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Lithocholic acid: a new emergent protector of intestinal
calcium absorption under oxidant conditions
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and Nori G. Tolosa de Talamoni

Abstract: LCA and 1,25(0H),D, are vitamin D receptor ligands with different binding affinity. The secosteroid stimulates
intestinal Ca2* absorption. Whether LCA alters this process remains unknown. The aim of our work was to determine the effect
of LCA on intestinal Ca?* absorption in the absence or presence of NaDOC, bile acid that inhibits the cation transport. The data
show that LCA by itself did not alter intestinal Ca?* absorption, but prevented the inhibitory effect of NaDOC. The concomitant
administration of LCA avoided the reduction of intestinal alkaline phosphatase activity caused by NaDOC. In addition, LCA
blocked a decrease caused by NaDOC on gene and protein expression of molecules involved in the transcellular pathway of
intestinal Ca?* absorption. The oxidative stress and apoptosis triggered by NaDOC were abrogated by LCA co-treatment. In
conclusion, LCA placed in the intestinal lumen protects intestinal Ca?* absorption against the inhibitory effects caused by
NaDOC. LCA avoids the reduction of the transcellular Ca?* movement, apparently by blocking the oxidative stress and apoptosis
triggered by NaDOC, normalizing the gene and protein expression of molecules involved in Ca?* movement. Therefore, LCA
might become a possible treatment to improve intestinal calcium absorption under oxidant conditions.
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Résumé : L’acide lithocholique (ALC) et la 1,25(0H),D; sont des ligands du récepteur de la vitamine D possédant des affinités de
liaisons différentes. Le sécostéroide stimule I’absorption intestinale de Ca?+. On ignore encore comme I’ALC modifie ce proces-
sus. Les auteurs avaient pour objectif de connaitre I’effet de I’ALC sur I'absorption intestinale du Ca2* en absence ou en présence
de déoxycholate de sodium (NaDOC), un acide biliaire que inhibe le transport des cations. Les données montrent que I’ALC seul
ne modifiait pas I’absorption intestinale de Ca?* mais il prévenait I’effet inhibiteur du NaDOC. L’administration concomitante
d’ALC prévenait la réduction de I’activité de la phosphatase alcaline intestinale causée par le NaDOC. De plus, I’ALC bloquait une
diminution provoquée par le NaDOC de I’expression génique et protéique de molécules impliquées dans la voie transcellulaire
d’absorption intestinale de Ca2*. Le stress oxydant et ’apoptose déclenchés par le NaDOC étaient abolis par un co-traitement a
I’ALC. En conclusion, ’ALC situé dans la lumiére intestinale protége ’absorption intestinale de Ca?* des effets inhibiteurs du
NaDOC. I’ALC empéche la réduction du mouvement transcellulaire de Ca?* apparemment en bloquant le stress oxydant et I’apoptose
déclenchés par le NaDOC, normalisant I’expression génique et protéique de molécules impliquées dans le mouvement de
Ca?*. Ainsi, ’'ALC pourrait devenir un traitement pour améliorer I’absorption intestinale de Ca2?* en conditions oxydantes.
|Traduit par la Rédaction]

Mots-clés : NaDOC, ALC, absorption intestinale de Ca?*, stress oxydant, apoptose.

are deconjugated and 7a-dehydroxylated by anaerobic microflora
to secondary BAs. They are mainly converted into deoxycholic acid
(DCA) and lithocholic acid (LCA) (Masubuchi et al. 2016). BAs ex-
hibit distinct biological effects, depending on the chemical con-
figuration, degree of hydrophobicity, receptors which they bind
to, concentration, or other physiological conditions.

Introduction

BAs are important molecules involved in the intestinal absorp-
tion of lipids and fat-soluble vitamins. BAs are also recognized as
regulatory molecules. They can activate specific nuclear receptors
and cell signaling pathways in a physiological manner. BAs regu-

late their own synthesis and other biosynthetic and metabolic
pathways during the feed—fast cycle. In addition, these molecules
also have the potential to control cell proliferation and inflamma-
tory processes either in the liver or in the gastrointestinal tract
(Hylemon et al. 2009). Cholic and chenodeoxycholic acids are the
major primary BAs synthesized in the liver. In the intestine, they

The biological properties of LCA and its derivatives have been
extensively studied. It has been shown that LCA binds to VDR
(Makishima et al. 2002), has antibacterial activity (do Nascimento
et al. 2015), produces antiproliferative and pro-apoptotic effects
on human cancer cell lines (Schneider et al. 1996; Halvorsen et al.
2000), inhibits proteasome (Dang et al. 2011), acts as a membrane
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pore (Banerjee et al. 1993), and has anti-aging properties (Arlia-Ciommo
et al. 2014). So far, the effect of LCA on intestinal Ca%* absorption
has not been reported. This is remarkable considering that 1,25(0OH),D,
is recognized worldwide as the main stimulator of intestinal Ca%*
absorption, and both LCA and 1,25(0OH),D, are VDR ligands, al-
though they have different VDR binding affinity (Ishizawa et al.
2008).

We have demonstrated that intestinal Ca?* absorption is modu-
lated by BAs. Our studies have shown that the sodium deoxycholate
(NaDOC) and the ursodeoxycholic acid (UDCA) have differential
effects on intestinal Ca?* absorption. NaDOC inhibits Ca?+ trans-
port across the intestine by triggering oxidative stress and apopto-
sis (Rivoira et al. 2012). In contrast, UDCA increases intestinal Ca?*
absorption, which seems to be mediated by VDR, leading to en-
hancement of protein and gene expressions of molecules involved
in the Ca?* transcellular pathway. The combination of NaDOC and
UDCA neutralizes both responses, probably because UDCA pro-
tects the intestine against the glutathione depletion and the
protein carbonyl increment produced by NaDOC (Rodriguez et al.
2013). Recently, we have shown that the inhibitory and stimula-
tory effects of NaDOC and UDCA on intestinal Ca?+ absorption
occur by decreasing or increasing the Ca?* uptake by mature en-
terocytes, respectively. Moreover, we have demonstrated that UDCA
normalizes the Ca?* transcellular pathway acting as an anti-apoptotic
and anti-autophagic agent (Rodriguez et al. 2016).

Since LCA is a VDR ligand, it is possible that LCA could also
stimulate intestinal Ca2* absorption. To determine this, we have
studied the effects of LCA on intestinal Ca?* absorption in the
absence and presence of NaDOC. Our work also provides insights
into the underlying mechanisms involved in the response of the
intestine to LCA alone or in combination with NaDOC.

Material and methods

Chemicals
All reagents were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) unless otherwise stated.

Animals

One-day old Cobb Harding chicks (Gallus gallus domesticus) were
obtained from Indacor S.A. (Rio Ceballos, Cérdoba, Argentina) and
were fed a normal commercial avian diet (Cargill, S.A.C.L, Pilar,
Coérdoba, Argentina). At 4 weeks of age, they were distributed among
4 groups: (i) controls, (ii) chicks treated with 1 mL of 10 mmol/L NaDOC,
(#ii) chicks treated with 1 mL of 0.2 mmol/L LCA, and (iv) chicks
treated with 0.5 mL of 10 mmol/L NaDOC and 0.5 mL of 0.2 mmol/L
LCA at the same time. Chicks were laparotomized under anesthe-
sia (50 mg ketamine/kg body mass (b.m.) and 10 mg xylazine/kg b.m.)
and a 10 cm segment of the duodenum was ligated, as previously
described (Tolosa de Talamoni et al. 1996). One milliliter of phos-
phate buffer saline (PBS, vehicle), NaDOC, LCA, or NaDOC + LCA
was injected into the distal portion of the sac, and the loop was
reintroduced in the abdomen for 30 min. All experimental proto-
cols followed the Guide for the Care and Use of Laboratory Animals
from the Medicine School of the Universidad Nacional de Cér-
doba, Cérdoba, Argentina. All efforts were made to minimize the
number of animals used and their suffering. They were killed by
cervical dislocation, and the excised duodena were rinsed with
cold 0.15 mol/L NaCl, and mucosa, enterocytes, or intestinal mito-
chondria were isolated, as described below.

Intestinal Ca2* absorption

After injecting each BA or vehicle in the duodenal lumen for
30 min and rinsing the intestinal segment with saline solution,
1 mL of 150 mmol/L NaCl and 1 mmol/L CaCl,, containing 1.85 x
105 Bq #5Ca?* (pH 7.2) was introduced into the lumen of the ligated
intestinal segment. After 0.5 h, blood was withdrawn by cardiac
puncture, centrifuged, and the plasma 45Ca?* was measured in a
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liquid scintillation counter. Absorption was defined as appear-
ance of 4°Ca2* in the blood (Marchionatti et al. 2001).

Enzyme assays

Intestinal alkaline phosphatase (AP) (EC 3.1.3.1) activity was as-
sayed in supernates from duodenum homogenates, as previously
reported (Marchionatti et al. 2001). Caspase-3 (Cas-3) activity
(EC 3.4.22.56) was accomplished in the supernatant from the ho-
mogenates of enterocytes following the absorbance of p-nitroaniline
obtained from a caspase-3-substrate I (Calbiochem, San Diego,
California, USA) in a plate reader at 405 nm (Garcia-Calvo et al.
1998).

Superoxide anion and protein carbonyl contents

Superoxide anion -O, measurements were accomplished in mature
enterocytes from the duodenal villus tip, which were isolated as
previously described (Centeno et al. 2004). Cellular viability was
assayed by the trypan blue exclusion technique. Cells were washed
twice with Hanks buffer (137 mmol/L NaCl, 5.4 mmol/L KCl, 0.25 mmol/L
Na,HPO,, 0.44 mmol/L KH,PO,, 1.3 mmol/L CaCl,, 1 mmol/L MgSO,,
4.2 mmol/L NaHCOj, 6.24 mmol/L glucose; pH 7.4) and incubated with
NBT (1 mg/mL) at 37 °C for 1 h. The formazan precipitates formed
were dissolved in dimethylsulfoxide (DMSO) and quantified at
560 nm. OD values are direct indicators of -O, concentration in
the samples (Serrander et al. 2007). The protein carbonyl content
was determined by using 2,4-dinitrophenylhydrazine in an aliquot
from homogenates of scraped duodenal mucosa diluted in an isola-
tion buffer (50.3 mmol/L HEPES, 127 mmol/L KCl, 1.36 mmol/L EDTA,
0.5 mmol/L MgSO,, and 0.183 mmol/L PMSF, pH 7.4) following the
procedure of Levine et al. (1990).

RNA isolation and analysis of gene expression by
quantitative RT-PCR

Total RNA isolation from duodenal mucosa was performed with
TRIZOL reagent according to the manufacturer’s instructions
(Invitrogen, Carlsbad, Calif.). RNA concentration and purity were
determined by spectrophotometry. Quantitative RT-PCR amplifi-
cation was performed in a thermocycler (Quantitative PCR ther-
mocycler Stratagene Mx 3000P; Agilent Technologies, Inc., Santa
Clara, Calif). Amplification mixture (total volume 25 pl) contained
0.5 png RNA, 0.3 pmol/L each primer, 0.4 pL of the diluted refer-
ence dye, 1.0 pL of RT/RNase block enzyme mixture, and 12.5 pL of
2X Brilliant II SYBR Green QRT-PCR master mix (Stratagene, Agi-
lent Technologies). The following protocol was used: 1 cycle at
50 °C for 30 min, 1 cycle at 95 °C for 10 min, 40 cycles as follows:
denaturation at 95 °C for 30 s, annealing at 55 °C for 60 s, and
extension at 72 °C for 30 s. The amount of PCR products formed in
each cycle was evaluated on the basis of SYBR Green fluorescence.
Primer sequences for amplification of chick sodium calcium ex-
changer 1 (NCX1) gene were as follows: forward 5'-GACTGTTTC
CAACCTCACAC-3' and reverse 5-TAGCAACCTTTC CGTCCATC-3’,
which amplified a 490 bp fragment. Primers sequences for chick
plasma membrane calcium ATPase (PMCA1,) gene were: forward
5'-GTTGTGCAGATAATTATGCTGC-3' and reverse 5-GGAATTTCAA
GCGGCTAGTTGG-3', which amplify a 120 bp long sequence. Primers
sequences for chick calbindin D,g, (CB D,g) gene were: forward
5'-ATGGATGGGAAGGAGCTACAA-3' and reverse 5-TGGCACCTA
AAGA ACAACAGGAAAT-3’, which amplify a 194 bp long sequence.
Cycle-to-cycle fluorescence emission readings were monitored
and quantified using the AAC; method (Livak and Schmittgen
2001). The copy numbers of mRNA from each gene was normal-
ized relative to that of 18S.

Western blot analysis

Immunoblotting analysis of NCX1, PMCA,;,, CB D,g,, FAS, and
FASL was performed using mucosal homogenates from the chick
duodenum. Suspensions were done in RIPA (radio immuno precip-
itation assay buffer) lysis buffer (1% SDS, 0.5% sodium deoxycholate in
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PBS, containing 1 mmol/L PMSF, and 1 mmol/L NaF), and then
centrifuged. Afterwards, proteins (100 j.g) were denatured for 5 min at
95 °C and separated in 12% (wfv) SDS—polyacrylamide minigels for FAS,
FASL, and CB D,g,, and in 8% (w/v) SDS-polyacrylamide minigels
for the other proteins (Laemmli 1970). Gels containing the sepa-
rated proteins were immersed in the transfer buffer (25 mmol/L
Tris-HCI, 192 mmol/L glycine, 0.05% w/v SDS, and 20% v/v meth-
anol) (Towbin et al. 1979). Nitrocellulose membranes (0.45 pm)
were blocked for 1.5 h with 2% w/v nonfat dry milk in 0.5 mol/L
Tris-buffered saline solution and incubated overnight at 4 °C with
the specific primary antibody at 1:1000 dilution in each case. The
antibodies were: anti-NCX 1 monoclonal antibody PPS019 (R&D
Systems, Minneapolis, Minnesota, USA), anti-PMCA;, (human erythro-
cyte clone 5F10 A7952 Sigma-Aldrich), anti-CB D, (anti CB D,g,,
polyclonal antibody produced in rabbit, Sigma-Aldrich), mouse
anti-CD95 (FAS) monoclonal antibody (BD Pharmigen Biosciences,
San José, Calif.), and rabbit anti-FASL polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, Calif.). After 3 washings, appro-
priate secondary biotinylated antibodies were incubated at room
temperature for 1 h. Then, the blots were washed 3 times and
streptavidin-biotin conjugate (Histostain-SP Broad Spectrum, In-
vitrogen Calif.) was added. Detection was performed using 3,3'-
diaminobenzidine (DAB) as the chromogen. Monoclonal antibody
anti-GAPDH (clone GAPDH-71.1, Sigma-Aldrich) was used to detect
GAPDH as a marker to normalize the relative expression of the
other proteins. The band intensities were quantified using an Im-
age Capturer EC3 Imaging System, Launch VisionWorks LS (Life
Science, Cambridge, UK) software to obtain the relative expres-
sion of proteins.

Changes in mitochondrial membrane permeability (swelling)

Isolation of the mitochondria

Mitochondria were isolated from duodenal mucosa of the con-
trol animals by differential centrifugation, as previously reported
(Tolosa de Talamoni et al. 1985). Isolated intestinal mitochondria
(3 mg protein) were incubated in 3 mL of respiratory buffer
(0.1 mol/L NaCl, 10 mmol/L MOPS, 1 mmol/L glutamate, 1 mmol/L
malate; pH 7.4) for 10 min at 25 °C, and monitored at 540 nm in a
Beckman Coulter DU640 spectrophotometer (USA). Basal values of
mitochondrial absorbance were measured for 5 min, and the op-
tical density was followed for 5 more minutes, after addition of
NaDOC (1 mmol/L), LCA (0.2 mmol/L), or NaDOC + LCA (1 mmol/L
and 0.2 mmol/L, respectively) (Rodrigues et al. 1998).

Statistics

Data are the mean * SE. Results were evaluated by 1-way analysis
of variance (ANOVA) and the Bonferroni post-hoc test. Differences
were considered statistically significant at p < 0.05. All the analy-
ses were carried out by using SPSS software (version 22.0) for
Windows 8.1 (SPSS, Inc., Chicago, Illinois, USA).

Results

LCA did not alter the intestinal Ca?* absorption but
prevented the inhibitory effect of NaDOC

As previously observed, NaDOC inhibited the chick intestinal
Ca?* absorption. In contrast, LCA did not modify this physiologi-
cal process, but it prevented the inhibition caused by NaDOC
when both BAs were administered simultaneously (Fig. 1).

The concomitant administration of LCA avoided the
reduction of intestinal AP activity caused by NaDOC

Figure 2 shows that the effects of NaDOC and (or) LCA on intes-
tinal AP activity were similar to that of the intestinal Ca?+ absorp-
tion. In other words, NaDOC produced a decrease in the enzyme
activity, LCA did not change it, and NaDOC plus LCA neutralized
the NaDOC effect.
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Fig. 1. Effect of different treatments on chick intestinal Ca?+
absorption. After injecting 0.2 mmol/L LCA, 10 mmol/L NaDOC,

0.2 mmol/L LCA + 10 mmol/L NaDOC, or vehicle in the duodenal
lumen for 30 min and rinsing the intestinal segment, 1 mL of

150 mmol/L NaCl and 1 mmol/L CaCl,, containing 1.85 x 10° Bq 4>Ca2*
(pH 7.2), was introduced into the lumen of the ligated intestinal
segment for 30 min. Then, blood was withdrawn by cardiac
puncture, centrifuged, and the plasma 45Ca?* was measured. Values
are the mean * SE: Control (n = 7 chicks); NaDOC (n = 5 chicks); LCA
(n = 6 chicks); NaDOC + LCA (n = 7 chicks); *, p < 0.05 compared with
the control, LCA, and NaDOC + LCA treatment groups.

2.5 4

nmol Ca?*/mL plasma

T}

Control NaDOC LCA  NaDOC+LCA

Fig. 2. The effect of different treatments on AP activity. After

30 min of injecting 0.2 mmol/L LCA, 10 mmol/L NaDOC, 0.2 mmol/L
LCA + 10 mmol/L NaDOC, or vehicle into the duodenal sac, AP activity
was measured in water homogenates (1:10 w/v) of intestinal mucosa
using p-nitrophenyl phosphate as substrate in 0.5 mol/L dietha-
nolamine buffer; pH 9.8. Values are the mean + SE: Control (n =5
chicks); NaDOC (n = 7 chicks); LCA (n = 6 chicks); NaDOC + LCA (n =6
chicks); *, p < 0.05 compared with the control, LCA, and NaDOC +
LCA treatment groups.

IU/mg prot
O B N W b U1 O N

Jiiiiiiisii

Control NaDOC LCA  NaDOC+LCA
LCA blocked a decrease caused by NaDOC on gene and
protein expression of molecules involved in the
transcellular pathway of intestinal Ca?* absorption

Gene expressions of CB D,g,, PMCA,,, and NCX1 were decreased
by NaDOC treatment. These changes were avoided with the
co-treatment of LCA, and LCA alone did not produce any altera-
tion (Figs. 3A, 3B, and 3C). Similarly, the protein expressions of CB
D,g» PMCA,;,, and NCX1 were decreased by NaDOC treatment;
LCA did not affect them but it aborted the inhibitory effect of
NaDOC (Figs. 4A, 4B, and 4C).

The oxidative stress triggered by NaDOC was avoided by
simultaneous treatment with LCA

As can be seen on Fig. 5A, the intestinal protein carbonyl con-
tent was increased by NaDOC, remained unchanged with LCA,
and was identical to that of the control group when animals were
treated with NaDOC and LCA at the same time. A similar response
was obtained when the production of -O, was analyzed after the
single or simultaneous treatment with NaDOC and (or) LCA
(Fig. 5B).
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Fig. 3. qRT-PCR analysis of chick duodenal mucosa mRNA expression levels of CB D,g, (A), PMCA,, (B), and NCX1 (C). Gene expression levels
after 30 min of treatment represent the relative mRNA expression compared with the 18S mRNA. Values are the mean * SE from 5 chicks for
each experimental condition; *, p < 0.05 compared with the control, LCA, and NaDOC + LCA treatment groups.
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> Fig. 4. Effect of different treatiments on the protein expression of CB D,g;, PMCA;,, and NCX1. After 30 min of injecting 0.2 mmol/L LCA, 10 mmol/L
% NaDOC, 0.2 mmol/L LCA + 10 mmol/L NaDOC, or vehicle, the protein expression of CB D,g, (A), PMCA,;, (B), and NCX1 (C) was analyzed by Western blot in
K pool of mucosa from 3 chick duodena for each experimental condition. One hundred micrograms of duodenal mucosa homogenate suspension was
S separated by SDS-PAGE and immunoblotted with the corresponding antibodies, followed by detection with DAB as a chromogen. Three independent
? experiments were accomplished. Values are the mean * SE; *, p < 0.05 compared with the control, LCA, and NaDOC + LCA treatment groups.
?
0] A B
o
— CBD.
o PMCA s w— 140 kDa 33 28 kDa
LL GAPD]I-; 37kDa GAPDH 37 kDa
50 +
50 -
[
. % 2 40 - \
g \ g 30 1 \
£ § ‘:;E 20 §
E = b
< \ < \
10 - % 10 | %
N \
0 - — RN 0 4 |
Control  NaDOC  LCA NaDOC+LCA Control  NaDOC  LCA NaDOC+LCA

NCX1 s
GAPDH 37 kDa

70 ~

|
I
)
=
=
=

60 -
50 - e

40 -

Arbitrary Units

20

10 4

Vi

Control NaDOC LCA NaDOC+LCA

a

< Published by NRC Research Press



Biochem. Cell Biol. Downloaded from www.nrcresearchpress.com by FONDO DE INFORMACION Y DOCUMENTACION PARA LA INDUSTRIA (INFOTEC) on 04/24/17

For personal use only.

Marchionatti et al.

277

Fig. 5. The effect of different treatments on protein carbonyl content (A) and production of superoxide anion (-O, ) (B). After 30 min of
injecting 0.2 mmol/L LCA, 10 mmol/L NaDOC, 0.2 mmol/L LCA + 10 mmol/L NaDOC, or vehicle into the duodenal sac, the protein carbonyl
content and -O, were measured. Values are the mean * SE from 5 chicks for each experimental condition; *, p < 0.05 compared with the

control, LCA, and NaDOC + LCA treatment groups.
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LCA ameliorated the changes in mitochondrial membrane
permeability (swelling) provoked by NaDOC

Mitochondrial swelling due to alterations in mitochondrial per-
meability was monitored through changes in the absorbance of
mitochondrial suspensions at 540 nm. Freshly isolated mitochon-
dria of duodenal mucosa from control chicks were exposed to
NaDOC (1 mmol/L), LCA (0.2 mmol/L), or to both BAs (1 mmol/L
NaDOC plus 0.2 mmol/L LCA) at the same time. As expected, NaDOC
produced a sharp decrease in the absorbance after addition to the
mitochondrial incubation. LCA caused a lower decrease in the
absorbance of the mitochondrial suspensions, and the co-
treatment partially prevented the intense alteration in the absor-
bance produced by NaDOC (Fig. 6).

The extrinsic pathway of apoptosis was triggered by NaDOC
in chick duodenal mucosa, which was abrogated by LCA co-
treatment

The protein expression of FAS and FASL, two molecules in-
volved in the extrinsic route of apoptosis, was significantly in-
creased by NaDOC. In contrast, LCA by itself had no effect on that
pathway. However, LCA blocked the effect of NaDOC when both
drugs were administered simultaneously (Fig. 7). The activity of
caspase-3, one of the main executioners of apoptosis, was also
increased by NaDOC. LCA alone did not modify the enzyme activ-
ity but avoided the enhancement caused by NaDOC.

Discussion

This study clearly shows that LCA protects intestinal Ca%* ab-
sorption under conditions of oxidative stress. However, LCA does
not affect intestinal Ca?* absorption in the chick when entero-
cytes exhibit a physiological redox state. This response is unique
in comparison with other BAs. As previously mentioned, NaDOC
inhibits intestinal Ca?* absorption, which occurs in the range of
concentrations typically found in the aqueous phase of stool in
patients with ileal resection (Hofmann and Hoffman 1974). By
comparison, UDCA stimulates intestinal Ca?* absorption either in
chicks or rats, and in addition, UDCA avoids the inhibitory effect
of NaDOC when both are administered simultaneously (Rodriguez
et al. 2013). In other words, the single administration of NaDOC,
UDCA, or LCA has different effects on intestinal Ca?* transport.
The inhibitory effect of NaDOC seems to be a result of the intra-
cellular oxidative stress, apoptosis, and (or) autophagy occurring
in the enterocytes. As the activity of AP declines after NaDOC
treatment as well as the protein expression of molecules involved
in the cation movement from the enterocytes towards the lamina
propria such as PMCA1b, NCX1, and CB D,gq,, it can be assumed
that the transcellular pathway of intestinal Ca?* absorption is
damaged by NaDOC. By comparison, UDCA per se increases intes-
tinal Ca?+ absorption, improving the transcellular Ca?* transport
without altering the intestinal redox state. Apparently, this effect
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Fig. 6. Optical density changes (swelling) in mitochondria isolated
from chick enterocytes. Basal values of mitochondrial absorbance
were measured for 5 min (control) and optical density was followed
for 5 more minutes after the addition of 0.2 mmol/L LCA, 1 mmol/L
NaDOC, 1 mmol/L NaDOC + 0.2 mmol/L LCA, or vehicle. The arrow
indicates the addition of the treatment. The graph represents one of
3 separate experiments.
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could be a consequence of enhancing VDR protein expression.
This work demonstrates that neither the intestinal Ca?* absorp-
tion nor the redox state of enterocytes is changed by LCA alone. In
agreement, no increase in serum Ca was found when very high
levels of LCA were given to vitamin D-sufficient rats, presumably
because 1,25(0H),D; is a more potent VDR ligand compared with
the low affinity of LCA (Nehring et al. 2007). Therefore, NaDOC,
UDCA, and LCA trigger different mechanisms in the chick duode-
num, which suggests that global intestinal Ca?+ absorption under
physiological conditions will depend on the proportion of each BA
in the bile flowing into the enteric fluid. Whether the chemical
structure, the degree of solubility, the receptors which they bind
to, or other factors are responsible for the variety of intestinal
responses to these BAs remains unanswered.

LCA does not alter the gene and protein expression of molecules
presumably involved in the transcellular pathway, which corre-
lates with the lack of effect of LCA on the intestinal Ca?* absorp-
tion. However, Nehring et al. (2007) have found that LCA increased
the expression of TRPV6, calbindin Dy, and Ca?*-ATPase mRNA in
the intestine of male vitamin D-deficient mice. As the authors
suggest, perhaps LCA can act as a vitamin D substitute only in
vitamin D deficient states, because LCA does not compete with
any VDR ligand. Furthermore, it has been suggested that LCA may
induce a VDR conformation distinct from 1,25(0H),D,, exhibiting
selective physiological functions (Adachi et al. 2005). Although
LCA does not modify the gene and protein expression of molecules
involved in the Ca?* transport, it avoids the inhibitory effects of
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Fig. 7. The effect of different treatments on the protein expression of FAS (A) and FASL (B) and caspase-3 activity (C). After 30 min of injecting
0.2 mmol/L LCA, 10 mmol/L NaDOC, 0.2 mmol/L LCA + 10 mmol/L NaDOC, or vehicle into the duodenal sac, the protein expression of FAS and
FASL was analyzed by Western blot in a pool of mucosa. Caspase-3 activity measurements were accomplished at 405 nm on supernatant from
the homogenates of enterocytes. Values are the mean * SE. Each value corresponds to a pool of 3 or 4 intestines. Values for the mean are from
4 different measurements; *, p < 0.05 compared with the control, LCA, and NaDOC + LCA treatment groups.
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NaDOC on PMCA,;;, NCX1, and CB D, expressions. The protective
action of LCA is apparently related to the blockage of oxidative
stress, as judged by its abolition of the enhancement of -O, and
carbonyl groups and the mitochondrial swelling caused by
NaDOC.

As is known, oxidative stress could easily lead to cell death by
apoptosis (Kannan and Jain 2000). In fact, we have previously
demonstrated that the intrinsic pathway of apoptosis is triggered
by NaDOC (Rivoira et al. 2012). Our data showing the enhance-
ment in the protein expression of FAS, FASL, and in caspase-3
activity indicate that the extrinsic pathway is also involved in the
apoptosis caused by NaDOC. In contrast, LCA does not affect the
apoptotic extrinsic pathway but avoids the enhancement of FAS-
FASL-caspase-3 caused by NaDOC when it is administered simul-
taneously.

The intriguing point is that the combinations of NaDOC-UDCA
or NaDOC-LCA all block the inhibitory effect of NaDOC on intes-
tinal Ca?* absorption. The beneficial effect of UDCA would be
through the enhancement of VDR, which could trigger the activa-
tion of molecules involved in the intestinal Ca?* movement. Some
studies suggest that LCA induces its own detoxification by activat-
ing nuclear receptors to promote transcription of genes encoding
sulfotransferase, and it is suggested that LCA not only may un-
dergo sulfation, but that it is also effluxed back into the intestinal
lumen (Hofmann 2004). The efficiency in LCA detoxification could
explain the lack of effect of LCA alone on the intestine but not the
mechanism of protection of LCA against the inhibitory effect of
NaDOC on the intestinal Ca?+ absorption. Another aspect to take
into account is the possibility that LCA could bind to other recep-
tors in the intestine, such as FXR and PXR. Although LCA seems to
bind modestly to FXR, FXR activation is known to induce the
genes involved in enteroprotection (Inagaki et al. 2006). With re-
spect to PXR, it is more confusing, because Owen et al. (2010),
based on the different intestinal responses according to the route
of administration of LCA, have suggested that in the intestine, the

NaDOC LCA NaDOC+LCA

structure of LCA may be altered and that it is no longer a ligand for
PXR. Beyond that, BAs are known to provoke also non-receptor-
mediated effects (Katona et al. 2009).

In conclusion, LCA in the intestinal lumen protects the absorp-
tion of intestinal Ca?+ from the inhibitory effects of NaDOC. LCA
avoids the reduction of the transcellular Ca?* movement by block-
ing the oxidative stress and apoptosis triggered by NaDOC, nor-
malizing the gene and protein expression of molecules involved
in the Ca?* movement from lumen to blood. Since the functional
toxicity of LCA in humans is in question due to the efficient hu-
man detoxification (Hofmann 2004), the use of LCA or derivatives
to protect the intestinal Ca2+ absorption under oxidant condi-
tions caused by medications or pathological conditions,
e.g., diabetes mellitus or gut inflammation, might become a pos-
sible treatment.
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