive 

peptides because of its high hydrophobic amino acid content. Peptides containing these 

amino acids, such as Pro, have been associated with an increase in the potential to inhibit 

enzymes involved in the development of different non-communicable diseases, such as 

POP. Moreover, hydrolyzed collagen is widely consumed in skin and joint care. However, 

the potential of collagen-derived hydrolysates to exhibit acute anti-inflammatory effects 

after topical application and their neuroprotective effects in vivo remain unexplored. 

Furthermore, although peptides are used to enhance the skin penetration of compounds, 

the bioactivity of protein hydrolysates upon topical application is uncertain.  

 

Considering this evidence, the hypothesis of this thesis was that collagen-rich by-

products are a good source for the elaboration of protein hydrolysates containing 

peptides, which can prevent inflammation and inflammation-related diseases such 

as muscle inflammation, swelling, arthritis, or AD.  

 

To test this hypothesis, the main objective proposed in this doctoral thesis was to obtain 

protein hydrolysates from several collagen-rich sources with focal anti-inflammatory 

properties after topical application or neuroprotective effects in vivo and to identify their 

bioactive peptides.  
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In order to achieve this aim, the following specific objectives were proposed: 

1. To develop a pigskin-collagen hydrolysate that can prevent focal acute

inflammation after topical application and to identify the underlying

mechanisms and its bioactive peptides (Chapter 1).

Protein hydrolysis is required for the release of bioactive peptides from the native 

proteins. Hydrolysis conditions, such as enzyme type, enzyme/substrate ratio, 

temperature, and hydrolysis time, determine the release of different amino acid 

sequences, which can exert different bioactivities and grades of bioactivity. Thus, the 

establishment of optimal hydrolysis conditions is important to obtain COX-2 inhibitory 

peptides. It must be highlighted that the evaluation of the anti-inflammatory and 

antinociceptive effects of hydrolysates or peptides after topical application cannot be 

tested in vitro, and in vivo models are needed. Carrageenan-induced paw edema and the 

warm-water tail withdrawal test are some of the most commonly used models to evaluate 

the mentioned bioactivities. Moreover, the mechanisms underlying the anti-inflammatory 

effects of protein hydrolysates may be diverse because of the high number of peptides 

that they contain and its evaluation may be not possible in vivo. Thus, a useful in vitro 

model of inflammation is the LPS-stimulated RAW 264.7 cells. Finally, considering that 

protein hydrolysates contain high amounts of bioactive peptides, the identification of 

these peptides is very interesting to characterize the hydrolysate and use these peptides 

as functional compounds in the pharmacological industry. Considering these facts, the 

following aims were proposed: 

a. To determine the optimal hydrolysis conditions for obtaining a pigskin-

collagen hydrolysate with selective COX-2 inhibitory activity and the ability

to prevent or ameliorate carrageenan-induced acute inflammation and response

to acute painful stimuli. [Manuscript 1]

b. To establish the mechanisms underlying the anti-inflammatory effects of the

most active pigskin-collagen hydrolysate in LPS-stimulated RAW 264.7 cells.

[Manuscript 1]

c. To identify the peptides responsible for the anti-inflammatory effects of the

most active pigskin-collagen hydrolysate, evaluating their bioactivity in LPS-

stimulated RAW 264.7 cells. [Manuscript 2]
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2. To develop a hydrolysate from a chicken by-product that can prevent the

development of Alzheimer’s disease and identify the peptides that it contains

(Chapter 2).

Tons of chicken by-products are generated every year. Some of these by-products are rich 

in proteins, specifically collagen. Different studies have shown that they can be sources 

of bioactive peptides. Known bioactive peptides with POP and neuroprotective activities 

contain at least one proline residue in their sequence. The high content of this amino acid 

in some chicken by-products makes them a potential source of POP inhibitors. However, 

the selection of the raw material and optimal hydrolysis conditions should be explored to 

obtain POPi peptides. AD pathophysiology is characterized by the accumulation of Aβ 

plaques in a scenario of neuroinflammation, where the POP enzyme is highly expressed. 

Given the connection between  POP and Aβ aggregates, a good in vivo model to evaluate 

the neuroprotective effects of POP inhibitors is the Aβ-induced paralysis in the CL4176 

mutant strain of Caenorhabditis elegans. Finally, considering that protein hydrolysates 

contain high amounts of bioactive peptides, the identification of these peptides is very 

interesting to characterize the hydrolysate and to use these peptides as functional 

compounds in the pharmacological industry. Therefore, the following objectives were 

proposed: 

a. To review the potential of chicken by-products as sources of bioactive

peptides and select the best candidate for generating POPi peptides.

[Manuscript 3]

b. To obtain a hydrolysate from chicken feet for the prevention of Alzheimer’s

disease. [Manuscript 4]

(i) To determine the optimal hydrolysis conditions to obtain chicken-foot

hydrolysates with POPi activity and select the most active ones.

(ii) To assess the effect of the selected chicken-foot hydrolysates on Aß-

induced paralysis in the Caenorhabditis elegans CL4176 mutant strain.

(iii) To identify the peptides responsible for the neuroprotective effects of the

selected chicken-foot hydrolysate.
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EXPERIMENTAL DESIGNS
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Different experimental methodologies were used to assess the hypothesis and achieve the 

objectives proposed in this doctoral thesis. 

1. Obtainment of selective COX-2 inhibitory hydrolysates from pigskin collagen

with local acute anti-inflammatory effects after topical application and evaluation 

of the mechanisms underlying its bioactivity. 

The experimental design for the elaboration of pigskin collagen-derived peptides with 

selective COX-2 inhibitory activity, in vivo anti-inflammatory and antinociceptive effects, 

and the evaluation of the anti-inflammatory mechanism is represented in Figure 6. Pigskin 

collagen dissolved in distilled water was subjected to enzymatic hydrolysis under 

different conditions. Then, the in vitro COX-2 inhibitory activity of the hydrolysates was 

evaluated. The hydrolysate with the highest COX-2 inhibitory activity (H8) was produced 

at a pilot scale (H8p) and the peptide fraction of <10 kDa was obtained. The inhibitory 

effects of these two samples on in vitro COX enzymes were assessed. Their acute anti-

inflammatory effects were further evaluated in a carrageenan-induced paw edema model 

using a plethysmometer. Moreover, the mechanisms underlying the anti-inflammatory 

effects of the peptide fraction were studied in LPS-stimulated RAW 264.7 macrophages, 

by measuring nitrite production, COX-1 and COX-2 activities, and iNOS and COX-2 

protein expression. Additionally, the antinociceptive effect of this peptide fraction was 

evaluated in vivo using an acute pain model (warm-water tail withdrawal).
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Figure 6: Experimental design to obtain a collagen hydrolysate with in vitro selective cyclooxygenase-2 (COX-2) inhibition, anti-inflammatory and 

antinociceptive effects after topical application and the mechanisms involved. Abbreviations: iNOS (inducible nitric oxide synthase), NO: nitric oxide; LPS 

(lipopolysaccharide).   
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2. Identification of anti-inflammatory peptides present in the <10 kDa fraction of

H8p collagen hydrolysate.

Peptide identification of the <10 kDa fraction of the H8p collagen hydrolysate was 

performed to identify the peptides potentially responsible for its anti-inflammatory 

effects. The experimental procedure is illustrated in Figure 7. Briefly, the <3 kDa 

fraction of the H8p hydrolysate was fractionated using RP-HPLC, and 22 fractions were 

obtained. The COX-2 inhibitory activity of the fractions was measured, and those 

showing the highest inhibition (F3 and F20) were further analyzed using UHPLC-

ORBITRAP (MS/MS) to identify their peptides. The identified sequences were 

chemically synthesized and their in vitro COX-2 and COX-1 inhibitory activities were 

tested. Moreover, its anti-inflammatory effects were evaluated in LPS-stimulated RAW 

264.7 macrophages incubated with the peptides by measuring the nitric oxide 

production and the protein expression of iNOS and COX-2. 
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Figure 7: Experimental design for the identification of anti-inflammatory peptides from H8p collagen hydrolysate. Abbreviations: COX (cyclooxygenase), LPS 

(lipopolysaccharide), iNOS (inducible nitric oxide synthase).
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3. Obtainment of chicken-foot hydrolysates with prolyl oligopeptidase inhibitory

activity and neuroprotective effects.

The experimental design for the elaboration of chicken foot hydrolysates with POPi 

activity and neuroprotective effects is shown in Figure 8. Chicken feet were minced, 

boiled, and subjected to different hydrolysis conditions. The POPi activity of the 

hydrolysates was determined. The hydrolysates with the highest bioactivity (CFH3 and 

CFH5) were selected to evaluate their potential neuroprotective effects in the C. elegans 

CL4176 mutant strain, by measuring paralyzed worms for 12 h. Three concentrations 

were tested (0.5, 1, and 5 mg/mL) and unhydrolyzed chicken-foot proteins were used as 

control. The chicken-foot hydrolysate CFH3 was fractionated by RP-HPLC, and POPi 

activity was evaluated for all 16 fractions obtained. The peptides in the fraction with the 

greatest bioactivity, F15, were identified by UHPLC-ORBITRAP (MS/MS). The 

potential bioactivity of the identified peptides was predicted using the PeptideRanker. 
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Figure 8: Experimental design for the obtainment of chicken-foot hydrolysates with prolyl oligopeptidase (POP) inhibitory activity and 

neuroprotective effects in Caenorhabditis elegans CL4176 strain. 
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OBJECTIVE:

To develop a pigskin-collagen hydrolysate that can prevent

focal acute inflammation after topical application and to

identify the underlying mechanisms and its bioactive 

peptides.

Chapter 1
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Manuscript 1 

Objective: To determine the optimal hydrolysis conditions for 

obtaining a pigskin-collagen hydrolysate with selective COX-2 

inhibitory activity able to prevent local inflammation and acute 

pain, and to establish the mechanisms underlying the anti-

inflammatory effects in LPS-stimulated RAW 264.7 cells. 
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Abstract 

The side effects of current anti-inflammatory treatments have led to the development of 

novel therapies, including selective cyclooxygenase 2 (COX-2) inhibitors. Dietary 

bioactive peptides are considered a new and less noxious anti-inflammatory approach. 

However, there is no evidence that these peptides exert local anti-inflammatory effects 

following topical application. This study aimed to obtain a collagen hydrolysate with 

anti-inflammatory effects after topical application and evaluate the mechanisms 

involved in its effect. Twelve hydrolysates were obtained from pigskin collagen under 

several hydrolysis conditions. The hydrolysate H8 was selected for its in vitro 

cyclooxygenase 2 (COX-2) inhibitory activity. At a pilot scale, hydrolysate H8 (H8p) 

and its <10 kDa fraction showed selective COX-2 inhibition. Moreover, topical 

application of the fraction (15 mg) reduced the carrageenan-induced paw edema, mainly 

at 1 and 2 h post-carrageenan injection (53.7 and 38.1%, respectively). This effect was 

quicker and more pronounced than that of sodium diclofenac. In LPS-stimulated RAW 

264.7, the fraction exerted selective COX-2 inhibitory activity and reduced the protein 

levels of this enzyme. Inducible nitric oxide synthase protein expression was also 

reduced, and this was reflected in the NO levels in the supernatant. Finally, the <10 kDa 

fraction, exhibited an anti-nociceptive effect in rats, retarding the tail-withdrawal time 

by 1.4-fold in an acute pain model (55 ºC). The results highlight the potential use of this 

collagen hydrolysate fraction as a novel anti-inflammatory and analgesic therapy. 

Keywords: bioactive peptides, carrageenan-induced paw edema, cyclooxygenase-2 

inhibition, LPS-stimulated RAW 264.7 cells, tail-withdrawal 
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1. Introduction 

Inflammation is a natural response of an organism to noxious stimuli or conditions 

such as infection, tissue damage, or stress [1]. Inflammatory responses include 

vasodilation and vascular permeabilization to facilitate immune cell migration and 

recruitment (edema formation) and secretion of inflammatory mediators, such as nitric 

oxide (NO), cytokines, and prostaglandins [2]. This process is tightly regulated by 

several mechanisms, pathways, and key molecules. One of the most important enzymes 

involved in this process is the cyclooxygenase (COX) enzyme, mainly isoform 2 (COX-

2). COX enzymes catalyze the conversion of arachidonic acid into prostaglandin H2 

(PGH2) through bis-oxygenation of arachidonic acid. PGH2 serves as a precursor for 

various prostaglandins, thromboxanes, and prostacyclins, collectively known as 

eicosanoids [3]. Isoform 1 (COX-1) is constitutively expressed in many tissues and is 

mainly involved in the regulation of homeostatic functions through the production of 

thromboxane A2 and various prostaglandins (PGs) (PGD2, PGF2α, PGI2, and PGE2) [3]. 

However, COX-2 is induced in response to inflammatory stimuli and is expressed in 

fibroblasts, activated macrophages, and other cells [4]. COX-2, in combination with 

microsomal PGE synthase 1, produces PGE2, which is implicated in inflammation, 

fever, and pain. Moreover, it intensifies the inflammatory response by strengthening and 

prolonging the signals generated by other pro-inflammatory substances, such as 

bradykinin, histamine, or neurokinins [5].  

Inflammation is commonly observed in numerous diseases and can lead to chronic 

inflammatory conditions when dysregulated [6,7]. For this purpose, some of the most 

used drugs are non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen, 

naproxen, or diclofenac [8], that alleviate inflammation and pain by inhibiting COX 

activity [9]. However, long-term treatment with some of these drugs might produce 

different side effects in the gastrointestinal tract (ulcers, obstructions, perforations), 

cardiovascular events, and renal dysfunction [10]. Some of these effects have been 

associated with COX-1 inhibition, given that most of the NSAIDs inhibit both COX 

isoforms [11]. This has prompted the exploration of new selective inhibitors targeting 

COX-2, especially those of natural origin [9,12]. These compounds are more acceptable 

to consumers, usually linked to fewer side effects than synthetic drugs, and could 

prevent inflammation by acting in different pathways.  

Bioactive peptides are small amino acid sequences naturally present on a native 

protein that have a beneficial effect on the organism when cleaved [13]. Many 
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bioactivities have been reported, including antihypertensive, antioxidant, antidiabetic, or 

anti-inflammatory activities [14]. The bioactivity of the peptides is linked to their 

intrinsic characteristics, such as specific amino acid composition and sequence, and the 

length [15]. Anti-inflammatory peptides included in protein hydrolysates have been 

obtained from different animal and vegetal sources, such as bee pollen, milk, lupine, 

soybean, walnut, rice, eggs, and collagen-enriched products among others [16–21]. 

These peptides can act on various inflammatory targets, such as reducing NO 

production and several interleukins levels, inhibiting COX-2 and COX-1, or 

downregulating the gene expression of COX-2 and inducible nitric oxide synthase 

(iNOS), the key enzyme in NO production [20–22]. However, only a few have been 

evaluated in an in vivo inflammatory model after oral administration [20]. Among the 

different sources of anti-inflammatory peptides, it is worthy to highlight collagen 

[23,24]. Collagen composition is unique because of its high content in Pro and Hyp 

[14]. Peptides containing hydrophobic amino acids such as Pro in their sequences have 

been associated with greater bioactivities [25]. Although collagen-derived hydrolysates 

containing peptides are topically applied for different uses, such as for joint or skin 

health [24,26], to the best of our knowledge, there is no evidence that dietary-derived 

peptides or hydrolysates could exert anti-inflammatory and analgesic effects after 

topical application. Topical NSAIDs are indicated for the management of 

musculoskeletal pain, such as the pain from chronic osteoarthritis, and provide local 

anti-inflammatory and analgesic effects [27]. In addition, it is known that peptides up to 

1,500 kDa can cross the skin barrier [28] and are used as vehicles for other molecules to 

enhance their skin permeation [29]. 

Considering this evidence, the objective of this study was to obtain a selective 

COX-2 inhibitory hydrolysate from collagen with acute and local anti-inflammatory 

effects after topical administration. A carrageenan-induced paw edema model was used 

to evaluate the in vivo effects of a selected hydrolysate. Moreover, the mechanisms 

underlying the anti-inflammatory effect of the selected collagen-derived hydrolysate 

were also elucidated in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. Anti-

nociceptive effects were also studied in the selected hydrolysate fraction using the tail-

withdrawal test. 
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2. Materials and methods 

2.1. Obtaining of the collagen hydrolysates 

Collagen was kindly provided by Juncà Gelatines S.L. (Girona, Spain). For the lab 

scale production, collagen was dissolved in Milli-Q water (0.43 g/mL, w/v), and protein 

hydrolysis was performed at 50 ºC in a shaker water bath, for two different times (t1 < 

t2), two enzyme/substrate concentration ratios (C1 < C2) and three proteases E1, E2, or 

E3. The enzymes were inactivated by heating the hydrolysates at 90 ºC for 20 min. The 

pilot scale hydrolysate and ultrafiltration were carried out in Juncà Gelatines S.L. 

(Girona, Spain). A total of 20 liters were produced from which 10 were ultrafiltered to 

obtain the <10 kDa fraction. 

 

2.2. Characterization of H8 and its peptide fraction  

Total nitrogen was determined using the Kjeldahl method [30], and protein content 

was estimated by multiplying by the collagen protein factor, 5.55. Moisture content was 

determined by gravimetry, using the AOAC official method [31]. For the degree of 

hydrolysis (DH), α-amino groups were determined with the TNBS method [32]. All 

analyses were carried out in triplicate and data are presented as mean ± standard 

deviation. The amino acid profile and hydroxyproline content were analyzed in an 

external laboratory certified for this analysis, following the official methodologies of 

BOE-A-1991-18408 and LFBG §64 06.00-8 [33,34]. The collagen content was 

determined by multiplying the hydroxyproline content by 8. Data are shown with the 

uncertainty grade. 

 

2.3. In vitro COX inhibitory activity assay  

COX-2 and COX-1 inhibitory activities were evaluated using a colorimetric 

inhibitor screening assay kit (ref. 701050 - COX Colorimetric inhibitor screening assay 

kit Cayman Chemical, Michigan, USA), following the procedure given by the 

manufacturer. Hydrolysates H1 - H12 were assayed at a final concentration of 1 mg/mL. 

The hydrolysate H8 produced in a pilot scale and its fraction <10 kDa were dissolved in 

MilliQ water for the assay and were tested at a final concentration of 45 µg/mL. All 

samples were tested in triplicate. Results are expressed as the percentage of inhibition ± 

standard deviation, obtained as follows:  
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where C+ is the enzyme without inhibitors, B is the background of the reagents without 

enzyme, S is the enzyme incubated with the sample, and BS is the background of the 

reagents and the sample without the enzyme.  

2.4. Experiments in animals 

2.4.1. Gel preparation 

Gel containing the treatments (hydrolysate H8p and <10 kDa fraction) were 

prepared as follows: 0.2 g Dermofeel pa (Evonik Industries AG, Essen, Germany) and 

26.0 g glycerin were dissolved in 152.4 mL of water. Then, 10 g of the samples were 

added to the solution and dissolved by continuing stirring for 30 min. Once solubilized, 

4 g Sepimax zentm (Seppic, Castres, France) was added to the solution. The solution 

was converted to transparent gel using a Silverson mixer emulsifier (East Longmeadow, 

MA, United States) at 3,750 rpm for 5 min. Then, 5 g pentylenglicol (Lanxess, Cologne, 

Germany) and 2 g Dermasoft Pea (Evonik Industries AG, Essen, Germany) were 

incorporated into the gel in two consecutive steps using a Silverson mixer emulsifier at 

3,700 rpm until total solubilization. 

Control gel was prepared without adding the hydrolysates to check the activity of 

the vehicles. Diclofenac is the most commonly utilized topical NSAID and is available 

in commercially prepared formulations in patch, gel, and solution form. 

2.4.2. Animal care 

12-week-old male Wistar rats were purchased in Envigo RMS Spain (Sant Feliu de

Codines, Spain) and housed in pairs in cages with 12 h light/dark cycles at 24 ºC ± 1 

and humidity (55 % ± 10), with ad libitum access to water and food. All experimental 

protocols were approved by the Animal Ethics Committee of the Technological Unit of 

Nutrition and Health of Eurecat (Reus, Spain), and the Generalitat de Catalunya 

approved all the procedures (11056). Following the 3 Rs principles, animals were 

reused for carrageenan-induced paw edema and anti-nociceptive activity with two 

weeks of washout. 

2.4.3. Carrageenan-induced paw edema 

Right rear paws were cleaned and disinfected, before topical application of 300 mg 

of a cream containing 5 % hydrolysate H8 (hydrolysate group), 5 % of <10 kDa fraction 

(<10 kDa group), or a commercial anti-inflammatory cream containing 11.6 mg/g of 
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sodium diclofenac (sodium diclofenac group) (n = 8 per group). After 30 min, paw 

edema was induced by injecting 100 µL of 1 % λ-carrageenan, (Sigma-Aldrich, Madrid, 

Spain) in 0.9 % NaCl in the hind of the treated paw. The paw volume was measured 

with a plethysmometer (Panlab, Barcelona, Spain) at least in triplicate at 0, 1, 2, 3, and 

24 h after the induction of the inflammation. Rats were anesthetized by inhalation of 2 

% of isoflurane (RWD Life Sciences, Mainz, Germany) before every measurement. The 

control group consisted of the left rear paw in each treated group after the application of 

a base cream and paw edema induction. The volume was normalized to the initial paw 

volume. The differences in volume were obtained as follows:  

 

where Vi is the initial volume measured for the injected paw (t = 0) and Vm is the 

volume of the injected paw for the different time points. 

 

2.4.4. Anti-nociceptive activity 

The analgesic effect on acute-grade pain was determined using the tail-withdrawal 

method, measuring the latency of the tail-flick response to heated water as the 

nociceptive stimulus. Rats were randomly distributed into four treatment groups (n = 6 

per group). Rat tails were cleaned and disinfected, and the last 3 cm of the distal end 

was marked. Then, 300 mg of base cream (control group), base cream containing 5 % of 

H8 <10 kDa fraction (<10 kDa group, application of 15 µg of peptides), or commercial 

cream containing 11.6 mg/g of sodium diclofenac (sodium diclofenac group, application 

of 3.48 mg of drug) were applied with soft massages in the marked region of the tail. 

After 30 min, the animals were gently restrained, and the marked area of the tails was 

immersed in warm water maintained at 48 ºC ± 0.5 or 55 ºC ± 0.5. The time until the 

rats purposefully removed their tails from the warm water in response to a painful 

stimulus (reaction time) was recorded with a stopwatch. The final reaction time was the 

average of five consecutive measurements, interleaving measurements in warm water 

for 1 min in lukewarm water (25 ºC ± 0.5). To avoid tissue damage, 10 and 20 seconds 

were fixed as the maximum latency values at 55 ºC and 48 °C, respectively[35]. The 48 

°C and 55 °C warm-water tail-withdrawal tests were carried out on different days. Data 

are expressed as mean ± standard error of the mean.  
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2.5. Experiments in RAW 264.7 

2.5.1. Cell culture 

Murine macrophage cell line RAW 264.7 (American type Culture Collection; 

ATCC, Rockville, Maryland, USA), was cultured at 37° C in Dulbecco’s modified 

Eagle medium (DMEM, Corning) supplemented with 10 % fetal bovine serum (FBS), 

100 U/mL penicillin, 100 µg/mL streptomycin, and L-glutamine in a humidified 5 % 

CO2 incubator. For maintenance, a cell scraper was used to dislodge cells from the 

flask. All reagents were provided by Merck Millipore (Madrid, Spain) and filtered by a 

0.22 µm filter before adding to the culture. The sample (<10 kDa fraction) was 

reconstituted in DMEM and also filtered for all the experiments.  

 

2.5.2. Cell viability 

Cell viability was determined using the MTT assay adapted from Inkanuwat et al. 

(2019) [36]. RAW 264.7 cells, seeded at a concentration of 1 x 105 cells/mL in a 96-

well plate, were cultured overnight with supplemented DMEM, and then treated with 

the <10 kDa fraction (0.25, 0.5, 1, 2, and 5 mg/mL) for 48 h or the same volume of 

DMEM (control). Subsequently, the medium was replaced with fresh medium 

containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT; Merck Millipore). After 2 h of incubation in the dark at 37 ºC, the 96-

well plates were centrifuged at 700 x g for 3 min, and the supernatants were discarded. 

Dimethyl sulfoxide and 0.1 M glycine buffer were added to the wells to dissolve the 

formed crystals. Absorbance was read at 570 nm. Results were expressed as a 

percentage of viability, considering untreated control cells as 100 % viability. The 

treatments were assayed in triplicate. 

 

2.5.3. Activity of COX-2 and COX-1 

Cells were grown in six T-75 flasks per condition. When confluency was about 80 

%, cells were preincubated for 24 h with the <10 kDa fraction of the hydrolysate H8 

(0.25 mg/mL) or DMEM (control). Subsequently, cells were activated with 1 µg/mL of 

E. coli lipopolysaccharide (LPS; Merck Millipore). 24 h after stimulation, cells were 

collected with a scrapper, pulled, centrifuged (1,000 x g, 10 minutes at 4 ºC), and lysed 

with cold lysis buffer (1 mM EDTA-0.1 M Tris-HCl; pH 7.8). The COX-1 and COX-2 

activity of the sample was determined using a commercial kit (ref. 760151 - COX 

Activity Assay Kit, Cayman Chemical)following the manufacturer's instructions. A 
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selective COX-2 inhibitor (DuP-697) was used to test the specific COX-2 activity of the 

samples. The COX-2 activity of each sample was determined by subtracting the activity 

calculated for the respective DuP-697-treated wells (i.e. COX-1 activity of the sample). 

COX-2 and COX-1 activities were determined in triplicate and expressed as a 

percentage ± standard deviation, as follows: 

 

where COX n refers either to COX isoform 1 or 2, and COX total is the COX activity of 

the sample,  without the specific inhibitor DuP-697. The non-treated LPS-stimulated 

COX-2 activity was considered as COX-2 100 %. The COX-1 100 % activity was 

considered for the non-stimulated cells (basal activity). 

 

2.5.4. Determination of nitrite production 

RAW 264.7 cells at a concentration of 1 x 105 cells/mL were seeded in 24-well 

plates and cultured overnight with supplemented DMEM (as above) at 37 ºC. Cells 

were pre-incubated for 24 h with the <10 kDa fraction (0.25, 0.5, 1, 2, and 5 mg/mL). 

Cells were then stimulated with LPS (1 µg/mL) and after 24 h of incubation, NO 

concentration in the supernatant was determined using the Griess method [37]. Sodium 

nitrate at different concentrations was used as standard. The NO content concentration 

was standardized using the amount of protein in the cells, which was determined using 

the BCATM Protein Assay Kit. Cells were collected in RIPA buffer (50 mM Tris-HCl, 

150 mM NaCl; pH 7.4, 1% Tween 20, 0.25% sodium-deoxycholate) containing 

protease and phosphatase inhibitors cocktails and phenylmethylsulfonyl fluoride 

(PMSF) (MilliporeSigma, Madrid, Spain) for protein extraction and quantification. The 

percentage of reduction of NO production was obtained considering LPS control 

samples as 100 % of NO production. Results are expressed as the mean of the triplicate 

± standard deviation.  

 

2.5.5. Immunoblot analysis 

Twenty µg of protein from RAW 264.7 cells incubated with different 

concentrations of the <10 kDa fraction (0.5, 1, 2, and 5 mg/mL) and stimulated with 

LPS was analyzed for inducible nitric oxide synthase (iNOS) and COX-2 protein 

expression by Western Blot. . Immunoblot was carried out by using polyclonal 
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antibodies against iNOS, COX-2, and β-actin which was used as loading control. 

Proteins were detected with the chemiluminescent reagent ECL Select Western Blotting 

Detection Reagent (GE Healthcare, Barcelona, Spain). Images were captured using a 

G:BOX Chemi XL1.4 (Syngene, Cambridge, UK), and densitometry quantification was 

performed using ImageJ Software 1.54 (NIH, Bethesda, MD, USA). The assay was 

performed in duplicate. Polyclonal antibodies goat-anti-COX-2, rabbit-anti-iNOS, 

mouse-anti-β-Actin, and horseradish peroxidase-conjugated donkey-antirabbit, donkey-

anti-goat, and goat-anti-mouse secondary antibodies were purchased from Santa Cruz 

Biotechnology (Heidelberg, Germany). 

 

2.6. Statistical analysis 

Outliers were detected using Grubb’s test. Normality and homoscedasticity of the 

data were determined using the Shapiro-Wilk and Levene’s tests. Statistical analyses 

and graphics were performed with Prism v. 10 software (GraphPad Software, San 

Diego, CA, USA). Significant differences in COX-2 and COX-1 inhibition between 

sample/treatment and control were analyzed using Student’s t-test (p < 0.05). 

Significant differences in paw edema volume over time between the groups were 

analyzed using RM two-way ANOVA with Bonferroni post-hoc test (p < 0.05). 

Significant differences in paw edema volume (AUC), nitrite production, COX-2 and 

COX-1 protein expression, and tail withdrawal time between the groups were analyzed 

using one-way ANOVA with a Bonferroni post-hoc test (p < 0.05).  

 

3. Results and discussion 

NSAIDs are used to relieve inflammation and pain by mainly inhibiting the activity 

of COX activity. However, prolonged use of certain NSAIDs may lead to diverse side 

effects, which have been associated with inhibition of the COX-1 isoform [11]. Thus, 

the search for new selective COX-2 inhibitors with fewer side effects, particularly those 

derived from natural sources, has been prompted [12,38]. Among them, it is worth 

mentioning the bioactive peptides, which can be obtained from different protein sources 

and exert different bioactivities, including anti-inflammatory properties [14]. An 

interesting source of anti-inflammatory peptides is collagen due to the high presence of 

hydrophobic amino acids such as Pro or Hyp, which has been associated with improved 

bioactivity. Although peptides are used to enhance the skin delivery of different 

compounds [28], there is no evidence that anti-inflammatory protein hydrolysates could 
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exert anti-inflammatory and analgesic effects after topical application. Topical use of 

anti-inflammatory peptides might be useful to alleviate inflammation and pain linked to  

arthritis, muscle damage, sprains, and strains with fewer side effects than oral 

administration. Therefore, this study aimed to obtain a selective COX-2 inhibitory 

hydrolysate from collagen with acute anti-inflammatory and analgesic (anti-

nociceptive) effects after topical administration.  

 

3.1. Preparation of collagen hydrolysates with COX-2 inhibitory activity 

Twelve hydrolysates were obtained from isolated pigskin collagen using three 

types of commercial proteases (E1, E2, and E3), two hydrolysis times (t1 and t2), and 

two enzyme concentrations (C1 and C2) (Table 1).  

 Table 1. Cyclooxygenase-2 (COX-2) inhibitory activity of the pigskin collagen 

hydrolysates produced using different hydrolysis conditions. 

 

 

 

 

 

 

 

COX-2 inhibitory activity was tested at a final concentration of 1 mg/mL. Results are 

expressed as the mean of triplicates (%) ± standard deviation. Abbreviations: C: 

enzyme/substrate ratio (C1 < C2), H: Hydrolysates from H1 to H12, n.e.: no effect. t: 

hydrolysis time (t1 < t2).  

 

Table 1 shows the in vitro COX-2 inhibitory activity of the hydrolysates, which 

ranged between 0 and 51 % when tested at 1 mg/mL. COX-2 inhibitory activity was 

only observed in E1 and E3-derived hydrolysates, which depended on the hydrolysis 

time and enzyme concentration. In addition to enzyme type, hydrolysis time was critical 

for producing COX-2 inhibition given that at the lowest hydrolysis time (t1), only E1 

enzyme solution (at the highest enzyme concentration (C2)) was able to slightly inhibit 

COX-2 (5 %). At t2, both enzymes produced hydrolysates with COX-2 inhibitory 

Hydrolysis conditions 
COX-2 inhibition (%) 

Time Enzyme 

t1 

E1 H1 n.e. H2 4.9 ± 1.7 

E2 H3 n.e. H4 n.e. 

E3 H5 n.e. H6 n.e. 

t2 

E1 H7 27.7 ± 1.0 H8 50.5 ± 7.8 

E2 H9 n.e. H10 n.e. 

E3 H11 33.7 ± 1.5 H12 37.6 ± 9.1 

Enzyme/substrate ratio C1 C2 
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activity, ranging between 28 and 51 %. The enzyme concentration also affected the 

COX-2 inhibitory activity of E1-derived hydrolysates, increasing the bioactivity from 

28 % to 51 % when the enzyme concentration was increased from C1 to C2. The most 

active was the hydrolysate H8 (51 % inhibition), which was obtained using E1 at the 

highest enzyme concentration (C2) and hydrolysis time (t2). Accordingly, several 

studies have shown that protein hydrolysates can inhibit COX-2 activity. In this context, 

in vitro gastrointestinal digestion of raw and heat-treated proteins isolated from three 

edible insects produced peptides with COX-2 inhibitory activity (IC50= 10.91-208.24 

µg/mL) [21]. The degree of activity depended on the protein origin and thermal 

treatments applied to the proteins prior to in vitro digestion. Moreover, Millán-Linares 

et al. (2014) observed that lupine proteins exerted COX-2 inhibitory activity, which 

increased (~15-20 %) when proteins were hydrolyzed using Alcalase (pH 8, 1 h, 50 °C) 

and hydrolysis times ≥ 15 min up to 60 min. However, this activity remained unaltered 

when proteins were hydrolyzed with Izyme (pH 10, 1 h, 50 °C) with or without a 

second hydrolysis step using Alcalase (pH 8, 1h, 50 °C) [21]. These results are in 

concordance with those obtained in the present study, as hydrolysis factors affected 

COX-2 inhibitory activity. The COX-2 inhibitory activity shown by H8 (51 % at 1 

mg/mL) was slightly lower than the bioactivity shown by isolated proteins of edible 

insects subjected to gastrointestinal digestion [39] but might be similar to that shown by 

lupine hydrolysates (70 % inhibition at 1.75 mg/mL) [21].  

 

3.2. Characterization of H8p hydrolysate and its <10 kDa fraction  

Given the COX-2 inhibitory activity of hydrolysate H8, it was elaborated at a pilot-

scale level to evaluate whether its production and bioactivity could be reproduced at this 

scale level. From now on, “H8p” will refer to the pilot-produced hydrolysate. Moreover, 

the peptide fraction <10 kDa of the H8p was also obtained and tested. Different studies 

have shown that low-molecular-weight peptides can exert greater anti-inflammatory 

activity than larger peptides or whole-protein hydrolysates [40,41].  

Both samples were then characterized by determining the total protein content, the 

hydrolysis degree, and the amino acid profile. The protein content of both samples was 

high (91.7 ± 0.3 and 91.9 ± 0.7 g/100 g dried product for the H8p and the <10 kDa 

fraction, respectively). This result was expected, given the hydrolysate was elaborated 

with a protein-rich source as pigskin-isolated collagen. Note that the ultrafiltration 

process did not affect the protein content. However, the hydrolysis degree was increased 
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in the <10 kDa fraction compared to H8p (from 63.2 ± 1.7 and 50.2 ± 2.5 %, 

respectively). This phenomenon is commonly observed as the concentration of small 

peptides (<10 kDa) and free amino acids per gram of product increases in the permeate 

during the ultrafiltration step. No significant changes were observed in the amino acid 

profiles of either sample (Table 2). 

Table 2. The amino acid profile of the hydrolysate H8p and the <10 kDa fraction. 

Amino acids 

Amino acid content (%) 

H8p <10 kDa fraction 

Asp 5.77 ± 0.58 5.77 ± 0.58 

Glu 10.71 ± 1.07 10.51 ± 1.05 

Ala 9.50 ± 0.95 9.31 ± 0.93 

Arg 8.11 ± 0.81 8.07 ± 0.81 

Cys 0.07 ± 0.00 0.07 ± 0.00 

Phe 1.95 ± 0.25 2.21 ± 0.29 

Gly 23.85 ± 2.39 23.60 ± 2.36 

His 0.74 ± 0.10 0.72 ± 0.09 

Ile 1.17 ± 0.15 1.24 ± 0.16 

Leu 2.86 ± 0.37 2.91 ± 0.38 

Lys 3.91 ± 1.45 3.81 ± 1.41 

Met 0.80 ± 0.10 0.86 ± 0.11 

Pro 13.85 ± 1.39 14.12 ± 1.41 

Ser 3.46 ± 1.28 3.40 ± 1.26 

Tyr 0.58 ± 0.08 0.62 ± 0.08 

Thr 1.87 ± 0.24 1.89 ± 0.25 

Trp <0.02 <0.02 

Val 2.43 ± 0.32 2.44 ± 0.32 

Hyp 12.31 12.37 

Collagen 98.49 98.93 

Results are presented as g/100 g dry weight. Results are expressed as the mean 

of triplicates (%) ± standard deviation. 

 

 The main amino acid in both the H8p and its peptide fraction was Gly (23.9 and 

23.6 %), followed by Pro (13.9 and 14.1 %), Hyp (12.3 and 12.4 %), Ala (9.5 and 9.3 

%), and Arg (8.1 and 8.1 %). Other amino acids, such as Trp or Cys were barely 

detectable. This amino acid profile was expected given that the major amino acids in 
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collagen are Gly, Pro, and Hyp, while aromatic amino acids such as Trp are poorly 

found in collagen because strongly destabilize the triple helix structure [42].  

Figure 1 shows the COX-2 inhibitory activity of H8p and the <10 kDa fraction. 

Despite being tested at a significantly lower concentration, COX-2 inhibition of H8p 

was higher than that exhibited by the hydrolysate at the laboratory scale (70.2 % and 

50.5 %, respectively). The <10 kDa fraction inhibited COX-2 activity by 74.0 %. 

However, the <10 kDa fraction did not improve the COX-2 inhibitory activity of the 

H8p (p = 0.99). These results differ from those of studies on edible insect proteins 

subjected to in vitro gastrointestinal conditions [39]. In the same study, increased COX-

2 inhibitory activity was observed when the <3.5 kDa fraction was obtained with 

respect to the whole hydrolysate, especially those from Gryllodes sigillatus boiled 

proteins. Specifically, IC50 values were 146.8 µg/mL and 18.71 µg/mL for the 

hydrolysate and the fraction, respectively.  
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Figure 1. In vitro inhibitory activity of cyclooxygenase isoforms 2 and 1 (COX-2 and 

COX-1, respectively) of the collagen hydrolysate H8 produced in a pilot scale (H8p) 

and its <10 kDa fraction at final concentration of 45 µg/mL. Data are expressed as the 

mean of triplicates (%, w/w) ± standard deviation. * indicates significant differences 

between samples and 100 % activity (data not shown) (p < 0.05; One-way ANOVA).  

 

In addition to COX-2 inhibition, we evaluated the inhibitory activity of both 

samples against COX-1. COX-1 inhibition has been associated with the intestinal side 

effects of NSAIDs [11]. No significant differences were found between the treatment 

groups and the control (p = 0.33) (Figure 1), indicating that the COX inhibition exerted 

by both samples was selective for COX isoform 2. 
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Considering this evidence, H8p and its <10 kDa fraction were further evaluated for 

their in vivo anti-inflammatory and analgesic effects.  

 

3.3. Acute anti-inflammatory effect of H8p and its fraction <10 kDa in the 

carrageenan-induced paw edema model 

The in vivo anti-inflammatory effects of both samples were tested in a carrageenan-

induced paw edema model. It is a well-known model of acute and local inflammation 

and is commonly used to evaluate new anti-inflammatory compounds [43,44]. 

Treatments included in a base cream were topically applied to the rat paw 30 min before 

subplantar carrageenan injection. Paw volume was measured at different time points 

(Figure 2A).  

Non-treated paw edema in each treated group was considered the control group 

(maximum inflammation). The results indicated that carrageenan injection produced an 

increase in paw volume (control group), reaching a maximum value 1 h after injection. 

At 2 h post-injection, inflammation was reduced (40 %) and maintained until 24 h post-

administration (Figure 2A). As expected, the application of sodium diclofenac (3.48 

mg) reduced carrageenan-induced paw edema compared with the control group (p < 

0.05) (Figure 2A). The area under the curve showed that this anti-inflammatory effect 

was significant 3 h after edema induction, and it was still notorious 24 h post-edema 

induction (p < 0.05) (Figure 2B). This drug is widely used to relieve inflammation and 

pain associated with different diseases [45] and mainly acts on the prostaglandin 

pathway (inhibiting COX-2 and COX-1 and reducing arachidonic acid availability) 

[46]. Moreover, its effects have been demonstrated in carrageenan-induced paw edema 

following oral, intraperitoneal, and topical administration [44,47]. Regarding the 

peptide samples, no differences in paw edema volume were observed between the group 

treated with hydrolysate H8p (15 mg) and the control group at any time point (p > 0.05) 

(Figure 2A and B). However, the application of the <10 kDa fraction (15 mg) reduced 

edema volume by 54 % in the first hour after carrageenan injection, which was 

gradually attenuated over time until 3 h (p < 0.05) (Figure 2A). The area under the 

curve showed an anti-inflammatory effect of the fraction <10 kDa until 3 h after 

inflammation induction when compared to the control group (p < 0,01, p < 0.001, for 2 

and 3 h post-carrageenan injection, respectively) (Figure 2B). This anti-inflammatory 

effect disappeared 24 h after edema formation (Figure 2A). Therefore, the peptides 

contained in the <10 kDa fraction produced a faster anti-inflammatory response than 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



diclofenac, but it was shorter in time. This fact could indicate that the mechanisms of 

action of the two treatments could be different. Carrageenan-induced paw edema is 

known to have two inflammatory phases. The initial phase (0 – 1 h) is linked to 

bradykinin, histamine, and serotonin levels (Crunkhorn and Meacock 1971a), although 

an increase in PGE2 and thromboxane B2 levels and upregulation of Ptgs2 expression 

(COX-2 gene) have also been reported [49]. However, the second inflammatory phase 

is associated with an increase in prostaglandins and several cytokine levels [48]. 

Another factor involved in the differential effect of the <10 kDa fraction and sodium 

diclofenac could be their potential differences in skin permeability. It is known that only 

compounds with specific characteristics, such as high hydrophobicity, sizes lower than 

500 kDa, and adequate solubility, can be passively transported through the stratum 

corneum (the outermost skin layer) [28,29]. However, there is evidence that higher-

sized peptides between 1,000 and 1,500 kDa can also cross this barrier [28]. 

Remarkably, some peptides, called skin-penetrating peptides, consisting of up to 30 

amino acids, are used as vehicles for other molecules [29]. This fact could also explain 

the different effects shown by H8p and the <10 kDa fraction, due to the higher 

proportion of small peptides in the <10 kDa fraction than in the whole hydrolysate.  

Little evidence exists regarding the in vivo acute anti-inflammatory effects of 

protein hydrolysates [40], and all of them have been tested after oral administration. In 

this regard, consumption (five days) of the peptic fraction (1-3 kDa) obtained from a 

hydrolysate of Salvia hispanica L. seeds reduced in 83.9 % the 12-O-

tetradecanoylphorbol 13-acetate-induced ear edema 2 h after induction in Balb/c male 

mice [50]. Tavares et al. (2013) demonstrated in Swiss mice a dose-dependent reduction 

of carrageenan-induced paw edema between 45 and 67 %, 4 h after the oral 

administration of concentrated peptide obtained from hydrolyzed whey proteins (100-

1,000 mg/kg of body weight, respectively) [51]. In addition, the consumption of other 

whey protein hydrolysates obtained using Alcalase (30, 100, and 300 mg/kg bw) also 

reduced carrageenan-induced paw edema (3 h post-carrageenan injection) by 60, 40, 

and 69 %, respectively [52]. The anti-inflammatory reduction shown by the <10 kDa 

fraction is comparable with these mentioned hydrolysates or peptide concentrates; 

however, it is worth mentioning that the anti-inflammatory effect was produced at a 

lower dose and faster than these reported hydrolysates. In topical administration, 

bioactive compounds bypass the digestive and metabolic processes associated with oral 

administration, enhancing bioavailability and efficacy and reducing the onset time [53].  
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Figure 2. Effects of hydrolysate H8p and the <10 kDa fraction in carrageenan-induced 

paw edema. A) Evolution of the paw edema volume at 1, 2, 3, and 24 h after 

carrageenan injection (100 µL of 1 % λ-carrageenan in 0.9 % NaCl) and previous 

topical treatment with 300 mg of a base cream (control group), a commercial cream 

containing 11.6 mg/g of sodium diclofenac (sodium diclofenac group), a base cream 

containing 5 % of H8p (H8p group), or a base cream containing 5 % of the H8p <10 

kDa fraction (<10 kDa group). Results are expressed as the mean (n = 8 per group) ± 

standard error of the mean. Different letters represent differences between groups (p < 

0.05; RM two-way ANOVA; Bonferroni post-hoc test). B) Area under the curve 

(AUC) of paw edema volume at 2, 3, and 24 h after carrageenan injection for the 

different treatments, normalized by the control group. Results are expressed as the 

mean (n = 8 per group) ± standard error of the mean. ** (p < 0.01) and *** (p < 0.001) 

indicate significant differences with the control group (one-way ANOVA; Bonferroni 

post-hoc test). 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



3.4. Anti-inflammatory effect of the <10 kDa fraction in LPS-stimulated RAW 264.7 

cells 

The LPS-induced inflammation model was used to investigate some of the 

potential mechanisms underlying the anti-inflammatory effects of the <10 kDa fraction. 

LPS, when applied to macrophages, initiates an inflammatory response via toll-like 

receptor 4, which triggers intracellular signaling cascades, activating nuclear 

transcription factors such as nuclear factor-kappa B (NF-kB). This activation ends with 

the synthesis of inflammatory mediators, including nitric oxide (NO), tumor necrosis 

factor-alpha (TNF-α), interleukin (IL)-1-beta, IL-6, IL8, and prostaglandins, and also 

regulates the gene expression of COX-2 and iNOS [54,55]. Different studies have 

shown that food-derived peptides can exert their anti-inflammatory effects by inhibiting 

NO production and secretion, the expression of pro-inflammatory cytokines, and the 

activity and expression of enzymes, such as COX-2 and iNOS, among others (see 

[20,40,56] for more details).  

 

3.4.1. Collagen-derived peptides inhibited selectively COX-2 activity in LPS-

stimulated RAW 264.7 cells 

Initially, the viability of cells incubated with different doses (0.25 - 5 mg/mL) of 

the <10 kDa fraction for 48 h was assessed using the MTT assay. No significant 

changes were observed in cell viability at any dose of peptide fraction compared to non-

treated cells (Figure 3A).  

Given the in vitro COX-2 inhibitory activity of the <10 kDa fraction, COX-2 

activity in LPS-stimulated RAW 264.7 cells was determined after incubation with the 

peptide fraction at a low dose (0.25 mg/mL) (Figure 3B). As expected, COX-2 activity 

was increased after exposure to LPS. Both the expression and activity of this isozyme 

have been reported to increase when RAW 264.7 cells are LPS-stimulated [8]. The <10 

kDa fraction-treated cells showed lower COX-2 activity (62.2 % inhibition) than 

untreated LPS-stimulated cells (p < 0.05, Figure 3B). Activity values were significantly 

similar to those of control cells (cells without LPS stimulation) (p = 0.68). To the best 

of our knowledge, there is no evidence that other protein hydrolysates can inhibit COX-

2 activity in this inflammatory model.  

The effects of the <10 kDa fraction on COX-1 activity were also evaluated in LPS-

stimulated cells. Stimulation with LPS did not produce changes in COX-1 activity of 

macrophages in comparison with control cells (Figure 3C, p = 0.06). COX-1 is a 
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constitutive isozyme; thus, its activity may remain stable despite LPS stimulation [9]. 

No differences were also observed between LPS-stimulated macrophages treated with 

the <10 kDa fraction and control cells (p = 0.79). These results are in concordance with 

the results obtained in the enzymatic in vitro study and show that food-derived peptides 

can exert selective COX-2 inhibition in macrophages. 
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Figure 3. A) Cellular viability for RAW 264.7 cells incubated for 48 h with the H8p 

<10 kDa fraction at different doses. No significant differences were found between 

groups (p = 0.89, one-way ANOVA; post-hoc: Bonferroni). B) Activity of 

cyclooxygenase isoforms 2 and 1 (COX-2 and COX-1, respectively) of the H8p <10 

kDa fraction-incubated RAW 264.7 cells 24 h before E. coli lipopolysaccharide (LPS) 

stimulation (1 µg/mL). ** indicates significant differences with C- group (p < 0.01 

(One-way ANOVA, post-hoc; Bonferroni). Results are expressed as the mean (n=3) ± 

standard deviation. 

 

3.4.2. Collagen-derived peptides reduced NO production in LPS-stimulated 

RAW 264.7 cells at high doses 

In addition to COX-2 activity, the effect of the <10 kDa fraction on LPS-induced 

NO production was also analyzed in RAW 264.7 cells. NO is produced in response to 
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iNOS induction, during the conversion of L-arginine into L-citrulline [57] thus being a 

common inflammatory biomarker used to assess the anti-inflammatory potential of 

compounds, such as food-derived peptides [14,55].[57] We did not observe inhibition of 

LPS-induced NO secretion when LPS-stimulated cells were preincubated with 

concentrations ≤ 1 mg/mL of the <10 kDa fraction (Figure 4). However, when cells 

were treated with 2 and 5 mg/mL of the <10 kDa fraction, NO production was inhibited 

by 8 and 15 %, respectively, when compared with non-treated LPS-stimulated 

macrophages (p < 0.05). A significant trend in NO production inhibitory activity was 

observed between treatments at these two concentrations (p = 0.06). Previous research 

also showed that ovalbumin hydrolysates obtained using different enzymes inhibited 

NO production in LPS-stimulated RAW 264.7 cells in a concentration-dependent 

manner (11.3 - 18 % at 0.5 mg/mL, 25.5 - 31.5 % at 1 mg/mL, and 40.1 - 50.7 % at 2 

mg/mL) [58]. Additionally, hydrolysates obtained from egg yolk livetins using pepsin 

or Alcalase inhibited NO production by 32.9 and 22.7 % respectively at a dose of 0.4 

mg/mL [59]. In the present study, the reduction in secreted NO was subtle compared to 

the aforementioned studies. These results indicate that the anti-inflammatory effect of 

collagen-derived peptides is not mainly mediated by a reduction in NO production, 

although it can contribute. 
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Figure 4. Inhibition of nitrite (NO) production in E. coli lipopolysaccharide (LPS)-

stimulated cells treated with different concentrations (0.25 - 5 mg/mL) of the H8p <10 

kDa fraction. Different letters represent differences between groups (p < 0.05, one-

way ANOVA; Bonferroni post-hoc test). Abbreviations: LPS+: non-treated LPS-

stimulated group. Results are expressed as the mean (n=3) ± standard deviation.  

 

3.4.3. Collagen-derived peptides reduced the amount of iNOS and COX-2 

proteins in LPS-stimulated RAW 264.7 cells 

 The effect of the fraction <10 kDa on iNOS and COX-2 protein expression in 

LPS-stimulated RAW 264.7 cells was analyzed by western blot (Figure 5). iNOS and 

COX-2 protein expression was increased by 90 and 40 %, respectively, by LPS 

stimulation (Figure 5B and C). This was expected because the levels of both enzymes 

are increased in macrophages after NF-kB pathway activation in response to LPS 

exposure [60]. The <10 kDa fraction significantly reduced iNOS protein expression in 

LPS-stimulated macrophages at the highest dose (p < 0.05) (Figure 5 A and B).  
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Figure 5. Effect of different doses of the H8p <10 kDa fraction on the inducible nitric 

oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) protein expression of LPS-

stimulated RAW 264.7 macrophages. A) Representatives immunoblot for ß-actin, 

iNOS, and COX-2 proteins. B) Relative protein quantification of iNOS enzyme after 

normalization with ß-actin values. C) Relative protein quantification of COX-2 

enzyme after normalization with ß-actin values. Data are expressed as the mean (n = 

3) ± standard deviation. * indicates significant differences with LPS + (p < 0.05, T-

test). 

 

This effect was partially in concordance with the results obtained in the NO 

measurement, where we observed a slight reduction in NO production at 2 mg/mL. This 

reduction in NO may also be mediated by the activity of molecules with additional 

mechanisms of action, such as NO-scavengers and antioxidant enzymes  (catalase, 

superoxide dismutase, horseradish peroxidase, or myeloperoxidase) [61,62]. For 

instance, NO-scavenging activity was shown by different hydrolysates obtained from 

peanut worms, with an IC50 ranging between 19.9 and 1.2 µg/mL [63]. Moreover, many 
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food-derived peptides and protein hydrolysates have shown other scavenging activities 

in vitro and antioxidant effects in vivo  [14,64]. Several studies in animal models 

reported an increase in liver antioxidant molecules, such as reduced glutathione, and 

antioxidant enzymes, such as catalase and superoxide dismutase, after food-derived 

hydrolysate treatments [65]. In addition, the oral consumption of a chicken-bone-

collagen hydrolysate improved the skin’s UV-induced inflammation and oxidative 

stress by reducing levels of IL-1α and increasing the activity of the aforementioned 

antioxidant enzymes in the skin of BALB/C hairless mice [66]. The reduction in 

reactive oxygen species (through different pathways) has been also reported [20]. 

However, this bioactivity has not been evaluated in the present study. 

Regarding COX-2 analysis, treatment with the <10 kDa fraction significantly 

reduced the protein expression of this enzyme in LPS-stimulated cells at the two highest 

doses (40 and 50 % reduction for 2 and 5 mg/mL, respectively) compared to the non-

treated LPS-stimulated cells (p < 0.05) (Figure 5A and C). Moreover, there were no 

significant differences in COX-2 protein expression between the two highest doses and 

control cells (cells without LPS stimulation) (p = 0.99). Therefore, collagen-derived 

peptides not only inhibit COX-2 activity but also its protein expression.  

Several studies have shown that some food-derived peptides or hydrolysates that 

affect NO production in LPS-stimulated cells can also downregulate iNOS and COX-2 

protein and/or gene expression [40,56]. For instance, egg yolk livetins hydrolysated 

with pepsin downregulated iNOS protein expression in a dose-dependent manner (0.1 - 

0.4 mg/mL) in LPS-stimulated RAW 264.7 cells, whereas that obtained using Alcalase 

downregulated COX-2 protein at 0.4 mg/mL [59]. In addition, pretreatment of LPS-

stimulated RAW 264.7 cells, with the > 5 kDa fraction of a pepsin-digested hydrolysate 

obtained from Mytilus edulis, downregulated iNOS and COX-2 protein and gene 

expressions [67]. In the same cellular model, both enzymes were also downregulated at 

gene expression level by an isolated peptide fraction obtained from salmon bones 

hydrolyzed with papain (1.25 - 5 µg/mL) [68]. Interestingly, a crosstalk in the 

regulation of these two inflammatory pathways has been described. Thus, high levels of 

NO can upregulate the iNos mRNA expression and increase COX-2 activity and protein 

levels. Moreover, iNOS can enhance COX-2 activity by its binding [69]. 
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3.5. Anti-nociceptive effects of the fraction <10 kDa on the tail-withdrawn test 

Finally, considering that some natural anti-inflammatory compounds [70–72] and 

selective COX-2 drugs [45] have anti-nociceptive effects, this activity was evaluated in 

the H8p <10 kDa fraction. For this purpose, the acute thermal anti-nociceptive effect 

was evaluated by the tail-withdrawal test using water at two temperatures (48 and 55 

°C). This is a well-known test used to determine the nociceptive response to painful 

stimuli, where the rat tail is submerged in 40 - 55 °C warm water, and the latency to 

purposely withdraw the tail from the water is measured [73]. In the present study, 

baseline tail-withdrawal latencies were 9.4 and 2.5 seconds at 48 and 55 °C, 

respectively. Similar latency responses have been observed in other studies using 

several rat strains [74,75]. Moreover, an increase in water temperature has been linked 

to a quicker tail-withdrawal response [35,76]. No differences were found between the 

treatment groups and control group in the 48 ºC tail-withdrawal latency (Figure 6A, p = 

0.30). Interestingly, the fraction <10 kDa was retarded by 1.4-fold the time required to 

flick the tail compared to non-treated rats in the 55 ºC tail-withdrawal test (Figure 6A, p 

< 0.001). The anti-nociceptive effect of <10 kDa fraction was similar to that of sodium 

diclofenac (Figure 6B). Several studies have demonstrated the anti-nociceptive effect of 

diclofenac in rats after oral, topical, intraperitoneal, and intrathecal administration using 

55 °C tail-flick tests [77–79].  

There is scarce evidence regarding the anti-nociceptive effects of protein 

hydrolysates and dietary-derived peptides. In this regard, the consumption of proteins 

isolated from Chelidonium majus L. (200 mg/kg bw) exerted an analgesic effect (48 °C 

hot-plate test) increasing mice hind paw licking from 31.9 to 50.1 seconds 3 h post-

administration [80]. Moreover, the tail-flick latency, measured using radiant heat, 

increased from 3.5 to 6.3 seconds, 60 min after the intraperitoneal injection of Lys-Arg-

Asp-Ser (80 mg/kg) in Wistar rats in a dose-dependent manner [81]. Finally, Tavares et 

al. (2013) demonstrated the anti-nociceptive and anti-inflammatory effects of a whey 

protein hydrolysate after oral ingestion [51]. This hydrolysate showed non-dose-

dependent analgesic effects reducing by 39 - 42 % the acetic acid-induced writhings 

(100 - 1,000 mg/kg); however, no effects were observed in the hot-plate test (1 g/kg 

bw). The differing effects shown by this reported hydrolysate might be attributed to the 

distinct pain phases evaluated by each test. The hot-plate test and tail-flick/withdrawal 

test evaluate phasic pain (a short-lasting form of pain), whereas the writhing test 

evaluates tonic and visceral pain (inflammatory pain) [82]. Considering that phasic pain 
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is not an inflammation-induced pain, COX-2 might not be involved in the anti-

nociceptive effect shown by the H8p <10 kDa fraction, as other NSAIDs with effects on 

the tail-withdrawal test (Miranda et al. 2001).  Several compounds with anti-nociceptive 

effects tested in these non-inflammatory-induced pain assays have been proven to be 

mediated via opioidergic, adrenergic, serotonergic, purinergic, histaminergic, and 

cannabinoidergic mechanisms, among others [82]. There is no evidence of how dietary-

derived peptides could retard the heat and acute nociceptive response. However, it has 

been shown that some dietary peptides can exert biological effects by acting on opioid, 

histamine, and serotonin receptors [83–86]. The anti-nociceptive effects exhibited by 

the H8p <10 kDa fraction are in concordance with its anti-inflammatory effects, which 

suggested that additional mechanisms to COX-2 inhibition might be involved in its in 

vivo effect. 

C - Sodium diclofenac <10 kDa 
0

5

10

15

T
im

e 
(s

)

48 ºC

C - Sodium diclofenac <10 kDa 
0

1

2

3

4

T
im

e 
(s

)

55 ºC

a

b b

A) B)

 

Figure 6. Tail withdrawal latency for rats topically treated with 300 mg of a base 

cream (control group), a commercial cream containing 11.6 mg/g of sodium 

diclofenac (sodium diclofenac group), or a cream containing 5 % of the H8p <10 kDa 

fraction (<10 kDa group), in response to warm water at 48 ºC (A) and 55 ºC (B). Data 

are represented as mean (n = 6 per group) ± standard error of the mean. Different 

letters represent significant differences between groups (p < 0.05, one-way ANOVA, 

Bonferroni post-hoc test). 

 

4. Conclusions 

Pigskin collagen can be a good source of COX-2 inhibitory peptides although the 

selection of hydrolysis conditions mainly enzyme type and hydrolysis time is crucial. 
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The <10 kDa fraction of the collagen hydrolysate H8 elaborated on a pilot scale (H8p) 

exhibited selective in vitro inhibition of COX-2. In vivo experiments revealed the anti-

inflammatory effects of this peptide fraction after topical application in a carrageenan-

induced paw edema model. In LPS-stimulated RAW 264.7 cells, the peptide fraction 

reduced NO production, iNOS and COX-2 protein expression, and COX-2 activity, 

which could be some of the mechanisms involved in the anti-inflammatory effects of 

this fraction. Moreover, the H8p fraction also exerted anti-nociceptive effects in  55 °C 

warm-water tail-withdrawal tests. The obtained results encourage further studies to 

determine the peptides responsible for the observed effects and potentiate their use as 

novel anti-inflammatory and analgesic therapies. 
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Objective: To identify the peptides responsible for the anti-

inflammatory effects of the H8 pigskin-collagen hydrolysate, 

evaluating their bioactivity in LPS-stimulated RAW 264.7 cells. 
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Abstract 

Bioactive peptides are emerging as novel anti-inflammatory preventive treatments. In a 

previous study, <10 kDa fraction of a collagen-derived hydrolysate (H8) showed anti-

inflammatory effects in carrageenan-induced rat paw edema. This study aimed to 

identify the peptides responsible for its effect. The <3 kDa fraction of H8 was obtained 

and further fractionated by RP- HPLC. Of the 22 collected fractions, F3 and F20 

showed the highest in vitro cyclooxigenase-2 (COX-2) inhibitory activities. Nine 

peptides were identified by a UHPLC-Orbitrap MS/MS in F3 and F20. AGERGEQ, 

GSKGRPG, AGPAGKP, and PGPAGPV showed selective in vitro COX-2 inhibition 

and reduced nitrite production in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. 

AGERGEQ and GSKGRPG also decreased inducible nitric oxide synthase (iNOS) and 

COX-2 protein expression in these macrophages. These peptides may be responsible for 

the anti-inflammatory effects of the hydrolysate. This study provides evidence for the 

potential use of collagen-derived peptides as functional ingredients to prevent 

inflammation.  

Keywords: anti-inflammatory activity, cyclooxygenase-2 inhibitory activity, inducible 

nitric oxide synthase, nitrite production, UHPLC-Orbitrap MS/MS 
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1. Introduction

Inflammation, a natural defense process in living organisms, can lead to severe

consequences if persistent [1]. It is implicated in the development of numerous diseases, 

including cardiovascular, intestinal, skin, or neurodegenerative diseases [2–5]. There are 

a broad variety of anti-inflammatory drugs that use different molecular approaches. One 

of them is the group of non-steroidal anti-inflammatory drugs (NSAIDs), with 

cyclooxygenase enzyme (COX) inhibition being the main characteristic target [6]. This 

enzyme, specifically isoenzyme 2 (COX-2), is responsible for the production of 

prostaglandins, a group of pro-inflammatory molecules derived from arachidonic acid 

[7]. ibuprofen, naproxen, and aspirin are some of the best-known NSAIDs. However, 

many undesired side effects have been reported with the use of NSAIDs and other anti-

inflammatory drugs, especially in older populations and patients with cardiovascular, 

renal, or hepatic complications [8,9]. In this regard, the search for new anti-

inflammatory compounds, mainly obtained from natural sources as bioactive peptides, 

that can be used as functional ingredients, is a promising research field [10–12].  

Bioactive peptides are small amino acid sequences (3-12 amino acids), that once 

released from the native protein by enzymatic hydrolysis, microbial fermentation, or 

gastrointestinal digestion, can exert beneficial effects on the host organism [8,13]. A 

wide range of bioactivities has been described for bioactive peptides, such as 

antioxidant, antihypertensive, neuroprotective, antidiabetic, or anti-inflammatory [14], 

with the latter being among the most widely investigated. Anti-inflammatory peptides 

have traditionally been obtained from many protein sources, such as eggs, dairy 

products, or legumes [15–19]. Nonetheless, the search for anti-inflammatory peptides 

from other sources is emerging [8,13]. The most commonly used techniques for 

evaluating the anti-inflammatory potential of peptides and protein hydrolysates are the 

quantification in nitrite production and the evaluation of changes in the protein and 

mRNA expression of cytokines and pro-inflammatory factors in lipopolysaccharide 

(LPS)-stimulated RAW 264.7 murine macrophages [8]. In this regard, in a previous 

study by our group, a collagen-derived hydrolysate (H8) with in vitro COX-2 inhibitory 

activity was obtained. Moreover, its <10 kDa fraction inhibited the COX-2 enzyme in 

vitro and also reduced the production of nitrites in LPS-stimulated RAW 264.7 

macrophages. In in vivo models, topical administration of the <10 kDa fraction 

increased pain tolerance in a 55 °C tail-withdrawal test (anti-nociceptive effect) and 

reduced paw edema formation after carrageenan induction [manuscript 1]. However, the 
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peptides responsible for these effects remain unclear. Therefore, the objective of this 

study was to identify the peptides responsible for the anti-inflammatory effects of this 

collagen-derived hydrolysate. 

2. Materials and methods

2.1. Materials and reagents

Porcine skin collagen was supplied by Juncà Gelatines S.L. (Girona, Spain). The

<10 kDa fraction of the pigskin collagen hydrolysate H8 was obtained as previously 

described in a pilot scale [manuscript 1]. This fraction was characterized as follows: 

total protein content was 88.96 % ± 0.66 (w/w) (determined by the Kjeldahl method, 

with 5.55 as protein factor [20]), moisture was 3.18 % ± 0.11 (w/w)  (determined by 

AOAC official method [21]), the degree of hydrolysis was 63.20 % ± 1.70 (analyzed by 

TNBS method [22]), and the in vitro COX-2 inhibition was 74.04 % ± 8.89 (determined 

as described in section 2.3.2). The COX colorimetric inhibitor screening assay kit (ref. 

701050) was purchased from Cayman Chemical (Michigan, USA). HPLC-grade 

acetonitrile was provided by Carlo Erba Reagents SRL (Milan, Italy). Peptides 

(AGERGEQ, GPAGSVG, GSKGRPG, AGPAGKP, AGPPGAK, GPAGPAG, 

GPAGPAGPRG, PGPAGPV, TGPIGPPGPA) were purchased from Caslo ApS 

(Lyngby, Denmark). Murine macrophage cell line RAW 264.7 was purchased from the 

American Type of Culture Collection (ATCC, Manassas, VA). Penicillin-streptomycin, 

L-glutamine, E. coli LPS, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT), glycine, sulfanilamide, N-(1-Naphthyl)ethylenediamine (NED), 

Dulbecco’s modified eagle medium (DMEM) and fetal bovine serum (FBS) were 

purchased from Merck Millipore (Madrid, Spain). BCATM Protein Assay Kit and 

protease and phosphatase inhibitors cocktails were provided by Thermo Fisher 

Scientific (Madrid, Spain). 

2.2. Identification of peptides from the collagen-derived hydrolysate H8 

2.2.1. Peptide isolation 

The <10 kDa fraction was reconstituted in Milli-Q water, and the peptide fraction 

lower than 3 kDa was obtained using centrifugal filter units with a 3 kDa cut-off 

membrane (Amicon® Ultra 15, Merck Millipore, Madrid, Spain). The obtained fraction 

was freeze-dried and stored at -20 ºC. Subsequently, peptides contained in the <3 kDa 

fraction were fractionated by semi-preparative High-Performance Liquid 
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Chromatography in reversed-phase (RP-HPLC) (Agilent Technologies 1260 series, 

Santa Clara, CA USA) using a Europa peptide column (120 Å pore size, 25 x 1 cm i.d. 5 

μm silica particle size) (Teknokroma, Barcelona, Spain) according to Bravo et al. 2022 

[23]. The mobile phase was water: trifluoroacetic acid (1000:1, v:v) as solvent A and 

acetonitrile: trifluoroacetic acid (1000:0.8, v:v) was the solvent B. Elution flow was set 

at 4 mL/min using the following gradient: 0 to 23.5 % B in 59.2 min, 23.5 - 90 % B in 

5.8 min, and 90 - 0 % B in 2 min. The column was allowed to equilibrate with 100 % 

solvent A for 13 min. The sample injection volume was 400 μL at a concentration of 

300 mg of sample/mL dissolved in Milli-Q water, and the absorbance was measured at 

214 nm. Different peptide fractions were collected during the chromatographic 

separation, lyophilized, and kept at -20 ºC. Finally, the in vitro COX-2 inhibitory 

activity of the fractions, reconstituted in Milli-Q, was determined at a protein 

concentration of 45 µg/mL in the well (method described in section 2.3.1). The protein 

content was quantified using the bicinchoninic acid method with a BCATM protein assay 

kit according to the manufacturer’s instructions. The two fractions with the highest 

activity were further analyzed for peptide identification. 

2.2.2. Peptide identification using a UHPLC-Orbitrap MS/MS) 

A rapid-resolution liquid chromatograph (UHPLC, Agilent Technologies, 

California, USA) coupled to an Orbitrap MS/MS (LTQ-Orbitrap Velos Pro mass 

spectrometer; Thermo Fisher Scientific, CA, USA) was used to determine the peptide 

composition of the selected RP-HPLC-derived fractions (F3 and F20). The peptides 

were separated on a Peptide BEH C18 reverse phase column (Waters, Massachusetts, 

USA) coupled to the UHPLC for 70 min. Phase A consisted of Milli-Q water containing 

0.1 % formic acid, and phase B consisted of 100 % acetonitrile. The elution flow rate 

was set to 0.4 mL/min. For real-time peptide ionization and fragmentation, an enhanced 

high-resolution FT spectrum (resolution = 30,000 FHMW), followed by a data-

dependent FT-MS/MS scan, was employed. This scan focused specifically on the ten 

most intense parent ions with a charge state of one or higher. Fragmentation was 

achieved by high-energy collision-induced dissociation with a standardized collision 

energy set at 40 %. A dynamic exclusion strategy with a period of 0.5 min was applied 

to avoid redundancies. Subsequently, the tandem mass spectra were processed with 

Proteome Discoverer version 1.4.0.288 (ThermoFisher Scientific) to deconvolute the 

charge state. MS and MS/MS samples were analyzed with the Mascot (Version 2.5) 
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search engine using one node with the proteome of Sus Scrofa (26103 entries) from 

UniProt. This search assumed no enzyme digestion and an error of 40 mmu for 

fragment ion mass, and 20 ppm for precursor ions. Oxidation of methionine and 

acetylation of the N-termini were specified as variable modifications. For the peptide 

identification, visual verification of fragmentation spectra was performed and only the 

peptides found in both replicates were considered. 

To evaluate the bioactivity of the identified peptides, they were chemically 

synthesized by Caslo ApS using the phase Fmoc method and a synthesizer (Model 

431A; Applied Biosystems Inc., Überlingen, Germany). The purity of all the 

synthesized peptides was greater than 96 %. 

2.3. Evaluation of the in vitro anti-inflammatory effect of the RP-HPLC fractions 

and identified peptides 

2.3.1. Prediction of bioactivity 

The potential bioactivity of peptides was evaluated using the BioPep database 

(https://biochemia.uwm.edu.pl/biopep/start_biopep.php, accessed on 14 February 2024) 

[24], and the software PeptideRanker (http://distilldeep.ucd.ie/PeptideRanker/, accessed 

on 14 February 2024) [25].  

2.3.2. In vitro COX-2 and COX-1 inhibitory activity 

COX-2 inhibitory activity of the <10 kDa fraction of the collagen-derived 

hydrolysate, RP-HPLC fractions, and synthetic peptides was tested using a colorimetric 

inhibitor screening assay kit, according to the procedure given by the manufacturer 

(Cayman Chemical). Briefly, the enzyme, samples, and hemin, as a co-factor, were 

incubated for 5 min at room temperature. The reaction was initiated by the addition of 

the colorimetric substrate TMPD (N, N, N’, N’-tetramethyl-p-phenylenediamine) and 

arachidonic acid. After 2 min of reaction, the absorbance was measured at 590 nm using 

a spectrophotometer (Eon BioTek Izasa, Barcelona, Spain). <10 kDa fraction, 

lyophilized RP-HPLC fractions, and synthetic peptides, dissolved in Milli-Q water, 

were tested in triplicate at a protein/peptide concentration of 1 mg/mL for the fractions 

and 0.2 mg/mL for the peptides (well concentration of 45 µg/mL and 9 µg/mL, 

respectively). The percentage of inhibition was calculated as follows: 

% 
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where C+ is the enzyme without inhibitors, B is the background of the reagents without 

enzyme, S is the enzyme incubated with the sample, and BS is the background of the 

reagents and sample without the enzyme.  

COX-1 inhibitory activity was also evaluated for synthetic peptides (9 µg/mL) 

using the same enzymatic kit as COX-2, following the manufacturer’s instructions 

(Cayman Chemical). 

2.3.3. Cell culture 

Murine macrophages RAW 264.7 were cultured at 37 °C in DMEM supplemented 

with 10 % FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and L-glutamine in a 

humidified 5 % CO2 incubator. The cells were then dislodged using the flask with a cell 

scraper. All samples and compounds were filtered using a 0.22 µm filter before added to 

the culture. 

2.3.4. Determination of cell viability 

Cell viability was determined using the MTT assay adapted from Inkanuwat et al. 

2019 [26]. RAW 264.7 macrophages were seeded at a concentration of 1 x 105 cells/mL 

in a 96-well plate and cultured overnight with supplemented DMEM. Cells were 

incubated for 48 h with the peptides (final concentration of 0.1 mg/mL) or DMEM. 

Then, the medium was replaced with fresh medium containing 0.5 mg/mL MTT 

(previously dissolved in PBS at 5 mg/mL). After 2 h of incubation in the dark at 37 ºC, 

the 96-well plates were centrifuged at 700 x g for 3 min, and the supernatants were 

discarded. Dimethyl sulfoxide and 0.1 M glycine buffer were added to the wells to 

dissolve the formed crystals. Then, absorbance was read at 570 nm. Results were 

expressed as a percentage of viability, considering untreated cells (DMEM cells) as 100 

% viability. The treatments were assayed in triplicate. 

2.3.5. Determination of nitrite production in LPS-stimulated RAW 264.7 cells 

On the first day of the experiment, 1 x 105 cells/mL were seeded in 24-well plates 

and cultured overnight in DMEM supplemented at 37 ºC. Then, samples were filtered 

by a 0.22 µm filter, and macrophages were pre-incubated for 24 h with the peptides at a 

concentration of 0.1 mg/mL in the well or sterile-filtered PBS for the negative control, 

in triplicate. The cells were then stimulated with LPS (1 µg/mL) for 24 h, except in the 

negative control wells. The supernatant was collected, and nitrite concentration was 
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determined using the Griess method, with modifications [16]. Briefly, 50 µL of the 

supernatants, in triplicate, were incubated for 30 min at 4 ºC with 100 µL of 1.5 % 

sulfanilamide in HCl 3.25 M and 50 µL of NED (14 mM). Absorbance was measured at 

540 nm. Sodium nitrate at different concentrations (0-200 mM) was used as the 

standard. Cells were collected in radioimmunoprecipitation assay (RIPA) buffer (50 mM 

Tris-HCl, 150 mM NaCl; pH 7.4, 1% Tween 20, 0.25% Na-deoxycholate) containing 

protease and phosphatase inhibitors cocktails and phenylmethylsulfonyl fluoride 

(PMSF) for protein quantification. The nitrite concentration in the supernatants was 

standardized using the amount of protein in each well, which was determined using the 

BCATM Protein Assay Kit. Results were expressed as a percentage of reduction of 

nitrites in the supernatants, considering the control with LPS wells as 100 % of nitrite 

secretion. Maximum production of nitrites was considered for the LPS-stimulated RAW 

264.7 macrophages treated with PBS. Cells were treated in triplicate and supernatants 

were analyzed in triplicate. 

 

2.3.6. Immunoblot analysis 

As mentioned, RAW 264.7 cells incubated with the different peptides and 

stimulated with LPS were collected for the analysis of inducible nitric oxide synthase 

(iNOS) and COX-2 protein by Western Blot. RIPA buffer containing protease and 

phosphatase inhibitor cocktails and PMSF were used to lyse the cells and protein was 

extracted.  

Then, 20 µg of the denatured proteins were loaded in a 10 % SDS-polyacrylamide 

gel and transferred onto a 0.45 µm methanol-activated PVDF membrane. Milk powder 

(5 % in 0.2 % TBS-Tween buffer) was used to block the membranes for 1 h. 

Immunoblot was carried out by using polyclonal antibodies against iNOS, COX-2, and 

β-actin which was used as loading control (Santa Cruz Biotechnology, Heidelberg, 

Germany). Proteins were detected with the chemiluminescent reagent ECL Select 

Western Blotting Detection Reagent (GE Healthcare, Barcelona, Spain). Images were 

captured using a G:BOX Chemi XL1.4 (Syngene, Cambridge, UK), and densitometry 

quantification was performed using ImageJ Software 1.54 (NIH, Bethesda, MD, USA). 

The assay was performed in duplicate. 
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2.4. Statistical analysis 

Values were expressed as the mean ± standard deviation (SD). Outliers were 

identified using the Grubbs’ test and removed before statistical analysis. Normality and 

homogeneity were evaluated by using Shapiro–Wilk’s and Levene's tests, respectively. 

Both statistical analysis and graphics were performed with Prism v.9 software 

(GraphPad Software, San Diego, CA, USA). One-way analyses of variance (ANOVA) 

were used to compare groups (Bonferroni post-hoc test). An obtained p-value < 0.05 

was considered statistically significant. 

 

3. Results and discussion 

Inflammation can become a serious issue if not properly resolved [1]. Moreover, it 

is implicated in the development of multiple pathologies such as cardiovascular, 

respiratory, or neurodegenerative diseases [2]. The numerous side effects of the current 

anti-inflammatory drugs lead to the search for new therapies [27–29]. Bioactive 

compounds, such as bioactive peptides, have emerged as promising candidates for the 

prevention of inflammation [16,17,30,31]. In a previous study, we obtained a <10 kDa 

fraction from a collagen-derived hydrolysate with in vitro COX-2 inhibitory activity and 

in vivo anti-inflammatory effects [manuscript 1]. However, the peptides responsible for 

these effects were not identified. Therefore, their identification was the objective of the 

current study.  

 

3.1. Identification of the peptides present in the anti-inflammatory collagen-derived 

hydrolysate  

Several studies have shown that most bioactive peptides, including anti-

inflammatory peptides, tend to be smaller in size [8,32,33]. This may be because these 

peptides are less susceptible to hydrolysis by gastrointestinal digestion, are more easily 

absorbed by cells, and are more accessible to enzymes to produce their inhibition 

[8,34,35]. Thus, to identify the peptides contained in the anti-inflammatory collagen 

hydrolysate, the peptide <3 kDa fraction was obtained by ultrafiltration to eliminate 

larger peptides and non-digested proteins. This peptide size fraction was also used to 

identify anti-inflammatory peptides from digested velvet antler proteins [36]. Moreover, 

Gao et al., (2020) observed that the <3 kDa fraction obtained from alcalase-digested 

sturgeon muscle showed the highest anti-inflammatory effects on LPS-stimulated RAW 

264.7 macrophages compared to the 3 -10 kDa and >10 kDa fractions [37]. RP-HPLC 
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was used in the present study to further isolate the peptides in the <3 kDa fraction based 

on their polarity. The separation was carried out by decreasing the polarity of the mobile 

phase (increasing the percentage of acetonitrile), and 22 fractions (F1 - F22) were 

collected (Figure 1A). The most hydrophilic peptides were collected in F1 

(approximately 2.4 % of acetonitrile), and the least hydrophilic peptides were collected 

in F22, where the percentage of acetonitrile reached 90 %. The chromatogram shown in 

Figure 1A reflects the complexity and variety of peptides present in the collagen-

derived hydrolysate H8. 
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Figure 1. A) RP-HPLC chromatogram of the <3 kDa fraction of the anti-inflammatory 

collagen-derived hydrolysate and collected fractions. B) In vitro cyclooxygenase-2 

(COX-2) inhibitory activity of RP-HPLC fractions at 45 µg/mL. The percentage of 

inhibition is expressed as the mean ± standard deviation (n=3). Significant differences 

between fractions are represented by different letters (p <0.05; one-way ANOVA; 

post-hoc: Bonferroni test).  
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The inhibitory capacity against COX-2 enzyme was tested for all 22 fractions in 

vitro at a final protein concentration of 45 µg protein/mL in the well (Figure 1B). This 

anti-inflammatory bioactivity was selected based on the in vitro COX-2 inhibition 

activity shown by the collagen-derived hydrolysate [manuscript 1]. This enzyme, 

expressed in response to inflammatory factors, catalyzes the synthesis of prostaglandin 

H from arachidonic acid, which is further transformed into the pro-inflammatory 

compound prostaglandin E2 [7]. Its inhibition is considered an anti-inflammatory target 

for different drugs known as NSAIDs [38]. Moreover, COX-2 inhibition has also been 

used to evaluate the anti-inflammatory effects of protein hydrolysates, such as a 

hydrolysate obtained from millet grains under in vitro gastrointestinal conditions and 

different lupine protein hydrolysates [17,39]. In the present study, the RP-HPLC 

fractions exerted a diverse range of COX-2 inhibition (between 92.6 % and 0 %). F3 

was clearly the most bioactive fraction, with 92.6 % ± 0.3 of COX-2 inhibition, 

followed by fraction F20 (47.5 % ± 2.0) (Figure 1B). Curiously, the most active 

fractions were collected at the opposite ends of the chromatogram, indicating significant 

differences in polarity owing to their acetonitrile percentages (approximately 4.8 % for 

F3 and 18.3 % for F20). By contrast, fractions such as F10 and F22 did not show any 

COX-2 inhibitory activity at the tested protein concentration.  

Fractions F3 and F20 were selected for peptide identification by UHPLC-Orbitrap 

MS/MS and searching for sequences in the Sus scrofa proteome. The amino acid 

sequences and the fraction of origin, native protein, mass, charge state, and m/z ratio, as 

well as the percentage of hydrophobic amino acids, are listed in Table 1.  
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Table 1. Amino acid sequences identified in the RP-fractions F3 and F20 and their 

characteristics. 

Peptide 

label 
Sequence* Fraction 

MH+ 

(Da) 
Charge 

m/z 

(Da) 
Protein 

Hydrophobic 

aa (%) 

PR 

score 

P1 AGPAGKP F20 597.33 2 299.17 Collagen type XI 57.14 0.672 

P2 GSKGRPG F3 658.36 2 329.68 Collagen type VI 14.29 0.506 

P3 AGPPGAK F20 597.33 2 299.17 Collagen type XI 57.14 0.660 

P4 GPAGPAG F20 526.26 1 526.26 Collagen type XI 57.14 0.734 

P5 PGPAGPV F20 594.32 1 594.32 - 71.43 0.665 

P6 AGERGEQ F3 746.33 2 373.67 Collagen type II 14.29 0.084 

P7 GPAGSVG F3 544.27 2 272.30 Collagen type VII 42.86 0.316 

P8 GPAGPAGPRG F20 836.43 2 418.72 - 50.00 0.908 

P9 TGPIGPPGPA F20 863.47 1 863.47 Collagen type II 60.00 0.528 

aAmino acids are designated using their one-letter codes. Abbreviations: aa: amino acid 

residues; m/z: mass/charge; PR: PeptideRanker.  

Three amino acid sequences (AGERGEQ, GPAGSVG, and GSKGRPG) were 

identified in fraction F3, whereas six peptides (AGPAGKP, AGPPGAK, GPAGPAG, 

GPAGPAGPRG, PGPAGPV, and TGPIGPPGPA) were found in the fraction F20. The 

MS/MS spectra of three of them are shown as an example in Figure 2. 
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Figure 2. MS/MS spectrum of the doubly charged ion m/z 373.67 (A) and 329.68 (B), 

and mono-charged ion m/z 594.32 (C). After sequence interpretation and database 

search, the peptides were identified as AGERGEQ, GSKGRPG, and PGPAGPV, 

respectively. The MS/MS spectra were acquired using a linear trap quadrupole-orbitrap 

mass spectrometer. The sequences are shown with the observed fragmented ions in the 

spectra.  
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 As expected, diverse collagen types from Sus scrofa were identified as native 

proteins of the identified peptides, except for GPAGPAGPRG and PGPAGPV, whose 

protein of origin was not identified (Table 1). In concordance with the polarity found in 

the RP-HPLC fractions, polar amino acids were predominant in the peptide sequences 

found in F3 (57 – 86 % of polar amino acids), such as Gly, Ser, or Gln, whereas non-

polar amino acids such as Pro, Ala, or Ile were more abundant in the peptides identified 

in F20 (50 – 71 % of non-polar amino acids). According to recent studies, known 

peptides with anti-inflammatory activities do not share clear common characteristics. 

However, length (2-20 amino acids), low molecular weight (<1 kDa), the presence of 

hydrophobic amino acids (Val, Ile, Pro), or positively charged amino acids (His, Arg, 

Lys) could enhance the anti-inflammatory effect [8,18]. Analyzing the obtained peptides 

in the present study, all identified sequences were composed of 7 - 10 amino acids, and 

their molecular weight was lower than 900 Da. The sequences and physical 

characterization of the identified peptides suggest great potential bioactivity for some of 

them. For example, the PGPAGPV peptide (P5) was rich in hydrophobic amino acids 

(71.43 %), particularly Pro, and only two of the 7 amino acid residues were polar (Gly). 

This result was expected given that this peptide was obtained from fraction F20. On the 

other hand, the GSKGRPG (P2) peptide from F3, as expected, had a lower content of 

hydrophobic amino acids (14.29 %) but contained positively charged amino acids (Arg 

and Lys), which could confer anti-inflammatory bioactivity.  

3.2. Evaluation of the in vitro anti-inflammatory effect of the peptides 

We did not find in the BioPep database any previously described bioactivity for the 

nine identified sequences [24]. The peptide GPAGPAG (P4) was found within the 

peptide GETGPAGPAGAAGPAGPR, which showed angiotensin-converting enzyme 

inhibitory activity. In addition, the sequences of the peptides were also introduced to the 

software PeptideRanker to predict any potential bioactivity [25]. The PeptideRanker 

scores for most peptides ranged from 0.5 - 0.9, except for the amino acid sequences 

AGERGEQ (P6, 0.08) and GPAGSVG (P7, 0.316). The peptide with the highest score 

was GPAGPAGPRG (P8, 0.908). The higher the predicted probability approaches 1, the 

greater PeptideRanker's confidence in the peptide being bioactive [25]. The probability 

values considered acceptable for bioactivity fall within the range of 0.5 to 1.0. For 

instance, the peptides AIPAAPAAPAGPKLY, and LIHADPPGVGL with PeptideRanker 

scores of 0.768, and 0.743, respectively, showed COX-1 inhibitory activity [40]. Thus, 
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the next step of the study was to test the anti-inflammatory activity of the identified 

peptides. This bioactivity was evaluated through the COX-2 inhibition activity in vitro, 

the reduction of the nitrite production of LPS-stimulated macrophages, and the 

detection of COX-2 and iNOS by immunoblot analysis. For this purpose, the nine 

peptides identified in the F3 and F20 fractions were chemically synthesized. 

 

3.2.1. Identification of selective COX-2 but no COX-1 inhibitors 

Considering the COX-2 inhibitory effect of the anti-inflammatory collagen 

hydrolysate, this bioactivity was first tested in the synthetic peptides (Figure 3A). All 

the sequences inhibited the COX-2 enzyme when tested at 9 µg/mL. The most active 

peptides were PGPAGPV (P5, 41.3 %), GPAGSVG (P7, 40.1 %), AGERGEQ (P6, 37.6 

%), GSKGRPG (P2, 37.5 %), and AGPAGKP (P1, 32.2 %). TGPIGPPGPA (P9) was the 

peptide with the lowest COX-2 inhibitory activity (14.5 %). There is limited evidence 

regarding peptides inhibiting COX-2. In this regard, Zielinska et al. (2018) identified 12 

amino acid sequences with this bioactivity, which were generated after subjecting 

different edible insect species (Gryllodes sigillatus, Schistocerca gragaria, and Tenebrio 

molitor) to in vitro gastrointestinal digestion [41]. Their COX-2 inhibitory activity 

ranged between 7.4 and 9.75 mg/mL (IC50), with the amino acid sequence FDPFPK 

exhibiting the highest activity. The most active peptides found in our study were 

markedly more active than the insect-derived peptides, given that five peptides 

(PGPAGPV, GPAGSVG, AGERGEQ, GSKGRPG and AGPAGKP) showed 

approximately 40 % of COX-2 inhibition at 9 µg/mL, whereas the most active insect-

derived peptide needed 7.40 mg/mL to inhibit 50 % of the enzyme activity. 

Similarly, these peptides also showed more COX-2 inhibitory activity than the 

peptides GVDYVRFF, AIPAAPAAPAGPKLY, and LIHADPPGVGL, identified in a 

hydrolysate obtained from a red microalga (Porphyridium sp) using Viscozyme® and 

Alcalase®. In this case, the maximum inhibition achieved was 30 % at 1 mg/mL [40].  

Given the potential of these five identified peptides (PGPAGPV, GPAGSVG, 

AGERGEQ, GSKGRPG, and AGPAGKP) to inhibit COX-2 activity, COX-1 inhibition 

was also evaluated for these peptides (Figure 3B). It is important to note that non-

selective COX inhibition has been associated with undesirable side effects of NSAIDs, 

especially in the gastrointestinal tract [29,38]. In our results, only GPAGSVG inhibited 

COX-1 (29.5 %) at a concentration of 9 µg/mL. Previous studies found that peptides 

such as AIPAAPAAPAGPKLY and LIHADPPGVGL, obtained from a red microalga 
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Porphyridium sp hydrolysate, also inhibited COX-1 (IC50 values of 0.23 and 0.22 

mg/mL) [40]. These results evidenced that the peptides AGERGEQ, GSKGRPG, 

AGPAGKP, and PGPAGPV selectively inhibited COX-2.  
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Figure 3. In vitro cyclooxygenase (COX) isoforms 2 (COX-2, A) and 1 (COX-1, B) 

inhibitory activity for the peptides identified in fractions F3 and F20 at 9 µg/mL. Data 

are expressed as the mean ± standard deviation (n=3). Significant differences between 

groups are represented by different letters (p <0.05; one-way ANOVA; post-hoc: 

Bonferroni test). P1: AGPAGKP; P2: GSKGRPG; P3: AGPPGAK; P4: GPAGPAG; 

P5 PGPAGPV; P6: AGERGEQ; P7: GPAGSVG; P8: GPAGPAGPRG; P9: 

TGPIGPPGPA. 
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3.2.2. Anti-inflammatory effect of peptides in LPS-stimulated RAW 264.7 

macrophages. 

The capacity of the peptides to reduce the secretion of nitrites of LPS-stimulated 

RAW 264.7 murine macrophages was tested. Stimulation with LPS promotes the 

overexpression of iNOS and other pro-inflammatory markers. This enzyme catalyzes 

the reaction of L-arginine into L-citrulline, releasing nitric oxide (NO) during the 

process, which acts as a pro-inflammatory mediator [42]. The production and 

subsequent secretion of NO are directly linked to the presence and activity of iNOS, and 

the secreted NO (or its derivatives) can be quantified using the Griess method. This 

methodology has been widely used to screen and evaluate the anti-inflammatory activity 

of peptides and other bioactive compounds [8,43]. 

 

Firstly, the viability of RAW 264.7 cells after being treated with the peptides at 0.1 

mg/mL was determined by the MTT assay (Figure 4A). None of the treatments exerted 

a statistically negative effect on the viability of the macrophages related to the untreated 

control group survivance. Figure 4B shows the percentage of nitrite reduction observed 

in the supernatant of LPS-stimulated RAW 264.7 cells incubated with the identified 

peptides (0.1 mg/mL) compared to the untreated LPS-stimulated RAW 264.7 

macrophages (positive control). The peptides GSKGRPG (P2, 23.4 %) and AGERGEQ 

(P6, 17.9 %), identified in the fraction F3, and peptides PGPAGPV (P5, 20.8 %) and 

AGPAGKP (P1, 18.2 %), identified in the fraction F20, were able to reduce of LPS-

induced nitrite production in macrophages. Peptides from many different sources, 

including collagen-rich sources, have been previously reported to reduce nitrite 

production [8,13]. For instance, the peptide SNPSVAGVR identified in a chicken 

feather meal hydrolysate reduced nitrite production (estimated value of 10-82 %) by 

LPS-stimulated RAW 264.7 cells in a dose-dependent manner (15-120 mM) [26]. The 

tripeptide PAY (0.75 mM) obtained from salmon (Salmo salar) also reduced nitrite 

production by 63.8 % in the same cell model [44]. As our peptides AGERGEQ (P6) and 

GSKGRPG (P2) were tested at 0.013 mM and 0.015 mM respectively, the results 

indicate that these peptides might exert higher anti-inflammatory effects than the 

mentioned reported peptides. 
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Figure 4. (A) MTT cell viability assay of RAW 264.7 cells treated with peptides. 1 x 

105 cells/mL were seeded in a 96-well plate, cultured overnight, and treated with 

peptides (100 μg/mL) or medium (negative control) for 48 h. (B) Inhibition of the 

nitrite production of lipopolysaccharide (LPS)-stimulated RAW 264.7 murine 

macrophages produced by peptide treatment. RAW 264.7 cells were pretreated with 

100 µg/mL of peptides for 24 h, and then exposed to LPS (1 µg/mL) for 24 h. Nitrite 

levels were analyzed in the culture media. Nitrite levels determined in untreated LPS-

stimulated cells were considered 100 %. Results are expressed as the mean ± standard 

deviation (n=3). *** indicates significant differences between each peptide treatment 

and control (C: PBS-treated LPS-stimulated cells) (p <0.001, one-way ANOVA; post-

hoc: Bonferroni test). P1: AGPAGKP; P2: GSKGRPG; P3: AGPPGAK; P4: 

GPAGPAG; P5 PGPAGPV; P6: AGERGEQ; P7: GPAGSVG; P8: GPAGPAGPRG; 

P9: TGPIGPPGPA. 
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 Protein expression of iNOS and COX-2 in LPS-stimulated RAW 264.7 cells 

treated with the peptides (P1, P2, P5, and P6) was also analyzed by western blotting 

(Figure 5).  

 

 

Figure 5. Effects of peptides in inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2) protein expression in lipopolysaccharide (LPS)-stimulated 

RAW264.7 cells. RAW 264.7 cells were pretreated with 100 µg/mL of peptides for 24 

h, and then exposed to LPS (1 µg/mL) for 24 h. Cells were lysed for protein extraction 

and prepared for western blot analysis. Representative Western blot analysis of iNOS, 

COX-2, and β-actin (A). Representative densitometric analysis of iNOS (B) and COX-

2 (C). β-actin was used to normalize between groups. Data are expressed as the mean 

± standard error of the mean of two separate experiments. Significant differences 

between groups are represented by different letters (p <0.05; One-way ANOVA; post-

hoc: Bonferroni test). P1: AGPAGKP; P2: GSKGRPG; P5 PGPAGPV; P6: 

AGERGEQ. 

 

Treatment with AGERGEQ (P6) and GSKGRPG (P2) strongly reduced the relative 

protein expression of iNOS (by 90 % and 76 %, respectively) and COX-2 (76 % and 56 
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%, respectively), with no significant differences compared to the values observed in the 

non-LPS control group. No changes in iNOS and COX-2 protein expression were 

observed in macrophages treated with AGPAGKP (P1) or PGPAGPV (P5) compared 

with those observed in the positive control (LPS-control group) (Figure 5). These results 

are in line with another study in which iNOS and COX-2 protein expressions were also 

attenuated by 0.75 and 0.48-fold, respectively, after treatment with PAY (0.75 mM) 

[44]. Similarly, the expression of both proteins was also reduced in the same cell model 

after treatment with the peptide NCWPFQGVPLGFQAPP, present in clam worms 

(Marphysa sanguinea) [45]. Other anti-inflammatory peptides have also been shown to 

downregulate iNos and Cox-2 mRNA expression in LPS-stimulated RAW 264.7 cells 

[46]. 

The results of the present study indicated that the peptides AGERGEQ (P6) and 

GSKGRPG (P2) exerted anti-inflammatory effects in LPS-stimulated macrophages, 

given their ability to reduce LPS-induced nitrite production. This effect could be 

explained by the reduction in iNOS protein expression observed in the peptide-treated 

macrophages. However, other mechanisms could also be involved in NO reduction, 

such as the inhibition of iNOS activity or NO scavenging [26]. In this regard, in silico 

studies have shown that different peptides produced by broccoli fermentation can 

interact with iNOS [47]. Moreover, a hydrolysate of chicken feather meal and several of 

their peptide fractions showed NO radical-scavenging activity (IC50= 5.5 µg/mL) and 

also reduced nitrite production in LPS-stimulated RAW 264.7 cells [26]. In addition to 

this effect, these two peptides reduced LPS-induced COX-2 protein expression in 

macrophages. As mentioned, this enzyme plays a key role in the inflammatory process 

and is responsible for the synthesis of pro-inflammatory prostaglandins [7]. Thus, this 

diminished expression of COX-2 would tend to lower prostaglandin E levels. Moreover, 

it is known that COX-2 enzyme activity is enhanced by NO levels, and by the direct 

binding of iNOS [7]. In line with this observation, the P2 and P6 peptides reduced NO 

levels and iNOS protein expression in LPS-stimulated macrophages, and were two of 

the most active in reducing COX-2 activity in these cells (Figure 3A). Interestingly, 

peptides AGPAGKP (P1) and PGPAGPV (P5), also showed anti-inflammatory effects 

by reducing LPS-induced nitrite production in RAW 264.7 cells. However, the 

treatment with these peptides neither reduced iNOS protein expression nor COX-2 

protein expression, inciting to further studies to decipher the mechanisms underlying 

their anti-inflammatory effects. It should be mentioned that the PeptideRanker score 
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was not a good predictor for the anti-inflammatory effects of the peptides, given that 

AGERGEQ (P6), which showed anti-inflammatory activity, was the one having the 

lowest score (0.08), whereas peptide GPAGPAGPRG, which did not show anti-

inflammatory activity, was the one with the highest score (0.908). However, it is 

important to note that this score is not specific for predicting anti-inflammatory activity. 

The peptides AGPAGKP (P1), GSKGRPG (P2), PGPAGPV (P5), and AGERGEQ 

(P6), could be responsible for the anti-inflammatory activity of the collagen-derived 

hydrolysate shown in the model of carrageenan-induced rat paw edema.  

 

4. Conclusions  

Nine peptides were identified in the anti-inflammatory collagen-derived 

hydrolysate. Its anti-inflammatory effect may be associated with the activity of five out 

of nine identified peptides, specifically AGERGEQ, GSKGRPG, PGPAGPV, and 

AGPAGKP. Our findings support the idea that peptides AGERGEQ (P6) and 

GSKGRPG (P2) might target multiple components of the inflammatory response: i) 

reducing the production of nitric oxide-derived compounds by negative regulating iNOS 

protein expression and ii) inhibiting the synthesis of prostaglandins through the 

inhibition of COX-2 enzyme and reducing its protein expression. Results suggest the 

potential of the use of these peptides as ingredients for inflammation management. 

Further studies for a better comprehension of the anti-inflammatory activity of these 

peptides would enhance their application in dermo-cosmetics or as new anti-

inflammatory therapies. 
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OBJECTIVE:
To develop a hydrolysate from a chicken by-product that can 

prevent the development of Alzheimer’s disease and identify

the peptides that it contains.

Chapter 2
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Objective: To review the pote ntial of chicken by-products as 

sources of bioactive peptides a  nd select the best candidate for 

generating POPi peptides. 
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A B S T R A C T

Background: The poultry industry is a growing livestock sector, which generates large volumes of by-products 
with negative environmental impacts that must be revalorized. Modern lifestyles have contributed to a signifi
cant increase in the incidence of non-communicable diseases worldwide. Thus, many efforts have been made to 
identify novel agents with biological activities. In this regard, chicken slaughterhouse by-products are interesting 
materials because of their protein content, which can be subjected to proteolytic procedures to obtain bioactive 
peptides. 
Scope and approach: This review focuses on the valorization of chicken slaughterhouse by-products as a source of 
functional protein hydrolysates and peptides; specifically, it reviews the potential of these compounds to manage 
non-communicable diseases and the mechanisms involved. 
Key findings and conclusions: Hydrolysates obtained from chicken slaughterhouse by-products have antioxidant, 
antidiabetic, anti-inflammatory, anti-coagulant, anti-anaemic, cardioprotective, hepatoprotective, and neuro
protective properties, as well as the ability to manage body weight and lipid metabolism. Antioxidant and 
antihypertensive effects were the activities most studied in both in vitro and in vivo; however, only a chicken leg- 
derived hydrolysate was tested in humans, demonstrating its blood pressure-lowering effects. The obtained re
sults are promising enough to encourage further research to explore the versatility of chicken by-products as a 
source of bioactive peptides.   

1. Introduction

The incidence of chronic diseases has increased worldwide during
the last decades, and this growing trend is projected to be maintained 
during the forthcoming years. These non-communicable conditions are 
strongly correlated with risk factors, such as hypertension, oxidative 
stress, and inflammatory processes (Hajat & Stein, 2018). Therefore, 
there is a huge interest in the development of novel strategies, which 
could help prevent or ameliorate the onset or progression of these dis
eases. In this context, there is strong evidence that different compounds 

present in food or natural sources could exert these desired effects, 
overcoming some side or adverse effects of existing therapeutic treat
ments (Rezvankhah, Yarmand, Ghanbarzadeh, & Mirzaee, 2021). In this 
regard, bioactive peptides, a relevant group of dietary-derived com
pounds, are promising candidates. 

Bioactive peptides are specific protein fragments of small length 
(2–20 amino acid residues) that, when released from the native protein 
by intentional methods including fermentation and hydrolysis (enzy
matic or chemical), as well as by unintentional methods, such as 
gastrointestinal digestion or food technological processes, exert 
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interesting biological activities (Korhonen & Pihlanto, 2006; Nikhita & 
Sachindra, 2021). Food of animal origin is rich in proteins and is 
considered an excellent source of bioactive peptides (Borrajo et al., 
2019; Mora, Gallego, & Toldrá, 2018). A recent peptidomic study 
revealed that in vitro gastrointestinal digestion of meat proteins from 
different sources generated a high number of peptides capable of 
inhibiting dipeptidyl peptidase IV (DPP-IV) and angiotensin-converting 
enzyme (ACE), which are crucial for the management of diabetes and 
hypertension, respectively (Martini, Conte, & Tagliazucchi, 2019). Ac
cording to this aforementioned study, chicken meat seems to be a better 
potential protein source for antioxidant peptides than pork meat, and is 
a source of ACE inhibitory (ACEi) peptides that are more active than the 
peptides released from turkey and pork meat. Other studies have also 
obtained peptides with in vitro antioxidant, ACEi, alcohol 
dehydrogenase-activating, bile acid-binding or anti-inflammatory ac
tivities from chicken breast muscle or spent hen muscle subjected to 
different hydrolysis conditions (Hamzeh, Sangsawad, Noisa, Choo
wongkomon, & Yongsawatdigul, 2022; Saiga et al., 2003; Wu, Lin, et al., 
2020; Xiao et al., 2020; Sun et al., 2012; Yu, Field, & Wu, 2018). 
Moreover, chicken protein hydrolysates showed beneficial effects in 
different animal models, including the reduction of high blood pressure 
(BP), decreased oxidative stress, stimulation of interleukin (IL) 1, 
amelioration of acute alcohol-induced liver injury, and reduction of 
serum total cholesterol (TC) (Fan et al., 2022; Fu, Therkildsen, Aluko, & 
Lametsch, 2019; Udenigwe et al., 2017; Wu, Lin, et al., 2020; Xiao, 
Zhou, Zhao, Su, & Sun, 2018). 

In addition, agro-food industry by-products have emerged as an 
important source of bioactive peptides (Le Gouic, Harnedy, & FitzGer
ald, 2018). Their use for this purpose provides an excellent opportunity 
to valorize them, generating value-added products within the principles 
of a circular economy. In this sense, the meat industry is a relevant 
sector, the by-products of which have a significant impact, and their 
management must be improved to ameliorate this growing problem (Li, 
Arulnathan, Heidari, & Pelletier, 2022). For instance, chicken meat in
dustry, which represented the 36% of global meat production in 2020, 
generates approximately 25–30% of the live chicken weight in 
by-products, being the chicken meat production of over 80.2 million 
metric tons in 2021 (Food and Agriculture Organization of the United 
Nations, 2013; 2022). Chicken slaughterhouse by-products are rich in 
proteins, including collagen, and keratin (Bravo et al., 2023). Different 
studies have confirmed that collagen is an excellent source of peptides 
with a wide range of bioactivities including lipid-lowering, metal-
chelating, antioxidant, antidiabetic, immune modulation, and ACEi (Fu 
et al., 2019). 

Given the importance of reducing the incidence of non- 
communicable diseases and valorizing food industry by-products, 
which are rich in proteins containing bioactive peptides, this review 
focuses on collecting the existing evidence regarding the functional 
properties of the hydrolysates related to non-communicable diseases 
and peptides obtained from chicken slaughterhouse wastes. 

2. Poultry industry and chicken slaughterhouse by-products

Poultry farming is one of the most potent livestock sectors, because
avian foodstuffs constitute a key source of high-quality protein for the 
human diet. Environmentalist, vegan, and vegetarian currents are being 
consolidated during the last decades, as well as plant-based diets; 
however, the global production and consumption of poultry meat are 
still steadily growing. In fact, more than 100,000 tons of chicken meat 
and 70 million tons of eggs are annually produced worldwide, followed 
by an upward trend during recent years, and is projected as the livestock 
segment with the highest growth rate until 2050 (Kanani, Heidari, Gil
royed, & Pelletier, 2020; Laca, Laca, & Diaz, 2021; Li et al., 2022). Thus, 
the impact of poultry waste on the environment is growing along with 
the soaring production numbers and, although in a lower amount than 
other livestock species, it generates greenhouse gases in form of 

respiratory CO2, manure CH4 and N2O emissions, being produced 61, 
0.97 and 0.57 million metric tons per year, respectively (Seidavi, 
Zaker-Esteghamati, & Scanes, 2019). In addition to chicken excreta and 
focusing on chicken meat production, diverse slaughterhouse 
by-products are released during the production of broiler meat. Thus, 
reutilization strategies to revalorize these materials have been proposed, 
developed, and encouraged, because compensation is offered to poultry 
farmers that implement sustainable activities in several countries (Tao & 
Wang, 2020). 

The principles of a circular economy lead to reduce waste accumu
lation and pollution, and create value-added products. Normally, the 
most widespread approaches are related to the reuse of poultry by- 
products (from farms, slaughterhouses, industrial facilities, etc.) as fer
tilizers or compost because of their interesting carbon and amino acid 
contents, but with the disadvantage of high nitrogen concentration, 
although they can be easily treated and processed to design bio
stimulators that have proven their efficacy on plants (Chiarelotto, 
Restrepo, Lorin, & Damaceno, 2021; Izydorczyk et al., 2022). Further
more, in line with the adoption of renewable energy sources, chicken 
slaughterhouse leftovers have been subjected to specific operations 
(including hydrolysis, acidogenesis, acetogenesis, and methanogenesis) 
to produce biogas, and therefore, electricity (Arshad et al., 2018; Siddiki 
et al., 2021). Even the textile industry has taken advantage of recycled 
poultry materials because chicken feather wastes can be processed to 
produce keratin filaments with enhanced properties such as higher 
ductility, compared to natural feathers (Mi et al., 2020). Moreover, 
different poultry by-products, such as blood or bones, are usually used 
for animal feed, as mentioned in Section 3. In addition, other studies 
have focused on the valorization of these by-products into high-value 
products. These by-products are rich in proteins, with the collagen 
being one of the major proteins in some of these by-products (Bravo 
et al., 2023). Given the beneficial effects of collagen, some studies have 
focused on developing methods to extract collagen from chicken feet, 
bones, skin, and sternal cartilage (Akram & Zhang, 2020; Cao & Xu, 
2008; Cliche, Amiot, Avezard, & Gariepy, 2003; Matinong, Chisti, 
Pickering, & Haverkamp, 2022; Munasinghe, Schwarz, & Nyame, 2014; 
Potti & Fahad, 2017). Finally, it is worth mentioning that they have been 
widely used for the production of bioactive peptides (explained in Sec
tion 4.2) that could be used in animal feed and human nutrition to 
prevent non-communicable diseases (Bravo et al., 2023), which could be 
useful for valorizing these by-products. 

3. Chicken slaughterhouse by-products

Diverse slaughterhouse by-products are released during the pro
duction of broiler meat, including blood, feathers, bones, legs (feet), 
blood, crests, beaks, skin, and viscera. Fig. 1 summarizes the main 
characteristics of these by-products. In this review, egg-derived by- 
products and spent egg-laying hens were not considered, since they are 
not directly generated in slaughterhouses (Fan & Wu, 2022; Quina et al., 
2014). 

3.1. Blood 

Chicken blood represents approximately 6–7.5% of the live animal 
weight (Kelly & Alworth, 2013). Despite its high protein content 
(80–90% in dried whole blood, with high amounts of Arg, Thr, Tyr, and 
Ile), it is mostly converted to animal feed or inexpensive food products 
as ‘blood cubes’ particularly in Asian countries as a source not only of 
protein but also iron (Sorapukdee & Narunatsopanon, 2017; Wongn
gam, Mitani, Katayama, Nakamura, & Yongsawatdigul, 2020). Other 
minor components are fat (7–8%) and carbohydrates (7–8%) (Huang & 
Liu, 2010). 
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3.2. Bones and cartilages 

Chicken bones are complex materials that are mainly formed by 
collagen surrounded by ‘bone minerals’ (modified forms of calcium 
apatite or hydroxyapatite) and fat. The organic part of the bone is mostly 
protein (70% of the organic part and up to 35% of the bone), with mostly 
collagen (approximately 90%, rich in Pro and Gly) (Cansu & Boran, 
2015). Poultry components with higher bone share include carcasses, 
backs, necks, legs, and wings, among others. Normally, bone residues 
can be used for animal feed as well as for human diet and are tradi
tionally added to soups and broths (Cansu & Boran, 2015; Polyanskikh, 
Danyliv, Dubrovina, Ozherelyeva, & Vasilenko, 2020). 

Besides bones and related to them, cartilages are interesting as they 
contain high amounts of type-2 collagen, which could be used for 
cartilage engineering approaches (Wu, Korntner, Mullen, & Zeugolis, 
2021). Thus, different studies have been carried out to extract this 
collagen from chicken sternal cartilage using a multi-step process, which 
combines protein hydrolysis with other steps, such as precipitation and 
purification or ultrasound treatment (Akram & Zhang, 2020; Cao & Xu, 
2008). Moreover, they contain bioactive compounds, highlighting gly
cosaminoglycans, such as hyaluronic acid or sulfated glycosaminogly
cans such as chondroitin sulfate (Narayanaswamy, Kanagesan, 
Pandurangan, & Padmanabhan, 2016; Stiborova et al., 2020). The 
potent immunomodulatory effects of these molecules have directed 
research towards many functionalities, including anti-atherosclerosis, 
anti-osteoarthritis, and anti-aging (Stiborova et al., 2020). In chickens, 
an interesting cartilage type is the trachea. It contains approximately 
70% protein and 16% fat (Pramualkijja, Pirak, & Euston, 2021) and is 
part of the solid waste from slaughterhouses, although it has a lower 
impact in terms of volume and weight than other chicken by-products. 

3.3. Crest 

Although chicken crests are usually consumed and can be found in 
numerous and varied recipes around the world, they are often discarded 
on many occasions, especially those from female animals that do not 
contain a significant amount of edible meat. Therefore, several studies 
have been conducted to provide additional value to these parts, target
ing hyaluronic acid as a target molecule (Rosa et al., 2007; Severo da 
Rosa, Hoelzel, Viera, Barreto, & Beirão, 2008). This molecule has a 
potent antioxidant effect and good physicochemical properties which 
allow its biomedical applications in plastic, ocular, and osteoarthritis 
surgeries, as well as in tissue engineering (Sudha & Rose, 2014). 

3.4. Feathers 

Approximately 5 million tons of feathers are generated annually 
worldwide. Thus, there is a great interest in searching for new methods 
to valorize this by-product as an alternative to landfilling or incineration 
(Callegaro, Brandelli, & Daroit, 2019). Feathers represent up to 10% of 
the chicken’s total weight and are composed of over 85–90% protein, 
with keratin as the major component (Fakhfakh et al., 2011; Taskin & 
Kurbanoglu, 2011). This structural protein is rich in Gly, Ala, Ser, Cys, 

Leu, Val, Arg, Ile, Phe and contains smaller proportions of Lys, Met, His 
and Trp. Due to its interesting protein and amino acidic composition, 
feather meal is used as feed supplement for animals (Adler, Slizyte, 
Honkapää, & Løes, 2018). 

3.5. Legs and feet 

Although they are used in some countries as part of traditional 
cuisine, in many others, they are discarded and considered as by- 
products (Potti & Fahad, 2017). The major constituents of this 
by-product are proteins (>75%), especially collagen (>50%), and fat 
(approx. 15%). Special attention has been devoted to collagen in terms 
of its technological and functional properties (Araújo, Lima, Pereira, & 
Madruga, 2019). 

3.6. Skin 

One of the chicken slaughterhouse by-products with the highest 
impact is chicken skin, which represents between 8 and 20% of chicken 
carcass weight (Heydarpour et al., 2006). It is usually underutilized 
despite its composition, containing 30–40% fat with high concentrations 
of n-3 and n-6 fatty acids, and 8–12% protein, which makes it a good 
source of collagen. Normally, this skin is easily and rapidly defatted, 
obtaining a protein content over 60% with abundance of hydrophobic 
amino acids (Fallah-Delavar & Farmani, 2018; Onuh, Girgih, Aluko, & 
Aliani, 2013). Several studies have focused on developing methods for 
extracting this collagen from this by-product (Cliche et al., 2003; Mat
inong et al., 2022; Munasinghe et al., 2014). 

3.7. Viscera 

More than 30% of poultry by-products are referred to as chicken 
viscera, which are the internal organs and materials that are not usually 
commercialized and are therefore discarded along the production chain. 
Although hearts, livers, and gizzards can be found in offal shops in some 
countries (Spain, Italy, and some African and Asian regions) (Babicz, 
Kropiwiec-Domańska, Skrzypczak, Szyndler-Nędza, & Szulc, 2020), they 
are less frequent and have a great impact on waste. Nevertheless, these 
chicken parts contain a relevant amount of high-value protein with a 
balanced amino acid profile and low carbohydrate content. Because of 
this composition, they have been widely used for animal feeding, 
particularly in aquaculture, to replace fish flour. Interestingly, after 
processing and defatting viscera, the meal contains more than 90% 
protein and 22% lipids (Giri, Sahoo, & Mohanty, 2010; Oké, Olaniran 
Odountan, Abou, & Odountan, 2016). 

4. Production and bioactivity of chicken slaughterhouse by- 
products

4.1. Production of chicken slaughterhouse by-products 

Chicken slaughterhouse by-products, such as blood, bone, cartilage, 
comb, feather, feet, gizzard, liver, residues from mechanical chicken 

Fig. 1. Schematic representation of the main characteristics of chicken slaughterhouse by-products.  
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deboning, skin, trachea, viscera, and wattle, were used as sources of 
bioactive peptides (Alahyaribeik, Nazarpour, Tabandeh, Honarbakhsh, 
& Sharifi, 2022; Bezerra et al., 2020; Chen et al., 2017; Gonçalves dos 
Santos Aguilar, Santos de Souza, & Soares de Castro, 2020; Lima et al., 
2019; Mas-Capdevila, Pons, Aleixandre, Bravo, & Muguerza, 2018; Nie, 
Xu, Zhao, & Meng, 2017; Onuh et al., 2013; Yang et al., 2019; Zheng, Si, 
Ahmad, Li, & Zhang, 2018). These peptides were intentionally released 
from proteins contained in chicken by-products, mainly via enzymatic 
hydrolysis. Chemical hydrolysis using hydrochloric or sulfuric acid was 
also used for blood red cells and feathers, respectively (Ben Hamad 
Bouhamed, Krichen, & Kechaou, 2020; Nikhita & Sachindra, 2021). 

Regarding the enzymatic process, different steps compromised the 
production of these bioactive peptides, which are contained in the 
elaborated protein hydrolysates (Fig. 2). Initially, chicken by-products 
were usually milled or ground to facilitate protein solubilization (Ala
hyaribeik et al., 2022; Mas-Capdevila et al., 2018; Yang, Lin, Liu, & 
Chen, 2014). Moreover, some were subjected to a lipid removal process 
using organic solvents (Alahyaribeik & Ullah, 2020; Onuh, Girgih, 
Aluko, & Aliani, 2014). Regarding blood, it was used directly to elabo
rate protein hydrolysates or subjected to centrifugation to obtain 
corpuscle and plasma fractions (Carrera-Alvarado, Toldrá, & Mora, 
2022; Cheng, Lai, Lin, & Sakata, 2016). The next step was protein sol
ubilization, which was performed by mixing the chicken by-products 
with water, and the resultant solution was heated or boiled (Carrer
a-Alvarado et al., 2022; Mas-Capdevila et al., 2018; Xiong et al., 2020). 
In this step, a particular by-product was the feather, as its proteins 
(mainly keratin) are difficult to solubilize. Thus, feathers were subjected 
to steam or temperature-pressure processes (Adler et al., 2018; Qin et al., 
2022) or heated in a solution containing hydroxymethyl aminomethane, 
urea, ethylene diamine tetraacetic acid, and sodium sulfite to increase 
keratin solubility (Alahyaribeik et al., 2022; Alahyaribeik & Ullah, 
2020). Finally, these protein solutions, with or without non-soluble 
residues, were hydrolyzed to obtain bioactive peptides. The most com
mon method was using commercial enzymes, although some studies 
isolated proteases from feathers (Fakhfakh et al., 2011; Fontoura et al., 
2014) and different Bromelia species (Romero-Garay et al., 2020). The 

most common enzymes used for this issue and in a variable concentra
tion enzyme/substrate were Alcalase® and pepsin (Bjørndal et al., 2020; 
Chakka, Ramanatikara, Zituji, Pedda, & Narayan, 2021; Pramualkijja 
et al., 2021; Safar Razavizadeh, Farmani, & Motamedzadegan, 2022b; 
Yang et al., 2014), although enzymes such as trypsin, papain, Fla
vourzyme®, Protamex®, neutral Protease, Neutrase®, elastase, and 
collagenase, among others, were also used alone or in combination 
(Casanova-Martí et al., 2019; Mas-Capdevila et al., 2018; Nadalian, 
Kamaruzaman, Yusop, Babji, & Yusop, 2019; J. Yang et al., 2019; Zheng 
et al., 2018). The hydrolysis time varied between 30 min and 24 h 
(Casanova-Martí et al., 2019; Romero-Garay, Becerra-Verdín, Soto-Do
mínguez, Montalvo-González, & García-Magaña, 2022), with shorter 
times (1 and 2 h) being the most used (Aloysius et al., 2018; Bjørndal 
et al., 2020; Mas-Capdevila et al., 2018; K. T. Yang et al., 2014). In 
addition, fermentation using bacteria species, such as Pedobacter sp. 
3.14.7, Bacillus pumilus strain A1, or Chryseobacteriumsp.kr6, was the 
most used method for generating protein hydrolysates from feathers 
(Bezus et al., 2021; Fakhfakh et al., 2011; Fontoura et al., 2014). This is 
because these bacteria contain alkaline keratinases that allow the hy
drolysis of feather keratin. However, this process appeared to be slower 
than hydrolysis with commercial enzymes, as it required hydrolysis 
times of 48 h (Alahyaribeik et al., 2022; Fontoura et al., 2014). Tem
perature and pH (less common) were mainly adjusted based on the 
manufacturer’s description using the conditions in which enzymes are 
the most active or optimal bacterial growth conditions. For ending the 
hydrolysis/fermentative step, enzymes or bacteria were 
heat-inactivated at temperatures between 80 ◦C and 95 ◦C for 15–30 
min. Finally, it is common to include a filtering or centrifugation step to 
remove the insoluble solids or bacteria (Mas-Capdevila et al., 2018). In 
some cases, an ultracentrifugation step is also included to obtain the 
3–10 KDa fraction to purify and concentrate the bioactive peptides, 
obtaining peptide solutions with improved bioactivity compared to the 
initial hydrolysate ((Alahyaribeik et al., 2022; Inkanuwat et al., 2019; 
Zhang, Kouguchi, Shimizu, Ohmori, et al., 2010). 

Once obtained, bioactivities of the hydrolysates were usually 
assessed in vitro and/or in vivo in its liquid format or by its resuspension 

Fig. 2. Schematic representation of the main steps to prepare bioactive hydrolysates from chicken slaughterhouse by-products.Created with BioRender.com.  
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in water at the desired concentration after freeze-drying. Once the 
bioactivity was determined, subsequent purification steps, such as ul
trafiltration with different molecular weight cutoff membranes followed 
by reverse-phase HPLC fractionation, were used for the isolation and 
identification of the bioactive peptides responsible for the bioactivity of 
the hydrolysate (Bravo, Mas-Capdevila, Margalef, Arola-Arnal, & 
Muguerza, 2019; Inkanuwat et al., 2019). 

4.2. Bioactivity of chicken slaughterhouse by-products 

4.2.1. Antioxidant effects 
Oxidative stress plays an important role in the onset and/or pro

gression of various non-communicable diseases, including cardiovas
cular, neurodegenerative, chronic kidney, and chronic obstructive 
pulmonary diseases, as well as atherosclerosis, cancer, and diabetes 
(Liguori et al., 2018). Oxidative stress refers to an imbalance between 
the generation of reactive oxygen and nitrogen species (ROS and RNS, 
respectively) in cells and the ability of biological systems to eliminate 
them. These radical and non-radical molecules are by-products gener
ated through different metabolic processes such as the mitochondrial 
chain, phagocytosis, prostaglandin synthesis, and the cytochrome P450 
system, as well as exogenous sources such as tobacco, pollution, radia
tion, heavy metals, or alcohol (Halliwell & Gutteridge, 2015; Phanien
dra, Jestadi, & Periyasamy, 2015). Some examples of biological ROS or 
compound generators of ROS are the radical superoxide anion (O2

•− ), 
hydrogen peroxide (H2O2), hydroxyl radical (OH•), and hypochlorous 
acid (HOCl), which can damage proteins, lipids, and DNA (Martemucci 
et al., 2022; Pérez de la Lastra, Juan, Plou, & Pérez-Lebeña, 2022). 
Moreover, nitric oxide (NO•), a RNS, is generated by inducible, endo
thelial, and neural nitric oxide synthases (iNOS, eNOS and nNOS, 
respectively), which catalyze the oxidation of L-arginine to L-citrulline, 
as well as by S-nitrosothiol decomposition or the reaction of L-arginine 
with H2O2 (Forstermann & Sessa, 2012; Nagase et al., 1997; Singh, 
Hogg, Joseph, & Kalyanaraman, 1996). It is well known that NO is a 
potent vasodilator; however, when it reacts with O2

•− to produce per
oxynitrites (ONOO•) (Ibarz-Blanch et al., 2022), the beneficial effect of 
this molecule disappears. Moreover, peroxynitrites are involved in the 
oxidation of low-density lipoprotein and amino acids residues, such as 
tyrosine and methionine and DNA (Bartesaghi & Radi, 2018; Douki & 
Cadet, 1996; Pérez de la Lastra et al., 2022). 

As mentioned above, organisms have endogenous antioxidant 
mechanisms (enzymatic and non-enzymatic) that contribute to the 
neutralization of ROS and RNS, thereby avoiding in consequence their 
prejudicial effects. Thus, O2

• is removed by the enzymes superoxide 
dismutase (SOD), H2O2 by catalase (CAT), glutathione peroxidase (GPx), 
and peroxiredoxin, whereas peroxide radicals are eliminated by gluta
thione peroxidases (GPx) (Aoyama & Nakaki, 2015; Wang, Branicky, 
Noë, & Hekimi, 2018). Moreover, it is worth mentioning the role of 
reduced glutathione (GSH) against oxidative stress because it contains 
sulfhydryl groups that can be easily oxidized and reduced back, and is 
considered as the main endogenous antioxidant. In this regard, GSSG•−

(the oxidized form of GSH) is produced when some ROS or GSH-protein 
mixed disulfides are reduced via GPx or glutathione reductases. The 
reduction of GSSG•− is catalyzed by GSH reductase (GR) in a 
NADPH-dependent manner (Aoyama & Nakaki, 2015). 

In addition to these endogenous antioxidant mechanisms, other 
important sources of antioxidant molecules are food compounds such as 
vitamin C, vitamin E, phenolic compounds, carotenoids, trace elements 
(Se, Cu, Zn, and Mn), and peptides. They can directly reduce the oxidation 
of cellular molecules or increase the production and/or activity of 
endogenous antioxidants (Medina-Vera et al., 2021; Tadesse & Emire, 
2020; Wołonciej, Milewska, & Roszkowska-Jakimiec, 2016; Xu et al., 
2017). Therefore, given the importance of antioxidant compounds in the 
prevention of oxidative stress, there is a huge interest in searching new 
dietary-derived compounds with antioxidant properties. Consequently, 
different techniques have been also developed to evaluate the in vitro 

antioxidant effects of these compounds. The most commonly used tech
niques are based on the assessment of the reducing ability or 
radical-trapping activity of a compound when it reacts with an oxidized 
metal ion or a known radical, respectively (Zhong & Shahidi, 2015). 
Related to this, some of the most common antioxidant assays are DPPH•

(2,2-diphenyl-1-picryl-hydrazyl-hydrate) radical-scavenging activity, 
ABTS•+ (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) radical- 
scavenging activity, nitric oxide scavenging activity, total reactive anti
oxidant potential (TRAP), ferric reducing antioxidant power (FRAP) or 
cupric ion reducing antioxidant capacity (CUPRAC). Another common 
assay is the oxygen radical absorbance capacity (ORAC) assay, which 
measures the ability of a compound to quench peroxyl radicals produced 
by AAPH (2,2′-azobis(2-methylpropionamidine) dihydrochloride) in 
presence of oxygen and heat (see Amorati & Valgimigli, 2018; Zhong & 
Shahidi, 2015 for more detailed information about antioxidant assays). 

Antioxidant capacity is one of the main activities studied in hydro
lysates obtained from chicken by-products. Specifically, blood, bones, 
cartilage, a mixture of combs and wattles, feathers, gizzard, liver, me
chanically separated meat, skin, viscera, and trachea have been used to 
generate hydrolysates with antioxidant properties, which were deter
mined by a wide range of assays (Table 1). These bioactive hydrolysates 
were generated using different methodologies such as fermentation and 
enzymatic and chemical hydrolysis. The most studied chicken by- 
products were feathers, which were fermented with different bacterial 
species (Pedobacter sp. 3.14.7, Bacillus pumilus strain A1, or Chrys
eobacteriumsp.kr6), some of which contain alkaline keratinases, or 
directly treated with different proteases, including enzymes with kera
tinolytic activity. For example, the solution obtained from feather 
fermentation by means of the feather-extracted bacteria Pedobacter sp. 
3.14.7, exerted both ABTS and nitric oxide radical-scavenging activities 
(Bezus et al., 2021). Moreover, KER102 keratinase, a serine protease 
isolated from Bacillus sp.RCM-SSR-102, was used to generate a feather 
hydrolysate with DPPH and ABTS radical-scavenging activities (Kshetri 
et al., 2020). In addition, this peptic solution protected the DNA from 
oxidative damage. 

Interestingly, the antioxidant activity of hydrolysates from chicken 
by-products varied depending on different factors, such as the type of 
chicken source, the method used to determine the antioxidant capacity, 
or the hydrolysis conditions (type of enzyme, enzyme/substrate ratio, 
hydrolysis time, and pH). Moreover, the same by-products from 
different origins produced hydrolysates with different antioxidant ca
pacities, although the same hydrolysis conditions were applied. In this 
regard, Onuh et al. (2014) observed that the type of skin (thigh or 
breast) and enzyme concentration in both DPPH radical-scavenging 
activity and metal chelation ability, as well as the enzyme type (Alca
lase® or Pepsin + Pancreatin) for the metal chelation ability, were key in 
the generation of antioxidant hydrolysates from chicken skin (Onuh 
et al., 2014). Furthermore, hydrolysates obtained from thigh (3% 
Alcalase®) and breast (1% Pepsin + Pancreatin) skins showed strong 
DPPH radical-scavenging activity and metal chelation activity, and 
weak hydroxyl and superoxide radical-scavenging activities. Another 
example of the effects of enzymes and hydrolysis conditions on the 
generation of antioxidant peptides is the study by Jeampakdee et al. 
(2020). In this study, Neutrase® was more efficient in generating hy
drolysates with DPPH radical-scavenging activity from feather meal or 
viscera than those generated using Alcalase® or Flavourzyme® (Gon
çalves dos Santos Aguilar et al., 2020; Jeampakdee et al., 2020). 
Furthermore, an enzyme-concentration response for DPPH 
radical-scavenging activity was observed in feather hydrolysates 
(Jeampakdee et al., 2020). In contrast, Flavourzyme® was the best 
enzyme in generating viscera-derived hydrolysates with the highest 
total antioxidant activity compared to those elaborated with Neutrase® 
or Alcalase® (Gonçalves dos Santos Aguilar et al., 2020); while Alca
lase® was the best enzyme in generating trachea-derived antioxidant 
hydrolysates in comparison with Flavourzyme®, Protamex® or Papain 
(Pramualkijja et al., 2021). The hydrolysis time is also an important 
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Table 1 
In vitro antioxidant effects of chicken by-product hydrolysates.  

By-product Enzyme Amino acid sequence/ 
s 

ABTS•+- 
SA 

ORAC DPPH•-SA FRAP/ 
reducing 
power 

Iron/ 
metal 
chelating 
activity 

O2− - 
SA 

•OH- 
SA 

•NO- 
SA 

TEAC Mo (VI) 
reduction 

β-carotene 
bleaching 
inhibition 

References 

Blood Meal Alcalase® 33.0–58.4 
μmol TE/g  

84.0–86.0 
μmol TE/g 

2.26–6.2 
μmol TE/ 
g        

(da Silva Bambirra 
Alves et al., 2021) 

Red cells Chlorhydric acid ( 
0.05%)    

57% (n.e)         Nikhita and 
Sachindra (2021)( 
Nikhita and 
Sachindra, 2021) 

Red cells Alcalase® 77% (n.e)         

Red cells Pepsin    ~1.4 mg/ 
mL         

Hamzeh et al. 
(2019)(Hamzeh 
et al., 2019) Plasma Pepsin AMADCCS, YPKAPFS, 

LLINLIK, DMVECMD, 
YEGLSKLVK, 
SPGSLCA, PTATVLG, 
CGLAGREE, 
FTVTFENTD, 
YRDSIVA, HLAVGAS, 
IEGTSYA, 
MIGMTPTV, 
FSYLISKD, 
DVKDTCM, 
VWGLASDL, 
YGTAITS, 
MQPAMAAI, 
LSVPLVL, AGSSPI, 
KIPLNLV, ISVCNSLL, 
EELPLPL, ALPTGG, 
DTKSDFH, TKSDFHL, 
MGTAPMW, 
ISRDWRGV, 
GKLGAVL, LRCQCIS, 
LIVKALMAK   

~1.0 mg/ 
mL         

Corpuscle Papain +
Flavourzyme® 

AEDKKLIQ   95% (n.e) 1.8%  53%      Zheng et al. (2018) 

Plasma Alcalase® 77% (n.e) 0.6% 91%       Cheng et al. (2016) 
(Cheng et al., 
2016) 

Cells Alcalase® 78% (n.e) 0.3% 86%       

Bones Carcass Alcalase® 6988 
μmol TE/L 

11,683 
μmol 
TE/L          

Londoño-Zapata 
et al. (2022)  

Papain + Neutral 
protease + Trypsin    

~60% (6 
mg/mL) 

~0.4 
(AU) (6 
mg/mL)   

~25% 
(10 
mg/ 
mL)     

Nie et al. (2017) 

Cartilage  Trypsin  55.5 mg 
TE/g  

9.8 mg/ 
mL 

0.5        Yang et al. (2019) 

Combs and 
Wattles  

Alcalase® GADGAP, GKDLR ~58%  ~42% (n. 
e) 

~95% 94%       Bezerra et al. 
(2020) 

Feather  Bacillus 
licheniformis. 
Fraction <3 kDa    

5.0 mg/ 
mL         

Alahyaribeik et al. 
(2021) 
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Table 1 (continued ) 

By-product Enzyme Amino acid sequence/ 
s 

ABTS•+- 
SA 

ORAC DPPH•-SA FRAP/ 
reducing 
power 

Iron/ 
metal 
chelating 
activity 

O2− - 
SA 

•OH- 
SA 

•NO- 
SA 

TEAC Mo (VI) 
reduction 

β-carotene 
bleaching 
inhibition 

References  

Pedobacter sp  0.6 g/L   2.2 AU 
(2 mg/ 
mL)    

0.5 
g/L 

3.6 
mTE/g 
protein   

Bezus et al. (2021)  

Bacillus pumilus A1    0.3 mg/ 
mL 

~1.6 AU 
(3 mg/ 
mL)        

Fakhfakh et al. 
(2011)  

Chryseobacteriumsp. 
kr6  

16 mg/mL  83% (n.e)         Fontoura et al. 
(2014)  

Chryseobacteriumsp. 
kr6 

LPGPILSSFPQ ~10% (3 
mg/mL)           

Fontoura et al. 
(2019)  

Bacillus subtilis S1–4. SNLCRPCG 0.4 mg/ 
mL  

0.4 mg/ 
mL  

1.9 mg/ 
mL       

Wan et al. (2016)  

Sulfuric acid –   0.5 mg/ 
mL 

1.1 AU 
(5 mg/ 
mL)      

60.6 
μmol 
α-TE/mL 

~80% (10 
mg/mL) 

Ben Hamad 
Bouhamed et al. 
(2020)  

KER102 keratinase – 20 μg/mL  1.0 mg/ 
mL         

Kshetri et al. 
(2020)  

Alcalase® –   90.43% (5 
mg/mL)         

Alahyaribeik and 
Ullah (2020) 

Meal Neutrase® FDDRGRX, 
VTLAVTKH, 
VSEIXSIPIS 

9.3 μg/mL  16.5 μg/ 
mL         

Jeampakdee et al. 
(2020)  

Bacillus sp. P45 
(fraction <3000 Da)  

46.8 μmol 
TE/g 

808.1 
μmol 
TE/g          

da Cunha et al. 
(2023) 

Gizzard  Pediococcus 
acidilactici ATCC 
8042  

19.5 μM 
TE/g 
protein  

37.5 μM 
TE/g 
protein 

~40 μM 
TE/g 
protein        

Ali et al. (2021)  

Bifidobacterium 
longum B379M    

76% (n.e)         Zinina et al. 
(2022) 

Liver  Trypsin    ~75% (2 
mg/mL) 

~0.5 AU 
(2 mg/ 
mL)   

55% 
(2 mg/ 
mL)     

Xiong et al. (2020)  

Alcalase® 7.3 mg  1.74 mg ~0.5 AU 
(100 μL)  

1.4 
mg      

Chakka, Elias, Jini, 
Sakhare, and 
Bhaskar (2015) 

Mechanical 
deboning 
residues  

Alcalase® 4.2 mg/ 
mL         

Sbeghen et al. 
(2022) 

Skin  Alcalase® + Freeze 
dried    

47% (n.e) 0.3% (n. 
e) 

92% (n.e)  7% (n. 
e)     

Wan Omar and 
Sarbon (2016)( 
Wan Omar and 
Sarbon, 2016)  

Alcalase®.+
Vacuum oven dried    

38% (n.e) 0.4% (n. 
e) 

86% (n.e)  29% 
(n.e)      

Alcalase®+ pronase 
E + collagenase 
(Fraction)    

16.7 mg/ 
mL 

~0.03 
AU (20 
mg/mL) 

1.1 mg/ 
mL 

8.7 
mg/ 
mL      

Sarbon, Badii, and 
Howell (2018)  

Elastase GAHTGPRKPFKPR, 
GMPGFDVR, 
ADASVLPK 

1.1 mg/ 
mL  

2.8 mg/ 
mL  

1.2 mg/ 
mL       

Nadalian et al. 
(2019)  

Alcalase® 61% (n.e)         Safar Razavizadeh, 
Farmani, and 
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Table 1 (continued ) 

By-product Enzyme Amino acid sequence/ 
s 

ABTS•+- 
SA 

ORAC DPPH•-SA FRAP/ 
reducing 
power 

Iron/ 
metal 
chelating 
activity 

O2− - 
SA 

•OH- 
SA 

•NO- 
SA 

TEAC Mo (VI) 
reduction 

β-carotene 
bleaching 
inhibition 

References 

Motamedzadegan 
(2022a) 

Breast Pepsin + pancreatin   3180 
μM TE/ 
g 
protein 

~32% (1 
mg/mL)  

~80% (1 
mg/mL)       

Onuh et al. (2014) 
(Onuh et al., 2014) 

Thigh Alcalase® 3497 
μM TE/ 
g 
protein 

~34% (1 
mg/mL)  

~95% (1 
mg/mL)       

Trachea  Alcalase® 134.3 
μmol TE/ 
mg  

4.4 μmol 
TE/mL 

22.5 
μmol TE/ 
mg        

(Pramualkijja 
et al., 2021, 2022)  

Alcalase® + Whey 
proteins + NaCl 
(1.5%)  

181.0 μM/ 
mL  

40.0 μM/ 
mL 

46.0 μM/ 
mL        

Pramualkijja et al. 
(2022) 

Viscera  Flavourzyme® +
Alcalase®

71% (n.e)         Gonçalves dos 
Santos Aguilar 
et al. (2020)  

Alcalase® 188.1 
μmol TE/g 

1057.6 
μmol TE/ 
g        

da Silva and de 
Castro (2020) 

Table shows the most active hydrolysate obtained in each study. ~Data calculated from reported figures (real value were not specified by authors). Numbers in brackets indicate the concentration of protein for testing the 
antioxidant activity. 
Abbreviations: ABTS•+ -SA (2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid radical scavenging activity), DPPH•-SA(2,2-diphenyl-1-picryl-hydrazyl-hydrate radical scavenging activity), FRAP (ferric reducing 
antioxidant power), n.e (not specified), •NO-SA (nitric oxide scavenging activity), O2− -SA(superoxide radical scavenging activity), •OH-SA (hydroxyl radical scavenging activity), ORAC (oxygen radical absorbance 
capacity), α-TE (α-tocopherol equivalents), TE (Trolox equivalents), TEAC (Trolox equivalent antioxidant activity). 
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factor in the generation of antioxidant hydrolysates. Thus, the maximum 
values of activity were found in the aforementioned trachea-derived 
hydrolysate in the range of 1 and 3 h of hydrolysis for the FRAP 
method, in the range of 2 and 6 h for the DPPH method, and 6 h for the 
ABTS method (Pramualkijja et al., 2021). Short hydrolysis times were 
also better for obtaining the maximum ABTS radical-scavenging activity 
of red blood cell hydrolysates (1–4 h) (Hamzeh, Wongngam, Kiatsong
chai, & Yongsawatdigul, 2019). However, longer hydrolysis periods (18 
h) were necessary to obtain the highest ABTS and DPPH
radical-scavenging activities in hydrolysates obtained from gizzard
fermentation by means of Pediococcus acidilactici ATCC 8042 (Ali, Gullo,
Rai, & Bavisetty, 2021). The hydrolysate elaborated under these con
ditions showed strong ABTS and DPPH radical-scavenging activities of
22.8 and 26.3 times, respectively, which were higher than the initial
gizzard.

Additionally, technological processes, such as drying, heating, or the 
matrix conditions in which hydrolysates are incorporated, might change 
the antioxidant activity of hydrolysates (Table 1). In this regard, a study 
carried out using an antioxidant skin hydrolysate showed that freeze- 
dried method was better in conserving its DPPH radical-scavenging 
and metal-chelating activities than the dried in a vacuum oven; how
ever, hydroxyl radical-scavenging properties were better retained after 
the vacuum oven drying process than the freeze-drying method (Wan 
Omar & Sarbon, 2016). Furthermore, the antioxidant stability of 
thermic processes appears to depend on the hydrolysate itself. Thus, the 
DPPH radical-scavenging activity of a peptic fraction (<3000 Da) ob
tained from feather fermentation with Bacillus licheniformis was stable 
after a 30 min of heat treatment (20–100 ◦C); however, the DPPH 
radical-scavenging activity of a blood corpuscle hydrolysate was 
diminished after a 30 min of heat treatment at 80 and 100 ◦C (Zheng 
et al., 2018). Moreover, the antioxidant activity of these chicken 
by-product hydrolysates appears to be affected by pH. In this regard, the 
aforementioned feather fermented solution was very sensitive to pH, 
losing its activity at all evaluated pH values (2, 4, 6, and 10) (Alahyar
ibeik, Seyed, Tabandeh, Honarbakhsh, & Ghazanfari, 2021), whereas 
the blood corpuscle hydrolysate only lost DPPH radical-scavenging ac
tivity at pH higher than 7.0 (Zheng et al., 2018). In addition, another 
affecting parameter is the protein glycation, which might be produced in 
the formulation of functional foods using these hydrolysates. There is 
evidence that the glycation process might increase the antioxidant ac
tivity of hydrolysates (Nie et al., 2017; Xiong et al., 2020), although the 
results depend on the antioxidant assay used (Londoño-Zapata et al., 
2022). Londoño-Zapata et al. (2022) observed that glycation with 
lactose increased the ORAC activity of a bone-derived hydrolysate by 
6.57%; however, it decreased the ABTS radical-scavenging activity in 
the same hydrolysate by 3.73% (Londoño-Zapata et al., 2022). Another 
example was a bone-protein hydrolysate generated by a mixture of en
zymes Papain, Neutral protease and Trypsin. This hydrolysate and its 
peptic-derived fractions (< and >3000 Da) showed strong DPPH 
radical-scavenging activity and moderate reducing power; however, 
both activities, as well as, its hydroxyl radical-scavenging activity 
significantly increased when proteins and peptides were glycated with 
galactose (3:1 galactose: hydrolysate, 100 ◦C, 90 min) (Nie et al., 2017). 
Moreover, the addition of an Alcalase®-digested trachea hydrolysate to 
a NaCl solution containing other proteins such as egg white and whey 
proteins produced changes in the DPPH and ABTS radical-scavenging 
activities, and ferric reducing ability of the hydrolysate, which depen
ded on the used protein type and concentration. The most active mixture 
was a combination of 0.5% trachea hydrolysate and whey protein dis
solved in 1.5% NaCl (Pramualkijja, Pirak, & Euston, 2022). Further
more, Sbeghen et al. (2022) observed that ultrafiltration (4000 Da 
membrane, 2.5 bar at 45 ◦C) can be a useful technique to improve 
antioxidant activity in an Alcalase®-digested hydrolysate obtained from 
mechanically separated chicken meat, as the hydrolysate retentate 
showed increased DPPH radical-scavenging activity compared to the 
original hydrolysate (Sbeghen et al., 2022). 

Finally, the influence of gastrointestinal digestion on the antioxidant 
activity of chicken by-product hydrolysates must be considered. In this 
regard, DPPH radical-scavenging activity seems to be quite stable in this 
biological process, with an increase in the bioactivity of hydrolysates 
obtained from blood and isolated red blood cells, and only a reduction of 
5% in blood corpuscle hydrolysates after being subjected to Pepsin- 
Pancreatin digestion (Hamzeh et al., 2019; Zheng et al., 2018). 

Even though chicken by-products have been the source of a huge 
number of hydrolysates with in vitro antioxidant effects, the scarce 
number of hydrolysates that have been evaluated in vivo is striking 
(Table 2). One of the more studied hydrolysates is a Pepsin-digested liver 
hydrolysate, which has shown in vitro DPPH radical-scavenging and 
ferrous ion chelating abilities (Chou, Wang, Lin, & Chen, 2014). Its 
antioxidant effects were observed in different oxidative stress animal 
models, such as mice with D-galactose-induced oxidative stress (Chou 
et al., 2014), thioacetamide (TAA)-induced fibrotic rat (Chen et al., 
2017), streptozotocin (STZ)-induced hyperglycemic mouse (Yeh et al., 
2022), mouse with alcoholic liver disease (Lin et al., 2017), and ham
sters and mice consuming a high-fat diet (Wu, Lin, et al., 2020; Wu, Lin, 
Yang, Wang, & Chen, 2021; Yang et al., 2014). For example, the 
administration of 250 mg/kg body weight (BW) of the Pepsin-derived 
liver hydrolysate to the D-galactose ROS-induced mouse model for 6 
weeks produced a strong antioxidant effect (Chou et al., 2014). Specif
ically, these animals showed a reduction in thiobarbituric acid reactive 
species (TBARS) levels and an increase in Trolox equivalent antioxidant 
capacity (TEAC), GSH levels, and the activity of the antioxidant enzymes 
SOD, CAT, and GPx in different animal organs, compared to the control 
D-galactose group (Chou et al., 2014). TBARS assay is an indicator of
malondialdehyde (MDA) levels, which is a lipid peroxidation marker
(Gaweł, Wardas, Niedworok, & Wardas, 2004), and TEAC assay is
commonly used for determining antioxidant capacity in animal tissues.
Its effects were attributed to (i) the high content of Gly, Cys, Glu, present
in the liver-derived hydrolysate, which can be used to produce GSH
(Samarasinghe, Munkanatta Godage, VanHecke, & Ahn, 2014); as well
as due to the content of the metals Mn and Se, which are cofactors for
SOD and GPx, respectively, and (ii) its peptic profile (Li & Zhou, 2011;
Zoidis, Seremelis, Kontopoulos, & Danezis, 2018). Moreover, chronic
administration of this hydrolysate to rats with thioacetamide
(TAA)-induced fibrosis (600 mg/kg BW) and to alcoholic mice (320 and
1280 mg/kg BW) also ameliorated the hepatic oxidative state of the
animals compared to TAA-induced fibrotic or alcoholic animals,
respectively (Chen et al., 2017; Lin et al., 2017). The results were
important as the liver-derived hydrolysate counteracted some of the
effects of TAA on the liver, such as the activity of SOD and CAT, as well
as the TEAC levels, which were similar to those determined in healthy
animals. Similarly, oxidative stress induced by the alcoholic diet was
counteracted by the consumption of this hydrolysate (TBARS, TEAC,
SOD activity, and GPx activity) (Lin et al., 2017).

Moreover, other chicken by-product-derived hydrolysates showed 
antioxidant effects in vivo, although they were not selected based on 
their in vitro antioxidant capacity (Table 2). In this regard, a Protamex®- 
digested foot hydrolysate with antihypertensive effects, increased he
patic GSH levels in spontaneously hypertensive rats (SHR) compared to 
the control SHR group (Mas-Capdevila et al., 2019). Moreover, an 
Alcalase®-digested liver hydrolysate improved serum total antioxidant 
activity and DPPH radical-scavenging activity in 
cyclophosphamide-induced anemic mice, although these effects were 
dependent on the administered concentration and the method used to 
obtain the hydrolysate (fermentation or enzymatic hydrolysis with 
Alcalase®) (Chakka et al., 2021). 

Antioxidant activity of hydrolysates is attributed to the peptide 
composition, with the best antioxidant activity for peptides included in 
fractions of 1 and 3 kDa (Sbeghen et al., 2022). However, contradictory 
results were found for antioxidant chicken hydrolysates. In this regard, 
the <3 kDa fraction of a feather meal hydrolysate obtained using Bacillus 
sp. P45 was the most active for peroxyl and ABTS radical-scavenging 

N. Ibarz-Blanch et al.

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



Trends in Food Science & Technology 139 (2023) 104125

Table 2 
In vivo antioxidant effects of chicken by-product hydrolysates.  

By- 
product 

Hydrolysis conditions Amino acid 
sequence/s* 

Animal model Treatment dose 
and period 

Antioxidant effect Reference 

Feather Bacillus licheniformis 5% 
(v/v), 48 h, 40 ◦C (F <
3 kDa)  

Broiler chicks 50 mg/L for 36 
days 

↓MDA (thigh muscle) Alahyaribeik et al. 
(2021, 2022) 

Foot Protamex® 0.4 AU/g 
prot, 2 h, 50 ◦C, pH 7.0  

SHR 55 mg/kg BW, 1 
day 

↑hepatic GSH Mas-Capdevila et al. 
(2019) 

Liver Pepsin 1:400, 2 h, 37 ◦C  57BL/6 mice + d-galactose (1.2 g/BW) 
subcutaneous injection 

50 mg/kg BW for 
6 weeks 

↓brain and liver TBARS 
↑ serum and brain GSH 
↑liver and kidney SOD 
activity 
↑heart CAT activity and GPx 
activity 

Chou et al. (2014)  

57BL/6 mice + d-galactose (1.2 g/BW) 
subcutaneous injection 

250 mg/kg BW 
for 6 weeks 

↑liver size 
↓TBARS (serum, brain, liver) 
↑ brain GSH, TEAC, SOD 
activity, and CAT activity ( 
↑hepatic GSH, TEAC, SOD 
activity, and CAT activity 
↑kidney GSH, CAT activity 
and GPx activity 
↑heart GPx activity  

Wistar rats + 100 mg TAA/kg BW 
(intraperitoneal injection) 

200 mg/kg BW 
for 10 weeks 

↓hepatic TBARS 
↑hepatic GSH and SOD 
activity 

Chen et al. (2017)  

600 mg/kg bw 
for 10 weeks 

↓hepatic TBARS 
↑hepatic TEAC, 
SOD activity, and CAT 
activity  

C57BL/6J (B6) mice + alcoholic diet 80 mg/kg BW for 
8 weeks 

↑hepatic TEAC and GPx 
activity 

Lin et al. (2017)  

320 mg/kg bw 
for 8 weeks 

↓hepatic TBARS 
↑hepatic TEAC, 
SOD activity, and GPx 
activity  

1280 mg/kg BW 
for 8 weeks 

↓hepatic TBARS 
↑hepatic TEAC, 
SOD activity, 
GPx activity  

Golden Syrian hamsters + high-fat diet 100 mg/kg bw 
for 8 weeks 

↓serum and hepatic TBARS 
↑hepatic GSH, 
CAT activity, and GPx 
activity 

Yang et al. (2014)  

200 mg/kg BW 
for 8 weeks 

↓serum and hepatic TBARS 
↑serum TEAC 
↑ hepatic GSH, 
SOD activity, 
CAT activity, and GPx 
activity  

400 mg/kg BW 
for 8 weeks 
(oral) 

↓serum and liver TBARS 
↑serum TEAC 
↑ hepatic GSH, 
SOD activity, 
CAT activity, and GPx 
activity  

C57BL/6 mice + basal diet 20 weeks ↑hepatic SOD activity Wu, Korntner, Mullen, 
and Zeugolis (2021)  C57BL/6 mice + high-fat diet ~170 mg/kg BW 

for 20 weeks 
↓hepatic TBARS 
↑hepatic SOD activity, 
CAT activity, and GPx 
activity  

~510 mg/kg BW 
for 20 weeks 

↓hepatic TBARS 
↑hepatic SOD activity and 
GPx activity  

C57BL/6 mice + high-fat diet ~170 mg/kg BW 
for 20 weeks 

↓serum TBARS 
↑serum TEAC and GSH 

Wu, Lau, et al. (2020) 
Wu, Lau, et al. (2020)  

~510 mg/kg BW 
for 20 weeks 

↓serum TBARS 
↑serum TEAC and GSH 
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activities (da Cunha, Brandelli, Braga, Sala, & Kalil, 2023), whereas the 
>4 kDa fraction of an Alcalase®-digested hydrolysate obtained from
mechanically separated chicken meat exhibited higher DPPH
radical-scavenging activity than the permeate obtained from the hy
drolysate ultrafiltration (Sbeghen et al., 2022). Moreover, the highest
DPPH and hydroxyl radical-scavenging activities, and ORAC of two
chicken skin hydrolysates corresponded to the smallest peptide fraction
(<1 kDa) (Onuh et al., 2014). A higher TEAC and reducing power was
also observed in the <10 kDa fraction of a Pepsin-digested cartilage
hydrolysate in comparison with the original hydrolysate and its >10 kDa
fraction (J. Yang et al., 2019). Different antioxidant amino acid se
quences have been identified in the antioxidant chicken by-product
hydrolysates. In this regard, the amino acid sequence EDKKLIQ was
identified in an antioxidant hydrolysate obtained from blood corpuscles,
which showed similar radical-scavenging activity (hydroxyl, superox
ide, and DPPH) and reducing power as GSH (Zheng et al., 2018). In
addition, the peptides LPGPILSSFPQ and SNLCRPCG were also identi
fied in antioxidant feather hydrolysates obtained by fermentation with
Chryseobacteriumsp.kr6 and Bacillus subtilis S1–4, respectively, which
were capable to scavenge different free radicals or show reducing power
(Fontoura et al., 2019; Wan, Dong, Yang, & Feng, 2016). Moreover,
peptides from different collagen chains and elastin were identified in an
antioxidant hydrolysate obtained from combs and wattles (Bezerra
et al., 2020). Some of these peptides were the amino acid sequences
GADGAP and GKDGLR, which might exert antioxidant activity accord
ing to their specific amino acid sequence (Bezerra et al., 2020). In this
regard, the presence of Phe, Ala, Val, Pro and His in peptides have been
linked to good radical-scavenging activity (Samaranayaka & Li-Chan,
2011). Moreover, Trp (mainly when it is located at the extreme of a
peptide) and Pro seem to act as potent hydrogen donors because of the

indole and pyrrolidine rings that they contain, respectively (Fan, He, 
Zhuang, & Sun, 2012; Girgih et al., 2014). Moreover, the presence of 
Lys, Glu or Gln in a peptide have been also linked to hydroxyl 
radical-scavenging and metal binding activities (Shazly et al., 2017). 
Additionally, Ala and Ile have been associated with the lipid peroxida
tion inhibitory activity exerted by different dietary peptides (Luo et al., 
2020; Zhao et al., 2018) and the presence of polar or charged amino 
acids (Arg, His or Asp) in a peptide has been associated with 
iron-binding activity (Sun et al., 2017). 

4.2.2. Effects on cardiovascular related diseases 
Antihypertensive effects have been one of the most researched effects 

of chicken by-product hydrolysates. The selection of antihypertensive 
hydrolysates was based on their ability to inhibit ACE in vitro. This 
enzyme is key to BP regulation within the Renin-Angiotensin- 
Aldosterone system. Its importance lies in the fact that it catalyzes the 
inactivation of the vasodilator bradykinin, and more importantly, the 
generation of angiotensin (Ang) II from Ang I. Ang II contributes to in
crease BP via different pathways. Some of them are i) stimulation of 
vascular smooth muscle cell contraction, ii) release of endothelial 
vasoconstrictor factors such as endothelin 1 (ET-1) or ROS, and iii) 
stimulation of aldosterone release by adrenal glands, producing renal 
water and sodium reabsorption (Patel, Rauf, Khan, & Abu-Izneid, 2017; 
Pueyo & Michel, 1997; Touyz et al., 2002). Further details regarding the 
RAAS can be found in López-Fernández-Sobrino, Torres-Fuentes, Bravo, 
& Muguerza, 2022. 

ACEi activity was observed in hydrolysates derived from a wide 
range of chicken by-products, including foot, blood, feather, skin, bone, 
viscera, trachea, comb, and wattle (Bravo et al., 2023). The IC50 values 
of the best ACEi hydrolysates obtained in different studies ranged 

Table 2 (continued ) 

By- 
product 

Hydrolysis conditions Amino acid 
sequence/s* 

Animal model Treatment dose 
and period 

Antioxidant effect Reference  

Institute of Cancer Research(ICR) mice 
+ STZ (50 mg/kg BW) with nicotin- 
amide (120 mg/kg BW) 

409.46 mg mg/ 
kg BW for 9 
weeks 

↑brain GSH, TEAC, 
SOD activity, CAT activity, 
GPx activity 

Yeh et al. (2022)  

818.92 mg/kg 
BW for 9 weeks 

↓brain TBARS 
↑brain and hepatic TEAC, 
GSH, SOD activity, CAT 
activity, and GPx activity  

1223.38 mg/kg 
BW for 9 weeks 

↓brain TBARS 
↑brain and hepatic TEAC, 
GSH, SOD activity, CAT 
activity, and GPx activity 

Alcalase® 1.5%, 150 
min, 45 ◦C  

Swiss-albino female mice + basal diet 
without iron + cyclophosphamide (100 
mg/kg BW) 

1.5% for 28 days ↑total antioxidant activity in 
serum. Similar to healthy 
group 

Chakka et al. (2021)  

3% for 28 days ↑DPPH scavenging activity in 
serum, > healthy group  

4.5% for 28 days ↓total antioxidant activity in 
serum 
↑DPPH scavenging activity in 
serum, > healthy group 

Pediococcus acidilactici 
N-CIM5368, 10%, 24 h, 
37 ◦C

1.5% for 28 days ↓Total antioxidant activity in 
serum. 
↑DPPH scavenging activity in 
serum, ≥ healthy group  

3% for 28 days ↑Total antioxidant activity in 
serum. Similar to healthy 
group. 
↑DPPH scavenging activity in 
serum, ≥ healthy group  

4.5% for 28 days ↑DPPH scavenging activity in 
serum, ≥ healthy group 

Table shows the most active hydrolysate obtained in each study. ↑ and ↓ indicate an increase or decrease of a parameter, respectively, in comparison with their 
respective non-treated ill animals. 
Abbreviations: BW (body weight), CAT (catalase), DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate), GPx (glutathione peroxidase), GSH (reduced glutathione), MDA 
(malondialdehide), SOD (superoxide dismutase), SHR (spontaneously hypertensive rats), STZ (streptozotocin), TBARS (thiobarbituric acid reactive species), TEAC 
(trolox equivalent antioxidant capacity). 
(*)Amino acid sequences were not reported by the authors in the cited works. 
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between 2.7-2650 μg/mL, although most of them ranged between 130 
and 550 μg/mL (Bravo et al., 2023). IC50 indicates the minimum amount 
of hydrolysate required to inhibit 50% of the enzyme. Thus, the lowest 
value indicates the most active hydrolysate. Alcalase® was the most 
commonly used cocktail enzyme for generating these bioactive hydro
lysates (Chen et al., 2002; Cheng et al., 2008a; Cheng et al., 2008b; 
Cheng, Liu, Wan, Lin, & Sakata, 2008; Gonçalves dos Santos Aguilar 
et al., 2020; Huang & Liu, 2010; Nikhita & Sachindra, 2021; Onuh et al., 
2013; Onuh, Girgih, Malomo, Aluko, & Aliani, 2015; Pramualkijja et al., 
2021; Wongngam et al., 2020). Moreover, studies comparing the effects 
of different proteases on the generation of ACEi peptides showed that 
Alcalase® was also the enzyme responsible for releasing the most active 
peptides in chicken whole blood, blood corpuscle, bone, skin, trachea, 
and residues, considering the specific test conditions (Chen et al., 2002; 
Cheng et al., 2008; Huang & Liu, 2010; Onuh et al., 2013; Pramualkijja 
et al., 2021; Wongngam et al., 2020). However, the best ACEi activity 
was found in a Protamex®-digested foot hydrolysate (IC50 = 27 μg/mL) 
(Mas-Capdevila et al., 2018), where Alcalase® digestion was not 
assayed. Furthermore, it was found that the ACEi activity of a specific 
hydrolysate could be improved through different processes, such as by i) 
performing gastrointestinal in vitro digestion (Saiga et al., 2008); ii) 
further hydrolysis with other enzymes (Saiga et al., 2008; Yuliatmo, 
Fitriyanto, Bachruddin, & Erwanto, 2017); and iii) isolating the fraction 
containing the smallest peptides (Huang & Liu, 2010; Onuh et al., 2013, 
2015; Saiga et al., 2008; Wongngam et al., 2020) and iv) by using 
plastein reaction (Gao et al., 2020). More detailed information about the 
effects of chicken by-product hydrolysates on the ACEi can be found in 
Bravo et al. (2023). 

In addition to in vitro assays, the antihypertensive effects of many of 
these hydrolysates have been evaluated in hypertensive rats after 
chronic and/or acute administration (Bravo et al., 2023). Acute 
administration of these hydrolysates (doses ranging between 50 and 
3000 mg/kg BW) to hypertensive rats produced strong reductions in the 
systolic BP (SBP) (Bravo et al., 2023). The maximum SBP drop ranged 
from 26 to 60 mm Hg (Chen et al., 2002; Mas-Capdevila et al., 2018; 
Onuh et al., 2013; Saiga et al., 2008; Wongngam et al., 2020; Zhang, 
Kouguchi, Shimizu, Ohmori, et al., 2010). Moreover, some of these 
hydrolysates, such as those obtained from foot, blood, bone, skin, and 
chicken residues, also produced antihypertensive effects after their 
long-term administration to hypertensive animals (Chen et al., 2002; 
Cheng et al., 2008; Cheng et al., 2008b; Mas-Capdevila et al., 2019; 
Onuh et al., 2016; Saiga et al., 2008; Wongngam et al., 2020; Zhang, 
Kouguchi, Shimizu, Ohmori, et al., 2010). In addition, these BP-lowering 
effects could be produced by the action of some of these hydrolysates on 
ACE, resulting in its partial inhibition (Chen et al., 2002; Mas-Capdevila 
et al., 2018; Onuh et al., 2016). Consequently, this would lead to a 
decrease in Ang II production and a reduction in BP levels. Moreover, it 
was also demonstrated that they could also act on vessels improving 
hypertension-induced wall thickness (Cheng et al., 2008b), aorta hy
pertrophy (Zhang, Kouguchi, Shimizu, Ohmori, et al., 2010), and 
endothelial dysfunction (Mas-Capdevila et al., 2019; Zhang, Kouguchi, 
Shimizu, Ohmori, et al., 2010). This last hypertension-associated effect 
is characterized by an imbalance in the proportion of 
endothelial-derived vasoconstrictor (endothelin 1) and vasodilator fac
tors (NO and prostaglandin), and a reduction in the bioavailability of 
endothelial NO (Hadi, Carr, & Al Suwaidi, 2005; Yanai et al., 2008), 
among others. For example, the administration of a Protamex®-digested 
chicken foot hydrolysate to diet-induced hypertensive rats for 3 weeks 
resulted in the downregulation of aortic Edn1 (endothelin 1 gene), 
upregulation of aortic Sirt1 (sirtuin 1 gene), as well as an increase in 
hepatic levels of GSH compared to hypertensive control animals 
(Mas-Capdevila et al., 2019). Moreover, an improvement in the anti
oxidant status together with a decrease in BP were observed in 
cyclophosphamide-induced anemia mice consuming a chicken liver 
hydrolysate (Chakka et al., 2021). Sirtuin 1 is crucial for the activation 
of eNOS, stimulates eNos transcription (ENOS is responsible for the 

production of the vasodilator NO), and inhibits NADPH oxidase activity, 
reducing the production of endothelial ROS by this enzyme (Ibarz-
Blanch et al., 2022; Mattagajasingh et al., 2007; Zarzuelo et al., 2013). 
ROS are involved in the reduction of NO bioavailability, as excessive 
superoxide anions can scavenge NO, forming peroxynitrite (Rubanyi & 
Vanhoutte, 1986). Consequently, it would reduce the bioavailability of 
NO. Another example is the <3 kDa fraction of a chicken leg-derived 
hydrolysate obtained using Aspergillus oryzae proteases and Protease 
FP, which produced an increase in serum NO levels or a reduction in 
plasma intercellular adhesion molecule-1 (iCAM-1) levels in NG-ni
tro-L-arginine-methyl ester (L-NAME)-induced hypertensive rats after its 
acute or chronic administration, respectively (Zhang, Kouguchi, Shi
mizu, Ohmori, et al., 2010). iCAM-1 levels, involved in the 
atherosclerotic-lesions formation and development, have been linked to 
different cardiovascular diseases and endothelial dysfunction (Gross 
et al., 2012; Lawson & Wolf, 2009; Springer, 1995). Finally, it is worth 
mentioning that chicken leg hydrolysates obtained by means of Asper
gillus oryzae proteases and Protease FP also showed antihypertensive 
effects in mildly and prehypertensive volunteers after 4 or 12 weeks of 
consumption (Kouguchi et al., 2013; Saiga-Egusa, Koji, Hayakawa, 
Takahata, & Morimatsu, 2009). These volunteers, depending on the 
study, also showed a reduction in plasma renin activity (Saiga-Egusa 
et al., 2009), which catalyzes the formation of Ang I from angiotensi
nogen, in brachial-ankle pulse wave velocity (Kouguchi et al., 2013), 
which is an indicator of arterial stiffness (Tomiyama et al., 2019), and an 
increase in endothelial progenitor cells colonies (Saiga-Egusa et al., 
2009), which are involved in vascular repair (Zhang, Malik, & Rehman, 
2014). More detailed information on the antihypertensive effects of 
chicken by-product hydrolysates can be found in Bravo et al., 2023; 
Bravo et al., 2023). 

In addition to their antihypertensive effects, a mixture of chicken 
combs and wattles was recently used to generate an Alcalase®-digested 
hydrolysate with anticoagulant activity, which exerted its effects on the 
intrinsic pathway (Alencar-Bezerra et al., 2019). Anticoagulants are 
used to manage several cardiovascular diseases, including thrombotic 
disorders, acute myocardial infarction, and atrial fibrillation (Larson, 
German, Shatzel, & DeLoughery, 2019). In addition, liver hydrolysates 
have shown anti-anemia effects in cyclophosphamide-induced anemia 
mice (Chakka et al., 2021). In this regard, liver proteins fermented with 
Pediococcus acidilactici N-CIM5368 or hydrolyzed using Alcalase® were 
administered daily to healthy Swiss-albino female mice fed an 
iron-deficient diet. After anemia induction for 2 weeks, animals lost BW 
and their hemoglobin levels decreased; however, both parameters were 
restored after one week of consuming the hydrolysates in comparison 
with the control group. Anemia is a published health problem that oc
curs in 42% of children aged <5 years and 40% of pregnant women 
(World Health Organization (WHO), n.d.). It is frequent in patients with 
cardiovascular diseases and can be considered the fifth cardiovascular 
risk factor (Kaiafa et al., 2015). In addition, other liver hydrolysate 
administered to C57BL/6 mice consuming a high-fat diet exerted car
dioprotective effects (Wu, Lin, et al., 2020). The long-term consumption 
of this diet by rodents simulates the development of characteristics of 
human metabolic syndrome, including diabetes, obesity, renal 
dysfunction, and alterations in lipid homeostasis (Buettner, Schölmer
ich, & Bollheimer, 2007; Sun et al., 2020). Thus, this Pepsin-digested 
liver hydrolysate improved the lipid profile and decreased renal lipid 
deposition, fibrosis, cardiac fibrosis, and inflammation in the treated 
animals compared with the non-supplemeted group (Wu, Lin, et al., 
2020). Finally, an anti-inflammatory Corolase PP® hydrolysate ob
tained from chicken rest materials, derived from mechanical deboning, 
showed anti-atherosclerotic effects in apolipoprotein E (ApoE)-deficient 
(Apoe− /− ) mice after being consumed for 12 weeks, and this effect was 
not related to plasma cholesterol-lowering activity (Bjørndal et al., 
2020). ApoE is a structural component of most lipoproteins (Hauser, 
Narayanaswami, & Ryan, 2011). It is a critical ligand for targeting 
plasmatic apolipoproteins to the liver for metabolism (Mahley & Rall, 
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2000). Therefore, Apoe− /− mice are unable to properly metabolize 
lipids, accumulate them in the plasma, and facilitate the atherosclerotic 
plaque formation via inflammatory cell migration (Lee et al., 2017). 
Furthermore, a reduction in plasma monocyte chemoattractant 
protein-1 (MCP-1) protein was also observed in animals consuming the 
hydrolysate, suggesting that atherosclerosis plaque was reduced because 
of the decreased chemoattraction of monocytes (Bjørndal et al., 2020). 

4.2.3. Antidiabetic effects 
Some chicken by-products, such as blood, mechanical chicken 

deboning residues, feet, and feathers, have also been used to obtain 
hydrolysates capable of inhibiting DPP-IV enzymes (Table 3) (Casano
va-Martí et al., 2019; Fontoura et al., 2014; Hatanaka, Kawakami, & 
Uraji, 2014; Lima et al., 2019). This protease is an interesting target for 
the treatment and/or prevention of type 2 Diabetes Mellitus (Green, 
Flatt, & Bailey, 2006). This chronic disease is the most common type of 
diabetes and is characterized by impaired insulin secretion and insulin 
resistance (Shaw, Sicree, & Zimmet, 2010). DPP-IV can hydrolyse 
different neuropeptides, chemokines, and regulatory peptides, including 
two incretin hormones: glucose-dependent insulinotropic polypeptide 
(GIP) and glucagon-like peptide-1 (GLP-1). This serine peptidase/prolyl 
oligopeptidase acts mainly on the amino acids Pro and Ala located at 
position 2 of the N-terminus (Mulvihill & Drucker, 2014). Some of the 
actions of these two incretins are to increase the survival and expansion 
of mass of pancreatic β-cells and the biosynthesis and the 
glucose-dependent secretion of insulin as well as to reduce insulin 
clearance in liver and to exert “insulin-like” effects on hepatic, adipose 
and skeletal tissues (Green et al., 2006). GLP-1 also inhibits glucagon 
secretion (Holst, 2007). These functions would result in a reduction in 
plasma glucose and an increase in cell glucose uptake and metabolism. 
Thus, inhibition of DPP-IV activity would lengthen the half-life of the 
active form of these two gut-derived hormones and improve the man
agement of glucose homeostasis in patients with type 2 Diabetes 
Mellitus. 

As mentioned above, DPP-IV inhibitory activity has been observed in 
hydrolysates obtained from the blood, feet, feathers, and mechanical 
chicken deboning residues. Table 3 shows the IC50 values for these hy
drolysates, which ranged from 297.4 to 3570 μg/mL. Studies carried out 
with mechanical deboning residue hydrolysates using Corolase® and 
Flavourzyme® showed that DPP-IV inhibitory properties depended on 
the enzyme (Corolase®>Flavourzyme®) and hydrolysis time (80 min >
240 min) (Lima et al., 2019). The most active DPPV-I inhibitory hy
drolysates were those elaborated from chicken feet (Casanova-Martí 
et al., 2019). Moreover, it is worth mentioning that the anti
hyperglycemic effect of one of these foot hydrolysates was demonstrated 
in two animal models of diet- and age-induced glucose intolerance. 
Specifically, during an oral glucose tolerance test, diet-induced glucose 
intolerant animals administered an acute dose of a Neutrase®-derived 
foot hydrolysate showed a lower peak plasma glucose than that 
observed in untreated rats. Moreover, this hydrolysate tended to 
normalize the plasma glucose levels of the animals after 120 min of 
being administered an intragastric glucose load (Casanova-Martí et al., 
2019). Additional in vitro studies also showed that STC-1 enter
oendocrine cells and ileum tissues stimulated by this foot hydrolysate 
increased active GLP-1 secretion, indicating the potential role of GLP-1 
in the antihyperglycemic effect of this hydrolysate (Casanova-Martí 
et al., 2019). In addition, a Pepsin-digested liver hydrolysate also 
showed antihyperglycemic effects in STZ-induced diabetes and high-fat 
diet-induced insulin resistance in mice (Wu, Korntner, et al., 2021; Yeh 
et al., 2022). Moreover, this hydrolysate also decreased insulin resis
tance in both animal models as a decrease in the HOMA-IR value (insulin 
resistance indicator) and the insulin receptor β in the liver and skeletal 
muscle were observed in STZ-induced diabetes and high-fat diet-induced 
insulin resistance mice, respectively (Wu, Korntner, et al., 2021; Yeh 
et al., 2022). In addition, an increase in the protein level of GLUT4, an 
insulin-stimulated glucose transporter in muscle and fat, was found in 

different tissues after the consumption of hydrolysate (Wang, Wang, Hu, 
Huang, & Chen, 2020), indicating that it could be one of the mechanisms 
underlying its beneficial effects. 

Regarding peptides, only five amino acid sequences were identified 
in different hydrolysates, which corresponded to tri- and dipeptides 
(Hatanaka et al., 2014; Lima et al., 2019). The IC50 values for DPP-IV 
inhibitory activity ranged from 0.091 mM for LA to >20 mM for GAO 
(Table 4). Moreover, Carrera-Alvarado et al., 2022 identified three 
DPP-IV inhibitory peptides (GPF, GGGW, and IGL) resulting from in 
silico gastrointestinal digestion of peptides identified in chicken blood 
hydrolysates (Carrera-Alvarado et al., 2022). The inhibition of DPP-IV 
by peptides is strongly influenced by the amino acid profile and posi
tion in a manner similar to that of other enzymes. Different studies 
carried out on peptides from other protein origins have shown that the 
presence of hydrophobic amino acids in the N-terminal extreme of the 
peptide exerts a better DPP-IV inhibitory activity (Nongonierma & 
FitzGerald, 2016; Tulipano, Faggi, Nardone, Cocchi, & Caroli, 2015). 
Moreover, an increase in this activity was observed when the peptides 
contained in their N-Terminal extreme: Trp or Met on the last position, 
Ala or Pro on the second position, and Pro on the second position and it 
is flanked on both sides by Leu and or Ile (Kęska & Stadnik, 2022; 
Nongonierma & FitzGerald, 2016; Power, Nongonierma, Jakeman, & 
FitzGerald, 2014; Tulipano et al., 2015). Good DPP-IV inhibitory ac
tivity has been demonstrated when Pro appears at the N-terminal end 
between the first four amino acid residues and is flanked by Phe, Gly, 
Leu, Ala and Val (Boots, 2012; Carrera-Alvarado et al., 2022). Moreover, 
peptides containing Pro and or Hyp have shown a strong inhibitory ef
fect on the DPP-IV activity (Harnedy, O’Keeffe, & FitzGerald, 2015; 
Lacroix & Li-Chan, 2012). Chicken by-product-derived peptides have 
not yet been tested in animal models; however, other studies carried out 
on peptides identified in hydrolysates from different origins have shown 
that dipeptides containing Leu increased glucose uptake by skeletal 
muscle cells (Morifuji, Koga, Kawanaka, & Higuchi, 2009). 

4.2.4. Effects on biometric parameters and lipid homeostasis 
Chicken by-product hydrolysates have also been evaluated for their 

impact on different biometric parameters, including BW, BW gain, food 
intake, and tissue weight (Table 5). In addition, the administration of 
these hydrolysates has shown positive results in the modulation of lipid 
homeostasis in different animal models (Table 5). In this regard, the 
administration of the <3 kDa fraction of a feather hydrolysate, obtained 
by fermentation with Bacillus licheniformis, to broiler chicks positively 
enhanced serum lipidic parameters. Specifically, it decreased the levels 
of circulating TC, triglycerides (TG), low-density lipoprotein-cholesterol 
(LDL-C), and very-low-density lipoprotein-cholesterol (vLDL-C) after 10 
days of treatment with this hydrolysate. However, these changes were 
not seen after 26 or 36 days of treatment (Alahyaribeik et al., 2022). 
Interestingly, consumption of this hydrolysate significantly increased 
BW gain, which was the desired outcome for this animal model. This 
increase may be due to an enhancement in the microbiota, as well as in 
the small intestinal morphology and mucosal immune system due to the 
ingested peptides (Alahyaribeik et al., 2022). Similar results enhancing 
the circulating lipid profile were also observed by the consumption of a 
Pepsin-digested liver hydrolysate by Golden Syrian hamsters and mice 
fed a high-fat diet for 8 and 20 weeks, respectively (Wu, Lin, et al., 2020, 
2021; Yang et al., 2014). In hamsters, decreased levels of serum TG, TC, 
LDL-C and the LDL-C/HDL-C ratio were observed at all evaluated doses 
(100, 200 and 400 mg/kg BW). Additionally, an increase in serum 
HDL-C levels was observed at 200 and 400 mg/kg BW (Yang et al., 
2014). All these changes contributed to a better cardiometabolic profile 
related to the circulating lipid species in the context of an obesogenic 
diet. In addition, this hydrolysate also decreased BW, BW gain, and liver 
weight, as well as in the levels of key enzymes, such as alanine trans
aminase (ALT), aspartate aminotransferase (AST), and alkaline phos
phatase (ALP) in mice fed a high-fat diet (Wu, Korntner, et al., 2021). In 
the same line, hydrolysates from mixed slaughterhouse by-products 
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Table 3 
Antidiabetic effects of chicken by-product hydrolysates.  

By-product Hydrolysis 
conditions 

Amino acid 
sequence/s 

In vitro DPP-IV 
inhibitory 
activity 

Animal model Doses Period Effects Mechanisms References 

%* Ic50 

(μg/ 

mL) 

Blood Alcalase® 2%, 2 h, 
55 ◦C + Protana® 
Prime 5%, 16 h, 55 
◦C 

GPF, IGL, GGGW 61 
(10 
mg/ 
mL)       

Carrera-Alvarado 
et al. (2022) 

Alcalase® 2%, 2 h, 
55 ◦C + Protana 
Prime 5%, Protana 
UBoost 3%, 16 h, 55 
◦C 

GPF, IGL, GGGW 54 
(10 
mg/ 
mL)       

Feather Chryseobacterium sp. 
kr 6, 24 and 48 h, 30 
◦C, pH 8

42- 
45 
(n.e)       

Fontoura et al. 
(2014) 

Foot Neutrase® 0.4 AU/g 
prot, 24 h, 50 ◦C, pH 
7.0  

100 
(20 
mg/ 
mL) 

297      Casanova-Martí 
et al. (2019) 

Protamex® 0.4 AU/ 
g prot, 2 h, 50 ◦C, pH 
7  

93 
(20 
mg/ 
mL) 

300      

Neutrase 0.4 AU/g 
prot, 24 h, 25 ◦C, pH 
7  

83 
(20 
mg/ 
mL) 

303 Diet-induced 
glucose 
intolerance 
(Wistar rats) 

471.71 
mg/kg 
BW 

Acute ↓peak 
plasma 
glucose 
after 
OGTT   

STC1 
enteroendocrine 
cells 

5 mg/mL  ↑active 
GLP1 
secretion   

Ileum tissue 15 mg/ 
mL  

↑active 
GLP1 
secretion  

Streptomyces 
collagenase 1%, 17 
h, 45 ◦C, pH 7.5 

GAO*, GPA, 
GPO*  

3570      Hatanaka et al. 
(2014) 

Liver Pepsin 1:400, 2 h, 
37 ◦C    

High fat-induced 
insulin resistance 
mice 

~170 
mg/kg 
BW 

Daily 
20 
weeks 

↓fasted 
glucose 
↓peak 
plasma 
glucose 
after 
OGTT 

↑GLUT4 
(liver, skeletal 
muscle and 
perirenal fat) 
↓Irβ (skeletal 
muscle 

Wu, Korntner, 
et al. (2021)    

~510 
mg/kg 
BW 

Daily 
20 
weeks 

↓peak 
plasma 
glucose 
after 
OGTT 

↑GLUT4 
(liver, skeletal 
muscle and 
peri-renal fat) 
↓Irβ (liver and 
skeletal 
muscle    

Streptozotocin- 
induced diabetic 
mice 

409.46, 
818.92, 
and 
1223.38 
mg/kg 

Daily 
for 9 
weeks 

↓HOMA- 
IR 
↓serum 
glucose, 
and 
insulin 
↓peak 
plasma 
glucose 
after 
OGTT 

↑GLUT4 
(liver, skeletal 
muscle and 
brain) 

Yeh et al. (2022) 

Mechanical 
deboning 
residues 

Corolase® 80 min, 
50 ◦C 

TL, 5-HT, DF, TL, 
LA, LAD, VEVD, 
LL, ETGKGEDGE, 
FL, LFFSMLLML, 
LF 

60 
(1 
mg/ 
mL) 

919      Lima et al. (2019) 

Corolase® 80 min, 
50 ◦C (Fraction 5) 

54 
(1 
mg/ 
mL) 

155 Skeletal muscle 
cells 

1 mg/mL  ↑ Glucose 
uptake  

Table shows the most active hydrolysate obtained in each study.* Numbers in brackets indicate the concentration of protein/dry hydrolysate for testing the DPP-IV 
inhibitory activity. ↑ and ↓ indicate an increase or decrease of a parameter, respectively, in comparison with their respective non-treated ill animals. 
Abbreviations: GLUT4 (insulin-regulated glucose transporter), GLP-1 (glucagon-like peptide 1), Irβ (insulin receptor β), n.e (not specified), OGTT (glucose tolerance 
test), STC1 (intestinal secretin tumor cell line).(*)‘O’ indicates ‘hydroxyproline’. 
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(including viscera, heart and blood), obtained by the action of Bromelia 
pinguin and Bromelia karatas enzymes, exerted an enhancement in the 
lipid circulating species and reduced the levels of ALT and AST in Wistar 
rats fed an obesogenic diet (Romero-Garay et al., 2022). Based on these 
studies, chicken hydrolysates seems to have potential to ameliorate lipid 
disorders in the context of an obesogenic diet. 

Regarding the mechanisms underlying these effects, an increase in 
hepatic mitochondrial fatty acid β-oxidation in the liver was observed in 
high-fat diet-induced obese C57BL/6 mice supplemented for 12 weeks 
with an Alcalase®- or Corolase PP-derived hydrolysate from chicken 
meat rest raw materials, resulting from mechanical deboning (Aloysius 
et al., 2018). In addition, these same hydrolysates administered to 
ApoE-deficient mice (Apoe− /− ), which develop hyperlipidemia, 
increased plasma fatty acid C20:5 n-3 levels and delta-5 desaturase 
index, while no changes in plasma and hepatic TG and TC were observed 
(Bjørndal et al., 2020). Moreover, a foot hydrolysate administered to 
ApoE-deficient C57BL/6.KOR-ApoEshl mice reduced plasma and hepatic 
TC levels, as well as TG levels, compared to untreated animals (Zhang, 
Kouguchi, Shimizu, Sato, et al., 2010). Thus, although more studies are 
needed to elucidate the mechanisms of action, it seems clear that the 
consumption of these chicken by-product hydrolysates has a direct 
metabolic effect on the organism. 

4.2.5. Anti-inflammatory effects 
Inflammation is a natural response of an organism to nocuous stimuli 

or conditions, such as infection, tissue damage, and stress. The inflam
matory response can be triggered by both endogenous and exogenous 
(microbial or non-microbial) inducers (Medzhitov, 2008). The inflam
matory process can be regulated by numerous mediators such as cyto
kines, IL, and enzymes. Due to this fact, inflammation plays a crucial role 
in the majority of diseases or disorders in organisms, and therefore, the 
search for compunds capable of counteracting inflammation has gained 
importance in recent years (Chen et al., 2018). However, chicken 
by-products have been poorly studied as sources of anti-inflammatory 
compounds (Table 6). The study of NO levels in lipopolysaccharide 
(LPS)-activated murine macrophages (RAW 264.7) is frequently used as 
a preliminary screening method for anti-inflammatory compounds (Han 
et al., 2022; Liu, Chen, Zheng, Yu, & Wei, 2022; Wang et al., 2018). In 
addition to the vasodilatory effect of endothelial NO, this molecule is 
also considered a pro-inflammatory mediator when it is overproduced, 
with iNOS being one the main NO-producer enzymes. This enzyme is 
associated with injury-induced NO production and is expressed in many 
cell types, including macrophages and neutrophils (Kobayashi, 2010). 

Regarding chicken by-product hydrolysates, a potent reduction in 
NO production in LPS-activated murine macrophages was observed 
when they were treated with a peptidic fraction isolated from a Fla
vourzyme®-digested feather meal hydrolysate (Inkanuwat et al., 2019). 
This hydrolysate was previously selected for its good NO scavenging 
activity in vitro. This anti-inflammatory effect was linked to the down
regulation of ciclooxigenase-2 (Cox2) and tumor necrosis factor alpha 

(Tnf-α) expression, and a decrease in the mRNA expression and protein 
levels of iNOS and interleukin (IL)-6 (Inkanuwat et al., 2019). COX-2 is a 
master regulator enzyme of one of the main inflammatory pathways. 
More concisely, it synthesizes the pro-inflammatory oxylipin 
prostaglandine-2 from arachidonic acid and is the target of 
non-steroideal anti-inflammatory drugs (Ju et al., 2022). Moroever, 
Cox2 is an inducible early response gene that can be activated by 
different factors, including IL-1, TNF-α, or LPS (Gandhi, Khera, Gaur, 
Paul, & Kaul, 2017). TNF-α and IL-6, together with IL-1 and interferon-γ 
(IFN-γ), are the most important pro-inflammatory cytokines (Kany, 
Vollrath, & Relja, 2019). Moreover, the peptide SNPSVAGVR was 
identified in the hydrolysate fraction, showing a decrease in NO pro
duction in the same cell inflammatory model at 30 and 60 mM, which 
was linked to the downregulation of Cox2, Tnf-α, iNos, and Il6 gene 
expression (Inkanuwat et al., 2019). In addition to this feather hydro
lysate, the in vitro anti-inflammatory effect of a chicken feet hydrolysate 
was also demonstrated in TNF-α-induced inflamed human umbilical 
vein endothelial cells (HUVEC). A decrease in the levels of several 
pro-inflammatory proteins, such as soluble (s) ICAM-1 and soluble 
vascular cell adhesion molecule-1 (sVCAM-1) (Kouguchi et al., 2012); 
however, anti-inflammatory effects were more potent when the 
collagen-derived dipeptides PO and PG were tested in TNF-α-induced 
inflamed HUVECs because these peptides downregulated iNos expres
sion, as well as reduced sICAM-1, sVCAM-1 (only for PO sequence), and 
IL-8 levels compared to the inflamed control HUVECs (Kouguchi et al., 
2012). IL-8 is a neutrophil chemotactic factor that exerts proin
flammatory effects. Their synthesis by cells such as fibroblasts, epithelial 
cells, monocytes, neutrophils, tumor cells, endothelial cells, and meso
thelial cells, can be stimulated by LPS, TNF-α, and IL-1β (Qazi, Tang, & 
Qazi, 2011). Circulating ICAM-1 and VCAM-1 are involved in 
leukocyte-endothelial cell adhesion in different inflammatory diseases, 
and their expression can be stimulated by IL-1β or TNF-α (Sans et al., 
1999). Moreover, some of these anti-inflammatory effects have been 
confirmed in animals, as plasma sICAM-1 levels, as well as plasma 
sICAM-1, IL-6, and TNF-α levels were reduced (after the long-term 
consumption of the fraction <3 kDa of the aforementioned foot hydro
lysate) in L-NAME-induced hypertensive rats and ApoE-deficient 
C57BL/6.KOR-ApoEshl mice, respectively (Y. Zhang, Kouguchi, Shi
mizu, Sato, et al., 2010; Y. Zhang, Kouguchi, Shimizu, Ohmori, et al., 
2010). 

Moreover, the in vivo anti-inflammatory activity of different hydro
lysates obtained from chicken rest raw materials, coming from me
chanical meat deboning residues, has been observed in high-fat diet/ 
high sucrose-induced obese C57BL/6 mice. In this sense, obese animals 
consuming the hydrolysates for 12 weeks showed a reduction in the 
plasma levels of several pro-inflammatory markers, such as IL-1α, IL-1β, 
IL-2, IL-6, IL-17, TNF-α, IFN-γ, and MCP-1, when compared with the 
control group, despite the fact that the levels of the anti-inflammatory 
cytokine IL-10 were also reduced (Aloysius et al., 2018). Remarkably, 
MCP-1 facilitates monocytes migration and colonization (Deshmane, 

Table 4 
Dipeptidyl peptidase IV (DPP-IV) inhibitory activity of peptides identified in chicken by-product hydrolysates.  

By-product Hydrolysis conditions Amino acid 
sequence* 

DPP-IV inhibitory 
activity (IC50) 

References 

Blood Alcalase® 2%, 2 h, 55 ◦C + Protana® Prime 5%, 16 h, 55 ◦C or hydrolysate 
using Alcalase® 2%, 2 h, 55 ◦C + Protana® Prime 5%, Protana® UBoost 3%, 
16 h, 55 ◦C 

GPF 0.94 mM Carrera-Alvarado et al. (2022) 
GGGW 2.73 mM 
IGL 2.22 mM 

Feet Streptomyces collagenase 1%, 17 h, 45 ◦C, pH 7.5 GAO >20 mM Hatanaka et al. (2014) 
GPA 5.03 mM 
GPO 2.51 mM 

Mechanical 
deboning 
residues 

Corolase® 80 min, 50 ◦C LA 0.09 mM Lan et al. (2015); Lima et al. 
(2019) 

FL 0.40 mM Lima et al. (2019); Nongonierma 
and FitzGerald (2013) 

(*)‘O’ indicates ‘hydroxyproline’. 
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Table 5 
Effects of chicken by-product hydrolysates on biometric parameters and lipid metabolism.  

By-product Hydrolysis 
conditions 

Amino acid 
sequence/ 
s* 

Model Dose Administration 
period 

Effects References 

Feather Bacillus 
licheniformis 
(Fraction <3 
kDa)  

Broiler chicks 50 mg/L in 
drinking water 

36 days Treatment of 10 days: 
↓serum TC, TG, LDL-C, 
vLDL-C 
Treatment of 26 days: 
↑ADWG 

Alahyaribeik et al. 
(2022) 

Feet Aspergillus oryzae 
protease 
(Fraction <3 
kDa)  

ApoE-deficient C57BL/6. 
KOR-ApoEshl mice 

10% Daily for 12 
weeks 

↓plasma and hepatic TC 
↓hepatic TG 

Zhang, Kouguchi, 
Shimizu, Sato, 
et al. (2010) 

Liver Pepsin, 2 h, 37 ◦C  57BL/6 mice + d-galactose 
(1.2 g/BW) with 
subcutaneous injection 

250 mg/kg 
BW 

Daily for 6 
weeks 

↓serum TC Chou et al. (2014)  

Golden Syrian hamsters +
high-fat diet 

100 mg/kg 
BW 

Daily for 8 
weeks 

↓heart, liver and kidney 
weight 
↓serum TG, TC, LDL-C, 
LDL-C/HDL-C 

Yang et al. (2014)  

200 mg/kg 
BW 

↓heart and kidney 
weight 
↓serum TG, TC, LDL-C, 
LDL-C/HDL-C 
↑serum HDL-C  

400 mg/kg 
BW 

↓heart, liver and kidney 
weight 
↓serum TG, TC, LDL-C, 
LDL-C/HDL-C 
↑serum HDL-C  

Wistar rats + 100 mg TAA/ 
kg BW (intraperitoneal 
injection) 

200 mg/kg 
BW 

Daily for 10 
weeks 

↓food intake and serum 
ALT 

Chen et al. (2017)  

600 mg/kg 
BW 

↓food intake, serum 
AST, and ALT  

C57BL/6J (B6) mice +
alcoholic diet 

80 mg/kg BW Daily for 8 
weeks 

↓spleen weight 
↓perirenal and 
epididymal fat 
↓serum AST, ALP, TG 

Lin et al. (2017)  

320 mg/kg 
BW 

↓spleen weight 
↓perirenal and 
epididymal fat 
↓serum AST, ALP, TG  

1280 mg/kg 
BW 

↓spleen weight 
↓perirenal and 
epididymal fat 
↓serum AST, ALP, TG  

C57BL/6 mice + high-fat 
diet 

~170 mg/kg 
BW 

Daily for 20 
weeks 

↓heart and liver weight 
↓blood AST, LDL-C/ 
HDL-C 
↑blood HDL-C 

Wu, Lau, et al. 
(2020)  

~510 mg/kg 
BW 

↓heart and liver weight 
↓blood AST, LDL-C/ 
HDL-C 
↑blood HDL-C  

C57BL/6 mice + high-fat 
diet 

~170 mg/kg 
BW 

Daily for 20 
weeks 

↓final BW, BW gain, and 
feed efficiency 
↓blood TG, ALP, free 
fatty acids 

Wu, Korntner, 
et al. (2021)  

~510 mg/kg 
BW 

↓final BW, 
BW gain, feed efficiency 
↓liver weight 
↓blood TG, ALP, AST, 
ALT, free fatty acids  

Institute of Cancer 
Research(ICR) mice + STZ 
(50 mg/kg BW) with 
nicotin-amide (120 mg/kg 
BW) 

409.46 mg 
mg/kg BW 

Daily for 9 
weeks 

↑hindlimb muscle 
↓serum TG, TC, AST, 
ALT 

Yeh et al. (2022)  

818.92 mg/kg 
BW 

↑hindlimb muscle 
↓serum TG, TC, AST, 
ALT  

1223.38 mg/ 
kg BW 

↑hindlimb muscle 
↓serum TG, TC, AST, 
ALT 

Mechanical 
deboning residues 

Alcalase® 0.1%, 
1 h, 50 ◦C  

High fat/high sucrose diet- 
induced obese C57BL/6 
mice 

9.5 E% Daily for 12 
weeks 

↑liver β-oxidation of 
palmitoyl-Co-A 
↑plasma TG 
↓plasma NEFA 

Aloysius et al. 
(2018) 
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Kremlev, Amini, & Sawaya, 2009), and early inflammation is dominated 
by neutrophils; however in later stages, monocytes become more rele
vant (Kany et al., 2019). In this sense, the decrease in MCP-1 prevents 
the progression of the inflammatory process, which combined with the 
reduction in pro-inflammatory cytokines, suggests an anti-inflammatory 
potential of these hydrolysates. Their anti-inflammatory effects 
dependend on the type of hydrolysate consumed, with the most potent 
of those obtained using Protamex® or Corolase PP® (Aloysius et al., 
2018). In addition, an antioxidant chicken liver hydrolysate was also 
able to decrease several inflammatory markers in high-fat diet animal 
models (Wu, Lin, et al., 2020, 2021; Yang et al., 2014). Interestingly, 
supplementation with this liver hydrolysate not only decreased the 
levels of inflammatory and fibrotic proteins in myocardia of high-fat 
diet-fed mice, but also attenuated matrix metalloproteinases (MMP2 
and MMP9) protein expression (Wu, Lin, et al., 2020). Moreover, the 
supplementation with the liver-derived hydrolysate attenuated high-fat 
diet-induced autophagosome accumulation in animals (Wu, Lin, et al., 
2020), thereby helping to maintain autophagy homeostasis. Autophagy 
plays an essential role in the myocardial fibrosis process. In fact, cardiac 
hypertrophy and lipotoxicicty induced by high-fat diet were associated 
with an impaired autophagic response, where the accumulation of 
autophagosomes and an excess of lipids promoted endoplasmic reticu
lum stress, as well as apoptosis in high-fat diet-fed mice (Che et al., 2018; 
He et al., 2018). The antiinflammatory effects of the aforementioned 
liver hydrolysate was also observed in animal models of 
thioacetamide-induced liver damage (Chen et al., 2017) and in an 
alcoholic liver disease (Lin et al., 2017) being the lowest tested dose the 

most effective (80 > 320>1280 mg/kg BW) as it was found in the 80 
mg/kg BW dose more pro-inflammatory parameters modified (IL-1β, 
IL-6 and TNF-α) (Lin et al., 2017). Finally, anti-inflammatory effects 
were also observed in rats suffering papain-induced osteoarthritis after 
being administered a Pepsin-digested cartilage hydrolysate for 4 weeks 
(Yang et al., 2019). These animals showed lower blood levels of TNF-α 
and IL-1β than control group. 

4.2.6. Neuroprotective effects 
Neurodegenerative diseases, characterized by progressive loss of 

functional neurons, are another growing disease in our society, espe
cially in the elderly population. It is affected by approximately 50 
million people and is expected to double in the next few decades 
(Hansson, 2021). The prevalence of neurodegenerative diseases is 
increasing with an increase in the lifespan of the global population. 
Therefore, new therapies are being investigated to prevent neurological 
disorders. Recently, it was observed in STZ-induced diabetic mice that 
the administration of a Pepsin-digested liver hydrolysate improved 
cognitive dysfunction and behavioral performance of the animals (Yeh 
et al., 2022). The authors attributed its effects to the reduction of 
apoptosis in brain cells and amyloid-beta (Aβ) plaques accumulation in 
the brain with respect to STZ-induced diabetic mice. Apoptosis is char
acterized by the symptoms of many neurodegenerative diseases and 
neurological disorders, such Alzheimer’s disease or Huntington’s dis
ease, and amyotrophic lateral sclerosis (Moujalled, Strasser, & Liddell, 
2021). In addition, Aβ plaque accumulation is one of the main histo
pathological hallmarks of Alzheimer’s disease and has been widely 

Table 5 (continued ) 

By-product Hydrolysis 
conditions 

Amino acid 
sequence/ 
s* 

Model Dose Administration 
period 

Effects References  

Casein was 
replaced by 
62.5% of 
hydrolsate 

Daily for 12 
weeks 

↑plasma long-chain 
SFAs and MUFAs, 
C20:5n-3, C18:3n-6, 
delta 5-desaturase 
index, C20:5n-3/ 
C18:3n-3 ratio 
↓plasma total trans fatty 
acids 

Bjørndal et al. 
(2020) 

Protamex®, 
0.1%, 1 h, 50 ◦C  

High fat/high sucrose diet- 
induced obese C57BL/6 
mice 

9.5 E% Daily for 12 
weeks 

↓WAT depot Aloysius et al. 
(2018)Aloysius 
et al. (2018) 

Corolase® PP, 
0.1%, 1 h, 50 ◦C  

High fat/high sucrose diet- 
induced obese C57BL/6 
mice 

9.5 E % Daily for 12 
weeks 

↑liver β-oxidation of 
palmitoyl-Co-A ↓plasma 
NEFA  

Casein was 
replaced by 
62.5% of 
hydrolsate 

Daily for 12 
weeks 

↑plasma long-chain 
SFAs and MUFAs, 
C20:5n-3, C18:3n-6, 
delta 5-desaturase 
index, C20:5n-3/ 
C18:3n-3 ratio 
↓plasma C22:4n-6 

Bjørndal et al. 
(2020) 

Papain +
Bromelain, 0.1% 
(1:1, w/w), 1 h, 
50 ◦C  

High fat/high sucrose diet- 
induced obese C57BL/6 
mice 

9.5 E% Daily for 12 
weeks 

↓WAT depot 
↑plasma TG 
↓plasma NEFA 

Aloysius et al. 
(2018) 

Residues (viscera: 
44.5% (w/w), 
heart: 44.5% (w/ 
w), and blood: 
11% (w/w)) 

Bromelia pinguin 
enzymes, 30 min, 
40 ◦C, pH 6.5  

Wistar rats + hypercaloric 
diet + STZ 

200 mg/kg 
BW 

Daily for 5 
weeks 

↓serum AL, AST, TC, 
LDL-C, vLDL-C, TG 
↑serum HDL-C 

Romero-Garay 
et al. (2022) 

Bromelia karatas 
enzymes, 4 h, 25 
◦C, pH 6.5

↓serum ALT, AST, TC, 
LDL-C 
↑serum VLDL-C, TG 

Bromelain, 4 h, 
37 ◦C, pH 7.0.

↓serum ALT, AST, TC, 
LDL-C 

Table shows the most active hydrolysate obtained in each study. ↑ and ↓ indicate an increase or decrease of a parameter, respectively, in comparison with their 
respective non-treated ill animals. 
Abbreviations: ADWG (average daily weight gain), ALP (alkaline phosphatase), ALT (alanine transaminase), Apo E (apolipoprotein E), AST (aspartate aminotrans
ferase), BW (body weight), E (energy), HDL-C (high-density lipoprotein cholesterol), LDL-C (low-density lipoprotein cholesterol), MUFA (monounsaturated fatty acid), 
NEFA (non-esterified fatty acids), SFA (saturated fatty acid), STZ (streptozotocin), TAA (thioacetamide), TC (total cholesterol), TG (total triglycerides), VLDL-C (very 
low-density lipoprotein cholesterol), WAT (white adipose tissue). (*)Amino acid sequences were not reported by the authors in the cited works. 
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Table 6 
Anti-inflammatory effects of chicken by-product hydrolysates.  

By-product Hydrolisis conditions Amino acid sequence/s Model Doses Administration 
period 

Effect*** References 

Cartilage Trypsin, 10 g/kg by- 
product, 3 h, 55 ◦C, 
pH 7.0 

– Specific pathogen free- 
grade rats +5% papain 
solution injected to 
articular cavity 

100 mg/ 
kg BW 

Daily for 30 days ↓blood TFN-α, IL-1β, 
IL-10 

Yang et al. 
(2019) 

Feather Flavourzyme® 10 
mg/mL, 4 h, 50 ◦C, 
pH 7.0 (F < 0.65 
kDa) 

SNPSVAGVR, 
SLFLHTHSIVADK, 
AVLKKKVTSTFGR, 
LSPWPVKGV 

LPS-activated RAW 
264.7 

40 μg/mL  ↓IL-6 protein and 
expression 
↓iNOS protein and 
expression 
↓Cox2, Tnf-α 

Inkanuwat et al. 
(2019) 

Feet Aspergillus oryzae 
protease 

PO**, OG** TNF-α-induced inflamed 
HUVEC 

0.1%  ↓sICAM-1 and sVCAM- 
1 

Kouguchi et al. 
(2012) 

Fraction <3000 Da: 
Aspergillus oryzae 
protease 

– Hypertensive rats (Wistar 
Kyoto rats + l-NAME) 

2.0 g/kg 
BW 

Daily for 8 
weeks 

↓plasma siCAM-1 
levels 

Zhang, 
Kouguchi, 
Shimizu, 
Ohmori, et al. 
(2010) 

Fraction <3000 Da: 
Aspergillus oryzae 
protease 

– ApoE-deficient C57BL/6. 
KOR-ApoEshl mice 

10% Daily for 12 
weeks 

↓plasma IL-6, sICAM- 
1, and TNF-α 

Intestine* Neutrase® +Tripsin 
(2:1) 0.2%, 4 h, 48.4 
◦C, pH 7.0 

– Healthy Common carp 25% 
protein 
replace 

Daily for 8 
weeks 

↑intestinal Il-10 and 
Nf-kB 

Wu et al. (2022) 

– 50% 
protein 
replace 

Daily for 8 
weeks 

↓intestinal Il-1β, Tnf-α 
↑intestinal Il-10, TGF- 
β2, and MyD88 

– 75% 
protein 
replace 

Daily for 8 
weeks 

↓intestinal Il-8 
↑intestinal Il-10, TGF- 
β2, and MyD88 

– 100% 
protein 
replace 

Daily for 8 
weeks 

↑intestinal Il-1β, Il-6α, 
Il-10, Nf-kB, and 
MyD88 

Liver Pepsin 1:400, 2 h, 37 
◦C 

– Golden Syrian hamsters 
+ high-fat diet 

100 mg/ 
kg BW 

Daily for 8 
weeks 

↓liver IL-1β and TNF-α Yang et al. 
(2014) 

– 200 mg/ 
kg BW 

↓liver TNF-α 

– 400 mg/ 
kg BW 

↓liver TNF-α 

– Wistar rats + 100 mg 
TAA/kg BW 
(intraperitoneal 
injection) 

200 mg/ 
kg BW 

Daily for 10 
weeks 

↓serum IL-6 and TGF-β Chen et al. 
(2017) 

– 600 mg/ 
kg BW 

Daily for 10 
weeks 

↓serum IL-6, TGF-β, 
and TNF-α 

– C57BL/6J (B6) mice +
alcoholic diet 

80 mg/kg 
BW  

↓liver IL-1β, IL-6, and 
TNF-α 

Lin et al. (2017) 

– 320 mg/ 
kg BW 

Daily for 8 
weeks 

↓liver IL-1β and TNF-α 

– 1280 
mg/kg 
BW 

Daily for 8 
weeks 

↓liver IL-1β 

– C57BL/6 mice + high-fat 
diet 

~170 
mg/kg 
BW 

Daily for 20 
weeks 

↓myocardic IL-1β, IL- 
6, TNF-α, TGF-β, COX- 
2, CD36, αSMA, MMP- 
9, andLC3BII/LC3BI 
↑myocardic P62 

Wu, Lau, et al. 
(2020) 

– ~510 
mg/kg 
BW 

Daily for 20 
weeks 

↓myocardic IL-1β, IL- 
6, TNF-α, TGF-β, COX- 
2, CD36, αSMA, 
MMP9, MMP2, 
LC3BII/LC3BI 
↑myocardic P62 and 
Rab7 

– C57BL/6 mice + high-fat 
diet 

~170 
mg/kg 
BW 

Daily for 20 
weeks 

↓liver IL-1β and TNF-α Wu, Korntner, 
et al. (2021) 

– ~510 
mg/kg 
BW 

Daily for 20 
weeks 

↓liver IL-1β and TNF-α 

Mechanical 
deboning 
residues 

Alcalase® 0.1%, 1 h, 
50 ◦C 

– High fat/high sucrose 
diet-induced obese 
C57BL/6 mice 

9.5 E% Daily for 12 
weeks 

↓plasma IL-1β, IL-2, IL- 
6,IL-10, IFN-γ, TFN-α, 
MCP-1, and RANTES 

Aloysius et al. 
(2018) 

Alcalase® 0.1%, 1 h, 
50 ◦C 

– ApoE-deficient (Apoe− / 

− ) mice + high fat and 
high sucrose diet 

10.6 E% Daily for 12 
weeks 

↑plasma IL-2 Bjørndal et al. 
(2020) 

Protamex®, 0.1%, 1 
h, 50 ◦C 

– High fat/high sucrose 
diet-induced obese 
C57BL/6 mice 

9.5 E% Daily for 12 
weeks 

↓plasma IL-1β, IL-1α, 
IL-2, IL-6, IL-10,IL-17, 

Aloysius et al. 
(2018) 
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studied as a therapeutic target (Ashrafian, Zadeh, & Khan, 2021). 

4.2.7. Other effects 
Recently, the potential of chicken by-products for osteoarthritis 

prevention has been highlighted. In this regard, an unspecified hydro
lysate obtained from chicken sternal cartilage was administered to fe
male rats with osteoarthritis induced by medial meniscus resection 
(MMx) and anterior to the medial collateral ligament (ACL) on the left 
knees, for two weeks (50, 200 and 500 mg/kg BW) before the surgery 
(Ma et al., 2021). After 12 weeks, in which animals exercised daily for 
30 min to induce osteoarthritis, the consumption of the hydrolysate 
(500 mg/kg BW) prevented the formation of osteophytes in the treated 
animals and increased the cartilage matrix and collagen content in 
comparison to control osteoarthritis-induced rats. Moreover, it was 
observed that hydrolysate-treated animals had repaired the cartilage 
defects, and the meshwork of collagen fibers was almost intact (Ma et al., 
2021). Moreover, a Trypsin-digested cartilage hydrolysate alleviated the 
effects of osteoarthritis induced by papain injection in male rats, with 
the <10 kDa fraction being the most effective (Yang et al., 2019). 

Using a completely different framework, Lin et al. (2017) observed 
that pepsin-digested chicken liver hydrolysates ameliorated the devel
opment of alcoholic fatty livers in mice. Male C57BL/6J (B6) mice were 
fed a Lieber-DeCarli regular alcoholic diet containing 5% (v/v) ethanol 
(35% of the daily caloric intake) and supplemented with chicken hy
drolysate for 8 weeks (Lin et al., 2017). The results showed an amelio
ration of the enlargement of liver and spleen sizes, as well as of the 
serum AST, ALT, and ALP levels in mice supplemented with the hy
drolysate compared to the non-supplemented mice. Furthermore, the 
antioxidant profile, lipid content, and inflammation status were also 
reversed by the chicken hydrolysate. The authors suggested that these 
effects could be attributed to the upregulation of fatty acid β-oxidation, 
downregulation of fatty acid synthesis, increased antioxidant defenses, 
and increased alcohol metabolic enzymatic activities (acetaldehyde 
dehydrogenase). 

Finally, the effects of the two chicken by-product hydrolysates on the 
intestinal function were studied. In this regard, upregulation of intesti
nal tight junction protein-1 (Zo-1) and Mlck gene expression was found 
in common carp fed a chicken intestine hydrolysate (the usual protein 
fishmeal was replaced by 25, 50, 75, or 100% of the hydrolysate) (Wu 
et al., 2022). However, their beneficial effects on intestinal barrier 
function depended on the consumed dose, being the most active when 
fishmeal protein was replaced by 50% hydrolysate. Moreover, broiler 

chicks fed a chicken feather hydrolysate had higher muscle layer 
thickness in several parts of the intestine and lower epithelial thickness 
in the duodenum and ileum than non-treated animals (Alahyaribeik 
et al., 2022). These effects suggested that the hydrolysate could increase 
the intestinal absorptive capacity. 

5. Conclusion, current limitations and future perspectives

The study of chicken by-products as a source of bioactive peptides is
a very recent activity, with the majority of the studies being carried out 
in the last decade. Different chicken by-products, including blood, 
bones, cartilage, combs, feathers, feet, livers, skin, viscera, and wattles 
have been used to prepare hydrolysates with a wide range of activities. 
In this regard, the two most searched in vitro activities were antioxidant 
and ACEi activities, although hydrolysates also showed potential effects 
as DPP-IV inhibitors. Moreover, chicken by-product derived hydroly
sates have shown to exert antioxidant, antihypertensive, antidiabetic, 
anti-hyperglycemic, anti-hypercholesterolemic, anti-inflammatory, 
anti-coagulant, anti-anemic, hepatoprotective, and neuroprotective ef
fects. Blood, bones, cartilage, combs and wattles, feather, gizzard, liver, 
skin, trachea, viscera, and residues from mechanical chicken deboning 
have been useful to obtain antioxidant hydrolysates; blood, feather, foot, 
liver, and residues from mechanical chicken deboning for antidiabetic 
hydrolysates; feather, foot, liver, residues from mechanical chicken 
deboning, viscera, and blood for lipid metabolism management hydro
lysates, and cartilage, feather, feet, intestine, liver, residues from me
chanical chicken deboning for obtaining anti-inflammatory peptides. 
Chicken feet stood out as source of antihypertensive peptides and 
chicken liver as a source of hydrolysates able to exert multiple bio
activities such as antidiabetic, anti-inflammatory and modulator of 
biometric parameters and lipid metabolism. Although many of the 
developed hydrolysates have been in vivo tested, only one of them has 
been evaluated in humans, showing antihypertensive effects. 

Considering the evidence, chicken by-product hydrolysates have 
potential applications as functional ingredients; however, many studies 
are still necessary to achieve this purpose; for instance, studies focus on 
evaluating the effects of these hydrolysates in clinical trials. Moreover, 
the design of novel foods or nutraceuticals with specific uses in human 
health that utilize wastes from poultry farming is still a challenge, since 
chicken by-products utilization entails several difficulties, such as the 
limited access to these materials or the lack of environmental education 
and culture, particularly in developing areas. Thus, efforts must be 

Table 6 (continued ) 

By-product Hydrolisis conditions Amino acid sequence/s Model Doses Administration 
period 

Effect*** References 

IFN-γ, TFN-α, MCP-1, 
and GM-CSF 

Corolase® PP, 0.1%, 
1 h, 50 ◦C 

– High fat/high sucrose 
diet-induced obese 
C57BL/6 mice 

9.5 E% Daily for 12 
weeks 

↓plasma IL-1β, IL-1α, 
IL-2, IL-6, IL-10, IFN-γ, 
TFN-α, MCP-1, and 
GM-CSF 

Aloysius et al. 
(2018) 

Corolase® PP, 0.1%, 
1 h, 50 ◦C 

– ApoE-deficient (Apoe− / 

− ) mice + high fat and 
high sucrose diet 

10.6 E% Daily for 12 
weeks 

↓plasma MCP-1 Bjørndal et al. 
(2020) 

Papain + Bromelain, 
0.1% (1:1, w/w), 1 h, 
50 ◦C 

– High fat/high sucrose 
diet-induced obese 
C57BL/6 mice 

9.5 E% Daily for 12 
weeks 

↓plasma IL-1β, IFN-γ, 
TFN-α, MCP-1, and 
GM-CFS 

Aloysius et al. 
(2018) 

Table shows the most active hydrolysate obtained in each study. ↑ and ↓ indicate an increase or decrease of a parameter, respectively, in comparison with their 
respective non-treated ill animals, except for intestine hydrolysate (*). In this last case, results were compared with those of healthy animals consuming a basic 
fishmeal. 
Abbreviations: αSMA (smooth muscle alpha-actin), Apo E (apolipoprotein E), COX2 (cyclooxigenase-2), E (energy), GM-CSF (granulocyte-macrophage colony- 
stimulating factor), HUVEC (Human umbilical vein endothelial cells), IL (interleukin), IFN-γ (interferon-gamma), iNOS (inducible nitric oxide synthase), LC3 
(microtubule-associated protein 1A/1B-light chain 3), L-NAME (N-nitro L-arginine methyl ester), LPS (lipopolysaccharide), MCP-1 (Monocyte chemoattractant protein- 
1), MMP-9 (matrix metallopeptidase 9), NF-kB (nuclear factor kB), RANTES (chemokine (C–C motif) ligand 5), sICAM-1 (soluble intercellular adhesion molecule 1), 
sVCAM-1 (soluble vascular adhesion molecule 1), TAA (thioacetamide), TGF-β (transforming growth factor beta), TNFα (tumor necrosis factor alpha). (**)‘O’ indicates 
‘hydroxyproline’. (***) genes are represented by a cursive letter. 
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carried out to create awareness and motivate industries and workers on 
poultry leftovers revalorization. 

Furthermore, further research is encouraged considering the prom
ising results that have been obtained to date, and some gaps must be 
addressed, such as analysis of the peptide sequence of the bioactive 
fractions and other parameters such as molecular weights, as well as 
allergenicity and immune-reactivity aspects, since novel peptide regions 
can be exposed after hydrolysis. Besides, most of these hydrolysates are 
designed to be finally consumed as functional food, so sensory analysis 
must be an essential part of the future research, since chicken by- 
products may provide some odd flavors that requires to be eliminated 
or masked. 

In conclusion, the obtaining of bioactive peptides from these by- 
products could be useful to the valorization of these materials and 
contribute to drive the development of circular economy principles. 
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Abstract 

There is increasing interest in the use of bioactive peptides, especially those obtained 

from agri-food by-products, as a preventive tool for neurodegenerative diseases. 

Inhibition of prolyl oligopeptidase (POP) enzyme has been suggested as a potential 

target for anti-neurodegenerative drugs. In this work, twelve hydrolysates obtained from 

chicken feet with variable POP inhibitory (POPi) activity were obtained under different 

hydrolysis conditions. One of the prepared hydrolysates (named CFH3) showing 

remarkable POP inhibition was assayed against ß-amyloid (Aβ)-induced paralysis in the 

CL4176 strain of C. elegans. Treatment with that hydrolysate significantly decreased 

the percentage of paralyzed worms in a concentration-dependent manner (0.5 - 5 

mg/mL). This hydrolysate was further fractionated by RP-HPLC, and the peptides from 

the fraction with the highest POPi activity were identified by UHPLC-Orbitrap MS/MS. 

Twenty-three amino acid sequences were selected based on ion abundance and Mascot 

Ion Score. Nine of them had a PeptideRanker score ≥ 0.5, indicating a good probability 

of showing some bioactivity. Moreover, eight of these novel nine peptides contained 

proline in their structure, associated with good POP inhibitory activity. 

Keywords: Chicken by-product hydrolysate, neuroprotection, prolyl oligopeptidase 

inhibitory activity, ß-amyloid toxicity protection, Caenorhabditis elegans, CL4176 

strain. 
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder affecting the

central nervous system. It is the most prevalent form of dementia globally, affecting 40 

million individuals worldwide from approximately 55 million people suffering from 

dementia diseases [1]. AD manifests with various clinical symptoms such as memory 

loss, cognitive impairment, or behavioral dysfunction [2]. Moreover, several factors 

have been identified to contribute to the progression of AD, including the toxicity of 

amyloid-beta (Aβ) peptide, the main component of extracellular amyloid plaques 

deposited in the brain, intracellular accumulation of neurofibrillary tangles of 

hyperphosphorylated tau protein, cholinergic, serotonergic, and noradrenergic loss 

function, oxidative stress, or synaptic dysfunction [3]. Neuroinflammation also plays a 

key role in AD and other neurodegenerative disorders [4]. The inflammatory response 

occurs when there is a failure in the clearance of Aβ aggregates, promoting the 

progression of neurodegenerative diseases [5]. During neuroinflammation, different 

cells in the central nervous system, such as microglia and astrocytes, release different 

pro-inflammatory cytokines and inflammatory mediators into the extracellular matrix 

[6]. Microglial cells also secrete cytosolic enzymes such as prolyl oligopeptidase (POP) 

into the extracellular space [7]. POP is a conserved serine protease distributed 

throughout the body that is highly expressed in the brain [8]. It has both enzymatic and 

non-enzymatic activities and plays multiple biological roles. For instance, it is involved 

in the development and breakdown of several neuropeptides and hormones (thyrotropin-

releasing hormone, substance P, vasopressin, thymosin β4, angiotensin I, and 

angiotensin II), which contain Pro in their amino acid sequence [9,10]. Some of these 

are regulators of cognitive functions. This serine protease can also hydrolyze proteins 

such as collagen or thymosin β4 to release anti-inflammatory peptides. In addition, the 

action of this enzyme seems to be linked to the inflammatory process, since the 

inflammatory response disappears or is reduced when it is not present or active [11,12]. 

Moreover, the POP enzyme has been co-localized with Aβ aggregates in the post-

mortem brains of patients with AD, suggesting a role in the generation of neurotoxic 

peptides [13]. Thus, POP is considered a biological target for the exploration of 

multiple therapies aimed at combating neurodegeneration through its inhibition [8]. 

Currently, there is a lack of effective treatments to reverse AD dementia, so that 

prevention appears as the main strategy [14]. The Lancet Commission on Dementia 

Prevention estimated that 40% of the global risk of developing dementia is associated 
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with 12 modifiable risk factors, making it potentially preventable [15]. Improvements in 

lifestyle, such as stress management, sleep, diet, and regular exercise, could delay or 

prevent the development of neurodegenerative diseases [14–17]. Ensuring the 

consumption of a healthy nutrient-rich diet is vital for optimal brain function and well-

being. Furthermore, some dietary compounds can also act as neuroprotective and 

cognitive-enhancing agents [16,17]. One of these dietary compounds are the bioactive 

peptides, which are small amino acid sequences that exhibit beneficial effects in 

organisms when liberated from the native protein [3]. In addition to their well-known 

anti-inflammatory and antioxidant properties, in vitro studies have shown that dietary 

peptides can inhibit several enzymes involved in neurodegenerative diseases, including 

acetylcholinesterase (which degrades the neurotransmitter acetylcholine), beta-secretase 

1 (initiates Aβ production), and POP (see reviews [3,9,18]).  

POP peptide inhibitors have been obtained from milk, plant-based (corn, soybean, 

rice, wine, and cocoa), meat, and fish proteins [9]. Some of these sources are animal 

agri-food by-products[19,20], making them interesting for valorization through the 

preparation of functional ingredients that can contribute to the circular economy of the 

sector [21]. Notably, most of these reported POP-inhibiting peptides contained Pro in 

their amino acid sequence [9], and some of them also demonstrated neuroprotective 

effects in vivo in murine or Caenorhabditis elegans models of AD [22–24], as well as in 

AD patients [25]. Interestingly, some of these peptides also showed good potential to 

inhibit proteases involved in the development of hypertension or type 2 Diabetes 

Mellitus, such as angiotensin-converting enzyme (ACE) and dipeptidyl peptidase-IV 

(DPP-IV) [19,20,26]. Recently, we demonstrated that chicken feet, an agri-food by-

product, can be a good source of in vitro ACE and DPP-IV inhibitory peptides when 

subjected to specific enzymatic hydrolysis conditions [27]. However, the potential of 

chicken feet as a source of POP inhibitors and neuroprotective peptides has not been 

explored yet. Therefore, the present study aimed to obtain a protein hydrolysate from 

chicken feet, selected based on its capacity to inhibit POP, able to delay the Aβ-induced 

paralysis in a C. elegans model of AD. In addition, the peptides contained in the 

hydrolysate were also identified. 
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2. Materials and Methods 

2.1. Reagents and solvents 

Food-grade enzymes E3, E4, and E5 were provided by Novozymes (Lyngby, 

Denmark). Fluorogenic prolyl oligopeptidase assay kit (ref. 80106) was purchased from 

BPS Bioscience (San Diego, CA, USA). 2,4,6-Trinitrobenzenesulfonic acid, ampicillin, 

nystatin, and other agar supplementation reagents were purchased from Sigma-Aldrich 

(Madrid, Spain). The BCATM protein assay kit was purchased from Thermo Fisher 

Scientific (Barcelona, Spain). Amicon® Ultra 15 and Oasis HLB SPE columns were 

provided by Merck Millipore (Madrid, Spain) and Waters (Milford, MA, USA), 

respectively. Petri plates Ø 35 and 60 mm were purchased from Brand GMBH 

(Wertheim, Germany). The solvents used for HPLC were HPLC grade. The remaining 

solvents and reagents were of analytical grade. 

 

2.2. Elaboration of hydrolysates  

Chicken feet (Gallus gallus) were obtained from a local chicken slaughterhouse 

(Granja de Gaià, La Riera de Gaià, Spain). The feet were cleaned and ground using a 

meat grinder (Moulinex, Barcelona, Spain). After the addition of Milli-Q water (0.25 

g/mL, w/v), the solution was boiled at a specific temperature and time. Subsequently, 

the non-soluble particles were removed by centrifugation at 1,250 x g for 5 min. 

Hydrolysis of chicken feet broth was performed using 3 commercial enzymes (E3, E4, 

and E5) at two hydrolysis times (t1<t3) and two different enzyme/substrate ratios (E/S; 

C1<C2). Enzymes were inactivated by heating at 90 ºC for 15 min. Hydrolysates were 

labeled from CFH1 to CFH12. The specific hydrolysis conditions for each hydrolysate 

are listed in Table 1. 

 

2.3. Determination of hydrolysis degree 

The degree of hydrolysis of the hydrolysates was determined by quantifying the 

free α-amino groups using the TNBS method [33]. Leucine was used to generate a 

calibration curve (0-1.5 mM). The samples and leucine concentrations were 

reconstituted and diluted with 1% sodium dodecyl sulfate. 100% of hydrolysis was 

achieved by hydrolyzing the dried chicken foot broth with 6N HCl at 110 °C for 24 h. 

Protein content in the samples was determined by the bicinchoninic acid method using 

the BCATM protein assay kit, following the manufacturer’s instructions (Thermo Fisher 

Scientific). 
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Table 1. Hydrolysis conditions for the preparation of each chicken foot broth 

hydrolysate. 

Hydrolysate 
Hydrolysis conditions 

Enzyme Enzyme/substrate ratio* Time 

CFH1 E3 C1 t1 

CFH2 E3 C1 t3 

CFH3 E3 C2 t1 

CFH4 E3 C2 t3 

CFH5 E4 C1 t1 

CFH6 E4 C1 t3 

CFH7 E4 C2 t1 

CFH8 E4 C2 t3 

CFH9 E5 C1 t1 

CFH10 E5 C1 t3 

CFH11 E5 C2 t1 

CFH12 E5 C2 t3 

 

2.4. Determination of POP inhibitory activity 

The POP inhibitory activity of samples was determined using the fluorogenic 

prolyl oligopeptidase assay kit following the manufacturer’s instructions (BPS 

Bioscience). Samples were assayed at a final concentration of 0.2 mg of product/mL 

(w/v) and 10 µg of protein/mL (w/v) for hydrolysates (reconstituted in assay buffer) and 

RP-HPLC fractions (reconstituted in Milli-Q water), respectively. The BCATM protein 

assay kit was used to quantify the protein content according to the manufacturer’s 

instructions (Thermo Fisher Scientific). Fluorescence was measured at λex=360 nm and 

λem=460 nm. The percentage of inhibition was calculated as follows: 

 

where FC is the fluorescence produced by enzyme action in the absence of sample 

(100% activity), FB is the fluorescence of the reagents in the absence of enzyme and 

sample (0% activity), FS is the fluorescence produced by the enzyme action in the 

presence of the sample, and FBS is the fluorescence of the reagents and sample in the 

absence of enzyme. Data were expressed as mean (n=3)  standard deviation. The IC50 
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was determined for hydrolysates CFH3 and CFH5 and fraction F15 and expressed as µg 

of protein (BCA assay kit, Thermo Fisher Scientific)/mL (w/v).  

 

2.5. Experiments with Caenorhabditis elegans CL4176 strain 

2.5.1. Worm maintenance 

The C. elegans mutant strain CL4176, dvIs27[pAF29(myo-3/A-Beta 1-42/let UTR) 

+ pRF4(rol-6(su1006))] and the E. coli OP50 strain were obtained from the 

Caenorhabditis Genetics Centre at the University of Minnesota (Minneapolis, MN, 

USA). Worms were thawed and propagated at 16 ºC in nematode growth medium 

(NGM) agar plates supplemented with 0.1% CaCl2 1 M, 0.1% cholesterol (dissolved in 

ethanol), 0.1% MgSO4 1 M, 2.5% phosphate buffer 1 M pH 6, 0.1% sodium ampicillin, 

and 0.18% Nystatin (dissolved in ethanol), and seeded E. coli OP50 as a food source. 

 

2.5.2. Paralysis assay 

The worm paralysis assay was carried out according to Ayuda-Durán et al. [28]. 

Gravid adult worms (6-7 individuals) were transferred to fresh NGM agar plates 

containing E. coli OP50 and either the absence of samples (control group) or different 

concentrations of the hydrolysates CFH3 or CFH5 (0.5, 1, and 5 mg protein mL (w/v)), 

or the unhydrolyzed chicken foot broth (5 mg protein/mL, w/v). The protein content of 

the hydrolysates and broth was estimated by the Kjeldahl method, using 6.25 as the 

protein conversion factor [29]. Nematodes were removed after 24 h at 16 ºC and eggs 

were left to hatch in the plates. Once the larvae reached the adult stage (48 h after egg 

release), plates containing nematodes were transferred from 16 to 25 ºC to induce Aβ1-42 

expression for 24 h (n=100-150 per group). Subsequently, the number of non-paralysed 

worms in the distinct growth plates was scored under the microscope at 2-hour intervals 

up to 12 h. Paralysis was considered if worms did not move their bodies or only bent 

their head upon contact with stimuli using a platinum wire. The percentage of mobile 

(non-paralyzed) worms was calculated in three independent experiments for each 

treatment (mean ± standard deviation) and represented over time. The area under the 

curve (AUC) was also calculated and normalized to that of the control group. 

 

2.6. CFH3 characterization 

The moisture content was determined by gravimetry according to the official 

AOAC method [30]. Total protein content was determined by the Kjeldahl method 
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using 6.25 as the protein conversion factor [29]. Data are expressed as mean ± standard 

deviation (percentage, w/w). All analyses were performed in duplicate. Individual 

amino acid and Hyp contents were determined in an official certificate laboratory 

(AGROLAB LUFA GmbH, Kiel, Germany), following the official methods BOE-A-

1991-18408 and LFBG §64 06.00-8, respectively [31,32]. Collagen content was 

calculated by multiplying the Hyp content by a conversion factor of 8. Data were 

expressed as a percentage (w/w) mean ± standard deviation. 

 

2.7. Peptide identification in CFH3 hydrolysate 

2.7.1. RP-HPLC fractioning of the hydrolysate 

The hydrolysate was passed through a 3 kDa cut-off membrane using Amicon® 

Ultra 15 centrifugal filter units to obtain the <3 kDa peptide fraction. The freeze-dried 

<3 kDa fraction, reconstituted in Milli-Q water (10 mg/mL, w/v)), was subjected to 

further peptide separation by semi-preparative reversed-phase high-performance liquid 

chromatography (RP-HPLC), using the conditions and equipment described by Bravo et 

al. [33], with the following changes: i) elution gradient: 0 to 23.5% B in 59.2 min, 23.5-

90% B in 5.8 min, and 90-0% B in 2 min, and ii) injection volume: 750 μL. Different 

peptide fractions were collected during chromatographic separation, lyophilized, and 

stored at -20 ºC.  

 

2.7.2. UHPLC-Orbitrap MS/MS analysis 

The selected RP-HPLC fraction reconstituted in Milli-Q water containing 0.1% 

formic acid was desalted and concentrated using an Oasis HLB SPE column and a 

SpeedVac concentrator (Thermo Fisher Scientific, CA, USA), respectively. The 

peptides were separated on a Vanquish Flex VF-P20-A (Thermo Fisher Scientific) with 

an Acquity Premier CSH C18 column (150 mm x 2.1 mm i.d., 1.7 µm particle size; 

Waters). The separation was performed with a 100 min gradient using Milli-Q water 

containing 0.1% formic acid (phase A), and acetonitrile containing 0.1% formic acid 

(phase B) at a flow rate of 0.25 mL/min. Mass spectrometry analysis was performed on 

an Orbitrap Eclipse (Thermo Fisher Scientific) using an enhanced FT-resolution MS 

spectrum (R=60,000 FHMW) followed by a data-dependent FT-MS/MS acquisition 

(R=15,000 FHMW, 30% normalized collision energy HCD) from the ten most intense 

parent ions with a charge state acquisition from one to seven and dynamic exclusion of 

0.7 min. 
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Protein identification/quantification was performed using Proteome Discoverer 

v.2.5 (Thermo Fisher Scientific) and the Mascot search engine (v2.8, Matrix Science). 

For protein identification, the workflow was set up using the Mascot node with the 

proteome of Gallus gallus, assuming non-enzymatic digestion. The fragment ion mass 

tolerance assumed an error of 20 milli mass unit (mmu) for the FT-MS/MS 

fragmentation mass and 10 ppm for the FT-MS precursor ion mass. Oxidation of 

methionine and acetylation of the N-terminus were set as the dynamic modifications. 

The false discovery rate (FDR) for peptide identification was set to a maximum of 1%. 

Peptide quantification data was retrieved from the ‘Precursor ions quantifier’ node from 

Proteome Discoverer using the area of unique and razor peptides. Only those MS/MS 

with an average of 10 signal-to-noise were used, and the total peptide amount was used 

as normalization mode. Visual verification of the fragmentation spectra was performed, 

and only peptides found in both replicates were considered.  

 

2.8. Bioactivity prediction 

Identified amino acid sequences were checked in the BIOPEP-UWM database 

(https://biochemia.uwm.edu.pl/biopep/start_biopep.php, accessed on 20/03/2024) for 

previously identified bioactivities [34], and the potential bioactivity was evaluated with 

the software PeptideRanker (http://distilldeep.ucd.ie/PeptideRanker/, accessed on 

20/03/2024) [35]. 

 

2.9. Statistical analyses 

Outlier values were identified using Grubbs’ test and were removed before 

statistical analysis. Shapiro–Wilk’s and Levene's tests were used to evaluate data 

normality and variance homogeneity, respectively. Statistical analyses and graphics 

were performed using Prism v.9 software (GraphPad Software, San Diego, CA, USA). 

Statistical significance was considered at p < 0.05. The Student’s t-test was used to 

compare between two groups. One-way ANOVA and Bonferroni post-hoc test were 

used to evaluate significant differences between more than two groups in the AUC. 

Two-way ANOVA (Bonferroni post-hoc test) was used to explore significant 

differences in worm mobility over time between groups. 
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3. Results

3.1. Hydrolysis degree and POPi activity of the hydrolysates

A total of 12 hydrolysates were obtained from the chicken foot broth by the 

addition of three enzymes at two different enzyme/substrate ratios and using two 

different hydrolysis times. The degree of hydrolysis (DH) of the 12 hydrolysates ranged 

between 8.4 and 20.3% (Table 2). It was found that for hydrolysis at the same E/S ratio, 

the longer the time the higher the degree of hydrolysis (p < 0.05, two-way ANOVA). In 

the same line, for the same hydrolysis time, higher E/S produced more hydrolyzed 

samples (p < 0.05, two-way ANOVA). POPi bioactivity of the hydrolysates at 0.2 

mg/mL ranged between 0 and 76% (Table 2). 

Table 2. Degree of hydrolysis (DH) and in vitro prolyl oligopeptidase inhibitory (POPi) activity 

of the 12 hydrolysates obtained from chicken foot broth.  

Hydrolysates 
DH 

(%) 

POPi activity 

%* IC50 (µg prot/mL) IC50 (µg prod/mL) 

CFH1 12.4 ± 0.1 60.6 ± 3.6a n.d n.d

CFH2 13.8 ± 0.2 7.6 ± 1.0a n.d n.d

CFH3 15.7 ± 0.1 73.9 ± 7.4b 57.9 ± 0.9 73.1± 0.9 

CFH4 20.3 ± 0.3 52.6 ± 0.4a n.d n.d

CFH5 11.5 ± 0.8 76.4 ± 4.3b 40.1 ± 0.2 46.3 ± 0.3 

CFH6 12.6 ± 0.3 47.7 ± 4.1a n.d n.d

CFH7 13.5 ± 0.0 59.2 ± 1.5a n.d n.d

CFH8 16.0 ± 1.5 n.e n.d n.d

CFH9 8.4 ± 0.4 55.3 ± 1.3a n.d n.d

CFH10 12.1 ± 0.2 38.4 ± 0.6a n.d n.d

CFH11 13.1 ± 0.1 51.0 ± 5.0a n.d n.d

CFH12 17.8 ± 0.1 51.5 ± 4.9a n.d n.d

Data are shown as mean (n=3) ± standard deviation * POPi activity was assayed at 0.2 mg/mL 

and expressed as mean ± standard deviation. Different letters indicate differences between the 

POPi activity of the hydrolysates (p < 0.05, one-way ANOVA; post-hoc: Bonferroni test). 

Abbreviations: n.e (non-effect), n.d (non-determined). 

 The hydrolysates with the highest bioactivity were CFH3 and CFH5, with 73.9%  

7.9 and 76.4%  4.3 of POP inhibition, respectively. The IC50 values were 57.9 and 40.1 

µg protein/mL for CFH3 and CFH5, respectively. Only 4 hydrolysates (CFH2, CFH6, 
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CFH8, and CFH10) had less than 50% inhibition, and only CFH8 did not exhibit any 

effect. Two-way ANOVA showed that extending the duration of hydrolysis resulted in 

hydrolysates with lower POPi activity, except for E5 at the highest E/S ratio. The effect 

of the E/S ratio was enzyme-dependent when the same hydrolysis time was used. 

Specifically, increasing the E/S ratio for E3 (CFH1 - CFH4) and E5 (only at the highest 

hydrolysis time; CFH10 and CFH12) produced hydrolysates with greater POPi activity 

(i.e. from 61 to 74% for CFH1 and CFH3, from 8 to 53%  for CFH2 and CFH4, and 

from 38 to 52% for CFH10 and CFH12, respectively). On the other hand, an increase in 

E/S for E4 (CFH5 - CFH8) produced less bioactive hydrolysates (i.e., from 76 to 59% 

for CFH5 and CFH7, respectively) (Table 2). 

3.2. Assays in CL4176 C. elegans strain. 

The neuroprotective effects of the two hydrolysates with the highest POPi activities 

(CFH3 and CFH5) and the unhydrolyzed chicken foot broth were assessed using an Aβ-

induced paralysis model in the CL4176 C. elegans strain. In all the assayed groups, the 

first paralyzed worms were observed at 26 h after Aβ temperature induction. The 

control group (non-treated worms) and worms treated with the unhydrolyzed broth (5 

mg protein/mL) showed similar behavior over time, achieving 90.2% and 90.1% of 

paralyzed worms 36 h after Aβ induction, respectively (Figure 1A). No significant 

differences were observed when the area under the curve (AUC) was calculated for both 

groups (Figure 1B; p = 0.19). 

Treatment with hydrolysate CFH3 at all tested doses significantly delayed worm 

paralysis caused by Aβ aggregation compared to the non-treated group (p < 0.05; two-

way ANOVA; post-hoc: Bonferroni test) (Figure 2).  

The greatest effect was observed at 30 h after paralysis induction, reaching 12.3, 

28.2, and 32.6% of less paralyzed worms at 0.5, 1, and 5 mg of protein/mL of CFH3, 

respectively, compared to that of the control group (Figure 2A). At the end of the 

experiment (36 h), the two highest doses of CFH3 decreased the content in paralyzed 

worms by 20% compared with the control group. A dose-dependent effect for CFH3 

was observed in the AUC (p < 0.05; one-way ANOVA; posthoc: Bonferroni test) 

(Figure 2B). 

The treatment with CFH5 at doses of 0.5 and 1 mg of protein/mL was not able to 

delay paralysis in the worms (Figure 3A, B). The behavior observed in the group 

submitted to the concentration of 5 mg protein/mL was significantly different from that 
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of the control group at 28 h after Aβ induction (18.2% less paralyzed worms) (Figure 

3C). However, the percentage of paralyzed worms at the end of the experiment in this 

group was similar to that in the control group. No significant differences were observed 

in the analysis of the AUC at the three doses of CFH5, compared to the control group 

(Figure 3D). 
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Figure 1. Effect of unhydrolyzed chicken foot broth on amyloid-β (Aβ)-induced 

paralysis in the CL4176 Caenorhabditis elegans mutant strain. Egg-synchronized 

worms were grown on NGM plates in the absence (control) and presence of 

unhydrolyzed chicken foot proteins (5 mg/mL), and seeded with OP50 E. coli at 16 ºC 

for 48 h. Subsequently, worms were incubated at 25 ºC for 24 h to induce Aβ 

expression. Non-paralyzed worms were scored at 2-hour intervals for the next 12 

hours. (A) Obtained Aβ-induced paralysis curves in the absence (control) and presence 

of unhydrolyzed chicken foot broth (0.5 mg/mL). No significant differences between 

the groups were observed (p > 0.05; two-way ANOVA; post-hoc Bonferroni test). (B) 

The area under the curve (AUC) of C. elegans Aβ-induced paralysis curve, normalized 

by the control group AUC. No differences were observed between groups (p > 0.05, 

Student’s t-test). Data are expressed as the mean of three independent experiments (n 

= 100 - 150 worms per experiment and group)  standard deviation. 
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Figure 2. Effect of chicken foot hydrolysate CFH3 on β-amyloid (Aβ)-induced 

paralysis in the CL4176 Caenorhabditis elegans mutant strain. Egg-synchronized 

worms were grown on NGM plates in the absence (control) and presence of different 

doses of CFH3 (0.5, 1, and 5 mg protein/mL), and seeded with OP50 E. coli at 16 ºC 

for 48 h. Subsequently, worms were incubated at 25 ºC for 24 h to induce Aβ 

expression. Non-paralyzed worms were scored at 120-minute intervals for the next 12 

h. (A - C) Obtained Aβ-induced paralysis curves in the absence (control) and presence

of CFH3 at 0.5 mg protein /mL (A), 1 mg protein/mL (B), and 5 mg protein/mL (C). 

Different letters indicate significant differences between groups (p < 0.05; two-way 

ANOVA; post-hoc Bonferroni test). (D) The area under the curve (AUC) of C. 

elegans Aβ-induced paralysis curve, normalized by the control group AUC. Different 

letters indicate differences between groups (p < 0.05; one-way ANOVA; post-hoc 

Bonferroni test). Data expressed as the mean of three independent experiments (n = 

100 - 150 worms per experiment and group)  standard deviation. 
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Figure 3. Effect of chicken foot hydrolysate CFH5 on β-amyloid (Aβ)-induced 

paralysis in the CL4176 Caenorhabditis elegans mutant strain. Egg-synchronized 

worms were grown on NGM plates in the absence (control) and presence of different 

doses of CFH5 (0.5, 1, and 5 mg protein/mL), and seeded with OP50 E. coli at 16 ºC 

for 48 h. Subsequently, worms were incubated at 25 ºC for 24 h to induce Aβ 

expression. Non-paralyzed worms were scored at 120-minute intervals for the next 12 

h. (A - C) Obtained Aβ-induced paralysis curves in the absence (control) and presence 

of CFH5 at 0.5 mg/mL (A), 1 mg/mL (B), and 5 mg/mL (D). Different letters indicate 

significant differences between groups (p < 0.05; two-way ANOVA; post-hoc 

Bonferroni test). (D) The area under the curve (AUC) of C. elegans Aβ-induced 

paralysis curve, normalized by the control group AUC. No significant differences 

were found between groups (p < 0.05; one-way ANOVA; post-hoc Bonferroni test). 

Data are expressed as the mean of three independent experiments (n = 100 - 150 

worms per experiment and group)  standard deviation. 

 

3.3. CFH3 hydrolysate characterization 

The moisture and total protein contents of the freeze-dried hydrolysate CFH3 were 

98.0%  0.0 and 78.7%  2.0, respectively. The collagen content, calculated using the 

hydroxyproline content, was 68.8%. The amino acid profile of CFH3 is shown in Table 
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3. Gly (15.5%) was the most abundant amino acid, comprising 15.5% of the total,

followed by Glu (8.7%), Hyp (8.6%) and Pro (8.2%). In contrast, Trp, Cys, and Met 

were scarce, constituting only 0.1%, 0.3%, and 0.6% of the total, respectively.  

Table 3. Amino acid profile and collagen content of the CFH3 hydrolysate. 

Amino acids Content (%)* 

Aspartic acid 4.6 ± 0.5 

Glutamic acid 8.7 ± 0.9 

Alanine 6.8 ± 0.7 

Arginine 5.7 ± 0.6 

Cysteine 0.3 ± 0.1 

Phenylalanine 2.0 ± 0.3 

Glycine 15.5 ± 1.6 

Histidine 0.7 ± 0.1 

Isoleucine 1.3 ± 0.2 

Leucine 2.7 ± 0.3 

Lisine 3.0 ± 0.4 

Methionine 0.6 ± 0.1 

Proline 8.2 ± 0.8 

Serine 2.1 ± 0.3 

Tyrosine 0.8 ± 0.1 

Threonine 1.7 ± 0.2 

Tryptophan 0.1 ± 0.0 

Valine 1.8 ± 0.2 

Hydroxyproline 8.6 ± 0.4 

Collagen 68.8 ± 4.5 

* Results are expressed as a percentage (w/w) ± standard deviation.

3.4. Peptide identification in the hydrolysate CFH3 

The <3 kDa fraction of CFH3 was separated into 16 fractions (F1 - F16) using 

semi-preparative RP-HPLC. Figure 4A shows the base peak chromatogram obtained for 

the fraction, revealing a complex mixture of peptides. The POPi activity of the 16 

fractions ranged from 0 to 83% when measured at 0.01 mg of protein/mL (Figure 4B). 

Fraction F15 displayed the highest bioactivity, with a POP inhibition of 82.9%  4.2. 

This inhibitory activity was 47.6 and 49.2% higher than that of fractions F9 and F16, 
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respectively, which were the second most active fractions. The POPi IC50 for fraction 

F15 was determined as 1.7   µg protein/mL.  
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Figure 4. RP-HPLC chromatogram obtained for the <3 kDa fraction obtained from 

chicken foot hydrolysate CFH3 and peptide-collected fractions (A). Prolyl 

oligopeptidase inhibitory (POPi) activity of the 16 RP-HPLC fractions obtained (B). 

The results are expressed as the mean (n=3)  standard deviation. Different letters 

indicate significant differences between the groups (p < 0.05; one-way ANOVA; post-

hoc Bonferroni test). Abbreviations: n.e.: no effect. 

 

Six hundred and sixty amino acid sequences were identified in the F15 fraction 

when analyzed by UHPLC-Orbitrap MS/MS. Twenty-three of them had a Mascot ion 

score ≥ 40 and relative ion abundance ≥ 108. The amino acid sequences, native protein, 

mass, charge, and m/z ratio of these selected 23 peptides are listed in Table 4.  
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Table 4. Peptides identified in the RP-HPLC fraction F15 with a Mascot ion score ≥ 

40 and relative abundance ≥ 108.  

Sequencea Native protein Mass (Da) z 
m/z 

(Da) 

Relative 

abundance 

PLRGPAL TRPC4-AP 723.44 1 723.44 6.85E+09 

VQHEELPLP Ig-like domain-containing protein 1,061.56 1 1,061.56 2.57E+09 

NLADDIMR Vimentin 947.46 1 947.46 7.24E+08 

LKGADPEDVIM
Myosin light chain, phosphorylable, 

fast skeletal muscle
1,188.61 2 594.30 4.93E+08 

IITNWDDMEK
Actin, gamma-enteric smooth 

muscle
1,265.60 2 632.80 4.63E+08 

LPGLGAL M-phase inducer phosphatase 640.40 1 640.40 4.54E+08 

DKNADGFIDIE Troponin C, skeletal muscle 1,236.57 1 1236.57 3.57E+08 

DNIKNTFSQL Hemoglobin subunit epsilon 1 1,180.61 2 590.30 2.93E+08 

PLGGLIA
CBY1 interacting BAR domain 

containing 1
640.40 1 640.40 2.90E+08 

LPGALGL Zinc finger protein 703 640.40 1 640.40 2.74E+08 

FKFEEPNFEETPK
ATP synthase-coupling factor 6, 

mitochondrial
1,643.80 3 547.93 2.71E+08 

VGDPNWFPK Transgelin 1,060.53 2 530.27 2.42E+08 

ITLEVEPSDTIENVKAK Ubiquitin B 1,888.03 3 629.34 2.39E+08 

IIDVVLK Collagen type IX alpha 2 chain 799.53 1 799.53 2.14E+08 

SADPEPGPGIDL Cathelicidin-2 1,168.56 2 584.28 1.95E+08 

PGENGLPGLPGARG

EAGIPGPQG
Collagen, type X, alpha 1 2,099.06 2 1,049.53 1.94E+08 

LGKFEDDMRT
Trafficking protein particle complex 

subunit 10
1,212.58 2 606.29 1.86E+08 

FTTYPPTKTYFPH Hemoglobin subunit alpha-A 1,601.80 3 533.93 1.55E+08 

GERGFPGLPGPS Collagen type I alpha 1 chain 1,170.59 1 1,170.59 1.29E+08 

IDTWEKPF
ABI family member 3 binding 

protein
1,036.52 2 518.26 1.25E+08 

AGNVLVI Beta-1 adrenergic receptor 685.42 1 685.42 1.25E+08 

IEAANHIDDIAGTL Hemoglobin subunit alpha-A 1,453.74 2 726.87 1.12E+08 

IDRQYDPDLEQL Transgelin 1,505.73 2 752.87 1.07E+08 

aAmino acids are designated using their one-letter codes. 
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The MS/MS spectra of 3 ions m/z (sequences VGDPNWFPK, SADPEPGPGIDL, 

and LPGALGL), are shown as an example in Figure 5.  Those peptides were included in 

a wide variety of Gallus gallus proteins such as structural proteins (collagen), muscle 

proteins (actin, myosin, troponin C), and blood proteins (hemoglobin subunit A), among 

other cellular proteins. The length of these selected peptides ranged from 7 to 23 amino 

acid residues with a molecular weight between 640 and 2,099 Da (Table 4). The longest 

identified sequence was PGENGLPGLPGARGEAGIPGPQG. Thirteen of the identified 

peptides had the amino acid Pro in their structure. 

 

SADPEPGIDL

LPGALGL

C)

VGDPNWFPK

A)

B)

 

Figure 5. The MS/MS spectra of the peptides (A) VGDPNWFPK, (B) 

SADPEPGPGIDL, and (C) LPGALGL. 
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Table 5. PeptideRanker score of the identified peptides. 

aAmino acids are designated using their one-letter codes. 

 

3.5. Bioactivity prediction  

None of the identified peptides were previously reported with neuroprotective or 

any other bioactivity in the BioPep database. However, SADPEPGPGIDL, LPGALGL, 

PLRGPAL, PGENGLPGLPGARGEAGIPGPQG, GERGFPGLPGPS, and LPGLGAL 

contained in their structures reported POPi peptides such as PGP, PG, and GP [34] 

(Table 5). The PeptideRanker score calculated for the identified peptides ranged 

between 0.89 and 0.06, with the peptide VGDPNWFPK being the one with the highest 

score and ITLEVEPSDTIENVKAK with the lowest one. Nine amino acid sequences 

showed a PeptideRanker score of 0.5 or higher (Table 5).  

 

 

Sequencea BIOPEP-UWM 

(POPi activity) 
PeptideRanker score 

PLRGPAL GP 0.61 

VQHEELPLP  0.28 

NLADDIMR  0.50 

LKGADPEDVIM  0.27 

IITNWDDMEK  0.23 

LPGLGAL PG 0.59 

DKNADGFIDIE  0.22 

DNIKNTFSQL  0.23 

PLGGLIA  0.43 

LPGALGL PG 0.63 

FKFEEPNFEETPK  0.31 

VGDPNWFPK  0.89 

ITLEVEPSDTIENVKAK  0.06 

IIDVVLK  0.13 

SADPEPGPGIDL PGP, PG, GP 0.64 

PGENGLPGLPGARGEAGIPGPQG PGP, PG, GP 0.61 

LGKFEDDMRT  0.36 

FTTYPPTKTYFPH  0.24 

GERGFPGLPGPS PGP, PG, GP 0.61 

IDTWEKPF  0.60 

AGNVLVI  0.22 

IEAANHIDDIAGTL  0.22 

IDRQYDPDLEQL  0.21 
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4. Discussion 

Bioactive peptides obtained from different food and agri-food by-products have 

been reported to possess many functionalities, including neuroprotective, 

antihypertensive, anti-inflammatory, antidiabetic, or antioxidant effects [3,16,17]. 

Among others, these compounds could be useful to prevent or delay the development of 

neurodegenerative disorders, such as AD, through their consumption as functional foods 

and nutraceuticals. In this study, a hydrolysate from chicken feet, a collagen-rich by-

product, was selected based on its capacity to inhibit POP enzyme and assessed for its 

ability to delay Aβ-induced paralysis in a C. elegans model of AD, and its constituent 

peptides were further identified. Hsieh et al. [36] reported a weak POPi activity of 

hydrolysates from different collagen-rich sources, such as porcine gelatin and fish skin. 

However, to the best of our knowledge, there was no evidence of the use of chicken feet 

as a source of POP inhibitory peptides up to the present study. Nonetheless, previous 

studies from our group demonstrated that bioactive peptides could be obtained from this 

material under specific enzymatic hydrolysis conditions. In this regard, a chicken foot 

hydrolysate prepared using Protamex (2 h, 50 °C) showed high ACE inhibitory activity 

in vitro and exerted antihypertensive effects after acute and long-term administration to 

hypertensive rats [37]. Furthermore, a hydrolysate obtained with Neutrase (24 h, 25 °C) 

was able to inhibit DPP-IV in vitro and exerted anti-hyperglycemic effects in two 

animal models of glucose intolerance [38]. Interestingly, other food-derived 

peptide/hydrolysates with POPi activity have also been reported to inhibit ACE or DPP-

IV enzymes [20,39]. For instance, a protein hydrolysate (Papain, 4 h) obtained from the 

edible seeds of Plukenetia volubilis (commonly named sacha inchi) was found to 

possess ACE, DPP-IV, and POP inhibitory activities, with IC50 values of 1.17, 1.63, and 

4.6 mg of protein/mL [39]. Also, 4 h Alcalase-digested hydrolysates from tuna heads, 

and tuna muscle and viscera were shown capable of inhibiting ACE (IC50 values of 0.27 

and 4.59 mg dry weight/mL, respectively) and POP enzymes (0.24 and 3.30 mg dry 

weight/mL) [20]. 

In the present work, a total of 12 hydrolysates were prepared from chicken foot 

broth using three enzymes (E3, E4, and E5) at two different E/S ratios (C1 and C2), and 

two different hydrolysis times (t1 and t2). The hydrolysates tested at 0.2 mg 

product/mL, exerted a wide range of POPi activity (between 0 and 76%). Hydrolysates 

CFH3 (E1, C2, t2) and CFH5 (E4, C1, t1) exhibited the highest bioactivity (73.9 and 

76.4%, respectively) with IC50 values of 57.9 and 40.1 µg protein/mL (73.7 µg 
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product/mL and 46.3 µg product/mL), respectively, revealing to be much more active 

than sacha inchi and tuna hydrolysates, which IC50 values between 3.30 and 4.60 

mg/mL [20,39]. Similarly, POPi hydrolysates obtained from different Pro-rich sources, 

such as wheat gluten, soy, sodium caseinate, porcine gelatin, diverse fish skins, and tuna 

cooking juice, presented bioactivity ranging between 22 and 87% when tested at 0.6 

mg/mL [36]. That concentration was 3-fold higher than the one of the products tested 

herein, which supports the POPi potential of the obtained chicken foot hydrolysates. 

Hsieh et al. [36] observed that both the raw material and enzyme type affected the 

generation of POPi hydrolysates [36], with hydrolysates obtained from sodium 

caseinate, soy protein, and wheat gluten in most hydrolysis conditions showing greater 

bioactivity than those obtained from different collagen-rich sources. Additionally, the 

effect of the enzyme type was raw-material-dependent. Thus, Bromelain was the best 

enzyme for generating POPi hydrolysates from sodium caseinate, whereas Thermolysin 

was the best for wheat gluten [36]. This observation is in line with our results, where the 

POPi activity also varied according to the enzyme used, with E3 and E4 being the most 

effective in chicken foot proteins. Notwithstanding, the POPi activity of the 

hydrolysates also varied depending on the E/S ratio and hydrolysis time used. Higher 

E/S ratios for E3 and E5 (this last only at the highest hydrolysis time) led to increased 

POP inhibitory activity, whereas higher E/S ratios for E4 resulted in less bioactive 

hydrolysates. Moreover, increased hydrolysis time generally decreased POPi activity, 

except for E5 at the highest E/S ratio. Martorell et al. [22] also found that hydrolysates 

obtained from a high-protein cocoa by-product showed POP inhibition in vitro 

dependent on the type of enzyme, higher when the hydrolysis (1 h, 50 °C) was carried 

out with Alcalase (42.8%) than with Termamyl (22.8%) [22]. The hydrolysates also 

revealed in vivo neuroprotective effects in the CL4176 C. elegans strain [22] a mutant 

strain that expresses Aβ peptide in muscle cells when submitted to thermal stress [40] 

and is widely used as an in vivo screening model for AD drug discovery [41]. Taking 

this into account, the next step in the present study was to evaluate the effect of the two 

hydrolysates with the highest POPi activities (CFH3 and CFH5) in this C. elegans 

strain. 

It was found that hydrolysate CFH3 delayed Aβ-induced paralysis in the CL4176 

strain in a concentration-dependent manner (0.5 - 5 mg prot/mL), reducing the number 

of paralyzed worms by 20% at concentrations of 1 and 5 mg/mL in the cultivation 

medium, compared to non-treated worms at the end of the experiment (36 h after Aβ 
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induction). Conversely, hydrolysate CFH5 showed only a subtle effect at the highest 

concentration tested (5 mg protein/mL). Giraldo et al. [42] also tested in the CL4176 

strain different concentrations of a whey protein hydrolysate (0.2 – 0.4 mg/mL). They 

found no mobile worms in the control group 30 h after the temperature upshifting, while 

the percentage of mobile worms in the hydrolysate-treated groups ranged between 20-

30% [42]. In our assays, some worms in the controls were still non-paralyzed at the end 

of the assay (36 h). The differences in the paralysis progression among studies might be 

explained by the high sensitivity of the CL4176 strain to the temperature [43], so minor 

temperature variations in the incubators can lead to sensible changes in Aβ expression. 

It is worth mentioning that unhydrolyzed chicken foot broth did not exhibit any 

effect on delaying worm paralysis at the highest dose tested (5 mg protein/mL). These 

results indicate that the beneficial effect observed for CFH3 was mediated by peptides 

released during the hydrolysis of chicken foot proteins under specific conditions. As 

above indicated, the lower rate of paralysis is associated with a reduction in Aβ 

accumulation in the peptide-treated worms compared to non-treated worms. Similarly, 

Martorell et al. [22] also observed that the hydrolysis of cocoa by-product proteins 

generated peptides, such as DNYDNSAGKWWVT, which delayed Aβ-induced 

paralysis in the CL4176 strain model. Although the mechanisms involved in the Aβ-

induced paralysis-preventive effects of the POP-inhibitory CFH3 hydrolysate have not 

been the focus of the present study, there is evidence that POP inhibition enhances the 

clearance of protein aggregates in other neurodegenerative disorders and induces 

autophagy [8]. Therefore, this might be one of the potential mechanisms underlying the 

neuroprotective effects of CFH3 in the used AD model, although further research is 

needed to investigate it. 

The next step was to characterize CFH3 and identify the peptides present. Chicken 

feet are a protein-rich source (approximately 75%) and are considered a good source of 

collagen (more than 50 g/100 g product) [27]. The composition of amino acids in 

collagen is unique among proteins, particularly in terms of its high concentration of 

Hyp. Moreover, it had prevalent amino acid sequence patterns, which are Gly-Pro-X 

and Gly-X-Hyp, with X representing any amino acid other than Gly, Pro, or Hyp [44]. 

As expected, the hydrolysate CFH3 showed a high protein content (78.7%), 

predominantly collagen (68.8%), with Gly, Glu, Hyp and Pro as the most abundant 

amino acids. Several studies have shown that POPi activity is associated with low 

molecular size peptides [20,39]. In this regard, Suwanangul et al. [39] observed that the 
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POP-inhibitory peptides of hydrolysate from Plukenetia volubilis were contained 

mainly in the < 1 kDa and 1 – 3 kDa fractions, which showed IC50 values of 0.67 and 

2.01 mg protein/mL, compared to 3 - 5 kDa and 5 - 10 kDa fractions, with IC50 values 

of 13.41 and 20 mg prot/mL, respectively [39]. Thus, the < 3 kDa fraction of the 

hydrolysate CFH3 was obtained and fractionated by RP-HPLC into 16 peptide 

fractions. The analysis of POPi activity revealed that the bioactive peptides were located 

mainly in fraction F15 (82.9% POP inhibition), which was then analyzed by HPLC-

Orbitrap MS/MS. The comparison with the Gallus gallus proteome gave 660 entries, 

providing an idea of the complexity of the sample. Among them, 23 amino acid 

sequences were selected based on ion intensity and a Mascot Ion Score ≥40, a widely 

recognized approach for assessing the validity of peptide and protein identification 

using MS/MS data [45]. This probability-based scoring system for an MS/MS match is 

defined as −10 × log(p), where p indicates the likelihood that the observed match 

between the experimental data and the database sequence is a random occurrence [46]. 

Only 13% of the identified peptides were from collagen chains, despite CFH3 

containing 68.8% collagen. This suggests that the hydrolysis conditions used were not 

sufficient to hydrolyze the complex collagen structure to obtain peptides with molecular 

weights lower than 3 kDa. Most peptides were derived from cellular and blood proteins 

such as actin, myosin, troponin C, several receptors, or hemoglobin subunit A. The 

amino acid lengths of these peptides ranged from 7 to 23, being worth mentioning that 

65% of those peptides had the amino acid Pro in their structures.  

POP is a serine endopeptidase that hydrolyzes the -Pro-X- bond in peptides up to 

30 amino acids in length, where X is any amino acid different from Pro [47,48]. The 

presence of Pro in the amino acid sequence of POP inhibitory peptides, as well as in 

ACE and DPP-IVi peptides, has been associated with more active inhibitors [49–51]. 

Actually, all amino acid sequences included in the BIOPEP-UWM database (62 

peptides) with POPi activity contained at least one Pro residue (accessed 20/03/2024) 

[34]. Hsieh et al. [36] also suggested that Pro presence could be more important than 

peptide length in the POPi bioactivity of peptides. None of the identified peptides was 

found in the BIOPEP-UWM database [34], denoting the novelty of these sequences. 

Only the peptides PGENGLPGLPGARGEAGIPGPQG, GERGFPGLPGPS, 

SADPEPGPGIDL, LPGALGL, PLRGPAL, and LPGLGAL, which contained in their 

structure reported POPi peptides, such as PGP, PG, and GP, are included in BIOPEP-

UWM [34].  
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Moreover, the potential bioactivity of the identified peptides was predicted using 

the PeptideRanker prediction tool to obtain a PeptideRanker score [35], with values 

ranging from 0.0 to 1.0, where "0.0" represents improbable and "1.0" signifies high 

probability. Nine identified peptides had a PeptideRanker score ≥ 0.5, eight of which 

contained Pro in their structure. In addition, two of these were identified as collagen 

peptides (GERGFPGLPGPS and PGENGLPGLPGARGEAGIPGPQG). These 

sequences differed from the expected Gly-Pro-Hyp sequence, but modifications in these 

amino acids have been reported to be associated to different functionalities of the 

specific macromolecule [44,52]. Further research is required to evaluate the POPi 

activity of these nine selected peptides so as to ascertain if they are responsible of CFH3 

bioactivity. 

 

5. Conclusions 

This study shows the potential of chicken feet as a source of peptides with potential 

neuroprotective effects when subjected to specific hydrolysis conditions. A hydrolysate 

from chicken feet, referred to as CFH3, showed good bioactivity, inhibiting POP 

enzyme in vitro and delaying the Aß-induced paralysis in a C. elegans model of 

Alzheimer’s disease. Twenty-three peptides were identified in that hydrolysate, nine of 

which showed a good PeptideRanker score, indicating potential bioactivity. In addition, 

eight of them contained Pro in their amino acid sequences, which has been associated 

with increased POPi activity. In particular, the prepared hydrolysate might be useful as 

a functional ingredient in the prevention of cognitive decline. The valorization of 

chicken by-products as a source of bioactive peptides and hydrolysates would help 

promote the circular economy and environmental sustainability of the agri-food 

industry.  
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Inflammation is a natural response of an organism to harmful stimuli such as 

infection or trauma [1]. The inflammatory response is widely observed in numerous 

diseases and pathologies such as inflammatory bowel disease, metabolic syndrome-

associated diseases, or arthritis [2,3]. It is tightly regulated by several mechanisms, 

pathways, and key molecules, including prostaglandins, NO, and other inflammatory 

mediators [4]. One of the most important enzymes involved in this process is COX, 

mainly COX isoform 2 (COX-2). COX enzymes catalyze the conversion of arachidonic 

acid into PGH2 through the bis-oxygenation of arachidonic acid. PGH2 serves as a 

precursor for various prostaglandins, thromboxanes, and prostacyclins [5]. COX-2 is 

induced in response to inflammatory stimuli and is expressed in fibroblasts, activated 

macrophages, and other cells [6]. In contrast, COX-1 is constitutively expressed in 

many tissues and is mainly involved in the regulation of homeostatic functions through 

the production of thromboxane A2 and several PGs [5]. Inhibition of COX enzymes is 

the target of NSAIDs, such as ibuprofen, diclofenac, or naproxen [7]. However, most of 

them inhibit both COX-2 and COX-1. COX-1 inhibition is one of the causes of 

undesirable side effects associated with prolonged NSAID use [8]. Thus, there is a trend 

toward the development or discovery of new anti-inflammatory compounds that 

selectively target COX-2 [7,9]. 

Inflammation also plays an important role in neurodegenerative disorders. 

Neuroinflammation exerts a substantial influence on disease progression and severity of 

the diseases [10]. Microglial activation (immune cells in the central nervous system), 

leads to the secretion of different cytokines and enzymes to the extracellular space such 

as the serine protease POP [11,12]. Many functionalities have been attributed to POP, 

and it has been associated with amnesia and other neurodegenerative disorders, such as 

AD and Parkinson’s disease [13,14]. Moreover, the POP enzyme has been found 

alongside Aβ aggregates in the brains of deceased patients with AD, indicating its 

involvement in generating neurotoxic peptides [15]. POP inhibition has become the 

target for the development of new neuroprotective drugs [16]. 

Bioactive peptides are promising candidates for natural health-promoting 

functional foods. They have shown a wide range of biological activities, such as 

antihypertensive, antioxidant, antidiabetic, anti-inflammatory, or neuroprotective 

activities [17]. These bioactive peptides have been obtained from various protein 

sources, including animals, vegetables, and fungi [18–20]. The most commonly used 

sources have been eggs [21], milk [22], and soybean proteins [23], although other less 
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conventional products, such as agri-food by-products, have recently been used [24,25]. 

Notably, the development of high-value products from these by-products could be 

beneficial in terms of valorizing them and supporting the circular economy within the 

sector [26]. Many by-products of animal origin are rich in proteins such as collagen 

[24]. Collagen, known for its high Pro and Hyp content, yields peptides with significant 

bioactivity [17]. Peptides that include hydrophobic amino acids such as Pro have been 

linked to an increased ability of a peptide to inhibit different biological enzymes such as 

angiotensin-converting enzyme, dipeptidyl peptidase-IV, and POP [27–29]. They also 

showed COX-2 inhibitory and anti-inflammatory effects [30–32]. The anti-

inflammatory effects of collagen-derived hydrolysates have been reported, although 

only a few studies have evaluated their effects in vivo and only after oral consumption 

[33]. Hydrolyzed collagen, such as that obtained from pigskin, is commonly 

commercialized for joint and skin health and some are included in cosmetic creams 

[34]. However, there is no evidence that hydrolyzed collagen or any food-derived 

protein hydrolysate can exert anti-inflammatory effects after topical application. 

Therefore, collagen-rich by-products could be good sources of bioactive peptides to 

prevent inflammation and inflammation-related pathologies, such as muscle 

inflammation, arthritis, or AD. Thus, the objective of this doctoral thesis was to obtain 

protein hydrolysates from several collagen-rich sources with acute anti-inflammatory 

properties after topical application, or neuroprotective effects in vivo, and to identify 

their bioactive peptides.  

Firstly, the study was focused on the development of a hydrolysate from pigskin 

collagen able to prevent focal acute inflammation after topical application and to 

identify the underlying mechanisms and bioactive peptides (Chapter 1). For that, it was 

studied the optimal hydrolysis conditions to obtain the pigskin-collagen hydrolysate 

with selective COX-2 inhibitory activity and also the ability to prevent or ameliorate 

carrageenan-induced acute inflammation and response to acute painful stimuli 

[Manuscript 1]. 

Pigskin collagen was selected for this finality as it is commonly commercialized 

and many commercial hydrolyzed collagen is provided from this source. Twelve 

hydrolysates were obtained using different hydrolysis conditions, including the factors: 

enzyme type (E1, E2, or E3), enzyme/substrate (E/S) ratio (C1 < C2), and hydrolysis 

time (t1 < t2). The hydrolysates exhibited variable COX-2 inhibition (0 - 51 % at 1 

mg/mL), indicating that hydrolysis conditions are crucial for generating COX-2 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



peptides from pigskin collagen. In addition, it was observed that the three tested 

hydrolysis factors affected the release of these bioactive collagen-derived peptides, 

being necessary to use enzymes E1 or E3, the longest hydrolysis time (t2), and the 

highest E/S ratio (at least with E1). Considering the obtained results, the best hydrolysis 

conditions to generate pigskin-collagen hydrolysates were enzyme E1, E/S C2, and 

hydrolysis time t2, which resulted in hydrolysate H8. There is no previous evidence 

regarding the influence of hydrolysis factors on the production of COX-2 inhibitory 

peptides from collagen. Moreover, it is worth to mentioning that the bioactivity of H8 

was in the range of COX-2 inhibitory activity shown by hydrolysates obtained from 

lupine and several edible insects [35,36]. Considering this fact, hydrolysate H8 was 

further produced on a pilot scale (H8p), and its inhibitory activity was increased. 

Additionally, the <10 kDa fraction of H8p was obtained because different studies have 

shown that low-molecular-weight peptides can exert greater anti-inflammatory 

bioactivity than whole hydrolysate [37,38]. However, no differences in COX-2 

inhibitory activity were observed between the peptide fraction and whole hydrolysate in 

the present study. Interestingly, neither of the samples inhibited COX-1 activity, 

indicating that both samples selectively inhibited COX-2 activity. As mentioned, this is 

desirable because COX-1 inhibition has been associated with side effects in the 

intestinal tract, cardiovascular events, and renal dysfunction due to the long-term 

consumption of NSAIDs [39]. 

Subsequently, the in vivo anti-inflammatory effects of H8p and its <10 kDa fraction 

were evaluated in a well-known model of acute inflammation (carrageenan-induced 

paw edema) after topical application. This method of application was chosen because 

there is no evidence that hydrolyzed collagen or any food-derived protein hydrolysates 

can exert anti-inflammatory effects after topical application. In contrast to the in vitro 

results, the whole hydrolysate did not present any anti-inflammatory effect, whereas its 

peptide fraction (only 15 mg) reduced edema volume by 54 % in the first hour after 

carrageenan injection, which gradually attenuated over time until 3 h. It is known that 

peptides up to 1,500 kDa can cross the outer skin layer [40]. Thus, the higher proportion 

of small peptides in the <10 kDa fraction than in the whole hydrolysate could explain 

these differences in bioactivity. It is worth mentioning that the anti-inflammatory effect 

of the <10 kDa fraction was faster than that of the commercial cream containing sodium 

diclofenac but was less maintained over time (24 h). Given that at 24 h (animal sacrifice 

time), the anti-inflammatory effect of the <10 kDa fraction no longer remained, LPS-
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stimulated macrophages were used to elucidate the mechanisms underlying the anti-

inflammatory effect of this peptide fraction [Manuscript 1]. This model is widely used 

as a screening tool for anti-inflammatory drugs, especially natural compounds [41–43]. 

The results showed that this fraction exerted its anti-inflammatory effects reducing NO 

production, iNOS and COX-2 protein expression, and COX-2 activity. COX-2, as 

mentioned above, is involved in the pro-inflammatory PGE2 synthesis [6], while iNOS 

is the enzyme responsible for NO production, a regulator of inflammatory processes 

[44]. However, the potential effects of peptides contained in the <10 kDa fraction on 

other inflammatory-related and stress-oxidative molecules such as bradykinin, 

histamine, or serotonin should be not discarded although further research is needed to 

study it.  

Considering that some natural anti-inflammatory compounds [45–47] and selective 

COX-2 drugs have antinociceptive effects [48], this activity was also evaluated in the 

H8p <10 kDa fraction using the tail-withdrawal test [Manuscript 1]. This is a well-

known test used to determine the nociceptive response to painful stimuli, where the rat 

tail is submerged in 40 - 55 °C warm water, and the latency to purposely withdraw the 

tail from the water is measured [49]. The <10 kDa fraction retarded by 1.4-fold the time 

required to flick the tail compared to non-treated rats in the 55 ºC-water tail-withdrawal 

test. Interestingly, this antinociceptive effect was similar to that observed with 

diclofenac. Although some protein hydrolysates have shown antinociceptive effects 

[50,51], to the best of our knowledge, this is the first time to demonstrate 

antinociceptive effects of a dietary-derived hydrolysate following topical 

administration.  

Finally, the peptides contained in hydrolysate H8p were identified [Manuscript 2]. 

The <3 kDa fraction of the hydrolysate was used to isolate small peptides (up to 3 kDa), 

which are usually responsible for the bioactivity of protein hydrolysates, including anti-

inflammatory activity [52]. They can interact with enzymes, be absorbed, and penetrate 

the skin better than longer peptides [53]. This fraction was separated into 22 fractions 

by RP-HPLC. The COX-2 inhibitory activity of the 22 fractions showed that the most 

active peptides were present in fractions F3 and F20, which were further analyzed by 

UHPLC-Orbitrap MS/MS to identify their peptides. A total of nine sequences were 

identified (AGERGEQ, GPAGSVG, and GSKGRPG in fraction F3, and AGPAGKP, 

AGPPGAK, GPAGPAG, GPAGPAGPRG, PGPAGPV, and TGPIGPPGPA in the 

fraction F20. It is worth mentioning that any bioactivity has not been previously 

UNIVERSITAT ROVIRA I VIRGILI 
PROTEIN HYDROLYSATES AND PEPTIDES FROM ANIMAL BY-PRODUCTS AS A PREVENTIVE STRATEGY FOR LOCAL 
INFLAMMATION AND NEUROINFLAMMATION 
Néstor Ibarz Blanch 



reported for these amino acid sequences, according to the BIOPEP-UWM database [54]. 

Moreover, all identified peptides satisfied the suggested characteristics of potentially 

anti-inflammatory peptides (2 – 20 amino acids, less than 1 kDa, and the presence of 

hydrophobic or positively charged amino acids in their structure) [18,37]. Additional in 

vitro results showed that AGERGEQ, GSKGRPG, AGPAGKP, and PGPAGPV 

selectively inhibited COX-2 by up to 41 % at a concentration of 9 µg/mL. Interestingly, 

this bioactivity was higher than that exerted by several COX-2 inhibitory peptides 

obtained from edible insects or red microalga [32,55]. Moreover, the anti-inflammatory 

effects of these four identified peptides were evaluated in LPS-stimulated macrophages 

[Manuscript 2]. These peptides reduced NO production in LPS-stimulated 

macrophages pre-incubated with the peptides. Peptides from many different sources, 

including collagen-rich sources, have been reported to reduce NO production in this cell 

inflammatory model [37,56]. The results indicated that our identified peptides, mainly 

the most active ones (AGERGEQ and GSKGRPG), might exert higher anti-

inflammatory effects than those reported for other anti-inflammatory peptides such as 

peptides SNPSVAGVR or PAY [30,31]. Moreover, peptides AGERGEQ and 

GSKGRPG significantly reduced the protein expression of iNOS and COX-2 in the 

LPS-stimulated macrophages. These peptides could be responsible for the anti-

inflammatory effects of the <10 kDa fraction [Manuscript 1], although it should be 

noted that other peptides could be involved, considering that the <10 kDa fraction is a 

complex mixture of different peptide sequences.  

Therefore, these studies showed that pigskin collagen is a good source for the 

production of COX-2 inhibitory, anti-inflammatory, and antinociceptive peptides 

(Chapter 1). Moreover, a peptide fraction (<10 kDa) was obtained with selective COX-

2 inhibition, which also exerted acute anti-inflammatory and antinociceptive effects in 

vivo after topical application. The peptides contained in the H8p <10 kDa could exert 

their effects by targeting multiple components of the inflammatory response. To the best 

of our knowledge, this is the first time that dietary-derived hydrolysates have shown 

these effects after topical application, which opens doors to the use of this peptide 

fraction to prevent or ameliorate a focal inflammatory response, such as those observed 

in muscle inflammation, swelling or arthritis. Moreover, the anti-inflammatory peptides 

AGERGEQ and GSKGRPG, identified in H8p, may be also useful for the management 

of inflammatory diseases in the pharmacological sector. The collagen-derived 
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hydrolysate, the methodology to obtain it, and the identified peptides have already been 

protected by an international patent. 

Inflammation is also involved in the development and progression of 

neurodegenerative diseases [57]. For example, in AD, an inflammatory response occurs 

when there is a failure in the clearance of Aβ aggregates, promoting the progression of 

this neurodegenerative disease [10]. AD is the most prevalent form of dementia, 

accounting for approximately 40 million people [58]. Unfortunately, there are currently 

no effective treatments for AD, and new treatments are being developed. In this context, 

one target of these new compounds is POP inhibition [16]. Several studies have shown 

that this enzyme can be inhibited by food-derived peptides or protein hydrolysates [13]. 

Some were obtained from agri-food by-products of animal origin containing collagen 

[59,60]. Moreover, food-derived peptides with POPi and neuroprotective properties 

typically feature at least one Pro residue in their sequence [61]. As mentioned, collagen 

has a high Pro content. Considering this evidence, the next objective of this doctoral 

thesis was to develop a hydrolysate from a chicken by-product rich in collagen that can 

prevent the development of AD and identify the peptides that it contains (Chapter 2). In 

this case, pigskin was substituted by a chicken by-product rich in collagen because the 

use of pigskin collagen may cause rejection in some cultures and religions as well as 

organoleptic consequences that might be unpleasant [62]. Chicken dominates global 

meat consumption and has few religious or cultural restrictions. Moreover, the chicken 

meat industry generates over 24 million metric tons of by-products yearly [63], and they 

are less valorized than pork by-products. The use of a collagen-rich by-product to obtain 

of bioactive peptides would reduce the impact of waste management, add value to the 

by-product, and contribute to the sustainability and circular economy of this sector. To 

achieve the proposed objective, the first step was to review the potential of chicken by-

products as sources of bioactive peptides and select the best candidate for generating 

POPi peptides [Manuscript 3]. The search revealed that chicken feet are one of the 

chicken by-products with the highest collagen content and is rich in proteins [64]. 

Moreover, the potential of chicken feet for the production of POPi peptides or 

neuroprotective peptides has not been explored. Additionally, our research group has 

previously demonstrated that chicken feet, enzymatically hydrolyzed under specific 

conditions, are a good source of ACE inhibitory peptides with in vivo antihypertensive 

effects [65] and DPP-IV inhibitory peptides with in vivo anti-hyperglycemic effects 

[66]. Interestingly, some reported food-derived peptides and hydrolysates with POPi 
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activity also showed the ability to inhibit ACE or DPP-IV enzymes [60,67]. The 

presence of Pro in the amino acid sequence of POPi peptides as well as ACE and DPP-

IVi peptides has been associated with peptide more active [27–29]. Moreover, we also 

observed that chicken foot hydrolysates could exert anti-inflammatory effects in LPS-

stimulated RAW 264.7 cells (data not published). Therefore, chicken feet were selected 

to obtain protein hydrolysates with neuroprotective effects [Manuscript 4]. To achieve 

this objective, chicken feet were minced and boiled to solubilize proteins including 

collagen. Then, the protein broth was hydrolyzed with three different proteases (E3, E4, 

and E5), two different E/S ratios (C1 < C2), and two hydrolysis times (t1 < t3), resulting 

in twelve chicken foot hydrolysates. The hydrolysates exerted a wide range of POPi 

activity (0 - 76 %). Similar to the developed pigskin-collagen hydrolysates with COX-2 

inhibitory activity [Manuscript 1], hydrolysis conditions were also crucial for the 

release of POPi peptides. However, in contrast to COX-2 inhibition, POP inhibition was 

higher with short hydrolysis times (t1), whereas the effects of E/S ratio were enzyme-

dependent. Chicken-foot hydrolysates CFH3 and CFH5 exhibited the highest POP 

inhibition (IC50 = 57.9 and 40.1 µg protein/mL, respectively). This effect was stronger 

than that of hydrolysates obtained from wheat gluten, soy, sodium caseinate, porcine 

gelatin, diverse fish skins, and tuna cooking juice [61].  

Considering the potential of CFH3 and CFH5, and that reported POPi hydrolysates 

have shown neuroprotective effects in the CL4176 C. elegans strain, an AD model [68], 

the effect of CFH3 and CFH5 hydrolysates on Aβ-induced paralysis in the 

Caenorhabditis elegans CL4176 mutant strain were studied [Manuscript 4]. This 

mutant model is characterized by inducible expression of Aβ peptides when exposed to 

25 ºC. The accumulation of Aß peptides in muscle cells hinders the mobility of the 

worm, triggering paralysis [69]. Interestingly, hydrolysate CFH3 delayed Aβ-induced 

paralysis in this AD animal model in a concentration-dependent manner, reducing the 

content of paralyzed worms by 20 % (at 1 and 5 mg/mL) compared with non-treated 

worms at the end of the experiment. In contrast, CFH5 and unhydrolyzed chicken broth 

did not exert this effect, indicating that the bioactivity of CFH3 was due to the specific 

peptides generated during the hydrolysis process.  

Finally, the identification of the peptides responsible for the neuroprotective effects 

of CFH3 was performed. The peptides contained in CFH3 were fractionated using 

ultrafiltration and RP-HPLC and 16 fractions were collected during the last separation. 

Fraction F15 had the greatest POPi activity, and its peptides were isolated and identified 
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using UHPLC-Orbitrap MS/MS. In total, 660 amino acid sequences were identified. 23 

amino acid sequences were selected based on ion intensity and a Mascot Ion Score ≥40. 

This probability-based scoring system for an MS/MS match is defined as −10 × log(p), 

where p indicates the likelihood that the observed match between the experimental data 

and database sequence is a random occurrence [70]. Only 13 % of the identified 

peptides were from collagen chains, despite CFH3 containing 68.8 % collagen. This 

suggests that the hydrolysis conditions used might be insufficient to hydrolyze the 

complex collagen structure to obtain peptides with molecular weights lower than 3 kDa. 

This is in agreement with the results observed for the COX-2 inhibitory hydrolysate 

(H8p), as collagen hydrolysis required prolonged hydrolysis times to generate bioactive 

peptides [Manuscript 1]. CFH3 was obtained at a lower hydrolysis time (more than 15 

h less than H8p). Although the bioactivity of these peptides has not yet been analyzed, 

there is evidence that some of them might exert bioactivity. In this regard, 65 % of the 

identified peptides contained the amino acid Pro in their structures. POP is a serine 

endopeptidase that hydrolyzes the -Pro-X- bond in peptides up to 30 amino acids in 

length, where X is an amino acid different from Pro [71,72]. In addition, the 

PeptideRanker score, which calculates the probability of a peptide exerting any 

bioactivity, showed that nine peptides (PGENGLPGLPGARGEAGIPGPQG, 

PLRGPAL, LPGLGAL, LPGALGL, VGDPNWFPK, SADPEPGPGIDL, 

GERGFPGLPGPS, IDTWEKPF, and NLADDIMR) could have bioactivity. None of the 

identified sequences have been previously reported in the BIOPEP-UWM database [54] 

(consulted 26/03/2024). However, further research is needed to evaluate whether these 

identified peptides are responsible for the POPi and neuroprotective effects of CFH3.  

Therefore, the studies collected in Chapter 2 showed that chicken feet subjected to 

specific hydrolysis conditions are a good source for obtaining POPi hydrolysates. 

Moreover, CFH3 showed neuroprotective effects by delaying the Aβ-induced paralysis 

of the Caenorhabditis elegans CL4176 mutant strain, indicating its potential to be used 

as a functional ingredient in the management of AD. Moreover, nine peptides identified 

in the hydrolysate might be responsible for the bioactivity of this hydrolysate, although 

further research is needed to confirm this. Nowadays, the potential of protecting this 

hydrolysate under patent is being evaluated. 

Considering the results obtained in this doctoral thesis, it was demonstrated that 

collagen-rich by-products such as pigskin and chicken feet subjected to specific 

hydrolysis conditions can release bioactive peptides for the prevention of inflammation 
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and inflammation-related diseases (AD). The results presented in this thesis endorse the 

potential use of pigskin-collagen hydrolysate H8 and chicken foot hydrolysate CFH3 as 

novel preventive tools for localized inflammation and neuroprotection, respectively. 

Moreover, the use of agri-food by-products for this finality helps to reduce waste and 

contributes to the sustainability and circular economy.  
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1. The hydrolysis of pigskin collagen under optimized conditions (enzyme E1, time

t2, and E/S C2) resulted in the obtainment of the hydrolysate H8, which showed

a high COX-2 inhibitory activity.

2. The COX-2 bioactivity of the hydrolysate (H8) was maintained when it was

elaborated at the pilot scale and its inhibitory activity was selective for COX-2.

3. The <10 kDa fraction of pigskin-collagen H8 exerted acute anti-inflammatory

effects in a carrageenan-induced paw edema model and antinociceptive effects in

a tail-withdrawal model after topical application and at a low dose.

4. The reduction in NO production, and iNOS and COX-2 protein expression as well

as inhibition of COX-2 activity were anti-inflammatory mechanisms underlying

the effect of the H8 <10 kDa fraction in LPS-stimulated RAW 264.7 cells.

5. Peptides AGERGEQ and GSKGRPG could be involved in the anti-inflammatory

effect of the < 10 kDa fraction of H8 in LPS-stimulated RAW 264.7 cells.

6. Chicken-foot hydrolysates showed POPi activity under specific hydrolysis

conditions.

7. Chicken-foot hydrolysates CFH3 and CFH5, produced by different enzymes,

showed the highest POPi activity in vitro.

8. Chicken-foot hydrolysate CFH3 delayed Aß-induced paralysis in the CL4176 C.

elegans mutant strain in a concentration-dependent manner, showing its

neuroprotective effects.

9. Nine peptides were identified in the chicken-foot hydrolysate CFH3, which could

be responsible for CFH3 bioactivity.

Collagen-rich by-products, in particular pigskin and chicken feet, subjected to specific 

hydrolysis conditions can release bioactive peptides for the prevention of inflammatory 

and inflammation-related diseases (such as AD). The results presented in this thesis 

endorse the potential use of pigskin-collagen hydrolysate H8 and chicken-foot 

hydrolysate CFH3 as novel preventive tools for localized inflammation and 

neuroprotection, respectively. The H8 is already patented and the CFH3 is in the process 

of being protected too. Moreover, the use of agri-food by-products for this finality helps 

to reduce waste and contributes to their sustainability and circular economy.  
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