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In 3T3-L1 adipocytes, both insulin and endothelin 1 stimulate glucose transport via translocation of the
GLUT4 glucose carrier from an intracellular compartment to the cell surface. Yet it remains uncertain as to
whether both hormones utilize identical pathways and to what extent each depends on the heterotrimeric G
protein Gaq as an intermediary signaling molecule. In this study, we used a novel inducible system to rapidly
and synchronously activate expression of a dominant inhibitory form of ADP-ribosylation factor 6, ARF6
(T27N), in 3T3-L1 adipocytes and assessed its effects on insulin- and endothelin-stimulated hexose uptake.
Expression of ARF6(T27N) in 3T3-L1 adipocytes was without effect on the ability of insulin to stimulate either
2-deoxyglucose uptake or the translocation of GLUT4 or GLUT1 to the plasma membrane. However, the same
ARF6 inhibitory mutant blocked the stimulation of hexose uptake and GLUT4 translocation in response to
either endothelin 1 or an activated form of Gaq, Gaq(Q209L). These results suggest that endothelin stimulates
glucose transport through a pathway that is distinct from that utilized by insulin but is likely to depend on both
a heterotrimeric G protein from the Gq family and the small G protein ARF6. These data are consistent with
the interpretation that endothelin and insulin stimulate functionally different pools of glucose transporters to
be redistributed to the plasma membrane.

In recent years, it has been appreciated increasingly that a
ubiquitous mechanism for controlling cellular transport func-
tions is by altering the subcellular distribution of highly specific
carrier proteins. A prototype for such processes has been the
insulin-dependent activation of glucose transport, in which a
sequestered intracellular pool of GLUT4, a specialized hor-
mone response sugar transporter isoform, is rapidly translo-
cated to the cell surface (4). Despite considerable investiga-
tion, the precise intracellular pathways trafficked by GLUT4 as
well as the key regulatory mechanisms have proven refractory
to a detailed understanding. Nonetheless, it is clear that exo-
cytosis of GLUT4 represents the major insulin-regulated event
and that transporters continue to recycle in the presence of
insulin (31). Moreover, the signaling pathway initiated by in-
sulin appears to depend on the activity of phosphatidylinositol
(PI) 3-kinase to elicit increases in hexose uptake as well as to
modulate other metabolic processes (11). Given this informa-
tion, much attention has focused on trafficking events recog-
nized as dependent on or influenced by the abundance of
phosphatidylinositides (9, 11).

ADP-ribosylation factor 6 (ARF6) is a small GTP-binding
protein remarkable for its ability to influence both vesicular
trafficking and actin cytoskeletal remodeling in mammalian
cells. Initially implicated in the regulation of the endocytic
pathway, more recent data have demonstrated a role for ARF6
in regulated secretion; moreover, ARF6 appears to play a role
in a recycling pathway in which membrane from an endosomal-

like compartment is translocated to the cell surface (7, 8, 14,
15, 18, 32, 34). However, it remains unclear whether the intra-
cellular structure to which ARF6 localizes and which cycles to
the plasma membrane represents a subpopulation of endo-
somes or a novel compartment (34). As with other members of
the Ras superfamily, ARF6 is activated by a guanine nucleo-
tide exchange factor that releases the GDP from the inactive
protein, allowing GTP to bind and convert ARF6 to its acti-
vated form (29). While the relevant in vivo exchange factors for
ARF6 remain uncertain, ARF6 activity appears to be regu-
lated by PI 3-kinase. A class of PI-3,4,5-trisphosphate-depen-
dent exchange proteins demonstrate activity for ARF6 in vitro
and, in some cases, colocalize with ARF6 in vivo (reviewed in
references 10 and 12). Thus, given that both PI 3-kinase and
ARF6 have been shown to regulate vesicular trafficking at the
plasma membrane, it has been proposed that PI 3-kinase reg-
ulates vesicular trafficking by controlling the activation state of
ARF6 (10). Such a model has also proven attractive in regard
to insulin-regulated glucose uptake. Results of peptide inhibi-
tion studies using permeabilized cells have suggested that in
3T3-L1 adipocytes, ARF6 may be involved in the insulin-stim-
ulated translocation of GLUT4 vesicles to the plasma mem-
brane (27). However, subsequent experiments using 3T3-L1
adipocytes expressing a GTP-binding-deficient mutant of
ARF6 were unable to establish such a role for the G protein
(42). In contrast, ARF6 was found to regulate the insulin-
stimulated secretion of adipsin from 3T3-L1 adipocytes (42).

It has been reported recently that growth factors acting
through the heterotrimeric G protein Gq promote the trans-
location of an ARF6-containing vesicular compartment to the
cell surface (6). In 3T3-L1 adipocytes, stimulation of an anal-
ogous pathway results in translocation of GLUT4-containing
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vesicles to the plasma membrane, thus increasing glucose up-
take (22–24, 41). Specifically, endothelin 1 stimulates glucose
transport through the type A endothelin, G-protein-coupled
receptor via a mechanism that depends on activation of a
member of the Gq family of heterotrimeric G proteins. In the
accompanying article, Bose et al. present evidence that the
Ga11 isoform may be the physiologically relevant isoform in
adipocytes (5). In some studies, the ability of Gaq/11 to stim-
ulate GLUT4 translocation has been dependent on p110a, the
catalytic subunit of PI 3-kinase (22). Since insulin-stimulated
GLUT4 translocation is also dependent on the activation of
p110a, it has been suggested that the endothelin and insulin
signaling pathways converge at PI 3-kinase and use a common
mechanism to accelerate glucose transport (20, 22). However,
since others have not been able to demonstrate a role for PI
3-kinase in mediating GLUT4 translocation following endo-
thelin stimulation, the endothelin pathway downstream of a
Gq family member remains unclear (5, 24, 41). Moreover,
Gaq/11 has been proposed to be of general importance in
signaling to glucose transport, participating as a necessary fac-
tor in the regulation of this process by insulin as well as recep-
tors which couple to heterotrimeric G proteins in a classical
manner (23, 24). However, it still remains possible that insulin
and endothelin activate glucose transport by distinct mecha-
nisms, with only the latter mediated by Gaq. Thus, in an effort
to better understand the downstream events leading to alter-
ations in membrane protein trafficking in 3T3-L1 adipocytes,
we have assessed the role of the small G protein ARF6 in the
regulation of glucose uptake by endothelin and insulin. To
accomplish this, we developed a novel inducible system that
allows for the efficient and synchronous expression of genes in
terminally differentiated 3T3-L1 adipocytes. We have used this
system to confer expression of a dominant inhibitory construct
of ARF6, ARF6(T27N), in these cells. We show that endothe-
lin- but not insulin-stimulated increases in hexose uptake and
GLUT4 translocation are dependent on ARF6, thus function-
ally distinguishing the pathways through which each of the
stimuli increase glucose uptake.

MATERIALS AND METHODS

Virus and general reagents. The recombinant adenovirus expressing Cre re-
combinase (AdCre) was a generous gift from Frank L. Graham, McMaster
University (Hamilton, Ontario, Canada) (3). The GTPase-deficient, activated
Gaq(Q209L) mutant recombinant adenovirus was a generous gift from Jerrold
M. Olefsky, University of California, San Diego (La Jolla) (1). The generation
and characterization of the polyclonal sheep anti-GLUT4 and the polyclonal
sheep anti-GLUT1 antisera have been previously described (21). Affinity-puri-
fied rhodamine-conjugated donkey anti-sheep antibody was purchased from
Jackson ImmunoResearch (West Grove, Pa.). Affinity-purified rabbit anti-hem-
agglutinin (HA), mouse anti-ARF6, and all horseradish peroxidase (HRP)-con-
jugated secondary antibodies were obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, Calif.). The rabbit anti-green fluorescent protein (GFP) antiserum
was purchased from Clontech (Palo Alto, Calif.). Bovine serum albumin (BSA)
was purchased from Calbiochem. [1,2-3H]-2-deoxy-D-glucose was purchased
from NEN Life Sciences Products (Boston, Mass.). Endothelin 1 and all other
chemicals were purchased from Sigma.

Generation of plasmid constructs. The inducible plasmid generated in this
study is a derivative of the murine retroviral vector pLNCX1, which contains a
neomycin resistance (Neor) gene to allow for the selection of stably infected cells
(Clontech Laboratories Inc., Palo Alto, Calif.). The loxP sequence 59 to the Neor

cassette was generated by annealing the synthetic oligonucleotides 59-GAT CCG
CTA GCA GTT AAC CGG TAT AAC TTC GTA TAG CAT ACA TTA TAC
GAA GTT ATT TAA ATG-39 and 59-GAT CCA TTT AAA TAA CTT CGT
ATA ATG TAT GCT ATA CGA AGT TAT ACC GGT TAA CTG CTA

GCG-39 and cloning them into the BclI site in pLNCX1. The second loxP
sequence, 39 to the Neor cassette, was generated by annealing the synthetic
oligonucleotides 59-GAT CAA TAA CTT CGT ATA GCA TAC ATT ATA
CGA AGT TAT CAA TTG GCC TAG GTC TCG AGT A-39 and 59-AGC TTA
CTC GAG ACC TAG GCC AAT TGA TAA CTT CGT ATA ATG TAT GCT
ATA CGA AGT TAT T-39 and cloning them between the unique BamHI and
HindIII sites. Insertion of this loxP sequence also removed the cytomegalovirus
immediate-early promoter region. Proper orientation and fidelity of the loxP sites
was determined through sequence analysis of the indicated regions. The resulting
plasmid was designated pLPNPX1, following the standard nomenclature for
retroviral constructs. The HA-tagged human ARF6(T27N) construct, a generous
gift from Julie G. Donaldson, National Institutes of Health (Bethesda, Md.), and
enhanced GFP (EGFP) from plasmid pEGFP-N1 (Clontech Inc.) were then
cloned into pLPNPX1, using the unique XhoI/BglII sites and the XhoI/NotI sites,
respectively. All constructs were sequenced, and no errors were found.

Cell culture, retroviral infection, and adenoviral infection. 3T3-L1 fibroblasts
were cultured and differentiated as described (19). Prior to analysis 9 days
following the initiation of differentiation, adipocytes were serum starved for 2 h
in Leibovitz L-15 medium containing 0.2% BSA at 37°C in room air.

Stably transfected sublines of 3T3-L1 fibroblasts containing the indicated in-
ducible retroviral vector were generated through the use of retrovirus-mediated
gene transfer. To achieve this, a 60-mm-diameter culture of 293T cells was
transiently transfected using calcium phosphate with 2 mg each of the two
pantropic retroviral packaging constructs, pVSV G and pCgp, a generous gift
from Michael H. Malim, University of Pennsylvania (Philadelphia), and a
pLPNPX1 derivative containing either EGFP or ARF6(T27N). Cell-free viral
supernatants were harvested at 24 h and used to infect 3T3-L1 fibroblasts. Stably
infected populations were selected 48 h later in medium containing G418 (600
mg/ml [active concentration]), pooled, and maintained in G418-containing me-
dium until initiation of differentiation or infection with AdCre, whichever came
first. To induce expression in the transduced populations, fibroblasts were in-
fected with AdCre at a multiplicity of infection of 4,000 for 24 h at 37°C in a
minimal volume of Dulbecco modified Eagle medium containing 0.5% BSA.
Differentiated adipocytes were infected similarly for 48 h, with the initiation of
infection beginning on day 3 of differentiation for AdCre infection and on day 6
for infection with Gaq(Q209L). All experiments on adipocytes were performed
9 days postdifferentiation.

Glucose uptake and GLUT1 and GLUT4 translocation assays. The methods
for measuring 2-deoxy-D-glucose uptake rates and plasma membrane GLUT1
and GLUT4 levels by the plasma membrane sheets assay have been described
elsewhere (16). Digital image acquisition, processing, and automated quantita-
tion of plasma membrane fluorescence intensity were performed using Meta-
Morph imaging system software (Universal Imaging Corporation, West Chester,
Pa.). This system of automated quantitation uses the signal obtained by staining
the lipid components of the remaining plasma membranes to create a mask that
is then used to identify areas to measure the fluorescence intensity from corre-
sponding images displaying GLUT1 or GLUT4 staining. Using this method, six
randomly selected fields of view each containing 60 to 100 plasma membrane
sheets were analyzed per experiment. All experiments were performed a mini-
mum of three times, and the data presented represent the average 6 standard
error of the mean (SEM) of these replicates.

Protein immunoblotting and Northern analysis. For Western blot analysis of
expressed proteins, 25 mg of total cellular lysate, obtained by lysis in 2% sodium
dodecyl sulfate (SDS)–66 mM Tris (pH 7.5), was submitted to SDS-polyacryl-
amide gel (PAGE) electrophoresis on a 12.5% polyacrylamide gel under reduced
conditions. Following transfer to polyvinylidene difluoride membranes, the mem-
branes were subjected to immunoblotting using the antibodies indicated in the
figures and HRP-conjugated secondary antibodies. Western blots were devel-
oped using enhanced chemiluminescence (Amersham Pharmacia Biotech). For
Northern analysis of the transduced retroviral message, 5 mg of total cellular
RNA was fractionated by electrophoresis in a 0.8% agarose gel in the presence
of 50% formamide. Following transfer to a nylon membrane, the retroviral
mRNA was detected with a random-primed DNA probe generated to a 0.6-kb
portion of the retroviral transcript 39 to the second loxP site.

RESULTS

Generation of a Cre-inducible retroviral vector. Technical
limitations have made it difficult to conditionally express genes
in differentiated 3T3-L1 adipocytes. Recombinant vectors
based on retroviruses and adenovirus as well as electropora-
tion are now frequently used to introduce genes into 3T3-L1
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cells, but all suffer from serious deficiencies. Given these lim-
itations, we sought to develop a new system for inducible
expression that utilizes many of the strengths of both retrovi-
ruses and adenovirus but eliminates their drawbacks. Using the
retroviral vector pLNCX as a backbone, annealed synthetic
oligonucleotides were used to create loxP sites on either side of
the Neor gene, generating pLPNPX1. In doing so, the original
cytomegalovirus immediate-early promoter was removed. This
created a retroviral vector that, when inserted into the host
cell’s genome, generates a single polycistronic mRNA tran-
scribed from the viral promoter contained within the 59 long
terminal repeat (LTR). This single mRNA contains coding
regions for both the Neor gene followed by the gene of interest.
Since the Neor gene is first, it is translated and provides an
efficient means to select stably infected cells. Translation of the
inducible gene is extremely rare due to the lack of an internal
ribosomal entry site in the polycistronic mRNA (Fig. 1a). How-
ever, upon infection of the cells with AdCre, homologous re-
combination between the two loxP sites flanking the Neor gene
removes this region, thereby moving the inducible cDNA into
position as the first open reading frame and allowing it to be
expressed (Fig. 1a).

To demonstrate that only one transcript is generated from
the inserted retrovirus and that the desired recombination
event occurs as predicted, Northern blot analysis of the retro-

viral transcript was performed. 3T3-L1 preadipocytes were in-
fected with a recombinant retrovirus generated from a plasmid
in which the ARF6 cDNA was inserted into the multiple clon-
ing site downstream of the second loxP sequence in pLPNPX1.
Since the insert is 0.6 kb, the integrated retrovirus would be
predicted to generate a genomic transcript of about 3.8 kb
before Cre-catalyzed homologous recombination and 2.6 kb
after excision of the Neor cassette (Fig. 1a). As shown in Fig.
1b, Northern blot analysis of RNA extracted from stably trans-
duced 3T3-L1 fibroblasts prior to infection with AdCre re-
vealed a single RNA species of the expected ;3.8-kb size.
Three days following infection with AdCre, the transcript size
was reduced by ;1.2 kb to ;2.6 kb (Fig. 1b), consistent with
the loss of the ;1.2-kb Neor gene contained between the loxP
sites. Under these conditions, there was little detectable full-
length transcript remaining, indicating excision in virtually all
of the cells expressing the retroviral mRNA. To demonstrate
the utility of this system for the expression of genes of interest,
we cloned a cDNA encoding GFP into the inducible retrovirus
vector and used this recombinant retrovirus to generate pools
of G418-resistant 3T3-L1 preadipocytes. Western blot analysis
of lysates obtained from these cells prior to infection by AdCre
showed no detectable GFP. However, 3 days following infec-
tion of the same polyclonal population of 3T3-L1 fibroblasts
with AdCre, GFP was easily detected by Western blotting (Fig.
2a). As expected, infection of parental, nontransgenic 3T3-L1
fibroblasts did not lead to the expression of GFP. The time
course for induction of GFP expression in 3T3-L1 fibroblasts
was relatively rapid, such that expression could be easily ob-
served at 24 h following infection with AdCre, and by 48 h
uniform, robust expression was achieved (Fig. 2b). In differ-
entiated 3T3-L1 adipocytes, the time required for induction of
GFP expression was slightly longer, but a uniformly high level
of expression was still obtained in 85 to 90% of cells by 5 to 7
days following infection with AdCre (Fig. 2c). The increased
time required for expression in differentiated 3T3-L1 adipo-
cytes is likely to reflect the relative resistance of these cells
compared to fibroblasts to infection with AdCre.

We have taken advantage of this retroviral system that drives
highly regulated expression of foreign gene products to study
the effects of ARF6(T27N) in 3T3-L1 adipocytes. Consistent
with prior experience in other tissue culture systems, it was not
possible to obtain significant numbers of 3T3-L1 fibroblasts
stably expressing ARF6(T27N); constitutive expression of the
mutant protein yielded few G418-resistant cells, and those that
survived grew slowly and displayed abnormal morphology
(data not shown). For this reason, a cDNA encoding ARF6
(T27N) was cloned into pLPNPX1, retrovirus was prepared by
transient transfection, and 3T3-L1 preadipocytes were infected
with the recombinant retrovirus. Pools of G418-resistant cells
were expanded and noted to be indistinguishable from paren-
tal 3T3-L1 cells with respect to growth kinetics and morphol-
ogy. As shown in Fig. 3, Western immunoblot analysis of ly-
sates obtained from these cells indicated that they also
displayed highly regulated expression of ARF6(T27N). In ly-
sates probed with an antibody which recognizes the HA
epitope tag fused to the carboxyl terminus of the ARF6(T27N)
protein, expression of the epitope-tagged transgene was de-
tected only after Cre-catalyzed excision of the Neor cassette
following infection with AdCre; no immunoreactive protein

FIG. 1. Schematic of inducible retroviral vector. (a) The retroviral
vector, designated pLPNPX1, contains the retroviral LTRs and a se-
lectable Neor from the retroviral vector pLNCX for selection of in-
fected cells. The Neor gene is flanked by loxP sequences and immedi-
ately followed by a multiple cloning site into which the cDNA of
interest can be cloned. Since the only promoter is in the 59 LTR, a
single polycistronic message is generated from the integrated retrovi-
rus which allows for the translation of the Neor gene but does not
permit translation of the open reading frame cloned downstream of it.
This provides for the efficient selection of infected cells without ex-
pression of the introduced gene product. When expression of the gene
of interest is desired, the cells are infected with AdCre. The Cre
recombinase catalyzes recombination between the two loxP sites, thus
removing the Neor cassette and allowing translation of the foreign
gene. (b) 3T3-L1 fibroblasts stably transduced with the inducible ret-
rovirus were mock infected (2) or infected with AdCre (1). Total
RNA was collected 3 days following the infection and subjected to
Northern blot analysis with the retroviral probe that falls outside the
loxP sites. A representative hybridization pattern is presented, with the
approximate locations of the molecular markers indicated. The two
predominant species represent genomic transcripts before (3.8 kb) and
after (2.6 kb) excision of the Neor cassette.
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was detected in the GFP-expressing cell line (Fig. 3, top).
Upon Western blotting with an antibody against ARF6, ex-
pression of the epitope-tagged ARF6(T27N), which displays
slightly slower electrophoretic mobility than the endogenous
ARF6, is visualized only following induction by AdCre (Fig. 3,
bottom). Use of the ARF6 antibody also allows us to estimate
the level of overexpression of the mutant protein at one to two
times that of endogenous ARF6 (Fig. 3). Though this modest
level of overexpression is optimal for the experiments de-
scribed below because it minimizes the possibility of nonspe-
cific inhibition of other ARF-dependent pathways, we have

observed as much as 50- to 100-fold overexpression of other
proteins with this system (data not shown).

Expression of a dominant inhibitory ARF6 protein does not
block insulin-stimulated glucose uptake but inhibits uptake
stimulated by the endothelin/Gaq pathway. 3T3-L1 adipocytes
infected with virus containing cDNAs encoding either GFP or
ARF6(T27N) were infected with AdCre, allowing expression
of the ectopically expressed proteins, and hexose uptake was
measured. Induction of expression of GFP by AdCre did not
alter the rates of either basal or insulin-stimulated 2-deoxyglu-
cose uptake (Fig. 4a). Similarly, expression of ARF6(T27N)
upon infection with AdCre did not affect significantly either
basal or insulin-stimulated 2-deoxyglucose uptake (Fig. 4b).
The latter data are consistent with what has been reported for
another GTP-binding-deficient mutant of ARF6 (42). To ex-
clude an effect of the dominant negative ARF6 on the sensi-
tivity of the cell to insulin, 2-deoxyglucose uptake was mea-
sured in the presence of submaximal insulin concentrations.
Dominant negative ARF6 did not alter the ability of insulin to
stimulate 2-deoxyglucose uptake at any concentration of the
hormone tested (Fig. 4c and d).

Since Gq-coupled receptors stimulate both the translocation
of an ARF6-containing vesicular compartment and GLUT4-
containing vesicles to the plasma membrane, we decided to test
whether the GLUT4 translocation caused by treatment of
3T3-L1 adipocytes with endothelin 1 was dependent on ARF6.
Endothelin 1 activates 2-deoxyglucose uptake in 3T3-L1 adi-
pocytes three- to fivefold; as expected, induction of GFP ex-
pression by infection of control cells with AdCre did not sig-
nificantly alter this response (Fig. 5a). However, when AdCre
was used to initiate the expression of a dominant inhibitory

FIG. 2. Expression of a reporter GFP can be tightly controlled with
the AdCre-inducible retrovirus. (a) Wild-type (WT) 3T3-L1 fibroblasts
or 3T3-L1 fibroblasts stably infected with a version of the inducible
retrovirus designed to encode GFP were mock infected (2) or infected
with AdCre (1). Three days later, total cellular lysates were collected
and subjected to SDS-PAGE and Western immunoblotting with anti-
GFP antisera. A representative blot is presented. Size is indicated in
kilodaltons (b) 3T3-L1 fibroblasts that express GFP in response to
AdCre infection were fixed at various times following infection with
AdCre at time zero (t 5 0). A representative composite photomicro-
graph depicting the relative levels of GFP fluorescence at the indicated
number of days (xd) following infection with AdCre is presented. (c)
3T3-L1 adipocytes that express GFP in response to AdCre were in-
fected with AdCre at time zero, and the fluorescence due to GFP from
the same field of view was monitored daily. A representative composite
photomicrograph depicting the relative levels of GFP fluorescence at
the indicated number of days following infection with AdCre is pre-
sented. In panels b and c, time zero represents the signal from cells
immediately prior to infection.

FIG. 3. The expression of ARF6(T27N) can be tightly controlled
by AdCre. 3T3-L1 preadipocytes were stably infected with a version
of the inducible retrovirus designed to encode either GFP or
ARF6(T27N) following AdCre infection. Adipocytes from these GFP
and ARF6(T27N) lines were then either mock infected (2) or infected
with AdCre (1). Total cellular lysates were prepared 6 days later and
subjected to SDS-PAGE and Western immunoblotting with the anti-
sera indicated. Even following extended exposure, virtually no HA-
tagged ARF6(T27N) could be detected prior to infection with AdCre.
Sizes are indicated in kilodaltons.
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form of ARF6, the ability of endothelin 1 to stimulate 2-de-
oxyglucose uptake was inhibited by ;60% (Fig. 5b).

In principle, the effects of ARF6(T27N) on endothelin ac-
tion might occur at the level of the receptor or at a point in the
downstream signaling pathway. Gaq/11, which is thought to
mediate the action of endothelin on hexose uptake, has also
been implicated as an important modulator of ARF6 (6). To
determine whether the effect of ARF6(T27N) on endothelin-
induced hexose uptake occurs at a site downstream of the
endothelin receptor, we bypassed the latter by increasing 2-
deoxyglucose uptake with an adenovirus expressing a consti-
tutively active form of Gaq, Gaq(Q209L). Expression of
Gaq(Q209L) in 3T3-L1 adipocytes in which GFP expression
had been induced stimulated glucose uptake about twofold
(Fig. 6a). Activation of 2-deoxyglucose transport by Gaq(Q209L)
was inhibited by ARF6(T27N) to an extent similar to that seen
following exposure of cells to endothelin (Fig. 5b and 6b).
These data are most consistent with the idea that endothelin
produces its effects on hexose uptake via Gaq, or the extremely
homologous Ga11 isoform, and that the site of action of
ARF6(T27N) is at or after the heterotrimeric G protein.

Expression of a dominant negative ARF6 does not block
insulin-stimulated GLUT4 or GLUT1 translocation but does
inhibit GLUT4 translocation in response to endothelin. In the
basal state, GLUT4 is sequestered in a perinuclear tubulove-
sicular compartment; upon insulin treatment, the transporter
redistributes to the plasma membrane, such that it increases
about 10- to 20-fold on the cell surface (4). In 3T3-L1 adipo-
cytes, another transporter isoform, GLUT1, is expressed in
greater abundance than GLUT4 and also retained in an intra-
cellular pool. However, intracellular sequestration of GLUT1
is less efficient than that for GLUT4, such that insulin gener-
ates only a three- to fivefold increase in plasma membrane
GLUT1. Nonetheless, this degree of translocation might well
explain relatively modest increases in glucose transport, such
as that produced by exposure of cells to endothelin. To assess
the extent of translocation of each of the transporters under
the conditions described above, we used the plasma membrane
sheets assay to monitor the levels of GLUT1 and GLUT4 in
the plasma membrane of 3T3-L1 adipocytes. Thus, 3T3-L1
adipocytes in which GFP or ARF6(T27N) expression was in-
duced were treated with insulin or endothelin 1, and plasma

FIG. 4. Expression of a dominant negative mutant of ARF6 in 3T3-L1 adipocytes does not affect insulin-stimulated hexose uptake. Six days
following induction of GFP (a and b) or ARF6(T27N) (c and d) expression by infection with AdCre, 3T3-L1 adipocytes were treated with the
indicated concentration of insulin for 20 min or left in medium without hormone, and the uptake of 2-[3H]deoxyglucose was measured. Nonspecific
uptake measured in the presence cytochalasin B in the absence of insulin was subtracted from all values. The results shown are the means 6 SEM
of four independent experiments, each performed in triplicate.
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membrane sheets were prepared. As shown in Fig. 7a, both
hormones readily increased the abundance of GLUT4 on the
cell surface of control 3T3-L1 adipocytes. Quantitation of a
series of experiments indicated that the pattern of GLUT4
translocation in response to either insulin or endothelin was
similar to the ability of each of these stimuli to increase hexose
uptake (compare Fig. 7b to Fig. 4 and 5). As expected, induc-
tion of GFP by infection of these cells with AdCre was without
effect on the GLUT4 translocation evoked by treatment with
insulin or endothelin. Similarly, expression of ARF6(T27N)
did not reduce the ability of insulin to stimulate GLUT4
translocation (Fig. 7c). In marked contrast, when infection of
3T3-L1 adipocytes by AdCre was used to turn on expression of
the dominant inhibitory form of ARF6, endothelin 1 was sig-

nificantly blocked in its ability to elicit GLUT4 translocation
(Fig. 7c and d).

Next, we examined whether endothelin 1 was capable of
increasing the abundance of GLUT1 on the surface of 3T3-L1
adipocytes. Insulin stimulated the translocation of GLUT1 to
the plasma membrane approximately threefold, and this was
unaffected by the expression of either GFP or dominant inhib-
itory ARF6 (Fig. 8). In contrast, endothelin 1 did not stimulate
GLUT1 translocation (Fig. 8). In addition, expression of
ARF6(T27N) had no effect on the steady-state levels of
GLUT1 on the plasma membrane under basal or endothelin-
stimulated conditions (Fig. 8c and d).

DISCUSSION

In this study we have described a novel inducible system,
useful for the synchronous and quantitative induction of gene

FIG. 5. Expression of a dominant inhibitory mutant of ARF6 in
3T3-L1 adipocytes inhibits the ability of endothelin-1 (ET-1) to stim-
ulate hexose uptake. Six days following induction of GFP (a) or
ARF6(T27N) (b) expression by infection with AdCre, 3T3-L1 adipo-
cytes were treated with 10 nM endothelin 1 for 20 min or left in
medium without agonist, and the uptake of 2-[3H]deoxyglucose was
measured as in Fig. 4. The results shown are the means 6 SEM of four
independent experiments, each performed in triplicate. The asterisk
denotes P 5 0.0004 comparing endothelin 1-stimulated ARF6(T27N)
3T3-L1 adipocytes not infected and infected with AdCre. The endo-
thelin 1-stimulated ARF6(T27N) 3T3-L1 adipocytes infected with
AdCre are also significantly different (P 5 0.02) compared to the
endothelin 1-stimulated GFP cells infected with AdCre.

FIG. 6. Expression of a dominant negative mutant of ARF6 in
3T3-L1 adipocytes inhibits the ability of activated Gaq to stimulate
hexose uptake. Three days following induction of GFP (a) or
ARF6(T27N) (b) expression by AdCre, adipocytes were either mock
infected (Basal) or infected with a recombinant adenovirus express-
ing Gaq(Q209L) (multiplicity of infection of ;20). The uptake of
2-[3H]deoxyglucose was measured 72 h later. The results shown are the
means 6 SEM of four independent experiments, each performed in
duplicate. The asterisk denotes the statistically significant difference
(P 5 0.003) for Gaq-stimulated ARF6(T27N) cells not infected com-
pared to infected with AdCre and that (P 5 0.003) for Gaq-stimulated
AdCre-infected ARF6(T27N) cells compared to similarly treated GFP
cells.
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products in both dividing and terminally differentiated tissue
culture cells, and used it to express a dominant inhibitory form
of ARF6 in 3T3-L1 adipocytes. This small GTP-binding pro-
tein has been implicated in both vesicular trafficking events and
reorganization of the actin cytoskeleton. Two key features have
made ARF6 attractive as a potential intermediate in the path-
way by which extracellular factors regulate glucose transport.
First, ARF6 is required in diverse cell types for translocation of
membrane protein from an endosomal-like compartment to
the plasma membrane as well as for regulated secretion in
chromaffin cells (7, 8, 14, 15, 18, 32, 34, 38). Second, though the
precise guanine nucleotide exchange factors responsible for
activation of ARF6 continue to be source of some controversy,
all likely candidates display dependency on phosphatidylino-
sitides for maximal activity (10, 12). Moreover, there is some
direct evidence that both recruitment of these exchange pro-
teins to the plasma membrane and activation of ARF6 in the

intact cell are dependent on PI 3-kinase (25, 30, 39, 40). Im-
portantly, stimulation of GLUT4 translocation by insulin and
possibly endothelin also depends on the generation of phos-
phatidylinositides (11, 22). Despite these arguments, our data
are in agreement with previous data that do not support
strongly a role for ARF6 in the insulin-dependent regulation of
glucose transport. In one study, peptides derived from the
ARF6 sequence partially inhibited GLUT4 translocation in
permeabilized 3T3-L1 adipocytes (27). However, subsequently
it was reported that expression of a GTP-binding-deficient
mutant of ARF6, ARF6(D125N), did not block insulin-stimu-
lated glucose uptake (42). In this report, we have confirmed
the latter result employing a more widely used ARF6 dominant
inhibitory mutant, ARF6(T27N). However, we also show that,
unlike for insulin, the activation of hexose uptake and GLUT4
translocation in response to endothelin is strongly dependent
on ARF6. This result has several implications: (i) it clearly

FIG. 7. Expression of a dominant negative mutant of ARF6 in 3T3-L1 adipocytes inhibits the ability of endothelin 1 to stimulate GLUT4
translocation to the plasma membrane. Six days following induction of GFP (a and b) or ARF6(T27N) (c and d) expression by infection with
AdCre, 3T3-L1 adipocytes were exposed to either 10 nM endothelin 1 (ET-1) or 100 nM insulin for 20 min. Plasma membrane sheets were
prepared and subjected to immunofluorescence microscopy using polyclonal sheep anti-GLUT4 antibodies and rhodamine-conjugated anti-sheep
secondary antibodies. Images were captured with a cooled charge-coupled device camera. (a and c) Composite photomicrographs of a represen-
tative experiment depicting the presence of GLUT4 on the plasma membrane under the noted experimental conditions. (b and d) Using a mask
created from an identical field of view to identify areas containing plasma membrane, the mean fluorescence intensity from images was quantitated
and is presented as the mean 6 SEM of three independent experiments. The asterisk denotes the statistically significant difference (P 5 0.05) for
endothelin 1-stimulated ARF6(T27N) cells not infected compared to infected with AdCre.
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indicates that the pathways by which insulin and endothelin
activate glucose transport are distinct; (ii) these data suggest
the existence of a novel pool of GLUT4 that is responsive to
endothelin; and (iii) they add weight to the proposed link
between heterotrimeric G protein signaling and ARF6-depen-
dent events.

ARF6 is remarkable in its capacity to influence both vesic-
ular trafficking and cytoskeleton rearrangements. There is
much evidence that expression of a constitutively active ARF6
leads to the redistribution of an endosome-like compartment
to the plasma membrane (14, 15, 32, 34, 38). Expression of a
dominant inhibitory form of ARF6, such as the ARF6(T27N)
used in this study, leads to accumulation of the mutant protein
in pericentriolar structures and the prevention of movement of
ligands from endosomes to the cell surface (14, 15, 32, 34).
Constitutively active ARF6 stimulates the protrusion of pe-
ripheral membrane structures rich in actin filaments but mor-
phologically distinct from those elicited by other small G pro-
teins such as Rac or CDC42 (13, 33, 35, 43). The most likely

explanation for ARF6’s seemingly diverse effects is that it plays
a role in the elaboration of new plasma membrane structures,
a process that requires cytoskeletal changes as well as the
delivery of membrane to the cell surface. Consistent with this
idea, ARF6 has been shown to be involved in Fc-mediated
phagocytosis in macrophages and cell spreading in fibroblasts
(37, 44).

Several recent studies implicating heterotrimeric G proteins
in ARF6 action provided the motivation to assess the role of
this small G protein in endothelin action in adipocytes. The
effects of constitutively active ARF6 are mimicked by addition
of aluminum fluoride to cells overexpression the wild-type
form of the G protein (34). Aluminum fluoride is known to
activate heterotrimeric G proteins, and the likely target of the
drug in its regulation of ARF6 is Gaq (2). Boshans et al. have
shown that bombesin causes the loading of ARF6 with GTP
and the redistribution of ARF6-containing endosomal vesicles
to the plasma membrane (6). Moreover, this was accompanied
by characteristic actin cytoskeletal rearrangements. Both pro-

FIG. 8. Effect of endothelin 1 and ARF6(T27N) on the translocation of GLUT1 to the plasma membrane in 3T3-L1 adipocytes. Expression
of GFP (a and b) or ARF6(T27N) (c and d) was induced in 3T3-L1 adipocytes, which were then treated with endothelin 1 (ET-1) or insulin, and
plasma membrane sheets were prepared as in Fig. 7. Immunofluorescence microscopy was performed with polyclonal sheep anti-GLUT1 antisera.
(a and c) Composite photomicrographs of a typical experiment depicting the presence of GLUT1 on the plasma membranes from cells treated as
indicated following induction of expression with AdCre; (b and d) fluorescence intensity expressed as the mean 6 SEM of three independent
experiments.
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cesses were dependent on Gaq and mimicked by a constitu-
tively active form of Gaq. The key finding in the present
report, that ARF6(T27N) blocks endothelin- but not insulin-
stimulated GLUT4 translocation, provides strong support for
the linkage between Gaq and ARF6 but further suggests that
heterotrimeric rather than protein kinase receptor-initiated
signaling pathways preferentially couple to ARF6. This is
somewhat surprising in view of insulin’s potency in activating
PI 3-kinase in 3T3-L1 adipocytes and the importance of phos-
phatidylinositides to the activation of ARF6.

As noted above, the simplest explanation for the differential
dependency of insulin and endothelin on ARF6 is that the two
hormones elicit translocation of GLUT4 by different mecha-
nisms. While it is possible that endothelin and insulin signaling
converge downstream of the former’s requirement for ARF6,
we favor the idea that the pathways are distinct. Imamura et al.
have presented evidence that microinjection of an antibody to
either Gaq/11 or p110a, the catalytic subunit of PI 3-kinase,
blocks both insulin- and endothelin-induced GLUT4 translo-
cation (22, 23). In partial agreement with Imamura et al.,
Kanzaki et al. have presented evidence that either microin-
jection of an antibody against Gaq/11 or expression of the
GTPase-activating proteins RGS4 (regulator of G protein sig-
naling 4) and RGS16, which inhibit Gaq, also block insulin-
stimulated GLUT4 translocation in 3T3-L1 adipocytes (24). It
should be noted, however, that other investigators have re-
ported that wortmannin, an inhibitor of PI 3-kinase, does not
interfere with endothelin-stimulated hexose uptake (5, 24, 41).
In any case, both Imamura et al. and Kanzaki et al. have
interpreted their results as indicative of a role for a Gq family
member in the signaling cascade leading from the insulin re-
ceptor to the stimulation of glucose uptake (23, 24). However,
the observation that Gaq- but not insulin-stimulated hexose
uptake is blocked by a dominant inhibitory ARF6 argues
against this idea (Fig. 4 and 6). One possibility is that a Gaq-
dependent but ARF6 independent pathway accounts for this
discrepancy. In any case, insulin increases the levels of both
GLUT4 and GLUT1 at the plasma membrane, whereas endo-
thelin affects only GLUT4, again emphasizing fundamental
differences in the signaling pathways initiated by these hor-
mones (Fig. 7 and 8).

What then is the ARF6-sensitive compartment from which
GLUT4 translocates in response to endothelin? While we can-
not exclude the possibility that ARF6 functions exclusively as a
signaling intermediate, we favor the notion that following ex-
posure of cells to endothelin, ARF6 regulates the trafficking of
a pool of glucose transporters in 3T3-L1 adipocytes. Consid-
erable evidence favors the existence of multiple intracellular
pools of GLUT4. In brown fat cells in the basal state, about
60% of the GLUT4 is found in tubulovesicular elements dis-
tributed throughout the cell, about 10% is in the region of the
trans-Golgi network, and the remainder is elsewhere in the cell
(36). Following insulin stimulation, the amount of GLUT4 in
the tubulovesicular elements and in the region of the trans-
Golgi network both decreased by 50%, with a concomitant
increase in transporter at all the cell surface and in classical
endosomal structures. This has been interpreted as indicative
of a distribution of GLUT4 between endosomes and a novel
insulin-responsive compartment often referred to as GLUT4
storage vesicles. For example, ablation of endosomes by load-

ing with HRP and treatment with H2O2 and diaminobenzidine
clearly distinguishes a resistant pool of GLUT4 that is enriched
in the synaptobrevin/vesicle-associated membrane protein 2
(26). In addition, recent reports have provided evidence that
either 59-O-(3-thiotriphosphate) or the serine/threonine pro-
tein kinase Akt/protein kinase B stimulates translocation of
distinct subsets of intracellular GLUT4 (17, 28). Thus, a plau-
sible explanation of the data presented in this report is that
endothelin and insulin provoke translocation of distinct pools
of GLUT4. Since the magnitude of the insulin response is
greater than that for endothelin, we cannot exclude the possi-
bility that the endothelin-sensitive compartment is also respon-
sive to insulin, but we are unable to discern even a modest
inhibition of the insulin effect by ARF6(T27N). The precise
nature of the intracellular compartment in which endothelin-
responsive GLUT4 resides and which is regulated by ARF6
remains obscure. Our data indicate that endothelin regulates
GLUT4 independently of GLUT1 trafficking, even though
GLUT1 and GLUT4 have been shown to colocalize on intra-
cellular membranes and insulin stimulates the redistribution of
both isoforms to the plasma membrane. Since GLUT1, which
is believed to traffic primarily between the plasma membrane
and the endosomal system, is not influenced by endothelin, it is
unlikely that the hormone simply effects a redistribution of
general endosomal proteins. These data are consistent with the
endothelin/Gq/ARF6 pathway not affecting the endosomal sys-
tem in adipocytes but instead affecting a relatively specialized
compartment possibly designed for the polarized delivery of
membrane protein to membrane protrusions.

The inducible expression system described in this report
combines advantageous aspects of retroviral and adenoviral
delivery systems while avoiding a number of their limitations.
Initiation of expression of the desired construct can be effi-
ciently and synchronously initiated through the use of a single
recombinant adenovirus. The system appears to be highly reg-
ulated, as retrovirus-infected cells express little or no foreign
product prior to recombination. However, following induction
with AdCre, 85 to 90% of the cells initiate expression of the
inducible product, with a time course in fibroblasts that is
similar to that obtained by transient transfections. The 3T3-L1
adipocytes used in this study take slightly longer to initiate
expression than other dividing and nondividing differentiated
cell types that we have tested with this system (J. T. R. Law-
rence and M. J. Birnbaum, unpublished observations). We
anticipate that this inducible expression system will have gen-
eral utility, as recombinant retroviruses are relatively simple to
prepare, and only a single recombinant adenovirus is required
for expression of any gene product.
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