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Abstract

Intramyocellular lipid (IMCL) content is an energy source during acute exercise. Nonesterified fatty acid (NEFA) levels can com-
pete with IMCL utilization during exercise. IMCL content is stored as lipid droplets (LDs) that vary in size, number, subcellular dis-
tribution, and in coating with LD protein PLIN5. Little is known about how these factors are affected during exercise and
recovery. Here, we aimed to investigate the effects of acute exercise with and without elevated NEFA levels on intramyocellular
LD size and number, intracellular distribution and PLIN5 coating, using high-resolution confocal microscopy. In a crossover study,
9 healthy lean young men performed a 2-h moderate intensity cycling protocol in the fasted (high NEFA levels) and glucose-fed
state (low NEFA levels). IMCL and LD parameters were measured at baseline, directly after exercise and 4 h postexercise. We
found that total IMCL content was not changed directly after exercise (irrespectively of condition), but IMCL increased 4 h postex-
ercise in the fasting condition, which was due to an increased number of LDs rather than changes in size. The effects were pre-
dominantly detected in type I muscle fibers and in LDs coated with PLIN5. Interestingly, subsarcolemmal, but not intermyofibrillar
IMCL content, was decreased directly after exercise in the fasting condition and was replenished during the 4 h recovery period.
In conclusion, acute exercise affects IMCL storage during exercise and recovery, particularly in type I muscle fibers, in the sub-
sarcolemmal region and in the presence of PLIN5. Moreover, the effects of exercise on IMCL content are affected by plasma
NEFA levels.

NEW & NOTEWORTHY Skeletal muscle stores lipids in lipid droplets (LDs) that can vary in size, number, and location and are a
source of energy during exercise. Specifically, subsarcolemmal LDs were used during exercise when fasted. Exercising in the
fasted state leads to postrecovery elevation in IMCL levels due to an increase in LD number in type I muscle fibers, in subsarco-
lemmal region and decorated with PLIN5. These effects are blunted by glucose ingestion during exercise and recovery.

exercise; lipid droplets; muscle

INTRODUCTION

One of the earliest hallmarks of type 2 diabetes (T2DM) is
resistance of the peripheral tissues to the action of insulin,
generally referred to as insulin resistance. Obesity is themajor
risk factor for insulin resistance and is characterized by exces-
sive accumulation of fat in the body. Limited expandability of
adipose tissue results in spill-over of fatty acids (FAs) from the
adipose tissue into the circulation with accumulation of lipids
in non-adipose tissue like muscle as a consequence (1).
Intramyocellular lipid (IMCL) content is associated with the
development of insulin resistance (2).

Although IMCL content can be detrimental for insulin
sensitivity, it also serves as an energy source during muscle
contraction. Prolonged exercise training results in elevated
IMCL content (3). Likewise, endurance-trained athletes are

characterized by elevated IMCL levels (4, 5), probably serv-
ing as an increased intracellular pool of FAs to fuel oxidation
during prolonged exercise. Using palmitate-labeled stable
isotope tracers, it has been demonstrated that IMCL is
indeed used during exercise (6–11). Some studies have shown
that utilization of IMCL during acute exercise results in
reduced IMCL content as measured directly after exercise by
proton magnetic resonance spectroscopy (1H-MRS) or in
muscle biopsies (biochemically or histochemically; 9, 12–17).
Other acute exercise studies, however, failed to detect a drop
in IMCL content (18–21). These seemingly contrasting results
may originate from differences in the methodology used
(biochemically, histologically or non-invasively via MRS) as
well as from differences in nonesterified fatty acid (NEFA)
concentrations in the circulation. Upon exercise, stimulation
of adipose tissue lipolysis occurs and plasma NEFA levels
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increase. Plasma derived NEFAs compete with IMCL-
derived FAs for oxidation but may also refuel IMCL stores
during exercise and during the postexercise period. In
inactive muscle, it has indeed been reported that elevated
plasma NEFA levels augment IMCL content (15, 22). This
indicates that elevated plasma NEFA levels promote incor-
poration of FAs in IMCL, independent of the need of FAs
for oxidation.

Many studies examining the effect of exercise on IMCL
content have used 1H-MRS or biochemical triglyceride
extraction to determine IMCL content. However, these
methodologies do not take lipid droplet (LD) distribution
and morphology into account. IMCL is largely stored in
LDs of which the pattern of storage is affected by training
status and disease state. Interestingly, we have recently
shown that in endurance athletes, IMCL is dispersed in
numerous small LDs, specifically in the intermyofibrillar
(IMF) region of type I fibers whereas in patients with
T2DM most IMCL is stored in large LDs, predominantly in
the subsarcolemmal (SS) region of type II muscle fibers (5).
This pattern fits with IMCL being an important source of
fuel during exercise, as hypothetically, LDs in the IMF
region may primarily serve to deliver FAs to mitochondria
for oxidation. Hence, it can be hypothesized that IMF LDs
would reduce in number and/or size upon exercise. On the
other hand, SS LDs are less likely to fuel contraction dur-
ing exercise but might be prone to grow in size and/or
number due to their vicinity to the capillary bed and the
resulting exposure to high circulating NEFA levels, such as
may be the case in T2DM (which is characterized by high
NEFA levels). These putative region and fiber type specific
effects may also blunt the overall effect of exercise on total
IMCL content. As of now, only one study has examined
region specific effects of exercise and recovery on IMCL
content and LD size and number (23). This study showed a
more profound lowering effect of exercise on IMF LDs
than on SS LDs upon 4h of exercise at 56% VO2Max in
trained athletes (23), however in this study NEFA levels
were not reported.

Perilipin 5 (PLIN5) is a LD coat protein involved in LD dy-
namics by affecting uptake, retention, and release of FAs
from LDs to mitochondria for oxidation, depending on
demand, nutrition, or training status (24–26). We previously
observed that fasting-induced increases in plasma NEFA lev-
els resulted in preferential storage of FAs in PLIN5 coated
LDs (27). Others have shown that during moderate intensity
exercise, PLIN5 coated LDs are more prone to reduce size
compared with LDs devoid of PLIN5 (17). Together, this sug-
gests a role for PLIN5 postexercise and during high NEFA
levels. Here, we examined the effect of acute exercise (mod-
erate intensity, that is, 50% of predetermined maximal
power output) on LD size and number while taking muscle
fiber type and subcellular LD distribution into account, and
making the distinction between LDs coated with PLIN5
(PLIN5þ ) and those devoid of PLIN5 (PLIN5-). Furthermore,
to investigate the effects of circulatory NEFA levels on exer-
cise mediated oxidation and postexercise replenishment of
myocellular LDs, the study was performed in both the glu-
cose-fed (low NEFA levels) and the fasted state (high
NEFA levels), along with measurements of glucose and fat
oxidation.

METHODS

Participants

Nine healthy lean young men participated in this study.
Participation in competitive sports (>2h/wk), an unstable
body weight (>3kg change in preceding 6 mo), medication
use or any medical condition requiring treatment were
exclusion criteria. The institutional medical ethics commit-
tee approved the study in accordance with the Declaration of
Helsinki, and all participants gave their informed written
consent. The study is registered as NCT01906333 at https://
clinicaltrials.gov. Participant characteristics are shown in
Table 1.

Study Protocol

At the beginning of the study, body composition (hydro-
static weighing) and maximal aerobic capacity (V_ O2max) were
determined in all participants. The experimental trial com-
prised two test days separated by at least 1 wk and were
performed in random order. Participants refrained from
physical activity 2 days before the test days and consumed a
standardized meal the evening before the test days. On the
test days, participants reported to the laboratory after an
overnight fast (no caloric intake after 10 PM the preceding
day). A muscle biopsy was taken from the m. vastus lateralis
under local anesthesia (2% lidocaine), according to the
Bergstrom technique (28). The biopsy was immediately fro-
zen in melting isopentane and stored at �80�C for later im-
munohistochemical analysis. Thereafter, a Teflon cannula
was inserted into an antecubital forearm vein for sampling
of blood and participants rested for 30min. At baseline (t =
�60), the participants ingested either 1.4 g/kg body wt of glu-
cose (dissolved in water to a 20% solution and flavored with
1 mL lemon juice) or the same amount of plain water. After
this, participants started exercising on a stationary bike at
50% of their predetermined maximal power output (Wmax)
(t = 0min) for 2 h. During exercise, blood samples were
drawn and substrate oxidation wasmeasured by indirect calo-
rimetry (Omnical, Maastricht, The Netherlands) every 30min
for 15min (at t = 30, 60, 90, and 120min) with continuous
heart rate monitoring. Participants consumed the glucose or
water drink every 30min during exercise. Immediately upon
cessation of exercise, a second muscle biopsy was taken.
Subsequently, participants bed rested for 4h, followed by a
third muscle biopsy 4h postexercise. During the 4h postexer-
cise period, drinks (glucose or plain water) were consumed
hourly and blood samples were drawn (before the drinks) and
measurements of substrate oxidation were performed by indi-
rect calorimetry for 30min (at t = 180, 240, 300, and 360min).

Table 1. Participant characteristics

Characteristics

Age, yr 23.2 ± 2.2
Height, m 1.85 ±0.09
Weight, kg 77.9 ± 9.5
BMI, kg/m2 22.7 ± 1.8
Fat mass, % 14.4 ± 5.5
V_ O2max (mL O2/kg/min) 43.3 ± 6.1

Data are means ± SD (n = 9); BMI, body mass index; V_ O2max, max-
imal aerobic capacity.
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Fat oxidation and substrate oxidation was calculated from
V_ O2 and V_ CO2 using the formulas of Peronnet (29). The experi-
mental design is depicted in Fig. 1.

Measurements Before Test Days

A routine incremental cycling test on a stationary bike
until exhaustion was used to determine maximal exercise
capacity as described previously (30) and hydrostatic weigh-
ing with simultaneous measurement of lung volume was
performed to determine body composition. The equation of
Siri (31) was used to calculate fat percentage, fat mass and
fat-freemass.

Blood Sample Analysis

Blood samples were collected in EDTA-containing tubes
and immediately spun at high speed and frozen in liquid
nitrogen and subsequently stored at �80�C until assayed.
Plasma NEFAs and glucose were measured with enzymatic
assays automated on a Cobas Fara/Mira (NEFA:Wako Nefa C
test kit; Wako Chemicals, Neuss, Germany) (glucose: hexoki-
nasemethod; Roche, Basel, Switzerland).

Histochemical Analysis

From the muscle biopsies, 5-mm thick sections were cut
and mounted on glass slides. To exclude effects of staining
variability, all samples from one participant were mounted
on the same glass slide. Immunohistochemical stainings
were performed, as previously described (5). Primary anti-
bodies against laminin (L9393; Sigma-Aldrich, Zwijndrecht,
The Netherlands; 1:25), myosin heavy chain type I (A4.840;
Developmental Studies Hybridoma Bank, Iowa, USA; 1:25),
and PLIN5 (GP31; Progen Biotechnik, Heidelberg, Germany;
1:25) were used. Appropriate secondary antibodies were
conjugated with Alexa Fluor 405, Alexa Fluor 555, or Alexa
Fluor 647. LDs were stained with BODIPY 493/503 (D3922;
Molecular Probes, Thermo Fisher Scientific, Landsmeer,
the Netherlands; 1:100).

Image Acquisition and Analysis

Images were taken with a Leica TCS SP8 STED micro-
scope (Leica Microsystems, Amsterdam, The Netherlands),
in confocal mode with similar settings as described previ-
ously (5). For each time point of each participant, images of
twenty fibers in cross-sectional view were taken with appro-
priate type I to type II fiber ratio, determined as previously
described (5). Images were deconvolved using Huygens
Professional software (Scientific Volume Imaging B.V.,
Hilversum, The Netherlands). IMCL, LD size, number and
distribution were analyzed with ImageJ (NIH, Bethesda,
MD) and MATLAB (The MathWorks Inc., Natick, MA). IMCL
was determined by total lipid area (BODIPY staining)/cell
area (% lipid area fraction), LD number by total LD number/
cell area (#/mm2) and LD size by total lipid area/total LD
count (mm2). This was calculated for all fibers combined
(taking into account the predetermined type I to type II
fiber ratio) and in type I and type II fibers separately. As pre-
viously explained, the SS region was defined as the outer 8%
of the cell and IMF region as the remaining 92% using a cus-
tommade MATLAB script (5). Within each region, IMCL, LD
number and size was determined for all fibers combined.
Finally, LDs were subdivided into LDs coated with PLIN5
(PLIN5þ ) and LDs devoid of PLIN5 (PLIN5-) using a cus-
tom written MATLAB script (32). For both PLIN5þ and
PLIN5- LDs, number and size was computed for all fibers
combined.

Statistics

Data are reported as means ± SE. Statistical analyses were
performed using SPSS v. 25 (IBM SPSS Inc., NC). A repeated-
measures ANOVA was performed with time and treatment
(fasting or glucose) as within-subject factors for energy ex-
penditure, substrate oxidation, and plasma values of NEFAs
and glucose. Thereafter a pairwise comparison was per-
formed with a Bonferroni correction for multiple compari-
sons. A mixed model was used to compare IMCL content, LD
size, number, and PLIN5 coating. In case of a time effect,
paired t tests were performed between time points for both
the glucose and fasting condition. If there was a significant
treatment effect, glucose and fasting were compared at each
time point using paired t tests. Statistical significance was
set a priori at P< 0.05.

RESULTS

Plasma Nonesterified Fatty Acids and Glucose

There was a significant time (P < 0.001), treatment (P <

0.001), and time � treatment interaction (P < 0.001) effect
for plasma NEFA concentrations. Plasma NEFA concentra-
tions were substantially higher postexercise (P < 0.001) and
4h postexercise in the fasted state (P = 0.001) compared with
the glucose-fed state (Fig. 2A). Moreover, plasma NEFA con-
centrations were increased at the end of exercise (P < 0.001)
and 4h postexercise (P = 0.025) in the fasted condition com-
pared with baseline, whereas plasma NEFA concentrations
were decreased 4h postexercise (t = 360) in the glucose-fed
state compared with baseline (P = 0.047, Fig. 2A).

360081 042 0030 06 021021- 06- min

BBB

B Muscle biopsy
Glucose or water supplementation
Heart rate monitoring
Indirect calorimetry
Blood sampling

Recovery2h cycling

Figure 1. Experimental design. The experimental design of the study. All
participants performed the protocol twice, once in the fasted state con-
suming water and once with glucose supplementation, with at least 1 wk
in between.
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During the entire experimental testing, plasma glucose
concentrations remained within the normoglycemic range.
Plasma glucose concentrations showed a significant treat-
ment (P = 0.002) and time � treatment interaction (P =
0.008) effect. Plasma glucose concentrations were higher
directly postexercise (P = 0.002) and 4h postexercise (P =
0.008) in the glucose-fed state compared with the fasted
state (Fig. 2B). Moreover, plasma glucose concentrations
were increased at the end of exercise (t = 120) compared with
baseline (t = �60) in the glucose-fed state (P = 0.029),
whereas plasma glucose concentrations were decreased 4h
postexercise in the fasted state compared with baseline (P =
0.003, Fig. 2B).

Substrate Oxidation

During exercise, there was a significant time (P < 0.001)
and treatment (P = 0.042) effect for fat oxidation and a sig-
nificant treatment (P = 0.018) effect for carbohydrate oxida-
tion (and a tendency for a time effect (P = 0.082). This was
reflected in a higher carbohydrate oxidation and lower fat
oxidation in the glucose-fed state compared with the fasted
state (P < 0.05, Fig. 2, C and D). In the postexercise period, a
significant treatment effect was observed for both fat (P =
0.004) and carbohydrate (P = 0.011) oxidation. Carbohydrate
oxidation was higher and fat oxidation was lower in the glu-
cose-fed state versus the fasting condition during all time
points of the recovery period (P < 0.05, Fig. 2, C and D).
Surprisingly, we observed that energy expenditure during
exercise in the fasted state was modestly, but significantly,
lower than in the glucose-fed state (P < 0.05, Table 2). Two
individuals were unable to maintain the workload demanded
throughout the full two hours, if fasted. Thus, workload was
lowered to facilitate completion of the trial, which might
explain the differences in EE during exercise. Postexercise, all

subjects rested and energy expenditure was similar between
the two conditions (P> 0.05, Table 2).

Intramyocellular Lipid Content and Lipid Droplet
Morphology

Total IMCL content (based on type I and II fibers together)
displayed a significant time (P = 0.013) and treatment effect
(P = 0.007). Irrespective of the fed or fasted condition, IMCL
content was not significantly changed from baseline, directly
postexercise (Fig. 3A). At the same time point, however, LD
size appeared modestly reduced directly postexercise in the
fasted state (P = 0.004, Fig. 3B) but not in the glucose-fed
state. Four hours postexercise, however, IMCL content sig-
nificantly (P = 0.036) increased in the fasting condition com-
pared with directly after exercise, which resulted in a
significantly higher IMCL content in the fasted state than in
glucose-fed state 4h postexercise (P = 0.016, Fig. 3A). LD
number displayed a tendency (P = 0.084) for a time effect.
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Figure 2. Differential substrate levels and
usage with fasting vs. glucose supplemen-
tation. Plasma nonesterified fatty acids
(NEFA) levels (A), plasma glucose levels
(B), fat oxidation (C), and carbohydrate oxi-
dation (D) before, during, and postexer-
cise with (dotted line/squares) and without
(solid line/circles) glucose supplementa-
tion. �P < 0.05 compared with glucose-
fed state, #P < 0.05 compared with base-
line (t = �60min). Data are means ± SE
(n =9).

Table 2. Energy expenditure during and after exercise in
glucose-fed and fasted state

Glucose Fasted

Treatment Time, Min EE, kJ/Min EE, kJ/Min

Exercise 30 51.0 ± 3.0 45.0 ± 2.6�
60 51.8 ± 3.2 46.0 ± 2.9�
90 52.3 ± 3.2 45.6 ± 2.9�
120 51.4 ± 3.5 44.2 ± 3.0�

Postexercise 180 7.5 ± 0.5 6.9 ± 0.4
240 7.1 ± 0.4 6.9 ± 0.4
300 7.3 ± 0.4 6.8 ± 0.5
360 7.3 ± 0.4 7.1 ± 0.6

Data are means ± SE, n = 9 during exercise, n = 7 during postex-
ercise. EE, energy expenditure; �P < 0.05 compared with glucose-
fed state.
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Figure 3. Increased intramyocellular lipid (IMCL) content 4 h postexercise with fasting. Intramyocellular lipid (IMCL) content (A, D, and G), lipid droplet
(LD) size (B, E, and H) and LD number (C, F, and I) in all fibers, type I and type II fibers. Representative images of type I fibers of the same participant 4h
postexercise in fasting condition or with glucose-supplementation (J). �P < 0.05 compared with glucose-fed state; #P < 0.05 compared with baseline;
$Compared with postexercise. Data are means ± SE (n =9).
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The increase in IMCL content in the fasted state during the
recovery period appeared to result from an increased num-
ber of LDs (Fig. 3C) rather than an increase in LD size (P =
0.754, Fig. 3B). These observations are also visualized in Fig.
3J that displays type I fibers of the same participant 4h post-
exercise in both fasting and glucose-fed state.

When distinguishing between fiber types, the elevated
IMCL content 4h postexercise in the fasted condition com-
pared with the glucose-fed state was only observed in the
type I fibers (p = 0.012, Fig. 3D). Higher total IMCL content
4h postexercise is more likely to originate from the near sig-
nificant increase (p = 0.058) of IMCL directly postexercise
than from the modest non-significant (p = 0.841) drop in the
glucose-fed state. Higher IMCL content in type I fibers 4h
postexercise was paralleled by an increase in the number of
LDs (p = 0.010, Fig. 3F) while LD size did not change (p =
0.602, Fig. 3E). Similar to the overall picture, exercise in the
fasted condition reduced LD size in type I fibers (p = 0.002,
Fig. 3E). No significant effects of exercise on IMCL content,
LD number nor size were observed in type II fibers (Fig. 3G-
I). Thus, the effects of exercise on IMCL seems to be mainly

due to effects in type I fibers. Of note, in these untrained par-
ticipants, type I and type II fibers represented 42±3.1% and
58±3.1% of total fibers, respectively.

Cellular Distribution of Lipid Droplets

We next investigated if exercise differentially affected
IMCL content, LD size and LD number in the SS versus the
IMF region. Contrary to our expectations, and in the absence
of significant changes in total IMCL content, we observed a
significant decrease in IMCL content in the SS region directly
after exercise in the fasting condition (P = 0.012, Fig. 4A).
The decrease in SS IMCL content originated from a decrease
in LD size (P = 0.005, Fig. 4B) as well as in LD number (P =
0.040, Fig. 4C). Four hours postexercise, SS IMCL content
was replenished in the high NEFA (fasted) condition (P =
0.028, Fig. 4A), mainly due to an increase in LD number (Fig.
4C, P = 0.040). As a result, IMCL content in the SS region was
significantly higher in the fasted versus the glucose-fed state
4h postexercise (P = 0.005, Fig. 4A). In the IMF region, no
significant differences in IMCL content or LD number and
size in the IMF region were detected (Fig. 4,D–F).

Figure 4. Subsarcolemmal intramyocellular lipid (IMCL)
content transiently decreases directly postexercise and
is replenished during recovery in the fasted state. IMCL
content (A and D), lipid droplet (LD) size (B and E), and
LD number (C and F) in all fibers in the subsarcolemmal
(SS) or intermyofibrillar (IMF) region of the muscle fiber.
�P < 0.05 compared with glucose-fed state; #P < 0.05
compared with baseline; $Compared with postexercise.
Data are means ± SE (n =9).
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PLIN5 Coating of Lipid Droplets

LDs can be separated into pools of LDs decorated with
PLIN5 (PLIN5þ LDs) and those devoid of PLIN5 (PLIN5-
LDs) (Fig. 5H). Interestingly, we observed a time (P = 0.007)

and treatment effect (P = 0.004) for IMCL content in
PLIN5þ LDs (Fig. 5A). Four hours postexercise, IMCL con-
tent in PLIN5þ LDs was significantly higher in the fasting
state compared with the glucose-fed state (P = 0.013) (Fig. 5,
A and G). This was predominately due to a tendency (P =
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Figure 5. Increased intramyocellular lipid
(IMCL) content 4 h postexercise in the fast-
ing state was specifically in lipid droplets
(LDs) coated with PLIN5. IMCL content (A
and D), LD size (B and E), and LD number
(C and F) in all fibers in LDs coated with
PLIN5 (PLIN5þ ) or devoid of PLIN5
(PLIN5�). Representative images of type I
fibers of the same participant 4 h postex-
ercise in fasting condition or with glucose-
supplementation in PLIN5þ LDs (G).
Example of a PLIN5� and a PLIN5þ LD.
Scale bar = 1mm (H). �P < 0.05 compared
with glucose-fed state. Data are means ±
SE (n =9).
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0.062) for an increase in lipid content in the fasting condi-
tion during the recovery period, rather than due to a drop in
IMCL content in the glucose fed state (Fig. 5A, P = 0.534).
The higher IMCL content in the fasted state, 4h postexercise,
seems to originate from a higher LD number (Fig. 5C), rather
than from differences in LD size (Fig. 5B). For PLIN5- LDs,
we could not detect any significant changes in IMCL content,
LD size or number with exercise or during the recovery pe-
riod (Fig. 5,D–F).

DISCUSSION

Data on the effect of acute exercise on IMCL content are
ambiguous. The different and sometimes contradictory data
on postexercise IMCL content may originate from a variety
of factors, including muscle fiber typology, subcellular loca-
tion of the stored fat and nutritional status, or more specifi-
cally, circulatory NEFA levels. Here, we examined the effect
of an acute bout of exercise on IMCL content and distribu-
tion in healthy lean young men under a fasted and glucose-
fed condition. It was observed that the effect of an acute
bout of exercise on IMCL is affected by nutritional status
during and after exercise, probably related to plasma NEFA
levels. Changes in IMCL content upon exercise were muscle
fiber type and region specific and dependent on the presence
of PLIN5 on the LD. We observed that IMCL content
decreased in the SS- but not in the IMF- region upon acute
exercise and that 4h following exercise, IMCL content was
elevated in the fasted but not in the glucose-fed state. These
significant changes were restricted to type I fibers, LDs deco-
rated with PLIN5 and under fasted conditions, when plasma
NEFA levels were highest.

In contrast to the glucose-fed state, moderate intensity
exercise in the fasted state profoundly elevated plasma
NEFA levels and increased fat oxidation, similar to what we
reported previously using the same study design (33, 34). We
previously showed that the increase in plasma NEFA content
and fat oxidation in the fasted state upon exercise was paral-
leled by increased cardiac (34) and hepatic (33) fat content
4h postexercise. This increase in ectopic fat accumulation
was completely blunted upon consumption of a glucose
drink during and after exercise, which resulted in blunted
NEFA levels and fat oxidation rates. These observations in
heart and liver are in line with the results of the current
study, revealing restoration of IMCL 4h postexercise in the
fasted, but not the glucose-fed state. This was observed as
well in trained athletes who were fasted during and after
exercise (23). We suggest that these findings may be related
to higher plasma NEFA levels (and lower fat oxidation),
which we report in parallel with the changes in IMCL.
However, we cannot exclude that other factors, such as
higher glucose flux or higher insulin levels in the glucose-fed
condition may be involved in the differential effects of exer-
cise in the fed or fasted state on IMCL content 4h postexer-
cise. In addition, timing of the measurements could be a
factor in the results we obtained, as we have recently shown
that IMCL displays 24h rhythmicity under resting condi-
tions in healthy volunteers (35). It should be noted that in
the current study, the timespan of the entire protocol, i.e.,
exercise and recovery, was�8h and that we used a crossover
design where volunteers were their own controls and both

arms were carried out at the same time points. Therefore,
although we cannot exclude a small effect of the diurnal
rhythm of IMCL content on our findings, such an effect
likely is insufficient to explain the difference we observe
between the glucose-fed and fasted state.

In the fasted state, we observed a transient non-significant
drop in IMCL content during exercise with an increase in
IMCL in the recovery phase, resulting in higher IMCL levels
in the fasted than in the glucose fed state. The higher IMCL
levels originated from an increase in number (rather than
size) of LDs, similar to was has been reported by others (23).
In line with previous studies (17, 23), the overall changes in
IMCL content were detected in type I muscle fibers (that
store most IMCL and are predominantly recruited at exercise
with this low intensity) but not in type II fibers. These find-
ings are in line with previous observations that trained indi-
viduals store a higher number of LDs in type I muscle fibers
compared with sedentary individuals (5).Tracer studies
revealed that FAs derived from IMCL contribute to total fat
oxidation during exercise (6–8, 10, 11). The increased IMCL-
derived fat oxidation can result in a drop in IMCL content
(36) and consequently changes in LD size and number (23).
Directly postexercise, we did not observe a significant drop
in total IMCL content in the present study. In the fasted
state, fat oxidation rates and plasma NEFA levels were
higher throughout exercise and recovery compared with the
glucose-fed state. While themethodology used in the present
study does not permit statements on FA flux through the LD,
it is conceivable that profound elevation of plasma NEFAs in
the fasted condition (and the concomitant increased NEFA
delivery to the muscle) may refuel the LDs during exercise,
hence preventing a significant drop in IMCL. Indeed, re-
esterification of fat (37) and increased IMCL synthesis (19) in
exercising muscle have been shown. As expected, glucose
levels and carbohydrate oxidation levels were much higher
in the glucose-fed state, indicating that carbohydrates were
themain energy source in the glucose-fed condition.

In that respect, it is interesting to note that exercise in the
fasted state resulted in a transient drop in IMCL content in
the SS region, followed by restoration 4h postexercise,
whereas no significant effects were observed in the IMF
region. LDs in the IMF region and in vicinity ofmitochondria
supposedly fuel muscle contraction (38). Thus, our observa-
tion in lean untrained individuals does not support our hy-
pothesis that IMF LDs would contribute more to lipid
oxidation during exercise than SS LDs, and therefore would
reduce in size and/or numbermore profoundly. Our findings
also do not match with recent observations in trained ath-
letes (23) and young active individuals (36), where it was
found that exercise resulted in a drop in IMCL in the IMF
region, which was restored 4h postexercise (23). On the other
hand, our results are in line with previous findings where the
number of SS LDs was reduced in the leg muscle of elite
skiers after 1h cross-country skiing (39), however they found
a decrease in IMF LD number in the arms. It should be noted
that prolonged exercise training programs reduce SS lipid
content (40–42) and trained individuals display a lower
SS lipid compared with sedentary individuals (5). The
untrained participants in the current study may have higher
SS lipid storage compared with athletes, possibly explaining
this discrepancy. Another potential explanation for the
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observation that exercise in the fasted state seems to specifi-
cally affect SS LDsmay include FA trafficking from SS to IMF
LDs; a high IMF LD-derived fat oxidation (with IMF lipid
content quantitatively being the larger pool) may trigger FA
flux from SS LDs toward IMF LDs. FA transport from the SS
to the IMF region is more likely than LD motility in the
skeletal muscle due to its organized structure (43). As both
LD number and size decreased in the present study, a
transfer of FAs is expected rather than a transfer of LDs, as
the latter would result in a decrease of primarily LD num-
ber. However, the importance of lipid oxidation in the SS
mitochondria themselves during exercise should also be
considered, as exercise training more profoundly affects
mitochondrial density and oxidative capacity of SS mito-
chondria compared with IMF mitochondria (44, 45).
Regardless the exact mechanism, our data suggest a yet
unidentified role for SS LDs in acute exercise and recovery
of exercise.

The higher and elevated IMCL levels in fasted state after
4h of recovery were detected when plasma NEFA levels
were still profoundly elevated, while rates of fat oxidation
had dropped substantially. Jointly, these data suggest that
IMCL is restored and LDs serve as a sink to store excess FAs,
an observation that we showed previously when comparing
active and nonactive muscle during exercise (15) or upon
prolonged fasting (27). The storage of excess fat upon pro-
longed fasting was accounted for specifically by LDs deco-
rated with PLIN5 (PLIN5þ LDs) (27). PLIN5 is a LD coat
protein involved in lipid storage and release of fat for oxida-
tion (for review see Ref. 46). Others have shown that PLIN5
coated LDs are preferentially used for lipolysis during exer-
cise (17). The increase in IMCL content after 4h of recovery
in the fasting state, was completely accounted for by
PLIN5þ LDs in the present study, suggesting preferential
storage of FAs into PLIN5þ LDs postexercise, which has pre-
viously been observed by others as well (23). PLIN5 interacts
with enzymes such as ATGL (47–49) and these enzymes may
be involved in this regulation of LD turnover as well. In that
context, it is interesting to note that we have previously
shown that acute exercise leads to a rapid upregulation of
PGC1 and PPAR gene expression (50), which are transcrip-
tion factors regulating lipid metabolism gene expression.
Interestingly, we previously showed that glucose ingestion
during exercise lead to blunted expression of lipid metabo-
lism genes (51), suggesting that transcriptional regulation
may be involved in the regulation of LD turnover. Moreover,
it has been observed that HSL preferentially recruits to
PLIN5þ LDs after acute exercise (52). Jointly, these data
indicate involvement of LD coating proteins such as PLIN5,
ATGL, HSL, DGAT and other regulation proteins in LD turn-
over during fasted conditions, and show that PLIN5þ LDs
can serve as a sink for excess FAs postexercise, but also serve
to fuel oxidation during exercise (17, 23). These observations
match the dual role that has been postulated for PLIN5 in
skeletal muscle; regulating FA flux from LD to mitochondria
uponmetabolic demand (25) as well as protecting against lip-
otoxicity under basal conditions by stimulating lipid storage
(27, 53).

Our study comes with some limitations especially when it
comes to generalizability. Thus volunteers in our study were
lean, young men and it is possible that other results will be

found when studying women. Furthermore, our volunteers
were relatively untrained, which might explain the discrep-
ancy with observations reported in endurance-trained ath-
letes. Furthermore, different types of exercise, for example
higher intensity exercise, may result in different conclusions
regarding the role of SS and IMF lipids in exercise.

In summary, we have shown here that acute exercise
affects IMCL storage and LD morphology during exercise
and during recovery from exercise, and that the effects of
exercise on IMCL content are affected by nutritional status,
reflected in higher plasma NEFA levels and fat oxidation
rates. Remarkably, we observed a decrease in lipids stored in
the SS region of the muscle fiber acutely after exercise in the
fasting condition. During recovery from exercise in the fast-
ing state, IMCL levels increased specifically in type I fibers
and in PLIN5þ LDs, predominantly via an increased num-
ber of LDs in the SS region. Future studies should aim at
unraveling intracellular FAs fluxes during exercise to estab-
lish a greater understanding of IMCLmetabolism.
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