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MITOCHONDRIA ARE INTRACELLULAR organelles that play a vital
role in cellular metabolism, including heme, fatty acid, and
steroid synthesis; oxidative phosphorylation; Ca2⫹ homeostasis; and apoptosis (15, 24). Mitochondria are enclosed within
an outer and inner membrane. The inner membrane is more
complex in structure, and contains the electron transport chain
(ETC) complex and the complex for ATP synthesis (1). The
majority of ATP in eukaryotic cells is produced in mitochon-
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dria through oxidative phosphorylation. This process consists
of a series of redox reactions in which electrons are transferred
from electron donors to electron acceptors. The energy released by electrons flowing through the ETC transports protons
across the inner membrane, creating an electrochemical gradient. The electrochemical gradient consists of two parts, the
electric potential and the proton gradient. This electrochemical
gradient drives the synthesis of ATP (20). The mitochondrial
membrane potential (MMP, ⌬m) is generated by the electric
potential across the inner mitochondrial membrane. Measuring
the MMP is useful for evaluating mitochondrial function (21).
A decrease in MMP can be induced by xenobiotics that dissipate
the MMP directly (uncouple) or by xenobiotics that disrupt other
cellular processes or affect different mitochondrial functions including respiration, the tricarboxylic acid (TCA) cycle, fatty acid
␤-oxidation, and pyruvate or fatty acid uptake. A decrease in the
MMP may also be linked to apoptosis pathways because depolarization of the mitochondrial membrane opens the mitochondrial
permeability transition pore, which may lead to the release of
apoptosis initiation factors, such as cytochrome c, and trigger the
apoptosis cascade (19, 33, 37).
Several cell-based MMP assays are available that use membrane-permeable fluorescent cationic dyes, such as 3,3=diehexiloxadicarbocyanine iodide (DiOC6) (27), rhodamine-123
(28), chloromethyl-tetramethyl-rosamine (MitoTracker Orange)
(32), tetramethylrhodamine methyl ester (TMRM) (28), and
tetramethylrhodamine ethyl ester (TMRE) (28), to determine a
reduction in MMP quantitatively. These dyes distribute electrophoretically into the mitochondrial matrix in response to the
electrical potential across the inner mitochondrial membrane
and, upon accumulation, exhibit a red shift in both their
excitation and emission spectra. However, most of these assays
have limitations, including low sensitivity, high cytotoxicity,
and specific inhibition of mitochondrial functions (29); the
potential of being pumped out of mitochondria by multidrug
resistance pumps (6); or the need for multiple wash steps with
long equilibrium time.
Another fluorescent lipophilic cationic dye, 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethylbenzimidazolo carbocyanine iodide
(JC-1), was developed for measurement of the MMP (25). JC-1
is specific and sensitive to reduction in the MMP, but it is
poorly water soluble and has a low signal-to-background (S/B)
window (17). To overcome these limitations, we developed a
homogenous cell-based assay with a water-soluble mitochondrial membrane potential sensor (Mito-MPS), a modified ver495
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Sakamuru S, Li X, Attene-Ramos MS, Huang R, Lu J, Shou L,
Shen M, Tice RR, Austin CP, Xia M. Application of a homogenous
membrane potential assay to assess mitochondrial function. Physiol
Genomics 44: 495–503, 2012. First published March 20, 2012;
doi:10.1152/physiolgenomics.00161.2011.—Decreases in mitochondrial membrane potential (MMP) have been associated with mitochondrial dysfunction that could lead to cell death. The MMP is
generated by an electrochemical gradient via the mitochondrial electron transport chain coupled to a series of redox reactions. Measuring
the MMP in living cells is commonly used to assess the effect of
chemicals on mitochondrial function; decreases in MMP can be
detected using lipophilic cationic fluorescent dyes. To identify an
optimal dye for use in a high-throughput screening (HTS) format, we
compared the ability of mitochondrial membrane potential sensor
(Mito-MPS), 5,5=,6,6=-tetrachloro-1,1=,3,3= tetraethylbenzimidazolylcarbocyanine iodide, rhodamine 123, and tetramethylrhodamine to
quantify a decrease in MMP in chemically exposed HepG2 cells
cultured in 1,536-well plates. Under the conditions used, the optimal
dye for this purpose is Mito-MPS. Next, we developed and optimized
a homogenous cell-based Mito-MPS assay for use in 1,536-well plate
format and demonstrated the utility of this assay by screening 1,280
compounds in the library of pharmacologically active compounds in
HepG2 cells using a quantitative high-throughput screening platform.
From the screening, we identified 14 compounds that disrupted the
MMP, with half-maximal potencies ranging from 0.15 to 18 M;
among these, compound clusters that contained tyrphostin and 3=substituted indolone analogs exhibited a structure-activity relationship. Our results demonstrate that this homogenous cell-based MitoMPS assay can be used to evaluate the ability of large numbers of
chemicals to decrease mitochondrial function.
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sion of JC-1 with similar fluorescent properties and subcellular
staining patterns, to quantify MMP. Figure 1 illustrates the
principle of this assay.
In the present study, we first compared the ability of MitoMPS, JC-1, rhodamine 123, and TMRE to quantify chemically
induced reductions in MMP. Next, we optimized and miniaturized the cell-based Mito-MPS assay for use in 1,536-well
plate format and demonstrated the utility of this homogenous
assay by screening the LOPAC (Library of Pharmacologically
Active Compounds) collection of 1,280 compounds in a quantitative high-throughput screening (qHTS) format. We identified several compounds that significantly reduced the MMP
and confirmed their activity using a high-content imager. We
show that this assay is highly reliable and easy to run in
1,536-well plate format, indicating that this assay can be used
for screening large compound libraries.

Cell culture. Human HepG2 (hepatocellular carcinoma) cells (12)
were purchased from the American Type Culture Collection (ATCC,
Manassas, VA). These cells were cultured in Eagle’s minimum
essential medium (ATCC) supplemented with 10% FBS (Hyclone
Laboratories, Logan, UT), 50 U/ml penicillin, and 50 g/ml streptomycin (Invitrogen, Carlsbad, CA). The cells were maintained at 37°C
under a humidified atmosphere and 5% CO2.
Reagents. The Mito-MPS was obtained from BD Biosciences
(Rockville, MD). Mito-MPS is equivalent to mitochondrial membrane
potential indicator (m-MPI), purchased from Codex Biosolutions
(Montgomery Village, MD). JC-1, rhodamine 123, and TMRE were
purchased from Invitrogen.
A library of pharmacologically active compounds (LOPAC), containing 1,280 compounds with known pharmacological activity, was
purchased from Sigma-Aldrich (St. Louis, MO), as was FCCP (mesoxalonitrile 4-trifluoromethoxyphenylhydrazone), antimycin A, apigenin, (2=Z,3=E)-6-bromoindirubin-3=-oxime (BIO), diphenyleneiodonium chloride, 2,4-dinitrophenol (DNP), genistein, GW-5074,
indirubin-3=-oxime, isoliquiritigenin, niclosamide, piceatannol, rotenone, rottlerin, SP-600125, tyrphostin A9, and Tyrphostin AG879. Tyrphostin 47 was purchased from Cayman Chemical (Ann
Arbor, MI).

Fig. 1. Principle of the mitochondrial membrane
potential sensor (Mito-MPS) assay. Based on the
molecule structure of 5,5=,6,6=-tetrachloro-1,1=,3,3=tetraethylbenzimidazolo carbocyanine iodide (JC1), Mito-MPS was modified to be more water soluble. In healthy cells (left, DMSO control), the
mitochondria are polarized and Mito-MPS accumulates in the mitochondria as aggregates with red
fluorescence (emission at 590 nm). In cells with
lower mitochondrial membrane potential [MMP,
right, 3.4 M mesoxalonitrile 4-trifluoromethoxyphenylhydrazone (FCCP) treated], Mito-MPS remains in cytoplasm as the monomeric form that
shows green fluorescence (emission at 535 nm). The
dye undergoes a change in fluorescence emission
from green to red when the MMP increases or vice
versa. This process is reversible. The red/green ratio
can be used to determine the mitochondrial function
of the cells (25).
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MATERIALS AND METHODS

Cell-based MMP assay using different dyes. JC-1, Mito-MPS,
rhodamine 123, and TMRE were tested in cell-based MMP assays.
Briefly, HepG2 cells were dispensed at 8,000 cells/25 l/well in
poly-D-lysine coated 384-well black-clear plates (BD Biosciences,
Bedford, MA). After the plates were incubated at 37°C overnight, the
culture medium was removed from each well, and 25 l of assay
buffer containing different concentrations of FCCP, rotenone, or
antimycin were added into each well. The plates were incubated at
37°C for 1 h, followed by the addition of 25 l of 2⫻ dye solutions.
The final concentrations for JC-1 and Mito-MPS were 10 M and for
rhodamine 123 (2) and TMRE (7) were 500 nM. The plates were
incubated at 37°C with the dyes for another 30 min and then washed
with assay buffer. Fluorescence intensities (485 nm excitation, and
535 and 590 nm emissions for JC-1 and Mito-MPS; 507 nm excitation
and 529 nm emission for rhodamine; 549 nm excitation and 574 nm
emission for TMRE) were measured using a SpectraMax Gemini EM
plate reader (Molecular Devices, Sunnyvale, CA).
Cell-based Mito-MPS assay and qHTS. The protocol of Mito-MPS
assay in a 1,536-well plate format is described in Table 1. Briefly,
HepG2 cells were suspended in culture medium and dispensed at
2,000 cells/5 l/well in tissue culture treated 1,536-well black-clear
bottom assay plates (Greiner Bio-One North America) using a Flying
Reagent Dispenser (FRD) (Aurora Discovery). The assay plates were
incubated at 37°C overnight to allow the cells to attach to the wells.
The next day, 23 nl of compounds at various concentrations or
dimethyl sulfoxide (DMSO; Fisher Scientific, Pittsburgh, PA) control
was transferred to the assay plate via a pin tool (Kalypsys, San Diego,
CA). The final concentration of the compounds in the 5 l assay
volume ranged from 0.6 nM to 46 M. The positive control plate
format was as follows: Column 1, FCCP, an uncoupler of mitochondrial oxidative phosphorylation (10), ranging from 1.4 to 11.5 M;
column 2, 9.2 M FCCP; column 3, 6.9 M (wells 1–16) and 3.45
M (wells 17–32) FCCP; column 4, DMSO only; and columns 5– 48,
compounds. The plates were incubated for 1 or 5 h at 37°C, followed
by the addition of 5 l of 2⫻ dye-loading solution into each well
using the FRD. And then, these assay plates were incubated at 37°C
for 30 min. Fluorescence intensity (490 nm excitation and 535 nm
emission for monomer; and 540 nm excitation and 590 nm emissions
for aggregates) was measured using an EnVision plate reader
(PerkinElmer, Shelton, CT). Data were expressed as the ratio of 590
nm/535 nm emissions.
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Table 1. Quantitative high-throughput screening protocol
Step

Parameter

Value

Description

1
2
3

plate cells
incubation time
library compound
control positive compound
incubation time
reagent
incubation time
assay readout

5 l
overnight (18 h)
23 nl
23 nl
1 h or 5 h
5 l
30 min
Ex/Em ⫽ 485/535 nm
Ex/Em ⫽ 540/590 nm

2,000 HepG2 cells
cells adhere and acclimate
2.9 nM–46 M titration series
17.5 nM–11.5 M titrations (FCCP)
compound treatment
Mito-MPS dye

4
5
6
7

envision plate reader

1, Black clear bottom 1,536-well plates, single tip dispense of 2,000 cells/well into all wells; 2, 37°C, 5% CO2 incubator; 3, Pin tool transfer of library to
columns 5– 48, and controls to columns 1– 4; 4, 37°C, 5% CO2 incubator; 5, Single tip dispense of 5 l of Mito-MPS dye; 6, 37°C, 5% CO2 incubator; 7, Green
monomers: excitation (Ex): 485 nm; emission (Em): 535 nm and J-aggregates: Ex: 540 nm; Em: 590 nm.

RESULTS

Evaluation of membrane potential fluorescent dyes in MMP
assay. Based on the JC-1 structure, a water-soluble Mito-MPS
dye was developed by Lu et al. (17) to measure reduction in
MMP. To identify the optimal dye for assessing the MMP in an
HTS format, we compared Mito-MPS with JC-1, rhodamine
123, and TMRE. Three known mitochondrial inhibitors, FCCP
(10), rotenone (8), and antimycin A (31), were tested in the
MMP assays using these four dyes. A decrease in MMP was
measured in HepG2 cells after compound treatment for 1 h.
Among these dyes, Mito-MPS had the best S/B ratio compared
with the others (Fig. 2). The maximum S/B of DMSO control
over FCCP, rotenone, or antimycin treatment was 11- to
20-fold in Mito-MPS assay, but only two- to threefold in MMP
assays using JC-1, rhodamine 123, or TMRE. These results
indicate that the Mito-MPS dye is superior to JC-1, rhodamine
123, and TMRE for the MMP assay. The AC50 (concentration
of half-maximal activation) values of fold change for FCCP,
rotenone, and antimycin in the Mito-MPS assay were 0.59,
24.1, and 2.54, M, respectively.
Optimization and validation of the cell-based Mito-MPS
assay in 1,536-well plate format. To optimize the Mito-MPS
assay in a 1,536-well plate format, we first modified the
Mito-MPS assay into a homogenous format and tested four
known mitochondrial inhibitors: rotenone, antimycin, DNP
(22), and FCCP. All four compounds disrupted MMP in a
concentration-dependent manner. Among these compounds,
FCCP was the most potent with IC50 values of 1.31 and 1.44
M after 1 and 5 h of treatment, respectively, followed by
antimycin (1 h ⫽ 4.51 M, 5 h ⫽ 3.73 M), rotenone (1 h ⫽
38.9 M, 5 h ⫽ 19.9 M), and DNP (1 h ⫽ 47.1 M, 5 h ⫽
50.6 M) (Table 2). The rank orders of the compound potencies were same for 1 and 5 h of treatment (Table 2). The S/B
ratios of these compounds ranged from three- to 30-fold.
Antimycin and FCCP had higher S/B of 20- to 30-fold compared with DNP and rotenone. Thus, FCCP, a known MMP
disrupter, was used as a control in the assay.
To evaluate the performance of the assay, DMSO plates
were tested at 1 and 5 h in 1,536-well plate format. Because the
FCCP concentration response curves were bell-shaped, due to
the presence of cytotoxicity at high concentrations, three concentrations of FCCP (3.5, 6.9, and 9.2 M) were used as
positive controls in the experiment. After a 1 h treatment with
DMSO or FCCP (Fig. 3A), the S/B ratios (value from DMSO
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In the confirmation study, the selected active compounds were retested
in 24 point titrations with concentrations ranging from 5.5 pM to 46 M
in the Mito-MPS assay using the same protocol as described above except
24 point titrations were within the same 1,536-well plate.
Imaging-based MMP assay. HepG2 cells were dispensed at 2,000
cells/5 l/well in tissue culture-treated 1,536-well black-clear bottom
assay plates (Greiner Bio-One North America) using an FRD (Aurora
Discovery). After being cultured 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 l of m-MPI reagent (Codex) with 0.3 g/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 and
536 nm emission for green fluorescent monomers; 543 nm excitation
and 593 nm emission for red fluorescent aggregates; 377 nm excitation and 447 nm emission for Hoechst 33342) were measured using an
ImageXpress Micro Widefield High Content Screening System (Molecular Devices, Sunnyvale, CA). Imaging was processed and analyzed with the MetaXpress and PowerCore software (MDC) 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 were expressed as the
ratio of 593 nm/536 nm emissions.
Cell viability assay. Cell viability after compound treatment was
measured using a luciferase-coupled ATP quantitation assay (CellTiterGlo viability assay; Promega, Madison, WI), in which the total
amount of ATP in a well correlates with the number of viable cells
present. The cells were dispensed at 2,000 cells/5 l/well in 1,536well white/solid-bottom assay plates using an FRD. After the cells
were incubated overnight at 37°C, 23 nl of the compounds at various
concentrations was added into the plates using the pin tool. The assay
plates were incubated for 1 or 5 h at 37°C, followed by the addition
of 5 l/well of CellTiter-Glo reagent. After a 30 min incubation at
room temperature, the luminescence intensity of the plates was measured using a ViewLux plate reader (PerkinElmer).
Data analysis. Primary data analysis was performed as previously
described (36). Briefly, raw plate reads for each titration point were
first normalized relative to FCCP control (3.5 M for 1 h and 6.9 M
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 equation, yielding concentrations of half-maximal inhibition (IC50) and maximal response
(efficacy) values.
Compounds considered to be active in the Mito-MPS assay showed
inhibition in the 590 nm and in the ratiometric readings, and had an
IC50 ⬍ 20 M in the ratiometric reading at either the 1 or 5 h
treatment. A subset of active compounds selected based on potency,
novelty, and structure-activity relationship was ordered from commercial vendors for confirmation and follow-up studies.
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Fig. 2. Assay performance using MMP dyes, Mito-MPS, JC-1, rhodamine 123,
or tetramethylrhodamine ethyl ester (TMRE). MMP was measured after the
cells were treated with various concentrations of FCCP (A), rotenone (B), or
antimycin (C) for 1 h in 384-well plate format. The fold change was defined
as the value of DMSO control divided by the value of compound treatment.
Values are means ⫾ SD from 3 experiments performed in quadruplicate.

control/value from FCCP treatment) for 3.5, 6.9, and 9.2 M
FCCP were 37, 29, and 26, respectively; the coefficient of
variation (CV) was 7.3%; and the Z= factor (38) was 0.75. At
5 h, the S/B ratios for 3.5, 6.9, and 9.2 M FCCP were 27, 20,

and 16, respectively; the CV was 5.9%; and the Z= factor was
0.78 (Fig. 3B). These results indicate that this Mito-MPS assay
was robust and ready for high-throughput screening.
Identification of compounds that reduced MMP from
LOPAC screening. To evaluate the performance of the MitoMPS assay in qHTS, we screened the 1,280-compound
LOPAC collection at 1 and 5 h in HepG2 cells. The concentration titration of FCCP was included as a positive control in
each plate to examine data quality. After 1 or 5 h of treatment,
the concentration response curves of FCCP from nine plates
reproduced well with an average IC50 of 2.88 ⫾ 0.43 M, and

Table 2. Activities of known mitochondria poison compounds in Mito-MPS assay
Name

CASRN

IC50 (M), 1 h

S/B, fold

IC50 (M), 5 h

S/B, fold

Antimycin A
DNP
FCCP
Rotenone

1397-94-0
51-28-5
370-86-5
83-79-4

4.51
47.1
1.31
38.9

24.7
3.12
20.5
5.97

3.73
50.6
1.44
19.9

30.5
5.55
23.2
19.4

IC50, concentration of half-maximal inhibition; CASRN, Chemical Abstracts Services Registry Number; FCCP, mesoxalonitrile 4-trifluoromethoxyphenylhydrazone; DNP, 2,4-dinitrophenol; S/B, signal to background.
Physiol Genomics • doi:10.1152/physiolgenomics.00161.2011 • www.physiolgenomics.org
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Fig. 3. Mito-MPS assay validation with DMSO plate. Column 1 was a
concentration response curve of FCCP in duplicate. Column 2 was 9.2 M
FCCP. Column 3 was 3.5 M (top half) and 6.9 M (bottom half) FCCP,
respectively. Columns 4 – 48 were treated with DMSO at a final concentration
of 0.46%. Cells were treated with DMSO or FCCP for 1 h (A) or 5 h (B). Each
value was expressed as the ratio of 590/535 nm emissions.
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Table 3. Mito-MPS assay statistics from primary screen
Time Point

FCCP Controls, M

S/B, fold

CV, %

Z= Factor

1h
5h

2.88 ⫾ 0.43
3.85 ⫾ 0.44

14.7 ⫾ 1.7
28.8 ⫾ 0.6

7.1 ⫾ 0.8
6.0 ⫾ 0.5

0.69 ⫾ 0.09
0.79 ⫾ 0.03

CV, coefficient of variation.

1

The online version of this article contains supplemental material.

Table 4. Compound potency (M) in primary screen (Mito-MPS assay), powder compound confirmation (Mito-MPS assay),
imaging confirmation, and cytotoxicity assay at 1 and 5 h of treatment
1h
Name

CASRN

Primary
Screen

Apigenin
BIO
Diphenyleneiodonium chloride
Genistein
GW-5074
Indirubin-3=-oxime
Isoliquiritigenin
Niclosamide
Piceatannol
Rottlerin
SP-600125
Tyrphostin 47
Tyrphostin A9
Tyrphostin AG-879

520-36-5
667463-62-9
4673-26-1
446-72-0
220904-83-6
160807-49-8
961-29-5
50-65-7
10083-24-6
82-08-6
129-56-6
122520-86-9
10537-47-0
148741-30-4

25.91
0.09
3.26
25.91
7.30
0.25
6.51
0.41
10.31
6.51
1.15
12.59
0.07
0.51

Confirmation

7.17 ⫾ 1.34
0.23 ⫾ 0.06
15.46 ⫾ 5.84
18.10 ⫾ 4.10
6.43 ⫾ 1.41
0.44 ⫾ 0.09
5.87 ⫾ 1.88
0.72 ⫾ 0.50
5.87 ⫾ 1.41
5.65 ⫾ 2.59
2.50 ⫾ 0.88
7.38 ⫾ 0.84
0.15 ⫾ 0.06
2.22 ⫾ 0.99

5h

Cytotoxicity

Imaging
Confirmation

Primary
Screen

Confirmation

Cytotoxicity*

Imaging
Confirmation

inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive

4.06
1.83
19.87
7.74
6.52
4.38
3.88
0.41
5.81
1.54
24.64
16.39
0.07
1.23

4.60
0.23
1.83
7.94
2.31
0.41
3.66
0.32
5.17
3.26
1.63
16.35
0.04
0.73

12.68 ⫾ 3.17
0.42 ⫾ 0.05
8.05 ⫾ 6.91
18.76 ⫾ 5.70
5.85 ⫾ 2.07
0.55 ⫾ 0.12
10.24 ⫾ 2.53
0.75 ⫾ 0.46
8.64 ⫾ 2.35
4.04 ⫾ 0.82
2.52 ⫾ 0.31
21.0 ⫾ 4.15
0.18 ⫾ 0.08
4.06 ⫾ 1.99

inactive
inactive
inactive
inactive
inactive
inactive
inactive
1.12 (48%)
inactive
1.78 (49%)
inactive
inactive
inactive
inactive

9.49
1.94
9.74
12.27
7.74
4.35
12.27
0.52
12.27
1.37
27.47
54.8
0.11
1.73

BIO, (2=Z,3=E)-6-bromoindirubin-3=-oxime. *Efficacies are shown in parentheses.
Physiol Genomics • doi:10.1152/physiolgenomics.00161.2011 • www.physiolgenomics.org
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3.85 ⫾ 0.44 M, respectively (Table 3). The average S/B was
14.7 and 28.8, and the average CV (%) in DMSO-only plates
and the plates with low concentrations of compound (0.37 M
or below) was 7.1 and 6.0 after 1 and 5 h of compound
treatment, respectively (Table 3). The average Z= factor was
0.69 and 0.79 for 1 and 5 h of compound treatment, respectively (Table 3).
In the LOPAC primary screen, 71 compounds with IC50
values of ⬍20 M and efficacy values ⬎70% either at 1 or 5
h of treatment were identified. Among these compounds, 42
were cherry-picked and retested in the Mito-MPS assay. The
IC50 values for these 42 compounds (Supplemental Table S1)
at these two time points correlated well with an R of 0.94.1 The
activity of these compounds was confirmed at both treatment
times, yielding a confirmation rate of 100%. There was a very
good correlation (R ⫽ 0.93 at 1 h, R ⫽ 0.96 at 5 h) of IC50
values for these 42 compounds between the primary screen and
the cherry-pick confirmation.
To evaluate the cytotoxicity of these compounds, a cell
viability assay was used to measure intracellular ATP content
after 1 or 5 h of compound treatment. Among these 42
compounds, nine compounds including NSC-95397 (IC50 ⫽
12.38 M and 14.43 M at 1 and 5 h, respectively), sanguinarine chloride (IC50 ⫽ 19.19 M and 9.10 M at 1 and 5 h,
respectively), and WIN-62577 (IC50 ⫽ 18.25 M and 19.78
M at 1 and 5 h, respectively) induced significant cytotoxicity
at both sample times (Supplemental Table S1). These results
suggest that the compound-induced reduction of MMP might
be due to cytotoxicity. SU-5416 (IC50 ⫽ 2.47 M) and thapsigargin (IC50 ⫽ 1.58 M) were cytotoxic only after 5 h of

treatment. The other 31 compounds did not induce cytotoxicity
at concentrations up to 46 M after either 1 or 5 h of treatment
(Supplemental Table S1).
Confirmation of compounds that reduced MMP. To further
confirm the inhibitory effect of compounds on MMP, 14
compounds (Table 4) were selected based on the potency from
the cherry-pick confirmation study, the extent of cytotoxicity,
and compound structure and then purchased from commercial
vendors. The activities of all 14 compounds at 1 or 5 h of
treatment were confirmed in the Mito-MPS assay with a 100%
confirmation rate (Table 4). The IC50 values for these 14
compounds in the confirmation studies correlated well with
those in the primary screen (R of 0.93 for 1 h and 0.95 for 5 h).
The IC50 values for these 14 compounds at both sample times
also correlated well with R of 0.96. These compounds were
further evaluated in an MMP assay using a high-content
imaging readout. Among these compounds, tyrphostin A9
remained the most potent with an IC50 value of 70 nM at 1 h
and 110 nM at 5 h of treatment (Table 4). The ranking order of
the compound potency measured using high-content imaging
was similar to that tested using the fluorescence readout (Table
4). In addition, the cytotoxicity of these compounds was also
re-evaluated after 1 or 5 h of treatment. None of these compounds were cytotoxic at concentrations up to 46 M after 1 h
of treatment. However, after 5 h of treatment, two of the 14
compounds, niclosamide and rottlerin, were cytotoxic with
⬍50% maximum inhibition of cell viability. The other 12
compounds were not cytotoxic at concentrations up to 46 M
after 5 h of treatment. These data suggest that plate readouts in
Mito-MPS assay could be a useful format for large-scale
compound screens, while the imaging-based readouts could be
a useful tool in confirmation studies to visually capture the
compound effect on MMP.
In the primary screen, we found that 20 of the 21 tyrphostin
analogs in the LOPAC library significantly reduced MMP at 1
and/or 5 h of treatment (Supplemental Table S2). In the
follow-up studies, tyrphostin A9, tyrphostin AG-879, and tyrphostin 47 were retested and confirmed in Mito-MPS assays
using both high-content imaging readout and fluorescence plate
readout (Table 4 and Fig. 4). Tyrphostin A9 and tyrphostin
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Fig. 4. Tyrphostin compounds. A: concentration response curves of tyrphostin A9, tyrphostin AG-879, and tyrphostin 47 in Mito-MPS assay at 1 h (left) or 5
h (right) of treatment. B: structures of these compounds are shown with compound names, half-maximal inhibition (IC50) values in the Mito-MPS assay at 1 or
5 h of treatment. C: representative imagine of subcellular staining with Mito-MPS dye in the absence or in the presence of tyrphostin A9. Images acquired in
ImageXpress microsystem using a ⫻20 objective. While red fluorescent aggregates are localized in the mitochondria, green fluorescent monomers are mainly
in cytosol. The composed images were the merger of red and green fluorescence.
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DISCUSSION

In eukaryote cells, mitochondria are central players in producing ATP, maintaining cellular homeostasis, and regulating
cell death (35). Disruption of mitochondrial function by xenobiotics and drugs eventually leads to cell death (5). Evaluating
chemically induced mitochondrial toxicity is thus a critical part

in the evaluation of chemical toxicity. MMP is one of the most
widely assessed parameters for mitochondrial toxicity. Changes in
MMP are routinely measured using membrane-permeable fluorescent lipophilic cations, such as nonylacridine orange, safranine O, rhodamine 123, chloromethyl-tetramethyl-rosamine,
and tetramethylrhodamine methyl and ethyl esters (TMRM and
TMRE, respectively). In general, these lipophilic cationic dyes
1) require a long time to achieve equilibrium distribution in the
mitochondrial membrane; 2) accumulate in membrane components other than the mitochondria (9); 3) interfere with cell or
mitochondrial metabolism (29); and 4) have their cellular
accumulation reduced by the multidrug resistance pump (6).
DiOC6 (27), a fluorescent lipophilic cation, is also often used
to measure changes in MMP and works effectively in isolated
mitochondria. However, DiOC6 did not work well in cells
because it detects both plasma and MMP changes (27). JC-1, a
cyanine dye, has several advantages over rhodamines and other
carbocyanines. This dye is more selective to mitochondria; its
time to reach equilibrium is relatively short; it has a low
background and minimal toxic effect on the mitochondrial
electron transport chain (25). JC-1 accumulates in healthy
mitochondria as aggregates but remains in the cytoplasm in the
monomeric form in cells with lower MMP. However, the
biggest limitation of JC-1 is its poor water solubility; the dye
starts to precipitate in aqueous buffers at concentrations as low
as 1 M. Its poor water solubility makes it very difficult to load
consistent amounts of JC-1 into cells, resulting in large experimental variations. JC-1 only works in certain types of cells,

Fig. 5. 3=-Substituted indolone-related compounds. A: concentration response curves of (2=Z,3=E)-6-bromoindirubin-3=-oxime (BIO), indirubin-3=-oxime, and
GW-5074 in Mito-MPS assay at 1 h (left) or 5 h (right) of treatment. B: structures of these compounds are shown with compound names, IC50 values in the
Mito-MPS assay at 1 h or 5 h of treatment.
Physiol Genomics • doi:10.1152/physiolgenomics.00161.2011 • www.physiolgenomics.org
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AG-879 were more potent than tyrphostin 47 (Fig. 4). From the
results, we found that the potency of these compounds appeared to depend on the number of hydroxyl groups on the
phenyl ring. Tyrphostin 47, which has two hydroxyl groups,
was less potent than tyrphostin A9 and tyrphostin AG-879,
each containing one hydroxyl group. Tyrphostin 25 and tyrphostin 51, each containing three hydroxyl groups on the
phenyl ring, were inactive in the Mito-MPS assay at 1 h of
treatment and showed weak activities at 5 h of treatment
(Supplemental Table S2). The decreasing MMP of these compounds with increasing number of hydroxyl groups could result
from reduced compound lipophilicity that leads to a reduced
ability for the compounds to enter the cell. In addition, we
found another group of compounds containing the 3-methyleneindolin-2-one (3=-substituted indolone) core structure that
showed significant inhibitory effect on MMP. Three of these
compounds, BIO, indirubin-3=-oxime, and GW-5074, reduced
MMP in a concentration-dependent manner (Fig. 5). The other
3-methyleneindolin-2-one derivatives, such as IC261, SU4312, SU-6656, SU-5416, and SU-9516, were also found to
reduce MMP in the primary screen (Supplemental Table S3).
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p53- and mitochondria-dependent pathways in human cancer
cells (14, 30). Varela et al. (34) further studied the mechanisms
of indirubin-3=-oxime toxicity on mitochondria. They found
that indirubin-3=-oxime had direct effects on mitochondria
function by disturbing MMP and impairing mitochondrial
oxidative phosphorylation in isolated rat liver mitochondria.
To our knowledge, other 3=-substituted indolone derivates
including GW-5074, a c-Raf inhibitor (13), and BIO, a CDK
inhibitor (23), have not been reported to disrupt MMP in
HepG2 cells previously. However, the mechanism of action of
these compounds on mitochondria needs to be further studied
by investigating their effects on other mitochondrial activity
end-points, such as oxygen consumption and reactive oxygen
species production.
In summary, we have developed and validated a homogenous, cell-based MMP assay using the Mito-MPS dye in a
1,536-well plate format. The Mito-MPS dye was evaluated
compared with JC-1, rhodamine 123, and TMRE and showed
large dynamic windows in MMP changes in HepG2 cells.
From the primary LOPAC library screening, we identified
several known and novel compounds that decreased MMP. All
of these compounds were also confirmed in an imaging-based
assay. Our results indicate that this homogenous assay is
suitable for the screening and profiling of large chemical
libraries for their effects on mitochondrial function.
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