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Perilipin 5 mediated lipid droplet remodelling
revealed by coherent Raman imaging

N. Billecke?, M. Bosma®®, W. Rock?®, F. Fleissner?, G. Best?, P.
Schrauwen®, S. Kersten?, M. Bonn?, M.K.C. Hesselink®, and S.H. Parekh?

Accumulation of fat in muscle tissue as intramyocellular lipids (IMCLs) is closely related to the
development of insulin resistance and subsequent type 2 diabetes. Most IMCLs organize into
lipid droplets (LDs), the fates of which are regulated by lipid droplet coat proteins. Perilipin 5
(PLIN5) is an LD coating protein, which is strongly linked to lipid storage in muscle tissue. Here
we employ a tandem in vitro / ex vivo approach and use chemical imaging by label-free,
hyperspectral coherent Raman microscopy to quantify compositional changes in individual LDs
upon PLIN5 overexpression. Our results directly show that PLIN5 overexpression in muscle,
alters individual LD composition and physiology, resulting in larger LDs with higher esterified acyl
chain concentration, increased methylene content, and more saturated lipid species. These
results suggest that lipotoxic protection afforded by natural PLIN5 upregulation in muscle

involves molecular changes in lipid composition within LDs.

Introduction

Obesity, defined as excessive accumulation of body fat in the
body, poses a major health threat in western countries and is
linked to
atherosclerosis and type 2 diabetes. While body fat is typically

strongly pathologies such as hypertension,
stored in white adipose tissue, in obesity fat deposition also
occurs ectopically in non-adipose tissues. In these tissues, fat
can be stored as neutral lipids in lipid droplets (LDs), which
possess multiple functions'. In skeletal muscle, the major organ
for post-prandial glucose disposal, myocellular LDs are key
organelles in lipid metabolism and energy homeostasis.
Sequestering and release of fatty acids from LDs is a tightly
regulated process involving lipases, and their (co)activators and
inhibitors, as well as LD-specific coat proteins of the so-called
perilipin family?. Of these proteins, perilipin 5 (PLIN5) stands
out, as PLINS is predominantly expressed in oxidative tissues
like skeletal and cardiac muscle, liver and brown adipose
tissue™*, all tissues with a pivotal role in the maintenance of
glucose homeostasis. Excess accumulation of intramyocellular
IMCLs) in LDs

negatively with insulin-mediated glucose uptake except in

lipids (known as generally associates
endurance-trained athletes. IMCL content in these athletes is
very high whilst paradoxically being extremely insulin

sensitive’. Interestingly, the LD coat protein PLIN5 is more

This journal is © The Royal Society of Chemistry 2013

abundant in muscles of trained athletes compared to BMI-
matched normal and obese subjects®. Moreover, we and others
recently showed that overexpression of PLINS strongly
enhances fat storage in skeletal muscle’, heart®® and CHO
cells'®. While insulin sensitivity was maintained and oxidative
gene expression was promoted. These observations indicate that
of the LD specific coat proteins, PLINS5 in skeletal muscle may
play an important role in modulating myocellular insulin
sensitivity, a process key in the maintenance of glucose
homeostasis.

Decreased insulin sensitivity as a result of elevated IMCLs is
believed to arise from elevated specific lipid subtypes, like
diacylglycerols (DAGs) and ceramides''. An important
question is therefore whether subjects with PLINS abundance —
for whom lipotoxic insulin resistance is suppressed — exhibit
modified IMCL composition within LDs. Indeed, fluorescence
assays in cultured cells have indicated that even within a single
cell, differential PLIN protein decoration on the LD surface
affects the cholesterol or triacylglycerol species present in
LDs'% So far, nearly all studies examining the effect of PLIN
protein levels on molecular lipid composition such as
unsaturation or esterification have used cells or tissue lysates.
From these lysates lipids are extracted and specific lipid species
are typically examined using chromatographic techniques
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coupled to mass spectrometry or colorimetric digestion
assays'>'. While indisputably valuable, this approach does not
readily permit examination of the lipid species composition in
LDs with differential perilipin coating. To mechanistically
understand how PLINS abundance in muscle affects insulin
sensitivity via lipid storage, it is necessary to evaluate lipid
composition at the individual LD level in muscle where it is

possible to segregate LDs based on the PLINS protein content.

In situ label-free determination of LD composition is possible
with
hyperspectral Raman microscopy, which derives contrast based

chemically specific microscopy techniques such as
on the concentration chemical bonds in the sample, at
diffraction-limited spatial resolution. More rapid and similarly
quantitative chemical imaging can be achieved by hyperspectral
coherent anti-Stokes Raman scattering (CARS) microscopy'>'®.
Like Raman imaging, CARS microscopy exploits the intrinsic
molecular vibrations of sample chemistry. However the
nonlinear interaction of a pump, Stokes, and probe photon
within the focal volume drastically reduces problems of
autofluorescence, provides axial optical sectioning, and can
boost the signal level substantially'’. Indeed, hyperspectral
CARS (as well as other coherent Raman microscopies) has
been successfully used to track LDs non-invasively in living

19 20

cells'® and excised tissues as well as elucidate the local

lipid chemical composition®'*2. CARS has recently been shown

to quantitatively agree GC-MS results for lipid profiling?**,

Here we use hyperspectral CARS microscopy with in vitro
myotubes and ex vivo myofibers expressing endogenous and
elevated levels of PLINS to investigate whether PLINS
overexpression modulates composition of individual LDs
harboring IMCL in skeletal muscle. We directly measure
LD
quantification of different chemical species at sub-micron

changes in individual myocellular chemistry by
resolution. Our results from two independent and distinct
experimental systems show that with PLINS overexpression,
LDs exhibit more than 200% higher methylene concentration,
contain at least 220% more esterified acyl chains or sterols, and
preferentially store saturated moieties compared with LDs from
muscle having endogenous PLINS5 levels. The consistency
between our in vitro and in vivo approach demonstrate that
modulating PLINS, an LD coat protein, results in substantial
remodeling of the constituents within myocellular LDs. This
suggests that molecular changes in LD composition as a result
of altered PLINS levels in muscle may alter physiological
consequences, e.g. insulin signalling, associated with excessive

lipid storage in myocellular LDs.

Materials and Methods

PLINS overexpression in differentiated C2C12 myotubes

Passage 1 to 3 C2C12 cells were grown in low glucose DMEM
supplemented with 10% FCS (both Gibco) to 80% confluence
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on cover slips coated with 1pg/mL collagen (Roche) before
differentiation. Formation of myotubes was achieved by
exchanging FCS for 2% horse serum. After 5 days, C2C12
myotubes were transfected with a PLINS5-GFP expression
vector (RG224783, OriGene) using Lipofectamine® LTX
Plus™ (Life
instructions. After 48h, transfection agents were removed, and
the differentiated myotubes were treated with 20uM fatty acid
mixture (palmitic acid:oleic acid, 1:3) complexed to 8 pM BSA

Technologies) according to manufacturer

(all from Sigma Aldrich) for 24h. Lipofection and subsequent
lipoid loading led to transfection efficiencies of 10 — 30% as
estimated by fluorescence microscopy. Results from three
separate C2C12 myotube transfections were pooled for the data
presented here.

Local PLINS overexpression in rodent tibialis muscle

Unilateral gene electroporation of PLINS has been described
previously?. Briefly, 8-week-old male Wistar rats were fed a
high fat diet (45% energy from fat - soybean oil and lard,
D01060502, Diets)
overexpression of PLINS5 in either the right or left tibialis

Research for 2-weeks  before
anterior (TA) muscle. The contralateral TA served as a sham-
electroporated internal control. Rats were sacrificed 8 days post
electroporation. TA muscles were excised and rapidly frozen in
melting isopentane. The Animal Care and Use Committee of
Maastricht University approved the experiments (approval
number 2010-036) and the study complied with the principles
of laboratory animal care. Results from four animals were

pooled for the data presented here.

Lipid staining and immunofluorescence

Following C2C12 differentiation, transfection, and FA
incubation, myotubes were fixed in 4% paraformaldehyde
(PFA) in PBS for 30 minutes and rinsed three rinses with PBS
before mounting coverslips to standard glass slides using
double sided tape, which created a thin channel. The channels
were then filled with PBS and sealed with nail polish to avoid
drying. Successfully transfected cells were identified by the
green fluorescence of the PLINS-GFP fusion construct and
locations were physically marked for subsequent analysis by

hyperspectral CARS microscopy.

Frozen TA muscles were cut transversally on a cryostat at -
20°C into serial sections (5 pum), some of which were used for
fluorescence imaging and others that were used for CARS
microscopy. After sectioning, the samples were mounted on
uncoated glass slides and stored at -20°C until imaging. The
process used for location PLINS5-overexpressing fibers and
subsequent CARS imaging has been described previously'.
Briefly, processed
immunofluorescence by fixing in 4% PFA prior to incubation
for 1 hour with anti-PLINS5 (#GP31; Progen Biotechnik) diluted
(1:40) in antibody dilution buffer (AbDil, 150 mM NacCl,
20mM Tris, 0.1 % NaN3, 2% BSA at pH 7.4). After three
washing steps with PBS, sections were stained with 1pg/mL
Bodipy 493/503 (Life Technologies) and Alexa Fluor 594 goat

“scout” sections were for

This journal is © The Royal Society of Chemistry 2012
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(1:200) anti guinea pig IgG secondary antibody (Life
Technologies) in AbDil for 1 hour. Following three additional
washing steps with PBS, sections were mounted in fluorescence
mounting medium (Dako, Glostrup). Fluorescence and phase
contrast images were acquired on an IX81 inverted microscope
(Olympus) using Cell F imaging software. Fluorescence images
of the scout sections were scanned for regions containing
muscle fibers with high PLINS levels. The subsequent section
of the same muscle tissue was used for hyperspectral CARS
microscopy.

Tissue sections for CARS were fixed in 4% PFA, washed with
PBS, and covered with #1 coverslips. These sections were
directly sealed with nail polish to avoid dehydration. Regions
with high PLINS expression in the section for CARS
microscopy were located by matching morphological features
to the corresponding phase contrast images (with strong LD and
PLINS fluorescence) from the scout.

CARS microspectroscopy

A dual-output laser source (Leukos-CARS, Leukos) provides
the pump and Stokes beams. The source was a passively Q-
switched 1064 nm microchip laser, delivering sub-nanosecond
pulses at 32 kHz repetition rate and ~ 300 mW average power.
The pump (and probe) was the fundamental beam at 1064 nm,
and the Stokes was a fiber-generated super-continuum with a
spectral density of more than 100 pW nm ' from 1050 nm to
1600 nm. Both beams were provided from the Leukos-CARS
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source with the Stokes beam emerging from a fiber and the
pump beam provided in free space. The Stokes and pump/probe
beams were routed on the optical table and matched in time and
space at the focus of our microscope as described previously '°.
Briefly, we used a reflective collimator (RCO4APC-PO1,
Thorlabs) to collimate the Stokes beam and filter it through a
longpass 700 nm filter (FEL0700, Thorlabs) and longpass 830
nm filter (LP02-830RS-25, Semrock). The Stokes and pump
beams were combined at a dichroic mirror (LP02-1064RU-25,
Semrock) and introduced into a modified inverted microscope
(Eclipse Ti, Nikon). The pump and Stokes pulses were tightly
focused onto the sample with a near IR objective (PE IR Plan
Apo 100X, NA 0.85, Olympus), resulting in ~ 32.5 mW of total
laser power at the sample. The sample was mounted on a
stepper-motor stage for coarse positioning (Microstage, Mad
City Labs) with a nested piezo stage (Nano-PDQ 375 HS, Mad
City Labs) for sample scanning. Together, this provided 25 mm
travel range with sub-nm resolution. The CARS signal
generated by the sample was collected in the forward direction
by another objective (M-10X, NA 0.25, Newport) and sent
through notch (NF03-532/1064E-25, Semrock) and short-pass
filters (FES1000, Thorlabs) to remove the pump and Stokes
radiation. The filtered CARS signal was dispersed by a
spectrometer (Shamrock 303i, 300 lines mm_ !, 1000-nm blaze,
Andor) and detected on a deep-depletion CCD (Newton
DU920P-BR-DD, Andor). The sample was raster scanned
across the focal volume with steps of 0.3 pm in plane. For each
position in the sample, a CARS spectrum in the range between

=CH
8 Monochromator it b v(C=0) Vs_(C_H2) Vae(c.:H?) (ur\:;;tu(r:at()ed
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Fig. 1 Hyperspectral CARS microscopy of myocellular LDs. (A) Schematic of the hyperspectral CARS microscope. The pump and probe photons are from the same
laser, A= 1064 nm, and the Stokes laser spans from A= 1100-1600 nm after being spectrally filtered (LPF). These beams are combined by a dichroic mirror (DM)
then focused by the excitation objective (Exc obj, 100X, 0.85 NA) into the sample. The CARS light is collected by the collection objective (Col obj, 10X, 0.25 NA),
filtered (NF/SPF) from the pump and Stokes lasers, and detected by the monochromator and CCD. The sample is then moved in the X, Y, or Z direction to the next
position and another spectrum is collected. (B) An RL CARS spectrum that shows a collection of peaks with selected vibrational modes relevant for this study (us:
symmetric vibration; vas: asymmetric vibration). (C) 2D concentration maps are created by plotting the intensity of a specific peak for each (X, Y) location. The
image contrast is the value from integration over the CH, vibration (marked by the gray shaded region in C) in a cross section of control rat tibialis muscle in which

sub-micron diameter LDs are seen as bright regions.

This journal is © The Royal Society of Chemistry 2012
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600 and 3400 cm™ was acquired (Fig. 1A and 1B). CARS data
were acquired with pixel dwell times of 250-500 ms. The
spatial resolution of the instrument independently
measured to be ~ 0.5 x 0.5 x 3.5 pm’, and the spectral
resolution was limited by the camera pixel pitch to ~ 4 cm™ per

was

pixel. The entire CARS microscope is controlled with custom
software written in LabVIEW (National Instruments).

Hyperspectral Data Analysis

Raw CARS spectra were analyzed with custom routines in
IgorPro 6.22A (Wavemetrics). Initially, data were normalized
by exposure and signal counts from the non-resonant region of
the spectra (2200-2300 cm™") so datasets taken over multiple
days and months could be compared. Treatment of the data
with a modified Kramers-Kronig?® algorithm and background
phase correction removes the non-resonant contribution to the
signal and retrieves the imaginary component of the third order
Raman susceptibility, here referred to as Raman-like CARS
(RL CARS) spectra. These spectra are linear in concentration
and can be quantitatively analysed similar to Raman spectra®®
28 Images of particular Raman frequencies were generated in
IgorPro for subsequent analysis. Due to the abundance of acyl
chains, and therefore CH, moieties in lipids, Raman imaging of
the CH, symmetric stretching vibration has been often used for
identification of lipid-rich locations in biological samples.
Concentration plots of the CH, symmetric vibrations were

Cultured Myotubes

control

~ PLINS+|

constructed by integrating the intensity from RL CARS spectra
from 2840-2856 cm’', and these images (called CH, images)
were used for identifying LDs in all samples imaged with
hyperspectral CARS microspectroscopy (Fig. 1C). For each
sample, the concentration plots for the ester bonds (C=0O
stretching) and the asymmetric =CH vibration were generated
by integrating the intensity from RL CARS spectra from 1730-
1750 cm™ and 3001-3018 cm’', respectively. All image
processing and analysis was completed with ImagelJ software as
described below and in the Supplementary Information.

Image Analysis

To demarcate LDs, CH, images were used to highlight high
methylene concentration regions using the following process:
1) the ImageJ unsharp mask tool (1-2 pixel radius. 0.9 mask
weight) was used to enhance edges, 2) empirical thresholding
was used to separate high intensity image pixels, and 3)
creation of regions of interest (ROIs) for all high intensity
pixels. This process exclusively highlighted LDs in the
hyperspectral images (see Supplementary Fig. I). Note that any
features smaller than two pixels were not counted in this
analysis. The ROIs generated from LD identification from the
CH, images were superimposed on the concentration maps
generated by plotting peak specific
wavenumber region mentioned in Hyperspectral Data Analysis

intensity of each

Rat tibialis muscle

PLIN5+ |

control
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Fig. 2 Ectopically induced PLINS locates to LD shell and leads to an increase in LD size in myocellular samples after FA incubation/dietary intervention.

Representative fluorescence images of (A) C2C12 myotubes and (E) rat tibialis muscle sections upon PLINS5 overexpression (PLIN5-red, lipids-green). E is a histological
scout slice 5 um removed from the actual slice that was used for hyperspectral CARS. Inset in E indicated by the white zoomed image was from the actual tissue
section used for CARS imaging and corresponds to the image shown in F. (B),(F) Images of the CH, symmetric intensity of the regions in A and E (inset), respectively.
Smaller LDs are observed in (C) control C2C12 myotubes and (G) control rat tibialis muscle. (D) Histogram of LD area distribution in cultured myotubes (dashed line
marks mean area for control LDs = 1.0 umz, solid line marks mean area for PLIN5-overexpressing LDs = 1.9 umz). (H) Histogram of LD area distribution in tibialis
muscle (dashed line marks mean area for control LDs = 0.8 umz, solid line marks mean area for PLIN5-overexpressing LDs = 2.2 pmz), Data are pooled from 150 LDs
for PLINS overexpression and 147 LDs for endogenous controls in cultured myotubes and from 581 LDs for PLIN5 overexpression and 634 LDs for endogenous
controls in tibialis muscle. Scale bars are 5 um cultured myotubes (A-C) and 20 um in muscle sections (E-G) unless indicated otherwise.
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section. The average CH,, C=0, and =CH intensities within-
and sizes of the ROIs were extracted for every individual LD
and quantitatively analyzed with OriginPro as described below.
We verified the linear relationship of measured sizes to actual
objects using monodisperse polystyrene microbeads with the
same processing protocol (Supplementary Fig II).

Data Analysis and Statistics

All statistical analysis was performed with OriginPro 8.5.1
(OriginLab). All data was pooled by treatment (overexpressing
PLINS or endogenous control) for cultured myotubes and
similarly for in vivo tibialis tissue sections. Unpaired two
sample t-tests were performed, and p < 0.05 was considered
significant.

Results

We used two independent muscle systems: differentiated
C2C12 myoblasts and muscle tissue from rat tibialis anterior.
Myoblasts were differentiated into myotubes, transfected with
PLINS-GFP, and incubated with a fatty acid cocktail (3:1,
oleic:palmitic acid) to induce LD formation (Supplementary
Fig. III). High-fat fed rats were electroporated with PLINS and
sacrificed 8 days later to obtain tibialis tissue sections.
Fluorescence images of GFP from the GFP-PLINS fusion
construct (Fig. 2A, red) and antibody-labelled PLINS (Fig. 2E,
red) demarcated myotubes with PLINS overexpression in the in
vitro and in vivo systems, respectively. Random myotubes not
showing GFP-PLINS (for differentiated myotubes) and muscle
fibers from the contralateral leg (for tibialis) were used as
controls with endogenous PLINS expression. Hyperspectral
CARS microscopy provided spatially resolved chemical
information from these myocellular samples in situ.

PLINS overexpression increases size and augments energy
density in myocellular LDs

CH, images of myotubes with elevated PLINS showed the
fluorescence signal was located around the rim of circular LDs
having high CH, content (Fig. 2B and 2E), which is consistent
with PLINS localization to the LD border when overexpressed
in other in vitro and in vivo systems®’. As expected in myotubes
with endogenous PLINS expression, but fed the same diet (or
fatty acid cocktail), LDs were observable, and CH, images also
allowed unambiguous identification of LDs (Fig. 2C and 2G).
Because LDs were readily detectable from CH, images in both
control and PLINS5-overexpressing myotubes, a thresholding
process was used to generate regions-of-interest (ROIs) to
highlight LDs in all samples. The signals from different
vibrational bands within individual LDs (above the diffraction
limit) were then quantitatively compared within these ROIs (see
Methods and Supplementary Information).

This journal is © The Royal Society of Chemistry 2012
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Size analysis of the CH, images from the endogenous and
PLINS-overexpressing in vitro myotubes shows that LD area in
PLINS-overexpressing myotubes was 90% larger than in
control myotubes (1.9 £ 1.1 pm? vs. 1.0 £ 0.9 um? mean +
S.D., p <0.01) (Fig. 2D). Similar analysis from tibialis sections
showed 180% larger area (2.2 = 1.3 pm? vs. 0.8 + 0.6 um?,
mean = S.D., p < 0.01) upon PLINS overexpression.
Histograms show a clear population shift to larger individual
LDs upon PLINS overexpression (Fig. 2D and 2H). We note
that the absolute sizes determined from our measurements are
not directly comparable with those from electron microscopy
(EM) due to diffraction and scattering. Nevertheless, the results
show a similar LD size increase in tibialis muscle as was
observed with EM’.

Still looking at the CH, vibration, we plot the mean CH,
intensity within each LD and see that the LDs in PLINS-
overexpressing myotubes contained approximately 200 - 330%
more CH, groups per area within the droplets (Fig. 3A and 3C).
Even with substantial biological variability and transfection
efficiency, the increased CH, content seen in PLINS-
overexpressing myotubes was statically significant (P < 0.001)
compared to control myotubes in both systems. The robustness
of these findings is further demonstrated in Figures 3B and 3D,
where total LD CH, intensity is plotted versus LD area for the
in vitro and in vivo system, respectively. Total CH, content is
strongly correlated with LD area in both PLINS-overexpressing
and control LDs in both systems, and the slope of the lines for

a b
\E * R= 0.90
51_ 7004 Egﬂ‘ggi = 40004 slope =172.61 .s
] s R= 085 =
% 600+ < 3000 slope =671.28
> 4
S 5004 Z
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Cultured 8 4001 £ 2000
Myotubes 2 3004 T
3 o
O, 200 < 1000
T °
© 1004 =
0+
0- 0
LD size [pm?]
c d
E "
2 o50] [control * 40007 R= 0.99
=] BPLING+ =5 slope = 75.22
< < R= 0.87 -
5 2004 > 3000  slope=274.21
2 g
PO .
Rat tibialis £ 1504 5 .
muscle € £ 20004 * 4
& 100 ol
8 o
- T 1000
S 504 °
0 0
LD size [um?]
Fig. 3 PLIN5 overexpression elevates methylene concentration in

myocellular LDs. Average CH, intensities per individual LD area were used to
analyze methylene concentration. Methylene concentration was elevated in
PLINS-overexpressing (A) myotubes by 320% and (C) tibialis muscle by 200%
when compared to the respective endogenous controls. Scatter plots of total
CH; intensity vs. LD area showed linear dependence for both (B) cultured
myotubes and (D) tibialis muscle (open symbols — control LDs and closed
symbols — PLIN5-overexpressing LDs). Data are pooled from 150 LDs for PLINS
overexpression and 147 LDs for endogenous controls in cultured myotubes
and from 581 LDs for PLIN5 overexpression and 634 LDs for endogenous
controls in tibialis muscle. Error bars are SD, and * denotes p < 0.01.
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LDs from PLINS-overexpressing myotubes is significantly
larger than the slope for the control LDs. This independently
confirms that PLINS-overexpressing LDs contain more CH,
and have larger LD area, which ultimately means that PLINS
overexpression results in bigger LDs with higher stored energy
compared to LDs in muscle with endogenous PLINS.

PLINS overexpression increases the amount of esterified lipid
chains within myocellular LDs

In principle, the increased CH, (methylene) concentration
associated with PLINS overexpression could result from: i)
more dense acyl chain packing into LDs of PLINS-
overexpressing myotubes, ii) increased carbon saturation of
acyl chains within LDs of PLINS5-overexpressing myotubes, iii)
elongation of the acyl chains, or iv) a combination of any of the
above effects. With hyperspectral CARS microscopy, we obtain
a full chemical fingerprint from each point in the sample, and
we can directly quantify other chemical species within the LDs
to explore the source of the increased CH, concentration upon
PLINS overexpression.

Cultured Myotubes

PLINS+

control

Ry 3

-

-2

30 /1 W control
254 M PLINS+
5 20
520
> 151
g 10
=

1000 1200 1400 1600 1800 /" 2700 2800 2900 3000 3100 3200
Raman shift (cm™)

Ocontrol *
WPLINS+

O Concentration [A.U./um?]

C=

Fig. 4

Esterified lipids such as triacylglycerol (TAG) and cholesterol
esters (CE), and to a lesser extent, DAG, constitute the majority
of the lipid material within LDs. TAG, DAG, and CE species
contain three, two, and one ester bond, respectively. Thus
quantifying ester bonds in the LD should yield an indicative
measure of the number of esterified acyl chains within the LD
and allow us to determine if increased acyl chain packing
contributes to the 200-330% increase in methylene groups in
LDs of PLINS-overexpressing muscle. The Raman mode at
1740 cm™ is attributed to C=O stretching vibration of ester
bonds 2*2° (Fig. 1B), so we created vibrational images of C=0
groups to investigate the ester content in LDs. Figure 4B and
4G show ester images from PLINS5-overexpressing myotubes
from cells and tibialis, respectively (corresponding methylene
images are shown in Figure 4D and 4I). Control myotubes
show LDs (Fig. 4C and 4H) that contain substantially less ester
content (Fig. 4A and 4F). From these ester images, it is evident
that PLINS overexpression results in augmented ester content
within LDs. These intense ester inclusions are not seen in the
control myotubes. This is further highlighted by looking at
representative vibrational spectra from locations within LDs in
cultured and tibialis (Fig. 4, spectra

myotubes and

Rat tibialis muscle

D
o
1

W control
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a
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PLINS overexpression leads to increased ester bonds in myocellular LDs.Top panel shows representative paired images of ester (C=0) and methylene

(CH,) vibrational intensities. (A) C=0 intensity and (C) CH, intensity of control myotubes. (B) C=0 intensity and (D) CH, intensity of PLIN5-overexpressing myotubes.
(F) C=0 intensity and (H) CH, intensity of control tibialis muscle. (G) C=0 intensity and (1) CH, intensity of PLIN5-overexpressing tibialis muscle. Center panel shows
representative RL CARS spectra from within a single LD in the respective control and PLIN5 overexpression model. The gray shaded areas in the spectrum denote
the respective spectral regions that were integrated to generate the intensity maps (A-D,F-1). Mean C=0 concentration was elevated in PLIN5-overexpressing (E)
myotubes by 1140% and (J) tibialis muscle by 220%, respectively, when compared to the respective endogenous controls. Data are pooled from 150 LDs for PLIN5
overexpression and 147 LDs for endogenous controls in cultured myotubes and from 581 LDs for PLINS overexpression and 634 LDs for endogenous controls in
tibialis muscle. Error bars are SD, and * denotes p < 0.01. Scale bars are 5 um cultured myotubes (A-D) and 20 um in muscle sections (G-J).
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Supplementary Fig. V). These spectra show that PLINS-
overexpressing LDs have an obvious peak at 1740 cm™ whereas
no peak is observable in the spectra of control LDs. Using the
same ROIs generated for the size analysis of individual LDs
from the CH, images, we quantified the ester content in single
LDs in both PLINS-overexpressing (Fig. 4E) and control (Fig.
4J) myotubes. The local concentration of C=0 groups within
LDs from PLINS-overexpressing samples was more than
1000% larger than in LDs from control samples for cells and
220% larger in PLINS-overexpressing This
demonstrates that PLINS overexpression increases the amount

tibialis.

of esterified species for a given volume within LDs, consistent
with  higher CH, LDs of PLINS-
overexpressing myotubes.

concentration in

Saturated lipids are more abundant in LDs upon PLINS
overexpression

In addition to esterified acyl chains, we explored if the lipid
saturation in LDs was differentially modulated by PLINS
overexpression. Principally we could do so by quantifying C=C
vibration at 1650 cm™ or by using stretching vibrations from
unsaturated carbon modes (=CH) at 3005 cm™ with intensity
proportional to the number of carbon-carbon double bonds in
the focal volume®. We preferred using the latter (stretching
vibrations of =CH), as the C=C vibration profoundly overlaps
with protein contribution to the broad amide I band (1635-1665
cm™) and hence is less specific for quantification of lipid
unsaturation. Using neat fatty acid mixtures of palmitic and
oleic acid, which have the same number of CH, modes per
chain, but with oleic acid having two additional =CH modes,
we tested the linearity of this metric. We find a linear
dependence of I_cy/Icy, to the molar ratio of oleic acid in the
mixture (Supplementary Fig IV). Using the established ROIs
for the LDs, the I_cy/lcy, ratio within individual LDs was
calculated. This denotes the relative unsaturation per methylene
group. In LDs from PLINS-overexpressing myotubes,
unsaturation showed a 31% decrease compared to LDs in
control myotubes (0.18 = 0.07 vs. 0.26 + 0.12, mean + S.D., p <
0.01) (Fig. 5A). In PLINS-overexpressing tibialis muscle, the
ratio =CH/CH, was more prominently reduced by 83%
compared endogenous controls (0.05 + 0.02 vs 0.29 = 0.07,
mean = S.D., p < 0.01) when mean values were compared.
Scatter plots of total =CH vs total CH, values for each
individual LD shows a correlation between these variables for
both experimental systems with endogenous and PLINS-
(Fig. 5B and 5D). PLINS
overexpression in vitro did not lead to a substantial (although

overexpressing conditions
statistically significant) difference in unsaturation level (31%
decrease in PLIN5 compared to control), and the slopes of the
=CH vs. CHj, lines for the control and PLINS-overexpressing
cases were almost identical (Fig. 5B). For tibialis LDs, the
unsaturation difference was much larger (83% decrease in
PLINS compared to control), and the slope of the control LDs
steeper than PLINS-
overexpressing LDs (Fig. 5D). The decreased unsaturation per

was correspondingly much for

methylene group in both muscle model systems demonstrates

This journal is © The Royal Society of Chemistry 2012
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that LDs contain a larger fraction of saturated carbons per

methylene when PLINS is overexpressed.
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Fig. 5 Lipid unsaturation is decreased upon PLIN5 overexpression in

myocellular LDs. Unsaturated carbon (=CH) content per CH, was lowered in LDs
in PLIN5-overexpressing (A) myotubes by 31% and (C) tibialis muscle by 83%,
respectively, when compared to the respective endogenous controls. (B), (D)
Scatter plots of =CH vs CH, content in PLIN5-overexpressing LDs show linear
dependence of the two variables (open symbols — control LDs and closed
symbols — PLIN5-overexpressing LDs). Data are pooled from 150 LDs for PLINS
overexpression and 147 LDs for endogenous controls in cultured myotubes and
from 581 LDs for PLINS overexpression and 634 LDs for endogenous controls in
tibialis muscle. Error bars are SD, and * denotes p < 0.01.

Discussion

Ectopic neutral lipids are stored as LDs, which are coated by
numerous proteins that modulate the LD phenotype by
regulating lipolysis and subsequent fatty acid oxidation and
signalling as well as overall cellular lipid distribution. Of these
proteins, PLIN proteins have been shown to critically affect
lipid metabolism in a wide range of species and tissue. PLINS,
is predominantly expressed in oxidative tissue and plays a
critical role in LD dynamics”***"* that help maintain glucose
homeostasis in e.g. muscle. By using in vitro and in vivo
independent muscle model systems, we show that PLINS
abundance is capable of altering the internal composition of
intramyocellular LDs. Information on the local chemistry
within LDs obtained wusing hyperspectral CARS
microscopy and data processing to obtain Raman-like spectra

was

from in situ samples with sub-micron spatial resolution that
could be quantitatively analysed. LDs were easily identified by
hyperspectral CARS through the abundance of methylene
groups in their core'”, i.e. by integrating the signal intensity at
2840-2856 cm’', corresponding to the molecular vibration of
CH,. With CARS microscopy, we confirmed elevated IMCL
levels in muscle upon feeding with a high-fat cocktail (in vitro)
or high-fat diet (in vivo) as expected®® and increased LD size

Integr. Biol., 2012, 00, 1-3 | 7
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when PLIN5 was overexpressed”'**. In addition to increased
size, LDs in PLINS-overexpressing samples showed a 200 -
330% increase in CH, content per LD area, more esterified
lipids and more saturated lipid species when compared to the
endogenous control muscle

Taking into account that the LD core is primarily composed of
TAGs and to a lesser extent sterol esters, increased CH,
concentration can be attributed to augmented number of acyl
chains, increased carbon saturation, increased acyl chain length,
or combinations of these modifications. Most acyl chains in
LDs are ester-bound to a glycerol backbone (non-esterified acyl
chains typically partition to the LD-sarcoplasm interface), so
the ester content of individual LDs from the 1740 cm™ vibration
is roughly proportional to the number of acyl chains. The ester
concentration in LDs was 1140% and 220% higher in cultured
myotubes and rat tibialis muscle, respectively, in the PLINS-
overexpressing cases when compared to endogenous controls.
The increase in esterification upon PLIN5 overexpression we
observe agrees well with previous studies reporting an
and heart
upon PLINS overexpression using mass spectrometry.

accumulation of TAG in whole skeletal muscle ’
tissue®*
Surprisingly, spectra from LDs in control in vitro myotubes as
well as control tibialis muscle showed virtually undetectable
signal at 1740 cm™ and corresponding image plots of the ester
bond intensity did not overlap with LD morphology (Fig. 4,
Supplementary Fig. V). Whether this is truly due to the absence
of ester bonds (and therefore esterified acyl chains) is difficult
to judge based on the current dataset. Our results additionally
show the marked increase in esterification is located within
LDs (Supplementary Fig. VI). Previous mass spectrometry
approaches could not make this observation as this requires an
LD-specific approach. A potential mechanism for the increase
upon PLINS
increased activity of diacylglycerol-O-

in esterified species in myocellular LDs
overexpression is
acyltransferase 1 (DGAT1), the rate limiting enzyme in
synthesis of TAG from DAG, and acyl-CoA. We explored this
possibility by examining DGAT1 gene and protein expression
in cells and tissues (Supplementary Fig. VII). While still
imperfect, these data seem to agree with the LD esterification
changes from CARS. Further studies are certainly required to
clarify the relationship between increased lipid esterification

under high PLINS conditions and DGATI.

Saturated fats have repeatedly been reported to impede insulin

sensitivity’®*’, whereas unsaturated fats can improve insulin
sensitivity in diabetic patients®®. Saturated NEFAs have been
shown to induce oxidative stress and mitochondrial
dysfunction®® and trigger a pro-inflammatory phenotype®’
Thus,

sequestering saturated fats into LDs is beneficial by segregating

associated with myocellular insulin resistance.

them from participating in detrimental signaling. This
observation is further substantiated by in vitro studies, where
fully saturated palmitic acid impaired insulin mediated glucose
uptake, while monounsaturated oleic acid did not*'. The ratio of

=CH/CH,; (quantifying lipid unsaturation) was decreased in

8 | Integr. Biol., 2012, 00, 1-3

LDs (31%
compared to endogenous controls) and tibialis muscle (83%

in PLINS-overexpressing cultured myotubes

compared to endogenous controls) (Fig. 5). This indicates that
abundance of PLINS promotes an LD phenotype in which more
saturated moieties per methylene are sequestered into LDs.
Interestingly, increased sequestering of saturated lipids in LDs
upon PLINS overexpression links to our previous observation
that overexpression of PLINS5 in muscle resulted in down
regulation of inflammatory genes in muscle’.

An interesting deduction from our data relates to the large
in PLINS-
overexpressing LDs. In both models (in vitro and in vivo), we

increase methylene and ester concentration
observed that the acyl chain concentration (approximately equal
to ester bonds per um?) is at least 220% higher and that
methylene concentration is more than 200% higher upon PLINS
overexpression. This implies that under conditions of PLINS
abundance, more than three times as many ester bonds and CH,
groups reside within an LD. Given the comparatively small
variability in the density of oil (800 mg/mL — 1100 mg/mL), the
only way to explain this observation is that under endogenous
PLINS conditions, LDs contain fewer esterified TAGs and CE
(Supplementary Fig. V). Therefore, our data suggest that LDs
in muscle with endogenous PLINS expression potentially
contain additional lipophilic material that is not esterified and
has relatively low CH,-content, which presumably maintains
the physical chemical properties of the LD (oil-like) core.
Based upon freeze fracture electron microscopy, it has been
suggested that PLIN family proteins themselves (PLIN2 or
ADRP) can be found within the lipid core of LDs*. While
augmented CH, intensity is clearly observed in LDs in the
control muscle when compared to the surrounding sarcoplasm,
the overall spectral shapes from these LDs do exhibit protein-
like features with strong contributions from CH modes of
higher energy around 2920 cm™ (Fig. 4 and Supplementary Fig.
V). From our results, the most we can say is that in muscle with
endogenous PLINS5 expression additional species other than
TAG or CE appear to exist in the LD, which are less present
when PLINS levels are elevated.

Conclusion

Our study shows that remodelling of LD composition and
content in skeletal muscle (the major organ for post-prandial
glucose disposal) can occur as a result of the overexpression of
PLINS, a LD coat protein predominantly present in oxidative
tissues like cardiac and skeletal muscle and brown adipose
tissue. We employed two separate muscle model systems:
cultured myotubes and in vivo tibialis anterior muscle tissue,
and the notable agreement between these two systems for the
the
Apart from morphology,

observed LD compositional phenotypes underscores
robustness of our observations.
hyperspectral CARS datasets provide localized quantitative
information on lipid species within LDs. Our data confirmed

that myocellular PLINS overexpression leads to an increase in

This journal is © The Royal Society of Chemistry 2012
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LD size in both experimental systems and additionally showed
that LDs in PLIN5-overexpressing myotubes exhibited elevated
and lipid
saturation compared to endogenous controls. These findings
indicate that LDs present in muscle with abundant PLINS are
biochemically distinct and perhaps correspond to a benign

methylene concentration, ester concentration,

phenotype wherein augmented myocellular lipid content is
still
maintained’. This is in contrast to obese and insulin resistant

observed while insulin-mediated glucose uptake is
subjects with endogenous PLINS where augmented myocellular
lipid content is known impede insulin-mediated glucose uptake,
thereby connecting PLINS level with LD composition and
insulin sensitivity.
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Lipid droplets are crucial organelles in energy homeostasis for nearly all living organisms. LD coating
proteins are strongly involved in lipid metabolism and metabolic disorders. Abundance of Perilipin 5
(PLINS), a LD coating protein exclusively found in oxidative tissue, increases lipid content in skeletal
muscle without negative metabolic effects. In this work, we use quantitative, label-free coherent anti-
Stokes Raman scattering (CARS) microscopy to analyze lipid composition in LDs in muscle upon PLINS
overexpression in vivo and in vitro. Hyperspectral imaging verified the previously observed size increase
of LDs, but also revealed the fundamental impact PLINS has on the local lipid composition and density in
droplets. Vibrational imaging is powerful tool to directly reveal how LD coating proteins affect lipid
composition in individual LDs.



Integrative Biology

{esters) (lipwcie) ({lipids) acyl chains)
1'?T'Z"X
_— Sample =
3
8
Au - I}
: I ey
800 1000 200 1400 1600 1800 2700 2800 2900 3000 3100 3200
= Raman shift (cm*1)
fF /
A | l
1 ns pulse 1 ns pulse
400-2000 A 1064 nm,
nm, 32 kHz 32 kHz

Page 12 of 12

Quantitative, label-free coherent Raman microscopy was used to show lipid droplet compositional differences

in muscle upon PLIN5 overexpression in vivo and in vitro.

165x94mm (300 x 300 DPI)



