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Distinct lipid droplet characteristics and
distribution unmask the apparent contradiction
of the athlete’s paradox
Sabine Daemen 1,5, Anne Gemmink 1,5, Bram Brouwers 1,2, Ruth C.R. Meex 3, Peter R. Huntjens 4,
Gert Schaart 1, Esther Moonen-Kornips 1, Johanna Jörgensen 1, Joris Hoeks 1, Patrick Schrauwen 1,
Matthijs K.C. Hesselink 1,*
ABSTRACT

Objective: Intramyocellular lipid (IMCL) storage negatively associates with insulin resistance, albeit not in endurance-trained athletes. We
investigated the putative contribution of lipid droplet (LD) morphology and subcellular localization to the so-called athlete’s paradox.
Methods: We performed quantitative immunofluorescent confocal imaging of muscle biopsy sections from endurance Trained, Lean sedentary,
Obese, and Type 2 diabetes (T2DM) participants (n ¼ 8/group). T2DM patients and Trained individuals were matched for IMCL content.
Furthermore we performed this analysis in biopsies of T2DM patients before and after a 12-week exercise program (n ¼ 8).
Results: We found marked differences in lipid storage morphology between trained subjects and T2DM: the latter group mainly store lipid in
larger LDs in the subsarcolemmal (SS) region of type II fibers, whereas Trained store lipid in a higher number of LDs in the intramyofibrillar (IMF)
region of type I fibers. In addition, a twelve-week combined endurance and strength exercise program resulted in a LD phenotype shift in T2DM
patients partly towards an ‘athlete-like’ phenotype, accompanied by improved insulin sensitivity. Proteins involved in LD turnover were also more
abundant in Trained than in T2DM and partly changed in an ‘athlete-like’ fashion in T2DM patients upon exercise training.
Conclusions: Our findings provide a physiological explanation for the athlete’s paradox and reveal LD morphology and distribution as a major
determinant of skeletal muscle insulin sensitivity.
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1. INTRODUCTION

Compromised insulin stimulated glucose uptake in skeletal muscle is
the culprit in type 2 diabetes and correlates negatively with excessive
storage of intramyocellular lipid (IMCL) [1e3]. Paradoxically, IMCL levels
are also elevated in endurance trained athletes, while being very insulin
sensitive [4]. This phenomenon is known as the athlete’s paradox and
indicates that factors other than total IMCL storage per se must be
responsible for compromised insulin sensitivity in the diabetic state.
Total IMCL storage is defined as the product of the number and size of
lipids dispersed in lipid droplets (LDs) containing predominantly neutral
lipids. LDs are covered by a phospholipid monolayer coated with
proteins involved in lipid droplet (LD) synthesis and degradation,
rendering LDs into dynamic organelles that can range substantially in
size and number depending on tissue distribution [5], subcellular
location, and metabolic state [6].
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Upon a combined dietary-exercise intervention in obese individuals
without diabetes, LD size decreased, and the change in LD size
correlated with the change in insulin sensitivity [7]. Muscle fiber types
have been shown to differ in LD morphology and localization [8] as well
as insulin sensitivity [9]. Importantly, muscle fiber typology is affected
by exercise training as well as by aging and inactivity (associated with
a higher fraction type II fibers). At the muscle fiber level, storage of lipid
in either the intramyofibrillar (IMF) space, where LDs are closely linked
to mitochondria [8,10], as opposed to the subsarcolemmal (SS) region,
may influence lipotoxic effects.
Thus, despite similar levels of IMCL in trained individuals and patients
with type 2 diabetes, one can hypothesize that differences in LD size,
number, and subcellular distribution, along with fiber type specific dif-
ferences, may contribute to the negative association between IMCL
content and insulin sensitivity in insulin resistant subjects and the
seemingly paradoxical absence of such an association in trained athletes.
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The dynamic nature of LDs involves interplay of a variety of LD coat
proteins like PLIN2, PLIN3, and PLIN5 supposedly involved in regu-
lating LD synthesis and degradation [11e13] and the main TAG lipase
ATGL [14] and its coactivator CGI-58 [15]. Compromised dynamic
behavior often is paralleled by hampered cell function [5]. Given the
putative role of these proteins in LD dynamics and their responsiveness
to exercise training [16e18], levels of LD coat proteins and lipolytic
proteins may contribute to the athletes’ paradox.
LD number, size, subcellular distribution, and muscle fiber type de-
pendency have been studied using different approaches in various
(patho)physiological states. A comprehensive and systematic analysis
of all these LD characteristics against the background of similar IMCL
content, however, has never been performed. Thus, we aimed to
examine the athlete’s paradox in individuals with similar levels of IMCL
but over a wide range of insulin sensitivity. We therefore cross-
sectionally studied LD characteristics and marker proteins of LD dy-
namics in highly insulin sensitive, lean endurance-trained individuals
(Trained), and insulin resistant obese patients with type 2 diabetes
(T2DM) matched to IMCL content, along with normoglycemic lean
sedentary individuals (Lean) and normoglycemic obese sedentary in-
dividuals (Obese) characterized by intermediate levels of insulin
sensitivity. We hypothesized LD characteristics and content of marker
proteins of LD dynamics to be different between Trained and T2DM. In
addition, we examined in T2DM patients if a training intervention
induced a shift of the LD phenotype, resembling the LD phenotype
observed in Trained.

2. RESEARCH DESIGN AND METHODS

2.1. Participant selection
From our database of endurance-trained athletes (Trained;
VO2max > 55 ml/kg/min), lean sedentary (Lean; VO2max < 45 ml/kg/
min), obese sedentary (Obese), and T2DM participants (from Vossel-
man et al. [19] and Brouwers et al. [20]), eight participants per group
were semi-randomly selected for inclusion (Supplemental Figure 1),
targeting at similar IMCL levels for Trained and T2DM, as measured
with widefield microscopy via staining with Bodipy 493/503 (D3922,
Molecular Probes, Leiden, The Netherlands) and calculating the area
fraction covered by LDs (Table 1). Following this, Obese were matched
to T2DM for age, BMI and VO2max and lean sedentary to Trained for age
and BMI. For studying the effects of a 12-week training program, eight
Table 1 e Subject characteristics cross-sectional study.

Parameter Trained

Age (years) 26.0 � 1.8
Body weight (kg) 72.4 � 2.6
% Fat mass 13.4 � 0.5
BMI (kg/m2) 21.0 � 0.6
Fasting glucose (mmol/L) 5.1 � 0.1
Glucose infusion rate (GIR) (mmol/kg LBM/min) 93.8 � 6.6
VO2max (ml O2/kg LBM/min) 71.0 � 1.6
IMCL (%) (widefield) 3.49 � 0.69
Fasting insulin (mU/L) e

HOMA-IR (%) e

Glucose-lowering medication (number of patients)

Mean � SEM. Statistical significance based on one-way ANOVA if p � 0.05.
a Versus Trained.
b Versus Lean.
c Versus Obese.
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T2DM patients who increased whole body insulin sensitivity (GIR) upon
the training program were randomly selected (from the studies of Meex
et al. [21] and Brouwers et al. [20]) (Supplemental Figure 1). For both
the cross-sectional and the training study, all participants gave written
informed consent before participating in the original study. Further-
more, these studies were approved by the Medical Ethical Committee
of Maastricht University and performed in agreement with the Decla-
ration of Helsinki.

2.2. Muscle biopsy and metabolic measurements
After an overnight fast a muscle biopsy was taken from the m. vastus
lateralis, directly frozen in melting isopentane and stored at �80 �C
until histochemical analyses. Directly after the muscle biopsy, glucose
infusion rate (GIR) was determined during a hyperinsulinemic-
euglycemic clamp at 40 mU/m2/min of insulin as a measure for
whole body insulin sensitivity. Detailed methods can be found in Meex
et al. [21] and Brouwers et al. [20]. Body composition was measured
with a DXA scan and plasma glucose was determined. In addition,
maximal oxidative capacity (VO2max) was determined by a graded
maximal cycling test until exhaustion via indirect calorimetry (Omnical,
Maastricht, The Netherlands). To account for differences in fat mass,
both GIR and VO2max are expressed per kg lean body mass (LBM), as
opposed to per kg body weight which was used for inclusion. For the
training study, the same measurements were performed again after
the 12 weeks of training. Muscle biopsies were obtained 48e72 h
after the last exercise session.

2.3. Training program
VO2max and maximal power output (Wmax) were defined during a
graded maximal cycling test until exhaustion before and after the
training. One-repetition maximum (1RM) was measured to determine
maximal strength. The 12-week exercise training protocol was su-
pervised, progressive and combined aerobic and resistance exercise.
Details of the training program can be found in Meex et al. [21] and
Brouwers et al. [20]. In short, aerobic exercise was performed twice a
week for 30 min on a cycling ergometer and resistance exercise once a
week, focusing on the large muscle groups.

2.4. Histochemical analyses
To determine IMCL content, LD size and number, 7 mm thick sections
were cut and mounted on glass slides. To minimize staining intensity
Lean Obese T2DM

23.5 � 1.2 54.1 � 3.1a,b 60.6 � 2.0a,b

73.1 � 2.3 96.1 � 3.3a,b 95.9 � 2.8a,b

18.4 � 1.5a 28.9 � 0.9a,b 28.3 � 0.9a,b

22.2 � 0.6 29.4 � 0.4a,b 29.6 � 0.8a,b

5.2 � 0.1 4.9 � 0.3 7.4 � 0.5a,b,c

70.4 � 5.7a 38.0 � 2.9a,b 25.7 � 5.3a,b

51.8 � 1.7a 39.8 � 1.3a,b 36.8 � 1.5a,b

1.31 � 0.43 2.77 � 0.82 2.48 � 0.29
e e 15.5 � 3.7
e e 5.5 � 1.0

Metformin (n ¼ 7)
DPP-4 inhibitor (n ¼ 2)
Sulfonylureas (n ¼ 2)
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Table 2 e Subject characteristics training study.

Parameter Pre Post

Age (years) 61.6 � 1.5 e

Body weight (kg) 90.7 � 4.0 89.8 � 4.0
% Fat mass 31.3 � 1,8 28.5 � 1,7a

BMI (kg/m2) 28.1 � 0.7 27.9 � 0.7
Fasting glucose (mmol/L) 8.8 � 0.8 8.1 � 0.6a

Glucose infusion rate (GIR) (mmol/kg LBM/min) 22.9 � 2.7 31.4 � 3.7a

VO2max (ml O2/kg LBM/min) 35.5 � 2.4 39.3 � 3.2a

Fasting insulin (mU/L) 17.6 � 3.1 13.6 � 1.6
HOMA-IR 7.2 � 1.4 5.1 � 0.8
Glucose-lowering medication (number of patients) Metformin (n ¼ 6) e

Sulfonylureas (n ¼ 2)

Mean � SEM. Statistical significance based on paired sample T-test if p � 0.05.
a Versus Pre.
variability between groups or time points, on each slide a section from
each group or pre- and post-training from the same participant were
mounted on the same glass slide. Cryosections were fixed with 3.7%
formaldehyde for 30 min. After blocking with blocking buffer (150 mM
NaCl, 20 mM Tris pH 6.8 and 2% BSA) and permeabilization for 5 min
with 0.25% TX-100 (648466, Merck, Darmstadt, Germany), sections
were incubated with primary antibodies against Laminin (L9393;
Sigma) and myosin heavy chain type I (A4.840; Developmental Studies
Hybridoma Bank, Iowa City, Iowa, USA) for 60 min. Subsequently,
sections were incubated for 1.5 h with the appropriate secondary
antibodies conjugated with AlexaFluor 405 and AlexaFluor 555 and
Bodipy 493/503 (D3922, Invitrogen-ThermoFisher, The Netherlands)
1:100 at 37 �C. Sections were mounted with Mowiol, covered with #1
coverslips and stored in the dark until imaging.

2.5. Image acquisition and analysis
For the analysis of IMCL content, LD size and number cross-sectional
images were taken on Leica TCS SPE and SP8 confocal microscopes
using a 63 � 1.3 N.A. oil immersion objective and 1.1 optical zoom
using 2048 by 2048 pixels, resulting in a pixel size of 81.95 nm by
81.95 nm. Laminin, myosin heavy chain type I and Bodipy 493/503
were imaged using the 405 nm, 532 nm, and 488 nm laser lines,
respectively. Type I fibers were identified based on positive myosin
heavy chain type I staining, all other fibers were considered to be type II
fibers. The fiber type ratio was determined using a Nikon E800 fluo-
rescence microscope prior to confocal imaging to account for bias by
differences in fiber type ratio. For each participant, cross-sections of
20 fibers were imaged with the confocal microscope with the previ-
ously determined type I to type II ratio. After image acquisition images
were deconvolved using Huygens Essential software (Scientific Volume
Imaging B.V., Hilversum, The Netherlands). For each fiber type, lipid
area fraction, LD size, and number were analyzed by using ImageJ
[22]. LD size distribution and LD-membrane distances were calculated
with Matlab R2012a (The Mathworks, Inc., Natick, Massachusetts,
USA). Based on these LD-membrane distances, LDs were separated in
LDs located in near vicinity of the cell membrane (SS region) or LDs
located more towards the core of the myofiber (IMF region). Starting at
the cell membrane, the SS region was set to be within 5% of the
maximal distance from the cell center to the cell membrane, resulting
in an SS surface area of around 8% for all cells. This approach was
based upon combined examination of available transmission electron
microscopy images and the published conversion of this for application
in widefield microscopy that used a fixed distance of 2 mm from the
sarcolemma to the core of the fiber [23]. As the SS region contains SS
mitochondria (which are more abundant in type I fibers than in type II
fibers) and muscle fiber cross sectional area and mitochondrial density
is different between trained individuals and T2DM patients, we con-
verted the fixed distance of 2 mm into a value that was relative to cell
size, resulting in a value of 5%. This converts into an SS area ofw8%
of total cell area, which is somewhat higher than thew4% reported in
literature for obese sedentary middle-aged males [24]; this can be
explained by the inclusion of lean trained and untrained individuals in
the present study.

2.6. Western blots
Equal amounts of protein were loaded onto the gels for western blots.
Western blots were incubated with primary antibodies against PLIN2
(GP40, Progen Biotechnik, Heidelberg, Germany), PLIN3 (M6PRBP1,
Acris, Herford, Germany), PLIN5 (GP31, Progen Biotechnik, Heidelberg,
Germany), ATGL (2138, Cell Signaling Technology, Bioké, Leiden, The
Netherlands) and CGI-58 (NB110-41576, Novus Biologicals, Littleton,
MOLECULAR METABOLISM 17 (2018) 71e81 � 2018 The Authors. Published by Elsevier GmbH. This is an open ac
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Colorado, USA). IRDye700-or IRDye800-conjugated secondary anti-
bodies were used for visualization of PLIN2, PLIN3, PLIN5, and ATGL by
an Odyssey infrared scanner (LI-COR Biosciences, Westburg, Leusden,
The Netherlands). CGI-58 was detected via enhanced chem-
iluminescence with the use of an HRP-conjugated secondary antibody.

2.7. Statistics
Results are presented as mean � SEM. Statistical analyses were
performed using SPSS version 21.0 (SPSS, Chicago, IL, USA). For the
cross-sectional study, statistical differences between groups and fiber
types were tested with mixed model ANOVA with fiber type as within
subject factor for LD morphology. If the interaction effect for fiber type
was significant One-way ANOVA was used to test for statistical dif-
ferences between groups for each fiber type. A Bonferroni post-hoc
test was performed to specify which groups statistically differed. A
paired sample t-test was used to test for each group significant dif-
ferences between fiber types. For examining statistical differences
between subcellular locations (SS and IMF), mixed model ANOVA with
location as within subject factor was performed for each fiber type. In
case of a significant interaction effect, subsequent statistical testing
was done as described above. To test for training effects and fiber type
differences in LD morphology, two-way repeated measures ANOVA
was performed with fiber type and time point (pre- and post-training)
as within subject factors. In case of a significant interaction effect for
fiber type and/or time point, a paired sample t-test was used to test for
significant differences between fiber types at each time point or be-
tween time points for each fiber type, respectively. Paired sample t-
test were used to test for differences in LD morphology in all fibers.
Pearson’s correlation coefficients were used to test for significant
linear association between variables. P < 0.05 was considered to be
statistically significant.

3. RESULTS

3.1. Participant characteristics
Participant characteristics of the cross-sectional study are shown in
Table 1. By design, Obese and T2DM participants were significantly
older and had a higher body weight, BMI, and percentage fat mass
than Trained and Lean. In addition, Obese and T2DM participants had a
lower GIR and oxidative capacity compared to Lean and Trained
(p < 0.01). By definition, T2DM patients had higher fasting glucose
levels compared to the other groups (p < 0.01). Trained had a higher
GIR (p < 0.01) and VO2max (p < 0.01) compared to other groups.
Participant characteristics of the training study are shown in Table 2.
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Upon the exercise training, GIR increased significantly (p < 0.001). In
addition, body fat percentage (p < 0.05), fasting glucose (p < 0.05)
and VO2max (p < 0.05) improved with exercise training.

3.2. Differential lipid storage between trained and T2DM patients
associates with insulin sensitivity
By design, total IMCL content showed no differences between Trained
and T2DM patients (p ¼ 0.274, Figure 1A), whereas a significantly
lower IMCL content was observed in Lean and Obese compared to
Trained (p < 0.05 and p < 0.01 respectively, Figure 1A). In trained,
IMCL content in type I fibers was almost 2-fold higher than in T2DM
(p < 0.05, Figure 1A). Moreover, in Trained the IMCL content was
higher in type I fibers than in type II fibers (p < 0.05), whereas for
T2DM patients IMCL content was comparable for both fiber types
(p¼ 0.12, Figure 1A). The higher IMCL content of Trained versus Lean
and Obese originates from significantly more LDs (p < 0.01,
Figure 1B,C). Conversely, in T2DM, the high IMCL content compared to
Obese and Lean was explained by an increase in LD size rather than
number, an observation that was accounted for by type II fibers
(p < 0.05, Figure 1D,E). Detailed examination of LD size frequency
distribution revealed that the higher average LD size in T2DM in type II
fibers compared to the other groups originates from a trend towards
fewer small LDs (�0.25 mm2, p ¼ 0.075) and significantly more large
LDs compared to other groups (�1.00 mm2, p < 0.05) (Figure 1F). No
such observations were made in type I fibers (Figure 1F). So, in the
face of similar IMCL content, Trained predominantly store their lipids in
a larger number of small sized LDs in type I fibers, while in T2DM
patients the lipid is stored in fewer but larger LDs, predominantly in
type II fibers.
Next, we explored if this differential IMCL storage pattern was asso-
ciated with the differences in peripheral insulin sensitivity, expressed
by GIR. A positive correlation was observed between the number of
LDs and insulin sensitivity in type I fibers (r ¼ 0.401, p < 0.05,
Figure 2A) but not in type II fibers (r¼�0.073, p¼ 0.690, Figure 2B).
Conversely, LD size correlated negatively with insulin sensitivity in type
II fibers (r ¼ �0.398, p < 0.05, Figure 2D), but not in type I fibers
(r ¼ �0.012, p ¼ 0.949, Figure 2C).

3.3. Subsarcolemmal lipid storage is higher in T2DM patients
Subsequently, we examined if the differences in LD morphology
were specific for the SS or IMF region. Of all LDs measured, Trained
only store 8.1% in the SS region, whereas T2DM store 2-fold more
LDs (16.1%, p < 0.01, Figure 3A) in the SS region. This difference
in the fraction of SS LDs predominantly originates from differences
in type II fibers (10.0% vs. 21.8% in Trained and T2DM, respec-
tively; p < 0.001, Figure 3A). Interestingly, also obese normogly-
cemic individuals store a significantly higher fraction of their LDs in
the SS region of type II fibers than Trained (10.0% vs. 20.2% in
Trained and Obese, respectively; p < 0.01 Figure 3A). In T2DM, the
increased fraction of LDs in type II fibers translated in a strikingly
4.5-fold higher SS IMCL content than in Trained (p < 0.01,
Figure 3B). This in contrast to the Obese, in which the fraction of SS
LDs in type II fibers was high, whereas IMCL content in the SS
region was not elevated (Figure 3B). The high IMCL content in T2DM
in the SS region of type II fibers compared to Trained was accounted
for by a significantly higher number of LDs (0.042 vs 0.020,
p < 0.05, Figure 3C) as well as significantly larger LDs (0.47 vs
0.24, p < 0.01, Figure 3D) The high IMCL content in the IMF region
of type I fibers in Trained (Figure 3B) originates from a high number
of LDs (Figure 3C) similar in size compared to the other groups
(Figure 3D). To summarize, Trained store IMCL predominantly in the
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IMF region of type I fibers in many normally sized LDs. Conversely,
T2DM patients IMCL predominantly in the SS region of type II fibers
in more LDs of larger size.
In addition, we examined if IMCL content, LD number, and size in the
SS or IMF region correlated with whole-body insulin sensitivity
expressed by GIR. In type II fibers, IMCL content (r ¼ �0.527,
p < 0.01, Figure 3E), LD number (r ¼ �0.502, p < 0.01, Figure 3F)
and LD size (r ¼ �0.566, p < 0.01, Figure 3G) in the SS region
correlated negatively with insulin sensitivity. LD size in the SS region
also associated negatively with insulin sensitivity in type I fibers
(r ¼ �0.363, p < 0.05, data not shown). Furthermore, in type I fibers
in the IMF region a positive correlation with insulin sensitivity was
observed for both IMCL content (r¼ 0.397, p< 0.05, data not shown)
and LD number (r¼ 0.408, p< 0.05, data not shown), but not LD size
(r ¼ �0.023, p ¼ 0.091, data not shown).

3.4. Reduced LD size parallels improved insulin sensitivity upon
exercise training in T2DM patients
The pronounced differences in the pattern of IMCL storage between
Trained and T2DM triggered us to examine if a 12-week exercise
training program in T2DM patients would elicit changes in LD
morphology and localization resembling the phenotype observed in
Trained. Neither total IMCL content nor the number of LDs was
significantly affected by 12 weeks of training in T2DM (Figure 4A,B).
Upon training, however, LD size was reduced (p< 0.05) in type I and II
fibers (Figure 4C,E), a finding that reached statistical significance in
type I fibers (p < 0.05, Figure 4D). This change in LD size in type I
fibers originates from a training-associated shift towards a higher
fraction of smaller LDs (Figure 4F). Although the average size change in
type II fibers upon training failed to reach significance (p¼ 0.146), also
in type II fibers, the fraction of small LDs (�0.25 mm2) increased at the
expense of large (�1.00 mm2) LDs (Figure 4F). The training-associated
shift in LD size frequency distribution in both fiber types hence
matches our cross-sectional observation of Trained having more LDs
of smaller size than T2DM. The 12-week training program did not
affect subcellular LD localization; the overall drop in LD size was not
specific for either the SS or IMF region (Supplemental Figure 2).

3.5. Differential protein levels of LD coat proteins
To study the hypothesis that the differential protein coating of LDs may
(partly) underlie the cross-sectionally observed differences in the LD
storage pattern, we examined protein content of the LD coating pro-
teins PLIN2, PLIN3, PLIN5, ATGL and CGI-58 in Trained, Lean, Obese,
and T2DM. PLIN2 protein levels were higher in Obese and T2DM
compared to Trained (Figure 5A) while PLIN5 and ATGL protein content
was higher in Trained compared to all other groups (Figure 5B,D). No
differences between groups were observed for PLIN3 (Figure 5C) and
CGI-58 (Figure 5E). PLIN2 correlated negatively with insulin sensitivity
(r ¼ �0.583, p < 0.001, Supplemental Figure 3A), while ATGL
correlated positively with insulin sensitivity (r ¼ 0.610, p < 0.001,
Supplemental Figure 3D). No correlations were observed for PLIN3,
PLIN5, and CGI-58 with insulin sensitivity (PLIN3: r ¼ �0.245,
p ¼ 0.183, Supplementary Figure 3B; PLIN5: r ¼ 0.259, p ¼ 0.166,
Supplementary Figure 3C; CGI-58: r ¼ �0.077, p ¼ 0.682,
Supplementary Figure 3E).
Subsequently, we tested whether these LD coating proteins changed
upon training in T2DM. PLIN2 (p ¼ 0.874, Figure 5F), PLIN3
(p ¼ 0.142, Figure 5G), ATGL (p ¼ 0.978, Figure 5I) and CGI-58
protein content (p ¼ 0.877, Figure 5J) remained unaffected by
training, whereas PLIN5 tended to increase upon training (p ¼ 0.071,
Figure 5H).
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Figure 1: IMCL content and lipid droplet morphology differ between groups of the cross-sectional study. Quantification of IMCL content (lipid area fraction) (A), LD number
per fiber area (B), and LD size (D) of all fiber types, type I fibers and type II fibers of Trained (black), Lean (dark grey), Obese (light grey), and T2DM (black) determined with confocal
microscopy. Representative confocal images of type I fibers (C) and type II fibers (E) of Trained (right) and T2DM (left) in cross-sectional view with cellular membrane (blue) and LDs
(green). Frequency distribution of LD size in type I and type II fibers of Trained (black square), Lean (green triangle), Obese (blue diamond), and T2DM (red circle) (F). *p < 0.05 vs.
Trained; #p < 0.05 vs. type I fibers.
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Figure 2: LD size in type II and LD number in type I fibers correlates with insulin sensitivity. Correlations of GIR with LD number of type I fibers (A) and type II fibers (B) and
with LD size of type I fibers (C) and type II fibers (D).

Original Article
4. DISCUSSION

We aimed to examine characteristics of LDs in relation to the athlete’s
paradox. We show that T2DM patients and Trained, with similar total
IMCL content but significantly different in insulin sensitivity, exhibit a
vastly different lipid storage pattern. T2DM patients store more IMCL in
fewer but larger LDs, located predominantly in type II fibers in the SS
area, whereas Trained store IMCL in numerous normally sized LDs in
type I fibers, predominantly in the IMF region. Although a high number
of LDs in type I fibers has previously been reported in trained vs T2DM
[23], our study is the first to report this in the context of similar IMCL
levels. In the past, LD size has been linked to insulin sensitivity [7],
here we specified this negative association to originate from large LDs
in type II fibers.
To explore these fiber type specific differences and its relationship with
insulin sensitivity in more detail, we developed a confocal microscopy-
based approach to assess LD characteristics in the SS and IMF space
in a fiber type specific fashion. Thus, we observed that in T2DM pa-
tients, IMCL content was almost 4-fold higher in the SS region of type II
fibers compared to Trained. This difference originates from larger LDs
in the SS region of type II fibers and extends non-fiber-type specific
observations by electron microscopy [25]. In type II fibers, IMCL
content, LD size and number in the SS region correlated negatively
with insulin sensitivity, suggesting that specifically SS LDs may
somehow interfere with insulin sensitivity. This is in line with the
negative association of specifically SS LD diameter and insulin
sensitivity observed previously in healthy young men [26]. LDs in the
SS region are in direct vicinity of cellular membrane, a site where LDs
or bioactive LDs released from these droplets, can readily interfere
with insulin signaling. LDs in the IMF region are in close proximity of
mitochondria [8,27]. Spatially, this facilitates direct transfer of intrin-
sically cytotoxic fatty acids to mitochondria upon demand [28]. In that
respect, it is interesting to note that it has recently been reported that
bio-active insulin desensitizing lipids, i.e. DAGs and sphingolipids, in
T2DM originate from the subsarcolemma as opposed to cytosolic LDs
76 MOLECULAR METABOLISM 17 (2018) 71e81 � 2018 The Authors. Published by Elsevier GmbH. T
[29] and that differences in myocellular lipid synthesis and partitioning
between Trained and T2DM exist [30].
To extend our cross-sectional observation that high IMCL content in
insulin resistant T2DM originates from large LDs in the SS area of type
II muscle, whereas high IMCL content in highly insulin sensitivity
trained individuals originates from many small-sized LDs in the IMF
area of type I muscle fibers, we analyzed muscle biopsies from insulin
resistant individuals undergoing a 12-week exercise training program.
We observed that a 12-week combined endurance exercise-resistance
training program improved insulin sensitivity without a significant ef-
fect on total IMCL. This is somewhat surprising as in untrained lean
individuals, with low IMCL levels prior to training, IMCL mostly in-
creases upon training. However, in T2DM patients, training does not
necessarily augment IMCL content [31] and sometimes a reduction has
been reported [32,33]. In the present study, LD size decreased
significantly in type I fibers and near significantly in type II fibers upon
training. A specific decrease in SS IMCL content and SS LD size has
previously been observed upon endurance training [24e26,34].
Clearly, these exercise-mediated changes push the insulin resistant LD
phenotype into a phenotype mimicking the trained insulin sensitive
individuals. Thus, differences in LD size along with subcellular and
fiber type specific distribution of LDs can be at the basis of the athlete’s
paradox. Exactly how LDs interfere with insulin sensitivity mechanis-
tically, remains elusive. However, large LDs have a lower surface-to-
volume ratio than small LDs, rendering them less accessible for
lipolysis or recruitment of proteins activating or inhibiting lipolysis
[35,36]. This is of particular relevance in type II fibers in which the
lipolytic machinery is not abundant [37,38]. Hence, control of regulated
lipolysis may be less tight for large LDs, rendering large LDs prone to
incomplete lipolysis. Although literature on this is inconsistent,
incomplete LD lipolysis may result in release rather than sequestration
of bioactive (insulin desensitizing) lipid moieties.
Upon exploring content of proteins involved in LD dynamics, we
observed that PLIN2 was higher in T2DM than in trained and correlated
negatively with insulin sensitivity. This observation matches the notion
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: T2DM patients have increased lipid storage in the SS region. Fraction of LDs located in the SS region of all fiber types, type I fibers and type II fibers of Trained,
Lean, Obese, and T2DM (A). Quantification of IMCL content (lipid area fraction) (B), LD number per fiber area (C) and LD size (D) in the SS and IMF region of type I fibers and type II
fibers of Trained, Lean, Obese and T2DM. Correlations of GIR with SS IMCL content (lipid area fraction) (E), SS LD number (F) and SS LD size (G) in type II fibers. *p < 0.05 vs.
Trained; #p < 0.05 vs. SS.
that large LD with low lipolytic rates are coated with PLIN2 [11,39].
However, this cannot directly be reconciled with increasing PLIN2
levels upon training previously observed [18,40], although we could
MOLECULAR METABOLISM 17 (2018) 71e81 � 2018 The Authors. Published by Elsevier GmbH. This is an open ac
www.molecularmetabolism.com
not confirm these observations in this study. Conversely, ATGL and
PLIN5 protein levels were higher in Trained than in T2D with ATGL
correlating positively with insulin sensitivity and PLIN5 being induced
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 77
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Figure 4: Training reduced LD size in T2DM patients. Quantification of IMCL content (lipid area fraction) (A), LD number per fiber area (B) and LD size (D) in all fiber types, type I
fibers and type II fibers pre (black) and post (white speckled) training. Representative confocal images of type I fibers (C) and type II fibers (E) pre (left) and post (right) training in
cross-sectional view with cellular membrane (blue) and LDs (green). Frequency distribution of LD size in type I and type II fibers pre (solid line) and post (dashed line) training of
T2DM patients (F). *P < 0.05 vs. pre training, #p < 0.05 vs. type I fibers.
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Figure 5: PLIN2, PLIN5 and ATGL protein levels differ between Trained and T2DM. Protein levels of PLIN2, PLIN3, PLIN5, ATGL, and CGI-58 of Trained, Lean, Obese, and
T2DM (AeE) and pre and post training (FeJ) determined via western blotting with representative blot images. Dividing lines in blot images indicate grouping of images of different
parts of blots. *p < 0.05 vs. Trained.
upon exercise training. These results partly match with previous
literature, in which trained athletes reportedly had higher protein levels
of PLIN3, PLIN5, ATGL, and CGI-58 compared to lean untrained [16].
Furthermore, exercise training increased muscle perilipins and ATGL
protein content in obese subjects [17,41] and in young, healthy vol-
unteers [18]. We previously reported that unilateral overexpression of
PLIN5 in rat skeletal muscle prevented high-fat diet induced insulin
resistance in the transfected leg [42] and promoted LD-mitochondrial
tethering [42,43]. This underscores our previous notion of Trained
having significantly more PLIN5 coated LDs than in patients with type II
diabetes along with the observation that the number of PLIN5 coated
LDs significantly contributed to the variance in insulin sensitivity
(glucose infusion rate) [44]. For a more detailed understanding of these
changes in protein content and its putative effect on LD lipolysis,
subcellular distribution analysis is warranted.
Strengths of our study include the combination of both a cross-
sectional and intervention component and the comprehensive anal-
ysis of LD phenotype across the full spectrum of insulin sensitivity.
Furthermore, our study is the first to examine the contribution of LD
phenotype and localization to the athlete’s paradox in light of similar
IMCL levels. The obese and T2DM participants in the present study and
the individuals undergoing the training intervention were selected from
MOLECULAR METABOLISM 17 (2018) 71e81 � 2018 The Authors. Published by Elsevier GmbH. This is an open ac
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two previous studies [20,21]. The inclusion criteria of these studies
were similar, albeit not identical, and there were modest differences in
the training program with respect to the balance endurance and
resistance exercise. Subgroup analysis revealed that these modest
differences in inclusion and training did not affect the endpoints of the
present study. The difference in age between the Trained and T2DM
can be considered a limitation. Although this limitation is partly over-
come by adding two control groups (lean young to match the Trained
and Obese normoglycemic to match the T2DM), we cannot discrimi-
nate between the effects of obesity and age in this study. Furthermore,
we measured total levels of LD coating proteins in whole muscle ly-
sates. This does not directly relate to protein levels or distribution on
the surface of LDs, which would be interesting to address in future
studies.

5. CONCLUSION

In conclusion, revisiting the athletes’ paradox over a wide range of
insulin sensitivity, but in the face of similar muscle fat content, reveals
that this paradox can be explained from a physiological perspective
rather than being truly paradoxical. Insulin sensitive trained individuals
possess high levels of muscle fat that is predominantly dispersed in
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 79
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small lipid droplets in oxidative type I muscle fibers in the inter-
myofibrillar space, where fatty acids released form the LDs are
deemed to fuel oxidation. On the other hand, in the insulin resistant
type 2 diabetic state, most of the muscle fat is found in large lipid
droplets in the subsarcolemmal space of type II muscle fibers, a region
where interference with insulin signaling is likely from a spatial
perspective. With high protein levels of ATGL and PLIN5 and low levels
of PLIN2 in the trained state, the capacity to promote LD turnover in
Trained is most likely high. These cross-sectional observations are
strengthened by the observation that upon exercise training insulin
sensitivity improved in patients with type 2 diabetes without affecting
total muscle fat content while the LD phenotype and the content of
proteins involved in LD turnover in patients with type 2 diabetes partly
shifted towards the phenotype observed in trained individuals.
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