
Cayman Chemical · 1180 East Ellsworth Road · Ann Arbor, MI, 48108 · (800) 364-9897 www.caymanchem.com

Screening for Drug Induced 
Mitochondrial Dysfunction:
Cellular Metabolism and
Bioenergetics Analysis

·  Determining drug-induced mitochondrial dysfunction

·  Evaluating for mitochondrial dysfunction by measuring oxygen consumption

·  Identifying inhibition of specific mitochondrial complexes using novel non-antibody

   based assays

Key Features

Application Note

David L. Hoffman*, Daniel A. Bochar, and Jennifer N. Buehler 
*Corresponding Author

Cayman Chemical Company

https://www.caymanchem.com/
https://www.caymanchem.com/
https://www.caymanchem.com/


Cayman Chemical · 1180 East Ellsworth Road · Ann Arbor, MI, 48108 · (800) 364-9897www.caymanchem.com

Introduction
Mitochondria produce the majority of the ATP utilized by mammalian cells through oxidative phosphorylation. 

The mitochondrion also plays a central role in a number of crucial biochemical processes required for cellular 

homeostasis and acts as the gatekeeper for apoptosis with the release of cytochrome c.1 In order for the 

mitochondrion to act in such a role, proper function is essential. Since the majority of the biochemical processes 

occurring in mitochondria depend on the existence of a membrane potential (Δψ
M
), it is expected that any 

phenomenon, pharmacologic or otherwise, that disrupts ΔψM will cause dysfunction and impact cellular 
function.2 Because of this, mutations or environmental factors affecting mitochondrial function are at the root 

of a number of neurodegenerative diseases.3-5 Mitochondrial dysfunction has also been linked to heart disease, 

diabetes, and certain types of cancer.1,6

A number of drugs on the market with black-box warnings are known to exhibit adverse effects on

mitochondrial function that result in cardio- and hepatotoxic side effects.7 Therefore, methods to screen for 

mitochondrial toxicity in a high throughput manner are rapidly gaining value in the pharmaceutical industry. Due 

to the multifaceted biochemistry of the mitochondrion, it is important that the primary screens encompass the 

whole system to yield generalized information, i.e. determine if the compound has a mitochondrial effect or not. 

The next phase would be to run functional assays in order to understand which components are being affected 

and what the mechanism is that causes any effect. In this report, a series of assays (white boxes in Figure 1) 

were employed to determine the mitochondrial toxicity of a panel of five antipsychotic compounds (Table 1) of 

which some were known to affect mitochondrial function.
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Figure 1. Screening assays used to determine mitochondrial toxicity
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Methods and Materials
General Information

Mitochondrial Isolation

Primary Assay Oxygen Consumption

All reagents were obtained from Cayman Chemical Company unless otherwise noted. Compounds were 

dissolved in DMSO and added to 96-well mother plates with a maximal concentration of 100 mM (100X). 

Duplicate 10-point ½-log dilutions were performed from these stocks using a robotic liquid handling system. 

The Z’-factor was calculated from 12 positive controls and 12 vehicle wells. Using the liquid handler, 1 μl of 
liquid from each mother plate was transferred into each assay plate with a final reaction volume of 100 μl. 
The final concentration of DMSO in each assay was 1%. Mitochondrial electron transport chain (ETC) activity 

screens were carried out using a Synergy H4 plate reader (BioTek Instruments) at 25°C. All assays utilized and 

compounds tested can be found in Table 2.

Freshly isolated mouse liver mitochondria were obtained by differential centrifugation within 2 hours prior 

to the start of each experiment. Briefly, livers were placed into ice-cold mitochondrial isolation medium 

(MIM) containing sucrose (250 mM), Tris (10 mM, pH 7.4, at 4°C) and EGTA (1 mM) and minced finely. 

Tissue was washed with ice-cold MIM, and homogenized using a 40 ml Dounce homogenizer (pestle A). 

Tissue homogenate was centrifuged at 1,000 × g for 3 minutes to pellet cellular debris. The supernatant was 

centrifuged at 10,000 × g for 10 minutes and the resulting supernatant discarded. The pellet was suspended 

in MIM and the high speed centrifugation step repeated. This step was repeated an additional 3 times with 

the final pellet homogenized in ~800 μl of MIM. Protein concentration was determined using the BCA method 
(Life Technologies). The respiratory control ratio (RCR) was determined for this prep by measuring the rate 

of state three respiration (phosphorylating) over the rate of state four respiration (quiescent). RCR values for 

experiments with freshly isolated mitochondria were >5, which is the expected value for liver mitochondria. 

State three and four respiration rates were measured using a Clark-type oxygen electrode (YSI Lifesciences).

Plate based oxygen consumption assays were performed in 96-well format using phosphorescent oxygen 

probe (Item# 600801) in a fluorescent plate reader equipped with 340±50 nm excitation and 650±50 nm 

emission filters (BMG Labtech). Oxygen consumption experiments were carried out in respiration medium 

containing HEPES (10 mM, pH 7.4, at 37°C), KCl (120 mM), sucrose (25 mM), succinate (10 mM), malate (10 

mM), glutamate (5 mM), MgCl
2
 (5 mM), KH2PO4 (5 mM), ADP (2 mM), EGTA (1 mM), and a final mitochondrial 

protein content of 0.12 mg/ml. Test compounds were transferred to each assay plate as indicated above. 

Oxygen consumption rates were determined as lifetime of probe (μs) vs. time (min). Rates were then normalized 
as percentages of vehicle control. The positive control used for the inhibition of oxygen consumption was 

antimycin A at a maximal concentration of 10 μM.
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Table 1. Antipsychotic compounds screened for mitochondrial toxicity

Functional Assays

Complex I

Complex II

Complex III

Complex I activity was determined using the MitoCheck® Complex I Activity Assay Kit. This assay measures 

the rotenone sensitive rate of NADH oxidation by complex I in isolated bovine heart mitochondria. To prevent 

oxidation of ubiquinol by complex III, KCN (1 mM) was present to inhibit the downstream ETC. The positive 

control used for this assay was rotenone at a starting concentration of 10 μM.

Complex II activity was determined using the MitoCheck® Complex II Activity Assay Kit, which measures the 

succinate dependent rate of DCPIP reduction in isolated bovine heart mitochondria. To prevent oxidation of 

ubiquinone by complex III, and reverse electron transfer from complex II to complex I, antimycin A (10 μM), 
KCN (1 mM), and rotenone (1 μM) were present for all experiments. The positive control used for this assay was 
2-thenoyltrifluoroacetone (TTFA) at a starting concentration of 10 mM.

Complex III activity was determined using the MitoCheck® Complex II/III Activity Assay Kit. This assay 

measures the rate of cytochrome c reduction by the passage of electrons from complex II to complex III via 

ubiquinone in isolated bovine heart mitochondria. To prevent oxidation of cytochrome c by complex IV, KCN 

(1 mM) was present for all experiments. The positive control used for this assay was antimycin A at a starting 

concentration of 10 μM.

Compound Structure Target Receptors Known

Mitochondrial Effect?
Reference

Chlorpromazine

(hydrochloride)

Dopamine, Serotonin 5-HT
1
, 

and 5-HT
2
, α-Adrenergic, 

Muscarinic

Yes - Complex V, I,

ANT inhibition
8-12

Xanomeline oxalate Muscarinic

No Data - However,

oxalate has been linked

to ROSgeneration/
mitochondrial dysfunction

13-18

Quetiapine
(hemifumarate)

Dopamine D
1-3

, Serotonin 

5-HT
1A

, 5-HT
2A

 and 5-HT
7
,

α
1a

-, α
1b

-, α
2c

-Andrenergic,

Histamine H
1

Yes - Complex I inhibition 11, 19-21

Rolipram PDE4 No Data 22-24

Paliperidone

Dopamine D
2 
and D

3
, α

1
- and 

α
2
-Adrenergic, Histamine H

1
, 

Serotonin 5-HT
1D

 and 5-HT
2A

Mixed - affects mitochondrial 
proteins, yet can restore 

function in quinolimic
acid toxicity

12, 25-28
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Results and Discussion
A panel of five antipsychotic compounds were screened for mitochondrial toxicity. The effects of each 

compound on oxygen consumption rates were measured. Freshly isolated mitochondria were essential for 

this study since frozen mitochondria are unable to undergo oxidative phosphorylation due to inner membrane 

damage upon freezing. In a freshly isolated mitochondrial system, proton translocation by the ETC results in 

the generation of Δψ
M
, which is proportional to the oxygen consumption rate. Because of this, any perturbation 

of ΔψM would subsequently result in a change in the oxygen consumption rate. Since phosphorylation of 
ADP by complex V utilizes Δψ

M
, inhibition of ATP synthesis would result in a decreased utilization of Δψ

M
, 

and a transition from state three respiration (phosphorylating) to state four respiration (non-phosphorylating). 

This change is commonly observed in coupled mitochondria upon the addition of the complex V inhibitor, 

oligomycin. In order to detect the inhibitory effects of the compounds on both the ETC and oxidative 

phosphorylation, the oxygen consumption experiments were performed with freshly isolated, coupled 

mitochondria, instead of frozen, uncoupled mitochondria.

Primary screens, measuring oxygen consumption (Figure 1), revealed that four of the five compounds resulted 

in mitochondrial perturbation (Figure 2). Treatment with the known complex III inhibitor antimycin A, as a 

control, resulted in complete inhibition of mitochondrial oxygen consumption with an IC
50

 value of 12.2 nM 

(Figure 2A). The test compounds resulted in partial inhibition of mitochondrial oxygen consumption, suggesting 

inhibition of state three respiration (via ATP synthase or adenine nucleotide translocase (ANT) inhibition) or 

partial inhibition of the ETC at either complex I or complex II. Observed IC
50

 values for mitochondrial oxygen 

consumption were 1.2 μM for chlorpromazine (80% inhibition), 4.5 μM for xanomeline oxalate (90% inhibition), 
10.2 μM for quetiapine (40% inhibition) and 54 μM for paliperidone (40% inhibition). To determine the 
mechanism by which oxygen consumption was inhibited, compounds were then screened against a panel of 

functional assays (Figure 1). This would reveal any inhibitory effects on complexes I-IV of the ETC and

complex V. Figure 3 shows the positive control dose response curves for each of these assays.

Complex IV

Complex V

Data Analysis

Complex IV activity was determined using the MitoCheck® Complex IV Activity Assay Kit, which measures the 

rate of cytochrome c oxidation by complex IV in isolated bovine heart mitochondria. The positive control used 

for this assay was KCN at a starting concentration of 10 mM.

Complex V activity was determined using the MitoCheck® Complex V Activity Assay Kit. This kit measures the 

rate of NADH reduction resulting from a series of coupled reactions linked to the hydrolysis of ATP by complex 

V in isolated bovine heart mitochondria. The positive control used for this assay was oligomycin at a starting 

concentration of 10 μM. Rotenone (1 μM) was present for all experiments to prevent NADH oxidation by 
complex I. Counter screens to test for inhibition of nonspecific ATPases were carried out in the presence of

10 μM oligomycin.

Absorbance vs. time was plotted for each assay. The rates were determined by plotting the linear portion of 

the curve. The rate vs. concentration was plotted and IC
50

 values were calculated using 4-paramater nonlinear 

regression fit in Prism 6.05 (GraphPad Software, Inc.). The means ± standard deviation are shown for all assays.

https://www.caymanchem.com/
https://www.caymanchem.com/


Cayman Chemical · 1180 East Ellsworth Road · Ann Arbor, MI, 48108 · (800) 364-9897www.caymanchem.com

-10 -8 -6 -4

0

20

40

60

80

100

120

140

[Antimycin  A] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

-10 -8 -6 -4 -2

0

20

40

60

80

100

120

140

[Chloropromizine] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

-10 -8 -6 -4 -2

0

20

40

60

80

100

120

140

[Xanomeline oxalate] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

-10 -8 -6 -4 -2

0

20

40

60

80

100

120

140

[Rolipram] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

-10 -8 -6 -4 -2

0

20

40

60

80

100

120

140

[Paliperidone] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

-10 -8 -6 -4 -2

0

20

40

60

80

100

120

140

[Quetiapine] log (M)

O
2

C
o

n
s
u

m
p

ti
o

n
R

a
te

(%
o

f
C

o
n

tr
o

l)

A B C

D E F

-10 -8 -6 -4 -2

0.000

0.005

0.010

0.015

0.020

0.025

[Rotenone] log (M)

C
o

m
p

le
x

I
A

c
ti

v
it

y

R
a

te
(A

3
4

0
/m

in
)

-8 -6 -4 -2

0.000

0.025

0.050

0.075

[TTFA] log (M)

C
o

m
p

le
x

II
A

c
ti

v
it

y

R
a

te
(A

6
0

0
/m

in
)

-10 -8 -6 -4 -2

0.00

0.01

0.02

0.03

0.04

[Antimycin  A] log (M)

C
o

m
p

le
x

II
/I
II

A
c
ti

v
it

y

R
a

te
(A

5
5

0
/m

in
)

A B C

-8 -6 -4 -2

0.00

0.02

0.04

0.06

0.08

0.10

0.12

[KCN] log (M)

C
o

m
p

le
x

IV
A

c
ti

v
it

y

R
a

te
(A

5
5

0
/m

in
)

-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Oligomycin] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

R
a
te

 O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

D E

Screens for complex I inhibition revealed that four out of five compounds tested inhibited complex I with 

respective IC
50

 values of 105 μM for chlorpromazine, 54.9 μM for xanomeline oxalate, and 35 μM for 
paliperidone (Figure 4B). While inhibition was observed with quetiapine, an accurate IC

50
 could not be 

calculated from the concentrations tested due to limited solubility in aqueous buffers. Rolipram did not inhibit 

complex I activity at the concentrations tested. These data support the oxygen consumption rate experiments, 

indicating that a partial, but not full inhibition of the ETC is present. Should full inhibition at complex I and 

II, complex III, or complex IV be present, oxygen consumption would cease as electrons would be unable to 

reach the terminal site of complex IV, where O
2
 is reduced. Additionally, should the ETC be fully inhibited, the 

resulting dose response curve would be similar to that with the complex III inhibitor antimycin A, showing full 

inhibition of oxygen consumption. However, full inhibition of the ETC was not observed, and this was further 

verified by a lack of inhibition by any of the tested compounds when measuring complex II, III, or IV activity 

(data not shown).

Figure 2. Dose response curves for oxygen consumption rates. IC
50

 values were 12.2 nM for antimycin A A., 1.2 μM for 
chlorpromazine B., 4.5 μM for xanomeline oxalate C., 10.2 μM for quetiapine D., no effect for rolipram at the concentrations tested 

and E., 54 μM for paliperidone F.

Figure 3. Positive control dose response curves for MitoCheck® ETC activity assays for complexes I-IV and complex V. Respective 

IC
50

 values for each complex were 28 nM (rotenone - complex I, A., 22 μM (TTFA – complex II, B., 8.3 nM (antimycin A - complex III, 

C. 6.6 μM (KCN – complex IV, D., and 241 nM (oligomycin – complex V, E. Z’-values for all data included.
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Figure 4. Dose response curves for complex I activity. Respective IC
50

 values were 105 μM for chlorpromazine A., 54.9 μM for 
xanomeline oxalate B., 35 μM for paliperidone C. IC

50
 values for quetiapine could not to be calculated from the data provided

D. rolipram did not inhibit complex I at the concentrations tested E.

-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Chlorpromazine] log (M )

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Xanomeline oxalate] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Quetiapine] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

0.000

0.005

0.010

0.015

0.020

0.025

-10 -8 -6 -4 -2

[Drug] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

Chlorpromazine

Oligomycin

Veh.-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Rolipram] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

-10 -8 -6 -4 -2
0.000

0.005

0.010

0.015

0.020

0.025

[Paliperidone] log (M)

A
T

P
D

e
p

e
n

d
e
n

t

N
A

D
H

O
x
id

a
ti

o
n

(A
3

4
0
/m

in
)

A B C

D E F

Figure 5. Dose response curves for ATP-dependent NADH oxidation (complex V activity). IC
50

 values for complex V inhibition 

were 39 μM for chlorpromazine A., 289 μM for xanomeline oxalate B., 379 μM for quetiapine C. 188 μM for rolipram D. and no 

inhibitory effect from paliperidone at the concentrations tested E. Panel F shows a counter screen with saturating concentrations of 

oligomycin showing the chlorpromazine is not functioning as an inhibitor of non-specific ATPases or the coupling enzymes.

Because full ETC inhibition was not observed in any of the assays performed, it was hypothesized that the 

observed inhibition of oxygen consumption (Figure 2) was due to a partial inhibition of complex V. However, 

results from complex V activity screens revealed that, with the exception of chlorpromazine (IC
50

 = 39 μM), 
none of the compounds tested significantly inhibited complex V activity (Figure 5). These data suggest an 

alternative mechanism by which oxygen consumption is inhibited, such as, the inhibition of the ANT10, which 

is responsible for the import of ADP (and export of ATP) into the mitochondrial matrix. Because inhibitors 

of ANT prevent ADP from reaching complex V, inhibitors of ANT or complex V would have identical effects 

on state three respiration, making them indiscernible without a direct screen for one or the other. Another 

possible mechanism is that the tested compounds also influence the import of substrates required for oxygen 
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Table 2. Cayman Assay Kits and Compounds Utilized

Primary Screens Item No.

Oxygen Consumption Rate Assay Kit
(MitoXpress®- Xtra HS Method)

600800

Functional Assays Item No.

MitoCheck® Complex I Activity Assay Kit 700930

MitoCheck® Complex II Activity Assay Kit 700940

MitoCheck® Complex II/III Activity Assay Kit 700950

MitoCheck® Complex IV Activity Assay Kit 700990

MitoCheck® Complex V Activity Assay Kit 701000

Compounds Tested Item No.

Chlorpromazine (hydrochloride) 16129

Xanomeline oxalate 10790

Quetiapine (hemifumarate) 14152

Rolipram 10011132

Paliperidone 15556

consumption, although the data from the functional assays suggest that this is unlikely. While the exact 

mechanism by which chlorpromazine and xanomeline oxalate affect mitochondrial function is somewhat 

ambiguous, the data show clear evidence of mitochondrial inhibition. In the future, further experiments will 

be conducted to further elucidate the exact mechanism in which these compounds perturb mitochondrial 

function. In summary, the data presented show the ability of the available assays (Figure 1) to accurately and 

reproducibly detect perturbations inmitochondrial function providing a means by which to screen compounds 

for mitochondrial toxicity.
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