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Resumé  

L'hypertension artérielle est l'un des principaux facteurs de risque de syndrome 

cardiométabolique. En outre, l'inflammation chronique de bas grade joue également un rôle 

important dans la pathogenèse du syndrome. Il existe un lien entre l'apparition de la résistance 

à l'insuline et l'hypertension qui peut initier le diabète de type 2 et l'obésité. Des peptides 

bioactifs terrestres et marins, des biomolécules de poissons en particulier, ont démontré des 

effets immunomodulateurs puissants ainsi que des effets hypotenseurs potentiels dans le 

traitement de ces facteurs de risque et de leurs complications associées. Notre hypothèse était 

que les fractions d'hydrolysat protéique de maquereau de l’Atlantique (Scomber scombrus) 

possèdent une activité biologique bénéfique sur l'hypertension, l'inflammation et d'autres 

facteurs du syndrome métabolique (MetS). Le but de notre travail était de fractionner et 

d'identifier des peptides antihypertenseurs, immunomodulateurs et anti-MetS basés sur 

diverses caractéristiques moléculaires de charge, de polarité et de taille. Les fractions ont été 

produites en utilisant la technique d'extraction en phase solide chromatographique (SPE), 

l'ultrafiltration baro-membranaire (UF) et l'électrodialyse avec membrane UF (EDUF). Les 

conditions expérimentales étaient l’utilisation des pH 3, 6, 9, et des membranes de seuils de 

coupure (MWCO) de < 20 kDa pour l’EDUF et de MWCO de < 1 kDa pour l’UF. Selon nos 

résultats, parmi toutes les fractions hydrophobes obtenues par SPE, il y avait une fraction 

ayant un effet antihypertenseur important, démontrant une inhibition de 50% à une quantité 

de 5 µg, et possédant des peptides anti-inflammatoires, ayant une inhibition de 17% à une 

quantité de 10 µg de protéines. Par rapport au témoin négatif (Lipopolysaccharide), les 

peptides anioniques et cationiques des fractions d’EDUF à pH3 ainsi que l'hydrolysat de 

maquereau ont démontré des effets pro-inflammatoires significatifs jusqu'à 27%. La fraction 

anti-ACE et anti-inflammatoire la plus puissante était riche en acides aminés à chaîne latérale 

ramifiée et hydrophobe mais avait moins d’acides aminés chargés par rapport aux fractions 

pro-inflammatoires EDUF. Toutes les séquences possibles identifiées dans cette fraction sont 

courtes et ont des valeurs GRAVY positives. Cependant, l'hydrolysat et la fraction chargée 

positivement du pH3 n'ont pas exercé d'effet anti-MetS significatif chez les souris nourries 

au régime hypercalorique. En conclusion, la polarité et la charge de la fraction du maquereau 

de l’Atlantique sont les facteurs les plus importants pour l'immunomodulation et l'activité 
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hypotensive des peptides. De plus, ces facteurs n'étaient pas suffisants pour réguler les 

déficiences métaboliques chez les souris obèses et résistantes à l'insuline induites par le 

régime alimentaire. Par conséquent, la compréhension du mécanisme d'action et la 

caractérisation approfondie des fractions bioactives seraient nécessaires pour une conclusion 

définitive et une application clinique du matériel. 
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Abstract  

While, on the one hand, high blood pressure is one of the main risk factors of 

cardiometabolic syndrome, on the other hand, chronic low-grade inflammation similarly 

plays a significant role in the pathogenesis of the syndrome. Moreover, there is a link between 

the occurrence of insulin resistance and hypertension consequently initiating type 2 diabetes 

and obesity. Interestingly, terrestrial, and marine bioactive peptides, in particular fish 

biomolecules, have been reported as potent immunomodulators and or hypotensive material 

in the treatment of these risk factors and associated complications. Hence, our hypothesis 

was that Atlantic mackerel (Scomber scombrus) protein hydrolysate fractions possess 

beneficial biological activity on hypertension, inflammation, and other Metabolic Syndrome 

(MetS) factors. The aim of our work was to fractionate and identify antihypertensive, 

immunomodulating and anti-MetS peptides based on various molecule characteristics of 

charge, polarity, and size. Fractions were produced using chromatographic Solid Phase 

Extraction technique (SPE), pressure driven-Ultra Filtration (UF) and Electrodialysis with 

UF membrane (EDUF) under experimental conditions of pH 3, 6 and 9 with MWCO of < 1 

kDa and < 20 kDa, respectively. According to the results of our in-vitro analysis the highly 

hydrophobic fraction of SPE was a potent antihypertensive, 50% inhibition at 5 µg, and anti-

inflammatory product, 17% inhibition at 10 µg of protein, among all. Furthermore, in 

comparison to the negative control (Lipopolysaccharide), anionic and cationic peptides of 

pH3 EDUF as well as mackerel hydrolysate demonstrated significant pro-inflammatory 

effects up to 27%. The most potent anti-ACE and anti-inflammatory fraction was rather 

branched chain and hydrophobic amino acid rich with lesser charged amino acids compared 

to the EDUF pro-inflammatory fractions. All the identified possible sequences of the same 

fraction had rather small molecular mass with positive GRAVY values. Selected material, 

the hydrolysate and positively charged fraction of pH3, however, did not exert any significant 

anti-MetS effect in hypercaloric diet fed obese insulin resistant rats. In conclusion, polarity 

and charge of a fraction were the most important factors for immunomodulation and 

hypotensive activity of Atlantic mackerel peptides. Nevertheless, those factors were not 

sufficient enough to regulate metabolic impairments in diet-induced obese and insulin 

resistant rats. Accordingly, understanding the mechanism of action and thorough 
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characterization of bioactive fractions would be required for a definite conclusion and clinical 

application of the material.  
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Proline  Pro P 

Glutamine  Gln Q 

Arginine  Arg R 

Serine  Ser S 

Threonine  Thr T 

Valine  Val V 

Tryptophan  Trp W 

Tyrosine  Tyr Y 
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Dedication 

In the memory of  

nine million Iranians who 

 starved to death during  

the famine of 1917–1919. 

Iranian holocaust was the biggest tragedy of World War I and one of the cruelest 

genocides of the 20th century. Iran’s greatest calamity until recently had remained concealed 

for numerous western diplomatic reasons. I dedicate this thesis and the poem to those victims 

who their oppression was not heard for nearly a century.   

Tell my whole story. Do not leave anything unsaid.  

I want her to feel my wounds, my loneliness and hear the forbidden shouted in silence. 

Tell her all. Tell her I tried to be a kind soil, and a caring land. 

Tell her I made every effort to become the most giving though many say I failed to. 

Tell her I never was the most perfect, but my heart was with her from dawn to the 

dusk through the darkness of days and the coldness of nights. 

Tell her. Tell her all about my dark sides but convince her that I loved her like no one 

ever did. 

Tell her I stood up for the fear and the tear of children, innocence of men and women 

and bore the pain of many heartbreaking farewells. 

Tell my full story to my heirs; the exiled, the forgotten and the unforgotten.  

Tell that the shooting stars will always be remembered by the moon and the sky. 

Tell that the roses and the poppies are expecting the rain of hope by Aras.  

Tell that Sahand will stand still till the end for the feet of spring to arrive and cry the 

martins back home.  

Tell that the marshes will wait for the rebirth of lilies and the full sunrises.  

Tell that with her vision, haunted nightmares of Babak and Arash will forever be 

comforted.  

Tell that Bisotun still prospers at the sunset with the sorrow of Shirin’s lullaby on 

Farhad’s grave.  

Tell that on part of the earth where I am at, violets often are locked down not to fall 

in love with the stream and the beam. Give her my address. She could find me whenever sun 

shines, hope rises, and the wind makes love with the waves, wherever the scent of orange 

blossoms fill the air and pomegranates bloom with the kiss of thunderstorms. 

I will lay rested in the arms of Persian Gulf, gazing at the blue horizon of Caspian 

Sea and dreaming on the freedom of Damavand and Alborz. I believe that one day, on the 

other side of the dark shades, history will witness the resurrection of phoenix from the ashes 
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of falcons. One day, I too will rip the cocoon of ignorance and let voices, words, and poems 

soar over the prairies of tulips and daffodils. 

Ask her to listen to my story and hear me calling her name with each and every word 

of this silent unspoken tale.  

Tell her to stand by me even if we are kept skies and oceans apart. Tell her to close 

her eyes and set bare foot on my chest to feel the warmth of my heartbeat, where lies the 

devotion of tens of thousands of butterflies.  

Tell her to walk by vines and sycamores, the eldest and the tallest ones. See through 

their veins rushing blood to a bleak house, to save the little lone refugee child’s heart and 

home from breakage and wreckage by the storm. A storm so black that could strip all colors 

away from the eyes, the kites from the skies and the last frame of minds. 

Ask her to give all of her to me, not leaving anything behind. We ought to build the 

shattered and stolen dreams of the sun, the rainbows, the breeze, and the leaves. 

Ask her to bring back all of her to complete the too long incomplete me. 

Tell her to read the unwritten me over and over by her heart and rewrite each slayed 

season of me from the start to the eternity on every suffering soul of this land.   

Tell her to keep the fire lit on my worn-out hands so that Yalda may survive the 

shadows of betrayals. 

Ask her to come and find me. Ask her to heal me. I'll forever and always be at the 

same address by my roots. My roots that are adorned by those many pendants years far away 

from the lovers that are yet keenly waiting for a love letter, written just before the last minute, 

to walk through the door just before the last breath. 

Tell that the story will never end, and I will never die if only she believes in love, 

peace, and harmony. 

Tell my story. Tell this love story. Tell it all. Do not leave anything out of this story. 
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Foreword   

This thesis is submitted to the Faculty of Graduate and Postdoctoral Studies of Laval 

University as the requirement of doctoral degree in Food Science at the Faculty of 

Agriculture and Food Sciences. Related research work has been executed under the direct 

supervision of Professor Beaulieu, co-supervision of Professor Bazinet and directions of 

committee members Professor Marette and Professor Fliss at the Department of Food 

Science, Faculty of Agriculture and Food Science and Department of Medicine, Faculty of 

Medicine, Cardiology Axis of the Quebec Heart and Lung Institute, Laval University.   

The introduction has been drafted as such to give an overview of the use of food-

derived peptides including fish biopeptides in the treatment of metabolic diseases associated 

risk factors. The first chapter of the thesis is composed of a literature review on the topics 

highlighting the fish under investigation, peptide separation processes, and design of the 

project in terms of effects of Atlantic mackerel biopeptides on the selected diseases and 

conditions. First chapter is followed by three more literature review chapters (second, third 

and fourth chapters) written in the form of review articles with the titles of 

“Immunomodulatory effects of fish peptides on cardiometabolic syndrome associated 

risk factors”, “Antihypertensive and angiotensin-converting enzyme (ACE)-inhibitory 

peptides from fish as potential cardioprotective compounds (published in the Journal of 

Marine Drugs, October 2019)”, and “Studies from the recent decade investigating 

beneficial effects of fish biopeptides on metabolic syndrome risk factors” which are 

published and or to be soon submitted for publication to scientific journals. The present thesis 

is a compilation document of six chapters in review and research article formats. 

The fifth chapter of the thesis consists of the problematic and hypothesis statements 

followed by objectives of the research work that its results would be submitted for publication 

in most appropriate scientific journals. The following chapters each have been inscribed as 

research articles with sections on experimental protocols, results, and discussion as wells as 

conclusion.  
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The sixth chapter of the document presents the article entitled “Isolation of immuno-

modulatory biopeptides from Atlantic mackerel (Scomber scombrus) protein 

hydrolysate based on the molecular weight, charge, and hydrophobicity“ that would be 

submitted for publication to the journal of food and bioprocess technology. Authors: Soheila 

Abachi Hokmabadinazhad, Clément Offret, Ismail Fliss, André Marette, Laurent Bazinet, 

Lucie Beaulieu 

The seventh chapter of the document presents the article entitled “Identification of 

gastrointestinal digestion stable antihypertensive fish peptides from Atlantic mackerel 

(Scomber scombrus)“ that would be submitted for publication to the journal of functional 

foods. Authors: Soheila Abachi Hokmabadinazhad, Jacinthe Thibodeau, Ismail Fliss, André 

Marette, Laurent Bazinet, Lucie Beaulieu  

The eighth chapter of the document presents the article entitled “Bioactivity of 

mackerel peptides on obesity and insulin resistance, an in-vivo study“ that would be 

submitted for publication to the journal of food bioscience. Authors: Soheila Abachi 

Hokmabadinazhad, Jean-Philippe Songpadith, Vanessa P. Houde, Geneviève Pilon, Ismail 

Fliss, André Marette, Laurent Bazinet, Lucie Beaulieu 

The final section of the thesis presents the general conclusion of the presented 

research work and perspectives of the study followed by cited references.   

The author of the thesis is the first writer of all three reviews and three scientific 

articles presented in this document overseeing conception, experimental design and 

execution, and analysis of the results. Professor Dr. Beaulieu was the principal investigator 

of the grant project. The co-authors Professors Beaulieu, Bazinet, Marette and Fliss were 

involved in the conception of the experiments, discussion of the findings, correction, and 

revision of the articles. Doctor Geneviève Pilon in the Cardiology Axis of the Quebec Heart 

and Lung Institute was involved in the design and execution of in-vivo experiments who has 

also co-authored two reviews and two research articles. Research professional Jacinthe 

Thibodeau assisted in the examination of material by mass spectroscopy and analysis of its 

results. Research professional Jean-Philippe Songpadith, with the supervision of Dr. Vanessa 

P. Houde, assisted in the execution of animal studies carried out in the laboratory of Professor 

Marette.  
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Introduction 

Metabolic disorders such as Metabolic Syndrome (MetS) and Cardiometabolic 

Syndrome (CMS) in the recent decade have been identified as illnesses by many health 

organizations. Certain risk factors have been defined as MetS and CMS criteria by these 

organizations; dyslipidemia, abdominal obesity, systemic arterial hypertension, 

hyperglycemia, insulin resistance, diabetes mellitus although at times occurrence of only two 

factors could initiate the syndrome. A high number of global populations are dealing with 

these conditions and their related complications. Today experts know that chronic 

inflammation lies beneath many illnesses including metabolic diseases. In short, systemic, 

and chronic mild (low grade) inflammation impairs vasodilation mechanism leading to 

endothelial dysfunction which is a predecessor factor in co-occurrence of dyslipidemia, 

impaired fibrinolysis, and hypertension that are ascribed to insulin resistance and 

consequently obesity and diabetes.  

Since inflammation, whether a cause or an effect, plays a key role in the occurrence 

and persistence of the MetS and CMS risk factors therefore enhancing and potentiating 

the host’s immune system could be the benign treatment strategy for treating and or 

preventing a series of inflammatory cascades leading to metabolic disease and its 

associated risk factors. In addition, generally diabetes, obesity, hypertension and other 

MetS risk factors can be directly targeted for complete and or partial treatment and or 

prevention of the conditions whether by conventional synthetic and or natural compounds. 

Nonetheless, conventional commercial medications each enforce certain contradictions 

with drugs and or adverse effects. For example, mild and or severe side effects have been 

reported for hyperglycemia, hyperlipemia and or Nonsteroidal Anti-Inflammatory Drugs 

(NSAID). Albeit adverse effects are not the only disadvantages of the synthetic drugs.  

Issues such as non-compliance and cost are also persuading scientists to discover other 

alternatives. Therefore, natural substitutions such as bioactive peptides of all sources 

including fish biopeptides are vastly preferred by the public and the medical professionals 

for the treatment of all diseases including metabolic irregularities including MetS and its risk 

factors. In the last few decades, many research studies have been executed in the direction of 
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marine-derived peptides whether from the whole, byproducts and or discards including 

underutilized species. To date various extraction, separation, isolation, and characterization 

techniques have been successfully implemented in this field yet only few are commonly 

practiced. Those common ones are enzymatic extraction, membrane filtration and 

chromatography. Proteins derived from various types of fish have been effective in the 

management of inflammation, vascular, cardiometabolic and metabolic diseases. Aside from 

in-vitro and cell studies, beneficial effects of fish diets and fish biopeptide diets have 

frequently been put to test in healthy and or ill experimental animals (e.g., rats, rabbits, 

chicks, fish, etc.) and humans. In general, fish biopeptides are comparatively highly 

bioavailable and could reasonably resist the proteolytic activity of digestive enzymes making 

them ideal drug-like and drug-lead compounds. There are examples of fish peptides that are 

already marketed and sold, with various purposes, under various brand names in different 

dosages in many countries. Nonetheless application of fish biopeptides are countless and 

certainly not only limited to pharmaceutical industry. Among all fish types, mackerel of all 

sorts have demonstrated considerable bioactivities against many conditions. Atlantic 

mackerel collectively has been reported for antihypertensive, antibacterial, antithrombotic, 

and anti-inflammatory effects. It is noteworthy that Atlantic mackerel is one of the 

underutilized species which till recently was considered as a low-quality protein source. 

Overall, potent fish biopeptides all possess few general characteristics of which Hydrophobic 

Amino Acids (HAA), Charged Amino Acids (CAA) and or proline residues in either of the 

extremities, smaller molecular weight and or hydrophobicity are the most documented ones. 

Nonetheless these features would not warrant the bioactivity of a fish biopeptide as many 

differing observations have been reported.   

In the next chapters, related literature will be comprehensively reviewed which would 

subsequently be followed by problematic, hypothesis and objectives of the project. Literature 

review chapter will include three articles in which the topics of fish antihypertensive, 

immunoregulatory, and anti-MetS peptides have been carefully reviewed and discussed. The 

aim of our project was to separate, identify and in part characterize peptides of Atlantic 

mackerel with different characteristics, molecular weight, size, and charge, with health 

benefiting effects on immunity, high blood pressure and metabolic deficiencies using 
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different techniques of ultra-filtration, electro-separation method of EDUF and 

chromatography. Findings of the study have been drafted as research articles which would 

be presented in the following chapters. 
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CHAPTER I: Literature review 

1. Fishery products and byproducts   

1.1. General patterns of consumption 

The overall consumption of fishery products (boneless and trimmed) according to the 

report of United States Department of Agriculture (USDA)'s 2004 Economic Research 

Service (ERS) had an increasing trend throughout the past century (1909-2003) from 11.0 to 

16.3 pounds per capita per year [1]. These numbers are on continuous rise as global per capita 

fish and fish products consumption was 20.9 kg in 2019 [2]. Moreover, this is expected to 

rise to 21.5 kg per capita by 2030 [3]. Interestingly, per ERS’s food availability data, in the 

year 2018 only 16.1 pounds of fish and shellfish per capita were available for consumption 

in the United states [4]. Accordingly, 16.6% of global populations animal protein intake in 

2009, per Food and Agriculture Organization (FAO) report, had been supplied by fish [5]. 

Of all the categories fresh and frozen products have attracted more consumers. Per report of 

Centers for Disease Control and Prevention- National Center for Health Statistics 

(CDC/NCHS) average seafood daily consumption, cooked weight from 1999-2002, by 16% 

of the population was 89 grams [6]. In a study, respondents of the questionnaire agreed upon 

strong association of healthy food consumption pattern with weekly fish consumption, 

normal weight, and the desire to lose weight. It has been highlighted that higher fish 

consumption is associated with the consumer’s behavior and trust in importance of food in 

health, higher education and higher income as well as high fish consumption in childhood 

[7]. 

1.2. Statistics of fish production and byproducts generation 

According to FAO report, global fish production was about 179 million tonnes in the 

year 2018 of which 156 million tonnes  were directly consumed by humans [8]. Hence, the 

estimation of State of World Fisheries and Aquaculture (SOFIA), as reported by United 
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Nations, shows that global fish production will reach 204 million tonnes by 2030. 

Correspondingly, fish farming load, now at 82 million tonnes, will also considerably rise [3]. 

Canada’s share of the world’s coastline is about 25% and Atlantic Canada has 16% of the 

244,000 km total coastline. Fisheries and Oceans Canada (DFO) has recorded 609,926 metric 

tonnes landings for 2018 Atlantic Canada commercial Sea and freshwater fisheries of the 

nationwide total of 838,510 metric tonnes. According to DFO, Canada’s fish processing 

industry exports great deal of its products (75%) to about half of the world, worth 6 billion 

dollars, being the second single major food exporter in 2015. Per FAO report, Canada in 2009 

ranked 20th in terms of global volume of fish landings hence being one of the leading global 

exporters in the category of seafood and marine products [9]. Industrial fish discards (one of 

the most environment damaging wastes) and its management has been reviewed by 

Arvanitoyannis et al. [10]. Per FAO report, worldwide food loss and waste for fish and 

seafood is around 35%, quantitatively [11]. In industrialized regions 9-15% of the entire 

marine catching are discarded throughout pre-production and production [12]. Total yearly 

discards for the period of 1992-2001 were 7.3 million tonnes equaling 8% of the global 

marine and fisheries production yet the estimate is not comparable to the previous reports of 

20 – 27 million tonnes of discards [13]. Approximately 80% of the fish (weight based) 

entering canning is wasted. Per 1000 kg of fish entering the canning process, about 800 kg 

of solid waste (including head, bones, entrails, meat, and inedible parts) is created [10]. 

Generally, less of the fish is wasted in filleting process. Of 1000 kg product entering fillet 

production process ≥ 565 kg of the white fish and 425 kg of the oily fish end up as solid 

waste. Relatively, fish meal production process, with 450 kg (including 200 kg of dry matter) 

solid waste, is less wasting than filleting and canning processes. Large amounts of frames 

and cutoffs, rich in structural proteins, sarcoplasmic and connective tissue proteins, are left 

behind throughout fish processing that without value-adding procedures would be headed to 

landfills. Fish waste on a dry matter basis, by weight, contains more than 50 percent of crude 

protein [14]. In 2001, of the four surveyed Canadian provinces, Nova Scotia with about 60% 

of its landed fish wasted topped Newfoundland and Labrador with 55% of waste [15]. In 

total, collected waste from the four was 51% of the landing being about 814,000 tonnes.  

1.2.1. Atlantic mackerel: its properties and landing  
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Atlantic mackerel (Scomber scombrus), a 14-18 inches planktivorous fish weighing 

1-2 pounds, is of the pelagic fish family with high importance (figure I. 1. 1.). It is of note 

that total allowable mackerel catch in the 2020 mackerel fishery management plan announced 

by DFO was 8,000 tonnes. Of the five most landed fish types, mackerel has the highest 

percentage of fat (12%) and relatively high percentage of protein (19%) next to salmon [16]. 

In Dietary Guidelines Advisory Committee (DGAC) 2005 report, a few species of fish 

including mackerel were introduced as high Eicosapentaenoic/Docosahexaenoic acid 

(EPA/DHA) seafood thus recommended for consumption. To better picture the importance 

of this fish species, one could compare mackerel to salmon which was the second-most 

consumed seafood by US consumers during 2018 ((table I. 1. 1.). Of all the mackerel types, 

Atlantic mackerel contains the least amount of mercury (0.05 ppm) per FDA 1990–2003 

Surveys (FDA, 2004) [6]. It is noteworthy that nutritional values of Atlantic mackerel are 

affected by seasonal variations (table I. 1. 1.). Lipid content is at its minimum in spring to 

mid-spring with gradual increase to maximum in fall, however, protein content does not show 

significant seasonal variation (table I. 1. 2.) [17].  

 

 

Figure I. 1. 1.: Black and white drawing of 

Atlantic mackerel. Drawing of Scomber 

scombrus has been adapted from FAO. 

Amino acid composition of mackerel’s edible portion has been reported in the 

national nutrient data base (table I. 1. 3.). Differences in the amino acid patterns of white and 

dark muscle meat were negligible except for proline and methionine with lysine of about 

8g/100g [17]. Quantity of histidine in the white muscle meat was highest relative to whole 

fish tissue and dark muscle meat (15% and 36%, respectively) [17]. Stansby et al. 

demonstrated equal or higher amino acid values for mackerel in comparison to the reference 

casein and other edible fish species making this type of fish important for food, fishing and 

associated industries [18]. Thus, edible portion and fillet processing of the mackerel may 

differ for various species (table I. 1. 4.). Moreover, pelagic fish catch including mackerel has 

a short shelf life and demonstrates highly variable quality consequently leading to its 

exploitation as low-value products, due to inefficient onshore harvesting methods and 
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cooling/preserving techniques. For years Atlantic mackerel in Canada had been utilized as 

bait by commercial fisheries imposing a great concern upon marine bio-technologists and 

environmentalists [17, 19]. Till recent decades, Atlantic mackerel was not considered as high 

quality protein human food source, however, the issue of food security drew the attention of 

many to this underutilized species [17].  

Table I. 1. 1.: Nutrient comparison of mackerel to salmon  

Nutrient Salmon Mackerel 

Macronutrients    

Protein 25g 18g 

Carbohydrate 0g 0g 

Fiber 0g 0g 

Fat 10g 14g 

Monounsaturated fat 5g 14g 

Polyunsaturated fat 2g 3g 

Saturated fat 2g 3g 

Vitamins    

Choline 27% 15% 

Vitamin A 11% 8% 

Vitamin C 0% 1% 

Vitamin E 6% 12% 

Vitamin K 1% 6% 

Vitamin B1 24% 17% 

Vitamin B2 16% 28% 

Vitamin B3 57% 74% 

Vitamin B5 15% 17% 

Vitamin B6 21% 35% 

Vitamin B12 298% 425% 

Minerals   

Sodium 4% 6% 

Potassium 13% 9% 

Calcium 1% 2% 

Magnesium 8% 21% 

Phosphorus 44% 37% 

Iron 9% 27% 

Manganese 1% 1% 

Selenium 89% 96% 

Copper 6% 7% 

Zinc 7% 7% 

Data is based on 200 calories serving and extracted 

from USDA Nutrient Database (U.S. Department of 

Agriculture, Agricultural Research Service, FoodData 

Central, 2019). 

 



 

8 
 

Per recent Icelandic fisheries report, the largest part of mackerel catch is for human 

consumption and sold as canned fillets, smoked or fresh. Russia export values of the Atlantic 

mackerel products was about 72% for the year 2008, ranking the top exporter of this species  

[20]. Statistics by DFO show that in 2014, Atlantic and Pacific coast commercial landings 

for ground fish, pelagic and other finfish were 358,712 metric tonnes (live weight) mackerel 

accounting for 6,540 metric tonnes (1,367 metric tonnes from Quebec) [21]. Approximately, 

50% of the body of this species, of the family of Scombridae, is edible (10% dark and 43% 

white meat) [17]. In 2009, in Norway, 290,000 tonnes of pelagic fish byproducts were 

produced. 

Table I. 1. 2.: Yield and composition of surveyed mackerel species 

  

Yield  

(as of whole fish) 

Composition  

(as of edible portion) 

Common name  Scientific Name 

Skinless 

fillet 

Edible 

flesh Protein Fat 

Atka mackerel Pleurogrammus azonus 34 54 17.5 4.0 

Atlantic horse mackerel Trachurus trachurus 46 52 19.7 5.8 

Atlantic mackerel Scomber scombrus 54 61 18.7 11.4 

Cape horse mackerel,  

Mediterranean horse mackerel 

Trachurus capensis, 

Trachurus mediterraneus 
46 52 19.7 5.8 

Chilean jack mackerel Trachurus murphyi 46 52 19.7 5.8 

Chub mackerel Scomber japonicus 46 57 20.4 9.5 

Cunene horse mackerel Trachurus trecae 46 52 19.7 5.8 

Indian mackerel  Rastrelliger kanagurta 45 57 20.4 3.2 

Japanese jack mackerel  Trachurus japonicus 46 52 19.7 5.8 

Japanese Spanish mackerel,   

Narrow-barred Spanish king 

mackerel  

Scomberomorus niphonius,  

Scomberomorus commerson 
57 67 20.0 4.4 

Results are represented as a percentage. Table is adapted and modified from FAO yearbook of fishery 

statistics, catches and landings, Volume 64. 

 

1.3. General statement about digestion, extraction, and isolation of biopeptides from 

discards and byproducts  

Hydrolysis of marine and fish proteinaceous process byproducts, by chemical and 

enzymatical means, could bring value to the manufacturers, and would marginally aid in the 

reduction of greenhouse gas emission which is a main concern to the environmentalists. Fish 
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hydrolysate and protein isolate, fish silage as well as fish-origin bioactive peptides are the 

main value added proteinous products that are used for many purposes. Not only that marine 

and fish derived products, especially the protein isolates, are broadly utilized in food and 

pharmaceutical industries but also are the main component of many cosmeceuticals due to 

their anti-aging properties [22]. For instance, collagenic based marine derivatives are widely 

incorporated into skin-care products, a topic carefully reviewed by Venkatesan et al. [22, 23]. 

Table I. 1. 3.: Amino acid composition of mackerel’s edible portion 

Amino acid  g/100 g of edible portion 

Glutamic acid 3.028 

Aspartic acid 2.077 

Lysine 1.863 

Leucine 1.648 

Alanine 1.227 

Arginine 1.214 

Valine  1.045 

Glycine 0.974 

Isoleucine  0.935 

Threonine  0.889 

Serine  0.827 

Phenylalanine 0.792 

Proline  0.717 

Tyrosine  0.685 

Methionine  0.600 

Histidine  0.597 

Tryptophan  0.227 

Cystine  0.217 

Table is adapted and modified from USDA, 

Agricultural Research Services, National 

Nutrient Database for Standard Reference. 

 

In the following sections impact of different hydrolysis and enzymes together with 

separation techniques of hypotensive, anti-, and pro-inflammatory, anti-diabetes, anti-

hyperlipidemia, and anti-obesogenic fish peptides, drafted into three review articles, will be 

exhaustively discussed. It is noteworthy that separation methods considerably vary from one 

another in terms of their productivity, scalability, characteristics of final products, operational 

costs, and parameters. 
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Table I. 1. 4.: Nutritional composition of Atlantic mackerel of different origins, and periods 

 

 

Though popular with high selectivity and good separation, chromatographic 

technologies (e.g., high performance liquid chromatography, fast protein liquid 

chromatography, isoelectric focusing and ion exchange chromatography) due to low 

productivity and high operational costs are not reliable for mass production of biopeptides 

except for pharmaceutical industry with high demand and profit [24]. Moreover, other factors 

also become important when attempting to separate biopeptides from marine matrices. For 

instance, selective precipitation technology depends on the addition of organic solvents 

which is not desirable for development of products for human consumption [24]. Another 

factor would be the type of starting material. For example, fish hydrolysate is prone to lipid 

oxidation due to high content of unsaturated fatty acids (membrane phospholipids in 

comparison to triacylglycerols known to be the primary substrates for lipid oxidation) [25]. 

Membrane filtration, chromatography or electro membrane filtration could isolate peptides 

from hydrolysates, however, latter is the preferred method for cost efficient separation of 

strongly charged molecules with enhanced selectivity [26]. Nonetheless, in the following few 

paragraphs Ultrafiltration (UF), Electrodialysis with Ultrafiltration membrane (EDUF) and 

Solid Phase Extraction (SPE) methods will be explained and reviewed briefly since those 

isolation techniques have been practiced in the current project to obtain different fractions of 

Atlantic mackerel with varying properties. Among the three methods, EDUF is rather newly 

Region/country Season, year Protein (%) Fat (%) 

Adriatic Sea 1967  - 0.60–12.02 [6.41] 

Atlantic coast United states  1981 18.6 10.1 

Southwest England 1972 18.8 13.8 

Southwest England 1980  - 1.3–25.0 [12.3] 

Atlantic coast United states  1961 13.9–19.4 [17.3] 10.4–28.7 [21.0] 

Italy 1934 18.28 11.1 

Nova Scotia, Canada Spring, 1976 17.5 8.0 

Nova Scotia, Canada Autumn, 1976 18.1 15.3 

Nova Scotia, Canada Spring, 1986 18.3 1.8 

Nova Scotia, Canada  Autumn, 1986 17.5 20.6 

West Atlantic United states  1941  - 2.0–25.6 [9.8] 

Norway  Spring, 1958 18.6 5.4 

Norway Autumn, 1958 18.5 20.2 

Values are represented as a percentage. Mean of the measurements are shown in brackets. Table is 

modified and adapted from FAO yearbook of fishery statistics, catches and landings, Volume 64. 
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emerged technology in peptide separation. Hence, due to its somewhat scarce practice in the 

field more attention will be given to the topic.  

The well-known technology of membrane separation of which ultrafiltration is one 

the most practiced ones, has long been used by different industries for various purposes 

whether in pilot and or industrial scales [27]. This method alone and or in combination (e.g., 

ultrafiltration membrane bioreactors, EDUF, …) has also been employed for the effective 

separation of different molecules including peptides and biopeptides from different matrices. 

Principles of ultrafiltration as published back in 1933 clearly defines the basics and 

parameters involved in the process [28]. Simply, larger, and heavier solutes can be separated 

from the smaller and lighter ones using ultrafiltration technology. This technology makes use 

of thin, porous flat and or tubular membranes with varying MWCO for sieving the molecules 

from one another. The process which is whether size and or solute-surface interaction based 

separates the compounds by retaining and or passing the molecules according to their 

particular characteristics. Although UF technology is mainly based on the molecular weight 

criteria yet other factors must be considered for an effective process [29]. In the study of Lin 

et al. separating two molecules of bovine serum albumin and hemoglobulin with similar 

mass, parameters of ionic strength, operational pH, feed concentration, transmembrane 

pressure, agitation speed as well as membrane material played crucial. Other parameters such 

as operational temperature, flow rate,  cross flow velocity and filtration duration may also be 

important [30, 31]. This technique, compared to other separation procedures, not only is 

rather inexpensive and productive but it could also be easily scaled up and optimized 

according to the interest of user. These membranes have rather been successfully used for 

protein-protein separations nearly for two decades. For instance, UF, generally subsequent 

to hydrolysis has been used for the separation of hypotensive biopeptides from grass carp, 

tilapia, tuna, Alaska pollock, yellowfin sole and many other types of fish [32]. 

Correspondingly, UF technology, in the papers reviewed by the authors on the topic of fish-

derived antihypertensive peptides, had been used by 29% of the studies (10 out of 35 studies). 

Moreover, UF has also been effectively employed for the initial separation of anti-

inflammatory, pro-inflammatory, anti-obesity, anti-diabetes and anti-lipemia fish 

biopeptides )see chapters II. and IV.) 
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As mentioned in the preceding section, particular combinational ultrafiltration 

technologies such as one coupled with electrodialysis has similarly been used for separation 

of varying types of peptides. Among many isolating techniques, EDUF has been used for 

separation of fish peptides in laboratory and pilot scale settings. Electrodialysis (ED), as 

shown in figure I. 1. 2., is a known technology with many industrial and experimental 

applications (e.g., demineralization of aqueous solutions, extraction of organic ions/acids, 

separation/concentration of amino acids) that has been used for decades [33]. ED principally 

is an electrochemical separation technology in which ions (particles/molecules with negative 

or positive charge) migrate through semi-permeable membranes (anion- or cation-selective) 

under the effect of a driving force (electrical current) and get separated [34]. This technology, 

depending on its application, can be diversified by employing nano- and ultra-filtration 

membranes, mono- and bi-polar ion exchange membranes with a broad range of cell 

configurations. Efficiency and efficacy of any specific separation membrane, particularly an 

ion exchange membrane, for a specific process is decided based upon its unique properties 

(e.g., ion conductivity, hydrophilicity, and fixed membrane charge). Kariduraganavar et al. 

have reviewed the ion-exchange membranes preparative methods’, comprehensively [35]. It 

is noteworthy that ED and EDUF techniques have effectively been used for separation of 

biopeptides together with other bioactive biomolecules from various matrices [36-41]. 

Moreover, EDUF has been appropriate for isolating peptides and biopeptides from marine 

products and byproducts [42-46]. EDUF operational parameters such as pH, feed 

concentration, electrical potential difference, membrane pore size, and process duration play 

a significant role in the separation of biomolecules. Poulin et al. reported EDUF as a selective 

technology since only 13 final products out of 40 total peptides were recovered in the process 

[36]. Numerous studies have documented the effectiveness of electrical fields and its superior 

selectivity on the fractionation of proteins, peptides and amino acids [47]. EDUF with two 

sets of UF membranes (two 50 kDa and two 20 kDa Molecular Weight Cut Off (MWCO) 

membranes, 4% protein feed and process time of 240 minutes) were used for successive 

fractionation of herring milt hydrolysate to charged small MW oligopeptides with potent 

antioxidant and anti-hyperglycemia activities [43]. In a rather similar setting, three UF 

membranes (50, 20, and 5 kDa MWCO), pH 6.0, 0.7% (w/v) protein feed and process time 

of 360 minutes, Henaux et al. separated anti-hyperglycemia small MW charged oligopeptides 
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from salmon frame byproducts [44]. The same start material as of Henaux et al. similarly 

resulted in potent in-vitro glucoregulatory charged oligopeptides using EDUF with only two 

20 kDa MWCO UF membranes (2% protein feed, pH 6.0, constant voltage of 60 V DC, 

process time of 240 minutes) [45]. Effect of pH parameter on the biopeptide isolation 

efficiency was assessed in the latter study yet of the three tested pH conditions (pH 3, 6, and 

9) only moderate acidic pH of 6 yielded biomolecules that could enhance the uptake of 

glucose by L6 cells [45]. Snow crab hydrolysate was successfully fractionated using EDUF 

(one UF 20 kDa MWCO, 2% (w/v) protein feed, pH 6.0, one feed and two recovery 

compartments and process time of 360 minutes) to charged arginine and lysine rich 

oligopeptides and free amino acids [46]. Hydrolysate of microwave pretreated fresh rainbow 

trout byproduct frames were likewise fractionated to positively charged anti-Angiotensin I-

Converting Enzyme (anti-ACE), and anti-Dipeptidyl Peptidase IV (DPP‐IV) oligopeptides 

using single stage EDUF (one UF 20 kDa MWCO, constant voltage of 20 V, 1% (w/v) feed 

and process time of 240 minutes) [48]. A rather similar EDUF technique AKA 

Electrodialysis with Filtration Membrane (EDFM), two-stage, was utilized for separation of 

antioxidant oligopeptides from the same starting material as Ketnawa et al. (similar 

operational parameters except pH 5.0 and 9.0 for an- and cat-ionic fractions, respectively) 

[49]. All these are examples confirming the high selectivity and feasibility of EDUF for 

separation of biologically active and or therapeutic peptides from marine products and or 

byproduct hydrolysates.  In contrary to the two previously described methods of our project 

in the preceding  paragraphs, SPE one of the vastly practiced sample concentration and 

purification chromatographic techniques, has demonstrated higher selectivity, less time 

consuming,  reproducibility, and efficiency and good scalability in many studies [50, 51]. In 

short, SPE as a separation technique is the process in which suspended molecules in a liquid 

mixture can be separated according to their physical and chemical characteristics. In this 

technique analyte of interest with the greatest affinity to the adsorbent material would 

selectively be adsorbed and retained on the solid phase where it subsequently needs to be 

eluted with an appropriate solvent (greater affinity for the analyte). Respectively, of all the 

solid phase types those based on ionic, hydrophobic, or polar interactions are the most typical 

ones. Adsorbent types (e.g., inorganic oxides, organosiloxane-bonded silica material, low-

specificity and or class-specific sorbents) may vary depending on the approach of operation 
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as well as analyte type. This technique has been successfully used for separation and 

purification of peptides [52-54]. It is noteworthy that SPE technique has been previously used 

in our laboratory for the separation of antimicrobial peptide from Atlantic mackerel 

hydrolysate [55]. Nonetheless, to our knowledge this method has not been commonly 

practiced for the isolation of fish anti-hypertensive, anti-inflammatory, pro-inflammatory, 

anti-obesity, anti-diabetes and anti-lipemia biopeptides (see chapters II., III., and IV.). 

 

 

Figure I. 1. 2.: Principle of the 

electrodialysis technique. Figure is 

adapted and modified from Wang et 

al. [56]. In this technique ions are 

separated using electrically charged 

membranes under the driving force 

of an electrical field. This process is 

done in a cell. An electrodialysis cell 

would consist of dilute and 

concentrate compartments. These 

compartments are separated by 

membranes. Multiple cell 

configuration (alternating anion and 

cation exchange membranes) is 

called electrodialysis stack which is 

placed between the electrodes (an 

anode and a cathode). 

 

2. Biological activities of fish peptides benefiting immunity, hypertension, and 

metabolic irregularities 

In the subsequent sections (chapters II, III, and IV), immunopotentiating, hypotensive 

and anti-MetS fish biopeptides as well as their extraction/separation techniques would be 

discussed in detail. These sections would complement the earlier section that has highlighted 

the global and regional economical/nutritional importance of fish including mackerel 

followed by the brief introduction of ultrafiltration, EDUF and chromatography fish 

biopeptide separation hydrolysates. 
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1. Resumé  

Les molécules bioactives marines, y compris les biopeptides, ont démontré à 

plusieurs reprises des effets bénéfiques pour la santé et plus précisément sur le stress oxydatif, 

les infections, l'hypertension et d'autres maladies. Ces biomolécules ont également été 

signalées pour leurs effets positifs sur le système immunitaire par la modulation de ses 

réponses cellulaires, ce qui permet de prévenir et de traiter diverses affections, dont le 

syndrome métabolique (MetS) et plusieurs facteurs de risque cardiométabolique. Les 

biopeptides de poissons (par exemple, le saumon, le tilapia, la morue, la sardine et/ ou le 

poisson croasseur, etc.) ont présenté des effets similaires sur le système immunitaire. Les 

effets immuno-potentialisateurs des biopeptides de poisson sur l'inflammation aiguë et 

chronique et ses maladies connexes ont été documentés à plusieurs reprises au cours des 

dernières décennies. De nombreuses cytokines et chimiokines pro-inflammatoires et anti-

inflammatoires ont fait l'objet de ces analyses. Néanmoins, une panoplie de ces cytokines et 

chimiokines telles que les interleukines, les prostaglandines, etc. et leurs voies de 

signalisation associées qui peuvent jouer simultanément des rôles pro-inflammatoires et anti-

inflammatoires dans l'immunité innée et adaptative de l'hôte, sont couramment testées. En 

plus des affections inflammatoires telles que le syndrome inflammatoire de l'intestin (IBD), 

la glomérulonéphrite, l'hépatite et / ou l'arthrite, bon nombre de ces cytokines et chimiokines 

sont également la cause ou l'effet du MetS et de ses facteurs de risque associés. À ce jour, de 

nombreuses revues sur les sujets des peptides immunorégulateurs naturels, alimentaires, 

animaux, laitiers et marins ont été publiées, mais aucune n'a explicitement examiné les 

biopeptides des poissons. Par conséquent, ce manuscrit est préparé en mettant l'accent sur 

l'extraction, l'isolement et les effets immunomodulateurs des protéines et des biopeptides de 

poisson sur les cytokines qui sont les éléments cruciaux dans le développement et 

l'établissement des maladies métaboliques et des facteurs de risque associés (par exemple, 

hypertension, obésité, résistance à l'insuline). Afin d'élargir les connaissances des lecteurs 

sur le sujet et ses tendances, les auteurs discuteront brièvement de la ressemblance avec les 

medicaments et de la pharmacocinétique, ainsi que des protéines cibles prédites des peptides 

de poisson ayant des effets immunomodulateurs. 
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2. Abstract  

Many types of marine derived products specifically biopeptides, among other health 

benefiting properties, such as anti-oxidation, anti-infection, anti-hypertension, can also 

positively affect the immune system through modulations of its cellular responses hence 

preventing and or treating many unhealthy conditions inclusive of the metabolic syndrome 

(MetS) and its core risk factors. These bioactivities are not solely defined for specific species 

and many types of fish, farmed or wild-caught, e.g., generally salmon, tilapia, cod, sardine, 

croaker, and others, exhibit comparable health effects. Immuno-potentiating effects of fish-

derived peptides on acute and chronic inflammation as well as its related diseases have 

repeatedly been documented over recent decades. A vast number of pro- and anti-

inflammatory cytokines and chemokines have been the subject of these analyses. However, 

only handful such as interleukins, prostaglandins, etc. and associated signaling pathways, 

which could simultaneously play pro- and or anti-inflammatory roles in the innate and or 

adaptive immunity of the host, are commonly tested. In addition to the inflammatory ailments 

such as Inflammatory Bowel Syndrome (IBD), glomerulonephritis, hepatitis and or arthritis, 

many of these cytokines and chemokines are also the cause or the effect of CMS and its 

linked risk factors. To date, numerous reviews on the topics of natural, food, animal, dairy 

and marine immunoregulatory peptides have been published, yet none explicitly has 

reviewed fish biopeptides. Therefore, cooperatively this document is prepared with the 

primary focus on the extraction, isolation and immunomodulating bio-effects of fish 

extracted peptides on cytokines, which are the crucial elements in development and 

establishment of metabolic diseases and related risk factors e.g., hypertension, obesity, 

insulin resistance and others. To extend the knowledge of readers on the topic and its trends, 

authors will briefly discuss the drug-likeness and the pharmacokinetics, as well as the 

predicted target proteins of fish immunomodulating peptides.  

Keywords: diabetes, hypertension, immunity, inflammation, metabolic syndrome, 

obesity 
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3. Introduction  

Today experts know that chronic inflammation lies beneath many illnesses including 

metabolic disorders (figure II. 1.). In fact, Cardiometabolic Syndrome (CMS) and Metabolic 

syndrome in the recent decade have been identified as an ailment by many health 

organizations. Certain risk factors have been defined as CMS and/or MetS criteria by these 

organizations; dyslipidemia, central obesity, systemic arterial hypertension, hyperglycemia, 

insulin resistance, and diabetes mellitus, although at times occurrence of only two factors 

could initiate the syndrome. The syndrome significantly increases the risk of type 2 diabetes 

or cardiovascular diseases development. In this context, higher Transforming Growth Factor 

Beta 1 (TGF-β1) and Interleukin-6 (IL-6) along with lower Tumor Necrosis Factor Alpha 

(TNF-α), IL-10 and Interferon Gamma (IFN-γ) gene expressions were observed in majority 

of the CMS patients (67 – 78%) [57]. Various similar studies show that metabolic diseases, 

CMS, and Type 2 Diabetes (T2D), are strongly associated with initiation of the innate 

immune system in numerous tissues (figures II. 1. and II. 2.). Activated immune cells, incline 

and decline of pro- and anti-inflammatory factors, correspondingly, have repeatedly been 

reported in all metabolic related ailments e.g., Cardiovascular Disease (CVD) and T2D 

(figure II. 2.). Blood pressure, high blood pressure and left ventricle hypertrophy incidences 

are directly related to high amounts of High-Sensitivity C-Reactive Protein (hs-CRP), an 

acute phase reactant protein, which are produced in chronically inflamed tissues, mainly liver 

[58]. Subjects with higher hs-CRP levels are at greater risk of T2D and CVD mortality [59, 

60]. Inflammatory infiltrates and oxidative damage upregulate the expression of angiotensin-

II receptors boosting leukocyte infiltration and atrial cell death found within arterial tissue in 

atrial fibrillation cases [58, 61]. There is more evidence on the association of atrial fibrillation 

with heart’s inflammatory and systemic inflammatory diseases (myocarditis, pericarditis, 

psoriasis). Innate and adaptive immunity also transpire in dyslipidemia. Over time, 

cholesterol buildup, predominantly Low-Density Lipoprotein (LDL), initiates the oxidization 

of vascular endothelium’s particles in dyslipidemia triggering the establishment of TNF-α, a 

principal acute inflammation cytokine mediator, producing atherosclerotic plaques that 

adhere to the arterial wall promoting arteriosclerosis-originating inflammation [62]. In 

response to inflammatory mediators, TNF-α, endothelium expresses cell adhesion molecules 
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(Intercellular Adhesion Molecule-1 (ICAM-1), Vascular Cell Adhesion Molecule-1 

(VCAM-1), and Endothelial cell-Leukocyte Adhesion Molecule-1 (ELAM-1)) through 

translocation of Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NF-kB) 

(figure II. 2.). Kinetic studies of visceral obesity have shown that through decreased secretion 

and increased catabolism of Apolipoprotein B (ApoB), and increased secretion and decreased 

catabolism of Apolipoprotein A1 (ApoA-1), the treatment approach of reduction of visceral 

fat mass, improvement of insulin sensitivity and reduction of hepatic lipogenesis could 

successfully be followed for management of dyslipidemia [63]. Adipose tissue once thought 

to be evolved only for energy storage purposes, has shown now to be involved in important 

bodily functions and its dysfunction may promote the production of larger adipocytes, 

secretion of cytokines (TNF-α, IL-6, IL-1β), metalloproteinases, and adipokines of pro-

inflammatory state triggering the deposition of fat in non-adipose tissues, known as ectopic 

fat, inter- and intra-cellularly, although the latter may be related to decreased insulin 

sensitivity too [64].  

 

 

Figure II. 1.: 

Inflammatory-mediated 

diseases. Figure is adapted 

and modified from Abachi 

et al. (see chapter VI.). 

 

On basis of the abovementioned facts, inflammation, whether a cause or an effect, 

plays crucial role in the occurrence and persistence of cardiometabolic risk factors therefore 

enhancing and potentiating the host’s immune system could be the benign treatment strategy 
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for treating and preventing a series of inflammatory associated metabolic diseases. 

Nevertheless, conventional commercial drugs each enforce certain major and minor side 

effects. Nonsteroidal Anti-Inflammatory Drugs (NSAID) per se could damage intestine 

(ulcers), kidney (NSAID-induced acute renal failure), heart (cardiovascular adverse events), 

liver and other organs. According to Hawkey et al., NSAID being the top toxicity causing 

drug among all, affecting gastrointestinal health, on average annually takes the life of 2000 

individuals in United Kingdom [65]. Nonetheless, many natural compounds such as peptides, 

derived and identified by different processes and techniques, have been effective in non-

cytotoxic amelioration of inflammation. Amino acids in free form or in combination with 

other therapies, mainly as dietary supplementation, have long been known for their 

immunoregulatory effects (table II. 1.). Moreover, biopeptides of all sources inclusive of 

marine proteins, among all, could be safe substitutions to these medications and future drug 

discoveries. Many studies are now directed at the design, discovery, isolation, and 

identification of safe and potent synthetic and or natural compounds that can directly deliver 

antigens to the target T immune cell or that it can be administered as an auxiliary material to 

imitate a specific danger signal inducing an immune response which would ultimately help 

the host defense mechanism. For example, mussel, shellfish and seaweed peptides effectively 

prevented the synthesis of Nitric Oxide (NO), important in many physiological and 

pathophysiological conditions including inflammation, mostly via downregulation of 

Inducible NO Synthase (iNOS) protein expression [66-69]. These bioactivities are not 

specific to a certain marine species and similar immunomodulating properties have also been 

documented for fish-derived peptides. Sardine, salmon, sweetfish, tilapia, tuna, etc. have all 

successfully affected the production of NO, and iNOS protein levels in various inflammatory-

associated experimental scenarios involving cells, animals, and humans. Thus, this review 

will attempt to feature all the studies investigating fish and fish-extracted biopeptides that 

influence the immunity by inhibiting and or stimulating the inflammation and specifically 

discuss those that are linked with CMS associated risk factors. 
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Figure II. 2.: Pathway map of fluid shear stress and atherosclerosis and T2D (Homo sapiens (human)). Figures are adapted from KEGG Pathway Maps. 

Abbreviations: ADIPO: Adiponectin, Akt: Protein kinase B (PKB), also known as Akt, ASK1: Apoptosis signal-regulating kinase 1, ASS: 

Argininosuccinate synthase, Bcl-2: B-cell lymphoma 2, BMP4: Bone morphogenetic protein 4, BMPR: Bone morphogenetic protein receptor, CALML6: 

Calmodulin like 6, Cav: Caveolin, CNP: Natriuretic peptide C, c-Src: Cellular Src AKA Proto-oncogene c-Src, ERK5: Extracellular-signal-regulated 

kinase 5, ET-1: Endothelin 1, FAK: Focal adhesion kinase 1, GEF: Rho guanine nucleotide exchange factor, GK: Glucokinase, Glycocalyx: Glypican 1, 

GST: Glutathione S-transferase, HOX-1: Heme oxygenase 1, IKK: inhibitor of nuclear factor kappa-B kinase, INS: Insulin, INSR: Insulin receptor, 

Keap1: Kelch like ECH associated protein 1, KLF2: Kruppel like factor 2, Kir6.2: Potassium inwardly-rectifying channel subfamily J member 11 AKA 

BIR/KATP, MafA: MAF bZIP transcription factor A, MEF2: Myocyte enhancer factor 2A, MEK5: Mitogen/extracellular signal-regulated kinase kinase 

5, mir-10a: MicroRNA 10a, MKK7: mitogen-activated protein kinase kinase 7, MKP-1: Mitogen-Activated Protein Kinase Phosphatase 1, MMP: Matrix 

metallopeptidase, Nox1: NADPH oxidase 1, NQO1: NAD(P)H quinone dehydrogenase 1, Nrf2: Nuclear factor erythroid 2–related factor 2, p22phox: 

AKA human neutrophil cytochrome B light chain (CYBA), PDGF: Platelet derived growth factor, PECAM1: Platelet and endothelial cell adhesion 
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molecule 1, PI3K: Phosphoinositide 3-kinase, PIASy: Protein inhibitor of activated STAT 4, PKC: Protein kinase C, PKC ε/δ: Protein kinase C ε/δ, PYK 

- Pyruvate kinase, Rac: Ras-related C3 botulinum toxin substrate 1, RhoA: Ras homolog gene family member A, SOCS: Suppressor of cytokine signaling 

4, SQSTM: Sequestosome 1, SUMO: Small ubiquitin like modifier, SUR1: Sulfonylurea receptor 1, TAK1: Transforming growth factor-β-activated 

kinase 1, TM: Thrombomodulin, t-PA: Tissue plasminogen activator, TRPV4: Transient receptor potential cation channel subfamily V member 4, TRX1: 

Thioredoxin 1, VDCC: Voltage-dependent calcium channel, VE-Cad: VE-cadherin 
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Table II. 1.: Immunomodulatory effects of dietary mono-amino acids, their bioactive metabolites and or derivatives, mono- or combination therapy on 

inflammatory associated diseases   

Amino acid (and the compound tested in 

combination) 

Immunomodulation function and effects on experimental 

model(s) 

 Affected disease 

(reference) 

Alanine    

 

In free form or as dipeptide 

(in combination with 

glutamine) 

↓ IL-1β, TNF-α, NF-κB activation 

↑ IL-6, IL-10, and MCP-1 in skeletal muscle cells of rats 

Resistance exercise 

[70] 

 

Alanine-rich (N-terminal) 

purified peptide  

↓ expression of NF-κB, MAPKs (ERKs, JNK, p38), 

proinflammatory mediators (NO, PGE2, TNF-α, IL-6) in 

macrophages (RAW 264.7) 

[71] 

 ↑ circulating IL-10 in humans (soldiers)  Intense military 

training [72] 

Arginine     

 

 ↓ levels of ileal transcripts encoding IL-4 in malarial-parasite-

infected rats 

Malaria-induced 

hypoargininemia [73] 

 ↓ IL-1α, IL-1β, IL-6, TNF-α, sICAM-1 in rats Chronic renal failure 

[74] 

 ↓ mite-induced inflammatory airway response, 

↑ nitrite/nitrate levels in rats  

Asthma [75] 

 ↓ proinflammatory cytokines (TNF-α, IL-6, IL-1β), NF-κB 

activation in muscle cells of rats  

Duchenne muscular 

dystrophy [76] 

Aspartate    

 

 ↓ gene expression of IL-17, IFN-γ, Mucin 2 in ileum of rats [77] 

 ↓ TLR4, NOD1, MyD88 in piglets Growth performance 

and inflammation [78] 

Cysteine    

 

 ↓ NF‐κB activation and IκBα degradation, CD62E (AKA ELAM-

1) expression, IL‐6 in human coronary arterial endothelial cells  

[79] 

Mono- and combination- 

therapy with metformin  

↓ caspase-3, cytochrome c levels in rats  T2D [80] 
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Cysteine derivative (S-1-

propenylcysteine) 

↓ TLR-mediated IL-6 secretion (inducing MyD88 degradation) in 

rats 

[81] 

Glutamate     

 

  ↑ TGF-β1, IL-10 levels in epididymis and testis of boars Genital inflammation 

[82] 

 ↑ activation of NF-κB and PI3K-AKT (AKA PKB) pathways, 

TLR4,   

↓ TLR5 expression, p65 expression in intestine of rats 

[83] 

Glycine     

 

 ↓ TNF-α in serum, IL-6, G-CSF in sputum of humans Cystic fibrosis [84] 

 ↓ translocation of NF-κB p65 subunit, TNF-α, intracellular calcium 

in ankles and splenic macrophages of rats 

Reactive arthritis [85] 

 ↑ phosphorylation of mTOR, S6, 4E-BP1, ERK, mTORC1 

signaling in rats 

Skeletal muscle 

wasting [86] 

Histidine     

 

 ↓ NF‐κB‐dependent activation of IL‐8 promoter in intestinal 

epithelial‐like Caco‐2 and HT‐29 cells 

[87] 

 ↓ mRNA expression of TNF-α, IL-6, CRP, translocation of NF-κB 

p65 into nucleus, phosphorylation of IκBα,  

↑ expression of PPARγ in adipose tissue of rats 

Obesity [88] 

 ↓ serum TNF-α, IL-6 in middle-aged humans (females) Obesity and metabolic 

syndrome [89, 90] 

 ↓ TNF-α, IL-6 production, NF-κB activation in macrophages of 

rats 

Crohn's disease [91] 

Isoleucine     

 

 ↓ NO production, mRNA expression of iNOS in macrophages 

(RAW 264.7)  

[92] 

 ↓ VEGF production via mTOR pathway in colonic cancer cells and 

rats  

Colon cancer [93] 

 ↑ serum and ileal IL-1β, IFN-β, IFN-γ, TNF-α, IL-10 levels in 

weaned infected piglets 

Infant rotavirus 

infection [94] 

Leucine     
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 ↓ serum IL-6, IL-10 levels in humans  [95] 

 ↓ IL-6, secretory-IgA, phosphorylation levels of NF-κB, p38 

MAPK, JNK, 

↑ mTOR/p70 S6K signaling pathway in intestine of chickens’ 

embryos 

[96] 

 ↓ IL-6, NF-κB, SMAD, STAT3 network in skeletal muscle of 

humans (males) 

Intense endurance 

exercise [97] 

Lysine     

 

Poly-lysine ↓ IL-8, gene expression of pro-inflammatory cytokines (TNF-α, IL-

6, IL-1β, IL-17, INF-γ) in Caco-2, HT-29 cells, and rats 

Inflammatory bowel 

disease (ulcerative 

colitis and Crohn’s 

disease) [98] 

 ↑ IL-8, serum IgG and IgM concentration, mRNA expression of 

TLR8, ERK1/2 phosphorylation in kidney, IL-6, IL-4 in spleen, 

NF-κB in liver and spleen, 

↓ mRNA expression of IL-4 in kidney, mRNA expression of IL-

10, TLR8 in liver of lysine restricted diet fed piglets 

[99] 

Methionine     

 

In combination with lysine  ↑ mRNA expression of TNF-α, IL-6, IL-1β, IFN-γ, IκBα, serum 

amyloid A3 

[100] 

 ↓ MAPK signaling pathway, TNF-α, IL-6, interferon-β in 

macrophages (RAW 264.7)  

[101] 

 ↑ WBC, circulating neutrophils, peritoneal leukocytes, mRNA 

expression of TGFβ and TNF-α, 

↓ mRNA levels of caspase-3, mTOR in Photobacterium damselae 

subsp. piscicida infected European Seabass (Dicentrarchus labrax) 

[102] 

Proline     

 

In combination with arginine ↓ iNOS expression in macrophages of rats  Diabetic wound 

healing [103] 

 ↓ LPS-induced S100B and GFAP in brain cortex and cerebellum of 

rats 

Inflammatory brain 

disease [104] 

Serine     
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 ↓ mRNA expression and serum concentration of TNF-α, IL-1β, IL-

6, IL-8, relative protein expression of phosphorylated NF-κB and 

Iκ-B in jejunum and ileum of piglets  

[105] 

 ↑ IgA, IgG, IgM concentrations,  

↓ IL-1β, IL-6, TNF-α concentrations in colonic tissue of rats 

Acute colitis [106] 

 ↓ mRNA expression of inflammatory cytokines (IL-1β, TNF-α, IL-

6, IL-8, IL-10),  

↑ p53-dependent AMPK in ileum of rats, 

↓ TNF-α, IL-6, IL-10 concentration,    

↑ protein expression of p53, and phosphorylated AMPK in IPEC-1 

cells 

Inflammatory bowel 

disease [107] 

Threonine     

 

 ↓ intestinal cytokines (IFN-γ, IL-1β, TNF-α) in young broiler 

chickens  

[108] 

 ↑ IgM, IgZ, β-defensin1 concentration, intestinal anti-

inflammatory cytokine (TGF-β1, TGF-β2, IL-4/13A, mRNA levels 

of IL-10 (target of rapamycin signaling pathway), 

↓ intestinal pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-

8), mRNA levels of IL-17D (associated with NF-κB signaling 

pathway) in Aeromonas hydrophila infected juvenile grass carp 

(Ctenopharyngodon idella)  

[109] 

Tryptophan     

 

 ↓ expression of IL-22 in colonic tissue of rats Colitis [110] 

As a dipeptide with 

methionine (WM) 

↓ IL-1β, TNF-α, IL-6, MIP-1α in hippocampus of rats Alzheimer’s disease 

[111] 

Tyrosine    

 

Tyrosine derivatives ↓ 5-LOX, COX-2, PGE2, mPGES1 in HeLa cells Asthma, allergy, 

cancer [112] 

Tyrosine prodrug  ↓ paw edema in rats  [113] 

Valine     

 

 ↑ IL-12 of MoDC,    

↓ CD83 expression of MoDC in human blood cells  

Cirrhosis [114] 

γ-glutamyl valine  ↓ TNF-α-induced IL-8 secretion, mRNA levels of IL-8, pro-

inflammatory cytokines (TNF-α, IL-6, IL-1β), 

Inflammatory bowel 

disease [115] 
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↑ expression of anti-inflammatory cytokine (IL-10) in Caco-2 cells 

↓ TNF-α, mRNA expression of TNF-α, IL-6, IFN-γ, IL-1β, IL-

17A, MCP-1 in colonic tissue of rats  

Increased, improved, stimulated and or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregulated expression 

denoted as “↓”.NOD1: Nucleotide-binding oligomerization domain-containing protein 1, MYD88: Myeloid differentiation primary response 88, I-

κBα: Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha, ERK: Extracellular signal-regulated kinase, PI3K/AKT: 

Phosphatidylinositol 3-kinase/protein kinase B, G-CSF: Granulocyte colony-stimulating factor, 4E-BP1: Eukaryotic initiation factor 4E-binding 

protein 1, mTORC1: Mechanistic target of rapamycin complex 1, CRP: C-Reactive Protein, VEGF: Vascular endothelial growth factor, SMAD: 

Small mothers against decapentaplegic, GFAP: Glial fibrillary acidic protein, S100B: S100 calcium-binding protein B, MIP-1α: Macrophage 

inflammatory protein-1α, MoDC: Monocyte-derived DC 
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4. Recent trends of fish consumption, fishery byproducts and exploitation 

It is of note that among so many available commodities, consumer is now more than 

ever interested in marine products [116]. In the favor of this demand, the fish protein 

producer, PeruBluewave, claims fish peptides have unique beneficial characteristics 

compared to other animal proteins. Trends and patterns of consumption also point to the 

demand of consumers and the market for marine and fish-based products. The overall, by 

weight, consumption of fishery and seafood products according to USDA's 2014 Economic 

Research Service (ERS) have had an increasing trend throughout the past decades from 11.0 

in 1970 to 14.5 pounds per capita in 2014 [117]. In China, as one of the biggest global 

markets, seafood consumption numbers have taken an enormous leap of almost 7-times 

within the past few decades, growing from 4.5 to 31 kg per person [118]. Chinese average 

consumption is about 5-times higher than USDA's 2014 RES report. Per online survey, about 

consumption patterns, approximately 50% of the families of Chinese students consume fish 

at least once a week [118]. Fish has been the preference of one in two of the Chinese families 

over meat [118]. In a Norwegian study, respondents of the questionnaire agreed upon strong 

association of healthy food consumption pattern with weekly fish consumption, normal 

weight, and the desire to lose weight. It has been highlighted that higher fish consumption is 

associated with the consumer’s behavior and trust in importance of food in health, higher 

education and income as well as high fish consumption in childhood [7]. Accordingly, 16.6% 

of global populations’ animal protein intake in 2009, per FAO report, had been supplied by 

fish [5]. The aforesaid statistics could be evidence of the preference of marine- and fish-based 

products and hydrolysates over others. 

Characteristically, the increment in the marine products’ consumption would also 

generate greater amount of process discards and waste, distantly related to food security, 

greenhouse gas emission, as well as other economic and environmental concerns. Volume of 

world fishery production in 2018 reached 178.8 million metric tonnes (about 78% capture 

fisheries and the remaining 22% aquaculture production) [119]. Of the total, about 75% were 

used to produce fish meal and oil in 2014 [120]. Global seafood industry is already a huge 

market and will potentially continue to grow to 155.32 billion dollars by 2023 [119]. FAO 
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discard assessment has reported the annual global marine capture fisheries discards to be 

about 9.1 million tonnes between the years 2010 and 2014 [121]. Quantitatively, the food 

loss and waste for fish and seafood is around 35%. In industrialized regions 9 – 15% of the 

entire marine catch are discarded throughout pre-production and production [12]. Industrial 

fish discards, one of the highly environment damaging wastes, and its management has been 

reviewed by Arvanitoyannis et al. [10]. Approximately 80% of the fish (weight based) 

entering canning is wasted. Per 1000 kg of fish entering the canning process, about 800 kg 

of solid waste, including head, bones, entrails, meat, and inedible parts, is created [10]. 

Generally, less of the fish is wasted in filleting process. Of 1000 kg product entering fillet 

production process ≥ 565 kg of the white fish and 425 kg of the oily fish end up as solid 

waste. Relatively fish meal production process, with 450 kg (including 200 kg of dry matter) 

solid waste, is less wasting than filleting and canning processes. Large amounts of frames 

and cutoffs, rich in structural proteins, sarcoplasmic and connective tissue proteins, are left 

behind throughout fish processing that without value-adding procedures would end up in 

landfills. Fish waste on a dry matter basis, by weight, contains more than 50 percent of crude 

protein [14]. Hydrolysis of these proteinaceous process byproducts, by chemical and 

enzymatic means, will bring value to the manufacturers and would marginally aid in the 

reduction of greenhouse gas emission. Like anti-ACE and anti-hypertensive fish peptides, 

previously reviewed by the authors, anti- and pro-inflammatory fish peptides are also 

commonly digested by enzymatic means, isolated by filtration processes, and further purified 

by chromatographic techniques [32] (table II. 2.). Nevertheless, selection of enzymes, 

membrane molecular weight cut off as well as chromatography techniques greatly depend on 

the type of substrate and specificity of the molecule(s) of interests. Final products are 

intuitively characterized by an amino acid auto-analyzer, chromatography, Matrix-Assisted 

Laser Desorption Ionization-Time of Flight (MALDI-TOF) and or quadrupole-TOF Liquid 

Chromatography-Tandem Mass Spectrometry (LC-MS/MS) with Electrospray Ionization 

(ESI) source (table II. 2.). It is noteworthy that fish hydrolysate and protein isolate, fish silage 

as well as fish-origin bioactive peptides are the main value-added protein products that are 

used for many purposes. Shaviklo et al. have reviewed the utilization of a wide range of 

underutilized species and fish discards in the development and the production of fish protein 

powder [122]. Not only that marine and fish derived products, especially the protein isolates, 
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are broadly utilized in food and pharmaceutical industries but also are the main component 

of many cosmeceuticals due to their anti-aging properties. Collagenic based marine 

derivatives are widely incorporated into skin-care products and the topic has been thoroughly 

reviewed by Venkatesan et al. [22, 23]. These hydrolysates can be formulated into functional 

foods for infants, the elderly and for sick or be used as a sport or clinical nutrition boosting 

immunity or forcing anti-inflammatory effects. Hence in addition to aquatic food 

consumption patterns and consumer preference, spontaneously, sustainability of such 

products in terms of waste and their limited resources shall be additional points of 

significance for researchers to consider exploring the bioactivities of marine-based 

compounds utilizing process discards. Possibly for the same rationale fishery byproducts, 

which are also nutritionally valuable, have been the raw material for almost 50% of the 

studies reviewed herein (tables II. 2. and II. 3.). Not only that fish-rich diet, whether as main 

meal or supplemental diet, could provide essential nutrients but it could also benefit the 

consumer in maintaining the health and or preventing and treating various unhealthy 

conditions (tables II. 3., II. 4. and II. 5.). On the one hand, for instance, salmon’s global per 

capita consumption footprint in 2011 was estimated at 27 kg by Guillen et al. showing its 

soaring demand by the market [123]. On the other hand, salmon peptides, whether derived 

from the whole or process byproducts such as frames or scales, present potency against 

hypertension, oxidation, diabetes, and obesity. Additionally, salmon peptides could enhance 

the response of host immune system to the detrimental stimuli. Peptic hydrolysate fraction 

of salmon pectoral fin protein abundant in HAA, with MW of 1,000 – 2,000 Da, could 

efficiently attenuate inflammation; 3.61-fold NO synthesis reduction at 400 μg mL-1, 3.51-

fold TNF-α level reduction at 200 μg mL-1, and 4.36-fold and 2.44-fold reduction in IL-6 and 

IL-1β production at 200 μg mL-1 of peptide concentration, respectively compared to untreated 

Lipopolysaccharide (LPS) exposed macrophages [124]. Salmon and salmon derived products 

therefore for example can enhance the immunity of consumers and may also be taken in the 

form of medicine or food supplement for treatment of inflammation mediated CMS and else 

diseases. Some of the peptides have even been clinically tested, against a placebo, and 

successfully marketed for human and pet use e.g., capsules containing shark 

immunomodulatory peptides manufactured by InnoVactiv Inc., Canada under the trademark 

of PeptiBal™, capsules containing white fish biopeptides manufactured by Proper Nutrition, 
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USA, under the trademarks of Seacure®, SeaVive®, Intestive® for the enhancement of the 

immune system, wound healing and or gastrointestinal health [125-127] (table II. 3.). The 

abovementioned statistics and observations all demonstrate the rather high demand for fish-

derived products by consumers fueling the studies on fish biopeptides in the present time and 

decades to come.  
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 Figure II. 3.: Proteins interacting with IFN-γ, NOS-2, PTGS2 and TNF genes. Th network is kmeans clustered. 

 known Interactions from curated databases,  co-expression,  protein homology 
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Table II. 2.: Fractionation, purification, and characterization methods of fish immunomodulatory peptides  

Fish name (common, scientific) 

and part used 

Hydrolysis, fractionation, 

purification Condition and resin/material  Characterization  Ref. 

Alaska pollock (theragra 

chalcogramma) frame byproduct  

1- enzymatic hydrolysis 

monitored by GLU-ANN 

2- ion exchange chromatography, 

RP-HPLC 

1- trypsin (DH: 16.9%) 

2- SP Sephadex C-25 column, 

Zorbax SB-C18 semi-prep column 

Q-TOF-MS coupled with 

ESI  

[128] 

Alaska pollock frame byproduct  1- cooking  

2- enzymatic hydrolysis  

3- ion exchange chromatography, 

gel filtration chromatography, 

RP-HPLC 

1- high-pressure and high-

temperature  

2- trypsin (DH: 15 – 18%) 

3- SP Sephadex C-25 column, 

Sephadex G-25 column, Zorbax SB-

C18 semi-prep and analytical 

columns 

Q-TOF-MS coupled with 

ESI  

[129] 

Argentine croaker (Umbrina 

canosai) whole and muscle  

1- acid and alkaline solubilization  

2- enzymatic hydrolysis  

3- size exclusion chromatography  

1- HCl (1 N), NaOH (1 N) 

2- alcalase (degree of hydrolysis 

(DH): 10%, 20%), protamex (DH: 

10%, 20%) 

3- Superdex peptide PC 3.2/30 

column (MW range 100 – 7,000 Da) 

Amino acid analyzer [130] 

Atlantic salmon (Salmo salar) 

frozen frame byproduct  

1- alkaline and acid solubilization 

2- enzymatic hydrolysis  

3- UF  

1- NaOH (1 N), HCl (2 N) 

2- pepsin, trypsin/chymotrypsin 

3- MWCO 1 kDa 

RP-HPLC  [131] 

Belanger's croaker (Johnius 

belengerii) frame byproduct 

powder  

1- enzymatic hydrolysis   1- pepsin    [132] 

Blue shark (Prionace glauca) 

cartilage  

 1- acid and enzymatic type-2 

collagen (CII) extraction 

2- gel filtration chromatography  

3- enzymatic hydrolysis  

4- centrifugal UF  

1- acetic acid (0.5 M) containing 

pepsin (1%) 

2- Sephadex G-100 column 

3- thermolysin (DH: 15.5%) 

4- 15, 10 kDa 

RP-HPLC (Zorbax 300 

SB-C18 column), amino 

acid analyzer, SDS-

PAGE, FTIR 

[133] 

Chum Salmon (Oncorhynchus 

keta) wild-caught fresh whole 

1- enzymatic hydrolysis  1- complex protease 

 

HPLC (Phenomenex C18 

column), MALDI-TOF-

[134, 135] 
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2- nanofiltration, desalination, 

cryo-concentration under 

vacuum, decolorization, 

purification, spray drying 

MS, amino acid auto-

analyzer 

Chum salmon fresh frozen 

muscle myofibrillar protein  

1- protein-sugar mixture 

preparation  

2- removal of cryoprotectants by 

precipitation  

3- enzymatic hydrolysis  

4- preparative isoelectric 

focusing 

1- addition of alginate 

oligosaccharide or sorbitol 

(cryoprotectants) 

2- ammonium sulfate (saturated) 

3- pepsin, trypsin 

4- –  

RP-HPLC  [136] 

Cod (Eleginus gracilis) fresh 

backbone byproduct  

1- alkaline gelatin extraction 

2- demineralization and 

decalcification 

1- NaOH (0.1 N) 

2- EDTA (0.1 – 0.5 N), HCl (0.1 – 

1.0 N) 

 [137] 

Common carp (Cyprinus carpio) 

fresh roe (eggs)  

1- enzymatic hydrolysis  

 

1- pepsin (1.5% w/w, DH: 30.9%), 

trypsin (1.5% w/w, DH: 19.1%), 

alcalase (1.5% w/w, DH: 15.7%) 

Amino acid analyzer (ion-

exchange column), size 

exclusion chromatography 

(Sephadex G-200 

column), SDS-PAGE  

[138] 

 

Flatfish byproduct (internal organs 

excluded) 

1- enzymatic hydrolysis  

2- centrifugal UF 

3- glycosylated protein 

preparation 

1- protamex 

2- MWCO 3 kDa 

3- glycated with ribose at ratio of 1:1 

(w/w), heated in autoclave under 

pressure  

 

  

 

[139] 

Herring milt (byproduct) 

hydrolysate commercial 

preparation   

  

1- enzymatic hydrolysis,  

2- UF,  

3- electro-separation   

1-  

2-  

3- EDUF 50, 20 kDa 

RP-HPLC (AccQ·Tag 

amino acid analyzing C18 

column), RP-UPLC-

MS/MS (C18 column) 

[42] 

Nile tilapia (Oreochromis 

niloticus) fresh fillet 

1- ultrasonic pretreatment  

2- ultrasonic assisted enzymatic 

hydrolysis  

3- gel filtration chromatography, 

RP‐HPLC 

1- 0 W, 10 W, or 70 W power 

outputs  

2- flavourzyme with 0 W (DH: ~ ≤ 

18%), 10 W and or 70 W (DH: ~ ≤ 

13%) power outputs 

UPLC attached to 

micrOTOF-QII- ESI-Qq-

TOF MS equipped with 

online nano-ESI source 

[140, 141] 
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3- Sephadex G‐25 column, XB‐C18 

column  

Rohu (Labeo rohita) fresh egg 

(roe) powder  

1- enzymatic hydrolysis  1- pepsin (DH: 34%), trypsin (DH: 

21%), alcalase (DH: 43%) 

 

 

[142] 

Salmon frame  byproduct  1- alkaline solubilization 

2- isoelectric precipitation  

3- enzymatic hydrolysis  

4- UF  

5- EDUF  

1- NaOH (1 N), 

2- pH of 4.5, 

3- pepsin, trypsin/chymotrypsin, 

4- MWCO 1 kDa, 

5- MWCO 50, 20, 5 kDa 

RP-UPLC-MS/MS (C18 

column) 

[44]  

Salmon pectoral fin byproduct 1- enzymatic hydrolysis  

2- HPLC  

 

 

1- alcalase, flavourzyme, neutrase, 

protamex, pepsin, trypsin 

2- SEC column (molecular weight 

range of 100 – 6,000 Da) 

MALDI-TOF MS, amino 

acid auto-analyzer 

[124] 

Salmon pectoral fin byproduct 1- enzymatic hydrolysis  

2- gel permeation 

chromatography, RP-HPLC 

1- pepsin 

2- Sephadex G-25 column, Hypersil 

gold C18 column  

Hybrid quadrupole-TOF 

LC/MS/MS coupled ESI 

source 

[67] 

Salmon spine byproduct 1- enzymatic hydrolysis  

2- UF 

 

1- commercial proteases 

2- MWCO 10 kDa 

 [143] 

Sandfish (Arctoscopus japonicus) 

fresh meat and roe  

1- enzymatic hydrolysis  

2- UF  

3- preparative HPLC  

1- alcalase and Collupulin MG (DH 

for meat: 57.3%, DH for roe: 71.4%) 

2- MWCO 10, 5, 3 kDa 

3- XBridge PrST C4 preparative 

column 

SDS-PAGE [144] 

Sardine (Sardina melanosticta) 

fresh whole  

1- enzymatic hydrolysis 

2- UF 

3- get filtration chromatography, 

RP‐HPLC 

4- acid hydrolysis  

1- papain, alcalase 

2- MWCO 5 kDa,  

3- Sephadex G‐25 and G‐15 

columns, Zorbax SB‐C18 column 

4- HCL (6 N) 

Amino acid auto-analyzer  [145] 

Sardine (Sardina pilchardus) 

muscle tissue (sarcoplasmic 

protein) byproduct  

 

1- enzymatic hydrolysis  

2- UF 

3- desalination by solid phase 

extraction (SPE) 

1- brewing spent yeast 

(Saccharomyces pastorianus) 

proteases, gastrointestinal digestion 

(pepsin and trypsin) 

RP-HPLC (Luna C18) [146] 
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2- MWCO 10 kDa 

3- Oasis HLB cartridge 

Sardine fillet (head, internal organs 

and bones excluded)  

1- acid and alkaline solubilization 1- HCl (2 N), NaOH (2 N)  [147, 148] 

Seabass (Lates calcarifer) skin 

byproduct  

1- alkaline and acid gelatin 

solubilization  

2- enzymatic hydrolysis (during 

gelatin extraction or post-gelatin 

extraction) 

1- NaOH (0.05 M), citric acid (0.05 

M) 

2- alcalase (different concentrations: 

1- and 2-units g−1 dry swollen skin) 

 [149] 

Shark whole flesh  1- enzymatic hydrolysis  

2- UF  

3- pasteurization   

4- spray drying  

1- trypsin, chymotrypsin 

2- MWCO 10 kDa 

 [126] 

Skipjack tuna heart byproduct 

powder  

1- solvent extraction 1- ethanol (95% (v/w))  [150] 

Sweetfish (Plecoglossus altivelis) 

fresh muscle  

1- enzymatic hydrolysis  1- pepsin, trypsin, chymotrypsin  [151] 

Tilapia (Oreochromis niloticus) 

fresh whole  

1- enzymatic hydrolysis  1- partially purified Virgibacillus 

halodenitrificans SK1-3-7 proteinase 

(DH: 20.1%)  

  [152] 

Tilapia scales byproduct  1- acid and aqueous collagen 

extraction  

2- enzymatic hydrolysis  

1- HCl (30%) and H2O 

2- complex proteases 

  

MALDI-TOF/TOF MS, 

amino acid analyzer  

[153] 

Tuna cooking drip canning 

byproduct  

1- desalination, filtration  

2- enzymatic hydrolysis  

 

1- – 

2- crude proteases A (Bacillus 

licheniformis, Bacillus subtilis, 

Aspergillus oryzae), crude proteases 

B (Aspergillus oryzae) 

Gel permeation 

chromatography (TSK gel 

column) 

[154] 

Tuna cooking juice byproduct 1- enzymatic hydrolysis  

2- gel filtration chromatography, 

HPLC, RP-HPLC  

 

1- orientase, flavourzyme and 

alcalase (concentration: 0.5 – 1% 

(w/w) and digestion time: 0.5 – 1 h) 

SDS-PAGE, Q-TOF MS 

coupled with ESI source, 

RP-HPLC-MS/MS 

[155] 
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2- Sephadex G-25 column, Zorbax 

Eclipse Plus C18 column, Micra NPS 

RP-18 column 

Tuna heart  1- aqueous extraction  pepsin, and then by a mix of 

trypsin/chymotrypsin 

 [156] 

Tuna skin process byproduct  1- subcritical water-hydrolysis 

collagen extraction  

1- high pressure, high temperature   [157] 

Unicorn leatherjacket (Aluterus 

monoceros) fresh skin  

1- alkaline gelatin solubilization 

2- autolysis 

3- enzymatic hydrolysis  

1- NaOH (0.05 M) 

2- indigenous proteases 

3- glycyl endopeptidase (GE) 

(papaya (Carica papaya) latex)  

 [158] 

Warm sea fish skin, commercial 

type I and III collagen preparation 

(Naticol®) by Weishardt, France  

1- enzymatic hydrolysis   [159] 

Wild marine fresh fish scales 1- demineralization, 

2- collagen extraction, 

3- salting out precipitation, 

4- dialysis, 

5- enzymatic hydrolysis, 

6- filtration 

1- 0.4 M HClO4,  

2- 0.5 M acetic acid (+ 0.005 M 

EDTA),  

3- 0.9 M NaCl concentration,  

4- against distilled water,  

5- pepsin,  

6- ceramic membrane (200 μm ~ ≤ 

26 kDa) 

 [160] 

Abbreviations: MALDI-QTOF: Matrix-assisted laser desorption/ionization quadrupole time of flight, SEC: Size exclusion chromatography, ESI: 

Electrospray ionization, UF: Ultrafiltration, SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis, RP-HPLC: Reversed phase high-

performance liquid chromatography, DH: Degree of hydrolysis, UPLC: Ultra performance liquid chromatography, GLU-ANN: Glutamic acid biosensor 

and artificial neural network, FTIR: Fourier transform infrared spectroscopy 
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5. Production, isolation, and identification of immunomodulatory fish peptides 

Fish biomass and its byproducts should normally be lysed with an optimal enzyme or 

mix of enzymes under appropriate operational conditions and parameters to yield immuno-

modulating peptides unlike many marine-originated (animal (porifera, cnidaria, mollusca, 

chordata), algae, and or microorganisms) therapeutical biopeptides that, with the utilization 

of solvent-assisted extraction, can be directly obtained from the substrate organism (table II. 

2.) [161]. Researchers have employed numerous enzymes, with varying degree of hydrolysis 

and substrate: enzyme ratios (not discussed in the article), for the hydrolysis of fish for 

production of immuno-modulating peptides. While enzymes such as trypsin, pepsin, alcalase 

and or chymotrypsin were common, others like flavourzyme, thermolysin and papain were 

not as frequently used. Crude and or semi-pure proteases as well as complex mixture of 

enzymes such as protamex and commercial complex proteases were also utilized in few 

studies (table II. 2.). Pepsin digestion effectively produced anti-inflammatory peptides from 

salmon, Belanger's croaker and sweetfish [124, 132, 151]. Nonetheless, while one enzyme 

may be the most appropriate selection for the transformation of a fish type into 

immunomodulatory peptides, the same enzyme may possibly be the most unsuitable choice 

for another fish. The trypsin produced ineffective immuno-stimulating peptides from 

common carp roe, however, the same enzyme lysed sweetfish fillet into efficient anti-

inflammatory peptides [138, 151]. Alcalase may not be the enzyme of choice to hydrolyze 

salmon for the generation of potent anti-inflammatory peptides, however, could be the best 

in digestion of Argentine croaker, over protamex, for anti-NO biopeptides [124, 130]. 

Correspondingly, authors could not conclude on the dominance of the enzyme in extraction 

of anti- and pro-inflammatory peptides from fish. Although enzymatic hydrolysis is 

commonly practiced in the field of biopeptide production and discovery, autolysis, solvent 

extraction, and other uncommon techniques such as subcritical water-hydrolysis, 

glycosylation, ultrasonic-assisted extraction and Glutamic Acid Biosensor and Artificial 

Neural Network (GLU-ANN) controlled hydrolysis are too in use (table II. 2.). 
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Table II. 3.: Immunomodulatory effects of fish and fish related products/ byproducts 

Fish name, 

Part used Observed effect on inflammation  

Characteristics of material and or 

peptide (AA, sequence, and MW) Ref.  

Alaska pollock (T. 

chalcogramma) frame 

byproduct  

100 – 200 mg kg-1 BW d-1 

↑ cellular immunity: DTH level, non-specific immunity: carbon clearance 

index, phagocytic activity, peritoneal macrophage (phagocytosis ratio, 

phagocytosis index), humoral immunity: hemolysin level, mRNA 

expression levels of IL-2, IL-4, IL-6, spleen lymphocyte proliferation: ≤ 

+42% in immunosuppressed Kunming rats  

PTGADY 622 Da [128] 

Alaska pollock frame 

byproduct  

20 μg mL-1 

proliferation rates of NGMTY 36%, NGLAP 33%, WT 31%,  

NGMTY 584 Da, NGLAP 480 Da, 

WT 305 Da 

  

[129] 

50 – 500 μg mL-1 

↑ spleen lymphocyte proliferation dose-dependently in in-house cells of 

Kunming rats 

Argentine croaker (U. 

canosai)  

1.25 – 5 mg mL-1: 

↓ NO ≤ -75% in LPS (10 µg mL-1) induced macrophages 

1,066 – 1,921 Da, HAA > NCAA > 

PCAA > AAA 

[130] 

Atlantic salmon (S. salar) 

frame byproduct  

1 μg mL-1  

↓ NO -40% in LPS (2.5 ng mL-1) induced macrophages,  

EAA 46 > HAA 43, CAA 43 > BCAA 

19 g 100g-1 protein, L/A 1.5, M/G 0.7 

[131] 

10 g kg-1 BW d-1 (and or FO 4.35 g kg-1 BW d-1), 12-wks 

↓ proinflammatory cytokines: IL-1β, IL-6, IL-12, IFN-γ, TNF-α, 

proinflammatory chemokines: MCP-1, RANTES in LDLR−/−/ApoB100/100 

rats compared to control fish oil (FO)-fed and casein-fed group 

Belanger's croaker (J. 

belengerii) frame 

byproduct powder  

10 – 100 μg mL-1:  

↓ NO ~ ≤ -40%, iNOS, COX-2 protein and mRNA expression ~ ≤ -100%, 

TNF-α, IL-1β, and IL-6 mRNA expression levels ~ ≤ -80%, 

phosphorylation of I-κB in cytosol and phosphorylation of JNK, 

translocation of NF-κB (p65 and p50) in the nucleus dose dependently and 

non-cytotoxically in LPS (0.25 μg mL-1) induced macrophages  

 [132] 

Blue shark (P. glauca) 

cartilage byproduct, 

collagenous preparation  

CII and CII-P 10 μg mL-1 

↓ cell viability,  

↑ FAS/APO-1, IL-2, IL-6, caspase-3, caspase-8, FAS mRNA expression 

(except CII-P), IL-6 mRNA expression (except CII) in 6T-CEM cells 

  

CII and CII-P (MW ~ 13 kDa), HAA 

673 – 694 > Gly 336 – 355 > CAA 

184 – 194 > imino acid 122 – 191 > 

BCAA 71 – 103 AA residues/1000 

[133] 
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residues, L/A 0.28 – 0.30, M/G 0.01 – 

0.12,  

Glycosylation: CII (7 – 18%) > CII-P 

(1 – 4%) 

Chum Salmon (O. keta)  0.22 (low-), 0.45 (mid-), 1.35 (high-dose) g kg-1 BW, 4-wks 

↑ concanavalin A-stimulated proliferation of splenic lymphocyte +120% 

(except mid- to high-dose), IgM antibody response of spleen to sheep red 

blood cells (SRBC) (2% (v/v)) ≤ +19%, NK cytotoxic activity +80% 

(except mid- to high-dose), number of CD4
+ T cells ≤ +31% (except high-

dose), IL-2, IL-5, IL-6 and IFN-γ (except mid- to high-dose) in ICR rats   

300 – 860 Da (86%), 

Glu > Asp > Lys > Leu > Arg > Gly 

 

 

[134] 

Chum Salmon (O. keta) 1.35 g kg-1 BW d-1, 14-d  

↓ radiation‐induced mortality -30%, serum levels of IL‐1α, and IL‐10 ≤ -

28%, level of NF‐κB p65 RelA -26%,  

↑ concanavalin A‐ and LPS-stimulated proliferation of splenic lymphocytes 

≤ +80%, number of CD4
+ and CD3

+ T cells ≤ +30%, levels of IL‐12 in 

splenocytes, level of I-κBα +18% in spleen of 60Co gamma irradiated ICR 

rats compared to irradiation control  

 [135] 

Chum salmon fillet  

 

 

↓ NO -66%, TNF-α -67%, IL-6 -85%, expression of iNOS, TNF-α, IL-6, 

COX-2 non-cytotoxically and dose-dependently (except sorbitol (S) 

conjugated), IL-6 (except alginate oligosaccharide (A) conjugated) in LPS 

(5 ng mL-1) stimulated macrophages (no effect on β-actin control gene, 

COX-1 expression, and NK cell activity), 

 [136] 

Alginate oligosaccharide conjugated 150 – 300 mg kg-1 BW  

↓ localized inflammation in carrageenan-induced model of rats’ paw edema 

Cod (E. gracilis) 

backbone byproduct  

3 – 6 g kg-1 BW d-1, 90-d 

↓ serum levels of IL-1β, IL-6 and TNF-α in Sprague Dawley 

ovariectomized rats 

 [137] 

Cod fillet powder (93% 

protein) 

 

21 g d-1 (19.61% protein), 21-d  

↓ neutrophil density post-injury d-14 (-24%) in injured rat muscle, ED1
+ 

macrophage density post-injury d-24 (≤ -40%) in sham and injured rat 

skeletal muscles compared to casein 

CAA 47 > EAA 43 > HAA 40 > 

BCAA 19 g 100g -1 AA, L/A 1.8, M/G 

0.8 

 

[162] 
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Cod fillet powder (93% 

protein) 

 

23.6 g d-1 (19.4% protein), 21-d  

↓ COX-2 d-2, ED1
+ macrophage density d-2, d-5 and d-14, 

↑ ED2
+ macrophage density d-5, d-14 and d-28 post-injury in injured rat 

skeletal muscles compared with casein 

 [163] 

Common carp (C. carpio) 

roe  

0.5 – 1 g hydrolysates kg-1 BW (pepsin (PH), trypsin (TH) and alcalase 

(AH)), 45-d  

↑ proliferation of concanavalin A (2.5 µg mL-1) stimulated spleen T-

lymphocytes dose-independently, lymphocyte subpopulations (CD4
+ and 

CD8
+) (except TH, PH), NK cytotoxic activity of YAC-1 cells, secretory-

IgA and serum IgA (except TH, AH), serum IgG (except TH) in BALB/c 

rats 

CAA: AH 38 > PH 37 > TH 33 g 

100g-1 protein, and  

HAA: PH 39 > AH 38 > TH 31 g 

100g-1 protein,  

PH: < 10 kDa, TH and AH < 25 kDa 

[138] 

 

Flatfish byproduct 

(internal organs excluded) 

1-h pretreatment with 50 – 200 μg mL−1 

↓ NO ≤ -50%, PGE2 ≤ -57%, iNOS, COX-2 protein expression, pro-

inflammatory cytokines, and chemokine: IL-1β, IL-6, TNF-α, and MCP-1, 

phosphorylation of MAPKs: p38, JNK, and ERK1/2 expression, nuclear 

translocation of NF-κB p65, IκBα phosphorylation dose-dependently in 

LPS (1 μg mL−1) stimulated macrophages    

 

  

 

[139] 

Herring milt  1 ng mL−1 and 100 pg mL−1 

↓ iNOS activation in LPS (2.5 ng mL−1) stimulated macrophages 

IVPAS 485 Da, FDKPVSPLL 

1,014 Da 

[42] 

Nile tilapia (O. niloticus) 

fillet 

20 mg mL-1 of 30–45‐min ultrasonic pretreated hydrolysate 

↓ NO in LPS (100 μg mL-1) stimulated macrophages  
 [140] 

Nile tilapia (O. niloticus) 

fillet 

10 – 100 mg mL−1 

↓ NO ≤ 87% in LPS (100 μg mL-1) stimulated macrophages  

6,309.46 Da, 

AFAVIDQDKSGFIEEDELKLFLQN

FSAGARAGDSDGDGKIGVDEFAA

LVK 

[141] 

Pacific whiting (M. 

productus), commercial 

preparation of fermented 

fish protein concentrate 

(Seacure®) 

0.3 mg mL-1, 7-d 

↑ IL-4, IL-10, IL-6, IFN-γ and TNF-α in lamina propria of small intestine 

of BALB/c rats, secretory-IgA level in intestinal lumen and number of IgA 

cells in small intestine lamina propria of rats 

 

 [127] 

Rohu (L. rohita) roe 

byproduct powder 

0.25 – 1 g kg-1 BW d-1, 45-d 

↑ NK cell activity +77% in YAC-1 cells, proliferation in concanavalin A 

(2.5 μg mL-1) stimulated splenic lymphocytes, CD4
+ and CD8

+ cell 

 

 

 

 

[142] 
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population in splenic T lymphocytes, secretory-IgA in small intestine 

lumen of rats  

Salmon byproduct 

(pectoral fin) 

Peptic hydrolysate 

↓ intracellular ROS, NO, TNF-α, IL-6 and IL-1β non-cytotoxically in LPS 

(1 μg mL-1) induced macrophages 

Peptic hydrolysate (1 – 2 kDa), HAA 

31, CAA 31 > BCAA 11 g 100g -1 

hydrolysate, L/A 1.3, M/G 0.4 

[124] 

Salmon byproduct 

(pectoral fin) 

Pretreatment with 0.75 mM of PAY  

↓ NO -64%, PGE2 -45%, iNOS and COX-2 protein expression, TNF-α -

58%, IL-6 -43%, IL-1β -65% in LPS (1 μg mL-1) induced macrophages  

PAY 349.15 Da [67] 

Salmon byproduct, 

commercial preparation 

by acid hydrolysis (H-

pro®) 

2-d pretreatment of LPS (100 μg mL-1) induced Atlantic salmon (S. salar) 

cell models with 20% H-Pro® 

↓ caspase-3 transcription in co-cultured liver cells, activated caspase-3 in 

cytosol in H2O2 (200 µM) induced oxidative stressed liver cells,  

↑ IL-1β transcription in head kidney / co-cultured liver cells, catalase 

protein expression in all cultures, leukotriene B4, PPARα in co-cultured 

liver cells 

< 1,000 Da (~ 80%), high in taurine [164, 

165] 

Salmon spine byproduct  3.5% fish protein (FP) + 5% fish oil (FO), 4-wks  

↑ prostaglandin (PGD2, PGE3), Nos2 mRNA compared to FO-diet in DSS 

(5%) induced colitis rats 

< 1,000 Da (70%) 

 

  

[143] 

Salmon, bonito, herring 

and mackerel, commercial 

preparation 

1 mg mL-1 

NO ↓ ~-50% (except bonito, herring, mackerel) in LPS (2.5 ng mL-1) 

induced macrophages, 

 [166] 

20% (w/w), 28-d  

↓ proinflammatory cytokines expression: TNF-α, IL-6 in VAT of HFHS 

bonito-, herring-, mackerel-, or salmon- protein-fed rats compared to casein 

fed Wistar rats 

Sandfish (A. japonicus) 

whole and byproduct (roe) 

0.1 mg mL-1 

↓ NO ≤ -52% (roe hydrolysate and its fractions more potent) in LPS (1 μg 

mL-1) induced macrophages  

 

 

  

Meat hydrolysate: 10 kDa (39%), < 3 

kDa (35%), 5 – 10 kDa (15%), 3 – 5 

kDa (10%),  

Roe hydrolysate: < 3 kDa (44%), 3 – 5 

kDa (23%), 5 – 10 kDa (20%), 10 kDa 

(13%) 

[144] 

Sardine 

(S. pilchardus) byproduct  

1 mg mL-1 fraction > 10 kDa:  

↓ viability compared to fraction < 10 kDa in Caco-2 and EA.hy926 cells, 

Fraction < 10 kDa: CAA 53% > HAA 

32% > BCAA 9%, Tau 0.17% 

[146] 
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(sarcoplasmic protein) 2 mg mL-1 desalted < 10 kDa:  

↓ NO, intracellular ROS, pro-inflammatory cytokines: MCP-1, VEGF, IL-

8, and ICAM-1 ≤ -26% in TNF-α (10 ng mL-1) stimulated EA.hy926 cells 

(more prominent in Caco-2 cells co-cultured model≤ -47%) 

Sardine (S. melanosticta) Sardine peptide and quercetin (SP-QC) mixture (250 mg SP and 0.812 mg 

QC kg-1 BW d-1), 4-wks  

↓TNF-α in SHR rats, TNF-α, NO and IL-6 in LPS (100 ng mL-1) stimulated 

macrophages 

HAA 33 – 44% > basic AA 19 – 34% 

> BCAA 17 – 29% > AAA 4 – 8% 

 

[145] 

Sardine fillet 

 

3.4 g d-1 per rat, 8-wks 

↓ plasma leptin -15% and TNF-α -31% in fructose-free diet fed rats,  

plasma leptin -19% and TNF-α -16% in high fructose diet fed rats 

compared to casein fed group   

 [147] 

Sardine fillet 20% (w/w), 8-wks 

↓ liver, kidney, and heart NO compared with high fructose casein fed rats 

CAA 45 > HAA 41 > BCAA 18 g 

100g-1 protein, L/A 1.7, M/G 0.7 

[148] 

Sea bream (Sparidae sp.) 

and snapper species 

(Lutianidae sp.) scale 

byproduct, commercial 

collagenic preparation 

3% (w/v) 

↓ NF-κB of colon epithelium ~ -50%, serum MCP-1 ~ -50% in DSS (3% 

(w/v)) induced ulcerative colitis C57BL/6J rats 

  

500 – 1,000 Da, Gly 34% > Ala 13% 

> Pro 11% > Hyp 9% > Glu 7% of dry 

matter 

[167] 

Seabass (L. calcarifer) 

skin byproduct  

↓ cell proliferation ≤ -73% in macrophages, H2O2 (40 – 60 µmol L−1) 

induced DNA damage ≤ -66% in U937 cells, IL‐6 and IL‐1β ~ ≤ -47% in 

LPS (0.5 μg mL−1) induced macrophages, proliferation ~≤ -39% in Caco‐2 

cells and HepG2 cells 

 [149] 

Shark, commercial 

preparation (PeptiBal™) 

 

single dose of 6 µg mL-1  

↑ IL-6 in LPS (0.1 µg mL-1) induced intestinal epithelial cells,  

 [126] 

4.5 mg kg-1 BW, 7-d pre-enterotoxigenic E. coli H10407 (ETEC) infection   

↓ IL-17,  

↑ number of IgA–, IL-4–, IL-6–, TNF-α–, IFN-γ–, IL-10–, CTLA-4–

positive cells, TGF-β level in BALB/c rats 

Skipjack tuna heart 

byproduct  

1 – 100 μg mL-1 

↓ NO ≤ -77%, pro-inflammatory cytokines: IL-1β ≤ -70%, IL-6 ≤ -87%, 

TNF-α ≤ -90%, phosphorylation of MAPKs: p-p3 ≤ -31%, p-ERK ≤ -49%, 

pJNK ≤ -43%, expression of iNOS ≤ -38%, COX-2 ≤ -61%, cytoplasmic 

 [150] 
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and nuclear p-NF-κB p65 / NF-κB p65 ≤ -60% in LPS (1 μg mL-1) induced 

macrophages,  

10 – 250 mg kg-1 BW  

↓ ear thickness ≤ -24% in croton oil (2.5 – 5%) triggered ear edema of ICR 

rats   

Sweetfish (P. altivelis) 

fillet  

200 µg mL−1 of hydrolysates (pepsin (PH), trypsin (TP), chymotrypsin 

(CH)) 

↓ NO ~ ≤ -73%, proinflammatory cytokine production: TNF-α ~ ≤ -56%, 

IL-6 ~-54% (except PH), PGE2 ~≤ -60% (except PH), mRNA expression of 

TNF-α, IL-1β, IL-6, iNOS, and COX-2 (except PH), NF-κB dependent 

luciferase activity (except PH), MAPK phosphorylation, iNOS, COX-2, 

and TLR4 expression, ERK-1/2 phosphorylation (except PH),  

↑ cell survival in LPS (0.5 – 1 µg mL−1) stimulated macrophages 

 [151] 

Tilapia (O. niloticus)  800 μg mL-1 

↑ pro-inflammatory gene expression: IL-1β, IL-6, IL-8, TNF-α, COX-2, and 

NF-κB in LPS (0.5 ng mL-1) induced THP-1 macrophages 

  [152] 

Tilapia scales byproduct, 

commercial collagenic 

preparation 

 

1 mg mL-1 

↓ mRNA expression of proinflammatory cytokines: TNF-α -58%, iNOS -

57%, IL-1β -74%, and IL-8 -74%, CoCl2-induced cytotoxicity, Bax 

expression -92%, cleaved caspase-3 -28%, cytochrome c expression -64%, 

p38/MAPK phosphorylation, TNF-α-induced ERK activation -72%, TNF-

α-induced JNK activation -63%, restoring endogenous antioxidant defense 

mechanism (intracellular ROS generation), NF-κB activation, NF-κB 

nuclear translocation: nucleic NF-κB p65 -60%, 

↑ cell viability and proliferation, Bcl-2 expression, NF-κB nuclear 

translocation: cytoplasmic NF-κB p65 +250% in CoCl2 (100 – 500 

μM)/TNF-α (20 ng mL-1) induced HaCaT cells, dose-dependently (except 

dose-independent effect on cell proliferation) 

100 – 1,300 Da, HAA 50 – 62% > Gly 

24 – 27% > CAA 19 – 27% > BCAA 

5 – 7%, L/A 0.4 – 0.5, M/G 0.04 – 

0.06  

 

 

 

 

 

[168] 

Tilapia scales byproduct, 

commercial collagenic 

preparation 

Pretreatment with 0.02 – 2 mg mL−1 

↓ NO, TNF-α, expression of iNOS, TNF-α, COX-2, and IL-1β, NF-κB–

DNA binding activity via calcium concentration, nuclear translocation of 

NF-κB p65 in LPS (1 μg mL−1) induced macrophages  

700 – 1,300 Da, HAA 639 > Gly 333 

> CAA 187 > BCAA 49 AA 

residue/1000 residues, L/A 0.5  

 

[153] 
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Tuna byproduct (canning 

process cooking drip) 

  

800 mg kg-1 BW, 2-wks 

↑ IL-2, IL-10, serum level of IgG2a and IgG1 (Th1 activity),  

↑ lymphocyte proliferation in ConA (3 μg mL-1) and LPS (1 μg mL-1) 

induced Balb/c rats 

< 5 kDa (98%)   [154] 

Tuna byproduct (canning 

process cooking juice) 

↓ IL-2, IFN-γ, TNF-α (except 0.5%, 1% flavourzyme 0.5 h) in LPS (2 µg 

mL−1) stimulated macrophages 

1,060 – 26,600 Da, 

PRRTRMMNGGR 1,543.8 Da, 

MGPAMMRTMPG 1,211.5 Da  

[155] 

Tuna heart  ↓ NO, IL-1β, IL-6 and TNF-α in LPS induced macrophages   [156] 

Tuna skin byproduct  1 mg mL-1 

↓ cytosolic translocation of LPS (100 ng mL-1) triggered HMGB1 release,  

↑ expression of HO-1 protein via gene transcription induction, cytosolic 

NRF2 translation time/dose dependently in macrophages,  

500 – 3,000 Da [157] 

single injection dose of 1 mg kg-1 BW 

↑ survival rate upon LPS (10 mg kg-1 BW) induced lethality +50%, 

circulating HMGB1 in endotoxemic BALB/c rats 

Unicorn leatherjacket (A. 

monoceros) skin 

byproduct  

↓ H2O2 (40 – 60 µmol L−1) induced DNA damage in U937 cells, cell 

proliferation ~ -50% dose-dependently in Caco‐2 cells, pro‐inflammatory 

cytokines: IL‐1β ≤ -43%, IL‐6 ≤ -55% and NO ≤ -50% dose-dependently in 

LPS (0.5 µg mL−1) stimulated macrophages,  

↑ cell proliferation in U937 cells, SOD and CAT enzyme activity ≤ +20% 

in H2O2 induced HepG2 cells 

 [158] 

Warm sea fish skin, 

commercial type I and III 

collagen preparation 

(Naticol®) by Weishardt, 

France 

4 g kg-1 BW d-1 20-wks  

↓ IL-6 and IL-1β in HFD fed obese rats  

  

2 kDa, CAA 30% > Gly 30% > imino 

AA 23% > BCAA 6%  

L/A 0.39, M/G 0.04 

[159] 

Wild marine fresh fish 

scales 

1 g kg-1 BW every other day, 6-wks 

↓ proinflammatory cytokines IL-1β and IL-12, 

↑ IL-10 in obese hypercaloric diet fed rats  

 [160] 

Increased, improved, stimulated and/or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregulated expression are denoted 

as “↓”. Percentages of the effects are denoted as minus “-” and plus “+” signs for decreased and or increased effects. HAA: Hydrophobic Amino Acids 

(alanine, valine, isoleucine, leucine, tyrosine, phenylalanine, proline, methionine, and cysteine), AAA: Aromatic Amino Acids (phenylalanine, tryptophan, 

and tyrosine), PCAA: Positively Charged Amino Acids (arginine, histidine, lysine); NCAA: Negatively Charged Amino Acids (aspartic acid, glutamic 
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acid), EEA: Essential Amino Acids (phenylalanine, valine, threonine, isoleucine, methionine, histidine, leucine, lysine and tryptophan), BCAA: Branched 

Chain Amino Acids (isoleucine, leucine and valine). 
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In general, hydrolysis is furthered by centrifugation, nano- and/or ultra-filtration 

membranes of varying sieving pores, for isolation of rather smaller size immuno-modulating 

peptides. Moreover, electrodialysis with ultrafiltration recently has been used to produce 

biopeptides from various fish types [42, 45]. However, ultrafiltration is the most common 

and practical technique at the industrial scale. Nonetheless, only about 20% of the articles 

reviewed herein employed UF technique (MWCO 1 – 15 kDa) and majority made efficient 

use of size exclusion and or gel filtration chromatography for the separation of smaller size 

oligopeptides (table II. 2.). Additional chromatographic methods (e.g., solid phase extraction, 

ion exchange and or liquid chromatography) and some atypical techniques, for instance 

isoelectric focusing, have been employed for desalination and purification purposes (table II. 

2.). It is of note that more purification at times would decrease the potency of the product 

since immunomodulation effects of peptides may be of synergistic nature. For example, Nile 

tilapia hydrolysate’s gel filtered fractions were 53% more potent than its subsequent HPLC 

derived subfractions in anti-NO activity [141]. Contrary to Nile tilapia, gel filtration and 

liquid chromatography improved tuna cooking juice hydrolysates inhibitory activity, up to 

44%, on macrophage-released inflammatory mediators (IL-2, INF-γ and TNF-α) [155]. 

Of all the articles reviewed herein, only few have advanced their investigations by 

identifying the potent oligopeptides’ amino acid sequence done by common MALDI-QTOF 

and or QTOF LC/MS/MS coupled with ESI source which is a necessity for Quantitative 

Structure Activity Relationship (QSAR) studies as well as chemometric/cheminformatic 

analyses, (tables II. 2. and II. 5.). However, about 50% of the studies have characterized the 

active fractions in terms of molecular weight distribution, free and total amino acid content 

by auto amino acid analyzer, SDS-PAGE, and chromatography techniques (tables II. 2. and 

II. 3.). Except for one of the human and population-based clinical studies, which have tested 

the efficacy of a commercial high-MW food/pharmaceutical-grade dried fish gelatin 

preparation on inflammatory and CVD markers in insulin-resistant subjects, none has 

characterized the fish diet’s protein content (table II. 4.).  
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Table II. 4.: Immunomodulatory effects of fish and fish products / byproducts in human and population-based clinical studies 

Protein source and or fish 

name Study design Subjects and inclusion criteria  Observation  

Parameter 

(reference) 

All fish types ATTICA cross-sectional survey 

study (based on low-, medium- and 

high-fish diet: < 150, 150 – 300,  > 

300 g wk-1) 

3,042 healthy male and female (18 – 89 

y)  

 

↓ CVD associated 

inflammatory 

markers: CRP -3%, 

TNF-α -21%, SAA -

28%, WBC counts -

4%,   

↑ IL-6 +33% in 88 – 

91% of participants 

(except low- and 

medium-fish diets) 

Modulation of 

atherosclerosis and 

CVD related 

inflammatory 

markers [169] 

 

Atlantic salmon, salmon, 

sardine, trout, tuna  

(processed fish: skin on/ off, 

marinated, flavored canned, 

slices in spring water, or lightly 

seasoned frozen fish fillets) 

Parallel randomized controlled 

study four servings of mixed fish 

per week for 8-wks 

Elderly (≥ 64 y) male and female with 

BMI ≥ 18.5 kg m-2, usual consumption 

of ≤ 1 serving of fish/seafood per week, 

willing to consume eight servings of 

fish or red meat per fortnight 

Insignificant effect on 

serum cytokines CRP, 

IL-1, and IL-6 in 

subjects   

Modulation of 

serum cytokines 

[170] 

Fatty fish (farmed salmon), lean 

fish (Icelandic cod) 

Multi-center, parallel, and 

randomized controlled study with 

three interventions of fatty-, lean-

fish (2 x 150 g wk-1), and or dietary 

advice for 6-m    

Three groups of participants with 

previous colorectal adenomas, with 

nonactive ulcerative colitis or without 

any macroscopic signs of disease in 

colon  

↓ serum CRP ≤ -30%  Modulation of 

inflammation 

markers in serum, 

feces, and gut [171, 

172] 

Fatty fish (FF):  

salmon, rainbow trout, Baltic 

herring, whitefish, vendace, or 

tuna and  

lean fish (LF):  

pike, pikeperch, perch, saithe, 

or cod 

Randomized to 8-wks of FF (4.3 

portions fish per week), LF (4.7 

portions fish per week) and or 

control intervention diet groups 

 

Patients who attended university 

hospital and diagnosed with myocardial 

infarction or unstable ischemic attack 

during previous 3 – 36-mos (59.2 – 

62.7 y, BMI 26.4 – 27.8 kg m-2) on 

betablocker and or statin medication  

↓ circulating levels of 

sICAM-1 (except 

FF),  

↑ mRNA levels of IL-

1β (except LF) in 

subjects   

 

Modulation of 

inflammatory gene 

expression in 

peripheral blood 

mononuclear cells 

of patients with 

coronary heart 

disease [173] 
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Lean fish skins: deep water fish 

e.g., cod, pollock, haddock  

(commercial preparation (high 

MW food/pharmaceutical-grade 

dried fish gelatin (Norland 

products)) 

 

Crossover design with two 

experimental periods of 8-wks (4-

wks run-in period pre-treatment and 

12-wks washout period post 

treatment) on n-3 PUFA supplement 

alone or n-3 PUFA + fish gelatin 

(25% of daily dietary proteins) 

Subjects (male and female), 35 – 70 y, 

obese (BMI 26 – 39 kg m-2) and insulin-

resistant with high fasting plasma 

insulin (corresponding to percentile ≥ 

75th for fasting insulin levels in a 

sample from adult Quebec population), 

and or impaired fasting plasma glucose 

(5.6 – 6.9 mM), or impaired glucose 

tolerance following 2-h post 75 g oral 

glucose tolerance test with plasma 

glucose of 7.8 – 11.0 mM  

↓ serum hsCRP -40% 

in males,  

↑ serum hsCRP +20% 

in females  

(inverse smaller 

effects in different 

sexes) 

Modulation of 

inflammatory and 

CVD markers in 

free-living insulin-

resistant male and 

female subjects 

[174] 

Increased, improved, stimulated and or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregulated expression are denoted as 

“↓”. Percentages of the effects are denoted as minus “-” and plus “+” signs for decreased and or increased effects.  
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6. Immunomodulatory effects of fish peptides  

In this section, anti- and or pro-inflammatory effects and implications of fish 

biopeptides on mainly the activation, production, and or expression of selected CMS risk 

factors associated cytokines and effectors (1) NOS and NO, (2) ILs, (3) TNF-α, (4) IFN-γ, 

and (5) COX and PGs will be discussed. 

6.1. Immunomodulatory effects of fish biopeptides on NOS and NO 

6.1.1. Pathophysiology of NOS and NO 

While regulating the function, growth and death of various immunity and 

inflammatory cell types, NO is also toxic to the invading microorganisms. Mainly Inducible 

type-2 isoform of Nitric Oxide Synthase (iNOS-2), out of 3 types of NOS, hydroxylates the 

terminal guanidino nitrogen of L-arginine to NO, which then at high concentrations are 

rapidly oxidized to reactive nitrogen oxide species to facilitate its immunological effects. It 

is of note that various inflammatory cytokines (e.g., IL-1β, TNF-α, and IFN-γ) activate the 

iNOS [175]. Moreover, its activity is non-specific and concentration dependent which, does 

not necessitate a receptor on the target site [176]. NOS-2 or iNOS genes interact with many 

proteins to induce or to inhibit a bodily response to a stimulus (figure II. 3.). For example, 

NOS-2 deficient rat presented enhanced Th1 cell responses via induction of IL-12 synthesis 

by macrophages [177]. Naturally, excessive production of NO is destructive and implicated 

as pro-inflammatory. Nevertheless, enhanced ischemic tissue’s endogenous NO bioactivity 

per se, by oral L-arginine doses, repairs the compromised angiogenesis process in 

hypercholesteremic patients [178]. Importance of NO, as a vasodilator, in endothelial 

dysfunction has also been studied by Mather et al. [179]. Bioavailability of NO is 

significantly decreased, due to reduced expression of eNOS, in obese and diabetic individuals 

leading to the disparity of vasodilators and vasoconstrictors [179]. Additionally, 

hypertension, a risk factor of CVD, is affected by reduced bioactivity of NO following eNOS 

gene disruption (figure II. 2.) [180]. Furthermore, iNOS expression level and its NO 

catalyzing activity drastically are upregulated and augmented by hyperglycemic conditions 
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in endotoxin-induced (LPS) insulin resistance [181]. It is noteworthy that adverse effects 

have been reported for anti-NOS therapies (non-competitive NOS inhibitor Asymmetrically 

Dimethylated Arginine (ADMA): inflammatory syndrome and endothelial dysfunction, 

competitive arginine-based NOS inhibitors: hypertension and decreased cardiac output). 

Nevertheless, natural alternatives such as non-cytotoxic fish biopeptides could serve the same 

purpose with no adverse effects.  

6.1.2. NOS and NO modulatory fish biopeptides  

Modulating effects of salmon of many types (hydrolysate and fractions) on iNOS and 

NO synthesis have been documented in various studies. Fractions and sub-fractions of 

salmon pectoral fin peptic hydrolysate decreased the NO production in LPS stimulated 

macrophages with Pro-Ala-Tyr, a rather hydrophobic drug-like tripeptide with high predicted 

gastrointestinal (GI) absorption, being the most potent fraction among others [67, 124] (tables 

II. 2., II. 3., II. 5., II. 6. and II. 7.). Correspondingly, pepsin has shown to be more suitable 

for the extraction of anti-NO peptides from sweetfish over trypsin yet non-active on iNOS 

mRNA expression [151]. The trypsin, pepsin and chymotrypsin digested sweet fish muscle 

suppressed NO production to varying degrees while only two latter hydrolysates 

downregulated the iNOs expression levels [151]. Besides enzymatic hydrolysis, alkaline 

digestion of salmon frames also resulted in a small size fraction (< 1,000 Da) rich in 

negatively charged peptides with moderate effect on NO production even at low 

concentrations of 1 ug mL-1 [131]. Some studies have attempted to improve and or induce 

anti-NO and anti-iNOS effects of fractions by combination therapies and or chemical 

modifications such as chemical glycosylation. Enzymatic hydrolysate of salmon muscle 

tissue when conjugated with sorbitol and or alginate oligosaccharides showed inhibitory 

effect on iNOS and NO levels while its non-conjugated counterpart was impotent [136]. 

Sardine peptides of fillet and or whole fish when digested, alone or in combination with 

quercetin, also respectively decreased NO levels in different tissues of high fructose-fed and 

Spontaneously Hypertensive Rats (SHR) [145, 148]. Alkaline hydrolysate of sardine resulted 

in a negatively charged peptide rich product (glutamic- and aspartic-acid) with significant 

effect on NO levels of various rat organs compared to casein diet [148]. In the study of Abachi 
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et al., fractions of Atlantic mackerel hydrolysate had both stimulatory (charged fractions of 

EDUF) and inhibitory (hydrophobic fraction of SPE) effects on NO synthesis (see chapter 

VI.). Combinedly, most of the reviewed fish biopeptides except EDUF-isolated mackerel 

biopeptides in the study of Abachi et al. could suppress NO synthesis and NOS mRNA 

expression in different settings therefore potentially being good candidates for human studies 

(table II. 3.) (see chapter VI.).  

6.2. Immunomodulatory effects of fish biopeptides on IL 

6.2.1. Pathophysiology of IL 

Today more than 60 types of cytokines are assigned as interleukins (IL). IL-1 to IL-

38 has been thoroughly discussed by Akdis et al. [182]. Interleukins are important in 

intracellular communication and cell signaling which are secreted by many bodily cells 

binding to their specific receptors on the surface of immune cells to exert their effects (figure 

II. 4.). Many of these small protein molecules’ pro- or anti-inflammatory effects regulate the 

body’s responses to diseases and invading organisms including CMS.  

 

Figure II. 4.: Signaling by interleukins 
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IL-1 family ligand members (IL-1α and IL-1β) have key roles in the pathogenesis of 

CMS inclusive of T2D (figure II. 2.). Activation of inflammasomes, high-molecular-weight 

protein complexes, lead to the production of IL-1β. Nod-Like Receptor Proteins (NLRP), and 

the adaptor molecule apoptosis-associated spec-like protein containing a Caspase 

Recruitment Domain (CARD) interact on inflammasomes platform activating caspase-1 

[183]. Inactive pro-IL-1β is processed with caspase-1 leading to the secretion of active form 

of IL-1β. Initial activation of pattern recognition receptors, such as Toll-Like Receptors 

(TLR) result in the transcription of IL-1β [184]. Furthermore, obesity induced insulin 

resistance is a consequent condition of nutrition overload and lipid accumulation in metabolic 

organs, skeletal muscle, and liver, that is associated with disrupted fatty acid metabolism. 

Obesity-related disorders are also interlinked with inflammasomes that mediate IL-1β 

production. IL-1β has repeatedly been linked to hepatic beta cells secretory dysfunction and 

destruction [183]. Obstruction of IL-1β and or IL-1β deficiency in diabetic subjects and obese 

mice, respectively, resulted in enhanced glycemia and β cell secretory function, decreased 

systemic inflammation markers and overall better metabolic homeostasis [185, 186]. 

Besides, pre-hypertension, an inflammatory associated condition initiating a more severe 

hypertensive state, is affected by alterations of the immune system [187]. Peeters et al. 

showed that in essential hypertension, compared to the normotensive control subjects, 

circulating levels of Interleukin-1 Receptor Antagonist (IL-1RA), LPS‐stimulated production 

of IL‐1β and IL‐6 increased while TNF‐α production capacity significantly decreased [188]. 

Higher circulating concentration of IL‐1RA, as an anti‐inflammatory cytokine, activates the 

immune system initiating the attenuation of IL‐1β effects, which is in accord with the studies 

of Larsen et al. and Stienstra et al. [185, 186, 188]. Likewise, cholesterol homeostasis in IL-

1RA-deficient hypercholesterolemic mice, compared with wild-type ones, is interrupted 

initiating lipid buildup in liver caused by high total cholesterol [189]. This is influenced by 

obstructed mRNA expression of cholesterol 7-α-hydroxylase, an enzyme involved in bile 

acid synthesis, in atherogenic diet-induced inflammation [189]. Exposing ox-LDL-

stimulated THP-1 macrophages to IL-32α enhanced fat accumulation while it negatively 

affected the cholesterol efflux [190]. It has been shown that IL-1 precipitously increases 

serum triglyceride levels but not the cholesterol levels [191]. Hepatic triglyceride secretion 

and de novo lipogenesis are greater in the liver of IL-6 exposed rats [191]. Hence, lipid and 
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cholesterol metabolism are modulated by IL-1, IL-1RA, IL-6 and IL-32α. Despite 

conventional drugs, fish-based IL inhibitors could be safe substitutions to anti-IL therapies 

posing mild and or severe side effects (e.g., (1) canakinumab and anakinra (anti-IL-1): 

increased risk of infections, neutropenia, and low platelet count, not recommended for 

patients with high risk of infections, (2) siltuximab (anti-IL-6): increased risk of upper 

respiratory tract infections, nausea, fatigue pruritus, increased weight gain, rash, 

hyperuricemia, thrombocytopenia, dyspnea, leukopenia, and neutropenia) [192]. 

6.2.2. IL modulatory fish biopeptides  

In addition to anti-NO and anti-NOS activities, salmon peptides (hydrolysates and 

fractions) have repetitively shown noticeable interleukin immunomodulation effects in 

several experimental models. While commercially prepared salmon peptide at relatively low 

concentration diminished about 50% of the IL-6 expression levels in hypercaloric High Fat 

High Sucrose (HFHS) diet fed rats, rather small size (< 1,000 Da) fraction of salmon 

byproduct had negligible IL-6 mRNA reducing effect in Dextran Sulfate Sodium (DSS) 

induced colitis rat models [143, 166]. Another oligopeptide (< 860 Da) of salmon, rich in 

negatively Charged Amino Acids (CAA), glutamic- and aspartic-acid, similarly amplified 

serum levels IL-6 in a mice model [134]. The same fraction increased IL‐1α, IL‐10 and IL‐

12 levels respectively in serum and splenocytes of gamma radiation‐induced immune 

suppressed rat models [135]. Salmon oligopeptide altered the anti-inflammatory cytokines 

secretion [134, 135]. Another salmon hydrolysate fraction, abundant in charged peptides, 

lowered IL-1β, IL-6, and IL-12 in Visceral Adipose Tissue (VAT) of HFHS diet fed mice, 

with no functional LDL Receptor (LDLR-/-), fairly comparable to a mixed fish and Fish Oil 

(FO) diet-fed groups [131]. Comparably, tilapia commercial and laboratory prepared 

collagen fraction presented dose dependent and/dose independent immune modulating 

properties. Commercial preparations enforced inhibitory effect on expression levels of IL-1β 

and IL-8 pro-inflammatory cytokines in HaCaT cells and macrophages (CoCl2/TNF-α- and 

LPS-stimulated, respectively) [153, 168]. These small MW fractions, < 1,300 Da, were 

mostly composed of Hydrophobic Amino Acids (HAA) abundant in glycine [153, 168]. In-

house preparation of enzymatic hydrolysate of tilapia mince powder stimulated the 
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expression of pro-inflammatory IL-1β mediator up to ~ 400-relative in LPS-induced 

leukemia cells line [152]. Moreover, small MW oligopeptides of tuna cooking juice’s 

(process byproduct) alcalase hydrolysate suppressed the secretion of IL-2 in LPS-induced 

macrophages by ~ 80% (Pro-Arg-Arg-Thr-Arg-Met-Met-Asn-Gly-Gly-Arg (1,543.8 Da) and 

Met-Gly-Pro-Ala-Met-Met-Arg-Thr-Met-Pro-Gly (1,211.5 Da)) [155]. In contrary, a 

moderately small salmon-derived peptide (< 860 Da) that was CAA rich (lysine, leucine, 

arginine, glycine, glutamic- and  aspartic-acid) increased IL-2 serum level in ICR rats [134]. 

Another rather larger size fraction of tuna cooking juice (< 5,000 Da), yet digested 

differently, enhanced the secretion of IL-10 and IL-2 mitogen-free and LPS-stimulated 

splenocytes [154]. Additionally, extract of another tuna process waste (heart) exerted anti-

inflammatory effect on the secretion of IL-1β and IL-6 pro-inflammatory cytokines [150]. 

The communally fish-derived biopeptides had both effects on interleukins yet were more 

inhibitory than stimulatory. For example, pacific whiting, salmon, tilapia, and or shark 

peptides exerted immunopotentiation effects on IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, and IL-12 

(table II. 3.). Low doses of IL-6 administration demonstrated anti-obesity effect in Il6−/− rat 

model through enhancing the expenditure of energy therefore, for instance, shark peptides 

could conceivably be formulated into a dosage form to reduce obesity [126, 193]. 

Collectively fish biopeptides had both inhibitory and stimulatory effects of the IL making 

them potential candidates for drug design and discoveries. These observations directed few 

studies to assess the whole fish diet (unprocessed) on the modulation of ILs on healthy and 

ill individuals.  

Pot et al. took a step further and examined the impact of fish diet in an intervention 

study, fatty and lean fish (farmed salmon and Icelandic cod), in different groups of subjects; 

nonactive Ulcerative Colitis (UC), polyp patients and healthy controls [171, 172]. 

Interestingly while the diet significantly reduced the markers of systemic inflammation but 

could not enforce beneficiary effect on the local gut cytokine inflammatory markers; IL-1α, 

IL-4, IL-6, IL-10, and IL-13 [171, 172]. This finding relatively agrees with the study of 

Grieger et al. where fish diet, containing canned salmon, did not modulate IL-1 and IL-6 

serum concentration in healthy elderly individuals [170]. Nevertheless, more studies are 

required to conclude on the IL modulatory effects of fish intake.  
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6.3. Immunomodulatory effects of fish biopeptides on TNF-α  

6.3.1. Pathophysiology of TNF-α 

TNF-α, a rather large molecular weight protein of the super ligand family of TNF, is 

one of the early mediators of pro-inflammatory cytokine production with high abundance in 

the inflamed tissue post organ- or tissue-injury. TNF-α cytokine, mainly produced in 

response to extracellular stimuli by activated macrophages, signals through two 

transmembrane receptors, TNFR1 and TNFR2, playing a key role in proliferation, apoptosis, 

differentiation and activation of macrophages, and inflammation [194]. TNF-α Converting 

Enzyme (TACE) cleaves Membrane-integrated TNF-α (mTNF-α) to Soluble TNF-α (sTNF-

α) [195]. TNF is responsible for TNF-induced activation of NF-κB, c-Jun N-terminal Kinases 

(JNK), and Mitogen Activated Protein Kinases Isoform p38 (p38-MAPK) (figure II. 3.). In 

general, NF-κB induces the transcriptional activation of several inflammatory-related genes. 

Stimulus-induced degradation of I-κB by TNF liberates NF-κB thus allowing its nuclear 

translocation. Accordingly, further phosphorylation of its subunits fully activates NF-κB in 

which mitogen activated protein kinases (MAPK; JNK, ERK, and isoform p38) and Protein 

Kinase C (PKC) isoforms are also involved. p38-MAPK is activated post leukocyte 

stimulation by pro-inflammatory cytokines and that in neutrophils is mediated by TNF-α 

[196]. Interaction of cellular I-κB proteins (inhibitory counterparts of the NF-κB/Rel 

proteins) with nuclear location sequence of NF-κB, in non-induced state, prevents its nuclear 

translocation hence its functional role. Furthermore, TNF-α and its related signaling 

pathways, like other pro- and anti-inflammatory cytokines, take part in the pathogenesis of 

CMS (figure II. 2.). TNF-α significantly affects lipid and energy metabolism by different 

routes; suppressing the uptake of Free Fatty Acid (FFA) and promoting lipogenesis, 

stimulating lipolysis and hindering the activity of lipid-metabolism-related enzymes, 

regulating cholesterol metabolism and other adipocyte-derived adipokines [197]. The topic 

has been extensively reviewed and discussed by Chen et al. [197]. Intensified lipolysis, by 

TNF, would lead to higher serum triglyceride levels too [191]. It has been known for decades 

that mRNA expression of TNF-α is significantly induced in obese and diabetic mice with 

elevated circulatory and local TNF-α levels. Mechanisms by which TNF-α enforce its 



 

57 
 

metabolic effects on insulin resistance and T2D are; (i) downregulation of Peroxisome 

Proliferator-Activated Receptor Gamma (PPARγ) and genes vital for normal insulin 

functionality and activity, (ii) insulin signaling modulation and (iii) lipolysis stimulation 

increasing FFA [198]. Nearly two decades ago Peraldi et al. suggested the role of this pro-

inflammatory cytokine in inhibition of insulin signaling through promoting the production of 

an inhibitory form of Insulin Receptor Substrate 1 (IRS-1) [199]. Scientists have also 

confirmed that TNF-α levels are significantly higher in white adipose tissue of obese and 

high fat diet fed mice [200, 201].  

In experimental and population studies, high Blood Pressure (BP), systolic and 

diastolic BP incidences progressively and significantly augmented with higher TNF-α levels 

[202, 203]. mRNA level of eNOS expressively decreases by TNF-α leaving NO less 

bioavailable for normal endothelial function hence triggering chronic vasoconstriction, and 

elevated BP [203]. TNF-α and p38-MAPK blocking agents are in practice for reducing 

inflammatory mediator production and additional treatment of autoimmune and 

inflammatory diseases. Interestingly, TNF solely or in combination with chemotherapeutic 

drugs can also exhibit tumoricidal effects where its systemic action is completely prevented. 

TNF-α inhibitor administration improves obesity-induced insulin insensitivity in rats. In 

contrary to drugs, TNF-α inhibitory fish biopeptides may greatly ease the side effects of 

conventional in practice anti-TNF therapies; (1) infliximab or etanercept: inefficient in 

treatment of congestive heart disease increasing the risk of hospitalization or death due to 

heart failure, (2) other anti-TNF therapies: increased risk of central and peripheral nervous 

system demyelinating disorders (e.g., multiple sclerosis and acute transverse myelitis), and 

paradoxical psoriasis (e.g., severe skin lesions in IBD patients) [192, 204].  

6.3.2. TNF-α modulatory fish biopeptides  

As one of the most studied fish types, in addition to anti-NO, anti-NOS and IL 

modulatory effects, commercially prepared salmon proteinic fraction suppressed TNF-α 

synthesis up to ~50%, in VAT of HFHS-fed mice compared with casein-fed control group 

similar to the peptic salmon pectoral fin hydrolysate, rich in HAA, which decreased its level 
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up to ~3.5-fold in LPS-induced macrophages [124, 166]. A rather small size fraction of 

salmon, when administered orally, decreased the circulatory levels of NF‐κB and IκBα in 

60Co gamma irradiation stimulated mice [135]. Salmon frame proteins, rich in charged 

peptides, were of TNF-α suppressant type in LDLR-/- deficient rat models when digested, 

fractionated and filtered (MWCO: 1,000 Da) sequentially [131]. Salmon muscle derived 

protein fractions, when conjugated with sorbitol-alginate oligosaccharides, reduced TNF-α 

(67%) in LPS-stimulated macrophages [136]. The same fraction as well exhibited inhibitory 

effect on acute inflammation of carrageenan-induced paw edema [136]. However, its effect 

on systemic inflammation was not tested. Comparably, in-vitro and in-vivo analysis of 

sardine peptides, digested and filtered (< 5,000 Da), in combination with quercetin also 

showed noticeable anti-TNF-α effects in macrophages and in SHR rats, respectively [145]. 

More or less similar effects were documented for sardine acid and/or alkaline solubilized 

fillet proteins in fructose-free diet and high-fructose fed rats [147]. Tilapia scale collagen 

commercial product (HAA rich, < 1,300 Da) exerted anti-TNF-α effect, ≤ 58%, on CoCl2 / 

TNF-α induced pro-inflammatory cytokines expression in HaCaT cells via suppression of 

the ROS, MAPK (p38/MAPK, ERK, and JNK), and NF-κB signaling pathways dose 

dependently [168]. In-house tilapia scales’ enzymatic hydrolysate, glycine- and HAA-rich, 

< 1,300 Da, reduced TNF-α synthesis and TNF-α mRNA expression levels, suppressing NF-

κB activity through decreasing P65 levels in the nucleus and preventing its translocation in 

LPS-induced macrophages [153]. In addition to the well-studied species e.g., salmon, sardine 

and tilapia, other types of fish may also yield comparable effects. Tryptic and chymotryptic 

hydrolysate of sweetfish decreased NF-κB-dependent luciferase activity, and MAPK 

phosphorylation, as well as the expression of ERK, pERK, in LPS induced macrophages 

[151]. Likewise, peptic lysate of croaker’s frame powder depressed TNF-α mRNA 

expression level and JNK phosphorylation by reducing the phosphorylation of I-κB and 

translocation of NF-κB (p65 and p50) in cytosol and nucleus of LPS-stimulated macrophages 

respectively in a dose dependent manner [132]. Pre-treating the macrophages with flatfish 

hydrolysate (ribose glycated, < 3,000 Da) prior to LPS-induction inhibited p38, ERK, JNK, 

and phosphorylation of NF-κB and MAPK pathways while dose-dependently 

downregulating (~ ≥ 50%) the expression of extracellular TNF-α at transcription level [139].  
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Most of fish-origin peptides impeded the synthesis and expression of TNF-α, 

however, few like pacific whiting-, shark- and tilapia-extracted ones stimulated the cytokine 

production in both in-vivo and in-vitro settings (table  II. 3.). Nevertheless, fish TNF-α 

stimulatory and inhibitory peptides could equally be significant in medicine. For instance, 

TNF-α secretion induction would play significant in severe or chronic wound treatment 

therapies and strategies. Recently Ritsu et al. enhanced wound healing in a rat model via 

administration of bioactive TNF-α showing the role of cytokine in early phases of injury 

recovery [205]. Manuka honey as well was effective in wound healing via increasing the 

secretion of TNF-α in MM6 cells [206]. Fish in-house and commercially prepared 

hydrolysates and preparations of Pacific whiting (Seacure®), shark (PeptiBal™) and tilapia 

induced the cytokines’ secretion under different experimental settings of in-vitro and in-vivo 

studies both in macrophages and rats [126, 127, 152]. Therefore, upon appropriate 

assessments these TNF-α stimulating biopeptides could be potential ingredient candidates in 

wound treatment discoveries such as diabetic wounds. 

6.4. Immunomodulatory effects of fish biopeptides on IFN‐γ 

6.4.1. Pathophysiology of IFN‐γ 

IFN‐γ is the only version of type two IFN which primarily signals via Janus Kinase 

(Jak)‐Stat pathway (figure II. 3.). IFN-γ induces and modulates a series of immune cell 

responses, involved in innate and adaptive immunity, which are mediated by IFN-γ cell-

surface receptors (IFN-γR). IFN‐γ is mainly produced by CD4
+ T Helper cells type 1 (TH1) 

lymphocytes, CD8
+ cytotoxic lymphocytes and Natural Killer (NK) cells however other cell 

types (B cells, NKT cells, and professional antigen‐presenting cells (monocyte/macrophage, 

dendritic cells)) also secret the cytokine. IFN-γ production can negatively be regulated by 

IL‐4, IL‐10, transforming growth factor‐β, and glucocorticoids, an immunosuppressive agent 

[207, 208]. Like other cytokines, this pleiotropic cytokine also plays an important role in the 

development and inducement of CMS risk factors. In diabetic and prediabetic conditions, 

with normal glucose tolerance, NK cell activity, measured by serum IFN‐γ levels, was 

significantly lower [209]. Likewise, IFN‐γ levels and lymphocyte counts were significantly 
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lower in insulin resistant, hyper-glycemic, hyper-insulinemic, hyper-cholesterolemic and 

hyper-triglyceridemic HFD-fed mice, with excess body weight, compared to the control 

group [210]. IFN-γR deficiency enhanced angiotensin II–induced cardiac hypertrophy and 

electric remodeling, with no effect on means arterial blood pressure, compared to wild-type 

controls [211]. Accordingly, overexpression of the same cytokine, produced by NK cells, 

resulted in an immanent vascular dysfunction compared to the IFN‐γ deficient (IFN-γ−/−) 

mice that were moderately protected from angiotensin II–induced vascular endothelial and 

smooth muscle dysfunction (figure II. 2.) [212]. Number of CD4
+ and CD8

+ T cells were 

expressively higher in the VAT of obese animal models, diet-induced obesity, compared to 

the lean controls [213, 214]. Hence, less inflammatory genes were expressed in the white 

adipose tissue of IFNγ-deficient obese subjects. IFN-γR and Apolipoprotein E (ApoE) 

deficiency led to reduced expression of IFNγ-Inducible Protein-10 kD (IP-10) and I-A[b], 

and lower plasma triglycerides and glucose in obese rats in comparison to the control 

regardless of comparable adipose tissue TNF-α and Monocyte Chemoattractant Protein-1 

(MCP-1) mRNA levels [214]. It is of note that clinical use of IFN-γ therapy like other anti- 

and or pro-cytokine therapies imposes mild and or severe side effects on the patients; (1) 

actimmune and adenovirus-IFN-γ: flu-like symptoms, rash, injection site erythema, diarrhea 

and leukopenia, (2) fontolizumab: abdominal pain, vomiting, headache, nausea, arthalgia, 

asthenia and cough [215]. IFN-γ administration in a study, in combination with TLR agonists, 

improved dendritic cell-mediated antigen-specific CD4
+ T cell responses in rat experimental 

model boosting adaptive immunity, significant in treatment of diseases like cancer [216]. 

Anti-inflammatory and immunosuppressant agents such as glucocorticoids can be used to 

prevent IFN-γ-inducible gene expression and IFN-γ signaling thus hindering TH1 biological 

functions [217]. The glucocorticoids, however, are among the drugs with significant side 

effects limiting their use specially at high doses for prolonged periods (Cushing’s syndrome, 

adrenal suppression, hyperglycemia, dyslipidemia, CVD, osteoporosis, and psychiatric 

disturbances). Interestingly, anti-IFN-γ compounds have been tested for their therapeutic 

effects on several autoimmune diseases [218]. For instance, Pb can selectively interfere with 

translation of certain proteins such as IFN-γ and inhibit its biosynthesis [219]. Hence, fish 

IFN-γ inhibitory and or stimulatory biopeptides could essentially replace these therapies in a 

safer way.  
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6.4.2. IFN‐γ modulatory fish biopeptides 

On top of anti-NO, anti-NOS, IL and TNF-α modulatory effects salmon peptides 

could also exert IFN‐γ modulatory effects. The whole salmon lysate (100 – 860 Da) could 

dose-independently increase the proliferation rate of splenic lymphocyte cells compared to 

the control group [134]. Interestingly lower doses of the salmon lysate improved the NK 

cytotoxic activity and the secretory IFN-γ level while higher doses of it somewhat decreased 

that activity [134]. It is of note that the effect of lysates on the number of different subsets of 

T cells momentously diverged. Higher doses had insignificant effect on all the subpopulation 

of T cells thus lower doses suggestively increased the percentage of CD4
+ T cells (negligible 

activity on CD3
+, CD8

+ and ratio of CD4
+/CD8

+) [134]. Post-gamma irradiation salmon 

fraction treated LPS‐ and concanavalin A‐stimulated splenic lymphocytes proliferated more 

than the irradiation control [135]. In contrary to the previous study of Yang et al. on 

immunomodulation effects of fish-peptides on concanavalin A-stimulated lymphocytes, 

quantity of CD3
+ T cells in salmon-oligopeptide-fed irradiated mice were notably higher than 

the control [135]. Percentage of CD4
+ T cells also was positively affected by the same 

treatment [135]. Tryptic and peptic lysate of rohu roe effectively increased the number of 

CD4
+ and CD8

+ (T cell sub-populations) and NK cells respectively in the spleen of BALB/c 

mice [142]. The same protein hydrolysates improved splenic lymphocyte proliferation when 

cells were stimulated with concanavalin A [142]. Hydrolysate of alcalase digested roe was 

not as promoting as the other two hydrolysates on the proliferation of lymphocytes. Different 

hydrolysates of tuna cooking juice exhibited anti-INF-γ effects, however, fractions and sub-

fractions of alcalase lysate had the most noticeable effect, up to 98%, in LPS-induced 

macrophages [155]. Smaller oligopeptides of tuna (< 1,544 Da) and salmon (< 1,000 Da) 

were effective anti-INF-γ compounds [131, 155]. While salmon derived fraction (< 1,000 

Da) exerted inhibitory effects on the secretion of IFN-γ in HFS-fed LDLR−/−/ApoB100/100 

mice, commercial shark peptide product’s (PeptiBal™) effect was stimulatory on the same 

cytokine in enterotoxigenic Escherichia coli challenged BALB/c mice [126, 131]. In another 

study, contrary to the Chevrier et al.’s study, salmon peptides prompted the activity of NK 

cells and consequential IFN-γ synthesis in irradiated animals [131, 134]. Among all the 

reviewed papers, few studies testing fish biopeptides on IFN-γ, shark, pacific whiting, and 
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chum salmon, enhanced its synthesis while Atlantic salmon and tuna played the inhibitory 

role (table II. 3.) [126, 127, 131, 134, 155]. Consequently, stimulatory and or inhibitory 

effects of these biopeptides, alone or in combination, may play important in treating such 

inflammatory associated ailments in future.     

6.5. Immunomodulatory effects of fish biopeptides on COX and PG 

6.5.1. Pathophysiology of COX and PG 

Prostaglandins (PG), important in the regulation of inflammatory response including 

vascular permeability and vasodilation, generally are produced at very low concentrations in 

non-inflamed tissues. Nevertheless, post stimulus invasion and acute inflammation, pre-

leukocytes and infiltrating immune cell recruitment, these molecules are synthesized in great 

amounts in the inflamed tissue. PG displays both pro- and anti-inflammatory properties in 

the institution of acute inflammation as well as relief from the inflammation. In response to 

physical and or chemical stimuli prostaglandin G/H synthase, AKA Cyclooxygenase (COX), 

catabolizes arachidonic acid, released from the plasma membrane by phospholipase, to PG. 

Specifically, Prostaglandin H2 (PGH2) is catabolized by PGE Synthase (PGES) to 

Prostaglandin E2 (PGE2). PGH2, a common precursor of all types of prostaglandins, is 

generated through the catalytic activity of COX-2 on arachidonic acid. Both PG isomerases, 

PGE2 and PGE3, take part in inducing the COX-2 protein and COX-2 mRNA levels in NIH 

3T3 fibroblasts nonetheless the degree of effects are diverse [220]. These inflammatory 

mediators interact with other proteins imposing their anti- or pro-inflammatory effects (figure 

II. 3.). Similar to previously explained inflammatory mediators, PGE2 correspondingly is the 

cause or effect of known factors of CMS. Serum levels of PGE2 inflammatory mediators are 

significantly higher in the obese subjects than in the healthy ones. Higher concentration of 

circulatory PGE2 interferes with the homeostasis of body weight possibly via obstruction of 

lipolysis in white adipose tissue and stimulation of leptin synthesis [221]. Decades ago 

Olefsky et al. showed the modulation effect of PGE2 on insulin-mediated adipocyte glucose 

transport via inducing the interaction of insulin receptors with glucose transport system [222]. 

Years later, Docanto et al. showed similar effect of PGE2 on the expression of insulin-
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independent glucose transporters. Obesity-associated inflammation and PGE2, dose-

dependently, gave rise to Glucose Transporter 1 (GLUT1) and Glucose Transporter 3 

(GLUT3) mRNA expression and glucose uptake in undifferentiated primary human 

subcutaneous adipose stromal cells [223]. In fact, T2D has been known to strongly associate 

with vascular dysfunction related high blood pressure through various routes that are yet 

under investigation. The basal tone of skeletal muscle arterioles increases via greater COX-

2-dependent production of constrictor prostaglandins in diabetic rats compared to the NS-

398, an inhibitor of COX-2, treated control group which principally is the cause of elevated 

systolic blood pressure and peripheral vascular resistance [224]. PGE2, extracted from 

ethanol activated Kupffer cells of a rat model, correspondingly binds to prostanoid receptors 

on hepatocytes increasing cAMP and augmenting the accumulation of triglycerides in the 

liver tissue [225]. Elevated COX‐2 mRNA levels in epididymal fat is positively correlated 

with Homeostatic Model Assessment of Insulin Resistance (HOMA‐IR) and plasma leptin 

levels which too are significantly associated with in-vivo hepatic triglyceride contents [226]. 

Treatment options such as COX inhibitors (non-selective, selective, relatively selective and 

highly selective) are among most commonly used drugs with significant side effects (GI-, 

nephron-, and hepato-toxic) hence, natural therapies such as fish anti-COX biopeptides could 

well replace the conventional synthetic drugs [227]. 

6.5.2. COX and PG modulatory fish biopeptides 

Lysates of tilapia mince powder, dose-dependently, could increase the expression of 

COX-2 subsequently inducing the innate immunity in THP-1 macrophages [152]. In contrary 

to the study of Toopcham et al., pretreating the cells with commercial collagen preparation 

of tilapia scales (< 1,300 Da) decreased COX-2 expression in LPS-induced macrophages thus 

altering the cellular immune responses at transcriptional levels [153]. Correspondingly, 

salmon spine, a process waste, hydrolysate (< 1,000 Da) in combination with fish oil 

increased PGE2 and PGE3 level in 5% DSS exposed easing the signs of ulcerative colitis in 

experimental animals compared to fish oil- or protein-fed alone control groups [143]. 

Another byproduct extracted fractions also exhibited anti-COX-2 effect. Peptic, tryptic and 

chymotryptic hydrolysates of croaker frame and sweetfish muscle respectively decreased the 
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COX-2 protein and mRNA level in LPS-induced macrophages [132, 151]. Production of 

PGE2 in macrophage cells pre-treated with hydrolysate of flatfish byproducts and post-

treated with LPS was effectively reduced in a dose-dependent manner [139]. As discussed in 

this article, all fish biopeptides except tilapia mince’s hydrolysate in Toopcham et al. study 

had considerable anti-COX and anti-prostaglandin effect in various cell and animal studies 

[152]. 

7. Structure-activity relationship, stability, and mechanism of action of 

immunomodulatory fish biopeptides 

In this section, the importance of some features of the fractions and peptides on 

structure-activity relationship will be reviewed. Furthermore, impact of these features on 

digestion stability of the immunomodulatory fish biopeptides will be argued to the possible 

extent. Lastly, mechanisms of action will be briefly discussed.  

7.1. Structure-activity relationship and stability  

In general, efficacy of a bioactive protein is significantly affected by its compositional 

and structural characteristics along with its bioavailability which in turn depends on the 

stability of peptide to gastrointestinal environment. An orally bioavailable peptide must reach 

the systemic circulation and target site, intact, to exert its intended activity thus sustaining its 

integrity, enduring the physical and biochemical GI barriers, once ingested. Respectively, 

bioactive peptides shall have few general features e.g., less than six amino acids containing 

peptides with smaller molecular weights, and occurrence of proline preferably at their C-

terminus extremities, to be considered potent drug candidates. Despite all above-mentioned 

facts, a solitary conclusion could not be made about the characteristics of an 

immunomodulatory fish peptide due to lack of experimental information on the subject. Of 

all studies reviewed, only Jang et al. have specifically, to some extent, assessed the GI 

stability of the sandfish flesh and eggs fractions [144]. Sandfish extracted fractions (slightly 

rich in smaller MW peptides), though saline stable (up 8% (w/w) NaCl), were sensitive to 
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pH (2 – 12), temperature (up to 90°C) and intestinal proteases (pepsin, chymotrypsin and 

trypsin) [144].  

Many of the anti- and pro-inflammatory fish extracted fractions, discussed herein, are 

of smaller size peptides though their active sequences are yet to be elucidated (table II. 3.). It 

is worth mentioning that size of compounds and fractions may not be as vital for their anti-

NO and anti-iNOS attributes. Tilapia derived collagenous preparation demonstrated anti-NO 

activity via inhibition of iNOS expression level which rather was of smaller size peptide (< 

1,300 Da) with glycine followed by alanine and proline being the most abundant amino acids 

[153, 168]. In contrary, a rather larger size peptide (51-AA) of the fillet of same fish also 

exhibited a similar effect [140, 141]. 

Hence, proline, either at C- or N-terminal position, present in few of the identified 

active sequences (Pro-Ala-Tyr, Asn-Gly-Leu-Ala-Pro, Pro-Thr-Gly-Ala-Asp-Tyr and Pro-

Arg-Arg-Thr-Arg-Met-Met-Asn-Gly-Gly-Arg) may have been significant in the stability of 

the fraction and or peptide thus producing immunomodulation effects in the animal subjects 

and or cells [67, 128, 129, 155]. Accordingly, tilapia scales, blue shark cartilage, sea bream 

scales and snapper species scales lysates are rather proline rich hydrolysates [133, 153, 167, 

168]. Rationally these fractions may be more bioavailable in animal studies, however, only 

sea bream and snapper species hydrolysates (a commercial collagenic preparation) have been 

tested on animals and demonstrated anti-inflammatory activity in DSS induced ulcerative 

colitis rats [167]. Another proline containing peptide which has only been tested in-vitro is a 

salmon pectoral fin extracted tri-peptide, Pro-Ala-Tyr, with druglike properties [67, 124]. 

Though this anti-inflammatory tripeptide meets all the prerequisite properties of a drug 

candidate, it has not yet been tested for its GI digestion stability. Interestingly, the same 

peptide has been identified in another fish type. It is noteworthy that Pro-Ala-Tyr-Cys-Ser, 

anchovy (Coilia mystus) originated penta-peptide with in-vitro neuroprotective effects, was 

sensitive to pepsin’s and pancreatin’s proteolytic activities, however, its digested byproduct, 

Pro-Ala-Tyr, could remain intact during simulated gastrointestinal digestion [228]. Pro-Ala-

Tyr, with the bioavailability score of 0.55, has been predicted to be a druglike peptide with 

high GI absorption (tables II. 6. and II. 7.). Another fish-based immunomodulating peptide, 
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with high GI absorption and leadlikeness, is Trp-Thr that has been extracted from Alaska 

pollock frame byproduct falling within the drug-likeness requirements of Lipinski’s 

druggability rule of five [129]. This dipeptide has not directly been tested for stability yet 

due to its low molecular weight it possibly possesses the GI digestion resistant feature [129]. 

Trp-Thr has been assessed in an in-vivo experimental setting and evidently has demonstrated 

immuno-potentiating effects indicating its survival through GI enzymatic activity and 

significant intestinal permeability in rat models.  

Table II. 5.: Structures of immunomodulatory fish-peptides 

S
eq

u
en

ce
  

Properties:  

Mass (Da),  

approximate IC50,  

isoelectric point,  

net charge,  

hydrophobicity (Kcal mol-1),  

fragments with activities  Structure 

W
T

 

305.1372,  

> 65.57 µM [129], 

5.33,  

0, 

+6.06,  

–  
 

   

P
A

Y
 

349.1633,  

~ 0.75 mM [67], 

5.48, 

0, 

+7.83,  

PA, AY (anti-hypertensive) 
 

   

N
G

L
A

P
 

470.2482, 

> 41.67 µM [129], 

5.09, 

0, 

+9.29, 

GL, LA, AP, NG, LAP (anti-hypertensive) 

 

   

N
G

M
T

Y
 

584.2257,  

> 34.25 µM [129], 

5.27, 

0, 

+8.77,  

GM, NG (anti-hypertensive) 
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P
T

G
A

D
Y

 

622.2590,  

> 32.15 µM [128], 

3.05, 

-1, 

+12.87,  

DY, PT, TG, GA, AD (anti-hypertensive) 
 

   

P
R

R
T

R
M

M
N

G
G

R
 1330.6805  

≥ 323.88 µM [155], 

12.96 

+4 

+17.34  

PR, GR, RR, NG, GG (anti-hypertensive) 

 

   

M
G

P
A

M
M

R
T

M
P

G
 1178.5052  

≥ 412.71 µM [155], 

10.88 

+1 

+10.36  

MG, GP, PA, PG, GPA (anti-hypertensive) 

 

   

 

Therefore, it could be concluded that common characteristics of many 

immunomodulatory peptides are their small MW and CAA richness. It is of note that these 

factors are vital for immune-potentiating activity of not only fish but also plant and animal 

peptides such as soy, and whey derived peptidic fractions [229, 230]. Vogel et al. pointed 

that positively charged regions of the bovine peptide may act like a chemokine, interacting 

and activating the chemokine receptor on the immune cell [231]. Kong et al. agreed that there 

is a positive association between efficient lymphocyte proliferation activity and soy’s low 

MW charged peptides [230]. Though not mentioned elsewhere, to the authors’ knowledge, 

hydrophobicity may not be as significant for immunomodulation activity. For instance, tuna 

cooking juice oligopeptides with varying hydrophobicity and net charges (+17.34 versus 

+10.36 Kcal mol-1 and +4 versus +1 net charge) had similar modulation effects on IL-2, TNF-

α and IFN- γ secretion by macrophages (tables II. 3. and II. 5.) [155].  
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Table II. 6.: Drug-likeness and ADME (adsorption, distribution, metabolism, and excretion) analysis of 

immunomodulatory fish oligopeptides by Lipinski’s rules 

 Lipinski’s rule of five   

 

Molecular 

weight (g 

mol−1) 

Lipophilicity 

(MLog P) 

Hydrogen 

bond 

donors 

Hydrogen 

bond 

acceptors 

No. of 

rule 

violations Drug-likeness 

Sequence 

Less than 

500 

Dalton Less than 5 

Less than 

5 

Less than 

10 

Less than 

two 

violations 

Follows 

Lipinski’s 

rule 

Bioavailability 

score 

WT 305.33 -0.49 5 5 0 Yes 0.55 

PAY 349.38 -0.3 4 6 0 Yes 0.55 

NGLAP 470.52 -2.47 7 8 1 Yes 0.17 

NGMTY 584.64 -2.65 9 10 2 No 0.17 

PTGADY 622.62 -3.15 9 12 3 No 0.11 

PRRTRMMNGGR 1331.57 -7.74 25 19 4 No 0.17 

MGPAMMRTMPG 1179.5 -4.67 14 15 3 No 0.17 

 

7.2. Cellular mechanism of action  

There are few studies that have elucidated the cellular mechanism of action of fish 

immunomodulatory peptides in both in-vitro and in-vivo experimental settings (table II. 3.). 

Tuna skin lysed collagen rich fractions, 500 Da to 3,000 Da, prevented cytosolic translocation 

of High Mobility Group Box 1 (HMGB1) dose and time dependently through stimulating the 

activation of Heme Oxygenase-1 (HO-1) gene transcription in LPS-induced macrophages 

[157]. This effect is entirely dependent on translocation and overexpression of NRF2, a 

transcription factor regulating the expression of antioxidants and or cytoprotective proteins 

post-inflammation and oxidative injury, from the cytosol to the nuclear section thus 

upregulating the HO-1 expression [157]. The fraction’s effect was also tested in an in-vivo 

setting and similar results were observed in endotoxemic mice where survival rates of the 

animals were enhanced up to 50% by upregulation of circulatory HO-1 levels preventing the 

lethality of LPS [157]. Yet again, no supposition can be made on the mode of action of an 

immunomodulatory fish peptide since Ahn et al. did not characterize the hydrolysate, except 

for estimation of its MW distribution [157]. 
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Table II. 7.: Medicinal properties, pharmacokinetics, and predicted target proteins of the immunomodulatory fish oligopeptides  

 Water solubility  

 Medicinal Chemistry: 

Leadlikeness Synthetic 

accessibility score   

Peptide 

Pharmacokinetics:  

GI absorption  

BBB permeation  

Log Kp (skin 

permeation) (cm/s) Predicted target proteins (probability) 

WT Highly soluble Angiotensin-converting enzyme (0.506), dipeptidyl peptidase IV (0.135), endothelin 

receptor ET-A (0.127), neprilysin (by homology) (0.127), neurokinin 1 receptor (0.127), 

cyclooxygenase-2 (0.119), delta opioid receptor (0.119), calpain 1 (0.119), membrane-

associated guanylate kinase-related 3 (0.119) 

Yes 

3.14 

High 

No 

-10.17  

PAY Very soluble Delta opioid (by homology) (0.758), mu opioid receptor (0.717), angiotensin-converting 

enzyme (0.558), kappa opioid receptor (0.399), inhibitor of apoptosis protein 3 (0.239), 

cyclooxygenase-2 (0.181), HMG-CoA reductase (0.181), HLA class I histocompatibility 

antigen A-3 (0.173), neurotensin receptor 2 (0.164), proenkephalin B (0.156) 

No 

3.19 

High 

No 

-10.05  

NGLAP Highly soluble Cathepsin D (0.134), beta-secretase 1 (0.134), dipeptidyl peptidase IV (0.117), inhibitor of 

apoptosis protein 3 (0.117), aminopeptidase N (0.101), integrin alpha-V/beta-3 (0.101), 

integrin alpha-IIb/beta-3 (0.101), inducible nitric oxide synthase (0.101), angiotensin-

converting enzyme (0.101), leukocyte elastase (0.101) 

No 

4.42 

Low 

No 

-13.00 

NGMTY Highly soluble Mu opioid receptor (by homology) (0.225), delta opioid receptor (by homology) (0.151), 

HLA class I histocompatibility antigen A-3 (0.087), neurokinin 3 receptor (0.087), 

vasopressin V1b receptor, caspase-1, beta-secretase 1, protein farnesyltransferase, kappa 

opioid receptor, integrin alpha-4/beta-1 

No 

5.11 

Low 

No 

-13.19 

PTGADY Highly soluble HLA class I histocompatibility antigen A-3 (0.550), disks large homolog 4 (0.160), 

caspase-1 (0.141), HMG-CoA reductase (0.141), mu opioid receptor (by homology) 

(0.141), delta opioid receptor (by homology) (0.141), beta-secretase 1 (0.132), 

No 

5.16 
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Low ribonucleoside-diphosphate reductase M1 chain (0.122), integrin alpha-4/beta-1 (0.113), 

cholecystokinin B receptor (0.103) No 

-13.37 

PRRTRMMNGGR Highly soluble Lysine-specific histone demethylase 1 (0.074), c-Jun N-terminal kinase 1 (0.064), HLA 

class I histocompatibility antigen A-3 (0.064), cathepsin D (0.064), beta-secretase 1 

(0.064), integrin alpha-V/beta-3 (0.064), integrin alpha-5/beta-1 (0.064), disintegrin and 

metalloproteinase domain-containing protein 8 (0.064), furin (0.064), integrin alpha-

IIb/beta-3 (0.064) 

No 

10.00 

Low 

No 

-21.64 

MGPAMMRTMPG Very soluble Lysine-specific histone demethylase 1 (0.199), protein farnesyltransferase (0.064), HLA 

class I histocompatibility antigen A-3 (0.064), furin (0.064), HLA class II 

histocompatibility antigen DRB3-1 (0.064), subtilisin/kexin type 6 (0.064), neurotensin 

receptor 2 (0.064), neurotensin receptor 1 (0.064), WD repeat-containing protein 5 (0.064), 

NAD-dependent deacetylase sirtuin 2 (0.064) 

No 

9.41 

Low 

No 

-16.76 

Top ten predicted target proteins, per SwissTargetPrediction (a web server for target prediction of small bioactive molecules), are listed for each fish 

immunomodulatory biopeptide. Of the then only inflammation and/or inflammatory diseases related peptides are bolded. Predicted probability, if 

calculated and available, for the bioactive oligopeptide having the protein as target is noted in parenthesis “()”. Water solubility: based on Log S scale 

from < -10 (insoluble) to > 0 very soluble and highly soluble, Leadlikeness: 250 ≤ MW ≤ 350, XLOGP ≤ 3.5 and number of rotatable bonds ≤ 7, Synthetic 

accessibility score: from scale of 1 (very easy) to 10 (very difficult), Gastrointestinal (GI) absorption: according to the white of the BOILED-Egg (Brain 

Or IntestinaL EstimateD permeation method), BBB permeation: according the yolk of the BOILED-Egg, Skin permeation (Kp): rate of a chemical 

penetrating across the stratum corneum.  
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8. Conclusion and perspectives   

In addition to indirect costs, inflammatory conditions also impose direct expenses on 

the individual and on the health care system. The U.S. patient with a diagnosable chronic 

inflammatory condition spends about $38,000 more per year than a healthy individual [232]. 

Inflammation is all related to the foremost health risk conditions, however, in addition to 

those and the diagnosable inflammatory-associated conditions, Bonaccio et al. defined 

persistent low-grade inflammation too as an independent risk factor for the overall mortality 

in a casually healthy adult general population [233]. Similarly, in recent years scientific 

community has pinpointed the role of inflammation in cardiometabolic diseases thus 

immuno-modulating pharmacological approaches have been suggested beneficial in 

treatment and prevention of such conditions and their symptoms [234]. 

Fish peptides and similar products could modulate the inflammation resulted from 

any sort of physical or chemical stimulant. For example, tissue injury evokes the body’s 

defense line through secretion of all sorts of immune cells. Many diseases and conditions 

including diabetes, and CVD could likewise lead to fatal and non-fatal organ and physical 

damage. Dort et al., in a series of research work, showed the effects of cod proteins on the 

inflammatory cell population and on the restoration of skeletal muscle post-injury [162, 163, 

235]. Cod-protein fed mice, pre-injury, induced growth and muscle recovery process in the 

traumatized animals possibly via reducing the number of neutrophils and ED1+ macrophages 

compared to casein- and peanut-diet with negative and or insignificant healing properties 

[162, 235]. Arginine, glycine, taurine and lysine were held responsible for anti-inflammatory 

and healing properties of the cod fillet peptides through decreasing the COX-2 level and 

ED1+ macrophages’ density as well as upregulating the myogenin expression in experimental 

muscle injury models [163]. Fish proteins could concurrently modulate specific and non-

specific immunity. For instance, pollack frame proteins, digested by GLU-ANN, could 

modulate both innate and adaptive immunity, humoral and cellular, via up-regulating the 

gene expression of IL-2, IL-4 and IL-6 compared to model control group in hydrogenated 

cortisone-exposed Kunming immunosuppressed mice [129]. Pollack’s most potent fraction 
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with significant spleen lymphocyte proliferation activity of up to 42% was a 622 Da weighing 

hexapeptide (Pro-Thr-Gly-Ala-Asp-Tyr) [129]. 

Studies are not limited only to in-house prepared fish hydrolysates, and some have 

focused on marketed supplemental protein products. Caspase-3 expression and activation 

were successfully suppressed when Atlantic salmon isolated primary liver cells, mono- or 

co-cultured with head and kidney cells of the same specie, were pre-treated with water 

soluble fraction of commercially hydrolyzed fish protein, H-Pro® prior to H2O2-stimulation 

and excessive oxidative stress [165]. H2O2 oxidative stress has been known to trigger 

apoptosis and inflammation via upregulating the induction of NRF2 and HO-1. 

Immunomodulatory effects of a commercial gelatinous supplemental product (glycine 

(21.5%), glutamic acid (10.0%), proline (9.9%), and alanine (8.6%) rich) prepared from lean 

fish skin (cod, pollock and haddock) when combined with n-3 PUFA, on serum hsCRP levels 

in free-living insulin-resistant subjects (crossover design study) were surprisingly sex-

dependent (table II. 4.). Same combined treatment increased hsCRP levels by 20% in female 

participants while its effect, by 40%, was inverse in male subjects [174]. Serum hsCRP was 

reduced, by 6%, in females on n-3 PUFA diet and augmented by 13% in males [174].   

The synthesis and expression of discussed cytokines associated with CMS risk 

factors, at times were enhanced, upregulated, and stimulated by fish biopeptides. In brief, 

pacific whiting and shark derived peptides stimulated interleukins, TNF-α and IFN-γ. Salmon 

peptides enhanced interleukin and IFN-γ levels. Tilapia biopeptides similarly triggered COX, 

TNF-α and interleukins secretion. All fish peptides inhibited and downregulated the synthesis 

and expression of NO and iNOS. Moreover, non-cytotoxic fish extracted products may 

specifically and non-specifically support the host’s innate and adaptive immunity in deterring 

the factors that trigger inflammation-mediated illnesses, specifically the CMS. Collectively, 

these compounds whether inhibitors, modulators and or potentiators are cheaper and safer 

substitutes to the synthetic products hereafter, as byproduct-derived molecules, are more 

environment-friendly. Over the years, many marine-originated natural compounds with anti- 

or pro-inflammatory bioactivities have been identified and practiced by nutraceutical, 

cosmeceutical, and pharmaceutical industries like PeptiBal™ and Seacure®.  
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These series of studies can be furthered by various complementary studies. For 

instance, processing methods such as microencapsulation can be explored for the 

enhancement of physicochemical properties of the peptides improving their bio-efficacy and 

bioavailability. Additionally, pharmacological properties of the therapeutic peptides 

(conformational structure, chemical, physical, and biochemical properties, and bioactivity) 

could be improved by means of synthetic strategy like chemical modification (glycosylation, 

PEGylation, lipidation, and cyclisation). Though effective in majority of in-vivo and in-vitro 

research studies with null to minimal side effects, these promising candidates should 

thoroughly be investigated on human subjects in clinical trials or well controlled in-vivo 

analysis before making a definite statement about their bio-efficacy and bioavailability.  
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1. Résumé  

La définition générale du syndrome métabolique est la co-occurrence de plusieurs 

facteurs de risque cardiométabolique dont l'hypertension artérielle systémique. Des 

organisations telles que l'Organisation mondiale de la santé (OMS) ont identifié 

l'hypertension artérielle comme l'un des principaux facteurs de risque du syndrome 

métabolique. En outre, il existe un lien entre l'apparition d'une résistance à l'insuline ou d'une 

intolérance au glucose et l'hypertension, ce qui augmente le risqué de developer le diabète de 

type 2 (T2D). L'hypertension est traitée par diverses classes de médicaments de synthèse, 

mais des effets indésirables ont été signalés. Néanmoins, les alternatives naturelles telles que 

les peptides bioactifs ont montré une puissance hypotensive considérable sans effets 

indésirables et cytotoxiques. Parmi tous les biopeptides, y compris les peptides marins, cet 

article se concentre uniquement sur les peptides et les produits extraits de poissons et de 

produits dérivés de la pêche. Dans cet article, les auteurs discuteront des processus 

d'isolement et de fractionnement de ces biomolécules ainsi que de leurs caractéristiques 

structurelles, de composition et de stabilité à la digestion. Ces informations permettront 

d'aborder la relation structure-activité et d'élargir les connaissances du lecteur sur les 

tendances en matière de recherche et de découverte des biopeptides antihypertenseurs de 

poisson. En outre, les règles de Lipinski permettront de prédire le caractère médicamenteux 

de certains biopeptides afin de différencier un biopeptide médicamenteux d'une molécule non 

médicamenteuse  
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2. Abstract 

The term metabolic syndrome could generally be defined as co-occurrence of several 

cardiometabolic risk factors including arterial hypertension. Not only that organizations such 

as the World Health Organization (WHO) have identified high blood pressure as one of the 

main risk factors of metabolic syndrome but there is too a link between the occurrence of 

insulin resistance/impaired glucose tolerance and hypertension that would consequently 

increase the risk of Type 2 Diabetes (T2D) development. Hypertension is medicated by 

various classes of synthetic drugs; however, severe, or mild adverse effects have been 

repeatedly reported. To avoid and reduce these adverse effects, natural alternatives such as 

bioactive peptides derived from different sources have drawn the attention of researchers. 

Among all types of biologically active peptides inclusive of marine-derived ones, this paper’s 

focus would solely be on fish and fishery by-processes’ extracted peptides and products. 

Isolation and fractionation processes of these products alongside their structural, 

compositional and digestion stability characteristics have likewise been briefly discussed to 

better address the structure-activity relationship, expanding the reader’s knowledge on 

research and discovery trend of fish antihypertensive biopeptides. Furthermore, drug-

likeness of selected biopeptides was predicted by Lipinski's rules to differentiate a drug-like 

biopeptide from nondrug-like one.   

Keywords: cardiometabolic-syndrome, hypertension, high blood pressure, ACE-

inhibitory peptide, antihypertensive, fish, hydrolysate 
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3. Introduction  

Cardiometabolic Syndrome (CMS) is defined as a cluster of several risk factors by 

various health organizations which marginally varies among all (table III. 1.) [236]. These 

risk factors according to WHO manifest in subjects with insulin-resistance of normal glucose 

tolerance, 10%, subjects of impaired fasting glucose/impaired glucose tolerance, 50%, and 

subjects of T2D, 80% [237]. These risk factors are undoubtedly interconnected with almost 

identical underlying mediators, mechanisms and pathways (evident prothrombotic and pro-

inflammatory state) that subsequently increase the risk of Cardiovascular Diseases (CVD) 

and diabetes development [238]. Hence, global mortality rates associated with CVD, as the 

leading cause of death, were as high as 17 million in 2012 [239]. Along With CVD, diabetes-

associated complications as the fourth/fifth causes of death worldwide claimed the lives of 

3.2 million in 2003 [239].  

Table III. 1.: Definition and criteria of metabolic syndrome by different organizations 

Organization Criteria for Cardiometabolic Syndrome 

NCEP-ATP III 

Dyslipidemia 

Central obesity 

Systemic arterial hypertension and hyperglycemia 

IDF, EGIR, AACE 
Central obesity  

Insulin resistance 

WHO 

Diabetes mellitus  

Insulin resistance  

any of two risk factors (obesity, hypertension, high triglycerides, reduced HDL-C 

level, or micro-albuminuria) 

Table is adapted and modified from Grundy et al. [236]. AACE: American Association for Clinical 

Endocrinology, EGIR: European Group for the study of Insulin Resistance, IDF: International Diabetes 

Federation, NCEP-ATP III: National Cholesterol Education Program Adult Treatment Panel III, WHO: World 

Health Organization.  

 

Subjects diagnosed with metabolic syndrome are two-times as likely to face death, five-times 

as likely to develop T2D, and three-times as likely to experience a heart attack or stroke in 

comparison to subjects without the syndrome [238]. Statistics estimate 20% - 25% of 

metabolic syndrome cases among the world’s adult population and the same trend is 

accordingly observed among North Americans [239]. During the past two decades number 

of T2D cases have nearly doubled due to inappropriate dietary habits (e.g., a diet high in 
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saturated fat and cholesterol) and lifestyle (with 1.1 billion overweight and 312 million obese 

adults) [240]. In the year 2015, 415 million cases of T2D have been reported by International 

Diabetes Federation that is predicted to rise to 642 million by 2040 with the estimate cost of 

500 billion dollars annually for the health care system, worldwide [241]. These estimates 

have been confirmed by Non-Communicable Diseases (NCD) risk factor collaboration and 

WHO. Not only that metabolic syndrome greatly distresses the life expectancy of individuals 

but also enforces significant economic burden on societies (table III. 2.) [242]. According to 

Lind et al., 25% - 47% of the subjects with hypertension happen to be diagnosed with insulin 

resistance / impaired glucose tolerance [243]. High blood pressure alone, as a remediable 

factor, had been responsible for 6% of the global deaths in 1997 [243-245]. Hypertension has 

been recognized by the National Cholesterol Education Program Adult Treatment Panel III 

(NCEP-ATP III) and WHO as one of the main risk factors leading to CMS (table III. 1.) 

[236]. 

Table III. 2.: The cost of care for hypertensive patients with metabolic syndrome components in the 

European Community 

Country  
Approximate mean annual cost 

(euros, 2008) per individual  

Total annual cost-of-

illness (million euros, 

2008) 

Forecasted total annual cost-

of-illness (million euros, 

2020) 

Germany  1750 24,427 38,955 

Spain  1125 1,900 5,329 

Italy  2000 4,877 12,523 

Table is adapted and modified from Scholze et al. [242]. 

 

Hypertension has a broad definition not only outlining blood pressure but also its 

association with functional and structural cardiac and vascular abnormalities which 

consequently damage the target organs (heart, kidneys, brain, vasculature and other organs) 

causing premature morbidity and mortality [246]. Blood pressure affecting 25% - 30% of 

developed countries’ population, as the conventional biomarker, now is announced as an 

element of a subject’s total cardiovascular risk factor rather than a sole one [58, 246]. 

According to 1998 USA statistics, high blood pressure distresses 24% - 31% of its population 

enforcing $108 billion on the health care system [247]. Worldwide, in 2000, hypertension by 

estimate affected 972 million and is forecasted to reach 1.56 billion by 2025 [248]. 
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Furthermore, pre-hypertension, an inflammatory associated condition initiating a more 

severe hypertensive state, is affected by alterations of the immune system [187]. Cytokines, 

Interleukin 6 (IL-6) and Tumor Necrosis Factor-Alpha (TNF-α), which regulate the 

production of high-sensitivity C-Reactive Protein (hsCRP) correspondingly are linked to 

high blood pressure and obesity [58]. TNF-α and IL-1β levels, counter regulated by IL-6 and 

soluble TNF-α Receptor 1/soluble TNF-α Receptor 2 (sTNFR1/sTNFR2) by TNF-α, 

correlate with impaired endothelium-dependent dilation and induction of insulin resistance 

followed by high blood pressure, respectively [249]. Systemic and chronic mild (low grade) 

inflammation impairs vasodilation mechanism leading to endothelial dysfunction which is 

a predecessor factor in the co-occurrence of dyslipidemia, impaired fibrinolysis, and 

hypertension that are ascribed to insulin resistance and subsequently obesity as well as 

diabetes [187, 247]. 

In addition to obesity and diabetes, hypertension is potentially a variable known risk 

factor for atrial fibrillation, which is the major component of stroke and associated mortality, 

nevertheless, its pathophysiological mechanism is not yet well understood [58]. 

Inflammation, on the one hand, is a catalyst for the structural changes of left ventricle and 

the left atrium caused by atrial fibrillation. On the other hand, inflammation is a key factor 

in inducing the production of angiotensin II as well as increased Renin-Angiotensin-

Aldosterone System (RAAS) activity (figure III. 1.) [58, 250]. Blood pressure, high blood 

pressure and left ventricle hypertrophy incidences are directly related to high amounts of 

hsCRP which are produced in chronically inflamed tissues [58]. Inflammatory infiltrates and 

oxidative damage upregulate the expression of angiotensin-II receptors augmenting atrial cell 

death and leukocyte infiltration found within the arterial tissue in atrial fibrillation cases [58, 

61]. Albeit there is more evidence on the association of atrial fibrillation with heart’s 

inflammatory and systemic inflammatory diseases (myocarditis, pericarditis, psoriasis).  
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Figure III. 1.: Human renin-angiotensin system pathway map. AGT: Angiotensinogen, ACE2: Angiotensin 

I Converting Enzyme 2, AngA: Angiotensin A, AP-A: Glutamyl Aminopeptidase, AP-N: Alanyl 

Aminopeptidase (membrane), AT1R: Angiotensin II Receptor type 1, AT2R: Angiotensin II Receptor type 

2, CMA1: Chymase 1, CPA3: Carboxypeptidase A3, CTSA: Cathepsin A, CTSG: Cathepsin G, IRAP: 

Insulin-Regulated Aminopeptidase, MAS1: MAS1 proto-oncogene G protein-coupled receptor, MME: 

Membrane Metalloendopeptidase, MRGPRD: Mas Related G-Protein Coupled Receptor member D, NLN: 

Neurolysin, PRCP: Prolylcarboxypeptidase, PREP: Prolyl Endopeptidase, PRR: (Pro)Renin Receptor, REN: 

Renin, THOP1: Thimet Oligopeptidase. Figure is adapted and modified from KEGG Pathway Maps. 

 

Several classes of drugs; direct renin-angiotensin system inhibitors (angiotensin-

converting enzyme inhibitors, angiotensin-receptor blockers), adrenergic beta-antagonists, 

diuretics, sodium chloride symporter inhibitors, and calcium channel blockers are prescribed 

for the treatment of hypertension, though, accompanying side-effects limit their practice in 

medicine. For instance, upon ingestion of ACE inhibitors patient may encounter severe or 

mild adverse effects such as cough, headache, diarrhea, dizziness, fatigue, angioedema, 

hyperkalemia or, in rare cases, renal and cardiac failure [251]. Different classes of drugs are 

suggested corresponding to the indication of hypertension. For example, with indication of 

heath failure diuretics, beta-blockers, ACE inhibitors, angiotensin receptor blockers, calcium 
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channel blockers and aldosterone antagonists are the first-line medications recommended for 

the effective management of hypertension [252]. For chronic kidney disease indication ACE 

inhibitors, angiotensin receptor blockers, and calcium channel blockers are suggested to 

bring the blood pressure under control [252]. New pharmaceutical ingredients are designed 

in a way to target the inflammatory processes and modulations of its pathways (RAAS-

blockers and statins) for the treatment of hypertension and related disorders [253]. In 

agreement, cholesterol level is not any longer recognized as dyslipidemia treatment goal for 

reduction of atherosclerotic cardiovascular risk in 2013 published guidelines of American 

Heart Association and American College of Cardiology. Correspondingly, CVD risk 

prediction algorithms are now based on hypertension, and not on low-density lipoprotein 

anymore, increasing the sum of combination therapy prescribed patients (e.g., RAAS-

blockers and statins) [254].  

In the concept of prevention and treatment of CMS associated risk factors inclusive 

of hypertension, natural products such as peptides have shown promising effects. Many 

studies have shown that bioactive peptides from animals (terrestrial, and marine), and plant 

sources, in addition to their many health effects, could also be utilized in the effective 

management of hypertension, a known risk factor of cardiometabolic diseases [255-261]. 

ACE inhibition activity of food-derived peptides, inclusive of fish-extracted ones, are 

primarily by competitive inhibition mode rather than non- and or uncompetitive modes [260, 

262, 263]. Food-originated anti-ACE biopeptides bind to the enzyme and hinder its activity 

bringing the blood pressure under control. For example, in a study by Fang et al. interactions 

of three food-isolated oligopeptides with ACE have thoroughly been studied, by 

computational modeling, elucidating different inhibition mechanisms of antihypertensive 

biopeptides (figure III. 2.) [264].  
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Figure III. 2.: 3D plots of the frontier 

molecular orbital of three food-extracted 

anti-ACE (angiotensin-I-converting 

enzyme) biopeptides. Per docking results 

Tyr-Leu-Val-Pro-His occupied an active 

groove surrounded by Ala352, Glu411, 

Tyr523, and His387 (His387, His512, 

Ser355, Val518, Trp357, Ser517, Pro519, 

Pro391, His410, and Arg522 having van der 

Waals contacts with the penta-peptide 

YLAPH), Tyr-Leu-Val-Arg occupied an 

active groove surrounded by His353, 

Ala356, His383, and His387 (Asn70, 

Val518, Trp357, Arg522, Val351, Phe512, 

and Ser355 having van der Waals contacts 

with the tetra-peptide, YLVR), Leu-Ile-Val-

Thr occupied an active groove surrounded 

by Ala356, His353, His383, His387, 

His513, Tyr523 (Ser355, Glu411, Tyr520, 

Gln281, Phe457, Lys511, Phe527, Lys454, 

Val379, and Val380 having van der Waals 

contacts with the tetra-peptide, LIVT). 

Figure is adapted from Fang et al. [264]. 

 

The majority of anti-ACE peptides are not specific to one family of an animal or a 

plant and can certainly be found in many other species, e.g., antihypertensive salmon di- and 

tri-peptides with comparable animal-, plant-, marine- and or insect-origin sequences (table 

III. 3.). For instance, fractions and subfractions of jellyfish enzymatic hydrolysate have 

hindered the ACE activity at IC50 as low as 1.28 mg mL-1 and 0.16 mg mL-1 respectively in 

an in-vitro experimental model [265]. The most potent penta-peptides of the same 

hydrolysate, isolated by gel and High-Performance Liquid Chromatography (HPLC) with 

polar AA at the C-terminal, also had Blood Pressure (BP) decreasing effect in Spontaneously 

Hypertensive Rats (SHR) when administered orally at the concentration of 10 mg kg-1 Body 

Weight (BW) [265]. The above is only an example of so many marine animals including 

many fish types with anti-hypertension activities [266]. Varying fish-derived biopeptides, in 

terms of MW, length and composition, have inhibited the activity of ACE and controlled 

blood pressure successfully in the in-vitro and or in the in-vivo experimental settings as well 

as human studies. Anti-ACE fish biopeptides, similar to other bioactives, mostly exert their 

effect on the subject non-cytotoxically, negligible and or zero cytotoxicity, making them 

superior to the synthetic drugs for treatment and prevention of hypertension. These 
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biopeptides can be produced by various digestion, isolation and purification processes 

affecting the structural, compositional and characteristics of final product, discussed further 

in the following sections. Authors herein have solitary tried to bring together more than 

twenty studies directed on fish-extracted peptides or fish-originated products demonstrating 

their antihypertensive and or ACE inhibitory effects in different experimental settings and 

models.   

Table III. 3.:  Salmon di- and tri- peptides with identical counterpart sequences found in sources other than 

fish. 

Peptide properties    

Sequence 
Mass  

(Da)  

Hydrophobicity 

(Kcal mol−1) 
Sources other than fish 

Lowest IC50 (μM) 

reported  

Dipeptides      

DP 230.0900 +11.68 Marine 2.15  

FL 278.1626 +4.94 Plant  1.33  

FY 328.1419 +5.48 
Animal, plant, marine, 

insect 
1.67  

GW  261.1111 +6.96 Animal, plant 30.00 

IF 278.1626 +5.07 Animal, plant, insect 1.67  

LF 278.1626 +4.94 Animal, plant 4.00  

LW 317.1735 +4.56 Animal, plant, marine 2.50  

PP 212.1158 +8.1 Animal, plant - 

VF 264.1470 +5.73 
Animal, plant, marine, 

insect 
2.70  

VL  230.1626 +6.19 Plant  13.00  

VP 214.1314 +7.58 Animal, plant  420.00  

VW 303.1579 +5.35 Animal, plant, marine  1.10  

YP 278.1263 +7.33 Animal, plant  720.00  

Tripeptides      

AFL 349.1996 +5.44 Marine  63.80 

IVF 377.2308 +4.61 Animal, plant  33.11  

LVL 343.2464 +4.94 Animal, plant  12.30 

Data is extracted from reviews of Lee et al., Daskaya-Dikmen et al., Kumar et al., Iwaniak et al. and 

AHTPDB database [255, 256, 267, 268]. 

 

4. Biological activity of fish, fish by-product protein and peptides on hypertension  

ACE (with alternative names of dipeptidyl carboxypeptidase I and kininase II), a 

carboxydipeptidase, deactivates bradykinin (a vasodilator) and controls blood pressure 

through converting angiotensin-I (an inactive decapeptide prohormone, Asp-Arg-Val-Tyr-
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Ile-His-Pro-Phe-His-Leu) to angiotensin-II (a potent octapeptide vasoconstrictor, Asp-Arg-

Val-Tyr-Ile-His-Pro-Phe) stimulating the release of aldosterone and thus increasing blood 

pressure (figure III. 1.) [247]. Physiochemical properties of human ACE (predicted by 

ProtParam), its active sites and sequence are listed and shown in table III. 4. and figure III. 

3. [269].  

 

Figure III. 3.:  Sequence and 

secondary structure of chain A 

human ACE (PDB code: 1O8A). 

Active sites, according to Attique et 

al. are His317, Ala318, Ser319, 

His347, Glu348, His351, Glu375, 

Phe421, Lys475, Phe476, His477, 

Val482, Tyr484, Tyr487. 

ACE inhibitors, e.g., captopril, are regularly used to treat hypertension, and other 

cardio-related diseases as an influencer of blood pressure [253]. Proline moiety of captopril 

interacts with ACE active site, primarily through two histidine residues, inhibiting its activity 

[270]. Binding sites of captopril on ACE have been observed at Trp67, Asn68, Thr71, Asn72, 

Met340 and Arg348 residues [271]. Generally, the proline residue, in most of the captopril 

alike anti-ACE drugs, e.g., enalaprilat, zofenoprilat, fosinoprilat and others, impedes the 

enzyme’s activity [270].   

Table III. 4.: Physiochemical properties of ACE 

Properties Values  

Chemical Formula C6787H10263N1825O1930S44 

Number of amino acids 1306 

Total number of atoms 20849 

Molecular weight 149714.86 Da 

Charge Negative  

Grand average of hydropathicity (GRAVY) −0.398 

Total no. of negatively charged residues (Asp + Glu): 147 

Total no. of positively charged residues  (Arg + Lys): 121 

Properties of human ACE (P12821) were predicted by ProtParam. 
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Synthetic ACE inhibitors impose rather significant side effects such as a dry cough 

and / or contradictions with other medications on the subjects therefore natural plant, animal, 

and marine based alternatives have attracted great attention recently [267, 272]. Sulfhydryl-

containing, dicarboxylate-containing, and phosphonate-containing agents are the main 

groups of ACE inhibitors [273]. Among many types of bioactive compounds, peptides from 

various sources such as bovine, egg, milk and plants have been the subject of many research 

studies and shown biological activity against hypertension, e.g., di- and tri-peptides of 

different sources with matching salmon-extracted sequences (table III. 3.) [267]. Kumar et 

al. have extensively reviewed the natural ACE inhibitors [267]. Among marine-based 

peptides whether plants or animals, fish bioactive peptides derived using various extraction, 

isolation and fractionation techniques have also been investigated for their anti-hypertensive 

activities such as ACE inhibition (tables III. 5. and III. 6.). Of all the farmed and wild fish 

species, many such as carp, salmon, tilapia, sardine, and tuna have been analyzed for their 

biological activities (table III. 6.). These species’ proteinaceous portion contains not only the 

essential amino acid possessing all the parameters of a good food but also their associated 

hydrolysates have countless health benefits inclusive of antihypertension effects (table III. 

6.).  

 



86 
 

Table III. 5.: Fractionation, purification and characterization methods of fish anti-ACE and antihypertensive peptides 

Fish name (common, scientific) 

and part used 

Hydrolysis, fractionation, 

purification Condition and resin/material  Characterization  Ref. 

Alaska Pollack (Theragra 

chalcogramma) frame  

1- enzymatic hydrolysis 

2- UF 

3- ion-exchange 

chromatography, size exclusion 

chromatography, RP-HPLC 

1- pepsin 

2- MWCO 30, 10, 5, 3, 1 kDa 

3- SP-Sephadex C-25 ion-exchange 

column, Sephadex G-25 gel 

filtration column, Capcell Pak C18 

UG-120 column  

Protein sequencer after 

automated Edman 

degradation,  

[274] 

Atlantic salmon (Salmo salar), 

Coho salmon (Onchorhynchus 

kisutch), Alaska pollack 

(Theragra chalcogramma), 

southern blue whiting 

(Micromesistius australis) fresh 

muscle tissues  

1- enzymatic hydrolysis 

2- UF  

3- size exclusion 

chromatography  

1- pepsin, pancreatin, thermolysin 

(Bacillus thermoproteolyticus),  

2- MWCO 5 kDa 

3- Bio-Gel P-2 column 

 

 [275] 

Bigeye tuna dark muscle 1- enzymatic hydrolysis 

2- UF 

3- ion-exchange 

chromatography, RP-HPLC 

  

1- alcalase (DH: 67.22%), α-

chymotrypsin (DH: 77.71%), 

neutrase (DH: 80.93%), papain 

(DH: 74.45%), pepsin (DH: 

78.72%), trypsin (DH: 46.28%) 

2- MWCO 3 kDa 

3- HiPrep 16/10 DEAE FF ion-

exchange column, Primesphere 

ODS C18 column, Synchropak 

RPP-100 RP-HPLC analytical 

column 

Q-TOF-MS coupled with 

ESI 

[276] 

 

Bonito dehydrated whole  

 

 

1- enzymatic hydrolysis 

2- HPLC 

1- pepsin, trypsin, chymotrypsin, 

thermolysin 

2- YMC ODS-AQ column, phenyl 

silica column, cyanopropyl silica 

column, ODS C18 column 

Protein sequencer [277] 
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Brownstripe red snapper 

(Lutjanus vitta) fresh flesh   

1- enzymatic hydrolysis (one 

step and two steps) 

1- one step: proteases from pyloric 

caeca of brownstripe red snapper 

(DH: 20-40%), flavourzyme (DH: 

20-40%), alcalase (DH: 20-40%), 

two steps: hydrolysates with 40% 

DH (durations 1, 2, 3, 5 h) 

Amino acid analyzer [278] 

Carp (Cyprinus carpio) fresh 

muscle tissue  

1- ex-vivo digestion 

 

1- human gastric and duodenal 

enzymes 

SDS-PAGE  [279] 

Chub mackerel (Scomber 

japonicus) fresh whole fish 

followed by fermentation  

1- aqueous extraction  

2- ion‐exchange 

chromatography 

1- hot water 

2- cation-exchange resin (TSK-Gel) 

HPLC (COSMOSIL 5C18-

AR column) 

 

[280] 

Chum salmon (Oncorhynchus 

keta) fresh muscle tissue  

1- enzymatic hydrolysis 

2- column chromatography, size 

exclusion chromatography, RP-

HPLC  

1- thermolysin 

2- octadecyl silica gel column, 

Sephadex G‐25 column, preparative 

ODS column 

Protein sequencer after 

automated Edman 

degradation, amino acid 

analyzer, ESI-MS 

[262, 263] 

Cobia (Rachycentron canadum) 

fresh head  

1- enzymatic hydrolysis 

2- UF 

 

1- papain, 

2- MWCO 8, 5, 3 kDa 

High performance size 

exclusion chromatography 

(Protein-Pak 60 column)  

[281] 

Cuttlefish (Sepia officinalis) fresh 

muscle 

1- enzymatic hydrolysis 

2- gel filtration column 

chromatography, RP-HPLC 

1- Bacillus mojavensis A21 

proteases (DH: 16%), cuttlefish 

hepatopancreas proteases (DH: 8%) 

2- Sephadex G-25 gel filtration 

column, Vydac C18 column 

ESI–MS, MS/MS 

 

[282] 

Grass carp (Ctenopharyngodon 

idellus) fresh scales 

1- enzymatic hydrolysis  

2- column chromatography  

1- neutral protease AS1398 (DH: 

16%) 

2- DA 201-C macroporous 

adsorption resin 

Amino acid analyzer, 

advanced protein 

purification system (TSK 

gel column)  

[283] 

Grass carp (Ctenopharyngodon 

idellus) fresh whole  

 

1- enzymatic hydrolysis  

2- UF 

3- desalting  

 

1- alcalase, neutrase 

2- MWCO 10 kDa 

3- mixed ion exchange resins 

(cation exchange resin (001 × 16, 

Na type) and anion exchange resin 

(D301‐G, Cl type)) 

HPLC with gel permeation 

chromatography (TSK gel 

column), HPLC (cation 

exchange column)  

[284] 
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Grass carp fresh whole  

 

1- enzymatic hydrolysis  

2- UF 

3- column chromatography, 

two-steps RP-HPLC 

1- alcalase (DH: 17.25%) 

2- MWCO 10, 3 kDa 

3- DA 201-C macroporous 

adsorption resin column, Jupiter, 

and Luna C18 column 

Automated protein/peptide 

sequencer, Dawn Eos 

Multi-Angle Laser Light 

Scattering combined with 

Gel Permeation 

Chromatography 

(GPC/MALLS), RP-HPLC 

(cation exchange resin 

column)  

[285, 286] 

Pacific cod (Gadus 

macrocephalus) fresh skin 

1- alkaline and aqueous gelatin 

extraction 

2- enzymatic hydrolysis 

3- FPLC, HPLC, RP-HPLC 

  

1- 1% Ca(OH)2, water  

2- gastrointestinal endopeptidases 

(pepsin, trypsin, and α-

chymotrypsin) 

3- HiPrep 16/10 DEAE FF anion 

exchange column, Primesphere 10 

C18 column, YMC-Pack Pro C18 

column 

Q-TOF-MS coupled with 

ESI 

[287] 

Pacific cod (Gadus 

macrocephalus) fresh skin 

1- alkaline and aqueous gelatin 

extraction 

2- enzymatic hydrolysis 

3- UF  

4- FPLC, gel filtration 

chromatography, RP-HPLC 

1- 1% Ca(OH)2, water 

2- pepsin, papain, α-chymotrypsin, 

trypsin, neutrase, alcalase  

3- MWCO 10, 5, 1 kDa 

4- HiPrep 16/10 DEAE FF anion 

exchange column, Superdex 

Peptide 10/300 GL  

gel filtration column 

Q-TOF LC/MS/MS 

coupled with ESI 

 

[288] 

Pink salmon (Oncorhynchus 

gorbuscha) muscle  

  

1- enzymatic hydrolysis 

2- column chromatograohy, ion‐

exchange chromatography 

1- papain  

2- silica gel, cation exchange resin 

(CG50-type 1)  

NMR, ESI-MS, LC/MS 

(XTerra MS C18 column), 

HPLC (C18 PA-A column) 

[289] 

 

 

Salmon (Salmo salar) trimmings 

 

 

1- enzymatic hydrolysis 

2- semi-preparative RP-HPLC 

 

1- different preparations and 1, 2 

and 4 h durations (alcalase 2.4 L 

(DH: 13.98 – 18.35%), alcalase 2.4 

L + flavourzyme 500 L (DH: 15.15 

– 16.02%), corlolase PP (DH: 21.83 

– 24.34%), PROMOD 144MG 

(DH: 20.34 – 22.11%) 

SDS-PAGE, RP-HPLC, 

gel permeation HPLC, 

UPLC-MS/MS (Peptide 

XB-C18 column) 

[290] 
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2- C18 semi-preparative column 

Salmon pectoral fin by-product  1- enzymatic hydrolysis  

2- ion-exchange 

chromatography, size exclusion 

chromatography, RP-HPLC  

1- alcalase, flavourzyme, neutrase, 

protamex, pepsin, trypsin (DH: 

10%) 

2- HiPrep 16/10 DEAE FF ion-

exchange column, Sephadex G-25 

gel filtration column, ODS C18 

column 

Hydrid Quadrupole-TOF 

LC/MS/MS mass 

spectrometer coupled with 

electrospray ionization 

(ESI) source 

[291] 

Sardine muscle 1- alkali solubilization 

2- enzymatic hydrolysis 

3- RP-HPLC 

1- 20% NaOH 

2- Bacillus licheniformis alkaline 

protease 

3- YMC ODS-AQ column 

 [292] 

Sardine muscle  1- enzymatic hydrolysis 

2- RP-HPLC  

1- Bacillus licheniformis alkaline 

protease (different enzyme: product 

ratio and 1, 17 and 24 h duration) 

2- YMC ODS-AQ column 

Asahipak GS-320 gel 

filtration chromatograohy  

[293, 294] 

Sea bream fresh scales 

 

 

1- enzymatic hydrolysis 

2- size exclusion 

chromatography, ion-exchange 

chromatography, RP-HPLC 

1- enzyme L 

2- Sephadex LH-20 gel filtration 

column, UNO Q-1 column, 

Superdex Peptide HR 10/30 gel 

filtration column, Sephasil Peptide 

C18 column 

Protein sequencer after 

automated Edman 

degradation 

[295] 

Seaweed pipefish (Syngnathus 

schlegeli) fresh muscle  

1- enzymatic hydrolysis 

2- FPLC, RP-HPLC 

1- papain, alcalase, neutrase, 

pronase, pepsin, trypsin 

2- HiPrep 16/10 DEAE FF ion 

exchange column, Primesphere C18 

column 

Q-TOF-MS coupled with 

ESI 

[296] 

Skate (Okamejei kenojei) fresh 

skin  

1- alkaline and aqueous gelatin 

extraction 

2- enzymatic hydrolysis 

3- UF  

4- FPLC, gel filtration 

chromatography 

1- 1% Ca(OH)2, water  

2- alcalase, flavourzyme, protamex, 

neutrase, protease, α-chymotrypsin 

3- MWCO 1 kDa 

4- HiPrep 16/10 DEAE FF anion-

exchange column, Superdex 

Q-TOF-MS coupled with 

ESI 

[271, 297] 
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 Peptide 10/300 GL gel filtration 

column 

Snakehead fish muscle  1- enzymatic hydrolysis 

2- gel chromatography, 

RP-HPLC  

1- flavorzyme, neutrase, proteinase 

k, papain, alcalase 

2- polyacrylamide Bio‐Gel P‐2 

column, C18 column 

 

LC‐ESI‐MS (RP C18 

PepMap 100 column in 

HPLC connected to micro‐

TOF‐Q-MS) 

and Tandem MS analysis 

[298] 

Stone fish (Actinopyga lecanora) 

fresh whole (excluding internal 

organs) 

1- enzymatic hydrolysis 

2- RP-HPLC, isoelectric 

focusing (IEF)- 

electrophoresis 

1- bromelain 

2- semi preparative C18 column 

Q-TOF LC/MS [299] 

Thornback ray (Raja clavata) 

muscle 

1- enzymatic hydrolysis 

 

1- alcalase 2.4L (DH: 22%), 

neutrase 0.5L (DH: 11%), B. 

subtilis A26 (DH: 18%), R. clavata 

crude alkaline protease (DH: 15%) 

RP-HPLC (symmetry C18 

column), MALDI-

TOF/TOF 

[300] 

Tilapia (Oreochromis niloticus) 

fresh white muscle   

1- alkaline solubilization  

2- enzymatic hydrolysis 

3-UF 

1- 2 N NaOH 

2- flavourzyme (DH: 7.5–25%), 

cryotin-F (DH: 7.5–25%) 

3- MWCO 30, 10 kDa 

SDS–PAGE [301] 

Tilapia (Oreochromis niloticus) 

fresh whole  

 

 

1- enzymatic hydrolysis 

2- UF  

3- FPLC, ion exchange 

chromatography, size exclusion 

chromatography 

 

1- Virgibacillus halodenitrificans 

SK1-3-7 proteinases (DH: 48%) 

2- MWCO 30, 5 kDa 

3- diethylaminoethyl (DEAE)-

Sephacel anion exchange column, 

carboxymethyl (CM)-Sepharose 

cation exchange column, Superdex 

peptide 10/300 GL size exclusion 

column 

LC-MS/MS (LC ( 

(Acclaim PepMap 100 C18 

nanocolumn) coupled to 

ESI-Ion Trap MS with 

electrospray) 

[302] 

Tuna frame  1- enzymatic hydrolysis 

2- UF 

3- ion-exchange 

chromatography, RP-HPLC 

 

1- alcalase, α-chymotrypsin, 

papain, pepsin, neutrase, trypsin 

2- MWCO 10, 5, 1 kDa 

3- Hiprep 16/10 DEAE FF anion 

exchange column, Primesphere 10 

Q-TOF-MS coupled with 

ESI 

[303] 
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C18 column, Synchropak RPP-100 

analytical column 

Yellowfin sole (Limanda aspera) 

fresh frame  

1- enzymatic hydrolysis 

2- UF 

3- ion-exchange 

chromatography, gel permeation 

chromatography, RP-HPLC 

 

1- α-chymotrypsin  

2- MWCO 30, 10, 5 kDa 

3- SP-Sephadex C-25 ion-exchange 

column, OHpak SB-803 HQ gel 

permeation HPLC column, SP 

Nucleosil 100-7 C18 RP semi-prep 

column, Zorbax SB C18 RP 

analytical column 

Gel permeation 

chromatography (OHpak 

SB-803 HQ gel 

permeation HPLC column) 

[304] 

Zebra blenny (Salaria basilisca) 

fresh muscle  

1- enzymatic hydrolysis 

 

1- crude alkaline protease extracts 

extracted from homogenized 

viscera of zebra blenny, sardinella 

and smooth hound 

 [305] 
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Table III. 6.: Biological activity of fish and fish byproducts’ derived peptides on hypertension 

Fish name  Anti-ACE and antihypertensive effects  

Sequence and 

molecular mass Ref. 

Alaska Pollack (T. 

chalcogramma)  

- ACE inhibition 

 < 1 kDa; IC50 0.457 mg mL-1 

SP-Sephadex C-25; IC50 0.11 mg mL-1 

Sephadex G-25; IC50 0.066 mg mL-1 

1st RP-HPLC; IC50 0.023 mg mL-1 

2nd RP-HPLC; IC50 0.013 mg mL-1 

FGASTRGA; IC50 14.7 μM  

2nd RP-HPLC 

fraction rich in  

FGASTRGA 765 

Da 

 

 

[274] 

Atlantic salmon (S. 

salar), Coho 

salmon (O. 

kisutch),  

Alaska pollack (T. 

chalcogramma),  

southern blue 

whiting (M. 

australis)  

- ACE inhibition,  

Atlantic salmon; IC50 7.91 mg mL−1,  

Coho salmon; IC50 4.66 mg mL−1,  

Alaska pollack; IC50 3.41 mg mL−1, 

southern blue whiting; IC50 3.62 mg mL−1  

Hydrolysates and 

fractions rich in 

anserine 

[275] 

Bigeye tuna 

 

- ACE inhibition, 

purified PIII-2; IC50 21.6 µM, non-competitive 

inhibition mode, 

- % ACE inhibition at 2 mg mL-1, 

hydrolysate of  

alcalase; 48%, 

α-chymotrypsin; 57%, 

neutrase; 64%, 

papain; 20%, 

pepsin; 81%, 

trypsin; 36%, 

pepsin hydrolysate fraction PIII; 78%, 

PIII-2; ~ 80%, 

- Antihypertensive activity, 

oral administration of 10 mg kg-1 BW 

~ 17 mm Hg maximal SBP drop in SHR at 3 h and 6 

h 

PIII-2 rich in  

WPEAAELMME

VDP 1581 Da 

 

[276] 

 

Bonito 

 

 

- ACE inhibition, 

thermolysin; IC50 29 µg mL-1,  

trypsin; IC50 161 µg mL-1, 

pepsin; IC50 47 µg mL-1, 

chymotrypsin; IC50 117 µg mL-1, 

trypsin/chymotrypsin; IC50 175 µg mL-1, 

further digested peptic hydrolysate; 

trypsin; IC50 65 µg mL-1, 

chymotrypsin; IC50 41 µg mL-1, 

trypsin/chymotrypsin; IC50 38 µg mL-1, 

further digested thermolysin hydrolysate;  

pepsin; IC50 22 µg mL-1, 

pepsin → trypsin; IC50 26 µg mL-1, 

pepsin →  chymotrypsin; IC50 29 µg mL-1, 

pepsin → trypsin/chymotrypsin; 26 IC50 of µg mL-1, 

IY; 3.7 μM, 

Thermolysin 

hydrolysate rich 

in;  

IKPLNY 746 Da, 

IVGRPRHQG 

1019 Da, 

IWHHT 692 Da, 

ALPHA 507 Da, 

LKPNM 601 Da, 

IY 294 Da, 

FQP 390 Da,  

DYGLYP 726 Da 

 

 

 

 

[277] 
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IWHHT; 5.1 μM, 

IVGRPRHQG; 6.2 μM, 

ALPHA; 10 μM, 

FQP; 12 μM, 

LKPNM; 17 μM, 

IKPLNY; 43 μM, 

DYGLYP; 62 mΜ  

- Antihypertensive activity, 

administration of 10 mg kg-1 BW of 

IKP/IVGRPRHQG significantly inhibited the 

elevation of blood pressure in normotensive rat 

Bonito,  

LKP from muscle 

- ACE inhibition, 

LKPNM; IC50 2.4 μM,  

LKP; IC50 0.3 μM, 

- Antihypertensive activity, 

intravenous injection of  

100 μg kg-1 of LKPNM;  

30 mm Hg maximal SBP drop, 

30 μg kg-1 of LKP;  

50 mm Hg maximal SBP drop dose-dependently in 

SHR 

oral administration of  

10.5 mg kg-1 LKPNM at 4 h and 

4.2 mg kg-1 LKP at 2 h;  

10 mm Hg maximal SBP drop in SHR  

 [306] 

Brownstripe red 

snapper (Lutjanus 

vitta) 

- % ACE inhibition ~ ≤ 33% Hydrolysates rich 

in HAA ~ 44% > 

CAA ~ 43% > 

polar AA 13% 

[90] 

Carp (C. carpio) 

  

- ACE inhibition, 

two-hour gastric and one-hour duodenal digested 

fraction; IC50 1.90 mg mL−1, 

two-hour gastric digested fraction; IC50 9.26 mg 

mL−1 

  [279] 

Chub mackerel (S. 

japonicus) 

  

- ACE inhibition,  

hot‐water extract of raw mackerel; IC50 0.2 mg mL−1, 

hot‐water extract of fermented mackerel; IC50 0.06 

mg mL−1, 

- Antihypertension activity, 

administration of 10 mg kg-1 BW, 

27 mm Hg maximal SBP drop in SHR at 4 h  

 [280] 

Chum salmon (O. 

keta) 

 

  

- ACE inhibition,  

hydrolysate; IC50 0.0381 mg mL−1, 

10% ethanol fraction O‐2; IC50 of 0.0286 mg mL−1, 

positive fraction of gel filtration chromatography S‐

4; IC50 of 0.0215 mg mL−1, 

FL; IC50 of 13.6 μM, non‐competitive inhibition 

mode 

MW; IC50 of 9.8 μM, non‐competitive inhibition 

mode 

Rich in FL 278 

Da 

[262, 

263] 

 



 

94 
 

Cobia (R. 

canadum) 

 

  

- ACE inhibition, 

hydrolysate; IC50 0.57 mg mL−1, 

> 8 kDa; IC50 1.06 mg mL−1, 

8-5 kDa; IC50 0.73 mg mL−1, 

5-3 kDa; IC50 0.36 mg mL−1, 

< 3 kDa; IC50 0.24 mg mL−1, 

- Antihypertensive activity, 

oral administration of 150, 600, 1200 mg kg-1 BW 

significantly lowered SBP in SHR dose-dependently 

at 2 - 8 h, 

1200 mg kg-1 BW,  

57 mmHg maximal SBP drop in SHR at 4 h  

< 3 kDa fraction; 

67% (1749 - 173 

Da),  

11% (2831 - 1747 

Da), 

16% (7875 - 2831 

Da) 

[281] 

Cuttlefish (S. 

officinalis)  

- ACE inhibition, 

A21 proteases hydrolysate; IC50 1.12 mg mL−1, 

Cuttlefish proteases hydrolysate; IC50 1.19 mg mL−1, 

Peptides of A21 proteases hydrolysate: 

SFHPYFSY; IC50 82.71 μM 

AFVGYVLP; IC50 18.02 μM 

KNGDGY; IC50 51.63 μM 

STHGVW; IC50 19.30 μM 

RSIKGF; IC50 32.74 μM 

GS; IC50 1156.3 μM 

Peptides of cuttlefish proteases hydrolysate: 

GIHETTY; IC50 25.66 μM 

EKSYELP; IC50 14.41 μM 

VELYP; IC50 5.22 μM 

- Antihypertensive activity, 

oral administration of VELYP 

10 mg kg-1 BW d-1 

decreased SBP and DBP at 2 - 8 h post-

administration non-cytotoxically (20 mmHg maximal 

SBP drop) in SHR   

Hydrolysates rich 

in 

SFHPYFSY 

1047.1 Da, 

AFVGYVLP 

865.4 Da, 

KNGDGY 653.2 

Da, 

STHGVW 663.1 

Da, 

RSIKGF 665.0 

Da, 

GS 163.0 Da, 

GIHETTY 820.3 

Da, 

EKSYELP 865.1 

Da, 

VELYP 620.1 Da 

 

[282] 

Grass carp - ACE inhibition, 

hydrolysate; IC50 0.872 mg mL-1, 

< 3 kDa; IC50 0.308 mg mL-1, 

F6; IC50 0.00553 mg mL-1, 

F6-I; IC50 0.00534 mg mL-1, 

VAP; IC50 0.00538 mg mL-1 

F6-I rich in VAP 

285 Da 

[285] 

Grass carp  - ACE inhibition,  

< 3 kDa; IC50 0.23 mg mL-1, 

- Antihypertension activity,  

single oral administration of 100 mg kg-1 BW  

~ 30 mmHg maximal drop of systolic blood pressure 

(SBP) at 6 h in SHR dose / time dependently and  

non-significant effect in normotensive rats, 

long-term study, 100 mg kg-1 BW 

~ 20 mmHg maximal drop of SBP at 4 weeks in SHR 

and non-significant effect in normotensive rats 

Fraction <3 kDa 

rich in Leu, Asp, 

Phe, Gly, Pro, 

HAA at C-

terminal 

(44.15%),  

1022 - 1228 Da 

(56.6%), 

725 - 834 Da 

(43.3%)  

[286] 

Grass carp (C. 

idellus) 

 

- ACE inhibition,  

hydrolysate; IC50 1.66 mg mL-1, 

after ethanol gradient elution (v/v),  

20% ETOH; IC50 0.48mg mL-1, 

40% ETOH; IC50 0.39 mg mL-1, 

Hydrolysate and 

fractions rich in  

HAA (31% - 

38%) and Pro, 

Gly  

[283] 
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60% ETOH; IC50 0.25mg mL-1, 

80% ETOH; IC50 0.13 mg mL-1,  

% ACE inhibition at 2.5 mg mL-1 

hydrolysate; ~ 70%, 

after ethanol gradient elution (v/v),  

20% ETOH; ~ 75%, 

40% ETOH; ~ 85%, 

60% ETOH; ~ 90%, 

80% ETOH; > 95% dose-dependent effects 

Grass carp (C. 

idellus) 

 

- ACE inhibition,  

hydrolysate; IC50 0.692 mg mL-1, 

< 10 kDa; IC50 0.272 mg mL-1,  

desalted < 10 kDa; IC50 0.105 mg mL-1, 

- Antihypertensive activity, 100 mg kg-1 BW 

43 mm Hg maximal SBP drop in SHR  

Desalted < 10 

kDa rich in < 

1000 Da (190 - 

500 Da (59.2%), 

500 - 1000 Da 

(32.3%)) 

[284] 

Lean (white) fish - Antihypertensive activity,  

4 meals/week lean fish, 8-week controlled study,  

5 mm Hg maximal SBP drop (3.5 ± 3.2% decreased), 

4 mm Hg maximal DBP drop (4.6 ± 3.6% decreased) 

in coronary heart disease patients using multiple 

medications 

 [307] 

Pacific cod (G. 

macrocephalus)  

- ACE inhibition  

100 µg mL-1 Hydrolysate; 60.40%, 

FPLC; ≤ 71.81%,  

HPLC; ≤ 77.85%,  

LLMLDNDLPP; IC50 35.7 μM 

HPLC fraction 

rich in 

LLMLDNDLPP 

1301 Da 

[287] 

Pacific cod (Gadus 

macrocephalus)   

- % ACE inhibition, 

1 mg mL-1 pepsin hydrolysate; 91%, 

500 µg mL-1 pepsin hydrolysate < 1 kDa; 70%, 

250 µg mL-1 FPLC fraction of < 1 kDa (F1); 81%, 

100 µg mL-1 gel column fraction of F1; 96%, 

GASSGMPG; IC50 6.9 μM, 

LAYA; IC50 14.5 μM 

GASSGMPG 662 

Da,  

LAYA 436 Da 

[288] 

Pink Salmon (O. 

gorbuscha) 

 

  

- ACE inhibition,  

hydrolysate; IC50 79 µg mL-1, 

IW; IC50 0.38 µg mL-1, 

LW; IC50 2.2 µg mL-1, 

% ACE inhibition,  

20 µg mL-1 hydrolysate; 26%, 

aqueous fraction; 12%, 

1-butanol soluble fraction; 51%, 

% ACE inhibition of sub-fractions of butanol-soluble 

fraction; 

20 µg mL-1 1st-silica gel column fractions (Fr.1-3); ≤ 

71%, 

6 µg mL-1 2nd-silica gel column fractions (Fr.2-2); ≤ 

48%, 

- Antihypertensive activity,  

single oral administration of 30 mg kg-1 BW salmon 

peptide,   

20 mm Hg maximal SBP drop at 2 h in SHR,   

Ion exchange 

column fraction 

(Fr.3-5) rich in di-

peptides (VW, 

GW, MW, LW, 

WA, WM, FL, 

LF, VL, LI, IL, 

VF, IF, YF, FY) 

and tri-peptides 

(VIF, IVF, FVL, 

AFL, LVL, VIL, 

IVL, FIA, YLV, 

IVW)  

 

 

 

[289] 
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long-term administration of 1.0 g kg-1 BW d-1 of 

salmon peptide;  

5 mm Hg maximal SBP drop at 4-weeks in SHR   

Purified fish protein 

(salmon, tuna, cod, 

mix of white fishes) 

(94% protein) 

- Antihypertensive activity, 

20.4 g kg-1 BW d-1 (20% protein diet), 2-months 

controlled study,  

30.9 mm Hg maximal SBP drop (14% decrease 

compared to casein-diet) in SHR at 4, 6, 7 wk up to 

2-months  

Diet rich in  

Glu 13% > Gly 

12.3% > Asp 8% 

> Lys 7% > Ala 

6.9% > Arg 6.5% 

[308, 

309] 

Salmon 

  

- ACE inhibition,  

alcalase hydrolysate; IC50 0.356 mg mL−1, 

P1; IC50 0.00912 mg mL−1, non- competitive mode,  

P2; IC50 0.01372 mg mL−1, mixed mode,  

P4; IC50 0.00679 mg mL−1, mixed mode 

P1 (VWDPPKFD 

~ 1003 Da), 

P2 

(FEDYVPLSCF 

~ 1219 Da), 

P4 (FNVPLYE ~ 

881 Da) 

[291] 

Salmon (S. salar) 

 

 

- ACE inhibition,  

protein extract; IC50 3.68 mg mL−1, 

alcalase hydrolysate; IC50 0.74 mg mL−1, 

alcalase + flavourzyme hydrolysate; IC50 

0.94 mg mL−1, 

Corolase hydrolysate; IC50 0.97 mg mL−1, 

PROMOD hydrolysate; IC50 1.35 mg mL−1, 

FF; IC50 59.15 μM,  

F; IC50 0.15 μM, 

Y; IC50 132.84 μM,  

YP; IC50 5.21 μM 

Two selected 

corolase fraction 

rich in GPAV, 

VP, VC, YP, FF, 

PP, DP, I/LD, 

I/LH, W, L/I, F, 

Y 

 

[290] 

 

Sardine 

 

- Antihypertensive activity, 

administration of 3 mg VY 

9.7- and 5.3-mm Hg SBP/DBP drop at 1 week,  

9.3- and 5.2-mm Hg SBP/DBP drop at 4 weeks 

VY 280 Da [292] 

Sardine 

  

- ACE inhibition, 

1-2 wt%, 1 h; IC50 0.24 mg mL-1, 

0.1-0.5 wt%, 24 h; IC50 0.25-0.26 mg mL-1, 

0.3 wt%, 17 h; IC50 0.26 mg mL-1, 

A-I (0.3 wt%, 17 h and 1 wt%, 1 h); IC50 0.26 mg 

mL-1, 

A-I-Y1; IC50 1.222 mg mL-1,  

A-I-Y2; IC50 0.015 mg mL-1, 

A-I-Y3; IC50 0.078 mg mL-1, 

A-I-Y4; IC50 0.041 mg mL-1 

A-I (0.3 wt%, 17 

h and 1 wt%, 1 h) 

in decreasing 

order rich in AAs 

Glu > Asp > Lys 

> Leu 250 - 1000 

Da 

[293] 

Sardine  - ACE inhibition, 

Hydrolysate; IC50 62.4 mg mL-1, 

- Antihypertensive activity, 

single oral administration of 1 g kg-1 BW d-1; 13 

mmHg maximal SBP drop in stroke-prone SHR at 4 

weeks   

 [294] 
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Sea bream 

 

 

 

- ACE inhibition,  

hydrolysate; IC50 0.57 mg mL−1, 

fractions  

III; IC50 0.096 mg mL−1, 

III-1; IC50 0.052 mg mL−1, 

III-2; IC50 0.080 mg mL−1, 

III-1C; IC50 0.027 mg mL−1, 

III-1C-A; IC50 0.063 mg mL−1, 

III-1C-B; IC50 0.005 mg mL−1, 

III-1C-C; IC50 0.16 mg mL−1, 

III-1C-D; IC50 0.003 mg mL−1, 

- Antihypertensive activity, 

administration of 300 mg kg-1 BW d-1 hydrolysate 

significantly lowered blood pressure in SHR 

Fractions rich in  

III-1C-A; GY 238 

Da, 

III-1C-B; VY 280 

Da, 

III-1C-C; GF 222 

Da,  

III-1C-D; VIY 

393 Da 

 

[295] 

Seaweed pipefish 

(S. schlegeli) 

  

- % ACE inhibition,  

alcalase; 86%, 

- ACE inhibition, 

alcalase hydrolysate F3; IC50 0.068 mg mL−1, 

F3-II; IC50 0.62 mg mL−1, 

F3-III; IC50 1.44 mg mL−1 

Alcalase 

hydrolysate rich 

in  

F3-II; TFPHGP 

744 Da, 

F3-III; HWTTQR 

917 Da 

[296] 

Skate (O. kenojei)  - % ACE inhibition,  

2 mg mL-1 alcalase gelatin hydrolysate; 72.8%, 

1 mg mL-1 alcalase/protease gelatin hydrolysate < 1 

kDa (SAP); 86%, 

100 µg mL-1 SAP-I; 73%, 

100 µg mL-1 SAP-I3; 85% 

MVGSAPGVL; IC50 3.09 μM, 

LGPLGHQ; IC50 4.22 μM 

SAP-I3 rich in 

MVGSAPGVL 

829 Da, 

LGPLGHQ 720 

Da 

[297] 

Skate (O. kenojei) - Antihypertensive activity, 

oral administration of 1 g SAP kg-1 BW d-1, 20 days, 

127.2 mmHg maximal SBP drop, 

77.6 mmHg maximal DBP drop,  

94.2 mmHg maximal mean blood pressure drop at 

20 day in SHR  

SAP rich in  

Lys 31% > Gly 

16% > Glu 7% 

[271]  

Snakehead fish  - ACE inhibition,  

crude sarcoplasmic protein; IC50 3.34 mg mL−1, 

hydrolysate of  

papain; IC50 0.182 mg mL−1, 

neutrase; IC50 0.152 mg mL−1, 

flavourzyme; IC50 0.149 mg mL−1, 

proteinase K; IC50 0.137 mg mL−1,  

alcalase; IC50 0.038 mg mL−1, 

post digestion 

LYPPP; IC50 1.3 μM, 

YSMYPP; IC50 2.8 μM 

Alcalase 

hydrolysate rich 

in   

LYPPP 585 Da,  

YSMYPP 756 Da 

 

[298] 

Stone fish 

(Actinopyga 

lecanora) 

- % ACE inhibition, 

RP-HPLC fractions; 43.50%, 

IEF electrophoresis sub-fractions; 69.21%,   

ALGPQFY; IC50 0.012 mM, 

KVPPKA; IC50 0.980 mM, 

LAPPTM; IC50 1.310 mM, 

ALGPQFY 

794.44 Da, 

KVPPKA 638.88 

Da, 

LAPPTM 628.85 

Da,  

[299] 
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EVLIQ; IC50 1.440 mM, 

EHPVL; IC50 1.680 mM 

EVLIQ 600.77 

Da, 

EHPVL 593.74 

Da 

Thornback ray (R. 

clavata) 

 

 

- % ACE inhibition at 5 mg mL-1, 

crude muscle protein; 15%, 

hydrolysate of 

alcalase; 84%, 

neutrase; 87%, 

B. subtilis A26; 87%, 

R. clavata crude alkaline protease; 51% 

Crude mix and 

hydrolysates rich 

in 

Glu, Gly, Pro  

[300] 

Tilapia (O. 

niloticus) 

 

 

- % ACE inhibition, 

hydrolysate; 85%, 

> 30 kDa; 51%, 

5 - 30 kDa; 65%, 

< 5 kDa; 88%, 

fractions of < 5 kDa; 

DEAE-Sephacel; 59%, 

CM-Sepharose; 38%, 

Superdex peptide 10/300 GL; 35%, 

crude hydrolysate; IC50 0.54 mg mL-1, 

Superdex peptide 10/300 GL-P-I; IC50 0.15 mg mL-1 

non-competitive mode, 

MILLLFR; IC50 0.12 µM, 

LNLQDF; IC50 0.51 µM,  

LNLQDFR; IC50 0.85 µM 

Superdex peptide 

10/300 GL-P-I 

rich in MILLLFR 

905.83 Da,  

LNLQDFR 

905.66 Da, 

KHQDFF 821.41 

Da, 

KPLLLMQLLLL

FR 1526.64 Da, 

QNLLNYR 

920.80 Da,  

QDLLFR 791.64 

Da, 

NLGALLFR 

903.49 Da, 

NELLLFR 

904.60 Da, 

ELLGFV 677.49 

Da, 

AHLLLL 679.49 

Da 

[302] 

Tilapia 

(Oreochromis 

niloticus) 

- % ACE inhibition,  

0.2% w/v protein cryotin hydrolysates 62 – 71%, 

flavourzyme hydrolysates 66 – 73% 

MW range 3.5 - 

110 kDa 

[301] 

Tuna 

 

- % ACE inhibition,  

2 mg mL-1 pepsin hydrolysate (PH); 88.2%, 

1 mg mL-1 PHI (MW <1 kDa); ≥ 80%, 

1 mg mL-1 PHII (MW 1–5 kDa); 91.6%,  

1 mg mL-1 PHIII (MW 5–10 kDa); 89.4%, 

0.2 mg mL-1 PHII-F3; 76.4%, 

0.1 mg mL-1 PHII-F3-3; 86.5%, 

- ACE inhibition,  

pure peptide of PHII-F3-3; IC50 11.28 μM, non-

competitive inhibition mode 

- Antihypertensive activity, 

single oral administration of 10 mg kg-1 BW pure 

PHII-F3-3; 21 mmHg maximal SBP drop in SHR at 6 

h 

PHII-F3-3 rich in 

GDLGKTTTVSN

WSPPKYKDTP 

2482 Da 

 

 

[303] 

Yellowfin sole (L. 

aspera) 

- % ACE inhibition; 

30 - 10 kDa; 47.6%, 

Undigested 

protein rich in 

[304] 
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  10 - 5 kDa; 34.5%, 

< 5 kDa; 68.8%, 

- ACE inhibition,  

< 5 kDa; IC50 0.883 mg mL−1 (22.3 μM), 

fractions of < 5 kDa; 

cation exchange chromatography; IC50 0.210 

mg mL−1, 

gel permeation chromatography; IC50 0.093 

mg mL−1, 

1st RP-HPLC; IC50 0.056 mg mL−1, 

2nd RP-HPLC; IC50 0.029 mg mL−1, 

undigested protein; significant ACE inhibition at 250 

µM, 500 mM, non-competitively, 

- Antihypertensive activity, 

single oral administration of 10 mg kg-1 BW  

22 mmHg maximal SBP drop in SHR at 3 h 

MIFPGAGGPEL 

1.2 kDa and 

< 5 kDa fraction 

rich in 

hydrophobic AAs 

 

 

 

Zebra blenny (S. 

basilisca) 

 

- ACE inhibition, 

hydrolysate of  

zebra blenny protease; IC50 93.6 µg mL-1, 

smooth hound protease; IC50 130 µg mL-1, 

sardinella protease; IC50 182 µg mL-1 dose-dependent 

inhibition,  

- in-vivo % ACE inhibition in serum of surviving 

diabetic rats; 

zebra blenny protease; 52.8%, 

smooth hound protease; 53%, 

sardinella protease; 56%, 

- Antihypertensive activity, 

adverse effect on diabetic (alloxan-induced) rats  

 [305] 

 

In an in-vivo experimental setting, after 2 hours(h) treatment, tested grass carp 

material showed significant antihypertensive activity (43 mmHg Systolic Blood Pressure 

(SBP) maximal drop at the dosage of 100 mg kg-1 Body Weight (BW)) in SHR compared 

with the control group [284]. Grass carp peptides of size 725 - 1228 Da, rich in leucine, 

aspartic acid, phenylalanine and glycine amino acids, at 100 mg kg-1 BW in SHR 6 h post-

administration significantly reduced SBP of approximately 30 mm Hg, in comparison to the 

control group (captopril), the medication of choice, with similar effect at dosage of 10 mg 

kg-1 BW and the effect persisted for several weeks after the initial administration [286]. In an 

in-vitro study, hydrolysates of salmon pectoral fin byproducts (digested by alcalase, 

flavourzyme, neutrase, pepsin, protamex and trypsin) that were isolated and fractionated to 

various peptide fractions by consecutive chromatography, demonstrated competitive, non-

competitive and mixed inhibition modes against ACE in a dose-dependent manner with IC50 



 

100 
 

values of 7.72 - 10.77 μM [291]. For the extraction and hydrolysis of intended peptides, 

selection of enzymes and the subsequent fractionation and purification techniques are vital 

considerations since these factors govern the structure of final product and its mode of action 

in the target site (table III. 5.).   

5. Impact of enzymatic digestion and purification processes on antihypertension and 

ACE inhibition activity  

The review of Lee et al., focusing on animal-, marine-, and plant-origin ACE 

inhibitors, have concluded that optimal hydrolysis treatment depends on type of the protein 

source [255]. Optimal hydrolysis treatment for different food sources have been postulated 

as; animal-extracted enzymes (e.g., pepsin, trypsin, chymotrypsin) for animal products, and 

microbe-extracted enzymes (e.g., alcalase, neutrase, thermolysin) for marine organisms and 

plants [255]. In addition to enzymatic hydrolysis, solvent extraction has also efficaciously 

been unitized for production of plant-based ACE-inhibitors [256]. The proteolytic enzymes 

from different sources (from   animals’ digestive tract, microbes and other natural sources), 

including autolysis in which naturally occurring enzymes are actively engaged in the 

fermentation process, have overall been used for the extraction of ACE-inhibiting peptides 

from marine-organisms [266]. In accordance, of the abovementioned digestion processes, 

enzymatic hydrolysis has commonly been used in preparation of fish-origin antihypertensive 

and anti-ACE hydrolysates, with the exception using water-extraction procedure which has 

shown to be an effective method for isolation of mushroom-based ACE-inhibitors (table III. 

5.) [256, 280].  

Following digestion, in general, hydrolysates are further processed to obtain a purer, 

and likely, a more potent product. Next, products are subjected to filtration. This commonly 

is practiced for every type of food source. Subsequently, a chromatographic technique, or 

combination of few, would be used for separation of the peptides based on their many 

structural and compositional characteristics (table III. 5.). A clear example is that ACE-

inhibition activity of jellyfish hydrolysate was enhanced by 8-fold (from IC50 of 1.28 mg mL-

1 to the low end of  0.16 mg mL-1) using desalting and gel column chromatography [265]. 
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Ultrafiltering grass carp lysate with 10 kDa Molecular Weight Cut-Off (MWCO) 

Ultrafiltration (UF) membrane improved IC50 by about 3-fold (from 0.692 mg mL-1 to 0.272 

mg mL-1) and further desalting by about 7-fold (from 0.692 mg mL-1 to 0.105 mg mL-1) [284]. 

Even so precipitating and desalting, frequently applied to plant- and marine-based 

hydrolysates, is not so common for fish-hydrolysates [256, 265, 284]. Separation and 

purification of these molecules are well necessary for the characterization and identification 

of the biopeptides, in terms of AA sequences and molecular mass (table III. 5.).  

5.1. Enzymatic digestion  

Depending on the amino acid composition and the peptide bonds of the selected 

sample, food source, many different enzymes could be used to produce the most preferred 

potent bioactive molecule(s). An enzymatic reaction, depending on the type of enzyme and 

the substrate, results in final products with diverse functionalities (tables III. 5. and III. 6.). 

5.1.1. Effect of enzymes on different peptide bonds   

Alcalase and neutrase, both, produce peptides with HAA at the C‐terminus. Alcalase, 

an esterase, explicitly produces short peptides (usually < 10 kDa) with HAA at the C‐terminal 

as well as heterocyclic amino esters whereas neutrase, neutral zinc metallo endo-protease, is 

mainly specific to leucine, tyrosine, tryptophan and phenylalanine [298, 310-312]. On the 

other hand, papain with broad specificity cleaves and catalyzes peptide bonds of basic AA, 

leucine, methionine, tryptophan, glycine, tyrosine, phenylalanine and amino acid ethyl ester 

residues with preference for HAA large side-chains contrary to alcalase, which is evident in 

numerous studies [265, 298, 310-313]. The chymotrypsin, like papain, cleaves bulky side 

chains, rather non-polar amino acids, with valine, alanine, leucine, proline, tyrosine, 

phenylalanine, histidine, and tryptophan at C-terminal [276, 277, 303]. Flavourzyme, an 

exopeptidase with exocatalytic action, generates a great deal of AA as well as long chain 

peptides with higher MW (> 19 kDa in the hydrolysis of poultry meals and flaxseed) [314, 

315]. Proteinase K, a serine protease, cuts at the peptide bond site next to the carboxylic 



 

102 
 

group of aliphatic, aromatic amino acids with preference for HAAs comparable to alcalase 

and neutrase [298, 316]. 

Due to improved enzymatic endo-actions and specific hydrolysis of carboxyl-

terminal HAA, alcalase has been preferred over other common commercial and non-

commercial enzymes for the extraction of ACE inhibitory peptides specifically from grass 

carp and other fish types  [284, 285, 291, 317]. According to Lee et al. alcalase may not be 

suitable for digestion of every fish type [303]. For the extraction of ACE inhibitors from 

dried bonito, over a broad range of enzymes, thermolysin was the most superior [277]. 

Consecutive digestion of the peptic hydrolysate of dried bonito by digestive proteases 

affected the effectivity of peptides nonetheless the same method had non-significant effect 

on the additional digestion of thermolysin hydrolysate [277]. The trypsin/chymotrypsin and 

chymotrypsin increased the potency of the peptic hydrolysate by 19% (IC50 38 µg mL-1) and 

13% (IC50 41 µg mL-1), respectively, nevertheless trypsin alone decreased this effect by 38% 

(IC50 65 µg mL-1) in comparison to the pepsin hydrolysate (IC50 47 µg mL-1) [277].  

5.1.2. Effect of enzymes on the separation of blood pressure lowering fish 

biopeptides 

In the study of Ghassem et al., the biological activity of the enzymatic hydrolysates, 

from snakehead fish, in decreasing order were; alcalase > proteinase k > flavourzyme > 

neutrase > papain in comparison to the crude sarcoplasmic snakehead fish muscle protein 

with the least and alcalase hydrolysate with highest activities [298]. Similar approach was 

followed by Wijesekara et al. where muscle protein of seaweed pipefish was digested through 

enzymatic hydrolysis by various commercial enzymes and all the resultant hydrolysates 

exhibited anti-ACE effect, ~70% - 86%, in decreasing order of alcalase > trypsin > papain, 

pepsin > neutrase > pronase [296]. Bonito hydrolysates all affected the ACE activity to some 

degree, IC50 ranging from 29 µg mL-1 to 175 µg mL-1, in decreasing order of thermolysin > 

trypsin/chymotrypsin digested peptic hydrolysate > chymotrypsin digested peptic 

hydrolysate > pepsin > trypsin digested peptic hydrolysate > chymotrypsin > trypsin > 

trypsin/chymotrypsin [277]. Tuna fish frame proteins, when processed by specific and non-
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specific commercial enzymes, demonstrated ACE inhibition activity to varying degrees, 

~45% - 88%, and the effects in deceasing order of activity were; pepsin > α-chymotrypsin > 

neutrase > alcalase > trypsin > papain [303].  

5.2.  Isolation and purification 

Moreover, of the above-discussed procedures and techniques, mainly membrane 

filtration and chromatographic techniques are in use for isolation and purification of anti-

hypertensive and anti-ACE biopeptides from fish lysates (table III. 5.). While smaller 

MWCO ranges are applied for plant-based hydrolysates (1 – 10 kDa), a wider range of 1 kDa 

up to 30 kDa has been adapted for fish hydrolysates [256]. Comparable chromatographic 

techniques (e.g., Size Exclusion Chromatography (SEC), Ion (cat- and an-ion) Exchange 

Chromatography (IEC), Solid Phase Extraction (SPE), Reversed Phase High Performance 

Liquid Chromatography (RP-HPLC) are practiced for fish- and plant-based hydrolysates 

(table III. 5.) [256]. Final fish derived products significantly vary from one another in terms 

of MW, chain length, structure and composition which would be influential on the properties 

of peptide and subsequently its bioactivity (tables III. 5., III. 6., and III. 7.).   
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Table III. 7.: Structures of selected fish-extracted antihypertensive and ACE inhibitory oligopeptides  

Peptide’s primary structure 

Peptide sequence 

IC50 

Mass (Da) 

Isoelectric point 

Net charge and  

Hydrophobicity (Kcal 

mol-1) 

 

Peptide’s primary structure 

Peptide sequence 

IC50 

mass (Da) 

isoelectric point 

net charge and  

hydrophobicity 

(Kcal mol-1) 

Penta-peptides 
    

 

ALPHA 

10 μM [277] 

507.2798 

7.95 

0 

+10.12 

 

 

IWHHT 

5.1 μM [277] 

692.3386 

8.05 

0 

+9.60 

     

 

LKPNM 

17 μM [277] 

601.3248 

10.14 

+1 

+9.77 

 

 

LYPPP 

1.3 μM [298] 

585.3153 

5.22 

0 

+6.36 

     

 

 

VELYP 

5.22 μM [282] 

619.3207 

3.01 

-1 

+9.25 

 

 

EHPVL 

1.680 mM [299] 

593.3164 

5.06 

-1 

+12.29 
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EVLIQ 

1.440 mM [299] 

600.3472 

3.12 

-1 

+9.47 

   

 

     

Hexa-peptides 
    

 

AHLLLL 

- 

678.4416 

7.95 

0 

+5.73 

 

 

DYGLYP  

62 mΜ [277] 

349.1633 

5.48 

0 

+7.83  

 

     

 

ELLGFV  

- 

676.3784 

3.23 

-1 

+8.01 

 

 

HWTTQR  

1.74 mM [296] 

827.4028 

10.91 

+1 

+11.22  

 

     

 

IKPLNY  

43 μM [277] 

746.4314 

9.79 

+1 

+8.61  

 

 

 

KHQDFF  

- 

820.3857 

7.55 

0 

+14.02  
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KNGDGY  

51.63 μM [282] 

652.2808 

6.42 

0 

+16.78  

 

 

 

QDLLFR  

- 

790.4325 

6.48 

0 

+9.91  

 

     

 

RSIKGF  

32.74 μM [282] 

706.4115 

11.52 

+2 

+11.29  

 

 

 

STHGVW  

19.30 μM [282] 

685.3175 

7.63 

0 

+9.54  

 

     

 

TFPHGP  

947.56 μM [296] 

654.3117 

7.57 

0 

+10.20  

 

 

YSMYPP  

2.8 μM [298] 

756.3142 

5.17 

0 

+6.55  

 

     

 

KVPPKA 

0.980 mM [299] 

638.4104 

10.57 

+2 

+13.82 

 

 

LAPPTM 

1.310 mM [299] 

628.3244 

5.40 

0 

+7.01 

     

Hepta-peptides 
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EKSYELP  

14.41 μM [282] 

864.4215 

4.08 

-1 

+16.60  

 

 

 

FNVPLYE  

7.71 μM [291] 

880.4317 

3.09 

-1 

+8.39  

     

 

GIHETTY  

25.66 μM [282] 

819.3751 

5.06 

-1 

+13.68  

 

 

 

LNLQDFR  

0.85 µM [302] 

904.4753 

6.74 

0 

+10.76  

 

     

 

MILLLFR  

0.12 µM  

904.5552 [302] 

10.88 

+1 

+2.46  

 

 

 

NELLLFR 

- 

903.5163 

6.38 

0 

+8.73  

 

     

 

QNLLNYR  

- 

919.4862 

9.60 

+1 

+8.97  

 

 

LGPLGHQ 

4.22 μM [297] 

720.3908 

7.89 

0 

+10.94 
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ALGPQFY 

0.012 mM [299] 

794.3951 

5.46 

0 

+6.79 

   

     

Octa-peptides 
    

 

AFVGYVLP  

18.02 μM [282] 

864.4731 

5.23 

0 

+5.10  

 

 

 

NLGALLFR 

- 

902.5323 

10.60 

+1 

+6.75  

     

 

SFHPYFSY  

82.71 μM [282] 

1046.4484 

7.57 

0 

+6.45  

 

 

 

VWDPPKFD  

9.1 μM [291] 

1002.4796 

3.91 

-1 

+14.00  

     

 

FGASTRGA 

14.7 μM [274] 

765.3759 

10.90 

+1 

+12.01 

 

 

GASSGMPG 

6.9 μM [288] 

662.2685 

5.60 

0 

+12.24 
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Nona-peptides 
    

 

IVGRPRHQG  

6.2 μM [277] 

1018.5770 

12.49 

+2 

+15.48  

 

 

 

MVGSAPGVL 

3.09 μM [297] 

829.4354 

5.51 

0 

+8.46 

     

Deca-peptides 
  

  

 

FEDYVPLSCF  

11.26 μM [291] 

1218.5249 

2.92 

-2 

+9.91  

 

 

LLMLDNDLPP 

35.7 μM [287] 

1139.5877 

2.76 

-2 

+10.64 
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5.2.1. Effect of different fractionation processes on the separation of blood 

pressure lowering peptides 

In a study by Chen et al. fresh grass carp was primarily hydrolyzed by two commonly 

used enzymes, alcalase and neutrase. Subsequently, peptides were isolated by UF process, 

MWCO 10 kDa, and the resultant fraction was further desalted using mixed ion exchange 

resins [284]. Desalted permeate had significantly higher ACE inhibition activity (~2-6 times 

higher) than the permeate of UF, the initial hydrolysate and the reference protein, soya 

peptide [284]. Molecular weight distribution analyses of the desalted UF permeate fraction 

revealed that > 90% of the peptides were of sizes 190 - 1000 Da [284]. Amino acid 

composition analysis results showed that glutamic- and aspartic-acid (negatively charged 

HAA) are the most dominant AA in the fraction and the abundance of AA follow similar 

trends in both the hydrolysate and the desalted protein [284].  

In accordance, fish scale peptides of the same species that were hydrolyzed using 

neutral protease and isolated by macroporous resins resulted in  hydrophobic ACE inhibitory 

di- to penta-peptides  of sizes 145 Da and 650 Da [283]. Another ACE inhibitory tri-peptide 

from whole fresh grass carp with MW of < 3 kDa was hydrolyzed by alcalase, afterwards 

isolated and purified sequentially using UF, macroporous adsorption resin, and two steps of 

RP-HPLC [285]. Alcalase and protamex digested salmon hydrolysate at 1 mg mL-1 inhibited 

56% and 50% of the ACE activity, respectively, whereas others’ effect was below 23% [291]. 

Molecular mass distribution of salmon trimming hydrolysate showed that higher percentage 

of corolase-derived peptides, about 44%, were < 5 kDa in comparison to different enzyme 

preparations and several evidences have confirmed the improved bioactivity of smaller size 

peptides [290]. In general, alcalase and corolase release more of short Pro-rich, HAA, 

peptides known for improved ACE inhibitory activity and in the study of Neves et al., salmon 

alcalase-prepared hydrolysate (about 97% of peptides with MW of < 10 kDa) follows the 

same trend [290, 318, 319]. 

The fractionation of tilapia by chromatographic techniques, four-step purification, 

significantly affected the ACE inhibition activity of the different fractions obtained 
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throughout the process [302]. The most potent ACE inhibitory peptide of the tilapia, IC50 of 

0.15 mg mL-1, was obtained by SEC in a successive fractionation process [302]. Successive 

purification of tuna frame protein peptic hydrolysate by chromatographic techniques resulted 

in a semi-pure product (PHII-F3-3) which was ~20-times more potent in comparison to the 

crude hydrolysate [303]. One of the three fractions (F3) from alcalase protein hydrolysate of 

the seaweed pipefish using Fast Protein Liquid Chromatography (FPLC) on 

Diethylaminoethyl (DEAE) Fast Flow (FF) anion exchange column was significantly active 

with IC50 of 0.068 mg mL−1 [296]. F3 was sub-fractionated by RP-HPLC on C18 column to 

three fractions with the IC50 values of 0.62 mg mL−1 and 1.44 mg mL−1 for F3-II and F3-III, 

respectively [296]. Evidently the peptides in the hydrolysate have synergistic effect as F3 is 

9-times and 21-times more potent than its sub-fractions, the F3-II and F3-III, correspondingly 

[296]. Ultrafiltration, MWCO 5 kDa, non-significantly improved anti-ACE effect by 3% only 

(88% ACE inhibition with 0.14 mg peptide concentration) in comparison to the 85% 

inhibition of crude hydrolysate of tilapia (Oreochromis niloticus) by 0.51 mg of peptides, 

followed by DEAE-Sephacel anion exchange chromatography fraction (59% at 0.07 mg of 

peptides), CM-Sepharose cation exchange chromatography fraction (38% at 0.02 mg of 

peptides), and Superdex peptide 10/300 GL size exclusion chromatography fractions with 

least effectivity (35% at 0.01 mg of peptides) [302]. Use of diverse lysing, separating and 

purifying procedures lead to different cleavage sites, length and AA types of a peptide chain 

consequently affecting the bioactivity of the final product (tables III. 5. and III. 6.).   

6. Structure-activity relationship  

In general, scientists agree on a strong association between the ACE-inhibition and 

or anti-hypertensive effect of a biopeptide with its structure, size, chain length as well as type 

and order of AA in the sequence. Conclusively decades ago, Cheung et al. declared the 

existence of HAA at either of the peptides’ terminals vital for ACE-inhibition activity of a 

peptide namely phenylalanine, proline at C-terminal and isoleucine, valine at N-terminal of 

the biopeptide [320]. In agreement with Cheung et al., phenylalanine exists in a great deal of 

fish blood pressure controlling peptides, either at C- or N- terminal (18 sequences in total), 

of varying masses and lengths (tables III. 6. and III. 7.). Even so surprisingly years later, 
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Daskaya-Dikmen reviewing plant-derived ACE-inhibitors, though agreeing on the 

importance and relationship between ACE-inhibition activity and peptide structure, could not 

specifically conclude on the structural and compositional feature of a potent blood pressure 

lowering biopeptide [256].   

Cushman et al. back in 1971, suggested the possible interaction of ACE active sites 

with tyrosine, tryptophan, proline, phenylalanine and one HAA at the C-terminal residue to 

be responsible for the ACE inhibition activity of the potent peptides [319]. In agreement with 

the proposition of Cushman et al. amino acid sequences of the potent fractions of salmon by-

product hydrolysate with HAA at the C-terminal residue were Val-Trp-Asp-Pro-Pro-Lys-

Phe-Asp, Phe-Glu-Asp-Tyr-Val-Pro-Leu-Ser-Cys-Phe, and Phe-Asn-Val-Pro-Leu-Tyr-Glu 

[291, 319]. In general, salmon muscle dipeptides with phenylalanine in their structure 

exhibited significant activity of which Ile-Phe, at 50 µM with 86% inhibition was the most 

compelling [289]. The dipeptide Ile-Phe has repeatedly been reported as an anti-hypertensive 

peptide of animal and plant source (e.g., chicken, pork, bovine, egg, soybean, etc.) (table III. 

3.). Presence of same Ile-Phe in animal-, plant- and marine-origin oligopeptide sequences 

also have been shown, per AHTPDB database, to effectively prevent hypertension [321]. The 

dipeptides Val-Phe and Leu-Phe were the most abundant active peptides in the salmon 

muscle hydrolysate constituting 0.12% and 0.06% of the total content, respectively [289]. 

Comparable peptides have been frequently identified in sources other than fish with potent 

blood pressure lowing effects (table III. 3.).  

The two isolated and identified penta- and hexa-peptides sequence of snakehead 

muscle sarcoplasmic protein alcalase hydrolysate, Leu-Tyr-Pro-Pro-Pro and Tyr-Ser-Met-

Tyr-Pro-Pro, contained proline and one HAA at the C-terminal which has earlier been 

reported to interact with ACE active sites hindering its activity [298, 319]. Interaction of 

skate originated oligopeptides (Met-Val-Gly-Ser-Ala-Pro-Gly-Val-Leu and Leu-Gly-Pro-

Leu-Gly-His-Gln) with ACE has been observed at Trp67, Asn68, Thr71, Asn72, Thr74, 

Glu76, Thr77, Lys338, Asp346 and Arg348 [297]. Looking closely at the pattern of 

snakehead-extracted anti-ACE pentapeptide (Leu-Tyr-Pro-Pro-Pro; IC50 1.3 μM) and 

cuttlefish-extracted anti-ACE pentapeptide (Val-Glu-Leu-Tyr-Pro; IC50 5.22 μM) presence 
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of Leu-Tyr-Pro order of AAs in both sequences is conspicuous (table III. 7.) [282, 298]. 

Interestingly sequencing of the selected salmon trimmings corolase hydrolysate fractions 

revealed Tyr-Pro as the most potent ACE inhibitory dipeptide (IC50 5.21 μM) which is in 

accordance with the scheme of Cushman et al. [290, 319]. Occurrence of Tyr-Pro, the most 

active salmon-extracted anti-ACE dipeptide, could be the basis of anti-ACE effects of 

snakehead- and cuttlefish-extracted pentapeptides [282, 290, 298]. The sequences of sea 

broom hydrolysate based on IC50 values, 0.003 – 0.16 mg mL−1, in decreasing order were 

Val-Ile-Tyr > Val-Tyr > Gly-Tyr > Gly-Phe [295].  

Presence of proline in the sequence of fish-extracted biopeptides may play more vital 

than MW, chain length and hydrophobicity. Cuttlefish-origin di-peptide, Gly-Ser (163.0 Da, 

hydrophobicity of +9.51 Kcal mol-1), was respectively ~ 220- and 60-times less potent than 

cuttlefish-origin Val-Glu-Leu-Tyr-Pro penta-peptide and Ser-Thr-His-Gly-Val-Trp hexa-

peptide with comparable hydrophobicities (+9.25 and +9.54 Kcal mol-1) (table III. 7.) [282]. 

In accordance proline richness and its number of occurrences in a sequence could greatly 

increase the potency of a biomolecule. Snakehead Leu-Tyr-Pro-Pro-Pro penta-peptide (IC50 

1.3 μM), containing three prolines, was ~2-times more active than Tyr-Ser-Met-Tyr-Pro-Pro 

hexa-peptide (IC50 2.8 μM), containing two prolines, with similar properties (pI, charge, and 

hydrophobicity) (table III. 7.). It shall be emphasized that scientists agree on the importance 

of proline moiety in the activity of synthetic ACE inhibitors [270]. Yet comparing the two 

deca-peptides with relatively comparable properties, occurrence of two phenylalanine (Phe-

Glu-Asp-Tyr-Val-Pro-Leu-Ser-Cys-Phe), one at C- and another at N-terminus, appears to 

exert more effective anti-ACE effect (~ 3-times) than two successive prolines at C-terminus 

(Leu-Leu-Met-Leu-Asp-Asn-Asp-Leu-Pro-Pro) of a bioactive sequence (table III. 7.) [287, 

291].   

Existence of three sequential proline residues in a sequence result in a polyproline 

structure of which the left-handed-polyproline-II helices are more common than their right-

handed counterparts. Proline-rich polyproline peptides, especially left-handed structures, 

have been documented as indispensable for presentation of antimicrobial, 

immunomodulation, antioxidant and other bioactivities [322]. Tri-proline peptides engage in 
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protein-protein signaling interactions thus playing important in various cell signal 

transduction pathways [323]. Vitali et al. have reviewed proline-rich peptides as potential 

leads for research and development of pharmaceutical compounds [322]. Leu-Tyr-Pro-Pro-

Pro may, in that sense, owe its potency to the polyproline structure. Factually, structure-wise, 

proline and hydroxyproline amino acids, are derivatives of pyrrolidine. Pyrrolidine moiety is 

common in drug discovery and its ring structure can be found in many. More than a dozen 

FDA approved drugs are merely substituted pyrrolidine compounds [324, 325]. Interestingly, 

of all the fish anti-ACE and antihypertensive sequences, reviewed herein, there are sixteen 

peptides with proline at their C-terminal (none at N-terminal) and of those four of the 

sequences contain 2-3 successive prolines [287, 290, 298]. Of all, Leu-Tyr-Pro-Pro-Pro (1.3 

μM, 585 Da) and Asp-Tyr-Gly-Leu-Tyr-Pro (62 mΜ, 349 Da) were the most and the least 

potent sequences, based on reported IC50 values, with more or less similar properties except 

MW and number of proline residues (tables III. 6. and III. 7.) [277, 298]. 

Presence of tyrosine (a polar AA) and phenylalanine at the C-terminus along with 

HAA (valine and glycine) at the N-terminus may contribute to activity of sea broom-origin 

di- and tri-peptides [295, 319]. The most effective peptide, Val-Ile-Tyr, was 190-times more 

potent in comparison to the crude sea broom hydrolysate [295]. Existence of tyrosine among 

fish-isolated antihypertensive fractions is rather common and fifteen of the isolated peptides 

happen to contain this amino acid at either of their extremities (mainly at C- and equally at 

N-terminal or penultimate C-terminal position). Among those fifteen peptides, Tyr-Ser-Met-

Tyr-Pro-Pro (IC50 2.8 μM, 756 Da) and Gly-Tyr (IC50 265 μM, 238 Da) were the most and 

the least active ones [295, 298].  

Dipeptides containing tryptophan at the C-terminal are relatively more potent than 

their reversed sequence counterparts with tryptophan at the N-terminal [262, 289]. 

Consistently dipeptides (Ile-Trp, Leu-Trp) with tryptophan at C-terminal could withstand the 

sequential digestive enzymes reaction (pepsin, trypsin, chymotrypsin) of 70% and 61%, 

respectively, in comparison to the crude salmon peptide with the stability of only 47% [289]. 

Dipeptides Val‐Trp, Ile‐Trp, Gly‐Trp, Met‐Trp, Ile‐Trp, Leu‐Trp (tryptophan at C‐terminal 

position), Trp‐Ala, Trp‐Met (tryptophan at the N‐terminal position), Phe‐Leu, Leu‐Phe, Val‐
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Leu, Ile‐Leu, Leu‐Ile, Val‐Phe, Ile‐Phe, Tyr‐Phe (HAA at C‐terminal position), Phe‐Tyr 

(tyrosine at C‐terminal position) along with tripeptides Val‐Ile‐Phe, Ile‐Val‐Phe, Phe‐Val‐

Leu, Ala‐Phe‐Leu, Leu‐Val‐Leu, Val‐Ile‐Leu, Ile‐Val‐Leu, Phe‐Ile‐Ala, Tyr‐Leu‐Val, and 

Ile‐Val‐Trp (HAA at C‐terminal position) extracted and isolated from salmon and its 

byproducts have been found to be active ACE inhibitors [289]. Most effective salmon muscle 

peptides were Ile‐Val‐Trp and Ile‐Trp which exhibited 35% and 49% ACE inhibition, at 

concentration of 1.0 mM and 1.0 μM respectively in comparison to the crude hydrolysate 

with IC50 of 79 µg mL-1 [289]. 

Two of the tested synthetic tilapia-origin heptapeptides, Met-Ile-Leu-Leu-Leu-Phe-

Arg and Leu-Asn-Leu-Gln-Asp-Phe-Arg contained Phe-Arg which is a sequence previously 

reported for its prominent ACE inhibitory effect by BIOPEP database [302, 326]. Tilapia-

extracted hepta-peptides with C-terminal Phe-Arg clusters and parallel MW were effective 

at relatively low doses, however, Met-Ile-Leu-Leu-Leu-Phe-Arg with net charge of +1 was 

~ 7-times more potent than Leu-Asn-Leu-Gln-Asp-Phe-Arg with net charge of zero. In 

addition, their hydrophobicity significantly differed from one another. Met-Ile-Leu-Leu-Leu-

Phe-Arg was less hydrophobic (+2.46 Kcal mol-1) than Leu-Asn-Leu-Gln-Asp-Phe-Arg 

(+10.76 Kcal mol-1) (table III. 7.). Looking through AHTPDB database, regardless of peptide 

extraction source, occurrence of Phe-Arg cluster is more common at N-terminal of bioactive 

sequences than C-terminal and or penultimate C-terminal position [321]. 

According to Cheung et al. presence of HAA, methionine and leucine, at their N-

terminal may have correspondingly affected their anti-ACE activity [302, 320]. Commonly, 

positively charged amino acids could contribute to prevention of ACE activity hence l-

arginine alone or in combination with lisinopril, an ACE inhibiting drug, has shown 

antihypertensive effects in addition to its anti-inflammatory attributes [327-330]. In 

accordance, no activity was detected when arginine was cut off from the active ACE inhibitor 

sequence of Met-Ile-Leu-Leu-Leu-Phe-Arg [302]. Slashing off arginine from synthesized 

peptide sequence (Leu-Asn-Leu-Gln-Asp-Phe-Arg; IC50 0.85 µM, Leu-Asn-Leu-Gln-Asp-

Phe; IC50 0.51 µM) improves the anti-ACE activity by 67% as phenylalanine, a HAA, is then 

situated at the C-terminal position which has been repeatedly reported as one of the criteria 
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for an ACE inhibitor peptide [291, 302, 319]. Arginine was positioned at C-terminal of 70% 

of the ten identified amino acid sequences of a selected tilapia ACE inhibitory fraction 

(resulted from SEC in a succeeding fractionation method with masses ranging from 791 Da 

to 1526 Da) with in-vitro thermo-, pH- and digestive proteases- stability [302]. Arginine is a 

positively charged amino acid however, its role in stability, when situated at C-terminus, to 

digestive enzymes have not thoroughly been elucidated. Quirós et al. modified a hexapeptide 

of mammal-origin β-casein, Leu-His-Leu-Pro-Leu-Pro, for better understanding of the 

structure activity relationship and found out that substitution of proline at C-terminus by 

arginine and leucine in the penultimate position by glycine not only improved its 

antihypertensive activity by double but also enhanced its stability to gastrointestinal 

enzymes, respectively [331]. To the author’s knowledge, a comparable study on a fish-origin 

peptide has not yet been directed. In this review there are eight C-terminal and one N-terminal 

arginine fish-derived peptides (tables III. 6. and III. 7.). 

The MW of the two hepta-peptides isolated and identified from tilapia hydrolysate 

are insignificantly different from one another, however, Met-Ile-Leu-Leu-Leu-Phe-Arg 

(905.83 Da) with Leu-Phe, Leu-Leu-Phe and Phe-Arg ACE inhibitory peptide sequences in 

its chain was 7-times more effective than the other (Leu-Asn-Leu-Gln-Asp-Phe-Arg; 905.66 

Da) indicative of the fact that a combination of factors (size, sequence and digestive stability) 

are required for the bioactivity and potency of a peptide [302]. Another pentapeptide, Leu‐

Lys‐Pro‐Asn‐Met, from dried bonito with proline situated inside the sequence could only 

minimally resist the same digestion, 11%, while a sardine dipeptide which has also been 

isolated from scales of sea bream, Val‐Tyr, without proline in its sequence exhibited higher 

stability, 32%, due to its small size [289, 295]. ACE inhibition, however, may be of a 

synergetic type effect as with tilapia hydrolysate derived fractions that of all only few of the 

synthesized peptide sequences hindered the enzyme’s activity [302].  

MW is not always indicative of biological activity since purified PHII-F3-3 is 

relatively heavy peptide, 21-AA chain and MW > 2 KDa, thus has shown perceptible in-vitro 

and in-vivo anti-hypertensive effects against high blood pressure, non-competitively binding 

to non-active sites of ACE [303]. One of the final four resultant fractions of SEC, the final 
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stage of successive fractionation, that was the most biologically active ACE inhibitory 

peptide with IC50 of 0.15 mg mL-1 was subjected to amino acid sequence analysis [302]. The 

MW of the sequences varied from 677 Da up to 1526 Da [302]. Lowest MW didn’t 

necessarily denote the highest potency of the peptide since most potent sequence was Met-

Ile-Leu-Leu-Leu-Phe-Arg with MW of 905 Da and IC50 of 0.12 µM [302]. Contrary to the 

study of Toopcham et al., MW of the identified hexapeptides, from alcalase hydrolysate of 

the seaweed pipefish, was characteristic of their biological activity thus the smallest peptide, 

F3-II with MW of 744 Da, was non-cytotoxically more potent than F3-III with MW of 917 

Da [296, 302]. Identified hexapeptides of alcalase peptidic hydrolysate of the seaweed 

pipefish have MW of < 1000 Da with HAA (Thr-Phe-Pro-His-Gly-Pro) and positively 

charged amino acid (His-Trp-Thr-Thr-Gln-Arg) at C-terminal of the sequence which is in 

line with previous studies [296, 302, 327-330].  

7. Stability of ACE-inhibiting fish-derived peptides to gastrointestinal digestion  

Small size peptides (mainly with two up to six AAs in the chain) cannot be substrates 

to any digestive proteases therefore they remain intact throughout gastrointestinal digestion. 

ACE inhibitory peptides must be absorbed from the intestine and reach cardiovascular system 

in their original shape to hinder the activity of ACE [268]. Digestion stability of anti-ACE 

peptides to digestive enzymes were 95% for Ile-Trp, 100% for Leu-Trp, and 87% for salmon 

peptidic hydrolysate [289]. The effectivity of the two identified penta- and hexa-peptides of 

alcalase snakehead fish muscle sarcoplasmic protein hydrolysate (Leu-Tyr-Pro-Pro-Pro and 

Tyr-Ser-Met-Tyr-Pro-Pro) was tested in an in-vitro gastrointestinal (pepsin, pancreatin) and 

gastrointestinal + mucosal (lower intestinal peptidase) digestion model [298]. ACE inhibition 

due to the presence of proline in the sequences was not affected by gastrointestinal digestion 

however gastrointestinal + mucosal digestion had non-significant negative effect [282, 298]. 

Comparable effects were exhibited by a pH- and heat-stable penta-peptide (Val-Glu-Leu-

Tyr-Pro) of cuttlefish hydrolysate showing resistance to the digestion of pepsin, trypsin, 

chymotrypsin or combination of all (IC50 5.25 – 5.56 μM) [282].  
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Purified PHII-F3-3 of tuna-origin has not been tested for its resistance to digestive 

protases, however, since Pro is situated at the C-terminus of the chain therefore this 

polypeptide might be well stable to the gastrointestinal digestion similar to the isolated penta- 

and hexa-peptide of snakehead’s muscle sarcoplasmic protein, Leu-Tyr-Pro-Pro-Pro, Tyr-

Ser-Met-Tyr-Pro-Pro and others [282, 298, 303]. Val-Ala-Pro sequence of grass carp protein 

hydrolysate, with proline at the C-terminal, was also another example of a sequence that 

could resist pepsin and chymotrypsin, in an in-vitro digestive system model [285]. To 

improve the structure-activity relationship knowledge, identified peptides of dried bonito 

thermolysin hydrolysate and their fragments were synthesized slashing off AAs from the C-

terminal/N-terminal and or split in two fragmented products with the final fragment of the 

di- and tri-peptides by Yokoyama et al. [277]. The majority of the fragments were few to few 

hundred times less effective in comparison to the parent ACE inhibiting peptides [277]. 

Generally, fragmenting and splitting the synthesized parent peptide to di- and or tri-peptide 

improved the activity (table III. 8.) [277].  

Table III. 8.: ACE inhibition activity of synthesized dried bonito thermolysin hydrolysate peptides and their 

fragments 

Synthesized 

peptide 

Fragment of the 

synthesized peptide 

 

IC50 (µM) 

Activity improved 

by 

IVGRPRHQG VGRPRHQG  

6.2 5.4 13% 

IWHHTF IW  

2.5 2.0 20% 

IKPLNY IKP  

43 1.7 96% 

LKPNM LKP  

17 1.6 90.5% 

DYGLYP LYP  

62 6.6 89% 

Table is adapted and modified from Yokoyama et al. [277]. 

 

Gastrointestinal proteases’ (pepsin and pancreatin) digestion of cobia head protein 

hydrolysate surprisingly improved the activity of the fraction, MW < 3000 Da (67% abundant 

with peptides of molecular size 173 - 1749 Da), when hydrolyzed with pepsin and sequential 
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pepsin/pancreatin digestion by 60% and 41%, respectively, in comparison to the pre-

digestion condition (IC50 0.24 mg mL-1), respectively [281]. The same fraction also resisted 

ACE hydrolysis (based on non-significant deviations of IC50 before and after pre-incubation 

with ACE) proving to be of an inhibitor type peptide [281]. Val-Ala-Pro sequence resisted 

ACE hydrolysis and proved to be of another inhibitor type drug rather than pro-drug type one 

[285]. Bioactive ACE inhibitor/antihypertensive dried bonito thermolysin hydrolysate 

peptides could be of inhibitor type or prodrug type since when preincubated with ACE, IC50 

values were significantly affected (table III. 9.) [306].   

Table III. 9.: ACE inhibition and antihypertensive effects of dried bonito thermolysin hydrolysate peptides 

 

Not pre-

incubated with 

ACE 

Pre-incubated 

with ACE 

Decrease of SBP in SHR 

(60 mg kg-1 BW)  Treatment time  

 IC50 (µM) (max, Δmm Hg) (h) 

Inhibitor-type    
IY 2.31 1.9 19 2  
IKP 6.9 3.4 20 6  
LKP 0.32 0.32 18 4  
IWH 3.5 3.5 30 4  

Prodrug-type     
LKPNM 2.4 0.76 23 6  
IWHHT 5.8 3.5 26 6  

Table is adapted from Fujita et al. [306]. 

 

8. Conclusions and possible future trends  

According to the results of studies, reviewed herein, effectivity of the final biopeptide 

product is greatly affected by the extraction processes. The enzymatic hydrolysis (selection 

of enzymes, substrate: enzyme ratio, degree of hydrolysis and process time) as well as 

isolation/purification techniques are equally important for production of the fish biopeptides 

with anti-ACE and anti-hypertensive potency. In this context, though practically not 

applicable to all fish types such as bonito or tuna, alcalase commonly have been the enzyme 

of choice for many. Other types of enzymes are as well in common use for the efficient 

digestion of fish and fish-related products. For example, more potent biopeptides resulted 

from thermolysin and pepsin digestion of certain types of fish than alcalase digestion.  



 

120 
 

Fish derived biopeptides whether from whole, byproducts and or even processed 

catch could be a natural source of ACE inhibitors and/or pro-drug type and antihypertensive 

peptides with no reported cytotoxicity. Accordingly, there is amply amount of data 

supporting the fact that these peptides could replace the conventional synthetic drugs with 

similar potency and little to no adverse effects. These peptides are of various sizes and 

lengths, however, generally smaller MW peptides with only few AAs in their sequence have 

shown higher bioefficacy and bioavailability in comparison to the heavier MW polypeptides. 

Small biopeptides, in terms of MW and chain length, could better resist the digestive 

proteases and reach the target tissue intact to exhibit their health effect. In addition to size 

and chain length, certain factors in the structure, especially C-terminal, of a fish peptide are 

critical for ACE inhibition and antihypertensive effects. Presence of tyrosine, tryptophan, 

proline, phenylalanine and or positively charged amino acid next to HAA would make the 

interaction with active sites of ACE (competitive mode of inhibition) and non-active sites of 

ACE (non-competitive mode of inhibition) possible. Another important feature could be the 

presence of proline at C-terminal so that the peptide could resist the gastrointestinal enzymes, 

pepsin, trypsin, and chymotrypsin for the reasons mentioned earlier. Many of the herein 

reviewed fish antihypertensive oligopeptides, especially di- and tri-peptides, may be suitable 

drug candidates considering their Adsorption, Distribution, Metabolism, and Excretion 

(ADME) characteristics. Drug likeness of selected tri-, tetra- and penta-peptides, listed in 

table III. 10., was predicted according to Lipinski's rule of five using SwissADME web tool. 

However, it is noteworthy that Lipinski's rules, mainly appropriate for oral dosage forms, are 

only prediction measures and many successful inhibitor drugs have shown to violate at least 

two of the rules. This may be the case for Leu-Lys-Pro-Asn-Met, a Bonito-extracted penta-

peptide, violating two of the Lipinski's rules yet being an effective inhibitor, marketed for 

controlling high blood pressure in tablet and capsule dosage forms (table III. 10.).   
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Table III. 10.: Drug-likeness and ADME analysis of selected anti-ACE and antihypertensive fish biopeptides by Lipinski’s rules 

 Lipinski’s rule of five   

 

Molecular 

Weight (g mol-1) 

Lipophilicity 

(MLog P) 

Hydrogen bond 

donors 

Hydrogen bond 

acceptors 

No. of rule 

violations Drug-likeness 

Sequence Less than 500 

Dalton 

Less than 5 Less than 5 Less than 10 Less than 2 

violations 

Follows Lipinski’s 

rule Tri-peptides        

AFL, FIA ~ 349 0.85 4 5 0 Yes 

FQP 390.43 -0.55 5 6 0 Yes 

IVW 416.51 0.68 5 5 0 Yes 

LVL, VIL, IVL ~ 343 0.87 4 5 0 Yes 

YLV, VIY 393.48 0.79 5 6 0 Yes 

VAP  285.34 -0.53 4 5 0 Yes 

VIF, IVF, FVL ~ 377 1.31 4 5 0 Yes 

Tetra-peptides        

GPAV 342.39 -1.26 4 6 0 Yes 

LAYA 436.5 -0.21 6 7 0 Yes 

Penta-peptides        

ALPHA 507.58 -1.93 6 8 2 No 

IWHHT 692.77 -2.76 10 10 3 No 

LKPNM 601.76 -1.93 7 9 2 No 

LYPPP 585.69 0.06 5 8 2 No 

VELYP 619.71 -0.7 8 10 3 No 

EHPVL 593.67 -1.85 7 10 3 No 

EVLIQ 600.7 -1.34 8 10 3 No 
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In the light of the evidence, high blood pressure could be managed and treated by fish 

biopeptides effectively. Aforementioned health effects could not be solitary specific to grass 

carp, salmon, sardine, or tilapia hence many other fish types may have similar effects yet 

more research is warranted for a concrete supposition. However, successful discovery and 

design of natural ACE inhibitors necessitates more structure-function analysis of the blood 

pressure lowering fish-biopeptides. Examining the feasibility of industrial scale-up 

production ought to go hand in hand with the biopeptides’ incorporation into commercial 

products. Interestingly some of the anti-ACE fish-biopeptides have made their way through 

the nutraceutical and pharmaceutical industries and are the active ingredients of numerous 

natural health products (table III. 11.). These products are already marketed in North 

America, Europe, and Asia in various forms (table III. 11.). To conclude, bioactive peptides 

of many fish sources could be good candidates for the development of natural health 

foodstuffs, nutraceutical and pharmaceutical products however more human studies and 

clinical trials are needed to better evaluate their bioefficacy and bioavailability in the target 

site and the subject. It is also of note that only about one third (12 out of 37) of the herein 

reviewed research articles utilized fishery byproducts, mainly frame, skin and scale, as 

substrates and starting raw material for the extraction of biologically active peptides. 

Nevertheless, it is expected that these and similar research projects make efficient use of the 

process byproducts and underutilized species to partially contribute to the targets of food 

security and greenhouse gas emission strategies.  
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Table III. 11.: Antihypertensive fish peptides as active ingredients in commercial products 

Fish name  

Peptide 

sequence Product  Producer  

Type of 

product  

Blue ling (Molva 

dypterygia)   

 Molval  Dielen, France 

 

Nutritional 

supplement 

Bonito (Sarda 

orientalis) 

LKPNM PeptACE™, 

Vasotensin®, 

Levenorm®,  

Peptide ACE 3000,  

Peptide Tea, 

Katsuobushi 

Natural factors nutritional 

products Ltd., Canada,  

Metagenics, USA,  

Ocean nutrition Canada Ltd., 

Canada,  

Nippon supplement Inc., 

Japan  

Tablet, 

capsule, 

powder, 

dietary 

supplement, 

and 

functional 

food 

Mackerel  Tensideal   ABYSS' ingredients, France Dietary 

supplement 

Sardine 

(Sardinops 

sagax) 

VY Lapis Support, 

Valtyron®,  

Sato Marine Super P 

Tokiwa Yakuhin Co., Japan,  

Senmi Ekisu Co., Japan,  

Sato pharmaceutical Co., 

Japan 

Tablet, 

ingredient, 

beverage 

Table is adapted and modified from Gevaert et al. and Hayes et al. [332, 333]. 
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1. Résumé  

La définition du syndrome métabolique (MetS) par les différentes organisations et 

directives de santé est assez différente. Selon la description de l'Organisation mondiale de la 

santé (OMS), la présence d'une hyperinsulinémie ou d'une hyperglycémie en plus d'au moins 

deux autres facteurs (dyslipidémie, hypoalphalipoprotéinémie, hypertension et/ou tour de 

taille élevé) serait définie comme un syndrome métabolique. Le syndrome métabolique est 

associé à un risqué accru de maladies cardiovasculaires et de diabète de type 2 et ainsi à une 

augmentation de la morbidité et de la mortalité.  Les thérapies et les médicaments 

conventionnels, qui ont souvent des effets indésirables, sont utilisés pour traiter les facteurs 

de risque de developer ce syndrome. Néanmoins, au cours des dernières décennies, la 

communauté scientifique s'est concentrée sur la découverte de composés naturels pour 

réduire les effets secondaires de ces médicaments. Parmi les nombreuses biomolécules, les 

peptides ont des effets bénéfiques importants sur la gestion du diabète, de l'obésité, de 

l'hypercholestérolémie et de l'hypertension. Les peptides marins, y compris les peptides de 

poisson, ont démontré des bioactivités significatives dans différents contextes expérimentaux 

in-vitro, in-vivo et cliniques. Cette revue se concentre exclusivement sur les biopeptides de 

poisson hypoglycémiques, hypolipidémiques, hypercholestérolémiques et anti-obésogènes 

(principalement des études de 2010 - 2020). Dans cet article, les auteurs passeront en revue 

les méthodologies d'extraction, d'isolement et de purification des peptides de poisson anti-

MetS à des fins de comparaison uniquement. Nous examinerons également la performance 

des peptides de poisson anti-MetS dans un environnement gastro-intestinal simulé et la 

relation structure-activité ainsi que les propriétés d'absorption, de distribution, de 

métabolisme et d'excrétion (ADME) d'oligopeptides sélectionnés. Ces informations 

permettront d'élargir les connaissances des lecteurs sur les tendances en matière de 

conception et de découverte de composés anti-MetS. 
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2. Abstract  

The definition of Metabolic Syndrome (MetS) fairly varies from one to another 

guideline and health organization. Per description of world health organization (WHO), 

occurrence of hyperinsulinemia or hyperglycemia in addition to two or more factors of 

dyslipidemia, hypoalphalipoproteinemia, hypertension and or large waist circumference 

factors would be defined as MetS. Conventional therapies and drugs, commonly with adverse 

effects, are used to treat these conditions and diseases. Nonetheless, in the recent decades 

scientific community has focused on the discovery of natural compounds to diminish the side 

effects of these medications. Among many available bioactives, biologically active peptides 

have notable beneficial effects on the management of diabetes, obesity, 

hypercholesterolemia, and hypertension. Marine inclusive of fish peptides have exerted 

significant bioactivities in different experimental in-vitro, in-vivo and clinical settings. This 

review exclusively focuses on hypoglycemic, hypolipidemic, hypercholesterolemic and anti-

obesogenic fish biopeptides (mainly studies from 2010 – 2020). Related extraction, isolation, 

and purification methodologies of anti-MetS fish biopeptides are reviewed herein for 

comparison purposes only. Moreover, performance of biopeptides in simulated 

gastrointestinal environment and structure-activity relationship along with Absorption, 

Distribution, Metabolism, and Excretion (ADME) properties of selected oligopeptides have 

been discussed, in brief, to broaden the knowledge of readers on the design and discovery 

trends of anti-MetS compounds.  

Keywords: obesity, diabetes, cardiovascular diseases, metabolic syndrome, fish 

peptides 
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3. Introduction  

MetS instigated physiological, biochemical, clinical, and metabolic abnormalities 

could seriously debilitate the affected individual and contribute to an upsurge of global 

mortality rates. MetS as a cluster of cardiometabolic risk factors is strongly associated with 

increasing predominance of various chronic conditions like arthritis, schizophrenia including 

atherosclerotic cardiovascular disease and cancer. According to a survey, prevalence of MetS 

took a sharp leap from 1988 to 2012 among adults, ≥ 18 years of age, totaling one in three of 

the entire US population. Two-thirds of US population are overweight and or obese thus 

obesity according to Yang et al. is at epidemic proportions which should directly be 

confronted to prevent MetS outbreak [334]. Obesity, also heritable, is strongly associated 

with increased morbidity and mortality. Probability of cardiac fatality is 40-times more likely 

to occur in an obese rather than the non-obese population [335]. Widely applied criteria, set 

by different organizations, for the diagnosis of a syndrome has been detailed out in table IV. 

1. [336]. High fat high sugar hypercaloric diets (cholesterol and animal fat plus naturally 

occurring sugars sucrose and or fructose) over time lead to the development of chronic 

pathologies like hyperlipidemia, hypercholesterolemia, hyperinsulinemia, hyperglycemia, 

and excess weight causing diabetes, obesity, hypertension and atherosclerosis in humans and 

experimental animal models [337, 338].  

Dyslipidemia could have primary (genetical mutations) or secondary (lifestyle-

related and other factors) causes [63]. Beside sedentary lifestyle as the main cause, other 

common ones could be diabetes mellitus, alcohol abuse, chronic kidney disease, 

hypothyroidism, primary biliary cirrhosis and other cholestatic liver diseases, cigarette 

smoking, anabolic steroids, Human Immunodeficiency Virus (HIV) infection, and nephrotic 

syndrome [63]. Lipid abnormality and elevated plasma Triglyceride (TG) levels may be 

genetically acquired, primary hypertriglyceridemia, or be of secondary type in which high-

fat diet, obesity, diabetes, hypothyroidism, and some medications trigger the condition. 

Obesity may be the most common stimulant of dyslipidemia yet, Type 2 Diabetes (T2D) and 

high alcohol intake are too frequent. Dyslipidemia, one of the most significant and common 

risk factors of Cardiovascular Diseases (CVD) that characterizes insulin resistance, is an 
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important hallmark of MetS and in the long run advances into T2D. Abnormal levels of 

atherogenic lipid and lipoprotein would be diabetic dyslipidemia with a characteristic 

overproduction of large Very Low-Density Lipoprotein (VLDL) particles that would recruit 

a series of changes in lipoprotein levels and develop into T2D within several years. Over 

time cholesterol, predominantly Low-Density Lipoprotein (LDL), buildup initiates the 

oxidization of vascular endothelium’s particles triggering the establishment of Tumor 

Necrosis Factor-Alpha (TNF-α) producing atherosclerotic plaques that adhere to the arterial 

wall promoting arteriosclerosis originating inflammation [62]. In response to inflammatory 

mediators, TNF-α, endothelium expresses cell adhesion molecules (Intercellular Adhesion 

Molecule 1 (ICAM-1), Vascular Cell Adhesion Protein 1 (VCAM-1), and Endothelial-

Leukocyte Adhesion Molecule 1 (ELAM-1)) through translocation of Nuclear Factor Kappa-

light-chain-enhancer of activated B cells (NF-kB) [339]. For successful management of 

dyslipidemia visceral fat mass and hepatic lipogenesis must be reduced while improving the 

insulin sensitivity. This treatment can be approached by reducing hepatic secretion improving 

catabolism of VLDL, improving hepatic secretion reducing catabolism of High-Density 

Lipoprotein (HDL) and or speeding the clearance of LDL up [63]. Prescription of specific 

therapeutic route for the treatment of hypertriglyceridemia has not generally been easy due 

to occurrence of cardiovascular disease risk factors e.g., low HDL-c, MetS, obesity, T2D, 

proinflammatory and prothrombotic biomarkers along with the condition [340]. In addition 

to CVD, more severe cases of dyslipidemia could potentially increase the risk of acute 

pancreatitis therefore the condition should be mediated by therapeutic lifestyle changes 

followed by medication in a timely manner [341]. In both MetS and T2D, dysfunctional 

lipoprotein lipase activity, elevated cholesteryl ester transfer protein activity, plasma VLDL 

(with or without chylomicronemia) and hepatic Free Fatty Acid (FFA) flux all play 

significant in the development of hypertriglyceridemia. It is noteworthy that abdominal 

adiposity, a feature of ectopic fat syndrome and obesity, is strongly associated with low grade 

chronic inflammation along with abnormal hormone secretion and several metabolic 

disorders. Likewise, hypercholesterolemia could be diet-induced or a genetically acquired 

condition (familial or pure hypercholesterolemia). High plasma LDL Cholesterol (LDL-c) 

concentration in familial hypercholesterolemia increases the risk of premature Coronary 

Heart Disease (CHD). Mono- or combination-therapies in conjunction with dietary 
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adjustments could alleviate dyslipidemia. Fibrates, statins, niacin, cholesterol-absorption 

inhibitors and handful emerging medications are regularly practiced for the treatment of 

hypertriglyceridemia [340]. Similar drugs (Hydroxy-3-Methylglutaryl-Coenzyme A (HMG-

CoA) reductase inhibitors (statins)) along with niacin, bile acid sequestrants, fibrates, and 

omega-3 fatty acids) and mechanical means of LDL-c removal are common therapies for 

hypercholesterolemia [342]. 

Table IV. 1.: Definitions of metabolic syndrome by different organizations  

 WHO (1999)  EGIR (1999)  
NCEP ATP III 

(2005) 
IDF (2006)  

Required  

 

Insulin resistance or 

glucose >6.1 mmol/l, 2-h 

glucose >7.8 mmol/l + any 

≥2 of following risk 

factors  

Insulin resistance 

(hyperinsulinemia: 

elevated plasma 

insulin >75th 

percentile) + any 2 of 

following risk factors 

Any ≥3 of following 

risk factors 

Waist >94 cm 

(men) or >80 

cm (women) 

+ any ≥ 2 of 

following risk 

factors 

Abdominal obesity  

Men  Waist–hip ratio >0.90 
Waist circumference 

≥94 cm 

Waist circumference 

>102 cm 
 

Women  
Waist–hip ratio >0.85 

and/or BMI >30 kg/m2 

Waist circumference 

≥80 cm 

Waist circumference 

>88 cm 
 

Blood pressure  ≥140/90 mmHg 

≥140/90 mmHg or 

treatment for 

hypertension  

≥130/85 mmHg or 

treatment for 

hypertension  

≥130/85 

mmHg or 

treatment for 

hypertension 

High‐density lipoprotein 

Men  <0.9 mmol/l  <1.0 mmol/l  <1.0 mmol/l  <1.0 mmol/l  

Women  <1.0 mmol/l  

<1.0 mmol/l or 

treatment for low 

HDL-c 

<1.3 mmol/l or 

treatment for low 

HDL-c 

<1.3 mmol/l 

or treatment 

for low HDL-

c 

Fasting plasma 

glucose 
 

≥6.1 mmol/l but non‐

diabetic 

≥5.6 mmol/l or 

treatment for high 

blood glucose 

≥5.6 mmol/l 

or diagnosed 

diabetes 

Triglycerides  ≥1.7 mmol/l  
>2.0 mmol/l or 

treatment for high TG 

≥1.7 mmol/l or 

treatment for high 

TG 

≥1.7 mmol/l 

or treatment 

for high TG 

Micro-

albuminuria 

Urinary albumin excretion 

rate 

≥20 µg/min or albumin: 

creatinine ratio ≥30 mg/g 

   

WHO: World Health Organization, EGIR: European Group for the Study of Insulin Resistance, NCEP 

ATPIII: National Cholesterol Education Program ATP3, IDF: International Diabetes Federation 
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Long term insulin resistance would lead to the development of hyperglycemia and 

hyperinsulinemia, the two main predictors of T2D. Moreover, they would indicate future 

CVD and metabolic impairments [343]. Endothelial dysfunction in addition to the lipid triad 

of dyslipidemia (emergence of VLDL-c, high plasma TG and low HDL-c) induced by 

irregular insulin signaling contributes to plaque formation and build up within arteries [343]. 

Obesity, dyslipidemia, and insulin resistance comorbidities are frequently associated with 

CVD [343]. Non-adipose tissue lipid accumulation in muscle and the liver takes part in 

pathogenesis of insulin resistance and recent studies have confirmed the role of muscle-

specific insulin resistance in promotion of hepatic lipogenesis, non-alcoholic fatty liver 

disease, and atherogenic dyslipidemia [344]. Persistent insulin resistance leads to impaired 

glucose and lipid metabolism inducing oxidative stress followed by subsequent immune 

response and cell damage. Impairment of insulin signaling, and hyperglycemia are stressors 

of early atherosclerotic lesion formation [343]. These lesions in diabetics, compared with 

similar lesions of nondiabetics, advance into the ones with large necrotic cores and higher 

macrophage content which rather are correlated with Glycated Hemoglobin A1c (GHbA1c) 

than lipid concentrations [345]. According to a community-based study, glycated 

hemoglobin (≥ 6.0%) is greatly associated with the risk of CVD than is with diabetes hence 

proven to be a better diagnostic measure over fasting glucose for the evaluation of long-term 

risk of successive CVD [346]. T2D enforces significant economic burden on societies 

worldwide. T2D related complications cost France €8.5 billion annually [347]. In the year 

2003, direct medical costs of T2D in France were estimately about €19.5 billion [347]. One 

of the most common ways for treatment of diabetes is the inhibition of enzymes involved in 

the digestion of carbohydrates, α-amylase, and α-glucosidase, and or Dipeptidyl Peptidase 4 

(DPP-IV) with diverse active and inactive binding sites (table IV. 2.). Diabetes is also treated 

with Glucagon-Like Peptide 1 (GLP-1) analogues, sulfonylureas, meglitanides, basal 

insulins, thiazolidinediones and Sodium/Glucose Cotransporter 2 (SGLT2) inhibitors as 

mono- or combination-therapies. Anti-DPP-IV medications for example can be prescribed in 

combination with metformin and or insulin to control T2D and reduce GHbA1c levels [347].  

Statins (HMG-CoA reductase inhibitors) are rather well-tolerated medications and 

among the most common lipid-lowering compounds, yet this class of drugs are associated 
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with skeletal muscle, metabolic, neurological, and other viable adverse effects. These side 

effects limit their use for medication of hypercholesterolemia and management of CVD risks. 

Per survey, ~60% of former consumers of the drug reported statin-associated muscle 

symptoms which eventually made it impossible to continue the statin therapy. The 

noncompliant patients taking less than 80% of the prescribed therapy were 15% more in the 

risk of CVD events not to mention the 45% increase in all-cause mortalities [348]. 

Furthermore, many adverse drug and or disease interactions have frequently been reported 

for glucose lowering agents [349]. This class of drug is well known for its weight gain side 

effect making the management of T2D in overweight and obese individuals difficult [350]. 

Alternatively, synthetic drugs could possibly be substituted with safe and or less damaging 

natural remedies and bioactives.  

Table IV. 2.: Physiochemical properties of enzymes involved in diabetes  

Properties  DPP‐IV α‐glucosidase  α‐amylase 

UniProtKB ID  P27487 

(DPP4_HUMAN) 

P10253 

(LYAG_HUMAN) 

Q53F26 

(Q53F26_HUMAN) 

Chemical Formula C4007H6017N1025O1179S27 C4435H6739N1175O1279S32 C2498H3737N697O733S20 

Number of amino acids 766  883 496 

Theoretical pI 5.67 5.42 6.45 

Number of atoms 12255 13660 7685 

Molecular weight (Da) 88278.63 98008.32 55901.58 

Grand average of 

hydropathicity (GRAVY) 

-0.340 -0.146   -0.463 

Number of negatively 

charged residues 

86 

 

85 

 

53 

Number of positively 

charged residues  

70 60 50 

Binding sites   Arg125, Asn710, 

Glu205, Glu206, Tyr662, 

Tyr547, Ser610 [351] 

Arg585, Arg594, 

Arg608, Glu866, His584, 

His717, Leu865, Lys589, 

Val588, Val867 [352] 

His101, His299, His305, 

Leu162, Leu165, 

Lys200, Trp59, Tyr62, 

Val163 [352] 

 

Evidently, nutrition and natural bioactives may be more than just food thus offering 

beneficial health effects upon intake to the consumer in addition to daily essential nutrients. 

Once turned down by drug developers, therapeutic peptides now are ideal candidates for new 

drug discoveries [353]. Throughout decades reports have been compiled about the 

bioactivities of marine-extracted chemicals specifically biopeptides on communicable and 
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non-communicable diseases. Additionally, in recent years more attention has been given to 

anti-MetS phytochemicals, food-derived lipids, fibers as well as peptides including amino 

acids and their regulatory effects on the syndrome’s main risk factors (table IV. 8. 

(supplementary table 1)) [354-360]. As discussed in this review, anti-obesity, anti-diabetes 

and anti-MetS fish biopeptides could be extracted by different methods and techniques. 

Peptides with anti-MetS attributes have been successfully extracted from fish, fish products 

and byproducts by mainly enzymatic hydrolysis nevertheless atypical extraction methods 

such as subcritical water extraction, isoelectric precipitation and or microwave pretreatment 

have as well been practiced. Filtration procedure of all sorts, micro-, nano- and ultra-

filtration, is a typical exercise before peptide purification chromatographic techniques (table 

IV. 9. (supplementary table 2)). For characterization purposes of fish anti-MetS peptides, 

chromatography, spectrophotometry, and electrophoresis techniques are frequently in use 

(table IV. 9. (supplementary table 2)). 

Amino acids, mixture or single, or peptides as mono- and or combination therapies 

with clinical drugs, have shown promising health effects on MetS throughout many studies 

in animals, humans and in cell analysis (table IV. 8. (supplementary table 1)). Dietary amino 

acid supplementation had glucoregulatory and hypocholesterolemic effects among human 

subjects with spinal cord injury (glucoregulatory activity of all amino acids, in particular 

lysine, exclusive of cysteine, glutamic acid, threonine, leucine and histidine on fasting plasma 

glucose as well as hypocholesterolemic activity of threonine and leucine on TG and Total 

Cholesterol (TC)) [361]. Fermented mackerel extract and its fractions, free amino acid 

deficient NH4OH-HCl fraction (3.2%) and free amino acid rich Acetonitrile (ACN) fraction 

(94.5%), with various peptide concentration, 94.2% and 5.8% respectively, exhibited 

hypocholesterolemic activity at varying degrees in Wistar rats [362]. In contrary, effects of 

free amino acid mixtures and undigested blue whiting protein tended to be negligible on 

Cholecystokinin (CCK) secretion from Secretin Tumor Cell line (STC-1) where its digested 

sarcoplasmic proteins significantly increased the hormone level (+45% greater than the egg 

albumin hydrolysate) [363]. Interestingly, among fractions peptide rich/free amino acid 

deficient NH4OH-HCl fraction presented better hypocholesterolemic activity on plasma lipid 

levels of rats than the peptide deficient/free amino acid rich ACN fraction [362]. Nonetheless, 
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fecal lipids (Bile Acid (BA) and Total Lipid (TL)) excretion was more affected by heshiko 

extract (M/G 1.33) and its ACN fraction (M/G 1.16) compared to NH4OH-HCl fraction 

[362]. These observations may point to the contribution of both free AA and peptides to the 

anti-hypercholesterolemic activity of the heshiko extract [362]. The ACN free amino acid 

rich fraction, with comparatively lower M/G ratio of 1.16 compared to heshiko extract (M/G 

ratio 1.33), was more modulatory, up to +29-times, on hepatic lipid levels (TC: +13% (13 vs. 

26%), LDL-c: +13% (13 vs. 26%), TG: +29% (0 vs. 29%)) [362]. 

Marine biopeptides have exerted significant hypoglycemic, insulinotropic, 

hypolipidemic, hypocholesterolemic, hypotensive, pro-and anti-inflammatory and anti-

obesogenic effects in many studies thus being potential therapy candidates in prevention and 

treatment risk factors [364, 365]. Recently the topics of fish antihypertensive and 

immunomodulatory biopeptides have been carefully reviewed by the authors (see chapters 

II. and III.). Yet, herein beneficial effects of similar bioactives on additional risk factors of 

MetS are further comprehensively discussed. Many types of fish and fish byproducts have 

cardio-protecting, anti-diabetes, and anti-obesity potency yet interestingly fish diet itself has 

also demonstrated health effects in many human intervention studies (tables IV. 3., IV. 4. and 

IV. 5.). Nonetheless, marine, and fish-based material or hydrolysates can be used as 

unprocessed diet, dietary supplements and or as therapeutically active ingredients in food, 

nutraceutical, and pharmaceutical preparations (table IV. 6.). Fish biopeptides have proven 

to be safe and non-cytotoxic thus being suitable alternatives to classic and conventional drugs 

[366-369]. Anti-diabetic fish biopeptides exert their effect through different mechanisms 

nevertheless they commonly lower blood glucose and activities of α-amylase, α-glucosidase, 

and DPP-IV, increase intracellular calcium concentration, insulin, CCK and GLP-1 secretion, 

glucose uptake and clearance improving glucose tolerance and preventing insulin resistance. 

Like glucoregulatory fish biopeptides, hypolipidemic, anti-obesogenic and anti-MetS 

peptides act via various modes too but generally by modulating plasma and hepatic lipid 

parameters, lipid peroxidation, bile acid binding and excretion, food intake and body weight 

gain (lean and fat), expression of adipogenic genes, appetite related proteins and their 

expression, Atherogenic Index (AI) and Coronary Risk Index (CRI). Not only that fish anti-

MetS peptides have been fairly stable in the Gastrointestinal (GI) environment but also 
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proteolytic activity of the digestive tract in many examples have shown to improve the 

bioactivity of these compounds. Moreover, many of the fish anti-hyperglycemic and or anti-

hyperlipidemic peptides, based on their Absorption, Distribution, Metabolism, and Excretion 

(ADME) properties, are druglike compounds which could further be used on as 

pharmaceutical biomolecules. In the following text, authors will discuss the topics of 

production of anti-MetS fish biopeptides, effects of these products on metabolic impairments, 

their multi-functional properties and structure-activity relationship including their 

susceptibility to GI proteases.   
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Table IV. 3.: Fish peptides with bioactivities on MetS associated risk factors (in-vitro and cell studies) 

Fish name and part used Observed effect(s) including percentage of effect and IC50 

Characteristics of material and 

or peptide (AA, sequence, and 

MW) Ref.  

Atlantic salmon (S. salar) fresh 

skin byproducts (recovered from 

skin-off fillets) 

↓ DPP-IV activity (5 mg non-hydrolyzed gelatin and its 

hydrolysates mL-1 ≤ 45%, 2 mg mL-1 of UF fractions ≤ 61%,  

100 μg mL-1 of HPLC F1-F5 fractions ≤ 68%, IC50: F1 57.3 μg 

mL-1, GPAE 49.6 μM, GPGA 41.9 μM) 

HAA 61 > CAA 24 > imino acids 

(Hyp + Pro) 18 > BCAA 4 mol 

100-1 mol AA, L/A 0.47, M/G 0.04, 

GPAE 372 Da, GPGA 300 Da 

[317] 

Atlantic salmon (S. salar) skin 

and trimmings byproduct  

↓ DPP-IV activity (IC50: skin lysates 0.90 – 2.13 mg mL-1, 

trimming lysates 0.84 – 1.27 mg mL-1), 

High in Gly-Pro motif,  

Skin: HAA 50 > CAA 27 > Gly 23 

> Pro 11 > BCAA 5, L/A 0.38, 

M/G 0.11, 

Trimming: CAA 34 > HAA 33 > 

BCAA 12 > Gly 7 > Pro 4, L/A 

1.27, M/G 0.38 

alcalase: <1 kDa (60 – 61%), 1 – 

5 kDa (35 – 38%), 

alcalase + flavourzyme: <1 kDa 

(67 – 69%), 1 – 5 kDa (28 – 32%),  

promod: <1 kDa (33 – 59%), 1 – 

5 kDa (39 – 53%),  

skin and trimming lysates digestion 

susceptible and resistant 

respectively 

[370] 

 

 

 
2.5 mg mL-1 

↑ intracellular cAMP concentration in BRIN-BD11 cells (except 

skin lysates), membrane potential (depolarization), intracellular 

calcium ([Ca2+]i) concentration,  

insulin secretion (insulinotropic response) from BRIN-BD11 

cells (except promod lysates),  

GLP-1 secretion from enteroendocrine GLUTag cells (except 

alcalase and promod lysate) 

Barbel (B. callensis) fresh 

muscle  

↓ DPP-IV activity (IC50: hydrolysate 1.94 mg mL-1, SEC fraction 

1.23 mg mL-1, RP-HPLC fraction 0.21 mg mL-1, HPLC fraction 

96 µg mL-1) 

WSG 330 Da, FSD 349 Da [371] 

Barbel (B. callensis) fresh skin  ↓ DPP-IV activity (IC50: lysates of esperase 2.2 mg mL-1, 

savinase 2.7 mg mL-1, alcalase 2.6 mg mL-1, trypsin 2.5 mg mL-

1, izyme G 3.7 mg mL-1, protamex 2.4 mg mL-1, neutrase 2.7 mg 

mL-1, peptidase 2.7 mg mL-1) 

HAA (HAA) 629 > Gly 354 > 

CAA 189 > imino AA 184 > 

BCAA 45 residues/1000, L/A 0.52, 

M/G 0.04,  

Lysate of esperase 2,935 Da, 

savinase 2,322 Da, alcalase 1,995 

Da, trypsin 3,925 Da, izyme G 

5,797 Da, protamex 2,325 Da, 

[372] 
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neutrase 7,878 Da, peptidase 

15,053 Da 

Bighead carp (H. nobilis) 

muscle 

↓ DPP-IV activity (lysates, fractions, and sub-fractions (IC50 

YNLKERYAAW 12.46 mM, MKAVCFSL 1.37 mM, 

LGQNPAAML 0.96 mM, INEFTTGIPVL 0.73 mM, IADHFL 

0.61 mM), and IC50 IPI (diprotin A) 0.005 mM 

0.5 – 2 kDa (lysate of papain: 54%, 

alcalase: 76%, trypsin: 69%, 

pepsin: 82%), MKAVCFSL 898 

Da, YNLKERYAAW 1,314 Da, 

INEFTTGIPVL 1,203 Da, 

IADHFL 715 Da, LGQNPAAML 

914 Da 

[373] 

Blacktip shark (C. limbatus) 

skin byproduct 

↓ LDL-c oxidation (≤ 39%), hydroxyl and peroxyl radical-

induced DNA scission 

 [374] 

Blue whiting (M. poutassou) 

fresh frozen muscle 

0.5 – 1% (w/v) 

↑ CCK and GLP-1 in STC-1 cell (dose-dependent) 

 [363] 

Blue whiting (M. poutassou) 

muscle  

↓ DPP-IV activity (IC50 1.28 mg mL-1), 1 – 5 kDa (21%), 0.5 – 1 kDa 

(29%), <0.5 kDa (49%), CAA 26 > 

HAA 23 > BCAA 10 g 100g-1, L/A 

1.32, M/G 0.65  

[375]  

2.5 mg mL-1 

↑ insulin secretion from BRIN-BD11 cells, GLP-1 secretion 

from GLUTag cells, insulin-stimulated glucose uptake in 3T3-L1 

adipocytes 

Boarfish (C. aper) muscle  ↓ DPP-IV activity (IC50 1.18 mg mL-1),  2 – 1 kDa (18%), <1 kDa (74%) 

 

[376] 

2.5 mg mL-1 

↑ insulin secretion from BRIN-BD11 cells, GLP-1 secretion 

from GLUTag cells, glucose uptake in 3T3‐L1 adipocytes 

(30%), [Ca2+]i, membrane depolarization 

Cod, commercial preparation by 

DP&S®, Netherlands 

↑ GLP‐1 and CCK release (trypsin and or DPP‐IV digested and 

or non-digested) in STC‐1 cell 

 [377] 

Fish scales, commercial 

collagen preparation by Nippi 

Co. Ltd., Japan  

↓ DPP-IV activity (IC50 3.5 mg mL-1, GA(HP) > 20 mM, GPA 

5.03 mM, GP(HP) 2.51 Mm) and IC50 IPI (diprotin A) 0.03 mM 

GA(HP), GPA, GP(HP)  [378] 

Herring milt hydrolysate 

commercial preparation  

1 ng mL-1  

↑ glucose uptake (27%) in insulin stimulated L6 cells (except 

charged peptides and non-electrodialyzed)  

Neutral >50 kDa fraction: CAA 32 

> EAA 15 > BCAA 7 > proline 3, 

L/A 0.13, M/G 0.37   

[43] 

Pacific hake (M. productus), 

halibut (H. stenolepis), tilapia 

(O. niloticus), milkfish (C. 

↓ DPP-IV activity (3 mg hydrolysate mL-1: ≤ 48%, and 1 mg UF 

fraction mL-1: ≤ 52%) 

High in Gly, Pro and Hyp (tilapia 

and milkfish: 1.95 – 2.03 µmole 

imino acids mg-1 sample, halibut 

[379] 
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chanos) fresh skins, byproducts 

recovered from skin-off fillet 

and hake: 1.77–1.79 µmole imino 

acids mg-1 sample), halibut: 

SPGSSGPQGFTG 862 Da, 

GPVGPAGNPGANGLN 1,021 

Da, PPGPTGPRGQPGNIGF 1261 

Da,  

tilapia: IPGDPGPPGPPGP 920 

Da, LPGERGRPGAPGP 1,027 Da, 

GPKGDRGLPGPPGRDGM 1,359 

Da 

 

Rainbow trout (O. mykiss) fresh 

frames  

↓ DPP-IV activity (IC50: hydrolysate 4.8 mg mL-1, 

EDUF fraction (without cationic peptides) 2.1 mg mL-1, EDUF 

cationic peptides 1.2 mg mL-1) 

hydrolysate: HAA 47 > CAA 27 > 

BCAA 12% mole, L/A 2.08, M/G 

0.18, 0.5 – 1 kDa (~ 35%), 

EDUF fraction (without cationic 

peptides): HAA 41 > CAA 38 > 

BCAA 10% mole, L/A 1.96, M/G 

0.17, 0.5 – 1 kDa (~ 25%), 

EDUF cationic peptides: CAA 33 

> HAA 24 > BCAA 7% mole, L/A 

2.23, M/G 0.21, 0.5 – 1 kDa (~ 

50%) 

[48] 

Salmon (S. salar) and cod (G. 

morhua) frozen byproduct 

frames 

1 mg mL-1 

water-dispersed and or alkaline-solubilized enzymatic lysates  

↑ insulin-induced glucose uptake in L6 myocytes,  

↓ glucose production in FAO rat hepatocytes (except cod lysates) 

 [380] 

Salmon (S. salar) trimmings 

 

 

↓ DPP-IV (IC50: hydrolysate 0.30 – 2.41 mg mL-1 and IC50: 

corolase hydrolysate-separated peptides (GPAV 246 μM, VP 

758 μM, VC 5413 μM, YP 7564 μM, FF 547 μM, PP 4343 μM, 

W 438 μM, F 295 μM, Y 75 μM) 

GI digestion stable corolase 

hydrolysate: GPAV, VP, VC, YP, 

FF, PP, DP, I/LD, I/LH, W, L/I, F, 

Y 

[290] 

Salmon frames 1 ng mL-1 

↑ glucose uptake ≤ 40% in insulin stimulated and non-stimulated 

L6 skeletal muscle cells 

CAA, <800 Da (90 – 92%) 

 

[45] 

Salmon fresh backbones 8 mg (papain + bromelain) mL-1 

↓ uptake of radiolabeled glucose (39%) into CaCo-2 cells 

(cellular GLUT/SGLT) activity) 

papain + bromelain hydrolysate 

250 – 300 Da 

[381] 
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Sardine (S. pilchardus), horse 

mackerel (T. mediterraneus), 

axillary seabream (P. acarne), 

bogue (B. boops), small-spotted 

catshark (S. canicula), blue 

whiting (M. poutassou) west 

Mediterranean Sea fish discards 

100 mg protein  

↑ BA (cholic and chenodeoxycholic acid) binding capacity 

(sardine 13.1 – 25.0%, horse mackerel 13.4 – 30.8%, axillary 

seabream 17.7 – 20.9%, bogue 17.7 – 28.4%, small-spotted 

catshark 14.1 – 17.9%, blue whiting 24.3 – 28.2% relative to 

cholestyramine) 

 [382] 

Siki (C. coelolepis) cooked 

heads and saithe (P. virens) 

cooked muscle  

↓ CGRP binding to receptors in rat liver membrane (ED50: 1.68 

mg protein (siki lysate), 0.017 mg protein (siki lysate purified 

fraction), 1.38 mg protein (saithe lysate)) 

Siki hydrolysate: 800 – 1,500 Da 

(74%), ≤340 Da (26%), 

GFP(HP)GPEGL 

[383] 

Silver carp (H. molitrix Val.) 

fresh muscle  

1.25 mg mL-1 

↓ DPP‐IV activity ≤ 57% (neutrase lysate and fractions ≤ 56%) 

(IC50: APGPAGP 229.14 μM, LPIIDI 105.44 μM) and IC50 IPI 

(diprotin A) 6.36 μM 

APGPAGP 566 Da, LPIIDI 683 

Da 

[384] 

Skipjack Tuna (K. Pelamis) 

heart 

↓ PTP1B (IC50 416 μg mL-1), α‐glucosidase activity (IC50 1136 

μg mL-1), HRAR activity (IC50 984 μg mL-1) 

 [385] 

Steelhead (O. mykiss) fresh skin 

gelatin 

0.5 mg mL-1 

↓ DPP‐IV activity ≤ 44% 

 [386] 

Tilapia (Oreochromis sp.) scale, 

commercial food grade collagen 

(Wellnex® Type D) preparation 

by Nitta Gelatin, Inc., Japan 

↓ DPP-IV activity (IC50 0.77 mg mL-1),   [387] 

1% protein   

↑ GLP-1 secretion (258%) in NCI-H716 cells 

Tuna (T. tonggol) cooking juice 

(5.44% protein)  

↓ DPP-IV activity (10 mg non-hydrolyzed gelatin and its 

hydrolysates mL-1 ≤ 45%, 5 mg gel filtered fractions mL-1 ≤ 

40%,  

2 mg RP-HPLC fractions mL-1 ≤ 63%), IC50: 

PGVGGPLGPIGPCYE 116.1 μM, CAYQWQRPVDRIR 

78.0 μM, PACGGFWISGRPG 96.4 μM 

Protease XXIII lysate high in 

PGVGGPLGPIGPCYE 1,413 Da,  

CAYQWQRPVDRIR 1,691 Da,  

and orientase lysate high in 

PACGGFWISGRPG 1,305 Da 

[388] 

Tuna extract  500 – 1000 ng mL-1 of DIVDKIEI (TP-D) 

↓ glucose uptake (preadipocytes differentiation), TG, adipocyte 

formation (expression of C/EBP-α/-β/-δ and PPAR-γ), 

expression levels of ACC, FAS, LPL, FABP, SREBP-1, SOCS3, 

CD36, expression level of mitochondrial UCP-2, GLUT4, and 

GSK-3β, high-MW- and total adiponectin,  

DIVDKIEI 944 Da 

 

 

[369] 



 

139 
 

↑ expression level of UCP-1, CCND1 and β-catenin/TCF/LEF 

levels (Wnt-10b/LRP6/Frizzled activated) in 3T3-L1 cells during 

differentiation  

Tuna skin byproduct  1 mg mL-1, 8-d  

↓ intracellular TG, lipid accumulation and lipid droplets 

(adipogenic differentiation of preadipocytes), expression of 

adipogenic genes (C/EBP-α and PPAR-γ) and target genes (aP2) 

in 3T3-L1 preadipocytes,  

 [368] 

1 mg mL-1, 24-h   

↓ palmitate-induced lipogenesis in HepG2 cells 

Unicorn leatherjacket fish (A. 

monoceros) byproduct skin 

↓ α-amylase activity (IC50 hydrolysate (various process 

temperatures) 5°C 1.17 mg mL-1, 25°C 1.92 mg mL-1, 50°C 2.65 

mg mL-1 

 [389] 

Yellowfin tuna (T. albacares) 

fresh bone 

↓ α-glucosidase activity ≤ 24%  [390] 

Zebra blenny (S. basilisca) 

muscle 

↓ α-amylase activity (IC50: 90 – 93 μg mL−1) CAA 35% > BCAA 31% > sulfur 

containing AA 3%, L/A ~ 0.51 

[391] 

Increased, improved, stimulated and or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregula ted expression 

denoted as “↓”. HAA: hydrophobic amino acids (glycine, alanine, valine, isoleucine, leucine, phenylalanine, proline, methionine, and tryptophan), 

AAA: aromatic amino acids (phenylalanine, tryptophan, and tyrosine), PCAA: positively charged amino acids (arginine, histidine, lysine); 

NCAA: negatively charged amino acids (aspartic acid, glutamic acid), EEA: essential amino acids (phenylalanine, valine, threonine, isoleucine, 

methionine, histidine, leucine, lysine and tryptophan), BCAAs: branched chain amino acids (isoleucine, leucine and valine), TCF/LEF: T-cell 

factor/lymphoid enhancer factor, UCP-1 and UCP-2: Uncoupling protein a and 2, GSK-3β: Glycogen synthase kinase 3 beta, SOCS3: Suppressor 

of cytokine signaling 3, ACC: Acetyl‐CoA carboxylase, FAS: Fatty acid synthase, LPL: Lipoprotein lipase, FABP: Fatty acid binding protein, 

SREBP-1: Sterol regulatory element binding protein-1c, SOCS-3: Suppressor of cytokine signaling-3, CD36: Cluster of differentiation 36, 

GLUT4: Glucose transporter type 4, GSK-3β: Glycogen synthase kinase-3β, CCND1: Cyclin D1, TCF/LEF: T-cell factor/lymphoid enhancer 

factor, LRP6: Low-density lipoprotein receptor-related protein 6, Wnt-10b: Wingless-type MMTV integration site family, GLUT: Glucose 

transporter, SGLT: Sodium glucose cotransporter 
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4. Extraction, isolation, and purification techniques  

A broad range of enzymes was utilized for preparation of anti-MetS biopeptides from 

fish and fish products or byproducts. Enzyme choices range from pure or mixed commercial 

enzymes to alkaline, neutral, acid proteases and or in-house prepared crude plant-, fish- and 

or bacterial-proteases. Fish enzymes were derived from the digestive tract of many fish types 

such as zebra blenny, smooth hound, etc. Typically, bacterial crude enzymes were derived 

from Bacillus species, yet handful studies have made use of Aspergillus and or Streptomyces 

species. Plant-originated enzyme was prepared from papaya latex for hydrolysis of shark skin 

[374]. Among the so commonly used enzymes some peculiar ones e.g., seabzyme, izyme, 

etc. are also found in literature. It is of note that enzymatic hydrolysis has not always been 

the best course for preparation of glucoregulatory fish biopeptides since it could under certain 

experimental conditions diminish and or interrupt the bioactivity [317, 379]. For efficient 

isolation, filtration methods were applied to the material in the majority of the studies. 

Furthermore, except in a few studies for selective separation and purification, as routine for 

fish hypotensive and immunoregulatory peptides, chromatographic procedures were 

commonly practiced [338, 366, 391, 392].  

Antidiabetic fish peptides were generally prepared by enzymatic hydrolysates 

however to optimize the digestion various studies employed pre-treatments of some sort like 

microwave and alkaline/acidic solubilization particularly those attempting to isolate 

gelatinous and or collagenous material out of fish byproducts. Handful studies effectively 

proceeded without hydrolysing the material (e.g., preparation of soluble and insoluble 

proteinous fractions) [147, 369, 393]. Among many enzyme choices, flavourzyme have been 

superior over alcalase, bromelain, pepsin, trypsin and pancreatin in producing DPP-IV 

inhibitor peptides from Pacific hake, halibut, tilapia, milkfish and salmon skin, irrespective 

of degree of hydrolysis and process efficiency in terms of Enzyme/Substrate (E/S) ratio [317, 

379]. Accordingly, potent antidiabetic and anti-obesity biopeptides were produced from fish 

by the proteolytic activity of various Bacillus species [338, 366, 394]. Plasma glucose and 

hepatic glycogen levels were rather more affected by B. mojavensis A21 digested goby fish 

fillet protein than grey triggerfish digestive crude proteases digested and non-digested 
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proteins [366]. Hypoglycemic goby fish derived proteins rather contained similar amounts 

of amino acids, yet their L/A and M/G ratios differed to significant extent (non-digested: 

0.49, 0.13, grey triggerfish digestive crude proteases digested lysate: 0.46, 0.15, B. 

mojavensis A21 digested lysate: 0.58, 0.19, respectively) [366]. Corolase followed by 

alcalase and combination of alcalase + flavorzyme were the most appropriate enzymes for 

production of hypoglycemic peptides from salmon trimmings [290]. In line with Neves et al. 

study, among a wide variety of enzymes, pepsin, CorolaseN or papain digested steelhead skin 

gelatinous preparation exhibited markedly strong anti-ACE and anti-DPP-IV activity over 

others [290, 386]. Nonetheless, grey triggerfish digestive crude proteases digested peptides 

of goby fish were more potent antioxidants enhancing Superoxide Dismutase (SOD), 

Catalase (CAT), and Glutathione Peroxidase (GPX) and Glutathione (GSH) activities in liver 

and kidney tissues over B. mojavensis A21 digested hydrolysate [366]. Overall B. 

amyloliquefaciens An6 fermented sardine flour was rather more hypoglycemic and 

antioxidative than the B. subtilis A26 fermented muscle proteins [394].  

The enzymatic hydrolysis enhanced anti-DPP-IV effect of the non-hydrolyzed fish 

skin gelatins by about +5-fold increasing it from about 10% to almost 45 – 50% [317, 379]. 

Similarly, enzymatic lysis, alcalase, alcalase + flavorzyme, corolase except PROMOD, 

increased the anti-DPP-IV activity of undigested salmon proteins up to about +8-folds [290]. 

In agreement, enzymatic digestion, triggerfish proteases in particular, considerably enhanced 

the hypolipidemic effects of undigested muscle proteins of goby fish (hepatic TG and TC: 

up to 22%, serum TG: 18%, serum TC: 12%, serum HDL cholesterol: 10%, serum LDL 

cholesterol: 56%, serum VLDL cholesterol: 19%) [338]. The enzymatic digestion similarly 

enhanced the hypolipidemic and hypoglycemic effect of thornback ray sarcoplasmic proteins 

as high as 16% (TG: +16%, TC: +3%, LDL-c: +6%, VLDL-c: +14%, HDL-c: +1%, Aspartate 

Transaminase (AST): +2%, Alanine Transaminase (ALT): +14%, Alkaline Phosphatase 

(ALP): +8%, blood glucose and α–amylase: +8%, AI: +5%) [395]. In contrary, enzymatic 

hydrolysis lessened the metabolic benefiting effects of goby fish undigested proteins, in terms 

of food intake, with L/A and M/G ratios of 0.49 and 0.13 compared to the same ratios of the 

triggerfish proteases digested (0.46 and 0.15) and B. mojavensis A21 proteases hydrolyzed 

(0.58 and 0.19) fractions, by -14% to -17% [338]. Evidently, for isolation of 
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antihyperlipidemic peptides from goby fish triggerfish crude proteases extract was a more 

appropriate choice in comparison to B. mojavensis A21 proteases [338]. The enzymatic 

hydrolysis moderately improved the hypocholesterolemic effects, 5 – 23%, of zebra blenny 

muscle tissue [396].  

Glucoregulatory activity of sardine meat flour protein was drastically improved by 

bacterial fermentation [394]. This may be justified by lower Branched Chain Amino Acids 

(BCAA), Hydrophobic Amino Acids (HAA), Essential Amino Acids (EAA), L/A and M/G 

ratios, and higher Charged Amino Acids (CAA) and taurine content of B. amyloliquefaciens 

An6 over B. subtilis A26 fermented peptides [394]. Sardinelle and smooth hound proteases 

digested fractions of zebra blenny, with smaller Degree of Hydrolysis (DH), comparatively 

were more potent over zebra blenny digested lysate in preventing the hepatic damage as well 

as lowering the serum and hepatic TG, TC, and LDL-c levels [396]. Nevertheless, as 

observed in liver histopathological studies, hepatic damage of zebra blenny protease 

hydrolyzed zebra blenny muscle protein treated rats, but not the other lysates, was entirely 

alleviated [396]. Papain comparatively enhanced the hypocholesterolemic activity of Alaska 

pollock, compared to its undigested protein, at mRNA expression level of Cholesterol 7R-

Hydroxylase (AKA Cytochrome P450 7A1) (CYP7A1) in hypercaloric diet fed rats [397, 

398].  

Even though hydrolysis in many instances has improved anti-MetS properties of fish 

biopeptides yet, there have been some exceptions. Undigested proteins of bogue muscle 

(L/A: 0.23, M/G: 0.26) commonly were more potent anti-hyperlipidemic than its hydrolyzed 

counterpart (L/A: 0.33, M/G: 0.22) at the same concentration (500 mg kg-1 BW d-1) [399]. 

Generally, selectively separated peptides, yet not always, present better anti-MetS activity. 

Ultrafiltration (UF) fraction of < 1,500 Da was most potent over > 2,500, and 1,500 – 2,500 

fractions against DPP-IV activity at the concentration of 1 mg mL-1 [379]. In an earlier study, 

small MW salmon-extracted fraction (< 1,000 Da) at 2 mg mL-1 similarly inhibited more of 

DPP-IV activity over other fractions with an Inhibitory Concentration 50 (IC50) value of 1.35 

mg mL-1 [317]. The vasodilating potency of siki head hydrolysate increased going through 

different isolation and purification processes (from 4.1 to 0.01 mg of protein) by +410-times 
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with the purification factor of up to 79% [400]. Gel Filtration Chromatography (GFC) 

slightly improved the activity of hydrolysate by +3.8-folds [400]. Nevertheless, non-

fractionated extract of mackerel tended to be more potent hypolipidemic, up to 65%, on 

plasma lipids (16% (TC), 41% (HDL-c), 65% (LDL-c)) than its fractions [362]. Separation 

techniques such as electro-separation also have been useful in extracting potent 

hypoglycemic peptides with in-vitro glucose uptake stimulatory effect from fish [43]. 

Umamizyme sequentially digested spine proteins, rather hyperlipidemic, with highest 

HAA, M/G and L/A ratios, 48%, 0.90 and 2.83 respectively, in comparison to other two 

hydrolysates tended to increase serum and hepatic lipids as well as liver’s Fatty Acid 

Synthase (FAS) activity and Δ9 desaturase gene expression [401]. Acid protease lysed spine 

proteins with moderate M/G and L/A ratios compared to casein (0.69 vs. 1.57 and 2.12 vs. 

2.97 respectively) resulted in high hepatic Polyunsaturated Fatty Acids (PUFA) and 

ceramides levels, however, hepatic di- and tri-acylglycerols concentrations were decreased 

[401]. Among the three enzymes utilized for digestion of zebra blenny sarcoplasmic proteins, 

crude proteases of zebra blenny viscera resulted in highest DH with lowest L/A ratio of 0.43, 

and medium M/G ratio of 0.40, over the other two (L/A and M/G ratios of crude proteases of 

smooth hound and sardinelle are 0.53, 0.38, and 0.57, 0.42, respectively) [391]. 

Administration of goby fish sarcoplasmic hydrolysates (B. mojavensis A21 and grey 

triggerfish proteases), in particular grey triggerfish proteases digested one with 23% DH and 

more smaller size peptides, could impede weight gain better than the daily dose of 20 mg 

fluvastatin per kg of body weight [338].  L/A ratio of B. mojavensis A21 digested hydrolysate 

is +21% (0.58) higher than the undigested protein (0.48) [366]. Interestingly, while the same 

hydrolysate lowered more of the plasma glucose level in hypercaloric diet fed rats, the 

undigested material increased it by +16% [366]. Almost same trend was observed on the 

effectivity of hydrolysate and undigested protein on α-amylase activity. While α-amylase 

activity was significantly inhibited by hydrolysates, undigested material increased its activity 

[366]. Source of fish-collagen and preparation techniques seem to be important on particular 

parameters of anti-obesogenic proteins [368, 402]. Tuna skin byproduct collagenous 

material, prepared by subcritical water, decreased epididymal adipocytes’ size while 
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commercial collagenous skate skin perpetration had negligible effect on epididymis adipose 

tissue weight in high fat diet fed obese rats and effects were tissue dependent [368, 402]. 

5. MetS benefiting fish biopeptides  

In the following sections, authors will review the in-vitro, in-vivo and human studies 

investigating the anti-diabetes, anti-hyperlipidemia, and anti-obesity effects of fish 

biopeptides.  

5.1. Anti-diabetes peptides  

In the subsequent two sub-sections the anti-diabetic effects of fish and fish derived 

proteins on mainly the enzymes involved in glucose metabolism, fasting and postprandial 

glucose and insulin levels (e.g., DPP-IV, α-amylase, and α-glucosidase), GHbA1c, GLP-1 

secretion, Glucose Transporter type 4 (GLUT4) expression, glucose uptake and energy 

expenditure in various experimental settings (in-vitro, cell, animal, and human studies) would 

be discussed. 

5.1.1. In-vitro and in-vivo studies  

More than 50% (~ 37 out of 65) of the studies reviewed herein on the antidiabetic 

effect of fish biopeptides utilized byproducts of a fish type e.g., skin, scale, frames, process 

juice, etc. as substrate and starting material in their in-vitro and in-vivo investigations (tables 

IV. 3. and IV. 4.). Many fish species were studied for their glucoregulatory activity, yet 

salmon was the most frequently tested type followed by cod, sardine, and tuna. According to 

numerous observations, salmon hydrolysates could beneficially modulate the activity of 

enzymes involved in glucose metabolism, fasting and postprandial glucose and insulin levels, 

GLP-1 secretion, glucose uptake and energy expenditure, GLUT4 expression in several in-

vitro and in-vivo studies whether in different cell lines and or experimental animal models 

[45, 131, 166, 290, 317, 370, 380, 381, 403-406]. Oral dose of circulating Salmon Calcitonin 
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(sCT) has shown glucoregulatory activity affecting glucose and insulin levels attenuating 

hyperglycemia along with better islet β-cells function in diabetic and obese rats [407, 408]. 

Correspondingly, a 20% salmon protein intake increased the sCT levels in hypercaloric diet 

fed rats which may partially be the reason for bioactivity of this fish [166]. Anti-obesogenic 

effects of sCT by means of reducing food intake and increasing energy expenditure thus 

controlling body weight are also of note [409]. Insulinotropic activity of salmon was via 

ATP-sensitive Potassium (KATP) channel-dependent and Protein Kinase A (PKA) pathways 

hence boosting the membrane depolarization and intracellular calcium and Cyclic Adenosine 

Monophosphate (cAMP) concentration in BRIN-BD11 cells [370].  

Salmon skin gelatinous hydrolysate diet eased the diabetic symptoms in rats. 

Polyphagia of Streptozotocin (STZ)-induced diabetic rats was significantly reduced by about 

20% compared with the control group throughout 5-weeks experiment period [410]. 

Nevertheless, water intake during the analysis insignificantly differed between the normal 

non-diabetic rats and the fish-protein fed diabetic animals [410]. Salmon skin gelatinous 

hydrolysate diet reduced postprandial blood glucose level to that of non-diabetic normal 

group thus area under curve of fish and or normal diet fed groups were insignificantly 

different from one another [410]. The same salmon diet tended to increase the plasma active 

GLP-1 levels in diabetic rats compared to diabetic and non-diabetic control groups without 

inducing the secretion of hormones [410]. In previous studies, DPP-IV inhibitors (e.g., 

sitagliptin, ASP8497 vildagliptin, and valine pyrrolidide), comparable to gelatinous 

hydrolysate, have demonstrated protective effect and prevented the degradation of active 

GLP-1 by DPP-IV thus improving its circulating plasma levels and exerting glycemic control 

in similar diabetic experimental animal models [410-413]. Moreover, gelatinous salmon 

hydrolysate, similar to a hypoglycemic DPP-IV inhibitor (ASP8497), could reduce the non-

fasting blood glucose levels effectively in rats [410, 412]. Percent DPP-IV activity in diabetic 

fish-gelatin diet fed rats was reduced by 32.9% in comparison to the diabetic normal diet fed 

rats and in another study comparable effect (50% inhibition) was observed on equivalent 

experimental model (STZ-induced diabetic rat) by long-term administration of sitagliptin, an 

orally administered DPP-IV inhibitor [410, 411]. Five-weeks administration of fish-gelatin 

hydrolysate diet may reverse the pancreatic β-cell destructive hyperglycemic causing feature 
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of streptozotocin thus inducing insulin secretion in diabetic mice comparable to that of 

commercial DPP-IV inhibitors (ASP8497, vildagliptin, sitagliptin and isoleucine 

thiazolidide) which have been reported for their positive qualitative and quantitative effect 

on small pancreatic islets, glucose-dependent insulin excretion and subsequent blood glucose 

depressing effects [410-412, 414]. Plasma insulin-to-glucagon ratio was ~40% lower in 

salmon skin hydrolysate diet fed diabetic rats (~7) compared with normal control group (~12) 

and ~4-times higher compared with diabetic control (~1.7) thus proving beneficial on 

hypoinsulinemia [410].  

Cod’s glucoregulatory effect was rather like salmon. According to the observations, 

cod protein could, similar to salmon, beneficially modulate fasting and postprandial glucose 

and insulin levels, GLP-1 secretion, glucose clearance and energy expenditure in several in-

vitro and in-vivo studies yet to the knowledge of authors its activity on carbohydrate digesting 

enzymes and or DPP‐IV has not been tested [377, 415-420]. Though cod protein did not 

affect insulin-mediated Glucose Infusion Rates (GIR60–120) in obese rats, its effects were by 

some means tissue specific [419]. Cod protein increased insulin-stimulated glucose uptake 

in white tibialis, white gastrocnemius, red gastrocnemius, quadriceps, Extensor Digitorum 

Longus (EDL) muscle, heart and as well slightly in Brown Adipose Tissue (BAT) [419]. 

Contrarily, in the study of Drotningsvik et al. according to biochemical analysis neither of 

the diets, cod- nor casein-diet (20% protein from casein/whey (90% casein, 10% whey), 

could demonstrate glucoregulatory effect (glucose and insulin concentrations, glucose to 

insulin ratio, serum α-amylase) in obese Zucker fa/fa rats [421].  

Other fish types exerted similar effects to salmon and cod. All three zebra blenny 

hydrolysates were potent α-amylase inhibitors, and their activity was only insignificantly 

different from one another (zebra blenny crude protease digested hydrolysate with lowest 

IC50 90 μg mL−1) [391]. Blue whiting muscle proteins stimulated the secretion of CCK 

secretion from STC-1 cells, but non-hydrolyzed material tended to be ineffective [363]. 

Tilapia collagen peptide at 1.7 g kg−1 BW could positively affect the diabetic rat better than 

metformin in terms of diabetic symptoms and hyperglycemia [422]. Fish proteins like goby 

fish lysates could also enhance renal function and attenuate hyperfiltration of uric acid 
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treating hypercaloric-diet induced hyperglycemia in liver and kidney of experimental animals 

[366]. 

5.1.2. Clinical studies  

Bioavailability and bioefficacy of glucoregulatory fish biopeptides, processed and 

unprocessed, were further tested in several controlled human studies. Of all the fish types, 

cod was tested the most for its health effects in healthy and ill human subjects. Cod 

successfully exerted its health effects on various diabetes factors (e.g., insulin sensitivity 

(M/I), disposition index (β-cell function × (M/I)), fasting and postprandial glucose and 

insulin, GLP-1 and HbA1c) in numerous sets of populations [423-430]. Cod fillet diet 

enhanced insulin sensitivity in overweight obese insulin-resistant human subjects compared 

to lean Beef, Pork, Veal, Eggs, Milk, and Milk products (BPVEM) [428, 429]. In a 

subsequent study by the same authors, cod diet exerted anti-inflammatory effects on high-

sensitivity C-Reactive Protein (hsCRP), an inflammation marker known to be associated with 

T2D and CVD risk, in a similar population as previous study [428, 429]. Cod protein, as part 

of a composite meal (45 g protein), in a randomized meal study showed glucoregulatory 

effects on glucose and insulin responses in healthy subjects [418]. Throughout the double-

blind, randomized, controlled intervention study, ingestion of 3 g codfish tableted protein per 

day did not affect fasting insulin, fasting insulin C-peptide and Homeostatic Model 

Assessment of Insulin Resistance (HOMA-IR) however 2-h postprandial glucose levels at 

the time point of 8-weeks were substantially lower in fish consumed overweight adults group 

compared to the placebo group [430]. Opposite to triggerfish hydrolysates which decreased 

GHbA1c level in serum and liver alloxan-induced diabetic rats, upon 8-weeks consumption 

of cod protein the hemoglobin’s level was significantly increased [392, 430]. Additionally, 

cod muscle proteins exhibited glucoregulatory and anti-obesogenic activity tending to 

decrease fasting and postprandial serum glucose and fructosamine/albumin ratio, increasing 

fasting adiponectin concentration compared to casein/whey in overweight subjects [431]. 

Single cod protein dose (6.6 mg g-1 of protein), compared to casein, however, could just 

depress the postprandial insulin secretion but wasn’t effective on blood glucose response or 

GLP-1 levels in middle-aged healthy population [425].  
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In the studies of Zhu et al., collagen and gelatin preparations from various fish 

presented hypoglycemic and antidiabetic effects in diabetic patients with and without 

primary hypertension [432, 433]. A commercial small molecular weight fish collagenous 

hydrolysate preparation demonstrated therapeutic effects on glucose and lipid metabolism, 

insulin sensitivity as well as renal function in Chinese patients with T2D and hypertension 

[432]. Effects were similar in diabetes-only subjects where fasting glucose and insulin as 

well as GHbA1c decreased in patients with the intake of 13 g collagen per day [433]. 

Moreover, comparable findings were confirmed in another study in which similar fish 

collagenic preparation beneficially modulated the molecules involved in pathogenesis of 

diabetes and hypertension [434]. 

5.2. Anti-hyperlipidemia peptides  

In the succeeding two sub-sections, anti-hyperlipidemia effects of fish and fish 

derived proteins, mainly on the enzymes involved in lipid catabolism and metabolism, 

hepatic expression of lipogenic genes, cholesterol homeostasis associated hepatic genes, 

hepatic and serum lipid levels, hepatic FA desaturase indices, BA excretion, AI and CIR, 

hepatic and renal tissue damage prevention and protection, in various experimental settings 

(in-vitro, cell, animal and human studies) would be discussed. 

5.2.1. In-vitro and in-vivo studies  

Of all the studies focusing on hypolipidemic effects of fish peptides about 40% (25 

out of 62) made use of fish byproducts (tables IV. 3., IV. 4., and IV. 5.). Numerous fish were 

investigated for their anti-hyperlipidemic activities; however, the most studied type was 

Alaska pollock followed by sardine and salmon, respectively. In-vivo analysis of Alaska 

pollock anti-dyslipidemia peptides has shown to effectively control lipid metabolism and 

levels in liver and plasma, cholesterol homeostasis associated hepatic genes, hepatic FA 

desaturase indices, fecal BA excretion and mRNA levels of Ileal Bile Acid Transporter 

(IBAT) in pigs, rats and or in fish [393, 397, 435-443]. Sardine peptides similarly modulated 

the hepatic enzymes involved in lipid metabolism, hepatic and plasma lipid parameters, lipid 
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vacuole formation, AI and CRI, hepatic and renal tissue damage triggering enzymatic 

activities in various rat models [147, 337, 394, 444-447]. Hypolipidemic biopeptides of 

salmon alone or in combination with fish oil as single or mixed fish protein diet acted similar 

to Alaska pollock and sardine diets in regulating the lipid parameters, lipid catabolism, lipid 

biosynthesis associated enzymes and their activity as well as the hepatic expression of 

lipogenic genes in experimental mice [308, 309, 401, 405, 448-451].  

Alaska pollock fillet protein not only modulated the expression of hepatic genes 

involved in the lipid metabolism but also affected serum and hepatic lipid levels in normal-

fat and high-fat hypercholesterolemic diet fed mice (table IV. 10. (supplementary table 3)) 

[398]. Alaska pollack hydrolysate was more effective on liver lipid indices of 

hypercholesterolemic diet fed rats (cholesterol: -27%, TG: +6%) than normal diet fed ones 

(cholesterol: +2%, TG: -12%) compared to casein, regardless of its significance [397]. Liver 

of hypercholesterolemic fed rats had higher levels of cholesterol (+13-fold and +10-fold in 

casein and fish diets, respectively) and TG (4-fold and 5-fold in casein and fish diets, 

respectively) which may have been the reason for higher organ weight [397]. Though serum, 

liver, and fecal biochemical parameters as well as liver FA (C16:0, C16:1n-7, C18:1n-9, 

C18:2n-6, C20:3n-6, and C20:4n-6) and FA desaturase indices (C16:1/C16:0 and 

C18:1/C18:0) were considerably modulated by different protein dietary sources (casein and 

Alaska pollock), growth parameters, organ weight, hepatic fatty acid metabolism related 

activities of enzymes and relative mRNA expression levels were not as much affected by the 

purified protein diets, except for the significant downregulation of Stearoyl-CoA Desaturase 

1 (SCD-1) (positively correlated with hepatic C18:1/C18:0 and C16:1/C16:0 ratios) by fish 

proteins, in KK-Ay rats [439]. Findings of Maeda et al. are in comparative agreement with 

Hosomi et al.’s observations [398, 436, 439]. Water-insoluble proteins of Alaska pollock 

comparably exhibited hypocholesterolemic effect compared to casein (M/G: 1.22, L/A: 2.7) 

in cholesterol-free fed ovariectomized rats [393]. Smaller M/G ratio, compared to smaller 

L/A value, played more vital for hypocholesterolemic effect of Alaska pollock protein (L/A: 

2.0, M/G: 0.38 (low-Met) and 0.76 (high-Met)) versus casein (L/A: 2.7, M/G: 1.22) [393]. 

Water-soluble proteins of some fish types such as blue whiting similarly tend to demonstrate 

significant hypocholesterolemic effect in obese animal models [452].  
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Inclusion of small amount of Alaska pollock could also make significant changes in 

the hyperlipidemic state of animal models. In the study of Hosomi et al., a diet of 10% Alaska 

pollock fillet protein significantly enhanced the activity of Carnitine Palmitoyl Transferase 2 

(CPT-2), however, its effect on Acyl-CoA oxidase (ACOX), FAS and Glucose-6-Phosphate 

Dehydrogenase (G6PDH) were insignificant compared to casein diet in mice models [436]. 

In accord, relative mRNA expression levels of lipid metabolism related enzymes and 

transporters (ATP-Binding Cassette (ABC) Transporter A1 (ABCA1), ABC Transporter G5 

and G8 (ABCG5 and ABCG8), 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase 

(HMGCR), CYP7A1, LDL Receptor (LDLR), and Scavenger Receptor B1 (SRB1)) were 

marginally affected by fish diet fed rats compared to casein, except SCD1 which was 

significantly downregulated by 8% [436]. In addition to hepatic cholesterol levels, relatively 

similar to the study of Hosomi et al., relative mRNA concentrations of genes involved in 

fatty acid metabolism in liver and adipose tissue of fish protein fed pigs (Acetyl-CoA 

Carboxylase (ACC) and FAS in liver and adipose tissue, Peroxisome Proliferator-Activated 

Receptor Alpha (PPARα) (and its target genes ACOX and CPT-1a) in hepatic fatty acid 

oxidation), except CPT‐1a, were insignificantly affected by raw Alaska pollack fillet diet 

[440]. Unlike undigested protein, effect of papain digested protein of the same fish was more 

prominent (+36%) on the relative mRNA expression level of CYP7A1 than other cholesterol 

metabolism associated genes (Src Homology region 2 domain-containing Phosphatase-1 

(SHP-1), HMGR, Acetyl-CoA Acetyltransferase (ACAT-1), LDLR, Sterol Regulatory 

Element-Binding Protein 2 (SREBP-2), Farnesoid X Receptor Alpha (FXRα), Liver Receptor 

Homolog-1 (LRH-1)) compared to casein in hypercholesterolemic diet fed rats [397]. 

In addition to upregulation of antioxidation enzymes, sardine muscle proteins at high 

and low doses in short-and long-term controlled animal studies alleviated hyperlipidemia in 

hypercaloric fed diet hyperglycemic and oxidative stressed rats [147, 337, 394, 444-447]. 

Interestingly, sardine byproduct isolated proteins were more hypolipidemic than its fillet 

proteins, by up to +73%, in terms of anti-obesity effects, fecal lipid and cholesterol excretion 

[447]. Likewise, effect of sardine byproduct (serum Paraoxonase-1 (PON-1): +119%, HDL2-

PON-1: +100%, HDL3-PON-1: +90%) was superior to its fillet peptides consequently 

affecting lipid peroxidation (serum Thiobarbituric Acid Reactive Substances (TBARS): -
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34%, VLDL-TBARS: -31%, LDL-HDL1-TBARS: -54%, HDL2-TBARS: -64%, HDL3-

TBARS: -63%) in obese rats [447]. It is noteworthy that lipid metabolism was more 

influenced by bogue hydrolysate than sardine hydrolysate in hypercholesterolemic diet fed 

rats [444]. Fish lysates modulated the lipid profile of lipoproteins ((VLDL (TC: ≤ -80%, 

phosphatidylcholine: ≤ -60%, sphingomyelin: ≤ +248%), LDL (TC: ≤ -45%, 

phosphatidylcholine ≤ -50%, sphingomyelin: ≤ +53%) and HDL (TC: ≤ -4%, 

phosphatidylcholine: ≤ -15%, sphingomyelin: ≤ +59%)) and serum activity of HDL-

associated enzymes (Lecithin Cholesterol Acyltransferase (LCAT) activity: +23% by bogue 

hydrolysate and -35% by sardine hydrolysate) in hyperlipidemic animals significantly yet 

bogue hydrolysate was more potent than sardine [444]. Accordingly, bogue hydrolysate fed 

rats had 3.3-times higher fecal cholesterol excretion rate than sardine [444]. 

Salmon backbone hydrolysate tended to decrease lipogenesis involved enzymes 

increasing the hepatic PUFA levels affecting the regulation of lipid and glucose metabolism 

compared to casein diet in high fat fed animals [401]. The same salmon off-cuts hydrolysate, 

at different concentrations, in studies of Bjørndal et al. and Parolini et al. downregulated the 

mRNA level of Scd1 in two different animal models, chronically inflamed and 

Apolipoprotein E (ApoE)-deficient rats [453, 454]. Expression of Acetyl-CoA Carboxylase 

A (ACACA) was considerably downregulated in 5% salmon spine hydrolysate fed ApoE-/- 

mice for 12-weeks while higher intake of same diet (15%) for 2-weeks, did not affect its 

expression in humanized (h)TNF-α rats [453, 454]. Salmon diet increased plasma levels of 

carnitine and its precursor (γ-butyrobetaine), short-chained and medium-chained 

acylcarnitine esters and fatty acid composition in liver and White Adipose Tissue (WAT) 

[453]. In particular ∆5 desaturase index for n-3 fatty acids and ∆6 desaturase index for n-3 

fatty acids and n-3 index were higher in the earlier mentioned organ and tissue of chronically 

inflamed rat [453]. A significant decrement in the lipid profile, namely TC, TG, and LDL-c 

but not HDL-c, of hemodialysis patients upon carnitine supplementation of 750 mg per day 

was observed [455]. 

Fatty acid metabolism of the obese animals was likewise considerably affected by 

cod-diet compared to casein diet; total n-3 PUFA level in Epididymal WAT (eWAT), n-3/n-
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6 PUFA ratio in serum, liver and eWAT, and Anti-Inflammatory Fatty Acid Index (AIFAI) 

in serum, liver, skeletal muscle and eWAT [421]. Menhaden oil-cod protein combined diet, 

however, could not reduce serum TG levels compared with other protein-lipid diets in rats 

[456]. In agreement, cod diet (23% (w/w) protein diet) had insignificant effect on fasting 

plasma concentrations of Non-Esterified Fatty Acids (NEFA) and TG in high fat diet fed rats 

[419]. Nonetheless, cod-diet was superior to casein-diet (14% and 36% higher L/A and M/G, 

respectively) in reducing the serum concentration of NEFA [421]. In contrary, neither cod- 

nor casein- (20% protein from casein/whey (90% casein, 10% whey) diets could have 

hypolipidemic effects (lipase and alanine transaminase concentrations, plasma TNF-α levels, 

serum TC, HDL/LDL cholesterol, total BA and triacylglycerol concentrations) in obese 

Zucker fa/fa rats [421]. Plasma HDL-c and LDL-c levels were heightened in cod/scallop fed 

rats, as well as mRNA expression of Sterol Regulatory Element-Binding Transcription Factor 

1 (SREBF1) and HMGCR, compared to low fat fed and other protein group, however, other 

parameters of plasma metabolites and liver lipids were not significantly affected [417]. Of 

all the monitored parameters only HDL: TC ratio was non-negligibly higher in casein fed 

rats, than low-fat and other protein diets [417]. Evidently, beneficial metabolic effect of 13-

weeks cod/scallop diet consumption was superior over chicken intake in alleviating aorta 

atherosclerotic plaque burden in ApoE-/- rat [416]. Fatty seafood regimen (Eicosapentaenoic 

Acid (EPA) and Docosahexaenoic Acid (DHA) rich) as well as lean ones have repeatedly 

been proposed for their hypotriglyceridemic effects and subsequent lesser aorta 

atherosclerosis [457]. Nevertheless, these effects could not solitary be beneficial to the 

condition since diets with comparable cholesterol content, but different amino acid 

composition, have affected the plaque burden differently [416, 417]. There seems to be 

simply an association of diet type, in terms of protein source, with metabolic benefiting 

effects important in prevention and management of cardiometabolic syndrome.  

Other fish types, likewise, demonstrated small and or large hypolipidemic effects 

improving dyslipidemia, its associated disorders and organ damages. Compared to Crestor 

(cholesterol-lowering drug at the dosage of 10 mg kg-1 BW) zebra blenny muscle 

hydrolysates more efficiently reversed kidney (urea 19%, creatinine 2%) and hepatic damage 

(Alanine Aminotransferase (ALAT) 22%, ALP 23%) while positively modulating the serum 
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and hepatic lipids (serum: TG +41%, TC +68%, LDL-c +148%, HDL-c +19%, and liver: TC 

+37%, LDL-c +23%, and HDL-c +135%) in hyperlipidemic animals [396]. Evidently, 

hepatic damage, in histopathological analysis, was completely prevented by zebra blenny 

proteins in rats [396]. Although saithe hydrolysate significantly increased the plasma BA (not 

the hepatic levels of BA), fecal BA excretion was greatest in the soy protein fed mice [458]. 

Soy in another study presented better hypolipidemic effects than the fish biopeptides. Soy 

(M/G: 0.24, L/A: 0.79) and salmon frame proteins (M/G: 0.18, L/A: 1.05) had relatively 

comparable effects, with soy diet being more potent over the other, on hepatic lipid 

metabolism, fatty acid composition and desaturases; reduced 18:1(n-9) to 18:0 ratio 

(increased hepatic 18:0 (decreased 18:1(n-9)), unchanged Δ9 desaturase gene expression), 

reduced 18:3(n-6):18:2(n-6) and 20:4(n-6):20:3(n-6) ratios (reduced mRNA levels of Δ5 and 

Δ6 desaturase (reduced activities of Δ5 and Δ6 desaturases)), increased 20:4(n-6):18:2(n-6) 

ratio (increased Δ5 desaturase activity), increased hepatic triacylglycerol-rich lipoprotein 

secretion (increased hepatic lipid content), increased hepatic 22:6(n-3) (upregulated 

peroxisomal β-oxidation enzyme fatty ACOX, unchanged CPT-1 enzyme activity), and 

increased cytosolic isoform of acetyl-CoA carboxylase (increased activity of lipogenic 

enzyme fatty acid synthase) compared to casein diet (M/G: 1.17, L/A: 1.85, negligible health 

benefiting effects) in genetically obese Zucker (fa/fa) rats [448]. 

Mixed fish diet also could beneficially affect the hyperlipidemia in animal models. 

Concentrations of plasma apolipoproteins were altered by commercial fish protein 

preparation compared to casein diet in spontaneously hypertensive rats (SHR); HDL3 apo A-

I (-38%), A-II (-55%) and A-IV (-41%), HDL2 apo A-II (+71%) and A-IV (+41%), VLDL 

apo B-48 (~ -40%) and apo C (~ +40%) [308]. Total lipid, tissue Lipoprotein Lipase (LPL) 

and Hepatic Triglyceride Lipase (HTGL) activities were similarly modulated in fish protein 

fed SHR compared to casein diet (liver TL (-24%), and HTGL (-10%), heart TL (+14%) and 

LPL (+5%), kidney TL (-6%) and LPL (+24%), gastrocnemius TL (-29%) and LPL (+7%), 

and adipose tissue TL (-26%) and LPL (-91%)) [308]. The same commercial fish protein 

preparation by Seah International beneficially modulated fatty acid composition of 

microsomal lipids, but not casein diet, in SHR animal models; 16:0 (+26%), 18:0 (+21%), 
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18:1(ω-9) (+20%), 20:4(ω-6) (-50%), Saturated Fatty Acid (SFA) (+23%), total ω-6 (-29%), 

and 20:4(ω-6)/18:2(ω-6) (-50%) [308, 309].  

5.2.2. Clinical studies  

Among all fish types, cod was the type mostly tested in human intervention studies 

for its anti-hyperlipidemic effect (table IV. 5.). Different meal sizes and or treatment dosages 

of cod protein, compared to various control diets and or placebo, beneficially affected the 

lipid peroxidation, oxidative stress expressed as Malondialdehyde/plasma Antioxidant 

Potential (MDA/AOP) ratio, plasma lipid parameters and antioxidant capacity in overweight, 

insulin-resistant, diabetic subjects and or healthy individuals [427-431, 459-461]. Positive 

health effects of control diet at times surpassed the experimental fish diets. Accordingly, cod 

test meal, compared to casein, may have positively influenced fat-induced postprandial 

lipemia but its effect was not as significant as whey diet in T2D human subjects [427]. Mixed 

fish meal (lean and or fatty fish) in controlled human interventions modulated plasma 

Phospholipids (PL), TL, TG, cholesterol, total SFA, FFA and Prostaglandin I2 (PGI2) levels 

in different types of population (e.g., coronary heart patients, diabetics with and or without 

hypertension as well as healthy subjects) [170, 173, 423, 424, 432, 434, 462, 463]. 

Collagenous hydrolysate preparation, dosage of 13 g daily, could decrease TG, TC, LDL-c 

and FFA while increasing PGI2 and HDL-c in T2D patients [432]. In a more sophisticated 

study, fish gelatinous diet supplemented with or without n-3 PUFA showed hypolipidemic 

yet rather sex-dependent activity in free-living insulin-resistant men and women [174].  

5.3. Anti-obesity peptides  

In the following two sub-sections effects of fish and fish-derived products on appetite 

suppression and regulation of CCK release, total and organ weight gain/loss including lipid 

droplet formation and accumulation as well as food intake will be discussed in detail.   

5.3.1. In-vitro and in-vivo studies  
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Not only that fish biopeptides have shown to therapeutically affect the obesity 

associated comorbidities but also could directly modulate weight gain and loss, food intake 

and energy expenditure. Of all the studies reviewed herein, investigating anti-weight gain 

and anti-obesity attributes of biopeptides, about 44% utilized fish byproducts (about 19 out 

of 43) (tables IV. 3., IV. 4., and IV. 5.). Among so many conventional bioactivity screening 

studies, Liu et al. attempted a different approach using response surface methodology for 

optimizing the reaction parameter of DH and predicting the anti-obesity activity of Crucian 

carp (Carassius carassius) muscle hydrolysates in terms of Porcine Pancreas Lipase (PPL) 

and α-amylase inhibition effects [464]. Many types of fish such as Alaska pollock, tuna, blue 

whiting, smooth hound, saithe, and others demonstrated anti-obesity activity, yet cod, salmon 

and sardine were the most studied ones. Cod fillet protein, in-house and or commercial 

preparation, modulated CCK release, body weight gain (lean and fat mass), liver weight and 

fat mass, final weight, food intake, feed efficiency and growth in multiple in-vitro and in-

vivo experimental setting [162, 377, 415, 421, 465]. CCK is a hormone that among its so 

many major roles, such as stimulation of pancreatic enzyme secretion and growth, could also 

suppress appetite inducing satiety via CCK1 receptors thus being significant to weight 

control [466]. The outcome of the studies greatly depended on the experimental setting and 

the animal model. Following a monthly 5% cod diet body weight, growth percentage and 

liver weight increased in obese Zucker fa/fa rats [421]. Accordingly, a diet of 23% cod 

protein over a month, compared to tuna, increased the weight gain, final weight, food intake 

in hypercholesterolemic diet fed rats [465]. However, a 20 – 40% cod protein intake 

decreased further weight and fat mass gain as well as feed efficiency while increasing the 

lean mass over 6 – 12 weeks in high fat/protein fed obese mice and low-fat fed lean C57BL/6J 

rats [415].  

Furthermore, salmon with its anti-obesity effects changed the mean growth, weight 

gain, feed intake as well as adiponectin, leptin and resistin levels in rats [166, 401, 405, 467]. 

Compared to bonito, herring and mackerel 20% protein diets only salmon could over the 

period of 28-days reduce body weight gain and visceral adiposity while increasing energy 

expenditure in High Fat High Sucrose (HFHS) diet fed rats [166]. In the study of Vik et al., 

while 5% salmon protein diet increased the feed intake but also prevented body and total 
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weight gain compared to casein in high fat fed rats [401]. Sardine more or less had similar 

effects as salmon and cod protein diets. Sardine protein averted high fructose diet induced 

weight gain, considerably in liver and slightly in muscle tissues compared with casein diet 

[148]. Even though sardine protein diet, fed with or without high fructose, effects were non-

significant on the weights of heart, kidney and skeletal muscle tissues but liver weight was 

much smaller compared to high fructose diet only [148]. High fructose fed rats, supplemented 

with sardine muscle lysate with L/A ratio of 1.71 (16% higher L/A ratio than cod protein), 

concomitant with lower food and energy intakes, gained less weight which was more 

prominent in the liver tissue [148, 430]. Sardine byproduct hydrolysate was by more than 

50% more anti-obesogenic than its muscle proteins on food intake, body weight gain, food 

efficiency rate and fecal lipid excretion [447]. Fish like saithe had tissue-specific anti-

obesogenic effects. Saithe fish fed rats (taurine and glycine rich diet, M/G: 0.20) gained less 

weight, pertinent in perirenal and retroperitoneal visceral adipose tissues but not in skeletal 

muscle (gastrocnemius and plantaris) and hepatic tissues compared to casein (taurine 

deficient, low glycine, M/G: 1.08) and soy (taurine deficient, medium glycine, M/G: 0.24) 

diets, however, effects did not root from lower energy absorption [458]. Mixed fish 

commercial proteinous preparation, 20% diet, reduced absolute liver weight and body weight 

gain as well as final body weight, compared to casein, over 2-months in SHR rats [308, 309, 

451].  

Final body weight of the rats fed fish collagen supplemented high caloric diet was 

+2.2-fold while hypercaloric and normocaloric fed ones encountered 2.7- and 1.9-folds 

weight increase [160]. Collagen rich in-house prepared tuna skin product, at concentration 

as low as 1 mg mL-1, prevented the accumulation of lipids and formation of lipid droplets 

delaying adipogenic differentiation of preadipocytes while downregulating the expression of 

adipogenic (CCAAT/Enhancer Binding Protein Alpha (C/EBP-α) and PPAR-γ) and target 

genes (Adipocyte Protein 2 (aP2)) in 3T3-L1 preadipocytes [368]. Same tuna collagenous 

preparation substantially reduced the palmitate-induced lipogenesis in HepG2 cells [368]. 

These health effects were further confirmed in obese high fat diet fed rats where body weight 

gain, epididymal adipocyte size and the expression of adipogenic genes and its transcription 

factors were significantly reduced and downregulated [368]. Another commercial 
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collagenous preparation of skate origin exerted comparable effects to tuna collagens in obese 

animal models reducing liver, visceral and subcutaneous adipose tissue weight (but not 

epididymis adipose tissue), lipid droplet size as well as liver lipid accumulation increasing 

the adiponectin levels [402]. Level of adiponectin with insulin-sensitizing, anti-

inflammatory, and antiapoptotic effects are low in obese, T2D and at CVD risk patients thus 

its stimulation may reduce the prevalence of these conditions by enhancing metabolism and 

uptake of glucose [468-470]. Anti-obesogenic activity of glycine rich marine fish collagenic 

preparation, concomitant with hypoglycemic effects, may be due to CCK modulation thus 

stimulating satiation [160]. Amino acid treatment of 3T3-L1 adipocytes have previously 

shown to affect the adiponectin secretion probably by acting as substrates for the synthesis 

of fat cell-derived hormone [471]. 

It is of note that fish diets, whether lean- and or fatty-fish, have not always been 

successful in weight gain prevention. Like sardine, salmon diet too did not change the weight 

of all the tested tissues (e.g., epididymal, retroperitoneal, inguinal, or BAT) and its beneficial 

effects were only significant in the liver weight gain of obese mice [131, 148]. Weight gain 

and fat tissue accumulation of obese rats were not affected by cod diet and its anti-

inflammatory effects on TNF-α expression in muscle and adipose tissues were insignificant 

[419]. In agreement, Alaska pollock only exerted hypolipidemic effect with null activity on 

the weight gain of KK-Ay rats [398, 436, 439].  

5.3.2. Clinical studies  

Various fish diets, blue whiting, cod, salmon, and tuna as well as mixed fish, were 

intervened in human studies to further test their clinical anti-obesogenic effects (table IV. 5.). 

Fish collagenous preparation of mixed fish and cod, in addition to anti-obesity effects in rats, 

exerted stimulatory effects on the adiponectin levels in T2D (with/without hypertension) or 

overweight subjects [431, 432, 434]. Cod presented significant anti-obesity effects in 

different studies by means of reducing body weight and waist circumference, obesity, hunger, 

prospective foodstuff consumption, energy intake at the evening meal while increasing 

satiety and fasting adiponectin level in healthy overweight/obese subjects [431, 460, 461, 
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472, 473]. While during the first 4-weeks consumption of cod protein, with L/A ratio of 1.47, 

weight and muscle gain were boosted, fat gain was significantly eased in overweight human 

subjects [430]. Blue whiting muscle hydrolysate in tablet dosage form, at concentrations as 

low as 1.4 – 2.0 g daily, significantly reduced the desire to sweet consumption before and 

after experimental diet, weight and fat mass, Body Mass Index (BMI), extracellular water as 

well as waist, hip and thigh circumference while increasing CCK level in overweight 

individuals [474, 475].  

6. Multifaceted character of fish biopeptides towards prevention and or treatment of 

MetS 

Fish anti-diabetic, anti-obesogenic and anti-hyperlipidemic peptides exert their 

beneficial effect on metabolic disorders non-cytotoxically. Effects of fish anti-MetS 

biopeptides are insignificant on hematological parameters (e.g., White Blood Cell (WBC), 

Red Blood Cell (RBC), total Hemoglobin (Hb), Hematocrit (Htc), Mean Corpuscular 

Volume (MCV), Mean Corpuscular Hemoglobin (MCH), and Mean Corpuscular 

Hemoglobin Concentration (MCHC), Platelet count (PLT), and lymph) making them 

appropriate enough as therapeutic options for the treatment of MetS [366-369]. Among the 

studies screening fish peptides for their anti-diabetic, anti-obesogenic and anti-

hyperlipidemic effects many have shown to be multi-functional of which few demonstrated 

anti-CVD activities. Bogue protein while being hypolipidemic could also reduce 

atherosclerotic plaques preventing the formation of foam cells in hypercholesterolemic diet 

fed rats [399]. Sardine peptides had rather similar effects in hypercaloric diet fed rats 

reducing plasma AI, CRI, hypertrophy of cells in infarction of heart tissue, lipid deposition 

within intima of aorta and lesion development in aortic wall [446]. Salmon extracted collagen 

exerted anti-CVD activity and prevented endothelial thinning and exudative inflammation in 

carotid-artery vascular endothelial cells of dietary-induced diabetic rats [467]. Lean fish meal 

in 8-weeks intervention study significantly reduced soluble ICAM-1 (sICAM-1), a biomarker 

of CVD, in CHD patients [173]. Of the total peptides from Atlantic herring (Clupea harengus 

L.) skin and residual material byproducts proteinic extracts, identified by a combination of 

MS (Orbitrap), bioinformatics and database (BioPepDB and Teleost) search, about half were 
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related to motifs with possible cardiovascular system effect (EL, AFL, AIYK+, ALEP, 

ALPM, APL, AVF, FAL, FY, GPL, HHL, HLP, IAE, IAP, IAPG, IHPF, IKP, IIAEK+, IKW, 

IPP, IPY, IVVE+, IW, KFYG, LGP, LKP, LQGMP, LRP, NIPP, PLPLL, PPK, PSYVAF, 

VIKP, VIY, VK, VPP, YN, YNKL, YP, YPK, YQEP+, YQY) [476]. Furthermore, 

histopathological analysis has shown that fish bioactive peptides could reserve kidneys and 

liver from MetS-associated organ damages. Hypoglycemic, hypolipidemic, antioxidant and 

anti-obesity goby fish hydrolysate prevented renal and hepatic damages by improving kidney 

and liver architecture in hypercaloric fed mice [338, 366]. Sardine anti-diabetic and 

antioxidant peptides likewise decreased renal glomerular atrophy and prevented hepatic 

tissue damage in diabetic and oxidative stressed animals [394]. Hypoglycemic and 

hypolipidemic zebra blenny hydrolysates exerted comparable effects as sardine and goby fish 

in diabetic and hypercaloric fed rats [391, 396]. Many fish-extracted peptides demonstrating 

dual and or more bioactivities in animal and human studies have been reviewed in this work 

(tables IV. 4. and IV. 5.).  
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Table IV. 4.: Fish peptides with bioactivities on MetS associated risk factors (in-vivo studies with mono- and or multi-functionalities) 

Fish name and part used Observed effect(s) 

Characteristics of material and or peptide 

(AA, sequence, and MW) Ref.  

In-vivo studies (mono-functional) 

Alaska pollack (T. 

chalcogramma) fillet 

100 mg kg−1 (intraperitoneal) 

↓ blood glucose in T2D KK-Ay rats,  

ANGEVAQWR 1,029 Da, IWHHTFYNELR 

1,515 Da 

[477] 

3 mg kg−1 ANGEVAQWR (intraperitoneal) 

↓ blood glucose in T2D KK-Ay rats, 

1 mg kg−1 of QWR (intraperitoneal) 

↓ blood glucose in T2D NSY and KK-Ay rats 

Alaska pollack (T. 

chalcogramma) fillet 

300 mg kg−1 BW, 2-times daily, 2- and 3-d 

(intraperitoneal) 

↓ total food intake and total BW gain, perirenal and 

epididymal adipose tissue weight, sum of perirenal and 

epididymal adipose tissue weights, appetite related mRNA 

expression in hypothalamus (neuropeptide Y), agouti-

related protein, 

↑ soleus skeletal muscle weight in rats  

 [478] 

Alaska pollack (T. 

chalcogramma) meat, 

commercial water-insoluble 

dehydrated protein 

preparation 

197 g kg-1 diet (methionine supplemented (low- (2.5 g kg-1 

diet) and high-Met (5 g kg-1 diet)), ad libitum, 28-d  

↓ plasma cholesterol, 

↑ mRNA levels of IBAT, ApoB, SREBP-1a, cholesterol 

12α-hydroxylase and fecal BA (except high-Met diet), BA 

in small-intestinal contents, mRNA levels of SREBP-1c in 

OVX rats 

CAA 84 > HAA 57 > BCAA 31 g kg-1 diet, 

L/A 2.0, M/G 0.38  

[393] 

Alaska pollock (T. 

chalcogramma) fillet 

10% fish protein or 2% pure tuna oil (FO) or fish protein + 

FO, 4-wks  

↓ serum TG (≤ 17%), cholesterol (≤ 18% except FO), and 

LDL-c (≤ 8%), hepatic TG (≤ 50% except fish protein), 

and cholesterol (≤ 32% except FO), 

↑ HDL-c (≤ 9% except FO), fecal cholesterol (≤ 32% 

except FO), and BA (≤ 74%) in rats  

CAA 50 > HAA 42 > BCAA 19 > AAA 9 g 

100g-1 protein, L/A 1.56, M/G 0.92 

[436] 

Alaska pollock (T. 

chalcogramma) fillet 

4-wks diet  

↓ serum cholesterol (15%), TG (15%), and LDL-c (26%), 

hepatic cholesterol (27%), 

HAA 430 > CAA 420 > BCAA 187 g kg-1 

protein, L/A 1.82, M/G 0.45 

[397] 
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↑ serum HDL-c (11%), fecal cholesterol and BA (102%) 

compared to casein in hypercholesterolemic diet fed rats  

Alaska pollock (T. 

chalcogramma) fillet 

10% casein + 10% fish (100 g kg-1 diet) protein (w/w), 4-

wks  

↓ serum cholesterol and LDL‐c, hepatic cholesterol,  

↑ fecal cholesterol, BA acid, and nitrogen excretion 

compared to 20% casein diet in hypercholesterolemic fed 

rats  

CAA 47 > HAA 39 > BCAA 18 g 100g-1 

protein, L/A 1.56, M/G 0.92  

[437] 

Alaska pollock (T. 

chalcogramma) fillet 

113.8 g kg-1 diet, 4-wks 

↓ serum TG (42%), NEFA (29%), AST (18%), and ALT 

(20%), hepatic TL (43%), and TG (29%), relative mRNA 

SCD-1 expression level (59%), hepatic FA and FA 

desaturase indices  

↑ fecal FA (37%) compared to casein in obese T2D KK-

Ay rats  

High in myofibril proteins (myosin heavy 

chain ~120 kDa and actin ~45 kDa), CAA 

471 > BCAA 184 > AAA 87 > Gly 36 > Pro 

33 g kg-1 total AA, L/A 1.56, M/G 0.92 

[439] 

Allaska pollock (T. 

chalcogramma) fillet 

4-wks diet  

↓ serum cholesterol (≤ 18%), serum LDL-c (≤ 17%), liver 

cholesterol (≤ 32%), 

↑ serum HDL-c (7%) compared to casein in 

hypercholesterolemic diet fed rats  

 [435] 

Bester sturgeons (Huso huso 

× Acipenser ruthenus) skin, 

fin, and bone  

1.5 g kg-1 BW, single oral injection  

↓ blood glucose levels in rats  

Atelocollagen (type I collagen): β‐chain 220 

kDa, collagen fraction: A(HP)GPAGPTGK 

868 Da, A(HP)GPVGPAGP 835 Da, 

E(HP)GPAGP(HP)GP 907 Da, 

TGGIGG(HP)GGS 775 Da, AVGPVGPIGP 

863 Da, AAGPHPG 485 Da, A(HP)GPAG 

485 Da, GPGGPA 455 Da, L(HP)GPTG 557 

Da, GPLGPA 511 Da, APAG 314 Da, 

GYGPGPA 618 Da, GGYE 424 Da, GEYGP 

522 Da, F(HP)GG(HP)GAKG 819 Da, FVA 

335 Da, APNPFRHY 1,001 Da 

[479] 

 

 

Blue whiting (M. poutassou) 

muscle 

100 mg kg-1 BW 

↓ blood glucose, 

↑ insulin release in normal rats 

1 – 5 kDa (21%), 0.5 – 1 kDa (29%), 

<0.5 kDa (49%),  

CAA 26 > HAA 23 > BCAA 10 g 100g-1, 

L/A 1.32, M/G 0.65  

[375] 

Boarfish (C. aper) muscle 50 mg kg-1 BW 2 – 1 kDa (18%), <1 kDa (74%) [376] 
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↑ insulinotropic response, glucose tolerance in oral 

glucose challenged normal rats 

 

Chum salmon (O. keta) and 

rainbow trout (O. mykiss) 

skin, commercial > 90% 

purity collagen preparation) 

0.4 g single dose (oral) 

↓ plasma TG in fat fed rats,  

3 – 10 kDa 

HAA 63% > Gly 37% > CAA 23% > imino 

acid 15% > BCAA 45%  

[450] 

0.17% fish collagen, 14-d  

↓ plasma TL, TG and VLDL-TG in fat fed rats 

Cod fillet powder (93% 

protein) 

 

21 g d-1 (19.61% protein) diet, 21-d  

↑ BW gain pre-injury (6%), sham muscle mass at 3-d 

post-injury, sham (13%) and injured muscle (12%) mass 

at 14-d post-injury, myofiber cross-sectional area in sham 

muscle at 14-d post-injury compared to casein in rats    

EAA 43 > CAA 47 > BCAA 19 g 100 g-1 

AA, L/A 1.83, M/G 0.82 

 

 

[162] 

Pacific hake (M. productus), 

halibut (H. stenolepis), tilapia 

(O. niloticus), milkfish (C. 

chanos) fresh skins, 

byproducts recovered from 

skin-off fillet 

750 mg kg-1 d-1 28-d  

↓ blood glucose (except pacific hake and milkfish), DPP-

IV activity (except pacific hake, halibut, and milkfish) 

28%, 

↑ total GLP-1 and secretion (except pacific hake and 

milkfish) in streptozotocin-induced diabetic rats 

 

High in Gly, Pro and Hyp (tilapia and 

milkfish: 1.95 – 2.03 µmole imino acids mg-1 

sample, halibut and hake; 1.77 – 1.79 µmole 

imino acids mg-1 sample), halibut: 

SPGSSGPQGFTG 862 Da, 

GPVGPAGNPGANGLN 1,021 Da, 

PPGPTGPRGQPGNIGF 1261 Da, tilapia: 

IPGDPGPPGPPGP 920 Da, 

LPGERGRPGAPGP 1,027 Da, 

GPKGDRGLPGPPGRDGM 1,359 Da 

[379] 

 

Salmon (S. salar) and cod (G. 

morhua) frozen byproduct 

frames 

10% salmon (< 1 kDa) protein, 3-mos 

↓ fasting hyperinsulinemia and glucose intolerance, 

hepatic glucose production from gluconeogenesis in 

HFHS fed LDLR-/-/ApoB100/100 rats 

 [380] 

Sardine (S. pilchardus) and 

bogue (B. boops) fresh 

muscle 

1 g kg-1 BW d-1, 30-d 

↓ serum lipids (TC 66%, TG ≤ 41%, PL ≤ 53%, 

unesterified cholesterol ≤ 36%, cholesteryl ester ≤ 68%), 

liver lipids (TC ≤ 22%, cholesteryl esters ≤ 29%, 

unesterified cholesterol ≤ 15%), 

↑ serum apolipoprotein A-IV ≤ 33%, fecal cholesterol 

excretion in hypercholesterolemic diet fed rats 

CAA 34 – 36% > BCAA 9 – 20% > sulfur 

containing AA 7 – 14%   

 

 

 

[444] 

Sardine (S. pilchardus) and 

sardinelle (S. aurita) fresh 

muscle 

 

300 mg fish diet, 14-d (oral gavage) 

↓ serum lipid parameters (TC ≤ 42%, TG ≤ 46%, 

unesterified cholesterol ≤ 35%, cholesteryl ester ≤ 51%), 

serum LDL-HDL1 ≤ 57%, AI ≤ 17%,  

 [445] 
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↑ HDL2 ≤ 22%, HDL3 ≤ 40% in hypercholesterolemic diet 

fed rats  

Siki (C. coelolepis) cooked 

heads and saithe (P. virens) 

cooked muscle  

50 mg d-1 per rat, 21-d  

↑ plasma CGRP levels (70%) (except saithe lysate) 

Siki hydrolysate: 800 – 1,500 Da (74%), ≤340 

Da (26%), GFP(HP)GPEGL 

 

[383] 

Smooth hound (M. mustelus) 

muscle  

5 mg d-1 per rat, 3-wks (oral)  

↓ BW gain, food intake in rats  

CAA 30% > BCAA 21% > Gly 12% > Ala 

10%, L/A 1.46 

[480] 

Tilapia (Oreochromis sp.) 

scale, commercial food grade 

collagen (Wellnex® Type D) 

preparation by Nitta Gelatin, 

Inc., Japan 

3 g kg-1 

↓ glycemic response during OGTT (28%) and IPGTT 

(18%), intestinal glucose uptake 

↑ glucose-stimulated active GLP-1 and insulin secretion in 

normal rats 

 [387] 

Tuna skin byproduct 300 mg kg BW d-1, 8-wks (oral)  

↓ BW gain, expression of adipogenic genes and 

transcription factors, epididymal adipocyte size, plasma 

TC (11%), TG (6%), and LDL-c (14%),  

↑ HDL-c (19%) in HFD-fed obese rats 

 [368] 

Zebra blenny (Salaria 

basilisca) fresh muscle  

400 mg kg-1 BW d-1, 8-wks (gastric gavage) 

↓ serum AST and LDH activities, lipid peroxidation, 

protein oxidation and ROS production, TBARS, AOPP 

and H2O2 in heart tissues, GPx, SOD, and CAT,  

↑ ATPase activities and GSH in heart tissues back to 

normal levels in hypercholesterolemic diet (1% 

cholesterol + 0.1% cholic acid) fed rats 

Zebra blenny, smooth hound, and sardinelle 

proteases: 5 – 20 kDa (46, 49, 49%), <5 kDa 

(43, 42, 27%) 

 

 

[481] 

In-vivo studies (bi- and or multi-functional)   

Atlantic herring (C. harengus) 

byproducts (heads, guts, and 

backbones), Atlantic salmon 

(Salmo salar) byproducts 

(backbones) 

5% fish hydrolysate + 15% casein/whey, 4-wks  

↑ daily dietary intake of sodium, chloride, and potassium,  

↓ urine concentrations (relative to creatinine 

concentration) of total protein, glucose and cystatin C, 

urine concentrations of potassium  

 [406] 

Atlantic salmon (S. salar) 

fresh skin byproducts 

(recovered from skin-off 

fillets) 

300 mg d-1, 5-wks  

↓ blood glucose levels, plasma DPP-IV activity, food, and 

water intake, 

↑ active GLP-1 secretion, insulin, insulin-to-glucagon 

ratio, body weight in STZ-induced diabetic rats  

 [410] 
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Atlantic salmon (S. salar) 

frozen frames 

10.75 g peptides kg-1 diet, 12-wks 

↓ body and liver weight, feed efficiency, plasma TG and 

glycerol, glucose intolerance in LDLR−/−/ApoB100/100 rats 

EAAs 46 > HAA 43 > CAA 40 > BCAA 19 g 

100 g -1 protein 

[131] 

Blue whiting (M. poutassou) 

fresh frozen muscle 

100 – 250 mg, 12-d (oral) 

↓ food consumption, weight gain (except 250 mg), 

↑ active GLP-1 (≤ 55%), plasma CCK (≤ 66%) (dose 

dependent) in rats 

 [363] 

Blue whiting fresh frozen 

whole  

33% fish (108 g kg-1 diet) + 67% casein, 5-wks  

↓ serum TC, cholesteryl ester, LDL-c and HDL-c, hepatic 

cholesterol, HMG-CoA reductase, and LDL receptors 

compared to casein obese Zucker fa/fa rats 

HAA 59 > BCAA 34 > PCAA 27 > Tau 0.2 g 

kg-1 diet, L/A 2.08, M/G 0.65, >20 kDa 37%, 

10 – 20 kDa 13%, 0.2 – 10 kDa 13%, <0.2 Da 

37%, GGV 

[452] 

Bogue (B. boops) fillet  0.1, 0.5 and 2 g kg-1 BW d-1 (digested and non-digested) 

↓ TC (≤ 35%), TG (≤ 43%), LDL-c (≤ 72%), ALT, AST, 

atherosclerotic plaques (including formation of foam 

cells),  

↑ HDL-c (≤ 22%) in hypercholesterolemic diet fed rats 

HAA 45 – 48%, CAA 28 – 29%, BCAA 14 – 

14%, AAA 8 – 9%, L/A 0.23 – 0.33, M/G 

0.22 – 0.26  

[399] 

Bonito, herring, mackerel, 

salmon, commercial 

preparations by Ocean 

Nutrition (Nova Scotia, 

Canada), Aquatic Products 

Technology Centre (Quebec, 

Canada), Marine Harvest 

Ingredients (Hjelmeland, 

Norway) 

20% protein (w/w), 28-d  

↓ BW gain (gross weight gain efficiency ratio), dietary fat 

mediated accretion of eWAT (visceral adiposity) (except 

bonito, herring, mackerel),  

↑ energy expenditure, glucose infusion rate, circulating 

sCT (except bonito, herring, mackerel) in HFHS (20% 

lard + 22% sucrose + 0.2% choline bitartrate) diet fed rats  

 [166] 

Chub mackerel (fermented), 

commercial preparation 

(51.1% crude protein) 

10 – 20 g kg-1 diet  

↓ ACC, FAS, serum TG, AI,  

↑ feed intake, body weight gain, CYP7A1, HDL-c in 

diabetic rats 

 [482] 

Cod (T. chalcogramma) and 

tuna (T. orientalis) light 

muscle 

23% protein diets, 4-wks  

↑ weight gain, final weight, food intake, fecal acidic 

sterols, and nitrogen (except cod), fecal neutral sterols and 

HMGCR mRNA expression (except tuna), SHP-1 mRNA 

expression,  

↓ serum cholesterol, HDL-c, non-HDL-c, PL, NEFA, 

relative liver weight, and hepatic cholesterol (except tuna), 

myosin ~116 kDa and actin ~45 kDa,  

Cod: CAA 47% > HAA 39% > BCAA 16%, 

L/A 1.17, M/G 0.71,  

Tuna: CAA 47% > HAA 38% > BCAA 16%, 

L/A 0.99, M/G 0.79 

[465] 
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CYP7A1 mRNA expression compared to casein in 

hypercholesterolemic diet fed rats 

Cod fillet 200 g protein kg-1 diet for low fat and or 400 g protein kg-1 

diet for high-fat/high-protein, 6- and 12-wks (ad libitum) 

↓ further weight and fat mass gain, feed efficiency,  

↑ lean mass, insulin sensitivity in hyper- and normo-

caloric diet fed C57BL/6J (obese or lean) rats  

 [415] 

Cod powder, commercial 

non-hydrolyzed preparation 

by Seagarden AS, Norway 

5% cod + 15% casein/whey + (w/w), 4-wks (ad libitum) 

↑ BW and growth percentage, liver weight, cholesterol 

level in liver,   

↓ postprandial blood glucose in obese Zucker fa/fa rats 

 [421] 

Fish collagen, commercial 

preparation by Nippi Inc., 

Japan and Oriental Yeast Co. 

Ltd., Japan  

6% casein + 4% fish collagen, 10-wks  

↑ food intake, hepatic expressions of lipid metabolism 

involved genes and their targets,  

↓ adiponectin, TC, free cholesterol, esterified cholesterol, 

expression of unfolded protein response involved genes 

compared to casein in rats  

MW 4 – 6 kDa 

 

[483] 

Fresh Norwegian Atlantic 

salmon off-cut spine 

byproducts, commercial 91% 

pure protein preparation by 

Marine Bioproducts AS, 

Norway 

5% (w/w), 12-wks 

↑ plasma non-esterified FA, C18:2n-6 (linoleic acid) and 

C20:4n-6 (arachidonic acid) 

↓ plaque area in sinus and aortic arch, hepatic mRNA 

level of ACACA, SCD1 compared to casein diet in ApoE-

/- rats  

< 1,200 Da (<200 Da 25%)  [454] 

Fresh Norwegian Atlantic 

salmon off-cut spine 

byproducts, commercial 91% 

pure protein preparation by 

Marine Bioproducts AS, 

Norway 

165 g kg-1 diet (15% (w/w)), 2-wks 

↓ hepatic activity of FA synthase,  

↑ weight gain, feed intake, hepatic activities of 

peroxisomal ACOX1 and mitochondrial carnitine 

palmitoyltransferase-II in hTNF-α mice 

 [453] 

Goby fish (Z. ophiocephalus) 

fresh muscle 

400 mg kg-1 BW d-1, 10-wks (gastric gavage) 

↓ plasma glucose 25 – 34%, α–amylase activity ≤ 62%, 

hepatic glycogen, hepatic and renal MDA levels, 

creatinine, renal damage (improvement of kidney 

architecture) 

HAA 44 – 47% > EAA 39 – 42% > CAA 27 

– 30% > Gly 15 – 16% > BCAA 13 – 15%, 

L/A 0.46 – 0.58, M/G 0.13 – 0.19 

[366] 
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↑ hepatic and renal GPx, CAT, SOD and GSH activities, 

uric acid in hypercaloric (high fat high fructose: 10% 

animal fat + 5% fructose + 0.1% cholic acid) diet fed rats 

Goby fish (Z. ophiocephalus) 

fresh muscle 

400 mg kg-1 BW d-1, 10-wks (gastric gavage) 

↓ weight gain, food intake ≤ 38%, TC, TG, LDL-c and 

VLDL-c levels, AI, AIP and CRI, hepatic TG ≤ 43% and 

TC ≤ 47%, pancreatic lipase activity ≤ 45%, liver structure 

damage, lipid accumulation 

↑ HDL-c in high fat/ fructose diet rats  

EAA ~ 42% > HAA ~ 40% > CAA 27% > 

BCAA ~14% > AAA ~ 8%, sulfur containing 

AA ~5%, 

[338] 

Grey triggerfish (B. 

capriscus) muscle 

↓ TG, TC, LDL-c, serum α -amylase activity, blood 

glucose, hepatic and serum GHbA1c, serum bilirubin, 

lipid accumulation in hepatocytes (pancreatic β-cells 

degeneration), ALT, ALP, and GGT activities in hepatic 

and pancreatic tissues 

↑ HDL-c in alloxan-induced diabetic rats 

High Lys and Arg [392] 

Mixture of wild caught cod 

filets and Canadian scallop 

muscles (cod/scallop, 1∶1 on 

amino acid content) 

13-wks diet (ad libitum) 

↓ weight gain, atherosclerotic plaque burden, leptin, 

hepatic fat and fatty acid concentration, serum LDL-c and 

glucose levels, hepatic gene expression of antioxidative 

PON2 and VCAM1 in ApoE−/− rat  

CAA 62 > HAA 58 > EAA 56 > BCAA 23 

mg g-1 diet, L/A 1.48, M/G 0.62  

[416] 

Mixture of wild caught cod 

fillet and Canadian scallop 

muscles (cod/scallop, 1∶1 on 

amino acid content) 

200 g protein kg-1 diet, 7-wks (pair-feeding design)  

↓ body mass gain, adipose tissue masse, hepatic TG,  

↑ glucose clearance, energy expenditure and activity in 

obesity prone C57BL/6J mice 

CAA 550 > EAA 512 > BCAA 237 > Gly 

192 > sulfur containing AA 137 > Tau 61 

mmol/kg, L/A 1.59, M/G 0.18 

[417] 

 

 

Nile tilapia (O. niloticus) 

fresh 

skin  

1.7 g kg−1 BW, 25-d 

↓ typical symptoms of T2D (hunger and thirst), weight 

gain, blood glucose levels (≤ 32%) in alloxan‐induced 

diabetic rats  

CAA 23 > imino acids 21 > Gly 19 g 100-1 g, 

<1,000 Da 77% (short peptides < 9 AAs), 

L/A 0.05, M/G 0.07 

[422] 

Norwegian spring spawning 

herring and salmon 

(backbones) fresh byproducts 

114 g kg-1 diet (25% fish lysate + 75% casein/whey), 4-

wks  

↓ serum LDL-c, HDL-c, TC, cholesteryl ester levels, total 

serum n-6 PUFA (except salmon), postprandial glucose, 

WAT 16:0 and total SFA (except herring), 20:4n-6,  

↑ mean growth %, serum 18:2n-6, WAT 18:3n-3 and total 

n-3 PUFA (except herring), serum TG, Δ-9 desaturated 

MUFA (16:1n-7 and 18:1n-9), total MUFA, 22:5n-3, n-

<4 kDa (93 – 98%), 200 – 500 Da (14%), 200 

– 1,000 Da (31 – 32%), <200 Da (herring: 

34%, salmon: 20%),  

Herring: GPL, IPI, VW, GPAE, LGPG, 

IIAEK, PGPL, HAA 66 > BCAA 41 > PCAA 

35 > Tau 1 g kg-1 diet, L/A 1.6, M/G 1.0,   

[405] 
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3:n-6 PUFA ratio (except salmon), 18:3n-3 compared to 

casein/whey in obese Zucker fa/fa rats 

Salmon: GPL, IPI, VW, PGPL, HAA 68 > 

BCAA 42 > PCAA 32 > Tau 0.4 g kg-1 diet, 

L/A 2.0, M/G 0.9 

Pollack (T. chalcogramma) 

frame byproduct   

11, 16, 21 and 26% of 310 g kg−1 fish meal (w/w) + 690 g 

kg−1 plant protein), hand-fed to apparent satiation 2-times 

daily, 2-wks  

↓ Liver IGF‐I mRNA level  

↑ final BW and SGR, feeding rate in high plant protein fed 

Japanese flounder (Paralichthys olivaceus) 

< 1,000 Da (93%), non-EAA 176 > CAA 166 

> EAA 151 > BCAA 54 g kg−1 dry diet, L/A 

0.97, M/G 0.32 

[443] 

Pollack (T. chalcogramma) 

frame byproduct 

6.2 – 12.4% of fish meal (w/w) (10 – 20% of diet’s total 

protein + plant protein) 12-wks (hand-fed to apparent 

satiation 2-times daily) 

↓ SGR, FER, PER, PR, VSI, serum TG, TC and LDL-c,   

↑ food intake in high plant protein fed Juvenile turbot 

(Scophthalmus maximus) 

>2 kDa (1%), 0.5 – 2 kDa (27%), 0.2 – 0.5 

kDa (57%), <0.2 Da (15%), non-EAA ~20% 

> EAA ~18%, CAA ~18% > BCAA ~7%, 

Tau ~0.15% dry matter, L/A 1.19, M/G 0.50 

[441] 

Pollock (T. chalcogramma) 

flesh  

Hydrolysate and UF fractions 40% of fish meal diet, 30-d 

(hand-fed to apparent satiation 5-times daily)  

↓ mRNA expression of peptide transporter 1 (PepT1) and 

CCK,   

↑ AST and ALT activities (except hydrolysate) in large 

yellow croaker (Larimichthys crocea) larvae 

Hydrolysate: (2 – 0.5 kDa 59%, < 0.5 kDa 

41%), UF retentate: (2 – 0.5 kDa 76%, <0.5 

kDa 24%), UF permeate: (2 – 0.5 kDa 25%, 

<0.5 kDa 74%), EAA 35, non-EAA 35 > 

CAA 33 > BCAA 13 g 100 g-1 dry matter, 

L/A 1.47, M/G 0.64  

[442] 

Salmon spine and or 

backbones including heads, 

commercial preparation by 

Marine Bioproducts AS, 

Norway  

 

(15% casein + 5% salmon peptide), 6-wks  

↓ BW gain, total weight gain, plasma and hepatic TG, 

FAS activity, hepatic MUFA, FADS1 and HMGCR 

expression (except umamizyme spine lysate), liver index 

(% liver weight/BW) and hepatic TC (except spine 

lysates), hepatic ACACA and FADS2 expression (except 

umamizyme spine and alcalase backbone lysates), n-3 and 

n-6 PUFAs (except acid protease A spine and alcalase 

backbone lysates),  

↑ feed intake, FAS activity, hepatic n-6 PUFAs (except 

umamizyme spine and alcalase backbone lysates), plasma 

TG, TC, PL, HDL-c and hepatic Δ9 desaturase mRNA 

level, Δ9 desaturase index and MUFA (except acid 

protease A spine and alcalase backbone lysates), hepatic 

n-3 PUFAs, NEFA, β-oxidation, Δ5 and Δ6 desaturase (n-

3) index (except spine lysates), hepatic ACOT1 expression 

Spine hydrolysates: 200 – 1,200 Da (>50%), 

<200 Da (25%), backbone and head 

hydrolysate: <1,200 Da (~60%), HAA 42 – 

48% > CAA 38 – 44% > BCAA 17 – 23% > 

imino AA 10 – 13% 

 

 

[401] 
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(except acid protease A spine lysate), hepatic Δ5 

desaturase (n-6) index, and PL (except umamizyme spine 

lysate) compared to 20% casein in high fat fed rats 

Sardine (C. pilchardus)  20% protein (w/w), 28-d  

↑ serum albumin, relative liver weight, RBC MDA and 

SOD activity, epididymal fat and heart CAT activity 

compared to casein in hypercholesterolemic diet (1.5% 

cholesterol + 0.75% cholic acid) fed rats 

 [484] 

Sardine (S. pilchardus) fresh 

byproducts (viscera, heads, 

skins, and edges) and fillets 

 

20% (200 g kg-1 diet) fillet and or byproducts protein, 4-

wks  

↓ BW gain 41 – 84%, food intake 19 – 36%, food 

efficiency rate 27 – 75%, final BW ≤ 6%, liver relative 

weight ≤ 11%, adipose tissue relative weight ≤ 18%, lipid 

intake 19 – 36%, serum leptin 14 – 29% and LDL-HDL1-c 

43 – 56%, serum TC 27 – 31%, VLDL-c 55 – 62%, 

VLDL-TG 31 – 41%, liver TG 29 – 37%, HDL3-PL 43 – 

48%, HDL3-UC 26 – 35%, serum and lipoproteins 

TBARS ≤ 64%,  

↑ fecal lipid 21 – 35%, and cholesterol 27 – 47%, plasma 

HDL2-c 50 – 62%, and HDL3-c 25 – 35%, LCAT activity 

35 – 57%, HDL3-apo 19 – 49%, HDL2-CE 88 – 108%, 

serum and lipoproteins PON-1 ≤ 119% compared to 

casein in high fat fed obese rats  

Byproduct protein diet: CAA 43% > HAA 

38% > BCAA 18% > Gly 6% > Tau 5%, L/A 

1.33, M/G 0.51 

[447] 

Sardine fillet (head, internal 

organs and bones excluded)  

 

200 g kg-1 diet (with or without fructose), 8-wks  

↓ food intake, perirenal and epididymal adipose tissue wet 

weight, body composition index, plasma glucose, insulin, 

TG, FFA, fibrinogen, HOMA-IR index and HbA1c, 

perirenal and brown adipose tissues hydroperoxide,  

↑ plasma α-tocopherol, taurine and calcium, brown 

adipose tissue GSH-Px activity, epididymal and perirenal 

WAT SOD activity, perirenal, epididymal and BAT CAT 

activity compared to casein in high fructose diet fed rats  

  [147] 

 Sardine muscle 1 g kg-1 BW d-1, 4-wks (oral) 

↓ plasma glucose (13%), heart weight and ratio of heart 

weight to BW, urinary albumin excretion (73%) in stroke 

prone SHR at 4 weeks   

 [294] 
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Sardine muscle tissue  20% fish diet, 8-wks 

↓ plasma glucose, insulin, creatinine, uric acid, and 

homeostasis model assessment‑insulin resistance index 

levels, weight gain, food, and energy intakes 

↑ GLP‑1 secretion in high fructose fed rats 

CAA 45 > HAA 41 g 100g-1 protein  [148] 

Sardinelle (S. aurita) fresh 

muscle  

400 mg kg−1 BW, 10-wks (gastric gavage) 

↓ fat accumulation and epididymal fats ≤ 31%, serum TC 

≤ 40%, TG ≤ 23.5%, LDL-c ≤ 43% and VLDL-c ≤ 40%, 

atherogenic index, atherogenic index of plasma ≤ 60% and 

coronary risk index ≤ 45%, hepatic TG ≤ 38% and TC ≤  

53% concentrations, lipase activity, liver fatty infiltration 

and formation of lipid vacuoles, hypertrophy of cells in 

infarction of heart tissue, lipid deposition within intima of 

aorta and lesion development in aortic wall,  

↑ HDL-c in hypercaloric diet fed rats  

High HAA, MW 150 – 900 Da (B. subtilis 

A26 (150 – 600 Da) > B. amyloliquefaciens 

An6) 

 

[446] 

Sardinelle (S. aurita) fresh 

muscle 

400 g kg−1 BW d-1, 10-wks (gastric gavage) 

↓ plasma glucose ≤ 22%, α-amylase activity ≤ 45%, 

hepatic glycogenesis ≤ 71%, hepatic and renal MDA 

levels, hepatic ALP ≤ 25%, renal creatinine 45%, renal 

glomerular atrophia, hepatic tissue damage  

↑ hepatic and renal SOD activity (≤ 52% and ≤ 42%), 

hepatic and renal GPx activity (≤ 32% and ≤ 84%), 

hepatic and renal CAT activity (≤ 41% and ≤ 62%), 

hepatic and  renal GSH activity (≤ 30% and ≤ 41%) in 

hypercaloric diet (10% sheep fat, 5% fructose, 0.1% 

cholic acid) induced hyperglycemic and oxidative stressed 

rats 

B. subtilis A26 product: EAA 45 > CAA 27, 

HAA 27 > imino acids 5, BCAA 5 > Tau 0.4 

residue 100-1 AA residues, L/A 2.71, M/G 

0.55,  

B. amyloliquefaciens An6 product: EAA 40 > 

CAA 36, HAA 21 > imino acids 5 > BCAA 2 

> Tau 1.8 residue 100-1 AA residues, L/A 

2.37, M/G 0.38,  

undigested product: EAA 36, CAA 35 > 

HAA 33 > imino acids 11 > BCAA 3 > Tau 

1.0 residue 100-1 AA residues, L/A 2.30, M/G 

0.15 

[394] 

Sardinelle (S. aurita) fresh 

muscle  

5% fish diet (w/w), 7-wks 

↓ serum TC ≤ 22%, serum TG ≤ 46%, AI ≤ 47%, LDL-c ≤ 

41%, hepatic damage (AST ≤ 41%, ALT ≤ 30%, PAL ≤ 

21%, LDH ≤ 44%),  

↑ HDL-c ≤ 29% in hypercholesterolemic diet fed rats 

 [337] 

Shark (S. mitsukurii and C. 

plagiosum) fresh healthy liver 

 

50 µg S‐8300 peptide mL-1 

↓ degree of injury in STZ‐induced mouse insulinoma β‐

cells (NIT‐1β),  

8,201 and 8,300 Da, NH2‐terminal sequence 

(NH2‐ MLVGPIGAAKVVYEQ‐)   

[485] 
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 3 – 10 mg S‐8300 kg-1 BW d-1, 4-wks (intraperitoneal) 

↑ hepatic (≤ 24%) and renal (≤ 35%) SOD, 

↓ body weight loss, blood glucose 28 – 49% and HbA1c 

levels, plasma lipid levels (cholesterol ≤ 24%, TG ≤ 61% 

and FFA ≤ 67%), hepatic (≤ 23%) and renal (≤ 29%) 

MDA, FAS and FAS/GAPDH mRNA expression in 

pancreas, FAS protein expression, apoptosis of pancreatic 

tissue (degree of β‐cells injury) dose dependently in 

alloxan‐induced diabetic rats 

Skate (R. kenojei) skin, 

commercial collagen 

perperation 

200 – 300 mg kg-1 BW d-1, 8-wks (oral) 

↓ liver, visceral and subcutaneous adipose tissue weight 

(but not epididymis adipose tissue), lipid droplet size, 

plasma TG (≤30%), NEFA (≤ 31%), and LDL-c (≤ 42%), 

hepatic TG (≤ 25%), liver lipid accumulation, hepatic 

expression of SREBP-1 (≤ 18%), FAS (≤ 29%), ACC (≤ 

39%), SREBP-2 (≤ 13%), HMGCR (≤ 32%), and 

CYP7A1 (≤ 176%), leptin (≤ 23%),  

↑ plasma HDL-c (≤ 320%), hepatic expression of PPAR-α 

(≤ 159%), CPT-1 (≤ 163%), and p-AMPK (156%), 

adiponectin (≤ 131%) in HFD fed obese rats 

1,050 Da, CAA 31% > Gly 22% > imino AA 

16% > BCAA 9%, L/A 0.45, M/G 0.01 

[402] 

Skate skin 200 mg kg-1 BW d-1, 8-wks (oral) 

↓ plasma and hepatic TG and TC, hepatic expression of 

SREBP-1, FAS, ACC, and SREBP-2,  

↑ hepatic expression of MAPK, PPAR-α, ACOX1, and 

CYP7A1 in obese rats  

 [486] 

Smooth hound viscera  

 

 

  

↓ food intake (except for undigested and hydrolysate), 

plasma glucose levels (≤ 28%), uric acid (except < 1 kDa 

fraction) (≤ 27%), plasma TC (≤ 17%), TG (≤ 23%), 

atherogenic index of plasma (AIP) (≤ 68%),  

↑ plasma HDL-c (≤ 61%), creatinine (≤ 16%) in high-salt 

(18% NaCl) and -fructose (10%) diet (HSFD)-induced 

hypertensive rats  

CAA 38 – 41 > HAA 29 – 40 > EAA 33 – 34 

> BCAA 11 – 12 > imino AA 7 – 9 g 100 g-1 

AA, L/A 1.36 – 1.54, M/G 0.13 – 0.19  

[487] 

Thornback ray (R. clavata) 

fresh muscle 

700 mg kg-1 BW d-1, 1-mo  

↓ hepatic damage (AST ≤ 21%, ALT ≤ 27% and ALP ≤ 

15%), renal dysfunction (urea ≤ 20%, creatinine ≤ 37%, 

uric acid ≤ 16%), plasma lipid profile (TG ≤ 35%, TC ≤ 

 [395] 
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26%, LDL-c ≤ 49%, VLDL-c ≤ 45%), AI ≤ 61%, blood 

glucose ≤ 25%, α–amylase ≤ 22%, 

↑ HDL-c ≤ 30% in hypercholesterolemic diet fed rats  

Tuna extract  200 – 400 mg kg-1 BW d-1, 10-wks  

↓ BW, epididymal and abdominal adipose tissue weight, 

liver weight, serum glucose (≤ 24%), TG (≤ 28%), TC (≤ 

23%), LDL-c (≤ 24%), insulin (≤ 28%), leptin (≤ 35%), 

ALT and AST, hepatic expression of lipogenesis and 

adipogenesis related genes (C/EBP-α/-β/-δ, PPAR-γ, 

CD36, SREBP-1, LPL and FAS), expression of GLUT4,  

↑ serum HDL-c (≤27%), hepatic expression of AMPKα, 

and AMPKβ in HFD-fed obese rats  

 [488] 

Warm sea fish skin, 

commercial type I and III 

collagen preparation 

(Naticol®) by Weishardt, 

France 

4 g kg-1 BW d-1 20-wks  

↓ BW gain (fat- but not lean-mass), basal plasma glucose, 

plasma cholesterol, plasma insulin (non-significant),  

↑ plasma TG in HFD fed obese rats  

2 kDa, CAA 30% > Gly 30% > imino AA 

23% > BCAA 6%  

L/A 0.39, M/G 0.04 

[159] 

Wild marine fresh fish scales 1 g kg-1 BW every other day, 6-wks (intragastrical) 

↓ weight gain (8%), food intake, blood fasting glucose 

(29%), relative level of insulin (34%) and GHbA1c (36%) 

in obese hypercaloric diet fed rats  

 [160] 

Wild-caught chum salmon 

skin  

9 g kg−1 BW d-1, 28-d (intragastrical) 

↓ weight loss, leptin and resitin,  

↑ blood lipid and glucose metabolism, insulin resistance, 

adiponectin levels, GLUT4 expression in skeletal muscle, 

liver steatosis, PPAR-α expression in live in hypercaloric 

(high-cholesterol/fat) diet induced diabetic rats  

130 – 3,000 Da (> 95%), GLPGPLGPAGPK 

 

 

[467] 

Wild-caught chum salmon 

skin  

9 g kg-1 BW d-1, 4-wks 

↓ FBG, endothelial thinning and inflammatory exudation 

in carotid-artery vascular endothelial cells in high-

cholesterol, high-fat diet (31% beef tallow + 0.2% choline 

bitartrate)-induced diabetic rats 

 [489] 

Wild-caught chum salmon 

skin, collagenic preparation 

1.35 g kg−1 BW, 8-wks (intragastrical) 

↓ fasting insulin and glucose, TC and TG, serum 

malondialdehyde, ultrastructural impairment of islet in 

high fat diet induced hyperinsulinemic rats 

 [403] 
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Zebra blenny (S. basilisca) 

fresh frozen muscle  

 

 

400 mg kg-1 BW, 8-wks (gastric gavage) 

↓ serum and hepatic TG (≤ 38%), TC (≤ 70%), and LDL-c 

(≤ 81%), hepatic damage (ALAT and ALP) (≤ 38%), 

kidney damage (urea (≤ 24%), creatinine (≤ 8%)) 

↑ serum and hepatic HDL-c (≤ 54%) in 

hypercholesterolemic diet fed rats  

Lysates of crude proteases of zebra blenny (3 

– 7 kDa (34%), >10 kDa (29%)), smooth 

hound (>10 kDa (54%), 3 – 7 kDa (12%), and 

sardinelle (>10 kDa (41%), 7 – 10 kDa 

(26%)) 

[396] 

Zebra blenny (S. basilisca) 

muscle 

400 mg kg-1 BW d-1, 21-d (gastric gavage) 

↓ serum and intestine α-amylase activity, blood glucose ≤ 

60%, HbA1c, serum lipid profile (TC ≤ 38%, TG ≤ 62%, 

LDL-c ≤ 51%), hepatic lipid profile (TC ≤ 65%, TG ≤ 

38%, LDL-c ≤ 83%), myocardial enzymes (CPK ≤ 32.9%, 

AST ≤ 44.6%, LDH ≤ 32.7%), serum enzymes (ALT ≤ 

46%, ALP ≤ 44%, GGT ≤ 45%), serum bilirubin (T-Bili ≤ 

46%, D-Bili ≤ 63%), hyperglycemic hepatotoxicity, 

apoptosis of pancreatic β-cells, 

↑ serum and hepatic HDL-c (23 – 38%) in alloxan-

induced diabetic rats 

CAA 35% > BCAA 31% > sulfur containing 

AA 3%, L/A ~ 0.51 

 

[391] 

Increased, improved, stimulated and or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregulated expression 

denoted as “↓”. HAA: Hydrophobic Amino Acids (glycine, alanine, valine, isoleucine, leucine, phenylalanine, proline, methionine, and 

tryptophan), AAA: Aromatic Amino Acids (phenylalanine, tryptophan, and tyrosine), PCAA: Positively Charged Amino Acids (arginine, histidine, 

lysine); NCAA: Negatively Charged Amino Acids (aspartic acid, glutamic acid), EEA: Essential Amino Acids (phenylalanine, valine, threonine, 

isoleucine, methionine, histidine, leucine, lysine and tryptophan), BCAA: Branched Chain Amino Acids (isoleucine, leucine and valine), LDH: 

Lactate dehydrogenase, AOPP: Advanced oxidation protein product, ACACA: Acetyl-CoA carboxylase A, SCD1: Stearoyl-CoA desaturase 1, 

ALT: Alanine aminotransferase, ALP: Alkaline phosphatase, GGT: Gamma-glutamyl transpeptidase, PON2: Protein paraoxonase 2, VCAM1: 

Vascular cell adhesion protein 1, p-AMPK: Phosphorylated 5' AMP-activated protein kinase, SGR: Specific growth rate, FER: Feed efficiency 

ratio, PER: Protein efficiency ratio, PR: Protein retention, VSI: Viscerosomatic index, ACOT1: Acyl-CoA thioesterase, MUFA: Monounsaturated 

fatty acids, FADS1: Fatty acid desaturase 1, sCT: Salmon calcitonin 
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Nonetheless, MetS benefiting health effects (glucose and lipid metabolism) of the fish 

diets are rather divergent depending on the characteristics of the under study population and 

study design [425, 431]. Various marine fish collagenous preparations had affected T2D 

patients, with and or without high blood pressure, in different human intervention study 

settings [432, 434]. Serum levels of hsCRP, a metabolic regulator, and adipokine (leptin and 

resistin) were beneficially modulated in the study of Cui-Feng et al. by a marine collagen 

product yet somewhat similar preparation exerted null effect on the same parameters in a 

similar randomized double-blind study of Zhu et al. [432, 434]. Various fish diets (e.g., tuna 

and cod) reduced MetS (same criteria defined by health organizations) in overweight and 

obese subjects (table IV. 1.) [463, 472]. Logically, meal and or dosage size were  important 

in the health effects hence fish ought to be ingested in adequate amounts to exert significant 

beneficial therapeutical activity. Accordingly, in the study of Grieger et al., a 2-months low 

fish diet could not significantly modulate the cardiovascular biomarkers in a healthy elderly 

population [170]. 
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Table IV. 5.: Fish peptides with bioactivities on MetS associated risk factors (preclinical and clinical studies)  

Fish/product name 

and or protein source  Experimental design 

Subjects and 

inclusion criteria  Observation  

Characteristics of 

material and or 

peptide (AA, 

sequence, and 

MW) 

Study 

parameter 

(reference) 

Atlantic cod (Gadus 

morhua),  

commercial 

preparation by 

Firmenich Bjørge 

Biomarin AS, Norway 

20 mg fish kg-1 BW or 

casein control, before 

standardized breakfast 

meal, double-blind cross-

over trial, 2-study days 

with 4 – 7 d wash-out in 

between 

 

41 healthy and 

active subjects, aged 

41 – 64 y, BMI 20 – 

30 kg/m2, no food 

allergies or 

intolerance to fish, 

no anti-diabetes, 

hypertension, 

chronic diseases, 

and acute infection 

medications 

↓ postprandial insulin 

concentration compared with 

casein in subjects  

 

 

<1 kDa (66%), 

HAA 348 > CAA 

335 > BCAA 169 > 

Tau 7 mg g-1 

protein, L/A 1.40, 

M/G 0.43  

 

[425] 

Atlantic cod (Gadus 

morhua),  

commercial 

preparation by 

Firmenich Bjørge 

Biomarin AS, Norway 

40 mg fish kg-1 BW d-1, 

double-blind cross-over 

trial, 1 week with 1-week 

washout periods in 

between  

 

31 healthy subjects, 

aged 60 – 80 y, BMI 

20 – 30 kg/m2, no 

food allergies or 

intolerance to fish, 

no anti-diabetes, 

hypertension, 

chronic diseases, 

and acute infection 

medications 

↓ serum glucose and insulin levels 

in subjects  

CAA 335 > HAA 

307 > BCAA 127 > 

Tau 7 mg g-1 of 

protein, L/A 1.40, 

M/G 0.43 

[490] 

Atlantic herring 

(Clupea harengus) 

head, gut, backbone 

byproducts, Atlantic 

salmon, (Salmo salar) 

backbone byproduct, 

Atlantic cod (Gadus 

morhua) muscle, 

commercial tablet 

2.5 g protein d-1 8-wk 

double-blind, randomized, 

intervention study with 

parallel group design and 

four intervention arms 

 

93 overweight/ 

obese adult subjects, 

aged 18 – 69 y, 

BMI >27 kg/m2, 

FBG < 7.0 mmol/L, 

no anti-

inflammatory or 

glucose/lipid 

metabolism 

↓ fasting and postprandial serum 

glucose, fructosamine/albumin 

ratio (except herring and salmon), 

serum α-hydroxybutyrate, 

acetoacetate, total n-3 PUFA and 

n-3/n-6 PUFA ratio (except 

salmon and cod), serum β-

hydroxybutyrate (except salmon) 

Cod: CAA 1156 > 

EAA 1106 > HAA 

1051 > BCAA 473 

> imino acids 110 

mg d-1, L/A 1.56, 

M/G 0.65,   

Salmon: <4 kDa 

(93%), 0.2 – 0.5 

kDa (14%), 

[431] 
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preparation by Faun 

Pharma AS, Vestby, 

Norway 

influencing 

medications  

↑ fasting adiponectin (except 

herring and salmon), total SFA 

(except cod) compared to 

casein/whey in overweight 

subjects  

HAA 1096 > CAA 

928 > EAA 818 > 

BCAA 332 > imino 

acids 226 mg d-1, 

L/A 1.12, M/G 0.23, 

Herring <4 kDa 

(97%), 0.2 – 0.5 

kDa (14%), CAA 

982 > EAA 782 > 

HAA 955 > BCAA 

311 > imino acids 

178 mg d-1, L/A 

0.66, M/G 0.24 

Blue whiting 

(M. poutassou), fresh 

frozen muscle, 

commercial food 

supplement 

preparation containing 

Slimpro® by 

Compagnie des Pêches 

Saint Malo Santé, 

France 

one- or two-dose (1.4 g 

Slimpro® dose-1) before 

main meal (if one-dose), 

before lunch and dinner (if 

two-dose) fish and or 

placebo (Slimpro® 

replacement by whey 

protein isolate) treatment, 

monocentric, randomized 

study, 90-d 

120 (25% males, 

75% females) 

slightly overweight 

Caucasian subjects, 

aged 18 – 55 y, 

BMI: 25 – 30 

kg/m2, mild 

hypocaloric (-300 

kcal/day) 

  

↓ weight, fat mass, BMI, 

extracellular water, waist, hip, and 

thighs circumference,  

↑ serum GLP-1 and CCK levels in 

slightly overweight subjects 

 

  

 

Body weight 

control [475] 

 

Cod protein, 

commercial tablet 

preparation by Science 

in Nutrition Ltd., 

Bergen, Norway 

6 cod or placebo tables d-1 

(500 mg of cod protein + 

350 mg stabilization and 

filling agents 

(maltodextrin, 

microcrystalline cellulose, 

ascorbic acid, and α-

tocopherol) and sweeteners 

(fructose and vanilla) for 

1st 4-wk and 12 tablets d-1 

for 2nd  

4-wk, double-blind, 

randomized, controlled 

intervention study, 8-wk 

 40 subjects (20 

males, 20 females 

(20 for each 

intervention) aged 

20 – 70 y, 

BMI ≥ 27 kg/m2, 

FBG < 7 mmol/l, no 

allergies conflicting 

with fish intake, no 

medications 

affecting blood 

pressure, blood 

lipids or blood sugar 

↓ 2-h insulin C-peptide level 

relative to baseline, fasting and 2-

h glucose level (at end of study), 

serum LDL-c 

↑ GHbA1c, palsma HDL:LDL 

ratio 

compared to placebo in 

overweight adults 

CAA 414 > BCAA 

171 > imino AA 

34.5 > Tau 7 g kg 

fish protein, 

L/A 1.47, M/G 0.50 

[430] 
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Fatty- (salmon, 

rainbow trout, Baltic 

herring, whitefish, 

vendace, or tuna) or 

lean- (pike, pike-perch, 

perch, saithe, or cod) 

fish 

≥ 4 fish portin wk-1 or 

control (lean beef, pork, or 

poultry and < 1 fish portion 

wk-1) diet in parallel with 

routine clinic drugs as part 

of regular coronary heart 

disease treatment including 

statins and betablockers, 

controlled randomized 

dietary intervention study, 

8-wk 

35 coronary heart 

disease subjects 

(myocardial 

infarction or 

unstable ischemic 

attack diagnosed 

patients in past ≤ 3 

y), aged 55 – 67 y, 

BMI 24 – 30 kg/m2 

↑ size of HDL particles, serum 

cholesterol, cholesterol esters, TL 

in very large HDL particles, 

serum n-3 FA, DHA and ratio of 

n-3 FA/ total FA (except lean 

fish), 

↓ serum cholesterol, cholesterol 

esters, TL in very large HDL 

particles (except fatty fish) in 

coronary heart disease subjects 

 Beneficial 

effect of fish 

intake on 

lipoprotein 

particles in 

patients with 

coronary heart 

disease [462] 

Fish (lean-fish cod, 

pollock and haddock 

skin), commercial 

preparation of high 

MW 

food/pharmaceutical-

grade fish gelatin by 

Norland Products, 

United States  

25% of total daily protein 

from fish gelatin + n-3 

PUFA and or n-3 PUFA 

alone, crossover 

randomized study, 2 × 8-

wk experimental periods, a 

4-wk run-in period and a 

12-wk washout period 

 

 

 

21 subjects (10 

males, 11 females), 

aged 35 – 70 y, 75 g 

oral glucose 

tolerance test, BMI 

> 25 kg/m2, 

overweight/ obese, 

insulin-resistant with 

high fasting plasma 

insulin, impaired 

fasting plasma 

glucose (5.6 – 6.9 

mM), and or with 

had impaired 

glucose tolerance 

following 2-h post 

75 g oral glucose 

tolerance test with 

plasma glucose 

corresponding to 7.8 

– 11.0 mM, no food 

allergies or 

intolerance to fish, 

no lipid and glucose 

metabolism 

interfering 

↑ protein intake, hsCRP in 

females (20%) (except n-3 

PUFA), hsCRP males (13%) 

(except gelatin + n-3 PUFA) 

↓ carbohydrate intake, hsCRP in 

males (40%) (except n-3 PUFA), 

hsCRP in females (6%) (except 

gelatin + n-3 PUFA), plasma TG 

in females 8 – 23% (gelatin + n-3 

PUFA more effective), plasma 

TG in males 11 – 25% (n-3 PUFA 

more effective) 

in free-living insulin-resistant 

subjects  

 Reducing CVD 

risk by lipid 

lowering and 

anti-

inflammatory 

effects of fish 

gelatin and n-3 

PUFA 

supplementatio

n in insulin-

resistant 

subjects [174] 
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medications, no 

current diabetes 

hyperlipidemia, 

hypertension, 

hepatic or metabolic 

diseases  

Fish and tuna Mean energy-adjusted 

14.4 g d-1 fish intake, cross-

sectional study, dish-based 

semiquantitative food 

frequency questionnaire 

420 (female) 

subjects, aged > 30 y 

 

↓ MetS (96%), 

hypertriglyceridemia (89%), low 

HDL-c (43%) and blood pressure 

(77%),  

↑ intake of total energy, 

carbohydrates, and refined grains 

in female subjects   

 Alleviation of 

metabolic 

syndrome [463] 

Lean seafood (cod, 

pollock, saithe, and 

scallops)  

Lean-seafood (e.g., 150 g 

pollock for lunch, 115 g 

cod for dinner) or no-

seafood lunch and dinner 

meals, randomized 

controlled trial with 

crossover design, 2 x 4-wk 

separated by a 5-wk 

washout period with 3-wk 

run-in period 

 

20 healthy 

Caucasian subjects, 

aged 18 – 65 y, BMI 

24.9 – 26.3 kg/m2 

 

 

↓ serum fasting and postprandial 

TG (fasting TG in chylomicrons 

and VLDLs, fasting VLDL 

particle size, postprandial 

medium-sized VLDL particles), 

TC/HDL-c ratio in fasted and 

postprandial serum, fasting 

TG/HDL-cholesterol ratio (13%), 

fasting serum transferrin 

receptors, postprandial serum C-

peptide and lactate concentrations 

in subjects  

Lean seafood: CAA 

46 > HAA 41 > 

BCAA 18 > Tau 

0.3%, L/A 1.25, 

M/G 0.45  

 

Beneficial 

health effects of 

lean-seafood 

diet on 

cardiovascular 

lipid risk 

factors and 

long-term 

development of 

insulin 

resistance, 

T2D, and CVD 

in healthy 

subjects 

[423, 424] 

Salmon, Atlantic 

salmon, sardine, trout, 

tuna (skin on/ off, 

marinated, flavored, 

canned, slices in spring 

water, or lightly 

seasoned frozen fish 

fillets) 

4-servings wk-1 (∼800 mg 

d-1 EPA+DHA), parallel 

randomized controlled 

study stratified by CRP (< 

3 and ≥ 3 mg/L) on entry to 

study, 8-wk 

80 healthy elderly 

subjects, aged ≥ 64 

y, BMI ≥ 18.5 

kg/m2 

 

↓ total n-6 FA in plasma PL,  

↑ very long chain (VLC) n-3 

PUFA in erythrocytes, plasma PL 

compared to red meat in healthy 

subjects  

 Beneficial 

effect of fish 

diet on 

cardiovascular 

biomarkers 

[170] 
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Skate (Raja Kenojei) 

skin, collagenous 

preparation to capsule 

form by Serom Co., 

Ltd. (Jeonnam, South 

Korea) 

2 g d-1 (4 × 0.5 g fish or 

placebo capsule, twice 

daily in morning and 

evening), randomized, 

placebo-controlled, and 

double-blinded study, 12-

wks   

90 (17 males, 73 

females) healthy 

volunteer subjects, 

aged 40 – 52 y, BMI 

24 – 27 kg/m2 

↓ body fat (-1.2 kg, no toxicity, 

and adverse effects) in overweight 

subjects   

 Treatment for 

obesity and 

related 

disorders 

(reduction of 

body fat) [491] 

Tuna (canned), dark- 

and light-fleshed fish 

0 – ≥ 6 fish serving d-1, 

standardized and validated 

food-frequency 

questionnaire, cohort study 

with 26 y follow-up 

84,136 subjects 

(female) aged 30 – 

55 y, with no known 

cancer, diabetes 

mellitus, angina, 

myocardial 

infarction, stroke, or 

other CVD  

↓ risk of coronary heart disease by 

1-serving fish d-1 (24%) in 

subjects  

 Fish and 

poultry intake 

decrease 

coronary heart 

disease risk 

[492] 

Wild marine deep-sea 

fish fresh meat, 

Commercial 

preparation (mixed 

proteases) 

6.5 g fish collagenous 

protein or placebo 

(carboxymethylcellulose) 

d-1 before breakfast and 

bedtime 

in parallel with routine 

clinic drugs (T2D: anti-

diabetic drugs (tolbutamide 

500 – 3000  mg/d and or 

metformin 500 – 1500 

mg/d), hypertension: anti-

hypertensive drugs 

(metoprolol 50 – 100 mg/d, 

verapamil 80 – 240 mg/d, 

or losartan 25 – 100 mg/d), 

no insulin, insulin secretion 

stimulators, anti-ACE and 

anti-hyperlipidemic 

medicines), 3-m, 

randomized double blind 

study  

150 subjects (100 

T2D diabetic 

patients with 

hypertension, 50 

healthy individuals 

(no current T2D, 

hypertension, T1D, 

infectious diseases, 

current and 

historical CVD, 

liver, kidney, 

cerebrovascular 

diseases, cancer) for 

each group), aged 64 

– 68 y, BMI: 24 – 25 

kg/m2, FBG ≥ 7.0 

mmol/L, SBP ≥ 140 

mmHg, or DBP ≥ 90 

mmHg 

↓ FBG, HbA1c, fasting insulin, 

creatinine, serum TG, TC, LDL-c, 

and FFA, Cyp450, PGI2 and NO,  

↑ insulin sensitivity index, insulin 

secretion, HDL-c, bradykinin, 

adiponectin compared to patient 

control in T2D and hypertension 

subjects  

130 – 3,000 Da (> 

95%, mostly 300 – 

800 Da) 

 

 

Therapeutic 

effects on 

glucose and 

lipid 

metabolism, 

insulin 

sensitivity, 

renal function 

in Chinese 

patients with 

T2D and 

hypertension 

[432] 
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Wild marine fish 6.5 g × 2 (before breakfast 

and bedtime), 3-m, blind 

randomized (treatment and 

control groups (50 per 

group)) concomitant with 

antidiabetic medicines 

(tolbutamide and or 

metformin), and or 

carboxymethylcellulose 

placebo  

100 T2D patients 

(diagnosed when 

fasting blood 

glucose (FBG) 

concentration was ≥ 

7.0 mmol L–1) and 

50 healthy subjects 

↓ FBG, GHbA1c, fasting blood 

insulin, TG, TC, LDL-c, FFA, 

hsCRP and NO, 

↑ insulin sensitivity index, HDL-

c, bradykinin, PGI2, adiponectin 

in T2D patients 

95% of 

oligopeptides MW 

130 – 3,000 Da (300 

– 800 Da) 

 

[433]  

Wild marine fresh fish 

Mixed proteases, ultra-

filtration, desalination, 

cryoconcentration 

under vacuum at 70°C, 

decolorization, and 

lyophilization 

6.5 g fish collagenous 

protein or placebo (water-

soluble starch) d-1 before 

breakfast and bedtime in 

parallel with routine clinic 

drugs (T2D: anti-diabetic 

drugs (tolbutamide 500 – 

3000  mg/d and or 

metformin 500 – 1500 

mg/d), hypertension: anti-

hypertensive drugs 

(metoprolol 50 – 100 mg/d, 

verapamil 80 – 240 mg/d, 

or losartan 25 – 100 mg/d), 

no insulin, insulin secretion 

stimulators, anti-ACE and 

anti-hyperlipidemic 

medicines), 90-d, random 

intervention study  

200 subjects (T2D 

patients 

with/without 

hypertension, 50 

age-matched healthy 

individuals (no 

hypertension, 

diabetes, coronary 

heart disease, or 

hyperlipemia) for 

each group) 

subjects, aged 62 – 

68 y, FBG ≥ 7.0 

mmol/L, systolic 

blood pressure 

(SBP) ≥ 140 mmHg 

or diastolic blood 

pressure (DBP) ≥ 90 

mmHg, 

↓ FFA, cytochrome P450, hsCRP, 

leptin, resistin, 

↑ adiponectin in T2D 

with/without hypertension 

subjects  

 

130 – 3,000 Da (> 

95%), 700 – 860 Da 

(48%), 300 – 500 

Da (28%)   

 

 

[434] 

Increased, improved, stimulated and or upregulated expressions are denoted as “↑”, and decreased, inhibited and or downregulated expression denoted 

as “↓”. HAA: Hydrophobic Amino Acids (glycine, alanine, valine, isoleucine, leucine, phenylalanine, proline, methionine, and tryptophan), AAA: 

Aromatic Amino Acids (phenylalanine, tryptophan, and tyrosine), PCAA: Positively Charged Amino Acids (arginine, histidine, lysine); NCAA: 

Negatively Charged Amino Acids (aspartic acid, glutamic acid), EEA: Essential Amino Acids (phenylalanine, valine, threonine, isoleucine, methionine, 

histidine, leucine, lysine and tryptophan), BCAA: Branched Chain Amino Acids (isoleucine, leucine and valine). 
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7. Structure activity relationship and stability  

Scientific community agrees on the fact that certain features of the bioactive material 

play vital in their positive biological activity. For instance, fish hypotensive and 

immunomodulatory peptides commonly possessed smaller molecular weight, short chain, 

and certain compositional factors yet presence or absence of a feature did not necessitate its 

effectiveness and or ineffectiveness. More or less same applies to anti-diabetes, anti-

hyperlipidemia, and anti-obesity fish biopeptides as discussed in the following paragraphs. 

For example, food-derived oligopeptides of small molecular weight and shorter amino acid 

sequences have repetitively been reported as effective DPP-IV inhibitors [493]. Among 

numerous reported food-derived DPP-IV inhibitors, up to 2019, more than 88.4% have MW 

smaller than 1,000 Da, and around 47% are hydrophobic indicating the importance of 

physicochemical properties of the biopeptides in their bioavailability and bioefficacy [493]. 

Both hydrophobic and hydrophilic peptides could inhibit the activity of DPP-IV although 

chance of a hydrophobic peptide (hydrophobicity index of larger than 0) being an anti-DPP-

IV is higher [494]. Presence of N-terminus HAA and or Aromatic AA (AAA) has been a 

good indication of a food derived anti-DPP-IV peptide yet other features also come into play 

for successful inhibition of the enzyme’s activity [495]. In addition to molecular mass and 

hydrophobicity, presence and or absence of particular amino acids in certain positions of the 

sequences seem to fully and or partially contribute to the anti-MetS activity of fish 

biopeptides. Anti-MetS affecting features of peptides have been evidently documented in 

many studies by comparing the experimental peptide and or diet to reference proteins such 

as casein (table IV. 11. (supplementary table 4)). 
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Table IV. 6.: Fish peptides with bioactivities on MetS associated risk factors formulated into commercial 

products  

Trade name of 

product  

Fish type and 

preparation  Claimed effect  

Manufacturer, 

country  

Category and 

or dosage 

form  Ref.  

Amizate®, 

amino acid (25-

AA, > 120 

peptides e.g., 

IP/LP, KP, 

anserine) 

complex  

Fresh 

Norwegian 

salmon, 

hydrolysate 

(endogenous 

proteases)  

Beneficial health 

effects on diabetes 

and cardiovascular 

diseases   

Zymtech 

Production AS, 

Norway  

Powder   [496] 

Fortidium 

Liquamen® 

White fish 

(Molva molva) 

autolysate 

Lowering glycemic 

index, antioxidant, 

and anti-stress  

Biothalassol, 

France  

Capsule  [497] 

Naticol®, type-

I and type-III 

collagen 

Warm sea fish 

skin, enzymatic 

hydrolysate  

Obesity associated 

disorders 

 

Weishardt 

International, 

France 

Powder  [159] 

Nutripeptin™ Cod fresh/ 

frozen fillet, 

enzymatic 

hydrolysate 

Lowering glycemic 

index, improving 

weight loss, and 

maintaining 

cardiovascular 

health 

Copalis, France  Powder  [498] 

SeaSource™, 

collagen   

Wild-caught 

deep-sea fish, 

cod, 

hydrolysate 

Beneficial on CVD 

risk profile and bone 

health  

Norland 

Products 

Incorporated, 

United States  

Powder  [174] 

Slimpro®  Blue whiting 

(M. poutassou), 

fresh frozen 

muscle, 

enzymatic 

hydrolysate 

Weight management 

(↑ serum GLP-1 and 

CCK levels) 

Compagnie des 

Pêches Saint 

Malo Santé 

(France) 

Commercial 

food 

supplement  

[475] 

Wellnex®, 

food grade 

type-D collagen 

Tilapia 

(Oreochromis 

sp.) scale, 

enzymatic 

hydrolysate  

Diabetes treatment  Nitta Gelatin 

Inc., Japan 

Powder  [387] 
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Table IV. 7.: Drug-likeness and ADME analysis of selected fish anti-MetS oligopeptides by Lipinski’s rules 

 Lipinski’s rule of five   

 

Molecular 

weight (g 

mol−1) 

Lipophilicity 

(MLog P) 

Hydrogen 

bond 

acceptors  

Hydrogen 

bond 

donors 

No. of 

rule 

violations Drug-likeness 

Sequence 

Less than 

500 

Dalton Less than 5 

Less than 

5 

Less than 

10 

Less than 

two 

violations 

Follows 

Lipinski’s 

rule 

Bioavailability 

score* 

DP  230.22 -1.27 6 4 1 Yes 0.56 

FF 312.36 1.9 4 3 0 Yes 0.55 

I/LD 246.26 -0.58 6 4 1  Yes 0.56 

I/LH 268.31 -0.94 5 4 1 Yes 0.55 

PP 212.25 -0.07 4 2 0 Yes 0.55  

VC  220.29 -0.3 4 3 0 Yes 0.55 

VP 214.26 -0.07 4 3 0 Yes 0.55 

VW 303.36 0.56 4 4 0 Yes 0.55 

YP 278.3 0.22 5 4 1 Yes 0.55 

FSD  367.35 -1.23 8 6 1 Yes 0.11 

FVA  335.4 0.61 5 4 1 Yes 0.55 

GPA  243.26 -1.38 5 3 1 Yes 0.55 

GPL  285.34 -0.53 5 3 1 Yes 0.55 

IPI 341.45 0.48 5 3 1 Yes 0.55 

WSG 348.35 -1.48 6 6 1 Yes 0.55 

APAG 314.34 -1.78 6 6 1 Yes 0.55 

GGYE 424.41 -1.67 9 7 1 Yes 0.11 

GPAE 372.37 -2.07 8 5 1 Yes 0.11 

GPAV, 

LGPG 
342.39 -1.26 6 4 1 Yes 0.55 

GPGA  300.31 -2.06 6 4 1 Yes 0.55 

PGPL 382.45 -0.53 6 3 1 Yes  0.55 

YYPL 554.63 0.33 8 6 2 No  0.17 

GEYGP 521.52 -2.11 10 8 2 No  0.11 

IIAEK 572.69 -1.13 10  8 2 No 0.17 

Drug likeness of selected di-, tri-, tetra- and penta-peptides were predicted according to Lipinski's rule of 

five using SwissADME web tool. *Abbot bioavailability score: probability of a compound to have at least 

10% oral bioavailability in rat. 

  

 

Occurrence of proline as N-terminus penultimate residue along with HAA as N-

terminus ultimate residue seems to be rather important characteristics of a food-originated 

DPP-IV inhibitor [493]. In an in-silico study aiming to predict food derived DPP-IV 

inhibitors potential candidate peptides had N-terminal tryptophan with proline at penultimate 

position [495]. Therefore, in addition to the occurrence of proline at the penultimate point of 

N-terminal, presence of HAA at the C-terminal and N-terminal ultimate position appears to 

facilitate the glucoregulatory effect of a biopeptide [493, 499]. N-terminal tryptophan of 
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barbel-extracted tri-peptide, WSG, also played significant in its anti-DPP-IV activity [371]. 

While whey isolated LLF and LV were impotent anti-DPP-IV peptides LL and LA potently 

inhibited the activity of the same enzyme noting the significance of N-terminus position 3 

residue along with ultimate and penultimate motifs [500]. In the study of Huang et al., N-

terminal proline was as important as N-terminal penultimate proline for the DPP-IV 

inhibition [388]. Interestingly, replacement of leucine with tyrosine in the same YPL 

sequence, tyrosine at both N- and C-terminals, decreased the potency by about 7-fold, from 

IC50 of 3.9 mM to 25.8 mM [388]. In-vitro DPP-IV inhibition of 3 mg mL-1 tilapia and 

milkfish skin gelatin hydrolysates, with a higher amount of imino acids, were by about 8% 

greater than halibut and hake skin gelatin hydrolysates [379]. In agreement, proline or 

hydroxyproline (a metabolite of proline) supplementation has shown to enhance the 

performance and weight gain of vertebrates and invertebrates [501]. Accordingly, proline 

and HAA are present at the same positions as of salmon, halibut and tilapia oligopeptides 

[317, 379].  

Glycine in free form, as a supplement, has demonstrated many health effects (e.g., 

anti-inflammation, immunomodulation, cytoprotection, etc.) through glycine-gated chloride 

channel activation in various cell types in the in-vivo experiments. Glycine exerts various 

cardioprotective and vascular health effects such as GLP-1 and glucagon secretion 

stimulation, downregulation of Kupffer cell activation controlling fructose-induced steatosis, 

and sucrose-induced MetS inhibition (table IV. 8. (supplementary table 1)). This may be the 

reason for the glucoregulatory, antihyperlipidemia and anti-obesogenic activities of glycine 

rich tilapia, salmon, flathead grey mullet and marine fish collagenic preparations and 

hydrolysates [160, 403, 422, 467, 502, 503]. Glycine and sulfur-containing amino acids 

(methionine, cysteine, homocysteine, and taurine) have long been known as potential lipid 

metabolism modulators, increasing HDL-c and decreasing VLDL-c, at appropriate 

concentrations conceivably via [1] altering the enzymatic and transcriptional activity by 

reduced form of glutathione and stimulating cholesterol degradation and its clearance from 

blood circulation, [2] changing the posttranslational modification pattern of ligand binding 

to nuclear receptors and phosphorylation/ dephosphorylation regulatory proteins, and [3] 

inducing CYP7A1 and Apo A-I gene expressions [504]. However, diets of varying richness 
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and deficiency of glycine and or M/G as well as taurine behave differently on weight gain, 

specifically adipose tissue, and not skeletal muscle, of rats. Correspondingly, taurine and 

glycine rich saithe fish (rather balanced M/G) was more anti-obesogenic than casein and soy 

[458]. Higher amounts of these amino acids in saithe hydrolysate also enhanced the hepatic 

secretion of BA and its consequent excretion into plasma which seemed to be more affected 

by glycine than taurine since Organic Anion Transporting Polypeptide (OATP) 1, Bile Acid 

Coenzyme A: Amino Acid N-Acyltransferase (BAAT), and ABC subfamily C member 3 

(ABCC3) hepatic expressions were not modulated by taurine-rich diet (downregulating 

hepatic ABCC4 protein levels, hepatic expression of, OATP1 and OATP4 significant in 

cholestasis) [458]. Expression of BA transporters and BA fecal secretion have been shown 

to be sensitive to taurine and glycine of the treatment diet [458]. While higher fecal excretion 

of BA in soy diet has been theorized to be due to irreversible binding of its indigestible 

fractions to BA, higher plasma BA in saithe diet fed rats may be because of taurine and 

glycine making the conjugation of BA possible hence improving their solubility and liver 

secretion to the blood [458]. According to Iwami et al., anti-hypercholesteremic peptides in 

part owe their effectivity to the enhanced binding of hydrophobic plant biopeptides to BA in 

the digestive tract [505]. In the study of Liaset et al. hepatic expression of OATP1, BAAT 

and ABCC3 weren’t as much affected by taurine, however, overall those may have been 

sensitive to glycine [458]. Interestingly, deficient and high taurine diets, casein (low glycine) 

and saithe (high glycine) respectively, downregulated the hepatic expression of OATP1 

[458]. In contrary, hepatic expression of BAAT and ABCC3 were upregulated by soy (taurine 

deficient, medium glycine) and saithe (taurine and glycine rich) diets [458]. Beneficial effects 

of fish diet could as well possibly be explained by its satiety attributes over chicken and beef 

intake which have been related to the presence and absence of certain amino acids such as 

taurine [506]. Amino acid composition of a satiating fish diet was relatively different from 

beef and chicken (fish: CAA 27 > HAA 23 > BCAA 11 > Tau 1.5 g 50g-1 protein, L/A 1.69 

and M/G 0.53, chicken: CAA 20, HAA 20 > BCAA 10 > Tau 0.2 g 50g-1 protein, L/A 1.74 

and M/G 0.60, beef: CAA 24 > HAA 22 > BCAA 11 > Tau 0.2 g 50g-1 protein, L/A 1.59 and 

M/G 0.25) with relatively high CAA, high taurine, balanced L/A and M/G ratios [506]. Beef, 

pork, veal, eggs, milk, and milk products (BPVEM) diet was to a small fraction richer in 

BCAA, HAA, and EAA, up to 11%, with higher L/A ratio (7%) compared to cod diet with 
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stimulatory effect on insulin sensitivity in human subjects [429]. The importance of L/A ratio 

peptides was pointed out some decades ago by Kritchevsky et al. demonstrating the 

atherogenicity power of different diets with parallel lysine but variable arginine levels. Diet 

with highest arginine thus lowest L/A presented the least atherogenicity in rabbits [507]. 

Typically, low M/G and L/A ratio diets have repeatedly demonstrated anti-atherogenic, anti-

hyperlipidemic and anti-obesogenic effects in many studies and various experimental settings 

[508-512]. In a study, balanced L/A (1.1) fed cobia performed better than high (1.8) and low 

(0.8) L/A fed fish [513]. Overall, weight gain of cobia, lipid and protein gain, were lower in 

imbalanced L/A fed fish [513]. Similar finding was observed in a human intervention study 

where L/A and M/G ratios of casein/whey diet (EAA 1255 > HAA 1201 > CAA 1183 > 

BCAA 587 > imino acids 262 mg d-1) were considerably higher (2.41, 1.53) than anti-diabetic 

fish protein diets [431]. Yet zebra blenny may among other assumptions, owe its 

hypoglycemic, antihyperlipidemic and other possible health effects to its high BCAA and 

CAA mainly leucine (15%), glutamic acid and arginine (20%), approximately accounting for 

35% of the total [391]. It is of note that oral supplementation of arginine in free form, a CAA, 

to acute myocardial infarction patients with 3 g of the amino acid daily improved their 

dyslipidemia conditions, decreasing serum TC and TG while increasing HDL-c, during the 

2-weeks period of study [514]. It should be noted that along with beneficial effects there are 

various examples of proline, charged and aromatic amino acids having negative effect on the 

glucoregulatory attributes of fish biopeptides and same have been valid for anti-

hyperlipidemic activities of fish proteins.  

Leucine, comparable to glycine with glucoregulatory effects, has been known for its 

stimulatory effect on pancreatic insulin secretion via activation of Mammalian Target of 

Rapamycin (mTOR) pathway successively downregulating the surface expression of 

adrenergic α2A receptor and enhancing cAMP production (table IV. 8. (supplementary table 

1)) [515]. In addition, leucine, in free form like several other amino acids, tended to modulate 

MetS-induced insulin resistance, hepatic steatosis and reversing the inflammation of adipose 

tissue over 2-months consumption of dietary supplements in obese rats [516]. Presence of 

leucine at the C-terminal and tyrosine at the N-terminal, contrary to DPP-IV inhibitors, have 

been reported vital for the interaction of a biopeptide with active binding sites of α-
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glucosidase attenuating its activity [517]. Collectively, molecular weight, chain length, 

compositional and structural features of a fish biopeptide are important for anti-MetS effects. 

Additionally, amino acid composition and their respective bioactivities may vary depending 

on the starting material and type of fish. For instance, white muscle of cod tended to be a 

relatively more potent hypocholesterolemic protein than tuna red muscle protein which may 

be due to compositional differences of diets [465]. 

7.1. Structural differences between different fish and control diets affecting their 

bioactivities  

In the following sub-sections authors have attempted to focus on the compositional 

differences of biopeptides based on most investigated fish types, where possible, for better 

understanding of the structure-activity relationship.   

7.1.1. Alaska pollock  

Importance of either extremities of a biopeptide in glucoregulatory activity of fish 

hydrolysate was examined by fragmenting an Alaska pollack-originated (myosin(548–556)) 

oligopeptide, ANGEVAQWR, to tri-peptides; ANG, EVA, and QWR [477]. Interestingly, at 

1 mg kg−1 C-terminal tri-peptide QWR had glucose lowering effect in diabetic rats while its 

di-peptide fragments (QW, and WR) were ineffective [477]. Another C-terminus Alaska 

pollack-originated pentapeptide, YNELR, and tri-peptide, ELR, tended to lower the blood 

glucose levels at the dosage of 1 mg kg−1 in animal models, while the main identified 

actin(87–97) associated oligopeptide (IWHHTFYNELR) had negligible effects [477]. 

Glucose uptake rates in mouse skeletal muscle C2C12 cells were tested to further elucidate 

the structure activity relationship of fish glucoregulatory peptides [477]. Tripeptides, QWR, 

ELR and pentapeptide, YNELR, enhanced the uptake of glucose in cells [477]. At 

concentrations up to 500 μM QWR dose-dependently activated the insulin-independent 

glucose uptake in skeletal muscle cells [477]. Potency of Alaska pollock hydrolysate may be 

related to glycine content of the diet as it composed of 2-fold glycine compared to casein yet 

supposedly both diets were taurine deficient (not listed in AA composition of diets) [397]. 



 

187 
 

Casein with ineffective attributes on hepatic TG and FA desaturase indices of obese T2D 

KK-Ay mice model compared to Alaska pollock muscle proteins has higher proline (+3.2-

times), yet lower glycine (-0.47-times) [439]. Briefly, presence of arginine at C-terminus and 

polar amino acids at N-terminus position as well as high glycine or less proline content may 

play significant in  bioactivity of Alaska pollock oligopeptides on glucose uptake and level. 

7.1.2. Salmon  

Amino acid compositions of salmon spine and backbone/head diets, regardless of 

molecular weight distribution, were to some extent comparable, yet their beneficial metabolic 

attributes greatly differed from one another [401]. Backbone lysate of salmon contained least 

of BCAA and CAA, whilst was richest in imino acids with least M/G and L/A (0.35 and 1.13, 

respectively) [401]. Accordingly, inadequate sub-optimal methionine diet fed animal model 

(Atlantic salmon) compared to adequate optimal amount fed ones, led to increased liver 

weight, FAS activity, 18:1/18:0 FA ratio, hepatic TG concomitant with decreased hepatic 

taurine and total fecal and plasma BA (descriptive of non-alcoholic fatty liver disease 

development in rats) [518]. For example, umamizyme salmon spine lysate, with rather high 

M/G, tended to be hyperlipidemic than being hypolipidemic [401]. Salmon hydrolysate, 

compared to herring, in the study of Drotningsvik et al., presented different patterns of 

bioactivity on MetS markers being more hypoglycemic and anti-obesogenic than 

hypolipidemic in an obese and diabetic animal model (Zucker fa/fa rat) [405]. Salmon and 

herring byproduct hydrolysates contained comparably similar amounts of HAA, CAA and 

BCAA yet their taurine quantities, L/A and M/G ratios significantly diverged from one 

another and from the casein/whey control diet (taurine deficient) [405]. Of the nineteen tested 

hypocholesterolemic and/or antidiabetic sequences (ALPMH, GGV, GLDIQK, GPAE, 

GPGA, GPL, HIRL, IAVPGEVA, IIAEK, IPI, LPGP, LPYPR, PGPL, RPLKPW, 

VAWWMY, VGVI, VGVL, VPDPR, VVYP, VW, VYVEELKPTPEGDLEILLQK, 

YPFVV, and YYPL) only few were present in the herring and salmon hydrolysates (herring: 

GPL, IPI, VW, GPAE and LGPG (antidiabetic motifs), IIAEK (hypocholesterolemic motif), 

PGPL (hypocholesterolemic and antidiabetic motif), salmon: GPL, IPI and VW (antidiabetic 

motifs), PGPL (hypocholesterolemic and antidiabetic motif)) [405]. In conclusion, type of 
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salmon as well as extraction technique and/or type of enzyme seem to be effectual on its anti-

MetS attributes. Moreover, presumably adequate taurine level as well as M/G and L/A ratios 

define the bioactivity of salmon biopeptides.  

7.1.3. Cod  

Specific amino acid arrangement of cod may be the source of its metabolic health 

effects on insulin secretion or insulin excretion rates in the liver [418]. Glucoregulatory 

effects of cod muscle proteins compared to soy and casein-fed animals in the study of 

Lavigne et al., on glucose and insulin dynamics, may be explained by its balanced L/A and 

M/G ratios (1.50 and 0.37, respectively) [420]. The amino acid composition of all three diets 

were comparable except that casein contained significantly higher amounts of proline (1.9-

times) compared to cod and soy [420]. In another study, comparable anti-obesogenic effects 

were observed by similar diets on high fat fed rats (relatively parallel amino acid composition 

of diets with significantly different L/A, M/G ratios) on obesity-induced muscle insulin 

resistance and insulin-stimulated glucose uptake in skeletal muscle cells [419]. In both of 

Madani et al. and Chevrier et al. studies, with insufficient effects of experimental diets on 

weight gain, the L/A ratio of casein hydrolysate compared to salmon and sardine lysates was 

higher [131, 147, 148].. In another sturdy, casein diet with negligible antidiabetic and anti-

obesogenic effect on obesity prone rats had almost +4-times more proline than cod/scallop 

diet [417]. Similar to the studies of Madani et al. and Tastesen et al., the ineffective casein 

diet on weight gain, plasma and liver lipid and cholesterol levels was rich in CAA, BCAA, 

AAA and proline (+100%) with higher L/A ratio, yet glycine-deficient compared to purified 

fish protein [308, 309]. L/A and M/G ratios of diets varied greatly from one another (in the 

decreasing order of casein > chicken and > cod/scallop) [417]. This agrees with the study of 

Van Nguyen et al. in which balanced L/A ratio fed cobia performed better than high and low 

L/A ratio fed fish [513]. It is noteworthy that plasma TC, HDL-c and LDL-c as well as liver 

TG and total neutral lipid concentrations, concomitant with increased mRNA expression of 

lipogenic gene Diacylglycerol Acyltransferase 1 (DGAT1), were higher in chicken diet (with 

medium taurine) fed rats [417].  
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In accordance, taurine and glycine concentrations could have possibly been high 

enough in cod/scallop diet for beneficial management of lipid metabolism in various animal 

experimental models [416, 417]. In the study of Tastesen et al., glycine and sulfur containing 

amino acid concentration of the cod/scallop regimen with anti-obesogenic and 

glucoregulatory activity was relatively different from other experimental diets (glycine 

(mmol per kg of diet); cod/scallop 192 > chicken 109 > casein 47 and sulfur containing amino 

acids (mmol per kg of diet); cod/scallop 137 > chicken 85 > casein 70) [417]. A similar trend 

was observed in the study of Jensen et al. testing the metabolic beneficiary effect, mainly on 

atherosclerotic lesions, of cod/scallop dietary intake over 3-months on high fat fed ApoE−/− 

rats (glycine (mg per g diet); cod/scallop 10.1 > chicken 5.7, and sulfur containing amino 

acids (mg per g diet); cod/scallop 13.7 > chicken 8.3) [416]. It is worthy of note that taurine 

has also been documented as an amino acid with satiating effects which would decrease food 

intake while lowering weight gain yet non-hydrolyzed and hydrolyzed goby fish proteins, 

taurine-deficient, had similar effects [338]. Single dose of cod taurine-rich (6.6 mg g-1 of 

protein) enzymatic hydrolysate, compared to taurine-deficient casein intake with high L/A 

and M/G ratios, however, could only depress postprandial insulin secretion with null effect 

on blood glucose response or GLP-1 levels [425]. Contrary to oral administration of single 

cod dose to middle-aged healthy individuals with slight glucoregulatory effect, an 8-weeks 

mixed low-fish diet only minimally affected cardiovascular biomarkers in the healthy elderly 

population [170]. Taurine concentration was significantly higher in cod/scallop with 

beneficial effect on HDL-c, 61 mmol kg-1 of diet, than in chicken and casein ones [417]. 

Casein diet, with glucose tolerance reduction effect, had the highest BCAA (14 – 39%) 

compared to cod/scallop and chicken diets [417]. Contrary to casein, chicken with 290 mmol 

of BCAA, 630 mmol of EAA and 611 mmol of CAA per kg of diet, boosted the plasma 

insulin in the obesity-prone animals [417]. In comparison to chicken diet, cod/scallop had 

correspondingly by about up to -15% less CAA, EAA and BCAA with smaller L/A and M/G 

ratios (-18% and -44%, respectively) however its taurine content was +53-times higher [416]. 

Taurine rich cod/scallop and taurine deficient casein diets had higher EAA but lower CAA 

content than chicken [417]. Following 7-weeks different protein diet regimens, compared to 

chicken fed group, seafood and casein diet decreased the efficiency of feed and adiposity in 

obesity-prone rats [417]. In Brief, adequate amount of proline, glycine, taurine, BCAA, CAA 
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and AAA as well as balanced L/A ratio are positively correlated with anti-MetS properties 

of cod biopeptides. 

7.1.4. Sardine  

Similar compositional factors were important for sardine’s hypoglycemic, 

hypolipemic and anti-obesity effects. Alpha-glucosidase inhibition effectivity of truncated 

sardine muscle extracted peptide (YPL) was insignificantly different from the original tetra-

peptide (YYPL) indicating the importance of YPL sequence for glucoregulatory activity of 

the biopeptide [499]. Even though shorter in length, synthetic di-peptide analogues of the 

same sequence, YP and PL, were negligibly potent against α-glucosidase [499]. Substitution 

of Leucin, a HAA, with another hydrophobic one, glycine, in the Tyr-Pro-Leu sequence 

slightly decreased its activity [499]. Both of sardine diets, hypolipidemic byproduct and fillet 

proteins, as well as casein control diet composed of comparable amounts of CAA, HAA and 

BCAA, however, byproduct extracted diet contained the highest amount of taurine and 

glycine while its proline was lowest of all (-29% and -78% compared to fillet and casein 

diets, respectively) [447]. Taurine contents of sardine diets were +2.9-times and +1.7-times 

higher (sardine byproduct and or fillet respectively) than that of casein one [447]. In addition 

to taurine, the higher efficacy of sardine byproduct diet on hyperlipidemia, obesity, 

atherogenicity and oxidation, may be due to its lower M/G rate compared to sardine fillet 

protein and casein by about -31% and -64%, correspondingly [447]. More potent 

hypolipidemic bogue hydrolysate, with -25% lower L/A and -56% less BCAA, particularly 

was taurine- (+2.46-times) and glycine-rich (+1.33-times) and had more sulfur containing 

amino acid (+1.95-times) in comparison to sardine hydrolysate with slightly smaller anti-

dyslipidemia activity [444]. Clinical oral dose of l-arginine (3 g daily) has exerted 

antihyperlipidemic effects, modulating the lipid profile, in elderly patients diagnosed with 

acute myocardial infarction [514]. Therefore, superiority of bogue in lipid metabolism 

modulation, compared to sardine, may be due to its high arginine content (1.5-times) [444]. 

Both fish diets, sardine and bogue, had comparable M/G ratios (0.41 and 0.42, respectively) 

[444]. Amino acid composition of casein, with null effect on weight gain of obese rats, and 

sardine slightly differ from one another. Though abundance of negatively CAA in both is 
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relatively comparable, casein has +2.5-fold more proline than sardine and its L/A was higher 

than sardine [148]. In conclusion, presence of polar amino acids at N-terminal along with 

branched chain and/or hydrophobic amino acids at C-terminal influence anti-MetS activity 

of sardine oligopeptides. Furthermore, balanced L/A and M/G ratios plus adequate taurine 

and glycine as well as low proline play rather a vital role in the bioactivity of sardine similar 

to other types of fish discussed earlier.  

7.1.5. Tilapia  

Metabolite of proline, hydroxyproline, seemed to play a rather significant role on the 

GLP-1 secretory and anti-DPP-IV activity of fish biopeptides. Imino acid rich tilapia and or 

halibut induced GLP-1 secretion, unlike salmon gelatinous hydrolysate with insignificant 

stimulatory effect on the same incretin, in diabetic rats [379, 410]. Tilapia hydrolysate 

inhibited plasma DPP-IV activity by 28% where sitagliptin hindered this activity by 63% in 

diabetic rats [379]. Furthermore, the same hydrolysate was more efficient than halibut and 

sitagliptin in stimulating the secretion of GLP-1 in comparison to the diabetic control group 

where the substrate’s secretion was significantly lower than non-diabetic normal animals 

[379]. Tilapia hydrolysate with higher imino acid was as potent as sitagliptin in enhancing 

the secretion of insulin in experimental rats where halibut hydrolysate’s effect was marginal 

[379]. Both tilapia and halibut identified sequences contained the well-known GLP-1 

secretion stimulatory motifs (LGG, GL and GP) which exert their effect via proton-coupled 

uptake and the calcium-sensing receptor [379, 519]. Halibut- and salmon-originated peptides 

also contain glutamine (Q) which has repeatedly been reported as a strong GLP-1 

secretagogue [520] [370]. Bester sturgeons, halibut, and salmon oligopeptides contain a well-

known anti-DPP-IV biopeptide (GPAG) while GPA was also a common motif in many of 

antidiabetic fish peptides reviewed herein [379, 467, 479, 521]. The same tri-peptide, GPA, 

has been reported as a DPP-IV inhibitor and the same motif has occurred in few of the fish 

anti-DPP-IV biopeptides [290, 317, 378, 384, 522]. In closing, tilapia biopeptides may owe 

their anti-diabetic properties to the presence of hydrophobic amino acids at both extremities. 

7.1.6. Herring  
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In the study of Durand et al., while herring milt hydrolysate had insignificant 

stimulatory effect on the glucose uptake, its Electrodialysis with Ultrafiltration membrane 

(EDUF) fraction (non-charged peptides) tended to significantly increase the in-vitro glucose 

uptake of skeletal muscle cells [43]. In contrary, positively charged peptides of herring milt 

hydrolysate decreased the glucose uptake rate (≤ -9.9%) in the same cells and similar 

analytical conditions [43]. Examining the amino acid composition of the EDUF herring milt 

fractions, obviously the most potent one has the least CAA (32 g 100 g-1 of peptides versus 

45 and 49 g 100 g-1 of peptide for cationic and anionic fractions respectively) while having 

highest taurine content (1.3 g 100 g-1 of peptide versus 0.58 and 1.13 g 100 g-1 of peptide for 

cationic and anionic fractions respectively) with rather balanced L/A ratio (0.13 versus 0.10 

and 0.29 for cationic and anionic fractions respectively) [43]. Not only that taurine harbors 

hypolipidemic and satiating properties but also has repeatedly demonstrated hypoglycemic 

effects in different experimental platforms and the topic has been reviewed by Ito et al. [523-

525]. Hence, the potent effect of herring EDUF non-charged fraction may be due to its 

relatively higher taurine content rather than the charge of peptides [43]. It is noteworthy that 

the effective fraction of herring milt hydrolysate and the non-dialyzed hydrolysate had 

similar amino acid composition properties except for its lower taurine (-5%) and higher L/A 

ratio (+15%) [43]. Atlantic herring is rich in anti-CVD peptide motifs in which alanine at N- 

and or penultimate position of N-terminal, proline at C- and or penultimate point of C-

terminal and leucine rarely in C-terminal and generally at N- or penultimate position of N-

terminal are situated [476]. These observations demonstrate the fact that certain 

conformational structure, chemical, physical, and biochemical properties affect the 

bioactivity of fish biopeptides. It could be concluded that adequate amount of charged amino 

acids and presence of hydrophobic amino acids at N- or C-terminals as well as their 

penultimate positions could explain anti-MetS effects of tilapia biopeptides. Furthermore, 

taurine content of the fish may also be imperative for its biological activities against MetS. 

8. Stability of peptides to gastrointestinal digestion  

Almost all of anti-hyperlipidemic and anti-obesity along with the majority of anti-

diabetic fish biopeptides were tested in animal studies presenting significant hypoglycemic, 
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hypolipidemic and anti-obesogenic potencies meaning they could resist the harsh 

environment of the digestive tract and be highly bioavailable within the tract of experimental 

models such as fish, pigs, sheep, and mice. Human studies intervening fish diets in many 

different healthy and or ill subjects are also confirmatory of those studies demonstrating 

successful effects against diabetes, obesity, CVD and MetS (table IV. 5.). In line, few studies 

followed the same approach in cell and or in-vitro settings testing the stability of anti-MetS 

fish biopeptides in static and dynamic stimulated gastrointestinal digestion systems. To 

reveal the bioavailability of fish hypocholesterolemic peptides Hosomi et al. lysed Alaska 

pollock muscle and casein proteins to soluble and insoluble fractions by digestive proteases 

and tested BA binding capacity and micellar solubility of cholesterol [437]. In a simulated 

intestinal digestion (pepsin and pancreatin hydrolysis) model, soluble and insoluble fractions 

of Alaska pollock proteins tended to reduce the micellar solubility of cholesterol, compared 

to casein fractions, which may explain the higher fecal cholesterol excretion rates in rats 

[437]. A shark liver peptide (S‐8300) with great hepatoprotective effects was susceptible to 

static GI digestion (susceptible to trypsin and proteinase K, resistant to DNase, RNase, heat, 

acid and alkali) [485, 526, 527]. Moreover, the same peptide showed significant anti-MetS 

activity in animal studies which may be due to the fact that GI proteolytic activity may have 

lysed the rather big S‐8300 molecule into more potent smaller size oligopeptides [485, 526, 

527]. Similar approaches were taken to assess the stability of anti-diabetes biopeptides. 

In another attempt, glucoregulatory effects of salmon byproduct biopeptides were put 

to test in a static GI digestion (pepsin and corolase PP) model [370]. Skin gelatin lysates were 

relatively susceptible to the digestive enzymes (insulin secretion from BRIN-BD11 cells 

+3.2- and +8.0-times pre- and post-digestion, GLP-1 secretion from enteroendocrine 

GLUTag cells +3.2- and +0.4-times pre- and post-digestion, DPP-IV activity IC50 0.90 and 

1.19 mg mL-1 pre- and post-digestion), however, trimming hydrolysates rather resisted the 

GI protease activity (insulin secretion from BRIN-BD11 cells +3.0- and +4.2-times pre- and 

post-digestion, GLP-1 secretion from enteroendocrine GLUTag cells +2.4- and +2.3-times 

pre- and post-digestion, DPP-IV activity IC50 0.84 and 1.00 mg mL-1 pre- and post-digestion) 

[370]. Insulin stimulatory potency of the salmon biopeptides was notably enhanced by the 

digestion, however, their anti-DPP-IV and GLP-1 induction activities reduced or unaltered 
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[370]. Hydrolysate of blue whiting muscle behaved similar in the simulated digestion (pepsin 

and corolase PP DH: 33%) analysis (insulin secretion from BRIN-BD11 cells +3.8- and +4.2-

times pre- and post-digestion, DPP-IV activity IC50 1.28 and 1.49 mg mL-1 pre- and post-

digestion, membrane depolarization +6.4-times, [Ca2+]i and cAMP concentration in BRIN-

BD11 cells post-digestion) [375]. Blue witting hydrolysate was further lysed, to pre-examine 

its in-vivo permanence, by the proteolytic activity of GI enzymes to di- and tri-peptides (< 

500 Da peptides: 65%) altering the behavior of post-digestion lysate on insulin secretion, 

DPP-IV and membrane potential [375]. In accordance, boarfish GI proteases (pepsin and 

corolase PP) subjected sarcoplasmic hydrolysate was fairly resistant to the digestion (insulin 

secretion from BRIN-BD11 cells +4.2- and +5.3-times pre- and post-digestion, GLP-1 

secretion from enteroendocrine GLUTag cells +1.3-times post-digestion, DPP-IV activity 

IC50 1.18 and 1.21 mg mL-1 pre- and post-digestion, glucose uptake in 3T3‐L1 adipocytes 

+1.3-times post-digestion) [376]. Digestive enzyme lysed boarfish hydrolysate was rich in < 

1,000 Da (92%) oligopeptides (di- to penta-peptides) [376]. DPP-IV inhibition activities of 

tuna cooking juice protease XXIII hydrolysate-extracted oligopeptides 

PGVGGPLGPIGPCYE and CAYQWQRPVDRIR were enhanced up to 12% post-GI 

digestion yet the efficacy of orientase hydrolysate-isolated PACGGFYISGRPG was not 

different pre- and post-digestion [388]. Immunoreactive Calcitonin Gene-Related Peptide 

(im-CGRP) like molecules of siki hydrolysate were stable to digestion and proteases but not 

the CGRP-like molecules with specific CGRP binding sites interaction capacity [383]. CGRP 

neuropeptide molecules have a wide range of bioactivities of which some also surpass the 

potencies of conventional drugs. Among many bioactivities these compounds have great 

immunomodulating, vasodilating and satiety effects [166]. Levels of CGRP are fairly low in 

diabetic and coronary artery patients [528]. Thus, pharmacological properties of these 

biopeptides are possibly ideal for the research and development of anti-MetS drugs and 

selected ones have been analyzed for their ADME properties (table IV. 7.).  

9. Conclusion and possible future directions  

Fish biopeptides derived by a wide range of techniques, mostly enzymatic hydrolysis, 

membrane filtration as well as chromatographic ones, have been shown to prevent and 
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alleviate MetS and its risk factors in great number of studies. About half of the studies made 

efficient use of fish byproducts and processing leftovers. Nevertheless, more attention shall 

be given to the problem of food security and environmental protection act including 

greenhouse gas emission thus exploiting food byproducts and underutilized species of fish in 

as many studies as possible and contributing to the related global strategies. It is noteworthy 

that many of the peptides reviewed herein are of multifunctional nature thus of high 

importance to the researchers and product developers whether in pharmaceutical, 

nutraceutical and or food industry. Mortality and morbidity rates of metabolic diseases are 

significant and the prevention and/or therapy options are limited due to several reasons such 

as noncompliance and side effects making the natural non-cytotoxic therapeutic treatments 

important in this era. Hypoglycemic, hypolipidemic and anti-obesogenic fish bioactive 

peptides exert their effect via different mechanisms of which many are yet not well studied 

and understood. These biomolecules could be involved as drug leads in drug discoveries and 

or simply as active ingredients in nutraceuticals applicable to clinical nutrition and/or to 

functional food. Bioavailability of the fish peptides was high in many of the studies we have 

reviewed and discussed in this article since integrity of the biomolecules was not negatively 

affected and/or hindered by the digestive enzymes in various animal models and human 

subjects. Yet for a definite conclusion full capacity of fish anti-MetS peptides must be tested 

in human subjects including ill and healthy ones.  
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Table IV. 8. (supplementary table 1): Bioactivities of free amino acids on MetS and associated risk factors 

Amino acid 

supplement (single 

or mixture)  Major effect(s)  Affected disease (reference) 

Diabetes, its risk factors, and associated complications 

Aspartate and 

asparagine  

↑ insulin sensitivity, 

↓ in-vitro glucose uptake by muscle at 

maximal insulin concentrations, glucose 

transport at higher glycogen levels in rat 

muscle  

[529] 

L-alanine and or L-

arginine 

↓ perigonadal and retroperitoneal fat pads,  

↑ fed-state glycemia, IRβ, pAS160, glucose 

tolerance and insulin secretion in 

monosodium glutamate-induced obese rats 

Diet-induced obesity [530] 

BCAA  ↑HbA1c of peripheral (primarily muscle) 

tissue in insulin resistance chronic hepatitis C 

patients 

Chronic liver diseases [531] 

BCAA  ↓ glycated albumin and chronic liver disease-

HbA1c post-exercise (enhanced glycemic 

control) in patients 

Liver cirrhosis [532] 

BCAA  ↓ HbA1c and glycoalbumin, fasting plasma 

glucose, insulin, and C-peptide (enhanced 

glycemic control) in nonalcoholic 

steatohepatitis-related liver cirrhosis patients  

Alternative treatment in absence 

of effective conventional therapy 

for NASH-related liver cirrhosis 

[533] 

BCAA, arginine, 

lysine and threonine  

↑ early postprandial serum insulin response, 

GLP-1 response, 

↓ postprandial glycemia in healthy subjects  

[534] 

Cysteine  ↓ blood glucose, glycated Hb, CRP, MCP-1, 

insulin resistance, plasma protein oxidation, 

pAkt, and pNF-κB in hypercaloric fed Zucker 

diabetic fatty rats 

Adjuvant therapy for reduction of 

vascular inflammation and CVD 

in diabetics [535, 536] 

Glutamine ↓ FBG, waist circumference, 

↑ fat-free mass in T2D patients 

[537] 

Glutamine dipeptide 

(Dipeptiven®) 

↓ hyperglycemic episodes (mean daily insulin 

dose) in polytrauma patients 

[538] 

Glutamine with or 

without sitagliptin 

↑ GLP-1 and insulin secretions, 

↓ postprandial glycaemia, HbA1c and 

fructosamine in well-controlled T2D patients 

[539-541] 

Glycine  ↓ hyperglycemia, cholesterol and glycated 

hemoglobin, opacity in lens and 

microaneurysms in eyes, expression of O-

acetyl sialic acid in brain vessels, intensity of 

corporal weight loss in STZ-induced diabetic 

rat 

Diabetic complications: 

retinopathy, brain micro-infarcts 

and renal damage [542, 543] 

Histidine  ↓ HOMA-IR, BMI, waist circumference, fat 

mass, serum NEFA and inflammatory 

cytokines, oxidative stress, GPX, 

↑ adiponectin in obese subjects  

Metabolic syndrome [90] 

Hydroxyproline, 

proline, lysine, 

glycine, and alanine  

↑ TG accumulation and expression of 

adiponectin in bovine retinal pericytes 

Protection against proliferative 

diabetic retinopathy [544] 

Leucine ↑ energy expenditure, fatty acid oxidation and 

locomotor activity, expression of UCP-3 in 

BAT, insulin sensitivity, intestinal 

gluconeogenesis, 

Prevention of T2D development 

[545]  
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↓ body weight and fat mass, islets of 

Langerhans damage, hepatic lipid in high fat 

fed rats  

Leucine ↑ glucose tolerance, leptin sensitivity during 

weight maintenance in obese rats  

Adjuvant beneficial nutritional 

therapy during weight loss and 

maintenance in previously diet-

induced obesity [546] 

Leucine  ↑ insulin secretion (down-regulation of 

surface expression of adrenergic α2A 

receptor via mTOR) in diabetic Goto-

Kakizaki rats 

Clinical management of renal 

transplant patients [515] 

L-leucine, L-lysine, 

L-isoleucine, L-

valine, L-threonine, 

L-cysteine, L-

histidine, L-

phenylalanine, L-

methionine, L-

tyrosine, and L-

tryptophan  

↓ fasting and postprandial blood glucose and 

HbA1c, fasting insulin and insulin resistance, 

↑ HDL-c in poorly controlled T2D (HbA1c > 

7%) of elderly subjects 

 

Nutritional supplement for 

treatment of elderly T2D diabetes 

[547] 

L-tryptophan and 

tryptamine 

↑ in-vitro insulin-stimulated glucose 

incorporation into differentiated adipocyte, 

in-vivo glucose-associated energy, 

↓ serum glucose and insulin, glucose 

absorption from intestine,  

expenditure in T2D rats  

Delaying progression of 

hereditary T2D [548] 

Lysine  ↓ blood sugar (maintaining glycosylated 

hemoglobin and glycated lens proteins 

levels), cataract development  

Anticataractous in diabetes [549] 

Methionine  ↑ blood glucose,  

↓ hepatic glycogen in arsenic-induced 

hypoglycemic rats   

Arsenic-induced hypoglycemia 

and hypoglycolytic activity 

management [550] 

Phenylalanine and 

leucine  

↑ insulin response following carbohydrate 

intake in T2D patients  

Nutritional interventions to 

improve postprandial glucose 

disposal in diabetes [551] 

Serine  ↓ diabetes incidence and insulitis score, 

HOMA-IR and blood glucose, body weight, 

food, and water intake in non-obese diabetic 

rats  

Treatment of autoimmune (T1D) 

diabetes [552] 

Taurine  ↓ cytosolic [Ca2+]i oscillations in response to 

stimulatory glucose concentrations,  

↑ insulin secretion at stimulatory glucose 

concentrations, glucose metabolism, cytosolic 

insulin, sulfonylurea receptor-1, glucokinase, 

GLUT2, PDX-1 gene expression, nucleus 

PDX-1 expression, basal and insulin 

stimulated tyrosine phosphorylation of insulin 

receptor in skeletal muscle and liver tissues, 

peripheral insulin sensitivity in pancreatic 

islet cells of rats  

[553] 

 

 

Taurine ↓ serum glucose and immunoreactive insulin,  

↑ glucose clearance, deoxyglucose 

accumulation in skeletal muscle and liver, 

hepatic glycogen synthesis in rats  

[523, 524] 

Taurine ↓ hyperglycemia in alloxan-induced T1D 

rabbits  

[525]  
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Taurine  ↓ lectin-type oxidized LDL receptor 1 and 

ICAM-1 expression on aortas (improving 

vascular endothelial dysfunction) in 

streptozotocin-induced T1D rats  

[554] 

Hypercholesterolemia, its risk factors, and associated complications 

Arginine with 

simvastatin  

↓ serum TG in hypertriglyceridemic patients  Lipid metabolism [555] 

Arginine, alanine, 

glycine  

↓ serum cholesterol and extent of aortic 

sudanophilia in casein-induced 

hypercholesterolemic and atherosclerotic 

rabbits and rats 

[556] 

L-aspartate and l-

glutamate 

↑ serum HDL-c, maintaining ApoA-1 in 

hypercholesterolemic diet fed rabbits  

Antiatherogenic [171] 

BCAA ↓ HOMA-IR, insulin, hsCRP, waist/height 

ratio and SBP in twin subjects  

Effects on cardiometabolic health 

[557] 

Histidine  ↓ food intake, retroperitoneal fat pad weight, 

fat accumulation, 

↑ brown adipose tissue UCP-1 mRNA in rats  

[558] 

Histidine, isoleucine, 

leucine, lysine, 

methionine, 

phenylalanine, 

threonine, valine, and 

arginine 

↓ plasma TG, TC, and VLDL-c, hepatic fat in 

impaired glucose tolerant elderly patients  

 

 

Treatment of 

hypertriglyceridemia or hepatic 

steatosis [559, 560] 

Isoleucine ↓ body weight gain, eWAT mass, hepatic and 

skeletal muscle TG, hyperinsulinemia, WAT 

leptin,  

↑ WAT adiponectin, hepatic levels of protein 

CD36/fatty acid translocase, PPARα, and 

UCP-2, skeletal muscle levels of UCP-3 in 

high fat fed obese rats  

[561] 

Leucine  ↑ appendicular muscle mass during 

intentional weight loss in obese older adults 

Reducing sarcopenia risk in 

obesity [562] 

Leucine ↓ hepatic steatosis, adipose tissue 

inflammation, subcutaneous fat pad and liver 

weight, insulin resistance, glucose 

intolerance, expression of lipogenic genes, 

hepatic lipid deposition,  

↑ insulin-stimulated phosphorylation of 

p70S6 kinase, activation of mTOR in high fat 

fed obese rats 

Adjunct therapy in management 

of obesity-related insulin 

resistance [516] 

Methionine  ↑ plasma homocysteine, cholesterol in plasma 

and liver, hepatic expression of HMG-CoA 

reductase and CYP7A1, phosphatidylcholine: 

phosphatidylethanolamine ratio in liver of 

rats  

Methionine-induced 

hypercholesterolemia via 

enhanced hepatic cholesterol 

synthesis [563] 

Phenylalanine, 

arginine, and alanine 

↑ serum glycerol, FFA and acetoacetic acid in 

healthy subjects  

Stimulating fat metabolism 

during exercise [564] 

Taurine  ↓ liver weight and liver weight/body weight 

ratio, plasma TC, glucose and LDL-c, hepatic 

cholesterol, and TG,  

↑ HDL-c in hypercholesterolemic diet fed rats 

Hypercholesterolemia [565] 

Taurine and n-3 FA ↓ TC, LDL-c, ApoB, TG, thromboxane B (2), 

TNF-α, and MCP-1, 

↑ HDL-c in healthy subjects  

Hypolipidemic and 

antiatherogenic effects of seafood 

diet [566] 
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Threonine  ↓ hepatic TL, TG, TC, and lipid deposition in 

Pekin ducks  

[567] 

Valine and leucine ↓ serum SOD and GPx in 

hypercholesterolemic rats 

Improving atherosclerosis-

associated endothelial 

dysfunction [568] 

Weight management, obesity, and its related complications 

Alanine and or 

leucine  

↓ body fat accumulation, hepatic TG, 

expression of lipogenic enzymes and plasma 

cholesterol in high fat diet induced obese rats   

Metabolic syndrome [569-571]  

Arginine  ↓ serum TG, fat mass,   

↑ serum glucagon, body weight gain and 

skeletal-muscle mass in growing-finishing 

pigs 

Obesity therapeutic development 

[21] 

Arginine ↓ weight of abdominal and epididymal 

adipose tissues, serum glucose, TG, FFA, 

↑ lipolysis and glucose oxidation in 

abdominal and epididymal adipose tissues of 

diabetic obese Zucker rats  

Obesity [20] 

BCAA  ↓ BMI and waist circumference, prevalence 

of overweight/obesity, abdominal obesity, 

postprandial glucose tolerance and status of 

inflammation in young subjects  

Prevention of obesity [572] 

BCAA  ↓ food intake and weight gain, 

↑ insulin resistance in high fat fed rats  

Obesity-associated BCAA-

induced insulin resistance [573] 

BCAA  ↓ body weight and eWAT mass, hepatic, and 

skeletal muscle TG, 

↑ hepatic expression of PPARα and UCP-2, 

skeletal muscle expression of PPARα and 

UCP-3 in high fat fed obese rats  

[574] 

BCAA  ↓ prevalence of overweight/obesity in healthy 

East Asian and Western middle-aged subjects  

[575] 

EAA ↑ lean body mass, basal muscle protein 

synthesis, and IGF-1 expression in elderly 

subjects 

[576] 

Glutamine  ↓ body weight, waist circumference, 

insulinemia and HOMA-IR in obese subjects 

Enhancing glucose metabolism 

and weight loss [577] 

Glutamine  ↓ body weight, plasma glucose and insulin in 

high fat fed hyperglycemic and 

hyperinsulinemic overweight rats 

Obesity and diabetes amelioration 

in pre-diabetic and diabetic state 

[578] 

Glycine  ↑ weight loss and mRNA expression of 

metabolic involved genes,  

↓ whole-body and epididymal fat mass, 

glucose intolerance, mRNA expression of 

pro-inflammatory involved genes, S6 protein 

phosphorylation in high fat induced obese 

rats  

Accelerating loss of adipose 

tissue and protecting muscle mass 

in obesity treatment [579] 

Histidine  ↓ energy intake,  

↑ FFA, lipolysis in moderately obese subjects  

Weight loss in moderate obesity 

[580] 

L-arginine ↓ maternal lipid and adiposity and circulating 

leptin, 

↑ fetal brown adipose tissue development in 

diet-induced obese sheep 

Maternal obesity [581] 

L-arginine ↓ adiposity, WAT, and fat mass, 

↑ mitochondrial biogenesis and brown 

adipose tissue development, muscle mass, 

Reducing obesity [582] 
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expression of glucose and FA oxidation 

involved genes in obese rats, finishing pigs 

and T2D patients  

Leucine  ↓ weight gain and adiposity, hyperglycemia, 

plasma glucagon and glucogenic AA, hepatic 

glucose-6-phosphatase, plasma TC and LDL-

c 

↑ resting energy expenditure, expression of 

UCP-3 in brown and white adipose tissues 

and in skeletal muscle, insulin sensitivity in 

high fat fed obese rats  

[583, 584]  

Leucine  ↑ peripheral fat oxidation and glucose 

transport (independent of appetite and weight 

regulation) in offspring from high fat fed 

obese mother rats 

Management of metabolic 

disorders and maternal obesity 

and [585] 

Leucine  ↑ glycemic control, insulin response to food 

challenge and insulin, energy expenditure, 

skeletal muscle expression of genes involved 

in regulating energy metabolism (UCP-3, 

carnitine acetyltransferase, PPARα, and NRF-

1),  

↓ HbA1c, adipose tissue inflammation in 

obese and T2D rats  

Dietary intervention in prevention 

and management of obesity and 

T2D [586] 

L-phenylalanine ↑ insulin, GLP-1, and peptide tyrosine 

tyrosine (PYY) release 

↓ food intake (via blockade of calcium-

sensing receptor), plasma ghrelin, glucose 

intolerance in rats 

Treatment of obesity and diabetes 

[587] 

Lysine, proline, 

alanine, and arginine 

with or without 

conjugated linoleic 

acid 

↓ body weight and fat, BMI, waist, and hip 

circumferences 

after a period of daily exercise in healthy 

overweight subjects  

Reducing visceral fat and 

enhancing fat-burn during 

exercise, prevention of metabolic 

syndrome [588] 

Taurine  ↓ glucose intolerance, glucagon-induced 

hepatic glucose output, insulin hypersecretion 

and hyperinsulinemia, pancreatic islet 

hypertrophy, 

↑ glucose homeostasis, pancreatic islet-cell 

morphology, and function in leptin-deficient 

genetically obese rats  

Management of insulin 

hypersecretion and 

hyperinsulinemia in obesity and 

T2D [589] 

Tryptophan  ↑ weight loss in moderately obese patients [590] 

Tryptophan and 

lysine 

↓ food intake and body weight in rats [591] 

Tyrosine ↑ food intake of nocturnal period, fasting 

plasma insulin, 

↓ food intake of diurnal period, fasting 

plasma glucose in rats  

[592] 

IRβ: Insulin receptor β, pAS160: Phosphorylated Akt substrate of 160 kDa, pAkt: Phosphorylated Akt, 

pNF-κB: Phosphorylated NF-κB, PDX-1: Proconvertase and pancreas duodenum homeobox-1 
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Table IV. 9. (supplementary table 2): Extraction, isolation, purification, and characterization techniques of 

anti-MetS fish biopeptides   

Fish name (common, 

scientific) and part 

used 

Hydrolysis, 

fractionation, and 

purification 

Condition and 

resin/material  Characterization  Ref. 

Alaska pollack (Theragra 

chalcogramma) fillet 

1- enzymatic hydrolysis, 

2- RP-HPLC 

1- trypsin,  

2- octadecyl silica (ODS) 

Cosmosil 5C18 column 

MS, protein 

sequencer, UPLC 

(Acquity BEH-C18 

RP column) coupled 

to Xevo Q-TOF–MS 

equipped with 

electrospray 

ionization (ESI) 

source 

[477] 

Alaska pollack 

(Theragra 

chalcogramma) fillet 

1- enzymatic hydrolysis 1- pepsin  [478] 

Alaska pollock 

(Theragra 

chalcogramma) fillet 

1- dehydration  1- N2 gas  [436, 

437] 

Alaska pollock 

(Theragra 

chalcogramma) fillets 

1- flour preparation  1- lyophilization HPLC, SDS-PAGE 

 

[439] 

Allaska pollock 

(Theragra 

chalcogramma)) fillet 

1- enzymatic hydrolysis 1- papain SDS-PAGE, HPLC, 

gel permeation 

HPLC (TSK gel 

column) 

[397, 

435] 

Atlantic cod (Gadus 

morhua),  

commercial preparation 

by Firmenich Bjørge 

Biomarin AS, Norway 

1- enzymatic hydrolysis 

 

1- protamex  [425] 

Atlantic herring (Clupea 

harengus) byproducts 

(heads, guts, and 

backbones), Atlantic 

salmon (Salmo salar) 

byproducts (backbones) 

1- enzymatic hydrolysis  

 

 

1- papain and bromelain  [406] 

Atlantic herring (Clupea 

harengus) head, gut, 

backbone byproducts, 

Atlantic salmon, (Salmo 

salar) backbone 

byproduct, Atlantic cod 

(Gadus morhua) muscle, 

commercial tablet 

preparation by Faun 

Pharma AS, Vestby, 

Norway 

1- enzymatic hydrolysis, 

2- cod flour preparation 

(cooking, drying and 

micro-milling), 

3- dosage preparation  

1- herring and salmon 

(mixture of papain and 

bromelain),  

2- − 

3- tableting  

HPLC 

 

[431] 
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Atlantic salmon (Salmo 

salar) fresh skin 

byproducts (recovered 

from skin-off fillets) 

1- aqueous gelatin 

extraction, 

2- enzymatic hydrolysis,  

3- UF,  

4- HPLC 

 

1- distilled, deionized 

water (ddH2O),  

2- alcalase (DH: 35 – 

41%), bromelain (DH: 28 

– 38%), flavourzyme 

(DH: 42%),  

3- MWCO 2.5 – 1 kDa, 

4- Zorbax Eclipse Plus 

C18 column 

Amino acid analyzer, 

Q-TOF-MS-ESI 

[317] 

Atlantic salmon (Salmo 

salar) fresh skin 

byproducts (recovered 

from skin-off fillets) 

1- aqueous gelatin 

extraction, 

2- enzymatic hydrolysis 

 

1- distilled, deionized 

water (ddH2O),  

2- flavourzyme 

 [410] 

Atlantic salmon (Salmo 

salar) frozen frames 

1- alkaline 

solubilization, 

2- enzymatic hydrolysis,  

3- UF,  

4- RP-HPLC 

1- NaOH 

2- pepsin, trypsin + 

chymotrypsin,   

3- MWCO 1 kDa, 

4- C12 column 

 [131] 

Atlantic salmon (Salmo 

salar) skin and 

trimmings byproduct  

1- aqueous gelation 

extraction, 

2- enzymatic hydrolysis 

 

1- 1:5 H2O (w/v) (skin 

only) 

2- alcalase (DH: skin and 

trimming, DH: 11% and 

27%, alcalase + 

flavourzyme (DH: 17% 

and 34%), promod (DH: 

6% and 27%)  

Gel permeation 

(GP)-HPLC, RP-

UPLC, UPLC-ESI-

MS/MS coupled to 

impact HD ultra-

high resolution 

(UHR) Q-TOF 

[370] 

 

Barbel (Barbus 

callensis) fresh muscle  

1- enzymatic hydrolysis, 

2- SEC, RP-HPLC, 

HPLC 

1- alcalase (DH: 16.4%),  

2- gel filtration Superdex 

peptide 10/30 column, 

TRACER-Excel 1200 

DS-A column, HALO 

Peptide ES-C18 column 

ESI-MS, and ESI-

MS/MS 

 

[371] 

Barbel (Barbus 

callensis) fresh skin  

1- enzymatic hydrolysis 

 

1- barbel crude acid 

protease (limited gelatin 

hydrolysis), esperase 

(DH: 9.3%), savinase 

(DH: 9.2%), alcalase 

(DH: 14.2%), trypsin 

(DH: 8.5%), izyme G  

(DH: 5.8%), protamex 

(DH: 10.4%), neutrase 

(DH: 9.4%), peptidase 

(DH: 7.4%) 

Amino acid analyzer, 

SDS–PAGE  

 

[372] 

Bester sturgeons (Huso 

huso × Acipenser 

ruthenus) skin, fin, and 

bone 

1- collagen extraction,  

2- collagen enzymatic 

hydrolysis, 

3- atelocollagen 

extraction 

4- atelocollagen 

enzymatic hydrolysis, 

5- gel filtration 

chromatography, RP-

HPLC 

1- salt (1% NaCl), acid 

(0.2 M HCl), alkali (0.2 

M NaOH), 

2- papain,  

3- 5% H2O2, salt (1% 

NaCl), acid (0.2 M HCl), 

alkali (0.2 M NaOH), 

99.5% ethanol, 

4- pepsin, 

5- Sephadex G‐50 and 

Sephadex G‐25, 

RP-HPLC (protein 

sequencer Procise 

493), SDS‐PAGE  

[479] 
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Mightysil RP‐18 GP 

Aqua column 

Bighead carp 

(Hypophthalmichthys 

nobilis) muscle 

1- enzymatic hydrolysis,  

2- UF, 

3- gel filtration 

chromatography, semi-

preparative RP-HPLC 

1- papain (DH: 6 – 8%), 

alcalase (DH: 6 – 10%), 

trypsin (DH:  11 – 13%), 

pepsin (DH: 14 – 16%),  

2- MWCO 5 – 3 kDa,  

3- Sephadex G-15, 

Kromasil 100-5-C18 

semi-preparation column 

Size exclusion (SE)-

HPLC (TSK gel 

G2000 SWXL 

column), LC-

MS/MS (RP 

capillary column)  

 

[373] 

Blacktip shark 

(Carcharhinus limbatus) 

skin byproduct 

1- aqueous gelatin 

extraction, 

2- enzymatic hydrolysis 

1- H2O,  

2- crude enzyme from 

papaya (Carica papaya) 

latex (DH: 10, 20, 30 and 

40%) 

 [374] 

Blue whiting 

(M. poutassou), fresh 

frozen muscle, 

commercial food 

supplement preparation 

containing Slimpro® by 

Compagnie des Pêches 

Saint Malo Santé, France 

1- enzymatic hydrolysis 1- −  [474, 

475] 

 

Blue whiting 

(Micromesistius 

poutassou) fresh frozen 

muscle 

1- enzymatic hydrolysis 

(pH-stat method) 

1- alcalase (DH: 18.8%)  [363] 

Blue whiting 

(Micromesistius 

poutassou) muscle  

1- enzymatic hydrolysis 

 

1- alcalase + flavourzyme 

(DH: 29%) 

HPLC, amino acid 

analyzer, UPLC-

ESI-MS/MS coupled 

to impact HD UHR 

Q-TOF 

[375]  

Blue whiting fresh 

frozen 

1- aqueous soluble 

protein extraction 

(cooking, dewatering, 

sieving, centrifugation 

and drying) 

1- H2O 

  

 [452] 

Boarfish (Capros aper) 

muscle  

1- enzymatic hydrolysis 

 

1- alcalase + flavourzyme RP‐UPLC (Acquity 

BEH 300 C18 RP 

column), GP‐HPLC 

(TSK G2000 SW 

separating and guard 

columns) 

[376] 

Bogue (Boops boops) 

fillet  

1- enzymatic hydrolysis 1- crude alkaline 

proteases from smooth 

hound viscera (DH: 20%) 

HPLC (AccQ.Tag 

amino acid analyzing 

column (Nova-Pak 

C18 column)  

[399] 

Cod (Theragra 

chalcogramma) and tuna 

(Thunnus orientalis) 

light muscle 

1- dehydration 1- − HPLC, SDS-PAGE [465] 
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Cod fillet 1- freeze drying and 

milling 
1- −  [415] 

Crucian carp (Carassius 

carassius) muscle (head 

and viscera excluded) 

1- enzymatic hydrolysis  

 

1- neutral protease (DH: 

~20%), alkaline protease 

(DH ~25%), papain (DH: 

~20%), and protamex 

(DH: ~20%) 

 [464] 

Fish (lean-fish cod, 

pollock and haddock 

skin), commercial 

preparation of high MW 

food/pharmaceutical-

grade fish gelatin by 

Norland Products 

Incorporated, United 

States  

1- enzymatic hydrolysis 

(collagen extraction) 
1- − 

 

 [174] 

Fish scales, commercial 

collagen preparation by 

Nippi Co. Ltd., Japan  

1- enzymatic hydrolysis 

 

1- Streptomyces 

collagenase, DPP-IV 

from Pichia pastoris 

Gel filtration 

chromatography  

(Superdex peptide 

column), HPLC 

(Hypercarb column) 

coupled with 

evaporative light 

scattering detector 

(ELSD) 

[378] 

Fresh Norwegian 

Atlantic salmon off-cut 

byproducts (spine), 

commercial 91% pure 

protein preparation by 

Marine Bioproducts AS, 

Norway 

1- enzymatic hydrolysis, 

2- filtration (micro- and 

ultra-) 

1- alkaline and neutral 

proteases 

2- − 

 [453, 

454] 

Goby fish (Zosterisessor 

ophiocephalus) fresh 

muscle 

1- enzymatic hydrolysis 1- Bacillus mojavensis 

A21 (DH: 13.4%), grey 

triggerfish digestive 

crude proteases (DH: 

23.4%) 

HPLC (AccQ·Tag 

amino acid analyzing 

Nova-Pak C18 

column) 

 

[338, 

366] 

Grey triggerfish 

(Balistes capriscus) 

muscle 

1- enzymatic hydrolysis 1- crude enzyme 

preparations from 

Bacillus mojavensis A21, 

sardinelle (Sardinella 

aurita) viscera, Zebra 

blenny (Slaria basilisca) 

viscera 

 [392] 

Herring milt hydrolysate 

commercial preparation  

1- enzymatic hydrolysis,  

2- UF,  

3- electro-separation  

1- − 

2- − 

3- EDUF 50, 20 kDa 

 [43] 

Mixture of wild caught 

cod fillet and Canadian 

scallop muscles 

(cod/scallop, 1∶1 on 

amino acid content) 

1- freeze drying and 

milling  
1- −  [416, 

417] 
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Nile tilapia 

(Oreochromis niloticus) 

fresh 

skin  

1- alkaline and aqueous 

collagen extraction,  

2- enzymatic hydrolysis 

1- 0.05 M NaOH, H2O, 

1% Ca(OH)2, 

2- alcalase 

Automatic amino 

acid analyzer, HPLC 

(TSK gel column) 

[422] 

Norwegian spring 

spawning herring and 

salmon (backbones) 

fresh byproducts 

1- enzymatic hydrolysis  

 

 

1- papain and bromelain  [405] 

Pacific hake (Merluccius 

productus), halibut 

(Hippoglossus 

stenolepis), tilapia 

(Oreochromis niloticus), 

milkfish (Chanos 

chanos) fresh byproduct 

skins recovered from 

skin-off fillets 

1- aqueous gelatin 

extraction,  

2- enzymatic hydrolysis,  

3- UF  

 

1- − 

2- flavourzyme, 

3- MWCO 2.5 – 1.5 kDa 

 [379] 

Pollock (Theragra 

chalcogramma) flesh 

and frame byproduct   

1- enzymatic hydrolysis,  

2- UF 

1- alcalase and 

flavourzyme,  

2- MWCO 1 kDa 

SEC (TSK G2000 

column) 

[441-

443] 

Rainbow trout 

(Oncorhynchus mykiss) 

fresh frames  

1- microwave assisted 

extraction, 

2- enzymatic hydrolysis, 

3- electrodialysis with 

ultrafiltration membrane 

(EDUF) 

1- microwave pre-

treatment (90°C, 10 min, 

800 W), 

2- alcalase, 

3- anionic and cationic 

 exchange membranes, 

MWCO 20 kDa 

MALDI‐MS 

  

[48] 

Salmon (Salmo salar) 

and cod (Gadus morhua) 

frozen byproduct frames 

1- alkaline 

solubilization, 

2- aqueous dispersion, 

3- enzymatic hydrolysis,  

4- UF 

1- 0.1 and 1 M NaOH,  

2- dH2O, 

3- pepsin, pancreatin, 

trypsin and chymotrypsin 

(alone or in 

combination), 4- MWCO 

1 kDa 

 [380] 

Salmon (Salmo salar) 

trimmings 

 

 

1- enzymatic hydrolysis, 

2- semi-preparative RP-

HPLC 

 

1- different preparations 

and 1-, 2- and 4-h 

durations (alcalase (DH: 

14.0 – 18.3%), alcalase + 

flavourzyme (DH: 15.1  – 

16.0%), corolase (DH: 

21.8 – 24.3%), 

PROMOD (DH: 20.3 – 

22.1%), 

2- C18 semi-preparative 

column 

SDS-PAGE, RP-

HPLC, gel 

permeation HPLC, 

UPLC-MS/MS 

(Peptide XB-C18 

column) 

[290] 

Salmon frame  

byproducts 

1- alkaline 

solubilization, 

2- isoelectric 

precipitation,  

3- enzymatic hydrolysis,  

4- UF,  

5- EDUF, 

1- NaOH (1 N), 

2- pH of 4.5, 

3- pepsin, 

trypsin/chymotrypsin, 

4- MWCO 1 kDa, 

5- MWCO 50, 20, 5 kDa 

RP-UPLC-MS/MS 

(C18 column) 

[44] 
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Salmon frames 1- alkaline 

solubilization, 

2- isoelectric 

precipitation, 

3- enzymatic hydrolysis, 

4- UF, EDFM 

1- 1 M NaOH,  

2- pepsin at pH 4.5,  

3- trypsin and 

chymotrypsin,  

4- prep/scale tangential 

flow filtration (TFF) 

cartridge MWCO 1 kDa, 

Neosepta CMX-SB 

cationic and AMX-SB 

anionic membranes, UF 

polyether sulphone (PES) 

MWCO of 20 kDa 

RP-HPLC and 

HPLC/MS (BEH C18 

column), HPLC 

(AccQ‐Tag amino 

acid analysis column 

(silica base bonded 

with C18))  

[45] 

Salmon fresh backbones 1- enzymatic hydrolysis 

 

1- corolase PP (DH: 18 – 

22%) and corolase 7089 

(DH: 14 – 18%), 

protamex (DH: 15 – 

21%), papain + 

bromelain (DH: 13 – 

17%), trypsin (DH: 14 – 

18%), protex 6L (DH: 14 

– 18%), seabzyme L200 

(DH: 13 – 17%) 

Gel filtration on 

FPLC (Superdex™ 

Peptide 10/300 GL 

column), HPLC 

 

[381] 

Salmon spine and or 

backbones including 

heads, commercial 

preparation by Marine 

Bioproducts AS, 

Norway  

 

1- enzymatic hydrolysis, 

2- filtration (micro- and 

ultra-) 

 

1- salmon spine: alkaline 

and neutral protease with 

sequential hydrolysis 

(acid protease A and or 

umamizyme of 

Aspergillus oryzae), 

salmon backbones 

including heads: alcalase 

2- − 

 

 

[401] 

Sardine (S. pilchardus) 

and sardinelle (S. aurita) 

fresh muscle 

1- enzymatic hydrolysis 1- alcalase (DH: 8%)  [445] 

Sardine (Sardina 

pilchardus) and bogue 

(Boops boops) fresh 

muscle 

1- enzymatic hydrolysis 1- alcalase (DH: 8%) HPLC 

 

 

[444] 

Sardine (Sardina 

pilchardus) fresh 

byproducts (viscera, 

heads, skins and edges) 

and fillets 

1- flour preparation, 

2- isoelectric 

precipitation 

1- cooking, oven drying 

and hexane dilapidation 

2- 98% H2SO4 

 [447] 

Sardine (Sardina 

pilchardus), horse 

mackerel (Trachurus 

mediterraneus), axillary 

seabream (Pagellus 

acarne), bogue (Boops 

boops), small-spotted 

catshark (Scyliorhinus 

canicula), blue whiting 

(Micromesistius 

poutassou) west 

1- enzymatic hydrolysis 

(sequential 2-stage and 

1-stage) 

 

1- sequential 2-stage (1st: 

subtilisin, 2nd: trypsin 

(DH: 14.9 – 19.7%) and 

(1st: trypsin, 2nd: 

subtilisin (DH: 13.2 – 

18.3%)), 1-stage 

(combination of subtilisin 

+ trypsin (DH: 13.7 – 

21.0%)) 

 [382] 
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Mediterranean Sea fish 

discards 

Sardine fillet 

muscle tissue  

1- alkaline 

solubilization 

1- NaOH 

 

 [148] 

Sardine fillet (head, 

internal organs and 

bones excluded)  

1- acid and alkaline 

solubilization 

1- 2 N HCl, 2 N NaOH   [147] 

Sardinelle (Sardinella 

aurita) fresh muscle  

1- meat flour 

preparation,  

2- fermentation 

1- cooked and oven 

dehydrated,  

2- Bacillus subtilis A26 

(DH: 21%) and B. 

amyloliquefaciens An6 

(DH: 24%) 

RP-HPLC 

(Symmetry C18 

column, Pico Tag 

column), MALDI-

TOF-MS 

[394, 

446] 

Sardinelle (Sardinella 

aurita) fresh muscle  

1- enzymatic hydrolysis Bacillus pumilus A1 

(DH: 14%), Bacillus 

mojavensis A21 (DH: 

7.5%), sardinelle viscera 

(DH: 8.5%) crude 

proteases extract 

 [337] 

Shark (Squalus 

mitsukurii and 

Chiloscyllium 

plagiosum) fresh healthy 

liver 

 

1- cooking, 

2- UF, 

3- IEC, gel 

chromatography, FPLC, 

RP-HPLC 

1- − 

2- MWCO 30 kDa, 

3- DEAE‐Sepharose 

column, Bio‐Gel P‐10 

column, monoQ column, 

C18 column 

SDS‐PAGE, 

MALDI‐MS, 

automatic amino 

acid analyzer 

 

[485] 

 

Siki (Centroscymnus 

coelolepis) cooked head 

and saithe (Pollachius 

virens) cooked muscle  

 

1- enzymatic hydrolysis, 

2- UF,  

3- deodorization,  

4- SEC, RP-HPLC 

1- siki: alcalase, saithe: 

commercial proteases,  

2- MWCO 10 kDa, 

3- active carbon,  

4- HW-40 Toyopearl 

column, Prosphere 300 

C18 column 

Protein sequencer, 

SEC (Superdex 

peptide PC 3.2/30 

column), LC-ESI-IT-

MS/MS (RP trap 

column (PepMap C18 

μ-precolumn) and 

ACE 3 μm C18 RP 

analytical column) 

[383] 

 

Silver Carp 

(Hypophthalmichthys 

molitrix Val.) fresh 

muscle  

1- enzymatic hydrolysis,  

2- UF, 

3- thin layer 

chromatography, RP-

HPLC 

 

1- alcalase (DH: 29%), 

papain (DH: ~25%), 

neutrase ~20%), 

flavourzyme, trypsin and 

pepsin (DH: ~11 – 12%), 

2- MWCO 10, 5, and 3 

kDa,  

3- ready-use silica gel 60 

plate, analytical C18 

column 

LC-ESI-MS/MS [384] 

Skate (Raja Kenojei) 

skin, collagenous 

preparation to capsule 

form by Serom Co., Ltd. 

(Jeonnam, South Korea) 

1- enzymatic hydrolysis, 

2- dosage preparation 
1- − 

2- capsuling  

 [491] 

Skate skin 1- collagen extraction  1- −  [486] 

Skipjack Tuna 

(Katsuwonus Pelamis) 

heart 

1- ethanolic extraction  1- 70% ethanol   [385] 
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Smooth hound (M. 

mustelus) muscle  

1- enzymatic hydrolysis 1- crude smooth hound 

intestinal proteases (DH: 

20.3%) 

ESI-MS, GC/MS 

(CPSil5 CB Low 

bleed/MS capillary 

column) 

[480] 

Smooth hound viscera  1- enzymatic hydrolysis, 

2- successive UF 

1- Purafect® (DH: 

14.5%), 

2- MWCO 1 kDa 

RP-HPLC (PicoTag® 

column) 

[487] 

Steelhead 

(Oncorhynchus mykiss) 

fresh skin gelatin 

1- enzymatic hydrolysis, 

2- UF 

 

1- alcalase, bromelain, 

papain, protease P 

“Amano” 6SD, protease 

M “Amano” SD, 

sequentially hydrolyzed 

with corolaseN and or 

pepsin,  

2- MWCO 3 kDa 

 [386] 

Thornback ray (Raja 

clavata) fresh muscle  

1- enzymatic hydrolysis 1- mixture of neutrase, 

alcalase, crude proteases 

of B. subtilis A26 and R. 

clavata 

 [395] 

Tilapia (Oreochromis 

sp.) scale, commercial 

food grade collagen 

(Wellnex® Type D) 

preparation by Nitta 

Gelatin, Inc., Japan 

1- enzymatic hydrolysis 

 

  [387] 

Tuna (Thunnus tonggol) 

cooking juice (5.44% 

protein)  

1- enzymatic hydrolysis,  

2- gel filtration 

chromatography, RP-

HPLC 

1- protease XXIII (PR) 

(DH: 19.4%) and 

orientase (OR) (DH: 

23.6%),  

2- Sephadex G-25 

column, Zorbax Eclipse 

Plus C18 column 

MALDI-TOF/TOF 

MS/MS 

[388] 

Tuna extract  1- desalination and 

boiling,  

2- filtration, 

3- precipitation (soluble 

and insoluble proteins), 

4- HPLC 

1- − 

2- MWCO 200 Da, 

3- methanol, chloroform, 

and water,  

4- C18 column 

SDS-PAGE, Q-TOF 

MS/MS 

 

[369] 

Tuna extract  1- desalination and 

boiling,  

2- filtration, 

3- sterilization  

1- − 

2- MWCO 200 Da 

3- − 

 [488] 

Tuna skin byproduct  1- subcritical water 

extraction  

1- 190°C and pressure 

chamber of 1100 kPa 

 [368] 

Unicorn leatherjacket 

fish (Aluterus 

monoceros) skin 

byproduct 

1- enzymatic hydrolysis, 

2- UF, tangential flow 

filtration 

1- crude collagenase 

enzyme from fish fins 

(DH: 7.6%) (at 5, 25, 

50°C temperatures),  

2- MWCO 30 kDa, 

MWCO 10, 3 kDa 

 [389] 
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Warm sea fish skin, 

commercial type I and 

III collagen preparation 

(Naticol®) by 

Weishardt, France  

1- enzymatic hydrolysis 1- −  [159] 

Wild marine deep-sea 

fish fresh meat, 

commercial preparation 

1- enzymatic hydrolysis 

 

1- mixed proteases  [432] 

Wild marine fish 1- enzymatic hydrolysis 

(collagen extraction) 

 

1- mixed proteases (25% 

pepsin + 35% trypsin + 

35% chymotrypsin + 5% 

pancreatic lipase) 

HPLC, MALDI-

TOF-MS, H835-50 

automatic amino 

acid analyzer 

[433] 

 

Wild marine fresh fish 1- enzymatic hydrolysis, 

2- UF, 

3- desalination, 

4- cryoconcentration, 

5- decolorization and 

lyophilization 

1- mixed proteases,  

2- − 

3- − 

4- 70°C under vacuum, 

5- − 

  

HPLC, MALDI-

TOF-MS, automatic 

amino acid analyzer 

 

[434] 

Wild marine fresh fish 

scales 

1- demineralization, 

2- collagen extraction, 

3- salting out 

precipitation, 

4- dialysis, 

5- enzymatic hydrolysis, 

6- filtration 

1- 0.4 M HClO4,  

2- 0.5 M acetic acid (+ 

0.005 M EDTA),  

3- 0.9 M NaCl 

concentration,  

4- against distilled water,  

5- pepsin,  

6- ceramic membrane 

(200 μm ~ ≤ 26 kDa) 

 [160] 

Wild-caught chum 

salmon skin 

1- collagen extraction,  

2- enzymatic hydrolysis,  

3- UF,  

4- HPLC,  

5- desalination,  

6- decolorization  

1- − 

2- mixed proteases, 

3- MWCO 10 kDa, 

4- C18 column, 

5- −  

6- medicinal charcoal 

MALDI-TOF-MS, 

automatic amino 

acid analyzer, HPLC 

 

[467] 

Wild-caught chum 

salmon skin  

1- collagen extraction, 

2- enzymatic hydrolysis,  

3- spray drying    

1- − 

2- alcalase, protamex 

3- − 

HPLC, MALDI-

TOF-MS, automatic 

amino acid analyzer 

[489] 

Wild-caught chum 

salmon skin 

1- collagen extraction  1- −  [403] 

Yellowfin tuna (Thunnus 

albacares) fresh bone 

1- alkaline, acid, and 

aqueous solubilization 

(collagen extraction), 

2- enzymatic hydrolysis 

 1- 0.1 M NaOH, 1.5% 

acetic acid and aquadest,  

2- collagenase from 

Bacillus sp. 6-2 

 [390] 

Zebra blenny (Salaria 

basilisca) fresh and or 

fresh frozen muscle 

1- enzymatic hydrolysis 1- crude proteases from 

viscera of zebra blenny 

(DH: 10%), smooth 

hound (Mustelus 

mustelus) (DH: 9.1%), 

sardinelle (S. aurita) 

(DH: 6.65%) 

HPLC (AccQ·Tag 

amino acid analyzing 

Nova-Pak C18 

column), SEC 

(Sephadex G-25 

column) 

[391, 

396] 
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Zebra blenny (Salaria 

basilisca) fresh muscle  

1- enzymatic hydrolysis  1- crude alkaline 

proteases from 

homogenized viscera of 

zebra blenny, sardinella 

and smooth hound 

HPLC-SEC (PL 

aquagel-OH 

MIXED-H 

preparative-column) 

[481] 

 

 

 

 

 

 

 

 

Table IV. 10. (supplementary table 3): Effect of Alaska pollock fillet protein on expression of hepatic genes 

involved in the lipid metabolism, serum, and hepatic lipid levels in normal-fat and high-fat 

hypercholesterolemic diet fed mice (%) 

  Normal fat diet  High fat diet 

  

Fish only 

Fish+ 

cholesterol  Fish only 

Fish+ 

cholesterol 

Serum lipid 

TL -5 -5  -6 -4 

TG -7 -  -11 -8 

PL -4 +11  +12 -6 

TC -9 -11  -9 -11 

HDL-c +9 +6  +1 -3 

LDL-c -9 -19  -13 -11 

       

Hepatic fatty 

acid 

metabolic 

pathway 

associated 

FAS +24 -12  +27 +43 

ACC +42 +5  -1 +33 

G6PDH +80 -7  +15 +5 

ME +129 -12  +6 -8 

ACL +3 +1  -17 - 

PAP -2 -9  -4 +1 
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enzymes’ 

activity 

CPT-2 -6 +13  +50 -4 

ACD 8:0-CoA +43 +18  +24 - 

ACD 16:0-

CoA 

-25 +50  +38 -2 

       

mRNA 

expression of 

hepatic lipid 

metabolism 

related 

enzymes 

HMGR +5 -10  -24 -5 

ACAT +24 -20  +6 +5 

LDLR +12 -18  -6 +3 

SREBP-2 +17 -18  +9 +4 

FXR +36 -29  -3 - 

LRH-1 -5 -23  -19 -23 

PPARα +15 -14  - -9 

Data is extracted from the study of Hosomi et al. [398]. 
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Table IV. 11. (supplementary table 4):  Comparison of compositional differences of casein diet, in 

percentage, to experimental diets in selected studies  

Casein 

compared to  

L/A 

ratio 

M/G 

ratio CAA HAA BCAA Ref. 

Alaska pollock  

+39 +79 -13 +15 +17 [437] 

+38 +76 -30 - - [436] 

+41 +84 -13 +11 +15 [397] 

- - +23 +29 +48 [393] 

+34 +56 - - - [438] 

+39 +79 -13 - - [439] 

-11 +49 - - - [440] 

       

Cod  

 

+185 +115 -11 +11 +12 [465] 

+60 +141 - - - [420] 

+38 +15 - - - [419] 

+70 +277 - - - [425] 

       

Cod/scallop +96 +300 - - +39 [417] 

       

Herring  +50 +90 - - - [405] 

       

Mixed fish  +90 - +12 - +57 [308, 

309] 

       

Salmon  
+20 +111 - - - [405] 

+47 - - - - [131] 

       

Sardine  +27 - - - - [148] 

       

Tuna  +236 +94 -11 +16 +14 [465] 

Only the significant compositional differences are noted in the table. 
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Fish peptides have repetitively demonstrated various bioactivities ranging from 

antioxidation, antimicrobial, anti-tumor to neuroprotective attributes and many more. 

Nonetheless, in the preceding sections, presented as three review articles, of many bioactivity 

types of fish peptides only those related to the hypothesis and objective of our project have 

been discussed. 
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CHAPTER V: Problem statement, hypothesis, and research objectives 

1. Problem statement  

It has previously been demonstrated that compositional, structural, and 

physiochemical features of biopeptides can have significant influence on the bioactivity of a 

fish-extracted product. These features have great impact on the bioactive properties of the 

peptides. Accordingly, parameters such as pH and MWCO of the ultrafiltration membranes 

have shown to be correlated with the competence of separation techniques such as EDUF 

and UF, which can isolate peptides based on their charge/size and size, respectively. Several 

studies have shown great effect of these parameters on the separation of biologically active 

peptides from various plant, animal and or marine matrices. Moreover, Atlantic mackerel 

with almost 50% and higher edible portion which till recently had been underutilized and 

used as bait is one of the most caught Atlantic Canada fish. On the one hand, no study to date 

has assessed the isolation efficiency of different processes on the separation of biopeptides 

from Atlantic mackerel’s hydrolysate. On the other hand, if Atlantic mackerel considered as 

a model fish, findings of the current study would elucidate the optimal parameters of the 

processes for separation of fish-extracted immunoregulatory, hypotensive, anti-obesity and 

anti-insulin resistant biopeptides. Hence, the drive of the current study was to find out “How 

different separation techniques and their operation parameters could affect the final products’ 

bioactivities (immunomodulation, anti-hypertensive and anti-MetS potency)?      

2. General hypothesis and objective  

Our hypothesis was that fractions of the Atlantic mackerel’s hydrolysate produced 

using chromatographic technique (SPE), pressure driven-Ultra Filtration (UF) and 

Electrodialysis with UF membrane (EDUF) with different operational pH conditions could 

exert antihypertensive, immunomodulating and anti-MetS effects in different in-vitro and in-

vivo experimental settings. The overall objective of this project was to isolate bioactive 

peptides from Atlantic mackerel’s hydrolysate and discover the connection between 

biopeptides activities with the properties of fractions.  
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2.1. Specific objectives 

The preceding general objective was to be achieved in order to answer the hypothesis 

of our project. Each of the specific objectives of the study, stated in the subsequent section 

corresponds to a chapter drafted in an article form.  

Objective 1- Assessing anti- and pro-inflammatory potency of peptides  

Chapter 6: Our interest in this chapter was the isolation of peptide fractions of the 

Atlantic mackerel’s protamex hydrolysate using (I) an electroseparation technique (EDUF) 

to obtain charged < 20 kDa fractions (three positively and three negatively charged fractions 

as well as three feed recovery fractions under three different pH conditions), (II) a pressure-

driven ultrafiltration technique (UF) to obtain < 1 kDa small peptides (permeate and retentate 

fractions), and (III) a chromatographic technique (SPE) to obtain hydrophilic and 

hydrophobic peptides (hydrophilic, semi-hydrophobic and hydrophobic fractions). In this 

chapter, effect of pH on the isolation efficiency of charged peptides was assessed by 

operating EDUF under various pH conditions (ultra-acidic: pH3, moderately acidic: pH6 and 

strongly alkaline: pH9). Additionally, effects of separation techniques and the 

physiochemical properties of the final product on the immunomodulatory activity of the 

peptides were examined in a cell study using Lipopolysaccharide (LPS) stimulated 

macrophages and Griess method. We, simultaneously, tested all the fractions (9 EDUF 

fractions, 2 UF fractions, 3 SPE fractions and total hydrolysate) for their total amino acid 

content. As part of our objective, EDUF fractions’ molecular weight distributions were 

analyzed for the material’s approximate peptide profiles.  

Objective 2- Assessing antihypertensive potency of peptides  

Chapter 7: Our interest in this chapter was screening all fractions (objective 1) for 

their in-vitro effect on hypertension. Anti-hypertension effects of our fractions were tested 

using a spectrophotometry method measuring the inhibitory effects of the material on the 
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activity of ACE. We further examined the Gastrointestinal (GI) digestion stability of a 

selected fraction using a static GI simulation model. In addition to total amino acid analysis, 

selected fraction was examined for its possible peptide sequences.   

Objective 3- Assessing anti-obesity and anti-insulin resistance potency of peptides   

Chapter 8: Our interest in this chapter was examining the effect of selected fraction 

(from objective 1) on the MetS associated risk factors (food intake, weight gain, adiposity, 

plasma glucose and insulin concentrations, hepatic cholesterol, and triglyceride levels) in a 

diet-induced insulin resistant obese rat model. In this stage, we attempted to scale-up the 

EDUF process to produce higher quantity of the fraction required for animal study. With this 

notion, we optimized the process to the extent possible and finally a rather different setting 

of the technology (compared with EDUF setting used for objective 1) was selected for 

completing objective 3.  
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CHAPTER VI: Isolation of immuno-modulatory biopeptides from Atlantic 

mackerel (Scomber scombrus) protein hydrolysate based on molecular weight, charge, 

and hydrophobicity  

 

Soheila Abachi Hokmabadinazhad 1,2, Clément Offret 1,2, Ismail Fliss 1,2, André 
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1. Contextual transition  

Previous studies have shown that separation techniques as well as type of fish would 

decide for the nature of a fish-originated biopeptide. Different isolation processes separate 

fish biopeptides based on their charge, size and or hydrophobicity. These features greatly 

affect the final product’s biological activity, its bioavailability and bioefficacy specifically 

its immunoregulatory attributes. Of all the fish species, pro- and or anti-inflammatory 

activities of Atlantic mackerel’s (S. scombrus) peptides have not so far been tested . Recently, 

it has been shown that EDUF could effectively be utilized for the separation of biopeptides 

based on their size concomitant with their charge from various matrices, nevertheless, effect 

of operational alkaline and or acidic pH conditions have not been assessed. As a result, EDUF 

could be a compelling substitution to chromatography (cost-inefficient yet highly selective) 

and ultrafiltration (cost-efficient but rather non-selective) with good selectivity and cost-

efficiency for the size- and charged-based separation of charged Atlantic mackerel’s 

immunomodulatory biopeptides. In the following study, it was hypothesized that peptides 

separated from the Atlantic mackerel hydrolysate based on different molecular properties of 

hydrophobicity, mass, and charge using various techniques of chromatography (SPE), 

pressure-assisted ultrafiltration (UF) and electro-separation technology (EDUF) could 

benefit the immune system by modulating its response to inflammation possibly risen from 

many ailments.  

This chapter consists of the article entitled “Isolation of immuno-modulatory 

biopeptides from Atlantic mackerel (Scomber scombrus) protein hydrolysate based on 

molecular weight, charge, and hydrophobicity“ that have been submitted to the Journal 

of Food Bioprocess Technology. The authors are: Soheila Abachi (Ph.D. candidate: 

experiment planning and execution of the experiments, analysis of data and inscription of the 

article), Professor Lucie Beaulieu (director: supervision of the study and its experimental 

work, revision of the article), Professor Laurent Bazinet (co-director: supervision of the 

study, revision of the article), Professor Ismail Fliss and Professor André Marette (committee 

members: experiment planning), and Dr. Clément Offret (postdoctoral fellow: execution of 

molecular weight distribution analyses by FPLC).   
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2. Résumé  

Les biomolécules ayant des effets bénéfiques sur l'inflammation (comme cause ou 

effet du syndrome métabolique) font l'objet de nombreuses études. Parmi les composés 

bioactifs marins et terrestres, les biopeptides de poissons sont très importants puisqu'ils ont 

démontré des effets immunomodulateurs dans différents milieux expérimentaux. L'objectif 

de notre étude était de fractionner et d'identifier les fractions peptidiques du maquereau de 

l'Atlantique (Scomber scombrus) avec une activité immunomodulatrice in-vitro dans les 

macrophages stimulés par les lipopolysaccharides (LPS). Nous avons produit des fractions 

peptidiques en utilisant les techniques d'extraction en phase solide (SPE), d'ultrafiltration 

(UF) et d'électrodialyse ayant membrane UF (EDUF) dans diverses conditions de pH. Les 

résultats suggèrent que la technique de séparation joue un rôle important dans l'efficacité 

d'isolement des biopeptides immunomodulateurs du maquereau atlantique. Les peptides 

hydrophobes isolés par SPE et les peptides chargés isolés par EDUF ont respectivement eu 

des effets anti-inflammatoires et pro-inflammatoires, tandis que la fraction UF n'a eu aucune 

bioactivité. La fraction hydrophobe empêchait l'inflammation stimulée par le LPS, non 

cytotoxique, d'environ 17% (à une concentration de 10 µg mL-1) par rapport au témoin positif. 

De plus, les peptides chargés négativement de l’EDUF à pH3 et l'hydrolysat de maquereau 

ont induit la synthèse d'oxyde nitrique d'environ 27%, démontrant des effets pro-

inflammatoires par rapport au contrôle négatif. En conclusion, l'hydrophobicité et la charge 

d'un peptide sont les facteurs les plus importants pour l'activité d'immunomodulation d'une 

fraction de maquereau atlantique. En conséquence, pour une conclusion concrète, la 

compréhension du mécanisme d'action et la caractérisation approfondies des fractions 

bioactives seraient nécessaires. 
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3. Abstract  

Biomolecules offering health effects on inflammation, as cause or effect of metabolic 

syndrome, are the subject of many research studies. Among different classes of marine and 

terrestrial bioactive compounds, fish-extracted biopeptides are of great importance since they 

have been proven to modulate inflammation in different experimental settings. The aim of 

this study was to fractionate and identify Atlantic Mackerel (Scomber scombrus) peptide 

fractions with in-vitro immunomodulatory activity in Lipopolysaccharide (LPS) stimulated 

macrophages. Peptide fractions of mackerel were generated using Solid Phase Extraction 

(SPE, a chromatographic technique), Ultrafiltration (UF, a pressure driven separation 

technique) and Electrodialysis with UF membrane (EDUF, an electrically driven separation 

technique) under various experimental pH conditions. Results suggested that the separation 

technique plays an important role in the isolation efficiency of immunomodulatory 

biopeptides. Hydrophobic (SPE isolated) and charged peptides (EDUF isolated), 

respectively, had anti-inflammation and pro-inflammation effects, while small size peptides 

(UF isolated) had no bioactivity. Hydrophobic fraction prevented the LPS-stimulated 

inflammation, non-cytotoxically, by about 17% at a concentration of 10 µg mL-1 in 

comparison with the positive control. Furthermore, anionic peptides of EDUF, pH3 as well 

as unprocessed mackerel hydrolysate induced the production of nitric oxide by about 27% 

demonstrating pro-inflammatory effects in comparison with the negative control. In 

conclusion, it is presumed that hydrophobicity, and charge of a peptide could be rather 

important factors for immunomodulation activity of an Atlantic mackerel fraction. 

Correspondingly, understanding the mechanism of action and characterization of the 

bioactive fractions would be required for concrete conclusions. 

Keywords: anti-inflammatory, Atlantic mackerel, bioactive peptides, electrodialysis, 

fish, immunomodulation, pro-inflammatory, ultrafiltration membrane 
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4. Introduction  

Chronic inflammation and recruitment of macrophages are the cause of many 

conditions including obesity which consequently would lead to Metabolic Syndrome (MetS), 

insulin resistance and Type 2 Diabetes (T2D), increasing the risk of cancer, vascular and 

cardiovascular diseases (figure VI. 1.) [593]. According to Bonaccio et al., persistent low-

grade inflammation is an independent risk factor for the overall mortality in a casually 

healthy adult general population [233]. These conditions conventionally are medicated with 

various classes of immuno-regulatory drugs, yet adverse effects and contradictions are rather 

common. On the one hand, synthetic anti-inflammatory drugs, namely nitric oxide synthesis 

inhibition therapies (non-competitive and competitive NOS-inhibitors) could pose certain 

risks and adverse effects (inflammatory syndrome, endothelial dysfunction, hypertension and 

decreased cardiac output) on patients. On the other hand, various types of bioactive 

molecules, marine- or terrestrial-derived, have shown beneficial effects on the innate and 

adaptive immunity. These beneficial immune potentiating effects are not limited to specific 

species and many types of fish possess comparable attributes [594]. Countless studies have 

shown the effectivity of proteins, peptides, and Amino Acids (AA) isolated from different 

sources, on the prevention and or stimulation of pro- and anti-inflammatory markers involved 

in inflammatory-associated ailments.  

These bioactive peptides, whether inhibitors, potentiators or modulators, enforce their 

effect via different mechanisms. Most, but not all, studies are designed as such to examine 

the effect of these biomolecules on Nitric Oxide Synthase (NOS), various Interleukins (IL), 

Tumor Necrosis Factor-Alpha (TNF-α), interferon gamma, Cyclooxygenase (COX) and 

prostaglandins (see chapter II.). Interestingly, immunomodulatory peptides have few 

common characteristics. Smaller size salmon-derived tri- and oligo-peptides, 349 Da and < 

860 Da respectively, for instance, have been repetitively shown to be potent NOS- and IL-

modulators [67, 134]. These and many similar types of peptides are rich in Charged Amino 

Acids (CAA) and or Hydrophobic Amino Acids (HAA). Fractions of salmon, abundant in 

CAA, have stimulated or prevented ILs production in several studies [131, 134]. Salmon and 

tilapia preparations full of HAA, specifically glycine, phenylalanine, proline, alanine, and 
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leucine modulated TNF-α and IL synthesis in different experimental cell lines [124, 153, 

168]. The abovementioned factors have also been documented vital for the bioactivity of 

animal- and plant-derived peptides on the challenged immune system. Charged dock of a 

bovine peptide acting like a chemokine interacts and activates a chemokine receptor on the 

immune cell [231]. In accordance, proliferation activity of lymphocytes was induced by a 

small size charged soy peptide [230]. 

 
Figure VI. 1.: Inflammatory-mediated diseases 

 

According to the knowledge of authors, based on our recent review paper, the 

examined fish peptides to date all have repressed the synthesis of NO and the mRNA 

expression of NOS thus being potential candidates for human studies as well as drug design 

and discoveries (see chapter II.). Though inhibition of NO production and mRNA expression 

of NOS is beneficial yet its stimulation would rather be equally important in clinical practice. 

It is of note that biomolecules and biopeptides of plant and animal sources, other than fish, 

have been effective stimulators of NO release [595, 596]. These biologically active molecules 



 

223 
 

can be utilized in the drug discoveries and therapeutic strategy development for diabetes and 

vascular diseases including atherosclerosis.  

Like many types of fish, mackerel-extracted peptides (from whole and or discards) 

have numerous bioactivities. Though a valuable source of good protein, till recent times 

Atlantic mackerel was not considered a food option and it was mainly wasted as bait in 

Canada and elsewhere in the world. This species, with about 50% meat, is among those fishes 

with the highest edible portion [17]. Per report of fisheries and oceans Canada, mackerel 

landing for the year 2019 was 4,192 metric tonnes (Quebec accounting for 754 metric tonnes 

of the total catch). Apart from being a great source of protein many types of mackerel, as 

whole or byproducts, have shown some sort of bioactivity in research studies. Horse, blue, 

Indian, Spanish, and Atlantic mackerel derived peptides have frequently demonstrated 

significant antioxidant effects in various experimental settings [597-603]. Horse mackerel 

and heshiko (a fermented white mackerel muscle product rich in HAA, CAA and Branched 

Chain AA (BCAA)) possess anti-hyperlipidemic effects [362, 382]. In-vitro and in-vivo 

testing of the Atlantic mackerel hydrolysate and its fractions to date have collectively 

reported antihypertensive, antibacterial, antithrombotic, and anti-inflammatory effects of its 

biopeptides [55, 166, 600, 604]. Hence, a diet of 28 days, supplemented with 20% (w/w) 

commercial mackerel hydrolysate-derived protein has as well downregulated the expression 

of proinflammatory cytokines, TNF-α and IL-6, in visceral adipose tissue of hypercaloric 

diet fed animals compared with casein-fed Wistar rats [166]. It is of note that the same 

material had negligible anti-NO effect in LPS induced macrophages [166]. The structure-

activity relationship of these materials has not been thoroughly studied yet. However, the 

effectivity of the biopeptides seems to be strongly correlated with the size of molecules. The 

smaller size peptides have often shown greater effectivity than those with higher MW 

although the weight of peptides is only one of the many vital factors of an immunomodulatory 

fish biopeptide [597-599, 601]. To date, many fish immuno-regulatory peptides have been 

reported and the topic has been comprehensively discussed by the authors. 

Marine-originated bioactive material could potentially be used in the development of 

pharmaceutical, nutraceutical and or cosmeceutical products [605]. These biomolecules, with 
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different compositional and or structural characteristics, could be separated from the crude 

biomass (whole or byproducts) using various methods. Nonetheless, among other bio-

techniques such as solvent extraction, enzymatic hydrolysis has been the most promising 

method for the isolation of fish biopeptides with different traits [606, 607]. For instance, 

protamex digested proteins, whether from plant and or fish hydrolysates, have been rich in 

HAA and CAA with broad range of molecular masses and lengths [130, 608]. In a further 

step, peptides are specifically separated from the crude hydrolysates based on different 

physio-chemical features. Chromatography, pressure driven membrane filtration, or electro-

membrane filtration all could isolate peptides from the crude hydrolysate. Yet, the latter is 

the preferred highly selective inexpensive method for separation of strongly charged 

molecules, whether pressure driven and/or non-pressure driven [26, 42]. The 

chromatographic methods, specifically SPE, have too frequently been used for the separation 

of hydrophobic biopeptides with various bioactivities against cancer, infections, 

inflammation, hypertension, etc. [146, 285, 286, 304, 609-611].   

These and many other research studies lead to the hypothesis that peptides separated 

from Atlantic mackerel (Scomber scombrus) protein hydrolysate based on different 

molecular properties of peptides, weight, charge, and hydrophobicity using various 

techniques could beneficially enhance and/or potentiate the immune system by modulating 

its response to inflammation risen from many ailments including MetS and T2D as one of its 

main risk factors. In this context, three different techniques were employed for the separation 

and characterization of these biopeptides. Objectives of the study were (I) producing fractions 

from mackerel hydrolysate with different physiochemical properties using EDUF, UF and 

SPE, (II) screening the fractions for their effects in an in-vitro setting on the activity of iNOS 

in LPS-stimulated macrophages, and (III) determining the amino acid content of all fractions 

for structure-activity relationship based assumptions. 
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5. Materials and methods  

5.1. Materials  

5.1.1. Chemicals and consumables 

Materials were obtained from various producers and providers as follows; Protamex 

from Novozymes A/S (Bagsværd, Kobenhavn, Denmark), sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) from Fisher Scientific (Montreal, QC, Canada), sodium sulphate 

(Na2SO4) from Laboratoire MAT (Québec, QC, Canada), potassium chloride (KCl) from 

ACP Inc. (Montreal, QC, Canada), sodium chloride (NaCl) from VWR International 

(Montreal, QC, Canada), Newborn Calf Serum (NBCS), Fetal Bovine Serum (FBS), and 

Dulbecco′s Modified Eagle′s Medium (DMEM) from Wisent Inc. (St. Bruno, QC, Canada), 

N-(1-Naphthyl)ethylenediamine and Sulfanilamide from Sigma-Aldrich (Oakville, ON, 

Canada), Pierce™ BCA protein assay kit from Pierce Biotechnology (Rockford, IL, USA), 

cell scraper 2-position blade, length 25-cm from Sarstedt Inc. (St. Leonard, QC, Canada), 

needle 25G x 5/8" (0.5 x 16-mm) and syringe without needle 5 cc mL-1 from Terumo Medical 

Inc. (Vaughan, ON, Canada), Corning® tissue culture treated flask surface area 75-cm2, 

vented cap, canted neck, and Falcon® 48-well clear flat bottom TC-treated multi-well cell 

culture plate with low evaporation lid from Corning Costar (Corning, NY, USA), multi-

purpose type ED cell (100-cm2 of effective area) from Electrocell AB (Taby, Sweden), 

Neosepta CMX-SB (cationic) and AMX-SB (anionic) membranes from Astom Ltd. (Tokyo, 

Japan), Polyethersulfone (PES) 4200-cm2 surface area Spiral-Wound (SW) 1 kDa MWCO 

and ultra-filtration 20 kDa MWCO membranes from Synder Filtration (Vacaville, CA, USA) 

and Sep-Pak C18 1 gram cartridge from Waters Corp. (Milford, MA, USA).  

5.1.2. Hydrolysate   

The protein hydrolysate of Atlantic mackerel (S. scombrus) was prepared according 

to a previously developed in-house method of Beaulieu et al. [607] and provided by Merinov, 
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the Quebec Fisheries and Aquaculture Innovation Centre (Gaspé, QC, Canada). Briefly, fresh 

frozen year 2016 caught mackerel, supplied by Lelievre, Lelievre et Lemoignan Ltee 

(Grande-Riviere, Sainte-Therese de Gaspe, QC, Canada), was grinded. Demineralized water 

(100 kg) was added to the grinded mackerel (100 kg) in 1:1 (w/w) ratio and subsequently 

was heated to 45°C. To begin the hydrolysis process, 100 grams of Protamex were added to 

the semi-liquid mixture in 1:1000 enzyme: substrate ratio (120 min, 45°C). The enzyme was 

inactivated by heating the mixture to 90°C. The decantation of supernatant was followed by 

centrifugation at 11,000 g to produce a clear hydrolysate free from floating insolubles and 

lipids. The clear protein hydrolysate was then sequentially separated through microfiltration 

(0.3 µm), ultrafiltration spiral wound (10,000 Da) and nanofiltration (200 Da) membranes to 

obtain the peptide fractions based on their molecular weight. All the permeates and retentates 

were freeze-dried. Fractions with molecular mass of < 10,000 Da (200 Da – 10,000 Da) were 

selected to be analyzed in this study.  

5.2. Methods  

5.2.1. Separation and isolation of peptide fractions 

5.2.1.1. Electrodialysis with ultrafiltration for separation of charged < 20 kDa 

peptide fractions 

Electro-separation of the hydrolysate was conducted as described by Doyen et al. and 

Suwal et al. with slight modifications [34, 612, 613]. An electrodialysis Multi-Purpose (MP) 

cell type with an effective surface area of 100-cm², equipped with a Dimensionally-Stable 

Anode (DSA-Cl2) and a 316-stainless steel cathode was employed in this process. Multiple 

membranes, a cation exchange membrane (thickness of 0.15 ± 0.001 mm and conductivity 

of 9.69 ± 0.125 mS cm-1), an anion exchange membrane (thickness of 0.14 ± 0.003 mm and 

conductivity of 6.09 ± 0.146 mS cm-1), and two cellulose acetate ultrafiltration 20 kDa 

MWCO membranes (thickness of 0.132 ± 0.004 mm and conductivity of 1.683 ± 0.055 mS 

cm-1) were used in the protocol. Mackerel enzymatic hydrolysate (91.08 ± 0.13% protein), 

as feed, was further processed according to the methods of abovementioned authors for the 
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separation of peptides based on their charge (neutral, negatively, and positively charged 

fractions) as well as their size (<20 kDa and >20 kDa MW) (figure VI. 2.). Briefly, one 

preparation of 4% hydrolysate feed solution (2L), two preparations of 2 g of KCl L-1 (4L) as 

recovery compartment solutions and one preparation of 20 g of Na2SO4 L-1 as electrode 

rinsing solution (2L) were prepared. Effect of different pH conditions of the feed solution (9, 

6, and 3) on various factors; peptide migration patterns, charge, and molecular mass, were 

tested to better evaluate the isolation efficiency of molecules of interest. Operational 

parameters of the EDUF process were pressure of 2 psi in recovery and feed solutions to 

avoid any transmembrane pressure, flow rate of 2 L min-1 for feed and KCl recovery 

compartments and 4 L min-1 for electrode rinsing solution, anode/cathode voltage difference 

of 15 volts, and run time of 3 hours at the ambient room temperature. The two KCl and feed 

compartments were sampled at time points of 0, 30, 60, 120 and 180 minutes for evaluation 

of peptide migration kinetics. Conductivity of all these three compartments were monitored 

by YSI conductivity meter (model 3100, conductivity factor k of 1 cm-1, Yellow Springs 

Instrument Co., Yellow springs, OH, USA) and maintained per start point of feed 

compartment. Likewise, conductivity of all the membranes, pre- and post-EDUF, were 

measured to study the potential of membrane fouling. Conductance (mS), against NaCl 0.5 

N, and thickness (Marathon electronic digital micrometer, Marathon Management Co.) were 

measured in six replicates, subsequently membranes’ conductivity (mS cm-1) was calculated 

and documented for maintenance of process performance. A thorough clean in place 

procedure with 0.1 N of HCl and NaOH solutions was performed on the stack following each 

treatment to ensure the dissociation of peptides from the membranes [614]. Recovered 

fractions of all compartments were freeze dried by a commercial model freezer dryer and 

stored at -30°C until further processes/analyses.   
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Figure VI. 2.: Electrodialysis cell configuration, with one feed and two recovery compartments. 

Electrode rinsing solution was prepared at the concentration of 20 g L-1. Abbreviations: P- and 

A-: negatively charged peptides and anions, P+ and C+: positively charged peptides and cations, 

AEM: anion exchange membrane, CEM: cation exchange membrane, UFM: ultra-filtration 

membrane 

 

5.2.1.2. Pressure-driven ultrafiltration for separation of < 1 kDa peptides  

The same hydrolysate was also subjected to pressure-driven ultrafiltration process as 

described by Langevin et al. in order to obtain smaller peptide size fractions, <1,000 Da 

[615]. The process parameters were pressure of 25 psi, proteinic feed solution of 2.4% 

concentration (w/v) (24 g L-1), and volume of 5 Liters at room temperature. Recovered 

fractions, retentate and permeate, were freeze dried by a commercial model freezer dryer and 

stored at -30°C until further processes/analyses.  
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5.2.1.3. Solid phase extraction for separation of hydrophilic and hydrophobic 

peptide fractions  

In another approach, the same hydrolysate was subjected to chromatographic Solid-

Phase Extraction (SPE) technique by Sep-Pak C18 cartridges for isolation of hydrophobic 

fraction as described by Offret et al. and others [55, 609, 610]. Briefly, 12.5 grams of the 

sample were dissolved in 50 mL deionized water in 1: 4 sample: solvent (w/v) ratio and 

loaded onto the previously washed cartridge (10 mL Trifluoroacetic Acid (TFA, 0.07%) 

containing Acetonitrile (ACN) and 20 mL TFA (0.1%) containing deionized water). 

Successively, molecules of interest were eluted with a step-gradient of 10 mL 10%, 55% and 

70% aqueous ACN (v/v) solution. Subsequently, only the active 70%ACN fraction was 

vacuum dried by Speed Vac concentrator (Thermo Scientific Savant, Fisher, MA, USA) and 

stored at -30°C until further analysis.  

5.2.2. Characterization of the mackerel hydrolysate and its sub-fractions  

5.2.2.1. Proximate composition of the hydrolysate  

Hydrolysate was examined for its composition by Merinov, the Quebec Fisheries and 

Aquaculture Innovation Centre (Gaspé, QC, Canada). Different analytical methods were 

employed for the analysis; protein by Kjeldahl method (protein factor of 6.25) adapted from 

Association of Official Analytical Chemists (AOAC) Official Method 988.05, lipid by Bligh 

et al. 1959 method, and moisture and ash by AOAC 17th edition Official Methods of Analysis 

[607]. 

5.2.2.2. Total nitrogen and protein nitrogen content 

Samples of freeze-dried fractions, generated by three different separation procedures, 

were assessed for nitrogen content (in duplicate) by Dumas method, LECO FP-528 apparatus 

(model 601-500, LECO Corporation, St. Joseph, MI, USA) [616]. 
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Ethylenediaminetetraacetic Acid (EDTA) was used for regular calibration of the instrument. 

Soy protein, the standard protein, was used as accuracy and reproducibility monitoring 

measure of the protocol and the machine. The protein content of samples was calculated 

based on the protein factor of 6.25 and the total nitrogen, organic and inorganic, of the 

fractions. 

5.2.2.3. Migration kinetics of peptides  

Concentrations of peptides, as a measure of migration pattern and process efficiency, 

were determined in all sample solutions for the three pH conditions by Bicinchoninic Acid 

Assay (BCA). Protein content, based on a reference protein (Bovine Serum Albumin (BSA)) 

standard curve with working concentrations of 0 – 1,500 µg mL-1), was assessed by BCA 

protein assay as instructed by the manufacturer. 

5.2.2.4. Molecular weight distribution of peptides  

The three fractions of the three pH conditions were also analyzed for their MW as 

another measure of process competence particularly for the efficiency of UF membranes and 

the operational conditions. This was determined by Gel Permeation Chromatography (GPC) 

on a Superdex 75 10/300 GL column (GE Healthcare, Baie-D'Urfé, Qc, Canada) using a Fast 

Protein Liquid Chromatography system (FPLC Akta Avant, GE Healthcare, BaieD'Urfé, QC, 

Canada). Column was calibrated according to instructions of the manufacturer with reference 

proteins of known molecular weights. Aprotinin (0.200 mg mL-1), BSA (0.650 mg mL-1), 

ribonuclease A (0.200 mg mL-1), and vitamin B12 (0.050 mg mL-1) were thoroughly mixed 

and injected onto Superdex 75 10/300 GL column for calibration purposes. Mobile phase 

(isocratic) was prepared as 50 mM sodium phosphate buffer at pH of 7 containing 150 mM 

NaCl. Samples (1 mg mL-1) of 500 µL size were eluted and detected at the flow rate of 0.8 

mL min-1 and the absorbance of 214 nm, respectively. Molecular weight distribution of 

peptides in the tested fraction was calculated from the linear regression and correlation of the 

Log of standard peptides with known weights and the elution volume. Results are expressed 

in percentage of the total area under curve.  
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5.2.2.5. Total amino acid analysis   

Fractions were examined for their total amino acid content by Merinov, the Quebec 

Fisheries and Aquaculture Innovation Centre (Gaspé, QC, Canada) according to a previously 

developed and described method of Albin et al. and Beaulieu et al. [607, 617]. Briefly, 

samples were hydrolyzed by 6 mol L-1 HCl, overnight, at 110°C. AQC was used as in‐

capillary derivatizing agent. A Reversed-Phase Ultra-Performance Liquid Chromatography 

(RP-UPLC) system (Acquity UPLC, Waters Corp.) (MA, USA) with AccQ-Tag™ Ultra C18 

column (2.1 mm x 100 mm: 1.7-μm) (Waters Corp.) and phosphate acetate/ acetonitrile 

gradient mobile phase was used to perform the analysis at the wavelength of 254 nm.  

5.2.2.6. Reverse phase ultra-performance liquid chromatography (RP-UPLC) 

and mass spectrometry analyses 

RP-UPLC analyses were performed by a 1290 Infinity II UPLC (Agilent 

Technologies, Santa Clara, CA, USA). The equipment consisted of a binary pump (G7120A), 

a multisampler (G7167B), an in-line degasser and a variable wavelength detector (VWD 

G7114B) adjusted to 214 nm. Samples were diluted based on 0.5% protein and right after 

filtered through 0.22-µm PVDF filters into glass vials. The samples of 10 µL size were loaded 

onto an Acquity UPLC CSH 130 1.7-µm C18 column (2.1 × 150 mm i.d., Waters Corp., 

Milford, MA, USA). The column was operated at a flow rate of 400 µL min-1 at 45°C. A 

linear gradient consisting of solvent A (LC-MS grade water with 0.1% formic acid) and 

solvent B (LC-MS grade ACN with 0.1% formic acid) was applied with solvent B going 

from 2 – 25% in 50 min with holding time of 3 min, ramping to 90% with hold time of 4 min 

(except for SPE-70%ACN fraction from 35 – 90% in 30 min, hold time of 5 min), then back 

to initial conditions. A hybrid Ion Mobility Quadrupole TOF mass spectrometer (6560 high-

definition mass spectrometry (IM-Q-TOF), Agilent, Santa Clara, USA) was utilized to detect 

and measure the relative abundances of peptides. All LC-MS/MS experiments were acquired 

using Q-TOF. Signals were recorded in positive mode at extended dynamic range, 2 Ghz, 

3200 m/z with a scan range between 100 – 3200 m/z. Nitrogen was used as the drying gas at 

13.0 L min-1 and 150 °C, and as nebulizer gas at 30 psig. The capillary voltage was set at 
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3500 V, the nozzle voltage at 300 V and the fragmentor at 400 V. The instrument was 

calibrated using an ESI-L low concentration tuning mix (Agilent Technologies, Santa Clara, 

CA, USA). Data acquisition and analysis were done using Agilent Mass Hunter Software 

package (LC/MS Data Acquisition, Version B.08.00 and Qualitative Analysis for IM-MS, 

Version B.07.00 Service Pack 2 with BioConfirm Software). Additional search was done 

using the Spectrum Mill MS Proteomics Workbench Rev B.05.00.180. We made use of 

various protein databases (mackerel, Atlantic mackerel (S. scombrus), pelagic fish and 

percomorphaceae) for most proper identification of the fraction. 

5.2.3. Modulation of nitrite production by inflamed macrophages  

Macrophages were maintained according to the manufacturer’s instructions for 

optimum growth and were passed up to 10th passage. J774A.1 cells (ATCC® TIB-67™) were 

cultured in DMEM containing 10% (v/v) NBCS or FBS and incubated to reach appropriate 

confluency for plating. After 48 - 72 h of incubation, used-up media was aspirated, fresh 

media was added, and adherent cells were harvested by mechanical technique, using scarper. 

For accuracy and reproducibility purposes cells were counted by hemocytometry cell 

counting chamber and microscope (Primovert compact inverted microscope, Zeiss Inc.) to 

ensure appropriate confluency throughout the analysis. Anti-inflammatory activity of the 

samples on LPS-stimulated J774A.1 macrophages was assessed using Griess reagent as 

described previously with slight modifications [131, 166]. Briefly, cells were seeded (500 

µL, density of 2 × 105 cells per well) in 48-well plates and incubated at 37°C and 5% CO2 

(Sanyo CO2 incubator). Two experimental settings, pre- and post-treatment, were tested to 

mimic the disease treatment and prevention strategies. In the post-treatment condition, after 

24 h of incubation, used-up media was carefully aspirated, not disturbing the adherent cells, 

and 450 µL of LPS at concentration of 2.5 ng mL-1 was added to the wells to induce 

inflammation. Anti-inflammatory effects of the peptidic fractions were evaluated in LPS-

stimulated and non-LPS stimulated macrophages by adding 50 µL of the samples with 

different concentrations (1 – 10,000 ng mL-1) to each well. In the pre-treatment condition, 

cells were pretreated with the fractions overnight (prior to inflammation induction) and 

subsequently a similar procedure as in post-treatment setting was followed. Samples were 
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dissolved and filter sterilized in PBS 1X and 0.1% DMSO and further diluted to the working 

concentrations with media. Medium alone was used as negative control. KCl salt controls 

were correspondingly tested to better assess the bioactivity of the fractions. After overnight 

incubation (generally, 16 – 18 h at 37°C, 5% CO2), nitrite, as an index of inducible nitric 

oxide synthase activity, was quantified according to the following procedure based on a 

reference nitrite standard curve with working concentrations of 1.5 – 100 µM. Briefly, 100 

µL of well content was carefully pipetted out and transferred to a new 96-well plate. 

Subsequently, 20 µL sulfanilamide solution (1 mM), 10 µL of HCl solution (1 N) and 10 µL 

of N-(1-Naphthyl)ethylenediamine solution (7 mM) were added to each well in sequence and 

incubated at room temperature for 10 minutes. After color development, absorbance was read 

at 540 nm with a plate reader (Perkin Elmer EnSpire® 2300 Multilabel Reader). As a 

confirmatory tool, protein content of each well was assessed using BCA protein assay kit as 

described above. Cells were lysed by addition of 400 µL of NaOH (50 mM) to each well and 

subsequently de-clumped using needles. 

6. Statistical analysis  

All experiments had completely randomized design. Collected data were tested for 

normal distribution by Anderson-Darling Normality test and analyzed by one way-ANOVA, 

using Minitab (version 18). Student t-test of Microsoft Office excel (version Office 365) was 

used to determine the significant differences between control and treatment (P < 0.05). Data 

are presented as means ± SEM. The error bars on the graphs represent the standard deviation 

of studies. Different letters on bars, acquired by Tukey’s multiple comparison test at 95% 

confidence intervals (P < 0.05), are used to indicate statistical significance among different 

groups. 



 

234 
 

7. Results and discussion  

7.1. Isolation efficiencies of under study processes  

Recoveries of the different processes (percent recovery based on protein weight (g)) 

are presented in table VI. 1. Total nitrogen of the three different EDUF pH conditions and 

three compartments (KCl- (negatively charged peptides), KCl+ (positively charged peptides), 

and feed recovery (including neutral and > 20 KDa MW peptides)) were determined as a 

rough measure of process efficiency. Yields of the processes, irrespective of potencies and 

bioactivities of the fractions as well as their structural and compositional differences, varied 

greatly from one another, as shown in table VI. 1. We recovered 22% oligopeptides (< 1,000 

Da MW peptides) in UF retentate fraction, 4% hydrophobic peptides in SPE-70%ACN 

fraction, 1 – 3% positively charged peptides (< 20 kDa) and ~ 1% negatively charged peptides 

(< 20 kDa) in EDUF fractions, compared to the initial feed. Based on the results of Dumas 

method, EDUF pH3 yielded relatively the least of anionic peptides while most of cationic 

peptides were also recovered in the same conditions compared to EDUF pH6 and EDUF 

pH9. For separation of negatively charged peptides pH6 and pH9 were both equally ideal. It 

was of note that not only collected fractions in the KCl+ tanks were slightly less mineralized 

(71 – 86 % of salt in cationic fractions versus 76 – 94% of salt in anionic fractions) but also 

more of cationic peptides, by weight, migrated to the compartments (0.9 – 2.5 g of protein in 

cationic fractions versus 0.4 – 1.1 g of protein in anionic fractions). Taking the weight of 

fractions into account, overall, throughout the runs more of positively charged fractions (by 

2-folds (6.0 g versus 3.0 g)) were collected than the negative ones. No conclusion could be 

made for the final feed peptides, recovered in the feed recovery compartment, since they 

were non-specifically accumulated along with oversized peptides (10 kDa) in the same tank. 

The above finding may mean that EDUF is more competent for the separation of cationic 

peptides from mackerel hydrolysate. Similar result was reported by Durand et al. where more 

of cationic peptides than the anionic ones were recovered from herring milt hydrolysate [42]. 

This observation may also be due to the fact that starting material is more abundant in cationic 

peptides than the anionic ones 
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Table VI. 1.: Efficiency of different processes  

 Protein (%) 
Recovery (%) based on 

protein weight 

Total hydrolysate 91.1 ± 0.1  

UF   

Permeate (< 1 kDa) 92.0 ± 0.1 35.4 ± 2.6b 

Retentate (> 1 kDa) 89.9 ± 0.6 21.8 ± 1.0c 

SPE   

70%ACN 85.7 ± 0.7 3.7 ± 0.5d 

EDUF   

pH3 Feed recovery 79.9 ± 0.3 76.2 ± 0.9a 

 Positively charged peptides (< 20 kDa) 26.1 ± 1.3 3.1 ± 0.2d 

 Negatively charged peptides (< 20 kDa) 7.3 ± 0.4 0.5 ± 0.5f 

pH6 Feed recovery 88.4 ± 0.2 76.4 ± 1.2a 

 Positively charged peptides (< 20 kDa) 27.9 ± 0.1 1.8 ± 0.0e 

 Negatively charged peptides (< 20 kDa) 25.8 ± 0.1 1.3 ± 0.2e 

pH9 Feed recovery 80.9 ± 0.1 78.7 ± 2.4a 

 Positively charged peptides (< 20 kDa) 15.3 ± 0.0 1.1 ± 0.1e 

 Negatively charged peptides (< 20 kDa) 18.0 ± 0.1 1.2 ± 0.2e 

Protein percentages of the fractions have been measured by Leco and MicroLeco instruments. Each cell 

represents the mean of 2-3 measurements ± standard deviation. a-f letters as obtained by ANOVA, 

Tukey’s multiple comparison test are used to indicate statistical significance (P ≤ 0.05).  

 

7.2. Migration kinetics of peptides in EDUF 

Migration rate of peptides as presented in figure VI. 3., seemingly is dependent on 

many factors. In our study, the results of BCA analysis, as shown in figure VI. 3., 

demonstrated that under similar operational parameters peptide migration rates during the 

run time as well as the final peptide concentration would significantly vary with different 

reference acidic, neutral, and basic pH conditions. As expected, at 180 minutes’ time point 

more of anionic peptides migrated through the UF membrane toward anode at pH9 (313 ± 

41 µg of peptides mL-1) than at pH3 and pH6. Similar trends at pH3 were observed for 

cationic peptides. At 180 minutes’ time point more of cationic peptides migrated through the 

UF membrane toward cathode at pH3 (392 ± 146 µg of peptides mL-1) that was statistically 

significant than pH6 and pH9. In agreement with our findings, Roblet et al. demonstrated 

that lesser soy protein isolate’s peptides migrate at pH6 than pH3 consequently having lesser 

number of positively charged molecules in pH6 recovery compartment [618]. In the study of 

Durand et al., migration rate of herring milt hydrolysate’s cationic peptides at pH3 and pH6 

were negligibly different from one another which is rather similar to our finding [42]. It is of 
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note that in a similar process, ED with filtration membrane, operational pH (3, 6 and 9) took 

insignificant part on the final peptide concentration in either of the recovery compartments 

thus playing significant in the isolation of peptides from salmon frame hydrolysate mainly 

with charged amino acid residues [45].  

He et al. and Udenigwe et al. have shown that optimum quantity of anionic and 

cationic molecules migrate at pH9 and pH7, respectively, during separation of peptides from 

rapeseed and flaxseed protein isolate [619, 620]. Nonetheless, electro-membrane filtration at 

pH9 was used for the separation of a β-Lactoglobulin-originated cationic anti-ACE 

heptapeptide which is rather different than the findings of studies of He et al. and Udenigwe 

et al.  [621]. In another study, smaller size cationic peptides (< 400 Da) were efficiently 

isolated from soy protein isolate by EDUF at pH9 [618]. Accordingly, highest EDUF 

migration rate of 18.2% was achieved at pH9 for a series of alfalfa-extracted peptides with 

MW of 629.34 Da (possibly WIPCL, YPDSF, DNVRQ, LRGGLD, VIDRQ, PVQ, KA and 

or TP) [41]. Nonetheless, in the same study highest transmission rate was only 5.9% at pH3 

[41]. In a similar study, highest migration rate was 10.75% at pH5 for a β-Lactoglobulin-

originated cationic anti-ACE heptapeptide (lactokinin β-lg 142 to 148 with histidine and 

arginine residues and pI of 9.8) [36]. Per our observation, peptide migration rate was rather 

linear from one to another time interval. Results indicated that pH conditions could 

significantly affect the peptide migration rate and isolation efficiency. Our results were in 

accordance with the study of Durand et al., Przybylski et al., Roblet et al. and Firdaous et al. 

conferring the importance of pH variation in selectivity of the membrane for a peptide or a 

group of peptides [36, 41, 42, 618, 622].  
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 Figure VI. 3.: Kinetics of peptide migration in different EDUF compartments. (A) feed 

recovery, (B) cationic peptides, (C) anionic peptides. The error bars represent standard 

deviation of 3-independent experiments, three replicate measurements. a-c letters on bars as 

obtained by Tukey’s multiple comparison test are used to indicate statistical significance (P < 

0.05) among different pH.  
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7.3. Characterization of fractions  

7.3.1. Hydrolysate  

Chemical composition and the total amino acid content of protamex digested 

mackerel hydrolysate as well as its sub-fractions are presented in tables VI. 2. and VI. 3., and 

figure VI. 5. In our study, overall composition of the Atlantic mackerel, under investigation, 

was in accordance with the previously published reports (table VI. 3.). According to the 

results (data not shown), grinded Atlantic mackerel (pre-hydrolysis) contained essential, non-

essential and conditional amino acids, glutamic acid (12.1 ± 0.0 g 100 g-1 of the sample) and 

tryptophan (0.2 ± 0.3 g 100 g-1 of the sample) respectively, being the most and least dominant 

amino acids. Similar order of amino acid abundancy was observed for the retentate of Nano-

Filtered (NF) hydrolysate with few exceptions. Alanine was more abundant (5.0 ± 0.1 g 100 

g-1 of the sample) than arginine (4.7 ± 0.2 g 100 g-1 of the sample) in NF while rather opposite 

was true for the grinded Atlantic mackerel (arginine (4.3 ± 0.3 g 100 g-1 of the sample) and 

alanine (4.1 ± 0.1 g 100 g-1 of the sample)). The hydrolysate under investigation in this study 

contained peptides > 7,000 Da (4%), 7,000 – 1,000 Da (43%), 1,000 – 100 Da (48%) and < 

100 Da water-soluble components (5%) (data not shown). 
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Table VI. 2.: Total amino acid composition (g 100g-1 of protein) of mackerel and its fractions  

  EDUF UF SPE  

  pH3   pH6   pH9      

 Hydrolysate* 
Feed 

recovery 

Cationic 

peptides  

Anionic 

peptides  

Feed 

recovery 

Cationic 

peptides  

Anionic 

peptides  

Feed 

recovery 

Cationic 

peptides  

Anionic 

peptides  
Permeate Retentate 70% ACN 

EAA              

Arginine 5.2 ± 0.2 4.8 ± 0.6de 7.2 ± 0.2c 2.4 ± 0.1ef 4.3 ± 0.2def 9.9 ± 0.5b 1.7 ± 0.2ghi 4.5 ± 0.0de 11.8 ± 0.0b 1.6 ± 0.0i 2.5 ± 0.2ef 3.6 ± 0.1fgh 3.4 ± 0.0e 

Histidine 3.5 ± 0.3 3.4 ± 0.5efg 6.7 ± 0.1d 1.7 ± 0.1hi 3.1 ± 0.4fg 7.6 ± 0.5c 1.1 ± 0.1hij 3.2 ± 0.0fgh 2.9 ± 0.0de 2.9 ± 0.0gh 4.5 ± 0.2bc 4.7 ± 0.1def 2.6 ± 0.1f 

Isoleucine 2.8 ± 0.2 2.8 ± 0.1fg 2.3 ± 0.1ij 2.1 ± 0.0fgh 2.5 ± 1.0g 1.9 ± 0.6fghi 2.6 ± 0.1efgh 2.4 ± 0.4hi 1.7 ± 0.0ghi 2.9 ± 0.1gh 2.5 ± 0.0ef 3.6 ± 0.3fgh 6.6 ± 0.3c 

Leucine 6.0 ± 0.1 6.1 ± 0.5cd 4.4 ± 0.1f 4.7 ± 0.1c 5.4 ± 0.5cd 4.5 ± 1.3d 5.8 ± 0.3c 5.7 ± 0.2c 3.6 ± 0.1cd 7.8 ± 0.2c 4.2 ± 0.2bcd 5.1 ± 0.1de 11.9 ± 0.1a 

Lysine 7.9 ± 0.5 7.6 ± 0.1c 11.2 ± 0.1a 4.0 ± 0.1d 6.9 ± 0.5bc 13.5 ± 0.3a 2.9 ± 0.1efg 8.1 ± 0.0b 16.3 ± 0.7a 2.6 ± 0.1h 2.9 ± 0.1def 4.1 ± 0.2efg 4.8 ± 0.2d 

Methionine 2.1 ± 0.2 2.1 ± 0.3g 1.3 ± 0.0k 1.1 ± 0.1j 1.9 ± 0.1gh 1.1 ± 0.1hij 1.9 ± 0.1fghi 1.9 ± 0.0i 0.8 ± 0.0jk 2.9 ± 0.1gh 0.2 ± 0.0g 0.4 ± 0.1j 3.1 ± 0.0ef 

Phenylalanine 2.6 ± 0.2 2.6 ± 0.5fg 1.6 ± 0.0k 2.0 ± 0.1gh 2.2 ± 0.3g 1.9 ± 0.5fghi 2.3 ± 0.2fgh 2.5 ± 0.3ghi 1.4 ± 0.0hij 3.3 ± 0.0fg 2.1 ± 0.2ef 1.9 ± 0.0i 8.1 ± 0.4b 

Taurine 0.5 ± 0.0 0.6 ± 0.1h 0.2 ± 0.0l 1.1 ± 0.0j 0.5 ± 0.0h 0.4 ± 0.0ij 0.6 ± 0.0ij 0.5 ± 0.0j 0.4 ± 0.0k 1.3 ± 0.0i 4.9 ± 0.3b 7.2 ± 0.8c 0.5 ± 0.0g 

Threonine 3.8 ± 0.1 3.9 ± 0.4ef 2.6 ± 0.1hi 2.2 ± 0.1fg 3.4 ± 0.3fg 2.0 ± 0.1fghi 3.1 ± 0.2efg 3.5 ± 0.1efg 1.6 ± 0.0hi 4.3 ± 0.0e 1.7 ± 0.1f 2.6 ± 0.5hi 3.6 ± 0.1e 

Tryptophan 0.7 ± 0.0 ND ND ND ND ND ND ND ND ND ND ND ND 

Valine 3.8 ± 0.3 3.6 ± 0.1efg 2.9 ± 0.0h 2.8 ± 0.0e 3.3 ± 0.9fg 2.3 ± 0.1efgh 3.2 ± 0.2ef 3.2 ± 0.2fgh 2.1 ± 0.1egh 3.9 ± 0.1ef 2.4 ± 0.1ef 2.4 ± 0.1hi 4.7 ± 0.0d 

Σ EAA 38.8 ± 0.2 37.3 ± 3.0abc 40.4 ± 0.6abc 23.9 ± 0.4d 33.4 ± 4.2c 45.0 ± 1.8a 25.1 ± 1.6d 35.5 ± 0.5bc 42.7 ± 1.0ab 33.4 ± 0.9c 28.6 ± 0.2a 35.2 ± 2.4a 49.3 ± 0.7a 

non-EAA              

Alanine 5.5 ± 0.1 5.7 ± 0.2d 4.2 ± 0.1f 4.2 ± 0.1d 5.0 ± 0.1de 3.4 ± 0.2def 5.2 ± 0.2cd 5.6 ± 0.0cd 2.9 ± 0.0de 7.7 ± 0.3c 4.9 ± 0.8b 8.5 ± 0.3b 3.1 ± 0.1ef 

Aspartic acid  9.2 ± 0.3 9.2 ± 0.1b 5.1 ± 0.1e 8.3 ± 0.1b 8.0 ± 0.1b 2.8 ± 0.1defg 11.8 ± 0.1b 8.8 ± 0.4b  2.4 ± 0.0efg 13.4 ± 0.2b 7.3 ± 0.9a 13.1 ± 0.7a 8.3 ± 0.4b 

Cystine 0.3 ± 0.0 0.3 ± 0.0h 0.2 ± 0.0l 0.1 ± 0.0k 0.0 ± 0.0 0.1 ± 0.0j 0.2 ± 0.1j 0.2 ± 0.1j 0.0 ± 0.0 0.2 ± 0.0j 4.6 ± 0.3bc 5.9 ± 0.0d 0.7 ± 0.1g 

Glutamic acid  14.7 ± 0.8 14.0 ± 0.0a 8.1 ± 0.2b 13.6 ± 0.1a 12.0 ± 0.1a 3.3 ± 0.0def 20.5 ± 1.4a 13.0 ± 0.8a 3.2 ± 0.0cde 22.5 ± 0.3a 3.4 ± 0.1cde 3.3 ± 0.0gh 7.6 ± 0.2b 

Glycine 5.6 ± 0.3 5.7 ± 0.8d 3.6 ± 0.1g 3.9 ± 0.1d 5.2 ± 0.3d 3.9 ± 0.3de 3.9 ± 0.2de 5.3 ± 0.1cd 3.8 ± 0.1c 5.1 ± 0.1d 0.0 ± 0.0g 0.4 ± 0.0j 5.4 ± 0.0d 

Proline 3.8 ± 0.2 3.9 ± 0.4ef 2.1 ± 0.1j 2.5 ± 0.1e 3.5 ± 0.0efg 2.4 ± 0.2efgh 2.6 ± 0.1efg 3.7 ± 0.0ef 2.6 ± 0.1ef 2.7 ± 0.1gh 2.5 ± 0.1ef 3.3 ± 0.4gh 6.3 ± 0.2c 

Serine 3.6 ± 0.2 3.7 ± 0.5efg 2.5 ± 0.1hij 1.4 ± 0.2ij 3.4 ± 0.0fg 2.0 ± 0.3fghi 2.6 ± 0.1efg 3.3 ± 0.1fgh 1.8 ± 0.0ghi 4.1 ± 0.1e 1.9 ± 0.3f 1.9 ± 0.0i 3.1 ± 0.1ef 

Tyrosine 2.3 ± 0.2 2.2 ± 0.4g 1.3 ± 0.0k 1.3 ± 0.1j 1.9 ± 0.1gh 1.3 ± 0.1ghij 1.8 ± 0.1fghi 1.9 ± 0.0i 1.1 ± 0.0ijk 2.6 ± 0.0h 4.8 ± 0.1b 5.6 ± 0.3d 3.1 ± 0.1ef 

Σ non-EAA 45.0 ± 0.3 44.7 ± 2.4bc 27.1 ± 0.7f 35.3 ± 0.0e 39.0 ± 0.5de 19.2 ± 0.6g 48.5 ± 2.3b 41.8 ± 1.2cd 17.8 ± 0.1g 39.0 ± 1.0a 28.7 ± 1.0b 42.6 ± 1.1b 37.7 ± 0.8a 

Σ AA 83.7 ± 0.2 82.0 ± 5.5 67.5 ± 1.3 59.3 ± 0.4 72.4 ± 4.8 64.2 ± 1.2 73.6 ± 3.8 77.4 ± 1.6 60.5 ± 1.1 91.8 ± 1.9 57.3 ± 0.8 77.7 ± 3.5 86.9 ± 0.1 

BCAA  12.5 ± 0.2 12.4 ± 0.7ab 9.6 ± 0.0bc 9.5 ± 0.1bc 11.2 ± 2.4abc 8.7 ± 2.0bc 11.5 ± 0.6abc 11.3 ± 0.8abc 7.4 ± 0.2c 11.2 ± 0.5a 9.0 ± 0.2a 11.6 ± 1.2a 23.2 ± 0.3a 

CAA  48.4 ± 0.4 39.0 ± 1.1ab 38.4 ± 0.8bc 30.1 ± 0.0d 34.3 ± 1.4cd 37.1 ± 0.8bc 38.0 ± 1.9bc 37.6 ± 1.1bc 36.7 ± 0.8bc 34.3 ± 0.7a 25.0 ± 1.6b 36.8 ± 1.9b 26.8 ± 0.7b 

HAA  32.8 ± 0.2 32.4 ± 2.9ab 22.3 ± 0.3bc 23.1 ± 0.0d 29.0 ± 2.9cd 21.4 ± 1.7bc 27.5 ± 1.5bc 30.3 ± 0.3bc 18.9 ± 0.3bc 29.0 ± 1.2a 24.9 ± 0.4b 30.9 ± 1.2b 49.2 ± 0.4a 

Each cell represents the mean of observations ± standard deviation of duplicate measurements. a-k letters as obtained by ANOVA, Tukey’s multiple comparison test are used to indicate 
statistical significance (P ≤ 0.05). Data were normally distributed according to Anderson-Darling Normality test. *membrane filtered hydrolysate 
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Table VI. 3.: Chemical composition of Atlantic mackerel and its hydrolysate  

 Protein  Moisture  Lipid  Ash 

Atlantic mackerel* (g 100 g-1 wet weight) 18.4 ± 0.3 64.0 ± 0.1 14.1 ± 0.3 2.3 ± 0.0 

Hydrolysate** (g 100 g-1 dry weight) 90.4 ± 0.2 0.9 ± 0.1  0.0 ± 0.0 6.4 ± 0.0 

Each cell represents the mean of observations ± standard deviation of duplicate measurements. *fresh frozen 

2016 caught mackerel, supplied by Lelièvre Lelièvre et Lemoignan Ltée, **membrane filtered spray dried 

hydrolysate 

 

According to amino acid scoring patterns reported by joint Food and Agriculture 

Organization/World Health Organization/United Nations University (FAO/WHO/UNU) 

expert consultation, mackerel hydrolysate would meet the protein requirements of adults and 

children thus being an optimal source among many others [623]. Per report of the United 

States Department of Agriculture, 100 grams of mackerel approximately contains 2.0 g lipid, 

20.3 g protein, and 75.8 g moisture. The edible portion of mackerel is commonly rich in 

essential (lysine > leucine > arginine > valine) and non-essential amino acids (glutamic acid 

> aspartic acid > alanine). Interestingly, many fish derived hydrolysates with immune 

modulating attributes have identical or comparable order of amino acid abundancy. Whole 

and or hydrolysate of cod and sardine fillets, rich in glutamic acid > aspartic acid > lysine > 

leucine (47.5 and 46.2 g 100 g -1 AA respectively for cod and sardine fillets), have effectively 

shown anti-inflammatory effects in different rat models [148, 162]. Hydrolysates of different 

salmon types, chum and Atlantic, with parallel order of amino acid dominancy, as mentioned 

above, had pro- and anti-inflammatory potency on pro-inflammatory chemokines and 

cytokines in cell and animal experimental models [131, 134]. 

7.3.2.  Total amino acid analysis of hydrolysate sub-fractions  

All the fractions were analyzed for their total amino acid content and the results are 

presented in table VI. 2. About EDUF, more of total HAA were found in the negatively 

charged peptides’ recovery compartment of pH9 than pH3 and pH6 anionic recovery 

compartments. In contrary, fewer of total HAA were found in the positively charged 

peptides’ recovery compartment of pH9 than other two cationic recovery compartments. 

Patterns of CAA migration was to some extent different. More of total CAA (and CAA-

containing peptides) migrated through the membranes at pH6 towards anionic recovery 

compartment than pH3 and pH9. Interestingly, there was not any significant difference in the 
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total CAA content of all three cationic recovery compartments. Migration of Branched Chain 

Amino Acids (BCAA) was rather similar in all three pH conditions. Amount of total BCAA 

in the three anionic and cationic recovery compartments was insignificantly different from 

one another. Evidently, the anti-inflammatory SPE-70%ACN fraction, was comparatively up 

to 2.4- and 2.2-folds BCAA and HAA rich, compared with pro-inflammatory cationic and 

anionic fractions of EDUF pH3 yet contained 11 – 30% less CAA (as demonstrated in the 

subsequent sections).  

7.3.3. Molecular weight distribution of EDUF fractions  

Our results, shown in table VI. 4., demonstrated the efficiency of EDUF for isolation 

of small size peptides as collectively and individually three compartments of the different pH 

conditions, by weight, contained more than fifty up to 74 percent smaller than 1,000 Da MW 

molecules (chromatograms shown in supplementary file (figure VI. 6.)). Results also 

demonstrate the minor superiority of moderate acidic pH condition for separation of 

negatively charged peptides since percent concentration of peptides are by 7% higher, 

irrespective of molecular weight, in pH6 than pH9. Of total protein fed into the process only 

21 – 24% migrated out of the feed compartment and the recovered remaining, in the feed 

recovery compartment, consisted of both less and more than 1,000 Da molecular weight 

peptides, approximately each 50% (table VI. 4.). Anionic fraction of pH3 contained the 

highest quantity of < 1,000 Da peptides. Rationally < 1,000 Da peptides in the feed recovery 

compartment must be of neutral and or uncharged nature however further analysis must be 

performed for a solid conclusion. This is a confirmation of Roblet et al. finding concluding 

the productivity of EDUF at pH9 for isolation of < 400 Da cationic soy protein isolate fraction 

[618]. Similarly, in the study of Durand et al. major molecular weight range of peptides 

separated from herring milt hydrolysate was 300 – 700 Da for all three tested pH conditions 

(3, 6 and 9) [42]. The highest migration rates for anionic and cationic peptides were 

8.35 g/m2 h and 8.79 g/m2 h respectively in a rather similar EDUF setting [42]. Rather similar 

results were documented by Firdaous et al. where the highest rate of alfalfa peptide migration 

rate was 18.2% at pH9 while the rate was only 5.9% at pH3 [41]. 
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Table VI. 4.: Molecular weight distribution of different EDUF fractions measured by FPLC 

 Fractions 

% of peptides 

> 1000 Da 

% of peptides 

< 1000 Da 

% per 

compartment 

pH3 Feed recovery 47 53 88 

 Cationic peptides 32 68 9 
 Anionic peptides 26 74 3 

pH6 Feed recovery 47 53 63 

 Cationic peptides 30 70 10 
 Anionic peptides 43 57 27 

pH9 Feed recovery 46 54 72 

 Cationic peptides 34 66 9 
 Anionic peptides 31 69 20 

 

7.3.4. RP-UPLC and mass spectrometry analyses 

Results of RP-UPLC and mass spectrometry analyses are presented in figure VI. 4. 

as percentages of protein precursors identified from peptide sequence in samples based on 

spectrum intensity. These peptides, according to Atlantic mackerel (S. scombrus) protein 

database, predominantly originated from about 50 different precursor proteins corresponding 

to enzymes (NADH dehydrogenase subunits 1, 2, 3, 4, 5 and 6, ATP synthase F0 subunits 6 

and 8, cytochrome c oxidase subunit 3, cytochrome oxidase subunits 1 and 2, ubiquitin 

protein ligase E3A-like protein, receptor-interacting serine-threonine kinase 4 and 

glycosyltransferase), tissue proteins (mainly alpha actin, and some cardiac muscle myosin 

heavy chain 6 alpha), cytochrome b, zinc finger protein 503 and 506, ring finger protein 213, 

brain super conserved receptor, histone H3 and others. Majority of the fractions were 

significantly rich in enzyme and muscle tissue originated proteins. Further, authors have 

looked into the possible sequences of the  most abundant precursor proteins of pH3 negatively 

charged peptidic fraction (most potent immunoregulatory test material) and their motifs to 

slightly broaden the knowledge of reader about structure-activity relationship of fish 

biopeptides (for more information see supplementary file VI. 1.). On the one hand, this 

fraction, as presented in figure VI. 4. and supplementary file VI. 1., was rich in possible 

sequences including their motifs with ACE and DPP-IV inhibition activities. On the other 

hand, negatively charged pH9 EDUF fraction (as demonstrated in the following section) was 

rather rich in antibacterial peptides/motifs than other biopeptides (for more information see 
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supplementary file VI. 1.). Correspondingly, numerous studies have suggested the potential 

of upregulation of eNOS expression and stimulation of NOS activity by ACE and DPP-IV 

inhibitors [624-626]. In accord, per our findings (figure VI. 5.) the same fraction stimulated 

the NOS activity by 27%. In line with our results, others have similarly confirmed the 

immunomodulatory effects of enzymatic hydrolysates, and fractions of various types of fish 

(e.g., sweetfish, salmon, Argentine croaker and sardine fillet and muscle tissue in different 

experimental models and settings compared to different controls (see chapter II.). 

7.4. NO-modulating effects of the fractions  

Immunomodulatory effects of fractions are presented in figure VI. 5. In our screening 

study, nitrite accumulation was quantified as measure of NOS activity. As shown in figure 

VI. 5., all the fractions, except the one extracted by chromatographic method of solid phase 

extraction (SPE-C18 cartridge column), had only negligible anti-inflammatory effects by 

decreasing NO synthesis in the post-inflammation experimental conditions. On the one hand, 

hydrophobic fraction inhibited the LPS-stimulated inflammation (2.5 ng mL-1) non-

cytotoxically by about 17% at 10 µg mL-1 of concentration in comparison with positive 

control of Phenformin (~22% anti-inflammatory effect at 100 µM). On the other hand, EDUF 

isolated fractions at the condition of pH3, namely negatively charged peptides, and crude 

mackerel hydrolysate showed significant pro-inflammatory effect of 27.9 ± 8.7% and 27.0 ± 

10.3% respectively at the highest concentration tested in comparison to LPS negative control 

on the same cells. It is noteworthy that positively charged peptides of pH3 EDUF also 

exhibited rather significant immuno-stimulation effect of 3% up 19% on NO synthesis of 

LPS-induced macrophages. Even though pressure driven UF produced highly proteinous 

(90% of protein) smaller MW peptide fraction, yet its fractions were not substantially 

bioactivate (data not shown). 
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Figure VI. 5.: Inflammatory modulation activity of mackerel fractions in LPS-stimulated macrophages, 

J774A.1 (ATCC® TIB-67™), (A) pH3, (B) pH6 and (C) pH9. Each bar represents percent inflammation 

in LPS-stimulated macrophages. The error bars represent the standard deviation of 5-9 independent 

studies, three replicate measurements. Significant differences between the control and treatment groups 

were analyzed by student t-test (P < 0.05 and P < 0.001 denoted as * and ** on the bars respectively). 

Pressure-driven UF fractions could not effectively modulate inflammation (data not shown). 

Abbreviations: Phen: Phenformin 
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Data of pre-inflammation experimental setting is not included in the results section 

since the effects were negligible. Unlike EDUF and SPE techniques, pressure driven 

ultrafiltration technique was not a fit method for the separation of immunomodulatory 

peptides. This observation is not at all surprising because similar results in the category of 

small size fish-derived immunomodulatory peptides have repeatedly been documented (see 

chapter II.). In-line with our findings, large MW fish peptides in many studies have shown 

great anti- and pro-inflammatory activities while smaller size ones have not [133, 144]. 

Tilapia derived 51-AA large size peptide (6,309.46 Da) exhibited great anti-NO effect 

(AFAVIDQDKSGFIEEDELKLFLQNFSAGARAGDSDGDGKIGVDEFAALVK) [141].  

NOS catalyzes L-arginine to NO which consequently, at excessive production, is 

oxidized to reactive nitric oxide species enforcing its immunological effects on inflammatory 

cell types such as macrophages (Coleman 2001). Proinflammatory mackerel biopeptides, 

similar to chicken-extracted peptides, may enhance the availability of NO by decreasing 

oxidative stress thus benefiting the function of endothelium important in reducing the risk of 

CVD [595]. Additionally, NO stimulates the synthesis of cyclic Adenosine Monophosphate 

(cAMP) subsequently exerting vasodilation effects and controlling blood pressure. 

Accordingly, siki hydrolysate rich in immunoreactive Calcitonin Gene-Related Peptide (im-

CGRP) like molecules, among many bioactivities also possess immunomodulatory effects 

increasing iNOS expression and NO release in glial cells [383, 627]. These types of 

biopeptides could potentially be considered as metabolic syndrome benefiting compounds 

since they have anti-CVD and anti-obesity effects too. These effects are not specific to 

biopeptides and other bioactives possess similar potencies. Cardioprotective polyphenols 

have repetitively potentiated the production of NO and its bioavailability playing significant 

in amelioration of vascular dysfunctions [596]. The topic has been carefully discussed by 

Forte et al. [596]. Handful synthetic compounds exert comparable activity. For instance, 

antidiabetic drug, ciglitazone, tended to restore the eNOS level thus improving the 

bioavailability of NO in oxidized LDL stressed rat microvascular endothelial cells [628]. 

Similarly, fluvastatin enhanced NO production and vasodilation in hypercholesterolemic 

patients [629]. Conclusively, immunomodulatory peptides of mackerel may potentially be 

good hypotensive and/or antioxidative material. Additionally, we presume that EDUF and 
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SPE processes were most efficient in separation of pro- and anti-inflammatory fractions, 

respectively.  

8. Conclusion  

According to the findings of present study, polarity took a substantial lead than charge 

and size factors on the anti-inflammatory effect of mackerel peptides thus hydrophobic 

fraction potently suppressed NO synthesis by 17%. Per results of our study, total charge of a 

biopeptide may play more vital for its NO-stimulating bioactivity than size and polarity 

factors since fractions of pressure-driven UF and SPE exhibited insignificant pro-

inflammatory effects. Negatively charged peptides of the whole mackerel hydrolysate, when 

processed by EDUF at pH3, increased the production of NO by about 27% demonstrating 

substantial pro-inflammatory effect on the LPS-triggered macrophages. Exhibition of similar 

effect by enzymatic lysate of mackerel may mean that anionic peptides are accountable for 

immunopotentiation effect of the whole hydrolysate. Another significant finding of the study 

was that EDUF was somewhat more efficient for the separation of cationic peptides from 

protamex hydrolysate of whole mackerel collectively for the three tested pH conditions, ultra-

acidic, moderate acidic, and strong-alkaline. Statistically, pH3 was the most productive 

setting among the three for isolation of positively charged peptides regardless of the 

fraction’s bioactivity. Considering various bioactivities of this fish type, mackerel peptides 

could best serve as candidates for drug design and development of metabolic syndrome 

treatment strategy. However, a well-controlled cell and or animal study is required for 

definite assumptions. To our knowledge, there are not any reports on the NO-stimulatory 

effects of fish derived peptides and our study may be the first to report such activity of the 

mackerel biopeptides. Furthermore, more research is warranted to understand the structure-

activity relationship of the bioactive molecules hence making clinical and industrial use of 

the results above. For this purpose, we ought to produce larger quantities of the peptides for 

further animal studies in the next chapter of our study. 
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Figure VI. 6. (supplementary figure 1): Molecular weight distribution of EDUF fractions (A) pH3, (B) pH6 and (C) pH9  
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Supplementary file VI. 1. 

In the sixth chapter of the thesis, we have presented the research article titled 

“Isolation of immuno-modulatory biopeptides from Atlantic mackerel (Scomber 

scombrus) protein hydrolysate based on the molecular weight, charge, and 

hydrophobicity“. As presented, pH3 negatively charged peptidic fraction had the most 

significant immuno-modulatory effect (pro-inflammatory effect of 27.9 ± 8.7%) among all 

the tested material separated by various techniques from Atlantic mackerel hydrolysate. In 

this file, we will not only present more information about the same fraction but also, for 

comparison purposes, parallel data about its alkaline fraction (negatively charged peptidic 

fraction of pH9) with insignificant immunoregulatory bioactivity will be given. It is of note 

that as stated in our article, we have investigated ultra-acidic (pH3), moderately acidic (pH6) 

and strongly alkaline (pH9) pH conditions to elucidate the effect of separation techniques’ 

parameters on the isolation efficiency of bioactive peptides from Atlantic mackerel 

hydrolysate. According to RP-UPLC and mass spectrometry analyses, pH3 negatively 

charged peptidic fraction was rich in enzyme-originated peptides followed by alpha-actin 

originated peptides (about 24.8 percent of protein precursors identified from peptide 

sequence estimated based on spectrum intensity). Of all the enzymes, NADH dehydrogenase-

originated (subunits 1, 2, 4, 5, and 6) ones were the most abundant peptides (about 17.2% 

abundancy) in pH3 negatively charged peptidic fraction. In this file only alpha-actin and 

NADH dehydrogenase originated sequences and their motifs or precursor proteins are listed 

due to impracticality of presenting the great number of proteins in the separated pH3 

negatively charged peptidic fraction. Abundancy pattern of peptides for pH9 negatively 

charged peptidic fraction was rather different. Enzyme-derived peptides were similarly the 

most abundant ones yet in the category of non-enzyme originated peptides, fraction was rich 

in cytochrome b type peptides (about 17.7% abundancy). Moreover, among the enzyme-

derived peptides, NADH dehydrogenase (subunits 1-6) topped others by about 16.7% of 

abundancy. For the same reason, as mentioned earlier, only limited number of precursor 

proteins of the pH9 negatively charged EDUF fraction are presented in this file. In the 

following tables, possible sequences of each precursor protein (sequence, matched MH+ 

(Da), protein molecular weight (Da) and species) would be given according to Atlantic 
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mackerel (S. scombrus) protein database followed by their motifs, peptides and or protein 

information which have been extracted from two sources of FeptideDB web application as 

well as BIOPEP-UWM database of bioactive peptides.  

Negatively charged peptidic fraction of pH3 (alpha-actin) 

Protein Name (Accession): Alpha-actin [Scomber scombrus] (ABQ96122.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(K)IIAPPERK(Y) 923.567 41944.2 Unreadable 

II DPP IV inhibitor 

IIAP ACE inhibitor from soy hydrolysate 

IA DPP IV inhibitor, ACE inhibitor from wheat gliadin 

IAP DPP IV inhibitor 

AP DPP IV inhibitor, ACE inhibitor 

PP ACE inhibitor 

RK DPP IV inhibitor 

(K)DSYVGDEAQSK(R) 1198.522 41944.2 Unreadable 

SY DPP IV inhibitor, ACE inhibitor from garlic 

YV DPP IV inhibitor 

YVGD Antioxidant from ginkgo biloba 

VG DPP IV inhibitor, ACE inhibitor 

GD ACE inhibitor 

EA ACE inhibitor 

QS DPP IV inhibitor 

SK DPP IV inhibitor 

(F)YNEL(R) 538.251 41944.2 Unreadable 

YN DPP IV inhibitor 

NE DPP IV inhibitor 

EL Antioxidant  

(K)IIAPPER(K) 795.472 41944.2 Unreadable 

IIAPPER   
ACE inhibitor, antioxidant, pancreatic lipase inhibitor, alpha-amylase 

inhibitor 

II DPP IV inhibitor, glucose uptake stimulating peptide 

IIAP DPP IV inhibitor 

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

IAP ACE inhibitor from wheat gliadin 

AP DPP IV inhibitor, ACE inhibitor 

PP DPP IV inhibitor, ACE inhibitor 

(L)TERGYSF(V) 859.394 41944.2 Unreadable 

TE DPP IV inhibitor, ACE inhibitor 

TERGY Antioxidant peptide from marine bivalve (Mactra veneriformis) 

RG DPP IV inhibitor 
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GY DPP IV inhibitor, ACE inhibitor 

YS DPP IV inhibitor 

SF DPP IV inhibitor, ACE inhibitor from garlic 

(R)VAPEEHPTL(L) 992.505 41944.2 Unreadable 

VA DPP IV inhibitor 

VAP ACE inhibitor 

AP DPP IV inhibitor, ACE inhibitor 

EE Stimulating vasoactive substance release 

EH DPP IV inhibitor 

HP DPP IV inhibitor, ACE inhibitor 

PT DPP IV inhibitor, ACE inhibitor 

(R)GYSF(V) 473.203 41944.2 Unreadable 

GY DPP IV inhibitor, ACE inhibitor 

YS DPP IV inhibitor 

SF DPP IV inhibitor, ACE inhibitor from garlic 

(R)DLTDY(L) 626.267 41944.2 Unreadable 

LT DPP IV inhibitor 

TD DPP IV inhibitor 

TDY Antioxidant from marine bivalve (Mactra veneriformis) 

DY Ion flow regulating peptide 

(L)FQPSF(I) 625.298 41944.2 Unreadable 

FQPSF ACE inhibitor from thornback ray muscle (Raja clavata) 

FQ DPP IV inhibitor 

FQP ACE inhibitor 

QP DPP IV inhibitor 

PS DPP IV inhibitor 

SF DPP IV inhibitor, ACE inhibitor from garlic 

(R)TTGIVL(D) 603.371 41944.2 Unreadable 

TT DPP IV inhibitor 

TG DPP IV inhibitor, ACE inhibitor 

GI DPP IV inhibitor, ACE inhibitor 

IV Glucose uptake stimulating peptide 

VL DPP IV inhibitor, glucose uptake stimulating peptide 

(F)qPSF(I) 478.23 41944.2 Unreadable 

PSFQPQPLIYP  ACE inhibitor  

PSFQP  ACE inhibitor  

YPSFQPQPLIYP  ACE inhibitor  

IYPSFQPQPLIYP  ACE inhibitor  

KIYPSFQPQPLIYP  ACE inhibitor  

DKIYPSFQPQPLIYP  ACE inhibitor  

YPSF  Opioid (beta-Casomorphin)  

FVPYNPPRPGQSKPFPSF

PGHGPFNPKIQWPYPLP

NPGH  

Antibacterial (Abaecin) from Bumblebee 
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SLQPGAPSFPMPGSQLP

TSVSGNVEKQGRNTIATI

DAQHKTDRYDVRGTWT

KVVDGPGRSKPNFRIGG

SYRW  

Antibacterial (Holotricin 2)  

YQRRPAIAINNPYVPRT

YYANPAVVRPHAQIPQR

QYLPNSHPPTVVRRPNL

HPSF  

Antibacterial  

VPLGTQYTDAPSFSDIP  Antiamnestic PEP inhibitor  

APSFSDIPNPIGSENSE  Antioxidant   

PS DPP IV inhibitor 

SF DPP IV inhibitor, ACE inhibitor from garlic 

(Y)ELPDGQVITIGNER(F) 1540.797 41944.2 Unreadable 

EL Antioxidant  

LP DPP IV inhibitor 

DG ACE inhibitor from soy 

GQ DPP IV inhibitor, ACE inhibitor, neuropeptide inhibitor 

QV DPP IV inhibitor 

VI DPP IV inhibitor 

TI DPP IV inhibitor 

IG ACE inhibitor 

NE DPP IV inhibitor 

(R)GILTL(K) 516.339 41944.2 Unreadable 

GI DPP IV inhibitor, ACE inhibitor 

IL DPP IV inhibitor, glucose uptake stimulating peptide 

LT DPP IV inhibitor 

TL DPP IV inhibitor 

(K)SYELPDGQVITIGNER

(F) 
1790.892 41944.2 Unreadable 

SY DPP IV inhibitor, ACE inhibitor from garlic 

YE DPP IV inhibitor 

EL Antioxidant  

LP DPP IV inhibitor 

DG ACE inhibitor from soy 

GQ DPP IV inhibitor, ACE inhibitor, neuropeptide inhibitor 

QV DPP IV inhibitor 

VI DPP IV inhibitor 

TI DPP IV inhibitor 

IG ACE inhibitor 

NE DPP IV inhibitor 

(R)DLTDYL(M) 739.351 41944.2 Unreadable 

LT DPP IV inhibitor 

TD DPP IV inhibitor 

TDY Antioxidant from marine bivalve (Mactra veneriformis) 

DY Ion flow regulating peptide 
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YL 
DPP IV inhibitor, ACE inhibitor from bovine beta-lactoglobulin, anxiolytic 

peptide 
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Negatively charged peptidic fraction of pH3 (different subunits of NADH 

dehydrogenase) 

Protein Name (Accession): NADH dehydrogenase subunit 1 (mitochondrion) [Scomber scombrus] 

(YP_138205.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)IGAL(R) 373.245 35565 Scomber scombrus 

GIGALSAKGALKGLAK

GLAEHFAN~  
Antibacterial (Bombinin) from Bombina variegata 

GIGALSAKGALKGLAK

GLAEHFANG  
Antibacterial (Bombinin) from Bombina variegata 

IG ACE inhibitor 

GA DPP IV inhibitor, ACE inhibitor 

AL DPP IV inhibitor 

(L)VEY(I) 410.192 35565 Scomber scombrus 

VRRQIVEYKHRLTLP Stimulating 

VE DPP IV inhibitor, ACE inhibitor 

EY DPP IV inhibitor, ACE inhibitor from shark meat hydrolysate 

(Y)ILnPL(A) 569.366 35565 Scomber scombrus 

IL DPP IV inhibitor, glucose uptake stimulating peptide 

ILP ACE inhibitor from human beta-casein (synthetic fragment)  

LP DPP IV inhibitor 

PL DPP IV inhibitor 

(L)nLAIL(F) 543.35 35565 Scomber scombrus 

LA 
DPP IV inhibitor, ACE inhibitor, ubiquitin-mediated proteolysis activating 

peptide 

AI ACE inhibitor 

IL DPP IV inhibitor, glucose uptake stimulating peptide 
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Protein Name (Accession): NADH dehydrogenase subunit 2, partial (mitochondrion) [Scomber 

scombrus] (ABY88996.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(K)IGL(A) 302.207 34466.4 Unreadable 

GSNKGAIIGLM  Neuropeptide from beta-amyloid (25-35)  

FLPLAIGLLGKLFG  Precursor of hemolytic peptide  

DDMTMKPTPPPQYPLNL

QGGGGGQSGDGFGFAV

QGHQKVWTSDNGRHEI

GLNGGYGQHLGGPYGN

SEPSWKVGSTYTYRFPN

F  

Antibacterial (Diptericin)  

QIGLF  ACE inhibitor from egg white ovalbumin  

RIGLF  ACE inhibitor from edible mushroom (Agaricus bisporus)  

QIGLF  Alpha-glucosidase inhibitor  

IG ACE inhibitor 

GL DPP IV inhibitor, ACE inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 4 (mitochondrion) [Scomber scombrus] 

(YP_138214.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)IAY(S) 366.202 51227.8 Scomber scombrus 

IAYKPEG  Neuropeptide  

IAYKPE~  Neuropeptide  

IAY  ACE inhibitor   

IAYKPAG  Antihypertensive derived from spinach Rubisco  

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AY DPP IV inhibitor, ACE inhibitor, antioxidant from Okara protein 

(L)LVAL(L) 415.291 51227.8 Scomber scombrus 

LV DPP IV inhibitor, glucose uptake stimulating peptide 

VA DPP IV inhibitor 

AL DPP IV inhibitor 

(L)IAL(H) 316.223 51227.8 Scomber scombrus 

SIGSALKKALPVAKKIG

KIALPIAKAALP  
Antibacterial (Ceratotoxin A)  

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AL DPP IV inhibitor 

(W)LEnL(S) 488.272 51227.8 Scomber scombrus 

GILSLVKGVAKLAGKGL

AKEGGKFGLELIACKIA

KQC  

Antibacterial (Esculentin-2A) 

GIFSLVKGAAKLAGKGL

AKEGGKFGLELIACKIA

KQC  

Antibacterial (Esculentin-2B)  

GLFEALLELLESLWELL

LLEA  
Membrane-active peptide (de novo designed peptide)  

LELHKLRSSHWFSRR  Antioxidant from lecithin-free egg yolk  

LRENNKLMLLELK  
DPP IV inhibitor, ACE inhibitor, antioxidant from bean (Phaseolus 

vulgaris)  

EL Antioxidant 

(Y)ITL(L) 346.234 51227.8 Scomber scombrus 

TL DPP IV inhibitor 

  

(F)IVF(A) 378.239 51227.8 Scomber scombrus 

KFTIVFPHNQKGNWKN

VPSNYHYCP  
Membrane-active peptide from Vesicular stomatitis virus  

IVF  ACE inhibitor from soybean  

(L)IIAL(A) 429.307 51227.8 Scomber scombrus 

II DPP IV inhibitor, glucose uptake stimulating peptide 

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AL DPP IV inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 5 (mitochondrion) [Scomber scombrus] 

(YP_138215.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)ELASL(T) 532.298 67180.5 Scomber scombrus 

EL Antioxidant  

LA 
DPP IV inhibitor, ACE inhibitor, ubiquitin-mediated proteolysis activating 

peptide 

AS DPP IV inhibitor 

ASL ACE inhibitor 

SL DPP IV inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 5, partial (mitochondrion) [Scomber 

scombrus] BAF31219.1 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)AFL(H) 350.207 26252.4 Unreadable 

AF DPP IV inhibitor, ACE inhibitor 

FL DPP IV inhibitor 

(K)GLDL(T) 417.234 26167.4 Unreadable 

GL  DPP IV inhibitor, ACE inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 6 (mitochondrion) [Scomber scombrus] 

YP_138216.1 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)VLF(L) 378.239 18230.4 Scomber scombrus 

MASSFMFAVVVLFISLA

ANVESYLAFRCGRYSPC

LDDGPNVNLYSCCSFY

NCHKCLARLENCPKGL

HYNAYLKVCDWPSKA

GCTSVNKECHLWKTGR

K  

Antibacterial (Tachycitin)  

MVKSKIGSWILVLFVA

MWSDVGLCKKRPKP  
Membrane-active peptide from bovine prion protein  

VL DPP IV inhibitor, glucose uptake stimulating peptide 

LF ACE inhibitor from bovine beta-lactoglobulin 
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Negatively charged peptidic fraction of pH9 (cytochrome b) 

Protein Name (Accession): Cytochrome b (mitochondrion) [Scomber scombrus] (ACB47332.1) 

Sequence 
MH+ matched 

(Da) 
Protein MW (Da) Species 

(L)TGL(F) 290.171 42249 Unreadable 

GIGAVLKVLTTGLPALISWIKRK

RQQ~  

Antibacterial, hemolytic melittin from venom of honeybee (Apis 

mellifera)  

GIGAVLKVLTTGLPALISWIKRK

RQQG  

Hemolytic, precursor of melittin from venom of honeybee (Apis 

mellifera)  

KWKLFKKIGIGAVLKVLTTGLPA

LIS  
Antibacterial  

KWKEFIKKLTTAVKKVLTTGLP

ALIS  
Antibacterial  

GLLDMVTGLLGNLG  Antibacterial (Caeridin 7.1)  

VLDTGLAGA  Antioxidant from olive seeds (Olea europaea)  

TATGLLE  DPP IV inhibitor  

TGLKP  ACE inhibitor  

VALTGLTVAEYFR  Antibacterial (Sarconesin II)  

TG DPP IV inhibitor, ACE inhibitor 

GL DPP IV inhibitor, ACE inhibitor 

(Y)AIL(R) 316.223 42249 Unreadable 

KCNTATCATQRLANFLVHSSNNF

GAILSSTNVGSNTY~  
Inhibitor (human amylin)  

GIGAAILSAGKSIIKGLANGLAEH

EG  
Antibacterial (Bombinin-like peptide BLP-4)  

GIGSAILSAGKSALKGGLAGHFA

NG  
Antibacterial (Bombinin-like peptide BLP-2)  

GIGSAILSAGKSALKGGLAGHFA

N~  
Antibacterial (Bombinin-like peptide BLP-2)  

GIGAAILSAGKSALKGLAKGLAE

HF~  
Antibacterial (Bombinin like peptide BLP-3)  

GIGAAILSAGKSALKGLAKGLAE

HFG  
Antibacterial (Bombinin like peptide BLP-3)  

FLPLLFGALSAILPKIF~  Haemolytic vespa-like peptide from Rissoina erythraea  

FLPLLFGALSAILPKIFG  Haemolytic vespa-like peptide from R. erythraea  

KCNTATCATQRLANFLVHSSNNF

GAILSSTNVGSNTYG  
Inhibitor (precursor of human amylin)  

AI ACE inhibitor 

IL DPP IV inhibitor, glucose uptake stimulating peptide 

(K)ISF(H) 366.202 42249 Unreadable 

GGCADGPTLREWISFCGG  Stimulating  

QVYKGGYTRPIPRPPPFVRPLPGG

PIGPYNGCPVSCRGISFSQARSCC

SRLGRCCHVGKGYSG  

Antibacterial (Penaeidin-3A)  

QVYKGGYTRPVPRPPPFVRPLPG

GPIGPYNGCPVSCRGISFSQARSC

CSRLGRCCHVGKGYSG  

Antibacterial (Penaeidin-3B)  
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QVYKGGYTRPIPRPPFVRPVPGG

PIGPYNGCPVSCRGISFSQARSCC

SRLGRCCHVGKGYSG  

Antibacterial (Penaeidin-3C)  

SF DPP IV inhibitor, ACE inhibitor from garlic 

(F)SLF(L) 366.202 42249 Unreadable 

MPRVRSLFQEQEEPEPGMEEAGE

MEQKQLQ  
Neuropeptide (h-Nocistatin) 

LFGFLIKLIPSLFGALSNIGRNRN

Q  
Toxic  

SLFSLIKAGAKFLGKNLLKQGAQ

YAACKVSKECG  
Antibacterial (Rugosin B)  

SLFSLIKAGAKFLGKNLLKQGAC

YAACKASKQC 
Antibacterial (Gaegurin 1)  

SL DPP IV inhibitor 

LF ACE inhibitor from bovine beta-Lg 

(L)ALF(S) 350.207 42249 Unreadable 

FLGALFKVASKVLPSVFCAITKK

C  
Antibacterial (Gaegurin 5)  

FLPVLAGIAAKVVPALFCKITKK

C  
Antibacterial (Brevinin-1)  

GALFLGFLGAAGSTMGAWSQPK

KKRKV  
Membrane-active peptide (de novo designed peptide)  

AL DPP IV inhibitor 

LF ACE inhibitor from bovine beta-lactoglobulin 

(Y)FSL(F) 366.202 42249 Unreadable 

SDEKASPDKHHRFSLSRYAKLA

NRLANPKLLETFLSSKWIGDRGN

RSV  

Antibacterial  

MPPPLPARVDFSLAGALN  Antiamnestic PEP inhibitor  

MTPPPLPARVDFSLAGALN  Antiamnestic PEP inhibitor  

MPPPLPTRVDFSLAGALN  Antiamnestic PEP inhibitor  

YPFSL  Opioid  

GIFSLVKGAAKLAGKGLAKEGG

KFGLELIACKIAKQC  
Antibacterial (Esculentin-2B)  

SLFSLIKAGAKFLGKNLLKQGAQ

YAACKVSKECG  
Antibacterial (Rugosin B)  

SLFSLIKAGAKFLGKNLLKQGAC

YAACKASKQC  
Antibacterial (Gaegurin 1)  

SL DPP IV inhibitor 

(L)LLL(V) 358.27 42249 Unreadable 

KLKLLLLLKLK~  Antibacterial  

KLKLLLKLKG  Antibacterial  

KLKLLLLLKLKG  Antibacterial  

AGALGESGASLSIVNSLDVLRNR

LLLEIARKKAKEGANRNRQILLS

L  

Neuropeptide  

GLFEALLELLESLWELLLLEA  Membrane-active peptide (de novo designed peptide)  

QELLLNPTHQYPVTQPLAPVHNP

ISV  
Antimicrobial from beta-casein (184-210)  

QELLLNPTHQIYPVTQPLAPVHN

PISV  
Antibacterial from human alpha- and beta-casein (184-210) 
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KLLLRRLQ  DPP IV inhibitor, ACE inhibitor from bean (Phaseolus vulgaris)  

RLLLKLRQ  DPP IV inhibitor, ACE inhibitor from bean (Phaseolus vulgaris)  

MILLLFR  ACE inhibitor  

PDWFLLL  ACE inhibitor  

LL DPP IV inhibitor, glucose uptake stimulating peptide 

LLL  Stimulating vasoactive substance release  

(Y)LLP(-) 342.239 14984.4 Unreadable 

AAVALLPAVLLALLAPAAANYK

KPKL  
Regulating cell-permeability peptide  

NYKKPKLAAAAAVALLPAVLLA

LLAP  
Regulating cell-permeability peptide  

LLPHHH  Antioxidant  

LLPH  Antioxidant  

LLPHH  Antioxidant from soybean (Glycine max) beta-conglycinin  

LLPHHADADY  Antioxidant from soybean (Glycine max) beta-conglycinin  

LLPIVGNLLKSLLG  Antibacterial (Temporin B)  

LLPILGNLLNGLL~  Antibacterial (Temporin C)  

LLPILGNLLNGLLG  Antibacterial (Temporin C)  

LLPIVGNLLNSLL~  Antibacterial (Temporin D)  

LLPIVGNLLNSLLG  Antibacterial (Temporin D)  

LLPVIGNLLKSLL~  Antibacterial (Temporin K)  

LLPVIGNLLKSSLG  Antibacterial (Temporin K)  

RRLRPRRPRLPRPRPRPRPRPRSL

PLPRPQPRRIPRPILLPWRPPRPIP

RPQPQPIPRWL  

Antimicrobial (Bactenecin 7) from sheep neutrophils 

PLLPQQPFPSQQEQPQF  Coeliac-toxic  

FLKPLFNAALKLLP  
ACE inhibitor from skin secretions of frog (Rana ridibunda), 

antioxidant  

LLPSY  ACE inhibitor from olive seeds (Olea europaea)  

LLPF  Antioxidant, anti-inflammatory   

YPQLLPNE  Antioxidant 

FFRSKLLSDGAAAAKGALLPQY

W  
Antioxidant 

RCMAFLLSDGAAAAQQLLPQY

W  
Antioxidant, alpha-amylase inhibitor  

YPQLLPNE  Antioxidant 

LLPLPVLK  Alpha-glucosidase inhibitor  

FLLPH  Antioxidant 

LL DPP IV inhibitor, glucose uptake stimulating peptide 

LP DPP IV inhibitor 

LLP ACE inhibitor from alpha-zein 

(Y)VLP(-) 328.223 14956.4 Unreadable 

PAVVLP  ACE inhibitor  

VLPYPV  ACE inhibitor  

VLPYP  ACE inhibitor  

PQEVLP  ACE inhibitor  

IPQEVLP  ACE inhibitor  
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VLPIPQ  
ACE inhibitor from human beta-casein (161-166) (synthetic 

fragment) 

VLPIP  ACE inhibitor  

GLLSVLGSVAKHVLPHVVPVIAE

HLG  
Precursor of antibacterial peptide  

GLLSVLGSVAKHVLPHVVPVIAE

HL~  
Antibacterial  

KVLPVPQ  ACE inhibitor from beta-casein (169-175)  

SKVLPVPE  ACE inhibitor from beta-casein  

VLPIIGNLLNSLL~  Antibacterial (Temporin E)  

VLPIIGNLLNSLLG  Antibacterial( Temporin E)  

FIGASALKVLAGVLPSVISWVKL

GRILQ~  
Antibacterial (melittin-like peptide)  

FIGASALKVLAGVLPSVISWVKL

GRILQG  
Antibacterial (melittin-like peptide)  

FLGALFKVASKVLPSVFCAITKK

C  
Antibacterial (Gaegurin 5)  

SLGGVISGAKKVAKVAIPIGKAV

LPVVAKLVG  
Antibacterial (Ceratotoxin C)  

QQPPFSQQQQPVLPQ  Coeliac-toxic  

QQPPFSQQQQLVLPQ  Coeliac-toxic  

QQPPFSEEEEPVLPQ  Coeliac-toxic  

QQPPFSEQEQLVLPQ  Coeliac-toxic  

KVLPVP  ACE inhibitor from beta-casein (169-174)  

SLVLPVPE  ACE inhibitor from beta-casein (57-64)  

KVLPVPQK  Antioxidant from bovine beta-casein (169-176)  

VLPVPQK  Antioxidant from bovine beta-casein (170-176)  

VLPVPQKKVLPVPQK  Antioxidant  

AFVGYVLP  ACE inhibitor  

KVLPG  ACE inhibitor  

SQSKVLPVPQKAVPYPQ  Antioxidant  

VL DPP IV inhibitor, glucose uptake stimulating peptide 

LP DPP IV inhibitor 

VLP 
ACE inhibitor from human beta-casein (168-170) (synthetic 

fragment) 

(F)FAF(H) 384.192 42249 Unreadable 

FA DPP IV inhibitor 

AF DPP IV inhibitor, ACE inhibitor 

(L)FPF(V) 410.207 42249 Unreadable 

IFPFVEPI  Antiamnestic PEP inhibitor  

GRCVCRKQLLCSYRERRIGDCKI

RGVRFPFCCPR  
Antibacterial (rabbit NP-3B Defensin)  

FPFEVFGK  ACE inhibitor  

FFVAPFPFEVFGK  ACE inhibitor  

DSHEKRHHGYRRKFHEKHHSHR

EFPFYGDYGSNYLYDN  
Antibacterial (Histatin 1)  

RKFHEKHHSHREFPFYGDYGSN

YLYDN  
Antibacterial (Histatin 2)  

FP DPP IV inhibitor, ACE inhibitor (BSA fragment 221-222) 
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PF DPP IV inhibitor 

(F)AVLL(M) 415.291 42249 Unreadable 

AAVALLPAVLLALLAPAAANYK

KPKL  
Regulating cell-permeability peptide  

NYKKPKLAAAAAVALLPAVLLA

LLAP  
Regulating cell-permeability peptide  

AV DPP IV inhibitor, ACE inhibitor 

VL DPP IV inhibitor, glucose uptake stimulating peptide 
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Negatively charged peptidic fraction of pH9 (different subunits of NADH 

dehydrogenase) 

Protein Name (Accession): NADH dehydrogenase subunit 1 (mitochondrion) [Scomber scombrus] 

(YP_138205.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(Y)EVSL(G) 447.245 35565 Scomber scombrus 

EV DPP IV inhibitor, ACE inhibitor 

VS DPP IV inhibitor 

SL DPP IV inhibitor 

(L)IGAL(R) 373.245 35565 Scomber scombrus 

GIGALSAKGALKGLAK

GLAEHFAN~  
Antibacterial (Bombinin) from B. Variegata  

GIGALSAKGALKGLAK

GLAEHFANG  
Antibacterial (Bombinin) from B. Variegata  

IG ACE inhibitor 

GA DPP IV inhibitor, ACE inhibitor 

AL DPP IV inhibitor 

(Y)ILnPL(A) 569.366 35565 Scomber scombrus 

IL DPP IV inhibitor, glucose uptake stimulating peptide 

ILP ACE inhibitor from human beta-casein (synthetic fragment)  

LP DPP IV inhibitor 

LPL DPP IV inhibitor 

PL DPP IV inhibitor, ACE inhibitor from Alaskan pollack skin 

(L)nLAIL(F) 543.35 35565 Scomber scombrus 

LA 
DPP IV inhibitor, ACE inhibitor, ubiquitin-mediated proteolysis activating 

peptide 

AI ACE inhibitor 

IL DPP IV inhibitor, glucose uptake stimulating peptide 
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Protein Name (Accession): NADH dehydrogenase subunit 2, partial (mitochondrion) [Scomber 

scombrus] (ABY88996.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(K)IGL(A) 302.207 34466.4 Unreadable 

GSNKGAIIGLM  Neuropeptide from beta-amyloid (25-35)  

FLPLAIGLLGKLFG  Hemolytic (precursor of hemolytic peptide)  

DDMTMKPTPPPQYPLN

LQGGGGGQSGDGFGFA

VQGHQKVWTSDNGRH

EIGLNGGYGQHLGGPY

GNSEPSWKVGSTYTYR

FPNF  

Antibacterial (Diptericin)  

QIGLF  ACE inhibitor from egg white ovalbumin, alpha-glucosidase inhibitor  

RIGLF  ACE inhibitor from edible mushroom (Agaricus bisporus)  

IG ACE inhibitor 

GL DPP IV inhibitor, ACE inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 3 (mitochondrion) [Scomber scombrus] 

(YP_138212.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)IYEW(L) 610.287 13016.4 Scomber scombrus 

IY 
ACE inhibitor, antioxidant from soybean protein isolates of beta-

conglycinin and glycinin 

YE DPP IV inhibitor 

EW DPP IV inhibitor, ACE inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 4 (mitochondrion) [Scomber scombrus] 

(YP_138214.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(F)IVF(A) 378.239 51227.8 Scomber scombrus 

IV Glucose uptake stimulating peptide 

VF DPP IV inhibitor, ACE inhibitor 

IVF ACE inhibitor from soybean 

(L)IAY(S) 366.202 51227.8 Scomber scombrus 

IAYKPEG  Neuropeptide  

IAYKPE~  Neuropeptide  

IAYKPAG  Antihypertensive from spinach Rubisco  

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AY DPP IV inhibitor, ACE inhibitor, antioxidant from Okara protein 

IAY  ACE inhibitor   

(L)SLLTL(Q) 546.35 51227.8 Scomber scombrus 

SL DPP IV inhibitor 

LL DPP IV inhibitor, glucose uptake stimulating peptide 

LT DPP IV inhibitor 

TL DPP IV inhibitor 

(Y)ITL(L) 346.234 51227.8 Scomber scombrus 

TL DPP IV inhibitor 

  

(L)IIAL(A) 429.307 51227.8 Scomber scombrus 

II DPP IV inhibitor, glucose uptake stimulating peptide 

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AL DPP IV inhibitor 

(L)IAL(H) 316.223 51227.8 Scomber scombrus 

SIGSALKKALPVAKKIG

KIALPIAKAALP  
Antibacterial (Ceratotoxin A)  

IA DPP IV inhibitor, ACE inhibitor from soy hydrolysate 

AL DPP IV inhibitor 

(L)LVAL(L) 415.291 51227.8 Scomber scombrus 

LV DPP IV inhibitor, glucose uptake stimulating peptide 

VA DPP IV inhibitor 

AL DPP IV inhibitor 
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Protein Name (Accession): NADH dehydrogenase subunit 4L (mitochondrion) [Scomber scombrus] 

(YP_138213.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)LLAF(S) 463.291 10478.2 Scomber scombrus 

LL DPP IV inhibitor, glucose uptake stimulating peptide 

LA 
DPP IV inhibitor, ACE inhibitor, ubiquitin-mediated proteolysis activating 

peptide 

AF DPP IV inhibitor, ACE inhibitor 

(R)LQSLnL(L) 687.404 10478.2 Scomber scombrus 

GIMDTLKNLAKTAGKG

ALQSLLNKASCKLSGQ

C  

Antibacterial (Brevinin-2E)  

GILLDKLKNFAKTAGK

GVLQSLLNTASCKLSG

QC  

Antibacterial (Brevinin-2EC)  

GLLDSLKGFAATAGKG

VLQSLLSTASCKLAKTC  
Antibacterial (Brevinin-2)  

LQ ACE inhibitor 

QS DPP IV inhibitor 

SL DPP IV inhibitor 

LL DPP IV inhibitor, glucose uptake stimulating peptide 
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Protein Name (Accession): NADH dehydrogenase subunit 5, partial (mitochondrion) [Scomber 

scombrus] (BAF31219.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(K)GLDL(T) 417.234 26167.4 Unreadable 

GL DPP IV inhibitor, ACE inhibitor 

  

(L)AFL(H) 350.207 26252.4 Unreadable 

GRKSDCFRKSGFCAFLK

CPSLTLISGKCSRFYLCC

KRIR  

Antimicrobial (CHP1)  

GKREKCLRRNGFCAFL

KCPTLSVISGTCSRFQVC

C  

Antimicrobial (THP1)  

GRKSDCFRKNGFCAFL

KCPYLTLISGLCSXFHLC  
Antimicrobial (CHP2) fragment  

GRKSDCFRKSGFCAFLK

CPSLTLISGKCSRFYLCC

KRIWG  

Antibacterial (Gallinacin 1)  

AFLL  ACE inhibitor from beta-casein (189-192)  

RCMAFLLSDGAAAAQQ

LLPQYW  
Alpha-amylase inhibitor, antioxidant    

AVPYPQRDMPIQAFLLY  Antiamnestic PEP inhibitor  

GPETAFLR  Anti-inflammatory  

AF DPP IV inhibitor, ACE inhibitor 

FL DPP IV inhibitor 

AFL  ACE inhibitor   
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Protein Name (Accession): NADH dehydrogenase subunit 5 (mitochondrion) [Scomber scombrus] 

(YP_138215.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)ELASL(T) 532.298 67180.5 Scomber scombrus 

EL Antioxidant  

LA Ubiquitin-mediated proteolysis activating peptide 

AS DPP IV inhibitor 

ASL ACE inhibitor 

SL DPP IV inhibitor 

(L)ASL(T) 290.171 67180.5 Scomber scombrus 

YPASL  Opioid  

NLCERASLTWTGNCGN

TGHCDTQCRNWESAKH

GACHRGNWKCFCYFNC

  

Antibacterial (Ct-AMP1)  

KSCCPSTTARNIYNTCR

LTGTSRPTCASLSGCKII

SGSTCBSGWBH  

Antibacterial (Ligatoxin A)  

KSCCPNTTGRNIYNTCR

FGGGSREVCASLSGCKII

SASTCPSYPDK  

Antibacterial (Viscotoxin A2)  

NLCERASLTWTGNCGN

TGHCDTQCRNWESAKH

GACHKRGNWKCFCYFN

C  

Antibacterial (Ct-AMP1)  

AGALGESGASLSIVNSL

DVLRNRLLLEIARKKAK

EGANRNRQILLSL  

Neuropeptide  

LSMGSASLSP  ACE inhibitor from edible mushroom (Hypsizygus marmoreus)  

AS DPP IV inhibitor 

SL DPP IV inhibitor 

ASL  ACE inhibitor  
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Protein Name (Accession): NADH dehydrogenase subunit 6 (mitochondrion) [Scomber scombrus] 

(YP_138216.1) 

Sequence MH+ matched (Da) Protein MW (Da) Species 

(L)LLTL(F) 459.318 18230.4 Scomber scombrus 

LL DPP IV inhibitor, glucose uptake stimulating peptide 

LT DPP IV inhibitor 

TL DPP IV inhibitor 

(L)VLGL(V) 401.276 18230.4 Scomber scombrus 

VL DPP IV inhibitor, glucose uptake stimulating peptide 

LG ACE inhibitor 

GL DPP IV inhibitor, ACE inhibitor 

(F)SVF(R) 352.187 18230.4 Scomber scombrus 

SV DPP IV inhibitor 

VF DPP IV inhibitor ACE inhibitor 
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10. Achievement of objectives and advancement of scientific knowledge 

The objective of the study was to simultaneously isolate and identify Atlantic 

mackerel immunomodulatory biopeptides while determining the impact of peptide’s 

properties on the bioactivity of the final product. It was shown in this study that of the 

peptide’s characteristics only the charge and polarity would matter for its pro- and anti-

inflammatory activity leaving molecular weight inconsequential to the bioactivity. Of the 

utilized processes only SPE could improve the bioactivity of the Atlantic mackerel’s 

hydrolysate on the iNOS activity while UF demolished the effect. Among EDUF operational 

pH conditions moderately acidic and strongly alkaline pH, 6 and 9, destroyed the bioactivity 

yet ultra-acidic pH 3, did not affect the hydrolysate’s activity. In regard to the charge of 

fractions, effects were different between anionic and cationic peptides in the equal pH 

condition. Negatively charged fraction of pH3 was as stimulatory as hydrolysate on iNOS 

activity while its positively charged counterpart fraction had smaller pro-inflammatory 

effect. For anti-inflammatory effect BCAA and HAA were more important than CAA. 

Nevertheless, CAA signified more for pro-inflammatory activity than BCAA and HAA. 

Although size factor alone seemed not significant for the immunomodulatory effect of 

mackerel’s activity but in combination with charge may have a played positive role on the 

pro-inflammatory activity of the negatively charged fraction of pH3. This rather controversial 

statement was demonstrated by the presence of about 74% of less than 1 kDa peptides in the 

anionic fraction of EDUF pH3.  

To the best of our knowledge, no other fish biopeptide (hydrolysate and fractions) 

with iNOS stimulatory effect has been reported to date. Moreover, this is the first study to 

report the anti-inflammatory effect of Atlantic mackerel’s hydrophobic fraction. These 

observations can aid in the design and discovery of immunomodulatory natural therapeutical 

peptides. Additionally, these findings can contribute to the advancement of knowledge in the 

field of structure-activity relationship of food-extracted biopeptides.  
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CHAPTER VII: Identification of gastrointestinal digestion stable 

antihypertensive fish peptides from Atlantic mackerel (Scomber scombrus)  
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1. Contextual transition  

In the previous chapter, immunomodulatory effects of Atlantic mackerel’s 

biopeptides with different properties were screened, however, only polarity demonstrated the 

outmost effect on bioactivity of the fractions. Charge of the fraction, negative charge in 

particular, was also somewhat effectual on the pro-inflammatory effect of the peptides. In 

continuation of the preceding objectives, same fractions were examined for their hypotensive 

effects using an in-vitro assay. Previous studies have reported hydrophobicity as a rather vital 

factor for anti-ACE effects of a fish biopeptide, however, to date hypotensive effect of 

Atlantic mackerel and its peptides has not been tested. Similar to previous study, we aimed 

to determine the impact of an Atlantic mackerel fraction’s properties on its bioactivity, in 

particular the ACE inhibitory effects. In the following study efficiency and practicability of 

different techniques, UF and EDUF along with the chromatographic method of SPE, for the 

separation of anti-hypertensive fish biopeptides were put to test. Moreover, in this study we 

ought to partially characterize the most potent fraction to better evaluate the structure-activity 

relationship of hypotensive fish biopeptides.  

This chapter consists of the article entitled “Identification of gastrointestinal 

digestion stable antihypertensive fish peptides from Atlantic mackerel (Scomber 

scombrus)” which have been submitted to the Journal of Functional Foods. The authors 

are: Soheila Abachi (Ph.D. candidate: experiment planning and execution of the experiments, 

analysis of data and inscription of the article), Professor Lucie Beaulieu (director: supervision 

of the study and its experimental work, revision of the article), Professor Laurent Bazinet 

(co-director: supervision of the study, revision of the article), Professor Ismail Fliss and 

Professor André Marette (committee members: experiment planning), and Jacinthe 

Thibodeau (research professional: assistance in planning and execution of RP-UPLC and MS 

analyses). 
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2. Résumé  

Les organisations de santé ont annoncé que l'hypertension artérielle était l'un des 

principaux facteurs de risque du syndrome métabolique. En outre, il existe un lien entre 

l'apparition d'une résistance à l'insuline et l'hypertension, qui déclenche ensuite le diabète de 

type 2. L'hypertension peut être traitée par différentes classes de médicaments synthétiques, 

mais ceux-ci ont des effets indésirables. En conséquence, des alternatives naturelles telles 

que les peptides bioactifs marins et terrestres se sont révélées efficaces dans le traitement et 

la prévention de l'hypertension et de ses complications associées. Le but de notre travail était 

de fractionner et d'identifier les peptides antihypertenseurs en mesurant la capacité 

d'inhibition de l'enzyme de conversion de l'angiotensine (ACE) des fractions et de 

caractériser les fractions puissantes par UPLC-MS. Les fractions ont été produites en utilisant 

différentes techniques; extraction en phase solide (SPE), ultrafiltration baromembranaire 

(UF) et électrodialyse avec membrane UF (EDUF). Selon nos résultats, la fraction 

hydrophobe de SPE avec un IC50 de 5 µg de protéines était le produit anti-ACE le plus 

puissant. Les résultats de l'étude suggèrent que la technique de séparation joue un rôle 

important dans l'efficacité d'isolement des biopeptides antihypertenseurs puisque les valeurs 

IC50 des fractions EDUF et UF étaient plus élevées et / ou très différentes de la valeur IC50 

de l'hydrolysat, soit de 8.8 ug de protéines. L’activité de la fraction hydrophobe a été 

conservée grâce au système de digestion gastro-intestinale in-vitro. En conclusion, la 

polarité, indépendamment de la charge et de la taille, est le facteur le plus important pour 

l'activité anti-ACE d'un biopeptide de maquereau de l'Atlantique. De plus, la présence de 

leucine à l'extrémité C- ou N-terminaux ou de motifs riches en leucine pourrait jouer un rôle 

crucial dans l'effet hypotenseur de nos fractions.  

  



 

278 
 

3. Abstract 

High blood pressure has been recognized as one of the main risk factors of 

cardiometabolic syndrome by health organizations. In addition, there is a link between the 

occurrence of insulin resistance and hypertension consequently initiating type 2 diabetes. 

Hypertension is medicated by various classes of synthetic drugs; however, adverse effects 

have repeatedly been reported. To avoid and reduce side effects, natural alternatives such as 

marine and terrestrial bioactive peptides have been shown effective in the treatment and 

prevention of hypertension and its related complications. The aim of present work was to 

fractionate and identify antihypertensive peptides by means of measuring the Angiotensin-

Converting Enzyme (ACE) inhibition capacity of fractions combined with UPLC-MS 

identification. Fractions were produced using different techniques of Solid Phase Extraction 

(SPE), pressure driven Ultrafiltration (UF) and Electrodialysis with UF membrane (EDUF). 

According to our results, among all, the hydrophobic fraction of SPE with the IC50 value of 

5 µg of protein was the most potent anti-ACE product. Findings of the study suggest that 

separation technique plays an important role in the isolation efficiency of antihypertensive 

biopeptides since the IC50 values of EDUF and UF fractions were higher and or 

insignificantly different from the IC50 value of the hydrolysate, 8.8 µg of protein. Importantly, 

the hydrophobic fraction’s activity was retained through static model of an in-vitro 

gastrointestinal digestion system. In conclusion, polarity regardless of charge and size, was 

the most important factor for anti-ACE activity of an Atlantic mackerel biopeptide. In 

addition, the presence of leucine at either of the extremities (C- or N-terminal) and or leucine 

rich motifs could well explain the hypotensive effect of our active fraction.  

Keywords: antihypertensive, electrodialysis ultrafiltration, fish, hydrophobic 

biopeptides, mackerel, solid phase extraction  
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4. Introduction 

According to the National Cholesterol Education Program Adult Treatment Panel 

(NCEP-ATP III) and World Health Organization (WHO), hypertension, affecting almost one 

in four of the developed countries’ population, is a criterion for the occurrence of Metabolic 

(MetS) and Cardiometabolic Syndrome (CMS). It is noteworthy that blood pressure is also 

an element of an individual’s total cardiovascular risk [58, 246]. Hypertension is strongly 

associated with the functional and structural cardiac and vascular deformities thus a 

significant cause of severe organ damage (heart, kidneys, brain, vasculature and other organs) 

increasing the premature morbidity and mortality of individuals [246]. Therefore, not only 

that high blood pressure could lead to various life-threatening conditions, responsible for the 

death of 1,300 individuals each day in the United States, but also its economic burden is 

rather high on societies [630]. According to Centers for Disease Control and Prevention 

(CDC) report, based on pooled data from 2003 to 2014, high blood pressure, on average, 

costs Americans $131 billion each year ($9089 unadjusted mean of annual medical expenses 

for every hypertension patient) [630]. Correspondingly, these numbers are on the rise and 

affected population is to reach 1.56 billion by 2025 [248]. 

Even though ACE, AKA dipeptidyl carboxypeptidase I and/or kininase II, regulates 

blood pressure, but the state of pre-hypertension is an inflammatory associated condition 

which would instigate a more severe condition if not prevented and treated by proper means 

in a timely manner [187]. The ACE enzyme is a fairly large protein that converts angiotensin-

I to angiotensin-II (a vasoconstrictor, in general, impairing endothelial function, and renal 

hemodynamics) stimulating the release of aldosterone, and thus, increasing the pressure of 

blood initiating vascular and cardiac hypertrophy (table VII. 1.) [247]. Many classes of drugs 

(direct inhibitors of the renin-angiotensin system (angiotensin-converting enzyme inhibitors, 

angiotensin-receptor blockers), adrenergic beta-antagonists, diuretics, sodium chloride 

symporter  inhibitors, and calcium channel blockers) have been in practice for the alleviation 

and deterrence of hypertension and subsequent conditions. ACE inhibitors, first introduced 

in 1981 with frequent mild and or sever reported adverse effects, are among widely 

prescribed hypertension drugs. Interestingly, this class of drug (benazepril, captopril, 
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cilazapril, enalapril, fosinopril, lisinopril and …), irrespective of its hypotensive effects in 

treatment of hypertension in end-stage renal disease patients, has also effectively decreased 

the mortality among chronic hemodialysis patients [631].  

Table VII. 1.: Physicochemical properties of angiotensin-converting enzyme 

Properties Values  

Chemical Formula C6787H10263N1825O1930S44 

Number of amino acids 1306 

Total number of atoms 20849 

Molecular weight 149714.86 Da 

Charge Negative  

Grand average of hydropathicity (GRAVY) -0.398 

Total number of negatively charged residues (Asp + Glu): 147 

Total number of positively charged residues  (Arg + Lys): 121 

Active sites of chain A human ACE**  His317, Ala318, Ser319, His347, Glu348, His351, 

Glu375, Phe421, Lys475, Phe476, His477, Val482, 

Tyr484, Tyr487 

Table is adapted and modified from Abachi et al. [32]. *: human ACE (P12821), **: chain A human ACE 

(PDB code: 1O8A) 

 

Studies have shown that synthetic anti-ACE compounds could efficaciously be 

substituted by natural bio-functional compounds in drug discoveries. Natural compounds 

alone or in combination therapies could non-cytotoxically prevent or treat hypertension. 

Among all compounds extracted from different terrestrial and or marine sources, fish protein 

and its hydrolysates have repeatedly demonstrated considerable ACE inhibitory activities in 

various in-vitro, in-vivo and clinical studies. The topic has been thoroughly reviewed and 

discussed by the authors [32]. Few of the biologically active fish peptides are potent anti-

ACE ingredients, as therapeutic peptides, of various commercial products intended for 

human consumption (e.g., Tensideal®, Molval®, Valtyron®, and PeptACE™ from 

mackerel, blue ling, sardine and bonito, respectively) [332, 333]. Though not definite but low 

molecular mass, presence of Hydrophobic (HAA) and Charged Amino Acids (CAA) at C- 

or N-terminal and or penultimate position of those terminals would generally translate into 

potency of a fish biopeptide against high blood pressure and ACE activity. Presence of HAA 

in the sequence is a somewhat vital feature of a hypotensive fish biopeptide, yet its absence 

does not necessitate the ineffective activity of a protein similar to the concept of small 



 

281 
 

molecular weight. For instance, many rather potent large hypotensive peptides have been 

successfully tested in various experimental settings (table VII. 2.). 

Table VII. 2.: Selected fish-extracted anti-ACE and antihypertensive peptides with molecular weights larger 

than 1000 Da 

Fish name 

Hypotensive peptide 

sequence Properties Observed effect Ref. 

  molecular weight (Da),  

grand average of 

hydropathicity (GRAVY), 

isoelectric point,  

net charge 

IC50 (and related 

significant 

observation) 

 

Salmon  FEDYVPLSCF 

 

1219.37,  

0.540,  

2.92,  

-2 

11.25 μM (mixed 

(competitive and non-

competitive) inhibition 

mode) 

[291] 

Tilapia (O. 

niloticus) 

 

KPLLLMQLLLLFR 1598.11, 

1.369, 

11.52,  

+2 

Parent fraction (150 µg 

mL-1) 

 

[302] 

Tuna  GDLGKTTTVSNWSPPK

YKDTP 

2292.53, 

-1.257, 

9.63,  

+1 

11.28 μM (non-

competitive inhibition 

mode, and at 10 mg 

kg-1 BW, single oral 

dose, at 6-h decreased 

(-21 mmHg) SBP in 

SHR) 

[303] 

Bonito  IVGRPRHQG 1019.17, 

-1.044, 

12.49, 

+2 

6.2 μM (at 10 mg kg-1 

BW significantly 

inhibited elevation of 

blood pressure in 

normotensive rats) 

[277] 

Bigeye tuna 

 

WPEAAELMMEVDP 1517.73, 

-0.208, 

2.66, 

-4 

< 1.32 mM 

 

[276] 

 

Yellowfin sole (L. 

aspera) 

 

MIFPGAGGPEL 1088.29, 

0.627, 

3.20, 

-1  

0.25 – 500 mM 

(significant inhibition, 

non-competitive 

inhibition mode), and 

at 10 mg kg-1 BW, 

single oral dose, at 3-h 

decreased (-22 mmHg) 

SBP in SHR) 

[304] 

Pacific cod (G. 

macrocephalus) 

LLMLDNDLPP 1140.36, 

0.340, 

2.76,  

-2  

35.7 μM [287] 

Only the most significant related effects are noted. 
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 Antihypertensive peptides have successfully been extracted and separated by some 

common processes and techniques such as enzymatic hydrolysis, filtration, and 

chromatography [32]. UF membranes, with varying Molecular Weight Cut Offs (MWCO) 

ranging from 1 kDa to 30 kDa, have been used for rather selective separation of smaller size 

oligopeptides which often exhibit higher bioactivities compared to the larger ones. 

Commonly for the purpose of better separation and isolation, fractions are processed by one 

or more chromatographic techniques post-UF. For instance, gel filtration and ion-exchange 

chromatography have been used for the separation of < 1,000 Da oligopeptides and charged 

peptides, respectively. Along the typical ones, some atypical procedures are also in use for 

the preparation of fish hypotensive biopeptides. For example, isoelectric focusing 

electrophoresis has been used by Auwal et al. for the separation of anti-ACE hepta-, hexa- 

and penta-peptides from hydrolysate of stone fish (Actinopyga lecanora) [299].  

On the one hand, filtration, with low selectivity, in recent years has been used for 

inexpensive commercial and large-scale separation of peptides and value-added products 

from a variety of crude hydrolysates. On the other hand, highly selective and expensive 

chromatography techniques have been used for profitable separation of, generally, in-demand 

therapeutic, and pharmaceutical grade peptides from hydrolysates. Yet, either of the 

abovementioned conventional separation techniques, compared to processes like EDUF, 

have obvious shortcomings limiting their practice for biopeptide production in pilot and 

industrial scales. Nonetheless, EDUF could reasonably and selectively isolate biopeptides 

(based on charge and size) from a range of lysates [32]. To the knowledge of authors, EDUF 

has not been yet employed for the separation of charged anti-ACE fish and specifically 

mackerel biopeptides [32].  

In our previous article, we have tested and reported the immunomodulatory effects of 

fractions produced from Atlantic mackerel (Scomber scombrus) protamex hydrolysate by 

EDUF, UF and SPE based on their different properties of molecular weight, charge, and 

hydrophobicity. We, in continuation of previous article, for the first time intended to screen 

EDUF and UF fractions (same as those studied in our previous work) along with SPE 

fractions (of which only 70%ACN tested in our previous work) for the separation of 
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gastrointestinal digestion stable ACE inhibitory peptides. Objectives of our study were (I) 

screening all the resultant fractions of EDUF, UF and SPE for their hypotensive effects in an 

in-vitro setting, (II) examining the susceptibility of the selected fraction to digestion in a 

static model for bioavailability prediction of the Atlantic mackerel’s anti-hypertensive 

biopeptide in hostile environment of the intestine and (III) lastly, characterizing the selected 

fraction for structure-activity relationship based assumptions. 

5. Material, protocol, and methods  

5.1. Materials 

5.1.1. Chemicals and consumables 

Chemicals and consumables were obtained from various producers and providers as 

follows; Protamex from Novozymes A/S (Bagsværd, Kobenhavn, Denmark), column 

cartridge Sep-Pak® Vac 20cc (5g) and 6-Aminoquinolyl-N-Hydroxysuccinimidyl 

Carbamate (AQC) from Waters Corp. (Milford, MA, USA), enalapril, N-Hippuryl-His-Leu 

hydrate (HLL) 99%, ACE from rabbit lung, ≥2.0 units/mg protein (modified Warburg-

Christian), 1,4-Dioxane anhydrous (99.8%), bile extract porcine, pancreatin from porcine 

pancreas (8x USP), intestinal acetone powders from rat, pepsin from porcine gastric mucosa 

≥ 2,500 units/mg protein, and trypsin from bovine pancreas from Sigma-Aldrich (Oakville, 

ON, Canada), hydrochloric acid (HCl), and Alfa Aesar™ cyanuric chloride (NCCl)₃ 98% 

from Thermo Fisher Scientific (Montreal, QC, Canada), sodium chloride crystalline (NaCl), 

sodium hydroxide pastilles (NaOH), and orthoboric acid (H3BO3) ACS from VWR life 

sciences (Montreal, QC, Canada), monopotassium phosphate (KH2PO4), sodium bicarbonate 

(NaHCO3), potassium chloride (KCl) from EMD Millipore Sigma (Etobicoke, ON, Canada), 

multi-purpose type ED cell (100-cm2 of effective area) from Electrocell AB (Taby, Sweden), 

Neosepta CMX-SB (cationic) and AMX-SB (anionic) membranes from Astom Ltd. (Tokyo, 

Japan), Polyethersulfone (PES) 4200-cm2 surface area Spiral-Wound (SW) 1 kDa MWCO 

and ultra-filtration 20 kDa MWCO membranes from Synder Filtration (Vacaville, CA, USA). 
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5.1.2. Hydrolysate   

Hydrolysate was prepared according to the method of Beaulieu et al. [55, 607]. Our 

material was provided by Merinov, the Quebec Fisheries and Aquaculture Innovation Centre 

(Gaspé, QC, Canada). Firstly, 100 kg of fresh frozen (2016 and 2018 caught) Atlantic 

mackerel (S. scombrus) (supplied by Lelievre, Lelievre et Lemoignan Ltee (Grande-Riviere, 

Sainte-Therese de Gaspe, QC, Canada)) was grinded. Further demineralized water in 1:1 

(w/w) ratio was added to the raw material and heated to 45°C. Hundred grams of protamex 

then in 1: 1000 enzyme: substrate ratio was added to the material to start the hydrolysis 

process. After 120 minutes enzyme was heat inactivated (90°C). The supernatant of the tank 

was centrifuged (11,000 g) for the generation of solid free liquid. Subsequently, 

microfiltration (0.3-µm), spiral wound ultrafiltration (10,000 Da) and nanofiltration (200 Da) 

membranes were sequentially utilized to separate fractions from the hydrolysate. Permeates 

and retentates were lyophilized and pooled. The fraction with molecular mass of < 10,000 

Da (200 Da – 10,000 Da) was selected to be analyzed in this study and further fractionated 

using different methods as described below. As reported in our previous work, hydrolysate 

was highly proteinaceous, 90%, containing 6% of ash and 1% of moisture. 

5.2. Protocol  

In continuation of our previous research work and to better evaluate the effect of 

separation technique and operational parameters on bioactivity, specifically the hypotensive 

effect, of Atlantic mackerel fish biopeptide, an in-vitro screening of the fractions was planned 

(see chapter VI.). All fourteen fractions of the hydrolysate collected from all the processes 

were vacuum and freeze-dried to complete dryness and then were tested for their ACE 

inhibitory activity at four different concentrations. Fractions were tested for the total amino 

acid content to make a correlation between bioactivity and composition of the material. 

Furthermore, we used a static gastrointestinal digestion model for the estimation of material’s 

(SPE-70%ACN hydrophobic fraction) bioavailability and bioefficacy in future dynamic 

digestion model as well as potential in-vivo study. Next, possible sequences of the fraction 
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were assessed to make a rough prediction about structure activity relationship of fish 

hypotensive peptides.  

5.3. Fractionation methods 

5.3.1.  Fractionation by SPE 

SPE technique was used to produce relatively hydrophobic peptides according to the 

method of Offret et al. with modifications [55]. Briefly, 12.5 g of the mackerel hydrolysate 

was thoroughly dissolved in 50 mL of deionized water, under constant agitation, and loaded 

onto column cartridge (Sep-Pak C18, 5 g sorbent, 55 – 105-µm particle size) set on Waters 

multi-position cartridge manifold. Sample solution was eluted out of column in the increasing 

acetonitrile (ACN) order of 10%, 55% and 70% and fully dried using Speedvac (Thermo 

Scientific Savant, Fisher, MA, USA), at 45°C under 12 mmHg pressure) and freeze drier. 

Dried samples were stored at -30°C.  

5.3.2.  Fractionation by pressure driven UF 

Mackerel hydrolysate was additionally fractionated based on size of the peptides as 

described in our previous work (see chapter VI.). MWCO of the Polyethersulfone (PES) 

Spiral-Wound (SW) membrane (surface area of 4200-cm2) was 1 kDa. Operational 

parameters were ambient room temperature, pressure of 25 psi and 5 L of 2.4% protein feed 

(w/v). Recovered fractions, namely retentate (> 1 kDa) and permeate (< 1 kDa), were 

lyophilized, and stored at -30°C.   

5.3.3.  Fractionation by EDUF 

Mackerel hydrolysate was furthermore processed by the electro-separation method as 

described in our previous work to produce peptides based on their charge and molecular 

weight (see chapter VI.). We made use of multiple membranes, a cation exchange membrane, 
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an anion exchange membrane and two cellulose acetate ultrafiltration membranes (MWCO 

20 kDa) in this process to simultaneously generate positively and negatively charged 

fractions (< 20 kDa). Effect of pH was simultaneously assessed on the separation efficiency 

of these types of biopeptides. Operational parameters were: 4% protein feed solution (2L), 

two 2 g of KCl L-1 (4L) as the recovery compartment solutions and a 20 g of Na2SO4 L
-1 as 

electrode rinsing solution (2L), flow rate of 2 L min-1 for feed and KCl recovery 

compartments and 4 L min-1 for electrode rinsing solution, pressure of 2 psi in recovery and 

feed solutions, anode/cathode voltage difference of 15 volts, run time of 3 hours, pH of 3, 9 

and or 6, and ambient room temperature. Nine fractions were collected, freeze-dried and 

stored at -30°C.  

5.4. Characterization of newly generated mackerel hydrolysate SPE sub-fractions  

5.4.1. Total nitrogen and protein content 

The nitrogen and protein content of material were evaluated by combustion method 

using a Leco Truspec Micro CHNS microanalysis analyzer. Protein contents of the samples 

were calculated based on the protein factor of 6.25 and the total nitrogen, organic and 

inorganic, of fractions.  

5.4.2. Total amino acid analysis  

Fractions were tested for total amino acid quantity according to a previously 

standardized method [607, 617]. Samples were hydrolyzed and derivatized pre-analysis. 

Analysis was done using a Reversed-Phase Ultra-Performance Liquid Chromatography (RP-

UPLC) system with AccQ-Tag™ Ultra C18 column.  
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5.4.3. Reverse phase ultra-performance liquid chromatography (RP-UPLC) and 

mass spectrometry analyses  

We performed RP-UPLC analyses by a 1290 Infinity II UPLC system (Agilent 

Technologies, Santa Clara, CA, USA) with binary pump (G7120A), multisampler (G7167B), 

in-line degasser and variable wavelength detector (VWD G7114B) adjusted to 214 nm. We 

diluted the fraction to 0.5% protein and filtered through 0.22-µm PVDF filter into a glass 

vial. Subsequently, sample was loaded (10 µL) onto C18 column (Acquity UPLC CSH 130 

1.7-µm, 2.1 × 150 mm i.d., Waters Corp., Milford, MA, USA). We operated the column at 

flow rate of 400 µL min-1, 45°C. A linear gradient consisting of solvent A (LC-MS grade 

water with 0.1% formic acid) and solvent B (LC-MS grade ACN with 0.1% formic acid) was 

applied with solvent B going from 35 – 90% in 30 min holding for 5 min, then back to initial 

conditions. We used hybrid Ion Mobility Quadrupole TOF mass spectrometer (6560 high-

definition mass spectrometry (IM-Q-TOF), Agilent, Santa Clara, USA) to detect and measure 

the relative abundances of peptides. All LC-MS/MS experiments were acquired using Q-

TOF. Signals were recorded in positive mode at extended dynamic range, 2Ghz, 3200 m/z 

with a scan range between 100 – 3200 m/z. Nitrogen was used as drying gas (13.0 L min-1, 

150 °C) and as nebulizer gas at 30 psig. The voltages were set at 3500 V, 300 V and 400 V 

for capillary, nozzle and fragmentor, respectively. The instrument was calibrated using an 

ESI-L low concentration tuning mix (Agilent Technologies, Santa Clara, CA, USA). Data 

acquisition and analysis were completed by Agilent Mass Hunter Software package (LC/MS 

Data Acquisition, Version B.08.00 and Qualitative Analysis for IM-MS, Version B.07.00 

Service Pack 2 with BioConfirm Software). Spectrum Mill MS Proteomics Workbench Rev 

B.05.00.180 was used for additional search. For identification of the fraction, we looked into 

various protein databases (mackerel, Scomber scombrus, pelagic fish and percomorphaceae). 

5.5. ACE inhibition  

The in-vitro antihypertensive activity of all the recovered fractions was analyzed 

using a spectrophotometry method previously developed by Hayakari et al., using Hippuryl-

Histidyl-Leucine (HHL) as substrate and a colorimetric reagent of Hippuric Acid (HA) 
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namely 2,4,6-Trichloro-S-Triazine (TT) [632]. Briefly, 20 µL of ACE (250 mU mL-1 in 

borate buffer) was added to 20 µL of sample followed by addition of 80 µL phosphate buffer 

and incubation of 10 min at 37°C (water bath). One replicate of each sample, concurrently, 

was incubated for 10 min at 95°C, to inactivate ACE at the base (negative control). Post 

incubation 40 µL of the ACE substrate (HHL 6.25 mM in borate buffer) was added to each 

test tube followed by 60 min incubation at 37°C. To inactivate the further action of ACE, test 

tubes were incubated for 10 min at 95°C. For yellow color development, 480 μL of phosphate 

buffer plus 360 μL of TT reagent were carefully added to all test tubes. Only 200 µL of each 

tube was pipetted into the wells of a 96-well microplate and the absorbances were read at 382 

nm by a microplate reader. An ACE inhibitor drug, enalapril, was used as positive control. 

The percentage of ACE inhibition was calculated and documented.  

5.6. Stability of selected ACE inhibitory fraction 

5.6.1. Effect of gastric and duodenal enzymes (non-continuous) 

Stability of the selected fraction to gastrointestinal enzymes was tested according to 

a previously described method of Enari et al. with modifications [633]. Sample (14 mg) was 

individually incubated with the enzymes (1% (w/w) pepsin in 7 mL of 0.1 M HCl-KCl 

solution (pH 2.0), 1% (w/w) trypsin in 7 mL of 0.1 M phosphate buffer solution (pH 7.5), 

and or 1% (w/w) pancreatin in 7 mL of 0.1 M phosphate buffer solution (pH 7.5)) at 37°C 

for 120 minutes. Reaction was stopped by heating at 95°C for 15 minutes. Throughout the 

process a shaking water bath of 50 RPM was utilized for incubation of the sample. For 

adjusting the pH of pepsin solution, NaOH (2 N) was used. Samples were tested for anti-

ACE activity according to the method described above.  

5.6.2. Effect of in-vitro gastrointestinal simulated digestion (continuous) 

The stability of selected anti-ACE fraction was challenged by an in-vitro simulated 

gastrointestinal digestion, static model, according to a previously described method with 
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modifications [302]. Briefly, the sample (20 mg) was dissolved in 10 mL of phosphate buffer 

(10 mM), pH 6.8, and incubated for 2 minutes at 37°C (oral condition). Right after, acidic 

condition (pH 1.5 – 2) was produced by addition of 5 mL HCl-KCl (1 M) to the solution 

mixture. To mimic gastric conditions, we used pepsin 1% (w/w) (substrate: enzyme ratio 

100: 1) in 5 mL HCl-KCl (1 M) solution and incubated the sample solution at 37°C for 60 

minutes (gastric condition). Ten milliliters of NaHCO3 (1 M, pH 7.5) were added for pH 

adjustment. Duodenal condition was simulated by addition of 10 mL mixture solution of 1% 

(w/w) pancreatin, 1% (w/w) trypsin, 35% (w/w) bile extract in phosphate buffer (10 mM, pH 

8.2) (Duodenal condition) with the final pH of 7.5. After 30 minutes of incubation at 37°C, 

1% (w/w) intestinal acetone powder solution in phosphate buffer (10 mM, pH 8.2) was added 

to mirror the intestinal condition. Solution was incubated for another 30 minutes at 37°C. 

Reaction was stopped by heating the solution (95°C) for 15 minutes. Throughout the process, 

a shaking water bath of 50 RPM was utilized for incubation of the sample. Control was 

prepared by mixing the inactivated enzymes (by heating at 95°C for 15 minutes) with the 

peptide solution. Samples were drawn (200 µL) and centrifuged (2,000 × g for 30 seconds) 

from each condition to perform activity tests. ACE inhibition analysis was performed as 

described above.  

6. Statistical analyses  

All experiments had completely randomized design. Collected data were tested for 

normal distribution by Anderson-Darling Normality test and analyzed by one way-ANOVA, 

using Minitab (version 18). Data in tables are presented as means ± standard deviation. The 

error bars on the graphs represent the standard deviation of two-six independent studies. 

Different letters on bars, as obtained by Tukey’s multiple comparison test at 95% confidence 

intervals (P < 0.05), were used to indicate statistical significance among different groups. 
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7. Results and discussion  

7.1. Isolation efficiency  

Isolation efficiency of the SPE process is noted in table VII. 3. SPE yielded about 4 

– 13% of crude fractions with gradient hydrophobicities. The highest and lowest yield, 

irrespective of the bioactivity concept, were from 10%ACN and 70%ACN, correspondingly 

(table VII. 3.). Fractions were 86 – 91% protein rich. Regarding EDUF process, as reported 

in our previous work, most of < 20 kDa positively charged peptides, weight-based, were 

produced in EDUF pH3 (3.1% of the initial hydrolysate feed) followed by pH6 and pH9. 

Accordingly, most of < 20 kDa negatively charged peptides were obtained from EDUF pH6 

and pH9 (1.2 – 1.3% of the initial hydrolysate feed) followed by pH3. Regardless of the 

peptides’ property and bioactivity, about 22% (of the initial feed) < 1,000 Da oligopeptides 

were recovered in pressure driven UF process. In our previous work, we concluded that 

EDUF and SPE processes were the techniques of choice for separation of immunomodulatory 

peptides, pro- and anti-inflammatory fractions, respectively (see chapter VI.).  According to 

our findings as presented in the subsequent sections, of the three processes only the 

chromatographic technique was statistically efficient enough to isolate ACE inhibitory 

peptides from the hydrolysate (see section 7.3.).  

Table VII. 3.: Yield of SPE process based on protein dry weight  

 Protein (%) 

dry weight 

Recovery (%) based 

on protein weight 

Total hydrolysate 91.1 ± 0.1  

SPE   

10%ACN 90.9 ± 2.4 13.2 ± 1.1a 

55%ACN 88.2 ± 2.7 4.7 ± 0.7b 

70%ACN 85.7 ± 0.7 3.7 ± 0.5bc 

Protein percentages of the fractions have been measured by Leco and 

MicroLeco instruments. Each cell represents the mean of 3 

measurements ± standard deviation. a-c letters as obtained by ANOVA, 

Tukey’s multiple comparison test are used to indicate statistical 

significance (P ≤ 0.05). Data were normally distributed according to 

Anderson-Darling Normality test. 
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7.2. Characterization of the selected fractions 

7.2.1. Total amino acid analysis 

Results of the unprocessed hydrolysate and SPE fractions are presented in table VII. 

4. Total amino acid composition of EDUF and UF fractions were discussed in our earlier 

research work (see chapter VI.). Rationally, SPE-70%ACN and SPE-10%ACN ought to be 

the most and least HAA-rich fractions. In accord, SPE-70%ACN had 33% more total HAA 

than its most hydrophilic counterpart fraction, SPE-10%ACN. Nonetheless, the same fraction 

had 25% less CAA than the SPE-10%ACN. Interestingly, most hydrophobic fraction had 

about ~2-folds the Branched Chain Amino Acids (BCAA) compared to SPE-10%ACN. As 

presented in the following section, we observed noticeable anti-ACE potency of the 

unprocessed mackerel hydrolysate (IC50 of 8.8 µg of protein) compared with the hydrophobic 

fraction (IC50 of 5.0 µg of protein). Protamex digested Atlantic mackerel hydrolysate, had 

about 81% more CAA, 33% and 46% less HAA and BCAA than SPE-70%ACN, 

respectively. Yet, its IC50 value, statistically, was only marginally different from the 

hydrophobic fraction. Among charged EDUF fractions, cationic and particularly anionic 

peptides of pH9 were the most potent ones with IC50 values of 11.5 µg and 9.4 µg of protein, 

correspondingly yet their effects could not exceed the hydrolysate’s activity. Anionic 

peptidic fraction of pH9 was relatively richer in BCAA, HAA and Essential Amino Acids 

(EAA) while it only composed of balanced non-EAA, and CAA compared to its counterpart 

fraction of pH3 and pH6 (see chapter VI.). Cationic fraction of pH9 had balanced amount of 

EAA, non-EAA, and BCAA although it contained less of total HAA compared to cationic 

peptidic fractions of pH3 and pH6 (see chapter VI.). The hydrolysate of grass carp with 

substantial in-vitro and in-vivo antihypertension activity was rich in negatively CAA [284]. 

It is of note that positively charged peptides of various origins, alone or in combination 

therapies, could significantly attenuate hypertension [327-330]. Conclusively, aside from 

compositional and structural properties of anti-ACE fish biopeptides, total CAA content of 

the fraction may comparably be as important as its HAA content for the hypotensive effects 

of Atlantic mackerel extracted peptides. 
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Table VII. 4.: Total amino acid composition (g 100g-1 of protein) of mackerel hydrolysate and SPE fractions  

  SPE fractions**  
Hydrolysate* 10%ACN 55%ACN 70%ACN 

EAA     

Arginine 5.2 ± 0.2 5.2 ± 0.4de 4.1 ± 0.1fg 3.4 ± 0.0e 

Histidine 3.5 ± 0.3 4.1 ± 0.5ef 2.9 ± 0.0h 2.6 ± 0.1f 

Isoleucine 2.8 ± 0.2 2.6 ± 0.4gh 5.9 ± 0.4cde 6.6 ± 0.3c 

Leucine 6.0 ± 0.1 6.4 ± 0.0cd 11.0 ± 0.5a 11.9 ± 0.1a 

Lysine 7.9 ± 0.5 6.6 ± 0.6bc 5.4 ± 0.5de 4.8 ± 0.2d 

Methionine 2.1 ± 0.2 2.2 ± 0.2h 3.2 ± 0.0gh 3.1 ± 0.0ef 

Phenylalanine 2.6 ± 0.2 3.1 ± 0.4fgh 6.7 ± 0.0c 8.1 ± 0.4b 

Taurine 0.5 ± 0.0 0.6 ± 0.1i 0.2 ± 0.0i 0.5 ± 0.0g 

Threonine 3.8 ± 0.1 3.9 ± 0.0efg 3.8 ± 0.2fgh 3.6 ± 0.1e 

Tryptophan 0.7 ± 0.0 ND ND ND 

Valine 3.8 ± 0.3 3.3 ± 0.4fgh 4.8 ± 0.2ef 4.7 ± 0.0d 

Σ EAA 38.8 ± 0.2 38.1 ± 0.1b 48.0 ± 1.8a 49.3 ± 0.7a 

non-EAA 
    

Alanine 5.5 ± 0.1 5.1 ± 0.1de 3.7 ± 0.2fgh 3.1 ± 0.1ef 

Aspartic acid  9.2 ± 0.3 7.9 ± 0.2b 9.0 ± 0.6b 8.3 ± 0.4b 

Cystine 0.3 ± 0.0 0.3 ± 0.0i 0.8 ± 0.1i 0.7 ± 0.1g 

Glutamic acid  14.7 ± 0.8 12.0 ± 0.5a 9.4 ± 0.7b 7.6 ± 0.2b 

Glycine 5.6 ± 0.3 6.0 ± 0.5cd 6.1 ± 0.0cd 5.4 ± 0.0d 

Proline 3.8 ± 0.2 3.9 ± 0.2efg 6.4 ± 0.1cd 6.3 ± 0.2c 

Serine 3.6 ± 0.2 3.9 ± 0.2efg 3.5 ± 0.1fg 3.1 ± 0.1ef 

Tyrosine 2.3 ± 0.2 2.6 ± 0.4gh 3.5 ± 0.1gh 3.1 ± 0.1ef 

Σ non-EAA 45.0 ± 0.3 41.7 ± 0.6ab 42.4 ± 1.5a 37.7 ± 0.8a 

Σ AA 83.7 ± 0.2 79.8 ± 0.7 90.4 ± 3.3 86.9 ± 0.1 

BCAA  12.5 ± 0.2 12.4 ± 0.8b 21.7 ± 1.1a 23.2 ± 0.3a 

CAA  48.4 ± 0.4 35.8 ± 0.4a 30.7 ± 1.8b 26.8 ± 0.7b 

HAA  32.8 ± 0.2 32.8 ± 0.4b 47.9 ± 1.2a 49.2 ± 0.4a 

Each cell represents the mean of observations ± standard deviation of duplicate 

measurements. a-i letters as obtained by ANOVA; Tukey’s multiple comparison test are used 

to indicate statistical significance (P ≤ 0.05). Data were normally distributed according to 

Anderson-Darling Normality test. 
*membrane filtered hydrolysate, **SPE fractions in the increasing order of hydrophobicity. 

 

7.2.2. RP-UPLC and mass spectrometry analyses 

All the possible sequences identified and predicted in the selected fraction of SPE-

70%ACN have positive GRAVY values up to 4.5, with relatively small molecular sizes, 

demonstrating and confirming the hydrophobic character of the highly potent hypotensive 

peptidic material (table VII. 5. and figure VII. 1.). These peptide sequences originated from 

19 different precursor proteins such as NADH and formate dehydrogenase, nucleoside and 

ABC transporter permease, ATPase, argininosuccinate lyase, S-malonyltransferase, 
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transcriptional regulator, cytochrome b, etc. An antimicrobial sub-fraction of the same 

fraction recently has been characterized by our team and the potent material was 

characteristically leucine and isoleucine rich (LILLILLLLKLLLLLI, LLILLLLKLLLLLI, 

and LLILLLLLLILLLILLPF) [55]. Fragments of these oligopeptides have also been 

identified in the selected hypotensive fraction. Decades ago, presence of leucine and 

isoleucine at either of the extremities of an antihypertensive sequence have been stated vital 

for the bioactivity of a peptide [320]. Fish hypotensive peptides such as AHLLLL, 

LGPLGHQ, LNLQDFR, MVGSAPGVL, LLMLDNDLPP, ELLGFV, QDLLFR, 

MILLLFR, NELLLFR, and NLGALLFR are evidently leucine rich [32]. The 

antihypertensive dipeptides such as IF, FL and VL, specifically of fish-origin, are also 

fragments of some possible sequences of the fraction meeting the Lipinski's rule of five thus 

being potential drug-like candidates (table VII. 5.) [32]. Moreover, examining the data 

submitted as a supplementary file VII. 1. about the motifs of possible sequences, we noticed 

that there not any shared sequences between the most and the least effective anti-ACE 

fractions (SPE hydrophobic and pH3 negatively charged EDUF fractions, respectively). 

Interestingly, FPF (homologous with motifs of cytochrome b (mitochondrion) [Notacanthus 

chemnitzii] and ABC transporter permease [Cedecea neteri]) is a shared possible sequence 

between hydrophobic and pH9 negatively charged EDUF fractions. The latter was the most 

potent hypotensive fraction among EDUF separated material. The tri-peptide, FPF, has been 

previously reported for its anti-ACE and anti-DPP-IV activities [634, 635]. The peptide 

according to the study of Liu et al. has three potential binding sites to DPP-IV enzyme 

(Arg125, Glu205, Glu206) [493]. Motifs of this tripeptide, FP, and PF, have been part of 

many biopeptides with wide range of bioactivities (see supplementary file VII. 1.). 

Information regarding pH3 negatively charged and pH9 negatively charged EDUF fractions 

have been submitted as supplementary file VI.1. to our previous research article.  
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Table VII. 5.: Properties of major oligopeptides of SPE-70%ACN fraction* 

   Molecular mass (Da)  Protein precursors 

RT  

(min) 

Possible sequence 

(spectrum mill) 

Precursor 

(m/z) Observed  Theoretical  

GRAVY, 

charge 

Molecular 

mass (Da) Species  Name  

1.199 (S)AFLM(F) 481.2439 480.2368 480.2399 2.575, 0 38146.0 Paracirrhites 

arcatus 

NADH dehydrogenase subunit 2 

(mitochondrion) 

1.199 (H)AFIM(I) 481.2439 480.2368 480.2399 2.750, 0 23850.8 
 

AYJ00859.1 cytochrome oxidase 

subunit 1, partial (mitochondrion) 

[Scomber scombrus] 

1.199 (L)AFPF(W) 481.2439 480.2368 480.2366 1.450, 0 34007.6 
 

AIR06932.1 LysR family 

transcriptional regulator [Cedecea 

neteri] 

1.256 (L)BFPF(K) 410.2077 409.2005 524.2264 0.125, -1 35525.2 Poecilia 

reticulata 

Predicted: olfactory receptor 4C11-

like 

1.256 (L)BFPF(K) 410.2077 409.2005 524.2264 0.125, -1 42249.0 
 

ACB47332.1 cytochrome b 

(mitochondrion) [Scomber scombrus] 

1.280 (L)FPF(V)  410.2077 409.2005 409.1996 1.333, 0 43200.1 
 

 BBA85494.1 cytochrome b 

(mitochondrion) [Notacanthus 

chemnitzii]  

1.280 (S)FPF(M)  410.2077 409.2005 409.1996 1.333, 0 33119.5 
 

AIR07362.1 peptide ABC transporter 

permease [Cedecea neteri] 

1.322 (S)IIII(M) 471.3537 470.3462 470.3458 4.500, 0 12980.3 
 

BBA85499.1 NADH dehydrogenase 

subunit 3 (mitochondrion) [Neocyema 

erythrosoma] 

1.330 (S)ILIL(M) 471.3550 470.3462 470.3458 4.150, 0 42249.0 
 

ACB47332.1 cytochrome b 

(mitochondrion) [Scomber scombrus] 

1.330 (L)IIII(K) 471.3550 470.3462 470.3458 4.500, 0 28346.5 
 

AIR07303.1 surface presentation of 

antigens protein spaR [Cedecea 

neteri] 

1.413 (M)IIFL(I) 505.3375 504.3302 504.6600 3.900, 0 26130.9 Lateolabrax 

japonicus 

Cytochrome c oxidase subunit II 

(mitochondrion) 

1.413 (S)IIFI(P) 505.3375 504.3302 504.6600 4.075, 0 68003.4 
 

BBA85500.1 NADH dehydrogenase 

subunit 5 (mitochondrion) [Neocyema 

erythrosoma] 
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2.021 (D)TGPWLI(I) 686.3890 685.3819 685.8200 0.783, 0 6572.8 
 

BAN83455.1 ATPase subunit 8 

(mitochondrion) [Sphyraena 

japonica] 

2.022 (G)PGMGVLL(A) 686.3890 685.3819 685.8800 1.614, 0 67873.2 
 

AIR05554.1 PTS system mannitol-

specific transporter subunit IICBA 

[Cedecea neteri] 

2.022 (G)GGGGGGVII(N) 686.3840 686.3910 685.7800 1.200, 0 158146.4 Gouania 

willdenowi 

Protein Jumonji 

3.602 (G)FAIML(M) 595.3674 594.3599 593.7800 2.960, 0 43200.1 
 

BBA85494.1 cytochrome b 

(mitochondrion) [Notacanthus 

chemnitzii] 

3.602 (G)FAIML(I) 595.3674 594.3320 593.7800 2.960, 0 42061.9 
 

ALR72720.1 cytochrome b, partial 

(mitochondrion) [Caulolatilus 

intermedius] 

6.500 (Y)KGVLGDLSSR(R) 1031.5850 594.3320 1031.1800 -0.250, +1 42407.2 
 

AIR07058.1 nucleoside permease 

[Cedecea neteri] 

6.520 (V)HVVTPTLAPP(P) 1031.5894 1030.5822 1031.2200 0.460, 0 31754.5 
 

TWW53083.1 immunoglobulin kappa 

variable 3D-15 [Takifugu flavidus] 

* The fraction was analyzed by RP-UPLC and MS.   
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Figure VII. 1.: Chromatogram of SPE-70%ACN fraction and compounds’ molecular weight associated 

with each peak.  

 

7.3. ACE inhibitory activities of fractions 

Results of anti-ACE potency of all the fractions and their corresponding IC50 values 

are presented in table VII. 6. and figure VII. 2. Anti-ACE effects of enalapril were 

logarithmic. Inhibition activity of the samples were rather logarithmic and effects for some 

of the tested fractions were slightly dose independent (figure VII. 1.). The most hydrophobic 

fraction, in comparison with the most hydrophilic one, was about 3-times more potent. Even 

though the most hydrophobic fraction of SPE had the smallest IC50 value among all in this 

study but overall, statistically was identical to its mid-hydrophobic (55%ACN) counterpart 

(table VII. 6.). Least inhibitory fractions were negatively charged EDUF pH3 and pH6 

peptides being almost 5- and 8-folds less effective than the hydrolysate and SPE separated 

hydrophobic material. In general, EDUF technique and the implemented operational 

parameters were not as successful in the generation of anti-ACE peptides, however, notably 

the condition of pH9 (IC50 8.9 – 11.5 µg of protein) statistically did not decrease the efficacy 

of hydrolysate (IC50 8.8 µg of protein). Regarding the production of small molecular mass 
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oligopeptides, though size-based fractionation of hydrolysate did not improve the effectivity 

of material, yet comparably did not reduce the potency of fractions.  

Table VII. 6.: Inhibitory concentration (50%) of Atlantic mackerel hydrolysate and its fractions  

 

IC50  

(µg of 

protein) 

Total hydrolysate 8.8 ± 0.1def 

UF  

Permeate (<1 kDa) 9.0 ± 0.4def 

Retentate (> 1kDa) 8.2 ± 3.7ef 

SPE  

10%ACN 14.3 ± 5.2cde 

55%ACN 5.7 ± 2.6f 

70%ACN 5.0 ± 2.9f 

EDUF  

pH3 Feed recovery  21.5 ± 3.2bcd 

 Positively charged peptides (< 20 kDa) 23.2 ± 0.4bc 

 Negatively charged peptides (< 20 kDa) 43.7 ± 0.4a 

pH6 Feed recovery  27.3 ± 6.1bc 

 Positively charged peptides (< 20 kDa) 23.3 ± 5.9bc 

 Negatively charged peptides (< 20 kDa) 40.8 ± 4.3a 

pH9 Feed recovery  8.9 ± 0.2def 

 Positively charged peptides (< 20 kDa) 11.5 ± 0.5cdef 

 Negatively charged peptides (< 20 kDa) 9.4 ± 0.0def 

Each cell represents the mean of observations ± standard deviation of 2-6 independent 

studies, triplicate measurements. a-f letters as obtained by ANOVA, Tukey’s multiple 

comparison test are used to indicate statistical significance (P ≤ 0.05). Data were normally 

distributed according to Anderson-Darling Normality test. 

 

These observations highlight the fact that size and charge of peptides may not be as 

vital for anti-ACE properties of mackerel-derived fractions. However, hydrophobicity 

seemed to play a rather significant role in hypotensive effects of the sample. In accordance, 

hydrophobicity was likewise essential for the in-vitro anti-inflammatory effect of 70%ACN 

fraction. Presence of HAA in the sequence of a peptide has repeatedly been documented as 

relatively important for the effective interaction of biopeptide with the active sites of ACE 

[32]. Interestingly, a fairly hydrophobic derivative oligopeptide of 70%ACN fraction, 

KVEIVAINDPFIDL (mass of 1,584 Da, and hydrophobicity of +15.86 Kcal mol-1), has 

previously demonstrated significant antibacterial activity against a range of bacteria yet most 

effective on Listeria spp. with the minimum inhibitory concentration value of 207.5 µg mL-
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1 [55]. Previous studies have shown the importance of C-terminal hydrophobic moiety for 

anti-inflammatory activity of natural antimicrobial peptides [636]. Finally, hydrophobicity is 

somewhat essential for anti-inflammatory and anti-hypertensive activity of a peptide. 

7.4. Stability of the selected hypotensive fraction to gastrointestinal digestion, 

continuous and non-continuous  

The most potent fraction (SPE-70%ACN fraction) was assessed for its susceptibility 

to gastrointestinal digestion and the results of material’s stability are presented in tables VII. 

7. and VII. 8. Bioactivity of the test material was retained in both simulated continuous 

(through oral, gastric, duodenal, and intestinal phase) and non-continuous digestion assays 

and the variation was not statistically significant compared with the undigested sample. In 

the continuous model at the end of digestion both digested and non-digested (control) fraction 

inhibited about 50% of the ACE activity. It was also evident that none of the digestive 

enzymes (pepsin, trypsin, and or pancreatin) could further hydrolyze the fraction to smaller 

oligopeptides. Sample size of 40 µg fraction (34.3 µg of hydrophobic protein) post-digestive 

enzymes hydrolysis could quench the activity of 5 mU ACE by about 90%. Comparable 

results were documented for the non-digested hydrophobic fraction. Additionally, in many 

studies GI digestion has been shown to improve the activity and increase the potency of 

peptides, yet such result was not achieved in our study. For instance, further hydrolysis of 

cobia hydrolysate with digestive enzymes enhanced its antihypertensive activity up to 61% 

[281]. 
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Figure VII. 2.: Percent ACE inhibitory activity of four different concentrations (µg of protein or fraction) of mackerel hydrolysate and fractions 

A: different size UF fractions, B: hydrophilic and hydrophobic SPE fractions, C: neutral, cationic, and anionic EDUF (pH 3, 6 and 9) fractions. The error 

bars represent the standard deviation of two-six independent studies, triplicate measurements. a-d letters on bars as obtained by ANOVA, Tukey’s multiple 

comparison test are used to indicate statistical significance (P ≤ 0.05). Data were normally distributed according to Anderson-Darling Normality test. 
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It is of note that in the study of Offret et al. Atlantic mackerel GAPDH-related 

antimicrobial peptide (a derivative of the same fraction) lost its integrity and activity post-

gastric phase in the dynamic GI TIM-1 model while SPE-70%ACN fraction was digestion 

resistant in simulated static GI model [55]. It has been revealed that the presence of proline 

and tryptophan, generally at the C-terminus, are required for the stability of a fish peptide to 

GI digestion and digestive proteases including pepsin, trypsin and chymotrypsin [32, 633]. 

To the knowledge of authors comparable finding about the GI stability of Atlantic mackerel-

extracted hypotensive biopeptide has not yet been documented to date and we are the first to 

report such observation. 

Table VII. 7.: Stability of SPE-70%ACN fraction to non-continuous single gastrointestinal proteases  

Enzyme  ACE inhibition activity (%) 
Pepsin  88.1 ± 3.6a 
Trypsin  88.2 ± 2.3a 
Pancreatin  86.8 ± 0.7a 
Final peptide concentration in well was 34.3 µg. Undigested fraction’s anti-ACE 

activity was insignificantly different from the enzyme-digested samples. Each cell 

represents the mean of observations ± standard deviation of 3 independent studies, 

triplicate measurements. Small letters as obtained by ANOVA, Tukey’s multiple 

comparison test are used to indicate statistical significance (P ≤ 0.05). Data were 

normally distributed according to Anderson-Darling Normality test. 

 

8. Conclusion and prospects  

In this study, of the three processes, chromatographic technique of SPE was the most 

efficient practice for the separation of GI digestion stable anti-ACE material of mackerel 

hydrolysate-origin. Moreover, according to our results pressure driven UF and/or EDUF 

pH9, if optimized, may also be fairly suitable for the purpose. In the present work, 

hydrophobicity feature of the hypotensive peptides topped charge and size properties of the 

Atlantic mackerel fractions thus being 2- and up to 8-times more potent compared with the 

unprocessed hydrolysate and its processed fractions, correspondingly. In agreement, it has 

previously been noted that characteristics of the final product and subsequently the activity 

of hypotensive fish biopeptides not only depend on the nature of digestion but also on type 

of the isolation/purification technique. The highly potent hydrophobic fraction, identified in 



 

301 
 

this study, has the capacity for further purification for the isolation of drug-like substances 

which may be used as drug-leads in drug design and discoveries for anti-hypertensive 

medication. Another avenue of research, to comply with health Canada regulations, would 

be substituting acetonitrile with ethanol, isopropanol and or any other appropriate solvent 

approved by national authorities as permitted bioactive material extraction solvents. 

Moreover, in-depth examinations of the effect of fraction in well-controlled cell, and in-vivo 

animal models or human intervention studies concomitant with structure-activity relationship 

experiments are required for definite conclusions.  

Table VII. 8.: Stability of SPE-70%ACN fraction to continuous gastrointestinal digestion  

 ACE inhibition activity (%) Peptide concentration 

(µg)  Condition Digested* Undigested**  

After oral phase   88.4 ± 1.1a 88.3 ± 0.8a 34.3  

After gastric phase  87.9 ± 1.3a 88.1 ± 1.2a 17.1  

After duodenal phase  56.9 ± 2.1a 57.9 ± 5.3a 8.6 

After intestinal phase  52.5 ± 2.2a 59.7 ± 4.8a 8.6 

Each cell represents the mean of observations ± standard deviation of 3 independent studies, 

triplicate measurements. Small letters as obtained by ANOVA; Tukey’s multiple comparison 

test are used to indicate statistical significance (P ≤ 0.05). Data were normally distributed 

according to Anderson-Darling Normality test. *: sample solution which has gone through the 

GI digestion, **: sample solution prepared with inactivated enzymes which was 

simultaneously tested with the main sample (control).  
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Supplementary file VII. 1. 

In the seventh chapter of the thesis, we have presented the research article titled 

“Identification of gastrointestinal digestion stable antihypertensive fish peptides from 

Atlantic mackerel (Scomber scombrus)”. In this file, we have presented detailed 

information about the precursor proteins (possible sequence, matched MH+ (Da), protein 

molecular weight (Da), species, precursor protein name including the organism’s name and 

accession number) followed by their motifs, peptides and or protein information which have 

been extracted from two sources of FeptideDB web application as well as BIOPEP-UWM 

database of bioactive peptides. Moreover, biological activity of the motifs and or proteins are 

listed in the table. Precursor proteins’ data of the hydrophobic fraction has been extracted 

from several protein databases (mackerel, Scomber scombrus, pelagic fish and 

percomorphaceae) for accurate identification of the material.  

Per our analysis, precursor proteins mainly are homologous with Cedecea neteri (a 

member of the Enterobacteriaceae family previously isolated from pickled mackerel 

Sashimi), Scomber scombrus, Notacanthus chemnitzii (snub-nosed spiny eel) and or 

Neocyema erythrosoma (a type of pelagic fish). Interestingly none of the possible sequences 

of the hydrophobic (most potent anti-ACE biopeptide, IC50 of 5.0 µg) and pH3 negatively 

charged fractions (least effective fraction against ACE, IC50 of 43.7 µg) matched with one 

another yet the tripeptide, FPF, was a shared amino acid chain between the most effective 

anti-ACE mackerel biopeptide and the pH9 negatively charged fraction with rather good anti-

ACE activity (IC50 of 9.4 µg). This tri-peptide and its motif, FP, has previously shown rather 

good inhibitory effects against ACE (FP; EC50 of 315.0 µM) and DPP-IV (FPF; IC50 of 247 

µM, FP; IC50 of 682.5 µM). Potential binding sites of this anti-DPP-IV tri-peptide, per 

molecular docking analysis, are Arg125, Glu205, Glu206. The tri-peptide is rather 

susceptible to the DPP-IV activity and it could be cleaved at the C-terminal side of the Pro 

residue. The Pro at penultimate position had been reported vital for anti-DPP-IV activity. 

Data for the pH3 and pH9 negatively charged fraction had been submitted as supplementary 

file VI. 1. to our previous publication (Isolation of immuno-modulatory biopeptides from 

Atlantic mackerel (Scomber scombrus) protein hydrolysate based on the molecular 

weight, charge, and hydrophobicity). Majority of the predicted sequences consisted of four 

amino acids being tetra-peptides while II, IL, IM, AF and FPF were the most observed motifs 
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(possible sequences; FPF, AFPF, AFIM, AFLM, BFPF, IIFI, IIFL, IIII, ILIL, FAIML, 

TGPWLI, PGMGVLL, KGVLGDLSSR, GGGGGGVII and HVVTPTLAPP). Bioactivities 

of motifs of the abovementioned proteins varied yet mostly had ACE and DPP-IV inhibition 

activities.  
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Supplementary information on predicted possible sequences of SPE-70%ACN fraction 

Sequence MH+ matched (Da) 

Protein 

MW 

(Da) 

Species 
Precursor 

protein name 

Accession 

number 

(S)FPF(M), (L)FPF(V) 410.208 43200.1 Unreadable 

peptide ABC 

transporter 

permease 

[Cedecea 

neteri], 

cytochrome b 

(mitochondrion

) [Notacanthus 

chemnitzii], 

cytochrome b 

(mitochondrion

) [Scomber 

scombrus]  

AIR07362.1, 

BBA85494.1, 

ACB47332.1 

IFPFVEPI  PEP inhibitor      

GRCVCRKQLLCSYRERRIGDCKIRGVRFPFCCPR 
Antibacterial (rabbit 

NP-3B Defensin)  
    

FPFEVFGK  ACE inhibitor      

FFVAPFPFEVFGK  ACE inhibitor      

DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLY

DN  

Antibacterial (Histati

n 1) 
    

RKFHEKHHSHREFPFYGDYGSNYLYDN  
Antibacterial (Histati

n 2)  
    

FP 
ACE inhibitor, DPP-

IV inhibitor 
    

PF DPP-IV inhibitor     

(L)AFPF(W) 481.245 34007.6 Unreadable 

LysR family 

transcriptional 

regulator 

[Cedecea 

neteri], ATPase 

subunit 6 

AIR06932.1, 

BBB55738.1 
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(mitochondrion

) [Raneya 

brasiliensis] 

AFP ACE inhibitor     

AF ACE inhibitor     

(L)IIII(K), (S)IIII(M) 471.355 12980.3 Unreadable 

surface 

presentation of 

antigens protein 

spaR [Cedecea 

neteri], NADH 

dehydrogenase 

subunit 3 

(mitochondrion

) [Neocyema 

erythrosoma] 

AIR07303.1, 

BBA85499.1 

 

 

II 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 

    

(S)IIFI(P) 505.339 42407.2 Unreadable 

nucleoside 

permease 

[Cedecea 

neteri], NADH 

dehydrogenase 

subunit 5 

(mitochondrion

) [Neocyema 

erythrosoma] 

AIR07058.1, 

BBA85500.1  

IF ACE inhibitor     

(G)PGMGVLL(A) 686.391  67873.2 Unreadable 

PTS system 

mannitol-

specific 

transporter 

subunit IICBA 

[Cedecea 

neteri] 

AIR05554.1 

PG 

ACE inhibitor, DPP-

IV inhibitor, stomach 

mucosal membrane 
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activity regulating 

peptide, 

antithrombotic, 

antiamnestic prolyl 

endopeptidase 

inhibitor 

GM ACE inhibitor     

MG 
ACE inhibitor, DPP-

IV inhibitor 
    

GV 
ACE inhibitor, DPP-

IV inhibitor 
    

VL 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 

    

LL 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 

    

(Y)KGVLGDLSSR(R) 1031.585 42407.2 Unreadable 

nucleoside 

permease 

[Cedecea 

neteri] 

AIR07058.1 

GD ACE inhibitor     

LG ACE inhibitor     

KG 
ACE inhibitor, DPP-

IV inhibitor 
    

(H)AFIM(I) 481.248 23850.8 Unreadable 

cytochrome 

oxidase subunit 

1, partial 

(mitochondrion

) [Scomber 

scombrus] 

AYJ00859.1 

AF 
ACE inhibitor, DPP-

IV inhibitor 
    

IM DPP-IV inhibitor     

(L)BFPF(K) 410.208 35525.2 
Poecilia 

Reticulata 

cytochrome b 

(mitochondrion

) [Scomber 

scombrus], 

ACB47332.1, 

XP_008400001.

1 
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Predicted: 

olfactory 

receptor 4C11-

like 

FP 
ACE inhibitor, DPP-

IV inhibitor 
    

PF DPP-IV inhibitor     

(S)ILIL(M) 471.355 42249 Unreadable 

cytochrome b 

(mitochondrion

) [Scomber 

scombrus] 

ACB47332.1 

IL 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 

    

LI 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 

    

(D)TGPWLI(I) 686.388 6572.8 Unreadable 

ATPase subunit 

8 

(mitochondrion

) [Sphyraena 

japonica] 

BAN83455.1  

TG 
ACE inhibitor, DPP-

IV inhibitor 
    

GP 

ACE inhibitor from 

Alaskan pollack skin, 

stomach mucosal 

membrane activity 

regulating peptide, 

DPP-IV inhibitor, 

antithrombotic, 

antiamnestic prolyl 

endopeptidase 

inhibitor 

    

PW 

DPP-IV inhibitor, 

antioxidative peptide 

from buckwheat 
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PWL 
Antioxidative 

synthetic peptide 
    

WL DPP-IV inhibitor     

(V)HVVTPTLAPP(P)  

 
1031.589 31754.5 Unreadable 

immunoglobuli

n kappa 

variable 3D-15 

[Takifugu 

flavidus] 

TWW53083.1 

HV DPP-IV inhibitor     

VV DPP-IV inhibitor     

VT DPP-IV inhibitor     

TP DPP-IV inhibitor     

PT 
ACE inhibitor, DPP-

IV inhibitor 
    

TL DPP-IV inhibitor     

LA 

ACE inhibitor, DPP-

IV inhibitor, 

Ubiquitin-mediated 

proteolysis activating 

peptide 

    

LAP 
ACE inhibitor from 

chicken muscle 
    

AP 
ACE inhibitor, DPP-

IV inhibitor 
    

PP 
ACE inhibitor, DPP-

IV inhibitor 
    

(G)FAIML(M), (G)FAIML(I) 594.332 42061.9 Unreadable 

cytochrome b 

(mitochondrion

) [Notacanthus 

chemnitzii],  

cytochrome b, 

partial 

(mitochondrion

) [Caulolatilus 

intermedius] 

BBA85494.1, 

ALR72720.1  

FA DPP-IV inhibitor     

AI ACE inhibitor     

IM DPP-IV inhibitor     
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ML DPP-IV inhibitor     

(S)AFLM(F) 481.248 38146 
Paracirrhite

s Arcatus 

NADH 

dehydrogenase 

subunit 2 

(mitochondrion

) 

YP_008593809.

1 

AF 
ACE inhibitor, DPP-

IV inhibitor 
    

FL DPP-IV inhibitor     

LM DPP-IV inhibitor     

(M)IIFL(I)  505.339 26130.9 
Lateolabrax 

japonicus 

cytochrome c 

oxidase subunit 

II 

(mitochondrion

) 

YP_009646763.

1 

IF ACE inhibitor     

FL DPP-IV inhibitor     

(G)GGGGGGVII(N) 686.384   
158146.

4 

Gouania 

willdenowi 
Protein Jumonji 

XP_028316963.

1 

GG 
ACE inhibitor, DPP-

IV inhibitor 
    

VI DPP-IV inhibitor,     

II 

DPP-IV inhibitor, 

glucose uptake 

stimulating peptide 
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10. Achievement of objectives and advancement of scientific knowledge 

Per objective of the study, anti-ACE attributes of all the fractions which were 

produced based on different properties of the peptides were assessed. Presumably, in this 

study similar to the previous one hydrophobicity was the outmost important factor for the 

antihypertensive potency of Atlantic mackerel’s peptides. Contrary to previous study where 

negative charge seemed rather important for the pro-inflammatory activity of the biopeptides, 

in particular those separated at pH3, least ACE inhibitory fractions of the current study were 

anionic peptides of pH3 and pH6. EDUF, except at pH9, demolished hypotensive nature of 

the material while SPE improved the ingrained hypotensive attribute of the hydrolysate. 

Nevertheless, while UF did not boost the ACE inhibitory potential of the hydrolysate to 

significant degree but did not destroy the effect. In the direction of structure-activity 

relationship analysis, we confirmed hydrophobic character of the biopeptides where GRAVY 

values of all the possible sequences of our fraction were positive up to 4.5. Correspondingly, 

compared with its hydrophilic counterpart material, the same fraction was HAA- and BCAA-

rich while being rather CAA-deficient. A similar pattern, in comparison to pH3 and pH6 

separated fractions, was observed for the most potent EDUF material, anionic peptides of 

pH9.  

To the best of our knowledge, present study is the first to report hypotensive effect of 

a GI digestion stable Atlantic mackerel’s fraction. This observation, in addition to finding of 

the previous study, can aid in the design and discovery of high blood pressure regulating and 

possibly metabolic syndrome benefitting natural therapeutical peptides. It is of note that dual-

functional biopeptides are of scientific community’s great interest due to their relatively 

lower cost and patient compliance effects in the field of medicine. Furthermore, our current 

observation similarly could have an impact on the advancement of knowledge in the field of 

structure-activity relationship of food-extracted biopeptides. 
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1. Contextual transition  

Bioactivities of the fractions, namely in-vitro immunomodulation, and in-vitro anti-

hypertension effects were determined in the preceding two studies. In both studies, SPE and 

UF techniques were the most and least efficient methods for the separation of a rather small 

size hydrophobic dual-functional fraction from the hydrolysate of Atlantic mackerel with 

innate pro-inflammatory and anti-ACE effects. Previous studies have demonstrated that 

while expensive chromatographic techniques, in general, offer highly selective separation of 

fish-based bioactive peptides, the selective electroseparation processes like EDUF can isolate 

fish biopeptides inexpensively. To further the project a step forward, we aimed to test 

metabolic impairment benefiting effects of the hydrolysate and EDUF-separated pro-

inflammatory fraction on the diet-induced insulin resistant obese rats in an in-vivo 

experimental setting. We, in this study, were only able to examine the pH3 positively charged 

fraction due to low yield of both EDUF and SPE processes. Moreover, among the 

proinflammatory fractions production of pH3 positively charged material (good 

proinflammatory effect) was rather feasible than the pH3 negatively charged one (most 

potent proinflammatory fraction). We had to optimize cells and operational parameters of the 

EDUF for practical production of pH3 positively charged fraction. Nevertheless, we had to 

perform multiple EDUF runs to achieve enough material for an in-vivo study. Many 

experiments, to date, have shown that immunomodulatory and hypotensive fish biopeptides 

could benefit MetS risk factors (e.g., overweight, obesity, pre-diabetes, and diabetes) in 

various in-vitro, in-vivo and human clinical as well as intervention studies. It is of note that 

anionic and cationic peptides of EDUF at pH3 both had considerable iNOS stimulatory 

effects yet due to low yield of the anionic fraction only the latter with smaller bioactivity was 

examined in the animal study.  

This chapter consists of the article entitled “Bioactivity of mackerel peptides on 

obesity and insulin resistance, an in-vivo study” which have been submitted to the Journal 

of Food Bioscience. The authors are: Soheila Abachi (Ph.D. candidate: experiment planning 

and execution of the experiments, analysis of data and inscription of the article), Professor 

Lucie Beaulieu (director: supervision of the study and its experimental work, revision of the 
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article), Professor Laurent Bazinet (co-director: supervision of the study), Professor Ismail 

Fliss and Professor André Marette (committee members: experiment planning), Dr. 

Geneviève Pilon )scientific collaborator: experiment planning, revision of the article), Dr. 

Vanessa P. Houde (research professional: planning of animal study), and Jean-Philippe 

Songpadith (research professional: execution of animal study). 
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2. Resumé 

L'intolérance au glucose, la résistance à l'insuline et l'obésité abdominale sont les 

principaux facteurs de risque d'irrégularités métaboliques. Le risque de maladies vasculaires 

et de cancers est élevé chez les personnes souffrant d'irrégularités métaboliques. Le 

traitement et la prévention de ces facteurs de risque sont donc importants pour la santé de la 

population. Il a souvent été démontré que les biopeptides marins et les biopeptides des 

poissons préviennent et réduisent ces facteurs de risque. Dans notre étude précédente, 

l'hydrolysat de maquereau de l'Atlantique et ses fractions ont montré des effets bénéfiques 

sur l'immunité et l'hypertension. Dans la présente étude, nous avons cherché à examiner les 

effets de l'hydrolysat de maquereau et de la fraction chargée positivement (isolée à pH3 en 

utilisant l'électrodialyse avec membrane d'ultrafiltration) sur les facteurs de désordre 

métabolique chez les souris obèses résistantes à l'insuline induite par la diète. Les souris ont 

été nourries avec la nourriture et/ ou la diète hypercalorique (riche en graisses et en 

saccharose) pendant une durée de 8 semaines. Par la suite, les souris obèses insulino-

résistantes nourries avec une diète hypercalorique ont été gavées quotidiennement soit avec 

le véhicule, soit avec le produit testé à la dose de 208 mg de protéines d’échantillons par kg 

de poids corporel du rat. Selon nos observations, les peptides de maquereau ne pouvaient pas 

moduler efficacement la prise alimentaire, la prise de poids, l'adiposité, les concentrations 

plasmatiques de glucose et d'insuline, le cholestérol hépatique et les taux de triglycérides. 

Ainsi, l'obésité et les troubles métaboliques n'ont pas pu être évités chez les souris obèses 

résistantes à l'insuline. En conclusion, la puissance anti-hypertensive et immunomodulatrice 

des peptides de maquereau aux concentrations testées ne semble pas être corrélée avec ses 

effets bénéfiques sur le syndrome métabolique. Pour une déclaration générale sur le pouvoir 

bénéfique des biopeptides du maquereau de l'Atlantique sur le syndrome métabolique, des 

recherches supplémentaires sont nécessaires. 
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3. Abstract 

Of many metabolic irregularity risk factors, glucose intolerance, insulin resistance, 

and abdominal obesity are the main ones. The risk of vascular diseases and cancers is rather 

high in such individuals therefore its treatment and prevention are equally important for the 

health of population. Marine including fish biopeptides have frequently shown to prevent and 

or ameliorate these risk factors. In our earlier studies, Atlantic mackerel hydrolysate and its 

fractions showed promising effects on immunity and hypertension. We, therefore, in the 

current study, aimed to examine the effects of mackerel hydrolysate along its cationic 

peptides, isolated at pH3 using electrodialysis with ultrafiltration membrane, on metabolic 

disorder factors in diet-induced insulin resistant obese mice. Mice were fed the chow and or 

the hypercaloric diet (high fat high sucrose) for the duration of 8-weeks. Subsequently the 

hypercaloric fed insulin resistant obese mice were gavaged daily either the vehicle and or the 

test material at the dosage of 208 mg of sample protein per kg rat body weight. According to 

our observations, mackerel peptides could not effectively modulate food intake, weight gain, 

adiposity, plasma glucose and insulin concentrations, hepatic cholesterol, and triglyceride 

levels. Thus, obesity and metabolic impairments could not be averted by the treatments in 

insulin resistant obese mice. In conclusion, anti-hypertensive, and immunomodulatory 

attributes of mackerel peptides at the tested concentrations do not seem to be correlated with 

its metabolic syndrome benefiting effects. To presume a general statement about the 

metabolic syndrome benefiting potency of Atlantic mackerel’s biopeptides further research 

is warranted.  

Keywords: Atlantic mackerel, bioactivity, cationic peptides, diabetes, obesity 
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4. Introduction 

The global issue of obesity is a matter of extreme concern in western and high-income 

societies. The condition, according to a World Health Organization (WHO) report, in the 

year 2016 had affected about 13% of the global population. Obesity is not specific to adults 

as it could similarly occur in children and teenagers. In the same year, 41 million of <5 years 

of age and 340 million 5 – 19 years of age children and teenagers were overweight and or 

obese [637]. In this context, more than 50% of inter-individual variability of Body Mass 

Index (BMI), a measurement of obesity, are ascribed to genetic factors yet not completely 

understood. Interestingly, BMI is positively correlated with insulin resistance, a key in the 

pathophysiology of diabetes mellitus, involving impaired insulin-induced glucose 

metabolism and uptake in adipocytes and skeletal muscles, and impaired suppression of 

hepatic glucose production. Obese patients are at higher risk of development of insulin 

resistance featuring Type 2 Diabetes (T2D) which in turn significantly influences 

atherosclerosis. On the one hand, abnormal insulin signaling results in high very-low-density 

lipoprotein cholesterol (VLDL-c) and high plasma triglyceride (TG) levels, low high-density 

lipoprotein-cholesterol (HDL-c) level and endothelial dysfunction promoting artery plaque 

buildup. On the other hand, abnormal levels of atherogenic lipid and lipoprotein would be a 

diabetic dyslipidemia with characteristic overproduction of large VLDL particles that would 

recruit a series of changes in the lipoprotein levels and develop into T2D within several years. 

The soaring economic burden of both conditions, obesity, and diabetes are considerable. It is 

estimated that global economic burden of diabetes mellitus would increase to $2.2 trillion by 

2030 [638]. Various classes of conventional drugs are practiced for the treatment of 

metabolic impairments (e.g., hypertriglyceridemia, hypercholesterolemia and diabetes) [340, 

342, 347]. Moreover, therapeutic lifestyle changes alone or in combination with medical 

therapies are recommended for the management of obesity as well as diabetes and 

dyslipidemia. Rationally these treatment options are often associated with adverse effects, 

drug interactions, high cost and patient non-compliance issues hence limiting their practice 

in health care systems [349, 639]. In this context, natural substitutes are favored for the 

treatment of these conditions.  
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Proteins and amino acids have been effective in regulating inflammatory factors 

involved in the development of metabolic irregularities such as obesity and diabetes. For 

example free forms of alanine and glycine have shown to induce inflammatory markers 

and/or their expression and signaling thus beneficially affecting immunity and metabolism 

in conditions like skeletal muscle wasting, resistance exercise, intense military training 

whether in humans and or experimental animal models [70, 72, 86]. Similarly, fish peptides 

of all sorts have frequently demonstrated modulatory effects on the immune system therefore 

boosting innate and/or adaptive immunity of the host (e.g., (I) stimulating effect of pacific 

whiting peptides (Seacure®) on anti- and pro-inflammatory cytokines Interleukin (IL)-4, IL-

6, IL-10, Interferon Gamma (IFN-γ), Tumor Necrosis Factor Alpha (TNF-α) and secretory 

Immunoglobulin A (IgA), (II) stimulating effect of shark peptides (PeptiBal™) on Cytotoxic 

T-Lymphocyte-Associated protein 4 (CTLA-4)–, IL-4–, IL-6–, IL-10–, IFN-γ–, TNF-α–, 

IgA–positive cells in mice and Lipopolysaccharide (LPS)-induced intestinal epithelial cells) 

[126, 127, 135]. Previously, handful studies have revealed the stimulating effects of fish 

peptides on inflammation associated markers, proteins, genes and or pathways involved in 

the prevention of metabolic irregularities [174, 370, 402, 486]. 

In addition to indirect metabolic impairment benefiting health effects, peptides of 

marine origin including fish among food-derived biopeptides could by direct effects prevent 

and/or treat obesity, and diabetes (see chapter IV.). These biomolecules are generally 

extracted and separated by enzymatic means followed by various membrane filtration 

including Electrodialysis with Ultrafiltration membrane (EDUF) and chromatography 

techniques. Integrity of many fish anti-obesity and anti-diabetes peptides is not affected 

throughout the harsh environment of the digestive tract meaning they are suitable for in-vivo 

and clinical tests. In addition, many of the fish peptides are dual-and or multi-functional 

which makes them ideal compounds for development of pharmaceutical, nutraceutical and/or 

food products for obese, overweight, diabetic, and hypertensive patients as well as health-

conscious individuals. The preceding topics have been reviewed by the authors. 

Among many fish, few types of mackerel (horse mackerel and a fermented white 

mackerel muscle product) demonstrated significant beneficial effects on 
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hypertriglyceridemia, hypercholesterolemia and hyperlipidemia [362, 382]. Mice fed the 

fermented mackerel product had lower plasma Total Cholesterol (TC) (≤ 22%), plasma Low-

Density Lipoprotein-Cholesterol (LDL-c) (≤ 83%), plasma Triglycerides (TG) (≤ 30%), and 

hepatic Total Lipids (TL) (≤ 42%) as well as hepatic TC (≤ 26%) [362]. The same fermented 

mackerel peptides increased serum High-Density Lipoprotein-Cholesterol (HDL-c) (≤ 49%), 

fecal excretion of lipids (TL ≤ 108%, TC ≤ 249%, TG ≤ 26%, and Bile Acid (BA) (≤ 57%)) 

and hepatic enzymes involved in lipid metabolism (3-Hydroxy-3-Methyl-Glutaryl-

Coenzyme A (HMG-CoA) reductase (≤ 88%) and cholesterol 7a-hydroxylase (≤ 156%)) in 

mice [362]. In addition enzymatic hydrolysate of horse mackerel discards increased the in-

vitro BA (cholic and chenodeoxycholic acid) binding capacity [382]. 

Atlantic mackerel’s (Somber scombrus) enzymatic hydrolysate along with other fish 

species have been patented (patent no CA2765992A1 and US20110039768A1) for its anti-

obesity properties [640, 641]. Mackerel hydrolysate contains high amount of Charged Amino 

Acids (CAA), compared to Hydrophobic (HAA) and Branched-Chain Amino Acids 

(BCAA), however, the presence of other factors along CAA has shown to be vital for the 

anti-obesity and anti-diabetes attributes of fish (see chapter IV.). Some studies have shown 

that experimental fish diets abundant in CAA, compared to the control diets, could 

beneficially affect lipemia, obesity, satiety and diabetes [159, 308, 309, 441, 442, 447, 451, 

487]. In contrary, some other studies have demonstrated the negligible effect of CAA on 

metabolic syndrome factors. However, definite conclusion about the topic is yet to be 

reported. In agreement with these breakthroughs, we also in a series of studies have found 

that mackerel hydrolysate and its EDUF pH3 cationic fraction possess in-vitro anti-ACE and 

pro-inflammatory effects. These materials quenched the activity of ACE by 50% at 9 and 23 

µg of protein, respectively, demonstrating significant antihypertensive effects. The same 

products induced the synthesis of nitric oxide by 27% and 19%, respectively, in LPS 

stimulated macrophages exhibiting strong immunomodulatory attributes. According to these 

findings and our recent results showing Atlantic mackerel’s (S. scombrus) peptides in-vitro 

proinflammatory and hypotensive effects, we hypothesized that selected fraction of this 

species could possibly show significant effects upon administration of proper dosage on 
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obesity and insulin resistance (fasting and postprandial glucose levels, liver lipid levels, 

weight gain and adiposity) in diet-induced obese and diabetic mice.  

5. Material and method  

5.1. Animals  

Protocols employed herein were in compliance with Canadian Council on Animal 

Care (CCAC) guidelines and approved by the Laval University animal care and handling 

committee. Eight-week-old C57Bl/6J male mice (n=48, Jackson, USA) were in-house bred 

(animal facility of the Quebec Heart and Lung Institute). Mice were housed, plastic cages, in 

a controlled environment (12-h/12-h dark-light cycles, lights off in 1800, 22°C) with ad 

libitum feed and water. After two-weeks of acclimation (weeks 0 and 1) on a normal chow 

diet (Teklad 2018, Harlan), mice were fed either a chow or an hypercaloric (HFHS) diet. The 

HFHS diet was made in-house in the laboratory of Dr. Marette as previously described. 

Tables VIII. 1. and VIII. 2. show overall composition and amino acid content of the 

experimental diets, respectively.  

Table VIII. 1.: Chemical composition of diets 

 Chow  HFHS HFHS + hydrolysate  HFHS + EDUF fraction 

Hydrolysate  - - 4.57  - 

EDUF fraction - - - 4.78 

Casein  - 22 22 22 

Crude protein 18.6 - - - 

Fat 6.2 - - - 

Lard - 19.8 19.8 19.8 

Corn oil - 19.8 19.8 19.8 

Carbohydrate  44.2 - - - 

Sucrose - 24.9 24.9 24.9 

Fiber  3.5 - - - 

Alphacel non-nutritive bulk - 5 5 5 

Vitamin mix  1.4 1.4 1.4 1.4 

Mineral mix  6.7 6.7 6.7 6.7 

Choline bitartrate - 0.2 0.2 0.2 

Butylated hydroxytoluene - 0.03 0.03 0.03 

The overall composition of experimental diets is expressed as percent. Per Leco results protein content of 

hydrolysate and EDUF fraction (EDUF pH3 positively charged peptides) were 91% and 96%, respectively. 

Energy intake for diets was calculated based on total food intake multiplied by 3.1 and 5.49 Kcal g-1 for 

chow and HFHS diets, respectively. 
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Animals were randomly divided into four groups of 12 mice; two groups assigned as 

chow and or HFHS received the vehicle only (water) and other two groups assigned as HFHS 

+ hydrolysate and or HFHS + EDUF fraction were gavaged 208 mg of sample protein per kg 

body weight (hydrolysate and or EDUF pH3 fraction) per day for eight-weeks. Body weight 

gain and food intake were assessed once and 3-times a week, respectively. After 8 weeks of 

experimental period mice were anesthetized in isoflurane saturated chambers and 

subsequently sacrificed by cardiac puncture procedure. Tissues were collected and stored for 

further analysis. 

Table VIII. 2.: Amino acid content of diets  
 

Chow*  HFHS** Hydrolysate*** EDUF fraction*** 

EAA     

Arginine 1.0 3.4 5.2  6.3  

Histidine 0.4 2.7 3.5  5.8  

Isoleucine 0.8 4.4 2.8  2.5  

Leucine 1.8 8.6 6.0  5.2  

Lysine 0.9 8.4 7.9  11.6  

Methionine 0.4 2.7 2.1  1.5  

Phenylalanine 1.0 4.6 2.6  2.0  

Taurine ND ND 0.5  ND 

Threonine 0.7 3.9 3.8  3.2  

Tryptophan 0.2 1.1 0.7  ND 

Valine 0.9 5.5 3.8  3.4  

Σ EAA 8.1 44.2 38.9 41.5 

Non-EAA     

Alanine 1.1 2.6 5.5  5.1  

Aspartic acid  1.4 6.2 9.2  6.6  

Cystine 0.3 0.6 0.3  0.3  

Glutamic acid  3.4 21.8 14.7  9.9  

Glycine 0.8 1.7 5.6  4.8  

Proline 1.6 10.3 3.8  3.1  

Serine 1.1 5.3 3.6  2.9  

Tyrosine 0.6 5.0 2.3  1.6  

Σ non-EAA 10.3 53.5 45 34.3 

Other - 1.2 - - 

Σ AA 18.4 98.9 83.9 75.8 

BCAA  3.5 18.5 12.6 11.1 

CAA  7.1 42.5 40.5 40.2 

HAA  8.6 41.5 32.9 27.6 

Data are expressed as percentages of amino acids in the chow diet*, percentage of casein amino acids in 

HFHS diet** and as gram of amino acids per 100 of protein in the mackerel hydrolysate and fraction***. 

HAA: Hydrophobic Amino Acids (alanine, valine, isoleucine, leucine, tyrosine, phenylalanine, proline, 

methionine, and cysteine), CAA: Charged Amino Acids (arginine, histidine, lysine, aspartic acid, glutamic 

acid), BCAA: Branched Chain Amino Acids (isoleucine, leucine, and valine). 
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5.2. Preparation of mackerel peptides 

5.2.1. Enzymatic hydrolysate  

Hydrolysate of Atlantic mackerel (S. scombrus) was prepared according to a 

previously developed in-house method of Beaulieu et al. and provided by Merinov, the 

Quebec Fisheries and Aquaculture Innovation Centre (Gaspé, QC, Canada) [607] [55]. 

Briefly fresh frozen year 2016 caught mackerel was mixed with water and grinded followed 

by an enzymatic hydrolysis process using protamex. Post-centrifugation hydrolysate was 

membrane filtered. Molecular weight range of the hydrolysate in this study was 200 Da – 

10,000 Da according to ultrafiltration membranes used. 

5.2.2. Positively charged peptides  

Cationic peptides produced by EDUF at pH3 have shown proinflammatory effects on 

in-vitro nitric oxide synthesis in our previous research work. This fraction was prepared 

according to our previously described protocol with modifications (see chapter VI.). 

Nonetheless, we had to adapt EDUF cells as well as its operational parameters to reach a 

feasible production process since the earlier settings had low yield and recovery. It is of note 

that among the proinflammatory fractions, pH3 positively charged one (with rather good 

bioactivity and yield) was more practical to be produced for animal study than the pH3 

negatively charged material (with high bioactivity).  

An electrodialysis Multi-Purpose (MP) cell type with an effective surface area of 100-

cm², an anode, a cathode and an electrode were employed in this process. Multiple 

membranes, three cation exchange membrane, an anion exchange membrane and six 

cellulose acetate ultrafiltration 20 kDa MWCO membranes were used in the protocol (see 

figure VIII. 1.-A). Briefly, 4% hydrolysate feed solution (91% protein, (incubated overnight 

on a stirrer at 4 °C)) (2L), 2g of KCl L-1 (4L) as the electrolyte and 20 g of Na2SO4 L
-1 as 

electrode rinsing solution (2L) were prepared. Operational parameters of the process were 
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voltage of 29, pressure of 4 psi for rinsing solutions and 2 psi for other compartments, run 

time of 8 hours at the ambient room temperature, start volume of solutions 2.5 L per tank and 

sampling time intervals of one hour. Conductivity and pH were maintained throughout the 

process. Recovered fractions (from KCl+ compartment only) were freeze dried by a 

commercial model freezer dryer. A clean in place procedure with 0.1N of HCl and NaOH 

solutions was performed on the stack following every run to ensure the dissociation of salts 

from the membranes. CEM and UF membranes were replaced every two runs. Collected 

fractions from all the runs were carefully mixed (using a food grade mixer), sieved and 

pooled for homogeneousness and consistency. The micro-Bicinchoninic Acid Assay (BCA) 

was used to assess the relative peptide migration rate (for all eleven EDUF runs) which 

showed to be rather linear from one to another time point (data not shown). 

Collected material contained about 50% of salt based on micro-LECO results. To 

eliminate and/or reduce the salt amount, Electrodialysis (ED) technique with an ED-

microflow cell (see figure VIII. 1.-B) was utilized. The overall demineralization rate was up 

to 87% (data not shown). Molecular weight distribution of the fraction was determined in the 

previous work of the team (see chapter VI.). Most abundant range was oligopeptides from 

100 – 1,000 Da (64%) and > 1000 Da (32%) along with 4% of free amino acids and water-

soluble components.  
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A 

 
B 

 
Figure VIII. 1.: A: EDUF configuartion with multiple electrodialysis cells (2 feed and 4 recovery 

compartments) used for the preparation of EDUF pH3 positively charged fraction, B: electrodialysis cell 

configuration (microflow) used for the demineralization of EDUF pH3 positively charged fraction. 

Abbreviations: P-: negatively charged peptides, P+: positively charged peptides, AEM: Anion Exchange 

Membrane, CEM: Cation Exchange Membrane, UFM: Ultrafiltration Membrane  

 

5.3. Glucose homeostasis  

To perform Insulin Tolerance Test (ITT), mice were 6h fasted at week 7 followed by 

intraperitoneal injection of insulin (0.65 UI kg-1 body weight). Post-injection blood glucose 

levels were measured at 0, 5, 10, 20, 30 and 60 minutes using an Accu-Check glucometer. 
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Mice with glucose levels of < 3 mmol L-1 were gavaged with 100 µL of 50% dextrose before 

returning to the cage. To do Oral Glucose Tolerance Test (OGTT) mice were 12h fasted 

overnight at end of the eight weeks and subsequently were gavaged with glucose (2 µL g-1 

of 50% dextrose). Blood samples were collected at 0, 15, 30, 60, and 120 minutes post-

glucose administration and glucose levels were measured.  

5.4. Hepatic lipid profile analyses  

Liver homogenates (45 – 55 g tissue in 900 μL of chloroform/methanol solution (1:2)) 

were extracted using a modified protocol of Bligh and Dyer for hepatic lipid levels 

assessment [642]. For reproducibility purposes, the entire extraction procedure was done on 

ice. Homogenate was incubated at 37 °C for 2h in a shaking incubator followed by 

centrifugation at 4,000 RPM for 15 minutes. The bottom layer was collected and suspended 

in chloroform/methanol solution (1:2) and subsequently was thoroughly vortexed. Then, 400 

µL of chloroform and 275 µL of 0.73% NaCl were added and vortexed. Phases were 

separated afterwards by centrifugation of the samples at 4,000 rpm for 3 minutes. Lipid 

extract was then dried under nitrogen gas.  

Hepatic TC and total TG were tested by an enzymatic colorimetric process using 

commercial kits (cholesterol enzymatic kit and triglycerides enzymatic kit, Randox 

Laboratories, Crumlin Co., Antrim, UK). Briefly, each sample (2 μL) was pipetted into 200 

μL of reagent in a falcon tube. Standard solutions were prepared with the range of 

concentration from 31 – 2000 µg mL-1. Blank solution was prepared by mixing 2 μL of 

double-distilled water with 200 μL of reagent. Sample, standard, and blank solutions were 

then mixed for one minute and incubated at 37 °C for 5 minutes. The absorbance was read at 

500 nm. The absorbance of blank was deducted from the sample and the standard. TC and 

TG concentrations were calculated from the corrected absorbance of samples and standard 

according to the manufacturer's instructions. 
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5.5. Body composition analysis by Magnetic Resonance Imaging (MRI) 

Bruker Minispec NMR-based device was used to measure regional body lean and fat 

mass as well as body fluid in live animals. At the time of analysis, mice were anesthetized in 

5% isoflurane (95% medical grade O2) chambers subsequently transferred to a purpose-built 

Perspex holder and nose-cone was laid over the front of head. The isoflurane concentration 

was then reduced to 1% to maintain anesthesia through the nose-cone for the duration of the 

process. Proton density weighted coronal images were acquired to provide a qualitative 

measure of differences in the body composition. 

6. Statistical analysis 

This study has completely randomized design. Data are expressed as mean  ± standard 

deviation. One-way ANOVA with Dunnett multiple comparison test (Minitab version 18.1) 

was used to determine significant difference between chow, hydrolysate and or positively 

charged peptides fed mice in comparison to HFHS fed animals. Normal distribution of the 

data was verified using Anderson-Darling normality test. p value of < 0.05 was deemed 

significant. 

7. Results and discussion  

7.1. Experimental diets had insignificant effects on HFHS-induced weight gain and 

adiposity    

In this study, obesity was successfully induced in eight-week-old C57Bl/6J male mice 

by the administration of a hypercaloric diet. Subsequently, effects of diets on weight gain of 

mice in terms of organ, adipose tissue, muscle, tissue water retention and digestive tract 

weights in four groups of the animals were determined. According to our measurements, 

none of the tested mackerel peptides, whether crude enzymatic hydrolysate and or cationic 

EDUF pH3 fractions, compared with obesogenic diet of high-fat and high-sugar could reduce 
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food intake, prevent weight gain and/or adiposity in the experimental animals (table VIII. 3. 

and figure VIII. 2.). Furthermore, body composition, lean and fat mass as well as body fluid, 

were insignificantly altered (figure VIII. 2.). Many studies have assessed the anti-obesity 

effect of various types of fish indicating not all fish and not all diet preparations and 

extraction techniques result in an anti-obesity product. In a 8-weeks randomized intervention 

trial of energy-restricted cod, or salmon fish and or fish oil diets, only cod intake promoted 

weight loss by increasing plasma antioxidation capacity thus decreasing lipid peroxidation in 

the volunteers [459]. In accordance cod fish diet (rich in CAA and taurine) enhanced muscle 

mass gain reducing fat mass accumulation whilst not affecting energy intake and physical 

activity in overweight adults over the period of 4-weeks [430]. It is an interesting fact that 

only some amino acids, over others, have anti-MetS effects. For example, daily oral dose of 

3 g taurine intake promoted weight loss over 7-weeks in non-diabetic overweight/obese 

subjects [643]. Moreover, fish types such as blue whiting hydrolysate successfully depressed 

the desire to eat sweet foodstuff upon ad libitum diet in overweight female participants 

making it an ideal candidate in therapeutic lifestyle strategy for the management of weight 

and obesity [474] [367]. Blue whiting bacterial enzyme hydrolyzed product was rich in CAA 

(47%) and HAA (40%) followed by BCAA (17%) [641]. Pelagic fish species Atlantic 

mackerel (S. scombrus), blue whiting (Micromesistius poutassou), Atlantic herring (Clupea 

harengus), European pilchard (Sardina pilchardus), Norway pout (Trisopterus esmarki), and 

horse mackerel (Trachurus spp.) plus demersal fish species Atlantic cod (Gadus morhua), 

saithe (Pollachius virens), haddock (Melanogrammus aeglefinus), roundnose Grenadier 

(Coryphaenoides rupestris) as well as fish of the order Siluriformes have satietogenic and 

anti-obesogenic effect [640, 641]. Nevertheless, these products were prepared using bacteria-

derived enzymes from Bacillus and Aspergillus species either as mixture or single enzyme 

hydrolysis (Bacillus subtilis, B. amyloliquefaciens, B. licheniformis, and or A. oryzae derived 

endopeptidases) with the molecular weights of < 1,000 Da (up to 65%) and 1,000 – 3,000 Da 

(up to 34%) [640, 641]. 
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Table VIII. 3.: effects of experimental diets on body and tissue weights 

Weights (g) Chow HFHS 

HFHS + 

Hydrolysate  

HFHS + EDUF 

fraction 

Body weight      

Initial  23.78 ± 1.97 23.63 ± 1.77 23.96 ± 1.71 24.23 ± 1.59 

Final  25.62 ± 1.71 31.65 ± 3.89 32.92 ± 4.29 32.88 ± 2.95 

Weight gain 2.11 ± 0.60 8.43 ± 2.49 9.49 ± 3.09 9.18 ± 1.94 

Organ     

Brain 0.44 ± 0.01 0.43 ± 0.01 0.44 ± 0.01 0.44 ± 0.01 

Heart  0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 

Liver 1.06 ± 0.08  1.01 ± 0.12 1.05 ± 0.18 1.03 ± 0.10 

Pancreas 0.26 ± 0.01 0.26 ± 0.03 0.26 ± 0.05 0.27 ± 0.05 

Kidney 0.30 ± 0.03 0.32 ± 0.04 0.33 ± 0.02 0.32 ± 0.03 

Adipose tissue     

Mesenteric 0.18 ± 0.04 0.43 ± 0.05 0.48 ± 0.17 0.49 ± 0.12 

Epididymal  0.41 ± 0.11 1.70 ± 0.69 1.86 ± 0.62 1.91 ± 0.52 

Inguinal 0.27 ± 0.05 0.68 ± 0.21 0.77 ± 0.30 0.75 ± 0.12 

Retroperitoneal 0.19 ± 0.26 0.67 ± 0.22 0.74 ± 0.23 0.78 ± 0.19 

Brown  0.06 ± 0.02 0.09 ± 0.02 0.10 ± 0.03 0.10 ± 0.01 

Muscle     

Skeletal gastrocnemius  0.25 ± 0.02 0.25 ± 0.02 0.25 ± 0.02 0.25 ± 0.02 

Leg muscle 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.02 

Cecum     

Full 0.53 ± 0.11 0.20 ± 0.03 0.20 ± 0.02 0.19 ± 0.04 

Empty 0.14 ± 0.03 0.06 ± 0.02 0.07 ± 0.01 0.07 ± 0.01 

Stomach-cecum 35.67 ± 1.83 32.42 ± 2.07 32.67 ± 1.44 33.00 ± 1.65 

Cecum-anus 7.00 ± 0.83 6.33 ± 0.62 6.75 ± 0.58 6.58 ± 0.56 

Each cell represents the mean of 11 – 12 observations ± standard deviation. Data were analyzed using 

Minitab version 18.1, one-way ANOVA. Significant differences between HFHS and treatment groups 

were analyzed by Dunnett multiple comparison test (p < 0.05). 

 
Abovementioned observations demonstrate the significance of fish type and its 

compositional characteristics in its anti-obesogenic attributes. Other factors such as sex of 

the subjects have also been reported as important factor in the efficacy of some types of fish 

such as cod and salmon. Young overweight male subjects, but not the counterpart female 

participants, lost weight with the consumption of fatty and lean fish diets over 8-weeks 

randomized controlled trial in the study of Thorsdottir et al. [460, 461].   
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 Body composition  

A B C 

   
D Food intake  Figure VIII. 2.: body 

composition and food intake, A, 

B and C: fat, lean and fluid mass 

(g) measured by NMR, D: food 

intake measured 3-times per 

week. Each bar and or data point 

represents the mean of 11 – 12 

observations and the error bars 

represent the standard deviation 

of all measurements. Data were 

analyzed using Minitab version 

18.1, one-way ANOVA. 

Significant differences between 

HFHS and treatment groups were 

analyzed by Dunnett multiple 

comparson test (P < 0.05). 

 
 

 

7.2. Diets demonstrated neither significant hepatoprotective nor anti-diabetes 

effects in HFHS-induced diabetic and obese mice  

In this study, the effects of mackerel peptides were also tested on glucose homeostasis 

and liver lipid profile by measuring the plasma concentrations of glucose and insulin as well 

as hepatic cholesterol and triglyceride levels in hypercaloric diet fed obese and diabetic mice. 

Results, as presented in figure VIII. 3., elucidated the ineffective impact of Atlantic mackerel 

protein on glycemia at the tested conditions and concentrations (figure VIII. 3.-A, -B, -C, and 

-D). Comparable handful findings have been reported for fish diets in the past. Comparatively 

similar findings were reported by Hovland et al. where neither 8-weeks of cod nor herring 
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and salmon diets, upon daily ingestion of 2.5 g protein, could normalize the fasting glucose, 

insulin and insulin c-peptide levels in overweight adults (meat flour of cod muscle and 

enzymatic hydrolysate of herring and salmon byproducts) [431]. In the same study 90- and 

120-min postprandial plasma glucose level was reduced after 8 weeks only by cod protein 

intake [431]. It is noteworthy that all three rather smaller molecular weight fish protein diets 

were rich in CAA as well as HAA [431]. In another study lean fish diet, compared to fatty 

fish diet, had negligible effect on the 120-min postprandial and fasting glucose concentration 

of healthy overweight/obese participants [644].  

 

 

 

 

 

 

 

 

 

 

 

 



 

331 
 

A B 

ITT Fasting glycemia 6h 

 
 

C D 

OGTT Fasting glycemia 12h 

 

 
E F Figure VIII. 3.: glucose 

homeostasis and hepatic lipid 

levels. A and B: Insulin Tolerance 

Test (ITT) after 6h fasting, C and 

D: Oral Glucose Tolerance Test 

(OGTT) after 12h overnight 

fasting, E and F: triglyceride and 

cholesterol levels in liver. Each bar 

and or data point represents the 

mean of 9 – 12 observations and 

the error bars represent the 

standard deviation of all 

measurements. Data were 

analyzed using Minitab version 

18.1, one-way ANOVA. 

Significant differences between 

HFHS and treatment groups were 

analyzed by Dunnett multiple 

comparison test (p < 0.05). 
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Our results also showed that the mackerel supplemented diets were only negligibly 

effective in the liver health of the experimental animals (figure VIII. 3.-E and -F). In previous 

studies, fish hydrolysate protein has shown plasma cholesterol-reducing effect only in the 

presence of fish oil in high fat fed mice. Previously, Wergedahl et al. have documented the 

positive effect of a fish oil and protein combination diet on the serum and hepatic cholesterol 

levels [449]. Furthermore, it has been earlier shown that fish diet, compared to high protein 

and or legume diet, may not affect metabolic factors in the obese human subjects [645]. In 

the same study, TC and LDL-c were reduced by legume diet and homeostatic model 

assessment index of insulin resistance were subsided by high protein diet while fish diet only 

modulated the levels of HDL-c in obese individuals [645]. In another human intervention 

study insignificant differences were observed on insulin and or glucose levels in lean subjects 

following the ingestion of different diets of fish, chicken and or beef [506]. Cod protein diet 

in another study compared to lean Beef, Pork, Veal, Eggs, Milk, and Milk products (BPVEM) 

diet, could not affect serum lipids and lipoproteins [428]. Yet, plasma total cholesterol and 

LDL-c was decreased up to 11% upon BPVEM diet consumption in insulin resistant 

overweight/obese individuals [428]. 

Contrary to our results, it is of interest that peptides of a fermented mackerel product 

separated by ion exchange chromatography at the concentration of 50 mg protein kg-1 BW d-

1 had substantial health effects on the serum and liver lipid profile as well as on lipid 

metabolism over a thirty days’ experimental period in high fat/cholesterol fed mice [362]. 

Peptides of the same product, isolated by hot water and perchloric acid extraction, also 

demonstrated anti-ACE and antihypertensive effects in SHR mice [646]. In the current study, 

lack of activity against hyperlipidemia could be due to the absence of enough HAA in the 

samples since those were the highest in the study of Itou et al. [646]. Atlantic mackerel 

peptides in this study were rich in CAA followed by HAA and BCAA.  

Another assumption about the absence of significant activity could be the low 

administration dose of the material (0.2 g kg-1 of mice body weight equivalent of fish protein 

doses in nutraceuticals). Nevertheless, in the previous work of the team 10 g fish protein per 

kg diet (equivalent of 50% of daily standard protein intake) had positively regulated MetS 
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associated risk factors (glucose intolerance, inflammation, and dyslipidemia) [131]. 

Interestingly, consumption of fish protein (sardine byproduct versus sardine fillet and casein) 

as 100% daily protein intake (20% per kg diet) presented anti-weight gain, anti-lipid (TC, 

TG, LDL-c), antioxidant and anti-atherogenic effects in diet induced obese mice confirming 

the findings of Chevrier et al. that high dosage of fish protein may possibly improve the 

obesity-associated complications [447]. After all, it could be presumed that possibly 

occurrence of enough CAA and HAA in addition to other factors (e.g., greater dose of the 

sample) are vital for the bioactivity of Atlantic mackerel’s biopeptides although a 

comprehensive investigation is necessary for a conclusive statement. 

8. Conclusion  

Fish, as whole and/or a derivative product, in general repetitively has been 

recommended for weight management and or prevention of metabolic syndrome. Examples 

have been stated in the previous section where hydrolysates of pelagic and demersal fish are 

patented for their appetite and weight gain inhibitory effects. Interestingly, great deal of fish 

biopeptides offer dual and or multifunctional properties against development and or 

treatment of any of the features of obesity, diabetes and or dyslipidemia. Hence, many 

immunomodulatory and hypotensive fish biomolecules have demonstrated insulinotropic, 

hypoglycemic, anti-obesogenic and anti-CVD properties simultaneously. Yet not all fish-

originated material are appropriate candidates for this purpose. Results of our study are 

indicative of the point that only certain fish proteins, with certain compositional and 

structural characteristics, at proper dosage could potently affect the metabolic impairments 

in ill and or healthy individuals. Correspondingly, our findings may also be suggestive of the 

importance of fish type as well as extraction/isolation process in the production of peptides 

with certain health effects on metabolic syndrome risk factors. Lack of significant results in 

our study may also be related to type of experimental animal model and experimental 

conditions (e.g., duration, administration, type of assays and parameters under investigation, 

etc.) since these factors play important roles in outcome of an experiment. This study could 

be furthered by employing fermentation method followed by a chromatography technique 
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for optimal separation of anti-MetS peptides with health benefiting effects on syndrome’s 

main risk factors such as obesity, diabetes, and hypertension.  
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10. Achievement of objectives and advancement of scientific knowledge 

The objective of current study was to test the beneficial effects of pro-inflammatory 

peptides of Atlantic mackerel on MetS risk factors (food intake, weight gain, adiposity, 

plasma glucose and insulin concentrations, hepatic cholesterol, and triglyceride levels). 

During this 8-weeks controlled animal study none of the experimental diets could effectually 

benefit MetS risk factors in high fat high sucrose diet fed rats. Accordingly, in-vitro 

immunomodulatory attributes of Atlantic mackerel’s biopeptides (demonstrated in the sixth 

chapter) did not seem to correlate with its anti-MetS effects. In addition, comparably in-vitro 

antihypertensive effect did not translate into ameliorating and or improving the risk factors 

associated with MetS in hypercaloric diet fed mice.   

Taking the observations of this study into account, one can design an effective in-vivo 

experiment with proper concentrations of the test material, diet, animal models, experimental 

conditions, and duration. Additionally, our insignificant results can contribute to the field of 

design and discovery of MetS treatments and drugs as well as the structure-activity 

relationship of food-extracted biopeptides. 
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General conclusion  

Findings of this project evidently point to the high potential and practicability of SPE 

technique for isolation of anti-ACE and anti-NO hydrophobic peptides from mackerel 

hydrolysate. Our results also were in favor of EDUF at pH3 for separation of relatively potent 

immunoregulatory mackerel peptides, in particular negatively charged biopeptides. In 

addition, nutritional value of mackerel hydrolysate was noteworthy since it contained enough 

amounts of essential as well as non-essential amino acids. It was also discovered that not all 

separation techniques could effectually boost the bioactivity of the mackerel hydrolysate. 

Though, EDUF pH3 fractions were the most potent pro-inflammatory fractions, yet their 

effects did not exceed the potency of crude enzymatic hydrolysate of the fish. SPE method 

nonetheless was able to significantly enhance the anti-ACE as well as the anti-inflammatory 

effects of the hydrolysate. Most importantly once again hydrophobicity, over other attributes, 

was proven to be the outmost important factor for the general bioactivity of fish peptides. 

These results could be relevant to many mackerel-like types of fish and separation of fish-

based hypotensive and immunoregulatory peptides.   

Our results are a further indication of the superiority of chromatographic methods in 

separation of fish therapeutic peptides, in particular Atlantic mackerel immunomodulatory 

and anti-hypertensive biopeptides. In comparison of all three methods utilized for separation 

of peptides from crude hydrolysate, only the relatively low doses of highly hydrophobic 

peptides effectively inhibited the activity of iNOS in LPS-stimulated macrophages. 

Additionally, those peptides could prevent the activity of ACE at low concentrations. Thus, 

column chromatography demonstrated good efficiency in separation of dual-functional 

therapeutic peptides from mackerel hydrolysate. Moreover, the SPE produced fraction could 

be a potential hypotensive candidate for animal studies since the material did not show any 

susceptibility to a stimulated static GI digestion. The results achieved herein were as well 

encouraging in the sense that out of three tested pH conditions only pH3 could generate 

peptides of promising immunoregulatory attributes. Nevertheless, EDUF in general could 

not improve the pro-inflammatory effect of the Atlantic mackerel’s peptides as effectivity of 

the most potent EDUF pH3 anionic peptides did not go beyond that of the unprocessed 
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hydrolysate. It is noteworthy that ultra- and or moderate-acidic conditions drastically reduced 

the hypotensive activity of the hydrolysate while strong alkaline setting was the least 

deteriorating one.  

Briefly, in this study we separated and identified two charged mono-functional pro-

inflammatory fractions along with one hydrophobic dual-functional anti-inflammatory and 

anti-hypertensive fraction from mackerel hydrolysate. Additionally, we discovered the pro-

inflammatory and anti-ACE effects of the unprocessed hydrolysate. These materials were 

partially characterized, by means of molecular weight distribution and total amino acid, to 

elucidate the relative structure activity relationship of mackerel biopeptides. Since Atlantic 

mackerel is one of underutilized fish species, the findings could possibly be exploited for 

extraction of biopeptides from the byproducts and process discards of this and many other 

similar types of fish. Overall, polarity and charge of the peptides played a considerable role 

in the bioactivity of this specific fish on immunity along with high blood pressure. Contrary 

to a great deal of previous studies, in our investigation the small size character of the 

oligopeptides was not sufficient enough to induce the biological activity of the peptides 

against immunity and or hypertension. Lastly, on the grounds of our study we suggest 

performing in-vivo study with either different experimental animals and settings using the 

same material or our dual-functional SPE fraction and mono-functional anionic EDUF 

fraction with the same settings.   

The findings of this project are good indication of the fact that Atlantic mackerel 

possesses various prominent biological activity against diseases. Unprocessed Atlantic 

mackerel and or its protein isolate diet can be practiced in controlled human intervention 

study for various health promoting effects. Studies have shown that fish anti-MetS peptides 

can be used in combination therapies hence above-mentioned fractions can be supplemental 

and or adjuvant to the drugs increasing and or modulating their effect in clinical and or pre-

clinical trials. Furthermore, it is probable that identical and or comparable biopeptides can be 

extracted and isolated from the byproducts and process leftovers of the same and or similar 

types of fish.   
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Based on the findings of this project stated herein certain routes can be further taken 

for thorough understanding and investigating the identification and in-depth characterization 

of immunoregulatory, hypotensive and MetS benefiting biopeptides from Atlantic 

mackerel’s hydrolysate using different ultrafiltration, chromatography, and electro-

separation techniques. To our knowledge, this study is the first to report NO-stimulatory 

activity of the mackerel peptides and any other fish biopeptides therefore those fractions can 

be assessed for their biological effects on diabetic and ischemic wounds and or vascular 

diseases including atherosclerosis. Further, these peptides can be utilized in the drug 

discoveries and therapeutic strategies of diabetes and CVD. Similarly, this project ought to 

be the first to report a dual-functional hydrophobic hypotensive and anti-inflammation 

fraction of the Atlantic mackerel origin which has previously also shown considerable in-

vitro antimicrobial effect. For comprehensive understanding of the likelihood of performing 

an in-vivo study, a well-controlled cell analysis utilizing suitable cell lines (e.g., BRIN-BD11, 

GLUTag, 3T3-L1 cells, etc.) would be an appropriate step forward. A dynamic simulated GI 

digestion pre-animal experiments would likewise complement the cell studies. Thus, to make 

an estimation of the clinical bioavailability and bioefficacy of the fraction a careful in-vivo 

study using appropriate animal models (e.g., stroke-prone SHR, obese and or diabetic rats) 

would be vital.  The hydrophobic fraction identified in this project can further be refined to 

active sub-fractions for broadening the knowledge of scientific community on the mechanism 

of action of mackerel and fish biopeptides in general. Additionally, the relationship between 

the structural and compositional features of the fraction to its biological effect on the 

inhibition of inflammation and or ACE enzyme activity can also be discovered. Such 

understanding could be valuable in the design and discovery of anti-hypertensive and 

immunosuppressive drugs.  
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