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Abstract
The interest in fish processing by-products and underutilized catch for the
production of biofunctional food ingredients has increased in the last number of
decades. These marine-derived components contain a significant quantity of
protein, which is normally processed into low-value products such as animal
feed, fishmeal, and fertilizer. However, due to the global demand for high-quality
protein and the need for sustainable production and processing of landed material,
the valorization of proteins and other nutrients from fish processing by-products
has significantly increased. Fish processing by-products contain significant
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quantities of high-quality protein, which can be exploited as sources of essential
nitrogenous nutrients and biologically active peptides. Bioactive peptides, includ-
ing those from fish processing by-products, have been reported to possess the
ability to beneficially modulate physiological processes associated with non-
communicable diseases. These short peptides, which are encrypted within the
primary sequence of the parent protein and are released during food processing or
gastrointestinal digestion, could have a role in the prevention and management of
these diseases. This chapter reviews the recent literature on the processing and
utilization of proteins and protein hydrolysates from fish processing by-products
and underutilized fish species with a particular focus on their bioactive properties
and peptide sequences.

Keywords
By-products · Proteins · Hydrolysates · Biofunctional properties · Fish ·
Peptides · Noncommunicable diseases

1 Introduction

The ocean covers about 70% of the total earth’s surface and contains approximately
60% of all fish species. The other 40% are found in fresh water which comprises 1%
of the earth’s surface. The fishing industry represents an important economic activity
for many countries around the world. In 2003, marine fisheries supported 260
million jobs directly and indirectly [1]. The demand for fish and shellfish has
increased throughout the world. The amount of farmed fish doubled in the last
decade while that of captured fish has tended to stabilize. According to the Food
and Agriculture Organization (FAO), global fish production in 2016 was estimated
to be 174.1 million tonnes (mt) by both capture and aquaculture with 152.8 mt being
used for human food consumption and 21.3 mt for nonfood uses [2]. It has been
estimated that greater than 60% (by weight) of the fish which are processed are
represented by by-products, i.e., head, skin, bones, fins, trimmings, viscera, blood,
and roe [3]. The large quantity of fish by-products generated represents a potentially
significant source of pollution in developing and developed countries. Since 2014,
the European Commission, under Directive No 1392/2014 [4], regulates the discard
of all fish caught regardless of whether they are regulated by quota, smaller than the
minimum size and either dead or alive, and now imposes an obligation to land all
catch.

Fish processing by-products and underutilized catch contain a significant quantity
of protein which is normally processed into low-value products such as animal feed,
fish meal, and fertilizer [2]. However, given the increased global demand for high-
quality protein and the requirement for sustainable production and processing, there
is an increasing interest in the extraction and valorization of proteins and other
nutrients from fish processing by-products. The proteins within fish processing by-
products represent a source of high-quality protein which can be exploited for the
provision of essential nitrogenous nutrients. Therefore, various biotechnological
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approaches have, and are, being employed to extract valuable nutrients and bioactive
compounds targeted at enhancing human health. Bioactive compounds have a role in
the management and in the protection against a range of chronic noncommunicable
diseases (NCDs). Furthermore, by-product proteins may be used to generate biolog-
ically active peptides (BAPs). BAPs have the ability to modulate physiological
processes and thereby have a role in the prevention and management of disease.

Protein hydrolysates are obtained following the enzymatic conversion of
intact proteins into peptides. These protein fragments usually contain no more
than 20 amino acids. A large range of fish protein hydrolysates, generated using
food-grade proteolytic preparations, such as trypsin, Alcalase® 2.4L,
Flavourzyme® 500L/1000L, Corolase® PP, and Promod® 144MG, have been
reported in the literature [5–7]. These hydrolysates, due to their physicochemical
properties, are a source of amino acids [8] which have applications in human and
animal nutrition, as well as in the pharmaceutical and cosmetic industries. Due to
their good nutritional composition, amino acid profile, and bioactive properties, fish
protein hydrolysates have many commercial applications [9].

This chapter reviews the recent literature on the processing and utilization of
proteins and protein hydrolysates from fish processing by-products and underutilized
fish species with a particular reference on their bioactive properties and peptide
sequences.

2 Fish Protein Composition

Fish consumption is linked with many health benefits due to their high protein levels
and also due to their content of unsaturated fatty acids, vitamins, and minerals [10].
Fish proteins are a particularly rich source of the essential amino acids valine and
lysine [11].

The chemical composition of foods has an important role in the supply of
essential nutrients for the maintenance of human health. The chemical composition
of fish by-products, i.e., levels of protein, ash, and lipid, differs significantly between
species.

Fish processing by-products are designated as parts of the fish which are
not generally used for human consumption, e.g., head, skin, and viscera. However,
the nutrients therein are recoverable and can be utilized after further processing.
These components may represent between 30% and 60% by weight of the starting
material. Consequently, these fish processing by-products represent a rich source of
biofunctional materials such as vitamins, minerals, polysaccharides, polyunsaturated
fatty acids (PUFA), enzymes, collagen, gelatin, and bioactive peptides with valuable
nutraceutical, pharmaceutical, and cosmeceutical applications [12].

Proteins are characterized by their amino acid sequence and secondary structure
and also by their tertiary structure, which may be highly ordered. Each type of
protein has a unique structure that determines its function in the organism in addition
to its technofunctional properties when utilized as a food source/ingredient [13]. The
nutritional value of food proteins is determined on the basis of their essential amino
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acid content. Table 1 summarized the essential amino acid content of foodstuffs
compared to the daily requirement. In comparison to plant proteins, proteins derived
from animal sources (because of their high content of essential amino acids) are
considered nutritionally superior. Of these, egg white and milk proteins (casein) are
usually used as reference proteins for determination of protein quality. Proteins
derived from meat and poultry muscle are also considered as a source of high-quality
protein. It has been shown that the nutritional value of most fish proteins is equal to
or better than casein and the quality of fish proteins may exceed that of terrestrial
animal meat [16].

Myofibrillar proteins are structural proteins responsible for movement by their
capacity for contraction. They represent 65–75% of the total fish muscle, while
sarcoplasmic proteins (soluble proteins) represent 20–35% [17]. Myofibrillar pro-
teins are mainly composed of actin and myosin. The motility of fish is also stabilized
and regulated by other structural proteins including titin, nebulin, α-actinin, tropo-
myosin, and troponin (T, I, and C). The proportion and presence of these structural
proteins depend on the fish species. Myosin is the major protein in fish muscle
(40%); however, it is a protein easily destabilized when heated, especially the
myosin from cold-water fish species. It is a large protein, with a molecular mass of
470 kDa [18], and has an unusual structure as it has both fibrous and globular
properties whereas most food protein ingredients, such as proteins from egg, soy,
and milk, have globular structures and have a lower molecular mass. Myosin is
composed of two heavy chains of 220 kDa and two pairs of different light chains
(LCs), ranging from 17 to 22 kDa [19]. The myosin molecule is approximately
160 nm in length. The heavy chains interact via two domains: a globular domain
called “head” and a fibrous domain called “tail.” Actin accounts for 15–30% of the
myofibrillar proteins. The monomer form of actin is a globular protein (G-actin) of

Table 1 Essential amino acid content of reference food proteins, fish proteins/protein hydroly-
sates, and human daily requirements

Amino
acid

Sodium
caseinatea

(mg/g
protein)

Egg
whitea

(mg/g
protein)

Tilapia
filletsb

(mg/g
protein)

Tuna viscera
hydrolysatesc

(mg/g protein)

Amino acid
requirements (mg/kg/
d)a age category
(years)

1–2 3–18 >18

Thr 40.5 45.3 27.6 59.0 24 18–17 15

Met 32.0 68.4 42.0 – 22 17–16 15

Val 56.4 73.0 66.2 89.3 36 29–28 26

Ile 45.9 55.9 62.4 69.3 27 22–21 20

Leu 88.9 93.6 103.2 77.0 54 44–42 39

Phe 101.4 110.4 49.8 51.6 40 30–28 25

His 25.4 26.3 20.2 84.5 15 12–11 10

Lys 77.5 76.0 97.5 18.7 44 35–33 30

Trp 10.4 17.6 5.2 – 6 4.8–4.4 4.0
aFAO/WHO/UNU (2007)
bVidotti et al. [14]
cVillamil et al. [15]
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43 kDa; however, globular actin monomers polymerize to form filaments of fibrous
actin (F-actin). Other small proteins associated with either actin or myosin include
titin, nebulin, tropomyosin, troponin, C-proteins, and M-proteins [18]. These pro-
teins play an important role in the stabilization of the muscle myofibril basic
structure termed the sarcomere (Fig. 1).

The denaturation of myofibrillar proteins by heat, chemical, and enzymatic
treatment leads to the generation of a gel [21]. The gelation properties of fish
myofibrillar proteins are exploited in the food industry to produce surimi or
surimi-like products. The connective tissue proteins, or stromal proteins, provide
the structural elements for connective tissue. The main protein in this group is
collagen which in general represents approximatively 3% of the total protein in
fish muscle and is present in the skin, bone, myocommata, and swim bladder [22].
However, some species, especially Chondrichthyes species, can contain a signifi-
cantly higher amount of connective tissue (10%) compared with a value of 17%
found in mammalian species [23].

3 Processing of Fish Proteins

3.1 Protein Extraction

To date, several methods have been used for the extraction of proteins from
various fish species. The specifics of these methods vary depending on the
parameters employed, e.g., pH, temperature, agitation time, homogenization,

Fig. 1 Diagrammatic representation of the actin-myosin complex. (Modified from Gordon
et al. [20])
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weight-to-volume ratio, and the number of sequential extractions. The main
approach used to recover proteins from fish is the so-called pH shift process.
This technique employs homogenization of the fish sample in an acid (pH < 5.0)
or alkaline (pH > 9.0) solution. The protein extract is then separated from the
solid components by centrifugation where solids such as bones, scales, flesh, and
skin are removed. Depending on the sample, a mechanical disruption process may
also be employed prior to the homogenization step to disrupt the cells [24, 25].
The acid- or alkaline-solubilized protein is then precipitated by adjusting the pH
to its isoelectric point. The precipitate is separated by centrifugation and a protein
isolate is then obtained.

A second approach used for protein extraction is known as the surimi process.
The production of surimi consists of protein recovery from fish mince by a series of
sequential steps. Washing with cold water is essential to remove water-soluble,
sarcoplasmic proteins and impurities such as the skin, bones, scales, and connec-
tive tissue which can reduce the gelation ability and ultimately reduce product
quality. The number of successive washes and the volume of water required vary
between fish species, the freshness of the starting fish mince, and the quality of the
surimi required. It is common to use 0.1–0.3% (w/v) NaCl in the washing solution
to facilitate removal of water during the subsequent processing steps. Before the
dewatering step, the washed minced fish still contains a large quantity of impuri-
ties, which often consist of tissues from the skin and/or internal belly flap that need
to be removed. A purification step is required to obtain a product with good
organoleptic quality, appearance, and product safety. The water in the surimi
base obtained can be removed by a screw press, and the water content is reduced
from 91% to 80–84% (w/w) [26]. This method of extraction of proteins from fish is
less successful than the pH shift method as sarcoplasmic proteins are lost during
the process, leading to a reduced yield. A general flow diagram for these two
processes is provided in Fig. 2.

Enzyme-assisted extraction of food proteins using food-grade proteolytic
preparations relies on the intrinsic properties of enzymes, i.e., high specificity
and selectivity. The disadvantages of enzyme-assisted extraction are the high
cost which may be an issue in the case of production at commercial scale and the
inability of some enzymes to disrupt the cell membrane which may lead to low
extraction yield. A new approach to overcome these issues involves the use of
microwave irradiation during enzyme-assisted extraction. The procedure known as
microwave-assisted enzymatic extraction (MAEE) is recognized as having the
potential to increase the yield of protein extracted and, in some cases, the bioactive
properties of the resulting product. Nguyen et al. (2017) recently studied the
generation of fish protein hydrolysates by MAEE and the pH shift method from
rainbow trout (Oncorhynchus mykiss) using the proteolytic enzyme Alcalase
2.4L® [27]. The MAEE approach was reported to improve the technofunctional
and bioactive properties of the hydrolysates when compared to those generated
using the pH shift method.
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3.2 Enzymatic Hydrolysis

Enzymatic modification is a method which has been used to treat food proteins to
improve their technofunctional, physicochemical, bioactive, and organoleptic prop-
erties without alteration of their nutritive value [28]. As the degree of hydrolysis of
the protein affects the bioavailability and the bioactivity of the peptides generated,
the appropriate choice of the hydrolysis conditions (e.g., temperature, pH, enzyme
preparation, and enzyme to substrate ratio) is critical [29, 30]. Proteolytic enzymes
can be classified according to different characteristics, e.g., proteolytic enzymes can
be endo- or exo-acting proteinases/peptidases. For example, endoproteinases cleave
peptide bonds within the protein and release peptides or shorter fragments, while
exopeptidases remove single amino acid residues or small peptides from either the
C-terminus (carboxypeptidases) or N-terminus (aminopeptidases) by cleaving the
terminal peptide bonds [31].

It has been shown that enzymatically modified food proteins have improved
technofunctional as well as bioactive properties compared with intact proteins
[6, 32]. The generation of lower molecular mass peptides with reduced secondary
structures can improve the solubility, turbidity, gelling, emulsifying, and the foaming
properties as well as heat and pH stability of proteins [33]. The use of fish protein
hydrolysates for their technofunctional properties has been extensively reviewed
[34–36]. The modification observed in the technofunctional properties of food

Fig. 2 Flow diagram representing the sequential steps involved in the pH shift (a) and surimi
process (b) for the extraction of proteins from fish. (Modified from Kristinsson et al. [24])
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proteins following hydrolysis is highly dependent on the hydrolysis conditions, such
as pH, incubation temperature, and duration of hydrolysis. Furthermore, the speci-
ficity of the enzyme used for the process and the operating parameters are respon-
sible for the extent of hydrolysis and the peptide profile obtained. Control of the
hydrolysis process is even more important when working with animal products since
certain animal parts may contain endogenous proteinases [37] or even enzyme
inhibitors [38]. These endogenous enzymes are mainly located in the gastrointestinal
tract and are associated with the fish viscera; however, some hydrolytic enzymes,
such as cathepsins, collagenases, alkaline proteases, and calcium-dependent pro-
teinases, are located in the muscle tissue itself [39]. This endogenous proteolytic
activity can increase the extent of hydrolysis independently from the exogenously
added proteolytic preparations. Fortunately, the endogenous proteolytic activity in
fish is generally not as high as that found in the muscle of terrestrial animals (bovine,
porcine, and caprine).

A number of food-grade proteolytic preparations exist on the market. These arise
from microbial, plant, and animal sources. Among the enzyme preparations avail-
able for the generation of protein hydrolysates from fish processing by-products, the
most commonly used are Alcalase (Bacillus licheniformis), Neutrase (Bacillus
amyloliquefaciens), Flavourzyme (Aspergillus oryzae), collagenase (Clostridium
histolyticum), Pronase E (Streptomyces griseus), papain (Carica papaya), and bro-
melain (Ananas comosus) and digestive enzymes from bovine and porcine gastro-
intestinal tracts (e.g., pepsin, trypsin, and chymotrypsin). Moreover, fermentation
and autolysis are processes which may be employed for the production of peptides
by the action of the proteolytic enzymes from the product itself or from the action of
the intrinsic microorganisms present. Furthermore, proteolytic enzymes have been
purified from different fish species, especially from viscera for use during fish
protein hydrolysate manufacture [15].

In some regions of the world, the endogenous enzymes from marine sources are
used to improve the shelf life as well as the bioactive and technofunctional properties
of proteins from fish and shellfish. Several examples of fermented fish, shellfish,
and seafood exist for application as flavoring agents and food supplements with
bioactive properties, such as Kapi, a fermented shrimp paste from Thailand, and
Bakasang, a fermented fish sauce from Indonesia [40–44]. However, the high salt
content and low pH and the presence of undesirable contaminants such as halophilic
microorganisms and biogenic amines (histamine) represent some important issues
for consumer safety linked to the consumption of these products. Therefore, the use
of enzymatic hydrolysis with exogenously added food-grade proteolytic prepara-
tions when carried out in a controlled environment with the use of thermal treatment
for enzyme inactivation and bacterial reduction represents a feasible approach for
the generation of bioactive peptides from fish by-products for human consumption.
Furthermore, it has been reported that the utilization of proteolytic enzymes releases
a higher quantity of bioactive peptides with lower molecular masses than when
fermentation processes are employed [45]. Additionally, enzymatic hydrolysis
requires significantly less time to reach the desired degree of hydrolysis than
fermentation processes. For example, the production of fish protein hydrolysates
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takes between 4 and 6 h to reach the desired degree of hydrolysis [46], while it may
take weeks or months for the fermentation process to reach the equivalent extent of
hydrolysis [47].

4 Characterization of Fish Peptides

Fish proteins contain peptide sequences encrypted within their primary structure.
Some of these peptides have the potential to beneficially modulate some metabolic
pathways and consequently may play a role in disease prevention and health
enhancement. Bioactive peptides are released from proteins during normal gastro-
intestinal digestion which occurs in the digestive tract or during food processing with
the use of proteolytic enzymes (hydrolysis) or microorganisms (fermentation) [48].
The biological activity of food-derived peptides mainly depends on their structural
properties such as molecular mass and the physicochemical characteristics of the
amino acids within the sequence [49]. The biological activity of peptides present in
protein hydrolysates is highly dependent on the hydrolysis conditions (pH, time,
temperature), the enzymes used, and the enzyme-to-substrate ratio applied [50, 51].
Therefore, careful control of these conditions during the generation of bioactive
peptides is essential to optimize bioactive properties and, therefore, their ability to
enhance human health.

Type 2 diabetes mellitus (T2DM) and cardiovascular diseases are two of the main
NCDs responsible for more than 0.6 and 3.9 million deaths, respectively, in Europe
per annum [52]. Marine by-product-derived proteins represent a source of peptides
that may have the ability to modulate specific biomarkers associated with these
diseases, and therefore they have the potential for incorporation into functional
food or nutraceutical products for the prevention and management of these condi-
tions. Many studies have been conducted using several different food sources, such as
bovine and camel milk, cereals, insects, and marine sources, to generate bioactive
peptides with in vitro antioxidant, cardioprotective, antidiabetic, and appetite sup-
pressant properties [53–58]. These include peptides with the ability to modulate
specific pathways linked with blood pressure control and T2DM. This includes
modulation of the renin-angiotensin system (inhibition of renin and angiotensin-
converting enzyme (ACE)), stimulation of the incretin system (inhibition of
dipeptidyl peptidase-IV (DPP-IV), and stimulation of the secretion of glucagon-like
peptide (GLP-1)), as well as stimulation of the secretion of intestinal cholecystokinin,
which is linked to appetite suppression in vivo [59–62]. Food protein-derived pep-
tides have been shown to reduce oxidative stress associated with inflammation and
tissue damage in vivo, which are complications generally linked to cardiovascular
disease (ischemia), diabetes (diabetic food ulcer), and many other diseases such as
neurodegenerative diseases and cancer [63]. The main bioactivities currently inves-
tigated for peptides from fish by-products are based on the regulation of oxidative
stress and cardiovascular disease (Table 2). These include antioxidant, ACE inhibi-
tory, renin inhibitory, and anticoagulant activities. Several reports suggest that protein
hydrolysates generated from fish can modulate the immune response and inhibit
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cancer development, as well as having ACE inhibitory, antihypertensive, anticoagu-
lant, ion chelating, antioxidant, antimicrobial, antiviral, and appetite suppressant
activities [87, 94, 95]. These characteristics of peptides generated within marine-
derived protein hydrolysates are linked to their potential as ingredients or nutraceu-
tical products for the management of symptoms related to NCDs such as diabetes,
cardiovascular diseases, cancer, and chronic allergic diseases. It has been previously
reported that peptides with low molecular mass, mainly di- and tripeptides, have
potent bioactive properties [96, 97], while longer peptides, with more than 20 amino
acid residues, have been associated with technofunctional property improvements
[98]. Themost commonmethod used to separate peptides within protein hydrolysates
is reversed-phase high-performance liquid chromatography (RP-HPLC) [99]. The
techniques mainly used to separate peptides on the basis of molecular weight include
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and gel
permeation high-performance liquid chromatography (GP-HPLC) [100]. Further-
more, characterization of the amino acid sequence of the peptides is generally carried
out using liquid chromatography systems coupled with mass spectrometry (MS) or
tandem mass spectrometry (MS/MS) [54, 97, 101].

5 Bioactive Properties

Globally, the total mortality linked to NCDs was 38 million in 2012 and is estimated
to reach 52 million by 2030 [102]. As mentioned in previous sections, peptides
derived from proteinaceous marine processing by-products have been shown to
possess a range of bioactive properties. The potential health benefits of consuming
fish protein hydrolysates/peptides for the control of NCDs and oxidative stress,
allergenicity and inflammation, hypertension, and cancer will therefore be outlined.

5.1 Oxidative Stress

Oxidative stress is an important factor contributing to the development and
the progression of NCDs. It is characterized by the generation of reactive oxygen
species (ROS), including hydroxyl radicals (•OH), superoxide radicals (O2

•�), and
non-radical hydrogen peroxides (H2O2). High ROS levels have been associated with
the deleterious modification of nucleic acids (DNA and RNA), proteins, and lipids
and have been implicated in accelerating cellular aging and several human condi-
tions, such as atherosclerosis and neurodegenerative diseases [63]. In contrast, low
ROS levels have beneficial physiological effects linked to the regulation of cell
signaling, through the redox regulation of transcription factors, protein phosphory-
lation (kinase), and ion transfer [103]. The consumption of dietary components
containing natural antioxidants (such as vitamin C, polyphenols, and carotenoids)
has been shown to reduce oxidative stress by enhancing natural defenses [104]. On
the other hand, oxidative stress can contribute to a reduction in the proliferation of
cancer cells by inducing cell death. However, while cell death can be achieved by
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radical-induced oxidative stress, some cancer cells have developed resistance which
indicates that cells develop sophisticated adaptation responses to oxidative stress
[105]. The peptides from fish processing by-product proteins having antioxidant
activity have recently been reviewed [95]. For example, Glu-Leu-Phe-Glu-Pro-Arg,
a hexapeptide generated by Alcalase hydrolysis of seabass (Lates calcarifer) skin
gelatin, was shown to scavenge hydrogen peroxide [106]. Table 2 provides a list of
fish protein by-product hydrolysates/peptides exhibiting antioxidant activity as
reported in the literature.

The in vitro determination of antioxidant activity of peptides can be performed
using various chemical reactions. The methods used to assess antioxidant capacity
can be classified according to whether they assess the transfer of either hydrogen
atoms (HAT) or electron (ET) [107]. The assays used to measure proton-donating
ability are represented by the oxygen radical absorbance capacity (ORAC), hydroxyl
radical, alkyl radical, and peroxide radical scavenging activity assays. The reported
ORAC activity of peptides derived from fish processing by-products ranges from
5.47 to 19.74 μmol TE/μmol peptide (Table 2). Compared to milk protein-derived
antioxidant peptides, the radical scavenging activity was approximately 2.1- to 7.5-
fold higher than the hendecapeptide, Trp-Tyr-Ser-Leu-Ala-Met-Ala-Ala-Ser-Asp-Ile
derived from a β-lactoglobulin A hydrolysate [108]. The ET-based assays used
to determine the reducing capacity of an antioxidant are the Trolox equivalent
antioxidant capacity (TEAC), 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
radical cation (ABTS•+), FRAP (ferric reducing antioxidant power), and DPPH•

(2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl radical) assays. The DPPH radical
scavenging activity (EC50, concentration causing 50% of antioxidant activity) of
Phe-Ile-Gly-Pro, a peptide derived from a bluefin leatherjacket skin hydrolysate, was
reported to be 0.118 mg/mL. Interestingly, Song et al. (2011) reported that a potent
pepsin hydrolysate from half-fin anchovy (Setipinna taty) possessed a DPPH EC50

value of 4.46 μg/mL, while the synthetic antioxidant butylated hydroxytoluene
(BHT) is reported to exhibit an EC50 value of 22.78 μg/mL [78]. The antioxidant
potency of bioactive peptides has been attributed to the presence of specific amino
acids therein especially histidine residues. This has been attributed to the chelating
properties and the radical-trapping properties of the imidazole ring. Furthermore, the
presence of hydrophobic amino acid residues in peptides has been associated with an
increase in their accessibility to hydrophobic targets [109, 110].

5.2 Allergenicity and Inflammation

Allergy is a hypersensitivity response associated with an immune system reaction
toward an allergen. The major types of allergies include life-threatening anaphylaxis;
food, drug, and insect allergies; asthma; rhinitis; angioedema; eczema; urticaria; and
eosinophilic disorders [111]. Allergic reactions/diseases can be caused by environ-
mental factors, such as pollution, as well as genetic factors. The global prevalence of
allergic diseases is increasing with 200–250 million people suffering from food
allergy and about 300 million people suffering from asthma causing 250,000 deaths
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annually [112]. The diagnosis of allergy is commonly performed using blood
or cutaneous tests. The cutaneous (skin prick) test is carried out by introducing
a series of punctures on a subject’s skin which are loaded with different suspected
allergens. The signs of inflammation, indicative of an allergenic response, are then
observed. Inflammation is one of the first responses of the immune system to
a challenge/infection [113]. The increase in blood flow into the tissue causes
redness, swelling, heat, and pain. Inflammation occurs when damaged tissues or
infected cells release eicosanoids and cytokines. Eicosanoids, which include pros-
taglandins, dilate blood vessels and increase the temperature locally, while leukotri-
enes recruit white blood cells (leukocytes). Cytokines, including interleukins and
chemokines, are responsible for the recruitment and communication between leuko-
cytes at the site of infection, while interferons shut down protein synthesis in infected
cells [114]. Cytotoxic and growth factors can also be released by the damaged
tissues. These molecules have the ability to recruit immune cells to the site of
challenge/infection and contribute to the healing of damaged tissue following
removal of the antigen [115].

The human immune system reacts against various chemical and biological threats
by two separate but interconnected systems. The first defense system, called the
innate immune system, consists of cells and proteins present in the circulation
system, and it is activated in the presence of an exogenous threat. This system
includes mucosal epithelial barriers, dendritic cells, and leukocytes [116]. The
second system, called the adaptive immune system, is a specific system which
involves B- and T-cells and the production of specific antibodies against the detected
threat. The adaptive immune system is activated when the innate immune system is
insufficiently effective or when it has been overcome [117]. Current treatments for
allergies consist of the use of medication such as steroids, adrenalin, and antihista-
mines [118]. Immunotherapy is also available to treat some forms of allergy by
injecting an inactive form of the allergen to stimulate the production of specific
antibodies by the adaptive immune system [119]. Even though immunotherapy
provides a longer-lasting effect, it also represents an expensive alternative to phar-
macological solutions.

Immunomodulatory peptides can modulate immune functions by enhancing
lymphocyte proliferation, antibody synthesis, and cytokine regulation [120]. More-
over, immunomodulatory peptides may have the ability to reduce allergic reactions
and enhance the mucosal immune system in the gastrointestinal tract. Immunomod-
ulatory peptides isolated from human milk, rice, and soybean tryptic hydrolysates act
to stimulate the innate immune system [121–123]. A review of literature reveals that
the mechanism of action of immunomodulatory peptides is relatively non-specific,
and this may be the reason why the exact mechanism and the in vivo destination of
these peptides are still unknown. Figure 3 depicts the main mechanisms of action of
anti-inflammatory peptides. The details of the anti-inflammatory peptides isolated
from fish by-products are reported in Table 2.

The main anti-inflammatory activity of bioactive peptides, as currently described
in the literature, involves the up- and downregulation of signaling proteins (cyto-
kines) such as interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) and
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adhesion molecules. Modification of the expression and translation of these compo-
nents has the ability to reduce inflammation. Chalamaiah et al. (2018) have recently
reviewed the area of immunomodulatory peptides from food protein hydrolysates
[125]. Subhan et al. (2017) demonstrated that peptides from fish scale collagen could
downregulate the expression of pro-inflammatory cytokines in vitro [126]. This
suggests that peptides isolated from fish scale collagen had a beneficial effect in
the control of inflammatory diseases.

As shown in Table 2, a number of peptides/hydrolysates derived from
fish processing by-products are reported to possess anti-inflammatory capacity. For
example, the tripeptide Pro-Ala-Tyr derived from an Atlantic salmon (Salmo salar)
pectoral fin peptic hydrolysate exhibits anti-inflammatory activity via the down-
regulation of NO/iNOS and PGE2/COX-2 pathways by 64–75% and 45–48%,
respectively, compared to the control group. The inhibition of the production of pro-
inflammatory cytokines, TNF-α, IL-6, and IL-1β, has been also reported (Table 2)
by Anh et al. [67].

5.3 Hypertension

The literature reports that dietary protein intake can contribute to reducing high
blood pressure, coronary heart disease, and other infarctions [127]. Blood pressure is
determined by measuring two values: systolic blood pressure (SBP), which measures
the pressure in blood vessels when the heart beats, and diastolic blood pressure,
which measures the pressure in blood vessels when the heart is at rest. The normal
values for systolic and diastolic blood pressures are 120 and 80 mmHg, respectively.
A range of mechanisms are involved in the control of blood pressure, including the
secretion of specific hormones, modulation of blood volume, and secretion of nitric
oxide by endothelial cells and the renin-angiotensin-aldosterone system (Fig. 4).
ACE, for example, catalyzes the conversion of angiotensin I to angiotensin II, a
hormone which leads to vasoconstriction and an increase in blood pressure [128].
Furthermore, ACE degrades the vasodilator molecule bradykinin. Consequently,

Fig. 3 Mechanisms of inflammation and potential sites of action of bioactive peptides. (Modified
from Cicero et al. [124])
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ACE inhibitory agents can lower hypertension. Many studies have focused on the
ability of fish protein hydrolysates/peptides to inhibit ACE [66, 89]. ACE inhibitory
peptides are generally short sequences. Moreover, structural studies of the ACE
active site using X-ray crystallography show a lid-like extension formed by the
amino-terminal helix (α 1-3) that partially covers the active channel and leaves an
opening of almost 3 Å for substrate and inhibitor access [129]. Wu et al. (2006)
performed an in silico analysis of the ACE inhibitory activity of long (4–10 amino
acids) and short (2–3 amino acids) peptides. The importance of the type of amino
acid residue in the peptide sequence for ACE inhibitory activity was predicted [130].
It was concluded that the optimum amino acid residues for potent ACE inhibition
starting from the C-terminus were Tyr and Cys in the first position; Trp, Met, and His
in the second position; Leu, Ile, Val, and Met in the third position; and Trp in the
fourth position. Blood pressure is highly regulated in vivo and involves mechanisms
other than modulation of ACE activity. It is likely that bioactive peptides derived
from fish protein hydrolysates also beneficially modulate these systems.

Recently, research on nitric oxide synthase 3 (iNOS) suggested that stimulation of
the production of nitric oxide (NO) in endothelial cells has a beneficial effect on
blood pressure (Fig. 4) [131]. Ahn et al. (2015) isolated the tripeptide Pro-Ala-Tyr
from an Atlantic salmon (Salmo salar) pectoral fin peptic hydrolysate and demon-
strated that it possessed the ability to modulate the secretion of intracellular NO
in vitro [67].

Several reports from in vivo studies using spontaneously hypertensive rats
(SHRs) show hydrolysates/peptides derived from fish proteins having the ability to
significantly reduce hypertension. Ko et al. (2016) identified ACE inhibitory pep-
tides (Table 2) from hydrolysates of flounder fish (Paralichthys olivaceus) protein
which were shown to have hypotensive effects in vivo [82]. The in vitro ACE IC50’s
for two identified hexapeptides, Met-Glu-Val-Phe-Val-Pro and Val-Ser-Gln-Leu-
Thr-Arg, was 79 and 105 μM, respectively. These peptides were found to reduce
SBP in SHRs after 6 h oral administration (Table 2). Interestingly, the reduction in
SBP value obtained with the Val-Ser-Gln-Leu-Thr-Arg-treated group was similar to

Fig. 4 Mechanisms of blood pressure control and the potential action of bioactive peptides.
(Modified from Cicero et al. [124]) : direct inhibition, : direct stimulation
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the group treated with Captopril®, a synthetic drug inhibitor of ACE. As shown in
Table 2, numerous peptides with ACE inhibitory activity have been derived from
marine by-products. These include hydrolysates/peptides from Atlantic salmon,
bluefin tuna, boarfish, leatherjacket, Pangasius catfish, rockfish, and skate.

5.4 Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is characterized by insulin deficiency caused by
pancreatic β-cell dysfunction and insulin resistance [132], which arises from the fact
that the pancreatic cells produce and release insulin, but the quantity released
is insufficient. All these complications lead to hyperglycemia and many side effects
such as atherosclerosis leading to heart attack, stroke, and organ failure. Type 1
diabetes, also named “insulin-dependent diabetes,” is a malfunction of the pancreatic
cells that fail to produce and release insulin resulting from a cell-mediated autoim-
mune attack of pancreatic β-cells [133]. However, T2DM is the most common type
of diabetes accounting for 90–95% of all diabetes cases [132]. The occurrence of
T2DM has increased in developed countries and is associated with an unhealthy
lifestyle and obesity which contributes to higher rates of morbidity as diabetic
individuals generally have a higher risk of heart disease, kidney failure, blindness,
and nerve and circulatory damage [132]. The global prevalence of diabetes was 415
million adults aged over 20 years in 2015 (8.8% of the adult population), and this is
expected to increase to 642 million by 2040 (10.4% of the adult population) [134].
The countries with the highest incidences of diabetes in 2015 were China (109.6
million), India (69.2 million), the United States (29.3 million), Brazil (14.3 million),
the Russian Federation (12.1 million), Mexico (11.5 million), Indonesia (10.0
million), Egypt (7.8 million), Japan (7.2 million), and Bangladesh (7.1 million).
Several types of medication are currently employed for the management and control
of T2DM. The most common treatments involve the use of Metformin® and
Gliclazide® which decrease the release of hepatic glucose and increase insulin
secretion, respectively. Both medications are on the World Health Organization list
of essential medicines for the treatment of T2DM. Other treatments used in the
management of the disease include the injection of glucagon-like peptide-1 ana-
logues and the use of enzyme inhibitors which inhibit the activity of dipeptidyl
peptidase-IV (DPP-IV), α-amylase, and α-glucosidase. These treatment approaches
enhance the body’s response to reduce postprandial serum glucose levels. The
enzymes targeted for inhibition are linked to the reduction of glucagon release and
the stimulation of insulin synthesis, glucose absorption, and metabolism, as well as
appetite reduction [135–137]. DPP-IV degrades two incretin hormones, glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1). In
the presence of glucose, the incretin system stimulates pancreatic β-cells to secrete
insulin. Therefore, by inhibiting the action of DPP-IV, the incretin hormones are
maintained at a stable level in the circulation and continue to stimulate insulin
production [138]. Human in vivo studies have shown that the inhibition of DPP-IV
leads to a reduction in glycated hemoglobin (hemoglobin A1c) [139] as well as an
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increase in circulating GLP-1 [140]. Consequently, this represents clear evidence of
the blood glucose-lowering effect of DPP-IV inhibitors. Although DPP-IV inhibitors
and GLP-1 analogues are interesting targets for blood glucose regulation, they
represent distinct drug classes with different mechanisms of action, route of admin-
istration, and clinical efficiency. However, some synthetic drugs with DPP-IV
inhibitory activity are now being used for the treatment of T2DM, such as sitagliptin
(Merck & Co. as Januvia®, FDA approved in 2006), vildagliptin (Novartis as
Galvus®, EU approved in 2007), and alogliptin (Takeda Pharmaceutical Company
as Nesina®, FDA approved in 2013). While these drugs have proven to be efficient
in the management of T2DM, side effects including postprandial hypoglycemia,
nasopharyngitis, headache, nausea, heart failure, hypersensitivity, skin reaction, joint
pain, and adverse cardiovascular effects have been associated with their use [141].
Therefore, the use of natural sources to produce DPP-IV inhibitors is being explored
in order to reduce the side effects of antidiabetic drugs. Protein hydrolysates derived
from fish processing by-products have been reported to have in vitro DPP-IV
inhibitory activity, and numerous DPP-IV inhibitory peptides have been identified.
These include Gly-Gly-Pro-Ala-Gly-Pro-Ala-Val (624.7 Da) and Gly-Pro-Val-Ala
(342.4 Da) which can inhibit DPP-IV by 50% at a concentration (IC50 value) of 0.26
and 8.14 mg.mL�1, respectively [64]. Recent in vivo studies on protein hydrolysates
derived from the underutilized fish blue whiting (Micromesistius poutassou) have
shown the ability to lower glucose and increase insulin level in mice [77]. Another
approach to regulate blood glucose is to stimulate the production of cholecystokinin
(CKK) by enteroendocrine cells in the duodenum. The secretion of CCK is linked to
gastric emptying, the stimulation of pancreatic secretion, and satiety [142]. Several
in vitro and in vivo studies testing intact proteins and their hydrolysates or
corresponding amino acid mixtures demonstrate this phenomenon. Sharara et al.
(1993) have shown that protein intake stimulates CKK secretion postprandially in
rats, whereas free amino acid intake had no effect [143]. Furthermore, Cudennec et
al. (2008) have shown that protein hydrolysates derived from blue whiting can
enhance the secretion of CKK and GLP-1 in vitro [144]. In vivo studies with the
same hydrolysates showed an increase in CKK and GLP-1 levels in the plasma of rat
[145] and in human [62]. Greco et al. (2017) in reviewing the effect of protein intake
on appetite have shown that the effect observed depends on the protein source [146].
Madani et al. (2015) showed that feeding obese rats with sardine proteins resulted in
reduced plasma glucose and reduced insulin resistance as well as higher plasma
GLP-1 levels compared to the group fed with casein [147]. A list of DPP-IV
inhibitory peptides and CKK-stimulating hydrolysates obtained from fish processing
by-products and underutilized fish species is provided in Table 2. The in vitro DPP-
IV inhibitory activity of two peptides, Gly-Pro-Ala-Glu and Gly-Pro-Gly-Ala, iden-
tified from Atlantic salmon skin hydrolysates had IC50 values of 49.6 and 41.9 μM,
respectively. Furthermore, Gly-Pro-Val-Ala identified from an Atlantic salmon trim-
ming protein hydrolysate possessed a DPP-IV IC50 value of 264.74 μM. It was noted
that the differences in amino acid residues in the peptide sequence had a major
impact on DPP-IV inhibitory activity. The peptide Ile-Pro-Ile which is a known
DPP-IV inhibitor and found in many dietary proteins was reported to have an IC50
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value of 3.2 μM [148]. It is possible that fish processing by-products could be a
potential source of peptides with similar or higher levels of DPP-IV inhibitory
activity.

5.5 Cancer

Cell division is a normal physiological event that occurs in tissues. Cell proliferation
and cell death are highly regulated processes. Certain mutations in cellular DNA
destabilize this process and can ultimately lead to cancer. The process that transforms
normal cells into cancer cells is called carcinogenesis. It is characterized by a series
of changes at cellular and genetic level that reprogram the cell into an uncontrolled
division process leading to the formation of a tumor. This malignant mass can remain
at a particular site or spread throughout the body via an angiogenesis process and
metastasis diffusion.

Apoptosis is a form of programmed cell death and is one of the main mechanisms
used in cancer treatment. As apoptosis does not enhance immune response or
produce inflammation, it is a better method of treatment compared to classic
chemical chemotherapies. Therefore, selective induction and modulation of apopto-
tic pathways in cancer cells represent a promising approach for cancer therapy [149].
In mammals, two major apoptosis signaling pathways are involved in the activation
of cysteine proteases (caspases), the extrinsic death receptor, and the intrinsic
mitochondrial pathways [150]. These interlinked pathways involve pro- and anti-
apoptotic molecules that can trigger or regulate apoptosis. Therefore, the develop-
ment of antiproliferative peptides that specifically target these pathways has become
an interesting strategy for the development of anticancer therapies.

A large diversity of peptides with anticancer activity have been extracted from
various marine organisms, mainly sessile animals, such as sponges, molluscs, and
tunicates, which synthesize potent cytotoxic compounds to protect themselves
against predators. These compounds are currently being exploited for cancer therapy.
However, reports on the antiproliferative activity of peptides derived from fish protein
hydrolysates are limited. Chalamaiah et al. (2018) reviewed the area of anticancer
peptides from food protein hydrolysates [125]. Several studies have reported that free
amino acids have diverse effects on different cancer cells [151, 152]. Cys promoted
the proliferation of gastric and breast cancer cells. Asp and Arg stimulated the growth
of breast cancer cells, while Glu induced apoptosis in gastric cancer cells. Ala showed
an in vitro antiproliferative activity against gastric and breast cancer cells, while Pro
and Lys showed an antiproliferative activity against prostate cancer cells. These
reports suggest that the presence of specific amino acids in peptide sequences could
modulate their activity against different cancer cell metabolic pathways. Furthermore,
two peptides, Leu-Pro-His-Val-Leu-Thr-Pro-Glu-Ala-Gly-Ala-Thr and Pro-Thr-Ala-
Glu-Gly-Gly-Val-Tyr-Met-Val-Thr, isolated from tuna protein hydrolysates pos-
sessed antiproliferative EC50 values of 8.1 and 8.8 μM on the human breast cancer
cell line MCF-7 in vitro, respectively [80]. A list of the antiproliferative peptides
obtained from half-fin anchovy, loach, and rohu by-products is provided in Table 2.
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To date, Alemán et al. (2011) have reported the highest antiproliferative EC50 value
(0.13 mg/mL) for a squid gelatin hydrolysate using Esperase® on MCF-7 cell
line [153].

5.6 Other Bioactivities

Other biological activities involving peptides which possess antiviral and antimicro-
bial activity have been reported in the Antarctic fish (Pleuronectes americanus) and
small red scorpionfish (Scorpaena notate), respectively (Table 2). Mineral-binding
peptides have been identified from Alaska pollock and seabass. Mineral-binding
capacities are important in many metabolic processes, including nutrient absorption,
cellular proliferation, energy production, and oxygen transport [68, 70, 88]. Antico-
agulant activity had been reported in peptides extracted from yellowfin sole frame
[93] (Table 2).

6 Bioavailability

As already outlined, bioactive peptides can be released from food proteins during
food processing by fermentation or enzymatic hydrolysis as well as during normal
gastrointestinal digestion. Research has proven that fish processing by-products are a
potential source of bioactive peptides for the production of functional food ingredi-
ents [154]. However, more studies on the stability of the bioactive properties need to
be carried out. In order to be active at the target site in the human body, the peptides
must maintain their biological activity after passing through the gastrointestinal tract,
be resistant to extreme pH values and the action of gastrointestinal enzymes. An
in vitro simulated gastrointestinal digestion (SGID) approach is often carried out to
determine the stability of bioactive peptides following in vitro incubation with
gastrointestinal enzymes. The enzymes used are salivary amylase at pH 7.0 for the
oral phase, pepsin at pH 3.0 to simulate the gastric system, and a pancreatic enzyme
preparation composed of trypsin, chymotrypsin, elastase, lipase, and amylase at pH
7.0 to mimic the intestinal phase [155]. Hydrolysis of proteins by these enzymes can
release bioactive peptides. This has been shown when using the SGID approach for
the generation of bioactive peptides from different food sources such as cereals,
dairy products, and fish [156–159]. Moreover, in vitro SGID has shown that the
hydrolytic action of gastrointestinal enzymes has the potential to modulate the
bioactive properties of peptides generated following hydrolysis using non-
mammalian food-grade enzyme preparations [160]. For this reason, bioactive pep-
tides may be tested using in vitro gastrointestinal digestion to assess their potential
stability and bioavailability after ingestion. However, some bioactive peptides have
shown resistance to further digestion by gastrointestinal enzymes, such as the ACE
inhibitory peptide Leu-Leu-Pro from tilapia, which maintained its activity following
incubation with pepsin, pancreatin, and α-chymotrypsin [161]. The permeability of
biological membranes, which allow bioactive peptides to reach the circulation,
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depends on many factors such as peptide molecular mass and chemical stability and
hydrophobicity. The transport of peptides through the gastrointestinal tract and the
intestinal cell barrier is mediated via three main transport mechanisms. These
mechanisms are schematically represented in Fig. 5. These consist of (A) active
transport via the PepT1 carrier, which transports di- and tripeptides coupled with a
proton pump, (B) endocytosis-exocytosis which transports basic and hydrophobic
peptides via endocytosis vesicles, and (C) tight junction paracellular diffusion,
which transports intact oligopeptides through tight junction pores [154]. However,
active transport via PepT1 and passive paracellular diffusion are more efficient
routes than endocytosis-exocytosis-mediated transport as peptides may be hydro-
lyzed after endocytosis by intracellular enzymes into amino acids before reaching
the bloodstream. Furthermore, larger peptides and single amino acids have been
shown to be less easily absorbed by gastrointestinal cells than short peptides (i.e.,
containing two to six amino acids) [162]. Transfer across the gastrointestinal mem-
brane also depends on the amino acid sequence of the peptide [163]. Bioactive
peptides isolated from fish have been reported to be resistant to the gastrointestinal
digestion process and to be able to pass through intestinal membranes to reach the
bloodstream. For example, in vivo studies in hypertensive rats have shown that the
antihypertensive effects of bioactive peptides derived from fish, such as salmon,
sardine, sole, tuna, and Alaska pollock, remain stable after passage through the
digestion and assimilation processes. For example, Hou et al. (2016) showed that
Pro-Thr-Gly-Ala-Asp-Tyr derived from tryptic hydrolysates of Alaska pollock frame
could significantly enhance the humoral, cellular, and non-specific immune system
in immunosuppressed mice [164]. This indicates that this peptide was resistant to
digestion and was able to pass into the bloodstream. However, the stability of
bioactive peptides can be enhanced via several strategies which have been developed
by the pharmaceutical industry. Among these, encapsulation and structural modifi-
cation of peptides at C- and/or N- terminal residues, including glycosylation and
alkylation, have been shown to improve the bioavailability of peptides. Furthermore,
peptides containing Thr, Glu, Phe, and His amino acids seem to be absorbed
significantly faster compared to their free amino acid mixture equivalent [163].
The presence of a high percentage of Hyp and Pro amino acids also seems to
improve resistance to hydrolysis by gastrointestinal enzymes [165]. Some of these
approaches have been used to improve the bioavailability of fish-derived bioactive
peptides. For example, the encapsulation of rainbow trout peptides in biopolymer-
coated nanoliposomes was an efficient technique to maintain their antioxidant
capacity [166].

7 Conclusion

The study of fish protein for the generation of bioactive peptides has increased in the
last few years, and fish processing by-products as well as underutilized fish species
have been identified as potential sources for bioactive peptides. However, even
though several studies with regard to the extraction and hydrolysis of proteins
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from fish and fish by-products, as well as the purification, characterization, and
identification of bioactive peptides, have been carried out, more research is required
to fully exploit and deliver their potential to consumers. While interesting studies on
the use of fish processing by-products as functional food ingredients have been
carried out, more research is needed in addressing the large-scale production of these
products, their bioavailability, compatibility with different food matrices, long-term
stability, and in vivo efficiency. Furthermore, it is necessary to determine the
mechanisms by which peptides and hydrolysates can mediate their physiological
effects. More nutrikinetic and metabolomic studies are required in order to under-
stand the relationship between the dose administered and physiological effect.
Marketing and economic studies are also required to establish consumer needs and
preferences. Finally, in vivo validation studies are required to generate health
promoting claims acceptable for international food safety agency approval.
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