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Introduction

Many factors support or restrict equine performance. 
Energy supply is required for cellular function and thus is an 
important factor contributing to performance in all disciplines. 
Energy metabolism can be divided into two primary processes: 
aerobic and anaerobic metabolism. Aerobic metabolism occurs 
in the mitochondria, colloquially known as the powerhouses of 
the cell, and is a primary and efficient source of skeletal muscle 
energy. Mitochondrial aerobic metabolism begins with the 
breakdown of carbohydrates, lipids, and proteins within and 
outside the mitochondria to produce reducing equivalents. In 
the presence of oxygen, mitochondria reduce these equivalents 
during the process of oxidative phosphorylation (OXPHOS), 
establishing a protonmotive force that drives the production of 
the primary source of cellular energy, adenosine triphosphate 

(ATP). Conversely, in the absence of oxygen, sugar is converted 
into energy by anaerobic metabolism, a less efficient form of 
energy production compared with aerobic metabolism. While 
each equine sport has specific demands requiring different 
levels of support from each metabolic system, mitochondrial 
function is necessary at some level for all horses.

Mitochondria are composed of  an inner and outer mito-
chondrial membrane. The process of  OXPHOS involves the 
transfer of  electrons across four main complexes known as 
the electron transfer system (ETS), more commonly known 
as the electron transport chain. The ETS is situated within the 
inner mitochondrial membrane (Figure 1). Beneath the inner 
mitochondrial membrane, the mitochondrial matrix houses 
a system of enzymes that conduct a series of  chemical reac-
tions known as the tricarboxylic acid (TCA) cycle. This cycle 
produces the reducing equivalents nicotinamide adenine di-
nucleotide (NADH) and flavin adenine dinucleotide (FADH2), 
which are high-energy electron carriers that deliver electrons 
to the ETS at complex I  (CI) and complex II (CII). NADH 
fuels CI activity and is derived primarily from pyruvate metab-
olism, which contributes carbon chains to the TCA cycle, and 
by malate, glutamate, and isocitrate metabolism in the TCA 
cycle. CII (also known as succinate dehydrogenase [SDH]) 
serves dual purposes as a TCA cycle enzyme and an ETS com-
plex, reducing FAD in one subunit to produce FADH2, and 
subsequently oxidizing FADH2 in another subunit to provide 
electrons for ETS activity (Figure 1). Electrons from the ETS 
(CI and CII) and other enzymes converge at the Q-junction 
(coenzyme Q, also known as ubiquinone) and are transferred 
to complex III (CIII), cytochrome c (cyt c), and finally to com-
plex IV (CIV, also known as cyt c oxidase). Oxygen is the final 
electron acceptor and is combined with hydrogen at CIV to 
form water.

The transfer of electrons releases energy, which is used by 
CI, CIII, and CIV to pump hydrogen ions, or protons, from 
the mitochondrial matrix to the intermembrane space (Figure 
1). This creates a concentration gradient with a greater con-
centration of protons in the intermembrane space than in the 
mitochondrial matrix. This difference in proton concentration 
creates a protonmotive force that drives protons through ATP 
synthase (also known as complex V of the ETS) along the con-
centration gradient. ATP synthase then phosphorylates adeno-
sine diphosphate (ADP) to ATP. Protons can then be pumped 

Implications

•	 Varying mitochondrial phenotypes are present at a 
young age, are refined by exercise training, and impact 
the performance of equine athletes.

•	 Breeding selection, training regimens, and nutritional 
interventions influence mitochondrial phenotype and, 
therefore, may be optimized to improve the perform-
ance of individual animals for specific sports.

•	 Novel technologies, such as high-resolution 
respirometry, are allowing deeper insights into mito-
chondrial adaptations to interventions such as diet 
and exercise.
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(ATP). Conversely, in the absence of oxygen, sugar is converted 
into energy by anaerobic metabolism, a less efficient form of 
energy production compared with aerobic metabolism. While 
each equine sport has specific demands requiring different 
levels of support from each metabolic system, mitochondrial 
function is necessary at some level for all horses.

Mitochondria are composed of  an inner and outer mito-
chondrial membrane. The process of  OXPHOS involves the 
transfer of  electrons across four main complexes known as 
the electron transfer system (ETS), more commonly known 
as the electron transport chain. The ETS is situated within the 
inner mitochondrial membrane (Figure 1). Beneath the inner 
mitochondrial membrane, the mitochondrial matrix houses 
a system of enzymes that conduct a series of  chemical reac-
tions known as the tricarboxylic acid (TCA) cycle. This cycle 
produces the reducing equivalents nicotinamide adenine di-
nucleotide (NADH) and flavin adenine dinucleotide (FADH2), 
which are high-energy electron carriers that deliver electrons 
to the ETS at complex I  (CI) and complex II (CII). NADH 
fuels CI activity and is derived primarily from pyruvate metab-
olism, which contributes carbon chains to the TCA cycle, and 
by malate, glutamate, and isocitrate metabolism in the TCA 
cycle. CII (also known as succinate dehydrogenase [SDH]) 
serves dual purposes as a TCA cycle enzyme and an ETS com-
plex, reducing FAD in one subunit to produce FADH2, and 
subsequently oxidizing FADH2 in another subunit to provide 
electrons for ETS activity (Figure 1). Electrons from the ETS 
(CI and CII) and other enzymes converge at the Q-junction 
(coenzyme Q, also known as ubiquinone) and are transferred 
to complex III (CIII), cytochrome c (cyt c), and finally to com-
plex IV (CIV, also known as cyt c oxidase). Oxygen is the final 
electron acceptor and is combined with hydrogen at CIV to 
form water.

The transfer of electrons releases energy, which is used by 
CI, CIII, and CIV to pump hydrogen ions, or protons, from 
the mitochondrial matrix to the intermembrane space (Figure 
1). This creates a concentration gradient with a greater con-
centration of protons in the intermembrane space than in the 
mitochondrial matrix. This difference in proton concentration 
creates a protonmotive force that drives protons through ATP 
synthase (also known as complex V of the ETS) along the con-
centration gradient. ATP synthase then phosphorylates adeno-
sine diphosphate (ADP) to ATP. Protons can then be pumped 

back out to the intermembrane space by the ETS to reinforce the 
concentration gradient and perpetuate continued OXPHOS.

One byproduct of  mitochondrial activity is reactive oxygen 
species (ROS). During the normal mitochondrial activity, 
electrons traversing the ETS can leak back into the mitochon-
drial matrix at CI, CII, and CIII. In the mitochondrial ma-
trix, these electrons react with oxygen to form superoxide, a 
ROS (Figure 2). During exercise and other cellular stressors, 
ROS production increases and triggers signaling cascades 
that result in beneficial skeletal muscle adaptations (Niess and 
Simon, 2007). In healthy muscle, excess superoxide is con-
verted to hydrogen peroxide by the antioxidant enzyme super-
oxide dismutase. Although hydrogen peroxide is less reactive 
than superoxide, it is still a ROS and is metabolized to water 
by the antioxidant enzymes catalase, glutathione peroxidase 
(GPx), and thioredoxin reductase via thioredoxin peroxidase 
(Figure 2). Oxidative stress occurs when ROS production over-
whelms antioxidant capacity and accumulated ROS react with 
and damage proteins, lipids, and DNA. Thus, while ROS can 
play an important role in cellular signaling and adaptation, 
they can also cause muscle damage if  not properly regulated.

OXPHOS in the mitochondria is a primary source of energy 
for skeletal muscle function during exercise. Recently, there 
has been increasing attention given to the ways that skeletal 
muscle mitochondrial activity can support or hinder equine 
performance. This article will review mitochondrial physiology 
and the relationship of mitochondrial phenotypes to perform-
ance in equine athletes. The aims of this review are to 1) outline 

state-of-the-art techniques in the assessment of mitochondrial 
function and 2) explore the ways that mitochondrial function 
has been shown to impact equine performance.

Measurements of Oxidative Capacity

There are several methods of assessing mitochondrial 
density and function in skeletal muscle that have been used 
with varying fidelity. Skeletal muscle fiber type can be a rough 
indication of oxidative capacity because different muscle fiber 
types often have differing mitochondrial volumes. Muscle fiber 
type has classically been assigned by immunohistochemical as-
sessment of a combination of myosin ATPase activity to deter-
mine twitch speed and SDH (CII) activity to assess oxidative 
capacity. This method results in the classification of muscle 
fibers as slow-twitch oxidative fibers (slow, less powerful con-
tractions, high oxidative capacity), fast-twitch highly oxidative 
fibers (fast, powerful contractions, high oxidative capacity), or 
fast-twitch lowly oxidative fibers (fast, powerful contractions, 
low oxidative capacity). However, research in horses suggests 
that oxidative capacity is not strongly correlated with muscle 
fiber type when assigned by myosin ATPase activity (López-
Rivero et al., 1990). Additionally, the assessment of fiber type 
by myosin ATPase activity is highly subjective and has thus 
been largely replaced by immunohistochemical identification 
of myosin heavy chain (MyHC) isoforms. Myosin heavy chain 
identification is a more sensitive, less subjective assessment of 
muscle fiber type that is more indicative of distinct fiber types 

Figure 1. ETS. NADH and FADH2 are derived from the metabolism of substrates such as pyruvate, malate, glutamate, and succinate through the TCA cycle. 
NADH and FADH2 deliver electrons to the ETS at CI and CII, respectively. Electrons from CI and CII converge at the Q junction (Q) and are transferred to 
CIII, then finally to CIV via cyt c. At CIV, oxygen (O2) and hydrogen ions (H+) combine to form water (H2O), the final electron acceptor. Hydrogen ions are 
pumped from the mitochondrial matrix to the intermembrane space between the inner and outer mitochondrial membranes, creating a proton gradient across 
the inner mitochondrial membrane. Hydrogen ions flow back to the mitochondrial matrix along the concentration gradient at CV (ATP synthase), producing 
ATP. Created with BioRender.com.
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with distinct oxidative capacities (Rivero et  al., 1996). Adult 
horses express three skeletal muscle MyHC isoforms: MyHC 
type I (composing slow-twitch highly oxidative fibers), MyHC 
type IIa (composing fast-twitch highly oxidative fibers), and 
MyHC type IIx (composing fast-twitch lowly oxidative fibers). 
Type I and IIa muscle fibers generally have a high density of 
large mitochondria and are thus described as “oxidative.” 
Type IIx fibers rely more heavily on anaerobic glycolysis for 
energy production, have a comparatively smaller mitochon-
drial network, and are therefore commonly described as “non-
oxidative.” While assessment of muscle fiber type provides a 
rough estimate of mitochondrial capacity, it is a nonspecific 
measure that does not directly quantify mitochondrial density 
or capacity.

Measures of mitochondrial volume density
The presence of  mitochondrial mass available to perform 

OXPHOS is influenced by both mitochondrial number and 
mitochondrial size. Increases in skeletal muscle mitochon-
drial mass can result from either an increase in the size of 
existing mitochondria or the manufacture of  new mitochon-
dria. Therefore, mitochondrial mass is typically measured in 
terms of  mitochondrial volume density (MitoVD), as it assesses 
both the number and size of  mitochondria. This is especially 
important as mitochondria are known to fuse together to 
form highly connected networks in skeletal muscle, presumed 
to enhance the efficiency of  aerobic energy production and 
communication of  mitochondria throughout the myofiber 
(Glancy et al., 2015).

Transmission electron microscopy (TEM) is the gold 
standard for determining MitoVD. It involves measurement of 
mitochondrial area across serial sections of tissue and calcula-
tion of the total mitochondrial volume in a sample. However, 
TEM is technically challenging, time consuming, and expen-
sive. Due to these limitations, other indices of MitoVD are often 
employed, such as cardiolipin and mitochondrial DNA con-
tent, CI, CII (SDH), CIII and CIV protein abundance and ac-
tivity, and citrate synthase (CS) activity. A  study comparing 
several of these measures found that cardiolipin content, CS 
activity, and CIV activity were the best indicators of MitoVD 
in young, healthy human skeletal muscle (Larsen et al., 2012). 
A follow-up study confirmed the positive relationship between 
CS activity and MitoVD by TEM both before and after a period 
of exercise training in healthy men (Meinild Lundby et  al., 
2018). While this relationship has not been definitively inves-
tigated in the horse, CS activity appears to be an accurate rep-
resentation of MitoVD across species and is, therefore, the most 
commonly used proxy.

High-resolution respirometry assessment of  
mitochondrial capacity

Mitochondrial capacity is assessed by respirometry, which 
measures oxygen consumption that occurs during OXPHOS. 
Several systems exist to measure oxygen consumption of skel-
etal muscle samples, including Clark electrode systems, the 
Seahorse (Agilent Scientific Instruments, Santa Clara, CA, 
USA), and the Oxygraph 2k (O2k; Oroboros Instruments, 
Innsbruck, Austria). Clark electrode systems are the classical 

Figure 2. ROS production by the ETS. Electrons leak back into the mitochondrial matrix at CI, CII, and CIII and react with oxygen (O2) to produce superoxide 
(∙O2

−). Superoxide is converted to hydrogen peroxide (H2O2) by the antioxidant superoxide dismutase (SOD), and H2O2 is converted to water (H2O) by antioxi-
dants GPx, thioredoxin reductase (TrxR), and catalase (CAT). Without proper sequestration by antioxidants, ∙O2

− and H2O2 may damage proteins, lipids, and 
DNA, which can cause oxidative stress if  left unchecked. Created with BioRender.com.
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format to measure oxygen consumption of cells, and they op-
erate in a closed chamber system. Unfortunately, these systems 
suffer from issues such as signal stability, oxygen consump-
tion of the oxygen sensor, required assumption of linearity of 
oxygen slope, rapid depletion of oxygen which limits the length 
and complexity of protocols, oxygen back-diffusion into the 
chamber, and chemical oxygen consumption (Gnaiger, 2008). 
Newer methods of assessing mitochondrial capacity have been 
developed to address and mitigate these limitations. Agilent’s 
Seahorse system is a newer technology that allows for high-
throughput automated measurement of oxygen consumption 
rate in a transient microchamber in 8- to 96-well plate for-
mats. Limitations of the Agilent Seahorse system include the 
requirement of single-cell preparations and the capacity to 
accommodate only 4 titrations per well in a single run. An add-
itional newer technique is high-resolution respirometry (HRR) 
assessed by an Oroboros O2k, which also utilizes a closed 
chamber system. Compared with Clark electrode systems, 
the O2k offers a lower limit of detection of respiratory flux 
and requires a smaller amount of sample. Additionally, unlike 
other systems, the Oroboros O2k allows for a larger number 
of titrations, as well as the use of permeabilized muscle fibers, 
which maintain cellular context and may more closely repre-
sent physiological adaptations to intervention compared with 
isolated mitochondria preparations. While the Oroboros O2k 
boasts more sensitive and complex measurements compared 
with other systems, limitations include the relative expense of 
the system compared with Clark electrode systems and a lack 
of automation that makes the system more time consuming 
and labor intensive compared with the Agilent Seahorse.

HRR in the O2k is performed by measuring oxygen con-
sumption supported by the addition or titration of various 
substrates, uncouplers, and inhibitors (SUIT). SUIT proto-
cols can be developed to test very specific hypotheses regarding 
the capacity of different mitochondrial “states” in response to 
manipulation of substrate availability, chemical uncoupling of 
mitochondrial processes, and inhibition of enzymes. To achieve 
this, skeletal muscle fibers are permeabilized or mitochondria 
are isolated from fibers to allow substrate entry, and samples 
are then washed to remove substrate molecules (e.g., TCA cycle 
intermediates and ADP) prior to analysis. Commonly assessed 
states of equine skeletal muscle and the chemicals used to in-
duce them are outlined below.

In the absence of ADP to support OXPHOS, or using the 
ATP synthase inhibitor oligomycin, LEAK respiration can be 
assessed. LEAK respiration is oxygen consumption that occurs 
independently of ATP synthesis and, therefore, does not result 
in energy production. LEAK oxygen consumption is caused 
by proton leak (proton leak from the intermembrane space 
to the mitochondrial matrix across the inner mitochondrial 
membrane, diffusion through or around inner mitochondrial 
membrane proteins, or transport of protons by adenine nucleo-
tide translocase or uncoupling proteins), proton slip (protons 
slip back to the mitochondrial matrix during pumping at CI, 
CIII, and CIV), cation cycling (movement of cations such as 
Na+ and K+ across the inner mitochondrial membrane), and 

electron leak (electrons leak back into the mitochondrial ma-
trix at CI, CII, and CIII). Thus, LEAK respiration does not 
support energy production but is a dissipative component 
of cellular respiration. In vivo, LEAK serves to maintain an 
appropriate proton gradient across the inner mitochondrial 
membrane in the absence of ATP synthase activity to prevent 
the development of an unfavorably high protonmotive force 
(Gnaiger, 2014).

The addition of ADP stimulates ATP synthase activity in 
the presence of substrates that can be metabolized to produce 
NADH and FADH2. OXPHOS capacity in the presence of 
ADP is assessed by adding saturating concentrations of sub-
strates and metabolites used for OXPHOS, such as TCA cycle 
intermediates or fatty acids. Commonly used substrates include 
CI substrates, such as pyruvate, malate, and glutamate, and the 
CII substrate succinate. Mitochondrial respiration supported 
by these substrates can be assessed individually or in different 
combinations to provide valuable insight into factors that drive 
OXPHOS capacity supported by CI (PCI) and CII (PCII) indi-
vidually, or together to determine “maximal” OXPHOS cap-
acity (PCI+II).

Chemical uncouplers, such as carbonyl cyanide 
m-chlorophenyl hydrazone or carbonyl cyanide p-trifluoro-
methoxyphenyl hydrazone, can be added to determine the 
maximal ETS capacity. Uncouplers permeabilize the inner 
mitochondrial membrane to allow hydrogen ions to flow freely 
back to the mitochondrial matrix along the concentration gra-
dient. Uncoupled respiration allows for the determination of 
ETS capacity independent of the limiting rate at which ATP 
synthase can transport hydrogen ions across the inner mito-
chondrial membrane (Gnaiger, 2014). ETS capacity with 
uncouplers is often measured after assessment of OXPHOS 
capacity to determine ETS with CI (ECI), ETS with CII (ECII), 
or maximal ETS capacity with CI and CII (ECI+II). The dif-
ference between maximal OXPHOS capacity and maximal 
ETS capacity represents excess ETS capacity. While the pre-
cise physiological purpose of this excess ETS capacity is not 
known, it has been shown to differ between muscle tissue of 
different species, and in response to different physiological fac-
tors. It is important to note that since the chemically induced 
maximal ETS capacity is not a normal physiological state in 
vivo, it is possible that differences in this excess ETS capacity 
could be an analytical artifact, rather than being indicative of 
consequential physiological differences.

Inhibitors are important tools in HRR that can serve a 
variety of purposes in SUIT protocols. They can be used to 
inhibit individual enzymes to determine OXPHOS capacity 
independent of extraneous enzymatic activity, to improve the 
description of specific mechanisms, or to improve methodo-
logical efficiency and accuracy. For example, rotenone is a 
commonly used inhibitor of CI (Gnaiger, 2014), which is often 
included in protocols that assess CI and CII sequentially to de-
termine CII capacity independent of CI. In these protocols, 
CII substrate is added following the addition of CI substrates 
to determine OXPHOS capacity supported by CI and CII. 
Unfortunately, values derived from calculating CII capacity 
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by simple subtraction between CI capacity and CI+II capacity 
underestimate CII capacity assessed independently of CI sub-
strates. This analytical limitation occurs because both CI and 
CII substrates are added at saturating nonphysiological con-
centrations during SUIT protocols, and the increase in flux re-
sulting from sequential addition of CII substrates is limited by 
the Q-junction’s ability to shuttle both CI and CII electrons. 
Therefore, rotenone can be used to inhibit CI activity in the 
presence of CI and CII substrates to provide a more accurate 
representation of the capacity of CII alone. This prevents the 
need to conduct an additional HRR experiment, saving ap-
preciable time and minimizing the amount of tissue required 
for analysis. An additional inhibitor, antimycin A, inhibits 
CIII and is used as a methodological control to ensure the ac-
curacy of oxidative capacity measures. By inhibiting CIII, the 
movement of electrons through the ETS ceases, so any residual 
oxygen consumption in the chamber is non-mitochondrial. 
By correcting all respiration measurements for this residual 
oxygen consumption, the accuracy of respiration measures is 
improved.

A common concern for ex vivo analyses is the maintenance of 
sample integrity and quality. In HRR, the assessment of flux in 
response to exogenous cyt c has traditionally been used as an indi-
cator of outer mitochondrial membrane integrity. During sample 
preparation for HRR, mechanical or chemical disruption may 
damage mitochondrial membranes. Cytochrome c is a protein 
responsible for transferring electrons from CIII to CIV (Figure 
1). In mitochondria with an intact outer membrane, the addition 
of exogenous cyt c results in a negligible increase in oxygen flux 
because the protein is too large to pass through an intact mem-
brane. However, if the outer membrane is damaged, the protein 
can associate with the inner mitochondrial membrane, and its 
addition results in a comparatively large increase in oxygen flux. 
Therefore, verifying a minimal increase in flux in response to cyt 
c addition serves as an important step in ensuring the accuracy of 
data derived from HRR. However, recent data in some elite ath-
letes, including horses and sled dogs, indicate that additional cyt 
c is required to achieve maximal respiration, and this is unrelated 

to sample integrity (Laner et al., 2014; Miller et al., 2017; Davis 
et al., 2021). Instead, the requirement of exogenous cyt c may be 
a physiological adaptation to cellular stress such as exercise or 
may indicate that cyt c abundance is a limiting factor to maximal 
oxidative capacity in some species. The utilization of cyt c as a 
sample quality measure requires further investigation. Regardless, 
an example of the data produced from a SUIT protocol assessing 
LEAK, PCI, PCI+II, ECI+II, and ECII and employing cyt c check for 
outer membrane integrity and antimycin A addition for correc-
tion of background flux is shown in Figure 3. 

HRR can not only provide a detailed assessment of whole 
muscle OXPHOS and ETS capacity but also provides valuable 
insight into the relative contribution of different complexes to 
overall capacity and other indices of mitochondrial efficiency. 
The relative contribution of different states of respiration to 
ETS capacity can be determined by calculating the flux con-
trol ratio (FCR) of each complex individually. The FCR of a 
given state, such as LEAK, CI capacity, or CII capacity, is cal-
culated by dividing the flux of the state by a reference state, 
such as maximal ETS capacity. These calculations have the 
benefit of being independent of MitoVD and provide insight 
into the way that mitochondria function rather than simply at 
what rate they can function. This facilitates the determination 
of which complexes or states most likely contribute to observed 
differences in mitochondrial capacity. Additionally, the FCR 
for maximal OXPHOS relative to maximal ETS indicates the 
degree to which ATP synthase activity limits oxidative capacity 
and is thus an indication of ATP production efficiency.

When measures of MitoVD and mitochondrial capacity 
are combined, even more powerful data can be generated. By 
normalizing integrative (per tissue wet weight) oxidative and 
electron transfer capacities to MitoVD, intrinsic (per mito-
chondrial unit) mitochondrial capacities can be calculated. 
Consideration of integrative and intrinsic mitochondrial cap-
acities together can provide insight into whether differences 
observed are due to intrinsic differences in mitochondrial func-
tion or due to differences in the number or size of mitochon-
dria present.

Figure 3. Example output (DatLab software by Oroboros, Innsbruck, Austria) from a HRR experiment on the Oxygraph-2k. The y-axes show O2 flux per mass 
(red line; pmol · s−1 · mg−1) and oxygen (O2) concentration (blue line). The SUIT protocol for this study was as follows: pyruvate + malate + glutamate (LEAK 
respiration), ADP to determine oxidative capacity (OXPHOS) with CI (PCI), addition of cyt c, succinate to determine OXPHOS with CI and CII (PCI+II), titra-
tions of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) to determine ETS capacity with CI and CII (ECI+II), rotenone to determine ETS capacity with CII 
(ECII), and antimycin A to determine residual oxygen consumption (ROX).
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to sample integrity (Laner et al., 2014; Miller et al., 2017; Davis 
et al., 2021). Instead, the requirement of exogenous cyt c may be 
a physiological adaptation to cellular stress such as exercise or 
may indicate that cyt c abundance is a limiting factor to maximal 
oxidative capacity in some species. The utilization of cyt c as a 
sample quality measure requires further investigation. Regardless, 
an example of the data produced from a SUIT protocol assessing 
LEAK, PCI, PCI+II, ECI+II, and ECII and employing cyt c check for 
outer membrane integrity and antimycin A addition for correc-
tion of background flux is shown in Figure 3. 

HRR can not only provide a detailed assessment of whole 
muscle OXPHOS and ETS capacity but also provides valuable 
insight into the relative contribution of different complexes to 
overall capacity and other indices of mitochondrial efficiency. 
The relative contribution of different states of respiration to 
ETS capacity can be determined by calculating the flux con-
trol ratio (FCR) of each complex individually. The FCR of a 
given state, such as LEAK, CI capacity, or CII capacity, is cal-
culated by dividing the flux of the state by a reference state, 
such as maximal ETS capacity. These calculations have the 
benefit of being independent of MitoVD and provide insight 
into the way that mitochondria function rather than simply at 
what rate they can function. This facilitates the determination 
of which complexes or states most likely contribute to observed 
differences in mitochondrial capacity. Additionally, the FCR 
for maximal OXPHOS relative to maximal ETS indicates the 
degree to which ATP synthase activity limits oxidative capacity 
and is thus an indication of ATP production efficiency.

When measures of MitoVD and mitochondrial capacity 
are combined, even more powerful data can be generated. By 
normalizing integrative (per tissue wet weight) oxidative and 
electron transfer capacities to MitoVD, intrinsic (per mito-
chondrial unit) mitochondrial capacities can be calculated. 
Consideration of integrative and intrinsic mitochondrial cap-
acities together can provide insight into whether differences 
observed are due to intrinsic differences in mitochondrial func-
tion or due to differences in the number or size of mitochon-
dria present.

Many of the described techniques have been used to charac-
terize the impact of mitochondrial capacity on equine perform-
ance. These studies provide valuable information regarding 
beneficial adaptations to exercise training, differences between 
breeds, changes over the horse’s lifespan, contribution to path-
ology, and more. Notably, this research highlights the import-
ance and specificity of mitochondrial function for performance 
in equine athletes.

Relationships between Mitochondria, Exercise, 
and Performance

As one would expect given the substantial role of  mito-
chondria in energy production, exercise training imparts a 
myriad of  adaptations to skeletal muscle mitochondria in 
equine athletes. Ten weeks of  endurance exercise training 
enhanced OXPHOS capacity in both the gluteus medius 
and triceps brachii muscles of  mature horses (Votion et  al., 
2010). This is unsurprising, as endurance-type conditioning 
programs consisting of  long bouts (20 km) of  low-intensity 
exercise (mainly walk and trot) are optimally designed to 
stimulate mitochondrial adaptations. However, work in young 
Thoroughbred racehorses also showed that shorter duration 
(5 to 25 min), high-intensity exercise training increased oxida-
tive capacity (measured as SDH activity; Rivero et al., 2007). 
These results were supported by reports of  increased pro-
portion of  oxidative type IIa fibers and skeletal muscle CS 
activity (Lindholm et al., 1983) as well as increases in genes 
enriched for CI and CV (Bryan et  al., 2017) in response to 
race training in Thoroughbred horses. Preliminary data gen-
erated in our laboratory corroborate these previous reports 
of  training-induced MitoVD increases and confirm that these 
changes drive increases in integrative CI, maximal OXPHOS, 
and maximal ETS capacities (Wesolowski et al., 2021).

Beyond overall increases in MitoVD and integrative OXPHOS 
and ETS capacities, there appear to be complex-specific adap-
tations to exercise training. Horses trained for competition 
exhibited almost 2-fold greater maximal OXPHOS and ETS 
capacities in the triceps brachii muscle compared with over-
weight horses, but competition trained horses also had a higher 
FCR for CI compared with overweight, untrained, and trained 
noncompetitive horses (Votion et al., 2012). This suggests that 
CI adaptations play a large role in the increase in oxidative cap-
acity observed in response to exercise training. Furthermore, 
these results highlight the intrinsic exercise-induced adaptations 
that occur at the organelle level irrespective of volume density. 
Importantly, horses examined in this study participated in a 
wide variety of disciplines, including leisure riding, dressage, 
eventing, jumping, endurance, and racing. It should be noted 
that the exact nature of the exercise training of the horses was 
not described and, therefore, may have varied widely between 
horses and disciplines. However, our laboratory has also noted 
similar adaptations in young horses entering a training pro-
gram at relatively low intensities of exercise. Following 9 wk 
of submaximal exercise, yearling horses had increased CI and 

maximal OXPHOS and ETS capacities, increased mitochon-
drial OXPHOS efficiency as indicated by the FCR for maximal 
oxidative capacity, and decreased contribution of LEAK res-
piration to maximal ETS capacity in the gluteus medius and 
triceps brachii muscles (White et al., 2017a).

While exercise training clearly enhances mitochondrial cap-
acity and appears to most strongly impact CI, muscle fiber 
type and SDH activity have also been shown to differ be-
tween breeds in untrained adult horses (Stull and Albert, 1980; 
López-Rivero et al., 1989). Studies of young, untrained horses 
of various breeds show dissimilar muscle fiber type percentages 
(Bechtel and Kline, 1987; Galisteo et al., 1992) and different 
adaptations to maturation (Bechtel and Kline, 1987). While the 
aforementioned studies did not examine mitochondrial cap-
acity or density directly, recently published research from our 
laboratory illustrates breed-specific differences in CS activity, 
CIV activity, maximal OXPHOS and ETS capacities, CII cap-
acity, and relative contribution of CI to maximal ETS (FCRCI) 
in weanling racing-bred horses (Latham et  al., 2019). These 
results support the idea that previously reported differences 
in muscle fiber type and SDH activity are likely accompanied 
by important differences in mitochondrial phenotype. Taken 
together, breed-specific differences in these measures suggest 
a fundamental link between selection for performance traits 
and mitochondrial phenotype. This link has been observed in 
a preliminary report of Thoroughbred racehorses, where the 
sales price was positively correlated with intrinsic (normalized 
to MitoVD) CIV activity and OXPHOS efficiency in weanlings 
(Guy et al., 2020a). Altogether, different breeds and even in-
dividuals within a breed seem to be selected for specific mito-
chondrial phenotypes, which presumably support performance 
in specific disciplines.

The mitochondrial phenotype required for optimal per-
formance likely varies widely between equine sports and has 
not been closely studied. However, advantageous muscle fiber 
type distributions have been reported in a variety of  discip-
lines and may indicate underlying differences in mitochondrial 
density and phenotype. Unsurprisingly, excellent performers 
in endurance competitions have a higher percentage and 
larger size of  type I and type IIa oxidative fibers (Rivero et al., 
1993). Taken together with what is known about adaptations 
to exercise training in endurance horses (Votion et al., 2010), 
these studies suggest that the larger percentage of  oxidative 
muscle fibers necessary to support outstanding performance 
in equine endurance athletes may be underpinned by greater 
oxidative capacity and adaptations in CI capacity. Conversely, 
Quarter Horses with successful racing careers have been 
shown to have a higher percentage of  fast-twitch low oxida-
tive fibers and a lower percentage of  slow-twitch oxidative fi-
bers when compared with unsuccessful racing Quarter Horses 
(Wood et al., 1988). The differences between these seemingly 
opposite optimal muscle fiber phenotypes likely result from 
vastly different modes of  training and competition exercise 
intensity, resulting in vastly different contractile and meta-
bolic profile adaptations (Figure 4). Specifically, endurance 
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competitions are characterized by racing over long dis-
tances at relatively low speeds, whereas Quarter Horse races 
are typically performed over short distances at high speeds. 
Consequently, successful endurance athletes develop a muscle 
phenotype to support long bouts of  low-intensity muscle ac-
tivity, which can be accomplished by a combination of  slow- 
and fast-twitch muscle fibers but requires significant oxidative 
capacity to support sustained energy production. In contrast, 
successful racing Quarter Horses must be able to rapidly gen-
erate powerful muscle force that is sustained over a short 
period of  time, which is optimally supported by an abundance 
of  fast-twitch muscle fibers and can be fueled by glycolytic 
metabolism to meet short-lived energy demands (Figure 4). 
Thus, it is not surprising that adaptation to these vastly dif-
ferent disciplines results in muscle contractile and metabolic 
phenotypes that lay on nearly opposite ends of  the equine 
performance spectrum.

More research is needed to determine mechanistic links be-
tween detailed measures of mitochondrial capacity and equine 
performance. Data of this nature could lead to improved re-
commendations for discipline-specific training programs that 
optimize performance and prevent injuries that result from fa-
tigue due to suboptimal fitness levels. Recently, preliminary data 
from our laboratory have shown that race earnings of young 
Thoroughbreds (2 to 3 yr) are positively correlated with LEAK 

respiration and negatively correlated with CII capacity that was 
assessed in the gluteus medius muscle when they were weanlings 
(Guy et al., 2020b). This is in agreement with earlier research 
from our laboratory that showed that when compared with 
Standardbreds, Thoroughbred weanlings had greater LEAK 
capacity and a greater FCR for CI (Latham et al., 2019). Taken 
together, this suggests that early phenotypic differences in horses 
may be predictive of later career success.

In addition to exercise training adaptations and genetic dif-
ferences between breeds and individuals, nutrition can impact 
mitochondrial density and function as well as antioxidant cap-
acity. Supplementation of trace minerals that are cofactors of 
antioxidant enzymes, such as selenium, manganese, copper, 
and zinc, may contribute to mitochondrial health by preventing 
oxidative stress. Selenium supplementation has been shown to 
increase measures of MitoVD in young horses in light exercise 
training (White et  al., 2017b). Further preliminary data from 
our laboratory indicate that selenium supplementation may 
support mitochondrial health in cases where vitamin E in-
take is restricted (Owen, 2019). Similarly, supplementation of 
a more bioavailable complexed trace mineral mix containing 
zinc, manganese, and copper resulted in higher GPx activity 
when compared with inorganic forms of the minerals in young 
horses in a light exercise training program (Latham et  al., 
2021). Conjugated linoleic acid (Mrugala et al., 2021), N-acetyl 

Figure 4. Skeletal muscle and mitochondrial phenotype differences between endurance and sprint sports. Endurance sports consist of long-distance exercise at 
low speeds. The muscle fiber phenotype is characterized by a greater abundance of type I (slow, pink) and IIa (fast, green) oxidative fibers, which together may 
provide less contractile power but contain more mitochondria and a higher oxidative capacity. Conversely, sprint sports utilize short-distance exercise at high 
speeds. The muscle fiber phenotype is characterized by a greater abundance of type IIx (fast non-oxidative, yellow) fibers, which may provide greater contractile 
power but contain less mitochondria and a lower oxidative capacity. Comparative mitochondrial phenotype related to these two skeletal muscle phenotypes has 
not yet been fully described. Created with Biorender.com.
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cysteine and coenzyme Q10 (Henry et al., 2021), and other sup-
plements with antioxidant properties have also been shown 
to impact mitochondrial and antioxidant adaptations. These 
adaptations to nutritional supplementation provide promising 
management interventions to optimize mitochondrial function 
in exercising horses. Future research should focus on whether 
specialized nutritional interventions may benefit horses with 
specific mitochondrial phenotypes to improve performance.

Conclusion

Current research suggests that distinct mitochondrial pheno-
types are present at a young age and are refined with exercise 
training. The combination of these and other factors such as 
nutritional inputs results in a mitochondrial phenotype that 
may impact the success of competitive equine athletes. Future 
research should focus on better characterizing breed, lineage, 
and sport-specific mitochondrial phenotypes. With this infor-
mation, mitochondrial biology may serve to inform breeding, 
training, nutrition, and other management practices to opti-
mize performance in equine athletes and decrease the incidence 
of fatigue-induced injury.
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