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Ectopic fat accumulation has been linked to lipotoxic events, including the development of insulin resis-
tance in skeletal muscle. Indeed, intramyocellular lipid storage is strongly associated with the develop-
ment of type 2 diabetes. Research during the last two decades has provided evidence for a role of lipid
intermediates like diacylglycerol and ceramide in the induction of lipid-induced insulin resistance. How-
ever, recently novel data has been gathered that suggest that the relation between lipid intermediates
and insulin resistance is less straightforward than has been previously suggested, and that there are sev-
eral routes towards lipid-induced insulin resistance. For example, research in this field has shifted
towards imbalances in lipid metabolism and lipid droplet dynamics. Next to imbalances in key lipogenic
and lipolytic proteins, lipid droplet coat proteins appear to be essential for proper intramyocellular lipid
storage, turnover and protection against lipid-induced insulin resistance.

Here, we discuss the current knowledge on lipid-induced insulin resistance in skeletal muscle with a
focus on the evidence from human studies. Furthermore, we discuss the available data that provides sup-
porting mechanistic information.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Obesity is a growing public health problem, with a prevalence
of at least 500 million people worldwide [1]. Although obesity will
not always result in metabolic abnormalities, most severely obese
persons suffer from metabolic comorbidities. Likewise, obesity is
the number one risk factor for the development of insulin resis-
tance, which may eventually result in type 2 diabetes. The etiology
of type 2 diabetes is complex, with a broad range of organs in-
volved. Several hypotheses have been put forward trying to explain
the relationship between obesity and diabetes, including lipid,
endocrine and inflammatory hypotheses [2]. In this review we will
focus on the lipid overflow hypothesis, which considers type 2 dia-
betes to result from a general state of increased lipid levels. Lipids
will overflow into the circulation as a result of impaired storage
capacity in adipose tissue and as a consequence lipids may accu-
mulate ectopically in tissues like skeletal muscle, liver and heart.
The link between ectopic lipid accumulation in obesity and the
development of insulin resistance was first demonstrated in the
early nineties [reviewed in [3]] and had a great impact on our
understanding of the etiology of type 2 diabetes. Since then,
numerous animal and cellular experiments have provided evi-
dence for the link between lipid intermediates and insulin resis-
tance. On the other hand, data from human studies are less
straightforward and have pointed towards multiple factors that
may be involved in lipid-induced insulin resistance, including lipid
intermediates, lipid metabolism and lipid droplet dynamics. Here
we will review these data with a focus on human studies.
1.1. Intramyocellular lipids and insulin sensitivity

Obesity is associated with increased lipid supply to skeletal
muscle. Intramyocellular lipid (IMCL) accumulation correlates with
BMI, waist-to-hip ratio, central adiposity, and percentage body fat
[4–8]. Skeletal muscle is quantitatively the major contributor to
whole body insulin-mediated glucose disposal. Fat accumulation
in muscle negatively impacts insulin mediated glucose uptake. In
insulin resistant subjects, the negative correlation between IMCL
accumulation and insulin sensitivity has been firmly established
in multiple studies [9–11]. Furthermore, diet-induced weight loss
results in decreased IMCL storage in parallel with improvements
in insulin sensitivity [12–16]. Also, lipid infusion impairs insulin
sensitivity concurrent with increased IMCL levels [17]. However,
despite the strong correlation of IMCL levels with insulin resis-
tance, the exact mechanistic link between IMCL accumulation
and impairment of insulin sensitivity is unclear. Furthermore, IMCL
levels are similar in obese normoglycemic and obese type 2 dia-
betic subjects [18,19], indicating that total IMCL levels per se do
not induce diabetes.

An important finding that has shed some light into the role of
IMCL in insulin resistance comes from exercise studies. Exercise
training has been shown to increase IMCL levels, and endurance-
trained athletes, who are highly insulin-sensitive, have increased
IMCL compared with lean sedentary controls, with levels even
exceeding those of diabetics [18,20]. In addition, 12–16 weeks of
exercise training in obese subjects improved insulin sensitivity in
conjunction with increased IMCL levels [21,22]. This so-called ath-
lete’s paradox gave new insight in the role of IMCL in insulin resis-
tance and indicated that IMCL accumulation per se does not lead to
insulin resistance. The athlete’s paradox has been explained by dif-
ferential effects of training and diabetes on lipid subspecies, oxida-
tive capacity and IMCL turnover. Proper balancing between lipid
influx and fat oxidative capacity as well as an efficient rate of lipid
turnover (i.e. lipid depletion and efficient resynthesis) have been
suggested to be beneficial for insulin sensitivity [18,20]. It is still
unclear, however, how IMCL can become harmful. In this review,
we will discuss the current knowledge on lipid-induced insulin
resistance in skeletal muscle with a focus on the evidence from
human studies, combined with supporting information of the
mechanisms involved from animal and cell studies.
2. Lipid intermediates

It was demonstrated in multiple studies that intramyocellular
lipid levels are increased in obese type 2 diabetics versus lean con-
trols [9–11]. The observation that IMCL storage is increased in ath-
letes and mainly consists of intramyocellular triacylglycerol (TAG)
[23] strongly indicated that neutral lipid storage in the form of TAG
per se does not impair insulin sensitivity. However, increased intra-
myocellular TAG might be paralleled with increased levels of lipid
intermediates with lipotoxic potential. Lipotoxicity is defined as
the accumulation of excess lipids in non-adipose tissues leading
to cell dysfunction or cell death [24]. Enhancing the partitioning
of fatty acids (FAs) entering the muscle towards TAG synthesis pre-
vents lipotoxicity [25,26]. Under conditions of increased lipid
influx, lack of TAG storage capacity, or uncontrolled lipolysis, FAs
might be converted to lipid metabolites other than TAG.

The array of lipid intermediates with insulin desensitizing prop-
erties includes diacylglycerols (DAGs), long chain fatty acyl-CoAs
(LCFA-CoAs), acylcarnitines, and ceramides (Fig. 1) all differing in
chain length, level of saturation and/ or stereo specificity. At this
moment there is a lack of consensus on the primary lipotoxic inter-
mediate. These intermediates all have the potential to reduce insu-
lin-mediated glucose disposal in in vitro and animals studies, partly
via selective interference with insulin signaling. However, most if
not all available data from in vitro and animal studies are merely
correlative, as it is impossible to alter intracellular levels of one
single lipotoxic intermediate. Therefore, interpretation of causality
is difficult, especially with regard to their implication in obesity-
associated insulin resistance in humans. Most attention has been
given to DAG and ceramide. Table 1 gives an overview of the
human studies in which DAG and/or ceramides were measured



Fig. 1. Lipid intermediate metabolism and subcellular localization. Potential lipotoxic intermediates are indicated with a red box. Blue arrows: routes towards storage in the
lipid droplet; green: routes towards lipid synthesis on the ER, orange: routes related to lipolysis and b-oxidation in the mitochondria, black: membrane-related processes.
AcylCarn: acylcarnitines, DAG: diacylglycerol, FA: fatty acid, FA-CoA: fatty acyl-CoA, MAG: monoacylglycerol, PA: phosphatidic acid, TAG: triacylglycerol.

Table 1
Lipid intermediates in lean, obese and T2DM subjects.

Author and
reference

Population Association
DAG with
insulin
sensitivity

Association
ceramides with
insulin
sensitivity

Outcomes

Van Hees
et al. [52]

30 male subjects with the metabolic syndrome, 15
insulin resistant subjects and 15 controls

� n.i. Increased saturation of DAG is associated with insulin
resistance

Perreault
et al. [47]

Obese NGT (n = 7 men and n = 12 women) and
prediabetics (n = 13 men and n = 7 women)

� n.i. Turnover of DAG is more important than the DAG level,
DAG level the same in NGT and prediabetics

Jocken et al.
[42]

Lean (n = 13) and obese (n = 10) men (study 1) and
nonobese T2D (n = 11), obese T2D (n = 11), and
lean male controls (n = 11) (study 2)

� n.i. Lower DAG in obese men versus lean controls

Coen et al.
[45]

Insulin sensitive (n = 10) and insulin resistant
(n = 12) obese women

� + No difference in DAG, increased ceramides in insulin
resistance

Bergman
et al. [23]

Endurance-trained male athletes (n = 11) and
sedentary male controls (n = 11)

+ n.i. Saturation of DAG is of importance, no differences in total
DAG

Thrush et al.
[43]

Lean (n = 8) and obese (n = 15) women � + No role for DAG, ceramides increased in obese

Moro et al.
[7]

48 subjects with a wide range of BMI (m/f: 24/24) + + Increased DAG and ceramides in obese and type 2 diabetic
subjects. DAG is the main predictor for insulin resistance,
lipolytic enzymes determine DAG levels

Anastasiou
et al. [44]

Nondiabetic obese (n = 19, male/female: 9/10) and
diabetic obese (n = 11, m/f: 2/9)

� n.i. No role for DAG

Skovbro et al.
[67]

Type 2 diabetics (n = 8), IGT (n = 9), healthy
controls (n = 8), endurance-trained athletes (n = 8)
(all male subjects)

n.i. � No role for ceramides

Serlie et al.
[66]

Lean (n = 8, m/f: 7/1) and obese (n = 6, m/f: 4/2)
subjects

n.i. � No difference in ceramides

Straczkowski
et al. [41]

Male lean, obese, type 2 diabetics and offspring of
type 2 diabetics (n = 12 per group)

+ + DAG and ceramides independently determine insulin
resistance

Adams et al.
[65]

Obese insulin resistant (n = 10, m/f: 5/5) and lean
controls (n = 10, m/f: 6/4)

n.i. + Increased ceramides in obese insulin resistant subjects

n.i. = Not investigated, m/f: male/female ratio.
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in skeletal muscle biopsies of obese, type 2 diabetic and/or lean
controls.

2.1. Diacylglycerol

DAG is an intermediate in TAG synthesis and breakdown. In
addition, DAG and its metabolite phosphatidic acid (PA) are impor-
tant intracellular second messengers involved in metabolic and
mitogenic responses and are important metabolites in de novo syn-
thesis of phospholipids [27,28]. Hence, fluctuations in DAG levels
can lead to impaired intracellular signaling. Animal and cell studies
have sought to unravel the mechanisms involved in DAG-induced
insulin resistance [29,30]. In muscle, elevated DAG levels are asso-
ciated with increased activities of PKCh and PKCe [31,32]. DAG-
activated PKCs inactivate insulin receptor substrate 1 (IRS-1) by
phosphorylation of one or more of its inhibitory serine residues
and by direct association of PKCe with IRS-1, thereby reducing its
kinase activity. Through this mechanism, DAG reduces insulin-
induced tyrosine phosphorylation of IRS-1 and suppressing the
activity of its downstream targets PI3-kinase and PKB/Akt, leading
to impaired insulin-induced GLUT4-translocation and glucose up-
take [reviewed in [33]]. Several DAG-subspecies exist that differ
in FA composition and the position of the FA on the glycerol back-
bone (1,3-DAG, 2,3-DAG, and 1,2-DAG). Only 1,2-DAG accumulates
in membranes and is capable of activating PKCs [34–36], 2,3-DAG
and 1,3-DAG can arise from TAG hydrolysis at the lipid droplet.

Intramuscular DAG levels are increased in several animal mod-
els of obesity [37,38]. However, evidence is lacking on the impor-
tance of intramyocellular DAG levels in the development of
obesity-associated insulin resistance in humans. Although lipid
infusion in humans induces insulin resistance in parallel with
increased intramyocellular DAG levels [39], the support for a role
of skeletal muscle DAG accumulation in the development of type
2 diabetes is inconsistent (Table 1). Two studies identified the
DAG level as an important predictor for insulin resistance using
multivariate regression analyses [40,41]. However, the remainder
Table 2
Interventions.

Author and reference Population and intervention Associa
DAG w

Dubé et al. [49] Male (n = 7) and female (n = 9) overweight (IGT and
NGT) subjects, 16 week diet or exercise intervention
(n = 8 per group)

+

Hoeg et al. [69] Young healthy men (n = 8) and women (n = 8), lipid
infusion-induced insulin resistance

�

Anastasiou et al. [51] A weight loss program in obese women (n = 5) �
Bajaj et al. [50] Pioglitazone treatment in diabetics (n = 24; both

male and female)
�

Dubé et al. [21] Exercise program in obese men (n = 9) and women
(n = 16)

+

Vistisen et al. [71] Obese women and men (n = 8 per group), lipid
infusion-induced insulin resistance

�

Schenk et al. [72] Acute exercise in non-obese women (n = 8),
followed by an overnight lipid infusion-induced
insulin resistance

+

Serlie et al. [66] Lean (n = 8, both sexes) and obese (n = 6) subjects,
lipid infusion and Acipimox treatment (6 h)

n.i.

Bruce et al. [48] Exercise intervention with obese subjects (n = 9;
both sexes)

+

Straczkowski et al. [70] Healthy male subjects (n = 10), lipid infusion-
induced insulin resistance

n.i.

Itani et al. [39] Healthy male subjects (n = 12), lipid infusion-
induced insulin resistance

+

n.i. = Not investigated.
of the studies did not find differences in total skeletal muscle
DAG levels between obese and lean subjects [42,43] and between
obese normal glucose tolerant (NGT) and obese insulin resistant
subjects [44–46]. Perreault et al. showed inter-gender differences
in intramuscular DAG accumulation, with prediabetic women
having higher DAG levels, while being more insulin sensitive com-
pared with prediabetic men [47]. Strategies that resulted in
improved insulin sensitivity did not consistently reduce DAG lev-
els, which indicates that the role of DAG in insulin resistance in
humans is not yet clear. DAG levels decreased with weight loss
and exercise in several studies [21,48,49] (Table 2), while pioglitaz-
one treatment [50] and 10% diet-induced weight loss [51] did not
show a decrease in DAG levels. Moreover, while Dubé et al. showed
that total intramyocellular DAG decreased with weight loss
and exercise, there was no correlation between changes in DAG
and improvements in insulin sensitivity suggesting that DAG is
not the sole mediator of insulin action [49].

Based on the data summarized above, it can be concluded that to-
tal DAG levels do not necessarily mirror insulin resistance. Recent
evidence suggests that it is not total DAG per se but rather specific
DAG-subspecies that may be important. In the study of Dubé et al.
[49], it was shown that exercise caused greater reductions in specific
FAs in the DAG fraction compared to diet-induced weight loss [49].
Exercise lowered the content of all DAG species examined to a great-
er degree than diet-induced weight loss, which only reduced the
content of all DAG C14:0 species, and of DAG C16:0/18:0, C16:0/
18:1, C16:1/18:1, di-C16:0 and di-C18:1 [49]. Moreover, it was dem-
onstrated that athletes have a lower saturation of the DAG-fraction
compared to sedentary controls or an increased proportion of C18:1
and C18:2 in the DAG fraction [23]. Recently, Van Hees et al. inves-
tigated the FA composition of intramyocellular DAG and TAG in
men with the metabolic syndrome, either with or without insulin
resistance. While total DAG and TAG levels were similar in both
groups, insulin resistant men had a higher degree of saturation of
skeletal muscle DAG compared to controls [52], consistent with
the study of Bergman et al. [23]. This higher degree of saturation
tion
ith IS

Association
ceramides
with IS

Outcomes

+ No correlation of changes in DAG and ceramides and
improvements in insulin sensitivity. Differences in DAG and
ceramide subspecies. Ceramides decreased only with the
exercise training

� Intralipid infusion did not lead to accumulation of DAG or
ceramides, while inducing insulin resistance

n.i. TAG was depleted upon weight loss, DAG was unchanged
n.i. FA-CoA was decreased and associated with improvements in

insulin sensitivity, no differences in DAG
+ Decreased DAG and ceramides after the exercise intervention

period
� The lipid-induced inhibition of glucose disposal is similar in

obese females and males. DAG and ceramides were similar
between sexes

+ 1 exercise session completely reversed FA-induced insulin
resistance, decreased DAG and ceramides

� No differences in ceramides at baseline and no differences
after 6 h lipid infusion or Acipimox treatment

+ Exercise decreases ceramides and DAG, in parallel with
improved IS

+ A 4 h intralipid infusion increased ceramide levels concurrent
with the induction of insulin resistance

� Increased DAG levels with lipid-induced insulin resistance,
no changes in ceramides
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was largely explained by a higher percentage of palmitic acid and a
lower percentage of oleic acid [52].

Next to differences in FA-composition, DAG-subspecies can
differ in the position of the FA-binding to the glycerol backbone
(1,3-DAG, 2,3-DAG, and 1,2-DAG). 1,2-DAG accumulates in mem-
branes and only this isoform is capable of activating PKCs [36].
No human study performed to date has examined specifically the
accumulation of 1,3-, 2,3- and 1,2-DAG in insulin resistant and
insulin sensitive subjects. Moreover, the fact that DAG can be pres-
ent at different subcellular locations, including cell membranes, ER
and lipid droplets (LDs) [53], may complicate the relationship
between DAG levels and insulin resistance. The DAG membrane-
to-cytosol ratio has been used as a measure for DAG-induced
PKC activation [54–56], but data from human studies is lacking.

In summary, total DAG levels are not consistently associated
with insulin resistance in humans. While it is apparent that
increased DAG levels per se do not promote insulin resistance,
lipid-induced insulin resistance may be dependent on the accumu-
lation of bioactive DAG species at specific intracellular sites,
including the plasma membrane for PKC-mediated interferences
with insulin signaling. However, few data are available in humans
and further research is needed to investigate the relationship
between various DAG species and their intracellular localization,
and insulin resistance in skeletal muscle.

2.2. Sphingolipids

Another group of lipid intermediates that has received a lot of
attention are the ceramides, which belong to the sphingolipids.
Ceramides are structural components of biological membranes
and can be deacetylated, phosphorylated and glycosylated
[reviewed in 57]. Ceramides are important membrane building
blocks and intracellular messengers that are believed to interfere
with insulin signaling. Sphingolipid production mainly depends
on de novo biosynthesis. In as much as long chain saturated FAs like
palmitate are precursors for ceramide synthesis, rates of ceramide
synthesis depend on the availability of those FAs. Consistent with
this notion, incubation of muscle cells with palmitate promotes
ceramide accumulation [29] and diets high in saturated fats induce
intramyocellular ceramide accumulation [58]. In addition to FAs
serving as precursors for ceramide synthesis, FAs, inflammatory
agonists and glucocorticoids have been shown to increase cera-
mide biosynthesis via upregulation of serine palmitoyltransferase,
the limiting enzyme for ceramide synthesis [57,59–61]. Evidence
abounds that accumulation of ceramides can impair insulin signal-
ing (reviewed in [57]). Indeed, ceramide was identified as an essen-
tial intermediate linking saturated FAs to insulin resistance [62].
According to some reports, ceramides inactivate IRS-1, leading to
blockage of PI3-kinase. However, the majority of studies suggest
that ceramide inhibits phosphorylation and activation of Akt/PKB
via protein phosphatase 2A (PP2A) and PKCf, independent of
potential effects on IRS-1 [reviewed in 57]. Additionally, glycosyl-
ceramides have been shown to interact with the insulin receptor,
thereby displacing it from the caveola thus preventing down-
stream signaling [63]. Interestingly, Novgorodov et al. recently
showed that next to ER-derived ceramide, ceramides are also pro-
duced in mitochondria by the coupled activities of mitochondrial
thioesterase, which hydrolyses palmitoyl-CoA to CoA and palmi-
tate, and neutral ceramidase (NCDase), which utilizes sphingosine
and released palmitate in a reverse reaction to produce ceramide
[64]. Thus, increased FA-CoA levels in or near the mitochondria
might result in increased ceramide production thus impairing
mitochondrial function and eventually inducing apoptosis [64].

Inhibition of ceramide synthesis was shown to improve insulin
sensitivity in rodents [59]. Consistent with a role for ceramide in
insulin resistance in humans, the majority of human studies found
increased ceramide levels in skeletal muscle of type 2 diabetic sub-
jects (Table 1). Most [7,41,43,65], but not all [66,67] studies
observed increased accumulation of ceramides in skeletal muscle
of obese subjects compared to lean controls. Furthermore, cera-
mides were shown to be higher in insulin resistant obese subjects
compared to insulin sensitive obese subjects [41,45], indicating a
potential role of ceramides in insulin resistance. Two reports did
not show increased ceramides in obese IGT [66] and obese diabetics
versus lean controls [67]. Moro et al. found increased ceramides in
T2DM, but identified DAG as the key mediator of lipid-induced insu-
lin resistance based on multivariate stepwise regression analyses
[7]. Interestingly, acute and chronic exercise interventions have
been shown to decrease ceramide levels [48,68] (Table 2). As the
sphingolipid family consists of a range of different subspecies (dif-
ferent ceramides and non-ceramide sphingolipids), (total) ceramide
levels might not reflect levels of bioactive sphingolipid subspecies
appropriately. Likewise, saturated ceramides were shown to be in-
creased in obese compared to lean subjects [7,43,65] and type 2 dia-
betes patients versus NGT BMI-matched controls [45]. Furthermore,
Dubé et al. showed that dihydroceramides increased with both diet-
induced weight loss and exercise training, whereas sphingosines
and total ceramide species were decreased with exercise, while only
C14:0, C20:0 and C24:0 ceramides were decreased with diet-in-
duced weight loss [49], indicating that certain bioactive ceramide
subspecies, rather than total ceramide levels, may be causative in
obesity-associated insulin resistance.

Several studies investigated the effects of lipid infusion-induced
insulin resistance on the accumulation of ceramides in skeletal mus-
cle [39,66,69–71]. A 4–6 h lipid infusion (intralipid) in four out of
five studies did not result in increased levels of ceramides, despite
inducing insulin resistance [39,66,69,71]. Only Straczkowski et al.
did observe increased ceramide levels [70]. However, as intralipid
mainly consists of unsaturated fats (20% triglyceride emulsion, gen-
erally safflower- and soy-oil), ceramides might not play a main role
in acute lipid-infusion mediated insulin resistance. Holland et al.
tested this hypothesis of different fatty acids inducing insulin resis-
tance in muscle via distinct mechanisms by infusing either a lard-oil
based solution (mainly saturated fats) versus a soy-based cocktail
(mainly unsaturated fats) into rats [59]. Indeed, while both lipid
infusions resulted in insulin resistance, only the lard-oil infusion in-
duced ceramide accumulation. Thus, ceramide accumulation may
be involved in saturated fat-induced but not intralipid-induced
insulin resistance in human skeletal muscle. Further investigation
into sphingolipid subspecies and their intracellular localization
could provide more information on the mechanisms involved.

2.3. Fatty acyl-CoA

Lipid intermediates that have received less attention so far are
fatty acyl-CoAs and acylcarnitines. Upon entry into muscle cell
either by diffusion or FA-transporters, fatty acids are trapped within
the cell after a CoA group is bound by acyl-CoA synthetase. If fatty
acid uptake exceeds the capacity for fatty acid channeling towards
lipid synthesis or b-oxidation, FA-CoA will accumulate in the cell,
either in the cytosol or in mitochondria. Indeed, rats fed a high fat
diet showed an increased accumulation of long chain FA-CoAs (LC-
CoAs) in skeletal muscle [72]. Currently, the importance of FA-CoA
in insulin resistance remains unclear. In a number of human studies,
LC-CoA levels, like other lipid intermediates, were observed to be
elevated in insulin resistant muscle. LC-CoA levels were increased
in skeletal muscle biopsies from obese subjects [73] and correlated
negatively with whole body insulin action (i.e. glucose infusion rates
during a hyperinsulinemic euglycemic clamp) [72]. Furthermore,
LC-CoA levels were increased upon short-term (4–6 h) lipid infusion
in parallel with PKC-mediated inhibition of insulin signaling [74,75]
and insulin-sensitizing strategies were described to lower intramus-
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cular LC-CoA levels [50,76,77]. In contrast, in the study of Bruce et al.,
both basal and insulin-stimulated skeletal muscle LC-CoA content
were similar between young trained, young sedentary subjects, type
2 diabetics and obese controls [78].

It is unclear whether FA-CoAs as such are interfering with the
insulin signaling cascade. There are indications for PKC activation
by FA-CoA, but it is unclear whether this is a direct or an indirect
effect (via DAG) [reviewed in [79]]. Next to being substrates for
TAG synthesis and energy production, FA-CoAs are used as sub-
strates for protein acylation reactions. Interestingly, Jenkins et al.
recently showed that LC-CoA is capable of inhibiting phosphofruc-
tokinase-1 (PFK1) activity by reversible acylation, resulting in a
lowered glycolytic flux under high intracellular ATP conditions
[80]. Intracellular accumulation of LC-CoA may thus inhibit glycol-
ysis downstream of insulin signaling, without affecting non-oxida-
tive glucose disposal [80]. LC-CoAs are also substrates for synthesis
of phospholipids, TAG, DAG and ceramides. Hence, accumulation of
LC-CoAs can lead to increased formation of lipid intermediates
with the potential to impair insulin signaling. Additionally, intra-
mitochondrial accumulation of acyl-CoAs, as a result of a disbal-
ance in mitochondrial FA transport and downstream oxidative
metabolism, and their metabolites ceramides [64] and acylcarni-
tines [81] might contribute to mitochondrial failure. Based on
available evidence, it is too early to draw conclusions about the
importance of FA-CoA in the etiology of insulin resistance in skel-
etal muscle. Information on intracellular localization and verifica-
tion of its inhibitory effects on glucose metabolism is warranted.

2.4. Acylcarnitines

Upon entrance into the mitochondria, FA-CoAs are degraded
during b-oxidation, which yields one acetyl-CoA molecule in each
successive cycle. When b-oxidation rates outpace the capacity of
the TCA cycle, CRAT lowers short-chain acetyl-CoA levels by cou-
pling of a carnitine moiety thus producing acylcarnitines. CPT2,
present in the inner-mitochondrial membrane, is best known for
its capacity to convert acylcarnitines to carnitine plus FA-CoA.
However, CPT2 has a dual role; the enzyme can operate in the
reverse direction generating medium and long-chain acylcarni-
tines produced from intramitochondrial acyl-CoAs and transport-
ing those to the cytoplasm [82]. A sustained mitochondrial FA
oversupply and incomplete fatty acid oxidation therefore results
in mitochondrial accumulation of FA-CoAs and acylcarnitines. In
contrast to FA-CoAs, acylcarnitines can cross membranes and end
up in the cytoplasm or in the blood.

Incomplete FA oxidation resulting in intramyocellular accumu-
lation of (C6 to C22)-acylcarnitines and other intermediates has
been demonstrated to be increased in obesity [83–86]. Further-
more, blood plasma acylcarnitine levels were increased in obese
subjects compared to lean controls [87,88] and in type 2 diabetes
patients compared to BMI-matched controls [89,90]. Additionally,
exercise training improved rates of complete b-oxidation in paral-
lel with improved insulin sensitivity in mice [91] and in obese
humans subjected to caloric restriction [92]. It was therefore sug-
gested that mitochondria are very vulnerable to substrate over-
loads and therefore might serve as the principal lipid sensor in
skeletal muscle [81]. In contrast, Boyle et al. observed lower levels
of short and medium chain acylcarnitines in obese compared to
lean subjects, long chain acylcarnitines were similar [84]. Interest-
ingly though, following a 5 day high fat diet the obese subjects
showed increased short and medium chain acylcarnitines
compared to the lean controls [84].

The association of acylcarnitine levels with insulin resistance is
based on observational studies and might be a reflection of lipid
overload rather than that acylcarnitines are causative in lipid-
induced impairments in insulin signaling. Further research is
warranted to identify the importance of mitochondrial acylcarni-
tine species in insulin resistance.

2.5. Lipid intermediates and insulin resistance; concluding remarks

Taken together, human studies are far from consistent with
regard to lipid intermediate accumulation in skeletal muscle of
type 2 diabetes patients. The inconsistencies in the study outcomes
could be explained by differences in analytical tools, differences in
the timing of the biopsies, age of the subjects, inter-gender varia-
tion [47,69], and inter-individual (genetic) variation. Ceramides,
acyl-CoAs and DAG have the potential to interfere with insulin sig-
naling. The prevailing importance of one over the other may well
be related to specific (experimental) circumstances. For example,
lipid infusion-induced insulin resistance seems to be predomi-
nantly associated with increased DAG levels, whereas ceramides
are mainly associated with saturated fat intake. It deserves
mention though, that although lipid infusion is often used to mimic
lipid-induced insulin resistance, it is questionable whether the
effects of the supraphysiological plasma FFA levels due to a
short-term infusion of a lipid mixture reflect the mechanisms
involved in obesity-induced insulin resistance.

Exercise interventions generally decrease both intramyocellular
DAG and ceramide levels. Acylcarnitine levels seem to be impor-
tant indicators of substrate overload, but evidence for a role in
lipid-induced insulin resistance is limited. Support for a role of
FA-CoA on insulin signaling is most limited, but is also the least
examined option. Nevertheless, FA-CoA accumulation may well
be involved in blunting oxidative glucose disposal by inhibiting
glycolysis without an effect on non-oxidative glucose disposal.
However, in general total skeletal muscle DAG, ceramide or
FA-CoA levels are not consistently elevated in insulin resistant sub-
jects. It is therefore questionable whether one of these lipid inter-
mediates has a causal role in obesity-associated insulin resistance.
However, given the lipotoxic potential of these lipid intermediates,
it is likely that there are several routes towards lipid-induced insu-
lin resistance. Further specification of the lipotoxic intermediates
by (de)saturation [7,23,48,93], chain length [45,49], stereo specific
isomers, and intracellular localization could give further insight
into the lipotoxic mechanisms involved in the development of type
2 diabetes in obese subjects.

3. Intramyocellular lipid dynamics

Although research in the last decades has focused primarily on
levels of lipid intermediates to explain muscular insulin resistance,
more recent data also suggest that intramyocellular lipid dynamics
may play an important role in regulating insulin sensitivity. Next
to alterations in myocellular lipid influx, an altered rate of lipid
turnover, either a decreased triglyceride synthesis, or increased
lipolysis (not matched by increased fatty acid oxidation), and
reductions in oxidative capacity have been suggested to be the
underlying causes for lipid–induced insulin resistance.

3.1. TAG synthesis

Upon entrance of fatty acids into the muscle cell, fatty acids can
be incorporated into IMCL for storage and/or can be directed to
mitochondria for oxidation. One hypothesis explaining the
athlete’s paradox says that as long as fatty acids are efficiently
directed towards storage as TAG, there is no interference with
insulin signaling. Based on this notion it could be argued that the
expression of enzymes involved in lipid synthesis may be an
important determinant of obesity-induced insulin resistance.

Initiation of lipid synthesis requires coupling of fatty acids to
a glycerol backbone. Glycerol 3-phosphate acyltransferase (GPAT)
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and diacylglycerol acyltransferase (DGAT) are important rate
limiting enzymes in this process. Multiple acyltransferase iso-
forms exist, including GPATs 1–4 and DGAT1 and DGAT2. GPATs
1 and 2 are present in the outer mitochondrial membrane,
GPATs 3 and 4 localize to the ER [reviewed in [94]]. At least
90% of the GPAT activity in skeletal muscle is contributed by
GPAT1 [95]. DGAT1 resides in the ER [96], whereas DGAT2 local-
izes to ER, mitochondria and lipid droplets [53,97,98]. Both
DGAT1 and DGAT2 are present in skeletal muscle [99,100], but
DGAT1 is the predominant skeletal muscle DGAT isoform [99].
Little is known about the expression of glyceride synthesis en-
zymes in human skeletal muscle of healthy, obese and diabetic
subjects. Two reports on lipogenic enzyme expression in skeletal
muscle of obese subjects failed to find differences in skeletal
muscle GPAT and DGAT1 protein expression between lean and
obese subjects [43,101]. On the other hand, acute exercise in-
creased GPAT and DGAT1 protein expression while preventing li-
pid-induced insulin resistance [102]. GPAT and DGAT1 protein
expression levels are dynamic, albeit only in the short-term.
Eight [103] or sixteen weeks [49] of aerobic exercise or diet-in-
duced weight loss [49], conditions associated with an increase
and a decrease in intramyocellular TAG levels respectively, did
not alter DGAT1 expression in obese subjects, indicating that at
least DGAT1 mRNA and protein expression levels are not major
determinants of IMCL levels in human skeletal muscle. Moreover,
DGAT1 mRNA expression is similar in endurance-trained athletes
and sedentary controls [104] and a lipid infusion following one
exercise session increased GPAT activity without affecting DGAT
activity [105]. In contrast to the limited evidence from human
studies, animal studies showed beneficial effects of DGAT1 over-
expression on insulin sensitivity [25,26,106]. We showed that a
short-term (1 week) overexpression of DGAT1 in the tibialis
anterior muscle of rats increased both TAG and DAG levels indi-
cating that increasing lipid turnover by means of DGAT1 overex-
pression protects against insulin resistance [26].

Another enzyme that has received interest in the synthesis of
TAG in muscle is SCD1. SCD1 is a member of the family of stearoyl-
CoA desaturases (SCDs). Four isoforms exist in mice (SCD1–4) and
two isoforms in humans (SCD1 and SCD5) [reviewed in [107]]. Both
SCD1 and SCD5 localize to the ER [108]. SCD1 and SCD5 desaturate
fatty acids at the delta 9 position [108]. Little is known about the
function of SCD5. SCD1 is predominantly expressed in liver, adipose
tissue and skeletal muscle [107] and functions as a rate-limiting
enzyme in the biosynthesis of monounsaturated fatty acids; it desat-
urates stearate and palmitate to generate the less toxic monounsat-
urated FAs oleate and palmitoleate. Unsaturated FAs are the
preferred substrates for TAG synthesis. SCD1 is upregulated with
exercise training [23,49,109] and protects against saturated fat-
induced insulin resistance in myotubes in vitro [110,111]. On the
other hand, SCD1 protein expression was similar in obese and lean
subjects in the study of Thrush et al. [43] and was even shown to
be increased in severely obese subjects the study of Hulver et al.
[112]. Nevertheless, the beneficial effects of DGAT1 and SCD1 over-
expression further support the notion that channeling FAs to TAG
synthesis is beneficial for insulin sensitivity. Yet while increasing
the TAG synthesis capacity by, for example, training has been shown
to improve insulin sensitivity, there is no evidence for a causative
role of impaired TAG synthesis capacity in the development of obes-
ity-associated insulin resistance.

3.2. TAG breakdown

Lipid turnover is not only determined by TAG synthesis but also
by TAG lipolysis. In skeletal muscle, two major lipases have been
identified that are responsible for complete TAG lipolysis: ATGL
and HSL. Adipose triglyceride lipase (ATGL) hydrolyses TAG to form
DAG [113], whereas HSL mainly acts on DAG [114,115]. When
increased ATGL activity is not counterbalanced by increased hor-
mone-sensitive lipase (HSL) or DGAT activity, intermediates will
accumulate. In vivo microdialysis studies have demonstrated
impaired lipolysis in skeletal muscle of obese subjects [116], sug-
gesting that disturbances in the regulation of lipolysis may contrib-
ute to the development of obesity-associated comorbidities. In
addition, several observational studies have shown alterations in
the expression of proteins involved in lipolysis in skeletal muscle
of obese and type 2 diabetic subjects. Jocken et al. measured lipase
expression levels in insulin-resistant obese subjects compared
with lean controls and showed that HSL was decreased while ATGL
was increased without changes in CGI-58, a cofactor for ATGL
activity. These changes concurrent with a lower DAG hydrolase
activity may be a manifestation of incomplete lipolysis [42].
Surprisingly, the DAG level was decreased in the insulin-resistant
obese subjects compared with the lean controls, indicating that
the decreased DAG hydrolase and normal TAG hydrolase activity
in obese subjects did not result in increased DAG. This absence of
an effect on DAG accumulation raises the question whether the
ratio of DAG to TAG hydrolase activity is of physiological impor-
tance for lipid-induced insulin resistance. Moreover, compensation
by TAG-synthesis related proteins like DGAT might balance out
intracellular DAG and TAG levels, thus protecting from accumula-
tion of lipotoxic DAG species. Moro et al. determined DAG and
TAG levels as well as lipase activities in skeletal muscle biopsies
from lean, obese and type 2 diabetic subjects. In contrast to the
study of Jocken et al. [42], DAG levels were increased. Additionally,
a direct association with the ratio of DAG hydrolase to TAG hydro-
lase activity (an index of incomplete triacylglycerol hydrolysis)
was observed, which explained 54% of the variance in DAG [7].
TAG hydrolase activity was increased only in female obese and
type 2 diabetic subjects compared to lean controls [7]. Although
Jocken et al. [42] only used male subjects, gender differences most
likely do not explain the differences in DAG levels between the two
studies, as no differences in DAG levels between males and females
have been observed before [7]. Coen et al. showed decreased ATGL
and HSL gene expression in obese insulin resistant compared with
BMI-matched insulin sensitive controls, while DAG levels were
similar [45]. In contrast to these studies, Li et al. showed that ATGL
and HSL protein levels were not altered in skeletal muscle of obese
women compared with lean women and that there were no differ-
ences in phosphorylation of specific sites known to affect HSL
activity [101].

Recently, Badin et al. showed an imbalance between ATGL
and HSL protein expression and activity in obese diabetics versus
lean controls [117], consistent with the studies of Moro et al. [7]
and Jocken et al. [42]. Furthermore, it was shown that an imbal-
ance of ATGL relative to HSL promotes DAG accumulation and
leads to insulin resistance at least in part through the DAG-in-
duced PKC activity [117]. However, in this study only obese type
2 diabetics and not NGT obese subjects displayed alterations in
lipase protein content, in contrast with the data of Jocken et al.
[42]. It was suggested that these differences in study outcomes
could be explained by age differences, since Badin et al. included
younger obese subjects [117]. This age-effect deserves further
attention.

Thus, studies in which lipase levels and activity were measured
in obese and/or type 2 diabetic persons do not show consistent
results. If the suggested importance of the ratio of TAG to DAG
hydrolysis would be true, one could reason that TAG hydrolase
activity is not as strictly regulated as DAG hydrolase activity, which
may lead to a mismatch and incomplete lipolysis in obese subjects
with excess IMCL. However, intramyocellular TAG and DAG hydro-
lysis capacity was measured in homogenates derived from frozen
samples [7,42] and therefore represents maximal capacity as



M. Bosma et al. / Progress in Lipid Research 51 (2012) 36–49 43
opposed to physiological lipase activity. Cell studies showed that
ATGL and HSL activity is tightly regulated by coactivation and
repression by regulatory proteins. ATGL activity is dependent on
CGI-58 (activator), G0S2 (suppressor) and perilipins for docking
on the LD and the regulation of lipolysis upon protein kinase A
(PKA) stimulation [118–121]. Thus, endogenous intracellular lipase
activity is not only dependent on ATGL and HSL expression and en-
zyme activity, but is highly dependent on subcellular localization
and the presence and activation of other proteins. Therefore, lipase
protein expression and enzyme activity alone presumably do not
give enough information to draw conclusion about the importance
of disturbances in skeletal muscle lipolysis in lipid-induced insulin
resistance. Moreover, it is currently unknown whether ATGL-
mediated lipolysis gives rise to 1,2-DAG, which is considered the
lipotoxic DAG intermediate capable of activity PKC [36]. The ste-
reospecificity of the ATGL reaction needs to be elucidated. Taken
together, it is still unclear whether the ratio of ATGL and HSL
activity is involved in the development of lipid-induced insulin
resistance.
3.3. Lipid turnover and balances with oxidative capacity

The aim of intramyocellular lipid dynamics in normal physiol-
ogy is to provide intracellular fatty acids for oxidation when
needed. In endurance-trained athletes, elevated IMCL storage
serves as an important fuel store for prolonged exercise bouts
and coincides with a high capacity to oxidize these fatty acids
[122,123]. Interestingly, type 2 diabetic patients have impaired
mitochondrial function compared to obese NGT while having sim-
ilar IMCL levels [19]. Therefore, a proper balance between IMCL
storage and the myocellular oxidative capacity appears important
to prevent detrimental effects of IMCL accumulation. Indeed, stud-
ies using stable isotope tracer technology to study usage of IMCL
during exercise revealed that IMCL was an important substrate
during exercise [122,123]. Moreover, the increased IMCL storage
in endurance-trained athletes [18,20] indicates an increased IMCL
resynthesis capacity. It could be reasoned that lipid droplets in
skeletal muscle of sedentary subjects have a low turnover rather
than being frequently degraded and resynthesized, which might
affect the subcellular distribution, organelle interactions and lipo-
toxic events. It is unclear to date whether IMCL usage and turnover
is indeed impaired in obese and type 2 diabetic subjects. While
Standl et al. [124] did not find any differences in IMCL use during
exercise between type 2 diabetics and healthy lean controls, IMCL
usage was demonstrated to be low in obese and type 2 diabetic
subjects during exercise [122,125]. The beneficial effects of exer-
cise training for type 2 diabetics, improved insulin sensitivity par-
alleled with increased IMCL storage [21,22], indicate that a balance
in FA uptake, IMCL storage and resynthesis, and oxidative metabo-
lism improves insulin sensitivity. Interestingly, FFA-induced insu-
lin resistance via lipid infusion was completely reversed by a
single exercise session [102], further supporting the importance
of exercise-induced IMCL resynthesis in the prevention of lipid-in-
duced insulin resistance. Increased lipid turnover on the long term,
for example as a
result of exercise training, is usually paralleled by fiber type
switches towards the more oxidative slow-twitch type I fibers
[45,77,126,127], increased oxidative capacity and increased intra-
myocellular TAG synthesis. Thus, elevated lipid turnover and IMCL
resynthesis are components of the physiological adaptation to
training and increased metabolic capacity. Proper balance
between IMCL synthesis, lipolysis and oxidative metabolism is
important for the protection against lipotoxicity. The importance
of the rate of lipid turnover per se on subcellular distribution and
buildup of lipotoxic intermediates requires further research.
3.4. IMCL dynamics; concluding remarks

Skeletal muscle lipid turnover is disturbed in obese and type 2
diabetic subjects. However, the mechanisms involved deserve
further investigation. The regulation of lipid synthesis and lipoly-
sis in skeletal muscle and its role in lipid-induced insulin resis-
tance is complex and dependent on the interplay of different
proteins. Disturbing this balance might lead to accumulation of
lipid intermediates that have the potential to impair insulin sig-
naling. Measurements of enzyme levels in skeletal muscle biop-
sies, however, represent static snap shots of the situation, while
lipid metabolism is a highly dynamic process. Therefore, further
research is warranted. Tracer studies and primary myotube cul-
tures could provide valuable information on skeletal muscle lipid
dynamics.
4. Lipid droplets & lipid droplet coating proteins

As outlined above, lipid accumulation in the form of lipid drop-
lets (LDs) in muscle is a dynamic process that is heavily regulated
by TAG synthetases and lipases. Since the recognition of LDs as
dynamic organelles as opposed to being merely silent components
of a cell, lipid droplet coat proteins have gained attention. LDs are
composed of a neutral lipid core surrounded by a phospholipid
monolayer and a protein coat. Cells contain a heterogeneous pop-
ulation of LDs with differences in lipid composition and protein
coating. The protein coat of LDs contains a variety of different pro-
teins involved in LD dynamics, including proteins involved in TAG
metabolism, LD synthesis and breakdown, fusion and fission of
LDs, intracellular trafficking and interorganelle interactions
[128–131]. Research in this field is still in its infancy, but mounting
evidence suggests a role for LD-coat proteins in protecting against
lipotoxicity and insulin resistance. The lipid core contains DAG,
TAG, cholesterolesters and free FAs [132]. One could hypothesize
that storage of lipids in the LD is not harmful as opposed to accu-
mulation of lipids elsewhere in the cell. High expression levels of
LD-coat proteins might therefore provide a depot for intracellular
lipids, thus sequestering (toxic) lipid species in LDs. Moreover,
the lipid droplet coat is an important interface for lipid metabolism
determining rates of lipid synthesis and lipolysis.
4.1. Lipid droplet coat proteins: perilipins

The best-characterized group of LD coat proteins is the perilipin
(PLIN) protein family. PLIN1 (perilipin) is specific for adipose
tissue, PLIN2 (ADRP, adipophilin) [133–135], PLIN3 (TIP47) [135],
PLIN4 (S3-12) [136] and PLIN5 (OXPAT, MLDP, LSDP5)
[133,137–139] are expressed in muscle. Perilipins have been
demonstrated to interact with key players in lipid metabolism
[119–121], indicating that the protein coat of the LD is the inter-
face for intracellular lipid metabolism. Little is known about the
specific roles of the perilipins in skeletal muscle, but it could be
suggested that the abundance of perilipin proteins might facilitate
the creation of a depot for intracellular lipids and might modulate
TAG synthesis and breakdown. Studies performed in vitro and
in vivo in tissues other than muscle have demonstrated that perili-
pins increase intracellular lipid levels by inhibiting lipolysis and
facilitating LD synthesis, while protecting against lipotoxic events
[138,140,141], providing additional support for the hypothesis that
neutral lipid storage per se does not induce lipotoxicity. Moreover,
sequestering lipid intermediates towards storage in LDs rather
than accumulation in/near the membranes or at other intracellular
locations could prevent lipotoxicity without altering total interme-
diate storage. However, little is known about the exact composi-
tion of lipid droplets and this, therefore, deserves further attention.
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Interestingly, in a human study in which no differences were
found regarding the protein expression of TAG synthesis or lipoly-
sis-related proteins, protein abundance of PLIN3 was lower in mus-
cle of obese versus lean controls when expressed relative to
intramyocellular TAG content [101]. Moreover, PLIN2 gene expres-
sion levels were lower in insulin resistant obese subjects versus
BMI-matched insulin sensitive controls, with PLIN2 levels correlat-
ing positively with the rate of glucose disposal [45]. Additionally,
although no differences were found in PLIN2 protein expression
in diabetic versus obese control subjects, both weight loss and
insulin-sensitizing drugs (troglitazone or metformin) resulted in
increased protein expression of PLIN2 [134]. In a study performed
in our group, we found no differences in skeletal muscle PLIN2 pro-
tein content when comparing type 2 diabetes patients with BMI-
matched controls, two groups with similar IMCL levels. The same
was true for PLIN5. However, an 8 week treatment with the PPARc
agonist rosiglitazone decreased PLIN2 and PLIN5 expression with-
out changes in IMCL [133], which might be explained by a starting
shift towards less ectopic fat accumulation and does not rule out a
potential beneficial effect of perilipins. A 16 h lipid infusion after a
90 min exercise session did not affect expression of perilipins 2–5
in skeletal muscle of lean women, while IMCL was increased with
30% [105], indicating that short-term elevation of IMCL storage is
not necessarily accompanied by increased perilipin protein expres-
sion. Information on the adaptations of PLIN activities upon long
term increased fatty acid availability in humans is lacking.

We and others [142,143] have recently shown that next to its
presence in the lipid droplet coat, PLIN5 is present at the interface
of LDs with mitochondria, as well as in the mitochondria.
Furthermore, PLIN5 induces interactions of lipid droplets with
mitochondria. Besides, PLIN5 regulates lipolysis by inhibiting ATGL
activity under basal conditions and stimulating lipolysis upon PKA
stimulation [119–121]. Therefore, PLIN5 potentially is a very
important regulator of oxidative metabolism in muscle matching
intracellular lipid load with downstream mitochondrial metabo-
lism. Its exact role in mitochondria and lipid droplet dynamics
requires further study.

Reports describing phenotypes of animal models of overexpres-
sion, knockdown or inhibition of perilipins are limited. PLIN2
knockout or inhibition showed contradictory results with respect
to whole body or liver insulin sensitivity [140,144–146]. That is,
lowering of PLIN2 activity was demonstrated to improve liver insu-
lin sensitivity in mice models of PLIN2 inhibition [145,146], while
siRNA-mediated knockdown of PLIN2 plus PLIN3 in liver cells
impaired insulin sensitivity [140]. It should be noted that in the
latter study, PLIN2 knockdown coincided with compensatory
increased PLIN3 expression at the LD surface. Therefore, effects of
knockdown of both PLIN3 and PLIN2 on insulin signaling was
investigated [140]. In the first two studies [145,146], potential
compensation by other PLIN members at the LD surface in combi-
nation with lower intracellular lipid storage might have resulted in
the beneficial effects of PLIN2 knockdown. PLIN2 knockouts
crossed with ob/ob mice showed improved insulin sensitivity in
both liver and muscle compared with ob/ob-PLIN2+/+ mice [144].
We recently overexpressed PLIN2 in tibialis anterior of rats by
means of gene-electrotransfer. This intervention appeared to
improve skeletal muscle insulin sensitivity despite increased
intramyocellular lipid storage (unpublished data).

Thus, based on present knowledge we cannot conclude whether
perilipins might have the potential to protect against lipid-induced
insulin resistance. Moreover, expression levels of perilipins might
reflect adaptations in the cellular adaptation towards increased
or decreased lipid load, thus following the pattern of myocellular
fat storage. Nevertheless, based on the information from transgenic
animal models and cell studies, genetic variation in LD-coat pro-
teins (single nucleotide polymorphisms), as was described for
PLIN1 in human DNA [147–149] and PLIN2 in pig DNA [150], might
be one of the factors determining genetic predisposition for devel-
opment of obesity and type 2 diabetes. However, further human
genetic characterization studies and gain- and loss of function ani-
mal and cell models are warranted to further characterize the role
of PLIN polymorphisms in (ectopic) fat storage and lipid-induced
insulin resistance.

4.2. Lipid droplet dynamics; future perspectives

4.2.1. Lipid droplet coat proteins other than the perilipins
Other LD-coat proteins shown to be present in muscle include

members of the CIDE (cell death-inducing DFF45-like effector) fam-
ily, in particular Cidec/FSP27 [151–153], FIT1 and -2 [154,155], and
SNARE proteins [156–159], but not a lot is known about their func-
tion. Interestingly, while total SNAP-23 protein levels were in-
creased in T2DM patients [160,161], the amount of SNAP-23 in
skeletal muscle plasma membranes was lower in type 2 diabetes
patients compared to controls and the amount of membrane
SNAP-23 correlated with systemic insulin sensitivity [160,161]. Exo-
cytosis of GLUT4 vesicles with the plasma membrane of insulin sen-
sitive tissues as well as LD fusion are SNARE-mediated processes and
high-jacking of SNAP-23 by LDs has been suggested to limit SNAP-23
availability for GLUT4 translocation [160,162,163] but is beyond the
scope of this review. Moreover, this list of muscular LD coat proteins
is expected to expand because this field is still in its infancy.

4.2.2. Lipid droplet size
LD size might be a parameter influencing IMCL-storage in-

duced lipotoxicity. An increased surface to volume ratio, i.e.
smaller lipid droplets, would result in a greater LD coating area,
potentially resulting in an increased capacity to mobilize lipids,
which might be beneficial. However, this would also result in
an increased binding surface area for lipases, perhaps resulting
in increased lipid intermediates. Not a lot is known about the
importance of lipid droplet size regarding lipotoxic potential. A
weight loss and exercise program resulted in decreased LD size
as determined by confocal microscopy paralleled by changes in
insulin sensitivity [164]. Furthermore, rosiglitazone improved
insulin sensitivity in parallel with smaller LDs [165], and large
LDs were demonstrated to be associated with the development
of diabetes in a study in which LD size was determined with
electron microscopy (EM) [166]. On the other hand, no differ-
ences in LD size were observed after a seven week endurance
training period in lean untrained men and women using EM
[167]. Furthermore, in the study of Van Loon et al. [18] no differ-
ences in LD size were found when comparing trained, obese sed-
entary and obese diabetics nor in another study comparing
obese subjects with lean controls [168]. A limitation of these
two studies is the use of standard immunofluorescent micros-
copy, which is – in contrast to confocal microscopy –
suboptimal to determine true LD size as the 2- dimensional sec-
tion plane does not necessarily reflect the middle, largest diam-
eter of all LDs. Basically, the same limitation holds true for EM
determinations of LD size. Further research is needed to identify
whether LD size is an important parameter in lipid-induced
insulin resistance.

4.2.3. Intracellular localization and organelle interactions
Intramyocellular LDs are mainly localized in between the myof-

ibers, in close contact with mitochondria (Fig. 2) and are less prom-
inently present in the subsarcolemmal region. Malenfant et al.
described a more central localization of LDs (i.e. less LDs in the sub-
sarcolemmal region compared with the peripheral areas) in myof-
ibers of NGT obese subjects compared to lean individuals [168].
Yet, in a study of Nielsen et al., it was concluded that subsarcolem-



Fig. 2. Transmission electron microscopy image of rat tibialis anterior muscle
showing intermyofibrillar lipid droplets and adjacent mitochondria.
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mal LDs storage was increased in type 2 diabetics when compared
to BMI-matched controls, using the more accurate method of
ultrastructural determinations with electron microscopy [169].
Thus, LDs storage might shift from the interior towards the subsar-
colemma during the transition from obesity towards overt type 2
diabetes. However, data is limited to firmly conclude on the impor-
tance of subcellular LD localization in the development of insulin
resistance.

The effects of subcellular localization of LDs on insulin sensi-
tivity might be mediated by interactions of LDs with other sub-
cellular compartments like mitochondria, the plasma membrane,
and the sarcoplasmic reticulum (SR, the muscle-specific type of
smooth ER). An oversupply of lipids to organelles might impair
organelle function. On the other hand, it could be reasoned that
a close apposition to SR or mitochondria might be beneficial for
lipid handling. Complexes of SR, mitochondria and LDs might be
the intracellular interface for lipid metabolism. The tubular
invaginations of the sarcolemma ensure that the SR is in direct
contact with the extracellular space of the muscle. These tubular
invaginations are found on both sides of the z-line. Intermyofibr-
illar lipid droplets and mitochondria are usually found near
these z-lines. The close apposition of LDs and mitochondria
was already demonstrated in the early seventies by Hoppeler
and colleagues [170]. They suggested that the contact surface
area of LDs was the transfer site for fatty acids towards oxidative
metabolism and that a larger contact surface area would be ben-
eficial for the efficiency of lipid oxidative metabolism [171,172].
Tarnapolsky et al. showed that a 7-week endurance-training per-
iod in lean untrained men and women significantly increased the
number of LDs in contact with mitochondria [167]. One could
hypothesize that lipid droplets that are interacting with mito-
chondria are metabolically active LDs with a well-regulated rate
and timing of lipolysis matched with downstream metabolism.
That is, a close interaction between LDs and mitochondria en-
sures efficient utilization of lipolysis-derived FAs in situations
of increased energy demand, thereby preventing high intracellu-
lar FA levels. Thus, interactions of LDs with SR and mitochondria
might ensure controlled lipid metabolism and loss of interactions
or a higher ratio of LDs to mitochondria might potentially be one
of the intermediate steps in the development of lipotoxicity-in-
duced insulin resistance. Moreover, proteins present on the
mitochondrial outermembrane and/or in the LD coat are presum-
ably needed for interorganelle interactions. However, so far no
evidence is available for a role of LD-mitochondria interactions
in determining insulin sensitivity of skeletal muscle and clearly
further research in this area is warranted to unravel the dynam-
ics of interorganelle interactions.
5. Conclusions and perspectives

The importance of intramyocellular lipid accumulation in the
development of type 2 diabetes is firmly established and can be
attributed to a disbalance in skeletal muscle lipid influx, lipid
metabolism, and oxidative capacity. The mechanisms involved in
lipid-induced insulin resistance, however, are still not fully unrav-
eled. In animal and cell studies, lipid intermediates like DAG, cera-
mides, LC-FA-CoA and acylcarnitines all have the potential to
induce insulin resistance. However, human studies show conflict-
ing results, and are if anything not pointing towards one mecha-
nism that can be held responsible for the muscular insulin
resistance in type 2 diabetes. Rather, the strong interindividual
variation and the inconsistencies in the broad array of studies per-
formed so far indicate that there are several routes towards lipid-
induced insulin resistance. Furthermore, it should not be ignored
that the available data are merely correlative, describe snap shots
and focus on one or a few parameters, while lipid metabolism is
a highly complex and dynamic process. Based on available
evidence, we conclude that total levels of DAG, ceramides and
LC-FA-CoA are not appropriate predictors of obesity-associated
insulin resistance.

Nevertheless, given the fact that these lipid species have the po-
tential of impairing insulin signaling, it appears that the conse-
quences of its accumulation in human skeletal muscle are
multifactorial and dependent on specific characteristics, the latter
might include the degree of saturation, chain length, stereo speci-
ficity and intracellular localization. Recently, research in this field
has shifted towards the packaging of lipids into lipid droplets
and the related lipid droplet dynamics. The heterogeneity and
dynamic nature of lipid droplets indicate that lipid droplet charac-
teristics and expression of lipid droplet-coat proteins are determi-
nants of intramyocellular lipotoxicity. Information on this issue is
still limited albeit promising, and definitely deserves further atten-
tion for our understanding of obesity-related diabetes and might
provide targets for prevention.
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