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Lipid storage in muscle (lipid droplets, IMCL)

lipid droplets (LDs)
Intramyocellular lipid (IMCL)

LDs are covered by a phospholipid monolayer coated with proteins
involved in the LD synthesis and degradation.

Hoppeler et al. 1999
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Lipid droplets (LDs)
Post 1990’s
Key cellular organelle with
multiple functions

LD-associated proteins

IMTG
LDs and coated proteins renders the LDs into dynamic organelles that
can range substantially in size and number depending on tissue
distribution, subcellular location, and metabolic state.

© Sam Shepherd
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Subsarcolemmal LD

How to measure IMCL ?
LD

Intermyofibrillar LD

Muscle LD storage in distinct regions of the muscle
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How to measure muscle LDs – Stable isotopes
Indirect calorimetry + 13C-palmita stable isotope tracer infusion
Total fat oxidation – plasma fat oxidation = intramuscular lipid oxidation (other fat)

Glycogen

IMCL

IMCL

Other fat
(IMCL)

IMCL

Plasma GLU

Plasma FA

van Loon et al. Am J Physiol (2001)

Romijn JA, Coyle EF, Sidossis L, et al. Am J Physiol (1993)

How to measure muscle LDs – 1H-MRS

Post

Resonance signal

Pre

Proton spectrum
White et al. (2003) JCEM 88(12):5638-5643
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How to measure muscle LDs – biochemical extraction

IMPORTANT! - Essential to remove adipocytes through microdissection
Isotonic homogenisation
buffer

Disruption of tissue
by grinding

Supernatant

Centrifugation

Muscle
sample

Intact cells, nuclei,
membrane
fragments,
mitochondria

Analysis of
glycogen, lipids,
enzymes

How to measure muscle LDs –
Fluorescence microscopy of lipid staining

Oil red O

Bodipy 493/503

IMTG staining using oil red O
(fat-soluble dye) and staining
membranes using laminin
• ORO labels all neutral lipids, whereas Bodipy 493/503 specifically detects IMTG.
• ORO has a high background, Bodipy 493/503 background is much lower.

© Sam Shepherd
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How to measure muscle LDs –
Fluorescence microscopy of lipid staining

Oil red O lipid stain
IMTG staining using oil red O
(fat-soluble dye) and staining
membranes using laminin

Fibre type
(Green = type I fibres)

Overlay

Combined staining of IMTG, myosin
heavy chain and laminin to allow fibre
type specifc IMTG quantification

© Sam Shepherd

Effect of a single bout of exercise
Muscle fibre type specific IMTG depletion after 120 min exercise at 50% Wmax

van Loon et al. (2003) J Physiol: 553, 611-625
© Sam Shepherd
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How to measure muscle LDs – TEM

13,000 x magnification

1,600 x magnification

Nielsen et al. Am J Physiol 2010

J Physiol (2017)

The lipid content is 3-fold higher in type 1 than in type 2 fibres.
At rest, well-trained leg muscles of cross-country skiers contain 4- to 6-fold more lipid droplets
than equally well-trained arm muscles.
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How to measure muscle LDs – overview

Method

Advantages

Disadvantages

• Blood & breath samples

• Indirect estimate of muscle TG and/or
LP-derived TG oxidation
• Expensive ([U-13C])
• Mix of fibre types

1H-MRS

• Non-invasive
• Excellent reproducibility
• Differentiate between EMCL and IMCL

• Not appropriate for all exercise types
• Expensive
• Mix of fibre types

Biochemical extraction

• Directly measured TG – absolute values
• Provides TG concentration
• Cheap

• Invasive
• Confounded by presence of adipocytes
• High between-biopsy variation

Immunofluorescence
microscopy

• Fibre type-specific IMTG content
• Semi-subcellular distribution
• Cheap(ish)

•
•
•
•

Invasive
Semi-quantitative
Labour-intensive analysis
Small sample size (less representative)

•
•
•

Invasive
Semi-quantitative
Very labour intensive

Stable isotopes

Electron microscopy

•
•
•
•

Fibre type specific
Subcellular distribution
Estimation of LD size and number
Interaction with organelles (e.g. mito)

TG in the body
Adipose tissue

Blood Plasma

Skeletal Muscle
Muscle TAG (IMTG)
(350g)

Triacylglycerol
(9-15 kg)
Fatty acids

Fatty acids

Is IMTG used during exercise ??
LPL

Liver

Acetyl-CoA

Triacylglycerol

VLDL-TAG

TCA Cycle & ETC

O2

ATP

8

27-09-2019

9

27-09-2019

Effects of exercise: electron microscopy + confocal/light microscopy

differences between fibre types, localization and size

Dynamics of muscle LD contents
Overfeeding and effects of training
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Dynamics of muscle LD contents – utilisation with training
IMCL utilization during moderate intensity exercise (50-60% VO2max)
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The goal is to understand, not only to describe
basic phenomena …many of the exercise
scientists DESCRIBE a phenomenon, but they
do not try hard to .. UNDERSTAND
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r2 = 0.62, P = 0.002
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LDs analysed by quantitative immunofluorescent confocal imaging of muscle biopsy sections
from endurance trained, Lean sedentary, Obese, and T2D participants.
T2DM patients and Trained individuals were matched for IMCL content (semi randomised).

Type 1

Type 2

Daemen et al. MOLECULAR METABOLISM 17 (2018)

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
Trained store IMCL in numerous normally sized LDs in type I ﬁbers, predominantly in
the IMF region.
Type 1

Type 2

Daemen et al. MOLECULAR METABOLISM 17 (2018)
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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
Trained store IMCL in numerous normally sized LDs in type I ﬁbers, predominantly in
the IMF region.

Daemen et al. MOLECULAR METABOLISM 17 (2018)

Size of lipid droplets

Obes. Res. (2004)
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Size of lipid droplets – effects of 11 wks training in T2Ds

11 weeks training, 3 times per week, n = 16
Endurance: 40-min cycling at 50% peak workload.
HIT: 10 x 1-min cycling, 95% peak workload,1 min of recovery.
intermyofibrillar

SS

Endurance

HIT

Endurance

HIT

Endurance

HIT

Endurance

HIT

Droplet size decreases in type 2 fibres with HIT only

Conclusions
Muscle LDs are highly dynamic organelles that can range
substantially in size and number depending on subcellular
location, training status and metabolic state.
Muscle LD content is associated with glucose tolerance and
insulin resistance, possibly depending on LD localisation and
LD size.
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