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The sarcoglycans are known as an integral subcomplex of the
dystrophin glycoprotein complex, the function of which is best
characterized in skeletal muscle in relation to muscular dystro-
phies. Here we demonstrate that the white adipocytes, which
share a common precursor with the myocytes, express a cell-
specific sarcoglycan complex containing �-, �-, and �-sarcogly-
can. In addition, the adipose sarcoglycan complex associates
with sarcospan and laminin binding dystroglycan. Using multi-
ple sarcoglycan null mouse models, we show that loss of �-sar-
coglycan has no consequence on the expression of the adipocyte
sarcoglycan complex.However, loss of�- or �-sarcoglycan leads
to a concomitant loss of the sarcoglycan complex as well as sar-
cospan and a dramatic reduction in dystroglycan in adipocytes.
We further demonstrate that �-sarcoglycan null mice, which
lack the sarcoglycan complex in adipose tissue and skeletalmus-
cle, are glucose-intolerant and exhibit whole body insulin resist-
ance specifically due to impaired insulin-stimulated glucose
uptake in skeletal muscles. Thus, our data demonstrate a novel
function of the sarcoglycan complex in whole body glucose
homeostasis and skeletal muscle metabolism, suggesting that
the impairment of the skeletal muscle metabolism influences
the pathogenesis of muscular dystrophy.

Muscle fat infiltration is recognized as a hallmark patholog-
ical feature in dystrophin glycoprotein complex (DGC)3-re-
latedmuscular dystrophies (1) that include dystrophinopathies

(2, 3) and sarcoglycanopathies (LGMD2C-F) (4). In agreement,
magnetic resonance imaging measurements of fat infiltration
allow accurate assessments of disease severity in Duchenne
muscular dystrophy patients (3). Association of adipose tissue
development with degenerative/regenerative or atrophic
changes in skeletal muscle is also supported by the finding that
adipogenesis-competent cells within the skeletal muscle are
activated during muscle regeneration (5). However, the molec-
ular mechanism(s) underlying muscle fatty metamorphosis
remain unclear.
Ectopic fat deposition in skeletal muscles is primarily

described in animals and humans with lipodystrophy and sar-
copenia. In these conditions, the accumulation of lipids and
adipocytes in skeletal muscle is often accompanied by hyper-
glycemia and insulin resistance (6–11), both of which are
strong indicators of muscle metabolic defects (12, 13) and
deregulated adipogenesis (14). Furthermore, both adipose-de-
rived and muscle-derived stem cells differentiate into adipo-
cytes upon exposure to high levels of glucose (15), linking
impaired muscle metabolism with muscle fat deposition.
It is long held that the biogenesis of a basement membrane

takes place in the earliest steps of adipogenesis and that exten-
sive extracellular matrix (ECM) remodeling occurs throughout
adipogenesis (16, 17). The concept that cell surface receptors
play a role in the regulation of adipogenesis and thus may
underliemetabolic disorders just recently emergedwith a study
of the integrin complexes (18). Given that theDGC in its capac-
ity as an ECM receptor is critical for muscle integrity (19, 20)
and that white adipocytes and skeletal muscle cells originate
from the samemesenchymal precursor cells (21, 22), we set out
to determine whether components of the skeletal muscle DGC
are expressed in white adipocytes. Herein, we describe a unique
adipose sarcoglycan (SG) complex that includes �-, �-, and
�-SG. This complex is tightly associated with sarcospan (Sspn)
and dystroglycan (DG). Moreover, we show that DG functions
as a novel ECM receptor in white adipocytes. Because adipose
tissue and skeletal muscle play critical roles in themaintenance
of normal glucose homeostasis andwhole body insulin sensitiv-
ity (23), we examined the metabolic consequences of the SG
complex disruption in both adipose tissue and skeletal muscle.
Using in vivo approaches, we observed that the �-SG null
mouse (24), a mouse model of muscular dystrophy, is glucose-
intolerant and exhibits whole body insulin resistance specifi-
cally due to impaired insulin-stimulated glucose uptake in skel-
etal muscle.

EXPERIMENTAL PROCEDURES

Animals—Animal care and procedures were approved and
performed in accordance with the standards set forth by the
National Institutes of Health and the Animal Care Use and
Review Committee at the University of Iowa.
Biochemical Analysis—White adipocytes were isolated from

wild-type gonadal white adipose tissue (25). Total RNA extrac-
tion using RNA-STAT60TM (IsoTex Diagnostics Inc., Friend-
swood, TX) and preparation of total membrane extracts (26)
were performed from isolated adipocytes. Sucrose gradient
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purification of the DGC components (27) was performed from
isolated adipocytes and whole WT gonadal adipose tissue.
Physiological Analysis—Glucose tolerance tests (GTTs) were

performed on 16-h fasted male mice following intraperitoneal
injection of D-glucose (1 g/kg). Blood glucose was measured
from tail vein using OneTouch Ultra test strips (LifeScan). Sev-
eral measurements were done at each time point to ensure
reproducibility, and the lowest value was used. Fasting insulin
was quantified in serum using enzyme-linked immunosorbent
assay (Millipore Corp.). Euglycemic-hyperinsulinemic (EU)
clamps were conducted on male mice according to the slightly
modified protocol (28). Basal rates of whole body glucose clear-
ance were assessed using a continuous infusion of [3H]glucose
for 2 h prior to the start of the clamp. Insulin was infused con-
tinuously at 4 milliunits/kg/min. Forty-five min before the end
of the clamp, 2-deoxy-D-[1-14C]glucose was administrated as a
bolus (10 �Ci) to estimate insulin-stimulated glucose uptake in
individual tissues.
Statistics—GTT data were analyzed with two-way repeated

measures analysis of variance, and all pairwise multiple com-
parison procedures were done with the Bonferroni t test. Other
data were analyzed with Student’s unpaired t test.

RESULTS

To determine whether known components of the DGC are
expressed in white adipose tissue while ensuring that our
results would not reflect contamination from other tissues, we
chose freshly isolatedwhite adipocytes as startingmaterial. RT-
PCR data revealed the presence of �-, �-, and �-SG, Sspn and
DG transcripts in adipocytes (Fig. 1A and supplemental Table
1s). The identity of these transcripts was confirmed by BLAST
analysis. In contrast to skeletalmuscle, there was a conspicuous
absence of �-SG and �-SG transcript. The detection of a tran-
script correlated with the detection of the corresponding pro-
tein (Fig. 1B). Results were confirmed by immunofluorescence
analysis of adipose tissue sections (Fig. 1C and data not shown).
Of the known DGC proteins, DG is the focus of most research
interest due to its widespread expression, association with the
basal lamina, and the complex and heterogeneous tissue-spe-
cific O-glycosylation of its extracellular �-subunit. Post-trans-
lational modification of �-DG is critical for its interaction with
a broad range of ECM proteins, and loss of this interaction is a
common factor in the biogenesis of complex diseases (19). To
better characterize the binding properties of �-DG in adipose
tissue, we chose to make use of a well characterized mouse
model, the myodystrophy mice (Largemyd or myd) (29). These
mice have a spontaneous loss-of-function mutation in Large,
which encodes a putative glycosyltransferase involved in �-DG
O-glycosylation, leading to brain and skeletal muscle �-DG
hypoglycosylation and pathology (30). We found adipocyte
�-DG reactivity using antibodies directed against either the
�-DG core (sheep5) or its sugar moieties (IIIH11), albeit at a
lower relative molecular mass (120 kDa) than that in skeletal
muscle (supplemental Fig. 1s, A and B, lanes 1 and 3). The
absence ofLarge led to a loss of�-DGglycosylated epitope, with
preservation of the �-DG protein core in adipocytes (supple-
mental Fig. 1s, A and B, lanes 2 and 4). Agrin and laminin-1
overlay experiments conclusively demonstrated that the adi-

pose-specific glycosylation was sufficient for �-DG to function
as an ECM ligand receptor (supplemental Fig. 1s,C andD, lanes
1 and 3). As expected and consistent with the observations
made inmyd brain and skeletalmuscle, laminin and agrin bind-
ing to �-DG were abolished in absence of Large (supplemental
Fig. 1s, C and D, lanes 2 and 4), with the level of expression of
the SGs and Sspn being preserved (data not shown). These data
demonstrate that Large-mediated post-translational process-
ing of �-DG takes place in white adipocytes. In support of this
conclusion, expression of Large and other �-DG post-transla-
tional processing enzymes, i.e. Pomt1, Pomt2, PomGnt1, and
Fukutin, was observed in adipocytes by RT-PCR (supplemental
Fig. 2s), confirming a previous gene profiling study performed
in white adipocytes (31).
To test whether theDGCcomponents expressed in thewhite

adipocytes associate in a fashion similar to that described for
skeletal muscle (19, 20), we analyzed their co-fractionation on
sucrose gradient (supplemental Fig. 3sA). We found that Sspn
migrated in the denser gradient fractions, along with the �-, �-,
and �-SG and �-DG. The tight association of these proteins
upon solubilization indicates that these proteins are integral
components of a multisubunit complex that via DG can func-
tion as a novel ECM receptor in the white adipocytes. Control
experiments in differentiated 3T3-L1 cells supported this con-
clusion as well (data not shown).

FIGURE 1. Expression of DGC components in white adipocytes. A, tran-
scripts of known DGC components were amplified from isolated adipocytes
(Ad.) and skeletal muscle (Sk.M.) by RT-PCR in the presence (�) or absence (�)
of reverse transcriptase (RT). B, expression of the corresponding proteins in
total membrane fraction from white adipocytes (100 �g) and KCl-washed
microsomes from skeletal muscle (50 �g), as determined by Western blotting.
C, expression of DGC proteins in epididymal white adipose tissue, analyzed by
confocal microscopy. Negative controls using cyanine 3-labeled anti-goat
(A-Gt) and Alexa Fluor 555-labeled anti-rabbit (A-Rbt) were performed by
omitting the primary antibody. Scale bar, 500 �m.
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To determine whether the adipose SG complex functions as
a single unit, we tested whether the loss of a single component
will influence the expression of the others and impair �-DG
function.We took advantage of existing mousemodels of mus-
cular dystrophy, each with a systemic genetic ablation of one
skeletal DGC component (32). Fig. 2A shows the composition
of the SG complex and its associated Sspn and DG in mdx and
mdx3cvmice, utrophin (utrn),�-SG, �-SG, and�-SGnullmice.
As expected, loss of either full-length dystrophin (dys) or �-SG,
whose expression are restricted to skeletal muscle, had no con-
sequence on the expression of the SGs, Sspn, and DG at the
adipocyte membrane nor on the ability of �-DG to bind lami-
nin. The loss of all dys isoforms inmdx3cvmice or of utrn in the
utrn null mice was accompanied by modest decreased expres-
sion of all the proteins tested and a reduced laminin binding to
�-DG. Therefore, although one cannot rule out that a short dys
isoform and utrophin could be expressed in the adipocytes,

their expression does not appear to
be critical for proper SG complex
expression at the adipocyte plasma
membrane. However, loss of either
�-SG or �-SG led to a complete loss
of the other SGs as well as Sspn.
Moreover, only residual expression
of the glycosylated form of �-DG
could be detected, which correlated
with weak residual laminin binding.
Altogether, our data suggest that
the adipose SG complex should be
considered as a single unit that relies
on all its individual components for
full functionality.
Because both skeletal muscle and

adipose tissue play important roles
in glucose homeostasis, we took
advantage of the�-SGnullmice due
to the concomitant loss of expres-
sion of the entire adipose and skele-
tal SG complexes. Upon dissection,
we observed that the�-SGnullmice
had virtually no subcutaneous adi-
pose tissue (data not shown). Fur-
thermore, Table 1 demonstrates

that the �-SG null had a significant decrease of their visceral
white adipose tissue mass (epididymal and retroperitoneal fat
expressed as a percentage of total bodymass) as compared with
age-matched WT mice. Histological analysis of the white adi-
pose tissue revealed conspicuous changes such as those that
characterize lipodystrophy (supplemental Fig. 4s). Specifically,
unilocular cells were heterogeneous in size and shape; numer-
ous small multilocular cells were present, and large blood ves-
sels and fibrous strands coursed throughout the adipose tissue.
Functionally, �-SG null mice were glucose-intolerant (Fig.

2B) and had a trend to have higher fasting insulin levels than
their WT counterparts (data not shown), suggesting an alter-
ation of their whole body insulin sensitivity. To address this last
question, we performed conscious EU clamps coupled with
[3H]glucose infusion in �-SG null and WT mice (Fig. 2, C–E).
EU clamps indicated that the glucose clearance was signifi-
cantly diminished in the �-SG null mice as compared with the
WT controls (22% decrease with p � 0.029, data not shown),
confirming the glucose tolerance test data. The whole body
glucose infusion rate was 30% lower (p � 0.03) in the �-SG null
mice than in the controls (Fig. 2C), demonstrating that the null
animals were insulin-resistant. Interestingly, insulin resistance
was accompanied by decreased insulin sensitivity in skeletal
muscle only (35%decrease in insulin-stimulated glucose uptake
in skeletal muscle of �-SG null mice as compared with that of
WT age-matched controls, p � 0.016) (Fig. 2D). Insulin sensi-
tivity remained normal in both white adipose tissue (Fig. 2D)
and liver (Fig. 2E).

DISCUSSION

Wehave demonstrated here that white adipocytes express at
their plasmamembrane an SG complex unique to this cell type.

FIGURE 2. �-SG null mice are glucose-intolerant and insulin-resistant. A, whole adipose tissue from various
mouse models was analyzed by Western blotting and laminin-1 overlay (Lam o/l) after digitonin solubilization
and glycoprotein enrichment. *, anti-core antibody sheep5; **, anti-carbohydrate antibody IIIH11. B, intraperi-
toneal GTTs performed on 3– 4-month-old male mice. F, WT, n � 14; E, �-SG null mice, n � 7. Mean � S.E., *,
p � 0.05. C–E, conscious EU clamps were performed on 3– 4-month-old male mice. Whole body glucose
infusion rate (GIR) (C) and glucose uptake in soleus (Sk.M.) and white adipose tissue (WAT) (D) were measured
during clamp conditions. Hepatic glucose production was measured in both basal and clamp conditions (E).
Filled columns, WT, n � 7; open columns, �-SG null mice, n � 8. Mean � S.E., *, p � 0.05.

TABLE 1
Organ weights expressed as a percentage of total weight
Organs were carefully dissected and weighed. Results are expressed as mean (S.E.).
All experiments were performed in double-blind fashion. IBAT, intrascapular
brown adipose tissue. *, p � 0.001.

Organ WT (n � 15) �-SG null mice (n � 11)

Quadriceps muscle 1.54 (0.02) 1.79 (0.06)*
Calf muscle 1.09 (0.03) 1.43 (0.03)*
Cardiac muscle 0.56 (0.01) 0.57 (0.03)
Kidney 1.24 (0.02) 1.22 (0.03)
Liver 4.14 (0.09) 5.92 (0.11)*
Epididymal fat 1.57 (0.07) 1.01 (0.06)*
Retroperitoneal fat 0.39 (0.02) 0.22 (0.03)*
Lungs 0.56 (0.02) 0.66 (0.05)
Spleen 0.27 (0.01) 0.39 (0.04)
Pancreas 0.53 (0.02) 0.56 (0.04)
IBAT 0.22 (0.02) 0.27 (0.02)
Testis 0.69 (0.02) 0.67 (0.03)
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It includes�-, �-, and �-SGbut lacks�- and�-SG as determined
by RT-PCR and immunoblotting. Both�-SG and �-SGproteins
can seed the formation of the SG complexes (�-��� and �-���)
found in skeletal and smooth muscle, respectively (33, 34), and
a recent model proposed that �-SG links the �/�-SG precom-
plex to �-SG in skeletal muscle (35). As �-SG, the latest SG
identified is the closest �-SG homolog (36), it is possible that
�-SG functionally replaces �-SG in white adipocytes. We also
showed that Sspn co-purifies with the above SG complex and
that its expression is gone in the adipose tissue of SG-null mice.
It was previously suggested that the assembly of a complete SG
complex was a prerequisite for proper expression of Sspn at the
sarcolemma (37). Likewise, our data suggest that expression of
Sspn at the adipocyte membrane is dependent on proper SG
complex expression.
The role played by the ECM receptors (18) and the impor-

tance of the cell-cell and cell-matrix interactions in adipose
tissue are just emerging concepts (38–40). Here, we found that
decreased expression of DG and a loss of extracellular ligand
binding to �-DG were associated with a loss of SG complex
expression in white adipocytes. This suggests that the SG com-
plex is necessary for functional DG expression as an ECM
receptor at the adipocyte plasmamembrane. The physiological
characterization of �-SG null mice suggests that these mice,
primarily known as a genetic model of muscular dystrophy (24,
32), could also be a new genetic model of lipodystrophy (9). It is
well established that adipose tissue serves as a crucial integrator
of glucose homeostasis (12, 28) and that alterations of its phys-
iology can have a wide range of metabolic consequences (41,
42). Thus, it is tempting to speculate that the alteration of the
adipose SG complex could represent a new molecular mecha-
nism underlying phenotypes of altered adiposity, abnormal fat
distribution, and metabolic disorders, likely via an alteration of
the cell-cell and/or cell-matrix interactions in adipose tissue.
However, since the global ablation of �-SG affects both skeletal
muscle and adipocytes, future studies using tissue-specific
knock-out animals will be necessary to specifically resolve the
tissue-specific roles of the SG complex in glucose metabolism.
Nevertheless, these findings raise novel questions that have

important implications for clinical studies of muscular dystro-
phy.DGC-relatedmuscular dystrophies are often accompanied
by progressive muscle fat replacement (2–4), and the ECM
imparts specific characteristics to each tissue. Thus, we specu-
late that the SG complex, along with Sspn and DG, plays a role
in regulating the adipogenesis/myogenesis cell fate decisions
potentially involved in the mechanism of muscle fat replace-
ment. Furthermore,muscular dystrophies are complex diseases
likely to involve more than the skeletal muscles (19). However,
the efficiency of the therapeutic strategies are so far solely based
on the recovery of the skeletal DGCand/ormuscle strength (43,
44). Our data indicate that a cell-specific SG complex is
expressed in the white adipocytes. Furthermore, we for the first
time bring evidence ofmetabolic defects in the skeletal muscles
and whole body of the �-SG null mice. We speculate that the
severity of the metabolic symptoms is likely to depend on
whether the skeletal SG complex alone (i.e. in �-SG null mice)
or both adipose and skeletal SG complexes (i.e. in �-SG null
mice) are disrupted and on the relative functional contribution

of the primary missing protein. Although the association of
metabolic defects with the progression of muscular dystrophy
is not documented yet in patients, it is possible that the recovery
of skeletal muscle function in treated patients might uncover
new health problems due to defective SG complexes in non-
muscle tissues, such as adipose tissue.
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