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Abstract
The importance of mitochondrial toxicity in drug-induced liver injury is well established. The bioenergetic phenotype of the HepaRG cell line was defined in order to assess their suitability as a model of mitochondrial hepatotoxicity. Bioenergetic phenotyping categorised the HepaRG cells as less metabolically active when measured beside the more energetic HepG2 cells. However, inhibition of mitochondrial ATP synthase induced an increase in glycolytic activity of both HepaRG and HepG2 cells suggesting an active Crabtree Effect in both cell lines. The suitability of HepaRG cells for the acute metabolic modification assay as a screen for mitotoxicity was confirmed using a panel of compounds, including both positive and negative mitotoxic compounds.  Seahorse respirometry studies demonstrated that a statistically significant decrease in spare respiratory capacity is the first indication of mitochondrial dysfunction. Furthermore, based upon comparing changes in respiratory parameters to those of the positive controls, rotenone and carbonyl cyanide m-chlorophenyl hydrazone, compounds were categorised into two mechanistic groups; inhibitors or uncouplers of the electron transport chain.  Overall, the findings from this study have demonstrated that HepaRG cells, despite having different resting bioenergetic phenotype to HepG2 cells are a suitable model to detect drug-induced mitochondrial toxicity with similar detection rates to HepG2 cells 
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Abbreviations in alphabetical order
ALR: ATP-linked respiration 
BCA: bicinchoninic Acid 
BR: basal respiration  
CCCP: cyanide m-chlorophenyl hydrazine 
CPT: carnitine palmitoyl transferase 
CYP450: cytochrome P450  
DILI:  Drug-induced liver injury 
DMEM: Dulbecco Modified Eagle Medium‎ 
ECAR: extra-cellular acidification rate 
ETC: electron transport chain 
FBS: Foetal bovine serum 
FCCP: carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
FHH: Fresh human hepatocyte
GPER: glycolytic proton efflux rate 
LDH: lactate dehydrogenase 
MIP-DILI: Mechanism Based Integrated systems for Prediction of Drug Induced Liver Injury
MRC: maximum respiratory capacity  
NMR: non-mitochondrial respiration 
OCR: Oxygen consumption rate  
OXPHOS: oxidative phosphorylation  
PBS: phosphate buffered saline 
PL: proton-leak 
SD: standard deviation 
SRC: spare respiratory capacity  
XF Mito-Stress test: Seahorse mitochondrial stress test

Introduction
Drug-induced liver injury (DILI) is a major clinical concern and one of the main reasons for liver related hospitalisation in developed countries [1-3]. In many cases hepatotoxic potential is not detected during routine preclinical drug safety screens. This can arise due to the idiosyncratic nature of the hepatotoxicity [2] or, in cases such as fialuridine, due to the delayed onset of clinical DILI in combination with species selectivity [4, 5].  The cost of DILI is not only economic to the pharmaceutical industry due to drug attrition but it can also cause fatality in cases of pre- and post-approval severe liver injury [6]. Therefore, the development of new strategies to predict, during preclinical testing, the capability of a new compound to induce liver damage remains a major concern to both regulatory agencies and pharmaceutical industry.  
Mitochondria are considered to be one of the main targets through which drugs can induce hepatocellular injury [7].  Around 50% of compounds that have received black box warnings for hepatotoxicity have been shown to have mitochondrial liabilities [8]. However, the preclinical assessment of mitochondrial toxicity has been limited by the lack of in vivo models suitable for the detection of mitochondrial toxicity, in part due to the nature of experimental rodents and their large respiratory capacity in addition to high levels of compensatory mechanisms [9]. 
Although fresh human hepatocytes (FHH) are considered the most physiologically relevant model system for investigating drug-induced hepatotoxicity, their utility is reduced by a number of factors including their infrequent and unpredictable availability, expense and innate inter-individual variation [10].  In addition, FHH have limited lifespan, tending to quickly alter their characteristic phenotype post-isolation [10].  Therefore, the development of more easily available and phenotypically consistent liver cell models would be highly advantageous for drug discovery, drug development and drug safety science [11, 12].  
The in vitro identification of mitochondrial toxicants is hindered due to the tumorigenic origin of many hepatic cell lines owing to the Crabtree effect [13]; a situation where the energy requirements of a cell can be met by glycolysis alongside oxidative phosphorylation (OXPHOS). These cell lines are able to switch to glycolysis when OXPHOS is no longer available, for example due to hypo-oxygenation or mitochondrial damage, in order to produce sufficient ATP to continue survival [14]. Although glycolysis is less efficient in terms of ATP production than OXPHOS, it is sufficient for the cells to survive for a limited period. Thus when cells are cultured in a glucose rich environment mitochondrial damage is initially masked until ATP produced by glycolysis is no longer sufficient to support cell survival leading to a drop in ATP which coincides with other indications of cell death [15]. Over the last decade the Crabtree effect has been exploited to enable the detection of mitotoxicants in vitro. Specifically, cells are deprived of glucose, the main substrate of glycolysis, and are instead cultured in an alternative fuel source, galactose, that produces a net ATP production close to zero after glycolysis [16]. In this altered environment, drug-induced mitochondrial dysfunction cannot be masked by glycolytic ATP production, in fact, an early decrease in cellular ATP should be apparent before any signs of cell death appears [17, 18]. 
In our previous work we introduced the acute metabolic modification assay in HepG2 cells, which is a modified short glu/gal assay and used it to examine a panel of training compounds, selected by the MIP-DILI (Mechanism Based Integrated systems for Prediction of Drug Induced Liver Injury) consortium, consisting of compounds with positive or negative hepatotoxicity or mitochondrial toxicity (Table 1).  This assay proved highly specific, i.e. all compounds identified as positive mitochondrial toxins were indeed reported in the literature as such [18].  However, due to a lack, or very low amount, of metabolizing enzymes in HepG2 cells, a limitation of this screen was that it might give false negative results when investigating drug metabolite-driven mitochondrial toxicity. Furthermore, due to the proliferative nature of HepG2 cells, long term incubation (> 7 days) of compounds can be difficult to model [18].  
The HepaRG cell line is a hepato-carcinoma originated cell line [19], which once differentiated consists of two different cell populations; hepatocyte-like and epithelial cells. This mixed cell population are reported to have improved hepatocyte-like characteristics including more abundant cytochrome P450 (CYP450) enzymes, bile canaliculi structures and higher expression of bile acid transporters compared to HepG2 cells [20-24].  The presence of these physiological characteristics, alongside the fact that, once confluent, these cells stop proliferation which offers the opportunity to test toxicity over longer time-courses, makes them an attractive alternative in vitro model for the study of hepatotoxicity over other cell lines, including HepG2 cells [19, 25]. Several hepatotoxicity studies have been reported using HepaRG cells, however, their fitness as a screening model specifically for mitochondrial toxicity remains unclear. Therefore, this study was planned to define the utility of HepaRG cells as a screening tool for mitochondrial hepatotoxicity. Specifically, the bioenergetic phenotype of HepaRG cells in comparison to HepG2 cells was established, including whether they are subject to the Crabtree effect using the XF bioenergetic phenogram tool of Seahorse technology.  Following this, the utility of HepaRG cells in screening for mitochondrial toxicants using the acute metabolic modification assay as well as respirometric analysis with the Seahorse respirometer was assessed. These assays were performed using a panel of MIP-DILI training compounds [7], previously used in the HepG2 model [18] (Table 1).




Table 1:  A summary of literature review for the mitochondrial liabilities of the compounds used in this manuscript.
	
	Compound
	Primary Use
	Clinical Availability
	Hepatotoxic?
	Mitochondrial Liability?

	Controls
	Rotenone
	Insecticide
	N/Aa
	N/Aa
	Yes

	
	CCCP
	Weak acid
	N/Aa
	N/Aa
	Yes

	
	Antimycin-A
	Fish poison
	N/Aa
	N/Aa
	Yes

	
	Digitonin
	Detergent
	N/Aa
	N/Aa
	No

	MIP-DILI Training compounds
	Paracetamol
	Pain killer
	Available
	Yes
mediated via reactive metabolites
	Yes [26, 27]

	
	Amiodarone
	Anti-arrhythmic
	Black-box warning
	Yes
	Yes [28, 29]

	
	Nefazodone
	Anxiolytic
	Discontinued
	Yes
	Yes [30]

	
	Buspirone
	
	Available
	Yes
	

	
	Tolcapone
	Anti COMT
	Black-box warning
	Yes
	Yes [31, 32]

	
	Entacapone
	
	Available
	No
	

	
	Bosentan
	Endothelin receptor antagonist
	Available
	Yes
	Indirectly via bile acids [33]

	
	Diclofenac
	Nonsteroidal anti-inflammatory drug
	Available
	Yes
	Yes [34]

	
	Metformin
	Antidiabetic
	Available
	No
	Yes [35]

	
	Perhexiline
	Antianginal
	Available
	Yes
	Yes [29]

	
	Ximelagatran
via active form melagatran
	Anticoagulant
	Withdrawn
	Yes
	No [36]

	
	Troglitazone
	Antidiabetic
	Withdrawn
	Yes
	Yes [37, 38]

	
	Pioglitazone
	
	Available
	No
	


a: N/A because the chemical is not a pharmaceutical compound currently used as a drug.   

Materials and methods
Materials
Foetal bovine serum (FBS), Dulbecco Modified Eagle Medium‎ (DMEM) high glucose, phosphate buffered saline (PBS) and collagen I rat protein were purchased from Life Technologies (Paisley, UK). All Seahorse consumables were purchased from Seahorse Bioscience or Agilent Technologies (Boston, USA and Santa Clara, USA respectively). HepaRG cells, basal media, growth and differentiation additives were acquired from Biopredic International (Saint Grégoire, France). Williams’ E Medium powder (with L-Glutamine, without glucose) was manufactured by United States Biological. HepG2 cells were acquired from the European Collection of Cell Cultures (Salisbury, UK). Cytotoxicity Detection Kit was purchased from Roche Diagnostics Ltd (West Sussex, UK). All other materials and compounds were purchased from Sigma Aldrich (Poole, Dorset, UK).

Cell culture
HepG2 cells were cultured and maintained in DMEM high glucose media containing L-glutamine (4 mM ) and glucose (25 mM), supplemented with 10% FBS (v/v), sodium pyruvate (1 mM) and HEPES (1 mM). All cells were incubated under humidified air containing 5 % CO2 at 37 °C. Cells were used up to passage 20. 
After thawing out, HepaRG cells were allowed to grow in HepaRG growth media (base media plus growth additives) for two weeks, changing the growth media twice a week.  Cells were then seeded on to appropriate assay plates at seeding densities recommended by Biopredic International in HepaRG growth media, changing the media twice a week for two weeks.  The cells were then allowed to fully differentiate in complete differentiation media (base media plus differentiation additives) for the subsequent two weeks, changing the media twice a week. The fully differentiated cells were used in the space of four weeks, being maintained in differentiation media.  All experiments were performed using cells at passage number <20.

Seahorse mitochondrial stress test (XF Mito-Stress test)
Undifferentiated HepaRG cells were initially plated in collagen coated (50 µg/ml rat tail collagen type II in 0.02 M acetic acid) XF 96-well cell culture microplates at 3600 cells/well.  Following differentiation, the culture medium was replaced by unbuffered XF basal medium (175 µl, pH 7.4) supplemented with glucose (25 mM), L-glutamine (2 mM) and sodium pyruvate (1 mM) before incubating in a CO2 free incubator (37 °C). For the basic Mito-Stress test on untreated cells, three basal measurements, were followed by oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and rotenone/antimycin-A, injected sequentially (1, 0.25 and 1µM/1µM respectively), with each injection followed by three measurement cycles. Where the compound was acutely injected, the drug injection was performed immediately after two basal measurement cycles, then followed by a standard XF Mito-Stress test as described. Oxygen consumption rate (OCR) (pmol/min) and extra-cellular acidification rate (ECAR) (mpH/min) values were normalised to the number of the cells in each well. 
To determine the glycolytic contributions to total extracellular acidification the ECAR values were converted to glycolytic proton efflux rate (GPER) (pmol/min/10000cells) according to manufacturer guidelines [39]. This value is used throughout the manuscript instead of ECAR.  
From each Mito-Stress test the OCR parameters of non-mitochondrial respiration (NMR= lowest measurement after rotenone/antimycin-A), basal respiration (BR= last measurement before oligomycin – NMR), proton-leak (PL= BR – lowest respiration after oligomycin), ATP-linked respiration (ALR = BR – PL), maximum respiratory capacity (MRC= highest measurement after FCCP – NMR) and spare respiratory capacity (SRC= MRC – BR) (Figure 1) were calculated.  From GPER values basal and oligomycin-induced glycolysis (GPER values before and after oligomycin injection respectively) were calculated.  To avoid repetition, the OCR and GPER values in this manuscript are in pmol/min/10000cells.

Figure 1: A typical seahorse Mito-Stress test trace. Port A, B, C and D refer to injection ports on the XF sensor cartridge.  OCR: Oxygen Consumption Rate, BR: Basal Respiration, SRC: Spare Respiratory Capacity, MRC: Maximum Respiratory Capacity, ALR: ATP-Linked Respiration, PL: Proton Leak, NMR: Non-Mitochondrial Respiration
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Bioenergetic phenogram of HepaRG and HepG2 cells
Bioenergetic phenotype is an entity introduced by Agilent Seahorse [40], used by many researchers  [41], describing the bioenergetic profile of cells i.e. how they utilise mitochondrial respiration and glycolysis as their two major ATP sources.  A phenogram, is the cross-points of OCR and GPER (or ECAR) values to describe energy derivation basally, or after the introduction of a test compound.  

Acute metabolic switch assay with combined ATP-LDH-protein assay
Glucose and galactose assay media were prepared from serum- and glucose-free William’s E medium, made from Williams’ E Medium powder, supplemented with insulin (5 µg/ml), L-glutamine (2 mM), hydrocortisone (50 µM) and sodium bicarbonate (3.7 mg/ ml). To this was added either D-glucose at 11 µM, the concentration of glucose in differentiation media according to Biopredic International or D-galactose at10 mM. 
[bookmark: OLE_LINK1]On the day of assay, the fully differentiated cells were washed twice and then pre-treated with either glucose or galactose media (5 % CO2 incubator, 37oC, 2 h), then incubated (2 h) with drug or vehicle control. The concentrations used for rotenone, antimycin A and carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (positive controls) and digitonin (negative control) ranged from 0.1 to100 µM, whilst the concentrations used for  MIP-DILI training compounds ranged from 1.2 to 300 µM.  In extended assays, a higher concentration range (> 300 µM) and longer incubation time (>2 h) were employed, the top concentration was selected for each drug separately according to literature [18]. In all cases the final concentration of DMSO in a well was at a constant 0.5 % (v/v).
Following drug incubation, media was removed and retained and cells were lysed in somatic cell ATP releasing reagent (100 µl). The lysate was used to determine the ATP and protein level of the each well using the Adenosine 5′-triphosphatebioluminescent somatic cell assay kit and BCA protein assay respectively according to manufacturer’s guidelines. The ATP content of each well was then normalised to the protein content of the same well.  The lactate dehydrogenase (LDH) content of the lysate and media from the same well were measured separately according to the instructions of Cytotoxicity Detection Kit.  The retained LDH within the cells was determined according to the following formula: 
Cellular retained LDH = LDH in lysate/ (LDH in the lysate + LDH in the supernatant)
The ATP and retained LDH levels are reported as percentage of the vehicle.  
The IC50 values, the concentration at which cellular ATP or LDH level reach 50% of the vehicle control were calculated (Table 1). The criteria used to label a compound as direct mitochondrial toxin was applied as defined in previous work in HepG2 cells [18], thus: if the IC50 obtained for ATP level in glucose media (IC50-ATP-Glu) was significantly higher than the one of galactose media (IC50-ATP-Gal), and also if the IC50 obtained for LDH level in galactose media (IC50-LDH-Gal) was significantly higher than IC50-ATP-Gal, the compound was labelled as a mitochondrial toxicant.  In addition, if the IC50-ATP-Glu/IC50-ATP-Gal and IC50-LDH-Gal/IC50-ATP-Gal ratios were two folds or more the compound was considered to be a mitochondrial toxicant.  

Statistical analysis
Each experiment was performed on three or more independent occasions (n ≥3). IC50 values were calculated using GraphPad Prism 7 software, and were expressed as a mean ± standard deviation (SD) up to 2 decimal points, unless the number was <0.01 in which case the number of decimals were increased to 3 decimal points. To test the difference between basal OCR and GPER values obtained from HepG2 or HepaRG cells before and after oligomycin injection, a paired Student-t Test was used.  For all other statistical analysis comparing the values obtained from treated cells to the one from the vehicle control an unpaired Student t-test (two-sample t-test with Welch correction, assuming unequal variances) with 95% confidence interval was used.  P values lower than 0.05 were considered as statistically significant for both tests. 

Results
HepaRG cells perform less ATP-linked respiration, but reserve more spare respiratory capacity, than HepG2 cells.
The respiratory parameters of HepaRG cells were defined alongside the tumourogenic model counterpart, HepG2 cells (Figure 2). For each cell line the OCR values (pmol/min/10000 cells) corresponding to MRC, SRC, PL and ALR were calculated and then PL, ALR and SRC were expressed as a proportion of MRC (%).  The results indicate a significantly higher (p = 0.031) proportion of ALR in HepG2 cells (53.1 ± 11.2%) compared to that of the HepaRG cells (31.0 ± 15.3%), whilst the SRC occupied a significantly greater proportion of the MRC in the HepaRG cells (59.6 ± 20.3%) than that in the HepG2 cells (28.0 ± 13.9%) (p = 0.024). Also the percentage of OCR corresponding to PL was significantly higher in HepG2 cells (19.0 ± 6.9) than in HepaRG cells (9.4 ± 5.4) (p = 0.004).

Figure 2: Comparison between respiratory components obtained from XF Mito-Stress test in untreated HepG2 and HepaRG cells presented as percentages of Maximum respiratory capacity (Maximum OCR) when Maximum OCR is set to 100%.  OCR: Oxygen Consumption Rate, *: P values < 0.05 (Unpaired Student t-Test with Welch correction). 


HepaRG and HepG2 cells express different bioenergetic phenograms at the resting condition, but both become more “glycolytic” in response to inhibition of mitochondrial ATP synthesis. 
The bioenergetic phenogram of HepaRG and HepG2 cells was constructed from respirometry measurements basally, and after exposure to oligomycin (Figure 3). Before ATP-synthase inhibition (Basal), HepaRG cells were observed to have higher basal OCR values than HepG2 cells (3.64 ± 0.57 and 2.11 ± 0.98 pmol/min/10000 cells respectively). However, HepG2 cells produce ATP via glycolysis in their basal form (GPER 0.75 ± 0.15) whilst HepaRG cells do not (GPER 0 pmol/min/10000 cells). The difference between the two cell lines for both OCR and GPER values were statistically significant (p 0.022 and 0.001, respectively). 
Following oligomycin injection, both cell lines shifted to the left to indicate an increase in glycolysis; higher GPER, and down, lower OCR (Figure 3). The changes in OCR and GPER values were statistically significant for both cell lines (p values of 0.016 and 0.007 for HepG2, and 0.002 and 0.014 for HepaRG, for differences in OCR and GPER values respectively). 

Figure 3: Bioenergetic phenogram of HepG2 (black lines and symbols) and HepaRG (grey lines and symbols) cells without any treatment (basal) and when treated with oligomycin.  OCR: oxygen consumption rate, GPER: glycolytic proton efflux rate, *: 0.01<P<0.05, **: 0.001<P≤0.01, (Paired Student t-Test, for difference between treated and untreated, or Unpaired Student-t Test with Welch correction, for difference between two cell lines.)



HepaRG cells can switch to glycolysis readily, and can be used in short glucose deprivation assay to screen for mitochondrial toxicity. 
The ability of HepaRG cells to switch to glycolysis and their utility in a short metabolic switch assay was next evaluated using toxins with known toxicity mechanisms; complex I inhibitor rotenone, complex III inhibitor antimycin A and ETC uncoupler CCCP as positive controls and detergent digitonin as a negative control (Table 2 and Figure 4). In all positive controls the IC50-ATP-Glu/IC50-ATP-Gal and ratio IC50-LDH-Gal/IC50-ATP-Gal ratios were many folds greater than two.  Furthermore, in these compounds, the difference between IC50-ATP-Glu and –Gal and IC50-ATP-Gal and –LDH-Gal were statistically significant and so all were successfully recognised as direct mitochondrial toxins (Table 2).  Conversely, with digitonin IC50-ATP-Glu/IC50-ATP-Gal and IC50-LDH-Gal/IC50-ATP-Gal ratios were close to 1, a profile indicative of a cytotoxic compound. 

Table 2: ATP and LDH IC50 values (µM) in glucose and galactose media. Table includes values for positive and negative mitotoxicity controls plus MIP-DILI training compounds reduced ATP and/or LDH level to 50% of the vehicle control

	 
	IC50-ATP (µM) ± S.D.
	IC150-LDH (µM) ± S.D.
	IC50ATPglu/IC50ATPgal
(p value)
	IC150LDHgal/IC50ATPgal
(p value)

	
	Glucose
	Galactose
	Glucose
	Galactose
	
	

	Control Compounds

	Rotenone
	>100
	0.17 ± 0.04
	>100
	>100
	>605 (< 0.001)
	>605 (< 0.001)

	Antimycin A
	14.47 ± 5.18
	0.06 ± 0.00
	>100
	>100
	>241 (0.040)
	>1663.2 (< 0.001)

	CCCP
	>100
	1.40±0.11
	>100
	>100
	>71 (< 0.0001)
	>71 (< 0.001)

	Digitonin
	7.65 ± 1.64
	8.82 ± 2.01
	6.80 ± 0.07
	8.00 ± 2.07
	0.87 (0.478)
	0.90 (0.646)

	MIP-DILI Training Compounds

	Amiodarone
	138.73 ± 5.72
	62.44  ± 3.57
	>300
	>300
	>2.22 (< 0.001)
	>4.80 (<0.001)

	Nefazodone
	70.73 ± 11.16
	33.13 ± 0.41
	>300
	>300
	>2.13 (0.028)
	>9.05 (<0.001)

	Tolcapone
	154.94 ± 12.50
	91.86 ± 18.99
	>300
	>300
	>1.68 (0.017)
	>3.26 (0.003)

	Buspirone
	>900
	281.42 ± 8.15
	>900
	>900
	>3.20 (<0.001)
	>3.20 (<0.001)

	Perhexiline
	49.93 ±16.30
	28.78 ± 3.88
	48.98 ± 12.60
	39.48 ± 8.72
	1.73 (0.160)
	1.37 (0.147)

	Troglitazone
	33.07 ± 0.48
	31.40 ± 1.56
	169.42 ± 6.22
	173.18 ± 3.71 
	1.05 (0.220)
	5.51 (<0.001)




Figure 4: Short (2 hours) metabolic switch assay in HepaRG cells using rotenone, CCCP and antimycin-A as positive controls and digitonin as a negative control (serial concentrations up to 100 µM). Glucose and Galactose refer to media containing glucose and galactose respectively. Cellular ATP and LDH levels in the two different media are presented as percentages of the vehicle (DMSO) control.  
[image: ]

The acute metabolic switch assay can identify mitotoxic compounds in HepaRG cells.
Short two hours assay using up to 300 µM of the compounds: A set of MIP-DILI training compounds were examined to assess whether the acute metabolic switch for 2 hours, followed by 2 hour drug-incubation at low concentration could identify those with mitochondrial liability (Table 2, Figure 5).  

Figure 5: Short (2 hours) metabolic switch assay in HepaRG cells using MIP-DILI training compounds.  A: Compounds positive for mitotoxicity (concentrations up to 300 µM).  B: Compounds positive for mitotoxicity (concentrations up to 900 µM). C: Compounds negative for mitotoxicity (concentrations up to 300 µM).  D: Compounds which were cytotoxic (ATP and LDH levels reduced at the same time in both glucose and galactose media).  Glucose and Galactose refer to media containing glucose and galactose respectively.  Cellular ATP and LDH levels in the two different media are presented as percentages of the vehicle (DMSO) control.  
[image: ]

Four of the 12 training compounds, amiodarone, nefazodone, perhexiline and tolcapone, fulfilled the criteria for mitochondrial toxins.  Buspirone also caused a significantly lower IC50 value for ATP level in galactose than glucose media, after 2 hours incubation at 300 µM concentration, but only reduced the ATP level to 50% when used at 900 µM concentration.  Therefore, this compound was also classified as a positive mitochondrial toxicant (Table 2).  Troglitazone displayed a profile, in which the ATP and LDH level decreased in a rate not significantly different between glucose and galactose media. However, LDH level decreased at statistically higher IC50 concentrations (169.4 ± 6.2 and 173.2 ± 3.7 µM in glucose and galactose media respectively) than ATP level (33.1 ± 0.5 and 31.4 ± 1.6 in glucose and galactose media respectively).  Eight out of 12 compounds, including paracetamol, diclofenac, entacapone, metformin, pioglitazone and ximelagatran did not change ATP or LDH level in either glucose or galactose media in the tested concentration range (1.2-300 µM).
Longer duration assays using higher concentrations of compounds: The compounds which were identified as negative in the short two hour assay, were incubated with higher concentrations of the test substances and longer durations.  The shortest period of incubation and lowest concentration at which the cellular ATP decreased to a significantly lower level in galactose media than in glucose media whilst the LDH level remained unchanged in both media was defined (Table 3). Paracetamol (2 h, 10 mM), diclofenac (6 h, 3 mM), entacapone (6 h, 1 mM) and metformin (8 h, 2.5 mM) met that criteria and thus could be classified as mitotoxic.  Pioglitazone and ximelagatran did not reduce the ATP level significantly up to 24 hours, 2 mM and 2.7 mM respectively (Table 3, Figure 6). 

Figure 6: Exposure of the compounds that were negative in the short assay to higher concentrations and/or for an extended duration.  Graphs depict the lowest concentration and the shortest duration at which the compound reduced the ATP level in galactose media to: 1) a significantly lower level than ATP in glucose and, 2) a significantly lower level than that of the LDH level in galactose media.  *: 0.01≤ P <0.05, **: 0.001≤ P <0.01, ***: 0.0001≤ P< 0.001, ****:P<0.0001 (Unpaired Student t-Test with Welch correction).

[image: ]

Table 3: Comparison of the mito-toxic effect of MIP-DILI training compounds on HepG2 and HepaRG cells.  The concentrations (µM) shown correspond to the lowest concentration that reduced ATP level in galactose media significantly lower than in glucose media. Duration refers to the time point at which the mito-toxic effect was observed.  p values were obtained using unpaired student-t Test of the difference.   
	Cell line
	HepG2
	HepaRG

	Compound
	Conc. (µM)
	Duration
(hours)
	p-value
	Mitochondrial liability
	Conc. (µM)
	Duration
(hours)
	p-value
	Mitochondrial liability

	Amiodarone
	158 ± 30
	2
	0.001
	Yes
	63 ± 30
	2
	0.023
	Yes

	Nefazodone
	17 ± 5
	2
	 0.047
	Yes
	33 ± 5
	2
	 0.002
	Yes

	Troglitazone
	28 ± 8
	2
	N/S
	Yes
	N/Aa
	2
	 N/S
	No

	Tolcapone
	53 ± 4
	2
	<0.001
	Yes
	92 ± 19
	2
	0.017
	Yes

	Buspirone
	338 ± 105
	2
	<0.001
	Yes
	281 ± 8
	2
	0.003
	Yes

	Perhexiline
	N/Aa
	2
	 N/S
	No
	N/Aa
	2
	N/S
	No

	Paracetamol
	30000
	4
	0.018
	Yes
	10000
	2
	0.002
	Yes

	Entacapone
	1000
	4 
	0.003
	Yes
	1000
	6
	0.015
	Yes

	Metformin
	3000
	8
	0.002
	Yes
	2500
	6
	0.029
	Yes

	Diclofenac
	1000
	4
	0.029
	Yes
	3000
	6
	<0.001
	Yes

	Pioglitazone
	1000
	4
	0.002
	Yes
	2700a
	24
	N/S
	No

	Ximelagatran
	2700a
	8
	N/S
	No
	2700b
	24
	N/S
	No


a: There was not ATP-IC50-gal and –glu concentrations were not was not significantly different.
b: The highest concentration that was used in the assay, without any significant change in ATP or LDH level in glucose or galactose media
N/S: Not significant
Conc.: Concentration

Spare respiratory capacity is the most sensitive parameter that is decreased if the compound is a mitotoxicant.  
Rotenone, CCCP and the ten MIP-DILI training compounds were analysed by XF Mito-Stress test experiments. Pioglitazone and amiodarone were excluded from this study due to inconsistent solubility in XF media, at concentrations equal or higher than 250 and 75 µM respectively, which resulted in large variation between measurements. Test concentrations were selected which effectively reduced ATP levels in the absence of cytotoxicity, based upon metabolic switch assays (Table 3). The parameters of ALR and SRC were expressed as a percentage of vehicle control and the concentrations that reduced ALR and SRC to 50% of the vehicle control (IC50) were calculated.  Evidence of mitochondrial dysfunction, defined as a significant decrease in either ALR or SRC level compared to the vehicle control, was observed in 10 out of 12 compounds. SRC was observed to be the only measurement significantly decreased to 50% of the level of vehicle (induced by buspirone, nefazodone and tolcapone) and also to produce an IC50 concentration lower than ALR (Rotenone, CCCP, perhexiline, troglitazone, paracetamol, entacapone and diclofenac), suggesting it to be a more sensitive measurement of whether a compound has a mitochondrial liability (Table 4).  
Within the range of concentrations used for this assay, metformin and ximelagatran did not reduce either ALR or SRC level when compared to the vehicle control.

Table 4: Concentrations (µM) of rotenone, CCCP and MIP-DILI training compounds that reduced Spare Respiratory Capacity and ATP-Linked respiration to 50% of the vehicle control.
	
	IC50 (µM) ± SD

	Compound
	Spare respiratory capacity 
	ATP-linked 
respiration

	Rotenone
	0.02 ± 0.007
	0.08 ± 0.05

	CCCP
	0.39 ± 0.29
	2.76 ± 1.12

	Troglitazone
	26.18 ± 10.38
	44.40 ± 9.64

	Perhexiline
	52.86 ± 2.97
	196.86 ± 0.001

	Entacapone
	357.00 ± 207.12
	241.19 ± 76.30

	Diclofenac
	407.33 ± 152.96
	523.61 ± 70.37

	Paracetamol
	24430.06 ± 8426.73
	29046.91 ± 3824.64

	Buspirone
	272.05 ± 71.95
	>900

	Nefazodone
	7.09 ± 1.57
	>300

	Tolcapone
	10.28 ± 4.12
	>300

	Amiodarone
	>300
	>300

	Ximelagatran
	>300
	>300

	Metformin
	>2000
	>2000



A combined approach assessing SRC and ALR alongside BR can be used to predict mechanism of mitochondrial toxicity of a compound.
The profiles of ALR, SRC and BR were studied following the acute injection of compounds for evidence of specific mitochondrial toxicity mechanism based upon the profiles of rotenone and CCCP which have clearly defined mechanisms. As expected, rotenone showed significant decrease in SRC and ALR accompanied by a decrease in BR at concentrations as low as 0.2 nM. Therefore, this respiratory profile was deemed to indicate inhibition of the electron transport chain. CCCP also demonstrated a significant decrease in SRC at concentrations higher than 0.7 µM and a decrease in ALR, although it was not statistically significant. However, the BR level started to significantly increase from the lowest concentration (0.05 µM) as is expected from a compound with uncoupling properties.  The two different profiles of OCR changes observed for rotenone and CCCP were thus deemed to represent two mechanisms of respiratory chain dysfunction; ETC inhibitors and uncoupling of OXPHOS (Figure 7A).  
Ten MIP-DILI training compounds were tested for their acute effect on OCR using XF analyser.  By comparing to the defined profiles, as described above, Ximelagatran increased the ALR but decreased BR, which was concomitant by a decrease in PL (data not shown) across the concentrations used for this assay (Figure 7B) therefore was not labelled to cause mitochondrial dysfunction. Paracetamol, nefazodone, buspirone, diclofenac and troglitazone decreased SRC with or without decrease in ALR, accompanied with either decreased or unchanged BR thus predicting that these compounds were primarily inhibitors of ETC complexes (Figure 7C).  Tolcapone, entacapone and perhexiline showed decrease of SRC with or without ALR, but with concomitant increases in BR thus these compounds are predicted to have some uncoupling properties as part or main mechanisms of toxicity based on this method (Figure 7D).  Metformin did not change either ALR or BR compared to the vehicle control in the range of concentrations tested in this study (2 mM) (Figure 7E). 

Figure 7: The effect of the acute injection of compounds on respiratory parameters in XF-Mito-Stress test. A: Representative differences in respiratory profiles of rotenone and CCCP. B-D: Respiratory profiles of MIP-DILI training compounds. *, # and $ correspond to statistical significance (with multiples of each symbol indicating the level of significance as denoted in figure 5) in ATP-Linked respiration, Spare respiratory capacity and the Basal respiration respectively compared to vehicle control. (Unpaired Student t-test with welch correction)
[image: ]


Discussion
Previously, hepatoma-derived cell lines such as HepG2 has proven useful in the study of mitochondria-driven hepatotoxicity [15, 17, 42-44]. Tumourogenic cells have an advantage over the use of FHH for the mitochondrial screening as the presence of the Crabtree effect enables the metabolic modification which underlies the glu/gal assay used by Pharma. However, the studies undertaken in this manuscript were designed to define the suitability of a more hepatocyte-like cell line, HepaRG cells, as a model of mitotoxicity.  The bioenergetic profile of HepaRG cells was defined and their utility in the acute metabolic modification (glu/gal) assay for the identification of mitochondrial toxins established using a set of compounds well characterised in the HepG2 acute metabolic modification assay [18].  Finally, we used HepaRG cells to construct an analytical framework, using data generated from the seahorse mito-stress test, to categorise compounds according to the mechanism by which they induce mitochondrial dysfunction. 
By defining the baseline bioenergetic phenotype of fully differentiated HepaRG cells it has been demonstrated that in these cells a lower proportion of MRC is attributed to ALR, but this is balanced by a higher SRC compared to HepG2 cells (Figure 2).  This result can be rationalised due to the proliferative nature of HepG2 cells with a resultant high energy expenditure when compared with differentiated HepaRG cells which stop growing upon reaching confluence [45] and so have lower energy requirements .  These investigations also revealed that the mitochondrial respiratory function of HepaRG cells responds in a similar manner to HepG2 cells when exposed to classic stimulants and inhibitors of mitochondrial electron transport chain, despite their differentiated status (Figure 4).  The bioenergetic phenogram demonstrated that untreated HepG2 cells are more glycolytic than HepaRG cells, whilst HepaRG cells use more OXPHOS. However, in both models, when OXPHOS driven ATP synthesis is reduced, the cells can be seen to shift downwards and to the left, i.e. to a less OXPHOS but more glycolytic position (Figure 3). Based upon these findings it can be established that despite being a mixed population of differentiated hepatocyte-like and epithelial-like cells in a non-proliferative state, these HepaRG cells are subject to the Crabtree effect in a similar manner to HepG2 cells [46] which, therefore, makes them a suitable candidate for the acute metabolic switch assay. 
The utility of the acute metabolic modification assay, as previously described [18], was confirmed in HepaRG cells using classic mitotoxins; rotenone, FCCP and antimycin A, as positive controls, and digitonin as a negative control.  The parallel measurement of ATP and LDH as indicators of early stage mitochondrial dysfunction and cell toxicity respectively enabled the definition of a classification system for screening for mitochondrial toxicity. Accordingly, a significant decline in IC50-ATP-Gal compared to IC50-ATP-Glu indicates that the tested compound contains a mitochondrial liability. Furthermore, a significantly higher IC50-LDH-Gal than IC50-ATP-Gal indicates that mitochondrial dysfunction precedes cell death. [18]. Using these criteria in HepaRG cells, the short assay (2 h drug incubation) identified a group of mitotoxins which was largely comparable to those identified using the same technique in HepG2 cells [18]. Only troglitazone, a positive mitochondrial toxicant in HepG2, remained negative in HepaRG cells. However, in this case, although there was almost no difference between ATP level in glucose and galactose media in in HepaRG cells, there was a significant difference between the IC50 values for cellular ATP and LDH, i.e. a decrease in ATP level suggestive of mitochondrial dysfunction of some sort before cell death (LDH).  In this situation, any glycolytic activity present in glucose-media did not provide compensatory ATP production. It can be postulated that this result could arise in situations where glycolysis-mediated ATP production was insufficient and/or inhibited or if cellular-ATP demand was increased. It is therefore interesting to note that apoptosis, an ATP consuming process, has been demonstrated to be the predominant mechanism of troglitazone mediated cell death [47, 48].  Furthermore, there is evidence to support troglitazone as a specific ligand for PPARγ, with such binding reported to reduce glycolysis in cancer cells [49-51]. The combination of these two mechanisms may explain the simultaneous drop of ATP level in both glucose and galactose media after troglitazone treatment without significant elevation in LDH levels.
Perhexiline was defined as negative for mitotoxicity in both HepaRG and HepG2 cells (Table 3).  In both cases this compound caused concomitant decreases in cellular ATP with increases in cell death at 2 hours, thus classifying perhexiline as a cytotoxic compound rather than a mitotoxin.  Perhexiline is an inhibitor of carnitine palmitoyl transferase (CPT) -1 and -2, which is necessary for β -oxidation of fatty acids [52, 53].  The compound etomoxir, another CPT-1 inhibitor, has been shown to use this mechanism to induce an OXPHOS decrease in the absence of a substantial increase in glycolysis [54].  Therefore, it is possible that perhexiline may be subject to the same mechanism as etomoxir and that the concomitant decline of ATP in both glucose and galactose media is due to an inability to activate the compensatory mechanism of glycolysis. 
Taken together these results confirm a shortcoming of the acute metabolic assay; its inability to identify mitochondrial toxicity not solely mediated via direct-electron transport chain dysfunction. This mirrors findings already described when using HepG2 cells [18].
The negative compounds from the first round of acute metabolic switch assay were subsequently exposed to higher concentrations of the compound for longer periods of time.  Here mitochondrial toxicity was defined as the shortest time and lowest concentration at which the ATP level declined significantly more in the galactose media than in the glucose media, suggestive of mitochondrial dysfunction before cellular death. In HepaRG cells, paracetamol was identified as positive (2 hours at 10 mM) compared to the results obtained from HepG2 cells (30 mM in 8 hours) (Table 3).  This increase in sensitivity could be attributed to the presence of CYP P450 enzymes in HepaRG cells which are required to convert paracetamol into its active metabolite NAPQI, which are lacking in HepG2 cells [55].
Pioglitazone did not show any decrease in ATP level in either media up to 24 hours in the HepaRG model.  However, HepG2 cells were more sensitive, and did identify pioglitazone as a weak mitochondrial toxin. This lack of sensitivity reflects the clinical findings that pioglitazone causes less common and considerably less severe hepato- or mito- toxicity than troglitazone [56-58].  Additionally, in human hepatocytes the conversion of pioglitazone to its metabolites, hydroxyl- and keto-pioglitazone, predominantly via CYP-2C8 and -3A4, is the main detoxification and clearance route [59, 60]. The higher expressions of CYP450 enzymes in HepaRG cells, particularly CYP3A4, than HepG2 cells, may therefore increase CYP-mediated clearance which may underlie the lack of sensitivity to pioglitazone [55, 61].  
By using the same set of compounds and experimental set-up to screen for mitotoxicants in HepaRG as previously published in HepG2 cells, it was possible to assess the utility of each model against each other. Based upon this limited set of compounds there were little apparent advantages in the use of HepaRG cells as a first-tier screening cell model in detecting mitotoxicants at up to 24 h of drug-exposure. Out of 12 MIP-DILI training compounds, during two rounds of assays, 10 compounds were identified as mitotoxic in HepG2 cells and 8 compounds in HepaRG cells. This outcome provides important information to consider when choosing the most appropriate hepatic model for mitochondrial screening at the first tier level. However, HepaRG cells may still prove advantageous in certain cases, such as the study of paracetamol when the toxicity is due to an active metabolite, or when assessing toxins for exposures longer than 24 hours to better replicate therapeutic regimens. One example of this is their use in the study of drug-induced mitochondrial DNA perturbation over extended time-periods (2 weeks) [62]. Moreover, the researcher were able to manipulate the HepaRG pehenotype to be examine these effects in a steatotic HepaRG model. Such manipulation and extended dosing is particularly relevant for mitotoxicity.
The panel of test compounds was also assayed for their effect on mitochondrial respiratory function using Seahorse technology. By probing respiratory parameters in real time, Seahorse analysis enables an additional insight into the mechanism action of the compounds. In this study, the acute injection method was employed to investigate the immediate effect of the compounds upon different respiratory parameters compared to the vehicle control. A change in SRC was the most sensitive parameter of mitochondrial dysfunction identifying 10 out of 12 compounds associated with mitotoxicity. Moreover, compounds which induced a 50 % decrease in ALR (7 out of 12) had a more potent effect on SRC, i.e. the SRC-IC50 was lower inthan the ALR-IC50. In addition, 3 of the 10 compounds which reached an SRC-IC50 did not reach an ALR-IC50 within the range of concentrations tested (Table 4). SRC as an early flag of mitochondrial dysfunction has been previously reported by others [63-66]. Early changes in SRC can be postulated to occur due to metabolic homeostasis aimed at preserving ATP-producing capacity when mitochondrial respiratory function is compromised. However, it should be highlighted that a change in SRC alone may not be a definitive indicator of mitochondrial toxicity, rather it is an early warning of mitochondrial dysfunction, prior to later effects such as decreased ATP-linked respiration. 
The data presented in this report demonstrates that Seahorse respirometry detects more compounds as mitotoxic than the glu/gal assay.  Troglitazone and perhexiline which were labelled negative mitochondrial toxins in the metabolic modification assay (Table 2 and 3), reduced both SRC and ALR in the seahorse mito-stress test (Table 4) compared to the vehicle control within the same range of concentrations for both assays.  This finding is suggestive that seahorse assay may be a more sensitive tool for detecting mitochondrial dysfunction although the relatively low throughput of this assay renders it less suitable for screening large numbers of compounds in a first-tier toxicity program. Instead this technology could be more advantageous if deployed for subsequent confirmation of mitotoxin status with additional mechanistic detail. The mitochondrial toxicants rotenone and CCCP were used to produce a predictive, mechanism-based classification system based on the distinctive profile of changes in respiratory parameters produced during a mito-stress test. Rotenone, as an inhibitor of electron transport chain (ETC) complex I, reduces all parameters of mitochondrial respiration within a XF Mito-Stress test trace.  Conversely, CCCP inhibits ATP synthesis by uncoupling the ETC, and as ATP synthesis is the rate limiting step of oxidative phosphorylation, basal respiration rate increases in its presence [67-69]. Therefore, at non-toxic concentrations, the distinctive uncoupler profile is characterised by a dose-dependent increase in BR, accompanied by decrease in available SRC and ALR.  As the two different profiles are representative of different mechanisms of respiratory chain dysfunction; ETC inhibitors and uncouplers, it was possible to categorise the MIP-DILI training compounds into these to mechanistic categories. Paracetamol, nefazodone, buspirone, diclofenac and troglitazone, previously shown to effect one or more of the ETC complexes [30, 70, 71], were correctly categorised as ETC inhibitors.  Tolcapone, entacapone and perhexiline were categorised as uncouplers, in agreement with the previously published studies [31, 53, 72, 73].  Metformin, however, did not significantly change any of the respiratory parameters measured. However although there is evidence in the literature in favour of ETC inhibition by this compound, it has only been considered a weak mitotoxicant [35, 74]. When this considered alongside the requirement for extended exposure reported here, the acute injection method may not provide sufficient exposure time for metformin to reveal its dysfunctional effect on ETC and respiratory parameters.  
Ximelagatran exhibited an interesting profile in which SRC significantly increased in a dose-dependent manner, with a concomitant reduction in BR, but no change in ALR.  When examined in more detail is was observed that these changes were accompanied by a reduction in PL (data not shown), which is the probable underlying cause of the reduction in BR.  This may represent an early protective mitochondrial response to ximelagatran which would require more in-depth investigation. 
This research demonstrates the value of both of these test systems for identifying drugs which contain mitochondrial liabilities and also those which are mitotoxic in vitro. However, caution must be taken in applying these findings to a potential clinical situation. For example, in the case of paracetamol which is safe at therapeutic levels, or troglitazone for which the role of mitotoxicity is unclear in DILI in man [75]. Therefore, together these tests must serve as a starting point to guide subsequent risk assessment throughout preclinical and clinical development.

Conclusion 
The study of drug-induced hepatotoxicity is a complex field in which a range of models, assays and methods of analysis are available to identify mitotoxins and elucidate their mechanisms.  This manuscript highlights some of the important factors to consider when planning such studies.
Extensive studies have been published investigating different characteristics of HepaRG cell.  However to our knowledge this is the first study focusing specifically on the suitability of HepaRG cells for mitochondrial toxicity screening assays.  In this manuscript, careful bioenergetic phenotyping and the use of classic mitochondrial toxicants has demonstrated that:
· These cells have a more OXPHOS mediated respiratory phenotype to HepG2 cells. 
· HepaRG cells are suitable for use in the acute metabolic modification assay [18].  
· Despite their specific advantages in physiological relevance, HepaRG cells provide similar levels of detection of mitotoxic compounds in the standard acute metabolic switch assay. This information is important considering the high costs of differentiated HepaRG compared to HepG2 cells.  
· The potential advantage of HepaRG over HepG2 cells in mechanism based investigations in certain circumstances, including in the case of delayed-onset toxicity or P450-dependent toxicity, is important and should be considered when choosing a suitable model for investigating drugs with those toxicity profiles. We propose HepaRG cells could be considered as the in-vitro cell line of choice to re-assess an unknown compound that is identified as negative mitotoxins in the first tier HepG2 glu/gal screening assay.  
· Using HepaRG cells, a framework for assessing and categorising compounds has been introduced using the often-complicated data from real-time respirometry offered by Seahorse technology, and its place within a mitotoxicity screening regimen.  
· SRC was recognised as the earliest sign of mitochondrial dysfunction, regardless of the mechanism of ETC dysfunction. 
· We were able to develop a system to categorise compounds as ETC inhibitors or uncouplers.  
· Careful analysis of respiratory parameters following acute exposure to test compounds can help to begin to gain insight into mechanisms involved in mitochondrial toxicity of a drug and may provide an additional more sensitive layer of detection during screening. 
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