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a b s t r a c t

Insulin increases muscle and fat cell glucose uptake by inducing the translocation of glucose transporter
GLUT4 from intracellular compartments to the plasma membrane. Here, we have demonstrated that in
3T3-L1 adipocytes, DMSO at concentrations higher than 7.5% augmented cell surface GLUT4 levels in the
absence and presence of insulin, but that at lower concentrations, DMSO only enhanced GLUT4 levels in
insulin-stimulated cells. At a 5% concentration, DMSO also increased cell surface levels of the transferrin
receptor and GLUT1. Glucose uptake experiments indicated that while DMSO enhanced cell surface
glucose transporter levels, it also inhibited glucose transporter activity. Our studies further demonstrated
that DMSO did not sensitize the adipocytes for insulin and that its effect on GLUT4 was readily reversible
(t1/2w12 min) and maintained in insulin-resistant adipocytes. An enhancement of insulin-induced
GLUT4 translocation was not observed in 3T3-L1 preadipocytes and L6 myotubes, indicating cell speci-
ficity. DMSO did not enhance insulin signaling nor exocytosis of GLUT4 vesicles, but inhibited GLUT4
internalization. While other chemical chaperones (glycerol and 4-phenyl butyric acid) also acutely
enhanced insulin-induced GLUT4 translocation, these effects were not mediated via changes in GLUT4
endocytosis. We conclude that DMSO is the first molecule to be described that instantaneously enhances
insulin-induced increases in cell surface GLUT4 levels in adipocytes, at least in part through a reduction
in GLUT4 endocytosis.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

The glucose that enters the body via the gastrointestinal tract is
mainly taken up by muscle and adipose tissue by an insulin-
regulated mechanism. The glucose transporter that is responsible
for this uptake is GLUT4. GLUT4 is very efficiently retained intra-
cellularly and only upon insulin action (and contraction in muscle),
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GLUT4 traffics from intracellular compartments towards the
plasma membrane. While multiple components of the insulin
signaling pathway are known as well as molecules that play part in
intracellular GLUT4 traffic, it remains elusive how these two
cellular systems intercommunicate. In particular, it is unclear which
mechanism the cell uses to refrain GLUT4 from reaching the cell
surface in the absence of insulin stimulation.

Previously, we have shown that upon insulin stimulation, GLUT4
molecules are released from the GLUT4 storage compartment into
an endosome-plasma membrane recycling pathway in a dose-
dependent fashion [1,2]. While GLUT4 recruitment appears to occur
in an at random fashion, the recruited (and recycling) molecules do
not mingle with the GLUT4 molecules that were not initially
recruited, adding yet another layer of complexity to the regulation
of intracellular GLUT4 traffic.

Another GLUT4 feature that has proven to be regulated in
a complex fashion is its endocytosis. In adipocytes, GLUT4 inter-
nalization has been demonstrated to be, at least in part, regulated
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by a dynamin-dependent process. Expression of its dominant
negative mutant K44A increases cell surface GLUT4 levels, espe-
cially in non-stimulated cells while insulin does not further
enhance its surface levels [3e5]. Furthermore, in adipocytes, GLUT4
has been demonstrated to be internalized by both AP-2 and
cholesterol-dependent mechanisms that act independently [6,7]. In
L6 myoblasts, GLUT4 endocytosis has been shown to be partially
inhibited by cholesterol depletion, dynamin K44A expression, and
knockdown of clathrin and Cdc42-interacting protein-4 (CIP4)
[8,9]. Here, the effects of clathrin and cholesterol manipulation
appeared to be independent, implying that to some extent, GLUT4
internalization might be similarly regulated in adipocytes and
muscle cells. However, expression of caveolin-1 mutant S80E
decreased GLUT4 internalization in adipocytes [10] but not in L6
cells [8] suggesting that only in adipocytes, the caveolar membrane
is implicated in GLUT4 internalization. Furthermore, in car-
diomyocytes and L6 myotubes, GLUT4 internalization has been
shown to be sensitive to changes in the activity of AMP-activated
protein kinase [11,12]. Finally, GLUT4 internalization kinetics and
the associated cell surface residing time could be regulated by
proteins that interact with GLUT4 at the plasma membrane such as
galectins [13] or glypican3 [14].

Until now, the insulin-mediated increase in exocytosis has been
regarded as the major step in GLUT4 translocation, since inhibition
of GLUT4 endocytosis has been demonstrated to result in a very
slow time-dependent increase in the amount of GLUT4 at the
plasma membrane without affecting the extent of insulin-stimu-
lated GLUT4 translocation at normal physiologic response times
[15]. In contrast, here, we demonstrate that endocytosis of GLUT4 is
a major determinant in the acute insulin-mediated regulation of
cell surface GLUT4 levels. Treatment of 3T3-L1 adipocytes with
intermediate amounts of DMSO largely increases cell surface
GLUT4 levels in the presence but not in the absence of insulin. We
provide evidence that this effect is mediated at least in part via an
acute inhibition of GLUT4 internalization. DMSO is the first mole-
cule described to display such an effect.
2. Materials and methods

2.1. Materials

3T3-L1 preadipocytes were obtained from the American Type
Culture Collection ATCC/LGC Standards (Molsheim, France). Plat-E
cells were generously provided by Dr Toshio Kitamura (University
of Tokyo, Japan). Newborn and fetal bovine serum were from PAA
(Les Mureaux, France). Media and HEPES were from Invitrogen
(Cergy Pontoise, France). Insulin was from Lilly (Suresnes, France)
and 2-[3H]deoxyglucose from PerkinElmer Life (Waltham, MA).
Akti, wortmannin, and TUDCA (tauroursodeoxycholic acid) were
from Calbiochem/Merck (Nottingham, UK). Monoclonal anti-HA
antibody was from Covance (Emeryville, CA), polyclonal GLUT4
(1608), GLUT1 (1605), and HRP-conjugated secondary antibodies
antibodies were from Santa Cruz (Heidelberg, Germany), antibodies
against PAS, ERK, phospho-ERK, Akt, phospho-Akt (T308 and S473),
AMPK, phospho-AMPK, and phosphotyrosine from Cell Signaling
Technology (Danvers, MA), anti-AS160 from AbCam (Cambridge,
MA), anti-phospho-AS160, anti-transferrin receptor, and fluores-
cent secondary antibodies from Invitrogen (Cergy Pontoise, France),
and anti-GM130 antibody from BD Transduction Laboratories
(Erembodegem, Belgium). Polyclonal antibody raised against syn-
taxin 13was generously provided byDr Rytis Prekeris (University of
Colorado). Anti-tubulin antibody, mouse IgG, TMAO (trimethyl-
amine N-oxide), 4PBA (4-phenyl butyric acid) and all other chem-
icals were purchased from SigmaeAldrich (Saint-Quentin Fallavier,
France). Black clear-bottomwells plates were from Greiner Bio-One
(Coertaboeuf, France). pBABE vector was kindly provided by Dr
Hartmut Land.

2.2. Molecular biology and cell culture

HA-GLUT4 and TfR-HA in pBABE-puro have been described
elsewhere [16,17]. 3T3-L1 preadipocytes were cultured and differ-
entiated as described before [17]. Adipocytes were used for
experiments 8e12 days after onset of differentiation, with medium
renewed two days prior to the experiment. To express HA-GLUT4 in
preadipocytes and adipocytes, preadipocytes were infected with
retrovirus as described before [16], except that Plat-E cells were
used for the production of virus [18]. 3T3-L1 preadipocytes were
used for experiments two days after confluence. HA-GLUT4-
expressing L6 myoblasts were prepared as described for 3T3-L1
preadipocytes [16], and cultured and differentiated as described
elsewhere [19]. For all experiments described, cells were starved for
2 h in serum-free DMEM supplemented with 0.2% BSA before
stimulation. Serum-free BSA-supplemented mediumwas also used
for 24 h incubations. Insulin resistance was induced by a 24 h
insulin treatment as described elsewhere [17]. For insulin washout
experiments, insulin was removed from its receptor by washing
with KRM buffer (20 mM MES pH 6.0, 120 mM NaCl, 6 mM KCl,
1.2 mM MgSO4, 1 mM CaCl2, 0.2% BSA) with or without 5% DMSO,
incubating for 1 min with KRM and for another 2 min with fresh
KRM. The cells were then washed with DMEM/HEPES/BSA and
chased as described in the text. Human adipocytes were cultured
and differentiated as described elsewhere [20]. DMSO was used at
a concentration of 5% v/v (0.7 M) unless stated otherwise.

Pervanadate was freshly prepared by combining 639 ml PBS,
300 ml 100 mM sodium vanadate and 61 ml 3% H2O2. After incu-
bation for 15 min in the dark, the pervanadate was added to culture
medium at a concentration of 100 mM [21].

2.3. Fluorescence-based techniques

The fluorescence-based assay for the detection of relative
amounts of GLUT4 at the cell surface has been described in detail
elsewhere [16]. This assay is based on the expression of a GLUT4
molecule that contains an HA epitope tag within its first extracel-
lular domain. So far, all papers that report on this molecule claim
that this molecule is likely to behave as endogenous GLUT4
[22e25]. Cell viability was determined by the quantitative detec-
tion of propidium iodide stained nuclei in black clear-bottom 96
wells plates. Relative propidium exclusion was determined by
measuring propidium iodide signal in cells that had been pre-
incubated or not with saponin. Non-fixed cells were incubated for
10 min on ice with 5 mg/ml propidium iodide in PBS after the cells
had been permeabilized or not by a 5 min incubation on ice with
0.5% saponin in PBS. Propidium iodide signal was measured using
the bottom-reading mode in a fluorescence microtiter plate reader
(FLUOstar Galaxy, BMG Labtechnologies; Offenburg, Germany).
Background fluorescence was determined by measuring fluores-
cence before incubation of the cells with propidium iodide.

For immunofluorescence microscopy, cells were incubated,
fixed, and labelled as for the fluorescence-based assays. As
a measure of toxicity, cells were labelled with propidium iodide
with and without permeabilization as described above, fixed, and
immunolabelled with anti-GM130 antibody. Fluorescent label was
visualized using a Zeiss LSM 510 confocal laser scanning micro-
scope (Carl Zeiss, Göttingen, Germany) in the C3M Cell Imaging
Facility MICA.

GLUT4 internalization was measured essentially according to
Williams et al. [26]. Briefly, HA-GLUT4-expressing adipocytes were
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treated for 30 min with 100 nM insulin, cooled down on ice,
washed three times with ice-cold PBS and two times with ice-cold
KRM (120 mM NaCl, 6 mM KCl, 1.2 mMMgSO4, 20 mMMES pH 5.5,
1 mM CaCl2, 0.2% BSA), incubated for 1 min with KRM, for 2 min
with new KRM, and washed again with KRM. The cells were then
washed twice with DMEM containing 20 mM HEPES and 0.2% BSA
(pH 7.4) and incubated on ice for 30 min with anti-HA antibody in
DMEM/HEPES/BSA. The cells were further washed three times with
ice-cold DMEM/HEPES/BSA, transferred to a 37 �C waterbath and
allowed to internalize antibody for various time periods. To study
the effect of DMSO, 4PBA and glycerol on GLUT4 internalization,
these agents were included in all washing steps as well as in the
initial insulin incubation. Cells were immunolabelled with an
Alexa488-labelled goat-anti-mouse antibody. Fluorescence was
analyzed using the 40� objective on a Zeiss LSM 510 confocal laser
scanning microscope. Images were taken from five different parts
of each coverslip and saved in greyscale. Colors were inverted using
Photoshop software. The printed images were analyzed and the
percentage of anti-HA-positive cells that displayed intracellular
label was determined for each image (25e60 cells/image). Then the
results of the 5 images were averaged. For the determination of the
relative amount of intracellular label per cell, the images were
analyzed using the Zeiss LSM510 software. For individual cells, an
area was drawn just outside of the cell surface (’total’) and also an
area just below the cell surface (’intracellular’). For groups of
positive cells (attached to each other), an areawas drawn outside of
the entire cell cluster and an area just below the cell surface for
each individual cell. Additional areas were drawn on each image
where no anti-HA-positive cells were present. Average background
signal per pixel was determined from these latter areas. This
background value was substracted from each pixel value within
‘total’ and ‘intracellular’ areas. The resulting values were then
added up for each area and subsequently the percentage of intra-
cellular label was determined per cell or cell cluster. Percentages
were averaged per image. Per image 10 to 20 cells or cell clusters
were analyzed.

TIRFM studies were performed as described before [27,28]. For
the determination of the amount of GLUT4-EGFP in the TIRF-zone
(plasma membrane and the 200 nM of cytoplasma just beneath),
the fluorescencewas normalized to the value prior to insulin/DMSO
stimulation. For docking and fusion analyses of GLUT4-EGFP-con-
taining vesicles, imageswere taken starting from3min after insulin
addition. Docking and fusion rates were defined as the number of
docking/fusion events divided by the footprint area of each cell and
the duration of the imaging (100 s, 500 frames).
2.4. Glucose uptake

Classical 37 �C glucose transport studies have been described in
detail before [17]. For the measurement of 2-DOG uptake at 0 �C,
adipocytes were incubated with 100 nM insulin in the absence or
presence of 5% DMSO at 37 �C as described above, quickly rinsed
with ice-cold KRP on ice, followed by a 20 min incubation on ice in
KRP with or without DMSO, a 1 min cytochalasin B incubation, and
a 15 min incubation with radiolabel on ice (50 mM; 0.28 mCi/well).
Incubation of the cells with radiolabel on ice for 15min reduced the
uptakew10-fold compared to 3 min of uptake at 37 �C. To measure
the effect of DMSO on 2-DOG uptake at 37 �C, the adipocytes
remained at 37 �C and were subsequently incubated for 2 h in
serum-free DMEM supplemented with 0.2% BSA, for 20 min with
100 nM insulin in DMEM/BSA, for 60 min in DMEM/BSA with
100 nM insulin in the presence of 0.45 M sucrose to block inter-
nalization, and for 15 min in KRP containing 100 nM insulin, 0.45 M
sucrose, and various concentrations of DMSO. Cytochalasin B and
2-DOG were added and glucose uptake was determined as
described before [17].

2.5. Immunoblotting

After the indicated treatments, cells were lysed in ice-cold
buffer containing 50 mMHEPES pH 7.4, 150mMNaCl, 10 mM EDTA,
1% Triton X-100, 100 mM NaF, 2 mM vanadate, 10 mM sodium
pyrophosphate, and protease inhibitor cocktail Complete (Roche;
Meylan, France). Equal amounts of protein were subjected to SDS-
PAGE and transferred to PVDF membrane. Membranes were incu-
bated with the indicated antibodies. HRP-conjugated secondary
antibodies were visualized using chemiluminescence reagent
(Roche) and a CCD camera-based imager (LAS-3000, Fujifilm; St.
Quentin en Yvelines, France). Relative intensities were quantified
using MultiGauge software (Fujifilm).

2.6. Statistics

TIRFM data are presented as average � SEM. All other data are
presented as average� SD. Experimentswere repeated at least three
times. Representative experiments are shown. For fluorescence
measurements in 96 well plates, 4 wells were used for each condi-
tion. Comparisons between data sets were evaluated using two-
tailed Student’s t-tests and comparisons between doseeresponse
curves were evaluated using nonlinear four-parameter sigmoidal
doseeresponse curve fittings and F-tests (Graphpad Prism soft-
ware). Differences between data sets were considered statistically
different when P < 0.05.

3. Results

3.1. DMSO augments cell surface GLUT4 levels in non-stimulated
and insulin-treated adipocytes

To investigate the effect of DMSO on GLUT4 traffic, we have
measured cell surface GLUT4 levels in the absence or presence of
insulin following acute (1 h) and 24 h DMSO treatments (Fig. 1).
At concentrations higher than 7.5%, DMSO dose-dependently
increased cell surface GLUT4 levels in the absence of insulin within
1 h (Fig. 1A). However, at concentrations as low as 2.5%, DMSO
exclusively affected GLUT4 in the presence of insulin (Fig. 1A).
Incubations with DMSO for 24 h led to distinct results (Fig. 1B).
Now, only at 10% DMSO, there was more GLUT4 at the plasma
membrane and insulin, added during the last 20 min, could not
substantially enhance cell surface GLUT4 levels. Kinetic studies
revealed that the effect of 5% DMSOwas already evident after 1 min
of insulin/DMSO treatment and that at steady state, DMSO, when
added together with insulin, increased cell surface GLUT4 levels
from w30% to w43% (Fig. 1C). DMSO by itself (in the absence of
insulin) did not alter cell surface GLUT4 levels during this time
course. To determinewhether this effect was specific for GLUT4, we
included HA-tagged transferrin receptor (TfR) in our studies
(Fig. 1D). While DMSO augmented insulin-induced increases in cell
surface TfR levels, DMSO also moderately increased basal cell
surface TfR levels, in contrast to GLUT4 (Fig. 1C). As lower
concentrations of DMSO (e.g. 5%) enhanced only insulin-induced
increases in GLUT4, while higher concentrations (e.g., 12.5%)
increased cell surface GLUT4 levels in the presence and absence of
insulin, we hypothesized that there might be two independent
DMSO phenomena and that the kinetics during a 12.5% DMSO
treatment (with and without insulin) could be different from the
kinetics in the presence of 5% DMSO (with insulin). We therefore
measured the kinetics of the appearance of GLUT4 at the plasma
membrane at these two concentrations of DMSO in the absence and



Fig. 1. DMSO increases cell surface GLUT4 levels in 3T3-L1 adipocytes. (A, B) Cells were incubated for 1 h (A) or 24 h (B) with the indicated concentrations of DMSO. Insulin (100 nM)
was added during the entire h (A) or during the final 20 min (B). (C, D) Time course of the expression of GLUT4 (C) or the transferrin receptor (D) at the plasma membrane upon the
addition of 100 nM insulin, 5% DMSO, or both. (E) Time course of cell surface GLUT4 levels upon the addition of the indicated concentrations of DMSO with or without 100 nM
insulin. In the absence of insulin, 5% DMSO did not lead to an increase in GLUT4 at the plasma membrane (dashed line). (F) From the data of panel (E) the net increases in cell surface
GLUT4 due to DMSO were calculated (% of total cellular GLUT4).
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presence of 100 nM insulin and calculated the net DMSO effect
(difference with/without insulin; Fig. 1E,F). In accordance with the
results displayed in Fig. 1A, 12.5% DMSO increased cell surface
GLUT4 levels much more in the presence than in the absence of
insulin. However, the kinetics of the DMSO-mediated increases of
GLUT4 at the plasma membrane were remarkably similar for 5%
DMSO with insulin and 12.5% DMSO with and without insulin
(Fig. 1F).
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3.2. Microscopical analysis of the effect of DMSO on proteins
that translocate in response to insulin

We completed these results with immunofluorescence micros-
copy and also investigated the effect of DMSO on endogenous
proteins (Suppl. Fig. S1). These observations confirmed our findings
that 5% DMSO increased cell surface HA-GLUT4 levels in the pres-
ence but not in the absence of insulin (Fig. S1A). Moreover, in the
presence but not in the absence of DMSO, insulin clearly dimin-
ished the amount of perinuclearly localized HA-GLUT4. Also, this
analysis demonstrated that DMSO did not permeabilize the
adipocytes as intracellular HA-GLUT4 label could not be detected if
the cells had not been permeabilized by saponin. Immunolabeling
of endogenous GLUT4 displayed similar results (Fig. S1B), demon-
strating that the DMSO effect was not specific for or induced by the
HA epitope tag on GLUT4. This approach also demonstrated an
enhancement of insulin-induced increases in cell surface levels of
endogenous GLUT1 and TfR. SNARE protein syntaxin 13, resident
within recycling endosomes, did not appear to translocate towards
the cell surface upon insulin stimulation, not in the absence nor in
the presence of DMSO. Taken together, these results suggest that for
membrane proteins that are sensitive to insulin stimulation, 5%
DMSO increases their cell surface levels in the presence of insulin.
Fig. 2. Effect of DMSO on cellular glucose uptake. (A) 3T3-L1 adipocytes were incubated for 2
a 3 min incubation with radiolabelled 2-DOG. The amount of 2-DOG taken up by the cells w
only. (B) 3T3-L1 adipocytes were incubated for 20 min at 37 �C with or without 100 nM insu
remove the DMSO, and incubated for 20 min on ice in the absence (white bars) or presence o
amount of cell-associated 2-DOG was determined and expressed as percentage of label in ce
that 2DOG uptake was only performed in the absence of DMSO. *P < 0.05; **P < 0.01; ***P
3.3. DMSO increases cell surface GLUT4 levels but inhibits
its glucose transport activity

We next investigated whether the DMSO-induced increase in
cell surface GLUT4 levels was accompanied by an augmentation in
cellular glucose transport activity. We therefore performed 2-DOG
uptake assays (Fig. 2). Unexpectedly, in contrast to its effect on
GLUT4, DMSO did not substantially increase cellular 2-DOG uptake
(Fig. 2A). We hypothesized that this was possibly due to the
recruitment of functionally inactive glucose transporters or to
a DMSO-mediated inhibition of the transport activity of GLUT4,
counteracting the effect of DMSO on cell surface GLUT4 amounts.
We therefore performed 2-DOG uptake assays on ice (Fig. 2B).
Incubating the cells with 100 nM insulin at 37 �C, followed by an
incubation on ice with or without 5% DMSO and subsequently with
2-DOG, revealed that DMSO directly inhibited glucose transport
activity of GLUT4. Moreover, incubation of adipocytes at 37 �C with
100 nM insulin in the presence of 5% DMSO, followed by extensive
washes on ice to remove the DMSO showed that DMSO (at 37 �C)
had indeed increased the amount of glucose transporters at the
plasma membrane, as these cells displayed more glucose uptake
compared to cells stimulated with insulin in the absence of DMSO.
Also here, the inclusion of 5% DMSO during the 2-DOG transport
0 min at 37 �C in the absence or presence of 100 nM insulin and 5% DMSO, followed by
as determined and expressed as percentage of label taken up in the presence of insulin
lin and 5% DMSO, upon which the cells were cooled down on ice, extensively washed to
f 5% DMSO (black bars), followed by a 15 min incubation with radiolabelled 2-DOG. The
lls incubated with insulin only. (C) Human adipocytes were treated as under (B) except
< 0.001.



Fig. 3. Characterization of the enhancing effect of DMSO. For all panels, except for (A), cells were treated as indicated and cell surface GLUT4 levels were determined and expressed
as percentage of surface levels with 100 nM insulin. (A) Cell surface GLUT4 levels were determined in 3T3-L1 adipocytes that had been incubated for 20 min with the indicated
concentrations of insulin in the absence or presence of 5% DMSO. For both series, the increases in cell surface levels were expressed as percentage of maximal increases without or
with DMSO, respectively. The insert shows the actual amounts of GLUT4 at the plasma membrane, expressed as percentage of total cellular GLUT4. (B) Adipocytes expressing
HA-GLUT4 were incubated either for 20 min with 5% DMSO, upon which 100 nM insulin was added, for 20 min with 100 nM insulin, upon which 5% DMSO was added, or with
a combination of 100 nM insulin and 5% DMSO from the start. (C) Adipocytes were incubated for 20 min with insulin or pervanadate, or for 60 min with 0.45 M sucrose, or for
20 min with insulin, followed by 0.45 M sucrose for an additional 60 min. Incubations were carried out in the absence or presence of 5% DMSO. (D) Control and insulin-resistant
adipocytes were incubated for 20 min with 100 nM insulin in the absence and presence of 5% DMSO. (E, F) 3T3-L1 preadipocytes (E) and L6 myotubes (F) expressing HA-GLUT4 were
incubated for 20 min with the indicated amounts of DMSO in the absence or presence of 100 nM insulin.

M. Berenguer et al. / Biochimie 93 (2011) 697e709702
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assay led to a marked reduction in glucose uptake. Taken together,
these results confirm that DMSO enhances insulin-induced GLUT4
translocation but show in addition that DMSO inhibits the glucose
transport activity of GLUT4. Moreover, performing these studies on
ice with different concentrations of DMSO or at 37 �C in the pres-
ence of 0.45 M sucrose, known to block GLUT4 traffic at the cell
surface [29], revealed that the inhibitory effect of DMSO on GLUT4-
mediated glucose transport was dose-dependent (Suppl. Fig. S2). To
investigate whether the effect of DMSO on GLUT4 was specific for
3T3-L1 adipocytes, we analyzed its effect on glucose transport in
human adipocytes (Fig. 2C). Also in these cells, DMSO treatment at
37 �C increased the insulin-induced glucose transport on ice once
the DMSO was removed after cooling down the cells. This suggests
that the effect of DMSO on the amount of glucose transporters at
the plasma membrane is common for adipocytes in general.
3.4. Short-term DMSO treatment does not impair
adipocyte viability

To ascertain the absence of major toxicity issues in our studies,
the toxicityofDMSOwasevaluated inourcell system(Suppl. Fig. S3).
When the adipocytes were incubated for 1 h with 5 or 12.5% DMSO,
the plasma membrane remained intact as the cells could not be
labelled with propidium iodide (MW 0.7 kDa) or anti-GM130 anti-
body (MW 160 kDa) if the cell membranes were not permeabilized
with saponin. In contrast, when the adipocytes were incubated for
24 hwith 5% DMSO, the cells started to be permeable for propidium
iodide, while remaining impermeable for the antibody, indicating
that at this concentration only very small membrane pores had
formed, which is consistent with published data [30,31]. Never-
theless, this treatment appeared not to be deleterious to the
adipocytes, as they still responded well to insulin regarding GLUT4
translocation (Fig. 1B). After 24 h of 12.5% DMSO, the cells were
largely stained with propidium iodide in the absence of saponin,
while the cells could not be labelled with anti-GM130 antibody, not
even in the presence of saponin, suggesting that this treatment had
been toxic. Quantitative analysis of the permeability to propidium
iodide confirmed these results (Fig. S3, panels B and C). For the
remainderof the study,we focussedon the acute effects of 5%DMSO.
3.5. Characterization of the additive effect of DMSO

We next characterized the insulin-enhancing effect of DMSO in
further detail (Fig. 3). Stimulation with different concentrations of
Fig. 4. Analysis of cell surface GLUT4 levels in insulin- and DMSO-washout experiments. (
insulin and 5% DMSO (B), followed by an 8 min acid strip to remove insulin from its receptor,
with 100 nM insulin (-), or with both insulin and DMSO (,; panel B only). Cell surface GL
stimulated with 100 nM insulin. Of note is that the acid strip included DMSO if the incub
incubated for 30 min with 100 nM insulin and 5% DMSO, upon which the cells were washed
insulin in order to measure the kinetics of the reversal of the insulin-enhancing effect of
difference between cell surface GLUT4 levels in cells preincubated with insulin/DMSO and in
cell surface GLUT4 levels at time 0.
insulin in the absence or presence of 5% DMSO demonstrated that
DMSO enhanced insulin-induced GLUT4 translocation without
changing the insulin-sensitivity of the cells (Fig. 3A). Furthermore,
DMSO enhanced insulin-induced translocation, when added
together with insulin, but also when the adipocytes were already
preincubatedwithDMSOorwhen the adipocyteswerepreincubated
with insulin and DMSOwas added at steady state (Fig. 3B). This is in
contrast to for example hyperosmolar stimulation of L6 cells [29] or
3T3-L1 adipocytes (our unpublished data), where insulin cannot be
added to the cells after 0.45M sucrose in order for insulin to have an
effect on GLUT4. We next investigated whether DMSO also
augmented cell surface GLUT4 levels in the presence of other
stimuli. While DMSO also enhanced pervanadate-induced GLUT4
translocation, DMSO did not enhance GLUT4 translocation induced
byhyperosmolarity, not in the absence nor in the presence of insulin
(Fig. 3C). To verify whether 5% (0.7 M) DMSO did not increase cell
surface levels as a result of the increased osmolarity of the extra-
cellular medium, adipocytes were treated with various concentra-
tions of the closely related molecule dimethylsulfone (Suppl.
Fig. S4). This demonstrated that dimethylsulfone did not signifi-
cantly enhance cell surface GLUT4 levels at any concentration tested
(including 0.7M) and thus that the effect of DMSOonGLUT4 is likely
to bemediated via an osmolarity-independent mechanism. Next, in
insulin-resistant adipocytes, in which insulin-induced GLUT4
translocation was partially impaired, DMSO still displayed an
insulin-enhancing effect, thereby fully restoring insulin-induced
GLUT4 translocation (Fig. 3D). Finally, the effect of DMSO on cell
surface GLUT4 levels in the presence of insulin was limited to
adipocytes, as a similar effect could not be reproduced in 3T3-L1
preadipocytes (Fig. 3E) or L6 myotubes (Fig. 3F).
3.6. DMSO retards the disappearance of GLUT4 from the cell
surface upon insulin removal, while DMSO removal leads
to a rapid reversibility of its effect

We next studied the reversibility of the DMSO effect using
insulin washout (Fig. 4A,B) and DMSO washout (Fig. 4C) experi-
ments. For insulin washout experiments, adipocytes were pre-
incubated with insulin (Fig. 4A) or with insulin and DMSO (Fig. 4B),
upon which insulin was removed. Then the cells were further
incubated in the absence or presence of insulin and DMSO. After
both insulin and insulin/DMSO preincubations, continuing the
incubations with medium only led to a rapid decrease in cell
surface GLUT4 levels that were indistinct from basal cell surface
A, B) 3T3-L1 adipocytes were stimulated for 30 min with 50 nM insulin (A) or 50 nM
and subsequently by an incubation without insulin and DMSO (:), with 5% DMSO (6),
UT4 levels were determined and expressed as percentage of cell surface GLUT4 in cells
ation following the acid strip included DMSO as well and vice versa. (C) Cells were
to remove the DMSO. Subsequently, the cells were incubated in the presence of 100 nM
DMSO. The DMSO effect remaining during the final incubation was calculated as the
cells preincubated with insulin only, and expressed as percentage of the difference in



Fig. 5. The effect of DMSO on GLUT4 is not induced by an increase in insulin signaling,
but is sensitive to PI 3-kinase and PKB inhibition. (A) 3T3-L1 adipocytes were stimu-
lated for 5 min with 100 nM insulin, 5% DMSO, or both and subjected to Western
blotting using the indicated antibodies. Molecular weight markers are indicated for PY
(phosphotyrosine) and PAS (phospho-Akt substrate) blots. IR, insulin receptor; IRS-1, IR
substrate-1. (B) HA-GLUT4-expressing 3T3-L1 adipocytes were incubated for 20 min
with or without 100 nM insulin and 5% DMSO in the absence or presence of 100 nM
wortmannin (wm) or 10 mM Akti, followed by determination of cell surface GLUT4
levels.
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GLUT4 levels within 1 h of insulin removal. In both cases, DMSO
reduced the kinetics of this decrease. Control incubations with
insulin or insulin and DMSO after insulin removal showed that the
cells remained in perfect condition during and after the acid strip as
in both conditions, the amount of GLUT4 at the plasma membrane
reached levels that were similar as if the cells had not been
stripped.

Incubation of the cells with both 100 nM insulin and 5% DMSO
followed by removal of the DMSO and continuing the incubation
only in the presence of insulin revealed that the DMSO effect was
readily reversible (Fig. 4C). It took 90 min for cell surface GLUT4
levels to return to the ‘insulin-only’ state and the half-time of this
reversal was approximately 12 min.

3.7. DMSO does not enhance GLUT4 exocytosis by increasing insulin
signaling or docking or fusion of GSVs with the plasma membrane

We next focused on the question as to how DMSO enhances
insulin action regarding GLUT4. Possibly, DMSO might enhance
insulin signaling. Therefore, we studied the activity of various
molecules implicated in insulin signal transduction (Fig. 5A). For
none of the signaling molecules studied, DMSO enhanced
their insulin-induced phosphorylation. Moreover, DMSO slightly
reduced insulin-induced phosphorylation of the insulin receptor,
PKB, AS160 and ERK, in agreement with previous studies that
reported a DMSO-induced reduction in the affinity of insulin for its
receptor [32]. In the absence of insulin, DMSO-induced phosphor-
ylation of ERK1, ERK2, and a w65 kDa protein that contained
a phosphorylated PKB consensus sequence, indicating that DMSO
by itself is capable of activating signaling pathways. However, for
these three proteins, the DMSO-induced increase in phosphoryla-
tion was not maintained in the presence of insulin, indicating that
these phosphorylation events were not implicated in the DMSO-
induced enhancement of GLUT4 translocation. Furthermore,
investigation of the effect of DMSO in the presence of inhibitors of
PI 3-kinase and PKB demonstrated that the increases in plasma
membrane levels due to insulin alone and insulin in combination
with DMSO were equally inhibited by these inhibitors (Fig. 5B).
Taken together, these data suggest that DMSO did not enhance the
main signaling pathways involved in insulin-induced GLUT4
translocation and that the PI 3-kinase/PKB insulin signaling
pathway was equally essential for GLUT4 translocation in the
absence and presence of DMSO.

Using total internal reflection fluorescence microscopy (TIRFM)
to study the presence of GLUT4-EGFP near and within the plasma
membrane of living adipocytes, we demonstrated that DMSO
enhanced the effect of insulin on the presence of GLUT4 at or close
to the cell surface (Fig. 6A). This is in agreement with our other
findings. Nevertheless, this enhancement was not accompanied by
a change in the docking or fusion of GLUT4 vesicles with the plasma
membrane (Fig. 6B,C). These findings are in line with the fact that
DMSO does not stimulate insulin signaling and collectively indicate
that DMSO does not augment GLUT4 exocytosis.

3.8. DMSO reduces GLUT4 endocytosis

Considering that GLUT4 exocytosis was not changed by DMSO
treatment, we studied the effect of DMSO on GLUT4 endocytosis
(Fig. 7). HA-GLUT4 was labelled with anti-HA antibody at the
plasma membrane. Cells were transferred to 37 �C and allowed to
internalize antibody-bound HA-GLUT4 during various time
periods. The cells were immunolabelled to detect cellular anti-HA
antibody and analyzed by fluorescence microscopy. This revealed
that DMSO largely reduced the amount of anti-HA-positive cells
that displayed intracellular label (Fig. 7A). Control incubations with
0.45 M sucrose (hyperosmolarity) reduced the amount of cells with
intracellular label to zero. Analysis of the DMSO-treated cells that
did display intracellular label also demonstrated that the amount of
this label was reduced (Fig. 7B). Analysis of the relative amount of
anti-HA immunolabel per cell confirmed that DMSO reduced the
amount of internalized GLUT4 (Fig. S5). These data indicated that
DMSO augmented cell surface GLUT4 levels by reducing its inter-
nalization from the plasma membrane.
3.9. DMSO is not likely to inhibit GLUT4 internalization by
means of its chaperone activity

As DMSO is known to display chaperone activity towards
incorrectly folded membrane proteins, we wanted to investigate
the possibility that its molecular chaperone activity could possibly
be implicated in its effect towards GLUT4. To this aim we studied



Fig. 6. DMSO does not affect GLUT4 exocytosis as measured by total internal reflection fluorescence microscopy (TIRFM). 3T3-L1 adipocytes expressing GLUT4-EGFP were analyzed
by TIRFM. (A) Analysis of the total amount of fluorescence near and within the plasma membrane of living cells before and after the addition of insulin. n ¼ 28 and 39 for stimulation
in the absence and presence of 5% DMSO, respectively. (B) Determination of the docking rate of GLUT4-EGFP vesicles at the plasma membrane. For both conditions, three cells were
analyzed with a total of 247 (absence) and 269 vesicles (presence of DMSO). (C) Analysis of the fusion rate of GLUT4 vesicles with the plasma membrane. For both conditions, five
cells were analyzed with a total of 115 (absence) and 126 vesicles (presence of DMSO).
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other conditions and chaperones that rescue the traffic of misfolded
proteins to the plasma membrane (Fig. 8). As the effect of DMSO on
GLUT4 is acute while chaperone activity normally takes one or
several days, we tested the other conditions for their acute and
long-term effects. None of the conditions acutely increased basal
cell surface GLUT4 levels (Fig. 8A). Glycerol and 4PBA (4-phenyl
butyric acid), but not TUDCA (tauroursodeoxycholic acid), TMAO
(trimethylamine N-oxide) or a reduced temperature acutely
increased cell surface amounts of GLUT4 in the presence of insulin.
At long-term, TUDCA, TMAO, and glycerol did not have major
effects (Fig. 8B). Treatment of the adipocytes for 4 days with 2%
DMSO marginally potentiated the acute effect of insulin on GLUT4.
Major effects were found for a 1 day treatment with 5 mM 4PBA
and for a two day period at 30 �C, that largely increased cell surface
GLUT4 levels in the absence and presence of insulin, respectively.
Next, we evaluated whether the acute DMSO-like effects of glycerol
and 4PBA on GLUT4 were due to a reduction in GLUT4 internali-
zation (Fig. 8C,D and Fig. S5). Neither glycerol nor 4PBA inhibited
GLUT4 internalization, suggesting that DMSO acted on GLUT4
independent of its chaperone activity.

4. Discussion

Here, we have investigated the effect of DMSO on GLUT4 traffic.
We hypothesized that intracellular GLUT4 retention could in part be
imposedby thebiophysical properties of themembrane thatencloses
the retention/storage compartment and in which molecules such as
GLUT4 are integrated. DMSO, via a direct action on the molecular
organization of the membrane, could possibly change these proper-
ties in suchaway thatGLUT4wouldno longer be retainedwithin that
particular membrane and allowed to traffic towards the cell surface,
similar to the situation in insulin-stimulated cells.

In accordance with our hypothesis, in the absence of insulin
stimulation, high concentrations of DMSO (�10%) acutely and dose-
dependently increased cell surface GLUT4 levels. Surprisingly,
while concentrations between 2.5 and 7.5% did not increase GLUT4
amounts at the plasma membrane in the absence of insulin, they
acutely enhanced the effect of insulin via a reduction in GLUT4
internalization. Analysis of the effect of 12.5% DMSO demonstrated
that in the presence of insulin, this concentration of DMSO induced
the translocation of more transporters than in the absence of
insulin. This might implicate two independent acute effects of
DMSO: one that acts independently of insulin, possibly affects
GLUT4 retention, and requires more DMSO and a second, that
requires lower amounts and enhances insulin action by its modu-
lation of internalization. Evenwhile high amounts of DMSO did not
appear to be toxic to the cells during incubations for up to 1 h, we
decided to focus on the insulin-enhancing effect of the lower 5%
concentration that was not toxic up to 24 h.

The effect of DMSO was not specific for GLUT4 as also other
molecules that are insulin-sensitive, i.e., GLUT1 and TfR [33e35],
were upregulated at the plasma membrane in the presence of
insulin and DMSO compared to insulin alone. Moreover, a quanti-
tative analysis of the amount of TfR at the cell surface demonstrated
that, unlike for GLUT4, TfR surface levels were increased by DMSO
in the absence of insulin. This most likely reflects the much faster
recycling of the TfR in adipocytes at basal state, compared to GLUT4.
In all experiments, DMSO merely enhanced the effect of insulin on
GLUT4 without changing insulin-sensitivity, which fits well with
the notion that DMSO acts on GLUT4 via perturbation of its endo-
cytosis. Moreover, our data exclude an effect of 5% DMSO on GLUT4
exocytosis. That DMSO only affects GLUT4 internalization in the
presence of insulin may be explained by the existence of two
distinct GLUT4 internalization pathways [7], one of which is
nystatin-sensitive and mostly active in basal adipocytes (and may
still function at 5% DMSO), while the other is nystatin-resistant but
AP-2-dependent and predominant in insulin-stimulated cells. It
could be that only the latter is sensitive to DMSO [7]. Furthermore,
TfR internalization is only mediated by the AP-2-dependent
pathway [7], which may explain why DMSO affects endocytosis of
this membrane protein as well.

The question remains as to how DMSO inhibits GLUT4 inter-
nalization. DMSO, at a concentration of 1% or higher for up to 14
days, has been described to increase cytosolic calcium concentra-
tions by inducing the release of calcium from intracellular calcium
stores [36], to induce the expression of certain proteins such asWnt
proteins and Il-1b [37,38], to induce the differentiation of precursor
cells into polymorphonuclear leukocytes [39], hepatocytes [40], or



Fig. 7. DMSO reduces GLUT4 internalization. (A) HA-GLUT4-expressing 3T3-L1 adipocytes, grown on coverslips, were incubated for 20 minwith 100 nM insulin and cooled down on
ice. Insulin was removed by an acid wash (pH 5.5) and cells were neutralized and incubated with anti-HA antibody on ice to label cell surface GLUT4. Excess antibody was removed
and cells were incubated for the indicated amounts of time at 37 �C. To study the effect of DMSO on GLUT4 internalization, DMSO was included in all incubations. As positive control,
cells were similarly treated except that the cells were preincubated for 20 min with 100 nM insulin, followed by a 20 min incubation with 100 nM insulin in the presence of 0.45 M
sucrose. Sucrose was further included during the antibody incubation and in the subsequent incubation at 37 �C. By immunofluorescence microscopy the percentage of anti-HA-
positive cells was determined that displayed a detectable amount of HA-GLUT4 within the cell. Control and DMSO-treated cells display significant differences starting from 3 min.
(B) Representative images used for the analyses in (A) are shown. Bar, 30 mm.
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cardiomyocytes [41], to possess antioxidant properties [42], to
induce cell growth arrest [43], to display molecular chaperone
activity [44,45], and to possess fusogenic properties [46]. It is likely
that some of these effects are related. The fusogenic properties of
DMSO could be implicated in the increases in cell surface GLUT4
levels in the absence of insulin at higher concentrations of DMSO.
However, the mechanism that underlies its effect on GLUT4 inter-
nalization at lower concentrations remains elusive.



Fig. 8. GLUT4 traffic under conditions that are known to partially correct cell surface trafficking of misfolded membrane proteins. (A) Adipocytes were incubated for 20 min at 37 �C
with or without 100 nM insulin in the absence or presence of 400 mM TUDCA, 100 mM TMAO, 1 M glycerol, 5 mM 4PBA, or 5% DMSO or for 20 min at 30 �C with or without insulin.
Cell surface GLUT4 levels were determined and expressed as percentage of the amount of GLUT4 at the cell surface in the presence of insulin only. (B) Adipocytes were incubated for
20 min with or without 100 nM insulin after a treatment at 37 �C for 24 h with 400 mM TUDCA, 100 mM TMAO, or 5 mM 4PBA, for 48 h with 1 M glycerol, or for 96 h with 2% DMSO,
or after a 48 h exposure to 30 �C. Cell surface GLUT4 levels were determined. (C, D). The acute effect of 1 M glycerol (C) and 5 mM 4PBA (D) on GLUT4 internalizationwas determined
as described in the legend of Fig. 7. *P < 0.05; **P < 0.01; ***P < 0.001, compared to control non-treated cells, in the absence or presence of insulin.
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Obviously, 5% DMSO (i.e., 0.7 M) renders the extracellular
medium hyperosmotic. We speculate that DMSO does not act on
GLUT4 endocytosis in a way similar to hyperosmolarity, induced by
high concentrations of for example sucrose. First, the effect of
hypertonic sucrose on cell surface GLUT4 levels is a much slower
process (data not shown). Second, the effect of hypertonic sucrose
on GLUT4 in adipocytes is only additive to that of insulin if the cells
are pretreated with insulin (not shown), similar to the situation for
L6 myoblasts [29]. This was not the case for DMSO. DMSO displayed
its effect when applied to the cells before, during or after insulin
treatment. Furthermore, treatment of the cells with 0.7 M of
dimethylsulfone, an agent closely related to DMSO, did not have
any effect on GLUT4, not in the absence nor in the presence of
insulin.

In adipocytes, DMSO is known to enhance increases in intra-
cellular cyclic AMP levels in response to lipolytic agents by inhib-
iting cyclic AMP phosphodiesterase [47]. Interestingly, increases in
cAMP levels have been suggested to induce GLUT4 translocation
[48]. We do not expect that a possible change in cAMP levels in our
adipocytes could be responsible for the effect of DMSO on insulin-
induced GLUT4 translocation as insulin (anti-lipolytic), in sharp
contrast to DMSO, has been demonstrated to activate cAMP phos-
phodiesterase [49].

In cardiomyocytes, GLUT4 endocytosis has been demonstrated
to be sensitive to changes in AMP-activated protein kinase (AMPK)
activity [11,12]. We do not believe that AMPK plays a major role in
the regulation of GLUT4 internalization in adipocytes as treatment
of our cells with AMPK activator AICAR did not change cell surface
GLUT4 levels in the absence nor in the presence of insulin (data not
shown).

DMSO also displays antioxidant properties [42]. Treatment of
the adipocytes with the antioxidant N-acetyl-cysteine did not
increase the amounts of GLUT4 at the cell surface (not shown),
implying that DMSO did not inhibit GLUT4 endocytosis via
a reduction in reactive oxygen species (ROS) levels.

Finally, we addressed the unlikely possibility that DMSO may
affect GLUT4 internalization by means of its chaperone activity.
A long-term treatment (1e4 days) with DMSO [44,45] or other
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chemical chaperones [50] has been shown to be beneficial for the
exit of misfolded proteins from the endoplasmic reticulum (ER) and
their appearance at the plasma membrane. To evaluate this possi-
bility, we treated the adipocytes with other chaperones for 20 min
as well as for 1e4 days. Moreover, we also subjected the cells to an
acute or 48 h long exposure to 30 �C, a condition which is also
known to rescue misfolded proteins from the endoplasmic retic-
ulum [51]. Intriguingly, insulin-induced GLUT4 translocation was
acutely enhanced by glycerol and 4PBA and by long-term 30 �C
treatment. Moreover, a one-day treatment with 4PBA largely
increased cell surface GLUT4 levels in the absence and presence of
insulin. The latter effect (and the associated increase in cellular
glucose uptake; data not shown) may provide an alternative
explanation to the beneficial action of 4PBA on glucose homeostasis
which, until now, has been explained by a positive effect of this
agent on ER stress [52]. Evaluation of the acute effects of glycerol
and 4PBA on GLUT4 endocytosis revealed that these agents
augment the amount of GLUT4 at the plasma membrane by an
endocytosis-independent mechanism. While these data demon-
strate that DMSO affects GLUT4 internalization through a mecha-
nism that is likely independent of its chaperone activity, it cannot
be excluded that DMSO enhances insulin-induced GLUT4 trans-
location in part through its chaperone activity (or yet another
mechanism) in an internalization-independent fashion.

Taken together, we speculate that DMSO artificially alters the
molecular organization of the plasma membrane in adipocytes
(possibly fluidifying the membrane), thereby disturbing efficient
internalization of cell surface molecules, including GLUT4, without
affecting the docking and fusion of exocytic vesicles. That the
composition of the plasma membrane of adipocytes is likely to be
largely different from that of other cells [53] explains why this
effect could not be reproduced in other cell types. In support of our
hypothesis is the notion that at a concentration of 5%, DMSO
induces membrane thinning, accompanied by an increase in the
fluidity of the membrane’s hydrophobic core [31]. Only at higher
concentrations (�10%), DMSO is supposed to induce transient
water pores into the membrane which could explain why at these
concentrations, DMSO also affects GLUT4 cell surface levels in the
absence of insulin. In further support of our hypothesis is that other
membrane perturbations affect GLUT4 as well. Depletion of
membrane cholesterol also results in an increased GLUT4 trans-
location concomitant with a reduction in endocytosis of both
GLUT4 and TfR [10].

Intriguingly, changes in the plasma membrane composition of
adipocytes of diabetic rats, induced by the feeding of a high fat diet,
rich in polyunsaturated fatty acids, induces an increase in cellular
insulin-stimulated glucose uptake that has been explained by an
improvement of the cellular response to insulin [54]. Inversely,
ageing has been associated with an increased risk of insulin resis-
tance and increases in the amount of saturated fatty acids within
the membrane phospholipids of adipocytes [55]. It is tempting to
speculate that in both cases, changes in GLUT4 internalization, due
to alterations in the membrane lipid environment of the trans-
porter, may be implicated in the increase and reduction of GLUT4-
mediated glucose transport, respectively. Alternatively, its lipid
surrounding may directly influence its transport activity, inde-
pendent of endocytosis. In support of this possibility are the find-
ings that, in the absence of internalization, GLUT4 activity is
influenced by the lipid composition of the membrane [56,57].
Likewise, the DMSO-induced inhibition of GLUT4 transport activity
may also be imposed via an effect of DMSO on the membrane
environment of GLUT4. A direct inhibitory effect of DMSO has also
been demonstrated for water channels [58,59].

In conclusion, we have identified an agent that acutely inhibits
GLUT4 internalization, thereby enhancing insulin-induced
increases in cell surface GLUT4 levels. DMSO is likely to be a useful
tool in GLUT4 trafficking studies, for example when the acute
effects of other manipulations on GLUT4 exocytosis need to be
examined. While it is clear that DMSO cannot be used as agent in
vivo due to its toxicity and its inhibition of glucose transporter
function, the idea to inhibit GLUT4 internalization to extend its
residence time at the cell surface may prove to be an interesting
concept to enhance insulin/GLUT4 action in insulin resistance and
diabetes. This is in line with our results that demonstrate that the
effect of DMSO on GLUT4 is preserved in insulin-resistant cells.
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