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Abstract

Fish is a major food source for the global human population and is a source of various
nutrients, including unsaturated fatty acids especially n-3 polyunsaturated fatty acids (PUFA),
high-quality proteins, vitamins, and minerals. Numerous studies have demonstrated that fish
consumption reduces the risk of chronic disease and promotes human health. However, heavy
metal and environmental contamination is a concern. The objectives of this thesis were to 1)
collect evidence from the literature to determine issues related to human health and fish intake;
2) use online databases for estimates of global and Canadian fish consumption, the diversity of
commercial fish species, and nutrient composition coverage of fish commonly consumed in
Canada; and 3) examine the fatty acid composition of wild caught fish species consumed by an
Indigenous population in northern Canada in comparison to national food nutrient databases. In
the first study, a scoping review of the effects of fish consumption on human health was
conducted. N-3 PUFA is the most studied nutrient component of fish in present review literatures
contributing to the health benefits from fish consumption, and other nutrients in fish are
understudied. Also, the potential health benefits of fish intake appear to outweigh the risk of
detrimental contaminants (e.g., MeHg) in fish. The second study used FAOSTAT to determine
the amount of fish produced and consumed by world and G20 and FishBase was used to
determine the diversity of commercial fish species, and the Canadian Nutrient Profile (CNF),
United States Department of Agriculture (USDA) and FishBase nutrient data was compared for
the most popular fish consumed in Canada. G20 members consumed slightly more fish than they
produced, and their fish production was dependent mainly on capture fisheries, except for China
that has developed a large aquaculture industry. Low fish consumption, regions with cold water

temperature and industrialization of the fish food supply appear to have less commercial fish
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diversity. The FishBase Nutrient Analysis Tool covered a wide range of fish species but at this
time appears to be too crude to be used to estimate dietary intakes. The CNF and USDA
databases did not cover all the commercial fish species for Canada as indicated by FishBase. In
the third study, the fatty acid composition of Canadian Subarctic and Arctic wild freshwater fish
was compared with CNF estimates except for Longnose sucker that was not available. The wild
fish contained more than 135 mg EPA+DHA /100 g fish muscle but there were large differences
in some estimates particularly the Cisco species. More research is required to determine the
effect of other components of fish on human health rather than indiscriminately promoting fish
intake. Fish diversity and variation in nutrient content due to ecological variation and errors in
databases are problematic and limit the ability to assess n-3 PUFA intakes from fish consumption

especially in smaller populations such as Indigenous peoples.
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Chapter 1

Introduction

In the past several decades, global food fish consumption increased along with an
increasing population [1]. In 2018, the world fish production from wild fish catch and
aquaculture was 179 million tonnes, out of which 156 million tonnes were used for human
consumption [2]. Fish has always been considered as an important part of the nutritional human
diet with multiple beneficial bioactive constituents such as lipids (mainly long-chain n-3
polyunsaturated fatty acids (PUFA)), proteins, vitamins, and minerals [3]. Fish intake is
associated with various health promotion benefits, mainly supporting the cardiovascular system,
and enhancing neurodevelopment and maternal health [4-6]. It has also been noted that there is a
potential inverse relationship between fish consumption and risk of a wide range of diseases
including neurological decline, cancer, depression, inflammatory disease, and all-cause mortality

[7-11].

It has been suggested that among the multiple nutrients present in fish, n-3 PUFA, mainly
eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA), are the main
valuable nutrients responsible for most of the health benefits of fish intake [12, 13]. However,
variation in assessing n-3 PUFA intake from fish is a challenge. Despite n-3 PUFA being the
main beneficial nutrient component of fish, it has been controversial whether the health efficacy
of fish oil and/or n-3 PUFA supplements differs from direct fish consumption [14]. A six-week
study on healthy adults reported that EPA and DHA from salmon were incorporated into plasma
lipids at a higher effectiveness [15]. Furthermore, n-3 PUFA in supplements are also more prone

to oxidation, which may cause adverse health effects [16]. It has also been suggested that fish
1



provides more than n-3 PUFA as it is high in a wide range of other vital nutrients, such as high-
quality protein, vitamins, and mineral, which provides more comprehensive benefits to the
overall human health [17, 18]. Fish consumption can also contribute to health through a
substitution effect by replacing less healthy food choices in a diet [19]. Therefore, fish
consumption is suggested over n-3 PUFA supplements for better health effects. If eating fish is
not possible, it is important to use high quality n-3 PUFA supplements with low lipid oxidation

to minimize the side-effects.

Several studies have revealed that edible fish and fish oil may also contain undesired
substances due to the exposure to environmental contaminants such as methyl mercury (MeHg),
polychlorinated biphenyls (PCBs) and dioxins [20-25]. MeHg is the major neurotoxic substance
found in some fish species which affects neurodevelopment in children [26]. Long-term
exposure to it may also lead to higher risk of immunotoxicity, neurotoxicity, cancer,
cardiovascular and reproductive diseases [27]. PCBs and dioxins may increase the risk of cancers
(e.g., kidney, liver, lung, and breast cancer), suppress the immune system to reduce the body’s
resistance to many infections such as infectious respiratory diseases, and can impair neurologic
development [20, 28-30]. Therefore, fish species of elevated risk level of environmental
contaminants including swordfish, shark, tilefish, king mackerel, and albacore-tuna should be
avoided for adverse health effects [31]. A very large number of studies have been conducted on
the nutritional benefits of fish as food and there are several review papers examining this topic.
However, there is no previous attempt at systematically synthesizing the exiting review literature
through a scoping review to provide a comprehensive overview of the existing topics related to

fish intake for human health.



This thesis aimed to collect and evaluate the available evidence on the health effects of
human fish consumption, examine estimates of fish consumption and the diversity of species
consumed, and assess the comprehensiveness of current nutrient databases that includes
determining the fatty acid composition of Canadian wild freshwater fish species to better
understand the nutritional value of typical fish species consumed by Canadian population. The
overall hypothesis is that n-3 PUFA is the main nutrient within fish that provides health benefits
that override potential health detriments but determining human intakes of n-3 PUFA from fish is
a challenge due to variability in the estimated n-3 PUFA content of fish in nutrient databases due
to the number and diversity of fish species, and the difficulty of incorporating regional and
seasonal effects on n-3 PUFA content of fish. In the first study, a scoping review of the effects of
fish consumption on human health guided by the six-staged methodology framework developed
by Arksey and O’Malley was conducted to synthesize evidence from available review articles
and identify potential research gaps [32]. The second study identified fish production &
consumption database, fish species databases, and current electronic nutrient databases to
determine the amount of fish consumed, the diversity of food fish species and the
comprehensiveness of nutrient data reported by those databases. In the third study, the fatty acid
composition of wild freshwater fish samples collected from the Canadian Subarctic and Arctic
was determined by gas chromatography-flame ionization detection [33]. Last but not the least,
fatty acid composition data generated from the third study were compared to the recorded data in

Canada’s official nutrient databases: Canadian Nutrient File (CNF) Database.



Chapter 2

Background

2.1 Fish Consumption around the World

Over the past six decades, global food fish consumption has been increasing steadily,
from an average of 9.0 kg per capita in 1961 to 20.3 kg per capita in 2017 [2]. The annual growth
rate of total food fish consumption (3.1 percent) was twice of that of world population (1.6
percent) for the same period [2]. Fish is an important part of nutritional diet, it accounted for
approximately 17% of the worlds need for animal protein and 7% for all proteins in 2017, and
about 3.3 billion people worldwide depended on fish as their principal source of animal protein
[2]. In 2018, 156 million tonnes out of 179 million tonnes of fish produced globally were used
for human consumption, which is equivalent to an annual supply of around 20.5 kg per capita.
The average fish consumption per capita for North America, Latin America and the Caribbean,
Asia, Africa, Europe, and Oceania was 22.4, 10.5, 24.1, 9.9, 21.6, and 24.2 kg, respectively [2].
Fish consumption is highly variable between different areas of the world as well as between
different (inland vs. coastal) regions of countries due to consumers’ geographic, cultural, and
social characteristics [34]. At the country level, Asian countries have higher fish consumptions
compared with North America. In 2017, Japan, China, Canada, and United States had an
averaged fish consumption per capita of 45.5, 38.2, 22.5, and 22.4 kg, respectively. The lowest
fish consumption per capita was South Africa with 6kg per capita [35]. The trend of increased
global demand for fish is continuing. Beside increases driven by population growth, other factors

contributing to increased fish consumption include technological developments in processing,



shipping and storage, rising incomes worldwide that enable fish purchasing, and enhanced

awareness of the health effects of fish intake by increasingly health-conscious consumers [13].

2.2 Content of Nutrients in Fish

2.2.1 Lipids

Lipids are defined as substances which are insoluble in water but soluble in organic
solvents such as chloroform, hexane, ether, or benzene [36]. They are grouped into six main
classes: free fatty acids, triacylglycerols, diacylglycerols, monoacylglycerols, phospholipids, and
sterols [37]. Lipids are the crucial source of cellular energy and play a vital role in maintaining
the integrity of living organisms as structural compounds by creating a barrier between the living
cell and the outside environment [38]. The lipid content of fish is highly variable between
different fish species ranging from 0.2 to 25% of total body weight that fish are grouped into four
groups by fat content: lean (< 2% fat), low fat (2-4% fat), medium fat (4-8% fat), and high fat
(>8% fat) [39]. Of the fish lipids, n-3 PUFA have been shown to be beneficial to human health
[40]. In general, marine fish tend to have higher long chain n-3 PUFA content than freshwater
fish because freshwater fish are closer linked to terrestrial food resources that have relatively

high 18:2n-6 and 18:3n-3 content [41, 42].

2.2.2 N-3 Polyunsaturated Fatty Acids

The n-3 and n-6 polyunsaturated fatty acids are considered essential fatty acids because
humans and mammals are not able to desaturate in the n-3 and n-6 positions to form carbon-
carbon double bonds [43]. Specifically, mammals are unable to make linoleic acid (LA, 18:2n-6)

and alpha-linolenic acid (ALA, 18:3n-3) due to the lack of methyl-end desaturase that place
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double-bonds in the A12 and A15 position of oleic acid (18:1n-9) [44]. The main sources of LA
and ALA in the human diet are plant oils [45].Plants can generate LA using fatty acid desaturase
2 (FADS2), an endoplasmic A12 and ALA using FADS3, an endoplasmic A15 as well as plastid
n-3 desaturases, FADS7 and FADSS that are associated with chloroplasts [46]. Humans can

metabolize LA and ALA to longer chain PUFA [44].

Although ALA is considered the essential n-3 PUFA, many of the biological benefits are
associated with EPA (20:5n-3) and DHA (22:6n-3) that can be either consumed preformed or
synthesized from ALA [47]. Synthesis of DHA from ALA includes several desaturation and
elongation steps [48]. The first step involves the desaturation of ALA to stearidonic acid (18:4n-
3) by A6-desaturase (FADS2) followed by subsequently elongation by elongase 5(ELOVLY5) to

eicosatetraenoic acid (20:4n-3), which can then be desaturated to EPA by A5-desaturase
(FADS1) and the elongated (ELOVL?2) to docosapentaenoic acid (DPAN-3, 22:5n-3) [49]. The

generation of DHA from DPAN-3 is a net A4 desaturation but involves elongation to

tetracosapentaenoic acid (24:5n-3), desaturation by A6-desaturase (FADS2) to 24:6n-3,
translocation from the endoplasmic reticulum to the peroxisome for g-oxidation to DHA

( Figure 1) [49]. However, the rate of this bioconversion of ALA to EPA and DHA is extremely
limited in humans (< 4%) that the intake of ALA alone may not be enough to provide health
benefits [50]. This makes it important to include fish, an excellent source of preformed EPA and

DHA in the daily diet.

Fish, similar to mammals, are not capable of synthesizing n-3 PUFA de novo and fish
share the conventional n-3 PUFA biosynthetic pathway with some additions [51]. Fish are

excellent source of dietary long chain n-3 PUFA such as EPA and DHA as their food chain
6



includes microalgae, which are the primary producers of long chain n-3 PUFA that
bioaccumulates in the fatty tissue of organisms [52, 53]. Factors that influence the fatty acid
composition of fish include their biome (freshwater vs. marine), latitude zone (tropical vs.
temperate vs. polar), feeding mode (herbivore vs. omnivore vs. carnivore) as well as their
taxonomy with marine polar carnivores typically having the highest amount of EPA and DHA
[54]. There are also differences in n-3 PUFA biosynthesis pathway between humans and fish that
result in different fatty acid profiles. Fish have higher tissue levels of n-3 PUFA with 4 carbon-
carbon doubles bonds such as 18:4n-3 and 20:4n-3 and some fish can have relatively high
amounts of DHA as a result of additional elongation (Elovl8) and A8 and A4 desaturation

activities by FADS2 (Figure 2) [55, 56].

EPA and DHA vital role in human health are largely mediated as components of the
phospholipids of cell membranes and their subsequent use as substrates for lipid signalling that
are involved in various biological processes from conception through each stage of human
development, maturation, and aging [12]. DHA specifically, is highly concentrated in human
brain and retina and is required for optimal development and maintenance of the cognitive and
visual system [57, 58]. Previous studies have confirmed that dietary intake of n-3 PUFA,
especially EPA and DHA, is associated with cardioprotective effect and cognitive enhancement,
lower risk of stroke, decreased risk of psychological disorders, and reduced danger of cancer [6,

8, 59-61].
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Figure 1. Biosynthetic pathway of n-3 PUFA from dietary alpha-linolenic acid in human and
fish. Items in green are unique to fish (ELOVLS, A8 desaturase and A4 desaturase activity of
FADS2). ALA, alpha-linolenic acid (18:3n-3); SDA, stearidonic acid (18:4n-3); ETE
(eicosatrienoic acid, 20:3n-3); ETA, eicosatetraenoic acid (20:4n-3); EPA, eicosapentaenoic acid
(20:5n-3); DPA, docosapentaenoic acid (22:5n-3); TPA, tetracosapentaenoic acid (24:5n-3); NA,
nisinic acid (24:6n-3); DHA, Docosahexaenoic acid (22:6n-3); FADS, fatty acid desaturase;
ELOVL, Elongase. Figure is adapted from [56].

2.2.3 Proteins

Fish have a higher percentage of protein than most terrestrial meats which makes it an
important source of high-quality protein for humans [62]. Fish proteins are considered having a
high nutritional value, which are highly digestible due to low connective tissue content and
slightly elevated amounts of the essential amino acids, lysine, methionine and threonine
compared with terrestrial meat proteins [62]. It is reported that fish proteins also contain
antioxidative activity and they are a rich source of beneficial health molecules such as growth
factors, secretagogues, and calciotropic hormone [63]. It is also suggested that bioactive amino
acid sequences in fish-derived peptides can positively affect pathways involved in hypertension,

lipid profile, body composition, and blood glucose metabolism [64].



2.2.4 Vitamins

In addition to the profitable lipid and protein composition, fish is also a significant source
of major vitamins (vitamin A, vitamin B, vitamin D, and vitamin K) essential to the
physiological functioning of the body [65]. Among those vitamins, vitamin A, vitamin D and
vitamin K are fat soluble with vitamin A being necessary for vision, normal cell growth, cell
differentiation and reproduction [66], vitamin D playing a crucial role in regulating cellular
growth, modulating immune system, and promoting bone formation and mineralization [67] and
vitamin K is an indispensable compound for blood clotting and maintaining healthy bone tissue
[68]. Water-soluble B vitamins, which are required for normal enzyme functioning involved in

energy metabolism, are vital for cell growth and oxygen transport [69].

2.2.5 Minerals

Fish is a rich source of most of the minerals that can be found in water, such as iodine,
selenium, and calcium. These minerals in fish are highly bioavailable which can be easily
absorbed by human body [65]. Among those minerals, iodine is a critical component of thyroid
hormones which are involved in regulating body metabolism such as protein synthesis and
enzymatic activity [70]. Fish intake in iodine deficient areas is associated with decreased thyroid
cancer risk [71]. Selenium from fish functions in humans mainly in the form of selenoproteins
that support redox enzyme such as glutathione peroxidase [72]. Calcium plays an important role
in bone formation and mineralization and is also an indispensable elements in maintaining signal

transduction, functioning of muscle and the release of neurotransmitters [65, 73].



2.3 Content of Potential Contaminants in Fish

2.3.1 Heavy Metals

Mercury (Hg) is one of the most dangerous and toxic heavy metals. While elemental
mercury is poorly absorbed in the gastrointestinal tract, water-soluble inorganic mercury (iHg)
compounds such as mercuric chloride (HgCl2) and methylmercury (MeHg) can be absorbed in
the gastrointestinal system, especially organic MeHg (up to 90-95% absorbed) [74-76]. As such,
MeHg is the most toxic form of Hg. MeHg is initially formed from elemental Hg by aquatic
microbes and bioaccumulates in the aquatic food chain. The highest MeHg concentrations can be
found in large predatory fish such as shark, king mackerel, pike, swordfish, and large tuna [77].
Once ingested and absorbed, MeHg can strongly bind sulfhydryl groups that negatively effects
the activity of a variety of enzymes involved in energy production, ion channels, and receptors
[78]. Collectively, iHg and MeHg ingested by human from fish can be toxic to several organs
(e.g., liver and kidney), the nervous system (especially in infants), the cardiovascular system, the

gastrointestinal tract, and/or can increase inflammation [74-76].

Cadmium (Cd) is another toxic heavy metal found in some seafood, especially shellfish.
The ionic form of Cd is usually combined with ionic forms of chlorine to yield highly absorbable
cadmium chloride (CdCl) in fish [22]. Cd tends to accumulate in and damage the liver and
particularly the kidney as well as being neurotoxic and causing weak and brittle bones [79, 80].
Cadmium ions increase oxidative stress in cells by catalyzing the production of hydrogen

peroxide [81].
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Arsenic (As) exists in both inorganic and organic forms. Inorganic As typically present in
groundwater as arsenate (pentavalent form) can be converted to arsenite (trivalent form) by
reduction in the body [82, 83]. It is believed the trivalent state may react with protein thiols and
inhibit enzymatic activities while the pentavalent state can also have effects by replacing
phosphate in certain reactions [82]. The trivalent arsenicals interaction with protein thiols is
believed to lead to cellular dysfunction and cytotoxicity which then result in regenerative
proliferation of cells that increase the risk of cancer development [83]. The organic As
compounds that are typically found in fish are less toxic to humans [78]. Arsenobetaine tends to
be the most common form As in shellfish and fish, while arsenosugars (high in seaweed),
arsenolipids and methylated arsenicals can also be present [84]. While inorganic As content is
very low in finfish, there are detectable amounts in shellfish and seaweed based on region,
particularly the As content of the soil and water of the region [84]. Long term exposure to the
organic pentavalent dimethylarsinate (DMAY), once used as a pesticide and also the predominant
metabolite of iAs and arsenosugar exposures, may have cytotoxic effects in skin, bladder, liver
and lung, cells and may increase the risk of cancer [78, 85]. In vitro models have suggested
potential hazards from Arsenolipids, e.g., via As Hydrocarbons, As Fatty Acids, and/or DMAY
metabolites but additional research is required to determine the relevancy of these observations

to human populations [84].

Lead (Pb) is a common environmental pollutant and occupational exposure is the main
cause of lead poisoning that workers in the metal trades are with high risk of Pb exposure [86].
Fish can bioaccumulate Pb from both waterborne exposure and dietary exposure with the gill and
gastrointestinal tissues having the highest accumulation rates while fish muscle accumulating

relatively low amounts [87]. Pb also exists in both inorganic and organic forms with inorganic
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iPb being the predominant form in fish [88]. Organic Pb poisoning is rare, because organic lead
compounds (e.g., gasoline additives) has been withdrawn [89]. In humans, lead can accumulate
in blood, soft tissues and bone, and it can have several harmful effects by binding to enzyme
thiol groups, displacing various metallic enzyme cofactors, and interfere with metallic ion pumps
[90]. Chronic exposure of Pb to excessive level in human can cause toxicity in nervous system,

cardiovascular system, and haematological system [89].

2.3.2 Persistent Organic Pollutants (POPs)

Persistent organic pollutants (POPSs) are organic compounds that are resistant to
environmental degradation and include dioxins, polychlorinated biphenyls (PCBs), and
pesticides such as dichlorodiphenyltrichloroethane (DDT). POPs can volatize and travel long
distances in the air before being redeposited, thus POPs are not restricted to their site of origin
and can be distributed across the globe [91]. Although POPs have relatively low solubility in
water, they bioaccumulate with compounds of high lipid solubility and accumulate in fatty
tissues of organisms where they can remain for long periods of time [21]. POPs are found in
higher concentrations in large predatory fish but also in bottom-feeding fish that live in relatively
shallow bays as sediments are sinks for POPs [92]. Some POPs (e.g., PCBs and dioxins) act as
carcinogens and may disrupt receptors and signalling pathways of the endocrine, reproductive,

central nervous and immune systems [93].

PCBs are highly lipophilic manufactured industrial chemicals that derived from biphenyl
by substitution of hydrogen atoms by chlorine atoms, they were banned for being highly
carcinogenic in 1979, however, legacy PCBs are still present in aquatic systems [94]. Multiple

adverse health effects in humans have been linked to exposure to high levels of PCBs, including
12



cancers (e.g., skin, lung, liver cancers), low birth weight of infants, and negative effects on the

nervous, immune, endocrine, and reproductive systems [95, 96].

Dioxins are also toxic man-made compounds that are formed as by-products of chlorine-
containing manufacturing process [97]. The general population are exposed to dioxins mainly
through foods such as fish [97]. Like PCBs, dioxins are also carcinogenic to humans and the
adverse health effects associated with exposure to dioxins include cancers (e.g., lung and liver
cancer), cardiovascular disease and impaired nervous, immune, endocrine, and reproductive

systems [98].

DDT is a toxic organochlorine pollutant that were once widely used synthetic pesticide,
and it and its metabolites were and remain persistent in the environment and are considered to be
human carcinogens [99] . DDT mainly exists in sediment in aquatic ecosystem but can
accumulates in in fish tissue through aquatic food web [100, 101]. The possible adverse health
effects reported to human exposure of DDT include cancers (e.g., breast and pancreatic cancer),

cardiovascular disease, neurologic toxicity, immune, endocrine, and reproductive diseases [102].

2.3.3 Biological Hazards

The adverse health effects of fish consumption are not only associated with the chemical
contaminants mentioned above, but also related to harmful biological agents such as pathogenic
bacteria or their toxins, parasites, and biogenic amines that can cause food borne illness when
consuming fish. Scrombotoxin and ciguatoxin are the most commonly reported outbreaks as both
these toxins are heat stable and not affected by cooking [103].Scrombotoxin occurs in scromboid

fish such as tuna when gram negative bacteria convert tissue histidine to histamine between catch
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to table while ciguatoxin occurs when fish in low lying shores or costal reefs feed on
dinoflagellate Gamabierdiscus toxicus that contains the toxin [12, 104]. Salmonella, Clostridium
botulinum and Norovirus outbreaks are also commonly reported, but tend to be a result of
improper food handling of the raw fish/improper cooking or cross contamination [103]. The most
common parasitic infections from raw or undercooked fish are roundworms (nematodes),

flatworms or flukes (trematodes) and tapeworms (cestodes) [105].
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Chapter 3

Scoping Review of Review Studies on Beneficial Effects of

Fish Consumption on Human Health

3.1 Rationale and Objectives

Fish consumption have been associated with positive effects on cardiovascular health,
neurodevelopment and maternal health, bone health, mental health, cancer, obesity, diabetes, and
multiple inflammatory diseases [8, 9, 59, 106-108]. The beneficial effects of fish consumption on
human health potentially involves multiple compounds in fish and multiple dietary and
molecular mechanisms. Fish provides consumers with a variety of nutritional components such
as EPA and DHA, high-quality proteins, vitamins, and minerals [13, 109]. The n-3 fatty acids
content is highly variable among fish species. The fatty acid composition of fish is highly
variable between and within species because of the wide diversity of aquatic life and the way fish
are processed [20, 110]. Fatty fish such as salmon, sardines, mackerel, tuna and trout have high
content of EPA and DHA, while lean white fish such as whiting sole, hake, grouper, bass and

perch have low EPA and DHA content [111].

Beside the tremendous beneficial effects of human fish consumption reported in the
literature, there can be some adverse health effects due to environment contaminant exposure
especially for some fish species. For example, fish intake is the major food source of MeHg
contamination and chronic exposure to MeHg can cause permanent damage to brain, kidneys,

and developing fetus [112-114]. The risk of MeHg contamination is the highest for predatory
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marine fish such as swordfish, shark, or tuna [115] and freshwater fish such as walleye, northern

pike and lake trout [116].

There is a large volume of published review studies providing evidence on the beneficial
effects of fish intake but there is no scoping review of those review studies. The scoping review
is of particular use to examine the extent, range, and nature of research activity in a certain topic
area, and the purposes of a scoping review are to 1) summarize and disseminate research
findings, 2) provide an overview of the reviewed literature without criticizing individual studies
or synthesizing evidence from different studies, and 3) identify research gaps in the existing
literature [32]. To my knowledge this would be the first scoping review of the review literature
on health benefits of human fish consumption. The objective of this scoping review is to 1)
broadly collect and evaluate the existing literature about human health and fish consumption and

2) identify potential research gaps for future endeavours.

3.2 Hypotheses

1. Multiple components of fish can provide health benefits.
2. N-3 PUFA will be the main nutrient examined from fish in the review studies.
3. Cardioprotective properties of n-3 PUFA will be the health benefit most examined with

fish consumption.

3.3 Methods, Materials and Study Design

The scoping review was informed by the six-staged methodology framework developed
by Arksey and O’Malley [32], with the methodology enhancement by Levac et al. [117]. The

review included the following five key stages: (1) identifying the research question, (2)
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identifying relevant studies, (3) selecting studies, (4) charting the data, and (5) collating,
summarizing, and reporting the results. A sixth stage (consulting with relevant stakeholders) was
suggested by Arksey and O’Malley to identify additional references about potential studies and
get their feedback about the findings uncovered by the scoping review, but it was not included in

this review because of time and budget constraints.

3.3.1 Research Question

This review was guided by the question, ‘What are the effects of fish consumption on
human health?” The research sub-questions included: 1) “What are the beneficial nutrient
components in fish?” 2) “Which human populations have been studied the most in regard to the
consumption of fish?’ and 3) What other recurring themes exist in the review literature related to

fish consumption.

3.3.2 Data Sources and Literature Search Strategy

The original search was implemented in three electronic databases (PubMed, EMBASE,
and Cochrane Library) to identify relevant review literatures (Narrative review, Systematic
review, and Meta-Analysis) from 1976 to August 14, 2020. Terms including: (1) fish/seafood
consumption OR fish/seafood fat, (2) fish/seafood nutrient OR fish/seafood nutrition were
searched as keywords in both the tile and/or abstract (Table 1). An ad hoc additional search was
performed using the PubMed database on July 10, 2022, that included the additional term “OR
toxic*/contaminant” (see full search in Table 5) to assess the amount of literature related to

potential environmental contaminants found in fish that may have been missed in the original
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search. The same entering period as the original search was used (Jan 1,1976 to August 14,

2020) and all the searches were restricted to studies in humans but not limited by language.

3.3.3 Citation Management

All citations were imported into the reference management tool EndNote X9.3.3
(EndNote-Clarivate, Philadelphia, PA). The duplicate citations were removed from the imported
reference list and then title, and abstract relevance screening and data characterization of full-text

articles were applied afterwards.

3.3.4 Eligibility Criteria

Literature from original search meeting the following criteria were included: (1) studies
conducted in humans, (2) exposure of interest was finfish consumption or dietary n-3 fatty acids,
and (3) outcome of interest was health benefits or risks. Studies did not meet the inclusion
criteria were excluded. For the same review literature reported in more than one publication, only

the literature reporting the most complete data set was kept.

3.3.5 Title and Abstract Screening

Two reviewers (Lu Bai and Ken D. Stark) were involved in review selection from results
generated from original search independently. For the initial level of screening, only the title and
abstract of included review articles were reviewed to exclude the review articles that did not

focus on fish or seafood intake on human health in neither title nor abstract.
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3.3.6 Full Text Screening and Characterization

Relevant citations from original search retained after the initial title and abstract
screening were captured for subsequent full-text review. A form was developed by two
independent reviewers to confirm relevance and record literature characteristics such as
publication year, type of reviews, nutrient of focus, population of focus, health aspects of focus,
and main findings. As for the categorization of nutrient of focus, “All nutrients” represents a
combination of multiple nutrients of fish. As for the categorization of population of focus,
participants aged from 18 to 65 years was categorized as “Adults”, mother-child pair was
categorized as “Maternal / Infant”, participants aged over 65 years was categorized as “Older
adults’, mixed population was categorized as “Other Mixed”, and participants aged from 2 to 18
years was categorized as “Children”. Review literatures were excluded either if they were found

to not meet the eligibility criteria or if the full text was not obtainable.

3.3.7 Data Summary and Synthesis

The following data were extracted or coded for all review studies yielded from original
search: title, author (s), type of studies, year of publication, journal, impact factor of journal,
examined nutrients, examined contaminants, examined populations, health outcomes, unique
topics, and implications of findings. All data for this scoping review were assembled and

exported into Microsoft Excel for coding.

3.4 Results

3.4.1 Distribution of Types of Reviews Included in this Scoping Review
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Preliminary results of the scoping review were presented as a poster at the 2021 Virtual
International Society for the Study of Fatty Acids and Lipids Congress (May 10-14, 2021
(Appendix 1). The literature searches conducted during August 2020 resulted in 284 articles
from PubMed, 167 from EMBASE, and 42 from Cochrane. After removing duplicates, a total of
423 unique reviews were identified for abstract screening. Abstract screening resulted in 158
reviews being selected for full-text reading and full-text screening resulted in 153 reviews
included in this scoping review (Figure 2). Reviews on the health effects of fish intake first
appeared in 1989 but were relatively sporadic until the 2000s (Figure 3). Since 2000, the interest
in conducting review studies on health effects of fish intake increased as 95% of the included
reviews were published as of that date with the highest percentage of papers (17%) being
published in 2012. Narrative reviews were the most abundant type of included reviews which
accounted for 64% of the total review articles with the remaining reviews being systematic
reviews (36%) (Table 3). Of the systematic reviews, 72% were meta-analysis sub-types that
accounted for 26 % of total reviews (Figure 4). The first systematic review was published in

2004.

The reviews were published in a range of journal types with the 153 articles being
published in 103 different journals. As shown in Table 2, 26 reviews (17% of the total) were
published in 17 journals with an impact factor > 10, 69 reviews (45% of the total) were published
in 39 journals with an impact factor between 4 and 10, and 58 reviews (38% of the total) were
published in 47 journals with an impact factor < 4. These impact results were based on the
Journal Citation Reports (JCR), Edition 2020. The journal Nutrients published the most review
articles with a total of 11 followed by the American Journal of Clinical Nutrition (6 reviews) and

Public Health Nutrition (5 reviews).
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3.4.2 Reported Beneficial Constituents of Fish, Health & Disease Focus and Populations

Examined

The health benefits of multiple bioactive components of fish have been examined in the
literature. The nutrient(s)/topic(s) of focus were identified for each review paper (Table 3). N-3
PUFA was the nutrient in fish examined the most as it was included in 56.2% (86 out of 153) of
the total reviews. Whole fish was the second most examined components in fish, accounting for
36.6% (56 out of 153) of the total reviews. All nutrient components were examined in 11.1% (17
out of 153) of the total reviews. Only 7.8% (12 out of 153) of the total review articles (mainly
narrative reviews) examined the combined topics of iodine (3 articles), selenium (3 articles),
carotenoids (2 articles), vitamin D (2 articles), or protein in fish (2 articles). Non-nutrient topics
that were examined as a focus included toxicity at 24.2% of all reviews (37 of 153) and
sustainability at 3% (3 of 153). There were also considerable overlaps of nutrient/topic foci
within a paper as illustrated by a Venn diagram in Figure 5 as it was rare for a paper to focus on
only one aspect of fish intake and human health. When the nutrient/topic of focus was examined
by type of review article, there was evidence that the narrative reviews were more
comprehensive when examining fish intake and human health, while systematic reviews, by
design were more focused. For example, the main focus of the systematic reviews were fish
(71%) and n-3 PUFA (46%) that overlapped in several papers. Only three systematic reviews
examined other topics that included toxicity (2 reviews) and iodine (1 review). In contrast, the
narrative reviews were broader in their topic coverage and reflected the coverage of all the
reviews combined but with a higher percentage of reviews examining n-3 PUFA (62%) and a

lower percentage of reviews focused on whole fish (17%).
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The reviews were also categorized according to health conditions examined. The
cardiovascular diseases and stroke category was the most examined, accounting for 35% of the
total review articles, followed by general health (17%), neurodevelopment & maternal health
(14%), and cancer (11%). Neurological decline, autoimmune and inflammatory disease, obesity
and diabetes, and bone health were also reported in 3-5% of the total review articles each, while
there were 10 reviews examining various mixed conditions (Table 3). The health conditions
examined in the narrative versus the systematic reviews were relatively similar with a few
exceptions. General health was not examined by any systematic review as to be expected in
contrast to 26% of the narrative reviews discussing general health related to fish intake. Also,
conditions related to neurodevelopment and maternal health were examined in 17% of the
narrative reviews, but only 7% of the systematic reviews while cancer was only examined in 6%
of the narrative reviews but 18% of the systematic reviews. There was also a higher percentage
of systematic reviews for autoimmune and inflammatory disease, obesity and diabetes, and bone

health which were rarely examined in narrative reviews.

Finally, the reviews were categorized by population examined. The majority of the
included review articles examined issues related to an adult population (54%) or general
population (19%), followed by maternal / infant (14%), older adults (7%), other mixed (5%) and
children (2%) (Table 3). Again, by their nature, the systematic reviews did not examine the
general population, with most of the focus on adults (71%) and there was less focus on
maternal/infant populations in the systematic reviews (9%) as compared with the narrative

reviews (16%). Other mixed populations were examined more in systematic reviews (9%).

3.4.3 Reported Contaminants in Fish and Associated Adverse Health Benefits
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Concerns about toxicity and fish was the focus of 24% of the total reviews (Table 3).
“Toxicity” is a broad and vague term, therefore the specific contaminants in fish that could cause
potential adverse health effects were examined in the reviews from the search results. The most
examined contaminant in fish was the mercury with 37 reviews examining this toxic heavy metal
(Figure 6). Other heavy metals were examined less regularly included cadmium (8 reviews),
arsenic (7 reviews), and lead (4 reviews). The heavy metal intakes from fish were mainly
associated with disease and detriments to the cardiovascular, immune, endocrine, renal, and
hepatic systems, and 31 reviews examined the impact of mercury on neurodevelopmental
toxicity (Figure 6). Polychlorinated biphenyls (PCBs) were the second most examined
contaminant with 23 articles reviewing this group of persistent organic pollutant (POP) (Figure
6). Other POP examined included dioxins (14 reviews), and dichlorodiphenyltrichloroethane
(DDT) (3 reviews). The main adverse health effects examined by the POP included diseases and
detriments of the immune, endocrine, reproductive, renal and hepatic diseases, with several
reviews examining the roles of PCBs and dioxins on cancer (19 reviews), diabetes (5 reviews),
low-birth weight (3 reviews), and neurodevelopmental toxicity (11 reviews) (Figure 6).
Biological hazards such as parasites, pathogenic bacteria and biogenic amines were also

examined in 4 reviews, with scombroid poisoning, being examined the most often (2 reviews).

3.4.4 Themes and Implications of Findings Reported in the Selected Review Articles

During the scoping review, specific themes, and interpretations of the implications of the
review findings emerged. A summary of these themes and implications can be found in Table 4.
The mechanism of action of nutrients in fish was the most abundant theme examined and it was

examined in 34.6% (53 out of 153) of the total reviews. The impact of the type of fish on human
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health was examined in 9.2% of the total reviews followed by examinations of the difference
between n-3 PUFA supplements versus fish intake (5.2%) and the impact of cooking methods on
the nutritional value of food fish (4.6 %). As for the type of reviews examining these themes,
narrative reviews were more likely to address the themes, as 43% of the narrative reviews
examined the mechanism of action of nutrients as compared with 20% in the systematic reviews.
In addition, the impact of the type of fish was not examined in any of the systematic reviews and
issue related to n-3 PUFA supplements versus fish intake were examined in only one systematic
review. Surprising, the effect of cooking on the nutritional value of fish was examined in

systematic reviews (5.5%) at a rate similar to narrative reviews (4.1%).

For implications of findings reported in the reviews, 25% of the total identified strength
and limitations of research, but this was mainly due to a high rate by the systematic reviews
(64%) as narrative reviews rarely reflected on this topic (3.1%) (Table 4). Narrative reviews,
however, were more likely to make recommendations for policy or practice on fish consumption
(33%) as compared with systematic reviews (5.5%). Recommended topics or questions for future
research were examined in 20% of the total reviews with this finding implication being made

almost twice as often in the systematic reviews (29%) as the narrative reviews (15%).

3.4.5 Search Results from the Ad Hoc Search

The original PubMed search resulted in 284 review articles that contributed 281 original
abstracts that were screened down to 111 full-text and articles included in the final 153 articles in
the original search. The ad Hoc PubMed search with the additional ‘OR toxic*/contaminant’
term conducted on July 17. 2022 returned 431 results in PubMed (Table 5). Of these 431 review

articles, 147 were new articles after comparing with the original PubMed search of 284 articles.
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Abstract screening of the new search indicated that 129 of these 147 new articles were relevant
abstracts. Of these 129 abstracts, 115 were focused on toxins, contaminants and other illnesses

related to fish consumption, and 14 were more focused on health benefits of food consumption.
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Figure 2. Flowchart of selection of studies on health effect of human fish consumption. All
literature searches were conducted on August 14, 2020.
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Figure 4. Types of included reviews
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Table 1. Database search strategy

Databases Search terms

PubMed “((fishes[Mesh] OR (seafood[Mesh])) OR ((fish*[title]) OR
(seafood[title])) AND ((health OR benefit)) AND ((nutri* OR diet))
AND ((intake OR consumption))”

EMBASE “(fish*:ti OR seafood:ti) AND (health OR benefit) AND (nutri* OR
diet) AND (intake OR consumption)”

Cochrane Library  fish* OR seafood in Title Abstract Keyword AND health OR benefit
in All text AND nutri* OR diet in All text AND intake OR
consumption in All text

All database searches were completed on August 141, 2020. Study types were limited to human.
Publication types were limited to review, systematic review, and meta-analysis.

Table 2. Distribution of papers according to journal impact factor

Impact factor Number of journals (%) Number of papers (%)
O0to<25 25 (24.2) 31 (20.3)
25t0<4 22 (21.4) 27 (17.6)

4 to <6 22 (21.4) 29 (19.0)
6 to <10 17 (16.5) 40 (26.1)
> 10 17 (16.5) 26 (17.0)
Total 103 (100) 153 (100)
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Table 3. General characteristics of included reviews

o Number of reviews Number o_f narrative Num_ber of_
Characteristics (% within column) reviews systematic reviews
(% within column) (% within column)
Total reviews 153 98 55
Nutrient/Topic of focus
Omega-3 PUFA 86 (56.2) 61 (62.2) 25 (45.5)
Fish 56 (36.6) 17 (17.3) 39 (70.9)
Toxicity 37 (24.2) 35 (35.7) 2 (3.6)
All nutrients 17 (11.1) 17 (17.3) 0
Sustainability 3(2.0) 3(3.1) 0
lodine 3(2.0) 2 (2.0 1(1.8)
Selenium 3(2.0) 331 0
Carotenoids 2(1.3) 2 (2.0 0
Vitamin D 2(1.3) 2 (2.0 0
Protein 2(1.3) 2 (2.0 0
Health/ Disease of focus
CVD & Stroke 54 (35.3) 33(33.7) 21 (38.2)
General health 26 (17.0) 26 (26.5) 0
I\Nﬂztégfgael"ﬁ;ﬁ’twem & 21 (13.7) 17 (17.3) 4(7.3)
Cancer 16 (10.5) 6 (6.1) 10 (18.2)
Other mixed 10 (6.5) 6(6.1) 4 (7.3)
Neurological decline 8 (5.2) 5(5.1) 3(5.5)
o & 769 220) (6
Obesity & Diabetes 7 (4.6) 2 (2.0) 5(9.1)
Bone health 4 (2.6) 2 (2.0) 2 (3.6)
Population examined
Adults 79 (51.6) 40 (40.8) 39 (70.9)
Adult men 3(2.0) 2 (2.0) 1(1.8)
Adult women 1(0.7) 1(1.8)
General population 29 (19.0) 29 (29.6) 0
Maternal / Infant 21(13.7) 16 (16.3) 5(9.1)
Older adults 10 (6.5) 7(7.1) 3(5.5)
Other mixed 7(4.6) 2 (2.0) 5(9.1)
Children 3(2.0) 2 (2.0 1(1.8)

CVD, cardiovascular disease; Omega-3 PUFA, omega-3 polyunsaturated fatty acid.
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Table 4. Reporting of themes and implications of findings of included reviews (n=153)

# Number of # Number of
I~ Number of total - : . .
Characteristics reviews (% of 153) Narrative reviews Systematic reviews
0 (% of 98) (% of 55)
Themes Mechanism of action 53 (34.6%) 42 (42.9) 11 (20.0)
of nutrients
Impact of type of fish 14 (9.2%) 14 (14.3) 0
N-3 PUFA vs. fish
intake 8 (5.2%) 7(7.2) 1(1.8)
Cooking methods 7 (4.6%) 4(41) 3(5.5)
Implications Identified strength & 0
of findings limitations 38 (24.8%) 331 35(636)
Recommendations for 35 (22.9%) 32 (32.7) 3 (5.5)
policy or practice
Recommendation for 31 (20.3%) 15 (15.3) 16 (29.1)

future research

Omega-3 PUFA, omega-3 polyunsaturated fatty acid.

Table 5. PubMed searching with advanced search terms conducted on July 17, 2022

Database | Search terms Total results | New results* | Relevant
Abstracts
PubMed | “((fishes[Mesh] OR 431 147 129
(seafood[Mesh])) OR
((fish*[title]) OR

(seafood[title])) AND ((health
OR benefit)) AND ((nutri* OR
diet OR toxic* OR
contaminant)) AND ((intake OR
consumption))”

*As compared to the original search that did not contain “OR toxi* OR contaminant™ terms.
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3.5 Discussion

To my knowledge, this is the first scoping review of review articles examining the health
effects of fish intake. The goal was to collect current reviews and identify the focus of the
reviews to potentially uncover knowledge gaps in the existing literature. This scoping review
included 153 review articles with over 95% of these papers being published after 2000. Around
61% of the included review papers were published in journals with an impact factor of >4,
suggesting that the health effects of fish intake is a topic that is acceptable for high quality

journals [118, 119].

3.5.1 Overview of the Scoping Review

Multiple bioactive components (n-3 PUFA, protein, iodine, vitamin D, selenium, and
carotenoids) of fish contributed to the various human health benefits according to the examined
reviews. As such, the first hypothesis that multiple components of fish can provide health
benefits, was accepted. From the total number of 153 review papers, n-3 PUFA (reported in
56.2% of total reviews) was found to be the most reported beneficial nutrient in fish and its
cardioprotective effect (reported in 35.3% of total reviews) was the most examined health
benefits in the review studies (Figure 6). These findings agreed the second and the third
hypotheses that n-3 PUFA would be the main nutrient examined from fish in the review studies
and cardioprotective properties of n-3 PUFA would be the health benefit most examined with

fish consumption.

The cardioprotective properties of n-3 PUFA tend to be maximized with approximately

2g n-3 LCPUFA/day and include: reducing plasma triacylglycerol (TG) levels by decreasing
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hepatic very low-density lipoprotein cholesterol synthesis, increasing high-density lipoprotein
levels, and reducing platelet aggregation through the modulation of prostaglandins [4, 120, 121].
It is also suggested that n-3 PUFA have potent anti-inflammatory and immune-modulating
effects and the potential mechanisms included: reducing formation of inflammatory eicosanoids
and leukotrienes, cytokines, favourably altering endothelial and cell-cell activation, and
improving immune cell function [122, 123]. Other nutrient components of fish (iodine, selenium,
carotenoids, vitamin D, and protein) were examined in < 5 papers in the database during the
chosen timescale of this study. Fish protein was only examined in 2 narrative reviews. These
reviews suggest more research is needed to examine the effect of the nutrients and components

of fish other than n-3 PUFA on human health.

3.5.2 Fish Diet is Preferred over n-3 PUFA Supplements

As mentioned above, n-3 PUFA (mainly EPA and DHA) have been identified as the
major nutrients in fish responsible for its beneficial effects on CVD & stroke. This combined
with the challenge of incorporating fish into Western diets has led to the availability of a variety
of n-3 PUFA supplements on the market today that are promoted to improve for cardiovascular
health. However, the evidence on the cardioprotective effect of n-3 PUFA supplements has been
inconsistent with some studies and systematic reviews showing no benefit of fish oil / n-3 PUFA
supplements on cardiac disease and stroke [124, 125]. These findings have prompted
recommendations for fish intake rather than n-3 PUFA supplements, yet the findings of this
scoping review indicate that the other components of fish are understudied. It has been noted that
the bioavailability and functioning of nutrients from direct food consumption may differ from

supplements [14]. Therefore, it is plausible that the beneficial health effects of fish may
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contribute to a variety of nutrients such as high-quality protein, vitamin D, and some trace
elements (e.g., calcium, iodine, and selenium) in combination with n-3 PUFA. Further studies
are needed to investigate the interactions between n-3 PUFA and other nutrients of fish despite
the challenge of performing multicomponent randomized controlled trials. Another possible
reason for the cardioprotective effect of fish consumption relative to supplements is that
adherence to fish consumption may be higher as it is recognized a more challenging intervention
and participants in fish consumption studies receive more interventional support [18]. Moreover,
increased consumption of fish may be associated with decreased consumption of red meat, which
can increase the risk of cardiovascular disease due to high saturated fatty acid and cholesterol
content [126-128].

For n-3 PUFA supplements, most of them are in the form of encapsulated fish oils, liquid
fish oils, or concentrated supplements, and lipids within those supplements are present as TAG
containing around 30% EPA + DHA [16]. N-3 PUFA are highly prone to oxidation due to the
great amount of double bonds and the position of double bonds within the fatty acid chain [129,
130]. Although there is no clear evidence on the detrimental effects of oxidized n-3 PUFA on
humans, animal studies have shown that oxidized lipids may lead to cancer, inflammation,
advanced atherosclerosis and organ damage [131]. Approximately 50% of the tested North
America n-3 PUFA supplement products (171 products in total) exceeded the international
voluntary safety recommended levels for total oxidation, and another 18% of these tested
products approached the limits within 1 to 3 years before expiration [132]. It is possible that the
n-3 PUFA supplements used in some clinical trials have been oxidized, which may contribute to

the inconsistent findings with n-3 PUFA intervention studies.
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3.5.3 Contaminant Concern

While fish intake can be beneficial to human health, fish can also contain potentially
hazardous environmental contaminants. Around 24% (mainly narrative reviews) of the included
review articles in the original search examined the potential contaminants in fish and the relative
adverse health effects from fish consumption. The risk of fish consumption reported so far
mainly includes exposure to heavy metal, persistent organic pollutants, pathogenic bacteria,
parasites, and biogenic amines [108, 133, 134]. The exposure to those environmental pollutants
has been linked to systematic diseases (e.g., cardiovascular, immune, endocrine, renal, and
hepatic diseases), food-borne diseases (e.g., scombroid poisoning and parasitic infection),

neurodevelopmental toxicity, cancer, and diabetes [21-23, 134].

As toxicity related to fish consumption was found to be a major issue and scoping
reviews are an iterative process, an ad hoc hypothesis was generated to determine whether the
original search terms used in this scoping review study were able to properly capture review
studies on toxicity of fish consumption. The ad Hoc PubMed search with the additional ‘OR
toxic*/contaminant’ term added to the AND (nutri* OR diet) term search (ie. nutri* OR diet OR
toxic* OR contaminant) was conducted and returned 129 new relevant abstracts. Of these 129
abstracts, 115 examined environmental contaminants and other illnesses related to fish
consumption and surprisingly, another 14 abstracts were more focused on health benefits of food
consumption. The large number of new results generated from ad Hoc PubMed search indicates
the fact that the original search term was limited to capture review articles on the health benefits
of fish consumption but failed to capture review articles on the adverse health effects related to

environmental toxicity of fish consumption. It also suggests that understanding the effects of fish
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intake on human health requires insights from a dietary and nutritional perspective and a
toxicology and food contaminant perspective and that these research field may use different
terminologies. Future scoping and systematic reviews in this area should examine more
encapturing search terms for both positive and negative health effects of fish intake to provide

more comprehensive results on the health effects of fish intake.

Given that many reviews examined contaminants in fish, it was surprising that type of
fish and fish processing methods were only examined in a few reviews as they are known to
impact the nutritional value of fish [135, 136]. Of the 153 total reviews, 14 papers examined the
effect of fish choice on the health benefits of fish consumption. The environmental pollutants
content of fish mainly varies by species of fish, and larger predatory fish species, such as shark,
swordfish, tilefish, and king mackerel, were found to be the most contaminated fish species [110,
137]. Health Canada advises people to limit the consumption of tuna, swordfish, and shark to
150 g per week except for women who are or may become pregnant and breastfeeding mothers
who should limit intake to 150g per month [138]. Furthermore, fatty fish and lean fish have
different content of n-3 PUFA and other nutrients, and therefore have different health effects
[139, 140]. While fatty fish contain higher level of n-3 fatty acids in their tissues, lean fish were
found to contain more iodine than fatty fish [141]. As the health benefits of fish intake are mostly
attributed to the amount of n-3 PUFA [127], fatty fish, such as salmon, herring, anchovies, and
tuna are recommended over lean fish for better health benefits of fish consumption [142]. Of the
153 total reviews, only 7 papers examined the effect of cooking methods on the health value of
fish consumption. It has been suggested that processing methods may alter the vascular benefits
of fish consumption [143]. For example, frying may decrease the amounts of n-3 PUFA in fish,

which is the main nutrient of fish contributing for its cardiovascular benefits, and therefore
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diminish the benefits of n-3 PUFA in fish [143, 144]. Fried fish intake has also been shown to
associate with cardiac dysfunction, while broiled and baked fish intake were associated with
improved cardiac function [145]. Furthermore, fried fish may generate trans-fatty acids, oxidized
lipids, or food mutagens, such as benzo polycyclic aromatic hydrocarbons and heterocyclic
amines, which may increase the risk of human cancer [131]. Instead, boiled, grilled, or baked
fish are recommended over fried fish for higher nutritional value to achieve the health benefits of

fish consumption [135, 146].

3.5.4 Narrative versus Systematic Reviews

Sixty-four percent of the total review articles were narrative reviews and 36% were
systematic reviews. The narrative reviews mainly examined the individual nutrients of fish and
the common health effects (cardioprotective and neurodevelopmental benefits) of fish
consumption by both the general population and minor groups. Narrative reviews are used to
broadly assess multiple issues within a given topic, they are comprehensive but potentially
biased and not reproducible [147]. The breadth of narrative reviews was evident in this scoping
review by the higher percentage of narrative reviews examining the mechanism of action of
nutrients, the impact of the type of fish and examining issues between n-3 PUFA supplements
versus fish intake. The potential for bias was also evident as the narrative reviews rarely reflected
on strengths and weaknesses of the review but were more likely to make recommendations for
policy or practice. The systematic reviews had a large focus on adult populations and whole fish
on cardiovascular disease and stroke, but a higher percentage of reviews examining cancer, and
other clinical outcomes such as autoimmune diseases, obesity, and diabetes than the narrative

reviews. Systematic reviews are used to critically synthesize evidence to address a well-defined
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question, they are with high validity, low reviewer bias, and reproducible [148]. The focus of the
systematic reviews on clinical conditions and the low rates of examining themes such as
mechanism of action, the type of fish and supplements versus fish intake reflect this specific
design. Surprisingly, despite a design for high validity, low bias and reproducibility, systematic
reviews rarely provided recommendations for policy and practice. The contrast between making
recommendations in narrative (33% or reviews) versus systematic (6%) reviews is striking and
should be examined more extensively. It is possible that narrative reviews are often authored by
individuals that are considered experts in the research field whereas systematic reviews are
completed by individuals with expertise in systematic reviews and apply these skills to different
fields. Overall, it appears that narrative reviews and systematic reviews have different strengths
and weakness in summarizing a research field and both should be consulted. Future studies are
recommended to try to evaluate and characterize the authors of narrative reviews vs. systematic
reviews. Determining metrics such as number of papers authored on the related topic, the H-
index, and the number of citations of the author may provide better insight on the perspective

and bias of the authors of each type of review.

3.5.5 Strength and Limitations

This scoping review has several strengths. Firstly, this scoping review used thorough a
patent method guided by published scoping review protocol throughout the entire research
process [32, 117]. The relevance screening form was pretested and revised by two independent
reviewers prior to implementation. Each review article was reviewed by both reviewers for
inclusion and characterisation. Secondly, to capture as much relative literature as possible, the

search strategy included three electronic databases, namely, PubMed, EMBASE, and Cochrane
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Library, which are considered to be the most relevant databases for this research topic. In
addition, the citation management software (EndNote X9.3.3) was used to ensure that all cited
articles were properly accounted for during the study process. Last, but not the least, as review
studies included in this analysis were performed in different populations, the findings of this

scoping review are therefore generalizable.

Conversely, this scoping review includes some limitations. For this scoping review, only
two independent reviewers were involved to determine whether each individual review paper
met inclusion criteria, and characterization of the included reviews were subject to reviewer bias.
This scoping review may not have collected all relative reviews despite attempts to be as
comprehensive as possible. The original search terms were limited to the benefits of fish
consumption and found not to be comprehensive enough to capture all the relative review articles
as there might be adverse health effects from fish intake due to environmental exposure to
undesired substances. Specifically, it appears terms such as diet, nutrition and nutrients are not
routinely used by researchers in the contaminants in fish research field and therefore other search
strategies should be considered in the future to better examine this area. In addition, possible
language bias could exist because the search was conducted using English terms only.
Nevertheless, this scoping review included articles published in either English or any languages,
to some extent, and articles not published in English were manually translated using Google
Translate to attempt to reduce the language bias. As a scoping review of reviews, the results may
not necessarily reflect the amount or original research on the topics examined. For example, the
searches were repeated with filters for review articles versus original research studies set with the
term n-3 PUFA or fish peptide added. The ratio of original articles to review articles was 0.88

for n-3 PUFA and 3.75 for fish peptides suggesting popular topics in the literature are
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disproportionally represented in the review literature. Finally, the confirmation steps of a scoping
review were not completed as the grey literature was not assessed after identifying the main
issues, and relevant shareholders (e.g., dietitians, relative government agency, fish industries, and
fish oil supplement companies) were not consulted for additional references and resources about
fish intake and health that may have been missed as well as their feedback about the findings

uncovered by this scoping review.

3.6 Conclusion

In conclusion, this scoping review of reviews examined the existing published literature
about human health and fish consumption. Most of the literature suggested that the benefits of
fish consumption outweigh the risks of contaminant exposure even for vulnerable consumer
groups. However, this was not consistent across all the literature as estimating the degree of
health benefits from fish consumption was variable due to differences in assessing fish intake
because of different fish species that are consumed and different fish processing methods. The
amount of research on the effect of components of fish other than n-3 PUFA on human health
was very limited and suggests that there is a lack of knowledge on the effects and the specific
mechanisms of bioactive components of fish other than n-3 PUFA. However, despite the lack of
supporting evidence for the other components of fish providing benefits, recommendations about
fish consumption tended to be preferred over n-3 PUFA specific recommendations. At this time,
there does not appear to be a need to publish more review papers on n-3 PUFA in fish unless
unique perspective or new studies/data included. Future studies should be designed to investigate

the potential contribution of fish protein or peptides, trace elements, and vitamins on human
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health along with confounding factors such as fish choice, processing methods and human

adherence to dietary recommendations should be taken into consideration.
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Chapter 4

Global Fish Consumption and Diversity of Commercial Fish Species, and An Examination

of Nutrient Composition of Fish in North American Databases

4.1 Rationale and Objectives

Fish consumption has been promoted to improve human health and reduce the risk of
chronic disease. With the rapid development of online databases for scientific use, assessing fish
related information system is getting more efficient and feasible. FAOSTAT database

(https://www.fao.org/faostat) by the Food and Agriculture Organization of the United Nations

(FAO) provides data from over 245 countries and territories. In 2018, FAO reported that global
total fish production (fisheries and aquaculture) had increased by 3.4% from 2017 to 179 million
tonnes [2]. Of the 179 million tonnes, 87% of the total fish production was used for human
consumption, which is equivalent to an annual consumption of around 20.5 kg per capita [2]. The
remaining 13% of fish production was used for bait/game fishing and to produce fish oil
supplements and fishmeal [2]. Therefore global fish consumption has more than doubled in the
past 5 decades from 72 million tonnes in the late eighties to 156 million tonnes in 2018 [2].
China had both the highest amount of fish production (around 63 million tonnes) and fish
consumption (around 55 million tonnes), while populations in North America only consumed 8.1
million tonnes in 2017 [2]. The per capita food fish consumption of China and North America
are 38.2 kg and 22.4 kg, respectively. Although FAO has published detailed data on the fish
production and consumption of each specific region or country, it remains unknown if the fish
production of across all the G20 (Group of Twenty, an intergovernmental organization consisting

of 19 countries : Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia,
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Italy, Japan, South Korea, Mexico, Russia, Saudi Arabia, South Africa, Turkey, the United

Kingdom, and the United States, and the European Union) surpasses their consumption.

In addition, to the FAOSTAT database, there are other online resources available for

information about fish. FishBase (https://www.fishbase.se), a global species information system

of fish species, is the largest electronic fish database on the web, which provides fish species data
including information on the biology of fish, fish uses, and global fish species diversity, and
multiple fish accessing tools such as Nutrient Analysis Tool [149]. The Canadian Nutrient File
(CNF) is a national food composition database that provides generic nutrient profile data of
foods including fish available in Canada [150]. However, a considerable amount of the data in
CNF are derived from the more comprehensive United States Department of Agriculture
(USDA) National Nutrient Database for Standard Reference [151]. The USDA National Nutrient

Database for Standard Reference (https://fdc.nal.usda.gov) is the national food composition

database of the United States, it is the vital foundation of most food composition databases [152].
Nutrition researchers usually assume CNF and USDA National Nutrient Database being
comprehensive regards to provide the nutrient profile of food, but the difference of the nutrient
data of food fish consumed in north America recorded in CNF or USDA Nutrient Database
(FoodData Central) remains unclear. We are unaware of reports that have crosschecked data
from CNF, USDA, FishBase and FAOSTAT.

The objectives of this study are to: 1) assess fish production and consumption pattern of
the world and G20 members through FAOSTAT database, 2) evaluate the diversity of
commercial fish species of the G20 countries and provinces and territories of Canada through

FishBase, 3) check the fish species in the CNF and USDA nutrient databases versus the species
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listed for Canada in FishBase, and 4) compare the nutrient data of commonly consumed fishes

reported in CNF, USDA Food Composition Database, and FishBase.

4.2 Hypotheses

1. The fish production of G20 exceeds their fish consumption.
2. Fish species consumed in North America as indicated by FishBase database will be
found in the CNF and USDA databases.

3. FishBase, CNF and USDA databases have similar nutrient data for similar food fishes.

4.3 Methods, Materials and Study Design

4.3.1 FAOSTAT Database Searching Method

Food Balances (2010-) of FAOSTAT database were searched to generate report on fish
production and consumption globally and of the G20 by country, region, and special group.
Search year was set to 2019 for most up to date results. (Argentina, Australia, Brazil, Canada,
China, France, Germany, India, Indonesia, Italy, Japan, South Korea, Mexico, Russia, Saudi
Arabia, South Africa, Turkey, the United Kingdom, the United States, and the European Union)
Value of “Fish, Seafood” under “Production Quantity”, “Food”, and “Food supply quantity
(kg/capita/yr)” were collected and imported into Microsoft Excel for coding. See the flowchart of
FAOSTAT database searching method for the step-by-step procedures of the data collection

(Figure 7).
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4.3.2 FishBase Searching Method

Under “Information by Country / Island” section in FishBase, the nineteen individual
G20 countries and 13 provinces and territories (Alberta, British Columbia, Manitoba, New
Brunswick, Newfoundland and Labrador, Nova Scotia, Ontario, Prince Edward Island, Quebec,
and Saskatchewan) of Canada were selected individually to access detailed information on
available commercial fish species and the total amount of them. The European Union was not a
searchable single group, and the 27 individual countries were not examined for this exercise. See
the flowchart of FishBase database searching method for the step-by-step procedures of the data

collection (Figure 8).

“Species Nutrient Search Tool” under “Tools” section in FishBase was searched by the
scientific name of chosen fish (Salmon: Oncorhynchus gorbuscha, Oncorhynchus keta,
Oncorhynchus kisutch, Oncorhynchus nerka, and Oncorhynchus tshawytscha; Tuna: Thunnus
albacares, Thunnus thynnus (L.), and Euthynnus pelamis (L.); Cod: Gadus macrocephalus, and
Gadus morhua; Herring: Clupea harengus, and Clupea pallasii pallasii; and Sardine: Sardinops
sagax ) to access predicted nutrient values for calcium, iron, selenium, zinc, vitamin A, and total
n-3 PUFA. Those nutrient values were collected and imported into Microsoft Excel for database

comparison.

4.3.3 CNF Database Searching Method

The CNF database can be accessed through an online web portal and/or by downloading
database as either CSV, EXCEL or ACCESS files. As for access by the online search, “fish” was

the “Food name” searched in food search section of CNF. The searching results from whole fish
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were counted for the diversity of food fish species supplied in Canada, and the nutrient profiles
of the chosen fish (Salmon: Oncorhynchus gorbuscha, Oncorhynchus keta, Oncorhynchus
kisutch, Oncorhynchus nerka, and Oncorhynchus tshawytscha; Tuna: Thunnus

albacares, Thunnus thynnus (L.), and Euthynnus pelamis (L.); Cod: Gadus macrocephalus, and
Gadus morhua; Herring: Clupea harengus, and Clupea pallasii pallasii; and Sardine: Sardinops
sagax ) in 100 grams of edible portion were generated, collected, and imported into Microsoft
Excel for species comparison. For access by the offline search, food group code (#15)
representing “Finfish and Shellfish Products” was used to search the downloaded Excel files

together with manual checks to generate results on consumed fish species in Canada.

4.3.4 USDA Nutrient Database (FoodData Central) Searching Method

The USDA nutrient database can be accessed through the FoodData Central online web
portal and/or by downloading database as either CSV or JSON files. For access by the online
search, “fish” was searched in food search section of FoodData Central, and results from whole
fish were counted for the diversity of food fish species in America. The nutrient profile in 100
grams of edible portion of selected fish (Salmon: Oncorhynchus gorbuscha, Oncorhynchus keta,
Oncorhynchus kisutch, Oncorhynchus nerka, and Oncorhynchus tshawytscha; Tuna: Thunnus
albacares, Thunnus thynnus (L.), and Euthynnus pelamis (L.); Cod: Gadus macrocephalus, and
Gadus morhua; Herring: Clupea harengus, and Clupea pallasii pallasii; and Sardine: Sardinops
sagax) were then generated, collected, and imported into Microsoft Excel for species
comparison. For access by the offline search, food group code (#15) representing “Finfish and
Shellfish Products” were searched for in the downloaded CSV files together with manual checks

using Excel to generate results on consumed fish species in America.
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4.3.5 Databases Comparison

The scientific name of fishes from the CNF, USDA and FishBase databases were
collected and imported into Microsoft Excel to determine the fish species common across the
databases and fish species unique to each database. After assessing the comparison of the fish
diversity among databases, the comparison of nutrient value of the top five fishes consumed in
Canada (salmon, tuna, cod, herring, and sardine) [153] were examined. The nutrient contents
from individual species for each type of fish (ie. yellowfin, bluefin, and skipjack tuna) were
collected and imported into Microsoft Excel and then averaged for database comparisons. While
CNF and the USDA provided relatively comprehensive nutrient content of fish, FishBase only
presented seven nutrients (calcium, iron, selenium, zinc, vitamin A, and total n-3 PUFA) using
predictive modelling [154]. Therefore, the seven major nutrient contents of fish were chosen for

comparison across databases.

4.4 Results

4.4.1 Fish Production and Consumption of the World and G20 Members

Global fish production (171.09 million tonnes) was higher than global food fish
consumption (152.36 million tonnes). However, G20 members had slightly lower fish production
(118.91 million tonnes) than their fish consumption (120.09 million tonnes). Among the G20
producing more than 5 million tonnes fishes, China had the highest fish production of 63.36
million tonnes followed by Indonesia, India, European Union, United States, Russia, and Japan
with productions above 2 million (see Figure 9 for details). Fish production of the remaining 13

countries were less than 2 million tonnes per country with Saudi Arabia having the lowest (0.12
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million tonnes). As for fish consumption, China had the highest amount of 56.41 million tonnes
followed by Indonesia, European Union, India, United States, Japan, and South Korea with
consumptions above 2 million tonnes (Figure 9). Fish consumption of the remaining 12
countries were less than 2 million tonnes with Saudi Arabia having the lowest (0.38 million
tonnes). Canada had a production of 1.03 million tonnes and a consumption of 0.82 million
tonnes. Eleven G20 members including the European Union, the United States, Japan, South
Korea, Brazil, the United Kingdom, France, Italy, Germany, Australia, and Saudi Arabia had fish
consumptions that exceeded fish productions. When fish consumption was expressed as per
capita (kg/year), Asian countries including South Korea (57.05), Japan (46.06), Indonesia (43.7),
and China (38.49) had the highest consumption while Turkey has the lowest consumption by
capita (4.77) (Figure 10). The United States (22.13) and Canada (21.84) had relatively similar

consumptions when expressed per capita.

4.4.2 Commercial Fish Diversity of G20 Countries and Provinces of Canada

The number of commercial fish species present in each of the nineteen G20 countries
(excluding the European Union) as determined using FishBase is shown in Figure 11. Indonesia
had the highest number of commercial fish species (690), which is more than two-fold of the
number of commercial fish species in India (above 250) and three-fold of the number of
commercial fish species in Australia (above 210). The number of commercial fish species
available in six G20 countries ranged from 200 to 100 in descending order: Brazil, Japan,
Mexico, United States, South Africa, and Canada (Figure 11). The remaining 10 out of 19 G20

countries had no more than 100 species of commercial fish with Saudi Arabia having the poorest
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diversity of commercial fish (below 10 species). Note that China fell in this group of countries

with relatively low diversity of commercial fish species (92 species).

Within Canada, the number of commercial fish species present in the thirteen provinces
and territories (112 species in total) ranged from 75 in British Columbia to 16 in Prince Edward
Island (Figure 12). Quebec was found to be the province with the second highest commercial
fish diversity (just under 50 species) followed by New Brunswick, Ontario, Newfoundland and
Labrador, Nova Scotia, and Yukon (all above 30 species). Manitoba, Northwest Territories and
Nunavut all had 30 commercial fish species while Alberta and Saskatchewan had 24 commercial

fish species.

4.4.3 Fish in the CNF and USDA versus FishBase (in Canada)

There was some diversity across fish species consumed in North America by the CNF,
and USDA databases whereas FishBase was comprehensive. The total number of fish species
reported by CNF and USDA were 86 (Table 6) with CNF having more fish species (83) than
USDA (79). Of the reported fish species, 77 were common to both databases, while 6 species
were unique to CNF, and 2 species were unique to USDA. All the fish species reported by CNF
and USDA were identified as being in Canada by FishBase, whereas FishBase had more species
identified. The total number of fish species present in Canada reported by FishBase was 1103,

with 112 of them being commercial fish.

4.4.4 Nutrient Content of Top5 Consumed Fishes in CNF, FoodData Central, and FishBase

The seven major nutrient contents of the top 5 consumed fishes (salmon, tuna, cod,

herring, and sardine) among Canadians from CNF, USDA’s FoodData Central, and FishBase are
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shown in Table 7. For each type of fish, the nutrient contents from individual species were
averaged. The seven major nutrient contents of each individual species (5 salmons, 3 tunas, 2
cods, 2 herrings, and 1 sardine) from CNF, the USDA, and FishBase can be found in Appendix

2.

In general, the FishBase nutrient estimates varied from the CNF and USDA databases the
most (Table 7). For calcium, FishBase estimates were higher for salmon (44 mg/100g vs 24.2
mg/100g in CNF & 13.0 mg/100g in USDA), tuna (89.0 vs 13.7 mg/100g), and herring (97.8 vs
70 mg/100g), and lower for sardine (184 vs 240 mg/100g), but close to the CNF and USDA
estimates for cod (15.9 vs 12.0 mg/100g). For iron, the FishBase estimate for tuna (2.9 mg/100g)
was two times higher than CNF and USDA (1.0 mg/100g), but relatively similar to these
databases for the other species. For selenium, FishBase estimates were higher for salmon and
tuna and lower for cod and herring, but close to the CNF and USDA estimates for sardine. For
zinc and protein, FishBase estimates were similar to the CNF and USDA estimates among all
analyzed fishes. For vitamin A, FishBase estimates were lower for salmon, tuna, and sardine, but
similar for cod and herring. For total n-3 PUFA, FishBase estimates were higher for salmon and

cod and lower for sardine, but close to the CNF and USDA estimates for tuna and herring.

The CNF estimates of the 7 major nutrients were relatively consistent with the USDA
estimates of most fishes, but there were some exceptions. The average calcium content of salmon
in CNF (24.2 mg/100g) was higher compared with the USDA (13.0 mg/100g) due to the higher
CNF value of pink salmon: Oncorhynchus gorbuscha (29.0 mg/100g) and chum salmon:
Oncorhynchus keta (44.0 mg/ 100g) (Table 7 & Appendix 2). The average contents of calcium

of other fish species were the same in CNF and USDA’s FoodData Central. The average content
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total n-3 PUFA of salmon in CNF (1.5 g/100g) was higher compared with the USDA’s FoodData
Central (1.1g /100g) due to differences between the CNF estimate (1.6 g/100g) and USDA
estimate (0.6 g/100g) of pink salmon, Oncorhynchus gorbuscha (Table 7 & Appendix 2). There
were slight differences between estimates for herring and sardine, with CNF estimates again
being slightly higher that the USDA estimates, while the estimates for tuna and cod and tuna
were similar (Table 6). For iron, selenium, zinc, vitamin A, and protein, the CNF versus USDA
estimates were the same for all the species except for minor differences in the salmon content of

zinc (0.5 vs. 0.4 mg/100g) and vitamin A (63 vs. 61.2 ug/100g), respectively (Table 7).
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Figure 7. Flowchart of FAOSTAT database searching method. G20 includes 19 countries
(Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan,
South Korea, Mexico, Russia, Saudi Arabia, South Africa, Turkey, the United Kingdom, and the

United States) and European Union.
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Figure 8. Flowchart of FishBase database searching method. 19 Countries of G20 includes:
Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan,
South Korea, Mexico, Russia, Saudi Arabia, South Africa, Turkey, the United Kingdom, and the
United States. European Union is excluded due to unavailable accessibility.

54



180 -

160 -

140 -

120 -

—

(=3

<
1

Million tonnes

60 -

40

World Total

G20 Total

m Fish Production Fish Consumption

Mexico |

Italy

China
India
Japan

South Korea |
Brazil
Canada
Germany

Indonesia
Russia
France
Turkey

South Africa
Australia

Argentina

European Union
United States

United Kingdom
Saudi Arabia

Figure 9. Fish production and consumption (in million tonnes) of the world and G20 in year

2019 [155].

World
South Korea
Japan
Indonesia
China
France

Italy
Australia
European Union
United States
Canada
Russia
United Kingdom
Mexico
Germany
Saudi Arabia
Brazil
Argentina
India

South Africa
Turkey

[ )]
[ 57.05
I uaaauauuaaaaninnL 46,06
T UIELCLC R, 43
I 3549
I LRI 34,24
29.82
I 2612
PR 2380
2213
21.84
P 20006
18.5
14.36
I 1263
10.95
8.95
7.16
6.76
6.27
477

r T T T T T 1

20 30 40 50 60

Fish Consumption per capita (kg/year)

Figure 10. Fish consumption per capita (kg/year) of the world and G20 countries in year 2019

[155].

55



I 700 A
.8
3 600 -
y
= 500 A
=
— 400 -
c
E 300 A
§ 200 A
~ 100 4

0 .

FH G S FLEFLILITEELS > & &
2 VT FLE ST FTETIT TS TP S T
& C. Y SR v w
P S RN
,\3&
G20 member

Figure 11. Number of commercial fish species present in G20 members

120 -

Number of fish species
2 o ® o
L= L= (=) L

(o]
=
1

| Lillnne

F FILTILILIIR S

Gb

=1

Province or Territory of Canada
Figure 12. Number of commercial fish species present in Canada’s provinces and
territories

BC, British Columbia; QC, Quebec; NB, New Brunswick; ON, Ontario; NL, Newfoundland and
Labrador; NS, Nova Scotia; YT, Yukon; MB: Manitoba; NT, Northwest Territories; NU,
Nunavut; AB, Alberta; SK, Saskatchewan; and PE: Prince Edward Island.

56



Table 6. Fish in CNF and USDA

Common Scientific name Common Scientific name Common Scientific name
name name name
Common species (77)
Sturgeon* Acipenser spp. Atlantic and Hippoglossus hippoglossus  Atlantic Pollachius virens L.
Pacific halibut L. and H. stenolepis pollock
Schmidt
American Alosa sapidissima Orange roughy Hoplostethus atlanticus Bluefish Pomatomus saltatrix L.
shad
Atlantic Anarhichas lupus L. Channel catfish Ictalurus punctatus Greenland Reinhardtius
wolffish halibut hippoglossoides
Eel* Anguilla spp. Spot Leiostomus xanthuras Rainbow trout Salmo gairdneri
Lacepede Richardson
Sablefish Anoplopoma fimbria Pumpkin seed Lepomis gibbosus L. Atlantic Salmo salar L.
sunfish salmon
Drum Aplodinotus grunniens Monkfish Lophius piscatorius L. Trout* Salmonidae
Rafinesque
Sheepshead Archosargus Tilefish Lopholatilus Brook trout Salvelinus fontinalis
probatocephalus chamaeleonticeps Goode
and Bean
Flatfish Bothidae and Burbot Lota lota L. Pacific Sardine  Sardinops sagax
(flounder and Pleuronectidae
sole species)
Cusk Brosme brosme Snapper* Lutjanidae Atlantic Scomber scombrus L.
mackerel
White sucker Catostomus commersoni ~ Ocean pout Macrozoarces americanus  Pacific and Scomber spp. and
Schneider jack mackerel*  Trachurus spp.
Sea bass* Centropristes striata L. Haddock Melanogrammus King mackerel Scombermorus cavalla
and Lateolabrax aeglefinus L.
japonicus
Milkfish Chanos chanos Atlantic croaker ~ Micropogonias undulatus Spanish Scombermorus maculatus
L. mackerel
Atlantic Clupea harengus Ling Molva molva L. European Scophthalmus maximus
herring harengus L. turbot L.
Pacific Clupea harengus pallasi ~ Perch* Morone americana Gmelin  Atlantic Ocean ~ Sebastes marinus L.
herring Valenciennes and Perca flavescens perch
Cisco Coregonus artedi Striped bass Morone saxatilis Pacific Sebastes spp.
Lesueur rockfish*
Whitefish* Coregonus spp. Striped mullet Mugil cephalus L. Yellowtail* Seriola spp.
Mahimahi Coryphaena hippurus L. Devilfish Myoxocephalus Shark* Squaliformes
Seatrout* Cynoscion spp. Pink salmon Oncorhynchus gorbuscha Scup Stenotomus chrysops L.
Carp Cyprinus carpio L. Chum salmon Oncorhynchus keta Walleye Stizostedion vitreum
vitreum
European Engraulis encrasicholus ~ Coho salmon Oncorhynchus kisutch Pollock Theragra chalcogramma
anchovy L.
Grouper* Epinephelus spp. Sockeye salmon  Oncorhynchus nerka Yellowfintuna  Thunnus albacares
Northern pike  Esox lucius L. Chinook salmon  Oncorhynchus tshawytscha  Bluefin tuna Thunnus thynnus L.
Skipjack tuna  Euthynnus pelamis L. Lingcod Ophiodon elongatus Florida Trachinotus carolinus L.
Girard pompano
Whiting* Gadidae Rainbow smelt Osmerus mordax Swordfish Xiphias gladius L.
Pacific cod Gadus macrocephalus Butterfish Peprilus triacanthus Tilapia
Tilesius
Atlantic cod Gadus morhua L. Fresh water Percichthyidae and
bass* Centrarchidae
Species unique to CNF (7)
Sculpin Acanthocottus Goldeye Hiodon alosoides Acrctic char Salvelinus alpinus
groenlandicus (naresi)
Sauger Sander canadensis Inconnu Stenodus leucichthys Pollock Theragra chalcogramma
(Pallas)
Grayling Thymallus arcticus
Species unique to USDA (2)
Blackfish Dallia pectoralis Sheefish Stenodus nelma

*Indicates mixed species.
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Table 7. Seven major nutrients data of top 5 consumed fishes from CNF, USDA, and FishBase

Fish Database Calcium Iron Selenium  Zinc Vitamin A 'FI)'StEIAn—B Protein
Name (mg/100g) (mg/100g) (ug/100g) (mg/100g) (ug/100g) (3/1000) (9/1009)
CNF 24.2 0.5 29.5 0.5 63.0 15 21.2
Salmon USDA 13.0 0.4 29.4 0.4 61.2 1.1 20.8
FishBase 44,0 0.8 245.0 0.7 13.0 2.1 18.8
CNF 13.7 1.0 54,5 0.6 229.7 0.6 23.2
Tuna USDA 13.7 1.0 54,5 0.6 229.7 0.6 23.2
FishBase 89.0 2.9 101.2 0.9 40.7 0.5 22.8
CNF 12.0 0.3 28.0 0.4 7.0 0.2 16.6
Cod USDA 12.0 0.3 28.0 0.4 7.0 0.2 16.6
FishBase 15.9 0.2 16.4 0.45 8.5 0.8 16.3
CNF 70.0 1.1 36.8 0.8 30.0 1.8 17.2
Herring USDA 70.0 1.1 36.8 0.8 30.0 1.7 17.2
FishBase 97.8 0.7 15.0 1.3 26.2 2.0 17.2
CNF 240.0 2.3 40.6 1.4 32.0 1.7 20.9
Sardine USDA 240.0 2.3 40.6 1.4 32.0 15 20.9
FishBase 184.0 25 46.3 1.7 11.6 0.8 20.9

N-3 PUFA, omega-3 polyunsaturated fatty acids; CNF, Canadian Nutrient File; USDA, United
States Department of Agriculture.
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4.5 Discussion

Fish is the major source of high-quality and affordable protein for billions of people
worldwide, it accounted for 17% of the animal protein consumed by the global population in
2017 [2]. In total, fish supplied over 3.3 billion people worldwide with 20% of their average per
capita consumption of animal proteins [2]. In this chapter, the fish production and consumption
pattern of the world and G20 members were assessed through FAOSTAT database, and the
diversity of commercial fish species of the nineteen G20 countries (excluding the European
Union) and provinces and territories of Canada were determined through FishBase, then the food
fish species in the CNF and USDA nutrient database versus the species reported to in Canada by
FishBase were compared. Lastly, the nutrient data of commonly consumed fishes reported in
CNF, USDA Food Composition Database, and FishBase were compared for assessing database

differences.

4.5.1 Fish Production of G20 Exceeds Their Consumption?

The G20, an intergovernmental forum, gathered together the major economies of the
world that more than 60% of the world’s population, 75% of global trade and 80% of the global
GDP are contributed by G20 members [156]. Without any surprise, G20 members remained their
leading role on fish production and consumption which accounted for 70% of the global fish
production and 79% of the global fish consumption, respectively (Figure 9). Although global
fish production exceeded the consumption, the fish production of G20 members (118.91 million
tonnes) did not satisfy their fish consumption (120.09 million tonnes). As such, the first

hypothesis that the fish production of G20 would exceed their fish consumption, was rejected.
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As shown in Figure 9, nine countries of G20 achieved higher fish production than
consumption, and they included China, Indonesia, India, Russia, Mexico, Canada, Argentina,
Turkey, and South Africa. Of those countries, China’s fish production of 63.36 million tonnes
was more fish than the rest of the G20 combined. This finding agrees with the FAO report
indicating that China is the main fish producer as well as the major fish exporter since 2002 [2].
Surprisingly China was ranked as only the ninth country of the G20 for diverse commercial fish
species (Figure 11), despite being the world’s largest fish producer. Unlike North America,
Europe, and Africa regions whose fish production are mainly based on capture fisheries, China’s
fish production is mainly through aquaculture (76.5% of total fish production) rather than capture
fisheries (33.5% of total fish production) [2]. China is also the largest fish consumer which
consumed 56.41 million tonnes of fish in 2019 as China is the most populated country in the
world with 1.41 billion population and a relatively high per capita consumption (38.49 kg/yr),

which justifies the investment in aquaculture to meet the large market demand [157, 158].

For the fish consumption as per capita (kg/year), Asian countries including South Korea
(57.05), Japan (46.06), Indonesia (43.7), and China (38.49) had the highest consumption (Figure
10). The demand for fish in Asia has resulted in the expansion of aquaculture in Asia to produce
farmed fish in vast volumes that has resulted in lower prices for fish, which has made food fish
more accessible especially to consumers with low income [159]. The United States and Canada
had relatively similar consumptions as per capita (22.13 and 21.84, respectively) that were close
to the global average (19.91). This finding agrees with previous research on the per capita fish
consumption by region in 2015, which indicated that fish consumption North America was
similar with the global average [160]. South Africa and Turkey had the lowest consumption by

capita 6.27 kg/year and 4.77 kg/year, respectively. The low per capita fish consumption of South
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Africa might be caused by the limited fisheries and aquaculture and a high price for fish along
with lower prices for other animal proteins [161, 162]. In Turkey, the lowest per capita fish
consumption as red meat is the major component of the Turkish diet and most Turkish
consumers were found to eat fish only in the winter months rather than evenly across the year

[34].

4.5.2 Global and Canada Provincial Diversity of Commercial Fish

Indonesia, India, and Australia had the highest number of commercial fish species (above
200) among G20 countries. These countries share the same marine area that has been recognized
with an extremely high marine biodiversity due to the rich amount of natural marine resources
[163-165]. Industrialisation and the state of the commercial fish industry appear to influence
commercial species diversity. In contrast to the large number of commercial species available in
Indonesia, six G20 countries ranged from 200 to 100 species and the remaining 10 out of 19 G20
countries had no more than 100 species of commercial fish. Indonesia fisheries are largely
capture based for local consumption with very little exports [2]. In contrast, European countries
had relatively low diversity of commercial fish species. European countries tend to export fish
[2] and therefore focus on a select few species. In addition, there are large areas of persistent
oxygen depletion in European Seas such as the Baltic Sea and Black Sea, which limited the
habitat to many marine species and therefore could led to the low marine diversity [166-168].
China had a relatively low diversity of commercial species due to a large aquaculture industry as
mentioned above. South Korea, which had the highest per capita intake (57.05 kg/yr) had one of
the lowest numbers of commercial fish species which appears to related to a large dependency on

fish imports to compensate for production shortfalls [169]. Saudi Arabia had the poorest
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diversity of commercial fish (below 10 species), due to the low fish intake per capita and because
of the small volume of water bodies available in the Arabian region, which barely provides

freshwater habitats for fishes and therefore severely limits their fish diversity [170].

Canada has one of the world’s largest freshwater habitats, accounting for 60% of the
world’s freshwater lakes and 26% of the fresh water on the surface of Earth [171, 172]. It had
112 commercial fish species and was ranked as the ninth country with the most diverse
commercial fish species. Among the thirteen provinces and territories of Canada, British
Columbia, on the Pacific coast had the highest commercial fish diversity (75 species) followed
by Quebec with approximately 50 species. Southern parts of Canada have rich fish species
biodiversity due to the relatively warmer regional temperatures [173]. Prince Edward Island was
an exception of southern regions of Canada with rich fish diversity, as it had the lowest diversity
of fish species (16 species). However, this is largely due to the small size of Prince Edward
Island as it has a small and relatively homogeneous habitat as compared with the larger regions
[174]. Previous findings reported by a case study of Char Lake that northern regions of the
Canada had poor fish species biodiversity because of the low temperatures and low nutrient
loadings [175] which was supported by low commercial species reports for Yukon, Manitoba,

Northwest Territories, Nunavut ,Alberta and Saskatchewan.

4.5.3 CNF vs. USDA vs. FishBase Diversity and Nutrient Comparisons

The CNF, USDA and FishBase databases are all freely available online, therefore, it is of
great interest to investigate the types of fish in the database and to compare the nutrient
estimates. The CNF database is frequently used by healthcare providers (e.g., doctors and

dietitians) and scientific researchers to assess nutrient content of food items supplied in Canada
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and make public dietary recommendations; however, it relies heavily on the USDA nutrient
database among others (see below) [151, 176]. For over 100 years, the USDA Agricultural
Research Service has been comprehensively and self-reliantly analyzing food to determine the
dietary intakes of Americans and the FoodData Central is a relatively new web-based system for
providing access to their database [177]. FishBase is the well-known global information system
providing reliable ecological information on fish that has had a high scientific impact [178]. In
2021, the FishBase Nutrient Analysis Tool (more details below) was added to provide predicted
values of seven key nutrients (calcium, iron, selenium, zinc, vitamin A, n-3 PUFA, and protein)
for both marine and inland fish species. For diversity, FishBase provides a list of the common
name and scientific name from various restrictions such as country (Canada in this case) and
uses (commercial in this case), whereas the CNF and USDA databases contain fish as various
types of food servings. Therefore, for CNF and USDA, eliminating duplicates of species of fish
in different food preparations was required. In order to compare the nutrients estimates of the
three databases, the top 5 consumed fish in Canada [153] were compared for the seven major

nutrients available in FishBase and preference was given to “raw” fish data in CNF and USDA.

All fishes reported in CNF and USDA were found in the FishBase database, but not all
commercial fish species in Canada indicated by FishBase were found in the CNF and/or USDA
databases. Therefore, the second hypothesis that fish species consumed in North America as
indicated by FishBase database would be found in the CNF and USDA databases was rejected.
CNF had 6 unique species as compared to the USDA (Table 6). Two of these had data from
Canadian labs (Sauger and Goldeye) and the others were from the scientific literature. Two fish
in the USDA were not found in the CNF. This finding agrees with a previous report that

indicated that the CNF uses different data source but has a high reliance on the USDA nutrient
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database although updates by CNF are not always complete and can be infrequent [179].
Therefore, the CNF database may not reflect the nutrient composition of food fishes produced
within Canada as the database appears to be dependent on data generated from fish from other

regions of the world.

As it was expected, the FishBase nutrient estimates varied from the CNF and USDA
databases the most (Table 7). Surprisingly, FishBase estimates on the content of iron, zinc, and
protein were relatively close to CNF and USDA estimates of the top 5 fish consumed in Canada.
There were however discrepancies for the calcium, selenium, vitamin A, and total N-3 PUFA
estimates as compared with the CNF and USDA estimates which is not surprising given that they
were generated by a novel predictive modelling by the FishBase Nutrient Analysis Tool. The
FishBase Nutrient Analysis Tool uses a Bayesian hierarchical statistical model that includes both
the phylogenetic information (interrelatedness of fish species) and trait-based information (fish
diet, energetic demand, and thermal regime) [154]. These predictions were based on information
from no more than 10% of fish species to estimate the nutrient content of the remaining 90%
plus species, which may provide either reasonable or bad estimates for fishes [154]. Therefore,

the predicted nutrient data in FishBase need to be used with caution.

The CNF estimates of the 7 major nutrients were almost the same with the USDA
estimates of most fishes since a large amount of the CNF data were from the USDA. There were
some discrepancies between the non-USDA sourced nutrient data in CNF and the USDA data.
CNF data may be derived from up to 20 different data sources (Appendix 3). For instance, the
higher CNF calcium value of pink salmon: Oncorhynchus gorbuscha (29.0 mg/100g) and chum

salmon: Oncorhynchus keta (44.0 mg/ 100g) came from the “Canadian product analyzed by non-
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government lab” (Appendix 2) [180, 181]. The higher total n-3 PUFA of pink salmon,
Oncorhynchus gorbuscha by CNF (1.6 g/100g) versus USDA (0.6 g/100g) was calculated from
“data other than USDA” (Appendix 2) [180]. Due to the uncertainty of predicted nutrient data in
FishBase and various data sources of CNF data, the third hypothesis that FishBase, CNF and

USDA databases would have similar nutrient data for similar food fishes, was rejected.

4.5.4 Addressing the Limitations

This study had several limitations. Firstly, when collecting the information on the
commercial fish diversity of G20 members from FishBase, the European Union was not
searchable, and the 27 individual countries were not examined for this exercise due to time
limits. Secondly, the fish production and consumption of provinces and territories of Canada
were not accessible through FAOSTAT, therefore the diversity of commercial fish species of
regions in Canada could not be easily linked to their fish production and consumption. Fisheries
and Oceans Canada has open data on the fish production of 6 provinces and fish consumption
data expressed as expenditures for financial purposes appear to be available from StatCan upon
request, but it is not clear how comparable these estimates are to FAOSTSAT outputs.
Additional research appears to be required. Lastly, the comparison of nutrient data of top 5 type
of consumed fishes by Canadians reported by different databases is likely a conservative
estimate of the variation across the databases, as these are fish that are widely studied and
examined due to their commercial implications. Looking at a wider range of fish, especially
those consumed less regularly or those consumed in specific regional populations is likely to

reveal greater variation across the databases.
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4.6 Conclusion

In conclusion, the FAOSTAT database allowed for the comparison of the production and
consumption of the G20 members that consumed slightly more fish than they produced, and that
fish production was dependent on capture fisheries, except for China that has developed a large
aquaculture industry. The FishBase database was able to identify the diversity of commercial fish
species for individual countries, but not groups of countries such as the European Union. Fish
diversity generally increased in warmer regions and commercial fish diversity was low in regions
with low fish consumption and reliance on terrestrial foods, but commercial fish diversity also
appeared to decrease with increased industrialization of the fish food supply. These patterns
appear to be reflected within Canada but cannot be confirmed without provincial production and
consumption information. As for the nutrient databases assessed, the FishBase Nutrient Analysis
Tool is an interesting approach for estimating the nutrient content of types of fish but appears to
require testing and validation before it could be used for dietary intakes. The CNF and USDA
databases did not cover all the commercial fish species listed for Canada in FishBase, but those
not covered were generally considered as “minor commercial” or “subsistence fisheries” by
FishBase. This suggests that CNF and USDA databases may have limitations for fish species
consumed in smaller regions of Canada and populations that rely on local capture rather

industrialized fish production for their fish food. This was examined further in Chapter 5.
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Chapter 5

Fatty Acid Composition of Wild-Harvested Fish Species from

the Canadian Subarctic and Arctic

5.1 Rationale and Objectives

Wild harvested freshwater fish in the Canadian subarctic and Arctic can serve as an
important dietary component of country foods to improve nutrition and food security in First
Nations communities of the Northwest Territories, Canada [182, 183]. They are significant
sources of n-3 PUFA, high-quality protein, and essential micronutrients such as selenium and
zinc, and is an important dietary component of many populations including Indigenous
populations [184, 185]. Typically, the fish muscle is mainly consumed but Burbot liver is also
collected and consumed regularly by Indigenous peoples living in Peel River Kutchin,

Circumpolar, Lillooet, and Shuswap. [186, 187].

The intake of fish-derived n- 3 PUFA, mainly eicosapentaenoic acid (20:5n-3, EPA) and
docosahexaenoic acid (22:6n-3, DHA), are associated with various health benefits such as
maintaining healthy body function, supporting the cardiovascular system, improving cognitive
ability, and promoting bone development [4, 188, 189]. Furthermore, n-3 PUFA intake has also
been shown to reduce the risk of heart disease, stroke, cancer, psychological disorder, and
asthma [8, 59, 190-192]. However, due to the variability of fatty acid compositions between fish
species [193, 194], different portions of fish of different fish species are required to achieve

certain dietary recommendation goals.
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The content of n-3 PUFA in various species of fish which are commonly consumed by
the population in the Canadian subarctic and Arctic are not well characterized. The objectives of
this study are to: 1) investigate the fatty acid profiles in wild harvested freshwater fish species
commonly captured in the Canadian Arctic and Subarctic for food (eight species), and 2)

compare the fatty acid concentration data of these fish to data in the CNF.

5.2 Acknowledgement

The samples analyzed in this Chapter are part of a collaborative effort. Fish samples were
collected from the Canadian subarctic and Arctic by the efforts of Tara N. Boag, Mallory
Drysdale, Heidi K. Swanson, and Brian D. Laird in collaboration with fishers in First Nations
communities of the Northwest Territories, Canada. Dan Chalil assisted in determining the fatty

acid composition of the samples by gas chromatography.

5.3 Hypotheses

1. Fatty acid composition (weight %) and concentration (mg/100g) of skeletal muscle in

examined fishes will vary between species.

2. DHA and EPA will be the main n-3 PUFA in the eight fish species.

3. These fish species will be found in the CNF database and the fatty acid concentration

data determined by my laboratory analyses will be consistent with the data in the CNF.
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5.4 Methods, Materials and Study Design

5.4.1 Materials and Chemicals

Skeletal muscle samples of eight species of freshwater fish as: Burbot (Lota lota, n = 27),
Cisco (Coregonus artedi, n = 5), Lake Trout (Salvelinus namaycush, n = 9), Lake Whitefish
(Coregonus clupeaformis, n = 37), Northern Pike (Esox lucius, n = 23), Walleye (Sander vitreus,
n = 26), White Sucker (Catostomus commersonii, n = 4) and Longnose Sucker (Catostomus
catostomus, n = 1), and liver tissue of a subset of the Burbot (n = 21) were collected from the
Canadian Subarctic and Arctic in collaboration with local fishers. Chemicals used for this study
include hexane and heptane that were purchased from Fisher Scientific, 14% BF3 in Methanol
purchased from Sigma-Aldrich, docoasatrienoic (22:3n-3) methyl ester as internal standard

purchased from Nu- Chek Prep, and the external standard GLC-462 from Nu-Chek Prep.

5.4.2 Preparation of Fatty Acid Methyl Esters (FAME)

Frozen fish muscle or liver sample were weighted (30-50mg) and homogenized after the
addition of 3mL of 3.33g/mL docoasatrienoic (22:3n-3) in 2:1 chloroform: methanol (v/v)
internal standard. Then the mixture was vortexed for 1 minute and then 500 uL of 0.2M
NaH2PO4 buffer was added. Following this, the mixture was capped, inverted twice and then
centrifuged at 3000 rpm for 5 minutes. The bottom organic layer containing the lipids was
collected and transferred to a 15 mL test tube and dried under a stream of N2 gas. Next, 1mL of
14% boron trifluoride in methanol and 300 puL of hexane was added to the dried lipid extract, and
the mixture was then enclosed with a silicon lined cap. The mixture was transesterified for one

hour at 100°C on a block heater [195]. After being allowed to cool to room temperature, 1 mL of
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ultra-pure water and 1 mL of hexane were added. Then the mixture was vortexed for 1 minute
and centrifuged at 3000 rpm for 5 minutes. The top hexane layer containing the FAME was then
collected and dried again under a stream of N2 gas. Following this, 65 pL of hexane was added
and the mixture was vortexed before being transferred to GC vials for analysis by fast-gas

chromatography [196].

5.4.3 Gas Chromatography-Flame lonization Detection (GC-FID)

The isolated FAME containing internal standard was analyzed on a Varian 3900 gas
chromatography equipped with nitroterephathalic acid modified polyethylene glycol, capillary
column with 15 m length, 0.10 mm i.d., and 0.10 pum film thickness (J and W Scientific from
Agilent Technologies, Mississauga, ON) with hydrogen as the carrier gas at a flow rate of 0.5
mL/min. One pL aliquots were introduced by a Varian CP-8400 autosampler into the injector
heated to 250°C with a split ratio of 200:1. The initial column temperature was held for 0.25
minute at 150°C followed by a 35°C/min ramp to 200°C. An incline of 8°C/min ramp was
followed to reach 225°C with a 3.2 minutes hold and then an 80°C/min ramp to reach 245°C
with a 15-minute hold at the end [33]. The flame ionization detector was set to 300°C, air and
nitrogen make-up gas flow rates were 300mL/min and 25mL/min, respectively, and the sampling
frequency was 50Hz [33]. The FAME was identified by comparing retention times to the

external standard mix (GLC-462, Nu-Chek Prep, Elysian, MN, USA).

5.4.4 Statistical Analyses

Results were presented as means * standard deviation. The differences between mean

values of composition (weight %) and concentration (mg/g) of fatty acid of skeletal muscle

70



samples of all fish species except Longnose sucker (n = 1) were tested by one way analysis of
variance (ANOVA) followed by Bonferroni post-hoc multiple comparisons test to evaluate
specific differences in the levels of fatty acids after a significant F-value (significance is inferred
at p <0.05). Pairs of means corresponding to the fatty acid percentage and concentration in
skeletal muscle and liver of Burbot fish was compared by using paired samples t-test
(significance is inferred at p < 0.05). All statistical analyses were performed using Statistical

Package for Social Science (SPSS) version 20 for Windows.

5.4.5 Fatty Acid Profile Comparison with the CNF

Fish names were searched in food search section of CNF. Among the eight fish species
examined, the nutrient data of Longnose Sucker was not in the CNF and therefore excluded from
the comparison. As for the Lake Trout, there was no information on the Lake Trout species in the
CNF, so the nutrient information of mixed trout species was used instead. The search results
were limited to native raw fish only and the nutrient profile of 100 grams of edible portion were
generated, downloaded, and imported into Microsoft Excel to isolate the fatty acid data. The
mean concentration (mg/100g) data of fatty acids in skeletal muscle of all examined fish species
except Longnose sucker were then compared with concentration (mg/100g) data of fatty acids in

the CNF by visual checks to identify if the fatty acid data looked consistent.

5.5 Results

5.5.1 Fatty Acid Profile of Wild Fish Muscle Samples

Total fat content of the fish muscle ranged from 255 - 2766 mg/100g skeletal muscle and

there was significant difference in fat content of all analyzed fish species (P < 0.05). Lake Trout
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(1231+675 mg/100g) and Lake Whitefish (1166505 mg/100g) had the highest average amount
but White Sucker (977+235 mg/100g) and Cisco (811+£180 mg/100g) were statistically similar
(Table 8). Walleye, Northern Pike and Burbot had significantly lower total fat content (averages
ranging from 436 to 655 mg/100g) than Lake Trout and Whitefish but were similar to White
Sucker and Cisco. The single Longnose Sucker sample had a total fat content (977mg/100g) that

mirrored the White Sucker average.

The wt % of total saturated fatty acids (SFA) was the highest in Cisco (33.5%) and the
lowest in Lake Trout (26.1%). Individual SFA varied by species, with palmitic acid (16:0) being
the most abundant SFA in all species, whereas tricosanoic acid (23:0) was the least abundant
SFA in all species (Table 9). The wt % of total MUFA ranged from 8.7% in Cisco to 29.4% in
Longnose Sucker. The predominant MUFA was oleic acid (18:1 n-9), ranging from 4.5% in
Cisco to 15.1% in Lake Trout (Table 9). The proportion of PUFA ranged from 42.0% in
Longnose Sucker to 61.2% in Northern Pike. The n-6/n-3 ratio indicated that all the fish had

much less n-6 PUFA relative to n-3 PUFA with values ranging from 0.2 (Cisco) to 0.5 (Burbot).

Total fat concentration was largely predictive of DHA, EPA + DHA, and total n-3 PUFA
concentrations. Total n-3 PUFA concentrations were the highest in Lake Trout (398 + 233
mg/100g), Lake Whitefish (389 £ 97 mg/100g) Cisco (382 = 103 mg/100g) and Whitenose
sucker (300 £ 84 mg/100g) and Burbot was the lowest (164 + 39 mg/100g) (Table 8). Walleye
(268 + 84 mg/100g) and Northern Pike (265 = 62 mg/100g) were intermediary but statistically
similar to Cisco. Longnose sucker n-3 PUFA amounts (299 mg/100g) again reflected Whitenose
sucker. The muscle of the eight fish species contained high average amounts of n-3 PUFA,

ranging from 19 to 54 wt% and including DHA, EPA, and docosapentaenoic acid (DPA, 22:5n-
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3) as major components (Table 9). DHA was the most abundant n-3 PUFA among all species
ranging from 8.3 to 40.2 wt% of total fat followed by EPA varying from 2.4 to 12.0 wt% of total
fat and DPA varying from 1.8 to 6.1%. As for the individual n-3 PUFA content, Lake Whitefish
had significantly higher concentrations of EPA (80 £ 22 mg/100g) than the other species.
Interestingly, Whitenose sucker had the next highest amount of EPA (71 + 16 mg/100g) that was
considerably higher than Longnose Sucker EPA (34 mg/100g). Cisco was the species containing
the highest concentration of DHA (263 + 72 mg/g) but it was similar to levels in Lake Whitefish
(227 + 55 mg/g), Lake Trout (207 + 124 mg/g) and Northern Pike (185 + 38 mg/g). Burbot (94 +
21 mg/100g) had significantly lower DHA than the other species. Longnose sucker (202

mg/100g) appeared to have more DHA than White sucker (156 + 27 mg/g) (Table 8).

5.5.2 Fatty Acid Profile of Skeletal Muscle Versus Liver of Burbot Fish

Total fat identified in the Burbot muscle was 449 + 106 mg/100g and Burbot liver was
10604 + 3846 mg/100g and as such the concentration of every fatty acid was significantly higher
in liver as compared with muscle (Table 10). The quality of the fat was also different as there
were significant differences in the relative weight percentages for 28 of the 33 fatty acids
measured (Table 10). The largest differences were observed between the proportion of total
MUFA and total PUFA. The Burbot liver tissue had over 2 times higher proportion of total
MUFA (32.3 £ 5.7 wt%) than muscle (12.7 £ 2.0 wt%), while the Burbot muscle tissue
contained higher proportion of total PUFA (58.0 = 3.4 wt%) than liver (43.7 = 7.1 wt%). This
was largely driven by much higher proportions of 16:1, 18:1n-7 and 18:1n-9 in liver and much
higher proportions of 20:4n-6, EPA and DHA in muscle. Interestingly, 18:2n-6, 18:3n-6 and

18:4n-3 were proportionally higher in liver despite the higher total PUFA portion in muscle.
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5.5.3 Fatty Acid Concentration of Experimental Results Versus the CNF Records

Among the eight analyzed fish species, seven were found in the CNF database with fatty
acid concentration data available. The nutrient profile of Longnose Sucker was absent in CNF.
The total fatty acid content recorded in the Canadian Nutrient File were consistently higher than
the experimental determinations for all the fish species (Table 11) with the experimental values
ranging from approximately 19-75% of the CNF values. The discrepancy between CNF vs.
analyzed was the highest for Lake Trout (6610 vs. 1231 mg/100g), Cisco (4000 vs. 811
mg/100g) and Lake Whitefish (3800 vs. 1166 mg/100g), followed by White Sucker (2320 vs.
977 mg/100g), Walleye (1220 vs. 655 mg/100g), Burbot (650 vs. 436 mg/100g) and Northern
Pike (800 vs. 582 mg/100g) (Table 11). In addition to total fat there were several other values
that were visibly different between CNF estimates and the experimental determinations. This
included the MUFA content of Cisco, Lake Trout and Lake Whitefish being 40, 9.3 and 3.7
times higher by CNF estimates as compared with the experimental determinations, respectively
(Table 11). The Cisco and Lake Trout also had several other discrepancies between CNF and the
analyzed values, with Cisco CNF values being particularly inconsistent. In addition to total
MUFA, Cisco and Lake Trout had abnormally high CNF estimates for total saturates, 16:0, and
18:1. Cisco also had peculiar CNF estimate values for total n-6 PUFA (19470 mg/100g) and
20:3n-6 (420 mg/100g) that were 224 and 210 times the analytical determinations, respectively
(Table 11). Even with the overly high estimate of 20:3n-6, the sum of the individual n-6 PUFA
in Cisco was only 670 mg/100g as compared with total n-6 PUFA of 19480 mg/kg that was

almost 5 times higher than the CNF estimate for Cisco total fat (4000 mg/kg).
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Despite the overestimates in the CNF data there were some agreeable patterns between
the CNF estimates and the experimental analyses. Both the CNF estimates and analytical
determinations ranked Mixed/Lake Trout as the fish containing the highest amount of total fat
and Burbot as the fish containing the lowest amount of total fat among the seven fish species
examined. Furthermore, both the CNF and experimental values indicated DHA as the most
abundant n-3 PUFA followed by EPA across the fish species. The EPA + DHA content recorded
in the CNF were all higher as compared with experimental which would be expected with an
overestimation of total fat. The higher CNF estimates of Burbot (166 vs. 137 mg/100g), Cisco
(630 vs. 306 mg/100g), Lake Trout (730 vs. 265 mg/100g), Lake Whitefish (500 vs. 306
mg/100g), Northern Pike (273 vs. 227 mg/100g), Walleye (311 vs. 217 mg/100g), and White
Sucker (479 vs. 228 mg/100g) ranged between 1.2 — 2.8 times higher than the experimental
determinations (Table 11). For n-6 PUFA, except for Cisco, the ranking of 20:4n-6 as the most
abundant PUFA across the species was consistent and there appeared to be some agreement in

the species that had high and low 18:2n-6 content.
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Table 8. Fatty acid concentration (mg/100g) of skeletal muscle of eight species of fish from the Canadian Subarctic and Arctic

Burbot! Cisco? Lake Trout® Lake Whitefish* Northern Pike® Walleye® White Sucker’ Longnose Sucker
(N=27) (N=5) (N=9) (N=37) (N=23) (N=26) (N=4) (N=1)
12:0 8.44+17.97 18.76+29.52 6.66+7.22 8.77+£10.23 1.11+1.67 7.64+11.61 6.02+11.81 0.00
14:0* 1.79+1.082%4 18.94+15.5215 24.24+17.26%56 14.36+12.84156 3.21+2.612%4 5.81+5.52%4 8.35+5.20%3 7.12
16:0* 77.62+19.19346 155.69+16.57 168.63+68.17%° 217+83.1656 100.72+35.52%4 127.58+43.61%4 163.43+34.81 187.75
17:0* 1.17+0.802%467 5.17+0.76! 6.53+4,13'56 5.76+3.39156 2.12+1.983% 3.31+1.54%34 6.09+1.91! 4.85
18:0* 27.55+6.64347 44.43+4.91 58.63+21.91%6 55.11+19.75%56 33.54+11.66%* 38.92+9.4434 55.4+12.941 53.90
20:0* 1.45+0.6134 2.04+1.44%4 12.23+7.79+256 10.13+8.85'256 1.86+1.743% 1.92+0.9934 4.10+1.80 4.64
22:0* 1.42+0.83%4 2.04+0.31° 4.62+2.711256 3.45+1.98%56 1.31+0.66%* 1.50+0.693* 2.43+0.18 1.67
23:0* 0.46+0.28° 0.42+0.16 1.94+3,221456 0.60+0.45° 0.50+0.51° 0.67+0.41° 1.30+0.77 1.06
24:0* 8.27+3,17236 20.57+4.47457 20.79+18.962457 11.92+6.52° 8.73+4.76%° 14.37+5.91* 3.03+0.25%3 15.53
Total SFA* 128.18+43.88%34 268.11+42.47* 303.98+137.07%5 327.19+134.30156 153.13+53.20%4 201.78+69.81* 250.19+56.01 276.56
14:1* 0.01+0.02* 0.15+0.21 0.48+1.31 0.44+0.61* 0.06+0.19 0.38+0.45 0.61+0.46 0.26
16:1* 5.57+3.36%47 11.73+8.86*7 68.59+45.98156 73.93+63.741+256 16.89+35.97%47 17.4+18.89347 115.10+49.401256 89.35
18:1n-7* 16.27+5.31347 17.17+7.2947 59.29+30.93%56 57.89+37.671256 18.10+23.92%47 20.18+12.7347 74.33+23.841:256 78.16
18:1n-9* 31.14+8.3434 36.94+14.3734 208.04+153.371:256 157.30+£128.621%6 41.40+29.7734 51.79+35.89%4 93.44+33.37 106.13
20:1n-9* 1.26x0.7734 0.82+0.37* 4,59+3,14156 4.60+3.70%256 1.26+1.0734 1.08+0.593# 2.96+0.95 5.20
22:1n-9* 1.18+0.61° 1.14+0.76° 3.59+3.401:2456 1.30+0.98° 0.66+0.39° 0.80+0.52° 1.90+0.83 1.79
24:1n-9* 1.79+1.843 4.40+2.07 5.42+5,38! 3.70+3.33 2.18+1.87 3.06+2.28 1.27+0.36 6.76
Total MUFA* 57.21+17.74%4 72.37+30.30%4 350.024231.251256 299.17+229.681256 80.56+87.31%4 94.71+68.91%4 289.61+107.60 287.65
18:2n-6* 8.71+3.05%* 21.64+14.72 51.03+34.78156 42.09+36.74156 16.07+10.78% 12.62+10.4%4 37.22+11.05 31.86
18:3n-6* 1.50+0.81° 0.71+0.67° 5.06+7.14%256 2.56+1.96 1.04+1.593 0.86+0.57° 1.88+0.53 251
20:2n-6* 1.67+0.68% 2.96+2.37 6.83+4.99%6 6.9415,73156 3.12+1.75* 2.18+1.46%4 2.95+0.90 3.95
20:3n-6* 1.74+0.58347 1.61+0.35° 7.1+4.662456 4,19+2,111356 1.61+1.27347 1.75+0.91347 5.15+1.6+56 3.55
20:4n-6* 58.48+10.95%° 28.84+1.97147 51.27£22.65 63.88+19.08%56 44.00+17.39'47 46.70+14.57* 73.18+14.03%° 56.23
22:2n-6* 1.05+0.84° 1.72+1.77° 6.08+6.28124567 1.82+1.36° 1.02+0.85° 1.18+1.413 1.48+0.62° 1.09
22:4n-6* 2.93+0.80%* 2.58+0.23% 16.90+9,121:24567 7.95+4,8812356 2.52+1.08%4 4.22+1.45%4 3.75+0.95° 2.88
22:5n-6* 9.76+3.16%346 26.81+3.601%7 32.02+21.5514567 18.32+6.642 13.30£2.56%° 19.71+7.87%3 8.83+1.34%3 9.83
Total N-6* 85.85+15.52%4 86.86+19.22° 176.28+89.991256 147.75+71.99%56 82.67+31.23%4 89.23+34.49%4 134.43+28.60 111.90
18:3n-3* 2.75+1,72347 21.67+9.23 30.71+23.22156 27.59+21.43156 8.31+8.55%* 9.45+8.23%4 26.79+9.511 16.86
18:4n-3* 2.19+1,57234 10.90+6.84° 11.64+10.25%56 7.8246.85%6 2.52+1,3234 3.78+3.04%4 4.25+1.43 3.14
20:3n-3* 1.77+1.1248 5.13+1.58 4.60+4.17 4.94+3.08'5 2.48+1.63* 4.48+2.61" 4.44+1.73 6.81
20:4n-3* 3.62+1.7%3 17.06+4.43145 23.23+20.15%4567 6.89+5.1123 3.85+1.4223 7.45+5.87° 5.81+0.85° 4.47
20:5n-3(EPA)* 42.93+11.82* 43.52+6.28* 57.75+25.43* 79.85+22,1012356 42.81+17.72* 38.06+15.93*7 71.41+15.65° 34.44
22:4n-3* 1.57+1.03% 3.92+1.71° 9.88+8.44124567 2.83+£1.728 1.76+1.013 3.56+2.94° 1.20+0.69° 3.75
22:5n-3* 15.42+5,15%4 17.00+5.01° 53.22+37.49124567 32.62+11.05356 18.3446.10%4 22.16+9.763* 29.69+5.83° 27.00
22:6n-3(DHA)*  93.58+20.782%456 262.73+72.11' 207.05+£123.56¢ 226.61+55.17%6 184.54+38.05! 179.14+45,11124 156.10+£27.21 202.34
Total N-3* 163.84+39.0123456 381.95+103.48! 398.09+232.72156 389.14497.23%56 264.60+61.82134 268.08+84.311%4 299.68+60.15 298.81
20:3n-9 0.35£0.28 0.98+0.78 0.85+0.54 1.11+1.88 0.32+0.16 0.46+0.39 0.44+0.25 0.36
Total PUFA* 249.70+51.55%34 468.81+122.54* 574.38+318.32156 536.88+159.81156 347.28+87.44%4 357.31+117.53% 434.12+88.54 410.72
EPA+DHA* 136.51+30.36%3456 306.25+77.98! 264.80+146.00" 306.46+64.51156 227.35+49.26 217.20+58.13* 227.51+42.35 236.79
Total FA* 436.39+103.99%4 811.31+180.26 1231.14+674.834%6 1165.88+505.16%6 582.03+216.55%4 655.12+249.98%4 977.41+234.70 977.14

Data is mean * standard deviation; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; FA, fatty acid; Total FA, total amount of fatty acids, in mg/100g weight. The concentration (mg/100g) of fatty acid of skeletal
muscle in all fish species except Longnose sucker were compared by one-way ANOVA, with significant F-value (P<0.05) indicated by*. Each species was
assigned a numerical superscript based on alphabetical/column order. Superscripts were then used to indicate species that were significantly different from a
mean value by Bonferroni post-hoc testing.
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Table 9. Fatty acid composition (weight %) of muscle of eight species of fish from the Canadian Subarctic and Arctic

Burbot! Cisco? Lake Trout® Lake Whitefish* Northern Pike® Walleye® White Sucker’ Longnose Sucker

(N=27) (N=5) (N=9) (N=37) (N=23) (N=26) (N=4) (N=1)
12:0 1.54+3.09 2.35%£3.59 0.41+0.39 0.68+0.73 0.20+0.30 1.06+1.31 0.61+1.20 0.00
14:0* 0.39+0.15%%4 214411744567 1.85+1.0814567 1.05+0.511235 0.51%0.22234 0.80+0.3723 0.81%0.3728 0.73
16:0* 17.82+1.4738 19.58+2.47° 15.07+3.55%246 18.95+1.36%° 17.33£0.994¢ 19.62+1.14135 16.86+1.15 19.21
17:0* 0.26+0.1423467 0.67+0.18° 0.55+0.31%5 0.48+0.13%5 0.34£0.1123467 0.50+0.15%® 0.62+0.09° 0.50
18:0* 6.33+0.65%* 5.58+0.60 5.23+1.16%6 4.88+0.60%5° 5.80+0.36* 6.16+0.89%* 5.68+0.19 5.52
20:0* 0.33+0.09%* 0.24+0.11%4 0.96+0.4312567 0.76+0.35'256 0.31+0.19%* 0.29+0.06%* 0.41+0.13% 0.47
22:0* 0.33+£0.19 0.26+0.04 0.44+0.33%6 0.29+0.10 0.23+0.11° 0.25+0.11° 0.26+0.06 0.17
23:0* 0.11+0.06%* 0.05+0.021367 0.12+0.13%4 0.05+0.03%367 0.09+0.09 0.11+0.10%* 0.13+0.06%* 0.11
24:0* 1.91+0.59%7 2.67+0.83%7 1.46+0.94 1.12+0.67+26 1.58+0.8857 2.26+0.76%57 0.32+0.08%256 1.59
Total SFA* 29.03+3.882° 33.53+4,341:3457 26.06+3.132° 28.29+1.6426 26.39+1.4026 31.06+1.783457 25.71+1.4126 28.30
14:1* 0.01%0.01° 0.02+0.03 0.03+0.08 0.03+0.04 0.01+0.02¢ 0.05+0.05%° 0.06+0.04 0.03
16:1* 1.25+0.57347 1.36+0.6834" 5.42+2.6412567 5.44+2 6012567 2.09+2.54%47 2.34+1.21%47 11.36+2.85423456 9.14
18:1n-7* 3.71%0.712457 2.08+0.50%347 4,84+0.87%567 4.66+1,132567 2.66+1.441347 2.93+0.58%47 7.47+0.79123456 8.00
18:1n-9* 7.13+0.95%* 4.48+0.81%4 15.08+5.95%256 11.90+4.89%256 6.81+2.31%4 7.48+1.80%* 9.34+1.57 10.86
20:1n-9* 0.28+0.14° 0.11+0.06%* 0.34+0.12%6 0.36+0.14%56 0.20+0.09* 0.16+0.06%34 0.30+0.04 0.53
22:1n-9* 0.27+0.14*56 0.15+0.10 0.32+0.26456 0.11+0.08%3 0.12+0.083 0.13+0.09*3 0.19+0.07 0.18
24:1n-9 0.41+0.40 0.53+0.20 0.45+0.45 0.35+0.35 0.39+0.34 0.47+0.31 0.14+0.06 0.69
Total MUFA* 13.06+2.23347 8.72+1.68%47 26.48+7.614256 22.86+7.851256 12.2845.70347 13.57+3.39347 28.85+5,181:256 29.44
18:2n-6* 1.99+0.46347 2.52+1.04 3.80+1.53156 3.24+1,19¢ 2.63+0.57%6 1.76+0.573457 3.76+0.296 3.26
18:3n-6* 0.33+£0.13 0.08+0.05 0.49+0.86° 0.20£0.08 0.20+0.40 0.13+0.03° 0.19+0.03 0.26
20:2n-6* 0.38+0.12* 0.34+0.18 0.59+0.26° 0.55+0.21%6 0.54+0.26° 0.32+0.12%45 0.30+0.03 0.40
20:3n-6* 0.40+0.10%358 0.21%0.07%37 0.58+0.2612456 0.360.09%56 0.26+0.11%347 0.26+0.09%347 0.52+0.062%6 0.36
20:4n-6* 13.69+1,98234567 3.65+0.5514567 4.60+1.60%567 5.81+1,151256 7.62+1.391234 7.27+1.00%23%4 7.63+1.05%23 5.75
22:2n-6* 0.23+0.16° 0.19+0.14° 0.70+0.89124567 0.15+0.07° 0.20+0.18° 0.18+0.18° 0.15+0.04° 0.11
22:4n-6* 0.69+0.1823% 0.32+0.04%346 1.3940.37124567 0.66+0.18%3° 0.45+0.19%346 0.67+0.1823% 0.39+0.08° 0.30
22:5n-6* 2.31+0.812467 3.43+0.7847 2.42+0.677 1.67+0.561256 2.42+0.54467 3.05+0.721457 0.96+0.3712356 1.01
Total N-6* 20.0242,202%4567  10,74+0.67%356 14.56+1.96%2 12.65+1.27+5 14.32+2,15424 13.64+1.19? 13.92+1.43* 11.45
18:3n-3* 0.61+0.30234567 2.60+0.52156 2.30+0.68'5¢ 2.20+0.87%%6 1.31+0.5012347 1.32+0.5312347 2.69+0.46156 1.73
18:4n-3* 0.49+0.312 1.27+0.4744567 0.80+0.33° 0.59+0.312 0.43+0.1323 0.54+0.23? 0.43+0.05? 0.32
20:3n-3* 0.41+0.25° 0.63+0.10 0.37+0.20° 0.42+0.15° 0.43+0.21° 0.66+0.19%345 0.46+0.14 0.70
20:4n-3* 0.82+0.3123 2.09+0.2014567 1.59+0,7214567 0.55+0.24236 0.69+0.21236 1.06+0.472345 0.61+0.1223 0.46
20:5n-3(EPA)* 9.80+1,1723456 5.45+0.67" 5.64+3.56! 7.41+1,946 7.37+1.046 5.79+1.0845 7.45%1.29 3.52
22:4n-3* 0.35+0.22° 0.50+0.23 0.75+0.67%457 0.260.17%6 0.34+0.27° 0.53+0.24* 0.12+0.06° 0.38
22:5n-3* 3.49+0.66%4 2.08+0.19%356 4.06+0.99%4° 2.95+0.65"3 3.20+0.362° 3.36+0.522 3.10+0.46 2.76
22:6n-3(DHA)* 21.62+2,94256 32.15+1,581347 17.1445.60%56 21.60+6.57%%6 33.07+5.811:3467 28.26+3.963457 16.29+2,12256 20.71
Total N-3* 37.59+3.4725 46.78+2. 274347 32.65+7.80%%6 35.98+7.512%6 46.84+5,8913467 41.52+3,053457 31.15+3.872%6 30.58
20:3n-9 0.09+0.08 0.11+0.06 0.09+0.07 0.09+0.11 0.06+0.04 0.08+0.06 0.05+0.04 0.04
Total PUFA* 57.61+3.21347 57.51+2,62347 47.21+6.921.256 48.63+7.651256 61.15+5,673467 55.16+3.303457 45,07+5,281256 42.03
EPA+DHA* 31.42+3.01%° 37.60+1.53%47 22.78+8.74+256 29.01+7.59%%6 40.44+5.9613467 34.05+3.943457 23.75+3.36%%6 24.23

Data is mean = standard deviation; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; The relative percent (%wt) of fatty acid of skeletal muscle in all fish species except Longnose sucker were compared by one-
way ANOVA, with significant F-value (P<0.05) indicated by*. Each species was assigned a numerical superscript based on alphabetical/column order.
Superscripts were then used to indicate species that were significantly different from a mean value by Bonferroni post-hoc testing.
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Table 1010. Fatty acid composition of skeletal muscle and liver of Burbot fish

NAME Muscle (mg/100g) Liver (mg/100g) Muscle (weight %) Liver (weight %)
12:0 10.80+19.83 24.24+7.77* 1.97+3.32 0.26+0.13*
14:0 1.87+1.16 311.97+143.34* 0.40+0.16 2.91+0.68*
16:0 78.63+£20.14 1548.62+644.58* 17.51+1.49 14.45+2.35*
17:0 1.12+0.72 90.58+42.98* 0.25+0.12 0.84+0.20*
18:0 27.97+6.72 355.58+109.81* 6.25+0.67 3.47+0.65*
20:0 1.48+0.65 94.82+33.95* 0.33+0.10 0.94+0.30*
22:0 1.43+0.94 17.81+5.35* 0.31+0.20 0.18+0.05*
23:0 0.50+0.30 5.18+6.67* 0.11+0.06 0.05+0.08*
24:0 8.19+3.41 73.60+£33.03* 1.82+0.56 0.74+0.32*
Total SFA 132.01+47.53 2522.69+929.51* 28.96+4.39 23.84+2.16*
14:1 0.01+0.02 9.1945.19* 0.01+0.01 0.09+0.06*
16:1 5.61+3.23 937.35+446.61* 1.23+0.56 8.59+2.07*
18:1n-7 15.83+4.77 890.16+288.50* 3.51+0.54 8.58+1.49*
18:1n-9 31.21+7.68 1553.00+693.06* 6.97+0.87 14.38+3.30*
20:1n-9 1.3240.71 34.92+13.84* 0.29+0.14 0.34+0.11
22:1n-9 1.30£0.63 5.30+£3.36* 0.30+0.15 0.05+0.03*
24:1n-9 1.77+£1.70 31.96+31.07* 0.41+0.40 0.30+0.28
Total MUFA 57.05+15.86 3461.91+1409.29 12.71+1.99 32.3345.72*
18:2n-6 9.10+2.66 549.39+230.90* 2.04+0.42 5.12+0.77*
18:3n-6 1.61+0.87 77.19426.24* 0.35+0.14 0.74+0.12*
20:2n-6 1.62+0.64 86.54+29.74* 0.36+0.12 0.84+0.16*
20:3n-6 1.85+0.59 49.88+14.54* 0.41+0.11 0.49+0.08*
20:4n-6 59.70+11.60 416.68+128.56* 13.53+1.83 4.03+0.59*
22:2n-6 1.09+0.94 33.73+15.53* 0.23+0.18 0.32+0.07
22:4n-6 3.12+0.79 128.98+59.20* 0.71+0.18 1.25+0.48*
22:5n-6 8.51+2.04 93.60+38.8* 1.92+0.34 0.91+0.33*
Total N-6 86.61+16.59 1436.00+492.91* 19.56+1.89 13.70+1.50*
18:3n-3 2.93+1.69 304.28+187.52* 0.64+0.30 2.71+0.94*
18:4n-3 2.60+1.54 247.95+174.01* 0.57+0.30 2.16+0.94*
20:3n-3 1.68+1.15 57.15+24.75* 0.36+0.19 0.53+0.10*
20:4n-3 4.08+1.66 178.74+101.14* 0.90+0.30 1.63+0.61*
20:5n-3(EPA) 45.12+11.13 653.77+321.07* 10.06+0.97 6.04+1.45*
22:4n-3 1.58+1.07 26.72+12.34* 0.35+0.22 0.26+0.08
22:5n-3 16.56+4.98 479.24+157.80* 3.67+0.62 4.71+1.44*
22:6n-3(DHA) 97.17+19.82 1219.48+387.54* 21.89+2.79 11.93+2.96*
Total N-3 171.72+37.66 3167.35+1261.51* 38.44+3.36 29.98+5.83*
20:3n-9 0.35+0.31 6.44+3.86* 0.09+0.09 0.06+0.03
Total PUFA 258.33+51.35 4603.35+£1736.87* 58.00+3.36 43.68+7.05*
EPA+DHA 142.29+29.15 1873.26+656.33* 31.95+2.96 17.97+3.31*
Total N-6/N-3 0.51+0.08 0.47+0.07* 0.51+0.08 0.47+0.07*
Total FA 448.85+105.86 10603.58+3846.17* - -

Data is means + standard deviation (n=21); SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3);
FA, fatty acid; Total FA, total amount of fatty acids. Pairs of means corresponding to the skeletal muscle and liver
of Burbot fish were compared by two-tailed paired samples t-test and those that were significantly different
(P<0.05) are shown (*).
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Table 1111. Fatty acid concentration (mg/100g) of skeletal muscle of selected species of fish from the Canadian Subarctic and Arctic
compared with estimates calculated from the Canadian Nutrient File database

Trout . .
. . L Lake Lake Lake Northern Northern White White

Name B(L:J {\Ibg t (E:gg?; %‘,ffF" (CN' S:CE(’)) smé)é?:s Trout Whitefish ~ Whitefish Pike Pike Wg :\Iﬁ:ye \é\ll\lazllze )6/)6 Sucker  Sucker

F’CNF (N=9) CNF (N=37) CNF (N=23) CNF  (N=4)
Food code 2989 2996 3204 3208 3036 3202 3072
12:0 8 1010 19 0° 7 9 oo 1 0° 8 6
14:.0 6° 2 13010 19 1850 24 10010 14 3 180 6 480 8
16:0 1200 78 81010 156 8150 169 60010 217 10010 101 197° 128 3330 163
18:0 370 28 13010 44 148° 59 10010 55 34 340 39 66° 55
Total SFAs 163° 128 121010 268 11490 304 80010 327 10010 153 2490 202 4520 250
16:1 260 6 6010 12 701° 69 40010 74 17 980 17 3820 115
18:1 980 47 10301° 54 14400 267 70010 215 10010 59 196° 72 303° 168
20:1n-9 6° 1 7010 1 280° 5 5 0% 1 0° 1 140 3
22:1n-9 30 1 6010 1 8300 4 1 oo 1 0° 1 2
24:1n-9 2 1010 4 5 4 010 2 3 1
Total MUFA 1330 57 287010 72 32450 350 1100 299 10010 81 2940 95 706° 290
18:2n-6 g4 9 401 22 170 51 2001 42 1914 16 201 13 604 37
20:2n-6 2 1010 3 7 7 oo 3 2 3
20:3n-6 2 42014 2 7 4 012 2 2 5
20:4n-6 9614 58 190 29 1801 51 100 64 5514 44 5014 47 100 73
22:4n-6 3 1010 3 17 8 3 4 4
Total N-6 86 194702 87 3502 176 148 742 83 702 89 1602 134
18:3n-3 3 201 22 15014 31 1001 28 714 8 101 9 5014 27
18:4n-3 2 11 64° 12 8 3 0° 4 320 4
20:5n-3 (EPA) 700 43 12010 44 2020 58 20010 80 732 43 86° 38 190° 71
22:5n-3 260 15 502 17 1830 53 572 33 262 18 380 22 730 30
22:6n-3 (DHA) 96° 94 51010 263 5280 207 30010 227 20010 185 2250 179 2890 156
Total N-3 164 7002 382 10502 398 389 3062 265 3402 268 5902 300
Total PUFA 297° 250 133010 469 1499° 574 1700 537 20010 347 4470 357 807° 434
EPA+DHA 166 137 630 306 730 265 500 306 273 227 311 217 479 228
Total FA 65010 436 400010 811 6610° 1231 380010 1166 80010 582 12200 655 23200 977

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid;
FA, fatty acid; Total FA, total amount of fatty acids. Data not shown in table are unavailable in the Canadian Nutrient File. Data in regular size represents data
collected from the Canadian Nutrient File with different superscripts indicating data sources. °, no change from USDA; 2, nutrient calculated from data other than
USDA,; 0, nutrient derived from scientific literature; 2, nutrient value is an assumed zero; 14, provisional data. Data in italic represents data from current research
analyses. Values appearing to be abnormal are bolded.
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5.6 Discussion

5.6.1 Fatty Acid Profiles Vary Across All Analyzed Fish Species

Prior studies have noted that fish are the vertebrates with the highest species diversity and
the fatty acid profiles of fish vary the most by species difference [197]. As hypothesised, the
fatty acid profiles including both the composition (weight %) and concentration (mg/100g) of
skeletal muscle differed significantly in the fish species analyzed. The fatty acid levels in fish
collected from Canadian Subarctic and Arctic region appear to be quite similar to those of fish
collected from the Great Lakes Region, and Lake Ontario [194, 198, 199]. The present analytical
results for total fat content of Lake Whitefish (1166 + 505mg/100g muscle) and Walleye (655 +
250 mg/100g muscle) were close to previous reports of 2480 + 1020 mg/100g for Lake
Whitefish and 820 + 240 mg/100g for Walleye [199]. The experimental determination for the fat
content of Cisco (811 + 180 mg/100g) was also consistent with the recent literature (751
mg@/100g fish) [200] and result for the total fat content of White Sucker (977 + 234 mg/100g
muscle) was consistent with values (1110 £ 120 mg/100g muscle) determined by Mai and
Kinsella [201]. The experimental fat content of Northern Pike (582 + 217 mg/100g) was a bit
lower but still close to the results from previous literature (750 + 130 mg/100g) [202]. The
present result for the species with the lowest fat content, Burbot fish (436 = 104 mg/100g), was
similar to a previous report on Burbot from the Dehcho Region, Northwest Territories from our
laboratory (348 + 67 mg/100g) [203] but lower than Burbot from Italian subalpine lakes (1,134
+83 mg/100g) reported by others [204]. The USDA database lists Burbot as having 810 mg/100g
and CNF as 650 mg/100g [150, 205]. The literature results on the fat content of Lake Trout has

been quite inconsistent, the result (2690 + 1590 mg/100g) from Grosbois et al. [206] being over
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two times of the present result (1231 + 675) whereas the result by Williams et al. (800 + 360
mg/100g) is lower [194]. The coefficient of variation for the Lake Trout total fat determinations
are consistently high (>45%) indicating that there is considerably natural variation in this
species. The different results between my analysis and previous literature reports may be
explained by the different ecological conditions fish were exposed to in different regions, and
variations in fishing season, which significantly impact the lipid content in wild fish [197] as fish

caught in the Fall have higher fat content compared with fish caught in the spring [207].

For the individual fatty acids in muscle, there were numerous differences between the
species by concentration and relative weight percentages, but there were several consistent
patterns. Palmitic acid (16:0) was the predominant saturate followed by stearic acid (18:0) and
oleic acid (18:1 n-9) was the most abundant MUFA all the fish species analyzed. These findings
are in agreement with findings from various previous research [194, 199, 202, 204]. While diet
intake of these fatty acids may influence these fatty acids, these three fatty acids are all
endogenously synthesized de novo in response to excess energy intake and are typically high in
most organisms. Arachidonic acid (20:4n-6) was the most abundant n-6 PUFA across all species.
DHA was the most abundant n-3 PUFA followed by EPA across all species which supported the
second hypothesis of this research chapter. This also agreed with earlier observations by others
that showed high levels of DHA (16 to 31 wt%) and relatively moderate levels of EPA (5.7 to
15.9 wt%) in wild freshwater fish [204, 208]. As for the EPA + DHA content, the present results
for all analyzed fish species were in the range of previous results from the same fish species
collected in the same region with Cisco, Lake Whitefish , and Lake Trout having the highest

content [203].
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These long chain n-3 (EPA, DHA) and n-6 PUFA (20:4n-6) varied dramatically across
species. PUFA are essential fatty acids in fish that must be consumed, although shorter chain
PUFA can be converted to longer chain PUFA. The 18 carbon PUFA made relatively small
contributions to skeletal muscle composition with linoleic acid (18:2n-6) contributing the most to
the total (range of 1.76 to 3.80 wt%). As a comparison, docosapentaenoic acid n-3 ranged from
2.08 to 4.06 wt% across species. The PUFA composition of skeletal muscle tends to be
dominated by the long chain PUFA given that there is a high proportion of fatty acids in the
phospholipids of cell membranes contributing to the total fatty acid content as compared with
fatty acids in storage fat as triacylglycerols [209]. In the human diets, 16:0, 18:0, 18:1n-9 and
18:2n-6 make up 90% of the fatty acids consumed in agro-industrialized countries across the
globe [210] alt. The present results confirm that fish is relatively low in 18:2n-6 content, and it
has been documented that the consumption of seed oils is the main source of 18:2n-6 in the
human diet [211]. The content of long chain n-3 PUFA in fish appear to be at least somewhat
dependent on the consumption of preformed EPA and DHA based on aquaculture studies as

reviewed recently [212].

Interestingly, total fat content of Longnose Sucker was found to be the same as the mean
fat content of White Sucker although no statistical testing was possible, because only 1 sample of
Longnose Sucker was collected. The White Sucker and Longnose Sucker are genetically and
biochemically distinctive [213], but the appearance of the Longnose Sucker is quite similar to
White Sucker such that they are commonly confused by fishermen. While total fat content of the
White and Longnose suckers was similar, the one Longnose sucker examined had 46mg/100g
(30%) more DHA than the average of the White suckers but less than half the EPA (34 vs. 71

mg/100g). The ratio of EPA to DHA also appeared to be higher in White sucker (n = 19) as
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compared with Longnose sucker (n = 16) in the Dehcho Region, Northwest Territories [203].
Longnose suckers appear to have similar dietary habits as White suckers, although the size of a
sucker (which was not available for the n=1 sample) can shift diet as bigger prey can be
consumed as the sucker get larger [214]. So while caution is required for considering these EPA
and DHA differences as “real” from an n=1, differences in the ratio of EPA to DHA is an
indication of different PUFA metabolism by elongase and desaturase activities that is of great
interest in the food supply [215], so further studies examining PUFA metabolism in White and

Longnose suckers may be worthwhile.

5.6.2 Fatty Acid Profiles Vary between Skeletal Muscle and Liver of Burbot Fish

The Burbot (Lota lota) is a vital food fish for Indigenous North American peoples
(including First Nations, Métis, and Inuit) and the skeletal muscle and liver are consumed [186,
187]. The Burbot is a freshwater gadiform (cod-like) fish which produces delicate flesh fillet and
liver that therefore a potential candidate for aquaculture unlike saltwater gadiforms [216, 217].
Burbot livers are large and rich in bioactive components (particularly n-3 PUFA, vitamin A, and
vitamin D), and it has been a culturally significant and traditional food component for
Indigenous people living in Northwest Territories in Canada [218]. Burbot fish fillet and liver
were available, thus providing an opportunity to compare the fatty acid content from different
edible tissues of a single fish species. Unlike fatty fish species that predominantly accumulate
lipid in skeletal muscle, lean fish have low lipid levels in muscle and accumulate lipids primarily
in the liver [219] and Burbot is an example of a lean fish [220]. The total fat identified in the
Burbot liver was dramatically higher (over 20 times) than Burbot muscle. In addition to the fatty

acid concentration (mg/100g), the fatty acid composition (weight %) of the Burbot muscle
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significantly differed from the Burbot liver tissue. The different fatty acid composition is
indicative of differences beyond the liver having just a higher amount of fat, but differences in
the type of fat, which is caused by differences in the structure of skeletal muscle and liver. There
is no data available of the phospholipid and triacylglycerol content of Burbot muscle and liver.
For cod, concentration data is also surprisingly elusive in the literature, but it has been
anecdotally reported that in the lean muscle, most of the fat is from polar membrane lipids of the
various phospholipid classes while cod liver is 95% triacylglycerols [221]. The higher proportion
of MUFA and lower proportion of long chain n-3 PUFA and the very high concentration of total
fat in Burbot liver indicate that the liver is high in triacylglycerol as compared with Burbot
muscle. Characterization of the complex lipids of fish muscle versus fish liver appears to be
understudied, particularly regarding reporting quantitated results rather than relative weight

percentages.

As a source of dietary EPA + DHA in fishes, the proportion of EPA + DHA in Burbot
muscle tissue (32.0 = 3.0 wt%) was higher than in Burbot liver tissue (18.0 + 3.3 wt%). This
pattern has been observed in other fish such as Sardinella maderensis with 18.7 EPA + DHA
wt% in muscle tissue and 9.5 wt% in liver tissue [222]. However, while the proportion of EPA +
DHA is higher in the Burbot muscle, the concentration of EPA + DHA in Burbot liver (1873 +
656 mg/100g) is markedly higher (13 times). Therefore, Burbot liver has higher nutritional value
than Burbot muscle in regards to major n-3 PUFA content. These findings were also observed in
the fatty acid composition of muscle vs. liver of Sardinella maderensis, Sardinella aurita, and
Cephalopholis taeniops [222]. Fish liver also contains high levels of other lipids including
cholesterol, vitamin D and vitamin A that contribute to the nutritive value with potential for both

positive and negative effects. Burbot liver is however consider a good source of protein and
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vitamin A and can play an important role in the food supply for communities in the Northwest
Territories [223]. In particular, the high levels of vitamin A in liver can cause toxicity if amounts
of liver are not restricted [224], and fish liver may also accumulates environmental contaminants
(e.q., arsenic, cadmium, and lead) [225]. Levels of vitamin A in wild-harvested burbot liver from
the Northwest Territories are not yet known and little information is available on Vitamin A
levels among Dene populations of the Northwest Territories. As such, future work to more
precisely and comprehensively describe the risks and benefits of burbot liver may be warranted.
In the meantime, efforts to promote EPA + DHA intakes from traditional foods, with an
emphasis on the muscle of particular fish species, should be designed in full consultation with

northern Indigenous communities [226].

5.6.3 Fatty Acid Analytical Results Vary from CNF Records

As mentioned in previous research chapter, the CNF database is frequently used as a
valid reference by healthcare providers to assess nutrient content of food items supplied in
Canada and make public dietary recommendations [176]. While it is generally understood that
dietary databases have considerable limitations, these limitations are not well documented in the
literature as the focus tends to be on limitations in measuring actual food intake [227]. Therefore,
the nutrient content on fatty acid concentration from chemical analyses of the fish species from
the Northwest Territories was compared to the nutrient data for these species in the CNF
database. The fatty acid concentration data of 7 out of 8 analyzed fish species were found in the
CNF database and those fatty acid concentration data were compared with present analytical
data. The nutrient profile of Longnose Sucker was absent in CNF. Longnose Sucker has been

culturally important to the Indigenous peoples of Northwestern North America, and is of
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particular dietary importance among people living in areas that lacked salmon as a dietary fish
[228]. This finding, while preliminary, suggests that CNF and Health Canada should capture the
nutrient profile of more fish species consumed by citizens across Canada, including Indigenous
peoples given Federal mandate for reconciliation.

In general, the fatty acid concentration values of each included fatty acid component from
my laboratory analyses were markedly lower than the CNF values. As such, the third hypothesis
that fish species will be found in the CNF database and the analytical results and database
records of fatty acid concentration would agree, was rejected. The experimental values of total
fat content were approximately 40-75% of the CNF values except for the Lake Trout, Cisco, and
Lake Whitefish which were only 19-31% of anticipated values. A possible explanation for the
higher fat content data in the CNF than present analytical results is that the data from the CNF
were based on the whole fish, whereas the analytical data were based on the fish muscle only.
The vital fat storage sites in fish includes skeletal muscle but also include liver, and adipose
tissue [229]. Therefore, the fat content of whole fish is expected to be higher than fish muscle
solely. Furthermore, the CNF nutrient values may not accurately reflect foods supplied in
Canada because the CNF is mostly based on the USDA nutrient database and is infrequently
updated to address changes particular to the Canadian food supply [179]. The fat content values
recorded in the CNF database are a generic representation of relative fatty acids derived from
various data sources (Appendix 3), which further contributes to the variability of the CNF data.
Other impact factors of the fat content in fish included the fishing season, fishing location, and
age, body weight, and reproductive status of fishes [197]. Since those factors were unknown,
comparison of the individual fatty acid content of fish from my analyses with CNF values must

be done with caution.
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The EPA + DHA content experimental measured was relatively consistent across species
in the CNF database. The mean concentrations of EPA + DHA of present experimental results
were approximately 45-85% of the CNF values except for Lake Trout, which was 36% of the
CNF reported values. The experimentally determined Lake Trout was compared with “Trout
(mixed species)” in CNF as it was the only information available for Trout fishes. The various
species of trout have been reported to have a range of EPA + DHA of 500-3000 mg/100g [230,
231] and Lake Trout from the Northwest Territories have been reported to have a very wide
range of EPA + DHA content (165-2332 mg/100g) by our laboratory previously [203]. Lake
Whitefish was also observed to have a wide range of EPA + DHA in this previous study (182-
1048 mg/100g) [203]. Lake trout and Lake Whitefish are known to have “sympatric morphs” or
different phenotypes within a species living in the same area [232, 233]. These morphs are often
a result of resource competition and segregation as the fish adapt to their environment which can
increases the morphological and biochemical variability of a species including their nutrient
content [232, 233]. In addition, Lake Trout are known to dramatically cycle their weight
seasonally in response to food availability especially in Arctic conditions [234].

The fatty acid concentration data from CNF for Cisco appears to be incorrect as the
concentration of total n-6 PUFA (19470 mg/100g) was higher than the sum of individual n-6
PUFA and even exceeded the total fat content (4000 mg/100g). The Cisco also reported a 20:3n-
6 content of 420 mg/100g which was higher than 20:4n-6 (190 mg/100g in CNF) when 20:4n-6
was consistently the highest n-6 PUFA in all the fish species by CNF estimates and by our
laboratory measurements. The Cisco concentrations from my analyses and those in the recent
literature [200], were consistent for total saturates (268 vs. 262 mg/100g), total MUFA (72 vs.

128 mg/100g), total n-6 PUFA (87 vs. 61 mg/100g) and total fat content of (811 vs. 751
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mg/100g). According to the data source provided by CNF, the Cisco data were derived from
“Nutrient calculated from data other than USDA” or “Nutrient derived from scientific literature”
but the specific data sources were not trackable. The CNF is expected to cite the data of fatty
acid profile from certain valid source and regularly monitor those data to increase the
consistency and accuracy of the reported nutrient data. The USDA indicates Cisco total fat is
1910 mg/100g while our previous analyses indicted a total fat content of 1039 + 431 mg/100g

[203].

5.6.4 Addressing the Limitations

There are several limitations to this study. Firstly, the seasonality of the fishing and age
or body weight of fishes were not considered in this thesis and adding this information in the
future may help with understanding the diversity of the fatty acid profile of the fishes examined
[197]. For example, previous researchers have noted the seasonal changes in the lipid content of
some fish species, and fatty acid concentration in Fall was significantly higher than spring
because fish exhibited increased feeding rates in Fall to prepare for overwinter survival as fish
have the lowest fatty acid content after the winter fasting period [235, 236]. Secondly, the
observations of analytical results versus CNF records were from eye-catch only as statistical
testing between the experimental data and the single CNF average value data-point is not
possible since CNF provided the average value of each fatty acid content only. Lastly, as for the
fatty acid profile of Burbot muscle and liver, quantitative analysis of complex lipids and their
fatty acid compositions need to be completed for better insights into differences between muscle

and liver.

5.7 Conclusion
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In this research study, the fatty acid composition of wild harvested freshwater fish
commonly captured in the Canadian Arctic and Subarctic for food were investigated and the
nutritional quality of those freshwater fish were compared. The analyzed fatty acid composition
data of these fish were then compared to data available in the CNF. This study revealed that
almost all the examined fish species captured from the Canadian subarctic and Arctic could be a
good source of EPA+DHA as they all contained more than 135 mg /100 g fish muscle. Dietary
recommendations for EPA + DHA vary but generally they range from 250 mg/d to 500 mg/d
[237]. Median intakes of EPA + DHA have been estimated to be lower than 100 mg/d [209].
Among the examined fish species, Cisco, Lake Whitefish and Lake Trout had EPA + DHA
contents above 300 mg/100g fish muscle and therefore represent promising sources of EPA +
DHA by First Nation communities in Northwest Territories, Canada. This information as well as
lake-specific contaminant data [238] and local traditional knowledge should be considered when
co-developing dietary messages related with northern community partners. As for the
comparison between my laboratory results and the CNF data, my results suggest that further
species such as the Longnose sucker should be added as they are consumed by some Indigenous
populations. My results and others indicate the CNF Cisco data is not valid and CNF should at
least adapt the USDA values or better consult the recent published literature from Cisco caught

in Canada.
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Chapter 6

General Discussion

6.1 Overview

The main objectives of this thesis were to 1) collect evidence from available review
papers to determine issues related to human health and fish intake; 2) examine available online
databases for estimates of global and Canadian fish consumption, the diversity of commercial
fish species, and nutrient composition coverage of fish commonly consumed in North America;
and 3) examine the fatty acid composition of wild caught fish species consumed by Indigenous
population in northern Canada in comparison to food nutrient databases. These objectives were
completed by conducting a scoping review of review articles on the health effects of human fish
intake, identifying fish related databases (FAOSTAT, FishBase, CNF, and USDA) and
comparing the data obtained from them, and determining the fatty acid profile of fishes captured
from northern Canada using gas chromatography-flame ionization detection and then comparing
the analytical data to data from CNF database. My preliminary research aimed to determine the
fatty acid composition of commonly consumed fishes by Chinese versus Canadians using gas
chromatography, but the limited access to the laboratory during covid 19 pandemic forced me to

transition my research to online database research projects.

The overall hypothesis of this thesis was that n-3 PUFA is the main nutrient within fish
that provides health benefits over potential health detriments but assessing human intakes of n-3
PUFA from fish is a challenge due to variation in the estimated n-3 PUFA content of fish in

nutrient databases as a consequence of the large number and diversity of fish species, and the
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difficulty of incorporating regional and seasonal effects on n-3 PUFA content of fish. The results
of this thesis indicate that n-3 PUFA is the most studied nutrient component of fish and appears
to contribute the most to the health benefits (mainly cardiovascular and neurodevelopmental
benefits), but there are other nutrients in fish that are understudied. Consuming fish is typically
recommended rather than consuming fish oil supplements. This is despite the risk of detrimental
contaminants (e.g., MeHg) in fish as it is assumed the overall health benefits outweigh the
potential health detriments of fish intake. The FAOSTAT database provided data on fish
consumption and production and indicated that production by the G20 countries was dependent
mainly on capture fisheries, except for China that has developed a large aquaculture industry.
The FishBase database provided insight on the diversity of commercial fish by individual
countries and regions within Canada. Low fish consumption, regions with colder water
temperatures and industrialization of the fish food supply appears to reduce commercial fish
diversity. For the nutrient databases assessed, the FishBase Nutrient Analysis Tool provides
predicted nutrient content of a wide range of fish species but needs more testing and validation
prior to be used for dietary intake assessments. The CNF and USDA databases did not capture all
the commercial fish species in Canada as indicated by FishBase. All of fish species captured
from the Canadian subarctic and Arctic, were good sources of EPA + DHA containing more than
135 mg/100 g fish muscle, with Cisco, Lake Whitefish and Lake Trout having above 300
mg/100g fish muscle. Longnose sucker was not in the CNF but was indicated to be consumed in
Canada by FishBase and is consumed regularly by some Indigenous peoples of Northwestern
North America [228]. This indicates that the CNF (and USDA) database(s) may not be
comprehensive enough to capture nutrient information of fish species consumed in specific

regions and subpopulations in Canada, including Indigenous people. Considerable
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inconsistencies were observed between some of the data in CNF and ours and others analyses,

particularly Cisco.

Based on the evidence on various health benefits of n-3 PUFA from fish intake in the
literature, fish oil supplements are popular, but whether they can substitute for fish in the diet is
controversial. Although the effects and mechanisms of n-3 PUFA on human health have been
studied extensively, the variability in the design, analysis, reporting, and interpretation across
studies makes it difficult to translate the findings into n-3 PUFA specific recommendations
[239]. Proper assessment of background diet and adherence to fish oil use during clinical trials
has been recommended to address the inconsistencies in fish oil studies [239] and in nutrition
intervention studies in general [240]. These measures are needed to better inform decisions about
the effect of fish oil versus fish intake on human health. Also, research on the other bioactive
components in fish are needed as it is not even possible to determine variation in health
outcomes in these understudied components. Indiscriminately promoting fish intake over fish oil
supplementation appears to be a default recommendation that lacks true scientific support.
General recommendations for fish consumption have multiple challenges due to the large
diversity of fish species consumed by human in different regions of the world and during
different seasons. The CNF relies heavily on the USDA database and as such may not represent
regional differences. In particular, smaller regions and specific populations in Canada such as
Indigenous peoples rely more on local capture fisheries rather industrialized fish production for
their fish food. These differences will likely get larger as aquaculture grows in North America as
it has in China. Given the ecological impact on the fatty acid content of fish [197, 241],
significant variation of fatty acid concentration of fish examined between my analyses and CNF

estimates should have been expected. Inconsistencies in estimating dietary n-3 PUFA intake
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from fish are real and problematic. Nutrient databases may need to consider capturing and
reporting variation rather than just mean values to properly reflect the fatty content of fish. The
average could still be used for estimating intake amounts, while the variation would give insight

on the dispersion of the possible nutrient content.

6.2 Conclusion

In conclusion, this thesis identified controversial topics related to the health benefits of
fish intake and research gaps present in the research field. The n-3 PUFA within fish have been
studied the most, yet fish intake is typically promoted over n-3 PUFA supplementation despite
limited supporting evidence for the other components of fish providing benefits on human health.
To verify this, further studies should be performed to examine the effect of bioactive components
in fish such as protein or peptides, vitamins, and trace elements on human health together with
confounding factors including fish choice, processing methods, and human adherence to dietary
recommendations being intervened. In addition, complex interactions with environmental
contaminants that cause health detriments need to be examined in more detail to safely promote
fish intake. Since the nutritional value of fish varies across the large diversity of fish species and
ecological conditions, the nutrient data of fish in nutrient databases must be considered as crude
estimates. The limitations of the CNF and USDA databases for estimating nutrient intakes from
fish should be studied systematically across regions and subpopulations and fish species not in
the database need to be added. Adding a variation component to the databases may be prudent
and informative for public health initiatives but also for human intervention studies. Improving
the ability to estimate nutrient intakes from fish appears to be necessary to determining the true

impact of fish and n-3 PUFA on human health.
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Appendix 2. Seven major nutrients data of top 5 consumed fishes from CNF, USDA, and FishBase

. Calcium Iron Selenium Zinc Vitamin A Total n-3 Protein
Fish Name Database PUFA
(mg/100g) (mg/100g) (1ug/100g) (mg/100g) (ug/100g) (4/100g) (9/1009)
Pink salmon CNF 29.0 0.8 31.4 0.7 35.0 1.6 20.5
Oncorhynchus gorbuscha USDA 7.0 0.4 314 0.4 35.0 0.6 20.5
FishBase 77.1 12 319.0 0.7 6.9 1.8 19.1
Chum salmon CNF 44.0 0.7 36.5 0.6 30.0 1.0 23.1
Oncorhynchus keta USDA 11.0 0.6 36.5 0.5 30.0 0.7 20.1
FishBase 26.2 0.3 193.0 0.6 12.3 24 18.2
Colo salmon CNF 12.0 0.3 12.6 0.4 56.0 15 21.3
Oncorhynchus kisutch USDA 12.0 0.3 12.6 0.4 56.0 1.2 21.3
FishBase 48.8 14 240.0 0.8 15.7 1.9 19.2
Sockeye salmon CNF 10.0 0.4 30.6 0.4 58.0 13 21.3
Oncorhynchus nerka USDA 9.0 0.4 29.8 0.5 49.0 0.9 22.2
FishBase 314 0.5 161.0 0.6 7.3 2.9 18.7
Chinook salmon CNF 26.0 0.3 36.5 0.4 136.0 2.3 20.0
Oncorhynchus tshawytscha ~ USDA 26.0 0.3 36.5 0.4 136.0 2.3 20.0
FishBase 36.6 0.8 312.0 0.7 22.7 15 18.8
Yellowfin tuna CNF 4.0 0.8 90.6 0.4 18.0 0.2 24.4
Thunnus albacares USDA 4.0 0.8 90.6 0.4 18.0 0.1 24.4
FishBase 60.0 3.7 112.0 0.7 52.1 0.6 22.4
Bluefin tuna CNF 8.0 1.0 36.5 0.6 655.0 1.3 233
Thunnus thynnus (L.) USDA 8.0 1.0 36.5 0.6 655.0 1.3 233
FishBase 62.0 3.0 99.5 0.6 66.1 0.3 235
Skipjack tuna CNF 29.0 13 36.5 0.8 16.0 0.3 22.0
Euthynnus pelamis (L.) USDA 29.0 1.3 36.5 0.8 16.0 0.3 22.0
FishBase 145.0 2.0 92.0 15 4.0 0.5 22.4
Pacific cod CNF 8.0 0.2 22.9 0.3 2.0 0.2 15.3
Gadus macrocephalus USDA 8.0 0.2 229 0.3 2.0 0.1 15.3
FishBase 18.7 0.2 17.3 0.4 5.0 0.6 16.2
Atlantic cod CNF 16.0 0.4 33.1 0.5 12.0 0.2 17.8
Gadus morhua USDA 16.0 0.4 33.1 0.5 12.0 0.2 17.8
FishBase 13.0 0.2 155 0.5 11.9 1.0 16.4
Atlantic herring CNF 57.0 11 36.5 1.0 28.0 17 18.0
Clupea harengus USDA 57.0 1.1 36.5 1.0 28.0 1.6 18.0
FishBase 92.6 0.5 16.2 1.3 334 1.8 16.9
Pacific herring CNF 83.0 11 37.0 0.5 32.0 1.9 16.4
Clupea pallasii pallasii USDA 83.0 1.1 37.0 0.5 32.0 1.8 16.4
FishBase 103.0 0.8 13.7 1.3 19.0 2.2 17.4
Pacific sardine (canned) CNF 240.0 2.3 40.6 14 32.0 17 20.9
Sardinops sagax USDA 240.0 2.3 40.6 14 32.0 15 20.9
FishBase 184.0 25 46.3 1.7 11.6 0.8 20.9

N-3 PUFA, omega-3 polyunsaturated fatty acids; CNF, Canadian Nutrient File; USDA, United States Department of Agriculture.
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Appendix 3. List for data sources of Canadian Nutrient File 150

Identifier Data source name

0 No change from USDA

1 Nutrient levels changed to meet the Canadian regulations

2 Nutrient calculated from data other than USDA

3 Nutrient analyzed in a Canadian government lab

4 Nutrient calculated from USDA data

5 Nutrient imputed from a similar USDA food

6 Nutrient from Canadian industry. Documentation incomplete.

7 Nutrient analyzed in Canadian product (hon-government lab). Documentation

8 Nutrient value of food created for the Nutrition Canada Survey

9 Nutrient from the label declaration

10 Nutrient derived from scientific literature

12 Nutrient value is an assumed zero

14 Provisional data

15 Nutrient value imputed from data other than USDA

16 Calculated field

17 Calculated from analytical Canadian data

18 Imputed data that USDA has deleted

51 Calculated using a recipe

82 Danish Food Composition Databank (revision 5.0) Danish Institute for Food and
Veterinary Research (revision 5)

83 Finnish food composition database. National Public Health Institute
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