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ABSTRACT 

Australian underutilised fish species, such as silver warehou (Seriollela punctata) 

and eastern school whiting (Sillago flindersi) as well as fish by-products may be potent 

sources of bioactive peptides. These species and/or their by-products are often wasted due 

to their poor technological and textural properties, and not acceptable for consumption by 

the Australian consumers. Interestingly, these fish wastes possess important nutritional 

value and physiological benefits, owing to their high protein content. Technological 

processing and the presence of endogenous enzymes in the fish muscle have the potential 

to release the so-called bioactive peptides during storage or digestion in the 

gastrointestinal tract. In the new era of the field of food science and technology, the 

production of bioactive peptides released from fish wastes is becoming increasingly 

important to preserve the marine sustainable environment and develop essential 

functional food to maintain human health as well as preventing the risks of developing 

certain types of metabolic diseases, like obesity and/or metabolic syndrome.  

As a result, the main focus of this project was to investigate the controlled 

hydrolysis of fish muscle proteins from by-catch fish species as a means of producing 

bioactive peptides with beneficial physiological properties. Important in-vitro 

bioactivities investigated could be related to the prevention of obesity and associated 

health complications. They include i) angiotensin-converting enzyme (ACE – 

hypertension) inhibition, ii) trypsin inhibition (satiety-induced) and iii) anti-oxidative 

(oxidative stress and inflammation-related conditions) activity. 

In our introductory study, the physicochemical and biofunctional properties of 

two types of fish protein hydrolysates, derived from fish scales were investigated in the 

presence of digestive enzymes; namely, pepsin, trypsin and pancreatin. This study 

demonstrated that enzymatic hydrolysis can release physiologically active peptides, 
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which can vary according to the processing conditions. Powdered hydrolysate (PH) 

exhibited higher biological activities, ACE inhibitory activity of 73.65 % compared to 

agglomerated hydrolysate (AH). The protein content of PH determined the higher 

biological activities; the higher the protein content, the greater the solubility. This study 

provides a sound example for the development of protein hydrolysates from Australian 

fish fillets. However, the processing methods must be designed carefully to achieve 

optimal recovery of peptides as well as their optimum bioactivities. 

Australian underutilised fish species may serve as a potential source of valuable 

proteins and potent bioactive peptides. This novel research was the first to investigate the 

effects of storage-processing conditions and an in-vitro pepsin-pancreatin simulated 

gastrointestinal digestion (SGID) on bioactive peptides’ release during storage of fish 

fillet, derived from Australian silver warehou (SW). In-vitro bioactivities including ACE 

and trypsin inhibitory and antioxidant activities were analysed. The antioxidant power 

was evaluated by DPPH free radical scavenging activity, copper ions chelating and ferric 

ions reducing abilities. Fillets were stored at chilled (4 and 6oC) and freezing (-18oC) 

temperatures for 7 and 28 days, respectively. Results indicated that during postmortem 

storage, endogenous enzymes from fillets released an array of polypeptides over storage 

time. The demonstrated physiological activities were further increased (p<0.05) during 

SGID. Bioactivities were greater at 4oC, increasing over 7 days (p<0.05) as compared to 

6 and -18oC. An increase by 2oC for chilled temperature was enough to cause significant 

changes (p<0.05) in activities. The crude extracts obtained by pancreatin treatment 

demonstrated highest metal chelating activities at 4oC (86.3± 0.1% on day 7). 

Physiological potency, especially metal chelating activity, of fillets obtained from SW 

may be manipulated by storage conditions that would consequently be further enhanced 

during digestion.  
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Similarly, underutilised Australian eastern school whiting (ESW) fish was 

investigated for in-vitro bioactivities, after exposure to fish endogenous and 

gastrointestinal (pepsin and pancreatin) enzymes. The study comprised of storing fish at 

chilled (4 and 6oC) and freezing (-18oC) temperatures for 7 and 28 days, respectively. 

Hydrolysis by endogenous enzymes only, resulted in increased bioactivities for the 4oC 

samples, whereas significant decreases (p<0.05) were observed for the 6 and -18oC 

samples. However, bioactivities of these samples increased significantly (p<0.05) after 

further hydrolysis under simulated digestion conditions. Proteolysis by digestive 

enzymes, mainly pancreatin considerably enhanced the antioxidant activities. To benefit 

from the health properties of ESW fish, it is suggested to consume the fish fresh. The 

intent is to enhance full use of fish and not certain parts such as fish oil. For proper 

utilisation and sustainability, whole fish must be used.  

As a whole, the production of bioactive peptides or hydrolysates derived from 

marine wastes may deliver in-vitro physiological activities, whilst minimising aquatic 

wastes and maintaining an ecological marine environment. 

The significance of the research corresponds to the utilisation of Australian 

commercial inferior marine bio-resources, which are perceived as by-catch or wasted fish 

species. The main innovative strategies of this project was to: 

i) manipulate fish fillet by storage and processing conditions to maximise 

the production of biological active peptides 

ii) understand the mechanisms by which endogenous fish muscle 

hydrolytic enzymes from underutilised fish species liberate bioactive 

peptides 

iii) increase and improve the use and value of Australian bio-resources, that 

is, novel fish species for the development of human food but processed 
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in ways that is intended to improve human health whilst at the same 

time enhancing the biodiversity of our marine ecosystem by decreasing 

economic pressure on existing species. 
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With marine species comprising approximately one half of the global biodiversity, 

the ocean offers to the world a wonderful resource for novel compounds, which may serve 

in improving the health of the worldwide population. Unfortunately, not all of the sea 

resources are adequately used. Many commercially important fish species are being 

overfished and existing valued species are becoming exhausted. The unintentional 

capture of non-target fish species is a well-known fisheries practice, termed as ‘by-catch’ 

(Korhonen and Pihlanto, 2006). While some of these species are retained for sale, others 

are thrown back into the sea, primarily due to their low-value market properties and 

unacceptance to consumers. Considered as wastes, by-catch species are converted into 

commercial and low-value products such as fertilisers, fish silage, and baits, amongst 

others (Blanco et al., 2007). 

Notably, much of these wasted and discarded fish stocks are highly nutritious, 

comprising of high-quality protein sources and important novel compounds, the bioactive 

peptides (Kim and Mendis, 2006). These may thus constitute an incipient industry for 

valuable human food. Consequently, there is a significant potential for the Australian 

seafood industry to better utilise these underutilised fish species or fish wastes and convert 

them into useful consumables (Kim and Mendis, 2006), which may be sustainable to the 

marine environment and profitable to the fish industry.  

 Novel enzymatic hydrolytic technology is widely used to convert fish wastes 

proteins, sourced mainly from the myofibrillar proteins, into more marketable, functional 

and value-added products (Manikkam et al., 2016; Nurdiani et al., 2015) by commercial 

proteases. Thus, a number of enzymes have been used, including pepsin, trypsin and 

pancreatin (Manikkam et al., 2016), chymotrypsin, alcalase (Zhu et al., 2008), papain, to 

name a few. These enzymes enhance the release of bioactive peptides, which are usually 

encrypted within the parent protein (Möller et al., 2008). Bioactive peptides have been 
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identified as specific proteins or amino acid fragments, of size 2-20 amino acids and 

molecular masses below 6000 Da. They have a positive impact on body functions and 

may ultimately influence human health positively (Kim and Wijesekara, 2010). Based on 

their structural properties and amino acid composition and sequences, these peptides may 

affect one or more physiological functions, acting as antioxidative, anti-obesity, anti-

thrombic or anti-hypertensive concomitantly (Möller et al., 2008). Scientific studies 

suggest that bioactive peptides derived from fish wastes, such as scales (Fahmi et al., 

2004; Manikkam et al., 2016b), fillets (Gaarder et al., 2012), amongst others, are inversely 

related to the risk of hypertension and body fat mass accumulation by inhibiting the 

activity of ACE (Darewicz et al., 2014; Mathai et al., 2008) and inflammation or 

formation of free radicals (Lin et al., 2014). In addition, possibly controlling hunger by 

inhibiting the activity of trypsin enzyme to activate cholecystokinin (CCK), assisting in 

satiety (Medenieks and Vasiljevic, 2008). However, one potential barrier to usage of these 

peptides is the bitter taste that is sometimes generated depending on the enzymes used 

(Johanna et al, 2007). 

Generating bioactive peptides by fish endogenous or commercial enzymes can be 

challenging to the fish industry as maintaining freshness and balance of amino acids is of 

great importance. Chilling and freezing are two major ways of preserving the freshness 

of fish, due to their perishable nature. However, these preservation techniques, mainly 

freezing and frozen storage of fish muscles, may lead to denaturation and aggregation of 

especially myofibrillar proteins (Tejada, 2001). These biochemical changes may 

essentially alter biofunctional properties of fish peptides. No studies have yet investigated 

the effects of chilled and frozen storage on the release of bioactive peptides in the 

presence of endogenous and digestive enzymes, which characterise this novel project. 
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The main goal of this research was to understand the inherent properties of fish muscle 

from Australian fish wastes in relation to the release of functional compounds, mainly, 

bioactive peptides during storage conditions and human digestion, with important in vitro 

physiological properties, such as: i) ACE and trypsin inhibitory as well as antioxidant 

activities (DPPH radical scavenging, metal chelating and reducing power). 

The specific objectives were to:  

1. Examine the physicochemical and biological properties of fish protein 

hydrolysates derived from fish scales, as an example to illustrate that a similar 

production strategy could be adopted within the Australian fish industry 

2. Investigate the release of biologically active peptides from the Australian fish 

fillets during storage conditions (temperature and time) in the presence of muscle 

endogenous enzymes only 

3. Determine the effects of in-vitro simulated gastrointestinal digestion (pepsin-

pancreatin) on important physiological activities of released bioactive peptides 

4. Assess the ability of released bioactive peptides from the fillets of SW and ESW 

to act simultaneously as an ACE and/or trypsin inhibitor and anti-oxidant or free 

radical scavenger 

 

Chapter 2A provides a review of the current literature about the historical background 

and pathophysiology of metabolic syndrome. It also highlights the prevalence and causes 

of obesity. Moreover, it focuses on the metabolic regulators of appetite control and the 

roles of proteinaceous foods on satiety, a mechanism involved in obesity prevention. The 

correlations among CCK, trypsin inhibitors, food intake and obesity are also briefly 

explored. Furthermore, the roles of antioxidative fish peptides as free radical scavengers 

and metal chelating agents in the obesity prevention are also discussed.  
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Chapter 2B, covering the review paper entitled as ‘A review of potential marine-derived 

hypotensive and anti-obesity peptides’ presents the concept of bioactive peptides, the 

techniques for their release, production, isolation and characterisation.  

 

Chapter 3 highlights the physicochemical characteristics and the effects of simulated 

gastrointestinal digestion on the bio-functional properties (DPPH-radical scavenging 

properties, ACE- and trypsin- inhibitory activities) of peptides released from hydrolysates 

prepared from fish scales-derived collagen. 

 

Chapter 4 reports on the effects of storage, processing conditions and simulated digestion 

on selected in-vitro biological activities of Australian silver warehou fillets in the 

presence of endogenous enzymes. 

 

Chapter 5 indicates that Australian eastern school whiting, another type of underutilised 

fish species, could be a potential source of antioxidants and metal reducing agents. 

 

The overall conclusions and future research directions are presented in Chapter 6 and 

references are listed in Chapter 7. 
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CHAPTER 2 

 

 

Review of literature 
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Chapter 2 presents a comprehensive review of scientific knowledge on metabolic 

syndrome and the concept of bioactive peptides, focusing on ACE/trypsin inhibitory and 

anti-oxidant peptides released from Australian fish proteins and their impact on health. 

Divided into Chapters 2A and 2B, it introduces the major concepts that led to the 

hypotheses for this research project.  

 

 

 

 Chapter 2A: Supplementary literature review covers the following topics: 

 Metabolic syndrome 

 Prevalence and causes of obesity 

 Preventative strategies of obesity 

 Metabolic regulators of appetite control (CCK and 

trypsin inhibitors) 

 Antioxidative peptides 
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2A.1 Historical background of metabolic syndrome 

The term metabolic syndrome (MS) was first conceptualised over 90 years ago, by 

the Swedish physician Kylin, in 1923, as an assembly of hypertension, hyperglycemia 

and hyperuricemia (gout) (Zimmet et al., 2005). Twenty years later, Vague argued that 

upper body fat accumulation, also referred to as android or male-type obesity (Alberti et 

al., 2006) was the primary cause for the aetiology of metabolic disturbances as seen in 

Type II diabetes mellitus (T2DM), hypertension and atherosclerosis (Alberti et al., 2006). 

About 40 years later, Reaven, an American endocrinologist achieving significant nobility 

with his 1988 Banting Lecture (organised by the American Diabetes Association), 

ascertained the clinical importance of MS by incorporating insulin resistance (IR) as the 

fundamental pathophysiological component in his definition, and termed the condition 

‘Syndrome X’, obesity being exclusive at that particular era (Reaven, 2003). 

Whilst Kaplan, in 1989 renamed the concept as ‘The Deadly Quartet’, other research 

fellows termed it ‘The Insulin Resistance Syndrome’ (Alberti et al., 2006; DeFronzo and 

Ferrannini, 1991). Descovich et al. (1993) named it as ‘The Plurimetabolic Syndrome’. 

In 2000, a new version of the definition was introduced as ‘Hypertriglyceridemic Waist’ 

and ‘Dysmetabolic Syndrome’ by Lemieux et al. (2000) and Groop and Orho-Melander 

(2001), respectively. It can thus, be noted that there existed controversial issues to the 

appropriate designation of this cluster of metabolic, genetic and hormonal phenomenon. 

Interestingly, one common observation central to their findings was obesity (Table 2A.1), 

the influencing factor for onset of MS and related health-threatening conditions. Table 

2A.1 highlights the yearly classification of the deleterious medical condition, nowadays 

characterised as ‘Metabolic Syndrome’. 
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Year Given term Definition Reference 

1923 Metabolic 

disturbances 

Hypertension 

Hyperglycemia 

Hyperuricemia 

 

(Zimmet et al., 2005) 

1947 Male type obesity Upper body fat 

 accumulation 

T2DM 

Hypertension 

Atherosclerosis 

 

(Zimmet et al., 2005) 

 

 

 

1988 Syndrome X Importance of IR 

Exclusion of obesity 

 

(Reaven, 1988) 

1989 The deadly quartet Upper body obesity 

Glucose intolerance 

Hyper-triglyceridemia 

Hypertension 

 

(Kaplan, 1989) 

1991 The insulin 

 resistance  

syndrome 

NIDDM 

Abdominal obesity 

Hypertension 

Lipid abnormalities 

ASCVD 

 

(DeFronzo& 

Ferrannini, 1991) 

1993 The Plurimetabolic  

syndrome 

Diabetes 

Abdominal obesity 

Hypertension 

 

(Descovich et al., 1993) 

2000 Hypertriglyceridemic  

waist 

Hyper-apolipo-proteinemia 

Hyper-insulinemia 

Hyper-cholesterolemia 

Abdominal obesity 

CHD 

 

(Lemieux et al., 2000) 

2001 

 

 

 

 

 

2003 

 

 

 

 

2005 

 

The Dysmetabolic  

syndrome 

 

 

 

 

Insulin resistance 

 syndrome 

 

 

 

Metabolic syndrome 

 

Abdominal obesity 

Insulin resistance 

Hypertension 

Dyslipidemia 

Microalbuminuria 

 

Hypertension 

Insulin resistance 

Abdominal obesity 

 

 

Abdominal obesity 

Diabetes 

(Groop & Orho-

Melander, 2001) 

 

 

 

 

 

(Einhorn et al., 2003) 

 

 

 

(IDF, 2005) 
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2013     

 

 

 

 

Metabolic syndrome 

Pre-diabetes 

High cholesterol 

High blood pressure 

 

Visceral adiposity 

Insulin resistance 

Hypertension 

Elevated TG 

Low HDL 

 

 

 

 

(Mitchell et al., 2013) 

    

Table 2A.1: The yearly classification of the definitions of metabolic syndrome  

[T2DM – Type 2 Diabetes Mellitus; IR – Insulin Resistance; NIDDM – Non-Independent 

Diabetes Mellitus; ASCVD – Atherosclerosis Cardiovascular Diseases; CHD – Coronary 

Heart Diseases; TG – Triglycerides; HDL – High Density Lipoprotein] 

 

The controversial issues presented by metabolic, hereditary and hormonal interactions 

as well as increasing obesogenic society, have stipulated urgent need for establishment of 

international committees to put forward a unifying definition for MS. The International 

Obesity Task Force (IOTF), the European Group for the Study of Insulin Resistance 

(EGIR), the National Cholesterol Education Program - Third Adult Treatment Panel 

(NCEP ATP III), the American Association of Clinical Endocrinologists (AACE) and the 

International Diabetes Federation (IDF), are amongst the various international 

committees created (Reaven, 2003).  

In Australia, Obesity Australia, Shape Up Australia, Obesity Prevention Australia 

Inc., Obesity Policy Coalition, Diabetes Australia and Preventative Health Taskforce are 

some of the establishments committed to reversing the obesity and inactivity rife that is 

debilitating the Australian nation and driving changes on the public perceptions of 

obesity.  

A syndrome is defined as a constellation of two or more symptoms or signs that are 

indicative of initiation of a typical disease. Appearing concomitantly, a syndrome occurs 

due to disordered functions of several body organs owing to anatomical, physiological or 
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biochemical changes in the human body. A syndrome thus comprises of a host of complex 

pathophysiological events as in MS. 

 Accordingly, a universally accepted definition of MS may encompass five key 

important metabolic components, including abdominal obesity, high blood pressure, 

glucose intolerance, dyslipidemia and IR (Eckel, 2007), in addition to T2DM and CVD 

(Grundy et al., 2005). Other health complications implicated in the progression of MS 

and obesity are illustrated in Figure 2A.1. 

 Body mass index (BMI) ≥ 30 kg/m2 is clinically defined as obese. Obesity is 

physiologically characterised as a chronic imbalance between energy intake and energy 

expenditure, resulting in extreme build-up of fat in the skeletal muscle, liver, adipose 

tissue or abdomen (World Health Organization, 2016).  

Persistent body fat accumulation is the principal etiological dysregulation factor, 

leading to the progression of multitude metabolic, hormonal and physiological 

aberrations (Alberti et al., 2006). Several epidemiological studies correlated metabolic 

risks and abdominal obesity among different races, and hence, abdominal obesity was 

further defined by the IDF in terms of ethnicity (International Diabetes Institute, 2006). 
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Figure 2A.1: Obesity and its associated adverse health and psychosocial consequences 
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2A.2 Pathophysiology of metabolic syndrome 

Pathophysiology is the study of biological and physical manifestations of a disease 

as they correlate with underlying abnormalities and physiological disturbances. As the 

worldwide population is becoming more obese, the prevalence of pathophysiological 

events associated with MS, including IR and oxidative stress, is proportionally increasing. 

Hypertension has already been described by Manikkam et al. (2015). 

 

2A.2.1 Insulin resistance 

In a healthy human body, insulin controls the amount of glucose entering and leaving 

the bloodstream, reduces glucose production in the liver and increases the rate of glucose 

uptake, primarily into skeletal muscle and adipose tissue (Shulman, 2000). Conversely, 

insulin is a fat-storing hormone. When cells lack glucose, insulin uses fat instead and 

converts the latter into glucose. Thus, from a lipocentric viewpoint, insulin affects lipid 

metabolism by increasing lipid synthesis in the liver and adipocytes. This eventually 

results in decreased fatty acid release from the adipose tissue (Sesti, 2006). Figure 2A.2 

designates the healthy functioning of insulin. 

Metabolic or hormonal disturbances due to excessive visceral fat may however 

disrupt the insulin’s functions. Consequently, resulting in weight gain and obesity, the 

sensitivity of muscle tissue gradually declines. To counterbalance impairment of glucose 

transport in skeletal muscle/fat cells while maintaining normal glucose levels, pancreatic 

β-cells over-secrete insulin; a condition termed insulin resistance (IR) (Sesti, 2006). 

Obese individuals become insulin resistant, due to the adverse effects of excessive 

formation and accumulation of fatty acids, resulting in impaired action of insulin for both 

glucose and lipid metabolisms (Saltiel, 2000). Formation of fatty acids in obesity 

interferes with glucose transport enzyme 4, leading to β-cells dysfunction, thus, 
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decreasing insulin sensitivity (Boden and Shulman, 2002). A closer relationship between 

hypertension and IR is also established (Figure 2A.3). 
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Other predisposing factors for IR development include hereditary features, aging and 

sedentary lifestyles. The rise in obesity and IR proportionally increases the risk of 

diabetes and CVD. In addition, obesity-induced IR is not only typically associated with 

an abnormality in the fatty acid or cholesterol profile, but also related to the 

overexpression of inflammatory markers in the adipose tissue, due to oxidative stress 

(Meigs et al., 2007; Henriksen et al., 2011).  

The molecular association between obesity-linked inflammation and IR began more 

than 20 years ago when an inflammatory marker, tumour necrosis factor (TNF)-α, was 

discovered to be overexpressed in fat tissues of obese rodent models (Hotamisligil et al., 

1993). The cytokine, TNF-α, is generally secreted due to expansion of fatty tissue mass 

in obese individuals. From experimental models, TNF-α is overproduced in fat and 

muscle tissues of obese subjects. Northern blot analysis showed that obese women 

expressed 2.5 fold more TNF-α mRNA in fat tissue compared to lean controls 

(Hotamisligil et al., 1995). Similarly, ELISA assay indicated increased adipose 

production of TNF-α protein in obese subjects, strongly correlated with hyperinsulinemia; 

an indirect measure of IR (Kern et al., 1995). 

On the other hand, deletion of functional TNF-α or TNF receptors protected obese 

mice from obesity-induced IR (Uysal et al., 1997). Decreased adiposity is often associated 

with body weight reduction, followed by a decline in TNF-α production; eventually 

preventing inflammatory-induced IR. Body weight reduction in obese women, associated 

with a decline in TNF-α mRNA expression (45%, P<0.001) in adipose tissue, 

significantly improved insulin sensitivity (Hotamisligil et al., 1995). Besides impairing 

insulin receptor signalling, TNF-α exerts the following functions: i) inhibiting activity of 

lipoprotein lipase; ii) stimulating lipolysis in adipocytes; iii) decreasing expression of 

glucose transported Glut4; and iv) increasing hormone-sensitive lipase (Kern et al., 
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1995); all of which may promote lipid accumulation in adipocyte. Figure 2A.3 

summarises the metabolic causes of IR.  

 

2A.2.2 Oxidative stress – inflammation 

Oxidative stress is defined as an excessive formation and/or insufficient removal of 

highly reactive molecules, such as reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) (Lobo et al., 2010). ROS can be classified as oxygen-centred radicals and 

non-radicals (Figure 2A.5). They can be formed either from normal essential 

physiological processes in the human body (lipid oxidation, stress, inflammation, 

glycoxidation) or from environmental sources by chain reactions. Initiation, propagation 

and termination are the three distinct processes of the chain reactions, via enzymatic or 

non-enzymatic reactions (Figure 2A.4).  

As depicted in Figure 2A.5 and observed in obese individuals, reactions of free 

radicals are associated with a number of chronic degenerative maladies. Certain 

inflammatory markers, such as coagulating factors (fibrinogen and plasminogen activator 

inhibitor type-1), serum amyloid A, TNF-α, interleukin-1β, C-reactive protein and 

chemokines are over expressed in the presence of free radicals and oxidative stress (Lobo 

et al., 2010). They are also elevated in obese and diabetic patients and shown to be 

reduced when the patients were more engaged in an active and healthy lifestyle, targeting 

weight loss (Esser et al., 2014). 

Moreover, an excess of ROS can oxidise macromolecules, mainly, proteins and lipids, 

which are linked with conformational and functional changes, resulting in DNA damage 

and mutations. The combined reaction of ROS and trace metal ions, Fe2+ and Cu2+, are 

oxidatively damaging to specific amino acids, mainly lysine, proline, histidine and 

arginine (Nimse and Pal, 2015). Crude peptide mixtures obtained from simulated 

digestion of Australian underutilised fish species, SW and ESW, appeared to be effective 
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in scavenging DPPH as antioxidant and acted as a reducing agent against iron and copper 

ions (Manikkam et al., 2016; Manikkam et al., 2016a). 
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2A.3 The global obesity pandemic 

2A.3.1 Pervasiveness of obesity 

The transition from our ancient generations to modern civilizations has accelerated 

the incidence of obesity at an alarming rate in both the western industrialised countries 

(America, Canada, England, Europe and Japan) and developing nations (Africa, China, 

India). Obesity rates among the Australian population also continue to skyrocket, 

overtaking USA, as the ‘fattest nation’; imposing severe financial burden on the 

Australian economy. It was estimated that the overall obesity cost to the Australian 

government was $58.2 billion in 2008 (National Health Survey, 2008). 

To assess whether central obesity precedes subsequent metabolic changes, the data 

from two major longitudinal studies, namely, The Australian Diabetes, Obesity and 

Lifestyle Study (AusDiab) and the Mauritius Non-Communicable Diseases Study 

(MNCDS) were used (Cameron et al., 2008). The prevalence of central obesity played a 

fundamental role in the advancement of MS and appeared to precede the appearance of 

other MS components, including diabetes, IR, and abnormal lipid plasma levels (Cameron 

et al., 2008). The multi-cultural island of Mauritius, with a total population of about 1 281 

000, constitutes of different ethnic groups has undergone rapid industrialisation and 

economic growth over the past several decades. This has greatly impacted on the lifestyles 

and disease pattern of the country. In 2009, a survey was conducted in collaboration with 

the Ministry of Health & Quality of Life, Mauritius, the Baker IDI Heart and Diabetes 

Institute, Melbourne, Australia and other departments located in Sweden, Finland and 

United Kingdom. The frequency of obesity was 11.3 % for men and 20.5 % for women, 

whilst overweight prevalence in men was 34.7 % and 35.1 % in women. Therefore, as per 

the MNCDS (2009), an estimation of 477 000 people between 25 and 74 years of age 

were obese in Mauritius, which is alarming and immediate actions are required. 
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In addition, the obesity epidemic is certainly, not affecting only adulthood, but is 

progressively expanding among the young generations, guarantying a growing obese 

society with a myriad of severe health consequences. In Australia, the occurrence of 

childhood obesity between 2004 and 2005 increased by 20% by an estimate of 5 % in the 

1960s (National Health Survey, 2008). A similar trend among European children was 

observed and reported by the European Association for the Study of Obesity (Lobstein et 

al., 2005). Correspondingly, the 2002 China National Nutrition and Health Survey 

(CNNHS) reported more than three million Chinese adolescents have MS. The study also 

observed the correlation between urbanisation and the greater prevalence of MS in 

Chinese adolescents (Li et al., 2008). 

Universally, WHO (2016) reported that in 2014, more than 1.9 billion adults (18 years 

and over) were overweight. Of these 600 million were obese. According to the latest 

report, 41 million children under the age of 5 were overweight or obese in 2016 (WHO 

2016). Based on the current trends, 6.9 million Australians will be obese by 2025 

(Preventative Health Taskforce, 2015). Such rising levels of overweight and obesity 

around the globe signals the exigent need to act to reverse this secular trend. 
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2A.3.2 Aetiology of obesity 

Aetiology is the science that deals with the causative factors and predisposes to the 

development of a certain disease or disorder. The underlying reasons for the rapid 

expansion of global pandemic of obesity are very complex. It can occur from the interplay 

between the susceptible ‘thrifty genes theory’ and an industrialised, modern and affluent 

society. The origin of obesity can be explained by nutritional, demographic, 

epidemiological and socio-economic evolutionary changes rapidly occurring globally. 

Our pre-human hominid ancestors, a population of hunter gatherers appeared around 4 

million years ago actively searched for their foods, leading a healthy and dynamic 

lifestyle.  

In contrast, current modern environment has exposed populations to abundance of 

convenient, relatively affordable, highly palatable energy-dense and high-glycemic foods 

(Brand-Miller et al., 2003). Willett et al. (2002) reported a strong association among foods 

with high glycemic index (GI), IR, obesity and T2DM. Moreover, the amount of energy 

consumed daily and diets’ nutritional composition, appearing to affect satiety and appetite 

of an individual (Benelam, 2009), may also play a major role in causative obesity. 

Furthermore, restricted consumption of fibre-rich food items; an inadequate intake of 

fruits and cruciferous vegetables; in addition to high intake of fatty diets, are the most 

likely culprits for the growing frequency of overweight and obesity in both developed and 

developing countries. Dietary changes by replacing the intake of refined products with 

whole grains have been associated with a lower risk of CVD (Willett et al., 2002; Harris 

and Kris-Etherton, 2010).  

Genetic factors have also been determined as a contributing feature. However, genetic 

makeup of individuals has not substantially changed during the past decades and, 

therefore the culprit may not be only genetics but rather environmental and urbanization 
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as well as food abundance and sedentary lifestyle or physical inactivity (Roche et al., 

2005).  

A study conducted from 1994 to 2006, examined the correlation between active 

transports; walking, bicycling and public transits, against obesity rates in Europe, North 

America and Australia. An inverse correlation between obesity rates and active transports 

in the USA, Australia and Canada was observed; residents using cars as a major means 

of transportation exhibited the highest obesity rates (Bassett et al., 2008). A similar trend 

was observed in China (Bell et al., 2002). Furthermore, the increased prevalence of such 

a metabolic disorder in rural areas of developing countries could possibly be due to 

poverty, education and social status (Babio et al., 2009). Innate gastrointestinal 

microbiota was found to be another relevant factor of obesity (Das, 2010). Figure 2A.6 

schematically reviews the possible risk factors of obesity. 

The vast contributing factors to the obesity epidemic and its associated health 

consequences make it harder for authorities to develop strategic prevention mechanism. 

Currently, there is no scientific agreement of the effective methods for the prevention of 

obesity. One natural plausible way to preserve a healthy body weight is by coupling the 

intake of a balanced meal with daily physical activities. Although strategies to prevent 

obesity are in place and the fact that obesity is largely viewed as a lifestyle-dependent 

condition, obesity may likely be prevented through three main approaches; i) increased 

satiety by consumption of proteinaceous foods, ii) free radicals scavenging and iii) 

controlled renin-angiotensin system, the latter being pedantically enlightened by 

Manikkam et al. (2015). The following sections will discuss the satiety and free radicals 

scavengers. 
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2A.4 Metabolic regulators of appetite control – innovative approach in 

the prevention of obesity occurrence 

In view of worldwide escalating prevalence of obesity, the challenges to explicate the 

mechanisms involved in human food consumption, energy expenditure, balance between 

energy intake and expenditure, the regulation of body weight, and the conservation of 

healthy body weight after subsequent weight loss, has indeed established serious 

scientific debate. The ability to maintain a balance between food consumption and energy 

output and avoidance of sedentary lifestyle is crucial to prevent excessive body weight 

gain.  

However, there is an important physiological mechanism that is also involved; the 

appetite management. It is often monitored by two major factors, i) satiety related 

hormones, biologically released upon presence of foods in stomach; and ii) macronutrient 

compositions (proteins, fats and carbohydrates) of the daily diet. An in-depth review on 

the impacts of three major macronutrients on satiety and satiety-related hormones has 

already been presented (Benelam, 2009; Karhunen et al., 2008). A hierarchal observation 

stated that the three macronutrients differ in their extent of suppressing hunger and energy 

intake, in the order of protein > carbohydrate > fat; protein the most satiating (De Graaf 

et al., 2004).  

 

2A.4.1 Influences of food proteins on satiety 

Proteins, derived from the Greek word ‘proteios’, meaning first, have often been 

considered as the most quenching macronutrient, when consumed at moderate levels. As 

discussed further, innumerable reports have fully supported this notion whilst others 

revealed little difference between the effects of protein and carbohydrates (CHO) on food 

intake and satiety. For instance, the effects of consuming isocaloric preloads with 

different macronutrient contents on satiety in 10 healthy, non-dieting women indicated 
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no significant influence on the pleasantness of foods and concluded that satiety was not 

macronutrient-specific (Rolls et al., 1988). In contrast, proteins, fats and CHO had similar 

effects on appetite (De Graaf et al., 1992). Similarly, satiety was more affected by sensory 

characteristics of the test foods rather than macronutrient composition. However, high-

protein (HP) or high-carbohydrate (HC) preload decreased hunger more than high-fat 

(HF) preload. 

Nonetheless, various epidemiological studies conducted since the 1950s established 

that increased satiety, reduced hunger and subsequently energy intake, are positively 

correlated with HP diets. A literature search has retrieved the earliest research articles, as 

of the 1970s. Human subjects indicated hunger suppression and lowered feeling to eat 

after a HP meal than CHO- or fat-rich meal (Booth et al., 1970; Hill and Blundell, 1986). 

The intent of food intake at an evening meal (4 hours after lunch) was observed after 

consuming cooked lunch meals with HP (43% energy – meat casserole) of HC (69% 

energy – vegetable casserole). Food intake during evening meal was significantly reduced 

by 12% after the HP meal, demonstrating HP foods were the most satiated meals 

(Barkeling et al., 1990). In another study carried out on 13 healthy women, mycoprotein 

(fungal-derived protein), compared with chicken protein reduced the desire to eat 3h after 

a test meal; decreasing energy intake during the rest of the day (Turnbull et al., 1993). 

Furthermore, comparing the effects of HP test meal (strawberry yoghurt containing whey 

protein isolate or ham sandwich) with lower-protein (LP) meal (LP strawberry yoghurt 

or bacon sandwich) indicated that HP meals significantly reduced hunger and produced 

greater fullness than LP (Vanderwater and Vickers, 1996). 

Besides the effects of protein quantity in a particular food on satiety, energy intake or 

hunger, it has also been hypothesised that protein sources are crucial determinant of 

satiety efficiencies. In this regard, the satiety power of 6 different protein sources; egg 
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albumin, casein, gelatin, soy, pea protein and wheat gluten on 12 healthy subjects was 

investigated (Lang et al., 1998). No significant effect on hunger, satiety and pleasantness 

ratings, macronutrients and energy intake over the 24h post lunch period was observed; 

in disagreement with other reports (Lang et al., 1998). Consumption of a HP snack 

delayed hunger at dinner time by 60min, in comparison to fat- or CHO-rich snack which 

delayed dinner intake by 25 and 34min, respectively (Marmonier et al., 2000). 

Similarly, in 8 out of 10 preload studies, energy intake in subsequent meal was much 

lower after a HP preload than the LP (Eisenstein et al., 2002). In a randomized single-

blind study, pre-loads of HP-yoghurt produced greater satiety and reduced food intake 

after a fixed time interval in all participants compared to CHO and fat food. Protein is 

considered to possess greater satiating power (Vozzo et al., 2003). 

In one of two studies performed on a group of 16 lean healthy volunteers, 1700 kJ 

liquid preload containing 48g whey was found to significantly reduce energy intake 

(P<0.05) by 19%, 90min after ingestion compared with isocaloric casein preload. It can 

be explained on the basis of Mellinkoff’s original amino-static concept, indicating a 

greater concentration of amino acids would increase satiety (Hall et al., 2003). 

Whey protein (WP) isolates and soy protein significantly suppressed hunger and 

satiety energy intake in comparison to egg albumin and water (control) (Anderson et al., 

2004). Furthermore, in one study performed on a group of 6 lean male subjects, fish 

proteins were more satiating than beef or chicken proteins (Uhe et al., 1992). An egg-

based breakfast induced greater satiety and significantly reduced (P<0.0001) short-term 

food intake in overweight and obese individuals as compared to a bagel-based breakfast 

(Vander Wal et al., 2005). 

In another study, 18 subjects enrolled in a 5-month study of 8 week controlled food 

intake followed by 12 weeks ad libitum intake. The treatment diets included i) control 
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diet (55% CHO, 15% protein, 30% fat); ii) mixed protein (40% CHO, 30% protein, 30% 

fat) and iii) whey protein (40% CHO, 15% mixed protein, 15% WP, 30% fat). In 

summary, increased WP intake did not result in statistically significant differences in 

weight loss or in total fat loss, but substantial differences in regional fat loss and decreased 

blood pressure as observed in the WP group (Aldrich et al., 2011). In another study, HP 

afternoon yoghurt snack improved appetite control, satiety and reduced subsequent food 

intake compared to other commonly-consumed, energy dense, high fat snacks in 20 

healthy women in a randomized crossover design study (Ortinau et al., 2014). 

So far, a strong scientific body of emerging evidence has confirmed the efficacy of 

protein-rich foods to enhance satiety and reduce hunger or appetite; the mechanisms of 

which can be postulated as i) the Mellinkoff’s theory, ii) gluconeogenesis, iii) protein-

derived thermogenesis and iv) effects on satiety markers (Halton and Hu, 2004). 

Nonetheless, among most of the protein sources examined, there is, currently, a lack of 

information correlating impacts of fish protein consumption on satiety, body weight loss, 

RAS activity, body composition and appetite control. Hitherto, merely three reports have 

been uncovered, assessing the effects of fish consumption on satiety. 

The first study, conducted in the early 1990s, compared the effects of three types of 

meat proteins (beef, chicken and fish) on satiety and amino acid profiles in lean male 

subjects (Uhe et al., 1992). Results suggested that satiety was greater after a fish compared 

to beef or chicken protein meals. The second investigation showed a protein-rich lunch 

meal with fish reduced subsequent energy intake in comparison to a beef protein meal in 

normal weight young men (Borzoei et al., 2006). The third study explored the effects of 

fish protein hydrolysates derived from blue whiting (Micromesistius poutassou) and 

brown shrimp (Penaeus aztecus) on CCK secretion, a mechanism involved in inducing 

satiety and controlling energy intake (Cudennec et al., 2012; Cudennec et al., 2008).  
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The mechanisms for increased satiety, hunger reduction and successive energy intake 

and the roles of satiety hormones (CCK) upon fish proteins consumption remain elusive. 

There is therefore an urgent need to scrutinize this particular area in the field of food 

science and nutrition. Our research at Victoria University might enable the Australian 

food and/or fish industry to maximise the potential use of underutilised fish species, in 

the development of healthy functional food to promote health and/or prevent the 

emergences of chronic diseases, such as obesity. 

 

2A.4.2 Cholecystokinin, trypsin inhibitors, food intake and obesity 

Originally purified from porcine intestine, as a 33-amino acid peptide, 

cholecystokinin (CCK) was discovered in 1928 by Ivy and Oldberg (Liddle, 1997). An 

enzymatic post-translational modification of CCK pre-pro-peptide (pre-pro-CCK), 

consisting of 115 amino acids is associated with the production of multiple bioactive 

forms of CCK, with amino acid chain length of 8-33 amino acids (Rehfeld, 2004). The 

major circulating forms of CCK, mainly CCK-8 and CCK-33, are mainly derived from I 

cells in the duodenal and jejunal mucosa of the small intestine. CCK-8 is mainly secreted 

in the GIT in response to luminal nutrients, principally proteins and lipids.  

The conceptual establishment of CCK as a satiety hormone was instigated by Gibbs 

and colleagues, more than 4 decades ago, when they demonstrated the ability of 

exogenously administered CCK to inhibit food intake in rats (Gibbs et al., 1973). Since 

that era, CCK has been recognised as the ‘intestinal satiation peptide’ (Cummings and 

Overduin, 2007). By enhancing gastric distention and slowing gastric emptying, CCK 

allows food to be digested slowly and remains in the stomach for a longer period of time 

resulting in feeling of fullness for longer. Protein-rich foods are the strongest stimulus for 

CCK release in the presence of foods in the gut. Proteins may stimulate CCK release via 

the inhibition of trypsin digestion of intestinal CCK releasing peptides (CCK-RP) (Hall 
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et al., 2003). Therefore, the trypsin inhibitory potential of protein-rich food sources is 

important to be assessed to decide which food will be more satiated in terms of CCK 

release. Soybean has been the best candidate as a trypsin inhibitor (Nishi et al., 2003). 

Very limited information is available on the effects of fish proteins on trypsin inhibition 

and CCK release (Cudennec et al., 2012; Cudennec et al., 2008; Medenieks and 

Vasiljevic, 2008; Manikkam et al., 2016b). 

 

2A.5 Fish peptides, free radical scavengers and metal chelating agents 

An antioxidant is defined as any substance that significantly delays or prevents 

oxidation of a particular substrate (for example lipids) when present at low 

concentrations. In terms of the effects in the human body, an antioxidant is a substance in 

foods that significantly decreases the adverse effects of reactive species, such as ROS, on 

normal physiological functions (Lobo et al., 2010). Antioxidants can be classified as 

inhibitors of free-radical oxidation reactions, metal chelators, reducing agents or 

inhibitors of pro-oxidative enzymes. There is a growing interest in natural antioxidants 

found in plants as well as from marine sources, from a safety perspective. Some 

antioxidant evaluation methods include DPPH radical scavenging assay, reducing power 

assay, metal ion chelating assay, hydroxyl radical scavenging assay, β-carotene-linoleic 

acid assay, superoxide radical scavenging assay, amongst others. In our research project, 

the former three assays were used to evaluate the antioxidative activities of the fish 

peptides. 

 

2A.5.1 Antioxidants and its mechanisms 

Antioxidant may act as a free radical scavenger, quenchers of singlet oxygen, and 

inactivators of ROS, such as peroxides or inhibitors of pro-oxidative enzymes. Bivalent 
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transition metal ions, Fe2+, in particular can catalyse oxidative processes, leading to the 

formation of hydroxyl radicals, and can decompose hydro-peroxides via the so-called 

Fenton reactions (He et al., 2012). Among the ROS family, hydroxyl radical exhibits the 

strongest oxidative activity and induced severe damage to the biomolecules including 

lipids, proteins and nucleic acids, promoting the onset of human diseases such as obesity, 

atherosclerosis, diabetes, cancers and ageing (He et al., 2012). Together with scavenging 

free radicals, antioxidants may entrap metals and prevent them from participating in the 

reactions associated with generating free radicals; chelating these metals can effectively 

reduce oxidation (He et al., 2012).  
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Chapter 2B: A review of potential marine-derived hypotensive and anti-

obesity peptides 

 

Chapter 2B presents a comprehensive review on current scientific knowledge on 

renin-angiotensin system (RAS) and mechanisms of bioactive peptides to inhibit 

angiotensin-converting enzyme (ACE). It also discusses the recent advances in the 

development, bioavailability, isolation and characterisation of bioactive peptides from 

underutilised fish species and/or fish wastes. 

The paper entitled “A review of potential marine-derived hypotensive and anti-

obesity peptides” by V. Manikkam, T. Vasiljevic, O.N. Donkor, and M.L. Mathai has 

been published in the peer-reviewed journal “Critical Reviews in Food Science and 

Nutrition” (2015), 56(1): 92-112. http://dx.doi.org/10.1080/10408398.2012.753866. 
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Chapter 3 describes the physicochemical properties as well as the potential of fish 

protein hydrolysates derived from fish wastes (scales) to act as an ACE and trypsin 

inhibitor and an anti-oxidant or free radical scavenger. The effects of digestive proteases 

involved in an in-vitro simulated digestion on the bio-functionalities of the hydrolysates 

were also evaluated. 

The paper entitled “Biofunctional and physicochemical properties of fish scales 

collagen-derived protein powders” by V. Manikkam, M.L. Mathai, Street. W.A, Donkor, 

O.N, and T. Vasiljevic has been published in the peer-reviewed journal “International 

Food Research Journal” (2016), 23(4): 1614-1622.  
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Justification: 

In the study presented in Chapter 3, captopril was selected as the positive reference as 

compared to other ACE inhibitors (e.g. perindopril, enalapril and zofenopril) for the 

following reasons: 

 

i) Captopril was the first ACE inhibitor discovered with clinically proven effects on 

reducing high blood pressure. 

 

ii) For better data comparison with other scientific studies, as most of them used 

captopril as a positive control; and for reproducibility. 

 

iii) Most peptides and food derived protein hydrolysates exhibit carboxyl groups that 

are bonded in a similar as captopril compound. Therefore, captopril acts an appropriate 

positive control. 

 

iv) From a commercial point of view, captopril is readily available on the market and 

cost-effective (Sigma Aldrich) in comparison to perindopril, for example. 
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Chapter 4 investigates the effects of storage conditions (chilling and freezing 

temperatures) and simulated gastrointestinal digestion on the release of bioactive peptides 

in the presence of both digestive (pepsin and pancreatin) and endogenous enzymes from 

Australian silver warehou fillets. 

The paper entitled “Sustainable use of silver warehou (Seriollela punctata): 

effects of storage, processing conditions and simulated gastrointestinal digestion on 

selected in-vitro bioactivities” by V. Manikkam, M.L. Mathai, W.A, Street, O.N. Donkor, 

and T. Vasiljevic has been published in the peer-reviewed journal “Journal of Food 

Science and Technology” (2016), 53(9): 3574-3582. 
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Highlights 

 Australian underutilised silver warehou fillets were assessed for their potential 

bioactivities. 

 Fish endogenous enzymes released bioactive peptides with limited breakdown 

from the proteins. 

 Simulated gastrointestinal digestion improved degree of hydrolysis and in-vitro 

bioactivities. 

 Storage temperature and times had a significant effect on bioactivities of 

processed fillets. 

 Stored fillets demonstrated high DPPH radical scavenging and metal chelating 

activities.
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Abstract 

Australian underutilised fish species may serve as a potential source of valuable 

proteins and potent bioactive peptides. This novel research is the first to investigate the 

effects of storage-processing conditions and an in-vitro simulated gastrointestinal 

digestion (pepsin-pancreatin) on bioactive peptides’ release during storage of fish fillet, 

derived from Australian silver warehou (Seriolella punctata). In-vitro bioactivities 

including angiotensin-converting enzyme and trypsin inhibitory and antioxidant activities 

were analysed. The antioxidant power was evaluated by DPPH free radical scavenging 

activity, Cu2+ chelating and Fe3+ reducing abilities. Fillets were stored at chilled (4 and 

6oC) and freezing (-18oC) temperatures for 7 and 28 days, respectively. Results indicated 

that during postmortem storage, endogenous enzymes from fillets released an array of 

polypeptides over storage time. The demonstrated physiological activities were further 

increased (p<0.05) during simulated digestion. Bioactivities were greater at 4oC, 

increasing over 7 days (p<0.05) as compared to 6 and -18oC. An increase by 2oC for 

chilled temperature was enough to cause significant changes (p<0.05) in activities. The 

crude extracts obtained by pancreatin treatment demonstrated highest metal chelating 

activities at 4oC (86.3± 0.1% on day 7). Physiological potency, especially metal chelating 

activity, of fillets obtained from silver warehou may be manipulated by storage conditions 

that would consequently be further enhanced during simulated digestion.  

 

Keywords: ACE inhibition, by-catch, copper ions chelating activity, DPPH, pancreatin, 

underutilised fish species 
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Introduction 

Silver warehou (Seriolella punctata) constitutes an important commercial species 

for the Australian fisheries. It can be captured either intentionally by bottom trawling and 

retained, or unintentionally and rejected due to lack of profitable interest (Australian 

Fisheries Management Authority 2015). A large proportion of silver warehou catch is 

landed during the spawning months, deflating prices, causing financial losses to the 

seafood industry. Its constant name changing also resulted in poor identification and a 

lack of acceptance by local and international markets (McLaughlin et al. 2009). 

Moreover, the poor sensory qualities, principally, its off-white colour after filleting have 

reduced its consumer demand. Thus, these consequences do not make silver warehou a 

prime catch, but it is instead considered as by-catch. It is categorized as under-valued fish 

species (McLaughlin et al. 2009). Considered as wastes, by-catch species are disposed of 

into the ocean, posing substantial threat to the species and jeopardizing the marine 

ecosystem (Blanco et al. 2007).  Alternatively, they are converted into commercial and 

low-value products such as fertilizers, fish silage, meals, and baits, amongst others 

(Blanco et al. 2007).  

Interestingly, fish waste, an excellent source of proteins, can be converted into 

more marketable, functional and health value-added products by novel enzymatic 

hydrolytic technology (Nurdiani et al. 2015). Enzymatic hydrolysis has been widely used 

to improve the functional properties (water-holding, emulsification, gelling and 

solubility) of mainly myofibrillar proteins (Kristinsson and Rasco 2000). Moreover, 

utilizing intact marine-derived proteins to produce bioactive peptides by enzymatic 

hydrolysis is increasingly becoming the focus of today’s scientific world. Bioactive 

peptides, derived from various food sources, display an array of physiological functions, 
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including anti-hypertensive, anti-oxidative, opioid activities, just to name a few (Kim and 

Wijesekara 2010).  

Since Australian consumers i) have specific fish requirements for consumption, 

including inexpensive, boneless and skinless white-flesh fillets (Department of 

Agriculture 2015), ii) prefer domestic seafood and iii) are prepared to pay more for home-

branded products (Calogeras et al. 2011), the seafood industry should meet the above 

requirements to promote sale of silver warehou. Therefore, enzymatic proteolysis could 

be an effective approach to improve utilization of silver warehou fillets by making it a 

potential medium for production of bioactive peptides, with prospective physiological 

properties, which have not been previously documented.  

Generating bioactive peptides by silver warehou endogenous and/or external enzymes 

whilst maintaining freshness and balance of amino acids may be challenging, but of great 

importance. Chilling and freezing are two major ways to preserve freshness of fish, due 

to their perishable nature (Garthwaite 1997). However, these preservation techniques may 

lead to myofibrillar proteins denaturation and aggregation (Tejada 2001). These 

biochemical changes may essentially alter biofunctional parameters of fish peptides. No 

study has hitherto investigated the effects of chilled and frozen storage on in-vitro 

bioactivities of underutilised fish species. 

 Subsequently, evaluating bioactive peptides release during simulating 

gastrointestinal digestion (SGID) is vital because it demonstrates the types of peptides 

produced during digestion, and thus most likely to survive the GI tract (Korhonen and 

Pihlanto 2006). Because of the importance of maximizing freshness and high quality of 

silver warehou fillet while simultaneously benefiting from the bioactive peptides liberated 

upon SGID, the main emphasis of our study was to establish combined effects of storage 

conditions (temperature, storage time) on the quality-related changes as well as in vitro 
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biofunctionalities of undigested and digested fillets during storage. Our exploration could 

provide the Australian seafood industry with a better understanding on the plausible 

means of developing silver warehou fillets to maximize their use, increase commercial 

value and enhance consumers’ demand. The study would also provide a foundation for 

future research in regards to identification of muscular proteins that contain potential 

bioactive peptides as well as structural characterization of these peptides. 

 

Materials and methods 

Samples collection 

Silver Warehou was kindly supplied by Barwon Foods (Seafood & Food Service 

Specialists; North Geelong, Australia). After having caught off the south-eastern coast 

including Tasmania and Bass Strain on the continental slope, fresh whole silver warehou 

was transported on ice in a polystyrene foam box to Werribee campus, Victoria 

University, within 12-24 hours. Upon arrival to our laboratory, fish was immediately 

stored in the cold room (4°C) and on ice, prior to handling, within 2 hours. 

 

Experimental design 

The experimental design, depicted by Figure 1, was set up to investigate the 

effects of storage and processing conditions on the quality and in vitro bioactivities of the 

commercially important silver warehou fillets. The weight and length of each whole fish 

were approximately 900 g and 35 cm, respectively. From each fish, two fillets were 

obtained, weighing almost 150-200 g. On day 0 (the day of samples’ arrival), each fillet 

portion was individually glad-wrapped, further sealed with aluminium foil, randomly 

placed into labelled locked containers, and stored at the selected temperatures in 

temperature-controlled fridges and freezer.  
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Chilled temperatures of 4 and 6oC were selected for the following reasons: i) home 

fridges are usually stabilized between 4 and 6oC, depending on the setting. Therefore, it 

was important to investigate the effects of these 2 primary cold temperatures on the 

release of bioactive peptides and their in vitro bioactivities; ii) fish major endogenous 

enzymes, such as calpain and cathepsins, fundamentally involved in the hydrolysis of 

myofibrillar proteins are active at cold temperatures (Ahmed et al. 2013a). Hence, a 

difference by 2oC would potentially impact on their hydrolytic abilities, thus, deserving 

attention. The 7 days storage period for chilled samples were appropriate since in real 

life, fish are not stored in the refrigerator for more than a couple of days, due to rapid 

microbial growth. In addition, the frozen storage studies for 28 days were appropriate 

since a decrease in bioactivities were observed over time, and hence the storage period 

was discontinued. 

Two portions of fillets, representing the duplicates, were removed daily for 

analyses for refrigerated samples and for first week of frozen fillet, with a further weekly 

analysis, up until 28 days. On each day of analysis, frozen samples were defrosted in the 

cold room (4oC) for a couple of hours, prior to processing. Fish fillets were also subjected 

to an in vitro simulated digestion, with gastrointestinal enzymes, viz, pepsin and 

pancreatin to investigate the ability of releasing physiologically important peptides. The 

quality assessments involved macronutrient compositions, pH determination and 

microbiological analysis. All the 5 in vitro bioactivities were monitored during undigested 

and digested states. The laboratory and all equipment used during the daily processing of 

fish were aseptically maintained at all times. The procedure was repeated on three 

different occasions reflecting seasonal differences. 
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Chemicals 

Angiotensin-I-converting enzyme, Nα-Benzoyl-L-arginine-4-nitroanilide 

hydrochloride (BAPNA), copper sulphate, 1,1-Diphenyl-2-picrylhydrazyl, Hippuryl-

Histidyl-Leucine, iron (III) chloride, pancreatin (P7545; porcine pancreas), pepsin 

(P7000; porcine stomach mucosa), potassium ferricyanide, pyridine, pyrocatechol violet, 

sodium phosphate, trichloroacetic acid and trypsin (Type II-S from Porcine pancreas) 

were purchased from Sigma Aldrich (Castle Hill, NSW, Australia). Dimethyl sulfoxide 

(DMS), ethyl acetate and glacial acetic acid were from Merck Pty Ltd (Darmstadt, 

Germany). All other chemicals used for chemical compositional analyses and preparation 

of buffering solutions were of analytical laboratory grade. 

 

Quality assessment 

Macronutritional compositional analysis 

The protein and fat contents were evaluated by Kjeldahl procedure (AOAC 

955.04) and Soxhlet extraction method (AOAC 963.15), respectively. The oven dry 

method (105°C) was used until a constant weight and the moisture content (AOAC 

990.19) estimated. The incineration technique using muffle furnace (550°C) was applied 

to assess the ash content (AOAC 938.08). 

pH determination 

Ten grams of fish fillet was homogenised with MilliQ water in the ratio of 1:10 

(w/v), and pH of the homogenate measured using a calibrated pH meter (Merck Pty 

Limited, Germany) at room temperature. 
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Microbiological analysis 

The number of viable cells from the total plate count was determined as colony 

forming units/g (Log CFU/g). Plate containing 25-250 colonies was considered (AOAC 

2000).  

 

Processing conditions 

Undigested condition 

On each sampling day, 25 g of fish fillets from each selected temperature was 

minced using a mortar and pestle, followed by addition of 250 ml MilliQ water (MilliQ 

plus, Millipore Australia) and homogenization. The homogenate was centrifuged at 11 

000 x g (JA20 rotor, Beckman Instruments Inc., Palo Altro, CA, USA) for 20 min at 4°C. 

On each removal day, frozen fillets were defrosted in the cold room (4°C) for 2 h prior to 

homogenization. The supernatant obtained from each homogenate after centrifugation 

was filtered into clean tubes as crude protein/peptide extracts, and stored at -20°C until 

further assayed. 

 

Digestion condition 

Fresh (day 0), frozen and chilled samples were subjected to an in vitro pepsin-

pancreatin artificial digestion, to investigate the effects of digestive enzymes on silver 

warehou fillets during storage, according to the method described by Medenieks and 

Vasiljevic (2008), with modifications. Fillets (25 g) were ground and mixed with 100 ml 

MilliQ water; this step presented time 0 of the digestion process. All samples were then 

acidified with 1 M HCL to pH 2 and 5 ml of pepsin (Porcine gastric mucosa) solution 

was added. The samples were then incubated for 2 h at 37oC at 100 rpm. After pepsin 

digestion, pH was adjusted to 6.3 with 1 M NaHCO3 solution and further to 7.5 with 1 M 
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NaOH, prior to addition of addition of pancreatin solution. The mixture was carefully 

mixed and incubated at the same above conditions. After 2 h of incubation, the tubes were 

immersed in boiling water bath for 15 min to halt the enzymatic reactions. They were 

then cooled on ice for 5-10 mins. The cooled samples were then centrifuged at 1500 x g 

(Sorvall® RT7 centrifuge, DuPont, Newtown, CT, USA) for 15 min at 4oC). To 

investigate the changes in bioactivities of digests during digestion, aliquots of digests 

were removed at 30 min intervals for 4 h. All GI digests were filtered using 0.45 µm 

membrane filter (Schleicher & Schuell GmbH, Germany) before storing at -20oC for 

additional analyses.    

  

In vitro bioactivities 

ACE inhibitory (ACE-I) activity 

The ACE-I activity was established spectrophotometrically (NovaSpec® - II 

Spectrophotometer; Pharmacia, Cambridge, UK) assayed by measuring the absorbance 

at 228 nm. The extent of inhibition was calculated using Equation 1 (Donkor et al. 2007).  

ACE inhibitory activity, % = [1 −  (
C −D

A −B
)] × 100   (1) 

Where,  

A = Absorbance in the presence of ACE and without the ACE-I component 

B = Absorbance without the ACE-I component 

C = Absorbance with ACE and the ACE-I component 

D = Absorbance without ACE and with the ACE-I component 
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Trypsin inhibitory activity 

The TIA was determined according to Medenieks and Vasiljevic (2008). A 

volume of 250 µL of crude extracts was pre-incubated at 37°C for 10 min with 625 µl of 

BAPNA-DMS-Tris buffer solution. This was followed by the addition of 250 µl trypsin 

enzyme solution (40 mg trypsin enzyme in 200 ml of 1 mM HCl) before incubating for 

10 min at 37°C. The reaction was terminated by adding 250 µl of 30 % glacial acetic acid 

and vortex-mixed. The absorbance of each sample was read at 410 nm. The inhibitory 

activity was evaluated using Equation 1. 

 

DPPH free radical scavenging activity (RSA) 

The antioxidant capacity of samples was evaluated by measuring the free RSA 

following the method of Donkor et al. (2012), with slight modifications. Briefly, 4.0 ml 

DPPH solution (0.075 mM DPPH in methanol) was added to 0.1 ml diluted (in 1 ml 

methanol) sample followed by 30 min incubation in the dark, after which, the absorbance 

was read at 517 nm with a Pharmacia UV spectrophotometer (Cambridge, UK). The 

scavenging activity was calculated as percent inhibition, using Equation 2. 

Inhibition, % = [1 −  (
Absorbance of sample

Absorbance of blank
) ]  × 100  (2) 

 

Metal chelating activity 

The chelating activity of crude in vitro fish peptide extracts on pro-oxidative 

copper ions (Cu2+) was investigated according to (Zhu et al. 2008), with modifications. 

Briefly, 500 µl of 2 mM CuSO4 was mixed with 500 µl of pyridine (pH 7.0) and 10 µl of 

0.1 % pyrocatechol violet. An aliquot of 500 µl peptide extract was then added and 

allowed to quiescently stand for 5 min. The disappearance of the blue colour was then 

recorded by the measuring the absorbance at 632 nm. An equivalent volume of MilliQ 
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water instead of sample was used as the blank. The Cu2+ chelating activity of the crude 

protein/peptide extracts was calculated as shown below. 

Cu2+ chelating activity = [
𝐴𝑜−𝐴𝑠

𝐴𝑜
] × 100    (3) 

Where, 

As = absorbance of the sample 

Ao = absorbance of the blank solution using distilled water instead of sample 

 

Reducing power assay 

The potential to act as a reducing agent by the ability of donating an electron to 

Fe3+ ions reducing it to Fe2+ was determined by investigating the reducing power of fish 

crude protein/peptide extracts according to (Zhu et al. 2008), with adjustments. Briefly, 

1.0 ml of samples was mixed with 1.0 ml of sodium phosphate buffer (0.2 M, pH 6.6) and 

1.0 ml of 1 % potassium ferricyanide. The mixture was incubated at 50°C for 30 min. 

Trichloroacetic acid (10 %) was added to the mixture, and centrifuged at 1500 x g 

(Sorvall® RT7) for 10 min. Finally, the supernatant was mixed with MilliQ water and 

ferric chloride solution (0.1 %). After quiescent standing at room temperature for 10 min, 

the absorbance was measured at 700 nm. An equivalent volume of MilliQ water instead 

of the sample was used as the blank. Increase absorbance represented increased reducing 

power of samples. 

 

Statistical analysis 

All experimental analyses were conducted using a randomized, split plot in time 

blocked design. The digestion time was included as an additional factor in a subplot when 

required. The replications served as the block. The experimental design (Figure 1) was 

triplicated and subsampled twice resulting in at least 6 independent observations (n ≥ 6). 
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Results were analyzed using a General Linear Model (GLM) procedure of the Statistical 

Analysis System (SAS). The level of significance was preset at p<0.05. 

 

Results and discussion 

Quality assessment 

The proximate composition of fresh fillets (day 0) was 18.9% protein, 1.8% fat, 

77.5% moisture and 1.5% ash. Proximate analyses of fillets were also conducted on 

respective sampling days to identify changes during storage (data not shown). There were 

slight but not significant changes in protein and moisture content, but no substantial 

change in fat and ash content of fish fillets (p>0.05); with similar observation made 

(Gandotra et al. 2012). Similarly, pH of fillet on day 0 was 6.8 and did not change much 

(p>0.05) irrespective of storage temperatures and time (data not shown). On the other 

hand, an increase by 4 and 5 log cycles in bacterial load in raw fish muscle was observed 

(Table 1). A total plate count value surpassing 6 logs CFU/g is considered as 

bacteriological spoilage of fish muscle and inedible for human consumption 

(International Commission on Microbiological Specificiations for Foods 1986). 

Accordingly, our fillets were still consumable until day 3 when refrigerated at 4oC and 

day 14 when frozen. After day 3 at 4oC, fish fillets quickly deteriorated, with increased 

bacterial load, noticeable pungent smell and colour change. From our findings, it is 

however, not advisable to stow fish muscle at 6oC due to rapid microbial spoilage. 

Psychro-tolerant Gram-negative bacteria (Pseudomonas spp. and Shewanella spp.) could 

grow on chilled fish, above 4oC (Gram and Huss 2000). 
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In vitro bioactivities during storage (undigested condition) 

 The impact of storage conditions in the presence of endogenous enzymes only, on 

the biochemical functionalities of crude extracts from fillets were investigated. Results 

shown in Table 1 indicated that endogenous enzymes from silver warehou fillets liberated 

polypeptides during postmortem storage due to limited breakdown of the protein matrix. 

As a result, all samples contained peptides that exerted assessed bioactivities to a varying 

degree (p<0.05). Interestingly, storage temperature exhibited a varying (p<0.05) effect on 

fillets stored at 4oC, showing increasing bioactivities over a period of 7 days, likely due 

to relative stability of cathepsins L (Yang et al. 2015). Furthermore, the high levels of 

cathepsins B+L activities in silver warehou (Ahmed et al. 2013b) likely enhanced the 

hydrolysis of myofibrillar proteins during storage and consequently improved the 

physiological properties in vitro at 4oC.  

Over time, a slight change in reducing power (data not shown) of crude extracts 

of undigested fillets was observed at 4oC. Specific amino acids Trp, Met, Cys and Lys 

constituted an important asset for a peptide or functional component to act as a reducing 

agent, especially in reducing iron (III) to iron (II) (Carrasco-Castilla et al. 2012). Our 

fillets could be lacking these specific amino acids. However, an amino-acid profile 

analysis of the crude-extracts would have enabled identification of the types of amino 

acids present in our samples. Moreover, endogenous cathepsins L is often implicated in 

the release of peptides during storage at 4oC, as demonstrated in pacific hake muscle 

(Samaranayaka and Li-Chan 2008), explaining the high DPPH radical scavenging and 

metal chelating activities of our undigested samples at 4oC.  

On the other hand, chilled samples at 6oC showed a decreasing trend in 

biofunctional activities (Table 1). There is a distinct difference in all 4 assessed 

bioactivities between storage at 4 and 6oC. The values increased during the 7 days of 
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storage at 4oC, but decreased significantly (p<0.05) at 6oC. The difference in temperature 

by only 2oC would have been enough to create favourable conditions within the fillets 

matrix, increasing microbiological activity. More specifically, psychotrophic bacteria are 

able to grow at temperature below 7oC, correlating with our bacterial count (Table 1). 

Generally, high activity of endogenous muscle proteases during initial days of 

refrigerated storage may be an indicator of texture-associated degradation (Delbarre-

Ladrat et al. 2004). Postmortem conditions such as pH and temperature may influence the 

level of activity of muscle proteases and consequently impacting on the properties of 

resulting properties (Ahmed et al. 2013a). Silver warehou exhibited lowest endogenous 

calpain-like enzymatic activity (Ahmed et al. 2013a), supporting our observed decline in 

in vitro bioactivities at 6oC during storage.  

 Similar to 6oC samples, frozen samples (-18oC) showed a decreasing trend in 

selected in vitro bioactivities (Table 1). Freezing and thawing may result in i) 

fragmentation of cell membranes and lysis of intra-cellular organelles, ii) decreased 

water-holding capacity of fish muscle and iii) drop in myosin and actomyosin Ca2+-ATP-

ase activities, resulting in a change in the myosin head (Makri 2010). These changes could 

result in unfolding tertiary conformation of myosin owing to weakening in intra-

molecular bonds (Makri 2010). Reduction in bioactivities during frozen storage could 

also be explained by instability and sensitivity of fish myosin to denaturation and 

degradation as well as the cross-linking and aggregation of myofibrillar proteins (Tejada 

2001). When water is separated as ice, proteins, mainly myofibrillar proteins, became 

unstable and protein denaturation began. Therefore, the hydrophobic and hydrophilic 

amino acid groups normally associated with the interior of a protein molecule became 

more exposed (Tejada 2001), supporting our low biochemical activities of frozen 

samples.  
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In-vitro bioactivities during storage and digestion 

 Human digestive enzymes, such as pepsin, chymotrypsin and pancreatin, may 

further hydrolyse polypeptides fragments producing a range of smaller peptides 

exhibiting important physiological properties (Manikkam et al. 2015). After oral 

administration, gastrointestinal enzymes may break down the active peptides, thereby 

increasing or decreasing their functional activities (Vermeirssen et al. 2004). The 

following section will thus discuss the impact of gut enzymes on the release of bioactive 

peptides and their bioactivities.  

 

ACE-inhibition of crude extracts 

On day 0, fresh fillets exhibited an ACE-inhibition of 70.2% at the end of 

pancreatin digestion (Figure 2). This effectiveness of pancreatin at increasing ACE-I 

activity was observed throughout the storage stability experimentation, irrespective of 

storage temperature and time. Moreover, an overall increase in ACE-I activity of 4oC 

samples was observed throughout the 1 week (Figure 3), whereas a significant decline 

(p<0.05) in activity was observed at 6 and -18oC. Di- or tri-peptides, especially proline 

amino acid residue at the C-terminus are generally resistant to degradation by digestive 

enzymes, and the most favoured for ACE-I peptides (Vermeirssen et al. 2004). It was also 

predicted that a C-terminal Gly is not very favourable residue for exhibiting ACE 

inhibition (Wu et al. 2006), which could possibly have been the case for our 6oC and 

frozen samples. However, further investigation of the amino acid profiles of the crude 

extracts is required to fully understand the discrepancy in ACE-I activity of the various 

samples. 
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Trypsin inhibition of crude extracts 

Digestion also improved the trypsin inhibition by the fish digests. Unlike ACE-I 

activity, cold storage at 4oC and time did not significantly (p>0.05) impact on trypsin 

inhibition (data not shown). In general, fresh samples appeared to be a source of more 

potent peptides with greater trypsin inhibitory activity than the frozen fish, in line with 

the study of Medenieks and Vasiljevic (2008). During freezing, the formation of ice 

crystals caused cryo-concentration of solutes, partial dehydration and dislocation of water 

molecules in the muscle, accelerating protein denaturation and aggregation (Makri 2010), 

which could have impacted on the release of bioactive peptides and consequently on the 

trypsin inhibition ability. At the beginning of chilled storage (4oC), trypsin inhibition was 

not high (p>0.05), reaching to a nearly constant activity at the end of 7 days. It was likely 

that peptides of interest were not released, in line with Donkor et al. (2007). Similar to 

ACE-I activity, trypsin inhibition declined during storage at 6 and -18oC (data not shown). 

It has been very difficult to compare our results with previous studies since no research 

has been done in this particular area, requiring further investigations.  

 

 DPPH free radical scavenging activity 

 The relatively stable organic radical, DPPH, has been extensively utilized as a free 

radical to evaluate reducing substances. In regards to 4oC samples, pepsin digestion for 

30 min appeared to released peptides with significant (p<0.05) scavenging activity 

followed by minimal increase thereafter. During pepsin digestion, more hydrophobic 

amino residue side chain groups were expected to be exposed, which would make the 

peptides more accessible to the DPPH radicals, allowing them to trap the radical more 

easily (You et al. 2010). However, an increasing trend in activity during pancreatin 

digestion was observed, not in line with previous studies (You et al. 2010), whereby a 
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sharp decrease in activity was observed with pancreatin digestion. Antioxidative 

properties of peptides are more related to their amino acids composition, structure and 

hydrophobicity. Small neutral amino acids include alanine; serine and cysteine (Daniel 

2004) often play an important role in antioxidant activities. With respect to 6oC and frozen 

samples, a sharp decrease was again observed (data not shown). This might potentially 

be due to the initial hydrolysis resulting in the release of oligo-or poly-peptides with lower 

antioxidant activities. Upon further treatment, either proteolytic activity of the antioxidant 

peptides or their physical aggregation had weakened the scavenging ability of the DPPH 

free radical. The obtained results suggest that crude peptide extract at the end of digestion 

of 4oC samples probably contained peptides, which are electron donors; and could 

possible react with free radicals, converting into more stable products and terminate the 

chain reaction (Bougatef et al. 2009). 

 

Cu2+ ions chelating activity  

The fish digests during in vitro digestion were also evaluated for copper ions 

chelation, as a measure of antioxidant activity (Figure 4). Irrespective of storage time and 

temperatures, chelating activity decreased with pepsin treatment, but significantly 

increased (p<0.05) with pancreatin, in line with You et al. (2010). This may suggest that 

fewer peptide bonds are broken down with pepsin than with pancreatin. Pancreatin 

contain many enzymes, including trypsin and additional protease, which could aid in 

hydrolysing the fish peptides into even more smaller peptides. The decrease in activity 

during pepsin digestion could be due to specific peptide structure and amino acid side 

chain groups (Decker et al. 1992). Pepsin treatment might have disrupted the structure of 

silver warehou peptides and reduced their ability to bind and trap copper ions (Zhu et al. 



                     Chapter 4 
 

95 
 

2008). Among all the bioactivities assessed, metal chelating activity was the highest, 

irrespective of storage conditions. 

  

Ferric ions reducing power of crude extracts 

The reducing power, another indicator of antioxidant activity of bioactive 

compounds, including peptides, is used to evaluate the ability of an antioxidant to donate 

an electron or hydrogen. The presence of antioxidants in the crude extracts or 

hydrolysates causes the reduction of the Fe3+/ferric cyanide (FeSCN) complex to ferrous 

ion (Fe2+) and the colour of the solution changes from yellow to green or blue shade, 

depending on the reducing potential of the compound (Bougatef et al. 2009). No obvious 

colour change was observed in our samples, corresponding to the low activity. Our fish 

crude extracts were possibly not effective in producing amino acids that are associated 

with reducing power, in contrast with previous studies (Bougatef et al. 2009; You et al. 

2010).   

 

Conclusion 

Endogenous enzymes in silver warehou fillets released an array of polypeptides 

during postmortem storage due to apparent limited breakdown of the protein matrix. The 

in vitro biofunctionalities of native proteins were definitely enhanced when fillets were 

subjected to simulated gastrointestinal digestion. Samples at 4oC and pancreatin digests 

were more effective in producing high bioactivities. The analysed crude extracts 

demonstrated higher antioxidant activities with respect to DPPH radical scavenging 

activity and chelating ability of copper ions. However, lower ACE- and trypsin-inhibitory 

activities were observed. The comparison of our data with other studies was difficult since 

no investigations had been previously conducted on the effects of storage temperatures 
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and times on liberated peptides from fish. However, our findings indicated that the 

underutilised fish analyzed could be valuable food items, containing bioactive peptides. 

Further studies are needed to identify muscular proteins as the origin of these bioactive 

peptides as well as primary sequences of these peptides. 
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Figure captions 
 

Figure 1. Flowchart depicting the experimental design applied in the current study. 

 

Figure 2. Physiological activities of fresh fillets at day 0. Legend:  - angiotensin 

converting enzyme inhibition (ACE-I);  - trypsin inhibition (TI); - 

antioxidative (DPPH) activity; - metal chelating (MC) activity; - 

reducing power assay (RPA) 

 

Figure 3 ACE-inhibitory activities of the digests during various stages of the simulated 

digestion of fillets at 4oC on  day 1,  day 2,  day 3,  day 4, 

 day 5,  day 6,  and day 7. 

 

Figure 4 Effects of storage temperatures and times on the metal (Cu2+) chelating 

activity of the digests during various stages of the simulated digestion of 

silver warehou fillets at chilled temperatures – 4oC (A) and 6oC (B) and during 

frozen storage at -18oC (C) on  day 1,  day 2,  day 3,  day 

4,  day 5,  day 6,  day 7, day 14, day 21, and 

day 28. 
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Chapter 5 identifies the potential of Australian underutilised fish species, ESW to 

release antioxidant peptides in the presence of endogenous and digestive enzymes during 

chilled and frozen storage. 

 The paper entitled “Australian Eastern School Whiting (Sillago flindersi) – a 

potential source of metal reducing agents and free radical scavengers” by V. Manikkam, 

M.L. Mathai, W.A, Street, O.N. Donkor, and T. Vasiljevic had been peer-reviewed and 

accepted for publication in the peer-reviewed International Food Research Journal.
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Abstract 

Underutilised Australian Eastern School Whiting (Sillago flindersi) fish was investigated 

for in-vitro bioactivities, after exposure to fish endogenous and gastrointestinal (pepsin 

and pancreatin) enzymes. The study comprised of storing fish at chilled (4 and 6oC) and 

freezing (-18oC) temperatures for 7 and 28 days, respectively. Hydrolysis by endogenous 

enzymes only, resulted in increased bioactivities for the 4oC samples, whereas significant 

decreases (p < 0.05) were observed for the 6 and -18oC samples. However, bioactivities 

of these samples increased significantly (p < 0.05) after further hydrolysis under 

simulated digestion conditions. Proteolysis by digestive enzymes, mainly pancreatin 

considerably enhanced the antioxidant activities. To benefit from the health properties of 

eastern school whiting fish, it is suggested to consume the fish fresh. The intent is to 

enhance full use of fish and not certain parts such as fish oil. For proper utilization and 

sustainability, whole fish must be used.  

 

 

Keywords 

Antioxidant, free radicals, metal chelating activity, myofibrillar proteins, simulated 

digestion, reducing power  
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Introduction 

Endemic to South-Eastern Australia, eastern school whiting (Sillago flindersi) is one 

of the most important fish species in Australian fishery, considering the annual landings 

by the New South Wales Ocean Trawl Fishery exceeding 800 t annually (Wild fisheries 

Research Program, 2010). However, owing to their small shaped size, delicacy, slight 

sweetness, bony and fine texture, such species are often discarded, posing a significant 

sustainability issue and severe economic loss to the seafood industry (Wild fisheries 

Research Program, 2010).  

Fish, a poikilothermic, aquatic chordate, is nutritionally and economically important; 

and must be utilized efficiently. From a nutritional perspective, fish constitute a rich 

source of essential fatty acids, vitamin and minerals and majorly, essential amino acids 

(high protein quality) (Khora, 2013). Besides the recovery of fish oil, with potential 

therapeutical benefits and to prevent fish wastage, a novel technique; enzymatic 

hydrolysis, could be developed to also recover proteins or their derivatives peptides 

(Manikkam et al., 2016a; Nurdiani et al., 2015). Fish is a rich source of easily digestible 

proteins, which are highly sensitive to proteolytic digestion, with a digestibility of more 

than 90% (Khora, 2013). This high digestibility could correspond to the high proportion 

of myofibrillar proteins (60-80%) as compared to collagenous fibres (3-10%) in fish 

muscle (Delbarre-Ladrat et al., 2006). 

Myofibrillar proteins from fish muscle undergo hydrolysis or proteolysis during 

storage at refrigerated or freezing temperatures by the endogenous enzymes present in the 

fish muscle. These enzymes are of mainly the calpain and/or the cathepsins family. Their 

enzymatic activity impacts on the breakdown of the proteins (Delbarre-Ladrat et al., 

2004). For instance, eastern school whiting exhibited high endogenous activity of calpain-

like enzyme in comparison to silver warehou and other fish species (Ahmed et al., 2013). 
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This high enzymatic activity may cause rapid softening during chilled storage of fish 

fillets, affecting textural quality, constituting further reasoning for its low commercial 

value. Interestingly though, autogenous muscle enzymes, active at post mortem storage 

conditions, often lead to proteolysis of fish muscle, which may either cause quality losses 

during cold storage (Ahmed et al., 2013) or release of peptides, with beneficial in vitro 

bioactivities, such as ACE-inhibitory activity and potential anti-oxidant capacities 

(Manikkam et al., 2016a). It is therefore essential to identify if eastern school whiting 

fillets could similarly exert significant in vitro bioactivities, which could be an asset in 

improving its commercial value. 

Moreover, it is equally crucial to explore the stability of these proteins/peptides in the 

gastrointestinal tract (GIT) upon digestion. In vitro methods, known as the simulated 

gastrointestinal digestion (SGID) simulate the human GIT and are extensively used, since 

they are rapid and safe (Medenieks and Vasiljevic, 2008; Samaranayaka and Li-Chan, 

2008; You et al., 2010). Therefore, we hypothesized that manipulating the storage 

conditions of fish fillets could release an array of polypeptides with potential in vitro 

bioactivities. Hence, the aim of our study was to explore the combined effects of 

refrigerated and freezing storage on the quality-related changes as well as bioactivities of 

eastern whiting during human digestion. It is important to maximize the utilization of this 

species to boost up the seafood industry sustainability. 

 

Materials and Methods 

Samples collection 

Barwon Foods (Seafood and Food Service Specialists; North Geelong, Australia) 

generously provided the fresh eastern school whiting (ESW), which were conveyed on 

ice in polystyrene box to our Food Science laboratory (Werribee campus, Victoria 
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University), within 24 h of catch. The fish were processed immediately once arrived to 

our laboratory. 

 

Chemicals 

Angiotensin-I-converting enzyme, Nα-Benzoyl-L-arginine-4-nitroanilide 

hydrochloride (BAPNA), copper sulphate, 1,1-Diphenyl-2-picrylhydrazyl (DPPH), 

Hippuryl-Histidyl-Leucine, iron (III) chloride, pancreatin (P7545; porcine pancreas), 

pepsin (P7000; from porcine stomach mucosa), potassium ferricyanide, pyridine, 

pyrocatechol violet, sodium phosphate, trichloroacetic acid (TCA), and trypsin (Type II-

S from Porcine pancreas) were all purchased from Sigma Aldrich (Castle Hill, NSW, 

Australia). Acetonitrile, dimethyl sulfoxide (DMS), ethyl acetate, glacial acetic acid and 

trifluoroacetic acid (TFA) were from Merck Pty Ltd (Darmstadt, Germany). All other 

chemicals used for preparation of buffering solutions were of analytical lab grade. 

 

Experimental design 

The experimental design (Figure 1) was established to investigate the impact of fish 

endogenous enzymes and in combination with digestive enzymes on the release of crude 

peptides from fish fillets during storage at chilled and frozen temperatures. Whole fish, 

with approximate length of 20-30 cm, were separately packaged, randomly divided, 

placed in labelled locked containers and stored at 4, 6 (chilled) and -18oC (frozen), for 7 

and 28 days respectively. The reasoning for the selection of storage temperatures and 

times has already been underlined by Manikkam et al., (2016a), as a similar experimental 

design was developed for silver warehou fish. On day 0, the fish were stored whole at the 

selected conditions since ESW are small sized and delicate to handle. Sampling small 

number of fish each day minimized contamination and biased results. On each sampling 
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day, fish were removed from storage and fillets acquired aseptically to avoid unnecessary 

contamination. Same procedure was repeated on 3 different occasions, reflecting seasonal 

differences; and results were presented as means of three replicates and two subsampling. 

 

Processing of fillets (undigested and digested) 

Ten grams of fish fillets were minced using a mortar and pestle, followed by 

addition of 100 ml MilliQ water and homogenization. The homogenate was centrifuged 

at 5600 x g (JA20 rotor, Beckman Instruments Inc., Palo Altro, CA, USA) for 20 min at 

4oC. Frozen fillets were defrosted in the cold room for 2-3 hours prior to filleting. The 

supernatant obtained from each crude homogenate after centrifugation was filtered into 

clean tubes, which were stored at -20oC until further assayed. Moreover, a simulated GI 

digestion, described by Manikkam et al., (2016a) was carried out to study the combined 

effects of endogenous and GI enzymes on generation of bioactive peptides from ESW 

fillets. 

 

In vitro bioactivities of fish crude extracts 

In our study, five important in vitro bioactivities of the obtained fish crude extracts 

were analyzed according to Manikkam et al., (2016a). The assayed bioactivities included 

ACE- and trypsin- inhibitory activities in addition to determination of antioxidant power 

by i) measuring the free radical DPPH scavenging activity, ii) metal (copper) chelating 

ability and iii) acting as a reducing agent by donating an electron to Fe  (III) ions.  

 

Reverse-phase HPLC analysis of crude peptide extracts 

Crude peptide extracts before and after simulated digestion were profiled using a 

Varian HPLC (Varian Analytical Instruments, Walnut Creek CA, USA) equipped with a 
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reverse-phase C-18 monomeric column - 5µm, 300 Ǻ, 250mm x 4.6mm and a guard 

column (Grace Vydac, Hesperia, CA, USA) (Donkor et al., 2007). Samples were applied 

using a 10 µl injection loop. The peptides were eluted by a linear gradient from 100% to 

0% solvent (0.1% TFA in deionised water) in solvent B (0.1% TFA in 90% v/v, 

acetonitrile in deionised water) over 90 min. All samples and mobile phase solvents were 

filtered through a 0.45 µm membrane filter (Schleicher and Schuell GmbH, Germany). 

Peptides separation was conducted at room temperature with a flow rate of 0.75 ml/min. 

The eluted peptides were monitored at 214 nm using a Varian 9050 variable wavelength 

UV/Vis detector. 

 

Statistical analysis 

All experimental analyses were conducted using a randomized, split plot in time 

blocked design. The digestion time was included as an additional factor in a subplot when 

required. The replications served as the block. The experimental design was triplicated 

and subsampled twice resulting in at least 6 independent observations (n ≥ 6). Results 

were analysed using a General Linear Model (GLM) procedure of the Statistical Analysis 

System (SAS). The level of significance was preset at p < 0.05. 

 

Results and Discussion 

  

Impact of fish endogenous enzymes and storage conditions on in vitro bioactivities 

Table 1 indicates that hydrolysis of fish muscle protein in the presence of endogenous 

enzymes is possible. However, it is crucial to determine the effects of storage conditions 

(temperature and time) on the hydrolytic ability of these enzymes in releasing potential 

bioactive peptides. Storage temperature and time had significant impact (p < 0.05) on 

releasing peptides from fish samples, with varying degree of bioactivities (Table 1). 
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Chilled samples, at 4°C showed increasing trend of ACE inhibition, DPPH radical 

scavenging and metal chelating activities from 0-7 days. A similar pattern was observed 

with crude extracts from Australian silver warehou fish (Manikkam et al., 2016a). 

Endogenous enzymes may be more active at 4°C than at 6 or -18°C. Moreover, the 

stability and/or autolytic activity of fish enzymes post mortem are also fish species-

specific (Delbarre-Ladrat et al., 2004; Ahmed et al., 2013).  

However, trypsin inhibition of 4°C samples declined from 37.47% (day 0) to 36.87% 

(day 3) and increased slowly from 4-7 days during the cold storage. The rate of 

hydrolysis/degradation of bioactive peptides by fish endogenous enzymes during the one 

week of storage likely depended on the type of peptide (amino acid sequence) formed. 

The end results may indicate that some peptides of interest may disappear and new ones 

may appear during prolonged storage (Donkor et al., 2007). On the other hand, extended 

storage of fish fillets at 4°C could have potentially increased the trypsin inhibition of the 

crude extracts; nonetheless from a consumption viewpoint, fish stored at 4°C for more 

than 1 week would be drastically loaded with microbial organisms and could be 

detrimental to human health. But, should the peptides indicate high trypsin inhibition after 

1 week of storage at 4°C, fish protein hydrolysates could potentially be developed 

(Kristinsson and Rasco, 2000; Cudennec et al., 2008). 

In contrast, a reduction in bioactivities at 6°C was observed (Table 1). Fish flesh is 

subjected to spoilage during higher temperatures, with the growth of psychrophilic 

bacteria (Mol et al., 2007). These bacteria were possibly using fish proteins and peptides 

as energy source and released amino acids for growth (Kristinsson and Rasco, 2000) 

hence, reducing the release of potential bioactive peptides from ESW fillets at 6°C. 

Moreover, as explained by Manikkam et al., (2016a), the difference in chilled 
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temperatures by only 2oC would have been enough to create favourable conditions within 

the fillets matrix to promote microbial activity.  

Freezing has long been recognised as an effective means of preservation to extend 

shelf life of fish. Nonetheless, freezing and frozen storage of fish muscle may however 

lead to negative effects, such as denaturation and aggregation of especially myofibrillar 

proteins. These conformational changes often result in altered functional properties 

(solubility, water holding capacity), changed textural attributes (hard, dry texture) and 

juiciness (Barros et al., 1998). Moreover, freezing-thawing cycle induces biochemical 

changes owing to mechanical damage, denaturation of muscle proteins and loss of water-

holding capacity (Hallier et al., 2008). Furthermore, myosin, the major contractile 

proteins of skeletal muscle become unstable and easily denatured due to formation of 

disulphide bonds, as water is separated in the form of disruptive ice crystals (Ramírez et 

al., 2000). Therefore, hydrophobic amino acid groups normally associated with the 

interior of a protein molecule become exposed to biochemical damages.  

In addition, freezing and thawing may result in i) fragmentation of cell membranes 

and lysis of intra-cellular organelles, and ii) decline in myosin and actomyosin Ca2+-ATP-

ase activities, resulting in a change of the myosin head. These changes could result in 

unfolding tertiary conformation of myosin owing to weakening in intra-molecular 

hydrophobic bonds (Tejada, 2001). The above explanation supports the significant 

decline in examined in vitro bioactivities (p < 0.05) observed for the frozen samples, in 

accordance with Manikkam et al., (2016a), whereby a similar tendency was perceived 

with silver warehou fish. 

During muscle storage, cathepsins B and D may be released from the lysosomal 

matrix into the cytoplasm and intracellular spaces as a consequence of lysosomes 

breakdown (Bechet et al., 2005). In this regards, ESW demonstrated lower cathepsin D 



          Chapter 5 
 

119 
 

activity compared to silver warehou (Ahmed et al., 2013), which likely explained the 

lower bioactivities at 6oC and -18oC in the present study. Additionally, cathepsins B and 

L activities increased significantly during post mortem storage in both super-chilled and 

ice-stored Atlantic salmon muscle (Gaarder et al., 2012), suggesting that i) the principal 

cause of post mortem degradation of fish muscle may be attributed mainly to cathepsins 

B and L and ii) more proteolytic peptides may be released as a result of such hydrolysis. 

Consequently, the high antioxidant activities observed with ESW at 4oC, 6oC and -18oC 

in the current study. 

 

Synergistic effects of endogenous enzymes, pepsin and pancreatin on the bio-

functionalities of fillets 

Hitherto, our study has elucidated that a mixture of crude polypeptides, oligopeptides 

and/or peptides can be generated during storage over a period of time, by the hydrolytic 

nature of endogenous enzymes on fish muscle proteins, correlated with our previous study 

on silver warehou (Manikkam et al., 2016a). However, released peptides exhibited lower 

bioactivities; raising concerns of whether further proteolytic processes may promote 

breaking down of these concentrated mixtures of proteins into simpler/shorter peptides 

with greater in vitro activities. In this regard, it is valuable to assess the effects of GI 

enzymes, physiologically active at certain pH, on the release of potent bioactive peptides 

as well as on their increasing or decreasing functional activities.  

Endogenous calpains and cathepsins may act synergistically with post mortem 

physiochemical conditions including low temperature, reduced pH and relatively 

increased muscle ionic strength to modify the interaction and structural conformation of 

proteins. (Delbarre-Ladrat et al., 2006). Biochemically, proteins’ digestion begins in the 

stomach by action of pepsin at acidic pH 2. In the luminal phase of the small intestine, 
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the polypeptides are further cleaved by the pancreatin proteases, at more alkaline pH 

(6.3), resulting in a mixture of oligopeptides and free amino acids (Vermeirssen et al., 

2004). In Figure 2, overall significant increase (p < 0.05) in bioactivities of fresh fillets 

(day 0) was observed at the end of digestion in comparison to undigested crude peptide 

mixtures. This indicated that SGID with pepsin and pancreatin had influentially impacted 

on the hydrolytic pathways of muscle proteins into peptides, exhibiting higher activities. 

The peptide profiling clearly indicated increased peptide content at the end of digestion 

(240 min) of fresh fillets on day 0 (Figure 4B).    

 

ACE-I activity of crude extracts 

An overall significant increase (p < 0.05) in ACE inhibition was observed at 4oC from 

day 0 to 7. No change in ACE-I activity for day 5 samples stored at 4oC, (210 and 240 

min). A similar observation was made for day1 samples held at 4oC for 90 and 120 min 

with pepsin digestion, day7 (6oC) at 180, 210 and 240 min and day14 (-18oC) at 210 and 

240 min of pancreatin digestion (data not shown). The unchanged activities observed with 

the above mentioned samples could be due to i) hydrolysis reaching its maximum and no 

further break down of peptides or ii) disappearance of peptides during hydrolysis, as 

observed by Donkor et al., (2007). Furthermore, at the end of frozen storage (day 28), a 

significant decrease (p>0.05) in ACE-I activity was observed (data not shown). This 

decline could be explained by the susceptibility of proline amino acids residue at the C-

terminus, generally known as the most favoured amino acids for ACE-I peptides, to 

freezing damage (Vermeirssen et al., 2004, Manikkam et al., 2016b).  

Another important observation was that irrespective of storage time and temperature, 

maximum ACE inhibition was noted with pancreatin digestion. Pepsin and/or pancreatin 

digestion has mainly been applied to release peptides from plant products, such as soy 
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protein (Lo and Li-Chan, 2005), peas (Vermeirssen et al., 2003), dairy proteins (Pihlanto-

Leppala et al., 2000), and some marine sources (Hai-Lun et al., 2006, Samaranayaka and 

Li-Chan, 2008, Darewicz et al., 2014), with limited research findings. It is therefore 

difficult to draw a conclusion on how effective the pepsin-pancreatin digestion released 

peptides with ACE inhibition activity. However, Based on our findings, peptides with 

ACE inhibition potential can be derived from ESW fillets when stored at 4oC for a week. 

 

Trypsin inhibition of crude extracts 

Similar to ACE-I activity, storage conditions (time and temperature) had 

significant (p < 0.05) effect on trypsin inhibition (data not shown). The inhibitory effect 

of trypsin enzyme in stomach is important to boost CCK production in the presence of 

food. The satiety hormone CCK controls the amount of food one consumes. High protein 

content foods, such as soy (Nishi et al., 2003), whey (Zhou et al., 2011) and fish have 

gained considerable attention in ability to reduce hunger and maintain satiety (Cudennec 

et al., 2008, Cudennec et al., 2012) by inducing CCK production. In comparison to 

undigested crude extracts, digestion improved TIA of fish digest. Maximal trypsin 

inhibition of 62.67% was achieved on day 7 (4oC), at 240 min of digestion, demonstrating 

that ESW fillet can be a potent trypsin inhibitor; however further investigation need to be 

carried out to identify peptide sequence associated with the activity.  

 

Antioxidant activities (DPPH free radical scavenging activity, metal chelating activity 

and reducing power assay) 

The scavenging abilities of DPPH radicals by crude extracts changed depending 

on temperature and time (data not shown). An increase in activity from day 1-7 (4oC) and 

a decline for 6oC and frozen samples was observed. Frozen samples exhibited weak 
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antioxidant activity, possibly due to physical aggregation of peptides (Ren et al., 2010). 

In further studies, to better understand the aggregation of peptide and/or protein 

aggregation during frozen conditions, monitoring the reactive changes in sulphide groups 

is crucial, since the latter impacts on myosin proteins (Ramírez et al., 2000). Various 

studies have investigated antioxidant properties of hydrolysates or bioactive peptides 

from animal sources, mackerel (Wu et al., 2003) and grass carp myofibrillar proteins (Ren 

et al., 2010) amongst others. Nevertheless, the current study investigated the release of 

peptides from underutilised Australian fish species, with potent antioxidant activity. 

Antioxidant properties are more related to the composition, structure and hydrophobicity 

of proteins or peptides present in original protein sources. Some examples of amino acids 

that cause antioxidant activity include Tyr, Trp, Met, Lys, Cys and His (Sarmadi and 

Ismail, 2010). The sulphide group in cysteine has an independently crucial antioxidant 

action due to its direct interaction with radicals (Sarmadi and Ismail, 2010). Therefore, 

further studies should focus on the fractionation and purification of peptides to identify 

the amino acid sequence contributing to the high antioxidant activity of ESW fillets. 

The copper ions (Cu2+) chelation by ESW crude extracts as affected by storage 

temperatures, time and digestive enzymes are illustrated by Figure 3. Irrespective of 

storage conditions (temperature and time), MCA decreased with pepsin digestion, but an 

upward trend was observed with pancreatin treatment. A similar observation was made 

with loach protein hydrolysates (You et al., 2010). Enzymatic hydrolysis is indeed an 

effective technology for utilizing low value fish. However, peptide size can affect 

chelating capacity of peptides, which is further affected by structure, molecular weight 

and amino acid composition. The first stage of simulated digestion (pepsin) may have 

disrupted the structure of ESW peptides and reduce its abilities to bind and trap Cu2+ ions; 

a similar observation was made with loach (You et al., 2010) and silver warehou 
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(Manikkam et al., 2016a) peptides. The second pancreatin-involved digestive stage may 

have increased the degree of hydrolysis and released more free amino acids. Moreover, 

any high-affinity metal binding groups, such as carboxylic groups (Zhu et al., 2008) 

become fully exposed or newly formed (You et al., 2010). Further fractionation, 

purification and identification of peptides associated with high MCA from the ESW crude 

extracts deemed necessary.  

Direct reaction of a substance is not the only mechanism by which antioxidants may 

display their activity. Secondary antioxidants do not convert free radicals to more stable 

products but slow rate of oxidation by one important mechanism; chelation of pro-oxidant 

metals. Transition metals (copper) promote oxidation by acting as a catalyst of free radical 

reactions (Končić et al., 2011). Chelation of metals by certain antioxidant compounds, 

such as ESW-derived peptides, decreases their pro-oxidant effect by reducing their redox 

potentials and stabilising the oxidised form of the metal (Končić et al., 2011). Excess of 

transition metal ions in human body can result in various anomalies, including 

neurodegenerative diseases. Based on our results obtained from in vitro study, ESW 

peptides may serve as efficient and natural metal chelating agent, involved in chelation 

therapy in the prevention and/or treatment of inflammatory diseases. 

The reducing power of crude extracts also changed with respect to storage 

temperatures, times and digestive treatments (data not shown). A similar trend as the 

above physiological activities was observed, that is, an increase in activity of 4oC 

samples, from day 1-7. Pancreatin digests showed higher reducing power, in line with 

You et al., (2010). The reducing power of a sample or crude extracts of peptides, an 

indicator of antioxidant activity, is used to evaluate the ability of an antioxidant to donate 

an electron or hydrogen or acting as a reducing agent. In the presence of an antioxidant 
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derived from proteinaceous food sources, such as from ESW peptides, ferrous chloride is 

formed, based on the chemical equation below: 

Potassium ferricyanide +Ferric chloride → Potassium ferrocyanide +ferrous chloride 

The colour of the solution changed from yellow to green or blue shade depends on 

the reducing potential of the sample (Jin and Wu, 2015). Several reports have revealed 

that there is a direct correlation between antioxidant activities and reducing power of 

bioactive peptides. Sardinella hydrolysates produced with commercial alcalase enzyme 

showed potent reducing power (Jeevitha et al., 2014). The lowest reducing power of ESW 

crude peptides could be due to the peptides associated with reducing power have not been 

produced with pepsin and/or pancreatin enzymatic reactions. Alcalase enzyme cleavage 

of peptides demonstrated highest reducing power (Jin and Wu, 2015). 

 

Peptide profiling 

The peptides released upon simulated gut digestion were analysed by RP-HPLC and 

qualitative profiles are presented in Figure 4. The peptide profile was clearly affected by 

storage temperature, time and simulated digestion. Season could be another factor 

impacted on peptide profile (Medenieks and Vasiljevic, 2008), whereby winter fish 

released fewer peptides compared with summer fish. In this study, peptide content 

increased at the end of pancreatin digestion (240 min), for 4oC samples (Figure 4B), but 

decreased for 6oC and -18oC samples (data not shown). This observation correlated with 

the increased bioactivities of 4oC samples, as explained above. The retention times of 

observed peaks were similar suggesting that the types of peptides released were similar 

but their concentrations differ. This implies that some amino acids might have been 

affected during freezing and cold storage. The lower concentration of peptides released 

prior to simulated digestion could proportionally relate to the lower proteolytic activity 
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of endogenous enzymes. Moreover, the combination of digestive and fish intracellular 

enzymes might have contributed to better hydrolytic process, releasing more active 

peptides. 

 

Conclusion 

Results demonstrated that fish endogenous enzymes can hydrolyse proteins into 

amino acids, but to a lesser extent, whilst simulated gastrointestinal digestion enhanced 

the degree of hydrolysis. Interestingly, pancreatin treatment was more effective with 

greater bioactivities compared to digestion with pepsin enzyme. Cold storage at 4oC 

produced greater physiological activities, mainly Cu2+ chelating activity and DPPH 

radical scavenging activity. Overall, our findings suggested that the undervalued eastern 

school whiting fish can constitute of a potential valuable functional food entity. The 

potency to act as a metal chelating agent and antioxidant by scavenging radicals should 

be further investigated by fractionation of specific peptides. Moreover, the amino acid 

sequence responsible for the multi-functionalities of ESW-derived peptides should be 

determined. 
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Figure 2. In vitro bioactivities of fresh fillets on day 0 during the stages of simulated 

gastrointestinal digestion. ACE, Angiotensin-converting enzyme; DPPH RSA, DPPH 

radical scavenging activity; MCA, metal chelating activity; RPA, reducing power assay.  

Standard error of mean (SEM): ACE inhibition = 0.07; Trypsin inhibition = 0.05; DPPH 

RSA = 0.00; MCA = 0.04; RPA = 0.00  
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Justification: 

Figure 4A (a-d) showed RP-HPLC peptide profile of undigested fish extracts from fillets 

stored at 4oC. The chromatograms showed substantially higher levels of liberated peptides 

over storage time. This alteration in peptide profiles might have contributed to the 

observed changes in in-vitro bioactivity of fish extracts (Table 1). Such changes in peptide 

profiling could be explained by the release of water soluble peptides eluting 

predominantly in the intermediate/high hydrophobic region of the chromatogram.   
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6.1 Overall conclusions 

 Fish wastes, such as scales and underutilised fish species, all constitute excellent 

source of high quality proteins. They can release physiologically active peptides during 

enzymatic hydrolysis. Hydrolytic processes in the presence of both digestive (pepsin, 

trypsin and pancreatin) and endogenous enzymes present in fish muscles assist in the 

proteolytic break down of proteins into smaller units of amino acids. These polypeptides 

have been demonstrated to possess important in vitro bio-functional activities, for 

example, ACE inhibitory and antioxidant activities.  

 Our study demonstrated that the two assessed fish protein powders derived from 

fish scales were likely prepared by two different processing methods resulting in 

variations of their protein content and morphology. This may have impacted on their 

solubility and digestibility. Furthermore, in vitro digestion has improved the ACE and 

trypsin inhibitory activities of the released peptides of the products, but not the 

antioxidant capacity. Moreover, the physicochemical properties such as the high protein 

content, the fine particle sizes as well as the corresponding high solubility and 

digestibility of the powdered hydrolysate could have contributed to the significantly high 

ACE inhibitory activities of its released peptides. As a whole, the production of protein 

hydrolysates derived from marine wastes such as scales may deliver health benefits to 

consumers, whilst minimising aquatic wastes and maintaining an ecological oceanic 

environment. At the same time, the processing techniques should be linked to the intended 

use since the examined samples showed quite different physiological functionalities. 

Further studies demonstrated that intrinsic endogenous enzymes present in the 

muscles of fish fillets of SW and ESW have the potential to release an array of 

polypeptides during post-mortem storage due to limited breakdown of the protein matrix. 

In the presence of endogenous enzymes only, released peptides from both fish species 
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exhibited in vitro bioactivities of ACE and trypsin inhibitory as well as antioxidant 

activities. These were definitely enhanced when fillets where subjected to simulated 

gastrointestinal digestion, using pepsin and pancreatin. Interestingly, pancreatin treatment 

was more effective with greater bioactivities compared to digestion with pepsin enzyme. 

Amongst the three major assessed bioactivities, both examined fish species revealed 

greater metal chelating activities. In addition, results also demonstrated that storage 

temperatures and times significantly impacted on (p<0.05) the evaluated bioactivities. 

Deterioration of fish fillets over time resulted in a significant reduction (p<0.05) in in-

vitro physiological activities. Fillets stored at 4oC demonstrated greater potential of metal 

(Cu2+) ions chelating capacities in comparison to 6oC and frozen (-18oC) samples. 

The comparisons of our data with other studies was difficult since no previous 

investigations have been conducted on the effects of storage temperatures and times on 

liberated peptides from underutilised fish. However, our findings indicated that these 

undervalued fish species can constitute of a potential valuable functional food entity, 

containing essential bioactive peptides. Owing to the high anti-oxidative activity of 

released peptides of mainly ESW, it is suggested to consume the fish fresh. Moreover, 

from a food technological perspective, the peptides, once identified and purified could be 

employed as a new functional food ingredient in the development of functional foods with 

the motif of preventing reactive oxidative stress in obese individuals. 
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6.2 Future research directions and applications 

Obesity, already a worldwide epidemic, affecting both childhood and adulthood, 

is linked to the development of various health conditions, such as diabetes, cardiovascular 

diseases and oxidative stress (inflammation) related diseases, such as cancers. Various 

weight loss nutraceuticals and medical treatments are available on the global market to 

help obese individual lose weight. However, these remedies are costly and pose severe 

secondary negative effects. There is an urgent need to find affordable alternatives for 

weight gain prevention. As our results demonstrated, fish fillets possess excellent sources 

of proteins, which when consumed fresh and digested, are converted into valuable 

peptides exhibiting physiological bioactivities, mainly anti-oxidative activities. These 

peptides could provide an important avenue to be incorporated as functional food 

ingredients with potential health promoting properties. Therefore, certain technological 

prospects that should be considered and addressed in view of the functionality of fish 

peptides are as follows: 

 

6.2.1 In vitro assessment of the absorption and bioavailability of the bioactive 

peptides 

It would be helpful to understand whether the bioactive peptides has the potential 

to be absorbed within the intestinal transport system and into the bloodstream; a factor of 

physiological requisite in order for the peptide to exert its bioactivity to the target organ. 

Such assessment is usually performed using the human intestinal Caco-2 cell monolayer 

as a model of the intestinal epithelium (Satake et al., 2002). 
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6.2.2 Characterization and quantification of bioactive peptides 

Characterisation and quantification of bioactive peptides is a means of determining the 

known amino acid composition of the active peptides. Matrix-Assisted Laser Desorption 

Ionization-Time of Flight Mass Spectrometry (MALDI-TOF-MS) and Liquid 

Chromatography-Mass Spectrometry (LC-MS) are often the two major techniques that 

may assist in this phase of future research. The purified and sequenced peptide can be 

further synthesized in large enough quantities to test for efficacy in animal studies and 

clinical trials (Vermeirssen et al., 2002; Vermeirssen et al., 2005). 

 

6.2.3 In vivo study  

Conducting an animal study, followed by clinical trials would enhance the 

understanding of the physiological roles of the identified peptide to exhibit anti-obesity 

properties in vivo. To ensure such a valuable health benefit, the effects of fish 

consumption on weight gain, blood pressure, glucose levels and body composition could 

be investigated in obese and control mice. 

 

. 
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This section of the thesis highlights a limited aspect of bioactive peptides and/or 

fish protein hydrolysates, which requires attention from a food technological perspective. 

As previously discussed, fish protein hydrolysates exhibit essential physiological and 

physicochemical properties. Due to the degree of hydrolysis and hydrophobicity, these 

peptides and/or enzymes may tend to be exert certain poor sensory qualities, such as 

bitterness (Kristinsson and Rasco, 2000). Research demonstrated that the degree of 

bitterness depends on the enzymatic cleavage and composition of the fish muscle. 

Moreover, fish muscles are less bitter in comparison to plant- and or meat-based 

hydrolysates. To improve their level of acceptance more to health-conscious consumers, 

the pharmaceuticals must consider the ways to reduce and/or completely remove the bitter 

taste of these hydrolysates. Some of the ways to achieve this technological hurdle, which 

condisering the probable loss of some essential proteins, include: 

i) Solvent extraction 

ii) Treatment with exopeptidases 

iii) Selective extraction with alcohols 

iv) Chromatographic removal using different matrices 

v) Adsorption of bitter peptides/compunds on activated carbon 

vi) Performing hydrolysis at slightly alkaline pH conditions 

 

Reference:  

Shaviklo, A.R. 2015. Development of fish protein powder as an ingredient for food 

applications: a review. Journal of Food Science and Technology. 52(2): 648-661. 

 

Sujith, P.A., and Hymavathi, T.V. (2011). Recent developments with debittering of 

protein hydrolysates. Asian Journal of Food and Agro-Industry. 4(06): 365-381. 
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