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Abstract In the context of modern aquaculture,
the effort to reduce the reliance on fishmeal/marine
ingredients in fish diets has led to the exploration of
plant-based protein sources as potential substitutes,
a dietary shift that disrupts the bile acid profile in
fish. Therefore, bile salts are being sought as addi-
tives. However, artificially increased intestinal levels
of bile acids may significantly impact mucosal func-
tion. Therefore, here, we explored the regulatory
role in the intestine of gilthead sea bream (Sparus
aurata) of (i) chenodeoxycholic acid (CDC), (ii) a
mixture formed by two bile acids, 3% cholic acid and
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97% deoxycholic acid (MIX), and (iii) a conjugated
bile salt sodium taurocholate (TC) in Ussing cham-
bers with the epithelial voltage clamp technique. We
tested the bile salts in a 50-500 pg/ml concentration
range, and all of them promoted ion absorption. Yet,
clear concentration-dependent and more pronounced
effects on the ion transport were observed in the pos-
terior intestine. On the other hand, bile salts had no
or minor effects on tissue resistance. However, there
are indications that the MIX could have adverse
effects at high concentrations (500 pg/ml), promoting
a threefold increase in tissue permeability measured
using FITC-dextran (4 kD) regardless of the intesti-
nal region, thus suggesting an alteration in intestinal
permeability at high bile salt concentrations. The
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findings from our study emphasize the importance of
considering intestinal function when contemplating
the possible use of a particular bile salt as a dietary
supplement. It appears that bile salts, whether acting
individually or in combination, play a pivotal role in
orchestrating nutrient absorption by influencing the
function of epithelial ion transport. However further
research is needed to fully grasp the region-dependent
nuances of bile salt effects on ion transport and the
ultimate consequences for nutrient absorption in the
context of fish aquaculture.

Keywords Sea bream - Intestine - Ussing chamber -
Bile salts - Intestine

Introduction

Bile acids are classically known for their roles in
facilitating the digestion of fats, although many other
functions have been acknowledged in the last few
years. They act as regulators of epithelial homeosta-
sis, transport, and barrier function at the intestinal
level in vertebrates (Hegyi et al. 2018) and also sup-
port antimicrobial activities that can influence the
gut microbiome (Hagey et al. 2010). Moreover, bile
acids can act as pro-inflammatory agents that activate
nuclear receptors and cell signaling pathways to regu-
late lipid, glucose, and energy metabolism (Chiang
2009). Additionally, in the case of fish, there is some
evidence that bile acids act as pheromones (Giaquinto
and Hara 2008), affect taste stimuli (Rolen and Cap-
rio 2008), and likely function in inter- and intraspe-
cific communication (Zhang et al. 2001).

In the current aquaculture, efforts to reduce the
reliance on fishmeal in fish diets have led to the
exploration of plant-based protein sources as poten-
tial substitutes. This dietary shift can have repercus-
sions on digestion, an often-overlooked facet. Plant
protein-based diets typically have lower taurine lev-
els, which is highly present in fishmeal (Aragdo et al.
2014). Taurine plays a critical role in the conjugation
of bile acids in fish (Hofmann et al. 2010). Therefore,
feeding fish with diets deficient in taurine results in
diminished bile salt concentrations due to a reduc-
tion in its availability, as shown in Korean rockfish
Sebastes schlegelii (Kim et al. 2015). Also, low die-
tary levels of taurine may impair fat digestion indi-
rectly considering that taurocholate is the primary salt
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present in fish bile (Goto et al. 1996; Kortner et al.
2014) and that taurine-conjugated bile acids are more
efficient fat emulsifiers than glycine-conjugated bile
acids (Goto et al. 1993; Chesney et al. 1998). From
a strictly practical point of view, there is evidence
that using plant protein meals in diets for some aqua-
cultured fish is often associated with decreased lipid
digestibility, reduced bile acid levels, and hypocholes-
terolemia (Krogdahl et al. 2010; Tocher et al. 2008;
Francis et al. 2001). Using such ingredients disrupts
the bile acid status, resulting in increased excretion/
decreased intestinal reabsorption and modified bile
acid synthesis (Staessen et al. 2020; Kortner et al.
2014). As detailed in a recent review by Romano
et al. (2020), there is an association between impaired
bile acid transport and intestinal inflammation
induced by several anti-nutritional factors like sapo-
nins, oligosaccharides, high molecular mass proteins,
fibers, and specific amino acid residues that may bind
bile salts preventing their reabsorption. Furthermore,
low contents of cholesterol and the absence of taurine
in plant protein sources are likely to reduce bile acid
synthesis.

Bile salts are shown to be capable of reducing or
mitigating the effects of plant-based diets. In Sparids,
bile acid supplementation showed growth-promoting
effects in the sea bream (Sparus aurata) at levels of
0.06-0.12% (Ruiz et al. 2023a), but not in the black
sea bream (Acanthopagrus schlegelii) at levels of
200 mg/kg of feed (Jin et al. 2019), with benefits to
integrity and immune responses in both species. In
rainbow trout (Oncorhynchus mykiss), dietary sup-
plementation with bovine bile acids (1.5%) or syn-
thetic taurocholate (1%) prevents decreased growth
and distal intestine and liver abnormalities caused
by soybean meal or soy antinutrients (Iwashita et al.
2008, 2007; Yamamoto et al. 2007). In contrast,
neither purified taurocholate nor bovine bile salt (at
1.8% supplementation) could revert the poor growth
performance, lipid digestibility, and intestinal inflam-
mation caused by dietary plant protein in Atlantic
salmon (Kortner et al. 2016). Dietary supplementa-
tion with taurocholate attenuated but did not com-
pletely counteract soybean meal-induced enteritis
in Scophthalmus maximus (Gu et al., 2016). These
observations point to a possible negative interaction
of the supplementary bile salts with some plant com-
pounds like lectins or flavonoids that neutralize their
potential beneficial effect.
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On the other hand, artificially increased intestinal
levels of bile acids may significantly impact mucosal
function. Studies in humans demonstrate that low
concentrations of bile acids stimulate enterocyte
proliferation, while higher concentrations cause cell
death. This effect is closely related to the typology
of the bile acid, i.e., conjugated, hydrophilic, decon-
jugated or dehydroxylated (Yui et al. 2009; Katona
et al. 2009). Also, it is well established that exposure
to increasing concentrations of bile acids leads to
rapid loss of epithelial barrier function and a conse-
quent increase in mucosal permeability to macromol-
ecules in the Caco-2 cell line (Raimondi et al. 2008).
Sustained loss of epithelial barrier function in this
way can have severe pathologic implications because
it increases the ability of luminal bacteria to penetrate
the mucosa, thereby causing inflammation in the
human colon (Miinch et al. 2007).

The molecular mechanisms by which bile acids
alter intestinal epithelial transport still need to be
fully clarified. Therefore, bile acids are receiving
much attention as significant regulators of mam-
malian epithelial function in health and disease
(Kelly et al., 2013; Hegyi et al. 2018). Crucial differ-
ences exist in intestinal tissue structure and function
between mammals and fish, and the potential effects
of different concentrations of bile salts on intestinal
function in fish have received limited attention.

In a recent study, Fuentes et al. (2018) evaluated
the epithelial function of physiological (0.4—4 mM)
levels of taurocholic and taurolithocholic acids in
the intestine of Senegalese sole (Solea senegalensis)
using the short-circuit current technique. They dem-
onstrated that bile salts alter ionic transport in the
intestine, intensifying the absorptive pathway in a
dose-dependent and reversible manner without com-
promising the integrity of the epithelium, at least
in vitro. The present study was performed bearing in
mind the above-detailed effects of bile salts already
determined in the sole intestine. We aimed at evaluat-
ing the effect of variable concentrations of different
bile salts on the epithelial function of the most impor-
tant aquacultured species in the Mediterranean Basin,
the gilthead seabream (Sparus aurata), which has
been shown to respond positively to bile salt supple-
mentation in growth trials (Ruiz et al. 2023a, 2023b).
Considering the growing trend to include bile acid
supplements in high-plant diets for fish to compensate
for some of their anti-nutritional effects, the study

was considered an important preliminary step in deci-
sion-making for bile salt type and level of inclusion in
feeds for this species.

Materials and methods
Chemicals

Bile acids or salts were used in the experiments: a
primary bile acid, chenodeoxycholic acid (CDC,
Nutriad, Spain); a mixture formed by two primary
bile acids, 2.8% cholic acid and 96.7% deoxycholic
acid (MIX, Nutriad, Spain); and a conjugated bile
salt, sodium taurocholate (TC, Sigma, Madrid). Con-
centrated stocks (50 mg/ml) were prepared in distilled
water to provide final concentrations of 50, 250, and
500 pg/ml in the Ussing chamber during the experi-
ments. Fluorescein isothiocyanate-dextran (FITC mol
wt 4000, Sigma) was used as a marker for permeabil-
ity assays.

Fish

Sea bream (Sparus aurata) juveniles 70-80 g were
obtained from the in-house stock of Ramalhete
Marine Station (University of Algarve, Faro, Portu-
gal) and maintained in 500-1 tanks with running sea-
water at a density <5 kg/m® and hand fed three times/
week at 1.5% body weight (or the closest they would
ingest, considering the low temperature), with a com-
mercial sea bream diet (Aquagold, Sorgal SA, Portu-
gal: 44% crude protein, 14% crude fat, 8% ash, 2.5%
crude fibers, 1% phosphorus). Fish were acclimated
for 1 month in flowing seawater (salinity 35 p.p.t.;
water temperature 16—17 °C) under a natural photo-
period for January in the Algarve, Portugal.

Tissue removal and definition

In total, tissues from 43 fish were isolated. In most
cases, more than one portion of the anterior or the
posterior intestine was obtained from each donor
fish. In these cases, tissues were allocated to differ-
ent in vitro experiments, and no tissues from the same
intestinal region of an individual fish were included
in the same experimental group. The anterior intes-
tine was defined as a portion of about 3 cm in length
extending caudally from the point of insertion of the
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last pyloric caeca and perfectly distinguishable from
the mid intestine by the transition of musculature.
The posterior intestine was defined as the segment
anterior to the rectal sphincter and did not include the
rectum, a wider, more flexible region perfectly delim-
ited by the rectal and the anal sphincters. Based on
our previous experience of tissue viability (Fuentes
et al. 2006), the maximum expected duration of the
in vitro experiment was 3.5 h, considering that only
a single bile salt type was analyzed in each set of tis-
sues from the same fish in the Ussing chamber.

Voltage clamp in Ussing chambers

On the day of the experiments, 24-h starved fish were
sacrificed, and the whole intestine from stomach to
rectum was isolated and transferred to ice-chilled
pre-gassed (0.3% CO,+99.7% O,) saline. The intes-
tinal regions defined above were isolated, the lumi-
nal content was flushed with saline, the tissue fat
was removed, and no attempt was made to remove
the serosa muscle layer as previously described (Car-
valho et al. 2012). On the day of the experiments, tis-
sues were used in batches of 12 (the maximum num-
ber we could run in parallel experiments), mounted
on tissue holders of 0.5 cm?, and positioned between
half-chambers of a P2400 Ussing type chamber
(Physiologic Instruments, San Diego, USA) con-
taining 2 ml of physiological saline (160 mmol 17!
NaCl, 1 mmol 17! MgSO,, 2 mmol 17" NaH,PO,,
1.5 mmol I"! CaCl,, 5 mmol 1"! NaHCO5, 3 mmol 17!
KCl, 5.5 mmol 17! glucose, and 5 mmol 1-! HEPES,
pH 7.800). During the experiments, the tissue was
bilaterally gassed with 0.3% CO,+99.7% O, and
maintained at 17 °C. All experiments were carried
out under the short-circuit mode by application of a
direct current to set the potential difference (PD) to
0 mV. Under these conditions, changes in short-cir-
cuit current, [, (Al), represent changes in the tran-
sepithelial net ion transfer. Voltage clamping and
current injections were performed using VCC MC6
or VCC MCS voltage clamp amplifiers (Physiologic
Instruments, San Diego, USA). Bioelectrical param-
eters for each tissue were recorded continuously onto
LabScribe3 running in a McIntosh computer using an
iWorx118 data acquisition system from the time of
mounting until the end of the experimental period. /.
was continuously recorded, and epithelial resistance
(Rt, Q cm?) was manually calculated (Ohm’s law,
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Rt=AV/AI) using the current deflections induced
by a bilateral +1 mV pulse of 3 s every minute. The
apical side of the preparation was considered as the
ground. Once Rt and /. achieved a steady state, usu-
ally within 25-35 min, control values were recorded,
and the preparations received incremental levels of
individual bile acids prepared from concentrated
stocks at 30-min intervals to provide final concentra-
tions of 50, 250, and 500 pg/ml. Experiments were
terminated 30 min after adding the highest concen-
tration of bile salt. Positive values for Al (pAmp/
cm?) represent stimulation of absorptive currents or
inhibition of secretory currents, with the same result
regarding net ion movement.

Permeability assays

In separate experiments, the anterior intestine and the
posterior intestine were collected and processed as
described above, but no attempt was made to moni-
tor electrophysiological variables. After 30 min of
tissue stabilization, the saline was replaced with
fresh pre-gassed solution at 17 °C to a final volume
of 2 ml per half-chamber. FITC-dextran (average mol
wt 4000, Sigma, Madrid) from a concentrated stock
(100 mg/ml) was added to achieve a final concentra-
tion of 0.5 mg/ml in the apical chamber, and a sample
(0.1 ml) was collected from the apical and basolateral
compartments after 5 min of mixing to establish time
zero. After exactly 1 h, samples from the donor (api-
cal) and receiver (basolateral) compartments were
collected into fresh vials and established control
periods for apparent permeability (Papp). Individual
bile acids from concentrated stocks were sequentially
added to the apical chamber to give final concentra-
tions of 250 pg/ml and 500 pg/ml, and permeability
was tested in the same tissues for 2 additional hour
periods. In these experiments, the 50 pg/ml experi-
mental group was not tested due to putative issues
with the preparations’ viability due to the experi-
ments’ length (Fuentes et al. 2006).

Fluorescence measurements were performed
using a Multi-Mode Microplate Reader BioTek Syn-
ergy™ 4 (BioTek Instruments, Winooski, VT, USA)
set for excitation wavelength at 492 nm and emission
wavelength at 520 nm. The apparent permeability
(Papp) was estimated using the following equation:
Papp = (V*dC)/(A*C,*dT), where Papp is the perme-
ability in centimeters per second, V is the volume of
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the receiver chamber in pl, A is the surface area of the
tissue in square centimeters, C is the starting concen-
tration in the donor compartment (apical) in ng/pl,
and dC/dT is the rate of concentration change (ng/s)
of FITC in the receiving chamber (basolateral).

Statistical analysis

Results are presented as means +SEM of ten individ-
ual tissues per group for the electrophysiology experi-
ments and eight for the permeability measurements.
All statistics were performed after assessing the
homogeneity of variance (Brown-Forsythe homoge-
neity test), normality (Kolmogorov—Smirnov normal-
ity test), and Rout’s test to identify potential outliers.
Comparison of basal parameters between intestinal
regions was carried out by the Student #-test. Effects
of bile salts were evaluated with a two-way analy-
sis of variance, considering the intestinal region and
bile salt dose as main factors, complemented with the
Sidak test to identify significant effects. All statisti-
cal analyses were performed with Prism 8.0 (Graph-
Pad Prism 8.0 for McIntosh, GraphPad Software, San
Diego, California, USA), and groups were considered
significantly different at p <0.05.

Multivariate analysis was performed using the
software Primer v7.0.21 from PRIMER-e (Massey
University, Albany, New Zealand; Clarke and Gorley
2015). For each parameter under study (delta cur-
rent, resistance, and permeability), the correspond-
ing resemblance matrix (Euclidean distance) was
obtained using all samples or samples from the same
biliary salt experiment. The following routines were
then used in sequence: (i) CLUSTER to obtain hier-
archical clustering into sample groups and the respec-
tive cophenetic correlation, together with SIMPROF
to test for structure in the data and identify sample
groups with 95% confidence, and (ii) permutation-
based hypothesis testing (ANOSIM), an analog of
univariate ANOVA, run on the resemblance matrix to
test for differences between groups of samples from
different experimental treatments (different biliary
salts, same intestinal region) and between groups of
samples from the same treatment (same biliary salt,
two intestinal regions). Finally, a principal coordinate
(PCO) analysis was used to produce a configuration
plot to visualize the level of similarity of individual
samples of each dataset.

Results
Basal measurements in sea bream intestine

Basal epithelial parameters of intestinal preparations
in the sea bream anterior and posterior intestine are
shown in Table 1. In symmetric conditions and under
voltage clamp, the intestine of sea bream shows sig-
nificantly different short-circuit currents (/) between
the anterior and the posterior intestine. In addi-
tion, tissue resistance (Rt) was significantly higher
in the anterior than in the posterior intestine, show-
ing 166.6+15.9 vs. 78.1+3.9 Q cm?, respectively.
Apparent permeability measured using 4 kD FITC-
dextran was between 2 and 3x 107 cm/s in both
regions, without significant differences.

Effects of bile acids on short-circuit current

Increasing CDC concentrations, 50, 250, and 500 pg/
ml applied in Ussing chambers, did not produce an
effect in the anterior intestine A, (1Amp/cm?). How-
ever, the posterior intestine responded with graded
increases of Al in a dose-dependent manner. The
two-way ANOVA analysis (Fig. 1) evidenced signifi-
cant effects of the dosage (p <0.001) and the intesti-
nal region (p=0.008), as well as a significant interac-
tion between both factors (p=0.0227). Similar results
were obtained when testing increasing concentrations
of TC and the bile acid MIX (Figs. 2 and 3).

Effects of bile acids on tissue resistance

Increasing concentrations of CDC and MIX (50,
250, and 500 pg/ml) applied to in vitro preparations
in Ussing chambers did not affect tissue resistance.

Table 1 Basal epithelial parameters of short-circuit current
(e pAmp/cmz), tissue resistance (Rt, Q cm?), and permeabil-
ity (Papp,x 1077 cm/s) in the anterior and posterior intestine
of the sea bream (Sparus aurata) used in this experiment. The
number of tissues for each parameter is given in parentheses.
Asterisks represent differences between the anterior and poste-

rior intestine (Student 7-test, p <0.001)

Anterior Intestine Posterior Intestine

1.13+0.28 (30)
166.6+ 15.9 (30)
2.83+0.49 (24)

3.94+0.49 (30)*
78.1+3.9 (30)*
2.03+0.42 (24)

I, (nAmp/cm?)
Rt (Q cm?)
Papp (x 1077 cm/s)
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Fig. 1 Original traces of
short-circuit current (I,
pAmp/cm?) in the anterior
intestine and the posterior
intestine of sea bream juve-
niles were recorded after

CDC: Anterior intestine

250 pg/ml 500 pg/mi
50 pg/ml Hg/m
V v v

consecutive apical applica- 10 pAlem?
tion of CDC 50, 250, and 1mn
500 pg/ml. Vertical current
deflections are generated CDC: Posterior intestine
by 1 mV pulses to calculate 250 pg/ml
Rt. Lower panel: changes %0 uvglml 5070 gfmi
in short-circuit current
(A, pAmp/cm.?) in sea
bream juveniles’ anterior
and posterior intestines 10 pAem? |
after consecutive apical 10 min
application of CDC 50,
250, and 500 pg/ml. Each
column represents the aver- 12+ ) )
age+SEM (n=10). Aster- o * Il Anterior Intestine
isks represent significant € ol . .
differences between regions g_ 9 * [ Posterior Intestine
for a given dose (two-way £
ANOVA, followed by Sidak <§L 6
multi-comparison test) =
(o]
2 39
<
0-
50 250 500
CDC (ug/ml)
Source of Variation % of total variation P value
Interaction 8.039 0.0227
Region 16.22 0.0008
Dose 22.31 <0.0001

However, applying TC significantly increased tis-
sue resistance in the anterior but not in the posterior
intestine. Results from the two-way ANOVA (Fig. 4)
showed a significant effect of the dosage (p =0.0343)
and the intestinal region (0.0026), as well as a signifi-
cant interaction (p =0.035) between both factors.

Effects of bile acids on tissue permeability

Figure 5 shows the effects of CDC, MIX, and TC
on tissue permeability in the anterior and posterior
sea bream intestine. The application of increasing
concentrations of CDC and TC (250 and 500 pg/
ml) produced no effect either in the anterior or pos-
terior intestine (p>0.05, two-way ANOVA). How-
ever, increasing doses of bile acid MIX determined a
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significant permeability increase (p=0.0015), with-
out effects at levels of 250 pg/ml (two-way ANOVA
followed by Sidak multi-comparison test), regardless
of the intestinal region (Fig. 5).

Multivariate analysis

The multivariate analysis performed considering
either of the three parameters under study showed
neither significant differences between the overall
effect of CDC, MIX, or TC nor between the respec-
tive effect of each biliary salt in the anterior or the
posterior intestinal regions. However, significant dif-
ferences were detected between the two intestinal
areas for the effect of CDC in the delta current (Sup-
plementary Fig. 1; ANOSIM (R)=0.849; p=0.001)
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Fig. 2 Original traces of

short-circuit current (I,

pAmp/cm?) in sea bream

juveniles’ anterior intestine

and posterior intestine were

recorded after consecutive |

TC: Anterior intestine

50 pg/ml 250 pg/ml 50v0 pg/ml

apical application of TC 50, 10 pA/em? —
250, and 500 pg/ml. Verti- 10 min
cal current deflections are TC: Posterior intestine
generated by 1 mV pulses to
calculate Rt. Lower panel: 50 ug/ml 220 He/m!
changes in short-circuit 'y SOVO Hg/ml
current (Al,, pAmp/cm.?)
in the anterior and posterior
intestine of sea bream
juveniles after consecutive
apical application of TC 50, 10 pA/em? |
250, and 500 pg/ml. Each 10 min
column represents the aver-
age+SEM (n=10). Aster-
isks represent significant 12+
differences between regions : .
X < Il Anterior Intestine
for a given dose (two-way = * i )
ANOVA, followed by Sidak S 97 [ Posterior Intestine
multi-comparison test) g-
6
E!
2 3-
<
0-
50 250 500
TC (ug/ml)
Source of Variation % of total variation P value
Interaction 7.646 0.0478
Region 12.81 0.0073
Dose 15.40 0.0007

and in the permeability (Supplementary Fig. 2; ANO-
SIM (R)=0.835; p=0.003) and for the effect of MIX
in delta current (Supplementary Fig. 2; ANOSIM
(R)=0.987; p=0.001). A borderline difference was
detected (ANOSIM (R)=0.51; p=0.002) between
the effect of TC on the epithelial resistance of each
intestinal region.

Discussion
The primary objective of this study was to unveil the

physiological basis that sustains the potential impact
of bile salts on the epithelial functionality of the

sea bream’s intestine. We approached the work tak-
ing into consideration specific bile salts, the relative
concentration, and the specific intestinal region being
investigated. To accomplish this, we utilized the
Ussing chamber, a specific methodology that allows
for the measurement of three different parameters:
the short-circuit current, tissue resistance, and perme-
ability. The short-circuit current is an indicator of the
net active transcellular ion transport across the intes-
tinal epithelium. The process of active ion transport
results in the establishment of a potential difference
across the epithelium, referred to as TEP (transepi-
thelial potential). We measured this voltage differ-
ence using two electrodes positioned as closely as
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Fig. 3 Original traces of
short-circuit current (I,
pAmp/cm?) in the anterior
intestine and the posterior
intestine of sea bream juve-
niles were recorded after

MIX: Anterior intestine

250 pg/ml
50 ug/ml ¥ 509 pg/mi
v

10 pAem? | WWWWMMWMW

10 min
consecutive apical applica-
tion of MIX 50, 250, and o )
500 Hg/ml Vertical current MIX: Posterior intestine
deflections are generated 50 ua/ml
by 1 mV pulses to calculate Ho
Rt. Lower panel: changes i 250 Hg/mi
. panel: gesm ¥~ 500 ug/ml
short-circuit current (A, v
pAmp/cm.?) in the anterior
and posterior intestine
of sea bream j'uvenil.es 10 pAJem? |
after consecutive apical 10 mi
L min
application of MIX 50,
250, and 500 pg/ml. Each
column represents the aver-
age+SEM (n=10). Aster-
isks represent significant %
differences between regions 12- I . .
for a given dose (two-way & Il Anterior Intestine
ANOVA, followed by Sidak 5 o [ Posterior Intestine
multi-comparison test) ey %
£
< 9
2 3-
<
0- |
50 250 500
MIX (ug/ml)
Source of Variation % of total variation P value
Interaction 11.94 <0.0001
Region 23.33 <0.0001
Dose 40.14 <0.0001

possible to the tissue or epithelium. To eliminate any
spontaneous voltage, we introduced a counter-current
using another set of two current electrodes at a dis-
tance from the epithelium. This externally applied
current is known as the short-circuit current (/)
and provides an exact measurement of net ion trans-
port across the epithelium when the tissue is short-
circuited; I, serves as a precise reflection of the tis-
sue’s absorptive or secretory capacity (Clarke 2009).
On the other hand, barrier functionality is primarily
governed by epithelial cells and tight junctions, and
in the context of epithelial systems, tissue resistance
is regarded as the electrical manifestation of barrier
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function (Clarke 2009) and the bioelectrical evalua-
tion of resistance/integrity of the tissue. Preserving
the integrity of the barrier function within the intes-
tinal epithelium is of utmost importance as it segre-
gates the internal and external compartments of the
body (Clarke 2009). Numerous factors can potentially
influence intestinal permeability, including alterations
in gut microbiota, mucus layer changes, and epithe-
lial lining damage, that can lead to translocation and
infiltration of luminal contents to the intestinal tissue
and plasma (Gieryrska et al. 2022; Stolfi et al. 2022).
In the context of the fish intestine, this approach
has been employed to assess insults to the epithelia
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Fig. 4 Tissue resistance
(Rt, Q@ cm.?) of juvenile
sea bream anterior and
posterior intestine in basal

conditions and in response (\’g
to consecutive apical G

application of 50, 250, and
500 pg/ml of CDC, MIX,
and TOO9 (upper, central,
and lower panel, respec-
tively). Each column rep- 0 50
resents the average + SEM
(n=10). Asterisks represent
significant differences

from corresponding basal
values (two-way ANOVA,
followed by Sidak multi-
comparison test)

2 100
[h'4

Il Anterior Intestine
[ Posterior Intestine

Source of Variation % of total variation P value

Dose x Region  0.08963 0.0532
Dose 0.003057 0.9634
Region 25.63 0.0264

250 500

CDC (ug/ml)

Source of Variation % of total variation P value

Dose x Region  0.02749 0.5055
Dose 0.04028 0.3352
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resulting from the introduction of plant protein or
alternative protein sources in sea bream (Estensoro
et al. 2016; Aragdo et al. 2020; Molina-Roque et al.
2022), sea bass (Fonseca et al. 2023) or meagre
(Séenz de Rodrigéaiez et al. 2013).

In the present study, we tested the putative effects
of selected bile salts chenodeoxycholic acid (CDC),
a mixture formed by two bile acids, 3% cholic acid
and 97% deoxycholic acid (MIX), and a conjugated
bile salt sodium taurocholate (TC) on the ion trans-
port in the intestine of sea bream. The selection of the
CDC and the mixture used in this study was based
on previous research concerning the bile composi-
tion in fish, detailed in the “Introduction” section. For
instance, chenodeoxycholic acid (CDC) was identi-
fied in the grass carp Ctenopharyngodon idella, as
reported by Zhang et al. (2017). In contrast, aside
from the Cypriniformes, primarily characterized by
C27 bile alcohols (Hagey et al. 2010), most cultivated
fish species are characterized by the prevalence of

C24 bile acids, and, in the case of Sparids like the red
seabream (Pagrosomus major), CDC may account by
40% of total bile acids (Goto et al 1996).

Notably, these bile acids are primarily conjugated
with taurine, with taurine being the sole amino acid
involved in the conjugation of bile acids in these
species (Kortner et al. 2016; Kim et al. 2015; Yama-
moto et al. 2007). The levels tested in vitro in this
study were selected with the assumption of feeding
at approximately 1.5% of the body weight per day,
enriched with 50-500 mg bile acids per kg of feed.
These values correspond to intermediate supplemen-
tation ranges identified in the literature for fish (Kim
et al. 2015; Hagey et al. 2010; Goto et al. 1996). For
a fish weighing around 100 g and considering a feed-
ing rate of 1.5%, the ingestion rate of bile acids at
50-500 mg/kg of feed would amount to an estimated
intake of 75-750 pg per fish, a range aligning with
the most commonly published values (see above).
These bile acids are anticipated to be retained in the
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Fig. 5 Permeability (Papp,
cm/s) of juvenile sea bream
anterior and posterior
intestine in basal condi-
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intestinal lumen, resulting in concentrations rang-
ing from 50 to 500 pg/ml in the intestinal fluid, the
range we used in our in vitro experiments. While
some intestinal fluid may be lost through absorp-
tion into the bloodstream, there is also the potential
for the uptake of bile salts in the anterior intestine,
which could decrease luminal levels. However, if
water absorption occurs throughout the intestine as it
does along the intestine of the sea bream (Carvalho
et al. 2012), both regions might maintain comparable
concentrations.

We applied bile salts always on the apical/lumi-
nal compartment of our in vitro assays to simulate
the putative effects of feed-bound bile salts in the
intestine of sea bream. Results evidenced that the
addition of either CDC or MIX at increasing con-
centrations did not affect tissue resistance either
in the anterior or posterior intestine. In contrast,
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sodium taurocholate induced a slight yet significant
increase in tissue resistance in the anterior intestine
of the sea bream. This observation was surprising
since in our previous study, performed on the intes-
tine of another fish species, the Senegalese sole, nei-
ther taurocholic nor taurolithocholic acids affected
tissue resistance (Fuentes et al. 2018). However,
sodium taurocholate decreases tissue resistance in
other epithelial models, such as the rabbit gastric
mucosa (Birkett and Silen 1974), although at much
higher concentrations (2.5 to 20 mM). These obser-
vations suggest that the effects on barrier function
are both bile salt and species-specific, possibly
exhibiting heterogeneity, as different sections of the
intestine may respond differently. This is a crucial
aspect to take into account when considering the
potential utilization of a specific bile salt as a die-
tary supplement.
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Electrophysiological measurements represent the
gold standard for assessing tissue integrity. Never-
theless, we further characterized the barrier func-
tion concerning the influence of bile salts using the
fluorescent small-size permeability marker FITC-
dextran, which has a molecular weight of 4 kD. Our
observations revealed no significant impact on per-
meability in tissues stimulated with either CDC or
taurocholate. However, when tissues were stimulated
with the MIX, we observed increased permeability
at the highest concentration employed (500 pg/ml),
which roughly equates to a range of 1-1.5 mM in
the luminal compartment. This finding suggests that
while the MIX may display favorable effects on the
transcellular absorption pathway, as evidenced by
the stimulation of I, it could have adverse effects
at higher concentrations, potentially leading to a dis-
ruption in intestinal barrier function. Similar effects
have been observed in other models, such as the
Caco-2 cell intestinal model (Zeng et al. 2022). How-
ever, whether the effect described here is temporary
and reversible or results in a lasting disruption of the
intestinal barrier function is a subject that requires
further investigation. In addition, we need to con-
sider how our results in vitro translate to an in vivo
situation. Bile salt metabolism is complex and can be
regulated by various factors, for example, bile acid
synthesis autoregulation through the activation of the
farnesoid X receptor (FXR) in the liver and intestine,
which causes hepatic cyp7al not to be activated and a
reduced bile acid synthesis (Romano et al. 2020).

When examining together the present findings
made on seabream in combination with those pre-
viously obtained with the Senegalese sole in vitro
(Fuentes et al. 2018), a clear pattern emerges, point-
ing to more pronounced effects of bile salts on the
ion transport in the posterior regions of the fish intes-
tine. While our analysis focused on the impact of bile
salts in distinct segments of the seabream’s intestinal
tract, specifically the most anterior and posterior sec-
tions, results reveal a progressively increasing influ-
ence on the absorption process from the anterior to
the posterior regions of the intestine. Multivariate
analysis revealed distinct responses between intestinal
regions to each bile salt, albeit with variations in the
affected parameters. Specifically, with CDC, dispari-
ties were evident in both delta current and permeabil-
ity responses. In contrast, with MIX, discrepancies
were solely detected in delta current, and with TC,

alterations were observed exclusively in epithelial
resistance. However, the extent of significance attrib-
uted to the region-specific effects of bile salts war-
rants further investigation, as molecular mechanisms
influenced by the chemical conformation of the bile
salts utilized cannot be discounted.

In conclusion, the present study explored the
effects of different bile salts on the ion transport in the
intestine of sea bream. All bile salts had some stimu-
latory effects in the absorptive pathway, apparent
region-dependent effects, and concentration-depend-
ent stimulation. In addition, the mix of cholic and
deoxycholic acids suggested a potential disruption of
the intestinal barrier function. Although the degree of
relevance associated with the region-dependent func-
tion of bile salts on ion transport remains a subject
for further exploration, the effects described here are
probably complexly linked to nutrient absorption. The
uptake of protein components, encompassing amino
acids and small peptides, demands a coordinated
interplay between nutrient and ion transport mecha-
nisms. This interplay connects nutrient sensing with
the absorption of nutrients through the regulation of
ion transport, a process mediated by enteroendocrine
cells (McCauley et al., 2020). Given that a substantial
portion of dietary amino acid and peptide transport
relies on sodium (Na*)-and hydrogen (H")-linked
transporters (Broer and Fairweather 2018; Broer
2008), precise adjustments of ion concentrations
within the intestinal lumen become paramount for
maintaining and potentially enhancing the absorp-
tive processes crucial for proper nutrition. Bile salts,
whether acting individually or as a collective pool,
are likely pivotal in coordinating nutrient absorption
by influencing the function of epithelial ion transport.
Considering this, using bile salts as feed additives
could be contemplated mostly in fish diets, including
ingredients whose composition may impair the nor-
mal intestinal absorption process.
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