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Introduction 

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. 

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.

Direct Measurements of Cellular 
Metabolism for Identification of 
Mitochondrial Drug Targets

Figure 1. Number of publications 
by year in PubMed including the 
words Mitochondrial, Drug, and 
Target.
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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. 

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. 

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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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 phe-
notypic 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 Oxy-
gen Consumption Rate (Figure 2, left panel). Which of these 
parameters changes (as well as the magnitude of change) 
provides information about whether the compound is altering 
mitochondrial function10, 11. The results of this assay can also 
determine which types of follow-up XF assay designs are best 
suited for gathering more specific information, including drug 
target identification. As an example for drug X, the workflow 
will be applied to the well-known mitochondrial pyruvate car-
rier inhibitor, UK509910.

Figure 2 (right panel) shows the results of the MST in the 
absence and presence of UK5099. The data demonstrate 
that UK5099 does indeed affect mitochondrial function, as 
evidenced by decreases in both basal and maximal respira-
tion rates. 

Does Drug X Affect Mitochondrial Function?
Cell Mito Stress Test (MST) Perform MST in Presence of Drug X (UK5099)
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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.

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.

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 phosphoryla-
tion machinery.

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 mitochon-
dria with respect to substrate provision without physically sepa-
rating the mitochondria from the cells10, 12, 13. Because different 
oxidizable substrates feed into different metabolic pathways, 
the respiration rates of permeabilized cells offered specific sub-
strates 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. 

Thus, the next XF assay in the workflow is to provide these 
three substrates individually to permeabilized cells in the pres-
ence 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 succi-
nate is provided to each type of permeabilized cell (HskMMs, 
NRVMs, and primary cortical neurons). Taken together, these 
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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 suc-
cinate (TCA/Complex II substrate) oxidation is affected. More-
over, 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 distin-
guish between PDH and MPC, as was done to demonstrate 
that the MPC is the specific target of UK509910. 
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Summary
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.
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