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Skeletal muscle can store excess fat as subcellular lipid droplets (LDs). While originally viewed as uninteresting
static balls of triacylglycerol, it is now clear that myocellular LDs play an active role in myocellular (patho)
physiology. In this review we aim to discuss the role of LDs in muscle cell insulin sensitivity and identify
parameters which appear to aﬀect this relationship. Moreover, we discuss the application of novel tools permitting detailed examination of these parameters. This article is part of a Special Issue entitled: Recent Advances
in Lipid Droplet Biology edited by Rosalind Coleman and Matthijs Hesselink.

1. Introduction
The ability of insulin to promote myocellular glucose uptake (insulin sensitivity) is a key feature of healthy skeletal muscle.
Compromised insulin sensitivity is a hallmark for type 2 diabetes pathogenesis; hence, it is essential to understand the mechanisms that
may impede insulin action. Impaired insulin signaling, with resultant
insulin resistance, is a common observation in obesity. It has been
widely hypothesized that obesity predisposes to insulin resistance, in
large part because the capacity of white adipose tissue to store excess
calories as fat is limited, and the excess fat is then stored in small lipid
droplets (LDs) within non-adipose tissue such as the heart, the liver and
skeletal muscle [1]. Especially under conditions when fat oxidative
capacity is limited, increased inﬂow of fatty acids in skeletal muscle
augments intramyocellular lipid (IMCL) content. Although it goes
without saying that spill-over of fatty acids from adipose tissue contributes to myocellular fat content in the pathological state of obesity,
IMCL is more than merely static lipid, and elevated IMCL levels can also
be observed in the non-obese state and in the absence of spill-over of
fatty acids from adipose tissue.
In insulin resistant individuals, IMCL scales negatively with insulin
sensitivity. However, in insulin sensitive trained individuals this is not
the case. To better understand the putative role of IMCL in insulin
sensitivity, more insight into the processes involved in myocellular fat
storage and degradation is warranted.

☆

Myocellular fat is stored in relatively small sized LDs
(0.20–0.50 μm2), typically comprised of a neutral lipid core, in which
fatty acids are being stored predominantly as triacylglycerol (TAG).
This core is surrounded by a phospholipid monolayer coated by a
variety of proteins involved in the storage and release of fatty acids in
and from the droplet [2] (a process referred to as lipid droplet dynamics
[3]).
Circumstantial evidence suggests that LD pools that are highly dynamic and possess a high turnover rate are less harmful to insulin
sensitivity than static LD pools. The potential mechanisms underlying
this observation, and the relationship between muscle LD and insulin
sensitivity remains to be elucidated.
In this review we aim to provide a state-of-the art overview of the
currently prevailing mechanisms linking lipid storage within the muscle
cell to human muscle insulin sensitivity. Nowadays, imaging techniques
to study LD dynamics are quickly developing. Hence, we also review
experimental means and methods that will likely unveil subcellular
mechanisms aﬀecting the relationship between IMCL and insulin sensitivity as well as the role of LD in other aspects of health and disease.
2. The intricate relationship between IMCL and insulin sensitivity
Advances in 1H NMR spectroscopy in the late nineties permitted
non-invasive measurements of IMCL [4]. Taking advantage of this approach, multiple groups have shown a negative relationship between
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hydrolysis, and ATGL, the major TAG lipase [13] whose is under tight
stimulatory control by comparative gene identiﬁcation 58 (CGI-58)
[14] and under inhibitory control by the G0/G1 switch gene 2 [15].
Well before the discovery of ATGL and the proteins directly involved in regulating its activity, a protein decorating the phospholipid
membrane of the LDs in white adipose tissue, referred to as perilipin,
was discovered in the Londos lab [16]. Based upon its tissue speciﬁcity,
sensitivity to hormonal and isoproterenol activation and subcellular
distribution, this protein was hypothesized to be involved in ‘the specialized lipid storage function of adipocytes’ [16]. While perilipin (now
referred to as PLIN1) is almost exclusively found in adipose tissue, a
series of other proteins sharing a high N-terminal sequence homology
with perilipin was discovered which are more ubiquitously expressed.
Amongst these proteins, referred to as PAT proteins (perilipin, ADRP
and TIP47) are adipocyte diﬀerentiation related protein (ADRP, now
PLIN2) [17], TIP47 (now PLIN3) [18], S3-12 (now PLIN4) [19] and
OXPAT [20], LSDP5 [21] and MLDP [22] (now known to be the same
protein and referred to as PLIN5). Of these proteins, PLIN2, PLIN3 and
PLIN5 are expressed in skeletal muscle. PLIN2 decorates the surface of
the LD and dissociates ATGL from the LD thereby inhibiting lipolysis
[23]. Similar to PLIN2, PLIN3 localizes to the LD surface, but is also
found dispersed throughout the cell and is considered an interchangeable PAT protein that coats nascent LDs and is released from the LD
upon LD maturation [24]. Whereas PLIN2 is subject to proteasomal
degradation upon release from the LD, PLIN3 has also been reported at
the mitochondrial membrane where it is putatively involved in maintaining mitochondrial membrane integrity upon oxidative stress [25]
but not upon muscle contraction [26,27].
Probably the most abundant PAT protein in skeletal muscle is
PLIN5, which has been reported at the LD surface as well as in vicinity
of the mitochondria and LD-mitochondrial contact sites [28]. In conjunction with ATGL and CGI58, PLIN5 regulates LD lipolysis in (oxidative) muscle cells [29] and may be involved in ﬁne tuning lipolytic
release of fatty acids for oxidation. Indeed, in the absence of PLIN5,
tissues become devoid of LDs [30,31], which appears essential to link
IMCL lipolysis to metabolic demand. Even though unilateral overexpression of PLIN5 by electroporation in rats profoundly augments LD
storage in a PLIN5 electroporated leg, PLIN5 overexpressing muscle
cells are protected against high-fat diet induced insulin resistance [32].
Upon prolonged fasting in humans (a physiological model of insulin
resistance) we observed that high levels of PLIN5 in the muscle were
protective against the development of muscle insulin resistance [33].
Moreover, we observed using Coherent Anti Raman Spectroscopy (CARS) microscopy that overexpressing PLIN5 profoundly and favorably
aﬀected the composition of the lipids sequestered in the LD [34].
Likewise, PLIN5 ablated mice developed muscle insulin resistance
(along with accumulation of the putatively insulin desensitizing
sphingolipid, ceramide) [30].
Clearly, the proteins mentioned in this section aﬀect the dynamic
nature of LDs and may modulate the eﬀects of insulin sensitivity, including morphological changes like altered LD number and size.

Fig. 1. Schematic depiction of various models contributing to elevated circulatory nonesteriﬁed (free) fatty acids and deposition of intramyocellular lipid (IMCL). Adipose
tissue-derived fatty acids may increase due to limited adipose tissue expandability in the
obese state (upper left example), free fatty acids may increase in the prolonged fasted
state and augment IMCL (middle left example) and fatty acids can be experimentally
elevated by infusing a lipid emulsion along with stimulation or modulation of lipoprotein
lipase activity so that fatty acids are released from TAG particles to augment IMCL storage
(lower left example).

IMCL content and insulin insensitivity [5,6] (for review see [7]). Augmenting IMCL content acutely using intravenous lipid infusions ameliorates myocellular insulin sensitivity [8], suggesting a causal relationship between IMCL and insulin resistance. Other models
suggesting this relationship are myocellular over-expression of lipoprotein lipase which promotes liberation of fatty acids from circulatory
TAG particles and profoundly augments IMCL content [9], and elevating plasma non-esteriﬁed fatty acid levels in a physiological way like
prolonged fasting results in increased IMCL storage and insulin resistance [10] (Fig. 1).
Paradoxically, also trained athletes - who stand out for having very
high insulin sensitivity - possess IMCL levels in the same range as obese
insulin resistant or type 2 diabetic subjects, a phenomenon classically
referred to as the ‘athletes paradox’ [11]. To explain this paradox, it has
been suggested that the co-existence of compromised mitochondrial fat
oxidation and high IMCL levels might be necessary to impede insulin
sensitivity and that it is not the TAG in IMCL per se that is the
wrongdoer, but that incomplete hydrolysis of TAG with elevated diacylglycerol (DAG) is the primary defect linking IMCL to insulin resistance [12] (for detailed discussion see below). Other factors, like LD
coating, morphology and subcellular location have been suggested as
well to explain the athlete's paradox. To put the current observations
and the intricate relationship between IMCL and insulin sensitivity into
perspective, the following sections will focus on how LD dynamics affects features of LDs supposedly involved in modulating the relationship
between IMCL and insulin sensitivity (Fig. 2).

2.2. Morphological characteristics of intramyocellular lipid storage
While the non-invasive nature of 1H NMR spectroscopy to measure
IMCL content actually sparked the majority of papers examining the
relationship between IMCL and insulin sensitivity, the pioneering work
on this relationship was based on chemical TAG extractions from percutaneous human muscle biopsies [35]. Both methods, however, only
give numbers on total muscle TAG content (which is the product of LD
number and LD size/volume) but do not permit statements on ﬁber type
speciﬁc IMCL storage, LD size, number or subcellular distribution.
Conventional light microscopy [11] and ﬂuorescence approaches [36]
using lipid soluble dyes circumvent this shortcoming. Such approaches
reveal that endurance trained people possess higher IMCL content than
type 2 diabetic patients and that the elevated IMCL content is speciﬁc

2.1. Coating of lipid droplets with perilipins
As outlined above, myocellular LDs are no longer regarded as static
storage sites of fatty-acids spilled-over from adipose tissue. Instead, it
has been shown that LDs have a highly dynamic nature that is tightly
orchestrated by proteins involved in TAG turnover in the LDs. In skeletal muscle, the most important players are the two lipases, hormone
sensitive lipase (HSL), which possesses a high aﬃnity for DAG
1243

BBA - Molecular and Cell Biology of Lipids 1862 (2017) 1242–1249

A. Gemmink et al.

Fig. 2. Lipid droplets comprise a neutral core that is predominantly triacylglycerol and sterol esters surrounded by a
phospholipid monolayer decorated with a variety of proteins.
Size, number, subcellular distribution, protein coating, and
composition of the lipids in the droplet all have emerged as
determinants of the insulin desensitizing eﬀect of excess myocellular lipid droplets.

for type I ﬁbers [37]. After 6 months of endurance training of patients
with type 2 diabetes, IMCL content increases in both ﬁber types [38].
Pioneering studies examining IMCL content in a more detailed fashion
revealed that LD size [39] and number [37] associate with insulin
sensitivity. Accordingly, the number of LDs in insulin sensitive endurance trained athletes is higher compared to T2DM patients [37] and
regular training performed by lean sedentary subject augments IMCL
content and LD number [38,40], an observation speciﬁcally made in
type I ﬁbers. Data for LD size are less consistent; large LDs in type I
ﬁbers have been reported in some pathophysiological [39] and physiological (prolonged fasting) states of insulin resistance [33], while
other studies do not detect signiﬁcant diﬀerences in LD size [37,41].
Insulin sensitivity progressively drops with age; hence, the observation
that elderly have larger but fewer LDs than BMI matched young, despite
having the same IMCL content [42] also indicates that the presence of
large LDs accompanies compromised insulin sensitivity. On the other
hand, detailed size analysis using transmission electron microscopy
(TEM) reveals that at baseline the excess IMCL in older obese insulin
resistant subjects, compared to old lean insulin sensitive subjects, originates from larger LDs [43]; however, after an insulin sensitizing exercise training program, LD size is unaﬀected. This ﬁnding contrasts
with a study by He et al. showing that those who decrease LD size most
after combined weight loss and exercise training also improve most in
insulin sensitivity [39]. It should be noted, though, that the spatial
resolution and scattering of out-of-focus light that goes along with
conventional wide ﬁeld light microscopy hampers proper size assessments. While the use of TEM can help to circumvent resolution issues,
TEM only permits examination of small fragments of the muscle and
does not provide insights on ﬁber type speciﬁc diﬀerences. Moreover,
3D reconstruction by TEM is possible, but is far from routine. Highresolution confocal ﬂuorescence microscopy appears to provide the best
trade-oﬀ between accuracy of size/volume measurements of LD while
also permitting co-examination of other proteins or organelles of interest [44].
The putative link between insulin sensitivity and LD size may originate from diﬀerences in surface-to-volume, with small droplets
having a higher surface-to-volume ratio. Under the assumption of unaltered levels of phospholipids, which make up the LD membrane
monolayer, small LDs with high surface-to-volume ratio have a lower
lipid interface than larger LDs. The lipid interface of the LD with

cytosolic (or LD membrane associated) lipases is essential for lipolytic
activity [45]. Thus, a high surface-to-volume ratio may protect against
uncontrolled and incomplete lipolysis [46]. While the details of processes governing LD growth and shrinkage are incompletely understood, currently three processes are considered relevant [45]: i) Coalescence of fusion of LDs via pores in the phospholipid monolayer of 2
LDs that results in fusion and exchange of lipids; ii) Ripening of LDs via
exchange of molecules from one LD to another, resulting in a linear
increase in LD size over time along with an increase in the phospholipids of the LD monolayer and a decrease in size of other LDs, typically
resulting in a wider range in LD size; and iii) Expansion of LDs by TAG
synthesis fueled by excess fatty acids in the cell. Given that each of
these processes distinctly aﬀects the lipid interface, it is not unlikely
that the type of process responsible for LD growth also aﬀects the
physiological properties of large LDs.
In addition to LD number and size, the subcellular location of LDs
also aﬀects insulin sensitivity. LDs can be found dispersed throughout
the myoﬁbrillar space (commonly organized alongside the contractile
elements) as well as in the near vicinity of the muscle cell membrane
(the subsarcolemmal (SS) space). A high number of LDs in the SS region
has been associated with insulin resistance [43,47] and in obese insulin
resistant subjects, LDs stored in the SS region are larger compared to
LDs in lean subjects [43]. Exercise training (generally considered a
potent way to improve muscle insulin sensitivity) reduces IMCL content
in the SS region by reducing LD size [41,48] and number [41,48,49].
Clearly, the spatial distribution of LDs in skeletal muscle, which can be
readily observed in longitudinal muscle sections (Fig. 3), is not a
random process. Intermyoﬁbrillar LDs are often observed close to mitochondria, which when in the intermyoﬁbrillar space, are commonly
observed adjacent to the triads and Z-discs. Thus, even though intermyoﬁbrillar LDs appear distant from the sarcolemma, one should realize that the triads encompass invaginations of the sarcolemma and the
sarcoplasmic reticulum (the myocyte equivalent of the endoplasmic
reticulum). This location permits interaction of myocellular LDs with
structures relevant for insulin signaling, substrate delivery, TAG
synthesis and oxidative degradation of fatty acids upon TAG hydrolysis.
For a tissue that possesses high ﬂuctuations in energy demand, this
location and putative inter-organelle interaction seems rather favorable
for maintaining cellular function. Although there is a paucity of experimental data that clearly shows tethering of LDs with mitochondria
1244
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ceramides [61]. Strikingly, some speciﬁc subtypes of DAG levels are
even higher in insulin sensitive trained athletes [62]. Gender also seems
the aﬀect the putative relation of DAG and ceramides with insulin
sensitivity; in female insulin sensitivity drops less after lipid infusion
than in males, while changes in DAG and ceramides were similar [63].
Thus, insulin sensitivity (or exercise- or lipid-induced changes
herein) cannot be consistently linked to changes in DAG species.
While the pioneering studies on DAG and insulin sensitivity focused
on total DAG, evidence is emerging that a better understanding of the
relationship between myocellular fat and insulin sensitivity may be
achieved by examining DAG subtypes [62,64,65]. Subtypes of DAGs not
only relate to diﬀerences in chain length and saturation, but, importantly, also to the site-speciﬁc positions of the fatty-acyl chain on the
glycerol backbone. DAG can originate from phospholipids, TAG lipolysis and TAG formation. Depending on its origin, sn-1,2 DAG, sn-2,3
DAG and sn-1,3 DAG can be generated. Only sn-1,2 DAG can activate
PKCs [66,67], and thus may impede insulin signaling. Interestingly,
ATGL can only hydrolyze TAG at the sn-1 and sn-2 position [68],
thereby resulting in sn-2,3 DAG or sn-1,3 DAG products. Thus, although
incomplete hydrolysis of TAG in LDs may increase DAG levels, lipolysis
does not give rise sn-1,2 DAG, which reportedly originates from phospholipid hydrolysis [69] and hence is released close to the plasma
membrane. Although elevated levels of membrane bound sn-1,2 subtype DAG have been observed in subjects with T2DM [57,64], this DAG
is unlikely to have originated from myocellular LDs. This notion is
supported by examining the stereoisomers of DAG in exercised HSL
ablated mice. These mice were highly insulin sensitive despite increased sn-1,3 DAG and reduced sn-1,2 DAG, indicating that DAG originating from ATGL-mediated lipolysis does not interfere with insulin
sensitivity [70]. Therefore, conclusions on the association between DAG
and insulin sensitivity based solely upon total DAG levels, must be interpreted with care.
For ceramides the relationship with insulin sensitivity also is not
unambiguous. Elevated ceramides levels have been observed in obese
insulin resistant subjects [55,56,59,60,71] and in some studies,
[55,56,59,72] but not all [71], ceramides have been reported to associate negatively with insulin sensitivity. Moreover, in insulin sensitive endurance trained athletes, ceramide levels are higher than in lean
sedentary [73] or glucose intolerant subjects [74]. Lipid infusions induce insulin resistance in the absence of major changes in ceramide
content in all studies [57,63,73,75,76], except for one [55]. In addition,
ten weeks of endurance training improve insulin sensitivity in lean
oﬀspring of patients with type 2 diabetes without changes in ceramide
levels [61]. Where changes in ceramides were reported, the reduction
in ceramides did not result in improved glucose tolerance [58]. Also for
ceramides, subtype speciﬁcity and subcellular distribution may determine the association with insulin sensitivity [77]. Of interest is the
fact that C16 to C18 ceramides in the SS space and de novo synthesis of
SS ceramides associated with markers of insulin resistance ceramides
[77]. Thus, like DAG ceramide subtypes and subcellular location and/or
origin should be taken into account when interpreting the relationship
between ceramides and insulin sensitivity.

Fig. 3. 3D reconstruction of LDs in a longitudinal section of human skeletal muscle imaged by confocal immunoﬂuorescence microscopy. The sarcolemma (muscle cell membrane) is stained in blue, the lipid droplets are stained in green and the LD coat protein
PLIN5 is stained in red. Note that PLIN5 is observed as distinct particles on the droplet
and does not entirely cover the LD surface.

and/or the sarcoplasmic reticulum, upon exercise training, the IMCL
fraction that is in close contact with mitochondria increases [40,41,49].
Given the instability of large LDs and their ineﬃcient lipolysis [50,51],
one can hypothesize that increased LD size in the SS region interferes
with insulin signaling and promotes insulin resistance.
2.3. Lipid droplet composition, bioactive lipids and dynamics
The insulin desensitizing eﬀect of bioactive lipid intermediates like
diacylglycerol (DAG) and ceramides in vitro, are more convincing than
insulin desensitizing by TAG per se. Diacylglycerol interferes with the
insulin signaling by activating PKCs (for review see [52]), which has led
to a DAG-centered view in skeletal muscle [53], but ceramides may also
block insulin signaling via inhibition of IRS-1, PI3-kinase, and Akt (for
review see [54]).
In vivo studies in humans, however, reveal conﬂicting results for
both DAG and ceramides in relation to insulin sensitivity. In diabetesprone oﬀspring of patients with type 2 diabetes, total ceramide content
is elevated [55] suggesting ceramides contribute to type 2 diabetes
development. In obese patients with type 2 diabetes, both DAG and
ceramide levels are increased [56]. Insulin desensitizing interventions
like infusion of intralipid into healthy lean subjects increases myocellular levels of DAG in parallel with increased PKCƟ activity and a drop
in insulin sensitivity [57], whereas after endurance training, insulin
sensitivity improved and saturated DAG and ceramide species decreased in obese individuals and in patients with type 2 diabetes
[56,58]. Jointly, these observations seem to suggest that DAG and
ceramides can impede insulin sensitivity. Conversely, other reports do
not observe these diﬀerences in groups with diverse levels of insulin
sensitivity or upon insulin (de)sensitizing interventions. Cross-sectional
observations reveal that obese insulin sensitive individuals have similar
total, saturated and unsaturated DAG levels compared to obese insulin
resistant individuals, but ceramide levels appear higher in the insulin
resistant individuals [59,60]. Even though the insulin sensitizing eﬀect
of exercise training is consistently reported, some studies also observed
improved insulin sensitivity in the absence of changes in DAGs or

3. Human interventions modulating myocellular lipid droplet
dynamics and myocellular lipid overﬂow
The athlete's paradox [11] suggests that high levels of IMCL may not
be harmful in the face of a high oxidative capacity, and it has been
hypothesized that having a highly dynamic lipid pool in myocellular
LDs may partly explain this dissociation [3,12].
Human clinical investigations have been employed to explore the
hypothesis that an overﬂow of fatty acids to the muscle or hydrolysis of
the TAG in myocellular LDs are central to the associations between
IMCL and deranged fuel metabolism. LD dynamics have been studied
with acute exercise, prolonged fasting and short term high fat diets. A
single acute exercise session decreases muscle lipid content in lean
1245
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sedentary subjects [78,79] without aﬀecting muscle PLIN2 and PLIN5
protein content [80], and increases in PLIN3 have been reported after
longer bout of endurance exercise [81]. The increase in PLIN3 protein
content correlates positively with an increase in ex vivo palmitate
oxidation [81]. In vitro studies seem to suggest that this is a cell autonomous eﬀect, as it has been shown that upon treating human primary myotubes with an exercise mimetic cocktail (containing low levels of palmitate, ionomycin and forskolin), PLIN3 protein increases in
myotubes from lean sedentary individuals as well as in myotubes from
donors with type 2 diabetes [81]. Interestingly, after administration of
the same exercise mimetic cocktail to human myotubes cultured from
trained endurance athletes, the protein content of PLIN5, instead of
PLIN3, increases. These data suggest that LD dynamics in endurance
trained athletes may involve proteins other than those involved in LD
dynamics in T2DM patients. In that respect, it is of interest to note that
induction of PGC1α, either by gene overexpression or by exercise, results in activation of a LD remodeling related gene-set [82]. In addition,
exercise-mediated elevation of PLIN5 content in master athletes correlated positively with insulin sensitivity and insulin sensitivity-associated isoforms of speciﬁc DAG subtypes [62], suggesting a role for
PLIN proteins in modulating both LD dynamics and insulin sensitivity.
LDs in human skeletal muscle are dynamic, and remodeling of LDs
can occur within hours. A one-hour submaximal exercise bout reduces
number and size of PLIN2- and PLIN5-coated LDs in type I ﬁbers in
young, lean, sedentary subjects [79,80] and also reduces the fraction of
PLIN2 and PLIN5 in direct contact with the IMCL pool [80]. Models
promoting myocellular fatty acid exposure include acute lipid infusion
[83,84], prolonged fasting [33] and high fat diets [83,85], all of which
profoundly augment IMCL content. In these models increased IMCL
content does not always parallel with insulin resistance [33,84,85]. In
the face of similar IMCL levels, prior exercise was shown to blunt acute
lipid-induced insulin resistance compared to lipid infusions without
prior exercise [84]. Similarly, Bachmann et al. [83] showed an increased IMCL content and a concomitant drop in insulin sensitivity
upon lipid infusion, as well as after a 3-day HF diet. The inter-individual
variation of changes in IMCL content and insulin sensitivity was more
pronounced after the HF diet. Interestingly, we recently observed that
in Caucasians, the increase in PLIN5 is associated with the maintenance
of insulin sensitivity [85], also suggesting a regulatory role for LD coat
proteins of the PLIN family in modulating insulin sensitivity. In a model
of physiological insulin resistance (prolonged fasting) we quantiﬁed
LDs decorated with and without PLIN5 (Fig. 3) and observed that the
fasting-induced increase in IMCL content was accounted for by increases in number and size of PLIN5-coated LDs [33]. In addition, the
increase in PLIN5-coated LDs was associated with maintenance of insulin sensitivity and preservation of mitochondrial oxidative capacity,
suggesting a role for PLIN5 in maintaining insulin sensitivity and mitochondrial function when (inactive) muscle is exposed to high levels of
fatty acids. These changes in association of PLIN5 with the LD after
fasting (but also after acute exercise [79]) occurred without alterations
in total PLIN5 protein content in the muscle, suggesting redistribution
of PLIN5 between LDs and the cytosol. Jointly, these data suggest that
coating the LDs with PLIN proteins aﬀects the dynamic nature of the LD
and, via mechanisms currently unknown, modulates muscle insulin
sensitivity.

diabetes [88]. Whether these patients also possess lower levels of PLIN
proteins is unknown. The negative correlation of ATGL with insulin
sensitivity in patients with type 2 diabetes and a low fat oxidative capacity may reﬂect a lipolytic imbalance between fatty acids released
from the LD and the capacity for mitochondrial oxidation of these fatty
acids. In the absence of PLIN5 [30] or after inhibiting the interaction of
PLIN5 with CGI-58, this co-activator of ATGL may co-localize to ATGL
and thereby liberate fatty acids that cannot be shuttled to mitochondrial oxidation. Thus, having high levels of PLIN5 may improve the
match between lipolytic rate and subsequent release of fatty acids from
the LD with mitochondrial fatty acid oxidation. Indeed, this notion was
recently substantiated by studies showing that PLIN5 overexpression in
human primary myotubes reduces LD lipolysis and fatty acid oxidation
under basal conditions, while upon contraction-mediated elevation of
LD lipolysis, PLIN5 overexpression further promotes fatty-acid oxidation [86].
Elevated levels of proteins involved in LD remodeling is not only
observed in cross-sectional studies; an increase in PLIN5 is also observed in skeletal muscle after training interventions in both lean sedentary [79,89] and obese subjects [89,90]. Some studies have also
reported training-induced increases in PLIN2 [38,80,89], PLIN3 [90]
and ATGL [91], whereas CGI-58 levels appear unaﬀected [90,91]. Of
note, not only endurance, but also sprint interval training, induces remodeling of PLIN2- and PLIN5-coated LDs [80].
Electron microscopy studies reveal LD-mitochondria interactions
after endurance training [40,41,49]. Using immunogold EM we observed that PLIN5 was predominantly present at the LD mitochondria
interface [28] and that, upon overexpressing PLIN5 (even in the absence of exercise training) an LD-mitochondrial interaction is promoted
[28,29]. Moreover, PLIN5 overexpression results in induction of the
oxidative phenotype and blunted HF-diet induced insulin resistance
[32]. Thus, exercise training induces remodeling of the proteins involved in LD dynamics such that release of fatty acids from the LD
better matches mitochondrial fat oxidative capacity. Typically these
alterations go along with improved insulin sensitivity.

3.1. Exercise training

Commonly used methods to study skeletal muscle LDs include
ﬂuorescence and electron microscopy for LD morphology and subcellular distribution, and lipid extractions from muscle homogenates to
examine the biochemical composition of the lipids in the LDs. More
recently (and hence less commonly used) is the application of imaging
mass spectroscopy to obtain information on the composition of the LDs.

3.2. Eﬀects of weight loss on myocellular lipids and insulin resistance
Calorie restriction and weight loss are interventions that can profoundly aﬀect fuel metabolism, including insulin sensitivity [92]. In
parallel with improved insulin sensitivity, weight loss, induced by either diet [93] or bariatric surgery [94], can reduce IMCL, while exercise
training generally results in augmented IMCL content. Moreover,
weight loss can reduce muscle ceramides [95], although the eﬀects on
DAG in muscle are less clear [94]. Thus, insulin sensitivity can be improved by reducing IMCL content via reducing energy intake as well as
by increasing energy demand. This apparent discrepancy may originate
from diﬀerential changes in LD dynamics along with changes in LD
proteins. Unfortunately, only one study has reported changes in muscle
LD proteins (PLIN2) with weight loss [78]. Additional investigations are
clearly warranted to gain a better understanding of how myocellular LD
dynamics are altered by weight loss.
4. Approaches to examine lipid droplets in their native
environment

As exercise training-mediated increases in PGC1α induces genes
involved in LD dynamics [82], it was not surprising to note that PLIN5
protein content is elevated in trained individuals compared to lean and/
or obese sedentary subjects [62,82,86,87]. Also, other proteins putatively aﬀecting LD dynamics like ATGL [62,87], PLIN2 [82] and PLIN3
[87], are higher in trained than in untrained individuals. On the other
hand, an unanticipated negative correlation between ATGL protein
content and insulin sensitivity has been reported in patients with type 2

4.1. Examining LD morphology and dynamics
The high spatial resolution of TEM permits one to distinguish
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lipid droplet physiology research

between LDs stored in the SS versus the intermyoﬁbrillar (IMF) region
and yields ultrastructural information on interorganelle contact sites.
The procedures for quantitative TEM, however, are laborious and the
essential ﬁxation and dehydration steps raise concerns about the validity of size measurements based upon TEM [44]. Because many of the
characteristics of LF and the LD phenotype appear to depend on muscle
ﬁber type, the limited availability to assess muscle ﬁber type from TEM
images is a drawback. Most of these issues of TEM can be circumvented
by advanced confocal ﬂuorescence microscopy, which has the spatial
resolution for proper measurements of LD size and number while simultaneously giving information on LD coating and subcellular distribution of speciﬁc ﬁber types [33,80]. Moreover, 3D reconstructions
of successive z-stacks can be made to provide insight as to how LD coat
proteins actually decorate LDs [33]. Thus, it was revealed that PLIN5
does not present as a rim-like structure encapsulating a complete LD
[21,28], but as localized (multiple) individual particles at speciﬁc sites
on the LD [33]. This observation may have important functional implications for the putative docking function PLIN5 may have for lipases
or other organelles like mitochondria. With super-resolution microscopy like STimulated Emission Depletion (STED) microscopy, a spatial
resolution of ~60 nm can be reached, which suﬃces to study the LD
protein coating at the nanolevel with simultaneous examination of
proteins in the interaction sites between LDs and mitochondria. With
this high resolution, STED microscopy will provide more insights into
LD dynamics and the proteins that co-localizing with (or are in near
vicinity of) the LD.

Even though many studies have been performed during the last two
decades to understand the athlete's paradox of high IMCL accompanied
by high insulin sensitivity, it is not yet clear which underlying mechanism(s) explains the paradox. Recent developments in imaging
techniques will help the ﬁeld to decipher this paradox. Studies modulating the availability of free fatty acids to the muscle, either pharmacologically or physiologically, already indicate that the coating of
the LD is a determinant of LD functionality and aﬀects the association
between intramyocellular lipid storage and insulin sensitivity. Thus far,
this type of information remains to be examined in the diseased state.
To understand if and how LDs and LD remodeling aﬀect the relationship
between intramyocellular lipids and insulin sensitivity will require
detailed analyses of the LDs and their associated proteins. In this type of
analysis, subcellular distribution, muscle ﬁber type and interorganelle
interactions are anticipated to be important parameters. Thus, future
studies should take advantage of the new technologies that permit highresolution analysis of LD-protein-organelle interaction together with in
situ analysis of the composition of the lipid moieties in the individual
LDs.
Funding
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4.2. Lipid composition
Conﬂict of interest
To measure the biochemical composition of lipids extracted from
skeletal muscle, mass spectrometry is often performed on muscle cell
lysates. Although mass spectrometry provides a very detailed analysis
of almost all lipid species, it lacks information about organelle-speciﬁc
lipid composition. This shortcoming can be circumvented by the application of in situ techniques, like Coherent Anti-stokes Raman
Scattering (CARS), Time-of-Flight Secondary Ion Mass Spectroscopy
(ToF-SIMS), and Matrix-Assisted Laser Desorption Ionization Mass
Spectrometry Imaging (MALDI-MSI). These novel technologies provide
spatial information on the composition of lipids in deﬁned areas of
muscle sections. By using CARS microscopy, chemical bonds of lipidderived molecules can be quantiﬁed [96]. Thus, we showed that LDs in
sections of PLIN5-overexpressing muscles contain more saturated lipids
compared to wild type muscle ﬁbers [34]. For information on diﬀerent
lipid species MALDI-MSI and ToF-SIMS can be applied. ToF-SIMS is a
useful tool to measure small molecules at organelle levels, and it can
provide information about the fatty acid composition of lipid species
[97,98], but it lacks sensitivity in measuring larger molecules. To detect
larger molecules like phospholipids, MALDI-MSI can be used, albeit
with a lower spatial resolution than ToF-SIMS [99]. Theoretically, ToFSIMS can be applied with a spatial resolution of ~100 nm. In practice,
however, a spatial resolution of only ~1000 nm is reached due to the
trade-oﬀ of spatial resolution and mass resolving power [100]. For
MALDI-MSI spatial resolution of 10 μm has been reported [101]. With
ToF-SIMS, diﬀerences in fatty acid composition of lipid subspecies have
been reported to vary in obese and non-obese animals [97]. In skeletal
muscle biopsies of young lean, elderly lean and elderly with metabolic
syndrome, application of MALDI-MSI revealed diﬀerent lipid proﬁles in
a ﬁber type-speciﬁc manner [102].
Further reﬁnements, predominantly in spatial resolution, will
render these techniques highly valuable in providing data on LD composition in a location-speciﬁc manner (i.e. SS vs. IMF) and in LDs that
are diﬀerentially coated.
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