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Gardan, Delphine, Florence Gondret, and Isabelle Louveau.
Lipid metabolism and secretory function of porcine intramuscular
adipocytes compared with subcutaneous and perirenal adipocytes.
Am J Physiol Endocrinol Metab 291: E372–E380, 2006;
doi:10.1152/ajpendo.00482.2005.—The function of adipocytes inter-
spersed between myofiber fasciculi in skeletal muscle physiology and
physiopathology is poorly documented. Because regional differences
in adipocyte features have been reported in various species, we
hypothesized that lipid metabolism and secretory function of intra-
muscular (IM) adipocytes differ from that of nonmuscular adipocytes.
In the present study, adipocytes isolated from trapezius muscle were
compared with subcutaneous and perirenal adipocytes in growing
pigs. Between 80 and 210 days of age, gene expressions and/or
activities of enzymes involved in lipogenesis or lipolysis were much
lower (P � 0.05) in adipocytes isolated from muscle than in those
from other locations. Insulin-induced lipogenesis and lipolytic effi-
ciency after catecholamine addition were also the lowest (P � 0.05)
in IM adipocytes. In these cells, the age-related increase (�300%) in
the ratio of mRNA levels of fatty acid synthase to hormone-sensitive
lipase paralleled the enlargement of adipocyte diameters (�70%, P �
0.05) and the increase in lipid content in muscle (�135%, P � 0.05)
during growth. Expressions of genes coding for leptin, adiponectin,
and IGF-I, as well as for various hormonal receptors, were lower (P �
0.05) in IM adipocytes than in other adipocytes, whereas levels of
TNF-� mRNA did not differ between sites. Interestingly, IGF-II
mRNA levels were higher (P � 0.05) in IM adipocytes than in other
adipocytes. These data support the view that IM fat is not just an
ectopic extension of other fat locations but displays specific biological
features during growth.

intramuscular lipids; skeletal muscle; lipogenesis; lipolysis; insulin-
like growth factor II

INTRAMUSCULAR TRIACYLGLYCEROLS (TG) have recently regained
special interests in both human physiology and physiopathol-
ogy, and in animal production. First, TG stores serve as a major
energy source for skeletal muscle during sustained exercise of
moderate intensity (51). Second, an accumulation of TG within
muscle has been shown to be associated with insulin resistance
and related disorders (23). Third, TG content of meat is cited
as an important source of dietary saturated fat, for which
excess intake may be unfavorable to human health (53). Within
skeletal muscle, TG are stored both intramyocellularly, as
droplets in myofiber cytoplasm, and in adipocytes, interspersed
between fiber fasciculi (38, 48). Emerging approaches, such as
magnetic resonance spectroscopy, have allowed scientists to
conduct several studies focused on intramyocellular TG in
exercised or in insulin-resistant muscle (23, 38, 56). On the

other hand, very few studies have been devoted to intramus-
cular (IM) adipocytes, even though their number and size are
the main determinants of TG and total lipid content variability
in muscles of various species (21, 22, 28). This paucity of
information may be related to the difficulty in separating those
adipocytes from adjoining myofibers.

Evidence has now accumulated to indicate that adipocytes
isolated from subcutaneous (SC) or visceral adipose tissues
display differences in both metabolic and secretory functions
(32, 58). Due to their particular location in close vicinity with
muscle fibers, we speculate that the biology of IM adipocytes
may differ from that of adipocytes from other locations. Al-
though sometimes controversial (40, 52), most of the few
available data obtained from tissue explants or from isolated
adipocytes are consistent with a lower lipogenic activity in IM
compared with SC isolated adipocytes or adipose tissue (6, 34,
41). To our knowledge, lipolytic efficiency and secretory
function of IM adipocytes remain largely unknown. Therefore,
this study was undertaken to investigate anabolic and catabolic
lipid metabolism and secretory function of adipocytes isolated
from skeletal muscle compared with SC or perirenal adipocytes
during growth. The pig was studied for its similarities to
humans in terms of digestive physiology, including an omniv-
orous regimen, and also for its importance in meat production
and meat-derived products.

MATERIALS AND METHODS

Materials. Collagenase A (0.22 U/mg) was purchased from Roche
Applied Science (Meylan, France). Dulbecco’s modified Eagle’s me-
dium (DMEM), HEPES, and antibiotics were obtained from Invitro-
gen (Cergy-Pontoise, France). The bicinchoninic acid protein assay
kit was purchased from Pierce (Rockford, IL). A DNA-free kit was
obtained from Ambion (Austin, TX). D-[U-14C]glucose (306 mCi/
mmol), an ECL Western blot detection kit, Hybond C nitrocellulose
membrane, random hexamer primers, and murine Moloney leukemia
virus reverse transcriptase were from Amersham Biosciences (Orsay,
France). Highly purified salt-free primers were generated from Proligo
(Paris, France). SYBR Green I PCR core reagents and a human 18S
rRNA predeveloped TaqMan kit were obtained from Applied Biosys-
tems (Courtaboeuf, France). An EnzyPlus Glycerol kit was purchased
from Diffchamb (Lyon, France). Other chemicals and reagents were
supplied by Sigma (St-Quentin-Fallavier, France) or Carlo Erba (Val
de Reuil, France).

Animals and sample collection. Studies were conducted in compli-
ance with the French guidelines for human care and use of animals in
research. Female Pietrain � (Large White � Landrace) pigs weaned
at 28 days were fed ad libitum a standard diet and were killed after an
overnight fast at 80 (32.3 � 1.8 kg), 120 (70.7 � 1.7 kg), 160
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(107.8 � 2.7 kg, commercial slaughter age), or 210 (147.6 � 3.2 kg,
age of sexual maturity) days of age (n � 8 per age group). Subcuta-
neous (SC) and perirenal adipose tissues and skeletal muscle [trape-
zius, composed of �48% type I oxidative, 20% type IIA oxydo-
glycolytic, and 3% type IIB glycolytic myofibers (25)] were rapidly
excised. Visible intermuscular adipose tissue, located in the basal
lamina, was carefully removed from muscle. For adipocyte isolation,
portions of tissues were placed in warm Krebs-Ringer bicarbonate
buffer and processed within 30 min. For histological analysis, samples
of adipose tissue and muscle (oriented according to the longitudinal
myofiber axis) were restrained on flat sticks, frozen in isopentane
cooled by liquid nitrogen, and stored at �75°C until analysis. For
enzyme activity measurements, tissues were cut into small pieces,
frozen in liquid nitrogen, and stored at �75°C for later analyses.

Tissue lipid content. Total lipid content was determined in muscle,
SC, and perirenal adipose tissues after extraction with chloroform-
methanol (18) and expressed as milligrams per gram of wet tissue.

Isolation of adipocytes. Adipocytes were obtained by collagenase
treatment as described previously (16), with adaptations as follows.
Minced tissues were shaken (40 rpm) for 60 min (SC or perirenal) or
for 45 min (muscle) at 37°C in sterile polypropylene flasks in
Krebs-Ringer bicarbonate buffer (3 ml/g for SC or perirenal; 2 ml/g
for muscle) containing 3% bovine serum albumin (BSA), 10 mM
glucose, 1.3 mg/ml collagenase A, and antibiotics. The digested
material was then filtered through 200-	m sterile nylon mesh filters.
Adipocytes isolated from SC or perirenal adipose tissues were al-
lowed to float; they were then rinsed three times with DMEM (5.5
mM glucose) by removing the infranatant by means of a plastic
catheter attached to a syringe. The digested material collected from
muscle was first centrifuged at 100 g for 1 min, and the resulting
floating adipocytes were collected in DMEM at 37°C. Adipocytes
isolated from muscle in a given animal were devoted either to enzyme
assays or to RNA extraction, as fewer cells were obtained compared
with other fat locations. Adipocyte number in suspension was deter-
mined as previously described (36).

Determination of adipocyte diameter. An aliquot (103 cells) of
isolated adipocytes was digitized using a photomicroscopy system,
and individual diameters (	m) were measured using an image anal-
ysis system (Optimas 6.5; Media Cybernetics, Silver Spring, MD).
Adipocyte diameters were also determined in five serial cross sections
(10 	m thick at 40-	m intervals) of frozen tissues cut with a cryostat
(2800 Frigocut Reichert-Jung, Francheville, France). As previously
described (21), cross sections were fixed for 10 min in 100 mM
phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde and stained
for 4 min in isopropanol containing 0.5% Oil Red O. A macroprogram
was used to measure individual adipocyte areas by use of the image
analysis system described above. Cells with a diameter below 10 	m
were not considered. Results corresponded to the mean of determina-
tions performed on the five sections of each sample and were ex-
pressed as the diameter (	m) of visible adipocytes. The coefficient
of variation for cell diameter between the five successive sections
was 3.7%.

Glucose incorporation into lipids. The lipogenic rate was estimated
by quantifying the conversion of D-[U-14C]glucose into lipids 2 h after
cell isolation, as previously described (19). Briefly, cells (�2 � 105

cells) were incubated with 14.8 kBq of [14C]glucose at 37°C in the
absence or presence of insulin (17 nM) in an atmosphere of O2-CO2

(95:5%). After 4 h of incubation, the medium was removed, and
Dole’s reagent was immediately added (12). After lipid extraction,
incorporated radioactivity was measured by liquid scintillation count-
ing. Preliminary experiments indicated that glucose conversion into
lipids increased linearly during the incubation time. Glucose incorpo-
ration into lipids was expressed as nanomoles of glucose incorporated
per 105 cells per 4 h.

Free glycerol release. Lipolytic rate was estimated by measuring
free glycerol release in the medium 2 h after cell isolation, as
previously described (17). Briefly, cells (�5 � 105 cells) were

incubated at 37°C in 2.5 ml of Krebs-Ringer bicarbonate buffer (pH
7.4) containing 10 mM glucose, 3% BSA, and 0.56 mM ascorbic acid
in the presence or absence of 10�5 M (�)-isoproterenol and 10�3 M
theophylline in an atmosphere of O2-CO2 (95:5%). After 2 h of
incubation, 1 ml of the incubation medium was removed and acidified
with 100 	l of 30% trichloroacetic acid. The mixture was vigorously
shaken and then centrifuged at 10,000 g for 10 min at 4°C. A volume
of 700 	l of the supernatant was collected, neutralized with 80 	l of
10% potassium hydroxide, and assayed for glycerol content according
to the manufacturer’s instructions. Free glycerol level was expressed
as nanomoles of glycerol released per 105 cells per 2 h.

Enzyme assays. Isolated adipocytes (2 � 106 cells) or tissue
samples (0.6 g for SC and perirenal adipose tissues, 1.5 g for muscle)
were homogenized in ice-cold 0.25 M sucrose, containing 1 mM
dithiothreitol and 1 mM EDTA. The mixtures were then centrifuged
at 100,000 g for 1 h at 4°C, and the cytosolic fraction was collected
and stored at �75°C. Activities of enzymes representing a key step in
lipogenesis [fatty acid synthase (FAS), EC 2.3.1.85] or providing a
reduced equivalent for fatty acid synthesis [malic enzyme (ME), EC
1.1.1.40] were measured according to the method described by Bazin
and Ferré (2). Enzyme activities were assayed spectrophotometrically
at 340 nm absorbance following the disappearance (FAS) or the
production (ME) of NADPH. Substrate quantities were optimized
(50–300 	l) to ensure linearity of the reactions. Protein content of the
cytosolic fraction was determined using the bicinchoninic acid assay
with BSA as standard. Enzyme activities were expressed as nano-
moles of NADPH per minute and per milligram of proteins.

Western immunoblotting. Adipocyte cytosolic proteins (40 	g)
were separated on an 8% SDS-PAGE under reducing conditions and
were then electrotransferred onto Hybond C nitrocellulose mem-
branes. The blots were then treated as described previously (36). The
FAS protein was detected with a rabbit polyclonal antibody against
FAS (1:1,000; Abcam, Cambridge, UK). Autoradiograms were
scanned and quantified with an image processor (Quantity One, V4,
Bio-Rad, Hercules, CA).

Real-time RT-PCR. Total RNA was extracted from isolated adipo-
cytes (5 � 106 cells) by the guanidium thiocyanate method (7) with
modifications (35) and then treated by DNAse. Total RNA (3 	g) was
reverse transcribed using random hexamer primers and murine Molo-
ney leukemia virus reverse transcriptase according to the manufactur-
er’s instructions. Primers for selected genes (Table 1) were designed
using Primer Express software (version 2.0; Applied Biosystems,
Courtaboeuf, France). Real-time quantitative PCR analyses were
performed starting with 50 ng of reverse-transcribed RNA, and both
sense and antisense primers (500 nM for each gene, except for insulin
and growth hormone receptors, 400 nM), in a final volume of 25 	l,
using Sybr Green I PCR core reagents in an ABI PRISM 7000
Sequence Detection System instrument (Applied Biosystems). Forty
cycles of amplification were performed, with each cycle consisting of
denaturation at 95°C for 15 s and annealing and extension at 59°C for
1 min. Cycle threshold (CT) values are means of triplicate measure-
ments. Absence of contamination from either genomic DNA ampli-
fication or primer dimer formation was ensured using controls without
reverse transcriptase or with no DNA template and no reverse tran-
scriptase. A melting-curve analysis was also performed, which re-
sulted in single-product specific melting temperatures. Endogenous
18S ribosomal RNA amplifications were used for each sample to
normalize the expression of the selected genes. A cDNA sample of
adipocytes isolated from perirenal location was used as an interplate
calibrator for each gene. Because PCR efficiencies for target genes
and 18S gene were close to 1 (1.01 � 0.07), the relative quantification
for a target gene, compared with 18S in a given sample in reference
to the calibrator, was calculated according to the following for-
mula (47):

ratio � 2�
CT target �sample � calibrator�/2�
CT18S �sample � calibrator�
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Statistical analyses. Data were processed by analysis of variance
using the General Linear Model procedure of SAS (SAS Inst., Cary,
NC). The model included the main effects of anatomic site, age,
animal, and their interactions. When appropriate, an analysis of
variance was realized within each site. For adipocyte diameter, the
model included the main effects of the type of materials (histological
cross sections or floating adipocytes), age, and their interaction. Mean
values were compared using the pdiff statement of the GLM proce-
dure (SAS). Differences were considered to be significant at P � 0.05.

RESULTS

Lipid content in whole tissues. Whatever the age considered,
lipid content in the different tissues ranked in the order:
muscle � SC � perirenal (Table 2). It increased in all tissues
between 80 and 210 days of age, but the extent of variation was
higher in muscle (�135%) than in the examined adipose
tissues (�46 and �35% for SC and perirenal adipose tissues,
respectively).

Cellularity. Typical results for tissue cross sections and
adipocyte suspension are shown in Fig. 1. Whereas diameters
measured on histological cross section or isolated cells were
similar for SC and perirenal adipocytes, diameters of isolated
IM adipocytes were 1.3-fold lower (P � 0.05) on average than
those measured directly on muscle histological cross sections
(data not shown). This was mainly related to a lower propor-
tion of large adipocytes (diameter 
50 	m) and to a higher
proportion of small adipocytes (diameter �20 	m) in IM fat
cell suspension compared with histological cross sections. At a
given age, mean adipocyte diameters determined on histolog-

ical tissue cross sections (data not shown) or on isolated
adipocytes (Table 3) were smaller (P � 0.001) in muscle than
in other fat locations, whereas SC and perirenal adipocytes
exhibited a similar size (P 
 0.2). In the three sites, mean
diameters of adipocytes increased with age (P � 0.05). Inter-
estingly, IM adipocytes isolated from 210-day-old pigs and SC
or perirenal adipocytes isolated from 80-day-old pigs exhibited
similar diameters (Table 3).

Lipogenic enzymes. Whatever the age examined, specific
activities of FAS and ME were lower (P � 0.05) in IM
adipocytes than in nonmuscular adipocytes (Fig. 2). Using
Western immunoblot analysis, we also detected a lower cyto-
solic FAS protein content in IM adipocytes than in SC and
perirenal adipocytes isolated from 80-day-old pigs (Fig. 3).
Relative to perirenal fat cells, isolated SC adipocytes displayed
higher activities of lipogenic enzymes at 80 and 120 days of
age but had similar activities thereafter. Enzyme activities did
not markedly change (P 
 0.2) with growth in IM adipocytes,
whereas an age-related decrease in the activities of FAS and
ME was observed in both SC (P � 0.05) and perirenal (P �
0.07) adipocytes (Fig. 2). Interestingly, FAS and ME activities
increased between 80 and 210 days when assessed on muscle
homogenates (P � 0.05), whereas no significant change in
enzyme activities was observed in SC and perirenal adipose
tissue homogenates (data not shown).

Lipogenic and lipolytic rates. In the absence and presence of
insulin, glucose incorporation into lipids was lower (P � 0.05)
in IM adipocytes than in SC and perirenal adipocytes from
80-day-old pigs (Fig. 4A). SC and perirenal adipocytes dis-
played a similar capacity to convert glucose into lipids in both
basal and insulin-stimulated conditions. Addition of insulin to
the medium enhanced glucose incorporation into all adipo-
cytes; however, this increase was lower in IM adipocytes
(�50%, P � 0.11) than in SC adipocytes (�160%, P � 0.05)
or perirenal adipocytes (�280%, P � 0.05). Noticeably, insu-
lin-stimulated lipogenic rate tended to be higher (P � 0.07) in
SC than in perirenal adipocytes at the latter stages of growth
(data not shown). In basal and stimulated conditions, glycerol
release was lower (P � 0.05) in IM adipocytes than in other
adipocytes from 80-day-old pigs, whereas SC and perirenal
adipocytes exhibited similar lipolytic rate (Fig. 4B). Addition

Table 2. Lipid content in muscle, SC, and perirenal
adipose tissues

Age (days)
Age

Effect180 120 160 210

Muscle 26�1a 41�1b 56�2c 61�6c �0.001
SC 531�17a 630�2b 708�13c 773�14d �0.001
Perirenal 597�34a 724�16b 765�16bc 807�8c �0.001

Values are means � SE in mg/g tissue; n � 8 per group. SC, subcutaneous.
abcdWithin the same row, means with different letters are different (P � 0.05).
1Probability level for the effect of age within each site.

Table 1. Primers used for real-time RT-PCR

Gene Accession No. Forward Primer Reverse Primer

FAS AY183428 5�-AGCCTAACTCCTCGCTGCAAT-3� 5�-TCCTTGGAACCGTCTGTGTTC-3�
ME X93016 5�-TGGTGACTGATGGAGAACGTATTC-3� 5�-CAGGATGACAGGCAGACATTCTT-3�
LPL X62984 5�-CCCGACGACGCAGATTTC-3� 5�-GGATGGCTTCCCCAATGTTA-3�
HSL S80110 5�-CAACTTGGTGCCCACAGAAGA-3� 5�-GTCATGCAGTGTCAGGTACTTGAGA-3�
SREBP-1 AF102873 5�-CGGACGGCTCACAATGC-3� 5�-GCAAGACGGCGGATTTATTC-3�
PPAR� AF103946 5�-ATTCCCGAGAGCTGATCCAA-3� 5�-TGGAACCCCGAGGCTTTAT-3�
Insulin R AF102858 5�-CAGCGATGTATTTCCATGTTCTGT-3� 5�-GCGTTTCCCTCGTACACCAT-3�
IGF-I R U58370 5�-CAACCTCCGGCCTTTTACTTT-3� 5�-CAGGAATGTCATCTGCTCCTTCT-3�
IGF-II R CB469268 5�-TGCCCGGTGAAGAGCAA-3� 5�-TTGTCCCCACACACGATAATGT-3�
GH R X54429 5�-CTGACTAGCAATGGTGGGACTGT-3� 5�-GTGGTTCCCATCTCACTTGGAT-3�
IGF-I M31175 5�-GCTGGACCTGAGACCCTCTGT-3� 5�-TACCCTGTGGGCTTGTTGAAAT-3�
IGF-II X56094 5�-AGGGCATCCAAACCACAAAC-3� 5�-GGGTTCAATTTTTGGTATGTAACTTG-3�
Leptin AF102856 5�-GTTGAAGCCGTGCCCATCT-3� 5�-CTGATCCTGGTGACAATCGTCTT-3�
Adiponectin AY589691 5�-GCTGTACTACTTCTCCTTCCACATCA-3� 5�-CTGGTACTGGTCGTAGGTGAAGAGT-3�
TNF-� M29079 5�-GGTTATCGGCCCCCAGAA-3� 5�-TGGGCGACGGGCTTATC-3�

FAS, fatty acid synthase; ME, malic enzyme; LPL, lipoprotein lipase; HSL, hormone-sensitive lipase; SREBP-1, sterol regulatory element-binding protein-1;
PPAR�, peroxisome proliferator-activated receptor-�; R, receptor; IGF-I and IGF-II, insulin-like growth factor I and II; GH, growth hormone, TNF-�, tumor
necrosis factor-�.
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of catecholamine to the medium enhanced glycerol release in
all adipocytes; however, this increase was lower in IM adipo-
cytes (�20%, P � 0.05) than in SC and perirenal adipocytes
(�110 and �75% respectively, P � 0.05).

Gene expressions. Whatever the age considered, the expres-
sions of genes involved in lipogenesis (FAS, ME), TG hydro-
lysis [lipoprotein lipase (LPL), hormone-sensitive lipase
(HSL)], and transcriptional regulation of lipid metabolism
[sterol regulatory element-binding protein-1 (SREBP-1), per-
oxisome proliferator-activated receptor-� (PPAR�)] were
lower (P � 0.05) in IM adipocytes than in SC (Fig. 5A) or
perirenal (Fig. 5B) adipocytes. Expressions of genes encoding
secreted factors or involved in growth and/or lipid metabolism
were also assessed. Expressions of genes coding for leptin,
adiponectin, IGF-I, growth hormone receptor, insulin receptor,
and IGF receptors were lower (P � 0.05) in IM adipocytes
than in SC or perirenal adipocytes, but the difference was not
so pronounced compared with lipid metabolism targets. By
contrast, levels of TNF-� mRNA did not differ (P 
 0.12)
between IM and nonmuscular adipocytes. Interestingly, levels
of IGF-II mRNA differed between adipocytes (P � 0.05), with
a higher expression in IM adipocytes than in SC or perirenal

adipocytes, especially at 80, 120, and 160 days of age (Fig. 6).
Even though some significant differences in gene expression
were observed between SC and perirenal adipocytes, they were
not so marked as those observed between IM and nonmuscular
adipocytes (Fig. 5C). Noticeably, IGF-I and leptin mRNA
levels were 1.7-fold higher in SC than in perirenal adipocytes
at the latest growing stages, whereas IGF-II mRNA level was
2.3-fold higher in perirenal than in SC adipocytes at 160 days
of age (P � 0.05). Expression of genes related to lipid
metabolism in IM adipocytes did not significantly differ be-
tween age groups, with the remarkable exception of the FAS-
to-HSL ratio, which was increased by more than 300% be-
tween 80 and 210 days of age. Leptin, adiponectin and IGF-I
receptor mRNA levels increased (P � 0.05) with age in IM
adipocytes (�600, �200, and �90%, respectively), whereas
mRNA levels of the other studied genes coding for secreted
factors or hormone receptors did not significantly change with
age. In SC and perirenal adipocytes, leptin and adiponectin
mRNA levels also increased (P � 0.05) with age (Fig. 6).

DISCUSSION

Given the clinical importance of differences in regional fat
distribution (32) and the specific properties of associated adi-
pocytes isolated from SC and visceral adipose tissues in both
human and rodent models (20, 57), information regarding
possible functional specificity of IM adipocytes could provide
new insights into the control of muscle fat accumulation, body
fat distribution, and/or lipid-related disorders. Therefore, we
characterized adipocytes isolated from a red skeletal muscle
relative to cells separated from SC adipose tissue (i.e., the main
site of TG storage in pigs) and from a visceral adipose tissue.

We provide evidence that marked differences exist in the
metabolic properties of adipocytes. Our data clearly show that
IM adipocytes exhibit a much lower lipogenic activity than SC
and perirenal adipocytes. Moreover, SC adipocytes tend to
exhibit a higher lipogenic rate than perirenal adipocytes, in

Table 3. Diameters of adipocytes isolated from muscle, SC,
and perirenal adipose tissues

Age (days)
Age

Effect180 120 160 210

IM 23�1a 27�1ab 33�2b 39�3c �0.001
SC 38�2a 48�3b 62�4c 81�4d �0.001
Perirenal 38�2a 51�2b 60�3c 73�5d �0.001
Site effect2 �0.001 �0.001 �0.001 �0.001

Values are means � SE in 	m; n � 8 per group. IM, intramuscular.
abcdWithin the same row, means with different letters are different (P � 0.05).
1Probability level for the effect of age within each site; 2probability level for
the effect of site within each age.

Fig. 1. Representative staining of adipocytes in trapezius
muscle (A and C) and in subcutaneous adipose tissue (B and
D). Adipocytes were numerized on histological frozen cross
sections after Oil Red O staining (A and B) or after isolation
by collagenase treatment (C and D). Representative photos
from 120-day-old pigs are shown. Adipocytes in muscle
were clustered along myofiber fasciculi, as indicated by
black arrow.
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agreement with previous findings in this species (15, 36). On
the other hand, data related to lipogenic enzyme activities in
SC and perirenal adipocytes were largely inconsistent (current
results, 1, 5, 36, 44), depending on animal age, data expression
mode (cellular, protein, lipid, or tissue basis), and the enzymes
considered. In humans, even though visceral adipocytes have
been reported to exhibit higher rate of basal as well as insulin-
stimulated glucose uptake compared with SC adipocytes (37),
lipogenesis is usually not considered a predominant pathway in
adipose tissue compared with liver (46). The lower expressions
of lipogenic parameters in IM adipocytes compared with SC
and perirenal adipocytes are in agreement with previous data in
cattle or pigs. Both a lower incorporation of 14C-labeled

Fig. 2. Age-related changes in fatty acid syn-
thase (FAS, E) and malic enzyme (ME, ■ )
specific activities measured in intramuscular
(IM) adipocytes (A), muscle homogenate (B),
and subcutaneous (SC; C) and perirenal (D)
adipocytes. Values are means � SE; n � 8 per
age group for SC and perirenal adipocytes and
muscle homogenates, n � 4 for IM adipocytes.
Activities were expressed as nmol/min
NADPH produced (ME) or oxidized (FAS) per
mg proteins.

Fig. 3. FAS protein levels in IM, SC, and perirenal adipocytes from 80-day-
old pigs. Proteins were detected by Western blot, as described in MATERIALS

AND METHODS, and data from densitometry analyses are shown. Values are
means � SE; n � 3 per site.

Fig. 4. Capacity of glucose incorporation (A) or glycerol release (B) in IM, SC,
and perirenal adipocytes from 80-day-old pigs. [14C]glucose incorporation was
determined in the absence (�) or presence (�) of 17 nM insulin, as described
in MATERIALS AND METHODS (n � 8 for SC and perirenal adipocytes, n � 4 for
IM adipocytes), and expressed as nanomoles of glucose incorporated per 105

cells per 4-h incubation. Glycerol release was determined in the absence (�)
or presence (�) of 10�5 M isoproterenol and 10�3 M theophylline, as
described in MATERIALS AND METHODS (n � 8 for SC and IM adipocytes, n �
4 for perirenal adipocytes), and expressed as nanomoles of glycerol released
per 105 cells per 2-h incubation. Values are means � SE. abWithin each site,
means with different letters are different (P � 0.05).
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precursors into fatty acids (52) and depressed activities of
rate-limiting enzymes in fat synthesis (6, 34, 41) have been
reported in bovine IM adipocytes or porcine interfascicular
muscle fat strands compared with SC adipose tissue. Others
have found similar lipogenic enzyme activities (40) or even
greater FAS activity (52) in bovine IM vs. SC adipose tissues,
probably as a result of a particular propensity of muscle to
accumulate lipids and marbling in some breeds. Finally, the
lower rate of insulin-stimulated glucose incorporation into fatty
acids found in IM fat cells compared with other adipocytes is
consistent with the observed site-related differences in mRNA
levels of insulin receptor.

Our study also provides new insights into lipid catabolism
in IM adipocytes during growth, showing that, despite their
location in close vicinity to contracting oxidative myofibers,
IM adipocytes displayed markedly lower mRNA levels of

HSL, which catalyzes the rate-limiting step in adipocyte
lipolysis and basal and catecholamine-induced lipolytic
rates compared with other adipocytes. It seems reasonable,
therefore, to speculate that lipogenesis and lipolysis are
coordinated pathways in porcine adipocytes, as suggested in
rat adipocytes (17). The lower magnitude of the differences
between sites for basal lipolytic rate than for HSL mRNA
levels might be related to the fact that HSL enzyme activity
is primarily regulated by reversible phosphorylation (27).
Despite low metabolic capacities in IM adipocytes, the
age-related increase in the imbalance between in situ lipo-
genesis and lipolysis in favor of fatty acid synthesis may
contribute to the observed enlargement of IM adipocytes
and lipid deposition in whole muscle during the growth
period studied. An increase in fatty acid transport within IM
adipocytes with advancing age is also possible. Last, late

Fig. 5. Relative expression of genes in SC vs.
IM (A), perirenal vs. IM (B), and SC vs. peri-
renal adipocytes (C) in 80-, 120-, 160-, and
210-day-old pigs. Briefly, mRNA levels were
quantified by real-time RT-PCR as described in
MATERIALS AND METHODS (n � 8 per age group
for SC and perirenal adipocytes, n � 4 for IM
adipocytes). Data are expressed as a ratio be-
tween mean values. Ratios �1 are expressed as
negative numbers (i.e., a ratio of 0.5 is ex-
pressed as �2). LPL, lipoprotein lipase; HSL,
hormone-sensitive lipase; SREBP-1, sterol reg-
ulatory element-binding protein-1; PPAR�, per-
oxisome proliferator-activated receptor-�; R,
receptor; Ins, insulin; GH, growth hormone;
IGF-I and IGF-II, insulin-like growth factor I
and II; Adipo, adiponectin; TNF-�, tumor ne-
crosis factor-�.
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adipocyte hyperplasia (33) could possibly contribute to the
age-related increase in muscle lipid content.

To our knowledge, the present study is the first to show that
IM adipocytes, like SC and perirenal fat cells, expressed a
variety of genes that encode proteins involved in the regulation
of lipid metabolism and/or cell development. With the excep-
tion of TNF-�, the expressions of genes coding for various
hormonal receptors and secreted factors differ between IM and
nonmuscular adipocytes. Interestingly, the magnitude of the
differences was lower than that observed for lipid-related
metabolic genes. Concerning TNF-�, which plays a major role
in inflammatory response, apoptosis, and adipocyte metabo-
lism (50, 59), mRNA expression was similar in SC and
perirenal adipocytes, as reported in humans (13, 43), but also
between IM and other adipocytes. The current finding of an

age-related increase in leptin mRNA levels that paralleled
changes in average adipocyte diameters and lipid mass in the
three sites is consistent with leptin’s physiological role as a
signal of fat mass. For adiponectin, the adipocyte-secreted
plasma protein known to regulate glucose and lipid metabolism
(20), mRNA levels also increased with cell size in the three
sites. This observation suggests a possible relationship between
cell size and adiponectin expression in physiological condi-
tions. The rank order SC 
 perirenal 
 IM observed for both
leptin and IGF-I mRNA expressions in the current study is in
accord with studies reporting higher leptin mRNA levels in SC
than in visceral adipose tissues in humans (39, 42, 54) and with
studies showing a correlation between leptin and IGF-I expres-
sion in the various regions of rat adipose tissue (57). The
finding of the highest IGF-II mRNA level in IM adipocytes
associated with the observation that IGF-II expression did not
change with age in IM adipocytes but increased in SC and
perirenal adipocytes further emphasizes the differences be-
tween IM adipocytes and nonmuscular adipocytes. In the
current study, the evidence of IGF receptor mRNA in IM
adipocytes supports the possibility of an autocrine/paracrine
effect of IGF-II in adipocytes. However, the role of IGF-II in
adipocytes is poorly documented compared with its effects on
muscle fiber differentiation and growth (29, 45). Due to the
close vicinity of myofibers, one can speculate that IM adipo-
cytes produce IGF-II, which may interact with muscle cells
through local paracrine effects. Observations in pigs exhibiting
a mutation in the IGF-II gene (55) support a possible action of
IGF-II on the regulation of both muscle mass and adiposity.
Indeed, the mutation that is associated with a higher expression
of IGF-II in muscle leads to decreased adiposity and a higher
lean mass in the body. Nevertheless, it remains to be deter-
mined whether the high expression of IGF-II in IM adipocytes
relative to fat cells isolated from other locations may favor
myofiber differentiation and growth and/or could directly act
on IM adipocyte features through autocrine action.

Altogether, specific metabolic and secretory capacities of IM
adipocytes could be due to the smaller size of IM adipocytes
compared with adipocytes of other fat depots at a given age.
Indeed, low lipogenic and lipolytic capacities and reduced
expressions of various proteins involved in lipid metabolism or
secretory function have been previously evidenced in small
compared with large adipocytes isolated from a given location
in pigs (15), rats (17), mice (3, 4), and humans (49). The
integrin-ERKs signaling pathway has been recently suggested
as one of the intracellular mechanisms responsible for the
adaptation of adipose functions to cell size (17). It is interesting
to note that ERKs action is known to result in both transcrip-
tional [e.g., SREBP activation, (30)] and posttranscriptional
[e.g., HSL phosphorylation, (24)] effects, which might under-
line the observed site-related differences in both lipogenic
(FAS, ME) and lipolytic (HSL) gene expressions or activities.
One could also argue that the small size of IM adipocytes
reflects a lower physiological maturity compared with fat cells
isolated from SC and perirenal locations at a given age. Indeed,
IM adipose tissue is known to be the latest-developing adipose
tissue in pigs (26, 33). In support of this hypothesis, we
currently observed no change in lipogenic activities and a
continuous increase in leptin mRNA levels in IM adipocytes
with advancing age, whereas the same targets decreased or
reached a plateau, respectively, in SC and perirenal fat cells at

Fig. 6. Age-related changes in IGF-II (A), leptin (B), and adiponectin (C)
mRNA levels in IM, SC, and perirenal isolated adipocytes. mRNA levels were
determined by real-time RT-PCR at indicated ages (days) and quantified as
described in MATERIALS AND METHODS. Values are means � SE; n � 8 per age
group for SC and perirenal adipocytes, n � 4 for IM adipocytes. abcWithin each
site, means with different letters are different (P � 0.05).
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the latest stage of growth studied. However, it seems unlikely
that differences in cell size and degree of maturity would be
responsible for all of the observed differences between adipo-
cytes of different sites. For instance, commensurate differences
in adipocyte features were maintained when IM adipocytes
isolated from 210-day-old pigs were examined compared with
SC adipocytes isolated from 80-day-old pigs, despite similar
average cell diameter. Therefore, it is likely that, in addition to
systemic factors, local region-specific regulators may affect
adipocyte biology. Insulin signaling (3, 42) or tissue parasym-
pathetic innervation (31) may be involved. Moreover, different
cocultured systems experiments have evidenced paracrine
cross talk between muscle cells and adipocytes (10, 11). Last,
it can be hypothesized that the specific function of IM adipo-
cytes compared with that of SC and perirenal adipocytes may
result, at least partly, from the competition between IM adipo-
cytes and muscle fibers for nutrient uptake. Indeed, recent
studies have underlined two vascular circuits for fatty acid
supply in muscle, one (nutritive) supplying the myocytes, the
other (nonnutritive) supplying the connective tissue and the
closely associated IM adipocytes (8, 9).

In conclusion, this study has provided new insights into IM
adipocyte features, showing that IM fat is not just an ectopic
extension of another adipose tissue location. Although meta-
bolic activities were very low in IM adipocytes relative to those
in SC and perirenal sites, we have clearly shown that IM
adipocytes displayed substantial modifications in lipid metab-
olism during growth. Furthermore, IM adipocytes expressed
various adipokines at levels comparable to those observed in
other cells. Because muscle type-associated differences in fatty
acid uptake, esterification, and oxidation abilities have been
well described at the whole tissue level (14), one cannot
exclude the possibility that IM adipocytes of a white muscle
may exhibit different features than those evidenced here on
adipocytes isolated from a red muscle. However, it is likely
that regional differences in adipocyte functions between mus-
cle and nonmuscular adipose tissues are greater than those that
might be observed between adipocytes from different muscle
types. Altogether, further studies will be required to elucidate
the role of IM adipocyte-specific features in normal muscle
physiology and/or in metabolic disorder occurrence.
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