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Abstract
It is now clear that mitochondria are an important target for oxidative stress in a broad range of
pathologies including cardiovascular disease, diabetes, neurodegeneration, and cancer. Methods
for assessing the impact of reactive species on isolated mitochondria are well established but
constrained by the need for large amounts of material to prepare intact mitochondria for
polarographic measurements. With the availability of high resolution polarography and
fluorescence techniques for the measurement of oxygen concentration in solution, measurements
of mitochondrial function in intact cells can be made. Recently, the development of extracellular
flux methods to monitor changes in oxygen concentration and pH in cultures of adherent cells in
multiple sample wells simultaneously has greatly enhanced the ability to meaure bioenergetic
function in response to oxidative stress. Here we describe these methods in detail using
representative cell types from the renal, cardiovascular, nervous, and tumorigenic model systems
while illustrating the application of three protocols to analyze the bioenergetic response of cells to
oxidative stress.
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Introduction
Assessment of mitochondrial function in cultured cells is commonly performed using either
measurements of oxygen consumption of the intact isolated organelle or activity
measurements of individual enzymes. While both approaches yield important information
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regarding mitochondrial performance, measurements of oxygen consumption in intact cells
allow a physiological perspective of mitochondrial function to be achieved [1, 2]. To date,
quantification of oxygen consumption in cultured cells has been largely performed using
Clark electrodes with the cells suspended in stirred, buffered solution [3]. These electrodes
are more commonly used for assessing mitochondrial function in isolated samples from
animal studies or clinical samples. Measurement of oxygen consumption from cultured cells
in a Clark-type electrode usually requires removing the cells from their growth substrate,
and adding them to a stirred solution. In many cells, this detached state may result in anoikis
which is associated with increased ROS and mitochondrial damage [4]. In addition, non-
laminar shear, which occurs as a result of stirring in the oxygen electrode, will also result in
increased oxidative stress [5, 6]. This can be partially overcome by seeding cells on micro-
carrier beads to prevent anoikis, however these cells are still subject to non-laminar shear
[7], and thus the effects of reactive oxygen and nitrogen species (ROS and RNS) on
mitochondrial function in cells is difficult to dissect using this experimental approach.
Notably, recent publications highlight the application of the Seahorse XF24 to the study of
isolated mitochondria in a more high-throughput fashion [8, 9]. These publications offer a
direct comparison to Clark-type electrodes in models normally measured by this method.
Importantly, data derived from the Seahorse XF24 instrument compare favorably to those
acquired using the Clark-type electrode. Monitoring mitochondrial oxygen consumption
while the cells remain adherent is thus preferable in experiments to assess the impact of
oxidative stress on cellular bioenergetics as these measurements can be related to other
experimental endpoints following the intervention of interest.

This can now be achieved using recently developed fluorometric systems to detect oxygen
consumption in adherent cells in culture [10–12]. These systems allow for highly sensitive
and specific measurements of mitochondrial function to be made with greater throughput
than possible with electrode-based systems. The most important difference between the
Clark-type electrode, and these systems is in the maintenance of a cellular context within
which mitochondrial dynamics are examined. In this article, several protocols describing the
use of a Seahorse Bioscience XF24 Extracellular Flux Analyzer to assess the impact of
oxidative stress on bioenergetics will be described.

Mitochondria and oxidative stress in health and disease
Beyond the role of mitochondria in ATP production, it is now evident that this organelle is
implicated in many chronic pathologies. This is not surprising since the mitochondria are
major producers of energy in the cell and deficits in energy production are readily translated
to other cellular processes that require energy to function. These include ion pumping [13],
which is essential for maintaining ionic homeostasis (especially critical in excitable cells
such as neurons and myocytes), molecular motors such as those that enable muscular
function, and the synthesis of molecules for intracellular communication. Importantly,
cellular repair pathways, which are activated in response to the accumulation of proteins
damaged by ROS/RNS are also energy consuming. Furthermore, many of the pathways
which remove ROS/RNS use NADPH as a source of reducing equivalents, which in turn
increases the metabolic demand on the cell.

At non-pathological levels mitochondria integrate signals from ROS/RNS and are therefore,
uniquely poised as both regulators and integrators of intra- and inter-cellular signaling.
Seminal discoveries of the necessary and permissive role of the mitochondria in diverse
cellular processes have highlighted a role for mitochondria in responding to viral infection
[14], growth signaling [15, 16], and death signals [17–21]. In fact, death signaling is a
classic example of retrograde signaling to the nucleus [22]. This retrograde signaling is
accomplished through the action of non-effector proteins. Control of the Bcl-2 family
members Bax and Bak are a typical example of the mitochondrial role in apoptotic signaling
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[23–25], but also may include regulation of cell-cell junctions [26–29], proteosomal
activation [30], kinase activation [31, 32], and oxygen sensing [33]. Thus, it is increasingly
clear that mitochondrial function is not only important to the progression of a disease, are
now recognized as a therapeutic target [34, 35]. This emphasizes the importance of assessing
mitochondrial function in response to normal physiological and pathological stressors in a
cellular setting.

The impact of oxidative stress on mitochondrial function
As mitochondria are both sources and targets of oxidants, amplification of oxidative damage
can occur as the increase in ROS/RNS damage mitochondria and further exacerbate ROS
production. For example, damage to mitochondria during the progression of atherosclerosis
is an ROS/RNS-dependent process which causes loss of bioenergetic control and eventual
vascular dysfunction [36–38]. However, an understanding of mitochondrial responses to
ROS and RNS in intact cells is incomplete. Recently, our studies on the effects of ROS/RNS
generators on mitochondrial function have been greatly facilitated by the Seahorse
Bioscience XF24 technology (Seahorse Bioscience; N. Billerica, MA), which enables us to
accurately quantify mitochondrial function in intact cells [39–42]. The non-invasive nature
of this technique allows for repeated measurements of oxygen consumption and extracellular
acidification rates as well as post-hoc measurements of cytosolic and mitochondrial proteins
by western blot, total cellular protein levels, and other endpoints. Several models of ROS/
RNS generation have now been examined in multiple cell lines. Here, examples of ROS/
RNS production are used to illustrate the utility of measuring extracellular flux to monitor
mitochondrial and glycolytic function.

Principles and approaches to measuring bioenergetic function by
extracellular flux

The cell lines used in these studies (Table 1) have been selected to be broadly representative
of the cultured cells used by investigators in the cardiovascular, cancer, neurodegeneration,
and renal fields of research. In each of these cell types, an XF24 analyzer from Seahorse
Bioscience which measures O2 and protons (pH) in cell culture was used to determine the
effects of oxidative stress on cellular bioenergetics [11, 43]; all experiments described in this
paper use plates with a 7 μl volume, termed V7 Plates. Since the assay does not involve
direct manipulation of the cells apart from a transient change in oxygen tension they can be
harvested at the end of the experiment for the measurement of other endpoints. The small
volume and 24-well format of the XF24 allows for high throughput, real-time measurements
of O2 consumption and pH change. The rate of O2 consumption (OCR) can be assigned to
oxidative phosphorylation and the rate of extracellular acidification (ECAR) to glycolysis.
These endpoints will be discussed in further detail below. The system is capable of
measuring 20 samples at a time, and is equipped with four injection ports per well to allow
for injection of a compound of interest or to add inhibitors that can aid in the elucidation of
defects in individual cellular respiration pathways or enzymes [44]. A full description of the
instrumentation and related methodology can be found in references [11, 12, 43].

Figure 1 shows three main approaches that can be used to determine the response of cells to
the effects of ROS/RNS. Protocol 1 is designed to observe the effects of oxidative stress on
bioenergetic function in “real time”. It utilizes the injection ports of the XF24 to directly
introduce the compound of interest into the experimental wells and follows the response in
OCR and ECAR over time. Experiments of this type can be readily compared to other
endpoints by harvesting the cells at the completion of the XF assay as demonstrated below.
Protocol 2 extends Protocol 1 to include the measurement of a mitochondrial profile in
which oxygen consumption attributed to ATP production, proton leak, reserve capacity, and
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non-mitochondrial sources is assigned. This procedure is performed at a defined time after
injection of the stressor of interest. The third Protocol is to treat cells in culture ex machina,
and assess the parameters of mitochondrial function either after the desired amount of time
of pretreatment, or after removal of the compound of interest some time later. Examples
utilizing each protocol to determine the response to oxidative stress are discussed in further
detail below.

The stressors we have chosen as examples exemplify the experimental approaches discussed
here. They include: A) the reactive oxygen species hydrogen peroxide generated by a redox
cycling agent or added in bolus form; B) the reactive nitrogen species nitric oxide (NO)
added in the form of an NO donor; and C) the reactive lipid species 4-hydroxynonenal
(HNE) and 15-deoxy-Δ12,14-Prostaglandin J2 (15d-PGJ2). There is a robust literature for all
of these compounds indicating their formation in vivo and their effects on mitochondrial
function [48–52]. A detailed rationale for the use of each reactive species is beyond the
scope of the current article and the reader is referred to the citations above for detailed
discussion on the use of these oxidative stress systems.

Protocol 1: Determine the response of cells to acute oxidative stress
This protocol takes advantage of the fact that the XF24 allows for the automated injection of
any compound of interest into the culture well on the XF Assay plate. Since the
experimental design allows for 20 individual wells to be used, up to 6 experimental groups
with 3–4 replicates per group can be monitored for changes in oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) over time courses as long as 6–8 h. The
cell types described below have been selected to illustrate the diversity of the potential
responses in different cell types to the reactive lipid species HNE.

The response of Neonatal Rat Ventricular Myocytes (NRVM) to 4-hydroxynonenal (HNE)
NRVM were seeded into Seahorse Bioscience XF24 microplates for 72 h at an initial
density of 75,000 cells/well. The media was then changed to assay media, and the cells were
loaded into the XF24. After 3 baseline measurements, 5 or 20 μM HNE was injected. The
response to OCR was then monitored for 4 h. As shown in Figure 2A, these cells exhibit a
dose and time dependent increase in OCR in response to HNE. Additionally, ECAR was
similarly stimulated in response to HNE (Figure 2B) [40].

The effect of HNE on Mesangial Cells
MES-13 cells were seeded to 30,000 cells/well in Seahorse Bioscience XF24 V7 microplates
24 h prior to assay. Four baseline measurements were recorded 1 h after changing to
unbuffered media. HNE was injected to 5 and 20 μM final concentrations. Real-time OCR
and ECAR were monitored for 2 h. HNE caused a decrease in MES-13 cell OCR (Figure
2C) as well as ECAR (Figure 2D) in a dose-dependent manner.

The effect of HNE on SH-SY5Y cells
In Figure 2E and F, SH-SY5Y neuroblastoma cells were seeded in Seahorse Bioscience
XF24 V7 microplates to 80,000 cells/well in DMEM containing 1% FBS, and then
differentiated with retinoic acid for 5 days to acquire neuron-like morphology [53]. The
media was then changed to assay media specifically optimized for this cell type (unbuffered
assay media as described below, supplemented with 5 mM HEPES and 1% FBS), and the
cells were loaded into the XF24 Extracellular Flux Analyzer. After 4 baseline
measurements, 0, 10, or 20 μM HNE was injected. The OCR was then monitored for 2 h. In
contrast to NRVM and similar to the mesangial cells, SH-SY5Y cells exhibit a dose and
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time dependent decrease in OCR (Figure 2E), as well as a decrease in ECAR, in response to
HNE (Figure 2F).

Generating a Metabolic Profile to visualize the cellular energetic response to HNE in
multiple cell types

Glycolysis and oxidative phosphorylation are likely integrated during the cellular response
to oxidative stress. Importantly, this integrated response will differ by cell type. This can be
assessed by plotting OCR against ECAR at a single time-point after injection of the
compound of interest to generate a Metabolic Profile as shown in Figure 2G, H, and I. In
this series of experiments, HNE was injected as in Figure 2A in each cell type, and then
OCR and ECAR data from 60–120 min post-injection were plotted against each other. As
these results indicate, increasing HNE concentrations lead to stimulation of both OCR and
ECAR in NRVM, but not in Mesangial cells or SH-SY5Y cells. At this point the
investigator could then proceed to dissect out the mechanism leading to these overall
responses including the impact on mitochondrial function as will be described in Protocol 2.
Using the data obtained from ECAR and OCR the interplay between these two metabolic
pathways can be examined as shown in Figure 2G–I. The changes in mitochondrial function
can also be related to other biological endpoints including signaling, protein modification
and cell death (see below). Taken together these data allow an integrated picture of how
cellular bioenergetic function is contributes to the response of a given cell to oxidative
stress. An example of how this can be achieved can be found in the following publication
[40].

Relating the impact of HNE to cellular signaling in Rat Aortic Smooth Muscle Cells
(RASMC)

To relate bioenergetic data to mechanistic changes in cell function, further analysis of the
samples after treatment is possible (i.e. following experiments of the type shown in Figure
2). Typically there is sufficient protein to perform a western blot, assess protein
concentration, or measure cell viability. It is then important to select a surrogate index to
relate the mitochondrial effects to other experiments designed to probe cell function. This
can be surprisingly challenging and we have found it is important to control for the
following factors:

a) The stoichiometric amount of a reactive lipid species such as HNE is more
important than the absolute concentration of the stressor [50]. This is likely due
to covalent modification of proteins by the lipid, but is characteristic of many
reactions which may be studied using this technique. It is thus important to
consider the ratio of media volume to total cell number when designing
experiments for the XF24 which are usually different than standard tissue
culture protocols with respect to the ratio of volume of media to cells.

b) The culture media is changed during the XF24 analysis to media without serum,
and lacking buffering capacity. This should be considered and controlled for in
the interpretation if bioenergetic assays are compared to experiments in different
media or standard tissue culture conditions. Further discussion of the importance
of selecting proper assay media is given below in the General Considerations.

To correlate the impact of HNE on mitochondrial function with the effect on cell signaling,
sample lysates were collected from individual wells of a Seahorse Bioscience V7 culture
plate after the completion of mitochondrial function measurements. As shown in Figure 3A,
5 μM HNE inhibited basal OCR in Rat Aortic Smooth Muscle Cells (RASMC) to a similar
extent as that seen in other cell types (Figure 2). Cell lysates were then probed for Heme-
Oxygenase-1 (HO-1), an antioxidant protein known to be activated by HNE [54–56]. As
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shown in Figure 3B and C, HO-1 protein is increased in the presence of low levels of HNE,
but not at the higher concentrations which appear to be cytotoxic. Protein-HNE adducts
were also examined by western blot. These adducts increased in a concentration-dependent
manner. To collect samples from Seahorse plates, the cells in each well were lysed in SDS
sample buffer and loaded in their entirety onto a lane of an SDS-PAGE gel. To visualize the
consistency in protein loading in these samples, the nitrocellulose membrane was stained
with amido black. This stain indicates that there was less protein present in the 5 μM HNE
group, consistent with HNE cytotoxicity. These Western blots were quantified, and the
concentration-dependent stimulation of HO-1 is shown in Figure 3C,D. Interestingly,
stimulation of HO-1 was maximal at 0.5 μM HNE, but suppressed at the higher
concentration of 5 μM HNE. These data are an example of how the biphasic effects of a
reactive species can be related to cell signaling, mitochondrial function and protein adduct
formation. The investigator could then use this data as a basis to test the molecular
mechanisms involved that link these processes together.

Protocol 2: Determine the bioenergetic profile of cells exposed to acute
oxidative stress

After completion of the experiment shown in Protocol 1 the investigator can decide to end
the experiment at this point and measure indices of oxidative damage or cell signaling as
described previously or perform a mitochondrial function test (also called a “stress test”) by
following the method described here in Protocol 2. In this approach, well-characterized
inhibitors of the electron transport chain (ETC) are used to dissect processes that are
contributing to overall mitochondrial oxygen consumption [57]. This technique uses selected
mitochondrial inhibitors which allow for determination of six main parameters that describe
key aspects of mitochondrial function in a cellular context: basal OCR, ATP-linked OCR,
proton leak OCR, maximal OCR, reserve capacity, and non-mitochondrial OCR. The
principle of this technique is shown schematically in Supplemental Figure 1. These
parameters are determined by measuring OCR after the sequential injection of oligomycin
(to inhibit the ATP synthase), carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone
(FCCP – to uncouple the mitochondrial inner membrane and allow for maximum electron
flux through the ETC), and antimycin A (to inhibit complex III). The difference between the
basal OCR and the oligomycin-insensitive OCR yields the amount of oxygen consumption
that is ATP-linked [57]. The balance of the basal OCR is comprised of O2 consumption due
to proton leak and non-mitochondrial sources.

The injection of FCCP allows for uninhibited movement of protons across the mitochondrial
inner membrane, and effectively depletes the mitochondrial membrane potential (Δψm).
The resulting uninhibited electron flow through the mitochondrial respiratory chain leads to
an increase in oxygen consumption, and allows a determination of the maximal oxygen
consumption that is possible at Cytochrome c Oxidase (Complex IV). Thus, the addition of
FCCP allows for an estimate of a value for maximum OCR without dependence on ATP/
ADP transport [57, 58]. The difference between the FCCP-stimulated rate and the basal
OCR yields an estimate of the reserve capacity of the cells. Reserve capacity is defined as
the amount of oxygen consumption that is available for cells to use in times of increased
ATP demand or during other stress [39, 59, 60]. Lastly, antimycin A is injected to inhibit
electron flux through Complex III. This prevents any O2 from being consumed at Complex
IV, and thus yields the rate of O2 consumption from sites other than the mitochondrion [57].

The concentrations necessary to achieve the optimal result for each of these measurements
must be empirically determined for each cell line as shown in Supplemental Figure 2A and
B. Oligomycin injected to too low a final concentration will not fully inhibit the ATP
Synthase, and inhibition of OCR will not be complete. Similarly, oligomycin at elevated
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concentrations will lead to maximal inhibition of OCR initially, followed by a progressive
increase in OCR over time (Supplemental Figure 2A). Similarly, FCCP must be carefully
titrated to achieve maximal stimulation of OCR, and we have found the concentration
response to be bell-shaped (Supplemental Figure 2B).

Figure 4A demonstrates the mitochondrial function sequence schematically. The resulting
changes in OCR in response to each of these metabolic modulators are also shown in Figure
4B. This graph is color-coded to demonstrate the relative contribution of each parameter
listed above, and to illustrate how these calculations are made at the conclusion of the
experiment. Specific examples of experiments which utilize a Protocol-2 approach are given
below.

Effects of NO on the mitochondrial profile in endothelial cells
BAEC were seeded to 40,000 cells/well in Seahorse Bioscience V7 tissue culture plates. The
cells were allowed to incubate for 24 h at 37°C in a humidified CO2 incubator. The culture
media was then changed to assay media, and three baseline measurements of OCR were
taken. The NO donor Deta NONOate was then injected to a final concentration of 250 or
500 μM. The cells were allowed to incubate for 1 h, and three additional measurements of
OCR were made. As shown in Figure 4C, Deta NONOate had no effect on basal OCR
following injection; however, following FCCP injection, the maximal OCR was found to be
significantly decreased. This translates to a loss of reserve capacity which was dependent on
Deta NONOate concentration (Figure 4D). This example demonstrates how changes in
cellular mitochondrial function can be revealed by the use of the mitochondrial profile
experiment. These data are adapted from a published study which also demonstrates
protocols to determine the reversibility of an intervention and the effects of NO in
combination with ROS [39].

The effect of HNE on NRVM mitochondrial function
Using the example of Protocol 1 shown in Figure 2, mitochondrial function was assessed
after injection of HNE into cultures of NRVM. HNE was injected to a final concentration of
5, 10, or 20 μM, and OCR was assessed for 30 minutes. Time resolved data are shown in
Figure 5A. For clarity, mitochondrial function parameters in control cells and those treated
with 20 μM HNE are shown in Figure 5B. As this Figure shows, the post-HNE OCR was
increased by 60% over baseline. This was found to be due mostly to increased proton leak,
as there was little effect on ATP-linked OCR at this time point. Additionally, reserve
capacity was decreased without any change in the maximal OCR stimulated by FCCP. This
suggests that NRVM have a defined maximal OCR, and that the ratio of proton leak OCR to
ATP-linked OCR (often referred to as the coupling efficiency [61]) may define the response
of cells to oxidant stressors.

The effect of HNE on MES13 Mesangial cell mitochondrial function
Unlike the response seen in NRVM, acute HNE exposure at a final concentration of 5 and
20 μM in MES13 cells elicited a decreased OCR and maximal respiration rate (Figure 5C),
opposite of the response described above for NRVM. HNE at 20 μM caused a decrease in
ATP-linked OCR and maximal respiration, as well as reserve capacity (Figure 5D). Proton
leak was increased with HNE exposure which could explain the decreased ATP-linked
respiration, but not the change in maximal respiration which is probably a function of
change in substrates from glycolysis [39].
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The effect of HNE on SH-SY5Y mitochondrial function
As in NRVM and Mesangial cells, mitochondrial function was assessed after injection of
HNE into cultures of differentiated SH-SY5Y cells. HNE was injected to a final
concentration of 10, 15, or 20 μM, and OCR was assessed. As shown in Figure 5E, in this
cell type, the post-HNE basal OCR was decreased. This was found to be due mostly to
decreased ATP-linked OCR, as there was little effect on proton leak. However, in contrast to
NRVM, both the maximal OCR induced by FCCP and the reserve capacity were suppressed.
This suggests that differentiated SH-SY5Y cells respond to oxidative stress by reducing
mitochondrial ATP production possibly by inhibition of the ATP synthase (Figure 5F), with
a less substantial effect on mitochondrial electron transport. This occurs despite a decrease
in glycolytic function (Figure 2F).

Assessing exogenous ROS production and mitochondrial function in the presence of
DMNQ in BAEC

Redox cycling agents are widely used as therapeutics and as models for the production of
ROS in cells. In this example, the measurement of oxygen consumption in response to the
addition to the cells of the compound 2,3-dimethoxy-1,4-napthoquinone (DMNQ) is used as
an example [17, 39]. As shown in Figure 6A, DMNQ stimulates basal OCR, but decreases
the response to FCCP. This stimulation is concentration-dependent with respect to DMNQ
(Figure 6B). Oligomycin injection allows for discrimination of ATP-linked OCR and Proton
Leak OCR [39]. Using this method, it is clear that DMNQ stimulates proton leak OCR at the
expense of ATP-linked OCR (Figure 6C). Additionally, the reserve capacity is decreased,
and the non-mitochondrial OCR is increased. The increase in non-mitochondrial OCR
suggests that a portion of DMNQ-dependent stimulation of OCR is due to redox cycling of
DMNQ itself. The redox cycle of DMNQ is dependent on one of several flavoproteins. The
flavoprotein inhibitor diphenyleneiodonium (DPI) was added to a final concentration of 10
μM with DMNQ (15 μM), and stimulation of OCR by DMNQ returned to the levels of
untreated cells (Figure 6D). In this example the level of ROS generation of the redox cycling
agent can be assessed in the same protocol used to determine the impact on bioenergetic
function. These data are discussed in greater detail in reference [39].

Protocol 3: Determine the persistent effects of oxidative stress on the
bioenergetic profile

The last major protocol used to assess mitochondrial function in cells exposed to oxidative
stressors is to treat the cells outside the instrument for a predetermined time period, remove
the stressor, and then assess mitochondrial function. This approach allows for longer
treatment time periods that can be associated with additional experimental endpoints such as
cell death. Importantly, the cells can be treated in their normal culture media, and incubated
under conditions appropriate for the specific cell line avoiding potential artifacts due to
altered cell culture conditions. After the predetermined treatment time, these cells are
washed and changed to assay media for analysis of mitochondrial function. This is shown
schematically in Figure 7A. A similar approach may be used for experiments where
transient transfection of a gene of interest or siRNA construct is used to alter gene
expression. In this case, a Protocol 3-style approach allows for the determination of stable
phenotypic changes in the cell. Examples of this protocol are described below.

Stimulation of OCR by acute H2O2 exposure in NRVM
In this series of experiments, NRVM were seeded as described, and treated with 50 μM
H2O2 for 30 min in normal culture media. The cells were then washed with XF assay media,
and allowed to equilibrate at 37°C for 1 h in a non-CO2 incubator. Mitochondrial function
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was then assessed as described above. As shown in Figure 7B, basal OCR is increased in
response to H2O2 in these cells. This occurs due to an increase in both proton leak OCR and
ATP-Linked OCR (Figure 7C). Upon addition of FCCP however, the OCR is significantly
inhibited, resulting in a loss of maximal OCR, and a negative apparent reserve capacity. This
likely indicates that the mitochondria are damaged, and have lost their membrane potential,
possibly due to opening of the mitochondrial permeability transition pore. Interestingly,
these changes occur without an increase in non-mitochondrial OCR, indicating there is little
additional ROS production beyond the bolus H2O2 the cells were exposed to initially.

Effect of mitochondrially-targeted electrophilic lipids on mitochondrial function in
MDAMB231 cells

Beyond the direct impact of ROS/RNS on cellular bioenergetic function, the Seahorse XF
technique can be used to determine effects of other reactive species. In this series of
experiments, a reactive lipid species was targeted to the mitochondrion and the effects on
cellular bioenergetic function were determined [47]. MDA-MB231 cells were treated for 30
min with 10 μM 15-deoxy-Δ12,14-Prostaglandin J2 (15d-PGJ2), mitochondrially-
targeted-15d-PGJ2 (mito-15d-PGJ2) or mitochondrially-targeted Prostaglandin E2 (mito-
PGE2) and then bioenergetic function was assessed as described above. After baseline was
established, sequential injection of oligomycin (0.3 μg/ml), FCCP (1 μM) and antimycin A
(10 μM) was used to determine mitochondrial function parameters. As shown in Figure 7D,
15d-PGJ2 had little effect on mitochondrial function. Interestingly, targeting the lipid to the
mitochondria dramatically decreased the levels of all parameters measured. This was not due
to the targeting moiety itself, as mito-PGE2 also had no effect on mitochondrial function
(Figure 7E). FCCP was able to stimulate O2 consumption in the presence of 15d-PGJ2 and
mito-PGE2, but not mito-15d-PGJ2 (Figure 7E). Furthermore, the loss of OCR following
mito-15d-PGJ2 treatment is accompanied by a compensatory increase in ECAR (data not
shown). ECAR stimulation does not occur in the presence of 15d-PGJ2 or mito-PGE2
suggesting that glycolysis is upregulated specifically in response to the inhibition of
mitochondrial O2 consumption. These data show an example in which modifications to a
pharmacophore can be assessed for their impact on bioenergetic function. The XF24
platform has also been used to identify specific pharmacophores which modulate the switch
between mitochondrial oxidative phosphorylation and glycolysis [62].

Materials
Materials provided here are representative of what is required to perform an experiment of
any of the above-described Protocols in Bovine Aortic Endothelial Cells (BAEC). The
approach to using these cells is typical of what is required in most cell lines. Where
empirical determination of an optimal concentration is required, we have made this notation.

1. Bovine Aortic Endothelial Cells, primary isolates

2. Flux Pak (Seahorse Bioscience, Product No. 100850-001)

a. Assay cartridge

b. V7 tissue culture plate

c. Calibration solution

3. Oligomycin (Sigma, Product No. O4876)

4. FCCP (Sigma, Product No. C2920)

5. Antimycin A (Sigma, Product No. A8674)
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6. DMEM lacking sodium bicarbonate, phenol red, L-glutamine, and glucose
(CellGro, Product No. 90–113)

7. L-Glutamine solution (Invitrogen, Product No. 25030-081)

8. Trypsin (Invitrogen, Product No. 25300054)

9. DMEM for routine cell culture containing 10% FBS, Penicillin/Streptomycin, and
L-glutamine

10. D-Glucose (Sigma, Product No. G5400)

11. Sodium Pyruvate (Sigma, Product No. P5280)

12. 0.1N NaOH, diluted from 10N (Fisher Science, Product No. SS255-1)

13. Tris base (Fisher Science, Product No. BP152-5)

14. Triton X-100 (Sigma, Product No. T-9284)

15. Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, Product No. 500-0006)

Instruments
1. Seahorse Bioscience XF-24 Extracellular Flux Analyzer (Seahorse Bioscience; N.

Billerica, MA)

2. Pipettes

3. Multichannel pipettes capable of 50–200 μl and 500–1000 μl volume

4. 37°C non-CO2 incubator

5. pH meter

6. Mass balance

7. 37°C Water bath

8. Centrifuge for cell culture capable of 600 × g

9. Hemacytometer or automated cell counter

10. Plate reader with filters suitable for absorbance measurement at 595 nm

11. Milli-Q (or equivalent) water purification system

Protocol
Seeding Bovine Aortic Endothelial Cells (BAEC) into Seahorse Bioscience XF24 Assay
Plates

To ensure consistent measurements between replicate wells in an XF Assay, care must be
taken to seed cells into the specialized tissue culture plates consistently and evenly. This can
be achieved by careful attention to cell culture technique during seeding of the cells. An
example protocol is listed below for BAEC [39].

1. Warm complete DMEM culture media and trypsin to 37°C in a water bath.

2. Lift the cells with trypsin as for other cell experiments, and resuspend in complete
media equal to at least the volume of the trypsin to inactivate the enzyme.

3. Centrifuge the cell suspension at 600 × g for 3 min to pellet the cells.

4. Discard the media/trypsin supernatant and resuspend the cell pellet in 5 ml
complete culture media.
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5. Count the cells on a hemacytometer and determine the viable cell number per
milliliter of culture media.

6. Dilute the cell suspension to the desired concentration. Typically this will be 10×
the number of cells desired per well in 1 ml media. The required seeding number
will vary, but in our experience should be between 10,000 and 80,000 cells per well
depending on cell size and respiratory rate. Empirical optimization is required.

7. Add 100 μl of cell suspension to each well. Leave wells A1, B4, C3, and D6 blank
as these will be used for monitoring temperature fluctuations in the plate, and for
background correction. The blank wells should be filled with 100 μl media.

8. Incubate the cell plate at 37°C in a CO2-incubator for 4 h.

9. Add 150 μl complete culture media to each well, and incubate for a further 20 h.

Day prior to experiment
1. Seed an XF24 tissue culture plate as described above.

2. Prepare unbuffered assay media by mixing 8.28 g/L DMEM lacking sodium
bicarbonate, 1 g/L D-Glucose, 0.11 g/L sodium pyruvate, and 4 mM L-Glutamine
into Milli-Q water.

3. Hydrate an XF Assay Cartridge by adding 1 ml calibrant solution (included with
Flux Pak) to each well of the utility plate. Place the cartridge in a 37°C non-CO2
incubator overnight.

Day of experiment
1. Sterile filter the media, and transfer approximately 50 ml to a clean 50 ml conical

tube.

2. Warm the aliquot of media to 37°C in a water bath. This is now termed the “assay
media.”

3. Adjust the pH of the media to 7.4 using 0.1 N NaOH.

4. Remove media from the cell plate, leaving 50 μl in the well. This can be done with
careful aspiration or using a multi-channel pipette.

5. Rinse the cells with 1 ml of warmed assay media using a multichannel pipette.

6. Remove this assay media from the wells, again leaving 50 μl in the well.

7. Add 625 μl assay media to each well using a multichannel pipette. The final
volume should be 675 μl.

8. Place the culture plate into a 37°C non-CO2 incubator for 1 h.

9. Prepare 3 ml oligomycin to a final concentration of 10 μg/ml in assay media. This
concentration is 10× the final concentration desired, as this solution will be diluted
10-fold once injected into the measurement well. This concentration is suitable for
BAEC. Empirical optimization is required.

10. Prepare 3 ml FCCP to a final concentration of 10 μM in assay media. This
concentration is 10=× the final concentration desired, as this solution will be
diluted 10-fold once injected into the measurement well. This concentration is
suitable for BAEC. Empirical optimization is required.

11. Prepare 3 ml antimycin A to a final concentration of 100 μM in assay media. This
concentration is 10× the final concentration desired, as this solution will be diluted
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10-fold once injected into the measurement well. This concentration is suitable for
BAEC. Empirical optimization is required.

12. Add 75 μl oligomycin solution to Port A on the XF Assay cartridge.

13. Add 83.3 μl FCCP solution to Port B on the XF Assay cartridge.

14. Add 92.6 μl antimycin A solution to Port C on the XF Assay cartridge.

15. Load the XF Assay cartridge into the XF24 30 min after changing the media on the
cell culture plate.

16. After calibration has completed, exchange the utility plate for the cell culture plate
and continue the measurement program. Typical mix/wait/measure cycles for
BAEC are 2 min/2 min/3 min. Remove the plate and cartridge from the XF24 at the
completion of the experiment.

Measurement of total protein content
1. After completion of the XF Assay, carefully aspirate all assay media from each

well.

2. Gently rise the wells with 500 μl ice-cold PBS.

3. Carefully aspirate all PBS from each well.

4. Add 20 μl Lysis Buffer (10mM Tris, pH 7.4, 0.1% Triton X-100) to each well.

5. Allow to incubate on ice for 5 min.

6. Add 480 μl diluted Bradford Reagent to each well.

7. Prepare protein standards as for other cell experiments.

8. Measure absorbance at 595 nm using a plate reader.

General Considerations
Choice of media and substrates for oxidation

Knowing the appropriate substrate conditions for cell assays is fundamental to
understanding the response to a given oxidant stressor. Identifying substrate preferences and
interactions prior to examining the effects of oxidants on bioenergetics thus requires
empirical optimization for each cell type studied. Cells may respire on multiple substrates,
and this can change with duration in culture or culture conditions. The XF24 is well-suited
to examine how respiratory substrates affect the response of cells to oxidative stress. The
examples given below illustrate approaches to standardizing the running conditions for
assessing the effects of substrate on bioenergetic responses to stress.

1. Determining optimal cell seeding conditions—Measurement of oxygen
consumption and extracellular acidification in cell culture using the Seahorse XF technique
requires empirical optimization of the cell seeding conditions for each cell type prior to
experimental analysis. Multiple parameters must be taken into account, the most important
of which are the cell seeding density, the elapsed time from seeding to analysis, the total
time in culture or passage number, and the culture media conditions (discussed further
below). This is especially important for primary isolated cells, as these cell types are even
more sensitive to changes in their environment. Supplemental Figure 2C demonstrates the
optimal cell seeding density experiment for BAEC. These cells display a linear response
with regard to cell density from 20,000–50,000 cells per well both in measured OCR and
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ECAR. For future experiments, 40,000 cells/well was chosen as this yielded even
monolayers of cells (Supplemental Figure 2D), and acceptable OCR/ECAR values.

2. Empirical determination of optimal concentrations for analysis of
mitochondrial function—For each cell line used, we have found that empirical
determination of the optimal concentrations for oligomycin, FCCP, and antimycin A are
crucial to achieving maximal response. Supplemental Figure 2A demonstrates the response
of BAEC to oligomycin. At low concentrations, oligomycin does not elicit a maximal
inhibition of OCR immediately. However, at higher concentrations, the OCR trends upwards
again following an initial inhibition. Thus, selection of a proper concentration is crucial for
maintaining a consistent response during subsequent injections. In Supplemental Figure 2B,
the stimulation of OCR in the presence of FCCP is also shown. Interestingly, FCCP displays
a bell-shaped concentration response in these cells. Again, selection of the proper
concentration is crucial to effectively obtain the maximal OCR in response to FCCP.

3. The effect of alternative substrates on respiration—Prior to challenging cells
with an oxidant, it is important to examine how glycolytic substrates such as glucose and
pyruvate affect mitochondrial respiration. The general XF assay medium contains
physiological levels of glucose (5.5 mM), but supraphysiological levels of pyruvate (1 mM;
blood concentration of pyruvate are generally less than 200 μM [63]). Moreover, the assay
medium is generally devoid of serum (which can be a source of fatty acids), leaving the cells
no choice but to use stored carbon (e.g., glycogen) or the provided extracellular substrate.
Another factor to consider is whether the cells require insulin for glucose uptake (see
below). Supplemental Figure 3 demonstrates why addressing these points is crucial to proper
analysis of the data. Here, NRVM were provided with either no substrate, 5.5 mM glucose
only, 1 mM pyruvate only, or glucose in the presence of pyruvate. Interestingly, the
cardiomyocytes have a reserve bioenergetic capacity even in the absence of glucose and
pyruvate, but show a surprising decrease in their energetic reserve in the presence of glucose
(Supplemental Figure 3A and B). This may be due to compensatory increases in glycolysis
and/or negative regulation of oxidative phosphorylation by glycolytic intermediates, e.g., the
Crabtree effect [64]. Pyruvate provides a maximal response to FCCP, and this is decreased
in the presence of glucose (Supplemental Figure 3A and B). Understanding substrate-
specific changes such as these is therefore important for designing the appropriate
experiments to examine the stressor of interest and for interpretation of results. This has
been shown to be particularly important with respect to how myocytes respond to HNE [45].

In addition, there are several reports demonstrating the utility of the Seahorse XF24 to
measure fatty acid oxidation [11, 65]. To do this, the fatty acids that are abundant in plasma
(e.g., palmitate and oleate) are typically conjugated to bovine serum albumin (BSA) and
injected via the ports of the flux pack during bioenergetic assay. The mitochondrial profile
test can then be used to examine how well the mitochondria remain coupled in response to
the fats and how they impact on maximal respiratory capacity. It is important to note that
many oxidative and nitrosative/nitrative species can react with BSA, which could
significantly affect the experiment. It is advised to use a system where oxidants are
generated endogenously (e.g., DMNQ) or to use alternative approaches for examining fatty
acid oxidation. These could include using inhibitors of fatty acid oxidation such as etomoxir,
which inhibits carnitine palmitoyl transferase-1 [65]. For these types of assays, one can
allow the cells to respire on endogenous stores of lipid (e.g., in adipocytes) or leave the
serum in the medium. Etomoxir is then injected to inhibit carnitine palmitoyltransferase, and
the change in OCR is monitored. The level of inhibition can be used to assess the fraction of
basal oxygen consumption that was being used for fatty acid oxidation.
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Glycolysis Assays
Concomitant with measurements of OCR, the XF analyzer can record ECAR and the proton
production rate (PPR), both of which can be used as surrogates for lactate production formed
from aerobic glycolysis [43]. Importantly, some reactive species have been shown to
increase the ECAR and PPR in excitable cell types, such as primary cardiac myocytes [40,
45, 46]. As shown in Supplemental Figure 3C, exposure of NRVM to HNE results in a time-
dependent increase glycolytic activity. This data is similar to that described in Figure 2B,
however, the ECAR rates have been converted to PPR. While ECAR can be used to show
changes in glycolytic flux, PPR is sometimes preferred because the area under the curve
(AUC) can be calculated as a measure of the total increase in glycolytic activity during a
given period of time. Although ECAR values may also be used for such analyses, it is
difficult to represent ECAR data in AUC plots due to difficulties in understanding how a
sum of mpH units relates with glycolysis; therefore, AUC values from PPR traces are
preferred. For this, it is imperative that the user determine the buffer capacity of the running
medium prior to the experiment using the following equation:

Some well-described cell types, such as vascular smooth muscle cells, convert >90% of their
glucose to lactate [66, 67]. Such information is therefore helpful for experimental design and
interpretation. In less characterized cells, the experimenter does not know a priori the
metabolic fate of pyruvate, and in some cells, such as cardiomyocytes, lactate can be readily
oxidized [68]; thus ECAR and PPR are not as reliable as stand-alone values for glycolytic
flux. Additional experiments, measuring lactate production and/or using inhibitors of the
glycolytic pathway, must then be performed to validate the XF measurements.
Pharmacological inhibitors of glycolysis such as iodoacetate (IAA), koningic acid (KA), 2-
deoxyglucose (2-DG), and oxamate (OA) can be used to ensure that the changes in ECAR or
PPR are indeed due to glycolysis [43]. However, as with most chemical inhibitors, there are
drawbacks to their use. For example, IAA inhibits glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) but is rather non-specific and can modify numerous other proteins
that have reactive cysteine residues. Moreover, 2-DG and OA must be used in high (10–100
mM) concentrations to inhibit glycolysis and lactate dehydrogenase, respectively; this could
result in experimental artifacts due to osmotic effects. A more specific inhibitor, koningic
acid (KA), has been increasingly useful for validating XF glycolysis measurements. KA
appears to be quite specific for GAPDH [69], inhibiting the enzyme at low μM
concentrations [69–71]. Supplemental Figure 3D demonstrates that insulin stimulation of
ECAR is dependent on GAPDH function. H9c2 cells were treated with 10 or 1000 nM
insulin causing an increase in the measured ECAR. To demonstrate that this increase in
ECAR is linked to increased glycolytic flux, KA was injected to a final concentration of 10
μg/ml. As shown in Supplemental Figure 3D, ECAR was inhibited maximally in the
presence of KA. These and similar measurements are beginning to define the measurement
of glycolysis in response to changes in oxidative stress in cell culture.

Normalization of data
Appropriate normalization of data generated by the XF24 is paramount to proper
interpretation of experimental results. There are several approaches and caveats to these data
normalization, and these are discussed in detail below.

1. Temperature correction—As mentioned above, the V7 culture plates supplied with
Assay Flux Paks from Seahorse Bioscience are a 24 well plate. However, in a typical
experiment, 4 of these wells are used to correct for changes in temperature. This occurs
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because of the exquisite sensitivity of the oxygen-quenched fluorophore to temperature. The
XF24 software includes functionality to assign wells as temperature controls, and
automatically corrects the data to account for temperature drift.

2. Normalization to total protein content—Normalization to total protein content in
the well following a XF24 style experiment is another effective way of controlling for
variation in cell number. We have used this technique extensively in the data shown here
and elsewhere to ensure accurate measurements of OCR with respect to known protein
concentration. Importantly, caution must be used when quantifying the protein content from
such a small well. At the completion of an XF Assay, the cell plate should be immediately
removed, and the media carefully aspirated. For cell lines which are easily lysed, we have
found it most effective to lyse the cells in 20 μl of 10 mM Tris, pH 7.4 with 0.1% Triton
X-100 added. 480 μl of Bradford reagent (Bio-Rad; Hercules, CA) can then be added to the
entire well, without removal of any sample. In this way, there is no loss of protein due to
pipetting, and little error introduced by excess media in the well prior to lysis. Protein
concentration can then be measured according to the manufacturer's instructions. An
example of this is shown in Figure 2E. BAEC were lysed as described and total protein
content from individual wells was determined.

3. Normalization to cell number—Another method of normalizing the data from an
XF24 experiment is to count the cells following the experiment. This can be particularly
useful when using Protocol 3, or when comparing cells with different rates of proliferation
or treatments which can alter the proliferation rates. Furthermore, certain treatments or
models can alter the cell size or mitochondrial number independent of proliferation. While
normalizing to total protein is a valid means to normalize for this, it may also be of interest
to look at changes in mitochondrial function or glycolytic flux per cell. In these cases, cells
can be trypsinized immediately following the conclusion of an XF24 assay and counted
using a hemacytometer. To specifically count viable cells, methods such as a trypan blue
exclusion assay may be utilized.

Reproducibility
Seahorse Bioscience reports coefficient of variation values of 20% or less between
individual wells, experiments, and experimental days and this has been our experience.
Supplemental Figure 4 shows representative data from two cell lines where the average
basal OCR and maximal OCR from 6 independent experiments are compared. Experiments
in BAEC were performed over 8 months, and those in NRVM over 6 months. These data
show that basal cellular characteristics are similar over time, and that these cells respond
similarly to FCCP (used to measure maximal OCR).

Furthermore, the effect of Deta NONOate on OCR in BAEC has recently been demonstrated
to be consistent when measured on a different XF24 instrument in cells from an independent
isolation [72]. These observations are thus consistent with a high degree of reproducibility
between experiments, and between laboratories.

Calculations and Expected Results
All data from XF Assays described here were collected using the XF Reader software from
Seahorse Biosciences (North Billerica, MA). Data from these experiments were exported to
Microsoft Excel 2007 or 2010 (Microsoft Corp., Redmond, WA), where they were analyzed,
normalized, and graphed. Box and whisker plots in Supplemental Figure 4 were constructed
using Origin 8.5. Statistical significance was determined by performing 2-tailed Student's t-
tests where appropriate using Microsoft Excel 2007, or 2010, or by One-Way ANOVA
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using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) as indicated. p≤0.05 was
considered significant in all experiments.

Importantly, the serial nature of measurements using the Seahorse XF technique allows for
the use of repeated measures ANOVA during some experiments. Researchers are
encouraged to critically evaluate the most appropriate method for determining statistical
significance when analyzing data generated using this technique.

Caveats
While the instrumentation opens new avenues for oxidative stress research, interpretation
and analysis are constrained in some key areas as outlined below.

Interference of injected compounds with sensor fluorescence
The analyses described here rely on fluorescence detection for both changes in pH and O2.
In some cases, compounds can interfere with the detection method due to their intrinsic
ability to quench or otherwise alter the characteristics of the fluorescent probe. Controls
need to be included in which compounds or stressors are added to wells without cells and if
changes in fluorescence occur, then the investigator should only use Protocol 3.

Composition of assay media
There are important differences in the media used for the XF24 analysis and that generally
used for growth of mammalian cells. These include a lack of serum, no bicarbonate
buffering and very limited buffering capacity. We recommend that the investigator prepare
their own media for these experiments if controls reveal important differences in the
response of the cells due to media. It is absolutely essential that a biological endpoint is used
to compare responses between the cells plated for the XF24 analysis and the standard culture
media as we have described above (Figure 3). In some cases the additional information
obtained from the ECAR measurement is limited and buffered media can then be prepared.

Limitations of the mitochondrial profile technique
1) The FCCP dose response is biphasic probably due to the sum of the process of

increased H+ permeability leading to increased OCR and the inhibitory effect on
OCR due to decreased substrate availability to drive respiration.

2) The FCCP concentration dependence can in some circumstances be changed by
the presence of oligomycin and this should be tested in each cell type used.

3) In our experience antimycin A gives a maximal inhibitory response which is not
further increased by rotenone of other mitochondrial inhibitors. However, this
should be assessed independently, as this result may differ between cell lines.

4) The assessment of proton leak and ATP usage by the cells after the addition of
oligomycin is constrained by the fact that this will increased mitochondrial
membrane potential. The consequence of this effect is an underestimate of ATP-
linked OCR and over-estimate of proton leak. This can be corrected for if
needed by independent measurement of the mitochondrial membrane potential
[58, 73].

Concluding remarks
From the experiments highlighted here, it is clear that the impact of oxidative stressors on
mitochondrial function varies dependent on the cell type, stressor, and the concentration and
duration of exposure of the stressor. It is then useful to approach the mitochondrial impact of
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a stressor of interest with a combination of the listed Protocols. To date, there are nearly 150
publications using the Seahorse XF24 analyzer to measure changes in O2 consumption and
extracellular acidification. The application of the mitochondrial and glycolytic function
assays described here is extending the utility of this instrument, allowing for more rigorous
study of model systems where measurement of oxygen consumption was previously not
possible or practical. It is the hope of the authors that the Protocols described here will aid
investigators in their assessment of the impacts of oxidative stressors on metabolic function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

15d-PGJ2 15-deoxy-Δ12,14-Prostaglandin J2

2-DG 2-Deoxy-D-Glucose

Anti A Antimycin A

AUC Area under the curve

Deta NO Deta NONOate

(Z)-1-[2-(2-Aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1

2-diolate

DMNQ 2,3-Dimethoxy-1,4-napthoquinone

DPI Diphenyleneiodonium

ECAR Extracellular Acidification Rate

FCCP carbonyl cyanide p-[trifluoromethoxy]-
phenyl-hydrazone

GAPDH Glyceraldehyde-3-Phosphate
Dehydrogenase

HNE 4-hydroxy-2-nonenal

HO-1 Heme-Oxygenase-1

IAA Iodoacetic Acid

KA Koningic Acid

mito-15d-PGJ2 mitochondrially-targeted 15-deoxy-Δ12,14-
Prostaglandin J2

mito-PGE2 mitochondrially-targeted Prostaglandin E2

NO Nitric oxide

NRVM Neonatal Rat Ventricular Myocytes

OCR Oxygen Consumption Rate
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PPR Proton Production Rate

RASMC Rat Aortic Smooth Muscle Cells

RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species

siRNA short-interfering RNA

XF Extracellular Flux
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Highlights

• The impact of oxidative stress on bioenergetics is important to assess in a
cellular setting.

• Protocols are reported to obtain the bioenergetic response to oxidative stress in
adherent cells.

• Oxidative phosphorylation and glycolysis are integrated to make a metabolic
profile.

• Reserve capacity is the most critical parameter in cellular bioenergetics.
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Figure 1. Three protocols for assessing mitochondrial function in intact cells
Assessment of mitochondrial function is typically performed using one of three approaches.
Protocol 1: After establishing baseline OCR, a compound of interest is injected. The effect
on OCR and ECAR are then monitored over time. Protocol 2: After establishing baseline,
the compound of interest is injected, OCR and ECAR are monitored for a predetermined
amount of time, and then mitochondrial function is assessed. Protocol 3: Treatment with the
compound of interest is completed outside the instrument. The cells are then washed free of
the stressor, and mitochondrial function is directly assessed.
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Figure 2. The acute effect of HNE on cultured cells
The effect of HNE on OCR and ECAR was assessed using a Protocol 1-style strategy. Panel
A: After establishing baseline OCR in NRVM seeded to 75,000 cells/well, HNE was
injected to a final concentration of 5 μM (open squares, solid line) or 20 μM (closed
squares, dashed line). The effect on OCR was followed for an additional 4 h. Panel B: Same
as Panel A, except ECAR was measured. Panel C: MES-13 were seeded at 30,000 cells/
well, baseline OCR was established then HNE was injected at 5 μM (open squares, solid
line) or 20 μM (closed squares, dashed line) and OCR was followed for 2 h. Panel D: Same
as Panel E, except ECAR was measured. Panel E: After establishing baseline OCR in
differentiated SH-SY5Y cells, HNE was injected to a final concentration of 0, 10, 15, or 20
μM. The effect on OCR was followed for an additional 2 h. Panel F: Same as Panel E,
except ECAR was measured. Panel G: NRVM were exposed to 5, 10, or 20 μM HNE for 1
h. OCR and ECAR are plotted against each other from this single time point. Panel H:
MES13 cells were exposed to 5, or 20 μM HNE for 1 h. OCR and ECAR are plotted against
each other from this single time point. Panel I: Differentiated SH-SY5Y cells were exposed
to 10, 15, or 20 μM HNE for 1 h. OCR and ECAR are plotted against each other from this
single time point. All data shown are the mean ± sem. n≥3 per treatment group. Statistical
significance is omitted for clarity. Where error bars are not visible, they are smaller than the
data point symbol. Data in panels A, B and G are adapted from [40].
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Figure 3. Integration of XF metabolic analysis with western blotting
The impact of HNE on mitochondrial function, protein modification, and HO-1 induction
was examined following OCR measurements in RASMC. Panel A: The OCR of rat aortic
smooth muscle cells was measured followed by acute exposure to 0, 0.5, and 5 μM HNE.
OCR was then examined for the indicated time. Panel B: At the end of the experiment, cells
were lysed in detergent-containing buffer (as described in the text), and the protein was
separated by SDS-PAGE, followed by western blotting for protein-HNE adducts and HO-1.
The PVDF membrane was then stripped of antibodies and stained with Amido Black (0.1%
Naphthol Blue-Black in 40% methanol and 10% acetic acid). The PVDF was then destained
with 40% methanol and 10% acetic acid to visualize the separated proteins. Panels C and D:
HO-1 expression (Panel C) and protein-HNE adducts (Panel D) were quantified and
normalized to Amido Black protein stain. n = 3 per group; *, p≤0.05 vs. cells not treated
with HNE.
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Figure 4. Principles of a Protocol-2 style analysis of mitochondrial function
Panel A describes the approach to performing a Protocol 2-style experiment. Panel B: A
typical profile of the mitochondrial function assay used to assess the acute effect of stressors
on mitochondrial function. The example data is from control BAEC. After baseline OCR is
established, the stressor of interest is injected and monitored for the desired amount of time.
This allows the determination of the direct effect of the stressor on OCR. Then the
mitochondrial function assay is performed as described. Individual parameters that can be
calculated using this approach are indicated. Panel C: BAEC were seeded to 40,000 cells/
well and allowed to incubate for 24 h. Basal OCR was then measured prior to injection of
Deta NONOate to a final concentration of 250 or 500 μM. The cells were allowed to
incubate for 1 h, then 3 additional measurements of OCR were made. This was followed by
sequential injection of oligomycin (1 μg/ml), FCCP (1 μM), and antimycin A (10 μM).
Panel D: From the data in Panel C, the reserve capacity of the mitochondrial can be
calculated. Data shown in Panels C and D represent the mean ± sem. n≥3 per treatment
group. *, p≤0.05 as compared to 0 μM Deta NONOate control. Panel C and D are adapted
from Free Radical Biology and Medicine, v.48(7), Dranka BP et.al, Mitochondrial reserve
capacity in endothelial cells: The impact of nitric oxide and reactive oxygen species, p.
905-14, Copyright (2010), with permission from Elsevier.
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Figure 5. The effect of HNE on mitochondrial function varies according to the cell line
investigated
Employing a Protocol 2 strategy, the effect of HNE on mitochondrial function was
examined in NRVM (Panels A and B), MES13 (Panels C and D), and SH-SY5Y (Panels E
and F). Panel A: After establishing baseline, HNE was injected into NRVM cultures to a
final concentration of 5, 10, or 20 μM. A final basal OCR measurement was taken 30 min
later which was termed the post-HNE OCR. This was followed by the mitochondrial
function assay as described. Panel B: Individual mitochondrial function parameters
calculated from the data shown in Panel A. Panel C: Same as Panel A, except experiments
were performed in SH-SY5Y cells. Panel D: Individual mitochondrial function parameters
calculated from the data shown in Panel C. Panel E: Same as Panel A, except experiments
were performed in MES-13 cells. Panel F: Individual mitochondrial function parameters
calculated from the data shown in Panel E. All data shown are the mean ± sem. Where error
bars are not visible, they are smaller than the data point symbol. n≥3 per treatment group. *,
p≤0.05 as determined by two-tailed, unpaired t-test compared to the respective control
measurement.
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Figure 6. The impact of DMNQ on endothelial mitochondrial function
Using a Protocol 2 strategy, the effect of the redox-cycling compound DMNQ was
examined in BAEC. After establishing baseline OCR, DMNQ was injected to a final
concentration of 15 μM. Panel A depicts the effect on mitochondrial function. Basal OCR
calculated from these data were then plotted as a function of DMNQ concentration (Panel
B). From the data shown in Panel A, determinations of individual parameters of
mitochondrial function can be made (Panel C). In some experiments, DPI (10 μM) was
added at the time of DMNQ injection. DMNQ-stimulated OCR is shown in Panel D. All
data shown are the mean ± sem. n=5 per treatment group. *, p≤0.05 as determined by two-
tailed, unpaired t-test compared to the respective control measurement. Panels A and B are
adapted from Free Radical Biology and Medicine, v.48(7), Dranka BP et.al, Mitochondrial
reserve capacity in endothelial cells: The impact of nitric oxide and reactive oxygen species,
p. 905-14, Copyright (2010), with permission from Elsevier.
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Figure 7. The impact of oxidative stressors can persist beyond their removal
Using a Protocol 3-style approach, the effect of oxidative stressors was tested in various cell
lines pretreated for a period of time. In each case, the stressor was washed out prior to
assessment of mitochondrial function. Panel A describes the approach to performing a
Protocol 3-style experiment. Panel B: NRVM were seeded to 75,000 cells/well for 24 h.
Some cells were then treated with a bolus addition of 50 μM H2O2 for 30 min. The cells
were washed, and changed to assay media for 1 h prior to assessment of mitochondrial
function using 1μg/ml oligomycin, 1μM FCCP, and 10 μM antimycin A. Panel C:
Individual mitochondrial function parameters calculated from data in Panel B. Data shown
are the mean ± sem. n≥3 per treatment group. Panel D: MDA-MB231 cells were treated for
30 min with 10 μM 15d-PGJ2 (15d), mito-15d-PGJ2 (Mito-15d) or mito-PGE2 and
mitochondrial function was assessed as described. After baseline was established, sequential
injection of oligomycin (0.3 μg/ml), FCCP (1 μM) and antimycin A (10 μM) was used to
determine mitochondrial function parameters. *, p≤0.05 as compared to control cells. #,
p≤0.05 as compared to untargeted 15d-PGJ2 treated cells. Results represent means ± sem,
n=5.
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Table 1

Cell lines discussed in this article.

Abbreviated Cell Name Full Name Species Derivation References

BAEC Bovine aortic endothelial cells Bos taurus Aorta [39]

NRVM Primary Neonatal Rat Ventricular Myocytes Rattus norvegicus Neonatal Hearts [40, 45, 46]

RASMC Rat aortic smooth muscle cells Rattus norvegicus Aorta [41,42]

MES13 MES13 Mus musculus Mesangial Cell

SH-SY5Y SH-SY5Y Homo sapiens Neuroblastoma

MB231 MDA-MB231 Homo sapiens Breast adenocarcinoma [47]

H9c2 H9c2 Myoblast Rattus norvegicus Cardiac tissue
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