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Abstract

BACKGROUND: Ballooned hepatocytes (BH) are a key histological hallmark of nonalcoholic steatohepatitis (NASH),
yet their consequences for liver-specific functions are unknown.

METHODS: In our previous study, an experimental model of human induced-BHs (iBH) has been successfully developed
based on cell sheet technology. This study aimed to determine the functions of iBHs in the primary human hepatocyte/
normal human dermal fibroblast (PHH/NHDF) co-culture cell sheets. Normal hepatocytes in the PHH/3T3-J2 co-culture
cell sheets were set as a control, since 3T3-J2 murine embryonic fibroblasts have exhibited previously long term main-
tenance of PHH functions.

RESULTS: 1t was found that, albumin secretion was not affected in iBHs, but urea synthesis as well as cytochrome P450
enzyme (CYP) activities including CYP1A2 and CYP3A4, were significantly reduced in iBHs. Besides, loss of bile
canaliculi was observed in iBHs. These findings are consistent with clinical studies of human NASH. In addition, PHH/
NHDEF cell sheets demonstrated two fold higher TGF-B1 secretion compared with PHH/3T3-J2 cell sheets. Furthermore,
treatment with a TGF-f inhibitor and a semi-synthetic bile acid analogue (obeticholic acid, phase 3 trial of NASH therapy)
ameliorated the histological appearance of established iBHs.

CONCLUSION: In summary, this study demonstrates the priority of iBHs in recapitulating not only histology but also
clinically relevant hepatic dysfunctions in human NASH and suggests TGF-B3 and bile acid related signal pathway may
play important roles in the formation of iBHs.
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1 Introduction

In the past few decades, nonalcoholic fatty liver disease
(NAFLD) has become an urgent public health problem
worldwide [1-3]. NAFLD consists of a spectrum of liver
diseases ranging from simple fatty liver (steatosis) to the
nonalcoholic steatohepatitis (NASH). NASH is a more
severe disease, which increases the risk of cirrhosis and
primary hepatic carcinoma. However, the development and
progression of NASH is not entirely understood.

Mounting evidence has suggested that abnor-
mal changes in liver-specific functions may promote
NASH development. It has been demonstrated that NASH
patients have a functional reduction in the capacity for
ureagenesis and the resulted accumulation of ammonia can
lead to fibrosis development, increasing the risk of disease
progression [4]. Several studies have shown that NASH
patients have increased rates of bile acid synthesis [5, 6].
Importantly, they have demonstrated that bile acids levels
correlate with markers of hepatic injury, such as steatosis,
ballooning and fibrosis, suggesting a possible role for bile
acids in the progression of NASH.

Drug metabolism in the liver are also affected by
NASH. Cytochrome P450 (CYP) 3A4 is responsible for the
oxidative metabolism of more than 50% of all drugs. It has
been found that, CYP3A4 activity is decreased in NASH
patients [7], which might be due to inflammatory cytoki-
nes, such as TGFB1 [8]. TGFB1 has been reported to
induce apoptosis in various epithelial cells at high con-
centrations [9] and also participates in NASH through
regulation of cell death and lipid metabolism in a mouse
model [10].

Effects of NASH on protein synthesis in the liver are
complicated. It has been found that NASH patients show
reduced synthesis of apolipoprotein B-100, increased syn-
thesis of fibrinogen and unchanged synthesis of albumin
when compared with healthy controls [11]. Additionally,
some pioneering studies demonstrate that sonic hedgehog
(SHH), which is secreted by ballooned hepatocytes (BH), is
increased in NASH and its activation parallels histologic
severity of hepatic injury [12, 13].

Hepatocellular ballooning is a key histological hallmark
of NASH. It is associated with the liver inflammation and
fibrosis [14—16] and used to score disease severity [17].
Comprehensive study of BHs will help us to better
understand NASH pathogenesis, but still little is known
about BHs due to the lack of appropriate experimental
models. In particular, as far as we know, no study to date
has systematically quantified the liver-specific functions of
BHs in vitro.

Our lab has been focusing on cell sheet based-tissue
engineering. “Cell sheet” is a confluent mono-layer of cells
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harvested from an innovative temperature-responsive cell
culture plates (TRCP) by reducing temperature [18, 19]. In
our previous study, primary human hepatocytes (PHH),
which are considered as the gold standard of in vitro human
liver model were co-cultured with normal human dermal
fibroblasts (NHDF) on TRCPs and harvested as contracted
co-culture cell sheets. Interestingly, BHs were reproduced
in this cell sheet-based in vitro three dimensional (3D)
model [20]. Similar to BHs in NASH livers, the induced
BHs (iBH) display cell enlargement, fat accumulating,
rarefied cytoplasm, mitochondrial dysfunction, endoplas-
mic reticulum (ER) stress, increased secretion of SHH and
so on. Although high glucose/high insulin media and
NHDF dependent stimulation are associated with occur-
rence of iBHs, further mechanism is not clear.

We hypothesized that liver-specific functions, such as
albumin secretion, urea synthesis, cytochrome P450 (P450)
enzyme activities and bile canaliculi network formation were
altered in iBHs relative to normal hepatocytes. Therefore, the
main purpose of this study was to investigate liver-specific
functions of iBHs and explore their possible pathogenesis.

2 Materials and methods
2.1 Fibroblast culture

NHDF(Lonza, Basel, Switzerland) were cultured in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM,
Corning, NY, USA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin—streptomycin and cultured at
37 °C in a humidified atmosphere with 5% CO,. After
passage on stiff tissue culture plastic in serum supple-
mented culture media, NHDFs are activated and display
aligned, dense actin stress fibers [20]. Activated NHDFs
were used for co-culture with PHHs in cell sheets to induce
hepatocellular ballooning.

3T3-J2 murine embryonic fibroblasts (Kerafast, Boston,
MA, USA) were cultured in high-glucose DMEM supple-
mented with 10% bovine calf serum (GE Healthcare, Little
Chalfont, UK) and 1% penicillin—streptomycin (Corning)
and cultured at 37 °C in a humidified atmosphere with 5%
CO,. 3T3-J2 fibroblasts, which are irradiated 3T3 fibrob-
lasts, are not easy to be activated after passage on stiff
tissue culture plastic. They reveal random, relatively sparse
actin stress fibers [20]. Khetani et al. have done a lot of
great work, demonstrating that 3T3-J2 fibroblasts are
superior in maintaining liver-specific functions compared
to other non-parenchymal cells [21-23]. They have found
that 3T3-J2 fibroblasts express diverse molecules present in
the liver, such as decorin [21] and T-cadherin [24], both of
which contribute to maintaining functions in hepatocytes
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from different species. Therefore, co-culture of PHHs and
3T3-J2 fibroblasts in cell sheets is used as a positive control
to assess liver-specific functions of iBHs in the PHH/
NHDF co-culture cell sheets.

2.2 PHH/fibroblast co-culture

PHHs and fibroblasts were co-cultured on collagen 1
coated 24 well TRCPs (UpCell; CellSeed, Tokyo, Japan)
by a previously reported method [20]. In brief, cryopre-
served-PHHSs (Thermo Fisher Scientific, Lot: Hul652 and
Hu8200_A) were firstly seeded at 1 x 10° cells/well. On
the next day, 3T3-J2 fibroblasts (3 x 10° cells/well) and
NHDFs (2 x 10° cells/well) were seeded, respectively.
Then the co-cultured cells were cultured for 3 days until
harvesting at 37 °C in a humidified atmosphere with 5%
CO,. The co-culture media was composed of high-glucose
DMEM supplemented with 0.1 pM dexamethasone (Sigma
Aldrich, St. Louis, MO, USA), 1% ITS premix (insulin/
human transferrin/selenous acid and linoleic acid; Corn-
ing), 0.2 uM glucagon (Sigma Aldrich), 10% FBS, 1%
Penicillin—streptomycin.

2.3 Harvest and culture of PHH/fibroblast co-
culture cell sheets

On day 0, confluent co-cultured PHHs and fibroblasts on 24
well TRCPs were incubated at 20 °C for 30—60 min. Then
these cells detached, shrank and formed tightly-packed
multilayered cell sheets.

The contracted PHH/fibroblast co-culture cell sheets
were transferred into collagen 1-coated 35 mm polystyrene
cell culture dishes IWAKI, Tokyo, Japan) and incubated at
37 °C without media for adherence of cell sheets. After
10-20 min, 1 ml co-culture media were added. The cell
sheets were cultured for 3 weeks with daily media change.

2.4 Drug treatments

From day 11, PHH/NHDF cell sheets were exposed to
DMSO vehicle control (Sigma Aldrich), 10 uM obeticholic
acid (AdipoGen Life Sciences, Basel, Switzerland), or
10 uM TGF-B inhibitor (SB505214; Sigma Aldrich) until
day 21.

2.5 Enzyme-linked immunosorbent assay (ELISA)
analysis

At pre-determined time points, cell culture supernatants
over a 24 h period were collected and stored at — 30 °C
until assayed. Albumin secretion was detected by human
albumin enzyme-linked immunosorbent assay (ELISA)
quantitation kit (Bethyl Laboratories, Montgomery, TX,

US). Urea synthesis was determined using a colorimetric
assay kit (BioChain, Newark, CA, USA). The amount of
TGF-B1 ligands was determined by human TGF-$1 ELISA
kit (Thermo Fisher Scientific). Measurements were per-
formed in 3 independent experiments. In each experiment,
replicate samples were more than 3.

2.6 CYP enzyme activities

On day 11, PHH/NHDF cell sheets and PHH/3T3-J2 cell
sheets were washed with PBS and Williams® E medium
(Thermo Fisher Scientific). Then Williams’ E medium
containing 100 uM phenacetin (PHE; Sigma Aldrich) and
50 uM midazolam (MDZ; Sigma Aldrich) were added.
PHE and MDZ were substrate of CYP1A2 and CYP3A4,
respectively. PHHs metabolized two CYP substrates and
released their metabolites into culture media. After 10 min
incubation, 20 pl cell culture supernatants were collected.
They contained metabolites of PHE and MDZ, which were
acetaminophen and hydroxymidazolam, respectively. The
two metabolites were measured by API 5000 LC/MS/MS
System (AB applied biosystems, Foster City, CA, USA).
Biotransformation rate of CYP substrates into specific
metabolites was used to indicate CYP enzyme activities.
Measurement of CYP activities was performed in 3 inde-
pendent experiments. In each experiment, replicate sam-
ples were more than 3.

2.7 Bile canaliculi staining

On day 11, PHH/NHDF cell sheets and PHH/3T3-J2 cell
sheets were washed with PBS for 3 times, and incubated at
37 °C for 10 min in 2 pg/ml of 5-(and-6)-carboxy-20,70-
dichlorofluorescein diacetate (CDFDA; Sigma Aldrich) in
DMEM without phenol red. Then, cell sheets were washed
3 times with PBS and imaged with a fluorescence micro-
scope (Nikon, Tokyo, Japan).

2.8 Hematoxylin and eosin staining

On day 11 and day 21, cell sheet samples were fixed in 4%
paraformaldehyde at room temperature for 1 h. Fixed cell
sheets were embedded in paraffin, sliced into 4 pm sec-
tions, and deparaffinized for standard histological staining
with hematoxylin and eosin (HE).

2.9 Immunofluorescence staining

In brief, paraffin-embedded sections were incubated with
primary antibody of E-cadherin (Abcam, Cambridge, UK)
and vimentin (Abcam). Alexa Fluor 488 goat anti-rabbit
and Alexa Fluor 594 goat anti-mouse were used as sec-
ondary antibodies for fluorescence staining. The cell nuclei
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were stained with 4’, 6-diamidino-2-phenylindole (DAPI).
Finally, the sections were mounted, dried and imaged with
a fluorescence microscope (Nikon).

2.10 Statistical analysis

The results were expressed as mean =+ standard deviation
(SD) values. Significant differences between two groups
were tested using Student’s ¢ test. Values of *p < 0.05
were considered statistically significant.

3 Results and discussion
3.1 iBHs display unaffected albumin secretion

As shown in Fig. 1A, iBHs continued to secrete albumin
during the 10 days culture and no significant differences in
secreted albumin could be observed between iBHs in PHH/
NHDF cell sheets and normal hepatocytes in PHH/3T3-J2
cell sheets on both day 4 (*p=0.79) and day 10
(*p = 0.08), which suggests that albumin secretion is
unaffected in iBHs. This result is consistent with a clinical
study which demonstrates that NASH patients have
unchanged serum albumin relative to healthy people [11].

Albumin secretion

We speculate that a stress-responsive signaling pathway
called the unfolded protein response (UPR) activated by
endoplasmic reticulum (ER) stress may explain the current
result. UPR is able to relieve ER stress and do not affect
ER export and secretion of some proteins [25]. For
example, Bartalena et al. have found that tunicamycin-in-
duced ER stress does not inhibit the albumin secretion from
human hepatoma Hep G2 cells [26]. Further, Ota et al.
suggest effect of tunicamycin-induced ER stress on albu-
min secretion is dependent on magnitude of ER stress [27].
They have found that modest ER stress does not inhibit the
albumin secretion in rat hepatoma McA-RH7777 cells,
whereas excessive ER stress reduce the albumin secretion.
Previously, we have demonstrated presence of ER stress in
iBHs [20], and thus it is reasonable to assume that unaf-
fected albumin secretion from iBHs may be attributed to
modest ER stress.

3.2 iBHs display reduced urea synthesis

Although iBHs in PHH/NHDF cell sheets showed a
reduction tendency of urea synthesis compared to PHH/
3T3-J2 cell sheets on day 4, there were no significant dif-
ferences (*p = 0.11) (Fig. 1B). However, significant dif-
ferences were found on day 10 (*p < 0.05) (Fig. 1B),

CYP1A2 activity

4.5 3.5

35

25 NS,

ng/24 h/ cell sheet
~

TGF-1

pg/24 h/ cell sheet

15
1
05
0
Day4 Day10

@ PHH/NHDF cell sheet [ PHH/3T3-2 cell sheet

Urea synthesis
120

100

80

60

ug/24 h/ cell sheet

40

20 I
0

Day4
@ PHH/NHDF cell sheet

Day10

O PHH/3T3-J2 cell sheet

activity (pmol/min/cell sheet)

activity (pmol/min/cell sheet)

~
ol

N
S

=
@

.
1S5

«

0

PHH/NHDF cell  PHH/3T3-J2 cell | PHH/NHDF cell ~ PHH/3T3-J2 cell
sheet sheet sheet sheet

1st (Lot: Hu8200_A) 2nd (Lot: HU8200_A)

CYP3A4 activity

PHH/NHDF cell ~ PHH/3T3-J2 cell
sheet sheet

‘ 3rd (Lot: Hu1652)

o

[

i

PHH/NHDF cell ~ PHH/3T3-J2 cell
sheet sheet

1st (Lot: HU8200_A)

PHH/NHDF cell  PHH/3T3-J2 cell | PHH/NHDF cell =~ PHH/3T3-J2 cell

sheet sheet

2nd (Lot: Hu8200_A)

sheet sheet

3rd (Lot: Hu1652)

U H m ] :

PHH/NHDF cell
sheet

PHH/3T3-J2 cell
sheet

Fig. 1 Liver-specific functional analysis of iBHs in PHH/NHDF cell
sheets and normal hepatocytes in PHH/3T3-J2 cell sheets. A Albumin
secretion on day 4 and day 10. B Urea synthesis on day 4 and day 10.
C CYPIA?2 activities on day 11. D CYP3A4 activities on day 11.
E TGF-B1 secretion on day 4. Measurements of albumin, urea and
TGF-B1 were performed in three independent experiments using one
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lot of PHHs (Hu8200_A). Measurements of CYP activities were
performed in three independent experiments using two lots of PHHs
(Hu8200_A x 2 + Hul652 x 1). In each experiment, more than
three replicate samples were measured. * *p < 0.01, * p < 0.05, N.S.
no significant difference
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suggesting that urea synthesis by iBHs was partially sup-
pressed. This result may be explained by a reduction in the
expression of urea cycle enzymes (UCE) in NASH patients
[28]. Normally, UCEs convert toxic nitrogen waste into
urea, thus dysregulation of UCEs leads to the impairment
of urea synthesis and accumulation of ammonia, which is
toxic and increases the risk of disease progression.

Thomsen et al. suggest severe mitochondrial dysfunc-
tion seems to be the dominant cause of progressive
reduction of UCEs in an experimental NASH model [4]. In
agreement with this concept, we have observed the
enlarged mitochondria and intramitochondrial crystals in
iBHs [20], which suggests the presence of mitochondrial
dysfunction and thus may contribute to reduced urea syn-
thesis in iBHs.

3.3 iBHs display reduced CYP activities

Incubation of cell sheets with PHE and MDZ resulted in
the appearance of the CYP1A2 metabolite, acetaminophen
and CYP3A4 metabolite, hydroxymidazolam in the culture
media. The levels of acetaminophen and hydroxymidazo-
lam in the PHH/NHDF cell sheets were significantly lower
than PHH/3T3-J2 cell sheets in three indenpent experi-
ments on day 11 (Fig. 1C, D), suggesting reduced CYP1A2
and CYP3A4 activities in iBHs. These findings align with a
previous study of clinical samples from NAFLD patients,
which has shown a significant decrease in hepatic CYP1A2
and CYP3A4 activities in NASH patients when compared
with healthy people [29]. In another study, CYP3A4
activity was directly examined in biopsy-proven NASH
patients and decreased in vivo CYP3A4 activity is also
found [7].

It has been reported that decreased CYP activities may
be attributed to TGF-B1 [8, 30], which can be secreted by
activated fibroblasts or hepatic stellate cells. Inspired by
these studies, we measured secretion of TGF-f1 and found
PHH/NHDF cell sheets exhibited two fold higher TGF-f1
secretion than PHH/3T3-J2 cell sheets (Fig. 1E), suggest-
ing a possible reason for decreased CYP activities in iBHs.

3.4 iBHs display loss of bile canaliculi

On day 11, phase contrast images show many rounded iBH
clumps in PHH/NHDF cell sheets (Fig. 2A), whereas
normal hepatocytes in PHH/3T3-J2 cell sheets displayed
flattened and prototypical hepatic morphology, such as
polygonal shape, distinct nuclei/nucleoli, and demarcated
cell—cell borders (Fig. 2B). Furthermore, CDFDA staining
image reveals connective bile canaliculi networks in PHH/
3T3-J2 cell sheets (Fig. 2D). In contrast, a significant loss
of bile canaliculi was observed in PHH/NHDF cell sheets
(Fig. 2C).

PHH/NHDF cell sheet

Fig. 2 Bile canaliculi network formation of iBHs in PHH/NHDF cell
sheets and normal hepatocytes in PHH/3T3-J2 cell sheets. A, B Phase
contrast images, C, D transport of fluorescent CDFDA (green) to the
apical (canalicular) domain of PHHs showed bile canaliculi network.
Scale bar represents 100 pm

This finding corresponds to an excellent study done by
Segovia-Miranda et al. [31]. They analyze human liver
tissues from NAFLD patients at different stages by using
multiphoton imaging, 3D digital reconstructions and
computational simulations. For the first time, they report
morphological defects of bile canaliculi and a strong
reduction in the total length and branches crossing regions
of the bile canaliculi in the early stage of NASH. They also
indicate presence of increased biliary pressure and micro-
cholestasis in NASH, which is consistent with elevated
cholestatic biomarkers in patients’ sera.

To further investigate the cause of loss of bile canaliculi
in PHH/NHDF cell sheets, immunofluorescence staining of
E-cadherin/vimentin was done. As shown in Fig. 3A, B,
PHHs in both of PHH/NHDF cell sheets and PHH/3T3-J2

PHH/NHDF cell sheets

PHH/3T3-J2 cell sheets

Day 1

<=

Day 11

Fig. 3 Immunofluorescent staining of E-cadherin (green) and
vimentin (red) to observe PHH and fibroblast respectively. Repre-
sentative fluorescent images of A, C PHH/NHDF cell sheets and B,
D PHH/3T3-J2 cell sheets on A, B day 1, C, D day 11 were shown.
Scale bar represents 100 pm
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cell sheets formed 3D aggregations, which were sur-
rounded by fibroblasts on day 1. However, the PHH
aggregations were not observed on day 11 in PHH/3T3-J2
cell sheets. Instead, stratified structure of PHH layer and
3T3-J2 layer were observed (Fig. 3D). The intact, flattened
layer of PHHs allows wide, close PHH-PHH contacts, thus
may contribute to the connective bile canaliculi network
formation in PHH/3T3-J2 cell sheets. This cell segregation
of PHH and 3T3-J2 indicates collective cell migration and
may be caused by specific cadherin expression of PHHs (E-
cadherin) and 3T3-J2 fibroblasts (T-cadherin) [24].

However, this cell segregation process was not observed
in PHH/NHDF cell sheets on day 11 (Fig. 3C). Instead,
hepatocellular ballooning was observed in PHH/NHDF cell
sheets. We speculate that excessive deposition of extra-
cellular matrix (ECM) produced by activated NHDFs may
inhibit cell migration and reorganization, thus PHHs are
locked in the fibrous-like tissues and cannot move to form
bile canaliculi network, which may lead to micro-c-
holestasis and even iBH formation.

To prove this hypothesis, we used TGF-f inhibitor to
suppress ECM production since TGF-B1 was highly found
in PHH/NHDF cell sheets (Fig. 1E). We also applied a
semi-synthetic bile acid analogue—obeticholic acid, which
is undergoing clinical trial of NASH therapy [32], to con-
trol the possible micro-cholestasis in iBHs.

3.5 TGF-p inhibitor or obeticholic acid ameliorates
the histological appearance of established iBHs

SB505124 (TGF-B inhibitor) and obeticholic acid were
administered to established iBHs from day 11 to day 21

Fig. 4 Histological changes of iBHs in PHH/NHDF cell sheets after
administration of 10 pM TGF-f inhibitor (SB505124) or 10 uM
obeticholic acid for 10 days. Representative HE staining images of
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respectively, followed by histologic analyses. As shown in
HE staining images (Fig. 4), after treatment with TGF-f
inhibitor or obeticholic acid for 10 days, pale cytoplasm of
iBHs was reversed to red, which might be attributed to
restoration of hepatocyte cytoskeleton and reduction of fat
droplets. By contrast, phenotype of iBHs was not changed
in dimethyl sulfoxide (DMSO) vehicle control group.
These findings demonstrate that TGF-f inhibitor and
obeticholic acid can improve histological appearance of
iBHs independently, suggesting TGF-B and micro-c-
holestasis may play important roles in iBH formation.

TGFP1 has been reported to participate in NASH
through regulation of cell death and lipid metabolism [10].
Micro-cholestasis has been reported to be present in NASH
liver [24], but what a role that micro-cholestasis plays in
NASH is not clear. Furthermore, what is the relevance
between TGF-f and micro-cholestasis in the current model
and how do they participate in hepatocellular ballooning
need to be further studied.

In summary, this study provides the first comprehensive
analysis of liver-specific functions in BHs in vitro to date.
Compared to normal hepatocytes, iBHs showed unaffected
albumin secretion, reduced urea synthesis/CYP activities
and loss of bile canaliculi, which might be explained by ER
stress, mitochondrial dysfunction and fibrosis microenvi-
ronment. These findings correspond to clinical studies of
human NASH. In addition, treatment with TGF-f inhibitor
or obeticholic acid ameliorated the histological appearance
of established iBHs, suggesting TGF-B and micro-c-
holestasis may be involved in iBH formation. Finally, this
study demonstrates the priority of iBHs in mimicking not
only morphological but also clinically relevant hepatic

Obeticholic acid

A PHH/NHDF cell sheets on day 11, B DMSO vehicle control on day
21, C TGF-b inhibitor treated on day 21, and D obeticholic acid
treated on day 21 were shown. Scale bar represents 100 pm
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dysfunctions in human NASH and may provide initial
insight into development of in vitro NASH model.
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