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Abstract

The generation of reactive metabolites from therapeutic agents is one of the major mechanisms of 

drug-induced liver injury (DILI). In order to evaluate metabolism-related toxicity and improve 

drug efficacy and safety, we generated a battery of HepG2-derived cell lines that express 14 

cytochrome P450s (CYPs) (1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 

3A5 and 3A7) individually using a lentiviral expression system. The expression/production of a 

specific CYP in each cell line was confirmed by an increased abundance of the CYP at both 

mRNA and protein levels. Moreover, the enzymatic activities of representative CYPs in the 

corresponding cell lines were also measured. Using our CYP-expressed HepG2 cells, the toxicity 

of three drugs that could induce DILI (amiodarone, chlorpromazine and primaquine) was assessed, 

and all of them showed altered (increased or decreased) toxicity compared to the toxicity in drug-

treated wild-type HepG2 cells. CYP-mediated drug toxicity examined in our cell system is 

consistent with previous reports, demonstrating the potential of these cells for assessing 

metabolism-related drug toxicity. This cell system provides a practical in vitro approach for drug 

metabolism screening and for early detection of drug toxicity. It is also a surrogate enzyme source 

for the enzymatic characterization of a particular CYP that contributes to drug-induced liver 

toxicity.
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1. Introduction

Drug-induced liver injury (DILI) is a leading cause of drug failures in clinical trials and the 

major reason of drug withdrawals from the market [1]. Identification of drugs that cause 

liver injury at the early stage of drug development poses a challenge to both the 

pharmaceutical industry and the U.S. Food and Drug Administration (FDA). Preclinical 

testing is one of the important approaches to early detect drug toxicity, and there is a 

constant need for the development of improved tools to facilitate toxicity assessment and 

risk identification.

The causes of DILI are multifactorial, including toxic effects caused by reactive metabolites, 

reactive oxygen species, inflammatory reactions, mitochondrial dysfunction, and imbalances 

between cellular damage and protective responses [1–5]. Metabolism-related toxicity is 

generally mediated by the generation of reactive metabolites from non-toxic parenteral 

compounds, particularly via cytochrome P450 (CYP) enzyme pathways [6]. The inter-

individual variability in the expression of drug metabolizing genes predisposes certain 

individuals to increased susceptibility to DILI [7, 8]. Therefore, it is important to examine 

the roles of drug metabolizing enzymes and identify specific metabolizing enzymes that 

contribute to drug-induced liver toxicity.

Numerous in vitro models, such as recombinant enzymes, liver microsomes, liver cytosolic 

fractions, hepatic cells, liver slices and isolated perfused livers, have been used to examine 

drug-related hepatotoxicity [9]. Traditionally, cell-based assays have been performed using 

human primary hepatocytes, either freshly isolated or cryopreserved, to evaluate drug 

metabolism and drug–drug interactions [10, 11]. Indeed, the application of primary human 

hepatocytes in drug metabolism and toxicity studies is considered as a “gold standard”, 

because, under appropriate conditions, these cells retain functional activity of the major 

drug-metabolizing enzymes [12]. However, phenotypic instability, short life span, batch-to-

batch variation and limited availability of primary human hepatocytes constrain their broad 

use.

Human hepatoma cell lines, such as HepG2, Hep3B, and Huh7, have been widely used in 

toxicity screening and mechanistic studies, owing to their high stability, unlimited life-span 

and ready availability. However, lower or no expression of the majority of drug-metabolizing 

genes is the most critical drawback associated with using these cell lines for drug 

metabolism and toxicity studies [13, 14]. As a strategy to overcome this limitation, 

genetically modified hepatic cell lines expressing human drug metabolizing genes have been 

developed and used for assessing drug metabolism and toxicity. For example, using 

adenoviral or lentiviral infection systems, cells that transiently or stably express individual 

CYPs, such as CYP1A1, CYP2C8, CYP2C9 or CYP3A4, have been generated [15–18]. 

These cells responded appropriately to known toxic chemicals, demonstrating their values 

for toxicity testing and mechanistic studies. However, not all of them are publicly available.

In this study, we aimed to develop a comprehensive set of cell lines that express the major 

human CYPs individually, to provide surrogate hepatic cell lines for the study of 

metabolism-mediated drug hepatotoxicity and the identification of specific CYP isoforms 
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responsible for the metabolism of a drug. Toward this goal, using the lentiviral expression 

system, HepG2-derived cell lines expressing 14 individual CYPs (1A1, 1A2, 1B1, 2A6, 

2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A5 and 3A7) were generated, and the 

functionality of these CYPs was confirmed at the mRNA, protein, and enzymatic activity 

levels. In addition, three drugs that could cause metabolism-mediated DILI were examined 

to evaluate the utility of these cells in drug metabolism and toxicity screening.

2. Materials and methods

2.1. Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), amiodarone hydrochloride, chlorpromazine 

hydrochloride, primaquine bisphosphate, proadifen (SKF-525A, SKF), alpha-

naphthoflavone (ANF), ketoconazole (KET) and dimethyl sulfoxide (DMSO) were 

purchased from Sigma–Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was from 

Atlanta Biologicals (Lawrenceville, GA). Blasticidin S hydrochloride and antibiotic-

antimycotic were from Life Technologies (Grand Island, NY).

2.2. Cell culture

The human hepatocellular carcinoma cell line HepG2 was purchased from American Type 

Culture Collection (ATCC; Manassas, VA). HepG2 cells were routinely cultured in high-

glucose DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin 

and 0.25 mg/ml fungizone. Stably transduced HepG2 cells were maintained in the above 

growth medium supplemented with 2.5 mg/ml blasticidin. The 293T cell line required for 

lentiviral packaging was obtained from Biosettia Inc. (San Diego, CA) and propagated in 

high-glucose DMEM supplemented with 10% FBS, 1% penicillin/streptomycin/fungizone, 1 

mM sodium pyruvate and 0.1mM non-essential amino acids. All cells were grown at 37 °C 

in a humidified atmosphere with 5% CO2. Unless otherwise described, cells were seeded at 

a density of 3–5 × 105 cells/ml in 96-well tissue culture plates, 60-mm or 10-cm tissue 

culture dishes. Cells were allowed to adhere for 24 h prior to treatment with drugs or DMSO 

vehicle.

Primary human hepatocytes from 3 anonymous donors were obtained through the Liver 

Tissue Cell Distribution System (Pittsburgh, PA). Demographic information of all donors is 

shown in Supplemental Table 1. The isolation of human hepatocytes was conducted as 

described previously [19]. Hepatocytes were plated on collagen-coated T-25 flasks at a 

density of approximately 106 cells. Upon arrival, the shipping medium was replaced with 

serum-free hepatocyte maintenance medium supplemented with insulin and GA-1000 using 

an HMM SingleQuots kit (Lonza Walkersville, Inc., Walkersville, MD). Hepatocytes were 

allowed to recover for at least 12 h at 37 °C in a humidified atmosphere with 5% CO2 [14]. 

The use of primary human hepatocytes was approved by the Research Involving Human 

Subjects Committee of the U.S. Food and Drug Administration.

2.3. Construction of CYP-expressing HepG2 cell lines

A total of 14 human CYP cDNAs either amplified from cDNA libraries or prepared by gene 

synthesis were individually subcloned into the lentiviral expression vector pLV-EF1α-MCS-
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IRES-Bsd (Biosettia) along with an in-frame c-Myc extension added to the carboxyl 

terminus of each recombinant CYP protein. The identities and structures of each of the 

recombinant CYP expression vectors were confirmed by nucleotide sequencing. The 

sequencing primers used are shown in Table 1. EF1α-3′ and IRES-5′ are primers for 5′-

and 3′-ends of the CYP gene inserts, respectively. For lentivirus production, 293T cells were 

seeded at a density of 1.0 × 106 cells per well in 6-well tissue culture plates and incubated 

overnight. On the following day, each of the 14 recombinant lentiviral CYP expression 

vectors as well as the lentiviral control vector were co-transfected with three lentiviral 

packaging vectors (pVSV-G, pRSV-Rev, pMDLg/pRRE) into the cultured 293T cells per 

well using lip-otransfectamine 2000 reagent (Life Technologies). After 48 h post-

transfection, lentiviral supernatants were harvested from each well, filtered through 0.45 µm 

cellulose acetate filters and stored at −80 °C. Lentiviral titers were determined by infection 

of HepG2 cells with serial dilutions of lentiviral stocks followed by blasticidin selection. 

The titers ranged between 106 and 107 infectious units per milliliter. For lentiviral 

transduction, HepG2 cells were grown to 10–25% confluence in 6-well tissue culture plates, 

and infectious lentiviral particles were added to cell cultures at a multiplicity of infection of 

10 with 4 µg/ml polybrene (Sigma). Transduced cells were selected in the presence of 10 

µg/ml blasticidin to generate HepG2 cell lines expressing individual CYPs or the control 

vector.

2.4. RNA extraction and cDNA synthesis

Total RNA was extracted from cells using the RNeasy Mini kit (Qiagen, Valencia, CA). The 

quantity and purity of RNA were measured with a NanoDrop 8000 spectrophotometer 

(Thermo Scientific, Wilmington, DE). RNA quality was assessed on an Agilent 2100 

Bioanalyzer using the RNA 6000 Nano assay (Agilent Technologies, Palo Alto, CA). For 

mRNA quantification, cDNA was synthesized from 1 µg of total RNA using the High-

Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) according 

to the manufacturer’s instructions.

2.5. Quantitative real-time PCR

Quantitative real-time PCR was used to examine the expression of individual CYP enzymes 

in HepG2 cell lines at the mRNA level. Reactions were performed in a 10-µl volume 

according to the manufacturer’s protocol of FastStart Universal Probe Master (Rox) (Roche 

Applied Science, Indianapolis, IN) using a ViiA™ 7 Real-Time PCR system (Applied 

Biosystems) under the following conditions: 10 min at 95 °C followed by 40 cycles of 15 s 

at 95 °C, and 1 min at 60 °C. The following TaqMan probes (Applied Biosystems) were 

used: human CYP1A1 (Hs01054797_g1), human CYP1A2 (Hs00167927_m1), human 

CYP1B1 (Hs00164383_m1), human CYP2A6 (Hs00868409_s1), human CYP2B6 
(Hs03044634_m1), human CYP2C8 (Hs02383390_s1), human CYP2C9 (Hs04260376_m1), 

human CYP2C18 (Hs00426403_m1), human CYP2C19 (Hs00426 380_m1), human 

CYP2D6 (Hs00164385_m1), human CYP2E1 (Hs00559368_m1), human CYP3A4 
(Hs00604506_m1), human CYP3A5 (Hs00241417_m1), human CYP3A7 
(Hs00426361_m1), and human β-actin (ACTB, Hs99999903_m1). The comparative 

threshold cycle (Ct) method [20] was used to determine the relative expression levels of 

target genes. Ct values were normalized to that of the endogenous control β-actin.
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2.6. Western blotting

Western blotting was performed using whole-cell lysates prepared in RIPA buffer (150 mM 

NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 25 mM Tris–HCl pH 7.6) 

containing Halt protease inhibitor cocktail (Thermo Scientific). The protein concentrations 

of the lysates were measured using the Bio-Rad protein assay (Bio-Rad Laboratories, 

Hercules, CA). Equivalent amounts of total protein were resolved by SDS-PAGE and 

immunoblotted with a mouse monoclonal anti-Myc-tag antibody (Cell Signaling 

Technology, Danvers, MA) followed by incubation with horseradish peroxidase (HRP)-

conjugated goat anti-mouse immunoglobulin G (IgG; Santa Cruz Biotechnology, Santa 

Cruz, CA) to confirm CYP protein expression. GAPDH (Santa Cruz Biotechnology) was 

used to verify equal protein loading.

2.7. CYP activity assay

CYP enzyme activities were measured using P450-Glo assays (Promega, Madison, WI). 

Briefly, lentivirus-transduced cells were seeded at a density of 5 × 104 cells per well in 96-

well white wall/ clear bottom tissue culture plates and incubated overnight. Cells in triplicate 

wells were washed with PBS and incubated with the appropriate cell permeable luminogenic 

substrates (100 µM luciferin 6′-chloroethyl ether for CYP1A1 and CYP1B1, 6 µM 

luciferin-1A2 for CYP1A2, 3 µM luciferin-2B6 for CYP2B6, 150 µM luciferin 6′-methyl 

ether for CYP2C8, 100 µM 6′-deoxyluciferin for CYP2C9, 10 µM ethylene glycol ester of 

6′-deoxyluciferin for CYP2C19, 30 µM ethylene glycol ester of luciferin 6′-methyl ether for 

CYP2D6, and 3 µM luciferin isopropyl acetal for CYP3A) prepared in 100 µl fresh media or 

PBS at 37 °C for 30 min-4 h (isoform dependent). A selective inhibitor of CYP1A, alpha-

naphthoflavone (10 µM), was pre-incubated with cells prior to the addition of luciferin-ME, 

luciferin-H EGE and luciferin ME EGE, to reduce non-specific enzymatic reactions in 

appropriate cases. Luminescence was generated in separate 96-well white plates by addition 

of 25 µl luciferin detection reagent to an equal volume of supernatants collected from treated 

cells and incubation for 20 min at room temperature. Luminescent signals were measured 

with a Synergy 2 multi-mode microplate reader (BioTek, Winooski, VT). Background 

luminescence determined in a set of empty wells containing no cells was subtracted from 

sample measurements. The number of viable cells remaining in the original 96-well plates 

was determined by the CellTiter-Glo luminescent cell viability assay (Promega, Madison, 

WI), and the luminescence measurements obtained using P450-Glo assays were normalized 

to the viable cell number to represent enzymatic activities.

2.8. Cytotoxicity assay

Cells were seeded at a density of 5 × 104 cells per well in 100 µl medium in 96-well white 

wall/clear bottom plates and incubated overnight. Two-fold serial dilutions of the test drugs 

were prepared and added to the culture medium. The maximum concentrations used in the 

cytotoxicity assay were at least 100-fold of the therapeutic Cmax (i.e., maximum therapeutic 

plasma concentration), which was considered a reasonable threshold to differentiate 

hepatotoxic drugs from non-hepatotoxic drugs. Lower concentrations were used if a 

cytotoxic effect was observed at the lowest concentration initially tested. In CYP inhibition 

assays, cells were pretreated with 20 µM SKF, 10 µM ANF or 10 µM KET for 1 h, followed 
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by treatment with the test drugs for 24 h. Cell viability was determined at the end of a 24-h 

drug exposure period using the CellTiter-Glo assay (Promega). The luminescence was 

measured using a microplate reader (BioTek). DMSO was used as a vehicle control and the 

final DMSO concentration in the medium was ≤0.5% (v/v). The percentage of cell viability 

at each drug concentration was calculated using the formula: % cell viability = 

(luminescence of drug-treated cells/luminescence of vehicle-treated cells) × 100.

2.9. Statistical analysis

All data analyses were carried out using GraphPad Prism 5 (GraphPad Software, San Diego, 

CA). Comparisons of two groups were performed by two-tailed unpaired Student’s t-test. 

The statistical significance level was set at p < 0.05.

3. Results and discussion

The central role of the liver in the metabolism and clearance of drugs makes it a major target 

of drug toxicity. A large number of drugs have been reported to cause hepatotoxicity, posing 

a profound challenge to the pharmaceutical industry and regulatory agencies [21, 22]. 

Although the mechanisms underlying drug-induced hepatotoxicity remain poorly 

understood, it has been widely accepted that in many cases the initial step triggering the 

progression of hepatotoxicity involves metabolism of a drug to chemically reactive 

metabolites, which covalently bind to cellular macromolecules (e.g., proteins, nucleic acids 

and lipids), resulting in irreversible chemical modification, adduct formation and functional 

impairment [23–25].

Human hepatoma cell lines are commonly used in vitro models in hepatotoxicity studies due 

to their ready accessibility, phenotypic stability and unlimited proliferative capacity. 

However, most hepatoma cell lines express low levels of drug-metabolizing enzymes, 

particularly CYP enzymes, hampering their use in drug metabolism studies. To confer 

metabolic competence to those cell lines, new cell models that transiently [15–17, 26–28] or 

stably [18] overexpress heterologous CYP enzymes have been developed and successfully 

used in toxicity studies. Of these models, HepG2 is the most widely used host cell line for 

transfection/transduction, since it retains many liver-specific biosynthetic functions, 

including those for metabolizing activities [29]. Importantly, HepG2 cells express 

considerable endogenous levels of NADPH-P450 reductase and cytochrome b5, which are 

electron transport components required for CYP activity [30]. Recombinant lentivirus is a 

widely used gene carrier, and the efficient delivery of transgenes via lentiviral vectors to 

HepG2 cells has been reported [31–33]. In the present study, we developed a panel of 

metabolically competent HepG2 cell lines by lentiviral-mediated transduction with 

expression vectors encoding individual human CYP isoforms. To our knowledge, this panel 

of hepatic cell lines expresses the most comprehensive set of individual human CYPs 

described thus far for a noncommercial source.

3.1. Establishment of HepG2-derived cells expressing CYPs

In this study, a recombinant lentivirus system was used to ensure efficient transduction and 

expression of CYP cDNAs. CYP gene expression was driven by the human EF1a promoter, 
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a housekeeping gene whose promoter is insensitive to transcriptional silencing via DNA 

methylation [34]. In total, 15 stably transduced HepG2 cell lines were generated, including 

14 cell lines transduced with individual CYP cDNAs and another containing an empty 

vector alone (referred to as EV controls). CYP expression in each HepG2 cell line was 

characterized. Significantly increased expression of each CYP mRNA in the corresponding 

cell line was detected by quantitative real-time PCR (Fig. 1A). The average increase in CYP 

mRNA levels after transduction is about 1.9 × 105 fold, with a ~12-fold difference between 

the highest and lowest fold changes. The expression of each CYP protein in the 

corresponding cell line was confirmed by western blotting (Fig. 1B). To examine the 

functionality of our expression system, the activities of representative CYP isoforms were 

measured by P450-Glo assays using luminogenic substrates. Compared with EV-transduced 

control cells, HepG2 cells transduced with CYP cDNAs showed significant increases in 

enzymatic activity. The fold changes in CYP activity are 92.5 ± 8.9 (CYP1A1), 87.7 ± 5.9 

(CYP1A2), 77.6 ± 3.4 (CYP1B1), 71.0 ± 6.0 (CYP2B6), 56.9 ± 1.1 (CYP2C8), 67.9 ± 3.4 

(CYP2C9), 47.6 ± 2.4 (CYP2C19), 52.9 ± 2.7 (CYP2D6), 95.9 ± 2.4 (CYP3A4), 68.1 ± 5.6 

(CYP3A5), and 50.6 ± 3.4 (CYP3A7), respectively. These results indicate that we have 

developed a panel of HepG2-derived cell lines that express much higher levels of the 

introduced human CYPs than HepG2 parental cells. The cytotoxic effects of representative 

drugs were further assessed in the established cell lines.

The expression of CYP genes were also examined in primary human hepatocytes from 3 

anonymous donors (Supplemental Fig. 1). Inter-individual variations were observed in CYP 

mRNA levels. The differences in CYP mRNA levels between CYP cell lines and human 

hepatocytes ranged from 11 to 6 × 104 fold (Supplemental Table 2). It is noteworthy that 

inter-individual variability of CYP expression can be wide. For example, CYP3A expression 

in human liver exhibits 10- to >500-fold inter-individual variation [35–37]. The hepatic 

expression of CYP2A6 varies 20- to >1000-fold among individuals [37–39]. Other CYPs 

(i.e., CYP1A2, CYP2B6, CYP2C8, CYP2C19 and CYP2D6) have also shown large inter-

individual differences (>200-fold) in hepatic expression [37, 40–42]. Considering various 

environmental influences including chemical-mediated induction and inhibition of CYP 

expression, the range of such variations can be even wider. Therefore, our CYP cell lines 

may reflect CYP expression in human liver at certain levels. More importantly, our cell 

system is not confounded by inter-individual variability that hampers the use of human 

hepatocytes in the characterization of the contribution of individual CYP isoforms to the 

metabolism and toxicity of a drug.

3.2. Cytotoxic effects of amiodarone

Amiodarone, an iodinated benzofuran derivative, is one of the most commonly prescribed 

antiarrhythmic drugs [43]. Despite its effectiveness in the treatment of a broad spectrum of 

arrhythmias, amiodarone has numerous side effects, including pulmonary toxicity, thyroid 

toxicity, hepatotoxicity and other types of organ toxicity [44]. Hepatotoxicity, as manifested 

by liver enzyme abnormalities, has been reported in 14–82% of patients treated with 

amiodarone [45]. Although the hepatic side effects are generally mild and reversible, they 

frequently result in drug discontinuation [46]. Fatal cases have occasionally been reported 

[45, 47], and the prevalence of severe liver injury is estimated at 1–3% [45].
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Amiodarone has been considered as a most-DILI-concern drug [48]. The maximum plasma 

concentration (Cmax) of amiodarone is about 0.85 µM at a therapeutic dose of 400 mg in 

healthy subjects [49]. In our study, significant cytotoxicity of amiodarone was observed in 

EV controls at 12.5 µM or higher concentrations (Fig. 2A). Cell viability was remarkably 

decreased by amiodarone exposure in HepG2 cells overexpressing CYP1A1 or CYP3A4 

compared to EV controls, indicating cytotoxic effects due to metabolic activation of 

amiodarone by these two CYP enzymes. In contrast, cytotoxicity of amiodarone was 

significantly decreased by the overexpression of other CYP isoforms, except CYP2D6, 

suggesting that these metabolizing enzymes may contribute to the detoxification of 

amiodarone. Interestingly, CYP isoforms in the same subfamily may play opposite roles in 

the metabolism of amiodarone. While the overproduction of CYP1A1 enhanced the 

cytotoxic effect of amiodarone, the overexpression of CYP1A2 reduced its cytotoxic effect; 

likewise, whereas the overproduction of CYP3A4 increased the cytotoxic effect, CYP3A5 

and CYP3A7 decreased such effect.

Amiodarone is primarily metabolized to mono-N-desethylamiodarone (DEA) in humans 

[50]. DEA is highly lipophilic and widely distributed in organ tissues, particularly in liver 

and lung [51]. It has been shown that DEA is more toxic to hepatocytes than amiodarone 

and may contribute to the amiodarone-associated hepatotoxicity, most likely by inhibiting 

the respiratory chain and producing oxidative stress [52, 53]. A high ratio of DEA/amino-

darone in the plasma and liver is considered as a risk factor for hepatotoxicity [54]. There is 

evidence demonstrating that CYP1A1 and CYP3A4 are the most efficient enzymes 

transforming amiodarone to DEA and the former isoform has higher potency [55], which is 

consistent with the results of our cytotoxicity assays. Several other CYP isoforms, including 

CYP1A2, CYP2C8, CYP2C19, and CYP2D6, have also been involved in DEA production 

in humans, but we found that the overexpression of these metabolizing enzymes did not 

increase but even decreased the cytotoxicity of amiodarone, suggesting that they may 

contribute, even more significantly, in the detoxification of DEA. Recent studies have 

reported that the active metabolite DEA can be further transformed by hydroxylation to 

3′OH–N-desethylamiodarone, dealkylation to di-N-desethylamiodarone and deamination to 

amiodarone-EtOH, and various CYP isoforms are involved in the elimination of DEA [56, 

57]. Further studies are needed to elucidate whether these three minor metabolites of 

amiodarone are associated with detoxification pathways and to identify the CYPs involved 

in their formation.

3.3. Cytotoxic effects of chlorpromazine

Chlorpromazine, a dimethylamine derivative of phenothiazine, is one of the four 

antipsychotic drugs on the World Health Organization (WHO) essential medicine list [58]. 

Chlorpromazine is commonly associated with acute liver injury, with an incidence greater 

than 100 per 100,000 users [59–61]. The indication of chlorpromazine-induced liver injury 

is primarily cholestatic, but the hepatocellular injury marked by elevations in 

aminotransferase levels has also been reported in some chlorpromazine users [61, 62]. 

Although the mechanism of chlorpromazine-associated hepatotoxicity has not been 

elucidated, it has been suggested that reactive metabolites generated through CYP-mediated 

pathways may play a role [63].
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Chlorpromazine has been classified as a less-DILI-concern drug with mild DILI severity 

[48]. The plasma level of chlorpromazine can reach up to 0.94 µM with a therapeutic dose of 

400–800 mg/day [64]. As shown in Fig. 2B, in EV controls, cell viability was markedly 

decreased as the concentration of chlorpromazine increased to 12.5 µM and higher levels. 

Moreover, metabolic detoxification of chlorpromazine was apparently mediated by all tested 

CYP isoforms, as indicated by enhanced cell viability in those CYP-overexpressing HepG2 

cells in comparison to EV controls, implicating the involvement of these CYP enzymes in 

the production of less- or non-toxic metabolites.

Chlorpromazine is known to be extensively metabolized to a number of metabolites, and 

various CYP enzymes are involved in the biotransformation of chlorpromazine [65, 66]. For 

instance, CYP2D6 and CYP1A2 mediate the 7-hydroxylation and N-oxidation of 

chlorpromazine, and the former is the major metabolic pathway for chlorpromazine in 

humans [67–69]. CYP1A2 and CYP3A4 primarily contribute to 5-sulfoxidation of 

chlorpromazine, whereas CYP2B6, CYP2C19 and CYP2D6 make a minor contribution [70]. 

CYP1A2 is also responsible for the mono- and di-N-demethylation of chlorpromazine, while 

CYP2C19, CYP2B6 and CYP3A4 play notable roles in the mono- and di-N-demethylation 

at high concentrations of the drug [70]. Some of these metabolites may contribute to 

chlorpromazine hepatotoxicity [71]. It has been suggested that the hydroxylated metabolites 

of chlorpromazine are more active than the sulfoxide metabolites in inducing jaundice [72]. 

It has also been shown that the mono- and di-demethylated metabolites of chlorpromazine 

are three and six times, respectively, more potent than the parent drug in causing the leakage 

of aspartate aminotransferase from isolated rat hepatocytes, while 7-and 8-

hydroxychlorpromazine are slightly less potent than chlorpromazine, and sulfoxide 

metabolites are inactive [73]. Our data suggest that chlorpromazine may be inactivated by a 

series of CYP enzymes, and MacAllister et al. [63] noted that chlorpromazine detoxification 

in rat hepatocytes also required glutathione and glucuronide pathways. The toxicity of a drug 

is a result of functional balance among the activation, detoxification, and secretion processes 

that are regulated by a number of genes involved in phase I, phase II, and phase III 

metabolism and in drug transport. It is also important to develop a system that expresses the 

majority of drug metabolizing and transporter genes to investigate hepatic drug metabolism 

and toxicity as a whole, which is warranted for our future study.

3.4. Cytotoxic effects of primaquine

Primaquine, an 8-aminoquinoline, is the only drug licensed by the U.S. FDA for the radical 

cure of Plasmodium vivax infection [74]. Despite a unique role in the treatment of vivax 
malaria, the use of primaquine is limited due to its hemolytic toxicity, particularly in 

glucose-6-phosphate dehydrogenase (G6PD) deficient individuals [75]. In addition, 

recurrence of P. vivax occurs in up to 25% of patients following primaquine treatment, 

resulting from a lack of primaquine efficacy [76]. Although primaquine has been used since 

the 1950s, the mechanisms underlying its efficacy and toxicity remain elusive. It is thought 

that interference with the respiratory chain of parasite’s mitochondria or production of redox 

active metabolite(s) may be involved in the efficacy and toxicity of primaquine [77, 78].
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Primaquine has been designated as a no-DILI-concern drug due to the lack of associated 

DILI events [48]. The maximum plasma concentrations (Cmax) of primaquine achieved in 

healthy subjects after administration of a therapeutic dose are around 0.20 µM (15 mg base), 

0.40 µM (30 mg base) and 0.68 µM (45 mg base) [79]. In our cytotoxicity assays, no toxic 

effects were observed at concentrations lower than 75 µM (>100-fold Cmax) primaquine in 

the majority of the HepG2-CYP cell lines (Fig. 2C). However, primaquine caused significant 

cytotoxicity in HepG2 cells overexpressing CYP2D6 and CYP1A1 in the range of 

concentrations tested. To determine the threshold concentrations for cytotoxicity in the two 

cell lines, lower concentrations of primaquine were subsequently employed. A significant 

decrease of cell viability was observed at as low as 0.31 µM (Fig. 3A) and 5 µM (Fig. 3B) 

primaquine in HepG2 cells overexpressing CYP2D6 and CYP1A1, respectively. The 

cytotoxicity of primaquine caused by the overexpression of CYP2D6 may be of 

pharmacological and toxicological significance since the treatment concentration is relevant 

to the concentration of the drug in the plasma, which is typically around 0.4 µM.

The metabolic profile of primaquine has been investigated for decades but is still not fully 

elucidated. Carboxyprimaquine has been identified as the major metabolite of primaquine in 

humans, but it lacks antimalarial activity and toxicity [80–82]. On the other hand, 

hydroxylated metabolites of primaquine, such as 5-hydroxyprimaquine, have been suggested 

to be responsible for the efficacy and toxicity of the drug, due to their capability of 

generating reactive oxygen species through redox cycling [78, 83–86]. The CYP system is 

implicated in the metabolism of primaquine. It has been shown that multiple CYP isoforms, 

including CYP3A4, CYP2D6, CYP2B6, CYP1A2 and CYP2E1, variably contributed to the 

oxidative toxicity of primaquine [87]. However, recent studies have demonstrated that 

CYP2D6 plays a major role in the production of hydroxylated metabolites and makes an 

essential contribution to the metabolic activation of primaquine [88, 89]. The study by 

Bennett et al. [90] has revealed that malaria relapse rate is increased with a decreased 

metabolism of primaquine in poor/intermediate CYP2D6 metabolizers, suggesting that 

primaquine efficacy may depend on CYP2D6 activity. The significant cytotoxic effect of 

primaquine mediated by CYP2D6, as observed in our study, provides further evidence that 

CYP2D6 may have a primary role in generating active metabolites that are responsible for 

the efficacy and toxicity of primaquine. It is noteworthy that CYP2D6 is highly polymorphic 

with a substantial inter-individual variability (>50-fold) in activity within a population [91]. 

The dependence of primaquine bioactivation via a CYP2D6-mediated metabolic pathway 

highlights the importance of stratifying CYP2D6 metabolizer phenotypes or genotypes prior 

to primaquine treatment.

Interestingly, we also observed a remarkable cytotoxicity of primaquine in HepG2 cells 

overexpressing CYP1A1, which might be related to an increased stability of CYP1A1 

transcripts by the primaquine treatment. Several studies showed that primaquine upregulated 

CYP1A1 expression at transcriptional and post-transcriptional levels [92–94]. Notably, 

Werlinder et al. [93] demonstrated that primaquine inhibited the degradation of CYP1A1 in 

a dose-dependent manner. In their study, CYP1A1 degradation was dramatically inhibited by 

10 µM or higher concentrations of primaquine, which is consistent with our observation that 

primaquine exhibited remarkable cytotoxic effects at concentrations higher than 10 µM in 

CYP1A1-overexpressing cells. The binding of primaquine at the active site of CYP1A1 has 

Xuan et al. Page 10

Chem Biol Interact. Author manuscript; available in PMC 2017 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



been postulated as a mechanism by which the drug protects CYP1A1 degradation. However, 

we did not observe the same effect for CYP1A2, suggesting that the regulatory mechanism 

may be specific for CYP1A1.

3.5. Effects of CYP inhibitors

The role of CYP inhibitors was examined in several CYP cell lines. SKF is a widely used, 

non-specific CYP inhibitor. ANF and KET are isoenzyme-specific CYP inhibitors for 

CYP1A and CYP3A, respectively. Pretreatment with ANF reduced the cytotoxicity of 

amiodarone in CYP1A1-overexpressing HepG2 cells as well as the cytotoxicity of 

primaquine in HepG2 cells expressing CYP1A1 or CYP1A2, while ANF-induced CYP 

inhibition enhanced the cytotoxicity of amiodarone in CYP1A2-overexpressing HepG2 cells 

(Supplemental Fig. 2A). Besides, KET-induced CYP inhibition alleviated the cytotoxicity 

induced by the overexpression of CYP3A4 and increased the cytotoxicity induced by the 

overproduction of CYP3A5 or CYP3A7 (Supplemental Fig. 2B). Moreover, pretreatment 

with SKF decreased the cytotoxicity induced by the overexpression of CYP2D6 at lower 

concentrations (Supplemental Fig. 2C). These results confirmed the involvement of CYP 

isoforms in the cytotoxicity induced by the test drugs.

4. Summary

In summary, we generated a metabolically competent cell system by stable transduction of 

CYP cDNAs individually. We also showed the potential of the system for in vitro screening 

of metabolism-related drug toxicity. Such an in vitro assay system represents a useful 

paradigm for the evaluation and early detection of drug toxicity. Considering the large 

variations in metabolic phenotypes observed within and among human populations that 

impact the use of normal human hepatocytes in pharmacological studies in vitro, the use of a 

panel of cells that allows the characterization of the role of a specific metabolizing enzyme 

in drug biotransformation could be critical to avoid confounding issues due to inter-

individual variability. The battery of cell lines described in this report, which express CYPs 

separately, could be a promising tool for the screening of drug metabolism and the 

assessment of the contribution of a particular CYP to drug-induced hepatotoxicity. Our cell 

system is readily available for further drug metabolism and hepatotoxicity studies.
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Fig. 1. 
Characterization of CYP expression in stably transduced HepG2 cells. (A) CYP mRNA 

expression. The mRNA levels of CYP isoforms in HepG2 cells stably transduced with 

individual CYP cDNAs or empty vector alone were measured by quantitative realtime PCR. 

Human β-actin was used as an internal control to normalize the amount of cDNA template. 

The fold expression of each CYP isoform relative to that in EV controls was determined by 

a comparative CT method. Data represent the mean ± SD of three independent experiments. 

(B) CYP protein expression. The protein levels of cDNA-expressed CYP isoforms that range 

in molecular weight between 45 and 60 kDa were detected by western blotting. GAPDH (37 
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kDa) was used as a loading control. Similar expression pattern was observed in three 

independent experiments.
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Fig. 2. 
Cytotoxicity of amiodarone (A), chlorpromazine (B) and primaquine (C) in HepG2 cells 

expressing individual human CYPs. CYP cDNAs or EV-transduced HepG2 cells were 

treated with three drugs at the indicated concentrations for 24 h. Cell viability was 

determined by the CellTiter-Glo assay after drug exposure. Similar results were observed in 

three independent experiments. The bar graphs represent mean ± SD of triplicate 

determinations. Statistical significance compared with EV controls: *p < 0.05, **p < 0.01, 

and ***p < 0.001.
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Fig. 3. 
Effects of CYP2D6 (A) and CYP1A1 (B) overexpression on primaquine cytotoxicity. 

HepG2 cells expressing CYP2D6 or CYP1A1 enzymes and control vector were exposed to 

various concentrations of primaquine for 24 h. The data are shown as mean ± SD of three 

independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with EV 

controls.
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Table 1

Sequencing primers for recombinant CYP constructs.

Target Sequence

CYP1A1 Forward: 5′-GGCCCGACCTCTACACCTTC-3′

Reverse: 5′-TTGGATCTTTCTCTGTACCC-3′

CYP1A2 Forward: 5′-CCTTCTCCATCGCCTCTGAC-3′

Reverse: 5′-TCTTCCTCTGTATCTCAGGC-3′

CYP1B1 Forward: 5′-CTTCACGCGCCAGCCGCGCAGC-3′

Reverse: 5′-GCCAGGACATAGGGCAGGTTGG-3′

CYP2A6 Forward: 5′-TCATCGACGCCCTCCGGGGC-3′

Reverse: 5′-TTCATGAGCAGCAAGAAGCC-3′

CYP2B6 Forward: 5′-GGCTCAGTGTCTGATAGAGG-3′

Reverse: 5′-TGAGCATGAGCAGGAAGCCG-3′

CYP2C8 Forward: 5′-TGGGGAAGAGGAGCATTGAG-3′

Reverse: 5′-TGCTTCAGCAGGAGCAGGAG-3′

CYP2C9 Forward: 5′-GACCGTGTTCAAGAGGAAGC-3′

Reverse: 5′-TTCAGCAGGAGAAGGAGAGC-3′

CYP2C18 Forward: 5′-CCTGGGCTGTGCTCCCTGCA-3′

Reverse: 5′-TTCAGCAGGAGCAGGAGTCC-3′

CYP2C19 Forward: 5′-CCAAGGCTTCACCCTGTGATC-3′

Reverse: 5′-TTCAGCAGGAGAAGGAGAGC-3′

CYP2D6 Forward: 5′-GGAGCAGTGGGTGACCGAGG-3′

Reverse: 5′-GATCATGAGCAGGAGGCCCC-3′

CYP2E1 Forward: 5′-GGAGGCCCACTTCCTGCTGG-3′

Reverse: 5′-GGTATTTCATGAGAATCAGG-3′

CYP3A4 Forward: 5′-TCTGAGGCGGGAAGCAGAGA-3′

Reverse: 5′-GGACATCAGGGTGAGTGGCC-3′

CYP3A5 Forward: 5′-TGGTGAGAAACTTGAGGCGG-3′

Reverse: 5′-GGACATCAGGGTGAGTGGCC-3′

CYP3A7 Forward: 5′-GTTGGTGAGAAATCTGAGGCGG-3′

Reverse: 5′-CAGTATCATAGGTGGGTGGTGC-3′

EF1α-3′ Forward: 5′-TTGGATCTTGGTTCATTCTC-3′

IRES-5′ Reverse: 5′-AATAACATATAGACAAACGC-3′
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