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Abstract

Leflunomide, an anti-inflammatory drug used for the treatment of rheumatoid arthritis, has been 

marked with a black box warning regarding an increased risk of liver injury. The active metabolite 

of leflunomide, A771726, which also carries a boxed warning about potential hepatotoxicity, has 

been marketed as teriflunomide for the treatment of relapsing multiple sclerosis. Thus far, 

however, the mechanism of liver injury associated with the two drugs has remained elusive. In this 

study, cytotoxicity assays showed that ATP depletion and subsequent LDH release were induced in 

a time- and concentration-dependent manner by leflunomide in HepG2 cells, and to a lesser extent, 

by A77 1726. The decline of cellular ATP levels caused by leflunomide was dramatically 

exacerbated when galactose was substituted for glucose as the sugar source, indicating a potential 

mitochondrial liability of leflunomide. By measuring the activities of immuno-captured 

mitochondrial oxidative phosphorylation (OXPHOS) complexes, we found that leflunomide and 

A77 1726 preferentially targeted complex V (F1FO ATP synthase), with IC50 values of 35.0 and 

63.7 μM, respectively. Bongkrekic acid, a mitochondrial permeability transition pore blocker that 

targets adenine nucleotide translocase, profoundly attenuated mitochondrial membrane 

depolarization, ATP depletion, and LDH leakage induced by leflunomide and A77 1726. 

Substantial alterations of mitochondrial function at the transcript level were observed in 

leflunomide-treated HepG2 cells, whereas the effects of A77 1726 on the cellular transcriptome 

were much less profound. Our results suggest that mitochondrial dysfunction may be implicated in 

the hepatotoxicity associated with leflunomide and A77 1726, with the former exhibiting higher 

toxicity potency.
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1. Introduction

Leflunomide is an isoxazole derivative that was approved by the U.S. Food and Drug 

Administration (FDA) in 1998 for the treatment of rheumatoid arthritis (Goldenberg, 1999). 

As an immunomodulatory agent, leflunomide has been available in over 70 countries 

worldwide and is one of the most frequently used disease-modifying antirheumatic drugs 

(Kunkel and Cannon, 2006). Despite the proven efficacy of leflunomide in the management 

of rheumatoid arthritis, safety concerns have arisen from post-marketing reports of severe 

liver injury and other adverse events (Aithal, 2011; Alcorn et al., 2009; Keen et al., 2013). In 

2010, FDA added a boxed warning to the drug label regarding the risk of severe liver injury 

from leflunomide, based on a review that identified 49 cases of severe liver injury, including 

14 cases of fatal liver failure, in the preceding seven years (U.S. FDA, 2010). The reported 

adverse events highlight the risk of hepatotoxicity in patients with pre-existing liver disease 

or elevated liver enzymes and the necessity of monitoring liver functions during leflunomide 

treatment. Considering the sustained and widespread use of leflunomide, investigations on 

the mechanism of liver toxicity are needed for the safer use of this drug.

Leflunomide has been shown to undergo a conversion to form its major metabolite A77 

1726 and other unidentified metabolites. The pathways and enzymes involved in the 

formation of A77 1726 have not well-characterized. Some studies suggest that the 

conversion is mediated by cytochrome P450 (CYP) enzymes and also mediated by a non-

enzymatic reaction. A77 1726 can be further metabolized to an oxanilic acid derivative and 

then excreted (Kalgutkar et al., 2003; Ren et al., 2017; Rozman, 2002; Seah et al., 2008; Shi 

et al., 2011). The pharmacological activity of leflunomide is primarily mediated by its major 

metabolite, A77 1726, also known as teriflunomide, which acts through inhibition of 

dihydroorotate dehydrogenase, a key mitochondrial enzyme in the de novo pyrimidine 

biosynthetic pathway (Fox et al., 1999). The mean steady-state plasma concentration of A77 

1726 can reach 125–230 μM in patients administered the standard dose of leflunomide 

(Bohanec Grabar et al., 2009; Rozman, 2002; Schmidt et al., 2003). Teriflunomide was 

approved by the U.S. FDA in 2012 for the treatment of relapsing forms of multiple sclerosis 

(Miller, 2015). There is a boxed warning in the prescribing information for teriflunomide 

indicating a possible similar risk of hepatotoxicity as leflunomide, considering that the two 

drugs produce a similar range of plasma concentrations of teriflunomide at recommended 

doses (U.S. FDA, 2012). Thus far, there is no evidence that teriflunomide has higher or 

lower risk of liver injury compared with leflunomide. Nonetheless, there are in vitro data 

demonstrating that A77 1726 is less cytotoxic than its parent compound and that CYP 

metabolism of leflunomide is a detoxification process (Shi et al., 2011).

Mitochondria are vital organelles involved in cellular bioenergetics, metabolism, and 

signaling processes (Grattagliano et al., 2011; Mishra and Chan, 2016; Vakifahmetoglu-

Norberg et al., 2017). The primary function of mitochondria is to generate cellular energy in 

the form of adenosine triphosphate (ATP) through the oxidative phosphorylation (OXPHOS) 

system. Mitochondria also play a critical role in the regulation of cell death, and the 

disturbance of mitochondrial function can lead to cell necrosis or apoptosis through 

mitochondrial membrane permeabilization (Halestrap et al., 2000; Kroemer et al., 2007). 

Mitochondrial dysfunction has been recognized as a major mechanism of drug-induced liver 
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injury, which is a leading cause of premature termination of clinical trials and post-market 

drug withdrawals (Pessayre et al., 2012; Ribeiro et al., 2014; Vuda and Kamath, 2016). 

There has been increased awareness of the necessity of screening for drug-induced 

mitochondrial dysfunction during the preclinical phase of drug development in the 

pharmaceutical industry (Nadanaciva and Will 2011a, 2011b). In the current study, we 

investigated whether leflunomide and its active metabolite exhibit mitochondrial toxicity in 

human hepatic HepG2 cells to understand better the mechanism of liver injury induced by 

these agents. Because we demonstrated that endoplasmic reticulum (ER) stress is one of the 

mechanisms underlies leflunomide-induced toxicity in our previous study (Ren et al., 2017), 

the interplay between ER stress and mitochondrial impairment was also investigated in this 

study.

2. Material and methods

2.1. Chemicals and reagents

Leflunomide (≥98% purity) and A77 1726 (≥98% purity) were purchased from Enzo Life 

Sciences (Farmingdale, NY). Bongkrekic acid, cyclosporine A, and dimethyl sulfoxide 

(DMSO) were obtained from Sigma-Aldrich (St. Louis, MO). Cell culture media and 

supplements were purchased from Life Technology (Grand Island, NY) and Atlanta 

Biologicals (Lawrenceville, GA).

2.2. Cell culture

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

Culture Collection (Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 

and 100 μg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO2. HepG2 cells 

were seeded at a density of 3–5 × 105 cells/ml in 96-well tissue culture plates or 60-mm 

tissue culture dishes, and allowed to adhere for 24 h prior to exposure to DMSO vehicle or 

test compounds at the indicated concentrations for specified time periods in serum-free 

medium. The final DMSO concentration in the medium was 0.5% (v/v).

2.3. Cellular adenosine triphosphate content measurement

Total cellular adenosine triphosphate (ATP) levels were determined using the CellTiter-Glo 

luminescent cell viability assay (Promega, Madison, WI). The luminescence was measured 

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

cell viability at each compound concentration was calculated using the equation: % cell 

viability = (luminescence of compound-treated cells/luminescence of vehicle-treated cells) × 

100.

2.4. Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) leakage from cells was used as a measure of cell death. 

Briefly, at the end of treatment, 10 μl of medium (cell-free supernatant) was collected from 

each well and Triton-X 100 was added at a final concentration of 1% to lyse the cells. After 

1 h, 10 μl of cell lysates combined with medium was harvested. Corresponding samples of 

supernatants and lysates were transferred to a clear 96-well plate, and 240 μl reaction buffer 
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(81 mM Tris, 204 mM NaCl, 0.2 mM NADH, and 1.7 mM monosodium pyruvate, pH 7.2) 

was added to each well. The absorption at 340 nm was immediately measured for 5 min at 

60-s intervals with a microplate reader (BioTek). LDH activity was determined by the rate of 

decrease in absorbance at 340 nm due to oxidation of NADH. The percentage of LDH 

leakage was calculated using the equation: % LDH leakage = [LDH activity in 

supernatant/LDH activity in (supernatant + cells)] × 100.

2.5. Glucose/galactose assay

HepG2 cells were grown in high-glucose medium or galactose medium (Marroquin et al., 

2007). High-glucose medium: DMEM-high glucose (Life Technologies, 11995-065) 

containing 25 mM glucose and 1 mM sodium pyruvate, supplemented with 5 mM N-2-

hydro-xyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 10% FBS, 100 U/ml penicillin, 

and 100 μg/ml streptomycin. Galactose medium: DMEM-no glucose (Life Technologies, 

11966-025) supplemented with 10 mM galactose, 2 mM glutamine, 5 mM HEPES, 1 mM 

sodium pyruvate, 10% FBS, and penicillin/streptomycin as above. Cells were seeded at a 

density of 5 × 105 cells/ml in 96-well plates and incubated for approximately 24 h prior to 

treatment with DMSO vehicle or various concentrations of test compounds. After a 24 h 

treatment, cell viability was assessed by measuring ATP depletion as described above. The 

EC50 values, defined as the drug concentrations producing a 50% reduction in cellular ATP 

content, were calculated by fitting the data to the log (inhibitor) versus normalized response-

variable slope equation.

2.6. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (MMP, ΔΨm) was measured using the dual fluorescence 

dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide). 

HepG2 cells, cultured in 96-well black wall/clear bottom plates, were treated with DMSO or 

test compounds for 6 h. After treatment, the supernatant was removed, and cells in each well 

were incubated with 100 μl of 2.5 μg/ml JC-1 in medium for 20 min at 37°C. After washing 

twice with PBS, the fluorescence intensities of JC-1 monomers and aggregates were 

quantified on a microplate reader (BioTek). JC-1 monomers were detected at wavelengths of 

485 nm (excitation) and 535 nm (emission), and JC-1 aggregates were detected at the 

wavelengths of 530 nm (excitation) and 590 nm (emission), respectively. The ratio of JC-1 

aggregate (red fluorescence) to monomer (green fluorescence) was used as a measure of 

MMP. A reduction in the ratio of red/green fluorescence intensity indicates mitochondrial 

membrane depolarization.

2.7. Measurement of individual OXPHOS complex activity

Direct inhibitory effects of the test compounds on the five OXPHOS complexes were 

measured using MitoTox™ Complete OXPHOS Activity Assay Panel (Abcam), according 

to the manufacturer’s protocol. Briefly, leflunomide and A77 1726 were diluted at various 

concentrations in appropriate assay solution and directly added to each OXPHOS complex: 

Complexes I, II, IV, and V were immunocaptured from bovine heart mitochondria in a 

functionally active form by specific monoclonal antibodies immobilized in 96-well 

microplates; Complex II + III activity was assayed in mitochondrial suspension. The specific 

inhibitors of each of the five complexes were used as positive controls: rotenone (Complex 
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I), thenoyltrifluoroacetone (TTFA, Complex II), antimycin A (Complex III), potassium 

cyanide (KCN, Complex IV), and oligomycin (Complex V). Microplate wells coated with a 

null capture antibody (Complexes I, II, IV, and V) or wells without mitochondria (Complex 

III) were used as background controls. After the addition of test compounds with assay 

solution to 96-well microplates, the absorption of each well was immediately measured 

using a microplate reader (BioTek) at wavelengths of 340 nm (Complex I and V), 600 nm 

(Complex II), and 550 nm (Complex III and IV) at intervals of 60 s for 2 h (Complex I) or 1 

h (Complex II, IV, and V) and 20 s for 5 min (Complex III). The activity of each complex 

was determined by the rate of change in absorbance after background subtraction. The final 

DMSO concentration in all the activity assays was 1.5% (vol/vol), which had no inhibitory 

effect on the enzymes. The IC50 values, defined as the drug concentrations producing a 50% 

inhibition of OXPHOS activities, were determined using a four-parameter logistic nonlinear 

regression analysis.

2.8. RNA isolation, sequencing and gene expression analysis

Total RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA) from four 

biological replicates of HepG2 cells treated with DMSO (vehicle control), leflunomide 

(62.5, 125, and 250 μM), or A77 1726 (62.5, 125, and 250 μM) for 6 h. The quantity and 

purity of RNA were determined using a NanoDrop 8000 spectrophotometer (Thermo 

Scientific, Wilmington, DE). The quality of RNA was assessed on an Agilent 2100 

Bioanalyzer using a RNA 6000 Nano kit (Agilent Technologies, Palo Alto, CA). High-

quality RNA, with an RNA Integrity Number ≥9.0, was submitted to the Genomics and 

Microarray Core Facility at the University of Texas Southwestern Medical Center (Dallas, 

TX) where RNA sequencing (RNA-seq) was performed on an Illumina HiSeq 2000 System. 

The raw sequencing data were subjected to adapter trimming and quality filtering using 

Trimmomatic version 0.32 (Bolger et al., 2014). The cleaned reads were mapped to the 

human reference genome (GRCh37) from the Ensembl database using TopHat version 

2.0.8b (Trapnell et al., 2009). Mapped reads were assembled into transcripts, and the 

expression values were calculated based on the number of fragments per kilobase of 

transcript per million mapped reads (FPKM) using Cuffiinks version 2.0.2 (Trapnell et al., 

2010). Pairwise differential expression analysis was performed using the Bioconductor R 

package edgeR (Robinson et al., 2010). P-values were adjusted to control false discovery 

rate due to multiple testing using the Benjamini-Hochberg method (Benjamini and 

Hochberg, 1995). The differentially expressed genes (DEGs) were determined by absolute 

fold change > 1.5 and adjusted P < 0.05. A Venn diagram was constructed to depict 

commonality of DEGs derived from pairwise comparisons using the R package 

VennDiagram (Chen and Boutros, 2011).

2.9. Western blot analysis

HepG2 cells were grown and treated with leflunomide in 60 mm tissue culture plates. 

Standard Western blot analyses were performed using antibodies against CHOP (Thermo 

Fisher Scientific), ATF-4, and GAPDH (as an internal control, Santa Cruz Biotechnology, 

Santa Cruz, CA), followed by a secondary antibody conjugated with horseradish peroxidase 

(HRP) (Santa Cruz Biotechnology). The bands were detected by FluorChem E and M 

Imaging System (ProteinSimple, San Jose, CA).
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2.10. Statistical analysis

Statistical comparisons were performed by two-tailed unpaired Student’s t-test or one-way 

variance-of-analysis (ANOVA) followed by Dunnett’s multiple comparison test. Data 

analyses were carried out using GraphPad Prism 5 (GraphPad Software, San Diego, CA). 

The statistical significance level was set at P < 0.05.

3. Results

3.1. Time- and dose-dependent cytotoxicity in HepG2Cells

In our previous study, we compared the cytotoxicity of leflunomide in HepG2 cells with that 

in the metabolically competent cells HepaRG and primary human hepatocytes. Our results 

showed that leflunomide was more toxic in HepG2 cells compared to HepaRG cells and the 

cytotoxicity induced in HepG2 cells was similar to that in primary human hepatocytes (Ren 

et al., 2017). A study by Shi et al. demonstrated that cytotoxicity of A77 1726 in primary rat 

hepatocytes can be attenuated by CYP enzymes (Shi et al., 2011), suggesting that 

metabolites of leflunomide and A77 1726 are less toxic. In addition, it has been reported that 

the conversion of leflunomide to A77 1726 can occur in a non-enzymatic manner (Kalgutkar 

et al., 2003; Rozman, 2002). Taken together, the metabolism capacity, which is important for 

the evaluation of metabolite-mediated toxicity, is of the less concern in the current 

investigation. Owing to the ease-of-use and some specific features of HepG2 cells in 

assessing mitochondrial damage susceptibility (Marroquin et al., 2007), we chose HepG2 

cells to study the cytotoxicity and mitochondrial dysfunction of leflunomide and A77 1726.

To assess the cytotoxicity of leflunomide and A77 1726, cellular ATP content and LDH 

release were measured in parallel in HepG2 cells exposed to leflunomide or A77 1726 at 

various concentrations from 31.25 to 500 μM for 2, 6, and 24 h. As shown in Fig. 1A and B, 

both drugs caused ATP levels to decline and the release of LDH to increase in time- and 

concentration-dependent manners. At all the time points, no significant LDH release was 

observed at 62.5 μM for both drugs. LDH release, an indicator of cell membrane damage, 

began to increase significantly with 250 μM leflunomide treatment and 500 μM A77 1726 

treatment at 2 h. At 6 and 24 h, 125 μM leflunomide induced significant cell membrane 

disruption with 15.1% and 19.3% of LDH released into the culture medium compared to 

9.5% and 10.3% of LDH released from vehicle-treated cells, respectively. By comparison, 

A77 1726 only caused a slight increase in LDH release at the concentration of 125 μM at 24 

h.

ATP levels were measured to determine whether the cytotoxicity caused by the two drugs 

was associated with impaired cellular energy metabolism. Both drugs caused significant 

ATP depletion at 31.25 and 62.5 μM, concentrations at which no or negligible cell death was 

observed as determined by LDH leakage. At the concentration of 31.25 μM, leflunomide 

caused a 9.0, 14.6, and 20.5% reduction in ATP levels at 2, 6, and 24 h, respectively, while 

A77 1726 induced significant ATP depletion of 7.6% and 18.9% at 6 and 24 h, respectively. 

Prior to the increase of LDH release at 2 h, ATP levels were decreased by 40.3% and 24.3% 

in cells treated with 125 μM leflunomide and 250 μM A77 1726, respectively. These results 

show that ATP depletion is more sensitive to leflunomide and A77 1726 than the loss of cell 
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membrane integrity, which implies that the impaired mitochondrial function induced by 

these drugs may contribute to the increase of LDH release observed at higher concentrations. 

Overall, A77 1726 exerted lower cytotoxicity in HepG2 cells compared to leflunomide.

3.2. Cytotoxicity in glucose- and galactose-grown HepG2Cells

HepG2 cells grown in galactose-containing media rely mainly on mitochondrial OXPHOS 

for ATP generation. It has been reported that galactose-grown HepG2 cells are more 

sensitive to mitochondrial toxicants than glucose-grown HepG2 cells (Marroquin et al., 

2007). To examine the potential mitochondrial toxicity of leflunomide and A77 1726, we 

treated glucose- and galactose-grown HepG2 cells with various concentrations of the two 

drugs for 24 h. Leflunomide exhibited markedly different toxicity at concentrations of 62.5, 

125, and 250 μM under two culture conditions. Leflunomide was much more toxic when the 

galactose medium was used (Fig. 2A). The EC50 values were 109.5 ± 4.1 μM and 55.4 ± 2.3 

μM for glucose- and galactose-grown HepG2 cells, respectively. By comparison, A77 1726 

showed increased toxicity in galactose-grown HepG2 cells only at a much higher 

concentration of 500 μM (Fig. 2B). The EC50 values were 154.2 ± 6.6 μM and 144.9 ± 8.3 

μM under glucose and galactose growth conditions, respectively.

3.3. Cytoprotective effects of MPTP blockage

The mitochondrial permeability transition pore (MPTP) is a non-selective channel that 

mediates the mitochondrial inner membrane permeability. Inappropriate MPTP opening 

causes mitochondrial membrane depolarization and uncoupling of oxidative 

phosphorylation, leading to ATP depletion and cell death (Halestrap, 2009; Paradies et al., 

2013). To explore the underlying mechanisms of leflunomide- and A77 1726-induced 

mitochondrial toxicity, bongkrekic acid and cyclosporine A, two MPTP blockers which 

target adenine nucleotide translocase (ANT) and cyclophilin D (CyPD), respectively, were 

assessed for their protective effects against the toxicity caused by the two drugs. A marked 

decrease of mitochondrial membrane potential (MMP) was observed in HepG2 cells treated 

with 125, 250, and 500 μM of leflunomide, as indicated by a 10.6, 20.9, and 42.6% 

reduction in the ratio of JC-1 red/green fluorescence intensity, respectively (Fig. 3A1). A77 

1726 also caused a loss of MMP, but to a lesser extent than leflunomide, with the ratio of 

JC-1 red/green fluorescence intensity decreased by 7.9, 13.5, and 29.2% at concentrations of 

125, 250, and 500 μM, respectively (Fig. 3B1). The decline of MMP induced by leflunomide 

or A77 1726 was greatly attenuated by addition of 10 μM bongkrekic acid (Fig. 3A1, B1). 

Bongkrekic acid also exerted significant protective effects on ATP depletion and LDH 

leakage caused by the two drugs (Fig. 3A2-3, 3B2-3), indicating a relationship between 

mitochondrial membrane depolarization and cell injury. By comparison, only moderate 

protective effects were observed with 1 μM cyclosporine A (Fig. 3A1-3, 3B1-3), suggesting 

that ANT rather than CypD may be the primary subunit of MPTP involved in the regulation 

of MMP loss induced by leflunomide and A77 1726.

3.4. Inhibitory effects on OXPHOS complexes

Direct inhibition of the activity of each of the five OXPHOS complexes by leflunomide and 

A77 1726 was measured using commercially available immunocapture-based OXPHOS 

activity assays. The immunocapture-based OXPHOS activity assays have been demonstrated 
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to provide high specificity and low intra- and inter-assay variations for the detection of 

mitochondrial inhibitors (Nadanaciva et al., 2007a). These assays have been evaluated using 

known hepatic mitotoxicants (Nadanaciva et al., 2007a, 2007b). Compared with 

conventional methods that use isolated intact mitochondria, such assays can produce 

accurate activity measurements for OXPHOS complexes, especially for Complexes I and V, 

by eliminating competing enzymes. In this study, the assays were performed in a 

concentration-response format using serial two-fold dilutions of the two drugs to determine 

the 50% inhibitory concentration (IC50). The two drugs exhibited different inhibitory 

potencies on OXPHOS complex activities. Leflunomide potently inhibited Complex V, 

which catalyzes ATP synthesis, with an IC50 of 35.0 μM (Fig. 4A5). In contrast, leflunomide 

showed mild inhibition of Complex I with an IC50 of 199.6 μM (Fig. 4A1), and poor 

inhibition of Complex II, Complex II + III, and Complex IV, with IC50 values > 300 μM 

(Fig. 4A2-4). A77 1726 also showed preferential inhibition of Complex V, but with lesser 

potency (IC50 = 63.7 μM), as compared to leflunomide (Fig. 4B5). A77 1726 caused slight 

inhibition of Complex I with an IC50 of 228.8 μM (Fig. 4B1). Although A77 1726 displayed 

higher inhibitory potency on Complex II and Complex II + III than leflunomide, the 

inhibitory effects were negligible due to high IC50 values (Fig. 4B2-3).

3.5. Transcriptome alterations of mitochondrial function

To assess the effects of leflunomide and A77 1726 on the expression of genes that were 

related to mitochondrial function, the transcriptomes of HepG2 cells upon a 6-h exposure to 

DMSO or various concentrations of leflunomide or A77 1726 were quantified by RNA-seq. 

Pairwise comparisons were conducted among all treatment groups to determine the 

differential expression of genes in response to leflunomide and A77 1726 exposure. In 

comparison with leflunomide, A77 1726 exhibited weaker effects on the transcriptome of 

HepG2 cells. As shown in Fig. 5, at a concentration of 125 μM, leflunomide and A77 1726 

induced the differential expression of 2186 and 404 genes, respectively. Seventy-one genes 

were differentially expressed across all three treatment groups. Among all differentially 

expressed genes, those associated with mitochondrial function were identified by functional 

annotations and shown in Table 1, including genes that encode the subunits or assembly 

factors of the mitochondrial electron transport chain complexes, genes that regulate 

mitochondrial membrane potential, and genes involved in the mitochondrial energy 

metabolism.

3.6. Mitochondrial dysfunction associates with ER stress

In our previous study, we demonstrated that endoplasmic reticulum (ER) stress contributes 

to leflunomide-associated cytotoxicity in hepatic cells (Ren et al., 2017). Mitochondria are 

both physically and functionally connected with endoplasmic reticulum, the cellular 

organelle that manufactures, processes, and exports proteins to other intracellular locations. 

It was of interest to investigate whether leflunomide-dependent mitochondrial toxicity and 

ER stress are connected. As demonstrated in Fig. 3, the MPTP inhibitor bongkrekic acid 

significantly reduced the cytotoxicity of leflunomide, whereas little effect was observed for 

cyclosporine A. Interestingly, we found that the two inhibitors also showed distinct effects 

on the ER stress proteins (Fig. 6A&B). The presence of bongkrekic acid reduced the 
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induction of two ER stress markers, ATF4 and CHOP, but the addition of cyclosporine A 

failed to show similar effects.

Moreover, galactose-grown HepG2 cells treated with leflunomide showed higher sensitivity 

to mitochondrial damage (Fig. 2A&B) and also displayed more profound increases in ATF4 

and CHOP compared to leflunomide-treated glucose-grown cells (Fig. 6C). A slight increase 

in CHOP was also observed in galactose-grown DMSO-treated cells; however, the increase 

is not statistically significant (Fig. 6). These results indicate that the level of mitochondrial 

damage correlates positively with the extent of ER stress.

4. Discussion

Drug-induced mitochondrial dysfunction has received growing attention in recent years as a 

cause of late-stage clinical failures and the withdrawal of marketed drugs. Drugs may disturb 

mitochondrial functions via a number of different mechanisms, including direct inhibition of 

OXPHOS complexes, uncoupling of electron transport from ATP production, irreversible 

opening of MPTP, impairment of mtDNA replication and mtDNA-encoded polypeptide 

synthesis, inhibition of fatty acid β-oxidation, or diminished efficiency of the tricarboxylic 

acid cycle (Labbe et al., 2008; Vuda and Kamath, 2016). Despite long-term recognition of 

leflunomide-induced liver injury, the mechanisms responsible for its toxicity are not fully 

understood. In the current study, we assessed the hepatotoxicity induced by leflunomide and 

its active metabolite in HepG2 cells and explored the underlying mechanisms, with 

mitochondrial dysfunction being the primary focus.

In the clinic, a dose regimen of 20 mg (or 10 mg if 20 mg is not tolerated) leflunomide once 

daily with or without a 100 mg loading dose for three days is recommended for the 

treatment of rheumatoid arthritis (Sanofi-Aventis U.S. LLC, 2016). At the standard daily 

dosage of 20 mg leflunomide, the average steady-state plasma concentration of A77 1726 is 

approximately 125 μM (Bohanec Grabar et al., 2009; Rozman, 2002). Pharmacokinetic 

studies have shown that plasma/serum concentrations of A77 1726 are dose proportional 

following either single (20–100 mg) or repeated doses (5–25 mg daily) of leflunomide (Li et 

al., 2002; Mladenovic et al., 1995; Rozman, 2002). Moreover, large inter-individual 

variability has been observed in the steady-state plasma concentrations of A77 1726 among 

patients taking therapeutic doses of leflunomide, with an 80-fold concentration range 

observed between the highest and lowest values (Bohanec Grabar et al., 2009; Chan et al., 

2005; Keen et al., 2013; van Roon et al., 2005). Therefore, intermediate and clinically 

relevant concentrations of leflunomide and A77 1726, 125 μM each, were used in this study 

to investigate the mechanisms involved in drug-induced liver toxicity. In our study, the EC50 

values of leflunomide and A77 1726 in HepG2 cells measured with the ATP assay were 

109.5 and 154.2 μM, respectively (Fig. 2), indicating that the concentrations that caused 

cytotoxicity are close to the plasma concentration achievable in patients and are clinically 

relevant.

To examine the cytotoxicity of leflunomide and A77 1726 in HepG2 cells, we first measured 

the cellular ATP content following treatment with the two drugs. Cellular ATP levels began 

to decrease significantly after a 2-h exposure of HepG2 cells to leflunomide and A77 1726 
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at concentrations of 31.25 and 62.5 μM, respectively, in a time- and concentration-dependent 

manner. By comparison, LDH leakage, an indicator of cell membrane damage, began at 

higher concentrations at all time points (Fig. 1). Mitochondria house the enzymatic system 

that produces the majority of cellular energy in the form of ATP, and necrotic cell death 

ensues when cellular ATP levels fall profoundly within a short time or when reduced ATP 

levels persist for a longer time (Kushnareva and Newmeyer, 2010). The early occurrence of 

ATP depletion prior to cell membrane collapse implicated impairment of mitochondrial 

function in HepG2 cells treated with the two drugs, and therefore further assays were 

conducted to explore the cytotoxic mechanism related to the mitochondrial dysfunction.

Increased metabolism of glucose into lactic acid in the presence of oxygen, also known as 

aerobic glycolysis, is a prominent feature of some highly proliferative cells (Gatenby and 

Gillies, 2004). These cells do not rely on mitochondrial respiration for energy production 

due to their high glycolytic activity. However, respiration rates can be increased to maintain 

ATP levels when these cells are cultured in galactose-containing media (Marroquin et al., 

2007). Replacement of glucose with galactose as the sole sugar source causes these cells to 

redirect their energy metabolism to OXPHOS to maintain ATP levels and therefore become 

sensitive to mitochondrial toxicants (Rodriguez-Enriquez et al., 2001). An assessment 

strategy for drug-induced mitochondrial dysfunction has been established based on the 

distinct effects of mitochondrial toxicants on the viability of HepG2 cells in response to the 

sugar source (Marroquin et al., 2007). Recently, a similar approach was implemented in a 

study with primary rat hepatocytes to identify drugs associated with mitochondrial 

dysfunction (Liu et al., 2016). By using this strategy, we examined the mitochondrial 

toxicity of leflunomide and A77 1726 in glucose- versus galactose-grown HepG2 cells (Fig. 

2). The reduction of ATP content induced by leflunomide was significantly greater in 

galactose-grown HepG2 cells as compared with glucose-grown HepG2 cells, as indicated by 

a roughly two-fold difference in EC50 values. In contrast, a difference between glucose- and 

galactose-grown cells treated with A77 1726 was only apparent at a high concentration of 

500 μM, and no substantial difference in EC50 values was observed. Moreover, the EC50 

value of leflunomide was approximately 2.6-fold higher than that of A77 1726 in galactose-

grown HepG2 cells. These results indicate that leflunomide and A77 1726 may have 

mitochondrial liabilities, with the former exhibiting higher potency.

Mitochondrial membrane permeability is regulated by MPTP, a non-selective channel that 

opens in response to calcium overload and various effectors, such as adenine nucleotide 

depletion, inorganic phosphate elevation, oxidative stress, and mitochondrial depolarization 

(Halestrap et al., 2002). MPTP opening leads to collapse of MMP and ATP production, and 

eventually, cell death (Crompton, 1999; Halestrap, 2009). In this study, we observed dose-

dependent decreases of MMP in HepG2 cells treated with leflunomide and A77 1726 (Fig. 

3). To a large extent, these drug-induced declines in MMP were reversed by bongkrekic acid, 

an ANT inhibitor. ATP depletion and LDH leakage induced by the two drugs were also 

dramatically attenuated by bongkrekic acid. In contrast, the protective effects of the CypD 

inhibitor cyclosporine A were less pronounced. In general, ANT is considered as a structural 

component of MPTP, but evidence also suggests that ANT can act a regulator of MPTP 

activity in association with CypD, mitochondrial phosphate carrier (PiC), F1FO ATP 

synthase or other pore-forming components (Baines, 2009; Gutierrez-Aguilar and Baines, 
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2015; Karch and Molkentin, 2014). The binding of bongkrekic acid locks ANT in a 

conformation to facilitate MPTP blockage (Fiore et al., 1998). It has also been proposed that 

cyclosporine A may modulate the pore-forming activity of F1FO ATP synthase through ANT 

or PiC that binds with CypD, which may explain the mild MPTP blockage effects of 

cyclosporine A observed in this study (Gutierrez-Aguilar and Baines, 2015; Karch and 

Molkentin, 2014). On the other hand, in HepG2 cells, it is possible that CypD is more 

sensitive than ANT in response to mitotoxicants. Nonetheless, our results indicate that 

mitochondrial membrane depolarization induced by leflunomide and A77 1726 may be 

primarily mediated via the modulation of ANT.

Inhibition of mitochondrial electron transport complexes underlies the mechanism of liver 

toxicity induced by a variety of mitochondrial toxicants (Dykens et al., 2008a, 2008b; 

Nadanaciva et al., 2007a, 2007b; Will et al., 2008). To investigate further the direct effects of 

leflunomide and A77 1726 on mitochondrial function, we performed immunocapture-based 

OXPHOS activity assays to measure the perturbation of the activities of individual electron 

transport chain components by the two drugs. Such immunocapture-based assays have 

proven superiority over conventional methods in accurate activity measurements for 

OXPHOS complexes, especially for Complex I and Complex V, by removing the 

confounding influence of competing enzymes present in intact mitochondria (Nadanaciva et 

al., 2007a). Leflunomide and A77 1726 both displayed preferential inhibition of Complex V, 

with IC50 values of 35.0 and 63.7 μM, respectively (Fig. 4). This is in accordance with the 

concentrations at which the two drugs induced early ATP depletion in HepG2 cells (Fig. 1). 

Complex V, known as F1FO ATP synthase, is a large protein complex located in the inner 

mitochondrial membrane, where it catalyzes the conversion of ADP to ATP using the energy 

generated by the translocation of protons from the intermembrane space into the matrix 

(Jonckheere et al., 2012). Notably, the two drugs also targeted ANT, which mediates the 

exchange of mitochondrial ATP with cytosolic ADP for ATP synthesis (Halestrap and 

Brenner, 2003). Recent models of MPTP formation proposed that the pore forms from the 

F1FO ATP synthase and that ANT may modulate MPTP through its interaction with the 

pore-forming c subunit of the ATP synthase FO complex (Bernardi and Di Lisa, 2015; 

Bernardi et al., 2015; Bonora et al., 2013; Halestrap, 2014; Karch and Molkentin, 2014). Our 

results suggested that the inhibitory effects of leflunomide and A77 1726 on both 

mitochondrial Complex V and ANT may account for the rapid ATP depletion following 

exposure of HepG2 cells to the two drugs. The association between the two mechanisms 

needs further investigation.

Our RNA-seq analysis revealed that leflunomide induced alterations in the expression of a 

number of genes related with mitochondrial function, whereas A77 1726 exerted more 

modest effects on the transcriptome. An interesting observation of this study is that 

leflunomide might mainly affect the components of the inner mitochondrial membrane. A 

number of proteins that exhibited significant changes at gene expression level localize in the 

inner membrane (Table 1). ATP5G1, a gene encoding the mitochondrial FO ATP synthase 

subunit C1, a component of the inner membrane (Jonckheere et al., 2012), was significantly 

down-regulated by leflunomide but not A77 1726. The c-subunit ring of the ATP synthase 

FO complex, as discussed above, has been implicated as a core component of MPTP. The 
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reduction of ATP5G1 expression induced by leflunomide may be involved in the 

exacerbated mitochondrial membrane depolarization.

Inner membrane translocases and solute carriers also typically localize to the inner 

mitochondrial membrane (Schmidt et al., 2010). Our gene expression analysis also showed 

that several members of SLC25A family, which comprises of mitochondrial solute carriers 

in the inner membrane, were also altered in expression following leflunomide exposure 

(Table 1). Particularly, SLC25A25, a gene encoding a calcium-binding ATP-Mg/Pi carrier, 

was dramatically up-regulated by leflunomide, and to a lesser extent, by A77 1726. This 

carrier transports ATP-Mg in exchange for phosphate and catalyzes mitochondrial uptake/

effiux of adenine nucleotides (del Arco and Satrustegui, 2004; Fiermonte et al., 2004). The 

up-regulation of SLC25A25 may occur in response to the changes in mitochondrial adenine 

nucleotide content caused by the two drugs. Moreover, several genes encoding translocases 

of mitochondrial inner membrane, including TIMM8A, TIMM10B, TIMM21, and 

TIMM44, were down-regulated by leflunomide but not A77 1726. These translocases 

mediate the import and insertion of proteins across or into the mitochondrial inner 

membrane, which require MMP and ATP production as driving forces (Hutu et al., 2008; 

van der Laan et al., 2006). The reduced expression of the translocases, together with the loss 

of MMP and depletion of ATP, may contribute to defects in the mitochondrial protein import 

system, which may also be implicated in the hepatotoxicity induced by leflunomide.

In our study, measurement of the activity of caspase 3/7, an executor of apoptosis, upon 

leflunomide treatment at 2 h or 6 h time point did not show activation of caspase 3/7 (data 

not shown), suggesting that the observed cytotoxicity was not caspase-dependent. It could be 

possible that the depletion of ATP disturbed the function of transmembrane ion-dependent 

ATPases, which could result in osmotic failure, and thus, cell death. This hypothesis is 

consistent with the results of LDH release, which indicated the integrity of cell membranes 

was significantly disrupted at the presence of leflunomide. Nevertheless, other mechanisms 

could also contribute to this process, including ER stress, a mechanism we discussed in 

length in our previous paper (Ren et al., 2017).

Mitochondrial dysfunction has been recognized to be a critical contributor to drug-induced 

liver toxicity, and ER stress has gained more attention recently in the field of liver toxicity 

(Chen et al., 2014, 2015; Ren et al., 2016; Uzi et al., 2013). Mitochondria and ER share 

direct contacts via the mitochondrial-associated membranes (MAM) and these physical 

associations enable a tight functional connection between the two organelles (Kornmann et 

al., 2009; Vance, 1990). Therefore, it is not surprising that ER stress and mitochondrial 

dysfunction contribute coordinately to the cytotoxicity. In our studies, we showed that both 

mitochondrial impairment and ER stress (Ren et al., 2017) are involved in leflunomide’s 

toxicity and that mitochondrial impairment seems closely related to ER stress. ATP 

depletion, a result of impaired cellular bioenergetic, primarily leads to imbalanced 

mitochondrial dynamics and membrane depolarization (Pathak et al., 2013; Valero, 2014) 

and impacts other cellular functions such as the functions of the ER, including protein 

folding and calcium level regulation since they are ATP dependent. One of the plausible 

explanations is that the effect of bioenergetic failure and mitochondrial damage caused by 

leflunomide exposure could disrupt normal ER function and result in ER stress. Therefore, 
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when ATP depletion was attenuated by the MPTP inhibitor bongkrekic acid, ER stress was 

also reduced (Fig. 6A), while on the other hand, cells in galactose containing medium 

suffered more prominent ATP loss and more severe ER stress (Fig. 6C). It is needed to 

emphasize that major endpoint we used for our studies is ATP content. ATP decrease is 

considered as an indicator of mitochondrial dysfunction; however, ATP content is commonly 

used for general cytotoxicity evaluation. In a future study, we will use more specific assays 

and endpoints to study the interplay between mitochondrial impairment and ER stress.

Lastly, it is worth mentioning that a study by Latchoumycandane et al. reported a protective 

role of leflunomide and A77 1726 in human hepatic HC-04 cells. Treatment with 

leflunomide or A77 1726 protected cells from acetaminophen-induced cytotoxicity by 

inhibiting mitochondrial permeability transition (Latchoumycandane et al., 2006). In 

addition to the difference in treatment effects between our current study and the study by 

Latchoumycandane et al., another discrepancy is that our previous study showed that JNK 

was activated in response to leflunomide exposure (Ren et al., 2017), while leflunomide 

inhibited JNK activation induced by acetaminophen (Latchoumycandane et al., 2006). 

Although both of our studies and their study employed hepatic cells, the drug concentrations 

used were quite different. The maximal concentration of leflunomide was 30 μM to exert the 

protective effect in the study by Latchoumycandane et al. Their study has been performed 

under the condition that leflunomide itself was not toxic to the cells; while our investigations 

have been focused on the toxic effects of leflunomide and subtoxic and toxic concentrations 

were used. Different stress conditions could attribute to the biphasic effect of leflunomide; 

the mechanisms for these distinct effects warrant further investigation. Nonetheless, 

considering there is a concentration shift from the protective effect to the cytotoxic effect, 

precautions should be taken when using leflunomide for different purposes.

In summary, in the current study, we reported that leflunomide and its active metabolite A77 

1726 caused impairment of mitochondrial function, with leflunomide showing higher 

potency. Our results indicate that inhibition of mitochondrial OXPHOS complexes and 

collapse of mitochondrial membrane potential via ANT modulation, which caused rapid 

ATP depletion, leading to cell injury, may be two possible mechanisms underlying the 

hepatotoxicity of leflunomide and A77 7126.
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Fig. 1. 
Cytotoxicity of leflunomide (A) and A77 1726 (B) in human hepatoma HepG2 cells. HepG2 

cells were treated with DMSO as vehicle control and leflunomide or A77 1726 for 2, 6, and 

24 h. Cytotoxicity was assessed by cellular ATP depletion (bars) and LDH release (lines). 

Data were analyzed for statistical significance using one-way ANOVA followed by 

Dunnett’s test. Data are expressed as mean ± SD (n = 3). Statistical significance compared 

with control: **, p < 0.01 and ***, p < 0.001 (ATP); #, p < 0.05, ##, p < 0.01, and ###, p < 

0.001 (LDH).
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Fig. 2. 
Effects of leflunomide (A) and A77 1726 (B) on mitochondrial function assessed by 

glucose/galactose assay. Dose responses at 24 h for glucose-grown (25 mM) (open symbol) 

and galactose-grown (10 mM) (filled symbol) HepG2 cells treated with leflunomide (A) and 

A77 1726 (B). Data were analyzed for statistical significance using two-tailed unpaired 

Student’s t-test. Data are expressed as mean ± SD (n = 3). Statistical significance compared 

between two culture conditions: ***p < 0.001.

Xuan et al. Page 19

Toxicology. Author manuscript; available in PMC 2018 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Effects of mitochondrial permeability transition (MPT) inhibitors on ATP depletion, LDH 

release and mitochondrial membrane potential (MMP) induced by leflunomide (A) and 

A771726 (B). HepG2 cells were pre-treated with 1 μM cyclosporine A (CsA) or 10 μM 

bongkrekic acid (BA) followed by a 24-h exposure to leflunomide or A77 1726. MMP was 

assessed by the JC-1 fluorescent probe. Data were analyzed for statistical significance using 

one-way ANOVA followed by Dunnett’s test. Data are expressed as mean ± SD (n = 3). 

Statistical significance compared with control: **, p < 0.01 and ***, p < 0.001 (MMP). 
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Statistical significance compared between treatment in the presence and absence of MPT 

inhibitors: #, p < 0.05, ##, p < 0.01, and ###, p < 0.001 (CsA); &, p < 0.05, &&, p < 0.01, and 
&&&, p < 0.001 (BA).
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Fig. 4. 
Effects of leflunomide (A) and A77 1726 (B) on the activities of mitochondrial electron 

transport complexes in isolated bovine heart mitochondria. Data are expressed as mean ± SD 

(n = 3). The 50% inhibitory concentration (IC50) of leflunomide on Complex I, II, II + III, 

IV, and V activity were obtained from dose-response curves.
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Fig. 5. 
Venn Diagram illustrating the number of differentially expressed genes (DEGs) among 

HepG2 cells treated with leflunomide (125 μM), A77 1726 (125 μM) and DMSO (vehicle 

control) for 6 h. Values in parentheses correspond to the total number of DEGs between 

pairwise comparisons of the three treatment groups. Values in the intersecting regions 

represent the number of overlapped DEGs between the comparisons, and values in the non-

intersecting regions represent the number of DEGs that were unique to the corresponding 

comparison.
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Fig. 6. 
Mitochondrial dysfunction modulates the level of ER stress. (A) HepG2 cells were pre-

treated with MPTP inhibitor bongkrekic acid (BA) (10 μM) for 2 h before exposure to 200 

μM of leflunomide for 6 h. Western blot showed that the presence of BA attenuated the 

leflunomide-induced activation of ATF4 and CHOP. (B) HepG2 cells were pre-treated with 

MPTP inhibitor cyclosporine A (CsA) (1 μM) for 2 h before exposure to 200 μM of 

leflunomide for 6 h. Representative Western blot showed that CsA failed to alleviate the ER 

stress induced by leflunomide. (C) Glucose-grown and galactose-grown HepG2 cells were 

exposed to 50 to 300 μM of leflunomide for 6 h. Western blot showed that galactose-grown 
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HepG2 cells exhibited more prominent increase in both ATF4 and CHOP protein levels. 

Similar Western results were obtained from three independent experiments. Intensities of 

bands were normalized to the amount of GAPDH. *p < 0.05 versus treatment of 

corresponding control.
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