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A B S T R A C T

Pyrrolizidine alkaloids (PAs) are hepatotoxic and specifically damage hepatic sinusoidal endothelial cells
(HSECs) via cytochrome P450 enzymes (CYPs)-mediated metabolic activation. Due to the lack of CYPs in HSECs,
currently there is no suitable cell model for investigating PA-induced HSEC injury. This study aimed to establish
a two-layer transwell co-culture model that mimics hepatic environment by including HepaRG hepatocytes and
HSECs to evaluate cytotoxicity of PAs on their major target HSECs. In this model, PAs were metabolically
activated by CYPs in HepaRG hepatocytes to generate reactive pyrrolic metabolites, which react with co-cultured
HSECs leading to HSEC damage. Three representative PAs, namely retrorsine, monocrotaline, and clivorine,
induced significant concentration-dependent cytotoxicity in HSECs in the co-culture model, but did no cause
obvious cytotoxicity directly in HSECs. Using the developed co-cultured model, further mechanism studies of
retrorsine-induced HSEC damage demonstrated that the reactive pyrrolic metabolite generated by CYP-mediated
bioactivation in HepaRG hepatocytes caused formation of pyrrole-protein adducts, reduction of GSH content,
and generation of reactive oxygen species in HSECs, leading to cell apoptosis. The established co-culture model is
reliable and applicable for cytotoxic assessment of PA-induced HSEC damage and offers a novel platform for
screening toxicity of different PAs on their target cells.

1. Introduction

Pyrrolizidine alkaloids (PAs) are among the most significant groups
of phytotoxins and widely present in about 3% of flowering plants,
especially those from the plant families of Asteraceae, Boraginaceae
and Fabaceae (Fu et al., 2004; Roeder, 1995, 2000). More than 660 PAs
have been found in over 6000 plants including those used as herbal
medicines for the treatment of traumatic injury, pain, inflammation and
other ailments (Edgar et al., 2015; Roeder, 2000). Approximately half
of these PAs have been reported to be hepatotoxic in livestock and
human. PA poisoning cases have been constantly reported due to the
intake of PA-producing herbal products or PA-contaminated foodstuffs
(Gao et al., 2015; Lin et al., 2011; Mohabbat et al., 1976; Prakash et al.,
1999; Robinson et al., 2014; Ruan et al., 2015; Willmot and Robertson,
1920).

PAs are esters of three types of necine bases including retronecine-
type, otonecine-type, and platynecine-type. Retronecine-type and oto-
necine-type PAs containing unsaturated necine bases are toxic, while
platynecine-type PAs possessing a saturated necine base are considered
to be non/less-toxic (Edgar et al., 2015; Fu et al., 2004; Li et al., 2011;

Lin et al., 2000; Ruan et al., 2014a, 2014b). Metabolic activation cat-
alyzed by hepatic cytochrome P450 enzymes (CYPs), especially CYP3A
family, is a prerequisite for PAs to exert their toxicities. Toxic PAs are
metabolized into their reactive pyrrolic metabolites known as dehydro-
PAs, which are highly reactive and can rapidly bind covalently with
cellular proteins to form pyrrole-protein adducts and impair the func-
tion of critical proteins leading to hepatotoxicity, particularly in hepatic
sinusoidal endothelial cells (HSECs) known as hepatic sinusoidal ob-
struction syndrome (HSOS) (Fig. 1) (Fu, 2017; Fu et al., 2001, 2004;
Kim et al., 1995; Li et al., 2011; Lu et al., 2018; Ma et al., 2018;
Mattocks, 1968; Xia et al., 2013; Yang et al., 2016; Zhao et al., 2012;
Zhu et al., 2017). Dehydro-PAs also react with glutathione (GSH) to
form readily excreted pyrrole-GSH conjugates (Fig. 1). Thus, glu-
tathione conjugation is generally considered as a detoxification
pathway (Fu et al., 2004; Li et al., 2011; Yan and Huxtable, 1995). On
the other hand, excessive reaction with GSH may severely deplete
cellular GSH. It has been reported that the reduced cellular GSH content
along with the increased oxidative stress is one of the important causes
of PA-induced cytotoxicity (DeLeve et al., 1996; Ji et al., 2009; Wang
et al., 2000).
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HSOS presents as an initial obstruction in the hepatic sinusoids
followed by dilation of sinusoids and sinusoidal hemorrhage (DeLeve
et al., 1999, 2003a; DeLeve et al., 2003b). HSECs are considered as the
major target cells involving in the PA-induced HSOS (DeLeve et al.,
1996, 2002, 2003a). HSEC itself, however, lacks CYPs essential for the
bioactivation of PAs. Major CYP isoforms that are responsible for me-
tabolic activation of PAs, such as CYP3A4, CYP3A5 and CYP2A6, are
extremely low or not expressed in HSECs. Therefore, PAs cannot di-
rectly exert cytotoxicity in HSECs. It is well-studied that hepatocytes,
which express high level of CYPs, bioactivate PAs to form dehydro-PAs,
which subsequently exposes to adjacent HSECs in the liver leading to
HSEC damage. Heretofore, due to the fact that HSECs with CYP defi-
ciency are unable to metabolically activate PAs, the suitable in vitro
model for the study of PA-induced HSEC damage is still lacking, which
has obscured the investigation of different PAs induced damage in
HSECs and its underlying mechanism. Therefore, the aim of the present
study was to develop a two-layer transwell co-culture model that in-
cluded both hepatocytes and HSECs for the investigation of PA-induced
HSEC damage. In this model, human HepaRG hepatocytes and HSECs
were cultured on bottom surface and top surface of a microporous
membrane, respectively. HepaRG hepatocytes closely resemble normal
properties of human primary hepatocytes, especially its ability of me-
tabolizing CYPs substrates, including PAs. Several studies have de-
monstrated that HepaRG hepatocytes have comparable metabolizing
activities of various CYPs, especially CYP3A4 isozyme, to that found in
human hepatocytes, suggesting their use in drug metabolism
(Lübberstedt et al., 2011; McGill et al., 2011). In the developed two-
layer transwell co-culture model, PAs could be metabolically activated
by CYPs present in HepaRG hepatocytes to generate dehydro-PAs,
which diffused into the top-surface and then form pyrrole protein-ad-
ducts leading to cytotoxicity in HSECs. This model offers a functional

resemblance mimicking in vivo hepatic environment and allows us to
study the toxic effects of different PAs on HSECs in a more realistic
manner.

2. Materials and methods

2.1. Chemicals and materials

Retrorsine and monocrotaline were purchased from the Sigma-
Aldrich (St. Louis, USA). Clivorine was isolated in our laboratory from
Ligularia hodgsonii. Transwell® plates (pore size of microporous mem-
brane: 0.4 μm) were purchased from Costar® (Corning®, USA). Williams'
Medium E, Hank's Balanced Salt Solution, glutamine (GlutaMAX™),
fetal bovine serum (FBS), and CellROX® Green Reagent (for oxidative
stress detection) were purchased from Thermo Fisher Scientific Inc
(MA, USA). Endothelial cell medium (ECM) and endothelial cell growth
supplement were obtained from ScienCell Research Laboratories (CA,
USA). HPLC-grade ethanol, acetone, formic acid, and acetonitrile were
purchased from Merck (Darmstadt, Germany). Cell Counting Kit-8
(CCK-8) was obtained from Dojindo Laboratories (Kumamoto, Japan).
The Caspase-Glo® 3/7 activity assay kit was purchased from Promega
(Promega, USA). Annexin V-fluorescein isothiocyante (FITC) Apoptosis
Detection Kit was obtained from Biotool (Houston, USA). Other che-
micals, including hydrocortisone hemisuccinate, dimethyl sulfoxide
(DMSO), human insulin, sulfosalicylic acid, 5,5′-dithiobis-2-nitrobenoic
acid (DTNB), glutathione disulfide (GSSG) reductase, nicotinamide
adenine dinucleotide phosphate (NADPH), silver nitrate, 4-(dimethy-
lamino)benzaldehyde, and perchloric acid were all purchased from
Sigma-Aldrich (St. Louis, USA).

Fig. 1. Metabolic activation of retronecine-type and
otonecine-type toxic PAs resulting in formation of
dehydro-PAs which further interact with cellular
glutathione (GSH) or proteins to generate pyrrole-
GSH conjugates or pyrrole-protein adducts leading to
hepatotoxicity. The excessive amount of dehydro-
PAs formed may deplete cellular GSH, enhancing
hepatotoxicity.
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2.2. Cell culture and treatment

Human HSECs were purchased from ScienCell Research
Laboratories (CA, USA). HSECs were cultured in ECM supplemented
with 5% FBS and 1% endothelial cell growth supplement according to
the manufacture's protocol. Human HepaRG hepatocytes were obtained
from Biopredic International (Rennes, France) and were authorized for
use in the study through a material transfer agreement. HepaRG he-
patocytes were cultured in HepaRG growth medium composed of
Williams' Medium E mixed with 10% FBS, 100 units/ml penicillin,
100 μg/ml streptomycin (Thermal Fisher), 5 μg/ml insulin, 2 mM glu-
tamine, 1×MEM Non-Essential Amino Acids Solution (Thermal Fisher)
and 50 μM hydrocortisone hemisuccinates. The cells were passaged
every 14 days at a density of 2.5× 104 cells/cm2 in a T75 flask
(Corning®, USA). Two weeks after seeding, DMSO (final concentration
1.5%) was added to the HepaRG growth medium to induce hepatocyte
differentiation for 2 weeks. Differentiated hepatocytes with a high ac-
tivity of CYPs were detached by trypsinization and re-suspended in the
culture medium and seeded with a high density of 2×105 cells/cm2 in
multi-well culture plates in a humidified CO2 incubator (37 °C, 95% air
and 5% CO2) prior to the use of two-layer transwell co-culture model.

2.3. Set-up of two-layer transwell co-culture model

The two-layer transwell co-culture model was established based on
the modification of a previously published method by co-culturing
primary rat hepatocytes and primary rat liver sinusoidal endothelial
cells (Kang et al., 2013). In the present model, HepaRG hepatocytes and
HSECs were co-cultured on bottom and top surface of transwell mi-
croporous membrane, respectively. The detailed procedures for con-
structing the two-layer transwell co-culture model are illustrated in
Fig. 2a. Firstly, a transwell insert with microporous membrane was
carefully wrapped around the edge of its microporous membrane using
the sterilized parafilm (Parafilm M®, USA) to build a parafilm fence,
which could hold up to 1mL medium. Differentiated HepaRG hepato-
cytes (2× 105 cells/cm2) were then plated on bottom side of transwell
insert membrane for a minimum incubation of 6 h in HepaRG culture
medium at 37 °C in 5% CO2 to allow the cells to firmly attach to the
microporous membrane. After HepaRG hepatocytes being firmly

attached to the microporous membrane, the transwell insert was then
turned over and put back to the well plate to allow HepaRG hepatocyte-
plated side of the membrane to face down. Finally, HSECs
(4×104 cells/cm2) were seeded onto top side of transwell insert
membrane. The resultant transwell plate was then incubated in ECM for
a minimum of 12 h at 37 °C in 5% CO2. Thus, HepaRG hepatocytes
formed the first layer on bottom side of the membrane and human
HSEC cells formed the second layer on the top side of the membrane,
and the two layers were isolated by the microporous membrane, but the
medium could diffuse freely across the membrane.

2.4. CYP3A4 activity of HepaRG hepatocytes cultured in ECM

The major purpose for creating this in vitro model was to investigate
cytotoxic effect of PAs in HSECs. In the established two-layer transwell
co-culture model, in order to maintain optimal morphology and viabi-
lity of HSECs, two types of cells had to be cultured in HSECs favorable
medium ECM. However, whether HepaRG hepatocytes could maintain
CYP3A4 activity in ECM is unknown and needed to be confirmed, be-
cause a high and reproducible activity of CYPs, especially activity of
CYP3A4, is essential for metabolic activation of PAs and thus plays a
critical role in PA-induced HSOS damage. The activity of CYP3A4 in
HepaRG hepatocytes was evaluated by measuring oxidative metabolism
of nifedipine (a specific CYP3A4 substrate) to produce oxidized nife-
dipine (the metabolite specifically produced by CYP3A4-mediated
oxidation of nifedipine). In two-layer transwell co-culture model,
HepaRG hepatocytes and HSECs or both will be individually cultured or
co-cultured for different times (0–48 h) prior to the incubation with
nifedipine for 1 h. Afterwards, an aliquot (200 μL) of ECM was collected
from the insert and mixed with the same volume of ice-cold methanol to
precipitate the proteins, followed by measurement ofoxidized nifedi-
pine by LC-MS. Briefly, an Agilent 6460 Triple Quadrupole LC/MS
System coupled with an Agilent ZORBAX Eclipse Plus C18 column
(2.1× 100mm, 1.8 mm) was applied. A mixture of acetonitrile: 0.1%
formic acid water (85:15, v/v) was used as mobile phase at a flow rate
of 0.3 mL/min. The mass spectrometer was operated in positive mode.
The multiple reaction monitoring (MRM) model was chosen for quan-
tification of nifedipine and oxidized nifedipine (MRM transition: nife-
dipine m/z 347.1-315.0 and oxidized nifedipine m/z 345-284.2).

Fig. 2. Sketched procedures to prepare a two-layer
transwell co-culture model. HepaRG hepatocytes and
HSECs were co-cultured on bottom and top surface of
transwell microporous membrane, respectively.
These two types of cells were separated by the mi-
croporous membrane that mimicked the space of
Disse (a). Formation of oxidized nifedipine (the me-
tabolite specifically produced by CYP3A4-mediated
oxidation of nifedipine (a specific CYP3A4 sub-
strate)) for 1 h incubation of nifedipine in HeapRG
hepatocytes and HSECs (b), and HeapRG hepatocytes
or HSECs alone (c) in the co-culture model. Prior to
the 1 h incubation of nifedipine, HepaRG hepato-
cytes and HSECs were co-cultured in the developed
model for different times (0–48 h) to investigate the
maintenance of metabolic activity of HepaRG hepa-
tocytes cultured in ECM (b), or individually cultured
for 12 h to compare the metabolic activity of HepaRG
hepatocytes and HSECs (c). Data are expressed as
mean ± SD (n= 3).
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2.5. Cell viability assay

HSECs were treated with different concentrations of retrorsine,
monocrotaline or clivorine dissolved in ECM containing DMSO (0.5%
final concentration) or ECM containing 0.5% DMSO as solvent controls
in two-layer transwell co-culture model for 24 h. After treatment, par-
afilm fence was removed from the edge of the insert. HepaRG hepato-
cytes were carefully wiped off by a cotton robe, and HSECs remained on
top side of the microporous membrane. Cell viability of HSECs was
detected using Cell Counting Kit-8 (CCK-8) by following manufacture's
protocol. Briefly, CCK-8 reagent solution was diluted 5 times by ECM to
form the reagent mixture, which replaced the incubated ECM in each
insert in the transwell plate. The transwell plate was then incubated at
37 °C for 45min, and optical density (OD) value in each insert was read
at wavelength 450 nm on a microplate reader (Molecular Devices,
Sunnyvale, USA). The cell viability was calculated based on the fol-
lowing formula:

=
−

−

×
treatment blank

control blank
Cell viability (%) OD( ) OD( )

OD( ) OD( )
100

2.6. Determination of GSH level in HSECs

The GSH content in retrorsine-treated HSECs was determined using
modified DTNB-GSSG reductase recycling assay (Dehn et al., 2004). In
brief, after retrorsine treatment for 24 h in two-layer transwell co-cul-
ture model, HSECs were trypsinized and collected from the transwell by
centrifugation at 500g and then lysed in 10mM hydrogen chloride with
1% sulfosalicylic acid. Subsequently, 20 μL supernatant was mixed with
250 μL of reaction mixture containing 0.7 mM DTNB, 1.2 U/L GSSG
reductase, and 0.24mM NADPH. The enzymatic reaction kinetic was
evaluated for 0–2.5 min at 415 nm on a microplate reader. The rate of
the reaction was measured and GSH concentration was determined
from the standard curve. Protein concentrations of the samples were
determined using bicinchoninic acid assay (Smith et al., 1985).

2.7. Detection of reactive oxidative stress in HSECs

CellROX® Green Reagen was diluted from its original stock con-
centration of 2.5mM by 1000 folds using ECM (in the presence or ab-
sence of 120 μM retrorsine) to achieve the final concentration of
2.5 μM. Retrorsine (120 μM) was treated in two-layer transwell co-
culture model for 3 h. After removing HepaRG hepatocytes, HSECs were
incubated with CellROX® Green Reagen for 1 h at 37 °C. At the end of
the incubation, medium was removed, and cells were washed twice
with Hank's Balanced Salt Solution and collected by trypsinization and
centrifugation at 400g for 3min. The collected cells were resuspended
in 0.5 μL of cold ECM and kept on ice for the further flow cytometry
analysis. Fluorescence excitation and emission wavelength were set at
488 nm and 530 nm, respectively, for the flow cytometry analysis.

2.8. Determination of pyrrole–protein adducts in HSECs

The content of pyrrole-protein adducts in HSECs was quantified
according to our previously published method (Ruan et al., 2014b,
2015). In brief, after the treatment of different concentrations of ret-
rorsine for 24 h in two-layer transwell co-culture model, HSECs were
trypsinized and collected from the transwell. To the obtained cell pel-
lets, 100 μL of ice-cold acetone was added, vortexed, ultrasonicated for
10–20 s, and centrifuged at 3,000 g for 10min to produce the total
protein pellets. After washing with absolute ethanol, the protein pellets
were reconstituted into 5 vol of 2% acidic silver nitrate ethanol solution
and shaken for 30min, followed by centrifugation at 20,000 g for 5min.
The resultant supernatant was reacted with 4-(dimethylamino)benzal-
dehyde (v/v 4:1) in ethanol at 55 °C for 10min. The mixture obtained
was subjected to LC–MS analysis using our previously developed

method (Ruan et al., 2014b, 2015).

2.9. Quantification of apoptosis of HSECs

The apoptosis assay was conducted by using Annexin V-FITC
Apoptosis Detection kit (Houston, USA). Briefly, after retrorsine
(120 μM) treatment in two-layer transwell co-culture model for 24 h,
HSECs harvested by trypsinization and centrifugation at 200g. Cell
pellets were then washed with cold phosphate-buffered saline, cen-
trifuged, and resuspended in 100 μL binding buffer provided by the
detection kit. A mixture of 5 μL Annexin V-FITC and 5 μL propidium
iodide staining solution was added to each 100 μL of cell suspension to
incubate at room temperature for 15min for staining. After the in-
cubation, 400 μL of ice-cold binding buffer was added to the cell sus-
pension, and then analyzed by LSR II flow cytometry (BD Biosciences)
with fluorescence emission at 530 nm and 590 nm.

2.10. Caspase-3/7 activity assay

The cellular caspase-3/7 activity was quantified using Caspase-Glo®

3/7 assay kit (Promega, Singapore) per vender's protocol. After retro-
rsine (120 μM) treatment in two-layer transwell co-culture model for
24 h, HSECs were collected and lysed with the assay reagent provided
by the kit, followed by incubation at room temperature for 1 h. The
luminescence intensity of the cell lysis was recorded by SpectraMax® i3
Multimode 6–384 Plate Reader. Luminescence emitted from cell lysis
was proportional to the amount of caspase activity present. The activity
of caspase-3/7 was expressed as a ratio of luminescence intensity of the
retrorsine-treated samples to that of the corresponding controls.

2.11. Data and statistical analysis

All data are expressed as mean ± SD. One-way ANOVA with
Bonferroni post hoc test and Student's t-test were used for the com-
parison among various groups and between two groups respectively.
Statistical significance was set at p < 0.05. All statistics were per-
formed using either PASW Statistics (version 18) or GraphPad Prism 6.

3. Results

3.1. Develops a two-layer transwell co-culture model

The procedures of establishing a two-layer transwell co-culture
model which includes both HepaRG hepatocytes and HSECs for evalu-
ating cytotoxicity of PAs on HSECs were illustrated in Fig. 2a. Given the
importance of metabolic capability of HepaRG hepatocytes in this
model and the important role played by CYP3A4 in metabolic activa-
tion of PAs, CYP3A4 enzyme activity of HepaRG hepatocytes was
measured by using its classic substrate, nifedipine, to evaluate how long
HepaRG hepatocytes were able to maintain its metabolic activity during
co-culture with HSECs in ECM. The results shown in Fig. 2b demon-
strated that after co-culture of both types of cells in ECM for 0–48 h in
two-layer transwell co-culture model, the 1 h formation of CYP3A4-
mediated nifedipine metabolite, oxidized nifedipine, were unchanged,
indicating that CYP3A4 activity of HepaRG hepatocytes maintained for
at least 48 h in the developed two-layer transwell co-culture model. On
the other hand, for 1 h CYP3A4-mediated metabolism in individual cell
types, HepaRG hepatocytes produced similar amount of oxidized nife-
dipine to that generated in two-layer transwell co-culture model, while
HSECs did not metabolize nifedipine to oxidized nifedipine (Fig. 2c),
confirming the lack of CYP3A4 activity in HSECs. The results demon-
strated that a two-layer transwell co-culture mode having HSECs and
HepaRG hepatocytes with maintained CYP3A4 activity was developed
and ready for the in vitro study of cytotoxic effects of PAs on HSECs.
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3.2. PAs rely on the two-layer transwell co-culture model to exert their
toxicity in HSECs

To evaluate the suitability of using the developed two-layer trans-
well co-culture model for the investigation of cytotoxic effects of PAs on
HSECs, three PAs (retrorsine, monocrotaline and clivorine) re-
presenting both toxic types were tested. As the results shown in Fig. 3a,
in the absence of HepaRG hepatocytes, even at significantly high con-
centration (1200 μM) for 24 h treatment, all three PAs did not affect
viability of HSECs, indicating no cytotoxicity. In contrast, after 24 h
treatment in the two-layer transwell co-culture model with co-culture of
HSECs and HepaRG hepatocytes, significant decrease in HSEC viability
in a concentration-dependent manner was observed for all three PAs.
The results demonstrated that metabolic activation was essential for
PAs to exert their cytotoxicity, and in the developed co-culture model,
HepaRG hepatocytes were used to metabolically activate PAs to form
dehydro-PAs, which diffused freely across the microporous membrane
to act on HSECs leading to cytotoxicity in HSECs. Furthermore, the
results demonstrated remarkably different toxic potency among three
PAs with the lowest concentration of 300 μM for monocrotaline and
60 μM for both retrorsine and clivorine to significantly affect HSEC
viability (Fig. 3a). The results demonstrated the successful development
of a two-layer transwell co-culture model for the investigation of cy-
totoxicity and determination of toxic potency of different PAs in their

target cell HSEC.
To investigate the reproducibility of the results obtained from the

developed two-layer transwell co-culture model, four independent ex-
periments were conducted to evaluate cytotoxicity of different con-
centrations of retrorsine in co-cultured HSECs at different concentra-
tions and determine relative standard deviation (RSD) of cell viability.
The results indicated a good reproducibility of the results with RSD
ranging from 3.18 to 4.86 (Supplementary Table S1). In addition, using
retrorsine as a representative PA, the formation of pyrrole-protein ad-
ducts and the change in cellular GSH content in HSECs, the comment
phenomenons of PA-induced cytotoxicity (Yang et al., 2016) were also
measured in this model. A concentration-dependent increase in pyrrole-
protein adducts level and decrease in GSH content in HSECs were ob-
served (Fig. 3b and c). These results were consistent with the previous
findings in cells and animal studies (Ruan et al., 2015; Yang et al., 2016,
2017a, b). Moreover, Pearson's correlation analysis showed that there
were strong correlations between the decreased cell viability and cel-
lular pyrrole-protein adducts level, and between the decreased cell
viability and cellular GSH content (Fig. 3d and e), suggesting for the
first time that both formation of pyrrole-protein adducts and depletion
of cellular GSH content might play important roles in PA-induced cy-
totoxicity in HSECs. Our findings with all the obtained results, in-
cluding cell viability, formation of pyrrole-protein adducts, and cellular
GSH content in HSECs treated with different concentrations of

Fig. 3. Effects of 24 h treatment of retro-
rsine (RTS), monocrotaline (MCT) and cli-
vorine (CLI) on the viability of HSECs in the
presence or absence of HepaRG hepatocytes
in two-layer transwell co-culture model (a).
Formation of pyrrole-protein adducts (b)
and cellular GSH content (c) in HSECs
treated with retrorsine for 24 h in two-layer
transwell co-culture model. Linear regres-
sion of HSEC viability with pyrrole-protein
adduct level (d) or cellular GSH content (e)
in HSECs after 24 h treatment of retrosine at
different dosages (30, 60, and 120 μM). All
individual values with retrorsine treatment
are listed in Supplementary Table S2. The
correlation was tested using Pearson's cor-
relation analysis. Data are expressed as
mean ± SD (n= 3). ∗P < 0.05,
∗∗P < 0.01.
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retrorsine for 24 h (Supplementary Table S2) further confirmed the
successful development of the two-layer transwell co-culture model for
study of PA-induced HSEC damage.

3.3. Retrorsine induces oxidative stress in HSECs

Previous studies have indicated a potential involvement of oxidative
stress injury in the PA-induced hepatotoxicity (DeLeve et al., 1996; Ji

et al., 2009; Zhao et al., 2011). We therefore examined reactive oxygen
species (ROS) level, a marker of oxidative stress, in HSECs using the
established two-layer transwell co-culture model. As shown in Fig. 4a
and b, 4 h of retrorsine treatment caused a significant increase of ROS
in HSECs, as evidenced by the elevation of CELLROX fluorescence in-
tensity. The results also revealed the significant decrease in total GSH in
HSECs (Fig. 4c), indicating that the impaired cellular anti-oxidative
capabilities might contribute to the retrorsine-induced oxidative stress.

Fig. 4. Retrorsine-induced increase of cel-
lular ROS and decrease of GSH content in
HSECs after 3 h retrorsine (120 μM) treat-
ment in two-layer transwell co-culture
model: comparing with the control RTS-
treated cells displayed an elevated fluores-
cence intensity, indicating increased ROS
positive cells (a). Quantitative results of
cellular ROS (b). The results of retrorsine-
induced apoptosis in HSECs after 24 h ret-
rorsine (120 μM) treatment in two-layer
transwell co-culture model: flow cytometry
analysis by double staining with FITC-la-
beled Annexin V/PI (d), quantitative results
of apoptosis (e), and the results of caspase
3/7 activity (f). Data are expressed as
mean ± SD (n= 3). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001.
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These direct findings of significantly increased ROS level and decreased
GSH content in HSECs suggested that the involvement of oxidative
stress would account for an important aspect in PA-induced hepatic
sinusoidal damage.

3.4. Retrorsine induces apoptosis in HSECs

The type of cell death caused by retrorsine was further investigated
by using the established two-layer transwell co-culture model. As
shown in Fig. 4d and e, a feature of early apoptosis was observed by
Annexin V/PI staining after 24 h treatment of retrorsine. Moreover, the
increased caspase 3/7 activity further conformed retrorsine-induced
apoptosis in HSECs (Fig. 4f). Taken together, all findings un-
ambiguously demonstrated that apoptosis was responsible for retro-
rsine-induced cell death in HSECs.

4. Discussion

To date, researches on PA-induced HSEC damage have relied mainly
on the animal models of PA-induced HSOS (Chen, 2009; DeLeve, 2013;
DeLeve et al., 1999, 2003a). The difficulty in isolating HSECs of high
purity, especially from these model animals that already developed
hepatic sinusoidal damage, has limited the toxicity and mechanistic
studies of PA-induced HSEC damage (DeLeve, 2013). The in vitro cell
culture model has many advantages over animal models for in-
vestigative toxicology, but so far only limited in vitro studies have been
conducted on HSECs. One of the main obstacles that impede the in vitro
study on PA-induced HSEC damage is largely attributed to the ex-
tremely low or lack of expression of CYPs in human HSECs, in which
PAs cannot be effectively bioactivated to dehydro-PAs leading to cy-
totoxicity (DeLeve, 2013). In fact, our results also showed that all three
toxic PAs did not directly cause cytotoxicity in HSECs even at an ex-
cessively high concentration of 1200 μM, suggesting that PAs indeed
require CYPs-mediated metabolic activation to exert their toxicity and
HSECs with a lack of CYPs activity are not susceptible to the parent PAs
(Fig. 3a). The other obstacle is that dehydro-PAs derived from different
PAs are all highly unstable and are hardly synthesized, therefore, the
direct in vitro test of different dehydro-PAs is extremely difficult
(Cooper and Huxtable, 1996).

In order to solve these problems, in this study a novel two-layer
transwell co-culture model was developed to evaluate the cytotoxicity
of PAs on human HSECs. In our developed model, HepaRG hepatocytes
and HSECs were isolated by the microporous membrane, which closely
resembles hepatic microenvironment, where layers of hepatocytes and
HSECs are separated by the space of Disse and blood diffuses freely in
between (Poisson et al., 2017), and thus the results obtained would
closely resemble the in vivo events. Three toxic PAs, including two
retronecine-type and one otonecine-type PAs, were firstly used to va-
lidate the established two-layer co-culture transwell model for the in-
vestigation of PA-induced HSEC damage. The results unambiguously
demonstrated that PAs could be metabolically activated by the co-cul-
tured HepaRG hepatocytes to generate dehydro-PAs, which then move
to and induce toxicity in the co-cultured HSECs. Moreover, the observed
concentration-dependent cytotoxicity of three PAs with their different
toxic potencies in HSECs further demonstrated the successful develop-
ment of this in vitro model for the investigation of PA intoxication in
HSECs. As shown in Fig. 3a, clivorine displayed the strongest cyto-
toxicity in co-cultured HSECs followed by retrorsine, while mono-
crotaline was the least toxic PA among these three PAs. This result was
consistent with previous cytotoxic studies using HepaRG or HepaG2
cells to investigate relative cytotoxic potency of different PAs (Li et al.,
2013; Allemang et al., 2018), further validating our developed in vitro
model. It is noted that the toxic potencies of different PAs obtained via
in vitro models are not always the same as those tested in vivo due to
much more complicated in vivo situations including differences of PAs
in absorption, distribution, metabolism in liver and other organs, and

excretion processes. Nevertheless, the developed two-layer transwell
co-culture model is an ideal platform for rapid evaluation of toxic po-
tency of different PAs in HSECs and delineation of the detailed toxic
mechanisms underlying PA-induced HSEC damage.

Subsequently, the developed two-layer co-culture transwell model
was further used to study cytotoxic mechanism of a representative toxic
PA retrorsine. The results revealed that dehydro-PA was generated from
metabolic activation of retrorsine by the co-cultured HepaRG hepato-
cytes, then triggered GSH depletion, increased intracellular ROS, and
formed pyrrole-protein adducts in HSECs, which eventually led to the
apoptosis HSECs. Intracellular GSH is an important molecular which
not only maintains cellular redox homeostasis by scavenging cellular
ROS but also neutralizes (detoxifies) dehydro-PAs generated by meta-
bolic activation of PAs (DeLeve et al., 1996; Ma et al., 2018). Therefore,
GSH has been believed to play an important role in drug metabolism-
induced liver injury (Deleve and Kaplowitz, 1991). Previous studies
have demonstrated that PAs could cause significant GSH depletion in
cells and animals and the toxicities caused by PAs could be rescued by
restoration of cellular GSH (DeLeve et al., 1996; Yang et al., 2016). In
the present study, the results illustrated that the decreased HSEC via-
bility was in a good correlation with the decreased GSH level and ele-
vated formation of pyrrole-protein adducts. Since GSH conjugation has
been considered as a detoxification pathway by covalent binding de-
hydro-PAs to form readily excreted pyrrole-GSH conjugates, the di-
minished cellular GSH content impaired this detoxification pathway
and exacerbated the formation of pyrrole-protein adducts, contributing
to PA-induced HSEC damage. Moreover, our findings also revealed the
increased cellular ROS level accompanied with a remarkable decrease
of GSH content in HSECs after retrorsine treatment. This result was well
correlated with the anti-oxidant role of GSH, because its depletion has
been considered as a major cause for induction of cellular ROS. The
formation of pyrrole-protein adducts, together with the decreased cel-
lular GSH content and aggravated oxidative stress, eventually caused
apoptosis of HSECs. All the results were consistent with previous studies
in that PAs were demonstrated to significantly decrease cellular GSH in
murine SECs (DeLeve et al., 1996), HepaG2 (Yang et al., 2016) and
human liver L-02 cells (Ji et al., 2009), and produce dose-dependent
formation of toxicity-related pyrrole-protein adducts in liver of mice
and rats (Ruan et al., 2015; Yang et al., 2017b). It has been reported
that apoptosis is one of the major mechanisms underlining PA-induced
hepatotoxicity (Copple et al., 2004; Lu et al., 2018), while, our findings
for the first time directly demonstrate that PAs could also induce
apoptosis in HSECs. The detailed mechanism underlying PA-induced
HSEC damage, however, remains to be further explored.

In conclusion, in the present study we mimicked the hepatic mi-
croenvironment and successfully developed and verified a novel two-
layer transwell co-culture model that utilized two types of hepatic cells
(HepaRG hepatocyte and HSECs) to study PA-induced HSEC damage.
Like the in vivo scenario, based on the co-culture system, PAs indeed
were bioactivated by HepaRG hepatocytes forming dehydro-PAs which
subsequently damaged the adjacent HSECs. GSH depletion, pyrrole-
protein adduction, and ROS elevation were proved to contribute to the
PA-induced apoptosis in HSECs. This in vitro model enables us to in-
vestigate PA-induced HSEC injury in a more controllable in vitro con-
dition and offers a new tool for a rapid screening and in-depth study of
the detailed mechanisms of PA intoxication in HSECs. In addition, the
developed model can also be used for in vitro screening other potential
toxins that require hepatic metabolic activation prior to their in-
toxication on non-parenchymal liver cells, like HSECs.
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