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Membrane microdomains (lipid rafts) are now recognized as critical for proper compartmentalization of insulin
signaling, but their role in the pathogenesis of insulin resistance has not been investigated. Detergent-resistant membrane
microdomains (DRMs), isolated in the low density fractions, are highly enriched in cholesterol, glycosphingolipids and
various signaling molecules. TNFa induces insulin resistance in type 2 diabetes, but its mechanism of action is not fully
understood. We have found a selective increase in the acidic glycosphingolipid ganglioside GM3 in 3T3L1 adipocytes
treated with TNFa, suggesting a speciˆc function for GM3. We were able to extend these in vitro observations to living
animals using obese Zucker fa/fa rats and ob/ob mice, in which the GM3 synthase mRNA levels in the white adipose tis-
sues are signiˆcantly higher than in their lean controls. In the DRMs from TNFa-treated 3T3L1 adipocytes, GM3 levels
were doubled, compared to results in normal adipocytes. Additionally, insulin receptor (IR) accumulations in the
DRMs were diminished, while caveolin and ‰otillin levels were unchanged. GM3 depletion was able to counteract the
TNFa-induced inhibition of IR accumulation into DRMs. Together, these ˆndings provide compelling evidence that in
insulin resistance the insulin metabolic signaling defect can be attributed to a loss of IRs in the microdomains due to an
accumulation of GM3.
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INTRODUCTION

Insulin resistance, deˆned as the decreased ability
of cells or tissues to respond to physiological levels of
insulin, is thought to be the primary defect in the
pathophysiology of type 2 diabetes.1) Numerous stu-
dies have implicated TNFa as having a role in insulin
resistance, both in cultured adipocyte and whole-
animal models.2―4) Several lines of evidence suggest
that tumor necrosis factor (TNF)a represents a key
mediator of obesity-linked insulin resistance. First,
overexpression of TNFa in adipose tissue and insulin
resistance were commonly observed in diŠerent ro-
dent models of obesity2,3) as well as in obese
humans.4) Second, neutralization of TNFa with a
soluble TNFa receptor-immunoglobulin G chimeric
protein was found to improve insulin receptor signal-
ing and insulin sensitivity in obese and insulin-
resistant rats.2) Moreover, obese mice with targeted
disruption of the genes encoding either TNFa or its
two receptors lacked insulin resistance.4) Third, on a
cellular level, TNFa is a potent inhibitor of insulin

signaling. Chronic treatment of 3T3L1 adipocytes
with TNFa inhibits glucose uptake and interferes with
signaling through the insulin receptor to downstream
of substrates, such as insulin receptor substrate-1
(IRS-1), suggesting a defect at or near the tyrosine
kinase activity.5) Although there is now substantial
evidence linking TNFa to the presentation of insulin
resistance in humans, animals, and in vitro systems as
described above, the molecular mechanisms mediat-
ing the crosstalk between TNFa and the insulin sig-
naling cascade remain incompletely understood.

A key question is whether TNFa acts directly or in-
directly to suppress insulin function. In adipocytes
cultured in relatively low concentrations of TNFa
(which do not cause a generalized suppression of gene
expression), interference with insulin action occurs.
This eŠect requires prolonged treatment (at least 72
h), unlike many acute responses to this cytokine. This
protracted eŠect suggests that TNFa induces the syn-
thesis of an inhibitor that is the actual eŠector.

One clue as to the mechanism of this hormone's u-
nique actions may lie in the compartmentalization of
the signaling molecules themselves. Cellular mem-
branes contain sub-domains called detergent resistant
microdomains (DRMs), because they are detergent-
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insoluble and highly enriched in cholesterol and
glycosphingolipids (GSLs), but lacking in phos-
pholipids.6,7) Within the past decade, data have
emerged from many laboratories implicating these
lipid microdomains as critical for proper compart-
mentalization of insulin signaling in adipocytes (re-
viewed in Refs. 8) and 9))

Gangliosides, a family of sialic acid-containing
GSLs, are an important component of DRMs. In adi-
pose tissues from various species, including human
and mouse, GM3 is the most abundant ganglioside.10)

Recently, we reported that in mouse 3T3L1 adipo-
cytes insulin resistance induced by TNFa was accom-
panied by increased GM3 expression. We were able to
extend these in vitro observations to living animals us-
ing obese Zucker fa/fa rats and ob/ob mice, in which
the GM3 synthase mRNA levels in the white adipose
tissues are signiˆcantly higher than in their lean con-
trols. Moreover, we examined the eŠect of TNFa on
the composition and function of DRMs in adipocytes
and demonstrated that increased GM3 levels result in
the elimination of IRs from the DRMs while caveolin
and ‰otillin remain in the DRMs, leading to the inhi-
bition of insulin's metabolic signaling.11) Thus, we
present a new pathological feature of insulin
resistance in adipocytes induced by TNFa.

EFFECTS OF TNFa AND D-PDMP ON INSULIN
SIGNALING THROUGH IR TO IRS-1

We ˆrst examined the eŠects of low TNFa concen-
trations on the levels of the IR and IRS-1 proteins,
since high concentrations of TNFa induce dediŠeren-
tiation of adipocytes and reduce gene expression on
components of the IR signal transduction pathway,
such as IRS-1 and glucose transporter 4 (GLUT4)
genes.3,5,12) Fully diŠerentiated 3T3L1 adipocytes
were treated with 0.1 nM TNFa for 96 h as described
previously.13) TNFa induced a moderate decrease of
insulin stimulated phosphorylation of the IR and a
more pronounced inhibition of insulin-promoted
phosphorylation of IRS-1 without aŠecting expres-
sion of either the IR or IRS-1 (Fig. 1(A)). Marked

accumulation of GM3―occurred with TNFa treat-
ment (Fig. 1(B)). One approach to depleting cellular
gangliosides is the use of an inhibitor of glucosylcer-
amide synthase, D-PDMP, a well-known tool for
studying various functional roles of endogenous
glycosphingolipids including gangliosides.14,15) D-
PDMP lowered GM3 content in 3T3L1 adipocytes
treated without or with TNFa (Fig. 1(B)), with a
concomitant increase of tyrosine phosphorylation of
IRS-1 in response to insulin stimulation (Fig. 1(A)).
The binding a‹nity of insulin to adipocytes treated
with 20 mM D-PDMP for 96 h was similar to that of
the non-treated control cells, indicating that GM3
depletion by D-PDMP treatment does not aŠect insu-
lin binding to its receptor and that the D-PDMP treat-
ment aŠects the insulin signaling pathway through IR
to IRS-1.

ENHANCED EXPRESSION OF GM3 SYNTHASE
MRNA IN ADIPOSE TISSUES FROM TYPICAL
RODENT MODELS OF INSULIN RESISTANCE

It was shown that adipose tissues of the obese-dia-
betic db/db, ob/ob, KK-Ay mice, and the Zucker fa/
fa rats produced signiˆcant levels of TNFa.3) Much
less expression was seen in fat obtained from the lean
control animals. Interestingly, those obese-diabetic
animals did not show evidence of altered expression
of other cytokines, such as TNFb, IL-1 or IFNg.3,16)

Thus, we were interested in measuring the expression
of GM3 synthase mRNA in the epididymal fat of
Zucker fa/fa rats and ob/ob mice. Northern blot
analysis of GM3 synthase mRNA contents in the adi-
pose tissues from these two typical models of insulin
resistance exhibited signiˆcant high levels compared
to their lean counterparts (Fig. 2).

IR IS A COMPONENT OF THE DRMS AND IS
SELECTIVELY ELIMINATED FROM THE DRMS
DURING A STATE OF INSULIN RESISTANCE

INDUCED BY TNFa

Studies of the presence of IRs in DRMs/caveolae
have provided con‰icting data.17―19) We evaluated
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Fig. 1. TNFa Increases the Expression of GM3 and Prevention of GM3 Synthesis Reverses TNFa Induced Suppression Insulin Sig-
naling in Adipocytes21)

(A) 3T3-L1 adipocytes were cultured in maintenance medium without―(lanes 1, 2 and 4) or with (lanes 3 and 5) 0.1 nM TNFa for 96 h and in order to deplete
GM3, 20 mM D-PDMP was also included (lanes 4 and 5). Before insulin stimulation (100 nM for 3 min), cells were starved in serum-free media containing 0.5％ bo-
vine serum albumin in the absence or presence of TNFa and D-PDMP as above for 8 h. Proteins in cell lysates were immunoprecipitated with antiserum to IR and
IRS-1, fractionated by SDS-PAGE, and transferred to Immobilon-P. Western blot was then proved with anti-phosphotyrosine monoclonal antibody, stripped and
reproved with antiserum to IR and IRS-1, (B) 3T3L1 adipocytes were incubated in the absence or presence of TNFa and D-PDMP as in (A) and the ganglioside
fraction was visualized by resorcinol staining on HPTLC. Reproducible results were obtained with four independent experiments.

Fig. 2. Increased GM3 Synthase mRNA in Adipose Tissue of Typical Rodent Models of Insulin Resistance21)

Northern blot analysis of GM3 synthase mRNA was performed using total mRNA from adipose tissues of Zucker fa/fa rats and ob/ob mice, and their lean
counterparts.
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the localization of IRs in a ‰otation assay following
extraction with increasing concentrations of Triton
X-100, or under hypertonic alkaline conditions (500
mM sodium carbonate) (Fig. 3). In the carbonate
buŠer, IRs from normal 3T3L1 cells were found ex-
clusively in the low density, insoluble fractions 4 and
5, which are known to carry DRMs, whereas a small
portion of the IRs in TNFa-treated cells shifted to
fractions 68. On the other hand, there was no ac-
cumulation in the DRMs in cells, untreated or treated
with TNF åa when examined using an extraction buŠer
containing 1％ (data not shown) or 0.1％ Triton

X-100, concurring with a previous report using high
levels of detergent.17) However, when the ‰otation as-
say was performed using buŠer with lower concentra-
tions of Triton X-100 (0.08％ or 0.05％), the DRMs
were able to hold the IRs, although in the TNFa-
treated cells the IRs tended to shift to higher density
fractions. Next, using membranes extracted with the
0.08％ Triton X-100 buŠer, we analyzed the distribu-
tion of GM3 and cholesterol, and of proteins normal-
ly associated with DRMs (e.g., caveolin, ‰otillin,
fyn), in each fraction of the sucrose density gradient
(Fig. 4). GM3 was preferentially localized at the
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Fig. 3. IR can Localize to DRMs in Normal Adipocytes but Tends to Shift to High Density Fractions upon TNFa Treatment11)

TNFa treated (96 h) or untreated adipocytes were homogenized with 500 mM sodium carbonate non-detergent buŠer, or lysed with buŠer containing detergent
(0.05, 0.08, or 0.1％ Triton X-100). Samples were then subjected to a sucrose density gradient ‰otation assay. The gradient fractions from low (1) to high (12) den-
sity were subjected to SDS-PAGE and immunoblotted with an anti-IRb antibody.

Fig. 4. Accumulation of GM3 in the DRMs and Selective Dissociation of IRs from DRMs in a State of Insulin Resistance11)

Adipocytes, untreated (open bars) or treated with 100 pM TNFa for 96 h (solid bars), were lysed with buŠer containing 0.08％ Triton X-100 and subjected to a
sucrose density gradient ‰otation assay. (A) GM3 levels in the sucrose gradient fractions were examined by HPTLC analysis. (B) Cholesterol levels in the sucrose
gradient fractions were measured by a commercial assay. (C) The samples were subjected to SDS-PAGE and immunoblotted with antibodies against IRb, caveolin-
1, ‰otillin, or fyn. Data in (A) and (B) are shown as means±S.D. (n＝3). p＜0.05.
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DRMs in both normal and TNFa-treated 3T3L1
adipocytes. Remarkably, though, the accumulation
of GM3 observed in the DRMs was 2-fold higher in
the TNFa-treated cells (Fig. 4(A)). There were no
distinct diŠerences in the expression levels or distribu-
tion of cholesterol (Fig. 4(B)), caveolin, ‰otillin, or
fyn (Fig. 4(C)). Taken together, these results clearly
demonstrate the selective elimination of IRs from the
DRMs and the accumulation of GM3 in adipocytes

under a chronic state of TNFa-induced insulin
resistance.

GSL DEPLETION ATTENUATES THE TNFa-IN-
DUCED INHIBITION OF BOTH INSULIN-
STIMULATED IR INTERNALIZATION AND

DISSOCIATION OF IR FROM DRMS

To investigate whether the inhibition of insulin-
dependent IR internalization and the dissociation of
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Fig. 5. GM3-depletion Attenuates TNFa-induced Inhibition of Elimination of IR from the DRMs11)

3T3L1 cells were cultured in maintenance medium with or without TNFa for 96 h in the presence or absence of 20 mM D-PDMP. The cells were lysed with
buŠer containing 0.08％ Triton X-100, and the lysates subjected to a sucrose density gradient ‰otation assay as in Fig. 3. Data shown are means±S.D. (n＝3). p
＜0.05.
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IR from the microdomains in TNFa-treated cells were
due to increases in GM3, we employed an inhibitor of
glucosylceramide synthase, D-threo-1-phenyl-2-de-
canoylamino-3-morpholino-1-propanol (D-PDMP).
After GM3 depletion by D-PDMP, the suppression of
IR internalization was indeed partially recovered.11)

Additionally, the dissociation of IRs from the DRMs
was eŠectively blocked (Fig. 5). There was no obvi-
ous change in the accumulation of IR in the DRMs af-
ter insulin stimulation. These results indicate direct
involvement of GM3 in the chronic state of insulin
resistance in adipocytes.

DISCUSSION

Caveolae are a subset of membrane microdomains
particularly abundant in adipocytes. Critical depend-
ence of the insulin metabolic signal transduction on
caveolae/microdomains in adipocytes has been
demonstrated. Disruption of microdomains by
cholesterol extraction with b-cyclodextrin resulted in
progressive inhibition of tyrosine phosphorylation of
IRS-1 and activation of glucose transport in response
to insulin although autophosphorylation of IR and
activation of MAP kinase were not impaired.20) There
were similarities between these cell culture results and
the ˆndings in many cases of clinical insulin
resistance,1) thereby suggesting a potential role for
microdomains in the pathogenesis of this disorder.
Gangliosides are also known as structurally and func-
tionally important components in microdomains,
however, there was no report on their role(s) in
microdomains in adipocytes.

We present evidence that the transformation to in-
sulin resistant state induced in adipocytes by TNFa
may depend on increased ganglioside GM3 biosynthe-
sis following upregulated GM3 synthase gene expres-
sion.

Additionally, GM3 may function as an inhibitor of
insulin signaling during chronic exposure to TNFa.21)

These ˆndings are further supported by the report
that mice lacking GM3 synthase exhibit enhanced in-
sulin signaling.22) Since GSLs, including GM3, are
important components of DRMs/caveolae, we have
pursued the possibility that increased GM3 levels in
DRMs confer insulin resistance upon TNFa-treated
3T3L1 adipocytes.

A few recent studies23,24) indicate that typical
cholesterol-dependent microdomains termed ``lipid
raft'' having a GPI anchor, assumed to have a di-
ameter of 10―20 nm, may be too small to be involved
in signal transduction, in contrast to major
microdomains having su‹cient size and organization
of molecules. If ``lipid raft'' is deˆned by (i)
resistance to 1％ Triton X-100; (ii) cholesterol-
dependence; and (iii) small size (10―20 nm diameter
or less) , then the majority of ganglioside
microdomains as described in this study are ``non-
lipid raft'' because their size is presumed to be much
larger, in analogy to glycolipid-enriched micro-
domains.

As summarized in Table 1, evidence suggesting that
caveolae and caveolins play a major role in insulin
signaling initially came from experiments using rat
adipocytes, in which gold-labeled insulin was en-
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Table 1. Localization of Insulin Receptor in Caveolae
Microdomains is Essential for Insulin's Metabolic Signaling

1. Direct Binding of IR and Caveolin-1
IR has caveolin binding domain26)

Coimmunoprecipitation of IR and caveolin27)

2. Colocalization of IR and Caveolin-1

IR and caveolin in light-density fractions by sucrose den-
sity ‰otation assay11,34)

Fluorescence microscope17)

Electron microscope35)

3. Insulin Signaling via Caveolae
Stimulation of caveolin-1 tyrosine phosphorylation by

insulin18,29)

Caveolin deˆcient mice show insulin resistance due to

accelerated degradation of IR in adipose tissue9,36)

Cholesterol depletion disrupts caveolae and metabolic

signaling of insulin20,37)

Increased GM3 eliminates IR from DRMs and inhibits

IR-IRS-1 signaling11,21)
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docytosed by a mechanism involving clathrin-in-
dependent, uncoated invaginations.25) Immunogold
electron17) and immuno‰uorescence microscopy18)

further demonstrated that IRs are highly concen-
trated in caveolae. Additionally, Couet et al., demon-
strated the presence of a caveolin binding motif
(qXqXXXXq: where q is aromatic amino acid) in
the b-subunit of IRs that could bind to the scaŠold
domain of caveolin.26) Moreover, mutation of this
motif resulted in the inhibition of insulin signaling.27)

Recently, Lisanti's laboratory reported that caveolin-
1-null mice developed insulin resistance when placed
on a high fat diet.9) Interestingly, insulin signaling, as
measured by IR phosphorylation and its downstream
targets, was selectively decreased in the adipocytes of
these animals while signaling in both muscle and liver
cells was normal.9) This signaling defect was attri-
buted to a 90％ decrease in IR protein content in the
adipocytes, with no changes in mRNA levels, indicat-
ing that caveolin-1 serves to stabilize the IR
protein.9,28) These studies clearly indicate the critical
importance of the interaction between caveolin and
IR in executing successful insulin signaling in adipo-
cytes (Table 1).

Saltiel and colleagues found that insulin stimula-
tion of 3T3L1 adipocytes was associated with tyro-
sine phosphorylation of caveolin-1.29) However, since
only trace levels of IR were recovered in the caveolae
microdomains in assays with a buŠer of 1％ Triton

X-100, they speculated on the presence of intermedi-
ate molecule(s) bridging IR and caveolin.19) Gustavs-
son et al., also observed the dissociation of IRs from
caveolin-containing DRMs after treatments of 0.3
and 0.1％ Triton X-100.17) It has been reported that
comparison of protein and lipid contents of DRMs
prepared with a variety of detergents exhibited the
considerable diŠerences in their ability to selectively
solubilize membrane proteins and to enrich sphin-
golipids and cholesterol over glycerophospholipids,
and Triton was the most reliable detergent.30) There-
fore, we performed a ‰otation assay with a wide
range of Triton X-100 concentrations to identify the
protein of interest which might weakly associate with
DRMs (Figs. 3 and 4). In an assay system containing
less than 0.08％ Triton X-100, we were able to show
that in normal adipocytes IRs can localize to DRMs.
However, in the presence of TNFa, IR was selectively
eliminated from the DRMs while caveolin-1 remained
(Fig. 4(C)). Thus, by employing low detergent con-
centrations we were able to demonstrate, for the ˆrst
time, the presence of IR in DRMs. We currently be-
lieve that elimination of IR from the DRMs by TNFa
treatment is due to an excessive accumulation of GM3
in these microdomains, especially since preventing
GM3 biosynthesis using D-PDMP attenuated the
elimination of IR from the DRMs (Fig. 5(B)).
Reportedly, the localization in the DRMs of several
proteins (including receptor protein tyrosine kinases)
can be aŠected by changes in the expression levels of
GSLs. For example, overexpression of the ganglioside
GM1 in Swiss 3T3 cells results in the dispersion of b
type platelet-derived growth factor receptor from the
DRMs.31) Similarly, the genetically enhanced ac-
cumulation of endogenous GM3 in keratinocytes
caused the dissociation of caveolin-1 from the DRMs,
thereby changing the signaling of the epidermal
growth factor receptor.32) In HuH7 hepatoma cells,
which lack caveolin, IRs associate with DRMs in
response to insulin stimulation, but crosslinking of
GM2 by its antibody results in a loss of this
association.33) Such results support the likelihood
that localization of IRs to the DRMs is aŠected by the
presence of not only caveolin but also GSLs, especial-
ly gangliosides. Additionally, tyrosine phosphoryla-
tion of IRS-1 in response to insulin was selectively im-
paired without aŠecting the activation of IR and
MAPK.21) The observed impairment of IR-IRS-1 sig-
naling by TNFa may be attributed to the elimination
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Fig. 6. Proposed Model of Caveolae Microdomains in the State of Insulin Resistance in Adipocytes

585No. 4

of IR from microdomains due to the excess accumula-
tion of GM3 (Fig. 4(A)). Although the localization
of IRs to DRMs may be maintained by the association
with caveolin-1 as mentioned above, the excess ac-
cumulation of GM3 in the DRMs may weaken the IR-
caveolin interaction. Indeed, IR but not caveolin-1
was co-immunoprecipitated with anti-GM3 antibody
(unpublished observation).

CONCLUSIONS

The current view of microdomains in the state of
insulin resistance is depicted in Fig. 6. We propose a
working hypothesis ``Life style-related diseases such
as type 2 diabetes are membrane microdomain disor-
ders caused by aberrant expression of glycosphin-
golipids''. Further work is in progress to elucidate the
mechanisms for the interactions of the ganglioside
GM3, IR and caveolin in the microdomains.
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