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Lipid droplets (LDs) and mitochondria are essential organelles involved in cellular lipid
metabolism and energy homeostasis. Accumulated studies have revealed that the
physical contact between these two organelles is important for their functions. Current
understanding of the contact between cellular organelles is highly dynamic, fitting a
“kiss-and-run” model. The same pattern of contact between LDs and mitochondria
has been reported and several proteins are found to mediate this contact, such as
perilipin1 (PLIN1) and PLIN5. Another format of the contact has also been found
and termed anchoring. LD-anchored mitochondria (LDAM) are identified in oxidative
tissues including brown adipose tissue (BAT), skeletal muscle, and heart muscle, and
this anchoring between these two organelles is conserved from mouse to monkey.
Moreover, this anchoring is generated during the brown/beige adipocyte differentiation.
In this review, we will summarize previous studies on the interaction between LDs and
mitochondria, categorize the types of the contacts into dynamic and stable/anchored,
present their similarities and differences, discuss their potential distinct molecular
mechanism, and finally propose a working hypothesis that may explain why and how
cells use two patterns of contact between LDs and mitochondria.
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INTRODUCTION

The lipid droplet (LD) is a specialized cellular organelle with a neutral lipid core covered by a
monolayer phospholipid membrane and associated proteins (Murphy, 2001; Tauchi-Sato et al.,
2002; Fujimoto et al., 2008; Thiam et al., 2013). Starting with the discovery by Antony van
Leeuwenhoek in 1674, LD biology has taken a sweeping 300 year-long developmental path to the
modern era. Our understanding has accelerated in the last two decades, importantly marked by
the discovery of marker proteins, development of methods for purification, and the application of
omics studies (Ding et al., 2013; Roberts and Olzmann, 2020).

The LD is an ancient organelle with a new face and a recent recognition of its importance has
attracted great attention in the fields of biology and life science. The newly discovered fact that
LDs exist in some bacteria extends our view of the origin of membrane-bound organelles. The
finding that LDs contain not only triacylglycerol (TAG), but also cholesterol ester, retinal ester,
and monoalk(en)yl diacylglycerol in animal cells (Bartz et al., 2007a) suggests many potential roles

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 December 2020 | Volume 8 | Article 618322

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.618322
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.618322
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.618322&domain=pdf&date_stamp=2020-12-15
https://www.frontiersin.org/articles/10.3389/fcell.2020.618322/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-618322 December 9, 2020 Time: 18:38 # 2

Cui and Liu Contacts Between LDs and Mitochondria

for this organelle. In addition, the broad distribution of
LDs from bacteria to humans implies its significance in
all organisms (Murphy, 2012; Olzmann and Carvalho, 2019;
Zhang and Liu, 2019).

The unique property of LDs in their sequestration of neutral
lipids led to a perception of them merely as “a drop of
oil,” negatively impacting scientific interest and slowing down
its research. However, the description of their proteome and
lipidome and their linkage to metabolic syndromes impacting
human health provoked a renaissance in research interest and
activity (Brasaemle et al., 2004; Liu et al., 2004; Bartz et al.,
2007a). The LD differs from other membrane-bound organelles
by containing (1) a hydrophobic core compared with an aqueous
phase lumen for other membranous organelles, (2) a monolayer
phospholipid membrane in contrast with the bilayer or double
bilayer membrane for others, (3) a distinct protein complements
termed LD resident proteins. With these differences, the LD is
a unique cellular organelle. The functions of the LD are lipid
storage, lipid transportation, lipid synthesis, and lipid hydrolysis,
a suite of functions far beyond their image as a static oil reservoir.
According to recent proteomic and other experimental lines of
evidence, LD functions are also thought to include membrane
trafficking, protein storage and degradation, signal transduction,
detoxification, and nucleic acid handling. The multifunctional
property of the LD endows the organelle with an irreplaceable
position in almost all cellular activities.

The LD is integrated with other organelles in maintaining
lipid homeostasis (Walther and Farese, 2012; Schuldiner and
Bohnert, 2017), which is responsible for the ectopic storage
of lipids that has been linked to many metabolic disorders
(Greenberg et al., 2011; Shulman, 2014; Xu et al., 2018). LDs
possess the ability for directed movement on the cytoskeleton,
likely supporting the movement of neutral lipids within the
cell and between organelles. Biochemical studies previously
revealed the interaction between LD and early endosome (Liu
et al., 2007), mitochondria (Pu et al., 2011), endoplasmic
reticulum (ER) (Martin et al., 2005; Ozeki et al., 2005), and
peroxisomes (Binns et al., 2006). More interactions between LDs
and other organelles have been developed in the past decade
(Olzmann and Carvalho, 2019). Therefore, LD-governed cellular
lipid homeostasis is driven by lipid metabolism on the LD
as well as the interaction between LD and other organelles.
For example, TAG sequestered in the LD is converted to fatty
acids (FAs) via lipolysis and lipophagy (Zechner et al., 2017;
Ogasawara et al., 2020). The FAs in turn, are transported
from LD to mitochondria, where they are oxidized as an
energy source to produce ATP or heat, and provide building
blocks for synthesis of biological molecules. Thus, the LD
and mitochondrion form a functional organelle pair, managing
cellular energy homeostasis.

Mitochondria are the site of β-oxidation, converting
hydrophobic substrates into usable cellular energy and reducing
potential. The fuel for this reaction is stored in the hydrophobic
interior of LDs, necessitating a mechanism for the transfer
of FAs between these two organelles. Free transfer of FA (or
coenzyme A ligated FA) is restricted by the hydrophobic
character of the molecules. In fact, the accumulation of FA or

acyl-CoA under certain stress conditions leads to cellular toxicity
(lipotoxicity). To facilitate the transfer, cells developed a specific
interaction between these two organelles. An understanding
of this interaction was initiated by the visualization of the
physical contact between LDs and mitochondria. The best
images depicting this interaction were electron micrographs
taken by George Palade, in which the physical contact was
clearly shown between LDs and mitochondria in guinea pig
pancreas (Figure 1Aa). Since then, the development of high
resolution light microscopy techniques and the availability
of dyes and marker proteins for both LDs and mitochondria
have greatly facilitated the visualization of the association of
the two organelles.

Despite early, clear visual evidence of the contact, it has
been a long journey toward a biochemical understanding of the
interaction. Investigations were hampered by underdeveloped
techniques for biochemical isolation and a lack of molecular
tools. The discovery of LD marker proteins perilipin (PLIN1)
and adipocyte differentiation-related protein (ADRP/PLIN2) in
the early 1990s (Greenberg et al., 1991; Jiang and Serrero, 1992;
Brasaemle et al., 1997) permitted the development of purification
techniques and an evaluation of the purity of isolated organelle
(Wu et al., 2000; Ding et al., 2013). These techniques coupled
with the blossoming of proteomics opened a window into the
functions, interactions, and underlying molecular machinery
governing LD dynamics. These advances permitted the discovery
that other organelles, like ER and mitochondria, co-isolate
with LDs. Morphological studies provided further evidence
for inter-organelle contact while proteomic results identified
likely protein candidates regulating the contact. Interestingly,
it has been observed that some organelles which are co-
purified with LDs when isolated with low speed centrifugation
can be separated from the LDs in higher centrifugal force,
while other remain firmly associated (Yu et al., 2015; Benador
et al., 2018; Cui et al., 2019; Freyre et al., 2019). This
distinction probably reflects underlying functional relationships.
For example, LDs isolated from heart muscle (Li et al., 2016),
skeletal muscle (Zhang et al., 2011), and brown adipocytes (Yu
et al., 2015; Cui et al., 2019) always contain many mitochondrial
proteins that were once considered contamination. On the
other side of the co-isolation, some LD-associated proteins
have also been identified on mitochondria, such as PLIN5 and
PLIN3 (Bosma et al., 2012; Ramos et al., 2014). However,
these proteins cannot be removed by ultracentrifugation. With
morphological and biochemical evidence, these proteins reflect
a stable contact between LDs and mitochondria in these highly
oxidative cells.

This review summarizes the evidence supporting the
contact between LDs and mitochondria using morphological,
biochemical, and biophysical data and focuses on interactions
which cannot be separated by ultracentrifugation. This review
brings forward a new point of view, proposing a distinction
between stable and dynamic contact which can describe and
explain some recent experimental findings. We propose that the
stable interaction between LDs and mitochondria is maintained
by rivet-like protein structures that prevent the separation
between them during ultracentrifugation.
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FIGURE 1 | Contact between LDs and mitochondria by morphological studies. (A) Morphological study of contact between lipid droplets (LDs) and mitochondria.
(a) Physical contact between LDs and mitochondria in guinea pig pancreas imaged with transmission electron microscopy (TEM) by George E. Palade (Cite from
http://www.microscopy.info/Gallery/Details/58). (b) Physical contact between LDs and mitochondria in mouse BAT using TEM. Arrows point to the physical contact
between LDs and mitochondria. (c,d) LDs and mitochondria in differentiated brown adipocytes (day 8) were stained with LipidTOX Green for LDs and MitoTracker
Red for mitochondria, respectively. The image was analyzed using three-dimensional structured illumination microscopy (3D-SIM), and Imaris analysis was applied to
detect surface-surface colocalization. Bar = 5 µm. (B) Morphologic analysis of isolated BAT LDs from mice housed at 23◦C. (a) TEM of isolated BAT LDs,
Bar = 1 µm. (b) LipidTOX Green staining for LDs and MitoTracker Red staining for mitochondria in isolated BAT LDs. Bar = 5 µm. Arrows indicate LD-anchored
mitochondrion (LDAM) in isolated BAT LDs (cite from Cui et al., 2019).

IDENTIFICATION OF MEMBRANE
TRAFFICKING PROTEINS ON LIPID
DROPLETS

The potential trafficking capability of LDs was revealed through
the visualization of LDs moving along microtubules, mediated by
the protein Klar (Welte et al., 1998) and other motor proteins

(Xie et al., 2019). Proteomic studies of isolated LDs identified Rab
and SNARE proteins (Fujimoto et al., 2004; Liu et al., 2004). The
targeting of trafficking proteins to LDs has been studied through
fluorescent fusion proteins and immunogold-labeled electron
microscopy, providing further evidence that LDs are involved in
membrane trafficking (Martin et al., 2005; Liu et al., 2007). In
functional studies LD-associated Rabs have been demonstrated
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to regulate interactions between LDs and ER (Rab 18) (Martin
et al., 2005; Ozeki et al., 2005), LDs and mitochondria (Rabs
and SNARE) (Jägerström et al., 2009; Pu et al., 2011), LDs and
early endosomes (Rabs) (Liu et al., 2007), and to drive LD fusion
(Rab8) (Wu et al., 2014). The movement of LDs throughout the
cell with regulated interactions with other organelles hints at an
active and important role for the LD in cellular lipid homeostasis.

The discovery of hormone-sensitive lipase (HSL) and PLIN1
on LDs, and the identification of the mechanism of activation
and LD targeting of HSL via phosphorylation of both proteins,
identified the catalytic function of this organelle. Additional
proteomic studies found lipid synthetic enzymes on isolated LDs,
pointing to an anabolic role (Fujimoto et al., 2004; Liu et al.,
2004). In addition, some non-coding RNA-coded proteins are
recently identified in isolated LDs (Huang et al., 2020). Functional
studies of isolated LDs using in vitro assays confirmed that
LD is a site for cellular lipid synthesis (Fujimoto et al., 2007;
Zhang et al., 2016).

Thus, the LD is a site of neutral lipid storage, but is also
metabolically active, can move rapidly throughout the cell, and
possesses the molecular machinery to regulate interactions with
other organelles. Collectively, these observations point to a
central role for LDs in cellular lipid homeostasis.

THE MORPHOLOGICAL STUDIES OF
CONTACT BETWEEN LIPID DROPLETS
AND MITOCHONDRIA

The interaction between LDs and mitochondria was first
observed more than a half-century ago. George E. Palade was
one of the major contributors who visualized the physical contact
between LDs and mitochondria in guinea pig pancreas using
transmission electron microscopy (TEM) (Figure 1Aa). EM also
revealed the contact between these two organelles in mammary
gland cells (Stemberger et al., 1984) and brown adipose tissue
(BAT) (Figure 1Ab). Since these discoveries, many biologists
have contributed to this field, accumulated visual evidence
documenting the interactions between LDs and mitochondria
by EM (Peute et al., 1978; Pu et al., 2011; Yu et al., 2015;
Cui et al., 2019).

Advances in biological dyes, such as JC-1 and MitoTracker for
mitochondria and Nile red, Bodipy, Oil Red O, and LipidTOX
for LDs, have permitted the application of fluorescence
microscopy to the study of LD-mitochondrion interactions
(Figures 1Ac,d). The discovery of LD marker proteins
enabled the use of immunolabeling and fluorescent fusion
proteins. Together these advances have greatly simplified the
study of the organellar interactions. Furthermore, the recent
development of high resolution light microscopy techniques
has facilitated finer observations, significantly aiding functional
studies of the interactions between LDs and mitochondria
(Valm et al., 2017).

Morphological studies have described highly dynamic
interactions between LDs and mitochondria. For example, it
was observed by EM that endurance exercise training enhances
the physical contact between LDs and mitochondria in muscle

cells. This finding is fully consistent with the upregulation of
FA β-oxidation in mitochondria to meet the energetic needs
during exercise (Tarnopolsky et al., 2007). In another study
using live-imaging light microscopy, the distance between
LDs and mitochondria was found to change in response to
various experimental manipulations with close co-localization
interpreted as direct contact (Valm et al., 2017).

A wide range of terminology has been applied to direct
the contact between LDs and mitochondria. These include,
but are not limited to, approximation, association, interaction,
targeting, tethering, contact, binding, and anchoring. In
one instance, the interaction site was called recognition
site (Zehmer et al., 2009). Table 1 summarizes the most
common terms used to describe inter-organelle interaction.
Mainly based on morphologic observations, the current
well-accepted term for the interaction between organelles,
including LDs and mitochondria, is “contact” and the site
for the interaction is termed as the “contact site.” Contact
is characterized by: (1) co-localization of organelles, (2)
the distance between organelles approximately 10–70 nm,
(3) a contact site composed of tethering proteins, and
(4) the ability to transfer ions, lipids, and other molecules
(Schuldiner and Bohnert, 2017).

The contact between LDs and mitochondria has been
studied and visualized in many types of cells using a variety
of technologies. However, molecular techniques are required
to push our understanding further. As in other fields of
biology, the powerful omics tools have been applied with
great success. The first interactomic study screened LD and
mitochondrial surface proteins, searching for interacting
protein pairs using a bimolecular fluorescence complementation
assay in Saccharomyces cerevisiae (Pu et al., 2011). In the
same work an in vitro assay to study the interaction between
isolated LDs and mitochondria was established, in which
GTP was found to play a key role for this interaction (Pu
et al., 2011). The most recent organelle-level interactomic
study using high resolution microscopy visualized not only
the interaction between LDs and mitochondria but also
four other membranous organelles using a multispectral
image acquisition method (Valm et al., 2017). Interactomic
studies of this type provide a broad, system wide view
of the network for interactions. However, insight into
the mechanisms enabling these interactions requires other
experimental techniques.

THE BIOCHEMICAL AND BIOPHYSICAL
STUDIES OF CONTACT BETWEEN LIPID
DROPLETS AND MITOCHONDRIA

Biochemical and biophysical studies have been used to probe
the molecular basis of inter-organelle contact. Contact has been
dissected into discrete phases: recognition/targeting, tethering,
and binding/anchoring, with distinct proteins playing key roles
in each step. While the Rab proteins previously described are
key candidates for recognition and tethering, other proteins
including PLIN1, PLIN5, MFN2, and MIGA2 have also been
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TABLE 1 | Patterns of interaction between LDs and mitochondria.

Interaction terms Organisms/tissues and cells Methods References

Interaction Rat/skeletal muscle, L6 EM, LM, BpM, BcM, In vitro reconstitution Pu et al., 2011

Mouse/heart muscle EM Wang et al., 2013

Monkey/kidney fibroblast cell LM Pribasnig et al., 2018

Vero cell EM Herms et al., 2015

Mouse/BAT EM, LM, BpM, BcM Yu et al., 2015

Phaeodactylum tricornutum EM Lupette et al., 2019

Interaction (SNAP23) NIH 3T3 cells LM, BpM, BcM Jägerström et al., 2009

Interaction (PLIN5) CHO-K1 cell; AML12 cell; HL1 cell BpM, BcM Wang et al., 2011

Human/skeletal muscle EM, LM Bosma et al., 2012; Gemmink et al.,
2018

Interaction/contact (MFN2) Human/BeWo cells LM Wasilewski et al., 2012

Interaction (RAB32) Yellow catfish/hepatocytes LM, BpM, BcM Song et al., 2020

Interaction/association (MIGA2) 3T3-L1, COS7 cells LM, EM, BpM, BcM Freyre et al., 2019

Association Mouse/BAT LM Benador et al., 2018

Mouse/skeletal muscle, C2C12 cell EM, LM, BpM, BcM Zhang et al., 2011

Mouse/Hepatocyte EM Shiozaki et al., 2011

CHO Cell, 3T3-L1 fibroblasts EM, LM Murphy et al., 2009

Contact Vero cell EM Barbosa et al., 2015

MEF LM Rambold et al., 2015

Dog/muscle cell (triceps) EM Vock et al., 1996

Zebrafish/hepatocyte EM Peute et al., 1978

Mouse /liver EM Krahmer et al., 2018

Turtle/leydig cell EM Tarique et al., 2019

Contact (MFN2/PLIN1) Mouse/BAT EM, BpM, BcM Boutant et al., 2017

Co-localization Porcine/oocytes LM Sturmey et al., 2006; Milakovic et al.,
2015

Adhere Rat/mammary EM Stemberger et al., 1984

Close proximity MEF LM Nguyen et al., 2017

Junction (PLIN5) Mouse/cardiac tissue EM Varghese et al., 2019

Anchoring Mouse/BAT EM, LM, BpM, BcM Cui et al., 2019

LM, light microscopy; EM, electron microscopy; BpM, biophysical methods; BcM, Biochemical methods.

implicated in these phases (Wasilewski et al., 2012; Boutant et al.,
2017; Freyre et al., 2019; Varghese et al., 2019). Some proteins
serve multiple functions. For example, VPS13C functions both as
a binding component and plays a role in lipid transport (Kumar
et al., 2018). Some proteins involved in LD-mitochondrion
contact have been found to mediate the contact between other
organelles as well. Studies using live-cell imaging have shown
that these proteins are involved in highly dynamic contact,
fitting a “kiss-and-run” model. Beyond morphologic observation,
experiments using co-isolation (Figures 1Ba,b) and in vitro
reconstitution have been used to further dissect the mechanisms
of this contact (Pu et al., 2011).

Distinct from other membrane-bound organelles, the LD
uniquely possesses a density less than 1 g/cm3 due to
the TAG forming its core. This enables the method of
floatation in a centrifugal field for the isolation/purification
of LDs (Ding et al., 2013). All other membrane-bound
organelles with densities higher than 1 g/cm3 are driven
in the opposite direction into a pellet below the aqueous
phase media. Therefore, a simple centrifugation can easily
separate LDs from other membrane-bound organelles. Strong
binding between LDs and other organelles could result in

co-migration in the centrifugal field, either to the low-density
region or the pellet.

In fact, other membranous organelles, such as ER and
mitochondria, are commonly co-isolated with LDs and this
co-fractionation historically was considered as contamination.
Indeed, some membranous structures can be stripped from
LDs through ultracentrifugation, but other structures remain
tightly bound, suggesting that these co-fractionated organelles
are bound physiologically in a type of organelle complex. The
analysis of isolated and re-isolated LD fractions by EM and light
microscopy provides visual evidence of intact membranous
organelles bound to the surface of LDs, demonstrating
the physiological and physical binding of LDs with other
membranous organelles. The strength of the centrifugal field
can be used to measure the binding strength, distinguishing
weak contact (association/kiss-run) from strong contact (stable
binding/anchoring). Therefore, this experimental approach can
be used to classify types of contact.

This property of LDs can also be studied using in vitro
assays (Pu et al., 2011). After incubation with controlled
components, LDs can be re-isolated by floatation. Membranous
structures induced to bind to the LDs in the in vitro system
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are co-floated. Utilizing this unique property of LDs,
isolated LDs were incubated with isolated early endosomes
in the presence or absence of GTP, the reaction mixture
was centrifuged, and the re-isolated LDs were analyzed.
Through this experiment, the physiological binding of
early endosomes to LDs was identified to be regulated
by GTP. Stripping Rab proteins from both isolated
LDs and early endosomes totally blocked the binding,
demonstrating that Rab protein(s) are key players governing
the physiological binding between early endosomes and LDs
(Liu et al., 2007).

A similar experiment was conducted to investigate factors
that govern the binding between LDs and mitochondria. The
two organelles, isolated separately, were mixed and incubated in
the presence or absence of GTP or cytosol, followed by the re-
isolation of the LDs. Mitochondria were co-fractionated with the
floating LD fraction under the GTP condition, identifying GTP as
a key factor regulating the binding between these two organelles
(Pu et al., 2011).

Many mitochondrial proteins were identified in LDs isolated
from mouse skeletal muscle using ultracentrifugation, indicating
the strong contact between these two organelles (Zhang
et al., 2011). Another study of LDs isolated from rat heart
with ultracentrifugation also found numerous mitochondrial
proteins (Li et al., 2016). A summary of finding from
proteomic studies of isolated LDs shows that mitochondrial
proteins co-fractionate with LDs isolated from a broad
range of cell types (Table 2). Most of these studies used
ultracentrifugation conditions, demonstrating the tight contact
between these two organelles. It is also quite interesting that
this phenomenon primarily is present in cells from highly
oxidative tissues (Cui et al., 2019). The LD-mitochondrion
contact is especially easy to visualize in BAT, an observation
that is consistent with the role of these cells in heat production
and the resulting high energy demand of mitochondria (Géloën
et al., 1990; Ohue and Makita, 1992). Therefore, brown
adipocytes represent a uniquely suitable experimental system for
these investigations.

Recent studies of isolated BAT LDs have suggested a
distinction between two types of contact (Cui et al., 2019). The
first is tight/stable contact (Cui et al., 2019), also called anchoring
since it cannot be separated by ultracentrifugation, similar to
the results from isolated LDs of muscle and heart (Zhang et al.,
2011; Li et al., 2016). The other is dynamic contact that can
be separated using high speed centrifugation (9,000g). The term
peridroplet mitochondria (PDM) was proposed to describe these

loosely associated mitochondria (Benador et al., 2018). After
centrifugation with 9,000g, about 50% of LD-associated were
still remained on re-isolated LD fraction. In addition, PDM
are functionally different with cytosolic mitochondria and more
toward to fatty acid synthesis (Benador et al., 2018). These
differences can be understood physiologically due to the different
demands placed on oxidative systems of the cell, depending on
the role of the tissue.

DYNAMIC AND STABLE CONTACTS
BETWEEN LIPID DROPLETS AND
MITOCHONDRIA

The empirical distinction between weak and strong contact
revealed by centrifugal force is likely to reflect important
physiological complexity. The contact likely functions to permit
efficient signaling and transport of hydrophobic molecules. For
oxidative tissues such as heart muscle, skeletal muscle, and
BAT, rapid delivery of FAs from LDs to mitochondria is an
essential element for efficient ATP and heat production. The
contact between these two organelles not only makes this delivery
fast but also avoids insolubility and cytotoxicity of free FAs.
Stable/anchoring contact found in these tissues (Cui et al., 2019)
well represents the necessity for the constant production of ATP
or heat with high efficiency (Figure 3). The term of LD-anchored
mitochondria (LDAM) has been proposed for the mitochondria
that stably associate with LDs (Cui et al., 2019). Both LDAM
and PDM co-fractionate with LDs that are isolated with the
low centrifugal force while only LDAM remain in the following
centrifugation at speeds generating over 9,000g.

The current definition of contact is mainly based on
morphological studies and includes four key characteristics that
describe the dynamic contact well but seem to lack a criterion
that defines the strength of contact. The nature of the molecules
bridging these two organelles may explain the different strengths
of contacts. Identifying the proteins mediating the different types
of contact is important to understand the underlying physiology.
Since LDAM are not affected in PLIN1 or PLIN5 deleted mouse
BAT (Cui et al., 2019), the interaction between PLIN1 and MFN2
may be a good example of the protein pair involved in dynamic
contact (Boutant et al., 2017; Olzmann and Carvalho, 2019).
The proteins forming cellular tight junctions and the proteins
with a nail (Havaux, 1998) or rivet-like (Iacovache et al., 2006)
conformation may provide a useful model for understanding
the stable contact (Figure 3). It is reasonable to include a

TABLE 2 | Mitochondrial proteins from previously published LD proteomes.

Model/cell line Total proteins Mitochondrial (%) LD isolation References

Mouse/skeletal muscle 324 29.63 300,000 g for 60 min at 4◦C Zhang et al., 2011

Rat/heart 752 31.38 256,000 g for 60 min at 4◦C Li et al., 2016

Mouse/BAT 169 66.87 2,000 g for 3 min at 4◦C Yu et al., 2015

A431 32 9.38 274,000 g for 60 min at 4◦C Kim et al., 2006

CHO K2 125 16.8 274,000 g for 60 min at 4◦C Bartz et al., 2007b

3T3-L1 39 17.95 26,000 g for 30 min at 4◦C Brasaemle et al., 2004
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fifth criterion classifying the contact based on its stability in a
centrifugal field.

The LDAM have also been identified in the oxidative tissues
of Rhesus monkeys (Macaca mulatta), including BAT (BAT),

heart (Heart), and muscles (MG and MS) (Figure 2, lanes 1–
12), but not in liver (Liver) (Figure 2, lanes 13–15), suggesting
that the LDAM are conserved from mice to monkeys. To further
understand the physiological significance of this stable contact

FIGURE 2 | Co-isolation of LDs and mitochondria. Rhesus monkeys (Macaca mulatta) including Normal (CK), Obese (OB), and Type 2 diabetes mellitus (TM) were
obtained from Kunming Institute of Zoology, Chinese Academy of Sciences. The LDs from different tissues of these monkeys were isolated using indicated
homogenization methods and centrifugal forces as following: (1) A dounce type glass-teflon homogenizer and a speed of 247,000g were used for heart, musculus
gastrocnemius (MG), and musculus soleus (MS). (2) A dounce type loose-fitting potter-elvehjem tissue grinder and a speed of 247,000g were used for liver. (3) A
200-mesh screen with plastic syringe piston and speeds of 1,000g and 247,000g were used for BAT. The proteins from isolated LDs were separated by SDS-PAGE
and visualized by silver staining (upper panel). The marker proteins for LDs (PLIN5, ADRP/PLIN2, Rab18, and p-HSL) and for mitochondria (Mfn2, VDAC, and
Prohibitin) were determined by Western blots (lower panel) (cite from Cui et al., 2019).
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(or LDAM), the monkeys with different metabolic conditions,
such as normal (CK), obese (OB), and diabetes (TM), were
utilized and the significant differences are found not only in
LD-associated proteins but also in LDAM proteins (Figure 2).

Another fundamental question remaining to be answered
for this anchoring hypothesis (Figure 3), is whether two
types of contact are interchangeable based on physiological
requirements. If this is possible, dynamic contact could transition
to stable contact and back as energetic requirements fluctuate.
Alternatively, if these are permanent states of association, there
may be other important structural and functional differences
between these two states. It is possible that mitochondria and
LDs locked in stable contact coordinate in a manner similar to
some protein complexes. In this case, it may be useful to think of
LD and mitochondrion engaged in a stable contact as a distinct
cellular structure, an organelle complex. Nevertheless, we suggest
that both morphological and biochemical methods should be
used together to study the contact between LDs and mitochondria
as well as other organelle contacts.

To conduct the biochemical and biophysical study for the
contact between LDs and mitochondria using isolation method,
two critical factors should be addressed for isolation of LDs from
BAT and brown adipocytes since they contain supersize LDs that
are fragile and easy to be broken. These factors are (1) stringency

of homogenization and (2) centrifugal force of floatation. Three
homogenization methods that have been applied on BAT and
brown adipocytes are listed by stringency (low to high): Nitrogen
Cavitation technology (N2 bomb) (Cui et al., 2019), grinding
tissue on 200-mesh screen using plastic syringe piston (Yu et al.,
2015; Cui et al., 2019), and dounce homogenization (Benador
et al., 2018). The centrifugal force has been utilized for sample
from BAT and brown adipocytes ranging from 500 to 100,000g
depending on the processes of isolation, washing, and separation.
The high homogenization stringency and high centrifugal force
can remove nonspecific bound contaminations but result missing
of supersize LDs. But low centrifugal force cannot float small
LDs efficiently (Zhang et al., 2016). Therefore, homogenization
methods and centrifugal forces should be selected properly to
control the quality, the size, and the type of LDs isolated from
different tissues and cells.

Finally, based on previous studies from ours and other
laboratories, the working hypothesis is proposed that there are
two types of contact (dynamic and stable) between LDs and
mitochondria in oxidative cells (Figure 3). The co-isolation
method is introduced to study the contact between LDs
and mitochondria, as well as other bilayer membrane-bound
organelles. Combined with morphological and biochemical
approaches, the co-isolation study is going to uncover new

FIGURE 3 | Anchoring hypothesis of the contact between LDs and mitochondria. Based on previous studies from ours and other laboratories, the working
hypothesis is proposed that there are two types of contact (dynamic and stable) between LDs and mitochondria in oxidative cells. Dynamic contact can tether LDs
and mitochondria through protein complexes. Stable contact can anchor mitochondria on LDs by nail- or rivet-like proteins.
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aspects toward to better dissect and understand the contact
between these two organelles.
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