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Abstract
Patients with type 2 diabetes have increased risks for dyslipidaemia and subsequently for developing vascular complications. A recent meta-
analysis found that cetoleic acid (C22:1n-11) rich fish oils resulted in lower cholesterol concentration in rodents. The aim was to investigate the
effect of consuming fish oils with or without cetoleic acid on serum cholesterol concentration in diabetic rats and to elucidate any effects on
cholesterol metabolism. Eighteen male Zucker Diabetic Sprague Dawley rats were fed diets containing herring oil (HERO) or anchovy oil
(ANCO) or a control diet with soyabean oil for 5 weeks. The HERO diet contained 0·70 % cetoleic acid, with no cetoleic acid in the ANCO diet.
The HERO and ANCO diets contained 0·35 and 0·37wt% EPAþDHA, respectively. Data were analysed using one-way ANOVA. The serum total
cholesterol concentration was 14 % lower in the HERO group compared with ANCO and Control groups (P= 0·023). The HERO group had a
higher faecal excretion of bile acids (P= 0·0036), but the cholesterol production in the liver, the hepatic secretion of VLDL and the liver’s capacity
to take up cholesterol were similar to controls. The ANCO diet did not affect the serum cholesterol concentration, but the hepatic cholesterol
biosynthesis, the clearance of lipoprotein cholesterol and the excretion of bile acids in faeces were higher than in the Control group. To
conclude, consumption of herring oil, but not of anchovy oil, led to a lower cholesterol concentration in a type 2 diabetes rat model.
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High serum/plasma cholesterol concentration is a major risk
factor for CVD(1,2), which is the leading cause of disease burden
globally affecting more than half a billion people annually(3).
Patients with type 2 diabetes (T2D) have an elevated risk for
developingmetabolic disturbances leading to dyslipidaemia and
thus have an increased probability for CVD(4–6). Treatment
strategies for patients with T2D include lifestyle modifications
comprising changes in dietary habits in order to reduce adiposity
in patients with obesity and management of hyperglycaemia(7).
Strategies for reducing CVD risk include lowering of cholesterol
concentration through lifestyle modifications and use of lipid-
lowering drugs(8).

Consumption of fish has been associated with a lower CVD
risk in several studies(9–11), and epidemiological studies suggest
that intake of fish may protect against T2D(12–14). The beneficial
health effects of consuming fish have traditionally been ascribed

to the long-chain PUFA EPA (C20:5n-3) and DHA (C22:6n-3)(15),
although consumption of fish oils or concentrates with high EPA
and DHA contents does not affect the cholesterol concentration
in humans(16–19) and lowers the cholesterol concentration in rats
andmice(20) onlywhen given in very high doses. Fish oils contain
a plethora of fatty acids besides EPA and DHA, and in recent
years, increased focus has been on the long-chainMUFA cetoleic
acid (C22:1n-11). Cetoleic acid is found in high amounts in oils
from certain fish species such as herring, which has relatively low
contents of both EPA and DHA.

The Zucker Diabetic Sprague Dawley (ZDSD) rat model was
generated by crossing the Zucker Diabetic Fatty (Leanþ/þ) with
SpragueDawley Crl:CD rats(21). The ZDSD rat has an intact leptin
signalling pathway and develops polygenetic metabolic disturb-
ances with insulin resistance resulting in T2D, which progresses
similarly to the disease in humans including the destruction of
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pancreatic β-islet cells(21,22). The overt diabetes in these rats leads
to dyslipidaemia and nephropathy(22).

We have recently summarised and meta-analysed the
available literature that investigates the effects of diets
containing fish oils or fish oil concentrates that have a high
content of cetoleic acid but low or no content of EPA and DHA
on cholesterol concentration in rodents, showing that cetoleic
acid-rich fish oils and concentrates prevent high cholesterol
concentration(23). However, none of the articles included in the
systematic review provided any details on the mechanism(s)
behind the lower cholesterol concentration after cetoleic acid
intake(23). Therefore, the main aim of the present study was to
investigate the effect of consuming diets containing fish oils
with or without cetoleic acid on the total circulating cholesterol
concentration in ZDSD rats. The secondary aim was to
investigate any effects on circulating markers of cholesterol
metabolism as well as on hepatic enzymes and receptors
central for cholesterol metabolism in these rats. Our hypothesis
was that a diet containing herring oil (HERO) would result in a
lower serum cholesterol concentration in ZDSD rats through
changes in the hepatic pathways involved in cholesterol
metabolism.

Methods

Animals and diets

Twenty-fourmale ZDSD/PcoCrl rats were obtained fromCharles
River. The rats were 81–95 d old at arrival (the exact date of birth
was not provided by the breeder) and were housed in pairs in
1500U Eurostandard Type IV S cages (IVC Blue Line) with
temperatures 22–23°C, in a roomwith controlled light/dark cycle
(dark 20.00–06.00). The rats were fed standard chow as used in
our animal facility (V1536, containing 19·1 % protein, 3·6 % fat,
4·8 % sugar, from ssniff Spezialdiäten GmbH) until they were
approximately 16 weeks of age.

It is recommended by Charles River to feed the rats Purina
LabDiet 5008 (23·6 wt% protein, 7·9 wt% fat, 2·7 wt% sucrose)
until they are 16 weeks old and then switch to a higher fat diet to
synchronise the onset of T2D inmale ZDSD rats(24). Charles River
suggests using either Purina 5SCA/TestDiet5SCA (10·5 wt%
protein, 25·6 wt% fat, 50·6 wt% carbohydrates) or Research Diets
12 468 (12·0 wt% protein, 25·5 wt% fat, 51·0 wt% carbohydrates)
when rats are 16–19 weeks old and then switch back to the
Purina LabDiet 5008. These higher fat diets have low protein
contents, and the latter diet contains little essential fatty acids;
therefore, an in-house diet was designed for the present study,
containing 20 wt% protein (casein), 10 wt% sucrose, 16·2 wt%
maltose dextrin, 32 wt% lard and 7 wt% soyabean oil. The
detailed composition of this high-fat diet is presented in Table 1.
The rats were fed this semi-purified high-fat diet until T2D had
developed (blood glucose> 13·9 mmol/l).

When diabetes was established, the rats were randomly
assigned to receive one of the three experimental diets by
drawing paper lots from a jar, each group consisting of six rats.
The rats were given random numbers that could not be linked
to the experimental group. The rat cages were randomly
placed in the rack. The experimental semi-purified diets were

modified versions of the American Institute of Nutrition’s
recommendation for growing laboratory rodents (AIN-
93G)(25) with the addition of 1·6 g methionine/kg diet as
recommended by Reeves(26) and differed only in their lipid
sources (Table 1). All diets contained 20 wt% protein (casein),
10 wt% fat and 11·8 wt% sucrose and had comparable energy
content. We chose to use the AIN-93G diet instead of the AIN-
93M diet for maintenance containing 15 wt% protein since the
ZDSD rats will develop insulin resistance. Insulin resistance
leads to increased muscle protein breakdown in both rodents
and humans(27,28). The two intervention diets contained either
refined oil prepared from herring (Clupea harengus) residuals
(the HERO diet) or refined oil prepared from whole anchovies
(Engraulidae) (the ANCO diet), designed with a comparable
content of EPAþDHA but with different cetoleic acid content
in the diets. All diets contained adequate amounts of essential
fatty acids according to Reeves et al.(25). The control diet
contained soyabean oil as the only lipid source. All ingredients
were purchased from Dyets Inc. except casein, which was
purchased from Sigma-Aldrich, HERO from Pelagia AS and
anchovy oil from Epax Norway AS. The rats had ad libitum
access to feed and water in their home cage. The diets were
stored at –15°C, and daily portions were thawed in the
morning.

Design

All rats were weighed three times per week. The water intake
was recorded daily for all cages to detect any abrupt increase in
drinking, as this would indicate the development of diabetes
and/or failing kidney function. Non-fasting glucose concen-
tration was measured in the morning (before 08.00) of the first
and the last day of high-fat feeding, using blood from the dorsal
tail vein and a blood glucose measuring device (Contour next;
Bayer Consumer Care AG). After 30–31 d, the rats were fasted for
6 h for measurement of glucose in the blood from the dorsal tail
vein using Bayer Contour’ next blood glucosemeasuring device.
After 34–35 d of feeding the experimental powder diets, the rats
were housed individually in IVC-4 for 24 h for collection of
faeces and measurement of feed and water intake, without
fasting in advance, in cages equipped with one Fat Rat Hut and
softwood bedding, with ad libitum access to powder feed in a
ceramic bowl and a water bottle. Faeces were carefully collected
and frozen at –80°C until analysis. At the end of the experimental
period, that is, after 36–37 d with powder feed, the feed was
withdrawn at 06.30, and rats were placed individually in
metabolic cages (Ancare Corp.) for 30–40 min for collection
of≥ 1ml urine. Rats were fasted for a total of 6 h, with free access
to drinkingwater, andwere euthanised while anaesthetised with
isoflurane (Isoba vet, Intervet, Schering-Plough Animal Health)
mixed with oxygen. The body length was measured with a ruler,
while the rats were anaesthetised. Blood was drawn from the
heart and collected in BD Vacutainer SST II Advance gel tubes
(Becton, Dickinson and Company) for isolation of serum, and
serum was frozen at –80°C. The liver and the epididymal white
adipose tissues from both sides were carefully dissected out and
weighed, and frozen at –80°C. Kidneys and the heart was
dissected out and frozen at –80°C.
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The personnel handling the rats and conducting the analyses
were blinded to the rats’ group allocation. The rats were handled
and euthanised in random order.

Environmental enrichments

The individually ventilated cages (IVCs) were equipped with
one gnawing block (Aspen brick, size 100 mm × 20 mm × 20
mm, TAPVEI® Harjumaa, Estonia OÜ), three paper sachets
containing softwood bedding for nestingmaterial (2HKNestpak,
Datesand Ltd) and one red polycarbonate hut (Fat Rat Hut, size
150 mm × 165 mm × 85 mm, Datesand). The rats showed signs
of behavioural changes during the second week of housing in
IVC, and it was therefore decided to try periodic stays in a large
‘playcage’ with the purpose to increase their well-being and to
provide cognitive as well as physical stimulation. This has been
described in detail elsewhere(29).

Analyses of diets

Lipids in the diets were extracted as described by Bligh and
Dyer(30). Fatty acids in the lipid extracts were quantified by GC
after lipid extraction and methylation, as described previ-
ously(31). Cholesterol in the lipid extracts was measured after
evaporation to dryness using nitrogen and re-dissolving in
isopropanol before quantification on the Cobas c111 system
(Roche Diagnostics GmbH) using the CHOL2 (Cholesterol
Gen.2) kit from Roche Diagnostics. The dietary caloric content
was measured by Nofima BioLab by a bomb calorimeter method
in accordance with ISO9831:1998(32).

Analyses in serum

Serum total cholesterol, LDL-cholesterol, HDL-cholesterol and
TAG were quantified on the Cobas c111 system (Roche

Diagnostics) using the CHOL2 (Cholesterol Gen.2), LDLC3
(LDL-Cholesterol Gen.3), HDLC4 (HDL-Cholesterol Gen. 4) and
TRIGL (Triglycerides) kits from Roche Diagnostics. Bile acids
were quantified by using the Total Bile Acid Assay Kit (Diazyme
Laboratories, Inc.) on the Cobas c111 system. Free cholesterol
concentration was measured using the Cholesterol/Cholesteryl
Ester Assay Kit (ab65359, from Abcam) read at 570 nm on a
SpectraMax Plus384 Microplate Reader (Molecular Devices).
The cholesteryl ester concentration was calculated as the
difference between total and free cholesterol. All samples for
each of the analytes were analysed on the same day (and on the
same 96-well plate for free cholesterol quantification), and the
CV were below 6 % for all colorimetric assays.

Apolipoprotein B48 was measured using the MBS753664 Rat
Apolipoprotein B48 ELISA Kit (MyBioSource Inc.) and apolipo-
protein B100 was measured using the MBS723231 Rat
Apolipoprotein B100 ELISA Kit (MyBioSource). Lecithin-choles-
terol acyltransferase (LCAT) was measured using the LS-F34827
Rat LCAT ELISAKit (LifeSpanBioSciences, Inc.). Plateswere read
at 450 nm on a SpectraMax Plus384 Microplate Reader. All
samples were analysed simultaneously in the same plate from
each of the ELISA assays, with CV< 5 %.

Analyses in urine

Glucose and carbamide were measured in urine on the Cobas
c111 system (RocheDiagnostics) using theGLUC2 (GlucoseHK)
and UREAL (Urea/BUN) kits from Roche Diagnostics. All
samples for each of the analytes were analysed on the same
day, with CV< 3 %. The 24 h excretions of glucose and
carbamide in urine were estimated based on the assumption
that the volume of urine producedwas similar to thewater intake
during 24 h.

Table 1. Compositions of the experimental diets and energy contents

Contents High-fat diet (run-in diet) Control diet HERO diet ANCO diet

Soyabean oil (g/100 g diet) 7·00 10·00 6·30 8·40
Lard (g/100 g diet) 32·00 – – –
Herring oil (g/100 g diet) – – 3·70 –
Anchovy oil (g/100 g diet) – – – 1·60
Casein* (g/100 g diet) 21·76 21·56 21·56 21·56
Sucrose (g/100 g diet) 7·50 9·00 9·00 9·00
Maltose dextrin (g/100 g diet) 16·20 – – –
Maize starch (g/100 g diet) 4·33 48·23 48·23 48·23
Cellulose (g/100 g diet) 5·00 5·00 5·00 5·00
t-Butylhydroquinone (g/100 g diet) 0·0014 0·0014 0·0014 0·0014
Mineral mix (AIN-93-MX)† (g/100 g diet) 3·50 3·50 3·50 3·50
Vitamin mix (AIN-93-VX)‡ (g/100 g diet) 1·00 1·00 1·00 1·00
Growth and maintenance supplement§ (g/100 g diet) 1·00 1·00 1·00 1·00
L-Methionine (g/100 g diet) 0·16 0·16 0·16 0·16
L-Cystine (g/100 g diet) 0·30 0·30 0·30 0·30
Choline bitartrate|| (g/100 g diet) 0·25 0·25 0·25 0·25
Energy (kJ/g diet) 25·4 19·0 19·1 19·0

HERO, herring oil; ANCO, anchovy oil.
* Contains 91·9% crude protein (high-fat diet) or 92·78% crude protein (other diets).
† Contains sucrose (221 g/kg).
‡ Contains sucrose (967 g/kg).
§ Contains vitamin B12 (40 mg/kg) and vitamin K1 (25 mg/kg) mixed with sucrose (995 g/kg) and dextrose (5 g/kg).
|| Contains 41% choline.
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Lipids in the liver, kidney and heart

Lipids were extracted from the liver, kidney and heart using a
mixture of methanol and chloroform, as described by Bligh and
Dyer(30). The lipid extracts were evaporated to dryness under
nitrogen and re-dissolved in isopropanol before quantification of
total cholesterol and TAG on the Cobas c111 system using the
CHOL2 (Cholesterol Gen.2) and TRIGL (Triglycerides) kits from
Roche Diagnostics.

Protein analyses in the liver

Liver samples were homogenised in PBS, and liver protein was
quantified with the Bradford dye-binding method(33) using a
protein assay dye reagent (Bio-Rad Laboratories) with bovine
serum albumin (Bio-Rad Protein Assay Standard II, Bio-Rad
Laboratories) as the standard. 3-Hydroxy-3-methylglutaryl CoA
(HMG-CoA) reductase was measured using the rat HMG-CoA
reductase/HMGCR ELISA Kit (Sandwich ELISA), cat no. LS-
F15758 (LifeSpanBioSciences, Inc.). LDL receptorwasmeasured
using the Rat LDLR/LDL Receptor ELISA Kit (Sandwich ELISA)
cat no. LS-F11934 (LifeSpan BioSciences, Inc.). Cholesterol 7
α-hydroxylase (CYP7A1) was measured using the Rat CYP7A1
ELISA Kit (Sandwich ELISA), cat no. LS-F9946 (LifeSpan
BioSciences, Inc.). Scavenger receptor class B, member 1
(SCARB-1) was measured using the Rat SCARB-1/SR-BI ELISA
Kit (Sandwich ELISA), cat no. LS-F23258 (LifeSpan BioSciences,
Inc.). Proprotein convertase subtilisin/kexin type 9 (PCSK9) was
measured using the Rat PCSK9 ELISA Kit (Sandwich ELISA), cat
no. LS-F9168 (LifeSpan BioSciences, Inc.). Acetyl-CoA carboxyl-
ase (ACC) was measured using the Rat ACC ELISA Kit (Sandwich
ELISA), cat no. LS-F35376 (LifeSpan BioSciences, Inc.).
Diacylglycerol O-acyltransferase 2 was measured using the Rat
DGAT2 ELISA Kit, cat no. EKX-MN0QK8 (Nordic Biosite).
Microsomal TAG transfer protein (MTTP) was measured using
the Rat MTTP/MTP ELISA Kit (Sandwich ELISA), cat no. LS-
F25381 (LifeSpan BioSciences, Inc.). Solute carrier family 2
(facilitated GLUT), member 2 (SLC2A2) was measured using the
Rat SLC2A2/GLUT2 ELISA Kit (Sandwich ELISA), cat no. LS-
F25346 (LifeSpan BioSciences, Inc.). Carnitine palmitoyltrans-
ferase 1A (CPT-1A) was measured using the Rat CPT-1A ELISA
Kit (Sandwich ELISA), cat no. LS-F33196 (LifeSpan BioSciences,
Inc.). Plates were read at 450 nm on a SpectraMax Plus384
Microplate Reader. All samples were analysed simultaneously in
the same plate for each of the ELISA assays, with CV< 5 %.
Concentrations of HMG-CoA reductase, LDL receptor, CYP7A1,
SCARB-1, PCSK9, ACC, DGAT2, MTTP, SLC2A2 and CPT-1A in
the liver are presented relative to protein.

Analyses in faeces

Lipids in faeces were extracted using a mixture of methanol and
chloroform, as described by Bligh andDyer(30). The lipid extracts
were evaporated to dryness under nitrogen and re-dissolved in
isopropanol before quantification of total cholesterol on the
Cobas c111 system using the CHOL2 (Cholesterol Gen.2) kit
from Roche Diagnostics.

Faecal samples were freeze-dried, and total faecal bile
acids were quantified using the method described by

Suckling et al.(34) using Chromabond C18 ec (3 ml/200 mg,
Macherey-Nagel) and the Total Bile Acid Assay Kit (Diazyme
Laboratories, Inc.) on the Cobas c111 system.

Outcome measurements

The primary outcome was to investigate the effect of consuming
diets containing fish oils with or without cetoleic acid on the total
circulating cholesterol concentration in ZDSD rats. The secon-
dary aim was to investigate any effects on circulating markers of
cholesterol metabolism as well as on hepatic enzymes and
receptors central to cholesterol metabolism in these rats.

Statistical analyses

This is the first study to investigate the effects of fish oil
consumption in ZDSD rats; therefore, data on effect size were
not available for sample size calculation or minimally detectable
effect sizes. Based on studies conducted in rats and mice using
cetoleic acid-rich fish oils with group sizes of six to twelve
rodents/group(23), we designed this study with eight rats per
experimental group. We expected all rats to become diabetic
when fed the high-fat diet; however, 25 % of the rats did not
develop diabetes. Therefore, statistical analyses are conducted
with n 6 rats in each experimental group.

Statistical analyses were conducted using SPSS Statistics
version 28 (SPSS, Inc., IBM Company). All data were evaluated
for normality using the Shapiro–Wilk test, revealing that most
variables were normally distributed; therefore, one-way ANOVA
was used to compare the experimental groups. Since this study is
regarded as an exploratory study without the possibility of a
proper calculation of the necessary sample size, when
appropriate, the ANOVA analyses were followed by the
Tukey HSD post hoc test as recommended by Lee et al.(35).
The cutoff value for statistical significancewas set at a probability
of 0·05.

Results

Description of diets

The experimental powder diets had similar energy content of
around 19 kJ/g diet and differed only in their lipid source
(Table 1). The content of EPAþDHA was comparable in the
HERO diet and the ANCO diet, whereas the long-chain MUFA
cetoleic acid was found only in the HERO diet. EPA, DHA and
cetoleic acid were not detected in the control diet. The
cholesterol content was marginally higher in the diets containing
fish oil (0·20–0·21 mg/g diet) compared with the control diet
(0·18 mg/g diet) (Table 2).

Feed and water intake

The energy intake and the water intake were measured 2–3 d
before euthanisation and were similar between the groups
(P ANOVA 0·65 and 0·88, respectively, Table 3). The daily water
intake was very high for all rats, reflecting the established
diabetes in the rats, and corresponded to 60–65 % of the rats’
body weight. For comparison, based on random registrations,
the daily water intake was approximately 20 g per rat when fed
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the high-fat diet before the onset of diabetes. The estimated loss
of glucose and nitrogen as carbamide in urine was high in all
experimental groups near the end of the intervention period,
with no differences between the groups (P ANOVA 0·96 and
0·69, respectively, Table 3).

Body weight and blood glucose

Themean bodyweightwas 481 (SD 36) g,with amean non-fasting
blood glucose of 6·6 (SD 0·8) mmol/l when the twenty-four rats
were introduced to the high-fat diet. Of the twenty-four rats,
eighteen developed diabetes (blood glucose> 13·9 mmol/l); that
is, 75% of the rats responded to the high-fat diet (25·4 kJ/g). The
remaining six rats were excluded from the experiment. To

maintain social stability, rats were kept as the original pairs all
through the intervention period from the time of arrival at the
animal house/facility till euthanisation. When diabetes was
established, which was defined as the baseline for this study,
the rats’ diets were gradually changed to one of the three
experimental diets with regular energy content (19 kJ/g). The
experimental groups were similar with regard to bodyweight and
blood glucose concentration at baseline (P ANOVA 0·80 and 0·38,
respectively, Table 4). As a result of overt diabetes and the change
from a high-fat diet to a regular calorie diet, all rats lost weight
during the intervention period. At the endpoint, no differences
were seen between the experimental groups for body weight,
body weight:square body length ratio, fasting blood glucose
concentration or relative weights of liver and epididymal white
adipose tissue (P ANOVA 0·24, 0·97, 0·97, 0·36 and 0·67,
respectively, Table 4).

Serum analyses

Serum concentrations of total cholesterol and HDL-cholesterol
were lower in the HERO group compared with both the Control
group and ANCO group (P ANOVA 0·023 and 0·013,
respectively, Figs. 1(a) and (b)), whereas the LDL-cholesterol
concentration was similar in all groups (P ANOVA 0·14,
Fig. 1(c)). Concentrations of apoB48 and apoB100 were also
similar between the groups (P ANOVA 0·19 and 0·31,
respectively, Figs. 1(d) and (e)). The concentration of cholesteryl
ester was lower in the HERO group compared with the Control
group (P ANOVA 0·023, Fig. 1(f)). The LCAT concentration was
higher in the ANCO group compared with both the Control
group and the HERO group (P ANOVA 0·021, Fig. 1(g)). The
serum concentrations of total bile acid and TAG were similar
between the groups (P ANOVA 0·070 and 0·58, respectively,
Figs. 1(h) and (i)).

Liver analyses

The rats in both the HERO group and the ANCO group had
higher liver cholesterol content when comparedwith the Control
group (P ANOVA 0·0057, Fig. 2(a)). The hepatic concentrations
(relative to protein) of HMG-CoA reductase (the rate-determin-
ing enzyme for the hepatic synthesis of cholesterol), LDL
receptor and SCARB-1 were similar between the HERO group
and the Control group, whereas the concentrations of all three
were higher in the ANCO group when compared with the

Table 2. Contents of fatty acids and cholesterol in the diets

Control diet HERO diet ANCO diet

Fatty acids (g/100 g diet)
C14:0 0·02 0·26 0·12
C15:0 <LOQ 0·02 0·01
C16:0 0·92 0·95 0·98
C17:0 0·01 0·01 0·01
C18:0 0·31 0·24 0·30
C20:0 0·02 0·02 0·02
C22:0 0·02 0·02 0·02
C16:1 n-7 0·01 0·13 0·11
C18:1 n-11 <LOQ 0·04 0·03
C18:1 n-9 1·71 1·31 1·51
C18:1 n-7 0·12 0·11 0·13
C18:1 n-5 <LOQ 0·01 0·01
C20:1 n-11 <LOQ 0·05 <LOQ
C20:1 n-9 0·01 0·35 0·02
C22:1 n-11 <LOQ 0·70 <LOQ
C22:1 n-9 <LOQ 0·03 <LOQ
C24:1 n-9 <LOQ 0·03 <LOQ
C16:2 n-4 <LOQ 0·02 0·02
C16:3 n-4 <LOQ 0·01 0·02
C18:2 n-6 4·52 2·92 3·73
C18:3 n-3 0·57 0·39 0·48
C18:4 n-3 <LOQ 0·07 0·04
C20:5 n-3 <LOQ 0·17 0·23
C22:5 n-3 <LOQ 0·02 0·02
C22:6 n-3 <LOQ 0·18 0·14
Cholesterol (mg/100 g diet) 17·5 21·2 20·1

HERO, herring oil; ANCO, anchovy oil; LOQ, level of quantification.
The following fatty acids were below LOQ in all diets: C12:0, C23:0, C24:0, C14:1 n-5,
C16:1 n-9, C17:1 n-7, C17:1 n-8, C18:1 n-9t, C20:1 n-7, C22:1 n-7, C18:2 n-6tc, C18:3
n-6, C18:2 n-4, C20:2 n-6, C20:3 n-6, C20:4 n-6, C20:3 n-3, C20:4 n-3, C21:5 n-3,
C22:4 n-6 and C22:5 n-6.

Table 3. Feed and water intake registered during 24 h single housing and estimated loss of glucose and carbamide in urine (mean values and standard
deviations)

Control group HERO group ANCO group P ANOVA

Mean SD Mean SD Mean SD

Feed intake (kJ/24 h) 922 179 863 126 849 109 0·65
Water intake (g/24 h) 309 60 292 40 300 61 0·88
Estimated loss of glucose in urine (g/24 h) 32·3 7·7 31·4 5·3 32·3 5·6 0·96
Estimated loss of carbamide in urine (g/24 h) 3·6 0·8 3·4 1·0 3·9 0·9 0·69

HERO, herring oil; ANCO, anchovy oil.
Data are presented asmean and standard deviation for n 6 rats in each experimental group. Groups are compared using one-way ANOVA followed by Tukey HSD post hoc test when
appropriate. P< 0·05 was considered significant.
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Table 4. Body weight and glucose at baseline (when diabetes was established and intervention started) and endpoint, change in body weight, body weight:
square body length ratio and relative weights of liver and epididymal white adipose tissue (mean values and standard deviations)

Control group HERO group ANCO group

Mean SD Mean SD Mean SD P ANOVA

Body weight at baseline (g) 539 40 537 35 550 37 0·80
Non-fasting blood glucose at baseline (mmol/l) 22·1 4·4 21·6 4·7 19·0 2·4 0·38
Body weight (g) at endpoint 474 23 465 24 488 22 0·24
Change in body weight (g) –65 27 –72 15 –62 24 0·74
Body weight to square body length ratio (kg/m2) at endpoint 7·2 0·4 7·2 0·4 7·2 0·4 0·97
Fasting blood glucose at endpoint (mmol/l) 27·4 2·6 27·2 2·9 26·9 3·9 0·97
Relative liver weight (g/kg body weight) at endpoint 37·2 1·7 38·5 1·6 38·1 1·1 0·36
Relative WATepi weight (g/kg body weight) at endpoint 9·3 1·1 9·7 0·5 8·9 2·3 0·67

HERO, herring oil; ANCO, anchovy oil; WATepi, white adipose tissues.
Data are presented asmean and standard deviation for n 6 rats in each experimental group. Groups are compared using one-way ANOVA followed by Tukey HSD post hoc test when
appropriate. P< 0·05 was considered significant.
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Control group (P ANOVA 0·012, 0·021 and 0·0055, respectively,
Figs. 2(b)–(d)). The relative hepatic concentration of CYP7A1
(the rate-determining enzyme for the conversion of cholesterol
to bile acids) was similar in all experimental groups (P ANOVA
0·47, Fig. 2(e)). The relative liver concentration of PCSK9, which
is secreted from the liver and binds to the LDL receptor and
reduces the clearance of LDL, was similar between the groups
(P ANOVA 0·26, Fig. 2(f)).

The hepatic TAG content was similar in the HERO group and
the Control group but was higher in the ANCO group (P ANOVA
0·014, Fig. 3(a)). ACC, which catalyses the first committed step in
the fatty acid synthesis; DGAT2, which catalyses the final step in
the TAG synthesis and regulates VLDL production; and MTTP,
which catalyses the lipidation of apoB100, were found in similar
amounts in all groups (relative to protein, P ANOVA 0·59, 0·50
and 0·64, respectively, Figs 3(b)–(d)). The groups were similar
with regard to the hepatic amounts of the major hepatic glucose
transporter SLC2A2 and of CPT-1A, which is the rate-determining
enzyme in fatty acid beta-oxidation by converting long-chain
acyl-CoA into acyl-carnitine, thus allowing fatty acids to enter
mitochondria for oxidation (P ANOVA 0·17 and 0·15, respec-
tively, Figs 3(e) and (f)).

Analyses in faeces

The daily faecal output of cholesterol was lower in the HERO
group compared with the Control group (P ANOVA 0·038,
Fig. 4(a)), with no difference between the ANCO group and the
Control group. The total daily faecal bile acid excretion was

higher in both the HERO group and the ANCO group when
compared with the Control group (P ANOVA 0·0034, Fig. 4(b)),
with no difference between the HERO group and the
ANCO group.

Lipids in the kidney and heart

To investigate if the lipid contents of other tissues besides the
liver were affected by the HERO or the ANCO diets, we
quantified the cholesterol and TAG contents in the kidney and
heart. We found no differences between the groups for either
lipid in these tissues (Fig. 5(a)–(d)).

Discussion

In the present article, we show that when fed to diabetic ZDSD
rats, a diet with fish oil-containing cetoleic acid (the HERO diet)
resulted in a lower cholesterol concentration, whereas con-
sumption of a diet containing fish oil with similar EPAþDHA
content but without cetoleic acid (the ANCO diet) had no effect.
Both experimental groups were compared with a Control group
fed a diet devoid of fish oil. This is in linewith our conclusion in a
recent systematic review with meta-analysis investigating the
effects of fish oil or fish oil concentrates with high cetoleic
content fed to rodents(23), although other fatty acids besides
cetoleic acid, either from the diet or modified endogenously,
may be responsible for this effect. Nowwe show for the first time
that fish oils with or without cetoleic acid but with similar
EPAþDHA content have markedly different effects on central
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enzymes and receptors involved in the catabolism and
anabolism of cholesterol in the liver of diabetic rats. The findings
suggest that the lower serum cholesterol concentration in rats fed
theHEROdiet was a result of amore efficient removal of bile acid
in faeces, with no indication of effects on the hepatic
concentrations of HMG-CoA reductase, LDL receptor or
SCARB-1. The ANCO diet, on the other hand, did not affect
the serum cholesterol concentration, but rats consuming this diet
had higher hepatic concentrations of HMG-CoA reductase, LDL
receptor and SCARB-1, as well as higher faecal output of
bile acids.

The circulating cholesterol concentration is affected by many
processes including uptake of dietary cholesterol, endogenous
cholesterol synthesis in the liver followed by secretion of VLDL,
removal from circulation by the liver and extrahepatic tissues, as
well as excretion and reabsorption of cholesterol and bile acids
in bile. In the present study, the cholesterol content was 15–21 %
higher in theHEROdiet and the ANCOdiet when comparedwith
the Control diet. The higher cholesterol intake was not reflected
by a higher serum cholesterol concentration in either of the
intervention groups when compared with controls but might
partially explain the higher hepatic cholesterol content seen in
both HERO and ANCO groups. On the contrary, the total
cholesterol serum concentration was lower in rats fed the HERO
diet and was similar in the ANCO group and the Control group.

The HERO diet did not affect the hepatic protein concen-
tration of HMG-CoA reductase, which is the rate-determining
enzyme for endogenous cholesterol synthesis and the primary
target for cholesterol-lowering drugs(36). This is in contrast to a
study where male C57BL/6J mice fed a high-fat diet containing
15 % pollock oil (1·85 g cetoleic acid/100 g diet) and 17 % lard
had a lower gene expression of HMG-CoA reductase (relative to
18S rRNA) compared with a high-fat diet with 32 % lard(37). This
discrepancy may be explained by the higher lard intake in the
Control group compared with the pollock oil diet in the Yang
2011 study(37) since palmitic acid (C16:0) increased HMG-CoA
reductase mRNA and activity in HepG2 cells(38) and oleic acid
(C18:1n-9) was shown to stimulate HMG-CoA reductase activity
in perfused rat liver(39).
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The rats in the HERO group and in the Control group were
similar with regard to the hepatic concentrations of ACC,
DGAT2, MTTP, CPT-1A and TAG, indicating that neither the fatty
acid synthesis, the TAG synthesis, the rate of VLDL assembly nor
the mitochondrial beta-oxidation of fatty acids were affected by
the HERO diet. The hepatic concentration of SLC2A2, the major
glucose transporter in liver, was also similar between the groups,
again indicating that the de novo lipogenesis from glucose was
similar between the groups. This is further supported by the
similar serum concentrations of TAG, apoB100 and LDL-
cholesterol between the HERO group and the Control group,
suggesting that the VLDL secretion was similar in these groups.
The findings that the concentrations of LDL receptor, PCSK9 and
SCARB-1 in the liver and the serum apoB48 concentration were
similar between the HERO group and the Control group suggest
that the endocytosis of VLDL remnants, chylomicron remnants
and LDL, as well as the extraction of cholesteryl esters from HDL
and LDL from the circulationwere not affected by theHEROdiet.
Biliary excretion of cholesterol and conversion of cholesterol to
bile acids are the principal routes of cholesterol excretion and
catabolism. The faecal cholesterol excretion was lower in the
HERO group, which may, at least in part, explain the higher
hepatic cholesterol content due to inferior removal of cholesterol
in the bile, but it may also reflect a higher uptake of dietary
cholesterol followed by storage in the liver. Of great interest is
that the faecal excretion of bile acids was markedly higher in the
HERO group, and even with no effect on the hepatic CYP7A1
concentration, we suggest that low reabsorption of bile acids

from the enterohepatic circulation leading to enhanced loss of
bile acids is themain explanation for the lower serum cholesterol
concentration in rats fed the HERO diet.

The ANCO diet did not affect the serum concentrations of
total cholesterol, HDL- cholesterol and LDL-cholesterol when
compared with the Control group. The higher liver concen-
trations of HMG-CoA reductase, LDL receptor and SCARB-1
indicate both a higher endogenous cholesterol production and
enhanced uptake of lipoproteins to the liver, all contributing to
the accumulation of cholesterol in the liver of rats fed the ANCO
diet, as is supported by a higher liver cholesterol content. The
higher SCARB-1 concentration in the liver of ANCO-fed rats is
in line with elevated gene expression of SCARB-1 in female
C57BL/6J mice fed a relatively high dose of EPAþDHA
concentrate, causing a lower HDL-C concentration in the
latter(40). The ANCO group had a higher liver content of TAG
when compared with the Control group, but the level was still
well below the limit for fatty liver, which is defined as TAG
content above 5 wt% (corresponding to approximately 60 μmol
TAG/g liver). Liver ACC, DGAT2, MTTP, SLC2A2, CPT-1A and
serum TAG concentrations were similar to those of the Control
group, thus proposing that the de novo lipogenesis from glucose,
TAG synthesis, VLDL assembly and mitochondrial beta-oxida-
tion were not affected by the ANCO diet. In addition, ANCO-fed
rats had a higher serum concentration of LCAT, which is bound
to HDL and catalyses the transfer of an acyl group from
phospholipids to free cholesterol to produce cholesteryl esters,
resulting in a larger spherical HDL particle. The higher serum
concentration of LCAT in the ANCO group indicates a more
active esterification of cholesterol to produce cholesteryl esters
and larger spherical HDL particles; however, no difference was
seen between the ANCO group and the Control group with
regard to the serum cholesteryl ester concentration. Analyses of
the faecal excretion revealed no effect of the ANCO diet on
cholesterol removal, whereas the bile acid excretion was
markedly higher when compared with the Control group.
Thus, the effects of elevated cholesterol biosynthesis in the liver,
more hepatic cholesterol uptake from circulation and higher bile
acid excretion in faeces evidently cancel each other out and
result in no effect of the ANCO diet on the circulating cholesterol
concentration.

The lipid contents were quantified in the kidneys and the
heart, to investigate if the higher cholesterol content in the liver
in the HERO and ANCO groups and the higher TAG content in
the ANCO group were a general ‘organ effect’ after consumption
of these diets. However, no differences were seen between the
dietary groups for either cholesterol or TAG in these organs, thus
suggesting that the effects of the diets seen in the lipids in the
liver were results of differences in the hepatic lipid metabolism
and not the result of a whole-body effect.

Lowering the serum cholesterol concentration is an important
strategy for reducing the risk of CVD, and it is estimated that a
reduction in total cholesterol concentration of 3 % provides a
15 % reduction in CHD risk(41). In the present study, the mean
serum total cholesterol concentration was 14 % lower in the rats
fed the HERO diet compared with the Control group. HDL is the
main cholesterol transporter in rodents, and the level of LDL
cholesterol is in general very low. In the present study, HDL
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cholesterol constituted 71–73 %, and LDL cholesterol constituted
around 10 % of the total cholesterol concentration, whereas in
humans, cholesterol is mainly carried by LDL. This difference in
cholesterol transport should be taken into account when
findings in the present study are interpreted in relation to
human cholesterol metabolism. The effect of the fish oil-
containing diets on the distribution of HDL of different size-
defined subclasses was not investigated in the present study.
Large HDL particles have been proposed to be more anti-
atherogenic compared with smaller-size HDL(42), and analysis of
the HDL size distribution would have provided valuable
information that may potentially increase the relevance of the
finding of a lower HDL-cholesterol concentration in rats fed the
HERO diet for humans. Findings in rat studies are not directly
transferable to humans; however, the present findings may be
clinically relevant and should be further explored in humans
with a high risk for hypercholesterolaemia.

The present study has some strength and limitations.
Strengths include measurements of many central enzymes,
receptors, transporters, regulators, substrates and metabolites
involved in the cholesterol metabolism in the liver, serum and
faeces from rats. Limitations to the study include the choice of
animal model used, as the observed effects of a cetoleic acid-
containing fish oil intake in rats with overt T2Dmay be specific to
the ZDSD rats and must be further investigated through
mechanistic studies using other animal models and also in both
diabetic and non-diabetic humans. The fish oil-containing diets
were balancedwith regard to amounts of EPAþDHA; therefore,
more HERO than anchovy oil was added to the diets, and this
should be taken into account when comparing the effects of the
respective diets. Additional knowledge regarding the accumu-
lation of cetoleic acid and its possiblemetabolites aswell asmore
information about how the amounts of fatty acids including EPA
andDHA are affected in tissues is warranted, and this is currently
under investigation in our research group.

Conclusion

In the present study, we compare the effects of two diets with
similar content of EPAþDHA from fish oils, one of which also
contained cetoleic acid, with the aim to investigate their effect on
markers of cholesterol metabolism in the liver. The two marine
oils, that is, herring oil (containing cetoleic acid) and anchovy oil
(virtually devoid of cetoleic acid), had remarkably different
effects on the cholesterol metabolism in diabetic rats.
Consumption of herring oil resulted in a lower cholesterol
concentration through a higher faecal excretion of bile acids and
without affecting the endogenous cholesterol production in the
liver, the hepatic secretion of VLDL or the capacity for the liver to
take up cholesterol from lipoproteins or lipoprotein remnants.
Intake of anchovy oil did not affect the serum cholesterol
concentration but resulted in a higher hepatic cholesterol
biosynthesis, more clearance of lipoprotein cholesterol and
elevated faecal excretion of bile acids. We conclude that
consumption of a diet containing herring oil leads to a lower
cholesterol concentration in a relevant rat model for T2D in
humans.
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