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Abstract
We provide an overview of studies on seafood intake in relation to obesity, insulin resistance and type 2 diabetes. Overweight and obesity
development is for most individuals the result of years of positive energy balance. Evidence from intervention trials and animal studies
suggests that frequent intake of lean seafood, as compared with intake of terrestrial meats, reduces energy intake by 4–9%, sufficient to
prevent a positive energy balance and obesity. At equal energy intake, lean seafood reduces fasting and postprandial risk markers of insulin
resistance, and improves insulin sensitivity in insulin-resistant adults. Energy restriction combined with intake of lean and fatty seafood seems
to increase weight loss. Marine n-3 PUFA are probably of importance through n-3 PUFA-derived lipid mediators such as endocannabinoids
and oxylipins, but other constituents of seafood such as the fish protein per se, trace elements or vitamins also seem to play a largely neglected
role. A high intake of fatty seafood increases circulating levels of the insulin-sensitising hormone adiponectin. As compared with a high meat
intake, high intake of seafood has been reported to reduce plasma levels of the hepatic acute-phase protein C-reactive protein level in some,
but not all studies. More studies are needed to confirm the dietary effects on energy intake, obesity and insulin resistance. Future studies
should be designed to elucidate the potential contribution of trace elements, vitamins and undesirables present in seafood, and we argue that
stratification into responders and non-responders in randomised controlled trials may improve the understanding of health effects from intake
of seafood.
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Introduction

Obesity affects virtually all ages and socio-economic groups
and is about to overwhelm both developed and developing
countries. Excess adiposity is a well-established risk factor for
overall premature mortality and major chronic diseases,
including cardiometabolic diseases, type 2 diabetes (T2D), as
well as cancer such as postmenopausal breast cancer and col-
orectal cancer(1–3). Leaving genetics aside, weight gain and loss
are inevitably related to energy consumed and energy used,
although psychological, cultural and sociodemographic factors
are all known to contribute to this energy imbalance. Besides
increasing physical activity, changing dietary patterns is the
single most prevailing tool to curb this escalating problem(4). In
this respect, the quality and type of food will also matter as
certain nutrients strongly influence appetite, satiety, energy
expenditure and thermogenesis, and thereby obesity
development.
Lean and fatty fish are both considered nutritious and a great

source of protein, iodine and various vitamins and minerals, but
fatty fish contain some important nutrients in higher quantities
such as n-3 fatty acids and vitamin D (Fig. 1). In the dietary

guidelines for Americans, intake of approximately 225 g varied
seafood weekly, including lean and fatty fish to provide a
weekly dose of 1·75 g EPA and DHA is recommended(5).
According to the European Food Safety Authority (EFSA), the
food-based dietary guidelines for fish consumption range from
100 to 300 g weekly in most countries(6). The Nordic Nutrition
Recommendations(7) and the Norwegian Food-based Dietary
Guidelines are somewhat higher and include 300–450 g pure
fish weekly, of which 200 g should be fatty fish (salmon, trout,
mackerel or herring)(8).

In the USA, seafood consumption in general is reported to be
as low as 63 g/week, of which 50% is shrimp(9). In contrast, in
40- to 69-year-old Japanese, a median fish consumption of 580 g
weekly has been observed(10). The mean intake of fish in the
general Norwegian population aged 18–70 years is reported to
be 450 and 300 g weekly among men and women, respec-
tively(11). In Western Norway, a median total fish intake of
530 g/week has been reported among men and women aged
46–49 and 71–74 years(12) and 680 g weekly among 62-year-old
patients with coronary artery disease(13). Although fish intake
among adults and elderly in Norway seems to live up to
the guidelines, recent data indicate that the mean intake
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(168 g/weekly) among younger individuals (aged 9 and 13
years) does not meet the recommendations(14). In addition, the
frequency of fish consumption among 66% of young European
overweight adults is lower than usually recommended(15).
Seafood is considered an essential part of a healthy diet, but
whether replacing meat with fish and seafood or increasing the
intake of fish and seafood will limit the development of obesity,
insulin resistance and T2D remains an open question.
Research on the health effects of fish and seafood consump-

tion has to a large extent been focused on the content of marine
n-3 PUFA, and a number of clinical intervention trials doc-
umenting their effects have been published. However, seafood
also represents a rich source of high-quality protein and further
contributes to a better nutritional status due to the content of
other essential nutrients, such as vitamin D, vitamin B12, the B
vitamins niacin and pantothenic acid, as well as the trace ele-
ments iodine and Se. On the other hand, the content of As and
heavy metals such as Cd, Pb and Hg has been of concern in
terms of seafood safety. Further, fatty fish in particular also
contain persistent organic pollutants (POP) such as poly-
chlorinated biphenyls, dioxins and brominated flame retardants
that all have been associated with obesity and diabetes devel-
opment(16,17). Here, we aim to review observational studies and
intervention trials related to obesity, insulin resistance and T2D
with a main focus on fish or seafood consumption, but we also
include studies reporting on intake of single components from
seafood. Finally, we review animal trials and describe the pos-
sible mechanisms by which both fatty and lean seafood may
influence the development of obesity, insulin resistance and T2D.

Observational studies with seafood intake and obesity

Individuals adhering to the so-called prudent diet, char-
acterised by a higher consumption of non-hydrogenated fat,
vegetables, eggs, fish and other seafood, are less likely to be
obese than individuals having a high intake of refined grains,
red meats, processed meats, French fries, condiments and
regular sugar-containing soft drinks(18). Healthy dietary pat-
terns comprising intake of seafood have also been associated
with a low BMI in Japan(19) and Jakarta(20). Additionally, a few
prospective studies have investigated the relationship between
fish consumption and body-weight gain. In the European
Prospective Investigation into Cancer and Nutrition (EPIC)
study, comprising 249 558 women and 95 199 men from ten
European countries, overall fish consumption was weakly
positively associated with increase in body weight in women,
but not in men(21). It has to be mentioned that in the EPIC
study the median follow-up period was only 5 years, and
among women, data differed between the different countries,
i.e. in Greece, the Netherlands and UK negative associations
for total fish intake and body-weight gain were observed(21). It
is not yet known if the differences relate to cultural differences
regarding how seafood-containing meals are composed, use
of condiments, or preparation methods. In a Norwegian study
using data from two cross-sectional surveys, the population-
based Tromsø 4 and Tromsø 6 studies (http://tromsounder-
sokelsen.no), data from 4528 individuals with a follow-up of
13 years showed that individuals with an intake of fatty fish
once/week or more exhibited increased waist circumference
compared with those eating fatty fish less than once/week(22).
In contrast, men who consumed lean fish more than once/
week had decreased waist circumference, but this association
was not statistically significant after multiple adjustments(22).
However, data from this study indicate that the type of fish
also may be of importance when evaluating intake of seafood
and obesity development. In a large American study, the
association between 4-year changes in consumption of dif-
ferent protein sources and body weight has been investigated
in three prospective US cohorts over a 16- to 24-year follow-up
period (Nurses’ Health Study, Nurses’ Health Study II, and
Health Professionals Follow-Up Study) including 120 784 men
and women without chronic disease or obesity at baseline(23).
Whereas increased intake of protein from meats, chicken with
skin and regular cheese was associated with weight gain,
increased intake of seafood together with peanut butter, wal-
nuts, other nuts, chicken without skin, yogurt and low-fat
cheese was associated with weight reduction(23). However, it
should be mentioned that changes in most protein foods were
inversely correlated with changes in carbohydrate at baseline.
The authors emphasise that dietary replacements, especially
replacing protein-rich food for carbohydrate-rich foods, are
crucial for long-term weight maintenance. Originally, Iso
et al.(24) reported that participants in the Nurses’ Health Study
with a high intake of fish had a higher risk of obesity. How-
ever, these women also had a high intake of poultry, which is
rich in the n-6 PUFA linoleic acid(25). This may be of impor-
tance as intake of poultry and linoleic acid has been positively
correlated with obesity(26). Further, the possible protective
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Fig. 1. Content of nutrients and undesirables typically found in different
amounts in lean and fatty seafood. Larger font size indicates higher level. PCB,
polychlorinated biphenyls; BFR, brominated flame retardants; POP, persistent
organic pollutants.

Seafood, obesity and type 2 diabetes 147

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

http://tromsoundersokelsen.no
http://tromsoundersokelsen.no
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


effect of marine n-3 PUFA on obesity development(27–29) may
be counteracted by linoleic acid(26).
A great number of publications have described the health-

beneficial effects of marine n-3 PUFA on obesity-related dis-
orders. Hence, fatty fish such as salmon, herring and mackerel
have been considered health beneficial largely due to their high
content of marine n-3 PUFA. As a high consumption of meat is
associated with weight gain and consumption of fish and sea-
food with weight loss(23), exchanging meat for seafood should,
in theory, be beneficial in terms of weight loss. However, only a
limited number of human intervention studies using fatty fish
have actually been performed on obese subjects.

Intervention studies with fatty seafood and obesity

Results from published intervention studies suggest that seafood
may accelerate weight loss induced by energy restriction
(Table 1). In a study by Mori et al.(30), sixty-three overweight
patients that underwent treatment for hypertension were ran-
domised to a daily fish meal, a weight-loss regimen, the two
regimens combined, or a control group for 16 weeks. The fish
meals comprised Greenland turbot, canned sardines, canned
tuna or canned salmon, providing an average of 3·65 g marine
n-3 PUFA/d. The subjects assigned to the weight-loss groups
had a dietary programme in which their daily energy intake was
individually decreased by 2000–6500 kJ/d for 12 weeks to
achieve a weight loss of 5–8 kg. There was no significant
change in body weight in the seafood and no-seafood groups
that maintained their usual energy intake, but increased weight
loss was observed when energy restriction was combined with
a daily fatty fish meal. A strength of this trial is the measurement
of n-3 and n-6 PUFA in plasma indicating compliance with fish
intake in the fish groups.
In line with this, Thorsdottir et al.(31) and Ramel et al.(32) have

demonstrated that inclusion of fatty fish, or fish oil as part of an
energy-restricted diet, significantly increased weight loss in
young overweight adults. In this study, 278 overweight men
and women (20–40 years) from Iceland, Spain and Ireland were
subjected to weight loss induced by 30% energy restriction for
8 weeks. One group received 1·3 g of marine n-3 PUFA from
capsules/d and one group received three portions of 150 g
salmon/week, corresponding to an average daily intake of 2·1 g
marine n-3 PUFA during the 8 weeks of energy restriction. The
diets did not vary in their influence on weight loss in women,
but in men inclusion of either fatty fish or fish oil in the diet with
energy restriction resulted in approximately 1 kg greater weight
loss after the first 4 weeks compared with a similar diet without
seafood or n-3 PUFA supplement.
In line with the possible ability of marine n-3 PUFA to

accentuate weight loss induced by energy restriction, Kunešová
et al.(33) have demonstrated greater weight loss in severely
obese women when 2·8 g marine n-3 PUFA/d were included in
an energy-restricted diet during a 21 d trial. Of note, a combined
intervention using marine n-3 PUFA and minor energy restric-
tion exerted synergism in the prevention of obesity also in
mice(34). Further, Kabir et al.(35) reported that 3 g fish oil/d
reduced total fat mass and adipocyte size in a 2-month

randomised controlled trial (RCT) with type 2 diabetic women.
Good compliance was seen in all the above-mentioned trials. In
line with Kabir et al.(35), an inverse association has been
observed in patients between abdominal obesity and amount of
marine n-3 PUFA in adipose tissue samples(36) and also
between the amount of marine n-3 PUFA in subcutaneous
adipose tissue and reduced adipocyte size(37). However, other
similar trials have failed, and a lack of consensus between
animal trials and human intervention studies apparently
exists(38). A meta-analysis of the potential of n-3 PUFA to reduce
obesity in humans with a description of the lack of consistency
in study designs was recently published elsewhere(39), and will
not be further discussed here. It should, however, be men-
tioned that a small reduction in body fat mass is not always
accompanied by reduced body weight. For instance, in a cross-
over trial, Couet et al.(40) reported that replacement of 6 g of
dietary fat (butter, olive oil, sunflower-seed oil and peanut oil)
with 6 g of marine n-3 PUFA/d given as capsules for 3 weeks
led to a reduced body fat mass without a concomitant reduction
in body mass. Still, a meta-analysis(41) where twelve trials met
the eligibility criteria reported on a significantly higher weight
loss in the intervention groups (fatty fish or marine n-3 PUFA)
compared with the control groups.

Fatty fish is a rich dietary source of fat-soluble vitamins,
including vitamin D. Obesity often coexists with low intake of
Ca and with vitamin D insufficiency(42). Dietary Ca may lead to
a negative energy balance by its ability to reduce intestinal fat
absorption because of formation of insoluble Ca–fatty acid
soaps, which pass unabsorbed through the intestinal tract and
are excreted in the faeces. A number of meta-analyses have
investigated whether a sufficient Ca intake may prevent or
reduce obesity, but there is a lack of consensus(43). The link
between vitamin D and obesity is not yet completely under-
stood, but obesity-related vitamin D deficiency has been related
to reduced bioavailability of vitamin D from cutaneous and
dietary sources because of its deposition in body fat compart-
ments(44). A very limited number of studies examining the effect
of vitamin D supplementation on weight loss have been per-
formed, and two recent reviews on the topic concluded that
although epidemiological associations are clear, more inter-
vention studies are needed to conclude on whether increasing
vitamin D intake can attenuate weight gain or augment weight
loss(42,45). Thus, whether improved vitamin D and/or Ca status
by fatty fish intake could contribute to reduced obesity needs to
be further elucidated.

Animal trials with fatty seafood and potential mechanisms
of actions

In view of the promising rodent studies performed by us and
others documenting the ability of marine n-3 PUFA to attenuate
and/or totally prevent high-fat diet-induced obesity in
rodents(26,34,46–56), one would expect fatty fish to effectively
attenuate obesity. However, only a limited number of studies
have been published, and the results in terms of the potential
anti-obesogenic effect from experiments using fatty fish are far
less convincing. Still, several reports from Sweden suggest that
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herring may have some anti-obesogenic properties, including
an experiment where high-fat/high-sucrose diets supplemented
with either minced herring fillets or minced beef were fed to
male LDL receptor-deficient mice for 16 weeks. Despite
increased body weight, body composition was equal and the
size of adipocytes in epididymal fat was reduced in herring-fed
mice compared with beef-fed mice(57). Further, it was demon-
strated that offspring of herring-fed C57BL/6 mice were less
obese than offspring of beef-fed dams at 9 week of age. The
fatty acid composition in the breast milk was strongly affected
by inclusion of herring in the maternal diet, and this translated
into increased levels of n-3 PUFA in several tissues of the off-
spring of dams fed the herring-containing diet(58). Further, rats
fed high-energy diets with herring exhibited smaller adipocytes
in the mesenteric adipose tissue depots than rats fed high-
energy diets with chicken(59). Conversely, mice fed very high-fat
diets with salmon became more obese than mice fed the
‘control’ casein-based diets with similar macronutrient compo-
sition(60). However, although casein is commonly used as the
protein source in commercially available rodent diets, casein
may not represent an adequate reference control compared
with many other protein sources as casein has anti-obesogenic
properties in obesity-prone C57BL/6J mice(61,62).
Interestingly, the fatty acid composition in salmon feed and,

hence, salmon fillets may be of importance(63,64). Feeding sal-
mon aquatic feed with 50% replacement of the traditionally
used marine oils with vegetable oils, soyabean oil in particular,
resulted in a profoundly increased n-6:n-3 PUFA ratio in salmon
fillets(65). Fatty acid composition in tissues and erythrocytes in
mice fed diets containing the salmon mirrored the fatty acid
composition of the fillets, and an increased n-6:n-3 PUFA ratio
was associated with a more obese phenotype(63,66). Conversely,
an increased ratio of n-3:n-6 PUFA in the fish feed, salmon
fillets, and in erythrocytes collected from the mice fed the
salmon was accompanied with reduced adipose tissue mass
and reduced abundance of arachidonic acid (AA) in the phos-
pholipid pool in the livers of the mice(63,64,66). The levels of
hepatic ceramides and AA-derived pro-inflammatory mediators
decreased, whereas the abundance of oxylipins derived
from EPA and DHA was increased(66). Similarly, in plasma and
liver, the levels of AA-derived endocannabinoids,
2-arachidonoylglycerol and anandamide, N-arachidonoyletha-
nolamine, decreased, whereas the levels of EPA- and DHA-
derived endocannabinoids increased(63,66). It is well known that
endogenously produced AA-derived endocannabinoids can
promote obesity(26,67). Hence, reduced production of AA-
derived and/or increased production of n-3-derived endo-
cannabinoids and oxylipins may explain why the n-6:n-3 PUFA
ratio in salmon modulates metabolism in mice consuming the
salmon.
Dietary composition plays an important role in shaping the

microbiota, and it is currently widely accepted that the com-
position of the gut microbiota is linked to obesity(68). Compared
with diets rich in SFA, a diet rich in marine n-3 PUFA led to a
higher Bacteroidetes:Firmicutes ratio after 14 weeks(69).
Although challenged, a decreased Bacteroidetes:Firmicutes
ratio has traditionally been associated with obesity(70). Further,
it is reported that mice fed fish oil have increased levels of

Akkermansia muciniphila(71), which has been associated with
protection against diet-induced obesity(72). Of interest, it was
recently demonstrated that a specific protein isolated from the
outer membrane of A. muciniphila, named Amuc_1100, is able
to improve the gut barrier and partly recapitulates the beneficial
effects of A. muciniphila(73). However, to what extent fatty
seafood is able to modulate the composition and function of the
gut microbiota warrants further investigation.

Intervention studies with lean seafood and obesity

Components in fish besides the marine n-3 PUFA are often
overlooked, but in the context of weight management, several
human intervention studies suggest that components of lean
seafood also may be of importance (Table 1). First, in the
previously mentioned study by Thorsdottir et al.(31), it was
demonstrated that inclusion of lean fish, 150 g cod for 3 d per
week, in an energy-restricted diet was as efficient as salmon to
increase weight loss by approximately 1 kg in overweight
young males. Increasing the fish intake to 150 g cod for 5 d per
week resulted in a 1·7 kg significantly greater weight loss than
intake of an isoenergetic diet(74). Second, in a recent 8-week
intervention study with free-living subjects, it was shown that
daily self-administration of capsules with 3 g of fish protein per
d for 4 weeks decreased the percentage of body fat and
increased the percentage of muscle in overweight adults(75).
However, during the last 4 weeks of the study, when the daily
protein supplementation was increased to 6 g/d, the differences
in body composition disappeared(75). In a cross-over study with
two 4-week diet periods in which the participants were given
daily lunch and dinner meals with either lean seafood or non-
seafood (mainly lean meat), we did not observe differences in
body composition between diets in healthy adults. Of impor-
tance, energy intake was kept equal for each individual
between lean seafood and the non-seafood diet periods(76).
Despite no differences in body composition, 4 weeks of high
lean seafood as compared with no seafood intake altered lipid
and glucose metabolism, as evident from changes in fasting and
postprandial serum metabolites(76,77) as well as differences in
the urine metabolome(78). As obesity development may take
years, it is possible that the above-mentioned studies were of
too short duration to detect any sustained difference in body
composition, but may indicate prevention against obesity. Still,
inclusion of seafood in an energy-restricted diet may be useful
to increase weight loss. However, presently there is not suffi-
cient evidence from RCT to state that seafood affects body
composition differently from other protein-rich foods when
individuals are consuming their habitual amount of energy.

Although still controversial, different types of high-protein
diets are popular. Given the high protein content and virtually
no carbohydrate content in lean fish, an increased intake of fish
would necessarily lead to increased protein intake. Increasing
dietary proteins increase satiety and diet-induced thermogen-
esis, and during weight loss dietary proteins have a favourable
effect on body composition due to sparing of fat-free
mass(79–82). Moreover, in a European multicentre trial, it was
demonstrated that just a modest increase in dietary protein
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Nutrition Research Reviews

Table 1. Randomised controlled trials (RCT) with fatty and/or lean fish on obesity

Author Subjects Health Design Background diet Intervention groups Duration Main results

Mori et al. (1999)(30) n 63
42 M
21 F
Mean age: 54·1

(SEM 1·8) years
Age range: 40–70

years

Hypertension
BMI >25 kg/m2

Mean BMI: 34·9 (SEM
1·1) kg/m2

RCT Self-selected (1) Control
(2) Fish
(3) Weight loss (energy-restricted

diet)
(4) Fish + weight loss

Fish groups: including 3·65 g/d n-3
PUFA (turbot, sardines, tuna,
salmon)

16 weeks Weight decreased by 5·6 (SEM 0·8)
kg in energy restriction groups.
NS differences in weight loss in
seafood and no-seafood groups
maintaining usual energy intake

Thorsdottir et al.
(2007)(31); Ramel
et al. (2010)(32)

n 278
120 M
158 F
Mean age: 38·9

(SD 5·4) years
Age range: 20–40

years

Healthy Mean BMI:
30·1 (SD 1·4) kg/m2

BMI range: 27·5–
32·5 kg/m2

RCT Self-selected Energy-restricted diets
(1) Control (sunflower capsules, no

seafood)
(2) Lean fish (3 × 150g cod/week)
(3) Fatty fish (3 × 150g salmon/

week)=2·1 g/d n-3 PUFA
(4) Fish oil (capsules, no

seafood)= 1·3 g/d n-3 PUFA

8 weeks Weight and waist circumference
decreased significant more in fatty
fish (–7·0±3·5 kg), lean fish
(–6·6±2·8 kg) and fish oil groups
(–6·7±3·6 kg) (energy-restricted
diets) compared with control –
5·3±3·0 kg) in male subjects

Ramel et al.
(2009)(74)

n 126
Age range: 20–40

years

Healthy
Mean BMI: 30·2 (SD

1·4) kg/m227·5–
32·5 kg/m2

RCT Self-selected Energy-restricted diets
(1) Control (no seafood)
(2) Lean fish (3 × 150g cod/week)
(3) Lean fish (5 × 150g cod/week)

8 weeks Dose–response relationship; weight
loss increased significantly with
increasing doses of cod: cod 3
× /week –0·67 kg; cod 5 × /week –

1·73 kg compared with control
Aadland et al.

(2016)(76)
n 20
7 M
13 F
Mean age: 50·6

(SEM 3·4) years

Healthy
Mean BMI: 25·6
(SEM 0·7) kg/m2

RCT,
cross-
over

3 weeks run-in period
with diet in accordance
with Norwegian
recommendations

No energy-restriction
(1) Lean seafood 7 d/week
(2) Non-seafood 7 d/week
Fish: cod, pollock, saithe, scallops

2 × 4 weeks,
5 weeks
washout

No diet effect on body composition

M, male; F, female.
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intake effectively prevented weight regain after a major weight
loss in obese subjects(83,84). In contrast to anecdotal sugges-
tions, seafood proteins have been demonstrated to be more
filling than proteins from red meat and chicken(85,86).
Uhe et al.(86) compared the acute satiating effect of beef,

chicken fillet without skin and gummy shark meals by adminis-
trating grilled whole chunks of 50 g of protein of each type
together with 200ml of water to the subjects participating the
study. The meal sizes were not reported, but as lean seafood
contains more water than terrestrial meats, it is likely that the
gummy shark meal was larger than the two other meals. The
subjects rated repeatedly how hungry or full they felt during
180 min following commencement of the meals. Satiety was
greater after the seafood meal than after intake of meals based on
the other protein sources and this was related to lower digestion
rate and a higher postprandial tryptophan:large neutral amino
acid ratio. The authors hence suggested involvement of the
neurotransmitter serotonin (5-hydroxytryptamine) as one of the
signals mediating the satiety. A higher postprandial tryptophan:
large neutral amino acid ratio would imply that more tryptophan
enters the brain. As a result, serotonin synthesis would increase
and possibly interact within the hypothalamus with endogenous
orexigenic (neuropeptide Y/Agouti-related protein) and anor-
ectic (α-melanocyte stimulating hormone) peptides(86).
Borzoei et al.(85) served healthy males an isoenergetic protein-

rich (47 energy percent (%E) protein) lunch meal, consisting of a
dish containing either minced cod or minced beef. An ad libitum
standardised evening meal was served 4 h after the start of the
lunch meals. Food intake was measured, and appetite was rated
by visual analogue scales. The results showed that the point
estimates were somewhat lower for hunger and higher for sati-
ety, but no significant differences were observed. However, in
participants who ate the fish lunch meal, energy intake at the
evening meal was significantly lower and the subjects did not
feel less satiated, and no subsequent energy compensation after
the evening meal was found on the test day(85). In contrast to the
results from the study of Borzoei et al.(85), we found no differ-
ence on appetite sensation or energy intake after consumption of
balanced meals (26%E protein) with either cod or lean veal in a
recent study(87). Moreover, we observed no differences in plasma
levels of ghrelin, a known orexigenic hormone.
Five intervention studies have been performed with lean

seafood as part of a lean white meat diet in comparison with a
lean red meat diet. The primary endpoint of these studies was
plasma lipids, but they also recorded energy intake. In a cross-
over study with 129 healthy American females (n 55) and males
(n 74) aged 23–70 years, the participants consumed at
least 140 g/d of either lean beef, or poultry (chicken and turkey)
4 d/week and fish (cod, perch and sole) 3 d/week for two diet
periods of 3 months each(88). Even though the difference was
not significant, the mean energy intake was 9% lower for both
sexes in the lean white meat diet period (including lean fish)
relative to the energy intake in the lean red meat diet period. In
another cross-over study from the same group using similar
conditions, energy intake during the lean white meat diet per-
iod was lower (–9% in females and –16% in males) as com-
pared with energy intake during the lean red meat diet period,
but did not reach statistical significance(89). A cross-over study

in 145 hypercholesterolaemic American men and women (18–
75 years) compared the effect of consuming at least 170 g/d for
5–7 d/week of lean red meat (beef, veal or pork) with the same
amount of lean white meat (poultry or fish) for two diet periods
of 9 months(90). Energy intake was significantly lower (–4·5%;
P= 0·004) during the lean white meat diet period as compared
with energy intake during the lean red meat period. Neither
data on body weight nor on the type or amount of lean fish
consumed were specified in this study(90). Data from diet period
1 in the cross-over study by Hunninghake et al.(90) were pub-
lished separately as a parallel-arm study with eighty-nine sub-
jects in the lean red meat group, and 102 subjects in the lean
white meat group. In diet period 1, energy intake tended
(P= 0·06) to be reduced in the lean white meat group relative to
the lean red meat group. Concomitantly, changes in body
weight during the 9 months’ study were + 0·8 kg for the lean red
meat group and –0·5 kg in the lean white meat group, but the
difference was not significant(91). Finally, in a cross-over study,
thirty-nine hypercholesterolaemic South-African participants,
aged 20–53 years, consumed prudent diets with either lean beef
(5 d/week) and lean mutton (2 d/week) or with skinless
chicken (5 d/week), hake (1 d/week) and pilchards or tuna (1
d/week) for two diet periods of 6 weeks(92). Both prudent diets
reduced energy intake as compared with baseline intake, but
the lean white meat diet reduced energy intake more than the
lean red meat diet. The changes in body weight were –0·5 kg for
the red meat diet period, and –1·2 kg for the lean white meat
diet period, but the difference was not significant(92). Taken
together, the inclusion of lean seafood, in particular at the
expense of red meat, is likely to reduce energy intake and,
hence, body-weight gain. Unfortunately, however, these studies
have to our knowledge not reported on hormone levels related
to satiety.

The underlying mechanism governing the possible pre-
ventive effect of lean seafood on body-weight gain is not clear.
However, one possible mechanism is the generation of bioac-
tive peptides through the digestion of food proteins. Bioactive
peptides tend to have two to twenty amino acid residues, and
may either be effective after absorption in the gut or they may
induce a local effect in the gastrointestinal tract(93). These
bioactive peptides have been suggested to influence energy
intake and body-weight regulation(94). In addition, lean seafood
is generally a rich source of iodine(95), which may be of rele-
vance as inadequate iodine status is a major threat worldwide,
and approximately two billion individuals are estimated to have
inadequate iodine intake(96). Little is known about the rela-
tionship between BMI and iodine status, but obesity was
recently associated with a higher risk of iodine deficiency,
which might lead to hypothyroidism(97). Still, whether iodine
present in fish and seafood could play a role in the prevention
of obesity remains an open question.

Animal trials with lean seafood, obesity and potential
mechanisms of actions

Animal studies suggest that lean seafood is less obesogenic than
meat from terrestrial animals. Rats fed a high-fat diet containing
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Alaska pollock as the protein source gained less visceral fat than
rats fed chicken(98). Further, we have observed lower adiposity
in mice fed a Western diet containing a mixture of lean seafood
(ling, rosefish, cod, wolf fish) and muscle from Canadian scal-
lop than in mice fed a Western diet containing a mixture of
skinless chicken breast, pork tenderloin and beef sirloin(99).
This was accompanied with reduced energy intake (8% lower
in seafood-fed mice), but we also observed lower feed effi-
ciency and a higher spontaneous locomotor activity. In a
comparable dietary setting, obesity development was reduced
by exchanging meat from lean pork with cod(100). Here, we
included a second group of pork-fed mice that were pair-fed
with the group of mice fed cod. The pair-fed mice were mildly
energy restricted, as the ad libitum cod-fed mice consumed 6%
less energy than ad libitum pork-fed mice. Still, feed efficiency
in the pair-fed mice consuming the pork-based feed was sig-
nificantly higher than that of cod-fed mice. Whereas adiposity in
the cod-fed mice was significantly lower than in ad libitum
pork-fed mice, adiposity in the pair-fed pork group was in
between. Fat mass in the pair-fed mice was not significantly
different from either of the ad libitum-fed groups. Feed effi-
ciency and adipose tissue mass were also lower in mice fed
high-fat diets (67%E fat, 18%E sucrose and %E protein) with a
mixture of cod and scallop than in mice fed the high-fat diet
based on skinless chicken fillet(62). Further, spontaneous loco-
motor activity tended to be decreased in chicken-fed mice
when shifting from low-fat to high-fat diets. Together, pair-
feeding experiments suggest an important contribution of
higher spontaneous locomotor activity and decreased feed
efficiency to the anti-obesogenic effect, but decreased energy
intake also appears to contribute when animals are fed ad
libitum. Of note, whereas no difference was observed in first-
choice preference between the diets containing lean seafood
and lean meat, mice were observed to eat significantly more
meat-containing diets than seafood-containing diets during the
following 6 h(99). Although several studies have reported
reduced energy intake when mice are fed diets containing lean
seafood compared with lean meat, the underlying mechanisms
by which seafood may increase satiety have not yet been
elucidated.
The anti-obesogenic effect of lean seafood may be related to

the content of taurine and glycine. We have demonstrated that
intake of taurine and glycine was negatively correlated with
adiposity in mice fed either chicken, cod, crab or scallop in high-
fat, high-sucrose diets(101). This is in line with experiments
reporting that both taurine(102,103) and glycine(104,105) can reduce
fat mass in rodents. Further, intake of diets containing a fish
protein hydrolysate, rich in taurine and glycine, reduced adipose
tissue mass in rats(106,107). In the rat experiments, the reduced
adiposity was accompanied with elevated plasma bile acid
concentration(108). Bile acid-mediated activation of farnesoid X
receptor and TGR5 (bile acid membrane receptor) may affect
metabolism and energy expenditure in rats. However, we did not
observe differences in circulating bile acids in mice, despite large
differences in intake of glycine and taurine(101). It was recently
demonstrated that taurine supplementation was able to prevent
high-fat diet-induced weight gain and increased visceral fat
mass(102). Further, taurine supplementation alleviated high-fat

diet-induced disturbances in circadian rhythms, such as 24 h
patterns of plasma insulin and leptin, possibly by normalisation
of high-fat diet-induced down-regulation expression of clock
genes in pancreatic islets(102). We have observed that cod/scal-
lop-fed mice tended to be more active than casein- and chicken-
fed mice in the dark phases(101). Thus, it is possible that seafood
may attenuate high-fat diet-induced disturbances in the circadian
rhythm. However, further experiments are needed to identify the
mechanisms behind the observed differences.

Compared with fatty seafood, the amount of marine n-3
PUFA present in lean seafood is low. However, it is important to
note that a large fraction of the phospholipids present in lean
seafood contains EPA and DHA(109,110). It has been reported
that the bioavailability of EPA and DHA as well as their ability to
modulate endocannabinoid signalling and the anti-obesogenic
effect are higher when they are present in phospholipids than in
TAG(111,112). However, we recently demonstrated that addition
of phospholipid-bound, but not TAG-bound, n-3 PUFA to a
pork-based diet led to a small increase in weight gain(113).
Further, freezing initiates hydrolysis of the phospholipids pre-
sent in the fillet, but the anti-obesogenic effect of frozen stored
cod was more pronounced than fresh cod(113). Still, feeding
mice Western diets where meat from lean pork was exchanged
with stored frozen cod for 12 weeks lowered the n-6:n-3 ratio in
liver phospholipids and in erythrocytes(100). Concomitantly,
lower circulating levels of N-arachidonoylethanolamine and 2-
arachidonoylglycerol, the two major AA-derived endocannabi-
noids, were observed. The accompanied reduced adiposity in
cod-fed mice suggested that the content of marine n-3 PUFA is
sufficient to modulate endocannabinoid signalling and obesity
development in mice. The endocannabinoid receptor CBI is an
important regulator of appetite, and although not directly
shown, a reduced ratio of n-6:n-3-derived endocannabinoids
may also reduce appetite. The endocannabinoid receptor CBI is
suggested to influence gut permeability via interaction with the
gut microbiota, and may thus link the gut microbiota to adip-
osity(114). Comparison of the gut microbiomes of mice fed
Western diets with lean seafood or meat from lean terrestrial
animals revealed significant differences in the relative abun-
dance of operational taxonomic units belonging to the orders
Bacteroidales and Clostridiales(99). Based on functional ana-
lyses, it appeared that the gut microbiota in seafood-fed mice
had higher capacity for amino acid transport and biosynthesis of
tyrosine and phenylalanine. The gut microbiota in meat-fed
mice appeared to have higher capacity for lysine degradation
and had higher abundance of genes involved in the pentose
phosphate and glucoronate pathways. Further, intake of taurine
has been demonstrated to reduce the abundance of Proteo-
bacteria, especially Helicobacter and increase SCFA content in
faeces(115). Intake of non-digestible carbohydrates may lead to
production of SCFA, mainly acetate, propionate and butyrate,
that may enter the systemic circulation and counteract obesity in
both rodents and humans(116). However, the importance of the
gut microbiota in mediating the anti-obesogenic effect of lean
seafood in animal studies is not yet known. Based on findings
from animal studies, potential mechanisms linking intake of
lean seafood to effects on energy intake and metabolism are
presented in Fig. 2.
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Observational data with seafood intake and development
of type 2 diabetes

As mentioned earlier, the large prospective cohort study by
Smith et al.(23) (>120 000 participants) showed that over time
higher intake of seafood, chicken fillet without skin and plain-
or artificially sweetened yoghurt was associated with reduced
body weight(23). It is generally accepted that obesity is posi-
tively associated with the development of insulin resis-
tance(117,118), which may progress to T2D. In obese subjects
who develop insulin resistance and T2D, adipose tissue dys-
function may be one underlying mechanism(119). Thus, if sea-
food intake can prevent obesity, there is also a rationale for
seafood intake to prevent insulin resistance, yet the potential
impact of seafood consumption on the development of insulin
resistance and T2D is not fully clarified.
In prospective cohort studies the results are inconclusive as

fish intake in general has been associated with reduced fasting
plasma glucose in participants from Cyprus(120), with lower risk
of T2D in Japanese men, but not women(121), and with lower
incidence of T2D in Chinese women(122). Intake of lean fish, but
not fatty fish, was found to have beneficial effects on metabolic
syndrome components(22) and T2D(123) in Norwegians. Non-
fried fish consumption was associated with lower incidence of
the metabolic syndrome in American adults(124). Intake of total,
lean and fatty fish was found to be beneficial for reducing the
risk of T2D, whereas shellfish increased the risk in participants
from England(125). Intake of shellfish and fried fish was also
associated with increased risk of T2D in men from Sweden(126).
Other results from prospective cohort studies indicate that
higher seafood intake in general did not prevent the

development of T2D(126), or was even associated with moder-
ately increased incidence of T2D(127–129).

Some of the discrepancy in the varying outcomes from the
different prospective cohort studies might be related to geo-
graphical differences since meta-analysis of prospective studies
performed in Western countries found positive associations
(USA) or no associations (Europe), whereas analysis of studies
performed in Eastern countries (Asia and Australia) found
inverse associations between seafood consumption and risk of
T2D development(130–132). However, it is also likely that some
of the discrepancy in the different prospective cohort studies is
caused by the use of semi-quantitative FFQ that may cause
erroneous food intake reporting. Further, differences in intake
of fish v. other protein sources related to cultural dietary habits
and meal compositions, use of condiments as well as total
energy intake probably differ between Western and Eastern
populations. Additionally, an ecological study including forty-
one countries with different sociodemographic characteristics
reported between diabetes, obesity and total fish and seafood
consumption showing that the prevalence of T2D increased
significantly with obesity in countries with low seafood con-
sumption, and further that a high intake of fish and seafood was
associated with reduced risk for diabetes in countries with a
high prevalence of obesity(133). It is also possible that pre-
paration methods of the fish or dietary contaminants in fish may
influence the relationship(126,134). It should, however, be men-
tioned that an unbiased assessment of dietary intake has been
used in some recent studies by analysing multiple biomarkers in
blood and associated the levels of these biomarkers with glu-
cose tolerance status and, furthermore, used measurements of
such biomarkers for the prediction of T2D. For example, in the
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n-3-derived oxylipins
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Fig. 2. Potential mechanisms by which seafood intake may influence energy intake and metabolism based on data from animal studies. BA, bile acids; LA, linoleic
acid; AA, arachidonic acid; AEA, N-arachidonoylethanolamine; 2-AG, 2-arachidonoylglycerol; FXR, farnesoid X receptor; TGR5, bile acid membrane receptor (also
known as Gpbar1); CB1, cannabinoid receptor type 1.
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study by Savolainen et al.(135), use of multiple biomarkers
indicated that a higher consumption of fatty fish, whole grains
and vegetable oils was associated with better glucose tolerance
and reduced risk of T2D.

Acute effects of fatty fish intake on postprandial glucose
metabolism

The development of insulin resistance and T2D often takes
several years. It is therefore very difficult, not to say impossible,
to perform RCT to study how specific dietary patterns influence
the development of these metabolic disorders. Rather it is
common practice to study the impact of diets on markers of
glucose metabolism and insulin sensitivity such as serum con-
centrations of glucose or insulin. One cross-over study with
healthy, overweight Swedish men (aged 41–67 years; n 17)
compared the acute effect of ingesting 150 g of pickled or baked
herring with 150 g of baked beef in complex test meals(136). The
test meals were balanced in relation to fat and protein intake,
but not to carbohydrates in the case of pickled herring. Com-
pliance regarding PUFA changes in plasma was good. The
postprandial insulin response was equal after intake of baked
herring and baked beef, but higher after the pickled herring
meal, likely reflecting the higher carbohydrate content in this
meal (81 v. 47 g in the two other meals)(136).

Frequent high intake of fatty fish and effects on insulin
sensitivity

Several RCT have tested the effect of a frequent intake of sea-
food on markers of glucose regulation and insulin sensitivity
(Table 2). Intake of one daily fatty fish meal in combination
with light or moderate exercise was studied in Australian
overweight T2D subjects (aged 30–65 years) who were not
taking insulin(137). The daily fish intake varied depending on the
endogenous fat content of the chosen fish species (Greenland
turbot/halibut about 200 g/d, canned salmon about 54 g/d,
canned tuna about 102 g/d and canned sardines about 106 g/d),
and was dosed to provide 3·65 g n-3/d. After 8 weeks’ inter-
vention, individuals with an intake of one daily meal with fatty
fish exhibited significantly elevated levels of glycated Hb
(HbA1c) and self-reported blood glucose, but moderate exer-
cise in combination with fatty fish improved glycaemic control
more than exercise alone did(137). In a later study from the same
group, the effect of daily intake of the same type and amounts
of fatty fish was studied for 16 weeks in Australian overweight
patients that suffered from and were medicated for hyperten-
sion(30). Consumption of fatty fish was examined independently
and in combination with weight loss. Even though the differ-
ences did not reach statistical significance, daily intake of one
meal with fatty fish for 16 weeks slightly elevated fasting blood
glucose and insulin concentrations, as well as AUC following a
75 g oral glucose tolerance test as compared with the control
group. In contrast, the combination of daily fatty fish intake and
weight loss was more efficient in improving glucose metabolism
than weight loss alone(30).

In a randomised parallel pilot trial, thirty-five overweight and
obese Spanish T2D patients (not taking insulin or antidiabetic
drugs) consumed or did not consume 100 g sardines/d for 5 d
per week for 6 months(138). Both the control (standard diabetes
diet, no sardines) and the sardine group (standard diabetes diet
+ 100 g sardines/d) reduced fasting insulin concentration and
homeostasis model of assessment insulin resistance (HOMA-IR)
to comparable levels. The blood level of HbA1c was sig-
nificantly reduced in the control group, and tended to be
reduced (P= 0·08) in the sardine group(138).

The effects of daily intake of 150 g rainbow trout farmed
either on marine ingredients or with a high content of vegetable
ingredients were compared with the daily intake of 150 g
chicken fillet in sixty-eight healthy Danish men (aged 40–70
years) in a randomised, parallel 8-week study. No diet effect
was found on fasting glucose or insulin concentrations or on
HOMA-IR(139). Another study compared the effect of eating
125 g farmed salmon daily for 4 weeks with no fish consump-
tion for another 4-week period (control period) in forty-eight
healthy Scottish adults (aged 20–55 years). There was no sig-
nificant effect of daily salmon consumption on fasting glucose
or insulin levels, or on HOMA-IR(140).

The effect of consuming 80g oily fish/d five times per week
was investigated in a randomised, parallel, 8-week intervention
study with 126 adult Chinese women (aged 35–70 years) with
baseline high serum TAG levels(141). The women ingested Nor-
wegian farmed salmon, herring or Chinese farmed pompano, or
a mixture of commonly eaten meats (pork/chicken/beef/lean
fish). After 8 weeks, no diet effect was observed on fasting serum
glucose and insulin concentrations or on HOMA-IR(141).

In an American randomised cross-over study with 4-week
diet periods and 4–8 weeks washout periods, nineteen healthy
men (n 8) and women (n 11), aged 40–65 years, consumed 90,
180 or 270 g of farmed salmon two times/week(142). After 4-
week diet periods, no diet effect was observed on fasting glu-
cose or insulin concentrations or on HOMA-IR. All these trials
showed good compliance regarding expected changes in n-3
PUFA levels from pre- to post-intervention according to the
intervention groups.

Animal trials with fatty seafood and potential mechanisms
of actions

As mentioned above, replacement of fish oil with vegetable oil
in salmon feed influences the metabolic effect of the salmon on
mice. In particular, the reduced ratio of n-3:n-6 PUFA in the fish
feed, when fish oil was exchanged with soyabean oil, was
reflected in the n-3:n-6 ratio in the salmon, and hence also in
the mouse diets. This was associated with increased adiposity,
whole-body insulin resistance and hepatic steatosis in mice fed
feed containing the farmed salmon(66). It was suggested that the
low n-3:n-6 PUFA ratio led to a lower ratio between n-3- and
n-6-derived oxylipins and this might underlie the observed
marked metabolic differences. It is not fully elucidated whether
a causal link exists between non-alcoholic fatty liver disease
(NAFLD) and insulin resistance, but their often co-occurrence
and strong links to inflammation are well documented(143,144).
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Marine n-3 PUFA efficiently attenuate high-fat diet-induced
insulin resistance and NAFLD in rodents, and this may be
directly linked to their ability to attenuate obesity development
as well as low-grade inflammation(145,146). It has been suggested
that n-3 PUFA mediate their anti-inflammatory and insulin-
sensitising effect via activation of the GPR120 receptor/
FFAR4(147). However, conflicting reports suggesting that
GPR120/FFAR4 may not be the sole effector have
emerged(148,149), and a number of additional mechanisms
probably play a role.
Marine n-3 PUFA may replace AA in phospholipids and

thereby influence the oxylipin profile. Oxylipins are a broad
group of oxygenated polyunsaturated lipids that include the
twenty-carbon eicosanoids (PG, leukotrienes and thrombox-
anes) as well as a number of alcohols, ketones, epoxides and
diols. Marine n-3 PUFA released from liver phospholipids may
also be converted into other n-3-derived lipid mediators such
as endocannabinoids and eicosanoids that potentially may
attenuate the development of both NAFLD and insulin resis-
tance(150,151). For instance, resolvin D1 has been reported to
improve insulin sensitivity in obese diabetic mice, and resol-
vin E1 and protectin D1 are reported to have both insulin-
sensitising and anti-steatotic effects(152,153). Compared with
mice fed salmon with a low content of marine n-3 PUFA,
increased content of marine n-3 PUFA in the salmon led to
lower levels of oxylipins derived from AA and higher levels of
those derived from EPA and DHA in the liver(66). Incorpora-
tion of marine n-3 PUFA from mouse feed containing salmon
into phospholipids in the liver of mice ingesting the feed
furthermore leads to reduced substrate availability for endo-
genous endocannabinoid synthesis(26,66), representing an
additional mechanism by which the n-3:n-6 ratio PUFA can
influence the development of hepatic steatosis and insulin
resistance.
Different types of fatty acids have also different capacities to

activate Toll-like receptors (TLR), and altered macrophage
polarisation is suggested as a mechanism by which marine n-3
PUFA alleviate obesity-induced inflammation and insulin resis-
tance(154). It has been reported that reduced TLR activation,
reduced white adipose tissue inflammation, and improved
insulin sensitivity in mice fed marine n-3 PUFA, compared with
mice fed lard, may in part be attributed to differences in
microbiota composition(71). The importance of the gut micro-
biota in the development of insulin resistance is now recog-
nised, but it is not yet clear to what extent the composition and
function of the gut microbiota can be modulated by fatty fish.
Using the ‘gold standard’ euglycaemic–hyperinsulinaemic

glucose clamp, Lindqvist et al.(59) demonstrated that inclusion
of herring oil, but not herring mince or herring press juice, into a
high-energy diet prevented insulin resistance in rats. This
finding indicated that the lipid content of herring was respon-
sible for the beneficial effect. Using the same technique, results
from our laboratory demonstrated that adult male rats exposed
to crude, but not refined, salmon oil developed insulin resis-
tance(155). Fat-soluble environmental pollutants known as POP
are present in fatty fish, and there has been growing concern
regarding their potential role in the development of T2D(17). We
have previously observed that POP of marine origin accumulate

in adipose tissue concomitant with the development of obesity
and insulin resistance in mice fed farmed Atlantic salmon(60).
However, mice fed a high-fat diet containing both protein and
fat from whale were leaner and more insulin sensitive than
control casein-fed mice, despite a high accumulation of POP in
adipose tissue(156). Additionally, when the levels of poly-
chlorinated biphenyls and dichlorodiphenyltrichloroethane
(DDT) were reduced by 50% in salmon fillets by partial
replacement of fish oil with vegetable oils in the salmon feed,
we observed aggravated insulin resistance and hepatic lipid
accumulation(64). Further, exposing mice to four of the most
abundant POP found in fatty fish, either as single compounds or
mixtures, had no effect on obesity development, glucose tol-
erance or insulin sensitivity(157). Still, this study demonstrated
that the dietary composition of macronutrients profoundly
modulates POP accumulation, an important parameter that
needs to be to be included in future studies.

Acute effects of lean seafood intake on postprandial
glucose metabolism

In an acute test meal study, Soucy & LeBlanc(158) served healthy
Canadian adults either 125 g (n 8) or 250 g (n 7) of cod fillet or
beef in a cross-over design. After the 125 g meals, plasma
insulin concentration, concentrations of several amino acids
and total amino acids, and carbohydrate oxidation were higher
180 min after intake of beef as compared with intake of the cod
meal. These differences were not observed after the 250 g
meal(158). As lean seafood contains more water than terrestrial
meat, consuming fillets of the same weight will result in a higher
protein intake from the terrestrial meat. Thus, Soucy &
LeBlanc(159) performed another study in healthy adults, in
which they compared either 43 g protein from cod fillet (250 g
cod) or beef (195 g beef), or 250 g of cod or beef fillet (equal to
43 g cod protein and 55 g beef protein)(159). At both protein
doses, the postprandial amino acid response and oxygen con-
sumption were higher after the beef meals as compared with
after the cod fillet intake, indicating differences in energy
metabolism following the two meals. No significant difference
was found for postprandial insulin concentration. In both stu-
dies, the meals consisted of only cod fillet or beef (i.e. no car-
bohydrates) and the postprandial plasma glucose remained at
the pre-meal levels(158,159).

Recently, we compared the postprandial glucose metabolism
after consumption of complete test meals (2012 kJ; 25·5, 33·5
and 41%E from protein, fat and carbohydrate, respectively)
with either 115·5 g cod fillet or 100 g veal in overweight adults
(n 21). We observed no difference in postprandial concentra-
tions of glucose, lactate, insulin or C-peptide following inges-
tion of meals with cod or veal(87). The acute meal effect of cod
has also been compared with non-meat protein sources. In one
test meal study, healthy women (n 17) received three test meals
(2300 kJ; 33, 26 and 41%E from protein, fat and carbohydrate,
respectively) with 45 g protein as cod fillet, cottage cheese (milk
protein), or soya protein isolate. Ingestion of the cod protein
meal resulted in higher postprandial AUC for glucose
(0–120 min), and lower serum insulin:glucose and insulin:C-
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peptide ratios, as compared with the cottage cheese meal,
suggesting that different protein sources affect glucose and
insulin metabolism differently(160). In obese, non-diabetic adults
(n 11) ingestion of high-energy, high-fat (about 4920 kJ; 15, 66
and 19%E from protein, fat and carbohydrate, respectively)
liquid test meals resulted in lower postprandial glucose and
higher insulin concentrations after consumption of 45 g whey
isolate as compared with after intake of 45 g cod fillet, gluten or
casein(161). Thus, even though the acute postprandial effect of
test meals containing cod on glucose metabolism has been
tested under varying settings, the general picture is that minor
differences in postprandial concentrations of insulin and glu-
cose are found comparing red meats with cod, whereas milk
proteins, in particular whey, induce a higher postprandial
insulin response leading to reduced postprandial glucose con-
centrations as compared with the intake of cod.
After a meal, gut incretin hormones are secreted and promote

postprandial insulin secretion and regulate glucagon secretion,
and the interest in selective glucagon-like peptide-1 (GLP-1)
receptor agonists for the treatment of T2D and obesity has
increased(162). Secretion of GLP-1 from the intestine, together
with secretion of cholecystokinin (CCK) from duodenal cells,
will also participate in mediating satiety signals. High-protein
diets are suggested to increase satiety, partly by inducing
secretion of incretins, and different protein sources may affect
secretion of GLP-1 and CCK differently(163,164). As mentioned
above, whey protein intake induces a high postprandial insulin
response, probably due to a rapid increase in postprandial
amino acids, including branched-chain amino acids, known to
induce insulin secretion(165). Whey is also known to induce
postprandial increased levels of GLP-1 and gastric inhibitory
peptide (GIP). Furthermore, amino acids and peptides from
whey digestion are suggested to inhibit dipeptidyl peptidase 4,
thereby prolonging signalling through GLP-1 and GIP by pre-
venting their degradation(165). Protein from cod is reported to be
less effective than pea protein and wheat protein in increasing
CCK and GLP-1 release in human duodenal tissue(166). Whether
seafood protein is more effective than proteins from terrestrial
animals to induce secretion of incretins is to our knowledge not
known, but a fish protein hydrolysate has been reported to
stimulate secretion of both GLP-1 and CCK(167). Slightly over-
weight (25 kg/m2 ≤ BMI < 30 kg/m2) subjects (n 109) between
18 and 55 years were subjected to a mild hypoenergetic
(−300 kcal/d; –1255 kJ/d) diet and randomised to receive 1·4 or
2·8 g fish protein hydrolysate from blue whiting or whey protein
as placebo for 90 d. The serum levels of CCK and GLP-1 were
measured after 45 and 90 d. Compared with placebo, both the
1·4 and 2·8 g fish protein hydrolysate dose increased CCK and
GLP-1 levels at both time points. This was accompanied with
reduced body weight, fat mass, as well as reduced waist, thigh
and hip circumferences(167).

Frequent high lean seafood intake and effects on insulin
sensitivity

The effect of frequent lean seafood intake on glucose regulation
and insulin sensitivity has also been studied (Table 2). In

randomised controlled 4-week intervention studies with a cross-
over design, a high proportion (69–75%) of the daily protein
intake (18–20%E protein) was given as either lean seafood or as
lean non-seafood sources (primarily lean meats). From these
studies, it was shown in Canadian men and postmenopausal
women that daily inclusion of lean fish fillets for 28 d, at the
expense of other animal protein sources, resulted in elevated
serum sex hormone-binding globulin(168,169) as well as higher
HDL2-cholesterol concentrations(168,170). Under similar study
settings, these differences were not found in premenopausal
women in whom rather a decrease in serum TAG level
was observed(171). As elevated serum concentrations of HDL2-
cholesterol and sex hormone-binding globulin and reduced
serum TAG levels are associated with improved insulin sensi-
tivity(172,173), these observations support that a frequent high
intake of lean fish, as compared with frequent high lean meat
intake, might improve insulin sensitivity in adults. In line with
these observations, improved insulin sensitivity was confirmed
by the hyperinsulinaemic clamp technique in Canadian men
and women who were insulin resistant at start of the interven-
tion, but had significant improvement in insulin sensitivity by
ingesting cod daily for 4 weeks (58–68% of daily protein intake)
as compared with intake of a lean meat-based diet(174).

We have shown in Norwegian healthy men and women that
a high (60% of total protein) daily intake of lean seafood for
4 weeks reduced postprandial concentrations of C-peptide and
lactate, without affecting glucose or insulin concentrations as
compared with an equal amount of non-seafood diet (mainly
lean meats)(76). Moreover, we also found reductions in fasting
and postprandial concentrations of TAG, medium-sized VLDL
particles and the TAG:HDL-cholesterol ratio(76,77). As elevated
concentrations of C-peptide(175) and lactate(176,177), as well as an
increased TAG:HDL-cholesterol ratio(178,179), may be useful
predictors of dysregulated glucose metabolism and/or early
markers of insulin resistance, our data are in line with the
above-mentioned observations that a frequent high intake of
lean seafood may prevent, and possibly reverse, insulin resis-
tance relative to a frequent high intake of meat-based diets.

Animal trials with lean seafood and potential mechanisms
of actions

From studies with rats, it has been shown that both cod and
soya protein feeding resulted in reduced fasting and post-
prandial glucose and insulin responses, as well as improved
peripheral insulin sensitivity, relative to rats fed the milk protein
casein(180). In follow-up studies with a high-fat, high-sucrose
diet, cod protein feeding, as compared with soya protein and
casein feeding, prevented rats from developing skeletal muscle
insulin resistance(181) by normalising skeletal muscle insulin-
stimulated phosphoinositide 3-kinase activity and downstream
protein kinase B (Akt) signalling and by improving translocation
of GLUT4 to cell-surface membranes(182). The above-mentioned
rat studies(180–182) were performed with diethyl ether-extracted
cod fillets to remove the small amount of endogenous fat pre-
sent in the cod fillets. It is therefore tempting to speculate that
the cod protein fraction, or molecules present in the protein
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Nutrition Research Reviews

Table 2. Randomised controlled trials (RCT) with fatty and lean fish on insulin sensitivity

Author Subjects Health Design Background diet Intervention meals Duration Results

Dunstan et al. (1997)(137) n 49
37 M
12 F
Mean age: 53 (SD 7·7)

years
Age range: 30–65 years

Type 2 diabetes (no insulin)
Mean BMI: 29·6 (SD 3·5)

kg/m2

RCT, parallel 4 weeks baseline
period – normal
diet

(1) Fish + moderate
exercise

(2) Fish and + light
exercise

(3) No fish +
moderate exercise

(4) Control (no fish +
light exercise)

Fish: 7 d/week
(turbot, sardines,
tuna,
salmon)=3·65 g n-
3 PUFA/d

8 weeks Fish groups elevated
levels of glycated
Hb and blood
glucose compared
with controls

Mori et al. (1997)(30) n 63
42 M
21 F
Mean age: 54·1 (SD 1·8)

years
Age range: 40–70 years

Hypertension
Mean BMI: 31·6

(SD 1·05) kg/m2

RCT, parallel 4 weeks baseline
period – normal
diet

(1) Control (weight-
maintaining diet)

(2) Fish (weight-
maintaining diet +
fish daily)

(3) Weight loss
(energy-restricted
diet)

(4) Fish + weight loss
(energy-restricted
diet + fish daily)

Fish: 7 d/week
(turbot, sardines,
tuna,
salmon)=3·65 g n-
3 PUFA/d

16 weeks Fish + weight loss
group improved
glucose and insulin
metabolism

Balfego et al. (2016)(138) n 32
14 M
18 F
Mean age: 60·6 (SEM 2·1)

years
Age range: 40–70 years

Type 2 diabetes (no insulin)
Mean BMI: 29·7 (SEM 0·9)

kg/m2

RCT, parallel, pilot 2 weeks lead-in
period

(1) Control (standard
diet, no sardines)

(2) Sardine (standard
diet + sardines
100 g for 5 d per
week)

6 months Both groups reduced
fasting insulin +
HOMA-IR to
comparable levels
(NS group
differences).
Glycated Hb
reduced in the
control group

Hallund et al. (2010)(139) n 68
68 M
Mean age: 53 (SD 8·3)

years
Age range: 40–70 years

Healthy
Mean BMI: 24·7 (SD 2·3)

kg/m2

RCT, parallel Normal diet (1) Farmed trout –
marine diet

(2) Farmed trout –
vegetable diet

(3) Chicken 150 g for
3–4 d per week

8 weeks NS diet effects on
fasting glucose,
insulin or HOMA-IR

Zhang et al. (2012)(141) n 126
126 F
Mean age: 55·8 (SD 6·7)

years
Age range: 35–70 years

Hypertriacylglycerolaemia
Mean BMI: 26·7 (SD 3·3)

kg/m2

RCT, parallel 2 weeks run-in
(normal diet)

(1) Salmon
(2) Herring
(3) Pompano
(4) Control (meat).

Fish/meat: 80 g for
5 d per week

8 weeks NS diet effects on
fasting glucose,
insulin or HOMA-IR
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Table 2. Continued

Author Subjects Health Design Background diet Intervention meals Duration Results

Raatz et al. (2013)(9) n 19
8 M
11 F
Mean age: 51·6 (SEM 1·5)

years
Age range: 40–65 years

Healthy
Mean BMI: 29·2 (SEM 0·6)

kg/m2

BMI range: 25–35 kg/m2

RCT, cross-over Normal diet Different doses of
farmed salmon: 90,
180, 270 g 2 x/
week

3 × 4 weeks, 4–
8 weeks
washout

NS diet effects on
fasting glucose,
insulin or HOMA-IR

Jacques et al. (1992)(169) n 15
15 F
Mean age: 62·5 (SEM 0·3)

years
Age range:

53–79 years

Healthy
Postmenopausal
Mean BMI: 26 (SEM 1) kg/m2

RCT, cross-over Pre-experimental diet
(similar to normal
diet)

(1) Lean white fish
(cod, sole,
haddock, halibut,
pollock)

(2) Non-fish (lean
beef, pork, egg,
milk)

70–75% of daily
protein replaced
with protein from
the intervention
meals

2 × 4 weeks,
5 weeks
washout

Elevated serum sex
hormone-binding
globulin and higher
HDL-cholesterol in
lean fish compared
with non-fish group
(related to
improved insulin
sensitivity)

Lacaille et al. (2000)(168) n 11
11 M
Age range: 19–27 years

Healthy
Mean BMI: 24·0 (SEM 1·0)

kg/m2

RCT, cross-over Pre-experimental diet
(similar to normal
diet)

(1) Lean fish (cod and
sole)

(2) Non-fish (lean
beef, pork, veal,
eggs, skimmed
milk, milk products)

2 × 4 weeks,
5 weeks
washout

Elevated serum sex
hormone-binding
globulin and higher
HDL-cholesterol in
lean fish compared
with non-fish group
(related to
improved insulin
sensitivity)

Gascon et al. (1996)(171) n 14
14 F
Mean age: 22·4 (SEM 0·9)

years

Premenopausal
Mean BMI: 22 (SEM 1·0)

kg/m2

RCT, cross-over Pre-experimental diet
(similar to normal
diet)

(1) Lean fish (cod and
sole)

(2) Non-fish (lean
beef, pork, veal,
eggs, skimmed
milk, milk products)

2 × 4 weeks,
5 weeks
washout

No effects on insulin
sensitivity

Aadland et al. (2016)(76) n 20
7 M
13 F
Mean age: 50·6 (SEM 3·4)

years

Healthy
Mean BMI: 25·6 (SEM 0·7)

kg/m2

RCT, cross-over 3 weeks run-in period
with diet in
accordance with
Norwegian
recommendations

(1) Lean seafood 7 d/
week

(2) Non-seafood 7 d/
week

Fish: cod, pollock,
saithe, scallops

2 × 4 weeks,
5 weeks
washout

Reduced
postprandial
C-peptide +
lactate, no effect on
glucose + insulin
concentrations in
seafood compared
with non-seafood
group, but
reduction in TAG
(early markers of
improved insulin
sensitivity)

M, male; F, female; HOMA-IR, homeostasis model of assessment insulin resistance.
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fraction, may prevent the development of insulin resistance
and T2D.
This protective effect may not be restricted to cod as it has

also been demonstrated that protein from sardines attenuates
fructose-induced insulin resistance, obesity and accompanying
inflammation in adipose tissue in rats(183). However, in an
experiment where rats were fed hydrolysed proteins from either
bonito, herring, mackerel or salmon in a high-fat, high-sucrose
diet, neither of the hydrolysed fish protein sources influenced
glucose tolerance compared with casein(184). Still, using the
hyperinsulinaemic–euglycaemic clamp technique, it was
demonstrated that hydrolysed proteins from salmon prevented
high-fat, high-sucrose-induced whole-body insulin resistance.
Further, compared with casein-fed rats, rats fed hydrolysed
salmon as well as hydrolysed bonito, herring and mackerel had
lower expression of inflammatory markers in white adipose
tissue. Of note, however, only hydrolysed salmon protein led to
reduced white adipose tissue mass(184).
Compared with mice fed lean seafood, we have observed

impaired glucose tolerance and mild insulin resistance in mice
fed Western diets with lean meat from terrestrial animals(99).
The observed changes in microbiota tyrosine and phenylala-
nine metabolism might be of relevance, as increased fasting
plasma concentrations of the aromatic amino acids are asso-
ciated with the development of insulin resistance and T2D(185).
Further, an increased capacity for production of branched-chain
amino acids (BCAA) in the gut microbiota and increased plasma
levels of BCAA have also been shown to be associated with
insulin resistance(186). Still, the link between the gut microbiota,
circulating amino acids and the development of insulin resis-
tance is far from understood.
Evidently, reduced fat accumulation and thereby reduced infil-

tration of pro-inflammatory macrophages may, at least in part,
explain why the development of insulin resistance is attenuated by
inclusion of some dietary fish proteins. However, other mechan-
isms may also be involved. In rats, at least cod protein appears to
prevent the development of insulin resistance in muscle inde-
pendent of adipose tissue mass(180,182), and insulin-stimulated
glucose uptake has been stimulated in L6 myocytes exposed to a
cod-derived amino acid mixture(181), indicating a direct effect of
these amino acids on glucose uptake activated by insulin. Further,
a higher dietary content of the amino acids arginine, glycine,
taurine and lysine as found in cod protein has previously been
associated with anti-inflammatory effects in rats(187).

Studies comparing frequent intake of lean and fatty fish on
regulation of glucose metabolism

A few studies have compared the intake of lean fish v. fatty fish
in relation to glucose metabolism. One RCT investigated the
effect of consuming two portions/week of white fish (cod,
prawns, fishcakes, canned tuna) or fatty fish (salmon, mackerel,
salmon fishcakes, canned salmon) for 24 weeks in overweight
and obese UK men and women aged 35–65 years(188). Com-
pliance was evaluated and changes in fatty acid status corre-
lated well with dietary intake. There was no significant diet
effect on fasting plasma glucose and insulin concentrations, or

on plasma measures following a 75 g oral glucose tolerance
test(188). In a Swedish randomised study with cross-over design,
eight women and eight men, aged 37–75 years and diagnosed
with T2D, consumed daily diets with lean or fatty fish for two
consecutive 3·5-week diet periods(189). Compliance was
accounted for, and linoleic acid measured in plasma increased
following intake of the n-6 diet, and plasma n-3 PUFA increased
following intake of the fatty fish diet. The participants did not
receive insulin treatment, but thirteen of the sixteen participants
were treated with oral antidiabetic drugs. Following the lean
fish diet period, fasting blood glucose was reduced, and fasting
serum C-peptide tended to be reduced, as compared with after
the fatty fish diet period. Moreover, following a breakfast meal,
the postprandial glucose AUC was reduced, and the insulin
AUC was increased after the lean fish period, as compared with
after the fatty fish diet period(189). In a Norwegian parallel-arm
pilot study with free-living young subjects (20–35 years of age)
who were supplied with 750 g/week (150 g portions 5 d/week),
the dietary effects of cod (n 13), farmed salmon (n 14) or
chicken fillet without skin (n 11) were compared for 4 weeks of
intervention(190). No significant differences were found
between diet groups on fasting and postprandial glucose,
insulin or C-peptide concentrations following ingestion of a
standardised breakfast meal (1905 kJ; 8 g fat, 8 g protein and
85 g carbohydrates) at baseline and after 4 weeks of interven-
tion. A similar study design was used in a second study by
Helland et al.(191) with 750 g fish/week (150 g portions 5 d/
week) administered to free-living, healthy, overweight Norwe-
gian adults (18–69 years). The trial was performed over a period
of 8 weeks with three parallel intervention arms including a lean
fish group (n 22; cod), a fatty fish group (n 23; farmed salmon)
and a control group (n 20; no fish). The results from the primary
outcome measures, serum postprandial glucose concentration,
showed that high intake of fatty fish, but not lean fish, reduced
postprandial glucose at 90 and 120 min after a standardised test
meal. The postprandial C-peptide concentration was sig-
nificantly reduced at 120 min after the test meal in the fatty fish
group only. Analyses of fatty acids composition showed good
compliance.

Seafood intake and C-reactive protein

Low-grade inflammation may be one underlying mechanism of
metabolic disease, and C-reactive protein (CRP) is an acute-
phase protein whose elevated circulating level has been asso-
ciated with poor glycaemic control(192,193), development of
T2D(194,195) and mortality in T2D(196). Two intervention studies
have reported reduced CRP levels after seafood intake, one
cross-over study in insulin-resistant subjects comparing 4-week
diet periods with cod or non-fish diets(197), and one multi-
centre, parallel, randomised controlled intervention study in
which participants received dietary advice alone or in combi-
nation with 150 g fish twice weekly; 300 g salmon/week or
300 g cod/week for 6 months(198). Moreover, in a Greek cross-
sectional study, reduced levels of inflammatory markers were
reported in individuals consuming > 300 g of fish/week as
compared with non-fish consumers(199).

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
Seafood, obesity and type 2 diabetes 159

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


By contrast, in other intervention studies with fatty fish such
as herring(141,200), sardines(138), farmed salmon(140–142), farmed
trout(139), a mixture of fatty fish species(201) or fatty (farmed
salmon) and lean (cod)(190) no changes in CRP concentrations
were observed.
A CRP concentration >3mg/l is associated with an increased

OR for developing T2D(194). In older Australians consuming
either a diet rich in fatty fish or a non-fish diet, a secondary
analysis revealed that the participants with baseline CRP levels
>3mg/l increased their CRP values after the meat-based non-
fish diet as compared with after the fatty fish diet(201). Thus,
these results indicate that a high fish intake may in some cases,
but not all, be beneficial to reduce CRP levels in subjects.

Seafood intake and adiponectin

Adiponectin is a signalling molecule secreted from adipocytes
that have anti-inflammatory and insulin-sensitising properties.
Low circulating adiponectin levels are a risk marker of incident
prediabetes(202), and higher adiponectin levels are associated
with reduced risk of T2D(203). The adiponectin level is increased
by activation of PPAR-γ, which is, among others, activated by
PUFA(204). Intervention studies with fatty fish rich in marine n-3
PUFA, such as farmed salmon(140,141,190), herring and farmed
Chinese pompano(141), and sardines(138) consistently increased
adiponectin concentration. In contrast, intervention studies with
lean seafood, less rich in marine n-3 PUFA, did not elevate the
adiponectin level(76,190,197). Thus, based on available data, only
intake of fatty seafood is associated with an increased
adiponectin level.

Future perspectives for intervention studies

A common drawback in relation to most randomised clinical
trials and dietary intervention trials in general is the study
design with primary endpoints and outcomes in relation to all
participants in each arm of the study, with no stratification
between responders and non-responders. While the impor-
tance of personalised or stratified medical treatment now
receives considerable attention and large programmes are
being pursued in many countries, the intervention studies
discussed in the present review did not consider stratification
in relation to possible responders and non-responders in the
examined groups except for differences between males and
females. While genetic background including specific single
penetrant polymorphisms or mutations for long has been
known to profoundly affect the response to intake of certain
dietary components such as phenylalanine and lactose, the
importance of the gut microbiota in relation to metabolic
responses to dietary intake has only recently been convin-
cingly documented(205). Until now official dietary advice has
also in general been based on the belief that one size fits all,
neglecting the inter-individual variabilities in dietary respon-
ses. A seminal article published in 2015 demonstrated the
power of personalised dietary recommendation based on the
composition and functional potential of the gut microbiota(39).
Since then it has been demonstrated how dietary metabolic

responses in relation to risk factors for CVD and T2D show
inter-individual variability, and that responses to certain
changes in lifestyle vary between individuals(205). All this calls
for a re-evaluation of how to design and interpret intervention
studies, which in the future should combine personalised
information on genetics, epigenetics, metabolomics and
metagenomics. This also implies the use of big data, the
development of novel machine learning algorithms, and
eventually the use of artificial intelligence. Thus, it is possible
that beneficial effects in response to previous dietary inter-
vention trials have been blurred by the study design, and that
reanalysis of available data using stratification according to
responders/non-responders would reveal more interesting
beneficial effects of specific diets to a subgroup of individuals
taking part in the intervention trials.

Conclusion

Overweight and obesity development is for most individuals
the result of years of positive energy balance. A growing
body of evidence from intervention trials and animal studies
suggests that a frequent intake of lean seafood, as compared
with intake of terrestrial meats, reduces energy intake typi-
cally in the range of 4–9 %, a reduction sufficient to prevent a
positive energy balance and obesity. The data from
lean seafood intake are largely in agreement with
observational data.

Regarding the intake of fatty fish, observational data from one
study indicate that intake of fatty fish was associated with
increased body weight. Data from intervention trials or animal
studies do not support the observational data linking a high
fatty fish intake to body weight gain. During weight reduction,
i.e. energy restriction, intake of both lean and fatty seafood may
increase body-weight loss. Intake of marine n-3 PUFA is
probably of importance for reduced fat mass, possibly through
n-3 PUFA-derived signalling molecules like endocannabinoids
and oxylipins.

As with obesity, the development of insulin resistance and
T2D normally occurs over many years. The majority of data,
both from interventions and from animal studies, suggest that a
frequent intake of lean seafood as compared with intake of
terrestrial meats reduces both fasting and postprandial risk
markers of insulin resistance, as well as improving insulin
sensitivity in already insulin-resistant adults. The exception is
shellfish and fried lean fish, the intake of which is associated
with impaired glycaemic control. In healthy subjects, a high
intake of fatty fish appears to have neutral effect on fasting
markers of insulin sensitivity, but intake of fatty fish has been
reported to improve postprandial glycaemic control. A high
intake of fatty fish in subjects with diabetes or hypertension may
impair glycaemic control, unless combined with exercise or
weight reduction.

Intake of fatty fish increases plasma concentration of the
insulin-sensitising adipocyte-derived signal molecule adipo-
nectin. As compared with a high meat intake, high intake of
seafood has been reported to reduce the hepatic acute-phase
protein CRP plasma level in some, but not all studies.
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Further studies are needed to confirm the dietary effects on
energy intake, obesity and insulin resistance. In addition, future
studies should be designed to elucidate the potential con-
tribution of trace elements, vitamins and undesirables present in
seafood. Finally, we argue that stratification into responders and
non-responders in randomised clinical trials may improve the
understanding of health effects from intake of seafood in future
trials.
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33. Kunešová M, Braunerová R, Hlavatý P, et al. (2006) The
influence of n-3 polyunsaturated fatty acids and very low
calorie diet during a short-term weight reducing regimen
on weight loss and serum fatty acid composition in severely
obese women. Physiol Res 55, 63–72.

34. Flachs P, Rossmeisl M, Kuda O, et al. (2013) Stimulation of
mitochondrial oxidative capacity in white fat independent
of UCP1: a key to lean phenotype. Biochim Biophys Acta
1831, 986–1003.

35. Kabir M, Skurnik G, Naour N, et al. (2007) Treatment for 2
mo with n-3 polyunsaturated fatty acids reduces adiposity
and some atherogenic factors but does not improve insulin
sensitivity in women with type 2 diabetes: a randomized
controlled study. Am J Clin Nutr 86, 1670–1679.

36. Garaulet M, Perez-Llamas F, Perez-Ayala M, et al. (2001)
Site-specific differences in the fatty acid composition of
abdominal adipose tissue in an obese population from a
Mediterranean area: relation with dietary fatty acids, plasma
lipid profile, serum insulin, and central obesity. Am J Clin
Nutr 74, 585–591.

37. Garaulet M, Hernandez-Morante JJ, Lujan J, et al. (2006)
Relationship between fat cell size and number and fatty
acid composition in adipose tissue from different fat depots
in overweight/obese humans. Int J Obes (Lond) 30, 899–
905.

38. Madsen L & Kristiansen K (2012) Of mice and men: factors
abrogating the antiobesity effect of omega-3 fatty acids.
Adipocyte 1, 173–176.

39. Zeevi D, Korem T, Zmora N, et al. (2015) Personalized
nutrition by prediction of glycemic responses. Cell 163,
1079–1094.

40. Couet C, Delarue J, Ritz P, et al. (1997) Effect of dietary fish
oil on body fat mass and basal fat oxidation in
healthy adults. Int J Obes Relat Metab Disord 21, 637–643.

41. Bender N, Portmann M, Heg Z, et al. (2014) Fish or n3-
PUFA intake and body composition: a systematic review
and meta-analysis. Obes Rev 15, 657–665.

42. Soares MJ, Ping-Delfos WC, Sherriff JL, et al. (2011) Vitamin
D and parathyroid hormone in insulin resistance of
abdominal obesity: cause or effect? Eur J Clin Nutr 65,
1348–1352.

43. Villarroel P, Villalobos E, Reyes M, et al. (2014) Calcium,
obesity, and the role of the calcium-sensing receptor. Nutr
Rev 72, 627–637.

44. Wortsman J, Matsuoka LY, Chen TC, et al. (2000)
Decreased bioavailability of vitamin D in obesity. Am J
Clin Nutr 72, 690–693.

45. Chandler PD, Wang L, Zhang X, et al. (2015) Effect of
vitamin D supplementation alone or with calcium on
adiposity measures: a systematic review and meta-analysis
of randomized controlled trials. Nutr Rev 73, 577–593.

46. Ikemoto S, Takahashi M, Tsunoda N, et al. (1996) High-fat
diet-induced hyperglycemia and obesity in mice: differen-
tial effects of dietary oils. Metabolism 45, 1539–1546.

47. Wang H, Storlien LH & Huang X-F (2002) Effects of dietary
fat types on body fatness, leptin, and ARC leptin receptor,
NPY, and AgRP mRNA expression. Am J Physiol Endocrinol
Metab 282, E1352–E1359.

48. Ukropec J, Reseland JE, Gasperikova D, et al. (2003) The
hypotriglyceridemic effect of dietary n-3 FA is associated
with increased β-oxidation and reduced leptin expression.
Lipids 38, 1023–1029.

49. Flachs P, Horakova O, Brauner P, et al. (2005) Polyunsa-
turated fatty acids of marine origin upregulate mitochon-
drial biogenesis and induce β-oxidation in white fat.
Diabetologia 48, 2365–2375.

50. Mori T, Kondo H, Hase T, et al. (2007) Dietary fish oil
upregulates intestinal lipid metabolism and reduces body
weight gain in C57BL/6J mice. J Nutr 137, 2629–2634.

51. Itoh M, Suganami T, Satoh N, et al. (2007) Increased
adiponectin secretion by highly purified eicosapentaenoic
acid in rodent models of obesity and human obese
subjects. Arterioscler Thromb Vasc Biol 27, 1918–1925.

52. Pérez-Echarri N, Pérez-Matute P, Marcos-Gómez B, et al.
(2008) Differential inflammatory status in rats susceptible or
resistant to diet-induced obesity: effects of EPA ethyl ester
treatment. Eur J Nutr 47, 380–386.

53. Samane S, Christon R, Dombrowski L, et al. (2009) Fish oil
and argan oil intake differently modulate insulin resistance
and glucose intolerance in a rat model of dietary-induced
obesity. Metabolism 58, 909–919.

54. Kalupahana NS, Claycombe K, Newman SJ, et al. (2010)
Eicosapentaenoic acid prevents and reverses insulin
resistance in high-fat diet-induced obese mice via modula-
tion of adipose tissue inflammation. J Nutr 140, 1915–1922.

55. Janovska P, Flachs P, Kazdova L, et al. (2013) Anti-obesity
effect of n-3 polyunsaturated fatty acids in mice fed high-fat
diet is independent of cold-induced thermogenesis. Physiol
Res 62, 153–161.

56. Belchior T, Paschoal VA, Magdalon J, et al. (2015) Omega-3
fatty acids protect from diet-induced obesity, glucose
intolerance, and adipose tissue inflammation through
PPARγ-dependent and PPARγ-independent actions. Mol
Nutr Food Res 59, 957–967.

57. Gabrielsson BG, Wikstrom J, Jakubowicz R, et al. (2012)
Dietary herring improves plasma lipid profiles and reduces
atherosclerosis in obese low-density lipoprotein receptor-
deficient mice. Int J Mol Med 29, 331–337.

58. Hussain A, Nookaew I, Khoomrung S, et al. (2013) A
maternal diet of fatty fish reduces body fat of offspring
compared with a maternal diet of beef and a post-weaning
diet of fish improves insulin sensitivity and lipid profile in
adult C57BL/6 male mice. Acta Physiol (Oxf) 209, 220–234.

59. Lindqvist H, Sandberg AS, Undeland I, et al. (2009)
Influence of herring (Clupea harengus) and herring
fractions on metabolic status in rats fed a high
energy diet. Acta Physiol (Oxf) 196, 303–314.

60. Ibrahim MM, Fjære E, Lock E-J, et al. (2011) Chronic
consumption of farmed salmon containing persistent
organic pollutants causes insulin resistance and obesity
in mice. PLoS ONE 6, e25170.

61. Liisberg U, Myrmel LS, Fjaere E, et al. (2016) The protein
source determines the potential of high protein diets to

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
162 B. Liaset et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


attenuate obesity development in C57BL/6J mice. Adipo-
cyte 5, 196–211.

62. Tastesen HS, Ronnevik AK, Borkowski K, et al. (2014) A
mixture of cod and scallop protein reduces adiposity and
improves glucose tolerance in high-fat fed male C57BL/
6J mice. PLOS ONE 9, e112859.

63. Alvheim AR, Torstensen BE, Lin YH, et al. (2013) Dietary
linoleic acid elevates endogenous 2-arachidonoylglycerol
and anandamide in Atlantic salmon (Salmo salar L.) and
mice, and induces weight gain and inflammation in mice.
Br J Nutr 109, 1508–1517.

64. Midtbø LK, Ibrahim MM, Myrmel LS, et al. (2013) Intake of
farmed atlantic salmon fed soybean oil increases insulin
resistance and hepatic lipid accumulation in mice. PLOS
ONE 8, e53094.

65. Liland NS, Rosenlund G, Berntssen MHG, et al. (2013) Net
production of Atlantic salmon (FIFO, fish in fish out < 1)
with dietary plant proteins and vegetable oils. Aquacult
Nutr 19, 289–300.

66. Midtbo LK, Borkowska AG, Bernhard A, et al. (2015)
Intake of farmed Atlantic salmon fed soybean oil
increases hepatic levels of arachidonic acid-derived
oxylipins and ceramides in mice. J Nutr Biochem 26,
585–595.

67. Alvheim AR, Torstensen BE, Lin YH, et al. (2014) Dietary
linoleic acid elevates the endocannabinoids 2-AG and
anandamide and promotes weight gain in mice fed a low
fat diet. Lipids 49, 59–69.

68. Wu GD, Chen J, Hoffmann C, et al. (2011) Linking long-
term dietary patterns with gut microbial enterotypes.
Science 334, 105–108.

69. Liu T, Hougen H, Vollmer AC, et al. (2012) Gut bacteria
profiles of Mus musculus at the phylum and family levels
are influenced by saturation of dietary fatty acids. Anaerobe
18, 331–337.

70. Turnbaugh PJ, Ley RE, Mahowald MA, et al. (2006) An
obesity-associated gut microbiome with increased capacity
for energy harvest. Nature 444, 1027–1031.

71. Caesar R, Tremaroli V, Kovatcheva-Datchary P, et al. (2015)
Crosstalk between gut microbiota and dietary lipids
aggravates WAT inflammation through TLR signaling. Cell
Metab 22, 658–668.

72. Everard A, Belzer C, Geurts L, et al. (2013) Cross-talk
between Akkermansia muciniphila and intestinal epithe-
lium controls diet-induced obesity. Proc Natl Acad Sci U S A
110, 9066–9071.

73. Plovier H, Everard A, Druart C, et al. (2017) A purified
membrane protein from Akkermansia muciniphila or the
pasteurized bacterium improves metabolism in obese and
diabetic mice. Nat Med 23, 107–113.

74. Ramel A, Jonsdottir MT & Thorsdottir I (2009) Consumption
of cod and weight loss in young overweight and obese
adults on an energy reduced diet for 8-weeks. Nutr Metab
Cardiovasc Dis 19, 690–696.

75. Vikøren LA, Nygård OK, Lied E, et al. (2013) A randomised
study on the effects of fish protein supplement on glucose
tolerance, lipids and body composition in
overweight adults. Br J Nutr 109, 648–657.

76. Aadland EK, Graff IE, Lavigne C, et al. (2016) Lean seafood
intake reduces postprandial C-peptide and lactate concen-
trations in healthy adults in a randomized controlled trial
with a crossover design. J Nutr 146, 1027–1034.

77. Aadland EK, Lavigne C, Graff IE, et al. (2015) Lean-seafood
intake reduces cardiovascular lipid risk factors in healthy
subjects: results from a randomized controlled trial with a
crossover design. Am J Clin Nutr 102, 582–592.

78. Schmedes M, Aadland EK, Sundekilde UK, et al. (2016)
Lean-seafood intake decreases urinary markers of mito-
chondrial lipid and energy metabolism in healthy subjects:
metabolomics results from a randomized crossover
intervention study. Mol Nutr Food Res 60, 1661–1672.

79. Pasiakos SM (2015) Metabolic advantages of higher protein
diets and benefits of dairy foods on weight management,
glycemic regulation, and bone. J Food Sci 80, Suppl. 1,
A2–A7.

80. Pesta DH & Samuel VT (2014) A high-protein diet for
reducing body fat: mechanisms and possible caveats. Nutr
Metab (Lond) 11, 53.

81. Westerterp-Plantenga MS, Lemmens SG & Westerterp KR
(2012) Dietary protein – its role in satiety, energetics, weight
loss and health. Br J Nutr 108, Suppl. S2, S105–S112.

82. Westerterp-Plantenga MS, Nieuwenhuizen A, Tomé D,
et al. (2009) Dietary protein, weight loss, and weight
maintenance. Annu Rev Nutr 29, 21–41.

83. Aller EE, Larsen TM, Claus H, et al. (2014) Weight loss
maintenance in overweight subjects on ad libitum diets
with high or low protein content and glycemic index: the
DIOGENES trial 12-month results. Int J Obes (Lond) 38,
1511–1517.

84. Larsen TM, Dalskov S-M, van Baak M, et al. (2010) Diets
with high or low protein content and glycemic index for
weight-loss maintenance. New Engl J Med 363, 2102–2113.

85. Borzoei S, Neovius M, Barkeling B, et al. (2006) A
comparison of effects of fish and beef protein on satiety
in normal weight men. Eur J Clin Nutr 60, 897–902.

86. Uhe AM, Collier GR & O’Dea K (1992) A comparison of the
effects of beef, chicken and fish protein on satiety and
amino acid profiles in lean male subjects. J Nutr 122, 467–
472.

87. Nielsen LV, Nyby S, Klingenberg L, et al. (2018) Meals
based on cod or veal in combination with high or low
glycemic index carbohydrates did not affect diet-induced
thermogenesis, appetite sensations, or subsequent energy
intake differently. Appetite 130, 199–208.

88. Flynn MA, Heine B, Nolph GB, et al. (1981) Serum lipids in
humans fed diets containing beef or fish and poultry. Am J
Clin Nutr 34, 2734–2741.

89. Flynn MA, Naumann HD, Nolph GB, et al. (1982) Dietary
meats and serum-lipids. Am J Clin Nutr 35, 935–942.

90. Hunninghake DB, Maki KC, Kwiterovich PO, et al. (2000)
Incorporation of lean red meat into a National Cholesterol
Education Program Step I diet: a long-term, randomized
clinical trial in free-living persons with hypercholesterole-
mia. J Am Coll Nutr 19, 351–360.

91. Davidson MH, Hunninghake D, Maki KC, et al. (1999)
Comparison of the effects of lean red meat vs lean white
meat on serum lipid levels among free-living persons with
hypercholesterolemia – a long-term, randomized
clinical trial. Arch Intern Med 159, 1331–1338.

92. Wolmarans P, Laubscher JA, van der Merwe S, et al. (1999)
Effects of a prudent diet containing either lean beef and
mutton or fish and skinless chicken on the plasma
lipoproteins and fatty acid composition of triacylglycerol
and cholesteryl ester of hypercholesterolemic subjects. J
Nutr Biochem 10, 598–608.

93. Ryan JT, Ross RP, Bolton D, et al. (2011) Bioactive
peptides from muscle sources: meat and fish. Nutrients 3,
765–791.

94. Torres-Fuentes C, Schellekens H, Dinan TG, et al. (2015) A
natural solution for obesity: bioactives for the prevention
and treatment of weight gain. A review. Nutr Neurosci 18,
49–65.

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
Seafood, obesity and type 2 diabetes 163

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


95. Dahl L, Johansson L, Julshamn K, et al. (2004) The iodine
content of Norwegian foods and diets. Public Health Nutr
7, 569–576.

96. Iodine Global Network (2015) Global Scorecard 2014:
Number of iodine deficient countries more than halved in
the past decade. IDD Newsletter, February 2015. http://
www.ign.org/cm_data/IDD_feb15_global_iodine_scorecard_
2014.pdf (accessed December 2018).

97. Lecube A, Zafon C, Gromaz A, et al. (2015) Iodine
deficiency is higher in morbid obesity in comparison with
late after bariatric surgery and non-obese women. Obes
Surg 25, 85–89.

98. Oishi Y & Dohmoto N (2009) Alaska pollack protein
prevents the accumulation of visceral fat in rats fed a high
fat diet. J Nutr Sci Vitaminol (Tokyo) 55, 156–161.

99. Holm JB, Ronnevik A, Tastesen HS, et al. (2016) Diet-
induced obesity, energy metabolism and gut microbiota in
C57BL/6J mice fed Western diets based on lean seafood or
lean meat mixtures. J Nutr Biochem 31, 127–136.

100. Liisberg U, Fauske KR, Kuda O, et al. (2016) Intake of a
Western diet containing cod instead of pork alters fatty acid
composition in tissue phospholipids and attenuates obesity
and hepatic lipid accumulation in mice. J Nutr Biochem 33,
119–127.

101. Tastesen HS, Keenan AH, Madsen L, et al. (2014) Scallop
protein with endogenous high taurine and glycine content
prevents high-fat, high-sucrose-induced obesity and
improves plasma lipid profile in male C57BL/6J mice.
Amino Acids 46, 1659–1671.

102. Figueroa AL, Figueiredo H, Rebuffat SA, et al. (2016)
Taurine treatment modulates circadian rhythms in mice fed
a high fat diet. Sci Rep 6, 36801.

103. Nardelli TR, Ribeiro RA, Balbo SL, et al. (2011) Taurine
prevents fat deposition and ameliorates plasma lipid profile
in monosodium glutamate-obese rats. Amino Acids 41,
901–908.

104. El Hafidi M, Perez I, Zamora J, et al. (2004) Glycine intake
decreases plasma free fatty acids, adipose cell size, and
blood pressure in sucrose-fed rats. Am J Physiol Regul
Integr Comp Physiol 287, R1387–R1393.

105. Lopez YR, Perez-Torres I, Zuniga-Munoz A, et al. (2016)
Effect of glycine on adipocyte hypertrophy in a metabolic
syndrome rat model. Curr Drug Deliv 13, 158–169.

106. Liaset B, Hao Q, Jørgensen H, et al. (2011) Nutritional
regulation of bile acid metabolism is associated with
improved pathological characteristics of the metabolic
syndrome. J Biol Chem 286, 28382–28395.

107. Liaset B, Madsen L, Hao Q, et al. (2009) Fish protein
hydrolysate elevates plasma bile acids and reduces visceral
adipose tissue mass in rats. Biochim Biophys Acta 1791,
254–262.

108. Prawitt J, Caron S & Staels B (2011) Bile acid metabolism
and the pathogenesis of type 2 diabetes. Curr Diab Rep 11,
160–166.

109. Lie O & Lambertsen G (1991) Fatty acid composition of
glycerophospholipids in seven tissues of cod (Gadus
morhua), determined by combined high-performance
liquid chromatography and gas chromatography. J Chro-
matogr 565, 119–129.

110. Addison RF, Ackman RG & Hingley J (1968) Distribution of
fatty acids in cod flesh lipids. J Fish Res Board Can 25,
2083–2090.

111. Awada M, Meynier A, Soulage CO, et al. (2013) n-3 PUFA
added to high-fat diets affect differently adiposity and
inflammation when carried by phospholipids or triacylgly-
cerols in mice. Nutr Metab (Lond) 10, 23.

112. Rossmeisl M, Jilkova ZM, Kuda O, et al. (2012) Metabolic
effects of n-3 PUFA as phospholipids are superior to
triglycerides in mice fed a high-fat diet: possible role of
endocannabinoids. PLOS ONE 7, e38834.

113. Fauske KR, Bernhard A, Fjaere E, et al. (2018) Effects of
frozen storage on phospholipid content in atlantic cod
fillets and the influence on diet-induced obesity in mice.
Nutrients 10, E695.

114. Muccioli GG, Naslain D, Backhed F, et al. (2010) The
endocannabinoid system links gut microbiota to adipogen-
esis. Mol Syst Biol 6, 392.

115. Yu H, Guo Z, Shen S, et al. (2016) Effects of taurine on gut
microbiota and metabolism in mice. Amino Acids 48,
1601–1617.

116. Canfora EE, Jocken JW & Blaak EE (2015) Short-chain fatty
acids in control of body weight and insulin sensitivity. Nat
Rev Endocrinol 11, 577–591.

117. Bonadonna RC, Leif G, Kraemer N, et al. (1990) Obesity
and insulin resistance in humans: a dose–response study.
Metabolism 39, 452–459.

118. Kahn BB & Flier JS (2000) Obesity and insulin resistance. J
Clin Invest 106, 473–481.

119. Guilherme A, Virbasius JV, Puri V, et al. (2008) Adipocyte
dysfunctions linking obesity to insulin resistance and type 2
diabetes. Nat Rev Mol Cell Biol 9, 367–377.

120. Panagiotakos DB, Zeimbekis A, Boutziouka V, et al. (2007)
Long-term fish intake is associated with better lipid profile,
arterial blood pressure, and blood glucose levels in
elderly people from Mediterranean islands (MEDIS
epidemiological study). Med Sci Monit 13, CR307–CR312.

121. Nanri A, Mizoue T, Noda M, et al. (2011) Fish intake and
type 2 diabetes in Japanese men and women: the Japan
Public Health Center-based Prospective Study. Am J Clin
Nutr 94, 884–891.

122. Villegas R, Xiang Y-B, Elasy T, et al. (2011) Fish, shellfish,
and long-chain n-3 fatty acid consumption and risk of
incident type 2 diabetes in middle-aged Chinese men
and women. Am J Clin Nutr 94, 543–551.

123. Rylander C, Sandanger TM, Engeset D, et al. (2014)
Consumption of lean fish reduces the risk of type 2
diabetes mellitus: a prospective population based cohort
study of Norwegian women. PLOS ONE 9, e89845.

124. Kim YS, Xun P, Iribarren C, et al. (2016) Intake of fish and
long-chain omega-3 polyunsaturated fatty acids and
incidence of metabolic syndrome among American young
adults: a 25-year follow-up study. Eur J Nutr 55, 1707–
1716.

125. Patel PS, Sharp SJ, Luben RN, et al. (2009) Association
between type of dietary fish and seafood intake and the
risk of incident type 2 diabetes: The European Prospective
Investigation of Cancer (EPIC)-Norfolk cohort study. Dia-
betes Care 32, 1857–1863.

126. Wallin A, Di Giuseppe D, Orsini N, et al. (2017) Fish
consumption and frying of fish in relation to type 2 diabetes
incidence: a prospective cohort study of Swedish men. Eur
J Nutr 56, 843–852.

127. Kaushik M, Mozaffarian D, Spiegelman D, et al. (2009)
Long-chain omega-3 fatty acids, fish intake, and the risk of
type 2 diabetes mellitus. Am J Clin Nutr 90, 613–620.

128. van Woudenbergh GJ, van Ballegooijen AJ, Kuijsten A,
et al. (2009) Eating fish and risk of type 2 diabetes: a
population-based, prospective follow-up study. Diabetes
Care 32, 2021–2026.

129. Djousse L, Gaziano JM, Buring JE, et al. (2011) Dietary
omega-3 fatty acids and fish consumption and risk of type 2
diabetes. Am J Clin Nutr 93, 143–150.

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
164 B. Liaset et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

http://www.ign.org/cm_data/IDD_feb15_global_iodine_scorecard_2014.pdf
http://www.ign.org/cm_data/IDD_feb15_global_iodine_scorecard_2014.pdf
http://www.ign.org/cm_data/IDD_feb15_global_iodine_scorecard_2014.pdf
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


130. Xun P & He K (2012) Fish consumption and incidence of
diabetes: meta-analysis of data from 438,000 individuals in
12 independent prospective cohorts with an average 11-
year follow-up. Diabetes Care 35, 930–938.

131. Wallin A, Di Giuseppe D, Orsini N, et al. (2012) Fish
consumption, dietary long-chain n-3 fatty acids, and risk of
type 2 diabetes: systematic review and meta-analysis of
prospective studies. Diabetes Care 35, 918–929.

132. Wylie-Rosett J, Aebersold KB & Conlon BA (2012) Diabetes
prevention: how important is geographic divergence
regarding the role of fish intake? Diabetes Care 35, 666–
668.

133. Nkondjock A & Receveur O (2003) Fish-seafood consump-
tion, obesity, and risk of type 2 diabetes: an
ecological study. Diabetes Metab 29, 635–642.

134. Marushka L, Batal M, David W, et al. (2017) Association
between fish consumption, dietary omega-3 fatty acids and
persistent organic pollutants intake, and type 2 diabetes in
18 First Nations in Ontario, Canada. Environ Res 156, 725–
737.

135. Savolainen O, Lind MV, Bergstrom G, et al. (2017)
Biomarkers of food intake and nutrient status are associated
with glucose tolerance status and development of type 2
diabetes in older Swedish women. Am J Clin Nutr 106,
1302–1310.

136. Svelander C, Gabrielsson BG, Almgren A, et al. (2015)
Postprandial lipid and insulin responses among healthy,
overweight men to mixed meals served with baked herring,
pickled herring or baked, minced beef. Eur J Nutr 54, 945–
958.

137. Dunstan DW, Mori TA, Puddey IB, et al. (1997) The
independent and combined effects of aerobic exercise and
dietary fish intake on serum lipids and glycemic control in
NIDDM. A randomized controlled study. Diabetes Care 20,
913–921.

138. Balfego M, Canivell S, Hanzu FA, et al. (2016) Effects of
sardine-enriched diet on metabolic control, inflammation
and gut microbiota in drug-naive patients with type 2
diabetes: a pilot randomized trial. Lipids Health Dis 15, 78.

139. Hallund J, Madsen BO, Bugel SH, et al. (2010) The effect of
farmed trout on cardiovascular risk markers in healthy men.
Br J Nutr 104, 1528–1536.

140. Lara JJ, Economou M, Wallace AM, et al. (2007) Benefits of
salmon eating on traditional and novel vascular risk factors
in young, non-obese healthy subjects. Atherosclerosis 193,
213–221.

141. Zhang J, Wang C, Li L, et al. (2012) Dietary inclusion of
salmon, herring and pompano as oily fish reduces CVD risk
markers in dyslipidaemic middle-aged and elderly
Chinese women. Br J Nutr 108, 1455–1465.

142. Raatz SK, Rosenberger TA, Johnson LK, et al. (2013) Dose-
dependent consumption of farmed Atlantic salmon (Salmo
salar) increases plasma phospholipid n-3 fatty acids
differentially. J Acad Nutr Diet 113, 282–287.

143. Lackey DE & Olefsky JM (2016) Regulation of metabolism by
the innate immune system. Nat Rev Endocrinol 12, 15–28.

144. Perry RJ, Samuel VT, Petersen KF, et al. (2014) The role of
hepatic lipids in hepatic insulin resistance and type 2
diabetes. Nature 510, 84–91.

145. Kuda O, Rossmeisl M & Kopecky J (2018) Omega-3 fatty
acids and adipose tissue biology. Mol Aspects Med 64, 147–
160.

146. Tai CC & Ding ST (2010) n-3 Polyunsaturated fatty acids
regulate lipid metabolism through several inflammation
mediators: mechanisms and implications for obesity pre-
vention. J Nutr Biochem 21, 357–363.

147. Oh DY, Talukdar S, Bae EJ, et al. (2010) GPR120 is an omega-
3 fatty acid receptor mediating potent anti-inflammatory and
insulin-sensitizing effects. Cell 142, 687–698.

148. Bjursell M, Xu X, Admyre T, et al. (2014) The beneficial
effects of n-3 polyunsaturated fatty acids on diet induced
obesity and impaired glucose control do not
require Gpr120. PLOS ONE 9, e114942.

149. Paerregaard SI, Agerholm M, Serup AK, et al. (2016) FFAR4
(GPR120) signaling is not required for anti-inflammatory
and insulin-sensitizing effects of omega-3 fatty acids.
Mediators Inflamm 2016, 1536047.

150. Hardwick JP, Eckman K, Lee YK, et al. (2013) Eicosanoids
in metabolic syndrome. Adv Pharmacol 66, 157–266.

151. Serhan CN, Chiang N & Van Dyke TE (2008) Resolving
inflammation: dual anti-inflammatory and pro-resolution
lipid mediators. Nat Rev Immunol 8, 349–361.

152. Gonzalez-Periz A, Horrillo R, Ferre N, et al. (2009) Obesity-
induced insulin resistance and hepatic steatosis are
alleviated by omega-3 fatty acids: a role for resolvins and
protectins. FASEB J 23, 1946–1957.

153. Hellmann J, Tang Y, Kosuri M, et al. (2011) Resolvin D1
decreases adipose tissue macrophage accumulation and
improves insulin sensitivity in obese-diabetic mice. FASEB J
25, 2399–2407.

154. Bashir S, Sharma Y, Elahi A, et al. (2016) Amelioration of
obesity-associated inflammation and insulin resistance in
c57bl/6 mice via macrophage polarization by fish oil
supplementation. J Nutr Biochem 33, 82–90.

155. Ruzzin J, Petersen R, Meugnier E, et al. (2010) Persistent
organic pollutant exposure leads to insulin resistance
syndrome. Environ Health Perspect 118, 465–471.

156. Ibrahim MM, Fjære E, Lock E-J, et al. (2012) Metabolic
impacts of high dietary exposure to persistent organic
pollutants in mice. Toxicol Lett 215, 8–15.

157. Myrmel LS, Fjaere E, Midtbo LK, et al. (2016) Macronutrient
composition determines accumulation of persistent organic
pollutants from dietary exposure in adipose tissue of mice. J
Nutr Biochem 27, 307–316.

158. Soucy J & LeBlanc J (1998) Effects of beef steak and
cod fillet on plasma glucose insulin, amino acids and
energy metabolism in normal subjects. Nutr Res 18,
1113–1123.

159. Soucy J & Leblanc J (1999) Protein meals and postprandial
thermogenesis. Physiol Behav 65, 705–709.

160. von Post-Skagegard M, Vessby B & Karlstrom B (2006)
Glucose and insulin responses in healthy women after
intake of composite meals containing cod-, milk-, and soy
protein. Eur J Clin Nutr 60, 949–954.

161. Holmer-Jensen J, Mortensen LS, Astrup A, et al. (2013)
Acute differential effects of dietary protein quality on
postprandial lipemia in obese non-diabetic subjects. Nutr
Res 33, 34–40.

162. Nauck M (2016) Incretin therapies: highlighting common
features and differences in the modes of action of
glucagon-like peptide-1 receptor agonists and dipeptidyl
peptidase-4 inhibitors. Diabetes Obes Metab 18, 203–216.

163. Bendtsen LQ, Lorenzen JK, Bendsen NT, et al. (2013) Effect
of dairy proteins on appetite, energy expenditure, body
weight, and composition: a review of the evidence from
controlled clinical trials. Adv Nutr 4, 418–438.

164. Gilbert JA, Bendsen NT, Tremblay A, et al. (2011) Effect of
proteins from different sources on body composition. Nutr
Metab Cardiovasc Dis 21, Suppl. 2, B16–B31.

165. Adams RL & Broughton KS (2016) Insulinotropic effects of
whey: mechanisms of action, recent clinical trials, and
clinical applications. Ann Nutr Metab 69, 56–63.

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
Seafood, obesity and type 2 diabetes 165

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


166. Geraedts MC, Troost FJ, Tinnemans R, et al. (2010) Release
of satiety hormones in response to specific dietary proteins
is different between human and murine small
intestinal mucosa. Ann Nutr Metab 56, 308–313.

167. Nobile V, Duclos E, Michelotti A, et al. (2016) Supplemen-
tation with a fish protein hydrolysate (Micromesistius
poutassou): effects on body weight, body composition,
and CCK/GLP-1 secretion. Food Nutr Res 60, 29857.

168. Lacaille B, Julien P, Deshaies Y, et al. (2000) Responses of
plasma lipoproteins and sex hormones to the consumption
of lean fish incorporated in a prudent-type diet in
normolipidemic men. J Am Coll Nutr 19, 745–753.

169. Jacques H, Noreau L & Moorjani S (1992) Effects on
plasma lipoproteins and endogenous sex hormones of
substituting lean white fish for other animal-protein
sources in diets of postmenopausal women. Am J Clin
Nutr 55, 896–901.

170. Beauchesne-Rondeau É, Gascon A, Bergeron J, et al. (2003)
Plasma lipids and lipoproteins in hypercholesterolemic
men fed a lipid-lowering diet containing lean beef, lean
fish, or poultry. Am J Clin Nutr 77, 587–593.

171. Gascon A, Jacques H, Moorjani S, et al. (1996) Plasma
lipoprotein profile and lipolytic activities in response to the
substitution of lean white fish for other animal protein
sources in premenopausal women. Am J Clin Nutr 63,
315–321.

172. Haffner SM, Karhapää P, Mykkänen L, et al. (1994) Insulin
resistance, body fat distribution, and sex hormones in men.
Diabetes 43, 212–219.

173. Depres JP & Marette A (1994) Relation of components of
insulin resistance syndrome to coronary disease risk. Curr
Opin Lipidol 5, 274–289.

174. Ouellet V, Marois J, Weisnagel SJ, et al. (2007) Dietary cod
protein improves insulin sensitivity in insulin-resistant men
and women: a randomized controlled trial. Diabetes Care
30, 2816–2821.

175. Weir GC & Bonner-Weir S (2004) Five stages of evolving β-
cell dysfunction during progression to diabetes. Diabetes
53, S16–S21.

176. Juraschek SP, Shantha GPS, Chu AY, et al. (2013) Lactate
and risk of incident diabetes in a case-cohort of the
Atherosclerosis Risk in Communities (ARIC) study. PLOS
ONE 8, e55113.

177. Wurtz P, Tiainen M, Makinen VP, et al. (2012) Circulating
meitabolite predictors of glycemia in middle-aged men
and women. Diabetes Care 35, 1749–1756.

178. Kannel WB, Vasan RS, Keyes MJ, et al. (2008) Usefulness of
the triglyceride-high-density lipoprotein versus the
cholesterol-high-density lipoprotein ratio for predicting
insulin resistance and cardiometabolic risk (from the
Framingham offspring cohort). Am J Cardiol 101, 497–501.

179. Murguia-Romero M, Jimenez-Flores JR, Sigrist-Flores SC,
et al. (2013) Plasma triglyceride/HDL-cholesterol ratio,
insulin resistance, and cardiometabolic risk in
young adults. J Lipid Res 54, 2795–2799.

180. Lavigne C, Marette A & Jacques H (2000) Cod and soy
proteins compared with casein improve glucose tolerance
and insulin sensitivity in rats. Am J Physiol Endocrinol
Metab 278, E491–E500.

181. Lavigne C, Tremblay F, Asselin G, et al. (2001) Prevention
of skeletal muscle insulin resistance by dietary cod protein
in high fat-fed rats. Am J Physiol Endocrinol Metab 281,
E62–E71.

182. Tremblay F, Lavigne C, Jacques H, et al. (2003) Dietary cod
protein restores insulin-induced activation of phosphatidy-
linositol 3-kinase/Akt and GLUT4 translocation to the

T-tubules in skeletal muscle of high-fat-fed obese rats.
Diabetes 52, 29–37.

183. Madani Z, Louchami K, Sener A, et al. (2012) Dietary
sardine protein lowers insulin resistance, leptin and TNF-α
and beneficially affects adipose tissue oxidative stress in
rats with fructose-induced metabolic syndrome. Int J Mol
Med 29, 311–318.

184. Pilon G, Ruzzin J, Rioux L-E, et al. (2011) Differential effects
of various fish proteins in altering body weight, adiposity,
inflammatory status, and insulin sensitivity in high-fat-
fed rats. Metabolism 60, 1122–1130.

185. Wang TJ, Larson MG, Vasan RS, et al. (2011) Metabolite
profiles and the risk of developing diabetes. Nat Med 17,
448–453.

186. Pedersen HK, Gudmundsdottir V, Nielsen HB, et al. (2016)
Human gut microbes impact host serum metabolome and
insulin sensitivity. Nature 535, 376–381.

187. Dort J, Leblanc N, Maltais-Giguere J, et al. (2013) Beneficial
effects of cod protein on inflammatory cell accumulation in
rat skeletal muscle after injury are driven by its high levels
of arginine, glycine, taurine and lysine. PLOS ONE 8,
e77274.

188. Moore CS, Bryant SP, Mishra GD, et al. (2006) Oily fish
reduces plasma triacylglycerols: a primary prevention study
in overweight men and women. Nutrition 22, 1012–1024.

189. Karlstrom BE, Jarvi AE, Byberg L, et al. (2011) Fatty fish in
the diet of patients with type 2 diabetes: comparison of the
metabolic effects of foods rich in n-3 and n-6 fatty acids.
Am J Clin Nutr 94, 26–33.

190. Hagen IV, Helland A, Bratlie M, et al. (2016) High intake of
fatty fish, but not of lean fish, affects serum concentrations
of TAG and HDL-cholesterol in healthy, normal-weight
adults: a randomised trial. Br J Nutr 116, 648–657.

191. Helland A, Bratlie M, Hagen IV, et al. (2017) High intake of
fatty fish, but not of lean fish, improved postprandial
glucose regulation and increased the n-3 PUFA content in
the leucocyte membrane in healthy overweight adults: a
randomised trial. Br J Nutr 117, 1368–1378.

192. Doi Y, Kiyohara Y, Kubo M, et al. (2005) Relationship
between C-reactive protein and glucose levels in
community-dwelling subjects without diabetes: the
Hisayama study. Diabetes Care 28, 1211–1213.

193. King DE, Mainous AG, Buchanan TA, et al. (2003) C-
reactive protein and glycemic control in adults with
diabetes. Diabetes Care 26, 1535–1539.

194. Mahajan A, Tabassum R, Chavali S, et al. (2009) High-
sensitivity C-reactive protein levels and type 2 diabetes in
urban North Indians. J Clin Endocrinol Metab 94, 2123–
2127.

195. Tabák AG, Kivimäki M, Brunner EJ, et al. (2010) Changes in
C-reactive protein levels before type 2 diabetes and
cardiovascular death: the Whitehall II study. Eur J
Endocrinol 163, 89–95.

196. Cox AJ, Agarwal S, Herrington DM, et al. (2012) C-reactive
protein concentration predicts mortality in type 2 diabetes:
the Diabetes Heart Study. Diabet Med 29, 767–770.

197. Ouellet V, Weisnagel SJ, Marois J, et al. (2008) Dietary cod
protein reduces plasma C-reactive protein in insulin-
resistant men and women. J Nutr 138, 2386–2391.

198. Pot GK, Geelen A, Majsak-Newman G, et al. (2010)
Increased consumption of fatty and lean fish reduces
serum C-reactive protein concentrations but not inflamma-
tion markers in feces and in colonic biopsies. J Nutr 140,
371–376.

199. Zampelas A, Panagiotakos DB, Pitsavos C, et al. (2005) Fish
consumption among healthy adults is associated with

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
166 B. Liaset et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core


decreased levels of inflammatory markers related to
cardiovascular disease: The ATTICA Study. J Am Coll
Cardiol 46, 120–124.

200. Lindqvist HM, Langkilde AM, Undeland I, et al. (2009)
Herring (Clupea harengus) intake influences lipoproteins
but not inflammatory and oxidation markers in
overweight men. Br J Nutr 101, 383–390.

201. Grieger JA, Miller MD & Cobiac L (2014) Investigation of
the effects of a high fish diet on inflammatory cytokines,
blood pressure, and lipids in healthy older Australians.
Food Nutr Res 58, 20369.

202. Jiang Y, Owei I, Wan J, et al. (2016) Adiponectin levels
predict prediabetes risk: the Pathobiology of Prediabetes in

A Biracial Cohort (POP-ABC) study. BMJ Open Diabetes Res
Care 4, e000194.

203. Li S, Shin HJ, Ding EL, et al. (2009) Adiponectin levels and
risk of type 2 diabetes: a systematic review and meta-
analysis. JAMA 302, 179–188.

204. Kliewer SA, Sundseth SS, Jones SA, et al. (1997) Fatty
acids and eicosanoids regulate gene expression through
direct interactions with peroxisome proliferator-activated
receptors α and γ. Proc Natl Acad Sci U S A 94,
4318–4323.

205. Bashiardes S, Godneva A, Elinav E, et al. (2017) Towards
utilization of the human genome and microbiome for
personalized nutrition. Curr Opin Biotechnol 51, 57–63.

N
ut

ri
tio

n 
R

es
ea

rc
h 

R
ev

ie
w

s
Seafood, obesity and type 2 diabetes 167

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954422418000240
Downloaded from https://www.cambridge.org/core. Fiskeridirektoratet. Biblioteket, on 11 Jun 2019 at 11:23:53, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422418000240
https://www.cambridge.org/core

	Seafood intake and the development of obesity, insulin resistance and type 2 diabetes
	Introduction
	Observational studies with seafood intake and obesity
	Fig. 1Content of nutrients and undesirables typically found in different amounts in lean and fatty seafood. Larger font size indicates higher level. PCB, polychlorinated biphenyls; BFR, brominated flame retardants; POP, persistent organic pollutants
	Intervention studies with fatty seafood and obesity
	Animal trials with fatty seafood and potential mechanisms of actions
	Intervention studies with lean seafood and obesity
	Table 1Randomised controlled trials (RCT) with fatty and&#x002F;or lean fish on obesity
	Animal trials with lean seafood, obesity and potential mechanisms of actions
	Observational data with seafood intake and development of type 2 diabetes
	Fig. 2Potential mechanisms by which seafood intake may influence energy intake and metabolism based on data from animal studies. BA, bile acids; LA, linoleic acid; AA, arachidonic acid; AEA, N-�arachidonoylethanolamine; 2-AG, 2-arachidonoylglycerol; FXR, 
	Acute effects of fatty fish intake on postprandial glucose metabolism
	Frequent high intake of fatty fish and effects on insulin sensitivity
	Animal trials with fatty seafood and potential mechanisms of actions
	Acute effects of lean seafood intake on postprandial glucose metabolism
	Frequent high lean seafood intake and effects on insulin sensitivity
	Animal trials with lean seafood and potential mechanisms of actions
	Table 2.Randomised controlled trials (RCT) with fatty and lean fish on insulin sensitivity
	Studies comparing frequent intake of lean and fatty fish on regulation of glucose metabolism
	Seafood intake and C-�reactive protein
	Seafood intake and adiponectin
	Future perspectives for intervention studies
	Conclusion
	Acknowledgements
	ACKNOWLEDGEMENTS
	References


