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Increased plant oil inclusion in aquaculture feeds has led to higher dietary phytosterol
concentrations and speculation about whether this affects the metabolism and health of
the fish. The mechanisms of cholesterol absorption and how phytosterols may affect this
is unknown in fish. Zebrafish (Danio rerio) were used to study the effects of phytosterols
on the uptake and organ distribution of dietary cholesterol in fish. One meal of diets
containing a constant addition of cholesterol (cold and [4-14C] cholesterol) and varying
types and concentrations of phytosterols were fed to fish in individual compartments.
The fish were not previously conditioned on the experimental diets. Activity of 14C
was then measured in water and fish tissues to quantify the tissue distribution and
excretion of cholesterol. There were no effects of the moderate dietary concentrations
of phytosterols on the excretion or tissue distribution of dietary cholesterol 24 h
after the meal.

Keywords: phytosterols, cholesterol, cholesterol uptake, zebrafish, aquaculture

INTRODUCTION

With increased use of plant oils in diets for fish in aquaculture comes a concomitant increase in
typical plant-derived components, like phytosterols (Sanden et al., 2017). Phytosterols are known to
reduce the micellar solubility of cholesterol (Ikeda et al., 1989; Mel’nikov et al., 2004; Jesch and Carr,
2006; Brown et al., 2010) and thus diminish cholesterol uptake in both humans and rodents (Ikeda
et al., 1988; Ostlund et al., 1999; Lin et al., 2010). It has also been shown that phytosterols can exert
an effect on nuclear receptors controlling lipid metabolism and in turn influence the expression of
genes involved in the uptake and excretion of cholesterol (reviewed by Calpe-Berdiel et al., 2009).
Most likely, a combination of several mechanisms is responsible for the cholesterol-lowering effects
of phytosterols (Smet et al., 2012). Lowering of plasma cholesterol by phytosterols has been shown
for zebrafish, Danio rerio (Fatema et al., 2015), but phytosterols have not been linked to reduced
cholesterol digestibility in salmonids (Miller et al., 2008). A reduction in dietary cholesterol as well
as increasing dietary phytosterol:cholesterol ratios have, however, been repeatedly associated with
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changes in cholesterol synthesis and lipid metabolism in fish
(Leaver et al., 2008; Liland et al., 2013; Norambuena et al.,
2013; Kortner et al., 2014; Sanden et al., 2016). Consistent proof
therefore exists of the link between dietary sterol supply and the
lipid metabolism in fish, but there is less knowledge on the effects
of phytosterols on the uptake of dietary cholesterol.

This study aimed to assess the acute effect of a single meal
with moderate phytosterol concentrations, as found in modern
commercial aquaculture fish diets, on the uptake of cholesterol
in carnivore fish evolutionary adapted to having high cholesterol
and low phytosterol concentrations in their diets. As controlled
experiments using radio labeled feed ingredients are difficult
to perform on typical adult aquacultured fish, such as Atlantic
salmon (Salmo salar L.), we here present data from experiments
on another carnivore fish; the zebrafish (McClure et al., 2006).
The effects of a change in sterol composition on the micellar
sterol composition, is thought to be one of the mechanisms
of the cholesterol-lowering effect of phytosterols (Smet et al.,
2012). This effect might, however, become difficult to detect
in trials where fish have been conditioned on diets containing
phytosterols, due to the concomitant change in tissue sterol
composition, which will also affect the sterol metabolism. To be
able to separate such long-term metabolic effects from the more
immediate effects on micellar sterol composition and thus on
the intestinal uptake of sterols, trials using an acute dose of
phytosterols on non-conditioned fish is necessary. This paper
thus presents proof-of-concept experiments to measure the
cholesterol uptake in adults of a carnivore fish species fed diets
varying in sterol composition.

MATERIALS AND METHODS

Experimental Design
Both trials used diets with radiolabeled [4-14C] cholesterol
and phytosterols to assess the direct effect of increasing levels
of phytosterols on uptake of cholesterol in the context of a
single meal. A single meal of phytosterols was administered
to be able to separate immediate effects of phytosterols in
the intestinal lumen from possible long-term systemic effects
when phytosterols are accumulated in the tissues. Adult male
zebrafish were fed individually, moved to clean tanks, and then
kept overnight to allow time for uptake (see Supplementary
Figure 1 for a schematic view of the setup). Both positive
and a negative controls were included in the trials. A negative
control group, named CON, was included in each trial and fed
a diet without added phytosterols. A positive control group,
named EZE, received the control feed without added phytosterols
and a pharmaceutical blocker of cholesterol uptake, ezetimibe,
dissolved in the water (10 µM, Santa Cruz Biotechnologies).
This concentration has been shown to reduce cholesterol uptake
by ∼30% (Clifton et al., 2010) and to significantly reduce the
whole body cholesterol in zebrafish larvae (Baek et al., 2012).
The positive control (EZE) was thus the control to verify that
changes in cholesterol absorption were measurable in the current
experimental setup. Twenty-four hours after feeding, fish were
euthanized to determine uptake and excretion of the labeled

cholesterol using a scintillation counter. The two trials differed
in some ways: in trial 1, a phytosterol blend was added to the
diets in graded concentrations and fish were dissected for organ
samples, while in trial 2 a pure fucosterol extract diet was added,
only one concentration of sterols was used, and whole fish were
used for the scintillation counts. Pure fucosterol was added to
the feeds in trial 2 due to its already documented effects on
lipid metabolism (Hoang et al., 2012) and due to it being of
interest for aquaculture nutrition with the introduction of algal
sources of nutrients such as algae oil and -meal to the diets.
Trial 1 was therefore able to provide us with information on tissue
distribution of absorbed cholesterol. The simplified experimental
procedure in trial 2 without dissections led to fewer samples per
fish and dramatically shortened the handling time for sampling
each fish, allowing us to have a larger amount of fish per treatment
group and thus enable detection of smaller effects of the dietary
treatments on cholesterol uptake than in trial 1.

Feed Production
The basal diet was formulated using standard feed ingredients
selected for their low sterol concentrations (Table 1). Ingredients
were thoroughly mixed with MilliQ water and dried in an
oven at 42◦C for 120 h before milling into pellets of the
desired size (<1.12 mm and >0.56 mm). Both [4-14C]-labeled
cholesterol (Perkin Elmer, MA, United States) and non-labeled
cholesterol (>99% pure, Sigma) were coated onto the pellets
with an aimed radioactivity of 0.3 MBq (18∗106 dpm) per gram
of feed, in accordance with Hamre et al. (2011). Experimental
diets were made by coating aliquots of the basal diet with the
desired amounts of sterols. Sterols were dissolved in ethyl ether,
vortexed well with the feed, and left to dry under nitrogen
for ∼24 h to remove all traces of the solvent. Phytosterol
concentrations were determined on a molar basis relative to the
amount of cholesterol (Table 2). In trial 1, three concentrations
of a phytosterol blend derived from soybean and rapeseed

TABLE 1 | Ingredients of basal diet.

Ingredient g 100 g−1

Casein 24.1

Wheat gluten 20.9

Wheat 12.8

Soy protein concentrate 11.2

Fish meal 11.2

Mineral mixture∗ 0.06

Vitamin mixture∗ 0.01

Palm oil 17.2

Agar 0.11

Dextrin 0.06

Cellulose 0.02

Lecithin 2.3

Astaxanthin 0.03

Tocopherol 0.86 × 10−3

Total 100

∗See Supplementary Tables 2, 3.
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TABLE 2 | Sterols added to the experimental feeds by coating (µmol g−1 or, if
indicated, mg g−1).

Trial 1 Trial 2

Sterols added CON1 SMIX 1:1 SMIX 2:1 SMIX 3:1 CON2 SMIX FUCO

[4-14C] cholesterol 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Non-labeled 2.56 2.56 2.56 2.56 2.56 2.56 2.56

cholesterol

Total cholesterol 2.67 2.67 2.67 2.67 2.67 2.67 2.67

Sterolmix 0.00 2.67 5.34 8.00 0.00 5.34 0.00

Fucosterol 0.00 0.00 0.00 0.00 0.00 0.00 5.34

Total sterols 2.67 5.33 8.01 10.66 2.67 8.01 8.01

molar ratio 0.0 1.0 2.0 3.0 0.0 2.0 2.0

phyto:chol

Cholesterol, mg 1.03 1.03 1.03 1.03 1.03 1.03 1.03

Phytosterols, mg 0.00 1.09 2.18 3.28 0.00 2.18 2.17

CON, control diet without added phytosterols, also fed to the EZE groups; SMIX,
diet with phytosterol added as a sterol extract from soybean/rapeseed; FUCO, diet
with phytosterol added as pure fucosterol.

oil (CardioAidTM, Archer Daniels Midland Company, average
molar weight: 410.3) were used to create increasing ratios of
phytosterol:cholesterol (1:1, 2:1, and 3:1) (Table 2). In trial 2,
a fucosterol extract (>98% pure, Santa Cruz Biotechnologies,
molar weight: 412.7) diet was used in addition to the phytosterol
extract in trial 1, both included in a 2:1 ratio with cholesterol
(Table 2). The molar weight of the phytosterol extract was based
on phytosterol analyses of the product (Supplementary Table 1),
performed as described in 2.3 Feed analyses.

Feed Analyses
Samples from the feeds were taken to measure final radioactivity
(3 × 10 mg) and phytosterol concentrations (one sample of
∼200 mg per feed). Total fat was estimated by extracting
lipids using heptane combined with HCl (European Economic
Community [EEC], 2009). Crude protein was assessed by
measuring total nitrogen and using 6.25 as multiplication
factor (The Association of Official Analytical Chemists [AOAC],
1995). Sterols in the feeds were analyzed with a GC-FID
setup and quantified using 5-β-cholestan-3-α-ol as an internal
standard as described by Liland et al. (2013) adapted from
Laakso (2005).

Fish and Feeding
Since lipid metabolism may be very different between males and
females (Meguro et al., 2015), only male wild type zebrafish
were used in both trials to reduce variation. In trial 1, 48 fish
at ∼6 months post hatch were used and 68 fish at ∼4 months
post hatch were used in trial 2. Before the experiments, all fish
were housed in groups of ∼50 fish in aquariums at the animal
facilities at IMR, Bergen, Norway, and were fed a standard
feed for zebrafish (Gemma micro 500, Skretting United States,
Tooele, UT, United States). Although the trials were performed
approximately 2 years apart, the conditions prior to the trials
were similar; the same animal facilities and feeds were used,
and stable environmental conditions were recorded throughout
this whole period. Trial 1 was performed between 19th of
October and 19th of November 2015, while trial 2 was performed

between 5th and 20th of February 2018. All work including
use of isotopes was conducted in the isotope laboratory at
IMR, Bergen, Norway, where safety protocols approved by the
Norwegian Radiation Protection Authority (Meldenr. M3204-12)
were used. Each morning, the fish to be used that same day were
transferred to the isotope laboratory and housed individually
in 500 mL glass beakers filled with 200 mL preheated system
water from the animal facilities. Water temperature was kept
stable at 28.5◦C by keeping the beakers in a water bath with
temperature regulation. The fish were left to acclimatize for
∼1 h and then fed one meal, ad libitum, of their randomly
allocated experimental feed and left for feeding and digestion
during for 30 min. Fish were then removed from the feeding
beaker, flushed with system water to remove possible traces
of feed on the fish, and put into a fresh beaker with no feed
(500 mL glass beaker with 300 mL system water). Twenty-four
hours after the transfer, the fish were euthanized by adding
tricaine methanesulfonate (TMS) from a stock solution directly
to the beaker (final concentration 1 g TMS L−1). All treatments
were performed each day, in randomized order and position
in the water baths. The experimental procedure was conducted
according to the guidelines of the Norwegian State Commission
for Laboratory Animals (application number: 15/166840).

Sampling
Euthanized fish were quickly transferred to ice to slow down
metabolic processes, and their weight and length measured. In
trial 1, the fish were dissected to remove intestine and liver
(including gallbladder). The presence of intestinal content was
noted, when visible. In trial 2, only whole fish were sampled
and no dissections performed. In both trials, females identified
during sampling were discarded and the respective treatment
repeated. Each tissue sample (intestine, liver, carcass or whole
fish) was put into individual glass scintillation tubes (20 mL)
and received 1–2 mL of Soluene-350 (Perkin Elmer, MA,
United States). The beakers were kept at ∼60◦C for 4–5 h, to
accelerate the breakdown of the tissues. The samples were left to
dissolve overnight, or until completely liquefied, before bleaching
with 30% hydrogen peroxide (2 × 100 µL) at 50–60◦C for
30 min to complete decolorization. After the removal of the fish
from the beakers, the water in each beaker was homogenized
with a Polytron PT-MR2100 (Kinematica AG Switzerland) for
2 min to ensure fecal matter or precipitates in the water were
homogenously distributed. The exact volume of water was noted
and triplicate water samples (10 mL × 3) were taken from
the beakers while continuously stirring the water. Both water
and tissue samples then received 10 mL Ultima Gold (Perkin
Elmer, MA, United States) and were left overnight to adapt to
light and temperature, according to manufacturer instructions.
Radioactivity was measured (2 × 10 min) in each sample with
a TRI-CARB 2000CA scintillation counter (United Technologies
Packard, United Kingdom).

Calculations
The results in disintegrations per minute (dpm) from the
scintillation counter (average dpm value of two counts of each
sample) was converted to Bq for further analysis and presentation
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(1 Bq = 60 dpm/1000 dpm = 16.7 Bq). The value for the total fish
of trial 1 was calculated as:

Bqtotal fish = Bqliver + Bqintestine + Bqcarcass

Total system Bq was used as an estimation of total ingested
[4-14C] as well as total feed intake and was in both trials
was calculated as:

Bqtotal system = Bqtotal fish + Bqwater

Based on scintillation counts of the feeds, it was determined that
fish with a Bqtotalsystem value lower than ∼33 Bq (2000 dpm)
ate less than one third of an average grain of feed (data not
presented). This was therefore set as a lower limit in order to
separate fish that did not eat from the fish that did eat. All data
is presented as mean ± standard error of the mean (SEM) if not
otherwise stated.

Statistics
All statistical analyses were done using the free software
environment R (R Development Core Team, 2017). Effects of
dietary treatments (categorical) on the excretion of cholesterol
and tissue distribution were analyzed with linear mixed effects
models using the nlme package (Pinheiro et al., 2010) (nested
ANOVA, random effect: sample day) followed by Tukey’s
HSD using the package multcomp (Hothorn et al., 2008).
For regression analyses of effects of numerical values (dietary
phytosterol concentration and ratio, phytosterol dose per fish,
phytosterol dose per mg bodyweight) on cholesterol excretion
and tissue distribution, nlme was also used (random effects:
sample day and trial), but here the EZE groups were excluded
from the statistical analyses to see only the effects of sterol dose.

RESULTS

Nutrient Composition of Feeds
Trial 1
The diets contained 48% protein and 16.5% lipid. The control
diet (CON1) without added phytosterols contained 0.4 mg
phytosterols per g feed, while the SMIX1:1, SMIX2:1, and
SMIX3:1 diets contained 1.4, 1.3, and 3.2 mg phytosterols
per g feed, respectively (Table 3). The phytosterol content of
the SMIX2:1 was lower than aimed for, resulting in a lower
phytosterol:cholesterol ratio in the final feed than planned
for (Table 3). The aimed radioactivity per g of feed was
0.3 MBq, and the measured values were close to that, averaging
around 0.27 MBq per g feed (∼89% of aimed for value,
Supplementary Table 4).

Trial 2
The diets contained 48% protein and 14% lipid. The diets of trial
2, being a freshly prepared batch of feed made only few days
before trial 2, had slightly lower lipid content than the diets of
trial 1, possibly due to some difference in the water content of the
ingredients. The control diet (CON2) without added phytosterols
contained 0.6 mg phytosterols per g feed, while the SMIX and

TABLE 3 | Analyzed sterol composition of diets (µg sterol per g feed).

Trial 1 Trial 2

CON1 SMIX1:1 SMIX2:1 SMIX3:1 CON2 SMIX FUCO

Cholesterol 1405 1459 1415 1474 1822 1634 1856

Brassicasterol 8 23 18 50 2 35 4

Campesterol 70 329 308 816 118 621 117

Campestanol 15 26 23 34 31 43 31

Stigmasterol 18 225 214 635 28 448 31

Sitosterol/fucosterol∗ 242 701 646 1579 373 1254 2160

Sitostanol 36 56 52 98 58 97 70

Stigmastadienol 5 6 9 19 4 14 30

Stigmastenol 8 7 9 9 9 8 9

1-7-avenasterol 1 0 3 6 5 8 6

Sum phytosterol 404 1375 1282 3246 629 2527 2457

Sum total sterols 1809 2834 2697 4721 2451 4161 4313

Ratio phyto:chol 0.29 0.94 0.91 2.20 0.34 1.55 1.32

CON, control diet without added phytosterols, also fed to the EZE groups; SMIX,
diet with phytosterol added as a sterol extract from soybean/rapeseed; FUCO, diet
with phytosterol added as pure fucosterol. ∗These two sterols co-elute in the GC-
FID method used to measure sterol composition. The CONTROL and SMIX diets
are not expected to contain the typical algae sterol fucosterol so only in the FUCO
diets we can expect the majority of the sterol in this peak being fucosterol.

FUCO diets both contained 2.5 mg phytosterols per g feed
(Table 3). The measured radioactivity values were close to the
target, averaging around 0.25 MBq per g feed (∼83% of aimed
for value, Supplementary Table 5).

Fish Weight and Feed Consumption
The fish of trial 1 and 2 weighed 559± 9.7 mg and 420.4± 4.8 mg,
respectively. There were no significant differences between the
treatments in weight or condition factor within the two trials
(Supplementary Tables 4, 5). Each individual fish had a mean
feed intake (calculated based on Bq in total system and Bq
in feeds) equal to a mean of ∼1.8 mg of feed eaten (0.3% of
bodyweight) in trial 1 and∼1.2 mg (0.3% of bodyweight) in trial 2
(Supplementary Tables 4, 5). The actual dose of phytosterols per
weight unit of each individual fish was calculated and varied from
0.0009 to 0.0078h of bodyweight (Supplementary Tables 4, 5).

Uptake and Excretion of
Dietary Cholesterol
There was no effect of the dietary phytosterols on the excretion
of [4-14C] cholesterol in neither trial 1 nor trial 2. The dietary
effects on cholesterol excretion were statistically evaluated by
comparing between the treatment groups as well as by using
the actual dose of phytosterols based on amount of feed eaten
and dietary analyses (dietary phytosterol concentration and ratio,
phytosterol dose per fish, phytosterol dose per mg bodyweight)
and no effects were found due to any of these parameters. The
excretion of [4-14C] cholesterol plotted against the analyzed
dietary phytosterol:cholesterol ratios is presented in Figure 1A.
The ezetimibe treatment was very efficient at increasing the
cholesterol excretion, more than doubling the mean excretion
from 29.1 ± 1.7% (all non-EZE groups from both trials, n = 96)

Frontiers in Marine Science | www.frontiersin.org 4 March 2019 | Volume 6 | Article 92

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00092 March 7, 2019 Time: 17:4 # 5

van Spankeren et al. Zebrafish Cholesterol Uptake and Phytosterols

FIGURE 1 | Excreted [4-14C] cholesterol (as percent of ingested [4-14C] cholesterol) of fish from both trials. (A) Individual values plotted against their respective
analyzed dietary ratios of phytosterols:cholesterol (no effect of dietary phytosterol:cholesterol ratio on the excretion of exogenous cholesterol). CON, control diet
without added phytosterols; SMIX, diet with phytosterol added as a sterol extract from soybean/rapeseed; FUCO, diet with phytosterol added as pure fucosterol.
(B) Individual values as well as mean ± SEM plotted as either not exposed to ezetimibe in the water (non-EZE, n = 96) or exposed to ezetimibe (EZE, n = 20). The
fish exposed to ezetimibe had a significantly higher excretion of cholesterol, as indicated by ∗ (p < 0.001, nested ANOVA).

to 71.9± 2.5% (EZE groups from both trials, n = 20) (Figure 1B).
The EZE groups had a significantly higher cholesterol excretion
than the other treatment groups in both trials (p < 0.001, nested
ANOVA). Of the [4-14C] cholesterol in the fish tissues (Bqtotal fish)
measured in trial 1, 58.5 ± 1.8% (n = 48) was still in the
intestine 24 h after the meal. The liver contained 5.3 ± 1.2%
and the remaining carcass 36.2 ± 1.3% (n = 48) (Figure 2).
Neither the phytosterols nor the ezetimibe treatment had any
effect on the tissue distribution of the dietary cholesterol (data on
[4-14C] distribution in all treatment groups in trial 1 presented in
Supplementary Figure 2). Out of a total of 48 fish dissected and
analyzed in trial 1, only five fish had visible traces of digesta in the
intestine. However, the visible presence of digesta did not have

FIGURE 2 | Tissue distribution of [4-14C] cholesterol (as percent of total fish
[4-14C] cholesterol) measured in fish from trial 1. Data presented as
mean ± SEM (n = 49). There were no dietary effects on the tissue distribution
of [4-14C] cholesterol.

any effect on the dpm readings of the organ, likely due to a fast
absorption of dietary cholesterol into the intestinal tissue, leaving
only more slowly digestible nutrients in the intestinal lumen.

DISCUSSION

Increased replacement of dietary fish oil with plant oils in
aquaculture-grown carnivore fish increases dietary phytosterol
concentrations while decreasing the cholesterol content
of the diets. A typical fishmeal and fish oil diet has a
phytosterol:cholesterol ratio of ∼0.1 (Liland et al., 2013),
while modern aquaculture diets for, e.g., Atlantic salmon have
average phytosterol:cholesterol ratios of 1.5 (ranging from 1 to
2.5 in analyses done on Norwegian commercial salmonid feeds
in 2016) (Sanden et al., 2017). It has been a concern whether this
shift in sterol composition could lead to a lowered availability
of dietary cholesterol and that compensatory mechanisms to
produce more cholesterol could lead to unwanted metabolic
effects in the fish (Liland et al., 2013). The current study thus
aimed to use zebrafish as a model of carnivore fish to gain more
information on how uptake mechanisms of cholesterol in a
single meal in fish are affected when fed diets with relatively
low content of cholesterol and moderate dietary concentrations
of phytosterols. By using an acute dose of phytosterols on fish
not previously conditioned to the diets, the more immediate
effects of dietary sterols, such as their effect on micellar sterol
distribution, will be more visible. This is in contrast to what is
possible to see in a more long-term feeding trial, where metabolic
effects due to the changes in tissue sterol composition might
become more dominating.

Phytosterols have been thoroughly proven to lower plasma
cholesterol of mammals (Laraki et al., 1991; Plat et al., 2000;
Matvienko et al., 2002; Doornbos et al., 2006) and some studies
also indicate the same in fish (Couto et al., 2015b; Fatema et al.,
2015; Sissener et al., 2018). Long-term feeding with phytosterols
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has shown a lowered plasma cholesterol in juvenile sea bass
(Dicentrarchus labrax) (Couto et al., 2015b) and Atlantic salmon
(Sissener et al., 2018), but not in on-growing sea bass or juvenile
or on-growing seabream (Sparus aurata) (Couto et al., 2014a,b,
2015a). To measure the actual uptake of exogenous cholesterol
in the presence of phytosterols is not commonly done, as it
requires different methods than normal digestibility studies and
normally the use of a tracer such as stable isotopes. The studies
that have quantified the uptake of sterols report phytosterols to be
inefficiently absorbed (≤5%) compared to cholesterol (45–54%)
in humans (Salen et al., 1970; Bosner et al., 1999). In the current
trial 70.9% of dietary cholesterol was taken up 24 h post ingestion,
indicating a higher cholesterol absorption in fish than in humans.
The measurements of cholesterol uptake are, however, likely
influenced by factors such as dietary cholesterol concentrations
as well as variations due to different methods used for measuring
cholesterol uptake in humans than in fish.

In Atlantic salmon, both the dietary cholesterol content
and the ratio of phytosterols:cholesterol (not phytosterol
concentrations alone) affected the plasma cholesterol, with
increasing phytosterol:cholesterol ratios lowering the plasma
cholesterol in a linear manner (Sissener et al., 2018). The
same study showed that dietary cholesterol concentrations as
well as the dietary phytosterol:cholesterol ratios can affect the
tissue cholesterol concentrations (Sissener et al., 2018). Dietary
phytosterol has, on the other hand, not been shown to affect
digestibility (Miller et al., 2008) or retention (Sissener et al.,
2018) of cholesterol in Atlantic salmon. The cholesterol in the
body is, however, largely composed of endogenously produced
cholesterol and most of the cholesterol absorbed through the
intestine is endogenously derived biliary cholesterol (Turley and
Dietschy, 2003). The current trial only measured the uptake of
dietary cholesterol after a single meal of the experimental diets
and shows that phytosterol:cholesterol ratios up to 2.2 do not
affect the uptake of exogenously derived cholesterol. The current
results, combined with a lack of effects on cholesterol retention
and digestibility in other trials (Miller et al., 2008; Sissener et al.,
2018), indicate that a moderate dose of phytosterols does not
affect the absorption of neither exogenously nor endogenously
derived cholesterol in fish. The lack of dramatic effects of modest
changes in the dietary sterol composition is likely due to the
plasticity of the cholesterol metabolism, being able to quickly
adapt to differing sterol concentrations to maintain stable cellular
cholesterol concentrations (Kortner et al., 2014). The current trial
looked at the effects of an acute dose of phytosterols in fish not
previously conditioned on the experimental diets, but long-term
feeding with phytosterols in fish indicate that also a continued
addition of phytosterols in the diets is without large effects
on cholesterol uptake, but then measured as total cholesterol
(exogenous + endogenous cholesterol) (Couto et al., 2014a,b,

2015a,b; Miller et al., 2008; Sissener et al., 2018). Although
zebrafish is a recognized model for use in studies on lipid
metabolism (Carten and Farber, 2009), the results of the current
trial would need to be replicated in the target species to be able to
give a more definitive conclusion concerning specific species.

Interestingly, the current trial did not find any effect of
neither the ezetimibe treatment nor dietary phytosterol on the
tissue distribution of the dietary cholesterol. The clear inhibiting
effect of ezetimibe on the uptake of cholesterol emphasizes that
ezetimibe uniquely blocks the intestinal absorption of cholesterol.
However, the lack of changes on cholesterol tissue distribution of
ezetimibe demonstrates that the fate of absorbed cholesterol is a
process not easily disturbed. The hepatic production and proper
circulation of cholesterol will therefore likely become more
important when fish eat less cholesterol. The tissue distribution of
dietary cholesterol seems to be evolutionary conserved as it was
similar to what has been seen in rats (Borgström, 1968), where
∼45% of exogenous cholesterol was found in the gastrointestinal
system and under 10% in the liver after 24 h.
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