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Abstract: It is now becoming clear that human metabolism 

is extremely plastic and varies substantially between 

healthy individuals. Understanding the biochemistry that 

underlies this physiology will enable personalized clini-

cal interventions related to metabolism. Mitochondrial 

quality control and the detailed mechanisms of mito-

chondrial energy generation are central to understand-

ing susceptibility to pathologies associated with aging 

including cancer, cardiac and neurodegenerative dis-

eases. A precision medicine approach is also needed to 

evaluate the impact of exercise or caloric restriction on 

health. In this review, we discuss how technical advances 

in assessing mitochondrial genetics, cellular bioenerget-

ics and metabolomics offer new insights into developing 

metabolism-based clinical tests and metabolotherapies. 

We discuss informatics approaches, which can define the 

bioenergetic-metabolite interactome and how this can 

help define healthy energetics. We propose that a per-

sonalized medicine approach that integrates metabolism 

and bioenergetics with physiologic parameters is central 

for understanding the pathophysiology of diseases with 

a metabolic etiology. New approaches that measure ener-

getics and metabolomics from cells isolated from human 

blood or tissues can be of diagnostic and prognostic value 

to precision medicine. This is particularly significant with 

the development of new metabolotherapies, such as mito-

chondrial transplantation, which could help treat com-

plex metabolic diseases.

Keywords: bioenergetic-metabolite interactome; metabo-

lomics; mitochondria; personalized medicine; transla-

tional research.

Introduction

Worldwide demographic changes and general improve-

ments in healthcare have resulted in a major shift in 

causes of human morbidity and mortality, from acute 

illnesses to chronic, degenerative diseases. A quarter of 

all Americans and two-thirds of older adults suffer from 

such conditions, which include diabetes, cardiovascular 

disease and neurological disorders. Although treatment of 

these diseases and the aging population account for >70% 

of the healthcare budget in the developed world, there 

appears to be no long-term plan for how to deal with the 

current and impending healthcare burden. Personalized 

medicine offers a unique solution. Tailoring therapies to 

each individual patient should increase the efficacy and 

efficiency of medical treatment and alleviate strain on the 

healthcare system. This approach, however, has mainly 

been limited to the use of genetic information to charac-

terize or diagnose a patient or population, which is not 
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sensitive to environmental systems or ‘upstream’ patho-

physiologic changes. Because metabolism represents the 

convergence of all signals – consisting of genomic, pro-

teomic, environmental and metabolic effectors – assess-

ing the metabolotype of patients would provide the most 

complete and useful information possible to scientists 

and clinicians. Not only could such an approach be useful 

for diagnosing or predicting disease, but it could also be 

used to examine toxicity due to environmental exposures, 

assess the relative efficacy (or toxicity) of therapies, and 

relate metabolism and energetics to healthy aging.

The etiology underlying individual susceptibility 

to diseases with a metabolic basis involves a complex 

interaction among genetic, lifestyle and environmental 

factors. Importantly, ‘normal’ genetic polymorphisms 

(i.e. not pathogenic mutations), that under conditions of 

environmental stress and aging are linked with increased 

inflammation and metabolic dysfunction, will affect 

bioenergetics. It follows that we need to establish clear 

definitions of the bioenergetic phenotypes that discrimi-

nate healthy and diseased human populations. This is a 

challenging problem because, unlike laboratory animal 

models or cell monocultures, there is an intrinsic variabil-

ity in metabolism governed by genetic and environmental 

factors in the absence of any underlying pathology. Under-

standing what contributes to metabolic variability or plas-

ticity could lead to a mechanistic approach to assess the 

risk for the development of chronic pathologies such as 

diabetes, cardiovascular disease and neurodegenerative 

disease. Underlying the maintenance of this metabolic 

plasticity are a variety of quality control mechanisms 

which both sense and dynamically regulate bioenergetic 

function and correct defective processes.

These critical factors include changes in cellular 

metabolism that are responsive to changes in the extra- 

and intra-cellular environment (e.g. caloric intake and 

physical activity). ‘Normal’ metabolic responses can be 

genetically influenced by both the mitochondrial and 

nuclear genomes and thus may be linked not only to racial 

differences in disease susceptibility, but also to differ-

ences in oxidant and/or inflammatory response between 

individuals (Dunham-Snary and Ballinger, 2015). Conse-

quently, a broader understanding of metabolic plasticity 

and its control will be important therapeutically. It has 

been widely assumed that bioenergetic health assess-

ments have to be localized to specific organs or tissues 

(e.g. skeletal muscle). However, the clinical utility of these 

tests, particularly in preventative medicine, is severely 

limited because of significant risk for the patient and the 

high cost. An alternative approach is to use tests of bio-

energetic function in circulating cells (e.g. peripheral 

blood leukocytes, platelets) as a surrogate for metabolic 

diseases having a systemic impact. We discuss progress in 

this area in the context of the role of metabolic measures 

in precision medicine.

In this review, we also develop the concept that both 

environment and genetics influence cellular bioenerget-

ics, mitochondrial function and inflammatory processes, 

and are dependent on the individual. We outline how 

emerging technologies make quantification of metabolic 

health feasible by establishing new clinical parameters, 

which characterize mitochondrial genetics, bioener-

getics and metabolomics in human subjects, thereby 

introducing the concept of the bioenergetic-metabolite 

interactome. Metabolotherapies are of particular inter-

est because they represent an unusual pharmacological 

paradigm in which a class of agent can be applied with 

equal efficacy to pathologies that share common meta-

bolic mechanisms but are otherwise different. We will 

discuss the emerging notion that mitochondria can be 

transferred between cells through a controlled process 

and the implications for mitochondrial transplantation. 

These concepts and some key examples will be discussed. 

In the first section, we outline the current understanding 

of mitochondrial genetics and some of the implications 

for translational research.

Mitochondrial genetics in metabolic 

plasticity

In humans, the mitochondrial DNA (mtDNA) is a dou-

ble-stranded, 16.5-kb circular molecule that encodes 37 

genes, 13 of which are subunits for the electron trans-

port chain (ETC) and adenosine triphosphate (ATP) 

synthase, in addition to 22 transfer RNAs (tRNAs) and 

two ribosomal RNAs (rRNAs) that are required as trans-

lational machinery (the mtDNA has a different genetic 

code). Each mitochondrion contains ∼4–10 copies of 

mtDNA, and each cell can contain a few to thousands of 

mitochondria; consequently, a single cell can possess a 

few hundred to thousands of mtDNA copies (Krzywan-

ski et  al., 2011). Pathogenic mtDNA mutations associ-

ated with disease were reported almost 3 decades ago, 

and from a genetic perspective, confirmed the impor-

tance of the mtDNA in human disease (Wallace et  al., 

1988; Cortopassi and Arnheim, 1990). Diseases caused 

by pathogenic mtDNA mutations commonly present as 

complex syndromes with diverse clinical presentations 

including variability in the age of onset, symptoms and 

severity (Krzywanski et  al., 2011). Patients with more 
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severe presentations of mitochondrial disease commonly 

display symptoms associated with defects in their muscle 

and central nervous tissues, such as weakness, loss of 

vision, cognitive delay, dementia and seizures (Bray and 

Ballinger, 2017). The contributing factors to this vari-

ability are: (i) the type of mtDNA mutation, (ii) age of the 

individual, (iii) gender, (iv) pre-existent risk factors, and 

(v) ‘heteroplasmy’ and different energetic requirements 

of the affected tissues. Pathogenic missense mutations in 

the mtDNA tend to be associated with less severe disease 

phenotypes relative to those involving tRNAs, rRNAs or 

deletions (Wallace, 2015). This is because a single muta-

tion within a coding gene impacts a single polypeptide, 

whereas mutations involving the translational machinery 

(tRNAs and rRNAs) or mtDNA deletions can impact multi-

ple genes. Mitochondrial function naturally declines with 

age, and hence disease development and severity usually 

advance with age (Trounce et  al., 1989; Wallace et  al., 

1995). In general, it has also been noted that males have 

greater sensitivity to the clinical effects of pathogenic 

mtDNA mutations, possibly due to the hormonal differ-

ences between males and females that have been noted 

to preserve aspects of mitochondrial function (reviewed 

in Demarest and McCarthy, 2015). However, additional 

mechanisms are likely as sex differences can be modeled 

in the absence of circulating hormones (Li et al., 2005). 

Due to its electrochemical polarity, high concentration of 

metalloproteins and high membrane content, many envi-

ronmental toxicants also accumulate in the mitochon-

drion, and/or directly inhibit mitochondrial metabolism 

(e.g. arsenic, cadmium, cyanide, azide, rotenone, etc.); 

therefore, by inhibiting organelle function, the impact of 

pathogenic mutations is increased (Prezant et  al., 1993; 

Fetterman et  al., 2017). Similarly, increased mitochon-

drial dysfunction and damage have been linked to many 

disease risk factors (e.g. hypercholesterolemia, diabe-

tes and smoking). Finally, when more than one type of 

mtDNA sequence occurs within a cell or a tissue, this het-

eroplasmy adds an additional complexity to the response 

to xenobiotics (Sharpley et al., 2012). For example, if one 

of these mtDNAs contains a pathogenic mutation, the 

ratio of pathogenic to ‘normal’ influences the capacity of 

the mitochondrion to meet cellular demands which are 

dictated by the minimal requirements of that tissue (Krzy-

wanski et al., 2011). Collectively, these factors influence 

mitochondrial function, disease susceptibility and the 

penetrance of a clinical phenotype.

The majority of studies examining the role of the 

mtDNA in disease have focused upon pathogenic mtDNA 

mutations. As summarized earlier, these findings have 

provided insights into how pathogenic mtDNA mutations 

play an important role in cellular homeostasis and their 

relevance to disease. However, the role of ‘normal’ or 

non-pathogenic mtDNA sequence variation and its role in 

metabolic plasticity have been more difficult concepts to 

embrace from a molecular medicine perspective. This was 

a concept originally proposed by Wallace and colleagues 

based upon evolutionary genetic considerations and the 

biological fact that the eukaryotic cell is the consequence 

of an estimated 1.5 billion years of co-evolution between 

the mitochondrion and the nucleus (Wallace, 2005; Ball-

inger, 2013). These ‘mito-Mendelian’ genetic interactions 

enabled genetic adaptation to change in the environment 

by modulating the utilization of electron flow molecular 

and thermal energy (ATP and heat), and signaling (oxi-

dants and metabolites) important for survival (Figure 1). 

This paradigm for explaining the genetic-physiologic 

basis in medicine remains controversial despite a growing 

number of studies showing the impact of different mtDNA 

backgrounds on disease, using both in vitro and in vivo 

approaches (Ishikawa et al., 2008; Fetterman et al., 2013; 

Dunham-Snary et  al., 2018). Early studies in the cancer 

literature were among the earliest reports showing the 

influence of the mtDNA on tumor growth and metastasis 

using in vitro approaches (Petros et  al., 2005; Ishikawa 

et  al., 2008). Additional studies have shown mitochon-

drial-nuclear incompatibility (Roubertoux et  al., 2003), 

and adaptation (Scott et  al., 2011). These findings are 

consistent with the hypothesis that genes associated with 

metabolism (both mitochondrial and nuclear encoded) 

are important for adaptation.

These interactions can be demonstrated experimen-

tally in the Mitochondrial-Nuclear eXchanged (MNX) 

models. These systems directly generate reciprocal 

combinations of different mtDNA-nuclear DNA (nDNA) 

combinations and have shown that mtDNA background 

significantly influences disease development in mice 

having isogenic nuclear backgrounds in vivo (Fetter-

man et al., 2013; Dunham-Snary et al., 2018). They also 

provide evidence that mtDNA-nDNA combination can be 

important for overall mitochondrial ‘economy’ and thus 

impacts organelle bioenergetic efficiency and oxidant 

generation (Fetterman et al., 2013). It has recently been 

shown that whole-body metabolism, body composition 

and nuclear gene expression are influenced by mtDNA 

background between isogenic (nuclear) animals (Dun-

ham-Snary et al., 2018). The observation that the nuclear 

transcriptome can be influenced by mtDNA background 

provides a complementary explanation for the ‘common 

genes, common disease’ hypothesis employed to explain 

individual variation in common disease susceptibility 

(Hirschhorn and Daly, 2005). As illustrated in Figure 1, 
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changes in mitochondrial function consequent on mito-

chondrial-nuclear genetic co-evolution impact metabolic 

homeostasis, and thus can have a myriad of downstream 

consequences including redox signaling, innate immu-

nity and gene expression that collectively can modu-

late common disease susceptibility. The significance of 

observing mtDNA-linked differential gene expression 

in the nuclear genome could be altered ‘penetrance’ of 

the nuclear genotype (Dunham-Snary et al., 2018). These 

concepts are consistent with the studies showing that dif-

ferent mtDNA-nDNA combinations in MNX models can 

have altered oxidative stress levels, resistance to surgi-

cally induced heart failure, different serum lipid levels, 

adiposity, and differential tumor latency and metasta-

sis relative to nuclear isogenic controls having different 

mtDNA backgrounds (Fetterman et al., 2013; Betancourt 

et  al., 2014; Feeley et  al., 2015). One of the interesting 

features found in these studies is that certain mtDNA 

backgrounds (e.g. the C57/BL6) appear to have a ‘hyper-

responder’ effect to pro-inflammatory stimuli (Dunham-

Snary et al., 2018).

Mitochondrial genetics and innate 

immunity

Associations with mtDNA sequence have also been 

linked to sepsis susceptibility and other inflammatory 

disorders (reviewed in West and Shadel, 2017). This sug-

gests a more pivotal role for mtDNA sequences in con-

trolling metabolic plasticity (and thus, mitochondrial 

health). The mitochondrion has characteristics remi-

niscent of its bacterial ancestry. For example, similar to 

prokaryotes, initiation of translation of mtDNA-encoded 

proteins requires N-formylated methionine; under con-

ditions of stress, N-formyl peptides can be released from 

the organelle and bind specific receptors that trigger an 

inflammatory response (Spencer and Spremulli, 2004). 

Similarly, the mitochondrial inner membrane contains a 

unique phospholipid, cardiolipin, which is also found in 

prokaryotic membranes, but is limited to the mitochon-

drion in eukaryotes. While primarily considered a struc-

tural component in the inner membrane, cardiolipin can 

also drive the innate immune response upon its release 

or externalization from the organelle (Ren et  al., 2014; 

Shen et al., 2015; Dudek, 2017). It is also clear that outside 

the mitochondrion, whether intra- or inter-cellular, the 

mtDNA serves as an endogenous ligand that activates 

innate immune response pathways (Zhang et al., 2010). A 

number of studies have now shown that mtDNA outside 

the mitochondrion in the cytoplasm, extracellular space 

or circulation interacts with multiple receptors to acti-

vate pro-inflammatory and type I interferon responses 

(Rongvaux et  al., 2014; White et  al., 2014; West et  al., 

2015; Lood et al., 2016). While beyond the scope of this 

review, many reviews are available that address the role 

of these mitochondria-derived agonists, collectively con-

sidered damage-associated molecular patterns (DAMPs), 

in innate immunity (West and Shadel, 2017; Banoth and 

Cassel, 2018). While it has become evident that the mito-

chondrion plays an important role in the regulation of 

host immune response (reviewed in Picca et  al., 2017; 

West and Shadel, 2017; Banoth et al., 2018), the basis for 

these differences is not yet clear; one possibility is that 

because different mtDNA-nDNA combinations can modu-

late the metabolic characteristics of the organelle, they 

indirectly influence the immune response.

Figure 1: Mitochondrial-nuclear genetic interactions.

(A) Endosymbiotic origins of the eukaryote. Aerobic α -proteobacteria entered into an endosymbiotic relationship with a ‘primitive’ host 

cell ∼1.5 billion years ago, creating a ‘proto-eukaryote’. As the endosymbiont and host genomes co-evolved, the former lost or transferred 

the majority of its genetic material to the ‘nucleus’, while retaining key catalytic subunits required to electron transport, forming the 

contemporary eukaryote, whereby mitochondrial and nuclear genomes co-evolve in response to environmental challenges. (B) Example 

of how this co-evolution manifests in metabolic changes – under low (blue) versus high (orange) conditions of environmental stress (e.g. 

nutrient availability), co-evolution of both genomes associate with differences in mitochondrial metabolism (low or high economy). Economy 

is linked to dedicated electron (e−) flow for ATP production, in that low economies require greater dedicated e− flow for ATP production to 

generate equivalent amounts of molecular energy (ATP), compared to those with high economy. Similarly, under conditions of positive 

energy balance, high and low economy is associated with increased and decreased oxidant production, respectively. Economy is also 

linked with energy loss (heat). Collectively, these differences may impact inflammatory response in that a pro-oxidative mitochondrion is 

more prone to generate oxidants and incur damage, releasing components (e.g. damage-associated molecular patterns – DAMPs) known to 

trigger host immune response. (C) Mitochondrial-nuclear genetic interaction and disease susceptibility. The figure illustrates three different 

mitochondrial genetic combinations with the same nuclear genetic background (Nuclear Genotype A). Each different mtDNA mutation 

(indicated by red, white and green stars) associated with the same nuclear background exhibits different degrees of biologic fitness and 

metabolism (e.g. dedicated e− flow). These differences will influence cellular response to a stress factor and the penetrance of the mito-

nuclear genetic-based response, and thus disease risk (indicated by black arrows).
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Mito-nuclear epigenetics

As outlined earlier, mitochondrial function is dependent 

upon the coordinated expression of gene products from 

both the mtDNA and nDNA, which occurs in a bidirectional 

manner, and is influenced by changes in environmental 

stimuli and cellular metabolism. Collectively, this ‘mito-

nuclear’ communication can regulate gene expression 

via changes in the epigenome. While reviewed in greater 

detail elsewhere (Matilainen et  al., 2017), mitochondrial 

metabolism can both regulate, and be regulated by, the 

epigenome. For example, the degree of histone acetyla-

tion influences nuclear gene expression through the regu-

lation of chromatin structure (Zentner and Henikoff, 2013; 

Allis and Jenuwein, 2016). Because histone acetylation 

utilizes acetyl-CoA, mitochondrial metabolism (which 

regulates intracellular ATP, and thus acetyl-CoA and the 

levels of metabolites required for histone acetyltrans-

ferases and deacetylases) has the capacity to regulate 

acetyl-CoA levels. Similarly, mitochondrial function can 

also regulate histone/DNA methylation by controlling the 

levels of S-adenosyl methionine (SAM; generation of SAM 

is dependent upon both the folate cycle and ATP levels, 

which are controlled by mitochondrial metabolism) which 

is required for both histone and DNA methylation. Finally, 

a variant of DNA demethyltransferase 1 (DNMT1) and 

enzymes important for demethylation have been found 

in the mitochondrion – consistent with reports that the 

mtDNA has distinct methylation patterns (no or very low 

levels of CpG methylation) from the nDNA (Shock et al., 

2011; Bellizzi et  al., 2013; Hong et  al., 2013). The degree 

of mtDNA methylation and the physiologic significance 

of mtDNA methylation still need to be resolved. Interest-

ingly, it has been suggested that epigenetic regulation of 

the mtDNA is a factor in aging, and its methylation status 

may be a biomarker for disease onset and/or progression 

(Iacobazzi et  al., 2013). Because mitochondrial function 

has been shown to decline with age and differences in 

metabolism and gene expression linked with mtDNA-

nDNA background combination, it is reasonable to con-

sider they are integrated in a manner that can also impact 

the epigenome (Dunham-Snary et al., 2018).

Integration of metabolism with 

redox biology

The understanding of metabolism has progressed from 

the early studies of Lavoisier, Liebig and Voit, which 

focused on the primary roles of oxygen (Lusk, 1905) to 

the expanded roles of metabolism in the current era. 

The late 1930s through the early 1960s witnessed a dra-

matic escalation in metabolic research, primarily due 

to discovery of metabolic pathways. The identification 

of the citric acid cycle (Krebs and Johnson, 1937), the 

establishment of reproducible methods for studying 

mitochondrial metabolism (Schneider, 1948; Lardy and 

Wellman, 1952; Chance and Williams, 1955, 1956), and the 

introduction of the chemiosmotic hypothesis for oxida-

tive phosphorylation (Mitchell, 1961) paved the way for 

experimental interrogation of metabolism in biological 

systems. More recently, technological advances in high 

throughput bioenergetic measurements, metabolomics 

and stable isotope tracing have expanded our aware-

ness of the mechanisms by which metabolism modulates 

tissue health and remodeling. These new methodologies 

also led to the paradigm that loss of metabolic network 

fidelity, or plasticity, is a cause of chronic disease and 

emphasizes the need to understand metabolic networks 

in healthy subjects.

These new methodologies also led to the concept 

that loss of metabolic network fidelity, or plasticity, is 

a cause of chronic disease and emphasizes the need to 

understand metabolic networks in healthy subjects. This 

paradigm is based on the idea that, in health, the fluxes 

of intermediary metabolic pathways are appropriately bal-

anced, and that prior to and during disease, these path-

ways become dysregulated, which results in progressive 

cell and tissue dysfunction. The concept has both pre-

dictive and explanatory values, and the implications of 

sustained or progressive defects in metabolic pathways 

are considerable. Similarly, Lopez-Otin et al. (2016) have 

recently proposed that aging favors ‘an imbalance in [the] 

metabolic landscape that self-amplifies and eventually 

becomes clinically manifest’. This is interesting because 

many of the chronic diseases that plague our society (e.g. 

diabetes, cardiovascular disease, neurodegeneration) 

are, at a fundamental level, diseases of accelerated aging. 

Defects in the metabolic system or exposure to a toxico-

logical challenge from the environment could dysregulate 

metabolism and the networks associated with them; it 

might even lead to the structurally different metabolites 

being made, a phenomenon that has been termed meta-

bolic error (Nadtochiy et al., 2016; Rzem et al., 2015).

Metabolic plasticity or fidelity could be changed or 

compromised in several ways. Because metabolism and 

its regulatory networks are needed to not only provide 

useable energy, i.e. ATP, but to also build or repair cells 

and tissues, both catabolic and anabolic metabolic path-

ways should be synchronized and programmed to fulfill 

specific cellular tasks. For example, for proliferation, 
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nucleotides must be synthesized to meet the demands for 

DNA synthesis and repair, and amino acids are required 

to make proteins and enzymes. Phospholipids must be 

made to renovate membranes and provide the building 

blocks for new ones. Systemically, the circulating sub-

strates for intracellular metabolism (i.e. dietary sugars, 

fats and proteins) are also regulated to optimize cell 

growth and resistance to stress (Fulghum and Hill, 2018; 

Gibb and Hill, 2018). Thus, the system is finely tuned to 

consume and produce the appropriate metabolites, in the 

optimal amounts, at defined times, and in the appropriate 

relationships with other metabolites. Environmental or 

genetic factors that dysregulate the bioenergetic-metabo-

lite interactome could decrease the capacity of the meta-

bolic network to adapt, thereby causing progressive loss 

of cell and tissue function.

Beyond energy provision and building block synthe-

sis, metabolism is also critical for regulating the redox 

state of the cell. Several metabolic pathways regulate the 

nicotinamide adenine dinucleotide (NAD)+/NADH and 

nicotinamide adenine dinucleotide phosphate (NADP)+/

NADPH redox couples in the cell. While catabolism 

couples substrate oxidation (e.g. via glycolysis and the 

Krebs cycle) to NADH generation, which is used to support 

complex I-driven oxidative phosphorylation, anabolism 

requires NADP(H) for the de novo biosynthesis of nucleic 

acids, fatty acid acyl chains, cholesterol and steroid hor-

mones (Nakamura et al., 2012; Fessel and Oldham, 2018). 

NADPH is also used to power redox defenses and main-

tain protein thiol redox status (Jones and Sies, 2015). 

In mammals, NAD+ is synthesized through three path-

ways: the de novo synthesis pathway, the Preiss-Handler 

pathway and the salvage pathway, utilizing four precur-

sor molecules: tryptophan, nicotinic acid, nicotinamide 

and nicotinamide riboside. NADP+ is biosynthesized via 

NAD kinase, and is also generated via metabolic sources 

(Xiao et al., 2018). The largest source of cytosolic NADPH 

in proliferating cells appears to be the oxidative pentose 

phosphate pathway, where glucose 6-phosphate dehydro-

genase catalyzes the conversion of glucose 6-phosphate to 

6-phosphogluconate, which is then further metabolized 

to ribose 5-phosphate by 6-phosphogluconate dehydro-

genase (Lunt and Vander Heiden, 2011). These reactions 

couple the oxidation of glucose 6-phosphate and 6-phos-

phogluconate to the reduction of NADP +  (to NADPH). 

Interestingly, serine-driven one-carbon metabolism also 

contributes significantly to NADPH levels: methylene tet-

rahydrofolate oxidation to 10-formyl tetrahydrofolate is 

coupled to the reduction of NADP+ to NADPH (Fan et al., 

2014). Other enzymes that contribute to NAD(P)/NAD(P)

H balance in cells include anaplerotic enzymes (e.g. 

malic enzyme, glutamate dehydrogenase), nicotinamide 

nucleotide transhydrogenase and several shuttle systems 

(e.g. malate-aspartate, glycerol 3-phosphate, isocitrate-α-

ketoglurarate shuttles) (Xiao et al., 2018).

Changes in metabolic flux configurations must occur 

for a cell to respond to stress, to grow or to proliferate. 

Although the catabolic processes that support energy pro-

duction are important for maintaining cell viability under 

conditions of stress (Hill et al., 2009; Dranka et al., 2010; 

Sansbury et al., 2011), the changes in anabolic pathways 

that must occur for a cell to grow, proliferate or secrete 

extracellular matrices are less well understood. Studies 

in cancer cells show that although ATP is required for 

normal homeostasis, there is little need for additional ATP 

to fuel for proliferation. Rather, proliferating cells exhibit 

increases in anabolic metabolism (Vander Heiden et  al., 

2009). The synthesis of nucleotides, sugar donors [uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc)], amino 

acids and phospholipids integrate tightly with the cata-

bolic pathways that provide ATP to fuel cellular work. 

Moreover, phosphoenolpyruvate carboxykinase isoforms 

can drive carbon from the Krebs cycle back into the gly-

colytic pathway, where the carbon can be allocated for 

biosynthetic reactions (Montal et al., 2015; Vincent et al., 

2015). Such metabolic reprogramming is consistent with 

the need for building blocks for cell membranes, proteins 

and nucleic acids in daughter cells (Figure 2). In most pro-

liferating cells, glucose and glutamine contribute most to 

the core metabolic functions that support proliferation; 

however, recent studies indicate that other substrates, 

including branched chain amino acids (BCAAs), lactate, 

serine and glycine, also provide material resources 

required for replication (White, 2013; DeBerardinis and 

Chandel, 2016). Further studies are required to elucidate 

how changes in metabolism regulate not only cell prolif-

eration, but also tissue growth and adaptation.

Metabolite signaling is an additional way that meta-

bolism contributes to cell proliferation and tissue growth 

and adaptation. Metabolites contribute to both extracel-

lular and intracellular signaling processes. For example, 

intracellular metabolites such as glucose 6-phosphate, 

5-amino-4-imidazolecarboxamide ribonucleotide (AICAR) 

and adenosine monophosphate (AMP) regulate the activi-

ties of mammalian target of rapamycin (mTOR) and AMP-

activated kinase (AMPK) (Sullivan et al., 1994; Hurlimann 

et  al., 2011; Sen et  al., 2013; Roberts et  al., 2014; Kundu 

et  al., 2015). Similarly, circulating metabolites can func-

tion as robust signaling molecules. Fatty acids, such 

as palmitoleate (C16:1n7) liberated during exercise, 

promote cardiac growth potentially by activating G-pro-

tein-coupled receptors (GPCRs), Akt or nuclear receptors 
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(Foryst-Ludwig et  al., 2015). As has recently been recog-

nized, gut microbiota-derived metabolites, bile acids and 

numerous metabolites of intermediary metabolism (e.g. 

succinate, lactate, kynurenic acid) act as extracellular 

signaling molecules through binding to cognate GPCRs 

(Husted et  al., 2017). This realization has led to a new, 

burgeoning field that is likely to provide many exciting 

insights into the regulation of metabolism.

Platelets and peripheral blood cells 

as metabolic biomarkers

The concept of measuring ‘bioenergetic health’ as a diag-

nostic and/or prognostic clinical tool has gained signifi-

cant traction over the recent years (Zharikov and Shiva, 

2013; Cardenes et  al., 2014; Chacko et  al., 2014; Kramer 

et al., 2014; Tyrrell et al., 2016). However, a major barrier to 

understanding the role of mitochondria in disease patho-

genesis is the complexity of assessing mitochondrial func-

tion in humans. Traditionally, muscle biopsies, skin grafts 

to culture fibroblasts and 31P-nuclear magnetic resonance 

(NMR) have been utilized to measure mitochondrial func-

tion. However, these methods are either highly invasive or 

cost and expertise prohibitive, making them impractical 

for clinical throughput and precision medicine. Thus, it 

has become necessary to explore and develop alterna-

tive tools to assess bioenergetics in human cohorts. The 

measurement of bioenergetics/mitochondrial function in 

circulating blood cells has emerged as a viable option in 

this regard and represents a minimally invasive method 

that could be utilized for translational research, particu-

larly in large clinical trials with multiple time points, as 

well as ultimately developed for clinical use in personal-

ized medicine.

Circulating blood cells and platelets are an attractive 

source of human mitochondria due to the relative ease of 

acquiring them via a simple blood draw. While red blood 

cells lose their mitochondria during maturation (Moras 

et al., 2017), platelets and leukocytes are abundant within 

the blood and contain fully functional mitochondria and 

glycolytic machinery (Chacko et  al., 2013; Kramer et  al., 

2014). Studies as early as the 1960s optimized mitochon-

drial isolation from circulating cells primarily as a tech-

nique to study oxidative phosphorylation in a human tissue 

(Holmsen et al., 1969; Fukami and Salganicoff, 1973). Sub-

sequent studies focused on determining whether mitochon-

drial functional changes could be measured in leukocytes 

and platelets isolated from patients with diagnosed dis-

eases (Montagna et al., 1988; Parker et al., 1989; Shi et al., 

2008). These studies demonstrated the ability to measure 
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Figure 2: Simplified model of the metabolic changes occurring in non-proliferative and proliferative cells.

To support proliferation, cells take up more glucose and amino acids such as glutamine, which provide the carbon and nitrogen sources for 

catabolic processes and biosynthetic reactions. The pentose phosphate pathway (blue) supports nucleotide biosynthesis and regenerates 
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the specific parameters of mitochondrial dysfunction in 

blood cells from patients with various diagnosed patholo-

gies. For example, in peripheral blood mononuclear cells 

(PBMC), ATP synthase expression and activity was found to 

be decreased in individuals hospitalized for sepsis (Japiassu 

et al., 2011), while a separate study demonstrated increased 

mitochondrial mass and hyperpolarization in PBMC from 

subjects with type 2 diabetes (Kizhakekuttu and Widlansky, 

2010). Studies of platelets from patients with neurological 

diseases have shown changes in specific mitochondrial 

ETC complex activities in syndromes ranging from acute 

migraine headaches (Montagna et al., 1988) to chronic neu-

rodegenerative conditions including Parkinson’s disease 

(Parker et  al., 1989), Alzheimer’s disease (AD; Shi et  al., 

2008; Wilkins et al., 2017a,b) and Huntington’s disease (HD; 

Silva et al., 2013; Ehinger et al., 2016). Cumulatively, these 

early studies set the stage for the utilization of blood cells 

as a biomarker of mitochondrial function. However, broader 

clinical and translational application of this concept was 

stymied by the lack of high throughput, unified and repro-

ducible methodologies for the measurement of multiple bio-

energetic parameters in small volumes of blood.

With the advent of platforms such as the XF96 extra-

cellular flux analyzer, dynamic measures of cellular bio-

energetics and mitochondrial function can be determined 

by the sequential addition of defined metabolic inhibitors 

(Dranka et  al., 2011). Using well-validated and defined 

methods, it is possible to measure integrated bioenergetic 

metabolism in intact cells/platelets in a sensitive and 

reproducible manner (Chacko et al., 2013; Ravi et al., 2015). 

In this methodology, a ‘bioenergetic profile’ can be gener-

ated through the application of the mitochondrial stress 

test (MST). In this assay, the response of cellular oxygen 

consumption to the sequential addition of mitochondrial 

inhibitors is used as shown in Figure 3A (Hill et al., 2012; 

Chacko et  al., 2013, 2014; Cardenes et  al., 2014). These 

methods have now been extended to allow the measure-

ment of both cellular bioenergetics, the corresponding 

mitochondrial complex activities and metabolites in the 

same cell or platelet preparations (Chacko et  al., 2019). 

The schematic for the MST is shown in Figure 3A.

From the MST assay, several parameters can be 

obtained which give insight into the mitochondrial func-

tion. These are listed in the following with some of the 

possible interpretations:

 – Basal OCR (oxygen consumption rate): This serves 

as an individual baseline for each subject and var-

ies considerably between individuals as is shown in 

 Figure 3B and as discussed in the following.

 – ATP-linked OCR: This value is proportional to the 

basal activity that is linked to ATP production and 

the level of proton leak (after injecting oligomycin in 

the medium). This value can decrease if complex V 

is inhibited, but a lower level can also be related to a 

lower cellular ATP demand.

 – Proton-leak OCR: This parameter reflects any mito-

chondrial OCR that is not oligomycin-sensitive and 

may reflect the movement of any cations or substrates 

across the mitochondrial inner membrane including 

protons. An increase in proton leak is consistent with 

the mitochondria becoming less efficient. This may be 

associated with pathological conditions but, as will be 

discussed later, may also be a control mechanism to 

allow the tricarboxylic acid (TCA) cycle flux to be dif-

ferentially regulated from oxidative phosphorylation.

 – Maximal OCR: The maximal oxygen respiration [after 

injecting trifluoromethoxyphenylhydrazone (FCCP) in 

the medium]. A decrease in this parameter is consist-

ent with a deficit in mitochondrial biogenesis, damage 

to mtDNA or the respiration machinery, or limitations 

in substrate availability or transport.

 – Reserve capacity: (maximal minus basal respiration). 

This determines the threshold at which bioenergetic 

dysfunction occurs. When reserve capacity is zero 

or negative, the cell cannot satisfy the bioenergetic 

demand through mitochondrial respiration and the 

bioenergetic threshold is exceeded (Hill et al., 2012). 

Reserve capacity (sometimes-called spare capacity) is 

also used to counteract oxidative stress (Dranka et al., 

2011; Chacko et al., 2016; Ravi et al., 2016).

 – Non-mitochondrial OCR: This represents reactive 

oxygen species (ROS) generation or other oxygen-

consuming processes, including pro-inflammatory 

enzymes such as cyclooxygenases and lipoxygenases. 

For example, in the platelets isolated from sickle cell 

patients, this was ascribed to xanthine oxidase.

 – Respiratory chain complex activities: These values 

are obtained from permeabilized platelets/cells and 

allow discrete measurement of complexes I-V and 

coupling efficiency.

As shown in Figure 3, the parameters from the MST can be 

integrated as a bioenergetic health index (BHI) and can be 

related to the ability to combat stress and fatigue (Chacko 

et al., 2014, 2016; Tyrrell et al., 2015).

These relationships between the bioenergetic para-

meters from the MST suggest that the basal metabolome 

should vary in a systematic manner between individuals 

as their bioenergetic program, determined by epigenetics, 

environment and lifestyle factors, changes. For example, 

the data in Figure 3B suggest that as the amount of oxygen 

needed to generate the same amount of ATP varies 
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between individuals, this should be reflected in changes in 

the steady-state levels of metabolites in glycolysis and the 

TCA cycle. Using this untargeted metabolomics approach, 

over 2700  molecular features were identified. To deter-

mine the associations between the basal metabolome and 

six bioenergetic parameters, we used xMWAS analysis 

(Chacko et al., 2019; Hu et al., 2019). This statistical tech-

nique has been successfully used to identify relationships 

between parameters, including mitochondrial function, 

in complex data sets (Hu et al., 2019). The results of this 

analysis are shown in Figure 3C and revealed four distinct 

communities defining the bioenergetic-metabolite inter-

actome. Remarkably, these communities segregated the 

bioenergetic parameters on the basis of the metabolome 

with the same relationships established from multivariate 

analysis of the MST parameters alone (Chacko et al., 2019) 

(e.g. Figure 3D). The implications of these findings are 

that the basal metabolome is predictive of the response 

to mitochondrial stressors. Another interesting feature 

of this data was that environmental toxins and natural 

products in isolated platelets were among the metabo-

lites most associated with changes in bioenergetics. These 

findings indicate that environment has a large effect on 

bioenergetics and likely platelet function. In support of 

this concept, a recent study has shown that pesticides in 

the platelets isolated from human subjects are associated 

with decreased mitochondrial function (Bronstein et al., 

2015). It is now becoming evident that the modulation 

of bioenergetics in human populations is dependent on 

factors from the diet, environment and the microbiome.

Measures of bioenergetic health 

and precision medicine

From a translational perspective, it is important to define 

‘normal bioenergetic health’ and how this changes in 

disease in human subjects. This requires a detailed 

understanding of how bioenergetic programs vary 

between healthy individuals on a shifting background 

of genetic programs, environment and lifestyle. Can 

these variations be understood and exploited in clinical 

research? In addition, the question of whether circulat-

ing cells provide relevant information about other organs 

needs to be addressed and is being investigated in a 

number of independent laboratories. To test this, samples 

need to be taken from tissues such as the skeletal muscle 

and compared with bioenergetics in platelets or PBMC. 

This is now being undertaken in well-controlled studies 

with non-human primate populations which have shown 

that the maximal respiratory capacity of monocytes and 

platelets is well correlated with parameters of mito-

chondrial function in permeabilized skeletal or cardiac 

muscle from the same subject (Tyrrell et al., 2016). Similar 

primate studies measuring brain frontal cortex mitochon-

drial function showed a significant correlation between 

brain mitochondrial respiratory capacity and monocyte 

maximal respiratory capacity (Tyrrell et  al., 2017). It is 

important to note that this correlation between circulating 

cells and other tissues is not limited to highly metabolic 

organs such as the muscle and brain. In a study compar-

ing respiration of platelets versus lung airway epithe-

lium in healthy humans and those with asthma, platelet 

maximal respiratory capacity correlated significantly with 

airway epithelial maximal capacity in the same individ-

ual (Winnica et al., 2019). Further, airway epithelial cells 

from asthmatic individuals showed increased basal and 

maximal respiration compared with healthy subjects, an 

effect that was recapitulated in platelets from the same 

cohort (Winnica et al., 2019).

Utilization of bioenergetic profiling methods by 

several independent groups has shown significant altera-

tions in the bioenergetic profile of platelet, monocyte or 

mixed population PBMC in a number of human disease 

cohorts including sickle cell disease (Cardenes et  al., 

2014), pulmonary arterial hypertension (PAH) (Nguyen 

et al., 2017), type 2 diabetes (Avila et al., 2012; Czajka et al., 

Figure 3: Translational bioenergetics and metabolomics in human platelets.

(A) The key features of the MST are shown derived from the sequential addition of oligomycin [O-a complex V inhibitor, FCCP (F-an uncoupler) 

and antimycin (A-an inhibitor of complex III)]. The integration of these parameters into the bioenergetic health index (BHI) is also shown 

(Chacko et al., 2014). (B) The relationship between ATP-linked and basal OCR in platelets isolated from a cohort of healthy volunteers where 

each (ο) represents the values for a single individual. The regression line is shown with the corresponding R2 value and representative 

individuals indicated by the arrows. (C) Metabolomics analysis of platelet samples integrated with energetic parameters using the 

xMWAS analysis to define the bioenergetic-metabolite interactome (Chacko et al., 2019). The bioenergetic parameters are represented 

by the labeled rectangles and the metabolic features by the circles. Each edge (colored line) represents a positive (blue) or negative 

(red) association and the communities C1–C4 are represented by different colors. (D) The regression analysis for platelets isolated from 

85 healthy individuals of the indicated parameters from the MST. ATP-linked respiration is highly correlated with basal respiration whereas 

the correlation with proton leaks is much weaker (adapted from Chacko et al., 2019).
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2015), asthma (Xu et al., 2015; Winnica et al., 2019), por-

phyria (Chacko et al., 2019), post-cardiac surgery patients 

(Datta et al., 2015), as well as in aging populations (Tyrrell 

et  al., 2015) (see Figure 4 for a summary of the bioener-

getic changes in these human populations). Further, 

in many of these diseases and in natural populations, 

parameters of blood cell bioenergetics correlate well with 

clinical or physical parameters. For example, in a popula-

tion of older adults, PBMC maximal respiratory capacity 

correlated with gait speed, a physical parameter that pre-

dicts morbidity and mortality in this population (Tyrrell 

et  al., 2015). Similarly, in a population of patients with 

PAH, platelet maximal respiratory capacity was signifi-

cantly increased in PAH patients compared with healthy 

controls, and this bioenergetic parameter was positively 

associated with mean pulmonary artery pressure and the 

right ventricular stroke work index (Nguyen et al., 2017), 

the hemodynamic parameters used for PAH diagnosis and 

prognosis, respectively (Figure 4).

The studies highlighted earlier clearly demonstrate 

that circulating cell respirometry can report bioenergetic 

function in other tissues. This seemingly contradicts the 

existing paradigm in the field, which suggests that mito-

chondria are specialized and variable in function depend-

ing on their cellular localization (Fernandez-Vizarra et al., 

2011). However, although strong correlations exist between 

circulating cells and cells from solid tissues, the absolute 

rate of respiration differs between cell types. For example, 

in the study of primates, brain mitochondrial maximal 

capacity ranged from 50–400 pmol O
2
/min/250 000 

cells, while the monocyte respiratory capacity was lower, 

ranging from ∼25 to 150 pmol O
2
/min/250 000 cells (Tyrrell 

et  al., 2017). Additionally, while specific bioenergetic 

parameters (such as maximal respiratory capacity) cor-

relate well between cell types, other parameters (such as 

the basal respiration rate) may have a weaker correlation 

(Tyrrell et al., 2016, 2017). These differences could recon-

cile the divergent ideas of mitochondria being highly spe-

cialized to the tissues in which they are contained, versus 

a commonality in function between mitochondria in cir-

culating cells and solid tissues.

The factors that account for similarity between 

bioenergetics in blood cells and other tissues remain 

unclear, but likely include influence from genetic as well 

as biochemical, paracrine and environmental factors. 

Pathogenic processes specific to different diseases may 

also regulate both tissue and circulating cell bioener-

getic function. For example, in patients with sickle cell 

disease, circulating free hemoglobin due to erythrocyte 

hemolysis causes a significant alteration in the plate-

let bioenergetic profile (Cardenes et  al., 2014; Chacko 

et al., 2019). Similarly, in asthmatic individuals, a global 

increase in arginine bioavailability drives increased 

basal and maximal respiration in both airway epithelial 

cells and platelets (Winnica et al., 2019). Effective utili-

zation of blood-based bioenergetics as a translational or 

precision medicine tool requires the ability to determine 

variability in bioenergetics among individuals, and more 

importantly to assess the sensitivity of bioenergetics 

to physiologic factors and pathologic stressors, as well 

as to determine the downstream metabolic response. 

In this regard, we have recently taken an approach to 

integrate bioenergetics with measurements of oxidative 

phosphorylation and untargeted metabolomics in plate-

lets from healthy individuals (Chacko et al., 2019). This 

study confirms that a large degree of variability exists 

in bioenergetics between different healthy individuals. 

However, key correlations were identified between ener-

getic parameters in platelets from the same individuals. 

For example, strong correlations were reported between 

basal respiration and ATP-linked and maximal respira-

tory capacity (Figure 3B). Notably, many of these rela-

tionships (i.e. the correlation between basal respiration 
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Figure 4: Blood-based bioenergetics in human populations.

Summary of studies in which bioenergetic changes were measured 

in monocytes, PBMCs or platelets isolated from human subjects 

with diagnosed pulmonary hypertension (Nguyen et al., 2017), 

asthma (Xu et al., 2015; Winnica et al., 2019), type 2 diabetes (Avila 

et al., 2012; Czajka et al., 2015), porphyria (Chacko et al., 2019), 

sickle cell disease (Cardenes et al., 2014) or after cardiac surgery 

(Kramer et al., 2015). Bioenergetics were also studied in an HIV-

positive population with differing body mass (Willig et al., 2017) and 

in older obese adults (Tyrrell et al., 2015).
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and maximal capacity) were disrupted in platelets from a 

cohort of sickle cell disease patients, indicative of patho-

genic alterations in platelet metabolism. Further study in 

healthy controls showed that the activities of mitochon-

drial complexes I–IV did not correlate with measures of 

bioenergetics. This was shown to likely be due to the fact 

that mitochondrial capacity is well in excess of what is 

required to sustain metabolism in the platelet and is con-

sistent with the concept that factors beyond mitochon-

drial enzyme activity regulate the cellular bioenergetic 

response (Chacko et al., 2019).

Systems-level metabolic 

measurements for precision 

medicine

The strategies mentioned earlier use parameters such as 

oxygen consumption to assess bioenergetic phenotypes 

and stress responses. Although integrated readouts such 

as OCR enable the widespread use of technologies for 

categorizing individual ‘metabotypes’, they have limited 

resolution for understanding metabolic dysfunction 

outside the mitochondrion. This is important as the field 

of metabolomics focuses on understanding metabolic 

changes at a systems level. Unlike respirometry or linear 

pathway flux measurements, metabolomics is capable 

of identifying diverse metabolic biomarkers of disease, 

revealing differences in anabolic pathway activity, and 

distinguishing sites of metabolic dysfunction. However, 

the translational applications of metabolomics to iden-

tify and understand the roles of metabolic differences 

have challenges at both the technical and informatics 

level.

The conceptual advances provided by metabolomics 

have stimulated new interest in metabolism, which was 

considered by many as a mature field. For example, the 

‘comprehensive’ metabolic charts of the 1960s, which 

began as renderings of approximately 20  metabolic 

pathways (Zamboni et  al., 2015), have been revised and 

expanded: maps consisting of a few hundred metabolites 

now contain thousands (Ogata et al., 1999; Thiele et al., 

2013), and it is now estimated that the human metabo-

lome comprises nearly 20 000 metabolites (Wishart et al., 

2013). Progress in metabolite detection, pathway tracing 

and bioinformatics analysis has stimulated enthusiasm 

for discovering new metabolites, identifying novel bio-

chemical pathways and understanding how metabolic 

changes can be used in precision medicine.

The precedent for using metabolites as a means of 

 diagnosing or treating disease grew from glucose test strips 

for diabetes in the 1950s (Clarke and Foster, 2012), to phe-

nylalanine measurements to screen for phenylketonuria in 

the 1960s (Guthrie and Susi, 1963), to using metabolomics 

to identify biomarkers and mechanisms of cardiovascu-

lar disease, cancer and diabetes. This approach has con-

tinued with the recent identification of trimethylamine 

N-oxide (TMAO) as a diet and microbiome-engendered 

‘atherotoxin’ that contributes to atherosclerosis (Wang 

et al., 2011a,b); the identification of ‘oncometabolites’ that 

initiate, sustain or propagate tumor growth and metasta-

sis (Ward et al., 2010); and the recognition of metabolite 

profiles that predict and may contribute to diabetes (Abu 

Bakar et  al., 2015). Each of these findings was possible 

in part through metabolomics. For example, untargeted 

and targeted metabolomics strategies were used to iden-

tify higher plasma levels of TMAO in atherosclerotic rats 

(Wang et  al., 2011a,b). Subsequent studies showed that 

microbial breakdown of products found in dietary meat 

leads to the formation of trimethylamine (TMA), which 

is then converted to TMAO in the liver (Koeth et al., 2013; 

Wang et  al., 2014; Gregory et  al., 2015). High circulating 

levels of TMAO were found to be associated with adverse 

myocardial events in humans (Wang et al., 2014) and to be 

produced by particular strains of gut organisms (Gregory 

et al., 2015). Similarly, oncometabolites such as sarcosine 

(Sreekumar et  al., 2009) and 2-hydroxyglutarate (2-HG) 

(Ward et  al., 2010) have been found via metabolomics 

strategies to be increased in the context of cancer. The 

causal links of these and other oncometabolites in cancer 

initiation and progression, or their use as cancer biomark-

ers, is an area of intense inquiry (Sciacovelli and Frezza, 

2016; Wishart, 2016; Collins et al., 2017).

Metabolomics has also revealed new elements of 

biology relevant to cardiac disease and diabetes. For 

example, targeted and untargeted metabolomics analy-

ses revealed that 2-HG is not only a cancer-associated 

metabolite but is also elevated in the hearts of mice sub-

jected to transverse aortic constriction (Sansbury et  al., 

2014) and to ischemic preconditioning (Nadtochiy et al., 

2015). This may be important to cardiac biology because 

2-HG inhibits several metabolic enzymes (Wishart, 2016), 

including α-ketoglutarate dehydrogenase, leading to loss 

of myocardial contractile function (Karlstaedt et al., 2016). 

Metabolomics has also identified metabolic footprints of 

heart failure (Lai et  al., 2014; Sansbury et  al., 2014; Sun 

et al., 2016), which further developed into a mechanistic 

understanding of how changes in glucose metabolism 

and BCAAs regulate cardiac hypertrophic remodeling 

(Gibb et al., 2017a,b; Shao et al., 2018). In the context of 
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metabolic disease, metabolomics has unveiled unique 

metabolic signatures of obesity and diabetes. BCAAs as 

well as aromatic amino acids (phenylalanine, tyrosine) 

and atypical amino acids (aminoadipic acid) have been 

found to be predictive and to play causal roles in the 

development of diabetes (Wang et al., 2013; Wurtz et al., 

2013; Petersen and Shulman, 2018).

While metabolomic measurements provide rela-

tive abundances of numerous metabolites, static snap-

shots of the metabolome are difficult to translate into an 

understanding of pathway flux. In some cases, metabo-

lomics data can be used in concert with modeling strat-

egies to develop an understanding of pathway activity 

(e.g. Cortassa et  al., 2015); however, tracer strategies 

empower metabolomics with the capacity to resolve dif-

ferences in metabolic pathway flux and to assess the 

contribution of different nutrient sources to catabolic 

and anabolic pathways. Provision of 13C-labeled glucose 

(or other labeled nutrients) to cells, tissues or organisms 

leads to time-dependent incorporation of stable labels 

into metabolic intermediates or biosynthetic end prod-

ucts. The metabolite labeling patterns reflect shifts in the 

mass of metabolites caused by the incorporation of the 

isotope label. Assessed from such data are changes in  

the labeling pattern, temporal differences in isotope 

enrichment or differences in the contribution of  nutrients 

to a metabolite pool, which provide knowledge of the 

state of metabolism in cells or tissues (Buescher et  al., 

2015; Jang et al., 2018).

Stable isotope metabolomics can be used to iden-

tify loci of metabolic dysfunction and to develop a 

deeper understanding of metabolism. For example, in 

experiments using 13C
6
-glucose, the abundance and pat-

terns of 13C metabolite labeling helped to identify the 

phosphofructokinase (PFK) step of glycolysis as a locus 

of metabolic dysfunction in diabetic cardiac mesenchy-

mal cells (Salabei et al., 2016) and to show that PFK is a 

major regulator of ancillary biosynthetic pathway activ-

ity in cardiomyocytes (Gibb et  al., 2017a,b). Moreover, 

the use of multiple tracers in metabolomics approaches 

has the capacity to reveal new facets of metabolism 

[e.g. NADPH metabolism (Fan et al., 2014), and anaple-

rotic metabolism (Le et  al., 2012; Sellers et  al., 2015)]. 

Deep network tracing, which introduces stable tracers 

via a stress-free, ad libitum diet, can reveal changes in 

numerous anabolic and catabolic pathways simulta-

neously in vivo (Sun et  al., 2017). This approach may 

be especially useful for understanding how pathways 

with lower flux rates, e.g. some biosynthetic pathways 

of glucose metabolism, change with physiological and 

pathological stress.

Transfer of mitochondria between 

cells and the coming era of 

mitochondrial transplantation

While it is well accepted that mitochondria regulate cellu-

lar homeostasis at many levels within cells through retro-

grade signaling, accumulating studies suggest that these 

organelles may also be central to signaling between cells. 

This can be achieved by the cellular release of mitochon-

drial components, such as mtDNA and cardiolipin, which 

have been shown to act as DAMPs that stimulate the 

inflammatory response (Wilkins et al., 2017a,b; Dela Cruz 

and Kang, 2018; Hauser and Otterbein, 2018; Nakayama 

and Otsu, 2018), or even by the release of intact mitochon-

dria from cells, through exosomes or other mechanisms, 

to serve a similar function (Boudreau et al., 2014; Hough 

et  al., 2018). Numerous studies now demonstrate that 

mitochondria can be transferred from one cell to another 

(Torralba et al., 2016; Herst et al., 2018; Russo et al., 2018; 

Murray and Krasnodembskaya, 2019), demonstrating 

mitochondrially driven cell-to-cell signaling and raising 

the possibility for the potential replacement of dysfunc-

tional mitochondria with healthy organelles – mitochon-

drial transplantation!

Indeed, early reports of mitochondrial transfer 

involved transfer of healthy mitochondria from stem cells 

to cells with damaged or dysfunctional mitochondria (Alva-

rez-Dolado et al., 2003; Oh et al., 2003; Spees et al., 2006). 

For example, Spees et al. demonstrated that lung epithelial 

cells that were treated with ethidium bromide to deplete 

mtDNA regained bioenergetic function after being incu-

bated with human mesenchymal stem cells, and this was 

due to transfer of mitochondria (Spees et al., 2006). Since 

then, a number of studies demonstrate the transfer of mito-

chondria from one mammalian cell to another both in vitro 

and in vivo (Alvarez-Dolado et  al., 2003; Oh et  al., 2003; 

Spees et  al., 2006; McCully et  al., 2009; Lou et  al., 2012; 

Tan et al., 2015; Moschoi et al., 2016; Torralba et al., 2016). 

These studies demonstrate the potential for mitochondrial 

transfer for purposes such as the rescue of dysfunctional 

cells, mtDNA transfer and immune activation. Notably, 

mitochondrial transfer between cell types has been shown 

to serve both physiological and pathological functions. 

For example, in a murine model of stroke, transfer of mito-

chondria from astrocytes to damaged neurons was shown 

to improve neuronal survival, suggesting this transfer as 

an adaptive, protective mechanism after stress (Hayakawa 

et  al., 2016). However, multiple studies demonstrate that 

cancer cells with chemotherapy-induced mitochondrial 

damage can gain bioenergetic function through the transfer 



B.G. Hill et al.: Precision medicine and metabolism      17

of mitochondria from host cells (Tan et al., 2015; Moschoi 

et  al., 2016), demonstrating a potentially pathogenic role 

for mitochondrial transfer.

A number of mechanisms by which mitochondria 

are transferred between cells have been demonstrated 

(Figure  5). Tunneling nanotubes are ultrafine structures 

that form between two cells to facilitate the transfer of 

organelles. A number of stressors, including hydrogen per-

oxide (Wang et al., 2011a,b), serum starvation (Lou et al., 

2012) and ethidium bromide (Cho et al., 2012), have been 

shown to induce tunneling nanotube formation and mito-

chondrial transfer. Extracellular vesicles are small vesicles 

up to 100 nm in size that are secreted in a majority of cell 

types. These vesicles, which encompass exosomes and 

apoptotic bodies, can contain a variety of cargo including 

mitochondria and facilitate transport between two cell 

types (Phinney et al., 2015; Hayakawa et al., 2016; Hough 

et  al., 2018). For example, it was recently demonstrated 

that exosomes mediate the transfer of mitochondria from 

airway myeloid-derived regulatory cells to T-cells in the 

lung. Interestingly, in this study, the number of exosomes 

containing functional mitochondria was increased in the 

bronchial alveolar lavage fluid from asthmatics compared 

to healthy controls, suggesting this type of exosomal trans-

fer mediates the asthmatic inflammatory response (Hough 

et  al., 2018). Finally, while it occurs less frequently, cell 

fusion is an additional mechanism of mitochondrial trans-

fer. This mechanism involves the fusion of two cells such 

that the two nuclei remain intact but organelles and cyto-

plasmic contents are shared. A number of studies have 

reported cell fusion occurring in vitro between stem cells 

and a variety of differentiated cell types (Alvarez-Dolado 

et  al., 2003; Oh et  al., 2003). However, the evidence for 

this mechanism in vivo is limited. Mitochondrial transfer 

between cells appears to be a normal biological process 

which can mediate adaption/repair and also contribute to 

pathophysiology.

Reports of physiological transfer of mitochondria 

between cells have sparked interest in the concept of 

mitochondrial transplantation as a therapeutic strategy 

to repair damaged mitochondria. Several groups have 

 performed animal studies to test the ability and efficacy of 

transferring mitochondria in in vivo models. For example, 

Hayakawa and colleagues stimulated astrocytes to gener-

ate extracellular particles containing mitochondria and 

injected these into the infarcted area of mice subjected to 

focal cerebral ischemia. Incorporation of the fluorescently 

labeled astrocyte mitochondria into the neurons was 

observed 24 h after injection (Hayakawa et al., 2016). In a 

murine model of Parkinson’s disease, Shi and colleagues 

demonstrated that isolated mitochondria injected via 

tail vein were incorporated into neurons as well as other 

organs (Shi et al., 2017). Others have taken the approach 

of utilizing autologous isolated mitochondria in models  

of myocardial ischemia/reperfusion. In a rabbit model  of 

myocardial infarction, mitochondria isolated from the 

rabbit’s pectoralis major muscle was injected into the 

ischemic myocardium. Mitochondrial injection decreased 

infarct size and improved cardiomyocytes’ viability com-

pared to control animals in this model (McCully et  al., 

2009; Masuzawa et  al., 2013; Cowan et  al., 2016). More 

recently, mitochondrial transfer was tested in a small pilot 

human trial of pediatric patients requiring extracorporeal 

membrane oxygenation (ECMO) for ischemia-associated 

myocardial dysfunction after surgical procedures. Mito-

chondria were isolated from autologous non-ischemic 

skeletal muscles and injected into the myocardium. Of the 

five patients receiving mitochondrial transplant, all had 

improvement in myocardial systolic function and all but 

one patient was weaned off ECMO at 24 h after transplant 

(Emani et al., 2017).

Despite the apparent beneficial effects of mitochon-

drial transplant outlined in the aforementioned studies, 

Figure 5: Mechanisms of mitochondrial transfer between cells.

Mitochondria can be transferred by (A) tunneling nanotubes, (B) 

extracellular vesicles or (C) cell fusion.
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several scientific concerns have raised skepticism about 

the efficacy and utility of this approach (Bertero et  al., 

2018). Specific concerns include the fact that it is unclear 

how isolated mitochondria, which undergo permeabil-

ity transition at high concentrations of calcium, could 

survive in the high calcium concentrations present in the 

blood and extracellularly. Current studies have demon-

strated that mitochondria are functional prior to injec-

tion (Emani et al., 2017, 2018), but viability studies have 

not been performed in vivo after transplant. Moreover, if 

these mitochondria do remain functional until transport 

to the cardiomyocytes or other target cells, it is unknown 

how and whether they are incorporated into the cell. Early 

studies suggest that less than 10% of transplanted mito-

chondria enter the cardiomyocyte (Masuzawa et al., 2013; 

Cowan et  al., 2016). Skepticism remains around the fact 

that incorporation of such a low number of mitochondria 

into a cell that contains millions of mitochondria could 

significantly alter the functionality of the cell. However, 

this position does not take into account the potential of a 

signaling gain of function from the transplanted organelle 

or mitochondrial fragment (Hough et  al., 2018). Beyond 

these concerns, the study design of the clinical trial of 

only five subjects raises skepticism. In this study, one of 

the five subjects was not weaned off ECMO after mitochon-

drial transplantation. While this was reported as a 20% 

mortality rate (Emani et al., 2017), the small sample size 

raises concerns as to whether this is really a significant 

improvement over the ∼40% mortality rate in much larger 

cohorts of similar subjects undergoing ECMO. Taken 

together, these concerns suggest that while there may 

exist potential for the therapeutic utilization of mitochon-

drial transplant, far more research is required to test and 

understand the molecular mechanisms of mitochondrial 

viability, transfer, incorporation and function after trans-

plant. Further, well-designed controlled clinical trials will 

then no doubt build on more rigorous pre-clinical studies 

to thoroughly test these protocols.

Metabolotherapies and 

mitochondria as a therapeutic 

target

Mitochondrial therapeutics now encompass some inter-

esting new pharmacological agents which are enter-

ing the clinical arena and also the repurposing of drugs 

which work through a metabolic mechanism (Manczak 

et  al., 2010; Szeto and Birk, 2014; Logan and Murphy, 

2017). One interesting approach is to enhance the mito-

chondrial quality control process. This involves mito-

chondrial fission and fusion, mitochondrial proteases, 

and the process of mitochondrial autophagy (mitophagy), 

which are regulated by diverse signals such as nutrient 

availability, reactive species and mitochondrial inhibi-

tion (Lee et al., 2012; Giordano et al., 2014a,b; Redmann 

et al., 2014). Targeting the mitochondrial quality control 

machinery by genetic and pharmacological means is of 

tremendous interest, particularly in the field of neurode-

generative diseases (Mitchell et al., 2013; Lee, 2016; Brown 

et al., 2017; Palikaras et al., 2017) (Figure 6).

Proteins involved in mitochondrial dynamics are 

involved in mitochondrial quality control. A quinazolinone 

derivative identified from a chemical library screen to 

influence mitochondrial morphology, mdivi-1, has been 

shown to be protective against ischemia-reperfusion inju-

ries, traumatic brain injury and Parkinson’s disease in 

preclinical models (Ong et  al., 2010; Grohm et  al., 2012; 

Rappold et  al., 2014; Wu et  al., 2016), although follow-

up studies questioned the impacts of mdivi-1 on fission 

and instead demonstrated its inhibition on ETC complex 

I-dependent oxygen consumption in neurons and COS-7 

cells (Bordt et al., 2017). A peptide inhibitor of the fission 

protein Drp1, P110, has been shown to inhibit neurotoxin 

or pathogenic protein-induced fission and promote cell 

survival in SH-SY5Y cells, G93A SOD1  motor neuron-like 

cell line and transgenic mice, and HD patient iPS cell-

derived neurons (Guo et  al., 2013; Qi et  al., 2013; Joshi 

et al., 2018a,b, 2019). P110 enhanced State 3, State 4 and 

CCCP-mediated uncoupling state OCR in isolated cardiac 

mitochondria of post-myocardial infarction animals 

(Disatnik et al., 2013). In human iPSC-derived cardiomyo-

cytes expressing expanded glutamine repeats, p110  has 

been shown to improve basal, maximal, ATP-linked and 

reserve capacity (Joshi et al., 2019). A new peptide inhibi-

tor DA1  has also been developed to decrease Drp1 inter-

action with ATPase Family AAA Domain-Containing 3A 

(ATAD3A), and suppress mitochondrial fragmentation 

and bioenergetic deficits as assessed by the MST in HD 

mouse and patient-derived cells (Zhao et al., 2019). P110 

as well as Mdivi-1 (another Drp1 inhibitor) abolished circa-

dian-dependent oscillation of total cellular ATP in human 

skin fibroblasts and in mouse hippocampi in constant 

darkness (Schmitt et al., 2018).

Mitochondrial proteases are important for mito-

chondrial quality control (Quiros et al., 2015). LonP, ATP-

dependent Clp protease, human presequence protease 

(hPreP) and high temperature requirement A (HTRA) 

degrade misfolded, oxidized or damaged proteins. 

One example of targeting some of these mitochondrial 
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proteases is the development of hPreP agonists (Van-

gavaragu et  al., 2014). Increased neuronal PreP activity 

has been shown to decrease Aβ accumulation, attenuate 

neuroinflammation and improve cognition in AD mouse 

models and increases mitochondrial complex IV activity 

in hippocampal neurons (Fang et al., 2015). Thus, hPreP 

agonists may have the potential to be neuroprotective in 

certain neurodegenerative diseases.

Mitophagy uses both the core autophagy machinery 

and the mitochondrial-specific target and adaptor pro-

teins. Of those important in mitophagy, Parkin, PINK1 

and DJ-1 have been shown to be genetic factors for familial 

Parkinson’s disease (Obeso et al., 2017). PINK1 has been 

shown to be stabilized in the mitochondria in response 

to decreased mitochondrial membrane potential (Jin 

and Youle, 2012). The majority of PINK1  mutant pro-

teins associated with Parkinson’s disease exhibit loss of 

kinase activity (Woodroof et al., 2011). Thus, compounds 

that enhance PINK1 kinase activity have been identified 

and tested as a therapeutic strategy for diseases where 

mitochondrial quality control is deficient, including ATP 

analog kinetin triphosphate (KTP), kinetin riboside and 

its ProTides (Hertz et  al., 2013; Osgerby et  al., 2017), as 

well as mitochondrial uncoupler niclosamide and analogs 

(Barini et al., 2018). Although these compounds activate 

PINK1, the pleiotropic effects of these compounds limit 

their use in enhancing mitochondrial quality control as 

treatment strategies.

Targeting DJ-1  has also been achieved with com-

pounds which have been shown to attenuate its oxidative 

modification at C106 (Miyazaki et al., 2008). Similarly, a 

DJ-1-based peptide has been shown to attenuate dopamin-

ergic degeneration in ischemia injury, neurotoxin Parkin-

son’s disease and multiple system atrophy mouse models 

(Lev et al., 2015; Glat et al., 2016; Molcho et al., 2018). On 

the outer membrane, the mitochondrial cholesterol trans-

porter, translocator protein (18  kDa) (TSPO), has been 

used as a biomarker in brain injury and inflammation 

(Rupprecht et al., 2010). TSPO imaging ligands are being 

tested in animal models and clinical trials of several neu-

rological and psychiatric diseases including multiple scle-

rosis (Rupprecht et  al., 2010). One potential mechanism 

for the detrimental effect of high abundance of TSPO is 

that it has been shown to bind voltage-dependent anion 

channel (VDAC), and inhibits mitophagy downstream of 

PINK1-Parkin function and prevents p62  mitochondrial 

translocation (Gatliff et al., 2014).

Natural compounds with mitophagy-inducing proper-

ties include spermidine and urolithin A. Spermidine can 

be provided from aged cheese, mushrooms, soy products, 
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Figure 6: Metabolotherapies and mitochondria as a therapeutic target.

Efforts have been made to target mitochondria and mitochondrial quality control for therapeutic application to various diseases. Shown 

highlighted are those that inhibit fission, activate mitochondrial proteases, enhancing mitophagy, enhancing general autophagy, enhancing 

mitochondrial biogenesis and inhibition of the overproduction of the toxic TCA cycle metabolite succinate.
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legumes and whole grains, and has been shown to extend 

mouse lifespan, improve cardiac diastolic function and 

delay cardiac aging, and this is associated with increased 

complex I activity in mitochondria isolated from aged mice 

and enhanced autophagic and mitophagic flux in cardio-

myocytes (Eisenberg et al., 2016). Urolithin A is a metabolite 

from the gut bacteria and with precursors in plants includ-

ing pomegranates, strawberries, raspberries and walnuts. 

It, too, has been found to extend lifespan in an AMPK- and 

mitophagy-dependent manner in Caenorhabditis elegans 

(Ryu et  al., 2016). Recent studies found that C. elegans 

expressing human Aβ exhibited decreased basal and 

reserve capacity OCR, and APOE/E4 iPSC-derived neurons 

exhibited decreased maximal and reserve capacity OCR. 

Both Aβ worms and APOE/E4 cells exhibited decreased 

mitophagy. Urolithin A supplementation stimulated 

mitophagy, likely due to their ability to increase PINK1 and 

Parkin, and the decreased OCRs in Aβ worms and APOE/E4 

cells were partially restored (Fang et al., 2019).

Pharmacological agents that enhance general 

autophagy are also potentially useful for the enhance-

ment of mitophagy, thus improving mitochondrial quality 

control. One of the pharmacological agents discovered 

was rapamycin, which was originally isolated from soil 

samples from Easter Island (Li et  al., 2014). Rapamycin 

was first used as an anti-fungal drug, and then found to 

be an immunosuppressant via binding to FK506 binding 

protein (FKBP) (Li et al., 2014). In the late 1980s and early 

1990s, the target of rapamycin (TOR) was identified first in 

yeast and then in mammalian cells (Li et al., 2014). Then 

inhibition of mTOR by rapamycin was found to upregu-

late autophagy, and in animal models to promote longev-

ity (Allison et al., 2014; Kennedy and Pennypacker, 2014; 

Saxton and Sabatini, 2017). Rapamycin has been shown 

to protect against rotenone-induced cell death in SH-SY5Y 

cells and primary neurons (Pan et al., 2009; Giordano et al., 

2014a,b). Interestingly, rapamycin decreased maximum 

and reserve capacity OCR in intact primary neurons, 

and further decreased rotenone-induced decrease of the 

reserve capacity OCR (Giordano et al., 2014a,b). However, 

the maximal complex I and II substrate-linked OCR in 

permeabilized primary neurons was unchanged by rapa-

mycin (Dodson et  al., 2017), suggesting that rapamycin 

changes nutrient utilization. Rapamycin was not able to 

ameliorate mitochondrial bioenergetics or brain injuries 

in a mouse model of CoQ deficiency in a recent study, sign-

aling its likely limitations in attenuating mitochondrial 

deficit-related disease (Barriocanal-Casado et al., 2019).

Another established drug that has been shown to 

also impact mitochondrial function and mitochondrial 

quality control is metformin. Metformin was first used 

as an antidiabetic drug in in the 1950s, although the use 

of goat’s-rue or the French Lilac plant which produces 

a biguanide metformin precursor was documented in 

medieval Europe as a treatment for diabetes (Bailey and 

Turner, 1996). Metformin improves insulin sensitivity 

by increasing peripheral uptake of glucose, decreasing 

output by the liver and decreasing fatty acid oxidation 

(Bailey and Turner, 1996). Recent studies also suggested 

its potential beneficial effects in cardiovascular disease, 

AD, cancer and improving healthspan (Martin-Montalvo 

et  al., 2013; Foretz et  al., 2014). The effect of metformin 

on mitochondrial complex I activity was demonstrated 

first in 2000 in permeabilized hepatocytes and isolated 

mitochondria (El-Mir et al., 2000; Owen et al., 2000) and 

later reported in many other cell types; although high con-

centrations have been used in these studies, a lower con-

centration was found to be required to activate AMPK and 

inhibit mitochondrial glycerophosphate dehydrogenase 

(He and Wondisford, 2015). The effect of metformin in acti-

vating autophagy has also been reported, through AMPK 

activation or the SIRT1 pathway (He and Wondisford, 

2015; Ren and Zhang, 2018). In a bleomycin model, met-

formin reversed established lung fibrosis, and this effect 

is associated with the activation of AMPK and increased 

mitochondrial biogenesis (Rangarajan et  al., 2018). A 

recent study demonstrated that phenformin and inhibi-

tion of complex I inhibit autophagic and mitophagic flux 

(Thomas et al., 2018). Taken together, although metformin 

is able to inhibit complex I, its effect on mitochondrial 

quality control and mitophagy is more likely dependent 

on AMPK inhibition and is independent of inhibition of 

complex I.

Similarly, a cell permeable tricyclin pyrone CP2  has 

been identified to inhibit intracellular Aβ oligomeric accu-

mulation and cell death (Maezawa et  al., 2006). It was 

later found to inhibit complex I activity when added to iso-

lated mitochondria from mouse brains. Primary neurons 

exposed to CP2 exhibited decreased basal, ATP-linked, 

leak-linked and non-mitochondrial OCR while the reserve 

capacity, AMPA activity and survival on exposure to H
2
O

2
 

are increased. In vivo, CP2 decreases amyloid β in 5xFAD 

AD mice, and attenuates cognitive decline in APP/PS1 AD 

mice (Zhang et  al., 2015). It appears that CP2 resembles 

the complex I inhibition and AMPA activity effects of met-

formin. Whether CP2 affects autophagy/mitophagy needs 

to be determined. As mitophagy and mitochondrial biogen-

esis must work together to ensure mitochondrial quality 

control, small molecules that stimulate mitochondrial bio-

genesis have been examined. For example, AICAR activates 

AMPK and SIRT1, thereby activating peroxisome prolifera-

tor-activated receptor γ coactivator-1alpha (PGC1α) (Canto 
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et  al., 2009), as well as promoting mitochondrial fission 

thereby stimulating mitophagy (Toyama et al., 2016). In this 

category, thiazolidinedione drugs also target peroxisome 

proliferator-activated receptors, including PGC1α.

Emerging studies also strongly support the concept 

that many of the mitochondrial metabolites are important 

modulators for health and diseases. Early pioneer work 

has demonstrated a key role of mitochondrial complex 

II substrate, TCA cycle intermediate succinate, in reper-

fusion injury (Chouchani et al., 2014). Based on this and 

follow-up studies, reversible inhibition of complex II 

has been explored as a treatment strategy. For example, 

malonate has been shown to be cardioprotective in the 

isolated mouse heart (Boylston et al., 2015; Valls-Lacalle 

et  al., 2016). Succinate is not the only metabolite in the 

mitochondrial matrix that exerts roles in inflammation 

and injury. Itaconate has been shown to directly modify 

Keap1, thereby enabling Nrf2 activation (Mills et al., 2018). 

Cell permeable itaconate derivatives dimethyl itaconate 

and 4-octyl itaconate have then been tested for their anti-

inflammatory activities (Mills et  al., 2018). As Nrf2  has 

been shown to regulate p62 expression (Dodson et  al., 

2015), it is likely that itaconate can affect mitochondrial 

quality control by regulating mitophagy. Dimethyl fuma-

rate, a derivative of the TCA cycle intermediate fumarate, 

has also been shown to modulate Keap1 and thereby affect 

Nrf2 activity; however, while a structurally distinct inhibi-

tor of Nrf2-Keap1 interaction could promote mitochon-

drial respiration and superoxide-activated mitophagy in 

mouse embryonic fibroblasts, in the same setting, dime-

thyl fumarate does not affect mitophagy (Georgakopoulos 

et al., 2017). Because they have diverse cellular targets, the 

effects of mitochondrial metabolites on bioenergetics and 

mitophagy are likely to be multifaceted.

Summary

In this overview, we have outlined how circulating cells, 

and specifically platelets, can be utilized not only as a 

marker of bioenergetic health and disease, but can be 

exploited to understand the bioenergetic and metabolite 

responses to physiologic factors and pathologic stress-

ors. Interestingly, it also suggests that exposure to envi-

ronmental toxins results in modification of bioenergetic 

programs and this can be detected in platelets. These data 

can be integrated together to define a bioenergetic-metab-

olite interactome which has the capacity to quantitatively 

assign regulatory functions to not only human metabo-

lites but also compounds present in the environment and 

produced by the microbiome. Although metabolomics is 

already on the forefront of precision medicine, numer-

ous challenges remain (Clish, 2015; Zamboni et al., 2015; 

Wishart, 2016; Jang et al., 2018). The methodology itself 

presents a considerable analytical challenge because 

it involves diverse strategies for sample preparation, 

chromatography, mass spectrometry, metabolite identifi-

cation and data interpretation. There remain few stand-

ard workflows across laboratories, which makes data 

comparison difficult. Moreover, interpretation of stable 

isotope labeling patterns often requires formal analysis 

and modeling (Sauer, 2006; Antoniewicz, 2013; Crown 

and Antoniewicz, 2013). Nevertheless, as metabolomics 

expertise continues to build, we expect the field will over-

come these challenges and gain even deeper insights into 

the role of metabolism in health and disease. A better 

understanding of the bioenergetic-metabolic interaction 

will also aid the development of metabolotherapies.

Understanding the conditions and mechanisms that 

lead to mitochondrial transfer is important to elucidate the 

role of mitochondria in intracellular signaling. However, 

evidence that cells can incorporate exogenous healthy 

mitochondria into their bioenergetic network raises the 

possibility to utilize this phenomenon for therapeutics. 

Indeed, these types of therapeutic pre-clinical studies 

have been initiated and show early promise (McCully 

et al., 2009; Cowan et al., 2016; Emani and McCully, 2018). 

Thus, it is clear that mitochondrial transfer will remain 

an active area of translational research for years to come. 

Taken together, mitochondrial health is now emerging as 

a central concept in precision medicine.
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