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Abstract: Replacement of fishmeal with plant ingredients will introduce not only plant oil and
protein but also phytosterol to the fish diet. Mammals strictly restrict the uptake of phytosterol
at intestinal epithelial cells by regulating the gene expressions of sterol uptake and excretion
proteins; however, phytosterol is found in the fish muscle and other organs. In order to assess
the ability of phytosterol uptake by the intestinal epithelial cells of fish, no-sterol diet, cholesterol-,
and β-sitosterol-containing diet was separately administered to zebrafish, and the relative mRNA
expressions related to sterol uptake and excretion were evaluated. Gene expression of Niemann-Pick
C1-like protein 1 in the sitosterol-fed group was significantly higher than that of the cholesterol-fed
group (p < 0.05). The expression of apolipoprotein A-I gene was also higher in the sitosterol-fed
group than that in the no-sterol and cholesterol-fed groups. The expressions of ATP-binding cassette,
sub-family G, member 5 and 8, were significantly higher in the sitosterol-fed group, compared to the
no-sterol group. Regarding the gene expression of ATP-binding cassette sub-family A, member 1,
the sitosterol-fed group showed higher expression level compared to the other groups (p < 0.01).
These results suggest that fish should be tolerant to phytosterols in contrast to mammals.
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1. Introduction

Fishmeal is an important component of fish diet used in aquaculture [1]. The recent trend in the
rise of fishmeal price has led to several studies exploring alternative feed resources for productive
aquaculture. The popular substitute for fishmeal is plant ingredient owing to their high amino acid
content. Many of the past studies that focused on plant substitutes targeted the effect of oil and protein
replacement on fish metabolism [2–4]. It is important to recognize that the substitution of fishmeal with
plant ingredients introduces another notable substance, the phytosterol. Several types of phytosterols
are found in nature and one of the most common phytosterol is β-sitosterol.

Uptake of sterols other than cholesterol is strictly controlled in mammals. For example, humans
retain approximately 40 to 50% of dietary cholesterol but less than 5% of dietary phytosterol [5,6],
whereas several fish species accumulate phytosterol in their muscles and other organs [7–10].
Plant-based ingredients are the major sources of phytosterol; however, previous studies have not
focused on phytosterol metabolism in fish intestines. Several studies report the transcriptomic changes
in gene expression of fish fed plant-based ingredients but those studies are not dedicated to studies of
phytosterol and sterol uptake or excretion; related genes remain unstudied [11,12]. Hence, research on
the gene expression profile associated with intestinal phytosterol absorption and excretion is required
as an important milestone to understand the whole process.
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Dietary sterols are absorbed in the intestine and transported to the liver for further metabolisms.
Mammals and zebrafish share similar sterol uptake and excretion molecules in the intestinal epithelial
cells. Uptake and excretion processes of dietary sterols are as follows. Dietary sterols enter the
small intestinal epithelial cells through Niemann-Pick C1-like protein 1, (NPC1L1) [13], and scavenger
receptor class B, member 1 (SR-B1) [14]. SR-B1 was initially recognized as sterol transporting protein but
recent studies elucidated that NPC1L1 is specific to sterol uptake, while SR-B1 is not only responsible
for the uptake of cholesterol but also other lipids [15,16]. Free sterols are then subjected to esterification
by sterol O-acyltransferase 2 (SOAT2) [17]. Esterified sterols are then encapsulated into lipoprotein
particles and transported out of the epithelial cells. Apolipoprotein A-I (ApoA-I) is responsible for the
formation of pre-high density lipoprotein (HDL) particles in human, which then is associated with
sterol transportation from the small intestine to the liver. In zebrafish, ApoA-I also contributes to
sterol transporting system [18]. Excessive sterols are excreted out of the cells through the ATP-binding
cassette sub-family G, member 5 and 8 (ABCG5 and ABCG8), back into the lumen in mammals [19].
Another ATP-binding cassette, sub-family A, member 1 (ABCA1), also exports sterols from the small
intestinal epithelial cells into the circulation to contribute to the formation of HDL particles (Figure 1).

Figure 1. Diagram of sterol uptake and excretion genes. Sterols enter the small intestinal epithelial cells
via Niemann-Pick C1-like protein 1 (1. npc1l1) and scavenger receptor class B, member 1 (1. scarb1)
and esterified with fatty acid by O-acyltransferase 2 (2. soat2). Esterified sterols are encapsulated with
Apolipoprotein A-I (3. apoa1a). Excessive sterols are excreted via ATP-binding cassette sub-family
G, member 5 and 8 (4. abcg5/abcg8) and ATP-binding cassette, sub-family A, member 1 (4. abca1).
Nomenclature in the parentheses represent gene name. Lipoprotein particles are excreted from intestinal
epithelial cells to lymph in mammals, whereas to portal vein in fish.

Changes in gene expressions related to sterol uptake and excretion have been studied in
mammalian models. NPC1L1 is responsible for transporting sterols into the small intestinal epithelial
cells by targeting sterols. In a previous study, phytosterol was administered to FHs 74 Int cells, small
intestine epithelial cell line of human. The administration of phytosterol reduced the expression of
npc1l1 [20]. Another gene related to sterol uptake, scavenger receptor class B, member 1 (scarb1),
was also followed in the same study but no significant change was observed. The changes in gene
expression profiles are imperative to understand the phytosterol metabolisms in fish. The study of fish
diet is generally long-term [2–4] but study on the acute or short-term effect is required as one of the
important pieces of knowledge to explain the metabolic system as a whole. The aim of this study was
to investigate such gene expressions in order to elucidate the effects of phytosterol on fish metabolism,
and eventually to enlighten the conception of phytosterol accumulation in fish.
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2. Results

2.1. Relative mRNA Expression Levels of Sterol Uptake Related Genes

The relative mRNA expression levels of npc1l1 were significantly higher in the sitosterol-fed group
than that in the cholesterol-fed group (Steel-Dwass test, p < 0.05). The differences were insignificant
between the mRNA expressions of the no-sterol versus the cholesterol-fed groups, and the no-sterol
versus the sitosterol-fed groups. The mRNA expression levels were not significantly different among
the three groups for scarb1 (Figure 2b).

Figure 2. Relative mRNA expression levels of sterol uptake related genes, npc1l1 (a) and scarb1 (b).
Left column: no-sterol group, Middle column: cholesterol-fed group, Right column: sitosterol-fed
group. Data were expressed as mean ± standard error (SE) (n = 10, per group). Statistically significant
difference is shown as * p < 0.05.

2.2. Relative mRNA Expression of Sterol Modification and Transportation Related Genes

There was no significant difference of soat2 mRNA expression level among the three groups
(Figure 3a). The Apolipoprotein A-I (apoa1a) expression level in the sitosterol-fed group was
significantly higher than that of the no-sterol and the cholesterol-fed groups (p < 0.05) (Figure 3b).

Figure 3. Relative mRNA expression levels of soat2 (a) and apoa1a (b). Left column: no-sterol group,
Middle column: cholesterol-fed group, Right column: sitosterol-fed group. Data were expressed as
mean ± SE (n = 10, per group). Statistically significant difference is shown as * p < 0.05.
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2.3. Relative mRNA Expression Level of Sterol Excretion Genes

The relative mRNA expression levels of abcg5 are shown in Figure 4a. The abcg5 expression level of
the sitosterol-fed group was significantly higher than that of the no-sterol group (p < 0.05). Significant
differences were also observed between the expression levels of the no-sterol and cholesterol-fed
groups (p < 0.05). The expression levels of the no-sterol and sitosterol-fed groups were significantly
different (p < 0.05) for abcg8 (Figure 4b). The abcg8 expression levels of the cholesterol-fed group were
close to that of the sitosterol-fed group.

Figure 4. Relative mRNA expression of sterol excretion related genes abcg5 (a), abcg8 (b), and abca1 (c).
Left column: no-sterol group, Middle column: cholesterol-fed group, Right column: sitosterol-fed
group. Data were expressed as mean ± SE (n = 10, per group). Statistically significant difference is
shown as * p < 0.05, ** p < 0.01.

The expression level of abca1 in the sitosterol-fed group was significantly higher than that of the
no-sterol and cholesterol-fed groups (p < 0.01). The difference was not significant between the no-sterol
and cholesterol-fed groups.

3. Discussion

Study of phytosterol metabolism in fish is reported but perception of sterol uptake and excretion
mechanism in intestinal epithelial cells is veiled. Many layer of studies, i.e., studies related to gene
and protein expressions, are essential to decipher the whole picture. The aim of this study was to
firstly elucidate the sterol uptake and excretion gene expression profile in zebrafish small intestinal
epithelial cells by comparing the expression pattern responding to two types of sterols; cholesterol,
and β-sitosterol. The present study proposes that the gene expressions related to sterol uptake and
transportation are regulated by the ingested phytosterol in the short term.

NPC1L1 is located at the brush border membrane of enterocytes in mammals [13]. A study using
a human FHs 74 Int cell line reported that the mRNA expression level of npc1l1 was the highest
in the cholesterol-deprived cells and the expression level decreased with cholesterol or sitosterol
administration [20]. The difference between no-sterol group and cholesterol-fed group was not
significant. Cholesterol may not suppress the expression of npc1l1 in fish as strong as it did in the
mammalian model. The result of npc1l1 expression level in sitosterol administered FHs Int cell was the
opposite from the gene expression of sitosterol-fed group in this study. The ability of NPC1L1 to uptake
cholesterol may have led to increase in npc1l1 expression to substitute the lack of dietary cholesterol in
the no-sterol and sitosterol-fed groups. The enhance of npc1l1 expression in the sitosterol-fed group
suggests that sitosterol could directly or indirectly affect the concerned gene expressions. The increase
in npc1l1 gene expression would lead to additional phytosterol uptake into the small intestinal epithelial
cells. If fish require phytosterol, it can be assumed that phytosterol is intentionally absorbed to be
utilized in the further metabolism.
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The case of SR-B1 was different from that of NPC1L1. A previous study reported that SR-B1
deficient mice showed no change in the intestinal cholesterol absorption compared to the wild-type
mice [14]. These findings review that SR-B1 is not heavily responsible for sterol uptake and scarb1
expression might not be modulated by dietary sterols. SR-B1 was recognized as an important sterol
transporter but deficiency of SR-B1 did not alter the cholesterol concentration in mammals [13,21].
These findings show that amount of imported cholesterol via SR-B1 is less compared to NPC1L1 and
lipid source is required for absorption via SR-B1. In the present study, all of the individuals were
administered the same amount of oil and with the same fatty acid contents, which might be the reason
for similar scarb1 expression levels in all groups. SR-B1 also interacts with bile micelles and down
regulation of SR-B1 was observed in rodents with bile delivery deficiency [22]. Ingested cholesterol
will eventually reach hepatocyte and be converted to bile acid. There is a possibility of phytosterol
affecting bile acid metabolism. Interference of bile acid production by β-sitosterol to may eventually
lead to down regulation of SR-B1. Administration of phytosterol might change the scarb1 expression in
the long run.

After entering the intestinal epithelial cells by function of NPC1L1 or SR-B1, sterols are subjected
to further modification by SOAT2 into ester forms. The relative mRNA expression of soat2 was very
low in all the groups and was not affected by the administration of different sterols, implying that
zebrafish SOAT2 mRNA expression would not be regulated by dietary sterols. A conventional study
in mammalian models demonstrated that SOAT2 distinguished cholesterol from various types of
sterols [17]. Zebrafish SOAT2 function should be investigated regarding sterol esterification.

Zebrafish is used as one of the model organisms to study the apolipoprotein trafficking mechanism
in humans [18]. ApoA-I is an important component of high-density lipoprotein in mammals
and a similar protein is also reported in the zebrafish. The expression of apoa1a was high in the
sitosterol-fed group compared to the cholesterol-fed group. The mRNA expression level of apoa1a in
the cholesterol-fed group was similar to that of the level in the no-sterol group. This result suggests
that dietary administration of β-sitosterol would enhance the ApoA-I protein expression in zebrafish.
The change in the expression of apoa1a could be attributed to the similar expression profile observed in
npc1l1 expression level of fish group fed with sitosterol. Npc1l1 expression was enhanced by β-sitosterol
administration in zebrafish, possibly leading to increased dietary β-sitosterol uptake and to enhance
apoa1a expression to export β-sitosterol out of the intestinal epithelial cell.

Non-esterified sterols are excreted from the cell via ABCG5 and ABCG8 and/or ABCA1
transporters in mammals. Mutation in the expression of abcg5 and abcg8 genes is known to be
the cause for sitosterolemia, a disease that result in high concentration of blood β-sitosterol in
humans. The export of excessive sterols via these proteins is thus crucial to maintain cellular sterol
homeostasis [23]. Gene expressions of abcg5 and abcg8 were the lowest in the no-sterol group in this
study, suggesting that the gene expressions would be enhanced partially by dietary sterols. There was
no significant difference in the mRNA expressions between the cholesterol- and the sitosterol-fed
groups, which implied that sterol molecular species were not involved in the enhancement of abcg5
and abcg8 expressions in zebrafish.

For ABCA1, a study using Caco-2 cells reported that application of mixed micelles enriched
with sitostanol enhanced ABCA1 expression [24]; ABCA1 expression would be more sensitive to
sitosterol in mammals. Expression level of abca1 was significantly higher in the sitosterol-fed group,
in comparison to the no-sterol and the cholesterol-fed groups in this study. The expression of zebrafish
abca1 might be modulated by dietary β-sitosterol, similar to the mammalian models. This research
showed upregulated expression of npc1l1 and apoa1a in the sitosterol-fed group. This notable expression
in the sitosterol-fed group may lead to β-sitosterol transportation to circulatory system.

The overall trend between the cholesterol- and sitosterol-fed groups showed that the
administration of phytosterol would upregulate the gene expression responsible for sterol uptake to
intestinal epithelial cells and further transportation to hepatocyte, suggesting the possibility of high
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sitosterol uptake in fish, which is different from those of mammalian model. Fish might actively uptake
β-sitosterol for utilization.

Further studies about the use of phytosterols are necessary for the deeper understanding of fish
strategies against phytosterols.

4. Materials and Methods

4.1. Fish

Mature wild-type zebrafish (Danio rerio) with size of approximately 3 cm were purchased
from Masuko Co., Ltd. (Kuki, Japan). Zebrafish were kept in a 35-L water tank under 12L/12D
(08:00–20:00 light) cycle at a constant temperature of 25 ◦C. All animal care and use guidelines were
followed according to the institutional protocol and approved by the University of Tokyo (P17-093,
#AIMCB-404).

4.2. Feed Production

Diet composition is shown in Table 1. Cholesterol was purchased from Sigma-Aldrich (Tokyo, Japan)
and β-sitosterol was purchased from Tama Biochemical Co., Ltd. (Tokyo, Japan), both with purity of
>99%. Casein, cornstarch, vitamin mix and mineral mix were purchased from Oriental Yeast Co., Ltd.
(Tokyo, Japan). Arginine and taurine were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Cysteine and corn oil were purchased from Sigma-Aldrich. Sterols in corn oil were
removed by column chromatography.

Table 1. Composition of three types of diet in percentage.

Contents No-Sterol Cholesterol Sitosterol

Casein 69.9 67.9 67.9
Arginine 0.4 0.4 0.4
Cysteine 0.9 0.9 0.9
Taurine 4.4 4.3 4.3

Oil 1 9.6 9.3 9.3
Cornstarch 10.1 9.8 9.8
Vitamin mix 1.0 1.0 1.0
Mineral mix 3.5 3.4 3.4
Choline Cl 0.2 0.2 0.2

Sterol 0 3.0 3.0

Total 100 100 100
1 Corn oil with out sterol contents was used.

The feed dough was passed through the sieve of with mesh diameter of 850 µm to obtain
uniformity in size. Then, it was subjected to freeze-thaw drying over night.

4.3. Sampling

The zebrafish were fed with a commercial fish diet for acclimation to the experimental conditions;
and were fasted for two days prior to feeding experiment to avoid the effects of commercial diet. Fish
searched for food near the surface of the water when fasted. Fish were fed ad libitum enough to start
swimming at the middle layer of water tank. This behavior was used as indicator of saturated feeding.
The remaining diets were removed by using fish net.

Our preliminary trials revealed that the diet reached the end of the zebrafish small intestine
of zebrafish in approximately 6 h (data not shown). Hence, the sampling time was set at 6 h post
feeding. Fish were fed at 10:00 am, 2 h after the onset of light, and sampled 6 h after feeding. Fish were
randomly sampled with no preference of sex. Ten individuals were collected for each diet group and
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immediately transferred to ice water for euthanasia. Ingested feed and feces were removed from inside
of the intestine. The intestine was excised, cleaned carefully, immersed in 300 µL RNAlater (Thermo
Fisher Scientific Japan K.K., Yokohama, Japan), and stored at −30 ◦C until use.

4.4. Real Time PCR

RNeasy Lipid Tissue Mini Kit (QIAGEN, Hilden, Germany) was used for the total RNA extraction
according to the manufacturer’s instructions. The resulting samples were subjected to the following
reverse transcription reaction using Takara Prime Script RT Reagent Kit with a gDNA Eraser (Takara
Bio Inc., Kusatsu, Japan) in a GeneAmp PCR System 9700 (Thermo Fisher Scientific Japan K.K.,
Yokohama, Japan) using the temperature and time protocol at 37 ◦C for 15 min, 85 ◦C for 5 s, and finally
stored at 4 ◦C until use.

Primers for the real-time PCR were designed using the National Center for Biotechnology
Information database. Primers were designed either by using Primer-BLAST and Primer 3 Plus [25]
and checked for amplification efficiency. Primers with efficiency close to reference gene were selected.
Primer sequences are listed in Table 2.

Table 2. Gene name and primer sequence for real-time PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) Accession

npc1l1 GGACTGGCGGGATCAT GCCGAGAGCTGTGATG XM_009304174.2
scarb1 TTCCACATCGTCAATC CCACAGACATGCTCTC NM_198921.2
soat2 TGGAACTCCACTTCGT GTCAAACACTCACCCA XM_017356504.1

apoa1a GGACGGAACCGACTAT GGAGGTGGTCTGGGCA NM_131128.1
abcg5 CTGGCAGAGCTGGCTA AAACACCAGCTCCCT NM_001128690.1
abcg8 CATGGCACTGTTTGTG AAACCAAGACGCCACC XM_005156538.3
abca1a CAGTATGGCATCCCTC TCCATCCGCATTTCTC NM_001309465.1

rpl8 AATCCACACCGGCCAG GCCAACGGGAAGCACA NM_200713.1

SYBR 96-well plate was used for the real-time PCR. Premix Ex Taq II (Tli RNaseH Plus) was used
for the real-time PCR. 10 µL of SYBR Premix Ex Taq II (Tli RNaseH Plus) (2×) (10 µL), 0.8 µL of PCR
forward primer (10 µM), 0.8 µL of PCR reverse primer (10 µM), 0.4 µL of ROX Reference Dye (50×),
and 6 µL of distilled water was mixed with 2 µL of template in each well. A Fast Real-Time PCR System
7300 (Thermo Fisher Scientific Japan K.K., Yokohama, Japan) was used for the detection. Real-time
PCR was performed according to the manufacturer’s instruction. Preliminary trials revealed that
rpl8 was the most suitable reference gene compared to other genes such as actin, gapdh, 16s, and rpl6.
The melting curve was checked for uniformity with in each gene.

4.5. Statistical Analysis

The average of the data obtained was calculated using the values from ten individuals. Out-of-range
values were discarded using the Smirnov-Grubbs test. Error bars represent standard errors. Statistical
comparison was performed using the Steel-Dwass test.
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