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ABSTRACT 

Background: Impaired insulin sensitivity may partly 
arise from a dysregulated lipid metabolism in human 
skeletal muscle. This study investigates the expression 
levels of perilipin 2, 3, and 5, and four key lipases in 
human skeletal muscle from the subjects that exhibit 
a range from normal to very low insulin sensitivity. 
Methods: 25 middle aged male participants were 
matched for lean body mass and recruited into three 
groups; type 2 diabetes patients (T2D), impaired glu- 
cose tolerance (IGT), and healthy sedentary controls 
(CON) according to their glucose tolerance and 
VO2peak. A muscle biopsy was obtained from vastus 
lateralis, and a two-step sequential euglycaemic-hy- 
perinsulinaemic clamp was performed. Muscle sam- 
ples were analyzed by Western blot for expression of 
perilipin 2, 3, 5, adipose triglyceride lipase (ATGL), 
hormone-sensitive lipase (HSL), endothelial lipase 
(EL) and lipoprotein lipase (LPL). Results: Perilipin 
3 expression was higher in T2D compared to CON. 
Perilipin 2 expression was higher in CON than T2D. 
We observed no difference in expression of perilipin 5, 
ATGL, HSL, EL or LPL between the groups. Con- 
clusions: In the present study the muscle perilipin 3 
expression and perilipin 2 expression varied mark- 
edly with insulin sensitivity. This difference in perili- 
pin expression may indicate that the lipid droplet 
function and thus storage and release of fatty acid- 
vary with insulin sensitivity.  
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1. INTRODUCTION 

In muscle triacylglycerol (TG) is stored in lipid droplets 
and during the last decade our knowledge of the struc- 
tural proteins, perilipins, and their interaction with pri- 
mary muscle lipases has increased tremendously. Today 
lipid droplets in muscle are regarded as dynamic organ- 
elles that are tightly controlled byperilipin 2, 3 and 5, 
which coat their surface [1-3]. In muscle the breakdown 
of TG is influenced by perilipin 2 and probably also per- 
ilipin 3 and 5, which is believed to regulate the activity 
of ATGL through CGI-58 a protein also located at the 
lipid droplet membrane [4-6]. Furthermore, it is possible 
that perilipin proteins in muscle may also be involved in 
the translocation and activation of HSL for diacylglyc- 
erol breakdown [4-6]. The correlation between insulin 
sensitivity and intramuscular TG storage is strong and 
has emerged numerous times and yet no causal link has 
been demonstrated explaining this [7,8]. The high muscle 
TG content is thought to lead to a high concentration of 
intracellular acylated long chain fatty acids that may at- 
tenuate insulin sensitivity through increased bioactive 
lipid intermediate content [Reviewed by: 9,10] and/or an 
increased content of mitochondrial fatty acid intermedi- 
ates [11]. In accordance with this it is possible that the 
content and composition of perilipin proteins in muscle 
may be influenced or altered in insulin resistant states 
and thereby mediate the coupling between TG content 
and insulin sensitivity through the regulation of intracel- 
lular long chain fatty acid levels. However, at present the 
evidence is somewhat conflicting where studies have 
demonstrated increased perilipin 2 expression concomi- 
tant with increased insulin sensitivity in obese [12] and 
in type 2 diabetes subjects [12,13], whereas other studies 
have found decreased perilipin 2 and 5 expression con- 
comitant with increased insulin sensitivity [14]. It is 
tempting to speculate that an accumulative distortion in 
the expression pattern of the lipid droplet supporting 
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perilipin proteins and muscle lipases induced by meta- 
bolic dysregulation may interact and contribute to an 
increased intracellular long chain fatty acid content that 
may eventually induce lipotoxicity [8]. Therefore, the 
aim of present study was to quantify levels of perilipin 2, 
3 and 5, two lipases expressed in the endothelial wall 
(EL and LPL), and two intracellular lipases (ATGL, and 
HSL) in human skeletal muscle, within subjects exhibit- 
ing a range of normal to very low insulin sensitivity. 

2. MATERIALS AND METHODS 

2.1. Subjects 

Twenty-five middle aged men were recruited into three 
groups according to their glucose tolerance and training 
status: Patients diagnosed with type 2 diabetes (T2D, n = 
8), overweight or obese subjects with impaired glucose 
tolerance (IGT, n = 9), and healthy sedentary controls 
(CON, n = 8). The groups were matched for age and lean 
body mass (LBM). Exclusion criteria were familial pre- 
disposition to type 2 diabetes (except in the T2D group) 
and medical treatment other than oral hypoglycemic 
agents and insulin. Furthermore, the subjects were in- 
structed to refrain from alcohol, tobacco and strenuous 
exercise 48 hours prior to the screening and the experi- 
mental day. All subjects received written and verbal in- 
formation about the purpose and potential risks and 
complications of the experiment. Informed written con- 
sent was obtained before inclusion. The study was ap- 
proved by the Copenhagen Ethics Committee (KF 01- 
091/02), and was carried out in accordance with the 
Declaration of Helsinki II. We have previously published 
two papers based on the experiment from which the pre- 
sent data are also generated [15,16]. 

2.2. Testing and Experimental Procedure 

The subjects participated on two separate days; a screen- 
ing and an experimental day. The screening and experi- 
mental procedures have previously been described in full 
detail [15,16]. In brief subjects arrived after an overnight 
fast on both experimental days. The screening day in- 
cluded measurement of height, weight, a standard oral 
glucose tolerance test (OGTT), body composition and 
peak oxygen uptake. Body composition was determined 
from dual-energy X-ray absorptiometry (DXA) (DPX-IQ 
240; Lunar, Madison, WI, USA). In the OGTT a venous 
blood sample was retrieved before and 120 min after 
consumption of 75 g glucose distributed in 400 ml of 
water. Peak oxygen uptake (VO2peak) was determined 
using agraded exercise test on a semi-supine bike. Pul- 
monary oxygen consumption was monitored on an online 
system (Oxycon Pro system; Jaeger, Hoechberg, Ger- 
many).  

On the experimental day muscle biopsies were ob- 

tained from m. vastus lateralis after 30 min of rest in the 
supine position using the Bergström muscle biopsy nee- 
dle technique modified to include suction [17]. Muscle 
biopsies were obtained after administration of local an- 
esthesia (5% lidocain, Amgros I/S, Copenhagen, Den- 
mark) to the skin, subcutaneous tissue and fascia. The 
muscle tissue was frozen in liquid nitrogen within 10 - 
15 s of sampling and stored at −80˚C until further analy- 
sis. Thereafter, the subjects underwent a two-step se- 
quential euglycaemic-hyperinsulinaemic clamp, both 
steps lasting 120 min. In steps 1 and 2, an insulin infu- 
sion rate of 28 and 80 mU·m−2·min−1 were used, respec- 
tively. The glucose infusion rate (GIR) was adjusted ac- 
cording to frequent measurements (~5 min intervals) of 
plasma glucose concentrations using a whole blood ana- 
lyzer (ABL 625; Radiometer, Copenhagen, Denmark).  

2.3. Analysis of Blood and Muscle Samples 

Blood samples were analyzed as described elsewhere 
[16]. Muscle lipase and perilipin protein expression were 
analyzed using Western Blot.  

2.4. Muscle Homogenate Preparation 

All biopsies were dissected free of all visible adipose 
tissue, connective tissue, and blood. The biopsies were 
then homogenized in a buffer (25 mM Tris pH 6.8, 10 
mM Pyrophosphate, 2 mM Sodium Ortovanadate, 5 mM 
EDTA, 20 mM Pyrophosphate, and 3% SDS β-glyc- 
erophosphate) heated to 95˚C. Protein concentration was 
measured by the bicinchoninic acid (BCA) assay (Pierce, 
Rockford, IL USA) in triplicate, and a maximal coeffi- 
cient of variation of 5% between replicates was accepted.  

2.5. Western Blot 

An equal amount of protein (20 µg) was heated to 55˚C 
for 10 minutes and electrophoresed in 4% - 15% poly- 
acrylamide sodium dodecyl sulphate gels (Bio-rad, Co- 
penhagen, Denmark) and electro transferred to a PVDF 
membrane. In order to avoid possible differences in ex- 
pression of housekeeping genes induced by type 2 dia- 
betes, the proteins were expressed relative to at least four 
lanes of loaded internal standard. The internal standard 
was a mix of 50 μl of all samples and 20 μg of this stan- 
dard was loaded in all internal standard wells. The mem- 
brane was blocked for 1.5 hour at room temperature with 
either skimmed milk powder or bovine serum albumin 
(BSA) diluted in Tris-buffered saline (10 mM Tris Base, 
150 mM NaCl, pH 7.4). The membranes were then in- 
cubated with the primary antibody overnight at 4˚C. The 
primary antibodies were: anti-ADRP (Novus Biologicals, 
Littleton, CO, USA), anti-ATGL (Cell Signaling Tech- 
nology, Beverly, MA, USA), anti-LIPG (Sigma-Aldrich, 
Saint Louis, MO, USA), anti-HSL (Santa Cruz biotech- 
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nology, Inc., Heidelberg, Germany), anti-LPL (Santa 
Cruz biotechnology, Inc., Heidelberg, Germany), anti- 
OXPAT (Novus Biologicals, Littleton, CO, USA), anti- 
TIP47 (Sigma, Prestige Antibodies, St. Louis, MO, 
USA). Secondary antibodies were: Polyclonal goat anti- 
rabbit horseradish peroxidase conjugated, (Dako, Glos- 
trup, Denmark) and polyclonal goat α-mouse horseradish 
peroxidase conjugated (Dako, Glostrup, Denmark). Blots 
were developed in ECL detection reagents (Amersham, 
ECL Western Blotting Detection Reagents; GE Health- 
care) and the chemiluminescence emitted from immune- 
complexes was visualized with a LAS 3000 image ana- 
lyzer (FUJI FILM, Tokyo, Japan). The images were 
quantified by Multi Gauge software (FUJI FILM, Tokyo, 
Japan). 

2.6. Antibody Validation 

The antibodies used in this study were all from comer- 
cial manufacturers and were all validated by the compa- 
nies. Furthermore, perilipin 2 [18], LPL [19,20], and 
ATGL [4] have been used in other publications. How- 
ever, additional testing was done for ATGL, HSL, perili- 
pin 2, and LPL, see Figure 1. perilipin 2 has been shown 
to be the dominant perilipin in milk fat [21]. Human 
breast milk was spun down at 150.000 g for 60 min and 
the milk fat fraction was separated from the non-fat frac- 
tion [21], see Figure 1(c). Homogenates from ATGL and 
HSL knockout (KO) mice were kindly donated by Pro- 
fessor Jørgen Wojtaszewski (Molecular Physiology Group, 
Department of Exercise and Sport Science, University of 
Copenhagen, Denmark), see Figures 1(a) and (b). All 
samples used for validation were handled as described in 
the methods section. EL, and perilipin 3 and 5 were not 
validated in the present study, but showed specific bands 
near the expected molecular weights, see Figure 2. 

2.7. Statistics 

All statistical analyses were performed in Sigma Plot 
11.0 (Systat software, Inc., San Jose, USA). Compari- 
sons of group characteristics and protein expression were 
made using one way ANOVA. When analyses of vari- 
ance revealed significant differences, Tukey’s post hoc 
test was used for multiple comparisons. For correlations 
between different variables Pearson’s product moment 
correlation coefficient (R) and corresponding P-value 
were obtained. The level of significance was set at *P < 
0.05. Data are expressed as mean ± standard error of 
mean (±SEM). 

3. RESULTS 

3.1. Description and Characteristics 

The characteristics of the subjects in the three groups are  

 
(a)                (b) 

 
(c)                (d) 

Figure 1. Validation of antibodies by positive 
and negative controls. (a) Specificity of the 
primary ATGL antibody was tested with ho- 
mogenates of human skeletal muscle (muscle), 
ATGL knockout mouse (ATGL KO), and wild 
type mouse (mouse WT); (b) Specificity of the 
primary Hormone-sensitive lipase (HSL) anti- 
body was tested with homogenates of human 
skeletal muscle (muscle), HSL knockout mouse 
(HSL KO), and wild type mouse (mouse WT); 
(c) Perilipin 2 antibody specificity was tested 
with a homogenate with isolated perilipin 2 
containing human milk fat (milk fat), a fraction 
of non-fat and thereby non-perilipin 2 contain- 
ing human milk (milk fat frc. 1) and human 
skeletal muscle (muscle). 20 µg of protein was 
loaded in all lanes; (d) The specificity of the 
Lipoprotein lipase (LPL) antibody was tested 
with human fat tissue (FAT), and human ske- 
letal muscle (muscle). 

 
given in Table 1. The classification of the subjects was 
based on a DXA-scanning, an OGTT and a VO2peak test. 
There was no difference between the groups in BMI, 
LBM whole body fat content (Table 1). VO2peak was 
lower (P < 0.05) in T2D compared to IGT and CON. The 
data on measurement of insulin sensitivity has been pub- 
lished previously [15,16]. Within the last 30 minutes of 
step 2 of the euglycaemic hyperinsulinaemic clamp, the 
glucose infusion rates (GIR) were significantly lower in 
T2D compared to IGT and CON (Table 1, Data only 
shown for step 2). 

3.2. Muscle Protein Expression 

Perilipin 2 expression was 17% ± 4% higher (P < 0.05) 
in CON compared to T2D (Figure 3(a)). The highest 
expression of perilipin 3 was seen inT2D, and the ex- 
pression was 27% ± 4% higher (P < 0.05) than in CON.    
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(a)           (b)               (c)                (d) 

 
(e)           (f)                (g) 

Figure 2. Example of full blots for all antibodies used in the study. (a) perili- 
pin 2; (b) perilipin 3; (c) perilipin 5; (d) hormone-sensitive lipase (HSL); (e) 
adipose triacylglycerol lipase (ATGL); (f) lipoprotein lipase; and (g) endothe- 
lial lipase. Lanes marked with SK is homogenate from human skeletal muscle 
as described under internal standard in the methods section. 

 
Table 1. Group characteristics. 

 
Type 2  

Diabetes (T2D)
Impaired Glucose 
Tolerance (IGT)

Healthy sedentary 
Controls (CON) 

N 8 9 8 

Age (years) 54 ± 2 54 ± 2 53 ± 2 

Weight (kg) 100 ± 4 103 ± 4 93 ± 3 

BMI (kg/m−2) 31 ± 2 33 ± 1 29 ± 1 

LBM (kg) 68 ± 2 67 ± 3 65 ± 2 

VO2peak  
(ml O2·kg LBM−1·min−1) 

31 ± 3b,c 37 ± 2 43 ± 2 

Blood glucose (mmol·l−1)    

Fasting 11.1 ± 1 6.1 ± 0.2a 5.5 ± 0.1a 

After 2 hrs OGTT 18.3 ± 1.3† 8.4 ± 0.3a† 5.1 ± 0.4a,b 

ssGIR  
(mg [kg·LBM]−1·min−1) 

5 ± 2b,c 10 ± 1 13 ± 1 

Data are means ± SEM. BMI: Body mass index; LBM: Lean body mass; VO2peak: Peak oxy- 
gen uptake; ssGIR: steady state glucose infusion rate during a two-step sequential euglycae- 
mic-hyperinsulinaemic clamp (80 mU·m−2·min−1). The descriptive data have previously been 
published [15,16]. a(P < 0.05) vs T2D; b(P < 0.05) vs IGT; c(P < 0.05) vs CON; †(P < 0.05) vs 
Fasting level. 
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Furthermore, perilipin 3 expression tended to be 17% ± 
5% lower (P = 0.07) in IGT compared with T2D (Figure 
3(b)). There was no significant difference in perilipin 5 
expression between the groups (Figure 3(c)), but there 
was a trend towards a main effect (One way ANOVA; P 
= 0.11). There was a positive relation between perilipin 2 
expression and GIR (R = 0.401, P < 0.05) and the perili- 
pin 3 expression correlated negatively to GIR (R = 0.495, 
P < 0.01). 

There were no significant differences in expression of 
muscle LPL, EL, ATGL or HSL between the groups 
(Figure 4). However, there was a trend towards a main 
effect for the HSL expression (One way ANOVA; P = 
0.07), and when evaluated by t-test the T2D tended to be 
higherthan IGT (P = 0.05) and CON (P = 0.14) (Figure 
4(b)).  

4. DISCUSSION 

In the present study a major finding was that muscle per- 
ilipin 3 expression was clearly divergent compared to 
perilipin 2 expression across three groups varying from 
normal to very low insulin sensitivity. The muscle perili- 
pin 3 expression was higher in T2D compared to normal 
insulin sensitive controls, and borderline compared to 
IGT (P = 0.07). In contrast, muscle perilipin 2 expression 
was higher in CON compared to T2D, but not compared 
to IGT. There were no significant differences in the ex- 
pression of perilipin 5, the major intracellular lipases 
ATGL, HSL and the extracellular lipases EL and LPL 
between the groups. 

Little is known about the role of perilipin 3 in the hu- 
man skeletal muscle. Studies in cell lines have indicated 
that perilipin 3 is involved in biogenesis of lipid droplets, 
by transport of fatty acids from the plasma membrane to 
lipid droplets for storage [22] and that perilipin 3 to a 
larger extent is involved in small lipid droplet formation, 
whereas perilipin 2 to a higher extent is attached to larger 
lipid droplets [23]. We observed a positive correlation 
between perilipin 2 and GIR and a negative correlation 
between perilipin 3 expression and GIR. A finding which 
is supported by Coen et al. that demonstrated a strong 
correlation (R = 0.81, P < 0.01) between perilipin 2 gene 
expression and glucose disposal in obese overweight 
men [24]. In perilipin 2 knockout mice normal body wei- 
ght and fat mass was observed [25], which may be due to 
a compensatory over expression of perilipin 3 [26]. In 
the present study a cross sectional design was applied 
and given the markedly differing insulin sensitivity and 
different basal plasma free fatty acid concentration be- 
tween groups [15,16] it is impossible to identify a cau- 
sality between the difference in perilipin 3 and perilipin 2 
muscle expression and insulin sensitivity. Further studies 
are needed to address a functional effect of varying lipid  

 

Figure 3. The expression level of (a) perilipin 
2 (b) perilipin 3 and (c) perilipin 5 in three age 
and LBM matched groups: type 2 diabetes 
(T2D, n = 8), impaired glucose tolerant (IGT, n 
= 9), and healthy sedentary controls (CON, n = 
8). The results were normalized against the 
means of the standard bands (n = 4), which is a 
pooled standard sample used for all Western 
Blots in the study (STD). 20 µg of muscle ho- 
mogenate was loaded in all lanes. *P < 0.05. 
Data are presented as means ± SEM. 

 
droplet protein expression and the influence on uptake 
and release of long chain fatty acids.  

In former studies a high perilipin 5 expression has 
been observed in tissues that have a high oxidative ca- 
pacity towards fatty acids [27-30]. In the present study 
the maximal oxygen uptake per lean mass was in fact 
lower in type 2 diabetes patients, and although not sig- 
nificant the perilipin 5 expression also tended to be lower   
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Figure 4. Expression levels of important lipases in human skeletal muscle. The 
expression level of (a) adipose triglyceride lipase (ATGL); (b) hormone-sensi- 
tive lipase (HSL) with a trend (P = 0.07) towards difference in main effect; (c) 
lipoprotein lipase (LPL); and (d) endothelial lipase (EL) was determined by 
Western Blotting in three age and LBM matched groups: type 2 diabetes (T2D, 
n = 8), impaired glucose tolerant (IGT, n = 9), and healthy sedentary controls 
(CON, n = 8). *P < 0.05. The results are presented as means ± SEM. The re- 
sults are normalized against the means of the standard bands (n = 4), which is a 
pooled standard sample used for all Western Blots in the study (STD). 20 µg of 
muscle homogenate was loaded in all lanes. 

 
in the type 2 diabetes patients compared to the more in- 
sulin sensitive subjects (P = 0.06 vs CON). 

Somewhat unexpected the muscle lipase expression 
was not significantly different between groups despite of 
the observed differences in VO2peak/LBM and insulin sensi- 
tivity. Studies with a longitudinal design have shown that 
ATGL expression [4] and LPL activity [31] increases 
with regular endurance training. In the present study the 
differences in VO2peak/LBM are minor and may therefore 
not translate into differences in the muscle lipase expres- 
sion. Although not significant (P = 0.07) a trend was not- 
ed towards a difference in the muscle HSL expression. It 
is not possible to link this to higher intramuscular dia- 
cylglycerol content and/or higher intramuscular long 
chain fatty acid content, and thus provide a possible me- 
chanism for the lower insulin sensitivity. Endothelial 
lipase expressionis possibly involved in HDL-particle 
catabolism [32-34], but in human skeletal muscle the role 
of endothelial lipase is largely unknown. 

5. CONCLUSION 

In the present paper we investigated the expression of the 
perilipin proteins found in human skeletal muscle and the 

expression of the major lipases involved in recruitment 
of fatty acids from the circulation to the muscle and con- 
trolling breakdown of lipid droplet stored triacylglycerol. 
The expression level of perilipin 2 and 3 differed mark- 
edly between the three groups that exhibited a range 
from normal to low insulin sensitivity and maximal oxy- 
gen uptake. The observed changes in these proteins may 
be linked to a difference in lipid droplet function and 
thus storage and release of fatty acids that may be linked 
to insulin resistance. Although the majority of data seem 
to link perilipin 2 muscle expression to insulin sensitivity 
further studies in human skeletal muscle are needed to 
elucidate the interaction between muscle lipases and per- 
ilipin proteins. 
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