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Abstract

An understanding of the quantitative relationship between bile canaliculus (BC) dy-
namics and the disruption of tight junctions (TJs) during drug-induced intrahepatic
cholestasis may lead to new strategies aimed at drug development and toxicity test-

ing. To investigate the relationship between BC dynamics and TJ disruption, we retro-
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spectively analyzed the extent of TJ disruption in response to changes in the dynamics
of BCs cultured with entacapone (ENT). Three hours after adding ENT, the ZO-1-
negative BC surface area ratio became significantly higher (4.1-fold) than those of ZO-
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1-positive BCs. Based on these data, we calculated slopes of surface area changes, m,
of each ZO-1-positive and ZO-1-negative BC. BCs with m < 15 that fell within the 95%

confidence interval of ZO-1-positive BCs were defined as ZO-1-positive. To validate
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this method, we compared the frequency of ZO-1-positive BCs, F,, with that of BCs
with m =< 15, F,, in culture using drugs that regulate TJ, or induce intrahepatic chol-
estasis. F values were correlated with F, under all culture conditions (R2 =.99). Our
results indicate that the magnitude of BC surface area changes is a factor affecting
TJ disruption, suggesting that maintaining TJ integrity by slowing BC dilation inhibits
cell death.
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1 | INTRODUCTION related metabolic processes in humans and rodents.!? By contrast,
using an alternative method, such as that based on a human-cell-
Drug-induced liver injuries lead to serious adverse events. As such, based-assay via organ(s)-on-a-chip, may provide important informa-
it is necessary to evaluate the possibility that a new drug may induce tion regarding the effect and safety of new drugs. Moreover, human
intrahepatic cholestasis, prior to human clinical trials. However, using HepaRG cells, which provide reproducible data, present an attrac-
data gathered from animal experiments to accurately predict drug cy- tive cell source that exhibit the same functional structure as that

totoxicity in humans is difficult due to differences between the drug of mature hepatocytes, as well as correctly polarized distributions

Abbreviations: BC, bile canaliculus; ENT, entacapone; FOR, forskolin; TJs, tight junctions; TOL, tolcapone; ZO-1, zonula occludens-1.
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required for this assay are currently in progress*~®; hence, a suitable
quantitative evaluation method is needed. In particular, the estab-
lishment of quantitative evaluation methods that reflect changes in
cell characteristics would enable large amounts of data involved in
drug screening to be accurately and easily evaluated, leading to the
development of new technologies that can be utilized to regulate cell
characteristics and dynamics via established parameters.

Drugs that cause intrahepatic cholestasis are known to inhibit
hepatic transporter functions, resulting in hepatotoxicity due to the
accumulation of bile acids in the cytosol or in the bile canaliculi (BCs)
of hepatocytes.”® Meanwhile, the Rho small GTPase family regulates
the assembly and disassembly of the actin cytoskeleton,” and drugs
that induce intrahepatic cholestasis have been found to alter BC
dynamics via the Rho kinase/myosin light kinase pathway.m’11 The
actin cytoskeleton and adapter proteins, such as zonula occludens-1
(ZO-1), interact to form tight junctions (TJs),*?*® while certain drugs
may cause the interaction between TJs and the actin cytoskeleton
to become unbalanced, thereby disrupting TJ integrity.!* Thus, an
investigation of BC dynamics may provide important information re-
garding changes in cellular fate.

Clinical trial data has revealed that tolcapone (TOL) and en-
tacapone (ENT), which are clinically used to treat patients with
Parkinson's syndrome, evoke intrahepatic cholestasis.'>'¢ More
specifically, exposure to TOL and ENT causes BC dilation via the Rho
kinase/myosin light kinase pathway.'®* A previous retrospective
study analyzed time-lapse and immunofluorescence images of the
TJ protein, ZO-1, in BCs cultured with or without ENT and forsko-
lin (FOR), a drug that facilitates TJ formation, to better understand
the effects of TJ structural changes due to altered BC dynamics.**
Moreover, we previously found that exposure to ENT and FOR sup-
presses changes in BC dynamics, resulting in inhibition of TJ dis-
ruption and apoptosis. Taken together, these findings indicate that
rapidly changing BC dynamics may be a key factor in changing cell
fate toward death during drug-induced intrahepatic cholestasis.

In the present study, we aimed to establish a non-invasive and
guantitative evaluation method based on changes in the size of BCs in
HepaRG cells during drug-induced intrahepatic cholestasis. To this end,
we conducted a retrospectively investigated the relationship between
BC size and TJ disruption in HepaRG cells exposed to TOL or ENT.

2 | MATERIALS AND METHODS
2.1 | Culture conditions of HepaRG cells

Cryopreserved, differentiated HepaRG cells (Lot. No.
HPR116293-TA08; Biopedric International) were seeded at a density
of 2.1 x 10° cells/cm? in 6-well plates (Corning) and maintained for
14 days at 37°C in a humidified 5% CO, incubator. The maintenance
medium, which was prepared according to the supplier's instructions
(Biopedric International), was changed every 2 days. After 14 days,
mature HepaRG cells, with TJs sealing canalicular lumen to form BCs,

were incubated for 48 h in culture medium containing 1.7% dimethyl
sulfoxide (DMSQ) with, or without, ENT (100 pM; Sigma-Aldrich),
TOL (100 pM; Tokyo Chemical Industry Corporation), or FOR (10 pM;
FUJIFILM Wako Pure Chemical Corporation) at 37°C in a humidified
5% CO, environment. Exposure time, t, was determined from the
moment following the addition of ENT, TOL, or FOR. To understand
the changes in BC dynamics following exposure to drugs, the expo-
sure time and concentration of drugs were determined based on the

cytotoxicity data and BC dynamics in published reports.l(in4

2.2 | Time-lapse monitoring and
immunofluorescence staining

Time-lapse images of HepaRG cells were captured from triplicate
cultures in 6-well plates using an image analyzer (Eclipse Ti2; Nikon)
with a 10x objective lens and phase-contrast images (5.3 x 5.3 mm)
at 16 bits in gray scale with 1.88 pixels/pm2 resolution, every 20 min
for 48 h. Following time-lapse observation, fluorescence staining of
Z0O-1 protein (Abcam), F-actin, and cell nuclei of HepaRG cells was
conducted according to a previously described method.* Briefly,
HepaRG cells washed with PBS were fixed with 2% paraformalde-
hyde for 15 min at 4°C, and permeabilized by incubation for 30 min
in 0.05% Triton X-100 at 4°C. Nonspecific binding of antibodies
was blocked by treatment with Block Ace (Dainippon Sumitomo
Pharma) overnight at 4°C. The cells were incubated with primary
antibodies (1:200 dilution) overnight at 4°C. After washing with
PBS, HepaRG cells were incubated with Alexa Fluor 488-conjugated
goat anti-rabbit 1gG (Abcam), 4',6-diamidino-2-phenylindole (DAPI,
Life Technologies Corporation), and Alexa Fluor 594 phalloidin
(Invitrogen) for 3 h at 26+2°C. Fluorescence images were captured
using a fluorescence microscope with a 10x objective lens (Eclipse
Ti2; Nikon). Fluorescence signal intensities were obtained via excita-

tion at corresponding wavelengths of 358, 488, and 594 nm.

2.3 | Quantitative analyses of bile
canaliculus surface areas and the extent of tight
junction disruption

A schematic outline of the data analysis procedure for the BC surface
area and extent of TJ disruption is shown (Figure 1). To measure the
surface areas of BCs in the regions of interest (ROls), 300 x300 um
ROIs were randomly selected from three measurement regions in a
culture vessel, via three independent experiments. Data were ob-
tained from nine ROIs under each culture condition (3 ROIs in a culture
dish x3 independent experiments). To analyze the time-dependent
changes occurring in BC dynamics, a surface area of each individual
BC, A, from phase-contrast image datasets was manually measured
using ImageJ software,” every 1 h for 48 h. The surface areas of BCs
in a culture condition with ENT, Ay, or without ENT, A, were cal-
culated. The Ag; and A, values were used to estimate the index of
BC dilation, defined as the ratio between the surface areas of BCs
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(B)Judgment of a ZO-1-positive and a ZO-1-negative BC (C) Evaluation of cell fate based on BC surface areas

20-1-negative BC
BC surrounded by
Z0-1 outlines

Z0-1-negative BC
(BC dilation
toward cell death)

20-1-positive BC (Cell survive)

FIGURE 1 Data analysis procedure pertaining to changes in BC surface areas in HepaRG cells during drug-induced intrahepatic
cholestasis. A schematic outline shows decision of a threshold based on surface areas of BCs (A), Judgment of a ZO-1-positive and a ZO-1-

negative BC (B), and evaluation of cell fate based on BC surface areas.

cultured with ENT and the average values of the surface area for all
BCs cultured without ENT, AENT/E, in each ROI, every 1 h for 48 h.

To confirm and quantify the association between BC surface area
and the extent of TJ disruption, ZO-1 immunostaining images were
captured following time-lapse monitoring of the same positions
where BC surface area had been measured. Fluorescence stained
images of F-actin and cell nuclei were used as reference data to
understand the cellular structure of HepaRG cells under all culture
conditions. The BCs of HepaRG cells were divided into ZO-1-positive
and ZO-1-negative groups, according to the criteria depicted in
Figure 1. ZO-1-positive and ZO-1-negative BCs were retrospectively
identified and their respective frequencies, F, and F, were esti-
mated, respectively. To compare the magnitude of changes between
the surface areas of individual ZO-1-positive and ZO-1-negative BCs,
the surface area ratio for individual BCs, R ,, was calculated using the
surface area of each ZO-1-positive or ZO-1-negative BC and the m
value. The slope, m, of BC surface areas versus exposure times from
t =0to 3 h, was calculated, and the threshold, T, which distinguishes
Z0O-1-positive BC (cell survival) or ZO-1-negative BC (BC dilation to-
ward cell death) was determined. These slopes were estimated using
the data obtained from HepaRG cells cultured with or without ENT,
following which, the average values of the slopes for ZO-1-positive
and ZO-1-negative BCs were calculated. T was defined as the value
that was two standard deviations away from the mean of the sur-
face areas of ZO-1-positive BCs cultured with, or without, ENT. Data
were obtained from 10-50 BCs in the ROI from t = O to 48 h, with
the ROIs selected from three independent experiments.

To ascertain the established evaluation index, the frequency of
ZO-1-positive BCs, F,, and the frequency of BCs with a value less than
that of T, Fy, was calculated using the data from the BCs in ROls under
each culture condition, respectively, following which F, and F; values
were compared. Our established evaluation method was validated
using data from HepaRG cells cultured without drugs, and those cul-
tured with TOL, FOR, TOL/FOR, and ENT/FOR, respectively.

2.4 | Statistical analysis

Data were expressed as mean + standard deviation, and compari-
sons between the groups were analyzed using one-way analysis of
variance (ANOVA) followed by the Tukey-Kramer post-hoc test. The
Student's t-test was used to determine statistically significant dif-
ferences between two samples. Statistical significance was set at
*p < .05 and **p < .01.

3 | RESULTS

3.1 | Tightjunction disruption as a consequence of
drastic changes in bile canaliculus dynamics

Time-lapse monitoring and ZO-1 immunofluorescence staining were
conducted for HepaRG cells cultured with, or without ENT (100 pM), at
t=0-48h(Video S1). Att =0, BCs were formed between HepaRG cells
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under both culture conditions. HepaRG cells cultured with ENT exhib-

ited rapid dilation of BCs during t = 0-3 h. As cell culture proceeded,
the BCs in HepaRG cells cultured with ENT gradually became smaller,
and finally disrupted. Ultimately, the constricted BCs in HepaRG cells
cultured with ENT detached from the culture vessel. However, such
drastic changes were not observed in the dynamics of BCs in HepaRG
cells cultured without ENT. Under both culture conditions, cells exhibit-
ing minute alterations in the size of BCs were surrounded by a distinct
line of ZO-1. Conversely, cells exhibiting drastic alterations in the size of
BCs did not express ZO-1 around BCs (Video S1).

To quantitatively analyze TJ disruption in response to changes in BC
dynamics, a time profile of the surface areas of ZO-1-positive and ZO-1-
negative BCs in HepaRG cells cultured with, or without, ENT was con-
structed. The ratio of surface areas of BCs cultured with ENT vs those
without ENT, AENT/E, was estimated based on the data of BC surface
areas under both culture conditions in triplicate experiments (Figure 2).
The Agnr/Acen of ZO-1-positive BCs (0.6 + 0.15) was the same as the
Aent/Ace of ZO-1-negative BCs (1.0 + 0.25) (Figure 2). As exposure
time elapsed, the value of Agyr/Acy of ZO-1-negative BCs increased
rapidly to 3.9 + 0.46 at t = 3 h, with the slope of ZO-1-negative BCs
becoming steeper at t = 0-3 h. Until t = 48 h, the value of AENT/E of
Z0-1-negative BCs decreased gradually to 1.7 + 0.31. In ZO-1-positive
BCs, the values of Agyr/Acy remained at 1 fromt =0 to 48 h.

3.2 | Correlation between tight junction
disruption and bile canaliculus dynamics changes

Frequencies of ZO-1-positive, F,, or ZO-1-negative, F, BCs under
both culture conditions were compared in relation to BC size and
the extent of TJ disruption. Between t = 0 and 6 h, the distribu-
tion of A of ZO-1-positive BCs ranged from O to 2.8 (Figure 3) and
exhibited a Gaussian distribution pattern. There was no change in
the distribution of A of ZO-1-positive BCs until t = 48 h (Figure 3).
Meanwhile, the distributions of A of ZO-1-negative BCs fromt =0

to 12 h were broader, ranging from O to 12, while that of A of ZO-1-
negative BCs from t = 42 to 48 h was narrower than that fromt =0
to 12 h (Figure 3).

To classify non-invasive ZO-1-positive and ZO-1-negative BCs,
we focused on the slopes of the surface area plots for individual ZO-
1-positive BCs, m, fromt =0 to 3 h, based on a large difference in the
slopes of time-dependent increases in the average surface area val-
ues for individual ZO-1-positive and ZO-1-negative BCs (Figure 2).
BCs under both culture conditions were divided into ZO-1-positive,
and a ZO-1-negative BC groups, based on the standard deviations
and mean of absolute values of the surface area slopes for ZO-1-
positive BCs. A threshold based on the slopes of the surface area
plots for individual ZO-1-positive BCs under both culture conditions,
T, was defined as the value that two standard deviations away from
the average absolute value of the slopes of the surface area plots for
individual ZO-1-positive BCs from t = O to 3 h (Figure S1).

The extent of TJ disruption, frequencies of ZO-1-positive BCs, F,,
and BCs less than T, F;, were investigated to compare the changes
in BC size in cells cultured with, or without, ENT. The frequency of
Z0O-1-positive BCs in cultures without ENT was over 3.0-fold higher
than that in cultures with ENT (FZ =0.98+0.03 and F, = 0.33 + 0.13,
respectively; Figure 4). The F; value (0.97 + 0.03) of cells cultured
with ENT differed significantly compared to that (0.42 + 0.18) of cells
cultured without ENT. The F values as well as F, values of BCs of
ENT-exposed HepaRG cells were significantly lower than those of BCs
unexposed to ENT, indicating that exposure to ENT led to the disrup-
tion of TJs (Figure 4). There was high concordance between the F, and
F- of those cultured with or without ENT (99% and 78%, respectively).

3.3 | Slow dilation of bile canaliculus prevents tight
junction and bile canaliculus disruption

The association between TJ disruption and BC dynamics in
HepaRG cells cultured with FOR, ENT, TOL, TOL/FOR, and ENT/
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FIGURE 3 Frequencies of ZO-1- (A) 0.2
positive and ZO-1-negative BCs of n =875
HepaRG cells cultured with, or without
ENT. Open bars, ZO-1-positive BCs;
shaded bars, ZO-1-negative BCs. R, © 0.1k
which is defined as a ratio of surface
areas of individual BCs, was calculated
from each surface area of ZO-1-positive
or ZO-1-negative BCs and the A, value. T
Data were obtained from 700-900 BCs - T 0 g — = : :
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using immunostaining image for ZO-1 in T g 0.1F
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FOR, or without drugs, was studied from t = O to 48 h, via time-
lapse monitoring and ZO-1 immunofluorescence staining (Videos
S$2-54). FOR was used to facilitate TJ formation in HepaRG cells
that had reached the stage of maturity ideal for TJ formation,
however, no change was observed in BC dynamics or TJ forma-
tion (Video S2). The BCs in HepaRG cells cultured with ENT or
TOL dilated rapidly from t = 0 to 3 h. However, as exposure time
elapsed, the dilation of BCs reached a limit, following which some
cells detached from the surface of the culture dish (Videos S3 and
S4). Meanwhile, simultaneously adding FOR with either ENT or
TOL to HepaRG cells, caused the BCs to dilate slowly, as a result
of which the BC network remained intact until t = 48 h (Videos S3
and S4). Under all culture conditions, BCs exhibiting slow dilation
were ZO-1-positive, while BCs showing rapid dilation were ZO-1-
negative (Videos $S2-54).

To ascertain the effect of BC dilation on the TJs of HepaRG cells
during the early phase of drug-induced intrahepatic cholestasis, the
slopes of the surface area plots for the BCs, m, of HepaRG cells cul-
tured without drugs, as well as those cultured with ENT, FOR, TOL,
TOL/FOR, or ENT/FOR were investigated from t = 0 to 3 h. The m
values of HepaRG cells cultured without drugs and with FOR were
4.9 + 0.92 and 6.0 + 0.89, respectively (Figure 5). When exposed
to ENT or TOL, the m values of drug-exposed HepaRG cells were
significantly higher than those of unexposed HepaRG cells (7.7-fold
or 14-fold, respectively). Meanwhile, the m values of ENT/FOR- or

TOL/FOR-exposed HepaRG cells were 18 + 3.3 and 18 + 3.7, re-
spectively, and were significantly reduced when compared with
those of ENT- or TOL-exposed HepaRG cells.

To validate the evaluation method based on T, we compared the
frequencies of ZO-1-positive BCs, F, and frequencies of the number
of BCs with values less than T, F;, of HepaRG cells cultured without
drugs, as well as of those cultured with FOR, ENT, TOL, TOL/FOR, or
ENT/FOR from t = 0 to 48 h. Under all culture conditions, the values
of F, and F were closely correlated (R? = .99); (Figure 6). The F, and
F; values of ENT/FOR- or TOL/FOR-exposed HepaRG cells were sig-
nificantly higher than those of ENT- or TOL-exposed HepaRG cells
(Figure 6), indicating that exposure to FOR suppressed TJ disruption
and the change in BC dynamics in HepaRG cells cultured with TOL
or ENT.

4 | DISCUSSION

4.1 | Changes in bile canaliculus dynamics and tight
junction disruption

The present study quantitatively demonstrated that slowing BC di-
lation prevents TJ disruption. Although the mechanisms underlying
drug-induced intrahepatic cholestasis have not been well defined,
alterations in hepatobiliary transporters, changes in cell polarity,
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FIGURE 4 Comparison between the frequencies of ZO-1-
positive BCs and BCs less than T, cultured with or without ENT.
Open bars, frequency of number of ZO-1-positive BCs, F; Closed
bars, frequency of number of BCs having less than the T value,
F.. Data were obtained from three independent experiments.
Statistical significance was determined via one-way analysis

of variance (ANOVA) followed by Tukey-Kramer post-hoc test
(**p <.01).

disruption of cell-cell junctions, and changes in the cytoskeleton
are thought to participate in the development of intrahepatic chol-
estasis. Thus, the present study focused on the BC dynamics that
are essential for bile acid flux as predictive nonclinical markers of
drug-induced cholestasis. More specifically, we attempted to quan-
titatively analyze the association between BC dynamics and the
extent of TJ disruption, by evaluating the correlation between the
changes that occur in BC surface area and the extent of TJ disrup-
tion. We quantitatively established that changes in BC surface area
corresponding to m values <15, during the early phase of drug-
induced intrahepatic cholestasis process, did not lead to cell death
via TJ disruption. Bile acids, which regulate hepatocyte polarization

and canalicular formation,ig’19

are synthesized from cholesterol in
hepatocytes and secreted by transporters, such as the bile salt ex-
port pump (BSEP), into the BC. Thus, drug-induced impairment of
BC dynamics or transporter inhibition cause bile secretory failure,
suggesting that maintenance of polarization is essential for hepato-
cyte function. Meanwhile, exposure of HepaRG cells to TOL causes
inhibition of BSEP, whereas exposure to ENT does not inhibit BSEP
or other transporters.'® Nevertheless, both TOL and ENT induce im-
pairment of BC dynamics,'® which was confirmed by the results of
the current study (Videos S1 and S4). Burbank et al.!® reported the
presence of early BC deformities in contraction or dilation of the
BC associated with changes in the ROCK/MLCK pathway following
treatment with all tested drugs, including those that were not BSEP
inhibitors. Hence, early changes in BC dynamics associated with the
ROCK/MLCK pathway may serve as specific predictive markers that
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FIGURE 5 Effect of BC dynamics changes on TJ formation
Closed bars, slopes of plots of surface areas of BCs, m, of HepaRG
cells in each culture without drugs (Ctrl), those cultured with FOR,
with ENT, with TOL, with TOL/FOR, and with ENT/FOR at t = 0-
48 h. Data were obtained from three independent experiments.
Statistical significance was determined via one-way analysis

of variance (ANOVA) followed by Tukey-Kramer post-hoc test
(**p <.01; *p <.05).

can provide information regarding the cholestatic potential of novel
drugs.

The TJ scaffolding protein, ZO-1, is linked to actin-biding sites,
where actin assembly and disassembly are regulated by Rho fam-
ily small GTPases.1213202! Exposure of cells to TOL and ENT, which
are known to induce hepatic cholestasis, accelerates BC dilation by
relaxing actomyosin via the Rho kinase/myosin light kinase path-
way.1%! Rapid BC dilation causes BC disruption, resulting in TJ dis-
ruption and apoptosis.’* Meanwhile, exposing HepaRG cells cultured
with ENT or TOL to FOR suppressed BC dilation (Figures 5 and 6),
and maintained TJ integrity in BCs. Interestingly, despite the strong
mitochondrial toxicity of TOL,??% adding FOR to TOL slowed the
expansion of BC surface areas and localization of ZO-1 on the mem-
brane of BCs. It has been previously reported that FOR promotes
BC network formation in hepatocytes by activating cAMP and pro-
moting TJ formation.*® Gao et al.,* reported that FOR reinforces
the integrity of cell-cell contacts in renal glomerular epithelial cells,
namely podocytes, via Rho family small GTPases signaling, resulting
in the closure of an intercellular adhesion zipper, accompanied by
redistribution of cell adhesion molecules and actin-associated pro-
teins in a continuous linear pattern at cell-cell contact points. The
results of the current study suggest that FOR, which activates cAMP
and modulates the Rho-GTPase-dependent actin cytoskeleton, en-
hances BC structure and suppresses BC disruption, thereby facilitat-
ing TJ formation and suppressing cell death.

In the present study, ZO-1 was selected as an invasive indicator
of the correlation between BC dynamics and TJ disruption as ZO-1 is
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FIGURE 6 Correlation between F, and F; values of HepaRG
cells cultured without drugs, and those cultured with FOR, ENT,
TOL, TOL/FOR, or ENT/FOR from t = 0-48 h. Closed circles,
without drugs; Closed triangles, with FOR; Closed squares, with
ENT; Closed rhombuses, with TOL; Open squares, with ENT/FOR;
Open rhombuses, with TOL/FOR. Data were obtained from three
independent experiments. Statistical significance was determined
via one-way analysis of variance (ANOVA) followed by Tukey-
Kramer post-hoc test (**p < .01). Pearson correlation coefficients
were used to evaluate the relationship between F, and F; values,
and the equation were calculated using least-squares analysis.

able to change its subcellular localization in rearrangements to per-
turb the uniform, continuous localization of TJ proteins along cell-
cell junctions, thus disrupting barrier function. This report supports
our strategy of analyzing TJ disruption based on the categorization
of individual BCs as either ZO-1-positive BCs with a perfectly dis-
tinct line of ZO-1 surrounding BCs, or as ZO-1-negative BCs with an
imperfect line of ZO-1 surrounding BCs. In a previous study, we re-
ported that culturing with Y27632 (i.e., ROCK inhibitor) induces BC
disruption in HepaRG aggregates, while upregulation of cell growth
results in the reformation of BCs.?® In a previous study, regulation
of cell proliferation via the nuclear translocation of ZO-1 from the
cellular membrane of BCs following TJ disruption was considered
to be related to the reformation of BCs.,?> ZO-1 is a regulator of

2627 and is sensitive to mechanical stimulation,

contact inhibition
causing it to alter its subcellular localization.?®2? Schwayer et al.%¢
reported that accumulation of ZO-1 in the TJs of zebrafish embryos
is closely associated with tension in the adjacent actomyosin net-
work as these junctions are mechanosensitive. These reports indi-
cate that mechanical interactions between actin TJs are important
for maintaining hepatocyte polarity and function. In the present
study, AENT/E values of ZO-1-positive BCs were higher than those
of ZO-1-negative BCs, indicating that the magnitude of BC dynam-
ics, that was changed via actin dynamics, was associated with TJ
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disruption in BCs (Figure 2). Exposure to FOR facilitated TJ forma-

tion, causing a significant decrease in the m values of HepaRG cells
cultured with ENT or TOL (Figure 5). Moreover, correlation analysis
revealed that the F, values showed a high level of association with F
values (Figure 6). These findings indicate that BC dynamics and ZO-1
are important indicators of changes in cellular properties during

drug-induced intrahepatic cholestasis.

4.2 | Non-invasive evaluation based on bile
canaliculi dynamics changes

Long-term time-lapse monitoring is affected by focus drift. Further,
temperature changes can affect focus drift and, as such, must be
taken into consideration. However, microscopes that reduce focus
drift®138 require customized optical components and hardware mak-
ing them very costly. Although techniques, such as image process-
ing via deep learning,®* may be used to solve out-of-focus blurring,
we established an evaluation method that simplifies data processing
and allows it to be easily analyzed. The proposed analytical method,
which is based on a plot of two points where the slope of the sur-
face area of a BC is maximum, allows information to be obtained in a
short time with a small number of images.

A retrospective analysis using time-lapse and ZO-1 staining im-
ages was performed to establish a method for evaluating BC dynam-
ics in drug-induced hepatic cholestasis. Our analysis revealed that
drastic changes that took place during the early phase of BC dilation
were essential to TJ disruption. This analytical method has been used
to investigate the association between changes in the behavior, mor-
phology and characteristics of cells®>3° to retrospectively ascertain
the “factors” that led to the “result” in each process. Therefore, we
evaluated the relationship between the extent of TJ disruption and
BC dynamics and found that rapid changes taking place in BCs during
the early phase of drug-induced intrahepatic cholestasis process
(slope of a line of plots of BC surface area >15) lead to TJ disruption.
Interestingly, when exposed to ENT and FOR simultaneously, BCs
turned ZO-1 positive despite expanding (Figure 5). This may be due to
the simultaneous exposure to ENT and FOR slowing BC dilation, thus
allowing them to maintain their structure and facilitating TJ formation.
Based on our retrospective analysis, it is proposed that changes in the
size of BCs during the early phase of BC dynamics, as represented by
m, is a factor that affects BC structure as well as cell death.

Evaluating changes in BC surface area during the early stages
of the drug-induced intrahepatic cholestasis, led to a better under-
standing of the non-invasive potential of ZO-1-positive and ZO-1-
negative BCs. The F; value, an evaluation index based on the slope
of the BC surface area plot in cultures exposed, or unexposed, to
ENT, was compared with the frequency of ZO-1 positive BCs, F.
The results showed high agreement (99%) between F, and F; val-
ues under culture conditions without ENT. This indicates that the
ratio of changes in BC surface areas allowed non-invasive discrim-
ination between ZO-1-positive and ZO-1-negative BCs at t = 48 h.
Interestingly, under culture conditions with ENT and FOR, as well
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as with TOL and FOR, BCs turned ZO-1 positive as a consequence
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of the dilation caused by ENT or TOL, being slowed down. These
results indicate that slow dilation of BC is critical for maintaining BC
structure. That is, the evaluation index, which distinguishes ZO-1-
positive from ZO-1-negative BCs, is not the integrated value but the
derivative value. It is suggested that the differential value, which
indicates the amount of instantaneous change, that is, the rate of
change in BC size during the early phase of BC dilation, is an im-
portant parameter that governs BC structural changes. Considered
together, we propose that a non-invasive evaluation method would
help better understand TJ disruption as a consequence of changes
in BC dynamics during drug-induced intrahepatic cholestasis.

5 | CONCLUSION

Our retrospective analysis revealed that ZO-1-negative BCs exhibit-
ing TJ disruption show steeper slopes in BC surface areas for 3 h
following the addition of ENT or TOL. Conversely, no significant dif-
ferences were observed between the slopes of the surface areas
of ZO-1-positive BCs. To differentiate between ZO-1-negative and
Z0-1-positive BCs, the slopes, m, of surface area plots for individual
Z0O-1-positive BCs were estimated 3 h after the addition of ENT.
Frequencies of ZO-1-positive BCs were in high agreement with the
frequencies of the number of BCs showing m < 15. Meanwhile, ex-
posure to FOR facilitated TJ formation. Frequencies of the number
of BCs with m < 15 in ENT/FOR- or TOL/FOR-exposed HepaRG
cells were significantly higher than those in ENT- or TOL-exposed
HepaRG cells. Interestingly, under all culture conditions, the fre-
quency of ZO-1-positive BCs and the frequency of BCs withm < 15
were closely correlated. Thus, the findings of the present study
demonstrate that changes in BC dynamics should be considered as
important factors when evaluating TJ disruption and cell death dur-
ing drug-induced intrahepatic cholestasis. As such, these findings
inform the development of therapies and toxicity assessment meth-
ods for drug-induced intrahepatic cholestasis.
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