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Summary
Background: Gluteofemoral adipose tissue areas are 
known to be poorly metabolically reactive. Mechanical 
massage has previously been reported to show morpho-
logical and functional impact on this tissue. The present 
study was carried out to delve more deeply into the me-
chanistic considerations regarding the incidence of a 
mechanical massage technique on gene expression pro-
file and b-adrenergic-mediated lipid mobilization in fe-
male femoral adipose tissue. Methods: Twelve preme-
nopausal healthy women were included and received 12 
sessions of calibrated mechanical massage (Endermolo-
gie®). Total RNA was extracted from femoral adipose tis-
sue biopsies for gene expression studies. Microdialysis 
was carried out in the femoral adipose tissue in order to 
assess lipolytic responsiveness (via glycerol determina-
tion) and changes in local blood flow following perfusion 
of a lipolytic agent, isoproterenol. Evaluations were per-
formed before and after the 6-week experimental period. 
Results: Mechanical massage initiated important modi-
fications in gene expression profile. The lipid-mobilizing 
effect of isoproterenol was enhanced after the experi-
mental period. Basal local blood flow and isoproterenol-
induced vasodilatation were also improved. Conclu-
sion: The protocol of mechanical massage used in the 

study promoted noticeable changes in the expression of 
genes involved in metabolic pathways. The lipolytic and 
local adipose tissue blood flow responses initiated by 
isoproterenol were significantly enhanced.

Introduction

Body fat distribution is an important metabolic and cardiovas-
cular risk factor. Several studies have revealed that obesity-
related health risks depend on the accumulation of abdominal 
and visceral fat. Studies on adipose tissue biology and physiol-
ogy have shown that striking differences exist regarding fatty 
acid uptake mechanisms and lipolytic responsiveness between 
visceral and gluteofemoral fat. Differential adipose tissue 
blood flow responsiveness has also been reported between fat 
deposits. Visceral adipose tissue adipocytes are considered to 
be the smallest and the most responsive to lipid-mobilizing 
hormones while subcutaneous gluteofemoral adipose tissue 
(GAT) adipocytes are known to be less metabolically reactive 
[1]. Fat cell hypertrophy is currently observed in GAT. More-
over, the existence of veno-lymphatic disorders in gluteofe
moral fat deposits has been mentioned. A protective role of 
gluteofemoral body fat has been suggested in subjects with 
metabolic syndrome and related comorbidities [2–5]. Never-
theless, GAT is often removed by liposuction in normal 
weight or slightly overweight healthy women by plastic sur-
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geons with the aim of reducing localized fat mass for cosmetic 
purposes. These women often possess a gynoid morphotype 
with a low waist/hip ratio. In addition, a number of poorly 
validated superficial or more invasive techniques such as in-
jection of agents with detergent effects [6, 7] or laser-assisted 
devices [8] have been claimed to impact on this tissue. These 
various practices could have deleterious effects and require 
evaluation for their safety and/or efficacy using common 
explorations of adipose tissue function. A non-invasive tech-
nique of calibrated mechanical massage, known to exert some 
circulatory and dermotrophic effects [9–12], has been shown 
to reduce body circumferences, skinfold measurements, and 
cellulite [12–15]. Despite a first attempt to study the impact of 
the mechanical massage on GAT [15], a clear risk-benefit as-
sumption cannot be easily made in the absence of biological 
or physiological studies.

Experiments were planned to study the impact of the mas-
sage on gene expression profiles using high-throughput gene 
expression methods. In addition, modifications in isoprotere-
nol-induced lipid mobilization and blood flow changes were 
studied using in situ microdialysis before and after 12 sessions 
of calibrated mechanical massage. 

Global transcriptional profiling was performed using 
whole transcriptome microarrays. Human tissue gene expres-
sion profiling is now widely used in health research [16, 17]. 
This large-scale, a priori-free approach allows the discovery 
of unsuspected biological processes and molecular networks 
with novel molecular players. Many studies focused on adi-
pose tissue genome-wide investigations during nutritional 
challenges [18] and provided new molecular biomarkers [19, 
20]. Here, the goal was to use such a strategy to capture a 
comprehensive overview of GAT response to mechanical 
massage. Lipid mobilization in GAT was monitored by the in 
situ microdialysis technique. Small microdialysis probes were 
implanted in GAT in order to continuously monitor glycerol 
(the marker of lipolytic activity) appearance in the extracel-
lular space. At the same time the probe also delivers a lipo-
lytic agent locally which will stimulate the lipolytic activity of 
the adipocytes. Using microdialysis prevents the systemic 
effects of the lipolytic drug infused in the probe. This in vivo 

and in situ approach allows the study of acute adipose cell 
responses in their actual milieu through measurement of 
glycerol output combined with estimation of local blood flow 
changes, which play an important role for the regulation of 
lipid mobilization [21]. It has been largely used to reveal the 
role of b1–2- and a2-adrenergic receptors and the impact of 
atrial natriuretic peptides in the control of lipid mobilization 
in human subcutaneous adipose tissues and to compare the 
lipolytic responsiveness of adipose tissue in lean and obese 
subjects [21]. 

Material and Methods

Subjects
Twelve healthy Caucasian premenopausal women (mean age: 31.8 years) 
were recruited at the Toulouse Clinical Investigation Centre, CHU Pur-
pan, Toulouse, France. All the women had a gynoid morphotype with the 
following characteristics: height 1.60 m (95% confidence interval (CI): 
1.60–1.70); weight: 70.7 kg (95% CI: 66.8–74.5); body mass index (BMI): 
26.8 kg/m2 (95% CI: 26.0–27.5); waist/hip ratio: 0.80 (95% CI: 0.79–0.82). 
All of them were apparently healthy with normal plasma biological pa-
rameters and were under contraceptive treatment. Exclusion criteria in-
cluded diabetes, pregnancy, hypertension, dyslipidemia, treatment with 
antidepressants, and use of weight loss drugs. All subjects were told to 
maintain their usual diet for the total duration of the study. None were 
engaged in physical activity training programs or calorie restriction proto-
cols. Investigations were approved by the Ethics Committee of Toulouse 
University Hospitals, and all subjects gave written informed consent.

Study Design
The design of the study is summarized in the diagram depicted in figure 1. 
Recruitment of patients, GAT biopsies, and microdialysis experiments 
were performed at the Clinical Investigation Centre, CHU Purpan, Tou-
louse, France. Biochemical determinations and transcriptome analyses 
were performed in the Obesity Research Laboratory, CHU Rangueil, 
Toulouse, France.

Mechanical Massage Schedule
Mechanical massage technique (Endermologie®) was performed by an 
expert physiotherapist well-experienced in the optimized utilization of 
the massage device. Each subject received a total of twelve 30-min ses-
sions (two times per week) of mechanical massage (fig. 1). The massage 
device consisted of a treatment head in which two independently motor-
ized rollers are combined with a suction system allowing multiple mobili- 13
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Fig. 1. Diagram summarizing the design of the 
study.
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during the perfusion of pharmacological agents or in some physiological 
conditions. The mean outflow-to-inflow ethanol ratio was calculated in 
percent ratio of the ethanol concentration measured in the dialysate di-
vided by the ethanol concentration measured in the perfusate × 100 and 
taken as an index of ethanol washout. Dialysate fractions were collected 
for each concentration as indicated in figures 2 and 3. Ethanol was meas-
ured immediately while fractions for glycerol determination were frozen 
and stored at –80 °C until dosage at the end of the program. 

Biochemical Determinations
Glycerol in dialysate was analyzed by an enzymatic method (Sigma, Saint 
Louis, MO, USA), as previously described [26]. The intra-assay coefficient of 
variation (CV) was 7.6–8.0% and the interassay CV was 8.8–9.6%. Ethanol 
in dialysate and perfusate (5 ml) was determined with an enzymatic method 
[27]. The intra- and interassay CV was 3.0% and 4.5%, respectively. 

Conventional Statistical Analysis
All values of lipolytic assays are presented as means ± SEM. Statistical 
analysis was performed using SPSS for Windows 17.0 (SPSS Inc, Chicago, 
IL, USA). Results from non-parametric paired Wilcoxon test were con-
sidered significant if p < 0.05.

zations of the cutaneous and subcutaneous tissues (Cellu M6; LPG Sys-
tems, Valence, France). Since investigations dedicated to morphometry 
(i.e. circumference and cutaneous fold measurements before and after 
treatment) have been reported in a previous study [15], the present one 
was focused on biological responses. Morphometry determinations were 
considered to be out of the scope of the protocol.

GAT Biopsy and Total RNA Preparation 
GAT biopsies were obtained by needle aspiration under local anesthesia 
after an overnight fast and stored at –80 °C until the end of the program. 
Total RNA from frozen biopsies were prepared as previously described 
[22], using the RNeasy total RNA Mini kit (Qiagen, Courtaboeuf, 
France). Total RNA concentration and RNA quality were estimated by 
capillary electrophoresis using the Experion analyzer (BioRad, Marnes-
la-Coquette, France).

Probe Labeling and Microarray Analysis
Target RNA was generated from 500 ng of total RNA with the Agilent 
low RNA input amplification kit (Agilent Technologies, Massy, France). 
Cy3 (before) and Cy5 (after the 12 sessions) probes from the same subject 
were purified and hybridized to whole genome 4 × 44 k oligonucleotide 
arrays (Agilent Technologies), as described in [19]. Data acquisition was 
performed with an InnoScan 700 scanner (Innopsys, Carbonne, France) 
and images were processed with Mapix software (Innopsys). Hybridiza-
tion was quality checked using control spikes. Outlier replicates and spots 
with a signal-to-noise ratio less than 2 on both red and green channels 
were eliminated from the analyses, resulting in 18,466 exploitable spots. 
Log ratio data were normalized with a global Loess procedure and fil-
tered with the R package LIMMA (Bioconductor). Principal component 
analysis was used to check that all microarray experiments provided con-
sistent data. Differential genes were searched using the one-class Signifi-
cance Analysis of Microarray (SAM) procedure [23]. Functional analysis 
was done using Ingenuity Pathway Analysis (IPA) version 8.6 [24] with 
the Agilent whole genome set as reference.

Real-Time Quantitative PCR
Reverse transcription (RT) was performed using 1 mg of total RNA, 
random hexamers, and poly(dT) according to the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) 
[19]. TaqMan® Assays (Applied Biosystems) were used with 18S (Taq-
man® Control Assays; Applied Biosystems) for gene expression nor
malization. 

Microdialysis Experiments
Subjects were investigated at 8:00 a.m. after an overnight fast, before and 
after the last mechanical massage session. After light epidermal anaes
thesia (Emla® patch 5%; AstraZeneca, Rueil-Malmaison, France, 20 min, 
and 200 ml of 1% lidocaine; Roger-Bellon, Neuilly-sur-Seine, France), 
one microdialysis probe (20 × 0.5 mm, 20-kDa molecular-weight cut-off; 
CMA Microdialysis, Solna, Sweden) was inserted percutaneously into 
GAT at two-thirds of the distance between patella and the superior ante-
rior iliac spine. A contralateral probe was inserted at an equivalent loca-
tion in the other leg to determine control values (in the absence of a lipo-
lytic agent). The probes were connected to a microinjection pump and 
continuously perfused with a sterile Ringer solution (154 mmol sodium, �
6 mmol potassium, 2.5 mmol calcium, 160 mmol chloride). Based on the 
results of previous studies [25, 26], the perfusion was set at a flow rate of �
2 ml/min and fractions were collected following a 30-min equilibration 
period. After fractions were collected for definition of baseline values, 
one probe was infused with increasing concentrations of the b-adrenergic 
receptor agonist isoproterenol (0.1, 1, and 10 mmol, in Ringer solution). 
The other probe was parallelly infused in Ringer solution alone. Ethanol 
(1.7 g/l) was added to the perfusate in order to estimate changes in the 
adipose tissue blood flow (ATBF), as previously described [25]. This vali-
dated method does provide information on changes in ATBF occurring 
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Fig. 2. Changes in isoproterenol-induced glycerol release in GAT 
induced by repeated mechanical massages. *p > 0.05 when compared with 
values obtained in control conditions (before mechanical massage).
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Fig. 3. Isoproterenol-induced changes in gluteofemoral adipose tissue 
blood flow after repeated mechanical massages. The mean outflow-to-
inflow ethanol ratio was calculated in percent ratio of the ethanol concen-
tration measured in the dialysate divided by the ethanol concentration 
measured in the perfusate × 100. #p < 0.05 when compared with basal 
(Ringer) values; *p < 0.05 when compared with values obtained in control 
conditions (before mechanical massage).
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lated genes in GAT after mechanical massage. Changes �
in mRNA levels of 23 genes were verified using RT-qPCR �
in order to validate the microarray data (table 2). Micro-�
array and quantitative PCR data were highly correlated �
(R2 = 0.9198).

The selection procedure resulted in 1,014 up-regulated and 
1,245 down-regulated transcripts, including 691 genes (509 up- 
and 182 down-regulated) with an expression level greater 

Results

Changes in GAT Gene Expression Profile Induced by 
Repeated Mechanical Massage
Statistical analyses revealed 2,259 unique differentially ex-
pressed transcripts, with changes in expression ranging from 
1.2 to 6.9 and 0.9 to 0.4 for up- and down-regulated genes, 
respectively. Table 1 presents the top 20 up- and down-regu-

Gene symbol Mean fold �
change

Name

Up-regulated genes
SPP1 6.9 secreted phosphoprotein 1
RARRES1 6.5 retinoic acid receptor responder (tazarotene-induced) 1
IL1RN 5.6 interleukin 1 receptor antagonist
ABCG2 5.5 ATP-binding cassette, sub-family G (WHITE), member 2
MMP7 5.3 matrix metallopeptidase 7 (matrilysin, uterine)
CHIT1 5.3 chitinase 1 (chitotriosidase)
PLA2G7 5.2 phospholipase A2, group VII 
AADACL1 5.2 arylacetamide deacetylase-like 1
APOC1 5.1 apolipoprotein C-I
EBI2 5.0 G protein-coupled receptor 183
EGR2 4.4 early growth response 2 
ATP1B1 4.3 ATPase, Na+/K+ transporting, beta 1 polypeptide
MMP9 4.2 matrix metallopeptidase 9 
PRG4 4.1 proteoglycan 4
RAB11FIP4 4.0 RAB11 family interacting protein 4 (class II)
ACP5 4.0 acid phosphatase 5, tartrate resistant
CCL18 3.9 chemokine (C-C motif) ligand 18 
DHRS9 3.9 dehydrogenase/reductase (SDR family) member 9
TREM2 3.7 triggering receptor expressed on myeloid cells 2
NLRC4 3.7 NLR family, CARD domain containing 4

Down-regulated genes
FGD5 0.5 FYVE, RhoGEF and PH domain containing 5
CD63 0.5 CD63 molecule
EEF1A1 0.5 eukaryotic translation elongation factor 1 alpha 1
ZNF409 0.5 zinc finger protein 409
KIAA0831 0.5 KIAA0831
SAA1 0.5 serum amyloid A1
CXorf36 0.5 chromosome × open reading frame 36
IQCE 0.5 IQ motif containing E
C10orf116 0.5 chromosome 10 open reading frame 116
RPLP2 0.4 ribosomal protein, large, P2
G0S2 0.4 G0/G1switch 2
THRAP2 0.4 mediator complex subunit 13-like
CFD 0.4 complement factor D (adipsin)
RPS20 0.4 ribosomal protein S20
RAMP2 0.4 receptor (G protein-coupled) activity modifying protein 2
RPS28 0.4 ribosomal protein S28
LIPE 0.4 lipase, hormone-sensitive
CYB5R3 0.4 cytochrome b5 reductase 3
HRASLS3 0.4 phospholipase A2, group XVI
C19orf55 0.4 chromosome 19 open reading frame 55

Genes were selected by SAM analysis with a false discovery rate <0.05 and filtered for genes with 
known protein products. Genes have been ranked according to their mean ratio of mRNA levels 
at V2 divided by values at V1.

Table 1. Top 20 regulated genes
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Isoproterenol-Induced Changes in GAT Blood Flow after 
Repeated Mechanical Massage
The mean outflow-to-inflow ethanol ratio ((ethanol concen-
tration in dialysate/ethanol concentration in perfusate) × 100), 

than 1.5-fold change. The 1,903 genes with eligible IDs that 
mapped the IPA database are represented in the supplemen-
tary table (at http://content.karger.com/ProdukteDB/produkte.
asp?doi=327347).

As indicated in table 3, the top-ranking IPA canonical 
pathway was ‘glycerolipid metabolism’, with 73% of the genes 
down-regulated. Four other pathways related to metabolism 
were also significant, ‘propranoate metabolism’, ‘glycolysis/
gluconeogenesis’, ‘citrate cycle’, and ‘pyruvate metabolism’, 
which consisted of 81, 68, 100, and 73% of down-regulated 
genes, respectively, as indicated in figure 4. 

The IPA ontology also selected the lists ‘mitochondrial 
dysfunction’ and four signal transduction pathways with more 
than two thirds of the genes being down-regulated, except the 
one for ‘chemokine signaling’ which contained two thirds of 
up-regulated genes. The ‘apoptosis’ and ‘acute phase response 
signaling’ lists encompassed quite similar numbers of up- and 
down-regulated genes (41 and 55% of genes with higher 
expression level, respectively).

Changes in Isoproterenol-Induced Glycerol Release in GAT 
Induced by Repeated Mechanical Massage
Basal glycerol output obtained during infusion of Ringer solu-
tion alone in the control probe was stable during the experi-
mental period. The values of glycerol determined in the con-
trol probes were taken into account to calculate glycerol out-
put in stimulated conditions. A concentration-dependent in-
crement of glycerol output was observed during isoproterenol 
infusion before the treatment (fig. 2). After the mechanical 
massage sessions, isoproterenol challenges were performed 
(at least 24 h) after the last massage session. Mean values of 
isoproterenol-induced glycerol output at 1 and 10 mmol were 
significantly increased when compared to the values obtained 
before the massage sessions (fig. 2).

Table 2. Gene expression validation by RT-qPCR

Gene symbol Microarray �
fold change

RT-qPCR �
fold change

p-value 

SPP1 6.9 7.12 ± 3.28 0.012
MMP9 4.2 6.68 ± 2.95 0.019
CTSS 2.6 2.72 ± 0.90 0.041
CD163 2.2 2.12 ± 0.48 0.028
CCR7 2.06 2.71 ± 0.59 0.034
SFRP4 1.91 2.19 ± 0.54 0.034
DKK3 1.9 1.73 ± 0.24 0.010
AQP3 1.9 2.36 ± 0.50 0.023
CTSL1 1.6 1.62 ± 0.31 0.050
CD44 1.5 1.35 ± 0.20 0.158
NRF1 1 1.03 ± 0.08 0.875
ATGL 0.81 0.86 ± 0.08 0.084
GAPDH 0.81 1.11 ± 0.12 0.754
AQP7 0.73 0.82 ± 0.06 0.008
PLAT 0.73 0.74 ± 0.09 0.019

LEP 0.73 0.84 ± 0.12 0.158
CIDEC 0.69 0.79 ± 0.09 0.028
CD36 0.68 1.00 ± 0.08 0.638
RARRES2 0.65 0.74 ± 0.06 0.003
CES1 0.63 0.78 ± 0.12 0.028
RBP4 0.54 0.88 ± 0.14 0.158
SAA1 0.5 0.98 ± 0.19 0.480
LHS 0.38 0.83 ± 0.09 0.071

Changes in mRNA levels were determined using microarrays and 
RT-qPCR before (V1) and after 12 sessions of mechanical massage (V2). 
Data represent mean ± SEM (ratio of mRNA levels at V2 divided by 
values at V1) of 12 subjects. 

Canonical pathways Down-regulated �
genes

Up-regulated �
genes

Reference �
genes

p-value

Glycerolipid metabolism 16   6   96 0.002
Mitochondrial dysfunction 17   9 130 0.002
Propanoate metabolism 13   3   64 0.005
Glycolysis/gluconeogenesis 13   6   90 0.008
PI3K/AKT signaling 16   6 127 0.010
PTEN signaling 13   5 100 0.013
ERK/MAPK signaling 20 10 187 0.013
Citrate cycle   9   0   30 0.014
Apoptosis signaling 10   7   87 0.019
Chemokine signaling   5 10   71 0.020
Pyruvate metabolism 11   4   73 0.020
Acute phase response signaling 12 15 173 0.026
IGF-1 signaling 12   4   95 0.036

Significant biological functions of differential genes were defined by the IPA (Ingenuity Systems; �
www.ingenuity.com). Benjamini-Hochberg correction was applied for multiple testing. 
The threshold for statistical significance was p < 0.05. 

Table 3. Biological functions associated with 
differential genes
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body metabolic status. Transcriptomics has been widely used 
to examine the effects of physiological and nutritional chal-
lenges on adipose tissue gene expression [18, 28]. Tissue 
mechanical stretch has been studied in cardiomyocytes [29] 
and skeletal muscle especially in the context of exercise [30], 
but studies on adipose tissue are scarce. Up to now, no large-
scale study has focused on the effects of mechanical chal-
lenges on human GAT.

In the present study, the number of differential genes and 
the range of gene expression changes were in agreement with 
those obtained in subcutaneous adipose tissue during nutri-
tional challenges [19, 22, 31]. Thirteen biological processes 
were significantly altered by the mechanical massage. 

We first focused on the pathways with noticeable unbalance 
between up- and down-regulated genes. Among them, six 
were closely related to metabolism and significantly enriched. 
Four were part of the carbohydrate metabolism. Regarding 
glycolysis, all genes but two were repressed. Those encoding 
fructose-1,6-bisphosphatase 1 and pyruvate kinase were in-
deed up-regulated. All genes for citrate cycle were down-regu-
lated. The other significant metabolic pathway encompassed 
genes encoding proteins with key function in glycerolipid 
metabolism, especially triglyceride metabolism. Indeed, the 
three genes for the enzymatic part of lipolysis [32], LIPE, 
ATGL, and MGL, as well as two genes encoding proteins in-
volved in fatty acid entry, CD36 and LPL, were down-regu-
lated. Triglyceride synthesis also appeared lowered with down-
regulation of many genes, including DGAT2 which encodes a 
crucial enzyme for glycerolipid synthesis [33]. In addition, 
many genes encoding proteins involved in the synthesis of ace-
tyl-CoA, the activated form of fatty acids for triglyceride syn-
thesis, were repressed. The down-regulation of five genes for 
the inner mitochondrial membrane complex I, four for com-
plex II, and two for complex IV indicated a lowered energy 
metabolism potential. Of note is that we previously showed a 
hypometabolic state during a longitudinal weight loss program 
with shutdown of fatty acid, glycolytic, and energy metabolism 
pathways [19]. However, the nature of the genes regulated in 
the present study is not strictly comparable, while the location 
of adipose tissue (femoral vs. abdominal) and the population 
studied (overweight vs. obese women) were also different. The 
phosphoinositide 3-kinase (PI3K)/Akt and tensin homologue 
(Pten) pathways were also significantly enriched. These path-
ways shared common genes with the chemokine and the IGF1 
signaling as they included many genes of membrane or intra-
cellular transduction signal for various cytokines and growth 
factors. Altogether, these four pathways did not provide evi-
dence for any biological impact despite a predominance of 
down-regulated genes. A key role of the ERK/MAPK system 
in the response to cyclic stretching has been demonstrated in 
3T3-L1 murine adipocytes [34]. In this study, activation of the 
ERK/MAPK pathway blunted PPARg2 expression, leading to 
an inhibition of differentiation. Wnt/b catenin signaling is also 
a well-known inhibitory of adipogenesis [35]. Here, on the one 

an indicator of ethanol washout in GAT, was used for an 
evaluation of the changes in ATBF; the higher the ratio, the 
lower the ATBF (fig. 3). In basal conditions the higher etha-
nol ratio value indicates that ATBF is low in GAT. Isoproter-
enol promoted a concentration-dependent reduction of the 
ethanol ratio assessing an increment of ethanol washout and 
occurrence of a vasodilatation. After the mechanical massage 
sessions, the ethanol ratio was significantly reduced in basal 
conditions (i.e. preinfusion values were significantly lower; �
p < 0.05). Moreover, isoproterenol-induced decrease in out-
flow-to-inflow ethanol ratio was significantly increased after 
the mechanical massage (fig. 3). This steady-state was main-
tained all along the infusion of isoproterenol.

Discussion

The major findings of this study are that chronic treatment of 
female GAT with a mechanical massage device promoted 
noticeable changes in the expression of a number of genes 
involved in pathways related to metabolism. Moreover, an 
enhancement of both the lipolytic responsiveness of GAT and 
ATBF were also revealed when compared with the control 
responses obtained before treatment. 

The adipose tissue exhibits distinct morphological and met-
abolic properties regarding anatomical localization and whole 
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Fig. 4. Functional categorization of differentially expressed genes. Bio-
logical processes significantly overrepresented among the list of repeated 
mechanical massage-responsive GAT genes were assessed using IPA. In-
genuity’s Pathways Knowledge Base was seeded with the gene symbols 
together with the array mean fold change of the differentially expressed 
genes. A Benjamini-Hochberg multiple testing correction p-value was 
applied to the 1,903 eligible gene symbols of the dataset. Pathways with 
p-value < 0.05 are represented. Stacked bar charts indicate the percentage 
of genes regulated by the massages relative to the total number of genes 
in the reference dataset. Black bars indicate up-regulated genes and grey 
bars down-regulated genes.
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Considering these rather complex responses of GAT to 
catecholamines, the b-adrenergic agonist, isoproterenol, was 
preferred to physiological amines. The present study was de-
signed to test a putative impact of mechanical massage on the 
sensitivity to a b-adrenergic receptor agonist using two impor-
tant indexes, lipolytic response and ATBF changes. As shown 
in figure 2, the concentration-dependent rise in glycerol in 
dialysate initiated by isoproterenol is strikingly enhanced 
after mechanical massage, indicating an improved lipid mobi-
lizing ability in the GAT in agreement with previous observa-
tions [15]. Concomitantly, the reduction of ethanol ratio value 
in basal conditions after mechanical massage suggests an im-
provement of local ATBF and thus adipose tissue drainage in 
GAT, a tissue known for its reduced metabolic responsive-
ness and some veno-lymphatic dysfunctions. A confirmation 
is provided by the isoproterenol-induced decrease in ethanol 
ratio values which were also significantly improved after the 
mechanical massage (fig. 3). Thus, isoproterenol exerts a 
greater vasodilator effect after the mechanical massage. The 
mechanisms underlying the increased blood flow cannot be 
easily approached with the microdialysis method, and our in-
terpretations will remain speculative. It must be considered 
that local ATBF estimated by the ethanol escape method 
represent a non-quantitative approach that does not allow the 
absolute determination of local blood flow rates and mecha-
nistic proposals. In addition, to improve basal and isoprotere-
nol-induced vasodilatating potencies of vessels, occurrence of 
neoformation of blood vessels after chronic treatments cannot 
be excluded. When considering gene expression (supplemen-
tary table), despite some well-known proangiogenic factors 
such as angiogenin, angiopoietin1 [39], or leptin [40] were 
down-regulated, others were markedly up-regulated, such as 
osteopontin (SPP1) [41]. The angiopoietin receptor TIE1 [42] 
showed a reduced gene expression. This indicates that gene 
expression profile of genes involved in angiogenesis and an-
giogenic factors was not statistically impacted by the repeated 
mechanical massage sessions.

An important point is that changes occurring in local 
ATBF can influence glycerol dialysate concentrations and 
limit the amplitude of the final lipolytic response [43, 44]. The 
impact of isoproterenol on vessels probably limits the incre-
ment in dialysate glycerol values during perfusion due to 
increased washout. From the results obtained in the present 
study it can be proposed that mechanical massage improves 
lipolysis and ATBF responsiveness to isoproterenol in GAT. 
The increased lipolytic ability in fat cells could be due to 
changes at the receptor level (b-receptor number and/or 
affinity for isoproterenol or coupling efficiency between �
b-receptors, Gs protein, and adenylyl cyclase) and at the 
post-receptor level (protein kinases, hormone-sensitive and 
adipose triglyceride lipase amount and/or activity without 
excluding changes in lipid droplet-associated proteins). 
Mechanisms mediating a mechanical stimulus such as stretch-
ing and rubbing adipose tissue will be very difficult to evalu-

hand, the tendency of gene expression towards a slowdown of 
ERK pathway together with the up-regulation of the antago-
nist of Wnt signaling, dickkopf-related protein 3 (DKK3) may 
indicate a proadipogenic effect. On the other hand, the down-
regulation of the key transcription factor for adipocyte differ-
entiation PPARg [36] hampers any clear-cut conclusion re-
garding adipogenesis.

Massage is known to grab the attachments below the skin, 
leading to modifications of connective tissue. Surprisingly, no 
functional pathway related to fibrosis was found significantly 
enriched despite up-regulation of fibronectin, many pepti-
dases (four metalloproteinases being up- and one down-regu-
lated), and seven cathepsins with enhanced expression level 
[37]. Ten collagen isoforms had higher but four showed lower 
expression levels. Both isoforms 1 and 2 of TGF-b were over-
expressed [37], but the profibrotic osteonectin [1] was down-
regulated. However, when compared to the total number of 
genes annotated as related to fibrosis in the reference dataset, 
these genes did not account for a statistically significant 
change in this particular pathway. Besides the ‘chemokine sig-
naling’ pathway with up-regulated cytokines, chemokines, and 
their receptors, there was a down-regulation of IL-16 and 
SAA1 together with an up-regulation of the receptor for the 
anti-inflammatory cytokine IL-10 (IL-10Ra). IL-1RN encodes 
an antagonist of the receptor for IL-1, and CD163 is an acute 
phase-regulated receptor induced by anti-inflammatory and 
suppressed by proinflammatory mediators. However, this 
could account for some defense response of the adipose tissue 
to the massage.

Indeed, gene expression profiling does not account for 
functionality but one of the major goals of genome-wide in-
vestigations is to focus on unsuspected pathways. Here, the 
most striking effect is the slowdown of metabolism, especially 
the whole lipolytic cascade. 

Before discussing the evaluation of the impact of the me-
chanical massage treatment on lipid mobilization and ATBF 
modifications in female GAT, some aspects must be taken 
into consideration. Lipid mobilization depends on the lipo-
lytic rate of adipocytes as well as on changes in ATBF. In 
physiological conditions, lipolysis in human adipocytes is me-
diated by epinephrine and norepinephrine which stimulate 
both a2- and b1-2-adrenergic receptors on the fat cell surface. 
Differences in the responsiveness of female adipose tissue to 
the adrenergic stimulation are regional and related to the 
functional balance between fat cell a2- and b-adrenergic re-
sponses [38]. Lipid accretion in the gluteofemoral fat depot is 
favored by the relatively sluggish catecholamine-induced fat 
turnover. Increased expression of a2-adrenoceptors and con-
comitant decrease of b-adrenergic responsiveness occurring 
with fat cell hypertrophy could be a physiological adaptation 
that leads to the reduction of the lipolytic responsiveness of 
the hypertrophied adipocytes of the gluteofemoral deposit. �
In addition, a weaker ATBF has been described in gluteo
femoral fat deposits. 
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sponse to an enhanced lipolytic activity. Undeniably, mechan-
ical massage promotes noticeable functional improvements �
in adipose tissue biology including enhanced lipolytic respon-
siveness and ATBF. Recovery of a higher lipolytic efficiency 
in adipose tissue could be an important benefit if associated to 
physical activity training programs as training enhances both 
non-esterified fatty acid mobilization from adipose tissue and 
their oxidation by the skeletal muscle. The indication of a 
repressed metabolic activity may be taken into account to 
guide supporting hints in addition to nutritional advices 
accompanying mechanical massage programs.
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ate. There are several reports on the effects of mechanical 
stimuli on differentiation in cell lineages derived from mesen-
chymal stem cells [34, 45, 46] while reports on adipogenesis 
are rare. Mechanical stretching has been shown to inhibit 
adipocyte differentiation of 3T3-L1 cells [34] and of human 
preadipocyte cell line, SGBS [45]. However, there is no re-
port concerning the direct effect of mechanical stimulation 
on human adipocytes or other cells of the stroma-vascular 
fraction of adipose tissue.

It could be of interest to compare the impact of the changes 
promoted by 12 sessions of mechanical massage with some 
previous results which have also reported an increase in b-
adrenergic sensitivity to isoproterenol in the abdominal sub-
cutaneous adipose tissue. An improvement of lipid mobiliza-
tion has already been demonstrated in obese men during in 
situ isoproterenol perfusion after a very-low-calorie diet [47, 
48]. An increase in sensitivity to isoproterenol has also been 
reported in obese men after 3 months of training [49]. A 16-
week endurance training program has been shown to improve 
the lipid mobilizing effects of isoproterenol and atrial natri-
uretic peptides administered in situ in the subcutaneous 
adipose tissue of overweight young men [50]. The beneficial 
effect of endurance training on β-adrenergic responsiveness 
was quite similar to that reported in the present study al-
though gender (men vs. women) and adipose tissue locations 
(abdominal vs. gluteofemoral) are different. 

In conclusion, this study reveals that a calibrated mechani-
cal massage of GAT shows a number of unsuspected impacts 
on the expression of genes involved in metabolic pathways 
while having no noticeable impact on fibrosis and apoptotic 
pathways. From a functional perspective the trend towards 
decreased metabolism indicates that the metabolic machinery 
of the adipose tissue was maybe lowered as a feedback re-
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