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Abstract

Inclusion of plant protein sources such as soyabean meal (SBM) in aquafeeds is associated with decreased lipid digestibility, reduced bile
acid levels and hypocholesterolaemia. The mechanism for these metabolic abnormalities is unknown. The present study aimed at gaining
further insight into how cholesterol and bile acid metabolism is modulated by SBM feeding by quantifying a number of mRNA species
corresponding to key proteins involved in cholesterol and bile acid metabolism using quantitative real-time PCR. A 21d feeding trial
with sequential sampling at ten time points following initiation of 20% SBM exposure was conducted on Atlantic salmon. A histological
evaluation confirmed distal intestinal enteritis after 5d of dietary exposure to the SBM, whereas diminished glycogen/lipid deposition
was the only relevant finding observed in the liver. SBM inclusion resulted in reduced body pools of cholesterol and bile acids. Hepatic
gene expression profiles revealed up-regulation of genes encoding rate-limiting enzymes in cholesterol (3-hydroxy-3-methyl-glutaryl-CoA
reductase; HMGCR) and bile acid (cytochrome P4507A1 (CYP7A1)) biosynthesis, as well as up-regulation of their associated transcription
factors (sterol regulatory element binding proteins 1 and 2, liver X receptor, farnesoid X receptor and PPAR isoforms). Hepatic gene
expressions of cholesterol (ATP binding cassette G5 (ABCG5)) and bile acid (ATP binding cassette B11 (ABCB11)) transporters were,
by and large, not influenced by the SBM, but distal intestinal expression patterns of ABCG5 and apical Na-dependent bile acid transporter
indicated impaired cholesterol and bile acid reabsorption. In conclusion, hepatic gene expression profiles indicated that the capacity for
cholesterol and bile acid synthesis was up-regulated, whereas the indicated impaired cholesterol and bile acid reabsorption probably
occurred as a direct result of distal intestinal inflammation.
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Continued growth in the aquaculture industry will be depen-
dent on alternative plant protein ingredients to replace tra-
ditionally used marine sources such as fishmeal (FM) and
fish oil. Soyabean meal (SBM) has been considered a candi-
date plant product for increased use in aquafeeds due to its
moderate price, good availability and reasonably balanced
amino acid profile’™”. Inclusion of full-fat and extracted
(defatted) SBM in aquafeeds is, however, limited since a
number of negative effects are observed. Besides the well-
documented intestinal inflammation in salmonids®~* and
carp®®, SBM inclusion in fish feed has been associated with
decreased lipid digestibility, reduced bile acid levels and

©-12 A hypocholesterolaemic effect,

hypocholesterolaemia
often accompanied by decreased bile acid levels and reduced
fish performance, is not restricted to SBM inclusion solely, but
has been observed after inclusion of many plant protein

sources in a wide range of teleost species’>~'®. Presently, it

is unknown which plant component(s) are responsible for
modulations in sterol metabolism and their molecular mech-
anisms have not been specifically investigated.

Bile acids are physico-chemical detergents and play a key
role in the digestion and absorption of lipids, fat-soluble vita-
mins and other apolar components in the diet or from
endogenous sources”'”. They are synthesised in the liver
from the precursor cholesterol, conjugated with glycine or
taurine, and are released into the gut upon ingestion of a
meal. The proportion between conjugated (often called bile
salts) and unconjugated bile acids may vary between different
body compartments. The term bile acid is used consistently
throughout the present study for the sum of free and conju-
gated bile acids. In addition to hepatic de novo synthesis,
almost all bile acids in warm-blooded animals undergo an
enterohepatic circulation, where they are reabsorbed in the
intestine, transported back to the liver via the portal system

Abbreviations: ABCG5, ATP binding cassette G5; ABCB11, ATP binding cassette B11; ACTB, B-actin; ASBT, apical Na-dependent bile acid transporter; DI,
distal intestine; FM, fishmeal; FXR, farnesoid X receptor; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; LXR, liver X receptor; PCNA, proliferating
cell nuclear antigen; PI, pyloric intestine; qPCR, quantitative real-time PCR; SBM, soyabean meal; SREBP, sterol regulatory element binding protein.
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and finally re-secreted into the bile®”. From mammalian

studies, it is clear that bile acids have many functions other
than as emulsifiers and excretable waste products of choles-
terol metabolism®". They increase protein hydrolysis and
modulate mucus secretion as well as fluid and electrolyte
absorption(w)A Information is emerging that bile acids have
important anti-inflammatory effects in the gut and liver®?.
They also have antimicrobial effects®®>*%,
preventive role has been suggested®~*®. Bile acids are
potentially cytotoxic and therefore their concentration in
different body compartments is tightly controlled by a sophis-
ticated network of nuclear receptors®.

Cholesterol can be obtained from the diet or synthesised
de novo in the liver, and the conversion of cholesterol to bile
acids represents a major route for the elimination of cholesterol
from the body. Consequently, cholesterol and bile acid metab-
olism are closely linked, and are controlled and balanced by
nuclear receptors such as the liver X receptor (LXR) and the far-
nesoid X receptor (FXR)®”. The decreased body pools of
cholesterol and bile acids observed with dietary SBM inclusion
may be a result of any one or several of the following factors: (1)
increased faecal excretion; (2) impaired intestinal reabsorption;
(3) impaired transport between body compartments; and/or (4)
impaired hepatic biosynthesis. It is well known that SBM con-
tains several anti-nutrients which may exert nutritional, physio-
logical and immunological actions®"*?. For example, soya
isoflavones may activate nuclear receptors such as LXR, FXR
and PPAR isoforms, and consequently modulate sterol and
bile acid metabolism®®. Soya isoflavones can also affect
sterol regulatory element binding proteins (SREBP) and
SREBP-regulated genes(34) . Another group of soya anti-nutrients
are saponins, which generally have a hypocholesterolaemic
action®. This has been attributed to the observation that
most saponins can form complexes with 3-B-hydroxysteroids
such as bile acids and cholesterol®®, and thereby prevent
their absorption in the intestine. Additionally, soyabeans are
rich in lectins, which may modulate the proliferation of various
mucosal cells and consequently affect the regulation of trans-
port, intestinal hormone release and nutrient metabolism®" .
Most probably, interactions between different anti-nutrients
are responsible for the altered intestinal physiology and lipid
metabolism, but information on these interactions is scarce.

The present study aimed at gaining further insight into how
cholesterol and bile acid metabolism are modulated by SBM
inclusion in salmon feed. A 21d feeding trial with sequential
sampling at ten time points following initiation of 20% SBM
exposure was conducted on Atlantic salmon (Salmo salar).
A number of mRNA species in the liver and distal intestine
(DD corresponding to key proteins involved in cholesterol
and bile acid metabolism were quantified using quantitative
real-time PCR (qPCR). Specifically, we quantified the
expression of the rate-limiting enzymes in cholesterol and
bile acid synthesis (3-hydroxy-3-methyl-glutaryl-CoA reductase,
HMGCR and cytochrome P4507A1, CYP7A1, respectively), the
cholesterol transporter ATP binding cassette G5 (ABCG5)
and the bile acid transporters ABCB11 and apical Na-dependent
bile acid transporter (ASBT, gene symbol SLC10A42), as well as
transcription factors which are known to play key regulatory

and a cancer-

roles in lipid metabolism (SREBP-1 and -2, LXR, FXR and PPAR
isoforms). Tissues of interest were liver, which is the main
organ for cholesterol and bile acid synthesis, and the DI,
which is presumably responsible for bile acid reabsorption,
but whose function may be compromised due to SBM-induced
enteropathy. Total bile acid levels in the plasma, liver and intes-
tinal content, as well as plasma cholesterol levels were
measured. Histomorphological alterations in the liver and DI
after inclusion of SBM in the diet were evaluated.

Materials and methods
Experimental animals, diet and sampling

The experiment was conducted in accordance with laws and
regulations that control experiments and procedures in live ani-
mals in Norway, as overseen by the Norwegian Animal Research
Authority. The experiment was performed at Nofima Marine’s
(formerly AKVAFORSK - Institute of Aquaculture Research)
research station at Sunndalsgra (Norway). Details on fish hus-
bandry and sampling procedure can be found elsewhere®”
Briefly, farmed Atlantic salmon (Salmo salar L.) with an initial
body weight of 500-600g were stocked in fibreglass tanks
(1m?, 25-30 fish per tank) containing running seawater with
a temperature of 8—10°C. After distribution to the tanks, a 7d
adaptation period was allowed, during which the fish were
fed the reference FM diet (Table 1). The control fish fed the
reference FM diet were sampled at day 0. The exposed fish
were fed a diet containing 20 % extracted SBM (Table 1) and
sampled after 1, 2, 3, 5, 7, 10, 14, 17 and 21d. For each time
point, two replicate tanks were used. Randomly selected fish
were anaesthetised with tricaine methanesulphonate (MS 222;
Argent Chemical Laboratories) and subsequently euthanised
by cervical dislocation. Only the fish that had digesta through-
out the intestinal tract were sampled to ensure intestinal

Table 1. Formulation and analysed chemical composition of
fishmeal (FM) and soyabean meal (SBM) diets

Ingredients (g/kg) FM SBM
Fish meal* 563 435
Soyabean meal (extracted)t 200
Fish oil: 234 243
Whole wheat§ 179 98
Vitamin mix|| 20 20
Mineral mix|| 4 4
Yttrium oxide 0-1 0-1
Carophyll Pink 10 %** 04 04
Chemical composition (%)
Protein 42.7 426
Lipid 28.0 279
Carbohydrate 14.2 14.8
Ash 88 8-1
Water 6-7 7-0
Energy (MJ gross energy/kg) 237 23-8

*NorsEco LT, supplied by Norsildmel.

1 Supplied by Felleskjopet Ost Vest.

1 NorSalmOil, supplied by Norsildmel.

§ Supplied by Norgesmgllene.

|| Supplemented to meet the requirements.

Y Marker for evaluation of nutrient digestibility.
**Supplied by DSM Nutritional Products.
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exposure to the SBM. The intestines were cleared of all fatty
tissue and intestinal content before collection of tissue samples
from the DI. Liver and distal intestinal tissues were sampled
from four fish from each tank for mRNA extraction, placed in
RNAlater (Ambion) at 4°C for 24 h and then stored at —20°C.
Liver tissues (three fish per tank) for the measurement of bile
acid content were frozen in liquid N, and then stored at
—80°C. Blood (three fish per tank) was collected in heparinised
vacutainers for plasma preparation. Intestinal contents (three
fish per tank, only time points 0, 1, 2, 3, 7, 14 and 21) from the
proximal and distal halves of the pyloric intestine (PI1 and
PI2), mid-intestine and the proximal and distal halves of the
DI (DI1 and DI2) were frozen in liquid N, and then stored at
—80°C. Liver and distal intestinal tissues (four to six fish per
tank) were sampled for histological evaluation, placed in 4%
phosphate-buffered formaldehyde solution for 24h and sub-
sequently stored in 70 % ethanol until further processing.

Primer optimisation

gPCR primers for amplification of gene-specific PCR products
were designed using Primer3 software (http://frodo.wi.mit.
edu/primer3/). Published primers were used to quantify the
expression levels of SREBP-1 and -2, LXR, HMGCR®® and
ABCB11%?. Before qPCR, all primer pairs were used in gradi-
ent reactions in order to determine optimal annealing tem-
peratures. The primer details are shown in Table 2. All
chosen primer pair concentrations used at the selected anneal-
ing temperatures gave a single band pattern for the expected
amplicon of interest in all reactions. To verify correct amplifi-
cation, PCR products were purified and sequenced by Euro-
fins MWG Operon. All sequences were confirmed using
NCBI nucleotide BLAST software (http://blast.ncbi.nlm.nih.
gov). PCR efficiency for each gene assay was determined
using 2-fold serial dilutions of randomly pooled complemen-
tary DNA. To verify isoform-specific amplification of PPAR iso-
forms, PPAR PCR products were purified and cloned into a
pCR®4—TOPO® vector in INVaF’ Escherichia coli (Invitrogen).
Positive clones confirmed by sequencing were used as tem-
plates in PCR with all three PPAR primer pairs. Unspecific
amplification was not observed.

Quantitative real-time PCR

Total RNA was extracted from liver and DI tissue samples
(approximately 50mg) and homogenised in Trizol reagent
(Gibco-Invitrogen Life Technologies) according to the manu-
facturer’s protocol. The integrity of the RNA samples was ver-
ified by the 2100 Bioanalyzer in combination with an RNA
Nano Chip (Agilent Technologies). RNA purity and concen-
trations were measured using the NanoDrop ND-1000 Spec-
trophotometer (NanoDrop Technologies). Before reverse
transcription, total RNA from all samples were subjected to
DNase treatment using a TURBO DNA-free kit (Ambion)
according to the manufacturer’s protocol. First-strand comp-
lementary DNA synthesis was performed using 1-0 pg total
RNA from all samples using Superscript III (Invitrogen), and
primed with Oligo(dT)20 primers. Negative controls were

Table 2. Primer pair sequences, efficiency, amplicon size and annealing temperature for the genes used for real-time PCR

5'—3 primer sequence

GenBank accession no.

Annealing temperature (°C) Primer efficiency

Amplicon size (bp)

Reverse

Forward

Gene symbol

NM_001124656
CuU073172

60
55
60
63
60
60
60
55
60
60
58
63
60
60
60
60
60
60

101

cagaatgggctcctgggatac
ccattttcgtgaacgtgtacc

ccgaccagggcaaagtgatt
agactgcctcgtccaacact

ABCB11
ABCG5
ASBT

157

CK885160

134
125
102
224
210

ggtccaggaggactggtaca
cagcatggtcttagccaggt
tagcaggtcctcattgat

ccctgggaatctacgtcaaa

BT059202

2.03
2.01
1-88
1-88
2.00
1-99
1-99
1.96
191
191
1.86
191
1.85
1.99
1-80

tcctcaacaccctggagaac
ttcaacatctcaactcatca

CYP7A1
FXR

NM_001173919

NM_001173830

FJ470290

tcetgtccacaggceaatgta

ccttcagccatgaactggat

HMGCR
LXR

caatccggcaaccaatctgtagg
gtccteattcccageacact

gecgecgctatctgaaatetg
tgagctcgtcgggtatctct

BT056931

170

PCNA

NM_001123635

NM_001123560

113
125

tcactgtcatccagctccag

gcttcatcaccagggagttt

PPAR«

NM_001123546

actctactgggctggagetg

caatggctcggatctcaaat
tgctgcaggctgagtttatg

PPARB
PPARy

HM561860
HMS561861
AF012125

107

151

caggggaaagtgtctgtggt

tctggccaggacgcatctcacact
agggctaggtgactgttctgg

gccatgegeaggttgtttcttca
tegeggectectgatgatt

SREBP-1

147

SREBP-2
ACTB

133
148

accggagtccatgacgatac

ggctetgtggagtceatcett

caaagccaacagggagaagatga

gtgctgtgettatcgttget

AF321836

EF1A

BT050045

96
255

cagcctcaccccatttgatg

aagtgaagcaggagggtggaa
ccgcectcaagagcetactgtaat

GAPDH
HPRT1

BT043501

gtctggaacctcaaaccctatg

BG936649

atgatgatggggatcttcctge 157

ccaatacatgaccaaatatgaaagg

RNAPOLII

Al

ABCB11, ATP binding cassette B11; ABCG5, ATP binding cassette G5; ASBT, apical Na-dependent bile acid transporter; CYP7A1, cytochrome P4507A1; FXR, farnesoid X receptor; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA

O
N

reductase; LXR, liver X receptor; PCNA, proliferating cell nuclear antigen; SREBP1, SREBP2, sterol regulatory element binding proteins 1 and 2, respectively; ACTB, B-actin.
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performed in parallel by omitting RNA or enzyme. The
expressions of individual gene targets (eight fish per group)
were analysed using the LightCycler 480 (Roche Diagnostics).
Each 10 pl DNA amplification reaction contained 0—2 .l PCR-
grade water (depending on the template amount), 2—4 .l of
1:5 diluted complementary DNA template, 5ul LightCycler
480 SYBR Green I Master (Roche Diagnostics) and 0-5 ul
(10 M) of each forward and reverse primer. Each sample
was assayed in duplicates, including a no-template control
and an inter-run plate calibrator. The three-step qPCR pro-
gramme included an enzyme activation step at 95°C (5 min)
and forty to forty-five cycles at 95°C (10's), 55—-60°C (depend-
ing on the primers used, 10s; see Table 2) and 72°C (15s).
Quantification cycle (Cq) values were calculated using the
second derivative method. To confirm amplification speci-
ficity, the PCR products from each primer pair were subjected
to melting curve analysis and visual inspection of the PCR pro-
ducts was performed after each run by agarose gel electro-
phoresis. Distal intestinal gene expression was normalised to
the geometric average of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), RNA polymerase 2 (RNAPOI) and
hypoxanthine phosphoribosyltransferase 1 (HPRT1) expression
as evaluated elsewhere®”. For liver samples, B-actin (ACTB),
HPRT1, GAPDH and elongation factor 1o (EF1A4) were evalu-
ated for use as reference genes by ranking relative gene
expression according to their overall CV and their interspecific
variance as described elsewhere®”. The geometric average
expression of GAPDH, ACTB and EF1A was used as normalisa-
tion factor for liver samples. Mean normalised expression of
the target genes was calculated from raw Cjy values using a
plate calibrator-normalised relative quantification“®.

Histology

The histological evaluation of the DI and the progression of
SBM-induced enteropathy have been reported elsewhere®” .
Liver tissue samples were routinely dehydrated in ethanol,
equilibrated in xylene and embedded in paraffin according
to the standard histological techniques. The tissue samples
were sectioned (approximately 5pum thick), stained with
haematoxylin and eosin, and examined by light microscopy.

Cholesterol and bile acid analyses

Plasma cholesterol and bile acid concentrations, as well as bile
acid concentrations in the liver and intestinal content were

determined as described previously?. All analyses were per-
formed automatically (Advia®1800; Siemens Healthcare Diag-
nostics) at the Central Laboratory of the Norwegian School of
Veterinary Science (NVH), Oslo, Norway.

Data analysis

Statistical analysis was performed using GraphPad Prism,
version 5.00 (GraphPad Software, Inc., 2007). Data were
assessed for normality and variance homogeneity using the
Kolmogorov—Smirnov test and Bartlett’s test, respectively.
Where necessary, data were transformed to improve the nor-
mality of distribution. For qPCR data and cholesterol and bile
acid levels, significant differences between the time points
were determined by one-way ANOVA followed by Tukey’s mul-
tiple comparison test. For the histological evaluation of liver
samples, results were compared using a x> test. Spearman’s
rank correlation (p) test was employed to evaluate the relation-
ship between liver glycogen/lipid deposition levels and DI
enteritis severity. Significance was set at P<<0-05.

Results

Histology

As presented elsewhere®®”, inclusion of SBM in the diet

induced histomorphological alterations in the DI similar to
those reported previously®® following 5d of exposure. The
severity increased with increasing exposure time. Liver exam-
ination showed that a high level of hepatic glycogen/lipid
deposition (four out of eight fish) was more frequently
observed in the control (FM-fed; day 0) fish (P = 0-0030).
The liver samples on days 1 and 3 showed a higher frequency
of intermediate levels of glycogen/lipid deposition (seven out
of eleven fish and six out of twelve fish, respectively), and gly-
cogen/lipid deposition appeared to decrease further with
increasing SBM exposure time (Fig. 1(a) and (b)). Otherwise,
the general morphological structure for most livers was
normal, with the exception of focal acute hepatic cell injury
observed in some fish (fourteen out of 108 fish). The patho-
logical features included focal necrosis, lymphocyte infiltration
and ballooning degeneration. No significant differences, how-
ever, were observed among the time points. Ductular reaction,
which is characterised as the increased number of bile ducts
accompanied by cellular proliferation of the surrounding

Fig. 1. Hepatic histomorphological evaluation of the experimental fish (haematoxylin and eosin). Representative image of (a) a high level of glycogen/lipid depo-
sition in hepatocytes of fish fed the fishmeal control diet and (b) a very low level of glycogen/lipid deposition in hepatocytes of fish fed the soyabean meal (SBM)-
based diet for 21d. (c) Ductular reaction (=), an increased number of bile ducts accompanied by proliferation of the surrounding matrix, in the liver of one fish
fed the SBM for 21 d. (A colour version of this figure can be found online at www.journals.cambridge.org/bjn).
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matrix (cuffing), was observed in one fish on day 21 (Fig. 1(c)).
Interestingly, the liver glycogen/lipid deposition level showed
a significant positive correlation with DI enteritis severity
(p =036, P=0-0002).

Cholesterol and bile acid levels

Cholesterol and bile acid concentrations in the plasma
decreased progressively during the feeding trial, resulting in
approximately 25 and 90% reduced levels, respectively, after
14-21d compared with the control levels (Fig. 2). Bile acid
concentrations in the liver showed a similar reduction with
SBM treatment (Fig. 2). Also, bile acid concentration in intes-
tinal content was decreased for fish fed the SBM in all seg-
ments except DI2, significantly so at days 7, 14 and/or 21
depending on the region (Table 3).

Gene expression profiling

As shown in Fig. 3, SBM inclusion had profound effects on the
hepatic expression of key genes involved in cholesterol and
bile acid metabolism. Generally, SBM inclusion produced an
up-regulation of genes encoding the rate-limiting enzymes in
cholesterol and bile acid synthesis (HMGCR and CYP7AI,
respectively), as well as up-regulation of their associated tran-
scription factors (SREBP-1, SREBP-2, LXR, FXR, PPARB and
PPAR7y). Some genes, such as LXR and ABCGS5, seemed to
respond at earlier time points, whereas the majority of the
target genes displayed mRNA levels which increased, more
or less steadily, during the experimental period (e.g. SREBP-2,
FXR, PPARP). Except for increased expression at day 1, hepa-
tic gene expression of cholesterol and bile acid transporters
(ABCG5 and ABCBI1, respectively) as well as PPARa
seemed less influenced by SBM feeding. The individual vari-
ation in gene expression was low for most of the target
genes, but CYP7A1 mRNA levels showed a high variation
between SBM-fed fish.

In the DI (Fig. 4), impaired cholesterol absorption was indi-
cated by the down-regulation of ABCG5. LXR and ASBT dis-
played parallel expression profiles, and were up-regulated
2—3-fold until day 5, and thereafter decreased reaching initial

Ci

60

40 -

20 -

P<0.0001

levels (day 0) at days 10—14. FXR displayed a time-dependent
induction, eventually resulting in a 5-6-fold increase compared
with the control levels. In concordance with intestinal inflam-
mation, proliferating cell nuclear antigen (PCNA) mRNA levels
were consistently up-regulated from day 5.

Discussion

The reduced plasma levels of cholesterol and bile acids
observed in the present study are in concordance with several
previous studies”? ™' Moreover, the present data demon-
strated a similar reduction of bile acid concentration with SBM
exposure in three different body compartments, i.e. intestinal
lumen, blood plasma and liver. The present study suggests
that the reduced cholesterol and bile acid levels observed
with SBM exposure were most probably not due to impaired
hepatic function since the gene expression profiles indicated
that the capacity for cholesterol and bile acid synthesis was
up-regulated. Most probably, it was a result of (1) impaired
intestinal bile acid reabsorption and hence a reduction in the
enterohepatic recovery of already synthesised bile acids, and
(2) impaired intestinal cholesterol absorption and therefore
decreased substrate availability for hepatic bile acid biosyn-
thesis. The increased capacity for cholesterol and bile acid syn-
thesis does not, however, appear to have compensated for the
impaired absorption and availability of bile acids and choles-
terol since plasma, liver and intestinal content levels continued
to decrease during the feeding trial. The decreased hepatic
glycogen/lipid deposition with increasing SBM exposure time
indicated reduced energy reserves that could potentially result
in reduced growth performance when salmon were fed the SBM.

Based on some recent reports, hepatic cholesterol, bile acid
and fatty acid metabolism generally seem to increase when
fish are fed plant products, as investigated using transcrip-
tomic™ = and proteomic> approaches. The present
study is in line with these studies, indicating that hepatic
capacity for cholesterol and bile acid biosynthesis was up-
regulated as a response to SBM inclusion. This could reflect
a general need for de novo cholesterol synthesis by the ani-
mals when low levels are provided with the diet. Additionally,
SBM-induced inflammation in the DI may have compromised

(c)

Liver bile acids
(mmol/g wet weight)

P<0.0001

P<0.0013

0 I 1 L

Plasma cholesterol (mmol/l) &
© N o
_I' "_|—f—|
*
*
Plasma bile acids (umol/I)

0 5 10 15 20 0 5

Time (d)

Time (d)

10 15 20 0 5 10 15 20
Time (d)

Fig. 2. Plasma levels of (a) cholesterol and (b) bile acids, and (c) hepatic levels of bile acids during 21 d of dietary exposure to the 20 % soyabean meal (SBM).
Hepatic levels of bile acids are given as mmol/g tissue since proportions of conjugated and unconjugated bile acids in the liver are unknown. Values are means
(n 6), with standard errors represented by vertical bars. P values for the statistical analysis (ANOVA) are given. *Mean values for SBM time points were signifi-

cantly different from the control (day 0) levels.
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Table 3. Bile acid concentrations in intestinal content (mg/g DM)
(Mean values with their standard errors)

T. M. Kortner et al.

PI1 PI2 Ml DI DI2
Day Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
0 192 42 145 35 132 13 70 7 21 3
1 165 34 169 22 122 12 77 4 30 2
2 169 36 127 28 110 18 66 17 20 6
3 154 6 119 12 108 8 70 8 31 6
7 111 16 105 10 84~ 4 44 7 22 4
14 41* 7 50* 12 50* 6 26* 5 12 3
21 78* 18 81 9 59* 7 40 3 25 2
P<0-0001t P=0-00061 P<0-0001t P=0-001t P=0-041

PI, pyloric intestine; MI, mid-intestine; DI, distal intestine.

*Mean values for soyabean meal time points were significantly different from the control (day 0) levels.

T P values for the statistical analysis (ANOVA) are given.

metabolic functions such as nutrient uptake, as indicated in
the present study and elsewhere“®” Loss of metabolic func-
tions could be a result of both the activation of immune
responses and the dysregulation of cellular differentiation.

In mammalian systems, molecular regulation of lipid metab-
olism has been extensively studied, and the beneficial effects
of dietary soya protein on blood lipid concentrations in a var-
iety of animal models and human subjects have resulted in a
large body of literature on this topic (reviewed in Potter™®
and Torres et al.*”). To summarise the findings from mamma-
lian systems, dietary soya protein generally increases faecal
excretion of bile acids, which in turn induces a shift in hepatic
cholesterol metabolism. Cholesterol biosynthesis increases to
provide cholesterol for increased bile acid biosynthesis, and
the net result is increased removal of cholesterol from the
blood and thereby decreased blood cholesterol concen-
trations“®®. The causative agent(s) for the observed differ-
ences in blood lipid levels with increased plant materials in
diets have, however, not been identified. Proposed expla-
nations include the difference in amino acid profile™® and/
or the influence of plant anti-nutrients, particularly fibres,
saponins and isoflavones, on intestinal bile acid and choles-
terol absorption, as well as general lipid metabolism 3343648,

The present study reveals novel information on the regu-
lation of cholesterol and bile acid metabolism in a piscine
model. A summary of the proposed regulation is presented
in Fig. 5. As mentioned above, the present data indicate that
the capacity for cholesterol biosynthesis was up-regulated in
SBM-fed fish as a response to the reduced plasma cholesterol
levels. In mammals, the committed step in cholesterol biosyn-
thesis is the synthesis of mevalonate by HMGCR, and HMGCR
mRNA transcription is controlled by SREBP®*>Y. Thus, it is
believed that liver SREBP, especially SREBP-2, are activated
in response to the reduction in hepatic cholesterol content®? .
SREBP and HMGCR proteins are bound in the endoplasmic
reticulum membrane, and high intracellular sterol levels will
inhibit SREBP cleavage, degrade HMGCR and thereby termi-
nate sterol synthesis. At low sterol levels, SREBP are cleaved,
translocated to the nucleus and will up-regulate genes
involved in sterol metabolism®". Generally, SREBP-1 regu-
lates genes required for lipogenesis, whereas SREBP-2 regu-
lates genes required for cholesterol synthesis and transport,

including HMGCR and ABCG5 ©">. SREBP-1 and -2 were
recently characterised in salmon®®. In accordance with mam-
malian studies, SREBP-2 was shown to be the main regulator
involved in the up-regulation of cholesterol biosynthetic path-
ways in salmon fed diets containing vegetable oil“/?. Addition-
ally, HMGCR mRNA has been reported to be up-regulated
in European sea bass (Dicentrarchus labrax) and yellowtail
(Seriola quingueradiata) fed non-FM diets“**>?. The present
study is in line with these previous reports, showing the up-
regulation of SREBP-1 and -2 as well as HMGCR in fish fed
SBM. In line with reports identifying SREBP-2 as the main reg-
ulator for sterol metabolism, SREBP-2 showed a stronger and
more consistent response to the SBM diet when compared
with SREBP-1. However, whether the observed up-regulation
of SREBP and HMGCR was due to decreased hepatic
cholesterol availability, or if the soya anti-nutrients affected
hepatic cholesterol metabolism directly, as observed previously
in mammalian cell models®®, remains to be elucidated.
Primary bile acids are synthesised from cholesterol exclu-
sively in the liver, and the classical pathway mediated by the
rate-limiting enzyme CYP7A1 is thought to be the major con-
tributor to bile acid synthesis in humans®. Reflecting that
bile acid synthesis is a major route for cholesterol elimination,
CYP7A1 is down-regulated by FXR when plasma cholesterol
levels are low, but up-regulated by LXR when cholesterol
levels are high®”. LXR and FXR are activated by oxysterols
and bile acids, respectively(%)
other’s actions in the enterohepatic system by diametrically

, and will often oppose each

regulating expression of the same target genes, such as
CYP7A1. LXR and FXR may also induce positive autoregula-
tion®”. The present data indicate that a similar regulatory
expression pattern of LXR and FXR may be present in
salmon. Both in the liver and DI, LXR was up-regulated at
early time points of SBM inclusion (days 1-5), whereas a
down-regulation from approximately day 7 and throughout
the experimental period was accompanied by an up-regulation
of FXR. A recent mechanistic study using an established salmon
cell line (SHK-1) also reported LXR regulation of key lipid
metabolism genes, and LXR were found to be up-regulated
by cholesterol treatment*®
no studies have investigated CYP7A1 gene expression in
salmon. In the present study, CYP741 mRNA levels showed

. In contrast, to our knowledge,
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Fig. 3. Hepatic gene expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), cytochrome P4507A1 (CYP7AT), sterol regulatory element binding
proteins (SREBP-1 and SREBP-2), liver X receptor (LXR), farnesoid X receptor (FXR), PPAR isoforms (PPARa/PPARB /PPARy) and ATP binding cassette G5
and B11 (ABCG5 and ABCB11) during 21 d of dietary exposure to the 20 % soyabean meal (SBM). Values are means (n 8), with standard errors represented by
vertical bars. P values for the statistical analysis (ANOVA) are given. *Mean values for SBM time points were significantly different from the control (day 0) levels.

high variation, and some individuals seemed to respond to the
SBM diet, whereas others remained unaffected. This might be
a result of the dual actions of CYP7A1 (cholesterol catabolism
and bile acid synthesis) in a system, which showed depletion
of both cholesterol and bile acids. Additionally, the alternative
bile acid synthesis pathway, initiated by CYP27A1, may have

contributed to overall bile acid biosynthesis®> .

In addition to SREBP and LXR/FXR, PPAR isoforms are also
important regulators of lipid homeostasis. Because of their key
roles in regulating fatty acid B-oxidation (catabolism) as well
as lipogenesis and fat accumulation, PPAR research has
received considerable attention in aquaculture nutritional
studies®’ ™. Generally, PPAR are activated by fatty acids

o0 both PPARa and

and eicosanoids but interestingly,
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Fig. 4. Distal intestinal gene expression of ATP binding cassette G5 (ABCG5), apical sodium-dependent bile acid transporter (ASBT), liver X receptor (LXR),
farnesoid X receptor (FXR) and proliferating cell nuclear antigen (PCNA) during 21d of dietary exposure to the 20 % soyabean meal (SBM). Values are means
(n 8), with standard errors represented by vertical bars. P values for the statistical analysis (ANOVA) are given. *Mean values for SBM time points were signifi-

cantly different from the control (day 0) levels.

PPARy can be activated by soya isoflavones®®. Although
evidence remains elusive, PPARa has been associated with
the regulation of bile acid synthesis in mammalian models,
possibly by fibrate PPARa-dependent repression of CYP7A1
and bile acid transporters(ss'm{ Moreover, hepatic PPARa
mRNA levels are up-regulated by dietary soya proteins in
“9 PPAR isoforms have also been shown to interact and
crosstalk with other nuclear receptors such as SREBP, LXR
and FXR (reviewed in Li & Chiang®>). In the present study,
PPARa gene expression remained unaffected by SBM
inclusion, whereas PPARB and PPARy were up-regulated,
and may be directly involved in the transcription regulation
of hepatic cholesterol and bile acid metabolism. Nevertheless,
considering the ability of PPAR to regulate a vast number of
cellular signalling pathways, more studies are needed to
explain PPAR regulatory roles in hepatic sterol metabolism
in salmon. A general feature of hepatic gene expression was
the relatively subtle changes after SBM inclusion (2—3-fold)
when compared with the control diet. This is a common meth-
odological challenge in nutritional studies, where animal

rats

physiology and metabolism can be markedly affected by
even small changes in gene expression (see Morais ef al.*®
and references therein).

In addition to enzymes catalysing biosynthesis, the
enterohepatic circulation of cholesterol and bile acids is
dependent on the action of several hepatic and intestinal
membrane transporters?*®®_ In the liver, the ATP-binding cas-
settes ABCG5 (which forms a heterodimer with ABCG8) and
ABCB11 mediate efflux of cholesterol and bile acids, respect-
ively, from the liver into the bile. Consequently, ABCG5 mRNA
expression is positively regulated by LXR, whereas ABCB11
mRNA expression is positively regulated by FXR®?. In the
present study, ABCGS5 and LXR displayed similar gene
expression profiles both in the liver and DI. Hepatic ABCG5
mRNA levels were, however, by and large unaffected by
SBM inclusion, whereas SBM produced a strong down-regu-
lation of ABCGS5 in the DI. In mammals, the intestinal
ABCGS5/G8 heterodimer is situated on the apical membrane
of epithelial cells, where it functions to transport intracellular
cholesterol into the gut lumen, thereby limiting plant sterol
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ABCG5/G8

Biliary system

ABCGM

ABCG/G8

Circulatory system

Enterocyte ?

Fig. 5. Proposed molecular regulation of cholesterol (CH) and bile acid (B) metabolism based on data from the present study and previous studies in fish and
mammalian species. CH and primary B are major constituents of bile that are synthesised in the liver and released into the biliary duct via specific membrane
transporters (ABCG5/G8 and ABCB11). Bile is stored in the gallbladder and released into the gut upon ingestion of feed. Bile acids are reabsorbed by enterocytes
from the gut lumen via specific apical membrane transporters (ASBT). CH is absorbed by diffusion or active transport. Some of the absorbed CH is pumped out of
the enterocyte by ABCG5/G8, back into the intestinal lumen for elimination from the body. CH and B are subsequently shuffled out of the enterocytes at the baso-
lateral membrane, transported via the circulatory system and reabsorbed by the liver. In the hepatocytes, sterol regulatory element binding protein (SREBP) up-
regulate genes for CH synthesis (3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR)) and transport (ABCG5/G8). High sterol levels will inhibit SREBP and
degrade HMGCR and thereby terminate sterol synthesis. Liver X receptor (LXR) is activated by sterols, and up-regulate genes for CH catabolism (cytochrome
P4507A1 (CYP7AT1)) and transport (ABCG5/G8). Farnesoid X receptor (FXR) is activated by bile acids, and decrease intracellular bile acid levels by
down-regulation of CYP7A1 and up-regulation of ABCB11 in the liver, as well as down-regulation of ASBT in enterocytes. PPAR are associated with the regulation
of CH and B metabolism, possibly by PPARa-dependent repression of CYP7A1. PPAR have also been shown to interact and crosstalk with SREBP, LXR and FXR.
—», Activation; —, inhibition; - - -, possible interaction.

©3 so the observed modulation in ASBT mRNA expression after

SBM inclusion is most probably not a result of altered epithelial
bile acid levels alone. Increased distal intestinal FXRK mRNA

and cholesterol uptake by the gut™”. The reason for the
apparent down-regulation of ABCG5 mRNA expression in the
DI is not clear, but it is most probably a result of SBM-induced

intestinal inflammation impairing enterocyte maturation and
thereby reducing the concentration of brush-border proteins.
Accordingly, decreased nutrient absorption and increased per-
meability of distal intestinal epithelium have been observed
after SBM inclusion in salmon feed, directly by the actions of
soya anti-nutrients or indirectly by increased cellular prolifer-
ation 100109, Similarly, hepatic ABCB11 mRNA levels remained
unaffected by SBM inclusion, whereas distal intestinal
mRNA levels of ASBT (gene symbol SLC10A42) were initially
up-regulated until day 5 of SBM feeding. ASBT is responsible
for the intestinal uptake of bile acids across the enterocyte
brush-border membrane®®, and it should be expected that
ASBT is negatively regulated by FXR, thereby limiting bile
acid reabsorption from the gut. Thus, the down-regulation of
ASBT after 10—21d of SBM feeding compared with early time
points (days 3—5) could be a response to the consistent up-
regulation of FXR. However, a number of cytokines, hormones

and sterols are known to regulate ASBT gene expression®”,

expression may also be a direct result of the inflammation, as
it has recently been demonstrated that FXR inhibits inflam-
mation and preserves the intestinal barrier in gastrointestinal
diseases 07,

Finally, the present data are in concordance with numerous
reports showing that inclusion of >10% SBM produces
enteropathy in the DI of salmonids®*®. Previously, bile
acid deficiency has been implicated as a possible cause of
SBM-induced enteritis in rainbow trout, since dietary sup-
plementation with bile salts appeared to ameliorate the con-
dition’”. However, the present data indicate that bile acids
were amply present in the DI as the onset of morphological
signs of inflammation became evident following initial
SBM exposure. Bile acids appear to become in short supply
following a week or more of exposure. Therefore, other
mechanisms are most probably involved in the bile salt alle-
viation of SBM-induced inflammation in trout. Whether bile
salt supplementation has a similar effect in SBM-fed salmon
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remains to be elucidated. The increased distal intestinal gene
expression of PCNA confirmed earlier reports of PCNA
translational up-regulation using immunohistochemistry((’/"68) .
However, this is the first study that reports PCNA gene
expression profiling during the development of the enteritis,
demonstrating that PCNA may be used as a sensitive bio-
marker for the inflammation, not only at the translational but
also at the transcriptional level.

To summarise, data from the present study suggest that hepa-
tic metabolism of cholesterol and bile acids remains functional
throughouta 21 d 20 % SBM feeding trial, as indicated by hepatic
gene expression profiling and histopathology. Hepatic gene
expression profiles indicated that the capacity for cholesterol
and bile acid synthesis was up-regulated, whereas distal intesti-
nal gene expression indicated impaired cholesterol and bile
acid absorption, probably occurring as a direct result of func-
tional loss due to inflammation. However, increased hepatic
synthesis of sterols did not seem to compensate fully for distal
intestinal dysfunction, since plasma cholesterol and bile acid
levels continued to decrease throughout the feeding trial.
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