1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arch Toxicol. Author manuscript; available in PMC 2019 January 28.

-, HHS Public Access
«

Published in final edited form as:
Arch Toxicol. 2018 June ; 92(6): 1969-1981. doi:10.1007/s00204-018-2196-X.

The role of hepatic cytochrome P450s in the cytotoxicity of
dronedarone

Si Chen?, Qiangen Wul, Baitang Ning?, Matthew Bryant!, and Lei Guo?

1Division of Biochemical Toxicology, HFT-110, National Center for Toxicological Research
(NCTR), Food and Drug Administration (FDA), 3900 NCTR Road, Jefferson, AR 72079, USA

2Division of Bioinformatics and Biostatistics, National Center for Toxicological Research (NCTR)/
U.S. FDA, Jefferson, AR 72079, USA

Abstract

Dronedarone is used to treat patients with cardiac arrhythmias and has been reported to be
associated with liver injury. Our previous mechanistic work demonstrated that DNA damage-
induced apoptosis contributes to the cytotoxicity of dronedarone. In this study, we examined
further the underlying mechanisms and found that after a 24-h treatment of HepG2 cells, drone-
darone caused cytotoxicity, G1-phase cell cycle arrest, suppression of topoisomerase 11, and DNA
damage in a concentration-dependent manner. We also investigated the role of cytochrome P450s
(CYPs)-mediated metabolism in the dronedarone-induced toxicity using our previously
established HepG2 cell lines expressing individually 14 human CYPs (1A1, 1A2, 1B1, 2A6, 2B6,
2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A5, and 3A7). We demonstrated that CYP3A4, 3A5, and
2D6 were the major enzymes that metabolize dronedarone, and that CYP3A7, 2E1, 2C19, 2C18,
1A1, and 2B6 also metabolize dronedarone, but to a lesser extent. Our data showed that the
cytotoxicity of dronedarone was decreased in CYP3A4-, 3A5-, or 2D6-overexpressing cells
compared to the control HepG2 cells, indicating that the parent dronedarone has higher potency
than the metabolites to induce cytotoxicity in these cells. In contrast, cytotoxicity was increased in
CYP1A1l-overexpressing cells, demonstrating that CYP1AL1 exerts an opposite effect in
dronedarone’s toxicity, comparing to CYP3A4, 3A5, or 2D6. We also studied the involvement of
topoisomerase Il in dronedarone-induced toxicity, and demonstrated that the overexpression of
topoisomerase 11 caused an increase in cell viability and a decrease in y-H2A.X induction,
suggesting that suppression of topoisomerase 11 may be one of the mechanisms involved in
dronedarone-induced liver toxicity.
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Introduction

Dronedarone is a first-line antiarrhythmic drug used to treat patients with non-permanent
atrial fibrillation or atrial flutter. From its approval in July 2009-October 2011,
approximately 1.3 million dronedarone prescriptions were dispensed and around 278,000
patients received dronedarone prescriptions from outpatient retail pharmacies in the United
States (https://www.fda.gov/Drugs/DrugSafety/ucm283933.htm). Dronedarone has been
generally considered to be safe; however, dronedarone increased mortality in patients
suffering from New York Heart Association classes (NYHA) Il and IV heart failure (Kober
et al. 2008) or permanent atrial fibrillation (Connolly et al. 2011). Thus, the drone-darone is
contraindicated in patients with advanced NYHA class or with permanent atrial fibrillation
(De Ferrari and Dusi 2012). In addition, unpredictable idiosyncratic drug-induced liver
injury (DILI) occurred in a small portion of patients. In particular, two cases of severe acute
liver failure requiring liver transplantation were reported by January 2011 (De Ferrari and
Dusi 2012). The adverse events have led the U.S. Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) to issue warnings about possible severe
hepatotoxicity of dronedarone. Since dronedarone is still in use and reports of hepatotoxicity
continue (Rizkallah et al. 2016), evaluating the toxicity of dronedarone and studying its
underlying mechanisms are an urgent priority. Thus far, only a few studies has investigated
the mechanisms of dronedarone-induced toxicity, with mitochondrial dysfunction (Felser et
al. 2013, 2014; Serviddio et al. 2011) and DNA damage-induced apoptosis (Chen et al.
2018) being reported.

It is known that DILI is associated with cytochrome P450s (CYP)-mediated bioactivation
(Funk and Roth 2017; Thompson et al. 2016). Using primary human hepatocytes and hepatic
microsomes, a study demonstrated that CYP3A4, 3A5, and 2D6 were the three major CYP
iso-forms responsible for metabolizing dronedarone to its major metabolite A~desbutyl-
dronedarone, with metabolic potency in the order of CYP3A4 ~ 3A5 > 2D6, as calculated
by the oxidation rate (Klieber et al. 2014). Other CYP isoforms (CYP2C8, 2C19, and 1A1)
have also been shown to be involved in the metabolism of dronedarone and/or its
metabolites. The inactivation of CYP3A4 and 3A5 by dronedarone and A-desbutyl-
dronedarone has also been reported based upon in vitro enzyme kinetics experiments (Hong
et al. 2016). However, it is currently not known whether metabolism is associated with the
cytotoxic effects of dronedarone and which metabolizing enzymes are responsible.

Previously, we have established a panel of 14 HepG2-derived cell lines that stably express
individual human CYPs, including 1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6,
2E1, 3A4, 3A5, and 3A7. The characterization of these 14 cell lines and their use in
studying metabolism-associated toxicity have been demonstrated (Wu et al. 2016; Xuan et
al. 2016). In the current study, we used these cell lines to identify systematically the
metabolic activity of each CYP toward dronedarone by evaluating the production of
metabolites using mass spectrometry analysis. In addition, the mechanisms underlying
dronedarone-induced toxicity were investigated after a 24 h exposure of dronedarone to cells
at clinically relevant concentrations. Since we previously demonstrated that a 4-h treatment
of dronedarone could induce DNA damage and topoisomerase 11 suppression in HepG2 cells
(Chen et al. 2018), we further studied the direct involvement of topoisomerase Il in
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dronedarone-induced DNA damage by over-expressing the topoisomerase 1l gene.
Furthermore, we extensively examined the roles of human CYP isoforms in dronedarone-
induced liver toxicity.

Materials and methods

Chemicals and reagents

Dronedarone, dimethyl sulfoxide (DMSO), Williams’ medium E, and propidium iodide
were from Sigma-Aldrich (St. Louis, MO, USA). N-Desbutyl-dronedarone, and
dronedarone-d6 were purchased from TLC Pharmaceutical Standards Ltd. (Aurora, Ontario,
Canada). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville,
GA, USA). Antibiotic—antimycotic was from Life Technologies (Grand Island, NY, USA).
Smal and Nhel restriction enzymes were purchased from New England Biolabs (Ipswich,
MA, USA). For Western blotting assays, primary antibodies against the CDK2, CDK4,
CDKS, cyclin D1, cyclin D3, and -y-H2A.X (Ser139) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibody for CYP3AS5 was obtained from Abcam
(Cambridge, MA, USA). Antibodies for topoisomerase Il, CYP3A4, CYP2D6, and GAPDH
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture and treatment with dronedarone

The HepG2 human hepatoma cell line was from the American Type Culture Collection
(ATCC; Manassas, VA, USA). HepG2 cells were cultured in Williams” medium E complete
media containing 10% FBS and 1 x antibiotic antimycotic at 37 °C in a humidified
atmosphere with 5% CO,. The passage humber did not excess 10. Unless otherwise
specified, cells were seeded at a density of 2.5 x 10° cells/ml in a volume of 100 pl per well
in 96-well plates, or in a volume of 8 ml in 60 mm tissue culture dishes, or 16 ml in 100 mm
tissue culture dishes. Cells were cultured for 24 h prior to treatment with dronedarone or the
DMSO vehicle control. The final concentration of DMSO was 0.1%.

Mass spectrometry analyses of dronedarone and N-desbutyl-dronedarone

After 24-h exposure to 6 UM dronedarone, cells and super-natant from each individual cell
line were harvested and collected. The cell lysates were obtained by adding 100 pl Nanopure
water, followed by three cycles of freeze and thaw. The concentrations of the cell lysates
were determined using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). The supernatants were diluted using four volumes of acetonitrile containing 100
ng/ml of the internal standard dronedarone-d6, vortexed and then sonicated for 10 min.
Samples were centrifuged at 12,000 rpm for 5 min and the supernatant was loaded into
sample vials for UPLC-MS analysis. Two pl of the supernatant were injected onto a Waters
ACQUITY UPLC System coupled with a Waters ACQUITY QDa Mass Detector. Drone-
darone, NV-desbutyl-dronedarone, and the dronedaroned6 were eluted on an ACQUITY
UPLC HSS T3 column (2.1 mm x 50 mm, 1.8 pm) at 40 °C with mobile phases of LC-MS
grade water (A) and acetonitrile (B), both containing 0.1% formic acid, at a flow rate of 0.5
ml/min. Elution started with 10% solvent B followed by a linear gradient of 10-90% solvent
B in 0.8 min, keeping solvent B at 90% for 0.6 min, returning to 10% B in 0.1 min, and
maintained for 1.0 min to re-equilibrate the column. The eluate was detected by mass
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spectrometry with an electrospray ion source operating in the positive ion mode (ESI+)
using single ion recording (SIR). The monitored (M+H)* ions were m/z557.26 for
dronedarone, m/z563.29 for dronedarone-d6, and /m/z501.23 for A-desbutyl-dronedarone.
Dronedarone and A-desbutyl-dronedarone were quantified using calibration curves ranging
from 1.6 to 1000 ng/ml using Waters Empower 3 software. The results were expressed as ng
analyte/mg protein or ng analyte/ml media.

MTS cell viability assay

Cell viability was determined using a CellTiter 96® AQueous One Solution Reagent (MTS,
Promega Corporation, Madison, WI, USA) as previously described (Ren et al. 2016).

Lactate dehydrogenase assay

The cytotoxicity of dronedarone was assessed using a lac-tate dehydrogenase (LDH) assay
as described previously (Li et al. 2012).

Cell cycle analysis

HepG2 cells were seeded in 6-well plates at a density of 1 x 108 cells/well and cultured for
24 h prior to treatment with dronedarone or the DMSO vehicle control. Cell cycle phase
distribution was analyzed by flow cytometry. Briefly, treated cells were trypsinized and fixed
onice in 1 ml 70% cold ethanol for 1 h. After washing with cold PBS, cells were incubated
in PBS containing 0.2 pg/pl RNase A (Qiagen, Valencia, CA, USA) at 37 °C for 1 h.
Propidium iodide (PI; Sigma-Aldrich) was added to the cells at a final concentration of 10
ug/ml and then the cells were stained overnight at 4 °C. The DNA content was measured the
following day by FACScanto Il flow cytometry (BD Biosciences, San Jose, CA, USA). The
cell cycle data were analyzed using FlowJo® software (FlowJo, LLC, Ashland, OR, USA).

Western blot analysis

Cells were plated in 60 or 100 mm tissue culture dishes and treated with dronedarone. After
treating for specified times and concentrations, whole-cell lysates were prepared using RIPA
buffer containing Halt Protease Inhibitor Cocktail (ThermoFisher Scientific, Waltham, MA,
USA). The concentrations of the protein samples were determined using a Bio-Rad Protein
Assay (Bio-Rad Laboratories). Standard Western blots were performed. Depending on the
proteins of interest, antibodies were selected against CDK-2, CDK-4, CDK-6, cyclinD1,
cyclinD3, y-H2A.X (Ser139), topoisomerase I, CYP3A4, CYP3A5, and CYP2D6 followed
by an incubation with secondary antibody conjugated with horseradish peroxidase (HRP)
(Santa Cruz Biotechnology). GAPDH was used as the internal control. The protein signals
were determined and quantified with a FluroChem E System (ProteinSimple, San Jose, CA,
USA).

RNA isolation and real-time PCR assay

Total RNA was isolated using the RNeasy system (Qiagen, Germantown, MD, USA). The
purity and quality of RNA were examined as described previously (Chen et al. 2014).
cDNAs were generated by reverse transcription of 2 pg of total RNA using a high capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to
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the manufacturer’s instructions. Quantitative real-time PCR for topoisomerase 11 was
performed as described previously (Chen et al. 2013) to evaluate relative gene expression.
Data normalization and analysis were conducted as described previously (Guo et al. 2009).

Transient overexpression of topoisomerase lla. in HepG2 cells

The cDNA of human topoisomerase lla was amplified by PCR and cloned into Smal and
Nhel restriction sites of the lentiviral expression vector pLv-EF1a-MCS-IRES-puro. The
generated lentiviral vector or empty vector and lentiviral packaging mix (pMDL-G, pRSV-
REV, and pVSV-G) were co-transfected into 293T cells to generate lentiviruses. The
titrations of the generated lentiviruses were measured by antibiotics selection according to
the manufacturer’s instruction (Biosettia). HepG2 cells were infected with the lentiviruses at
a multiplicity of infection of 10. The overexpression level of topoisomerase lla was
determined by real-time PCR at 48 h post-infection, and then the topoisomerase lla-
overexpressing cells and empty vector-transduced cells were exposed to dronedarone for
another 24 h.

Statistical analyses

Results

Data are presented as the mean + standard deviation (SD) of at least three independent
experiments. Analyses were performed using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). Statistical significance was determined by one-way analysis of variance
(ANQVA) followed by the Dunnett’s tests for pairwise-comparisons or two-way ANOVA
followed by the Bonferroni post-test. The difference was considered statistically significant
when pwas less than 0.05.

Metabolism of dronedarone in 14 individual CYP-overexpressing HepG2 cells

To explore the metabolism of dronedarone, an analytical method utilizing UPLC mass
spectrometry was established to determine the amount of parent dronedarone, and its major
metabolite A-desbutyl-dronedarone, after dronedarone treatment. The mass spectrometry
analysis was performed based on the SIR monitoring of dronedarone (/77/2557.26), N-
desbutyl-dronedarone (/m/2501.23), and the internal standard dronedarone-d6 (/7/2563.29).
The retention times of dronedarone and dronedarone-d6 were 0.95 min while A~desbutyl-
dronedarone eluted at 0.87 min. The linear quantification ranged from 1.6 to 1000 ng/ml,
with excellent linearity of /2 = 0.997 for both dronedarone and A-desbutyl-dronedarone.

A battery of CYP-overexpressing HepG2 cell lines (Xuan et al. 2016) was used to
investigate which human CYP iso-forms are the major enzymes contributing to the
metabolism of dronedarone. Fourteen cell lines, each of which overex-presses a different
human CYP isoform, including CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19,
2D6, 2E1, 3A4, 3A5, and 3A7, were examined independently. The overexpression of each
CYP was previously evaluated and verified by real-time PCR and Western blots (Xuan et al.
2016). Figure 1a shows representative HPLC-MS chromatograms of the dronedarone and
N-desbutyl-dronedarone detected in CYP3A4-overexpressing HepG2 cells and empty vector
(EV) transduced control cells after incubation with 6 uM dronedarone for 24 h. Significantly
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decreased levels of the parent dronedarone were observed in cell lysates and their
corresponding supernatant for nine CYP-overexpression HepG2 cell lines (CYP3A4, 3A5,
2D6, 3A7, 2E1, 2C19, 2C18, 1A1, and 2B6), indicating these CYPs were capable of
metabolizing dronedarone (Fig. 1b). CYP2D6, 3A4, and 3A5 were the three major enzymes
responsible for dronedarone’s metabolism under our experimental conditions in CYP-
overexpressing cell lines. Compared with EV control, increased levels of A~desbutyl-
dronedarone were found in CYP1A1-, 3A4-, and 3A5-overexpressing cells, while decreased
levels were observed in CYP2D6-overex-pressing cell lysates and their corresponding
supernatants (Fig. 1c).

The roles of CYP-mediated metabolism in dronedarone-induced toxicity

Our previous study investigated dronedarone-induced toxicity after 6 h treatment and
demonstrated that there was significant cytotoxicity when cells were treated with drone-
darone at 10 pM for 6 h (Chen et al. 2018). It has been reported that dronedarone can be
detected within 24 h incubation in metabolically competent human primary hepatocytes
(Klieber et al. 2014). Therefore, in the current study, the cytotoxicity of dronedarone was
initially investigated at various concentrations below 10 pM for a longer time (24 h). Human
plasma concentration of dronedarone has been reported to reach 0.28 pM in 7 days
following oral administration of 400 mg twice daily (Dorian 2010). However, under certain
circumstances, the plasma concentration can be significantly higher. For instance, the plasma
concentration of dronedarone was reported to be increased by 25-fold when ketoconazole, a
potent CYP3A4 inhibitor, was co-administered (Patel et al. 2009). Thus, the concentrations
used in the current investigation (< 10 uM) are in the range of reported plasma
concentrations and are clinically relevant.

Dronedarone treatment of HepG2 cells above 6 UM showed a concentration-dependent
decrease in cell viability using MTS assays (Fig. 2a). At 6 uM, dronedarone decreased the
cell viability to about 78% of that of the DMSO control. Moreover, cell viability was
decreased to about 17% in the cells treated with 10 uM of dronedarone, indicating
significant cellular growth inhibition and injury. The severity of cell death caused by
dronedarone was assessed by LDH release. The elevated LDH release was first shown at 6
UM dronedarone treatment, and the effect was more profound at higher concentrations. A
46% release of LDH occurred at 10 uM dronedarone treatment, implicating significant cell
death and cytotoxicity at this high concentration of dronedarone treatment (Fig. 2b). Based
on the results described above, further toxicity and mechanistic studies were conducted at
the time point of 24 h and the concentrations between 6 and 10 pM.

The effect of CYP-mediated metabolism on cytotoxicity of dronedarone was investigated by
comparing the cytotoxicity of dronedarone at a concentration of 8 pM in empty vector
control cells and 14 CYP-overexpressing cells. The cytotoxicity was assessed using two
toxicity detection methods: MTS assays and LDH release assays. The cytotoxicity was
altered in all nine CYP-overexpressing cell lines that were found capable of metabolizing
dronedarone (Fig. 1). As shown in Fig. 2c, d, the metabolism catalyzed by CYP3AS5, 3A4,
2D6, 3A7, 2E1, 2C19, 2C18, and 2B6 significantly attenuated dronedarone-induced
cytotoxicity; whereas the metabolism catalyzed by CYP1A1 exacerbated dronedarone-
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caused cell death, implying that the metabolism is associated with the cytotoxicity of
dronedarone, either enhancing or decreasing cytotoxicity of dronedarone.

CYP3A4-, 3A5-, and 2D6-mediated metabolism prevents dronedarone-induced cell cycle

disturbance

CYP3A4, 3A5, and 2D6 are the enzymes reported to be involved in dronedarone metabolism
(Klieber et al. 2014); interestingly, they also showed prominent detoxification effects in our
study (Fig. 2c, d). Thus, we explored the mechanisms underlying the detoxification of
dronedarone by these particular CYPs. Significant detoxification of dronedarone was
confirmed in CYP3A4, 3A5, and 2D6-overexpressing cells when measured with MTS and
LDH assays (Fig. 3). A concentration-dependent decrease in cytotoxicity was observed in
CYP-overexpressing cells.

Cell cycle analysis was then used to investigate the possible mechanisms of cellular growth
inhibition caused by dronedarone after 24 h exposure. Cell cycle arrest in G1 phase and a
concurrent reduction of cells in S phase were found with increased concentrations of
dronedarone, while the proportion of cells in G2/M phase remained approximately the same
(Fig. 4a, b). Cyclin-dependent kinase (CDK) 2-cyclin D and CDK4/6-cyclin D1/D3
complexes are among the most important proteins involved in controlling cell cycle G1to S
phase progression. As shown in Fig. 4c, d, treatment with dronedarone markedly decreased
CDKZ2, CDK4, CDKS®, cyclin D1, and cyclin D3 levels, suggesting dronedarone disturbed
cell cycle checkpoint controls and inhibited cellular DNA synthesis. After metabolizing by
CYP3A4, 3A5, and 2D6, cell cycle arrest in G1 phase and S phase reduction were both
significantly reversed (Fig. 5a, b), indicating that cell cycle perturbation is detoxication-
sensitive and the cell cycle perturbation is more likely due to the parental form of
dronedarone, rather than its metabolites.

Dronedarone causes DNA damage via topoisomerase lla suppression

Generally, cell cycle G1 arrest appears in response to DNA damage or incomplete
replication. Our previous study revealed that with high concentrations and a 4-h exposure,
dronedarone caused severe DNA damage and topoisomerase lla suppression. However,
whether the topoisomerase Ila suppression is an upstream regulator of DNA damage or is
associated with dronedarone-induced toxicity has not been investigated. Therefore, in this
study, we determined the role of DNA damage and topoisomerase lla in the cells treated
with dronedarone for 24 h at concentrations from 1 to 10 uM. As shown in Fig. 6a, starting
at 6 uM, the treatment of HepG2 cells with dronedarone initiated DNA damage, as
demonstrated by a concentration-dependent increase of histone H2A.X phosphorylation at
serine 139 (y-H2A.X), a hallmark of double-strand DNA breakage in cells (Rogakou et al.
1998). In contrast to the significant induction of -y-H2A.X, the expression of topoisomerase
Ila decreased in a concentration-dependent manner. Moreover, starting from 7 uM,
topoisomerase lla protein became undetectable, indicating that the dronedarone treatment
caused a complete depletion of topoisomerase lla (Fig. 6a).

We also examined the gene expression of topoisomerase lla by real-time PCR. Starting
from as low as 3 pM, topoisomerase lla mRNA decreased significantly in a concentration-
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dependent manner. It is worth noting that the decrease of topoisomerase lla occurred at both
transcriptional and translational levels; however, the decrease level of topoisomerase lla
protein was more severe than changes in its mMRNA transcript (Fig. 6a, b). Although the
mechanism needs to be studied, we speculate that dronedarone modulates topoisomerase lla
at the post-transcriptional level more profoundly than the transcriptional level.

To investigate further the role of topoisomerase Ila in dronedarone-induced cytotoxicity, we
transiently overex-pressed topoisomerase lla in HepG2 cells using a lentivirus system. Real-
time PCR showed a 2.4-fold overexpression of topoisomerase lla. (Fig. 6¢) in comparison to
the vector control. Dronedarone-induced cytotoxicity was markedly reduced by the
increased expression of topoisomerase Ila. compared with the vector control (Fig. 6d).
Furthermore, we explored the effect of topoisomerase Ila on dronedarone-induced DNA
damage. As shown in Fig. 6e, the overexpression of topoisomerase lla reduced the extent of
DNA damage caused by 8 pM dronedarone, as indicated by the decreased induction of y-
H2A.X in comparison with the same treatment of vector control cells. These results show
that both dronedarone-induced DNA damage and cytotoxicity are ameliorated by the
overexpression of topoisomerase lla.

CYP3A4-, 3A5-, and 2D6-mediated metabolism attenuates dronedarone-induced DNA
damage and topoisomerase lla-suppression

We then investigated the contributions of the metabolism in dronedarone-induced DNA
damage and topoisomerase lla. suppression. DNA damage and topoisomerase lla
suppression were remarkably attenuated in the cells over-expressing CYP3A4, 3A5, or 2D6.
As shown in Fig. 7, a decreased induction of y-H2A.X and an increased expression of
topoisomerase lla in CYP3A4-, 3A5-, and 2D6-overexpressing cells were observed when
compared with empty vector control cells under the same treatment of 8 uM for 24 h. The
overexpression of CYP3A4, 3A5, and 2D6 was confirmed by Western blotting (Fig. 7).

Taken together, these data suggest that the toxicity of dronedarone is mainly caused by the
parent compound.

Discussion

Previously, we studied the toxic effects of dronedarone in HepG2 cells, a cell line that has
low metabolic activity, and also in hepatic progenitor cell line HepaRG, a terminally
differentiated human primary hepatic cell line that expresses key metabolic enzymes
(Guillouzo et al. 2007; Guo et al. 2011). Significant cytotoxicity was observed in both cell
lines, but HepG2 cells displayed a higher sensitivity to dronedarone than the metabolically
competent HepaRG cells (Chen et al. 2018). These results stimulated the current
investigation to determine which drug-metabolizing enzymes are most important in the
toxicity or detoxification of dronedarone, i.e., whether they enhance or reduce its toxicity.
Among 14 CYP isoforms examined using a panel of HepG2 derivatives that individually
overexpress a single CYP, 9 CYP isoforms (CYP3A4, 3A5, 2D6, 3A7, 2E1, 2C19, 2C18,
1A1, and 2B6) showed the capability to metabolize dronedarone (Fig. 1). CYP-catalyzed
metabolism impacted the toxicity of dronedarone; in particular, metabolism by CYP1A1
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enhanced the cytotoxicity, whereas the other 8 CYPs attenuated the cytotoxicity induced by
drone-darone (Fig. 2).

In our study, three CYPs (2D6, 3A4, and 3A5) were identified to be the major enzymes
responsible for dronedarone metabolism. These results are in a good agreement with a study
that analyzed the metabolic pathways of dronedarone using recombinant human enzymes,
human liver micro-somes, and primary human hepatocytes (Klieber et al. 2014). CYP2D6,
3A4, and 3A5 were the three main CYP isoforms shown to metabolize dronedarone to A-
desbutyldronedarone by 94, 90, and 50%. CYP2D6 and CYP3A4 were able to further
oxidize N-desbutyl-dronedarone to additional metabolites by 55 and 21% (Klieber et al.
2014). In agreement with these findings, our current study showed a significant increase in
N-desbutyl-dronedarone in CYP3A4-and CYP3A5-overexpressing cells. However, we
observed a decreased production of A-desbutyl-dronedarone in CYP2D6-overexpression
cells (Fig. 1c). This decrease in A-desbutyl-dronedarone may be due to its further
metabolism (Klieber et al. 2014) in CYP2D6-overexpressing cells.

Dronedarone was developed as an alternative drug to amiodarone, which causes a rare but
severe liver injury when used to treat cardiac arrhythmias patients. Although their chemical
structures are quite similar, dronedarone is a substitute which lacks the 3,5-diiodophenyl
moiety of amiodarone. These structural differences decrease dronedarone’s lipophilicity and
result in reduced liver toxicity. A previous study demonstrated that the metabolism of
amiodarone by CYP 3A4 significantly increased the cytotoxicity of amiodarone, and that its
main metabolite, desethylamiodarone, was the major contributor of this cytotoxicity (Wu et
al. 2016). CYP3A4 constitutes approximately 28% of the total CYP enzymes present in
human liver and plays a critical role in drug metabolism (Burkina et al. 2017). Although
dronedarone and amiodarone have similar structures and both are metabolized by CYP3A4,
our results indicate that the impact of CYP3A4-mediated metabolism is distinctly different
between the two drugs. The toxicity of dronedarone was decreased, while the toxicity of
amiodarone was aggravated by CYP3A4 metabolism.

Our previous study on dronedarone-induced cytotoxicity revealed that the suppression of
topoisomerase lla might be a potential mechanism for DNA damage (Chen et al. 2018). In
this study, we further studied the role of topoisomerase lla in the toxicity of dronedarone by
overex-pressing topoisomerase Ila in HepG2 cells. We attempted to establish a HepG2-
derived cell line that expresses topoisomerase lla stably; however, the increased
topoisomerase lla expression led to cell death and the topoisomerase lla expression
declined and was eventually lost after a certain culture period. Thus, transient transduction
of topoisomerase lla was used in this study. Our data demonstrated that topoisomerase lla
is involved in the toxicity of dronedarone because the overexpression of topoisomerase lla
partially but significantly attenuated DNA damage and increased cell viability (Fig. 6d, €). In
CYP3A4-, 3A5-, and 2D6-overex-pressing cells, the inhibitory effects on topoisomerase lla
were attenuated and the DNA damage and cytotoxicity were also attenuated (Fig. 7),
suggesting the parent dronedarone is more likely than its metabolites to interfere with
topoisomerase lla expression. It has been reported that some drugs and naturally occurring
compounds inhibit topoisomerases 11, leading to DNA damage and liver toxicity (Chen et al.
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2013; Poulsen et al. 2014; Zhang et al. 2015). In agreement with these studies, our current
study highlights the role of topoisomerase lla in drug-induced liver toxicity.

In this study, we found that overexpression of CYP1A1 aggravated the cytotoxicity of
dronedarone. CYP1A1 can be induced by environmental compounds, pharmaceuticals, and
herbal dietary supplements (Brown et al. 2017; Denison and Nagy 2003; Guo et al. 2010; Hu
etal. 2007; Li et al. 2011). CYP1ALl is known to be responsible for the metabolism of pro-
carcinogens such as polycyclic aromatic hydrocarbons (Moorthy et al. 2015; Shimada 2006).
The toxicological and clinical importance of CYP1A1 in drug metabolism warrants further
investigation (Howard et al. 2017; Lin et al. 2017; Ma and Lu 2007) and our results suggest
that precaution should be taken in patients with elevated CYP1A1 activity.

A key finding of our study is that CYP isoforms (CYP3A4, 3A5, and 2D6) were identified
to be involved in the metabolism of dronedarone and that metabolism by these CYPs
counteracted the cytotoxicity of dronedarone (Fig. 7). Our results suggest that increased
hepatic exposure to the parent form of dronedarone may occur in individuals with low levels
of these enzymes, and as a consequence, may increase their susceptibility to dronedarone-
induced liver toxicity. Many factors impact the expression and activity of CYPs, and inter-
individual variability in the expression of these enzymes among humans has been well
documented (Yang et al. 2010, 2013; Zhou et al. 2009). A substantial variation in the
expression of these CYP isoforms among 427 human liver samples was reported with 641-
fold differences in CYP3A4, 112-fold differences in CYP3A5, and 49-fold differences in
CYPZD6 (Yang et al. 2013). Multiple factors, including genetic (Yang et al. 2010; Zhou et
al. 2009), epigenetic (Koturbash et al. 2015), environmental factors (Rendic and Guengerich
2010), and disease/health status of the individuals (Rendic and Guengerich 2010), attribute
to the inter-individual variability. As to genetic polymorphisms, CYP3A4* 20 (Westlind-
Johnsson et al. 2006) and *26 (Werk et al. 2014), CYP3A5*3B and *3C (Hustert et al.
2001), CYP3A5*8and *9(Lee et al. 2003), CYPZD6*3A, *3B, and CYP2D6*4B
(Kagimoto et al. 1990) were reported to produce non-functional or dramatically decreased
enzyme activities compared to their wild-type enzymes. For patients carrying these genetic
variants, special precautions should be taken when dronedarone is prescribed, since impaired
CYP3A4, 3A5 or 2D6 may increase the risk of dronedarone-induced toxicity.

Likewise, epigenetic factors can modulate the expression or activity of these CYP isoforms.
CYP3A4 is down-regulated by microRNA hsa-miR-224-5p (Yu et al. 2018), and CYP2D6 is
suppressed by microRNA hsa-miR-370-3p (Zeng et al. 2017). Therefore, drugs or other
factors that increase the expression of hsa-miR-224-5p and/or hsa-miR-370-3p, in turn,
downregulate CYP3A4 or 2D6, may contribute to an adverse reaction to dronedarone.

Some physiological factors influence the expression and activity of CYPs. For instance, men
have a lower CYP3A4 activity; while women have lower activity of other CYPs including
CYP2E1 and 1A2 (Cotreau et al. 2005; Scandlyn et al. 2008; Waxman and Holloway 2009).
Autoimmune hepatitis, chronic renal failure, and diabetes have been reported to affect the
metabolism of drugs by inhibiting key enzymes in the liver, such as CYP2D6, 3A4/5, and
1A2 (He et al. 2015). It is particularly important to note that CYP3A4, 3A5 and 2D6 can be
inhibited by a number of drugs, foods, and dietary supplements. For instance, quinidine (an
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antiar-rhythmic agent) is an inhibitor of CYP2D6 and ketoconazole (an antifungal agent) is
an inhibitor of CYP3A4 (https://www.fda.gov/Drugs/DevelopmentApprovalProcess/
DevelopmentResources/DruglnteractionsLabeling/ucm093664.htm#table1-2). Goldenseal
inhibited the activity of CYP2D6 and 3A4 and black cohosh inhibited CYP2D6 in healthy
subjects (Gurley et al. 2005, 2008). Grapefruit juice can produce irreversible inhibition of
CYP3A4 activity (Bailey et al. 2003; Harris et al. 2003). It should be emphasized that the
inhibition of these CYP isoforms is clinically significant, since inhibition-mediated drug/
food—drug interactions may contribute to increased intracellular dronedarone levels within
liver cells, which consequently increases the likelihood of dronedarone-induced
hepatotoxicity.

In summary, our study suggests that CYP-mediated metabolism is associated with
dronedarone-induced toxicity. CYP3A4, 3A5, and 2D6 were found to be the main
metabolizing enzymes and overexpression of these CYPs decreased the cytotoxicity of
dronedarone. On the other hand, overexpression of CYP1AL increased the cytotoxicity of
drone-darone. Our study further revealed that the mechanism for dronedarone-induced DNA
damage and cell death involves topoisomerase lla, and these processes are also metabolism-
dependent. It is important to note that this work was conducted in hepatic cells that
overexpress CYP450s, and that this may not necessarily reflect the situation for human
populations. Nonetheless, individuals with low CYP3A4, 3A5, or 2D6 activity may have
higher risk of dronedarone-induced liver toxicity.
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Fig. 1.

Metabolism of dronedarone in individual CYP-overexpressing HepG2 cells. UPLC-QDa
mass spectrometry chromatograms for dronedarone and its metabolite A~desbutyl-
dronedarone in extract from HepG2-empty vector control (EV) and HepG2-CYP3A4 over-
expressing cells treated with 6 UM dronedarone for 24 h. b, ¢ Fourteen CYP-overexpressing
HepG2 cell lines were exposed to 6 UM dronedarone for 24 h. The total amount of
dronedarone (b) and its metabolite A~desbutyl-dronedarone (c) in cell lysate and culture
media were quantified with LC-MS. The results shown are relative values normalized to EV
control. Data represent mean £ SD from three independent experiments. *p < 0.05 compared
with EV control
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Fig. 2.
Dronedarone induces cellular damage in HepG2 cells and HepG2 cells overexpressing

various CYP isoforms. HepG2 cells were exposed to dronedarone at 1-10 uM for 24 h, with
DMSO as the vehicle control and cytotoxicity was measured using MTS assay (a) and LDH
assay (b). ¢ Empty vector (EV)-transduced HepG2 cells or HepG2 overexpressing human
CYP cells were treated with 8 pM dronedarone for 24 h and cytotoxicity was determined
using MTS assay (c) and LDH assay (d). The results shown are mean £+ SD from three
independent experiments. *p < 0.05 compared with t DMSO control or EV control
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Effect of metabolism mediated by CYP3A4, 3A5, and 2D6 on dronedarone-induced
cytotoxicity. Empty vector (EV)-transduced or CYP3A4, 3A5, and 2D6-overexpressing
HepG2 cells were treated with the indicated concentrations of dronedarone for 24 h.
Cytotoxicity was measured using MTS assay (a, ¢, €) and LDH assay (b, d, f). The results
shown are mean = SD from three independent experiments. *p < 0.05 compared with EV

control
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Fig. 4.
Effect of metabolism mediated by CYP3A4, 3A5, and 2D6 on dronedarone-induced cell

cycle perturbation. a Flow cytometric analysis for cell cycle distribution. Histograms shown
were DNA content analyses for HepG2 cells treated with the indicated concentrations of
dronedarone for 24 h. b bar graph depicts the mean percentage of each cell cycle phase + SD
from three independent experiments. *p < 0.05 compared with DMSO control. ¢, d
Expression of cell cycle regulators were determined by Western blotting. GAPDH was used
as a loading control. Similar results were obtained from three independent experiments. d
Intensities of bands were normalized to the amount of GAPDH. *p < 0.05 versus treatment
of DMSO vehicle control
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Suppressed topoisomerase Il levels contribute to dronedarone-induced DNA damage in
HepG2 cells. a Total cellular proteins were extracted after dronedarone treatment at
indicated concentrations for 24 h. The levels of topoisomerase Il and -y-H2A.X were
measured by Western blotting. GAPDH was used as a loading control. Similar results were
obtained from three independent experiments. Intensities of bands were normalized to the
amount of GAPDH. *p < 0.05 versus treatment of DMSO vehicle control. b Total RNA were
extracted after dronedarone treatment at indicated concentrations for 24 h. ¢ HepG2 cells
were infected with lentivirus carrying topoisomerase Il. The gene expression level of
topoisomerase 11 was measured by real-time PCR. Human GAPDH was used as an internal
control to normalize the amount of cDNA template. The results shown are mean = SD from
three independent experiments. *p < 0.05 compared with DMSO control (b) or vector
control (c). d, e Empty vector or topoisomerase Il transduced HepG2 cells were treated with

8 UM dronedarone for 24 h. d Cytotoxicity was measured using MTS assay. *p < 0.05

compared with vector control. e The expression level of -y-H2A.X was detected by Western
blotting. GAPDH was used as a loading control. Similar results were obtained from three
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independent experiments. Intensities of bands were normalized to the amount of GAPDH.
*p < 0.05 compared with vector control

Arch Toxicol. Author manuscript; available in PMC 2019 January 28.



1duosnuey Joyiny

1duosnuely Joyiny

Chenetal. Page 22
A E
0 0 8 8 Dronedarone (uM) 24h 0 0 8 8 Dronedarone (uM) 24h 0 0 8 8 Dronedarone (uM) 24h
-+ - EV + - - EV + - + - EV
-+ -+ 3A4 overexpression -+ -+ 3ASoverexpression + -+  2D6 overexpression
o - m==| Topoisomerase 11 Cadand == | Topoisomerase II . s | Topoisomerase II
1A X o w— | x-H2AX - | H2AX
- == CYP3A4 - e CYP3AS I == ==l CYP2D6
—— v GAPDH — e s | GAPDH — . s | GAPDH
B F
3 EV + 8 uM Dronedarone [ EV + 8 uM Dronedarone [ EV + 8 uM Dronedarone
I 3A4 + 8 uM Dronedarone 3 E=3A5 + 8 uM Dronedarone B3 2D6 + 8 uM Dronedarone
2 . z - g )
E31s] ’ﬁ ES1s ‘ oy
° 2 * © Z2 * < Z
23 23 ERhay *
Sy 14 l £ 104 £
2= gz 2 = 107
£ €054 2 < 05 gL
= o S 0.5
: m : a
0 T T 0- 0 T T

Topoisomerase 11 ¥-H2A.X Topoisomerase 11 ¥-H2A.X Topoisomerase 11 ¥-H2A.X

1duosnuepy Joyiny

1duosnue Joyiny

Fig.

7.

CYP3A4-, CYP3A5-, and CYP2D6-mediated metabolism attenuates dronedarone-induced
DNA damage and topoisomerase Ila suppression. Empty vector (EV)-transduced or
CYP3A4-, 3A5-, and 2D6-overexpressing HepG2 cells were treated with 8 UM dronedarone
for 24 h. Total cellular proteins were extracted after dronedarone treatment. The expression
levels of y-H2A. X, topoisomerase 1l, CYP3A4 (a, b), CYP 3A5 (c, d) and CYP 2D6 (g, f)
were determined by Western blotting. GAPDH was used as a loading control. Similar results
were obtained from three independent experiments. Intensities of bands were normalized to
the amount of GAPDH (b, d, f). *p < 0.05 compared with EV control
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