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Abstract: Bile acid plays critical roles in the elimination of inorganic compounds such as bilirubin,
heavy metals, and drug metabolites. Apical sodium-dependent bile acid cotransporter (ASBT),
a solute carrier membrane transport protein, transports bile acids. Several inhibitors of ASBT have
been evaluated in clinical trials. Sodium taurocholate cotransporting polypeptide (NTCP), belonging
to the same family as ASBT, has fluorescein 5(6)-isothiocyanate (FITC) and indocyanine green (ICG)
transportability. ICG, a Food and Drug Administration-approved fluorophore at near-infrared
range, has perfect optical characteristics, so it can be applied in cell tracking and drug screening.
In this study, ASBT and NTCP were transduced into the HT-1080 cell line. Nude mice were
subcutaneously xenografted with control and ASBT-expressing cells. ICG transportability was
observed through flow cytometry, fluorescent microscopy, multi-mode plate readers, and an in vivo
imaging system. Several molecules, including taurocholate, sodium deoxycholate, cyclosporine A,
nifedipine, and Primovist, were used to evaluate an in vitro drug-screening platform by using the
combination of ICG and ASBT through flow cytometry. ICG and FITC were validated and shown to
be transported by ASBT. NTCP had a higher ICG intensity compared with ASBT. For cell tracking,
the ASBT xenograft had similar ICG signals as the control. For a drug-screening platform, the ICG
intensity decreased with 186 pM taurocholate (56.8%), deoxycholate (83.8%), and increased with
nifedipine (133.2%). These findings are suggestive of opportunities for the high-throughput drug
screening of cholestasis and other diseases that are related to the dynamics of bile acid reabsorption.

Keywords: Apical sodium-dependent bile acid cotransporter; indocyanine green; drug screening

1. Introduction

Apical sodium-dependent bile acid cotransporter (ASBT), containing nine transmembrane
domains, belongs to the solute carrier 10 (SLC10) family of membrane transport proteins [1]. Physically,
ASBT transports the glycine and taurine conjugates of major bile acids, including cholic acid, deoxycholic
acid, chenodeoxycholic acid, and ursodeoxycholic acid [2]. ASBT is significantly expressed on the apical
side of enterocytes in the terminal ileum and is responsible for recycling bile acids by Na*-dependent
symporting [3]. By contrast, sodium taurocholate cotransporting polypeptide (NTCP), also belonging
to the SLC10 family, and organic-anion-transporting polypeptide 1B3 (OATP1B3), are expressed on the
hepatic basolateral membrane responsible for recycling bile acid from the blood [1]. ASBT dysfunction
results in more bile acids in the colon, leading to diarrhea, gallstone disease, hypertriglyceridemia,
or even colon cancer [4]. However, the inhibition of ASBT, NTCP, or OATP1B3 could be a treatment
option in hypercholesterolemia, because it prevents the intake of bile acids [5]. Currently, some inhibitors
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of ASBT have been discovered, such as calcium channel blockers (Nifedipine), statins, cyclosporine A,
and SC-435 [1,4,6].

Indocyanine green (ICG), a Food and Drug Administration (FDA) approved drug (dye) for liver
function testing and tumor detection, is a near-infrared fluorophore with better penetration and lower
autofluorescent background compared with traditional fluorescent proteins, such as green fluorescent
protein (GFP) and red fluorescent protein [7-11]. The influx and efflux of ICG occur through NTCP and
OATP1B3 and multidrug resistance p-glycoprotein 3 (MDR3) and multidrug resistance p-glycoprotein
1 (MDR1), respectively [12-14]. In our previous study, we demonstrated the use of NTCP and OATP1B3
as reporter genes combined with ICG for in vivo tumor cell tracking [15,16]. Moreover, the combination
of NTCP and ICG can serve as a drug-screening platform in the treatment of hepatitis B and D
virus (HBV/HDV) [16]. In terms of transporting molecules, ASBT, NTCP, and OATP1B3 have many
similarities. Therefore, in this study, we hypothesized that ICG is the transporting molecule of ASBT.

Fluorescein 5(6)-isothiocyanate (FITC) is widely applied in the imaging field as a tracer.
We validated that NTCP and OATP1B3 could transport FITC [17]. Moreover, the transporting
molecule ASBT was highly crossed with NTCP and OATP1B3. Therefore, FITC was also considered to
be transported through ASBT.

As more clinical trials on the regulation of bile acid in the elimination of heavy metal toxicity,
reduction of cholestasis, and promotion of drug excretion are being conducted, ASBT inhibitors are one
of the upcoming strategies [1]. Formerly, isotope-labeled taurocholate [4,18] was the only means for
evaluating the drug—drug interaction of ASBT. However, ionizing radiation and isotope preparation
decelerate the accessibility of the drug. Therefore, in this study, we aimed to establish a drug-screening
platform for the ASBT inhibitor through optical characterization of the combination of ASBT transfected
cell lines and ICG.

2. Results

2.1. Confirmation of ASBT and NTCP Tranduction

In the beginning, we confirmed the ASBT and NTCP expression patterns in manipulated cells
to ensure that ASBT could be functional. The C terminal of ASBT was fused with GFP, as well as
NTCP. The ASBT and NTCP protein amounts were elevated, and the GFP signal was detected in cells
expressing ASBT and NTCP in Western blotting (Figure 1a,d). The cellular location of ASBT and NTCP
was visualized through the GFP signal (Figure 1b,e). Some of the ASBT was colocalized with actin,
the membrane marker. The rest of the ASBT was located at the cytoplasm (Figure 1d). Most of NTCP
was colocalized with actin (Figure 1f). In addition, the overexpression of ASBT and NTCP had no effect
on proliferation (Figure S1).
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Figure 1. Overexpression of the apical sodium-dependent bile acid cotransporter (ASBT)
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and sodium taurocholate cotransporting polypeptide (NTCP). (a,d) Western blotting of ASBT,
NTCP glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and green fluorescent protein (GFP).
(b,e) The location of ASBT, NTCP (green), actin (red), and nucleus (blue) in cells expressing ASBT
at a lower magnification. Scale bar: 50 um. (c,f) The location of ASBT, NTCP (green), actin (red),
and nucleus (blue) in cells expressing ASBT at a higher magnification. Scale bar: 25 um. C: control cells.
A: cells expressing ASBT. N: cells expressing NTCP.

2.2. ICG Intake through ASBT

2.2.1. Confirmation of ICG Intake through ASBT

Cells expressing ASBT had a significantly increased ICG signal following treatment with 50 pg/mL
ICG for 30 and 60 min, as observed using a multi-mode plate reader (Figure 2a). To further confirm ICG
intake through ASBT, we validated it using different platforms. After treatment with 50 pg/mL ICG
for 60 min, the increased ICG signal in cells expressing ASBT was validated through flow cytometry
(Figure 2b) and confocal microscopy (Figure 2c).

2.2.2. Pharmacokinetics of ICG Intake through ASBT

We have discussed the pharmacokinetics of ICG in cells expressing ASBT. The K, of ICG in cells
expressing ASBT and control cells was 12.63 and 100.9 mM, respectively (Figure 3a). Cells expressing
ASBT had a greater ICG intensity, and difference in the decline of ICG was significant until 24 h after
ICG treatment (Figure 3c). Moreover, ICG intake in cells expressing ASBT was significantly reduced
upon cotreatment with taurocholate, which is a major transporting molecule through ASBT, compared
with treatment with ICG (Figure 3b,d).

2.3. ICG Transportability between ASBT and NTCP

NTCP, of the same SLC10 family as ASBT, has ICG transportability [14]. We could get an idea
about which of them could be a reporter gene by knowing the ICG transportability between ASBT
and NTCP. The ICG transportability between ASBT and NTCP was compared. The in vivo imaging
system (IVIS) showed that the detecting limitations of cells expressing ASBT and NTCP were 20,000
and 4000, respectively, after treatment with ICG (Figure 4a). ICG signals were further quantified at the
cell number of 20,000. Only cells expressing NTCP had significantly increased ICG signals (Figure 4b).
In flow cytometry, cells expressing ASBT and NTCP exhibited higher ICG signals compared with
control cells (Figure 4c). Furthermore, cells expressing NTCP had higher ICG signals than those
expressing ASBT. Cells expressing NTCP had a greater ICG intake efficiency. The ICG peak was
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reached following 10 min of ICG treatment in cells expressing NTCP, although the ICG signal gradually
increased in cells expressing ASBT (Figure 4d).
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Figure 2. Indocyanine green (ICG) intake through ASBT. (a) The ICG intensity of treatment for different
periods. (b) The ICG intensity detected through flow cytometry. (c) The ICG intensity visualized
using confocal microscopy. C: control cells. A: cells expressing ASBT. U: untreated. Scale bar: 100 um.

Error bars show the SEM, where ** p < 0.01 and *** p < 0.001.
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Figure 3. The pharmacokinetics of ICG in cells expressing ASBT. ICG intensity detected through
flow cytometry (a) for treatment with different ICG doses, (b) after cotreatment with taurocholate,
and (c) after ICG treatment to observe the decline. (d) The quantification from panel (B). C: control cells.
A: cells expressing ASBT. U: untreated. TA: taurocholate. Error bars show the SEM, where *** p < 0.001.
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Figure 4. Comparison of ICG intake by ASBT and sodium taurocholate cotransporting polypeptide
(NTCP). (a) The ICG intensity visualized using the in vivo imaging system (IVIS) at 20,000, 4000, 800,
and 160 cell numbers. (b) The ICG intensity detected through flow cytometry. (c) Quantification
of the ICG intensity with IVIS and analyzed using one-way ANOVA. The symbols a and b indicate
the groups. (d) ICG intensity for different periods of treatment. The significant symbol was ASBT
compared with NTCP. U: untreated. G: cells expressing GFP. C: control cells. A: cells expressing ASBT.
N: cells expressing NTCP. Error bars depict the SEM, where * p < 0.05 and *** p < 0.001.

2.4. FITC Intake through ASBT

A previous study found that NTCP and OATP1B3 transport FITC [16]. Moreover, the transporting
molecule ASBT was highly crossed with NTCP and OATP1B3. Therefore, we testified that FITC
was also considered to be transported through ASBT. After treating FITC for 5, 10, 30, and 60 min,
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cells expressing ASBT had a higher FITC signal than control cells (Figure 5a,c). The difference in FITC
retained was distinguished from 0.5 to 6 h after the FITC treatment (Figure 5b,d). We further tested the
FITC potential as an ASBT indicator in drug—drug interaction. ASBT-expressing cells with 186 uM
taurocholate had a significantly lower FITC intensity than with 18.6uM taurocholate, suggesting ASBT
as a FITC transporter. However, cells expressing ASBT had a higher FITC intensity in the cotreatment
of FITC with taurocholate (Figure 5e), suggesting that FITC was not a suitable ASBT indicator.
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Figure 5. Fluorescein 5(6)-isothiocyanate (FITC) intake via ASBT. (a) FITC intensity visualized on
treatment with FITC for 5, 10, 30, and 60 min. (b) Decline of FITC visualized at 0, 0.5, 1, and 3 h
following FITC treatment. (c) The quantification from panel (a). (d) Quantification from panel (b).
All quantification data were minus the background (untreated). (e) The completion of taurocholate
(TA) and FITC using flow cytometry. C: control cells. A: cells expressing ASBT. U: untreated. Error
bars denote the SEM, where * p < 0.05, ** p < 0.01, and *** p < 0.001.



Int. J. Mol. Sci. 2020, 21, 2202 7 of 14

2.5. Combination of ICG with ASBT for in Vivo Cell Tracking

Given that ASBT was the transporter of ICG, cells expressing ASBT were subcutaneously
inoculated into SCID mice for cell tracking. ICG was administered on Day 13, 20, and 28 after
xenografting, and the ICG signal was detected after one day of administration. From in vivo cell
tracking, the ASBT-expressing tumor demonstrated similar ICG signals to the control tumor, and the
GFP signal was much weaker compared with that in control cells (Figure 6a). The ASBT-expressing
tumor had similar ICG signals to the control tumor, liver, and kidney in ex vivo imaging (Figure 6b).
The ASBT-expressing tumor had greater ASBT positive staining compared with the control tumor
(Figure 6c).
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Figure 6. IVIS-based cell tracking with a combination of ICG and ASBT. (a) ICG and GFP signal
were monitored at Day 14, 21, and 29 after xenografting. (b) The biodistribution of ICG and GFP.
(c) ASBT expression identified by IHC. Liv: liver. K: kidney. S: spleen. H: heart. I: small intestine. GT:
GFP-expressing tumor. AT: ASBT-expressing tumor. Scale bar: 160 pm.

2.6. Combination of ICG with ASBT for Drug—drug Interaction

For drug screening, we chose bile salts (sodium taurocholate and sodium deoxycholate) and
the ASBT inhibitors reported by Zheng et al. [4]. The ICG intensity was reduced on treatment with
taurocholate in a dose-dependent manner in cells expressing ASBT. The ICG intensity with 186.0, 46.5,
and 18.6 uM were 56.8%, 85.8%, and 98.7%, respectively. (Figure 7a). On treatment with deoxycholate,
the ICG intensity, 83.8%, slightly reduced in cells expressing ASBT (Figure 7b). On treatment with
cyclosporine A, the ICG intensity, 99.9%, appeared no different in cells expressing ASBT (Figure 7c).
However, the ICG intensity, 133%, was slightly elevated on treatment with Nifedipine in cells expressing
ASBT (Figure 7d). Furthermore, on treatment with Primovist (Gd-EOB-DTPA), the negative control,
a similar ICG intensity (105.5%) to that in cells expressing ASBT treated with ICG (Figure 7e) was
noted. To reduce the variation, the ICG intensity was further quantified and normalized with cells
expressing ASBT treated with ICG. The data indicated significant differences in the ICG intensity on
pretreatment with taurocholate and Nifedipine compared with no pretreatment (Figure 7f).
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Figure 7. ICG-based drug-screening platform for ASBT through flow cytometry. (a) The selection of
taurocholate (TA). TA1: 186.0 uM. TA2: 46.5 pM. TA3: 18.6 uM. (b) The selection of deoxycholate (DC),
(c) cyclosporine A (CsA), (d) Nifedipine (N), and (e) Primovist (P). (f) The quantification of data from
flow cytometry. C: control cells. A: cells expressing ASBT. U: untreated. Red dash line: the 100% ICG
intensity. Error bars show the SEM, where * p < 0.05 and *** p < 0.001.

3. Discussion

In this study, we validated that ASBT transports fluorescent molecules, namely ICG and FITC.
Moreover, we established an ASBT drug-screening platform that can be easily manipulated through
flow cytometry with ICG as an indicator.

We used GFP-fused ASBT for exploring ICG’s intake ability through ASBT. ASBT and GFP
looked diffused in Western blotting, which might be because of the glycosylation and GFP fusion
(Figure 1a) [19]. ASBT is mainly expressed on the membrane [20]; however, the cellular location
of ASBT was not only on the membrane, but also on the cytoplasm, which might have been due
to the conjugation of GFP (Figure 1d). We still used GFP-fused ASBT for the study because some
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ASBT was still on the membrane, and could still be an in vitro model for exploration [18]. Previously,
we successfully established an in vivo cell tracking model by using NTCP and OATP1B3 as reporter
genes combined with ICG [17]. In this study, ASBT was used as a reporter gene for in vivo cell
tracking. However, we observed that distinguishing ASBT-expressing tumors from control tumors
after ICG injection is not applicable. This may have been because the ICG intake efficiency was not
adequately high in GFP-fused ASBT (K, = 12.63 mM) in comparison to NTCP and OATP1B3. Moreover,
we compared the ICG transport efficiency between NTCP and ASBT, and NTCP was observed to
have a higher efficiency than ASBT in transporting ICG (Figure 4). Kramer et al. also revealed that
NTCP has lower IC50 than ASBT when using ICG to compete with taurocholate (TA) [2]. Furthermore,
OATP1B3 as a reporter gene was better than NTCP [17]. Therefore, the reporter gene priority sequence
was understood to be OATP1B3, NTCP, and lastly ASBT with the application of ICG.

FITC is widely used as a tracer in the imaging field. We discovered that NTCP and OATP1B3
could transport FITC [17]. In this study, we revealed that FITC was also transported by ASBT (Figure 5).
Although ASBT, NTCP, and OATP1B3 could transport FITC, their application was limited. For instance,
we attempted to address NTCP- and OATP1B3-expressing tumors with the FITC injection; however,
the FITC signal was distributed everywhere [17]. In this study, the application of FITC as an indicator
in ASBT drug-drug interaction (Figure 5e) was unsuccessful. The difficulty of FITC application may
be because of its membrane diffusibility, low specificity (too many transporters could transport FITC),
and interaction with the thiol group of FITC.

The regulation of ASBT is now in the clinical therapy stage. ASBT dysfunction leads to more bile
acids in the colon, leading to diarrhea, gallstone disease, hypertriglyceridemia, or even colon cancer [4].
However, the inhibition of ASBT, as well as NTCP, can be a treatment option for hypercholesterolemia
and cholestasis, as well as nonalcoholic fatty liver [5,21,22]. Therefore, determining the drug-drug
interaction of ASBT can help in medication choices. Herein, we used ICG as an indicator to establish
a primary drug-screening platform through flow cytometry. Zheng et al. used isotope-labeled
taurocholate as an indicator of drug screening [4]. Isotope-labeled taurocholate is highly sensitive and
has a high transportability; however, the manipulation and synthesis of isotopes is time consuming
and highly technically demanding. Because ICG is a near-infrared fluorescent dye, its detection is
highly accessible through flow cytometry, high-throughput fluorescent microscopy, and a multi-mode
plate reader. Although the ICG transportability was not high in ASBT (K, = 12.63 mM) compared with
taurocholate (K, =209 uM) [23], this characteristic was used to select highly potent inhibitors of ASBT.
Other molecules, such as Gd-B 20790 (92 + 15 mM in OATP) [24], Primovist (4.1 mM in OATP1B3) [25],
and glucose (~25 mM) [26] have a high K, value. Moreover, the ICG intensity was reduced on the
treatment of deoxycholate, transported through ASBT [27], which makes it more reasonable that makes
ASBT was one of ICG transporters (Figure 7b). Therefore, we considered that ASBT was an ICG
transporter. We would have liked to use specific ASBT inhibitors (S-8921, 2164U90, SC-435, and PR835)
to perform the validation; however, these inhibitors were not easily accessible [28]. We chose other
ASBT inhibitors (Nifedipine and cyclosporine A) and substrate (taurocholate and deoxycholate) for the
validation. Nifedipine has been reported as an ASBT inhibitor; however, the ICG intensity increased
on pretreatment with Nifedipine (Figure 7d,f), because Nifedipine is also an MDR1 inhibitor and
the ICG efflux transporter [13,29]. The half maximal effective concentration (EC50) value of ICG for
MDR1 is 15 + 1.1 uM in Madin-Darby canine kidney (MDCK) cells with MDR1 overexpression [30].
The ICG intensity was significantly higher with Nifedipine than with cyclosporine A treatment in
ASBT-expressing cells. However, their concentrations exhibited a huge difference; the Nifedipine and
cyclosporine A concentrations were 288.7 and 2.1 uM, respectively. Therefore, at least two indicators
are required for the drug-screening platform. Therefore, FITC was used as the second indicator;
however, the FITC intensity increased on pretreatment with other molecules (Figure 5e). This was
because FITC conjugates nonspecifically with other membrane molecules because it contains a thiol
reacting group that can conjugate with other proteins [31].
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The metabolism of bile acid includes the absorption of bile acid in the small intestine by means
of ASBT and hepatic uptake by NTCP located at the basolateral membrane of the hepatocyte and
OATP family at sinusoidal hepatocytes. In the current and previous studies, we discovered that ICG
could be transported by OATP1B3, NTCP, and ASBT [15-17]. ICG has been proved as an in vivo
imaging infrared fluorophore that has higher penetration. The use of ICG as an in vivo imaging tool for
investigating bile acid metabolism for novel drug screening is feasible and could improve the process
of drug development.

There were some limitations in our study. The disrupted GFP-fused ASBT distribution might
have affected the ICG transporting efficiency. Natural ASBT for evaluation will be addressed in a
following study. The natural ASBT might have increased the ICG transportability and the difference in
cell tracking and drug screening could have been more accessible. ICG transportability through ASBT
did not verify the use of the ASBT knockout model. In our preliminary data, we gave ICG orally to
the nude mice and tracked ICG signals using IVIS. All signals were in the digestive tract and none of
them were in the periphery. We could harvest intestinal epithelial cells from ASBT knock-out mice
to validate ICG transportability through ASBT in a further study. The number of molecules used to
testify the drug-screening platform was low. The drug-screening platform needed a greater number of
different molecules to make it possess confidence.

In conclusion, ASBT was capable of transporting ICG, which is an FDA-approved infrared
fluorescent dye that can be applied in a future drug-screening platform, in which potential
ASBT-regulation medicine can be developed in a high-throughput and efficient manner that can
have a clinical effect.

4. Materials and Methods

4.1. Cell Culture and Preparation

HT-1080 cells were transduced with ASBT-, NTCP-, and GFP-carrying lentiviruses, followed
by the Nature Protocols [32]. ASBT, NTCP, and GFP lentiviruses were made from RC210241L2
(Origene, Rockville, MD, USA), RC221202L2 (Origene, Rockville, MD, USA), and pCDH-EF1-MCS-BGH
PGK-GFP-T2A-Puro (a generous gift from Dr. Yong-Chong Lin of National Taiwan University) vectors,
respectively. OATP1B3-carrying HT-1080 cells were produced previously [15]. ASBT-expressing cells
were derived from a single colony. NTCP-expressing cells were derived from sorting. These cells
were cultured in minimum essential medium containing 10% fetal bovine solution (Biologic Industries,
Cromwell, CT, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific,
Waltham, MA, USA) in the incubator at 37 °C.

4.2. In Vitro ICG Intake

For the intake ability test, 2 x 10* cells were seeded in 96 black wells for 1 day and treated with
50 pg/mL ICG for 0.25, 0.5, 1, 2, 3, 4, 5, 6, 10, 30, and 60 min. Subsequently, the cells were washed
with 1 X phosphate buffer solution (PBS) thrice and detected using Spark 10M (Tecan Trading AG,
Minnedorf, Switzerland).

Then, 1 X 10° cells were seeded in a 6-well-plate for 1 day and treated with 50 pg/mL ICG for
1 h. Next, excess ICG was washed using 1x PBS. After the cells were trypsinized, the ICG intensity
was detected using the FACSCalibur (BD Biosciences, San Jose, CA, USA) with an APC-Cy7 channel
(785 nm) filter.

For the visualization of ICG, 2 x 10* cells were seeded in 8-well-chamber slides for 1 day and
treated with 50 pg/mL ICG for 1 h. Subsequently, the cells were washed with 1x PBS thrice and
visualized using a TCS-SP5 laser-scanning microscope (Leica, Wetzlar, Germany) with a Cyb5 filter.

For the comparison of ASBT and NTCP, 2 x 10* cells were seeded in 96 black wells for 1 day and
treated with 50 pg/mL ICG for 60 min. Subsequently, the cells were washed with 1 X phosphate buffer
solution (PBS) thrice and detected using the IVIS Spectrum imaging system.
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4.3. Pharmacokinetics of ICG

In a dose-dependent manner, 5 X 10° cells were seeded in a 24-well-plate for 1 day and treated
with 10, 50, 100, and 150 pug/mL ICG for 1 h. Next, excess ICG was washed using 1x PBS. After cells
were trypsinized, the ICG intensity was detected using the FACSCalibur (BD Biosciences) with an
APC-Cy7 channel (785 nm) filter. The value of K, was based on the Michaelis-Menten model.

In a time-dependent manner, 5 X 10° cells were seeded in a 24-well-plate for 1 day and incubated
with 50 pg/mL ICG for 1 h. Subsequently, the cells were washed with 1x PBS thrice and detected using
the FACSCalibur (BD Biosciences) with an APC-Cy7 channel (785 nm) filter at 0, 1, 4, 6, 24, and 48 h
following ICG treatment.

4.4. The Animal Experiment of ICG Intake

Six to eight-week-old female BALB/cAnN.Cg-Foxnlnu/CrINarl nude mice were purchased from the
National Laboratory Animal Center. The animal study was approved by the Institutional Animal Use
and Care Committee of Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation (106-IACUC-004,
3/7/2017). The mice were cared for based on the protocol of the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health).

Then, 1 x 10° ASBT-carrying HT-1080 cells were subcutaneously administered to the right
hind limb of nude mice. The left side was considered as the control. The tumor-bearing mice
were intraperitoneally administered 10 mg/kg of ICG. The ICG signal was detected 1 d after ICG
administration by using an IVIS Spectrum imaging system (Xenogen; Perkin Elmer) and traced on 14,
21, and 29 d after the xenograft. At 29 d after the xenograft, tumor-bearing mice were dissected to
detect the ICG biodistribution using the IVIS Spectrum imaging system.

4.5. Drug-Screening Platform

A total of 5 x 10° cells were seeded in a 24-well-plate for 1 day and pretreated with different
molecules: 18.6, 46.5, and 186.0 uM sodium taurocholate (Millipore-Sigma, Billerica, MA, USA);
120.6 uM sodium deoxycholate (Millipore-Sigma); 2.1 uM cyclosporine A (Millipore-Sigma); 288.7 pM
Nifedipine (Millipore-Sigma); and 1.25 mM Primovist (Gd-EOB-DTPA) (Bayer Pharma AG, Berlin,
Germany) for 30 min. Subsequently, cells were cotreated with 12.9 uM ICG for 1 h more. The cells
were then washed with 1x PBS thrice and detected using the FACSCalibur (BD Biosciences, San Jose,
CA, USA) with an APC-Cy7 channel (785 nm) filter. All data were normalized with the number of cells
expressing ASBT treated with ICG.

4.6. In Vitro Intake of FITC

For the intake ability test, 2 x 10* cells were seeded in 96 black wells for 1 day and treated with
100 pM FITC (Millipore-Sigma) for 5, 10, 30, and 60 min. Subsequently, the cells were washed with 1x
PBS thrice and detected using the Fluorescent Cell Imager (ZOE; Bio-Rad, Hercules, CA, USA).

For the declining test, 2 x 10* cells were seeded in 96 black wells for 1 day and treated with
100 uM FITC for 60 min. Subsequently, the cells were washed with 1x PBS thrice and detected using the
Fluorescent Cell Imager (ZOE; Bio-Rad, Hercules, CA, USA) at 0, 0.5, 1, and 3 h after FITC treatment.

All images were further analyzed using Image] for quantification. After acquiring the pixel
number from GFP, the pixel number of the untreated sample was excluded from all data to reduce the
noise from the background.

4.7. Cell Viability

A total of 1 x 10% cells were seeded in a 96-well plate for 24, 48, and 72 h and treated with
0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl1]-2,5- diphenyltetrazolium bromide (MTT) for 2 h. Next, the MTT
was removed and 100 pL of dimethyl sulfoxide was added to dissolve MTT. The signal was detected
using Spark 10M (Tecan Trading AG, Ménnedorf, Switzerland).
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4.8. Western Blotting

Primary antibodies against ASBT (1:1000; Thermo Fisher Scientific), NTCP (1:1000; Thermo Fisher
Scientific), GFP (1:1000; TA180076; Origene, Rockville, MD, USA), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:5000; Cell Signaling Technology, Danvers, MA, USA) were separated
at 4 °C. Subsequently, the membrane was incubated with 1:5000 horseradish peroxidase-conjugated
rabbit/mouse anti-IgG for 1 h at 25 °C.

4.9. Immunofluorescence and Immunohistochemistry

As the ASBT and NTCP plasmids contained GFP, GFP expression was directly observed using
the Fluorescent Cell Imager (ZOE; Bio-Rad, Hercules, CA, USA) and co-stained with rhodamine
phalloidin (Thermo Fisher Scientific) and DAPI. Tumors were fixed with 4% paraformaldehyde for
paraffin sections. The 5-um tissue slides were rehydrated for incubating them with anti-ASBT antibody
(1:800; Thermo Fisher Scientific) overnight at 4 °C. Subsequently, the slides were incubated with an
EnVision Kit (Agilent Technologies, Santa Clara, CA, USA) for 3, 3-diaminobenzidine staining and were
counterstained with hematoxylin. All slides were observed using the ECLIPSE TE2000-U microscope
(Nikon, New York, NY, USA).

4.10. Statistics

All experiments were performed in at least triplicate, and data were analyzed via one-way ANOVA
and Newman-Keuls multiple comparison test using GraphPad Prism 5 software.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2202/
s1. Figure S1 The proliferation observed using the MTT assay in the control and cells expressing ASBT.
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GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
GFP Green fluorescent protein

NTCP Sodium taurocholate cotransporting polypeptide
IVIS In vivo imaging system

ICG Indocyanine green

OATP1B3 Organic-anion-transporting polypeptide 1B3

TA Taurocholate

SLC10 Solute carrier 10


http://www.mdpi.com/1422-0067/21/6/2202/s1
http://www.mdpi.com/1422-0067/21/6/2202/s1

Int. ]. Mol. Sci. 2020, 21, 2202 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Slijepcevic, D.; van de Graaf, S.F]. Bile Acid Uptake Transporters as Targets for Therapy. Dig. Dis. 2017, 35,
251-258. [CrossRef] [PubMed]

Kramer, W.; Stengelin, S.; Baringhaus, K.H.; Enhsen, A.; Heuer, H.; Becker, W.; Corsiero, D.; Girbig, F.,; Noll, R.;
Weyland, C. Substrate specificity of the ileal and the hepatic Na+/bile acid cotransporters of the rabbit. I.
Transport studies with membrane vesicles and cell lines expressing the cloned transporters. J. Lipid Res. 1999,
40,1604-1617. [PubMed]

Da Silva, T.C.; Polli, J.E.; Swaan, P.W. The solute carrier family 10 (SLC10): Beyond bile acid transport.
Mol. Asp. Med. 2013, 34, 252-269. [CrossRef] [PubMed]

Zheng, X.; Ekins, S.; Raufman, J.-P.P,; Polli, ]J.E. Computational models for drug inhibition of the human
apical sodium-dependent bile acid transporter. Mol. Pharm. 2009, 6, 1591-1603. [CrossRef]

Kramer, W.; Glombik, H. Bile acid reabsorption inhibitors (BARI): Novel hypolipidemic drugs.
Curr. Med. Chem. 2006, 13,997-1016. [CrossRef]

Telford, D.E.; Edwards, ].Y.; Lipson, S.M.; Sutherland, B.; Barrett, PH.R.; Burnett, ].R.; Krul, E.S.; Keller, B.T.;
Huff, M.W. Inhibition of both the apical sodium-dependent bile acid transporter and HMG-CoA reductase
markedly enhances the clearance of LDL apoB. J. Lipid Res. 2003, 44, 943-952. [CrossRef]

Boni, L.; David, G.; Mangano, A.; Dionigi, G.; Rausei, S.; Spampatti, S.; Cassinotti, E.; Fingerhut, A. Clinical
applications of indocyanine green (ICG) enhanced fluorescence in laparoscopic surgery. Surg. Endosc. 2015,
29, 2046-2055. [CrossRef]

James, N.S.; Chen, Y.; Joshi, P.; Ohulchanskyy, T.Y.; Ethirajan, M.; Henary, M.; Strekowsk, L.; Pandey, R K.
Evaluation of polymethine dyes as potential probes for near infrared fluorescence imaging of tumors: Part-1.
Theranostics 2013, 3, 692-702. [CrossRef]

Luo, S.; Zhang, E.; Su, Y.; Cheng, T.; Shi, C. A review of NIR dyes in cancer targeting and imaging. Biomaterials
2011, 32, 7127-7138. [CrossRef]

Guo, J.; Du, C; Shan, L.; Zhu, H.; Xue, B.; Qian, Z.; Achilefu, S.; Gu, Y. Comparison of near-infrared
fluorescent deoxyglucose probes with different dyes for tumor diagnosis in vivo. Contrast Media Mol. Imaging
2012, 7, 289-301. [CrossRef]

Yu, S.; Cheng, B.; Yao, T.; Xu, C.; Nguyen, K.T.; Hong, Y.; Yuan, B. New generation ICG-based contrast agents
for ultrasound-switchable fluorescence imaging. Sci. Rep. 2016, 6, 35942. [CrossRef]

Shibasaki, Y.; Sakaguchi, T.; Hiraide, T.; Morita, Y.; Suzuki, A.; Baba, S.; Setou, M.; Konno, H. Expression
of indocyanine green-related transporters in hepatocellular carcinoma. J. Surg. Res. 2015, 193, 567-576.
[CrossRef]

Semenenko, I.; Portnoy, E.; Aboukaoud, M.; Guzy, S.; Shmuel, M.; Itzhak, G.; Eyal, S. Evaluation of near
infrared dyes as markers of P-glycoprotein activity in tumors. Front. Pharm. 2016, 15, 426. [CrossRef]

De Graaf, W.; Hausler, S.; Heger, M.; van Ginhoven, T.M.; van Cappellen, G.; Bennink, R.J.; Kullak-Ublick, G.A.;
Hesselmann, R.; van Gulik, T.M.; Stieger, B. Transporters involved in the hepatic uptake of 9mTc-mebrofenin
and indocyanine green. J. Hepatol. 2011, 54, 738-745. [CrossRef]

Wu, M.-R;; Liu, H.-M.; Lu, C.-W,; Shen, W.-H.; Lin, L-J; Liao, L.-W.; Huang, Y.-Y.; Shieh, M.-].; Hsiao, J.-K.
Organic anion-transporting polypeptide 1B3 as a dual reporter gene for fluorescence and magnetic resonance
imaging. Faseb |. 2018, 32, 1705-1715. [CrossRef]

Wu, M.-R.; Huang, Y.-Y.; Hsiao, J.-K. Role of Sodium Taurocholate Cotransporting Polypeptide as a New
Reporter and Drug-Screening Platform: Implications for Preventing Hepatitis B Virus Infections. Mol. Imaging
Biol. 2019. Epub ahead of print. [CrossRef] [PubMed]

Wu, M.-R.; Huang, Y.-Y.; Hsiao, J.-K. Use of Indocyanine Green (ICG), a Medical Near Infrared Dye, for
Enhanced Fluorescent Imaging—Comparison of Organic Anion Transporting Polypeptide 1B3 (OATP1B3)
and Sodium-Taurocholate Cotransporting Polypeptide (NTCP) Reporter Genes. Molecules 2019, 24, 2295.
[CrossRef] [PubMed]

Sun, A.Q.; Balasubramaniyan, N.; Chen, H.; Shahid, M.; Suchy, E]J. Identification of functionally relevant
residues of the rat ileal apical sodium-dependent bile acid cotransporter. J. Biol. Chem. 2006, 281, 16410-16418.
[CrossRef] [PubMed]


http://dx.doi.org/10.1159/000450983
http://www.ncbi.nlm.nih.gov/pubmed/28249291
http://www.ncbi.nlm.nih.gov/pubmed/10484607
http://dx.doi.org/10.1016/j.mam.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23506869
http://dx.doi.org/10.1021/mp900163d
http://dx.doi.org/10.2174/092986706776361003
http://dx.doi.org/10.1194/jlr.M200482-JLR200
http://dx.doi.org/10.1007/s00464-014-3895-x
http://dx.doi.org/10.7150/thno.5922
http://dx.doi.org/10.1016/j.biomaterials.2011.06.024
http://dx.doi.org/10.1002/cmmi.496
http://dx.doi.org/10.1038/srep35942
http://dx.doi.org/10.1016/j.jss.2014.07.055
http://dx.doi.org/10.3389/fphar.2016.00426
http://dx.doi.org/10.1016/j.jhep.2010.07.047
http://dx.doi.org/10.1096/fj.201700767R
http://dx.doi.org/10.1007/s11307-019-01373-y
http://www.ncbi.nlm.nih.gov/pubmed/31140111
http://dx.doi.org/10.3390/molecules24122295
http://www.ncbi.nlm.nih.gov/pubmed/31234288
http://dx.doi.org/10.1074/jbc.M600034200
http://www.ncbi.nlm.nih.gov/pubmed/16608845

Int. ]. Mol. Sci. 2020, 21, 2202 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Muthusamy, S.; Malhotra, P.; Hosameddin, M.; Dudeja, A.K.; Borthakur, S.; Saksena, S.; Gill, R.K.; Dudeja, PK.;
Alrefai, W.A. N-glycosylation is essential for ileal ASBT function and protection against proteases. Am. J.
Physiol.-Cell Physiol. 2015, 308, C964—C971. [CrossRef]

Hagenbuch, B.; Dawson, P. The sodium bile salt cotransport family SLC10. Pflug. Arch. Eur. ]. Physiol. 2004,
447,566-570. [CrossRef]

Salic, K.; Kleemann, R.; Wilkins-Port, C.; McNulty, J.; Verschuren, L.; Palmer, M. Apical sodium-dependent
bile acid transporter inhibition with volixibat improves metabolic aspects and components of nonalcoholic
steatohepatitis in Ldlr-/-.Leiden mice. PLoS ONE 2019, 14. [CrossRef]

Donkers, ].M.; Roscam Abbing, R.L.P; van de Graaf, S.E]. Developments in bile salt based therapies: A critical
overview. Biochem. Pharm. 2019, 161, 1-13. [CrossRef]

Lazaridis, K.N.; Pham, L.; Tietz, P; Marinelli, R.A.; DeGroen, P.C.; Levine, S.; Dawson, P.A.; LaRusso, N.F.
Rat cholangiocytes absorb bile acids at their apical domain via the ileal sodium-dependent bile acid
transporter. J. Clin. Invest. 1997, 100, 2714-2721. [CrossRef]

Pascolo, L.; Cupelli, E; Anelli, PL.; Lorusso, V.; Visigalli, M.; Uggeri, F; Tiribelli, C. Molecular mechanisms
for the hepatic uptake of magnetic resonance imaging contrast agents. Biochem. Biophys. Res. Commun. 1999,
257, 746-752. [CrossRef] [PubMed]

Leonhardt, M.; Keiser, M.; Oswald, S.; Kuhn, J.; Jia, J.; Grube, M.; Kroemer, H.K.; Siegmund, W.; Weitschies, W.
Hepatic Uptake of the Magnetic Resonance Imaging Contrast Agent Gd-EOB-DTPA: Role of Human Organic
Anion Transporters. Drug Metab. Dispos. 2010, 38, 1024-1028. [CrossRef] [PubMed]

Marshall, W.J.; Lapsley, M.; Day, A.P.; Ayling, R.M. Clinical Biochemistry: Metabolic and Clinical Aspects, 3th ed.;
Elsevier Health Sciences: Amsterdam, The Netherlands, 2014; ISBN 9780702054785.

Balakrishnan, A.; Polli, J.E. Apical sodium dependent bile acid transporter (ASBT, SLC10A2): A potential
prodrug target. Mol. Pharm. 2006, 3, 223-230. [CrossRef] [PubMed]

Dawson, P.A. Role of the intestinal bile acid transporters in bile acid and drug disposition. Handb. Exp. Pharm.
2011, 201, 169-203.

Viale, M.; Cordazzo, C.; De Totero, D.; Budriesi, R.; Rosano, C.; Leoni, A.; Ioan, P.; Aiello, C.; Croce, M.;
Andreani, A.; et al. Inhibition of MDR1 activity and induction of apoptosis by analogues of nifedipine and
diltiazem: An in vitro analysis. Invest. New Drugs 2011, 29, 98-109. [CrossRef]

Portnoy, E.; Gurina, M.; Magdassi, S.; Eyal, S. Evaluation of the near infrared compound indocyanine green
as a probe substrate of P-glycoprotein. Mol. Pharm. 2012, 9, 3595-3601. [CrossRef]

Butcher, E.C.; Weissman, I.L. Direct fluorescent labeling of cells with fluorescein or rhodamine isothiocyanate.
I. Technical aspects. J. Immunol. Methods 1980, 37, 97-108. [CrossRef]

Tiscornia, G.; Singer, O.; Verma, .M. Production and purification of lentiviral vectors. Nat. Protoc. 2006, 1,
241-245. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpcell.00023.2015
http://dx.doi.org/10.1007/s00424-003-1130-z
http://dx.doi.org/10.1371/journal.pone.0218459
http://dx.doi.org/10.1016/j.bcp.2018.12.018
http://dx.doi.org/10.1172/JCI119816
http://dx.doi.org/10.1006/bbrc.1999.0454
http://www.ncbi.nlm.nih.gov/pubmed/10208854
http://dx.doi.org/10.1124/dmd.110.032862
http://www.ncbi.nlm.nih.gov/pubmed/20406852
http://dx.doi.org/10.1021/mp060022d
http://www.ncbi.nlm.nih.gov/pubmed/16749855
http://dx.doi.org/10.1007/s10637-009-9340-7
http://dx.doi.org/10.1021/mp300472y
http://dx.doi.org/10.1016/0022-1759(80)90195-7
http://dx.doi.org/10.1038/nprot.2006.37
http://www.ncbi.nlm.nih.gov/pubmed/17406239
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Confirmation of ASBT and NTCP Tranduction 
	ICG Intake through ASBT 
	Confirmation of ICG Intake through ASBT 
	Pharmacokinetics of ICG Intake through ASBT 

	ICG Transportability between ASBT and NTCP 
	FITC Intake through ASBT 
	Combination of ICG with ASBT for in Vivo Cell Tracking 
	Combination of ICG with ASBT for Drug–drug Interaction 

	Discussion 
	Materials and Methods 
	Cell Culture and Preparation 
	In Vitro ICG Intake 
	Pharmacokinetics of ICG 
	The Animal Experiment of ICG Intake 
	Drug-Screening Platform 
	In Vitro Intake of FITC 
	Cell Viability 
	Western Blotting 
	Immunofluorescence and Immunohistochemistry 
	Statistics 

	References

