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Summary

The isolation and biochemical characterization of lipid droplet-associated mitochondria revealed
the capacity of the cell to produce and maintain distinct mitochondrial populations carrying
disparate proteome and dissimilar capacities to oxidize fatty acids and pyruvate. With
mitochondrial motility being a central parameter determining mitochondrial fusion, adherence to
lipid droplets provides a mechanism by which peridroplet mitochondria (PDM) remain segregated
from cytoplasmic mitochondria (CM). The existence of metabolically distinct subpopulations
provide an explanation for the capacity of mitochondria within the individual cell to be involved
simultaneously in fatty acid oxidation and lipid droplet (LD) formation. The mechanisms that
deploy mitochondria to the LD and the dysfunction that results from unbalanced proportions of
PDM and CM remains to be explored. Understanding the roles and regulation of mitochondrial
tethering to lipid droplets offers new points of intervention in metabolic diseases.

eTOC blurb

Benador et al. describe arrest of mitochondrial motility and fusion as a mechanism by which
mitochondria segregate and develop specialized proteome and metabolic capacity within the same
cell. Specialized mitochondrial subpopulations explain how a single cell can be involved
simultaneously in fatty acid oxidation and lipid droplet formation.
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Introduction

Biochemistry taught us that mitochondrial involvement in lipogenesis and triacylglyceride
synthesis are antagonistic to mitochondrial fat oxidation by beta oxidation. Specifically,
increased malonyl-CoA production in the synthetic pathway has been shown to block
mitochondrial fatty acid entry through CPT1/CAT/CPT2 system (McGarry et al., 1973,
1978). This regulatory mechanism established the notion that mitochondria within a cell can
either support the synthesis or the oxidation of lipids, never both at the same time. However,
this cornerstone biochemical finding was directly challenged by recent reports that brown
adipocytes and immune cells can simultaneously accommodate both synthesis and oxidation
of fatty acids (Mottillo et al., 2014; O’Sullivan et al., 2014; Sanchez-Gurmaches et al.,
2018). The concurrency of these two antagonistic mitochondrial processes within the same
cell could not be explained biochemically.

It is the field of mitochondrial dynamics (fusion, fission, and motility) that provides the tools
to conceptualize the mechanisms to explain the concurrency of antagonistic mitochondrial
metabolic processes inside the same cell. Early studies suggested that the entire population
of mitochondria with a cell goes though frequent fusion event, leading to all mitochondria
sharing similar content. In the past decade, an evolving understanding that mitochondria are
involved in fusion in a selective manner has revealed the possibility that the cellular
population of mitochondria is divided into distinct subpopulations (Twig et al., 2008).
Segregation of mitochondria into disparate subpopulations was initially found to be a key
mechanism to separate and eliminate dysfunctional mitochondria. However, the recent report
that mitochondria bound to lipid droplets (peridroplet mitochondria) are segregated from
cytoplasmic mitochondria and selectively promote triacylglyceride synthesis represents a
new utility for segregation as it enables the cell to perform antagonistic metabolic processes
(Benador et al., 2018).

Segregation of mitochondria into subpopulations is achieved by the suppression of fusion
activity of a subset of mitochondria, allowing them to develop disparate cristae structures,
proteomes and super-complexes. Interestingly, elimination of dysfunctional mitochondria
relies on preventing their fusion with the rest of the mitochondrial network, a task achieved
by the inactivation of their fusion proteins. In contrast, segregation of peri-droplet
mitochondria (PDM) is achieved while keeping their fusion proteins intact. In turn, another
key component required for fusion event is eliminated: mitochondrial motility (Twig et al.,
2010). PDM are found to be anchored to the lipid droplets, which reduces their motility and
suggests that inter-organelle binding is a mechanism for reduced motility and segregation
(Benador et al., 2018). The finding that PDM have distinct proteome and metabolic
capabilities put forward the concept that inter-organelle linkers represent a mechanism for
subcellular specialization of groups of mitochondria. Here we review the concept of PDM as
the foundation of a novel node of control for lipid metabolism.

What is the definition of peridroplet mitochondria?

Mitochondria associated with lipid droplets (LDs) have been observed as early as 1959
(Palade) and have since been reported in a variety of cell culture models and tissue types
(Figure 1). Despite this, the metabolic role of PDM remained unclear until recently. To
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better understand the role and regulation of PDM, we need a formal definition of what
constitutes a peridroplet mitochondrion based on quantifiable parameters. We suggest to
define a peridroplet mitochondrion as a mitochondrion that meets one or more of the
following essential criteria:

i A mitochondrion that has significant membrane contact with LD (>20% of the
mitochondria perimeter) visualized by electron microscopy. At least in the brown
adipose tissue, the contact area is characterized by electron dense structure
between the mitochondria and the LD surface. (Benador et al., 2018; Bleck et al.,
2018; Herms et al., 2015; Palade, George, 1959; Tarnopolsky et al., 2007)

ii. A mitochondrion that remains adherent to LD after mechanical cell disruption
and/or restrictive purification conditions such as trypsinization and high salt
wash (Benador et al., 2018; Yu et al., 2015).

Additional features that can serve as supporting criteria may include the following:

i A mitochondrion with >50% of its cross sectional area within 0.5 micrometers of
LD border visualized by light microscopy (Benador et al., 2018; Herms et al.,
2015; Nguyen et al., 2017; Rambold et al., 2015; Stone et al., 2009)

ii. A mitochondrion that has significantly lower motility and fusion rates compared
to the cell’s average cytoplasmic mitochondrion (Benador et al., 2018).

iii. A mitochondrion associated with LD surface via the mitochondrion’s long-axis
rather than the short-axis (Benador et al., 2018). In such orientation, the cristae
of the mitochondrion are perpendicular to the LD surface.

As described in the criteria above, a mitochondrion must have imaging or physical evidence
of adherence to a lipid droplet in order to be defined as a peridroplet mitochondrion.
Importantly, the physical association between mitochondria and LDs requires a modified
approach to mitochondrial isolation in order to separate PDM from cytoplasmic
mitochondria as traditional preparations discard and/or dilute PDM (Benador et al., 2018). In
summary, we suggest two essential criteria for the definition of PDM and the considerations
of additional features involving PDM dynamics. We look forward to the evolution of these
criteria as more discoveries are made about the composition, function, and regulation of
PDM in different tissues.

What are the roles of peridroplet mitochondria in lipid metabolism?

Clues toward the physiological roles of PDM in lipid metabolism can be found in conditions
during which PDM assume larger or lower portions of the total cellular mitochondrial
content (Table 1). If PDM primarily play a role in LD accumulation, one would expect that a
higher proportion of mitochondria will be bound to LDs under physiological conditions of
increased LD synthesis. On the other hand, if PDM are part of a cellular adaptation for fatty
acid oxidation (FAO) in mitochondria an increase in abundance of PDM would be expected
under conditions in which fatty acid oxidation rate is maximized. Comparing the relative
abundance of PDM under different physiological conditions can therefore provide evidence
toward the physiological roles of PDM.
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What can brown adipose tissue teach us about peridroplet mitochondria?—
Brown adipocytes tissue (BAT) is a tissue specialized in heat generation (thermogenesis) to
protect the body against hypothermia. Under baseline thermoneutral conditions, fatty acids
are primarily stored rather than oxidized. Fatty acids destined for storage first undergo ATP-
dependent ligation to coenzyme A by acyl-CoA synthetases (ACSLs) followed by
esterification to glycerol backbone resulting in synthesis of triacylglycerides (TAGS) and
their storage in lipid droplets (Wang et al., 2017). Upon cold exposure, lipase enzymes are
rapidly recruited to the LD surface where they liberate free fatty acids that are again
converted to acyl-CoA in an ATP-dependent manner before being processed into acyl-
carnitines for mitochondrial import, uncoupled oxidation and heat generation. The robust
shift from lipid storage to oxidation makes BAT an ideal system to explore the role of PDM.

Proteomic analysis of lipid droplets isolated from mouse BAT identified 130 mitochondrial
proteins under thermoneutral conditions, when fatty acids are primary directed toward LD
expansion (Yu et al., 2015). In contrast, 85 of these 130 mitochondrial proteins (65%) were
undetectable or decreased in LD fraction when mice were under cold exposure, a condition
where BAT FAO is maximized for thermogenesis. This remarkable reduction in PDM under
cold exposure was confirmed by electron microscopy analysis (Benador et al., 2018).
Furthermore, PDM isolated from BAT were found to have lower fatty acid oxidation
capacity compared to cytoplasmic mitochondria (CM). Taken together, these reports suggest
a primary role for PDM in LD expansion rather than oxidation in brown adipose tissue.

Intriguingly, the presence of PDM may also provide an explanation for a bioenergetic
paradox in BAT research: mitochondria isolated from BAT using traditional techniques have
remarkably low levels of ATP synthase elementary particles and activity compared to other
tissues (Cannon and Vogel, 1977; Lindberg et al., 1967). Initially, this was suspected to be a
feature of BAT mitochondria that facilitated uncoupled respiration. However, this low ATP
synthesis capacity could not be reconciled with high levels of ATP required for rapid acyl-
CoA synthesis and lipid cycling required for cold-induced thermogenesis nor the ATP
requirements for triglyceride synthesis occurring during thermoneutrality. The paradox
could be reconciled if we take into account that traditionally, isolation of mitochondria from
adipose tissue involves the disposal of the floating fat cake thereby depleting PDM from the
sample. Remarkably, PDM, purified exclusively from the floating fat cake are found to be
enriched in ATP synthase with ATP synthesis capacity over 2-fold higher compared to
cytoplasmic mitochondria.

Do peridroplet mitochondria play an active role in lipid droplet expansion?—
Mammalian cells are exposed to fatty acids introduced by a variety of different sources,
including circulating lipoproteins and albumin-bound lipids, intracellular lipid droplet stores,
lipids released by autophagic membrane degradation, and de rnovo lipid synthesis (Olzmann
and Carvalho, 2018). Excess fatty acids are quickly processed into triacylglycerides (TAG)
to maintain energy homeostasis and to prevent lipotoxicity. TAG accumulation between the
inner and outer membrane leaflets of the endoplasmic reticulum give rise to nascent lipid
droplets (Walther et al., 2017). As lipid droplets grow larger and mature, they depart from
the ER and acquire a unique set of peridroplet proteins that help regulate their contents and
interact with other organelles and enzymes (Olzmann and Carvalho, 2018).
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Remarkably, Carole Sztalryd’s group demonstrated that overexpressing the lipid droplet coat
protein Perilipin5 (PLINS) forces mitochondrial recruitment to LDs and enhances LD
expansion in CHO, hepatic AML12, and cardiac HL-1 cells, as well as in cardiac tissue in
transgenic mice (Wang et al., 2011a, 2013). However, since these studies compared PLINS
overexpression to GFP overexpression, it was not possible to discern whether the observed
changes in LD mass resulted from mitochondrial recruitment to the LD surfaces, lipolysis
inhibition by Plin5 (Wang et al., 2011b), or both. Subsequent studies specifically assessed
the role of mitochondrial recruitment to LDs by comparing the effect of overexpressing the
full transcript of Plin5 to the effect of truncated Plin5 in which the C-terminal mitochondrial
targeting sequence was deleted (Benador et al. 2018). These experiments specifically
demonstrated that mitochondrial recruitment to LDs promoted a doubling in LD mass and
increased the rate of TAG synthesis in brown adipocytes and INS1 cells independently of
lipolysis. The association between mitochondrial recruitment to lipid droplet surface and the
expansion of the lipid droplet has also been demonstrated by Stone and colleagues, who
examined the TAG synthesizing enzyme diacylglycerol acyltransferase (DGAT2). Similar to
PLINS5, DGAT?2 can recruit mitochondria to LDs and double LD size (Stone et al., 2009).
Overexpression of the enzymes DGAT1 or MGAT2, which lack a mitochondrial targeting
sequence, do not recruit mitochondria nor increase LD size. These results thus support a role
for mitochondrial recruitment in LD expansion in excess nutrient environment.

Evidence for PDM involvement in LD biogenesis has also been observed in cells exposed to
excess fatty acids from autophagic membrane degradation under conditions of nutrient
deprivation. When cellular nutrient sources are depleted, autophagosomes hydrolyze
phospholipids and rapidly release free fatty acids. The liberated fatty acids are ligated to
CoA groups before being converted to acyl-carnitine on the outer mitochondrial membrane
to enter the mitochondrial matrix via the carnitine palmitoyltransferase system. Surprisingly,
Nguyen and colleagues have demonstrated that autophagy activation under nutrient
deprivation increases LD mass despite increased reliance on fatty acids for ATP production
(Nguyen et al., 2017). This was strongly associated with increased peridroplet mitochondria
abundance and demonstrated in multiple cell types. Inhibition of LD formation under these
conditions resulted in fatty acid-mediated mitochondrial depolarization and cell death,
suggesting that LDs biogenesis protects against lipotoxic insult of rapid autophagosome-
mediated fatty acid release.

Rambold and colleagues have similarly observed that nutrient deprivation leads to expansion
of LD number with increased mitochondrial elongation and association with LDs (Rambold
et al. 2015). Interestingly, inhibition of mitochondrial fusion by Mfn1KO and OpalKO led
to robust mitochondrial dissociation from LDs concomitant with impaired FAO, leading this
group to propose that PDM facilitate fatty acids trafficking toward mitochondrial beta
oxidation.

Rambold and Nguyen are thus consistent in their observation that PDM are associated with
LD expansion in starved cells. However, while Nguyen proposes that the primary function of
PDM formation in starved cells is to protect against lipotoxicity, Rambold proposed that
PDM formation is essential for cellular adaptation to fatty acid oxidation. Our model of two
segregated mitochondrial populations, one specialized in FFA oxidation and the other in LD
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expansion, reconciles these apparently contradictory findings: PDM can promote
sequestration of FFA while protecting against lipotoxic injury and preserving function of
cytoplasmic mitochondria under metabolic stress, where fatty acid oxidation can occur.
Mechanistically, enhanced pyruvate oxidation by PDM may increase malonyl-CoA levels
thus preventing acyl-CoA entry into these specific mitochondria (Figure 2).

The expansion of LD mass observed by the Nguyen and Rambold groups in nutrient
deprived cultured cells may have important implications when observed in a specialized
tissue that is both adipogenic and dependent on fat oxidation for ATP production under
starvation conditions: the liver. Despite decreased caloric and fat intake during organismal
starvation, the liver receives more fatty acids from white adipose tissue than needed for ATP
demand, causing the liver to simultaneously increase fatty acid oxidation and accumulate
LDs under starvation (Gan and Watts, 2008). PDM could thus play a role in livers of starved
animals where excess fatty acids are stored as LDs while FAO continues to generate ATP.
This remains to be established.

What are the mechanisms by which PDM expand lipid droplets?—Recent studies
demonstrated that LD are capable of synthesizing TAGs in a cell-free environment when
provided with ATP and CoA (Zhang et al., 2016). This suggests that PDM may support LD
expansion by providing ATP for TAG synthesis. ATP levels may be especially important for
TAG synthesis given the exceptionally high K, of ATP of the enzyme Acyl CoA Synthetase
(4.6mM) (Bar-Tana and Shapiro, 1975). Consistent with this interpretation, we demonstrated
that increasing PDM recruitment enhances LD expansion by providing ATP to power TAG
synthesis in brown adipose cells (Benador et al., 2018). Overall the evidence indicates that
PDM promote expansion of LDs by providing ATP for acyl-CoA synthesis in the TAG
synthetic pathway. Whether PDM additionally enhance TAG synthesis by providing citrate
derived malonyl-CoA for de novo lipogenesis remains an open question.

What are the tethering mechanisms that maintain mitochondria-lipid droplet association
and how are they regulated?

Inter-organellar interaction is a rapidly growing field in cell biology that appears to play a
key role in cellular adaptation to nutrient environment (Valm et al., 2017). The robust
analysis of mitochondria-ER interactions and the linkers involved can teach us some
principles that may apply to mitochondria-LD interaction. First is the utilization of artificial
linkers. Using artificial drug-inducible linkers, mitochondria-ER tethering has been shown to
strongly affect calcium homeostasis and autophagosome formation (Arruda et al., 2014;
Csordas et al., 2010). Second is the plethora of proteins that can promote ER-Mitochondria
linkage demonstrating the concept that different proteins link ER to mitochondria under
different conditions and for different functions (de Brito and Scorrano, 2008; Elsenberg-
Bord et al., 2016; Gomez-Suaga et al., 2017; Stoica et al., 2014).

Lipid droplets are unique among cellular organelles in having a phospholipid monolayer

with distinct biophysical requirements for interaction. Integral membrane protein complexes
that have been implicated in LD interactions with mitochondria include DGAT2-FATP1 and
RAB18-NRZ/SNARE. However, LDs have also been shown to interact with other organelles
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via fusion of the outer membrane leaflet. This type of interaction allows the direct exchange
of metabolites and enzymes with the docking organelle (Thazar-Poulot et al., 2015). Despite
the wealth of data available on mitochondria-LD interactions, the molecular composition
and the regulation of mitochondria-LD tethering remains largely unknown.

Jagerstrom and colleagues first demonstrated that isolated mitochondria can interact with
isolated LDs in a cell-free environment, suggesting that components anchored to the outer
organellar membranes are sufficient to mediate mitochondria-LD interaction (Jagerstrom et
al., 2009) (Table 2). One such protein is PLIN5, a lipid droplet coating protein that has been
shown to strongly recruit mitochondria to the LDs in multiple cell and tissue types,
including CHO cells, hepatic AML12, cardiac HL-1 cells, primary brown adipocytes, INS1
cells, and mouse heart (Benador et al., 2018; Kimmel and Sztalryd, 2014; Wang et al.,
2011a, 2013). Super-resolution microscopy has confirmed that PLIN5 specifically localizes
to the mitochondria-LD contact sites (Gemmink et al., 2018). Site-directed mutagenesis of
Plin5 revealed a highly conserved sequence of the C-terminus necessary to recruit
mitochondria to LDs. Fusion of the Plin5 mitochondrial recruiting sequence to Plin2, which
does not recruit mitochondria on its own, was sufficient to induce mitochondrial recruitment.
However, the mechanisms by which Plin5 promotes mitochondria-LD interaction remains to
be elucidated. For example, fusing the Plin5 mitochondrial recruiting sequence to a
fluorescent probe was not sufficient to target the probe to mitochondria (unpublished data
and personal communication), suggesting the sequence is necessary but not sufficient to
target mitochondria. Furthermore, despite considerable research efforts, a specific
mitochondrial outer membrane protein that partners with PLINS5 has yet to be identified (Dr.
Carole Sztalyrd, personal communication). The recent discovery that PLIN5 can translocate
to the nucleus and regulate gene transcription (Gallardo-Montejano et al., 2016) suggests the
possibility that recruitment of mitochondria to LD by PLINS5 involves the induction of
expression of the components linking PLINS5 to the mitochondrial outer membrane.

Additional proteins involved in mitochondrial recruitment to LD are currently being
investigated. Stone and colleagues demonstrated that DGAT2, which localizes to the ER and
LDs membranes, strongly recruited mitochondria to lipid droplets in COS-7 cells (Stone et
al., 2009). Site-directed mutagenesis revealed that DGAT?2 possesses an N-terminal
mitochondrial targeting sequence that is necessary and sufficient to recruit mitochondria to
LD. Unlike the mitochondrial targeting sequence of Plin5, the sequence identified in DGAT2
was sufficient to target fluorescent probes to mitochondria. Since DGAT2 has been shown to
form dimers (Jin et al., 2014), its dual localization to mitochondria and LDs and ability to
form dimers could promote mitochondria-LD tethering. Interestingly, Mitoguardin-2
(MIGAZ2) is a third protein that has been recently reported to recruit mitochondriato LD in
WAT (Dr. Robin Klemm, personal communication). As with mitochondria-ER tethers,
different tissues may utilize distinct tethers. For example, WAT expresses higher levels of
DGAT2 and MIGA2 compared to Plin5.

Lastly, mitochondria-LD tethering has been proposed to involve mechanisms beyond
protein-protein interaction. Studies by Yu and colleagues found that mitochondria-LD
association is resistant to tryptic digestion and high salt wash (Yu et al., 2015). This suggests
that protein-protein interaction may not entirely explain the mechanism of mitochondria-LD
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tethering. The sensitivity of mitochondria-LD association to detergents suggests that
mitochondria-LD association may be further stabilized by membrane-membrane
interactions, such as fusion with the outer leaflet of the mitochondrial outer membrane.
Much experimental work remains to be done to elucidate the mechanisms and regulation of
mitochondria-LD interaction.

What is the role of peridroplet mitochondria in lipid handling in different tissues?

White adipose tissue—White adipose tissue is specialized in storing excess lipids for
later use. Pre-adipocytes progressively accumulate small lipid droplets as they differentiate
toward mature adipocytes, where the majority of the cytoplasm is occupied by a large
unilocular lipid droplet. Adipocytes in early stages of differentiation, where de novo
lipogenesis and LD synthesis rate is highest, have high levels of mitochondrial mass
compared to adipocytes in late stages of differentiation, where lipid synthesis is relatively
lower (Goldman et al., 2011). The observed increase in pyruvate oxidation capacity of PDM
relative to cytoplasmic mitochondria (Benador et al., 2018) may promote high rates of
malonyl-CoA formation, leading to enhanced lipid synthesis, reduced lipolysis, and reduced
lipid oxidation (Benador et al., 2018). The higher levels of Complex I+111 super assembly
observed in PDM compared to cytoplasmic mitochondria (Benador et al., 2018) may provide
a mechanism for increased utilization of pyruvate-derived NADH and elevated ATP
formation (Acin-Pérez et al., 2008). Thus, while not directly studied, the correlation between
mitochondrial mass and LD expansion rate suggests that PDM may play a role in de novo
lipogenesis and LD building in the early stages of adipocyte differentiation.

Skeletal muscle—LDs have been shown to expand in skeletal muscle tissue in both obese
and trained athletes with opposite effects on insulin sensitivity (athlete’s paradox). Electron
microscopy studies have shown that LDs primarily localize to the interfibrillar compartment
in athletes, while obese individuals accumulated LDs in the subsarcolemmal region (Nielsen
et al., 2010). Additional studies have demonstrated that increased PDM are associated with
endurance exercise and increased interfibrillar LD accumulation in human skeletal muscle
(Tarnopolsky et al., 2007). This suggests that muscle PDM play a role in healthy, rather than
pathogenic, LD expansion. In support of this concept, reports have shown that muscle-
specific Plin5 overexpression increased PDM and protected muscle tissue from high fat diet-
induced lipotoxicity (Bosma et al., 2012; Laurens et al., 2016). However, as mentioned
before, it remains unclear whether Plin5 effects were mediated directly by PLINS5 interaction
with the LD, by mitochondrial recruitment to the LD, or both. Further studies are needed to
determine the precise role of PDM in physiological and pathological LD accumulation /n
Vivo.

Liver—The liver is specialized in synthesizing lipids post-prandially for distribution to
other tissues by secreting lipoproteins, a specialized form of lipid packaging for fat delivery
to peripheral tissues. The liver significantly expands intrahepatocyte lipid droplet stores both
in long-term fasting and under pathological conditions of excess dietary fatty acids, the latter
eventually progressing to a chronic inflammatory state and cirrhosis. Although PDM have
been observed in liver as early as 1959 (Palade), the physiological role of PDM in
hepatocytes remains unknown. There is evidence to suggest that PDM recruitment is
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increased with liver steatosis. For example, electron microscopy images of livers from HFD
and genetic models of obesity appear to have increased levels of PDM (Arruda et al., 2014).
Furthermore, high-fat feeding increases the expression of the mitochondrial recruiting
protein Plin5 in both human and mouse liver tissue. Finally, overexpression of Plin5 and
DGAT2 increased LD mass and protected against lipotoxic liver injury in mice (Monetti et
al., 2007; Trevino et al., 2015; Wang et al., 2015). These reports thus suggest that PDM
expand LD to protect against lipotoxic liver injury induced by nutrient excess.

Do peridroplet mitochondria play a role in cancer?—Alterations in lipid handling
are not only observed in metabolic diseases but are also an important hallmark in cancer
(Petan et al., 2018; Tirinato et al., 2017). Upregulation of TAG-FFA cycling has been
proposed to be involved in the maintenance of human breast cancer cell survival
(Przybytkowski et al., 2007) and LD accumulation has been shown to be associated with
tumor aggressiveness and chemotherapy resistance in colorectal, glioblastoma, and prostate
cancer (Cotte et al., 2018; Geng et al., 2016; Yue et al., 2014). If PDM support LD
expansion in cancer cells, blocking PDM recruitment could provide an attractive therapeutic
target to stop tumor progression and promote chemotherapy sensitivity. However, PDM have
not been directly studied in cancer to date.

Further implications of PDM in mitochondrial biology

Conditions characterized by increased mitochondrial ATP synthesis capacity have been
associated with elongated mitochondrial networks (Liesa and Shirihai, 2013). On the other
hand, induction of mitochondrial uncoupling lead to mitochondrial fragmentation (Wikstrom
et al., 2014). While these associations describe the behavior of the entire mitochondrial
population within a cell, a closer examination of the brown adipocyte reveals the co-
existence of elongated and fragmented mitochondria within each individual cell (Benador et
al., 2018). Mitochondria associated with LD appear to be distinctly elongated compared to
cytoplasmic mitochondria. The bioenergetic characteristics of elongated vs fragmented
mitochondria match the architecture of the two groups, where PDM have increased coupled
respiration, while CM have increased uncoupling. These observations also imply an
association between mitochondrial fragmentation and detachment of mitochondria from
LDs.

Various studies have examined the link between mitochondrial dynamics and mitochondrial
metabolic functions. The existence of PDM as a metabolically distinct group requires fusion
selectivity that prevents PDM from mixing with CM. As such, impaired control of
mitochondrial fusion or motility may affect the capacity of the cell to maintain the unique
functions of PDM, CM or both. In this context, PDM offers a link between dysfunctional
mitochondrial dynamics and metabolic dysregulation.

While previous studies assumed the life cycle of the mitochondria to be a singular cycle
encompassing all mitochondria equally, additional studies have reported on the observations
that some mitochondria tend to be multi-fusers, while other mitochondria in the same cell
fuse at lower frequency (Twig et al., 2010). With mitochondrial motility being a central
parameter determining fusion likelihood, mitochondrial adherence to other organelles
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provides a mechanism by which such populations can remain segregated and develop
disparate structure and composition allowing for subsets of mitochondria to be
simultaneously involved in antagonistic and competing processes. Furthermore, the distinct
life cycles of mitochondrial subsets suggests the possibility that the different groups of
mitochondria within the same cell have different levels of turnover and quality control. If
that is the case, we expect that PDM may have different capacity to handle damage, a
prediction yet to be tested.

There is much to be learned about the stringency of segregation between PDM and CM. One
would expect a relationship between the extent of content exchanged between PDM and
CM, and the differences that will be evolving between them over time. While shorter periods
of segregation may limit the differences between the PDM and CM proteomes to short living
proteins, prolonged segregation could extend the differences to long living proteins such as
ATP synthase and/or affect mtDNA content and integrity. This may have important
implications for pathological conditions involving accumulated mtDNA damage, such as
mtDNA mutations, oxidative injury, and aging.

Conclusions

The existence of PDM demonstrates that essential fat metabolism processes can be
selectively confined to exclusive and segregated subsets of mitochondria, offering a novel
mode of metabolic regulation to be explored. Understanding the impact of PDM/CM ratio
and the mechanism that control this ratio may provide a new form of mitochondrial function
and dysfunction that is beyond the mere bioenergetics capacities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Images of peridroplet mitochondria. A. Living cultured brown adipocytes with lipid droplets

stained with BODIPY (green) and mitochondria stained with MitoTracker Red (red). White
line denotes peridroplet mitochondria. B. Electron micrograph of brown adipose tissue
demonstrating mitochondria (red line) associated with a lipid droplet (LD). C. Isolated
brown adipose tissue lipid droplets stained with BODIPY and MitoTracker Red, note the
adherence of mitochondrial particles to lipid droplets. D. Living cultured INS-1 insulinoma
cells over-expressing the lipid coating protein Plin5, which recruits mitochondria to lipid
surface, stained with DAPI, BODIPY, and MitoTracker. Cell boarder marked by white line.
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Figure 2.

Scheme of metabolic specialization model of CM and PDM. Metabolic specialization in
PDM and CM: Mitochondria support lipogenesis with malonyl-CoA, a metabolite that
inhibits FA oxidation by the mitochondria. Separation of mitochondria into PDM and CM
may allow for both fatty acid oxidation and lipid synthesis to occur in the same cell at the
same time. High pyruvate oxidation capacity in PDM may lead to increased malonyl-CoA
pools. Malonyl-CoA can act as a negative regulator of Carnitine palmitoyltransferase |
(CPT1) and thereby block fatty acid entry into mitochondria. In addition, malonyl-CoA is a
building block for de novo lipid synthesis. Higher ATP synthesis capacity in PDM supports
fatty acid esterification into triacylglycerides for lipid droplet expansion. Lower pyruvate
oxidation in CM leads to reduced citrate and malonyl-CoA pools, which allow CPT1 to
import fatty acids for p-oxidation (p-Ox). Increased p-oxidation products inhibit PDH and
several steps of the tricarboxylic acid (TCA) cycle (for details see Figure S1). ETC: Electron
transport system, ACC: acetyl-CoA carboxylase.
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Table 1.
Conditions that increase mitochondrial recruitment to LDs
Cell type Condition Mito-LD interaction | LD Mass FAO

Brown adlpose tissue

(Benador et al., 2018) Mouse BAT Thermoneutrality compared to Higher Higher Lower
cold exposure

(Yuetal., 2015) Mouse BAT Thermoneutrality compared to Higher (Table S6) Higher Lower
cold exposure

Cell culture

(Wang et al., 2011a) CHO, AML12, HL-1 cells Oleate loading in Plin5 Higher Higher Lower
overexpression vs GFP control

(Benador et al., 2018) Primary brown adipocytes Plin5 vs C-truncated Plin5 Higher Higher N/A

(Stone et al., 2009) COs-7 Oleate loading DGAT2 Higher Higher N/A
overexpression vs DGAT1 and
MGAT2

(Rambold et al., 2015) MEF Nutrient deprivation compared Higher Higher Higher
to complete medium

(Nguyen et al., 2017) MEF Nutrient deprivation compared Higher Higher Higher
to complete medium

Striated muscle

(Tarnopolsky et al., 2007) | Human Vastus Lateralis Post-endurance training vs pre- | Higher Higher Higher

muscle training

(Wang et al., 2013) Mouse Heart Plin5 overexpression vs Wild Higher Higher Lower
Type

(Wang et al., 2013) Mouse Heart Fasting vs feeding Higher Higher Lower

Liver

(Arruda et al., 2014) Mouse liver Ob/Ob vs wt HFD vs chow Higher Higher N/A
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Hypothesized tethers and regulators of Mitochondria-LD interaction
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Cell type

Technique

Potential mediators of
mitochondria-LD association

(Jagerstrém et al.,
2009)

NIH 3T3

Isolated mitochondria and lipid
droplets in a cell-free system

Factors on outer surfaces of organelles.

(Wang et al., 2011a)
Benador et al. 2018

CHO, AML12, HL-1, Primary
brown adipocytes, INS1

Site-directed mutagenesis and
confocal fluorescence microscopy.

C-terminus of Plin5 as potential
regulator (Mitochondrial target
unknown)

(Stone et al., 2009)

COSs-7

Site-directed mutagenesis, confocal
fluorescence microscopy, and cell
fractionation.

N-terminus of DGAT2 as potential
recruiter (DGAT2 dimers)

(Boutant et al., 2017)

Primary brown adipocytes

Co-IP

Plin1-Mfn2

(Yuetal., 2015)

BAT

Western blot analysis of
mitochondrial proteins in isolated
lipid droplets subjected to tryptic
digestion, high salt wash, and
detergent wash.

Membrane hemifusion
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