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Abstract

A goal of the Tox21 program is to transit toxicity testing from traditional in vivo models to in vitro

assays that assess how chemicals affect cellular responses and toxicity pathways. A critical

contribution of the NIH Chemical Genomics center (NCGC) to the Tox21 program is the

implementation of a quantitative high throughput screening (qHTS) approach, using cell- and

biochemical-based assays to generate toxicological profiles for thousands of environmental

compounds. Here, we evaluated the effect of chemical compounds on mitochondrial membrane

potential in HepG2 cells by screening a library of 1,408 compounds provided by the National

Toxicology Program (NTP) in a qHTS platform. Compounds were screened over 14

concentrations, and results showed that 91 and 88 compounds disrupted mitochondrial membrane

potential after treatment for one or five h, respectively. Seventy-six compounds active at both time

points were clustered by structural similarity, producing 11 clusters and 23 singletons. Thirty-eight

compounds covering most of the active chemical space were more extensively evaluated. Thirty-

six of the 38 compounds were confirmed to disrupt mitochondrial membrane potential using a

Address correspondence to: Menghang Xia, Ph.D., National Institutes of Health, National Center for Advancing Translational
Sciences, NIH Chemical Genomics Center, 9800 Medical Center Drive, Bethesda, MD 20892-3370, Phone: 301-217-5718
mxia@mail.nih.gov.

This article may be the work product of an employee or group of employees of the National Institute of Environmental Health
Sciences (NIEHS) and the National Center for Advancing Translational Sciences, National Institutes of Health (NIH), however, the
statements, opinions or conclusions contained therein do not necessarily represent the statements, opinions or conclusions of NIEHS,
NIH or the United States government.

Supplementary Information
Table S1: A description of the chemical clusters generated by the 76 active compounds in the MMP assay for both the 1 and 5 h time
points. The 76 active compounds for 1 and 5 h were clustered based on structural similarity [Hierarchical (agglomerative) nesting]
using the Leadscope software (Leadscope Inc., Columbus, OH, USA), resulting in 11 structural clusters and 23 singletons. Table S2:
A summary of previously published screening data [compound potency (half maximal activity concentration, µM)] for the 38
compounds. Figure S1: qHTS MMP assay experimental design: a) detailed protocol of the MMP screen. b) A plate map of the control
plate used for the screen. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2014 September 16.

Published in final edited form as:
Chem Res Toxicol. 2013 September 16; 26(9): 1323–1332. doi:10.1021/tx4001754.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://pubs.acs.org


fluorescence plate reader and 35 were confirmed using a high content imaging approach. Among

the 38 compounds, 4 and 6 induced LDH release, a measure of cytotoxicity, at 1 or 5 h,

respectively. Compounds were further assessed for mechanism of action (MOA) by measuring

changes in oxygen consumption rate, which enabled identification of 20 compounds as

uncouplers. This comprehensive approach allows for evaluation of thousands of environmental

chemicals for mitochondrial toxicity and identification of possible MOAs.
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Introduction

In 2004, the National Toxicology Program (NTP) made public its vision for toxicology

testing in the 21st century stating the intention to move toxicology from a mainly

observational science at the level of disease-specific, animal-based models to a predictive

science focused upon a broad inclusion of target-specific mechanistic approaches.1 To fulfill

the vision, the NTP established a High Throughput Screening (HTS) initiative that led in

2008 to the development of the Tox21 collaboration between the NTP, the Environmental

Protection Agency (EPA) National Center for Computational Toxicology (NCCT), and the

NIH Chemical Genomics Center (NCGC), with the addition of the Food and Drug

administration (FDA) in 2010. In 2007, the National Research Council (NRC) published its

long-range vision for toxicity testing that emphasized using new tools in molecular

toxicology, computational sciences, and information technology to address the challenge of

evaluating the thousands of untested chemicals present in the environment,2 stating that

traditional toxicity testing methods are inadequate due to the high cost and the vast number

of animals that would be needed to characterize these chemicals. Central to both visions is

the idea of using chemical profiling strategies to study perturbations of critical cellular

responses to xenobiotics using primarily HTS-based in vitro human cell models. The use of

cellular targets or “toxicity” pathway perturbations as new, discrete toxicological endpoints

will permit the identification of mechanisms of toxicity for each xenobiotic and provide

predictive potential. The body of data generated will allow the scientific community to

prioritize chemicals for more in-depth, targeted in vitro or in vivo assays that will eventually

lead to the development of predictive toxicological models.3

Mitochondria occupy a central role in cellular physiology, making them ideal targets for in

vitro toxicity studies. Mitochondria are involved in diverse processes such as energy

metabolism,4 calcium homeostasis,5 cell signaling,6 macromolecular synthesis and

maturation,7, 8 mitochondrial DNA replication and protein synthesis,9 and cell cycle and

apoptosis regulation,10 depending on the tissue. Most of the cellular energy is generated as

ATP through oxidative phosphorylation in the mitochondria.11 The protein complexes that

transport electrons from reduced intermediates to the final acceptor (oxygen) are embedded

in the mitochondrial inner membrane.12 Mitochondria also contain the enzymes involved in

the Krebs cycle and fatty acid oxidation.13 Xenobiotic chemicals can perturb a variety of
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macromolecules in the mitochondria, thereby affecting any one of the several mitochondrial

functions; this complexity presents a challenge in identifying unique mechanisms of

mitochondrial toxicity, and developing predictive models.14 Numerous examples of

molecules that inhibit different respiratory complexes, Krebs cycle or fatty acid metabolism,

mtDNA replication and protein synthesis, or dissipate the mitochondrial membrane potential

(MMP, Δψm), have been reported, most frequently as off-target effects of drug

candidates.15, 16 Chemicals could also generate oxidative stress leading to a redox

imbalance, a decrease of the reduced mitochondrial thiol pool and an opening of the

mitochondrial permeability transition pore.15–17 Although many environmental toxicants

have been studied,18 the work described here constitutes the first large scale study

evaluating the mitochondrial toxicological properties of environmental chemicals.

Here, we report on the use of a quantitative high throughput screening (qHTS) approach to

evaluate the acute effect of 1,408 chemicals of interest to the NTP on the MMP as a possible

first indicator of acute mitochondrial toxicity. These compounds were selected based largely

on the availability of toxicity data from standard tests for carcinogenicity, genotoxicity,

immunotoxicity, neurotoxicity, and/or reproductive and developmental toxicity among

others.19, 20 Based on the results of the primary screening, we selected several compounds

for further confirmatory and mechanistic studies including compound-induced cytotoxicity

and changes in oxygen consumption. We show that the combination of primary screening

with follow-up mechanistic studies is a useful approach for profiling the effect of

environmental chemicals on mitochondrial function.

Experimental Procedures

Reagents

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, Chemical Abstracts Service

Registry Numbers (CASRN) 370-86-5) and all the compounds listed in Table 1 were

purchased from Sigma-Aldrich (St. Louis, MO, USA) with the exception of 2,2'-thiobis(4-

chlorophenol), 4,4-thiobis(6-t-butyl-m-cresol), and malachite green oxalate that were

purchased from TCI America (Portland, OR, USA) and nitazoxanide that was purchased

from Toronto Research Chemicals (North York, ON, Canada). When referring to chemical

compounds, CASRN were included either in table 1 or next to the compound name in the

text. Black, clear bottom 1536-well plates were purchased from Corning Costar (Acton,

MA, USA).

The NTP 1,408 compound library

This study was performed using an NTP library collection of 1,408 compounds.19, 20 Of the

1,408 compounds in the NTP collection, 1,340 were unique, 62 were present in duplicate,

and 2 were present in triplicate. Briefly, this collection of 1,408 compounds included 1,206

compounds that had been tested by the NTP in one or more in vitro and/or in vivo assays

(including those for bacterial mutagenicity (68%), chronic toxicity/carcinogenicity (23%),

reproductive toxicity (3%), developmental toxicity (3%), immunotoxicity (1%)) and 147

reference compounds identified by NTP Interagency Center for the Evaluation of

Alternative Toxicological Methods for the development and/or validation of alternative in
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vitro test methods for dermal corrosion, acute toxicity, and endocrine activity. Functionally,

the NTP library of 1,408 compounds includes solvents, fire retardants, preservatives,

flavoring agents, plasticizers, therapeutic agents, inorganic and organic pollutants, drinking-

water disinfection byproducts, pesticides, and natural products. A complete list of the NTP

1,408 compounds and full chemical descriptions are publicly available at Pubchem.21

Cell culture

Human hepatocellular carcinoma cells (HepG2) were purchased from the American Type

Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in ATCC complete

Eagle’s minimal essential medium supplemented with 10% fetal bovine serum (Invitrogen,

Carlsbad, CA, USA), 50 U/mL penicillin, and 50 µg/mL streptomycin (Invitrogen) at 37°C

under a humidified atmosphere and 5% CO2. HepG2 cells are a suitable, cost effective, and

commonly used hepatocyte model for qHTS. And even though HepG2 cells are a Hepato-

carcinoma derived cell line, they are capable of cellular respiration22 and they have been

used in many mitochondrial toxicity studies involving liver cells.23, 24 Furthermore the

sensitivity of the assay using HepG2 cells was evaluated during the assay optimization and

miniaturization using several known mitochondrial poisons and we found the assay sensitive

enough for qHTS.25

Quantitative High Throughput Screening (qHTS)

Compound formatting and qHTS were performed as described previously.26, 27 The control

plates were plated as follows. A positive control (FCCP) solution in dimethyl sulfoxide

(DMSO, CASRN 67-68-5) was dispensed into columns 1, 2 and 3 (Fig 1S). Column 1

contained a sixteen-concentration titration ranging from 2.5 mM to 5.7 µM in duplicates.

Columns 2 and 3 contained replicates for the positive control: 2 mM in column 2 (32

replicates) and 1.5 mM and 0.75 mM in column 3 (16 replicates for each concentration).

Additionally, DMSO was dispensed into column 4 as a negative control. For testing, 23 nL

of the compounds in DMSO solution were transferred via pin tool (Kalypsys, San Diego,

CA, USA) from the compound and control plates to the assay plates, resulting in final

concentrations of 0.03 nM to 11.5 µM of FCCP and 0.45% DMSO. Test compounds were

screened over a 14-point concentration curve ranging from 0.59 nM to 92 µM. To achieve

the highest final compound concentration of 92 µM (DMSO concentration 0.90%), 23 nL

was transferred twice from the highest concentration of source (compound) plate into the

assay plate; control plates with DMSO transferred twice were also included for comparison.

The final concentration of DMSO in the assay was 0.45% or 0.90% in wells that were dosed

once or twice, respectively.

MMP assay

MMP was measured using the Mitochondrial Membrane Potential Indicator (m-MPI, Codex

Biosolutions, Inc., MD, USA).25 This is a fluorescence-based assay that quantifies changes

in mitochondrial membrane potential. HepG2 cells were dispensed at 2000 cells/5 µL/well in

tissue culture treated 1536-well black wall/clear bottom assay plates (Greiner Bio-One North

America, NC, USA) using a Flying Reagent Dispenser (FRD) (Aurora Discovery, CA,

USA). After overnight culturing of cells at 37°C to allow for attachment, cells were treated
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with the compounds at 37°C for 1 and 5 h; after the treatment period, 5 µL of 2X m-MPI

reagent (10 µL of Mito-MPS solution + 5 mL of assay buffer) was added into the wells using

the FRD and the plates were incubated for an additional 30 min at 37°C. Fluorescence

intensities (485 nm excitation/535 nm emission for green fluorescent monomers; 540 nm

excitation/590 nm emission for red fluorescent aggregates) were measured using an

Envision plate reader (PerkinElmer; Shelton, CT, USA).25 Data were expressed as the ratio

of 590 nm/535 nm.

Imaging-based MMP assay

HepG2 cells were dispensed at 2000 cells/5 µL/well in tissue culture treated 1536-well black

wall/clear bottom assay plates (Greiner Bio-One North America) using the FRD. After

culturing overnight at 37°C, the assay plates were treated with the compounds at 37°C for 1

or 5 h, followed by addition of 5 µL of m-MPI reagent (Codex) with 0.3 µg/mL of Hoechst

33342 (Invitrogen) used to stain DNA. The plates were incubated for 30 min at 37°C. The

fluorescence intensities (482 nm excitation/536 nm emission for green fluorescent

monomers; 543 nm excitation/593 nm emission for red fluorescent aggregates; 377 nm

excitation/447 nm emission for Hoechst 33342) were measured using an ImageXpress Micro

Widefield High Content Screening System (Molecular Devices, Sunnyvale, CA, USA).

Imaging was processed and analyzed with the MetaXpress® and PowerCore® software

(Molecular Devices) using the Multi Wavelength Cell Scoring algorithm. The mean of

average fluorescence intensity from each positive cell was calculated per well for both green

and red fluorescent colors. Data was expressed as the ratio of 593 nm/536 nm emissions.

LDH (lactate dehydrogenase) release assay

LDH release was measured using the CytoTox-ONE™ Homogenous Membrane Integrity kit

(Promega Madison, WI, USA). The HepG2 cells were dispensed at 2,000 cells/5 µL/well in

1,536-well black wall/clear bottom assay plates using an FRD. The cells were incubated

overnight at 37°C, followed by the addition of compounds using the pin tool. The assay

plates were incubated for 1 or 5 h at 37°C, followed by the addition of 5 µL/well of

CytoTox-ONE™ reagent. After a 10 min incubation at room temperature, the fluorescence

intensity (560 nm excitation/590 emission) was measured using an Envision plate reader

(PerkinElmer).

Oxygen Consumption Studies

Oxygen consumption rates (OCRs) were measured using a Seahorse Biosciences XF96

respirometer (Seahorse Biosciences, North Billerica, MA, USA). The HepG2 cells were

plated in XF96 plates at 30,000 cells/well in 100 µL media. After 24 h, OCRs were

measured with a 3 min measure, 2 min mix cycle using the Akos algorithm (Seahorse

Biosciences) to convert changes in fluorescence to OCR. Basal rates were measured 4 times,

followed by injection of compound and an immediate rate measurement that was repeated

every 5 m for the next h, after which 1 µM FCCP was injected. Following injection, several

OCR measurements were made to assess maximal uncoupled rate.
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Data analysis

Primary data analyses were performed as previously described.28 Briefly, raw plate reads for

each titration point were first normalized relative to FCCP control (3.5 µM for 1 h and 6.9

µM for 5 h, −100%) and DMSO only wells (basal, 0%), and then corrected by applying a

pattern correction algorithm using compound-free control plates (DMSO plates).

Concentration-response titration points for each compound were fitted to the Hill equation29

yielding concentrations of half-maximal inhibition (IC50) and maximal response (efficacy)

values. Compounds were designated as Class 1–4 according to the type of concentration

response curve observed.26, 30 Curve classes are heuristic measures of data confidence,

classifying concentration–responses on the basis of efficacy, the number of data points

observed above background activity, and the quality of fit. Compounds with ratio (red/green,

590 nm/535 nm) curve classes 1.1, 1.2 or 2.1 and red channel showing inhibition with curve

classes different from 4 were considered positive. Compounds with class 4 curves for either

the ratio or the red channel were defined as inactive and compounds with other curve classes

were considered inconclusive.

The 76 compounds classified as active at both the 1 and 5 h time points were clustered based

on structural similarity (Hierarchical (agglomerative) nesting) using the Leadscope software

(Leadscope Inc., Columbus, OH, USA), resulting in 11 structural clusters and 23 singletons.

Thirty-eight active compounds (at least one per cluster) were selected for follow-up studies

based on structural diversity, potency, efficacy, and availability.

For the follow-up OCR studies, 4 measurements of the basal rates were taken as controls

and all rates were then normalized to the mean of the 3rd and 4th basal rates for that

treatment group. HepG2 cells were treated in triplicate with the 38 compounds at the MMP

assay IC50 value, and each compound was tested in 5 or 6 independent experiments. The

final concentration of vehicle (DMSO) was 0.1%, the average basal OCR of the vehicle

controls were 135 pmol/m/well, and the average maximal uncoupled OCR for the vehicle

control treated cells were 210 pmol/m/well. OCR was measured immediately (30 sec) and 1

h after compound treatment and immediately after injection of FCCP. The OCR values were

normalized against the basal rate. Given the 12% variance seen in OCR data of known

toxicants,31 a change of 20% or higher is considered significant.

Results

Screening of the NTP library for changes in MMP

As part of the Tox21 initiative, we screened the NTP chemical library19, 20 for compounds

that decreased the MMP in HepG2 cells using the cationic dye m-MPI.25 Compounds were

screened in 14 concentrations from 0.59 nM to 92 µM for 1 and 5 h of treatment; the

uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) was used as a

positive control.31 A concentration titration of FCCP was included as a reference in each

plate to examine data quality. The mean IC50 observed for FCCP from all 18 plates,

including 4 DMSO control plates, was 0.81 ± 0.20 µM and 1.28 ± 0.32 µM [mean ± SD

(standard deviation)] at the 1 and 5 h time points, respectively. The mean signal-to-

background ratio from the 18 plates was 23.54 ± 2.01 and 30.39 ± 2.85 and the Z’ factor32
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averaged 0.82 ± 0.02 and 0.85 ± 0.02 for 1 and 5 h, respectively. The coefficient of variation

(CV) for the DMSO plates was 6.75 ± 0.45% and 5.84 ± 0.29% at 1 and 5 h, respectively.

Of the 1340 unique compounds in the NTP library, 190 compounds decreased MMP in a

concentration-dependent manner after 1 h of treatment and 151 after 5 h of treatment in

HepG2 cells (Fig. 1). Of these compounds, 91 (1 h treatment) and 88 (5 h treatment)

compounds with curve classes 1.1, 1.2, or 2.1 (see detail description in method)26 were

considered actives. Of the 64 duplicates in the NTP library, 62 pairs (97%) showed the same

outcome (either active or inactive) for 1 h, with only parathion (CASRN 56-38-2) and

norbixin (CASRN 542-40-5) showing dissimilar responses. Similar results were observed

for the 5 h treatment, with 63 (98 %) pairs showing the same results with norbixin being the

exception. The two compounds that are present in triplicate were inactive at 1 and 5 h for all

replicates. The data generated from the primary screen are available in Pubchem [assay IDs:

651754 (1 h) and 651755 (5 h)].21

Seventy-six compounds with curve classes 1.1, 1.2, or 2.1 were active at both 1 and 5 h of

treatment. These 76 compounds were clustered by structural similarity resulting in 11

structural clusters and 23 singletons (Supplementary information Table S1). Four of the 5

flavonoids screened — apigenin, kaempferol, genistein (Fig 2), and daidzein (CASRN

486-66-8)— were active at both time points and clustered together (Cluster #4,

Supplementary information Table S1). The fifth, flavone (2-phenyl-1,4-benzopyrone,

CASRN 525-82-6), was only marginally active at 1 h and inactive at 5 h. Similarly, the three

triarylmethane dyes screened — basic red 9 (p-rosaniline HCl), hexamethyl-p-rosaniline

chloride, and malachite green oxalate — were positive at both time points and clustered

together (Cluster #6, Supplementary information Table S1). Finally 8 of the 11 compounds

with an anthraquinone core were positive at both time points and included in the cluster

analysis. The exceptions were carminic acid (CASRN 1260-17-9) that was negative for both

time points, chrysophanic acid (CASRN 481-74-3) that was inconclusive at both time

points, and 2-methyl-1-nitroanthraquinone (CASRN 129-15-7) that was positive only at 5 h.

These 8 compounds were grouped into two different clusters depending on the hydroxyl

group content (Clusters #3 and #10, Supplementary information Table S1). The inactive

compounds from the primary screen were not analyzed further for structure features. The

molecular library used here is very diverse structurally and the majority of the library was

negative, making the definition of structure features associated with negative results

difficult. Furthermore the value of defining structural clusters significantly deficient in

active molecules is relative since the activity can be drastically modified by just adding a

functional group to the cluster consensus core structure. From the clustering results, we

selected 38 active compounds that covered most of the chemical space for confirmatory and

further mechanistic studies. Additionally, we selected one inactive close structural analog

(wherever available; Supplementary information Table S1) of the active compounds for each

cluster, seven total, and subjected them to the confirmatory studies as well, to test for the

possibility of false negatives. Powder samples of these compounds were purchased from

commercial vendors.
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Confirmatory and mechanistic studies

Of the 38 compounds selected for confirmation and follow-up mechanistic studies, 36 (95%)

were confirmed to be positive at 1 h for MMP disruption when tested using 24

concentrations over 6 orders of magnitude (11 pM to 92 µM). Silibinin and 1,5-

naphthalenediamine were inactive (Table 1). Thirty-seven compounds (97%) were

confirmed as active at the 5 h time point, with 1,5-naphthalenediamine being inactive and

silibinin weakly active with low efficacy (38.14%). The inactive analogs were tested at 15

concentrations ranging from 1.2 nM to 92 µM in triplicate and all compounds remained

inactive. When the assay was repeated using high content as a readout over a 12-

concentration titration (45 nM to 92 µM), 35 of 38 (92%) compounds were confirmed as

active at the 1 h time point (silibinin, 1,5-naphthalenediamine, and formulated fenaminosulf

were inactive or inconclusive), and 36 (95%) were confirmed for activity at 5 h (silibinin

and 1,5-naphthalenediamine were inactive, Table 1).

To rule out cell death as the cause of the observed decrease in membrane potential, we

assayed cytotoxicity by measuring LDH release into the media at 1 and 5 h of treatment with

the compounds. Four compounds had minimal cytotoxic effect after 1 h of treatment. Only

digitonin had similar IC50 values for both a decrease in MMP and an increase in

cytotoxicity. Six compounds were cytotoxic after 5 h of treatment, with kaempferol having

similar potency for both a decrease in MMP and an increase in cytotoxicity, while

phenmedipham was more potent for cytotoxicity than for MMP disruption (Table 2).

To further understand the mechanism of toxicity of the selected compounds, we examined

changes in OCR generated after treatment with each compound, using the IC50

concentration determined from the 1 h MMP confirmatory assays. Changes immediately

after the addition of the compound and after one hour of treatment were measured (Table 3).

Uncoupling agents generally cause an increase in OCR33, 34 and compounds that inhibit the

flow of electrons through the respiratory chain have the opposite effect.35 The FCCP-

uncoupled OCR (after FCCP addition) was measured at the end of the experiment (Table 3).

The FCCP-uncoupled rate approximates maximal mitochondrial capacity and it has been

shown that mitochondrial toxicants can decrease this value without an obvious effect on

basal rates.34 Twenty compounds seemed to act as uncouplers, increasing the OCR after one

hour treatment (Table 3, group 1). Ten of these also demonstrated increased OCR values

immediately upon exposure, while the other 10 took 1 h to fully manifest their uncoupling

affect, possibly due to slower cellular uptake. Two compounds, gentian violet and malachite

green oxalate, caused an immediate uncoupling as evident from increased OCR but by 1 h,

the OCR was similar to the initial basal rate (Table 3, group 2). Moreover these two agents

significantly suppressed FCCP uncoupled rates showing mitochondrial toxicity. Four

compounds - 4-hydroxyphenyl retinamide, curcumin, genistein, and silibinin - had no effect

on basal rate at 30 sec or 1 h, but they significantly suppressed the FCCP uncoupled rates,

indicating that they are mitochondrial toxicants in a different mechanistic class from the

uncouplers (Table 3, Group 3). Another class of toxicants, including basic red 9,

diethylstilbestrol (DES), digitonin, phenyl mercuric acetate, and zearalenone, depressed both

basal and FCCP uncoupled rates (Table 3, Group 4). Seven of the 38 compounds positive in
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the 1 h MMP assay showed no effect on the basal or FCCP-uncoupled OCR when tested at

their IC50 concentrations (Table 3, Group 5).

Discussion

In the present study, we profiled a diverse collection of chemicals including pesticides,

therapeutic agents, preservatives, and flavoring agents among others for their ability to

disrupt the MMP (Δψm) in HepG2 cells, as a first step in a systematic study of the

mechanisms by which environmental compounds induce mitochondrial toxicity. Compounds

that inhibit cellular respiration, the Krebs cycle, or fatty acid oxidation can potentially affect

the membrane potential.25 Protonophores can also directly dissipate the membrane potential

by facilitating the movement of protons against the electrochemical gradient.25 MMP

collapse seems to be a necessary step in the progression of apoptosis via the intrinsic

pathway.36 Finally, compounds that directly affect membrane integrity and/or are cytotoxic

via other mechanisms will also affect the MMP. Thus, compounds inhibiting a wide range of

cellular processes may disrupt the MMP making it a suitable comprehensive first endpoint

for screening.

Among the 1340 unique compounds assayed in the primary screen, we identified 91 and 88

active compounds at 1 and 5 h of treatment, respectively, with 76 compounds being active at

both time points. Thirty-eight compounds as well as seven inactive analogs were chosen for

follow-up studies on the basis of structure–activity relationship (SAR) and biological

activity, with over 95% of the 38 active compounds confirmed as active and all inactive

analogs confirmed as inactive suggesting low false positive and negative rates of this assay.

Of these compounds, only 6 exhibited some level of cytotoxicity (measured by LDH

release) at either 1 or 5 h (Table 2) with digitonin being the only compound that showed

similar potency for both MMP decrease and LDH release. Digitonin is commonly used in

mitochondria isolation since it preferentially binds to membranes containing cholesterol and

destabilizes them,37 which could explain both LDH release and, after a prolonged treatment,

loss of MMP. All of the other compounds positive for LDH release showed cytotoxicity

only at higher concentrations when compared to the concentrations at which they decreased

the MMP, indicating either a sequential order of events or just independent events at

different concentrations.

To determine if the observed changes in MMP were related to the initiation of apoptotic

events we evaluated our previously published HepG2 data for these 38 compounds on the

activation of caspase 9 at 5 h and caspase 3/7 at 16 h,38 as well as cytotoxicity at 40 h27

(Supplementary information Table S2). Only one compound (hexamethyl-p-rosaniline

chloride [gentian violet]) seems to activate caspase 9 at 5 h of treatment, and at

concentrations much higher than the concentration needed to decrease the membrane

potential. Therefore, the observed decrease in MMP cannot be explained exclusively by an

induction of the intrinsic apoptotic pathway for any of the studied compounds. Moreover,

only 5 of these 38 compounds (13%) induced apoptosis after 16 h of treatment and 23 (59%)

were cytotoxic for HepG2 cells after 40 h of treatment (Supplementary information Table

S2).
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To further investigate the possible mechanisms by which these compounds disrupt MMP,

changes in the OCR were measured immediately and after 1 h of treatment. Uncouplers are

expected to increase oxygen consumption33 while compounds that inhibit the flow of

electrons through the respiratory chain decrease the OCR35. Results of these studies allowed

us to further classify the 38 mitochondrial toxicants into several major mechanistic groups

(Table 3). For example, group 1 consists of 20 compounds that are clearly uncouplers,

although some act more slowly than others. This group includes fentichlor [2,2'-thiobis(4-

chlorophenol)], trichlorophenol, and captan that have been previously described as

uncouplers.39–42 Group two consists of two triarylmethane dyes (gentian violet and

malachite green oxalate) that caused an immediate increase on OCR followed by a marked

decline at 1 h leading to a decreased FCCP uncoupled rates showing clear signs of

mitochondrial toxicity. Compounds in group 3 decreased the maximal capacity without

affecting the basal rate, perhaps by suppressing substrate uptake, although other mechanisms

cannot be ruled out. Compounds in group 4, possible inhibitors of the electron transport

chain (ETC), decreased both the compound treated and uncoupled rates. Finally, 7

compounds in group 5 induced a decrease in MMP but showed no significant effect on OCR

at 1 h of treatment and no effect on the uncoupled OCR. Six of these 7 compounds were not

cytotoxic at 40 h (the only exception being apigenin), suggesting that cells were able to

recover from the change in membrane potential observed after 1 h of treatment. It seems

that, at least for a subset of the studied compounds, changes in MMP were more sensitive

indicators of acute mitochondrial toxicity than changes in OCR, although this should be

evaluated on a case-by-case basis.

Several chemical classes were represented repeatedly within the group of 76 compounds that

were positive in the screen at 1 and 5 h of treatment. Three triarylmethane dyes — basic

read 9 (p-rosaniline HCl), hexamethyl-p-rosaniline chloride, and malachite green oxalate —

were among the most potent compounds, with IC50 values ranging between 0.29 and 2.21

µM. Hexamethyl-p-rosaniline chloride and malachite green oxalate were both cytotoxic at 5

h, and they induced caspase 3/7, while basic red 9 was negative for both endpoints.

Moreover, hexamethyl-p-rosaniline chloride and malachite green oxalate produced similar

changes in the OCR in HepG2 cells by acting as uncouplers immediately after treatment and

eventually decreasing the uncoupled OCR. These two dyes have been shown to accumulate

inside the mitochondria, where they inhibit the ETC at complex I leading to mitochondrial

swelling and apoptosis.43 Other triarylmethane dyes seem to have different but unclear

mechanisms of action that lead to necrosis 43. Compounds that shared a flavone moiety were

positive in the primary screen at 1 and 5 h of treatment; these included apigenin, genistein,

kaempferol, and daidzein (Figure 2). Three of these compounds were tested in the

confirmatory assays and the potency rank was kaempferol>apigenin>genistein at both 1 and

5 h of treatment. Flavonoids have been previously reported to decrease the mitochondrial

membrane potential and induce ROS-mediated apoptosis in a variety of cell types, but the

specific mechanism is not known.25, 44, 45 The isoflavones genistein and daidzein have been

also shown to promote mitochondrial biogenesis after 48h of treatment in renal proximal

tubule cells.46 Mitochondrial biogenesis was promoted by activation and/or increase of

expression of peroxisome proliferator-activated receptor γ coactivator 1-alpha [(PGC)-1α]

and sirtuin (SIRT1).46 Apigenin and kaempferol, as well as other flavonoids, also increase
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SIRT1 deacetylation activity and could potentially regulate mitochondrial biogenesis.47 In

the studies reported here, kaempferol acted as an uncoupler, genistein only affected the

uncoupled OCR, and apigenin did not affect the OCR or the FCCP-uncoupled OCR after 1 h

of treatment. Thus, flavonoids, although structurally similar, may affect the MMP through a

variety of different mechanisms. The eight compounds with an anthraquinone core that were

positive for both time points in the screening were grouped into two clusters based on their

hydroxyl content (Supplementary information Table S1). Emodin and 1,8-dihydroxy-4,5-

dinitroanthraquinone had two or more hydroxy groups and were grouped together. Both

were cytotoxic at 40 h and both acted as uncouplers. Alternatively, 2-aminonthraquinone

was not cytotoxic at 40 h and did not affect the OCR or the uncoupled OCR in HepG2 cells,

suggesting that these two types of anthraquinones have different mechanisms by which they

affect the MMP. These results correlate with previous studies that showed that

anthraquinones required hydroxyl groups at specific positions to act as uncouplers.48

Evaluating mitochondrial toxicity is a key component in the comprehensive understanding

of chemical-induced toxicity.16, 49, 50 Previous efforts to establish high throughput assays

included the use of the tetramethylrhodamine methyl ester dye (TMRM) to asses changes in

MMP in a 96- or 384-well format, 51 the use of changes in oxygen consumption by live

cells 34, 52, the use of differential toxicity when cells are forced to obtain most of their

energy via oxidative phosphorylation, 53 and the use of enzymatic assays to study inhibition

of cellular respiration 54. Here, we present the first study that screened a large collection of

environmental chemicals for their ability to affect mitochondrial function. We used a

previously described homogenous assay in a 1536-well plate format to monitor changes in

mitochondrial membrane potential25 as a first step to identify compounds that may interfere

with mitochondrial physiology. Combining primary qHTS assays with in depth secondary

assays constitutes the next steps to elucidate mechanism of compound action. Here, we

selected 38 compounds for follow-up confirmatory and mechanistic studies. We examined

cytotoxicity and changes in oxygen consumption to further explore mechanisms of action.

Overall, we were able to determine discrete mechanisms of action for some of these

compounds, demonstrating that a primary screen followed by orthogonal secondary assays

can be an effective strategy for evaluation of the toxicological properties of large numbers of

environmental chemicals. Nevertheless, the mechanistic hypothesis generated in our study

should be further validated using different models (e.g. isolated mitochondria, other cell

types) and other endpoints (e.g. metabolic assays, stress pathway assays). The information

generated from the in vitro assays would help to prioritize chemicals for in vivo testing

using concentrations relevant to human exposures, which would shed light into organ

specific toxicity and toxicokinetic and toxicodynamic properties of these compounds.

Finally these data can be used to generate computational models to predict the toxic effect of

environmental chemicals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Complete screening dataset. Dose response curves for the FCCP control titrations and 1,408

compounds tested in the primary screening for 1 (left) and 5 (right) h (Red, FCCP positive

control; blue, ratio (red/green, 590 nm/535 nm) curve classes 1.1, 1.2 or 2.1; green ratio(red/

green) curve classes 1.3, 1.4, 2.2, 2.3, 2.4, and 3, and gray, ratio(red/green) curve class

4).26,30
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Figure 2.
Several flavonoids that decreased mitochondrial membrane potential were identified in the

primary screening. A) Changes in mitochondrial membrane potential in intact HepG2 cells

generated by three flavonoids identified. (Left, 1 h; right, 5 h). B) A representative image of

HepG2 cells stained with Mito-MPS dye in the absence or in the presence of kaempferol.

Images acquired in ImageXpress microsystem using a 20× objective. While red fluorescent

aggregates are localized in the mitochondria, green fluorescent monomers are mainly in the

cytosol. The composed images are the merger of red, blue (nuclei), and green fluorescence.
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Table 2

Compound potency (IC50, µM) in LDH release assay after 1 or 5 h of treatment.

Compound LDH Release

1 h 5 h

4,4-Thiobis(6-t-butyl-m-cresol) Inactive Inconclusive

Digitonin 45.14±8.43 45.14±8.43

Hexamethyl-p-rosaniline chloride (Gentian violet) Inconclusive 56.11±0

Kaempferol Inactive Inconclusive

Kepone 49.08±12.26 58.39±3.95

Malachite green oxalate Inactive 62.96±0

Phenmedipham Inactive Inconclusive

Phenyl mercuric acetate 68.08±4.44 50.01±0

tetra-N-Octylammonium bromide 35.42±12.64 28.12±0

Only compounds that were active (curve class 1.1, 1.2, and 2.1) or inconclusive (curve class 1.3, 1.4, 2.2, 2.3, 2.4, and 3) for at least one of the time
points are included in the table. Values are the mean ± standard deviation from 3 independent experiments.
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Table 3

Relative percentage oxygen consumption rate (OCR) results generated 30 sec and 1 h after sequential

treatment with a concentration of the compound that generated a 50% response in the MMP assay (i.e., the

IC50) and FCCP (mean ± standard deviation).

Group Compound names

OCR

30 Sec 1 h FCCP
addition

Control (DMSO) 108.71 ± 2.92 116.54 ± 0.86 171.6 ± 1.14

1 1,8-Dihydroxy-4,5-dinitroanthraquinone 144.03 ± 7.3 150.09 ± 1.27 125.05 ± 0.79

1 2,2'-Methylenebis-(4-chlorophenol) 170.42 ± 33.35 168.27 ± 1.85 164.18 ± 0.81

1 2,2'-Thiobis(4-chlorophenol) 273.19 ± 70.36 191.27 ± 0.92 230.07 ± 2.17

1 3,4,5-Trichlorophenol 163.21 ± 18.34 173.49 ± 1.32 202.49 ± 1.47

1 3,4-Dichlorophenyl isocyanate 102.45 ± 10.76 236.03 ± 4.84 260.25 ± 2.92

1 4,4-Thiobis(6-t-butyl-m-cresol) 106.32 ± 4 127.15 ± 1.52 167.04 ± 1.47

1 4-Cumylphenol 111.24 ± 4.51 121.31 ± 0.33 150.32 ± 1.35

1 Captan 110.37 ± 7.97 128.41 ± 0.77 62.19 ± 0.91

1 Diphenylurea 97.02 ± 4.18 143.97 ± 1.85 193.8 ± 2.21

1 Emodin 235.59 ± 56.54 210.48 ± 1.83 247.81 ± 2.96

1 Hexachlorophene 201.72 ± 51.19 175.25 ± 1.35 171.45 ± 2.44

1 Kaempferol 118.63 ± 4.29 138.85 ± 1.28 226.35 ± 1.29

1 Kepone 139.53 ± 5.8 140.71 ± 0.96 188.54 ± 2.11

1 Nitazoxanide 277.15 ± 15.64 199.34 ± 2.37 127.13 ± 1.38

1 N-Phenyl-2-naphthylamine 103.45 ± 2.35 120.42 ± 0.94 177.54 ± 1.62

1 o-Benzyl-p-chlorophenol 123.51 ± 12.67 126.12 ± 0.47 151.46 ± 0.39

1 p -n -Nonylphenol 116.61 ± 6.28 131.32 ± 0.61 212.58 ± 1.39

1 p-Aminophenol 100.52 ± 5.81 158.18 ± 3.31 226.06 ± 3.21

1 Phenmedipham 105.47 ± 2.71 130.87 ± 1.18 173.96 ± 1.01

1 tetra-N-Octylammonium bromide 122.56 ± 40.61 215.53 ± 1.14 224.07 ± 1.98

2 Hexamethyl-p-rosaniline chloride (Gentian violet) 132.56 ± 3.88 105.01 ± 1.65 87.45 ± 0.9

2 Malachite green oxalate 163.81 ± 17.5 97.14 ± 3.09 35.39 ± 0.72

3 4-Hydroxyphenyl retinamide 96.31 ± 1.42 98.83 ± 0.42 79.01 ± 2.11

3 Curcumin 86 ± 3.54 94.85 ± 0.67 111.29 ± 2.82

3 Genistein (4',5,7-Trihydroxyisoflavone) 90.18 ± 3.05 105.21 ± 0.19 90.29 ± 0.37

3 Silibinin 92.67 ± 0.69 95.66 ± 0.46 48.37 ± 1.58

4 Basic red 9 (p-Rosaniline HCl) −9.78 ± 16.86 35.74 ± 2.42 103.83 ± 3.14

4 Diethylstilbestrol [DES] 92.27 ± 8.72 75.16 ± 0.85 132.65 ± 1.79

4 Digitonin 57.25 ± 6.4 54.89 ± 0.48 115.17 ± 0.13

4 Phenyl mercuric acetate 67.6 ± 5.55 51.54 ± 0.26 32.2 ± 1.96

4 Zearalenone 77.68 ± 2.39 109.62 ± 0.57 120.61 ± 2.48

5 1,5-Naphthalenediamine 104.68 ± 1.3 115.87 ± 0.7 193.63 ± 2.33
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Group Compound names

OCR

30 Sec 1 h FCCP
addition

5 2-Aminoanthraquinone 97.54 ± 0.63 106.44 ± 0.61 164.43 ± 3.4

5 Apigenin 99.69 ± 1.13 107.51 ± 0.16 144.92 ± 0.66

5 Formulated fenaminosulf (Dexon) 102.48 ± 0.9 110.45 ± 0.28 137.82 ± 0.96

5 o,p'-DDD (Mitotane) 102.84 ± 1.36 114.22 ± 0.42 200.52 ± 3.25

5 Resveratrol 100.5 ± 0.73 110.92 ± 0.36 181.11 ± 1.52

5 Riboflavin 103.69 ± 0.37 115.15 ± 0.4 190.21 ± 1.86

The results are normalized to the basal OCR for each compound (basal OCR is arbitrarily set to 100%). Compounds are grouped from 1 to 5
according the overall response. Group 1 includes 20 compounds that caused uncoupling (increased OCR at 1 h). Group 2 compounds caused an
immediate uncoupling, but by 1 h the OCR was similar to the initial basal rate. Group 3 compounds had no effect on basal rates at 30 sec or 1 h but
they significantly suppressed the FCCP uncoupled rates. Group 4 compounds depressed both basal and FCCP uncoupled rates. Finally, group 5
compounds showed no obvious effect on the basal or FCCP-uncoupled OCR.
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