


STELEYLGPDEND). Polyclonal rabbit antibodies were raised against the se-
quence CDQTHFPQFSYSASIRE found in Akt2 (anti-Akt2 antibodies). Poly-
clonal rabbit anti-phospho-S6 antibodies were raised against the major phos-
phorylation site in the ribosomal S6 subunit [CRRLS(P)S(P)LRAS(P)TSKS
(P)EES(P)QK, where P is the phosphoryl associated with the amino acid which
precedes it], Anti-p85 antibodies were raised by Rockland, Inc. (Gilbertsville,
Pa.), against a protein in which GST is fused to the N-terminal SH2 domain of
p85, kindly provided by Jonathan Backer (Albert Einstein College of Medicine).
Anti-phospho-mitogen activated protein kinase (MAPK) antibodies were from
Promega (Madison, Wis.), anti-phospho-Akt and anti-phospho-p70 antibodies
were from New England Biolabs (Beverly, Mass.), and agarose-bound antiphos-
photyrosine antibodies were from Upstate Biotechnology, Inc. (Lake Placid,
N.Y.). Anti-insulin-responsive aminopeptidase (IRAP), anti-IRS-1, and anti-
pp70 antibodies were generously donated by Metabolex (Hayward, Calif.), Miles
Pharmaceuticals (West Haven, Conn.), and Margaret Chou (University of Penn-
sylvania), respectively.

C2-ceramide, C2-dihydroceramide, rapamycin, and the protein kinase inhibi-
tors staurosporine, bisindolymaleimide, Gö 6976, Gö 6983, H-89 dihydrochlo-
ride, ML-7, and KN-93 were from Calbiochem (La Jolla, Calif.). Okadaic acid
was from Gibco/BRL (Gaithersburg, Md.). Porcine insulin was a gift from Eli
Lilly (Indianapolis, Ind.).

Akt constructs, retroviral infection, and cell culture. 3T3-L1 fibroblasts were
differentiated into adipocytes 2 days postconfluence in Dulbecco’s modified
Eagle’s-H21 medium supplemented with 10% fetal bovine serum, 1 mg of dexa-
methasone per ml, and 112 mg of isobutylmethylxanthine per ml. After 3 days,
cells were maintained in Dulbecco’s modified Eagle’s-H21 medium supple-
mented with 10% fetal bovine serum. 3T3-L1 fibroblasts expressing a constitu-
tively active form of Akt [myr-akt (D4–129)] and empty vector were generously
provided by Richard Roth, Stanford University, Stanford, Calif. (29).

FIG. 1. C2-ceramide inhibits insulin-stimulated glucose uptake. 3T3-L1 adi-
pocytes were incubated with C2-ceramide (C2) (100 mM) or C2-dihydroceramide
(C2H2) (100 mM) for 2 h, with insulin present for the last 15 min. The uptake of
radiolabeled 2-deoxyglucose was measured for 4 min. The asterisk denotes that
the difference from the uptake in the presence of insulin alone was statistically
significant at a P value of ,0.05. Data presented are the averages 6 standard
errors of the means of three independent measurements.

FIG. 2. C2-ceramide inhibits insulin-stimulated GLUT4 and IRAP translocation. Plasma membrane GLUT4 (A and B) and IRAP (C and D) levels were measured
as described in Materials and Methods. In both assays, C2-ceramide (C2) (100 mM) or C2-dihydroceramide (C2H2) (100 mM) was added 2 h prior to initiation of the
assay. Insulin (20 nM) was present for the last 10 min. Immunofluorescence detection of GLUT4 on plasma membrane sheets was performed with polyclonal sheep
anti-GLUT4 primary antibodies followed by rhodamine-conjugated anti-sheep secondary antibodies. Images were captured with a digital camera (A) and quantitated
as described in Materials and Methods (B). Biotinylated IRAP was detected with streptavidin-HRP and visualized with enhanced chemifluorescence (C), and the results
were quantitated on a phosphorimager (D). Each asterisk denotes that the difference from the value obtained in the presence of insulin alone was statistically significant
at a P value of ,0.05. Data presented are the averages 6 standard errors of the means of three independent measurements.
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Glucose uptake and GLUT4 translocation assays. Methods for measuring
glucose uptake rates and plasma membrane GLUT4 levels (with the plasma
membrane sheet assay) have been described (29).

IRAP translocation assay. IRAP translocation was determined with an IRAP
biotinylation assay similar to that described previously (38). 3T3-L1 adipocytes in
60-mm-diameter dishes were washed in phosphate-buffered saline and left in
Leibovitz-15 medium (Sigma Chemical Co.) with 0.2% bovine serum albumin for
2 h at 37°C. The medium contained either ceramide, dihydroceramide, or carrier
ethanol as described in the figure legends. Cells were stimulated with 20 nM
insulin for 10 min in the same medium and moved to ice. All subsequent steps
were performed at 4°C. Cells were washed twice in ice-cold KRPH (128 mM
NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 1.25 mM MgSO4, 5 mM NaPO4, 20 mM
HEPES [pH 7.4]) and treated with 3 ml of 0.5-mg/ml sulfo-NHS-LC-LC-biotin
(Pierce) for 30 min. Each plate was then bathed three times for 5 min each time
in KRPH plus 20 mM glycine, bathed once in KRPH, and finally lysed in 500 ml
of solubilization buffer (1% Triton, 150 mM NaCl, 20 mM Tris-Cl, 5 mM EDTA,
1 mM phenylmethanesulfonyl fluoride, 10 mg of aprotinin per ml, 10 mM leu-
peptin, 1 mM pepstatin A [pH 7.4]). The lysate was vortexed briefly, incubated
for 10 min, and centrifuged at 23,000 3 g for 20 min. The fat cake was removed,
and 50 ml of the remaining lysate was diluted to 500 ml with solubilization buffer
and immunoprecipitated with 3 ml of anti-IRAP serum (Metabolex) for 1 h,
followed by overnight incubation in 30 ml of protein A-Sepharose (Gibco).
Samples were eluted in sodium dodecyl sulfate (SDS), and the eluate was divided
into two parts; 80% was allocated for a gel to quantitate the amount of biotin,
and 20% was allocated for a gel to quantitate the amount of IRAP immunopre-
cipitated.

SDS gels intended for biotin quantitation were transferred to polyvinylidene
difluoride membranes (Fisher), blocked in Tris-buffered saline containing 0.2%
Tween with 6% bovine serum albumin, treated with 1 mg of streptavidin-horse-
radish peroxidase (HRP) (Pierce) per ml for 2 h, washed in Tris-buffered saline
containing 0.2% Tween, and developed with an enhanced chemifluorescence kit
(Amersham) on a STORM 860 scanner. SDS gels used for IRAP quantitation
were treated identically to those for biotin quantitation except for the use of
nonfat dry milk and application of anti-IRAP serum (1:2,000) and goat
anti-rabbit HRP-conjugated antibody (1:5,000).

Protein immunoblotting, immunoprecipitation, and measurement of activity.
Western blots of total cell lysates were prepared and analyzed as described
previously (43). Akt kinase assays were conducted as previously described (43),
except that some of them were conducted with the phospho-Akt1-specific anti-
body from New England Biolabs instead of the anti-Akt2 antibody described
above. Phospho-Akt1-specific antibodies were used at the concentrations indi-
cated by the manufacturer. IRS-1 was immunoprecipitated by solubilizing cells as
described for Akt kinase assays and incubating them with 5 ml of anti-IRS-1

antibodies. Following 1 to 3 h of incubation at 4°C, 20 ml of washed protein
A-agarose (Gibco/BRL) was added and the incubation was extended for another
20 to 30 min. The protein A-agarose was then washed three times in ice-cold lysis
buffer without protease inhibitors and solubilized in Laemmli solubilization
buffer. PI 3-kinase assays were then performed by methods previously described
(44).

RESULTS

The effects of ceramide on insulin-mediated events were
investigated by using the short-chain ceramide analog C2-cer-
amide. Although hydrophobic enough to cross the membrane
bilayer, C2-ceramide disperses more easily in the incubation

FIG. 3. C2-ceramide inhibits Akt. 3T3-L1 adipocytes were treated with C2-ceramide (C2) (100 mM) or C2-dihydroceramide (C2H2) (100 mM) for 2 h prior to
solubilization. Insulin (20 nM) was present for the last 10 min. Western blots of total cell lysates were probed with anti-phospho-Akt1 antibodies (A) or anti-Akt2
antibodies (D). Kinase activities in immunocomplexes obtained with anti-phospho-Akt1 antibodies (B and C) or anti-Akt2 antibodies (E and F) were determined by
measuring the incorporation of 32P into histone, which was either visualized by autoradiography (B and E) or quantitated on a phosphorimager (C and F). Each asterisk
denotes that the difference from the activity in the presence of insulin alone was statistically significant at a P value of ,0.05. Data are the averages 6 standard errors
of the means of three independent measurements.

FIG. 4. Time course of ceramide’s effects on Akt. Total cell lysates were
prepared from 3T3-L1 adipocytes preincubated with C2-ceramide (100 mM) for
the indicated periods of time, with insulin (20 nM) present for the last 10 min.
Western blots were then probed with the indicated antibodies (Ab) and exam-
ined by enhanced chemiluminescence. Data are representative of five indepen-
dent experiments. aPAkt, anti-phospho-Akt; aPMAPK, anti-phospho-MAPK;
aP56, anti-phospho-S6; aPp70, anti-pp70; 2, no ceramide present.
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medium and is metabolized more slowly than ceramide, and it
is thus a reagent commonly used for investigating ceramide’s
effects. The closely related C2-dihydroceramide lacks biologi-
cal activity (17) and is used as a negative control. Consistent
with a previous study (48), C2-ceramide inhibited insulin-stim-
ulated glucose uptake into 3T3-L1 adipocytes without affecting
basal transport rates (Fig. 1).

As described above, insulin accelerates glucose uptake by
stimulating the translocation of GLUT4 from a poorly defined
intracellular compartment to the plasma membrane. In addi-
tion, IRAP apparently resides in this compartment and trans-
locates to the plasma membrane, like GLUT4 (24, 34). The
effect of C2-ceramide on the insulin-dependent translocation
of these proteins was determined by two independent methods.
The GLUT4 sheet assay was used to measure plasma mem-
brane GLUT4 levels (29). Briefly, 3T3-L1 adipocytes differen-
tiated on coverslips were sonicated, liberating cellular struc-
tures from each coverslip but leaving an intact sheet containing
the plasma membrane with its cytosolic face exposed. Probing
the sheet with antibodies raised against the carboxyl terminus
of GLUT4 reveals the total amount of GLUT4 on the mem-
brane. Insulin caused a 10-fold increase in plasma membrane
GLUT4 levels, which were reduced by ;50% following a 2-h
incubation with ceramide (Fig. 2A and B). This matched the
inhibition in insulin-stimulated glucose transport observed un-
der identical conditions. C2-ceramide similarly inhibited the
translocation of IRAP. IRAP contains numerous lysine resi-
dues on its exofacial surface, allowing easy biotinylation of the
protein (38). Cell surface biotinylation followed by specific
immunoprecipitation of IRAP reveals the amount of cell sur-
face IRAP. Insulin caused a 10-fold stimulation of IRAP bio-
tinylation due to the translocation of IRAP to the plasma
membrane. C2-ceramide inhibited IRAP translocation by 40 to
60%, again consistent with the inhibition of glucose transport
and GLUT4 translocation. Basal plasma membrane GLUT4
and IRAP levels were not reduced by C2-ceramide. These data
indicate that ceramide antagonizes insulin’s stimulation of glu-
cose transport and its redistribution of these two proteins.

Since glucose uptake (29, 45) and GLUT4 (29, 45) and IRAP
(16) translocation are known to be stimulated by constitutive-

ly active forms of Akt (29), the effect of C2-ceramide on Akt
phosphorylation and activity was investigated. Commercially
available antibodies raised against a regulatory phosphoryla-
tion site on Akt allow for a direct assessment of that protein’s
phosphorylation state. Moreover, antibodies raised against the
carboxyl terminus of Akt reveal a dramatic insulin-induced
mobility shift when the protein is separated on low-percentage-
polyacrylamide gels. Both types of antibodies precipitate insu-
lin-dependent kinase activity as revealed by measuring 32P
incorporation into histone. C2-ceramide markedly inhibited the
phosphorylation, mobility shift, and precipitation of kinase ac-
tivity by both types of antibodies (Fig. 3). C2-ceramide’s inhi-
bition of Akt kinase activity was more pronounced when the
anti-phospho-Akt antibody, which presumably recognizes only
activated Akt and therefore precipitates less basal kinase ac-
tivity, was used than when the anti-Akt2 antibody was used. In
both cases, the degree of inhibition was consistent with that
observed in glucose transport and GLUT4 and IRAP translo-
cation assays.

C2-ceramide’s effects on Akt were apparent within 1 h of
treatment (Fig. 4). In contrast, C2-ceramide did not inhibit in-
sulin-stimulated phosphorylation of MAPK, pp70 S6-kinase, or
the ribosomal S6 subunit (Fig. 4). Moreover, C2-ceramide did not
alter the insulin-induced mobility shift observed for IRS-1 (Fig.
4) or pp70 (data not shown). These results indicate that C2-
ceramide specifically inhibits insulin’s stimulation of Akt1 and
Akt2 without affecting other insulin-mediated pathways.

To investigate the effects of C2-ceramide on Akt-stimulated
glucose transport, 3T3-L1 adipocytes stably expressing a con-
stitutively active form of Akt (myr-akt) (described in reference
29) were evaluated. myr-akt expression caused a 10-fold glu-
cose uptake stimulation which was insensitive to C2-ceramide
(Fig. 5). These data indicate that the membrane targeting of
Akt is sufficient to bypass the inhibitory actions of ceramide.

C2-ceramide concentrations which inhibited glucose trans-
port and Akt activity did not affect very early insulin signaling
events, including the IRS-1-mediated activation of PI 3-kinase.
First, ceramide did not affect the tyrosine phosphorylation of
IRS-1 as determined by immunoblotting of anti-IRS-1 precip-
itates with anti-phosphotyrosine antibodies (Fig. 6). Second,
C2-ceramide did not inhibit the tyrosine phosphorylation of the
insulin receptor examined by methods similar to those used to
study the phosphorylation of IRS-1 (data not shown). Third,
C2-ceramide did not affect the amount of p85 protein which
immunoprecipitated with anti-IRS-1 or anti-phosphotyrosine
antibodies (Fig. 7A). And fourth, C2-ceramide did not affect

FIG. 5. C2-ceramide does not inhibit myr-akt-stimulated glucose transport.
3T3-L1 adipocytes expressing empty vector or myr-akt were incubated with
C2-ceramide (C2) (100 mM) or C2-dihydroceramide (C2H2) (100 mM) for 2 h,
with insulin present for the last 15 min. The uptake of radiolabeled 2-deoxyglu-
cose was measured for 4 min. Data presented are the averages 6 standard errors
of the means of three independent measurements.

FIG. 6. C2-ceramide does not inhibit tyrosine phosphorylation of IRS-1.
3T3-L1 adipocytes were treated with C2-ceramide (C2) (100 mM) or C2-dihydrocer-
amide (C2H2) (100 mM) for 2 h prior to solubilization, with insulin (20 nM)
present for the last 10 min. IRS-1 was immunoprecipitated (IP), separated on
SDS-polyacrylamide gel electrophoresis gels, and transferred to nitrocellulose.
Western blots (WB), were probed with antiphosphotyrosine antibodies (apTyr),
and the blots shown are representative of two independent experiments.
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the amount of PI 3-kinase activity in anti-IRS-1 precipitates
(Fig. 7B). To investigate whether ceramide also inhibited Akt
phosphorylation or activation by agents which do not depend
on IRS-1 for signaling, the effect of ceramide on platelet-
derived growth factor (PDGF)-stimulated Akt phosphoryla-
tion was investigated. Since PDGF is a weak stimulator of Akt
phosphorylation in 3T3-L1 adipocytes (45) but is a potent
activator in fibroblasts (5), undifferentiated fibroblasts were
used. Insulin stimulation and PDGF stimulation of Akt phos-
phorylation were equally sensitive to ceramide (Fig. 8). Taken
together, these results indicate that altered phosphorylation of
IRS-1 or activation of PI 3-kinase does not mediate ceramide’s
inhibition of Akt activation.

In further studies we attempted to identify the ceramide
target responsible for its inhibition of Akt phosphorylation.
The addition of C2-ceramide in the absence of insulin stimu-
lated the phosphorylation of the S6 ribosomal subunit, a mark-
er of pp70 S6-kinase activity (Fig. 9A). To investigate whether
activation of pp70 by C2-ceramide was responsible for the inhib-
ited Akt, the immunosuppressant rapamycin was utilized. Un-
der the conditions described, rapamycin completely inhibited
S6 phosphorylation (data not shown) without affecting cer-
amide’s inhibition of Akt phosphorylation (Fig. 9B). Similarly,
the protein synthesis inhibitor cycloheximide did not affect Akt
phosphorylation.

Akt is inactivated through dephosphorylation by protein
phosphatase 2A (PP2A) (2), and a reported intracellular target
of ceramide is the okadaic acid-sensitive PP2A-like phospha-
tase ceramide-activated protein phosphatase (11, 32). Treat-
ment of cells with okadaic acid, which blocks PP2A activity, did
not affect ceramide’s inhibition of Akt (Fig. 10A). Another

target of ceramide is PKC isoform z (15), which also physically
associates with Akt (30). However, Gö 6983 (40), an inhibitor
of PKC isoforms a, b, d, g, and z did not affect ceramide’s
inhibition of Akt phosphorylation (Fig. 10B). Similarly, a va-
riety of other protein kinase inhibitors, including the general
protein kinase inhibitor staurosporine, the PKC inhibitors
bisindolymaleimide and Gö 6976 (40), the PKA inhibitor H-89

FIG. 7. C2-ceramide does not inhibit recruitment or activation of PI 3-kinase. 3T3-L1 adipocytes were treated with C2-ceramide (C2) (100 mM) or C2-dihydrocer-
amide (C2H2) (100 mM) for 2 h prior to solubilization. Insulin (Ins) (20 nM) was present for the last 10 min. (A) Proteins were immunoprecipitated (IP) with antibodies
to IRS-1 (aIRS1) or phosphotyrosine (apTyr), separated on SDS-polyacrylamide gel electrophoresis gels, and transferred to nitrocellulose. Western blots (WB) were
probed with anti-p85 antibodies and the blots shown are representative of two independent experiments. IgG, immunoglobulin G. (B) PI 3-kinase activity in anti-IRS-1
immunoprecipitates was measured as described in the text, and the radioactivity incorporated into phosphatidylinositol 3-phosphate was visualized by autoradiography
(upper panel) or quantitated on a phosphorimager (lower panel).

FIG. 8. C2-ceramide inhibits insulin- and PDGF-stimulated Akt phosphory-
lation in fibroblasts. Total cell lysates were prepared from 3T3-L1 fibroblasts
preincubated with C2-ceramide (C2) (100 mM) for 2 h followed by a 10-min in-
cubation with insulin (1 mM) or PDGF (50 ng/ml). Proteins were separated by
SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose, and
Western blots were then probed with anti-phospho-Akt antibodies (aPAkt).
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dihydrochloride, the myosin light-chain kinase (MLCK) inhib-
itor ML-7, and the Ca21/calmodulin kinase II inhibitor KN-93,
did not prevent ceramide’s inhibition of Akt phosphorylation
(Fig. 10C).

DISCUSSION

These studies investigated the effects of ceramide on insulin
signaling pathways as well as physiologically important meta-
bolic responses. The experiments clearly demonstrate that C2-
ceramide antagonizes insulin-stimulated glucose uptake and
GLUT4 and IRAP translocation in 3T3-L1 adipocytes. The
specific event modified apparently occurs between activation of
PI 3-kinase and subsequent stimulation of Akt: (i) C2-ceramide
inhibited insulin- and PDGF-stimulated Akt phosphorylation
on a key regulatory residue (Fig. 3, 4, and 8), (ii) it reduced Akt
kinase activities precipitated by two different antibodies (Fig.
3), (iii) it inhibited an insulin-induced mobility shift in Akt
separated on polyacrylamide gels (Fig. 3 and 4), and (iv) its
inhibitory actions on glucose transport were bypassed by over-
expression of a constitutively active form of Akt. In contrast,
C2-ceramide did not inhibit insulin’s activation of PI 3-ki-
nase (Fig. 7) and other insulin-dependent signaling events
(Fig. 4 and 6). This novel, antagonistic relationship between
ceramide levels and the activation of Akt could have wide-
spread implications, particularly given the numerous stimuli
which modulate these signaling molecules.

The mechanism by which ceramide inhibits Akt phosphory-
lation is unclear. Akt is phosphorylated predominantly at two
regulatory sites (T308 and S473), both of which are required
for complete activation (1). Phosphorylation at both sites is
dependent upon PI 3-kinase activity (1), and kinases capable of
phosphorylating the T308 residue have been identified (12).
However, the kinase(s) responsible for S473 phosphorylation,
a process inhibited by ceramide, has not been discovered.
Whether ceramide (or one of its metabolites) acts directly on
these kinases or acts through some other intermediate(s) is
clearly of interest. Experiments investigating other known down-
stream effectors of ceramide failed to reveal a likely mediator
of ceramide’s actions on Akt phosphorylation. Inhibitors of
ceramide-activated protein phosphatase (11, 32), PKCz (15),
and pp70 S6-kinase did not block ceramide’s effects on Akt

FIG. 9. C2-ceramide does not require protein synthesis to inhibit Akt. Total
cell lysates were prepared from 3T3-L1 adipocytes incubated with C2-ceramide
(C2) or C2 dihydroceramide (C2H2) (100 mM) for 2 h, with insulin (Ins) (20 nM)
present of these lysates for the last 10 min. Western blots in the indicated
samples were then probed with the indicated antibodies and examined by en-
hanced chemiluminescence. Data are representative of two independent exper-
iments. For the blots shown in panel B, cells were treated as described for panel
A, except that indicated samples additionally received rapamycin (Rap) (20 ng/ml)
or cycloheximide (Cyclohex) (100 mM). aP-MAPK, anti-phospho-MAPK; aP-S6,
anti-phospho-S6; aP-Akt, anti-phospho-Akt; 2, no ceramide present.

FIG. 10. Protein kinase inhibitors do not affect C2-ceramide’s inhibition of Akt. Total cell lysates were prepared from 3T3-L1 adipocytes incubated with C2-ceramide
(C2) (100 mM) for 2 h. Insulin (20 nM) was present for the last 10 min. All of the protein kinase inhibitors were added to the incubation medium 2 h prior to addition
of insulin. The final concentrations were 200 mM for the PKG inhibitor and 1 mM for all others. Western blots of these lysates were probed with anti-phospho-Akt and
examined by enhanced chemiluminescence. Data are representative of two independent experiments. Inhib., inhibitor; KN, KN-93; aPAkt, anti-phospho-Akt
antibodies.
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(Fig. 9 and 10). Moreover, protein synthesis inhibitors failed to
affect ceramide’s antagonistic actions (Fig. 9), indicating that
transcriptional or translational events are not required.

The results of the ceramide experiments presented above
contradict some, but not all, reports regarding ceramide’s ef-
fects on early insulin signaling events. In agreement with the
studies described above, Wang et al. reported that ceramide
inhibited neither tyrosine phosphorylation of IRS-1 nor its
recruitment of the regulatory p85 subunit of PI 3-kinase in
3T3-L1 adipocytes (48). In contrast, two other groups reported
that ceramide inhibited insulin’s tyrosine phosphorylation of
IRS-1 in multiple other cell lines (25, 37). These two groups
did not investigate recruitment of p85, and none of the groups
measured PI 3-kinase activity directly. The data described
herein also failed to demonstrate an effect of ceramide on
tyrosine phosphorylation of IRS-1 or its recruitment and acti-
vation of PI 3-kinase. However, regardless of the conditions
under which ceramide is capable of inhibiting tyrosine phos-
phorylation of IRS-1, its blockade of Akt activation must also
occur through an alternative mechanism. Perhaps the most
convincing argument for this is that ceramide inhibits Akt
phosphorylation in response to both insulin and PDGF (Fig.
8), despite the fact that the latter does not utilize IRS-1 as a
signaling intermediate. Intriguingly, many events in which Akt
is implicated, such as antiapoptosis, anabolic metabolism, and
adipogenesis, are inhibited by agents which produce ceramide
or the lipid itself (18, 21, 22, 36).

The finding that C2-ceramide suppresses GLUT4 transloca-
tion also contrasts with a prior study (48) in which ceramide
inhibited insulin-stimulated glucose uptake into 3T3-L1 adipo-
cytes but failed to affect the GLUT4 content of plasma mem-
brane fractions from insulin-stimulated cells. The GLUT4 trans-
location data presented in the previous study are difficult to
reconcile with both the transport data acquired in that study
and the translocation data presented above. The studies de-
scribed herein utilized the GLUT4 sheet and IRAP biotinyla-
tion assays (Fig. 2), which are more sensitive methods for
detecting translocation than subcellular fractionation. The pos-
sibility of fraction impurity in the aforementioned studies is a
plausible explanation for the inconsistencies between the two
results.

Implications for insulin resistance. Insulin resistance is an
important contributor to the pathogenesis of type II diabetes
mellitus. Since the majority of type II diabetics are obese, a
search is under way for signaling molecules secreted from fat
which could cause insulin resistance in the major site for glu-
cose disposal, skeletal muscle. Tumor necrosis factor alpha
(TNF) and free fatty acids (FFA) have been proposed as links
between adiposity and the development of insulin resistance
(4, 21), and ceramide has been invoked as a principal mediator
of both agents (10, 39). TNF produces ceramide through the
FAN-mediated activation of sphingomyelinase, while fatty ac-
ids contribute to de novo synthesis (reviewed in references 17
and 36). The studies described herein suggest a mechanism for
either TNF- or FFA-induced ceramide production in the de-
velopment of insulin resistance through indirect inhibition of
Akt/PKB. Interestingly, a recent report (39) has shown that
FFA-dependent increases in pancreatic b-cell ceramide levels
account for the reduced insulin-secretory capacity in a rodent
model of type II diabetes. The present report raises the in-
triguing idea that concerted effects of ceramide on muscle and
the pancreas account for both the peripheral and insulin-se-
cretory defects associated with type II diabetes mellitus.
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