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Introduction 
 

onstitutive androstane receptor (CAR; NR1I3) 
acts as a xenobiotic nuclear receptor, which 

plays an important role in the regulation of gene 
expression associated with the metabolism and 
disposition of endogenous substances and 
xenobiotics.1,2 CAR is involved in the processes of 
bile acid and bilirubin detoxification,3 adrenal steroid 
homeostasis,4 lipid and glucose metabolism,5 
inflammation,6 and bone homeostasis.7 CAR is 
predominantly expressed in several organs, including 
liver, kidney, and intestine.8 Moreover, CAR has 
been suggested as a useful target for the treatment of 
various diseases, including cancer, diabetes mellitus, 
inflammatory bowel disease, atherosclerosis, and 
cholestatic liver disease.9 In the intestine, CAR 
regulates the expression of transporter proteins, such 
as organic anion transporting polypeptide 2 (OATP2), 
multidrug resistance 1/P-glycoprotein (MDR1), 
multidrug resistance proteins 2 and 3 (MRP2 and 
MRP3), bile salt export pump (BSEP), and sodium 
taurocholate cotransporting polypeptide (NTCP).10 
Recently, CAR has been reported to downregulate the 

expression and function of intestinal cystic fibrosis 
transmembrane conductance regulator (CFTR), 
which is the cAMP-activated Cl- channel.11 
Therefore, these lines of evidence suggest that CAR 
is involved in the control of fluid and electrolyte 
transport in the intestine. 

Intestinal fluid secretion of water and electrolytes 
is a complex process, which plays a critical role in 
fluid loss during diarrhea.12 Diarrhea is the second 
leading cause of global child mortality which is 
estimated around 525,000 deaths in children under 
the age of five.13 Although the major cause of 
diarrhea is due to enteric infection by enterotoxin-
producing bacteria, viruses, or parasites,14 non-
infectious diarrhea still greatly reduces the quality of 
life of several patients. For example, patients with 
short bowel syndrome suffer from chronic secretory 
diarrhea due to excessive bile salt passing through the 
colon. Its underlying mechanism is associated with 
the activation of intestinal chloride channels, 
including CFTR and calcium-activated chloride 
channel (CaCC). In addition to CFTR, CaCC plays an 
important role in intestinal chloride secretion in 
response to the increase of intracellular Ca2+  levels. 
Overactivation of CaCC is the underlying patho-
physiology of diarrhea caused by rotavirus, anti-HIV 
protease inhibitors, and bile acid diarrhea.13 However, 
the precise mechanisms by which CaCC are regulated 
has yet to be fully elucidated.  

It has been shown that CaCC activity was 
modulated by intracellular Ca2+, calmodulin-depend-
ent protein kinase (CaMKII), and cGMP-dependent 
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protein kinase.15 There was some evidence showing 
that several nuclear receptors play a role in the 
regulation of Ca2+-induced chloride secretion, such as 
farnesoid X receptor (FXR) and peroxisome proli-
ferator-activated receptor-γ (PPARγ).16,17 Although 
CAR has been shown to regulate several ion transport 
mechanisms in the intestine, there is limited 
information regarding the role of CAR in the 
regulation of Ca2+-activated Cl- channel. Thus, our 
study aimed to investigate the effects of CAR 
activation in the regulation of CaCC-mediated 
chloride transport in intestinal epithelial T84 cells. 
Besides, antidiarrheal efficacy of CAR was assessed 
using TDCA-induced Cl- secretion in T84 cells. 
 

Materials and Methods 
 

Cell line and chemicals 
T84 intestinal epithelial cell was purchased from the 
American Type Culture Collection (ATCC).  DMEM-
F12 was purchased from Gibco (Grand Island, New 
York, USA). Fetal calf serum and penicillin/strep-
tomycin were purchased from HyClone (Logan, Utah, 
USA). Adenosine triphosphate (ATP), thapsigargin, 
amiloride, CFTRinh-172, amphotericin B, 6-(4-chloro-
phenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-
(3,4-dichlorobenzyl)oxime (CITCO), CAR Inhibitor 
not PXR Activator 1 (CINPA1), and taurodeoxycholic 
acid (TDCA) were purchased from Merck (Darmstadt, 
Germany). 
 

Cell culture 
T84 cells were cultured in DMEM-F12 medium 
added with 10% fetal bovine serum, 100 U/ml 
penicillin and 100 mg/ml streptomycin.  The cells 
were maintained in an incubator equipped with 95% 
O2 and 5% CO2. For the Ussing chamber experi-
ments, cells were plated on snapwell inserts (Corning, 
New York, USA)  at a density of 106 cells/ well and 
cultured for 7-14 days before an experiment. 
Confluent T84 cells in the snapwells which reached 
the resistance more than 1000 Ω∙cm2 were selected 
for use in the experiments. 
 

Ussing chamber experiments 
The snapwell was mounted in the Ussing chamber 
system (Physiologic Instruments, San Diego, CA, 
USA). Intact T84 monolayers were bathed with 
symmetrical Kreb’s bicarbonate solution containing 
(in mM) 120 NaCl, 25 NaHCO3, 0.8 K2HPO4, 3.3 
KH2PO4, 1.2 MgCl2, 1.2 CaCl2 and 10 D-glucose (pH 
7.4). The buffer was continuously bubbled with 95% 
O2 and 5% CO2. For apical chloride current measure-
ment, the basolateral hemichamber was filled with 
Ringer’s solution containing ( in mM)  130 NaCl, 2.7 
KCl, 1.5 KH2PO4, 0.5 MgCl2, 1 CaCl2, 10 HEPES, 
and 10 glucose (pH 7.4). The apical hemichamber 
was filled with half-Ringer’ s solution containing the 
same composition as Ringer’s solution, except for the 
replacement of 65 mM NaCl with Na-gluconate, and 
CaCl2 was increased to 2 mM. The solution was 

continuously bubbled with oxygen and the 
temperature was maintained at 37ºC. The T84 
monolayers were basolaterally permeabilized with 
250 µg/ml amphotericin B about 30 minutes before 
starting the experiments. Amiloride (10 µM)  and 
CFTRinh-172 (20 µM) were added to the apical 
solution to inhibit the activities of epithelial sodium 
channel (ENaC)  and cystic fibrosis transmembrane 
conductance regulator (CFTR) channel, respectively. 
 

Data analysis and statistics 
Data were presented as mean ± SEM. The Student’s 
t-test and one-way analysis of variance ( ANOVA) 
followed by Student Neuman–Keuls post hoc test 
were performed between two sets of experiments and 
multiple groups of comparison, respectively.  P value 
of < 0.05 were considered as statistically significant. 
 

Results 
 

Effect of CAR agonist on ATP-induced Ca2+-
dependent current in intestinal epithelia 
Since the activation of intestinal CaCC is mediated by 
the increase in intracellular Ca2+ levels, we investi-
gated the effect of CAR agonist on the ATP-induced 

 

 
 

 
 

Figure 1  Effect of CAR agonist on ATP-induced Ca2+-
dependent current in intact T84 cells. (A) Representative 
tracings of the dose-response effect of CITCO, a CAR 
agonist, on Ca2+-dependent short-circuit current (Isc) in intact 
T84 cells. T84 cell monolayers were pretreated for 24 h with 
DMSO (vehicle) or CITCO at the indicated concentrations. 
Then Ca2+-dependent stimuli (100 M ATP) were added into 
the apical solution and the Isc measurement was performed. 
(B) Summary bar graph of the dose-dependent data, which 
are expressed as mean  SEM (n = 5-8). *, P < 0.05; **, P < 
0.01 compared to control. 
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short-circuit current in intestinal epithelia. T84 
monolayers were pretreated with CITCO, a CAR 
agonist, for 24 h and then were mounted in the 
Ussing chamber. Then a purinergic agonist ATP (100 
µM) was added to the bathing solution to stimulate 
intracellular Ca2+ level increase followed by CaMKII 
phosphorylation and opening of CaCC.18 The results 
showed that 1 M CITCO significantly inhibited the 
ATP-stimulated short-circuit current in T84 cells 
(69.2 ± 3.8% of control) with maximal inhibition 
observed at 10 μM (61.4 ± 10.1% of control; Figure 
1) .  CITCO abolished ATP-induced secretory current 
in a time-dependent manner with a significant 
inhibitory effect after 24 hours of incubation (Figure 
2). These results suggested that CAR agonist might 
have exerted its action via genomic mechanism.  
 

Effect of CAR activation on ATP-induced apical 
Cl- secretion 
To investigate the effect of CAR agonist on CaCC-
mediated apical Cl- secretion in T84 cells, apical Cl- 
current analysis was performed. Basolateral membrane 
of T84 cells were permeabilized by amphotericin B in 
the presence of a basolateral-to-apical Cl- gradient 
solution. The contributions of CFTR and ENaC were 
precluded by treatment with CFTRinh-172 and 
amiloride, respectively. Apical CaCC-mediated Cl- 
secretion was stimulated after the addition of 100 M 
ATP into apical bathing solution. The results demons-
trated that CITCO (1 µM, 24 h pretreatment) produced 
a similar inhibitory effect on apical Cl- secretory 
current (78.7 ± 2.8%  of control; Figure 3). To assure 
that the inhibitory effect of CITCO on CaCC-mediated 
apical Cl- secretion depends on CAR activation, a CAR 
antagonist CINPA1 was used to confirm the results. As 
shown in Figure 3, co-treatment with CINPA1 (1 M) 
and CITCO (1 M) reversed the inhibitory effect of 
CITCO on ATP-induced apical Cl- current, whereas 
CINPA1 alone produced no effect (99.8 ± 2.8%  and 
105.3 ± 2.8%  of control, respectively) .  These results 
indicated that CAR activation decreased CaCC-
mediated apical Cl- secretion in T84 cells. 

 

Effect of CAR activation on thapsigargin-induced 
Ca2+-mediated Cl- secretion 
To investigate the effect of CAR activation on the 
downstream of intestinal Ca2+ signaling, 5 μM 
thapsigargin, an endoplasmic reticulum Ca2+ -ATPase 
inhibitor, was added into both hemichambers to 
excessively enhance the intracellular Ca2+  levels in 
basolaterally permeabilized T84 cells.  Elevation of 
current tracing indicated the activity of apical CaCC. 
As shown in Figure 4, CITCO inhibited thapsigargin-
induced apical Cl- current (65.4 ± 9.1% of control) . 
These results suggested that CAR activation reduced 
CaCC-mediated Cl- secretion at the downstream level 
of Ca2+ elevation. 

 
Effect of CAR activation on taurodeoxycholic acid 
(TDCA)-induced Cl- secretion  
Intestinal secretion of water and electrolytes caused 
by excessive bile acids is mediated through activation 
of intestinal Cl- channels.  Previous studies reported 
that a high level of TDCA stimulates intestinal Cl- 
secretion through a Ca2-dependent mechanism.19,20 To 
assess the potential application of CAR activation for 

 
 

Figure 2  Time-course responses of the effect of CAR 
agonist on ATP-induced Ca2+-dependent current in intact 
T84 cells. T84 cell monolayers were exposed to DMSO 
(vehicle) or 1 M CITCO for varying time periods before 
subsequent measurement of the Isc responses to ATP (100 
M). Data are expressed as mean  SEM of percentages of 
ATP-stimulated Isc (n = 5-8). *, P < 0.05; **, P < 0.01 
compared to control.  

 
 

Figure 3  Effect of CAR activation on CaCC-mediated 
apical Cl- secretion in permeabilized T84 cells. T84 cells 
were pretreated with DMSO (vehicle), or 1 M CITCO, or 1 
M CINPA1 (CAR antagonist), or CITCO plus CINPA1 for 
24 h, followed by the addition of ATP (100 M) into the 
apical solution. Then, CaCC-mediated apical Cl- current (ICl

-) 
was measured. (A) Representative tracings of ICl

- from 5 
separate experiments and (B) summary bar graph of the 
data are shown. *, P < 0.05; **, P < 0.01. 
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treatment of bile acid-induced diarrhea, T84 cells 
were treated with 1 M CITCO for 24 h. Then 1 mM 
TDCA was used to stimulate Cl- secretion. 
Interestingly, CITCO significantly inhibited TDCA-
induced secretory current (67. 0 ± 8. 2%  of control; 
Figure 5). These results suggested that CAR 
activation had a potential application for the 
treatment of bile acid-induced diarrhea. 
 

Discussion 
 

The constitutive androstane receptor ( CAR) , a well-
known xenobiotic receptor, plays a crucial role in the 
regulation of xenobiotic detoxification, glucose 
metabolism, cholesterol homeostasis, and bilirubin 
metabolism.21,22 CAR regulates the expression of 
phase I cytochromes P450 enzymes (CYPs), phase II 
enzymes as well as drug transporters in liver and the 
intestine.21,23 Recently, the cross-talk between the gut 
microbiome and bile acid homeostasis has been 
observed. The activation of CAR has been reported to 
downregulate intestinal bile acid-metabolizing 
bacteria and modulate bile acid homeostasis through 
the regulation of bile acid synthesis.24 Our previous 
data demonstrated that activation of CAR controlled 
intestinal chloride secretion by downregulating the 
expression and function of CFTR, a cAMP-activated 
chloride channel, in T84 cells and mouse intestine.11 
In addition to cAMP, Ca2+ is another secondary 
messenger which is involved in the regulation of 

intestinal chloride transport.  We hypothesized that 
CAR might regulate CaCC, which also plays a role in 
the pathophysiology of certain secretory diarrhea. 

Our studies demonstrated the action of CAR on 
CaCC function in intestinal epithelia. We used T84 
cell for in vitro study since it was previously used as a 
model for phenotypic screening of CaCC inhibitors 
and measuring of CaCC function in the Ussing 
chamber.25 We selected CITCO as a CAR agonist 
based on the original report of identification of the 
first human CAR agonist.2 6  The authors reported that 
CITCO was a selective hCAR agonist with an EC50 
of 25 nM for CAR activation using a combination of 
in vitro and cell-based screening.  Our results 
demonstrated that the CAR agonist, CITCO (1 M), 
inhibited secretory current stimulated by Ca2+ 

agonists including ATP (a purinergic agonist)  and 
thapsigargin (an endoplasmic reticulum Ca2+-ATPase 
inhibitor). The inhibitory effect of CITCO on the 
Ca2+-mediated Cl- secretion was restored by CAR 
antagonist, CINPA1, suggesting that CITCO 
inhibited the Ca2+-mediated Cl- secretion through 
CAR activation. Besides, the inhibitory effect of 
CITCO was observed after 24 hours of incubation, 
suggesting that the action of CAR on CaCC activity 
might have occurred via a genomic mechanism.  The 
concentration of CITCO that produced the inhibitory 
effect on CaCC activity was consistent with our 
previous report,11 showing that CITCO (1 M) 

 
 

 
 

Figure 4  Effect of CAR activation on thapsigargin-induced 
Ca2+-mediated Cl- secretion in permeabilized T84 cells. T84 
cell monolayers were pretreated with DMSO (vehicle) or 1 
M CITCO for 24 h prior to stimulation of CaCC-mediated 
apical Cl- secretion by thapsigargin (5 M). (A) Representa-
tive tracings of ICl

- and (B) summary of the data are shown 
(n = 5). *, P < 0.05; **, P < 0.01 compared to vehicle-treated 
group. 

 
 

 
 

Figure 5  Effect of CAR activation on taurodeoxycholic acid 
(TDCA)-induced ion secretion in intact T84 cells. (A) 
Representative tracings of Isc induced by TDCA. T84 cell 
monolayers were pretreated with DMSO (vehicle) or CITCO 
(1 M) for 24 h, followed by the addition of TDCA (1 mM). 
(B) Summary of effects of CAR activation on TDCA-induced 
short-circuit current (n = 5). *, P < 0.05; **, P < 0.01 
compared to vehicle-treated group. 
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inhibited CFTR-mediated Cl- secretion. In addition, it 
was showed that CITCO at 1 to 5 M did not cause 
cytotoxicity to T84 cells.  In Figure 3B, CITCO was 
found to inhibit the CaCC-mediated Cl- current and 
CINPA1 could prevent this effect. However, there 
was no significant increase in ICl

- signal when treated 
the cells with CINPA1. This finding was consistent 
with the previous report of CINPA1 discovery which 
showed that treatment with CINPA1 did not alter the 
protein levels and nuclear localization of CAR in 
human osteosarcoma U2OS cells and human primary 
hepatocytes.27 CINPA1 was shown to interact directly 
with N165 and H203 in the CAR-LBD and reduced 
coactivator interaction, resulting in the disruption of 
CAR binding to the promoter regions of target genes. 
It is likely that CAR has a significant role in the 
regulation of CaCC function in these cells when their 
ligands are present.  Combined together, we proposed 
that activation of CAR attenuated Ca2+-activated 
chloride secretion at the downstream of Ca2+ 
signaling, probably at the transcriptional level of 
CaCC. Until now, the molecular identity of the 
channel responsible for Ca2+-activated chloride 
secretion in intestinal epithelial cells has not been 
clearly identified.  There are lists of possible CaCC 
candidates such as CLCA, ClC, bestrophin, and 
TMEM16A.25 Future investigations are required to 
determine the specific CaCC channel which is 
regulated by CAR. 

CFTR and CaCC are the two apical chloride 
channels taking part in transepithelial Cl- secretion in 
bile acid malabsorption.  CAR is also well-known to 
be involved with bile acid metabolism and bilirubin 
clearance by controlling the expression of efflux 
transporters in response to a high level of bile acids.28 
Dharmsathaphorn et al. showed that TDCA 
stimulated Ca2+-mediated transepithelial chloride 
secretion.20 Interestingly, we found that CAR 
activation suppressed TDCA-induced chloride 
secretion in intact T84 cells, suggesting CAR 
activation may be a useful target for the treatment of 
bile acid diarrhea.  
 

Conclusion 
 

This study demonstrated for the first time that CAR 
activation inhibited CaCC function in intestinal 
epithelial T84 cells. The possible mechanism 
accountable for this inhibitory effect may act through 
a genomic mechanism. Taken together, these data 
suggest that activation of CAR modulates intestinal 
CaCC function. CAR serves as a potential target for 
the treatment of bile acid-induced diarrhea.  
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