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The effects of dietary bile acid supplementation (BAS) on apparent digestibility coefficients (ADC) and the bile
acid metabolism in rainbow trout (Oncorhynchus mykiss) were investigated for diets differing in non-starch
polysaccharide (NSP) level. Four experimental diets were formulated according to an 2 by 2 factorial design.
A low-NSP and High-NSP diet (0 vs. 160 g kg− 1 inclusion of an NSP-rich ingredient mixture) were first
formulated. The aim of this was to create differences in the amount of faecal waste produced, and consequently
as previously shown in rainbow, the amount of faecal bile acid loss (FBAL). Both NSP-level diets were tested with
0% and 0.3% BAS (0 vs. 3 g kg− 1 inclusion of a bile acid mixture). The bile acid mixture contained taurocholic
acid (T-CA) and glycocholic acid (G-CA) in a 2:1 ratio. Glycocholic acid does not naturally occur in trout and was
used as marker to see if supplemented bile acids are efficiently absorbed and enter enterohepatic circulation
(EHC). Fish were fed to apparent satiation for 42 days. Dietary NSP level did not enhance FBAL. BAS was
beneficial for fat ADC, but not for the ADC of protein and carbohydrates. BAS improved fat ADC regardless of
NSP level, which suggests that bile acids are a limiting factor for fat digestion in rainbow trout. Total bile acid
synthesis was a 4-fold lower in fish fed the 0.3% BAS diets compared to the 0% BAS diets. Lower bile acid
synthesis with BAS occurred alongside enlarged body and liver + gallbladder bile acid pools and a higher content
of bile acids in the chyme. These higher bile acid levels most likely caused a negative feedback inhibition of bile
acid synthesis. Negative synthesis rates of G-CA were found when feeding the 0.3% BAS diets, which suggests
that this bile acid is catabolised or converted into other bile acid types in rainbow trout. The enlarged pool of TCA, but especially of the body foreign G-CA, with BAS in both the body and liver + gallbladder shows that dietary
bile acids are effectively taking part in EHC. The relative absorption of T-CA and G-CA over the different in
testinal compartments was comparable, which shows that EHC does not differentiate between T-CA and G-CA.
While relative absorption of bile acids was highest between the distal intestine and the faeces, the absolute
decrease in chyme bile acid content was highest between the pyloric region and the mid intestine. The latter
shows that significant bile acid absorption occurs more proximal in the intestine of rainbow trout than previously
thought.

1. Introduction
Fat is an important source of energy for carnivorous fish species
(Oliva-Teles et al., 2015), and bile acids are essential for proper fat
digestion (Hagey et al., 2010). Bile acids namely form micelles with

dietary fat, the latter otherwise practically insoluble in the watery
environment of the intestine (Romano et al., 2020). Micelle formation
enlarges the surface area on which lipases can act and facilitates trans
port of fat and hydrolysates to the brush border for absorption (Pasquier
et al., 1996). Bile acids can also activate the bile acid-activated lipase
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deoxycholic acid; DI, distal intestine; DM, dry matter; EHC, enterohepatic circulation; FBAL, faecal bile acid loss; FCR, feed conversion ratio; FI, feed intake; G-, glyco;
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(Kurtovic et al., 2009).
Bile acids are synthesised in the liver starting by oxidation of
cholesterol and subsequent conjugation with glycine or predominantly
with taurine in fish (Vessey et al., 1990; Hagey et al., 2010). Bile acids
are stored as part of bile in the gallbladder, the latter emptying its
content into the intestine after contraction upon receiving hormonal
signals (cholecystokinin) when chyme enters (Hagey et al., 2010).
Mammalian studies show that the majority of bile acids that are
secreted in the intestine are reabsorbed in the ileum via specific bile acid
transporters before they are returned to the liver as part of the enter
ohepatic circulation (EHC) (Cai and Chen, 2014; Russell, 2009). Infor
mation about bile acid absorption in the intestine of fish is scarce, but it
is generally assumed that most bile acids are absorbed in the distal in
testine. This is also suggested by Murashita et al. (2014), which showed
for rainbow trout (Oncorhynchus mykiss) that the expression of an
important intestinal bile acid transporter (i.e., apical sodium-dependent
bile salt transporter; ASBT) occurs primarily in the distal intestine.
Under homeostatic conditions, loss of bile acids that escape EHC via the
faeces is compensated with de novo synthesis (Lanzini and Lanzarotto,
2000). One previous review concluded that plant ingredients can
adversely affect the bile acid metabolism of fish (e.g., enhance faecal bile
acid loss (FBAL), reduce bile acid pools, disturb EHC), and that such
effects often occur alongside a hampered fat digestion (Romano et al.,
2020).

Plant ingredients can disturb the bile acid metabolism in several
ways, including lowering the dietary supply of cholesterol and taurine
which are needed for bile acid synthesis (de Moura et al., 2019; Deng
et al., 2013), inducing symptoms of enteritis which possibly disturbs bile
acid cycling and synthesis (Krogdahl et al., 2010) and enhancing FBAL
by presence of anti-nutritional factors such as saponins (Kregiel et al.,
2017; Murashita et al., 2018) and non-starch polysaccharides (NSP)
(Staessen et al., 2020a; Staessen et al., 2020b). Of particular interest to
the current study are the effects of NSP, which can sequester bile acids in
the intestine and consequently enhance FBAL (Sinha et al., 2011). The
degree to which NSP enhance FBAL is dependent on NSP type. The exact
mechanism(s) behind NSP-bile acid sequestration are not wellunderstood, but possibilities are direct binding/entrapment of bile
acids to the NSP molecules, reduced reabsorption of bile acids due to
increased chyme viscosity and flush-out of bile acids with increased
faeces production (Adam et al., 2001; Dongowski, 2007; Ide et al., 1989;
Ikegami et al., 1990; Matin et al., 2016; Staessen et al., 2020a; Staessen
et al., 2020b).
Our previous studies showed for rainbow trout an inverse relation
ship between fat digestion and enhanced FBAL, the latter induced by
satiation feeding of a high-NSP diet (Staessen et al., 2020a). This inverse
relationship between fat ADC and FBAL disappeared when bile acids
were supplemented to the diet (Staessen et al., 2020b), showing that bile
acids were a limiting factor for fat digestion in the fish with enhanced

Table 1
Ingredient composition and analysed nutrient content of the experimental diets.
Diet1
Low-NSP
Ingredients (g kg− 1)
Fishmeal2
Plant oil mixture
Palm oil
Rapeseed oil
Wheat feed flour
NSP-rich ingredient mixture
Soy hulls
Wheat bran
Monocalcium phosphate
Vitamin/mineral premix3
Chalk (CaCO3)
Yttrium oxide
Bile acid mixture
Sodium taurocholic acid4
Sodium glycocholic acid5
Analysed nutrient content (g kg−
DM (g kg− 1)
Ash
Crude protein (N x 6.25)
Crude fat
Total carbohydrates
Gross energy (kJ g− 1 DM)
Calcium
Phosphorus
Yttrium
Bile acids (μmol kg− 1 DM)6

0% BAS

0.3% BAS

0% BAS

0.3% BAS

480.0
220.0
110.0
110.0
254.8
̶
̶
̶
30.0
10.0
5.0
0.2

480.0
220.0
110.0
110.0
251.8

480.0
220.0
110.0
110.0
94.8
160.0
80.0
80.0
30.0
10.0
5.0
0.2

̶

480.0
220.0
110.0
110.0
91.8
160.0
80.0
80.0
30.0
10.0
5.0
0.2
3.0
2.0
1.0

DM)

945
105
407
282
206
24.2
21
19
0.2
761

947
104
406
285
205
24.3
21
18
0.2
4931

̶

̶
̶

̶

30.0
10.0
5.0
0.2
3.0
2.0
1.0

943
99
399
282
220
23.9
21
18
0.2
734

951
98
399
281
222
24.0
21
18
0.2
4695

̶
1

High-NSP

̶

̶

̶

DM: dry matter; N: nitrogen; NSP: non-starch polysaccharide.
Vitamins (IU or mg kg− 1 diet): thiamin, 10 mg; riboflavin, 10 mg; pyridoxine, 10 mg; panthotenic acid, 40 mg; niacin, 20 mg; biotin, 0.2 mg; cyanocobalamin, 0.015
mg; folic acid, 2 mg; ascorbic acid, 100 mg; DL-alpha; tocopherol acetate, 100 IU; retinyl palmitate, 3000 IU; DL-cholecalciferol, 2400 IU; sodium menadione bisulfite;
(51%), 10 mg; inositol, 400 mg; choline, 2000 mg; butylhydroxytolueen, 100 mg; calcium propionate, 1000 mg; anti-oxidant BHT (E300–321), 100 mg.
Minerals (mg kg− 1 diet): iron (as FeSO4⋅7H2O), 50 mg; zinc (as ZnSO4⋅7H2O), 30 mg; cobalt (as CoSO4⋅7H2O), 0.1; mg; copper (as CuSO4⋅5H2O), 10 mg; selenium (as
Na2SeO3), 0.5 mg; manganese (as MnSO4⋅4H2O), 20 mg; magnesium (as MgSO4⋅7H2O), 500 mg; chromium (as CrCl3⋅6H2O), 1 mg; calcium (as CaIO3⋅6H2O), 2 mg.
1
Low-NSP: 0% inclusion of the NSP-rich ingredient mixture; High-NSP: 16% inclusion of the NSP-rich ingredient mixture; 0% BAS: 0% supplementation of the bile
acid mixture; 0.3% BAS: 0.3% supplementation of the bile acid mixture.
2
LT fishmeal – crude protein 72%, Triple Nine Fish protein, Esbjerg, Denmark.
3
Vitamin/mineral premix.
4
Sodium taurocholic acid (≥ 98%), Carl Roth, The Netherlands.
5
Sodium glycocholic acid (98%), BOC Sciences, USA.
6
Dietary content of individually measured bile acids is given in Supplemental Table 4.
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Table 2
Initial body bile acid pool and effect of dietary non-starch polysaccharide level and bile acid supplementation on the body bile acid pool of rainbow trout after 42 day of
satiation feeding.
Initial2

Diet3

SEM

Low-NSP
− 1

Significance4

High-NSP

0% BAS

0.3% BAS

0% BAS

0.3% BAS

NSP

BAS

NSP x BAS

2055
5
3
258
BDL
2

2649
491
2
185
BDL
2

2385
5
3
437
BDL
2

2805
523
1
295
BDL
2

194.2
20.3
0.5
33.7
–
0.3

NS
NS
NS
**
–
NS

*
***
*
*
–
NS

NS
NS
NS
NS
–
NS

0.4
0.05
2323

0.3
0.07
3329

0.3
0.06
2832

0.3
0.07
3627

0.08
0.036
191.9

NS
NS
#

NS
NS
**

NS
NS
NS

6265: 1
495: 1
559: 1
9: 1

11,103: 1
922: 1
6: 1
17: 1

8115: 1
552: 1
583: 1
6: 1

9943: 1
1048: 1
6: 1
11: 1

1654.5: 1
106.7: 1
84.4: 1
1.6: 1

NS
NS
NS
*

#
**
***
**

NS
NS
NS
NS

1

Body bile acid pool (μmol kg fish DM)
Primary bile acids
T-CA
1376
G-CA
4
CA
3
T-CDCA
360
G-CDCA
1
CDCA
2
Secondary bile acids
T-HCA
0.07
T-LCA
0.36
Total5
1746
Bile acid ratio5
Primary: secondary
4133: 1
Conjugated: unconjugated
370: 1
Taurine: glycine conjugated
357: 1
Total CA: total CDCA
4: 1

BDL: below detection limit (detection limits are given in Supplemental Table 9); DM: dry matter; SEM: standard error of means.
T-: tauro; G-: glyco; CA: cholic acid; CDCA: chenodeoxycholic acid; HCA: hyocholic acid; LCA: lithocholic acid; total CA: sum of both conjugated and unconjugated CA;
total CDCA: sum of both conjugated and unconjugated CDCA.
1
T-DCA (taurodeoxycholic acid), G-DCA (glycodeoxycholic acid), DCA (deoxycholic acid), G-HCA (glycohyocholic acid), HCA (hyocholic acid), T-HDCA (taur
ohyodeoxycholic acid), G-HDCA (glycohyodeoxycholic acid), HDCA (hyodeoxycholic acid), G-LCA (glycolithocholic acid), LCA (lithocholic acid), T-UDCA (taur
ousrsodeoxycholic acid), G-UDCA (glycoursodeoxycholic acid) and UDCA (ursodeoxycholic acid) were also measured, but their levels in the body were below the
detection limit.
2
Initial body bile acid pool at the start of the experiment.
3
Low-NSP: 0% inclusion of the NSP-rich ingredient mixture (NSP-rich ingredient mixture is shown in Table 1); High-NSP: 16% inclusion of the NSP-rich ingredient
mixture; 0% BAS: 0% bile acid supplementation (bile acid mixture is shown in Table 1); 0.3% BAS: 0.3% bile acid supplementation.
4
NSP: non-starch polysaccharide level; BAS: bile acid supplementation; P-values are derived from two-way ANOVA for the effect of NSP, BAS and their interaction,
and thus do not relate to the values reported for initial body bile acid pool; NS, not significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01; ***: P < 0.001; − : not
calculated because respective bile acids were below the detection limit in (replicate) samples.
5
Because of rounding, totals and bile acid ratios do not necessarily add up exactly.

FBAL. From these studies, it was hypothesised that enhanced FBAL
disturbs the bile acid metabolism, possibly reducing the total body bile
acid pool size and/or bile acid content in the intestine, and subsequently
fat digestion. Bile acid supplementation (BAS) was hypothesised to in
crease bile acid levels in the body and/or intestine, also explaining the
remediation effect on fat digestion. Several other studies with fish
showed that hamperd fat digestion could be (partially) remediated using
dietary BAS (Gu et al., 2017; Iwashita et al., 2008; Yamamoto et al.,
2007). However, quantitative data on bile acid pools, bile acid synthesis,
and bile acid absorption in the intestine of fish in response to BAS, as
well as enhanced FBAL are lacking in literature.
Based on the foregoing, the current study aimed to quantify bile acid
synthesis, bile acid pools and absorption of bile acids in the intestine of
rainbow trout in response to changes in FBAL (i.e., induced by a contrast
in dietary NSP content) and BAS. Both rainbow trout body's own taur
ocholic acid (T-CA) and body's foreign glycocholic acid (G-CA) were
supplemented, and the latter was used as marker to see if supplemented
bile acids are efficiently participating in the EHC. With the aim to test
the effect of BAS under conditions of ‘normal’ and ‘enhanced’ FBAL,
both a diet low and high in NSP-rich ingredients were used.

2.1. Feed formulation
The ingredient and nutrient composition of the diets are given in
Table 1. Four experimental diets were formulated according to an 2 by 2
factorial design. Two levels of dietary NSP were created, a Low-NSP and
High-NSP diet, by the inclusion of 0 or 160 g kg− 1 of an NSP-rich
ingredient mixture, the latter composed of wheat bran and soy hulls
(1:1). Both NSP diets were supplemented with either 0% or 0.3% of a
bile acid mixture consisting of taurocholic acid (T-CA) and glycocholic
acid (G-CA) (2:1). The inclusion level of the NSP mixture was chosen
based on previous studies which showed that this level is sufficient to
increase faecal bile acid loss significantly (Staessen et al., 2020a, 2020c).
The level of taurocholic acid was chosen to provide compensation for the
expected difference in total faecal bile acid loss between the Low- and
High NSP diets as calculated from the results of Staessen et al. (2020a).
Additionally 0.1% glycocholic acid was added to the diets. Glycocholic
acid does not naturally occur in the body of rainbow trout. As such this
type of bile acid was used as internal marker, and occurrence in for
example the liver or gallbladder indicates absorption in the intestine and
partaking of supplemented bile acids in enterohepatic circulation. Since
many commercially available bile acid products are derived from
mammalian species, they do contain glycine-conjugated bile acids. The
latter are therefore economically more interesting for practical appli
cation. A mixture of rapeseed oil and palm oil (1:1) was the main fat
source. All diets met know nutrient requirements of rainbow trout (NRC,
2011). Yttrium oxide was included as inert digestibility marker. Feed
pellets were extruded (3 mm; Research Diet Services B.V., The
Netherlands) and vacuum coated with the oil mixture (Wageningen
University, The Netherlands).

2. Materials and methods
This study was conducted after approval by the Central Animal
Committee (CCD) of The Netherlands (DEC. No. 2018.W-0010.003). The
experiment was run in accordance with Dutch and European law on the
use of experimental animals.
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2.2. Housing facilities and husbandry conditions

Gerhardt GmbH & Co. KG, Germany) paired with Soxhlet extraction
using petroleum-ether (Soxtherm, C. Gerhardt GmbH & Co. KG, Ger
many) (ISO 6492, 1999). Gross energy was measured using a bomb
calorimeter (C7000 IKA, IKA-Werke GmbH & Co. KG, Germany) (ISO
9831, 1998). Bile acids were extracted from the feed, faeces and fish
samples according to the method described by Li et al. (2015) with some
minor modifications. Samples (100 mg) were weighed directly into 2.2
mL Eppendorf Safe-Lock Tubes. Two mL of absolute ethanol was added,
and samples were sonicated at 55 ◦ C for 30 min using a bath sonicator
(UR-324 T Retsch, Brinkmann, Germany). The samples were subse
quently heated at 80 ◦ C for 30 min using a warm water bath (SW23,
Julabo GmbH, Germany). After cooling, samples were centrifuged at
11,000 xg for 10 min (Centrifuge 5430, Eppendorf AG. Germany). The
supernatant was aspirated and retained. The pellets were resuspended in
2 mL of absolute ethanol, heated and centrifuged as before. The super
natants were aspirated and each pooled with the first supernatant. The
pellets were subsequently resuspended a third and fourth time in 2 mL
methanol/chloroform (1:1, v/v), with intermediate heating, centri
fuging and aspirating as before. The pooled bile acid extracts were
evaporated at 40 ◦ C (Block heater SBH200D/3, Stuart, UK) under a
continuous stream of air (Sample concentrator SBH CONC/1, Stuart,
UK). Samples were reconstituted in 1 mL of methanol and filtered by a
syringe driven filter unit (Nylon membrane 0.2 μm, VWR®, USA). Bile
acids were measured using liquid chromatography-tandem mass spec
trometry (HPLC-MS/MS) by the Institute for Clinical Chemistry and
Laboratory Medicine, University Hospital Regensburg, Regensburg,
Germany. The followed procedures and protocol are described in
Scherer et al. (2009). In total 21 bile acids were analysed: cholic acid
(CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lith
ocholic acid (LCA), hyocholic acid (HCA), ursodeoxycholic acid (UDCA),
hyodeoxycholic acid (HDCA), and all their taurine (T-) and glycine (G-)
conjugates.

The experiment was run in a recirculating aquaculture system at
Wageningen University in The Netherlands. A detail description of the
system and its husbandry conditions consulted in Staessen et al. (2020a).
2.3. Experimental procedures and sampling
Rainbow trout (Oncorhynchus mykiss) were obtained from Mohnen
Aquaculture GmbH in Germany. Seven days before the start of the
experiment, fish were fed the Low-NSP 0% BAS diet. Two days before
the start of the feeding experiment, 10 fish from the base population
were sampled for collection of chyme. The intestine was removed in its
entirety from each fish, and subsequently divided into 3 equally long
sections (consecutively defined as the pyloric region, the mid intestine
and the distal intestine). After division of the intestine, chume was
stripped and collected separately per section. From the same 10 fish, also
the liver + gallbladder was sampled. Chyme for identical intestinal
sections, and livers + gallbladders were respectively pooled and stored
at − 20 ◦ C.
At the start of the feeding experiment, 10 fish from the base popu
lation were sampled for initial body composition and determination of
whole-body bile acid pools. The remaining fish were randomly distrib
uted over the experimental units at a stocking density of 30 fish tank− 1,
and subsequently batch weighed for determination of biomass. Diets
were randomly assigned to the experimental units in triplicate. Fish
were hand-fed twice daily (9:00 and 15:30 h) to apparent satiation for 6
weeks. Satiation was reached when fish stopped eating, or when the
feeding time exceeded 1 h. Uneaten feed pellets were removed and
counted. Faeces were collected in bottles attached to swirl separators.
The collection bottles were submerged in ice water to minimize bacterial
degradation of the faeces. Faeces were pooled per tank and stored at
− 20 ◦ C. At the end of the feeding experiment, fish were again batch
weighed. Per tank, 5 fish were sampled and stored at − 20 ◦ C for final
body composition and body bile acid pool. The remaining fish were fed
two more days before sampling of chyme and livers + gallbladders as
described before. Fish were starved for 24 h before initial and final batch
weighing to allow emptying of the gastro-intestinal tract. All sampled
fish were euthanized by an overdose of anaesthetic (1 mL L− 1 2-phenox
yethanol). A period of 6 h was maintained between last feeding and
sampling of the fish for chyme and livers + gallbladders, and this to
ensure that chyme would be present in each intestinal section allowing
calculation of bile acid absorption of sections.

2.5. Calculations
2.5.1. Fish performance
Mortality (%) was calculated as ((N0 – Nt)/N0) × 100, where N0 and
Nt are the initial and final number of fish, respectively. Feed conversion
ratio (FCR; g DM g− 1) was calculated as (FI × dmF)/(Wt – W0), where FI
is feed intake (g fish− 1), dmF is the dry matter content of the feed
(fraction), and W0 and Wt are the initial and final body weight (BW) (g
fish− 1), respectively. The geometric mean BW (Wg, g fish− 1) was
calculated as e ((ln Wt+ln W0)/2). Feed intake (% BW d− 1) was calculated as
((FI x dmF)/t/Wg) × 100, where t is the length of the experimental
period in days (d). Faeces production (RFP, % BW d− 1) was calculated as
((FI x dmF x (Di/Fi))/t/Wg) x 100, where Di is the percentage inert
marker of the diet DM, and Fi is the percentage inert marker of the faeces
DM. Specific growth rate (SGR; % BW d− 1) was calculated as ((ln Wt – ln
W0)/t) × 100.

2.4. Analytical methods
Faecal samples were dried at 70 ◦ C until constant weight. Dried
faeces were pulverized using a mixer mill with a 1 mm fixed screen
opening set at 12,000 RPM (MM 200 Retch, Brinkmann, Germany).
Frozen fish samples were cut into small pieces using a band saw and
homogenized by grinding two times in a meat mincer with a 4.5 mm die
(TW-R 70, Feuma Gastromaschinen GmbH, Germany). Ground fish
samples were subsequently freeze-dried. Liver + gallbladder samples
and chyme from each intestinal section were freeze dried. Both feed
samples and freeze-dried fish samples were pulverized using the mixer
mill without fixed screen set at 18,000 RPM. Diets, faeces, whole fish,
livers + gallbladders and chyme fish were analysed in triplicate for
proximate composition and for bile acid content.
Dry matter was determined gravimetrically by drying samples until
constant weight at 103 ◦ C (ISO 6496, 1999). Ash content was deter
mined gravimetrically by incineration of samples until constant weight
in a muffle furnace at 550 ◦ C (ISO 5984, 2002). Yttrium, phosphorus,
calcium and magnesium content of the samples were measured by ICPOES (NEN 15510, 2007). Crude protein (N x 6.25) content was measured
according to Kjeldahl's method (ISO 5983-2, 2009). Crude fat was
determined gravimetrically using acid hydrolysis (Hydrotherm, C.

2.5.2. Nutrient apparent digestibility coefficients (ADC)
Total carbohydrates (g kg− 1 DM) in feed and faeces was calculated as
1000 – ash – crude protein – crude fat, with ash, crude protein and crude
fat expressed in g kg− 1 DM. The ADC (%) of each nutrient was calculated
using the formula described by Bureau et al. (2003): 100 - (100 x (F/D)
× (Di/Fi)), where D is the percentage nutrient (or kJ g− 1 gross energy) of
the diet, and F the percentage nutrient (or kJ g− 1 gross energy) of the
faeces.
2.5.3. Bile acid metabolism
Bile acids were measured in the diets, chyme, faeces, liver + gall
bladder and whole body. Intake of bile acids was calculated from the
feed intake and dietary bile acid content. Loss of bile acids was calcu
lated from the faecal waste production and the faecal bile acid content.
Bile acid synthesis was calculated using methodology common for en
ergy and protein (nitrogen) balances (Kaushik and Schrama, 2022). Bile
4
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acid synthesis over a certain time period was calculated as the difference
between dietary bile acid intake and the sum of the change in body bile
acid pool and faecal bile acid loss. For this calculations it was assumed
that no bile acid breakdown is taken place inside the body. Furthermore,
it was assumed that bile acid losses via urine and gills are minimal.
Chyme bile acid absorption was calculated similar to apparent di
gestibility calculations, using chyme bile acid content and chime levels
of an inert digestibility marker. All formulas concerning calculations
related to the bile acid metabolism can be consulted in Staessen et al.
(2020c) or in Supplemental Table 10.

crude fat and total carbohydrates. Dietary NSP level adversely affected
the ADC of DM (− 9.3%; P < 0.001), protein (− 1.0%; P < 0.1) and
carbohydrates (− 45.4%; P < 0.001), while the ADC of fat was unaffected
(P > 0.1). BAS was beneficial only for the ADC of fat (+1.2%; P < 0.05).
Effects of NSP level and BAS on body nutrient composition were outside
the scope of this study and are therefore given in Supplemental Table 3.
3.3. Bile acid metabolism
Of the 21 bile acids that were quantified, glycodeoxycholic acid (GDCA), deoxycholic acid (DCA), glycohyocholic acid (G-HCA), hyocholic
acid (HCA), glycohyodeoxycholic acid (G-HDCA), hyodeoxycholic acid
(HDCA) glycolithocholic acid (G-LCA), lithocholic acid (LCA) and
ursodeoxycholic acid (UDCA) were not detected in any of the samples.

2.6. Statistical analysis
Tanks (n = 12) were used as experimental units in the statistical
analysis for the effect of dietary treatments. Data that were measured
between tanks, were analysed using a two-way ANOVA for the effect of
NSP level, BAS and their interaction. Data that were measured within
tanks (i.e., organ and intestinal compartment) were analysed using a
mixed model ANOVA for the effect of organ/intestinal section, NSP
level, BAS, their interaction effects and the random effect of tank nested
within NSP level and BAS. The effect of NSP level, BAS and their
interaction was tested against the random effect of tank nested within
NSP level and BAS. The effect of organ/intestinal section and its in
teractions with NSP level and BAS were tested against the random error
of the whole model (i.e., random variation within tanks between organ/
intestinal section). Data were tested for sphericity using Mauchly's test.
Prior to ANOVA, data were tested for normality using the KolmogorovSmirnov test and for homogeneity of using Levene's test. ANOVA was
followed by a Tukey test for pairwise comparison of means. Statistical
significance was tested at the 0.05 probability level. P-values between
0.1 and 0.05 were defined as close to statistical significance and as
indicative for tendencies in the data. All statistical tests were performed
using the program SAS 9.4, SAS Institute, North Carolina, USA.

3.3.1. Dietary bile acid content
Total dietary bile acid content of the 0.3% BAS diets was more than
six times higher (+4066 μmol kg− 1 DM) compared to the 0% BAS diets
(Table 1). Dietary content of individual bile acids is given in Supple
mental Table 4. Both T-CA and G-CA were supplemented, and their
content in the 0.3% BAS diets was respectively five times higher (+2646
μmol kg− 1 DM) and 234 times higher (+1397 μmol kg− 1 DM) compared
to the 0% BAS diets.
3.3.2. Body bile acid pool, liver+ gallbladder and gastro-intestinal bile acid
pool
The main constituents of the total body bile acid pool of trout fed the
0% BAS diets were T-CA (86.3%) and T-CDCA (13.3%), while G-CA
(<1%) was virtually absent. BAS led to a significantly enlarged total
body bile acid pool size (+900 μmol kg− 1 fish DM; P < 0.01), which was
mainly ascribed to both an increase of the T-CA pool (+ 507 μmol kg− 1
DM; P < 0.05) and G-CA pool (+ 502 μmol kg− 1 fish DM; P < 0.001). GCA (14.6% of total pool) replaced T-CDCA (6.8%) as second most
abundant bile acid in the body pool of fish fed the 0.3% BAS diets, while
T-CA (78.5%) remained the most present bile acid. The body bile acid
pool size tended to be larger for fish fed the High-NSP diets (P < 0.1),
However, for individual bile acids, the increase of pool size with NSP
level was significant only for T-CDCA (+145 μmol kg− 1 fish DM; P <
0.01).
BAS enlarged the pool of G-CA (+9664 μmol kg− 1 DM; P < 0.05) in
the liver + gallbladder of fish that were sampled 6 h after last feeding
(Supplemental Table 5). Pools of other bile acids in the liver + gall
bladder were not significantly affected by BAS (P > 0.1). No significant
effects of NSP level on the liver + gallbladder pools of individual and
total bile acids were found (P > 0.1). Liver + gallbladder bile acid pools
were expressed on body weight dry matter in Table 3. The share of the
bile acid pools present in the gastro-intestinal tract was estimated using
the difference between the body and liver + gallbladder bile acid pools.
Most bile acids were present somewhere in the gastro-intestinal tract 6 h
after feeding (T-CA: 80.9%; G-CA: 87.9%; T-CDCA: 88.1% and total:
81.5% of respective bile acids in the total body pool). The level of bile

3. Results
3.1. Fish performance
Full fish performance data are shown in Supplemental Table 1. The
experiment ran without mortality. The average initial body weight was
81 g fish− 1 and not significantly different between treatments (P ≥ 0.1).
Feed intake increased with dietary NSP level (P < 0.001). Also faeces
production increased with NSP level, being nearly twice as high for the
High-NSP diets compared to the Low-NSP diets (Fig. 1A). BAS did not
affect feed intake nor faeces production (P ≥ 0.1).
3.2. Nutrient apparent digestibility coefficients (ADC) and body nutrient
composition
All calculated ADC are given in Supplemental Table 2. Fig. 2A, B, C
and D shows respectively the ADC of dry matter (DM), crude protein,

Fig. 1. Effect of dietary non-starch polysaccharide level (NSP) and bile acid supplementation (BAS) on faeces production (panel A), total faecal bile acid content
(panel B) and total faecal bile acid loss (panel C) of rainbow trout during 42 days of satiation feeding; Statistical data within each panel are derived from two-way
ANOVA for the effect of NSP, BAS and their interaction (NS, not significant: P ≥ 0.1; **: P < 0.01; ***: P < 0.001); Error bars indicate standard error of means.
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Fig. 2. Effect of dietary non-starch polysaccharide level (NSP) and bile acid supplementation (BAS) on the apparent digestibility coefficient (ADC) of dry matter
(panel A), crude protein (panel B), crude fat (panel C) and total carbohydrates (panel D) in rainbow trout; Statistical data within each panel are derived from two-way
ANOVA for the effect of NSP, BAS and their interaction (NS, not significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01; ***: P < 0.001); Error bars indicate standard
error of means.

acids present in either the liver + gallbladder or gastro-intestinal tract (i.
e., effect of organ) was largely independent from diet (P > 0.1). This was
indicated by the absence of interactions between organ and dietary
treatments, except for G-CA. G-CA was affected by a significant inter
action effect between organ and BAS (P < 0.05), indicating a stronger
increase of G-CA in the gastro-intestinal tract compared to the liver +
gallbladder.

Table 8. Chyme total bile acid content expressed per unit of inert di
gestibility marker (i.e., yttrium) is shown in Fig. 4A. Chyme total bile
acid content decreased significantly as it passed through the intestinal
tract (P < 0.001). Averaged over diets, this decrease was − 1054 μmol
mg− 1 yttrium between the pyloric region (PR) and mid intestine (MI),
− 403 μmol mg− 1 yttrium between the MI and distal intestine (DI) and −
209 μmol mg− 1 yttrium between the DI and the faeces (F). In other
words, 63% of the total bile acid absorption occurred between the PR
and MI. BAS led to higher chyme total bile acid content (P < 0.05),
except in the mid intestine (P > 0.1). The relative total bile acid ab
sorption also was different over consecutive intestinal sections (P <
0.001; Fig. 4B). Relative bile acid absorption was lowest between the MI
and DI (57%) and highest in the DI (92%). The absorption was for most
parts independent of NSP level and BAS, except for lower absorption
from the MI to DI for the 0.3% BAS diets. Both the chyme content of TCA and G-CA expressed per unit of inert digestibility marker are shown
in Table 5. BAS clearly resulted in higher chyme content of G-CA in all
intestinal sections. For T-CA this effect was less strong, and even absent
in the MI (P < 0.1). Relative absorption of T-CA and G-CA were mostly
similar.

3.3.3. Faecal bile acid content, faecal bile acid loss (FBAL) and bile acid
synthesis
Fig. 1B shows that BAS increased the total faecal bile acid content
(+11,674 μmol kg− 1 DM; P < 0.001), while it decreased with NSP level
(− 9915 μmol kg− 1 DM; P < 0.001). Faecal bile acid content of individual
bile acids can be consulted in Supplemental Table 6. Fig. 1C shows that
total faecal bile acid loss significantly increased with BAS (+44 μmol
kg− 1 fish d− 1; P < 0.001), and Table 4 shows that this was mostly
ascribed to an increase in the loss of both supplemented bile acids T-CA
(+31 μmol kg− 1 fish d− 1; P < 0.01) and G-CA (+15 μmol kg− 1 fish d− 1; P
< 0.001). Dietary NSP level did not significantly affect total faecal bile
acid loss nor loss of the major individual bile acids (P > 0.1). Fig. 3
shows that BAS resulted in a 4-fold decrease of total bile acid synthesis
(− 38 μmol kg− 1 fish d− 1; P < 0.01). BAS decreased both synthesis of TCA (− 20 μmol kg− 1 fish d− 1) and G-CA (− 16 μmol kg− 1 fish d− 1). G-CA
synthesis rates were negative for fish fed the 0.3% BAS diets. Dietary
NSP level did not result in meaningful changes in the synthesis of the
major bile acids (P > 0.1). Bile acid synthesis was calculated using bile
acid intake, and the latter is given in Supplemental Table 7.

4. Discussion
4.1. Effect of bile acid supplementation (BAS) on apparent nutrient
digestibility (ADC)
Bile acid supplementation (BAS) enhanced crude fat digestibility
(ADC) in the current study, but not the ADC of crude protein and total
carbohydrates. These observations are in line with a previous study that
used diets with the same formulation (Staessen et al., 2020b). Also

3.3.4. Chyme bile acid content and bile acid absorption
Chyme bile acid content on dry matter basis is given in Supplemental
6
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Table 3
Effect of dietary non-starch polysaccharide level and bile acid supplementation on the liver + gallbladder bile acid pool and estimated gastro-intestinal bile acid
content of rainbow trout 6 h after satiation feeding.
Bile acid (μmol
kg− 1 fish DM)1

Liver + gallbladder bile acid pool

Estimated gastro-Intestinal bile acid
content2

Diet3

Diet3

Low-NSP

Primary bile
acids
T-CA
G-CA
CA
T-CDCA
CDCA
Secondary bile
acids
T-HCA
T-LCA
Total5

High-NSP

Low-NSP

0%
BAS

0.3%
BAS

0%
BAS

0.3%
BAS

0%
BAS

0.3%
BAS

0%
BAS

0.3%
BAS

523
0.4
1.1
43
0.6

334
53.1
0.9
8
1.0

259
0.0
0.7
34
0.5

775
152.1
0.1
55
0.4

1532
4.4
1.5
214
1.6

2315
437.5
1.0
177
0.9

2126
5.2
2.3
403
1.8

2029
371.2
1.3
241
1.7

0.01
0.02
569

0.01
0.03
397

0.01
0.01
294

0.01
0.01
983

0.34
0.02
1754

0.26
0.04
2931

0.31
0.05
2539

0.30
0.06
2644

SEM

Significance4

High-NSP
NSP

BAS

NSP x
BAS

Organ

Organ x
NSP

Organ x
BAS

Organ x
NSP x
BAS

414.4
59.17
0.52
38.1
0.26

NS
NS
NS
**
NS

*
***
*
*
NS

NS
NS
NS
NS
NS

**
**
#
***
**

NS
NS
NS
#
*

NS
**
NS
NS
NS

NS
NS
NS
NS
NS

0.057
0.036
487.6

NS
NS
#

NS
NS
**

NS
NS
NS

***
NS
**

NS
NS
NS

NS
NS
NS

NS
NS
NS

DM: dry matter; SEM: standard error of means.
T-: tauro; G-: glyco; CA: cholic acid; CDCA: chenodeoxycholic acid; HCA: hyocholic acid; LCA: lithocholic acid.
1
G-CDCA (glycochenodeoxycholic acid), T-DCA (taurodeoxycholic acid), G-DCA (glycodeoxycholic acid), DCA (deoxycholic acid), G-HCA (glycohyocholic acid),
HCA (hyocholic acid), T-HDCA (taurohyodeoxycholic acid), G-HDCA (glycohyodeoxycholic acid), HDCA (hyodeoxycholic acid), G-LCA (glycolithocholic acid), LCA
(lithocholic acid), T-UDCA (taurousrsodeoxycholic acid), G-UDCA (glycoursodeoxycholic acid) and UDCA (ursodeoxycholic acid) were also measured, but their levels
in the body and liver + gallbladder were below the detection limit (detection limits are given in Supplemental Table 9).
2
Estimated intestinal bile acid pool = body bile acid pool - (liver + gallbladder bile acid pool); Data on the body bile acid pool is given in Table 2.
3
Low-NSP: 0% inclusion of the NSP-rich ingredient mixture (NSP-rich ingredient mixture is shown in Table 1); High-NSP: 16% inclusion of the NSP-rich ingredient
mixture; 0% BAS: 0% bile acid supplementation (bile acid mixture is shown in Table 1); 0.3% BAS: 0.3% bile acid supplementation.
4
P-values are derived from a mixed model three-way ANOVA for the effect of organ (within-subject factor), non-starch polysaccharide level (NSP; between-subject
factor), bile acid supplementation (BAS; between subject factor) and their interactions; NS, not significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01; ***: P < 0.001.
5
Because of rounding, totals do not necessarily add up exactly.

acid loss is the product of faeces production and faecal bile acid content.
Since BAS did not affect faeces production in this study, enhanced faecal
bile acids loss with BAS was fully ascribed to an increase in faecal bile
acid content. Furthermore, this study showed a > 4-fold decrease of total
bile acid synthesis with BAS. Murashita et al. (2018) observed altered
expression of genes involved in bile acid synthesis when trout was fed
BAS diets (i.e., cyp7a1, cyp8b1 and shp), suggesting a decrease in bile
acid synthesis. However, in the same study soybean meal-based diets
were used, and it is unclear if the reduction in gene expression was
related to BAS or anti-nutrients in soybean meal itself. Also in large
mouth bass (Micropterus salmoides) BAS seems to lead to a reduction in
synthesis of bile acids, as indicated by a reduction in the expression of
the rate-limiting enzyme cyp7a1 (Romano et al., 2022). Mainly through
studies with mammalian species, literature shows that bile acids regu
late their own synthesis via a positive and negative feedback in EHC
controlled by the liver X receptor and the intestinal farnesoid X receptor,
respectively (Romano et al., 2020). Most likely, the elevated content of
bile acids in the chyme, an increased return of bile acids to the liver and
an elevated bile acid pool in the liver + gallbladder when feeding the
BAS diets supressed bile acid synthesis in the current study.
Results of the current study show that taurine-conjugates of cholic
acid (T-CA) and chenodeoxycholic acid (T-CDCA) are the main con
stituents of the naturally occurring (i.e., 0% BAS diets) total body bile
acid pool of rainbow trout. This is in line with literature (Denton et al.,
1974; Hagey et al., 2010; Yamamoto et al., 2007). Compared to mam
mals, glycine-conjugated bile acids (G-) are much rarer in fish since their
CoA: amino acid N-acyltransferase has a much lower affinity for glycine
than for taurine (Vessey et al., 1990). Even stronger, for several fish
species including rainbow trout, studies report that taurine is the only
amino acid that conjugates with bile acids (Kim et al., 2005; Kim et al.,
2015; Kortner et al., 2016; Yamamoto et al., 2007). In the current study,
both T-CA and G-CA were incorporated in the 0.3% BAS diets. The body

several other studies with fish have shown that BAS can be beneficial for
fat ADC (Gu et al., 2017; Iwashita et al., 2008; Yamamoto et al., 2007).
Furthermore, Kortner et al. (2016) and Robic et al. (2011) reported
enhanced trypsin activity in the presence of bile acids, which also sug
gests a beneficial role of BAS for protein digestion, but was not the case
for this study. Nevertheless, literature generally agrees that the greatest
benefit of BAS is achieved for fat digestion. The obvious reason for this
are the emulsifying properties of bile acids, which allows for more
efficient hydrolysis of fat by lipases in the intestine (Pasquier et al.,
1996; Romano et al., 2020). Furthermore, bile acids can activate the bile
acid-activated lipase (Kurtovic et al., 2009). Higher fat ADC of fish fed
the BAS diets in the current study was most likely related to the enlarged
total body bile acid pool size and/or the higher bile acid concentrations
in the intestine, which resulted in better emulsification of dietary fat
and/or activation of lipases. The improvement of fat ADC with BAS in
the current study occurred independently from NSP level. As in this
study fishmeal-based diets were fed, this suggests that bile acids can be a
limiting factor for fat digestion in rainbow trout.
4.2. Effect of bile acid supplementation (BAS) on the bile acid metabolism
Quantitative data on body bile acid pools of fish is lacking in liter
ature. However, bile acid-supplemented diets were reported to cause
elevated biliary bile acid concentrations in Atlantic salmon (Salmo salar)
(Kortner et al., 2016) and rainbow trout (Yamamoto et al., 2007), which
suggest enlarged total body bile acid pool sizes with BAS similar like in
the current study. The enlarged total body bile acid pool size with BAS in
the current study occurred despite an increase in faecal bile acid loss and
a decrease in bile acid synthesis compared to diets without BAS. The
effect of BAS on faecal bile acid loss has to our knowledge not yet been
reported for fish. However, enhanced faecal bile acids loss with BAS was
also reported in the study by Jones et al. (2012) with mice. Faecal bile
7
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Table 4
Effect of dietary non-starch polysaccharide level and bile acid supplementation on faecal bile acid loss and bile acid synthesis of rainbow during 42 days of satiation
feeding.
Bile acid (μmol
kg− 1 fish d− 1)1

Faecal bile acid loss

Bile acid synthesis

Diet2

SEM

Low-NSP
0%
BAS
Primary bile acids
T-CA
27
G-CA
0.10
CA
0.5
T-CDCA
12
G-CDCA
0.09
CDCA
0.19
Secondary bile acids
T-HCA
0.007a
T-LCA
0.007
T-UDCA
0.03
G-UDCA
0.05
4
Total
Absolute
40
Relative (%
GBAPtotal
7
d− 1)5

Significance3

Diet2

High-NSP

SEM

Low-NSP

0.3%
BAS

0%
BAS

0.3%
BAS

53
13.88
1.0
7
0.04
0.22

21
0.02
0.2
13
BDL
0.06

58
15.85
0.5
12
0.01
0.17

0.003a
0.012
–
–

0.037b
0.004
–
–

75
11

Significance3

High-NSP

NSP

BAS

NSP x
BAS

0%
BAS

0.3%
BAS

0%
BAS

0.3%
BAS

NSP

BAS

NSP x
BAS

5.6
0.905
0.10
1.9
–
0.045

NS
NS
**
NS
–
#

**
***
**
NS
–
NS

NS
NS
NS
NS
–
NS

32
2
− 0.5bc
15
− 0.1
0.03

14
− 10
− 0.1c
11
− 0.1
0.07

32
5
− 0.9ab
16
− 0.1
− 0.07

11
− 14
− 1.2a
15
− 0.1
0.02

5.7
2.8
0.12
2.3
0.05
0.043

NS
NS
***
NS
NS
NS

**
**
NS
NS
NS
NS

NS
NS
*
NS
NS
NS

0.058b
0.006
–
–

0.0066
0.0018
–
–

***
*
–
–

NS
*
–
–

#
NS
–
–

0.006
0.007
− 0.05
− 0.08

0.004
0.013
− 0.05
− 0.09

0.038
0.003
− 0.03
− 0.05

0.057
0.005
− 0.04
− 0.10

0.0073
0.0023
0.014
0.030

***
*
NS
NS

NS
NS
NS
NS

NS
NS
NS
NS

35

87

7.7

NS

***

NS

49

14

52

10

8.9

NS

**

NS

6

12

1.3

NS

**

NS

8

2

8

1

1.5

NS

**

NS

GBAPtotal: geometric mean total body bile acid pool size; DM: dry matter; SEM: standard error of means.
T-: tauro; G-: glyco; CA: cholic acid; CDCA: chenodeoxycholic acid; HCA: hyocholic acid; LCA: lithocholic acid; UDCA: ursodeoxycholic acid.
1
Faecal bile acid loss and bile acid synthesis are expressed on fish wet weight.
2
Low-NSP: 0% inclusion of the NSP-rich ingredient mixture (NSP-rich ingredient mixture is shown in Table 1); High-NSP: 16% inclusion of the NSP-rich ingredient
mixture; 0% BAS: 0% bile acid supplementation (bile acid mixture is shown in Table 1); 0.3% BAS: 0.3% bile acid supplementation; − : not calculated because
respective bile acids were below the detection limit in feed, faeces or body; Values for either faecal bile acid loss or synthesis in the same row lacking common su
perscripts are statistically different (P < 0.05) according to Tukey's multiple comparison test.
3
NSP: non-starch polysaccharide level; BAS: bile acid supplementation; NS, not significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01; ***: P < 0.001.
4
Because of rounding, totals do not necessarily add up exactly.
5
For bile acid synthesis, these values represent the total bile acid fractional turnover rate.

statistically different from zero. This seems to agree with literature that
G-CA is not synthesised in rainbow trout (Romano et al., 2020). Sur
prisingly, BAS resulted in a negative synthesis rate for G-CA (− 12.0
μmol kg− 1 BW d− 1) that was significantly different from zero. This
negative synthesis rate indicates that the intake of G-CA via the diets was
larger than their faecal loss and gain in the body bile acid pool com
bined. This implies that G-CA was catabolised or perhaps converted into
other bile acids (e.g., re-conjugation to T-CA). Unconjugated and sec
ondary bile acids that return to the liver are known to undergo reconjugation, re-epimerization of hydroxy groups (from β to α) and
reduction of oxo groups to hydroxy groups (Hofmann and Hagey, 2014).
However, it is unclear from literature if re-conjugation of conjugated
bile acids also occurs.
The current study showed that BAS resulted in a reduced synthesis of
T-CA but not of the other primary bile acid T-CDCA. Synthesis of T-CA
and T-CDCA use largely the same enzymes (e.g., cholesterol 7α-hy
droxylase [CYP7A1]), except for the enzyme sterol 12α-hydroxylase
(CYP8B1) (Chiang, 2011; Romano et al., 2020). CYP7A1 is the first ratelimiting enzyme of bile acid synthesis, while CYP8B1 determines the
ratio of CA to CDCA (Chiang, 2011). A possible explanation for the
difference in effect of BAS on synthesis of T-CA and T-CDCA might be a
differential regulation of CYP7A1 and CYP8B1 in rainbow trout.
Largely independent from diet, much of the total bile acid pool was
present in the gastro-intestinal tract 6 h after last feeding. This indicates
that the gallbladder was contracted by signals indicating that chyme is
entering the intestine, which is in line with the largely empty gallblad
ders that were observed during sampling of the fish. Table 5 and Fig. 4A
show that the chyme T-CA, G-CA and total bile acid content decreased as
chyme passed alongside the gastrointestinal tract. This decrease was
largely independent of diet except for a much larger decrease of G-CA
over intestinal sections in fish fed the 0.3% BAS diets. The latter is un
derstandable since G-CA was virtually absent in the 0% BAS diets, and

Fig. 3. Effect of dietary non-starch polysaccharide level (NSP) and bile acid
supplementation (BAS) on total bile acid synthesis of rainbow trout during 42
days of satiation feeding; Statistical data are derived from two-way ANOVA for
the effect of NSP, BAS and their interaction (NS, not significant: P ≥ 0.1; **: P
< 0.01;); Error bars indicate standard error of means.

foreign G-CA was added as a marker to see if supplemented bile acids
efficiently enter EHC. The current study likely indicates that both di
etary T-CA and G-CA enter EHC. This is indicated by the enlarged T-CA
and G-CA body pools of fish fed the 0.3% BAS diets measured 24 h after
their last meal. After 6 weeks of feeding the 0.3% BAS diets, 14.6% of the
total body bile acid pool consisted of G-CA compared to 0.2% for the 0%
BAS diets. Also the substantial presence of G-CA in the liver + gall
bladder of fish fed the 0.3% BAS diets shows participation of G-CA in
EHC and this was also shown by Yamamoto et al. (2007). G-CA synthesis
in fish fed the 0% BAS diets was nil (2.5 μmol kg− 1 BW d− 1) and not
8
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expressed in the distal intestine. The relative absorption of T-CA, G-CA
and total bile acids in the current study was higher in the distal part of
the intestine, which might be explained by higher expression of bile acid
transporters. However, absolute absorption in the current study shows
that more than half of the bile acids are reabsorbed between the pyloric
region and mid intestine. The latter shows that significant more bile acid
absorption can occur in the proximal intestine of rainbow trout than
previously thought. Relative absorption of T-CA and G-CA in the current
study were very similar, suggesting that the intestinal bile acid trans
porters in rainbow trout do not show a different affinity for the body's
own T-CA compared to the body's foreign G-CA.
4.3. Effect of dietary non-starch polysaccharide (NSP) level on the bile
acid metabolism
The effects of BAS were aimed to be investigated under conditions of
“normal” and “enhanced” faecal bile acid loss. Based on our previous
studies (Staessen et al., 2020a; Staessen et al., 2020b), an NSP-rich
ingredient mixture consisting of soy hulls and wheat bran was used in
the current study to induce faecal bile acid loss. However, unlike those
previous studies, the High-NSP diet did not result in enhanced faecal bile
acid loss in the current study. Faecal bile acid loss is the product of faeces
production and faecal bile acid content. The latter has been described to
change with gut transit time (Pattni and Walters, 2009). Changes in
faeces production with dietary NSP level in the current study were
similar to the previous studies. Fig. 4 shows that faeces production
increased with dietary NSP level, which was most likely related to lower
dry matter ADC (resulting from the indigestible nature of NSP in fish)
(Choct et al., 2010) and an increase in voluntary feed intake (as
compensation for the lower digestible energy content) (Lekva et al.,
2010). In contrast to changes in faeces production, changes in faecal bile
acid content with dietary NSP level were not comparable between
studies. Total faecal bile acid content was not significantly affected by
dietary NSP level in previous studies (Staessen et al., 2020a, 2020c), and
enhanced faecal bile acid loss of fish fed High-NSP diets was largely
ascribed to higher faeces production. In contrast to those previous
studies, faecal bile acid content decreased with increasing NSP level in
the current study. The lower faecal bile acid content of fish fed the HighNSP diets most likely was related to dilution of bile acids in the intestine
by a larger chyme volume due to NSP bulking compared to the Low-NSP
diets, as also observed in mammalians (Hill, 1982). Since an NSP-rich
ingredient mixture with the same ingredients was used, it is unclear
what exactly caused the different outcome of this study compared to
previous studies. Possibly, differences in processing conditions of the
NSP-rich ingredients altered their characteristics. For example, ingre
dient particle size was shown to alter the bile acid binding potential of
wheat bran (Li et al., 2017). Perhaps, the slightly higher bile acid con
tent of the 0% BAS diets in the current study compared to our previous
study (+10% in Staessen et al. (2020b)) nullified the effect of NSP.
Biological differences between batches of fish might also partially
explain the different outcome of this study compared to previous
studies. Whereas faeces production almost doubled (x1.9) with
increasing NSP level, total faecal bile acid content decreased more than
two-fold, cancelling out the effect on total faecal bile acid loss.
Staessen et al. (2020a, 2020b) showed that enhanced faecal bile acid
loss was inversely related to fat ADC. Furthermore, Staessen et al.
(2020b) showed that this inverse relationship between faecal bile acids
loss and fat ADC disappeared when diets were supplemented with bile
acids. Enhanced faecal bile acid loss was suggested to be indicative for
limited availability of bile acids needed for proper fat digestion. The
exact mechanism(s) behind this limited availability was not identified,
but a reduction of the total bile acid pool size or availability of bile acids
in the intestine are suggested as possibilities. The lack of an NSP effect
on faecal bile acid loss in the current study does not allow to investigate
the relationship between enhanced faecal bile acid loss, bile acid pool
size and bile acid levels in the intestine. Nevertheless, based on the

Fig. 4. Effect of dietary non-starch polysaccharide level (NSP) and bile acid
supplementation (BAS) on chyme/faecal total bile acid content expressed per
unit of inert digestibility marker (yttrium) (panel A; logarithmic scale) and
relative total bile acid absorption (panel B) for rainbow trout 6 h after satiation
feeding; PR: pyloric region, MI: mid intestine, DI: distal intestine, F: faeces;
Statistical data within panel and per intestinal section are derived from twoway ANOVA done per intestinal section for the effect of NSP, BAS and their
interaction (NS, not significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01);
Error bars indicate standard error of means; Averages over diets per intestinal
section are represented by braces, and are within panel statistically different (P
< 0.05) according to Tukey's multiple comparison test when lacking a common
letter. A mixed model ANOVA was performed also for the effect of intestinal
section (IS; within-subject factor), NSP (between-subject factor), BAS (betweensubject factor) and their interactions for both chyme/faecal total bile acid
content expressed per unit of inert digestibility marker (SEM: 165.9, NSP: #,
BAS: #, NSP x BAS: NS, IS: ***, IS x NSP: #, IS x BAS: * and IS x NSP x BAS: NS)
and relative total bile acid absorption between intestinal sections (SEM: 5.0,
NSP: NS, BAS: #, NSP x BAS: NS, IS: ***, IS x NSP: NS, IS x BAS: * and IS x NSP x
BAS: NS); Due to an error in the analysis of yttrium content in the mid intestine
for one of the replicate tanks of the Low-NSP 0% BAS diet, the average shown
and statistics pertains only to the other 2 replicate tanks.

once again shows that dietary G-CA participated in EHC. Bile acids are
stored in the gallbladder until they are secreted into the intestine during
digestion. The bile duct of trout opens into the pyloric region of the
intestine, the latter being the major site for fat absorption by enterocytes
(Bakke et al., 2010). While the transporters associated with intestinal
bile acid uptake in mammals have been extensively studied, relatively
little information is available for fish. Romarheim et al. (2008) reported
for rainbow trout the largest reduction in content of bile acids between
the mid and distal intestine, suggesting that the distal intestine is the
major site for absorption of bile acids. Furthermore, Murashita et al.
(2014) identified an apical sodium-dependent bile salt transporter
(ASBT) in the brush border membrane of the intestine of rainbow trout.
Tissue distribution analysis revealed that this ASBT was primarily
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Table 5
Effect of dietary non-starch polysaccharide level and bile acid supplementation on chyme and faecal content and relative absorption of taurocholic and glycocholic acid
in rainbow trout 6 h after satiation feeding.
T-CA1

G-CA1

2

Diet

SEM

Low-NSP
0%
BAS

P-value

3

Diet2

High-NSP
0.3%
BAS

0%
BAS

Bile acid content (μmol mg− 1 yttrium)4
PR
1240
1942
1012
472
377
MI
7855
DI
139
251
112
F
8
15
6
Relative bile acid absorption (%)
PR ↔
695
75
62
MI
MI ↔
64
45
71
DI
DI ↔ F
94
94
95

SEM

Low-NSP
0.3%
BAS

Significance3

High-NSP

NSP

BAS

NSP x
BAS

0%
BAS

0.3%
BAS

0%
BAS

0.3%
BAS

NSP

BAS

NSP x
BAS

1189
431
211
16

200.2
213.0
27.4
1.5

*
NS
NS
NS

#
NS
**
**

NS
NS
NS
NS

2.4
1.65
0.3
0.03

416.6
111.8
59.2
4.02

0.8
0.3
0.1
0.01

294.1
97.8
48.0
4.28

40.13
11.54
5.14
0.299

NS
NS
NS
NS

***
***
***
***

NS
NS
NS
NS

64

3.7

*

NS

NS

675

73

61

67

6.0

NS

NS

NS

52

6.1

NS

*

NS

61

44

78

51

7.2

NS

*

NS

89

2.3

NS

NS

NS

89

93

59

89

14.8

NS

NS

NS

PR: pyloric region; MI: mid intestine; DI: distal intestine.
T-CA: taurocholic acid; G-CA: glycocholic acid.
1
Total chyme/faecal bile acid content and relative total bile acid absorption are shown in Fig. 4.
2
Low-NSP: 0% inclusion of the NSP-rich ingredient mixture (NSP-rich ingredient mixture is shown in Table 1); High-NSP: 16% inclusion of the NSP-rich ingredient
mixture; 0% BAS: 0% bile acid supplementation (bile acid mixture is shown in Table 1); 0.3% BAS: 0.3% bile acid supplementation.
3
P-values are derived from two-way ANOVA for the effect of non-starch polysaccharide level (NSP), bile acid supplementation (BAS) and their interaction; NS, not
significant: P ≥ 0.1; #: P < 0.1; *: P < 0.05; **: P < 0.01; ***: P < 0.001; A mixed model ANOVA for the effect of intestinal section (IS; within-subject factor), NSP
(between-subject factor), BAS (between-subject factor) and their interactions was also performed for T-CA content (SEM: 150.0, NSP: #, BAS: NS, NSP x BAS: NS, IS:
***, IS x NSP: #, IS x BAS: # and IS x NSP x BAS: NS), relative T-CA absorption (SEM: 4.6, NSP: NS, BAS: *, NSP x BAS: NS, IS: ***, IS x NSP: #, IS x BAS: ** and IS x NSP
x BAS: NS), G-CA content (SEM: 20.05, NSP: NS, BAS: ***, NSP x BAS: NS, IS: ***, IS x NSP: NS, IS x BAS: *** and IS x NSP x BAS: NS) and relative G-CA absorption
(SEM: 10.1, NSP: NS, BAS: NS, NSP x BAS: NS, IS: *, IS x NSP: NS, IS x BAS: * and IS x NSP x BAS: NS).
4
Bile acid content is expressed on yttrium, and the latter was used as inert digestibility marker in the diets (Table 1).
5
Due to an error in the analysis of yttrium content in the mid intestine for one of the replicate tanks of the Low-NSP 0% BAS diet, the average shown and statistics
pertain only to the other 2 replicate tanks and the SEM for that row is a pooled SEM.

decreased a 4-fold with bile acid supplementation. This decreased bile
acid synthesis was most likely related to negative feedback regulation of
bile acid synthesis by the enlarged total body bile acid pool, liver +
gallbladder bile acid pool and higher content of bile acids in the intestine
of fish fed diets with bile acid supplementation. Negative synthesis rates
of G-CA for the BAS diets suggest that this bile acid is partly catabolised
or converted into other bile acids in rainbow trout. Enlarged pools of TCA, but especially of the body foreign G-CA, in both the body and liver +
gallbladder of trout fed BAS diets suggests that dietary bile acids are
effectively taking part in EHC. The relative absorption of T-CA and G-CA
over the different intestinal sections was comparable, suggesting that
intestinal bile acid transporters in rainbow trout do not differ in affinity
for the body's own T-CA compared to the body's foreign G-CA. While
relative absorption of bile acids was highest between the distal intestine
and the faeces, more than half the bile acids were absorbed between the
pyloric region and the mid intestine. The latter suggests that significant
bile acid absorption occurs more proximal in the intestine of rainbow
trout than previously thought.

outcome of those previous studies, a lack of NSP level on fat ADC in the
current study seems to confirm that hampered fat ADC and enhanced
faecal bile acid loss are indeed inversely related.
The total body bile acid pool size of fish fed the High-NSP diets
tended to be larger than of fish fed the Low-NSP diets. Although the body
pools of both primary bile acids T-CA and T-CDCA were numerically
larger in fish fed the High-NSP diets, this difference was only significant
for T-CDCA. Information about the effect of dietary NSP level on the bile
acid pool size of fish is lacking. For mammalian species, several studies
showed increased bile acid pool sizes when feeding NSP (Matheson and
Story, 1994; Moundras et al., 1997), although the effect is dependent on
NSP type used (Meyer et al., 1979). Those larger bile acid pool sizes are
thought to stem from enhanced faecal bile acid loss when feeding NSP
and a subsequently upregulation of bile acid synthesis. However, there
was no significant effect of NSP level on either faecal bile acid loss or bile
acid synthesis of the major and total bile acids in the current study.
Enhanced faecal bile acid loss and of bile acid synthesis therefore does
not explain the tendency for a larger body bile acid pool size when
feeding the High-NSP diet. Bile acid pool size is determined by the
balance between bile acid intake, faecal bile acid loss and bile acid
synthesis. In other words, the larger total body bile acid pool size of fish
fed the High-NSP diet was related to a combination of smaller changes in
intake, loss and synthesis of bile acids. Changes in the relative size of
individual bile acid pools might occur in response to NSP as affinity for
individual bile acids can be different (Kritchevsky, 1978).
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