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Owen Hughesc, Paul Hagermanb, and Gino Cortopassia

aDepartment of Molecular Biosciences, School of Veterinary Medicine, University of California,
Davis, 1089 Veterinary Medicine Drive, Davis, CA, 95616

bDepartment of Biochemistry and Molecular Medicine, School of Medicine, University of
California, Davis, 4455 Tupper Hall, Davis, CA, 95616

cEon Research, 707 4th Street, Suite 305, Davis, CA 95616

Abstract

Repurposing of FDA-approved drugs with effects on mitochondrial function might shorten the

critical path to mitochondrial disease drug development. We improved a biosensor-based assay of

mitochondrial O2 consumption, and identified mitofunctional defects in cell models of LHON and

FXTAS. Using this platform, we screened a 1600-compound library of clinically used drugs. The

assay identified drugs known to affect mitochondrial function, such as metformin and

decoquinate. We also identified several drugs not previously known to affect mitochondrial

respiration including acarbose, metaraminol, gallamine triethiodide, and acamprosate. These

previously unknown ‘mitoactives’ represent novel links to targets for mitochondrial regulation and

potentially therapy, for mitochondrial disease.

Keywords

Mitochondrial disease; Oxygen; Bioenergetics; Biosensor; Repurposing; Orphan; High-throughput
screening

1. Introduction

Mitochondria play critical roles in a number of cellular processes including energy

production, biosynthesis, and apoptosis. Drugs that increase mitochondrial function could

potentially find applications in treating metabolic disorders, aiding recovery from injury or
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illness or delay aging. Mitochondrial dysfunction occurs in a number of rare diseases

(LHON, Leigh's Syndrome, Friedreich's ataxia, FXTAS)(Goto et al., 1992; Kaplan, 1999;

Ross-Inta et al., 2010; Santorelli et al., 1993; Shoffner et al., 1990; Wallace et al., 1988), as

well as more common neurodegenerative diseases (Alzheimer's, Parkinson's and

Amyotrophic lateral sclerosis)(Hirai et al., 2001; Schapira et al., 1990; Wallace, 1999; Wong

et al., 1995). Agents that increase mitochondrial function or number could potentially

provide therapies for these indications.

Currently, however, there are no FDA approved ‘mitochondrial therapeutics’ (Armstrong,

2007; Toogood, 2008). One strategy for finding such drugs is to screen for drugs that modify

mitochondrial function. Since mitochondrial activity is responsible for virtually all oxygen

use by the cell, oxygen consumption is a reliable indicator of mitochondrial activity. The

traditional ‘gold standard’ for measuring mitochondrial function utilizes the Clark-type

oxygen electrode. Although accurate, it is time-intensive and not ideal for high-throughput

screening. Previously we validated 96-well oxygen Biosensor plates as a means of

monitoring positive or negative effectors of mitochondrial oxygen consumption (Rolo et al.,

2009). Here we demonstrate new optimized conditions in a 384-well format that is amenable

to high throughput.

For validation, using biosensor plates we screened a small library of 1600 drugs that have

been FDA approved or clinically evaluated. We identified potentiators of oxygen

consumption at a criterion of plus or minus 2 standard deviations from the control mean,

with a 3-6% hit rate. Inhibitors of mitochondrial function were identified with a similar hit

rate of between 2-3%. We followed up multiple hits and generated dose response curves.

The assay accurately detected known mitochondrial inhibitors, such as metformin. Several

of the drugs that positively affect mitochondrial function could be considered as leads to try

to boost mitochondrial function in the context of an inherited deficiency. Among the drugs

that inhibit mitochondrial function, some inhibit only mildly and may have beneficial

metabolic effects, possibly through the induction of AMP-activated protein kinase (AMPK).

Taken together, this assay platform has the potential to rapidly screen drugs/candidate

molecules for both mitochondrial stimulation and mitochondrial toxicity in a high-

throughput mode.

2. Materials and Methods

2. 1 Cell lines and cell culture

RGC-5 cells and LHON cybrids were kindly provided by Dr. Neeraj Agarwal and Dr.

Valerio Carelli respectively. FXTAS dermal fibroblasts were generated at UC Davis and

described previously (Ross-Inta et al., 2010). All other cell lines were purchased from

American Type Culture Collection (Manassas, VA) or Coriell Cell Repositories (Camden,

NJ) and grown in a humidified atmosphere containing 5% CO2 at 37°C. Fibroblasts and

lymphoblasts were grown in minimal essential medium (MEM; Life Technologies,

Gaithersburg, MD), supplemented with 8 mM glutamine, 10% fetal bovine serum (FBS), 50

μg/ml uridine, 1 mM sodium pyruvate, 10 μg/ml insulin, 10 ng/ml epidermal growth factor

(EGF), 50 ng/ml basic growth factor, and gentamicin. 3T3 and C2C12 cells were grown in

DMEM supplemented with 2 mM glutamine and 10% FBS. 50B11 cells were grown in
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Neurobasal media supplemented with 2 mM glutamine, B-27 supplement and 10% FBS.

K562 cells were grown in RPMI medium supplemented with 10% FBS. FL83B cells were

grown in F12 medium supplemented with 10% FBS. RGC-5 cells were grown in DMEM

supplemented with 2 mM glutamine, 50 μg/ml uridine, and 10% FBS. All cell types were

evaluated in the same assay buffer (phenol-red DMEM supplemented with 1 mM Na

Pyruvate and 10% FBS).

2.2 Chemicals

The Pharmakon Collection (Microsource Discovery Systems) used in the chemical library

screen contains 1600 FDA-approved drugs and is provided as 10 mM stocks in DMSO.

Carbonyl cyanide 4-(trifluoromethoxy)- phenylhydrazone (FCCP) and purified compounds

used in follow-up studies were purchased from Sigma Aldrich.

2.3 Oxygen consumption with biosensor plates

Trypsinized cells were resuspended in assay buffer (phenol-red free DMEM supplemented

with 1 mM Na Pyruvate and 10% FBS), and cell concentration and viability were

determined using a Vi-Cell counter (Beckman Coulter). Cells were aliquoted into 384-well

oxygen Biosensor plates (BD Biosciences) and allowed to equilibrate for 20-30 min. DMSO

or FCCP was added, and fluorescence was monitored using a Polar Star Omega plate reader

(BMG Labtech, Germany) set at 37°C. For time traces, readings were taken every three

minutes (485 nm excitation; 630 nm emission) for 90-120 min. For the endpoint assay,

fluorescence was monitored at 0, 2 and 24 hours, and plates were incubated at 37 °C under

5% CO2 between readings.

2.4 Chemical library screen

The library screen was carried out using the endpoint assay described above with the

following specifications. 70,000 RGC-5 cells in 90 μL of assay buffer were aliquoted into

each well of a 384-well Biosensor plate. Test compounds or vehicle were diluted in PBS

then dispensed into wells without mixing, giving a final volume of 100 μL and final DMSO

and test compound concentrations of 0.1% and 10 μM, respectively. Each plate contained 16

negative control (DMSO vehicle only) and 16 positive control (5 μM FCCP) wells. Test

compounds were assayed in duplicate.

2.5 Oxygen consumption and proton production measurements using a Seahorse XF-24
system

For Bioenergetic profiling 50,000 FL83B mouse liver cells per well were seeded onto 24

well plates (Seahorse Biosciences, Billerica, MA) in 200 μl of DMEM-F12 media

containing 10% FBS and 25 mM glucose and allowed to attach for 16 hours. For respiration

analysis, media was changed to un-buffered cultured assay DMEM media containing 10%

FBS, 22.5 mM mannitol, 1 mM Na Pyruvate, 2 mM Glutamax and 2.5 mM glucose at 37°C.

Indicated concentrations of acarbose were added and cells were allowed to pre-equilibrate

with fresh media and the drug for 1 hour at 37°C in a non-CO2 incubator. The oxygen

consumption rate (OCR) was measured using a Seahorse XF-24 instrument which is oxygen

consumption per minute in pmols (pmols/min). Additionally, Extracellular Acidification
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Rate (ECAR) was recorded and is a measure of glycolysis (Nicholls et al., 2010), the units

are (mpH/min). Glucose was added after the first four cycles of OCR recording (baseline).

Mannitol was used to smooth the osmotic differences as glucose concentration was

increasing. Final concentrations in profile regimens were: Oligomycin: 1 μM, FCCP: 12.5

μM, Rotenone: 0.1 μM, Antimycin A: 1 μM, and glucose: 25 mM. Of note, optimal FCCP

concentration was determined empirically in the presence of FBS in the running media.

265 Data analysis and statistics

Data are presented as Mean ± Standard Deviation (SD) or Mean ± Standard Error of the

mean (SEM). The statistical significance of the screen data was determined with a two-tailed

Student t test (p-value <0.05), and initial hits were scored as Vehicle Mean ± 2X Standard

Deviation. Curve fits were performed using GraphPad prism nonlinear regression analysis

with variable slope.

3. Results

3.1 Mitochondrial oxygen consumption can be measured in high throughput in normal and
disease cell lines

BD Biosensor plates contain an oxygen-quenched probe that fluoresces as oxygen is

removed from the plate well (Rolo et al., 2009; Wodnicka et al., 2000). In order to determine

whether the 384-well version of the Biosensor plate is sufficiently sensitive to be useful in

high-throughput screening, we measured FCCP-induced changes in oxygen consumption in

a variety of cell lines (Fig. 1). In untreated cells, mitochondrial activity is regulated

according to the energy needs of the cell. FCCP uncouples the mitochondrial electron

transport chain from ATP synthesis, allowing the mitochondria to operate at maximum

capacity (Brennan et al., 2006; Maro et al., 1982). As expected, cell lines with origins in

tissues with high metabolic demands such as muscle or neuronal tissues showed large

responses to FCCP. C2C12 mouse myoblasts (Blau et al., 1985; Katagiri et al., 1994; Yaffe

and Saxel, 1977), 3T3 mammalian fibroblasts (Green and Kehinde, 1974; Jainchill et al.,

1969), and 50B11 dorsal root ganglion (Chen et al., 2007) all responded strongly to FCCP.

Lymphoblasts and leukemia cells, which typically have fewer mitochondria, showed a more

modest response to FCCP.

Additionally, we evaluated cell models of LHON and FXTAS diseases in which

mitochondrial functional defects have been demonstrated (Ross-Inta et al., 2010; Wallace et

al., 1988). Basal and FCCP-stimulated oxygen consumption was measured in healthy and

FXTAS cultured dermal fibroblasts (Fig 2a). Control and Leber's hereditary optic

neuropathy osteosarcoma-derived cybrids (11778/ND4) were also evaluated (Fig 2b). We

observed diminished oxygen consumption in the diseased cell lines compared to their non-

diseased controls, with the larger difference uncovered by FCCP-stimulation. These

functional changes in disease cell lines support the use of the assay as a platform to screen

for therapeutics to rescue specific mitochondrial defects.
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3.2 Optimization and conversion to endpoint format make the biosensor assay suitable for
HTS

We next optimized the assay for high-throughput screening using retinal ganglion cells. In

addition to using plates with the capacity to measure responses in 384-wells simultaneously,

we carefully evaluated multiple assay parameters. These included selection of an optimal

cell line, varying cell number, well volumes, temperature, and liquid handling methods.

Perhaps most importantly was a decision to convert the method to an endpoint measurement,

which allowed faster plate throughput and minimized variability of oxygen consumption

rates. Together, these parameters increased signal to noise and minimized variability.

The RGC-5 cell line was chosen for the pilot screen because it is stable through many

passages, grows well in culture, and forms uniform cell suspensions. Retinal ganglion cells

are neurons that specifically degenerate in the mitochondrial disease LHON (Kwittken and

Barest, 1958; Sadun et al., 1994). In the biosensor oxygen consumption assay, RGC-5 cells

exhibited a robust signal-to-noise ratio and a dose-dependent increase in oxygen

consumption in response to FCCP over 1.5 hours (Fig. 3). The required FCCP

concentrations to reach maximal rates are likely influenced by serum presence in the assay

(Jekabsons and Nicholls, 2006).

Although the kinetics were robust and the slopes clearly differed across a range of FCCP

concentrations, there was some well-to-well variability among individual well traces,

particularly for higher concentrations of FCCP at time points earlier than 60 minutes. For

this reason, we converted to an endpoint assay, taking a single plate reading immediately

after drug addition (t0) and then again after 2- and 24-hour incubation periods. The fold

change from baseline (FCB) was calculated by normalizing post-incubation readings to the

t0 reading. This normalization helped to minimize effects due to well-to-well variation and

eliminated potential false positives generated by compound fluorescence. FCB responses for

drug-treated wells were then normalized to the average FCB for the 16 vehicle-treated wells

producing the fold change from vehicle (FCV) value for each well. Conversion to an

endpoint assay increased the average z’ to 0.8. Use of the endpoint assay also increased

throughput by decreasing the amount of plate reader time required for each sample and by

allowing us to stagger drug addition and plate reading sessions.

3.3 Screen of drug library identified activators and inhibitors of oxygen consumption

We used the biosensor endpoint assay to screen a library of 1600 drugs that have reached

clinical evaluation in the United States. Drugs that increased or decreased oxygen

consumption at vehicle mean plus or minus two standard deviations were considered

significant “hits” and were assayed again. Retesting confirmed 19 activators and 17

inhibitors in the short term (2 hours), and 23 activators and 16 inhibitors in the long term (24

hours) (Fig. 4). Some drugs were active at both time points. The strongest activators and

inhibitors at 2 and 24 hours are shown in Table 1.

3.4 The majority of confirmed hits demonstrate dose-dependent activity

Confirmed hits from the primary screen were then retested in the biosensor endpoint assay at

concentrations ranging from 0.03-10 μM. Approximately 40% of the compounds identified
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as activators and 70% of the compounds identified as inhibitors in both long and short-term

experiments demonstrated dose dependent activity (Table 2). Representative concentration

curves are shown in Figure 5. Dose-dependent increases in oxygen consumption were shown

by many compounds, including acarbose at 2 hours (EC50: 1.6±1.57 μM, n=3) (Fig. 5a); and

enilconazole at 24 hours (EC50: 0.46±1.4 μM, n=3) (Fig 5c). Dose-dependent mitochondrial

inhibitors were also identified. For example, isoniazid significantly inhibited mitofunction at

2 hours (IC50: 3.4±1.2 μM, n=3) (Fig 5b); and chlormadinone significantly inhibited at 24

hours (IC50: 2.5±2.1 μM, n=3) (Fig 5d).

3.5 Acarbose's activity in biosensor plates is blocked by inhibitors of oxidative
phosphorylation

Since acarbose is an anti-diabetic that is so widely used, we decided to explore this

mitochondrial mechanistic interaction further. Though it has been suggested to interact with

mitochondrial KATP channels (Minatoguchi et al., 2009), agonism of mitochondrial

function by acarbose has not previously been recognized. If acarbose acts by increasing the

flow of electrons through the mitochondrial respiratory chain, then this flow should be

severely reduced by rotenone (complex I inhibitor) or oligomycin (ATP synthase inhibitor)

(Ernster et al., 1963; Huijing and Slater, 1961). We used the endpoint assay in oxygen

biosensor plates to monitor oxygen consumption in RGC-5 cells in the presence of acarbose

and vehicle, rotenone or oligomycin. We found that acarbose's ability to increase oxygen

consumption was blocked by either rotenone or oligomycin (Fig. 6a) (Ernster et al., 1963;

Huijing and Slater, 1961).

Although the screen was performed in a cell line with healthy mitochondria, it seemed likely

that some of the activators identified would be able to increase mitochondrial activity in a

diseased cell line, particularly if the drug target functions downstream of the defect caused

by the disease. In order to test whether acarbose could also increase mitochondrial activity in

a diseased cell line, we treated control and LHON cybrids with acarbose and then measured

their oxygen consumption in using the endpoint assay. Acarbose did not stimulate oxygen

consumption in the LHON cybrids (Fig. 6b). However, because acarbose also has no effect

on healthy cybrids, the lack of effect may be due to the cybrids’ osteosarcoma cell

background. Also, it should be noted that FCCP has a much weaker effect in cybrids than it

does in RGC-5 cells, suggesting that the effect of a mild activator may not be detectable in

cybrids.

3.6 Acarbose increases glucose-stimulated mitochondrial function using a Seahorse XF-24
system

To explore the acarbose effects on oxygen consumption further, we examined cellular

bioenergetics using a Seahorse extracellular flux analyzer. We measured mitochondrial

respiration and glycolysis simultaneously after acarbose treatment. 5L853B cells were

chosen since they are an insulin-sensitive hepatic cell line (Breslow et al., 1973). Sample

traces for oxygen consumption rate (OCR) in FL83B cells treated with 7.5 μM acarbose

show clear increases in OCR after 25 mM glucose addition and 12.5 μM FCCP compared to

vehicle (Fig. 7a). Acarbose is likely not an uncoupler, because after inhibition of

mitochondrial complex V with oligomycin (Fig. 7a, rate section B), the OCR is the largely
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the same in acarbose treated and vehicle treated cells. Oxygen consumption rates with

inhibition of complex V is largely driven by mitochondrial proton leak and when cells

treated with a mild uncoupler should have a higher OCR after the oligomycin regimen

(David G et al., 2010). Also, as seen in the OCR increases between C and D (Fig 7a),

acarbose seems to increase spare mitochondrial respiratory capacity. Analysis of OCR area

under the curve after glucose stimulation shows clear dose-dependent increases following

treatment with 2.5 – 10 μM acarbose (Fig. 7b). OCR normalized to Extracellular

acidification rate (ECAR) in response to glucose was also increased with acarbose addition

(Fig 7c). The OCR/ECAR ratio for vehicle and 7.5 μM acarbose treated cells was 11.8±2.13

versus 17.9±4.3 respectively (p=0.05, n=4).

We have shown acarbose effects on oxygen consumption in both oxygen biosensor plates

and a Seahorse extracellular flux analyzer. Additionally using the Seahorse, we show an

increased OCR/ECAR ratio, which indicates a shift to more active mitochondrial oxidation

and reduced reliance of acarbose treated cells on glycolysis (David G et al., 2010). Taken

together, while acarbose's effects on mitochondria may not be direct, it has a convincing

effect on cellular energy metabolism that results in enhanced respiratory rates.

4. Discussion

4.1 Mitochondrial Oxygen consumption can be measured robustly in 384-well plates

The consumption of oxygen in the process of metabolite oxidation and ATP synthesis is the

most commonly-used measure of mitochondrial function (Mandel, 1986). Using biosensor

plates with a dye that fluoresces as Oxygen is consumed, we have established a robust,

sensitive, and reproducible screening assay capable of identifying modulators of

mitochondrial function in the short (2 hours) and long term (24 hours). In a 384-well format,

our validated assay produces %CV values below 10% and an average z-prime value of 0.8,

which indicates its usefulness in high-throughput systems and makes this assay an excellent

platform for drug screening.

4.2 Mitochondrial activators identified in the screen are candidates for drug repurposing

Because mitochondrial diseases generally affect a small number of people, there are reduced

incentives for the pharmaceutical industry to pursue treatments for these “orphan”

indications. Thus, one strategy for mitochondrial disease therapy is to examine drugs that

have already been approved for use in human patients for previously unrecognized effects

on mitochondrial function with the hope that such drugs could be “repurposed” into a new

therapeutic indication (Oprea and Mestres, 2012). This strategy would ideally shorten the

development path since many of the safety and pharmacokinetic parameters of these drugs

are already known. Our pilot screen in oxygen biosensor plates has identified mitochondrial

stimulatory activity in a number of clinically evaluated compounds, indicating that the

approach is valid, although we have not yet demonstrated rescue of a diseased cell line by

any of our confirmed hits. Future drug screens for mito-functional rescue may need to be

carried out in target cell lines bearing the relevant disease mutations.
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4.3 The high throughput mitoassay identifies previously recognized mitochondrially active
drugs

After screening the drug library and using the two-times the standard deviation (2xStDev)

criterion of vehicle-treated wells, 17 compounds were found to be short term mitochondrial

inhibitors (1.1%), 16 were long-term mitochondrial inhibitors (1%), and 15 were both short-

and long-term inhibitors (0.9%), demonstrating high mitochondrial inhibitory overlap.

About 70% of compounds identified as inhibitors in both long and short-term experiments

repeated in concentration curves. Examples of mitochondrial inhibitors included

decoquinate, isoniazid, suramin, erythrosine, toltrazuril, enilconazole, and metformin.

Decoquinate is a Coenzyme Q-like anti-coccidial agent that is known to interfere with

mitochondrial electron transfer (Williams, 1997; Winter et al., 2008). Isoniazid is an anti-

tuberculosis drug known to interact with mitochondria (Schwab and Tuschl, 2003). The

chemotherapeutic suramin has been shown to inhibit oxygen consumption in intact

mitochondria (Calcaterra et al., 1988). Erythrosine is a component of food colorings and has

been reported to hinder mitochondrial ATPase function (Cocucci, 1986). Toltrazuril is an

anticoccidial known to interact with mitochondrial pyrimidine biosynthesis linked to the

respiratory chain, thus it presumably hits the mitochondrial dihydroorotate dehydrogenase

target (Harder and Haberkorn, 1989; Jöckel et al., 1998). Enilconazole was previously

shown to inhibit mitochondrial respiration (Nakagawa and Moore, 1995) and mitochondrial

steroid biosynthesis (Drummond et al., 1988). Additionally, a previous study by Wagner et.

al. tested a large and diverse chemical library on multiple cell-based assays of mitochondrial

function, and identified statins to have inhibitory properties on the mitochondria (Wagner et

al., 2008). However, statins were not a large chemical class of actives in our work, likely

due to differences in parameters measured. Thus the biosensor screen correctly identifies

drugs with published consequences on mitochondrial function.

4.4 Mild mitochondrial inhibitors are a potential therapeutic class

Metformin has been previously shown to be a mitochondrial complex I inhibitor (Owen et

al., 2000). This anti-diabetic of the biguanide class lowers blood glucose by stimulating

AMPK in the liver, causing an AMPK-dependent suppression of hepatic glucose export

(Zhou et al., 2001). Thus, there can be a specific therapeutic benefit to the mild inhibition of

mitochondrial function.

The main message from this study of inhibitors is that mild mitochondrial inhibition is not

necessarily contraindicated in therapeutic drugs. In our study >1% of FDA-approved

compounds have significant mitochondrial inhibitory activity, for some of them (metformin,

decoquinate) the mild mitochondrial inhibitory activity of the drug is its known, therapeutic

mechanism of action. For example, mild mitochondrial inhibition such as occurs by

metformin through activation of AMPK, triggers a major shift in cellular metabolism that is

therapeutic in the context of type II diabetes (Lage et al., 2008; Leclerc et al., 2004; Scott et

al., 2004), and is being investigated in cancer (Buzzai et al., 2007; Evans et al., 2005; Scott

et al., 2004).
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4.5 The screening platform identifies novel mitofunctional activities of known drugs

There were several novel modulators of mitochondrial function identified. One of the most

potent activators was Flumazenil. Flumazenil is used as a stimulant for patients who have

been over-sedated and preferentially works through the central nervous system

benzodiazepine receptor(Mukhin et al., 1989). Flumazenil interacts with the mitochondrial

(peripheral) benzodiazepene receptor (Anholt et al., 1986; Price et al., 1993), has been

shown to generate hydrogen peroxide, a known mitochondrial KATP channel opener (Yao

et al., 2001; Zhang et al., 2002; Zhang and Yao, 2000). Metaraminol is an adrenergic

alpha-1 agonist that functions as a vasoconstrictor, that is used in the prevention and

treatment of hypotension, especially as a consequence of (over)-anesthesia (Kee et al., 2001;

Lucas et al., 1966). The link between metaraminol and mitochondrial function is not known.

However, alpha-adrenergic receptors stimulate IP3 and Ca2+ release, and calcium entry into

the mitochondria results in an increase in oxidative-phosphorylation and ATP production

(Brookes et al., 2004). Gallamine triethiodide is a M2 subtype muscarinic acetylcholine

receptor antagonist used as a muscle relaxant (Goat et al., 1976; Leppik et al., 1994). M2

muscarinic receptors are Gi-coupled, and activation of these receptors would lead to a

suppression of cAMP production and less Ca2+ release from the sarcoplasmic reticulum

(Bugrim, 1999). Thus gallamine-mediated inhibition of this pathway would lead to increased

calcium release and potential mitochondrial uptake of calcium (McCormack and Denton,

1993). However, in parallel to these studies on mitochondrial function, we measured tubulin

protein expression and DNA quantity using CyQuant in cells after treatment with all 1600

drugs. Galalmine was one of the very few oxygen consumption modulators that also

inhibited tubulin by ~20% (not shown). Thus, it is possible this inhibition is due to toxicity.

Acamprosate is a NMDA receptor modulator used to suppress cravings (Naassila et al.,

1998). Acamprosate has been shown to inhibit microsomal Ca2+− ATPase and leads to an

increase in reactive oxygen species, which could affect mitochondrial function (Çalışkan et

al., 2010). All three of these drugs (metaraminol, gallamine, acamprosate) inhibited

mitochondrial oxygen consumption in RGC-5 cells (Table 1), representing potential novel

additional mechanisms of action involving the mitochondria for these compounds.

Acarbose is an anti-diabetic oligosaccharide whose canonical mechanism is through

inhibition of glucosidase activity in the intestine. The delay of polysaccharide digestion in

the intestine is thought to lower carbohydrate uptake and glucose absorption (Balfour and

McTavish, 1993; Matthaei et al., 2000). Though acarbose is absorbed into the blood (~2%),

its therapeutic effects are thought to take place before entry into the central compartment

(Ahr et al., 1989). We find that acarbose strongly induces mitochondrial function in cells

(Fig. 5a), and that this induction is cancelled by the specific mitochondrial electron transport

chain inhibitors (Fig 6a). Furthermore, bioenergetic profiling of FL83B cells revealed

increasing OCR with increasing acarbose doses (Fig. 7b), suggesting that it specifically

activates mitochondrial respiration. Additionally, we have shown acarbose increased

phospho-AMPK protein in FL83B cells (data not shown). Thus an additional therapeutic

mechanism not previously described for acarbose is the activation of mitochondrial activity,

perhaps through AMPK activation. This could support increased lipid oxidation and and

reduced glycolysis. Acarbose has been shown to lower inflammatory and oxidative stress

related to low-density lipoprotein in post-meal diabetic models in vivo (Derosa et al., 2011;
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Inoue et al., 2006). However, direct mitochondrial effects of acarbose have not been

previously described.

Here we have described an improved assay with the ability to detect modulators of

mitochondrial function in high throughput. The assay identifies known mitochondrial

modulators (e.g metformin, decoquinate), and previously unknown mitochondrial

modulators (e.g. acarbose, metaraminol). It is possible that these previously unrecognized

impacts on mitofunction could be downstream of the primary drug target. Alternatively, they

could be secondary 'off target' effects in the sense that the drug hits a second target that

regulates mitofunction. The work shows that there are clearly FDA- approved drugs with

previously unrecognized mitochondrial effects, highlighting the importance of mitochondrial

function in pharmacology and toxicology (Scatena et al., 2007). Compounds identified to

“accidentally” interact with the mitochondria have been reviewed, and include diverse

therapeutic and mechanistic classes such as potassium channel openers, anti-diabetics, anti-

cancer, anti-viral, nonsteroidal anti-inflammatory and local anesthetic compounds

(Szewczyk and Wojtczak, 2002). Since the mitochondria plays a diverse role in cellular

homeostasis and signaling, it is not surprising that it is a frequent pharmacological target.

Discovering unwanted secondary effects of compounds in drug development is paramount to

drug safety (Dykens and Will, 2007; Scatena et al., 2007; Szewczyk and Wojtczak, 2002).

Thus, determining secondary mitochondrial effects of compounds could help make

medicines safer, and this high-throughput assay platform of mitochondrial function can

possibly aid in the identification process.

5. Conclusions

We have demonstrated that a robust assay of mitochondrial function is possible in 384-well

format, with low variability. The platform discriminates mitofunctional differences in

LHON and FXTAS cell models. The assay was used to screen 1600 drugs that have been

clinically evaluated. Multiple drugs known to inhibit mitochondrial function such as

metformin and decoquinate were confirmed to inhibit mitochondrial oxygen consumption in

RGC-5 cells. Additionally, several drugs with no previously-known mitofunctional effects

were identified, including acarbose, metaraminol, gallamine triethiodide, and acamprosate.

Our hope is that the identification of these mitochondrially active drugs could represent

potential new leads to treat orphan mitochondrial diseases.
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Highlights

• 1600-FDA approved drugs are tested for effects on mitochondrial function

• Known mitomodulators were identified by the assay (metformin, decoquinate)

• Novel FDA-approved drugs not previously known to have mitofunctional

effects were also identified, that could be considered for rescue of mitochondrial

disease
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Figure 1.
Representative traces for oxygen consumption in (a) 3T3, (b) 50B11, (c) K562, (d) C2C12,

(e) lymphoblasts, and (f) FL83B cells. Cells were aliquoted into 384-well Biosensor plates,

and at t0, either vehicle (grey traces) or 10 μM FCCP (black traces) was added. Fluorescence

was monitored for 90-120 min. The plotted data displays mean reference fluorescence units

(RFU), which correlate positively with oxygen consumption. Error bars represent SEM (n =

3).
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Figure 2.
Representative traces for oxygen consumption comparing (a) FXTAS fibroblasts to healthy

fibroblasts or (b) LHON mutation 11778 cybrids to healthy cybrids. Cells were aliquoted

into 384-well biosensor plates with either vehicle (dotted traces) or 10 μM FCCP (solid

traces), and fluorescence was monitored for 90-120 min (n=4 wells). The plotted data

displays mean fold change from baseline fluorescence at t0. Error bars represent SEM (n =

4). We observed diminished oxygen consumption in the diseased cells (black traces)

compared to healthy controls (grey traces) under both basal and FCCP-uncoupled

conditions.
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Figure 3.
FCCP stimulation of oxygen consumption in RGC-5 cells. (a) RGC-5 cells were aliquoted

into 384-well biosensor plates with vehicle or FCCP at concentrations ranging from 0.1-10

μM. Fluorescence was monitored for 90 min (n=4). The plotted data displays mean

reference fluorescence units (RFU), which correlate positively with oxygen consumption.

(b) The mean slope of the curve in (a) from t=40-50 min is plotted as a function of FCCP

concentration. Error bars represent SEM (n = 4).
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Figure 4.
Histograms of modulators of oxygen consumption identified by high-throughput drug screen

in biosensor plates. The oxygen consumption biosensor assay was used to screen a library of

1600 drugs at 10 μM test concentration with endpoint readings at (a) 2 hours and (b) 24

hours. The vehicle control was 0.1% DMSO; the positive control was 5 μM FCCP. X-axes

display mean fold change from vehicle (FCV) fluorescence at respective time points in bins

of size 0.1 (duplicate). Mean FCCP response at 2 hours was 3.2 FCV. At 2 hours, the mean

FCV for all drugs was 0.95 ± 0.107 SD. At 24 hours, the mean FCV for all drugs was 1.01 ±

0.16 SD. Drugs that increased or decreased oxygen consumption at vehicle mean ± two

standard deviations were considered significant “hits”. Selected compounds are shown

above bins corresponding to the FCV response for the drug.
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Figure 5.
Representative dose-response curves of short and long term oxygen consumption

modulators in RGC-5 cells using oxygen biosensor plates. Compounds that reproducibly

increased or decreased oxygen consumption at vehicle mean ± two standard deviations were

tested using the endpoint assay in biosensor plates at additional concentrations ranging from

0.01–10 μM. The plotted data displays mean fold change from vehicle fluorescence at 2 or

24 hours. Error bars represent SEM (n = 3). Examples of dose dependent increases in

oxygen consumption are shown for (a) acarbose at 2 hours (EC50: 1.6±1.57 μM, n=3) and

(c) enilconazole at 24 hours (EC50: 0.46±1.4 μM, n=3). Examples of dose dependent

decreases in oxygen consumption are shown for (b) isoniazid at 2 hours (IC50: 3.4±1.2 μM,

n=3) and (d) chlormadinone at 24 hours (IC50: 2.5±2.1 μM, n=3).
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Figure 6.
Effect of mitochondrial toxins on acarbose activity. (a)RGC-5 cells were treated with

vehicle (0.1% DMSO) or acarbose (10 μM), in combination with either the electron

transport chain inhibitor rotenone (10 μM) or the ATP synthase inhibitor oligomycin (10

μM). All treatments were added at t0, and oxygen consumption was measured at 2 hours

using the endpoint assay. The plotted data displays mean fold change from vehicle

fluorescence at 2 hours. Error bars represent SD (n = 4). *P < 0.05, relative to vehicle

control, t test. #P < 0.05, relative to vehicle control, t test. (b) Acarbose does not increase

oxygen consumption in control or LHON 1178-mutation containing cybrid cells. Positive

control is 5uM FCCP (+); Negative control is 0.1% DMSO (0). The plotted data displays

mean fold change from vehicle fluorescence at 2 hours. Error bars represent SEM (n = 4).
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Figure 7.
Acarbose effects on cellular bioenergetics in FL83B cells. Seahorse extracellular flux

analyzer allows measurement of mitochondrial respiration after acarbose treatment in

5L83B cells. (a) Representative traces for oxygen consumption rate (OCR) in FL83B cells

pre-treated with 7.5 μM acarbose for one hour (A: 25 mM glucose, B: 1 μM oligomycin, C:

12.5 μM FCCP, D: 0.1 μM rotenone and 1 μM antimycin A). (b) Analysis of OCR area

under the curve for 2.5 – 10 μM acarbose treated cells is shown. (c) Representative traces for

ratio between OCR and extracellular acidification rate (ECAR) for FL83B cells pre-treated

with 7.5 μM acarbose for one hour. The plotted data displays mean responses and error bars

represent SD (n = 3-4). *P < 0.05, relative to vehicle control, t test.
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Table 1

Modulators of oxygen consumption identified in a screen of 1600 compounds. Oxygen consumption data from

the primary screen is presented as fold change from vehicle (FCV) at respective time points in response to 10

μM drug treatment. The strongest activators and inhibitors at 2 hours and the strongest inhibitors at 2 and 24

hours are shown.

Compound FCV, 2hrs FCV, 24hrs

activators Toltrazuril 2.07 ± 0.83
1.16 ± 0.24

*

Acarbose 1.64 ± 0.51
0.94 ± 0.34

*

Fumazenil 1.59 ± 0.55
1.05 ± 0.34

*

Dichlorophene 1.57 ± 0.32 1.42 ± 0.03

Nitazoxanide 1.47 ± 0.20 1.27 ± 0.17

Quinidine Gluconate 1.26 ± 0.05
1.04 ± 0.68

*

Chlormadinone acetate 1.25 ± 0.23 0.45 ± 0.19

Succinylsulfathiazole 1.20 ± 0.13 0.63 ± 0.34

Desoxymetasone 1.17 ± 0.19 0.76 ± 0.33

inhibitors Isoniazid 0.47 ± 0.12 0.33 ± 0.17

a-Tocopherol 0.51 ± 0.07 0.26 ± 0.12

Betamethasone Acetate 0.64 ± 0.14 0.38 ± 0.17

Metaraminol Bitartrate 0.64 ± 0.22 0.51 ± 0.3

Decoquinate 0.65 ± 0.16 0.36 ± 0.16

Acamprosate Ca 0.65 ± 0.14 0.36 ± 0.16

Dyphylline 0.68 ± 0.15 0.38 ± 0.17

Gallamine Triethiodide 0.71 ± 0.32 0.37 ± 0.13

Metformin 0.73 ± 0.14 0.60 ± 0.42

FCV = Mean fold change from vehicle

n = 3-4 biological repeats

*
not significant at 2±SD at 24 hours only
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Table 2

Summary of numbers of modulators of oxygen consumption identified in a screen of 1600 compounds.

Numbers are shown for drugs found to be significant in primary screen, compounds that were confirmed upon

retest, and drugs that displayed dose-dependent effects on mitochondrial oxygen consumption. Percentage of

total number of drugs tested is shown in parentheses.

1° Screen Retest Confirmed Dose Dependent

2 hours activators 56 (3.5%) 19 (1.2%) 9 (0.6%)

inhibitors 55 (3.4%) 17 (1.1%) 12 (0.8%)

24 hours activators 103 (6.4%) 23 (1.4%) 8 (0.5%)

inhibitors 38 (2.4%) 16 (1%) 12(0.8%)

2 and 24 hours activators 38 (2.4%) 9 (0.6%) 6 (0.4%)

inhibitors 21 (1.3%) 15 (0.9%) 11 (0.7%)

Number of significant drugs and percent of total shown
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