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Abstract

Aflatoxin B1 (AFB1), a mycotoxin, is acutely hepatotoxic to many animals including humans.
However, there are marked interspecies differences in sensitivity to AFB1-induced toxicity
depending on bioactivation by cytochrome P450s (CYPs). In the present study, we exam-
ined the applicability of chimeric mice with humanized livers and derived fresh human hepa-
tocytes for in vivo and vitro studies on AFB1 cytotoxicity to human hepatocytes. Chimeric
mice with highly humanized livers and SCID mice received daily injections of vehicle (corn
oil), AFB1 (3 mg/kg), and carbon tetrachloride (50 mg/kg) for 2 days. Histological analysis
revealed that AFB1 promoted hepatocyte vacuolation and inflammatory cell infiltration in the
area containing human hepatocytes. A novel human alanine aminotransferase 1 specific
enzyme-linked immunosorbent assay demonstrated the acute toxicity of AFB1 to human
hepatocytes in the chimeric mouse livers. The sensitivity of cultured fresh human hepato-
cytes isolated from the humanized liver mice for AFB1 cytotoxicity was comparable to that
of primary human hepatocytes. Long-term exposure to AFB1 (6 or 14 days) produced a
more severe cytotoxicity. The half-maximal lethal concentration was 10 times lower in the 2-
week treatment than after 2 days of exposure. Lastly, the significant reduction of AFB1 cyto-
toxicity by a pan-CYP inhibitor or transfection with CYP3A4 specific siRNA clearly sug-
gested that bioactivation of AFB1 catalyzed by CYPs was essential for AFB1 cytotoxicity to
the human hepatocytes in our mouse model. Collectively, our results implicate the human-
ized liver mice and derived fresh human hepatocytes are useful models for studies of AFB1
cytotoxicity to human hepatocytes.
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Introduction

Aflatoxins are a group of secondary metabolites produced by Aspergillus fungi, such as A. fla-
vus and A. parasiticus. Although the exact function of the aflatoxins have not been cleared,
production of the aflatoxins is regulated by at least 30 genes and significantly affected by sev-
eral environmental factors (such as light, pH and carbon sources), it is postulated that produc-
tion of aflatoxins provides fungi with some benefits in growth [1]. The aflatoxins are also toxic
compounds classified by the International Agency for Research on Cancer in the highest risk
group with sufficient evidence of carcinogenicity in humans [2-4]. Among about 20 known
aflatoxins, aflatoxin B1 (AFB1) is considered as one of the most potent inducers of acute and
chronic liver injury and hepatocellular carcinoma [5]. In the past several decades, the con-
sumption of AFB1-contaminated food (such as corn, peanuts, milo, sorghum, copra, and rice)
has caused many episodes of AFB1-related human deaths [2]. This has spurred many prior
and ongoing studies to develop effective intervention methodologies to mitigate the health
impacts of AFB1 exposure, including the development of biomarkers correlated with exposure
level, establishment of sensitive detection methods, and protective interventions against expo-
sure [2].

The mode of action of AFB1-induced liver injury has been described [2, 3]. AFB1 is consid-
ered a pro-toxic chemical. One of its metabolites, AFB1-8,9-epoxide (AFBO), is essential for
carcinogenic and hepatotoxic activity [3]. This bioactivation of AFB1 is catalyzed by cyto-
chrome P450s (CYPs), and the reactive metabolite is finally detoxicated by glutathione conju-
gation catalyzed by glutathione-S-transferases (GSTs) [3]. The liver toxicity of AFBI is
modulated by a balance of formation and detoxication of the reactive metabolites in hepato-
cytes [6]. The diverse liver functions among different animals are reflected in the significant
differences in severity of AFB1-induced acute liver injury among them [2, 3]. The marked dif-
ference is evident even in rodents. Mice display extremely low sensitivity to liver toxicity of
AFB1 due to high metabolic activity of GSTA3 toward AFB [7], whereas rats are among the
animals that are most sensitive to AFB1-induced liver toxicity and carcinogenicity [8, 9]. Such
interspecies differences in the susceptibility to AFB1-induced liver toxicity restrict the use of
experimental animal models for human related studies. In contrast, human hepatic cell lines
are considered more reliable models for studies of AFB1 cytotoxicity reflecting human drug
metabolism. However, there are significant differences in hepatocyte functions, including drug
metabolism capacities, among these cell types and primary human hepatocytes (HHs) [10-12].
Although primary HHs are well-accepted tools for studies of AFBI liver toxicity in humans,
there are many limitations to the use of primary HHs, such as restricted supply volume and
lot-to-lot variations [12, 13].

Humanized liver chimeric mice have been produced by transplantation of normal HHs
into genetically engineered immunodeficient/liver injured host mice [14]. We reported that
chimeric mice generated from albumin enhancer/promoter-driven cDNA urokinase-type
plasminogen activator/severe combined immunodeficiency (cDNA-uPA/SCID) mice (PXB-
mice) exhibited stable repopulation rates of HHs for several months [15], and were useful for
studies on drug metabolism and pharmacokinetics, drug-drug interactions [16-18], and
chronic infection by hepatitis viruses [19]. PXB-mice and the other type of mice with human-
ized livers have been utilized for in vivo toxicology studies, with human specific cytotoxicity
reported for troglitazone, fialuridine, and bosentan [20-23]. Moreover, we reported that fresh
HHs isolated from the PXB-mice (PXB-cells) could be readily plated and cultured for several
weeks in a conventional culture condition [24]. PXB-cells cultured at high cell density dis-
played pronounced elevations in activities of CYPs and transporters, metabolic enzyme induc-
tion, and stable susceptibility to hepatitis B virus infection in vitro [24-27].
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Based on these lines of evidence, we hypothesized that the PXB-mice and derived PXB-cells
would be suitable in vivo and in vitro models, respectively, for the analysis of AFB1 liver toxic-
ity in humans. To test this hypothesis, we evaluated the in vivo acute toxicity of AFB1 to HHs
in livers of PXB-mice by histological examination and a novel enzyme-linked immunosorbent
assay (ELISA) specific for human alanine transferase 1 (hALT1). Moreover, the dose- and
time-dependent AFB1 cytotoxicity to PXB-cells were assessed in vitro by analyzing the cell via-
bility with real-time cell analysis (RTCA) and WST-1 assays. Finally, we analyzed the effects of
anon-specific CYP inhibitor and transfection of CYP3A4 small interfering RNA (siRNA) on
AFB1-induced cytotoxicity to PXB-cells. Our results demonstrate that the humanized liver chi-
meric mice and derived HHs are a reliable in vivo and in vitro research tool for studies of
AFBL toxicity for HHs.

Materials and methods
Ethics statements

Human hepatocytes were purchased from BD Biosciences. The cells were obtained with writ-
ten informed consent. This research was approved by Utilization of Human Tissue Ethical
Committee of PhoenixBio (0028). All experimental procedures were conducted in accordance
with the guidelines provided by the Proper Conduct of Animal Experiments (June 1, 2006; Sci-
ence Council of Japan) and were approved by the Animal Care and use Committee of the Insti-
tution (1205). All surgical procedures (i.e., cell transplantation), blood sampling, and necropsy
were conducted under isoflurane (Escain®), Mylan Inc.) anesthesia. For in vivo study, mice
were sacrificed by cardiac puncture and exsanguination under anesthesia at the endpoint. All
experimental animals were housed with environmental enrichments under pathogen-free con-
ditions and maintained in a 12-h light/dark cycle with sterilized water and regular diet CRF-1
(Oriental Yeast Co., Ltd.) available ad libitum.

Chemicals and animals

Corn oil, AFBI, carbon tetrachloride (CCl,), and aminobenzotriazole (ABT) were purchased
from Wako Pure Chemical Industries Ltd, LKT Laboratories, Inc., and Sigma-Aldrich,
respectively.

SCID (C.B-17) mice were purchased from CLRA Japan, Inc. A total of 13 SCID mice were
used for in vivo study. For construction of the chimeric mice, transplantation of the cryopre-
served HHs (Lot: BD195, 2-year-old Hispanic girl; BD Bioscience) into the cDNA-uPA*""/
SCID mice, monitoring of blood human albumin levels, and estimation of replacement index
(RI) of HHs in mouse liver were performed as previously described [15]. We used humanized
liver mice (13 mice for in vivo studies, 28 mice for in vitro studies) highly repopulated (RI
>70%) with the transplanted HHs (Fig 1).

PXB-mice were produced by xenotransplantation of human hepatocytes into recipient
mice (cDNA-uPA*""/SCID mice) followed by chemical administration or collagenase perfu-
sion. For in vitro experiments, PXB-cells were isolated from the PXB-mice transplanted with
the same donor hepatocytes and treated with AFB1 with or without a CYP inhibitor co-treat-
ment or CYP3A4 specific siRNA transfection.

Establishment of sandwich ELISA with anti-hALT1 mAbs

Materials and methods for preparation of ALT samples and establishment of mouse anti-
human ALT1 monoclonal antibodies (anti-hALT1 mAbs) were described in S1 File. Optimal
buffer, time, and temperature incubation conditions, as well as the optimal concentrations of
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Fig 1. Summary of in vivo and in vitro experiments for AFB1-induced human hepatotoxicity with PXB-mice and PXB-cells.

https://doi.org/10.1371/journal.pone.0239540.9001

antibodies were determined. The finalized hALT1 sandwich ELISA was developed as described
next.

Anti-hALT1 mAb TA2154-100 was used to coat the wells of a 96-well microtiter plate Max-
isorp (Thermo Fisher Scientific) and allowed to adhere overnight at 4°C and blocked with the
assay buffer of phosphate buffered saline (PBS) containing 1% bovine serum albumin at room
temperature (RT) for 1 h. Each well was washed five times with PBS-containing 0.05% Tween-
20 (PBS-T). Dilutions (1:10 in assay buffer) of purified recombinant hALT1 and hALT2
(rhALT1, rhALT? respectively), or human serum and serum collected from SCID mice
received hydrodynamic injection (HDI-SCID serum), or the standard of hALT1, which were
serially diluted in normal mouse serum (Equitech-Bio, Inc.), or individual human or mouse
serum samples were added to the wells. Plates were incubated by shaking at 700 rpm for 1 h at
25°C. After three washes with PBS-T, biotin conjugated anti-hALT1 mAb TA2214-116 (Bio-
tin-TA2214-116) was added to each well and incubated as before. Biotin-TA2214-116 was pre-
pared using the EZ-Link™ Sulfo-NHS-LC-Biotinylation kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. After three washes with PBS-T, avidin D conju-
gated-horseradish peroxidase (Avidin D-HRP, Vector Laboratories) was added to each well
and incubated as before. Each well was washed five times with PBS-T, and BioFX TMB colori-
metric substrate (SurModics) was added and incubated at 25°C for 30 min in the dark. The
reaction was terminated by the addition of BioFX 450 nm liquid stop solution (SurModics).
The optical density in each well was determined at 450 nm (A450) using a SpectraMax 340P
device (Molecular Devices). A calibration curve was plotted and the concentration of hALT1
were estimated by the least squares method.

Animal study and histological analysis

Male PXB-mice and SCID mice were randomly selected to receive corn oil (vehicle, n = 5),
AFBI (n =5), or CCl (n = 3). AFB1 and CCl, were suspended in corn oil. Each mouse
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received an intraperitoneal injection of corn oil (5 mL/kg), AFBI (3 mg/5 mL/kg), or CCl, (50
mg/5 mL/kg) once daily for 2 days. Each injected dose was determined based on previous stud-
ies [28, 29]. Blood samples (50 pL) were collected from each animal under isoflurane anesthe-
sia at day 0 (before dosing) and day 2. Collected blood samples were kept frozen at -80°C until
analysis. All mice were necropsied and liver tissues were collected at day 2. Liver slices approxi-
mately 5 mm thick were prepared and immersed overnight in 10% formalin neutral buffer
solution. Formalin fixed liver tissues were embedded in paraffin and sectioned at a thickness
of 5 um for immunohistochemistry and hematoxylin and eosin staining. For the immunos-
taining of Gr-1 (also termed Ly6-G/C), liver sections were processed for antigen retrieval (Tar-
get Retrieval solution, Dako) for 20 min and incubated with primary antibody (#550291, BD
Pharmingen) overnight at 4°C. Secondary antibody (Histofine simple stain mouse MAX-PO
(RAT), Nichirei Bioscience) was applied for 30 min at RT. Finally, nuclei were counterstained
with hematoxylin and slides were observed using an Eclipse E800 microscope (Nikon).

Culture and viability analysis of PXB-cells

PXB-cells were isolated from PXB-mice transplanted with the same donor hepatocytes used
for the in vivo study and cultured as previously reported [24, 27] (Fig 1). PXB-cells were plated
(2.1 x 10° cells/cm?) on type I collagen-coated 24-well plates (BioCoat, Corning) or E-plate L8
(ACEA Biosciences). One day after plating (Day 0), the seeding medium (Dulbecco’s modified
Eagle’s medium containing 10% of fetal bovine serum) was changed to a maintenance medium
(hHCGM [24]), containing AFB1 at the indicated concentrations in the presence or absence of
ABT (125 or 500 uM), a non-specific CYP inhibitor. The medium was changed twice a week.
Cell viability was analyzed using the RTCA iCELLigence™ (ACEA Biosciences) or WST-1
assay (Cell proliferation reagent WST-1, Roche) according to the manufactures’ instructions.

Transfection of siRNAs

Negative control and CYP3A4 specific siRNAs were purchased from Dharmacon (siGENOME
SMARTpool). Transfection of siRNAs was conducted by seeding PXB-cells on wells coated
with these siRNAs (prepared by CytoPathfinder) as previously described [24]. PXB-cells were
treated with AFB1 as indicated dose for 6 days beginning 8 days after transfection.

Measurement of CYP 3A activity

CYP3A activity was measured using midazolam, a specific substrate for CYP3A, using high-
performance liquid chromatography (HPLC, Lachome Elite; Hitachi High-Technology Co.) as
previously described [30]. Briefly, after washing with PBS, cells were cultured with Krebs-Hen-
seleit buffer containing 10 mM midazolam for 2 h. After incubation, the supernatant was col-
lected and the concentration of 1’-hydroxymidazolam was measured using HPLC. HPLC was
performed at a flow rate of 1.0 mL/min using an Xterra RP18 column (4.6 "150 mm, 5 pum;
Waters).

Real-time quantitative PCR (RT-qPCR)

RNA was extracted with Trizol (Thermo Fisher Scientific) reagent according to the manufac-
ture’s instruction. One microgram total RNA was used as template for reverse transcription
with SuperScript ™™ III First-Strand Synthesis System (Thermo Fisher Scientific). RT-qPCR
was conducted using the SYBR Green Master Mix (Applied Biosystems) and human CYP3A4
specific primers as previously described [31, 32].
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Statistical analysis

Statistical analysis was performed using Statcel 4 (OMS Publishing Inc.). Results are expressed
as mean + SD, and the significance of the difference between two groups was analyzed using
the Student’s t-test when data were normally distributed, else using the Welch’s t-test. Multi-
ple-sample comparisons were made using one-way analysis of variance followed by post hoc
analysis. p-values <0.05 were considered statistically significant.

Results
Detection of human specific AFB1-induced hepatotoxicity in vivo

To examine the cytotoxic effect of AFB1 on HHs in chimeric mouse livers, PXB-mice and
SCID mice received an intraperitoneal injection of vehicle (corn oil), AFB1, or CCl,. The latter
has also been demonstrated to produce species-dependent severe hepatotoxicity [33]. Detailed
information of the PXB-mice utilized for the in vivo study are provided in Table 1. After daily
administration of these chemicals for 2 days, all animals were necropsied and liver tissues and
blood were analyzed. Except for a slight body weight reduction in AFB1-treated PXB-mice,
there was no significant change in body weight in each group (Fig 2A). Histological examina-
tion clearly demonstrated that administration of AFB1 promoted hepatocyte vacuolation and
infiltration of Gr-1-positive inflammatory cells in the area containing HHs, but not in the
remaining host mouse hepatocyte area (Fig 2B and 2C). On the other hand, hepatocyte cell
death and inflammatory cell infiltration were specifically observed in mouse hepatocyte area
in CCly-injected livers of PXB-mice (Fig 2B). Consistent with these results, CCly, but not
AFBI, induced hepatocyte cell death and inflammatory cell infiltration in livers of the SCID
mice.

Hepatotoxicity of the tested chemicals were also evaluated with plasma ALT levels, a well-
accepted biomarker correlated with degree of hepatocyte injury. First, we measured the plasma
total ALT activity with a conventional assay that can detect both human- and mouse-derived
ALT activities [21]. Reflecting the histological changes in livers treated with the chemicals, sig-
nificant increase of serum ALT activity was confirmed in PXB-mice treated with AFB1 or
CCl, and SCID mice treated with CCly, but not AFB1-treated SCID mice (Fig 3A). These
results suggested that AFB1 administration specifically damaged HHs in the humanized liver,

Table 1. Animal information.

Group ID Age (weeks) Blood hAIb (mg/mL) RI (%) Body weight (g)
Corn oil 1 15 12.8 92.6 18.1
2 16 12.7 92.4 19.2
3 15 14.9 97.2 19.1
4 16 11.5 89.4 22.0
5 15 15.1 97.6 18.2
AFB1 6 15 12.5 91.9 20.2
7 15 12.5 91.9 18.1
8 14 12.4 91.7 19.9
9 15 13.0 93.1 20.9
10 14 15.0 97.4 19.6
CCly 11 15 7.4 76.5 23.5
12 15 7.4 76.5 23.6
13 15 10.2 85.9 17.9

https://doi.org/10.1371/journal.pone.0239540.t001
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Fig 2. AFB1-induced human hepatotoxicity in PXB-mice. Male PXB-mice and SCID mice received daily
intraperitoneal administration of corn oil (n = 5), AFB1 (n = 5), or CCl4 (n = 3) for 2 days. All animals were necropsied
24 h after the final injection. (A) Relative body weight to initial value. Values are means + S.D. *p <0.01 (Tukey-
Kramer test). n.s., not significant (p >0.05, Steel-Dwass test). (B) Liver sections stained with hematoxylin and eosin.
Each animal was treated with the indicated chemical. Upper, middle, and lower panel represents human and mouse
hepatocyte area in the PXB-mice, and in the SCID mouse livers, respectively. Arrows and arrowheads represent
vacuolated hepatocytes and infiltrated inflammatory cells, respectively. Scale bars, 100 um. (C) Representative images
of Gr-1 stained liver sections collected from PXB-mice injected with AFB1. White arrowheads indicate Gr-1-positive
cells. Neg; Negative control. Scale bar, 100 pm.

https://doi.org/10.1371/journal.pone.0239540.9002
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Fig 3. Quantification of plasma total ALT activity and hALT1 levels. (A) Plasma total ALT activity levels in PXB-mice
and SCID mice were measured with a conventional method detecting both human- and mouse-derived ALTs. (B)
Reactivity of the presently developed hALT1-specific ELISA to thALT1 and rhALT?2. Serially diluted rhALT1 and
rhALT2 were measured using the hALT1-specific ELISA. (C) Reactivity of the hALT1-specific ELISA to samples derived
from human or mouse. Levels of hALT1 and total ALT activity in serially diluted human patient sera with liver disease
and mouse sera collected from HDI-SCID mice were measured with the conventional method (x-axis) and the presently

developed hALT1-specific ELISA (y-axis), respectively. (D

) Correlation of serum ALT activity and hALT1 levels. Total

ALT activity and hALT1 levels in serially diluted gold standard serum were measured with the conventional method (x-
axis) and the present hALT1-specific ELISA (y-axis). (E) Serum hALT1 levels in the PXB-mice were measured with the
hALT1-specific ELISA. Values are means + S.D. **; p <0.01 (Tukey-Kramer test).

https://doi.org/10.1371/journal.pone.0239540.9003
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and leakage of ALT's from the injured HHs caused a significant increase of serum ALT activity,
while CCl, showed mouse hepatocyte specific cytotoxicity.

To confirm the human specific hepatotoxicity of AFB1 using a quantitative biochemical
assay, we tried to establish a sandwich ELISA using two different mAbs specific for hALT1. Fif-
teen hybridoma cell lines producing anti-hALT1 mAbs were generated. Their binding activity
and specificity to rhALT1 and rhALT?2 were tested at antibody concentrations ranging from 1
ng/mL to 3 pg/mL using direct ELISA. Each antibody reacted with rhALT1 in a concentra-
tion-dependent manner, but did not react with rhALT2. The specificity was confirmed by an
immunoblot against thALT1, rhALT2, and mALTs (CCl,-SCID). Each mAb also specifically
recognized thALT1, but did not react with rhALT2 and mALTs. We used two mAbs (TA2154-
100 and TA2214-116) subclassified as IgM(x), IgA(x), respectively.

The specificity of the novel hRALT1 sandwich ELISA was tested using purified rhALT1 and
rhALT? serially diluted in the concentration range of 0.1 to 1000 ng/mL and 100 to 1000 ng/
mL respectively. The reaction of rhALT-1 displayed a good sigmoid dose-response curve, but
rhALT?2 unreactive (Fig 3B). Next, the specificity against hALTs was tested in comparison with
mALTs. The serially diluted human serum and HDI-SCID serum prepared at ALT activities
ranging from 6 to 402 U/L and 9 to 554 U/L, respectively, were applied to the hALT1 sandwich
ELISA system. The human serum displayed a good dose-response curve in the tested range.
Conversely, HDI-SCID serum unreactive (Fig 3C). Finally, the serially diluted hALT1 gold
standard was prepared at concentrations ranging from 10 to 615 U/L in normal mouse serum.
When applied to the hALT1 sandwich ELISA system, a good dose-response was evident in the
range of 10 to 615 U/L (Fig 3D), allowing the establishment of a calibration curve in this
ELISA system.

Using this hALT1 specific sandwich ELISA system, we measured serum hALT1 levels in
PXB-mice treated with vehicle or AFB1 or CCly. No significant difference in the serum hALT1
levels was observed between control (9.1 + 4.2 ng/mL) and CCl, (25.0 £ 24.3 ng/mL) treated
mice. However, AFB1-treated PXB-mice showed significantly higher serum hALT1 levels
(197.9 £ 90.2 ng/mL) than control and CCl4 treated mice (Fig 3E). The histochemical and bio-
chemical analyses revealed an obvious cytotoxicity of AFB1 to HHs, but not to mouse hepato-
cytes, in humanized liver chimeric mice.

In vitro assay of AFB1 cytotoxicity to PXB-cells

Cytotoxicity of AFB1 to HHs was also evaluated with an in vitro model using PXB-cells com-
prising fresh HHs isolated from PXB-mice. As shown in Fig 1, AFBI treatment was started
one day after plating and extended until the end of culture. In the absence of AFBI treatment,
there was no obvious change in number of cultured PXB-cells. They maintained a mature
hepatocyte morphology at least until day 14 (Fig 4A), as previously reported [24]. However,
AFBI treatment significantly reduced the number of cultured PXB-cells in a dose-dependent
manner (Fig 4A, day 5). The dose-dependent cytotoxicity of AFB1 to HHs was also confirmed
using the RTCA assay (Fig 4B). The half-maximal lethal concentration (LCs,) value for PXB-
cells at day 2 (2.09 + 0.40 uM) was significantly lower than the LCs, for HepG2 and HepaRG
cells, and comparable to that of primary HHs reported in a previous study using the same
RTCA assay [34]. (Summarized in Table 2). Next, to assess AFB1 toxicity to HHs with time,
the viability of AFBI treated PXB-cells was examined with WST1 assay at day 2, 6, and 14 after
treatment. The results clearly indicated that a longer AFB1 treatment, especially at low concen-
tration, produced more severe cytotoxicity (Fig 4C). For example, 2 days AFB1 treatment at
1.111 puM produced no significant cytotoxicity of PXB-cells, 6 days treatment at the same con-
centration significantly reduced cell viability and viability was <10% after 14 days of treatment
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Fig 4. Dose-dependent cytotoxicity of AFB1 on PXB-cells. (A) Representative images of PXB-cells treated with AFB1 indicated
concentrations for 5 days. Scale bar; 100 um. (B) Cytotoxicity curves of PXB-cells exposed to AFB1 at different doses for 150 h. Cell
index curves were generated with the iCELLigence software. (C) Dose-response curves of PXB-cells exposed to AFB1 for 2, 6, and 14

days. Cell viabilities were measured with the WST-1 assay.

https://doi.org/10.1371/journal.pone.0239540.9004

Table 2. Comparison of LCs, of AFB1 for different cell types.

Cell type LC50 of AFB1 at day 2 (uM)
HepG2* >75.9

HepaRG* 6.91+0.75

PHH* 1.88+0.92

PXB-cells 2.09£0.40

* Gerets 2012, PMID: 22258563 (modified).

https://doi.org/10.1371/journal.pone.0239540.t002
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at the same dose. These results regarding differences in severity of cytotoxicity among

cell types and a time-dependent cytotoxicity strongly suggested that bioactivation of

AFBI into reactive metabolites was essential for severe cytotoxic effect of AFB1 on PXB-cells
in vitro.

To elucidate the involvement of bioactivation of AFB1 in the hepatotoxicity in vitro, PXB-
cells were treated with AFB1 in the presence or absence of the ABT non-specific CYP inhibi-
tor. ABT treatment at 125 and 500 pM for 5 days reduced CYP3A activity in PXB-cells to
approximately 50% and 20% that of untreated cells, respectively (Fig 5A). Next, the influence
of the suppression of CYP activity on AFB1-induced cytotoxicity was examined using the
WST-1 assay after 8 days treatment with AFBI in the presence or absence of ABT (Fig 5B).
ABT treatment at low (125 uM) or high (500 uM) dose produced no cytotoxic effect on cul-
tured PXB-cells. Although the cell viability was moderately or dramatically reduced by 0.8 or
4.0 uM AFBI treatment respectively, this dose-dependent cytotoxicity was partially or
completely suppressed by co-treatment with ABT at low or high dose. These results indicated
that bioactivation of AFB1 mediated by CYPs was essential for AFB1 cytotoxicity at the dose
levels examined in this study. Furthermore, to examine the impacts of the suppression of
CYP3A4 on AFBI cytotoxicity, PXB-cells were transfected with negative control (NC) or
CYP3A4 specific siRNAs. RT-qPCR and measurement of CYP3A activity revealed that
transfection of CYP3A4 specific siRNA resulted in significant reduction of CYP3A4 mRNA
expression (4.3% of NC, Fig 6A) and CYP3A activity (28.0% of NC, Fig 6B) at 7 days after
transfection. Finally, PXB-cells were treated with low (0.8 pM) or high (4.0 uM) dose of AFB1
for 6 days beginning 8 days after transfection of each siRNA, and cell viabilities were analyzed
by WST-1 assay (Fig 6C). In the absence of AFBI, there was no difference in cell viability
between NC- and CYP3A4 siRNA transfected cells. However, knock down of CYP3A4
completely inhibited moderate level cytotoxicity induced by low dose AFBI treatment. More-
over, the severe cytotoxicity observed in PXB-cells treated with high dose of AFB1 was also
partially alleviated by transfection of CYP3A4 siRNA.

A CYP3A activity B Cell viability
126 1 —— 125 - " -
- LD — —
I l &
2F 100 { L 25100 { r 2
g P £33 = — ABT (uM)
2T 75 B3 75 0o
© o xx > o125
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Fig 5. Effects of ABT on CYP3A activity and cell viability in AFB1-treated PXB-cells. (A) PXB-cells were treated with ABT at
indicated dose for 5 days and CYP3A activities were measured with HPLC. (B) PXB-cells were treated with AFB1 in the presence or
absence of ABT for 8 days and cell viabilities were analyzed with the WST-1 assay. Values are means + S.D. *p <0.05, **p <0.01 (Tukey-
Kramer test). n.s., not significant (p >0.05, Tukey-Kramer test).

https://doi.org/10.1371/journal.pone.0239540.g005
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Fig 6. Effects of CYP3A4-specific suppression on cytotoxicity of AFB1. Expression levels of CYP3A4 mRNA (A) and CYP3A activities (B)
in PXB-cells were measured by RT-qPCR and HPLC, respectively, 7 days after transfection of NC or CYP3A4-specific siRNAs (3A4). (C)
Effects of CYP3A4 knock down on viabilities in PXB-cells treated with AFB1 were analyzed with the WST-1 assay. PXB-cells were treated with
AFBI at the indicated dose beginning 7 days after transfection for 6 days. Values are means + S.D. **p<0.01 (Student’s ¢ test or Welch’s £ test).
n.s.; not significant (p>0.05, Student’s ¢ test).

https://doi.org/10.1371/journal.pone.0239540.9006

Discussion

Although the liver toxicity of AFBI has been confirmed in many experimental animals, includ-
ing rodents and nonhuman primates, adult mice are remarkably resistant to AFB1 liver toxic-
ity [2]. mGSTA3 is constitutively expressed in liver and displays extremely high conjugating
activity toward AFBO, and so is the most toxic AFB1 metabolite [35, 36]. Acute liver injury
was confirmed in GSTA3 knockout mice treated with AFB1 at doses that had minimal toxic
effects in wild-type mice [7]. Consistent with these previous reports, AFB1 did not affect total
ALT activity levels and liver histology in the SCID mice. As with AFB1-injected SCID mice,
host mouse hepatocytes in the humanized livers did not show any morphological change after
AFBI treatment. On the other hand, many vacuolated HHs and infiltrated inflammatory cells
were observed in the HH area in PXB-mice treated with AFB1. These histological observations
clearly suggest that species differences in sensitivity to AFB1-induced hepatotoxicity can be
recapitulated in the humanized liver chimeric mice.

The serum or plasma ALT level is one of the most accepted biomarkers related to liver
injury, and was previously utilized to evaluate the hepatotoxicity of test compounds on
humanized liver chimeric mice [20, 21, 23]. However, conventional methods detected not only
HH-derived ALTs but also host mouse cell-derived ALTs. To analyze AFB1-induced human
specific hepatotoxicity in the chimeric mice with a biochemical method, we developed a novel
sandwich ELISA using two different hALT1 specific mAbs. The ELISA was highly specific for
hALT1, and showed no cross-reactivity to both hALT2 and mouse-derived ALTs. Consistent
with histological observations, significant increase of plasma hALT1 level in AFBI1-treated
mice was confirmed by the novel sandwich ELISA. Such in-life phase monitoring of HH injury
with a biochemical marker is very beneficial for future studies elucidating human specific
hepatotoxicity of AFB1 and drug-induced liver injury with humanized liver mice.

Although the human hepatotoxicity of AFB1 have been analyzed with different established
cell lines and primary HHs, significant difference in sensitivity to AFB1 induced hepatotoxicity
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among these in vitro models has been observed. One of the reasons why these cell types showed
different sensitivity to AFB1 hepatotoxicity is that many CYPs, including CYP3A4, which is
most responsible enzyme for bioactivation of AFBI, are expressed in the established cell lines at
lower levels comparing with primary HHs. A previous study showed that cells with higher CYP
activities showed lower LCs, value of AFB1 [34]. It has been demonstrated that the CYP3A
activity in cultured PXB-cells is comparable to that in original primary HHs used for xenotrans-
plantation [27, 29]. Reflecting the stable expression of CYP3A4 in PXB-cells, the present results
revealed PXB-cells exhibited highly comparable sensitivity to primary HHs regarding the previ-
ously reported AFB1-induced hepatotoxicity [34]. Moreover, the results of ABT treatment dem-
onstrated that CYP-mediated bioactivation of AFB1 was essential for AFB1 cytotoxicity to PXB-
cells in vitro at dose levels examined in this study. As with ABT treatment, CYP3A4 specific
suppression by siRNA resulted in reduced hepatotoxicity of AFB1 to PXB-cells. The findings
indicate that CYP3A4 is a dominant enzyme for the bioactivation of AFB1 in PXB-cells. In-
terestingly, the siRNA showed more inhibitory effect on CYP3A activity than low dose ABT
treatment. However, PXB-cells treated with ABT were more resistant to AFB1-induced hepato-
toxicity than the cells transfected with the siRNA. The difference in the specificity for CYP inhi-
bition between ABT treatment and siRNA transfection seemingly bolsters the previous
suggested contribution of the other CYPs to the production of reactive metabolites of AFB1 [3].

In general, it is difficult to detect the hepatotoxicity of test compounds, which require bioac-
tivation by metabolic enzymes with a long-term exposure at a low dose, with lack of toxicity in
short-term treatment. Even though primary HHs are considered a gold standard for in vitro
toxicity study, many hepatocyte characteristics, including CYP activity, quickly diminish in
vitro [37]. However, in terms of CYP3A activity, PXB-cells exhibited comparable CYP3A activ-
ity to freshly isolated or cryopreserved primary HHs, at least until 3 weeks after plating, as pre-
viously reported [27]. The present results clearly demonstrated that 2 or 6 days exposure to
0.37 uM AFB1 did not show any effect on PXB-cells, but that 14 days treatment at the same
dose reduced cell viability to <40%. These findings suggest that PXB-cells are a valuable tool
to validate the time-dependent cytotoxic effect of relatively low levels of AFB1 on HHs.

In summary, we provide the first demonstration that humanized liver chimeric mice are
useful for the detection of HH specific cytotoxicity of AFB1 using histological examination
and biochemical analysis with a novel ELISA specific for hALT1. The data also indicate that
fresh HHs isolated from the chimeric mice exhibit comparable sensitivity to primary HHs
regarding AFB1-induced cytotoxicity depending on bioactivation by CYPs, and that the fresh
HHs are useful for the detection of a cytotoxic effect of long-term exposure to a low dose of
AFBI1. PXB-mice and derived HHs appear to be a more reliable in vivo and vitro platform for
the study of AFB1 hepatotoxicity to HHs.

Supporting information

S1 File.
(DOCX)

Acknowledgments

We sincerely thank Dr. Kenichi Mitsui of Toin University of Yokohama for support in the
preparation of rhALT1 and 2. We also thank Yasumi Yoshizane for technical assistance.

Author Contributions
Conceptualization: Yuji Ishida, Chise Tateno.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239540 September 23, 2020 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239540.s001
https://doi.org/10.1371/journal.pone.0239540

PLOS ONE

AFB1-induced acute hepatotoxicity in human hepatocytes

Formal analysis: Yuko Ogawa.

Investigation: Yuji Ishida, Chihiro Yamasaki, Hiroko Iwanari, Hisahiko Yamashita, Ami

Yanagi, Suzue Furukawa, Junichi Kamiie.

Methodology: Hiroko Iwanari, Hisahiko Yamashita, Junichi Kamiie.

Resources: Kazuaki Chayama.

Supervision: Chise Tateno.

Writing - original draft: Yuji Ishida, Chihiro Yamasaki, Hiroko Iwanari, Yuha Kojima, Juni-

chi Kamiie, Chise Tateno.

Writing - review & editing: Hiroko Iwanari, Yuha Kojima, Junichi Kamiie, Chise Tateno.

References

1.

10.

11.

12

13.

14.

Guevara-Gonzalez RG. Aflatoxins: Biochemistry and Molecular Biology. https://doi.org/10.5772/896
ISBN: 978-953-307-395-8. London: IntechOpen; 2011 October 5th 2011.

Kensler TW, Roebuck BD, Wogan GN, Groopman JD. Aflatoxin: a 50-year odyssey of mechanistic and
translational toxicology. Toxicological sciences: an official journal of the Society of Toxicology. 2011;
120 Suppl 1:S28-48. https://doi.org/10.1093/toxsci/kfq283 PMID: 20881231.

Dohnal V, Wu Q, Kuca K. Metabolism of aflatoxins: key enzymes and interindividual as well as interspe-
cies differences. Archives of toxicology. 2014; 88(9):1635—44. https://doi.org/10.1007/s00204-014-
1312-9 PMID: 25027283.

Chemical agents and related occupations. IARC monographs on the evaluation of carcinogenic risks to
humans. 2012; 100(Pt F):225—44. PMID: 23189753.

Marchese S, Polo A, Ariano A, Velotto S, Costantini S, Severino L. Aflatoxin B1 and M1: Biological
Properties and Their Involvement in Cancer Development. Toxins. 2018; 10(6):214. https://doi.org/10.
3390/toxins10060214 PMID: 29794965.

Guengerich FP, Johnson WW, Shimada T, Ueng YF, Yamazaki H, Langouet S. Activation and detoxica-
tion of aflatoxin B1. Mutation research. 1998; 402(1-2):121-8. https://doi.org/10.1016/s0027-5107(97)
00289-3 PMID: 9675258.

llic Z, Crawford D, Vakharia D, Egner PA, Sell S. Glutathione-S-transferase A3 knockout mice are sen-
sitive to acute cytotoxic and genotoxic effects of aflatoxin B1. Toxicology and applied pharmacology.
2010; 242(3):241-6. https://doi.org/10.1016/j.taap.2009.10.008 PMID: 19850059.

Wogan GN, Paglialunga S, Newberne PM. Carcinogenic effects of low dietary levels of aflatoxin B1 in
rats. Food and cosmetics toxicology. 1974; 12(5-6):681-5. https://doi.org/10.1016/0015-6264(74)
90239-9 PMID: 4375655.

Cullen JM, Ruebner BH, Hsieh LS, Hyde DM, Hsieh DP. Carcinogenicity of dietary aflatoxin M1 in male
Fischer rats compared to aflatoxin B1. Cancer research. 1987; 47(7):1913-7. PMID: 3102052.

Zeilinger K, Freyer N, Damm G, Seehofer D, Knospel F. Cell sources for in vitro human liver cell culture
models. Experimental biology and medicine (Maywood, NJ). 2016; 241(15):1684—98. https://doi.org/10.
1177/1535370216657448 PMID: 27385595.

Kuna L, Bozic I, Kizivat T, Bojanic K, Mrso M, Kralj E, et al. Models of Drug Induced Liver Injury (DILI)—
Current Issues and Future Perspectives. Current drug metabolism. 2018; 19(10):830-8. https://doi.org/
10.2174/1389200219666180523095355 PMID: 29788883.

Misik M, Nersesyan A, Ropek N, Huber WW, Haslinger E, Knasmueller S. Use of human derived liver
cells for the detection of genotoxins in comet assays. Mutation research. 2019; 845:402995. https://doi.
org/10.1016/j.mrgentox.2018.12.003 PMID: 31561885.

Yokoyama Y, Sasaki Y, Terasaki N, Kawataki T, Takekawa K, Iwase Y, et al. Comparison of Drug
Metabolism and lts Related Hepatotoxic Effects in HepaRG, Cryopreserved Human Hepatocytes, and
HepG2 Cell Cultures. Biological & pharmaceutical bulletin. 2018; 41(5):722-32. https://doi.org/10.1248/
bpb.b17-00913 PMID: 29445054.

Sugahara G, Ishida Y, Sun J, Tateno C, Saito T. Art of Making Atrtificial Liver: Depicting Human Liver
Biology and Diseases in Mice. Seminars in liver disease. 2020; 40(2):189-212. https://doi.org/10.1055/
s-0040-1701444 PMID: 32074631.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239540 September 23, 2020 14/16


https://doi.org/10.5772/896
https://doi.org/10.1093/toxsci/kfq283
http://www.ncbi.nlm.nih.gov/pubmed/20881231
https://doi.org/10.1007/s00204-014-1312-9
https://doi.org/10.1007/s00204-014-1312-9
http://www.ncbi.nlm.nih.gov/pubmed/25027283
http://www.ncbi.nlm.nih.gov/pubmed/23189753
https://doi.org/10.3390/toxins10060214
https://doi.org/10.3390/toxins10060214
http://www.ncbi.nlm.nih.gov/pubmed/29794965
https://doi.org/10.1016/s0027-5107%2897%2900289-3
https://doi.org/10.1016/s0027-5107%2897%2900289-3
http://www.ncbi.nlm.nih.gov/pubmed/9675258
https://doi.org/10.1016/j.taap.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19850059
https://doi.org/10.1016/0015-6264%2874%2990239-9
https://doi.org/10.1016/0015-6264%2874%2990239-9
http://www.ncbi.nlm.nih.gov/pubmed/4375655
http://www.ncbi.nlm.nih.gov/pubmed/3102052
https://doi.org/10.1177/1535370216657448
https://doi.org/10.1177/1535370216657448
http://www.ncbi.nlm.nih.gov/pubmed/27385595
https://doi.org/10.2174/1389200219666180523095355
https://doi.org/10.2174/1389200219666180523095355
http://www.ncbi.nlm.nih.gov/pubmed/29788883
https://doi.org/10.1016/j.mrgentox.2018.12.003
https://doi.org/10.1016/j.mrgentox.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31561885
https://doi.org/10.1248/bpb.b17-00913
https://doi.org/10.1248/bpb.b17-00913
http://www.ncbi.nlm.nih.gov/pubmed/29445054
https://doi.org/10.1055/s-0040-1701444
https://doi.org/10.1055/s-0040-1701444
http://www.ncbi.nlm.nih.gov/pubmed/32074631
https://doi.org/10.1371/journal.pone.0239540

PLOS ONE

AFB1-induced acute hepatotoxicity in human hepatocytes

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Tateno C, Kawase Y, Tobita Y, Hamamura S, Ohshita H, Yokomichi H, et al. Generation of Novel Chi-
meric Mice with Humanized Livers by Using Hemizygous cDNA-uPA/SCID Mice. PloS one. 2015; 10
(11):e0142145. https://doi.org/10.1371/journal.pone.0142145 PMID: 26536627.

Sanoh S, Yamachika Y, Tamura Y, Kotake Y, Yoshizane Y, Ishida Y, et al. Assessment of amiodarone-
induced phospholipidosis in chimeric mice with a humanized liver. The Journal of toxicological sciences.
2017; 42(5):589-96. https://doi.org/10.2131/jts.42.589 PMID: 28904294.

Uchida M, Tajima Y, Kakuni M, Kageyama Y, Okada T, Sakurada E, et al. Organic Anion-Transporting
Polypeptide (OATP)-Mediated Drug-Drug Interaction Study between Rosuvastatin and Cyclosporine A
in Chimeric Mice with Humanized Liver. Drug metabolism and disposition: the biological fate of chemi-

cals. 2018; 46(1):11-9. https://doi.org/10.1124/dmd.117.075994 PMID: 29051147.

Takaoka N, Sanoh S, Okuda K, Kotake Y, Sugahara G, Yanagi A, et al. Inhibitory effects of drugs on
the metabolic activity of mouse and human aldehyde oxidases and influence on drug-drug interactions.
Biochemical pharmacology. 2018; 154:28—-38. https://doi.org/10.1016/j.bcp.2018.04.017 PMID:
29678521.

Uchida T, Imamura M, Kan H, Hiraga N, Hayes CN, Tsuge M, et al. Usefulness of humanized cDNA-
uPA/SCID mice for the study of hepatitis B virus and hepatitis C virus virology. The Journal of general
virology. 2017; 98(5):1040-7. https://doi.org/10.1099/jgv.0.000726 PMID: 28141486.

Schulz-Utermoehl T, Sarda S, Foster JR, Jacobsen M, Kenna JG, Morikawa Y, et al. Evaluation of the
pharmacokinetics, biotransformation and hepatic transporter effects of troglitazone in mice with human-
ized livers. Xenobiotica; the fate of foreign compounds in biological systems. 2012; 42(6):503-17.
https://doi.org/10.3109/00498254.2011.640716 PMID: 22201515.

Kakuni M, Morita M, Matsuo K, Katoh Y, Nakajima M, Tateno C, et al. Chimeric mice with a humanized
liver as an animal model of troglitazone-induced liver injury. Toxicology letters. 2012; 214(1):9-18.
https://doi.org/10.1016/j.toxlet.2012.08.001 PMID: 22902350.

Xu D, Nishimura T, Nishimura S, Zhang H, Zheng M, Guo YY, et al. Fialuridine induces acute liver fail-
ure in chimeric TK-NOG mice: a model for detecting hepatic drug toxicity prior to human testing. PLoS
medicine. 2014; 11(4):e1001628. https://doi.org/10.1371/journal.pmed.1001628 PMID: 24736310.

Xu D, Wu M, Nishimura S, Nishimura T, Michie SA, Zheng M, et al. Chimeric TK-NOG mice: a predictive
model for cholestatic human liver toxicity. The Journal of pharmacology and experimental therapeutics.
2015; 352(2):274-80. https://doi.org/10.1124/jpet.114.220798 PMID: 25424997

Ishida Y, Yamasaki C, Yanagi A, Yoshizane Y, Fujikawa K, Watashi K, et al. Novel robust in vitro hepati-
tis B virus infection model using fresh human hepatocytes isolated from humanized mice. The American
journal of pathology. 2015; 185(5):1275-85. https://doi.org/10.1016/j.ajpath.2015.01.028 PMID:
25791527.

Watari R, Kakiki M, Oshikata A, Takezawa T, Yamasaki C, Ishida Y, et al. A long-term culture system
based on a collagen vitrigel membrane chamber that supports liver-specific functions of hepatocytes
isolated from mice with humanized livers. The Journal of toxicological sciences. 2018; 43(8):521-9.
https://doi.org/10.2131/jts.43.521 PMID: 30078838.

Watari R, Kakiki M, Yamasaki C, Ishida Y, Tateno C, Kuroda Y, et al. Prediction of Human Hepatic
Clearance for Cytochrome P450 Substrates via a New Culture Method Using the Collagen Vitrigel
Membrane Chamber and Fresh Hepatocytes Isolated from Liver Humanized Mice. Biological & pharma-
ceutical bulletin. 2019; 42(3):348-53. https://doi.org/10.1248/bpb.b18-00582 PMID: 30828066.

Yamasaki C, Ishida Y, Yanagi A, Yoshizane Y, Kojima Y, Ogawa Y, et al. Culture density contributes to
hepatic functions of fresh human hepatocytes isolated from chimeric mice with humanized livers: Novel,
long-term, functional two-dimensional in vitro tool for developing new drugs. PLoS ONE. 2020; 15(9):
e€0237809. https://doi.org/10.1371/journal.pone.0237809 PMID: 32915792

Ishikawa AT, Hirooka EY, Alvares ESPL, Bracarense A, Flaiban K, Akagi CY, et al. Impact of a Single
Oral Acute Dose of Aflatoxin By on Liver Function/Cytokines and the Lymphoproliferative Response in
C57BI/6 Mice. Toxins. 2017; 9(11):374. https://doi.org/10.3390/toxins9110374 PMID: 29149046.

Xiao J, Liong EC, Ching YP, Chang RC, So KF, Fung ML, et al. Lycium barbarum polysaccharides pro-
tect mice liver from carbon tetrachloride-induced oxidative stress and necroinflammation. Journal of eth-
nopharmacology. 2012; 139(2):462—70. https://doi.org/10.1016/j.jep.2011.11.033 PMID: 22138659.

Yamasaki C, Kataoka M, Kato Y, Kakuni M, Usuda S, Ohzone Y, et al. In vitro evaluation of cytochrome
P450 and glucuronidation activities in hepatocytes isolated from liver-humanized mice. Drug metabo-
lism and pharmacokinetics. 2010; 25(6):539-50. https://doi.org/10.2133/dmpk.dmpk-10-rg-047 PMID:
20930422.

Tateno C, Miya F, Wake K, Kataoka M, Ishida Y, Yamasaki C, et al. Morphological and microarray anal-
yses of human hepatocytes from xenogeneic host livers. Laboratory investigation; a journal of technical
methods and pathology. 2013; 93(1):54—71. https://doi.org/10.1038/labinvest.2012.158 PMID:
23147226.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239540 September 23, 2020 15/16


https://doi.org/10.1371/journal.pone.0142145
http://www.ncbi.nlm.nih.gov/pubmed/26536627
https://doi.org/10.2131/jts.42.589
http://www.ncbi.nlm.nih.gov/pubmed/28904294
https://doi.org/10.1124/dmd.117.075994
http://www.ncbi.nlm.nih.gov/pubmed/29051147
https://doi.org/10.1016/j.bcp.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29678521
https://doi.org/10.1099/jgv.0.000726
http://www.ncbi.nlm.nih.gov/pubmed/28141486
https://doi.org/10.3109/00498254.2011.640716
http://www.ncbi.nlm.nih.gov/pubmed/22201515
https://doi.org/10.1016/j.toxlet.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22902350
https://doi.org/10.1371/journal.pmed.1001628
http://www.ncbi.nlm.nih.gov/pubmed/24736310
https://doi.org/10.1124/jpet.114.220798
http://www.ncbi.nlm.nih.gov/pubmed/25424997
https://doi.org/10.1016/j.ajpath.2015.01.028
http://www.ncbi.nlm.nih.gov/pubmed/25791527
https://doi.org/10.2131/jts.43.521
http://www.ncbi.nlm.nih.gov/pubmed/30078838
https://doi.org/10.1248/bpb.b18-00582
http://www.ncbi.nlm.nih.gov/pubmed/30828066
https://doi.org/10.1371/journal.pone.0237809
http://www.ncbi.nlm.nih.gov/pubmed/32915792
https://doi.org/10.3390/toxins9110374
http://www.ncbi.nlm.nih.gov/pubmed/29149046
https://doi.org/10.1016/j.jep.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/22138659
https://doi.org/10.2133/dmpk.dmpk-10-rg-047
http://www.ncbi.nlm.nih.gov/pubmed/20930422
https://doi.org/10.1038/labinvest.2012.158
http://www.ncbi.nlm.nih.gov/pubmed/23147226
https://doi.org/10.1371/journal.pone.0239540

PLOS ONE

AFB1-induced acute hepatotoxicity in human hepatocytes

32.

33.

34.

35.

36.

37.

Kakuni M, Yamasaki C, Tachibana A, Yoshizane Y, Ishida Y, Tateno C. Chimeric mice with humanized
livers: a unique tool for in vivo and in vitro enzyme induction studies. International journal of molecular
sciences. 2013; 15(1):58—74. https://doi.org/10.3390/ijms15010058 PMID: 24362577.

Prendergast JA, Jones RA, Jenkins LJ Jr., Siegel J. Effects on experimental animals of long-term inha-
lation of trichloroethylene, carbon tetrachloride, 1,1,1-trichloroethane, dichlorodifluoromethane, and
1,1-dichloroethylene. Toxicology and applied pharmacology. 1967; 10(2):270-89. https://doi.org/10.
1016/0041-008x(67)90110-x PMID: 4962252.

Gerets HH, Tilmant K, Gerin B, Chanteux H, Depelchin BO, Dhalluin S, et al. Characterization of pri-
mary human hepatocytes, HepG2 cells, and HepaRG cells at the mRNA level and CYP activity in
response to inducers and their predictivity for the detection of human hepatotoxins. Cell biology and tox-
icology. 2012; 28(2):69-87. https://doi.org/10.1007/s10565-011-9208-4 PMID: 22258563.

Hayes JD, Judah DJ, McLellan LI, Neal GE. Contribution of the glutathione S-transferases to the mech-
anisms of resistance to aflatoxin B1. Pharmacology & therapeutics. 1991; 50(3):443-72. https://doi.org/
10.1016/0163-7258(91)90053-0 PMID: 1754606.

Van Ness KP, McHugh TE, Bammler TK, Eaton DL. Identification of amino acid residues essential for
high aflatoxin B1-8,9-epoxide conjugation activity in alpha class glutathione S-transferases through
site-directed mutagenesis. Toxicology and applied pharmacology. 1998; 152(1):166—74. https://doi.org/
10.1006/taap.1998.8493 PMID: 9772212.

Zhou Y, Shen JX, Lauschke VM. Comprehensive Evaluation of Organotypic and Microphysiological
Liver Models for Prediction of Drug-Induced Liver Injury. Frontiers in pharmacology. 2019; 10:1093.
https://doi.org/10.3389/fphar.2019.01093 PMID: 31616302.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239540 September 23, 2020 16/16


https://doi.org/10.3390/ijms15010058
http://www.ncbi.nlm.nih.gov/pubmed/24362577
https://doi.org/10.1016/0041-008x%2867%2990110-x
https://doi.org/10.1016/0041-008x%2867%2990110-x
http://www.ncbi.nlm.nih.gov/pubmed/4962252
https://doi.org/10.1007/s10565-011-9208-4
http://www.ncbi.nlm.nih.gov/pubmed/22258563
https://doi.org/10.1016/0163-7258(91)90053-o
https://doi.org/10.1016/0163-7258(91)90053-o
http://www.ncbi.nlm.nih.gov/pubmed/1754606
https://doi.org/10.1006/taap.1998.8493
https://doi.org/10.1006/taap.1998.8493
http://www.ncbi.nlm.nih.gov/pubmed/9772212
https://doi.org/10.3389/fphar.2019.01093
http://www.ncbi.nlm.nih.gov/pubmed/31616302
https://doi.org/10.1371/journal.pone.0239540

