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Skeletal muscle physiology remains of paramount importance in understanding insulin resistance. Due to its high
lipid turnover rates, regulation of intramyocellular lipid droplets (LDs) is a key factor. Perilipin 5 (PLIN5) is one
of the most critical agents in such regulation, being often referred as a protector against lipotoxicity and
consequent skeletal muscle insulin resistance. We examined area fraction, size, subcellular localization and
PLINS association of LDs in two fiber types of type 2 diabetic (T2D), obese (OB) and healthy (HC) individuals by
means of fluorescence microscopy and image analysis. We found that T2D type II fibers have a significant sub-

population of large and internalized LDs, uncoated by PLINS5. Based on this novel result, additional hypotheses
for the pathophysiology of skeletal muscle insulin resistance are formulated, together with future research

directions.

1. Introduction

Skeletal muscle is a specialized tissue with particular importance in
mammalian physiology, from energy turnover to a wide range of
signaling pathways and consequent metabolic and health implications,
such as insulin resistance (Coen et al., 2009; Goodpaster and Wolf, 2004;
LeLay and Dugail, 2009; Machann et al., 2004). In the past two decades,
the understanding of such roles has been strengthened by the uprising
study of lipid droplets (LDs) as a key role player in cell signaling,
including its relationship to insulin resistance. Initially it was thought
this relationship was linear, where increased intramyocellular lipid
content (IMCL) translated directly into elevated insulin resistance. Later,
however, the so called atlhete’s paradox demonstrated that extremely
insulin sensitive individuals, such as endurance athletes, had even
higher IMCL than type 2 diabetic patients (Goodpaster et al., 2001; Van
Loon et al., 2004; van Loon and Goodpaster, 2006; Moro et al., 2008).
Such data shifted research from quantitative towards more qualitative
facets of IMCL regulation, namely lipotoxicity, i.e., the hypothesis that
byproducts from inefficient IMCL lipolysis could trigger insulin

resistance signaling (Russell, 2004).

One of the hot topics became the Perilipin (PLIN) family, a group of
proteins directly involved in LDs turnover by often coating these or-
ganelles and regulating the access of enzymes and related co-activators
(Bickel et al., 2009; MacPherson and Peters, 2015; Minnaard et al.,
2009). One of the PLIN members, PLIN5, is known to express signifi-
cantly in highly oxidative tissues, as skeletal muscle (Wolins et al.,
2006). Given PLIN5's significant participation in IMCL physiology, it has
become one of the central agents in the study of skeletal muscle insulin
resistance, namely by its function in protecting against lipotoxicity
(Mason and Watt, 2015; Gemmink et al., 2016). Moreover, together with
fiber typing, subcellular localization of IMCL has also been studied in
relation to insulin resistance and muscle oxidative capacity (Nielsen
et al., 2010; Shaw et al., 2008, 2009, 2020; Koh et al., 2018).

Nevertheless, we believe that LDs sub-populations have yet to be
fully identified, namely concerning the relationship between their size,
subcellular localization and PLIN5 association. We hence hypothesized
that the relationship between intramyocellular LDs and PLIN5 in
different fiber types would reveal hidden profile differences between

Abbreviations: LDs, lipid droplets; all-LDs, all lipid droplets; col-LDs, colocalized lipid droplets; unc-LDs, uncoated lipid droplets; HC, healthy controls; OB, obese;

T2D, type II diabetic; IMCL, intramyocellular lipids; PLIN5, perilipin 5.
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healthy and insulin resistant individuals. Thus, we analyzed microscope
images of human skeletal muscle of type 2 diabetic (T2D), obese (OB)
and healthy control (HC) human subjects. We explored two different
fiber types for area fraction, size and subcellular localization of LDs,
PLINS and their colocalization. Subtle key differences in skeletal muscle
lipid profile were found between the studied groups and novel obser-
vations were made concerning IMCL and its relationship with PLIN5 in
different fiber types.

2. Methods
2.1. Subjects

Twenty-five physically inactive male individuals were divided into
three groups according to their health status and weight. Seven healthy,
non-diabetic subjects (BMI < 30 kg.m 2 or body fat percentage 10-20%)
were included in the HC. The obese group consisted of 8 non-diabetic
obese subjects (BMI > 30 kg.m~2). The type II diabetic group con-
sisted of 10 subjects clinically diagnosed with type 2 diabetes (Table 1).
Most individuals in T2D were medicated against insulin resistance and/
or high blood pressure. Written informed consent and health question-
naires were obtained from all volunteers before starting any measure-
ments. The study plan was approved by the ethical committee of the
University of Jyvaskyla.

Blood samples were collected from the brachial artery after over-
night fasting. All blood variables were measured in plasma by standard
enzymatic methods using Roche Diagnostic’s reagents with an auto-
mated analyzer (Roche Modular P800, Roche Diagnostics GmbH,
Germany).

Maximal oxygen consumption (VO max) was measured in a graded
bicycle test. Respiratory gases were measured by open-circuit spirom-
etry (Oxycon Pro Jager, Germany). The test was carried until subjects
wanted to stop, or when heart rate, blood pressure or oxygen con-
sumption started decreasing. The maximal oxygen consumption was
considered as the highest 30 s average of oxygen consumption in relative
value (mL.min’l.kg’l).

Prior to collecting the muscle biopsy, subjects refrained from phys-
ical exercise for 48 h. Before taking the biopsy the skin area was shaved
and cooled with ice for ten minutes before local the anesthetic was
injected (Lidocain 20 mg.mL~" c. adrenalin). The biopsy was performed
with a Bergstrom needle from the vastus lateralis muscle approximately
15 cm above the patella tendon and 2 cm away from the fascia. The
samples were covered with Tissue-Tek and frozen immediately in iso-
pentane cooled with liquid nitrogen, then finally stored at — 80°C until
further analyses.

2.2. Histology and imaging

Five micrometer cross sections were cut in a cryostat at — 25°C (Leica
CM 3000, Germany). Sections were collected in 13 mm round coverslips
and immediately fixed in 4% paraformaldehyde for 15 min at room
temperature (RT).

Table 1

Group characteristics. Mean + SEM. ** P < 0.01 using a Kruskal-Wallis H test.
Pairwise post hoc significance (P < 0.05) is denoted with letters a to ¢, from
highest to lowest value.

Controls (HC) Diabetic (T2D) Obese (OB)
n 7 10 8
Age (years) 56.4 + 2.8 52.7 + 2.2 51.9 + 3.2
Body weight (kg)** 78.4 + 2.4° 112.0 + 7.1% 99.6 + 5.4°
BMI (kg.m~2)** 25.8 + 0.4° 34.0 + 1.6° 32.3 + 1.0°
Fat percentage (%)** 19.9 +1.1° 29.2 +1.4° 30.7 + 1.8
Tryglycerides (mmol.L~1)** 1.4 +0.2° 2.8 +0.7% 1.8 +0.4°
Blood glucose (mmol.L~1)** 5.1 +0.2° 8.0 +1.3° 5.1 + 0.6"
VO, max (mL.min~'.kg~1)** 30.7 + 1.5" 23.0 + 1.8 28.6 + 2.1°
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After washing for 3x5 minutes with phosphate buffer saline (PBS),
the sections were blocked with 3% bovine serum albumin (BSA) for 30
min and then washed briefly with PBS. Primary antibodies were diluted
in 1% BSA and incubated for 1 h in at RT, using GP31 (Progen, Germany)
against PLIN5 diluted 1-200 and M4276 (Sigma, USA) against fast
myosin heavy chain diluted 1-50.

Next, the samples were washed for 3x15 min with PBS, before
incubating with the secondary antibodies in 1% BSA for 1 h in dark RT,
using anti guinea pig IgG AlexaFluor 594 (JacksonImmunoResearch,
USA) diluted 1-50 together with anti mouse IgG AlexaFluor AMCA
(JacksonlmmunoResearch, USA) diluted 1-50. A 3x10 min PBS
washing followed. Up to this point, all steps were performed with 0.05%
saponin. Lipid droplets were then stained with LipidTOX™ Green (FITS,
Molecular Probes), using a 1-100 dilution in PBS for 30 min in dark RT.
Excess dye was removed with 2x10 seconds brief PBS wash right before
mounting.

Slides were mounted using Mowiol with 2.5% DABCO (Sigma-
Aldrich) and left to dry for at least 1 h in the dark at 4°C.

Raw data collection was achieved with a BX50 BXFLA (Olympus,
Japan), coupled to ColorViewlll camera (Soft Imaging Systems),
through a 40x/0.75NA objective. Fluorophores were excited with a
mercury lamp, through U-MWU, U-MWB and MWG excitation cubes.
Controlled with the software AnalySIS 5.0 (Soft Imaging Systems),
fluorescent signal was gray-scale recorded for each channel. Fig. la-c
represents raw data prior to any image processing.

2.3. Image processing and variable assessment

Fluorescent 0.5 pym microspheres (TetraSpeck, Molecular Probes)
were used for particle size calibration and exclusion of diffracted signal
asillustrated in Fig. 1D-I. Prior to analyses, all images were denoised and
deconvoluted in ImageJ (Schneider et al., 2012) using a theoretical point
spread function separately for each channel.

From each cross section, all intact and artifact-free skeletal muscle
fibers were selected, and then carefully segmented (HC = 88 + 20; T2D
=32 + 7 and OB = 41 4 9. Mean = SE). Cells were classified into either
type I or type II fibers, according to the detected and thresholded signal
of fast myosin per cell area (cutoff value = 500). For each cell, every
binarized particle (Fig. 1F) was measured in ImageJ. Size and subcellular
localization of each of these particles was assessed in different fiber
types. These variables were measured from the total number of detected
LDs (all-LDs), PLIN5, the LDs associating with PLIN5 (col-LDs), and for
the LDs uncoated with PLIN5 (unc-LDs). The association between PLIN5
and LDs was determined by colocalization (Costes et al., 2004) and
performed as previously (Nissinen et al., 2021).

2.4. Data analysis

Unless stated otherwise, significance between the three groups
(marked with *) and fiber types (marked with #) was assessed with two-
way analysis of variance (ANOVA2). For post hoc analysis to compare
fiber type differences between each group or any variable between two
given groups, Mann-Whitney U test was performed. Normality was
assessed with Shapiro-Wilk test and histogram inspection. Boxes in the
boxplot figures depict interquartile ranges and medians, while whis-
quers represent the 95% confidence interval. Correlation analyses were
carried with Spearman’s p. Statistical significance levels were set at
P < 0.05and P < 0.01. Data crunching, statistics and visualization were
performed in Python, with the packages NumPy (Harris et al., 2020),
pandas (Anon, 2020), SciPy (Virtanen et al., 2020), statsmodels (Seabold
and Perktold, 2010), seaborn (Waskom, 2020) and matplotlib (Hunter,
2007), respectively. All ImageJ and Python routines can be found at
https://github.com/seiryoku-zenyo/Diabetic-study.
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Fig. 1. Microscope data calibration. A): LipidTOX. B): PLIN5. C): Fast myosin. D): Raw imaged 0.5 ym microspheres. E): Denoising of D. F): Binarization (“Otsu”
threshold) of G. G) Deconvolution (Richardson-Lucy) of E. H): Cropping of upper left microsphere, binarized data (F) overlayed on raw data (D). I): Cropping of
deconvoluted upper left microsphere (G). White bar in C = 40 um, red bar in F = 2 ym, blue bar in H = 0.5 ym.
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3. Results
3.1. Area fraction

Despite the visible tendency of increased IMCL in T2D and OB, no
significant differences between groups were detected in all-LDs fraction.
Nonetheless, amongst groups and as expected, type I fibers showed
significantly higher all-LDs fraction when compared to type II fibers
(P = 0.05). Such fiber type differences were mainly driven by differ-
ences within the HC and T2D groups (P = 0.02 and P = 0.032, respec-
tively), as seen in Fig. 2a.

Interestingly, however, concerning unc-LDs area fraction, HC
retained fiber type differences (P = 0.048), while T2D lost these dif-
ferences (P = 0.24). Consequently, type II fibers of T2D showed signif-
icantly higher unc-LD area fraction than the same fiber type in HC
(P = 0.044) as seen in Fig. 2c.

More clearly than in all-LDs, we found significant differences in
PLIN5 area fraction between fiber types amongst groups (P = 1.01e™?)
and within every group (P =0.001 for HC, P=1e™* for T2D and
P = 0.041 for OB), as seen in Fig. 2d. The increased PLINS5 area fraction
in type I fibers was especially evident in T2D, where post hoc revealed
significantly higher values versus the same fiber type in HC (P = 0.029).
It is interesting to note that the same increased PLIN5 area fraction in
Type I fibers of T2D versus HC, was not observed between type II fibers
of both groups (P = 0.20).

In addition to higher PLINS5 area fraction in type I fibers, T2D also
showed significantly higher fraction of col-LDs than HC in both fiber
types (P = 0.014 for type I fibers and P = 0.036 for type II fibers) as seen
in Fig. 2b.

3.2. LD diameter

In terms of LD size, we found significant differences in the diameter
of all-LDs between groups (P = 0.008), especially in type II fibers
(P = 0.021). As summarized by Fig. 3a, these differences were mainly
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driven by larger all-LDs in T2D versus HC (P = 0.029 for type I fibers and
P =0.001 for type II fibers).

Although ANOVA2 showed no fiber type differences amongst all
groups, we did find that T2D alone had significantly larger all-LDs in
type II fibers in comparison to type I fibers (P = 0.027). Interestingly,
these differences in LD size seem to originate from unc-LDs (P = 0.027)
and not from col-LDs, where differences between fiber types disappear
(P = 0.76), as presented in Fig. 3b-c.

As expected, col-LDs were significantly larger than unc-LDs in both
fiber types of all groups (P < 0.01).

3.3. Subcellular localization

The HC group showed a tendency for all-LDs being closer to the
sarcolemma as seen in Fig. 4a, albeit no differences with ANOVA2 be-
tween groups (P = 0.12) or fiber types (P = 0.3). Unlike the other
groups however, HC showed closer all-LDs to sarcolemma in type II fi-
bers when compared to type I (P = 0.027). Interestingly, HC type II fi-
bers revealed significantly closer all-LDs to the sarcolemma versus the
same fiber type in T2D (P = 0.018). Again, the internalized nature of all-
LDs seem to originate from unc-LDs (Fig. 4c).

It is worth noting that ANOVA2 did show PLINS5 to be significantly
closer to the sarcolemma in type II fibers (P = 0.032), albeit not
detecting significant differences between groups (P = 0.07), as high-
lighted in Fig. 4d.

3.4. Diameter versus localization

Given the increased fraction and size of unc-LDs, together with its
deeper subcellular localization in type II fibers of T2D, we decided to
further investigate such relationship.

By plotting a bivariate kernel density estimation between the
diameter and subcellular location of LDs, we observed that T2D has a
substantial sub-population of enlarged unc-LDs in inner regions of type
II fibers only (Fig. 5b).
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Fig. 2. Area fraction for a) all-LDs; b) col-LDs; ¢) unc-LDs and d) PLINS. Fiber type differences by ANOVA2 denoted with #(P < 0.05) and ##(P < 0.01). Post hoc
statistical significance is denoted with horizontal bars (P < 0.05) or double horizontal bars (P < 0.01).
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In all groups and fiber types, the largest LDs could be found associ-
ating with PLIN5 and close to the sarcolemma. This was more evident in
type II fibers, where we found a relatively low density (light tones) of

col-LDs in inner regions of the cells (Fig. 5a).
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Fig. 5. Bivariate kernel density estimation between diameter and distance to sarcolemma of a) col-LDs and b) unc-LDs. From each fiber type and particle type, 500
LDs per subject were randomly selected into a pool representing each group, then from each pool, 3000 LDs were randomly selected to generate the present figure.

3.5. Correlations

We observed a mild positive correlation between the diameter of
unc-LDs and blood glucose levels in T2D only, albeit without reaching
significance and with no fiber type differences (p = 0.56, P = 0.093 for
type I fibers and p = 0.51, P = 0.13 for type II fibers) as seen in Sup-
plement A.1.

Furthermore, we found strong negative correlations between fat
percentage and PLINS area fraction in HC only (Fig. 6 b), especially in
type I fibers (P= 0.002), where PLIN5 abounds.

Interestingly, when testing against VO, max, we found a strong and
significant correlation (p = 0.76, P = 0.01) for unc-LDs in type II fibers
of T2D only (Fig. 7b).

4. Discussion
4.1. Overview

In this study we examined IMCL, namely area fraction, subcellular
localization and size of LDs in different fiber types of obese, type II
diabetic and healthy individuals. Additionally, we looked at the asso-
ciation of each of these LDs with PLIN5 across the groups. Amongst the
three distinct profiles, T2D and HC were, as expected, the more con-
trasting ones.

Our main findings were that T2D have increased IMCL uncoated with
PLINS5 in type II fibers, mainly in the form of larger LDs in inner regions
of the cells. Unlike HC, T2D does not show a decreased area fraction of
unc-LDs in type II fibers in comparison to type I fibers (Fig. 2¢). This

seems to originate from significantly larger unc-LDs, which indeed, were
larger in type II than in type I fibers of T2D (Fig. 3c). In normal physi-
ological conditions, type II fibers are expected to have a lower amount of
IMCL, as they are known to have a lower oxidative capacity when
compared to type I fibers (Malenfant et al., 2001). Possible physiological
impacts of this phenomenon remain to be shown.

Equally expected Shaw et al. (2020), is the significantly increased
PLINS area fraction in type I versus type II fibers, which we observed in
every group. In fact, this partially explains the increased col-LDs area
fraction in type I fibers of all groups (Fig. 2b and d). It is known that
PLINS is a responder to increased IMCL in oxidative tissues like skeletal
muscle type I fibers. It seems to have a role in protecting muscle against
lipotoxicity, by translocating towards IMCL and thus regulating the ac-
cess of lipases and co-activators, consequently decreasing, if necessary,
the rate of triacylglycerol hydrolysis (MacPherson and Peters, 2015).
This mechanism has been suggested as a putative role PLIN5 has in
attenuating lipid induced insulin resistance in skeletal muscle (Gem-
mink et al., 2016). Additionally, PLIN5 deletion has been shown to lead
to insulin resistance (Mason et al., 2014b, 2014a). Curiously enough, we
have observed a mild positive correlation between PLIN5 area fraction
and fat percentage in T2D and OB, while HC showed a clearer but
negative correlation (p = —0.94, P =0.002 for type I fibers and
p = 0.78, P = 0.041 for type II fibers) as seen in Fig. 6b and Fig. 7.

We were therefore startled, that despite PLINS's increased area
fraction in type I fibers of T2D, it did not seem equally or sufficiently
present in type II fibers of the same group in order to coat the increased
IMCL in that same fiber type. This is represented in Fig. 8, where the
most impacting contrast between HC and T2D appears to be in type II
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Fig. 6. Linear association with systemic lipids. Between a) Triglycerides and all-LDs distance to sarcolemma; b) PLIN5 area fraction and Fat percentage. Shaded areas
show bootstrapped 95% confidence intervals for the fitted regressions. Bold signifies |p| > 0.5; * P < 0.05; ** P < 0.01.

fibers, precisely by showing increased amounts of IMCL relatively
devoid of PLINS5. Given that PLIN5 area fraction and distance to sarco-
lemma are not different in T2D type II fibers in comparison to HC, it
seems likely that the internalized unc-LDs originate from excess IMCL in
general rather than from a diminished presence of PLINS.

4.2. LD size

We observed that not only all-LDs are larger in T2D than in HC, but
also that the largest droplets in both fiber types are coated with PLIN5
(Fig. 3b and Fig. 5a). In accordance, while this manuscript was being
prepared, another group has observed that the largest LDs were more
extensively coated with PLIN5 in T2D versus athletes (Gemmink et al.,
2021). Like in our study, others have observed larger LDs in type II
versus type I fibers within T2D, as well as in T2D versus healthy in-
dividuals (Koh et al., 2018; Daemen et al., 2018). However, as far as we
know, this is the first study demonstrating that a notable portion of these
larger droplets in type II fibers is not coated with PLIN5 in T2D, which is
clearly contrasting with HC and therefore, likely not physiological
(Fig. 3c).

It is important to reinforce the notion that large col-LDs are meta-
bolically active IMCL, which by being close to the cell membrane, are
close to higher densities of mitochondria, enzymes and chaperones, and
consequently, more actively hydrolyzing tryacylglycerol into fatty acids

or, depending on cell needs, esterifying incoming fatty acids into tri-
acylglycerol. It is therefore, not too surprising that col-LDs tend to be
larger. This begs the question, what is the role or impact of enlarged unc-
LDs?

4.3. Localization of large unc-LDs in type II fibers

We measured the distance of each lipid droplet towards the sarco-
lemma and found that HC, in average, have more peripheral IMCL in
type II than in type I fibers (Fig. 4a). This is somewhat expectable, as
type II fibers are less equipped to internalize and process fatty acids
(Bonen et al., 1998). Additionally, we observed that not only T2D did
not reveal the same fiber type differences as HC, but actually showed
type II fibers with more internalized IMCL than the same fiber type in HC
(Fig. 4). Previous research as shown that increased IMCL in T2D and OB
individuals is at least partially explained by an increased ability to
transport and internalize fatty acids (Bonen et al., 2004).

Subcellular localization of IMCL has been studied in similar pop-
ulations before, and while some studies might have shown concurring
results to ours (Van Loon et al., 2004), the relationship between the
localization of different sub-populations of LDs and insulin resistance
seems far from fully understood. For instance, by means of electron
microscopy, type 2 diabetic individuals were shown to possess higher
relative amounts of subsarcolemmal IMCL, which in turn, correlated to
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Fig. 7. Linear association with VO, max. Between VO, max and area fraction of a) col-LDs and b) unc-LDs. Shaded areas show bootstrapped 95% confidence intervals

for the fitted regressions. Bold signifies |p| > 0.5; * P < 0.05.

insulin resistance (Nielsen et al., 2010). Such results are not necessarily
conflicting, as the aforementioned study compared type 2 diabetic with
BMI matched obese individuals and endurance athletes. Furthermore,
both methods have well known contrasting advantages and disadvan-
tages regarding image resolution and total area sampled, and therefore
might not be measuring the same precise physical phenomena. In this
study we refrained from using terms like “subsarcolemmal" and “intra-
myofibrillar', as admittedly, we cannot resolve such regions with con-
fidence. Instead, we measured every detectable LD from hundreds of
cells, classified them according to their association with PLIN5 and
plotted their distribution.

Despite all-LDs being closer to the membrane in HC type II fibers,
subcellular localization of both col-LDs and PLIN5 pools did not differ
between HC and T2D (Fig. 4d). However, just like all-LDs, unc-LDs were
significantly more internalized in T2D type II fibers versus the same fiber
type of HC (Fig. 4c). This led us to suspect that more and larger LDs were
left uncoated of PLIN5 in inner regions of T2D type II fibers. We there-
fore decided to specifically investigate the size of these more internal-
ized unc-LDs, and as suspected, T2D had an important portion of
enlarged unc-LDs in inner regions of type II fibers (Fig. 5).

4.4. Conclusions

These results point to a novel characteristic in insulin resistant

skeletal muscle physiology, i.e., type II fibers are abnormally flooded
with large LDs unattended by PLIN5. The importance of this discovery is
yet to be completely assessed, it could become paramount and should
pave for future research exploring the link between this phenomenon
and insulin resistance.

Together with the fact that type II fibers have poorer machinery to
process and hydrolyze triacyglycerol, it becomes tempting to hypothe-
size that, such increased amounts of IMCL uncoated with PLIN5 in type
1I fibers could be mechanistically associated with skeletal muscle insulin
resistance.

Moreover, we observed that larger unc-LDs correlate positively with
blood glucose levels in T2D only, although weakly and with no apparent
fiber type differences (Supplement A.1). As often associated to insulin
resistance (Leite et al., 2009; Morinder et al., 2009), we further observed
VO, max strongly correlate with unc-LDs area fraction in type II fibers of
T2D (Fig. 7b).

Whether these forsaken large droplets are downstream or upstream
the insulin resistance pathway, is something that cannot be answered
with this study. While the failure of PLIN5 in coating LDs may lead to
insulin resistance, such mechanism seems to require some degree tri-
acyglycerol hydrolysis by lipases such as ATGL or HSL and presence of
mitochondria (Watt, 2009; Bruce et al., 2007; Machann et al., 2004;
MacPherson and Peters, 2015), most of which tend to be closer to the
sarcolemma (Mason et al., 2014a, 2014b).
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Fig. 8. Representative image of IMCL and PLINS in different fiber types. Note greener type II fibers in T2D, depicting increased IMCL (green) unattended by PLIN5
(red). Small boxes correspond to the area pointed by magenta arrows. Large bar = 10 ym; small bar = 2 ym.

In the future it would be interesting to repeat similar setups using
additional markers, like the lipases mentioned above and the CGI-58 co-
activator, which hydrolyzing activity has been shown to be inhibited
upon PLIN5's presence (Granneman et al., 2009, 2011; Wang et al.,
2011). It will be important to evaluate any possible interaction between
such hydrolyzing agents and the sub-population of large and internal-
ized unc-LDs identified in this study.

4.5. Limitations, strengths and implications

Care should be taken when interpreting light microscopy data from
muscle sections. Even if the imaging equipment plus processing tech-
niques are optimal and the known resolution limit is reached, many if
not most LDs will remain undetected. Better resolution could be ach-
ieved with electron microscopy, but there would be a significant trade-
off in sampling area. Another inherent limitation of such methods con-
cerns the representability offered by a thin section, from a small biopsy
of a given specific muscle, from a small number of subjects, at a given
time. We believe some of our results could reveal clearer and more
significant with a larger number of statistical cases. To add to the latter,
we acknowledge the fact that all but one T2D subjects were medicated,
which could have an impact on intramyocellular PLIN5 (Minnaard et al.,
2009). Moreover, like often in literature, we made a dual classification
of fiber types, which is likely too simplistic to represent the real and
large spectrum of fibers present in skeletal muscle. A final note on the
limitations of this study should be given to the fact that for sake of
comparability, only male subjects were studied, although there are
known differences between genders regarding this topic.

Nevertheless, thorough image processing techniques grant us confi-
dence in data validity, while robust data analysis methods allowed us to
measure and visualize the relationships between size, localization and
association of LDs with PLIN5 between groups. Thus, we are able to
report a clear and novel pattern, emerging from the increased unc-LDs in
inner regions of type II fibers of T2D.

Our observations provide clues for future directions concerning the

study of lipid droplets and PLINS5 in skeletal muscle insulin resistance.
We believe it is important to continue investigating the physiology of
different lipid droplet sub-populations, specifically, enlarged unc-LDs in
inner regions of type II fibers.
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