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Drug target identification has a key role in the drug discovery value chain. A critical
step in the development of pharmaceuticals is identifying the direct targets of
potential drug candidates as well as distinguishing any secondary or off-target
effects.
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One method of drug target identification, phenotypic screening, involves the addition
of compounds to cells (or small model organisms) and measuring the impact on
the phenotype or cell activity of interest1. For compounds with a desirable impact
on phenotype or cell function, the genes or gene products (i.e. the targets) that the
active compound directly perturbs must be identified. Thus, a critical step in the
development of pharmaceutical drugs is identifying the direct targets of the active
compounds, as well as any secondary or off-target effects of that compound that
may impact further development.
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The Agilent Seahorse XFe96 Analyzer directly measures
mitochondrial respiration and cell metabolism in live cells in a
multiplate format. As such, it is an ideal system for examining
the functional effects of drugs targeted to mitochondrial
and other metabolic pathways, such as glycolysis. This
Application Brief provides a general overview of the Seahorse
XF applications and workflows that can be applied to
metabolic target identification studies.
Future Application Notes in this series will explore interesting
cases of how these assays were used to elucidate both
specific and nonspecific targets of drug compounds.

The Seahorse XF workflow for identification of
mitochondrial and metabolic drug targets
This workflow is divided into a series of assays designed to
answer these main questions:
1. Does the compound affect mitochondrial or metabolic
function?
2. What is the specific target of the compound?
3. Are there any nonspecific or off-target effects?
For compounds (e.g. drug X) that exhibit an effect in a phenotypic screen, an Agilent Seahorse XF Cell Mito Stress Test
(MST) is performed to determine whether the compound
affects mitochondrial function8, 9. This assay tests several key
parameters of mitochondrial respiration as measured by Oxygen Consumption Rate (Figure 2, left panel). Which of these
parameters changes (as well as the magnitude of change)
Rotenone &
provides information
about whether
the compound
is Aaltering
Oligomycin
FCCP
antimycin
mitochondrial
function10, 11. The results of this assay can also
360
determine which types of follow-up XF assay designs are best
320
suited for gathering more specific information,
including drug
Maximal
280identification. As an example forRespiration
target
drug X, the workflow
Spare
Capacity
will 240
be applied to the well-known mitochondrial pyruvate
carrier 200
inhibitor, UK509910.

Oxygen Consumption Rate (pmol/min)

In recent years, it has been established that mitochondrial and
cellular metabolic processes are central to cell differentiation,
cell proliferation, immune cell responses, hypoxia sensing and
apoptosis, in addition to their well-known roles of substrate
oxidation and ATP production2-4. Indeed, mitochondrial and
metabolic dysfunction has increasingly been linked to a
multitude of pathologies including cancer, immune cell and
system disorders, neurodegeneration, cardiac disease, obesity
and diabetes, and the aging process5-7. As such, interest in
mitochondrial and metabolic drug targets has increased
dramatically (Figure 1). Thus, there is a corresponding
need for sensitive and direct measurements of metabolic
pathway function to elucidate the specific (and any possible
nonspecific) targets of potential drug candidates.
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Figure 2. Left: Agilent Seahorse XF Cell Mito Stress Test assay design and output parameters; Right: MST after pretreatment of the cells with UK5099.
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Next, which components of metabolism might be driving
this change must be considered. The MST profile of UK5099
suggests that dysfunction occurs in substrate oxidation and/
or the electron transport chain/oxidative phosphorylation
pathways11. These pathways include substrate transport and
activities of rate controlling proteins and enzymes, including
glutaminases, CPT1a, pyruvate dehydrogenase (PDH), TCA
cycle enzymes, electron transport, and oxidative phosphorylation machinery.

results indicate that: neither Complex I nor Complex II is the
target of UK5099, and that the inhibition of respiration by
UK5099 must lie upstream of both Complex I and the TCA
cycle, since neither glutamate (Complex I substrate) or succinate (TCA/Complex II substrate) oxidation is affected. Moreover, these results also suggest that pyruvate dehydrogenase
(PDH) or the mitochondrial pyruvate carrier (MPC) may be
the target of UK5099. Further assays with permeabilized cells
and alternative substrates can then be performed to distinguish between PDH and MPC, as was done to demonstrate
that the MPC is the specific target of UK509910.

To localize the effect of UK5099, Agilent Seahorse XF Plasma
Membrane Permeabilizer (PMP) is used. Permeabilization of
the plasma membrane allows direct access to the mitochondria with respect to substrate provision without physically separating the mitochondria from the cells10, 12, 13. Because different
oxidizable substrates feed into different metabolic pathways,
the respiration rates of permeabilized cells offered specific substrates may be used to identify the target that was modulated
to cause the changes in mitochondrial respiration observed in
intact cells. The substrate-dependent pathways for pyruvate,
glutamate, and succinate are outlined simply in Figure 3, and in
more detail in Figure S3 of reference 10.
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Thus, the next XF assay in the workflow is to provide these
three substrates individually to permeabilized cells in the presence and absence of the drug candidate, UK5099. As shown
in Figure 4, UK5099 blocks respiration only when pyruvate
is the substrate; there is no effect when glutamate or succinate is provided to each type of permeabilized cell (HskMMs,
NRVMs, and primary cortical neurons). Taken together, these
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Figure 4. Respiration of permeabilized cells offered pyruvate/malate,

glutamate/malate, or succinate/rotenone as the sole substrate(s); UK5099
inhibits only pyruvate-driven respiration. HSkMMs: Human Skeletal Muscle
Myocyte; NRMS: Neonatal Rat Ventricular Myocytes; Cortical Neurons: Primary
Cortical Rat Neurons. Adapted from reference 11.
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Figure 3. Simple schematic of pyruvate, glutamate, and succinate mitochondrial oxidation pathways. Complex I

and Complex II substrates and pathways are shown in red and blue, respectively. Note both pyruvate and glutamate
provide NADH to CI, while succinate provides FADH2 to CII. MPC: mitochondrial pyruvate carrier; PDH: pyruvate
dehydrogenase. Complex V and other OxPhos components are omitted for clarity.
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Summary

References

Our understanding of the role of metabolism has evolved
from simple housekeeping to a central player in many
normal and disease states. Examining the impact of
compounds on mitochondrial function and metabolic
phenotype in the context of live cells provides an avenue
into identification of targets for metabolic modulation. This
approach complements other methods such as targeting
signaling pathways and cell receptors. The example outlined
here highlights the importance of considering multiple
mitochondrial pathways, including substrate transport and
mitochondrial enzyme activity, in addition to the ETC and
oxidative phosphorylation components. By incorporating
direct cell-based measurements of mitochondrial and
metabolic function into drug target ID investigations, valuable
and important insights regarding specific and nonspecific
effects of compounds may be obtained.

1. Schenone, M., et al., Target identification and mechanism
of action in chemical biology and drug discovery. Nature
chemical biology, 2013. 9(4): p. 232–240.
2. Dimeloe, S., et al., T-cell metabolism governing activation,
proliferation and differentiation; a modular view. Immunology, 2017. 150(1): p. 35–44.
3. Ochocki, J.D. and M.C. Simon, Nutrient-sensing pathways
and metabolic regulation in stem cells. The Journal of Cell
Biology, 2013. 203(1): p. 23–33.
4. Smith, R.A., et al., Mitochondrial pharmacology. Trends
Pharmacological Sciences, 2012. 33(6): p. 341–52.
5. Galluzzi, L., et al., Metabolic targets for cancer therapy.
Nature Reviews Drug Discovery, 2013. 12: p. 829.
6. Lee, J., Mitochondrial drug targets in neurodegenerative
diseases. Bioorg Med Chem Lett, 2016. 26(3): p. 714-720.
7. Wang, W., G. Karamanlidis, and R. Tian, Novel targets for
mitochondrial medicine. Science Translational Medicine,
2016. 8(326): p. 326rv3.
8. Wills, L.P., et al., Assessment of ToxCast Phase II for Mitochondrial Liabilities Using a High-Throughput Respirometric
Assay. Toxicol Sci, 2015. 146(2): p. 226-34.
9. Sanuki, Y., et al., A rapid mitochondrial toxicity assay utilizing rapidly changing cell energy metabolism. The Journal of
Toxicological Sciences, 2017. 42(3): p. 349–358.
10. Divakaruni, A.S., et al., Thiazolidinediones are acute,
specific inhibitors of the mitochondrial pyruvate carrier.
Proceedings of the National Academy of Sciences, 2013.
110(14): p. 5422–5427.
11. Divakaruni, A.S., et al., Analysis and interpretation of microplate-based oxygen consumption and pH data. Methods
Enzymol, 2014. 547: p. 309–354.
12. Divakaruni, A.S., et al., Etomoxir Inhibits Macrophage Polarization by Disrupting CoA Homeostasis. Cell Metabolism,
2018. 28(3): p. 490–503.e7.
13. Divakaruni, A.S., G.W. Rogers, and A.N. Murphy, Measuring
Mitochondrial Function in Permeabilized Cells Using the
Seahorse XF Analyzer or a Clark-Type Oxygen Electrode.
Current protocols in toxicology, 2014. 60: p. 25.2.1–
25.2.16.

www.agilent.com/chem/discoverxf
For Research Use Only.
Not for use in diagnostic procedures.
This information is subject to change without notice.
© Agilent Technologies, Inc. 2018
Printed in the USA, November 14, 2018
5994-0454EN

