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Abstract

Mitochondrial dynamics are regulated by two sets of opposed processes: mitochondrial fusion and
fission, and mitochondrial biogenesis and degradation (including mitophagy), as well as processes
such as intracellular transport. These processes maintain mitochondrial homeostasis, regulate
mitochondrial form, volume and function, and are increasingly understood to be critical
components of the cellular stress response. Mitochondrial dynamics vary based on developmental
stage and age, cell type, environmental factors, and genetic background. Indeed, many
mitochondrial homeostasis genes are human disease genes. Emerging evidence indicates that
deficiencies in these genes often sensitize to environmental exposures, yet can also be protective
under certain circumstances. Inhibition of mitochondrial dynamics also affects elimination of
irreparable mitochondrial DNA (mtDNA) damage and transmission of mtDNA mutations. We
briefly review the basic biology of mitodynamic processes with a focus on mitochondrial fusion
and fission, discuss what is known and unknown regarding how these processes respond to
chemical and other stressors, and review the literature on interactions between mitochondrial
toxicity and genetic variation in mitochondrial fusion and fission genes. Finally, we suggest areas
for future research, including elucidating the full range of mitodynamic responses from low to
high-level exposures, and from acute to chronic exposures; detailed examination of the
physiological consequences of mitodynamic alterations in different cell types; mechanism-based
testing of mitotoxicant interactions with interindividual variability in mitodynamics processes; and
incorporating other environmental variables that affect mitochondria, such as diet and exercise.
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1. Mitochondrial dynamics: fusion and fission, transport, biogenesis and
mitophagy

Mitochondrial dynamics are critical in regulating morphology, number, subcellular
distribution, and function. They are also critical in maintaining mitochondrial homeostasis in
response to stress. The degree to which mitochondria are networked results from a dynamic
equilibrium between fusion and fission, facilitated by movement of mitochondria within the
cell. Similarly, the total mitochondrial content of a cell is a dynamic equilibrium between
mitochondrial biogenesis (henceforth referred to as mitobiogenesis) and mitochondrial
degradation, including mitophagy and other forms of mitochondrial recycling.
Mitochondrial dynamics vary based on developmental stage and age, cell type,
environmental factors, disease state, and genetic background. In this section, we provide a
brief overview of these processes, with the goal of providing context for the subsequent
sections; more detail can be found in the cited reviews. Many of the most critical proteins
involved in these processes are important human disease genes; an incomplete list including
the subset of these genes that is highlighted in this review is provided in Table 1. These
diseases often exhibit variable severity and progression, suggesting a role for environmental
factors (i.e., gene-environment interactions). Altered mitochondrial dynamics and
morphology also occur in a variety of other diseases (Archer 2013; Babbar and Sheikh
2013), although causality is less clear in those cases.

1.1. Mitochondrial fusion and fission

Mitochondria fuse in a process that requires inner- and outer-mitochondrial membrane
(IMM and OMM) GTPases (Van der Bliek et al. 2014). In humans, these proteins are named
Optic atrophy 1 (OPA1; IMM) and Mitofusins 1 and 2 (MFN1 and MFN2; OMM). Loss of
mitofusins blocks fusion of both the OMM and IMM, while loss of OPA1 blocks fusion of
the IMM, but not the OMM (Song et al. 2009). Mitochondrial fission is mediated by several
proteins, but the GTPase Dynamin related protein 1 (DRP1) is the most central, or at least
best understood (Chan 2012). Fission does not require membrane potential (Twig et al.
2008a), and in fact can be triggered by low membrane potential (Section 2). The inner but
not outer membrane fusion process is mitochondrial membrane potential-dependent (Van der
Bliek et al. 2014), although loss of membrane potential may also lead to PARK2-mediated
degradation of mitofusins, ultimately preventing fusion of mitochondria with low membrane
potential with other healthier ones (Narendra et al. 2012). Regulation of mitochondrial
fusion and fission has been reviewed in detail (Narendra et al. 2012; Van der Bliek et al.
2014). It should be noted that while our focus is on mitochondrial dynamics, these proteins
may play roles in other cellular processes. For example, MFN2 is also involved in
mitophagy (Chen and Dorn 2013) and in tethering mitochondria both to the endoplasmic
reticulum, which is important for early stages of mitochondrial fission (de Brito and
Scorrano 2008; Friedman et al. 2011), and to microtubules, permitting mitochondrial
transport in neurons (Pareyson et al. 2015); OPA1 contributes to maintenance of cristae
structure (Olichon et al. 2003) and may help anchor nucleoids to the IMM (Elachouri et al.
2011); and several fission proteins may also play a role in peroxisomal division (Chan
2012).
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In cell culture, fusion and fission can occur within minutes or even seconds, particularly in
the case of rapid stress-induced fission or transient, partial fusion events described as “Kiss-
and-run” (Dalmasso et al. 2017; Duarte et al. 2012; Liu et al. 2009). At the cellular level,
mixing of contents between mitochondria can occur within an hour (Youle and van der Bliek
2012); however, there is also evidence that heterogeneous mitochondrial sub-populations
persist within cells in some cases (Wikstrom et al. 2009). Genetic loss of mitochondrial
fusion results in insufficient mixing of mitochondria within cells, causing dramatic
mitochondrial heterogeneity in protein, mtDNA, and membrane potential (Mishra and Chan
2016). Fusion and fission may also serve to permit subcellular specialization of
mitochondria, e.g. such that perinuclear mitochondria function differently than axonal
mitochondria (Kowald and Kirkwood 2011). The relative rates of these two processes at any
given time in specific tissues are not well understood (Mishra and Chan 2016), but
presumably act in an integrated fashion to regulate both morphology and the potential rate at
which morphology can be altered. This may also relate to the rate of movement of
mitochondria in the cells, estimated to be ~0.1-0.2 um/second in the perinuclear region and
up to ~0.7 um/second in the cytosol and in axons (Dalmasso et al. 2017).

In general, it appears that more-networked mitochondria are more efficient at generating
ATP, particularly by aerobic metabolism, although there are some exceptions to this (Benard
et al. 2010; Correia-Melo and Passos 2015; Mishra and Chan 2016; Westermann 2012;
Youle and van der Bliek 2012); there is also evidence that fusion is important for other
processes, such as steroid and coenzyme Q synthesis (Duarte et al. 2012; Mourier et al.
2015b). Fusion can also be beneficial by permitting “functional complementation”: if
specific mitochondria carry a high level of damaged components or mutated mtDNA, the
deleterious effects of these dysfunctional components may be compensated for by functional
components from other mitochondria (Nakada et al. 2001; Schon and Gilkerson 2010). The
kinetics of functional complementation may be limited by the fact that mixing of OMM,
intermembrane space and matrix components is faster than mixing of IMM components
(including mtDNA, which is anchored in nucleoids to the IMM: (Wikstrom et al. 2009),
apparently because of cristae structure (Busch et al. 2014), the details of which remain
disputed (Zick et al. 2009). Fission permits distribution of mitochondria throughout a cell
(e.g., transport down axons or to permit allocation prior to cell division), and facilitates
apoptosis via release of cytochrome C under some circumstances (Mishra and Chan 2014).
Finally, fission may allow identification of dysfunctional daughter mitochondria and their
subsequent removal via lysosomal degradation (i.e., mitophagy), when combined with
inhibition of fusion (which, as a mitochondrial membrane-dependent process, is inhibited in
damaged mitochondria) (Mouli et al. 2009; Youle and van der Bliek 2012).

Overall, fusion and fission maintain mtDNA copy number, integrity (i.e., removal of
damaged and mutated mtDNA), and distribution (Amati-Bonneau et al. 2008; Elachouri et
al. 2011; Rouzier et al. 2012; Vidoni et al. 2013), yet also permit tolerance of mtDNA
mutations (Kowald and Kirkwood 2011; Lin et al. 2016), presumably via the processes of
complementation and mitophagy as described above.
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1.2 Biological variability in fusion and fission

Mitochondrial morphology is highly variable in different biological contexts, and much
remains to be learned about this variability (Zick et al. 2009). We summarize some of the
better-characterized patterns; a number of specific examples are reviewed by Kuznetsov et
al. (Kuznetsov et al. 2009). In stem cells, mitochondria are fragmented and spherical,
predominantly perinuclearly located, and exhibit less oxidative phosphorylation, more
glycolysis, low oxidative damage to macromolecules, and other functional changes
(Bukowiecki et al. 2014). In dividing cells, mitochondria tend to fuse during G1-S stages,
presumably to provide energy for division, and divide prior to mitosis, presumably to enable
distribution into daughter cells (Mishra and Chan 2014). Mitochondria may also exhibit
tissue-specific forms and functions. For example, mitochondria in cardiomyocytes are
relatively lacking in dynamics and non-networked, yet still express fusion and fission
proteins which appear to have important quality-control functions (Shirihai et al. 2015) and
may have developed alternate mechanism for content exchange (Huang et al. 2013).
Mitochondria in differentiating T cells employ undergo both biogenesis and dramatic
metabolic remodeling (Ron-Harel et al. 2016). In addition, mitochondrial morphology may
be altered by and influence disease processes. For instance, inhibition of mitochondrial
fission can impede cancerous processes (Rehman et al. 2012; Wang et al. 2012; Zhao et al.
2013), perhaps by opposing the glycolytic and proliferative phenotypes of cancerous cells.
Mitochondrial dynamics may be altered in some cell types by circadian rhythms (Manella
and Asher 2016) and as a function of age (Seo et al. 2010). Finally, recent modeling efforts
suggest that low mitochondrial mass impedes production of a more-networked morphology,
again illustrating the interdependence of mitochondrial parameters (Dalmasso et al. 2017).

Mitochondrial fusion and fission are regulated transcriptionally and non-transcriptionally
(including proteolytic degradation and post-translational modification of proteins) by a
multitude of factors, including metabolic status and energetic status, mitochondrial
membrane potential, redox status, and cellular stress (Hoppins 2014; Mishra and Chan 2016;
Toyama et al. 2016; Van der Bliek et al. 2014; Willems et al. 2015). Transcriptional
regulation is relatively poorly understood, and post-translational regulation is quite complex
(Dhingra and Kirshenbaum 2014). Reported environmental regulation of mitochondrial
fusion, fission and morphology are reviewed in Section 2.

1.3 Mitochondrial biogenesis and mitochondrial degradation

Just as fusion and fission dynamically regulate mitochondrial morphology, mitochondrial
production (mitobiogenesis) and removal dynamically regulate mitochondrial quantity and
quality (Ploumi et al. 2017). Mitobiogenesis is a regulated process permitting a coordinated,
increased production of nuclear and mitochondrial-encoded proteins, mtDNA (addressed in
detail by Chan (this issue), and other components (reviewed in (Dominy and Puigserver
2013)). Mitobiogenesis is stimulated by many factors including exercise, diet, hormones,
and stressors. Regulation of mitobiogenesis varies among tissues, but often involves the
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1a), AMP-
activated protein kinase (AMPK), mammalian target of rapamycin (mTOR) kinase, sirtuins
(e.g. SIRTY), nuclear respiratory factors (NRF1 and NRF2), nuclear factor-erythroid 2-like 2
(NFE2L2; also referred to as Nrf2), and estrogen-related receptors (ERR-a, ERR-B, ERR-7y)
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(Ploumi et al. 2017). In the context of stressors, mitobiogenesis may be upregulated either to
increase mitochondrial function in general, or to compensate for increased rates of removal
of damaged mitochondria (Dorn et al. 2015). Mitobiogenesis has been viewed as occurring
largely in the perinuclear region (Davis and Clayton 1996), but the number of cells in which
this has been tested is limited and there may be some exceptions (Amiri and Hollenbeck
2008).

Mitochondrial degradation can occur at multiple scales, including removal of damaged
molecules by proteases, lipases, and DNA degradation machinery (Bohovych et al. 2015;
Scheibye-Knudsen et al. 2015); removal of more localized or minor damage by small
mitochondria-derived vesicles (recently termed “micro-mitophagy”), and mitophagy
(Lemasters 2014; Sugiura et al. 2014). Of these, only mitophagy requires mitochondrial
fission, as elongated mitochondrial are somewhat recalcitrant to mitophagy. Of note, fission
may facilitate mitophagy not just by physically reducing mitochondria to a size amenable to
autophagosomal encapsulation, but may also segregate dysfunctional fractions of
mitochondrial networks that can be identified as such by loss of membrane potential. This
process is mediated in part by PTEN-induced putative kinase 1 (PINK1), a mitochondrial
kinase that accumulates on dysfunctional mitochondria and recruits and activates proteins
including Parkin (PARK?2), a ubiquitin ligase; both are involved in some forms of mitophagy
as well as micro-mitophagy (Lemasters 2014; Narendra et al. 2012; Palikaras and
Tavernarakis 2014). In addition to PINK1 and Parkin, a large and increasing number of other
proteins are being identified as capable of participating in mitophagy (Ploumi et al. 2017;
Wei et al. 2017). Many forms of mitochondrial degradation are inducible by stimuli
including nutrient or caloric deprivation and loss of membrane potential.

Perhaps unsurprisingly, regulation of mitobiogenesis and mitophagy is frequently
coordinated, often by the same transcription factors, thus permitting increased turnover
without a decrease in mass under stressed conditions; an imbalance in these processes
underlies some disease states (Ploumi et al. 2017). In most cases, initiation of mitophagy is
somewhat slower than fusion and fission, occurring over minutes to hours, although some
forms of mitophagy are faster than others (Lemasters 2014). Mitobiogenesis is slower yet,
requiring hours or more (Dalmasso et al. 2017). Finally, as was the case for fusion and
fission genes, many proteins involved in these processes also participate in other biological
functions. For example, there is evidence that Parkin directly protects and stimulates repair
of mtDNA (Rothfuss et al. 2009), while PINK1 can regulate mitochondrial transport in
axons (Liu et al. 2012), complex I activity, and more (Voigt et al. 2016).

1.4 Biological variability in mitobiogenesis and mitochondrial degradation

Alterations in replication of mtDNA result in multiple pathologies, as described by Chan
(this issue). Mitobiogenesis is highly variable during very early development; two
bottlenecks (i.e., very low numbers per cell) of mtDNA per cell occur, first during the
progression of primordial germ cells to oocytes, and then during progression of the embryo
to the blastocyst stage (Mishra and Chan 2014). To our knowledge, developmental
differences in damage-induced mitochondrial degradation pathways have been less well
characterized, although mitophagy is critical for removal of mitochondria from sperm and
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developing erythrocytes (Palikaras and Tavernarakis 2014). There are also important roles in
cellular differentiation and cell type-specific differences (Lu et al. 2013; Scarpulla 2011). In
a particularly remarkable example, while mitophagy is generally viewed as a process that
occurs within cells, recent evidence indicates that in some cases, mitochondria may be
exported to another cell or extracellular space via “exosomes” (Torralba et al. 2016) or
“exophers” (Melentijevic et al. 2017), potentially rescuing function in a damaged cell. For
example, astrocytes can digest mitochondria from neighboring axons (“transcellular
mitophagy”) (Davis et al. 2014). Finally, there are alterations associated with disease. For
example, PINK1 and PARK?2 mutations result in early-onset Parkinson’s Disease (Truban et
al. 2016), and a variety of mitophagy defects result in pathological changes in other neuronal
populations, liver, heart, and possibly cancer (Lu et al. 2013; Roberts et al. 2016).

1.5 Relationship to other mitochondrial parameters

Mitochondrial parameters are closely linked. As mentioned above, more-networked
mitochondria are generally associated with higher ATP production. Loss of MFN2 is
associated with lower mitochondrial membrane potential, proton leak, glucose oxidation,
and Krebs cycle activity; these same parameters are increased upon MFN2 overexpression
(Schrepfer and Scorrano 2016). These deficiencies appear to result at least in part from
depletion of coenzyme Q (Mourier et al. 2015a). Loss of membrane potential, which
contributes to mitophagy via PINK1-mediated Parkin activation, can also inhibit
mitochondrial fusion and mobility because Parkin can also ubiquinate mitofusins and Mirol
(involved in mitochondrial transport), leading to their degradation (Narendra et al. 2012),
and loss of membrane potential leads to OPA1 degradation (Head et al. 2009). Additional
mitochondrial parameters can also be altered, including energetics and calcium homeostasis
(Archer 2013; Benard et al. 2007; Dalmasso et al. 2017; Mishra and Chan 2016). Thus,
experimental manipulation of one parameter may cause other deleterious or compensatory
responses. For example, loss of OPA1 or MFN2 can result in either reduced (Belenguer and
Pellegrini 2013; Rouzier et al. 2011) or increased (Sitarz et al. 2012; Yu-Wai-Man et al.
2010) mtDNA, and loss of PINK1 is reported in some (Anichtchik et al. 2008; Dagda et al.
2009) but not all (Gautier et al. 2008) cases to cause increased oxidative stress. Many
mitodynamic responses and well as other mitochondrial and cellular functions are regulated
by the same signaling cascades (e.g., AMPK: (Garcia and Shaw 2017)). These interactions
complicate interpretation of experiments in which one mitochondrial parameter is
manipulated, and should be considered during experimental design and interpretation,
including of the outcomes that we describe in the following sections.

2. Mitochondrial fusion and fission as stress responses

As mentioned above and as previously reviewed (Youle and van der Bliek 2012), there is
reason to expect either mitochondrial fusion and fission after stress. We reviewed the
literature on the reported effects of environmental stressors on mitochondrial dynamics with
the goal of identifying any patterns. We focus on fusion and fission due to space constraints
and the relative paucity of information about these processes relative to mitobiogenesis and
(especially) degradation.
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2.1. Cellular stress may result in mitochondrial fusion or fission

General stress responses mediated via mitochondrial dynamics are best described in the
cases of ROS, diet, and exercise.

While cells at homeostasis maintain a balance of fusion and fission, stressors can tip this
balance towards excess fusion via a process termed “stress-induced mitochondrial
hyperfusion” (SIMH). SIMH was first observed in multiple mammalian cell lines after short,
low-dose exposures to ultraviolet C radiation (UVC), actinomycin D, cycloheximide,
anisomycin, hippuristanol, and nutrient deprivation (both carbohydrate and amino acid)
(Tondera et al. 2009). Changes in mitochondrial length were observed as early as two to
three hours after exposure, reached maximum elongation six to nine hours after exposure,
and only persisted if the stressor was not removed. SIMH is mediated through OPA1 and
MFNZ1, but in a manner distinct from normal fusion in terms of some of the molecular
machinery involved (Van der Bliek et al. 2014), and is hypothesized to occur in order to
maintain OXPHOS and optimal ATP levels to adapt to low levels of stress (van der Bliek
2009; Youle and van der Bliek 2012). Transient increases in fusion were also observed after
administration of low levels of hydrogen peroxide (H05) to human umbilical vein
endothelial cells (Jendrach et al. 2008). Starvation also induced mitochondrial elongation,
mediated through cAMP-activated protein kinase A leading to phosphorylation of DRP1 and
inhibition of mitochondrial fission (Gomes et al. 2011). Conversely, superfluous nutrients
can cause increased fragmentation (Molina et al. 2009); these changes are quickly reversible
with altered calorie availability (Schrepfer and Scorrano 2016). Additionally, a recent study
has demonstrated that the fatty acid metabolite, stearic acid (C18:0), reversed mitochondrial
fragmentation by limiting ubiquitination and degradation of mitofusins by HECT, UBA, and
WWE domain containing E3 ubiquitin protein ligase (Senyilmaz et al. 2015). However,
many of these studies have been carried out /in vitro, and the extent to which SIMH occurs /in
vivo, and what other factors may regulate its occurrence, are unclear; for example, we
recently failed to observed SIMH with chronic, non-lethal arsenic exposure in
Caenorhabditis elegans (Luz et al. 2017). Mitochondrial fusion may be triggered upon viral
infection, and appears to support the innate immune response (Khan et al. 2015).

In contrast, stressors in other experiments resulted in increased mitochondrial fragmentation,
resulting both from pathways that activate DRP1 via AMPK phosphorylation of DRP1
(Toyama et al. 2016) and calcium release from the endoplasmic reticulum (Van der Bliek et
al. 2014), and inhibition of fusion via cleavage of OPAL1 and ubiquitination and degradation
of MFN2 (Van der Bliek et al. 2014). As mentioned, at high levels, this can facilitate
apoptosis and cell death. However, at low levels, there is evidence that this may also be an
adaptive mechanism to avoid cell death. For example, after a brief period of exercise,
isolated rat skeletal muscle cells exhibited decreased Mfn1/2 mRNA and protein expression,
as well as increased expression of Fis1 mRNA and protein (Ding et al. 2010)(FIS1 is an
ancillary mediator of mitochondrial division). This may be due to free radical production, as
fragmentation is observed in C2C12 myocytes after acute exposure to H,O, (Fan et al.
2010). However, beginning at three hours post recovery, there was a significant increase in
Mfn1l mRNA expression, as well as a significant decrease in Fis1 mRNA and protein levels,
implying that after a period of acclimation to an exercise state, mitochondria became
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increasingly networked. This is consistent with the observation that long-term exercise may
increase mitochondrial networking (Bo et al. 2010; Cartoni et al. 2005; Yan et al. 2012).
Finally, increased networking does not always correlate with increased function; in fact,
senescent cells exhibit high mitochondrial mass and networking, yet generally decreased
function (Correia-Melo et al. 2016; Correia-Melo and Passos 2015).

2.2. General patterns observed in studies of toxicant-induced mitochondrial fusion and

fission

Clearly, different levels, duration, and timing of stimuli can have varying impacts on
mitochondrial morphology. An emerging literature has begun to describe altered
mitochondrial dynamics after exposure to environmental contaminants. Much of the
evidence lies in changes in mitochondrial morphology and in expression of proteins that
regulate mitochondrial fission and fusion after exposures. We have compiled some of the
observations in Table 2, and describe a subset in more detail below. Because the wide range
and nonsystematic nature of experimental conditions and stressors employed to date
preclude a conclusive integrative analysis, we focused on identifying emerging patterns of
fission and fusion in response to environmental toxicants that can be used to generate
hypotheses and inform future experiments. We discuss below select studies which are
notable in that they either individually employ a range of doses, or in conjunction
characterize effects of the same chemical with a range of exposure timing and duration.
These features allow us to identify emerging patterns of the effect of multiple doses and
timing of dose on mitochondrial dynamics.

A detailed investigation into how toxicant concentration influences mitochondrial dynamics
was described in an /n vivo model testing effects of air pollution on mitochondrial
morphology. Changes in expression patterns of proteins that regulate fusion and fission were
observed in rat nasal mucosal tissues after /n vivo inhalation of particulate matter (PM> 5)
isolated from ambient air samples from Shanghai, China (Guo et al. 2017). Mnf1 and Opal
MRNA and protein expression were increased at low and medium doses of PM 5 (200 and
1000 pg/m3), potentially compensating for damage or in response to increased energy
demands, but decreased at a high dose PM5 5 (3000 pg/m?3). However, mRNA and protein
expression of Drp1and FisI were increased only after the high dose exposure. This study
emphasizes the complexity in understanding how environmental exposures influence
mitochondrial dynamics: at low doses, changes in dynamics due to stress amelioration could
be misinterpreted as toxicity and not an adaptive response, when in fact the toxic response
may occur only at high levels of exposure when the balance of fission and fusion is
disrupted.

Duration and timing of exposure is also important when investigating effects of toxicants on
mitochondrial dynamics, as demonstrated by various /n vitro studies investigating the effects
of cigarette smoke extract (CSE) on mitochondrial morphology. Human airway smooth
muscle cell mitochondria were highly sensitive to changes in mitochondrial morphology
after a 48 hour exposure to 1% CSE, exhibiting decreased branching and branch length,
decreased MFN1, MFNZ2and OPAI expression and increased DRPI and F/S1 expression
(Aravamudan et al. 2014). On the other hand, mitochondria in human bronchial epithelial

Toxicology. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer et al.

Page 9

cells exposed to 10% CSE for three months, followed by three months of control conditions,
exhibited increased branching, suggesting mitochondrial fusion occurs in response to a
chronic stress scenario (Hoffmann et al. 2013). Finally, even apparently adaptive responses
may not preclude longer-term toxicity. For example, acute exposure of developing Danio
rerio to the mitochondrial uncoupler 2,4-dinitrophenol resulted in an increase in gene
expression of gpal and peol (mtDNA helicase and twinkle homolog, required for mtDNA
replication) immediately following the exposure, as the mitochondria fused and replicated as
an initial stress response (Bestman et al. 2015). However, at increasing time intervals
following the initial exposure, gpal, peol, and drp1 expression decreased, followed by a
decrease in overall mitochondrial respiratory capacity, as well as motor neuron and retinal
developmental defects.

One class of agents with a specific mechanism of action have a very clear effect on
mitochondrial dynamics and morphology: uncouplers of oxidative phosphorylation. Specific
agents (i.e., FCCP, CCCP, and 2,4-DNP) directly result in mitochondrial uncoupling and
lead to loss of mitochondrial membrane potential (MMP), which then leads to an inhibition
of fusion. It is therefore important to confirm in future investigations whether environmental
compounds that are uncouplers, such as arsenate, triclosan, and pentachlorophenol have the
same effect on mitochondrial morphology and dynamics due to this mechanism of action.
One could also predict that toxicants that directly or indirectly decrease MMP could have
similar effects on mitochondrial morphology. Therefore, in future work, it may be useful to
include chemicals that have a clear mechanism of action that could lead to disruption of
cellular homeostasis via inhibition of mitochondrial dynamics.

Overall, while limited, available data suggest that patterns of mitodynamic response to
chemical stressors are generally similar to responses to other stressors, as previously
reviewed (Youle and van der Bliek 2012). Specifically, low level and chronic exposures lead
to an increase in fusion and mild increase in fission, resulting in more-networked
mitochondria as well as increased turnover of damaged components. Middle-level acute or
chronic exposures lead to a similar level of increase in fusion and fission, so that turnover is
increased but morphology is not dramatically altered. High level, acute exposure promotes
fission and may simultaneously inhibit fusion due to reduced mitochondrial membrane
potential.

It is important to distinguish adaptive and compensatory responses from toxic or
pathological changes. Generally, it appears that low level and chronic exposures lead to
responses that are adaptive in the short term, and in most circumstances also in the long-
term, as long as turnover of damaged components is not compromised (note: “exposure
levels” are conceptualized here not as specific concentrations of chemical, degree of
exercise, etc., but rather relative to the predicted degree of stress and associated
morphological response of mitochondria; thus, for example, low levels of “stress” may
correspond to adaptive responses). However, if chronic hyperfusion reduces the likelihood of
turnover, the risk of a long-term problem may develop. For example, such exposures, if
genotoxic, might result in mtDNA mutations, the source of which, as discussed by Meyer
and Chen (this issue), is controversial. This long-term trade-off may be particularly marked
in the case of persistent mitotoxicants (e.g., metals or persistent organic pollutants) that may
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not be removed from mitochondria in the context of a long-term inhibition of fission. We
propose that middle range exposures result in both increased turnover of mitochondria and a
roughly normally networked morphology via comparable increases in both fusion and
fission. Examples of such responses are less common in the literature—perhaps because
they may be viewed as negative results if only morphology is examined! These similar
increases in fusion and fission would appear to be adaptive in the short-term, with both
increased turnover of mitochondria, permitting removal of damaged components, and
maintenance of mitochondria that are networked enough to generate ATP efficiently and
dynamic enough for functional complementation. A potential downside to simultaneously
increased fusion, fission, biogenesis and degradation is increased energy requirement. High-
level exposures may result in increased fission, which blocks efficient ATP generation and
limits rates of functional complementation, in addition to potentially leading to apoptosis.
Highly fragmented mitochondria may be more likely to undergo cellular export (West and
Shadel 2017), potentially eliciting an inflammatory response, as discussed by West (this
issue). Mitochondrial fission may also inhibit the response to infection (Khan et al. 2015).
However, briefly increased fission may also serve a protective role by permitting increased
mitochondrial degradation. Additionally, increased fission results in a decrease in oxidative
phosphorylation, which could protect the cell if the toxicity of the chemical results in part
from inducing mitochondrial ROS generation (e.g., paraquat or rotenone). Finally, apoptosis
can be an adaptive stress response if it removes damaged cells with mitochondria damaged
beyond full repair capacity. Of note, these potentially adaptive stress responses exist on a
longer timeframe, and are thus an additional experimental design parameter that should be
considered.

We provide a schematic illustrating these overall patterns, and relating them to other
mitochondrial processes (Fig. 1). We highlight two points. First, we view these patterns as
hypotheses, which need to be further tested in multiple systems. Second, some researchers
have attempted to use endpoints such as mitochondrial morphology or DNA copy number as
biomarkers of mitochondrial dynamics. While alterations in mitodynamics are
mechanistically informative, the variability in dynamic and morphological responses across
doses and timepoints is likely to make the utilization of these endpoints as biomarkers
challenging (e.g., note non-monotonic responses illustrated in Figure 1), particularly without
additional parameters. Nonetheless, measurement of these mitochondrial endpoints is
critically important to test and add detail to the general schematic we present in Figure 1.
The model we describe above is based on a rather limited literature, and exceptions exist.
For example, a recent investigation of the effects of ozone on mitochondrial morphology
identified increased fusion at a high dose, but increased fission at a low dose (Constanzo et
al. 2015). Amelioration of fragmentation at the high dose was due to the activation and
increased abundance of mitochondrial targeted heat-shock protein 70, a classic adaptive
stress response. This provides further motivation to investigate how variation in dose, and/or
mechanism of action impacts mitochondrial dynamics; in fact, there are a large number of
knowledge gaps regarding environmental contaminants and mitochondrial dynamics, as
addressed in the next section.
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2.3. Frontiers of knowledge regarding stress-responsive mitochondrial fusion and fission

Many questions remain regarding changes in mitochondrial fission and fusion dynamics in
response to direct and indirect mitochondrial toxicants. For example:

. What differences, if any, exist between chemicals and other stressors and
environmental factors (e.g., diet, exercise, and infection) in altering
mitodynamics? Does this depend on whether the chemical specifically targets
mitochondria versus other cellular targets? Does it depend on how persistent the
chemical is (in the cell)? How do these factors interact?

. What is the full range of dose-response and time course of the response?

. How long do altered mitodynamics last /n7 vivo, and what is the full range of
transcriptional and non-transcriptional control mechanisms? What variation
exists in mitodynamic response, and the consequences of those changes, across
tissue types and developmental stages?

. What are the consequences of changes in mitodynamics, from mitochondrial
function to organismal health? Are there long-term organismal-level
consequences, or trade-offs, to altered dynamics? How do these relate to reports
of “mitohormesis” (Yun and Finkel 2014), and to conditions of nutrient stress,
infection, or other environmental stressors?

We hope that researchers will address these questions, as well as design experiments to
incorporate wide dose-responses and varied exposure time courses.

Finally, as described, there is strong evidence that mitochondrial fusion and fission play
polymorphisms in genes involved these processes in the population, it is also important to
consider the possibility that deficiencies in these genes might render some individuals more
sensitive to mitotoxicants.

3. Gene-environment interactions: How does genetic variation in
mitochondrial dynamics processes affect the response to mitochondrial
stress?

3.1. Evidence for interactions between mutations in mitochondrial genes and
mitochondrial stressors

To date, the best-characterized examples come from interactions of pharmaceuticals with
mutations in mitochondrial genes that function in processes other than mitochondrial
dynamics. For example, aminoglycoside antibiotics, which inhibit bacterial protein synthesis
via binding to bacterial 16s rRNA, can cause ototoxicity in individuals harboring point
mutations in mtDNA-encoded 12s rRNA that render the ribosome more “bacteria-like” in
structure [reviewed in (Guan 2011)]. Valproic acid can cause fatal liver hepatotoxicity in
individuals with certain inborn errors of metabolism, likely due to inhibition of enzymes
involved in fatty acid oxidation [reviewed in (Silva et al. 2008)]. Finally, smoking and heavy
drinking can increase the penetrance of Leber’s hereditary optic neuropathy, which is caused
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by mutations in mtDNA, from 50 to 93% in males and 10 to 33% in females (Kirkman et al.
2009).

There is also evidence for a role for the environment in the development, progression, and
exacerbation of mitochondrial dynamics-related diseases. For example, only 10% of
Parkinson’s disease (PD) cases have a clear genetic etiology (Klein and Westenberger 2012),
while the age of onset (infantile to 50* years of age) and severity of clinical manifestations
of CMT2A caused by mutations in MFNZ2vary dramatically, even in patients harboring
identical mutations (Choi et al. 2015; Lv et al. 2015). However, mechanistic understanding
of how deficiencies in mitochondrial dynamics might sensitize to mitotoxicant exposure is
limited; this knowledge gap is particularly apparent for fusion and fission, as is illustrated by
the outcome of a recent (July 3, 2017) Pubmed search: “Parkin and toxicity,” 252;
“Mitofusin and toxicity,” 30; “DNM1 and toxicity,” 2. Therefore, and because of the
relatively high frequency of mutations in mitochondrial fusion genes (Table 1), we focus our
review on fusion and fission gene-environment interactions.

3.2 Effects of deficiencies in fusion genes

Numerous drugs are known to worsen preexisting neuropathies, including those caused by
Charcot-Marie-Tooth disease [reviewed in (Weimer and Podwall 2006)]. While interactions
between neurotoxic drugs and specific genetic defects causative of various CMT subtypes
have not been thoroughly investigated, there is some interesting literature. Several case
reports of optic atrophies have been reported in patients harboring mutations in
mitochondrial fusion genes following administration of ethambutol (EMB), an antimicrobial
agent frequently used in the treatment of tuberculosis (Fonkem et al. 2013; Guillet et al.
2010; Pradhan et al. 2010). These include two patients harboring distinct mutations in OPAZ
that developed optic atrophies following EMB treatment (Guillet et al. 2010; Pradhan et al.
2010). Neither patient had visual impairment prior to EMB treatment. In another patient
harboring a point mutation in MFN.2, EMB treatment exacerbated a pre-existing neuropathy,
and induced vocal cord paralysis and optic atrophy (Fonkem et al. 2013). These results and
the dual neurodegenerative nature of DOA and EMB (DOA results from a loss of retinal
ganglion cells (RGCs), and RGCs are a sensitive target of EMB toxicity (Heng et al. 1999))
suggest that MFNZ2or OFPAI mutations and EMB represent a novel gene-environment
interaction. However, EMB treatment is associated with optic neuropathies in 2-6% of
patients (Lee et al. 2008; Sadun and Wang 2008); thus, it is unclear if these case reports
represent novel gene-environment interactions, or simply coincide with the 2-6% of patients
that develop optic atrophies following EMB treatment. Further work is warranted to test any
molecular interactions between loss of mitochondrial fusion and EMB toxicity.

Although the aforementioned clinical observations suggest the environment can play a role
in the exacerbation of DOA and CMT2A, experimental evidence is lacking (Table 2).
However, results from several model organisms are beginning to suggest that genetic
deficiencies in fission and fusion may sensitize individuals to toxicants that specifically
induce mitochondrial ROS, including the ETC CI inhibitor rotenone, which can induce
production of superoxide anion, and the redox cycler paraquat, which is an amphiphilic
herbicide that can accumulate in the mitochondria. For example, drp-1-, fz0-1 (MFNZ2
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homolog)-, and eat-3 (OPA1 homolog)-deficient C. elegans are sensitive to rotenone-
induced lethality (Fig. 2) and larval growth delay (7zo-1 & eat-3 only: (Luz et al. 2017));
rotenone reduces the viability of cortical neurons isolated from heterozygous OPAI*'~ rats
(Millet et al. 2016); and transfection with OPA1G300E an OPA1 variant carrying a missense
mutation in the GTPase domain, sensitizes primary mice neurons to rotenone-induced
axonal degeneration (Lassus et al. 2016). Furthermore, mutations in drp-1 have been
reported to mildly sensitize nematodes to paraquat-induced lethality and larval growth delay
(Luz etal. 2017; Yang et al. 2011) while fusion-deficient C. elegans (eat-3, fzo0-1) are
sensitive to paraquat-induced lethality and larval growth delay, and D. melanogaster (OPAI-
deficient) display reduced survival following paraquat exposure (Kanazawa et al. 2008; Luz
et al. 2017; Tang et al. 2009). Interestingly, paraquat and rotenone exposure have been
associated with the development of PD in farmworkers (Tanner et al. 2011), and are also
used in animal models of PD [reviewed in (Cicchetti et al. 2009)], and MFN2 deficiency can
cause dopaminergic neurodegeneration (Pham et al. 2012). Thus, compared to EMB, there is
somewhat more experimental support for this gene-environment interaction, but the
mechanistic details of these interactions, and the extent to which they can be extended to
other toxicants that cause mitochondrial ROS production or other forms of mitochondrial
toxicity, remains to be elucidated.

An interesting potential environmental vulnerability in mitochondria results from the fact
that mitochondria lack nucleotide excision repair (NER), which is required for removal of
many common forms of environmentally-induced DNA damage [(Meyer et al. 2013) and as
reviewed by de Souza Pinto and Roubicek (this issue)]. We have previously shown that the
processes of fission, fusion, mitophagy, and autophagy are required for the slow removal of
irreparable (due to a lack of mitochondrial NER) ultraviolet C-induced photodimers in
mtDNA (Bess et al. 2012; Bess et al. 2013). However, UVC-induced mtDNA damage only
caused larval growth arrest in fusion (7zo-1, eat-3)-deficient nematodes, suggesting that
individuals with fusion deficiencies are more susceptible to toxicity induced by irreparable
mtDNA damage. In agreement with this, we have also observed sensitivity to the mycotoxin
aflatoxin B4 and the chemotherapeutic cisplatin, both of which can cause irreparable
mtDNA damage (Gonzalez-Hunt et al. 2014; Niranjan et al. 1982; Podratz et al. 2011), in
fz0-1- and eat-3-deficient but not drp-1 C. elegans (Luz et al. 2017). Although the precise
reason for sensitivity to irreparable mtDNA damage in fusion-deficient C. elegans remains
unknown, one possibility is the existence of a threshold effect in which >65% of mtDNA
must typically be damaged or lost prior to pathogenesis (Taylor and Turnbull 2005). In
support of this, OPA1 regulates mitochondrial cristae structure and mtDNA stability, and
mutations in OPAI can result in mtDNA depletion and increased frequency of mtDNA
deletions [reviewed in (Belenguer and Pellegrini 2013)], while mutations in MFN2have
been reported to cause mtDNA depletion in CMT2A patients (Rouzier et al. 2011). Thus, in
the context of reduced mtDNA content and genetic inability to remove damaged mtDNAs,
irreparable mtDNA damage may more easily exceed the pathogenic threshold resulting in
mitochondrial dysfunction. However, further mechanistic studies are required to test this
hypothesis. Finally, a number of studies have demonstrated the importance of mitochondrial
fusion in protecting against accumulation of mtDNA mutations (Chen et al. 2010; Vidoni et
al. 2013).
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Finally, we have recently demonstrated that fusion (7zo-1, eat-3) -deficient nematodes are
hypersensitive to arsenite-induced toxicity (Luz et al. 2017). In fusion-deficient nematodes,
exposure to arsenite resulted in impaired mitochondrial respiration, lower ATP levels, and
reduced pyruvate and isocitrate dehydrogenase activity, suggesting that disruption of
pyruvate metabolism and Krebs cycle activity may underlie the observed mitochondrial
dysfunction. Although further experimental work in mammalian models as well as human
studies are required to determine the human relevance of this gene-environment interaction,
this work is warranted, as over 100 million people are chronically exposed to arsenic
through consumption of contaminated drinking water (Ravenscroft et al. 2009).

3.3 Effects of fission deficiency

However, although we and others have reported that fission-deficient nematodes are also
mildly sensitive to rotenone (Fig. 2), arsenite, and paraquat (Luz et al. 2017; Yang et al.
2011), and a recent report supports a role for mitochondrial fission in the adaptive response
to mitochondrial dysfunction (Benard et al. 2013), loss or inhibition of fission is currently
more frequently associated with protection in the literature. For example, DRPI siRNA
reduced cell death in human SH-SY5Y cells exposed to 6-hydroxydopamine (Gomez-Lazaro
et al. 2008), reduced cell death in rat astrocytoma C6 cells exposed to manganese (Alaimo et
al. 2014), reduced cell death in mouse HT22 neurons exposed to glutamate (Grohm et al.
2012), reduced cell death in lung epithelial cells exposed to cigarette smoke extract
(Mizumura et al. 2014), reduced mitochondrial dysfunction in human L02 hepatocytes
exposed to cadmium (Xu et al. 2013a), and protected drp-I-deficient nematodes from
acrolein-induced larval growth delay (Luz et al. 2017). These results suggest hyperfusion
caused by mutations in drp-1 may be protective under certain conditions. This may be due to
that fact that fusion promotes functional complementation, which as described above can
provide some buffering capacity against mitochondrial damage. However, hyperfused
mitochondria, such as those found in drp-I-deficient cells, are somewhat recalcitrant to
autophagosomal degradation, which allows mitochondrial damage to accumulate due to
impaired recycling of mitochondria (Meyer and Bess 2012; Twig et al. 2008b). This raises
the interesting possibility that sensitivity to toxicants in fission-deficient individuals may
only manifest after chronic exposures or in aging individuals in which mitochondrial
damage has had time to accumulate and exceed the buffering capacity of hyperfused
mitochondria. This is supported by the fact that aging arp-2-deficient nematodes are
hypersensitive to arsenite-induced lethality, while larval nematodes are not (Luz et al. 2017).
We recommend that future research be designed to confirm or refute this hypothesis.

4. Conclusions and future directions

Mitochondrial fusion and fission are important homeostatic and toxicant response pathways
that have strong mechanistic relations to other mitodynamic process including
mitobiogenesis, mitochondrial degradation, and mitochondrial transport. Genetic
deficiencies or other factors that alter mitochondrial dynamics can alter sensitivity to
exposures, which is of significant concern given the relatively common nature of
deficiencies in these processes in the population. However, while deficiencies often sensitize
to exposure, they sometimes protect or have no effect. This suggests that if we are to develop
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an ability to predict the interaction between mitotoxicants and inter-individual differences in
mitochondrial dynamics, we will need to pair mechanistic understandings of the toxicants’
biological effects with a detailed understanding of the dynamic mitochondrial response
(including fusion and fission, but also related changes such as mobility, morphology,
degradation, and biogenesis). For example, we might predict that chemicals that cause
mitochondrial fusion at low exposure levels, as part of an adaptive response, might be more
toxic in an individual with reduced capacity for mitochondrial fusion. Conversely, if a
chemical causes cell death by mitochondrial fission-mediated apoptosis, deficiency in fission
might be protective in the short term, while potentially deleterious in the long run due to the
inability to recycle damaged mitochondrial components. As discussed above, we
recommend that studies that examine mitochondrial dynamics in response to environmental
toxicants include a range of doses and timepoints, given that fusion and fission are likely to
occur at different timepoints and levels of cellular stress.

It will also be important to put toxicants’ effects on mitochondrial dynamics in the context
of other environmental variables that affect mitochondria, such as diet (Branco et al. 2016;
Hepple 2009) and exercise (Bo et al. 2010); as described above, these are currently among
the better-described environmental regulators of mitochondrial fusion and fission. Indeed,
dietary and exercise variables have been reported to cause “mitohormesis” (Held and
Houtkooper 2015; Merry and Ristow 2016), suggesting a possible protective effect.
Interestingly, the same has been reported for low levels of some mitotoxicants, such as
arsenic (Schmeisser et al. 2013); however, we recently found that concentrations of arsenic
that were harmless or even beneficial in wild-type Caenorhabditis elegans were instead toxic
to fusion-deficient individuals (Luz et al. 2017). On the other hand, some mitochondrial
perturbations can have persistent, deleterious consequences (Berthiaume and Wallace 2007a,
b; Chan et al. 2007; Ditzel et al. 2015; Divi et al. 2010; Leung et al. 2013; Saben et al. 2016;
Wood et al. 2015), and thus may contribute the developmental origins of adult health and
disease. Testing this possibility will be an additional, important future direction, especially
given the very different mitochondrial morphologies and functions observed in early-stage
organisms and undifferentiated cells.
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Fusion
Fission

Biogenesis
Degradation

Physiological Mild Moderate High Death

Level of Stress

Theoretical schematic of the influence of the level of stress on mitochondrial fusion, fission,
morphology, biogenesis, and degradation. Note that these patterns would vary by cell type,
with length of exposure and time since exposure, and possibly with type of stress (e.g.,
chemical, dietary, exercise, infection, etc.). For example, starvation results in fusion but not
biogenesis. It may be important to consider how these patterns would affect other parameters
such as ATP levels, and energy expenditures, ROS production, membrane potential.
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Fig. 2.

Deficiencies in mitochondrial fission (drp-1 (LC50 = 7.5 £ 1.3 uM rotenone)) and fusion
(fzo-1 (LC50 = 2.5 £ 0.6 uM), eat-3 (LC50 = 3.8 + 0.7 pM)) genes sensitize 8-day old
nematodes to rotenone-induced lethality.
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Table 1

Human disease genes involved in mitochondrial dynamics
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Note that this list is not exhaustive, and in particular excludes mitochondrial biogenesis. Incidence values are
as cited or estimated: CMT affects 1/2500, but MFN2 deficiency causes type 1A in 20-40% of those cases, so
~1/7,500 (Cartoni and Martinou 2009). Parkinson’s Disease currently afflicts ~1/300; of which roughly 10%
of cases are early-onset. PARK2 mutations account for as much as 50% (Lucking et al. 2000), and PINK1
~5% (Bonifati et al. 2005) of early-onset cases, leading to the estimates presented.

Human Gene | Estimated Disease Incidence Human Disease Function

MFN2 ~1/7500 Charcot-Marie Tooth Neuropathy type 2A | Outer membrane fusion
OPA1l ~1/10,000-1/30,000 (Lenaers et al. 2012) Dominant Optic Atrophy Inner membrane fusion
DRP1 ;/g%)rare (a few known cases) (Mishra and Chan Neuro-degeneration and early death Fission

PARK2 ~1/6,000 Parkinson’s Disease Mitophagy

PINK1 ~1/60,000 Parkinson’s Disease Mitophagy
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