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Abstract
Aims/hypothesis Intramyocellular lipid (IMCL) content associates with development of insulin resistance, albeit not in insulin-
sensitive endurance-trained athletes (trained). Qualitative and spatial differences in muscle lipid composition may underlie this
so-called athlete’s paradox. Here we studied triacylglycerol (TAG) composition of individual myocellular lipid droplets (LDs) in
trained individuals and individuals with type 2 diabetes mellitus.
Methods Trained (V̇O2max 71.0 ± 1.6 ml O2 [kg lean body mass (LBM)]−1 min−1), normoglycaemic (fasting glucose 5.1 ±

0.1 mmol/l) individuals and untrained (V̇O2max 36.8 ± 1.5 ml O2 [kg LBM]−1 min−1) individuals with type 2 diabetes (fasting
glucose 7.4 ± 0.5 mmol/l), with similar IMCL content (3.5 ± 0.7% vs 2.5 ± 0.3%, p = 0.241), but at opposite ends of the insulin
sensitivity spectrum (glucose infusion rate 93.8 ± 6.6 vs 25.7 ± 5.3μmol [kg LBM]−1 min−1 for trained individuals and those with
type 2 diabetes, respectively) were included from our database in the present study. We applied in situ label-free broadband
coherent anti-Stokes Raman scattering (CARS) microscopy to sections from skeletal muscle biopsies to measure TAG acyl chain
length and saturation of myocellular LDs. This approach uniquely permits examination of individual LDs in their native
environment, in a fibre-type-specific manner, taking into account LD size and subcellular location.
Results Despite a significant difference in insulin sensitivity, we observed remarkably similar acyl chain length and saturation in
trained and type 2 diabetic individuals (chain length: 18.12 ± 0.61 vs 18.36 ± 0.43 number of carbons; saturation: 0.37 ± 0.05 vs
0.38 ± 0.06 number of C=C bonds). Longer acyl chains or higher saturation (lower C=C number) could be detected in subpop-
ulations of LDs, i.e. large LDs (chain length: 18.11 ± 0.48 vs 18.63 ± 0.57 carbon number) and subsarcolemmal LDs (saturation:
0.34 ± 0.02 vs 0.36 ± 0.04 C=C number), which are more abundant in individuals with type 2 diabetes.
Conclusions/interpretation In contrast to reports of profound differences in the lipid composition of lipids extracted from skeletal
muscle from trained and type 2 diabetic individuals, our in situ, LD-specific approach detected only modest differences in TAG
composition in LD subpopulations, which were dependent on LD size and subcellular location. If, and to what extent, these
modest differences can impact insulin sensitivity remains to be elucidated.

Keywords Athlete’s paradox . CARS microscopy . Intramyocellular lipid storage . Lipid composition . Lipid droplet chemical
composition . Lipid droplets . Type 2 diabetes
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Abbreviations
BCARS Broadband coherent anti-Stokes Raman scattering
CARS Coherent anti-Stokes Raman scattering
GIR Glucose infusion rate
IMCL Intramyocellular lipid
IMF Intramyofibrillar
LBM Lean body mass
LD Lipid droplet
PLIN5 Perilipin 5
RL Raman-like
ROI Region of interest
SIMS Secondary ion mass spectrometry
SS Subsarcolemmal
TAG Triacylglycerol

Introduction

Excess fat can be stored ectopically as triacylglycerol (TAG)
in myocellular lipid droplets (LDs) and has been associated
with compromised insulin sensitivity [1–5]. Interestingly,
highly insulin-sensitive trained athletes also store high
amounts of myocellular fat [2, 6]. This seemingly paradoxical
observation has long been suggested to originate from elevat-
ed insulin-desensitising bioactive lipids such as diacylglycerol

and/or ceramides [7] in insulin-resistant muscle. However,
unbiased lipidomic analysis of skeletal muscle biopsies does
not consistently reveal a signature of higher levels of insulin-
desensitising bioactive lipids in the muscle of individuals with
type 2 diabetes compared with lean sedentary or physically
trained individuals (for review see [8]).

Recently, we employed a detailed morphometric analysis of
myocellular LDs in muscle biopsies obtained from individuals
encompassing the complete spectrum of insulin sensitivity [6].
We observed that athletes store most of their lipids in type I
muscle fibres in numerous, normally sized LDs in the
intramyofibrillar (IMF) area, while individuals with type 2
diabetes store most of their lipids in fewer, but larger, LDs
predominantly in the subsarcolemmal (SS) area of type II
muscle fibres. Lipid storage in the SS region correlated nega-
tively with insulin sensitivity. Upon an insulin-sensitising exer-
cise training programme, the LD phenotype (i.e. morphology
and location) in type 2 diabetic individuals shifted partly towards
an athlete-like phenotype. Jointly, these data suggest that LD
location and size are both correlated with insulin sensitivity.

Typically, information on LDs with respect to subcellular
distribution (fibre type and SS vs IMF) and LD size is lost
upon lipid extraction in conventional lipidomic analysis. Our
observation that size and subcellular distribution of LDs are
different between type 2 diabetic individuals and athletes
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stresses the need for an approach that takes size and location
into account while analysing myocellular LD composition.
Recently, we employed the quantitative non-linear vibrational
microscopy method broadband coherent anti-Stokes Raman
scattering (CARS/BCARS) microscopy to measure character-
istics of lipids of single LDs [9]. In tandem with optical
microscopy, label-free BCARS microscopy permits in situ
quantitative analysis of the chemical characteristics specific
to lipid fibre type in their native environment and with a high
spatial resolution (~300 nm). Specifically, this approach
permits quantitative analysis of average TAG acyl chain
length and level of saturation [10]. Both acyl chain length
and saturation are recognised determinants of the insulin-
desensitising potency of fatty acids [11, 12].

Here we employed an in situ, label-free BCARSmicroscopy
approach on muscle biopsy samples derived from participants
spanning the physiological range of insulin sensitivity. We
uniquely aimed to study whether the observation that LD size
and location correlate with insulin sensitivity can be explained
by a differential TAG composition of LDs in muscle biopsies
from athletes vs type 2 diabetic individuals. We hypothesised
that acyl chain length is longer and that the degree of saturation
is higher in myocellular LDs of type 2 diabetic individuals as
opposed to athletes. More specifically, we hypothesised that the
acyl chain length and the degree of saturation are higher in large
LDs as well as in LDs present in the SS area.

Methods

Participants Eight endurance-trained athletes (trained; V̇O2max

>55 ml O2 [kg lean body mass (LBM)]−1 min−1) and eight
type 2 diabetic individuals were selected from previous stud-
ies (see Vosselman et al [13] and Brouwers et al [14]). Trained
and type 2 diabetic individuals were included upon matching
for total intramyocellular lipid (IMCL) content as determined
by the fraction of LD area over the muscle fibre area,
measured previously in this cohort [6]. In short, LDs were
staining with Bodipy 493/503 and imaged with widefield
microscopy. The original studies were executed in agreement
with the Declaration of Helsinki and approved by the Medical
Ethical Committee ofMaastricht University. Participants gave
written informed consent before participating in the original
study, registered at clinicaltrials.gov as NCT01317576.

Muscle biopsy and metabolic measurementsMuscle biopsies
and metabolic measurements have been described in more
detail previously [13, 14]. After an overnight fast a biopsy
was taken from the vastus lateralis muscle, frozen in melting
isopentane and stored at −80°C. Directly after the muscle
biopsy a hyperinsulinaemic–euglycaemic clamp (40 mU insu-
lin, 5.5 mmol/l glucose) was performed and glucose infusion
rate (GIR) was determined as a measure for whole body

insulin sensitivity. To determine V̇O2max, a graded maximal
cycling test with indirect calorimetry (Omnical, Maastricht,
the Netherlands) was executed until exhaustion. GIR and

V̇O2max are expressed per kg LBM to correct for differences
in fat mass. Body composition was measured with a dual-
energy x-ray absorptiometry (DXA) scan.

BCARS microscopy LD composition was measured in a fibre-
type-specific fashion. Four μm sections were stained against
laminin (L9393, Sigma, St Louis, USA) and myosin heavy
chain type I (A4.840, Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) [6]. Scout images of the sections
were acquired on an Olympus IX80 inverted microscope for
muscle fibre typing prior to CARS imaging [9]. In short, a
dual-output laser source (Leukos-CARS, Leukos) provided a
1064 nm beam at 32 kHz repetition rate. That beam was split
into the pump/probe (1064 nm) and Stokes beams (1100–
1800 nm via a photonic crystal fibre and long-pass filter).
Both lasers were routed on an optical table to excite the
sample mounted on a stepper-motor stage (Microstage, Mad
City Labs, Switzerland) with a nested piezo stage (Nano-PDQ
375 HS, Mad City Labs). Type I and type II fibre area was
scanned in nine tiles of 25× 25 μm. Three fields of view per
participant were imaged with 250 nm pixel size. CARS spec-
tra were acquired between 600 and 3400 cm−1 and detected by
a deep-depletion CCD (Newton DU920P-BR-DD, Andor,
Oxford Instruments, Abingdon, United Kingdom) using
custom written software (Labview, National Instruments).

Extraction of characteristic LD spectra CARS spectra were
analysed using IgorPro 6.37 (Wavemetrics; https://www.
wavemetrics.com/) and converted into Raman-like (RL) spec-
tra [15, 16]. CH2-intensity based images were constructed by
integrating the RL signal from 2840 to 2855 cm−1. In these
CH2 images, regions of interest (ROIs) were created for
further analysis of the LDs using an iterative threshold. The
RL spectra in these pixels were reconstructed using five
components as described by Paul et al [10]. These compo-
nents were derived from RL spectra of a set of known TAG
standards and their mixture (TAG backbone, TAG acyl chain
length, TAG number of double bonds), a BSA RL-spectrum
(generic protein), and TAGs diluted in organic solvents (TAG
dilution). These data were combined to retrieve the acyl chain
length and number of double bonds per acyl chain (C=C
number) of unknown TAGs in the LDs.

Calculating average acyl chain lengths and C=C number in
LDs Images of CH2 intensity, acyl chain length and C=C
number map were analysed in ImageJ 1.51 j8 (NIH,
Bethesda, USA). ROIs for fibre types (as identified by fluo-
rescence labelling) were drawn from the CH2 images and
applied to the acyl chain length and C=C number maps to
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obtain fibre-type-specific data. Acyl chain length and C=C
number dependence on LD size was determined specifically
for the type 2 diabetic individuals, as we previously observed
that these individuals display large LDs [6]; LDs <4 pixels in
area were excluded from analysis. Thus, a histogram of all LD
sizes for each individual was generated with the lower 50%
being defined as ‘small’ LDs (on average <1.17 μm2) and the
upper 10% as ‘large’ (on average >3.45 μm2). This permitted
the computation of the average acyl chain length and C=C
number for small and large LDs. Similarly, acyl chain length
and C=C number were assessed for LDs in the SS vs the IMF
region [6]. Thus, average acyl chain length and C=C number
were calculated as the weighted average of the values of type I
and II fibres [6]. Group means per fibre type were computed
by averaging all spectra per individual and subsequently
computing the mean of this average over all athletes or type
2 diabetic individuals in the respective groups.

StatisticsData are presented as mean ± SD unless stated other-
wise. Statistical analyses were performed using SPSS version
21.0 (SPSS, Chicago, IL, USA). Participant characteristics as
well as acyl chain length and C=C number were compared
between groups using an independent samples t test. SS and
IMF LDs as well as large and small LDs were compared for
acyl chain length andC=C number using a paired samples t test.
A p value <0.05 was considered to be statistically significant.

Results

Participant characteristics Participant characteristics have
previously been reported [13, 14] and are now shown in

Table 1. Type 2 diabetic individuals were significantly older
and had a higher body mass, percentage fat mass and BMI than
trained individuals (all p < 0.05). As expected, trained individ-
uals had higher insulin sensitivity (expressed by GIR) and

V̇O2max and lower fasting plasma glucose levels than type 2
diabetes individuals (all p < 0.05). By design, trained and type 2
diabetic individuals had similar IMCL content (3.5 ± 0.7% vs
2.5 ± 0.3%, p = 0.241).

Overall acyl chain length and saturation is not different
between trained and type 2 diabetic individuals We first
aimed to identify, in a fibre-type-dependent fashion, whether
TAG acyl chain length and saturation of myocellular LDs
differed between trained and type 2 diabetic individuals.
LDs could be readily identified based on CH2 intensity images
(Fig. 1a) owing to a high abundance of acyl chains in LDs.
Over the entire spectral range, the average RL spectra of
trained and type 2 diabetic individuals were strikingly similar.
This similarity was observed in type I and type II fibres (Fig.
1b, c), indicating that the chemical composition of the LDs in
trained and type 2 diabetic individuals was similar. More
specifically, this was observed for the CH region (2800–
3100 cm−1), as well as for the ‘fingerprint region’ (700–
1750 cm−1), which includes characteristic resonances of
complex macromolecules, including lipids and proteins.
From the average spectra for each group, average acyl
chain length and average number of double bonds per acyl
chain (C=C number, representing the level of unsaturation)
of TAGs was determined. This way of computing can
result in fractional data for acyl chain length and number
of double bonds; e.g. if a TAG molecule is composed of
two C16:0 acyl chains and one C18:1, CARS will give

Table 1 Participant characteristics

Variable Trained T2DM

Age (years) 26.0 ± 1.8 60.6 ± 2.0*

Body weight (kg) 72.4 ± 2.6 95.9 ± 2.8*

% Fat mass 13.4 ± 0.5 28.3 ± 0.9*

BMI (kg/m2) 21.0 ± 0.6 29.6 ± 0.8*

Fasting glucose (mmol/l) 5.1 ± 0.1 7.4 ± 0.5*

GIR (μmol [kg LBM]−1 min−1) 93.8 ± 6.6 25.7 ± 5.3*

V̇O2max (ml O2 [kg LBM]−1 min−1) 71.0 ± 1.6 36.8 ± 1.5*

IMCL (%) 3.49 ± 0.69 2.48 ± 0.29

Fasting insulin (pmol/l) – 107.7 ± 25.7

HOMA-IR (%) – 5.5 ± 1.0

Glucose-lowering medication (number of individuals) Metformin (n = 7)

DPP-4 inhibitor (n = 2)

Sulfonylurea (n = 2)

Data are mean ± SEM, n = 8 for each group, except where shown otherwise

*p < 0.05 vs Trained

T2DM, type 2 diabetes mellitus

Diabetologia



C16.67:0.33 as average chain length and number of double
bonds. In contrast to what was anticipated, no differences
were observed between acyl chain length in trained and type
2 diabetic individuals (18.12 ± 0.61 vs 18.36 ± 0.43 number of
carbons for trained and type 2 diabetic individuals, respective-
ly; p = 0.38, Fig. 1d). When examined in a fibre-type-specific
fashion, acyl chain length in type I fibres of trained individuals

was similar to acyl chain length measured in type 2 diabetic
individuals (17.93 ± 0.68 vs 18.34 ± 0.51 carbon number for
trained and type 2 diabetic individuals, respectively; p = 0.20,
Fig. 1d). A similar observation was made for acyl chain length
in type II fibres (18.30 ± 0.70 vs 18.38 ± 0.42 carbon number
for trained and type 2 diabetic individuals, respectively; p =
0.80, Fig. 1d).
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Fig. 1 TAG chain length and
saturation of LDs does not differ
between trained and type 2
diabetic individuals. (a)
Representative images of the
integrated CH2 intensity (2840–
2855 cm−1), revealing the LDs in
type I and type II fibres of trained
and type 2 diabetic (T2DM)
individuals, with fibre borders
indicated in white; scale bars,
20 μm. (b, c) Average CARS
spectra of LDs of trained and type
2 diabetic individuals, showing
fingerprint intensity and intensity
in the CH region (2800–
3100 cm−1), in type I (b) and type
II (c) fibres (mean ± SD); the
enlarged, framed peaks in (c)
have been broadened to show
differences and similarities more
clearly. (d) Number of carbons
per acyl chain and (e) number of
double bonds per acyl chain (C=C
number) within LDs for all fibres,
type I fibres and type II fibres of
trained and type 2 diabetic
individuals (mean ± SD). n = 8
for each group
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As a reflection of the level of saturation of the acyl chains,
the number of double bonds per acyl chain was measured. We
observed that the number of double bonds was similar in
trained vs type 2 diabetic individuals (0.37 ± 0.05 vs 0.38 ±
0.06 C=C number for trained and type 2 diabetic individuals,
respectively; p = 0.71, Fig. 1e). This lack of difference in satu-
ration between trained and type 2 diabetic individuals was
observed in type I (0.35 ± 0.04 vs 0.40 ± 0.10 C=C number
for trained and type 2 diabetic individuals, respectively; p =
0.27, Fig. 1e) as well as in type II fibres (0.39 ± 0.05 vs 0.36 ±
0.04 C=C number for trained and type 2 diabetic individuals,
respectively; p = 0.31, Fig. 1e).

Region specific differences in acyl chain length and saturation
of myocellular LDs SS lipid storage is considered detrimental
for insulin sensitivity [6, 17–19]. In support of this, we previ-
ously observed a negative correlation between insulin sensi-
tivity and SS LD size and number over a wide range of insulin
sensitivity [6]. The current approach allows for creating
spatial maps of lipid chemistry: acyl chain length and C=C
number of SS and IMF LDs (Fig. 2a) and relate this to the
insulin sensitivity spectrum encompassed by trained and type
2 diabetic individuals. When examining the combined muscle
fibre types and pooled groups, acyl chain length in SS were
non-significantly shorter than in IMF LDs (17.99 ± 0.89 vs
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Fig. 2 Saturation is higher in SS LDs. (a) CH2 intensity image (left) and
spatial maps of chain length (middle) and C=C number (right) of a repre-
sentative image of a trained participant, with magnified images below
(indicated in the original image by a red box; note that the resolution of
the zoomed images is the maximum possible, given the system used).
Colour scales represent number of carbons per acyl chain (middle) or
C=C number (right). In these images the SS region was identified by

using an individual predetermined SS diameter (as illustrated by the blue
area in the CH2 intensity image). Fibre borders are indicated in white and
black; scale bars, 20μm. (b, c) Acyl chain length (b) and C=C number (c)
of SS and IMF LDs in all fibres, type I fibres and type II fibres of all
participants; n = 16 (mean ± SD). (d) C=C number in LDs in type II fibres
separated for trained and type 2 diabetic (T2DM) individuals; n = 8 for
each group (mean ± SD). *p < 0.05 vs SS in the same group
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18.22 ± 0.64 carbon number for respectively SS and IMF, p =
0.077, Fig. 2b). This modest effect on acyl chain length was
specific for type II fibres (18.07 ± 0.86 vs 18.37 ± 0.55 carbon
number for SS and IMF, respectively; p = 0.06, Fig. 2b) and
not for type I fibres (17.99 ± 1.00 vs 18.12 ± 0.81 carbon
number for SS and IMF, respectively; p = 0.31, Fig. 2b).
Interestingly, the number of double bonds was significantly,
albeit modestly, lower in the SS region compared with the
IMF region when the groups were pooled (0.34 ± 0.02 vs
0.36 ± 0.04 C=C number for SS and IMF, respectively;
p < 0.05, Fig. 2c). This lower C=C number was observed in
the mixed fibre population, but was driven by differences
specifically in type II fibres (0.35 ± 0.04 vs 0.38 ± 0.05 C=C
number for SS and IMF, respectively; p < 0.05, Fig. 2c).

Next, we examined whether the spatial differences in C=C
number that were detected in type II fibres over the entire
range of insulin sensitivity also was detectable if trained and
type 2 diabetic individuals were examined separately.
Interestingly, we observed a significantly lower C=C number
in SS LDs compared with IMF LDs in type II fibres in type 2
diabetic individuals (0.35 ± 0.04 vs 0.38 ± 0.05 C=C number

for SS and IMF, respectively; p < 0.01, Fig. 2d), but not in
trained individuals (0.36 ± 0.04 vs 0.38 ± 0.05 C=C number
for SS and IMF, respectively; p = 0.31, Fig. 2c). Thus, over
the entire range of insulin sensitivity, acyl chains in the IMF
region had more double bonds than in the SS region, an obser-
vation made in type II, but not in type I fibres. Upon separat-
ing the trained and the type 2 diabetic samples, the difference
in double bonds between the SS and IMF LDs was only
detected in the type 2 diabetic individuals.

Higher acyl chain length in large LDsWe previously reported
in the same cohort that LDs are larger in type II fibres of type 2
diabetic individuals than in trained individuals and observed a
negative correlation between LD size and insulin sensitivity
[6]. Thus, we specifically aimed to investigate whether large
LDs in type 2 diabetic individuals differed in acyl chain length
and saturation compared with the more frequently present
smaller sized LDs. The spatial maps of acyl chain length and
C=C number allowed us to directly relate LD size to acyl
chain length and C=C number (Fig. 3a). Large LDs were
defined as the 10% largest LDs and small LDs as the 50%
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Fig. 3 Higher chain length in large LDs. (a) CH2 intensity image (left)
and spatial maps of chain length (middle) and C=C number (right) of a
representative image of a type 2 diabetic (T2DM) participant. Colour
scales represent number of carbons per acyl chain (middle) or C=C
number (right). Small LDs indicated by black arrows, large LDs indicated

by grey arrows. Fibre borders are indicated in white and black; scale bars,
20 μm. (b, c) Acyl chain length (b) and C=C number (c) of small and
large LDs in all fibres, type I fibres and type II fibres (mean ± SD)
*p < 0.05 vs small LDs in the same group; n = 8 for large and small LDs

Diabetologia



smallest LDs present in the type 2 diabetic individuals. We
performed analysis of acyl chain length and C=C number in
relation to LD size only in type 2 diabetic individuals, because
in the trained individuals we found hardly any LDs that are as
large as the largest 10% LDs in the type 2 diabetic individuals.
Interestingly, we observed that acyl chains of large LDs were
significantly longer compared with small LDs, upon examin-
ing both type I and type II muscle fibres (18.11 ± 0.48 vs
18.63 ± 0.57 for small and large LDs, respectively; p < 0.05,
Fig. 3b). This difference is visualised in the spatial maps,
where large LDs often displayed longer acyl chains than small
LDs (Fig. 3a, indicated by the grey arrows vs black arrows,
respectively). We observed that the difference in LD compo-
sition between small and large LDs predominantly originated
from LDs in type I fibres (18.23 ± 0.69 vs 18.77 ± 0.44 carbon
number for small and large LDs, respectively; p < 0.05, Fig.
3b). For type II fibres statistical significance was not reached
(18.01 ± 0.48 vs. 18.46 ± 0.77 carbon number for small and
large LDs, respectively; p = 0.25, Fig. 3b). The number of
double bonds was similar between large and small LDs (all
fibres: 0.37 ± 0.05 vs 0.37 ± 0.04 C=C number for small and
large, respectively; p = 0.70, Fig. 3c). Thus, the large LDs
present in type 2 diabetic individuals have a longer acyl chain
length compared with smaller, normally sized LDs in the same
patient population.

Discussion

This study is the first to compare the composition of individual
myocellular LDs between two populations representing the
two extremes of the insulin sensitivity spectrum in a spatial
and fibre-type-specific fashion. Given the notable differences
in insulin sensitivity between trained and type 2 diabetic indi-
viduals, and the putative insulin-desensitising effects of
intramyocellular lipids, we were anticipating that we would
detect profound differences in composition of myocellular
LDs in skeletal muscle biopsies of trained vs type 2 diabetic
individuals. The composition of LDs with respect to chemical
bonds that are detectable with BCARS, however, was remark-
ably similar for trained and type 2 diabetic individuals.
Specifically, length and saturation of the acyl chains within
LDs were not different between trained and type 2 diabetic
individuals. We previously observed, however, that it is not
overall LD content, but specific subpopulations of LDs (i.e.
large LDs and SS LDs), that associate with insulin resistance
[6]. Thus, we took advantage of the unique ability of in situ
chemical imaging with the BCARS microscopy approach to
analyse the composition of individual LDs in a muscle-fibre-
type specific fashion and in relation to LD size and spatial
distribution. Spatial analysis of acyl chain length and C=C
number revealed the novel insight that acyl chains found in
LDs in the SS area were shorter, albeit not statistically

significant, and more saturated than acyl chains in IMF LDs.
Furthermore, acyl chains in large LDs (typically correlated
with lower insulin sensitivity) in type 2 diabetic individuals
typically are longer than acyl chains in smaller, normally sized
LDs. The differences in composition are more distinct in type
II rather than in type I muscle fibres, in SS rather than in IMF
LDs, and in large rather than small LDs. All these variables
have previously been reported to relate to low rather than high
insulin sensitivity [6, 17, 18]. Nevertheless, it should be noted
that the differences in acyl chain length and saturation appear
only modest (albeit significant) and only in a subpopulation of
LDs and that it remains unclear if these differences indeed
contribute to the development of insulin resistance.

Previous studies have indicated that acyl chain length and
saturation of TAGs in the plasma are associated with risk for
diabetes [20] as well as improvements in insulin sensitivity
after diet-induced weight loss [21]. Specifically in the muscle,
it has been reported that saturated TAGs negatively correlate
with insulin sensitivity when measured after lipid extraction
from muscle [22]. Furthermore, an increased saturated acyl
content of TAGs was reported in skeletal muscle of
normoglycaemic obese participants compared with
normoglycaemic lean participants [22]. The present study
reveals that the increased saturation that was previously
reported most likely does not originate from acyl chains found
in LDs as we did not detect differences in acyl chain length or
saturation in the overall LD pool between trained and type 2
diabetic individuals.

Impaired insulin signalling in insulin-resistant muscle has
long been attributed to (elevated) presence of bioactive lipid
derivatives, commonly thought to originate from excess lipid
storage in muscle [23]. Bioactive lipids of a wide variety of
species are commonly measured by lipidomics. Lipidomic
approaches require lipid extraction of the sample followed
by mass spectrometry to quantify the individual lipid species.
However, upon extracting lipids from their native environ-
ment, all spatial information is lost. LD location appears to
be a determinant (or at least reflective) of insulin sensitivity.
Specifically, lipids in the SS region have been proposed to
affect insulin sensitivity as lipids can readily interfere with
insulin signalling at the cell membrane, owing to their close
proximity. We and others observed a negative correlation
between insulin sensitivity and SS LDs [6, 17, 18]. Thus, we
aimed to investigate whether this correlation could result from
a differential composition between SS and IMF LDs. We
observed that SS LDs were modestly but significantly more
saturated compared with acyl chains in IMF LDs in type II
fibres. Although this difference was most pronounced in the
type 2 diabetic individuals, we did not observe differences in
the composition of SS LDs nor IMF LDs between trained and
type 2 diabetic individuals. However, we previously reported
that lipid storage in the SS region of type II muscle fibres is
almost fourfold higher in type 2 diabetic individuals compared
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with trained athletes [6]. Thus, this higher SS lipid storage in
the muscle of type 2 diabetic individuals can contribute to an
elevated storage of saturated acyl chains in the SS region of
type 2 diabetic compared with trained individuals. Lipids in
the SS regions have previously been associated with compro-
mised insulin sensitivity. It has, for example, been shown that
the fatty acid composition of phospholipids in the sarcolemma
may affect insulin sensitivity; specifically the degree of
unsaturation correlated positively with insulin sensitivity
[24]. Likewise, specifically ceramides located in the sarcolem-
ma [25] and membrane-associated saturated diacylglycerols
associated negatively with insulin sensitivity [19]. The storage
of more saturated acyl chains in SS LDs in the vicinity of the
sarcolemma may contribute to alterations in lipid composition
of the sarcolemma and hence impede insulin signalling.

We previously observed that type 2 diabetic individuals are
characterised by large LDs in type II fibres compared with
trained individuals [6]. In line with this, multiple studies have
reported that LD size negatively correlates with insulin resis-
tance [6, 17, 26]. Thus, we aimed to specifically investigate
the composition of these large LDs observed in type 2 diabetes
individuals. We compared acyl chain length and saturation of
large LDs to smaller, normally sized LDs and observed that in
large LDs acyl chains are longer than in small LDs. Thus, the
higher prevalence of large LDs in type 2 diabetic individuals
as opposed to trained athletes indicates an increased presence
of longer acyl chains. This observation is in line with previous
cell and animal studies showing that fatty acids with a longer
chain length contribute to insulin resistance, as opposed to
fatty acids with a shorter acyl chains [12, 27, 28].

Our initial hypothesis, based upon targeted or unbiased
lipidomic studies of lipids extracted from muscle cells, was
that we would detect more deleterious lipid moieties in
myocellular LDs in muscle biopsies from individuals with
type 2 diabetes than in trained individuals. Our data do not
support this hypothesis and hence are not in line with (most)
data on lipid composition in lipids extracted frommuscle. It is
important to note that we previously have employed the same
CARS-based technology to examine lipid compositional
differences upon overexpression of the LD coat protein
perilipin 5 (PLIN5). Overexpression of PLIN5 in rat skeletal
muscle and cultured myotubes resulted in augmented storage
of fat in large LDs and significant alterations in composition
of the lipids in these LDs [9]. At present, BCARS and other
vibrational microscopy techniques are the only label-free
methods that do not require any kind of lipid extraction or
pre-treatment of samples that may affect lipid composition.
Hence, this approach is attractive for its ability to obtain sensi-
tive information on composition of lipids within individual
LDs in their native environment. Thus, the apparent discrep-
ancy of our data with lipidomic analyses of lipids extracted
from muscle may well originate from differences in method-
ology. Lipids extracted from muscle not only reflect the

composition of the lipids within LDs, but also contain
membrane lipids and membrane-associated lipids, which by
virtue of their cellular location, are more prone to impede
insulin signalling than lipids present within LDs. To examine
if indeed these methodological differences underlie the appar-
ent discrepancy between the LD-specific data in the present
and other studies, future studies should combine in situ anal-
ysis with mass spectrometry, such as secondary ion mass
spectrometry (SIMS) or matrix-assisted laser desorption/
ionisation mass spectrometry imaging (MALDI-MSI); this
will also provide more information on the lipid species
involved. The recent introduction of nano-SIMS may even
bring the spatial resolution down to a level that permits exam-
ination of individual LDs in situ [29].

The lack of a normoglycaemic, young, lean and untrained
group for comparison with the athletes, and a normoglycaemic
group that was BMI- and age-matched to the individuals with
type 2 diabetes, could be considered a limitation of the present
study. Instead of matching to these phenotypic differences, we
matched for total IMCL content, which, irrespective of age or
leanness, is considered to be the culprit for myocellular insulin
resistance. Thus, the effect of IMCL on insulin sensitivity can be
compared directly in two groups representing both extremes of
the insulin sensitivity spectrum.

In conclusion, in situ label-free analysis of acyl chain
length and saturation of individual myocellular LDs by
CARS microscopy reveal a remarkable similarity in composi-
tion of LDs of insulin-sensitive trained individuals and type 2
diabetic individuals. This method of analysis allowed us to
directly relate lipid composition to subcellular location and
size of LDs. Higher acyl chain length or saturation could be
detected in subpopulations of LDs, i.e. large LDs and SS LDs,
respectively, which are more abundant in type 2 diabetic indi-
viduals and have been linked to insulin resistance. However, if
and to what extent these modest differences in acyl chain
length and saturation (which were only detected in LD
subpopulations), can indeed impact insulin sensitivity remains
to be elucidated.

Data availability Data will be shared upon consultation with the corre-
sponding author.

Funding The work of SD is partly supported by the Dutch Diabetes
Research Foundation (grant DF 2014.00.1756) and by the NUTRIM—
School for Nutrition, Toxicology and Metabolism, NWO Graduate
Program financially supported from Netherlands Organization for
Scientific Research (022.003.011). The projects of SD, AG and MKCH
are partly supported by the Netherlands Cardiovascular Research
Initiative: an initiative with support of the Dutch Heart Foundation
(CVON2014-02 ENERGISE). AG, NB, SHP and MKCH acknowledge
financial support from the NanoNextNL, a micro- and nanotechnology
consortium of the Government of the Netherlands and 130 partners. AG
is funded through an EFSD award supported by MSD. AP is funded
through the Swedish Research Council (2019-00682). SHP is funded
through the Welch Foundation (F-2008-20190330) and the Human
Frontiers in Science Program (RGP0045/2018).

Diabetologia



The study sponsor/funder was not involved in the design of the study;
the collection, analysis, and interpretation of data; writing the report; and
did not impose any restrictions regarding the publication of the report.

Authors’ relationships and activities The authors declare that there are no
relationships or activities that might bias, or be perceived to bias, their
work.

Author contributions SD, AG, NB, SHP andMKCH designed the study.
SD, AG and NB performed the experiments and acquired data. AP and
KR performed a subset of the analysis. SD, AG, SHP and MKCH
interpreted the data and wrote the manuscript. NB, AP and KR revised
the manuscript critically. All authors approved the final version. All
persons designated as authors qualify for authorship, and all those who
qualify for authorship are listed. MKCH is the guarantor and agrees to be
accountable for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appropriately
investigated and resolved.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Anderwald C, Bernroider E, Krssak M et al (2002) Effects of insu-
lin treatment in type 2 diabetic patients on intracellular lipid content
in liver and skeletal muscle. Diabetes 51(10):3025–3032. https://
doi.org/10.2337/diabetes.51.10.3025

2. Goodpaster BH, He J, Watkins S, Kelley DE (2001) Skeletal
muscle lipid content and insulin resistance: evidence for a paradox
in endurance-trained athletes. J Clin Endocrinol Metab 86(12):
5755–5761. https://doi.org/10.1210/jcem.86.12.8075

3. Jacob S, Machann J, Rett K et al (1999) Association of increased
intramyocellular lipid content with insulin resistance in lean nondi-
abetic offspring of type 2 diabetic subjects. Diabetes 48(5):1113–
1119. https://doi.org/10.2337/diabetes.48.5.1113

4. KrssakM, Falk Petersen K, Dresner A et al (1999) Intramyocellular
lipid concentrations are correlated with insulin sensitivity in
humans: a 1H NMR spectroscopy study. Diabetologia 42(1):113–
116. https://doi.org/10.1007/s001250051123

5. Pan DA, Lillioja S, Kriketos AD et al (1997) Skeletal muscle
triglyceride levels are inversely related to insulin action. Diabetes
46(6):983–988. https://doi.org/10.2337/diab.46.6.983

6. Daemen S, Gemmink A, Brouwers B et al (2018) Distinct lipid
droplet characteristics and distribution unmask the apparent contra-
diction of the athlete’s paradox. Mol Metab 17:71–81. https://doi.
org/10.1016/j.molmet.2018.08.004

7. Erion DM, Shulman GI (2010) Diacylglycerol-mediated insulin
resistance. Nat Med 16(4):400–402. https://doi.org/10.1038/
nm0410-400

8. Daemen S, van Polanen N, Hesselink MKC (2018) The effect of
diet and exercise on lipid droplet dynamics in human muscle tissue.
J Exp Biol 221(Pt Suppl 1). https://doi.org/10.1242/jeb.167015

9. Billecke N, Bosma M, Rock W et al (2015) Perilipin 5 mediated lipid
droplet remodelling revealed by coherent Raman imaging. Integr Biol
(Camb) 7(4):467–476. https://doi.org/10.1039/c4ib00271g

10. Paul A, Wang YJ, Brannmark C, Kumar S, Bonn M, Parekh SH
(2019) Quantitative mapping of triacylglycerol chain length and
saturation using broadband CARS microscopy. Biophys J
116(12):2346–2355. https://doi.org/10.1016/j.bpj.2019.04.036

11. Stein DT, Stevenson BE, Chester MW et al (1997) The
insulinotropic potency of fatty acids is influenced profoundly by
their chain length and degree of saturation. J Clin Invest 100(2):
398–403. https://doi.org/10.1172/JCI119546

12. Hommelberg PP, Plat J, Langen RC, Schols AM, Mensink RP
(2009) Fatty acid-induced NF-κB activation and insulin resistance
in skeletal muscle are chain length dependent. Am J Physiol
Endocrinol Metab 296(1):E114–E120. https://doi.org/10.1152/
ajpendo.00436.2007

13. Vosselman MJ, Hoeks J, Brans B et al (2015) Low brown adipose
tissue activity in endurance-trained compared with lean sedentary
men. Int J Obes 39(12):1696–1702. https://doi.org/10.1038/ijo.
2015.130

14. Brouwers B, Schrauwen-Hinderling VB, Jelenik T et al (2018)
Exercise training reduces intrahepatic lipid content in people with
and people without nonalcoholic fatty liver. Am J Physiol
Endocrinol Metab 314(2):E165–E173. https://doi.org/10.1152/
ajpendo.00266.2017

15. Liu Y, Lee YJ, Cicerone MT (2009) Broadband CARS spectral
phase retrieval using a time-domain Kramers-Kronig transform.
Opt Lett 34(9):1363–1365

16. Camp CH, Lee YJ, Cicerone MT (2015) Quantitative, comparable
coherent anti-Stokes Raman scattering (CARS) spectroscopy:
correcting errors in phase retrieval. J Raman Spectrosc 47(4):408–
415. https://doi.org/10.1002/jrs.4824

17. Nielsen J, Christensen AE, Nellemann B, Christensen B (2017) Lipid
droplet size and location in human skeletal muscle fibers are associated
with insulin sensitivity. Am J Physiol Endocrinol Metab 313(6):E721–
E730. https://doi.org/10.1152/ajpendo.00062.2017

18. Nielsen J, Mogensen M, Vind BF et al (2010) Increased
subsarcolemmal lipids in type 2 diabetes: effect of training on
localization of lipids, mitochondria, and glycogen in sedentary
human skeletal muscle. Am J Physiol Endocrinol Metab 298(3):
E706–E713. https://doi.org/10.1152/ajpendo.00692.2009

19. Bergman BC, Hunerdosse DM, Kerege A, Playdon MC, Perreault
L (2012) Localisation and composition of skeletal muscle diacyl-
glycerol predicts insulin resistance in humans. Diabetologia 55(4):
1140–1150. https://doi.org/10.1007/s00125-011-2419-7

20. Rhee EP, Cheng S, Larson MG et al (2011) Lipid profiling iden-
tifies a triacylglycerol signature of insulin resistance and improves
diabetes prediction in humans. J Clin Invest 121(4):1402–1411.
https://doi.org/10.1172/JCI44442

21. Schwab U, Seppanen-Laakso T, Yetukuri L et al (2008)
Triacylglycerol fatty acid composition in diet-induced weight loss
in subjects with abnormal glucose metabolism–the GENOBIN
study. PLoS One 3(7):e2630. https://doi.org/10.1371/journal.
pone.0002630

22. Manco M, Mingrone G, Greco AV et al (2000) Insulin resistance
directly correlates with increased saturated fatty acids in skeletal
muscle triglycerides. Metabolism 49(2):220–224. https://doi.org/
10.1016/s0026-0495(00)91377-5

23. Metcalfe LK, Smith GC, Turner N (2018) Defining lipid mediators
of insulin resistance - controversies and challenges. J Mol
Endocrinol. https://doi.org/10.1530/JME-18-0023

24. Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm DJ,
Campbell LV (1993) The relation between insulin sensitivity and
the fatty-acid composition of skeletal-muscle phospholipids. N
Engl J Med 328(4):238–244. https://doi.org/10.1056/
NEJM199301283280404

Diabetologia

https://doi.org/
https://doi.org/10.2337/diabetes.51.10.3025
https://doi.org/10.2337/diabetes.51.10.3025
https://doi.org/10.1210/jcem.86.12.8075
https://doi.org/10.2337/diabetes.48.5.1113
https://doi.org/10.1007/s001250051123
https://doi.org/10.2337/diab.46.6.983
https://doi.org/10.1016/j.molmet.2018.08.004
https://doi.org/10.1016/j.molmet.2018.08.004
https://doi.org/10.1038/nm0410-400
https://doi.org/10.1038/nm0410-400
https://doi.org/10.1242/jeb.167015
https://doi.org/10.1039/c4ib00271g
https://doi.org/10.1016/j.bpj.2019.04.036
https://doi.org/10.1172/JCI119546
https://doi.org/10.1152/ajpendo.00436.2007
https://doi.org/10.1152/ajpendo.00436.2007
https://doi.org/10.1038/ijo.2015.130
https://doi.org/10.1038/ijo.2015.130
https://doi.org/10.1152/ajpendo.00266.2017
https://doi.org/10.1152/ajpendo.00266.2017
https://doi.org/10.1002/jrs.4824
https://doi.org/10.1152/ajpendo.00062.2017
https://doi.org/10.1152/ajpendo.00692.2009
https://doi.org/10.1007/s00125-011-2419-7
https://doi.org/10.1172/JCI44442
https://doi.org/10.1371/journal.pone.0002630
https://doi.org/10.1371/journal.pone.0002630
https://doi.org/10.1016/s0026-0495(00)91377-5
https://doi.org/10.1016/s0026-0495(00)91377-5
https://doi.org/10.1530/JME-18-0023
https://doi.org/10.1056/NEJM199301283280404
https://doi.org/10.1056/NEJM199301283280404


25. Perreault L, Newsom SA, Strauss A et al (2018) Intracellular local-
ization of diacylglycerols and sphingolipids influences insulin
sensitivity and mitochondrial function in human skeletal muscle.
JCI Insight 3(3). https://doi.org/10.1172/jci.insight.96805

26. He J, Goodpaster BH, Kelley DE (2004) Effects of weight loss and
physical activity on muscle lipid content and droplet size. Obes Res
12(5):761–769. https://doi.org/10.1038/oby.2004.92

27. Chavez JA, Summers SA (2003) Characterizing the effects of satu-
rated fatty acids on insulin signaling and ceramide and diacylglyc-
erol accumulation in 3T3-L1 adipocytes and C2C12 myotubes.
Arch Biochem Biophys 419(2):101–109. https://doi.org/10.1016/j.
abb.2003.08.020

28. Montgomery MK, Osborne B, Brown SH et al (2013) Contrasting
metabolic effects of medium- versus long-chain fatty acids in skel-
etal muscle. J Lipid Res 54(12):3322–3333. https://doi.org/10.
1194/jlr.M040451

29. He C, Weston TA, Jung RS et al (2018) NanoSIMS analysis of
intravascular lipolysis and lipid movement across capillaries and
into cardiomyocytes. Cell Metab 27(5):1055–1066 e1053. https://
doi.org/10.1016/j.cmet.2018.03.017

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Diabetologia

https://doi.org/10.1172/jci.insight.96805
https://doi.org/10.1038/oby.2004.92
https://doi.org/10.1016/j.abb.2003.08.020
https://doi.org/10.1016/j.abb.2003.08.020
https://doi.org/10.1194/jlr.M040451
https://doi.org/10.1194/jlr.M040451
https://doi.org/10.1016/j.cmet.2018.03.017
https://doi.org/10.1016/j.cmet.2018.03.017

	Label-free...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


