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Chapter 13
Substrate Selection and Its Impact 
on Mitochondrial Respiration and Redox

Sonia Cortassa, Steven J. Sollott, and Miguel A. Aon

13.1  Introduction

We increasingly recognize that complex gene-environment and gene-nutrient 
interactions underlie an organism’s response to physiological or pathophysi-
ological stimuli. An individual genomic variant (Mendelian-type inborn error) 
can affect subtly one primary metabolite flux, without evidence of clinical dis-
ease; however, in a complex disease, state variations perturbing a network of 
metabolite fluxes may attain the clinical threshold for disease, either alone or in 
combination with environmental factors (Lanpher et al. 2006). The capacity to 
comprehensively assess gene, protein, transcript, and metabolite profiles, includ-
ing posttranslational modifications, through high-throughput “omics” studies, 
has opened new avenues of research possibilities, among them the character-
ization of metabolic remodeling associated with disease, e.g., diabetes, cancer, 
aging, or normal physiology such as observed in the fast-feed transition or caloric 
restriction (Kelley and Mandarino 2000; Mitchell et al. 2016).

Multiple environmental (e.g., nutrition) and genetic interactions produce different 
phenotypic patterns of which metabolites and metabolic fluxes are main functional 
readouts. Recently, the concept of metabolism-epigenome-genome axis was proposed 
to account for the dynamic and reciprocal feedback loops between the epigenome 
and the genome, in turn, driven by metabolic-elicited modifications, e.g., histones 
acetylation and deacetylation, DNA methylation, and the feedback from the genome 
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to the epigenome, exemplified by the expression level of histone acetyltransferases, 
histone deacetylases, histone methyltransferases, and demethylating enzymes 
(Aon et al. 2016). Hypothetically, a metabolism-epigenome-genome axis provides a 
comprehensive framework for analyzing the modulation of genotype- phenotype 
interactions in response to different nutritional environments. According to this con-
cept, the epigenome represents an interface between metabolism and the gene expres-
sion machinery of nuclear and mitochondrial DNAs (Donohoe and Bultman 2012; 
Keating and El-Osta 2015; Mcknight 2010; Wallace 2010; Wallace and Fan 2010), 
whereas its direct dynamic readout is embodied by the fluxome, defined as the 
ensemble of metabolic fluxes resulting from genes expressed and proteins translated 
including their posttranslational modifications (Aon 2013; Cascante and Marin 2008; 
Cortassa et al. 2015). The change in fluxome dynamics under different cellular func-
tions or in response to nutritional status such as caloric restriction (Mitchell et al. 
2016), starvation, or hypoxia has repercussions at both epigenetic and genetic levels 
thus retro-influencing metabolism. Mechanistically, the tricarboxylic acid cycle 
(TCA) metabolite citrate is important for acetyl-CoA (AcCoA) generation required 
for lipogenesis as well as for the acetylation of histones in nuclei (Salminen et al. 
2014; Wallace and Fan 2010). Epigenetic modifications via histone acetylation and 
cellular energy metabolism are linked by ATP citrate lyase (ACLY) in a glucose-
dependent manner (Wellen et al. 2009). In mitochondria, AcCoA is generated from 
pyruvate by PDH, and subsequently citrate synthase catalyzes the conversion of 
AcCoA and oxaloacetate into citrate in the TCA cycle. Citrate can be transported 
from mitochondria, via the citrate carrier, into cytoplasm, where ACLY generates 
AcCoA from citrate (Choudhary et al. 2014).

13.2  Mitochondrial Energy-Redox Functions

The interrelationship between mitochondrial energy and driving forces such as 
phosphorylation (ATP), electrochemical (ΔΨm, ΔpH), and redox (NAD(P)H, GSH, 
ROS) is able to quickly change in response to substrate and ADP levels. These ener-
getic changes determine intra- and extramitochondrial redox environments (RE) 
involving antioxidants level (e.g., glutathione peroxidase, peroxiredoxin), post-
translational modifications (glutathionylation, oxidation), and H2O2 emission, thus 
influencing the cytoplasmic redox status (Cortassa et  al. 2014; Dey et  al. 2016; 
Jones and Sies 2015; Kembro et al. 2013; Sies 2015; Swain et al. 2016). The ener-
getic status responds to fluctuations in ADP availability modulated by nutrients 
(e.g., substrate type, abundance) and energy demand (e.g., sedentarism, physical 
activity) and may, in turn, generate rhythmically changing levels of mitochondrial 
H2O2 emission (Cortassa et al. 2014) thereby conveying the energetic status to ROS 
signaling, both converging to tune mitochondrial and cellular function.

The oxidative potential of the TCA cycle, via NADH, influences both respiration 
and the provision of NAD(P)H, to restoring the antioxidant systems. As a matter of 
fact, the mitochondrial redox potential of thioredoxin2 (Trx2) decreases (becomes 
more reducing) from −322 mV at baseline to −350 mV in state 4 and state 3 respira-

S. Cortassa et al.



351

tion, during the transition from non-energized to energized (Stanley et al. 2011). 
This corresponds to a tenfold decrease in the ratio of oxidized to reduced Trx2 and 
a 2.4-fold increase in the percentage of the Trx2 pool in the reduced form. Under 
these conditions, after glutamate/malate addition, Trx(SH)2 rises in parallel with 
ΔΨm, and NAD(P)H, as well as GSH in the mitochondrial matrix (Stanley et al. 
2011). As another example, in isolated heart mitochondria, a lower respiratory flux 
is observed under oxidative stress than in its absence, at similar ΔΨm under both 
conditions (Cortassa et al. 2014). These results suggested that the NADH-electron 
donor capacity to respiration might diminish under stress likely due to redirection 
of electrons to the antioxidant systems. Indeed, the relationship between respiration 
and ROS is altered by oxidative stress, resulting in decreased mitochondrial ener-
getic performance and higher levels of ROS emission (Cortassa et al. 2014). The 
intramitochondrial RE is highly influenced by the type of substrate that in the case 
of lipids is in the form of reducing equivalents, e.g., NADH and FADH2.

As a dynamic metric, the RE is a function of the different redox couples account-
ing for both their redox potential and the concentration of the reduced species (Jones 
2002; Kembro et al. 2013; Schafer and Buettner 2001). Although specific for each 
subcellular compartment (Dey et  al. 2016; Jones and Go 2010; Kaludercic et  al. 
2014; Swain et al. 2016), the RE dynamics between compartments (e.g., mitochon-
dria, cytoplasm) is interdependent, mediated by exchange of ROS and redox-related 
components such as GSH and H2O2 (Dey et al. 2016; Jones and Go 2010; Kembro 
et al. 2014b). In the case of mitochondria, regeneration of glutathione (GSH) from its 
oxidized form (GSSG) requires glutathione reductase harnessing the more negative 
reduction potential of NADPH, which, in turn, will be regenerated by the transhy-
drogenase coupling hydride transfer between NADH and NADP to the proton motive 
force (Aon et  al. 2007; Hoek and Rydstrom 1988; Nickel et  al. 2015; Rydstrom 
2006). Since mitochondria cannot synthesize GSH, and the fact that GSSG cannot 
cross the membrane, the reduction of the latter strictly depends on compartmental-
ized mitochondrial NADPH generation, a crucial event in the ROS scavenging 
capacity by antioxidant systems (Aon et al. 2007; Dey et al. 2016; Swain et al. 2016).

The significant role of compartmentation in controlling ROS levels, the RE, 
and dynamic behavior also depends on the concerted and continuous function 
of the ROS scavenging systems, e.g., glutathione/thioredoxin, to keep low rates 
of H2O2 emission from mitochondria (Aon et  al. 2012; Stanley et  al. 2011). 
Therefore, the duplication of antioxidant defense systems in multiple compart-
ments appears as a natural and efficient salvage mechanism to avoid or to reduce 
oxidative bursts (Kembro et al. 2013, 2014b). Failure to maintain NAD(P)H sup-
ply during oxidative stress or increased work is a key contributor to ROS overload 
which may lead to reperfusion-related arrhythmias after ischemic injury (Akar 
et al. 2005; Aon et al. 2009; Brown et al. 2010; Swain et al. 2016; Xie et al. 2013) 
or heart failure, the latter due, in part, to impaired mitochondrial Ca2+ signaling to 
the TCA cycle (Liu et al. 2014).

Current wisdom suggests that under high energy demand, e.g., exercise, in the 
absence of additional oxidative stress, mitochondria will function at relatively more 
reduced RE (Aon et al. 2015; Hafstad et al. 2015). However, a shift will happen 
under pathological conditions, displacing mitochondrial function toward a more 
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oxidized RE (Alleman et  al. 2014, 2016; Aon et  al. 2014; Tocchetti et  al. 2012, 
2015). From this perspective, the TCA cycle function in response to nutrient avail-
ability can be viewed as a signaling task via its effects on NAD(P)H provision to the 
antioxidant systems and direct modulation of enzyme function via ROS, in addition 
to its well-known role as a source of metabolite precursors and NADH. For exam-
ple, alpha ketoglutarate dehydrogenase and PDH are both deactivated by H2O2 
(Crane et al. 1983; Mailloux 2015; Nulton-Persson et al. 2003) or influenced by the 
triggering of increased expression of antioxidant enzymes via the Nrf2 antioxidant 
response element (Nguyen et al. 2009).

13.3  Fatty Acids, Mitochondrial Function, and Oxidative 
Stress

FAs are main metabolic fuels, and β-oxidation represents their main degradation 
pathway, for example, in heart and skeletal muscle (Eaton 2002). FA beta-oxidation 
is a major pathway of energy metabolism providing ~80% of the ATP required for 
the liver and the heart (Eaton et al. 1996). The rate of β-oxidation is led by demand 
since an increase in work rate and ATP utilization leads to faster oxidative phos-
phorylation (OxPhos) and TCA cycle activity. In turn, the decrease in NADH and 
AcCoA levels leads to an increase in the β-oxidation flux (Eaton 2002; Eaton et al. 
1996; Lopaschuk et al. 2010; Neely et al. 1969; Oram et al. 1973).

The FAs released during triacylglyceride (TAG) catabolism are mainly used for 
β-oxidation and subsequent ATP synthesis via OxPhos in mitochondria. In oxidative 
tissues such as the heart, TAG-derived FAs are utilized as an energy source, but they 
also serve as signaling molecules as well as building blocks for membranes and 
complex lipids. Hepatocytes, heart and skeletal myocytes, adrenocortical cells, 
enterocytes, adipocytes, and macrophages may all contain large amounts of lipid 
droplets (LDs). Excessive LD accumulation is a hallmark of T2DM, obesity, athero-
sclerosis, hepatic steatosis, and other metabolic diseases (Aon et al. 2014; Singh and 
Cuervo 2012; Singh et al. 2009; Walther and Farese 2009; Walther and Farese 2012).

As a major energy source, FAs may provide up to two thirds of ATP synthesized 
via reducing equivalents derived from β-oxidation in mitochondria. The saturated 
FA palmitate (16:0) supplies about three times higher energy equivalents than glu-
cose in the form of reducing power [7 NADH, 7 FADH2 plus 8 AcCoA] with a net 
yield of 106 moles of ATP accounting for the energetic cost of activating the FA (-2 
ATP), whereas unsaturated FA oleate (18:1) supplies 8 NADH, 7 FADH2 plus 9 
AcCoA with a net ATP yield of 109 moles, in both cases assuming that OxPhos 
generates 1.5 ATP per FADH2 and 2.5 ATP per NADH oxidized (Nelson and Cox 
2013). The reducing equivalents are not only able to contribute electrons to the 
respiratory/energetic machinery but also to the antioxidant systems via mitochon-
drial transhydrogenase that converts NADH to NADPH, the latter being a major 
electron donor to the glutathione and thioredoxin systems from mitochondria (Hoek 
and Rydstrom 1988).
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Preservation of the intracellular RE is crucial for vital functions such as division, 
differentiation, contractile work, and survival, among others (Aggarwal and 
Makielski 2013; Aon et  al. 2007, 2009; Brown et  al. 2010; Fisher-Wellman and 
Neufer 2012; Jeong et al. 2012; Juhaszova et al. 2004; Lloyd et al. 2012; Muoio and 
Neufer 2012; Schafer and Buettner 2001). Mitochondria are main drivers of the 
intracellular RE (Alleman et  al. 2014; Aon et  al. 2015; Nickel et  al. 2014) and 
together with peroxisomes constitute the main subcellular compartments where 
lipid degradation occurs. ROS imbalance can be transduced into redox-mediated 
posttranslational modifications and signaling via H2O2, a mild oxidant reacting with 
cysteine residues in proteins, affecting, e.g., protein traffic, enzyme, and receptor 
transcription factor activity, throughout compartmentalized cellular redox circuits 
(D’autreaux and Toledano 2007; Gauthier et al. 2013; Jones and Go 2010; Kaludercic 
et al. 2014; Kembro et al. 2013). The ability of H2O2 to freely diffuse throughout 
cellular compartments enables propagation of intracellular physiological and patho-
physiological signals (Aon et al. 2004; Jeong et al. 2012; Juhaszova et al. 2004; 
Zhou et al. 2010).

A proper cellular/mitochondrial RE is also vital for optimal excitation- contraction 
(EC) coupling as well as energy supply in the heart (Burgoyne et al. 2012; Christians 
and Benjamin 2012). Mitochondrial lipid oxidation is a major determinant of the 
intracellular RE affecting, among other functions, Ca2+ handling by interfering with 
a wide range of proteins implicated in EC coupling (Fauconnier et al. 2007) includ-
ing the SR Ca2+ release channels [the ryanodine receptors], the SR Ca2+ pumps, and 
the sarcolemmal Na+/Ca2+ exchanger (Dedkova and Blatter 2008; Zima and Blatter 
2006). In this context, it becomes crucial to know about the impact of ROS on redox 
balance as a function of substrate oxidation.

The local balance between the ROS-generating and ROS-scavenging capacities 
in the dense and highly connected mitochondrial network of cardiac cells determines 
mitochondrion behavior. For instance, mitochondria oscillate when a threshold of 
ROS is attained, and their collective behavior is tuned via phase and frequency syn-
chronization (Kurz et al. 2010). In turn, the synchronization process is influenced by 
the size of mitochondrial clusters: large clusters take longer to synchronize result-
ing in a lower common frequency compared to smaller clusters (Kurz et al. 2016). 
Importantly, mitochondrial cluster dynamics in cardiomyocytes can be altered by 
metabolic substrates (glucose, pyruvate, lactate, β-hydroxybutyrate) influencing the 
synchronization of mitochondrial dynamics, producing a larger frequency distribu-
tion and an inverse relation between cluster frequency and size implying a dynamic 
heterogeneity and functional fragmentation of the mitochondrial population into 
several localized, smaller clusters (Kurz et al. 2010, 2014, 2015, 2016).

In agreement with the prominent role of lipids on the intracellular redox status, 
it was shown that with palmitate as a fuel source, a transition from oxidized to 
reduced cellular redox status in cardiomyocytes from type 2 diabetic (db/db) hearts 
was determined, drastically abating ROS levels (Tocchetti et al. 2012). This effect 
was coupled to a marked GSH rise both in wild-type and db/db myocytes from 
mice. As a consequence of its favorable effect on cellular redox balance, Palm sig-
nificantly improved ISO-induced contractile reserve in db/db, type 2 (Tocchetti 
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et al. 2015) and type 1 (Tocchetti et al. 2015) diabetic cardiomyocytes, from mice 
and guinea pig, respectively, and heart trabeculae from Zucker diabetic fatty rat, 
type 2 diabetes animal model (Bhatt et al. 2015).

Beyond mitochondria, lipids exert a considerable impact on other cellular pro-
cesses, influencing the functional status of several organs such as the liver, skel-
etal, and cardiac muscles (Lee et  al. 2015; Muoio and Neufer 2012; Roul and 
Recchia 2015; Singh and Cuervo 2012; Sung et al. 2015). The impact of lipids on 
mitochondrial redox status and ROS emission, and their links to energetics, is not 
fully elucidated. At a most basic level, our knowledge remains quite incomplete 
about the action of lipids on mitochondrial energetic and redox functions. Lipids 
can act both as uncouplers and OxPhos inhibitors (Wojtczak and Schonfeld 1993), 
and the consequences of these counteracting effects on mitochondrial energetic, 
redox, and signaling functions are just starting to be unraveled (Aon et al. 2014; 
Kienesberger et  al. 2013; Schonfeld and Wojtczak 2008). Recent data indicate 
that there is a concentration effect of lipids on the redox and energetic response 
of mitochondria; under the threshold concentration lipids can have beneficial 
actions as opposed to deleterious ones depending on the threshold levels achieved 
(Cortassa, Sollott, Aon, unpublished).

13.4  Glucose Metabolism, Pyruvate Transport, and Pyruvate 
Dehydrogenase Complex Regulation

Cytoplasmic pyruvate is derived from multiple sources in the cytosol, namely, gly-
colysis, and precursors lactate and alanine. Pyruvate diffuses freely across the outer 
mitochondrial membrane through nonselective pores but, like other charged mole-
cules, requires specialized transport across the inner membrane. The mitochondrial 
pyruvate carrier (MPC) conducts pyruvate across the inner mitochondrial mem-
brane to the matrix and thereby occupies a critical link between cytosolic and mito-
chondrial metabolisms. The mammalian MPC protein complex comprises two 
obligate, paralogous subunits, designated MPC1 and MPC2, which are encoded by 
the MPC1 and MPC2 genes and highly conserved across eukaryotes (Bricker et al. 
2012). In liver mitochondria, besides the TCA cycle, pyruvate can be channeled 
toward gluconeogenesis by carboxylation to oxaloacetate by the enzyme pyruvate 
carboxylase. This reaction regulates oxaloacetate supply to phosphoenolpyruvate 
kinase and, therefore, the overall gluconeogenic rate (Gray et al. 2015). In type 2 
diabetes, elevated hepatic β-oxidation drives gluconeogenesis by raising mitochon-
drial levels of reducing equivalents and AcCoA which allosterically activates pyru-
vate carboxylase.

Metabolic flexibility denotes the capacity of a system to adjust fuel selection, 
primarily glucose and FAs, depending on nutrient availability (Kelley and Mandarino 
2000; Zhang et al. 2014). Immediately downstream the MPC, sitting at the cross-
road – utilization pathways of glucose-linked substrates (as sources of oxidative 
energy or as precursors of lipogenesis), or FAs (as preferred substrates for supplying 
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AcCoA and NADH) – the PDH complex plays a critical role in the use of either 
carbohydrate or fat as fuel. In animals, the PDH complex together with Mg2+, thia-
min pyrophosphate, CoA, and NAD+ catalyzes the oxidative decarboxylation of 
pyruvate into AcCoA, CO2, and NADH, by an operationally nonreversible reaction 
(forward rate constant ~107 times higher than in the reverse direction, at pH 7) 
(Randle 1986). The PDH reaction has a role in ATP synthesis and in the biosynthe-
sis of FAs and TCA cycle intermediates from glucose.

Regulation of the mammalian PDH complex proceeds via specific kinases (pyru-
vate dehydrogenase kinase, PDK) and phosphatases (pyruvate dehydrogenase phos-
phatase, PDP) that render the enzymatic complex phosphorylated (inactive) or 
dephosphorylated (active) (Fig.  13.1) (see Mailloux 2015; Roche et  al. 2001 for 
reviews). The E1 component of the PDH complex is interconverted between active 
and inactive forms, resulting in activity proportional to the fraction of E1 tetramers 
that are not phosphorylated.

The crucial role of PDH manifests differently depending upon the physiological 
condition or the body organ where tissue-selective control of this reaction is indi-
cated by the distinct patterns of kinase isoform expression and the highly con-
served primary structures of the different PDK isoforms (Holness et  al. 2000; 

Fig. 13.1 Scheme of the model used to test the influence of PDH regulation on mitochondrial 
substrate selection. The model encompasses (i) the uptake of pyruvate via the pyruvate carrier and 
its initial oxidation by pyruvate dehydrogenase (PDH) and the TCA cycle; (ii) the uptake of 
palmitoyl- CoA (PCoA) into mitochondria followed by its oxidation via β-oxidation, based on the 
model of van Eunen and collaborators (Van Eunen et al. 2013); Acetyl-CoA (AcCoA) is at the 
branching point in which glucose and fatty acids degradation come together before entering the 
TCA cycle for complete oxidation. The model also includes (iii) oxidative phosphorylation, (iv) 
ionic transport for H+, Ca2+, and inorganic phosphate, (v) ATP/ADP exchange through the adenine 
nucleotide translocator, and (vi) the generation and scavenging of ROS as described in Kembro 
et al. (2013). Pyruvate dehydrogenase (PDH) complex regulation accounts for pyruvate dehydro-
genase kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP) modulation by all known 
effectors, as modeled by the factor αPDH described in the text (see Eqs. 13.1 and 13.2). The right 
box depicts the effectors (positive indicated with arrow heads, negative by blunt lines) and their 
targets PDK and PDP
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Roche et al. 2001; Roche and Hiromasa 2007). For example, among the four PDK 
isoforms, PDK2 is apparently the most widely distributed in various body tissues, 
namely, at high levels in heart, brain, liver, skeletal muscle, kidney, adipose tissue 
(brown and white), and lactating mammary gland, and at lower levels in lung and 
spleen (Bowker-Kinley et al. 1998; Wu et al. 1998, 2000).

Cardiac muscle preferentially uses FAs or ketone bodies but can rapidly upregu-
late glucose utilization by activating PDH during a rapid transition to exercise or 
postprandial elevation of blood glucose. Resting skeletal muscle has a lower propor-
tion of PDH in the active form than the heart, but this enzymatic complex can be 
rapidly reactivated upon dephosphorylation during initiation of exercise, or its 
activity down-modulated as in sustained exercise, when the use of FAs increases 
(Egan and Zierath 2013, Roche et al. 2001). Within skeletal muscle, PDH regulation 
differs in slow- and fast-twitch muscles (Holness et al. 2000; Holness and Sugden 
1990; Sugden et al. 1997, 2000), the latter exhibiting a greater reliance on glucose 
thus maintaining a greater portion of PDH in the active form. In slow-twitch muscle, 
the enhanced FA oxidation after feeding high-fat diets is mainly attributed to the 
upregulation of pyruvate dehydrogenase kinase 4, PDK4 (Zhang et al. 2014). During 
starvation, the need to protect glucose stores can be fulfilled by the overexpression 
of one or more PDK kinase isoforms as in liver (Denyer et al. 1986; Jones et al. 
1992; Marchington et al. 1987; Sugden et al. 1996, 1998), kidney (Sugden et al. 
1999), and lactating mammary gland (Baxter and Coore 1978) resulting in a shut-
down or acute reduction of PDH activity in these tissues (Roche et al. 2001). In the 
liver, PDH activity is down-modulated immediately after feeding, even following a 
rise in insulin levels, until liver glycogen is replenished (Holness et al. 1988; Sugden 
et al. 1998). In fed animals, PDH activity in liver increases in response to the avail-
ability of mobile forms of glucose-linked substrates (e.g., glucose, alanine) rather 
than insulin-enhancing pyruvate dehydrogenase phosphatase (PDP) activity, lead-
ing to FA synthesis. In the brain, the PDH reaction plays a crucial role in the com-
plete oxidation of glucose (Malloch et al. 1986).

13.4.1  General Effector Regulation of PDK and PDP Activities 
That Modulate Mammalian PDH

The PDH complex is negatively regulated allosterically by the enzymatic products 
AcCoA and NADH and activated by NAD+, ADP, and CoA (Fig. 13.1). These allo-
steric effectors modulate the kinase PDK and phosphatase PDP.  The dedicated 
PDK/PDP system responds to metabolite and hormone signals to vary PDH activity 
in response to changes in nutritional state (Roche and Hiromasa 2007).

Among the PDK isoforms, only PDK2 exhibits strong sensitivity for all regula-
tory responses shown for PDK. PDK2 activity is greatly stimulated by NADH and 
AcCoA (Bao et  al. 2004a, b), the products resulting from the PDH reaction and 
β-oxidation. Thus, elevation of PDK2 activity plays an important role in suppressing 
PDH activity to favor use of fat over carbohydrate as an oxidative fuel. ADP and 
pyruvate act synergistically to decrease PDK2 activity (Bao et al. 2004b).
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PDP activity requires Mg2+ and effectors such as Ca2+, to decrease the Km of 
one or more PDP isoforms for Mg2+, and polyamines, an insulin second messenger 
(Roche et al. 2001). Ca2+ acts to directly upregulate the portion of active PDH by 
enhancing PDP1 activity up to tenfold (Denton et al. 1996; Thomas and Denton 
1986; Yan et al. 1996). The possible regulatory role of Mg2+ is suggested by the 
sensitivity of the activation constant of PDP1 to Ca2+ depending on Mg2+ levels 
(~0.8 μM Ca2+ in the presence of saturating Mg2+, increasing to 2 μM at 1.0 mM 
Mg2+) (Roche et al. 2001). The PDP isoform activities are regulated by effector- 
altered sensitivities to Mg2+ level through very different mechanisms. With PDP1, 
its regulatory subunit plays a key role in modulating PDP1 catalytic site in response 
to Mg2+ level. PDP1 activity has been shown to occur in a wide range of tissues 
including the heart, skeletal muscle, kidney, brain, and liver. PDP2 was elevated 
in liver and adipose tissue suggesting its importance in fat-synthesizing tissues 
(Huang et al. 1998). PDP2 is probably the target for insulin activation of PDH in 
adipose tissue.

Hormonal signaling cascades such as the insulin signaling pathway also play a 
part in modulating PDH activity in response to whole-body changes in nutrition and 
energy state. Insulin enhances PDH activity in fat-synthesizing tissues by producing 
a second messenger that enhances PDP activity by lowering the Km of a phospha-
tase for Mg2+ (Denton et al. 1986; Thomas et al. 1986). Hormonal signals can also 
alter the short-term control of PDH activity by altering kinase activity. Signals that 
increase the production of pyruvate from glucose (e.g., adrenalin in skeletal muscle) 
will enhance pyruvate inhibition of PDK activity (Randle 1998; Sugden and Holness 
1994). Hormone signals that enhance triglyceride breakdown and therefore FA oxi-
dation indirectly stimulate kinase activity due to the resulting elevation of the intra-
mitochondrial levels of NADH and AcCoA (Randle 1998; Roche et al. 2001; Roche 
and Hiromasa 2007; Sugden and Holness 1994).

13.5  Computational Modeling of Mammalian PDH

13.5.1  Background

The critical role of PDH in redirecting catabolism toward the utilization of glucose 
or FAs is driven by the negative feedback of its own reaction products, AcCoA and 
NADH (also supplied by FAs, ketone bodies, and the degradation of several amino 
acids), and can enhance kinase activity up to fourfold (Cate and Roche 1978; Pettit 
et al. 1975). Figure 13.1 displays a scheme with the strategic location of PDH in the 
metabolic network, highlighting its dependence on multiple regulatory effectors 
from mitochondria.

Decreased PDH activity restricts carbohydrate consumption as a result of the 
increase in mitochondrial NADH/NAD+ and AcCoA/CoA ratios that stimulate PDH 
inactivation (Batenburg and Olson 1976; Hansford 1976). Stimulation of responsive 
PDK isoforms is produced by the use of these reactants to increase the proportion 
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of reduced and acetylated lipoyl groups within the complex (Ravindran et al. 1996; 
Yang et al. 1998).

AcCoA inhibits PDH, potentially competing with CoA (Ki = 5–10 μM) (Quinlan 
et al. 2014). Reduced availability of AcCoA decreases malonyl-CoA, an inhibitor of 
lipid utilization, thus forcing β-oxidation which is facilitated by upregulation of 
PDK4 (Foster 2012; Sugden et al. 2000; Zhang et al. 2014). In isolated mitochon-
dria, AcCoA can be removed by at least two mechanisms: the condensation of oxa-
loacetate with AcCoA to generate citrate through citrate synthase and, upon addition 
of carnitine, the conversion of AcCoA to acetylcarnitine, catalyzed by carnitine 
acetyltransferase. Removal of AcCoA by either pathway should promote flux 
through the PDH complex.

The effects of NADH/NAD+ and AcCoA/CoA are mediated by the oxidation, 
reduction, and acetylation state of the lipoyl group, an 80-amino acid, free-folding 
domain in the N-terminal region of E2 (Roche et al. 2001). Elevation of the NADH/
NAD+ and AcCoA/CoA ratios facilitates the stimulation of the activity of certain 
kinase isoforms, including PDK2, through covalent changes in the E2 component. 
PDK2 binds to the lipoyl domain depending on the redox and acetylation status of 
the latter, determining the enzymatic activity (Roche and Hiromasa 2007; Steussy 
et al. 2001). The regulatory response of PDK2 is also positively dependent on K+ 
ions in the presence of physiologic levels of chloride and phosphate anions. It seems 
likely that, mechanistically, this product stimulation of PDK2 activity results from 
speeding up the rate of dissociation of ADP, which is reduced in the presence of 
elevated ions (Bao et al. 2004a, b). Potent synergistic inhibition of PDK2 activity by 
elevated ADP and pyruvate requires both K+ and Pi. The marked reduction in bind-
ing of PDK2 to the L2 domain of E2 due to binding of ADP and pyruvate (aided by 
K+ and phosphate) likely makes a major contribution (beyond slowing ADP disso-
ciation) to the potent inhibition by these effectors (Roche and Hiromasa 2007).

13.5.2  Modular Analysis of PDH Activity and Its Regulation

Our model of PDH accounts for the regulatory influence of multiple effectors on its 
activity through αPDH, a comprehensive integrative factor that accounts for all well- 
known regulators targeting either PDK or PDP, including ATP, ADP, Ca2+, pyruvate 
in addition to AcCoA, CoA, NADH, and NAD (Fig. 13.1):
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The symbols used in Eqs. (13.1 and 13.2) are defined in Table 13.1.
The main modulators of the interconversion between the non-phosphorylated 

and phosphorylated forms of PDH are AcCoA/CoA and NADH/NAD molar ratios. 
An increase in either ratio augments the proportion of inactive PDH since the activ-
ity of the kinase PDK is stimulated by both AcCoA and NADH while it is inhibited 
by CoA and NAD. NADH renders PDH more inactive via inhibition of the phospha-
tase PDP, which is reversed by NAD (Pettit et al. 1975).

The 3D plots in Figs.  13.2 and 13.3 show the dependence of PDH activity 
(Figs. 13.2a and 13.3a) and the factor αPDH (Figs. 13.2b and 13.3b) as a function 
of its substrate pyruvate or Ca2+ and both AcCoA/CoA and NADH/NAD ratios, 
respectively. PDH activity increases exponentially at low AcCoA/CoA ratio con-
comitantly with the sensitivity to pyruvate. From the behavior of αPDH (Fig. 13.2b), 
it can be seen that the modulatory role of AcCoA/CoA appears to dominate the 
enzyme activity at low rather than high ratios, since at high AcCoA/CoA the activ-
ity of PDH is negligible, whereas αPDH, although low, is not, suggesting that other 
effectors may prevail. Comparatively, the degree of enzyme activation attained by 
NADH/NAD and Ca2+ is about fivefold lower than AcCoA/CoA and pyruvate (com-
pare Figs. 13.2a and 13.3a).

The PDH model was able to simulate the experimental data of Pettit and col-
leagues (Pettit et al. 1975) obtained in highly purified preparations of PDH com-
plexes and their component enzymes from bovine kidney and heart. The steady-state 
activity of PDH was modulated throughout a wide range of AcCoA/CoA (Fig. 13.4a) 
and NADH/NAD (Fig. 13.4b) ratios, both experimentally and computationally. The 
model correctly predicts a decrease in activity as a function of an increase in the 
ratios, with is only a minor impact at substantially low ratios (<0.1) (Fig. 13.4a, b, 
insets).

13.5.3  Integrated Analysis of PDH Activity and Regulation

Next, we analyzed the PDH behavior in an integrated model of mitochondrial 
metabolism (Cortassa, Sollott, Aon, unpublished) including simultaneous degrada-
tion of glucose-derived substrates (pyruvate, Pyr) and FAs (palmitoyl-CoA, PCoA) 
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(Fig. 13.1). We sought to understand the impact of substrate selection (glucose-FA) 
on the regulation of PDH activity via AcCoA/CoA and NADH/NAD ratios, when 
the enzyme is integrated to mitochondrial metabolism. Figure 13.5 depicts the PDH 
flux as a function of both ratios, when either glucose (via pyruvate) is changing at 
constant FA input (via PCoA) or vice versa. Overall, and as expected from the 
behavior of isolated PDH, its flux decreases as a function of increasing AcCoA/
CoA (compare Figs. 13.4a and 13.5a). However, PDH flux as a function of NADH/
NAD displays a different behavior than its activity when isolated, i.e., increasing 
rather than decreasing as a function of the ratio (compare Figs. 13.4b and 13.5b). 
When integrated, the PDH flux is the result of the instantaneous composition of all 
regulatory effectors. This interpretation was confirmed by the model’s ability to 
reproduce the trajectory of PDH flux in the integrated system, across the family of 
PDH activity curves corresponding to the isolated enzyme (Fig.  13.6), which is 
obtained when using the steady-state values of all regulatory effectors to parameter-
ize the PDH rate expression (e.g., see Eqs. 13.1 and 13.2). When PCoA is changing 

Table 13.1 Parameters used in pyruvate dehydrogenase modeling

Symbol Value Units Description

VPDH
max 7.5 mM s−1 Maximal rate of pyruvate dehydrogenase (PDH)

αPDH var – Factor integrating PDH effectors through 
regulation of PDK and PDP

K PDH
NAD
M_

0.05 mM Michaelis constant (KM) of PDH for NAD

K PDH
Pyr
M_

0.1 mM KM of PDH for pyruvate

K PDH
CoA
M_

0.006 mM KM of PDH for coenzyme A (CoA)

K PDH
CoA
D_

0.03 mM Dissociation constant for CoA

K PDH
NAD
D_

0.04 mM Dissociation constant for NAD

CoAT 1.0 mM Total concentration of mitochondrial CoA species
NADT 1.0 mM Total concentration of mitochondrial NAD

KDP
Ca 0.001 mM Activation constant of PDP for Ca2+

KPDK
ATP 0.2 mM Activation constant of PDK for ATP

KPDK
ADP 0.05 mM Inhibition constant of PDK for ADP

KPDK
Pyr 0.1 mM Inhibition constant of PDK for pyruvate

FDP_NAD 6.7 – NADH inhibitory factor of PDP
FPDK_AcCoA 5.3 – AcCoA activation factor of PDK
n_NAD 0.2 – Exponential coefficient of NADH/NAD ratio
n_CoA 0.6 – Exponential coefficient of AcCoA/CoA ratio
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Fig. 13.2 Modular analysis of PDH activity and its modulatory factor αPDH as a function of pyru-
vate and AcCoA/CoA ratio. The PDH rate expression (Eq.  13.1) was studied as a function of 
pyruvate concentration in the range 0.01–2.5 mM, while CoA was varied between 5 × 10−4 and 
0.05  mM while keeping AcCoA constant at 0.2  mM.  Other parameters were as follows: 
NADH = 0.1 mM; NAD+ = 0.9 mM; ATP = 1.0 mM; ADP = 0.5 mM; Ca2+ = 0.2 μM. Maximal rate 
and other parameters utilized are indicated in Table 13.1

Fig. 13.3 Modular analysis of PDH activity and its modulatory factor αPDH as a function of Ca2+ 
and NADH/NAD ratio. The PDH rate expression (Eq. 13.1) was analyzed as a function of Ca2+ 
(range 1 × 10−5–1.5 × 10−3 mM) and NADH (range 0.01–0.8 mM) concentrations, while NAD+ was 
kept constant at 0.9 mM. Other parameters were as follows: AcCoA = 0.2 mM; CoA = 0.01 mM; 
ATP = 1.0 mM; ADP = 0.5 mM; Pyr = 0.5 mM. Maximal rate and other parameters utilized are 
indicated in Table 13.1

at constant Pyr, we observe an overall similar qualitative behavior although for a 
more restricted range of variation in both ratios and activity (Fig. 13.5). Together, 
these results suggest that AcCoA/CoA regulation prevails over NADH/NAD in the 

13 Mitochondrial Substrate Selection



362

0 2 4 6 8 10
0

20

40

60

80

0.01 0.1 1 10
0

20

40

60

80

PD
H

 a
ct

iv
ity

 (%
)

AcCoA / CoA
0 10 20 80 100

0

20

40

60

80

1E-3 0.01 0.1 1 10 100
0

20

40

60

80

PD
H

 a
ct

iv
ity

 (%
)

NADH / NAD

A B

Fig. 13.4 Comparative study of PDH activity as a function of the main modulatory ratios NADH/
NAD and AcCoA/CoA.  The expression of PDH rate (Eq.  13.1) was evaluated at (mM): 
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Fig. 13.5 Steady-state PDH flux in the integrated model when either pyruvate (Pyr) or palmitoyl- 
CoA (PCoA) was varied (PCoA/Pyr ratio). A computed simulation of the complete model was run 
until all state variables reached steady state (i.e., their time derivatives were <1 × 10−10). Pyr was 
adjusted in the range from 4 × 10−3 to 0.01 mM (indicated in blue lines) while keeping PCoA con-
stant at 0.04 mM. In the steady states indicated with a red line PCoA was varied from 0.01 to 
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NAD ratios are computed from their steady-state values occurring upon variations in the relative 
proportion of substrates Pyr and PCoA. Consequently, all axes are representing state variables thus 
explaining the trend observed in the PDH flux value as a function of NADH/NAD, since the values 
of every regulatory effector of PDH activity are simultaneously changing in these simulations
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integrated system, where the flux through the PDH complex as a systemic property 
results from the instantaneous levels of all regulatory effectors.

Respiration and H2O2 emission both increase as a function of PCoA/Pyr 
ratio when either one of them is changing in constant proportion to the other, 
suggesting that ROS generation is matched by the ROS scavenging systems 
under these conditions (Fig. 13.7).

To address the question of substrate selection, we quantified the fluxes driven by 
Pyr or PCoA as a function of their ratio to simulate changing nutrient availability 
and the sensitivity of the pathways’ flux to both substrates. Figure 13.8a shows the 
fluxes through β-oxidation via carnitine palmitoyl transferase 1 (CPT1) and PDH as 
a function of the ratio PCoA/Pyr. When Pyr increases at constant PCoA, i.e., 
decreasing PCoA/Pyr ratio, the flux through PDH increases 3.6-fold, whereas that 
of CPT1 decreased 15%. On the other hand, increasing PCoA at constant Pyr pro-
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Fig. 13.6 Modular study of the PDH activity under conditions reproducing the steady states 
obtained with different PCoA/Pyr ratios. The concentrations of substrates and effectors other than 
the ones in the x-axis were fixed at the values corresponding to the steady states represented in the 
curves in Fig. 13.5. The PDH activity was calculated as a function of the ratio AcCoA/CoA and 
NADH/NAD under conditions mimicking variations in Pyr (top panels) or PCoA (bottom panels). 
The squares indicate the exact conditions for all substrates and effectors that were represented in 
Fig. 13.5

13 Mitochondrial Substrate Selection



364

duced ~40% increase in flux through CPT1 as compared to ~11% decrease through 
PDH. Together, these results suggest that the flux from Pyr is much more sensitive 
to nutrient availability than from PCoA, thus making substrate selection toward Pyr 
more sensitive, at least under these conditions (Fig. 13.8b). Quantitatively speaking, 
the flux values through PDH and CPT1 determined with our model agree very well 
with published results, respectively, of glucose oxidation in whole heart (3–10 vs. 
5–7 μM s−1) (Buchanan et al. 2005; Cortassa et al. 2015; Kashiwaya et al. 1994) and 
with palmitate oxidation in cardiomyocytes (0.4–0.6 vs. 0.4 μM s−1) (Luiken et al. 
2009) or respiration in the presence of both palmitate and glucose in cardiomyo-
cytes (0.12 vs. 0.4 μM s−1) (Wang et al. 2011).

Taken together, the results obtained agree with the idea that the crucial regu-
latory role played by PDH in substrate selection in the short term depends on 
glucose and FAs’ availability and on the resulting composition of metabolite 
levels that activate or inhibit the kinases and phosphatases from the PDH com-
plex. Within this complex regulatory picture, our simulations also indicate that, 
under these conditions, the phosphorylated form of PDH predominates over the 
non-phosphorylated one, as can be judged by the low αPDH values (~1.2 × 10−3, 
when either pyruvate or PCoA is varying; see also Figs. 13.2, 13.4, and 13.5). 
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is a graphical representation of the sensitivity of flux regulation through the PDH complex and 
CPT1 in response to changing proportion of glucose- and FA-derived substrates

Accordingly, a higher response of pyruvate flux through PDH as compared to 
FAs through CPT1 was determined, indicating a higher sensitivity of selection 
toward carbohydrates (Fig. 13.8). Judging from the agreement between the PDH 
behaviors whether isolated from or integrated with mitochondrial metabolism, 
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simulations also show a predominant regulatory impact by the AcCoA/CoA ratio 
as compared to NADH/NAD (compare Figs. 13.4 and 13.5).

13.6  Modulation of Substrate Selection and Metabolic 
Remodeling in Health, Disease, and Aging

(Patho)physiological situations involve differential selection of substrate fuel which 
can exert a significant impact on the organism or cell behavior. For instance, obese 
and type 2 diabetic patients exhibit greater rates of FA oxidation and insulin resis-
tance unlike lean healthy individuals (the latter whom, under insulin stimulation, 
are able to switch from predominantly FA oxidation to elevation of glucose uptake, 
oxidation, and storage). This capacity to adjust fuel selection as a function of nutri-
ent availability has been termed metabolic flexibility (Kelley and Mandarino 2000), 
in which the mitochondrial PDH complex plays a crucial regulatory role (Randle 
1986; Roche et al. 2001; Roche and Hiromasa 2007; Sugden et al. 1998; Zhang 
et al. 2014). PDH regulation involves short-term (e.g., allosteric inhibition/activa-
tion) as well as long-term (e.g., gene expression, transcriptional, posttranslational) 
mechanisms (Randle 1998; Roche et al. 2001; Roche and Hiromasa 2007; Sugden 
et al. 1997, 1998) which, in turn, are subjected to circadian regulation (Bellet and 
Sassone-Corsi 2010). The temporal regulatory dimension of PDH activity is of 
great importance because both acute (e.g., fast-feed transition) and chronic (e.g., 
metabolic disorder) nutritional conditions demand flexible, or generate inflexible, 
metabolic responses. For example, long-term consumption of a high-saturated fat 
diet may cause hyperglycemia, hyperinsulinemia, glucose intolerance, and obesity. 
In skeletal muscle, consumption of a high-fat diet leads to the use of lipid-derived 
fuels as respiratory substrates, a switch modulated, in part, by upregulation of PDK, 
the kinase activity associated with PDH (Zhang et al. 2014). Another level of regula-
tion is given by nutrient availability-sensitive posttranslational modifications in the 
presence or absence of sirtuin3 (SIRT3) that reshape the mitochondrial acetylome, 
potentially affecting multiple enzymatic activities (Finkel 2015; Foster et al. 2013).

Glucose stores are important for their utilization as preferred substrate by the 
central nervous system. Inactivation of PDH along with greatly diminished glucose 
oxidation may happen in muscle, liver, and fat cells due to diabetes, starvation, 
long-term feeding of high-fat diet, or obesity. As the studies of Randle and cowork-
ers first demonstrated (Randle 1986; Randle et al. 1963), during starvation and the 
diabetic state, the acute decreases in the PDH activity of these tissues are engen-
dered by a marked induction of kinase activity (Randle 1998; Roche et al. 2001). In 
starvation and hibernation, enhanced PDK activity is beneficial for preventing loss 
of body carbohydrate while favoring the use of the more abundant lipid fuels. Along 
with increased kinase levels, hormonally controlled increase in FA and ketone body 
oxidation elevates AcCoA and NADH, which, in turn, stimulate the activity of cer-
tain PDK isoforms.
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Severe limitation of glucose use by PDH inactivation raises blood glucose in the 
diabetic state, while glucose clearance is impaired making a major contribution to 
the pathology of diabetes. High blood glucose damages vascular cells (Brownlee 
2001; Choi et al. 2008; Giacco and Brownlee 2010; Laakso 1999; Lasker 1993) and 
the myocardium leading to progressive vascular damage and heart dysfunction in 
both type 1 (insulin-deficient) and type 2 (insulin-resistant) diabetes (Aon et  al. 
2015; Bhatt et al. 2015; Tocchetti et al. 2012, 2015), which amount to ~4% and 
96%, respectively, of the diabetic population according to the 2012 American 
Diabetes Association statistics. Diabetes is characterized by increased circulating 
concentrations of glucose and FAs. Irrespective of hyperglycemia, the heart from 
diabetics relies heavily on FA utilization with a concomitant decrease in glucose 
oxidation (Boudina and Abel 2010; Carley and Severson 2005). Historically, the 
glucose-FA cycle, also known as the Randle cycle (Randle 1998; Randle et  al. 
1963), has played a relevant role as the biochemical mechanism explaining the con-
trol and functional impact of fuel selection, FA over glucose oxidation (Hue and 
Taegtmeyer 2009). However, on its own, hyperglycemia induces cellular damage 
that involves the increase of the flux of glucose and other sugars through the polyol, 
hexosamine, advanced glycation end products (AGEs), and diacylglycerol (DAG) 
pathways, the latter leading to protein kinase C (PKC) activation (Brownlee 1995, 
2001; Giacco and Brownlee 2010). These changes are also implicated in the 
hyperglycemia- mediated modifications and impairments of cell redox assets (Aon 
et al. 2015; Brownlee 2001; Tocchetti et al. 2012, 2015; Williamson et al. 1993).

Under starvation and diabetic conditions, the PDK4 isoform (less sensitive to 
pyruvate inhibition vs. other isoforms) is overexpressed in several tissues, particu-
larly in heart and skeletal muscle under conditions of limited consumption of carbo-
hydrate (Holness et al. 2000; Roche et al. 2001; Sugden et al. 1998, 1999, 2000; Wu 
et  al. 1998, 2000). Besides prolonged starvation, feeding a high-fat, low- 
carbohydrate, diet increases PDK4 in both slow- and fast-twitch muscles. Refeeding 
or insulin treatment reverses the effects of starvation or diabetes, respectively. In rat 
liver, PDK2 and PDK4 are both overexpressed under conditions of starvation, dia-
betes, or feeding a high-fat, low-carbohydrate diet or in response to artificial eleva-
tion of cAMP or 3,5,3′-triiodothyronine (Denyer et  al. 1986; Jones et  al. 1992; 
Sugden et al. 1998; Sugden and Holness 1994; Wu et al. 2000). These effects can be 
also reversed by insulin or refeeding with a carbohydrate-rich diet (Holness et al. 
1988). Selective elevation of PDK2, following maintenance on a high-fat diet, could 
be prevented or reversed by a diet supplemented with long-chain ω-3-fatty acids 
(Sugden et al. 1998).

A healthy heart can utilize various substrates (glucose, FAs, ketones, lactate) to 
satisfy its continuous energy requirements, although under postabsorptive or fasting 
conditions it preferentially uses FAs (Kolwicz and Tian 2009; Lionetti et al. 2011). 
The heart’s high adaptability can also be found throughout its life cycle where at the 
fetal stage it relies on carbohydrate substrates, whereas at more mature stages it 
predominantly consumes FAs as fuel. The FA dependence of the heart can be 
enhanced by diabetes (Belke et al. 1999; Lopaschuk 2002). In general, aging and 
disease drive substantial metabolic remodeling that includes changes in mitochon-
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drial function, impaired metabolic flexibility, and reduced insulin sensitivity (Finkel 
2015). In the aged heart, the capacity for glucose utilization prevails over FA oxida-
tion (Hansford 1983; Lesnefsky et al. 2016; Van Bilsen et al. 2009), although tend-
ing to be insufficient for sustaining energy supply under stress (Kolwicz and Tian 
2009). Unlike the reported decline of protein levels from mitochondrial metabolism 
(including respiratory complexes, TCA cycle, FA, and amino acid metabolisms), a 
significant increase in glycolytic and extracellular structural proteins happens with 
age (Tocchi et al. 2015). Aging impairs mitochondrial OxPhos, particularly so in 
interfibrillar mitochondria, affecting the activity of complexes III and IV, which 
accounts in large measure for the known decrease in respiration (Lesnefsky et al. 
2016). Phenotypically, the metabolic profile of the aging heart bears some similarity 
to that of heart failure. Pathological hypertrophy is associated with reversion to a 
fetal gene expression pattern and an increased reliance on carbohydrate fuel rather 
than FAs which in turn are less consumed (Kolwicz and Tian 2009).

13.7  Concluding Remarks

Mitochondrial metabolism and PDH activity are central players in substrate selec-
tion, a process that underlies metabolic remodeling and flexibility in healthy, dis-
eased, and aged states. Within the complex regulatory picture of the PDH activity, 
with dedicated kinases and phosphatases as key targets, the mitochondrial AcCoA/
CoA ratio assumes a predominant role compared to NADH/NAD. Under conditions 
of different nutrient availability, the higher sensitivity of PDH toward glucose- 
derived substrates (i.e., pyruvate) is in agreement with the crucial role played by this 
enzymatic complex in preserving glucose stores for brain function that, in turn, 
determines the overall balance between nutrient utilization, storage, and turnover in 
the organism’s function. By accounting for all major effectors of the PDH complex, 
modeling and results presented herein now enable a more realistic and detailed 
understanding of the regulation of selection between glucose- and FA-derived sub-
strates in the presence of all major redox-energetic mitochondrial functions.
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