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Abstract

Significance: Elucidation of the central importance of mitophagy in homeostasis of cells and organisms
emphasizes that mitochondrial functions extend far beyond short-term needs for energy production. In mito-
chondria systems biology, the mitochondrial genome, proteome, and metabolome operate as a functional
network in coordination of cell activities. Organization occurs through subnetworks that are interconnected by
membrane potential, transport activities, allosteric and cooperative interactions, redox signaling mechanisms,
rheostatic control by post-translational modifications, and metal ion homeostasis. These subnetworks enable use
of varied energy precursors, defense against environmental stressors, and macromolecular rewiring to titrate
energy production, biosynthesis, and detoxification according to cell-specific needs. Rewiring mechanisms,
termed mitochondrial reprogramming, enhance fitness to respond to metabolic resources and challenges from
the environment. Maladaptive responses can cause cell death. Maladaptive rewiring can cause disease. In
cancer, adaptive rewiring can interfere with effective treatment.
Recent Advances: Many recent advances have been facilitated by the development of new omics tools, which
create opportunities to use data-driven analysis of omics data to address these complex adaptive and mala-
daptive mechanisms of mitochondrial reprogramming in human disease.
Critical Issues: Application of omics integration to model systems reveals a critical role for metal ion ho-
meostasis broadly impacting mitochondrial reprogramming. Importantly, data show that trans-omics associa-
tions are more robust and biologically relevant than single omics associations.
Future Directions: Application of omics integration to mitophagy research creates new opportunities to link the
complex, interactive functions of mitochondrial form and function in mitochondria systems biology. Antioxid.
Redox Signal. 32, 853–872.
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What is cause, what is effect,
If the effect causes the cause to change?
Where effect and cause, and cause and effect,
Are entangled in a complex web,
The mind is lost
And ponders in vain
The principal cause of all.

—Eberhard Voit

Introduction

M itochondria are directly or indirectly critical for
all cellular functions in aerobic eukaryotes. As the so-

called powerhouse of the cell, mitochondrial function as the
central organizational hub of metabolism is often over-

shadowed by their primary role in oxidative phosphorylation
(OXPHOS) and ATP production (156). Their roles in me-
tabolism go far beyond, however, and include the tricar-
boxylic acid (TCA) cycle and fatty acid oxidation systems
(94) to support NAD supply for the electron transport chain
(ETC), as well as amino acid catabolism and anabolism (31,
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126), nitrogen balance and elimination (179), biosynthesis of
heme (139, 147), steroid hormones (114), pyrimidines and
purines (46), and other pathways, and control of Ca2+ (54)
and other critical metal ion homeostasis (132).

Mitochondria also contain components of enzyme system
and metabolic intermediates to support mitochondrial repli-
cation (174), transcription (45), translation (124), and post-
translational modifications (16, 27), which are essential to
adaptation to environmental resources and challenges. Knowl-
edge of mitochondria is largely built by the vast efforts and
discoveries of the many great scientists outlined in the text of
Nelson and Cox (121a). The research to isolate and study each
component to understand the whole, termed Cartesian reduc-
tionism, has provided extensive knowledge regarding mito-
chondrial bioenergetics, metabolism, and regulation, and has
effectively defined mitochondrial components and functions.

This complex and dynamic nature of mitochondria is being
increasingly recognized through studies demonstrating dy-
namic and branched structures that continuously undergo
fission and fusion (115), communicating with the nucleus
(144) and other compartments (176) to adjust their number,
form, and function to cellular needs. Omics methods have
enabled new approaches to study the functional network of
mitochondria and their adaptive (as well as maladaptive)
response to nutrient availability, physiologic needs, envi-
ronmental challenges, and aging (55, 187). Whole genome,
exome sequencing in large cohorts of patients has expedited
the discovery of mitochondrial disease genes (135).

This detailed information is complemented by high-
resolution mass spectrometry (MS) and metabolic pathway
analysis to provide global metabolic phenotyping through
high-resolution metabolomics (60, 61). Despite the challenges
of varied coverage and scalability in the available omics pro-
files, integration of high-resolution metabolomics with other
omics technologies [epigenomics (25), transcriptomics (93),
proteomics (23, 160, 171), interactomics (103)] has started to
reveal the central organizational structures of mitochondria
functional networks derived from the complex data with
multiple layers of interaction and regulation.

In this article, we review applications of integrative omics to
advance understanding of mitochondrial systems in metabolic
organization and cell functions. The complex metabolic and
signaling networks reiterate the concept outlined by Loscalzo
et al. (106) that human pathobiology involves complex sys-
tems biology that cannot be classified by simple cause–effect
mechanisms. Metabolic reprogramming of mitochondria in
many cell states shows major reorganization of activities to
support cell demands (26, 40, 65), and new bioinformatics
tools have been advancing understanding in this area.

In our review, we use pathways to refer to linear and bran-
ched paths for transfer of molecules or information. These
pathways have largely been defined by using reductionist ap-
proaches and are described in textbooks and knowledge bases.
Proof often relies on isolation of the components and recon-
stitution of the pathway. In biologic systems, however, com-
ponents of pathways are interconnected with other biological
elements, sometimes in extensive and complex networks; such
interconnections may be very important in control of function
and be lost or not represented by isolation and reconstitution of
a pathway.

For data-driven omics integration analyses discussed later,
we operationally define networks in terms of associations

present among measured parameters of omics data sets. In
this, biologic network information can be confounded by
associations introduced by sampling, analytic, and bioinfor-
matic methods (166). Thus, optimal use of data-driven ap-
proaches requires use of biology knowledge bases and
experimental validation (41). Biological pathway analysis
software (30, 85, 102) allows understanding omics data in the
form of pathway diagrams structured on prior knowledge,
and network analysis software (110, 165, 197) utilizes
graphical methods to represent complex connections among
diverse types of cellular components such as genes, proteins,
and metabolites (10).

Data-driven analysis of multiple types of omics data and
use of network analysis tools to integrate multiple omics
layers with independent variables and phenotypic measures
allows visualization of the hierarchy of network structures
(41, 48, 55). Further mining of the network structure with
systematic experimental challenges in model systems pro-
vides insight into adaptive and maladaptive responses. Such
effects are illustrated by transcriptome and metallome inte-
gration with the metabolome, showing connectivity and or-
ganization of nuclear transcription with mitochondrial
transport systems in cellular responses to mitochondria-
mediated metal toxicity. Combined redox proteomics and
metabolomics further clarifies underlying mechanisms using
an integrative approach. Thus, these recently available data-
driven integrated omics approaches provide powerful meth-
ods and create important new opportunities for development
of mitochondria systems biology.

Mitochondrial Functional Network in Metabolism

Mitochondria have a central role in metabolism. Although
containing only about 10% of the proteins encoded by the
nuclear genome, the mitochondrial metabolome includes
representative metabolites of up to 90% of the whole cellular
metabolome (61). This is shown by high-resolution meta-
bolomics of isolated mitochondria that captures intermedi-
ates from 136 out of 154 mammalian metabolic pathways
(141). Early mitochondrial metabolomics research has
mainly focused on the TCA cycle and energy metabolism, but
mitochondria contain metabolic precursors and intermediates
for mitochondrial replication, transcription, translation, and
post-translational modifications (154), as well as ancillary
systems that assist in amino acid, peptide, and RNA modi-
fication (70, 122).

The OXPHOS system is the center of bioenergetics
(Fig. 1A), consisting of five multimeric enzymes (complexes
I–V) in the inner mitochondrial membrane (IMM), and two
mobile electron carriers, coenzyme Q10 (CoQ, ubiquinone)
and cytochrome c (cyt c). Complexes I–IV constitute the
ETC, and during the respiration, electron flow within these
transmembrane complexes creates a proton gradient. This
proton-motive force is critical for F1Fo-ATP synthase
(complex V) to phosphorylate ADP to ATP, the major energy
currency of the cell (68). Each of these complexes is com-
posed of multiple subunit proteins, some at variable stoi-
chiometries and many with regulatory activities (151). Some
of the subunits produce the superoxide anion radical, which
also dismutates to hydrogen peroxide and functions in redox
signaling. A spectrum of metabolic pathways also supports
the key bioenergetic function, and mitochondria also includes
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a broad array of signaling systems to integrate mitochondrial
function with other cell functions (Fig. 1).

All of the major nutritional fuels (fat, carbohydrate, pro-
tein) provide oxidizable precursors for ATP production
through interaction with the TCA cycle to maintain NADH
supply (Fig. 1, center). Fatty acid oxidation (Fig. 1B) is es-
pecially important because of the high ATP production per
gram of fat, and some cell types rely extensively on fatty acid
oxidation (15, 32, 154). Fatty acid oxidation must be opti-
mized in the context of carbohydrate and amino acid oxida-
tion and integrated with peroxisomal fatty acid metabolism.
In addition, mitochondria supply precursors for both lipid
biosynthesis in the cytoplasm and a less characterized mito-
chondrial fatty acid pathway (71). The import of fatty acids
via the carnitine shuttle is tightly regulated and deranged in
many disease processes (11, 92). Long-term incorporation
and turnover of lipids in cardiolipin is important for mito-
chondrial structure and function but their role in mitochon-
drial reprogramming has not been fully elucidated.

A complex array of changes in free fatty acids and other
intermediates such as acyl-coenzyme A (CoAs) and acyl-
carnitines have been detected in mitochondria, cells, and
plasma, and new integrative methods are available to
mechanistically link these modulations to changes in gene
expression and protein abundance and activities (2, 73, 74).
For instance, monounsaturated fatty acid and saturated
fatty acid cause differential effects in steatosis versus ap-
optosis through distinct activation of transcription factors
(138). Along similar lines, by complementing the layers of
sequence variant, targeted proteomics and metabolomics,
and phenotype data, Wu et al. characterized metabolome,
transcriptome, and proteome from 40 strains of the BXD
mouse genetic reference population, and they identified
molecules associated with diabetes status in both mice and
humans (187). These studies demonstrate the value of an
integrated multilayered omics method that advances our
understanding of complex biological systems and molec-
ular mechanisms.

FIG. 1. Diversity of mitochondrial metabolism. Mitochondria contain a remarkable array of metabolic functions that
converge to key intermediates that are coupled to the TCA cycle and support bioenergetics, anabolic pathways, and
detoxification (A–I). Metabolomics methods support measurement of metabolites in most pathways, enabling network
analysis of mitochondrial function by coupling with other omics and phenotypic measures. 4-HB, 4-hydroxybenzoaldehyde;
ALA, d-aminolevulinic acid; CI through CV, complex I through V; CoQ, ubiquinone, coenzyme Q10; CPT, carnitine
palmitoyltransferase; CYP, cytochrome P450; cyt c, cytochrome c; Dhodh, dihydroorotate dehydrogenase; FA, fatty acid;
Rhod, rhodanese; TCA, tricarboxylic acid.

MITOCHONDRIA SYSTEMS BIOLOGY 855



Anabolic systems in mitochondria are essential for bio-
synthesis of key molecules to maintain nucleotides for nu-
cleic acid synthesis and turnover (46). These include steps for
de novo pyrimidine and purine biosynthesis (Fig. 1C). Bio-
synthesis of isoprene and related terpenoid products, such as
cholesterol, CoQ, and squalene precursors for vitamin D,
depend on acetyl-CoA produced by mitochondria (Fig. 1D).
For CoQ biosynthesis, key steps for tail polymerization, tail
attachment to 4-hydroxybenzaldehyde and head group
modifications, occur within mitochondria (162). These re-
actions are critical because CoQ is a cofactor for OXPHOS,
fatty acid oxidation, mitochondrial uncoupling proteins, cy-
anide detoxification, and pyrimidine biosynthesis.

Central pathways balancing the use of lipids with other
fuel sources for NADH supply, as well as integrating these
needs with biosynthesis of nucleotides, NADPH and anabolic
and detoxification needs, occur through intermediates linked
to the TCA cycle (Fig. 1E). For example, a-ketoglutarate (a-
KG) is oxidized in the TCA cycle to support NADH while
also being a precursor to maintain the intracellular pool of
nonessential amino acids used in the synthesis of proteins and
nucleotides (40). The transamination metabolite of a-KG,
glutamate, is interconverted to glutamine (the most abundant
amino acids in mammals), which connects to many metabolic
processes, including nitrogen balance (69, 190). These in-
termediates are measured by metabolomics, and extensive
information is available from both basic and applied research
(53, 66).

Other pathways in mitochondria include porphyrin and
heme biosynthesis (Fig. 1F) (139, 147), and pathways in
coenzyme metabolism, such as lipoic acid biosynthesis (152)
and assembly of iron–sulfur clusters (139). Mitochondria also
contain critical cytochrome P450 (CYP) enzymes (Fig. 1G),
functioning in catabolism of cholesterol for the synthesis of
pregnenolone, the precursor for all sex hormones, mineral-
ocorticoids and glucocorticoids (114), as well as synthesis of
bile acid precursors and activation of vitamin D (22). Con-
siderable information is available from targeted studies of
each of these pathways, especially for related disease
mechanisms, but functional integration into holistic models
for personalized health is lacking.

Other mitochondrial pathways include branched-chain ami-
no acid (BCAA) metabolism (Fig. 1H), which occurs through
branched-chain fatty acid intermediates (36) and is essential to
prevent neurotoxicity from BCAA (35). Accumulation of these
intermediates is important in metabolic disorders, including
type 2 diabetes (112), and mounting evidence suggests that
aberrations in related acyl-carnitines are sensitive and mecha-
nistic markers for mitochondrial dysfunction (92). Mitochon-
dria contain detoxification systems, including rhodanese
(thiosulfate sulfurtransferase) for cyanide detoxification (6)
(Fig. 1I), aldehyde dehydrogenases, glutathione (GSH) perox-
idases, and GSH S-transferases (120, 148). Mitochondria also
have a critical function in maintaining ionic homeostasis by
protecting against cytoplasmic Ca2+ overload (140).

Mitochondrial Communication with Cytoplasmic
Components

Research in the past two decades has shown that mito-
chondria communicate with the rest of cellular components
and serve as a signaling organelle beyond their metabolic

functions. Due to the impermeability of the IMM gated by
specific ion channels, mitochondrial signaling is often me-
diated by changes of metabolite levels and ion flow (e.g.,
Ca2+) or structural changes of the organelle itself such as
fission and fusion. Signaling systems between mitochondria
and the nucleus are distinguished as anterograde signaling
(nucleus to mitochondria) and retrograde signaling (mito-
chondria to nucleus), together comprising a bi-directional
communication between the two compartments (104). Be-
cause bidirectional communication can occur simultaneously
in response to exogenous stressors, simple cause–effect re-
lationships may not occur. Despite this caveat, targeted
studies of anterograde and retrograde signaling have defined
key systems controlling nuclear regulation of mitochondrial
biogenesis as well as integration of mitochondrial metabo-
lism with extramitochondrial functions. For simplicity in the
following consideration of mitochondria-cell signaling, un-
less otherwise designated, we use cytoplasm globally to de-
note non-mitochondrial components of the cell.

The anterograde regulation of mitochondrial biogenesis by
the nuclear genome has been extensively studied and covered
in recent reviews (43, 62, 149). A well-studied example is
the peroxisome-proliferator-activated receptor coactivator-1
(PGC-1) as a universal regulatory system for mitochondrial
DNA replication and transcription as well as nuclear gene
expression for synthesis of mitochondrial proteins (144).
PGC-1a is a transcriptional co-activator of many transcrip-
tion factors that target mitochondrial biology, including nu-
clear respiratory factor 1 (NRF1) activating mitochondrial
DNA replication and transcription, nuclear respiratory factor
2 (NRF2; GA binding protein) regulating cyt c oxidase as-
sembly, peroxisome proliferator-activated receptors (PPARs)
regulating fatty acid oxidation, and many more (86). Cellular
PGC-1a level is closely correlated with the number of mi-
tochondria, and both are highly inducible in specific tissues
(e.g., skeletal muscle, brown adipose tissue) in response to
environmental cues (189).

One must bear in mind that mitochondria are also highly
variable in characteristics that are not described by change in
mitochondrial number. For example, the mitochondrial fork-
head box protein O1 (FoxO1) can respond to starvation medi-
ated by mitochondrial phosphatase PTPMT1 (protein tyrosine
phosphatase mitochondrial 1) (100); translocation of cyclin
B1 to mitochondria is similarly redox regulated in radiation-
induced oxidative stress (83). Such fine-tuning of mitochondrial
characteristics requires a dynamic mitochondria-driven retro-
grade signaling to adjust and integrate the mitochondrial func-
tion with cytoplasmic components at different regulation levels.

Mitochondria have a major role in controlling two uni-
versal signaling molecules for cellular homeostasis, H2O2

and Ca2+, both of which are tightly maintained in the cyto-
plasm at low nanomolar concentrations (Fig. 2, top). As a
catabolic powerhouse, mitochondria also export a panel of
metabolic components with relatively high potential energies
and flux to couple bioenergetics and mitochondrial metabolism
to the cellular macromolecular organization and function, that
is, genome, transcriptome, and proteome (Fig. 2, bottom).
These include ATP, acetyl-CoA, NAD(H), S-adenosyl-l-
methionine (SAMe), TCA intermediates (a-KG, citrate, fuma-
rate, succinate), and acyl-CoAs (Fig. 2, middle) (25, 79).

Physiologic fluctuation of these molecules provides effi-
cient signaling by supporting covalent modifications of the
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epiproteome [defined as covalent modifications to provide
function and regulation beyond that of the translated se-
quence of amino acids (56)] and epigenome (defined as
chromatin changes causing modification of gene expression
without altering the genetic code itself) to control proteome
and genome structure and organization and regulate kinetics
of enzymes, transporters, and receptors, ultimately control-
ling transcription, replication, and repair (76, 89, 107). A
conserved series of molecule motifs from mitochondrial ac-
tivity is suggested as the signature of mitochondrial damage
in dysregulated processes, termed as damage-associated
molecular patterns (DAMPs) (196).

An important principle of mitochondria being a redox
regulation hub is provided in the ‘‘redox code,’’ where cel-
lular bioenergetics and metabolism are organized through
high-flux, NAD, and NADP systems (80). The NAD system
supports catabolic reactions using nutrient fuels and oxygen
for ATP generation, whereas the NADP system functions in
biosynthetic processes (anabolism), defense, cell signaling,
and energy storage. The NAD system uses powerful dehy-
drogenases and catalyzes reactions transferring two electrons
to biomolecules with covalent bonds of C, O, S, N, and H
(80). Many NAD+-coupled enzyme-catalyzed reactions are
included in the Enzyme Commission Class 1 enzymes, in-
cluding pyruvate dehydrogenase, isocitrate dehydrogenase,

a-ketoglutarate dehydrogenase (aKGDH), and malate dehy-
drogenase from the citric acid cycle; 2-hydroxyfatty acyl-
CoA dehydrogenase from b-oxidation of fatty acids; and
glyceraldehyde 3-phosphate dehydrogenase and lactate de-
hydrogenase from the glycolytic pathway. Thus, the NADH/
NAD+ (reduced/oxidized) couple is at a stable steady state
redox potential maintained by a large number of oxidizable
substrates that reduce NAD+ to NADH (80).

Mitochondrial-localized NAD is also used for protein
post-translational modification, such as protein mono- or
poly(ADP ribosyl)ation, adenylylation, or deacetylation
(42). Other compartments rely on mitochondria to re-
oxidize NADH to NAD+ to sustain function such as cyto-
solic glycolysis and peroxisomal fatty acid oxidation. Thus,
the steady-state potential of the NAD system serves as an
integrative hub for diverse biologic processes (80, 158),
ultimately maintaining the bioenergetic conditions that are
essential to supply the precursors for the integrated array of
epiproteomic modifications needed to coordinate complex
cell functions (Fig. 2).

Epimetabolome

In mitochondria systems biology, the group of high-energy
intermediates that serve to maintain the epiproteome and

FIG. 2. Mitochondrial retrograde signaling regulates upstream controllers of biologic activities. Mitochondrial
catabolism and bioenergetics are controlled by universal signaling molecules, which, in turn, generate a panel of key
metabolic intermediates (epimetabolome). These intermediates support control of activity and function through covalent
modification of the proteome (epiproteome) and chromatin changes that control gene expression other than alteration of
gene code (epigenome). Through the metabolome, cellular bioenergetics is thus coupled with structural and functional
organization of macromolecules dictating the cell function and fate. In this sense, mitochondria are a mediator translating
the external signal into intracellular functional changes to adjust the cells based on the environment. 2-HG, 2-
hydroxyglutarate; a-KG, a-ketoglutarate; b-ox, b-oxidation; Ac, acetylation; BCAA, branched-chain amino acids; GSH,
glutathione; HIF-1, hypoxia-inducible factor-1; Me, methylation; NEAA, non-essential amino acids; PO4, phosphorylation;
SAMe, S-adenosyl-l-methionine; Suc, succinylation.
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epigenome can be considered as components of an ‘‘epi-
metabolome,’’ or epimetabolome, defined here as central hub
metabolites of critical organizational importance because
they have broad, integrative roles in downstream pro-
tein, genetic, and hormonal control of metabolism. ATP,
acetyl-CoA, NAD+/NADH, SAMe, TCA intermediates
(a-KG, citrate, fumarate, succinate), their derivatives (2-
hydroxyglutarate [2-HG]), and acyl-CoAs have such roles in
post-translational modifications of proteins (Fig. 2, middle).
Although considerable cross-talk between systems is known,
integrated analyses are only beginning to become available.

Systems involved in mitochondrial redox regulation pro-
vide examples of such integrated functions linked to the
proteome. The second principle of the redox code is that
kinetically controlled sulfur switches of cysteine residues are
linked to bioenergetics and metabolism through H2O2 pro-
duction by mitochondria and by NADPH oxidases (28, 98).
Mitochondrial generation of H2O2 has been well documented
and linked to physiologic signaling (56, 57) and also to tox-
icologic responses. Importantly, the redox proteome network
includes oxidation, glutathionylation, nitrosylation, and a
range of other protein modifications (56), which are linked to
the broader spectrum of epiproteome modifications, includ-
ing phosphorylation, methylation. acetylation, succinylation,
and other acylations from acyl-CoA precursors (Fig. 2). In-
tegrated models of the epimetabolome and epiproteome are
needed to enhance understanding of mitochondria systems
biology.

This integrated view of retrograde signaling extends
throughout the cell. For example, mitochondria control the
levels of key signaling molecules (epimetabolome) that
regulate and feed to chromatin-modifying enzymes. An
emerging field studies the role of mitochondrial genome and
metabolism in shaping epigenetic modulation of nuclear gene
expression. ATP participates in chromatin modification
through phosphorylation of histone tails. ATP depletion in-
creases AMP:ATP ratio, leading to activation of AMP-
activated kinase (AMPK), a principal cellular bioenergetics
and nutrient sensor (198). The consequent alteration in
the NAD+/NADH ratio activates sirtuins, a major class of
deacetylases.

N-Acetylation neutralizes the lysine residues on the
histone tails and releases DNA for transcription factor
binding (25). This process relies on acetyl-CoA pool from
mitochondria-derived citrate. Similarly, mitochondria-derived
serine is important in the methionine cycle that maintains SAMe
as a substrate for histone and DNA methyl transferases (108). In
opposition to methylation, the dioxygenases responsible for
demethylation of DNA and histones are regulated by TCA cycle
intermediates a-KG, succinate, and fumarate (191). A related
metabolite, 2-HG, is a competitive inhibitor of a-KG-dependent
dioxygenases (192). Integrative maps of other histone modifi-
cations, such as propionylation, butyrylation, crotonylation,
hydroxy-isobutyrylation, and succinylation (144), will improve
understanding of these modifications in disease pathobiology.

The TCA cycle intermediates also regulate nuclear tran-
scription factor activity. An example is hypoxia-inducible
factor-1 (HIF-1) mediating the physiological response to
hypoxia (Fig. 2, bottom). Two key regulators of HIF-1, Egl-
Nine (EGLN, also called PHD) prolyl hydroxylase and HIF-
1AN (hypoxia-inducible factor 1, alpha subunit inhibitor;
also called FIH) use the TCA cycle intermediates a-KG as a

co-substrate to catalyze Fe(II)-dependent hydroxylation,
which can be inhibited by succinate, fumarate, and 2-HG (90,
193). Metabolic reprogramming, including adaptive changes
in the physiology and metabolism of an organism in response
to a nutritional stress/stimulus (127, 131), plays an important
role in development, cell proliferation, and cancer.

Mitochondrial interaction with cytoplasmic components is
important in maintaining Ca2+ regulation that ultimately
determines cell activity and fate. Close interactions between
the endoplasmic reticulum (ER) and mitochondria are es-
sential for rapid and sustained Ca2+ signaling at nanomolar
concentrations despite extracellular Ca2+ at millimolar con-
centrations. The structural interface between the ER and
mitochondria, the so-called mitochondria-associated mem-
brane (MAM), is enriched with mitofusin (Mfn), a compo-
nent of the mitochondrial fusion and fission machinery,
which helps tether ER and mitochondria to a close distance of
about 50 nm (140). Maintenance of this interface is critical
for compartmentalization of cellular metabolism and sig-
naling processes, as discussed next.

Mitochondrial Metallome

Mitochondrial function in metal ion homeostasis extends far
beyond maintenance of Ca2+ balance. Mitochondria contain a
dynamic network of transporters (Fig. 3) with complex and
incompletely understood selectivity and interactions. Con-
siderable information is available for individual metal ions,
such as iron, but the dynamic metallomic interactions under
different pathophysiologic conditions have not yet been ad-
dressed by using an integrated systems biology approach.

Regulation in physiologic and pathologic conditions is
controlled by highly conserved channels and transporters that
are located in the outer and IMM (117, 128, 163). The outer
mitochondrial membrane (OMM) is permeable to solutes and
ions by porins, whereas the transport across the IMM is
highly regulated (Fig. 3). Metal transporters are included
within an array of 53 transporters in the SLC25A (solute
carrier) family, among which 31 transporters have identified
functions (128) for transport of TCA cycle intermediates,
amino acids, nucleotides, vitamins, and metals. A lesser
number of ABC (ATP-binding cassette) transporters have
been identified localizing in the mitochondria, most without
known substrates or functions (60). Recent studies show
functions in porphyrin transport, Fe/S cluster export to cy-
toplasm (ABCB7) (133), and GSH polysulfide export (150)
for cytosolic cofactor biosynthesis.

Figure 3 (top) includes a few of the best characterized
metal transporters located on the IMM. Heme and copper
serve as prosthetic groups for several proteins that constitute
the complexes of ETC, whereas iron–sulfur clusters con-
stantly undergo oxidation–reduction reactions to shuttle
electrons (Fig. 3, left). The metabolic support of mitochon-
dria to these critical components (e.g., synthesis of heme and
ubiquinone) is tightly coupled to transport of required metals,
and a large amount of knowledge has come from elegant
studies in yeast (39). Recent work examining mitochondrial
diseases (e.g., Friedreich’s ataxia) in the engineered yeast
model has established that communication exists between
iron metabolism in the mitochondrion and the cytosol (19, 51,
139). Mitoferrins are well-studied essential Fe(II) importers
residing on the IMM (139).
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Other transporters, including a symporter, divalent metal
transporter 1 (DMT1), have been indicated to safely transport
redox active metal across the OMM (186). Metallation of
cytochrome c oxidase (COX), a mitochondrial copper/heme
metalloenzyme as the terminal enzyme of respiratory chain,
occurs within the mitochondrial intermembrane space yet the
source of the copper comes from the mitochondrial matrix
pool (34). Import of copper into the mitochondrial matrix is
mediated by Pic2 in yeast (170), and its metazoan ortholog,
SLC25A3 (a previously known phosphate carrier) (18). De-
pletion of SLC25A3 causes deficiency in COX and mito-
chondrial copper, and mutations in humans cause muscle
hypotonia, cardiomyopathy, and lactic acidosis (183). Inter-
estingly, yeast studies showed that mitochondria contain a
pool of copper distinct from the two known mitochondrial
cuproenzymes, superoxide dismutase (SOD) and COX,
suggesting mitochondria as a component of cellular copper
buffering (33).

As indicated earlier, mitochondrial Ca2+ uptake from the
ER is tightly controlled by MCU (mitochondrial calcium
uniporter) complex, a highly selective ion channel (88). The
selectivity to transport Ca2+ instead of a smaller ion Mn2+ is
discriminated by the Ca2+-sensing inhibitory subunit
(MICU), and the absence of MICU may indicate a new
mechanism of metal toxicity (84). Sustained overload of

Ca2+, as well as excessive loading of other divalent cations,
leads to the opening of high-conductance PTP (permeability
transition pore), rapid collapse of the membrane potential,
and release of cyt c for apoptosis (Fig. 3, right) (54, 140).

Mitochondrial Ca2+ efflux is directed by the Na+-Ca2+-Li+

exchanger (NCLX) and relies on the tightly controlled matrix
Na+ level, which is near equilibrium with the proton gradient
via the sodium-proton exchanger (49). Ca2+ also regulates at
least three mitochondrial matrix dehydrogenases (Fig. 3,
center). On cytoplasmic Ca2+ signaling, increased mito-
chondrial Ca2+ activates these dehydrogenases to increase
NADH availability through the TCA cycle and adjust ATP
synthesis to the needs of the stimulated cell. MRS2 (mito-
chondrial RNA splicing 2) is a primary channel that is used to
import magnesium (Mg2+) to mitochondria (8). As a calcium
antagonist, Mg2+ also contributes to regulation of energy
metabolism through effects on TCA cycle, maintenance of
ETC, and bio-activation of ATP (101). Such effects illustrate
the important metallome–metabolome interactions required
for metabolic and bioenergetic homeostasis.

Other mitochondrial metalloenzymes are critical as redox
regulators. The anionic free-radical, superoxide, is constantly
generated by the respiratory chain and converted to H2O2 by
Mn-containing SOD (SOD2) in the matrix and Cu,Zn-
containing SOD1 in IMS. The H2O2 availability is kinetically

FIG. 3. Functional network of transporters regulating mitochondrial metallome. Metals, as essential cofactors and
structural elements of mitochondrial metalloproteins, play essential roles in the bioenergetics and redox regulation. Al-
though the outer mitochondrial membrane is permeable to free ions, the availabilities of essential metals are controlled by
selective transporters in the inner membrane (color coded to each metal). The availabilities in the matrix determine the
activities of the TCA cycle, respiratory chain, redox regulation, and cell fate. Importantly, the membrane potential also
drives environmental toxic metals into the mitochondrial matrix and causes oxidative stress and inhibition of antioxidant
defense systems. Accumulation of H2O2 (and prolonged Ca2+ overload) activates PTP, which can cause non-selective influx
of metal ions. PTP activation disrupts membrane integrity and, ultimately, causes apoptosis or necrosis. aKGDH, a–
ketoglutarate dehydrogenase; ACO, aconitase; AQP, aquaporin; DMT, divalent metal transporter; GPx, glutathione per-
oxidase; GRX, glutaredoxin; IDH, isocitrate dehydrogenase; MCU, mitochondrial calcium uniporter; MRS2, mitochondrial
RNA splicing 2; PDH, pyruvate dehydrogenase; PTP, permeability transition pore; SLC, solute carrier; SOD, superoxide
dismutase; TOM, translocase of outer membrane; Trx, thioredoxin; TrxR, thioredoxin reductase; ZnT, zinc transporter.
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controlled by selenium (Se)-dependent selenoenzymes in the
mitochondrial matrix (129) (Fig. 3, bottom center). For re-
duction, the thioredoxin reductases have a central role in
reducing oxidized proteins. For oxidation, the GSH peroxi-
dases, as well as the thioredoxin-dependent peroxiredoxins,
function to regulate the H2O2 supply for protein oxidation
(48). However, uptake mechanisms controlling matrix con-
tents of Se, Zn, and Mn remain unclear. Selenite/selenate
appears to traverse the IMM by using anion transporters such
as phosphate carriers (96). Two Zn transporters (ZIP8 and
ZIP9) play a role in mitochondrial uptake (7), yet their
physical localization is unknown. ZnT2 (zinc transporter) is
the first identified as directly localized within mitochondria in
mammary cells (155). Insight into the key regulatory mech-
anisms for these metals will benefit from systematic studies
of the metallome with simultaneous analysis of the metabo-
lome, transcriptome, and proteome.

Such studies are needed to understand homeostatic control
with limited selectivity of proteins toward various metals
(175). Interaction with cytoplasmic metal ion concentrations
is vitally important, because almost half of all enzymes must
associate with a particular metal to function, estimated by a
systemic bioinformatics survey of 1371 different enzymes
(4). Metals such as iron, zinc, copper, or manganese are es-
sential as cofactors for mitochondrial metalloenzymes and
metalloproteins. The Irving-Williams series indicates that
copper and zinc form the tightest complexes with proteins,
followed by nickel and copper, and then iron and manganese
(77). Thus, tight control by metal importers, metal exporters,
and metal stores is necessary to overcome this trend (175). For
example, under impaired iron availability, increased zinc
protoporphyrin (95) is formed as one of the first biochemical
responses. In SOD2 overexpressed cells or mice fed with Mn-
deficient diet, FeSOD forms with Fe instead of Mn. This
converts an antioxidant defense into a prooxidant enzyme (52).

Similar to other mitochondria carrier systems, the metal
transporters are functionally redundant in that they often show
overlapping substrate selectivity (163). This is particularly
important for accumulation of metals with molecular mimicry
to calcium. Cellular uptake occurs by DMT1 (9), multidrug
resistance associated protein-1 (MRP1) (16), and calcium
channels (169) across cell membranes. Toxic cationic metals,
such as Pb, Cd, and Hg, are preferentially attracted to the
negative charge and slightly alkaline environment of mito-
chondrial matrix, potentially interfering with homeostasis of
essential metals (113). Accumulation of heavy metals by mi-
tochondria can not only protect against cytoplasmic toxicity
but also cause mitochondrial toxicity through oxidative effects
on the major thiol antioxidant systems, including GSH, cyto-
plasmic thioredoxin-1 and mitochondrial thioredoxin-2, and
activated apoptosis (Fig. 3) (67).

Even nutritionally required metals can be toxic, however,
as shown by Mn; in excess, brain mitochondria accumulate
Mn2+ with Parkinson disease-like neurotoxicity (5). Specifi-
cities of many transporters remain unknown, and 16 putative
transporters (60) do not have known functions. The wealth of
information on individual metals coupled with the incom-
plete knowledge of transporters and network interactions
create an important opportunity for the study of metallomics
in mitochondria systems biology.

It is worth underscoring the importance of compartmen-
talization in cellular metabolism and signaling processes.

One of the most remarkable features of Ca2+ signaling is the
ability to regulate entirely different processes in the same cell
and this almost completely relies on compartmentalization
and efficient control of the opening of Ca2+-permeable
channels. The very low resting Ca2+ concentration in the
cytosol is ideal for signaling purposes; the substantial storage
in the ER, 1000–5000 times higher than in the surrounding
cytosol, can easily produce intracellular Ca2+ signals without
reliance on extracellular Ca2+; and the channel gates creating
sharp and short-lasting Ca2+ signals are activated by various
metabolic signals [e.g., inositol 1,4,5-trisphosphate, cyclic
ADP-ribose, and nicotinic acid adenine dinucleotide phos-
phate (24)]. Similarly, compartmentalization of membranes
to retard H2O2 diffusion, often with transport facilitated
across membranes by aquaporin (184), is critical to its sig-
naling role. Although mitochondria-specific metabolites
were studied in mitochondria (142, 159), only a few studies
(29, 111, 141) using modern MS to study compartmentalized
metabolomics and proteomics are available.

Mitochondrial Reprogramming

In development and throughout life, genetically encoded
systems undergo phenotypic adaptation and responses to en-
vironmental exposures, diet, and infectious agents. Such ex-
posures and biologic responses are collectively termed the
exposome. The mitochondrial exposome has only begun to be
systematically studied. Importantly, the adaptive response
structure of anterograde and retrograde signaling changes
mitochondrial properties over time. In antagonistic pleiotropy,
adaptive responses can improve adaptability to one stress
while compromising tolerance to others (97). Mitochondrial
DNA damage can accumulate and cause long-term changes in
mitochondrial function and signaling (134, 173).

Changes in the epiproteome can be reversible, but reactive
chemicals cause irreversible modifications, termed the pro-
tein adductome, which can disrupt mitochondrial function
and proteostasis (80, 104). Long-term accumulation of toxic
metals, such as Cd, can permanently alter mitochondrial
function because effective elimination mechanisms are not
available (58, 59, 74). Considerable evidence has accumu-
lated to show that mitochondrial reprogramming allows mi-
tochondria to adapt to environmental exposures. As discussed
later, integrated omics offers considerable opportunity to
elucidate common processes of mitochondrial reprogram-
ming and their roles in health and disease.

Mitochondrial reprogramming is part of a broader spec-
trum of long-term responses to the exposome. Sustained impact
of the exposome occurs through changes in cell populations,
often with cell loss, senescence, trans-differentiation, or ma-
lignant transformation. At sub-cellular levels, metabolic re-
programming occurs through changes in cellular organelles,
including mitochondria, and also through impacts on mac-
romolecular super-structures and regulation at the level of
DNA, RNA, proteins, and metabolites (57). Mitochondria
adjust mitochondrial DNA, organelle structure, metabolic
functions, and signaling mechanisms in response to diet,
exercise, disease, and aging. Indeed, live cell imaging and
electron microscopy studies show mitochondrial dynamics
executed by mitochondrial fission and fusion (13). These
dynamics are usually initiated by the cellular demands of
bioenergetics and anabolic processes, yet it ultimately results
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in a coordinated reprogramming of mitochondria through
multiple regulatory levels and mechanisms (181). Con-
comitant changes in the metabolome and transcriptome are
available for some conditions; integrated systems level ana-
lyses are not yet available but technically feasible. Such an-
alyses will enable network understanding by connecting
morphology and epiproteomic changes to metabolism and
transcriptional responses.

Mitochondrial morphology differs among tissue and cell
types, yet normal healthy mitochondria share a characteristic
rapid turnover by fission and fusion (Fig. 4). This is main-
tained by several large guanosine triphosphatases (GTPases)
in the dynamin family, fission by Drp1 (dynamin-1-like
protein [major regulator of mitochondria fission]), and fusion
by Mfn1/2 (outer membrane) and Opa1 (inner membrane). In
growing and dividing cells, mitochondrial fission is essential
to achieve adequate numbers of mitochondria for daughter
cells; whereas in quiescent cells, this turnover [usually within
20 min shown by live cell imaging (167)] is important to
eliminate disrupted membrane potential through mitophagy.

Most cells in resting condition show a balanced energy
metabolism phenotype and produce most ATP by mito-
chondrial respiration. For example, for the resting brain, the
rates of cytosolic glycolysis match well with mitochondrial
consumption of oxygen. As described later, the rates of mi-
tochondrial fission and fusion respond to changes in energy
metabolism that is directed by availability of glucose and
need for ATP generation in adaptation to the environment. A
disturbance represents a maladaptive response and often
leads to pathological reprogramming of mitochondria.

Mitochondria become more fused when cells are forced to
rely on OXPHOS to produce ATP (Fig. 4.). This occurs with
deprivation of glucose (starvation or exercise) or high energy
need (3). Cyclic AMP (cAMP) level rises rapidly in starving
cells, activates protein kinase A (PKA), and, in turn, se-
questers Drp1 in cytosol (181, 182). The consequent unop-
posed mitochondrial fusion protects the mitochondria from
autophagic elimination (63, 136) and generates denser cristae
(91). This maximizes OXPHOS, boosts ATP production, and
promotes cell survival (182). When glucose is limited, al-
ternative fuels become dominant, such as fatty acids from
lipid degradation and ketone bodies synthesized in liver (14,
125). In mitochondria, uncoupling proteins also respond to
the stress by regulating lipid metabolism and oxidant signals
from the respiratory chain (121, 143). Resulting hyperfused
mitochondrial syncytia (Fig. 4) are proposed to deliver ap-
propriate membrane potential to oxygen-poor regions of cells
to maintain energy production (182). Under chronic energy
crisis of low ATP level, serine/threonine kinase AMPK can
promote fission and, ultimately, mitophagy (181, 182).

Although considerable progress has been made in under-
standing these central mechanisms governing energy pro-
duction, less is known about adaptive changes in other
fundamental metabolic systems required for mitochondria
and cellular homeostasis. For instance, mitochondrial fatty
acid biosynthesis of lipoate is essential for entry of pyruvate
into the TCA cycle (195); heme biosynthesis, CoQ biosyn-
thesis, and iron–sulfur cluster formation are essential for a
functional ETC (139), and a functional ETC is essential for
nucleotide biosynthesis (17). Microbiome products such as

FIG. 4. Mitochondrial reprogramming involves a reorganization of signaling systems, structure, and metabolic
activities into a network with altered energy production, biosynthesis, and detoxification capabilities. This repro-
gramming can represent adaptive responses to preserve energy and maximize respiration efficiency under starvation stress,
or maladaptive response to prioritize the anabolic demand for unlimited proliferation and tumor growth. Mitochondrial
morphology is coupled to its metabolic activity (enclosed in light yellow boxes): When the bioenergetic state becomes
critical, highly fused mitochondria are formed to increase OXPHOS and lipid catabolism is upregulated by UCP; when the
TCA cycle is used as a hub for biosynthesis in malignant cells, respiratory activity is diminished and mitochondria fission is
required for removal of damaged organelles. The major (thick arrows) and minor (dashed arrows) metabolic pathways for
ATP production (star) are delineated in a simplified scheme. Drp1, dynamin-1-like protein (major regulator of mitochondria
fission); MAPK, mitogen-activated protein kinase; OXPHOS, oxidative phosphorylation; PKA, protein kinase A; UCP,
uncoupling proteins.
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butyrate impact mitochondrial energy metabolism (44), and
pantothenic acid is essential for CoA biosynthesis, carbohy-
drate, fatty acid, and amino acid metabolism, but these are
rarely examined as determinants in mitochondrial repro-
gramming. Under short-term studies, especially in vitro,
dysfunction of such systems may not be evident. In long-
lived organisms, however, dysfunction and adaptations in
these other diverse and critical molecular components (e.g.,
see Fig. 1) could be key to mitochondrial reprogramming and
health outcomes.

Among the most complex and intriguing mitochondrial
reprogramming described to date is the fragmented mito-
chondria phenotype, which is frequently found with mala-
daptive (e.g., malignant transformation, senescence) (Fig. 4)
and adaptive (e.g., helper T cells, pluripotent stem cells)
status. This morphology usually associates with a glycolysis-
dominant energy metabolism. For instance, oncogenic K-Ras
mutations can activate mitogen-activated protein kinase
(MAPK) signaling, resulting in a coordinated reprogram-
ming of mitochondrial structure and metabolic functions in-
cluding upregulation of glycolysis, inhibition of complex I in
respiratory chain, and upregulation of Drp1 to promote fis-
sion and mitophagy (173). The consequent metabolic shift is
striking: Given the high energy demand, rapidly proliferating
cells generate ATP via glycolysis (partial metabolism of
glucose to pyruvate) rather than by mitochondrial respiration,
as described by Otto Warburg a century ago (178).

The precise reason for cells to use a low-efficient energy
strategy (2 ATP vs. 36 ATP from 1 glucose molecule) re-
mains controversial, and evidence is available for other re-
programming mechanisms such as upregulated lactate
dehydrogenase to regenerate NAD+ in the face of a relentless
glycolytic flux (40). In contrast to use of dietary fatty acids
by normal cells, transformed cells rely more on de novo fatty
acid synthesis (180). Use of citrate for lipid synthesis results
in loss of oxaloacetate from the TCA cycle; the replenish-
ment of the TCA cycle (anaplerosis) is fulfilled by glutamine
(40, 134, 173). Thus, the major metabolic function of frag-
mented mitochondria is shifted from a bioenergetic hub to an
anabolic hub. This reprogrammed metabolic function con-
nects mitochondria to other facets of the cell phenotype, that
is, the PI3K/Akt/mTOR pathway for protein synthesis and
enhanced glucose uptake, HIF-1a activity targeting upre-
gulation of glucose metabolism and inhibition of pyruvate
metabolism to acetyl-CoA, and increased MYC activity
with upregulated glycolysis and nucleotide biosynthesis (37,
50, 81).

Mitochondrial reprogramming can also involve abnormal
accumulation of metabolites, including fumarate, succinate,
and 2-HG, which may be sufficient to initiate malignant
transformation under some conditions. These have been
termed oncometabolites because all three inhibit a-KG-
dependent epigenetic switches controlling an oncogenic
transcriptional program (123). Degradation of HIF-1a, a
growth-factor inducible transcription factor, is impaired by
the mitochondrial oncometabolites. Succinylation of kelch-
like ECH-associated protein-1 (KEAP1) can also activate the
oncogenic transcription factor nuclear factor (nuclear factor
erythroid 2-related factor 2 [NRF2]) (87). Indeed, several
oncogenic mechanisms involve mitochondrial reprogram-
ming as a component initiating malignant transformation
(109, 146, 153).

The extensive literature shows that even though mito-
chondria display a highly plastic metabolic rewiring capacity,
the mechanisms that integrate signal transduction and cell
metabolism are largely conserved among cells. For instance,
inhibition of mitochondrial fusion by Mfn1/2 ablation facil-
itates the induction of pluripotency through the restructuring
of mitochondrial dynamics and reprogramming to a tumor-
like glycolytic metabolic phenotype (161). This mitochon-
drial flexibility provides adaptive power for somatic cell
reprogramming and, in principle, also provides a central
logic for regenerative medicine. The connection between
the signaling of lung development and those responding to
lung injury has been noted (57). Systematic studies will be
needed to address the multiple molecular pathways, anatomic
diversities, and spatiotemporal organization. This will re-
quire combining molecular biology approaches with meta-
bolic flux analysis and ultra-resolution omics to address the
complexity of the mitochondrial systems.

Integrative Mitochondrial Network Analysis

Mitochondria research includes many aspects of biologic
regulation and is inherently holistic. Mitochondrial research
has, however, largely relied on the logic of Descartes (Car-
tesian reductionism), with hypotheses focused on component
parts and often limited to single pathways (Fig. 5A). This
reductionist approach has led to considerable success in
mapping out functions, interactions, and fates of mitochon-
drial components, and it has effectively provided a founda-
tion of knowledge for construction of biochemical regulation
pathways and networks. The challenge for mitochondria
systems biology is that there are about 1018 elements that can
vary in abundance and strengths of interactions, making
bottom-up assembly intractable (55).

The failure of antioxidants to prevent morbidity and
mortality in large-scale double-blinded interventional trials
in humans amply illustrates the weaknesses inherent in ex-
trapolation of findings from Cartesian reductionism to com-
plex systems. Evidence for oxidative stress in disease was
evident from many observational studies, and large numbers
of targeted studies showed that antioxidants protected against
oxidative stress. The rigorously conducted, double-blind in-
terventional trials with antioxidants showed, however, no
health benefit (20, 64, 105). These studies failed to address
the complex adaptive network of redox systems that could
differ among individuals and obscure and/or alter critical
sites for interventions, leaving unresolved questions regard-
ing individual benefits and risks, which could potentially be
addressed with integrative omics methods. In particular,
without detailed investigation of the response network, the
flexibly to rewire mitochondrial metabolism could subvert
targeted intervention. Thus, mitochondrial reprogramming
may underlie multiple instances of pathobiology and thera-
peutic failure (130, 145, 168).

As outlined by Loscalzo et al. (106), simple additive and
synergistic cause-effect mechanisms cannot explain most
diseases. Biologic systems are genetically designed to uti-
lize a range of energy precursors and have multiple defense
mechanisms to adapt to environmental conditions. Omics tech-
nologies, as now widely available, provide an opportunity to gain
systems-level understanding (82). Available methods include
polynucleotide sequencing by next-generation sequencers
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for genome, transcriptome, and chromatin sequencing (1, 12,
119); MS-based proteomics with post-translational modi-
fication quantification (21, 78); and high-resolution meta-
bolomics based on ultra-high-resolution MS and liquid
and gas chromatography (166, 185). Strengths and chal-
lenges of individual omics have been nicely reviewed (116).
Sequencing-based technologies are still the most advanced
of the omics technologies in availability of laboratory re-
agents, standardized protocols, consensus analytical tools,
and public databases for data sharing. In contrast, although
proteomics has moved toward more system-wide screening
approaches with quantitative steps that generate favorable
results, debates remain on data formatting and normaliza-
tion. Similar challenges exist in both metabolomics and
proteomics on the coverage of different chemical properties
and variability of data annotation and analysis. Nevertheless,
omics approaches share common challenges of handling large
datasets, annotation of biomolecules, and sensitivity of signal
versus noise.

Bioinformatic workflows have been refined to support ef-
ficient analysis of omics data, typically through data pre-

processing, statistical testing, clustering analysis, pathway
enrichment analysis, and network mapping (118). Single-
omics approaches are well developed and very powerful but
have limited ability to capture interaction across multiple
interacting layers (194). Although direct interactions within
single omics layers are well known, such as transcription
factors and target gene expression, and the relationship be-
tween substrates and products, interactions between omics
layers are often overlooked at global levels. This is critically
important because metabolites impact activities of tran-
scription factors; transcription factors impact expression of
messenger RNA (mRNA), which, in turn, impacts synthesis
and abundance of proteins that control metabolite levels.
Further, elements of one omics layer can impact other omics
layers in multiple ways. For example, individual metabolites
regulate enzymatic activity through allosteric sites and also
compete in binding to multiple transcription factors and
epigenetic enzymes. In this sense, the connections across
omics layers are indeed more robust and stronger than the
connections within a single omics layer (Fig. 5B, dotted vs.
solid arrows).

FIG. 5. Holistic approach informs the complex mitochondrial network operating within a dynamic cellular envi-
ronment. (A, B) Cartesian reductionism has provided a critical foundation of knowledge of metabolites, pathways, and
regulatory mechanisms yet it often focuses on limited data-driven integration tools; investigation of network-level inter-
actions enables detection of the connections across multiple omics layers (solid arrows), which can be biologically more
relevant to biologic function than the connections within a single omics layer (dotted lines). The data-driven integration
strategy also allows incorporation of non-omics phenotypic and clinical data such as imaging and blood test results, as well
as exposure data such as air pollution, exercise, and diet. (C) In vivo study of Se supplementation in mice shows the utility
of data-driven transcriptome–metabolome integration in mouse liver to identify central response hubs in liver [modified
with permission from Hu et al. (73)]. A total of 12,421 metabolic features and 80 genes that were identified as significantly
changed transcriptomic pathways by Gene Set Enrichment Analysis were integrated by xMWAS and the network was
visualized at a correlation threshold of 0.9. The three network hubs represent highly correlated metabolites and genes (jqj ‡
0.9). The two major hubs centered on FA b oxidation enzymes and glucose transporter and the minor hub centered on heme
biosynthesis enzyme highlighted the crucial role of mitochondrial energy metabolism in Se effects. Annotated metabolites
correlating with the genes were enriched in FA metabolism and were linked to increased body weight gain. Acaa1b, acetyl-
CoA acyltransferase 1b; CL, cardiolipin; Cpt2, carnitine palmitoyltransferase 2; Glut2, glucose transporter 2; PE, phos-
phatidyl ethanolamine; Se, selenium; TG, triglyceride.
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Several tools and approaches are now available for the
integrative omics, based on existing biological knowledge, or
empirical correlation analysis [reviewed in Wanichthanarak
et al. (177)]. The advantage of the knowledge-driven ap-
proach relying on predefined biochemical pathways and
networks is the ease of interpreting in a biological meaningful
context (BIND, HPRD, Kyoto Encyclopedia of Genes and
Genomes: KEGG, and the Biochemical Genetic and Geno-
mics knowledgebase: BIGG) (10). This approach has pro-
vided a framework to identify differentially active biological
processes between synthetic yeast strains and wild type by
using yeast KEGG pathways and Gene Ontology (GO) an-
notations to integrate transcriptomics, proteomics, and me-
tabolomics data (157).

However, a knowledge-driven approach may yield limited
insight due to insufficient domain knowledge of the biolog-
ical interactions. Integration of omics data with clinical and
epidemiological exposure data is also crucial to understand
disease etiology, yet it is challenging due to high heteroge-
neity of the data types (Fig. 5B). These challenges have led to
development of data-driven approaches to derive network
structures and utilize knowledgebases as downstream tools
to enhance understanding of network structures. The R pack-
age mixOmics supports empirical correlation analysis be-
tween two high-dimensional datasets; weighted gene
correlation network analysis (WGCNA) extends the concept
of correlations to graph topology models and, thus, is widely
used to analyze gene coexpression networks. In a recent
clinical trial testing calorie restriction to improve insulin
sensitivity, this data-driven instead of knowledge-driven
approach reconstructed a biological network linking insulin
sensitivity, serum branched chain amino acids, subcutaneous
adipose fat genes, and gut microbiota species, demonstrating
the value of the data-driven approach in discovery of un-
known interactions (38).

xMWAS is a data-driven approach that statistically infers
associations and correlations between molecules based on multi-
omics data (164). Compared with other data-driven integration
software [mixOmics, WGCNA, 3Omics, MetaboAnalyst and
many more (164)], xMWAS allows integration of more than
two datasets and identification of community structure to
reveal topological modules comprising functionally related
biomolecules (10). In a study of 16-week Se supplementa-
tion to C57BL/6J male mice, mice supplemented with Se had
greater body mass gain from baseline in the absence of oxi-
dative stress (81).

An integrated transcriptome–metabolome wide associa-
tion study (TMWAS) of mouse liver using xMWAS showed
two major gene–metabolite interaction clusters after inte-
grating 12,421 metabolic features and 80 genes from signif-
icant transcriptomic pathways identified by gene set
enrichment analysis. The outcome of integrative analysis
with high correlation cutoff (r ‡ 0.9) yielded that one was
centered on the transcript for the bidirectional glucose
transporter 2 (Glut2) and the other on the transcripts for
carnitine palmitoyltransferase 2 (Cpt2) and acetyl-CoA
acyltransferase 1 (Acaa1), suggesting perturbations in both
glucose homeostasis and fatty acid oxidation (73). Im-
portantly, expression of Cpt2, as an essential metabolic
component of mitochondria (Fig. 1), was highly correlated
with lipid and fatty acid intermediates, visualized in
Figure 5C. Indeed, Se supplementation caused accumulation

of acyl-carnitines in mouse liver and conversely decreased
acetyl-CoA and other TCA cycle intermediates, suggesting
that supplemental Se disrupts mitochondrial energy metab-
olism by decreasing capability for fatty acid b-oxidation.
Thus, this data-driven integrated omics approach provides
novel insight into previously reported disease risk of type 2
diabetes, obesity, and hyperlipidemia associated with high Se
status in humans (48, 137).

Increasing evidence shows that important functional
changes occur with minor variation in a dietary nutrient.
Exposure of human neuroblastoma (SH-SY5Y) cells to in-
creasing Mn concentration showed that Mn dose–response
characteristics differed for H2O2 production and mitochon-
drial respiration (47). TMWAS visualized distinct metabolite-
transcript clusters associated with basal and proton-leak
dependent oxygen consumption rate, and clusters associated
with redox measures including levels of H2O2, thiols, and
mitochondrial oxidants (55). The results demonstrate the
fundamental importance of subtle variation in Mn concen-
tration in mitochondrial biology, and they establish an ana-
lytical platform to incorporate bioenergetics and metabolism
for integrated analysis of mitochondrial and cell functions
(55).

Such interactions are also illustrated by studies of toxic
interactions of environmental levels of Cd exposure in mice.
As observed with Se and Mn shown earlier, low-level Cd has
systems-level effects on mitochondria (58, 59, 74). Visuali-
zation of key interactions by topological analysis identifies
nodes that undergo network changes under different condi-
tions, and contributions can be quantified by eigenvector
centrality (164) (Fig. 6A). Results for lungs of Cd-treated mice
showed that the gene-metabolite network was more con-
densed, indicating a more rigid and less adaptable structure.
This was especially exemplified by Zdhhc11 (a zinc-finger
enzyme responsible for S-acylation of proteins), which showed
a switch from a peripheral to central position and much greater
centrality in the network structure after Cd treatment. This
remarkable increase in association between Zdhhc11 and the
metabolome suggested a novel mechanism in Cd-induced lung
toxicity. Importantly, co-treatment with Se reversed the net-
work structure caused by Cd and reduced the centrality of
Zdhhc11 to baseline (Fig. 6A), showing an antagonistic effect
of low-level Se on low-level Cd-dependent lung toxicity (72).

Use of community detection has also been useful to dissect
complex interactions of environmental Cd and viral infection
(75). Associations among inflammation markers, lung me-
tabolomics, and the lung metallome, including 11 nutritional
and toxic metals, provided insight into mechanisms by which
Cd exposure worsens lung inflammation caused by respira-
tory syncytial virus (RSV) infection. The network structure
showed a strong interaction between the community of Cd,
Se, and Zn and a community containing interleukin 4 (IL-4)
occurred through metabolite associations (Fig. 6B). This
community relationship confirmed IL-4 linkage to unique
mitochondrial metabolic perturbations induced by Cd. The
results further demonstrate that metal dysregulation has a
broad effect on mitochondrial functional networks. Collec-
tively, the examples show that data-driven omics integration
provides a powerful approach to identify and visualize the
hierarchy of mitochondrial network structures and most
central modules in complex interactions involving metals,
metabolites, and other macromolecules.
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Concluding Remarks

Mitochondrial dysfunction has been implicated in human
diseases impacting most major organ systems. Participation
of mitochondria in various pathobiology (e.g., senescence,
malignant proliferation, dysregulated differentiation) involves
maladaptive responses at a systems level and encompasses
modifications of epigenome, epiproteome, epimetabolome,
and metallome. In particular, the function of mitochondria
extends far beyond energy production, and key metabolites,
termed the epimetabolome, represent central hub metabo-
lites of critical organizational importance. These metabolites
support switching mechanisms to control structural and
functional organization of proteins, dictating control of gene
expression, cell activities, and cell fate.

Importantly, high-resolution metabolomics methods now
provide capability to measure most metabolic pathways
linked to mitochondrial function, and integration of meta-
bolomics, transcriptomics, and proteomics shows that net-
work organization involves trans-omics connections. Data-
driven integration of mitochondrial phenotypic measures
and cell fate occurring as a consequence of systematic

variation in metal ions show that the powerful tools enable
identification of central hubs of the dynamic mitochondrial
functional networks. Although therapeutic strategies to
target these hubs and protect against mitochondrial net-
work dysfunctions are not yet available, the results pro-
vide a foundation for such development.

Applications to address mitochondrial dysfunction in hu-
man disease will require improved delineation of the mito-
chondrial phenotypes in different cell and organ systems.
Mitochondria are highly flexible and efficient in titrating
activities and morphology to cellular needs. This rewiring of
mitochondria, termed mitochondrial reprogramming, enables
an organism to adapt to environmental resources and chal-
lenges. The pleotropic roles and reprogramming of mito-
chondria show that, rather than a bystander, mitochondria can
be an important contributor to disease. Application of omics
tools to measure the integrated functions of the metabolome,
proteome, and transcriptome now enables detailed assessment
of the mitochondrial phenotype. This greatly extends cap-
abilities beyond the small number of commonly used indi-
cators, such as high lactate or high lactate/pyruvate ratio, and
it improves the opportunity to understand maladaptive

FIG. 6. Network analysis strategies advance understanding of complex biologic responses in metal–metal inter-
action studies. (A) Eigenvector centrality measures allow identification of key hubs in network change in a study of Se
antagonizing Cd lung toxicity. Integration of transcriptome (orange) and metabolome (green) shows a collapsed network
structure of Cd-treated mouse lung compared with control. Zdhhc11 (red star) switched from a peripheral position in the
control network to a central position associating with a large number of metabolites after Cd treatment (inset showing
zoomed-in structure), reflected by centrality measures (bottom). Se co-treatment restored the network structure to an
adaptive and flexible structure similar to control. (B) Community detection allows visualization of relations between metals
and inflammation markers via commonly associated metabolites in a study of Cd potentiating RSV-induced lung inflam-
mation. The thickness of the edges connecting nodes (circles, inflammation markers; squares, metals) are proportional to the
number of associated metabolites shared by the two nodes. Communities C1 through C4 are from unsupervised topology
analysis and show a strong interaction of Cd, Se, and Zn with IL-4 but not with other inflammation markers (C4, red
circles). This interaction among Cd, Se, Zn, and IL-4 was specific as no common metabolite association was found with IL-
4 and other metals (not shown in the network). (A, B) Modified with permission from Hu et al. (72) and Hu et al. (75),
respectively. IL-4, interleukin 4; RSV, respiratory syncytial virus.
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reorganization of network structures and associated signaling
mechanisms needed to support the broad spectrum of cell
functions supported by mitochondria.

Tools and approaches are now available to advance un-
derstanding of complex interactive molecular structures and
functions through development of mitochondria systems bi-
ology. Broad, systems-based approaches will be needed to
integrate information from multiomics with mitochondrial
phenotypic and functional measures and link these to health
outcomes. High-resolution metabolomics provides an im-
portant tool to support this development, because the mito-
chondrial metabolome communicates with cytoplasmic and
plasma metabolome, allowing plasma measures to provide
insight into mitochondrial function, reprogramming, and
dysfunction. Expansion of knowledge bases, such as Mito-
Carta (23), and tools such as xMWAS (164), will be needed
to support efficient integration of omics data for study of
mitochondrial network responses. Systematic studies of mi-
tochondrial network responses in model systems and human
disease will be critical to tease apart the major functional
relationships and guide development of therapeutic inter-
ventions. The recent progress has been dramatic, and it sets
the stage for substantial progress in development of mito-
chondria systems biology to improve human health and de-
crease the costly burden of disease.
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95. Labbé RF, Vreman HJ, and Stevenson DK. Zinc proto-
porphyrin: a metabolite with a mission. Clin Chem 45:
2060–2072, 1999.

96. Lalitha K and Rani P. Mitochondrial selenium-75 uptake
and regulation revealed by kinetic analysis. Biol Trace
Elem Res 49: 21–42, 1995.

97. Lambeth JD. Nox enzymes, ROS, and chronic disease: an
example of antagonistic pleiotropy. Free Radic Biol Med
43: 332–347, 2007.
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Abbreviations Used

2-HG¼ 2-hydroxyglutarate
a-KG¼ a-ketoglutarate
ABC¼ATP-Binding Cassette

AMPK¼AMP-activated kinase
BCAA¼ branched-chain amino acids

CoA¼ coenzyme A
CoQ¼ coenzyme Q10

COX¼ cytochrome c oxidase
Cpt2¼ carnitine palmitoyltransferase 2
cyt c¼ cytochrome c
DMT¼ divalent metal transporter
Drp1¼ dynamin-1-like protein (major regulator

of mitochondria fission)
ER¼ endoplasmic reticulum

ETC¼ electron transport chain
Glut2¼ glucose transporter 2
GSH¼ glutathione

HIF-1¼ hypoxia-inducible factor-1
IL-4¼ interleukin 4

IMM¼ inner mitochondrial membrane
KEGG¼Kyoto Encyclopedia of Genes and Genomes

Mfn¼mitofusin
Mg2+¼magnesium

MS¼mass spectrometry
OMM¼ outer mitochondrial membrane

OXPHOS¼ oxidative phosphorylation
PGC-1¼ peroxisome-proliferator-activated receptor

coactivator-1
SAMe¼ S-adenosyl-l-methionine

Se¼ selenium
SLC¼ solute carrier
SOD¼ superoxide dismutase
TCA¼ tricarboxylic acid

TMWAS¼ transcriptome-metabolome wide association
study

WGCNA¼weighted gene correlation network analysis
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